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ABSTRACT

Campylobacter jejuni is a leading cause of bacterial gastroenteritis in the developed
world. Despite its prevalence, its pathogenesis is poorly understood. It lacks clear virulence
factors such as those described for other enteropathogens. The characteristic helical shape of C.
jejuni, maintained by the peptidoglycan (PG) layer, is important for colonization and host-
pathogen interactions. Therefore, changes in morphology and the underlying PG greatly affect
the physiology and biology of the organism. O-Acetylation of Peptidoglycan (OAP) is a
phenomenon by which bacteria acetylate the C6 hydroxyl group of N-acetylmuramic acid in the
glycan backbone to confer resistance to lysozyme and control lytic transglycosylase activity. The
OAP gene cluster consists of a transmembrane PG O-acetyltransferase A (patA) for translocation
of acetate into the periplasm, a periplasmic PG O-acetyltransferase B (patB) responsible for O-
acetylation of N-acetylmuramic acid (MurNAc), and an O-acetylpeptidoglycan esterase (apel)
for de-O-acetylation. Reduced OAP in ApatA and ApatB has a minimal effect on growth and
fitness under the conditions tested. However, accumulation of OAP in Aapel results in marked
differences in peptidoglycan biochemistry including changes in O-acetylation levels,
anhydromuropeptide levels, and PG changes not expected to be a direct result of Apel activity.
This suggests that OAP may be a form of substrate level regulation in PG metabolism. Apel
acetylesterase activity was confirmed in vitro using p-nitrophenyl acetate and O-acetylated PG as
substrates. In addition, Aapel exhibits defects in pathogenesis-associated phenotypes including
cell shape, motility, biofilm formation, and sodium deoxycholate sensitivity. The mutant is also
impaired for chick colonization and adhesion, and invasion and intracellular survival in INT407
epithelial cells lines in vitro. The importance of Apel activity to C. jejuni biology makes it a

good candidate as a novel antimicrobial target.
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1. INTRODUCTION
1.1. Campylobacter jejuni: General Background

Campylobacter jejuni is a helical, motile, Gram-negative bacterium from the class
Epsilonproteobacteria and is now recognized as a major contributor to bacterial food-borne
gastroenteritis in the developed world, as well as the most common antecedent to Guillain-Barré
syndrome (7,8). Despite its prevalence, the pathogenesis mechanisms of this bacterium are
poorly understood in part due to its relatively recent classification. Theodor Escherich made what
was believed to be the first description of a member of the Campylobacter genus in 1886,
describing it as a spiral organism associated with a “cholera-like” diarrheal disease in kittens that
could not be isolated on solid media but would grow in broth (9). McFayden and Stockman later
isolated a range of other “Vibrio-like” organisms from both healthy and symptomatic animals in
1913 but it was not until 1963 when Sebald and Veéron re-classified Vibrio fetus and Vibrio
bubulus as Campylobacter fetus and Campylobacter bubulus based on DNA base composition,
microaerophilic growth, and non-fermentative metabolism that the Campylobacter genus was
established (10). With the improvement of cultivation techniques for Campylobacter spp.,
research quickly progressed in the 1980s, leading to descriptions of new Campylobacter

organisms and a new-found appreciation for the significance of this zoonotic pathogen (11).

1.2. Campylobacter as a Genus

The genus Campylobacter contains a broad range of important zoonotic pathogens.
Members of this genus can be found colonizing the intestinal tracts of numerous domestic and
agriculturally significant animals asymptomatically, including but not limited to cattle, various
poultry, pigs, sheep, and pets such as dogs and cats (12). However, there are many examples of

Campylobacter spp. associated with disease in animals. For instance, C. fetus causes septic



abortions or venereal disease leading to infertility in cattle and sheep. C. hyointestinalis and C.

mucosalis cause a variety of porcine intestinal diseases (10).

In general, cells are 0.2 to 0.8 um wide and 0.5 to 5 um long, helical in shape (which
transition to a coccoid form at late growth stages), with polar flagella at one or both ends (10).
The genus is asaccharolytic, as in they are unable to metabolize glucose and complex
carbohydrates through respiration or fermentation, and instead rely on the presence of
tricarboxylic acids and amino acids as electron donors (10). Campylobacter spp.are fastidious,
requiring a microaerophilic atmosphere (6% O,, 10% CO,) and are thermotolerant (grow
optimally at 38°C and 42°C, and do not grow below 30°C or above 50°C) (13). Disease is
primarily caused by C. jejuni and C. coli. However, other Campylobacter spp. have also been
isolated from patients with diarrheal disease. Of emerging importance are C. concisus and C.
upsaliensis that together rival the incidence rates of C. jejuni subsp. jejuni enteritis (12). In
addition, other Campylobacter spp., such as C. concisus, C. hominis, C. showae and C.
ureolyticus, are now appreciated in the initiation or exacerbation of inflammatory bowel diseases

(IBD) (12).

1.3. Campylobacteriosis: Campylobacter-Mediated Infections
1.3.1. Campylobacter Enteritis

The term campylobacteriosis is used to describe the collective manifestation of disease
due to an infection by any member of the Campylobacter genus (14). The most common and
most significant outcome is Campylobacter enteritis, an acute diarrheal disease. The disease
presents itself as a watery to bloody diarrhea accompanied by abdominal pain, and may include
fever and vomiting. This is not unlike many other infectious enteritis and thus is often

indistinguishable clinically from shigellosis or salmonellosis without culture confirmation (15).



Infection begins with ingestion of a relatively low number of C. jejuni cells. A study with
human volunteers showed an infectious dose as low as 800 cells depending on the strain, and a
case study in 1981 fulfilled Koch’s postulates with as few as 500 cells (16). The experiment with
human volunteers did not reveal a clear dose-dependence for virulence but did exhibit strain
differences (17). After an average incubation period of three days, the onset of Campylobacter
enteritis often begins with abdominal cramps and diarrhea. However, flu-like prodromal
symptoms such as fever, headache, and dizziness may be experienced in patients that experience
more severe disease states. Patients experience diarrhea for three to four days before recovery
begins. In general, infection is self-limiting in healthy individuals but may require antibiotic
intervention in the immunocompromised. Abdominal pain may persist for longer despite
improvements to bowel movements. Even after the clinical symptoms of disease cease, bacteria
may be shed for up to several weeks. The duration of illness is multi-factorial and is influenced

by the strain, immune system of the patient, and exposure levels (15).

Immunocompromised patients often present more severe disease states. Case studies
reveal that AIDS patients experience chronic infections with C. jejuni that are intensely
debilitating and often relapse after cessation of antibiotic treatment giving rise to the
development of antibiotic resistance strains (18,19). In addition to exacerbated enteritis,
immunocompromised patients are more prone to bacteremia. A meta-analysis of hospital records
from Fairfield Hospital in Melbourne Australia identified a total of 1006 patients with C. jejuni
enteritis, of which 24 patients experienced bacteremia. The rates of bacteremia were significantly
higher for HIV-positive patients (8.3% or 10/121) compared to non-HIV-infected patients (1.6%
or 14/885). The mortality rate among HIV/bacteremia patients in this meta-analysis was

significantly higher at 33% compared to bacteremia alone which did not occur in the study.



Patients whose death was attributed to the C. jejuni infection had CD4" cell counts of <20/mm?®

(18). This shows the importance of adaptive immunity in control of C. jejuni infection.

The most informative diagnostic technique is to culture C. jejuni from stool samples of
symptomatic patients. Prior to isolation and culturing, tests can be run on the stool samples as
indicators of infection. These include: Gram stain for Gram-negative helical bacteria, stool
antigen tests to detect Campylobacter specific antigens, and molecular-based assays (Multiplex
PCR analysis of enteric pathogens) which have been developed to assess the presence of not only
C. jejuni, but other Campylobacter spp as well. (20,21) However, these techniques fail to
generate viable cultures for downstream analysis, such as antibiotic susceptibility testing, which

may be important for establishing treatment regimens.

1.3.2. Medical Sequelae

Infection by C. jejuni is now an appreciated medical antecedent to a number of
autoimmune diseases including Guillain-Barré syndrome (GBS), reactive arthritis (RA), and
inflammatory bowel disease (IBD). Using ELISA assays against C. jejuni OMP18 and P39
antigens, a recent case-control study found 34-49% of GBS, 44-62% of RA, and 23-40% of IBD
cases could be associated with prior infection by Campylobacter spp., and the seropositivity for
Campylobacter spp. was greater than that of other infectious antecedents (22). The combination
of culture and seropositivity would provide the greatest evidence to link C. jejuni to these
sequelae, but because the infectious agent is often cleared prior to onset of these autoimmune

disorders, serological tests alone are the next most reliable methodology.

GBS is an autoimmune disease characterized by acute neuromuscular paralysis
attributable to cross-reactive antibodies against gangliosides that leads to complement-dependent

nerve damage. It is described as a polyradiculoneuropathy and can damage nerves at both the



root and the periphery (23). The disease severity varies and can begin with numbness and
develop over the course of the disease into symmetrical weakness of the limbs, paralysis, or in
rare cases even respiratory failure and death. Symptoms plateau for two to four weeks as auto-
antibody titres diminish before recovery begins, but complete recovery is rare and up to one-fifth

of patients can retain permanent nerve damage and complications (23).

GBS is now classified as a post-infectious disease. Infection by C. jejuni is the most
common antecedent to GBS, preceding up to 20 to 50% of GBS cases depending on the study
and geographical location (23-25). There is evidence supporting this relation as causal in nature
and a true example of molecular mimicry. Genetic screens identified the LOS biosynthesis gene
cluster in C. jejuni, and in particular the gene cstll which encodes a sialyltransferase that was
significantly associated with neuropathogenicity (26). Compelling studies on the cross-reactivity
of anti-campylobacter antibodies against strain-specific lipooligosaccharide (LOS) and that of
anti-ganglioside antibodies against GM1 gangliosides support the theory of molecular mimicry.
In an investigation on GBS-related C. jejuni infections in Bangladesh, serum IgG from GBS
patients interacted with both specific C. jejuni LOS structures and GM1 gangliosides, and anti-
ganglioside antibodies from both GBS patients and murine mono-clonal antibodies against
gangliosides cross-reacted to purified C. jejuni LOS. The LOS structure of C. jejuni strains from
GBS patients were determined to have glycan structures identical to those of gangliosides on the

basis of mass spectrometry (27), thus corroborating findings of previous studies (23).

Reactive arthritis (RA) is a condition characterized by inflammation of the large joints
due to an autoimmune reaction following a gastrointestinal or urogenital infection (15). It has
been associated with infections by Yersinia spp., Salmonella spp., Shigella spp., Chlamydia

trachomatis, Neisseria gonorrhoea, and many others. As a common gastrointestinal pathogen, it



is not surprising that C. jejuni may also correlate with RA. One difficulty with estimating the
incidence of RA is that there are no universally accepted diagnostic criteria. A systematic review
of the literature, that used an inclusion criterion to minimize the variation in the field, reports an
incidence of post-campylobacteriosis RA to be 9 in every 1 000 infections (573 RA patients out
of 63 206 campylobacteriosis patients) which was slightly lower than both Salmonella- and

Shigella-associated RA (12 in every 1,000 infections) (28).

The inflammation of RA is often associated with impaired clearance of circulating
bacterial antigens. In the case of C. trachomatis urogenital infections, bacterial components can
be found in the synovial fluid which may perpetuate inflammation (29). However, C. jejuni
antigens have not been found in synovial fluids despite being associated with RA. The pathology
of RA as sequelae to campylobacteriosis is poorly understood. The class A LOS gene cluster in
C. jejuni that imparts the ability to sialylate the LOS is implicated as a genetic marker for the
development of RA. The high prevalence of the class A LOS is also associated with more severe
disease states. A compromised epithelial barrier caused by severe disease may lead to greater

antigen translocation and to cross-reactive antibodies (30).

IBD is driven by an imbalance or excessive immune responses in the gut directed towards
the commensal gut microbiota and are primarily driven by activated T lymphocytes. This is
supported by observations that animal models of IBD exhibit less severe disease states under
germ-free conditions, inflammation is found along areas of the gastrointestinal tract with the
greatest bacterial densities, antibiotics can alleviate disease symptoms, and a loss of
immunological tolerance to commensal microflora (31). The disease is multi-factorial in nature
so prior infection by a pathogen is just one of many contributing factors to the onset of IBD.

Some of these risk factors include residents of the host intestinal microflora, environmental



influences such as diet or antibiotic treatment, the host immune response, and genetic
predispositions such as the polymorphisms in NOD2/CARD15 (31) that exhibit reduced or loss-

of-function in recognizing microbial-associated molecular patterns (MAMPS) (32).

Despite the developing interest for C. jejuni and Salmonella spp. in the onset of IBD, the
pathogenesis mechanisms have yet to be elucidated. Three prevailing hypotheses exist for
development of IBD. The dysbiosis hypothesis suggests that there is an imbalance in the resident
microflora that shifts the population towards the harmful bacterial population to elicit
inflammation.(31) An investigation of colonization potential in mice found a positive correlation
between concentration of C. jejuni and dysbiosis of the microbiota (33). The persistent infection
hypothesis proposes that specific enteric pathogens may initiate disease or cause relapse in IBD
patients. There is insufficient evidence to distinguish whether colonization of certain microbial
species under both hypotheses, be it commensal or pathogenic, is a cause or result of IBD (31).
The luminal antigen translocation hypothesis proposes that the intestinal epithelial barrier is in
some way compromised leading to increased translocation of commensal antigens and loss of
tolerance towards resident microbial species (31). Studies have shown C. jejuni can induce
transcytosis of non-invasive Escherichia coli across epithelial monolayers (34,35). Mice infected
with C. jejuni had commensal intestinal bacteria in the mesenteric lymph nodes, liver, and spleen
(34). C. jejuni can also translocate across the epithelial cell barrier paracellularly (36). However,
disruption of tight junctions was not observed and barrier integrity remained intact. Thus,

paracellular trafficking may not contribute to antigen translocation (37,38).

C. concisus seems to be the major Campylobacter species involved as it has the greatest
significant correlation with onset of IBD. Many of the pathogenesis-associated phenotypes of C.

concisus overlap with those of C. jejuni. However, there are distinct factors found in C. concisus



that may explain its prevalence over C. jejuni in IBD. Genomic and proteomic approaches have
identified candidate genes, such as exotoxin 9/Dnal, that were highly associated with adherent
and invasive C. concisus and adherent/toxigenic C. concisus pathotypes. C. concisus can be
isolated from healthy individuals as well which challenges its role in IBD and showcases the

multifactorial nature of the disease (39).

1.3.3. Treatment and Prevention of C. jejuni Infections

There is no established treatment regimen for Campylobacter-associated gastritis other
than replenishment of fluids and electrolytes. The gastrointestinal manifestation is often self-
limiting in healthy individuals and does not require antibiotic treatment (13,15). An analysis of
antibiotic intervention in gastrointestinal complications showed significant reduction in
symptoms, severity of disease, and duration of morbidity. However, recovery was only 1.32 days
shorter and only made a significant difference if administered early in illness (40). By the time
infection is confirmed by stool culture, patients are often already recovering. Thus, the use of
antibiotics remains controversial, especially in light of growing antibiotic resistance in
Campylobacter spp. (41). In severe cases, which can develop in immunocompromised
individuals such as the young, elderly, and HIV-positive demographics (13), macrolides are the
antibiotics of choice, particularly erythromycin. Due to their broad-spectrum properties,
fluoroquinolones may also be prescribed as they are a popular choice for enteric pathogens.

However, resistance is now arising globally for both clinically important antibiotics classes (42).

Resistance to fluoroquinolones is believed to arise from the unwarranted use of
antibiotics during treatment as well as in veterinary medicine and in the poultry industry (43).
The spontaneous mutation in gyrA that confers resistance to fluoroquinolones does not have a

significant fitness cost and can easily be maintained even in the absence of selective pressures.



Mutations in 23S rRNA confers resistance to macrolides, but the rate of mutations giving rise to
macrolide resistance is much lower than for fluoroquinolone resistance in C. jejuni (42). Rather
than approach C. jejuni from a treatment perspective, prevention tactics and intervention should
be the focus (44). A national study in New Zealand has shown that implementation of food
safety programs to prevent contamination of poultry meat was effective in decreasing both the
incidence of C. jejuni enteritis (45) and GBS (46). The design of a vaccine to reduce C. jejuni
colonization in chicks is a popular area of research. One study successfully used an attenuated
Salmonella strain expressing a number of Campylobacter antigens as a vaccine and significantly
reduced colonization of the chicks. Although the designed vaccines did not reach commercial

efficacy, this study acts a proof of principle for live vector vaccines (47).

1.4. Prevalence and Significance of C. jejuni
1.4.1. Epidemiology of C. jejuni Infection

Under-reporting and under-diagnosis is a problem with foodborne diseases in general,
attributable to cases not seeking medical attention, lack of sample submissions for laboratory
tests, and under-reporting to surveillance systems. Estimates are made using pathogen-specific
multipliers by considering factors such as the likelihood of seeking medical attention. An
analysis based primarily on Canadian statistics of foodborne illnesses listed 10,344 laboratory-
confirmed cases of Campylobacter spp.-related foodborne illnesses circa 2006 reported
Campylobacter spp. as the leading bacterial cause of domestically acquired foodborne illness in
Canada, with an estimated 447cases per 100,000 which is greater than the estimated rate for non-
typhoidal Salmonella spp. (48). Regardless of geographic location or method of estimation,
Campylobacter spp. consistently remains one of the major bacterial contributors to foodborne

illness in developed nations, ranking first in Canada (48), second for incidence rates in the USA



from a 2013 report by FoodNet (49), and first in reported numbers in Europe since 2005 in

accordance with the European Centre for Disease Prevention and Control (50).

A recent report of disability-adjusted life years (DALY) has estimated Campylobacter
enteritis is responsible for 109 DALY per 100,000 population in 2010 out of 1,299 DALY lost to
diarrheal diseases globally (51). Monetary costs were recently estimated to be up to $1.7 billion
in the United States (52). Altogether, the costs of infection are a significant socioeconomic
burden that include, but are not limited to, medical expenses, lost wages, and product recalls,

making it both an economic issue and a health care concern (13).

Incidence rates increase in the spring and peak in the months of June and July, before
falling in the winter months (53). The trend is most observable in climates where there is a more
pronounced difference in seasons. Although the true reason for this is unknown, a few
investigations looking at the carriage rates in broiler chickens found an increase in the levels of
contamination during the summer months (54). In addition to this, changes in human behavior
with shifts in seasons (travel and vacations, recreational activities such as barbecuing meat) may
correlate with the increased incidence. In support of a more anthropogenic involvement in the
observed seasonal variation, the trend is absent in developing nations (14,55). As such, the

seasonal variations may be a combination of environmental and human factors.

Campylobacteriosis presents itself differently in developing countries. Firstly,
Campylobacter spp. are endemic in many developing countries and infections are most prevalent
in children less than 5 years of age. Incidence rates for children in the developing countries were
estimated to be as high as 40,000 to 60,000 infections per 100,000 individuals. This is
significantly higher than the estimated incidence rate of 300 per 100,000 in developed countries

(14). In developing countries, Campylobacter spp. are isolated from healthy children in
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comparable numbers to children expressing clinical disease and symptoms are often less severe
as well (14,56). However, Campylobacters are still significantly associated with moderate-to-
severe diarrhea (57). In addition, Campylobacter spp. infections were overrepresented in
malnourished children in developing nations (56). Further research into campylobacteriosis in

developing nations is still warranted despite reduced severity in gastrointestinal illness.

1.4.2. Sources of Infection

C. jejuni has been isolated from the intestinal tract or feces of a number of animals (12).
Surveillance programs are important in the food industry as contamination can go unnoticed due
to asymptomatic colonization. This is also a reason why there is no established reproducible
disease model to date (58). However, recent studies show promising development of disease
models in mice (59). Meat products, poultry meat in particular, are important sources of infection
and intervention tactics focus on preventing contamination (44). Unpasteurized milk has also
repeatedly been a source of C. jejuni outbreaks (60). Most C. jejuni infections are sporadic in the
developed world and rarely environmentally acquired. However, outbreaks have occurred due to
fecal contamination of drinking water such as the infamous Walkerton, Canada outbreak which
was traced back to runoffs from a farm due to heavy rainfall leading to contamination of drinking
water by both E. coli and C. jejuni (61). This, and its endemic nature in developing countries

(56), shows that C. jejuni can be environmentally acquired.

1.5. C. jejuni Physiology in Survival, Transmission, and Host-Bacterial Interactions

Despite the prevalence of C. jejuni, relatively little is known about its pathogenesis in
humans. Traditional virulence factors, such as secretion systems, are for the most part, absent in
C. jejuni, (62-64). Since the sequencing of the genome, efforts to characterize non-canonical

virulence mechanisms have provided insights into how the normal physiology of C. jejuni
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impacts virulence. Some examples of these are signal recognition and regulation of gene
expression under stress (65-67), metabolism (68,69), and maintenance of cell shape (1,68-70).
Some candidates for true virulence factors have been identified including the pVir plasmid,
which contains putative a putative type V1 secretion system (71), and the only identified toxin in
the genome, cytolethal distending toxin (62). However, the roles of these candidates in
pathogenesis are debated (72-74). The following are well-established indicators of pathogenesis,

virulence, and colonization potential.

1.5.1. Flagella, Motility, and Chemotaxis

Motility is an essential factor for C. jejuni colonization of day old chicks (6). A number
of factors play roles in efficient C. jejuni motility. Flagella, multi-protein complexes composed
of the hook-basal body and the extracellular filament, are responsible for motility of C. jejuni
(75). The hook-basal body contains MotAB proteins that act as the stator to couple proton flow
with generation of torque to rotate the extracellular filament. In the absence of the stator, the
extracellular filament cannot rotate and thus the cell is immotile. The debate between whether
motility or the flagellum itself is required for colonization has long been debated (76-78). Recent
evidence using C. jejuni AmotAB mutants suggests motility is a necessity for colonization but
flagella still plays roles as an adhesin (77). In fact, flagella of C. jejuni have many potential roles
in pathogenesis independent of motility, including secretion of Campylobacter invasion antigens
(Cia) (79) as well as evasion of host immune responses, as C. jejuni flagellin does not activate
the Toll-like receptor (TLR) 5 (80). In addition to the flagellum, chemotaxis (6,75) and cell

shape (81) are important for proper motility and colonization efficiency.
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1.5.2. Biofilm Formation

Due to its fastidious nature under laboratory conditions, C. jejuni is not expected to
survive under aerobic conditions despite being one of the most prevalent foodborne pathogens.
Biofilm formation is a proposed survival strategy important for transmission and general
response to stress such as oxidative stress (82) and the presence of bile acids (83). In response to
oxygen-enriched conditions, C. jejuni alters the proteins in its outer membrane, including the
Campylobacter adhesion to fibronectin (CadF) protein, which may contribute to its ability to
adhere to surfaces and initiate biofilm formation (82). A major component of the C. jejuni
biofilm matrix is extracellular DNA that results from cell lysis (67). However, cell lysis and
release of extracellular DNA alone are insufficient for initiation of biofilm formation and at the
least, full length flagella, but not motility is a requirement (83). C. jejuni produces biofilms as

unattached aggregates, pellicles at the air liquid interface, and on abiotic surfaces (84).

1.5.3. C. jejuni Association, Invasion, and Survival within Host Cell

C. jejuni adherence, invasion and intracellular survival have been thoroughly investigated
and the invasion capabilities of C. jejuni are proposed as an indicator of strain virulence. Studies
utilize gentamicin protection assays to assess interactions with intestinal epithelial cells in vitro.
Important factors for adherence include CadF, JIpA, PEB1, FIpA, and flagellin (36,85). Motility
has not been implicated for adherence to host cells in vitro and in fact, non-motile C. jejuni with
full length flagella exhibits increased adherence to host cells. This is in stark contrast to its
requirement in successful colonization of chick ceca due to host factors (e.g. peristalsis, mucus)
that are absent in cell-line models (77). Campylobacter invasion mechanisms have been heavily
debated and currently, actin- microtubule- independent and dependent mechanisms have all been

described (38,86-88). The best characterized uptake mechanism studied thus far includes the
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CadF/FlpA fibronectin signaling cascade that leads to uptake by actin-dependent membrane
ruffling (86,87,89,90). However, basolateral invasion of Caco-2 cells was also observed to be
actin/microtubule independent (38). The inconsistency in experimental results showcases the
extensity and complexity of C. jejuni invasion and its contribution to disease. C. jejuni is able to
survive within host intestinal epithelial cells (but not macrophages) by escaping the classical
endocytic pathway after invasion and thus avoid phago-lysosomal fusion and reside near the
Golgi-apparatus (88). In addition, secretion of Cia are now also implicated in both cell invasion

and survival within host epithelial cells (86,91-94).

1.5.4. Lipooligosaccharide and Capsule

The outer membrane of C. jejuni is composed of lipooligosaccharides (LOS) as opposed
to lipopolysaccharide (LPS) as it does not contain the O-antigen characteristic of other Gram-
negative LPS structures. The LOS of C. jejuni is characterized by Lipid A membrane anchor
bound to keto-deoxyoctulosonate and heptose moieties of the inner core, and an oligosaccharide
outer core containing a variety of combinations of galactose, sialic acids, and N-
aceytlgalactosamine (26). The LOS in C. jejuni contributes to resistance to complement proteins,
cationic antimicrobial peptides (CAMPs), and bile acids and is necessary for successful host
colonization as shown using LOS truncation experiments (95,96). The LOS of C. jejuni can also
be modified to alter the host response. The Lipid A moiety is modified relative to E. coli in that
two of the acyl chains are amide linked which significantly reduces recognition by TLR4 (97).
Phosphoethanolamine can be added to Lipid A as well as to the first heptose sugar in the inner
core to confer resistance to CAMPs and may play a role in activating TLR4-MD2 mediated
responses (98). The LOS of C. jejuni is also implicated in the onset of GBS through biomimicry

and is supported by experiments showing cross-reactivity between anti-gangliosidic and anti-C.
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jejuni LOS antibodies (23,26,27). In addition to its role in GBS, C. jejuni strains that possess the
ability to incorporate sialic acid into their LOS outer core (LOS A/B strains) correlates with

severe gastroenteritis and reactive arthritis (30).

C. jejuni produces capsular polysaccharides (CPS) that are the major antigenic
components recognized in the Penner serotyping method (99). The Penner serotyping scheme
has identified upwards of 60 different serotypes, all of which in theory represent a different CPS
structure. Indeed, great genetic diversity in the CPS locus of C. jejuni strains correlates with
compositional differences (100). The CPS plays a role in resisting complement-mediated killing
but offers limited protection against 3-defensins (101). In addition, the C. jejuni CPS was shown
to reduce the levels of TLR2 and TLR4 activation, likely due to shielding of their respective
MAMPs (102). Conjugate vaccine trials using C. jejuni CPS conjugated to diphtheria toxin
mutant CRM197 in non-human primates are promising and protected from diarrheal disease,
(103). A more robust vaccine design that is multivalent is necessary considering the vastly
different CPS structures; however, this is an initial proof of principle that conjugate vaccines

may play an important role in control of C. jejuni in the future (103,104)

1.6. Peptidoglycan: The Bacterial Cell Wall

The bacterial cell envelope is an important anatomical feature made up of a number of
components. Selectively permeable lipid bilayer membranes separate the interior of the cell from
the environment. Imbedded in/spanning these membranes are proteins such as sensor kinases of
two-component regulatory systems for sensing and responding to external stimuli, flagella and
pili for motion, bacterial adhesins for attachment to surfaces, transport proteins, and many others.
The structure of the cellular envelope is maintained by the peptidoglycan (PG) layer. The PG

sacculus is a large heteropolymeric complex comprised of alternating residues of $-1-4 N-
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acetylglucosamine (GIcNAc) and N-acetylmuramic acid (MurNAc) with associated cross-linked
peptide side-chains. It is responsible for providing structural strength to resist turgor pressures
and for maintaining cell shape. It also acts as an anchoring point for proteins of various functions
including those that stabilize the outer membrane of Gram-negative bacteria (105-107). The
bacterial cellular envelope follows two general patterns. Gram-negative bacteria contain two
lipid bilayers (inner and outer membranes) with a thin layer of PG in between. Gram-positive
bacterial cell envelopes are characterized by a single lipid bilayer membrane encompassed by a

thick layer of PG (108) (Fig. 1A). This has major implications for antibiotic treatment regimens.

1.6.1. Peptidoglycan Metabolism

Although rigid, the PG sacculus is a dynamic structure that is constantly being
synthesized, modified, and degraded. PG synthesis begins in the cytoplasm as the generation of
the precursor uridine diphosphate (UDP)-MurNAc with a pentapeptide side-chain extending
from the C3 position, consisting of L-ala-y-D-glu-meso-DAP-D-ala-D-ala in Gram-negative
bacteria and L-ala-y-D-glu-L-lys-D-ala-D-ala in Gram-positive bacteria (108). However, there
are notable exceptions such as Bacillus spp. which contain meso-DAP type PG (109,110).
Synthesis of this precursor is performed by the Mur ligases (MurA-F). UDP-MurNAc is first
attached to the Css lipid carrier via MraY and freeing UDP to form lipid I. UDP-GIcNAC is then
attached by MurG releasing UDP and forming lipid 11 (111,112). The lipid Il precursor with the
muropeptide in the cytoplasm needs to be flipped into the periplasm via a flippase. This flippase
was recently identified as MurJ (113) in E. coli. Incorporation of the new precursor is
accomplished by bi-functional penicillin-binding proteins (PBP) in which the new disaccharide

is added onto the reducing end of the pre-existing PG glycan backbone by the
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glycosyltransferase function followed by the transpeptidation function to cross-link the side

chain to a pre-existing side chain of a separate glycan strand (111).

A number of modifications are still possible (114). Different bacteria have unique
repertoires of remodeling and modifying enzymes available in their genomes. The collective
action of these enzymes leads to the generation of a structure that varies chemically (e.g.
muropeptide compositional analysis by HPLC) (4), in structure (e.g. orientation of the glycan
strands relative to the cell), architecture (e.g. subcellular structures and organization like cords,
knobbles, and differential densities assessed by electron cryotomography and atomic force
microscopy), and overall mechanics (e.g. cell division properties) which cumulate as a distinct
bacterial shape (105,115).

As the cells grow, in addition to synthesis of new PG, small muropeptide fragments are
released into the environment through lytic means that are necessary for division, remodeling,
and repair (111,116). A major class of enzymes responsible for PG turnover are N-
acetylmuramidases that cleave the -1,4-glycosidic linkages. These are endogenous bacterial
lytic enzymes that are either true muramidases that are similar mechanistically to lysozyme
(hydrolytic activity) or lytic transglycosylases (LytTG) that lyses the glycosidic bond using the
free hydroxyl functional group on the C6 carbon (C6-OH) in an intramolecular cyclization
yielding a bicyclic anhydromuropeptide (anhMP) species (Fig. 1B). These play important roles
in PG metabolism as they generate insertion sites for newly synthesized muropeptides during cell
growth and division (117). In addition, the anhMP is a distinctly different muropeptide structure
and is recognized by specialized permeases for import into the cytoplasm for recycling or for

signaling. Turnover and recycling rates may differ between bacteria as well (116).

17



1.6.2. Peptidoglycan, Cell Shape, and Pathogenesis

PG maintains cell shape and therefore is modified to suit the needs of the organism that
changes shape when moving from one to another environment (105,106,118). Changes to
bacterial shape can be triggered by a number of different stimuli and are reflected as a change in
the PG muropeptide composition, such as in sporulation, filamentation, and transitioning from
helical to coccoid forms. Mutations in remodeling enzymes can affect interactions with the host
and pathogenesis in a number of bacterial species. The most relevant example is the corkscrew
motility of C. jejuni that is aided by its helical shape and polar flagella which are thought to be
important in enhancing its ability in comparison to bacilli to move through viscous media, such
as the mucus layer of the gastrointestinal tract (81,118). Deletion of PG remodeling enzymes
peptidoglycan peptidase 1 (pgpl) and 2 (pgp2) in C. jejuni (1,70) results in a complete change in
the morphology from helical to straight cells, with accompanying defects in traits associated with
pathogenesis. PG remodeling has been shown to influence shape and pathogenic properties in
numerous bacterial species including but not limited to Mycobacterium tuberculosis, Proteus

mirabilis, and Helicobacter pylori (119-122).

1.6.3. Significance of Peptidoglycan Signaling and its Role in Host-Response to Infection

As PG is unique to bacteria, it is used as an indicator for the presence of bacteria.
Proteins that contain PG recognition domains (e.g. lysine motif domain, penicillin binding
proteins and Ser/Thr kinase-associated motif) are found in organisms across all kingdoms of life
with the exception of Archaea. Many examples of bacterial resuscitation from dormancy (e.g.
germination of B. subtilis spores) involve the quiescent body sensing muropeptide fragments
shed from actively growing cells as an indication of improved growth conditions. PG signaling is

also seen in eukaryotes, such as in the legume-rhizobium symbiosis for nitrogen fixation and the

18



Euprymna scolopes (bobtail squid) symbiosis with V. fischeri in the light organ (116). In
addition, proteins of the PG recognition protein family have been implicated in immune
tolerance to and control of commensal microbiota using a variety of mechanisms in studies with
insects, fish, and mice (123). PG recognition is also a defense mechanism of host organisms for

eliciting immune responses to pathogenic bacteria.

The innate immune system recognizes MAMPs using pattern recognition receptors
(PRR). MAMPs are small molecules that are associated with foreign microbial organisms but not
the host. Some common MAMPs are flagellin, lipoprotein, lipopolysaccharide, peptidoglycan,
and CpG oligonucleotides. Of the known PRRs the best characterized are those of the TLR
family. Each TLR has a leucine rich repeat domain that binds its agonist MAMP. Binding
ultimately leads to downstream NF-«B activation and transcription of genes to elicit an immune
response (112). Some studies suggest that TLR-2 may recognize PG in complex with
lipoproteins but this is still debated (124). Similar types of PRRs known as the nucleotide-
binding oligomerization domain (NOD) -like receptors (NLR) are intracellular receptors for
MAMPs. NOD1 and NOD?2 recognize D-glu-meso-DAP and muramyl dipeptide as their cognate
agonists respectively; both are components of PG. As NOD1 recognizes meso-DAP, it is more
important for recognition of Gram-negative bacteria than most Gram-positive bacteria (125).
Studies have shown that C. jejuni can elicit an immune response in vitro from epithelial cells

through NOD1 activation (126).

1.6.4. Peptidoglycan as a Target for the Design of Antimicrobial Compounds
PG metabolism is a dynamic balance of synthesis, remodeling, and degradation.
Inhibition of any process may shift the overall metabolic activity towards an unfavourable state

that can be detrimental to the physiological condition of the cell (105,127). Given the essential
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role of the bacterial cell wall, it is not surprising that antibiotics like f-lactam antibiotics target
PG biosynthesis machinery. In fact, penicillin irreversibly inhibits the transpeptidase functions of
high-molecular weight PBPs thus shifting PG metabolism towards degradation, leading to cell
lysis and death (114). C. jejuni and other Campylobacter spp. are resistant to this class of
antibiotics both intrinsically, due to the outer membrane and small pore size (128) (Fig. 1A)
restricting access to PG, and through -lactamase production in certain strains (42). Thus,
understanding PG biosynthetic mechanisms may be advantageous to the development of new
antimicrobials. A number of PG remodeling enzymes have been proposed as targets for
antimicrobial design including LD-transpeptidases in M. tuberculosis (129,130) and N-
acetylglucosamine de-acetylases in Bacillus anthracis (110). Recently, O-acetylation of PG

machinery has garnered attention as a potential target.

1.6.5. O-Acetylation of Peptidoglycan

In addition to glycosyltransferase, transpeptidase, and hydrolase activities, PG can be
biochemically modified in a number of manners, some of which contribute to pathogenesis and
immune evasion. O-acetylation of peptidoglycan (OAP) is a phenomenon characterized by the
acetylation of the C6-OH of MurNAc residues (117,131). OAP occurs in both Gram-positive
(132,133) and Gram-negative (134,135) bacteria, and this modification confers resistance to
lysozyme which degrades PG by cleaving the glycosidic bonds in the PG backbone (131). This
modification contributes to lysozyme resistance in Gram-negative bacteria, as demonstrated in
H. pylori mutants defective in O-acetylation and N-deacetylation exhibiting increased
susceptibility to physiologically relevant concentrations of lysozyme in the presence of
lactoferrin, which permeabilizes the cell membrane (136). The degradative activity of lysozymes

is important for host immune defenses as they have antibacterial properties, generate NOD
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agonists, and prevent circulation of large fragments of PG which has been linked to the
development of rheumatoid arthritis (117,137). GIcNAc N-de-acetylation (110,138) and GIcNAc
O-acetylation (139) also confer resistance to lysozyme. OAP is also believed to be involved in
maintenance and regulation of PG turnover by preventing the activity of LytTGs that require the
C6-OH moiety of MurNAc to cleave the glycosidic bond (Fig. 1B). Dysregulation of OAP has
been shown to affect a number of physiological processes in multiple bacterial species. Factors
influenced either directly by OAP or indirectly through LytTG inhibition (140) include cell
division (141,142), anchoring of protein/glycoprotein complexes (142,143), cell morphology

(109), glycan length regulation (144), and swarming motility (120).

The OAP gene cluster was discovered in N. gonorrhoeae and is primarily responsible for
OAP in Gram-negative bacteria, but homologs are also found in addition to other OAP (oatA/B)
machinery in some Gram-positive pathogens (131,145,146). Since the discovery of PatB and
Apel in N. gonorrhoeae and N. meningitidis, these proteins have been well characterized
biochemically including a description of the catalytic residues, the mechanism of enzyme action,
and substrate specificity (145,147-151). Host interaction studies also lend support for their
application as targets for antimicrobial design (144,152). C. jejuni encodes homologs of the OAP
gene cluster: a putative transmembrane protein, Peptidoglycan O-Acetyltransferase A for
translocation of acetate, a putative periplasmic transferase Peptidoglycan O-Acetyltransferase B
for O-acetylation of MurNAc, and a putative O-Acetyl- peptidoglycan Esterase for de-O-
acetylation. (Fig. 1C) These genes have yet to be characterized in C. jejuni, a species that relies

on its helical form for host colonization.
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Figure 1. Peptidoglycan is the structural component of the bacterial cellular envelope and is highly
variable due to PG remodeling and modification machinery.
Complete figure caption can be found on page 23.
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Figure 1. Peptidoglycan is the Structural Component of the Bacterial Cellular Envelope and is
Highly Variable due to PG Remodeling and Modification Machinery.

A) Organization of the cellular envelopes of Gram-negative and Gram-positive bacteria. Gram-negative
bacteria possess an outer membrane and a thin layer of peptidoglycan while Gram-positive bacteria that
contain a thicker peptidoglycan layer and no outer membrane. B) O-acetylation of MurNAc inhibits the
activity of N-acetylmuramidases. Lysozyme (Lys) activity is believed to be inhibited sterically due to the
presence of the acetate at the C6-OH. OAP inhibits Lytic transglycosylase (LytTG) activity as it requires
a free C6-OH to lyse the glycosidic bond. LytTG activity results in the formation of a bicyclic structure
called an anhydromuropeptide. C) Proposed functions of the OAP machinery. C1) patA encodes
peptidoglycan O-acetyltransferase A, a putative translocase responsible for translocation of acetate from
the cytoplasm to the periplasm. The source of the acetate is currently unknown (?). C2) patB encodes
peptidoglycan O-acetyltransferase B, the periplasmic protein that transfers acetate from PatA to the C6-
OH of MurNAc. C3) apel encodes O-acetylpeptidoglycan esterase, a periplasmic protein responsible for
removing acetate from the C6 of MurNAc. De-O-acetylation must precede the activity of LytTG.

1.7. Hypothesis and Research Objectives

My thesis hypothesis was that the C. jejuni OAP gene cluster encodes a vital component

of the PG biosynthetic machinery and is required for maintenance of cell integrity and

pathogenesis-associated properties. The overall goals were to 1) address how OAP genes affect

PG structure; 2) investigate the effect of OAP on C. jejuni physiology and host interaction

1.7.1 Objectives (Aims) of the Project

A. Generate deletion mutants and complemented strains for each gene in the OAP gene cluster.
B. Analyze the muropeptide profiles and O-acetylation levels of the OAP mutants.

C. Biochemically characterize Apel and confirm its activity on purified PG in vitro.

D. Characterize the virulence-associated phenotypes and shape changes of OAP mutants.
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2. MATERIALS AND METHODS
2.1. Strains and Growth Conditions

A list of bacterial strains and plasmids used in this study can be found in Appendix 1 and
a description of their construction below. C. jejuni strains, unless otherwise stated, were grown in
Mueller-Hinton (as directed by the manufacturer) (MH; Oxoid) broth or agar (1.7 % wi/v)
supplemented with vancomycin (V; 10 pg/ml) and trimethoprim (T; 5 pg/ml) and when
appropriate kanamycin (Km; 50 pg/ml) and chloramphenicol (Cm; 25 pg/ml). Standard
laboratory conditions for C. jejuni growth were 38°C under microaerophilic conditions (12%
CO,, 6% O in N,) in a Sanyo tri-gas incubator for MH agar or for standing MH broth cultures.
For shaking MH broth cultures, C. jejuni were cultured in airtight jars using the Oxoid
CampyGen Atmosphere generation system with shaking at 200 rpm. Aapel was standardized to
2X the ODgp of wild-type 81-176 to achieve identical CFU counts. Experiments were performed
on log-phase cultures obtained from 16-18 h shaking broth-grown cultures initiated at ODgqo
0.002 in 10 mL MH-TV (OD~0.2-0.3 at harvest with a doubling time of approximately 2.5 hrs,
not shown). For plasmid construction and protein purification, Escherichia coli (DH5-a or
BL21) strains were grown at 37°C in Luria-Bertani (LB; Sigma) broth or LB agar (7.5 % w/v)

supplemented with ampicillin (Ap; 100 pg/ml), Km (25 pg/ml) or Cm (15 pg/ml) as required.

2.2. Deletion and Complementation of OAP mutants

Genes were PCR amplified using iProof™ (Bio-Rad) with primers designed to include
500-600 bp of flanking DNA on either side of each gene (for the sequence of PCR primers used
for each gene, refer to Appendix 2). PCR products were adenylated at the 3’-ends using Taq
DNA Polymerase (Invitrogen) and ligated to commercial cloning vector pPGEM-T (Promega),

resulting in pGEM-T-0638, pGEM-T-0639, and pGEM-T-0640. Vectors were transformed into
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E.coli DH5-a and selected for ApF resistance and blue/white screening. All constructs were
verified by sequencing and restriction digestion. The resulting constructs were inverse PCR
amplified using primers designed to amplify the flanking regions and pGEM-T vector without
the target gene save for the sequences used for primer design at the 5’ and 3’ ends of each gene.
Inverse PCR products were restriction digested where appropriate by cutting at sites encoded
within the primers, and ligated to the non-polar Km® cassette (aphA-3) digested out of pUC18K-
2 (153) with Kpnl and Hincll to form the deletion-constructs pGEM-0638::aphA-3, pGEM-
0639::aphA-3, and pGEM-0640::aphA-3. To generate the pPGEM-0638-40::aphA-3 deletion
construct, the primers 0637-1/0638-1(Kpnl) and 0641-1(Ncol)/0641-2(Kpnl) were used to
amplify the regions downstream and upstream of the OAP operon, respectively. The downstream
PCR product was adenylated, ligated to pPGEM-T, digested with Kpnl and Ncol and ligated to the
upstream PCR product (digested with Kpnl and Ncol) generating pGEM-T-0637+0641. The
aphA-3 from pUC18K-2 (Kpnl and Hincll digested) was ligated to pPGEM-T-0637+0641
digested with Kpnl and Smal resulting in pPGEM-T-0638-40KmF. C. jejuni 81-176 was naturally
transformed with each deletion construct. Mutant strains were selected by Km® and verified by

PCR, restriction digestion, and sequencing (Fig. 2B).

Genes were complemented using the pRRC system for gene delivery and expression
(154). The genes ¢jj81176_0638, ¢jj81176_0639, and cjj81176_0640 were each individually
PCR amplified using the complementation primers (denoted with a C in the primer name after
the gene designation in Appendix 2). PCR products and pRRC vectors were restriction digested
with Mfel/Nhel and Xbal/Nhel, respectively and ligated together. The resultant complementation
constructs were transformed into E.coli DH50, selected for resistance to Cm™ on LB-Cm® agar

plates and confirmed by PCR and sequencing. Complementation constructs were naturally
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transformed into their respective mutants with the exception of pRRC-0638 which was first

methylated before transformation into Aapel. Successful transformants were confirmed by PCR
(Cat-2 and corresponding reverse complement primers designated with C2, Appendix 2) (1) and
the rRNA locus of each insertion was confirmed using ak233, ak234 and ak235 primers specific

to each of the three ribosomal spacer regions with the C2 primers (Appendix 2) (154).

2.3. Cloning of Apel for Expression and Purification

The apel gene was PCR amplified using primer pairs 0638-His-NF/0638-His-NR and
0638-His-CF/0638-His-CR for insertion into pET28a(+) in frame with the encoded N-terminal
and C-terminal 6xHis tags, respectively to yield pHisg-0638 and p0638-Hiss respectively. Primer
0638-His-NF was designed with an Nhel restriction site for insertion downstream of pET28a(+)
encoded 6xHis tag and thrombin cleavage site and will amplify cjj81176_0638 starting after the
signal sequence predicted by SignalP 4.1. Primer 0638-His-NR is designed with an EcoRI
restriction site for cloning into the MCS and contains the originally coded TAA stop codon.
Primer 0638-His-CF was designed with an Ncol restriction site, that contains an AUG start
codon and will amplify cjj81176_0638 starting after the signal sequence predicted by SignalP
4.1. Primer 0638-His-CR is designed with an EcoRl restriction site for cloning into the MCS and
does not encode a stop codon allowing for translation through to the 6xHis tag followed by a

TGA stop codon encoded in the pET28a(+) expression vector.

2.4. PG Isolation and Assessment of O-Acetylation Levels

PG isolation for O-acetylation analysis was performed as previously described with
modifications (133,148). Strains were streaked onto MH-TV agar (supplemented with antibiotics
as necessary) from freezer cultures, and passed once to two MH-TV plates (to ensure there is a

sufficient amount of bacteria for the next passage) in parallel. From the two MH-TV plates,
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strains were then passed to ~60 MH-T (supplemented with Km or Cm as necessary) plates and
grown for ~18-20 hrs. Cells were harvested by suspension in cold MH-TV broth followed by
centrifugation. Strains were assessed by differential interference contrast (DIC) microscopy for
contamination, and the absence of coccoid cells to ensure that cultures had not grown into
stationary phase. Cells were harvested by centrifugation (8 000 x g, 15 min, 4°C) and
resuspended in 50 mL of 25 mM sodium phosphate buffer pH~6.5. The cell suspension was
added drop-wise to an equal volume of boiling 8% SDS in 25 mM sodium phosphate buffered at
pH~6.5 and boiled for three hours under reflux with stirring. Samples were centrifuged (8 000 x

g, 10 min, 25°C) and the lysate supernatant containing PG was stored at -20°C until needed.

SDS-insoluble PG was recovered by ultracentrifugation (160 000 x g, 1 hr, 25°C) of
lysate supernatant (Optima L-90K with 70 Ti Rotor, Beckman Coulter). PG pellets were washed
with sterile ddH,0 to remove SDS (tested using methylene blue/chloroform test on supernatant
from washes) (155), after which they were frozen at -20°C and lyophilized (FreeZone 2.5 Liter
Benchtop Freeze Dry System, Labconco). Lyophilized PG was resuspended in 2 mL of 10 mM
Tris-HCI, 10 mM NaCl, buffered at pH~6.5 and sonicated (Misonix XL 2020, Mandel Scientific)
on ice with a microtip for 2 mins continuously at 35 % power. The suspension was treated with
100 pg/ml a-amylase (Fluka Biochmika), 10 pg/ml DNase I (Invitrogen), 50 ug/ml RNase A
(ThermoScientific), and 20 mM MgSO, overnight at 37°C. Protease (from Streptomyces griseus,
Sigma-Aldrich), heat-treated at 60°C for 2 hrs, was added to a final concentration of 200 pg mL™
and the suspension incubated overnight at 37°C. The samples were then added to an equal
volume of boiling 8% SDS in 25 mM sodium phosphate buffer pH~6.5 and boiled under reflux
for 3 hrs. SDS-insoluble PG was recovered by ultracentrifugation (160 000 x g, 1 hr, 25°C),

washed with sterile ddH,O, frozen at 20°C, lyophilized and stored at -20°C until needed.
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O-acetylation levels were assessed by David Sychantha and Anthony Clarke at the
University of Guelph. Purified PG were resuspended in 10 mM sodium phosphate buffer pH 6.5
(10 mg mL™) and homogenized by sonication on ice with a microtip for 2 min continuously at
45% power. Homogenized PG solutions were adjusted to 100 mM NaOH to release O-linked
acetate, or 100 mM sodium phosphate buffer pH~6.5 as controls, and incubated at 40°C for 4 hr
with agitation. Insoluble material was removed by centrifugation (21 000 x g, 10 min, room
temperature) and the supernatants were filtered through Millex-HV 0.45 pm-pore-size
membranes. The concentration of acetate was quantified by HPLC (7.8 x 300 mm Rezex ROA-
Organic Acid column, Phenomenex) operated with 0.005 M H,SO4as eluent at 0.6 mL min™ and
with a column temperature of 45°C. Elution of acetate was monitored using UV absorbance at
205 nm (5). The total MurNAc content was determined by acid hydrolysis of homogenized PG
(50 uL) in 6 M HCl at 100°C for 1.5 hrs in vacuo. Samples were dried at 50°C in vacuo over
solid NaOH to neutralize excess HCI and the hydrolysate was dissolved in 300 uL Mili-Q water.
MurNAc quantification was performed using high-performance anion-exchange chromatography
with pulsed amperometric detection (Dionex ICS-5000+ LC system, 3 x 150 mm Dionex

CarboPac PA20) (4).

2.5. PG Isolation and Muropeptide Analysis

PG was prepared from strains pulled from freezer culture and grown overnight under
standard conditions, passed once to an MH-TV plate and grown overnight, and then passed to
~20-25 MH-T plates (supplemented with Km as required) and grown for ~18-20 hr. Cells were
harvested by suspension in cold MH-TV broth followed by centrifugation. Strains were assessed
by differential interference contrast microscopy (DICM) for contamination and to ensure cells

did not grow into stationary phase (appearance of coccoid cells). Cells were lysed using the
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boiling SDS technique as previously described (70) and PG was purified from the cell lysate as
described. (3) The PG was digested with the muramidase cellosyl (kindly provided by Hoechst,
Frankfurt, Germany), the muropeptides were reduced with sodium borohydride treatment, and
subsequently separated by HPLC as described (3). Muropeptide structures were assigned (i)
based on comparison with retention times of known muropeptides from C. jejuni (1,70) and (ii)
by mass spectrometry (MS). For MS analysis, muropeptide fractions were collected,
concentrated by SpeedVac, acidified by addition of trifluoroacetic acid to 1%, and analyzed by
offline electrospray mass spectrometry on a Finnigan LTQ-FT mass spectrometer
(ThermokElectron, Bremen, Germany) at the Newcastle University Pinnacle facility as described
2).
2.6. Expression, Purification, and Biochemical Assays of Apel

Cjj81176_0638 was PCR amplified (Appendix B) without the predicted 21 amino acid
signal peptide (as identified by SignalP 4.1 Server) (156) and cloned into the pET28a(+)
(Novagen) expression vector in-frame with the encoded 6xHis-tag at either the N- or C-terminal
codon of the gene, giving rise to pHiss-0638 and p0638-His; respectively (Appendix A).
Expression constructs were transformed into E. coli-BL21 via heat shock and selected for
resistance to Km (3'-aminoglycoside phosphotransferase type 111) encoded on pET28a (+).

Constructs were confirmed by PCR and DNA sequencing.

Expression vectors were transformed into E. coli BL21 for expression. BL21-pET28a(+),
BL21 - pHisg-0638, and BL21 - p0638-Hisg were grown overnight under standard conditions in
the presence of Km, as required. Overnight cultures were subcultured to an OD600 of 0.2 and
grown to ODgqo 0f ~0.5-0.6 before induction with 1 mM IPTG at room temperature for 3 hrs.

Bacterial lysates were prepared by sonication for 2 mins (10s On/ 10 s OFF) in Lysis Buffer 1
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(50 mM sodium phosphate buffer pH~8.0, 300 mM NaCl, 10 mM imidazole) and recombinant
Apel was purified by Ni-NTA agarose (Qiagen) affinity chromatography. The sample was
washed twice with 4 mL of Wash Buffer 1 (20 mM imidazole, 50 mM sodium phosphate buffer
pH 8.0, 300 mM NacCl), once with 4 mL of Wash Buffer 2 (35 mM imidazole, 50 mM sodium
phosphate buffer pH 8.0, 300 mM NacCl), and eluted with elution buffer (200 mM imidazole, 50
mM sodium phosphate buffer pH 8.0, 300 mM NacCl). Purified protein was dialyzed against 250
x sample volume of dialysis buffer (50 mM sodium phosphate buffer pH 8.0, 30 mM NacCl)
using Slide-A-Lyzer (ThermoScientific) at 4 °C. The dialysis buffer was changed twice over 36
hrs. The sample was recovered and any precipitate present was removed via centrifugation.
Quantification of total soluble protein was performed with Bio-Rad Dc Protein Assay Kit or by
measuring the absorbance at 280 nm on a Nanodrop (ND-1000, ThermoScientific). Samples
were concentrated using 3 kD MWCO (Millipore) as directed and concentrated samples were

flash frozen in liquid N, as 10 uL aliquots for storage at -80°C until required.

Acetylesterase activity was measured using p-nitrophenylacetate (pNPAC) as a
colorimetric substrate as previously described (147) by tracking the production of p-nitrophenol
as a change in absorbance at 405 nm. Assays were performed with 2.5 pg mL™ of purified Apel-
Hisg in 50 mM sodium phosphate buffer pH~6.5 and 2 mM pNPAc. Reactions were monitored
over a minimum of 5 mins and specific activity calculated with an experimentally determined
molar absorptivity of 3.416 mM™cm™ for p-nitrophenol (room temperature and in 50 mM

sodium phosphate buffer pH~6.5).

PG-O-acetylesterase activity was measured using purified PG (as in PG Isolation and
Assessment of O-Acetylation Levels above). Lyophilized PG was resuspended in sodium

phosphate buffer pH~6.5 to a concentration of 5 mg mL™ and sonicated on ice with a microtip
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for 2 mins (10 s pulses 10 s break) at 35% PWR (Misonix XL 2020). A 500 uL sample of PG
suspension was supplemented with Apel-His to a concentration of 10 ug mL™ (buffer only for
negative control). Samples were incubated at 37°C in a water bath for 24 hrs after which samples
were centrifuged (10 000 x g, 10 mins, 4°C) to pellet PG. Acetate content in supernatant was

assessed with Acetic Acid Assay Kit (Megazyme International) as directed.

2.7. Microscopy and Celltool Shape Analysis

Overnight MH-TV log-phase broth cultures were standardized to 10 mL of ODggo of 0.05
and incubated for 4 hrs and 7 hrs at 38°C with 200 rpm shaking. At each time point, the ODggo
was recorded, the concentration of cells in the culture quantified by drop-plating 10-fold serial
dilutions, and the samples were processed for microscopy using agarose slabs for DICM and

prepared for transmission electron microscopy (TEM) in parallel.

For TEM, samples were prepared as previously described (1). Cells were fixed with 2.5
% (v/v) of glutaraldehyde on ice for 2 hr. Fixed samples were harvested by centrifugation at
8,000 x g for 5 min and resuspended in an equal volume of Ultrapure H,O (Invitrogen). To
prepare samples for visualization, 2 puL of fixed cells were mixed with 4 uL of 1% uranyl acetate
(w v'') on parafilm, and left for 1 min. A formvar-carbon film on 300 mesh copper grid
(Canemco-Marivac, Lakefield, QC, Canada) was placed on the suspension. Grids were removed
from the suspension, dried, washed 10 times in ddH-0O, dried again, and visualized on a Hitachi
H7600 TEM equipped with a side mount AMT Advantage (1 mega-pixel) CCD camera
(Hamamatsu ORCA) at the UBC Bioimaging facility (The University of British Columbia,

Vancouver, BC, Canada).

Several representative fields of live cells were imaged on agarose slabs for each strain

using DICM (Nikon Eclipse TE2000-U equipped with Hamamatsu C4742-95 digital camera) for
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Celltool analysis. (157) Images were processed by thresholding to generate binary images in
Adobe Photoshop ®. Images were thresholded to generate white cells on a black background
such that the outcomes of the cell shapes were true to the original DICM image. Similar
thresholding levels were maintained for each set of images and different image sets were
thresholded such that the background pixilation was similar. Artifacts and cells that were
clumped or ill-represented based on lighting effects were manually removed. The Celltool
program was used to extract the contours of each cell. The contours of the wild-type population
were aligned to one another to generate an average shape and principal components analysis
(PCA) was performed to generate a "Shape Model" to describe 95% of the variation in the wild-
type population (the default percentage) based on different principal components called “shape
modes”. Contours of other strains were then aligned to this wild-type PCA Shape Model as a
reference. Kolmogorov-Smirnov tests were used on 1D smooth histograms of each shape mode
to determine whether there was a statistically significant difference between the strains based on

this wild-type Shape Model (157).

2.8. Phenotypic Characterization of OAP Mutants: Motility, Biofilm, Cell Surface
Hydrophobicity, and Minimum Inhibitory/Bactericidal Concentrations

Phenotypic assays were performed on log-phase broth cultures as described in Strains
and growth conditions above. Motility and biofilm assays were performed as previously
described (70,158). For motility assays in soft agar, overnight cultures were resuspended to an
ODggo 0f ~0.2 in MH-TV broth and 2 pL was point inoculated in MH-TV agar (0.4% w v™).
Halo formation was measured after overnight growth. Biofilm formation was assayed as standing

cultures in MH-TV broth at a starting ODgg of ~0.05 from overnight log-phase cultures grown
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for 24 hours in borosilicate test-tubes. Biofilms were quantified with crystal violet staining and

absorbance measured at 570 nm.

Cell surface hydrophobicity was assessed using the hexadecane partitioning method as
previously described (159,160) with the following adjustments. Cells were harvested at 8,000 x g
for 10 mins and washed three times with PBS, and resuspended to an ODggo ~0.5. Hexadecane
was added in a ratio of 1:4 (hexadecane:aqueous solution) by volume, the mixture vortexed for 5
min and incubated at 38°C for 30 min. The aqueous layer was removed, aerated by bubbling N, gas
through the aqueous layer for 30 seconds and left open to the air for 10 minutes to ensure removal of all

traces of hexadecane, and the ODgy measured. Cell surface hydrophobicity was expressed as
follows where OD600i and OD600f refer to the optical densities before and after extraction

respectively.

0D600i — 0D600f
0D600i

% Hydrophobicity = ( )x 100%

Minimum inhibitory concentration/bactericidal concentration (MIC/BC) experiments
were performed as previously described. In a 96-well plate, 100 pL of inoculum (log-phase
overnight cultures standardized to ODggo ~0.0002 [10° CFU mL™]) and 11 pL of 10X
concentrated test compound (in 2X-serial dilutions) were added to each well. A list of
compounds tested and the range of concentrations can be found in Table 3. ODgoo Was measured
for each well using the Varioskan Flash Multimode Plate Reader (Thermo Scientific). MIC was
recorded as the lowest concentration of compound that reduced ODgoo by 50% relative to a
positive control (no-test compound) after 24-hours of growth. The MBC was defined as the

lowest concentration of a compound required to kill bacteria after 24-hours, and was determined
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by spot plating 5 uL. from each well onto MH-TV agar free of test compounds and was assessed

as the lowest concentration of compound that resulted in no growth (zero colonies).

2.9. Chick Colonization Studies

Chick colonization was assessed by Michael E. Taveirne and Victor J. DiRita under
protocol 10462 approved by the University of Michigan Committee on Care and Use of Animals
as previously described (6,70). Day-old chicks were inoculated with 1x10* CFU of C. jejuni
strains by oral gavage. Chicks were sacrificed 7 days post-inoculation and cecal contents were
recovered, diluted in PBS, and plated on a Campylobacter selective medium (MH supplemented
with 40 pgmL? V, 10 pg mL™ T, 4 pg mL™ cefoparazone, and 100 pg mL™ of cyclohexamide)
and incubated at 42°C under 6% O,, 12% CO,, 82% air for 2-3 days. Colonies were counted and

expressed as CFU g™ of cecal contents.

2.10. Gentamicin Protection Assay

Gentamicin protection assays were performed as previously described (69). Strains were
grown under standard laboratory conditions to obtain log-phase broth cultures. INT-407 cells
were seeded into 24-well tissue culture plates at ~1.25 x10° cells in Minimum Essential Medium
(MEM) supplemented with 10% fetal bovine serum (FBS) and 1X penicillin/streptomycin
(pen/strep) (Gibco, Life Technologies) 24 hrs before infection. INT-407 cells were washed twice
with 1 mL of MEM. Bacterial strains in log-phase were standardized to ODgy ~0.002 in MEM
for infection at a multiplicity of infection (MOI) of ~80. Spot plating of 10-fold serial dilutions
was used to enumerate the initial inoculum (on MH-TV agar supplemented with 20 mM
Na,SO3). At three hours post-inoculation, 3 hr-wells were washed twice with MEM before lysis
and enumeration on MH-TV agar supplemented with 20 mM Na,SO3 (representing bacteria that

have both adhered to and invaded INT-407 cells) and 5 hr- and 8 hr-wells had inoculum replaced
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with MEM supplemented with 150 pg mL™ of gentamicin. At five hours post-inoculation, 5 hr-
wells were washed and enumerated as described above for the three hour time-point (invasion)
and 8 hr-wells had gentamycin removed and replaced with MEM supplemented with 3 % FBS (v
v and 10 pg mL™ gentamicin. At eight hr post-inoculation, wells were washed and enumerated

as described above (short term intracellular survival).

2.11. Interleukin-8 Quantification

The concentration of IL-8 secreted by INT407 human epithelial cells infected with C.
jejuni strains was assayed using the human IL-8 ELISA kit (Invitrogen) as described previously
(1). INT407 cells were seeded into 24-well tissue culture plates at ~10° cells per well in 1 mL of
Minimum Essential Medium (MEM) supplemented with 10% fetal bovine serum (FBS) and 1X
penicillin/streptomycin (pen/strep) (Gibco, Life Technologies) 24 hrs before infection. INT407
samples were washed twice with 1 mL of MEM. Bacterial strains in log-phase were standardized
to ODggo ~0.002 in MEM for infection at a multiplicity of infection (MOI) of ~100. At 24 hr
post-inoculation, media overtop the cells were harvested, centrifuged for 10 minutes to pellet
cellular debris and bacteria, and frozen and stored at -20°C until assayed. The samples were
assayed for IL-8 concentration using the human IL-8 ELISA kit as directed (Thermo Fischer

Scientific).
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3. RESULTS
3.1. C. jejuni OAP Gene Homologs were Identified by BLAST and Insertion/Deletion
Mutations were Generated with Complementation of Single Mutants

The OAP gene cluster was identified in C. jejuni 81-176 wild type by BLAST analysis
using the N. gonorrhoeae OAP gene sequences. The loci identified were ¢jj81176_0640,
€jj81176_0639, and cjj81176_0638 for patA, patB, and apel, respectively (Fig. 2A). The
predicted amino acid sequence identity/similarity of these gene products to N. gonorrhoeae
homologues are 35/53% for PatA, 39/57% for PatB, and 26/44% for Apel.

To investigate the role of OAP in C. jejuni, the patA, patB, and apel homologs, as well as
the entire gene cluster, were inactivated by insertion/deletion mutagenesis with the non-polar
KmR cassette (aphA-3) from pUC18K-2 lacking a transcription termination site (153) (Fig. 2B).
Complementation was achieved using the pRRC integration vector (154). The coding region of
each OAP gene plus upstream sequence containing the ribosomal binding site was inserted into

the genome of the corresponding mutant at ribosomal intergenic regions along with a Cm~

A 81-176 -I macB } OMeﬁFux>< apel KparB K patA ftn

B) Aapel palB K para Qj_oc36>— Q 81-176 { == 235 ribosomal ANA
ApatB ={ omefiux > apel W( patA q;‘_oass)— Aape]€ ?mw
ApatA =] omemi > aper K pate 165 rRNA {RNA-Ala tRNA-lle 55 IRNA
20AP = oM eftux QR fin [ Gi os3s

Figure 2. OAP gene cluster in C. jejuni and design for deletion and complementation.

A) The genomic organization of the C.jejuni OAP gene cluster. B) OAP mutants were generated by
deletion of a portion of each gene (or entire cluster) and replaced with a non-polar KmR cassette (aphA3)
(153). Resistance to Km was used as a selective marker for successful homologous recombination. C)
Complement construction (with Aapel used as an example). Each OAP gene, with 50-100bp of upstream
sequence, was cloned into the pRRC vector that contains homologous regions to three ribosomal
intergenic regions downstream of the CmR cassette for selection of successful transformants.
Complement constructs were transformed into their respective mutant backgrounds. MacB, macrolide
specific efflux pump; OM efflux, outer membrane efflux; ftn, ferritin; 23S, 23S ribosomal RNA (154).
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cassette (apel complement construct shown in Fig. 2C as an example). Complementation was

driven from the promoter of the CmR cassette.

3.2. O-Acetylation Levels of Purified PG from Deletion Mutants Reflect the Putative
Functions of the C. jejuni OAP Gene Cluster

To determine whether the C. jejuni OAP gene homologs are involved in OAP, PG O-
acetylation levels were determined for the mutants of the three putative OAP genes (ApatA,
ApatB, and Aapel) and for the mutant lacking the entire cluster (Aoap) (Fig. 2B). PG was
isolated from all strains using an established protocol that minimizes spontaneous O-linked
acetate hydrolysis (see Methods) and assessed for O-acetylation levels by quantifying base-
catalyzed release of acetate and MurNAc by HPLC (4,5).

The O-acetylation levels for the wild-type 81-176 strain were determined to be 12.5 +

0.7% O-acetylated PG relative to MurNAc content. O-acetylation levels among the mutants
varied according to their predicted function (Table 1). Deletion of patA and patB resulted in a
modest reduction in O-acetylation levels at 2.4 + 0.1% and 3.0 = 0.2%, respectively, relative to
MurNAc content. Deletion of the entire gene cluster in Aoap resulted in a decrease in O-
acetylation levels to 2.1 + 0.2, similar to that of ApatA and ApatB. O-acetylation was not
completely lost in ApatA, ApatB, nor Aoap mutants, unlike in N. meningitidis where OAP is
exclusively mediated by patA/B (144). This suggests that patA/B contribute to the overall O-
acetylation levels of the PG sacculus in C. jejuni, but their absence is not sufficient to abolish
OAP. Deletion of apel led to an increase in O-acetylation at 35.6 + 2.2% relative to total
MurNAc content. These results are in accordance with the functions described for homologs in
N. gonorrhoeae and N. meningitidis. O-acetylation levels were restored to wild-type levels in the

Aapel complement (11.8 £ 0.5%). Analysis of the O-acetylation levels for ApatA and ApatB
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complements were not performed as, unlike the Aapel mutant, phenotypic differences between
these mutants, Aoap and wild type were, in almost every case, not statistically significant or
extremely minimal (see Table 1).

Table 1. O-Acetylation levels of PG of C. jejuni 81-176, Aape, Aapel complement (Aapel®), ApatB,
ApatA and Aoap (a mutant in which the entire cluster was deleted: Aape, ApatB and ApatA), as
determined by base-catalyzed hydrolysis reported as a % of O-acetylation relative to MurNAc
content.

Strain 81-176 Aapel Aapel® ApatB ApatA Aoap
% O-acetylation® 125 35.6 11.8 3.0 2.4 2.1
Standard deviation 0.7 2.2 0.5 0.2 0.1 0.2

'Results shown are of one representative biological replicate measured in triplicate + standard deviation.

3.3. C. jejuni OAP Mutants Exhibit Altered PG Muropeptide Profiles, with Aapel
Displaying the Most Dramatic Changes from Wild Type

O-acetylation has been described as a maturation event during PG biosynthesis occurring
after transglycosylation and transpeptidation in the periplasm (149). Cleavage of PG by bacterial
Iytic transglycosylases (LytTG) is inhibited by PG O-acetylation, whereas removal of O-linked
acetate at the C6 of MurNAc is needed for LytTG activity. Thus, O-acetylation may impact PG
maturation events in C. jejuni, affecting aspects such as muropeptide profiles and glycan chain
length. (140).We hypothesized that without the OAP gene cluster, not only is the level of O-
acetylation affected, but also the muropeptide composition. To investigate this, PG was isolated
from the wild type and each of the mutant and complemented strains, and the muropeptide
composition was determined (Fig. 3). HPLC analysis of muropeptides is shown in Fig. 3; Table 2
shows summaries of the muropeptide analysis; Appendices 3 and 4 show raw data corresponding
to the area under each peak in Fig. 3. For these experiments, a change in the relative abundance

of a muropeptide species greater than 20% was considered significant.

This HPLC method used for muropeptide analysis does not preserve all of the O-acetyl

groups on PG due to the alkaline conditions of the borohydride reduction and the unbuffered
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Figure 3. HPLC chromatograms of C. jejuni muropeptides and proposed structures.

Purified PG was digested with cellosyl and the resulting muropeptides were reduced with sodium
borohydride and separated on a Prontosil 120-3-C18 AQ reverse-phase column. HPLC profiles are shown
for wild-type strain 81-176, (A & E), Aapel (B), ApatB (C), ApatA (D), Aapel® (F), and Aoap (G). The

muropeptide structure represented by each peak was determined previously by mass s

pectroscopy (1), and

proposed muropeptide structures of each peak corresponding to the peak number in the chromatogram are
shown in H. The summary of the muropeptide composition is shown in Tables 2, Appendix 3, and

Appendix 4. G, N-acetylglucosamine; M, reduced N-acetylmuramic acid; I-ala, I-alan

ine; D-iGlu, D-

isoglutamic acid; meso-Dap, meso-diaminopimelic acid; D-ala, D-alanine Ac, O-acetyl groups at
MurNAc C6 position; Anh, 1, 6-anhydro group of MurNAc; *, it is not known on which MurNAc residue

the modification occurs.

conditions during PG isolation (133) and is thus less precise than the methodol

ogy used above.

Nonetheless, similar trends were observed, further supporting putative gene product function. PG

O-acetylation levels were reduced in ApatA, ApatB, and Aoap, and increased in Aapel relative to

wild-type 81-176. Monomeric O-acetylated tetrapeptide species, and O-acetylated tetra-tetra
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dimeric species were absent in ApatB, ApatA, and Aoap. The abundance of all O-acetylated

muropeptide species was increased in the Aapel mutant.

A decreased level of anhMPs in Aapel relative to the wild-type control corroborates the
observed O-acetylation levels. A reverse correlation should exist between the concentration of
O-acetylated muropeptides and anhMP as the presence of O-acetylation precludes the activity of
LyTGs. In ApatA, ApatB, or Aoap, the relative abundance of anhMP species does not appear to
be significantly different from wild type. Conversely, Aapel exhibited a 42.5% decrease in total
anhMP species. As the anhMP represents the end of a glycan chain, the less chain ends, the
greater the lengths of PG chains. Taking a ratio of the total abundance of muropeptides divided
by the relative abundance of anhMPs will provide an indication as to the length of the glycan
chains. Based on this, Aapel exhibits nearly 73.5% increase in average glycan chain length
compared to wild type. Both these observations are similar to observations made in N.
meningitides (144) and are consistent with the observed O-acetylation levels, as de-O-acetylation

must precede LytTG

In addition to changes in O-acetylated muropeptides and anhMPs, changes were also
observed in other muropeptide species between wild type and the OAP mutants, with the greatest
number of changes and greatest degree of change observed in Aapel (Table 2). In Aapel,
notable changes of >30 % difference compared to wild-type were seen in monomeric dipeptides,
tripeptides and pentapeptide-gly species; tetra-penta dimeric species, and tetra-tetra-tri trimeric
species. In summary, total dipeptide species decreased by 38%, total tripeptides increased by
53%, and total pentapeptides increased by 62% in Aapel relative to wild-type. The majority of
the muropeptide changes were restored to near wild-type levels in the Aapel complemented

strain (Aapel®). Fewer changes reached >30% difference compared to wild-type in ApatA and
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Table 2. Summary of PG muropeptide composition for C. jejuni 81-176, Aape, ApatB, ApatA, Aapel®, ApatB®, ApatA®, and Aoap

Percentage of Peak Area’

Muropeptide Species Sample Set #1 Sample Set #2
81-176 Aapel ApatB ApatA 81-176  Aapel®  ApatB®  ApatA®  Aoap
Monomers (Total) 43.5 49.1 449 41.7 42.2 415 39.6 41.2 40.0
Dipeptide 17.8 11.0* 18.0 15.0 13.6 11.0 11.2 17.2 16.4
Tripeptide 6.7 16.4* 8.5 10.2* 10.1 11.1 9.7 6.6* 6.7*
Tetrapeptide 18.3 20.9 17.6 15.8 17.2 18.1 17.1 16.1 15.5
Pentapeptides-Gly 0.6 0.9* 0.7 0.7 0.8 1.0 1.3* 0.9 1.0
O-Acetylated 1.0 8.0* 0.3* 0.3* 19 2.4 1.7 1.1* 0.8*
Dimers (Total) 47.7 40.7 47.6 49.4 48.8 49.4 49.5 48.5 48.1
TetraTri 16.8 14.2 18.4 18.5 16.0 15.5 15.2 15.7 15.2
TetraTetra 30.5 25.6 28.6 29.9 32.0 33.0 33.2 32.0 31.7
TetraPentaGly 0.4 0.9* 0.6* 1.0* 0.8 0.9 1.1* 0.8 1.2*
Anhydro-Dimers 135 8.2* 12.7 12.1 11.8 11.3 11.6 12.6 12.4
O-Acetylated 2.2 4.9* 1.7 0* 3.2 3.7 2.3 0.4* 0*
Trimers (Total) 8.8 10.2 7.5 8.8 7.8 8.1 9.5 8.9 10.2*
TetraTetraTri 0.9 0.5* 1.0 1.5* 1.0 0.9 1.3* 1.3* 1.4*
TetraTetraTetra 8.0 9.7 6.5 7.3 6.8 7.2 8.2 7.6 8.8
Dipeptides (Total) 17.8 11.0* 18.0 15.0 13.6 11.0 11.2 17.2 16.4
Tripeptides (Total) 15.4 23.6* 18.0 19.9 18.4 19.1 17.7 14.9 14.7
Tetrapeptides (Total) 65.9 64.0 62.9 63.9 65.1 67.1 67.6 64.8 65.1
Pentapeptides (Total) 0.8 1.3* 1.0 1.2* 1.2 15 1.9 13 1.6*
O-Acetylated (Total) 2.1 10.4* 1.2% 0.3* 3.5 4.3 2.9 1.3* 0.8*
Anhydromuropeptides 8.3 4.8* 7.8 75 7.7 7.4 7.9 8.3 8.6
Average Chain Length 12.0 20.8* 12.8 13.3 13.0 135 12.6 12.0 11.6
Degree of Cross-linkage 29.7 27.2 28.8 30.6 29.6 30.1 31.1 30.2 30.9
% Peptide Cross-links 56.5 50.9 55.1 58.3 57.8 58.5 60.4 58.8 60.0

Values represent the percentage area of each muropeptide from Appendices 4 and 5 calculated to give a total of 100%. Bolded numbers represent
a change in relative abundance of > 20% from wild type. Bolded numbers with an asterisk (*) represent > 30% change from wild type. Percentages
shown are calculated from values rounded to the nearest 0.1%. Samples were compared to the wild-type 81-176 muropeptide profile that was
analyzed in the same experiment. Raw data is summarized in Appendices 4 and 5.
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ApatB. For ApatB, the only muropeptide species with a >30% difference, with the exception of
the acetylated and the anhMPs, is the dimeric tetra-penta species with a 46% increase which led
to an increase of 27% in total levels of pentapeptide species. For ApatA, a >30% increase in
monomeric tripeptides, tetra-penta dipeptides, and tetra-tetra-tri tripeptides was observed which
led to a 50% increase in total pentapeptides compared to wild-type, although the change in total
tripeptides did not reach >30%. The Aoap mutant exhibited some differences from wild type that
followed the same trend as those from ApatA: an increase in tetra-penta dipeptides and tetra-
tetra-tri tripeptides; and some peptides that were unique to Aoap: an increase in dipeptides and a
decrease in tripeptides. Aapel also appeared to have a slight decrease of 10% in cross-linked
muropeptides, which may be significant because the number of muropeptides in cross-links in
ApatA, ApatB, Aoap, and Aapel® exhibited differences no greater than 4% from wild-type.
Analyses of PG muropeptide profiles for ApatA and ApatB complemented strains ApatA° and
ApatBC showed minimal changes from wild type with restored O-acetylation levels for ApatB®,

but not ApatA°.

3.4. Recombinant Apel Exhibits Acetylesterase Activity In Vitro on Artificial Substrate p-
Nitrophenylacetate and Natural Substrate O-Acetylated PG

Based on phenotypic data shown below as well as the more striking muropeptide data
observed for Aapel compared to the other OAP mutants, the acetylesterase activity of Apel was
confirmed biochemically. Apel was expressed with a 6x-His tag at either the N- (Hisg-Apel) or
C-terminus (Apel-Hisg) of the protein without the predicted 21 amino acid signal peptide (Fig.
4A) and purified. Details of the expression and purification conditions can be found in the
experimental procedures (Fig. 4B). Purification of both recombinant proteins produced

approximately 3 ml of 0.9 to 1.2 mg/ml of protein after dialysis from a starting culture of
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Figure 4. Design of Apel expression construct and assays for acetylesterase activity.

A) SignalP 4.1 Server (156) output for signal peptide prediction of in-frame translation of Cjj-81-
176_0638. C-score (the predicted first amino acid of the mature protein), S-score (the likelihood that the
amino acid is in the signal peptide), and Y-score (amino acid with a high C-score exhibiting a large
change in the S-score) predicted the cleavage site to be between the 21st and 22nd amino acids. B) Cjj81-
176_0638 was cloned without the signal peptide into pET28a(+) protein expression vectors. Top, map of
cloning sites in pET28a(+) commercial expression vector. Middle, Ncol and EcoRI were used to produce
a C-terminal Hisg-tagged Apel protein that uses ATG start and TGA stop codons encoded in the vector.
Bottom, Nhel and EcoRI were used to produce an N-terminal His-tagged protein that uses ATG start
codon encoded by the vector and the original stop codon from Cjj81-176_0638. rbs, ribosome binding
site; LVPRG, thrombin cleavage site; MCS, multiple cloning sites. C) SDS-PAGE of Apel after Ni-NTA
agarose purification shows protein of the approximate predicted size in eluted fractions. D) Purified
Apel-Hisg exhibits acetylesterase/ deacetylase activity using pNPACc as a substrate (147). Reactions were
monitored over five minutes as a change in the absorbance at 405 nm (formation of p-nitrophenol). The
negative control and BSA control do not show acetylesterase activity. Results shown are from one protein
purification experiment. Results are reproducible for each purification experiment and activity is routinely
assessed before performing enzymatic assays on PG. E) Apel-His6 has acetylesterase activity using PG
muropeptides as a substrate. Determination of acetic acid concentration after treatment of Aapel PG with
Apel-His6 for 24 hours was performed using Megazyme Acetic Acid Assay Kit. Treatment and no
enzyme control were compared to acetic acid concentration at 0 h of treatment using student’s t-test with
* and **** indicating p-value<0.05 and <0.0001 respectively. Results are from one representative
experiment of two biological replicates performed in triplicate.
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100 mL. The expected sizes of the recombinant proteins are 45.0 and 44.9 kDa for Hisg-Apel
and Apel-Hiss, respectively. Using SDS-PAGE, a band of the appropriate size (~45 kDa) was
present for both constructs (Fig. 4C) but not in an empty vector control (not shown). The specific
activity of purified Apel-Hiss was determined using p-nitrophenylacetate (pNPAc). This is a
common substrate used to test for esterase activity (148,152). Specific activity for Apel-Hisg
ranged between 26.1 to 38.9 umol/min/mg of protein among different protein preparations,
suggesting that the recombinant protein exhibits acetylesterase activity (Fig. 4D). Hiss-Apel

exhibits similar specific activity as Apel-Hisg with pNPAc (not shown).

Apel-Hisg was also assayed for acetylesterase activity on its native substrate (Fig. 3C):
O-acetylated PG. PG isolated from Aapel was used as the substrate due to the increased PG O-
acetylation levels in this strain. Cleavage of O-acetyl groups was assessed using a commercial
acetic acid assay kit (Megazyme) as an endpoint experiment. At 0 h, the average acetate
concentration in the sample was 2.4 + 0.3 ug/ml. Incubation of Aapel PG for 24 h in the absence
of enzyme resulted in an average acetate concentration of 3.1 £ 0.1 ug/ml, and an average
concentration of 35.9 + 0.7 pug/ml of acetate after incubation with Apel-Hisg. Due to the
insoluble nature of PG, data from this assay cannot be expressed in the classical definitions of
enzyme kinetics using the native substrate. A second experiment showed similar trends but with
higher acetate concentrations in the negative control and at 0 h. However, the concentrations of
acetate in both were still significantly lowered (~3-fold less) than the Apel treated PG (not
shown). The difference in acetate concentrations for the controls over the same time may
represent spontaneous background hydrolysis and also suggests that the Acetic Acid Assay Kit

may be detecting background or interference in reading.
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3.5. Microscopy and Celltool Analyses of C. jejuni Aapel Population Morphology Reveal
Shape pleomorphism

Since a number of changes were observed in the muropeptide profiles of these mutants, it
was hypothesized that these changes may result in changes in cell shape (70). To assess this, the
morphology was examined first by DICM and TEM to search for differences in the cell shape of
the mutants (Fig. 5). Whereas the wild type strain exhibited the classic C. jejuni helical shape,
the Aapel mutant exhibited primarily ‘comma-shaped’ cells and expressed differential curvature
(greater wave amplitude and wavelength) (Fig. 5B). Wild-type helical morphology was restored
upon complementation (Fig. 5C). A distinct change in morphology was not observed for the

other OAP mutant populations (Fig. 5D-F).

The open-source shape analysis program called Celltool (157) was utilized to quantify
these changes in shape in the OAP mutants. The program contains a set of tools used to extract
shapes from binary images which can be used to assess and compare population morphology of
strains using a variety of metrics. Extracted shapes from the wild-type population were aligned to
one another, and principal component analysis (PCA) was performed to generate a baseline
model for variation within the wild-type population (see Materials and Methods above). Visual
representations of each shape mode are shown in Figs. 6 and 7. At early log phase (4 h after a
starting ODgqo 0f ~0.05), the wild-type shape model consisted of two shape modes that together
describe 95% of the variation in a C. jejuni wild-type strain 81-176 population (Fig. 6A). At mid
log phase (7 h after a starting ODggo 0f ~0.05), three shape modes described 95% of the
morphological variation in the population (Fig. 7A). In both cases, the primary shape variability

appears to be the length of the cell (>90% of the variance). This is to be expected since a
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Figure 5. DICM and TEM reveal shape heterogeneity in Aapel.

The C. jejuni Aapel mutant has a pleomorphic cell shape while other OAP mutants display unaltered cell
morphology. DICM showing the morphology of wild-type 81-176 (A), Aapel (B), Aapel® (C), ApatB
(D), ApatA (E), and Aoap (F). Cells were harvested after 7 h of growth in MH-TV broth at an early-log
phase of growth. Scale is 2 um (black bar). Negatively stained TEM images of (G) wild-type C. jejuni
strain 81-176, (H) the hyper-curled Aapel strain, (1) the complemented strain Aape1® with restored
morphology, (J) ApatB, (K) ApatA, and (L) Aoap. Scale (black bar) is 2 pm.

population of growing cells would have cells at different points of growth and division and thus
length. Shape mode 2 at early log phase and late log phase explains 2.5% and 1.9% of the
variation in their respective populations, and both appear to have some relation to the
curvature/wavelength of the cell. A third shape mode was identified at mid log phase explaining
1.7% of the variation in that population, and appears to result from the width of the cell.
Extracted contours of mutant strains were then aligned to these wild-type shape models as

references and a measurement was generated for each representing their deviation from the mean
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A) Alignment of C. jejuni wild-type 81-176 and C) Scatter plot of C. jejuni wild-type 81-176, Aape’, and Aape1°
resulting PCA shape model

o [ 81-176 (N=410)
! [ Aapet (N=471)
5 - . 1 Aapet® (N=428)

0.5 pm

WT Model - 4hrs growth in MH-TV broth

4s5d.

WT Model - Shape Mode 2 (std.dev.)

_ T O -
= a4 5
0.5pm J <o D ===
Shape Mode 1 Shape Mode 2 10pm &=
(92.9% of total variance) (2.5% of total variance) WT Model - Shape Mode 1 (std. dev.)

B) Smooth histograms of C.jejuni wild-type 81-176 and OAP mutant populations for
each PCA model shape mode and p-values of statistical comparisons
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Figure 6. Celltool analysis of wild-type strain 81-176, Aapel, Aapel®, ApatB, ApatA, and Aoap
population morphology at early-log phase.

Several representative images were taken using DICM. Images were converted to binary format (white
cells on a black background) and lumps and artifacts were manually removed from images before
processing through Celltool “extract contours function” to generate contours representing each cell (157).
A) Contour extraction, alignment and generation of the PCA shape model. The Celltool “align contours”
function was used to align the contours of the wild-type population to one another. Principal component
analysis was performed to generate a wild-type shape model that explains 95% variation in the population
in principal components called “shape modes”. The extracted contours of the mutant populations were
then aligned to the wild-type shape model and a measurement representing the normalized standard
deviation from the wild-type mean in each shape mode was generated. Based on the visual
representations, shape modes 1 and 2 represent variation in length and curvature respectively. B)
Kolmogorov-Smirnov tests were performed for each shape mode between each population. C)
Measurements of wild-type, Aapel, and Aape1®were plotted with shape mode 1 along the x-axis and
shape mode 2 along the y-axis.
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A) Alignment of C. jejuni wild-type 81-176 C) Scatter plot of C. jejuni wild-type
cell contours and resultant PCA shape model 81-176, Aape1, and Aape1°¢
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Figure 7. Celltool analysis of wild-type strain 81-176, Aapel, Aapel®, ApatB, ApatA, and Aoap
population morphology at mid-log phase.

DICM images were taken of strains grown for 7 h in MH-TV broth at a starting OD600 of 0.05 (to mid-
log phase). Images were converted to binary format (white cells on a black background), and lumps and
artifacts were manually removed before processing with Celltool (157) “extract contours function” to
generate contours representing each cell. A) Contour extraction, alignment and generation of the principal
component analysis (PCA) shape model for C. jejuni wild-type strain 81-176. Celltool “align contours”
function was used to align the contours of the wild-type population to one another. B) PCA was
performed to generate a wild-type shape model that explains 95% variation in the population in principal
components called “shape modes”. Shape modes 1, 2, and 3 represent variation in length, curvature, and
width, respectively. The extracted contours of the mutant populations were then aligned to the wild-type
shape model, and a measurement representing the normalized standard deviation from the wild-type mean
in each shape mode was generated and depicted graphically. Kolmogorov-Smirnov (KS) tests were
performed for each shape mode between each population and are summarized below the plots. C)
Measurements of wild type, Aapel, and Aapel® were plotted with shape mode 2 along the x-axis and
shape mode 3 along the y-axis to create a scatter plot showing the variation in the different populations.
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in standard deviations. Kolmogorov-Smirnov (KS) statistical tests were used to compare sample
probability distribution. Based on the large population of bacterial cells assessed and conditions
required for KS analysis, a p-value of 0.00001 was used as a cut-off for significance and the
graphical representations were used to infer any important observations (Fig. 6B and 7B) (161).
In mid-log phase cells, no strains were significantly different from the wild-type
population in shape mode 1 (cell length) or from each other, with the graphical output also
showing that the population distributions overlay each other very closely. In shape mode 2 (cell
curvature), the Aapel population was significantly different from wild type, Aapel®, ApatA,
ApatB, and Aoap populations. Some of the differences in population distribution in shape mode
2 between wild type and Aapel®, ApatA, ApatB, and Aoap were also significant by the KS cut-
off utilized. However, the graphical output showed that these strains were fairly similar to wild
type, whereas Aapel exhibited a dramatic shift in the population distribution maximum
(approximately 2.2 standard deviations from the wild-type mean) compared to all other strains.
Shape mode 3 (cell width) was significantly different in all strains compared to wild type (with
the exception of Aapel®), and each exhibited a shift of approximately one standard deviation in
the population maximum towards a reduced width compared to the wild-type mean as reflected
in the graphical output. Early-log phase bacteria exhibited similar population shifts as observed
for mid-log phase bacteria (with the exception of shape mode 3, as cell width was not captured as
major contributor to the variation in shape for wild type at this time point). As with mid-log
bacteria, the most notable shift in shape was observed for cell curvature (shape mode 2) in Aapel
(Fig. 7). 2-D scatterplots of measurements for each individual contour of wild type, Aapel, and

Aapel® populations for shape modes 2 against shape modes 1 or 3 (Fig. 5C) likewise shows that
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there was a clear difference in shape for the Aapel population compared to wild type and

Aapel®.

3.6. Phenotypic Analyses Reveal the Importance of O-Acetylpeptidoglycan Esterase
Activity on Various Aspects of C. jejuni Physiology.

The OAP mutants were assessed for different phenotypes serving as indicators of
transmission and/or colonization efficiency: motility, biofilm formation, hydrophobicity, and

sensitivity to a variety of common inhibitory compounds.

Motility is a major colonization determinant for C. jejuni (75). While all strains exhibited
decreased motility compared to wild type in soft agar plates as measured by halo formation after
point inoculation (Fig. 8A), the motility of Aapel was 68 + 5% of wild type. The mutant strains
ApatB, ApatA, and Aoap were modestly defective, with motility levels at 92 + 4%, 91 + 4% and
87 + 5%, respectively, of wild type. Complementation of Aapel restored the motility of the
mutant to 90% of wild type and was significantly different from that of Aapel. In addition,
Aapel formed aberrant halos on soft agar with rough perimeters as opposed to the relatively
circular halos formed by wild type. This phenotype was absent in the other mutants tested and
was rescued by complementation.

The ability to form biofilms is an important attribute in C. jejuni persistence and
transmission. C. jejuni has been shown to survive up to 28 days in a biofilm state (162). The
ability of our OAP mutants to form biofilms was assessed in borosilicate test tubes by crystal
violet (CV) staining of 24 h standing cultures (158). The Aapel mutant exhibited a hyper-biofilm
formation phenotype, producing 5.5-fold more biofilms than wild type (Fig. 8B). Aapel biofilm
cultures also developed flocs of bacteria suspended in the broth (84), which were not observed

for wild type nor were included in the crystal violet quantification of surface-adhered biofilms
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Figure 8. Motility, biofilm formation, and cell surface hydrophobicity of OAP mutants.

Motility, biofilm formation, and cell surface hydrophobicity of OAP mutants and wild-type strain 81-176.
A, Aapel exhibits a 30% decrease in motility and abnormal halo formation (rough edges). Motility was
assessed by measuring the halo diameter after 24 h of strains point inoculated in 0.4% semi-solid agar.
Representative images of halos are shown below each graph. Results shown are representative of one of
three independent experiments with 6 replicates. Each strain was compared to wild-type using a paired
Student’s t test, with **, *** ‘and **** indicating p<0.01, p<0.001, and p<0.0001. B, Aapel and Aoap
exhibit 5.5 and 2.5 fold enhanced biofilm formation, respectively at 24 hours. Biofilm formation was
assessed after 24 h by crystal violet staining of standing cultures in borosilicate tubes and
spectrophotometric quantification of dissolved crystal violet at 570nm. Results shown for the mutants
(left) are representative of one of three independent experiments carried out in triplicate. The results for
the complements (right) are representative of one of two experiments performed in triplicate. C, Aapel
increased to 2.0- fold in hydrophobicity relative to wild-type, as assessed by hexadecane partitioning.
Results are representative of one of three independent experiments performed in triplicate. For biofilm
and hydrophobicity, strains weres compared using an unpaired Student’s t test, with *, **, *** gnd ****
indicating p<0.05, p<0.01, p<0.001, and p<0.0001. Error bars represent standard deviation.

(not shown). Complementation of Aapel restored biofilm formation to wild-type levels. Biofilms
formed from both the ApatB and ApatA mutants were indistinguishable from wild type, but the
Aoap mutant produced ~2.5-fold more biofilm material than the wild type. Characterization of

Aapel biofilms by microscopy was unsuccessful, as Aapel forms biofilms poorly on glass
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coverslips, unlike wild type. This possibly is an indication of altered cell surface properties, and
so cell surface hydrophobicity was assessed using hexadecane partitioning (Fig. 8C) (160). The
percentage hydrophobicity value of Aapel was significantly higher (2.0-fold) than wild type and

was restored to wild-type levels upon complementation.

The sensitivity of the OAP mutants to detergents, salts, and antimicrobial compounds was
tested by determining the minimum inhibitory concentration (MIC) (Table 3). Only Aapel
exhibited an increased susceptibility to any of the compounds tested: the amphipathic bile
salt/detergent sodium deoxycholate (DOC) and MgCl,. For Aapel, an MIC range for DOC of
0.16 to 0.31 mg/ml was observed, whereas the MIC for wild type was greater than the highest
concentration of DOC tested (>10 mg/ml). Aapel exhibited a 4 to 8-fold reduction in MIC for

MgCl, compared to wild type. Complementation of Aapel restored wild type sensitivity profiles.

3.7. Apel is Required for Efficient C. jejuni Bacterial-Host Interaction

Due to the altered physiology of Aapel, the contribution of OAP to C. jejuni bacterial-
host interactions was examined by determining the recovery of the mutants during chick
colonization and host cell infections, as well as the ability to elicit IL-8 secretion in vitro in

human epithelial cell infections.

Chickens are an avian reservoir for C. jejuni and a common source of human infection.
The Aapel mutant exhibited a significant 4.4-log decrease in colonization, although there was
also a significant difference in the variance between Aapel and wild type. Recovery ranged
between 1.90x10’ CFU/g to 100 CFU/g (below the detectable limit). Surprisingly, ApatB, ApatA,
and Aoap mutants did exhibit significant differences in chick colonization as ApatB, ApatA, and

Aoap were recovered at wild-type levels (approximately 10° CFU/g of cecal content) (Fig. 9A).
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Table 3. MICs, of C. jejuni OAP mutants determined by broth dilution.*

MICsq
Compound - = c
81-176 Aapel ApatB ApatA Aoap Aapel

Detergents
Deoxycholate
(mg/mL) >10 0.16-0.31 5->10 1.3->10 1.3->10 1.3->10
SDS (mg/ml) 10-12.5 2.5-6.25 10-12.5 2.5-12.5 5-6.25 12.5
Triton (% v/Vv) 0.05 0.02-0.05 0.02-0.05 0.02-0.05 0.05 0.05
Antimicrobial
Ampicillin 2.4-4.9 12-4.9 4.9 4.9 2.4-4.9 24
(Mg/mi)
Lysozyme
(mg/ml) >5 >5 >5 >5 >5 >5
Palymyxin B 20 10 10 10 10 10-20
(Mg/mi)
« .

Protamine 313 15.6-31.3 ; ; ; 31.3-62.5
(Mg/ml)
Chelating Agent
EDTA (uM) 78-156 1.2-156 156 156 156 156
Salts
NaCl (mM) 62.5-250 31.3-62.5 62.5-125 125 62.5-125 62.5-125
MgCl, (mM) 62.5-125 15.6 62.5-125 62.5-125  62.5-125 62.5-125
CaCl, (mM) 125 125-250 125-250 125-500 500 125
KCI (mM) 62.5 31.3-62.5 62.5 31.3-62.5 125 31.3-62.5

"Measurements indicated with a ‘-* were not tested. Measurements in bold and highlighted were
consistently >4-fold different from wild type over three experiments. SDS, sodium dodecyl sulfate. MIC,
minimum inhibitory concentration to reduce growth by 50% as assessed by optical density.

Due to the defect in chick colonization, the ability of the C. jejuni OAP mutants to adhere
to, invade, and survive inside the human epithelial cell line INT407 was assessed by a
gentamicin (Gm) protection assay. Despite being inoculated with similar CFU counts, the
recovery of Aapel was significantly reduced at the adherence, invasion, and intracellular
survival time points in comparison to wild type (Fig. 9B). Aapelc, ApatB, ApatA, and Aoap

displayed wild-type INT407 infection profiles (Fig. 9C-F).
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As Aapel was the only OAP mutant to demonstrate reduced invasion of the INT407

cells, its ability to elicit IL-8 secretion from in INT407 cells was assessed by ELISA. Cells

infected with Aapel reproducibly exhibited statistically significant lower levels (60-79%) of I1L-8

secretion compared to cells infected with wild type. Aapel® did not complement IL-8 induction

defects (Fig. 9G).
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Figure 9. The effect of OAP levels on C. jejuni host-bacterial interactions.
Complete figure caption can be found on page 55.
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Figure 9. The effect of OAP levels on C. jejuni host-bacterial interactions.

A) Aapel shows reduced chick colonization compared to wild-type strain 81-176, while ApatB, ApatA,
and Aoap mutants display wild-type colonization. Each point represents the recovery of C. jejuni strains
in log CFU/g of cecal contents from individual day-old chicks 6 days post-colonization with 1 x 10*
CFU/ml of the indicated strain. The geometric mean is denoted by a black bar. Error bars represent 95%
confidence intervals. Adherence, invasion, and intracellular survival of C. jejuni in INT407 epithelial
cells were assessed by a gentamicin (Gm) protection assay and OAP mutant strains. Aapel (B) shows a
reduced ability to adhere to, invade and survive in INT407 epithelial cells which was restored upon
complementation (C). ApatB (D), ApatA (E), and Aoap (F), exhibit near wild-type adherence, invasion,
and intracellular survival properties. INT407 cells were infected with C. jejuni at an MOI of ~80.
Adherence and invasion was quantified at 3 h post-infection. At this point the media in the remaining
wells was replaced with MEM containing gentamicin (150 pg/mL) and incubated for 2 h, after which the
amount of bacterial cells which had invaded the epithelial cells was measured (5 h invasion time point).
The Gm in the remaining wells was washed off, and the cells were incubated with fresh MEM containing
3% FBS and a low dose of Gm (10 pg/mL) for an additional 3 h (8 h ST intracellular survival time point).
CFU/mL was determined for each well by lysing the cells with water and plating the dilutions onto MH-
TV plates. Results for B and C are representatives of three independent experiments performed in
biological triplicate. The data in D, E, and F are representatives of two independent experiments
performed with three biological replicates. G, INT407 epithelial cells secrete less IL-8 upon infection
with Aapel than wild-type. Results are from one representative experiment of three independent
experiments performed in triplicate. Error bars represent the standard deviation. *, denotes statistically
significant difference using the unpaired Student’s t test, with *, ** *** and **** ndicating p < 0.05, p
< 0.01, p<0.0001, and p<0.00001 respectively.
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4. D1SCUSSION AND CONCLUSIONS

PG plays a role in multiple facets of bacterial physiology. A number of PG modifications
have been shown to influence pathogenic properties in several bacterial species [for reviews, see
(105) and (131)]. O-acetylation of PG is believed to be a maturation event occurring soon after
transpeptidation and incorporation of muropeptides. Muropeptides need to be de-O-acetylated
for LytTG activity to ensue. The full extent and influence of OAP is unknown in C. jejuni but
based on its impact on pathogenesis in many bacterial species (136,141,142,144) and the
importance of cell shape in C. jejuni pathogenesis (1,70,81), it was hypothesized that OAP
affects PG biochemistry and that this extends into the fitness of C. jejuni. Here, the OAP genes in
C. jejuni were shown to contribute to PG O-acetylation/deacetylation, consistent with their
predicted functions. These genes were also important for several key physiological and
pathogenic properties. This was most notable for apel, encoding an esterase involved in PG O-
deacetylation, which was the only OAP gene significantly required for every phenotype

examined.

Analyses of the OAP levels in ApatA, ApatB and Aapel support their predicted functions.
Deletion of patA and patB, which act together to O-acetylate MurNAc, is non-lethal as found in
several other bacterial species (136,144,163). This suggests that O-acetyl groups added by
PatA/B play a non-essential role for growth of C. jejuni in the laboratory. However, since the O-
acetylation levels were not reduced to 0% in ApatA and ApatB, this indicates the presence of
alternative PG O-acetylation machinery or compensation by other acetyltransferases (151). There
are conflicting results for the essentiality of apel in N. gonorrhoeae (145,163). In C. jejuni,
apel was not essential in C. jejuni. Deletion of apel resulted in an increase in O-acetylation

levels that was almost triple that of wild type, supporting the role of Apel in C. jejuni PG de-O-
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acetylation. Apel acetylesterase activity was confirmed in vitro with recombinant enzyme using
the artificial substrate pNPAc as well as its natural substrate, O-acetylated PG from Aapel. It
should be noted that the OAP levels of wild-type C. jejuni 81-176 described here were lower
than those reported in a previous study for ATCC 700819 and NCTC 11168 (146). In addition to
the strains, the growth conditions used also differed between the studies. As such, there is
potential that these differences in O-acetylation can be strain differences and/or differences in
culture growth phase. C. jejuni O-acetylation levels have not yet been assessed over different
growth stages but some preliminary data from our research group suggests that O-acetylation
levels may decrease as the culture gets older (unpublished data) but that is beyond the focus of
this study. A direct comparison of how these and other potential factors might affect C. jejuni PG

O-acetylation will be the topic of future work.

As with the OAP analyses described above, the muropeptide profiles also showed
differences in PG O-acetylation levels between the 81-176 wild type, OAP mutant, and
complemented strains used in this study. Since the PG isolation protocol used for muropeptide
analysis leaves the O-linked acetate prone to spontaneous hydrolysis, these values are not
quantitative representations of total O-acetylation levels. Nonetheless, the trends in O-acetylation
levels in the OAP mutants were found to be similar between the two methods of PG preparation
utilized, thus the muropeptide data offer additional qualitative support for the role of these OAP
genes in PG O-acetylation. Unlike what was reported for N. meningitdis, in which Apel
exhibited specific esterase activity to O-acetylated muropeptides with a tri-peptide stem (144),
the muropeptide analysis here suggests that Apel may act on multiple muropeptide species, as
the proportion of all O-acetylated muropeptides increased in Aapel. Previous observations with

N. gonorrhoeae PatB O-acetyltransferase using in vitro assays showed specificity of PatB
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towards O-acetylation of tetrapeptides (149). A decrease in O-acetylated tetrapeptide species was
observed for the C. jejuni ApatA and ApatB mutants (Appendix 3); however, as this could have
been due to hydrolysis during the preparation procedure, further in-depth biochemical analysis

will be required and is a topic for future research.

A reverse correlation should exist between the concentration of O-acetylated
muropeptides and anhMP, because the presence of O-acetylation precludes the activity of
LytTGs. As expected, Aapel, which harbors higher O-acetylation than wild type, also exhibited
a 42.1% decrease in relative anhMP levels (presumably due to impaired LytTG activity) and a
greater average chain length compared to wild type. Although chain length was not directly
measured, these data support previous findings that Apel regulates PG chain length in N.
meningitidis (144). Surprisingly, the anhMP levels changed only marginally in ApatA, ApatB,
and Aoap. Thus, another mechanism for O-acetylation may exist in C. jejuni, consistent with our
OAP analyses, may compensate sufficiently to control LytTG activity. Alternatively, O-
acetylation itself may not be an essential or the only control/regulatory mechanism for chain
length or LytTG activity in C. jejuni. Other LytTG control mechanisms, in addition to MurNAc
O-acetylation, have been proposed in other organisms. LytTGs in E. coli and Pseudomonas
aeruginosa have been found in complexes with peripheral membrane-bound lipoproteins and
PBPs, and are thought to be controlled spatially as well as having their activity coupled with PG
synthesis to prevent autolysis (140). For C. jejuni, our observations do suggest a role for OAP in

regulating LytTG activity, although other control mechanisms likely exist.

As PG O-acetylation is believed to be a maturation process, occurring soon after
incorporation into the sacculus via transglycosylation and transpeptidation (164), differences in

the muropeptide composition could be possible if O-acetyl groups influences substrate
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recognition by PG remodeling enzymes. Changes from wild type with >20% difference in
relative abundance were indicated in Table 2. However, care must be taken in interpreting how
% differences in relative abundance actually affect overall PG composition. For instance, small
changes in muropeptides of low abundance can result in changes >20% (i.e., total PentaGly5
species, which were 0.8% in wild type and 1.3% for Aapel; Table 2). Conversely, larger changes
in muropeptides of high abundance can produce changes <20% yet may still be considered
significant. For instance, dimeric species constituted 47.7% of the muropeptides in wild type and
40.7% in apel; this degree of change may be meaningful, as it affects 7% of the total
muropeptides, is unique compared to other mutants tested, and would be considered significant
using a the 10% cut-off described for H. pylori (121). Regardless, it is clear that a defect in
removing the O-linked acetate affects the PG muropeptide profile more than a diminishment in
O-acetylation of PG. In addition to the increased O-acetylation and decreased anhMPs, Aapel
exhibits the greatest change in both the number of muropeptide species and, in most cases, the
greatest magnitude of change (Table 2, Fig. 3). One working hypothesis is that the increased O-
acetylation in Aapel may alter the PG affecting substrate recognition and PG trimming by PG

hydrolases, resulting in changes in the muropeptide profile.

C. jejuni Apel-Hisg exhibits acetylesterase activity on both the pNPAc (colourimetric
determination of activity) and O-acetylated PG from Aapel in vitro (Fig 4D and E). As such, the
accumulation of O-linked acetate in Aapel is directly related to the loss of O-
acetylpeptidoglycan esterase activity in vivo. Whether this manifests as an altered PG
muropeptide profile will require further investigation using the recombinant protein. N.
meningitidis Apel showed reference for O-acetylated tripeptide substrates in vivo (144). The

crystal structure for N. meningitidis Apel has been solved but the putative PG binding domain in
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the N-terminal lobe and its interaction with PG have yet to be described (150). As N.
meningitidis Apel was active against various O-acetylated muropeptides in vitro, specificity may
be due to regulation of activity through unknown interaction partners. This portion of the enzyme
may contain regulatory domains for this purpose (144) (Table 3) and may differ between the two
organisms. Alternatively, these interaction partners may simply be absent in C. jejuni.

One of C. jejuni’s defining characteristics is its helical shape, a trait that is defined by the
cytoskeletal-like components that co-ordinate the PG biosynthetic machinery to generate a PG
structure of a particular shape (165). In addition to PG hydrolase activity (1,70), OAP was also
found to be important in C. jejuni shape generation. Alterations in OAP also affected C. jejuni
bacterial physiology and host-pathogen interactions, and Aapel exhibited a quantifiable change
in shape. Previous work showed that muropeptide composition was altered in C. jejuni/H. pylori
mutants in periplasmic PG hydrolases —i.c., Apgpl/Acsd4 and Apgp2/Acsd6, which also exhibit
a straight rod vs. helical morphology (1,70,122,166). Deletion of C. jejuni apel also resulted in
altered muropeptide composition, but the changes in shape were pleomorphic and not as
dramatic as in the abovementioned straight-rod mutants. Thus, Celltool was employed for shape
quantitation, using a PCA-based approach to provide insight into which metrics would best
describe the variance amongst wild type and OAP mutant strains. Each shape mode represented
an observable metric (length, curvature, and width) (Fig. 6 and 7). This analysis showed that
Aapel was significantly different from the wild-type population in curvature in that it had both a
hyper-curled average shape compared to wild type and a greater variance of curvature within the
population. This was also observable by microscopy (Fig. 5). Apel was shown to affect cell size

in N. meningitidis (144). Here, there was a significant increase in total area of Aapel cells when
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compared to wild type at early-log phase, but not at mid-log phase (data not shown). One

explanation could be that Apel activity varies at different growth stages in C. jejuni.

Multi-protein flagellar complexes span the PG layer, with some proteins of the complex
proposed to directly interact with PG residues. These proteins include Flgl, which makes up the
P-ring of the periplasmic rod-structure in the hook-basal body and is proposed to be anchored to
the PG layer (75,167,168), and MotB in H. pylori, that makes up part of the flagellar stator
responsible for generating torque and interacts with MurNAc residues (169). Accumulation of
MurNAc O-acetylation may affect the anchoring of these flagellar structures, which is a possible
explanation for the reduced motility of Aapel. In soft agar, Aapel also formed atypical halos
with an irregular perimeter (Fig. 8A). This may reflect a chemotaxis defect. In Salmonella
enterica, the switch protein FliG of the C-ring, which acts as the rotary component of the flagella
responds to chemotactic signals and interacts with MotA of the stator that in turn interacts with
PG-bound MotB (170). In E. coli, CheY is the response regulator that interacts with FliG to alter
rotational direction of the flagella (171). Homologs of all these flagellar components are found in
C. jejuni (75). However, mutants in C. jejuni cheY appear immotile on soft-agar but not by
microscopy (172,173). Thus, the atypical halo morphology of Aapel does not support a complete

loss in the ability to alter rotational direction but may still suggest an impaired response.

In H. pylori, the loss of the membrane bound LytTG, MItD, was shown to impact motility
without affecting the localization or number of flagella; this was hypothesized to be a result of
the inability of MotA/B to generate torque due to impaired PG/MotB interactions (143). In
Aapel, flagella were still localized to the poles of the bacteria as assessed by TEM and the cells
were still motile when viewed in DICM. An improperly assembled or unstable stator may impair

the ability of the flagella to alter rotational direction in response to chemotactic signals.
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Similarly, the accumulation of O-acetylation in Aapel and the subsequent effect on LytTG
activity could reduce motility in Aapel. However, the Apgpl and Apgp2 straight mutants were
also defective for motility, so the changes in Aapel morphology could also account for the

observed motility defects.

Biofilm formation is a general stress response in C. jejuni that requires flagella-mediated
motility and attachment to a surface, lysis, and release of extracellular DNA to form the biofilm
matrix. Aapel was defective for motility in soft agar, but not immotile. Despite this, Aapel
exhibited a hyper- rather than hypo-biofilm formation phenotype. Envelope stress was recently
shown in C. jejuni as a potential trigger for biofilm formation (83). In that study, a mutant
exhibiting envelope stress was hyper-biofilm, with the presence of DOC at 0.5 mg/ml promoting
biofilm formation in C. jejuni 81-176 wild type by inducing bacterial cell lysis and release of
extracellular DNA for the biofilm matrix (83). In the current study, DOC concentrations below
0.5 mg/ml inhibited Aapel growth (MIC 0.16-0.31; Table 3). This, together with the hyper-
biofilm phenotype and increased cell surface hydrophobicity, suggests that the accumulation of
OAP results in altered membrane properties and may contribute to a state of persistent membrane

stress in Aapel.

In E. coli, PG-associated lipoprotein (Pal) is associated with the inner leaflet of the outer
membrane and the peptidoglycan layer, and is often found in protein complexes that span the
cellular envelope. One of the functions of Pal in the Tol-Pal complexes is believed to be in
maintaining integrity of the cellular envelope. The phenotypes of some E. coli tol-pal deletion
mutants share similarities to C. jejuni Aapel, including increased sensitivity to bile salts and
altered motility (107). In addition, the PG binding domain (PGBD) of E. coli MotB and E. coli

Pal are interchangeable (174) and both interact with MurNAc. Therefore the phenotype of Aapel
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that we observed could be a result of the presence of excess of O-acetyl groups on the PG
MurNAc residues preventing stabilizing interactions between multi-protein structures and the PG
sacculus. Further investigation would be needed to demonstrate a direct link between OAP and

cell envelope stability.

These results also suggest that the proper O-acetylation levels in the sacculus are required
for proper host-pathogen interaction. Two important colonization factors of C. jejuni for
commensalism in chickens are motility and chemotaxis (6). As expected, our motility assessment
was consistent with the finding that the ability to colonize chicks was significantly impaired in
Aapel. Similar to the other phenotypes, colonization was not impaired by deletion of patA, patB
or the entire OAP gene cluster. Studies have shown C. jejuni’s ability to invade and survive in
non-phagocytic intestinal epithelial cell lines is by avoiding phagosome-lysosome fusion, and
that this property is implicated in pathogenesis (88). Aapel also exhibited an impaired recovery
from INT-407 epithelial cell infections in a gentamycin protection assay. O-acetylation is
believed to confer lysozyme resistance. This is believed to be more important for Gram-positive
bacteria as the PG is exposed to the environment unlike Gram-negative bacteria. Given our
analysis of O-acetylation levels in our mutant strains and the chick colonization study, it would
appear that the O-acetylation machinery is not necessary for colonization and host-cell
interaction, and under the conditions examined thus far, offers no fitness advantage in a host
system. However, the accumulation of the O-linked acetate in the PG sacculus is detrimental for
host-interaction. It would appear that O-acetylation plays more of a regulatory role in PG

synthesis than a protective one.

Compared to Gram-positive bacteria, Gram-negative bacteria are intrinsically resistant to

many antibiotics because of the presence of the outer membrane that acts as a permeability
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barrier. This leads to additional challenges in developing effective antibiotic treatment regimens.
Nonetheless, the need for novel antibiotic targets warrants investigation into PG metabolism. The
periplasmic nature of Apel and proposed role in control of LytTG activity make it a more
appropriate target for the design of novel antimicrobial compounds compared to a cytoplasmic
target. Because Aapel exhibited dysfunctional PG biosynthesis, adverse effects on C. jejuni
physiology, and defective interactions with a host, Apel would be a more appropriate target for
the design of antimicrobials than the transferase machinery for which most of these defects were
not observed. Our initial protein studies and biochemical analyses on isolated PG indicate that
Apel has O-acetyl esterase activity in vitro and in vivo. This initial protein characterization and
mutant phenotypic analysis provides a foundation for future studies, which may include adapting
the previously identified inhibitors (152) of N. meningitides Apel as a mechanism of C. jejuni
control in poultry, or for development of novel antibiotics (given the wide range of Gram

negative bacteria that harbor homologs of this gene cluster).

4.1 Future Directions

The work presented here indicates a need to continue research on OAP in C. jejuni. A
better understanding of the roles of PG in cell shape and its effect on pathogenicity has potential
for the development of novel treatments of C. jejuni infection. The work described here focuses
on the biological outcomes of removing this OAP system from C. jejuni. The ability to O-
acetylate PG appears to be less important for infection than the inability to remove the O-linked
acetate. The dysregulation of OAP through accumulation of O-linked acetate affects multiple
aspects of PG biochemistry and affects factors associated with pathogenesis and virulence

potential. This initial characterization lays out the ground work for further studies.
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If OAP affects the interaction of PG-associated structure (such as flagella or
lipoproteins), it may be beneficial to assess if there is a change in the proportion of PG-
associated structures between Apel and mutant PG. Stable Isotope Labelling by Amino Acid
(SILAC) is a method used to assess the changes in the proteome under two distinct populations
(grown in the presence of amino acids labelled with light and heavy nitrogen isotopes in
auxotrophic backgrounds) by comparing the ratio of light to heavy peptide fragments by MS
(175). The SDS isolation protocol uses the insoluble nature of PG to separate it from the lysate
by centrifugation. PG and tightly bound components will pellet under high speed centrifugation.
The PG of wild type and Aapel can then be lysed using Cellosyl (which can lyse O-acetylated
PG as well) to free proteinaceous components for proteomic analysis. This may provide insights
into the role of OAP on the affinity of PG-associated proteins. Conversely, a SILAC based pull
down approach may also be used to assess the differences in binding capabilities of PG-

associated proteins with both purified wild-type PG and purified Aapel PG (176).

Because Aapel exhibits differences in the muropeptide profile in addition to the expected
changes in OAP, it would be of interest to try and characterize the influence of O-acetylation on
the PG sacculus. OAP is a maturation process and occurs after incorporation of new
muropeptides into the PG sacculus, but when does de-O-acetylation happen? Is the change in
muropeptide profile really a result of only accumulated O-acetylation levels, or does Apel
interact with other PG remodeling enzymes to affect the biochemical structure in a fashion
independent of its de-O-acetylase activity? Confirmation that Apel lacks a secondary function
could be accomplished via an in vitro complementation by treating Aapel PG with Apel and
performing a muropeptide analysis. If the change in muropeptide composition is due to the

accumulation of OAP in a viable organism and not directly by Apel activity, the in vitro de-O-
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acetylated PG should only differ in muropeptide composition from the non-treated PG in the
levels of O-acetylation and the total (stem peptide) abundances should remain the same. A
difference in the total stem levels between Aapel PG and wild-type PG should remain before and
after treatment with Apelin vitro. This would support that OAP affects the muropeptide only

under viable conditions and would support that OAP plays a regulatory role in PG metabolism.

OAP in C. jejuni differed greatly between our analysis and previous publications (146).
From our current data, it cannot be determined if this difference is due to sample preparation
methods or strain differences. Further work would be required to explain the differences. One
explanation could be differences in expression levels. Because the cells were grown under
different conditions, key genes could be expressed differently. An extensive transcriptomic
analysis of time course experiments and corresponding OAP analysis under varying growth
conditions could determine if there are cultivation or strain differences that result in differing

regulatory mechanisms for OAP.

Another possible explanation of why the OAP levels of our study are lower than those
previously reported (146) is that OAP is spatially regulated, active only in areas that require lytic
activity of endogenous muramidases. Localization studies may provide us with a wider picture of
where the modification occurs (e.g. at the cell poles or at the division site) and thus, where
downstream regulation of LytTG activity is important. A GFP-Apel fusion protein may be of

use for such cellular localization.

Another difference between our results and those previously described is the substrate
specificity of Apel (144). Apel of N. meningitides exhibits substrate specificity, because a
difference in only O-acetylated tripeptides was observed in an apel mutant. Our data

demonstrate that O-acetylated dipeptides, tripeptides, and tetrapeptides all increase in abundance
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in a Aapel background. One manner to assess this could be to use a preparatory HPLC column
and collect eluted fractions containing O-acetylated muropeptides. Using this, we could assess
the elution profile Apel activity, which could appear as one or two peaks. Alternatively, as we
have already generated an Ape 1 protein expression construct, crystallization studies could be
performed to describe the PGBD. The N. meningitides Apel has been crystallized but the PGBD
of the N-lobe has yet to be described (150), and considering the differences in observed substrate
specificity, crystallization may identify a novel class of PGBD or help to identify PG-/Apel-

interacting partners.
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APPENDIX 1. BACTERIAL STRAINS OR PLASMIDS USED IN THIS STUDY

Strain or Plasmid Genotype or Description Source
C. jejuni Strains
81-176 Wild-type isolated from diarrheic patient a77)
Aapel 81-176 apel::aphA3;Km" This study
ApatB 81-176 patB::aphA3;KmR This study
ApatA 81-176 patA::aphA3;KmR This study
Aoap 81-176 oap::aphA3;Km"® This study
Aapel® 81-176 Aapel rrn::apel (from pRRC-0638) This study
ApatB® 81-176 ApatB rrn::patB (from pRRC-0639) This study
ApatA°® 81-176 ApatA rrn::patA (from pRRC-0640) This study
11168-0O C. jejuni strain originally isolated from diarrheic feces (178)
11168-GS 11168 that was genome sequenced after numerous (64,178)
passages
E.coli Strains
DH5-a F’, 80d deoR lacZAM15 endA1l recAl hsdR17(rg-mg+) Invitrogen
SUpE44 thi-1 gyrA96 relAl A(lacZYA-argF) U169
BL21(ADE3) F ompT hsdSg(rs ", mg") gal dcm [A DE3] Novagen
Plasmids
pGEM-T High-copy, linearized, T-tailed, Blue/White, Ap® Promega
pUC18-K2 Source of non-polar aphA3 cassette; Ap"Km~ (153)
pGEM-T-0638 pGEM-T ligated to 0638 amplified with 0637-2 and This study
0639-5 (2113 bp); Apt
pPGEM-0638::aphA-3 pGEM-T-0638 inverse PCR amplified with 0638-3 and This study
0638-2 (4098 bp) and ligated to aphA-3 (Kpnl, Hincll);
Ap®, KmR
pGEM-T-0639 pGEM-T ligated to 0639 amplified with 0639-1 and This study
0639-2 (2146 bp); Ap®
pGEM-0639::aphA-3 pGEM-T-0639 inverse PCR amplified with 0639-3 and This study
0639-4 (4267 bp) and ligated to aphA-3 (Kpnl, Hincll);
ApR, Km®
pGEM-T-0640 PGEM-T ligated to 0640 amplified with 0639-6 and This study
0641-4 (2396 bp); Ap®
pGEM-0640::aphA-3 pGEM-T-0640 inverse PCR amplified with 0640-1 and This study

0640-2 (4168 bp) and ligated to aphA-3 (Kpnl, Hincll);
Ap®, KmR

82



pPGEM-0638-40
::aphA-3

pPRRC
pRRC-0638
pRRC-0639
pRRC-0640
PET28a(+)

P0638-Hise

pHiss-0638

pGEM-T ligated to 0637 fragment amplified with 0637-1
and 0638-1 (1483 bp), 0641 fragment amplified with
0641-1 and 0641-2 (822 bp), and aphA-3 (Kpn1, Hincll);
ApR, KmR

C. jejuni rRNA spacer integration vector; Cm"®

PRRC ligated to 0638 amplified with 0638-C1(Nhel) and
0638-C2(Mfel) (1347 bp); Cm"®

PRRC ligated to 0639 amplified with 0639-C1(Nhel) and
0639-C2(Mfel) (1276 bp); Cm®

PRRC ligated to 0640 amplified with 0640-C1(Nhel) and
0640-C2(Mfel) (1616 bp); Cm"

Commercial vector for expression of recombinant 6x-
His-tagged protein

pET28a(+) ligated to apel amplified with 0638-eCF
(Ncol) and 0638-eCR (EcoRlI) (1121 bp) for expression
of C-terminal 6x-His-tagged 0638; Km~

pET28a(+) ligated to apel amplified with 0638-eNF
(Nhel) and 0638-eNR (EcoRl) (1116 bp); for expression
of N-terminal 6x-His-tagged 0638 Km"®

This study

(154)
This study

This study
This study
Novagen

This study

This study

83



APPENDIX 2. LIST OF PRIMERS USED WITH UNDERLINED RESTRICTION SITES IN LOWERCASE

Primer! Sequence Restriction
(Source) (5’ to 3%) Site
Aapel
0637-2 GGTGGAGCATTAAGCGGAA
0639-5 GCCACCAATAAGGCTTTTATTAAAAACTC
0638-2* GAAQQgtaccTGAGTATGGAATCTATTGTGTCATTTGTATTTA Kpnl
0638-3* CTATGAGCTGATGGCTAAAAAGTTACT
ApatB
0639-1 GGCTAGATGGCATATCAGTCTTTC
0639-2 GACCATTTGTTAATTTGTGTAGTTCTTAACTC
0639-3* GAAggtaccCTACAACAACCAAGCCAAGCA Kpnl
0639-4* GTGGCGCAAGAGAAATGTCT
ApatA
0639-6 GACCAGTCAAAATAGGATTTATAAGAAAGG
0641-4 GCAGCAAACTTATATCTTAGTATGAGTTCTT
0640-2 * GAAQgtaccGCTATCATTAAAATACTAAATTCTAGAGAAAAATA  Kpnl
AGTC
0640-1* GAATCTCCATTTTTACTAAAACCTTTTATCATAGC
Aoap
0637-1 TGCAAGAAATGCAGCAAATTTAAATCC
0638-1 GAAQgtaccCTATGAGCTGATGGCTAAAAAGTTACT Kpnl
0641-1 GGATACACAGTCGATGAACCTG Ncol
0641-2 GAAggtaccAcccgggCCTTCAATCCAAAGCGAGATTTG Kpnl, Smal
Resistance Markers
cat-2 (1) GTTTTTTGGATGAATTACAAGA
aphA3-2 (1) CTATTTTTTGACTTACTGGGGA
Complement
0638-C1 GCGGCGYctagcCGCAAGAGAAATGTCTAAACTTTTATTAGAAC  Nhel
0638-C2 GCGGCGcaattgCCCAGCAAGAATTTTTAAGAGCTAGATT Mfel
0639-C1 GCGGCGctagcCTTTTGGGGTTCTTTTTATGATCTATCCTTTA Nhel
0639-C2 GCGGCGcaattgTGAGTATGGAATCTATTGTGTCATTTGTATTTA  Mfel
0640-C1 GCGGCGYctagcGGTATGTAAGCGAACAACACGAA Nhel
0640-C2 GCGGCGcaattgACCAAGCCAAGCACTATAATCAAAATAA Mfel
Ribosomal 16S Markers
ak233 (154) GCAAGAGTTTTGCTTATGTTAGCAC
ak234 (154) GAAATGGGCAGAGTGTATTCTCCG
ak235 (154) GTGCGGATAATGTTGTTTCTG
Protein Expression
0638-His-NF GCGGCGYctagcCAAAATTTAAATACAAATGACACAATAGATTC  Nhel
CATACT
0638-His-NR  GCGGCGgaattcTTAATAATCAATGATATTTTTTAAATCCTCGAG  EcoRl

TAACTT
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0638-His-CF  GCGGCGccatggGGCAAAATTTAAATACAAATGACACAATAGA  Ncol
TTCCATACT

0638-His-CR  GCGGCGgaattcCCATAATCAATGATATTTTTTAAATCCTCGAGT  EcoRl
AACTT

! An asterisk (*) after the primer name indicates primers used for inverse PCR amplification for
generating deletion constructs. The letter C in the primer name indicates primers used to generate
complementation constructs in pRRC vectors. His in the primer name indicates primers used to amplify
Cjj81176_0638 for generating His-tagged protein expression constructs.
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APPENDIX 3. MUROPEPTIDE COMPOSITION OF C. JEJUNI WILD-TYPE 81-176, AAPE1, APATB, AND
APATA SHOWING RELATIVE ABUNDANCE OF MUROPEPTIDES CORRESPONDING TO PEAKS IN HPLC
CHROMATOGRAMS (FIGURE 3) OF SAMPLES ANALYZED IN JANUARY 2013.

Peaks' Muropeptide 81-176 Aapel ApatB ApatA
1 Tri 5.8 12.3 7.3 9.5
2 Tetra 16.1 16.6 15.8 15.2
3 Penta-Gly5 0.6 0.8 0.7 0.7
4 Di 16.3 8.3 16.1 14.3
5 Tri-Ac 0.3 2.8 0.3 0.3
6 Tetra- Ac 0.6 2.6 0.0 0.0
7 Di-Ac 0.0 19 0.0 0.0
8 TetraTri 9.7 7.6 11.1 13.7
9 TetraPentaGly5 0.4 0.7 0.6 1.0
10 TetraTetra 19.0 17.0 18.0 21.2
11 Tetra Penta 0.0 0.1 0.0 0.0
12 TetraTri-Ac 1.8 34 1.6 0.0
13 TetraTetraTri 0.8 0.5 0.9 1.5
14 TetraTetra-Ac 0.3 11 0.0 0.0
15 TetraTetraTetra 2.9 7.0 1.9 2.8
16 TetraTriAnh | 1.2 0.5 1.3 1.3
17 TetraTriAnh 11 2.6 1.6 2.5 2.7
18 TetraTetraAnh | 3.0 1.8 2.8 2.7
19 TetraTetraAnhll 5.6 3.7 49 49
20 TetraTetraTetraAnh 4.3 1.9 3.9 4.3

1-20  All known? 91.2 92.3 89.5 95.9

! Peak numbers correspond to those from HPLC chromatograms in Figure 2. Muropeptides are named
according to Glauner, Holtje and Schwarz (179) and are depicted in Fig. 2H. Di, disaccharide dipeptide
(disaccharide = B 1,4-linked N-acetylglucosamine-N-acetylmuramic acid); Tri, disaccharide tripeptide;
Tetra, disaccharide tetrapeptide; Penta, disaccharide pentapeptide; Gly, glycine in position 5 of a peptide
side chain; Ac, O-acetyl groups at the C-6 hydroxyl group of MurNAc; Anh, 1,6-anhydromuramic acid.
Disaccharides are linked to form dimers or trimers by crosslinks between amino acids 4 (D-Ala) and 3
(meso-DAP).

2 Total abundance does not add up to 100% due to the presence of peaks for which a structure has not
been assigned.
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APPENDIX 4. MUROPEPTIDE COMPOSITION OF C. JEJUNI WILD-TYPE 81-176, AAPE1, APATB®,
APATAS, AND AOAP SHOWING RELATIVE ABUNDANCE OF MUROPEPTIDES CORRESPONDING TO PEAKS
IN HPLC CHROMATOGRAMS (FIGURE 3) OF SAMPLES ANALYZED IN AUGUST 2013

Peaks Muropeptide 81-176 Aapel® ApatB°© ApatA°® Aoap
1 T 8.8 9.6 8.8 6.0 6.2
*  TetraGly4 0.4 0.4 0.4 0.3 0.4
2 Tetra 16.1 16.9 16.2 15.7 15.1
3  Penta-Gly5 0.8 1.0 1.2 0.9 1.0
4 Di 13.0 10.1 10.4 16.2 15.7
5 Tri-Ac 1.0 1.2 0.7 0.5 0.4
6 Tetra- Ac 0.6 0.7 0.5 0.0 0.0
7 Di-Ac 0.2 0.5 0.5 0.6 0.4
8  TetraTri 10.5 10.1 10.6 11.5 11.2
9 TetraPentaGly5 0.8 0.9 1.0 0.8 1.2
10 TetraTetra 21.4 22.4 23.0 22.4 22.5
12 TetraTri-Ac 15 1.7 0.9 0.0 0.0
13  TetraTetraTri 1.0 0.9 1.3 1.3 14
14  TetraTetra-Ac 1.7 1.8 14 04 0.0
15 TetraTetraTetra 2.5 2.8 3.1 2.9 3.4
16 TetraTriAnh | 1.1 1.0 1.1 1.3 1.2
17 TetraTriAnh Il 2.4 2.1 2.2 25 2.5
18 TetraTetraAnh | 2.8 2.8 3.0 3.1 3.0
19 TetraTetraAnhll 5.2 5.0 5.1 5.4 5.5
*  TetraTetraTriAnh 1.1 0.9 1.3 1.4 1.7
20 TetraTetraTetraAnh 4.1 4.2 4.9 4.5 5.3

1-20 All known? 96.8 97.1 97.4 97.7 97.9

Peak numbers correspond to those from HPLC chromatograms shown in Figure 2. A peak number
designated with a “*” represents a muropeptide structure that was not previously described and therefore,
the structure is not shown in Figure 2H. Muropeptides are named according to Glauner, Holtje and
Schwarz (179) and are depicted in Fig. 2H. Di, disaccharide dipeptide (disaccharide = 3 1,4-linked N-
acetylglucosamine-N-acetylmuramic acid); Tri, disaccharide tripeptide; Tetra, disaccharide tetrapeptide;
Penta, disaccharide pentapeptide; Gly, glycine in position 5 of a peptide side chain; Ac, O-acetyl groups
at the C-6 hydroxyl group of MurNAc; Anh, 1,6-anhydromuramic acid. Disaccharides are linked to form
dimers or trimers by DD- crosslinks between amino acids 4 (D-Ala) and 3 (meso-DAP).

*The total abundance does not add up to 100% due to the presence of peaks for which a structure has not
been assigned.
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