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Campylobacter spp and Helicobacter spp are
gastrointestinal pathogens that remain a major cause

of acute gastroenteritis and gastric disease, respectively.
The 16th International Workshop on Campylobacter,
Helicobacter and Related Organisms (CHRO) will be
held in Vancouver, British Columbia Canada from August
28-September 1, 2011 and will highlight recent advances
in our understanding of the epidemiology, survival
mechanisms, host response and pathogenesis of these
important species. This Research Topic issue will highlight
each of these topics and will attempt to shed insight

into our growing understanding of the process of host-

Falsely colored images of Helicobacter  pathogen interactions as it relates to Campylobacter and
pylori and Campylobacter jejuni were Helicobacter
kindly provided by Drs. Lucinda '

Thompson and Patricia Guerry,
respectively. H. pyloriis shown in the
upper left hand corner and C. jejuni
on the bottom right corner. Dr. Andre
Dubois, to whom this E-book is
dedicated, is pictured in the center.
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Campylobacter spp. and Helicobacter spp. are gastrointestinal
pathogens that remain a major cause of acute gastroenteritis and
gastric disease, respectively. The 16th International Workshop
on Campylobacter, Helicobacter and Related Organisms (CHRO)
was organized by Erin Gaynor and Christine Szymanski and was
held in Vancouver, BC, Canada from August 28 to September
1, 2011. This meeting highlighted recent advances in our
understanding of the epidemiology, survival mechanisms, host
response, and pathogenesis of these important species. This
Research Topic issue highlights each of these topics and attempts
to shed insight into our growing understanding of the pro-
cess of host-pathogen interactions as it relates to Campylobacter
and Helicobacter. We wish to dedicate this Research Topic to
Dr. Andre Dubois, who passed away unexpectedly on June 30,
2012. We are honored that one of his research articles appears in
the issue and note that his loss is deeply felt by our community.

A substantive overview of the CHRO meeting is provided
by Drs. Gaynor and Szymanski (2012) and the articles within
this Research Topic are broadly divided into those dealing with
Campylobacter and then Helicobacter. Those articles related to
Helicobacter can broadly be divided into three major topics: those
that address H. pylori lifestyle and biological processes, those
that address H. pylori virulence factors, and those that address
interaction of H. pylori with the host.

Within the H. pylori lifestyle and biological processes, stud-
ies from the Dubois lab investigate the mechanism by which
H. pylori enters host cells (Liu et al., 2012). Though primarily
considered an extracellular pathogen, it is clear that a frac-
tion of H. pylori cells enter and survive within the host cell.
The Dubois team presents evidence that NudA is important in
this process. Next, Liechti and Goldberg review the process of
membrane biogenesis in H. pylori and compare it to the pro-
cesses that have been elucidated in Escherichia coli and Neisseria
meningitidis; not surprisingly, H. pylori often does not follow
the paradigms established in these model systems (Liechti and
Goldberg, 2012). Finally, Pernitzsch and Sharma discuss tran-
scriptome complexity and riboregulation in H. pylori (Pernitzsch
and Sharma, 2012). It has only recently become evident that
H. pylori employs post-transcriptional regulation and small regu-
latory RNAs (sRNAs) as a mechanism of gene regulation. This fact
directly conflicts the previous dogma that life within the singular
niche of the host stomach has led to H. pylori’s loss of complex
gene regulation.

Among H. pylori virulence factors, CagA, and VacA are
undoubtedly the best studied. As such, a number of articles are
devoted to these important factors. The Solnick group presents
evidence that expression of genes on the H. pylori cag pathogenic-
ity island, which encodes for CagA, varies significantly, and that
the organization of the genes into transcriptional units is con-
served among several H. pylori strains (Ta et al., 2012). In terms of
CagA delivery, the Backert group investigates sequences/domains
within the CagL protein that are important for interaction
with integrins and subsequent injection of CagA into host cells
(Conradi et al., 2012). Next, the Guillemin group describes the
utilization of a novel Drosophila system to identify host compo-
nents that affect CagA activity within host cells (Reid et al., 2012).
Finally, Kim and Blanke review the role of the VacA toxin in mod-
ulation of the gastric epithelium and discuss the understudied
area of VacA and CagA interaction (Kim and Blanke, 2012).

The final major topic addressed among the H. pylori
manuscripts is the consequences of H. pylori-host cell interaction.
From the bacterial perspective, the Cover group specifically dis-
cuss what we currently know about how host cell contact alters
H. pylori cells (Johnson et al., 2012). Conversely, Noto and Peek
discuss our current understanding of the role of microRNAs on
the process of H. pylori pathogenesis and gastric carcinogene-
sis (Noto and Peek, 2012). Finally, the Miiller group tackles an
intriguing question that is coming to the forefront of the H. pylori
field; does colonization with H. pylori actually provide any ben-
efits to the host? Recent studies suggest that this is indeed the
case, and Miiller et al. review how H. pylori immunomodulation
can confer protection against allergic and chronic inflammatory
disorders (Arnold et al., 2012).

Those articles related to Campylobacter can be divided into
five major topics: the function of glycans and capsule polysac-
charides in Campylobacter virulence and biology, the mechanism
of cell invasion, Campylobacter antimicrobial resistance, molecu-
lar typing methods, and general Campylobacter metabolism and
biology.

Capsular polysaccharides (CPS) protect microbes from envi-
ronmental insults and host immune defenses. Guerry et al. review
our current knowledge on the role of CPS in Campylobacter
virulence and provide an interesting perspective on the poten-
tial of CPS as a conjugate vaccine (Guerry et al., 2012). In an
original research article, Sorensen et al. demonstrate that the
O-methyl phosphoramidate (MeOPN) moiety of the C. jejuni
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CPS is recognized as a receptor by several different phages
(Sorensen et al., 2012). Interestingly, they observed in vivo
phase variation of the capsular structure leading to phage resis-
tance and suggesting phage-host co-evolution. Day et al. high-
light the key role of C. jejuni surface glycans in its interac-
tion with the host and the function of the host glycoconju-
gates in the defense against C. jejuni infection (Day et al,
2012).

Epithelial cell invasion is thought to be a major determinant of
C. jejuni virulence. One review article and two original research
papers focus on this important virulence trait (Boehm et al., 2011;
Croinin and Backert, 2012; Neal-McKinney and Konkel, 2012).
Boehm et al. used knockout cell lines to characterize the host
signaling cascades involved in the process of C. jejuni invasion
(Boehm et al., 2011). This study provides clear evidence of a role
for the fibronectin, integrin betal, FAK, and DOCK180/Tiam-
1 signaling cascade and for Racl GTPase activation in C. jejuni
epithelial cell invasion. Neal-McKinney and Konkel demonstrate
that the flagellum secreted protein CiaC is delivered into the
cytosol of the host cells and interact with the cell signaling path-
ways involved in C. jejuni cell invasion (Neal-McKinney and
Konkel, 2012), possibly the signaling cascade identified by Boechm
etal.

Colonization of the host gastrointestinal tract is intimately
linked to the ability to survive host defenses. In this regard Hoang
et al. describe the identification of genetic loci enabling C. jejuni
to resist fowlicidin-1 exposure, a potent chicken antimicrobial
peptide (Hoang et al., 2012). Intriguingly, fluoroquinolone-
resistant Campylobacter have been previously shown to exhibit
enhanced in vivo fitness. In an original research article, Han and
collaborators now confirm the role of the Thr-86-Ile mutation in
gyrA in conferring fluoroquinolone-resistance and demonstrate
that this mutation modulates fitness in vivo and DNA supercoil-
ing homeostasis in Campylobacter (Han et al., 2012). Given the
importance of DNA supercoiling in gene expression, Han and
collaborators argue that the altered DNA supercoiling observed
in the fluoroquinolone-resistant Campylobacter might be directly
linked to its increased fitness. Clearly, the current increase
in the prevalence of fluoroquinolone-resistant Campylobacter
threatens clinical treatments. This concern prompts Dufour
et al. to assess the potential of phytochemicals as preserva-
tive to reduce Campylobacter load in food (Dufour et al,
2012). This work reports the antimicrobial properties of isoth-
iocyanates (ITC) against 24 isolates of C. jejuni demonstrat-
ing their bactericidal effects and highlights the role of the
y-glutamyl-transpeptidase gene in Campylobacter resistance to
ITC.
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The detection of Campylobacter outbreaks is hampered by
the lack of defined and standardized methods to unambiguously
detect and track sources of Campylobacter. Two research arti-
cles tackle this important epidemiological issue. Through the use
of publically available whole genome sequences of C. jejuni and
C. coli, Carrillo and collaborators describe the development of a
framework to assess the performance of the existing and emerging
molecular typing methods (Carrillo et al., 2012). In terms of the
multilocus sequence typing methods (MLST), Miller and collabo-
rators describe and assess the performance of four MLST methods
for differentiating strains of the emerging Campylobacter species
C. hyointestinalis, C. lanienae, C. sputorum, C. concisus, and
C. curvus (Miller et al., 2012).

Finally, one original research article and four reviews highlight
the recent developments in our understanding of Campylobacter
physiology and biology. Haddad et al. describe the pleiotropic
role of the polynucleotide phosphorylase (PNPase) in C. jejuni
biology which affects motility, cell invasion and adherence, and
chick gut colonization (Haddad et al., 2012; Matos et al., 2012).
Plummer reviews our current knowledge on quorum-sensing in
Campylobacter and its role in pathogenesis (Plummer, 2012).
Alemka and collaborators describe Campylobacter physiology at
the mucosa-luminal interface and specifically the complex inter-
play between C. jejuni and mucus (Alemka et al., 2012). Stahl
et al. summarize Campylobacter ability to acquire and metabo-
lize nutrients including a discussion of L-fucose metabolism in
C. jejuni (Stahl et al., 2012). And lastly, Kaakoush and Mitchell
highlight the emerging role of Campylobacter concisus as a new
player of acute and chronic intestinal disease (Kaakoush and
Mitchell, 2012).

Clearly we have learned a significant amount about
Campylobacter and Helicobacter over the course of the last
decades. However, as stated by Gaynor and Szymanski “both pio-
neers and new investigators in the CHRO research field continue
to obtain ‘unexpected results’ demonstrating that Campylobacters
and Helicobacters do not follow classic paradigms of other well-
characterized gastrointestinal pathogens and we are learning
that there is a plethora of interesting related organisms beyond
C. jejuni and H. pylori” Therefore, though we have learnt much,
it is clear that the coming years offer many places to advance
our understanding of these important pathogens.
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As we commemorate the 30" anniversary of the Campylobacter, Helicobacter, and
Related Organisms (CHRO) workshops with this special Frontiers edition, we look
back upon three decades of research and provide some highlights from the 16t
International CHRO meeting. Although Theodor Escherich himself provided drawings of
campylobacters back in the 1880s, Campylobacter jejuni was not identified until the 1950s.
Helicobacter pylori was first described to be the causative agent of stomach ulcers at a
CHRO meeting by Barry Marshall and Robin Warren—who later received the Nobel Prize
for their findings that bacteria could cause diseases previously believed to be caused
by human factors. Now, several genome sequences for campylobacters, helicobacters,
and related organisms are available and we have moved into an era examining the
intersection between host microbial ecology and pathogen infection. Both pioneers and
new investigators in the CHRO research field continue to obtain “unexpected results”
demonstrating that campylobacters and helicobacters do not follow classic paradigms
of other well-characterized gastrointestinal pathogens and we are learning that there is
a plethora of interesting related organisms beyond C. jejuni and H. pylori. This review
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INTRODUCTION
Campylobacter, Helicobacter, and Related Organisms (CHRO)
researchers from around the world gathered in Vancouver, Canada
in August, 2011 to share their history and exciting new findings
on this unique group of microorganisms. Martin Skirrow and
Martin Blaser regaled the audience during the opening session
with historical stories of CHRO research, while Roger Feldman
and James Fox provided perspectives on the future of CHRO
research at the gala closing banquet. Three CHRO field leaders
co-chaired the Young Investigator Award session—Skirrow,
Hubert Endtz, and Thomas Meyer—providing inspiration to the
future generations of CHRO researchers. And there were many
highly interactive sessions describing new discoveries in between.
The calibre of science presented at CHRO 2011, in oral and
poster presentations, was exceptional. For space purposes, this
review covers an overview of select oral presentations that both
reflect emerging general themes and provide additional details
on certain focal points. Also, for confidentiality purposes, only
published data and unpublished data for which we have received
permission from the authors are described in detail, while general
topics are noted for other areas of interest.

GENOMES AND EMERGING SPECIES

William Miller, an expert in CHRO sequencing, provided a
comparative summary of 30 fully sequenced Campylobacter

summarizes recent discoveries in CHRO research and the exciting directions ahead.

Keywords: campylobacter, helicobacter, related organisms, genome diversity, control measures, fundamental
biology, host responses, pathogenesis

taxa—and this number will soon reach 40—in addition to
describing nine sequenced Arcobacters (also described by Sarah
De Smet) and Sulfurosprillum delayianum. It is becoming more
and more apparent that other members of this group of epsilon-
proteobacteria are capable of causing disease; most have just
not been accounted for due to culturing limitations. But, for
Campylobacter species, Albert Lastovica’s Cape Town protocol is
becoming more and more widespread and demonstrating that
organisms such as C. concisus (discussed by Nadeem Kaakoush
and Hans Nielsen) and C. upsaliensis (pathogenesis described
by Shauna Crowley/Christine Szymanski) are emerging species.
CHRO researchers are also using non-culture-based methodolo-
gies such as PCR to detect these organisms in food and fecal
samples, so the epidemiology, host range, and virulence prop-
erties of many Campylobacter species is yet to be determined.
For example, Olivier Vandenberg described the use of 165-PCR-
DGGE to determine the role of epsilon-bacteria in children
with abdominal complaints. Linda Mansfield provided a com-
prehensive overview of emerging Campylobacter species, while
Lori Graham and Samuel Sheppard described new methods to
differentiate and study C. fetus and C. coli, pathogens that are
typically isolated from farm animals. There are also greater than
10 Helicobacter species sequenced. Bram Flahou described the
non-H. pylori helicobacters (NHPH), such as H. suis that are also
found in the stomach of both humans and pigs, and cause disease
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despite lacking H. pylori virulence factors such as the vacuolating
toxin VacA and the cag pathogenicity island (cagPAI) that encodes
the type IV secretion pathway.

GENOMIC DIVERSITY

Both campylobacters and helicobacters are capable of varying the
on/off status of several proteins allowing for the best adapted
phenotype to predominate under a given selection pressure. One
common mechanism of phase variation is through slipped-strand
mispairing, where repeats of DNA (in the case of helicobacters
and campylobacters, typically homopolymeric tracts of Gs or
Cs) are either shortened or lengthened during DNA replication
or repair resulting in premature stop codons in the translated
protein. Genomic sequencing has identified many phase-variable
genes in both genera—and there have been several reports in
the literature about the consequences of varying bacterial surface
structures. This is especially evident for C. jejuni where individual
stocks of strain 11168 from different labs display different capsu-
lar polysaccharide (CPS) structures, and as such Brendan Wren
appropriately called this organism “a moving target.” Generally
speaking, there are also multiple gene products that influence
motility in C. jejuni, thus demonstrating whether a mutation
affects motility requires vigorous analysis since the random rate
of this event is high—similarly, the motility of the population
needs to be confirmed before doing any adherence/invasion or
colonization studies since motility has been repeatedly shown
to influence these phenotypes. For H. pylori, there are 46 genes
prone to slipped-strand mispairing and many elegant studies have
demonstrated the variation in O-antigen Lewis structures in the
lipopolysaccharides (LPS), for instance, has a role in both host
immune responses and bacterial colonization ability.

H. pylori faces multiple conditions in the gut such as pen-
etrating the host mucous and tolerating high acid levels. The
organism must also confront host inflammatory mediators and
has a limited number of two-component signal transduction sys-
tems that commonly allow bacteria like E. coli to move between
niches. Instead, evidence suggests that H. pylori uses genetic
diversity for adaptation. Jay Solnick described how H. pylori
can “tune” the host inflammatory response and adapt to the
varying conditions in this environment in order to establish a
chronic infection. Solnick talked about different mechanisms of
genetic diversity and variation of BabA (ABO blood group adhe-
sion) and other virulence factors. Sebastian Suerbaum further
discussed mechanisms for H. pylori diversity including mutation-
generating single nucleotide polymorphisms (SNPs) and recom-
bination. Remarkably, H. pylori genomes are “sequence mosaics”
and Suerbaum suggested they may actually be used as a method
to trace human migrations. Suerbaum then demonstrated
that DNA imports showed significantly increased frequency in
the members of the protein family which includes the Bab
proteins.

Since C. jejuni is naturally competent similar to H. pylori,
Eduardo Taboada pointed out that there are multiple mech-
anisms for strain variation including exchange of genes and
entire clusters by horizontal gene transfer, gene duplication, dele-
tion, fusion, and contingency gene variation, while Christopher
Bayliss described exciting new means to detect phase-variable

genes. Similarly, Lone Brondsted in collaboration with Szymanski
described a study, published in this issue, examining the role
of bacteriophage selection on C. jejuni CPS structure. Chickens
were infected with a C. jejuni strain expressing phosphoramidate
(MeOPN) on its CPS with or without a C. jejuni phage recog-
nizing MeOPN. Six days later, pooled populations of C. jejuni
from phage uninfected birds still expressed the MeOPN, were
phage sensitive, and the MeOPN transferase gene showed 9 Gs
(“ON”). In contrast, C. jejuni isolated from the phage-infected
birds lacked MeOPN (in all cases except one where another
phase variant was isolated), were phage resistant, and sequenc-
ing showed 8 or 10 Gs (“OFF”). Remarkably, the same level of
C. jejuni colonization was observed in all chickens demonstrat-
ing that phage resistance does not always lead to an attenuated
phenotype.

CONTROL MEASURES FOR Campylobacter jejuni

Qijing Zhang, Albert Lastovica, Hubert Endtz, and Patrick
Kwan all presented results demonstrating that antibiotic resis-
tance is increasing for C. jejuni and Francis Megraud showed
similar trends for H. pylori. However, research is on-going
to determine the molecular basis for C. jejuni resistance as
Monika Keelan and Declan Bolton described. And scientists
are using different approaches for antimicrobial development
against C. jejuni including using CmeABC efflux pump inhibitors
(Zhang), systems biology approaches (Mark Reuter and Arnoud
van Vliet), and components of bacteriophages (Muhammad
Javed/Szymanski). Birthe Hald presented a 4-year study on the
effects of fly screens in poultry houses in Denmark and showed
that screens significantly reduced flock prevalence of C. jejuni.
Nigel French also demonstrated that a significant reduction in
human cases was observed after introducing poultry interven-
tions. Interestingly, although the majority of urban cases are
associated with poultry, rural cases appear to be correlated with
cattle and other environmental sources. Trudy Wassenaar empha-
sized that more work is needed to determine the numbers of
infectious campylobacters in the environment and their source
of contamination. Clarence Tam presented data from the infec-
tious intestinal disease (IID) 2 study showing that the incidence
of campylobacter in the UK has not changed in the last 15 years,
while Jaap Wagenaar showed data from the European BIOHAZ
group, and Birgitte Borck summarized the European CamCon
project. In addition to providing a bigger-picture perspective,
Julian Davies, an expert in the field of antibiotics and resis-
tance, likewise echoed many of these sentiments in his talk and
proposed novel, small molecule-based antimicrobial strategies in
the future.

GLYCOBIOLOGY

Brendan Wren started this session with a prediction that C. jejuni
will become better known for the birth of bacterial glycoengi-
neering than as a notorious foodborne pathogen. His comments
are based on the findings that C. jejuni was the first bacterium
shown to possess an N-linked protein glycosylation pathway and
that this pathway can be functionally transferred into E. coli.
This resulted in the emergence of GlycoVaxyn, founded in 2004,
and based on using the C. jejuni N-glycosylation machinery to
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create novel bacterial glycoconjugate vaccines. Two talks in this
session described the characterization of N-glycan pathways in
other Campylobacter species (Harald Nothaft/Szymanski) and
in related organisms such as Wolinella succinogenes (Jonathan
Butler/Dennis Linton). Jos van Putten showed that C. jejuni
N-glycans and some forms of lipooligosaccharides (LOS) are rec-
ognized by carbohydrate receptors on dendritic cells and may
be able to modulate the host immune response. Then, Susan
Logan described the process for O-linked protein glycosylation
in both C. jejuni and H. pylori and the need for these gly-
can structures for proper flagellar filament assembly and sub-
sequent motility. Due to the importance of flagella for both
organisms, it is not surprising that small molecule inhibitors of
the O-glycan pathway are being pursued. Interestingly, bacte-
rial flagella are common pathogen-associated molecular patterns
(PAMPs) that are recognized by Toll-like receptor (TLR)-5, but
both H. pylori and C. jejuni evade this response. van Putten
demonstrated that modification of C. jejuni flagella with O-linked
glycans is not the mechanism for evasion, instead they identi-
fied a new PB-hairpin structure involved in recognition. Stephen
Trent described a new modification associated with the flagel-
lar apparatus. Phosphoethanolamine is typically transferred to
the LOS/LPS core of many bacteria including C. jejuni and
H. pylori. The Trent group demonstrated that the C. jejuni
phosphoethanolamine transferase not only modifies the LOS,
but also the flagellar rod protein, FlgG. Mutation of the trans-
ferase results in abnormal flagellar filament assembly and reduced
antimicrobial peptide resistance. Other forms of phosphorylated
modifications were identified on the surface of C. upsaliensis:
phosphoramidate on the CPS and phosphocholine on the LOS
(Shauna Crowley/Szymanski), and data were presented demon-
strating that both these modifications could contribute to bac-
terial survival and pathogenesis. Craig Parker described draft
genomes of 56 C. jejuni and C. coli isolates and compared the
LOS and CPS loci noting all the genetic mechanisms for diversity
and some commonalities among the strains. Although H. pylori
does not have an N-glycan pathway like C. jejuni, Mario Feldman
showed that the H. pylori flippase was evolutionarily connected
to the C. jejuni N-glycan pathway and is used for flipping LPS
O-antigens into the periplasm. Feldman also demonstrated that
using the C. jejuni N-glycan enzymes and the H. pylori fucosyl-
transferase together with enzymes from Haemophilus influenzae,
he could engineer H. pylori Lewis antigens for the treatment of
specific autoimmune diseases. Eleonora Altman, on the other
hand, is interested in creating a vaccine against H. pylori and
wants to avoid the Lewis antigens which mimic human Lewis
structures. She has discovered a common a-1,6-glucan chain in
clinical isolates of H. pylori which is now being explored. Jonathan
Lane provided a different perspective to the glycobiology session
when he discussed the use of sugars to inhibit bacterial binding.
This would indeed be an inexpensive therapeutic, but various
C. jejuni strains would need to be compared since it is known
that C. jejuni infection in developing countries results in dif-
ferent disease symptoms. Also, Hubert Endtz reported that in
their rural Bangladesh studies, breastfeeding (breast milk contains
large amounts of potentially anti-infective oligosaccharides) did
not prevent disease in children in the 0-6 month range.

Helicobacter pylori: CagA, VacA, AND HOST RESPONSES
CHRO 2011 saw a resurgence of presentations on Helicobacter
biology and pathogenesis. In the areas of H. pylori patho-
genesis and host interactions, a number of key advances on
the Cag pathogenicity island (PAI) encoding a type IV secre-
tion system were described. As Masanori Hatakeyama intro-
duced, the CagA effector is injected into host cells, becomes
tyrosine-phosphorylated by host cell oncoproteins, and mim-
ics a host cell factor to activate or inactivate specific intra-
cellular signaling pathways. In his presentation, Hatakeyama
described the identification of several mammalian proteins con-
taining CagA’s critical EPIYA phosphorylation site motif, one
of which was competitively inhibited by CagA for downstream
events. This suggested that H. pylori acquired CagA to subvert
one or more endogenous eukaryotic EPIYA-containing proteins
to establish successful infection. Additional expert perspective
on the impact of the cagPAI on host responses was provided
by Thomas Meyer. Furthermore, three new protein components
of the Cag type IV pilus that do not have homologs in other
bacteria but are nonetheless required for CagA translocation
into host cells and downstream events, such as IL-8 induction,
were described by Carrie Shaffer/Timothy Cover, lending fur-
ther insight into novel means by which H. pylori interacts with
host cells.

A number of talks also addressed the intersection of CagA and
iron. Manuel Amieva used live-cell microscopy data and other
techniques to demonstrate that one of CagA’s functions is to
aid in iron acquisition from the host, and that this function is
required both for microcolony formation on intercellular junc-
tions and for colonization of gerbils. The model of iron-replete
vs. iron-deplete gerbils described by Amieva was also used by
his collaborators Jennifer Noto/Richard Peek, who showed that
iron depletion significantly increased the frequency and severity
of H. pylori-induced disease, including carcinoma, in a CagA-
dependent manner. Noto and Peek’s work also suggested that
regulation of H. pylori virulence factors by iron availability con-
tributes to these findings, a theme mirrored by D. Scott Merrell’s
presentation showing connections between CagA and the ferric
uptake regulator Fur. Merrell’s group found that Fur positively
regulates CagA expression via a Fur box in the cagA promoter and
that Fur is most important in early stages of infection. All three of
these presentations clearly show that iron availability and acqui-
sition play a critical role in H. pylori disease etiology, mediated at
least in part by CagA.

Advances in understanding roles for the vacuolating cyto-
toxin VacA in pathogenesis were also presented. In addition to
his CagA work, Manuel Amieva described how VacA influences
the pathogen-host iron homeostasis via inducing mislocaliza-
tion of the host epithelial cell transferrin receptor. VacA’s striking
effect on mitochondrial morphology was addressed by Steven
Blanke, who presented work demonstrating VacA’s activation of
a host cell dynamin-related protein (Drpl) and the relationship
of this activation to uncoupling of mitochondrial fission and
fusion and induction of apoptosis. Blanke further hypothesized
that these events aid H. pylori colonization by crippling cells at the
epithelial barrier, rendering them less fit to respond to H. pylori
infection.
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Additional insight into mechanisms underlying host responses
to H. pylori infection was provided by three different presen-
tations. In one talk, James Neal/Karen Guillemin showed that
transgenic zebrafish expressing CagA displayed early intestinal
proliferation, adult intestinal hyperplasia, and activation of the
Wnt pathway, further indicative of a key role for CagA in
H. pylori-induced carcinogenesis. A connection between H. pylori
chemotaxis and immune responses was demonstrated by Annah
Rolig/Karen Ottemann, who showed that chemotaxis mutants
were defective for early gastric recruitment of CD4+ T cells
and induction of a Th17 immune response component impli-
cated in apoptosis. As this is the first study showing an effect
of bacterial chemotaxis on apoptosis, these findings will likely
have relevance for other systems as well. Finally, Anne Mueller’s
talk addressed an intriguing paradox: namely, that persistent
infection with H. pylori is linked to protection from allergic,
chronic inflammatory, and autoimmune disease. Using an asthma
model, Mueller showed an interconnection between H. pylori
infection, immune cell responses, and reprogramming of den-
dritic cells toward a tolerance-promoting state. Mueller further
hypothesized that this beneficial aspect of H. pylori infection
may contribute to persistence of H. pylori among the human
population.

Campylobacter jejuni: NEW ANIMAL MODELS PROVIDE
INSIGHT INTO HOST AND BACTERIAL FACTORS
MEDIATING DISEASE

A number of diverse topics were covered in sessions pertaining to
C. jejuni pathogenesis, host responses, and host cell interactions.
In addition to Patricia Guerry’s overview of the contribution of
CPS to virulence, various aspects of the C. jejuni-host cell interac-
tion were described by Dennis Kopecko, Nicole Iovine, Dominic
Mills/Nick Dorrell, and Lieneke Bouwman/Jos van Putten.
Furthermore, a number of new connections between the LOS
and/or sialylation and Guillain-Barré Syndrome were drawn by
Ruth Huizinga, Arnoud van Vliet, and Astrid Heikema/Janneke
Samsom.

An emerging area of interest, covered by two talks, is the util-
ity of new or recently developed small animal models of disease
in exploring C. jejuni disease markers and identifying new host
and bacterial factors important for disease etiology. Christian
Jobin used IL-10~/~ mice expressing GFP from the NF-kB pro-
moter, which develop invasive, campylobacteriosis-like colitis, to
explore host signaling pathways involved in C. jejuni-induced
inflammation. Daily injections with rapamycin allowed C. jejuni
to colonize the intestine but prevented extra-intestinal dissem-
ination and inflammation, implicating the mammalian mTOR
pathway specifically in disease. Additional experiments suggested
these effects were independent of T-cell activation, suggesting
mTOR signaling components as possible targets for new treat-
ments. Markus Heimesaat described the development, along with
co-author Stefan Bereswill, of a new gnotobiotic mouse model
harboring “humanized” gut flora. C. jejuni stably colonized
these mice and elicited a pro-inflammatory immune response
that was dependent on the host innate immune receptors TLR4
and TLRY, and on C. jejuni formate dehydrogenase utilization
genes.

IN THE NICHE: INTERACTION OF CHRO WITH MICROBIAL
COMMUNITIES AND SURVIVAL STRATEGIES IN DIVERSE
ENVIRONMENTS

An emerging theme in CHRO research, and indeed in bacterial
pathogenesis, is the interaction of CHRO and other “infecting”
bacteria with resident microbial communities. This was intro-
duced at CHRO 2011 by Brett Finlay, who described research
in his laboratory dissecting the interplay between E. coli and
Samonella with gut microflora, and is also of relevance to the find-
ings described above by Heimesaat and colleagues regarding their
humanized gut flora mouse model of C. jejuni-mediated inflam-
mation. Two H. pylori talks also addressed this topic. Richard Peek
discussed this from the perspective of microbial and host diver-
sity, and the contribution of each to stomach cancers. Peek noted
that in addition to contributions of H. pylori intra- and inter-
genomic diversity, H. pylori exist in a distinct gastric microbial
ecosystem which may provide an additional genetic pool allow-
ing H. pylori to develop traits further influencing its propensity
to cause gastric cancers. Also noted were findings showing that
host factors modulating immunity, and thus presumably also
the microflora composition, likewise impact gastric cancer risks.
Anica Wandler/Guillemin presented new results from a transgenic
Drosophila model showing that intestinal expression of CagA
alters the composition of the gut microbiome, further implicating
CagA in new areas of H. pylori-host biology.

Survival strategies, primarily in the form of stress responses,
were also discussed in the context of life “in the niche” Arnoud
van Vliet, in a talk entitled “Try not to breathe ..., provided
an overview of how the microaerophilic C. jejuni counters var-
ious oxygen concentrations ranging from virtually anaerobic to
atmospheric (aerobic) as it moves from niche to niche, as well
as conditions caused by reactive oxygen species. van Vliet also
noted that C. jejuni forms enhanced biofilms in aerobic condi-
tions. Andrew Cameron/Erin Gaynor presented the first global
characterization of the response of C. jejuni to hyper-osmotic
conditions, some of which are encountered during host colo-
nization. Finally, Alain Stintzi discussed the PerR regulon as a
means by which C. jejuni counters oxidative stress, as well as how
C. jejuni acquires iron, the importance of iron-related genes in
colonization, and regulation of those genes by the regulator Fur.

FUNDAMENTAL BIOLOGY OF CHRO: BACTERIAL CELL
SHAPE, METABOLISM, AND CHEMOTAXIS

Also new to the CHRO workshop was a session dedicated
to research on basic bacterial processes. Well-suited to this
theme were two talks exploring means by which H. pylori and
C. jejuni derive their helical shape, and the ramification of
shape/peptidoglycan alterations on other important processes.
Nina Salama described the first characterization of shape-related
genes in H. pylori. Deletion mutants displayed a variety of shape
abnormalities ranging from “s” and “c” shapes with exagger-
ated curvature to straight rods. Some of the proteins involved,
termed “Csd” for “cell shape determinant,” are novel peptido-
glycan peptidases, while others perform other cellular functions.
Salama proposed two independent peptidoglycan modification
networks, demonstrated roles for each of the csd genes in a mouse
model of colonization, and described models for how each shape
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change affects H. pylori motility. An independent screen in
C. jejuni, described by Emilisa Frirdich/Gaynor, also identified
a peptidoglycan peptidase (“Pgp”) as the first factor to impact
C. jejuni shape. Deletion of this gene resulted in a straight rod
morphology, modest motility and biofilm defects, peptidogly-
can that hyper-activated the intracellular innate immune recep-
tor Nodl, and a defect in chick colonization. This gene was a
homolog of an unpublished H. pylori csd described by Salama,
deletion of which also caused a straight rod phenotype, and the
specific enzymatic activity of each protein on peptidoglycan was
determined. The work by Frirdich/Gaynor also provided the first
muropeptide map for C. jejuni.

Dave Kelly presented a comprehensive talk on numerous
aspects of C. jejuni metabolism. One was the C. jejuni strain-
dependent utilization of select amino acids as growth substrates,
and his group’s recent observation that exogenous peptides can
provide a source of amino acids. Kelly also described the highly
complex and branched respiratory chains in C. jejuni, that new
types of electron donors and acceptors distinct from those in
other bacteria have recently been identified, and the depen-
dence on the twin-arginine transporter (TAT) system for deliv-
ery of many important respiratory enzymes to the periplasm
(and thereby dependence on the TAT system for the ability of
C. jejuni to respire on substances requiring those enzymes).
Hilde De Reuse presented data on the role of the pleiotropic
H. pylori nickel-dependent regulator NikR to activate or repress
important target genes such as ureA and hydA, which in turn
encode urease and hydrogenase for which nickel is a co-factor
and which are essential for H. pylori colonization. De Reuse
showed that NikR-dependent repression occurred at higher
nickel concentrations than activation, suggesting a chrono-
logical hierarchy and elaborate mechanisms for NikR target
discrimination.

Chemotaxis in both C. jejuni and H. pylori was also discussed.
Victoria Korolik presented findings on the first C. jejuni sen-
sory receptor, Tlp1, re-named CcaA for its role as an aspartate
receptor, and its role in motility, colonization, and cell inva-
sion. As Kelly noted, aspartate is a major amino acid used as a
C. jejuni carbon source, emphasizing the importance of CcaA to
C. jejuni biology. Korolik further showed that for CcaA, signal
transduction occurs via binding to CheV and not CheW, sug-
gesting differences in this pathway from other enteric pathogens.
Karen Ottemann described the chemotactic program in H. pylori,
the phosphorylation-based signal transduction cascade, how the
H. pylori system differs from that of E. coli and Bacillus subtilis,
and other findings on newer components involved in H. pylori
chemotaxis.

FUTURE PERSPECTIVES

These are exciting times in CHRO research—in the past, we have
looked toward E. coli and Salmonella for understanding bacterial
physiology—now campylobacter and helicobacter have become
model systems for understanding bacterial glycobiology, survival
in mucin, metabolism of microaerophiles, and the importance of
cell shape and motility. There is also a growing appreciation for
the importance of CHRO other than C. jejuni and H. pylori, and
as such it is anticipated that we will learn much more about these
organisms and their possible roles in human/animal health and
disease. Although we were unable to highlight all of the oral talks
or the outstanding poster presentations, we look forward to the
next few years of CHRO publications. There is a bright future
ahead for CHRO research, and we would particularly like to high-
light the Young Investigator Award winners: Cody Buchanan,
Jonathan Butler, Ilana Cohen, Shauna Crowley, Rajinder Dubb,
David Hermans, Laura MacRitchie, Ana Martins, Dominic Mills,
James Neal, Jennifer Noto, and Christian Penny. We look forward
to many CHRO meetings to come.

ACKNOWLEDGMENTS

The authors would like to thank the multiple funding agen-
cies and sponsors that provided funds to host the CHRO 2011
Workshop: CIHR, NIAID, Growing Forward, Meyn, University
of British Columbia, Microbiology International, Burroughs
Wellcome Fund, MITACS, Alberta Glycomics Centre, University
of Alberta, GlycoVaxyn, bioMérieux, Beckman Coulter, Advanced
Instruments Inc., Nikon, and Growth Curves USA. We would also
particularly thank our Chairs for all the behind-the-scenes work
that they did, for their tolerance of the co-organizers, and for
their excellent selections of speakers for the concurrent sessions.
Christine M. Szymanski is an Alberta Innovates Scholar. Erin C.
Gaynor is a Canada Research Chair and recipient of a Burroughs
Wellcome Fund Career Development Award in the Biomedical
Sciences.

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 16 December 2011; accepted: 08 February 2012; published online: 27
February 2012.

Citation: Gaynor EC and Szymanski CM (2012) The 30" anniversary of Campylo-
bacter, Helicobacter, and Related Organisms workshops—what have we learned in
three decades? Front. Cell. Inf. Microbio. 2:20. doi: 10.3389/fcimb.2012.00020
Copyright © 2012 Gaynor and Szymanski. This is an open-access article distributed
under the terms of the Creative Commons Attribution Non Commercial License, which
permits non-commercial use, distribution, and reproduction in other forums, provided
the original authors and source are credited.

Frontiers in Cellular and Infection Microbiology

www.frontiersin.org

February 2012 | Volume 2 | Article 20 | 13


http://dx.doi.org/10.3389/fcimb.2012.00020
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

{fromtiers fm

CELLULAR AND INFECTION MICROBIOLOGY

ORIGINAL RESEARCH ARTICLE
published: 21 February 2012
doi: 10.3389/fcimb.2012.00013

=

Mechanism of H. pylori intracellular entry: an in vitro study

H. Liu™?*, C. Semino-Mora™?* and Andre Dubois™?*

" Laboratory of Gastrointestinal and Liver Studies, Department of Medicine, Uniformed Services University of the Health Sciences, Bethesda, MD, USA
2 United States Military Cancer Institute, Bethesda, MD, USA

Edited by:
D. Scott Merrell, Uniformed Services
University, USA

Reviewed by:

Richard Peek, Vanderbilt University
Medical Center, USA

Karen Guillemin, University of
Oregon, USA

Yoshio Yamaoka, Baylor College of
Medicine, USA

*Correspondence:

Andre Dubois, Laboratory of
Gastrointestinal and Liver Diseases,
Department of Medicine, Uniformed
Services University of the Health
Sciences, 4301 Jones Bridge Road,
Bethesda, MD 20814, USA.

e-mail: adubois@usuhs.mil

"H. Liu and C. Semino-Mora have
contributed equally to this work.

INTRODUCTION

The majority of Helicobacter pylori reside on gastric epithelial cell surfaces and in the over
lying mucus, but a small fraction of H. pylori enter host epithelial and immune cells. To
explore the role of the nudA invasin in host cell entry, a AnudA deletion derivative of strain
J99 was constructed and transformants were verified by PCR and by fluorescence in situ
hybridization. AGS cells were inoculated with either wild type (WT) strain J99 or its AnudA
mutant to determine the fraction of bacteria that were bound to the cells and were present
inside these cells using the gentamicin protection assay. We observed no significant differ
ence between either the density of H. pylori bound to AGS cell membranes or the density
of intracellular H. pylori. To further explore this finding, separate chambers of each culture
were fixed in glutaraldehyde for transmission electron microscopy (TEM) and immunogold
TEM. This addition to the “classical” gentamicin assay demonstrated that there were sig-
nificantly more intracellular, and fewer membrane-bound, H. pylori in WT-infected AGS cells
than in AnudA allele infected cells. Thus, the sum of intracellular and membrane-bound
H. pylori was similar in the two groups. Since no other similar TEM study has been per
formed, it is at present unknown whether our observations can be reproduced by others
Taken together however, our observations suggest that the “classical” gentamicin protec-
tion assay is not sufficiently sensitive to analyze H. pylori cell entry and that the addition of
TEM to the test demonstrates that nudA plays a role in H. pylori entry into AGS cells in vitro.
In addition, deletion of the invasin gene appears to limit H. pylori to the AGS cell surface,
where it may be partly protected against gentamicin. In contrast, this specific environment
may render H. pylori more vulnerable to host defense and therapeutic intervention, and
less prone to trigger normal immune, carcinogenic, and other developmental response
pathways.

Keywords: H. pylori, intracellular, adhesion, adhesin, nudA, electron microscopy

the first Nudix hydrolase to be described (Maki and Sekiguchi,

The pathogenicity of many bacteria colonizing the gastrointesti-
nal tract often depends on their ability to gain access to cells
that are normally non-phagocytic. Helicobacter pylori colonizes
the stomach of over half the world population and is the main
cause of peptic ulcer disease and gastric cancer. It often is con-
sidered to be a non-invasive pathogen present only in the lumen
of the stomach and attached to gastric epithelial cells although
a number of in vivo and in vitro studies have demonstrated that
H. pylori is in fact invasive (Dubois and Berg, 1997; Engstrand
et al.,, 1997; Amieva et al.,, 2002; Semino-Mora et al., 2003;
Necchi et al., 2007). In addition, H. pylori can repopulate the
extracellular environment after elimination of extracellular bac-
teria with gentamicin, suggesting it may be considered a facul-
tative intracellular bacterium (Amieva et al., 2002). Finally, H.
pylori may be present inside metaplastic, dysplastic, and neo-
plastic epithelial cells (Semino-Mora et al., 2003). The multi-
plicity of these observations and the fact that various methods
were used to reach the same conclusions strongly support their
validity.

Bacterial invasion of eukaryotic cells appears to be mediated
by Nudix enzymes, initially called MutT because E. coli MutT was

1992). The Bartonella bacilliformis Nudix hydrolase, encoded by
the ialA gene, was shown to be associated with the ability to invade
human erythrocytes using the gentamicin assay complemented by
transmission electron microscopy (TEM; Mitchell and Minnick,
1995). Similarly, invasion of human brain microvascular endothe-
lial cells by E. coli is accompanied by increased expression of the
K1 ortholog ygdP and the early stages of infection of infection
by Rickettsia prowazekii ortholog is temporarily accompanied by
an increased transcription of the invA gene (Lundin et al., 2003).
Finally, the invA gene was highly conserved in protein sequence
and present in all tested members of the pathogenic Leptospira
species (Luo et al., 2011).

Helicobacter pylori appears to be a suitable system to study the
biological role of Nudix hydrolases since the NudA protein is the
only dinucleoside polyphosphate hydrolase homolog present in
the two first strains that were sequenced (Tomb et al., 1997; Alm
etal., 1999).J99 H. pylori harbors one Nudix hydrolase ortholog,
Nudix hydrolase A, nudA, with the gene numbers JHP1149 (Alm
et al., 1999), 26,695 strain harbors HP1228 (named invA; Tomb
et al,, 1997), and a GenBank search showed that a nudA gene is
present in 30 additional completely sequenced H. pylori strains.
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Due to the functional heterogeneity within this group of proteins,
H. pylori NudA may be involved in (1) DNA repair, (2) oxida-
tive stress and/or heat shock response, or (3) bacterial invasion of
epithelial cells through degradation of toxic substances induced
during invasion (Lundin et al., 2003). These authors describe the
enzymatic function of the Nudix hydrolase NudA in H. pylori
and they constructed a nudA insertion mutant to determine the
biological role of this protein. Using the classical gentamicin pro-
tection assay (Kwok et al., 2002), the authors found no quantifiable
differences in invasion frequency by the NudA H. pylori J99 strain
mutant compared to WT but they did not show the data (Lundin
et al., 2003). Their conclusion was that they found no support-
ive evidence for a role for the NudA protein in H. pylori invasion
of AGS cells, although they warned that this could be due to the
fact that complete eradication of extracellular bacteria is rarely
obtained in the gentamicin protection assay (Amieva et al., 2002).
They also concluded that the gentamicin assay of AGS cells inva-
sion by H. pylori lacked the sensitivity needed to demonstrate
differences in their experimental setup.

In the present study, we examined the role of H. pylori invasin
J99 NudA in H. pylori entry into gastric epithelial cells. To this
effect, we generated a AnudA allele of strain J99 in which nudA was
replaced by a chloramphenicol resistance gene (CAM). Absence of
the nudA gene was verified and the effect of this deletion on col-
onization was studied in vitro using the classical gentamicin assay
aided by ultrastructural studies as used by others (Mitchell and
Minnick, 1995).

MATERIALS AND METHODS

CONSTRUCTION OF A Anuda ALLELE MUTANT

A AnudA allele in which nudA was replaced by the chlorampheni-
col resistance cassette (CamR) was constructed from a low-pass
isolate of the J99 strain (kindly provided by Dr. R. Peek) and using
a PCR method as reported earlier (Chalker et al., 2001; Tan and
Berg, 2004). Culture of single colony isolates in the presence of
chloramphenicol was then used to select for AnudA alleles car-
rying CAM. Genomic DNA was extracted from fresh H. pylori
isolates using the QIAamp DNA Mini Kit (Qiagen, Valencia, CA,
USA) and this DNA was used for confirmation of the mutant.
Presence of CAM and absence of nudA in single colony isolates
was then verified using PCR (Figure 1) and fluorescence in situ
hybridization (Figure 2). The CamR and nudA sequences were
confirmed using BigDye® Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems Inc.).

GENTAMICIN PROTECTION VIABILITY ASSAY EXPERIMENTAL DESIGN
Human gastric adenocarcinoma cell line AGS was purchased
from ATCC and maintained in 5% CO; atmosphere in Dul-
becco’s Modified Eagle Medium (DMEM, Gibco/BRL) supple-
mented with 10% fetal bovine serum (FBS, Gibco/BRL) for
2days in 10-cm dishes for culture and then in 12-well plates
(5 x 10*/well) for gentamicin protection assay and four- or eight-
chamber slides (Nunc Lab-Tek IT Chamber Slide System)! for light
and TEM.

lwww.thermofisher.com

CAM nudA CAM nudA WTJ99

)
AnudA2

N
AnudAS

FIGURE 1 | Verification of post-transformation bacterial DNA in the
AnudA allele PCR products on agarose gel. Two pairs of primers were
designed for verification of post-transformation of bacterial transformed
with AnudA allele PCR products. One pair was specific for nudA and the
other pair was specific for the CamR gene. The wild type strain J99 PCR
product was used as positive control. The figure illustrates that the nudA
gene was present only in wild type strain J99 but absent in nudA mutant
strains while the CamR gene was present in nudA mutant strains but not in
the wild type.

AGS cells were grown to monolayer in two groups of four plates
or chambers and a similar number of H. pylori J99 WT and of the
AnudA mutant was inoculated into each group of plates/chambers
(4 x 10> H. pylori/cell). Two plates and chambers were cultured
for 6 h, used as negative control, and infected with H. pylori plus
200 pg/ml gentamicin (Figure 3; controls, left side) for 12 h. One
of the two plates or wells was treated with 0.1% saponin for 15 min
and then cultured for H. pylori. Saponin was used to permeabilize
AGS cell membranes by penetrating the cholesterol monolayer and
forming holes or pits (7-9 nm) that is believed to allow H. pylori to
exit from AGS cells and be cultured (Bangham et al., 1962; Kwok
etal., 2002). The remaining two plates and chambers were used to
study H. pylori binding and cell invasion (Figure 3; right side) and
were infected with H. pylori for 6 h. One of the two plates or cham-
bers was treated with gentamicin, cultured for 12 h, treated with
saponin for 15 min, and then plated on BAP for colony counting
or fixed with formaldehyde or glutaraldehyde (see below).

CALCULATION AND NORMALIZATION OF H. pylori ENTERING INTO, OR
BINDING TO, AGS CELLS

Counting of H. pylori can be done via OD measurement, but this
method is not precise or very accurate. Instead, we counted the
number of colonies used for plates and well inoculation by plating
and culturing the H. pylori suspension for 3 days. Colony counting
after treatment with and without gentamicin and saponin was then
determined by culturing H. pylori on plates and then expressing
colonization in each compartment as the percentage of H. pylori
inoculated onto the plates.

MORPHOLOGY AND MORPHOMETRY USING FLUORESCENCE /N SITU
HYBRIDIZATION AND TRANSMISSION ELECTRON MICROSCOPY
Tissue culture chamber glass slides from each of the four groups
were treated using one of the following methods.
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16S rRNA

16S rRNA

FIGURE 2 | lllustration of the expression of H. pylori 16S rRNA, nudA,
and chloramphenicol resistance cassette (CAM) in AGS cells infected
with H. pylori J99 WT (A,B) and AnudA allele (C,D). (A) 76S rRNA and
nudA expression and complete merge of the two genes (green, red, and

Wild type

nudA::CAM

-

- L]
° - =

yellow, respectively). (B) 16S rRNA expression, no expression of CAM, and no
merge. (C) 16S rRNA expression, no expression of nudA, and no merge. (D)
16S rBNA and CAM expression and complete merge of the two genes
(green, red, and yellow, respectively). Original magnification: 1,000x.

For H. pylori dual fluorescence in situ hybridization (FISH),
glass chambers were immediately fixed in 4% formaldehyde for
24 h and then processed using probes designed specifically for H.
pylori 16S rRNA (digoxigenin—FITC) and nudA (Biotin—Texas red)
or 16S rRNA (digoxigenin—FITC) and CAM (biotin—Texas Red)
were designed and synthesized as reported (Liu et al., 2008). Con-
trol of method was performed as described (Semino-Mora et al.,
2003). Chambers were observed using a Nikon Eclipse 80i micro-
scope and pictures were taken using a DS-Qil1MC Nikon camera
(Figure 2).

For TEM, plastic chamber slides with four wells were immedi-
ately fixed in 2.5% glutaraldehyde for 24 h, the AGS cells were
scraped and transferred to Eppendorf tubes, post-fixed in 1%
osmium tetroxide at 4°C, and processed as reported until embed-
ding in Spurr Low Viscosity Kit? to obtain epoxy blocks at 70°C
(Semino-Mora et al., 2003). Semi-thin (0.5 m) sections were
stained with toluidine blue and observed by light microscopy using
an Eclipse E800 Nikon interfaced with a QCapture digital cam-
era (Micropublisher 5.0, Burnaby, BC, Canada). Grids with thin
sections (500 A) were prepared, stained with uranyl acetate and
lead citrate, and then observed using a Philips CM100 transmis-
sion electron microscope at 80kV (Biomedical Instrumentation
Center, USUHS).

For TEM immunohistochemistry with pre-embedding, plas-
tic chamber slides with eight chambers each were processed

Zwww.polysciences.com

inside each chamber slide (in situ method; Tanner et al.,
1996). Immunogold was performed using rabbit anti-H. pylori
(NeoMarkers, Fremont, CA, USA) and immunogold-labeled sec-
ondary antibodies (18 nm colloidal gold, goat anti-rabbit IgG;
Jackson ImmunoResearch, West Grove, PA, USA) and after inter-
mediate steps were embedded in Spurr embedding. In other
experiments, dual immonogold pre-embedding was performed
using both rabbit anti- H. pylori and mouse anti-VacA antigen IgG
anti-VacA (Secondary 18 nm colloidal gold, goat anti-rabbit IgG,
and 11 nm colloidal gold, respectively, Jackson, InmunoResearch,
West Grove, PA, USA). After polymerization, the flat resin blocks
were removed by peeling them away from each chamber, mounted
in blank mold, and cut in ultramicrotomy. Sections were stained
only with uranyl acetate. Control of method was performed in
AGS cells infected with WT or AnudA, were treated with PBS
instead of the anti-H. pylori first antibody, and were processed as
described above for pre-embedding immunogold method. Con-
trol of H. pylori detection with immunogold with pre-embedding
was performed using chamber slides with non-infected AGS cells
treated as described above. Importantly, all positive and negative
controls were positive and negative, respectively.

A Philips CM100 transmission electron microscope was used
at 80kV for the analysis (Biomedical Instrumentation Center,
USUHS) and negatives and photographs were processed. Visibility
of colloidal gold particles in the pictures was enhanced using color
burn option (Adobe Photoshop 7.0.1) that examines the color
information in each channel and darkens the base color to reflect
the blend color by increasing the contrast between the two). Nickel
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FIGURE 3 | Experimental design of the gentamicin protection assay.
AGS cells were prepared to grow to monolayer in 8 wells in a 12-well plate
(four wells for WT strain J99 and four wells for AnudA mutant. Each strain
was inoculated into the four AGS cell types. Two wells (on the left) were
designed as negative control of gentamicin treatment as it was added to
H. pylori suspension when inoculated to the cells, and then treated with or

without saponin after 12 h inoculation. A third well was used for
measurement of H. pylori bound to cell membranes in the conditions
without gentamicin and saponin. The last well was designed for
measurement of H. pylori invasion into the cell with gentamicin and
saponin added. The chamber slides prepared for morphologic observation
were exactly the same as above.

15F 15F

10F

% of H. pylori input
bound to membranes
% of H. pylori input
inside AGS cells

I

0
JOOWT AnudA JOOWT AnudA

FIGURE 4 | Helicobacter pylori NudA invasin and AGS cell entry
determined using the “classical” gentamicin protection assay. Values
are Means + SEM. Left panel shows that the density of H. pylori bound to
AGS cell membranes and expressed as the percentage of bacteria
inoculated into the AGS monolayer was not significantly different in WT J99
and the AnudA mutant (p=0.35). Right panel shows that the density of
intracellular H. pylori expressed as the percentage of bacteria inoculated
into the AGS monolayer was not significantly different in WT J99 and the
AnudA mutant after saponin treatment (p =0.23).

grids with five sections were counted at 10,500 in a selection of
three mesh areas at a low magnification (2,600 ). The number of
cells was around 25-30 cells/mesh and two fields were counted in
each mesh.

Morphometry

Qualitative fluorescence light microscopy ranged from 0 (nega-
tive reaction) to 4 (maximum red, green and yellow). Quantitative
bright light microscopy of semi-thin sections stained with tolu-
idine blue was used to count the density of H. pylori located in
the extracellular or intracellular compartments, or attached to the
cellular membrane of AGS cells using an intraocular grid (Semino-
Mora et al., 2003). Three random fields were counted with 1,000 x
magnification (cell range 77-115/field, mean 96 = 3/field; total
cells counted 300 cells). Elongated cells with hummingbird phe-
notype were counted as hallmark of infection and compared to
normal round cells in uninfected controls (no infection; Schneider
et al., 2008).

Quantitative pre-embedding immunogold TEM was per-
formed by counting electron dense gold particles specifically
tagging H. pylori located in the extracellular, intracellular, and
within cell membrane compartments (Tanner et al., 1996). Three
grids of each experiment were analyzed as follows: five sections
mounted in the nickel grid were counted at 14,000x. Three
meshes were selected at low magnification (2,600x) and two
fields were counted in each mesh (number of cells counted

Frontiers in Cellular and Infection Microbiology

www.frontiersin.org

February 2012 | Volume 2 | Article 13 | 17


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Liuetal.

Intracellular entry of H. pylori

FIGURE 5 | lllustration of the effect of H. pylori colonization on AGS cell
monolayers in toluidine blue stained sections [(A,B) inserts of (A,D,E)]
and by TEM (C,D,E). (A) WT-infected AGS cells; note the presence of
numerous elongated hummingbird cells that are absent among control
uninfected AGS cells (insert). (B) AGS cells infected with AnudA allele,
illustrating that fewer elongated AGS cells (arrows) are present that in
WT-infected cells. (C) TEM of uninfected AGS cell with normal ultrastructural

aspect. (D) TEM of AGS cell infected with J99 WT H. pylori; note intracellular
H. pylori (white arrows). (E) TEM of AGS cell infected with AnudA allele; note
H. pylori attached to AGS cell (arrows); insert shows the numerous AnudA H.
pylori attached to AGS cell and relatively few intracellular bacteria. Original
magnification of toluidine blue stained pictures (A): 400x; (B) and insert of
(A): 1,000x; inserts of (D,E): 1,000x. Original magnification of TEM pictures:
(C): 9,800x; (D): 32,500x; (E): 26,000 .

@
o
——

N
o
H

Elongated phenotype
(% of total cells)
o

0 . . .

2
& & o“&
® >

FIGURE 6 | Percentage of AGS cells with elongated (“hummingbird”)
phenotype in cells infected with WT J99 and AnudA H. pylori
compared to control uninfected cells. VValues are Means + SEM. The
percentage of cells with abnormal phenotype is higher in both types of
infection (*p < 0.001), and also significantly higher in infection with WT H.
pylori than with the AnudA mutant (p < 0.01).

~25-30 cells/mesh) at higher magnification. A 17.5cm x 23 cm
transparent sheet grid with vertical and horizontal lines 1-cm apart
with 374 intersections was placed on each micrograph printed on

multi contrast Agfa paper. The point counting method was used
to calculate the number of immunogold-tagged H. pylori as coin-
cidences between bacterial electron dense gold particles and point
grid intersections and expressed as a fraction of the total points
intersections (Olivero et al., 1990).

STATISTICAL ANALYSIS
Data are reported as mean &= SEM. Comparisons were performed
using one way analysis of variance and subsequent ¢-tests.

RESULTS

In a “classical” gentamicin protection assay, the density of H. pylori
bound to AGS cell membranes and expressed as the percentage of
bacteria inoculated into the AGS monolayer was not significantly
different in WT J99 and the AnudA mutant (Figure 4, left panel).
Similarly, the density of intracellular H. pylori expressed as the
percentage of bacteria inoculated into the AGS monolayer was
not significantly different in WT J99 and the AnudA mutant after
saponin treatment (Figure 4, right panel).

The addition of FISH and ultrastructural techniques to the
“classical” gentamicin protection assay used in our study allowed
a detailed analysis of the precise location of H. pylori in rela-
tion to the AGS cells, as was observed in the case of invasion
of erythrocytes by B. bacilliformis (Mitchell and Minnick, 1995).
Light microscopy performed on sections stained with toluidine
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FIGURE 7 | lllustration of AGS cells with pre-embedded H. pylori
immunogold. (A) AGS cell infected with H. pylori WT demonstrating
intracellular presence of bacteria located inside vacuoles (gold marked
bacterial wall, black arrowhead); note gold particles tagging H. pylori
cytoplasm (arrow) and spherical membrane vesicles (dashed arrows). (B)
AnudA allele with numerous bacteria labeled with gold (arrows) in close
association with cell membrane; one of the bacteria is attached to cell
pedestal (dashed arrow). (C) Mature and coccoid AnudA allele in close
association with AGS cell membrane; note bacterial membrane is tagged with
gold (arrowheads). (D) AnudA allele in early stage of adhesion to AGS cell;

note multiple fusions between membranes of bacterium and AGS cell
(arrows). (E) Higher magnification of “zipperlike” AnudA allele allele entry
into AGS cell; note “cup formation” (dashed arrows) identifying H. pylori and
AGS cell membranes fusing together during internalization. (F) AnudA allele
almost completely englobed within invagination of AGS cell membrane; note
that this fusion is accompanied by the presence of filamentous strands
(fibrils), dense round spheres, vesicles, and amorphous deposits in the space
between the membranes of the bacterium and AGS cell (dashed arrow).
Immunogold-tagged bacterium (solid arrow) Original magnification (A-C):
41,000x; (D): 24,500x; (E): 32,500x; (F): 41,000 .

blue demonstrated that elongated cells (“hummingbird” pheno-
type) were more frequently observed in AGS cells infected with WT
J99 strain (Figures 4, left panel and 5) than in control uninfected
cells (p < 0.001; Figure 5A insert and Figure 6). In AnudA allele
infected cells, most H. pylori are associated with the membrane
area and cell invasion is minimal but there still are significantly
more elongated cells that in the absence of infection (p < 0.01) but
less than with J99 WT (Figures 5B and 6; p < 0.01). Remaining
cells are round or square. These results suggest that intracellular
H. pylori are responsible for the hummingbird transformation of
AGS cell in WT-infected cells compared to control uninfected cells,
but that membrane associated H. pylori may also play a role in the
formation of elongated cells.

Transmission electron microscopy indicated that more bacteria
were present inside J99 WT-infected AGS cells (Figure 5D) than
in AnudA allele infected cells and that more bacteria were closely
associated with cell membranes in the latter cells (Figure 5E).
After infection with J99 WT isolates, more bacteria were observed
inside AGS cells (Figure 5D) than with the AnudA allele, but
more bacteria were observed within the external surface of AGS
cell membranes with the AnudA allele (Figure 5E). More intracel-
lular H. pylori were observed inside AGS cell vacuoles than in direct
contact with the cytosol, free in the cytoplasm (66.7 vs. 16.7%),

the remaining H. pylori were partly in a vacuole and partly free in
the cytoplasm.

Morphometry of TEM thin sections confirmed these findings,
demonstrating that the number of AGS cells infected with J99 WT
was significantly greater than with AnudA infection (39.8 2.8
vs. 12.3 +2.2%, respectively; p < 0.001). In addition, there were
significantly more intracellular H. pylori in WT-infected AGS
cells than in AnudA allele infected cells (15.4 2.1 vs. 6.9 £ 1.9;
p < 0.01; Figure 5D),and more H. pylori were attached to AGS cells
infected with AnudA allele (8.1 £2.6 vs. 0.3 £ 0.2, respectively;
p < 0.01; Figure 5E). Importantly, the number of extracellular H.
pylori not attached to the plasma membrane was similar in those
two groups (4.2 £ 0.9 vs. 5.3 & 2.0 respectively).

The TEM pre-embedding immunogold method with pre-
embedding of H. pylori infected AGS cells was more effec-
tive to detect hidden epitopes than post-embedding method as
reported (Tanner et al., 1996). The use of this method confirmed
observations obtained with light microscopy that more WT H.
pylori were intracellular than in AnudA allele infection and that
more AnudA allele were attached to AGS cell membranes than in
WT infection. In addition, intracellular H. pylori WT located inside
vacuoles had gold-tagged bacterial walls, cytoplasm (Figure 7A),
and outer membrane vesicles containing H. pylori VacA (Figure 8;
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FIGURE 8 | lllustration of AGS cells with intracellular H. pylori WT with
H. pylori and VacA immunogold. AGS cell infected using a dual
pre-embedding immunogold (H. pylori gold 18 nm and VacA-gold 11 nm)
demonstrating the presence of 18 nm H. pylori gold particles (dashed
arrow) and 11 nm VacA-gold particles in cytoplasm, in the cell membrane, in
membrane vesicles, and in the AGS cell. Original magnification 71,000x.

Beveridge, 1999; Fiocca et al., 1999; Viala et al., 2004). Similarly,
immunogold-labeled AnudA allele H. pylori were closely associ-
ated with AGS cell membranes, either attached to cell pedestals
(Figure 7B) or to AGS cell membranes (Figure 7C) or undergoing
diverse stages of “zipper-like” entry into AGS cell (Figures 7D-F;
Noach et al., 1994; Papadogiannakis et al., 2000) Morphometric
quantification of these observation demonstrated that most WT H.
pylori and very few AnudA allele H. pylori were present inside the
AGS cells and that the opposite was observed regarding attachment
to AGS cell membranes (Figure 9; p < 0.01).

DISCUSSION

A major finding of the present study was that H. pylori invasin
appears to play a complex role in the entry of the bacterium into
AGS cells in vitro if the “classical” gentamicin protection assay is
complemented by morphology and morphometry. We first con-
firmed the previous report that no quantifiable differences were
found when using the gentamicin protection assay to compare
the invasion frequency of H. pylori wild type (WT) with that of
a AnudA mutant in AGS cells allele (Lundin et al., 2003). The
authors of the report attributed their observation to the fact that
the sensitivity of the “classical” assay may not be sufficient to
demonstrate differences in invasion capacity, and this lack of sen-
sitivity may be due to the fact that complete killing of extracellular
bacteria is rarely obtained (Amieva et al., 2002). In the present
study, light and TEM morphology and morphometry of AGS cells
demonstrated that a majority of H. pylori were closely associated
with cell membranes after infection with the AnudA allele whereas
most WT J99 bacteria were inside the cells. The TEM immunogold

FIGURE 9 | Role of H. pylori NudA invasin in AGS cell entry determined
using the gentamicin protection assay aided by TEM and anti-H. pylori
antibody immunogold. H. pylori density is expressed as the percentage
of total points intersections that were immunogold-positive (see Materials
and Methods). Values are Means + SEM. Left panel shows that the
extracellular density of H. pylori WT and AnudA were not significantly
different. In contrast, the middle and right panels show that the density of
WT H. pylori attached to AGS cell membranes was significantly lower than
that of the AnudA mutant (*p < 0.01) and the opposite relation for the
density of intracellular H. pylori (*p < 0.01).

observations confirm this observation (Figures 7 and 9; p < 0.01)
and strongly indicate that this difference demonstrates that NudA
plays a biologically significant role in H. pylori entry into host
cells.

The present study also provides precise information on H.
pylori invasion and bacterial cell entry, demonstrating that H.
pylori AnudA allele appears to be unable to proceed beyond
the initial attachment to cell membranes that characterize the
zipper-like mechanism of H. pylori cell entry (Griffin Jr. et al.,
1975; Kwok et al., 2002). In contrast, J99 WT H. pylori rapidly
proceeded from attachment to engulfment and internalization
where it was found mostly inside vacuoles formed within AGS
cells and, to a lesser extent, free in the cytoplasm. Our observa-
tions that gold-tagged outer membrane vesicles containing VacA
were closely associated with intracellular H. pylori (Figure 8)
demonstrates that H. pylori virulence factors and peptidoglycan
may be delivered directly into the AGS cell cytoplasm (Blanke
and Ye, 2001; Kaparakis et al., 2010) and suggests an important
pathogenic role for cell invasion. This finding is similar to the
observation that H. pylori releases small vesicles from its outer
membrane by a process similar to the release of membrane vesicles
by many other bacterial pathogens (Fiocca et al., 1999). The pro-
duction of these vesicles may represent an important mechanism
for bacterial pathogens to modulate their environment within the
host and perhaps cause diseases. Finally, separate experiments
showed that the H. pylori nudA (invasin homolog) gene is well
expressed only when H. pylori is attached to or inside host cells
and that it was closely associated with B1-integrin (Semino-Mora,
unpublished).
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An additional study of this highly relevant question demon-
strated that the extent of adherence and internalization of H.
pylori by AGS cells increased continuously for at least 12 h, and
that a similar number of H. pylori were internalized by, and adher-
ent to, AGS cells (Kwok et al., 2002) suggesting again that the
“classical” gentamicin assay determines the sum of internalized
and adherent H. pylori. However, the construction of a AnudA
mutant performed in this study may have modified the expression
of neighboring genes that might affect cell invasion. Since genetic
complementation of the mutation and restoration of the WT phe-
notype was not performed as a control, our observations do not
exclude the possibility that the internalization defect we observed
is related to factors other than the nudA gene.

Helicobacter pylori invasiveness is important because intra-
cellular bacteria are more resistant to antibiotic treatment and
to immune attack by humoral antibodies. In addition, invasive
organisms frequently cause common and severe diseases (Isberg
et al., 1987) through mechanisms that are presently unknown
(Dubois and Boren, 2007). Importantly, it is now recognized that
bacteria invading host cells can induce formation of autophagic
vacuoles within macrophages and dendritic cells where they

can multiply, interfere with MHC class II surface expression,
impair antigen presentation, and immunological defenses (Wang
et al., 2009). In turn, these mechanisms would explain persis-
tence of the infection and the various diseases caused by H.
pylori.

In conclusion, our observations strongly indicate that dele-
tion of the invasin gene limits H. pylori to the AGS cell surface,
where it appears to be partially protected against gentamicin
(Corthesy-Theulaz et al., 1996). In this site, however, it may be
more vulnerable to host defense or therapeutic intervention than
if intracellular, and less prone to trigger normal immune, car-
cinogenic, or other developmental response pathways. These data
suggest that H. pylori invasin gene is important for the rare, but
we propose potentially biologically significant, uptake of H. pylori
by host cells.
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INTRODUCTION

The bacterial pathogen Helicobacter pylori is capable of colonizing the gastric mucosa
of the human stomach using a variety of factors associated with or secreted from
its outer membrane (OM). Lipopolysaccharide (LPS) and numerous OM proteins have
been shown to be involved in adhesion and immune stimulation/evasion. Many of these
factors are essential for colonization and/or pathogenesis in a variety of animal models.
Despite this wide array of potential targets present on the bacterial surface, the ability
of H. pylori to vary its OM profile limits the effectiveness of vaccines or therapeutics
that target any single one of these components. However, it has become evident that
the proteins comprising the complexes that transport the majority of these molecules to
the OM are highly conserved and often essential. The field of membrane biogenesis has
progressed remarkably in the last few years, and the possibility now exists for targeting
the mechanisms by which B-barrel proteins, lipoproteins, and LPS are transported to the
OM, resulting in loss of bacterial fitness and significant altering of membrane permeability.
In this review, the OM transport machinery for LPS, lipoproteins, and outer membrane
proteins (OMPs) are discussed. While the principal investigations of these transport
mechanisms have been conducted in Escherichia coli and Neisseria meningitidis, here
these systems will be presented in the genetic context of ¢ proteobacteria. Bioinformatic
analysis reveals that minimalist genomes, such as that of Helicobacter pylori, offer
insight into the smallest number of components required for these essential pathways
to function. Interestingly, in the majority of ¢ proteobacteria, while the inner and OM
associated apparatus of LPS, lipoprotein, and OMP transport pathways appear to all
be intact, most of the components associated with the periplasmic compartment are
either missing or are almost unrecognizable when compared to their E. coli counterparts.
Eventual targeting of these pathways would have the net effect of severely limiting the
delivery/transport of components to the OM and preventing the bacterium’s ability to
infect its human host.

Keywords: membrane biogenesis, H. pylori, Bam complex, Lol complex, Lpt complex

and spaces is also critical for basic microbial metabolism. More

Membrane permeability has long been understood as a critical
factor of bacterial survival (Hall et al., 1980; Ruiz et al., 2005). A
growing field of knowledge regarding the trafficking and insertion
of bacterial membrane components has succeeded in characteriz-
ing the key factors involved in membrane biogenesis in a variety
of model systems. The eventual targeting of these essential barri-
ers by molecular inhibitors or using them as vaccine candidates
has the potential for inducing either bactericidal effects outright,
or increased susceptibility to more established antibiotics (Chiu
et al., 2007, 2009; Ghanei et al., 2007). Enzymes/proteins found
in the cytoplasm, periplasmic space, and outside the bacterial
membrane have all evolved under the confines and conditions
of each of these unique microenvironments. While localization
of these proteins to their ultimate destination within the cell
is often essential, the controlled interaction and movement of
signaling molecules/nutrients/metabolites between these regions

recently, studies characterizing bacterial mutants with membrane
permeability defects have begun to establish that nearly all perme-
ability deficiencies arise from mutations in the protein machinery
that make up the transport apparatus for the basic components
of bacterial membranes: lipoproteins, lipopolysaccharide, and
outer membrane proteins (OMPs). These fundamental transport
pathways are for the most part well-conserved throughout Gram-
negative bacteria (Nikaido, 2003; Ruiz et al., 2006). One notable
exception to this exists in the bacterial class of ¢ proteobac-
teria. Consisting of genera spanning digestive tract colonizing
symbionts/pathogens (Marshall and Warren, 1984) to deep-sea
thermal vent chemolithotrophs (Takai et al., 2005), this bacterial
class contains numerous extremophiles for whom membrane bar-
rier function should arguably play an indispensible role. However,
upon closer bioinformatic examination, the transport pathways
for each of the three major outer membrane (OM) components in
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& proteobacteria appear to have significantly diverged when com-
pared with most other Gram-negative bacteria (Cummings et al.,
2002).

One member of this class of € proteobacteria with significant
medical relevance is the gastric pathogen Helicobacter pylori. Able
to survive and colonize the mucosal layer in close proximity to
the human gastric epithelium (Blaser, 1992), H. pylori is capable
of inhabiting an environment with an acidic pH. While adap-
tations to this gastric environment include motility/chemotaxis
(Foynes et al., 2000; Ottemann and Lowenthal, 2002; Croxen
etal., 2006) and the production of urease, which can substantially
buffer the pH around the bacterium (Scott et al., 2000; Weeks
et al.,, 2000), maintaining a level of barrier function from the
OM remains an essential element in allowing this chronic colo-
nizer to survive in this extreme environment. In addition, each
of the previously mentioned transport pathways play key roles in
permitting H. pylori to chronically colonize its human host.

This review highlights what is known of the three pathways
involved in membrane biogenesis, specifically the transport of
three major components/transport systems of the OM in the
majority of Gram-negative bacteria: lipoprotein, LPS, and OMPs.

The importance of each of these three membrane components
in H. pylori will be discussed in terms of relevance to infec-
tion. Each transport pathway will be examined bioinformati-
cally and the implications for potential targets for future small
molecule inhibitors and candidates for vaccine development ana-
lyzed. Special attention will be given to the identification of
the periplasmic components for these transport pathways, as it
appears that many are significantly divergent from those found
in other model bacteria or perhaps are even absent in H. pylori
entirely (Figure 1). Given the continued prominence of this bac-
terium in the developing world (Frenck and Clemens, 2003), the
current state of vaccine development for this pathogen (Czinn
and Blanchard, 2011), and an unsettling rise in the number of
reports of antibiotic resistant strains (Boyanova and Mitov, 2010;
De Francesco et al., 2010), identifying novel targets for future
antimicrobials is of paramount importance.

LIPOPROTEINS

ROLE IN INFECTION AND PATHOGENESIS

A large number of putative lipoproteins have been found in the
H. pylori genome (Tomb et al., 1997). Their abundance and

LPS transport

Lipoprotein transport

Outer membrane protein transport

FIGURE 1 | Membrane biogenesis pathway conserved features in
H. pylori. Dark features indicate high similarity scores (<e?) for H. pylori
genes compared to E. coli outer membrane biogenesis pathway
components, which generally consist of the IM and OM spanning
portions of the pathway. Lighter shaded components indicate lower
similarity scores requiring comparison of numerous bacterial homologs
before attaining a significant similarity score (<e?) for an H. pylori locus.
An absence of shading indicates no homolog for that component was
found through sequence similarity scores, but the existence of a

U548 88) URUYUY Un U YN LYY
%«@3@;,

potentially functional protein exists, given the presence of a

conserved genetic orientation at the particular locus and/or structural
similarity as determined by crystal structure analysis software
(RaptorX). Dotted lines indicate a complete genetic absence of
homology of a pathway component. Those proteins with low sequence
similarity, low structural similarity, and apparent absence of sequence
and structural similarity make up most of the components found in

the periplasmic regions for each of the three OM transport

pathways.
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potential for facilitating extensive linkages between inner and
OMs has been hypothesized to explain the difficulty reported
in experimentally separating inner and OM layers in most
Helicobacter and Campylobacter species (O’Toole and Clyne,
2001). Few lipoproteins have been well-characterized in H. pylori,
but those that have been studied play important roles in infec-
tion and the host immune response. One such lipoprotein is
the highly conserved H. pylori adhesin A (HpaA), which was
originally characterized as a neuraminyllactose-binding hemag-
glutinin (Evans et al., 1988, 1993), and was shown later to
be a lipoprotein (O’Toole et al., 1995). HpaA has since been
studied in depth, due to its conserved nature in most strains
and its role in bacterial adhesion. Localization of HpaA has
been highly disputed in the field, with some studies pointing
to flagellar sheath localization (Luke and Penn, 1995), others
showing cytoplasmic localization (O’ Toole et al., 1995), and oth-
ers simply showing membrane association (Bolin et al., 1995;
Lundstrom et al., 2001). Due to its putative adhesin classi-
fication and putative membrane association, HpaA has been
examined for use as a potential vaccine candidate (Flach et al.,
2011). Similarly, another membrane-associated lipoprotein in
H. pylori is Lpp20, first characterized as an 18-kilodalton OM
antigen (Keenan et al., 2000), has been shown to be immun-
odominant in several studies (Keenan et al., 2002; Bakos et al.,
2003). While these two lipoproteins are currently the only well-
examined examples in H. pylori to date, the presence of several
other recognized lipoproteins involved in the transport path-
ways of both LPS and OMPs (which will be discussed subse-
quently) adds additional importance to this class of membrane
components.

CURRENT MODEL FOR LIPOPROTEIN MEMBRANE INTEGRATION

The mechanism for lipoprotein trafficking has been well-
characterized in E. coli (Matsuyama et al., 1995, 1997; Yakushi
et al., 2000). In this system, lipoproteins are transported to the
inner membrane via the Sec pathway, embedded into the mem-
brane, and are subsequently sorted according to the presence or
absence of an inner membrane (IM) retention signal (Masuda
et al., 2002). Lipoproteins lacking the signal are transported to
the OM. Early lipoprotein transport studies utilized spheroplasts
that were generated by EDTA-lysozyme treatment, making them
devoid of periplasmic proteins (Matsuyama et al., 1995). While
these spheroplasts continued to secrete proteins from the cyto-
plasm that are normally destined for the periplasm and OM, the
major OM lipoprotein (Lpp) was not secreted and remained in
the IM, which suggested that a periplasmic factor was required
for OM lipoprotein release from the IM (Matsuyama et al., 1995).
When periplasmic-derived materials were added externally to the
spheroplasts, Lpp was released from the IM, and purification of
the periplasmic components identified the periplasmic chaper-
one LolA (Masuda et al., 2002). Further research involving the
generation of various proteoliposomes went on to characterize
the OM component of the trafficking pathway, LolB (Matsuyama
et al., 1997), whose role is the insertion of lipoproteins into
the OM. Further analysis identified integral membrane proteins
LolC and LolE, as well as a soluble, cytoplasmic ATP-binding
protein (LolD) that is recruited by the membrane-associated

heterodimer LolCE to form a complex that acts as an ATP-
binding cassette (ABC) transporter in the IM (Yakushi et al.,
2000; Ruiz et al., 2006). Lipoproteins are taken up by this com-
plex and their lipid moiety bound to LolA, which is believed to
protect their fatty-acid chains from the aqueous environment of
the periplasm. LolA then transports them to an OM-associated
lipoprotein, LolB, which stabilizes their internalization into the
OM. Exactly how LolB inserts lipoproteins into the OM has yet
to be elucidated. LolA and LolB share similarity of structure,
both possessing hydrophobic cavities believed to be the binding
sites for the lipid moieties of lipoproteins (Takeda et al., 2003).
The cavities are comprised of unclosed B-barrels with a heli-
cal lid domains thought to close when not in complex with any
lipoprotein (Takeda et al., 2003). It is worth noting that LolC
and LolE are highly similar in sequence, and that unlike the Lol
complex found in E. coli, the integral membrane portion of the
complex in N. meningitidis appears to consists of only a single
LolCE homolog (encoded by NMB1235) instead of two. This can
potentially be explained in that the single N. meningitidis protein
homolog may simply form a homodimer to supplement for the
missing protein component (Bos et al., 2007). Given the essential
nature of most of these Lol complex components in E. coli (Narita
et al., 2002) and the large number of lipoproteins encoded in the
H. pylori genome previously mentioned (Alm and Trust, 1999;
Baltrus et al., 2009), their use as potential antimicrobial targets is
promising.

BIOINFORMATICS OF PUTATIVE H. PYLORI LIPOPROTEIN

TRANSPORT SYSTEM

A single, IM component of the Lol complex from E. coli appears
to be conserved in H. pylori (HP0787; Table 1), with highest simi-
larity to LolE. As mentioned previously, LolE and LolC are highly
similar in E. coli and it has been postulated that possessing only
one of these proteins may be adequate for Lol complex formation
(Bos etal., 2007), as in the N. meningitidis model. Insertion muta-
tions in HP0787 exist (Salama et al., 2004), however this result
indicating a potential lack of essentiality of this gene should be
interpreted with caution, as the generation of deletion mutants
for this gene have not been possible to date (Liechti and Goldberg,
unpublished results). A few genome sequencing projects have
assigned lolD designations to a putative H. pylori homolog (strain
B8, HPB8_1387/HP0179) (Farnbacher et al., 2010), however, this
characterization is based solely on the ABC transporter domain,
and upon closer inspection, the N-terminus of the LolD protein
(approximately 100 amino acids) is missing from this H. pylori
gene (similar dubious gene designations have been assigned in
C. jejuni). While no definitive LolD homolog appears to exist
in H. pylori as such, ABC transport domains are notoriously
divergent in this bacteria compared with other microbes (Tomb
et al., 1997), and dozens of potential candidates with similar
domain structure exist in the genome whose functions have not
yet been identified (Tomb et al., 1997; Marais et al., 1999). In
addition, LolB (the lipoprotein involved in inserting new lipopro-
teins into the OM in E. coli and N. meningitidis) appears to be
absent in H. pylori, and in fact is missing in all € proteobac-
teria sequenced to date. A protein with poor genetic similarity
to LolA, the periplasmic chaperone component, does exist in
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Table 1| H. pylori putative outer membrane biogenesis complex components.

H. pylori locus* E. coli homolog E value
Lol COMPLEX

HP0785 lolA
HP0787 loIC 5e—24
N/A lolB -

N/A lolD -
(HP0O787) lolE 4e=25
Lpt COMPLEX

HP1568 IptA
HP0715 IptB 3¢90
HP1569 IptC ns.
HP1216 IptD 2¢08
HP1546 IptE ns.
HP0362 IptF
HP1498 IptG
HP1082 msbA 2e79
BamA COMPLEX

HP0655 bamA Be~24
N/A bamB -

N/A bamC -
HP1378 bamD
N/A bamE -
Sec PATHWAY

HP0786 secA 0.0
N/A secB -
HP1300 secY 7e7105
HP1203a secE ok
HP1255 secG 0.001
HP1550 secD 2¢86
HP1549 secF 2e~51
HP1551 yajC 3¢V
HP1450 yidC 1e78
HP1152 ffh 17102
HP0763 ftsY 2e62
Tat PATHWAY

HP0320 tatA 8e06
HP1060 tatB 0.036
HP1061 tatC 4e739
PERIPLASMIC CHAPERONES

HPO175 SurA 5e-08
HP1019 degP 9e 83
N/A skp -

N/A fkpA -

*Locus defined using H. pylori strain 26695 designations.

% id./% sim.** Function
ok Periplasmic chaperone
23%/48% Integral membrane protein

- OM associated lipoprotein
- IM ABC transporter domain

24%/49% Integral membrane protein

ok Periplasmic chaperone

55%/75% IM ABC transporter domain

ns. IM associated lipoprotein
26%/49% OM LPS transport protein

ns. OM associated lipoprotein

ok Integral membrane protein

ok Integral membrane protein
31%/57% IM LPS flippase

24%/44 % OM B-barrel assembly component

- OM associated lipoprotein
- OM associated lipoprotein
ok OM associated lipoprotein
- OM associated lipoprotein

49%/64 % Preprotein translocase subunit

- Protein export chaperone

42%/67 % Preprotein translocase subunit

o Preprotein translocase subunit
35%/61% Preprotein translocase subunit
37%/57 % Preprotein translocase subunit
35%/62% Preprotein translocase subunit
44%/76 % Preprotein translocase subunit
37%/62% IM protein translocase component
40%/64% Signal recognition particle (SRP)
50%/70% SRP receptor

52%/71% Sec-independent translocase
32%/63% Sec-independent translocase
35%/57 % Sec-independent translocase
32%/46% Peptidyl-prolyl cis-trans isomerase
42%/62% Serine protease

- Periplasmic chaperone
- Peptidyl-prolyl cis-trans isomerase

**% Identity and % similarity scores were based off of the regions of similarity as determined by NCBI's BLAST software, and as such represent %s only of the

designated regions being aligned and not the entire proteins being examined.

***Indicates E. coli first required confirmation in other ¢ proteobacteria (Campylobacer jejuni, etc.) prior to identifying the H. pylori homolog.

Abbreviations: N/A, indicates no homolog or putative homolog found in any sequenced H. pylori strain found in the NCBI database; OM, outer membrane; IM, inner

membrane; ABC, ATP-binding cassette; ns., no similarity found at the sequence level (annotation based on gene localization alone).

H. pylori (HP0785, E value = 0.03) and has been shown to be non-
essential (Chalker et al., 2001). Whether this protein acts similarly
to the LolA characterized in E. coli has yet to be discerned, how-
ever amino acid similarity alignments between HP0785 and LolA

show significant similarity for the core functional regions of the
chaperone, with greatest similarity existing on one of the two
sides of the open B-barrel domain (Figure 2). When examining
the H. pylori amino acid sequence for the less well-conserved side
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BAD aAvcEO0D

a-helical lid domain *

FIGURE 2 | LolA periplasmic lipoprotein chaperone from E. coli and

H. pylori display structural homology at N-terminal region. Similarity
protein alignments were constructed between E. coli and H. pylori LolA
(HPO785) amino acid sequences and a “heat map"” color scheme of protein
homology based on similarity scores was generated. Crystal structures of
E. coli LolA (PDB ID: 3KSN) were then used as a template for mapping the
similarity scores. Red indicates very high confidence whereas green/blue
indicate lower confidence in similarity comparisons. Views presented are
an overhead of the putative, lipoprotein binding domain consisting of the
open B-barrel with a helix lid (A), the well-conserved, N-terminal B-sheet
region (B), and the less conserved, C-terminal B-sheet region (C) (the two
B-strands missing in H. pylori LolA are indicated in blue). Protein sequence
alignments and similarity scores were generated using T-Coffee analysis
software (Poirot et al., 2003), the “heat map” CORE index for the alignment
color gradient used algorithms described in the literature (Notredame and
Abergel, 2003), and crystal structures were obtained from the Protein Data
Bank (PDB) and viewed using ICM Brower Pro (MolSoft). The dotted red
line in model represents an region in the amino acid protein sequence not
present in the solved crystal structure.

of the B-barrel domain, amino acids that make up two of the
strands in this region in the E. coli structure are absent in the
H. pylori sequence (Figure 2, shown in blue) potentially indicat-
ing a smaller, more tightly packed p sheet on that side of the open
B-barrel domain.

The genetic orientation of the Lol complex-associated genes in
¢ proteobacteria is, in a word, perplexing. In E. coli, loICDE (and
in Neisseria, lolCD) are found in a single operon (Figure 3A), with
loIB and IolA each existing separately, elsewhere in the genome
(Yakushi et al., 2000). In most € proteobacteria however, the sin-
gle conserved homolog of [oIC appears in an operon with secA, the
cytoplasmic-localized membrane translocase. While this proxim-
ity to an essential gene may explain problems in targeting loIC
for deletion in H. pylori, an added caveat exists. The H. pylori
lolA homolog is, coincidentally, also located proximal to secA,
albeit transcribed in the opposite direction (Figure 3B), poten-
tially hinting at some selective element as of yet undetermined in
either protein or lipoprotein trafficking in € proteobacteria. Given
the apparent absence of a lo/D homolog at this locus combined

with the presence of the membrane protein translocation ATPase
(SecA) in its place, overlap in the Sec export pathway and the
lipoprotein transport pathway in € proteobacteria may be a dis-
tinct possibility.

It has previously been shown that a lipoprotein signal pep-
tidase gene (HP0074) is essential in H. pylori, indicating that
lipoproteins in general are important for H. pylori survival
(Chalker et al., 2001). The presence of a potentially essential
lolE homolog in the genome would support this hypothesis. The
apparent absence of a lo/B homolog in addition to lolA prov-
ing to not be essential however, indicates that if this transport
pathway is still functional in H. pylori, that it may possess redun-
dant/alternate protein components for lipoprotein periplasmic
transport and OM insertion. Taken together, despite initial obser-
vations indicating a defunct pathway, the lipoprotein transport
pathway in H. pylori is potentially viable, and given the promi-
nence of lipoproteins encoded in the genome, this pathway repre-
sents a potential molecular target worthy of full characterization
and further pursuit.

LIPOPOLYSACCHARIDE

ROLE IN INFECTION AND PATHOGENESIS

In most Gram-negative bacteria, the major target for the immune
system during a bacterial infection is lipopolysaccharide (LPS)
(Chow et al., 1999; Miyake, 2004). LPS is a key component of
a Gram-negative OM, contributing to the structural integrity
of the bacteria as well as providing a barrier against the host
immune system. A number of cellular receptors recognize bac-
terial LPS and upon binding they induce an innate immune
response (Caroff et al., 2002). The primary activator of the host
response to the lipid A portion of LPS from E. coli is Toll-like
receptor 4 (TLR4) (Chow et al., 1999). In many cases, the immune
response resulting from the presence of LPS (also referred to as
endotoxin) is so severe, that a dysregulated immune response to
infection develops, known as sepsis, which can be life threatening.
Studies are currently underway to develop molecular inhibitors of
LPS, specifically targeting its ability to induce monocyte activa-
tion (Bosshart and Heinzelmann, 2007).

In examining the two predominant model microbes in the
field of OM biogenesis, it is worth noting that differences in
their LPS exist at a structural basis. While E. coli possesses true
LPS, Neiserria expresses lipooligosaccharides (LOS) lacking the
repeating O-antigen of most enteric bacteria; this distinction is
thought to account for many of the dissimilarities in the immune
response to the different bacteria (Zhang et al., 2007). H. pylori
does produce a defined length O-chain attached to its core region
whose length is variable between strains. Similar to LPS biogen-
esis in other bacteria, the O-chain of H. pylori is constructed in
the cytoplasm and flipped to the periplasm where it is trans-
ferred to the core oligosaccharide by the O-antigen ligase (Waal.).
Because the host’s immune response to LPS is so robust, many
pathogenic bacteria express an LPS structure that avoids detec-
tion. H. pylori is a well-studied example, as it can express the
Lewis Blood Group (LBG) antigens and present them on the O
side chain of its LPS (Appelmelk et al., 1996; Monteiro, 2000).
LBG antigens are commonly associated with host monocytes,
macrophages, granulocytes, and gastric epithelial cells. They are
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FIGURE 3 | Genetic orientation of Lol complex-homologs. (A) Lol
complex associated loci (lolA and lolB, specifically) from E. coli and

N. meningitidis appear spread throughout the genome (B) while
complex-homologs from H. pylori and C. jejuni appear to be clustered around
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the cytoplasmic chaperone encoding gene, secA. Abbreviations: E.c.,
Escherichia coli (K12 substr. W3110); N.m., Neisseria meningitidis (strain
72491); H.p., Helicobacter pylori (strain 26695); C.j., Campylobacter jejuni
(strain RM1221).

important for low-affinity adhesion to host gastric epithelial cells
as well as in phagocytosis (Kirkland et al., 1997; Lepper et al.,
2005) and it has been widely speculated that H. pylori uses this key
feature to evade the host immune system (Appelmelk et al., 1996;
Moran etal., 1999). The genes responsible for the creation of these
bacterial LBG antigens are present throughout the genome, and
many of them undergo phase variation (Wang et al., 2000). The
variation generated in the bacterial population, whether due to
phase variation or other mechanisms, results in the production of
a wide array of differing LPS profiles within a given population.
This is believed to be a “fine-tuning” of the bacterium’s defenses,
further enhancing the evasion of the immune response (Wang
et al., 2000; Khamri et al., 2005; Salaun et al., 2005; Salaun and
Saunders, 2006)

In addition, H. pylori modifies the lipid A portion of its LPS.
When first characterized, the lipid A from H. pylori was found to
be unique and distinguishable from that of enterobacteria in that
there is an absence of a phosphoryl group at the 4'-position and
fatty acyl groups at the 3- and 3’-position, as well as the presence
of 2-aminoethyl phosphate at the 1-position (Suda et al., 1997).
Further studies went on to show that H. pylori actually synthe-
sizes two lipid A species, a minor one resembling that of E. coli
(bis-phosphorylated and hexa-acylated) and a major species that
contains fewer acyl chains, fewer phosphate groups, and a single
2-keto-3-deoxyoctonate (Kdo) sugar attached to the disaccharide
backbone (Moran et al., 1997; Tran et al., 2005). This led to the
discovery that H. pylori modifies its lipid A and that the result
is a molecule with much lower immunobiological activity (Tran
et al., 2005). Additional studies identified that while the lipid A
from H. pylori is initially synthesized in this hexa-acylated form, a
series of modifications after synthesis can result in a tetra-acylated
molecule (Stead et al., 2005, 2008).

Lipid A is the “hydrophobic anchor” of the LPS, and is the
biological initiator of septic shock (Raetz and Whitfield, 2002).
Modifications of the lipid A portion of H. pylori LPS results in

reduced immuno-reactivity by as much as 1000 times compared
to the lipid A of other bacterial species (Ogawa et al., 1997,
2003a,b; Stead et al., 2005). The exact mechanism by which
H. pylori LPS interacts with the immune system is currently in
dispute. While it was initially characterized that the host receptor
for H. pylori LPS was TLR4 (Kawahara et al., 2001) subsequent
papers have shown that H. pylori interacts through TLR2 and not
TLR4 (Smith et al., 2003). This controversial finding is appar-
ently not limited to H. pylori, and the same phenomenon has
been shown for other Helicobacters as well (Mandell et al., 2004).
While another study exists, showing that chemically synthesized
lipid A from H. pylori signaled via TLR4 (Ogawa et al., 2003a,b),
highly purified H. pylori LPS in an alternate study showed activa-
tion only through the TLR2 complex (Yokota et al., 2007). TLR4
expression in gastric cell lines has also been used as evidence of
H. pylori LPS activation (Kawahara et al., 2001; Su et al., 2003;
Schmausser et al., 2004), however in a recent paper, it was shown
that H. pylori LPS first signals via TLR2, which then acts through
nuclear factor Y (NF-Y) to activate the transcription of TLR4
(Yokota et al., 2010). Whatever the mechanism, the presentation
of LPS on the OM of H. pylori is essential for colonization and
pathogenesis partially for to its role in membrane barrier func-
tion, but also for its unique ability to mask this pathogen from
the host immune system.

CURRENT MODEL FOR LPS INTEGRATION WITH THE OUTER
MEMBRANE

The majority of the work on the LPS transport (LPT) pathway has
been conducted in E. coli and N. meningitidis, and the pathways
are summarized visually in Figure 1. Each model bacterial sys-
tem provides differing tools that allow the system to be analyzed
in a slightly different way. For example, LPS is not essential for
N. meningitidis, allowing for comprehensive mutant studies to be
conducted, while the E. coli system provides a high degree of tech-
nical genetic manipulation to artificially deplete components and
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analyze the effects. Both systems have shown that the transport
pathway consists of two major membrane proteins, the flippase
MsbA in the IM and the B-barrel IMP/LptD in the OM. MsbA
allows for LPS in the cytoplasmic IM leaflet to be “flipped” onto
the periplasmic leaflet. Once there, LPS is extracted from the IM
in a process believed to be powered by an ABC transporter con-
sisting of two integral membrane proteins (LptF and LptG) as
well as an additional IM protein located solely on the cytoplasmic
face of the membrane (LptB). LPS moves from the IM LptBCFG
complex to the OM LptDE complex, traversing the periplasm via
LptA (Ma et al., 2008; Tran et al., 2008). LptA recognizes the lipid
moiety of LPS and is thought to protect the highly hydropho-
bic lipid element from the aqueous periplasm during transport.
The energy source that powers this movement of LPS across the
periplasm has yet to be elucidated.

MsbA

MsbA was initially identified as a multi-copy suppressor of IpxL
(htrB) null mutants (Karow and Georgopoulos, 1993), origi-
nally characterized as having growth and viability defects due
to the accumulation of phospholipids (Karow et al., 1991).
Both htrB null mutants and temperature sensitive msbA condi-
tional mutants accumulated a precursor for LPS (N-acetyl [PH]-
glucosamine) in the IM (Polissi and Georgopoulos, 1996). Upon
subsequent analysis, msbA showed high homology to various
ABC transporters; one study using a temperature-sensitive msbA
allelle constructed in a polymyxin-resistant background strain of
E. coli showed that LPS recovered from the inner membrane did
not contain modifications to the lipid A required for polymyxin
resistance (Doerrler et al., 2004). These modifications (the cova-
lent modification of lipid A with cationic substituents 4-amino-
4-deoxy-L-arabinose and phosphoethanolamine) are believed to
occur at the periplasmic leaflet of the IM, and their absence
strongly indicated that the LPS in these mutants was, therefore,
localized in the cytoplasmic-facing, lipid leaflet (Zhou et al., 1998;
Doerrler, 2006).

Attempted mutant studies determined that msbA is essential
for in E. coli (Zhou et al., 1998), and this was independently con-
firmed in Pseudomonas aeruginosa (Ghanei et al., 2007). Similar
studies were conducted in N. meningitidis, with somewhat differ-
ing results: total LPS levels for the mutant msbA strain were shown
to be lower in the parental strain, indicating the potential pres-
ence of a feedback inhibition pathway not seen in E. coli (Tefsen
et al., 2005). It has been speculated that because the LPS appears
to localize on the cytoplasmic side of the IM in E. coli, that MsbA
plays a role in the flipping of the lipid A-core oligosaccharide
onto the periplasmic side of the membrane. This flippase activ-
ity has since been confirmed in a reconstituted system (Eckford
and Sharom, 2010). It is believed that MsbA forms a homo-
dimer with a chamber oriented toward the cytoplasm capable of
accommodating lipid molecules, a finding supported by crystal
structure analysis (Ghanei et al., 2007; Ward et al., 2007; Eckford
and Sharom, 2008).

LptD
The identification of the OM protein LptD (Imp/OstA) was
revealed through screening E. coli mutant libraries for strains

with alterations in their membrane permeability (Sampson et al.,
1989; Aono et al.,, 1994). IptD mutants resulted in an increased
permeability of OMs to maltodextrins, dyes, as well as anti-
biotics (Sampson et al., 1989). In addition, it has been established
that IptD is regulated by sigma factor E, a stress response reg-
ulator that reacts to disruptions of LPS structure and found to
up-regulate various proteins involved in membrane biogenesis,
such as periplasmic and cytoplasmic chaperones (Dartigalongue
et al.,, 2001). Overexpression of LptD was only possible when
LptE was also overexpressed simultaneously, and the two proteins
were found to form a stable, heterodimeric complex (Chng et al.,
2010). In N. meningitidis, inactivating IptD gave results similar
to those found in the E. coli msbA conditional mutants: signifi-
cantly reduced total cellular LPS, further confirming the linkage
between LPS synthesis and transport in this model system (Braun
and Silhavy, 2002; Bos et al., 2004). By using a PagL induction
system (PagL acts by removing an acyl chain on the LPS after it
is incorporated into the OM) researchers were able to show that
the LPS isolated from N. meningitidis strains with an inactivated
IptD showed no signs of this modification, indicating that the LPS
was not transported to the outer leaflet of the OM (Bos et al,,
2004). Studies in E. coli identified a complex partner of LptD,
a lipoprotein originally named RlpB and now denoted as LptE.
Conditional mutants for LptE were similar to LptD mutants in
that they resulted in an increase in total cellular LPS (Wu et al,,
2006).

LptA and LptB

Screening for essential genes in E. coli lead to the classification
of other proteins involved in envelope biogenesis. The proteins
LptA and LptB were identified, and when these proteins were
down regulated, phenotypes similar to IptD and msbA mutants
were observed. In addition, the genes encoding these two proteins
were found together in an operon (Sperandeo et al., 2007). In con-
trast with E. coli, in the N. meningitidis model, these genes are not
essential, and when deletion mutants were generated, they were
found to have severely reduced LPS production, similar to IptD
and msbA mutants. Upon sequence and structural analysis, LptA
was found to have no membrane spanning domains while also
sharing a conserved N-terminal domain with Imp, indicating a
common but as yet un-described function. The operon partner
(IptB) encodes a protein that possesses the general features of a
typical ABC transporter but also lacks any membrane spanning
regions (Sperandeo et al., 2007). LptB exists as a 27-kDa protein
that is found in a 140-kDa complex (Stenberg et al., 2005) and
biochemical evidence of this LptB-containing complex has also
been reported (Narita and Tokuda, 2009). LptB works in conjunc-
tion with LptC (previously YrbK) in the complex with LptBFG,
an ABC transporter involved in the transport of LPS. LptA is
believed to act as a periplasmic chaperone, delivering LPS to the
OM, where LptD acts to orient it (Sperandeo et al., 2007; Tran
et al., 2008).

While the components of the transport system are character-
ized, the exact mechanism of transport through the periplasm
is still in dispute. The two competing hypotheses differ not in
what proteins are involved but rather their orientation to each
other during transport. The chaperone hypothesis proposes that
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LptA acts similarly to LolA of the lipoprotein transport path-
way or Skp, DegP, and SurA of the membrane protein transport
pathway (Sperandeo et al., 2007). The competing hypothesis
is the “periplasmic bridge” model (Bayer, 1991; Tefsen et al,
2005; Sperandeo et al., 2007) in which all components together
make up a protein bridge that effectively connect both mem-
branes and simply pass LPS between themselves until it arrives
in the OM. Characterized crystal structures of long, fiber-like
structures formed by multiple LptA molecules arranged in head-
to-tail fashion while in the presence of LPS (Suits et al., 2008;
Merten et al., 2012) seem to support the periplasmic bridge
model.

A number of other studies seem to favor this “periplasmic
bridge” or “trans-envelope” model. Lpt proteins have been shown
to colocalize and can be found in both OM and IM prepara-
tions (Chng et al., 2010). LptA was first believed to be soluble and
localized only in the periplasm (Sperandeo et al., 2009) however,
subsequent experimentation has shown that LptA preferentially
interacts with membranes and that polyhistidine tags that were
used to purify the protein are potentially culprits in effecting the
localization that was observed in previous studies (Chng et al.,
2010). Subsequent experimentation has also shown that defects in
components of the Lpt pathway in either the OM or IM result in
LptA degradation, potentially indicating that LptA levels can act
as a marker for proper formation of the transmembrane bridge
(Sperandeo et al., 2011). The evidence of the existence of these
bridges appears definitive, however, whether these bridges are
transient or always present remains to be elucidated.

LptC and LptE

The roles of the stabilizing proteins LptC and LptE have only
more recently been clarified. Studies have found that while LptC
interacts directly with LptA (Sperandeo et al., 2011; Bowyer et al.,
2011), LptE does not (Bowyer et al., 2011). The structure of LptC
is highly similar to that of LptA, and it has been shown that like
LptA, LptC binds LPS in vitro (Tran et al., 2010). Additionally,
LptA can displace LPS from LptC in vitro but LptC cannot dis-
place LPS from LptA, indicating a unidirectional export pathway
(Tran et al., 2010). LptE has been shown in E. coli to interact
directly with LPS (Chng et al., 2010) and it is theorized to act
as a substrate recognition site at the OM. However, when LptE
was deleted from N. meningitidis, LPS transport to the cell sur-
face was not noticeably affected and only levels of LptD were
altered (Bos and Tommassen, 2011) indicating a potential role
in trafficking of LptD to the membrane. One study has shown
that several residues of LptE interact directly with LptD in vivo,
specifically in a predicted extracellular loop structure, and a
“plug-and-barrel” architecture in which LptE resides within the
LptD B-barrel has been postulated (Freinkman et al., 2011). The
interaction between LptD and LptE has also been shown to occur
while LptD is being assembled into the membrane by the Bam
complex (Chimalakonda et al., 2011).

It has been proposed that LPS itself may play a role in mem-
brane biogenesis, specifically in OMP transport (Bulieris et al.,
2003; Qu et al.,, 2009). This appears to be species-specific how-
ever, as in N. meningitidis, OMP biogenesis is independent of
LPS. Predicted binding domains for LPS appear to exist on the

periplasmic chaperone Skp in both E. coli (Walton and Sousa,
2004) and N. meningitidis, indicating the potential for at least
some overlap between the LPS and OMP transport pathways,
however Skp-LPS interactions have to date only been detected
in vitro (de Cock et al., 1999). A less direct and more plausible
effect of LPS on OMP biogenesis has been described, in which
LPS acts merely to stabilize membrane proteins that have already
been transported to the membrane via mediating rearrangements
of the proteins’ surface-exposed loops (de Cock and Tommassen,
1996). Porin trimers have been shown to be stabilized in this
fashion (de Cock and Tommassen, 1996).

BIOINFORMATICS OF PUTATIVE H. PYLORI LPS TRANSPORT SYSTEM
From a genetic standpoint, the LPS transport pathway in H. pylori
appears to be conserved in regard to the integral membrane
proteins MsbA, LptB, and LptD (Table 1). The encoding genes
(HP1082, HP0715, and HP1215/1216, respectively) are present
in all sequenced H. pylori isolates available (strains 26695, J99,
HPAGL1) as well as Helicobacter acinonychis and Campylobacter
jejuni and are highly conserved when compared with their E. coli
homologs. Transposon mutagenesis studies have generated muta-
tions in all three genes (Salama et al., 2004), however, whether the
proteins are still functional in these mutants is not known.

Both msbA and IptD were found to be significantly up-
regulated when H. pylori strain NTUH-C1 was treated with
glutaraldehyde (Chiu et al., 2009) and AlptD and AmsbA mutants
have been characterized in the same H. pylori strain (Chiu et al.,
2007, 2009). These researchers determined that their mutants,
derived from the clinical isolate NTUH-C1, were more suscepti-
ble to both n-hexane as well as several antibiotics (novobiocin,
erythromycin, tetracycline, and penicillin) when compared to
the parental strain, suggesting that MsbA and LptD play an
important role in maintaining membrane integrity in H. pylori.
Silver staining of proteinase-K digested whole cell lysates indi-
cate lower amounts of total LPS present in AlptD, AmsbA, and
AlptDAmsbA mutants. Immunoblots using antibodies for Lewis
antigens A and B on H. pylori LPS preparations were used to show
the amounts of O-antigen in the preparations, and both antibod-
ies showed significantly reduced amounts of O-antigen in all three
mutants (Chiu et al., 2009). While these studies raise the potential
that H. pylori can exist without LPS, as of yet, no examination of
the lipid A of these mutants has been conducted. LptA and LptD
from E. coli have been shown to interact with the lipid A moiety
of LPS, indicating that it is lipid A that is actually the key com-
ponent that is being transported by the Lpt transport pathway.
There are examples in the literature of alterations in H. pylori lipid
A resulting in a “truncation of the core oligosaccharide and loss
of the attachment of the O sidechain containing Lewis X and Y”
(Moran et al., 2004) and the expression of Lewis antigens in a
cholesterol-dependent manner (Hildebrandt and McGee, 2009),
however, no studies to date have shown that H. pylori can exist
without lipid A in its OM, or have shown an alternate path-
way for lipid A integration into the membrane. Strain specificity
potentially plays a role with regard to the generation of mem-
brane biogenesis mutants in H. pylori, as at present, generating
directed insertion or deletion or mutants in IptD, msbA, or any of
the other components of the Lpt complex in strains 26695, G27,
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1061, or SS1 have proven unsuccessful (Liechti and Goldberg,
unpublished results).

In searching for possible homologs for all the components
of the LPS trafficking from E. coli in H. pylori, an interesting
phenomenon found in all of H. pylori membrane trafficking path-
ways again presents itself. While the membrane spanning pathway
components appear quite similar to their E. coli counterparts
(Table 1), the components localizing to the periplasmic region of
the pathway appear barely conserved and potentially non-existent
in any recognizable form. Putative H. pylori homologs to LptF
and LptG (HP0362 and HP1498, respectively) were only found
after identifying homologs with either E. coli or N. meningitidis
proteins in Helicobacter hepaticus (HH0602 and HH1496, respec-
tively). The purported periplasmic LPS chaperone, LptA, found
in both E. coli and N. meningitidis is present in H. pylori, albeit
at a very low similarity, whereas the membrane-associated ABC
transporter component LptB is highly conserved. Analysis of the
putative H. pylori LptA shows high structural similarity at the
central region of the protein, and interestingly the majority of
divergence from the E. coli homolog exists at both the N- and
C-termini (Figure 4). These regions of lower similarity comprise
the putative points of interaction between LptA molecules when

FIGURE 4 | LptA periplasmic LPS chaperone displays greatest
structural homology at the central region. Similarity protein alignments
were generated between LptA amino acid sequences from E. coli and

H. pylori (HP1568) and a color scheme based on similarity scores was
generated, described previously in Figure 2. Crystal structures of LptA
from E. coli [PDB ID: 2R19, (Suits et al., 2008)] were then used as a
template for mapping the similarity scores. Monomeric (A-C), as well as
the dimeric (D-F) “head-to-tail” conformation (in which the N-terminal
B-strand from each molecule interacts with the C-terminal p-strand of the
adjacent LptA molecule) of protein structures are shown. Greatest similarity
is found in the central portions of the protein (shown in red) whereas areas
believed to be involved in monomer stacking to form filamentous
structures, believed to potentially span the periplasm, give significantly
lower similarity scores (shown in yellow and green). The dotted yellow and
red lines in the model represents regions in the amino acid protein
sequence not present in the solved crystal structure.

they form polymers, resulting in a twisted, B-jellyroll structure, in
the presence of LPS (Suits et al., 2008). No obvious homologs exist
for either LptC and LptE in H. pylori or any € proteobacteria at the
level of amino acid identity/similarity, however one report from
the literature indicates that IptE is always present in a common
locus in most bacterial genomes, and when it does not appear to
exist on the level of genetic similarity, a putative lipoprotein can
be found in its same genetic locale (Bos and Tommassen, 2011).
In the case of H. pylori, a putative lipoprotein that shares com-
mon domain characteristics of LptE orthologs exists at this locus,
directly downstream of leuS (Figure 5) and this appears to be the
case for all other € proteobacteria as well (Bos and Tommassen,
2011). When protein structural analysis software [RaptorX, (Peng
and Xu, 2011)] is used to compare the putative H. pylori pro-
tein at the structural level to all solved crystal structures in the
Protein Data Bank, the two most structurally similar proteins
are characterized as “rare lipoprotein B” (early nomenclature
for LptE) from Nitrosomonas europaea and Shewanella oneiden-
sis (PBD designations 2JXP and 2R76), respectively. Similarly, a
conserved protein in € proteobacteria appears to exist in the same
genetic locus as IptC (directly upstream of the IptA homolog)
(Figure 6). Similarly, the H. pylori homolog to IptB (HP0715)
is found directly upstream of rpoN, similar to its genetic local-
ization in E. coli and N. meningitidis. Amino acid alignments
show well-conserved residues in the N-terminus of the putative
H. pylori LptC and poorer similarity past ~ residue 110. The
LptC periplasmic domain has been described as a “twisted boat”
structure comprised of two B-sheets in opposition to each other
(Tran et al,, 2010) and the H. pylori putative protein possesses
amino acid similarity through the first five -strands (Figure 7).
Unlike LptE, LptC is believed to be the crucial link between LptA
and the ABC transporter (LptBFG) and as all localization and
protein interaction data to date supports this hypothesis, the
presence of a potential LptC-like protein in € proteobacteria is
encouraging.

OUTER MEMBRANE PROTEINS

ROLE IN INFECTION AND PATHOGENESIS

H. pylori contains an OMP family consisting of approximately
33 genes. This family is divided into two subfamilies comprising
of the H. pylori outer membrane protein (Hop) and the Hop-
related (Hor) families (Alm and Trust, 1999). The vast majority of
H. pylori OMPs belong to the Hop sub-family, including almost
all known adhesion proteins that allow for the binding of H. pylori
to numerous substrates from fucosylated histo-blood group anti-
gens (Ilver et al., 1998) to host laminin (Senkovich et al., 2011).
The protein family also contains a substantial number of porins
(Exner et al., 1995; Doig et al., 1995; Peck et al., 2001) thought
to play roles in nutrient uptake, though to date, no study has
closely examined their function with regard to specificity of sub-
strates. It is also worth noting that the flagella apparatus (Eaton
et al., 1996) and chemotactic machinery (Foynes et al., 2000;
Croxen et al., 2006) of H. pylori are both essential for coloniza-
tion and both possess OM and IM protein components, as do
the transport pathways for LPS and lipoproteins, not to men-
tion the Cag and Com type IV secretion systems, required for
injecting the CagA protein into host cells (Censini et al., 1996)
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FIGURE 5 | Genes encoding putative lipoproteins of unknown function
are found adjacent to leuS (leucyl-tRNA synthetase) in € proteobacteria.
While having limited sequence similarity to /ptE, the conserved orientation of
the lipoprotein encoding genes downstream of /euS, in addition a high
similarity score at the putative protein structural level to LptE from
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Nitrosomonas europaea and Shewanella oneidensis [Protein DataBase
#s 2JXP and 2R76, respectively: analysis conducted utilizing the 3D
modeling software RaptorX: (Di Tommaso et al., 2011)] indicates the
potential of a functionally equivalent protein in all ¢ proteobacteria species
observed.

FIGURE 6 | Apparent genetic reorientation of Lpt operon in ¢
proteobacteria. \While the orientation of IptA, IptB, and /ptC in most
Gram-negative bacteria is that of a single putative operon, the locus in

A [ kasp > [ kasc >| IptC M @ E.c
[ kask > [ kisc >| IptC M q N.m
s Hp.

B [ rpa > [ kasc >| CJE07SIM C,j.
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¢ proteobacteria appears to have dissociated while still maintaining
many of the genes proximal to the Lpt components, namely rooN and
kdsC.

and taking up DNA for homologous recombination (Stingl et al.,
2010), respectively. It is quite extraordinary how almost every-
thing required for the survival and pathogenesis of H. pylori
(DNA and nutrient uptake, adherence, motility, chemotaxis,
immune stimulation/evasion, VacA secretion, iron acquisition,
etc.) requires B-barrel proteins in the OM; these proteins may
all depend on a single mechanism by which they are inserted
into the OM.

CURRENT MODEL FOR MEMBRANE PROTEIN INTEGRATION

In attempting to use E. coli as a model to discern proteins involved
in OM biogenesis, researchers needed to designate set criteria to
judge whether a given protein was likely involved in the trans-
port pathway. They reasoned that defects in membrane transport
would result in a loss of barrier function and membrane perme-
ability would significantly increase as a result (Braun and Silhavy,

2002; Ruiz et al., 2006). Therefore, alterations in membrane
permeability became a key element to examine when consider-
ing potential candidate proteins for OMP transport. It was also
shown early on that mis-folding of OMPs resulted in an enve-
lope stress response, in which various chaperones involved in the
protein transport pathway were up-regulated (Cosma et al., 1995;
Raivio and Silhavy, 1997). Genes involved in the OM transport
pathways were also assumed to exist in operons with other trans-
port pathway genes in addition to being essential in E. coli and
well-conserved in other bacteria. The ultimate test for proteins
playing roles in OM biogenesis was depletion experimentation
using either temperature-sensitive mutants or inducer-dependent
expression systems. In both cases, levels of OMPs could be
examined and locations within the cell detected and compared
with wild-type bacteria. It was also shown that, in many cases,
problems in OMP transport resulted in a down-regulation of
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FIGURE 7 | LptC displays greatest structural homology at the
N-terminal region. Ribbon structure of LptC protein from E. coli [PDB ID:
3MY2, (Tran et al., 2010)] with areas of similarity to the H. pylori homolog
(HP1569) displayed in color code described previously in Figure 2. Views
presented are overhead (A) and side (B-C) profiles.

membrane proteins, preventing the accumulation of mis-folded
proteins at various stages of the transport process (Werner and
Misra, 2005; Ruiz et al., 2006; Bos et al., 2007).

This basic understanding of membrane biogenesis became
much less universal once similar studies were conducted in the
bacterium N. meningitidis. In stark contrast to E. coli, N. menin-
gitidis proved a more complicated model for recognizing new
transport pathway components for a number of reasons. For
example, N. meningitidis appears to completely lack the majority
of proteins involved and essential for a periplasmic stress response
(Bos et al., 2007), as characterized by the E. coli system. In addi-
tion, numerous genes identified as essential components of the
OM biogenesis apparatus in E. coli are not essential in N. meningi-
tidis (Bos et al., 2007). This does allow for the creation of mutants
in this model system however, enabling a more straightforward,
reductionist approach.

Sec-DEPENDENT AND -INDEPENDENT TRANSPORT

The sec pathway is a well-established system for trafficking pro-
teins from the cytoplasm through the IM to the periplasm. In
this transport pathway, chaperones SecA and SecB sequester pro-
teins bound for the IM transport pathway by recognizing leader
sequences on the designated protein (Kumamoto and Francetic,
1993; Valent et al., 1998). These chaperones then bring the newly
formed protein to the membrane-localized portion of the Sec
complex (SecDEFGY) (Van den Berg et al., 2004), which acts to
move the protein through the IM. SecA then acts as the ATPase
motor for this protein transport channel, providing energy for
the mechanical “pushing” of the preproteins through the SecYEG
complex (Tomkiewicz et al., 2006) and in so doing changes
localization from cytoplasmic to peripheral IM and finally to
integral IM. The leader sequence on the preprotein is removed
by a leader peptidase, and the protein is then generally rec-
ognized by various periplasmic chaperones. In addition to the
SecB-dependent transport of preproteins to the SecYEG complex,
an alternate means of cytoplasmic transport exists (Koch et al.,
1999) in the signal recognition particle (SRP) that recognizes
either signal recognition peptides or the first transmembrane
segment of proteins targeted for the IM. Once bound to the
preprotein, the SRP complex migrates to the membrane, where

a SRP receptor catalyzes the release of the preprotein and its
insertion into the SecYEG complex. While initially it was thought
that the majority of OMPs were SecB-dependent (Kumamoto and
Beckwith, 1985), it has also been shown that OMPs misdirected to
the SRP-dependent pathway can be secreted across the IM and are
correctly assembled in the OM (Lee and Bernstein, 2001; Bowers
et al., 2003).

Another IM transport pathway for proteins has also been
characterized. Known as the Twin-Arginine Translocation (Tat)
complex, this system involves three IM proteins (TatA, TatB, and
TatC) that allow for protein transport independent of the Sec
pathway (Lee et al., 2006). The general model for this complex is
that TatA, with its multiple membrane spanning domains, forms
a pore complex, while TatB and TatC stabilize the complex and
allow for interactions with incoming cytoplasmic proteins. The
three genes encoding these proteins are found in a single operon
in E. coli and mutants have shown defects in IM trafficking for
certain proteins (Lee et al., 2006). It has been postulated that
the Tat pathway generally is utilized for proteins that undergo
the majority of their conformational changes in the cytoplasm,
as the transport pathway is relatively fast as compared with the
Sec pathway. Studies have shown that mutations of genes encod-
ing proteins involved in this pathway in various bacteria can
result in a loss of infectivity resulting from the mislocalization of
virulence determinants, which are normally moved through the
periplasm by this mechanism (Voulhoux et al., 2001; Lee et al,,
2006).

Bam (B-BARREL ASSEMBLY MACHINERY) COMPLEX

Recent E. coli studies have led to the discovery of an OM com-
ponent of the OMP trafficking pathway, the Bam (YaeT) complex
(Ruiz et al., 2006). Researchers, in an attempt to identify proteins
potentially involved in membrane biogenesis, created an E. coli
strain with a defective IptD allele. Barrier function of the OM
in wild-type E. coli generally results in resistance to a number of
antibiotics and various toxic compounds. However, E. coli strains
containing mutations in key OM biogenesis genes, such as IptD,
display a “leaky phenotype” in that their membranes are more
permeable and as a consequence these mutants show increased
susceptibility to toxins and antibiotics. By using the [ptD mutant
as a starter strain, and then selecting for spontaneous suppressor
mutations that result in a return to wild-type levels of antibiotic
resistance, researchers were able to characterize other proteins
involved in the transport pathway (Ruiz et al., 2005). Among
the mutations identified was the yfgL (bamB) gene, encoding
an OM-associated lipoprotein. Co-immunoprecipitation stud-
ies revealed that BamB existed in a complex in the OM with
three other lipoproteins; YiO (BamD), NIpB (BamC), and SmpA
(BamE), as well as the p-barrel protein BamA (Wu et al,
2005).

The homolog of BamA in N. meningitidis (Omp85) had
previously been linked to OM biogenesis, and it was initially
uncertain whether it also had an additional role in transport of
LPS (Voulhoux et al., 2003; Voulhoux and Tommassen, 2004).
Subsequent experimentation was able to show that LPS trans-
port is affected when the overall levels of BamA are reduced.
This effect was later found to be indirect, as the alterations in
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LPS transport were the result of the OMP of the LPS transport
pathway (LptD) not being inserted correctly into the membrane
(Bos et al., 2004). In both bacterial systems, bamA is an essential
gene and is involved in the assembly of B-barrel proteins. In
examining its genetic orientation, it was discovered that bamA
is flanked by two other genes involved in membrane traffick-
ing: the periplasmic chaperone skp as well as yaeL, a protease
involved in the envelope stress response described earlier (Bos
et al., 2007). Lipoprotein BamD was also shown to be essen-
tial for viability in E. coli and N. meningitidis, while mutations
in the other three lipoproteins result in only mild alterations
in membrane permeability (Onufryk et al., 2005, Wu et al,
2005). However, upon comparison of the pathway mechanics of
both microbes, significant differences emerged. Depletion stud-
ies for BamA in E. coli showed no alteration in LPS trafficking,
indicating no role for BamA involving LPS in E. coli (Doerrler
and Raetz, 2005). It was also shown that depletion for BamA
in N. meningitidis led to the accumulation of unfolded OMPs
in the IM (Voulhoux et al., 2003) while in E. coli, depletion
resulted in significantly reduced amounts of all OMPs (Wu et al.,
2005). It is believed this is due to the absence of the enve-
lope stress response in N. meningitidis, thereby preventing the
down-regulation of OMP synthesis (Bos et al., 2007). Subsequent
studies have also shown that BamA also acts as the receptor
for contact-dependent growth inhibition (CDI) in E. coli, and
that antibodies specific for extracellular epitopes on BamA block
inhibitor cell binding (Aoki et al., 2008). The potential for utiliza-
tion of CDI to target bacterial growth is currently being examined
(Aoki et al., 2011).

PERIPLASMIC CHAPERONES

The four major periplasmic proteins involved in OMP trans-
port in E. coli are SurA (Rouviere and Gross, 1996), DegP (Misra
etal., 1991; Krojer et al., 2002), FkpA (Dartigalongue et al., 2001),
and Skp (Harms et al., 2001; Bulieris et al., 2003; Walton and
Sousa, 2004). Unlike various other members of the OM biogen-
esis pathway, Skp as well as other periplasmic chaperones, have
been shown to be non-singularly essential, and mutants in E. coli
show only modest defects in membrane biogenesis (Rizzitello
et al., 2001). This has led to the belief that potentially multiple
mechanisms exist for periplasmic trafficking, a view supported by
greater OM defects seen in sequential knockout studies for other
established periplasmic chaperones (Rizzitello et al., 2001), indi-
cating the presence of parallel pathways. To date, SurA is recog-
nized as the main periplasmic chaperone, with Skp/DegP acting
as a back-up pathway (Sklar et al., 2007). Evidence does however
exist in the literature that some proteins appear to be prefer-
entially transported by SurA (Vertommen et al., 2009). LptD is
currently believed to be transported through the periplasm by the
SurA chaperone with cooperation from periplasmic disulfide iso-
merase (DsbC) and thiol oxidase (DsbA) (Denoncin et al., 2010).
Further analysis revealed that LptD contains two disulfide bonds
that are essential for function that act to stabilize the LptD pro-
tein by correctly positioning the N- and C-terminal domains of
the protein in the periplasm (Ruiz et al., 2010) and that oxida-
tion is carried out by DsbA. However, this apparent preference for
periplasmic chaperones is potentially species-specific, as AsurA

mutants generated in N. meningitidis did not appear to affect
membrane biogenesis, while a Askp mutant resulted in signif-
icantly lower levels of porins PorA and PorB (Volokhina et al.,
2011).

BIOINFORMATICS OF PUTATIVE H. PYLORI OMP TRANSPORT SYSTEM
A large number of the membrane-associated proteins found on
the surface of H. pylori consist of B-barrels, indicating their trans-
port through the membranes from the cytoplasm may be through
the Sec and BamA complex (Table 1). The importance of the
Sec pathway in H. pylori was made readily apparent via bioin-
formatic analysis of the H. pylori strain 26695, where it was
found that 517 of the 1,590 open reading frames possessed puta-
tive signal sequences (Alm et al., 1999). The Sec pathway for
IM transport has already been well-characterized in H. pylori
and transposon mutagenesis studies have shown that many of
the genes encoding components of the Sec-pathway are capa-
ble of being mutated (albeit definite conclusions based on these
results should be tempered with the knowledge that often inser-
tions in a gene do not always lead to a complete inactivation
of that gene), with the exception of secY (Salama et al., 2004).
H. pylori does seem to lack the cytoplasmic chaperone SecB,
but this is apparently common and has been characterized in
other bacterial species (Yamane et al., 2004), indicating SecB
acts to supplement the effectiveness of SecA. This may also hint
at a more pronounced role for the SRP-dependent pathway in
OMP trafficking to the Sec complex in H. pylori, however, to
date no studies have tested this potential hypothesis. E. coli secD
and secG temperature-sensitive mutants when grown at the non-
permissive temperature result in the accumulation of OMPs in
the cytoplasm (Fitchen et al., 2003). However, when comple-
mentation studies were preformed using plasmids expressing
the H. pylori homologues in these mutants, cytoplasmic OMP
levels returned to their wild-type levels, indicating a conserva-
tion in function for these genes in H. pylori (Fitchen et al,
2003).

Similarly, the Sec-independent IM transport system, the
Tat complex, appears to be well-conserved in H. pylori. tatA
(HP0320), tatB (HP1060), and tatC (HP1061) are all present
(Table 1), with the only difference being the apparent removal
of tatA from the original operon and insertion elsewhere in the
genome, whereas in E. coli the three genes comprise a single
operon (Lee et al., 2006). No characterized mutants for tatB or
tatC have been described while a single transposon insertion
mutant exists for tatA (Salama et al., 2004) and the low cover-
age of transposon mutants in these genes suggests that all three
maintain an essential function in H. pylori. This would seem to
differ with previous studies in E. coli where the Tat system has
been shown to be dispensable under laboratory conditions, how-
ever, there are examples of bacteria that rely heavily on the Tat
system for almost all protein secretion (Dilks et al., 2005).

The periplasmic chaperones DegP and SurA appear to be con-
served in H. pylori, while the chaperone Skp does not appear
to be well-conserved. N. meningitidis is similar to H. pylori
in this respect, as it posseses only surA and skp homologs
and is missing a functional degP homolog (Volokhina et al.,
2011). The synthetic lethal phenotypes characterized in E. coli
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double mutants (surA/skp and surA/degP) indicate that SurA and
Skp/DegP exist in parallel periplasmic chaperone pathways, and
the absence of a Skp homolog in H. pylori is possible due to the
presence of SurA. No mutants in degP or surA have been charac-
terized to date in H. pylori however, and insertional mutants in
these genes were not generated in the construction of a transpo-
son library in H. pylori of ~10,000 clones (Salama et al., 2004),
indicating that they may be essential.

The integral OMP component of the OMP trafficking path-
way, BamA, is well-conserved in H. pylori (Table1) and all ¢
proteobacteria. What is striking is that in E. coli and N. menin-
gitidis, this protein is part of a complex along with at least four
other conserved lipoproteins (BamB, BamC, BamD, and BamE)
while in H. pylori only BamD (ComlL) appears to be present. It is
worth noting that BamA and BamD appear to form the core of the
OMP export machinery, as they are the only two essential compo-
nents in both E. coli and N. meningitidis. In E. coli BamE has been
recently shown to modulate the conformation of BamA, likely
through its interactions with BamD, and when AbamE mutant
cells are treated with proteinase K, BamA is degraded beyond
recognition (Rigel et al., 2012). No studies on the Bam complex
have been reported in H. pylori to date.

PERSPECTIVES

There is currently a relatively large amount of circumstantial
genetic evidence suggesting that the OM biogenesis pathways
established in E. coli and N. meningitidis are present in some
form or derivation in H. pylori and in fact all & proteobacteria.
The OM- and IM-protein components of all of these pathways
appear to be conserved (Table 1), but what is striking is that,
in these initial genetic and bioinformatic observations, nearly
all of the periplasmic components from each of these charac-
terized pathways from E. coli and N. meningitidis are missing
or severely altered in all ¢ proteobacteria (Figurel). An exam-
ination of the divergent residues of putative H. pylori homlogs
for LolA, LptA, LptC, and LptE all indicate that in general, the
N-terminal domains are conserved, while the more C-terminal
domains are not. Divergence at the N- and C-terminal domains
of the H. pylori LptA homolog are particularly interesting, as
these residues are potentially important for the formation of
the long, end-to-end, filamentous structures formed in the pres-
ence of LPS. Regions of interaction between filament monomers
are generally well-conserved between bacterial species, given the
importance of monomer-monomer interaction (Samatey et al.,
2001), however, instances of variability at these binding domains
are present in the H. pylori literature (Andersen-Nissen et al.,
2005). Given that all of the membrane-associated components
from each transport system are present and given that in every
case, the periplasmic-associated components are highly divergent
or potentially missing, there appears to be some strong, and as
of yet uncharacterized selection affecting the periplasmic compo-
nents of all three of the discussed transport pathways in H. pylori
and other € proteobacteria.

Little is known about the conditions inside the periplasm of
H. pylori and the field of periplasmic transport has only just
begun to expand. Recent studies have examined the transport
of urea via Urel for use in buffering the periplasm in H. pylori,

maintaining a pH of ~6.1, compared to a pH as low as ~2
outside of the OM and pH greater than 7 in the cytoplasm
(Scott et al., 2000; Weeks et al., 2000; Krulwich et al., 2011).
In this respect “the key to gastric colonization by H. pylori is
periplasmic pH homeostasis” (Krulwich et al., 2011). The pos-
sibility exists that using the periplasmic space as a pH buffer
may be driving this apparent selection affecting the composi-
tion of periplasmic-associated lipoproteins as well as potential
periplasmic chaperones in all three, membrane biogenesis trans-
port systems. Divergence in sequence perhaps reflects amino acid
domains important for survival in harsh environments. However,
Urel is found in only a handful of Helicobacters while the diver-
gence in periplasmic-associated lipoproteins is found throughout
all € proteobacteria. Though different from E. coli and N. menin-
gitidis, those lipoprotein components found in H. pylori are
highly conserved within ¢ proteobacteria, indicating the selec-
tive element is affecting the entire bacterial family, or at least an
early common ancestor. Given the apparent absence of LolB and
LolDE, lipoprotein transport in & proteobacteria may be severely
altered and the effect on lipoprotein transport may explain the
divergence in lipoprotein components of both the Bam and Lpt
transport pathways. Another possibility may be an alteration in
membrane lipid composition in & proteobacteria compared with
other bacterial families. This explanation may explain the appar-
ent inability to identify many of the lipoprotein components
of all three membrane biogenesis transport systems, as poten-
tially unique alterations in the lipid moiety of these components
may be required for insertion into membranes of ¢ proteobac-
teria. The fact that the vast majority of sequence divergence
in lipoprotein components of trafficking pathways in H. pylori
were in domains not involved with interacting with the actual
LPS, lipoproteins, or OM proteins indicates that the membrane
lipid composition or lipoprotein localization may significantly
differ in ¢ proteobacteria. Phospholipids are known to make
up the majority of lipids in H. pylori (Hirai et al., 1995) and
cholesterol glucosides, lipids rarely found in animals or bacte-
ria, account for roughly 25% of the lipids in H. pylori (Haque
et al., 1996; O’Toole and Clyne, 2001), suggesting an altered
membrane composition. As stated previously, inner and OMs in
Helicobacters and Campylobacters are notoriously hard to sepa-
rate, and the alterations seen in both lipid composition and the
lipoproteins found in each of these three systems when compared
with other bacterial families may offer clues as to the nature of
this phenomena.

The field of membrane biogenesis in € proteobacteria to
date is remarkably unexplored. The recent studies undertaken
by Chiu et al. have directly shown the importance of the LPS
transport pathway components in membrane permeability and
that a decrease in membrane integrity is achievable by remov-
ing the function of two of these components, resulting in an
increased susceptibility of H. pylori to antibiotics (Chiu et al,,
2007, 2009). In addition, targeting these pathways not only has
the potential to affect membrane permeability, but also prevent
virulence determinants essential for the survival of H. pylori
from being expressed on the bacterial surface. Despite hav-
ing shown this correlation between OM biogenesis and mem-
brane integrity, no studies to date have examined the effects
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of alterations in these pathways on pH resistance, adherence,
or colonization in H. pylori. The argument could be made
that, given the lack of an effective H. pylori vaccine and the
emergence of antibiotic resistant organisms, the time has come
to begin exploring therapeutics that target these three essen-
tial mechanisms by which all known colonization/virulence
determinants are expressed on or secreted from the bacterial

surface.
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The Gram-negative Epsilonproteobacterium Helicobacter pylori is considered as one of the
major human pathogens and many studies have focused on its virulence mechanisms as
well as genomic diversity. In contrast, only very little is known about post-transcriptional reg-
ulation and small regulatory RNAs (sRNAs) in this spiral-shaped microaerophilic bacterium.
Considering the absence of the common RNA chaperone Hfqg, which is a key-player in
post-transcriptional regulation in enterobacteria, H. pylori was even regarded as an organ-
ism without riboregulation. However, analysis of the H. pylori primary transcriptome using
RNA-seq revealed a very complex transcriptional output from its small genome. Further
more, the identification of a wealth of sSRNAs as well as massive antisense transcription
indicates that H. pylori uses riboregulation for its gene expression control. The ongoing
functional characterization of sSRNAs along with the identification of associated RNA bind-
ing proteins will help to understand their potential roles in Helicobacter virulence and stress
response. Moreover, research on riboregulation in H. pylori will provide new insights into
its virulence mechanisms and will also help to shed light on post-transcriptional regula-
tion in other Epsilonproteobacteria, including widespread and emerging pathogens such

as Campylobacter.

Keywords: RNA-seq, sSRNA, Helicobacter pylori, post-transcriptional regulation, transcriptome analysis

INTRODUCTION

For a successful infection of the host or survival in the envi-
ronment, bacteria have to rapidly adapt their gene expression in
response to changing conditions. Besides regulation at the tran-
scriptional level, post-transcriptional regulation is an important
layer of gene expression control in both pro- and eukaryotes.
Together with several RNA binding proteins which influence RNA
structure and stability, the 50- to 400-nt long bacterial small RNAs
(sRNAs) act as post-transcriptional regulators under various stress
and growth conditions or during virulence (Waters and Storz,
2009; Papenfort and Vogel, 2010; Storz et al., 2011). For example,
RyhB and OxyS sRNAs from E. coli are involved in iron metabo-
lism and the oxidative stress response, respectively (Altuvia et al.,
1997; Masse and Gottesman, 2002).

Although a small number of sRNAs can directly bind and
interfere with protein activity, the majority of functionally char-
acterized sSRNAs act as antisense RNAs by base-pairing with target
mRNAs (Waters and Storz, 2009). Cis-encoded sRNAs originate
from the opposite DNA strand relative to the target and share fully
complementary regions with their target genes. In contrast, trans-
encoded sRNAs are encoded elsewhere in the genome and interact
with their target mRNAs by short and imperfect base-pairing.
Most of the trans-encoded sRNAs compete with ribosome bind-
ing and, thus, lead to translation repression, which is often coupled
to mRNA degradation. Furthermore, an increasing number of
sRNAs that activate target-gene expression by various mechanisms
have been described (Frohlich and Vogel, 2009). Similar to tran-
scription factors, sSRNAs can modulate the expression of multiple

target genes, thereby functioning as key regulators in metabolic
pathways or during stress responses (Papenfort and Vogel, 2009;
Beisel and Storz, 2010). Besides sSRNAs, the RNA chaperone Hfq is
a key-player in sSRNA-mediated regulation in many bacteria and is
required for the stability and activity of sRNAs (Vogel and Luisi,
2011).

A variety of experimental and biocomputational approaches
have been developed to identify sRNAs (Altuvia, 2007; Sharma
and Vogel, 2009; Backofen and Hess, 2010). Genome-wide com-
putational approaches in particular have predicted hundreds of
sRNA candidates in diverse bacteria, which now await experi-
mental validation and functional characterization. Furthermore,
massively parallel cDNA-sequencing (RNA-seq) based on next-
generation sequencing methods has been revolutionizing tran-
scriptome studies in prokaryotes, including several important
pathogens (Wang et al., 2009; Croucher and Thomson, 2010; van
Vliet, 2010).

Helicobacter pylori is a Gram-negative, microaerophilic
Epsilonproteobacterium which colonizes the stomach of about
half of the world’s population, where it can lead to peptic ulcer
disease, chronic gastritis, or gastric cancer (Cover and Blaser,
2009). Surprisingly, only a few transcriptional regulators have
been discovered in the small 1.67 Mbp H. pylori genome, includ-
ing only three sigma factors, namely RpoD, FliA, and RpoN
(Tomb et al., 1997). In contrast to enterobacteria, almost nothing
is known about post-transcriptional regulation in Helicobacter.
The systematic identification and subsequent functional char-
acterization of sRNAs will help us to understand the role of
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riboregulation in H. pylori and provide new insights into its
virulence mechanisms.

RNA-seq REVEALS A COMPLEX TRANSCRIPTOME
STRUCTURE AND FIRST sRNAs IN H. pylori

None of the enterobacterial sSRNAs, except for the housekeeping
RNAs, tmRNA, SRP RNA, and M1 RNA, are conserved in H.
pylori (Sharma et al., 2010). Until recently, Helicobacter was even
regarded as an organism that lacks riboregulation and that carries
only basic regulatory circuits, due to its small genome size,alimited
number of transcriptional regulators, and the apparent absence of
the RNA chaperone Hfq (Mitarai et al., 2007). In addition, based
on biocomputational predictions and a small scale cDNA cloning
approach only a few natural antisense transcripts and sSRNAs were
predicted in Helicobacter (Livny et al., 2006; Xiao et al., 2009a,b).
However, a novel differential RNA sequencing approach (dRNA-
seq) selective for the 5 end of primary transcripts allowed for
the definition of a global map of transcriptional start sites and
operons in H. pylori strain 26695, revealing a very complex and
compact transcriptome structure (Sharma et al., 2010). Moreover,
it led to the discovery of massive antisense transcription as well as
an unexpected high number of more than 60 small RNAs includ-
ing potential regulators of cis- and frans-encoded mRNA targets,
indicating that H. pylori uses riboregulation for its gene expression
control (Figure 1).

POTENTIAL FUNCTIONS OF sRNAs IN H. pylori

Many different in vitro and in vivo approaches have been estab-
lished to characterize sSRNAs and to validate their targets (Vogel
and Wagner, 2007; Sharma and Vogel, 2009). Since sSRNAs were
discovered only recently in Helicobacter our knowledge about their
mechanisms, target genes, and their own transcriptional regulators
is still limited. The only sRNA that has so far been shown to be
essential and required for stress response in H. pylori is tmRNA,
which is involved in rescue of stalled ribosomes (Thibonnier et al.,
2008).

CIS-ENCODED sRNAs

Cis-encoded antisense RNAs can overlap the 5'- or 3’-end, the
middle, or entire genes and influence expression of their target
genes, e.g., by translation inhibition, transcription interference
and attenuation, transcript stabilization, or degradation (Thoma-
son and Storz, 2010). Using dRNA-seq, more than 900 cis-encoded
antisense RNAs have been identified in H. pylori, including at least
one antisense transcriptional start site for almost half of all ORFs
(Sharma et al., 2010). Similarly, an increasing number of anti-
sense transcripts have been observed in many other prokaryotes
(Thomason and Storz, 2010; Georg and Hess, 2011). Whether all of
them are functional or rather represent spurious transcription still
needs to be clarified. Obviously, these antisense RNAs can in prin-
ciple harbor a regulatory function, since expression of an artificial
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antisense RNA has been successfully used to repress the essential
ahpC gene, encoding for alkyl hydroperoxide reductase (Croxen
etal.,2007). Since H. pylori lacks homologs of the endonucleolytic
RNases E/G (Tomb et al., 1997; Parkhill et al., 2000), antisense-
mediated processing by the double-strand specific ribonuclease
RNase III could be a major layer of gene regulation in these bacte-
ria, as was recently suggested for Staphylococcus aureus (Lasa et al.,
2011).

The characterization of a naturally occurring 292-nt long
cis-encoded antisense sRNA from the opposite strand of the
urease operon in H. pylori strain 43504 further demonstrated
the functionality of antisense RNAs in Helicobacter (Wen
et al., 2010). In-vitro and in-vivo approaches demonstrated that
5'ureB-sRNA is induced under neutral pH conditions by the
unphosphorylated ArsR response regulator of the acid-responsive
ArsRS two-component-system. In its phosphorylated form, ArsR
activates transcription of the urease operon in response to low pH
(Pflock et al., 2005). The 5'ureB-sRNA shows full complemen-
tarity to the 5" end of ureB mRNA and represses urease activity
by mediating cleavage of the ureAB mRNA (Figure 2A). Whether

the truncated ureAB transcript is degraded afterwards or whether
the reduced amount of UreB leads to lower urease activity is still
unclear.

Besides sSRNAs, the dRNA-seq study revealed several new small
hydrophobic proteins (<50 aa), some of which are associated with
cis-encoded antisense RNAs (Sharma et al., 2010). For example,
six structurally related ~80 nt sSRNAs, IsoA1-6 (RNA-inhibitor of
small-ORF family A), are expressed antisense to the small ORFs,
AapA1-6 (antisense-RNA-associated peptide family A), represent-
ing homologous 2230 aa long peptides. Some of these small ORFs
resemble antimicrobial peptides or small toxic peptides from bac-
teria. The latter are often part of so-called class I toxin—antitoxin
loci in which an unstable RNA antitoxin represses expression of
a stable peptide toxin. Overexpression of the AapA peptides in
H. pylori leads to cell death but not to cell lysis (Darfeuille, per-
sonal communication) and in-vitro translation assays indicated
that protein synthesis of the peptides is specifically inhibited by the
cognate antisense RNAs (Sharma et al., 2010). Thus, the aapA—isoA
loci might represent the first examples of class I toxin—antitoxin
systems in H. pylori.
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phosphorylated ArsR response regulator of the acid-responsive ArsRS
two-component-system. In contrast, expression of the cis-encoded
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resulting in a reduced amount of UreB and an overall decrease of urease
activity. (B) Repression of the chemotaxis receptor TIpB by HPnc5490
sRNA. The 87-nt long HPnc5490 sRNA is encoded in the intergenic region
next to the orphan response regulator HP1043. HPnc5490 binds to a
G-stretch upstream of the RBS in the 5" UTR of t/pB-HP0102 mRNA by
short and imperfect base-pairing (gray panel), which could be facilitated by
a so far unknown RNA binding protein. The exact mechanism of how
HPnc5490 mediates repression of tipB is still unknown but could be
mediated either by inhibition of translation, mRNA destabilization by
recruitment of RNases, or transcription attenuation.
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TRANS-ENCODED sRNAs

One of the most abundant transcripts that was identified in the
H. pylori dRNA-seq study is the previously missed homolog of 6S
RNA (Figure 1B), a ubiquitous riboregulator, which mimics an
open promoter complex and thereby sequesters RNA polymerase
(Wassarman and Storz, 2000; Barrick et al., 2005; Sharma et al.,
2010). Despite only little sequence conservation to E. coli 6S RNA,
the 180-nt long RNA from H. pylori can fold into the characteris-
tic long hairpin structure of 6S RNA (Trotochaud and Wassarman,
2005). The dRNA-seq data also revealed 12 to 15-nt long product
RNAs, which are transcribed using 6S RNA as a template (Was-
sarman and Saecker, 2006), providing further evidence that this
RNA is a functional 6S homolog in H. pylori. Deletion of 65 RNA
results in no obvious phenotype during exponential growth but
altered cell survival during stationary phase and under extreme
stress conditions in E. coli (Wassarman, 2007). Whether 6S RNA
has a role during stress response or stationary phase growth in H.
pylori or, like in Legionella (Faucher et al., 2010), impacts on its
virulence still needs to be investigated.

Several of the newly identified sSRNAs in Helicobacter are poten-
tial candidates for trans-encoded antisense RNAs. For example,
the abundant 87-nt long HPnc5490 sRNA, was predicted to inter-
act by a C/U rich stretch with a G-repeat in the 5" UTR of tlpB
mRNA encoding for one of the four chemotaxis receptors in H.
pylori (Figure 2B; Sharma etal.,2010). Comparison of tIpB expres-
sion in the wild-type and a HPnc5490 deletion strain confirmed
down-regulation of the tljpB mRNA as well as TlpB protein lev-
els by HPnc5490. It has been suggested that TlpB senses protons
and diverse studies have demonstrated its potential role in pH-
taxis, quorum sensing as well as colonization, and inflammation
of the gastric mucosa (McGee et al., 2005; Croxen et al., 20063
Williams et al., 2007; Rader et al., 2011). Therefore, HPnc5490,
and probably additional H. pylori sRNAs, could play important
roles during stress responses or infection, as described for other
bacterial pathogens (Papenfort and Vogel, 2010).

PROTEIN FACTORS INVOLVED IN POST-TRANSCRIPTIONAL
REGULATION

Besides sSRNAs, RNA binding proteins and RNases are involved in
post-transcriptional regulation in bacteria (Pichon and Felden,
2007). In H. pylori, analysis of the urease operon transcript
revealed different mRNA stabilities dependent on the pH value
and processing into multiple species, indicating an extensive post-
transcriptional regulation of the urease mRNA (Akada et al., 2000).
Moreover, it has been shown that a gene of previously unknown
function, HP0958, is essential for flagellum biogenesis and encodes
for a post-transcriptional regulator of flagellin mRNA by modulat-
ing the amount of flaA mRNA available for translation (Douillard
et al., 2008). Together with the recent identification of sRNAs it
is now clear that H. pylori uses post-transcriptional regulation
to control its gene expression and future identification of the
protein factors involved will help to understand the underlying
mechanisms in these bacteria.

RNA BINDING PROTEINS
The Sm-like RNA chaperone Hfq is required for the stabilization of
sRNAs and facilitates the base-pairing of trans-encoded sSRNA with

their target mRNAs (Vogel and Luisi, 2011). Deletion of hfg leads
to pleiotropic phenotypes including reduced fitness and virulence
in several bacterial pathogens (Chao and Vogel, 2010). However,
as is the case for 50% of all bacterial genomes, hfg appears to be
absent in Epsilonproteobacteria. Whether a different RNA binding
protein replaces the function of Hfq or whether sSRNAs act without
a chaperone in these bacteria is still an open question.

Besides Hfq, several other RNA binding proteins, such as
the carbon storage regulator CsrA/RsmA family or the Crc
protein involved in catabolite repression participate in post-
transcriptional regulation in bacteria (Sonnleitner et al., 2009;
Timmermans and Van Melderen, 2010). The CsrA protein acts
as a translation regulator and its own activity is regulated by two
sRNAs, CsrB/C, which mimic the RNA substrate of CsrA (Babitzke
and Romeo, 2007). The CsrA homolog in Helicobacter is required
for full motility, survival under oxidative stress, and infection of
mice (Barnard et al., 2004). However, neither the target genes of
CsrA nor the associated CsrA-regulating sSRNAs, CsrB/C, have been
identified in H. pylori, yet. The recent findings that additional pro-
teins with so far unknown functions or functions unrelated to
RNA metabolism, are involved in post-transcriptional control of
mRNAs are just one indication that we are far away from knowing
all RNA binding proteins and their roles in bacteria (Mitobe et al.,
2011; Pandey et al., 2011).

RIBONUCLEASES

Although the exact mechanism of repression is still unclear,
both functionally characterized antisense RNAs in Helicobacter
(Figure 2) cause reduced protein levels as well as reduced target-
mRNA levels, most likely through transcript destabilization or
active recruitment of RNases. In enterobacteria, SRNA-mediated
target-mRNA decay mainly depends on the RNA degradosome,
a protein complex composed of the endoribonuclease RNase E,
polynucleotide phosphorylase PNPase, and the RNA helicase RhIB
(Moritaetal., 2005; Caron et al., 2010). In H. pylori, several RNases
are annotated (RNase H, RNase H-II, RNase J, RNase N, RNase
P, RNase R, and RNase III) but like all Epsilonproteobacteria it
appears to lack a homolog of RNase E. Recent studies on Bacil-
lus subtilis and S. aureus identified RNase J1 and RNAse J2 as the
functional orthologs in the RNA degradosome of Gram-positive
bacteria (Mathy et al., 2010; Roux et al., 2011). Furthermore, in
S. aureus the double-strand specific RNase III degrades, mainly
in concert with the sSRNA RNAIII, several mRNAs encoding viru-
lence factors (Huntzinger et al., 2005; Boisset et al., 2007; Chevalier
et al., 2008). Therefore, RNase ] and RNase III could be potential
RNases participating in sSRNA-mediated transcript destabiliza-
tion in H. pylori. Moreover, the 3’-5" exoribonuclease RNase R
has been shown to post-transcriptionally down-regulate six vir-
ulence related genes (Tsao et al., 2009), but its potential role in
sRNA-mediated regulation still needs to be investigated.

TRANSCRIPTIONAL REGULATION OF SMALL RNAs IN

H. pylori

In enterobacteria, several of the functionally characterized sSRNAs
have been shown be key regulators of larger regulatory networks
(Papenfort and Vogel, 2009; Beisel and Storz, 2010). Moreover,
some sRNAs are controlled by key transcriptional regulators of
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certain metabolic pathways and several transcriptional regula-
tors have been shown to be themselves regulated at the post-
transcriptional level (Storz et al., 2011). Thus, besides the iden-
tification of their target genes, the investigation of transcriptional
regulators of sSRNAs and antisense RNAs will help provide insights
in the conditions in which their expression is required and what
are their physiological roles. As the H. pylori genome contains only
a few transcriptional regulators, it is likely that some of the sSRNAs
are regulated by one or more of these transcription factors and
vice versa.

PERSPECTIVE

The discovery of an unexpected wealth of sSRNAs in Helicobacter
opens an additional area of gene expression control in this path-
ogenic Epsilonproteobacterium. The characterization of selected
cis- and trans-encoded sRNAs will uncover their potential reg-
ulatory functions in virulence and stress response of H. pylori.
Moreover, these studies could reveal novel mechanisms of post-
transcriptional regulation independent of the RNA chaperone
Hfq. The identification of novel ribonucleoprotein complexes
will expand our knowledge about cellular regulators and could
provide new targets for antimicrobial therapies against emerging
pathogens.

Besides mechanistic aspects of riboregulation, research on
sRNAs in H. pylori could also help to understand phenotypes
observed in previous genetic screens. Global transposon screens
failed to hit around 340 genes indicating their potential essential-
ity and revealed about 220 candidate mutants with a colonization
defect in mice (Salama et al., 2004; Baldwin et al., 2007). Since at
least 60 sSRNAs have been validated in H. pylori and considering
the high fraction of cis-encoded antisense RNAs, several of the vir-
ulence associated genes could be subjected to post-transcriptional
regulation. For example, the above mentioned first examples of
functional sRNAs in H. pylori prove post-transcriptional regula-
tion of the virulence factors, urease, and TlpB in H. pylori (Sharma
etal., 2010; Wen et al., 2010). In addition, a transposon screen for
virulence and colonization factors in H. pylori revealed several
mutants with a transposon hit at the end of genes or in intergenic
regions, indicating that there might be additional sRNAs with a
role in virulence (Baldwin et al., 2007).

Next-generation sequencing methods have turned out to be an
effective tool to uncover the transcriptome structure and iden-
tify novel transcripts in prokaryotes. RNA-seq based expression
profiling of bacteria grown under different conditions or in com-
parison to mutant strains will help to identify sSRNAs, which are
induced under certain stress or virulence conditions. Moreover,
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INTRODUCTION

The Helicobacter pylori cag pathogenicity island (cag PAl) encodes a type IV secretion sys-
tem that is more commonly found in strains isolated from patients with gastroduodenal
disease than from those with asymptomatic gastritis. Genome-wide organization of the
transcriptional units in H. pylori strain 26695 was recently established using RNA sequence
analysis (Sharma et al., 2010). Here we used quantitative reverse-transcription polymerase
chain reaction of open reading frames and intergenic regions to identify putative cag PAI
operons in H. pylori; these operons were analyzed further by transcript profiling after dele-
tion of selected promoter regions. Additionally, we used a promoter-trap system to identify
functional cag PAI promoters. The results demonstrated that expression of genes on the
H. pylori cag PAl varies by nearly five orders of magnitude and that the organization of cag
PAI genes into transcriptional units is conserved among several H. pylori strains, includ-
ing, 26695, J99, G27, and J166. We found evidence for 20 transcripts within the cag PAI,
many of which likely overlap. Our data suggests that there are at least 11 operons: cag7-4,
cag3-4, cag10-9, cag8-7, cagb-5, cag11-12, cag16-17, cag19-18, cag21-20, cag23-22, and
cag25-24, as well as five monocistronic genes (cag4, cag13, cagi4, cag15, and cag26).
Additionally, the location of four of our functionally identified promoters suggests they are
directing expression of, in one case, a truncated version of cag26 and in the other three,
transcripts that are antisense to cag”/, cag17, and cag23. We verified expression of two of
these antisense transcripts, those antisense to cag?7 and cag23, by reverse-transcription
polymerase chain reaction. Taken together, our results suggest that the cag PAIl transcrip-
tional profile is generally conserved among H. pylori strains, 26695, J99, G27, and J166,
and is likely complex.

Keywords: cag PAI, operon structure, expression

on the cag PAI, 18 are required for the translocation of CagA into

Helicobacter pylori is a Gram-negative bacterium that infects the
stomachs of approximately half the human population. Although
infection is typically asymptomatic throughout the lifetime of the
host, it causes peptic ulcer disease in about 10% of those infected
and gastric adenocarcinoma in about 1-3% (Kusters et al., 2006).
The best-studied bacterial factor associated with clinical sequelae
of H. pylori infection is the cytotoxin associated gene pathogenic-
ity island (cag PAI). Patients infected with H. pylori strains that
contain the cag PAI are at increased risk for both peptic ulcer
and gastric cancer (Kusters et al., 2006). Experimental studies in
gerbils (Rieder et al., 2005), mice (Arnold et al., 2011), and rhe-
sus macaques (Hornsby et al., 2008) have also demonstrated the
pro-inflammatory effects of the cag PAI.

The 40-kb cag PAI contains on average 27 genes, several of
which encode a type IV secretion apparatus that is required for
translocation of the effector molecules CagA (cag26) and pepti-
doglycan into host epithelial cells (Segal et al., 1997; Odenbreit
et al., 2000; Rohde et al., 2003; Viala et al., 2004). Of the 27 genes

host cells and 15 are required to induce transcription of the pro-
inflammatory cytokine IL-8 (Fischer et al., 2001; Shaffer et al,,
2011). CagA is reliant on the secretion chaperone protein CagF
(cag22) for recruitment to the type IV translocation channel (Pattis
et al., 2007). Upon translocation into the cell, CagA is phospho-
rylated at C-terminal tyrosine residues by c-Src and other kinases,
which results in the activation of receptor tyrosine kinase (RTK)-
like signaling pathways (Segal et al., 1997; Selbach et al., 2002).
Both phosphorylated and unphosphorylated CagA contribute to
H. pylori pathogenesis via multiple mechanisms, including the dis-
ruption of the cytoskeleton, interruption of cellular signaling, and
interference with adhesion between adjacent cells (Backert and
Selbach, 2008).

Several studies have provided a glimpse of the cag PAI tran-
scriptional unit organization. One initial study employed a urease
transcription fusion to check for promoters in nine cag PAI DNA
regions that were upstream of groups of co-directional genes
(Joyce etal.,2001). This analysis determined that there were at least
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five promoters on the cag PAIL Another early study identified the
promoters responsible for regulating cagA and cagB (Spohn et al,,
1997). A more recent genome-wide transcriptional unit analy-
sis that used RNA sequencing identified 14 transcriptional units
within the cag PAIL Additionally, they found many potential small
regulatory RNAs (Sharma et al., 2010). Other studies have sug-
gested that several cag PAI genes are differentially regulated in vivo
compared to in vitro (Joyce et al., 2001; Boonjakuakul et al., 2005;
Castillo et al., 2008b). In one such study, an in vivo induced pro-
moter called Pivi66, was internal to the cag7 gene (Castillo et al.,
2008b), which suggested that promoters may not always be within
intergenic regions.

Here we sought to determine the conservation of operon struc-
ture in the cag PAI among H. pylori strains, and to identify
promoters responsible for the transcription of cag PAI genes in
strains 26695,]99, and G27, whose genomes are sequenced (Tomb
et al., 1997; Alm et al., 1999), and in strain J166 that we and oth-
ers have used to infect rhesus macaques (Hornsby et al., 2008).
Operon structure was first predicted by a gene expression analy-
sis that used quantitative reverse-transcriptase polymerase chain
reaction (QRT-PCR) for both open reading frames (ORFs) and
intergenic regions. The predicted putative operons were further
defined by qRT-PCR after deletion of selected promoter regions.
Since our transcription analyses suggested a potentially complex
operon structure, we augmented these studies with a non-biased
promoter-trap study that identified cag PAI promoters as DNA
regions capable of directing expression of a heterologous reporter.
Our results demonstrate that there is remarkable consistency
across strains in the expression of genes in the cag PAI, which
is organized into at least 20 transcriptional units.

MATERIALS AND METHODS

BACTERIAL STRAINS AND CULTURE

Helicobacter pylori strains 26695 (Tomb et al., 1997), J99 (Alm
et al,, 1999), J166 (Hornsby et al., 2008), and ACHP17 (mG27
HP0294/295::res1-aphA3-resI; Castillo et al., 2008a) were used for
these studies. DNA and RNA for qRT-PCR were prepared from
strains cultured on Brucella agar (Difco Laboratories, Detroit, M1,
USA) containing 5% bovine calf serum (Invitrogen Life Technolo-
gies, Carlsbad, CA, USA) supplemented with 5 pg/mL trimetho-
prim, 10 pg/mL vancomycin, 2.5 IU/mL polymixin B, 2.5 pg/mL
amphotericin B (TVPA, all from Sigma, St. Louis, MO, USA) and
incubated at 37°C with an atmosphere that contained 5% CO;.
Plate grown bacteria were then transferred to Brucella broth con-
taining bovine calf serum with TVPA and incubated at 37°C in 5%
CO, with gentle rotation at 60 rpm. The ODggg was determined for
each culture 18-24 h after inoculation. The promoter reporter H.
pyloristrain ACHP17 and strain G27 from which RNA was isolated
for RT-PCR were grown under microaerobic conditions (10%
CO3, 5% O3, and 85% N,) at 37°C on columbia blood agar plates
with 4% (w/v) columbia agar base, 5% (w/v) defibrinated horse
blood (Hemostat labs), 0.2% (w/v) B-cyclodextrin, 10 pg/mL van-
comycin, 50 pg/mL cycloheximide, 5 ug/mL cefsulodin, 8 jLg/mL
amphotericin B, 2.5IU/mL polymyxin and 5pg/mL trimetho-
prim. H. pylori strains were stored at —80°C in brain heart infusion
media supplemented with 10% fetal bovine serum, 1% (w/v)
pB-cyclodextrin, 25% glycerol, and 5% dimethyl sulfoxide.

Escherichia coli strain DH10B (Grant et al., 1990) was grown
at 37°C in Luria—Bertani (LB) broth (1% w/v tryptone, 0.5% w/v
yeast extract, 0.5% w/v NaCl), with 100 pg/mL ampicillin. E. coli
was also grown on solid LB media consisting of LB broth with 1.5%
(w/v) agar. All antibiotics were purchased from Sigma-Aldrich,
Fisher, or ISC BioExpress. All culture media were purchased from
Remel, Fisher, or Difco unless otherwise indicated.

RNA AND DNA EXTRACTION
At ODgp 0.4-0.5 (early exponential growth phase) 2 mL aliquots
were taken from H. pylori liquid cultures and centrifuged at
16,000 x ¢ for 30s at room temperature. Supernatants were
removed and 1 mL of TriZol (Invitrogen) was immediately added.
Samples were vortexed and RNA was extracted according to the
manufacturer’s directions. RNA was treated with DNase I (Roche
Applied Sciences, Mannheim, Germany), purified using an RNeasy
clean up kit (QIAGEN, Inc., Valencia, CA, USA), and suspended
in ultra pure water (Invitrogen) at a concentration of 20 ng/p L.
DNA was extracted from plate grown bacteria using a DNeasy
Tissue Kit (QIAGEN). DNA samples were diluted in ultra pure
water to a concentration of 5 ng/pL and stored at —20°C.

RT-PCR TO DETECT PROMOTERS, PIII, PIX, AND PXII
Reverse-transcriptase polymerase chain reactions were carried out
using the Super Script One-step RT-PCR kit with Platinum Taq
(Invitrogen). One hundred or 250 ng of RNA was used as a tem-
plate for each RT-PCR reaction. For the reverse-transcription step
(55°C for 30 min), only the oligonucleotide that was complemen-
tary to the putative transcript was included in the reaction, PIIIR
(5'-cctagcgaccaaaagcgatgaa-3'), PIXR (5'-gaaactgctaagaatatcagtg-
3’), and PXIIR (5-cgtcattaatcaaatagaacaaagc-3’). The reverse-
transcriptase in these reactions was then inactivated by incu-
bation at 94°C for 5min. Prior to starting the PCR pro-
gram (35 cycles, 94°C/30s, 55°C/30s, 72°C/30s) the reactions
were briefly incubated on ice (~1min) while the second
oligonucleotides, PIIIF (5'-cattgtggtctttcccgaaage-3’), PIXF (5'-
cactcttgectataaaggee-3'), and PXIIF (5'-ctgagacgacaagctatgatttc-
3’) were added. Oligonucleotides for our positive control were
HP188F (5'-ccactataaaagagatctttcaagcggaagg-3') and HP187R (5'-
gcttgeecteggtgtetgeate-3'); HP187R was present in the RT reaction
and both HP187R and HP188F were present in the PCR reaction.
As a control for amplification, each set of oligonucleotides was
used in a PCR reaction with DNA as the template. Additionally,
each set of oligonucleotides was used in an RT-PCR reaction with
the RNA template and Platinum Taq only. This control was done
to verify our RNA samples were DNA free.

qRT-PCR AND AGAROSE GEL ELECTROPHORESIS

Quantitative real time RT-PCR was performed with primer pairs
specific for each cag gene (Table Al in Appendix) and for each
intergenic region (Table A2 in Appendix), using methods essen-
tially as described (Boonjakuakul et al., 2004, 2005). In brief,
RT and PCR were performed in a single 20 )L reaction mixture
using the thermostable recombinant Tth (rTth) DNA polymerase
(Applied Biosystems) with 100ng RNA extracted as described
above. In the presence of Mn(OAc),, r Tth has reverse-transcriptase
activity and DNA polymerase activity. Two-step amplification was
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performed with 45 cycles at 95°C for 20 followed by 59.5°C for
1 min. Accumulation of PCR product was detected during each
cycle by excitation of SYBR green at 490 nm. Relative fluores-
cence was characterized by a cycle threshold (Ct) value, which was
defined as the crossover point of the kinetic curve with an arbi-
trary fluorescence level set at 150 relative fluorescence units. The
absence of contaminating DNA was examined by performing the
RT-PCR with MgCl,, in which rTth has DNA polymerase but no
RT activity. All qRT-PCR products were electrophoresed on a 2%
agarose (Invitrogen) gel to verify correct product size. Transcript
abundance was calculated only if the observed Ct with RNA tem-
plate was less than that of the no-template control, and there was
a band of the appropriate size on an agarose gel. Otherwise, tran-
script was considered absent. All transcript copy numbers were
normalized to 16S RNA and the data presented represents the
average of duplicate wells.

CONSTRUCTION OF cag PAI PROMOTER DELETION MUTANTS

The chloramphenicol resistance conferring cat gene from plasmid
PNR9589 (Wang and Taylor, 1990) and 1-2 kb DNA fragments of
the genes directly flanking the region targeted for deletion were
PCR amplified (oligonucleotides in Table A3 in Appendix) with
compatible restriction sites. All three fragments were digested with
the appropriate enzymes and ligated with compatibly digested
pBluescript SK— (Stratagene, La Jolla, CA, USA) to generate a
shuttle plasmid with fragments of the cag PAI flanking the cat
gene. The shuttle plasmid was amplified in E. coli Top10 (Invit-
rogen, Carlsbad, CA, USA), sequence verified, and then used to
transform H. pylori strain J166 by a standard natural transfor-
mation procedure (Salama et al., 2001). H. pylori transformants
were selected on Brucella agar plates with TVPA and 4 pg/mL
chloramphenicol. Correct replacement of cag PAI DNA regions
with the cat gene was verified using PCR and DNA sequence
analyses.

GENERATING THE H. PYLORI cag PAI LIBRARY OF PUTATIVE
PROMOTERS

Genomic DNA was isolated from H. pylori J166 and mG27 (Wiz-
ard genomic prep kit, Promega). The DNA region representing the
cag PAI was amplified from each strain as a set of 13 PCR prod-
ucts of ~2.5kb in length with 600 bp of overlap between adjacent
PCR products (oligonucleotides in Table A4 in Appendix). For
each strain, the PCR products were pooled, partially digested with
Sau3A, and ligated to BgIII digested pcat-T-tnpR (Castillo et al.,
2008a) to generate recombinant plasmids, pcat-T-caglibmG27-
tnpR and pcat-T-caglibJ166-tnpR. After ligation, the recombinant
plasmids were transformed into E. coli DH10B and the E. coli were
plated on LB agar with ampicillin. For these strains, ~2193 (pcat-
T-caglibmG27-tnpR) or 5000 (pcat-T-caglibm]166-tnpR) individ-
ual ampicillin resistant (AmpR) colonies were pooled, grown
overnight, and treated (Qiagen miniprep extraction kit, Qiagen)
to extract the recombinant plasmids. For a subset of colonies from
each library, individual recombinant plasmids were analyzed for
the presence and size of a H. pylori cag PAI insert. All recom-
binant plasmids analyzed contained inserts and had an average
insert size of 469 bp for pcat-T-caglibmG27-tnpR and 96 bp for
pcat-T-caglibm]166-tnpR.

To isolate putative promoters, H. pylori strain ACHP17 was
transformed using natural transformation (Salama et al., 2001)
with either pcat-T-caglibmG27-tnpR or pcat-T-caglib]J166-tnpR,
and transformants were selected based on their resistance to chlo-
ramphenicol (Cm) on CBA plus 13 pg/mL Cm. Cm resistant
(CmR) transformants were passed twice on Cm prior to being
analyzed for kanamycin sensitivity (Km%) on CBA plus 15 pg/mL
kanamycin.

To examine the diversity of the cag PAI library clones in H.
pylori, 10-30 CmR clones were selected from each library and the
region upstream of npR was sequenced using primers rrnB1 and
tnpRbk75 (Castillo et al., 2008a). The average insert size was 232 bp
for pcat-T-caglibmG27-tnpR and 100bp for pcat-T-caglibj166-
tnpR. PCR amplicons were sequenced and compared to the 26695
and G27 genomes to assess randomness of the cloned regions.
The number of transformants needed to obtain 100% coverage
of the cag PAI for each library was determined using the formula
N =In[1 — P/In(1 — I/G)] (N =number of independent clones,
I =size of averaged cloned fragment, G = size of target genome,
and P = probability). These calculations suggested that 791 pcat-
T-caglibmG27-tnpR and 1840 pcat-T-caglib]166-tnpR transfor-
mants would be required for complete coverage of the cag PAL

RESULTS

We used both transcription profiling and a functional genetic
approach to define cag PAI operons and the putative promoters
that regulate them. First, we performed qRT-PCR to determine
the mRNA copy number within each ORF and each intergenic
region on the cag PAI Our assumption was that contiguous genes
transcribed in the same direction, with the presence of intergenic
message and similar mRNA copy number, would likely form an
operon. Selected putative operons were then further analyzed by
deletion of the promoter region and reanalysis of mRNA copy
number of downstream genes. We then augmented these analy-
ses by using a non-biased promoter-trap system to find active
promoters within the cag PAL

CO-EXPRESSION OF cag PAI GENES BASED ON GENE AND INTERGENIC
TRANSCRIPT COPY NUMBER

We first calculated the transcript copy number for each gene and
intergenic region within the cag PAI of H. pylori ]99, 26695, and
J166, using methods described previously (Boonjakuakul et al.,
2004, 2005). Briefly, three factors were used to calculate copies per
cell: (a) a 10-fold change in starting template concentration corre-
sponds to a 3.3-cycles change in Ct (233 = 10); (b) 100 ng of RNA
equals 10° H. pylori cells, and (c) the empirically derived obser-
vation that a Ct of 19 corresponds to 1 x 10° copies of starting
DNA template (assuming 1 copy per bacterial chromosome). We
have previously shown that calculation of mRNA copies/cell using
Ct corrected for primer efficiency yields values that are essentially
identical to those obtained by the more conventional method using
standard curves (Boonjakuakul et al., 2004).

Transcript levels for all genes on the cag PAI for each H.
pylori strain are shown in Figure 1. For clarity, intergenic tran-
script is shown only as present (adjacent bars representing gene
transcript levels are shaded identically) or absent (adjacent bars
are shaded differently). For example, intergenic transcript was
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FIGURE 1 | Expression level of each gene on the cag PAl (nRNA
copies/cell; normalized to 16S rRNA) for H. pylori strains J166 (top
panel), J99 (middle panel), and 26695 (bottom panel). Our data
represents the average of duplicate reactions. Adjacent genes for which
intergenic transcript was detected are indicated with the same shading
(black or gray). Direction of transcription is shown by arrowheads below the
bottom panel. Since cag26 (cagA) is not contiguous with the PAl in H. pylori
J166, the cag25-26 intergenic message was not measured, but presumed
to be absent because cag25 and cag26 transcription is in opposite
directions.

detected between cagl and cag2 (both black bars) and between
cagl0 and cag9 (both gray bars), but not between cagl5 (gray
bar) and cagl4 (black bar). Transcript levels varied within each
strain by as much as five orders of magnitude, ranging from about
10 copies/cell to as low as 1 copy per 10,000 cells. These esti-
mates are consistent with our previous studies (Boonjakuakul
et al., 2004, 2005) and with estimates of gene expression lev-
els in Saccharomyces cerevisiae (Kang et al., 2000) and E. coli
(Young and Bremer, 1975). The highest transcript abundance was
found for cag26 and for cag25. Since cag26 encodes an effec-
tor protein, CagA, secreted via the type IV secretion system, and
cag25 encodes a virB2 ortholog that is thought to encode a pilin
protein that forms a multimeric structure (Andrzejewska et al,,
2006), it is not surprising that these genes are highly expressed.
Although in general, the expression level of genes on the cag PAI
was similar across the three strains analyzed, there is some varia-
tion that appears to occur within the operons predicted by these
experiments (Figure 2).

We reasoned that adjacent genes transcribed with ORFs in the
same direction, with the presence of intergenic transcript, might
represent a single transcriptional unit, particularly if the tran-
script abundance was similar across genes. Therefore, we initially
considered the possibility that the following may represent cag
PAI operons (numbered in the direction of transcription): cagl-4,
cagl0-5, cagll-12, cagl6-17, cag21-18, and cag25-22 (Figure 1).
However, there were sometimes marked differences in transcript
abundance of genes within these putative operons (e.g., cag25-
22, Figures 1 and 2). This might occur due to differential decay
of the transcript or possibly because the gene is part of more
than one transcriptional unit. To address these possibilities, we
deleted the genomic region immediately upstream of the trans-
lational start of the first gene in each of six putative operons
in H. pylori strain J166, a region likely to contain the promoter,
and then measured cag PAI gene transcript abundance. We rea-
soned that deletion of this region should decrease the expression
level of all genes in the transcriptional unit, and leave others
unchanged.

Deletion of the putative promoter regions upstream of cagl,
cagl0, cagll, cagl6, cag?1, and cag25 had differential effects on
the expression of downstream genes when compared to the iso-
genic wild type H. pylori J166 strain (Figure 3). Deletion of the
region upstream of cagl reduced expression of cagl-3 by three
orders of magnitude and cag4 by only 1.5 orders of magnitude.
By contrast, expression of cag5, a gene transcribed in the opposite
direction of this putative operon, remained essentially unchanged.
Deletion of the region upstream of cagl0 reduced expression of
both cagl0 and cag9 by similar levels and had no effect on expres-
sion of cag8-7. Deletion of the putative promoters upstream of
cagll, cagl6, and cag2l reduced expression of the downstream
genes, cagll-12, cagl6-17, and cag21-18, but in each case to dif-
ferent levels, ranging from 1 to 3 orders of magnitude (Figure 3).
Finally, deletion of the region upstream of cag25 reduced expres-
sion of the downstream genes cag25-23 to different levels and had
no effect on the expression of cag22. In some cases, these results
make clear predictions about operon structure. For example, our
original prediction of cagl0-5 and cag25-22 as operons was incor-
rect, since in each case one or more downstream genes did not
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FIGURE 2 | Composite gene expression (mRNA copies/cell, normalized to 16S rRNA) for each gene on the cag PAIl of H. pylori strains J166 (open
circles), J99 (closed circles), and 26695 (open triangles). Our data represents the average of duplicate reactions.

change appreciably in the promoter knockouts. Thus, cagl0-5 con-
sists of at least two operons, cagl0-9 and cag8-7, which also may
be organized into one or more transcriptional units. Similarly,
cag25-22 appears to have only cag25-24 on one transcriptional
unit, with cag22 and perhaps cag23 on separate transcripts. The
variable change we observed in cag PAI gene expression after
deletion of the predicted upstream promoter again suggests that
either the transcripts are being degraded or that there are addi-
tional promoters controlling expression of these genes. To identify
additional promoters that may contribute to the more complex
expression pattern we observed here, we undertook a non-biased
promoter-trap approach.

NON-BIASED PROMOTER-TRAP IDENTIFIES ADDITIONAL cag PAI
PROMOTERS

We next employed a functional identification of cag PAI promoters
strategy based on the ability of short cloned regions of the cag PAI
to direct expression of a heterologous promoter. We used a tnpR
transcriptional reporter developed for Vibrio cholerae (Camilli
et al., 1994) that had been previously modified to function in H.
pylori (Camilli et al., 1994; Castillo et al., 2008b). We constructed
libraries of putative cag PAI promoters using both H. pylori strains
J166 and G27 as template for PCR; we cloned the Sau3A-digested
fragments upstream of the promoterless tnpR gene in pCT-tnpR.
If the cloned cag PAI region contained a promoter, we predicted
it would direct tnpR expression and the creation of the TnpR pro-
tein. TnpR in turn would catalyze the removal of an unlinked
kanamycin resistance (KmR) cassette and convert the H. pylori
reporter strain ACHP17 from KmR to KmS.

For promoter identification, H. pylori strain ACHP17 bear-
ing the resl-kan-res] marker was transformed with pcat-T-
caglibmG27-tnpR or pcat-T-caglibJ166-tnpR to CmR, followed
by screening for retention or loss of the resI-kan-resl cassette.

We screened 1060 H. pylori pcat-T-caglibmG27-tnpR transfor-
mants and 1274 H. pylori pcat-T-caglibm]166-tnpR transformants,
representing 100 and 71% coverage, respectively. This analysis
identified 34 and 27 transformants, respectively, that were sen-
sitive to kanamycin and thus had expressed tnpR. After remov-
ing redundant clones, we determined that the DNA sequences
upstream of tnpR in these Km® transformants correspond to 14
unique loci (Table 1). Eleven and four promoters were identified
through the screening of our pcat-T-caglibmG27-tnpR and pcat-
T-caglibm]166-tnpR libraries, respectively; one promoter, PIII
(Table 1; Figure 4), was isolated from both libraries.

PROMOTER-TRAP-IDENTIFIED PROMOTERS

We next mapped our promoter-trap-identified promoters onto
the cag PAI map and compared these promoters to those found
in by our initial qRT-PCR analysis and also to the work of others.
Several of the promoter-trap-identified promoters were located in
cag PAI regions that were either predicted by the qRT-PCR or pro-
moter deletion analyses (Table 1). These include the promoters
upstream of cagl0 (PVIII), cagl1 (PII), cag 21 (PI), and cag25 (PV;
Figures 3 and 4; Table 1). The promoter-trap approach also iden-
tified several possible promoters that were located within operons
that might account for the variable gene expression observed after
deleting the main promoter (Figures 3 and 4). These include PIV,
PX, and PXIII that are located in genomic positions to suggest
they contribute to the expression of cag4, cag8-7, and cag23-22
(Figures 3 and 4).

The other putative promoters identified in our promoter-trap
study are either consistent with cag PAI transcripts predicted by
other groups, or as of yet, unique. We identified a promoter that is
upstream of cag26 (PXI) and one that is within, and in the same
direction as, cag26 (PXIV). The promoter upstream of cag26 was
identified in work done by Spohn et al. (1997) and more recently
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FIGURE 3 | Change in cag PAI gene expression (log 10 change mRNA)
between wild type H. pylori J166 and isogenic deletions of DNA
upstream of the translational start codon in cag7 (416 bp, top left),
cag10 (498 bp, top right), cag11 (498 bp, middle left), cag16 (532 bp,
middle right), cag21 (615 bp, bottom left), and cag25 (706 bp, bottom
right). Filled arrows indicate direction of transcription and open arrows
indicate putative operons.

by Sharma et al. (2010) as a promoter that drives expression of
cag26 (Figure 4; Spohn et al., 1997; Sharma et al., 2010). We also
identified a unique putative promoter (PVI) that overlaps cag3
and the adjacent upstream region and is in the correct direction
to promote expression of a polycistronic mRNA including cag3
and cag4 (Figure 4). Two of our putative promoters were located
within cag7, one in the same direction (PVII) and one antisense
(PIX) to cag7 (Figure 4). We hypothesize the promoter located
within cag7 contributes to expression of cag6-5 and the promoter
that is antisense to cag7 may direct expression of a regulatory
sRNA. Neither of these promoters has been identified by other
studies. Finally, the last two putative promoters we identified, PIII
and PXII, were within and antisense to cag23 and in the 3’ end
of cagl8 and may direct expression of sSRNAs that are antisense to
cag23 and cagl7, respectively. These promoters are also unique to
this study.

Although our transcription, promoter deletion and promoter-
trap analyses do not completely overlap, they show reasonable
agreement in predicting transcripts and operon structure and
are generally consistent with operon structure predicted by oth-
ers (Table 1, discussion). Taken together our data suggests the
existence of at least 20 cag PAI transcripts (Figure 4).

PIIl AND PXII DIRECT EXPRESSION OF ANTISENSE TRANSCRIPTS

To determine if the promoters PIII, PIX, and PXII direct expres-
sion of transcripts that are antisense to cag23, cag7, and cagl7,
respectively, we carried out additional RT-PCR reactions on RNA
isolated from H. pylori strain G27. The oligonucleotides (PIIIR,
PIXR, and PXIIR) used in the reverse-transcription reactions were
located ~100-150 nt downstream of PIII, PIX, and PXII and were
antisense to the putative transcripts. For the subsequent PCR
reactions in which reverse-transcriptase had been inactivated, the
sense oligonucleotides, PIITF, PIXF, and PXII were added. Ampli-
cons were detected downstream of PIII and PXII in the RT-PCR
reactions and were absent in the corresponding polymerase only
controls, suggesting that these promoters do in fact direct expres-
sion of transcripts (Figure 5). We did not detect a transcript
downstream of PIX in our experiments; while it is possible that
PIX is not a promoter, it is more likely that the transcript is reg-
ulated or is in very low abundance. The promoter-trap system by
which PIX was identified was designed to capture low abundant
and transient expression events.

DISCUSSION

In this study we used transcript profiling coupled with puta-
tive promoter deletion and a non-biased promoter-trap system
to analyze expression of cag PAI genes and their organization into
transcriptional units across several H. pylori strains. We found that
cag PAI gene expression varies by nearly five orders of magnitude
across the cag PAI, and that expression of cag PAI genes is similar
across strains 26695, J99, and J166. Based on transcript profiling
of cag PAI ORFs and intergenic regions, we initially placed cag
PAI genes into six polycistrons and four monocistrons. However,
subsequent promoter deletions coupled with transcript profiling
and promoter-trap promoter identification studies suggested cag
PAI operon structure was much more complex. Our data suggests
that there are at least 11 operons: cagl-4, cag3-4, cagl0-9, cags-
7, cag6-5, cagll-12, cagl6-17, cagl9-18, cag21-20, cag23-22, and
cag25-24, as well as five monocistronic genes (cag4, cagl3, cagl4,
cagl5, cag26). Additionally, the location of four of our promoter-
trap-identified promoters suggests they direct expression of, in
one case, a truncated version of cag26 and in the other three, tran-
scripts that are antisense to cag?7, cagl7, and cag23. Using RT-PCR
we verified the presence of transcripts that are antisense to cagl”
and cag23.

CONSERVATION OF cag PAI GENE EXPRESSION AMONG H. PYLORI
STRAINS

Our transcript profiling of cag PAI ORFs and intergenic regions
of three H. pylori strains, 26695, J99, and J166, suggested that
cag PAI expression is generally conserved among strains. There
were some genes, however, whose expression showed appreciable
differences across strains. Potential reasons for these differences
may be attributed to one or a combination of the following: (1)
difficulty in accurate quantitation of low abundance transcripts,
(2) differential stability of the transcripts, and (3) differential
strength of the promoters. We suspect that the differences in cagl5
expression between strains may be due to its very low expres-
sion in vitro (Joyce et al., 2001). The reduced expression of cagl2,
cagl3, and cagl9 in H. pylori strain 26695 compared to that of
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Table 1 | Chromosomal location of putative cag PAl promoters.

Putative promoter Cag PAl library, G27 genome 26695 genome Sharma et al. (2010)?, Joyce et al. This study®

(length; nt) + strand  genome source position position transcription start site (TSS)  (2001)°

| (244)— G27 542756-542513 574379-5674136 TSS575200— Y Y (P)

I1(38)+ G27 530249-530286  563751-563788 TSS564140+ Y Y (P)
TSS564347+

{91+ G27 and J166 544137-544227 575760-575850 None N N

IV (104)+ G27 5156270-515371 548689-548790 TSS549427+ N Y (T)

V(71)— G27 547735-547665 579357-579287 TSS579114— Y (P)

VI (314)+ G27 514575-514888  547996-548307 None N N

VII (234)— G27 525984-525661 558996-558763 None N N

VIl (635)— G27 530667-530918 564409-563785 TSS564078— Y Y (P)
TSS564329—

IX (132)+ G27 521375-521506  554800-554931 None N N

X (269)— G27 528142-527874 561644-561372 TSS561595— N Y (T)

X1 (419)+ G27 547665-548083 579287-579744 TSS579817+ N N

Xl (64)— J166 539314-539259 570937-570882 None N N

Xl (68)— J166 546797-546736 578420-578359 None N Y (T)

XIV (70)+ J166 548866-548927 580539-5680604 None ND N

“Transcription start sites (TSS) predicted by Sharma et al. (2010) that are downstream of, or within, the promotertrap-identified promoter. The 26695 genomic position

and DNA strand (+ or —) of the TSS are indicated. None, no TSS near the functionally identified promoter. Y, promoter was previously identified by Joyce et al. (2001).

N, promoter was not previously identified by Joyce et al. (2001). °R the promotertrap-identified promoter was within the genomic region deleted in our promoter

deletion analysis; T, it is in a location that is consistent with the changes we observe in cag gene expression, N, it was not within a genomic region deleted in our

promoter deletion analysis or indicated by changes in cag PAl gene expression.

VI IV X v X v
—> —>
—5 < <
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* * * * 2
23 © N o A > o X X Y
FEFS FEF P S LSS

FIGURE 4 | Promoter-trap-identified promoters and proposed transcript
map on the H. pylori cag PAIl. Each gene on the cag PAl is represented by a
thick black arrow, oriented in the direction of transcription, whose length and
spacing are approximately proportional to the annotated gene length and
intergenic spacing. DNA segments represented in the promoter library that
contained functional promoters (numbered I-XIV) to correspond with Table 1
and sequences in Table A5 in Appendix) are shown as small gray flags

Xl | meoxmo VX Xy
SRR SR
<~ 3
< >
* % Mk * * #*
N N S S A Y A 2
S & & FPPPLLES P FES &

pointing in the direction they direct transcription and positioned in their cag
PAl location. Thin black arrows represent 17 of the 20 proposed transcripts
and gray arrowheads represent the three potential antisense transcript start
points. All arrows point in the direction of transcription. Transcription start
sites identified in Sharma et al. (2010) are indicated by an asterisk (x); black
asterisks indicate the transcription start site is on the plus strand and gray
asterisks indicate the minus strand.

J99 and J166 is more likely attributed to transcript instability
and differences in promoter strength. Our expression findings
should allow researchers to more confidently apply our and other
cag PAI expression data to unique clinically isolated H. pylori
strains.

DIFFERENT STUDIES PREDICT SIMILAR cag PAI OPERON STRUCTURE

Our findings are generally consistent with previous predictions
of cag PAI promoters, expression and operon structure. First, our
promoter-trap and promoter deletion studies identified four of
the five cag PAI promoters, upstream of cagl, cagl0, cag?1, and
cag25 (not cagl5), that were predicted by Joyce et al. (2001) in

the H. pylori Alston strain. However our transcript profiling of
cag PAI ORFs and intergenic regions did predict the promoter
upstream of the cagl5 (Figure 1). The failure of our promoter-trap
to identify the promoter upstream of cagl5 was not surpris-
ing, as Joyce et al. (2001) found that this promoter was only
induced in co-culture with epithelial cells or in mice. A sim-
ilar profile of promoters between the clinically isolated Alston
strain and 26695, J99, J166, and G27 again supports conserva-
tion of cag PAI operon structure and expression between H. pylori
strains.

Our promoter analyses also identified promoters upstream of
cag25 (cagB) and cag26 (cagA) that were in positions similar to
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FIGURE 5 | Reverse-transcriptase polymerase chain reaction (RT-PCR)
identifies transcripts downstream of promoter-trap-identified
promoters PlIl and PXIl. RT-PCR was carried out for the three promoters
that potentially directed expression of antisense transcripts, Plll, PIX, and
PXII. Three reactions were included for each promoter, a DNA

template + DNA polymerase (DNA), an RNA template + DNA polymerase
(T) and an RNA template + reverse-transcriptase and DNA polymerase (RT).
Amplicons of the correct size were detected for Plll and PXIl in the RT
reactions but not in the T reactions. An amplicon was not detected for PIX
in the RT orT reactions. This supports expression of transcripts
downstream of PlIl and PXII, but not PIX. The * indicates the 100-bp marker
of the 100-bp ladder.

those previously reported by Spohn et al. (1997) for H. pylori strain
G27,and by Sharma et al. (2010) for H. pylori strain 26695. Spohn
etal. (1997) identified two transcription start points upstream of
cag25 that are ~200bp upstream of what we and Sharma et al.
(2010) found for cag25. All three studies predicted the same start
point that is upstream of cag26, but we found an additional pro-
moter that is located within cag26. The significance of multiple
start sites upstream of cag25 and within cag26 are, as of yet, unclear.
However, a recent study suggests discreet roles for the amino- and
carboxy-terminus of Cag26 (CagA) and it is interesting to spec-
ulate this promoter could separate Cag26 function by creating a
truncated protein (Pelz et al., 2011).

Our transcript profiles obtained from our work were also con-
sistent with many of the 14 cag PAI operons identified in the H.
pylori genome-wide transcript analysis conducted by Sharma et al.
(2010). In common, we predicted five polycistrons: cagl-4, cag6-
5, cag8-7, cagll-12, and cagl6-17, and the three monocistrons:
cag4, cagl3, and cag26. Our promoter locations are consistent with
their transcripts that start at cagl0, cagl4, and cag25, but our data
did not predict that the transcripts extended to cag?7, cagl3, and
cagl8, respectively. We also did not find functional promoters
upstream of cagl7 and cagl8 that would suggest they were also
expressed as monocistrons. However, in addition to the truncated
cag26 transcript mentioned above, we also identified the follow-
ing set of transcripts that were not identified by Sharma et al.
(2010), including the polycistrons cag3-4, cag21-20, cagl9-18 and
three transcripts that were antisense to cag”7, cagl7, and cag23.
A transcript for cagl5 was also not identified by Sharma et al.
(2010), likely due to its very low abundance in vitro (Joyce et al.,
2001). We speculate that these discrepancies are due to potential
issues with transcript abundance and stability here and in Sharma
et al. (2010) and incomplete screening of our cag PAI promoter
libraries.

INCOMPLETE SCREENING OF cag PAI PROMOTER LIBRARIES
Outstanding observations in our screening of the pcat-T-
caglibJ166-tnpR and pcat-T-caglibG27-tnpR libraries in H. pylori
ACHP17 were that we only identified four promoters grouped at
the 3’-end of the cag PAI from pcat-T-caglibJ166-tnpR and that
we did not identify promoters from the central region of the cag
PAI from pcat-T-caglibG27-tnpR. We hypothesize that this was
due to a combination of two things: (1) incomplete represen-
tation of the cag PAI region in both of our libraries and then
(2) restriction modification system differences that were appar-
ent in transforming our G27 based reporter strain ACHP17 with
J166 cag PAI DNA. Although our library screening calculations
(see Materials and Methods) suggested that we had screened
100% of the H. pylori G27 cag PAI and 71% of the H. pylori
J166 cag PAI, our control experiments with 10 or 30 randomly
selected H. pylori transformants, respectively, suggested that our
libraries were biased; the H. pylori caglibG27-tnpR library was
biased toward the left and right ends of the cag PAI and the
H. pylori caglibJ166 library was biased toward the right side of
the cag PAI Nonetheless, this methodology was very effective
at identifying promoters in positions where we observed slight
differences in expression of adjacent genes. Specific amplifica-
tion of cag PAI regions (e.g., cagl2-17) that were underrepre-
sented in our cag PAI libraries will ensure better representation
of the G27 cag PAI region in our library for future in vivo
analyses.

COMPARING cag PAI EXPRESSION /N VITRO AND IN VIVO

This and previous studies have contributed to building a more
complete expression profile of the clinically important cag PAI of
H. pylori grown in vitro (Spohn et al., 1997; Joyce et al., 2001;
Sharma et al., 2010). The promoters identified by these in vitro
studies can now be analyzed for their potential regulation during
H. pylori infection of a host. It is clear in at least two cases that
in vitro predicted promoters, those upstream of cagl5 and cag21,
are expressed at higher levels when co-cultured with an epithelial
cell monolayer and in mice (Joyce et al., 2001). While we antic-
ipate that a subset of our in vitro identified promoters will be
regulated in vivo and may contribute to virulence, other studies
suggest that there is a set of promoters or transcripts uniquely
expressed in vivo (Scott et al., 2007; Castillo et al., 2008b); analysis
of H. pylori transcripts isolated from gerbil stomachs predicted
that cag25 is expressed as a monocistron in vivo (Scott et al., 2007)
and a promoter-trap study identified a unique promoter, Pivi66,
within cag7 (Castillo et al., 2008b). Analysis of our H. pylori cat-
T-caglibmG27-tnpR library in rodents has the potential to identify
additional in vivo induced cag PAI promoters.
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APPENDIX

Table A1 | Open reading frame primer pairs selected for real time RT-PCR.

Primer Strain? Forward primer (5'-3’) Reverse primer (5'-3')

Cag1 u GCTATGGGGATTGTTGGGATAA GCTTCAGTTGGTTCGTTGGTAA
Cag2 A TGTAAGGGCGTTTTACGAGAA TTTGGGATATTTAGGATTTTGTGAA
Cag2 B ACTGTAAGGGCGTTTTACGAGAA GGGCGTGTTTTCACAATGTAA

Cag2 C GAATTTGTCCAATAGGGGATTTTTA AACAGAGAGATTGCCTTTTTTTGTA
Cag3 A C GACACCTTGAATGTGAATGACAAA GTTGTAATACCCATTGACTTGCTCTAA
Cag3 B AAACAAGAGCGATGGGAACTTA TAGGGGCGAACACACTTCA

Cag4d A B GCGAGAAAAATCCCTTAAAGACA GTGTTTCATTCCCCCATTGTAA

Cag4d C CCATCACTTTCAAGCAATACGA GAGCGTTTTAGAATAGGTAGGGTAGAA
Cagb A C CGGACTAGAGATATAGGAGCGAATAA GCCACTGCCTGCCTACAA

Cagb B TAGTAGGAGCAATCAAGCCAATAAA TAGGGACATAGGAGCGAATAAAAA
virB11 U CCTCTAAGGCATGCTACTGAAGAA TCGCTAAATTGCTGCTCAAAA

Cagb u GAAAGCACGTATCAAAAATGAACTAA CAGATAAGAAGCCACTAGGTCTGAA
Cag7 U AAGTCAGAAGAAATAACTGACGACTCTAA TCACGATAAGAACAGCGACTACAA
Cag8 U AGCAATGAACAGATTATCAACAAAGA GTAGTAGTTGTAGTTTCTAGGCACGG
Cag9 u TCTCATTGTTCCTAATTGGTTGAAA CTTGTGGCTAATGGTGTGCTAA
Cag10 u AACGAAGAAGTCTTGATTGATGAAA CTGTGTATCGATCAATGCCATAA
Cagl U CACCTAGCAACTCACAGAGCAA CCCACCCATACACAATCCTAA

Cag12 A C TGTTTTAATCGGTGCGACAA GAGCGTAATCTTTTTAGAATGGTGAA
Cag12 B CAAACTCAAAGACACACCATTCA TTGTTGTTGGGATTATCATTGTAGTTA
Cag13 U AATAACATGCGAAAACTCTTCTCAA CTCCATAGTCTCACTCTCAAGCAA
Cag14 U ACGCATTAGAGATCCGAACAA CCATTCTTCAACACTTCTGCCATAA
Cag15 u CAGGGGTGATTTTAGTTTATCCAA TATGCTGAGAGAAACGAGTAGCAA
Cag16 u GAAGAAGTGGCTGCAAAAGAA CATAGGCATAAGGGTTAGGAAGAA
Cag17 A C TCAAAGACATGACGACGAAGAA GCTCTTGCCCTATCATTTCGTAA
Cag17 B TCGCTCTTTATTCTTTGGTTGTTTA TGCTCTACTCTCGCCCTATCA

Cag18 u CCAACCAACAAGTGCTCAAAAA TCAATAACGCTAAATCTCCTCTCAA
Cag19 A C GACTTTTTGTGGTTTGTCTCTGAA CGCCAAGCAAGATGTCTGAA
Cag19 B GAATGGCTTTTTCTTTGGCA TTTTTGTGGCTTGTCCTTGAA

Cag20 u GCTGCTAACCAACAATACAACCAA CTAAGATACCGCTCATCATTTCAA
Cag21 u GGGGCTTGTTTCTAGAGATCAACTAA GAAAGGATTGTTTGGACCGTAA
Cag22 A CTTGCCCATCGTTTATTTCCTTA ACCTTACCGCTCTTTATGATTTTTCTA
Cag22 B, C TTTATGTTTATGCTTACTTCATGCTAGAA CGCTCATATCAATCTGAATCCAA
Cag23 u GCTAGTCATAGAGCAAGAGGTTCAAAA CACAATAACAATCGCTACAATCAAA
Cag24 u GTATGGGTTAGCAAATGACGATAAA TTAAGGACTCTATTGACAATCACGAA
Cag2b u CAAGAATCACTGACAGCTACAAGAA ATACCGCCTGCCACCGCTAA

Cag26 U ATAAAGCGATCAAAAATCCTACCAA GGGGGTTGTATGATATTTTCCATAA

aStrain specificity: A-26695, B-J99, C-J166, U-universal.
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Table A2 | Intergenic primer pairs selected for real time RT-PCR.

Primer pair® Strain® Forward primer (5’-3') Reverse primer (5’-3')

Cag1/2 A CGTTACCAACGAACCAACTGA TCATTGAGCCATTTATTTCTCGTAA
Cag2/3 A GTGTAAATGGACTGCTAGTGTGGA AGCGATACAGCGGTTGCTA

Cag2/3 B ATGTCCCAAATGCAACAGATTAA CGGCTTCACTTATTTCTTTAGCATAA
Cag2/3 C TTCACTCCCAATGAGTTTTTTACA CGGCTTCACTTATTTCTTTAGCATA
Cag3/4 A GTGTGGTTATGAGAGCGTTCAA ATTTTTCTCGCCTGTTGTTCAA

Cag3/4 B AACTGCTTTCACCACTAAGGGA GGATTTTTCTCGCTTGTTGTTCA
Cag3/4 C TGTGTGGTTATGAGAGCGTTCA GGTGAGATTTTCGTATTGCTTGA
Cag4/5 A TTCTCAAGTGCGATATAACGAGTAGA TCTTTAGTGCCTGTGGGTTCAA

Cag4/5 B CTAAGAGCGATGGTTGGCAA AAAATATGATCTTTGTCTTGCATGAA
Cag4/s C GGGGAATGAAACACAACCCTAA GAAGGCAAAAAGCCTATTCCAA
Cagb/virB1 1 u ACCCTTTCTTTCAGCCCATCTATAA TGTCCATATCAACCACCACAA
virB11/Cag 6 u AGGATTTAATGCCGCTTCTTTTAA CAATGAGATGGTCCAAGATATAGGGA
Cagb/7 U GTTCCATTGCTGTTTCCTTTCA AATCACCACAAGCCCCAAA

Cag7/8 A B GGTGAATCTTGTTGGGCTTTTTTA AGGATTGAGATGGTATAGAGTTAATGAAA
Cag7/8 C TTCAAGTTTATCGTTTTCTTCATTCA ATGGTATAGAGTTAATGAAATTGCAGAA
Cag8/9 u AATAACCAAGACAGAAACAGCCAA GATGGTAGCAGAATGGATAGAGAAA
Cag9/10 U AATAGCTTTCAACCAATTAGGAACAA AACTCTTCTCAAGAAAATCTTATCATCAA
Cag10/11 U CCCAACCAAATTTTCATCAATCA GTTTGAAGCAATCCGCTACTTACA
Cag11/12 A B AAACAAGGCGGTGCAGAA GGTGTGTCTTTGAGTTTGTCATTTAA
Cag11/12 C GCTTCATAGGTATGGGCTATTTGA TGTTTCACCACTTTTTTCGCATA
Cag12/13 U AAATCAGAAGTTTGCTCAGTGGTAA CGCTAATCTAAAAACCATTGAACAA
Cag13/14 u AGCGGTCATAATTCAAAGAGCAA CAACAAGGCAATAGATTACTAGCT GAA
Cag14/15 u ACCAATCGCAAACAAATCAAA GATATGGTGGTGGTTTTCCAA
Cag15/16 A C AATACCAACAAGCCGCATACAA CTCCAAACGCAACCAATGA

Cag15/16 B AATACCAACAAGCCGCATACAA TGGATCAGATTAGGGATTATTGGAA
Cag16/17 u CGATCCTATGATGAGCGACAA GATAGCGTTTAAGCCCCCATAA
Cag17/18 u GCTCTAAATCTGAACTGCCCAATA GAACAAAGTAAGCGACAATACCTACA
Cag18/19 U GGCTAGTGGTTGAAAAAATCTCATCTA AAAGAGAAACGACAGCAAGAAACA
Cag19/20 u ATAACGCCATTAGCCCCTTTTAA GGGTGCAAACTAAAATAATCGTGAA
Cag20/21 A B GATTAGTAAATCCCACAACAATAGGAATAA TTTTTACCACCGATCTTAGGGTATTAA
Cag20/21 C GCGGTCATTTGCGGATTAGTA GGCGATTACGGTCCAAACA

Cag21/22 U AGCGTTAAACATGCCAATGATAA GATATGAGCGTTGAAGCTAAAAAGAA
Cag22/23 u TCACCTTCCATTTCTTCTTCTATGAA GTTTTAATTTGAGGGGCATTCCTA
Cag23/24 u CGCTTTTGAACCTCTTGCTCTA TCAGCACGACCAACAAACAA

Cag24/25 U CATACGAACTGAAAACAACGAGACTTA ATATTGGCGAGAGTGGAGGA

20ne primer was in the intergenic space and the other was sometimes located in an adjacent gene. °Strain specificity: A-26695, B-J99, C-J166, U-universal.
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Table A3 | Primer pairs used to construct promoter knockouts.

Primer pair Forward primer (5’-3") Reverse primer (5’-3")

Cag1-U TATGCGGCCGCCGCTTTCACTAACGCTTCCACTA GCACTGCAGGCGCAAGAATACAGCATTGGGC
Cag1-D AGTGGATCCATGGCTGACACAATCAATACAACTG CTGCTCGAGCTTCATCATCCACATTCTTGTTGAAG
Cag10-U ACACTCGAGTCCACTCACATCATAGCCATGCA ACACTGCAGCCTAGCAACTCACAGAGCAATGA
Cag10-D ACAGGATCCGCCCTTGATAGATTGGCTAAACTCA ACAGCGGCCGCCGACAAAAGCAAGCATGGCTGTA
Cag11-U ACAGCGGCCGCCGACAAAAGCAAGCATGGCTGTA ACAGGATCCGCCCTTGATAGATTGGCTAAACTCA
Cag11-D ACACTGCAGCCTAGCAACTCACAGAGCAATGA ACACTCGAGTCCACTCACATCATAGCCATGCA
Cag16-U AACCTCGAGGAGTCTTACTTGTGGGACACTC AACGGATCCATAGGCTGTTCAATATCAGCTCTATC
Cag16-D AACCTGCAGAGCTCATTGGTTGCGTTTGGAG AACGCGGCCGCTTCTCTCAAAGCGTTAGTGGCG
Cag21-U AACGCGGCCGCAACCTTATCACAGGAGATATGAACC AACGAGCTCTAGCATTGAGACTATCTATGAGACC
Cag21-D AACGGATCCGCTTGGTGTCTTATCATTGGCATG AACCTCGAGGATGTAATCAAGGTAAGTCAAATGCG
Cag25-U AGTGCGGCCGCCTTGTCTAAAGCCAAATTCATGCC AGTCTGCAGCCTTCCAATACAGCTTGATTGTCA
Cag25-D AGTGGATCCCGCACAAGAATCACTGACAGCTACAAGA AGTCTCGAGGAGAATAGTTGTTAGTAAGGATCAC
CAT-12 AACGGATCCGCGGACAACGAGTAAAAGAG AACCTGCAGGCAGGACGCACTACTCTCG

CAT-2P AACGGATCCGCGGACAACGAGTAAAAGAG AACGAGCTCGCAGGACGCACTACTCTCG

CAT-3¢ AACCTGCAGGCGGACAACGAGTAAAAGAG AACGGATCCGCAGGACGCACTACTCTCG

U, upstream arm; D, downstream arm.

abeKnockouts were constructed with amplification of the CAT gene using primer pairs CAT-1 (cagl1, cag10, cag25), CAT-2 (cag21), or CAT-3 (cag11, cag16), which

differed only in the 5 restriction sites (underlined).

Table A4 | Primer pairs used to generate amplicons for cag PAl libraries.

Oligo upstream Sequence Oligo downstream Sequence

J166 J166

MWG268 cgctcaaacctgaaagatcaa MWG6E53 taggggcgaacacacttca
MWG607 ctaaagagaccaagaaagaggctaaa MWG18571 cactatggagacttgcggaaa
MWG406 ctaagagcgatggttggcaa MWG463 cctctaaggcatgcetactgaagaa
MWG103 tggacaatcatatcaatcaaatcttta MWG1198 gtttgagcgatgaagagaagc
MWG988 acaagagggagctttttaatcaca MWG19145 tctcattgttcctaattggttgaaaa
MWG1008 aacgagctccatagaatctttgaaccaatctag aacga MWG028 tgcggttttgttttttggattagaa
MWG410 aatgtaagtagcggattgcttcaa MWG19155 acgcattagagatccgaacaa
MWG416 agcggtcataattcaaagagcaaa MWG6E57 tgctctactctcgecctatca
MWG063 cagcttcaattttgatacccaatc MWG475 gactttttgttgtttgtctctgaa
MWG476 cgccaagcaagatgtctgaa MWG436 gttttaatttgaggggcattccta
MWG18880 ctagcatgaagtaagcataaacataaactaa MWG17626 gctaatgacatccacttaaatccaaa
MWG734 aacctcgagaccttgagatacaagtcttttctgttg MWG807 gacagattttcaaagacagcttca
MWG17643 aacctcgaggctttactttatggtgagccataac MWG9165 ttagaataatcaacaaacatcacgccat
G27 G27

A-cag gcgagcggcgatgtgatctgge B-cag ggaacgccaccgttggttataaagac
C-cag gattggatcgtaatgcttcaaatce MWG9165 ttagaataatcaacaaacatcacgccat
D-cag cctgtatctgtcectagete MWG807 gacagattttcaaagacagcttca
F-cag ggactccattgttcctaatgg E-cag gatgatggggtgatccttactaacaac
Q-cag gacccgttagggaattataatce R-cag cctatcaataacaacataagcgag
O-cag cagagcagtcataattcaaagagc P-cag tgctctgetctegecctatea

M-cag gtaaggtagcggattgcttcaaacaag N-cag cacgcattagagatccgaacaage
l-cag gctttaagactctetttagettc l-cag gatgggaaattgagcatgactg
J-cag gaagctaaagagagtcttaaagc K-cag gtaaagaaccgagtttggtaaac
G-cag ccttagcaccattcetgecataace H-cag gaaggaagctcaatgagattgtc

Several additional oligonucleotide pairs were required to amplify the entire H. pylori G27 strain cag PAI region, due to poor or no amplicon presence in some PCR

reactions.
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Table A5 | Putative promoter sequences that direct expression of the reporter tnpR.

Promoter

Length (nt)

Sequence

Vi

VI

Vil

Xl

Xl
Xl
XV

244

38

91

104

71
314

234

635

132

269

419

54
68
70

GATCAAAAAAATCAAAACAAAAATAACGATTGAGTGGCGTTAATGCGCTAGAATAGTGCTAAAAATAAGAATAAAGGAATCAAAA
GTATGAAAACGAATTTTTATAAAATTAAATTACTATTTGCTTGGTGTCTTATCATTGGCATGTTTAACGCTCCGCTTAACGCTGACC
AAAACACTGATATAAAAGATATTAGTCCTGAAGATATGGCACTAAATAGCGTGGGGCTTGTTTCTAGAGATC
GATCGTTTGACAATTTTAAATTCTCCTGTGTATCGATC
GATCTGTTGCTTTATTGTCAAAAAGCCATTGAAATTCACCATTGGTTGATTTGCAAAAA GGCGCTAATCGCGCGACAAGCCCAT
TAGGATC

GATCCCAATGCCCACACGCTTGATAAGGGAGCGTCAATTGATGAGAACAAGCTTTTT GAACAACAAAAACGCGCGTATTTCAA
CTACGCCAACGATGTGATC

GATCAGCTTGGGTTTGTTTCTGCTTGTTTTTAGGTTTCAACCTGAGACGATTAAAAAA TACATCAAAGATC
GATCCTAAATATCCCAAATGCAATGGATTGATGAAAAGAAAAAAGAATTTCAAAAACAATGAGTTTTTTACAGCTGCATTACTT
ACCTTAAATGCAATGGAATTTTGTCTCTATATCAATTCTGAAAAAAAAGGAAACTAATGTTTAGAAAACTAGCAACCGCTGTATC
GCTCATAGGCTTACTAACCTCTAACACTCTTTATGCTAAAGAAATAAGTGAAGCCGATAAGGTCATTAAGGCCACTAAAGAAACT
AAAGAGACCAAGAAAGAAGTTAAACGACTCAAAAAAGAAGCTAAACAGCGCCAACAGATC
GATCAAGAGATTATCAAAGGAAGCAAAAAAAAATACATTATTAGTGGCATTGTAGTCGCTGCTCTTATCGTGATTATTTTATTTTCT
AGAAGCATTTTTCACTACTTTATACCTTTGGAAGATAAAAGCTCTCGTTTTAGCAAAGACAGGAATCTTTATGTCAATGATGAAATC
CAAATAAGGCAAGAGTATAACCGATTGCTGAAAGAACGGAATGAAAAAGGCAATATGATC
GATCCATGATGCTCTGTTGTATCGTTCATGAAATTCCTTTCAAGAATTAAATTGAGAAATTGTTTTGATATTATACCATTCTCTCTCT
GAGTTGTGATTGTCTTATCTCTTTGAATTAGGCGCTTCTAAAATTTCATTACTGATTACGACTGCTTACTTATTGCTCTTACTTTTTG
AGTTGCATCGTGTTTCATCTTGCTTCTTGTTTGAAGCAATCCGCTACCTTACATTTATTATAAGGAATCTTTGTTCAACGCCTTATCC
AAAAAGGTTTTTATTAAAGGTTTTTTCAAATATATATTTTTACAGAAATTTTGCTATACTATAACTGAAATTGTTTTAAGGAGTTTTTG
ATGAAAAAATTTCTCAAGTATTTCTCAAGTTTTGCAACCAACAAACCAATAACTAAACAATAAAGCTGTCGCATGTTAGGGAAAA
AAAACGAGGAAGTCTTGATTGATGAAAATTTGGTTGGGGGTGTGATAGCCCTTGATAGATTGGCTAAACTCAATAAGGCCAATA
GGACTTTCAAAAGGGCTTTTTATCTCTCTATGGCGCTCAATGTCGCCGCTGTAACGAGTATTGTGATGATGATGCCTTTGAAGAA
AACGGATATATTTGTTTATGGCATTGATC

GATCATAGTGCCGTTCATGTTCCATACATCTTTGGCTACAACCCCACTCACTATACCT GTGAGAGTGGCATCTACTTTAGAAGTCA-
GAGTGATTTCAATAGGGGTGTATTGCGCT AAAACAAATGTGGGATC
GATCTATGTTTAAAGGCTAGCCGCTTTATTCTTGTGTTACAATTACAAATATTTTTTAAGAGGAATTGTTGATGGGGCGGGCATTG
TTTAAAAAAATTGTTGGCTGTTTCTGTCTTGGTTATTTATTTTTATCTAGCGTAATAGAAGCAGCACCTGACATTAAAAATTTTAATC
GTGGTAGGGTGAAAGTGGTGAATAAGAAGATTGCTTATTTGGGAGATGAAAAACCTATTACGATTTGGACTTCATTAGACAATGTT
ACTGTGATC
GATCTTTGATGTATTTTTTAATCGTCTCAGGTTGAAACCTAAAAACAAGCAGAAACAAACCCAAGCTGATCAGAGTGAGAATAAA
GCTCCATTTTAAGCAACTCCATAGACCACTAAAGAAACTTTTTTTGAAGCTGTCTTTGAAAATCTGTCCTATTGATTTGTTTTCCATG
TGAATCACAAACGCTTAATTGCAAATATATACTTTATGGTAAGCATGACACACAAACCAAACCATTTTTAGAACGCTTCATGCACTC
ACCTTGATTCCAACTATATTTAAGCATTGCATTTGATTTATTCTTGAAGGTTCATTTCTTATTTCTTTTCTTTGTTAAAATTCGTTCATT
TTAGCAAATTTTTGTTAATTGTGGGTAAAAATGTGAATCGTTCCTAGCCTTTAGACGCCTGCAACGATC
GATCCCTAGAACAAAGTAAGCGGCAATACCTACAAGAAAGGCAATCAAGTAAGATC
GATCCAATCATTGAAAAAATCTTTGATGAAAAGGGTAAAGAAATGGGATTGAATGTAG AATTACGATC
GATCCTACTGGTGGGGATTGGTTGGATATTTTTCTCTCATTTATATTTGACAAAAAACA ATCTTCCGATC
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Table A6 | Key to cag PAI gene names.

26695 ORF Gene number Gene name T4SS homolog
HP0520 cagl cagC

HP0521 cag2/hypothetical Hypothetical

HP0522 cag3 cagA

HP0523 cag4 cagy VirB1
HP0524 cagh cagp VirD4
HP0525 caga VirB11
HP0526 cagb cagZ

HP0527 cag7 cagY VirB10
HP0528 cag8 cagX VirB9
HP0529 cag9 cagV VirB6
HP0530 cag10 cagW VirB8
HP0531 cagl1 cagU

HP0532 cag12 cagT VirB7
HP0533 Hypothetical Hypothetical Hypothetical
HP0534 cagi13 cagS

HP0535 cagl4 cagQ

HP0536 cag15s cagP

HP0537 cag16 cagM!

HP0538 cag17 cagN

HP0539 cag18 caglL VirB5
HP0540 cag19 cagl

HP0541 cag20 cagH

HP0542 cag21 cagG

HP0543 cag22 cagF

HP0544 cag23 cagkE VirB3/VirB4
HP0545 cag24 cagD

HP0546 cag25 cagC VirB2
HP0547 cag26 cagA
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Helicobacter pylori is a specific gastric pathogen that colonizes the stomach in more than
50% of the world’s human population. Infection with this bacterium can induce several
types of gastric pathology, ranging from chronic gastritis to peptic ulcers and even adeno-
carcinoma. Virulent H. pylori isolates encode components of a type IV secretion system
(T4SS), which form a pilus for the injection of virulence proteins such as CagA into host
target cells. This is accomplished by a specialized adhesin on the pilus surface, the protein
CaglL, a putative VirB5 ortholog, which binds to host cell g1 integrin, triggering subsequent
delivery of CagA across the host cell membrane. Like the human extracellular matrix protein
fibronectin, CagL contains an RGD (Arg-Gly-Asp) motif and is able to trigger intracellular sig-
naling pathways by RGD-dependent binding to integrins. While CagL binding to host cells
is mediated primarily by the RGD motif, we identified an auxiliary binding motif for Cagl—-
integrin interaction. Here, we report on a surface exposed FEANE (Phe-Glu-Ala-Asn-Glu)

Germany. . . . . .. . . .
o-mail- norbert.sewald@uni- interaction motif in spatial proximity to the RGD sequence, which enhances the interactions
bielefeld.de; of CagL with integrins. It will be referred to as RGD helper sequence (RHS). Competitive cell

Steffen Backert, School of
Biomolecular and Biomedical
Sciences, Science Center \Vest,
University College Dublin, Belfield
Campus, Dublin-4, Ireland.

e-mail: steffen.backert@ucd.ie

adhesion assays with recombinant wild type CagL and point mutants, competition exper-
iments with synthetic cyclic and linear peptides, and peptide array experiments revealed
amino acids essential for the interaction of the RHS motif with integrins. Infection experi-
ments indicate that the RHS motif plays a role in the early interaction of H. pylori T4SS with
integrin, to trigger signaling and to inject CagA into host cells. We thus postulate that CagL
is a versatile TASS surface protein equipped with at least two motifs to promote binding to
integrins, thereby causing aberrant signaling within host cells and facilitating translocation
of CagA into host cells, thus contributing directly to H. pylori pathogenesis.

"Jens Conradi and Nicole Tegtmeyer
have contributed equally to this work.

Keywords: CagL, binding motifs, cortactin, ERK kinase, integrin interaction, osf,

INTRODUCTION

was achieved by the generation of transgenic mice expressing CagA

About 50% of the world’s human population is infected by Heli-
cobacter pylori, a gastric pathogen causing gastritis in all infected
individuals and more severe gastric disease in 10-15% of cases
(Amieva and EI-Omar, 2008; Atherton and Blaser, 2009; Polk and
Peek, 2010). H. pylori can infect humans lifelong as the conse-
quence of a highly complex host—pathogen crosstalk, and is an
excellent model system to study bacterially induced epithelial cell
signaling cascades which are of relevance to neoplasia. H. pylori
strains are surprisingly diverse in both their genome sequences and
resulting virulence. Multiple bacterial virulence factors such as the
cag pathogenicity island (PAI), the protein CagA, and the vac-
uolating toxin VacA have been identified. Considerable research
interest worldwide is currently focused on the effector protein
CagA because CagA-positive but not CagA-negative H. pylori
strains are associated with the development of severe gastric dis-
eases. A direct causal link between CagA and carcinogenesis in vivo

(Ohnishi etal.,2008). The cagPAI has been shown to encode a type
IV secretion system (T4SS) for the delivery of CagA into the cyto-
plasm of host target cells, where CagA is phosphorylated by host
tyrosine kinases (Backert and Meyer, 2006; Mueller et al., 2012).
T4SSs are typically composed of 11 VirB proteins (encoded by
virBI-11) and the so-called coupling protein (VirD4, an NTPase).
The H. pylori cagPAI contains up to 32 genes encoding orthologs of
all 11 VirB proteins and VirD4 as well as various associated factors
(Backertetal.,2002; Backert and Selbach, 2008; Fischer, 2011; Tegt-
meyer et al., 2011a). Scanning electron microscopy (SEM) studies
showed that the H. pylori T4SS is induced upon host cell con-
tact and forms pilus-like structures protruding from the bacterial
membrane (Rohde et al., 2003; Kwok et al., 2007).

Various cell surface molecules are required for T4SS function,
suggesting a sophisticated control mechanism by which H. pylori
injects CagA (Wessler and Backert, 2008). The first identified host
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receptor for the T4SS was integrin a5, according to a series of
experiments including respective knockout cell lines, gene silenc-
ing RNAs, function-blocking antibodies, and competition studies
(Kwok et al., 2007). The bacterial interaction partner was iden-
tified as CagL, a VirB5 ortholog, and specialized adhesin that
is targeted to the pilus surface, where it binds to integrin osf;
and mediates receptor-dependent delivery of CagA into gastric
epithelial cells (Backert et al., 2008, 2011). Like fibronectin, an
extracellular matrix protein and natural ligand of integrin a5,
CagL contains an arginine—glycine—aspartate (RGD) motif that
was shown to be important for interaction with integrin osf;
on host cells (Kwok et al., 2007). Binding of CagL during infec-
tion or by incubation with recombinant protein in vitro elicits
downstream signaling like tyrosine kinase activation of several
proteins including EGF-receptor, FAK, and Src (Kwok et al., 2007;
Saha et al., 2010; Tegtmeyer et al., 2010) as well as stimulation of
ERK1/2 MAP kinase (Wiedemann et al., 2012). In line with these
observations, various other structural T4SS proteins have subse-
quently also been demonstrated to bind to B; integrins in vitro,
including CagA, Cagl, and CagY (Jiménez-Soto et al., 2009). In
the same study, mutation of the RGD motif in CagL revealed no
reduction of injected CagA during infection (Jiménez-Soto et al.,
2009). Using mass spectrometry it was further reported that sur-
face exposed CagL associates with two other cagPAI proteins, Cagl,
and CagH (Shaffer et al., 2011). All three factors are required for
CagA translocation into host cells. SEM analysis revealed that these
proteins are involved in the formation of T4SS pili. The H. pylori
mutant strains A cagl and A cagl failed to form T4SS pili, while the
AcagH mutant revealed a hyperpiliated phenotype and produced
pili that are elongated and thickened as compared to those of the
wild type (WT) bacteria (Shaffer et al., 2011). This suggests that
T4SS pilus dimensions may be regulated by CagH. Taken together,
the above results indicate that CagH, Cagl, and CagL are compo-
nents of a T4SS subassembly complex involved in the biogenesis
of pili that interact with integrin asf; (Kwok et al., 2007; Shat-
fer et al., 2011). However, the exact co-operation of the various
integrin-targeting cagPAI proteins is not yet clear and needs to be
investigated.

We recently reported on cell-based in vitro binding studies with
WM-115 and AGS cells revealing that CagL not only interacts with
integrin asf;, but also with ayf3 and oyfs integrins (Conradi
et al., 2011; Wiedemann et al., 2012). Infection and in vitro bind-
ing studies showed that CagL induces gastrin expression via a novel
integrin ayPs-integrin linked kinase signaling complex indepen-
dent of CagA injection (Wiedemann et al., 2012). Cagl—~integrin
ayPs interactions were demonstrated by immunoprecipitation
and Biacore binding studies. In addition, the adhesion of WM-115
cells to immobilized CagL was inhibited by cyclic RGD peptides
with pre-defined conformation, where the sequence was based
on the CagL sequence Ala-Leu-Arg-Gly-Asp-Leu-Ala (ALRGDLA;
Conradi et al., 2011). The application of the so-called spatial
screening approach had previously been applied in the screening
of cyclic RGD peptides and resulted in highly active peptides that
efficiently and selectively inhibit the interaction of extracellular
matrix proteins like vitronectin, fibronectin, and fibrinogen with
the integrins oy f3, a5P1, and ay,P3 in the nanomolar ICsg range
(Gurrath et al., 1992; Pfaff et al., 1994; Haubner et al., 1996, 1997;

Weide et al., 2007). The spatial screening approach makes use of
incorporation of single p-amino acids into cyclic peptides in order
to lock the conformation and to predictably present the amino acid
side chain functional groups in a well-defined manner. p-Amino
acids are known to induce and stabilize discrete turn structures in
linear and, especially, cyclic peptides. Different cyclic RGD pep-
tides with the CagL basic sequence ALRGDLA and a p-amino acid
in different positions were synthesized. The variation of the amino
acid stereochemistry contributes to different backbone structures,
increases the spatial diversity, and provides constrained peptides
with different - and y-turns. The structures were evaluated using
NMR and molecular dynamics calculations, and activities of the
different peptides were determined in cell adhesion assays. These
structure—activity relationship studies revealed a B-turn around
Asp-p-Leu-Ala-Arg to be favorable for integrin interactions (Con-
radi et al., 2011). The corresponding cyclopeptides were shown to
inhibit integrin-mediated interactions of WM-115 cells with CagL.
In particular, the cyclopeptide-7 [c-(-RGDIA-); Table 3, p-amino
acids are written in small letters] displayed high activity (Conradi
etal., 2011).

In comparison with purified CagL"", purified CagL mutants
(CagLRAP and CagLRGA) exhibited decreased, but not completely
abolished affinity to integrin asf;, ayfs3, and ayfs in vitro (Kwok
et al., 2007; Conradi et al., 2011; Wiedemann et al., 2012). Other
recent studies indicated that the RGD motif of CagL is certainly
important but not sufficient for triggering cell signaling (Tegt-
meyer et al.,, 2010; Wiedemann et al., 2012). Taken together,
these data strongly underscore the importance of the RGD motif
for CagL binding (Conradi et al., 2011), but also suggested the
existence of one or more yet unidentified auxiliary motifs that
is/are involved in Cagl—integrin interactions. Here we report that
another CagL motif, a FEANE-containing sequence, in proximity
to the RGD motif, participates in binding of CagL to integrins
(thus referred to as RHS) and is able to induce cell binding and
signaling both in vitro and during H. pylori infection of gastric
epithelial cells.

LWT

MATERIALS AND METHODS

HUMAN CELL CULTURE AND H. PYLORI STRAINS

The human epithelial melanoma cell line WM-115 (ATCC, Wesel,
Germany; CRL-1675™) is an adherent growing cell line with
continuous integrin expression (mainly integrin asf;, ayf3, and
avPs) and was cultivated in DMEM medium (PAA, Pasching, Aus-
tria) supplemented with 10% fetal bovine serum and 50 pg/ml
gentamicin (PAA, Pasching, Austria). The human gastric adeno-
carcinoma cell line AGS (ATCC CRL-1739™) was cultivated in
RPMI 1640 medium, which was supplemented with 10% fetal calf
serum (Gibco, Paisley, UK). Cells were cultivated at 37°C and 5.3%
(v/v) CO; and subcultivated in a ratio of 1:3-1:5 every 2-3 days
at a confluence of 70% to 90%. The H. pylori strains P12 WT and
P12Acagl were generated and grown as described (Kwok et al.,
2007). To complement the P12 A cagl mutant strain, genes encod-
ing CagL"'T or CagL mutant proteins were introduced into the
chromosomal ureA locus, using a pAD1-derived plasmid. CagL
proteins expressed from the ureA promoter contain a hemagglu-
tinin (HA) tag introduced following the signal sequence at amino
acid position 22 (Shaffer et al.,, 2011). For infection, H. pylori were
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grown for 2 days in thin layers and added at a multiplicity of infec-
tion (MOI) of 50 or 100 (Selbach et al., 2002; Moese et al., 2004).
The number of elongated AGS cells in each experiment was quan-
tified in 10 different 0.25 mm? fields (Tegtmeyer et al., 2011b). All
experiments were done in triplicate.

CagL PROTEIN EXPRESSION AND PURIFICATION

CagL"T and mutants were expressed as C-terminal His-tag fusions
in vector pET28a (Novagen®, Merck, Darmstadt, Germany) and
purified as described earlier (Kwok et al., 2007). Briefly, E. coli
ER2566 (NEB, Ipswich, USA) transformed with the plasmids were
grown in 10 ml LB medium at 37°C. After overnight incubation,
500 ml of fresh LB medium were added and shaken for another
2.5-3 h until reaching ODgpp = 1. Then 300 pl of a 1-mM IPTG
stock solution was added and the bacteria were grown for 1.5h
to induce CagL expression. Bacterial pellets were collected by cen-
trifugation and then resuspended in ice-cold buffer CW (50 mM
KH,PO4—K;HPOy, pH 7.5, 200 mM NaCl) supplemented with
20 M PMSE. After lysis using a French Press, the overexpressed
CagL present in the inclusion bodies was solubilized in buffer LW
(50 mM KH,PO4—K,HPOy4, pH 7.5, 200mM NaCl, 6 M guani-
dine hydrochloride) and refolded by a rapid dilution approach in
ice-cold refolding buffer (50 mM Tris—HCI, pH 8.2, 20 mM NaCl,
0.1mM KCl, 1 mM EDTA, 2mM reduced glutathione, 0.2 mM
oxidized glutathione) using a dual-channel syringe pump (KD
Scientific Inc., Holliston, USA) with a flow of 0.1 ml/min. After
refolding, Cagl was further purified by metal-chelate affinity
chromatography through Talon® resin (BD Biosciences). Protein
concentrations of the resultant samples were determined by Nan-
oDrop 1000 (Thermo Scientific, Waltman, USA) and typically
yielded a total amount of about 1.5mg CagL in 10 ml buffer.
Purification of CagL was judged to be of >95% homogeneity by
SDS-PAGE/Coomassie Blue staining. The folded conformation of
the purified CagL proteins was subsequently confirmed by circular
dichroism (CD) as described below.

SITE-DIRECTED MUTAGENESIS

Site-directed mutagenesis of CagL was performed using the corre-
sponding pET28a or pAD1 vectors as DNA template (Table 1). For
amplification, Phusion” High-Fidelity DNA Polymerase (NEB,
Ipswich, USA) was used, followed by PCR purification (MinElute
PCR Purification Kit, Qiagen, Hilden, Germany), digestion with
Dpnl (Promega, Madison, USA), and ligation using T4 DNA Lig-
ase (Promega). Re-sequencing and Western blotting of E. coli or
H. pylori strains, respectively, verified the appropriate expression
of CagL in the resulting plasmids.

CELL ADHESION ASSAYS WITH WM-115 CELLS

The cell adhesion assays to immobilized CagL proteins were
performed as described previously (Conradi et al., 2011). A 96
well microtiter plate (Nunc Maxisorp™, Thermo Fisher Scientific
Inc., Waltham, USA) was coated with 100 pl of protein solution
(CagLW'T or mutant; 10-20 wg/ml) per well, and immobilized for
18 hat 37°C. The solution was aspirated and free binding sites were
blocked with 100 pl of a solution, consisting of 2% (w/v) fatty acid-
free BSA (PAA, Pasching, Austria) in PBS for 1 hat 37°C. The adhe-
sion assays were performed with WM-115 human epithelial cancer

Table 1 | Primers used for generating the different CaglL mutants.

Protein Primers
Cagl"86A fw  5-Pho-GCC GAA GCG AAT GAGTTATTTT

rv  5-Pho-ATT GGCTTT CAATAA CGC TAA ATC
CaglLE87A fw  5-Pho-GCG AAT GAGTTATTTTTC ATCTCA G

rv  5-Pho-TGC AAA ATT GGCTTT CAATAA CGCTA
CaglLE87AASSE £, B/-Pho-GCG AAT GAG TTATTTTTC ATC TCA GAA

rv  5-Pho-TC AAA ATT GGCTTT CAATAA CGCTAA
CaglN89A fw  5-Pho-GCT GAGTTATTT TTC ATC TCA GAA

rv  B5-Pho-CGCTTC AAA ATT GGCTTT CAATAA
CagLE90A fw  B-Pho-GTT ATTTTT CAT CTC AGA AGATGT

rv  5-Pho-GCATTC GCTTCA AAATTG GC
CaglLQ40A fw

rv  B5-Pho-TGCTTG GTT GGT CTCTTG GTA G
CagLABAE/ESTA £, B/-Pho-TTT GCA GCG AAT GAGTTATTTTTC

rv 5-Pho-ATT CTCTTT CAATAA CGCTAA ATCTC
CaglLP88EL9A Ay B/_Pho-GAG GCATTTTTC ATC TCA GAA GAT G

rv  B-Pho-ATT CTCTTC AAA ATT GGCTTT CAA

cells. This cell line was chosen for the cell adhesion assays due to a
constitutive expression of integrin asp1, ayPs, and ayps, and was
shown to display reproducible adherence to CagL and fibronectin
(Conradietal.,2011). The WM-115 cells were cultivated to a con-
fluence of 70%, and detached with Trypsin-EDTA (0.05/0.02%
in D-PBS; PAA, Pasching, Austria). After washing with DMEM
medium, the cells were resuspended in DMEM medium with
1 mg/ml fluorescein diacetate (Sigma-Aldrich, St. Louis, USA),
adjusted to a cell density of 1 x 10° cells/ml and incubated at 37°C
for 30 min under steady shaking. Two DMEM washing steps were
performed to remove excess fluorescein diacetate. The cells were
resuspended in DMEM medium containing divalent cations Ca*™
and Mg”t (2nM) to a cell density of 1 x 10° cells/ml and incu-
bated in the dark on ice for 30 min. Subsequently, the cell solution
was distributed into solutions of peptides ranging in concentra-
tions of millimolar to nanomolar, and the resulting mixtures were
incubated at 37°C for 30 min. The solutions were then dispensed
on the coated microtiter plate (5 x 103 cells/well) and incubated
for 1 hat 37°C. After several washing steps the fluorescence of cells,
adherent to the immobilized CagL, was measured (hex 485 nm;
hem 514nm) using an Infinite 200 Microplate Reader (Tecan,
Minnedorf, Switzerland). The inhibition concentration ICsq, con-
fidence interval Clgso,, and the square of the correlation coefficient
R? values were evaluated. To test the accuracy of the fit model for
the non-linear regression a “Runs test” was performed and high
P-values were obtained for all measurements (data not shown),
which support the chosen regression model. All evaluation was
performed using the GraphPad Prism 4.03 Software (GraphPad,
San Diego, USA).

HELICOBACTER PYLORI BINDING TO AGS CELLS

Infection of AGS at a density of 3.2 x 10° cells/well was performed
using a MOI of 50 or 100 per H. pylori strain (Kwok et al,
2002). After infection for 4 h, the AGS-bacterium co-cultures were
washed three times with 1 ml of pre-warmed RPMI medium per
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well to remove non-adherent bacteria. To determine the total num-
ber of colony forming units (CFU) corresponding to host-bound
H. pylori, the infected monolayers were incubated with 1 ml of
0.1% saponin in PBS at 37°C for 15 min. The resulting suspen-
sions were diluted and incubated on GC agar plates as described
(Kwok et al.,2002). The total CFU of cell-bound H. pylori are given
as CFU per well of AGS cells.

CagL PEPTIDE SYNTHESIS

All Fmoc-a-amino acids (9-fluorenylmethylcarbonyl-protected o-
amino acids) were purchased from IRIS Biotech (Marktredwitz,
Germany) and Advanced ChemTech (Louisville, USA). MALDI-
ToF MS analyses were performed on a Voyager-DE (Perseptive
Biosystems, Foster City, USA) using 2,5-dihydrobenzoic acid as
the matrix. The analytical RP-HPLC was performed with UV
detection at 220nm and the following elution gradients: elu-
ent A: 95% water, 5% acetonitrile, 0.1% TFA; Eluent B: 95%
acetonitrile, 5% water, 0.1% TFA; 0.7 mlmin~!, 0-5min 100%
A —100% B; 5-6min 100% B — 100% A; 6-6.5min 100% A
(Thermo Separation Products apparatus equipped with a Hypersil
Gold (3wm, 150 mm x 2.1 mm) column (Thermo Fisher Sci-
entific, Waltham, USA). Preparative RP-HPLC was performed
on a Thermo Separation Products apparatus equipped with a
Jupiter C18 (350 A, 10 um, 250 mm x 21.2 mm) efficiency col-
umn (Phenomenex, Torrance, USA) with water/acetonitrile gra-
dients as the eluent and UV detection at 220 nm. Linear pep-
tides were synthesized by solid phase peptide synthesis on a
Liberty 12 channel microwave-assisted automated peptide syn-
thesizer (CEM, Matthews, USA) according to a Fmoc-protocol
with 2-chlorotrityl resin (IRIS Biotech) as solid support. The resin
loading was 0.8 mmol/g. The C-terminal resin bound amino acids
were Phe for cyclopeptides-2 to -5, p-Phe for cyclopeptide-1, and
Val for the linear peptide 6. Peptide coupling was performed
with three equivalents of Fmoc-amino acid (0.5M in DME),
three equivalents TBTU (3-[bis-(dimethylamino)methyliumyl]-
3H-benzotriazol-1-oxide; 0.5M in DMF; dimethylformamide),
and six equivalents DIPEA [diisopropylethylamine; 2M in
NMP (1-methyl-2-pyrrolidone)]. After washing with DMF the
Fmoc group was cleaved with a solution of 20% piperidine
in DME. After synthesis of the bound linear peptides, resin
cleavage was performed with 1% TFA (trifluoroacetic acid) in
dichloromethane (10 times for 5 min each). The peptides one to
five were cyclized under pseudo-high dilution conditions (Male-
sevic et al., 2004). For slow reagent addition a dual-channel
syringe pump (KD Scientific Inc., Holliston, USA) was used.
200 pmol of linear precursor were dissolved in 20 ml DME,
and 600 wmol HATU (1-[bis-(dimethylamino) methyliumyl]-
1H-1,2,3-triazolo[4,5-b]pyridine-3-oxide) were dissolved in the
same volume of DME. Fach solution was transferred into a syringe,
and both solutions simultaneously were added to a stirred solu-
tion of 1200 wmol DIPEA and 20 pmol HATU in 10 ml DMF at a
rate of 1.00 ml/h (Malesevic et al., 2004). Finally, the mixture was
stirred for further 15 min, and the solvent was evaporated under
reduced pressure at a temperature below 30°C. Peptide purifica-
tion was carried out using preparative RP-HPLC. Deprotection of
the cyclic peptides took place in a mixture of TFA (95%), TIS (tri-
isopropylsilane; 2.5%), and water (2.5%), with shaking at room

temperature for 2 h. The solvent was evaporated and cold diethyl
ether (30 ml) was added to the residue. After centrifugation for 1 h
at 0°C and 4000 x g, diethyl ether was decanted and the residue
was dissolved in water, lyophilized, and purified by preparative RP-
HPLC. The yield and purity of the synthesized peptides are given
in Table 2.

CagL PEPTIDE SPOT ARRAYS

The CagL peptide arrays were generated by the SPOT-synthesis
technique as described earlier (Beutling et al., 2008). Briefly, the
indicated peptides in Figure 5 were synthesized on an amino-
functionalized cellulose membrane using Fmoc/tert-butyl chem-
istry. The spots consist of ~5 nmol of each peptide (Dikmans et al.,
2006). For the binding assays, the peptide arrays were blocked
overnight at room temperature with blocking buffer consist-
ing of 2x blocking buffer concentrate (Sigma-Aldrich, St. Louis,
MO/USA) and 5% (w/v) sucrose in TBS-T (0.02 M sodium phos-
phate buffer with 0.15M sodium chloride (pH 7), 0.05% Tween
20). Approximately 1 g of purified integrins o531, oy B3, and ayBs
(Chemicon-Millipore, Billerica, MA, USA) in blocking buffer was
added to CagL peptide arrays for 4 h at room temperature. Next,
the arrays were washed with a 10-fold volume of TBS-T three
times and then incubated with a-integrin-f;, a-integrin-ay, or
a-integrin-B5 antibodies (Santa Cruz, Santa Cruz, USA). Finally,
a chemiluminescence reaction using the ECL Plus kit (Amer-
sham Pharmacia Biotech, Buckinghamshire, UK) was performed
as described below for Western blotting.

CIRCULAR DICHROISM SPECTROSCOPY

Circular dichroism spectroscopy was performed on a Jasco J-810
spectrometer (Jasco, Grof$-Umstadt, Germany). For the CD mea-
surements of the CagL proteins a buffer containing 5mM NaCl
and 10 mM Na,HPOy (pH 7.4) was used. The CalgLWT and all
mutants were measured in a 1-mm quartz cuvette, adjusted to a
concentration of 3.9 nM. The secondary structure was evaluated
using the deconvolution function of the Spectra Manager II Soft-
ware (Jasco) based on CDPro structure analysis methods using
Yang’s references (Yang et al., 1986; Sreerama and Woody, 2004).

ANTIBODIES AND WESTERN BLOTTING
Treated/infected cells were harvested in ice-cold PBS contain-
ing 1 mM Naz;VO;, (Sigma-Aldrich). Western blotting was done

Table 2 | Characteristics of synthesized CagL peptides.

Peptide Sequence Yield (%) Purity? (%)
1 c-(-fEANE-) 13.6 >96
2 c-(-FeANE-) 8.0 >99
3 c-(-FEaNE-) 8.0 >95
4 c-(-FEANE-) 4.0 >99
5 c-(-FEANe-) 16.8 >99
6 ANFEANELFFISEDV 2.1 >94

“The purity of each peptide was confirmed by analytical HPLC. d-amino acids are
given in small letters.
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as previously described (Tegtmeyer et al, 2009). Rabbit a-
CagL antiserum was raised against the C-terminal peptide (C-
RSLEQSKRQYLQER) of the protein and was prepared by Biogenes
(Berlin, Germany). The a-HA-tag antibody (Invitrogen, Darm-
stadt, Germany) was also used to detect tagged CagL. The pan-a-
phospho-tyrosine antibody PY-99 (Santa Cruz) and a-CagA (Aus-
tral Biologicals, San Ramon, CA, USA) were used to investigate the
phosphorylation of CagA. The polyclonal a-phospho-ERK1/2-
PT202/PY-204 antibody was purchased from NEB (Frankfurt,
Germany). The polyclonal o-phospho-Cortactin-PS-405 anti-
body was described recently (Tegtmeyer et al., 2011b). The a-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody
(Santa Cruz) served asloading control in each Western blot. As sec-
ondary antibodies, horseradish peroxidase conjugated a-mouse,
a-rabbit, or a-goat polyvalent sheep immunoglobulin were used
and antibody detection was performed with the ECL Plus chemilu-
minescence kit (Amersham Pharmacia Biotech). Band intensities
and corresponding kinase activities were quantitated with the
Lumi-Imager F1 (Roche Diagnostics, Mannheim, Germany).

STATISTICAL ANALYSIS

All data were evaluated using Student ¢-test with SigmaStat statis-
tical software (version 2.0). Statistical significance was defined by
P <0.05(*) and P <0.005 (**). All error bars shown in figures and
those quoted following the + signs represent standard deviation.

RESULTS

SYNTHETIC RHS-CYCLOPEPTIDES INFLUENCE WM-115 CELL ADHESION
TO IMMOBILIZED CagL MUTANTS

Previous studies indicated that the RGD sequence in CagL is
important but not sufficient to trigger host cell receptor binding
and signaling (Kwok et al., 2007; Tegtmeyer et al., 2010; Conradi
et al., 2011; Wiedemann et al., 2012). The recently published 3D
homology model of CagL (Backert et al., 2008) was screened for
other surface exposed amino acid sequences to further explore
the hypothesis that other CagL features besides the RGD sequence
might be important for integrin interactions. Among other pos-
sible motifs that are surface exposed and with an orientation that
is directed to the plausible Cagl—integrin interaction site, the
so-called RHS motif in proximity to the RGD motif (Figure 1)
was identified as a candidate for host interaction. A series of five
cyclopeptides comprising the RHS sequence was designed and syn-
thesized to mimic the exposed motif in CagL (Figure 1). According
to the spatial screening approach each of the five amino acids
was mutually replaced by its p-configured counterpart to sta-
bilize the overall conformation and increase the spatial peptide
backbone diversity (Tables 2 and 3). None of the cyclopeptides-
1 to -5 inhibited WM-115 cell adhesion to immobilized CagL"V*
(IC50 > 1 mM; Table 3). However, WM-115 cell adhesion to the
mutant CagLRAP was inhibited by cyclopeptide-2 [c-(-FeANE-)]
with an ICsq value in the range of 54-430 wM (Table 3). In addi-
tion, cyclopeptides-1 and -2 displayed weak inhibition of WM-115
cell adhesion to the mutant CagLRGA with ICsg values of 43-340
and 30-530 wM, respectively. The other cyclopeptides-3 to -5 did
not display any significant effect on the WM-115—CagL interaction
(IC50 > 1 mM; Table 3)

A LINEAR RHS 15-mer PEPTIDE INTERFERES WITH WM-115 ADHESION
TO THE CagL**P AND CagL?%* MUTANTS

In addition, cell adhesion assays were performed to investigate
whether the linear peptide 6 (ANFEANELFFISEDV) has effects
on the adhesion of WM-115 cells to immobilized CagL"" and its
RGD mutants CagLRo and CagLR®AP. Linear peptide 6 mimics the
RHS motif with the Phe-Glu-Ala-Asn-Glu sequence and its adja-
cent amino acids within the CagL protein sequence (Figure 1).
According to its CD spectrum, it does not adopt a discrete con-
formation in solution (data not shown). While linear peptide 6
did not significantly interfere with CagLWT-WM-115 interaction
in the cell adhesion assay (ICsp: >1mM), it exhibited a slight
inhibitory activity on the CagLRAP—WM-115 interaction (ICsp:
239 WM; Closo,: 164-346 WM; R%: 0.88) and the CagLRA-WM-
115 interaction with an ICso of 9 WM (Clgsos: 6-15 wM; R?: 0.76;
Figure 2; Table 3). In comparison to the properties of the ear-
lier mentioned c-(-RGDIA-) peptide to inhibit the WM-115 cell
adhesion to CagLWT (ICs0: 2.31 WM; Close,: 1.40-3.82 wM; R%:
0.89) and its RGD mutants CagLRGA (ICs0: 1.63 wM; Clgse,: 1.01—
2.63 WM; R?: 0.93) and CagL®AP (ICsq: 0.91 WM; Clgso,: 0.58—
1.43 |LM; R?: 0.94), the inhibition properties of the linear peptide
6 are obviously reduced (Table 3). Nonetheless the results support
involvement of the RHS motif in Cagl-WM-115 interaction.

THE RECOMBINANT CagL MUTANTS ARE CORRECTLY FOLDED

For further investigation of the RHS motif and to reveal the rele-
vance of specific amino acids in this sequence, CagL point mutants
were recombinantly produced in E. coli, where individual amino
acids were replaced by alanine residues (Table 4). CD spectroscopy
was used to verify the correct folding of the mutants CagLF8¢A,
CagLF87A CagLES7AASSE and CagLF*A in comparison to CagLWT.
The secondary structure composition calculated for CagLW7 is in
good accordance with the proposed CagL homology model (Back-
ert et al., 2008) and displays a high content of a-helices (~35%),
accompanied by B-strands (~29%, Figure 3A). The mutants
CagLF®A, CagLF87A, CagLF87AAS8E and CagLFP%* CD spectra
display comparable curve shapes like the CagL"T (Figure 3D).
Unfortunately, the amount of CagLN% protein necessary to esti-
mate the secondary structure and to validate the correct protein
folding with CD spectroscopy could not be obtained and, there-
fore, could not be included in the study. However, to obtain
information on the structural stability and to further compare
the CagLF®7A and CagLF*A mutants with CagLV", temperature-
interval dependent CD measurements were performed ranging
from 0 to 60°C (Figures 3A—C). In general, all tested proteins
behaved in similar manner, exhibiting temperature-dependent
denaturation above 40°C. Below 40°C, the secondary structures
are comparable, with only minor structural differences. In com-
parison, the CagLF%** CD spectrum shows maximum deviations at
temperatures below 20°C (Figure 3C). In addition, we performed
a pH screening by measuring the CD spectra of CagLVT over a pH
range from four to nine in phosphate buffer and could show that
the protein is very stable under the tested conditions (Figure 3E).

WM-115 CELL ADHESION STUDIES WITH CagL RHS MUTANTS
Different CagL mutants with amino acid variations in the RHS
motif (CagLF8A, CagLF¥74, and CagLF***) were immobilized
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ROTATED

FIGURE 1 | Computational 3D-structure model of CagL"™ with
highlighted motifs of interest. The ribbon diagram of CagL shown in this
figure consists of three major helices and a globular domain with the exposed
RGD motif highlighted in the front. The second highlighted FEANE sequence
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(here called RHS motif) is shown in a flexible loop, also exposed at the
surface. The CagL homology model is derived from the VirB5 ortholog TraC
protein (PDB: 1R8l) encoded in plasmid pKM101 (Yeo et al., 2003; Backert
et al., 2008).

and investigated in cell adhesion assays. The WM-115 cells were
pre-incubated with the previously described cyclopeptide-7 [c-(-
Arg-Gly-Asp-p-Leu-Ala-)] in different concentrations from nano-
to millimolar ranges to block the RGD-binding site of the inte-
grins. The dose-response curves obtained in these assays are

shown in Figure 4. For comparison, the cell adhesion results of
the recently published CagLWT, CagLR%A, and CagLRAP mutants
are also given in Table 4 (Conradi et al., 2011). Additionally, the
CagL*A mutant was included as a negative control to exclude
the possibility that genetic mutations in the CagL sequence may
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Table 3 | Inhibition of WM-115 cell adhesion to CagL by synthetic peptides?.

Peptide CagL'VT ICso CagLRCA IC5 CagLRAP ICgo
(Clgse,); R? (Clgse,); R? (Clgss,); R?
1 c-(-fEANE-) >1mM 43-340 uM >1TmM
2 c-(-FeANE-) >1mM 30-530 uM 54-430 uM
3 c-(-FEaNE-) >1mM >1mM >1mM
4 c-(-FEANE-) >1mM >1mM >1mM
5 c-(-FEANe-) >1mM >1mM >1TmM
6 ANFEANELFFISEDV >1mM 9 (6-15) uM; 0.76 239 (164-346) uM; 0.88
7 c-(-RGDIA-) 2.31 (1.40-3.82) uM; 0.89 1.63 (1.01-2.63) uM; 0.93 0.91 (0.58-1.43) uM; 0.94

“The ICs, values of cyclic peptides one to five are given in ranges, due to weak inhibition properties giving fluctuating results. d-Amino acids are given in small letters.

Clgsq,, confidence interval; R?, squared correlation coefficient.
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FIGURE 2 | Dose-response curve of a linear RHS motif-containing
peptide, inhibiting binding of WM-115 cells to immobilized CagL"" and
mutants. The WM-115 cells were pre-incubated in different concentrations
of the linear 15-mer peptide ANFEANELFFISEDV, which mimics the
exposed RHS motif of CagL. Purified CagL"'™ and the CagL™® and CaglL"®*
mutants were immobilized on plastic surface followed by addition of the
WM-115 cells. After 1 h of co-incubation, the amounts of attached cells
were determined. The data were evaluated using non-linear fit for the
evaluation of the potency of peptide ANFEANELFFISEDV to inhibit the
binding of WM-115 cells to immobilized CagL.

generally lead to loss of function. Cyclopeptide-7 inhibited WM-
115 cell adhesion to CagLQ40A with an ICsy value of 1.65uM
(Clgsg, = 1.06-2.55; R? =0.92), while the cell adhesion of WM-
115 cells to immobilized CagLF86A was inhibited with an ICsq
value of 2.39 uM (Clgso, = 1.87-3.04 wM; R? = 0.91), a value that
is very similar to that of CagLW'T (ICs9 =2.31 uM; Clgse, = 1.87—
3.04 uM; R? = 0.91). Interesting results were observed in the inhi-
bition assays for the mutants CagLF®”* and CagLEA WM-115 cell
adhesion to immobilized CagLF874 was inhibited by cyclopeptide-
7 with an ICsg of 0.67 LM (Clyso, = 0.38—1.18 WM; R? = 0.72),
the lowest value observed for all Cagl mutants investigated
(Figure 4; Table 4). The IC5y value of 0.88 uM (Clgse, = 0.58—
1.35 wM; R? =0.80) for the inhibition of WM-115 cell adhesion
to immobilized CagLF** by cyclopeptide-7 is similar, and is

Table 4 | Inhibition of WM-115 cell adhesion to CagL mutants by
c-(-RGDIA-)2.

Protein? c-(-Arg-Gly-Asp-d-Leu-Ala-) peptide IC50 (Clgss,); R?
CaglWT 2.31 (1.40-3.82) pM; 0.89

CaglRAD 1.63 (1.01-2.63) uM; 0.93

CaglRGA 0.91 (0.58-1.43) pM:; 0.94

Cagl"86A 2.39 (1.87-3.04) uM; 0.91

CaglLE87A 0.67 (0.38-1.18) uM; 0.72

CagE87A/ASSE No integrin affinity observed

CaglN89A No data for evaluation

CaglLE90A 0.88 (0.58-1.35) wM; 0.80

Cagl Q40A 1.65 (1.06-2.55) M; 0.92

?Measurements of peptide c-(-RGDIA-) for CagL®* and CagL® proteins exhibit
decreased ICs, values, indicating an integrin affinity loss for both CagL mutants.
d-Amino acids are given in small letters. Clgsy, confidence interval;, R?, squared
correlation coefficient.

also comparable to the values observed for CagLR®* (0.91 wM;
Figure 4; Table 4). In an additional experiment we tested the
double mutant CagLE87A/A88E t4 reveal more details on the involve-
ment of Cagl. amino acid Glu®” in the interaction with WM-115
cells. The double mutant CagLE87A/A88E formally is characterized
by the shift of an acidic amino acid side chain from position 87 to
position 88. The immobilized CagLE87A/A%E protein displayed no
binding to the WM-115 cells, which may indicate a loss of integrin
affinity. In conclusion, the results show remarkably reduced adhe-
sion of WM-115 cells to immobilized CagLF®A and CagLF%%4
compared to the CagLVT, which implies a participation of the
glutamates in the CagL-WM-115 interaction.

PEPTIDE ARRAY MAPPING OF THE CagL RHS MOTIF FOR INTEGRIN
BINDING

The previously described SPOT technique (Frank, 2002) was
applied to identify the CagL amino acid sequence responsible
for binding to integrin asB;. Overlapping linear 15-mer peptides
derived from the CagL sequence from amino acid position 60—
104 were chemically synthesized on a cellulose membrane by the
SPOT method (Frank, 1992). As shown in Figure 5A, adjacent
peptides share the same sequence of 12 amino acids but differ
by three amino acids at the C- or N-terminal ends, respectively.
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FIGURE 3 | Structural evaluation of purified CagL proteins with CD
spectroscopy. (A) The CagL"'" secondary structure was evaluated as
described previously (Yang et al., 1986). (A-C) The temperature-dependent
structure stability of the mutants CagL®"*, CagL®*, and the CagL"’" protein
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was evaluated in CD measurements. (D) Secondary structure of Cagl"" and
mutants CagL™*, CagL®"*, CagL®’~*%% and CagL™"™ were evaluated to
control correct folding of the proteins after expression and purification. (E) pH
stability of CagL"" in the pH range four to nine.
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FIGURE 4 | Dose-response curves showing the inhibitory effect of
cyclic RGD peptides on WM-115 cell binding to the different
immobilized CagL proteins in competitive cell adhesion assays. The
purified CaglL®**, CagL™®*, CagL®*, and CaglL™® mutant proteins were
immobilized on plastic surface. WM-115 cells were pre-incubated with
varying concentrations of cyclic peptide c-(-RGDIA-; d-amino acids in small
letter), which is known to inhibit WM-115 cell binding to immobilized CaglL
in the low wM range (Conradi et al., 2011). Subsequently, the WM-115 cells
were incubated with the immobilized CaglL mutants. The amount of
WM-115 cells bound to immobilized CagL was quantified, and the resulting
dose-response curves were evaluated with a non-linear fit to determine the
binding inhibition potency of peptide c-(-RGDIA-) for the interaction of
WM-115 cells with immobilized CagL.

Purified integrin asfB; was incubated with these membranes and
the binding was assayed as described in the Section “Materials and
Methods.” Figure 5B shows that integrin asf; binds to the RGD
motif-containing arraypeptides-3 and -4. In addition, a very strong
signal for arraypeptide-9 covering the RHS motif was recorded
(Figure 5B, top and Figure 5C). Interestingly, two other FEANE
sequence-containing array peptides (-7 and -8) did not bind inte-
grin asf, suggesting that the flanking C-terminal sequences are
also important for this interaction. As a control, incubation of the
membranes with two other integrins, ayf3 and ayf5 also revealed
signals for the two RGD containing CagL peptides and some weak
signals for arraypeptides-10 or -11, respectively (Figure 5B, middle
and Figure 5C). The mock control blot revealed no signals as
expected (Figure 5B, bottom).

GENERATION OF RHS POINT MUTATIONS OF CagL IN H. PYLORI

To investigate the importance of the RHS motif in CagL directly
during infection with H. pylori, two CagL mutants were generated
carrying the AS4E/E87A and A88E/LI1A point mutations. Based
on the above described peptide array the two point mutants were
constructed to contain one mutation in the RHS sequence and one
either N- or C-terminal, to cover additional amino acids that may
be relevant for host cell interactions. CagLV" and both mutants
were chromosomally integrated into a P12 A cagL deletion mutant
and expressed as HA-tag fusions in the ureA locus as described
(Shaffer et al., 2011). The correct expression of each of these CagL
variants was verified by Western blotting using an o-HA antibody
(Figure 6A). The AGS cells were infected with each of these H.
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FIGURE 5 | Mapping of the RHS motif and flanking CagL sequences in
binding to integrins using a peptide array. (A) The design of the array of
15-mer peptides and corresponding CagL amino acid sequences from
position 60-104 is shown. The RGD and RHS motifs are highlighted with
color. (B) Purified integrins asB;, ayBs, and ayBs were incubated with these
membranes and bound proteins were identified using antibodies as
described in Materials and Methods. As a mock control, buffer-treated
membranes followed by incubation with an integrin-g; antibody revealed no
signals, as expected. (C) Densitometric measurement of individual spot
intensities using the Lumi-Imager F1 (Roche) revealed the relative amount
of bound binding partner per given peptide in%. The strongest spot
intensity seen was set as 100%.

pylori strains for 4 h, followed by analysis of viable bacterial bind-
ing to cells, as described in Materials and methods. The results
show that each of these strains bound to AGS cells with high effi-
ciency. Some minor differences in binding were seen among the
different strains but were not statistically significant (Figure 6B).
This suggests that mutation of the RHS motif in CagL has no sig-
nificant inhibitory impact on the overall capacity of the bacteria
to bind to AGS host cells.

MUTATION OF THE RHS MOTIF INHIBITS CagA PHOSPHORYLATION AT
EARLY TIMES OF INFECTION

AGS cells were infected with the different complemented H. pylori
strains during a time course of 2 and 4 h, respectively, to investigate
whether strains expressing CagL mutant proteins can trigger the
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injection and phosphorylation of CagA. The results of the a-
phospho-tyrosine and a-CagA specific Western blots show that
P12Acagl re-expressing CagLWT can efficiently inject and phos-
phorylate CagA in a time-dependent fashion (Figures 7A,B).
Infection of AGS with P12AcagL expressing the CagLAS4F/E87A
mutant revealed a ~46% reduced phospho-CagA signal at 2h,
while very strong phospho-CagA signals were produced at the
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FIGURE 6 | Effect of CagL deletion or point mutations in the CagL RHS
motif on binding of H. pylori to AGS cells. (A) A Acagl deletion mutant
in strain P12 was generated by replacing the caglL gene with an aphA3
cassette. CagL"" and two CagL mutants carrying either the AB4E/E87A or
AB8B8E/L91A point mutations were expressed as HA-tag fusion proteins from
genes integrated into the ureA locus of the P12AcagL strain. The correct
expression of each of these CagL variants was verified by Western blotting
using an a-HA antibody. The a-CagA Western blot was performed as loading
control. (B) AGS cells were infected with each of these strains for 4 h using
MOI =100, followed by determination of the amount of viable bound H.
pylori per input strain. The quantification data indicate that each of these
strains bound to AGS cells equally well with high efficiency. No significant
differences in results were seen when MOI =50 was used (data not
shown).

4-h time point with almost no difference as compared to the
complemented CagL"W" control (Figures 7A,B). This suggests
that mutation of A84E/E87A in CagL affects the injection and
phosphorylation of CagA at very early times of infection. In con-
trast, infection with H. pylori expressing the CagLA88E/L914 mutant
revealed a stronger reduction of phospho-CagA signals (~69%)
at 2h as compared to the complemented CagL"T control, while
this low level of phospho-CagA did only slightly increase after
4h of infection (Figures 7A,B). This result shows that a strain
expressing the CagLAE/L91A mutant protein has a significant
defect in injection and phosphorylation of CagA at both time
points of infection.

MUTATION OF THE RHS MOTIF EXHIBITS SIGNIFICANT SIGNALING
DEFECTS IN H. PYLORI-INDUCED ERK1/2 ACTIVATION

Finally the various RHS mutations in CagL were inspected in
relation to impacts on cellular downstream signaling involved
in the H. pylori-induced AGS cell elongation phenotype. It was
recently shown that besides CagA phosphorylation, the activation
of the ERK1/2 MAP kinase pathway either by H. pylori infection
(Mimuro et al., 2002; Tegtmeyer et al., 2009) or by transfection
CagA in the absence of H. pylori (Higashi et al., 2004) is also cru-
cial for phenotypical outcome. Therefore, we tested whether the
different CagL-expressing H. pylori strains induced the activation
of ERK1/2, using the same conditions as described for Figure 7.
The results of the a-phospho-ERK1/2 Western blots show that
P12 WT or P12A cagL re-expressing CagLWT (but not P12A cagL)
can efficiently activate this MAP kinase in a time-dependent fash-
ion (Figures 8A,B). Infection of AGS with H. pylori expressing
the complemented CagLA34F/E87A mutant revealed a significantly
(46%) reduced phospho-ERK1/2 signal at 2h, and a similarly
reduced (38%) phospho-ERK1/2 signal at 4 h time point as com-
pared to the complemented CagLW'" control (Figures 8A,B). This
suggests that mutation of A84E/E87A in CagL downregulates not
only the injection and phosphorylation of CagA, but also reduced
the activation of ERK1/2. In addition, infection with H. pylori
expressing the CagLA%8¥/191A mytant revealed an even stronger
reduction of phospho-ERK1/2 signals by about 63 or 70% at the
2- or 4-h time points, respectively. This result indicates that the
CagLASELIIA myutant has a significantly pronounced defect in
activating ERK1/2 during infection.

MUTATION OF THE RHS MOTIF RESULTS IN REDUCED CORTACTIN
SERINE PHOSPHORYLATION AND AGS CELL ELONGATION

Very recently, we demonstrated that one important downstream
target of activated ERK1/2 during infection is the actin-binding
protein cortactin, phosphorylated at serine residue 405 (Tegt-
meyer et al., 2011b). Hence it was tested whether the various
CagL-expressing strains induce the phosphorylation of cortactin
at 5-405 during a time course of 2 and 4 h infection. The results
of the a-phospho-cortactin Western blots show that P12 A cagL re-
expressing CagL"'T but not P12A cagL can efficiently phosphory-
late cortactin in a time-dependent manner (Figures 8A,B). Infec-
tion of AGS cells with H. pylori expressing either CagLAS4E/ES7A
or CagLASSE/LOI7A muytants revealed the induction of phospho-
cortactin signals similar to that of CagLWT with no signifi-
cant difference at 2h, but a strongly reduced (about 45-46%)
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FIGURE 7 | Effects of CagL point mutations in the RHS motif on antibodies. The a-GAPDH blot served as loading control in each sample.
CagA injection and phosphorylation during H. pylori infection of (B) Quantification of CagA phosphorylation. Densitometric measurement
AGS cells. (A) The P12Acagl deletion mutant was complemented with of individual band intensities of the a-CagA and a-phospho-tyrosine
CagL"" or various CagL point mutants. AGS cells were infected with the (PY-99) blots in (A) was performed with the Lumi-Imager F1 (Roche).
different indicated H. pylori strains (MOl = 100) during a time course of 2 Quantification revealed the relative amount of phospho-CagA per sample
or 4 h, respectively. The resulting protein lysates were subjected to in %. Similar inhibitory activities of all mutants were seen when
Western blotting using a-phospho-tyrosine (PY-99) and a-CagA MOI =50 was used (not shown).

phospho-cortactin signal at the 4-h time point (Figures 8A,B).
This suggests that mutation of CagL in the RHS motif (either
AB4E/E87A or AS88E/L91A mutations) downregulates cortactin’s
serine phosphorylation to a similar high extent at the 4-h
time point, indicating that the CagLA84F/E87A and Cag ASSE/LI1A
mutants share a significantly pronounced defect in activating cor-
tactin during infection. Finally, the elongation phenotype was
monitored in the same set of experiments. As shown in Figure 8C,
mutation of the RHS motif at AS4E/E87A or A88E/L91A inhib-
ited the elongation phenotype by more than 50% at the 2-h time
point. At the 4-h time point, the CagLA%4F/E87A mutant exhibited a
~20% reduction and the CagLAE/L91A mutant revealed a ~43%
reduction as compared to the complemented CagLWT control.
This set of experiments reveals that mutation of the RHS motif in

H. pylori results in significant defects in signaling to cortactin and
cell elongation, especially at very early times of infection.

DISCUSSION

Our previous studies have suggested that the RGD sequence is an
important structural motif in the H. pylori CagL pilus protein,
able to trigger T4SS-mediated host cell binding and signaling, but
this sequence alone is not sufficient (Kwok et al., 2007; Tegtmeyer
etal.,2010; Conradi et al.,2011; Wiedemann et al., 2012). Thus, we
examined the 3D structural CagL model (Backert et al., 2008) to
identify other potential surface exposed Cagl—integrin interaction
motifs. In this study, we report on the discovery of a novel motif
in CagL, called RHS consisting of a Phe-Glu-Ala-Asn-Glu core
sequence, which also plays a role in the interaction with host cell
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FIGURE 8 | Mutation of CaglL in specific amino acids within the RHS
motif results in defects in H. pylori-triggered ERK1/2 activation,
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(MOI'=100) during a time course of 2 or 4 h, respectively. The same
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(B) Densitometric measurement of individual band intensities of the blots
in (A) and comparison to total a-ERK1/2 and a-cortactin blots (not shown)
was performed with the Lumi-Imager F1 (Roche). The relative amounts of
phospho-ERK1/2 and phospho-cortactin per sample were quantified and
given in%. (C) Quantification of the AGS cell elongation phenotype in the
same set of experiments. Similar inhibitory activities of all mutants were
seen when MOI'=50 was used (not shown).

integrins. A peptide array of overlapping 15-mer peptides derived
from the CagL primary structure showed that peptides contain-
ing the RHS motif of CagL can bind particularly to integrin o501,
whereas they bind only weakly to other integrins, such as ayf;
and oy Bs. Further studies, including the use of CagL-derived pep-
tides in competitive WM-115 cell binding assays, and the analysis
of recombinant CagL point mutants in cell binding in vitro and
during infection of AGS cells with H. pylori, collectively indicated

that the RHS sequence plays an important role in the interaction
of CagL with host cells.

The spatial screening approach (Haubner et al., 1996; Weide
et al., 2007) was employed with five conformationally designed
synthesized cyclopeptides-1 to -5, wherein each of the five amino
acids was mutually replaced by its p-configured correlate to mimic
the RHS sequence of CagL. Receptor binding of such cyclopep-
tides is regarded to be entropically favored, if the receptor-bound
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conformation is still accessible. However, neither the linear RHS-
peptide 6 (ANFEANELFFISEDV) nor the RHS-cyclopeptides-1
to -5 showed a significant effect on WM-115 cell adhesion to
immobilized CagLVT. In contrast, RGD-dependent WM-115 cell
adhesion could be efficiently influenced by the RGD-cyclopeptide-
7. Mutations within the RGD sequence in extracellular matrix
proteins such as fibronectin are usually accompanied by loss of
integrin affinity (Giancotti and Ruoslahti, 1999; Takahashi et al.,
2007; Leiss et al., 2008). This seems not to be fully applicable
to CaglL, as integrin-expressing WM-115 cells still adhere to the
mutated proteins CagL?AP and CagLR5A but with reduced affinity
(Conradi et al., 2011). Interestingly, both the linear RHS-peptide
ANFEANELFFISEDV and the RHS-cyclopeptide-2 were able to
interfere with WM-115 cell adhesion to immobilized CagLRC*
and CagLRAP proteins with ICsq values in the micromolar range,
indicating significant binding. The studies with the CagLR* and
CagLRAP mutants allowed us to distinguish RGD-dependent inter-
action from other types of binding. Not all RHS-cyclopeptides
displayed such inhibitory biological activity, which clearly proves
the influence of peptide conformation and three-dimensional
structure on the anti-adhesive properties. We thus conclude that
the WM-115 cell adhesion to recombinant CagL is mainly driven
by the RGD recognition sequence, but is significantly assisted by
the RHS sequence as a proposed auxiliary motif. There is an inter-
esting analogy to fibronectin. Besides the RGD motif, fibronectin
harbors another sequence required for maximum binding affinity
to integrin asf, called the synergy region, located in the ninth
type III module adjacent to the RGD site (Nagai et al., 1991; Aota
et al., 1994; Bowditch et al., 1994; Chada et al., 2006). Subsequent
studies showed that the synergy region is not directly in contact
with the integrin as; bound to fibronectin, and proposed an indi-
rect function of the synergy region for the high affinity binding
by optimally exposing the flexible RGD motif or by inducing long
range electrostatic steering (Baron et al., 1992; Takagi et al., 2003).
In the case of CagL, however, a FEANE-containing peptide alone
can bind integrin a5f1 as shown in peptide arrays, and the synergy
region of fibronectin shares no sequence homology to CagL or the
RHS domain.

The role of the RHS motif and neighboring amino acids
was further investigated on the protein level with recombinant
CagL proteins carrying corresponding point mutants. The sec-
ondary structure and temperature stability of all generated point
mutants corresponds with that observed for CagL"" according
to CD spectra. Given the above assumptions, pre-incubation of
the WM-115 cells with the RGD-cyclopeptide-7 should provide
information on the contribution of the RHS sequence to CagL
binding phenomena. Strikingly, there is an effect of mutations
in the RHS motif of CaglL on WM-115 cell adhesion. RGD-
cyclopeptide-7 was able to inhibit cell adhesion to CagL with
mutations in the RHS sequence (CagLFSGA, CagLE87A, CagLE90A)
even at lower concentrations than for CagLVT. Granted that cell
adhesion is governed by both RGD and RHS sequences, a muta-
tion in the CagL RGD sequence (CagLRCA, CagLRAP) would lead
to reduced cell adhesion and, hence, require a smaller concen-
tration (reduced ICsp) of the RGD-peptide that competes for
binding (Table 4; Conradi et al.,, 2011). Conversely, WM-115
cell adhesion to immobilized CagL with mutations in the RHS

motif conferring decreased affinity could be inhibited by the
RGD-peptide at a smaller concentration (reduced ICsgp). This
was indeed observed for CagLP®A and CagLF®A. In conclu-
sion, the point mutant CagL 8" and a control mutant CagL404
show no significant affinity loss in their binding to WM-115
cells as compared to CagLWT, while the point mutants CagLF874
and CagLF** display remarkably reduced affinity to WM-115
cells. The replacement of the negatively charged glutamates E87
and E90 by the hydrophobic amino acid alanine resulted in a
decreased affinity toward WM-115 cells. In contrast, the exchange
of the uncharged amino acids phenylalanine F86 and gluta-
mine Q40 by alanine did not have any consequence in the same
assays. These data imply that especially glutamate E87 is impor-
tant for the interaction with integrin on the surface of host
cells.

At first sight, the peptide array experiments in which we inves-
tigated the binding of immobilized CagL 15-mer peptides with the
different purified integrins seem to implicate a stronger signal of a
RHS containing peptide for bound integrin o531, but much weaker
signals compared to RGD containing peptides on the same mem-
brane. Regarding the conformation of RGD containing peptides,
cyclic RGD peptides with a B-turn around Asp-p-Leu-Ala-Arg dis-
play a much higher affinity to some integrins than do linear RGD
peptides. The linear RGD containing peptides do not prefer this
structural B-turn conformation, which could explain the fact that
linear RGD peptides on the peptide array display very little affin-
ity to integrins as compared to their cyclopeptide counterparts.
While the arraypeptides-7 to -9 contain the whole FEANE amino
acids of the RHS motif, only arraypeptide-9 reveals integrin ;
interaction (Figure 5). In arraypeptide-10 and -11 the 15-mer
peptide sequence is shifted C-terminally for three amino acids.
Arraypeptide-10 therefore is lacking the phenylalanine of the RHS
motif and displays a different interaction with integrin subunit
B3, while the arraypeptide-11 includes only the final glutamate
of the RHS motif and displays weak interaction with the inte-
grin Ps subunit. In cell binding studies with the 15-mer peptide of
arraypeptide-9 corresponding to linear peptide 6, a binding inhibi-
tion of WM-115 cells to immobilized CagLRAP and CagLR% could
be shown (Tables 2 and 3). Overall the binding potency of this lin-
ear peptide was surprisingly better than that observed for the cyclic
RHS peptides. These results emphasize the possible involvement
of adjacent amino acids next to the FEANE sequence for integrin
interactions that probably are located in the C-terminal flanking
site. The presented results allow no complete elucidation of amino
acids important for integrin interaction, but combining the results
of cell binding studies and the peptide array, the CagL F86 amino
acid is not involved in the interaction with WM-115 cells (Table 3)
and the interaction with purified integrins (Figure 5), while both
glutamates E87 and E90 have an impact and are probably exposed
on the CagL surface. The observed binding of three different inte-
grins to a relatively small CagL sequence region of about 18 amino
acids on peptide arrays is a very interesting finding, and is relevant
to recent reports which showed that CagL interacts not only with
integrin a5B; on cells, but also ay 3 and ayfs (Kwok et al., 2007;
Conradi et al., 2011; Wiedemann et al., 2012).

Finally, it was investigated if the newly discovered RHS motif
in CagL might also play a role during infections with H. pylori.
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As discussed above, an explicit amino acid region for the so-
called RHS motif could not be clearly defined. Therefore two
double point mutants CagLA84E/E87A and CagLASSELIIA were cho-
sen, with one mutation in the RHS region and another located
at the N- or C-terminus, respectively. Based on infection exper-
iments, we could show that H. pylori P12 WT, deletion mutant
P12Acagl, and P12Acagl re-expressing CagL"W'T or CagL point
mutants (A84E/E87A and A88E/L91A) bound equally well to cul-
tured AGS cells. This suggests that CagL is not involved in general
host cell binding during infection, in agreement with previous
reports showing the overall importance of the major canonical
adhesins BabA/B, SabA, AlpA/B, or OipA (for review, see Tegt-
meyer et al., 2011a). However, this illustrates clearly that the
observed signaling defects discussed below are not due to a more
general deficiency of the bacteria to adhere to AGS cells. First, H.
pylori expressing the generated CagL point mutants exhibited sig-
nificant defects in injection and phosphorylation of CagA between
2 and 4h of infection. Second, each of the Cagl mutants in H.
pylori had significantly pronounced defects in activating the MAP
kinases ERK1/2 and serine phosphorylation of cortactin as well as
the induction of the AGS cell elongation phenotype during infec-
tion. This suggests that mutation of the RHS motif in H. pylori
results in various defects in the interaction of CagL with integrin
asB; with resulting inhibitory consequences for (i) the injection
of CagA and (ii) for the downstream signaling to ERK1/2 and
cortactin triggering cell elongation, especially at early times of
infection.

Taken together, our presented data provide evidence for a novel
domain in CagL playing a significant role in binding to integrin

asP; in vitro and for initiating signaling pathways through cer-
tain motifs encoded in the so-called RHS motif comprising the
FEANE sequence and its flanking amino acids. We propose that the
RGD motif is important for the CagL binding to integrins, while
subsequent binding of other integrin-specific CagL motifs may
assist in certain intracellular signaling events. Although we could
demonstrate that the RHS motif and its adjacent amino acids
are relevant in CagL—integrin interactions and have an impact
on the resulting signaling, more studies are necessary to further
define the specific amino acids relevant for integrin interaction
and downstream signaling. In addition, it has been shown that
besides CagL, multiple other H. pylori factors are also involved
in integrin PB; binding, including CagA, Cagl, CagY, and possi-
bly CagH (Kwok et al., 2007; Jiménez-Soto et al., 2009; Shafter
et al., 2011). Their individual role for integrin-targeting/binding
is not yet fully clear. Future studies should investigate whether
these proteins act together or at different stages of the infection
process.
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INTRODUCTION

Helicobacter pylori strains containing the CagA protein are associated with high risk
of gastric diseases including atrophic gastritis, peptic ulcers, and gastric cancer. CagA
is injected into host cells via a Type IV secretion system where it activates growth
factorlike signaling, disrupts cell-cell junctions, and perturbs host cell polarity. Using
a transgenic Drosophila model, we have shown that CagA expression disrupts the
morphogenesis of epithelial tissues such as the adult eye. Here we describe a genetic
screen to identify modifiers of CagA-induced eye defects. We determined that reducing
the copy number of genes encoding components of signaling pathways known to be
targeted by CagA, such as the epidermal growth factor receptor (EGFR), modified the
CagA-induced eye phenotypes. In our screen of just over half the Drosophila genome,
we discovered 12 genes that either suppressed or enhanced CagAs disruption of the
eye epithelium. Included in this list are genes involved in epithelial integrity, intracellular
trafficking, and signal transduction. We investigated the mechanism of one suppressor,
encoding the epithelial polarity determinant and junction protein Coracle, which is
homologous to the mammalian Protein 4.1. We found that loss of a single copy of coracle
improved the organization and integrity of larval retinal epithelia expressing CagA, but
did not alter CagAs localization to cell junctions. Loss of a single copy of the coracle
antagonist crumbs enhanced CagA-associated disruption of the larval retinal epithelium,
whereas overexpression of crumbs suppressed this phenotype. Collectively, these results
point to new cellular pathways whose disruption by CagA are likely to contribute to
H. pylori-associated disease pathology.
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system, CagA is expressed as a full-length protein that is tyrosine

H. pylori infects approximately 50% of the world’s population and
is a leading cause of ulcers and gastric cancer (Amieva and El-
Omar, 2008). Strains harboring the virulence factor, CagA, are
up to three times more potent in contributing to cancer progres-
sion than strains lacking this factor (Blaser et al., 1995; Huang
etal., 2003; Wu et al., 2003). In cell culture experiments, CagA has
been shown to interact physically with at least 20 proteins, such
as SHP-2 and Parl, and to modulate the activity of many other
host proteins (Hatakeyama, 2008; Backert et al., 2010). However,
progress in characterizing the in vivo significance of these putative
host effectors of CagA has been hampered by a lack of experi-
mental models to study CagA’s effects on intact tissues. We have
developed a transgenic Drosophila model to study the expres-
sion of CagA in epithelial tissues such as the larval and adult
eye (Botham et al., 2008; Muyskens and Guillemin, 2011). In this

Abbreviations: Moc, Modifier of CagA; ESEM, Environmental scanning electron
microscopy.

phosphorylated by host kinases and localizes to cell junctions, as
in mammalian cells (Botham et al., 2008).

Using this system, we showed that CagA interacts genetically
with proteins identified as its physical targets in tissue culture
cells. Several of CagA’s physical interaction partners include mem-
bers of receptor tyrosine kinase (RTK) signaling pathways that are
normally scaffolded together in the cell by the adaptor protein
Grb2-associated binder (Gab) (Hatakeyama, 2003). We demon-
strated that expression of CagA could rescue phenotypes associ-
ated with loss of the Drosophila Gab, Son of sevenless, indicating
that CagA functions as a Gab mimic and restores the physical
interactions required for efficient RTK signaling. In these studies
we also discovered that ectopic expression of CagA in the devel-
oping Drosophila eye, unlike over-expression of Son of sevenless,
profoundly disrupted the morphogenesis of the retinal epithe-
lium, resulting in adult eyes with a “rough” phenotype in which
the crystalline array of facets is perturbed. We went on to show
that CagA’s disruption of the larval retinal epithelium was due to
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over-activation of myosin light chain (Muyskens and Guillemin,
2011), which has been implicated in disruption of gastrointestinal
epithelial barriers (Shen et al., 2009) and H. pylori pathogenesis
(Wroblewski et al., 2009). In this study we describe a forward
genetic screen to uncover additional host genes that influence
CagA’s activity in the retinal epithelium.

The Drosophila eye has been a fertile genetic system for dis-
covering genes involved in cellular signaling pathways, including
many RTK signaling pathway members (Voas and Rebay, 2004).
Because of the Drosophila eye’s repeating pattern of facets or
ommatidia, even subtle perturbations in signaling pathways that
regulate eye morphogenesis can be distinguished by the severity
of the rough eye phenotype of the adults, making possible rapid,
high throughput screens for dominant enhancer and suppressor
mutations (St Johnston, 2002). These genetic screens have proven
to be extremely fruitful because of the high degree of conservation
in molecular signaling pathways in eukaryotic cells. For example,
the important CagA interactor SHP-2 was originally identified in
a genetic screen in the Drosophila eye (Simon et al., 1991), and
subsequently identified in mammals (Freeman et al., 1992). The
functional conservation between human and Drosophila SHP-2
is illustrated by the fact that expression of the human protein can
rescue the eye defects of a csw mutant lacking the Drosophila SHP-
2 (Oishi et al., 2006). The high degree of molecular conservation
in cellular processes targeted by bacterial pathogens has allowed
researchers to screen for host factors that interact genetically with
bacterial effector proteins in genetically tractable systems such as
fruit flies and yeast (Siggers and Lesser, 2008; Boyer et al., 2012).

Here we exploited the CagA-induced rough eye phenotype to
identify host genes that are important for pathogenic mechanisms
of CagA. We used molecularly defined chromosomal deficiencies
to screen over half of the Drosophila genome for dominant sup-
pressors or enhancers of CagA-induced epithelial disruption. Our
deficiency screen identified 12 novel genetic interactors, capa-
ble of modulating the severity of CagA-induced disruption of
the adult retinal epithelium. We refer to these genetic interac-
tors collectively as the modifier of CagA (Moc) genes. Moc genes
have been shown to function in numerous cellular pathways
including those involved in maintenance of epithelial integrity,
intracellular trafficking, and signal transduction. We further
investigated CagA’s genetic interactions with one Moc suppres-
sor, the epithelial polarity determinant coracle that is the homolog
of the mammalian 4.1 protein. In addition, we extended our
genetic interaction network to show that other polarity determi-
nants with antagonistic functions to coracle behave as dominant
enhancers of CagA-associated epithelial phenotypes. The Moc
genes provide new avenues of investigation toward understanding
CagA’s pathogenicity in humans.

MATERIALS AND METHODS

Drosophila STRAINS

All flies were raised on standard Drosophila media at 22°C
unless otherwise noted. The P{w[UAS-CagA ]} transgenic line was
generated as described (Botham et al., 2008). Transgenes were
expressed in the eye using P{w[+mC] = GAL4-ninaE.GMR}12
[GMR, Bloomington Stock Center (BSC # 1104)]. Deficiency
lines used for the initial identification of genomic regions

were generated by Exelixis (Parks et al, 2004). The genetic
null allele of csw (csw“!?) was obtained from Michael Simon
(Stanford University). All other alleles used are described on
FlyBase (Tweedie et al., 2009), including EGFR! (FBst0002079),
par1*06323 (FBal0064446), rhol”?" (FBst0007326), and the Moc
genes listed in Table 1.

Moc GENETIC SCREEN

Males carrying a genetic deletion (generally spanning between
5 and 30 genes) on one chromosome and a visual marker such
as CyO on the other were crossed to female virgins homozy-
gous for the GMR-GAL4 driver and CagA. Moc mutants were
identified by comparing the overall eye roughness of adult flies
carrying a deficiency to siblings that carried the visual marker by
light microscopy. We screened 237 deficiency stocks covering 7451
genes, or 53% of Drosophila genes. We found a surprisingly high
proportion—49%—of the deficiencies resulted in suppression,
while only a few enhancers were identified (Figure 1). Particularly
severe Moc mutants were chosen for further investigation in an
attempt to identify a single gene responsible for the modification.
Additional deficiencies overlapping the genetic region of interest
were used to narrow the number of potentially responsible genes.
Assuming that a single gene were responsible for the modification
of the rough-eyed phenotype, genes within an overlapping defi-
ciency that did not act as a Moc could be eliminated as candidates,
while genes not included within deficiencies that acted as a Moc
could also be eliminated. Once the number of candidate genes
was sufficiently low, males carrying null alleles for candidate genes
were crossed to GMR-GAL4/GMR-GAL4; UAS-CagA/UAS-CagA
female virgins and the eyes of adult progeny were screened for
modification of the rough-eyed phenotype. This method allowed
for identification of a single Moc gene in 17 of the 22 initial Moc
deficiencies that were chosen for analysis.

ENVIRONMENTAL SCANNING ELECTRON MICROSCOPY

To evaluate the CagA-induced eye phenotypes at higher res-
olution, we used environmental scanning electron microscopy
(ESEM). Flies were anesthetized with FlyNap (Carolina Biological
Supply Company) and imaged using an FEI Quanta 200 environ-
mental scanning electron microscope. Images of at least 10 flies
of each genotype were recorded and scored in a blinded fashion
by five investigators. Scoring classes were defined as follows: (0)
Geometric organization intact. (1) Loss of geometric organiza-
tion, fewer than 25% of ommatidia fused or malformed. (2) Loss
of geometric organization, greater than 25% of ommatidia fused
or malformed. (3) Loss of geometric organization, greater than
25% of ommatidia fused, malformed, and greater than 1% but
less than 25% of the eye lacks a recognizable morphology. (4) Loss
of geometric organization, greater than 25% of ommatidia fused
or malformed, and greater than 25% of the eye lacks a recog-
nizable morphology. (5) Loss of geometric organization, greater
than 25% of ommatidia fused and malformed, greater than 25%
of the eye lacks a recognizable morphology, and pronounced
invaginations on the eye surface.

IMMUNOHISTOCHEMISTRY
Eye discs were dissected from third instar larvae and fixed for
30 min (4% formaldehyde, 0.1 M PIPES (pH 6.9), 0.3% Triton
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Table 1 | Moc genes identified in Drosophila adult eyes.

Gene' Moc class?  Mutant allele3

EPITHELIAL INTEGRITY

Coracle S corafY07598
(FBst0016848)
Lasp S LaspPG14505
(FBst0020424)
outspread S osp’
(FBst0001023)
moladietz S mole02670
(FBst0018073)
gartenzwerg® S garzEP2028
(FBst0017017)
Epac S Epac07038
(FBst0019033)
INTRACELLULAR TRAFFICKING
ranGAP S RanGaptP1173
(FBst001