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ABSTRACT Helicobacter pylori colonizes the stomach in about half of the world’s
population. H. pylori strains containing the cag pathogenicity island (cag PAI) are as-
sociated with a higher risk of gastric adenocarcinoma or peptic ulcer disease than
cag PAI-negative strains. The cag PAI encodes a type IV secretion system (T4SS) that
mediates delivery of the CagA effector protein as well as nonprotein bacterial con-
stituents into gastric epithelial cells. H. pylori-induced nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-�B) activation and interleukin-8 (IL-8) secre-
tion are attributed to T4SS-dependent delivery of lipopolysaccharide metabolites
and peptidoglycan into host cells, and Toll-like receptor 9 (TLR9) activation is attrib-
uted to delivery of bacterial DNA. In this study, we analyzed the bacterial energetic
requirements associated with these cellular alterations. Mutant strains lacking Cag�,
Cag�, or CagE (putative ATPases corresponding to VirB11, VirD4, and VirB4 in proto-
typical T4SSs) were capable of T4SS core complex assembly but defective in CagA
translocation into host cells. Thus, the three Cag ATPases are not functionally redun-
dant. Cag� and CagE were required for H. pylori-induced NF-�B activation, IL-8 se-
cretion, and TLR9 activation, but Cag� was dispensable for these responses. We
identified putative ATP-binding motifs (Walker-A and Walker-B) in each of the
ATPases and generated mutant strains in which these motifs were altered. Each of
the Walker box mutant strains exhibited properties identical to those of the corre-
sponding deletion mutant strains. These data suggest that Cag T4SS-dependent de-
livery of nonprotein bacterial constituents into host cells occurs through mecha-
nisms different from those used for recruitment and delivery of CagA into host cells.
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Helicobacter pylori colonizes the stomach in about half of the human population
(1–3), and the presence of these bacteria increases the risk of gastric adenocarci-

noma, gastric lymphoma, and peptic ulceration (4, 5). H. pylori strains can potentially
synthesize as many as four different type IV secretion systems (T4SSs) (6). One of these,
the ComB T4SS, is present in nearly all H. pylori strains and mediates uptake of DNA (6,
7). T4SSs known as TFS3 and TFS4 are present in some H. pylori strains but absent from
others; the functions of these T4SSs are unknown (6). The Cag T4SS is encoded by
genes localized within a chromosomal region known as the cag pathogenicity island
(cag PAI) (8–12). The proportion of H. pylori strains harboring the cag PAI varies from
about 50% in the United States to nearly 100% in some parts of East Asia (13, 14).
Individuals colonized with H. pylori strains containing the cag PAI have a higher risk of

Citation Lin AS, Dooyema SDR, Frick-Cheng
AE, Harvey ML, Suarez G, Loh JT, McDonald WH,
McClain MS, Peek RM, Jr, Cover TL. 2020.
Bacterial energetic requirements for
Helicobacter pylori Cag type IV secretion
system-dependent alterations in gastric
epithelial cells. Infect Immun 88:e00790-19.
https://doi.org/10.1128/IAI.00790-19.

Editor Craig R. Roy, Yale University School of
Medicine

Copyright © 2020 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Timothy L. Cover,
timothy.l.cover@vumc.org.

* Present address: Arwen E. Frick-Cheng, Dept.
of Microbiology and Immunology, University of
Michigan School of Medicine, Ann Arbor,
Michigan, USA.

Received 5 October 2019
Returned for modification 23 October 2019
Accepted 6 November 2019

Accepted manuscript posted online 11
November 2019
Published

MOLECULAR PATHOGENESIS

crossm

February 2020 Volume 88 Issue 2 e00790-19 iai.asm.org 1Infection and Immunity

22 January 2020

https://orcid.org/0000-0002-9857-4883
https://orcid.org/0000-0001-8503-002X
https://doi.org/10.1128/IAI.00790-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:timothy.l.cover@vumc.org
https://crossmark.crossref.org/dialog/?doi=10.1128/IAI.00790-19&domain=pdf&date_stamp=2019-11-11
https://iai.asm.org


gastric adenocarcinoma or peptic ulcer disease than individuals colonized with cag
PAI-negative strains (13, 14).

CagA is the only effector protein known to be translocated by the Cag T4SS (15, 16).
Upon entry into gastric epithelial cells, CagA is phosphorylated by tyrosine kinases and
interacts with multiple host cell proteins, altering their activity (15–18). Nonphospho-
rylated CagA also interacts with host cell proteins (15, 16, 18). The cellular alterations
caused by CagA contribute to neoplastic transformation, and therefore, CagA has been
designated as a “bacterial oncoprotein” (15, 16, 19).

The Cag T4SS is required not only for CagA translocation into host cells but also for
H. pylori-induced cellular alterations attributed to the intracellular entry of nonprotein
bacterial constituents. Nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-�B) activation and stimulation of interleukin-8 (IL-8) production are attributed to
the entry of H. pylori lipopolysaccharide metabolites (heptose 1,7-bisphosphate [HBP]
[20–22] or ADP-glycero-�-d-manno-heptose [ADP heptose] [23]) and peptidoglycan
(24) into host cells. Activation of Toll-like receptor 9 (TLR9) is attributed to the entry of
H. pylori DNA into host cells (25, 26). Several publications reported that CagA can
contribute to IL-8 induction and NF-�B activation (27–30). Conversely, these two cellular
responses are elicited by mutant strains that do not produce CagA (31–34), which
indicates that H. pylori can stimulate these responses through CagA-independent
pathways.

About 17 of the 27 genes in the cag PAI are essential for CagA translocation into
gastric epithelial cells, and about 14 are essential for H. pylori-induced IL-8 production
by host cells (34). Five proteins encoded by genes in the cag PAI (CagY, CagX, CagT,
CagM, and Cag3) assemble into a large core complex that spans the inner and outer
membranes (35–38), and other cag PAI-encoded proteins assemble into an inner
membrane complex (36). Three of the proteins localized to the Cag T4SS inner
membrane complex are putative ATPases known as Cag�, Cag�, and CagE (10, 34, 36).
These correspond to VirB11, VirD4, and VirB4, respectively, in prototypical VirB/VirD4
T4SSs (E. coli conjugation systems and the Agrobacterium tumefaciens VirB/VirD4 sys-
tem) (39–45).

H. pylori CagA, lipopolysaccharide metabolites, peptidoglycan, and DNA all enter
host cells through Cag T4SS-dependent processes, but we speculate that these bacte-
rial components are recruited and delivered into host cells through disparate mecha-
nisms. In support of this view, a previous study showed that translocation of CagA into
gastric epithelial cells requires several cag PAI-encoded proteins that are not required
for H. pylori-induced IL-8 production (34). One of the proteins required for CagA
translocation but not required for stimulation of IL-8 production is Cag� (a VirD4
homolog) (34, 46). In Escherichia coli conjugation systems and the A. tumefaciens
VirB/VirD4 system, VirD4 acts as a coupling protein that recruits DNA and the relaxo-
some from the cytoplasm to the T4SS (47–49). The role of Cag� in H. pylori-induced
TLR9 activation (a phenotype attributed to entry of bacterial DNA into host cells) has
not yet been determined. Since VirD4 acts as a coupling protein required for recruit-
ment and translocation of DNA in conjugative T4SSs and the A. tumefaciens T4SS (48,
50, 51), we hypothesized that Cag� might be essential for recruitment and delivery of
H. pylori DNA into host cells.

In the current study, we sought to further investigate the bacterial energetic
requirements for T4SS-dependent, H. pylori-induced alterations in host cells. We gen-
erated unmarked cag�, cag�, and cagE deletion mutants and genetically manipulated
control strains containing the corresponding restored intact genes, as well as mutant
strains containing substitution mutations in putative ATP-binding motifs (Walker-A and
Walker-B boxes) of these ATPases. We then tested these mutants in cell culture assays
to assess CagA translocation and CagA-independent cellular alterations (stimulation of
IL-8 production, NF-�B activation, and TLR9 activation).

We report that the individual Cag ATPases are dispensable for assembly of the T4SS
outer membrane core complex but essential for translocation of CagA into host cells.
In addition, we report that strains containing mutations in Walker-A and Walker-B boxes

Lin et al. Infection and Immunity

February 2020 Volume 88 Issue 2 e00790-19 iai.asm.org 2

https://iai.asm.org


of Cag ATPases exhibit the same phenotypes as corresponding deletion mutants. These
findings indicate that the three Cag ATPases have nonredundant functions required for
CagA translocation. Cag� and CagE, but not Cag�, are required for H. pylori-induced
NF-�B activation, IL-8 induction and TLR9 activation in host cells (three Cag T4SS-
dependent phenotypes linked to cellular uptake of nonprotein bacterial components).
The nonessentiality of Cag� (a VirD4 homolog) for TLR9 activation contrasts the
requirement of VirD4 for DNA transfer by conjugation systems and A. tumefaciens.
Collectively, these data suggest that Cag T4SS-dependent delivery of nonprotein
bacterial constituents into host cells occurs through mechanisms different from the
mechanism used for the recruitment and delivery of CagA into host cells.

RESULTS
ATPases associated with the Cag T4SS. Three genes within the cag PAI are

predicted to encode ATPases (10). Cag� (encoded by the gene HP0525 in H. pylori strain
26695) is a VirB11 homolog, Cag� (HP0524) is a VirD4 homolog, and CagE (HP0544) is
a VirB4 homolog (39–43). The sequence relatedness of these H. pylori proteins to
homologs in T4SSs of other bacterial species is relatively low. For example, in compar-
isons of H. pylori sequences with the homologous Agrobacterium VirB/VirD4 sequences,
Cag� exhibits about 21% amino acid identity with VirB11 (GenBank accession no.
P0A3F9), CagE exhibits about 17% identity with VirB4 (GenBank accession no. P17794),
and Cag� exhibits about 13% identity with VirD4 (GenBank accession no. P18594). To
facilitate analysis of the Cag T4SS ATPases, we generated H. pylori mutant strains in
which genes encoding each of the ATPases were individually disrupted or deleted, as
described in Materials and Methods.

Cag T4SS ATPases are not required for outer membrane core complex assem-
bly. To evaluate whether the ATPases are required for T4SS core complex assembly, we
conducted experiments to isolate core complexes from the ATPase mutants. To do this,
we introduced a gene encoding HA-CagF into the ureAB chromosomal locus of strains
harboring mutations in Cag ATPase-encoding genes. The resulting strains were desig-
nated FC1.1 (Δcag�/HA-CagF), FC2.1 (Δcag�/HA-CagF), and FC3.1 (cagE::Kan/HA-CagF)
(Table 1). We then immunopurified HA-CagF from these strains, which allows copuri-
fication of core complexes. Negative-stain electron microscopy (EM) analysis revealed
successful isolation of core complexes from each of the mutant strains (Fig. 1). The
structures of the core complexes isolated from the mutant strains appeared similar to
structures of the core complex isolated from the corresponding strain containing a
wild-type cag PAI (WT/HA-CagF) (Fig. 1). These results indicate that the individual Cag
ATPases are not required for assembly of Cag T4SS outer membrane core complexes,
a conclusion consistent with results of cryo-electron tomography experiments (36).

Individual Cag ATPases are required for CagA translocation. To assess if the
individual Cag ATPases are required for CagA translocation into host cells, we cocul-
tured H. pylori strains with AGS gastric epithelial cells and analyzed phosphorylation of
CagA. For these experiments, we analyzed unmarked ATPase deletion mutant strains
(�cag�, �cag�, and �cagE) along with genetically manipulated control strains contain-
ing restored wild-type cag�, cag�, and cagE sequences (named ASL12.1 [restored WT
cag�], ASL14.1 [restored WT cag�], and ASL16.1 [restored WT cagE]), generated as
described in Materials and Methods (Table 1). Tyrosine-phosphorylated CagA was
detected when the wild-type strain and control strains were cocultured with AGS cells
but was not detected when any of the individual ATPase mutants were cocultured with
AGS cells (Fig. 2). These results indicate that all three ATPases are required for CagA
translocation into AGS cells.

Cag� is dispensable for H. pylori-induced NF-�B activation and IL-8 production.
When cocultured with gastric epithelial cells, H. pylori strains containing an intact cag
PAI stimulate activation of NF-�B and production of proinflammatory cytokines such as
interleukin-8 (IL-8). Multiple genes encoding components of the Cag T4SS are required
for these phenotypes (34, 35, 52, 53, 61). To investigate whether the individual ATPases
are required for these phenotypes, we cocultured the wild-type and mutant H. pylori
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strains with AGS cells or AGS-NF-�B reporter cells and quantified IL-8 induction and
NF-�B activation as described in Materials and Methods. The �cag� and �cagE mutants
were defective in both IL-8 induction and NF-�B activation, whereas the �cag� mutant
stimulated IL-8 induction and NF-�B activation similar to the wild-type strain (Fig. 3A
and B). The IL-8 induction and NF-�B phenotypes were intact in each of the control
strains containing wild-type ATPase sequences (Fig. 3A and B). These data indicate that
Cag� and CagE are each required for IL-8 secretion and NF-�B activation in gastric
epithelial cells, but Cag� is not required.

Cag� and CagE are required for H. pylori-induced TLR9 activation. When
cocultured with HEK293-hTLR9 reporter cells, H. pylori strains containing an intact cag
PAI activate TLR9 through a process that requires multiple genes encoding components

TABLE 1 H. pylori strains used in this study

H. pylori strain or plasmid Description
Antibiotic
resistance Reference(s)

Straina

26695 Wild-type, intact cag PAI None 55
�rdxA Deletion of rdxA Metronidazole 52, 53
rpsL-K43R Codon 43 of rpsL harbors a lysine-to-arginine mutation Streptomycin 56, 68, 69
Δcag PAI Deletion of cag PAI Chloramphenicol 55
Δcag� Unmarked deletion of cag� Metronidazole 36
ASL11.1 (cag� WB mutant)b Introduced two point mutations in ATP-binding motifs of cag� (K184A, E248A) Metronidazole This study
ASL12.1 (restored WT cag�) Restored two point mutations in cag� Metronidazole This study
Δcag� Unmarked deletion of cag� Metronidazole 36
ASL13.1 (cag� WB mutant) Introduced two point mutations in ATP-binding motifs of cag� (K244A, D550A) Streptomycin This study
ASL14.1 (restored WT cag�) Restored two point mutations in cag� Streptomycin This study
ΔcagE Unmarked deletion of cagE Metronidazole 36
ASL15.1 (cagE WB mutant) Introduced two point mutations in ATP-binding motifs of cagE (K603A, D830A) Streptomycin This study
ASL16.1 (restored WT cagE) Restored two point mutations in cagE Streptomycin This study
WT/HA-CagF Introduced HA-cagF into ureAB locus Chloramphenicol 35
FC1.1 (Δcag�/HA-CagF) Introduced HA-cagF into ureAB locus Metronidazole,

chloramphenicol
This study

FC2.1 (Δcag�/HA-CagF) Introduced HA-cagF into ureAB locus Metronidazole,
chloramphenicol

This study

FC3.1 (cagE::kan/HA-CagF) Introduced HA-cagF into ureAB locus Kanamycin,
chloramphenicol

This study

Plasmid
pΔcag� Contains sequences from HP0524 and HP0526, and deletion of HP0525 (cag�) Ampicillin 36
pΔcag�::cat-rdxA cat-rdxA cassette cloned into BamHI site in HP0525 locus of p�cag� Ampicillin,

chloramphenicol
36

pASL101.1 Contains sequences from HP0524 to HP0526 in which two point mutations in
ATP-binding motifs are introduced into cag� (K184A, E248A)

Ampicillin This study

pASL102.1 Restores the introduced point mutations in pASL101.1 Ampicillin This study
pΔcag� Contains sequences from HP0523 and HP0525, and deletion of HP0524 (cag�) Ampicillin 36
pΔcag�::cat-rdxA cat-rdxA cassette cloned into BamHI site in HP0524 locus of p�cag� Ampicillin,

chloramphenicol
36

pASL103.1 cat-rpsL cassette cloned into ClaI site in HP0524 locus of p�cag� Ampicillin,
chloramphenicol

This study

pASL104.1 Contains sequences from HP0523 to HP0525 in which two point mutations in
ATP-binding motifs are introduced into cag� (K244A, D550A)

Ampicillin This study

pASL105.1 Restored the introduced point mutations in pASL104.1 Ampicillin This study
pΔcagE Contains sequences from HP0543 and HP0545, and deletion of HP0544 (cagE) Ampicillin 36
pΔcagE::cat-rdxA cat-rdxA cassette cloned into BamHI site in HP0544 locus of pΔcagE Ampicillin,

chloramphenicol
36

pASL106.1 cat-rpsL cassette cloned into BamHI site in HP0544 locus of pΔcagE Ampicillin,
chloramphenicol

This study

pASL107.1 Contains sequences from HP0543 to HP0545 in which two point mutations in
ATP-binding motifs are introduced into cagE (K603A, D830A)

Ampicillin This study

pASL108.1 Restored the introduced point mutations in pASL107.1 Ampicillin This study
pAD-HA-CagF Contains gene encoding HA-CagF and flanking ureAB sequences Ampicillin,

chloramphenicol
35

aAll mutant strains were derived from H. pylori 26695.
bWB, Walker box.
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of the Cag T4SS (26). To determine if the individual ATPases are required for TLR9
activation, we cocultured the wild-type strain, mutant strains, and genetically manip-
ulated control strains with the HEK293-hTLR9 reporter cells. The �cag� and �cagE
mutants were defective in activating TLR9, whereas the �cag� mutant retained the
TLR9 activation phenotype (Fig. 3C). The genetically manipulated control strains con-
taining restored wild-type ATPase sequences (ASL12.1, ASL14.1, and ASL16.1) exhibited
an intact TLR9 activation phenotype (Fig. 3C). These data indicate that Cag� and CagE
are required for H. pylori-induced TLR9 activation, but Cag� is not required.

FIG 1 Individual Cag T4SS ATPases are not required for assembly of the Cag T4SS core complex. H. pylori
mutant strains lacking genes encoding individual ATPases (Δcag�, Δcag�, and ΔcagE) were modified by
introducing a gene encoding HA-CagF into the ureAB chromosomal locus, resulting in strains with the
genotypes indicated in the figure (corresponding to FC1.1 [Δcag�/HA-CagF], FC2.1 [Δcag�/HA-CagF],
and FC3.1 [cagE::kan/HA-CagF] in Table 1). T4SS core complexes were immunopurified from these strains,
and the preparations were analyzed and visualized by negative-stain electron microscopy (magnification,
�28,000). (A) Core complexes purified from a wild-type (WT) strain engineered to produce HA-CagF
(WT/HA-CagF) (positive control). (B to D) Core complexes isolated from mutant strains engineered to
produce HA-CagF (Δcag�/HA-CagF, Δcag�/HA-CagF, and cagE::kan/HA-CagF). Scale bars, 25 nm.

FIG 2 Individual Cag T4SS ATPases are essential for CagA translocation into AGS gastric epithelial cells.
Wild-type (WT) strain 26695, a Δcag PAI mutant strain, and the indicated unmarked deletion mutant
strains (Δcag�, Δcag�, and ΔcagE) were cocultured with AGS cells. Genetically manipulated strains
containing restored wild-type ATPase sequences (named ASL12.1 [restored WT cag�], ASL14.1 [restored
WT cag�], and ASL16.1 [restored WT cagE]; Table 1) were tested as controls. Extracts from H. pylori-gastric
epithelial cell cocultures were immunoblotted with an anti-CagA antibody to detect CagA and an
anti-phosphotyrosine antibody (anti-PY99) to detect phosphorylated CagA.
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FIG 3 Cag� and CagE, but not Cag�, are required for three Cag T4SS-dependent alterations in host cells.
Wild-type (WT) strain 26695, a Δcag PAI mutant strain, and the indicated unmarked deletion mutant
strains (Δcag�, Δcag�, and ΔcagE) were cocultured with AGS cells, AGS-NF-�B reporter cells, or HEK293-
hTLR9 reporter cells. Genetically manipulated strains containing restored wild-type ATPase sequences
(named ASL12.1, ASL14.1, and ASL16.1; Table 1) were tested as controls. IL-8 production, NF-�B
activation, or TLR9 activation were quantified as described in Materials and Methods. (A, B) Cag� and
CagE are required for IL-8 induction and NF-�B activation in AGS gastric epithelial cells. (C) Cag� and
CagE are required for H. pylori-induced TLR9 activation in HEK293-hTLR9 reporter cells. The data
represent results of three independent experiments with multiple technical replicates. Values represent
means � standard error of the mean (SEM). Statistical significance among groups was determined by
Kruskal-Wallis test with Dunnett’s multiple comparison test. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****,
P � 0.0001 compared to WT.
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Putative ATP-binding motifs in Cag ATPases. Previous cryo-electron tomography
(cryo-ET) analyses revealed detectable differences in the structure of the Cag T4SS inner
membrane complex in ATPase deletion mutants compared to the wild-type strain (36).
Most notably, the inner membrane complex was almost completely absent in the
ΔCagE mutant (36). This suggests that protein-protein interactions involving ATPases
are important for assembly or stability of the Cag T4SS inner membrane complex. The
ATPases (especially CagE) could potentially have important roles in assembly or stability
of the T4SS inner membrane complex, independent of their enzymatic activity. There-
fore, in addition to analyzing T4SS-dependent activities in ATPase deletion mutant
strains, we undertook experiments to generate mutant strains containing substitution
mutations in sites within the ATPases that are predicted to be required for enzymatic
activity. By comparing the three H. pylori Cag ATPases to sequences of corresponding
VirB11, VirB4, and VirD4 ATPases in T4SSs of other bacterial species, we identified
putative ATP-binding motifs (Walker-A and Walker-B motifs) in Cag�, CagE, and Cag�

(Fig. S1 in the supplemental material). We introduced point mutations into the corre-
sponding regions of the 3 individual chromosomal ATPase genes encoding the
Walker-A and Walker-B motifs. The point mutations resulted in a change from a
conserved lysine to alanine in the Walker-A motifs and a change from a conserved
aspartic acid or glutamic acid to alanine in the Walker-B motifs (Table 1). The resulting
mutant strains were named ASL11.1 (cag� Walker box [WB] mutant), ASL13.1(cag� WB
mutant), and ASL15.1 (cagE WB mutant) (Table 1). Proteomic analysis of membrane
fractions allowed us to detect all three ATPase proteins in each of the mutant strains
(Table 2). The proteomic data also allowed a semiquantitative assessment of ATPase
abundance in the mutant strains compared to the WT strain. The number of CagE
spectral counts detected in ASL15.1 was similar to the number of CagE spectral counts
detected in the WT strain and other mutant strains (ASL11.1 and ASL13.1), which
suggests that the introduction of Walker box mutations into CagE did not substantially
alter CagE stability. The number of Cag� spectral counts detected in ASL11.1 was lower
than the number of Cag� spectral counts detected in the WT strain or other mutants,
and similarly, the number of Cag� spectral counts was somewhat lower in ASL13.1 than
in the other strains. Therefore, the introduction of mutations into Cag� (and possibly
Cag�) might diminish the stability of these proteins. The phenotypes of the latter two
mutants are potentially attributable to both reduced abundance of Cag� or Cag� as
well as loss of enzymatic activity.

Functional ATP-binding motifs in the Cag ATPases are required for CagA
translocation. We then tested the capacity of the three Walker box mutant strains to
translocate CagA into AGS gastric epithelial cells. None of the ATP-binding motif
mutant strains (ASL11.1, ASL13.1, and ASL15.1) was able to translocate CagA into AGS
cells (Fig. 4). Similar to the results shown in Fig. 2, all the engineered control strains
containing wild-type ATPase sequences (ASL12.1, ASL14.1, and ASL16.1) exhibited an
intact CagA translocation phenotype (Fig. 4). These data indicate that functional Walker
motifs in each of the individual ATPases (Cag�, CagE, and Cag�) are required for CagA
translocation into host cells.

Functional ATP-binding motifs in Cag� and CagE are required for NF-�B
activation, IL-8 induction, and TLR9 activation. To test if functional Walker motifs in

TABLE 2 Mass spectrometric detection of Cag ATPases in wild-type and mutant strains

Protein Wild type �cag PAI ASL11.1 ASL13.1 ASL15.1

CagAa 265 0 309 263 327
Cag� 11 0 2 8 10
Cag� 19 0 26 10 23
CagE 25 0 22 15 21
Fumarate reductasea 142 172 148 174 175
Acetyl-CoA synthetasea 67 71 71 54 67
Total spectral counts 17,477 18,500 21,735 17,865 21,139
aNumbers of spectral counts for CagA (encoded by the cag PAI), fumarate reductase, and acetyl-CoA
synthetase (non-Cag proteins) are shown as controls for comparison.
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the ATPases are necessary for other Cag T4SS-dependent phenotypes, we analyzed IL-8
production, NF-�B activation, and TLR9 activation induced by the Walker box mutant
strains (ASL11.1, ASL13.1, and ASL15.1). The cag� and cagE Walker box mutants were
defective in inducing IL-8 and NF-�B, whereas the cag� Walker box mutant stimulated
IL-8 production and NF-�B activation similar to the WT strain (Fig. 5A and B). Similarly,
the cag� and cagE Walker box mutants were defective in TLR9 activation compared to
the WT strain (Fig. 5C). However, the cag� Walker box mutant induced TLR9 activation
similar to the wild-type strain (Fig. 5C). These data indicate that intact Walker box motifs
in Cag� and CagE are required for all the phenotypes tested (NF-�B activation, IL-8
induction, and TLR9 activation), whereas intact Walker box motifs in Cag� are not
required for these phenotypes.

DISCUSSION

H. pylori causes multiple alterations in gastric epithelial cells through processes
dependent on the Cag T4SS (2, 9, 10, 12). Many Cag T4SS-dependent cellular alterations
result from actions of CagA, whereas other Cag T4SS-dependent cellular alterations do
not require CagA. For example, stimulation of IL-8 production by H. pylori has been
attributed to the entry of lipopolysaccharide metabolites (HBP or ADP heptose) and/or
peptidoglycan into host cells (20–24). HBP or ADP heptose activates alpha-kinase 1

FIG 4 Functional Walker motifs in individual Cag T4SS ATPases are required for CagA translocation into AGS gastric
epithelial cells. Strains containing mutations in Walker motifs of Cag�, Cag�, or CagE (cag� WB, cag� WB, and cagE
WB mutants, corresponding to ASL11.1, ASL13.1, or ASL 15.1, respectively, in Table 1) were generated as described
in Materials and Methods. Wild-type (WT) strain 26695, a Δcag PAI mutant strain, and the indicated mutant strains
were cocultured with AGS cells. Genetically manipulated strains containing restored wild-type ATPase sequences
(named ASL12.1, ASL14.1, and ASL16.1; Table 1) were tested as controls. Extracts from H. pylori-gastric epithelial cell
cocultures were immunoblotted with an anti-CagA antibody to detect CagA and an anti-phosphotyrosine antibody
(anti-PY99) to detect phosphorylated CagA.

FIG 5 Functional Walker motifs in Cag� and Cag� are required for three Cag T4SS-dependent phenotypes.
Wild-type strain 26695, a Δcag PAI mutant, and strains containing mutations in Walker motifs of Cag�, Cag�, or
CagE (ASL11.1, ASL13.1, or ASL 15.1; Table 1 and Fig. S1) were cocultured with AGS cells, AGS-NF-�B reporter cells,
or HEK293-hTLR9 reporter cells. IL-8 production, NF-�B activation, or TLR9 activation were quantified as described
in Materials and Methods. (A, B, and C) Functional Walker motifs in Cag� and CagE are essential for H.
pylori-induced IL-8 induction, NF-�B activation, and TLR9 activation. The data represent results of three indepen-
dent experiments with multiple technical replicates. Values represent mean � standard error of the mean (SEM).
Statistical significance among groups was determined by Kruskal-Wallis test with Dunnett’s multiple comparison
test. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001 compared to WT.
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(ALPK1) to phosphorylate tumor necrosis factor receptor-associated factor (TRAF)-
interacting protein with forkhead-associated domain (TIFA) within host cells (20–22),
and peptidoglycan is recognized by the intracellular host defense molecule NOD1 (24).
Intracellular recognition of these pathogen-associated molecular patterns (PAMPs)
leads to activation of multiple signaling pathways, including NOD1 signaling pathways
and NOD-1 independent pathways that involve ALPK1 and TIFA, resulting in NF-�B
activation (20–23). Activation of TLR9 has been attributed to the entry of bacterial DNA
into host cells (26). Since the Cag T4SS is required for phenotypes linked to the entry
of multiple different types of H. pylori constituents into host cells, this provides an
opportunity to undertake a comparative analysis of the processes by which different
bacterial constituents are delivered into host cells.

To investigate the bacterial energetic requirements for CagA translocation and Cag
T4SS-dependent cellular alterations in gastric epithelial cells, we generated mutant
strains lacking individual ATPase components of the Cag T4SS. As a first step in
analyzing the mutant strains, we investigated their capacity to assemble Cag T4SS core
complexes. The H. pylori Cag T4SS core complex contains five proteins, all of which are
required for T4SS function (35–37). We successfully purified core complexes from each
of the ATPase mutant strains, which indicates that these ATPases are not required for
core complex assembly. This result is consistent with the results of recent cryo-electron
tomography studies of the H. pylori Cag T4SS (36) and the Legionella Dot/Icm T4SS (62).

As a next step, we tested the ATPase mutant strains for the capacity to translocate
CagA into host cells and found that all three ATPases are required for this activity.
Previous studies used an insertional mutagenesis approach to disrupt Cag ATPases and
reported that all three ATPases are required for the translocation of CagA protein into
host cells (34). Analyses of unmarked deletion mutant strains (along with control
strains) in the current study provide strong evidence that all three ATPases are required
for CagA translocation, thereby indicating that the three ATPases are not functionally
redundant.

We next tested the mutant strains for the capacity to stimulate IL-8 production.
Consistent with the results of a previous study (34), we found that H. pylori-induced
stimulation of IL-8 production requires CagE and Cag� but does not require Cag�. The
bacterial energetic requirements for H. pylori-induced NF-�B activation were identical
to the requirements for IL-8 production, consistent with a current model in which NF-�B
activation is required for IL-8 production (20, 32, 63–65).

A previous study reported that CagE was required for H. pylori-induced TLR9
activation (26), but the energetic requirements for this phenotype have not been
previously studied in detail. We show that the energetic requirements for H. pylori-
induced TLR9 activation are identical to requirements for IL-8 production and NF-�B
activation (i.e., requiring CagE and Cag� but not Cag�). This finding differs from a
requirement of the Cag� homolog (VirD4) for delivery of DNA into recipient cells by E.
coli conjugative T4SSs or the A. tumefaciens VirB/VirD4 T4SS (48, 50).

The observation that a Cag� mutant is defective in CagA translocation but still
capable of stimulating IL-8 production, NF-�B activation, and TLR9 activation provides
important insights into the mechanisms by which these processes occur. Specifically,
these results suggest that the H. pylori substrates mediating IL-8 induction, NF-�B
activation, or TLR9 activation are recruited or delivered to host cells through one or
more Cag T4SS-dependent pathways different from those used for recruitment and
delivery of CagA. A current model proposes that CagA is recruited from the cytoplasm
to the inner membrane complex of the T4SS through interactions with Cag�, a VirD4
homolog (46). Similarly, in E. coli conjugative T4SSs and the A. tumefaciens T4SS, VirD4
acts as a coupling protein, responsible for recruiting DNA and protein substrates (48,
50). Since H. pylori-induced IL-8 secretion, NF-�B activation, and TLR9 activation do not
require Cag�, we speculate that lipopolysaccharide (LPS) metabolites, peptidoglycan,
or DNA fragments might diffuse from the cytoplasm or periplasm into the T4SS
apparatus through a nonspecific process that does not require recruitment by a
coupling protein. Alternatively, we speculate that LPS metabolites, peptidoglycan, or
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DNA might transit the bacterial cell envelope through one or more mechanisms
different from those used for secretion of CagA. For example, these nonprotein H. pylori
constituents could potentially be released into the extracellular environment through
bacterial autolysis, as components of outer membrane vesicles, or through other
processes, and the Cag T4SS may then facilitate the entry of these PAMPs into host
cells. Consistent with the latter hypothesis, treatment of H. pylori-host cell cocultures
with DNase I partially reduced the level of TLR9 activation (26). In addition to the Cag
T4SS, the H. pylori strain used in these studies harbors a second T4SS (ComB system),
which is required for natural transformation and conjugative transfer of DNA (6). Cross
talk among H. pylori T4SSs could potentially occur (for example, an ATPase from the
ComB system contributing to the function of the Cag T4SS), but there is no experi-
mental evidence at present to support this possibility (26). In future studies, it will be
important to determine whether H. pylori DNA, LPS metabolites, and peptidoglycan
enter cells independently or if proteins analogous to the relaxosome utilized in
conjugation systems and the A. tumefaciens VirB/VirD4 system are required.

ATPases (especially CagE) potentially have important roles in the assembly or
stability of the T4SS inner membrane complex (36), independent of their enzymatic
activity. If the ATPases contribute to T4SS activity through both enzymatic and non-
enzymatic functions, it would not be possible to discriminate enzymatic and nonen-
zymatic functions through analysis of deletion mutant strains. In the current study, we
generated H. pylori mutant strains harboring point mutations in sites predicted to be
required for ATPase enzymatic activity and tested the hypothesis that these mutant
strains might exhibit phenotypes different from those observed with deletion mutant
strains. Previous studies have identified putative ATP-binding motifs in Cag� (66) and
CagE (67), and mutagenesis of the Walker-A motif in the C-terminal portion of CagE
abolished enzymatic activity of a recombinant protein produced in E. coli (67). Cag
ATPase Walker box mutations have not previously been introduced into H. pylori
chromosomal genes. In the current study, we found that each of the H. pylori mutant
strains harboring point mutations in Walker boxes exhibited the same phenotypes as
the deletion mutant strains. These data support a hypothesis that enzymatic activities
of the three ATPases are required for Cag T4SS activities.

In summary, this study indicates that the three Cag ATPases have nonredundant
functions required for delivery of CagA into host cells and indicates that the energetic
requirements for phenotypes associated with intracellular entry of nonprotein H. pylori
constituents into host cells differ from the energetic requirements for translocation of
CagA. In future studies, it will be important to further elucidate differences in the
mechanisms underlying the recruitment, secretion, and delivery of CagA into host cells
compared to mechanisms underlying entry of nonprotein H. pylori constituents into
host cells.

MATERIALS AND METHODS
Growth of H. pylori strains. H. pylori 26695 and isogenic mutant strains were grown on Trypticase

soy agar plates supplemented with 5% sheep blood at 37°C in room air containing 5% CO2. Antibiotic
concentrations for the selection of H. pylori mutant strains were as follows: chloramphenicol (5 �g/ml),
kanamycin (10 �g/ml), metronidazole (7.5 to 15 �g/ml), or streptomycin (25 or 50 �g/ml). The E. coli
strain DH5� was used for plasmid propagation and was grown on Luria-Bertani agar plates or in
Luria-Bertani liquid medium supplemented with appropriate antibiotics (ampicillin [50 �g/ml], kanamy-
cin [25 �g/ml], or chloramphenicol [25 �g/ml]).

Generation of H. pylori mutant strains. Unmarked deletion mutant strains (Δcag�, Δcag�, and
ΔcagE) were generated as described previously (36). To generate ATP-binding motif mutant strains, we
introduced point mutations into sites encoding amino acids in Walker-A and Walker-B motifs (specifically,
K184A and E248A in cag�; K244A and D550A in cag�; and K603A and D830A in cagE) (Table 1 and Fig.
S1 in the supplemental material). The three cag ATPase genes, including the point mutations described
above, along with 0.5-kb flanking DNA, were synthesized (GenScript) and cloned into a pUC57 vector.
ATP-binding motif mutant strains were generated by introducing plasmids (containing both Walker box
mutations) into H. pylori strains containing either a cat-rdxA cassette (52) or a cat-rpsL cassette (53) in the
genes of interest (Table 1). In parallel, we used site-directed mutagenesis to change the point mutations
in plasmids back to wild-type nucleotides. Plasmids containing the corrected point mutations were
transformed into strains containing cat-rdxA or cat-rpsL cassettes inserted in the genes of interest,
resulting in control strains containing wild-type-like ATPase gene sequences (Table 1). PCR and sequenc-
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ing of PCR products were used to confirm that the desired sequences were introduced into the
appropriate cag ATPase genes.

Proteomic analysis of H. pylori membrane fractions. H. pylori were cultured in Brucella broth
containing 10% fetal bovine serum for 24 h at 37°C in room air containing 5% CO2. The bacteria were
harvested by centrifugation and then were washed in buffer (50 mM Tris, 100 mM NaCl, 27 mM KCl, 1 mM
CaCl2, 0.5 mM MgCl2 [pH 7.4]) and centrifuged at 4,500 � g for 10 min. After two additional washing
steps, the pelleted bacteria were resuspended in lysis buffer (50 mM Tris, 1 mM MgCl2, protease inhibitor
[cOmplete protease inhibitor cocktail tablets, Roche] [pH 7.4]) and then sonicated on ice. The lysate was
centrifuged at 4,500 � g for 10 min to remove any remaining intact bacteria, and the resulting super-
natant was centrifuged at 10,000 � g for 1 h at 4°C. The pellet (membrane fraction) was then resus-
pended in RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% NP40, 0.25% sodium deoxycholate,
protease inhibitor [pH 8.0]). The membrane fraction was solubilized by rotating the sample on a rotisserie
for 1 h at 4°C. The solubilized membrane fraction was then collected after centrifugation at 21,000 � g
for 10 min at 4°C. The membrane fraction was then subjected to proteomic analysis.

Samples prepared as described above were run 2 cm into a 10% Bis-Tris NuPAGE gel. Gels were
stained with Coomassie blue, and an in-gel trypsin digest was performed. Single-dimensional liquid
chromatography-tandem mass spectrometry (LC-MS/MS) was performed using Thermo Fisher QExactive
Plus equipped with a nano-electrospray source and attached to an LC3000 (Thermo Fisher) high-pressure
liquid chromatography (HPLC) unit with an autosampler. Peptides were resolved via reversed-phase
separation (90 min total cycle time). Full MS (MS1) were collected at 70,000 resolution with an automatic
gain control (AGC) target of 3e6, and MS/MS were collected at 17,500 resolution with an AGC target of
1e5, excluding unassigned charge states and requiring an intensity threshold of 2e4. Fifteen MS/MS were
collected for each MS1 with a dynamic exclusion window of 10 s. Peptides were resolved via reversed-
phase separation (90-min total cycle time). Peptide MS/MS spectra were acquired data dependently with
2 full-scan MS followed by 5 MS/MS scans. The peptide MS/MS spectral data were queried using SEQUEST
(full tryptic specificity) and searched against the H. pylori 26695 protein database, to which both common
contaminants and reversed versions of H. pylori protein sequences had been added. Peptide identifica-
tions were filtered and collated to proteins using Scaffold 4 (Proteome Systems). Protein identifications
required a minimum of 2 unique peptides per protein and were filtered to a 5% false discovery rate (both
peptide and protein).

Isolation of the H. pylori Cag T4SS outer membrane core complex. The Cag T4SS outer membrane
core complex was isolated from H. pylori strains producing HA-tagged forms of CagF (designated
HA-CagF) using a previously described immunoprecipitation approach (35). We first transformed �cag�,
�cag�, or cagE::kan (kanamycin cassette inserted within the cagE gene) mutant strains with plasmids
containing a gene encoding CagF with an HA-epitope tag at the N terminus and containing a
chloramphenicol cassette (35). This approach introduced sequences encoding HA-tagged CagF into the
H. pylori ureAB chromosomal locus (35). Outer membrane core complexes were isolated as previously
described (35). Briefly, strains were grown in liquid cultures for 16 h, pelleted at 3,300 � g for 15 min at
4°C, resuspended in RIPA buffer (50 mM HEPES, 100 mM NaCl, 1% NP-40, and 0.25% deoxycholate
supplemented with 1 mM phenylmethylsulfonyl fluoride and protease inhibitors [Roche]), sonicated on
ice, and then incubated for 1 h at 4°C; bacterial lysates were collected and then incubated with anti-HA
antibodies noncovalently linked to protein G Dynabeads for 30 min; HA peptide was utilized to
selectively elute the proteins. Samples were analyzed by negative-stain EM, as described previously (54).

CagA translocation assay. Translocation of oncoprotein CagA into AGS human gastric epithelial
cells was assessed using previously described methodology (52, 55–59). Briefly, we cocultured H. pylori
strains with AGS cells at a multiplicity of infection (MOI) of 100:1 for 5 to 6 h at 37°C. CagA translocation
was evaluated by detecting tyrosine phosphorylation of CagA, using an anti-phosphotyrosine antibody
(�-PY99, Santa Cruz Biotechnology), and CagA was detected using anti-CagA antibody (Santa Cruz
Biotechnology).

IL-8 induction assay. AGS cells were seeded at 2 � 105 cells per well in a 12-well culture dish
overnight and then cocultured with H. pylori strains at an MOI of 100:1 for 5 to 6 h at 37°C with 5% CO2.
The supernatants were collected after being centrifuged at 15,000 � g for 5 min. IL-8 induction was
quantified by using Human CXCL8 enzyme-linked immunosorbent assay (ELISA) (R&D systems), following
the manufacturer’s protocol.

NF-�B activation assay. NF-�B activity was quantified by coculturing an NF-�B luciferase reporter
cell line (in an AGS gastric epithelial cell background) with H. pylori strains, as previously described (60).
Briefly, the reporter cell line was seeded in a 96-well plate overnight and then infected with H. pylori
strains at an MOI of 100:1 for 2.5 h. The luciferase activity of cell lysates was measured using a Steady-Glo
luciferase assay substrate (Promega).

TLR9 activation assay. TLR9 activation by H. pylori strains was analyzed by coculturing the bacteria
with TLR9 reporter cells for 24 h, using the approach described previously (26). Briefly, TLR9� (HEK-Blue-
hTLR9) and parental (HEK-Blue-Null1) cells (InvivoGen) were seeded in 96-well plates and cocultured with
H. pylori strains at an MOI of 100:1 at 37°C with 5% CO2 for 24 h. The resulting supernatants were mixed
with HEK-Blue detection media (InvivoGen), and the signals in the plates were measured by spectro-
photometer at 650 nm.
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