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ABSTRACT
Helicobacter pylori is an Epsilonproteobacteria that colonizes the human stomach mucosa
and a causative agent of peptic ulcers and gastric cancer. H. pylori uses a cluster of polar, sheathed
flagella for motility, which is required for host colonization. As part of my dissertation studies, |
found the glycerophospholipid cardiolipin (CL) has a role in flagellum biogenesis. Inactivating a
cardiolipin synthase gene (clIsC) in H. pylori G27, but not H. pylori B128, abolished flagellum
biosynthesis. Analysis of glycerophospholipids in the two clsC mutants revealed that both were
similarly deficient in CL. Motile variants of the G27 clsC mutant were obtained following
transformation with genomic DNA from the B128 cIsC mutant. Resequencing the genomes of
seven motile G27 clIsC recipients showed that all possessed the flgl (encodes flagellar P ring
protein) allele from B128. The G27 and B128 Flgl proteins differ at five amino acid positions.
Introducing the B128 flgl allele into the G27 clsC mutant rescued flagellum biosynthesis. Cryo-
electron tomography (cryo-ET) of the G27 clsC mutant showed flagellum assembly was arrested
at a step that preceded formation of the P ring. Taken together, these results suggest G27 Flgl, but
not B128 Flgl, fails to form the P ring in the absence of wild-type CL levels. In related studies, |

discovered CL appears to be a major component of the H. pylori flagellar sheath, a membrane that



surrounds the flagellum and is contiguous with the outer membrane. Using a comparative
genomics approach, | identified several genes that are present in Helicobacter species that possess
a sheath but are absent in Helicobacter species that lack a sheath. Interestingly, one of these genes
is cIsC. Four other sheath-specific genes (HP1486-HP1489) encode a predicted efflux system that
| targeted for mutagenesis. Disrupting the HP1488 homolog in B128 inhibited flagellum
biosynthesis. Cryo-ET revealed that the B128 mutant was missing part of a cage-like structure
that surrounds the flagellar motor. | hypothesize the cage-like structure is an efflux system
encoded by HP1486-HP1489 that transports CL to the outer membrane where it is incorporated

into the flagellar sheath.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Background and Significance

Helicobacter pylori is an Epsilonproteobacterium found in the stomach of over 50% of the
world’s population (1, 2). Individuals infected with H. pylori typically do not develop clinical
symptoms, but the infection can progress to serious diseases such as peptic ulcers and chronic
gastritis. If infections are left untreated, a small subset of individuals can develop gastric cancer
or mucosa-associated lymphoid tissue (MALT) lymphoma, which has led to H. pylori becoming
the only bacterium to be classified as a class | carcinogen (3-8). Although infection rates vary
according to geographical location, the highest rates of infection are usually observed in
developing countries, primarily due to limited treatment options, socioeconomic status, and poor
hygiene (9, 10).

Gastric cancer is the third most common cause of cancer-related death worldwide, and H.
pylori related gastric cancer accounts for more than 90% of these deaths (11). For decades,
treatment focused on a triple therapy approach that included clarithromycin, metronidazole or
amoxicillin, and a proton-pump inhibitor (12). The rise of H. pylori strains that are resistant to
these key antibiotics is diminishing the efficacy of this treatment and making treating infections
increasingly difficult (12-14). The observed resistances are likely due to overuse of antibiotics
and treatment of other infectious diseases. Interestingly, this can be illustrated by comparing

different regions of Europe. Countries in northern Europe, which have stricter policies that



regulate antibiotic use, observe clarithromycin resistance in less than 5% of H. pylori clinical
isolates, while some countries in southern Europe that do not practice the same policies experience
clarithromycin resistance rates in clinical isolates of H. pylori as high as 20% (15-17).

Since the discovery of H. pylori as the causative agent of peptic ulcer disease by Barry
Marshall and Robin Warren, the spectrum of diseases associated with H. pylori is remarkable (18).
Approximately 90-95% of duodenal ulcers and 70-75% of gastric ulcers can be credited to H.
pylori; a small proportion of individuals may develop gastric adenocarcinoma in response to long-
term infections (19, 20). Within the past 20 years, H. pylori infections have been linked to
neurologic, dermatologic, hematologic, metabolic and allergic diseases (21-28). Interestingly, the
presence of specific genetic markers in H. pylori, such as cagA, appear to inversely influence the
development of diseases such as heart disease, rosacea, and asthma (23, 29-33). While the breadth
of diseases associated with H. pylori infections continue to grow, demonstrating causation remains
elusive.

The mode of transmission utilized by H. pylori is poorly understood. The proposed
mechanisms include fecal-oral, oral-oral, gastric-oral, or unidentified common environmental
sources, such as contaminated water (34). The likely route of transmission is person-to-person,
with the acquisition of the bacterium occurring at a very young age (35-37). Studies show
household members that test negative for H. pylori are at a 4.8-fold increased risk of acquiring the
bacterium from a household member that is positive, indicating that familial transmission plays a
significant role in distributing H. pylori (37). While humans are the primary reservoir for H. pylori,
strains have been isolated from other primates, but this is not likely a significant contributor to

infecting humans since interactions between humans and other primates are limited (9). Several



studies examined contaminated water as a source of transmission, but the results are inconsistent
and requires further evaluation (38).

The overall role H. pylori has on human health is complicated. In 2007, Linz et al. reported
the association between H. pylori and humans can be traced to the migration of humans from the
African continent, suggesting a relationship existing for more than 55,000 years (39). Some
reports claim H. pylori has a protective role for humans, preventing diseases like acid reflux and
asthma, and the treatment H. pylori infections will likely lead to an increase in serious diseases
like gastric cancer (40, 41). But the relationship between this bacterium and humans is unclear,
and whether H. pylori has a collective positive impact on human health has yet to be definitively

established.

Characteristics of Helicobacter pylori

H. pylori is an Epsilonproteobacterium that is characteristically spiral shaped. It is
generally two to four microns in length and ~0.5 microns in width. Each cell typically possesses
two to six polar, sheathed flagella. H. pylori has a second morphology, changing from spiral to
coccoidal following prolonged in vitro incubation, and this coccoidal form is termed viable but
non-culturable (VBNC) (42, 43). Studies of stomach biopsies using scanning electron microscopy
to investigate the morphological states of H. pylori discovered both morphological states co-exist
(44-46). Numerous attempts have been made to develop a method to resuscitate the VBNC state.
In 2011, Richards et al. reported a successful formulation to convert VBNC cells to culturable
cells that included broth supplemented with trace minerals, serum and lysed erythrocytes (47).
This discovery was a critical step in allowing researchers to identify the mechanisms that control

the conversion between the two cell states.



H. pylori is a fastidious organism, generally requiring a growth medium that is
supplemented with serum, blood or beta-cyclodextrin, and requiring low concentrations of oxygen
(48, 49). The microaerophilic atmosphere typically used to grow cells is 2-5% O, 5-10% CO.,
and 0-10% Ha, although H> is not a requirement for growth (50). Additionally, the media should
be a neutral pH since H. pylori grows best between pH 5.0 and 8.0.

The genome size of H. pylori is approximately 1.7 Mbp, which is less than 40% of the
genome size of most E. coli strains (51). The genetic diversity observed in H. pylori is immense,
which results from its natural transformability, elevated mutation rate and high recombination rate
(51, 52). In addition to these genetic features, H. pylori strains often harbor multiple cryptic
plasmids whose functions are currently unknown, although these plasmids have been modified to

genetically manipulate the bacterium in a laboratory setting (53, 54).

Flagellar Gene Regulation and Flagellum Assembly

Flagellum biosynthesis is a highly ordered process that involves coordinating the
expression of structural and regulatory genes with the assembly of the nascent flagellum. The H.
pylori flagellum is comprised of three major components: the basal body, the hook, and the
filament (55). The basal body consists of several distinct structures, including the cytoplasmic
ring (C ring), the export apparatus, the flagellum motor, the rod, and the rings (P and L rings) that
anchor the flagellum to the cell. The C ring in H. pylori is made of four different proteins, FIiG,
FIiM, FIiN and FIliY, and has roles in shuttling proteins to the flagellar export apparatus and
controlling the rotational direction of the flagellum (56). The flagellar export apparatus is a Type
I11 secretion system (flagellar T3SS; fT3SS) that consists of six different membrane proteins, FIhA,

FIhB, FliO, FliP, FliQ and FIliR, and three cytoplasmic proteins, FliH, Flil, and FliJ, and is



responsible for transporting axial components of the flagellum (i.e. proteins that make up the rod,
hook and filament) across the cell membrane (57). The rod proteins are the first to be secreted by
the fT3SS, followed by the hook protein and hook-associated proteins. The hook is a curved-like
structure that transmits torque from the rod to the filament. After the hook is completed, the
filament protein subunits, referred to as flagellins, are assembled into the filament, which is a long
tail-like structure extending from the body of the bacterial cell.

H. pylori has three different sigma factors for RNA polymerase, RpoD (c%%), RpoN (c°),
and FliA (62®), each of which is required for transcription of a specific set of flagellar genes (55).
Although many bacteria, such as Vibrio cholerae and Pseudomonas aeruginosa, have a master
regulator that initiates a transcriptional hierarchy that controls the expression of flagellar genes so
that their products are synthesized as they are needed for flagellum assembly, a master regulator
has yet to be identified in H. pylori (58). Gene products required during early flagellum assembly
and some regulatory proteins rely on RpoD for their transcription (59). The transcription of genes
whose products are required midway in flagellum assembly (e.g. flgE and flgK, which encode the
hook protein and hook-associated protein 1, respectively) requires RpoN and a two-component
system consisting of the sensor kinase FIgS and the response regulator FIgR (60, 61). FIgS is a
cytoplasmic protein that recognizes an assembly checkpoint associated with the fT3SS and is
essential in initiating the signaling cascade that results in the transcriptional activation of RpoN-
dependent genes (55, 58, 59, 62, 63). Transcription of the late flagellar genes requires FliA and is
negatively regulated by the anti-sigma factor FIgM (64, 65). In contrast to Salmonella enterica
serovar Typhimurium, the FIgM protein is not exported by the fT3SS in H. pylori, but rather, its

inhibition is thought to be relieved by binding to FIhA (66, 67).



Glycerophospholipids

E. coli served as the model organism to investigate bacterial membrane lipids for decades,
but phospholipid research investigating other bacterial species has shown lipid biochemistry
cannot be represented by a single organism (68, 69). Gram-positive organisms are characterized
by the presence of a single membrane bilayer, while Gram-negatives possess two distinct
membranes, the inner and outer membranes. The membrane of Gram-positive and inner
membrane of Gram-negative cells are similar to each other, distinguished as a lipid bilayer
composed of different phospholipids, although the phospholipid composition can differ
dramatically between the two cell types (70-72). The outer membrane of Gram-negative bacteria
is asymmetrical, with the inner leaflet composed of phospholipids and the outer leaflet of lipid A.
The predominant phospholipids in E. coli are phosphatidylethanolamine (PE; ~75%),
phosphatidylglycerol (PG; ~20%), and cardiolipin (CL; ~5%) (69, 72). E. coli initiates
phospholipid biosynthesis utilizing the metabolite cytidine diphosphate-diacylglycerol (CDP-
DAG), which diverges into two separate pathways. In one pathway, PE is synthesized in two steps
using phosphatidylserine synthase (Pss) to add L-serine to CDP-DAG generating
phosphatidylserine, which is subsequently converted to PE upon the removal of CO; by
phosphatidylserine decarboxylase (Psd) (69). The second pathway synthesizes PG using
phosphatidylglycerolphosphate synthase (PgsA) to catalyze the condensation of glycerol-3-
phosphate (G3P) to form PG phosphate (PGP). The anionic phospholipid PG is synthesized by
one of three phosphatases (PgpA, PgpB, PgpC), which dephosphorylate PGP. Three cardiolipin
synthases (CIsA, ClsB, CIsC) catalyze the formation of the anionic phospholipid CL, although the
phospholipid substrates of these enzymes differ. CIsA and ClsB transfer phosphatidic acid from

one PG molecule to a second PG molecule to produce CL and glycerol. In contrast, ClsC transfers



phosphatidic acid from a PE molecule to PG to produce CL and ethanolamine (73-76). While the
information collected from studying E. coli has progressed the understanding of lipid metabolism,
many organisms are missing one or more of these phospholipids and synthesize different lipids,
indicating that E. coli membrane chemistry cannot be applied to all bacteria (69, 77, 78).

Phospholipases refer to a group of enzymes sharing the ability to catalyze the hydrolysis
of a glycerophospholipid ester linkage. An enzyme is assigned to one of four classes (A, B, C, or
D) according to the specific bond targeted within the phospholipid (Figure 1.2) (79).
Phospholipase A enzymes are split into A; and Az, where phospholipase A; enzymes hydrolyze
fatty acyl ester bonds at the sn-1 position, while the fatty ester bonds at the sn-2 positions are
hydrolyzed by phospholipase A, enzymes (80). Phospholipase B enzymes possess both
phospholipase A: and phospholipase Az enzymatic activities (81). The phospholipase C enzyme
cleaves the phosphodiester bond before the phosphate, which releases a diacylglycerol with a
phosphate head group (79). Finally, the phospholipase D (PLD) enzymes cleave the
phosphodiester bond after the phosphate, yielding a phosphatidic acid and an alcohol (82).

The PLD superfamily includes enzymes that are involved in phospholipid metabolism,
members of which cleave phosphodiester bonds (82). Historically, enzymes categorized as a PLD
enzyme hydrolyzed phosphatidylcholine, releasing choline and the messenger signaling lipid
phosphatidic acid (83). Sequence analysis revealed a large subset of PLD enzymes that share a
conserved HxKxxxxDxsGSxN motif (HKD), with the histidine residue critical for catalytic
activity (83-85). Enzymes classified in this superfamily typically share little sequence and
structural similarity outside of the catalytic site (82, 86). Cardiolipin synthases are PLD enzymes
that catalyze the formation of CL from either two PG molecules or a PG and a PE molecule (74,

87-89). The structure of CL is unlike that of other phospholipids as it has a small hydrophilic head



consisting of two phosphates connected by a glycerol backbone and a large hydrophobic tail
consisting of four large acyl chains. These features impart a conical shape to the CL molecule that
facilitates the enrichment of CL at the cell poles and septa (90-93). Some proteins preferentially
interact with CL, and polar enrichment allows these proteins to discriminate between cellular
features and properly localize in the absence of scaffold or landmark proteins (94). Depleting the
cell of CL may affect important physiological processes, such as ATP synthesis, DNA replication,

protein translocation, cell division, DNA repair and osmo-regulation (95-97).

Cardiolipin in the Membrane

Mitochondria play an important role in the generation of energy for eukaryotic cells
through oxidative phosphorylation (98, 99). Cardiolipin adopts a conical structure and segregates
to regions of high-negative curvature in the inner membrane of mitochondria. A large proportion
of the mitochondrial inner membrane contains CL and is responsible for the generation of the
mitochondrial cristae (98, 100). The respiratory chain proteins are significantly enriched in the
cristae and require cardiolipin for structural stability and enzymatic activity (98, 101).
Mitochondrial morphology is essential for normal function and plays an important role in
development, aging and cell death (98). Mitochondria that are deficient in CL have an increase in
cell size and the cristae are disorganized, which can lead to multiple cardiovascular diseases such
as Barth syndrome, cardiomyopathy, atherosclerosis, and heart failure (102).

Similar to the mitochondrial cristae, bacteria use CL microdomains to localize proteins to
areas of the cell possessing a high-degree of negative curvature (103). Cardiolipin enrichment at
the cell pole of bacterial cells were demonstrated by comparing the total phospholipid composition

between wild-type E. coli and minicells (90). The proteins ProP, from E. coli, and IcsA, from



Shigella flexneri, have also been demonstrated to require CL to polarly localize (96, 104, 105).
Disruption of CL production or preventing the accumulation of CL at the cell pole interferes with
cell shape maintenance or the inhibition of the respiratory chain, indicating CL is required for a

variety of cell processes (103).

Flagellar Sheath Biosynthesis

Early investigations suggested the flagellum was an appendage “peeling” away from the
membrane and naturally occurred as bacteria move across different surfaces (106, 107). We now
know the flagellum is a complex assembly, requiring gene expression and protein assembly to be
synchronized at the highest precision. Since the late 1940s, scientists have investigated the sheath
that surrounds the flagellum filament in a small group of bacteria, such as multiple Vibrio species,
Pseudomonas species, H. pylori, Bdellovibrio bacteriovorus, and Azospirillum brasilense (108-
111). In contrast to unsheathed flagella, the sheathed filament must have an additional mechanism
to coordinate filament polymerization and sheath biogenesis. The flagellar sheath is enigmatic,
and raises questions such as: are the outer membrane and sheath discontinuous lipid bilayers, is
sheath biogenesis independent of flagellar synthesis, and what physiological roles does the sheath
play?

The flagellar sheath was initially described as an extension of the outer membrane in the
early 1950s, and it was suggested that the filament and sheath rotate simultaneously (112). In
order for the filament and sheath to rotate together, the intersection of the base of the flagellum
and outer membrane must be discontinuous to enable the sheath to rotate with the filament (113).
This would suggest the sheath is “floating” and may remain in place through hydrophobic

interactions with the core filaments, generating a rigid membrane structure. Alternatively, another



model proposes that only the flagellar filament rotates within a flexible sheath (113). In this model
the filament rotates freely within the sheath, indicating the membrane must be flexible enough to
allow distortion by the rotational forces induced by the filament, but robust enough to remain
associated with the cell body. Costerton and Thompson investigated the membrane plasticity of a
marine pseudomonad and determined both inner and outer membranes have a “plastic” physical
nature, supporting the malleability of the outer membrane (114). Carson and Eagon found that the
peptidoglycan layer is not the sole contributor to cell shape in P. aeruginosa, and the outer
membrane significantly contributes to the rigidity of the cell (115). Both studies support the
plasticity and rigidity requirements that the membrane must possess to withstand the perturbations
produced by rotational forces.

Addressing the continuity between the outer membrane and flagellar sheath has been
difficult. If the sheath is discontinuous, there must be an underlying mechanism dedicated to the
movement of lipid and protein components from the outer membrane to the growing filament and
organize these components around the protein subunits. Alternatively, if there is continuity, does
the membrane reorganize around the growing filament, or are protein and lipid components
transported to the distal end and assembled as the flagellum grows? Early investigations
demonstrated antibodies directed against LPS reacted strongly with the outer surface of the cell
but not with the flagellar sheath (116). Investigators also reported antibodies directed against crude
sheath preparations did react strongly with a component in the cell surface and flagellar sheath,
indicating the lipid composition between the outer membrane and the sheath is more complex
(116). While this result argues against LPS being a component of the flagellar sheath and supports
the discontinuity model, what the antibodies detected was unclear. In later studies, Fuerst and

Perry used immunogold-labeling to demonstrate LPS could be detected in the outer membrane and

10



flagellar sheath (117). Additional evidence for LPS in the flagellar sheath was found in H. pylori
when phospholipid fatty acids and LPS-specific fatty acids were detected in highly purified
flagellar sheaths (118). Collectively, there is strong evidence showing the contiguous model is
correct, but the coordination of sheath biogenesis and the growing filament remains a mystery.
With the considerable evidence supporting the continuity model, researchers wanted to
understand the mechanisms involved in the synchronization between the growing filament and
remodeling of the outer membrane. Bacterial species that do not synthesize a flagellar sheath were
speculated to use the L ring as a boundary that prevents the outer membrane from remodeling and
developing into the sheath (119). But if the L ring was the primary component that influences the
formation of the flagellar sheath, one would not expect the flagellum to possess both components.
Arguing against this hypothesis, the L ring and flagellar sheath can be identified in V. cholerae,
indicating there is an alternative mechanism that supports sheath biogenesis (120). One of the
major challenges in investigating sheath biogenesis is the isolation of a mutant that is motile and
lacks a sheath, or a non-motile variant that produces a core-less sheath. Richardson et al. utilized
transposon mutagenesis and isolated non-motile mutants in the V. cholerae classical strain that
synthesized a non-polar, core-less sheath (121). The failure to properly localize the sheath
indicates the filament or basal body assembly is required to be position correctly, but more
importantly, this observation indicates sheath biogenesis may occur independently of flagellar
synthesis in V. cholerae. This study was the first to demonstrate that the two processes can be
uncoupled. Recently, Qin et al. used cryoelectron tomography (cryo-ET) to visualize the basal
body of H. pylori and observed major remodeling of the outer membrane surrounding the filament
(122). The observations by Qin and colleagues contradicts the observation by Richardson et al.,

indicating sheath biogenesis is tightly coupled with filament growth. But there is a possibility the
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two bacterial species synthesize the sheath by different mechanisms, suggesting sheath biogenesis
evolved independently in different bacterial species.

The physiological role of the flagellar sheath and the reason the sheath is restricted to a
small subset of bacteria is unknown. A study investigating the sheath of B. bacteriovorous
identified the lipid domain is distinct from the outer membrane, containing more phospholipid
(~57%) and less protein (~26%) than described for the outer membrane (123). Consistent with
this result, Geis et al. reported there are no fatty acids typical of the flagellar sheath, but the fatty
acid profile for phospholipids and LPS in the sheath is different when compared to whole cells
(118, 124). As a result, the higher percentage of phospholipids may increase the fluidity of the
sheath compared to the outer membrane. Brennan et al. demonstrated that both Vibrio fischeri and
V. cholerae release LPS from their sheathed flagella as they rotate, and proposed that the release
of LPS plays a role in the Vibrio-squid symbiosis by triggering the host immune response (125).
Whether or not the release of LPS from the flagellar sheath has a role in host-symbiont interactions,
the observation by Brennan et al. are consistent with the proposed fluidity of the flagellar sheath
and supports the model of the filament freely rotating within the sheath. But whether the release
of LPS is a consequence of the fluidity of the membranous sheath or a survival strategy requires
further examination. Investigators have also proposed the sheath prevents detection by the innate
immunity, while others suggest it prevents the protein filament from depolymerizing in acidic
conditions (126). The sheath may also be required for the localization of adhesions responsible
for bacterial cells to attach to the intestinal tissue (117). The mechanism by which specific proteins
localize to the flagellar sheath is not known, but it might involve recognition of certain
phospholipids, which would be consistent with the differences in fatty acid content observed

between the sheath and outer membrane.
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Research Summary

The overall aim of my research is to investigate the role of CL in H. pylori flagellar
biosynthesis. CL is found in both Gram-positive and Gram-negative bacteria, and several studies
have identified this phospholipid as a key component for localization of proteins and important
physiological processes like DNA replication and ATP synthesis in both cell types (96, 97, 101,
127). Our motivation to investigate CL originated from the reports that protein localization was
affected in the absence of CL or other anionic phospholipids. The absence or depletion of specific
phospholipids has not been implicated previously as a factor in motility, so | wished to determine
if flagellum assembly in H. pylori would progress in the absence of CL. Our lab identified a
putative cardiolipin synthase gene in H. pylori. Bacteria often possess multiple cardiolipin
synthase genes that are expressed at different stages and conditions of growth (76, 128). The gene
identified in H. pylori is predicted to encode an enzyme that shares 32% amino acid identity with
CIsC from E. coli. The clsC homolog in H. pylori G27 was interrupted by introducing a
chloramphenicol acetyltransferase (cat) gene that resulted in a non-motile phenotype.
Transmission electron microscopy indicated that the clsC mutant cells were aflagellated, and
subsequent cryo-ET revealed that flagellum assembly did not progress past the periplasm.
Differential gene expression was evaluated for the H. pylori G27 clsC mutant and wild-type strains
using RNA-seq, which determined that genes required midway through flagellar biosynthesis were
upregulated in the clsC mutant. This is consistent with cryo-ET results and indicate genes are
properly transcribed, but the gene products are not localized or assembled.

Disrupting the clsC allele in H. pylori B128 did not produce the same phenotype, indicating
the requirement of cardiolipin for flagellar biosynthesis is strain dependent. Thin layer

chromatography analysis of *?P-labelled glycerophospholipids along with matrix-assisted laser
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desorption ionization time-of-flight mass spectrometry analysis of isolated glycerophospholipids
was performed to evaluate the glycerophospholipid profiles in the wild-type and mutant strains.
The results of the radiolabeling experiment showed a depletion in cardiolipin in both the H. pylori
G27 clsC and H. pylori B128 clIsC strains. Examining the mass spectrometry data showed a
corresponding depletion of cardiolipin in both mutant strains. Both experiments indicated CL
levels were recovered after introducing the clsC with its native promoter in trans. Interestingly,
both the radiolabeled and mass spectrometry experiments revealed a small level of cardiolipin is
still present in both mutant strains, meaning there exists an alternative pathway for CL synthesis
in H. pylori.

An allelic exchange mutagenesis approach was used to identify the genetic factors that
allow the H. pylori B128 cIsC mutant to remain motile. Whole genome resequencing was
performed on seven motile H. pylori G27 clsC recipients from two independent transformations
with H. pylori B128 clsC gDNA to identify potential SNPs that rescued flagellum biosynthesis.
Three alleles (icfA, kdsA, and flgl) from the donor were present in all seven motile H. pylori G27
clsC recipients. kdsA and icfA are adjacent genes located near the origin of replication. KdsA (3-
deoxy-D-manno-octalosonicacid 8-phosphate synthetase) is involved with the CMP-KDO
biosynthetic pathway required for lipopolysaccharide biosynthesis, while IcfA is a B-carbonic
anhydrase that catalyzes the reversible hydration of CO> to carbonic acid; flgl encodes the flagellar
P ring protein and is inserted into the peptidoglycan layer during flagellar biosynthesis.
Introduction of the kdsA and icfA alleles into the H. pylori G27 clsC failed to recover maotility,
whereas the flgl allele restored flagellum biosynthesis, indicating the depletion of cardiolipin in

the H. pylori G27 clsC mutant may prevent P ring assembly in this H. pylori strain.
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Finally, very little is known about the mechanisms that mediate flagellar sheath
biosynthesis in H. pylori or any other bacterial species. Utilizing a comparative genomics
approach, | identified multiple genes that are highly conserved in sheathed Helicobacter species
but are absent in unsheathed species. Among these genes are clsC and a set of genes encoding a
putative efflux pump (HP1489-1486). Deletion of the gene encoding for the TolC-like protein
(HP1489) in H. pylori B128 reduced, but did not eliminate, motility. Using the selection-
counterselection cassette kan-sacB, the HP1488 gene (encoding a HlyD-like protein) was
disrupted in the H. pylori B128 strain generating variants with reduced motility (designated ‘RM?)
and highly motile (designated ‘M’) variants. Cryo-ET examination revealed structural
components that assemble into a cage-like structure surrounding the flagellar basal body are absent
in the H. pylori B128 HP1488:kan-sacB RM isolate, suggesting that the putative efflux pump
participates in the formation of this structure. Whole genome re-sequencing identified a SNP in
the mreC gene of the B128 HP1488:kan-sacB M isolate. Lastly, the deletion of HP1487 and

HP1486, which are predicted to encode ABC-type 2 transporters, generated non-motile mutants.
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PGP PS
PgpA
pgpB 1 l psd
pgpC
PG + PE-=%cCL
clsA l,p@
clsB
CL

Figure 1.1. Phospholipid biosynthesis in E. coli. An overview of the biosynthetic pathway of
the major phospholipids found in E. coli (129). Abbreviations are as follows: CDP-DAG, cytidine
diphosphate-diacylglycerol; pssA, phosphatidylserine synthase; PS, phosphatidylserine; psd,
phosphatidylserine decarboxylase; PE, phosphatidylethanolamine, PgsA,
phosphatidylglycerolphosphate  synthase; PGP,  phosphatidylglycerol-phosphate;  pgp,

phosphatidylglycerol-phosphate phosphatase; cls, cardiolipin synthase; CL, cardiolipin.
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Phospholipase A

Phospholipase A,

Phospholipase C

Figure 1.2: Phospholipase hydrolysis sites. Hydrolysis sites for each phospholipase enzyme are

indicated in the diagram. Phospholipase B hydrolyzes the phospholipid at the same positions as

phospholipase A; and Az (81).
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Abstract

Helicobacter pylori uses a cluster of polar, sheathed flagella for motility, which it requires
for colonization of the gastric epithelium in humans. As part of a study to identify factors that
contribute to localization of the flagella to the cell pole, we disrupted a gene encoding a cardiolipin
synthase (cIsC) in H. pylori strains G27 and B128. Flagellum biosynthesis was abolished in the H.
pylori G27 clsC mutant, but not in the B128 clsC mutant. RNA-seq analysis showed flagellar
genes encoding proteins needed early in flagellum assembly were expressed at wild-type levels in
the G27 clsC mutant. Examination of the G27 clsC mutant by cryo-electron tomography indicated
the mutant assembled nascent flagella that contained the MS ring, C ring, flagellar protein export
apparatus and proximal rod. Motile variants of the G27 clsC mutant were isolated following allelic
exchange mutagenesis using genomic DNA from the B128 clsC mutant as the donor. Genome re-
sequencing of seven motile G27 clsC recipients revealed that each isolate contained the flgl
(encodes the P ring protein) allele from B128. Replacing the flgl allele in the G27 clsC mutant
with the B128 flgl allele rescued flagellum biosynthesis. We postulate that H. pylori G27 Flgl
fails to form the P ring when cardiolipin levels in the cell envelope are low, which blocks flagellum
assembly at this point. In contrast, H. pylori B128 Flgl can form the P ring when cardiolipin levels

are low and allows for the biosynthesis of mature flagella.

Introduction
Helicobacter pylori is a member of the subphylum Epsilonproteobacteria that colonizes the
stomach of about half the human population worldwide (1, 2). Infection of the gastric mucosa by
H. pylori can lead to a variety of diseases, including chronic gastritis, peptic ulcer disease, gastric

cancer and mucosa-associated lymphoid tissue lymphoma (3-5). H. pylori cells have a cluster of
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flagella at one cell pole that they use for motility, which is required for colonization of the gastric
mucosa by the bacterium (6, 7).

The bacterial flagellum is composed of three basic parts, namely the basal body, hook and
filament (8-10). The basal body is the most complex of these structures and includes the flagellar
motor. The flagellar motor consists of the MS ring (base for the motor), C ring (switch complex
regulating motor rotation), rod (connects MS ring to hook), and stator, which is a membrane
protein complex of MotA and MotB. The stator is the torque generator for the flagellar motor and
is powered by the proton motive force (11). In addition to regulating motor rotation, the C ring
has a role in flagellum assembly (12, 13). Additional components of the basal body include a type
Il secretion system (fT3SS) that transports rod, hook and filament proteins across the cell
membrane, and ring structures (P ring and L ring) that act as bushings embedded in the cell
envelope. The hook and filament are located outside the cell envelope. The filament functions as
a helical propeller, while the hook serves as a flexible joint that transmits torque from the motor
to the flagellar filament over a wide range of angles between the motor axis and filament.
Structural analysis of the H. pylori flagellar motor using cryo-electron tomography revealed that
it is one of the largest flagellar motors in bacteria, accommodating up to 18 torque generators (14).
The large H. pylori flagellar motor may provide the higher torque required for the bacterium to
swim in high viscosity medium.

Flagellum biosynthesis is a complex process that involves the coordinated expression of
dozens of flagellar genes with the assembly of the flagellum. Expression of flagellar genes in H.
pylori is controlled by a transcriptional hierarchy that is organized according to the sigma factor
(o) required for transcription of specific sets of genes (15, 16). These sigma factors are RpoD

(6%), RpoN (¢, and FliA (6?®). Genes encoding proteins required early in flagellum assembly
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(i.e., basal body formation) and some regulatory proteins rely on o° for their transcription (15).
A master regulator that initiates the transcriptional hierarchy has been identified for many bacteria
(17), but not for H. pylori. Transcription of genes whose products are required midway in
flagellum assembly (e.g., hook and hook-associated proteins) requires ¢>* and a two-component
system consisting of the sensor kinase FIgS and the response regulator FIgR (16, 18, 19). FIgS
may recognize an assembly checkpoint associated with the fT3SS to initiate the signaling cascade
that results in transcriptional activation of the 6>*-dependent regulon, as disrupting genes encoding
components of the fT3SS interferes with expression of c>*-dependent genes (15, 20-24).
Consistent with this hypothesis, FIgS binds a peptide that corresponds to the N-terminus of the
fT3SS component FIhA with high affinity (25). Transcription of the late flagellar genes in H.
pylori requires 6?8 and is negatively regulated by the anti- 6?8 factor FIgM (26, 27). In Salmonella
enterica serovar Typhimurium (S. Typhimurium), inhibition of 6? activity by FlgM is alleviated
by transport of FIgM by the fT3SS (28). FIgM does not appear to be exported by the fT3SS in H.
pylori, but rather, its inhibition on 6?® may be relieved by binding to FIhA (29).

As part of a study to learn how H. pylori localizes its flagella to the cell pole, we knocked
out a putative cardiolipin synthase gene in H. pylori since cardiolipin (CL) is required for polar
localization of certain proteins in Escherichia coli (30). The putative H. pylori G27 CL synthase
shares homology with E. coli cardiolipin synthase C (CIsC). We found that the H. pylori clsC
homolog is required for wild-type levels of CL, and so we designated it as clsC. Disrupting clsC
abolished flagellum biosynthesis in H. pylori G27, but not in H. pylori B128, even though CL
levels in the two cIsC mutants were similarly reduced. RNA-seq analysis revealed that the H.
pylori G27 clsC mutant expressed many of the genes in the ¢>* regulon at wild-type levels or

higher, suggesting the mutant expressed a functional fT3SS but was blocked in flagellum
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assembly. Consistent with this hypothesis, cryo-electron tomography (cryo-ET) revealed nascent
flagellar structures arrested at an early stage in the assembly process in the H. pylori G27 clsC
mutant. Introduction of the H. pylori B128 flgl allele (encodes the flagellar P ring protein) into
the H. pylori G27 clsC mutant restored flagellum biogenesis. We infer from these data that
assembly of the P ring in H. pylori G27, but not H. pylori B128, requires normal levels or specific

species of CL in the cell envelope.

Materials and Methods

Bacterial strains and growth conditions. E. coli DH5a was used for cloning and plasmid
construction. E. coli strains were grown in Luria-Bertani broth or agar medium. Medium was
supplemented with ampicillin (100 pg/ml), chloramphenicol (30 pg/mL) or kanamycin (30 pg/ml)
when appropriate. For routine growth of H. pylori strains, the cultures were grown
microaerobically under an atmosphere consisting of 10% CO., 4% O and 86% N at 37°C on
tryptic soy agar (TSA) supplemented with 5% horse serum, or in tryptic soy broth (TSB)
supplemented with 5% heat-inactivated horse serum with shaking under an atmosphere consisting
of 5% CO2, 10% Hz, 10% O2 and 75% N». Growth of H. pylori strains for glycerophospholipid
extraction was done at 37°C in Mueller-Hinton broth (MHB) with 10% horse serum and 20 mM
2-(4-morpholino)-ethane sulfonic acid (MES; pH 6.0) under an atmosphere consisting of 10%
COo, 5% O3 and 85% N.. Kanamycin (30 pg/ml) or chloramphenicol (30 pg/ml) was added to the
medium used to culture H. pylori when appropriate.

Strain construction. All primers used for PCR in the construction of H. pylori mutants are listed
in Supplemental Table 1. Genomic DNA from H. pylori B128 was purified using the Wizard

genomic DNA purification kit (Promega) and used as the PCR template to construct the clsC
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knockout. DNA was amplified from H. pylori B128 genomic DNA (gDNA) using Phusion
polymerase (New England Biolabs) and the resulting amplicons were incubated with Taq
polymerase (Promega) at 72° C for 10 min to add 3’-A overhangs for T/A cloning with pGEM-T
Easy plasmid (Promega). To disrupt cIsC in H. pylori G27 and B128, a 634 bp upstream DNA
fragment was amplified that included 493 bp of frdB (gene immediately upstream of clsC; encodes
succinate dehydrogenase subunit B), an intergenic region of 21 bp, and 99 bp of the 5’-end of clsC
that includes a 21 bp sequence complementary to a chloramphenicol-resistance (cat) cassette using
primers M54 and M55. A 604 bp downstream DNA fragment that included 508 bp downstream of
clsC and 75 bp of the 3’-end of clsC together with 21 bp sequence complementary to the cat
cassette was amplified using primers M56 and M57. A cat cassette was PCR-amplified from
pUC20 cat using primers cat5 and cat6, generating a 742 bp fragment (31). PCR SOEing was
used to join the upstream and downstream regions to the cat cassette, and the resulting amplicon
was cloned into pPGEM-T Easy to generate the suicide plasmid pJC030, which was introduced into
H. pylori strains G27 and B128 by natural transformation. Chloramphenicol-resistant
transformants were selected on TSA supplemented with horse serum and chloramphenicol.
Replacement of clsC with the cat cassette in the H. pylori G27 and B128 chromosome was
confirmed by PCR using primers that flanked the clsC locus. The resulting amplicons were
sequenced (Eton Bioscience) to verify that cIsC had been replaced with the cat cassette.

Complementation of the clsC mutation. Plasmid pJC032 is a derivative of the shuttle vector
pHel3 (32) that carries H. pylori G27 clsC under control of its native promoter located upstream
of frdA. To construct pJC032, the frdA promoter and clsC coding regions were amplified using
the primer pairs ‘P069 and P070” and ‘P071 and P072’, respectively, and H. pylori G27 gDNA as

the template. The resulting amplicons were joined by overlapping PCR. Primers that contained 25
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bp of homologous sequence with pHel3 were used to amplify the fusion product, and the resulting
amplicon was cloned into pHel3 cut with Sphl using the sequence- and ligation-independent
cloning (SLIC) method (33) to generate pJC032. For complementation assays, pJC032 was
introduced into the H. pylori clsC mutants by natural transformation, which were then examined
for CL, motility and the presence of flagella as described below.

Motility assay. Motility was assessed using a soft-agar medium comprised of MHB, 10% heat-
inactivated horse serum, 20 mM MES (pH 6.0), 5 uM FeSO4 and 0.4% Noble agar. Plates were
stab-inoculated with cells from TSA plates grown for 5 days using wooden sticks and incubated
at 37° C under an atmospheric condition consisting of 10% CO2, 4% O and 86% N». Diameters
of swim halos were measured after 7 days of incubation. The two-sample t test was used to
determine statistical significance.

Transmission electron microscopy. H. pylori strains were grown to late-log phase in TSB
supplemented with 10% heat-inactivated horse serum to an ODeoo 0f ~1.0. One milliliter of culture
was collected by centrifugation (550 x g) then resuspended in 125 pL of 0.1 M phosphate-buffered
saline. Cells were fixed by adding 50 uL of 16% EM grade formaldehyde and 25 pL of 8% EM
grade glutaraldehyde to the cell resuspension. Following incubation at room temperature for 5
min, 10 pL of the cell suspension were added to 300 mesh, formvar-coated copper grids and
incubated at room temperature for 5 min. The cell suspension was wicked off the grids using a
filter paper, and the grids were washed 3 times with 10 pL of water. Cells were stained by applying
10 pL of 1% uranyl acetate to the grids for 30 s. After removing the stain with filter paper, the
grids were washed 3 times with 10 uL. of water and then air-dried. Cells were visualized using a

JEOL JEM 1011 transmission electron microscope. Flagella counts were determined for at least
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100 cells for each strain. The Mann-Whitney U test was used to determine whether there were
statistically significant differences in number of flagella per cell for the various H. pylori strains.

RNA extraction and cDNA synthesis. H. pylori cultures were grown in TSB supplemented with
5% horse serum for 24 h, diluted in fresh medium to a cell density of 5 Klett units, then allowed
to grow to a cell density of 90 Klett units. RNA was harvested from the H. pylori cultures using
the Zymo Direct-zol RNA MiniPrep Plus kit and quantified using a NanoDrop Lite instrument
(Thermo Scientific). RNA quality was assessed using a 1% bleach gel (34). RNA preparations
were treated with Turbo DNA-free kit (Ambion) according to the manufacturer’s protocol to
eliminate contaminating gDNA, and the absence of gDNA was confirmed by PCR. RNA samples
were analyzed using a Bioanalyzer 2100 instrument (Agilent), and each sample had a minimum
RNA integrity number of 9.5. Single-strand cDNA was synthesized from 200 ng of RNA using
the iScript cDNA synthesis kit (Bio-Rad).

RNA-seq assay. Ribosomal RNAs were depleted from RNA preparations and libraries were
prepared using 5 pg of total RNA. Illumina sequencing was performed using a NextSeq500
instrument at the University of Georgia Genomics Facility. Quality of the reads were assessed
using FastQC and trimmed using Trimmomatic, and the resulting reads were assembled to the H.
pylori G27 genome (Accession no.: NC_011333.1) using Bowtie2 and visualized using Geneious
(35, 36). The DESeqg2 package in RStudio was used to analyze raw fragment counts and
differentially regulated genes were identified with a log2-fold cutoff of 1.5 (37).

RT-gPCR. Transcript levels of flhA, fliF, flgE, flaB and flaA were monitored by RT-gPCR as
previously described (25, 38). Primers used for this experiment are listed in Table 2. RT-qPCR
was performed on serially diluted cDNA samples and concentrations for all samples were

determined using a standard curve of serially diluted gDNA. Each RT-qPCR mixture totaled 20
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uL, consisting of 10 uLL of Luna Universal PCR mix (New England BioLabs), 5 uL of 100-fold
diluted ¢cDNA, and 5 pl of the primers (final concentration 250 nM final for each primer).
Evaluation of single products in all reactions was performed after each experiment by a melt curve
analysis. The Applied Biosystems StepOnePlus Real-Time PCR system was used to perform all
experiments in technical triplicates for three biological replicates of each condition. The 2-44Ca
method (39) was used to quantify gene expression levels and statistical significance determined
using the two-sample t test.

Allelic exchange mutagenesis. gDNA was isolated from the H. pylori B128 clsC mutant using
the Wizard Genomic DNA Purification kit (Promega) and used to transform the H. pylori G27
clsC mutant as follows. The recipient strain was patched onto fresh TSA plates and incubated for
4 days. The cells were collected and transferred to a fresh plate, then transformed with 3 pg of
gDNA. Following 24 h of incubation, the cells were collected and resuspended in 1 mL TSB and
spot plated onto the soft agar medium used for motility assays. After 7 d of incubation, cells from
the edge of the swim halo were used to inoculate fresh soft agar medium and the inoculated plates
were incubated for 7 d. Cells from the edge of the swim halo were streaked onto TSA
supplemented with 5% horse serum and chloramphenicol, and the resulting isolated colonies were
screened for motility in the soft agar medium.

DNA sequencing and analysis. Following the instructions supplied with the Illumina iTruSeq
adaptor kit, genomic libraries were prepared using 500 ng of gDNA from various H. pylori strains.
The resulting genomic libraries were sequenced at the University of Georgia Genomics Facility
by Illumina sequencing. Quality of the reads were assessed using FastQC and trimmed using
Trimmomatic (35, 36). Reads for H. pylori G27 gDNA sequences were mapped using Bowtie2

using the published NCBI genome for H. pylori G27 (Accession no.: NC_011333.1) and visualized
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in Geneious. The alignment generated was used to align the gDNA sequence of the H. pylori G27
clsC mutant, which served as the backbone for aligning the gDNA sequences of the suppressor
mutant strains. SNPs were identified in the genome sequences of the motile recipient strains using
Geneious. Candidate genes were identified by using RStudio to cross-reference SNPs that were
common to all the motile G27 clIsC recipients.

Replacement of specific alleles in the H. pylori G27 clsC mutant. For the following PCR and
cloning steps, target DNA was amplified using Phusion polymerase and the resulting amplicons
were incubated with Taqg polymerase at 72° C for 10 min to add 3’-A overhangs to facilitate T/A
cloning into plasmid pGEM-T Easy. Primer pair P079 and P080 were used to amplify 558 bp of
the ureA promoter from H. pylori G27. Using the pKSF plasmid (40) as a template, a 2,978 bp
DNA fragment was amplified that included the kanamycin cassette and a promoter-less sacB gene.
The two amplicons were joined by PCR SOEing, which generated a 3,536 bp product and was
cloned into pGEM-T Easy that resulted in the plasmid pJC038. Regions upstream (568 bp) and
downstream (393 bp) of H. pylori B128 icfA were amplified using the primer pairs ‘P165 and
P166’ and ‘P167 and P168’, respectively. The resulting amplicons were joined by PCR SOEing
and cloned into pGEM-T Easy to generate plasmid pJC068. The kan-sacB cassette was introduced
into unique Nhel and Xhol sites in plasmid pJC068 to generate a suicide vector (pJC069) that was
used to replace the icfA and kdsA alleles in the H. pylori G27 clsC mutant with the corresponding
alleles from H. pylori B128. The primers ‘P165’ and ‘P189” were used to amplify 495 bp of DNA
upstream of H. pylori G27 icfA. Primers ‘P190’ and ‘P168” were used to amplify a region of H.
pylori B128 gDNA corresponding to the entire coding region of icfA and the first 164 bp of the
kdsA coding region. The resulting amplicons were joined using PCR SOEing and cloned into

pGEM-T Easy to generate plasmid pJCO75. Plasmid pJCO75 was introduced by natural
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transformation into the H. pylori G27 clsC strain that carried the kan-sacB cassette in the icfA
locus. Transformants in which the kan-sacB cassette was replaced with the icfA-kdsA alleles
carried on pJCO75 were isolated following a sucrose-based counter-selection as described. The
icfA-kdsA regions for several kanamycin-sensitive, sucrose-resistant isolates were amplified by
PCR, and the resulting amplicons were sequenced to confirm that the H. pylori G27 clsC mutant
contained the B128 ifcA-kdsA alleles.

Primer pairs ‘P169’ and ‘P170” and ‘P187’ and ‘P188’ were used to amplify 616 bp and
503 bp of DNA sequence upstream and downstream of H. pylori G27 flgl, respectively. The two
amplicons were joined using PCR SOEing, and the resulting amplicon was cloned into pGEM-T
Easy to generate plasmid pJC074. A kan-sacB cassette was inserted in unique Nhel and Xhol sites
in pJCO74 to generate the suicide vector pJCO77 that was used to replace flgl coding sequence in
the H. pylori G27 clsC mutant with the kan-sacB cassette. Primer pairs ‘P169° and ‘P191” were
used to amplify 552 bp of DNA upstream of H. pylori G27 flgl, primer pair ‘P192’ and ‘P172’
were used to amplify 552 bp of DNA downstream of H. pylori G27 flgl, and primer pair ‘P193’
and ‘P194’ were used to amplify H. pylori B128 flgl (1029 bp of DNA sequence). The three
amplicons were joined using PCR SOEing, and the resulting amplicon was cloned into pGEM-T
Easy to generate plasmid pJC078. Plasmid pJC078 was transformed into the H. pylori G27 clsC
strain where flgl had been replaced with the kan-sacB cassette to introduce the H. pylori B128 flgl
allele into the strain using a sucrose-based counter-selection.
Glycerophospholipid extraction. Cells were harvested, and pellets were washed once with 5 ml
phosphate buffered saline (PBS). Isolation of glycerophospholipids was carried out using a
modified method of Bligh and Dyer as described (41). Briefly, cell pellets were resuspended in 5

ml of single-phase Bligh-Dyer mixture consisting of chloroform:methanol:water (1:2:0.8, v/v/v),
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then incubated for 20 min at room temperature. Samples were centrifuged at 1,800 x g for 10 min.
The resulting supernatants were transferred to clean glass tubes and converted into a two-phase
Bligh-Dyer mixture consisting of chloroform:methanol:water (2:2:1.8, v/v/v). This mixture was
vortexed and centrifuged to separate the organic and aqueous phases. The lower organic phase was
removed into clean glass tube. A second extraction was performed by adding 2.6 ml chloroform
back to the tube containing the upper phase. The mixture was vortexed and centrifuged. The
resulting lower phase was pooled with the previous lower phase and converted again into a two-
phase Bligh-Dyer mixture by adding 5.2 ml methanol and 4.7 ml water. The resulting mixture was
vortexed and centrifuged. Finally, the lower phase containing glycerophospholipids was removed
and placed into a new tube, which was subsequently dried under a stream of nitrogen.

Analysis of 22P-labeled glycerophospholipids. Bacterial glycerophospholipids were uniformly
radiolabeled with 2P (20 uCi/ ml) following a dilution to ~0.1 ODego Using an overnight liquid
culture and incubated for 24 h. Bacteria were transferred from growth bottles into Teflon screw-
cap glass tubes (16 x 125 mm) and pelleted by centrifugation at 1800 x g for 15 min. Cells were
re-suspended in PBS, then re-pelleted by centrifugation at 1800 x g for 15 min. 3%P-
glycerophospholipds were extracted, spotted on a Silica Gel 60 thin layer chromatography (TLC)
plate (20,000 cpm), and separated in a glass solvent chamber using a mobile phase consisting of
chloroform, methanol and acetic acid (65:25:5, v:v:v). Upon migration of the solvent front to the
top of the TLC plate (~2 h), plates were dried, covered in plastic wrap and exposed overnight to a
phosphorscreen. Visualization of the *2P-labelled glycerophospholipids was performed using an
Amersham Typhoon imager.

Mass spectrometry. All solvents were HPLC grade. Glycerophospholipid samples from

unlabeled cells were resuspended in 100 pl chloroform: methanol (4:1, v/v). Solution of 9-
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aminoacridine matrix (Sigma) was prepared at a concentration of 15 mg/ml in chloroform:
methanol (2:1, v/v). Sample solutions were mixed with matrix solution (1:1, v/v) and 1 pl of the
mixture was loaded on the target plate. A peptide standard mixture (s6104-10ug, ProteoChem Inc.)
was prepared following manufacturer’s recommendations and used as external calibrant. MALDI-
TOF mass spectra of glycerophospholipid extracts were acquired in reflector mode on Autoflex
Speed mass spectrometer (Bruker Daltonics). A total of 500 single laser shots were averaged from
each mass spectrum. Data were acquired in negative ion mode and processed using FlexControl
3.4 and FlexAnalysis 3.4 software (Bruker Daltonics).

Sample preparation for cryo-EM observation. H. pylori strains were cultured on plates for 4 d.
The cells on the agar surface were collected then washed with PBS buffer. Colloidal gold solution
(10 nm diameter) was added to the diluted H. pylori samples to yield a 10-fold dilution and then
deposited on a freshly glow-discharged, holey carbon grid for 30 seconds. The grid was blotted
with filter paper and rapidly plunge-frozen in liquid ethane in a homemade plunger apparatus as
described (42).

Cryo-ET data collection and image processing. The frozen-hydrated specimens of H.pylori
G27 clsC mutant were transferred to Titan Krios electron microscope equipped with a 300-kV
field emission gun and a Direct Electron Detector (Gatan K2 Summit). The images were collected
at a defocus near to 0 um using Volta Phase Plate and the energy filter with 20 eV slit. The data
was acquired automatically with SerialEM software (43). During the data collection, the phase
shift is monitored at the range of pi/3~pi2/3; when the phase shift is out of above range, next spot
of phase plate will be switched to be charged for the use. A total dose of 50 e—/A2 is distributed
among 35 tilt images covering angles from —51° to +51° at tilt steps of 3°. The starting tilting angle

is +36° instead of 0°. For every single tilt series collection, the dose-fractionated mode was used
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to generate 8-10 frames per projection image. Collected dose-fractionated data were first subjected
to the motion correction program to generate drift-corrected stack files (44-46). The stack files
were aligned using gold fiducial markers and volumes reconstructed by the weighted back-
projection method using IMOD and Tomo3d software to generate tomograms (47, 48).
Sub-tomogram analysis with i3 packages. Bacterial flagellar motors were detected manually
using the i3 program (49, 50). The orientation and geographic coordinates of selected particles
were then estimated. In total, 6 sub-tomograms of H. pylori G27 cIsC flagellar motors were used
to sub-tomogram averaging analysis. The i3 tomographic package was used on the basis of the
“alignment by classification” method with missing wedge compensation for generating the
averaged structure of the motor as described .

Nucleotide sequence accession numbers. The raw data used for analysis is available in NCBI
GenBank under accession numbers PRINA545123 (DNA sequencing;

https://www.ncbi.nlm.nih.gov/bioproject/PRINA545123) and PRJINA545152 (RNA-seq;

https://www.ncbi.nlm.nih.gov/bioproject/PRINA545152).

Results
Identification of a CL synthase in H. pylori. The proposed clsC homolog in H. pylori G27
encodes a protein belonging to the phospholipase D (PLD) superfamily, members of which
catalyze the hydrolysis of phosphodiester bonds. A large subset of enzymes belonging to the PLD
superfamily possess a conserved HxKxsDxsGSxXN motif (HKD motif) (51). The HKD motif is
found in all known bacterial CL synthases including the H. pylori G27 homolog, which contains
two HKD motifs and shares 32% amino acid identity with E. coli CIsC and 21-24% identity with

the other two E. coli CL synthases, CIsA and CIsB. The predicted amino acid sequence of the
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B128 homolog in both the NCBI and the JGI Integrated Microbial Genomes & Microbiomes
databases indicate it consists of two open reading frames that overlap by 59 bp. Re-sequencing
this region, however, revealed a single open reading frame of the same length as that of the H.
pylori G27 clsC allele and having a sequence identical to a homologous open reading frame in H.
pylori B8, a gerbil-adaptive strain derived from H. pylori B128 (52).

Since CL is required for polar localization of certain membrane proteins in E. coli (30), we
hypothesized that interrupting the putative clsC homologs would eliminate CL levels and
negatively impact the localization of flagella to the cell pole in the H. pylori clsC mutants. We
disrupted the clsC homologs in the H. pylori G27 and B128 strains with a chloramphenicol
resistance (cat) cassette to assess their role in CL biosynthesis and examined motility of the
resulting mutants in soft agar medium. H. pylori G27 clsC failed to swim from the stab-inoculation
point, indicating a severe defect in motility or chemotaxis (Fig 2.1A). Reintroducing the clsC
homolog from H. pylori G27 into the mutant on plasmid pHel3 (plasmid pCls) rescued motility
(Fig. 2.1A). In contrast, we observed no motility defects in the H. pylori B128 clsC mutant (Fig.
2.1A). Examination of the H. pylori G27 clsC mutant by transmission electron microscopy (TEM)
revealed the cells lacked flagella, while more than 85% of the wild-type cells were flagellated, and
most of the cells possessed multiple flagella (Fig. 2.1B). Plasmid pCls restored the wild-type
flagellation pattern in the clsC mutant (Fig. 2.1B), indicating that CIsC is required for flagellum
biosynthesis in H. pylori G27. Unlike the H. pylori G27 clsC mutant, we did not observe a
reduction in flagellated cells in the H. pylori B128 clsC mutant (Fig. 2.1C).

Analysis of the 32P-labeled glycerophospholipids from the wild-type and mutant strains
revealed that CL levels were reduced in the putative CL synthase mutants in H. pylori G27 and

B128 (Fig. 2.2). The glycerophospholipid composition of the wild-type G27 and B128 strains
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was similar to that of H. pylori NCTC 11638 and ATCC 43504 , but there were some differences
in the glycerophospholipid composition of the two strains we analyzed (Table 2.4). Most notably,
CL levels appeared to be slightly higher in G27 compared to B128. Introducing plasmid pCls into
both G27 and B128 mutants, but not the empty pHel3 shuttle vector, restored CL to wild-type
levels (Fig. 2.2 and Table 2.4). These data provide compelling evidence that the cIsC gene from
H. pylori G27 encodes a CL synthase.

Matrix-assisted laser desorption ionization time-of-flight (MALDI/TOF) mass
spectrometry of the glycerophospholipids of the H. pylori strains showed several molecular ions
in the CL range (approximately m/z 1150-1400) (Fig. 2.3A). These peaks had approximate m/z
values of 1189, 1261, 1329 and 1397 that correspond to CL species that differ with respect to acyl
chain composition — i.e., length; degrees of unsaturation and cyclopropanation. The major fatty
acids reported for CL from H. pylori NCTC 11638 include the saturated fatty acids myristic acid
(C14:0), palmitic acid (Cise:0), Stearic acid (Cis:0), the unsaturated fatty acids oleic acid (Cis:1) and
linoleic acid (Cis:2), and cyclopropane nonadecanoic acid (Cig.0 cyc) (53). Ciapand Cig:0 Cyc wWere
the most abundant fatty acids found in H. pylori CL, accounting for about 70% of the fatty acid
content . Zhou and co-workers analyzed CL from H. pylori NCTC 11637 (ATCC 43504), and
proposed structures for the main CL and monolysocardiolipin (MLCL,; glycerophospholipid with
three fatty acid chains) species (54). Proposed MLCL species included C14:0/C14:0/C14:0 (m/z 1030),
Ci9:0 Cyc/C14:0/C14:0 (M/z 1098) and Cig:0 Cyc/Ci4:0/C19:0 Cyc (M/z 1166); while proposed CL species
included C14:0/C14:0/C14:0/C14:0 (Mm/z 1240), C14:0/C14:0/C14:0/C19:0 cyc (m/z 1308) and Cigo
cyc/C14:0/C14:0/C19:0 cyc (Mm/z 1376) . Peaks with approximate m/z values of 1261 and 1329 were
absent in the H. pylori G27 clsC mutant, while 1261, 1329, and 1397 were absent in the H. pylori

B128 clsC mutant, and likely correspond to CL species missing in the TLC analysis (Fig. 2.2).
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The peak with the approximate m/z value of 1189 was observed in all strains, and likely represents
the slower migrating CL species in the TLC (Fig. 2.2). Proposed structures for the CL species
identified in the mass spectrometry, with the addition of a sodium adduct, are consistent with the
previously proposed structures mentioned above (Fig 2.3B). Since residual amounts of CL were
present in the clsC mutants (Fig. 2.2 and 2.3A), this suggests both H. pylori strains possess an
alternative method to synthesize CL. At present, we do not know the identity of the enzyme(s)
responsible for the synthesis of the residual amounts of CL in the clsC mutants.
Flagellum assembly is blocked at an early stage in the H. pylori G27 clsC mutant. We
reasoned that the lesion in flagellum biosynthesis in the H. pylori G27 clsC mutant was due to the
inhibition of expression of specific flagellar genes or resulted from a block in flagellum assembly.
To distinguish between these two hypotheses, we compared global gene expression in the H. pylori
G27 and H. pylori G27 clsC mutant strains by RNA-seq. Comparing the clsC mutant to the wild-
type strain, we identified 26 genes that were differentially regulated and exhibited a log.-fold
change of > 1.5 in the clsC mutant (Fig. 2.4). Seventeen genes were downregulated in the clsC
mutant, most of which are pseudogenes or encode hypothetical proteins of unknown function. One
of the downregulated genes, cagB, is located within the cag pathogenicity island, while
HPG27_RS03555 encodes a protein that belongs to the 50S ribosome-binding GTPase protein
family (pfam01926). Nine genes were upregulated in the clsC mutant, five of which (flgE, flaB,
flgK, flgL, and flgJ) are dependent on >* for their transcription (15).

To confirm that flagellar genes were differentially regulated in the H. pylori G27 clsC
mutant, we assessed transcript levels of representative genes from the three flagellar regulons in
the mutant by RT-gPCR. flhA (encodes a component of the fT3SS) and fliF (encodes MS ring

protein) are dependent on the housekeeping o factor of H. pylori (%) for their transcription and
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encode proteins that are required at early stages in flagellum assembly. flgE (encodes hook
protein) and flaB (encodes a minor flagellin) are c>*-dependent genes and their products are
required at later steps in flagellum assembly. The final gene we examined, flaA (encodes the major
flagellin), is dependent on & for its transcription and encodes a protein that is required near the
end of flagellum assembly. Transcript levels of flhA and fliF in the clsC mutant were
indistinguishable from those in wild type (both were ~90% of wild type; p-values = 0.57 and 0.38,
respectively; Fig. 2.5). Consistent with the RNA-seq data, transcript levels of flaB and flgE in the
G27 clsC mutant were higher (~1.9-fold, p-value = 0.0021; and ~2.3-fold, p-value = 0.0017,
respectively) than those in wild type (Fig. 2.5). In contrast to the ¢®-dependent and ¢°*-dependent
flagellar genes, transcript levels of flaA in the G27 clsC mutant were slightly lower (~60%; p-value
=0.0017) than those in wild type (Fig. 2.5).

Since the fT3SS is intimately linked with expression of the ¢°*-dependent flagellar genes
in H. pylori (15, 20-25, 55), the upregulation of c**-dependent flagellar genes in the G27 clsC
mutant suggested the mutant assembles a nascent flagellum structure that includes the fT3SS.
Examining the ultrastructure of the H. pylori G27 clsC mutant by cryo-ET revealed nascent
flagellum structures in the cell envelope (Fig. 2.6). The MS ring, C ring, fT3SS and proximal rod
were clearly visible within the nascent flagellum structures, while other basal body and flagellar
motor components are not apparent, including the P ring, L ring, distal rod and stator (Fig. 2.6).
The H. pylori flagellum has a unique cage-like structure that surrounds the motor (14), and this
structure was also absent in the nascent flagellum structures of the H. pylori G27 clsC mutant (Fig.
2.6). Taken together with the RNA-seq and RT-gPCR data, the results of the cryo-ET study
indicate that reduced CL levels in the cell envelope of the H. pylori G27 clsC mutant interfere with

an early step in flagellum assembly.
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The P ring protein from H. pylori B128 rescues flagellum biosynthesis in the H. pylori G27
clsC mutant. To determine the genetic basis for the disruption in flagellum assembly in the H.
pylori G27 clsC mutant, we isolated seven motile variants (designated mv49, mv50, mv51, mv6b5,
mv70, mv76 and mv77) of the H. pylori G27 clsC mutant following two independent
transformations of the strain with gDNA from the H. pylori B128 clsC mutant (Fig. 2.7A). TEM
analysis revealed that the motile variants were flagellated, but varied significantly in their
flagellation patterns (Fig. 2.7B). The motile variant mv49 was highly flagellated, with about 98%
of the cells possessing multiple flagella, which was higher than that observed for the other motile
variants and wild type (Fig. 2.7B). The highly flagellated nature of mv49 corresponded with the
enhanced motility of the strain in soft agar medium relative to that of wild type and the other motile
variants (Fig. 2.7A). In contrast, the motility of mv50, mv51, mv65, mv70, mv76 and mv77 were
similar to that of wild type (Fig. 2.7A), and the flagellation patterns of the motile variants were
similar to wild type, although the motile variants had a higher proportion of cells that lacked
flagella or had a single flagellum compared to wild type (Fig. 2.7B).

Genomes of the motile variants were re-sequenced to identify B128 alleles that may have
rescued flagellum biosynthesis in the G27 clsC mutant. DNA sequences derived from the B128
donor were identified as regions with clusters of single nucleotide polymorphisms (SNPs), which
ranged from 438 to 2664 in the motile G27 clsC recipients. The number of B128 alleles identified
in the G27 clsC recipients ranged from 23 to 104. Motile variant mv49 was very different from
the other motile variants in its genetic makeup as it contained 98 B128 alleles (2492 SNPs) that
were not present in the other motile variants. In contrast, the other motile variants only possessed

between 4 and 6 unique B128 alleles.
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Only three B128 alleles (kdsA, icfA and flgl) were present in all seven motile variants. kdsA
and icfA are adjacent genes located near the origin of replication. KdsA (3-deoxy-D-manno-
octalosonicacid 8-phosphate synthetase) is part of the CMP-KDO biosynthetic pathway required
for lipopolysaccharide biosynthesis, while IcfA is a B-carbonic anhydrase that catalyzes the
reversible hydration of CO> to carbonic acid. flgl encodes the flagellar P ring protein and is located
~250 kb from icfA.

The coding regions of kdsA, icfA and flgl in the G27 clsC mutant were replaced with the
corresponding regions from B128 to determine if any of the alleles restored flagellum biosynthesis
in the G27 cIsC mutant. Substitution of kdsA and icfA in the G27 clsC mutant with the B128 alleles
failed to rescue motility (Fig. 2.8A) or flagellar biosynthesis (data not shown) in the G27 clsC
mutant. The icfA kdsA locus is near the origin of replication and may be a recombination hotspot,
which might have accounted for the presence of the B128 kdsA and icfA alleles in all seven of the
motile variants. In contrast to kdsA and icfA, introducing the B128 flgl allele into the G27 clsC
mutant restored motility (Fig. 2.8A) and flagellum biosynthesis (Fig. 2.8B), suggesting that the
lesion in flagellum biosynthesis in the H. pylori G27 clsC mutant results, at least in part, from the

failure to assemble the flagellar P ring.

Discussion
We show here that disrupting cIsC in H. pylori G27 interferes with flagellum assembly,
which is relieved by introducing the flgl allele from H. pylori B128. Disrupting clsC in H. pylori
strains G27 and B128 resulted in reduced amount of total CL, as well as the apparent loss of
specific CL species (Figs. 2.2 and 2.3A). The clsC mutants contains a single, predominant CL

species, which we predict to be the monolysocardiolipin C1s:0/C16:0/C1s:1 (Fig. 2.3B). Our data
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suggest that assembly of the flagellar P ring in H. pylori G27 requires either specific CL species
or high levels of CL, but the H. pylori B128 P ring protein is not constrained by these limitations.
An intriguing question is what accounts for the differences between the G27 and B128 Flgl
proteins that allows one to form the P ring in the H. pylori G27 clsC mutant but not the other? The
G27 and B128 Flgl proteins differ at five amino acid positions, but only three of these differences
(T140V, N151H and F216L) were identified in the H. pylori G27 clsC motile variants from the
genome re-sequencing. One or more of these amino acid differences may affect the stability or
transport of Flgl, or may influence interactions of the protein with itself or other proteins, which
could account for the failure of the G27 Flgl protein to assemble the P ring in the absence of CIsC.

CL plays roles in the localization, oligomeric state and function of various membrane
proteins (56-59), and it is possible that the lesion in flagellum assembly in the H. pylori G27 clsC
mutant is due to interference in one or more of these roles. CL has a small glycerol head group
and a large hydrophobic tail consisting of four acyl chains, which gives the molecule a conical
shape that results in an intrinsic curvature (60). The shape of the CL molecule favors its
localization in negatively curved regions of bacterial membranes, such as the cell poles and septa
in rod-shaped bacteria (61-63). The preferential localization of CL to the cell pole presumably
accounts for the polar localization of some proteins in E. coli, such as the osmotic stress protein
ProP (59) and the CL synthase CIsA (58). While ProP and CIsA are inner membrane proteins, CL
also has an apparent role in the polar localization of the outer membrane protein IcsA in Shigella
flexneri (64), and is hypothesized to play a role in the localization or display of adhesion proteins
in the outer membrane of Moraxella catarrhalis (65). It is possible that Flgl fails to localize to the
cell pole in the absence of normal levels of CL or specific CL species in H. pylori G27. It is

unlikely though that Flgl interacts directly with CL since Flgl is not associated with the inner or
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outer membranes. Thus, if CL does affect localization of Flgl to the cell pole, then it is likely
mediated through another protein that interacts directly with CL.

In S. Typhimurium, the Sec machinery transports Flgl into the periplasmic space where it
assembles into the P ring surrounding flagellar rod (66, 67). The bacterial Sec system consists of
the SecYEG protein channel complex and SecA ATPase, which work together to secrete
preproteins across the cell membrane in a process that is powered by ATP hydrolysis and the
proton motive force. The Sec machinery in E. coli requires CL for the efficient translocation of
preproteins across the cell membrane (68). CL binds the SecYEG complex to stabilize formation
of dimers, which creates a binding platform for SecA and stimulates ATP hydrolysis (69). Corey
and co-workers identified two specific CL binding sites in SecYEG that potentiate the role of CL
in ATPase and protein transport activity (56). It is possible that the G27 Flgl is not transported by
the Sec machinery as efficiently as the B128 protein due to the reduced levels of CL or absence of
specific CL species. The amino acid differences in B128 Flgl may overcome the CL deficiency
in the cIsC mutant by stabilizing the protein-translocation complex to facilitate assembly of the P
ring and restore motility.

The first 19 amino acids of E. coli Flgl constitute a signal peptide that is cleaved by the
Sec machinery as the protein is translocated across the cell membrane. Signal peptide prediction
programs (e.g., SignalP-5.0 or Phobius) identify the first 19 amino acids of H. pylori Flgl as a
signal peptide. The 120 amino acid residues at the N-terminus of the processed E. coli Flgl protein
form a conserved region that is rich in glycine and proline residues, and has been suggested to
have roles in stabilizing the protein or interacting with other Flgl monomers or other flagellar
proteins (70). The corresponding region of H. pylori Flgl shares 55% identity and 75% similarity

with that of E. coli Flgl and is similarly rich in glycine and proline residues. Two of the amino
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acid positions where the G27 and B128 Flgl proteins differ (positions 140 and 151) are adjacent
to the glycine-/proline-rich region, which could impact the function of this region. For example,
the affinity of the G27 and B128 Flgl proteins for themselves or other interaction partners may
differ as a result of the amino acid differences at position 140 or 151. In Salmonella, 26 copies of
Flgl are predicted to assemble to form the P ring (71). In addition to interacting with itself, Flgl
interacts strongly with FIgH, which forms the L ring. As is the case with Flgl, FIgH is transported
into the periplasmic space by the Sec machinery (66, 67). Flgl may also interact with
peptidoglycan, the flagellar rod proteins, the MotA/B stator complex, or other flagellar
components found in the periplasmic space (70). If transport of Flgl and/or any of its interaction
partners in the periplasmic space is impaired in the cIsC mutant, the reduced levels of these proteins
combined with the lower affinity of the G27 Flgl for itself or its interaction partners may account
for its failure to assemble the P ring in the clsC mutant.

Another Flgl interaction partner is FIgA, which is predicted to be a chaperone that aids in
P ring assembly by facilitating polymerization of Flgl (72). Although flgA is required for motility
in S. Typhimurium under normal conditions, overproducing Flgl in a flgA mutant restores
flagellum synthesis, indicating that FIgA plays an auxiliary role in assembly of the P ring (72).
H. pylori strains possess an flgA homolog, although we are unaware of any report demonstrating
the requirement of this gene for flagellum biosynthesis in H. pylori. S. Typhimurium FIgA is
transported by the Sec machinery (72). Sec-dependent transport of FIgA may be inhibited in the
H. pylori G27 clsC mutant, which could account for the failure of the P ring to assemble in this
mutant. If the B128 Flgl protein has a higher affinity for itself and is less dependent on FIgA for
assembling the P ring or has a higher affinity for FIgA, this might account for the ability of this

protein to form the P ring in the presence of reduced amounts of FIgA. Future work in our lab will
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attempt to understand the molecular basis for how the B128 Flgl protein is able to assemble the P

ring in the clsC mutant.
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Table 2.1: Primers and RT-gPCR primers used in this study.

Primer No. Primer name Sequence
M54 HPO190 up f 5’-CCTAACTTCTAGCTTTGAAAGC-3
M55 HP0190 up r 5°-ATC CACTTT TCA ATC TAT ATC ATC ATA
AGA GAT AGGAGAGCTTG-3’
5°-CCCAGTTTG TCG CAC TGA TAA ACT TCG
M>6 HPO190 down f CCT GAC ACT TCC TTC - 3’
M57 HP0190 down r 5>-TTGCCACTCGTT GGTTGC TAG -3’
Catb catb 5’ - GAT ATA GAT TGA AAA GTG GAT -3’
Catb6 cat6 5>-TTATCA GTG CGA CAA ACT GGG -3’
P0G9 Promoter F Comp 5’ -~ CCT CTA GAG TCG ACC TGC AGG CAT GGC
pHel3 TTITCTTTTAAAAGCGTTCG-3’
PO70 Promoter R Comp 5’ - GCT TAA AAG GAC TAA AAAGATTTT CAA
HP0190 AAA AAC TGC TCC TAA AAACTC AAA -3’
PO71 HP0190 F Comp 5-TTTGAGTTTTTAGGAGCAGTTTTITTTG
Promoter AAAATCTTTTTAGTCCTTTTAAGC -3’
PO72 HP0190 R Comp 5’ -GAG CTC GCG AAAGCT AGCTTG CATGTT
pHel3 AAA GCTCTCTTT CAG GAAGG -3’
PO79 Elhel ureA Promoter 5’3—, GCT AGC CAT GCGATAGAGTTT GGC ATG
P0SO ureA Promoter R 5-TTGTTTTGC AAACTT TTT GAT GTT CAT
CTTATTCTCCTATTCTTAAAGTGTTTT -3
P081 Xhol kan gene F 5"—CTC GAG CCC GGC GAACCATTT GAT -3
P32 sacB gene R 5>~ AAA ACA CTT TAA GAA TAG GAG AAT AAG
ATG AAC ATC AAAAAGTTT GCAAAACAA-3F
P165 icfA upstream F 5>~ AATTCC TCT TCGCTAAAG -3
P166 icfA upstream R 5’ —CTC GAG GAT CGA ATC GCT AGC CTC TCA
TAA AGC TCT TTAAGC -3’
P167 icfA downstream E 5’ —GCT AGC GAT TCG ATC CTC GAG CAATTC
AGC AACCATTT -3
P168 icfA downstream R 5 -CGGTTAGCCTTATCAAA-3’
. 5>~ TCC TAAAAACGCTTC CACTCT TTA ACC
P189 icfA upstream G27 CTT AAA TCT CAT _ 3°
P190 icfA allele from 5>~ ATG AGA TTT AAG GGT TAA AGA GTG GAA
B128 GCGTTTTTAGGA -3’
P169 flgl US F 5> -GGTTTT AGT CCT GGT GTG -3’
P170 flgl US R 5’ -~ CTC GAG GAT CGA ATC GCT AGC CGC TAT
ATCGCCTATTTITTTC -3’
P172 flgl DSR 5-AATTCCTTTTCTACCTTGTAG -3’
5> - GCT AGC GAT TCGATCCTC GAG TTT GGC
P187 flgl DSF.1 AAT AAA GTA GCC — 3’
P188 flgl DSR.1 5>~ TTCGCTCGC TAATTT AGA -3’
P191 G27 flgl USR 5 -TCAAACCCTTTCTTITATTCC-3’
P192 G27 flgl DS F 5>~ TAA ACAACAATAAAGCCATG-3
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5’ - GGA ATA AAG AAA GGG TTT GAT TGA AAC

P193 B128 flgl F GGG TGT TTT TAT -3’
5 — CAT GGC TTT ATT GTT GTT TAT CAT AGT
P194 B128flgl R ATC TCC ATT TCA GC — 3’
qP007 rpoD F 5’ _ CCC CAC TTC TTC AGC CAC CAC TTC — 3’
qP008 rpoD R 5° — CCC GCA CTA TCC GCA TCC CTATTC - 3°
qP009 rpoA F 5" — ACA GGA GCA TAC CCC ACA GAG C — 3’
gP010 rpoA R 5° _ TGC TAG AGA AAG AGG GCA ATC GGG — 3’
qPO13 flnA F 5~ GGG GTG TGG GGT TTG ATT TTG GAG C — 3’
qPO14 flnA R 5° — GCA GGG AGG GAA AGG ACG GGT TGC — 3’
qPO15 fliF F 5~ CGT GCC TGG GGT TGT GAG CA — 3’
qP016 fliF R 5° ~ TGC CAA ACT CGC CCT TAATCTCGC T -3’
qPOL7 flaB F 5"~ CCT TGA GCG GAA TGA AAG CCC ACA T —
3
qPO18 flaB R 5 _ GGA TTT CTG GGA CAC AAC ATG CGG T —
3
qPO19 flgE F 5’ — CGC TGT CTG AAG AAT ACC CGC TCAC -3’
qP020 flgE R 5°— CGG ACA ATT ACC AGG ACT CAG CCG — 3’
qP021 flaA F 5"~ AGT TCA GCA GGC ACA GGG ATC G — 3’
qP022 flaA R 5 TCG CTT GTG GTG ATA ACG CTC GC - 3’

Primer3 was used to design RT-gPCR primers. The production of a single PCR product from each
primer set was confirmed using gDNA as a template. In addition, a melting curve analysis was
done of the products synthesized by reverse transcription quantitative (RT-qPCR) to confirm that
each product produced a single melting curve.

geNorm was used to calculate the M-values for each gene analyzed in the RT-qPCR assay and
produce a pairwise plot to identify the minimum number of genes required for normalization.
NormFinder was used to estimate the variation of gene expression within and between groups. The
geomean for each gene was calculated utilizing the rankings from geNorm and NormFinder, which
subsequently led to rpoA and rpoD being selected as the reference gene pair (citation for R and

packages).
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Table 2.2: Genes that are differentially regulated in the H. pylori G27 clsC mutant.

Locus tag Gene Upregulated genes Function Log2 p-value
HPG27_RS04255  flgE Flagellar hook protein 2.33 0.10
HPG27_RS00600 flaB  flagellin 2.23 0.13
HPG27_RS06175  flgJ putative flagellar muraminidase 1.66 0.15
HPG27_RS05560  flgK  flagellar hook-associated protein 1.60 0.31
HPG27_RS01480  figL flagellar hook-associated protein 1.58 0.31
potential copper resistance .06
HPG27_RS06670 determinant 1.93 232
HPG27_RS03510  sabA  outer membrane protein 1.51 0.02
HPG27_RS07220 LPP20 lipoprotein 159  1.36e™
HPG27_RS08135 hypothetical protein 1.72 0.36
Locus tag Gene Downregulated genes Function  Log2 p-value
pseudogene downstream of 16S i 04
HPG27_RS08290 (RNA gene 375 109
HPG27 RSO8195 hypothetical protein; potential 337 3980108
- pseudogenes ' '
HPG27_RS03555 50S ribosome-binding GTPase -2.64 1.63e*
HPG27_RS05040 hypothetical protein -2.29 0.01
HPG27_RS02975 hypothetical protein -2.21 0.04
HPG27_RS02590 'iosslzlrjﬂoge”e In cag pathogenicity — _» 1 5 5ge05
HPG27_RS08070 pseudogene -2.06 0.10
HPG27 RS02650 cagB cag pathogenicity island protein B -1.93  7.74¢%0
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HPG27_RS08115
HPG27_RS08230
HPG27_RS04995
HPG27_RS04305
HPG27_RS02970
HPG27_RS08300
HPG27_RS05035
HPG27_RS02345

HPG27_RS08140

pseudogene
pseudogene
hypothetical protein
hypothetical protein
hypothetical protein
pseudogene
hypothetical protein
hypothetical protein

hypothetical protein

-1.93

-1.93

-1.85

-1.78

-1.75

-1.70

-1.58

-1.56

-1.51

0.001
0.047
0.18
0.001
0.008
4,98¢708
0.062
0.001

0.26

55



Table 2.3: Strains and plasmids used in this study.

Strain Relevant Genotype Resistance Source

H. pylori
HPO003 B128 wild-type
HP004 G27 wild-type
HP013 G27 clsC Cat This study
HP020 G27 pHel3 Kan This study
HP025 G27 pHel3 pclsC Kan This study
HP027 G27 clsC pHel3 pclsC Cat, Kan This study
HP030 G27 clsC pHel3 Cat, Kan This study
HP035 B128 clsC Cat This study
HP036 B128 pHel3 clsC Cat, Kan This study
HP037 B128 pHel3 Kan This study
HP039 B128 clsC pHel3 Cat, Kan This study
HP040 B128 clsC pHel3 clsC Cat, Kan This study
HP049 G27 clsC B128 gDNA Cat This study
HP050 G27 clsC B128 gDNA Cat This study
HP051 G27 clsC B128 gDNA Cat This study
HP065 G27 clsC B128 clsC gDNA Cat This study
HPO70 G27 clsC B128 cIsC gDNA Cat This study
HP076 G27 clsC B128 clsC gDNA Cat This study
HPO77 G27 clsC B128 clsC gDNA Cat This study
HP138 G27 clsC icfA:kan-sacB Cat, Kan This study
HP146 G27 clsC B128 icfA kdsA Cat This study
HP147 G27 clsC B128 icfA kdsA Cat This study
HP148 G27 clsC B128 icfA kdsA Cat This study
HP152 G27 clsC flgl:kan-sacB Cat, Kan This study
HP164 G27 clsC B128 flgl Cat This study
HP168 G27 clsC B128 figl Cat This study
HP169 G27 clsC B128 flgl Cat This study

Escherichia coli
JCO011 DH5a pHel3 pclsC Kan This study
JC042 DHS5a pGEM-T Easy clsC:cat Amp, Cat This study
JC044 DH5a pHel3 pclsC Kan This study
JC053 DHS5a pGEM-T Easy kan-sacB Amp, Kan This study
JC083 DHS5a pGEM-T Easy icfA Amp This study
JC084 DHS5a pGEM-T Easy icfA:kan-sacB  Amp, Kan This study
JC089 DHS5a pGEM-T Easy flgl Amp This study
JC090 DHS5a pGEM-T Easy icfA Amp This study
JC092 DHS5a pGEM-T Easy flgl:kan-sacB Amp, Kan This study
JC093 DHS5a pGEM-T Easy flgl Amp This study
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Plasmids
pJCO001
pJCO030
pJC032
pJCO038
pJCO068
pJC069
pJCO074
pJCO75
pJCO77
pJCO78

Relevant Genotype

pHel3

pGEM-T Easy clsC:cat
pHel3 pclsC

pGEM-T Easy kan-sacB
pGEM-T Easy icfA
pGEM-T Easy icfA:kan-sacB
pGEM-T Easy flgl

pGEM-T Easy icfA
pGEM-T Easy flgl:kan-sacB
pGEM-T Easy flgl

Resistance
Kan
Amp, Cat
Kan
Amp, Kan
Amp
Amp, Kan
Amp
Amp
Amp, Kan
Amp

Source

This study
This study
This study
This study
This study
This study
This study
This study
This study
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Table 2.4: Glycerophospholipid distribution of H. pylori strains.

PE
CL
PG

Wild-type clsC clsC pHel3 clsC pHel3 clsC
G27 B128 G27 B128 G27 B128 G27 B128
68% 80% 87% 92% 87% 92% 69% 77%
29% 17% 10% 4% 10% 4% 27% 20%
2% 3% 3% 3% 3% 3% 3% 2%

The glycerophospholipid composition was determined using the Amershan Typhoon Scanner

Control Software 2.0. Percentages represent the distribution for each glycerophospholipid isolated

from whole cells.

58



55

M G27

Halo Measurement (mm) >

o

pHel3 pHel3 pHel3 pHel3
clsC clsC

Wild — type clsC”

Helicobacter pylori strains

[ 8 Flagella
1 7 Flagella
M 6 Flagella
M 5 Flagella
M 4 Flagella
M 3 Flagella
M 2 Flagella
[ 1 Flagella
M 0 Flagella

Percent of Population
S 8 8 8

=y
o

o

0
G27 G27clsC G27clsC G27 B128 B128 ¢c/isC B128c¢IsC B128
pHel3 ¢c/sC pHel3 clsC pHel3 c/sC pHel3 ¢c/sC

Helicobacter pylori strains

Figure 2.1: Effects of clsC knockouts on motility and number of flagella per cell in H. pylori
G27 and B128. (A) Motility was assessed on soft agar medium. Measurements indicate the halo
diameters surrounding the point of inoculation 7 d post-inoculation. Asterisks indicate values that

were significantly different (p-value < 0.01) from that of the parental strain. Statistical significance
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was determined using the two-sample t test. (B and C) The number of flagella per cell was
determined by TEM following negative staining (n = 100 per strain). Asterisks indicate values
that were significantly different from that of the parental strain (p-value < 0.05). Statistical

significance was determined using the Mann-Whitney U test.
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Figure 2.2: ClIsC from H. pylori strains G27 and B128 is involved in CL synthesis.
Radiolabeled glycerophospholipids from E. coli W3310 (lane 1; standard) and various H. pylori
strains (lanes 2 through 9) were isolated and separated by TLC. Glycerophospholipids were
separated in the following order (bottom to top): phosphatidylethanolamine (PE),
phosphatidylglycerol (PG) and cardiolipin (CL). Wild-type strains of H. pylori G27 and B128
(lanes 2 and 6) displayed similar patterns for glycerophospholipid species with two unique spots
for CL. The CL deficient strains (lanes 3 and 7) show a loss of the top CL spot in both strains.
Introducing the complementing plasmid, but not the empty shuttle vector (lanes 4 and 8), in both
mutants (lanes 5 and 9) recovers CL levels, indicated by the presence of the top CL spot for these

strains.
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Figure 2.3: MALDI-TOF mass spectrometry of clsC mutants in H. pylori G27 and B128. (A)
The wild-type and complemented strains produced peaks in the CL range of 1150 and 1400 m/z as
reported for H. pylori (54). Samples from the wild-type and complemented strains displayed peaks
with m/z values of 1189.9, 1261.8, 1329.9 and 1397.9. In contrast, the sample from the B128 clsC
mutant only displayed a peak with a m/z value of 1189.9, while the G27 clsC mutant showed peaks
with m/z values of 1189.9 and 1397.9. (B) Predicted structures for the cardiolipin species

corresponding to the peaks from the mass spectrometry analysis.
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Figure 2.4: Genes identified in RNA-seq to be differentially regulated. Each bar represents a
gene with a log2-fold change of £1.5 in the G27 clsC mutant. Functions for the genes indicated
are as follows: flgE, flagellar hook protein; flaB, minor flagellin B; crdA, copper resistance
determinant; flgJ, predicted muramidase; flgK, flagellar hook-associated protein; flgL, flagellar
hook-associated protein; sabA, outer membrane protein; and cagB, cag pathogenicity island

protein B. The remaining genes either encode proteins of unknown function or are pseudogenes.
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Figure 2.5: Expression levels of select flagellar genes as determined by RT-gPCR. Each bar
indicates the mean fold-change for three biological replicates in a comparison of transcript levels
of the target genes from the G27 clsC and the G27 wild-type strain. Fold-change values for all
target genes were calculated using the AACt method (39) using rpoA and rpoD as reference genes.
The asterisks indicate a statistically significant difference between the mutant and wild-type strains

using the two-sample t test (p-value < 0.01).
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Figure 2.6: In-situ structure of the nascent flagellum from the H. pylori G27 clsC mutant. (A)
A representative slice of a 3D reconstruction of H. pylori G27 clsC. (B) A zoom-in view showing
MS/C-ring together with the partial rod density. (C) A central section slice of sub-tomogram
averaged structure from H. pylori G27 clsC. (D) A central section slice from wild-type motor
averaged structure. Bar in A and B is 50 nm; in C and D is 20 nm. OM, outer membrane, 1M, inner

membrane.
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Figure 2.7: Motility and number of flagella per cell for the G27 cIsC motile variants isolated
following allelic exchange mutagenesis. (A) Motility was assessed on soft agar medium.

Measurements indicate the halo diameters surrounding the point of inoculation 7 d post-
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inoculation. Statistical significance was determined using the two-sample t test. (B) The number
of flagella per cell was assessed by TEM after negative staining (n = 100 per strain). Statistical
significance was determined using the Mann-Whitney U test. For both panels, the * indicates a
strain is statistically different compared to the H. pylori G27 cIsC parental strain (p-value < 0.01)
and the ** indicates a strain is statistically different compared to the motile variant mv49 (p-value

<0.01).

68



>

30

E
E

=) * * *
c

£

Q

b

-}

v

[1°]

=

o ——

(1]

I

G27 G27 clsC iso146 iso147 iso148 iso164 iso168 iso169
icfA kdsA flgl

Helicobacter pylori strains

B * * *
100
90
c
O 8o
e
8 7
3 60 M 5 Flagella
s M 4 Flagella
“ S0 M 3 Flagella
£ 40 M 2 Flagella
U 30 ¥ 1 Flagella
= M 0 Flagella
[}
g 20
10
0
G27 G27 clsC iso164 iso168 is0169
flgl

Helicobacter pylori strains

Figure 2.8: Motility and flagella count results for the G27 clsC mutant strains in which
specific B128 alleles were introduced. (A) Motility was assessed on soft agar medium.
Measurements indicate the halo size surrounding the point of inoculation after 7 d. The G27 wild-

type and G27 clsC strains are used as references. Three isolates of the G27 cIsC mutant in which
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the B128 icfA and kdsA alleles (is0146, iso147 and iso148) or the B128 flgl allele (is0164, is0168
and is0169) had been introduced were examined in the motility assay. Statistical significance was
determined using the two-sample t test. (B) The number of flagella per cell was assessed by TEM
after negative staining (n = 100 per strain). Statistical significance was determined using the
Mann-Whitney U test. The * indicates a statistically significant difference in the number of
flagella per cell for the G27 clsC mutants bearing the B128 flgl allele (iso164, is0168 and is0169)

compared to the G27 clsC parental strain (p-value < 0.01).
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CHAPTER 3
CHARACTERIZING A PUTATIVE CARDIOLIPIN TRANSPORT SYSTEM REQUIRED

FOR FLAGELLUM BIOSYNTHESIS!

Chu, J., S. Zhu, J. Liu, J. Mrazek and T. R. Hoover.
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Abstract

Helicobacter pylori uses a cluster of polar, sheathed flagella for motility, which it requires
for colonization of the human stomach epithelial cells. The function of sheathed flagella is
unknown for any bacterial species. As part of a study to identify proteins required for the function
and/or biogenesis of the flagellar sheath, we identified an operon that encodes a putative efflux
pump that we hypothesized to be required for flagellar sheath biosynthesis. Deleting the genes
that encode the efflux pump proteins in H. pylori B128 resulted in decreased motility and number
of flagella per cell. During the construction of the H. pylori B128 HP1488:kan-sacB strain, the
motilities of the individual isolates ranged from motility impaired (‘RM’) to highly motile (‘M”’).
Cryo-electron tomography revealed part of a cage-like structure uniquely associated with the
flagellar basal body of H. pylori is absent in the ‘RM” isolate. Genome re-sequencing of the ‘RM’
and ‘M’ isolates identified a single-nucleotide polymorphism in the mreC gene from the ‘M’
isolate that substitutes a tyrosine for a histidine at position 220 (MreCY?°"). The mreC gene
encodes a protein that forms a complex with MreB and MreD in Escherichia coli and is responsible
for the maintenance of rod-shaped cells. In Caulobacter crescentus, the MreC protein interacts
with outer membrane proteins and may support membrane stability. H. pylori lacks an MreD
homolog, which suggests the H. pylori MreC protein participates in a more central role in
maintaining the rod shape membrane stability of cells. Disrupting HP1488 may have resulted in
a membrane stress that does not support the assembly of the flagellum in the absence of the cage-
like structure. The MreCY?%" variant may allow the assembly of the flagellum by reducing or

eliminating the membrane stress by interacting with other structural components.
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Introduction

Helicobacter pylori is a member of the Epsilonproteobacteria that colonizes the human
gastric mucosa and is responsible for causing a variety of diseases, including chronic gastritis,
peptic and duodenal ulcers, B cell MALT lymphoma and gastric adenocarcinoma (1, 2).
Approximately 50% of the world’s population is infected with H. pylori, however, only a subset
of individuals develops clinical symptoms. H. pylori possesses 2 to 6 polar sheathed flagella that
it uses to migrate through the viscous mucosa layer covering the stomach epithelium. In the
absence of flagella, cells are rendered non-motile and unable to colonize the epithelial layer of the
stomach (3).

Flagellar biogenesis is a complex process that involves the coordination of gene expression
and assembly of the gene products into a nascent flagellum. The temporal regulation of gene
expression in H. pylori is controlled by three different sigma factors: RpoD (c®°), RpoN (5°*), and
FIiA (c%®). Flagellar genes are arranged into one of three regulons according to the specific sigma
factor required for their transcription. Early genes are under the control of RpoD and encode major
structural proteins required for the assembly of the basal body. Transcription of genes whose
products are needed midway through flagellum assembly (e.g., hook protein and hook-filament
junction proteins) are dependent on RpoN and a two-component system consisting of FIgS (a
sensor kinase) and FIgR (a response regulator) for their transcription (4). FlgS is a cytoplasmic
protein that responds to a flagellum assembly checkpoint to initiate a signaling cascade that
culminates in transcription of the RpoN-dependent flagellar genes. The identity of the assembly
checkpoint is not known, but it appears to include components of the flagellar protein export
apparatus and/or flagellar C ring (5-7). The transcription of the late flagellar genes is regulated by

FliA, the activity of which is negatively regulated by the anti-sigma factor FIgM (8).
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The bacterial flagellum is comprised of three main parts: the basal body, hook and filament
(9). The basal body consists of several distinct structures, which includes the cytoplasmic ring (C
ring), flagellar protein export apparatus, a rotary motor powered by the proton motive force, rod
and rings (P ring and L ring) embedded in the cell envelope that act as a bushing to hold the rotating
rod. The flagellar protein export apparatus is a Type Il secretion system (fT3SS) that consists of
six membrane proteins (FIhA, FIhB, FliO, FliP, FliQ and FliR) and three cytoplasmic proteins
(FIiH, Flil and FliJ) and is responsible for transporting axial components of the flagellum across
the inner membrane. The H. pylori C ring is made of four different proteins, FliG, FliM, FliN and
FIiY. In Salmonella enterica serovar Typhimurium (S. Typhimurium), the C ring plays a role in
determining the direction of rotation of the flagellum, but also facilitates the loading of protein
substrates in the fT33SS. The MS ring-rod junction protein (FIiE) is the first protein secreted by
the fT3SS, followed by the rod proteins (FIgB and FIgC), hook protein (FIgE), hook-filament
junction proteins (FIgK and FlgL) and flagellins (10). Torque is transmitted to the filament through
the flexible hook, which acts as a universal joint in allowing torque transfer over a range of angles
between the rod and filament axes. The filament is a long, rigid, helical structure that propels the
cell as it rotates. The H. pylori flagellar filament contains a minor flagellin (FlaB) that localizes
near the hook and is dependent on RpoN for its expression, and a major flagellin (FlaA) that forms
the distal portion of the filament and is dependent on FliA for its expression (6).

The flagellar sheath is a unique structure restricted to a limited number of bacteria that
includes Vibrio species, Pseudomonas species, H. pylori, Bdellovibrio bacteriovorus and
Azospirillum brasilense (11-14). The membranous sheath appears to be a contiguous extension of
the outer membrane, but the biological function of the sheath is unclear. Additionally, a

mechanism responsible for the coordination of flagellum biosynthesis and outer membrane
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remodeling must exist as the hook and filament structures progress past the cell body. Yoon and
Mekalonas proposed that the sheath aids Vibrio cholerae in avoiding surveillance by the host
immune system (15), although rotation of the flagellum in V. cholerae promotes the release of the
potent immune response stimulant lipopolysaccharide (LPS), which may be derived from the
sheath (16). A recent cryo-electron tomography (cryo-ET) study of the H. pylori flagellum
identified a series of nascent structures that suggested flagellum assembly and outer membrane
remodeling related to formation of the sheath are tightly coupled (17). In opposition to the
hypothesis that flagellum assembly and sheath biosynthesis are tightly linked, Richardson and co-
workers identified several non-motile, transposon-induced mutants in V. cholerae that produced
structures resembling a flagellar sheath but lacking an internal flagellar core (18). Interestingly,
the sheaths that lacked the flagellar filament often extended from the sides of the bacteria instead
of the poles where the flagellum is normally located, suggesting proper localization of the sheath
requires the flagellar filament (18).

An unexplored aspect of flagellar sheath biosynthesis is whether the glycerophospholipid
composition differs from that of the outer membrane and, if so, how is such a disparateness in
glycerophospholipid distribution maintained. Geis and co-workers identified the major fatty acids
of glycerophospholipids associated with isolated H. pylori flagellar sheaths as myristic acid (C14.0),
stearic acid (Cis:0) and cyclopropane nonadecanoic acid (Cig.0 cyc) (ref). Hirai and colleagues
reported Ci4:0 and Cig:0 CycC as the most abundant fatty acids in H. pylori cardiolipin (CL) (19),
indicating that CL may be a significant component of the H. pylori flagellar sheath. CL is an
anionic glycerophospholipid that has a small glycerol head group and a large hydrophobic tail
consisting of four acyl chains, which gives the molecule a conical shape that results in an intrinsic

curvature (20). The shape of the CL molecule favors its localization in negatively curved regions
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of bacterial membranes (20, 21). The flagellar sheath is a long, narrow tube with extensive
negative curvature, and so it seems reasonable to expect CL in the outer membrane to localize to
the sheath.

The mechanisms that mediate glycerophospholipid trafficking between the inner and outer
membranes in Gram-negative bacteria are not fully understood. MsbA and PbgA are two proteins
that facilitate the movement of glycerophospholipids between the membranes.
Glycerophospholipids and lipid A are synthesized on the cytoplasmic side of the inner membrane
and then flipped to the outer leaflet where they can be translocated across the periplasm to the
outer membrane (22). MsbA, a member of the ATP-binding cassette (ABC) transport protein
superfamily, participates in moving lipid A across the cell membrane bilayer (23, 24). Dalebroux
et al. found that S. Typhimurium PbgA regulates the movement of CL from the inner to outer
membrane (25). PbgA contains a large periplasmic domain that is believed to span the periplasm
during CL translocation in a process that is dependent on the PhoPQ two-component system (25).
H. pylori strains possess a MsbA homolog, but lack a PbgA homolog, suggesting another
component or system exists to support the translocation of CL across the membranes.

While most Helicobacter species possess a flagellar sheath, several species lack a flagellar
sheath. To identify genes that may have a role in flagellar sheath biosynthesis, we used a
comparative genomics approach to search for genes that were prevalent in Helicobacter species
that possessed a sheath, but were absent in Helicobacter species that lacked a sheath. Notably,
one of the genes we identified encodes a cardiolipin synthase (cIsC), which suggests further a role
for CL in flagellar sheath biosynthesis in H. pylori. Four other genes that are conserved in
Helicobacter species that have flagellar sheaths, but not in species lacking a sheath, are part of a

larger operon and encode a predicted RND (resistance, nodulation and cell division) efflux system
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that we hypothesized to play a role in flagellar sheath biosynthesis. The genes of the efflux system
encode a TolC-like protein (HP1489), HIlyD-like protein (HP1488), and two ABC type-2
transporters (HP1487 and HP1486) in H. pylori 26695. Following the targeted deletion of the
corresponding genes in H. pylori B128, we observed a range of motility defects in the resulting
mutants, with deletion of the gene encoding the HlyD-like protein (HPB128 199g41) resulting in
the greatest reduction in motility.  Examination of the HPB128 199g41 mutant by cryo-ET
revealed that part of a unique cage-like structure that surrounds the flagellar motor within the
periplasm was missing (17). We hypothesize that the cage-like structure surrounding the flagellar
motor is an RND efflux pump that transports CL or other components to the outer membrane for

insertion into the flagellar sheath.

Materials and Methods

Bacterial strains and growth conditions. Escherichia coli DH50 was used for cloning and
plasmid construction. E. coli strains were grown in Luria-Bertani broth or agar medium. Medium
was supplemented with ampicillin (100 pg/ml), chloramphenicol (30 ug/mL) or kanamycin (30
ug/ml) when appropriate. H. pylori strains used in the study were G27 and B128. H. pylori G27
displayed reduced motility and less flagellated with repeated passage in the laboratory. Highly
motile variants of H. pylori G27 were obtained as follows. H. pylori G27 was stab-inoculated into
a soft agar medium containing Mueller-Hinton broth, 10% heat-inactivated horse serum, 20 mM
2-(4-morpholino)-ethane sulfonic acid (pH 6.0), 5 uM FeSO4 and 0.4 % Noble agar. The culture
was incubated for 7 days at 37° C under an atmospheric condition consisting of 10% COz, 4% O>
and 86% N to allow the cells to migrate from the point of inoculation. The enrichment for motile

cells was repeated by picking cells from the edge to the resulting swim halo and inoculating a fresh
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soft agar medium plate. After the second enrichment on soft agar medium, cells from the edge of
the swim halo were streaked on tryptic soy agar (TSA) supplemented with 5% heat-inactivated
horse serum and grown at 37°C under an atmosphere consisting of 10% CO2, 4% O, and 86% N>
to obtain single colonies. One of the isolates that was highly motile was saved and designated as
strain G27M. For routine culturing of H. pylori, cells were grown at 37°C on TSA supplemented
with 5% heat-inactivated horse serum under an atmosphere consisting of 10% CO3, 4% O, and
86% N3, or grown at 37°C in liquid cultures with shaking under an atmosphere consisting of 5%
CO2, 10% Haz, 10% O2 and 75% N in Mueller-Hinton broth (MHB) supplemented with 5% heat-
inactivated horse serum. Kanamycin (30 ug/ml) or chloramphenicol (30 ug/ml) was added to the
medium used to culture H. pylori when appropriate.

Strain construction. Primers used for all PCR steps are listed in Table 3.1. Genomic DNA from
H. pylori G27 was purified using the Wizard genomic DNA purification kit (Promega) and used
as the template to construct all transporter deletions. DNA was amplified using Phusion
polymerase (New England Biolabs) and the resulting amplicons were incubated with Taq
polymerase (Promega) at 72° C for 10 min to add a 3’-A overhangs to facilitate T/A cloning with
PGEM-T Easy plasmid (Promega).

The HP1489 homologs in H. pylori B128 and H. pylori G27M, HPB128 199942 and
HPG27_1412, respectively, were deleted as follows. A 792 bp upstream DNA fragment was
amplified that included 696 bp of the upstream gene, 72 bp of the target gene and 24 bp of DNA
complementary to the region downstream of the target gene using primers P117 and P118. An
805 bp DNA sequence corresponding to the region downstream of the target gene was amplified
using primers P119 and P120. The resulting amplicon contained 700 bp of the downstream gene,

81 bp of the target gene and 24 bp of DNA complementary to the upstream region. The

84



complementary DNA for the two amplicons included unique restriction sites Nhel and Xhol. PCR
SOEing was used to join the two amplicons, and the resulting fragment was cloned into pGEM-T
Easy to generate the suicide plasmid pJC049. The kan-sacB cassette described in Chapter 2 was
introduced into unique Nhel and Xhol sites in plasmid pJC049 to generate the suicide plasmid
pJCO51 that was used to replace the target gene in the H. pylori chromosome with the kan-sacB
cassette. Plasmid pJC051 was introduced by natural transformation into the strains H. pylori B128
and G27M, and transformants were screened for kanamycin resistance. The target gene was
removed by transforming the kanamycin-resistant isolates with plasmid pJC049, and
transformants in which the kan-sacB cassette was replaced with the unmarked deletion were
isolated following a sucrose-based counter-selection as described (26). Regions flanking the
targeted genes were amplified by PCR using primers P117 and P120, and the resulting amplicons
were sequenced to confirm the target gene was removed (Eton Bioscience).

Primer pair P139 and P140 together with primer pair P141 and P142 were used to amplify
566 bp and 459 bp of DNA sequence upstream and downstream, respectively, of the HP1488
homolog (HPB128 199g41) in H. pylori B128. The upstream region included 423 bp of the
upstream gene, a 11 bp intergenic region, 111 bp of the target gene and 21 bp of DNA that was
complementary to the downstream amplicon. The downstream amplicon included 223 bp of
downstream gene, a 11 bp intergenic region, 225 bp of the target gene and 21 bp of DNA that was
complementary to the upstream region. The complementary sequences included unique restriction
sites Nhel and Xhol. The amplicons were joined using PCR SOEing and subsequently cloned into
pPGEM-T Easy to generate the plasmid pJC062. A kan-sacB cassette was introduced into unique
Nhel and Xhol sites in plasmid pJC062 to generate the suicide plasmid pJC063, which was used

to replace the target gene in the H. pylori B128 chromosome with the kan-sacB cassette. Plasmid
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pJC062 was transformed into the kanamycin-resistant isolates to replace the kan-sacB cassette
with the unmarked deletion, which was selected for using a sucrose-based counter-selection (26).
Introduction of the unmarked deletion in the target gene was confirmed by PCR and DNA
sequencing of the resulting amplicon (Eton Bioscience).

The genes that encoded both ABC type-2 transporters in the H. pylori B128 strain were
deleted concurrently (HPB128 199940 and HPB128 199¢39). Primer pair P177 and P178 was
used to amplify the 617 bp upstream region that included 546 bp of the gene that encoded the
HIlyD-like protein, 11 bp intergenic region, 39 bp of the target gene and 21 bp of DNA that was
complementary to the downstream amplicon. Primer pair P179 and P180 was used to amplify the
690 bp downstream amplicon that included 537 bp of a hypothetical protein (HPB128 199g38),
132 bp of the target gene and 21 bp of DNA that was complementary to the upstream amplicon.
Each amplicon included restriction sites Nhel and Xhol. Both amplicons were joined using PCR
SOEing and the resulting DNA fragment was cloned into pGEM-T Easy to generate plasmid
pJCO76. A kan-sacB cassette was introduced into unique Nhel and Xhol sites in plasmid pJC076
to generate the suicide plasmid pJC080. The resulting plasmid was introduced by natural
transformation into the H. pylori B128 strain and transformants were screened for kanamycin
resistance. The target gene was removed by naturally transforming kanamycin resistant isolates
with plasmid pJC076 and transformants with the allele removed were isolated following a sucrose-
based counter-selection as previously described (26). DNA isolated from sucrose-resistant isolates
were amplified by PCR, and the resulting amplicons were sequenced to confirm the target gene
was removed.

Flagellar sheath preparation. All strains were resuspended in 50 mL of phosphate buffered

saline (PBS, pH 7.4) from approximately 30 plates. H. pylori cells were harvested by
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centrifugation and resuspended in 25 mL of PBS. Flagella were sheared using a Waring
commercial blender for 3 min. Cells were removed by centrifugation (7000 x g for 15 min at 4°
C). Flagella together with the associated flagellar sheaths were pelleted from the resulting
supernatant by ultracentrifugation (270,000 x g for 60 min at 4° C). The resulting pellet was
resuspended with 4 mL of 20 mM HEPES, pH 7.2, and applied to a discontinuous sucrose gradient
(30-60% sucrose in 20 mM HEPES, pH 7.2, plus 1 mM EDTA). The gradients were centrifuged
for ~20 h at 100,000 x g at 4° C, after which 1 mL fractions were collected (37 fractions). Aaso
was monitored for each fraction following a 1:50 dilution, and the sucrose concentration was
determined using a Baucsh and Lomb refractometer (Fig 3.1B). Fractions with the highest Azso
readings were pooled and diluted with 20 mM HEPES, pH 7.2. The flagella and flagellar sheaths
were then pelleted by ultracentrifugation (100,000 x g for 60 min at 4° C), and the resulting pellets
were resuspended in PBS.

Cells were harvested and cell pellets were washed once with 5 mL of PBS. Isolation of
glycerophospholipids was carried out as previously described (27). Briefly, cell pellets were
resuspended in 5 mL of single-phase Bligh-Dyer mixture consisting of chloroform:methanol:water
(1:2:0.8, v/viv) then incubated for 20 min at room temperature. Samples were centrifuged at 1,800
x g for 10 min and the resulting supernatant solutions were transferred to clean glass tubes. The
mixture was converted into two-phase Bligh-Dyer consisting of chloroform:methanol:water
(2:2:1.8, v/viv). This mixture was vortexed and centrifuged to separate the organic and aqueous
phases. The lower organic phase was transferred to a clean glass tube. A second extraction was
performed adding 2.6 mL chloroform to the tube containing the upper aqueous phase. The mixture
was vortexed and centrifuged. The resulting lower phase was pooled with the previous lower phase

and converted again into two-phase Bligh-Dyer by adding 5.2 mL methanol and 4.7 mL water.
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The resulting mixture was vortexed and centrifuged. The lower phase was transferred to a clean
glass tube and the organic solvent was evaporated under a stream of nitrogen yielding the purified
glycerophospholipids.

Motility assay. Motility was evaluated using a semisolid medium containing Mueller-Hinton
broth, 10% heat-inactivated horse serum, 20 mM 2-(4-morpholino)-ethane sulfonic acid (pH 6.0),
5 uM FeSO4 and 0.4 % Noble agar. A minimum of 3 biological samples and 3 technical replicates
were used for all experiments. Using sterile wooden sticks, with H. pylori cells grown on TSA
supplemented with 10% heat-inactivated horse serum for 4 days were stab-inoculated into the
motility agar and incubated at 37° C under an atmospheric condition consisting of 10% CO2, 4%
02 and 86% N.. Swim halo diameters were measured 7 d post-inoculation. The two-sample t test
was used to determine statistical significance.

Transmission electron microscopy (TEM). H. pylori strains were grown to late-log phase in
MHB supplemented with 10% heat-inactivated horse serum to an ODego 0f ~1.0. Cells from 1 mL
of culture were pelleted by centrifugation (550 x g) and then resuspended in 125 pL of 0.1 M
phosphate-buffered saline. Cells were fixed by adding 50 uL of 16% EM grade formaldehyde and
25 uL of 8% EM grade glutaraldehyde to the cell resuspension. Following incubation at room
temperature for 5 min, 10 pL of the cell suspension were added to 400 mesh, formvar-coated
copper grids and incubated at room temperature for 5 min. The cell suspension was wicked off
the grids using a filter paper, and the grids were washed 3 times with 10 puL of water. Cells were
stained by applying 10 uL of 1% uranyl acetate to the grids for 30 s. After removing the stain with
filter paper, the grids were washed 3 times with 10 pL of water and then air-dried. Cells were
visualized using a JEOL JEM 1011 transmission electron microscope. Flagella counts were

determined (n=100) for each strain. The Mann-Whitney U test was used to determine whether
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there were statistically significant differences in number of flagella per cell for the various H.
pylori strains.

DNA sequencing and analysis. The Illumina iTruSeq adaptor kit was used to prepare genomic
libraries from 500 ng of gDNA from various H. pylori strains. The resulting libraries were
sequenced at the University of Georgia Genomics Facility by Illumina sequencing. Read quality
was assessed using FastQC and trimmed using Trimmomatic resulting in minimum read lengths
of 50 and maximum read lengths of 140 (28, 29). Geneious 11.0 was used to align reads for the
H. pylori gDNA sequences using the Bowtie2 algorithm, and mapping to the published NCBI
genome sequence for H. pylori B128 to identify single-nucleotide polymorphisms (SNPs) in the
re-sequenced genomes. The published NCBI genome sequence for H. pylori G27 was used to map

the re-sequencing data for the H. pylori G27M strain.

Results
Cardiolipin is present in H. pylori flagellar sheath preparations. Since the flagellar sheath is
a long tube-like structure that results in the inner leaflet of the sheath with a considerable amount
of negative curvature, we hypothesized CL to be a major component of the sheath. To examine
this hypothesis, we isolated sheathed flagella from H. pylori G27 by shearing them from the cells,
removing the cells by low-speed centrifugation, and then pelleting the sheathed flagella by high-
speed centrifugation. The glycerophospholipid profile of the flagellar sheaths that co-purified with
the flagella were analyzed by TLC and visualized with the molybdenum blue reagent. Consistent
with our hypothesis, CL appeared to be a major component of the flagellar sheath in H. pylori G27
(Fig. 3.1A). Phosphatidylethanolamine (PE) appeared to be the most abundant

glycerophospholipid associated with the flagellar sheath, and low amounts of phosphatidylglycerol
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(PG) were also present in the sheath (Fig. 3.1A). To obtain data on the glycerophospholipid profile
of more highly purified preparations of the H. pylori flagellar sheath, we applied sheared flagella
isolated from H. pylori B128 or H. pylori G27 to a discontinuous sucrose gradient. The H. pylori
G27 flagella preparation displayed a major Azso peak on the sucrose gradient that corresponded to
a sucrose concentration of ~42%, and a minor Azgo peak that corresponded to a sucrose
concentration of ~35% (Fig. 3.1B). The H. pylori B128 flagella preparation displayed similar Azso
peaks on the sucrose gradient, although the major peak was smaller than that of the H. pylori G27
flagella preparation (Fig 3.1B). The major A2go peaks occurred at a similar sucrose concentration
as that reported by Geis et al. (30) in their isolation of H. pylori sheathed flagella. The major Azso
peaks for the flagella preparations for each of the H. pylori strains were pooled, and the
glycerophospholipids were extracted for TLC analysis. PE was clearly present in the purified
flagellar sheath preparations for both strains, although the intensity of the PE spot was much less
than that of the H. pylori G27 flagella isolated from the high-speed centrifugation step (Figs. 3.1A
and 3.1C). Faint spots for CL and PG were observed in the H. pylori G27 and H. pylori B128
samples, respectively (Fig. 3.1C). Given the low amount of glycerophospholipids recovered from
the flagella purified on the sucrose gradients, the flagella preparations will need to be scaled up to
obtain useful data on the glycerophospholipid profiles of the flagellar sheaths from the two H.
pylori strains examined here.

Identification of Helicobacter genes correlated with the presence of a flagellar sheath. We
aimed to identified candidate genes that are conserved in Helicobacter species possessing a
flagellar sheath (FS™), but are absent in Helicobacter species that lack a sheath (FS’). Genomes of
33 FS* Helicobacter species and 7 FS™ Helicobacter species were searched for 1458 open reading

frames present in the H. pylori G27 genome using blastp. An E-value of 1e™° was used as a cutoff
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when searching the 7 FS™ Helicobacter species genomes, while the cutoff for the 33 FS*
Helicobacter species genomes was a more stringent cutoff of 1e2°. Utilizing this approach, we
identified 23 proteins (Table 3.3) that are prevalent in FS*™ Helicobacter species, but are absent or
rare in FS™ Helicobacter species (p-value = 0.0001 or less using the Fisher’s exact test). We
hypothesize that some of these proteins have roles in the biosynthesis or function of the flagellar
sheath. Notable genes that are found preferentially in FS™ Helicobacter species included clsC,
which encodes cardiolipin synthase, and HP1486-HP1489, which encode a putative efflux system.
HP1486-HP1489 are required for wild-type motility. The genes corresponding to locus tag
numbers HP1486-HP1489 (Table 3.3) share the organization of a tripartite efflux system found in
Gram-negative bacteria. These efflux systems transport a variety of substrates, which includes
proteins, oligosaccharides, small molecules and large cations (31). HP1486 and HP1487 encode
an ATP-binding cassette (ABC) transporter that traverses the substrate across the inner membrane.
HP1488 encodes a member of the membrane fusion protein (MFP) component of the RND
(resistance, nodulation and cell division) efflux pump, which is thought to bring the inner and outer
membranes together and enable substrate transport to the outer membrane (32). HP1489 encodes
a member of the outer membrane efflux protein (OEP) family, which includes E. coli TolC. MFPs
and OEPs often have roles in the export of antibiotics or other toxic compounds (31). van
Amsterdam and co-workers tested the susceptibility of a HP1489-knockout mutant and found that
the mutant displayed increased sensitivity to ethidium bromide (33).

To determine if HP1486-HP1489 are involved in biosynthesis of the flagellum or flagellar
sheath, we deleted the genes in the H. pylori B128 using a sucrose-based counter-selection method
(26). Since HP1486 and HP1487 are predicted to encode subunits of the same ABC transporter,

we deleted both genes together. The motility of the H. pylori B128 AHP1487/AHP1486 mutant
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was ~60% of that of the wild-type parental strain (Fig 3.2A). Examination of the
AHP1487/AHP1486 double mutant by TEM revealed that its flagellation pattern differed from that
of wild type (Fig 3.2B). Specifically, a higher proportion of the AHP1487/AHP 1486 double mutant
cells either lacked flagella or possessed a single flagellum (~25% for the mutant versus ~15% for
wild type), and ~70% of the mutant cells had 2 or 3 flagella, while ~60% of the wild-type cells
possessed 3 or 4 flagella (Fig. 3.2B). Motility was similarly impaired in the H. pylori B128
AHP1488 mutant compared to wild-type (Fig 3.2A). TEM analysis indicated that the flagellation
pattern of the AHP1488 mutant differed from that of wild type, with ~40% of the mutant cells
either lacking flagella or possessing a single flagellum (compared to ~15% for the wild-type cells;
Fig. 3.2B). Deleting HP1489 in H. pylori B128 reduced motility by ~36% (Fig. 3.2A); and similar
to the H. pylori B128 AHP1488 mutant, ~36% of the AHP1489 mutant cells either lacked flagella
or had a single flagellum (Fig3.2B). H. pylori G27M is a derivative of strain G27 that displays
enhanced motility and was selected by repeated passage on soft agar medium as described in
Materials and Methods. Disrupting HP1489 in H. pylori G27M with the kan-sacB cassette reduced
motility of the strain by more than 60% (Fig 3.3), suggesting that the HP1486-HP1489 efflux
system is required for wild-type motility in H. pylori G27M, as it is in H. pylori B128.

Disrupting HP1488 in H. pylori B128 results in partial loss of the cage-like structure
surrounding the H. pylori flagellar motor. When we disrupted HP1488 with the kan-sacB
cassette in H. pylori B128, one of the isolates was highly motile (this strain was designated as
HP1488:kan-sacB M or ‘M”), while another isolate (designated as HP1488:kan-sacB RM or ‘RM”)
was significantly impaired in their motility (Fig. 3.4A). Examination of the ‘M’ and ‘RM” isolates
flagellation pattern revealed the ‘M’ isolate was similar to that of wild-type H. pylori B128, while

the ‘RM” isolate had an increase in the number of cells that could not synthesize a flagellum (Fig.
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3.4B). To determine if disrupting HP1488 affected the ultrastructure of the flagellar basal body,
the ‘RM” isolate was examined by cryo-ET. Interestingly, cryo-ET revealed that the flagellar basal
body of the ‘RM’ isolate lacked part of a cage-like structure (Fig. 3.5), which the Liu lab had
identified as a unique structure that surrounds the flagellar motor in H. pylori (17). These data
suggest HP1488 protein is either a part of the cage-like structure or plays a role in the assembly of
the cage-like structure. Removing the kan-sacB cassette following a sucrose-based counter-
selection step did not restore motility to wild-type levels, indicating the motility defect is stable
and is associated with loss of HP1488 (Fig 3.4A). To confirm the reduction in motility is
independent of polar effects, the HP1488 gene must be reintroduced into the mutant and examined
for the recovery of motility and the complete assembly of the cage-like structure.
A mutation in mreC appears to suppress the flagellar biosynthesis and motility defects of the
H. pylori B128 HP1488:kan-sacB RM isolate. We hypothesized that the H. pylori B128:kan-
sacB ‘M’ isolate had acquired a secondary mutation that restored flagellum biosynthesis and
motility. To identify potential suppressor mutations, we re-sequenced the genomes of the ‘M’ and
‘RM” isolates and analyzed the sequences for single nucleotide polymorphisms (SNPs).
Comparing the genome sequences of the ‘RM” isolate and the ‘M’ isolate to the parental strain
revealed a SNP that resulted in a tyrosine to histidine amino acid substitution at position 220 in
the MreC protein. These data suggest that the MreCY??°" variant suppresses the flagellum
biosynthesis and motility defects in the H. pylori B128 HP1488:kan-sacB mutant.

MreC is part of a protein complex that includes MreB and MreD in E. coli and is required
for the maintenance of rod-shaped cells (34, 35). Like C. crescentus, the MreB protein from H.
pylori polymerizes into long filaments on the cytoplasmic side of the inner membrane, while MreC

is a soluble periplasmic protein (36-38). The MreC from H. pylori has a hydrophobic zipper
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domain that serves as a binding platform for interaction with the penicillin-binding protein PBP2
(36). The PBP2:MreC interface is essential for protein recognition and rod-shaped maintenance;
residues that are critical in forming the binding platform are Phe-169, Phe-182 and Tyr-222 (36).
Phyre? was used as a prediction tool to examine the spatial organization of these 3 residues that
included the amino acid substitution (Fig 3.6) (39). Examining the model revealed the Y220H
substitution was not predicted to change the spatial arrangement of the residues responsible for the
binding platform (Fig 3.6). The histidine residue was predicted to be in a similar spatial
arrangement as the native tyrosine, and all the adjacent residues, except for Thr-221, appeared to
be unaffected (Figs 3.6C, 3.6D and 3.6E). Thr-221 is orthogonal to its original position, which in
combination with the amino acid substitution, could alter the interaction with PBP2 or any other

interacting proteins (Figs 3.6D and 3.6E).

Discussion

The biological role and mechanisms that mediate sheath biosynthesis in any bacterial
species are currently unknown. In a cryo-ET study of H. pylori, the Lui lab visualized
intermediates of sheath biogenesis where remodeling of the outer membrane was synchronized
with the biogenesis of the flagellum (17). Using a comparative genomics approach, we identified
23 genes that are highly conserved in Helicobacter species that possess a flagellar sheath, but are
absent or rare in Helicobacter species that lack a sheath (Table 3.1). Four of these genes (HP1486-
HP1489) encode a predicted efflux system that we found to be required for wild-type motility and
flagellation (Figs. 3.2A and 3.2B). This efflux system may correspond to a cage-like structure that
surrounds the H. pylori flagellar motor (Fig. 3.5B). We hypothesize the efflux system transports

CL or other macromolecules across to the outer membrane where they are incorporated into the
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flagellar sheath (Fig. 3.7). Our rationale for proposing CL as the substrate for the efflux system is
based on our observations that CL appears to be a major component of the flagellar sheath (Fig.
3.1) and that cardiolipin synthase (CIsC) is required for flagellum biosynthesis in H. pylori G27
(Fig. 2.1). Further biochemical characterization of efflux system encoded by HP1486-HP1489 is
obviously needed to test our proposed model; and it may be that the efflux system transports
alternative glycerophospholipids, proteins or other compounds needed for biosynthesis of the
flagellar sheath or flagellum, rather than CL.

HP1486 and HP1487 are predicted to encode an ABC transporter that we hypothesize
functions as a floppase to transport CL or other glycerophospholipids from the cytoplasmic face
of the inner membrane to the periplasmic face (40). By disrupting these genes, we expected a
major reduction in motility as a consequence of CL not being incorporated into the flagellar sheath.
In addition to floppases, there are two other major transport mechanisms that can support the
movement of glycerophospholipids between the two leaflets in the inner membrane. One group
of enzymes are called scramblases, which are membrane-bound enzymes that non-specifically
move glycerophospholipids between the two leaflets in the inner membrane (40-42). The second
group of membrane-bound enzymes are called flippases, which move glycerophospholipids from
the periplasmic face to the cytoplasmic face of the inner membrane (40, 42). Membrane-fusion
proteins, like the HP1488 protein, in other tripartite efflux pumps are known to be involved in
substrate recognition (43). Since the HP1488 gene remains undisrupted in the H. pylori B128
AHP1486/AHP1487 mutant, CL movement across the membrane bilayer that is facilitated by
scramblases may be recognized by the HP1488 protein and transferred to the outer membrane in
the absence of the ABC transporter. As a result, this reduced level of CL transport may support

sheath biogenesis, but this would likely impact motility and the cells ability to synthesize multiple
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flagella, which was observed in the motility and TEM experiments (Fig 3.2). Alternatively, if
substrate recognition is impaired due to the absence of the ABC-transporter protein, membrane
stress could incur, resulting in increased activity by flippases to reduce or eliminate this stress,
which would impair the cells ability to utilize CL for sheath biogenesis.

The gene HP1488 encodes a HlyD-like or membrane-fusion protein (MFP), that spans the
periplasm joining the ABC transporter and TolC-like protein (HP1489) (43). Deleting HP1488
from H. pylori B128 reduced motility and the degree to which the cells were flagellated.
Disrupting the HP1488 gene with the kan-sacB cassette generated motile variants that produced
severely impaired to highly motile strains (Fig 3.4). We hypothesized that during the construction
of the H. pylori B128 AHP1488 strain, we gained a suppressor mutation that overcomes the
absence of the cage-like structure. Following whole-genome re-sequencing, a SNP was identified
in the highly motile H. pylori B128 HP1488:kan-sacB strain that was mapped to the mreC gene
and resulted in a Y to H amino acid substitution at position 220. In E. coli and Bacillus subtillis,
MreC interacts with MreB and MreD to form a membrane-bound complex that is critical for
maintaining rod-shaped morphology (34, 35). The MreB protein polymerizes into a helical
structure that is longitudinal to the cell underneath the cytoplasmic membrane, whereas MreC is
organized on the periplasmic side of the inner membrane and MreD is inserted into the membrane
(37, 44). All three Mre proteins are essential as deletion of any of the genes results in failure to
maintain a rod-shaped morphology and subsequent cell lysis (34). MreC interacts with penicillin
binding proteins (PBPs) in H. pylori and C. crescentus (36-38). In addition, the MreC protein in
C. crescentus interacts with outer membrane proteins and MreC, which is thought to be involved
in their spatial organization (37). H. pylori lacks a MreD homolog suggesting MreB and MreC

are adequate for maintaining cell shape or there are other unidentified protein partners that
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substitute for MreD (38). PBP2 co-crystalized with MreC from H. pylori indicated residues Phe-
169, Phe-182, and Tyr-222 create a hydrophobic zipper on the surface of MreC that forms a
binding platform that interacts with PBP2 (36). Examining a predictive model of the MreCY?2H
variant revealed the residue Thr-221 is rotated 90° from its native position. Collectively, the amino
acid substitution and the resulting positioning of the Thr-221 may alter the interaction with the
PBP2 protein by enhancing binding, resulting in stabilizing the membrane at the cell pole and
allowing flagellum biogenesis in the absence of the proposed CL efflux pump. Alternatively, the
MreC variant may be interacting with unknown protein(s) in the periplasm or outer membrane that
supports flagellum biogenesis.

The motility results following the disruption of the HP1489 allele in the H. pylori B128
and H. pylori G27M are unclear (Figs 3.2A and 3.3). The H. pylori G27M HP1489:kan-sacB
swim halo was reduced nearly twice that of the H. pylori B128 AHP1489 strain, but we do not
know if this is a result of polar effects on the downstream genes. Additionally, flagellar counts
were not obtained for the H. pylori G27M HP1489:kan-sacB strain. Removing the kan-sacB
cassette and enumerating the number of flagella per cell for the H. pylori G27M HP1489:kan-sacB

strain will clarify the motility discrepancies.
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Table 3.1. Primers used in this study.

Primer No. Primer name Sequence

P117 HP1489 US_F 5" CAT CAA AAA CGC GGT GGA _3’

5" _ GCT AGC ATA ATC GAA TTC CTC GAG AGG
P118 HP1483US_R AAC TCC ATC AAC AGC GCT — 3’
5" _ CTC GAG GAA TTC GAT TAT GCT AGC GCT
P119 HP1489DS_F TAT AAA TAC ATT GTT TCA TTA GCG _ 3’
P120 HP1489 DS_R 5" CTT AGG GCT AAG CTC ACC ACC — 3’
P139 HP1488 USF 5" _ GAA GAC ATG ATC CCT AGT TGG TTT _ 3°

5" _ GCT AGC GAT TCG ATC CTC GAG CAC TTC
P140 HP1488 US R JPipvivislioy

5" CTC GAG GAT CGA ATC GCT AGC GAG TTT
P14l HP1488DSF AGG GTG GGT AAG GAA TTT - 3’
P142 HP1488 DSR 5" CCA CTT GGT ATT TGA TTT GAA GTG _ 3’
P177 1487 USF 5" _ AAG CGC GAT GAA GCC TAT _ 3’

5" _ GCT AGC GAT TCG ATC CTC GAG CTT GTC
P178 1487USR TTG TAA AAC CCA TGC — 3°

5" _ CTC GAG GAT CGA ATC GCT AGC TTG AAT
P179 1486 DSF CAA ATG CAT GCG _ 3’
P180 1486 DSR 5" AAA AAC GCT TGC AAA TTT TC — 3°
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Table 3.2. Strains and plasmids used in this study.

Strain Relevant Genotype Resistance  Source
H. pylori
HPO003 B128 wild-type
HP116 B128 HPG27_1411:kan-sacB (RM) Kan This study
HP117 B128 HPG27_1411:kan-sacB (M) Kan This study
HP119 B128 AHPG27 1411 This study
HP125 G27M wild-type This study
HP158 G27M HPG27_1412:kan-sacB Kan This study
HP174 B128 HPB128 199940/39:kan-sacB Kan This study
HP177 B128 HPG27_1412:kan-sacB Kan This study
HP179 B128 AHPG27 1412 This study
HP185 B128 AHPB128 199g40/39 This study
Escherichia coli
JC064 DHS5a pGEM-T Easy US_DS HPG27_1412 Amp This study
DH5a pGEM-T Easy US_DS .
JC066 HPG27 1412:kan-sacB Amp, Kan This study
JCO077 DHS5a pGEM-T Easy US_DS HPG27_1411 Amp This study
DH5a pGEM-T Easy US_DS .
JCO078 HPG27_1411:kan-sacB Amp, Kan This study
DHS5a pGEM-T Easy i
JCOL s DS HPB128_199g40/39 Amp This study
DHS5a pGEM-T Easy i
JCO s DS_HPB128_199g40/39:kan-sacB Amp, Kan  This study
Plasmids Relevant Genotype Resistance  Source
pJC049 pGEM-T Easy US_DS HPG27_1412 Amp This study
0JCO51 E;;EM-T Easy US_DS HPG27_1412:kan- Amp, Kan  This study
pJC062 pGEM-T Easy US_DS HPG27_1411 Amp This study
0JC063 ESCIEM-T Easy US_DS HPG27_1411:kan- Amp, Kan This study
pPGEM-T Easy i
PICO76 45 DS HPB128_199g40/39 Amp This study
pJC080 PGEM-T Easy Amp, Kan  This study

US_DS_HPB128_199g40/39:kan-sacB
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Table 3.3: Genes preferentially found in Helicobacter species with flagellar sheaths.

Proposed Function

Locus tag (gene name) Refs.

phospholipid metabolism
efflux system protein
outer membrane protein
(pfam02521)

FadL outer membrane
protein family member
(pfam03349)

lipid A modification
metal ion homeostasis
hypothetical protein

HP0190 (clsC)

HP1486; HP1487; HP1488; HP1489

HP0209; HP0486; HP0487; HP0782; HPQ788;
HP0914; HP1083

HP0839
HP1580 (IpxF); HP0580 (45, 46)
HP0653 (ftnA); HP0971 (cznC): HP0970 (cznB) (47-49)

HP0018; HP0097; HP0838; HP1028; HP1440

1FS* Helicobacter species possess 1 to 14 members of this outer membrane protein family.
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Figure 3.1: Purification of H. pylori G27 and H. pylori B128 flagella and analysis of flagellar
sheath glycerophospholipids. (A) Flagellar sheath glycerophospholipids extracted from H.
pylori G27 were separated by TLC and visualized with molybdenum blue reagent.
Glycerophospholipids were separated in the following order, from bottom to top:
phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and cardiolipin (CL). (B) A280
values for fractions from the H. pylori B128 flagellar preparation (red) and H. pylori G27 flagellar
preparation (green) are shown. Sucrose concentrations for each fraction (blue) were determined
using a refractometer. (C) Flagellar sheath preparations from panel B were pooled for the H. pylori
B128 and H. pylori G27 wild-type strains. Glycerophospholipids were extracted from the pooled

fractions, separated by TLC and visualized with molybdenum blue reagent.
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Figure 3.2: Motility and the number of flagella per cell for the efflux system mutants. (A)
Motility was assessed on 0.4% soft-agar plates following 7 days of incubation under a
microaerophilic environment. Measurements indicate the diameter of the swim halo that

surrounded the point of inoculation. Asterisks indicate a statistically significant difference
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compared to the wild-type strain (p value < 0.01). Statistical significance of was determined using
the two-sample t test. (B) Flagella were analyzed and counted by electron microscopy after
negative staining (n = 50). Asterisks indicate a statistically significant difference compared to the

wild-type strain (p value < 0.01). Statistical significance was determined using the Mann-Whitney

U test.
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Figure 3.3: Motility results for the H. pylori G27M HP1489:kan-sacB mutant. Motility was
assessed on 0.4% soft-agar plates following 7 days of incubation under a microaerophilic
environment. Measurements indicate the diameter of the swim halo that surrounded the
inoculation point. Asterisks indicate a statistically significant difference compared to the wild-

type strain (p value < 0.01). Statistical significance of was determined using the two-sample t test.
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Figure 3.4: Motility and number of flagella per cell for the H. pylori HP1488 mutants. (A)
Motility was assessed as previously described. Measurements indicate the diameter of the swim

halo that surround the inoculation point. Asterisks indicate a statistically significant difference
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compared to the wild-type strain (p value < 0.01). Statistical significance was determined using
the two-sample t test. HP1488:kan-sacB ‘RM’ isolated displayed reduced motility compared to
wild type, and was the strain from which the AHP1488 strain was derived. HP1488:kan-sacB ‘M’
displayed wild-type motility. (B) Flagella were counted by electron microscopy after negative
staining (n = 50). Asterisks indicate a statistically significant difference compared to the wild-
type strain (p value < 0.01). Statistical significance was determined using the Mann-Whitney U

test.
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Figure 3.5: In-situ structure of the flagellar basal body of the motility-impaired H. pylori
B128 HP1488:kan-sacB isolate. Flagellar basal bodies of H. pylori B128 wild-type strain (A)
(150 motors) and H. pylori B128 HP1488:kan-sacB ‘RM’ isolate (B) (34 motors). The red arrow
in panel A indicates the cage-like structure surrounding the flagellar motor, while the red arrow in
panel B indicates the expected position of the cage-like structure for the flagellar basal body of the

HP1488:kan-sacB ‘RM” isolate.
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Figure 3.6: Predictive model comparing the MreC proteins from the H. pylori B128
1488:kan-sacB ‘M’ and H. pylori B128 1488:kan-sacB ‘RM’ strains. The yellow arrows
indicate the residues responsible for forming the binding platform for the PBP2 protein (panels A,
B and C) (36). White arrows in panels B and C indicate the Y220H amino acid substitution, which

is adjacent to the binding platform. Thr-221 is specified by the blue arrows in panels B, D and E.
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Figure 3.7: Proposed model for the HP1486-HP1489 efflux system in biosynthesis of the H.
pylori flagellar sheath. ABC-transporter proteins encoded by the genes in locus tags HP1486 and
HP1487 are responsible for traversing CL from the inner leaflet to the outer leaflet of the inner
membrane. The HIlyD-like protein encoded by the gene in locus tag HP1488 interacts with the
ABC-transporters and facilitates the translocation of CL across the periplasm. The TolC-like
protein encoded by the gene in locus tag HP1489 receives CL from the HP1488 protein and inserts
the glycerophospholipid into the inner leaflet of the outer membrane where it is incorporated into

the flagellar sheath. This figure was adapted from a previous study (17).
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CHAPTER 4

CONCLUSIONS AND FUTURE DIRECTIONS

Conclusions and Future Directions Related to the Cardiolipin Synthase

Helicobacter pylori colonizes one of the harshest environments in the human body.
Classified as a neutrophile, the bacterium must withstand the acidic surroundings while using a
tuft of flagella to penetrate a thick mucous layer that lines the stomach epithelium. Once
colonization has been established, the flagella are used to maintain a long-term association with
the host as the contents of the stomach is periodically emptied and the mucus layer is repeatedly
sloughed off. The mechanisms that mediate flagellar biogenesis in other human pathogens like E.
coli and Salmonella do not directly translate to H. pylori and other closely related bacteria such as
Campylobacter jejuni because the regulatory systems that govern expression of the flagellar genes
and overall flagellum structure differ significantly. Understanding how H. pylori coordinates gene
expression and protein assembly may lead to the identification of new therapeutic targets to treat
infections and may broadly apply to other related pathogenic bacteria, such as C. jejuni.

The work here provides insight into how the glycerophospholipid cardiolipin (CL)
influences flagellar synthesis in a H. pylori strain-dependent manner. Flagellar biogenesis is a
complex process that coordinates the expression of more than fifty structural and regulatory genes
with the assembly of the flagellum. The assembly of the flagellum is a highly ordered process in
which substrates required in the early stages of flagellar biogenesis are made prior to the substrates

needed in the later stages. Glycerophospholipids are known to influence the localization and
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activity of proteins, but have yet to be examined for their role in flagellum biosynthesis in H.
pylori.

H. pylori possesses 2-6 flagella per cell that localizes to a single cell pole, and the goal of
my research is to understand the role CL plays in facilitating the assembly of flagellar gene
products into the flagellum basal body. Our initial hypothesis proposed the basal body proteins
required during the early stages of flagellum assembly would not localize to the cell pole in a strain
that is depleted of CL, rendering the strain non-motile. Although disrupting clsC in H. pylori G27
resulted in loss of motility, the defect in motility was due to failure of the bacterium to synthesize
flagella rather than the improper localization of its flagella. Interestingly, the B128 Flgl protein,
which polymerizes into the P ring that is anchored in the peptidoglycan layer, was sufficient to
overcome the cardiolipin depleted condition in the H. pylori G27 clsC mutant. Why the Flgl
protein from the H. pylori B128 strain suppresses the non-motile phenotype of the H. pylori G27
clsC strain is unclear. There are 5 amino acid differences between the Flgl proteins from H. pylori
B128 and H. pylori G27, but only 3 amino acid substitutions were introduced into the G27 clsC
mutant in the allelic exchange mutagenesis. Anionic glycerophospholipids have been observed to
stimulate enzymatic activities, stabilize protein complexes and promote dimerization of proteins
(1-3). One hypothesis is the G27 Flgl protein is not localized to the periplasm in the cardiolipin
depleted condition. Alternatively, localization of the G27 Flgl protein to the periplasm occurs
properly and the interactions between protein partners are stabilized due to the residue differences
with the Flgl protein from the B128 clsC strain. To test this, quantifying the amount of G27 Flgl
and B128 Flgl protein that is localized to the periplasm in the cardiolipin depleted condition would
help to determine if the secretory system is deficient in properly localizing the Flgl protein to the

periplasm.
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E. coli encodes 3 cls genes and each are expressed according to the growth phase and
environmental conditions (4-6). We reasoned that H. pylori may encode an additional CL
synthase. To date, all known bacterial CL synthases possess a conserved HXKxxxxDxsGSxN
motif (HKD motif), which include the cIsC gene identified in the H. pylori B128 and H. pylori
G27 strains (7). Using a bioinformatic approach, | identified more than 40 proteins that possessed
the HKD motif from 4 different H. pylori strains (26695, B128, B8 and G27). NucT is a
membrane-bound enzyme reported to cleave single-stranded DNA (8). Phylogenetic analysis of
the NucT protein sequence indicated this enzyme clustered with other known CL synthases from
multiple bacteria, suggesting NucT may be the additional CL synthase responsible for producing
the residual CL in the H. pylori clsC mutants (9). If nucT does encode a second CL synthase,
deleting this gene should reduce or eliminate the remaining CL in both mutant strains.

Previous lab members have enriched for motility by passaging the H. pylori wild-type
strains using soft-agar plates, which resulted in a larger swim halo. | reasoned that the same
strategy could be applied to isolate spontaneous mutants using the H. pylori G27 clsC strain, which
might identify additional mutations that suppress the flagellum assembly defect in the clsC mutant.
Passaging the mutant between soft-agar plates for 4 weeks allowed me to isolate a motile strain
that nearly doubled the diameter of the swim halo. The swim halo appeared to be denser when
compared to the H. pylori G27 wild-type strain, suggesting the strain may be motile, but the
chemotaxis system is compromised. | also used a chemical mutagenesis approach to isolate H.
pylori G27 clsC motile variants with stable mutations resulting from exposure of the cells to the
mutagen nitrosoguanidine. | placed a crystal of the mutagen in the center of multiple soft-agar
plates, and stab-inoculated the H. pylori G27 clsC mutant at varied distances to simulate a gradient.

Following 7 days of incubation, cells were collected from 20 independent swim halos and streaked
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for isolation. Isolated colonies were screened for motility using soft-agar plates. The swim halos
for the H. pylori G27 clsC suppressor isolates were dense like the spontaneous mutants previously
isolated, indicating both approaches can result in motile variants. Following the isolation of these
suppressor candidates, | planned to re-sequence the isolates, but the strains were lost.

Performing the allelic mutagenesis with genomic DNA from the H. pylori B128 clsC strain
as the donor, and the H. pylori G27 clsC strain as the recipient, resulted in a range of motile
variants. The diameter of the swim halo for one of these strains, mv49, was nearly twice the size
of those of the other H. pylori G27 clsC recipients (Fig 2.7A). By analyzing the re-sequencing
data, I identified 98 B128 alleles (2492 SNPs) that were unique to the mv49 isolate. | wished to
identify additional flagellar genes unique to the mv49 strain. Three of the B128 alleles that were
unique to the mv49 isolate were flagellar genes, flgH (encodes the L ring), flgS (the sensor kinase
that is required for RpoN-dependent transcription) and a flgJ homolog (predicted to encode a
muramidase that allows the rod to penetrate the peptidoglycan layer). One or more of these B128
alleles, together with the flgl allele, may account for the enhanced flagellation and motility of the
mv49 isolate. Introducing the B128 alleles into the G27 clsC mutant would clarify if these genes

from the donor can suppress the flagellation and motility defects in a cooperative fashion.

Conclusions and Future Directions Related to the Putative Cardiolipin Efflux Pump

H. pylori assembles a unique cage-like structure that surrounds the flagellar basal body.
We identified an operon that encodes a putative cardiolipin efflux pump (HP1486-HP1489) and is
preferentially found in Helicobacter species that possess a flagellar sheath. The genes encoding
HP1486-HP1489 share the organization of a tripartite efflux system found in Gram-negative

bacteria. These efflux systems transport a variety of substrates, which includes proteins,
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oligosaccharides, small molecules and large cations (10). The components that comprise the efflux
systems include an ATP-binding cassette (ABC) transporter that traverses the substrate across the
inner membrane (encoded by HP1486 and HP1487), a periplasmic membrane fusion protein
(encoded by HP1488; HIyD-like protein) that links the inner and outer membranes, and an outer
membrane protein (encoded by HP1489; TolC-like protein) (Fig 3.7) (11, 12). Disrupting the
HP1488 homolog in H. pylori B128 (Fig. 3.5), as well as deletion of the HP1489 or
HP1486/HP1487 homologs in H. pylori B128 (our unpublished data), resulted in loss of a region
of electron density that corresponds to a portion of the cage-like structure surrounding the flagellar
motor.

These above observations raise a couple of interesting questions. For instance, does the
efflux system constitute part of the cage-like structure, or is the efflux system required for
localization of one or more components of the cage-like structure? If the efflux system forms part
of the cage-like structure, what are the other components of this structure? Does the efflux system
play a role in flagellar sheath biosynthesis, and if so, what does the efflux system transport?

To address the first two questions, it is imperative to identify protein interaction partners
for components of the efflux pump, as well as conduct localization studies for the efflux pump.
Based on studies of related efflux systems, we expect the HlyD-like protein to interact with the
putative ABC transporter proteins (HP1486-HP1487) and the TolC-like protein (HP1489), while
the transporter and TolC-like proteins would not interact with each other (13). To identify
additional binding partners for each efflux pump component, chemical crosslinking using
formaldehyde followed by a column purification could be performed using tagged (e.g., His-,
FLAG- or Myc-tagged) HP1486, HP1487, HP1488 and HP1489. Crosslinked protein complexes

could be excised from an SDS-PAGE gel and then sent for mass spectrometry to identify the
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protein partners for each component. Localization of the efflux pump could be determined using
immunogold-labeling with antibodies directed against the individual components of the efflux
pump, or by tagging components of the efflux pump and using commercially available antibodies
directed against the protein tag. Alternatively, components of the efflux pump, in particular the
ABC transporters, could be tagged with a fluorescent protein for fluorescence microscopy studies.
An alternative approach that may prove useful in determining whether the efflux pump forms part
of the cage-like structure is to examine the flagellar motor of the highly motile variant (‘M”) H.
pylori B128 HP1488:kan-sacB mutant by cryo-ET. The ‘M’ variant has a motility and flagellation
pattern that is quite similar to that of wild type (Fig. 3.4). It is possible that the mutation in the
‘M’ variant suppresses the disruption of HP1488 by rescuing assembly of the cage-like structure,
which we could ascertain by examining the flagellar motor of ‘M’ variant by cryo-ET.

With regard to identifying transport substrates for the efflux system, we hypothesize that
the efflux pump transports CL from the inner membrane to the outer membrane where it is
incorporated into the flagellar sheath. There are likely additional glycerophospholipid transport
systems to distribute glycerophospholipids between the membranes for supporting physiological
processes that exclude flagellar biogenesis, and such additional transport systems may make it
difficult to demonstrate definitively a function for the efflux system encoded by HP1486-HP1489.
An alternative hypothesis is that the efflux pump encoded by HP1486-HP1489 transports a protein
required for Using a Sarkosyl treatment, Geis et al. separated the inner and outer membranes in a
H. pylori strain to enrich for flagellar sheaths (14). Using this approach will allow us to analyze
the glycerophospholipid and protein content of the inner membrane, outer membrane and flagellar

sheath by mass spec.
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Finally, it will be of interest to understand the basis for the highly motile ‘M’ variant of the
H. pylori B128 HP1488: kan-sacB mutant (Fig 3.4). Examining the re-sequenced genomes of a
motility impaired ‘RM” and highly motile ‘M’ strains identified a SNP in the mreC gene of the
highly motile isolate. MreC interacts with the penicillin-binding protein 2 (PBP2) in H. pylori,
and depletion of MreC or PBP2 leads to a morphological change from spiral rods to coccoidal
spheres and eventual cell death (15, 16). Additionally, the MreC protein in H. pylori is proposed
to be a soluble periplasmic protein, similar to what was identified in Caulobacter crescentus (17).
The protein partners that interact with MreC or PBP2 have not been defined in H. pylori, but
studies in other bacteria like B. subtillis, E. coli, and C. crescentus propose RodA, RodZ, MreB
and MreD (16). Homologs of RodZ and MreD are not found in the H. pylori genome, suggesting
MreC may play a more central role in rod-shape maintenance. The SNP identified in the mreC
gene suggests introducing the kan-sacB cassette in the HP1488 gene disrupted the stability of the
cell envelope. While no cells were observed to be coccoidal-shaped when examining the cells
under TEM, the membrane may have experienced stress that could not be identified by visual
inspection. Introducing the mreC allele from the ‘M’ variant into the ‘RM’ strain and examining
motility in the resulting strain would provide strong evidence the amino acid substitution is
responsible for suppressing the ‘RM’ phenotype. Likewise, replacing the mreC allele in the ‘M’

strain with the ‘RM’ allele should impair the resulting strains ability to swim.
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