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Summary

Helicobacter pylori (Hp), a Gram-negative bacterial
pathogen and aetiologic agent of gastroduodenal
disease in humans, is naturally competent for genetic
transformation. Natural competence in bacteria is
usually correlated with the presence of type IV pili or
type IV pilin-like proteins, which are absent in Hp.
Instead, we recently identified the comB operon in Hp,
carrying four genes tentatively designated as orf2,
comB1, comB2 and comB3. We show here that all
ComB proteins and the 37-amino-acid Orf2 peptide
display significant primary sequence and structural
homology/identity to the basic components of a type
IV secretion apparatus. ComB1, ComB2 and ComB3,
now renamed ComB8, ComB9 and ComB10, corre-
spond to the Agrobacterium tumefaciens VirB8, VirB9
and VirB10 proteins respectively. The peptide Orf2
carries a lipoprotein motif and a second cysteine
residue homologous to VirB7, and was thus desig-
nated ComB7. The putative ATPase ComB4, encoded
by the open reading frame hp0017 of strain 26695,
corresponds to virB4 of the A. tumefaciens type IV
secretion system. A Hp comB4 transposon insertion
mutant was totally defective in natural transformation.
By complementation of a Hp AcomB deletion mutant,
we demonstrate that each of the proteins from ComB8
to ComB10 is absolutely essential for the develop-
ment of natural transformation competence. The
putative lipoprotein ComB7 is not essential, but
apparently stabilizes the apparatus and modulates
the transformation efficiency. Thus, pathogenic type |
Hp strains contain two functional independent type IV
transport systems, one for protein translocation
encoded by the cag pathogenicity island and one for
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uptake of DNA by natural transformation. The latter
system indicates a possible novel mechanism for
natural DNA transformation in bacteria.

Introduction

Helicobacter pylori (Hp) is one of the most successful
bacterial pathogens, infecting about 50% of the world
population. The persistent chronic infection causes type B
gastritis and, in a certain percentage of infected persons,
peptic ulceration. More severe, mucosa-associated lym-
phoid tissue (MALT) lymphoma and gastric adenocar-
cinoma are also associated with the infection. On the
genetic level, Hp is one of the most diverse bacterial
species known so far, and this is probably the result
of a high degree of horizontal gene transfer and free
recombination within the species (Suerbaum et al., 1998).
This genetic diversity is postulated to result from the
adaptation of Hp to its individual host during years and
even decades of infection. Two major types of strains
exist: type | strains, which express a functional
vacuolating cytotoxin (VacA) and carry the cag patho-
genicity island (cag-PAl); and type Il strains, which lack
both characteristics (Xiang et al., 1995).

Hp displays natural competence for genetic transform-
ation in vitro (Nedenskov-Sorensen et al., 1990), a feature
that might be the basis for horizontal gene transfer and
the subsequent generation of a high degree of genetic
diversity. To understand the mechanism of natural
transformation in this species, we screened systematically
for the genes involved. Transposon mutagenesis with the
mini-TnblaM transposon TnMax9 (Hofreuter et al., 1998)
yielded a mutation in the comB locus, which consists of the
genes comB1to comB3 preceded by a short open reading
frame (ORF), designated orf2. In addition to the comB
operon, the ORF HP0333 was identified (Ando et al., 1999;
Smeets et al., 2000a), a homologue of the Haemophilus
influenzae dprA gene (Karudapuram and Barcak, 1997).
By the generation of a corresponding knock-out mutant
strain (Ando et al., 1999; Smeets et al., 2000a), hp0333
was also shown to be necessary for transformation.
Smeets et al. (2000b) identified a novel competence gene,
comH, by screening a Hp mutant library. The ComH
protein carries a putative signal sequence and has no
known orthologues in other bacteria.
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Many well-studied Gram-negative and Gram-positive
bacteria expressing natural transformation competence
produce type IV pili or type IV pilin-like molecules involved
in competence (Dubnau, 1999). Analysis of the two
available complete Hp genome sequences (Alm et al.,
1999) revealed no orthologues to the genes encoding
these proteins. The Hp ComB2 and ComB3 proteins,
however, reveal homology to the VirB proteins of well-
described type IV secretion systems. These systems,
which are found in a growing number of bacterial species,
are involved in DNA export, bacterial conjugation and
protein secretion (Christie and Vogel, 2000). Hp carries a
corresponding system on the cag pathogenicity island
(Covacci et al., 1999), which is involved in injection of the
bacterial protein CagA into eukaryotic cells, where it is
phosphorylated (CagA™") (Segal et al., 1999a; Asahi
et al., 2000; Backert et al., 2000; Odenbreit et al., 2000;
Stein et al., 2000). Type IV systems may contain up to three
different ATPases, termed VirB4, VirB11 and VirD4 in
A. tumefaciens, which are all essential for the function of
the secretion system.

The comB locus is organized in a transcriptional unit,
and we have shown by transposon mutagenesis that at
least ComB3 is essential for transformation competence
(Hofreuter et al., 1998). Here, we now demonstrate that
the comB locus, together with a VirB4-homologous
ATPase, constitute a second type IV transport system
involved in natural transformation competence of Hp.

Results

Homology of the ComB proteins with basic components of
a type 1V secretion apparatus

Using the BLASTP algorithm, we have already described
protein sequence homology for ComB2 and ComBS3 to
VirB9 and VirB10 of A. tumefaciens respectively (Hofreu-
ter et al, 1998; 2000). Our recent searches of the
database identified significant sequence homology of
ComB1 with members of the VirB8 protein family of
several bacterial pathogens, including Legionella pneu-
mophila, Brucella suis, Bartonella henselae, Wolbachia
sp. and Rickettsia prowazekii (Table 1). All these bacteria
contain type IV secretion systems (Covacci et al., 1999).
The amino acid sequence of the peptide encoded by orf2,
located upstream of comB1, carries a putative lipoprotein
signal sequence (lipobox), analogous to the VirB7 protein
of A. tumefaciens. A direct comparison between the Orf2
peptide and the VirB7 protein revealed both sequence and
structural homologies between these proteins (Fig. 1A). In
addition to the lipobox, a second cysteine residue (C27)
present in Orf2 is also present in VirB7 (C24) (Fig. 1A). In
VirB7, this latter cysteine forms a disulphide bridge with
the cysteine C262 of VirB9, which stabilizes VirB proteins
and is important for the structure of the type IV secretion
system in A. tumefaciens (Fernandez et al., 1996a;
Spudich et al., 1996; Baron et al., 1997; Das et al., 1997).

Table1. Homology of ComB proteins with components of a type IV secretion system.

Identity (%)

ComB protein versus (BESTFIT) Strain/plasmid Reference
ComB8 ComB1 35.6 Campylobacter (pVir) Bacon et al. (2000)
VirB8 homologue 24.7 Wolbachia sp. Masui et al. (2000)
VirB8 homologue 241 Brucella suis O’Callaghan et al. (1999)
LvhB8 24.0 Legionella pneumophila Segal et al. (1999b)
VirB8 homologue 22.6 Bartonella henselae Padmalayam et al. (2000)
CagW (HP0529) 21.0 Helicobacter pylori Censini et al. (1996)
VirB8 homologue 20.2 Rickettsia prowazekii Andersson et al. (1998)
ComB9 ComB2 37.7 Campylobacter (pVir) Bacon et al. (2000)
LvhB9 24.7 Legionella pneumophila Segal et al. (1999b)
VirB9 245 Agrobacterium tumefaciens Kuldau et al. (1990)
VirB9 homologue 24.3 Rhizobium etli Bittinger et al. (2000)
CagX (HP0528) 23.5 Helicobacter pylori Censini et al. (1996)
VirB9 23.1 Wolbachia sp. Masui et al. (2000)
VirB9 homologue 21.3 Bartonella henselae Padmalayam et al. (2000)
ComB10 ComB3 35.0 Campylobacter (pVir) Bacon et al. (2000)
CagY (HP0527) 29.12 Helicobacter pylori Censini et al. (1996)
LvhB10 28.9 Legionella pneumophila Segal et al. (1999b)
VirB10 homologue 27.5 Bartonella henselae Padmalayam et al. (2000)
VirB10 homologue 27.2 Rhizobium etli Bittinger et al. (2000)
Trbl 251 pRP4/RK2 Pansegrau et al. (1994)
VirB10 homologue 25.0 Wolbachia sp. Masui et al. (2000)
Trbl 24.6 pR751 Thorsted et al. (1998)
VirB10 homologue 24.0 Brucella abortus Sieira et al. (2000)

a. Amino acids 1200-1723.
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Fig. 1. A. Amino acid sequence comparison of the VirB7 lipoprotein of A. tumefaciens (Atu-VirB7) and the corresponding ComB7 homologues of Hp
(Hpy-ComB7) and C. jejuni (Cje-ComB7). Sequences are aligned according to their putative conserved cysteine residues (C1, grey box) used for
cleavage of the lipoprotein signal sequence (bold sequence). A second cysteine (C2, shaded black), which forms a disulphide bridge with VirB9 in
the A. tumefaciens type IV secretion system, is conserved in the ComB7 proteins. The sequence upstream of the second cysteine is conserved

between Hp and C. jejuni (boxed sequence). The Cje-ComB7 amino acid sequence was deduced from AF226280 (nucleotides 153—278; Bacon
et al., 2000). A putative ribosome binding site (AAGGAG; nt 140—146) is located upstream of Cje-comB?.

B. Alignment of the amino acid sequences of A. tumefaciens VirB9 (Atu-VirB9) and its homologue in Hp (Hpy-ComB9) and C. jejuni (Cje-ComB2).
The cysteine in VirB9 (C262) identified as forming a disulphide bridge with VirB7 (C24) is shaded grey.

These comparisons suggest that C316 in the C-terminus
of ComB2 may be a functional homologue of the C262 in
VirB9 (Fig. 1B). On the DNA level, the arrangement of orf2/
comB1 shows striking similarities to the organization of
virB7/virB8; both pairs of genes show a similar overlap.
Thus, the sequence comparisons suggest that orf2 might
be a further component of the comB operon. For a better
correlation with the corresponding A. tumefaciens virB
genes, we propose to rename the tentatively designated
comB genes according to the nomenclature of the virB
genes. Thus, comB1, comB2 and comB3 are now termed
comB8, comB9 and comB10, and orf2 is referred to as
comB?7.

Production of ComB proteins in independent Hp strains

The complete genome sequence of Hp strain 26695
(Tomb et al., 1997) reveals a different genetic organization
of the comB operon compared with strains J99 (Alm et al.,
1999) and P1 (Hofreuter et al., 1998). In contrast to the
latter two strains, the comB9 and comB10 genes in strain
26695 are split into two genes, hp0039/hp0040 and
hp0041/hp0042 respectively. To test the occurrence of the
comB-expressed proteins in Hp, 11 independent Hp
isolates, including type | and type Il strains, were screened

in immunoblots with anti-ComB antisera. The blots show
that all strains produced proteins of the size predicted from
the sequences of genes comB8 to comB10 (Fig.2).
Furthermore, strain 26695 synthesized proteins ComB8 to
ComB10, indicating that hp0039/40 represents a single
gene corresponding to comB9 and hp0041/42 correspond-
ing to comB10. The most plausible explanation for this
difference between the published gene structure and the
phenotypic expression data presented here is a sequen-
cing error in the sequence of the 26695 genes. Indeed,
deletion of a single C nucleotide at position 222 of hp0039
would restore a single reading frame, as found in other
strains (Hofreuter et al, 1998; Alm et al, 1999). For
hp0041/42, the insertion of TTAAA (position 313-317 of
hp0041) causes an out of frame situation. The addition of a
single nucleotide would also restore the reading frame and
combine hp0041/42 to a single ORF. Thus, comB gene
structure seems to be well conserved in different strains.

Genetic complementation of a AcomB mutant strain

TnMax transposon insertion into each individual comB
gene caused a severe reduction in, or a complete loss of,
the natural transformation competence in Hp (Hofreuter
et al., 1998). An immunoblot using specific antisera raised

,\;\ Fig.2. Production of ComB8, ComB9 and
O\\b ComB10 in individual Hp strains (Table 2).
N o o O o 5 é& K 600?7 %@? _Equal quantities of tgtal-cell lysates of
kDa R R R R R R < < R % Vv independent Hp strains grown on serum plates
T were separated by 10% SDS—-PAGE and
20 —| - — B o a> . B analysed by Western blotting using rabbit anti-
— (4 NSl ComB antisera. The proteins, as recognized by
. — -_— the corresponding antisera and the size of the
38—\ T e— A W e — e | ComBO protein bands, are given at the right and left
- margins respectively. The occurrence of the
‘ T - reactive protein doublets in certain strains
42 — - I P — o e #ww| ComB10 probably cor_responds toa processing of the
—_— = ComB proteins or a cross-reactivity of the
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serum with other (ComB-like) proteins in the
corresponding strains.
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against individual ComB proteins (AK250/ComB8,
AK251/ComB9 and AK252/ComB10) revealed that
genes located downstream of an individual TnMax
insertion were not expressed as a result of polar effects
(Hofreuter et al., 1998). Thus, ComB10 can be considered
as essential for competence development, but the
contribution of the other ComB proteins was uncertain.
To analyse the role of the ComB proteins, we chose to
delete the complete comB operon from the Hp chromo-
some and to reintroduce individual comB genes sequen-
tially in trans, using the pHel shuttle vector (Heuermann
and Haas, 1998). The comB deletion mutant was
constructed in strain P1 by replacing the comB operon
with the aphA-3 resistance gene. Plasmid pDHO34, which
carries the flanking sequences of the comB operon
separated by the aphA-3 resistance cassette, was
transferred into the Hp chromosome by transformation-
mediated homologous recombination, resulting in Hp
mutant P147 (Fig. 3A, Table 2). The correct deletion of the
complete operon was verified by polymerase chain
reaction (PCR) using primers from the comB flanking
region, by the complete loss of ComB protein production in
the P147 mutant (Fig.4) and by Southern hybridization
(data not shown). As natural transformation competence
was abolished in the deletion mutant, we used conjugation
to introduce the shuttle vector carrying the various comB
genes into the Hp mutant strain (see Experimental
procedures for details). The comB genes were expressed
under the control of the Hp flaA promoter (Fig. 3A), and
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production of the individual ComB proteins was monitored
in the immunoblot assay by the ComB-specific antisera
(Fig. 4).

Expression of the genes was tested first in the
Escherichia coli host strain 2155 by immunoblotting
(data not shown). ComB8 and ComB10 were produced at
the expected size. When ComB9 was produced without
ComB8 and ComB10 (pDHO51), several ComB9 degra-
dation products were observed. Furthermore, the pre-
sence of comB10 alone (pDHO52) (Fig. 3A) resulted in the
production of the corresponding recombinant protein, but
the presence of additional genes upstream of comB10, in
plasmids pDHO53, pDHO54 and pDHO46 (Fig.3A),
abrogated comB10 expression. This might result from
the overlapping of the stop and start codons of the genes in
the operon (Fig. 3B), in which the start codons might not be
recognized by E. coli ribosomes.

The respective shuttle plasmids were subsequently
introduced into a Hp AcomB mutant strain, and individual
transconjugants were tested for expression of the ComB
proteins. In contrast to E. coli 32155, Hp was able to
express the partial or complete operon from the shuttle
vector as well as the individually cloned genes (Fig. 4).
With the exception of the plasmid containing comB8—
9—10 (pDHOS54), all constructs caused strong over-
production of the ComB proteins, probably because of
the strong flaA promoter (Fig. 4). In plasmid pDHO54, the
lower expression might be explained by an alternative
intrinsic promoter activity or by a different, inefficient

Fig. 3. Construction of a AcomB deletion
mutant and its genetic complementation with
individual comB genes.
A. Schematic overview of the construction of the
AcomB deletion mutant P147 and structure of
the various plasmids (pDHO46 and pDHO51—
pDHO54), based on the shuttle vector pHel2,
used for complementation of the deletion
+ mutant. The transformability of AcomB mutants
complemented with defined plasmid constructs
+ is indicated at the right border (+,
transformation regained; —, no transformation
observed). The backbone of the shuttle plasmid
is shown at the bottom. ColE1, origin of
replication; oriT, origin of transfer, repA gene
encoding replication initiation protein for Hp
plasmid. calgc, chloramphenicol
acetyltransferase gene; aphA-3, kanamycin
resistance cassette; Py, promoter sequence
of the Hp flaA gene. The location of the primers
used for PCR amplification of the comB genes is
shown on top.
B. Arrangement of the comB genes in the
operon. The overlap of start (bold) and stop
codons (italics) of the open reading frames and

Transformability

plasmid chrom.

+ o+

—— comB9—> | — comB10 —> |hp43%

CTCGCATGAGA
L A *
M R M N K

GATGAATAAG
D E *

the corresponding amino acids in the comB
operon are highlighted. *stop codon.
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Table2. Bacterial strains and plasmids used in this study.
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Strain, plasmid Genotype or relevant characteristics

Reference or source

E. coli
HB101 F~ hsdS20 (rg mg) recA13 ara-14 Boyer and Roulland-Dussoix (1969)
2155 thrB1004 pro thi strA hsdS lacZDM15 Dehio and Meyer (1997)
(F' lacZAM15 lacl® traD36 proA™ proB ™)
AdapA::erm (Erm") pir:RP4 [::kan (Km") from SM10]
E181 HB101 carrying \CH616 prophage Odenbreit et al. (1996)
E145 polA1, su~, tsx, endA1, rmsA100, rpsL Haas et al. (1993b)
\CH616 rif Haas et al. (1993a)
Hp strains
P1 Hp wt strain Haas et al. (1993a)
P2 Hp wt clinical isolate
P3 Hp wt clinical isolate
P8 Hp wt clinical isolate
P9 Hp wt clinical isolate
P12 Hp wt strain Schmitt and Haas (1994)
P24 Hp wt clinical isolate
P29 Hp wt strain Schmitt and Haas (1994)
P30 Hp wt clinical isolate
26695 Hp wt strain Tomb et al. (1997)
J99 Hp wt strain Alm et al. (1999)
2802 A Hp wt strain Heep et al. (2000)
P147 Hp strain P1, AcomB This study
P12APAI Hp strain P12; deletion of complete cag-PAl Odenbreit et al. (2001)
Plasmids
pMin1 Oficoies, tet, ofiT, tig, tipa Kahrs et al. (1995)
pTnMax5 calgc, res, oriy, tnpR, tnpA Kahrs et al. (1995)
pDH29 pBluescript-1l KS carrying Hp recA::ermC Schmitt et al. (1995)
pDH80 pHel3 carrying gfp under control of flaA promoter Heuermann and Haas (1998)
pDHO34 comB deletion plasmid, aphA-3, tet, pMin1 This study
pDHO51 pHel3 carrying comB9 gene, Km" This study
pDHO52 pHel3 carrying comB10 gene, Km" This study
pDHO53 pHel3 carrying comB9 and comB10 gene, Km" This study
pDHO54 pHel3 carrying comB8—-comB10 genes, Km' This study
pDHO55 pHel3 carrying comB7—comB10 genes, Km" This study
pDHO72 pMin1 carrying hp0017 gene This study
pEG21 pCR2.1 TOPO with rpsL gene for Sm™ Fischer et al. (1999)
pRK2013 oricoie1, RP4 tra genes (mobilizator functions) Figurski and Helinski (1979)
pHel3 E. coli—Hp shuttle vector, aphA-3, oriT, Ofisoe1 Heuermann and Haas (1998)

Shine—Dalgarno (SD) sequence used by the RNA
polymerase.

All ComB proteins are essential for the natural
transformation competence of Hp

To test the individually complemented AcomB deletion
mutant for a functional restoration of natural transform-
ation competence, the different complemented mutants
were transformed with (i) a plasmid (pDH29) carrying a Hp
recA gene interrupted by an erythromycin gene cassette;
and (ii) chromosomal DNA isolated from different
streptomycin-resistant Hp mutant strains. Hp strains P1
and P1AcomB were used as positive and negative
controls in all experiments respectively. Interestingly,
ComB9 and ComB10 alone or in combination were
sufficient to re-establish transformation competence
(Fig. 5A). The minimal requirement for complementation
was the presence of the three ComB proteins, ComB8,

© 2001 Blackwell Science Ltd, Molecular Microbiology, 41, 379-391

ComB9 and ComB10. Addition of the comB7 coding
sequence resulted in a further increase in transformation
rates with the plasmid construct pDH29 (Fig.5A). In
contrast, transformation with chromosomal Hp DNA was
reduced (Fig.5A). Thus, ComB7 appears to have a
different effect on transformation by plasmid-derived
cloned Hp genes isolated from E. coli and on Hp
chromosomal DNA, and apparently modulates the
transformation efficiency.

Further components of a transformation-associated
second type IV transport system in Hp

In addition to the membrane-spanning structural com-
ponents, a functional type IV secretion system is
characterized by the presence of two or three ATPases,
located at the cytoplasmic side of the inner membrane.
Such ATPases are thought to provide energy for the
correct assembly of the secretion apparatus or the delivery
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Fig.4. Expression of individual comB genes in the AcomB deletion
mutant after genetic complementation. Equal amounts of protein from
total lysates of Hp were separated by 10% SDS—PAGE, blotted and
reacted with polyclonal rabbit antisera AK250 («-ComB8), AK251 («-
ComB9) and AK252 (a-ComB10). The genotypes of the Hp strains are
denoted above the lanes. Lanes 1 and 8, Hp P1 wt; lane 2, Hp
P1AcomB (P147); lane 3, P147[pDHO52]; lane 4, P147[pDHO51];
lane 5, P147[pDHO53]; lane 6, P147[pDHO54]; lane 7,
P147[pDHOA46]. Size markers and the corresponding antisera are
denoted.

of the effector molecules, which might be DNA or protein.
In the prototype A. tumefaciens system, these ATPases
are VirB4, VirB11 and VirD4. In addition to the type IV
system ATPase genes located on the cag-PAl, a second
set of such genes is present in Hp 26695 corresponding
to the ORFs hp0017, hp0441 and hp0459 (virB4
homologues) and hp1421 (virB11 homologue). The
ORFs hp0441 and hp0459 are located on the so-called
plasticity region of Hp strain 26695 and are absent in the
Hp J99 genome. As Hp J99 is naturally transformable,
these latter genes cannot be essential for this process. We
generated a Hp 26695 knock-out mutant in hp0017 by
transposon shuttle mutagenesis using pTnMax5 (Kahrs
etal., 1995). The corresponding mutant was characterized

transformants/

by PCR amplification, and the correct insertion of the mini-
Tn in the hp0017 ORF was verified by partial DNA
sequencing of the PCR fragment (data not shown).
Interestingly, the knock-out mutant was completely
defective in natural transformation competence (< 10°°)
(Fig. 5C), indicating that the virB4 homologue hp0017,
now designated comB4, is part of the transformation-
associated type IV system of Hp.

The comB and cag type 1V transport systems are
functionally independent

An obvious question following on from these findings was
whether the two type IV systems in Hp share some
components, which would indicate that one system is
dependent on the other. To address this question, we
tested first whether a deletion of the complete cag-PAl in
Hp P12 affected the transformation frequency of this
strain. The APAI mutant strain was, however, at least as
efficient in transformation with plasmid and chromosomal
DNA as the wild-type strain (Fig. 5B). Furthermore, the P1
and P12 AcomB deletion mutants, as well as the Hp 26695
comB4~ mutant, which were completely defective in
natural transformation, were not affected in their ability
either to translocate the bacterial protein CagA into gastric
epithelial cells or to induce interleukin (IL)-8 in AGS cells
(data not shown). This indicates that the cag-dependent
type IV secretion system is functional and that both type IV
systems act independently from each other in Hp.

Localization of ComB proteins in the bacterial envelope

Detailed computer analysis predicted distinct types of

Fig.5. Transformation rates of the various Hp
B C mutant strains and their genetic
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B. Transformation rates of the P12 wt and the
P12APAI mutant strains obtained with
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C. Determination of the transformation rates of
Hp 26695 wt and a 26695 comB4 transposon
insertion mutant with chromosomal DNA of a
26695 mutant strain carrying a deletion in the
cagA gene (aphA-3). Transformation
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H chromosomal DNA of a streptomycin-resistant

(&

> R
& o

N s

JONR SV 4 N
& W N\ XY O
xU o o% 0
NNV R O

PlAcomB PlAcomB

9O O O O O N 9 O O O O N\
‘b‘z,&\q,\%,\«,\ «zo\&&%\ M Vad >

N transformation negative. Each bar represents
N an individual transformation experiment. The
transformation rates are represented as the
number of transformants per viable Hp cell (see
Experimental procedures for details).

© 2001 Blackwell Science Ltd, Molecular Microbiology, 41, 379-391



Lysate CY/PP MF | MFl
A | — ) —‘., ——  4— BabA2
R e B G| <— AlpA
B
v - | «— comBs
C
-— ! s | <«— ComBgy
i,

Fig.6. Membrane association of ComB8 and ComB9.

A-C. A total bacterial lysate of P147[pDHOA46] (Lysate) was
fractionated in a soluble, cytoplasmic and periplasmic (CY/PP)
fraction (lane CY/PP) and the total membrane fraction. Separation of
inner and outer membrane was performed according to the
N-laurylsarcosine method, resulting in membrane fraction | (lane MFI,
corresponding to the CM) and membrane fraction Il (lane MFII,
corresponding to the OM). The membrane separation was not
complete, as seen by the distribution of the outer membrane proteins
AlpA and BabA2 between both membranes (A). Equal amounts of
protein were loaded on the different lanes.

H. pylori natural transformation competence 385

membrane associations of the individual ComB proteins.
According to these analyses, ComB8, like VirB8, carries
a transmembrane domain, but no N-terminal signal
sequence. ComB9 has both an N-terminal signal
sequence and a 20-amino-acid amphipathic helical
domain that might interact with the membrane. ComB10
has an N-terminal signal sequence and an a-helical coiled-
coil domain (Fig.7A). To support the computer analysis,
Hp strain P1 AcomB[pDHOA46], which overproduces the
ComB proteins (Figs 3A and 4), was used to determine the
intracellular location of the ComB proteins. The presence
of the individual proteins was tested in the immunoblot
assay. ComB8 and ComB10 (not shown) were found
exclusively in the membrane fractions, whereas ComB9
was distributed between the soluble and membrane
fractions, although the majority was membrane associated
(Fig.6). A clear separation between inner and outer
membrane localization by the N-laurylsarcosine method
(Filip et al., 1973) was, however, not feasible, supporting
the experience of other investigators and indicating that
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Fig. 7. Structural elements of ComB proteins and the protective effect of ComB7/ComB8 on proteolytic degradation of ComB9 and ComB10.

A. Schematic overview of the location of secondary structure elements of ComB9 and ComB10. SP, signal peptide; a-CC, a-helical coiled-coil
domain; TM, transmembrane domain; amph.-h., amphipathic helix, putative membrane-interacting domain; C, cysteine.

B and C. Total-cell lysates of Hp P1 wt and complemented P1AcomB mutants were separated by 10% SDS—PAGE and blotted. The genotypes of
the corresponding strains are shown above the lanes. The a-ComB9 antiserum (B) and a-ComB10 antiserum (C) both react with the full-length
ComB proteins. A major degradation product of 25 kDa (ComB9) or 28 kDa (ComB10) is produced much more strongly when the ComB7/8 proteins

are not present.
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Agrobacterium
tumefaciens

Helicobacter pylori cag-PAl

Fig. 8. Organization of two Hp type IV systems
(cag-PAl and comB) compared with a plasmid-
encoded system in C. jejuniinvolved in natural
transformation, adherence and invasion (Bacon
et al., 2000) and the A. tumefaciens prototype

type IV system.

Helicobacter pylori ~ comB // ‘?7»»
Campylobacter jejuni  comB 37»”»
(pVir)

the membrane structure of Hp is different from that of
many other bacteria (Doig and Trust, 1994). According to
their structural features and the results from membrane
fractionations, ComB8 and ComB10 were considered as
integral proteins of the inner membrane.

Putative interacting domains of ComB proteins:
stabilization of ComB9 and ComB10 by ComB7/8

Production of the ComB proteins from the shuttle plasmid
in the chromosomal AcomB deletion mutant resulted in a
strong overproduction of ComB8, ComB9 and ComB10,
compared with the wild-type strain (Fig.4). This over-
production gave rise to a specific processing of ComB9
into major 35kDa and 25kDa products and of ComB10
into a 28 kDa fragment (Fig. 7B and C). Interestingly, this
rather specific degradation was strongly reduced when
ComB7/8 were overproduced together with the other
two ComB proteins, indicating that ComB7 or ComB8
might have a stabilizing effect on ComB9 and ComB10. A
schematic representation of the structural features of
ComB9 and ComB10 revealed that the C-terminal domain
of ComB9, which follows the putative transmembrane
domain, is 26 kDa. Furthermore, the N-terminal domain
between the leader sequence and a putative transmem-
brane domain in ComB10 corresponds to a 28kDa
fragment, which is in accordance with the size of the
corresponding processed fragments (Fig.7A). Topology
studies indicate that both these domains have a
periplasmic location. Thus, the data are best explained
by stabilization of ComB9 and ComB10 by ComB7/8.
When ComB7/8 are absent, the periplasmic domains of
ComB9 (25kDa) or ComB10 (28kDa) might be rapidly
accessible and cleaved by a periplasmic protease.

Discussion

The process of natural transformation is well studied in
model organisms such as Bacillus subtilis, Streptococcus
pneumoniae, Haemophilus influenzae and Neisseria
gonorrhoeae. It can be divided into at least five steps: (i)
binding of DNA to the bacterial surface; (ii) traversing the
outer membrane and the periplasm in Gram-negative
bacteria or the murein sacculus in Gram-positive bacteria;
(iii) degradation of one DNA strand; (iv) translocation of the

remaining DNA single strand through the cytoplasmic
membrane into the cytoplasm; and (v) stable integration of
the DNA into the chromosome by homologous recombina-
tion. From the localization of the ComB proteins, they
could be theoretically involved in steps ii—iv, although we
do not have a detailed knowledge of the specific function of
all ComB proteins.

In most of the naturally competent microorganisms
studied thus far, type IV pili, or pilin-like proteins, play a
major role in transformation. Such proteins are believed to
form a channel spanning the Gram-negative inner and
outer membrane or traversing the peptidoglycan layer in
Gram-positive bacteria (Dubnau, 1999). After the analysis
of two complete Hp genomes, we did not detect either any
homologues of type IV pilin sequences or a corresponding
pilin peptidase (Tomb et al., 1997; Alm et al., 1999).
Instead, we report here that the ComB proteins (ComB4,
ComB7-ComB10) are components of a basic type IV
secretion apparatus, homologous to the VirB proteins
(VirB4, VirB7-VirB10) of A. tumefaciens and to the
corresponding proteins of other type IV secretion systems
(Christie and Vogel, 2000).

Using shuttle vector-based complementation of a
AcomB deletion mutant, we clearly demonstrate that
each of the ComB proteins is important for the function of
the transformation system. Conjugation of plasmids
between Hp strains has not been shown clearly, but a
conjugation-like mechanism has been reported (Kuipers
et al., 1998). It is notable that the bacterial conjugation of
the complementing shuttle plasmid from E. coli into Hp
was not affected by the AcomB deletion, despite the fact
that bacterial conjugation is also mediated by type IV
transporter systems.

Furthermore, Hp carries an additional type IV transpor-
ter encoded by the cag-PAl, which is involved in
translocation of the bacterial protein CagA into human
cells. As demonstrated by independent genetic deletion of
each locus, these systems act autonomously, which is in
agreement with the findings of Israel et al. (2000), who also
showed that natural transformation is not affected by the
cag-PAl. Whether the expression of the comB genes
correlates with the transformation rate in particular Hp
strains has to be clarified. It has been shown that
the modification status of the transforming DNA and the
expression of restriction and modification enzymes in the
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particular strain determine the natural transformation
efficiency. Furthermore, plasmid DNA is restricted to a
greater extent than chromosomal DNA during Hp
transformation (Ando et al., 2000; Donahue et al., 2000).

The ComB proteins are associated with the inner and/or
outer membrane, as shown by fractionation and computer-
assisted structural predictions. In addition, the putative
ATPase ComB4 with significant sequence homology to the
VirB4 ATPase of A. tumefaciens is encoded by the hp0017
gene, located close to the comB operon. ComB4 carries a
typical ATP/GTP binding site motif A (P-loop). A knock-out
mutant in this gene was completely defective in natural
transformation, indicating that ComB4 is also part of
the transformation-mediating type IV transporter complex.
Interestingly, the yeast two-hybrid protein—protein inter-
action map of Hp reveals an interaction of HP0017 with the
ComB10 protein, supporting the functional interplay
between both components (Rain et al, 2001). In
A. tumefaciens, the VirB4 ATPase is a cytoplasmic
membrane protein exposed at the periplasmic surface
(Dang and Christie, 1997).

The comparison of several type IV secretion systems
in unrelated bacteria with different functions suggests
that the proteins homologous to VirB7-VirB10 and
the ATPases VirB4 and VirB11 constitute the basic
components of a type IV secretion system (Fig.8). The
additional genes that were found to be essential for Hp
transformation, such as the dprA gene or the comH gene,
might fulfil additional functions, for example binding of the
DNA on the cell surface or enzymatic processing, which
might be essential in addition to the transport process. The
mechanism of DNA translocation might be comparable
to the transport of T-DNA from the cytoplasm of
A. tumefaciens into the plant cell by the VirB protein-
mediated type IV secretion apparatus or bacterial plasmid
conjugation systems, but in the opposite direction. During
conjugation, DNA usually enters the cytoplasm as a single
strand that is not a target for restriction endonucleases.
Whether Hp plasmid or chromosomal DNA passes the
ComB channel as single- or double-stranded DNA is
unknown.

The following findings support our model that the ComB
proteins are part of a DNA uptake apparatus: (i)
transposon insertion mutations in any one of the comB
genes disturbs the transformation competence; (ii) the
complementation studies prove that each individual ComB
protein is essential for competence development; and (iii)
the ComB8, ComB9 and ComB10 proteins are membrane
associated and apparently interact to stabilize each other.

ComB7 is a putative lipoprotein with sequence and
structural homology to VirB7 of A. tumefaciens. A virB7
knock-out mutant of A. tumefaciens causes a clear
reduction in the amount of VirB8, VirB9 VirB10 and
VirB11 (Fernandez et al., 1996b). In the complemented Hp
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AcomB deletion mutant, we also observed a lower amount
of ComB8-ComB10, compared with the same proteins
co-expressed with ComB?7 (Fig. 4). It is not clear, however,
whether this corresponds to a lower stability of the ComB
proteins or to a lower expression in the first compared with
the last construct. Recent data from the A. tumefaciens
secretion apparatus indicate that VirB8, VirB9 and VirB10
interact and that VirB8 is the initiator protein for the
assembly process (Das and Xie, 2000; Kumar et al.,
2000). Furthermore, in a virB7 deletion mutant, VirB8 was
shown to be involved in stabilization of VirB9 and VirB10,
similar to the stabilizing effect shown here for ComB7/8 on
ComB9 and ComB10.

Previous studies have demonstrated that a subset of
VirB proteins, including VirB3, VirB4 and VirB7-10, have a
positive effect on the ability of A. tumefaciens to act as a
recipient for the conjugation of the plasmid RSF1010
(Bohne et al., 1998). Furthermore, A. tumefaciens VirB4
mutants with defects in the Walker A nucleotide-binding
motif are non-functional for T-DNA export (Berger and
Christie, 1993). It was suggested that the oligomeric
structure of VirB4, but not its capacity to bind ATP, is
important for the assembly of VirB proteins as a DNA
uptake system. Thus, in A. ftumefaciens, VirB4 dimers
contribute structural information for the assembly of a
trans-envelope channel competent for bidirectional DNA
transfer, whereas an ATP-dependent activity is required
for configuring this channel as a dedicated export machine
(Dang et al., 1999). The ComB4 protein is essential for the
ComB type IV transporter, but it is still unclear whether
the ATPase is necessary to constitute the structure of
the channel or to energize the DNA transport. In Hp, the
secretion system for effector proteins (cag-PAl) and the
DNA import system (ComB system) are provided by two
independent type IV systems.

Together with the recently described comB system
found on a Campylobacter jejuni plasmid (Bacon et al.,
2000), the comB system of Hp is the first functional type IV
system involved in DNA uptake via natural transformation
(Fig.8). This indicates that, through the process of
evolution and natural selection, a second, general
mechanism for DNA uptake in bacteria may have
developed as an alternative to the well-known type IV
pilus-based systems. Given the wealth of information from
genome sequencing projects and subsequent functional
genomics studies, it is probably only a matter of time
before additional type IV DNA uptake systems will be
discovered in other bacteria.

Experimental procedures
Bacterial strains and culture conditions

Hp strains were grown on GC agar plates (Difco)
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supplemented with horse serum (8%), vancomycin
(10mgl™"), trimethoprim (5mgl™") and nystatin (1mgl™")
(serum plates) and incubated for 2—3 days in a microaerobic
atmosphere (85% Nj, 10% CO,, 5% O,) at 37°C. For the
selection of Hp mutant strains, serum plates supplemented
with chloramphenicol (6mgl~") were used. Transformation
frequencies of Hp were determined on serum plates contain-
ing streptomycin (250mgl~"), kanamycin (8 mgl™') or
erythromycin (10mgl™"). E. coli strains HB101 (Boyer and
Roulland-Dussoix, 1969) and DH5« (BRL) were grown on
Luria—Bertani (LB) agar plates or in LB liquid medium
(Sambrook et al, 1989) supplemented with ampicillin
(100mg1™"), chloramphenicol (30mgl™") or tetracycline
(15mgl™"), as appropriate. E. coli strain 32155 was grown
in LB broth supplemented with 1mM diaminopimelic acid
(DAP) and appropriate antibiotics.

DNA manipulations and plasmid constructions

Cloning and DNA analysis procedures were performed
according to the methods of Sambrook et al. (1989). Isolation
of Hp chromosomal DNA was performed as described by
Leying et al. (1992) or using the QlAamp tissue kit (Qiagen).
Plasmid DNA was purified from E. coli by the boiling
procedure, and E. coli cells were made competent for
electroporation according to the protocol recommended for
the Gene Pulser (Bio-Rad). The AcomB deletion mutant P147
was generated by transformation of Hp strain P1 with plasmid
pDHO34. Plasmid pDHO34 was constructed by cloning the
aphA-3 cassette between the truncated hp0037 and hp0043
genes in vector pMin1. Orf1 was amplified from chromosomal
DNA of Hp strain P1 by PCR using primers DHO8 and DHO9;
oligonucleotides DHO10 and DHO11 were used for the
amplification of hp0043'. For complementation of the AcomB
mutant P147, different parts of the comB locus were amplified
by PCR and subcloned into plasmid pDH80 (Heuermann and
Haas, 1998). The plasmids pDHO52 (comB10) and pDHO51
(comB9) were generated by amplification of the correspond-
ing gene fragments pairing oligonucleotides DHO15/DHO14
and DHO16/DHO25 and using chromosomal DNA of Hp P1
as template. The genes comB9—comB10 were amplified with
primers DHO16/DHO14; comB8 to comB10 were amplified
with oligonucleotides DHO17/DHO14, resulting in plasmids
pDHO53 and pDHO54 respectively. Generally, the comB
genes were first cloned into the BamHI-Xhol sites of
pBluescript-ll KS+ and then transferred as Xbal-Xhol
fragments into the corresponding cloning sites of pDH80
carrying the flaA promoter of Hp. For the generation of
plasmid pDHO46 (hp0037'-comB7—-8-9-10), the comB
locus was amplified with oligonucleotides DHO8 and
DHO14, and the resulting PCR product was cloned as an
Ndel—-Xhol fragment into the compatible sites of pDH80. The
sequences of all oligonucleotides used in this study will be
made available upon request.

Transposon shuttle mutagenesis of comB4

The comB4 gene (hp0017) was cloned by PCR amplification
of the corresponding reading frame from chromosomal DNA
of Hp 26695 using primers DHO83 and DHO84, and the
fragment was cloned into the minimal vector pMin1 (Table 2).

For random insertional mutagenesis with the TnMax5
transposon, the plasmid pDHO72 was transformed into
E. coli E181 harbouring plasmid pTnMax5. High-frequency
transposition of the mini-transposon was induced by growing
the bacteria overnight on LB agar containing tetracycline and
chloramphenicol to select for the maintenance of both
plasmids and 100 wM IPTG. After transposition, total plasmids
were transferred into E. coli E145 via conjugation. Single
transconjugants were analysed, and the insertion sites of the
mini-transposons were mapped by restriction digests and
DNA sequencing. The interrupted gene was inserted into the
chromosome of Hp 26695 by natural transformation of the
plasmid after homologous recombination. The correct inser-
tion of the transposon in the chromosome was verified by PCR
using primers DHO83 and DHO84.

Natural transformation and conjugation of Hp

Natural transformation of Hp strains was performed with
plasmid or chromosomal DNA according to the procedure
described by Haas et al. (1993a). Chromosomal DNA was
isolated from streptomycin-resistant mutants of Hp
(NCTC11637, P1, P12) to transform Hp to streptomycin
resistance (0.5—1 g of DNA). Plasmid pDH29 (recA::ermC)
was used for plasmid transformation (Heuermann and Haas,
1998). Bacteria were harvested from serum plates and
suspended to an ODssq of 0.1 in brain—heart infusion (BHI)
medium containing 10% FCS. DNA was added, and
incubation was extended for 4—6h under microaerophilic
conditions (10% CO,, 37°C), before the suspension was
plated on selective serum plates.

Conjugation of the shuttle vector pHel2 carrying the comB
genes from E. coli to Hp was essentially performed as
described previously (Heuermann and Haas, 1998). E. coli
B2155 was used as a donor for conjugation. The pHel2
plasmid carrying the oriT sequence of plasmid RP4 confers
resistance to chloramphenicol (Cm") and is mobilized in trans
by transfer functions of plasmid RK4 integrated in the
chromosome of 32155 (Table 2). Growth of the dapA mutant
B2155 is strictly dependent on exogenously supplied DAP;
hence, the removal of DAP provides an efficient counter-
selection against this donor. The transformation frequency for
a given mutant was calculated as the number of chloram-
phenicol-, kanamycin- or streptomycin-resistant colonies per
colony-forming unit (cfu). Three independent experiments
were performed.

SDS—-PAGE, immunoblots and antisera

For the detection of comB gene expression in Hp wild-type
and isogenic mutant strains, the bacteria were collected from
serum plates, suspended in 300l of sample solution
(Laemmli, 1970) and sonicated. Boiled aliquots were
subjected to SDS—PAGE using a mini-gel apparatus (Bio-
Rad) and blotted onto nitrocellulose membranes at 1 mA cm ™2
using a semi-dry blot system (Biotec Fischer). The filters were
blocked with 3% bovine serum albumin (BSA) in TBS (50 mM
Tris-HCI, pH7.5, 150mM NaCl) and incubated with antisera
AK250, AK251 or AK252 (1:1000 dilution). Alkaline phos-
phatase-coupled protein A was used to visualize bound
antibody. For the detection of AlpA and BabA2, rabbit antisera
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were generated against the corresponding fusion proteins
(Odenbreit et al., 1999; unpublished results).

Computer analyses

Protein predictions were performed using the program PRE-
DICTPROTEIN (http://www.embl-heidelberg.de/predictprotein/).
Membrane associations were calculated using the programs
PEPTIDESTRUCTURE, TMPRED, TMHMM and PREDICTPROTEIN.
The P-loop in ComB4 was predicted by the moTIFS program
(http://www.motif.genome.ad.jp/).
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