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Summary

This thesis reports studies on novel aspects of the electron transport chains of the
microaerophilic mucosal zoonotic pathogen Campylobacter jejuni. Surprisingly, growth
under oxygen-limited conditions in strain 81116 was stimulated by tetrathionate,
although C. jejuni does not possess any known type of tetrathionate reductase. A novel
dihaem cytochrome ¢ (C8j 0815; TsdA) was shown to be responsible for the enzyme
activity. Kinetic studies with purified recombinant C. jejuni TsdA showed it to be a
bifunctional tetrathionate reductase / thiosulphate dehydrogenase with a high affinity for
tetrathionate. A tsd4 null mutant still slowly reduced, but could not grow on,
tetrathionate under oxygen limitation, lacked thiosulphate-dependent respiration and
failed to convert thiosulphate to tetrathionate microaerobically. As TsdA represents a
new class of tetrathionate reductase that is widely distributed among bacteria, energy
conserving tetrathionate respiration will be far more common than currently appreciated.
Many co-factored electron transport enzymes are localised by the twin-arginine
translocase (TAT). Two paralogues of the TatA translocase component were identified
in strain NCTC 11168, encoded by c¢jl176c (tatAl) and cj0786 (tatA2). Deletion
mutants constructed in either or both of the tat4/ and tatA2 genes displayed distinct
growth and enzyme activity phenotypes. The specific rate of fumarate reduction
catalysed by methyl menaquinone fumarate reductase (MfrA) was similar in the
periplasmic fractions of both the tat4/ and tatA2 mutants and only the deletion of both
genes abolished activity. Unprocessed MfrA accumulated in the periplasm of the fat41
mutant, indicating aberrant signal peptide cleavage. Despite being encoded in the nap
operon, TatA2 is not essential for NapA maturation but may have a role in MfrA
assembly. Several periplasmic c-type cytochromes encoded by ¢j/153, ¢j1020c, cj0037c,
¢j0158c cj0854c and cj0874c were mutated in C. jejuni NCTC 11168. Mutation of
¢j1153 unexpectedly resulted in the loss of all other periplasmic c-type cytochromes and
abolished electron transfer to the ch-oxidase. RT-PCR evidence suggested this
phenotype was post-transcriptional and might be due to as yet undefined essential
stabilising interactions of Cjl1153 with other cytochromes. A large compensatory
up-regulation of cioAB in the ¢j//53 mutant suggested hitherto unappreciated
regulatory flexibility. This study reveals additional complexity in the electron transport

chains and offers a deeper insight into energy conservation in C. jejuni.
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Chapter 1 Introduction

1.1 General microbiology of Campylobacter jejuni

Campylobacter jejuni is classified under the genus Campylobacter and belongs to the
Campylobacteraceae family of the e-proteobacteria. It is Gram-negative and its
morphologic characteristics include slender, curved, S-shaped or spiral rods. The
generic name Campylobacteris derived from the Greek word Kampylos meaning
curved. The species name jejuni comes from the site where the organism does its
damage, the jejunum and ileum. It is highly motile due to a polar unsheathed flagellum
at one or both ends of the cell, which provides mobility for this bacterium (Vandamme,
2000). C. jejuni is non-spore forming and requires a microaerophilic environment for its
propagation. The size of the cell ranges from 0.2 to 0.9 pm in width and 0.5 to 5.0 um in
length. The optimum temperature for its growth is between 37°C to 42°C (Kelly, 2001;
Konkel et al., 2001). In the laboratory, the ideal atmosphere condition for culturing C.
Jjejuni contains 3 to 15 % (v/v) oxygen and 2 to 10 % (v/v) carbon dioxide. Also, due to
its physiological characteristics and metabolic complexity, C. jejuni can be only
routinely cultured on plates containing blood or in very nutritious broth. It has a
respiratory and chemoorganotrophic metabolism, deriving energy from amino acids and
tricarboxylic acid (TCA) cycle intermediates, but not carbohydrates, which are neither
fermented nor oxidized (Debruyne et al., 2008). However, it still can be propagated in
less nutritious media with some additives like fumarate, formate and serine (Kelly, 2001;

Sellars et al., 2002).

Figure 1.1 The morphology of Campylobacter jejuni under SEM. These images

show its corkscrew appearance and bipolar flagella. Image Source: (a) Sean F.
Altekruse / National Cancer Institute, Rockville. (b) Janice Carr / Centers for

Disease Control and Prevention.



The history of C. jejuni could be traced back to 1886. A nonculturable spiral-shaped
bacterium which caused enteritis in neonates was isolated by Theodor Escherich. Then,
in 1927, Smith and Orcutt isolated a group of Vibrio-lke bacteria from cattle with
diarrhea. In 1931, Jones and his colleagues proved a relationship between these
microaerophilic vibrios and bovine dysentery. They named this organism Vibrio jejuni.
Similar organisms were found in human’s blood culture with gastroenteritis and aborted
sheep fetuses. In 1972, C.jejuni was first isolated from human diarrheal specimens by a
clinical microbiologist in Belgium using a filtration-culture system (Dekeyser et al.,
1972; Butzler et al., 1979). With the development of improved media, the discovery of
optimal temperature and reduced atmospheric requirements, C. jejuni finally was
recognized as a significant cause of bacterial gastroenteritis. Due to its unusual growth
requirements, this organism was neglected as a human pathogen for many years, all the

while causing many undiagnosed cases of gastroenteritis.

C. jejuni is considered as a foodborne bacterial pathogen that is common in both
industrialized and developing countries (Nauta et al., 2009). It can survive in natural
environments and some specific hosts like human, cattle and chicken. Although it
would cause acute bacterial gastroenteritis in humans, it could survive in the
gastrointestinal tract of many avian species and has evolved a commensal relationship
with them. Therefore, the main route of human infection is consumption of untreated,
undercooked or contaminated food like unpasteurized milk, raw meat and poultry
products which are contaminated by feces during processing (Ketley, 1997; Young et
al., 2007; Fig. 1.2). Consequently, C. jejuni is one of the most common causes of acute
food-borne gastroenteritis in man and is a major global public health and economic
burden (Jacobs-Reitsma et al., 2008). The common symptoms of C. jejuni infection in
humans include acute diarrhoea, fever, abdominal pain, headache, nausea and vomiting.
In some cases, the infection leads to autoimmune disorders, including Guillain-Barré
syndrome, a paralytic neuropathy that occurs following approximately 1 in every 1,000
cases of campylobacterosis, and Miller-Fisher syndrome, a variant of GBS (Jacobs et al.,

2008).



oo Barem s, .

! e~ Mucus layer!

i i)

[} 1

(@) O
T ,

Figure 1.2 Sources of Campylobacter jejuni infection, several environmental
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reservoirs can lead to human infection by C. jejuni, including contaminated water,
milk and undercooked poultry. After infection, C. jejuni can penetrate intestine
cells and lead to some systemic syndromes in human. Figure adapted from Young
etal., 2007.

1.2 Taxonomy

In addition to Campylobacter spp., Wolinella spp. and Helicobacter spp. also belong to
the epsilon class of proteobacteria. They share some common physiological and
biochemical features which are used as the traditional properties in taxonomy. In the
past few years, genomic sequences of several e-proteobacterial species from the
Campylobacterales order have become available and this made the phylogenetic studies
progress rapidly (Gupta, 2006). According to conventional methods, 16S rRNA genes
of different strains were amplified with specific primers, and all amplified fragments
could be sequenced, aligned and their phylogenetic relationships are determined by
computative programs (Vandamme, 2000). However, based on comparative genomics
concepts, phylogenetic data can be calculated via the alignment of amino acid
sequences. The identified signature proteins and indels comprise rare genetic changes
that have been introduced at various stages during the evolution of Campylobacterales
and their species distribution patterns are supported by the branching order of these

species in phylogenetic trees (Gupta, 2006; Fig. 1.3).



(a) 165rRNA Tree (b) Concatenated Sequences Tree
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Figure 1.3 Phylogenic relationships of Campylobacteriales, based on (a) 16S
rRNA and (b) concatenated sequences for 9 proteins (AlaRS, Gyrase A, Gyrase B,
EF-Tu, EF-G, Hsp70, RpoB and RpoC): four genera below Campylobacteriales
are Campylobacter, Helicobacter, Wolinella and Thiomicrospira. Figure adapted
from Gupta, 2006.

The phylogenic relationships of three main genera Campylobacter, Helicobacter and
Wolinella are compared by the 16S rRNA and concatenated sequences which reflect
different relationship within this class (Fig. 1.3). However, like C. jejuni, all members
under these genera share some common features. They have relative smaller genomes
(1.6 to 2.0 megabases) and can establish long-term association with their hosts,
sometimes with pathogenic consequences (Young ef al., 2007). The genus Helicobacter
includes Helicobacter pylori, a well known pathogen that causes gastric ulcers,
sometimes can survive in humans without any symptoms for decades. The genus
Wolinella contains only one species, Wolinella succinogenes, which usually colonizes
cattle as a commensal organism. Therefore, for these bacteria, it is usual to build
long-term relationships with their hosts, which means they are highly host-adapted. For
this reason, they can maintain their niches without generating any immunoresponse or

syndromes in the host that has the ability for clearance (Young et al., 2007).

1.3 Genome Analysis of Campylobacter jejuni strains

The complete genome structure of C. jejuni strain NCTC 11168 was sequenced and
published in 2000 (Parkhill ef al., 2000). The whole genomic sequences made a
renewed interest in some areas neglected previously and it also has been re-analysed
and re-annotated (Gundogdu et al., 2007). The genome of C. jejuni NCTC 11168 is
relatively small and compact and includes 1,641,481 base pairs (bp) in length with a
low G+C content of 30.6%, comprising 1,654 predicted open reading frames (ORFs), of
which, at least 20 probably represent pseudogenes and 54 stable RNA species.



Pseudogenes have similar sequences to those functional genes but are unable to produce
functional products. It is one of the densest bacterial genomes to date because the
average gene length is 948 bp and 94.3% of the genome is made up of coding sequences
(Parkhill et al., 2000). It is also found that C. jejuni genome lacks repetitive sequences
and there are only four repeated sequences within the entire sequence. According to the
sequencing data, it is suggested that C. jejuni lacks DNA repair functions. For example,
genes like ada, phr, mutH, mutL and lexA in E.coli can not be found in C. jejuni
(Parkhill et al., 2000). Another interesting finding of the genome is the presence of
hypervariable regions, which are short and homopolymeric, were mostly found in the
genes for the biosynthesis or modification of surface structures (e.g. modification of the
flagella and the biosynthesis of extracellular polysaccharide) which give the cell rapid
variation of surface features. Taken together, both physiological traits may be relevant
to colonization of the dynamic environment like the intestinal tract or evasion of the
host immune system (Parkhill et al., 2000). Also, the genomic sequences suggested a
highly branched respiratory chain in C. jejuni, which not only offers the potential for
metabolic versatility but facilitates the research in molecular physiology and

pathogenicity.

C. jejuni 81-176 is another strain which is considered as highly pathogenic and usually
used in the research of colonisation (Hofreuter et al., 2006). The whole genome of C.
jejuni 81-176 is composed of 1,594,651 bp in length. Therefore, comparing to that of
strain NCTC 11168, there are 35 genes absent (Hofreuter et al., 2006; Gundogdu.,
2007), including several metabolic and pathogenic genes like a dimethyl sulphoxide
(DMSO) reductase; two DcuC homologues involved in succinate efflux and
y-glutamyltranspeptidase (gg?). Also, two plasmids were found in strain 81-176, pVir

and pTet, which were considered as virulence factors in C. jejuni (Bacon et al., 2002).

C. jejuni strain RM1221 was discovered by Miller in 2000 (Miller et al., 2000). The
total genomic sequencing was achieved in 2005 and its genome consists of 1,777,831 bp
(Fouts et al., 2005). It also has a low G+C content as 30.31% and includes 1884
predicted ORFs. The average of length of its genes is 885 bp and 47 of them are
pseudogenes (Fouts et al., 2005). Interestingly, it has shown that 12 of these
pseudogenes are similar to those in the strain NCTC 11168.



1.4 Clinical aspects, diagnosis and treatment of campylobacteriosis

Many agents of foodborne infection cause similar clinical symptoms like diarrhoea,
fever and pain. The diagnosis of C. jejuni relies on either isolating this bacterium in
stools from patients, or performing immunological and molecular tests on a specimen to
confirm the existence of this organism, antibodies or DNA fragments (Skirrow and
Blaser, 2000). Most people who fall ill with C. jejuni have symptoms like diarrhoea
(often bloody diarrhoea), cramping, abdominal pain and fever within 2 to 5 days after
exposure to the organism and symptoms typically last for up to one week (Butzler and
Skirrow, 1979). Although complications are rare, C. jejuni infection can lead to serious
sequelae like acute cholecystitis, hemolytic uremic syndrome and Guillain-Barré
syndrome which is the most common complication and causes neuromuscular paralysis

in patients with campylobacteriosis (Rhodes and Tattersfield, 1982).

The incubation period of C. jejuni in human ranges one to seven days and the average is
three days (Konkel et al., 2001). Some patients may have mild symptoms; others may
have life-threatening illness with various complications. Comparing to other pathogens
causing enteritis, C. jejuni has a low infectious dose of 500 cells, indicating the high
risk of infection when consuming raw or undercooked poultry and contaminated water

or milk (Black et al., 1988; Olson ef al., 2008).

However, since the infection of C. jejuni is generally self-limiting, most of
campylobacteriosis patients can recover without any clinical treatments of antibiotics. In
cases of diarrhoea, the recommended therapy is to resupply fluid and electrolyte. For
some severely dehydrated patients, rapid volume expansion with intravenous fluids is
needed (Dryden et al., 1996). In order to shorten the duration of symptoms and
eliminate this organism in gastrointestinal tracts, antibiotics such as erythromycin or
fluoroquinolone can be used in some severe cases of infection. If antimicrobial therapy
can be applied soon after the onset of symptoms, the duration of illness can be reduced

from ten days to approximately five days (Dryden et al., 1996).

1.5 Pathogenic mechanisms of Campylobacter jejuni

Campylobacter jejuni was first recognized as a pathogen in 1977 (Byran and Doyle,
1995). However, without complete genomic information, for a long time researchers

could only focus on some pathogenic traits like those in other bacterial pathogens. The
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lack of knowledge concerning the pathogenic mechanisms has limited our means of
preventing humans from obtaining this organism. Until recently, the whole genome
information was sequenced and lots of gene-based pathogenic factors of C. jejuni were
revealed (Parkhill ez al., 2000). According to previous studies, complex interactions
between the pathogen and host tissues lead to the gastrointestinal tract infection, where
C. jejuni is able to develop some pathogenic mechanisms like invasion, adhesion,
glycosylation and motility. All of them would challenge the immune system of specific

hosts and cause some syndromes of campylobacteriosis.

1.5.1 Virulence and colonisation factors

1.5.1.1 Motility and taxis

The mobility/chemotaxis of C. jejuni is vital to many aspects for the survival, including
host colonization, virulence in some animal models, secretion and host-cell adhesion
and invasion. A mutant deficient in motility was unable to maintain persistent infection
with the host and also showed reduced adhesion and invasion of human cells
(Wassenaar et al., 1991; 1993; Golden and Acheson 2002; Hendrixson and DiRita,
2004). Previous studies indicated that C. jejuni could penetrate the mucus of the small
bowel of human due to its spiral shape and flagellar motility (Golden and Acheson,
2002; Yao et al., 1994). Both of these characteristics facilitated the corkscrew motion of
this pathogen which first colonised and then grew in the intestinal mucus layer. The
bipolar unsheathed flagella are composed of a basal body, a hook and filaments. The
filament is built up by the flagellins FlaA (Cj1339) and FlaB (Cj1338; Guerry et al.,
1991), which flaA shows a higher expression level (Konkel et al., 2001). A
transcriptional hierarchy exists in the regulatory mechanism of the flagella of C. jejuni.
The regulatory cascade includes 6> (encoded by rpoN) and ¢® (encoded by flid) as the
flagellar o-factors (Hendrixson et al., 2001) and the two-component system FIg/S/R
(Cj0793/Cj1024; Wosten et al., 2004). However, the flagellar master regulators FIhC
and F1hD, which are crucial for the flagellar gene expression in other species, have not
been identified in the C. jejuni genome (Parkhill et al., 2000). Flagella offer an
advantage for C. jejuni to invade through the epithelial surface to the underlying tissues
with resisting expulsion caused by gut peristalsis (Hendrixson and DiRita, 2004), and it
could also act as a secretion apparatus for invasion antigens, which are able to elaborate

other virulence factors to cause inflammation and epithelial damage with leakage of

fluid.



The mobility caused by chemical stimulation is called chemotaxis. Environmental
factors like the concentration of carbon sources will trigger the signal transduction
system in C. jejuni, which makes cells sense surrounding changes and start to response
by flagellar movements toward or away from the source of stimuli. The genome
sequence analysis has shown that C. jejuni encodes most features of the E. coli
chemotaxis system. Several homologues like the histidine kinase CheA (Cj0284),
scaffold protein CheW (Cj0283) and response regulator of controlling flagellar rotation
CheY (Cj1118) are present (Parkhill et al., 2000; Marchant et al., 2002), along with the
receptor adaption proteins CheR (Cj0923) and CheB (Cj0924; Kanungpean ef al., 2011).
C. jejuni lacks a homologue of the phosphatase CheZ but Cj0700 might be a functional
substitute (Korolik and Ketley, 2008). The poorly understood CheV protein was also
found in C. jejuni which has a N-terminal CheW like domain and a C-terminal
CheY-like domain. It is supposed to be a phosphate sink for the signal-transduction
machinery of chemotaxis (Marchant et al., 2002; Pittman et al., 2001).

C. jejuni displays chemotactic mobility towards amino acids which are found in high
levels in the chick gastrointestinal tract (Hugdahl ez al., 1988). There are ten
methyl-accepting chemotaxis receptors (MCPs) anchoring on the membrane of C. jejuni,
which are also termed Tlps (transducer-like proteins; Marchant et al., 2002). Mutants
that lack either Cj0019c (DocB) or Cj0262c, which are both MCPs, show decreased
chick colonisation. According to the genomic and genetic analysis, C. jejuni is also able
to transduce an energy taxis (or aerotaxis) signal using CetA and CetB (Cj1190/Cj1189)
proteins, and migrate in response to either the redox state of electron transport chain

components or the proton motive force (Hendrixson et al., 2001).

1.5.1.2 Adhesion and invasion

To colonise hosts, bacteria typically require specific components on the cell surface to
attach host cells. Fimbriae and pili are the most common structures which facilitate the
adhesive progress during colonization. The genomic sequence analysis revealed that C.
jejuni does not encode either of them (Parkhill ef al., 2000), but relies on
surface-exposed adhesins which make pathogens attach on human cells, especially bind
to host target cells associated with the intestinal mucus-filled crypts (Pei et al., 1998).
The adhesins discovered in previous studies includes the flagellin (Grant et al., 1993)

and the FlaC (Cj0720) secreted by flagella (Song et al., 2004); the lipooligosaccharide



(LOS; McSweegan and Walker, 1986); the surface attached lipoprotein JIpA which is
crucial for the HEp-2 cell binding (Cj0983; Jin et al., 2001); the periplasmic binding
protein PEB1a (or called CBF1, Cj0921; Pei et al., 1998); the outer membrane proteins
CadF which binds specifically to fibronectin (Cj1478; Konkel et al., 1997) and FlpA
(Cj1279; Flanagan et al., 2009); the autotransporter protein CapA (Cj0628/Cj0629;
Ashgar et al., 2007); the surface exposed P95 (Kelle et al., 1998); the major outer
membrane protein (MOMP) encoded by pord (cj1259; Schroder and Moser, 1997); the
surface capsular polysaccharide (Bacon et al., 2001); and the magnesium transporter

glycoprotein Cj1496¢ which is present in the periplasm (Kakuda and DiRita, 2006).

Intracellular C. jejuni have been observed in patients, which indicates the bacteria
apparently invade intestinal epithelial cells and this could be reproduced in cell lines in
vitro. All C. jejuni strains require microtubule polymerization for a maximal invasion
and the disruption of actin-based process has also been well described (Monteville et al.,
2003; Oelschlaeger et al., 1993). C. jejuni undergoes physiological changes in oxygen
sensitivity and metabolism inside the host cells and a modified membrane bound
compartment called C. jejuni containing vacuoles (CCVs) allows the survival and
replication of this pathogen (Watson and Galédn, 2008). The synthesis of Campylobacter
invasion antigens (Cia) is stimulated by the bile component deoxycholate and the
secretion of Cia is probably mediated by the flagellar type-III secretion system (Konkel
et al., 2004). The Cia has been demonstrated to cause invasion (Rivera-Amill et al.,
2001; Konkel et al., 1999; Christensen et al., 2009; Buelow et al., 2011), as do the
polysaccharide capsule (Bacon et al., 2001) and sialylated LOS (Louwen et al., 2008).

1.5.1.3 Toxin production

The well-studied CdtABC (Cj0079¢ — Cj0077¢) tripartite complex has revealed the first
cytolethal distending toxin (CDT) in C. jejuni (Lara-Tejero and Galan, 2001). The toxin
causes an arrest at the G;/S or Go/M transition of the cell cycle, blocks cell division and
leads to cell death of lymphocytes and has been recognized as a major
pathogenicity-associated factor (van Vliet and Ketley, 2001). CdtB is thought to act as a
DNase, as it shares similarity with a family of DNase I-like proteins. The functions of
CdtA and CdtC are still unclear, but one or both might mediate binding to host cells
(Lara-Tejero and Galéan, 2001). In addition, several proteins were found to act as CDTs

while the infection process of C. jejuni, including a phospholipase, pldA4 (cj1351; Ziprin



et al., 2001); a putative contact dependent haemolysin, tly4 (cj0588) and a putative
integral membrane protein with a haemolysin domain (c¢j0183; Satamaszynska-Guz and
Klimuszko, 2008). The CDT is present in the outer membrane vesicles of C. jejuni
(Lindmark et al., 2009). However, its role in the virulence process is still unclear and
the cdt mutant shows similar enteric colonization and host cell adhesion as wild type but

the reduction of invasion was observed in it (Purdy et al., 2000; Biswas ef al., 2006).

1.5.1.4 The homeostasis of iron

The iron homeostasis is crucial to bacterial survival and it is also essential for living
organisms in the cellular processes including metabolism, electron transport and gene
regulation. Also, the availability of iron plays a central role in the pathogenesis of
bacterial pathogens (Braun, 2001). The ferric iron (F ¢’ occurs in the host mostly and
the specific iron-binding proteins like lactoferrin and transferring allow the ferric iron to
be isolated from pathogens in the host. In order to overcome this situation, the
commensal and pathogenic bacteria secret a specific iron-chelator called siderophore,
which shows higher affinity to Fe’*. However, the genomic sequence analysis shows
that no siderophores are encoded in C. jejuni (Gundogdu et al., 2007). Instead, this
pathogen is able to utilise several iron uptake systems to obtain iron from siderophores
secreted by other bacteria like ferric-enterobactin and salmochelin or host-derived
iron-binding proteins like lactoferrin and hemoglobin (Miller et al., 2009; Naikare et al.,
2013). CfrA (Cj0755) located in the outer membrane of C. jejuni NCTC 11168 is a
ferric-enterobacterin receptor, which coordinates with the CeuBCDE (Cj1352 - Cj1355)
ABC transporter system to mediate enterbactin/enterochelin uptake into C. jejuni
(Palyada ef al., 2004). Another iron uptake system that facilitates iron acquisition from
host compounds like hemoglobin and hemin is the chudBCDZ (cj1613 — ¢j1617) gene
cluster (Ridley et al., 2006). Furthermore, C. jejuni is also able to utilize ferrous (Fe*")
iron by the FeoB (Cj1398) transport protein (Naikare ef al., 2006) and the major
iron-storage protein in C. jejuni is the ferritin-like Cft (Cj0612; Wai et al., 1995).

1.5.1.5 Protein glycosylation

Glycosylation is a kind of post-translational modification of proteins with
oligosaccharide conjugation. Two protein glycosylation systems were found in C. jejuni:
O-linked glycosylation modifies serine or threonine residues on flagellin, while the

other modifies asparagine residues on many proteins (N-linked glycosylation).
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Interestingly, the N-linked glycosylation had been observed only in eukaryotes and
archaea before the discovery of the N-linked modification system in C. jejuni
(Szymanski et al., 1999). The biochemical functions and biosynthesis pathway of
O-linked glycosylated proteins were well studied and this system plays an important
role in the synthesis of flagella in C. jejuni. Previous studies indicate that the flagellin in
strain 81-176 is glycosylated with pseudaminic acid, synthesized by the pse genes
(McNally et al., 2006) and homologues of genes involved in flagellin glycosylation of
Campylobacter coli are wildly distributed among different C. jejuni strains (McNally et
al., 2007). O-linked glycosylation of flagellin is necessary for the proper assembly of
the flagellar filaments, and suggests a deficiency of this mechanism will result in severe
consequences, such as the loss of motility, a decrease in the adherence to and invasion
of human epithelial cells (Szymanski et al., 2002) and decreased virulence in ferrets
(Guerry et al., 2006). However, to date, there is still no evidence for the role of O-linked
glycosylation in immune avoidance or the host cell interaction. On the contrary,
N-linked glycosylation plays a more fundamental role in the biology of C. jejuni and the
N-linked glycans are conserved in all strains that have been examined (Dorrell ef al.,
2001; Szymanski et al., 1999). The pgl gene cluster (¢jl119c — ¢j1130c) is responsible
for the synthesis of N-linked glycans which consist of N-acetylgalactosamine-containing
heptasaccharides (Young et al., 2002) at the conserved sequence — D/E-X;-N-X,-S/T
(where X, and X; can be any amino acids except proline; Wacker ef al., 2002; Young et
al., 2002). Over more than 30 periplasmic and membrane proteins are N-linked
glycosylated and participating in the process of colonisation, adherence and invasion
(Wacker et al., 2002; Linton et al., 2005) while the strain with pg/ mutations exhibit
reduced adherence and invasion in the INT 407 intestinal cell lines (Kakuda and DiRita,
2006). Furthermore, N-linked glycosylation changes the immunoreactivity of some
glycosylated proteins, which suggests N-linked glycosylation might be involved in the
evasion of the immune system (Szymanski et al., 1999). However, the biological

function of N-linked glycosylation in C. jejuni is still not fully clear to date.

1.6 Physiology of C. jejuni

In the lack of genetic information, most previous studies focused on the virulence and
colonisation of C. jejuni before the revealing of its genomic sequences. However, the
particular metabolic properties of this organism are important because they directly or

indirectly relate to the ability of pathogenicity. Also, C. jejuni needs complex
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environmental conditions for culturing and a complex medium like undefined blood
products are always used, which leads to the difficulty of understanding its metabolic
pathway and the utilization of various substrates (Kelly, 2001). Now the complete
genome information provides many new insights of the physiology of C. jejuni (Parkhill

et al., 2000).

1.6.1 Carbon catabolism

1.6.1.1 The non-glycolytic nature of C. jejuni

The glycolysis pathway is the first and critical step of carbon metabolism in prokaryotic
and eukaryotic cells and yields ATP and NADH. ATP can be utilized by cells directly
whereas NADH drives the production of ATP via electron transport chain and ATPase.
Due to the lack of the nonreversible glycolytic enzyme 6-phosphofructokinase, C. jejuni
has an interrupted Embden-Meyerhof-Parnas (EMP) pathway, so it can not utilize the
most common carbon source in the environment: glucose (Parkhill ez al., 2000; Kelly,
2008). Also, the result of BIOLOG phenotype microarray analyses showed that the
respiratory activity of C. jejuni was not enhanced either by adding hexoses and pentoses
like fructose, galactose, trehalose, ribose, thamnose or the presence of disaccharides
lactose, maltose and sucrose (Gripp et al., 2011; Line et al., 2010; Muraoka and Zhang,
2011). However, recent studies revealed that L-fucose can be utilized as a growth
supporting carbon/energy source in certain strains (Muraoka and Zhang, 2011; Stahl et
al., 2011). A genomic island (9 kb) which is comprised of 11 open reading frames from
¢j0480 to ¢j0490, is found in strain NCTC 11168 but not in 81-176. The gene region
encodes fucose-inducible enzymes which constitute a unique pathway for the uptake
and metabolism of the sugar and facilitate the colonisation of the host guts since
L-fucose is the predominant saccharide in mucins (particularly in the small intestine and
cecum). The fucP (cj0486) gene encodes a putative fucose permease which enhances
the growth of C. jejuni NCTC 11168 supplemented with fucose in vitro and provides a
competitive advantage during the colonisation in the porcine pathogenic model (Stahl et
al., 2011). In addition to mucins, the source of fucose in the intestine might be from the
degradation of host glycans by commensal bacteria or the up-regulation of host’s
fucosidase stimulated by the infection of other pathogens like H. pylori (Liu et al.,
2009). The fucose transported by FucP might be further metabolised to
dihydroxyacetone phosphate (DHAP) and then to pyruvate which provides a rationale
for the lower part of the EMP pathway in C. jejuni (Muraoka and Zhang, 2011).
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1.6.1.2 Gluconeogenesis and anaplerotic reactions

C. jejuni does not encode for enzymes like 6-phosphogluconate dehydratase and
2-keto-3-deoxyphosphogluconate aldolase in the Entner—Doudoroff pathway (Fouts et
al., 2005; Parkhill et al., 2000), also a glucose uptake system like the
phosphoenolpyruvate (PEP)-dependent phosphotransferase in E. coli (Gosset, 2005)
was not found in C. jejuni. Consequently, gluconeogenesis is necessary for the
biosynthesis of glucose, which is used for the LPS and capsule biosynthesis and the O-
or N-linked glycosylation of various proteins (Karlyshev et al., 2005). Though the
gluconeogenesis has not been experimentally proven yet, several anaplerotic enzymes
which bridge the TCA cycle to the EMP pathway were discovered and they are
homologues of pyruvate carboxylase PycA and PycB (Cjl1037 and Cj0932), the
phosphoenolpyruvate carboxykinase PckA (Cj0932) and the pyruvate kinase Pyk
(Cj0392¢c; Velayudhan and Kelly, 2002). These enzymes are required for the
oxaloacetate — PEP — pyruvate conversion that composes a metabolic triangle in the
controlling of the carbon flow. Interestingly, the irreversible pyruvate kinase Pyk which
catalyses the final step of glycolysis is in the absence of function forwards
EMP-pathway, thus the catabolic role of Pyk might involve in the lower part of the
pathway with unknown substrates. Besides, PckA which catalyses the synthesis of PEP
by the decarboxylation of oxaloacetate, was considered essential for C. jejuni because
the pckA gene could not be inactivated by site-directed mutagenesis in strain NCTC

11168 (Velayudhan and Kelly, 2002).

1.6.1.3 The tricarboxylic acid cycle

The genome sequence indicates that C. jejuni possesses all critical enzymes which are
necessary for operating a complete oxidative tricarboxylic acid (TCA) cycle (Parkhill et
al., 2000). Homologues of succinate dehydrogenase (cj0437-0439, or type B fumarate
reductase), the a and [ subunit of succinyl-coA synthetase, fumarate reductase complex
(frdABC), NAD-linked malate dehydrogenase and a malate:quinine oxidoreductase are
present (Kelly, 2001). However, the pyruvate dehydrogenase and 2-oxoglutarate
dehydrogenase complexes are absent and replaced by another two oxidoreductases as
alternatives: Por and Oor. The flavodoxin/ferredoxin-dependent pyruvate: acceptor
oxidoreductase (Por; encoded by c¢ji476c) is responsible for the oxidative
decarboxylation of pyruvate to acetyl-CoA and the related 2-oxoglutarate: acceptor

oxidoreductase (Oor; encoded by 0orDABC, cj0535 to cj0538) catalyses the conversion
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of oxoglutarate to succinyl-CoA. Both Por and Oor contain iron-sulphur (Fe-S) clusters
which are very sensitive to inactivation by oxygen and commonly found in obligate
anaerobes. The presence of these two proteins might partially contribute to the
microaerophilic phenotype of C. jejuni (Kelly, 2008; Kendall ef al., 2014). It has been
demonstrated that an additional redox protein might mediate the transfer of electrons
from Por-reduced flavodoxin to NADP in H.pylori (Hughes et al., 1998) and this is
crucial for the reoxidising of reduced flavodoxin to ferrodoxin produced in the Por/Oor
reactions. The flavodoxin:quinone reductase homologue in strain NCTC 11168 is
Cj0559 (St Maurice et al., 2007) but it has not been proved yet whether this might

contribute the similar electron transfer as that in H .pylori.

1.6.1.4 Organic acids and amino acids are the main sources of carbon
for C. jejuni

Due to the significance of gluconeogenesis in C. jejuni for maintaining its physiological
activity, the substrates which are utilised efficiently in the intermediary metabolism will
be able to satisfy the necessities for carbohydrate, lipid and protein biosynthesis of this
pathogen. Previous studies revealed that C. jejuni is able to catabolise organic acids like
lactate, pyruvate, acetate and intermediates of the TCA cycle as well as a restricted
number of amino acids (Elharrif and Megraud, 1986; Westfall et al., 1986; Mohammed
et al., 2004; Guccione et al., 2008; Hinton, 2006; Velayudhan and Kelly, 2002; Wright
et al., 2009) and several systems for active transport of organic acids across the inner
membrane are deduced from the genomic information (Parkhill et al., 2000). Also,
organic acids like pyruvate, 2-oxoglutarate, fumarate, succinate, malate and lactate are
chemoattractants of C. jejuni, suggesting their importance for the proliferation of C.
jejuni (Hugdhal et al., 1988; Vegge et al., 2009). The C4-dicarboxylate antiporters
DcuA (Cj0088) and DcuB (Cj0671) on the inner membrane are able to transport
aspartate into C. jejuni under oxygen-limited conditions (and excrete succinate
electroneutrally with fumarate uptake), then aspartate is converted into fumarate by
deamination catalysed by the aspartase AspA (Cj0087) within the cell and fed directly
into the TCA cycle. The AspA has also been shown to be important in fumarate
respiration in C. jejuni (Guccione et al., 2008). Furthermore, only the dcuAddcuB double
mutant was unable to grow supplemented with aspartate/fumarate, indicating their
activities were redundant. Nevertheless aspartate uptake still occurs, suggesting the

transportation might be achieved by the PEBI aspartate/glutamate ABC-transporter
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(Leon-Kempis et al., 2006) and possibly by the homologue of DctA: Cj1192, which is a
predicted dicarboxylate/amino acid:cation symporter (Parkhill ez al., 2000). Although
there is another system accounting for the specific efflux of succinate (DcuC; Zientz et
al., 1999), the homologous genes found in C. jejuni NCTC 11168 are inactive
pseudogenes (¢j1389 and ¢j1528), and this probably explains the growth defect of the
dcuAdcuB mutant.

It is well established that the utilization of amino acids plays an important role in
fuelling the central metabolism of C. jejuni. However, only few glucogenic amino acids
support the growth of this pathogen and some of them like arginine and lysine have
been proved as chemorepellents (Rahman et al., 2014). The amino acids which are
utilised by most C. jejuni strains for proliferation include aspartate, glutamate, proline
and serine (Guccione et al., 2008; Hofreuter et al., 2008; Velayudhan et al., 2004;
Leach et al., 1997). This correlates well with the metabolic profiling of supernatants
from C. jejuni liquid culture, which demonstrates the utilization of these four amino
acids (Guccione et al., 2008; Wright et al., 2009) and the amino acid composition of
chicken excreta (Parsons et al., 1982). The order of importance for these four amino
acids in vivo was validated by the catabolic test and the colonisation of animal models
of infection with mutants. Serine is first catabolized and facilitated the rapid growth for
C. jejuni (Velayudhan et al., 2004), followed by the usage of aspartate (Guccione et al.,
2008; Novik et al., 2010), glutamine/glutamate (Hofreuter et al., 2006; Barnes et al.,
2007) and proline (Leach et al, 1997). Due to the presence of an active serine
transporter SdaC (Cj1265¢) and dehydratase SdaA (Cjl1264c¢), serine becomes the most
favoured amino acid for C. jejuni growth. Within the cell, serine is efficiently converted to
pyruvate which can be fed directly into the TCA cycle by the conversion to acetyl-CoA
mediated by Por (Velayudhan et al., 2004).
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Figure 1.4 Central carbon metabolism and amino acid utilisation in C. jejuni. Major
enzymes are shown next to the reaction they catalyse and pathways are partially
elucidated. Transporters are shown as grey rectangles and O,-sensitive enzymes are shown
in black boxes. The outer and inner membranes and the periplasm are demonstrated as a
single border. Enzymes and proteins, from top: FucP, L-fucose transporter; SdaC, serine
transporter; SdaA, serine dehydratase; Pyk, pyruvate kinase; Por, pyruvate: acceptor
oxidoreductase; Nuo, NADH: quinone oxidoreductase; Pyc, pyruvate carboxylase; Pck,
PEP carboxykinase; GItA, citrate synthase; Acn, aconitase; Icdh, isocitrate
dehydrogenase; Mqo, malate:quinone oxidoreductase; Mdh, malate dehydrogenase (NAD
linked); Oor, 2-oxoglutarate: acceptor oxidoreductase; Suc, succinyl-CoA synthetase;
Fum, fumarase; Frd, fumarate reductase; AspA, aspartate deaminase; AspB, glutamate
transaminase; PutP, proline transporter; PutA, proline dehydrogenase; PEBI,
aspartate/glutamate ABC-transporter. ETC is electron transport chain and PEP is
phosphoenol pyruvate. Figure revised from Kelly, 2008.
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Still some C. jejuni strains are able to utilize asparagine and glutamine/glutathione for
growth. For the deamination of asparagine, an additional sec-dependent secretion signal
is necessary for the transportation of L-asparaginase AnsB (AnsB®; secreted AnsB) into
periplasm that was only found in certain strains such as 81-176. Also, C. jejuni strains
which encode for a secreted y- glutamyltranspeptidase (GGT) are able to utilize
glutamine for growth (Hofreuter et al., 2008). Taken together, the ansB’ and
ggt-positive C. jejuni isolate relies on the conversion of both amino acids to aspartate
and glutamate respectively in the periplasm, then these deaminated amino acids are
transported through the membrane bound DcuAB, DctA and PEBI into the cell
(Guccione et al., 2008; Leon-Kempis et al., 2006). Furthermore, proline is the least
well-used amino acid and the presence of PutP (CJJ81176 1494; Cj1502), a sodium/proline
symporter, allows proline entering the TCA cycle where the PutA (CJJ81176 1495;
Cj1503), a bifunctional enzyme, converts proline to glutamate in a two-step reaction (Stahl
et al., 2012). In addition to the systems described above, the CjaA (Cj0982c) protein
constitutes the cysteine-binding component of an ABC transporter (Miiller et al., 2005)
and the homologues of LIV transport system might contribute the transportation of
branched-chain amino acids such as leucine, isoleeucine and valine (Ribardo and

Hendrixson, 2011).

1.6.2 Microaerophilly

The dependence on oxygen for C. jejuni is a dilemma since it is well known as
microaerophile, which means that C. jejuni although requiring oxygen for growth, is
unable to grow at normal atmospheric oxygen tensions. This unusual physiological
characteristic may offer this pathogen a niche for surviving at low oxygen
concentrations (Kreig and Hoffman, 1986; Kelly et al., 2001). Most strains of C. jejuni
grow best at 3 — 10 % (v/v) oxygen, and their growth will be inhibited under both
extreme conditions: atmospheric oxygen tensions and strict anaerobic environments like
human guts. The life cycle of C. jejumi reflects its exposure to various oxygen
concentrations but the knowledge about its microaerobic requirement of oxygen and the
oxygen-sensing system is still unclear although the possible explanation of the former is
the presence of oxygen dependent/sensitive enzymes. C. jejuni is equipped with various
enzymes facilitating oxygen-independent respiration with alternative electron acceptors
to oxygen but no growth can be observed under strictly anaerobic conditions (Veron et
al., 1981). The possible explanation of this phenomenon is the requirement of low
amounts of oxygen for the deoxynucleotides synthesis which is catalyzed by the
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oxygen-sensitive class I ribonucleotide reductase (NrdAB-type RNR; Sellars et al.,
2002).

C. jejuni encodes for several oxygen sensitive enzymes, which might be part of the
reason for the microaerobic requirement. The oxygen-labile, iron-sulphur
(Fe-S)-containing metabolic enzymes Por and Oor in the TCA cycle are sensitive to
molecular oxygen. Although they are partially protected by the hemerythrin proteins
HerA (Cj0241c) and HerB (Cj1224), no sufficient mechanisms are found to repair Por
and Oor once damaged through exposure to atmospheric oxygen concentrations
(Hughes et al., 1998; Kendall et al., 2014). The L-serine dehydratases SdaA in most
aerobes are pyridoxal 5’ phosphate (PLP)-dependent, but instead of binding to PLP, the
SdaA homologue in C. jejuni contains an oxygen labile Fe-S cluster, similar to enzymes
mostly found in anaerobes (Velayudhan et al., 2004). Another example of oxygen
sensitive enzymes is rubredoxin oxidoreductase/rubrerythrin (Rbo/Rbr)-like Rrc protein
(Cj0012c¢). It has been shown that reactive oxygen species (ROS) and aerobic stress
severely affect the enzyme activity (Yamasaki et al., 2004).

However, C. jejuni is adapted to this unfavourable circumstance during the process of
colonisation in the host. This pathogen is in preference colonising the mucus layer and
the intestinal crypt close to the epithelium (Beery et al., 1988; Lee et al., 1986) where
the oxygen tension is higher than in the intestinal lumen. Also, the preferred
colonisation site of C. jejuni is between the mid small intestine and the mid colon,

which holds higher oxygen tensions than the distal colon and rectum (He ef al., 1999).

The facile explanation for the molecular basis of the microaerophily is a deficiency of
oxidative stress defences. Non-specific electron transfer from the respiratory chain to
oxygen occurs in most of oxygen-dependent bacteria (Cabiscol et al., 2000). The
stepwise one-electron reduction of O, results in the formation of the reactive oxygen
species (ROS) such as superoxide radical (O;"), hydrogen peroxide (H,O;) and hydroxyl
radical (HO’), which are also arising from the host immune system in response to
bacterial infection; their cellular targets including DNA, proteins and membranes.
Basically, this hypothesis is unlikely in C. jejuni due to the harboring of a variety of
ROS-detoxifying enzymes including the superoxide dismutase SodB (Cj0169; Pesci et
al., 1994), the alkyl hydroxide reductase AhpC (Cj0334; Baillon et al., 1999), the
catalase KatA (Cj1385; Day et al., 2000), the thiol peroxidases Tpx (Cj0779; Atack et
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al., 2008), the bacterioferritin comigratory protein Bep (Cj0271; Atack et al., 2008), the
cytochrome c¢ peroxidases (Cj0020c and Cj0358; Parkhill et al., 2000), and the
methionine sulfoxide reductases MsrA and MsrB (Cj0637 and Cj1112; Atack and Kelly,
2009). However, the regulation of oxidative stress response in C. jejuni is still poorly

understood but PerR (Cj0322) is thought to be involved in it (Palyada et al., 2009).

1.6.3 Capnophily

Like oxygen, carbon dioxide is also essential for the proliferation of C. jejuni. The ideal
atmospheric level of carbon dioxide (CO,) for the growth of C. jejuni is 5 — 10 % (v/v).
Although the reasons for this are unclear, CO, requiring enzymes including those
involved in anaplerotic CO, fixation like phosphoenolpyruvate (PEP) carboxykinase
and pyruvate carboxylase (Kelly, 2001; Velayudhan and Kelly, 2002) may be important.
The multi-subunit acetyl-CoA carboxylase in H. pylori shows a low affinity for CO, but
it is essential for fatty acid biosynthesis. This might be a major reason to explain the
necessity of carbon dioxide for this organism (Burns ef al., 1995; Hughes et al., 1995).
Still the presence of carbonic anhydrases which regulate the balance of CO,/bicarbonate
is also considered as a contributor to the capnophilic phenotype (Kelly, 2001). This
emzyme is the IcfA homologue, which is encoded by ¢j0237/cynT according to the
genomic information of C. jejuni (Parkhill et al., 2000)

1.7 Electron transport chains

1.7.1 Overview

C. jejuni is considered as a non-fermentative bacterium and its energetic requirement
must be fulfilled by oxidative phosphorylation, which is achieved by the electron
transport system in the cell. A complicated electron transport system allows energy
conservation and supports bacteria to grow under a wide range of environmental niches.
The metabolic flexibility of bacteria is determined by the composition and the degree of
branching of the electron transport chain (ETC), which consists of diverse electron
donors and acceptors that allow the cell to survive under different conditions including
the human intestine, which is considered as the most competitive environment for C.

Jjejuni growth.
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A typical electron transport chain is comprised of four parts: dehydrogenases for
electron donors like the intermediate products of central metabolism or natural
compounds in the environment; the membrane soluble quinone pool which is able to
carry electrons in the form of hydrogen atoms; the electron transfer enzymes which
mediate the main flow of electrons and a terminal oxidase under the aerobic condition
or terminal reductases in the oxygen-limited environment. The crucial properties of
electron transport chains are (i) the degree of branching at both dehydrogenase and
reductase ends of the chain which determines the diversity of substrate utilisation and
provides the growth advantage of bacteria; (ii) given due consideration of applicable
positive midpoint redox potentials (Ey7), the competence of cells to utilize alternative
electron acceptors to molecular oxygen; (iii) the presence of a variety of types of
cytochromes as additional electron carriers and often more than one type of quinone; (iv)
the proper interaction between electron pathways, the efficiency of electron transfer will
be maximized if every reductant is able to be paired with a range of oxidants; and (v)
the optimum degree of proton translocation and energy transduction which is

contributed by each electron transport chain.

The complicated respiratory chain of C. jejuni was identified in early detailed studies on
the physiology of Campylobacters (Carlone and Lascelles, 1982; Hoffman and
Goodman, 1982) with the presence of abundant cytochromes. The details of ETC could
be depicted more precisely after the revelation of the genome sequences of C. jejuni
(Parkhill et al., 2000) and its highly branched and complex ETC is uncommon since the
genome size (1.6 to 1.9 Mb) is smaller than that of other enteropathogenic bacteria like
E. coli (4.6 Mb; Blattner et al., 1997) and Salmonella typhimurium (4.8 Mb;
McClelland et al., 2001). In the strain NCTC 11168, the major predicted electron
transport pathways which were deduced by genomic information and biochemical
evidence is shown in figure 1.5. Electrons are fed into the menaquinone pool from a
variety of organic/inorganic electron donors catalyzed by corresponding
dehydrogenases. The most efficient energy conservation occurs under aerobic
conditions, the electrons in the menaquinone pool will be further transferred to either
the electrogenic quinol oxidase CioAB (Jackson et al., 2007) directly or the terminal
cb-oxidase via the route of the proton-translocating cytochrome bc; complex and
periplasmic c-type cytochromes. However, the oxygen-limited or even strict anaerobic
conditions like the host gut might occur in the life cycle of C. jejuni and a variety of

alternative electron acceptors have been identified, which still allow the growth and
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energy conservation. In short, the complexity of C. jejuni ETC is currently

underestimated because some cytochromes and redox proteins are still uncharacterised.
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Figure 1.5 Major electron transport pathways in Campylobacter jejuni. A variety
of electron donors, including molecular hydrogen, organic acids and amino acids, are
catalysed by a series of dehydrogenases, which transfer electrons to menaquinone pool
in the lipid bilayer of the inner membrane. Under microaerobic conditions,
menaquinone will further reduce the cytochrome bc/ complex which in turns reduces
periplasmic c-type cytochrome(s). Cytochrome c is reoxidised by one of the terminal
oxidases, the high affinity cb type cytochrome ¢ oxidase (blue). The cyanide-resistant,
low affinity CioAB-type menaquinol oxidase is also present. Cytochrome ¢ may also
be reoxidised by hydrogen peroxide in the periplasm through the activity of two
separate CCPs. Besides, electrons can also be fed directly into c-type cytochromes,
bypassing the menaquinone pool. Under oxygen-limited or extremely anaerobic
conditions, several alternative electron acceptors to oxygen can terminate respiration.
The individual components of the C. jejuni electron transport chains will be further
discussed in the text. Terminal oxidases are shown in blue and possible c-type

cytochromes are shown in red.

1.7.2 Electron donors

1.7.2.1 Hydrogen and formate

Hydrogen and formate may be key energy sources in vivo. C. jejuni shows high
respiratory activity with gaseous hydrogen which is an excellent electron donor. The
hydrogenase activity has been proved with the membrane fraction of C. jejuni. (Carlone
and Lascelles, 1982; Hoffman and Goodman, 1982). Due to the catabolic activity of the
host gut microbiota, some by-products produced by obligate anaerobes are important
energy sources for metabolic cross-feeding of C. jejuni and the molecular hydrogen in
the intestine might be caused by the redox reactions during the fermentative process.
The gaseous hydrogen has been shown in the mouse stomach at concentrations much
higher than the K, of the hydrogenase (Olson and Maier, 2002). The C. jejuni genome
encodes the membrane-bound NiFe-type hydrogenase HydABCD (Cj1267¢ — Cj1264c)
(Parkhill et al., 2000; Weerakoon et al., 2009), which faces the periplasm (Hoffman and
Goodman, 1982). It is proposed to be translocated across the cytoplasmic membrane via
the TAT (twin-arginine translocation) system because the HydA (Cj1267c¢) protein, a
small subunit containing the Fe-S cluster, carries the TAT signal peptide at the
amino-terminus. The NiFe active site containing large subunit is encoded by hydB
(¢j1266¢c). HydC (Cjl1265c) is a b-type cytochrome which is anchored on the

cytoplasmic membrane and HydD (Cjl1264c) is a protease involved in enzyme
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maturation (Vignais et al., 2001). The pleiotropic accessory factors encoded by the
hypFBCDEA operon (cj0622 — cj0627) are necessary for the assembling of the enzyme
complex and the insertion of the nickel cofactor, which are essential for the hydrogenase
activity. Also, the acquisition of nickel ion as a cofactor via an ABC transporter system
(Cj1584c — Cj1580c) of C. jejuni NCTC 11168 has been identified recently. This uptake
system showed high-affinity to nickel ion and is named NikZYXWYV (Howlett et al.,
2012). The inactivation of periplasmic binding protein nikZ (cj1584c) under low nickel
concentrations would result in a decreasing hydrogenase activity in the mutant strain,
indicates an important role of the Nik-transport system in the nickel ion acquisition.
However, the hydrogenase activity of the nikZ mutant was restored at high nickel
concentrations, suggests the presence of additional nickel transporters (Howlett et al.,
2012). The nickel chaperone SlyD is crucial for the hydrogenase activity in E. coli,
however the nickel uptake capacity and the hydrogenase activity are not altered in the
mutant of ¢j0115 which is the s/yD orthologue gene in C. jejuni NCTC 11168 (Howlett
etal., 2012).

In addition to hydrogen, formate is another important energy source in C. jejuni, which
is generated mainly by the mixed-acid fermentation of the intestinal microbiota and
sensed as a chemoattractant through the Tlp7 chemoreceptor (Tareen et al., 2010;
Vegge et al., 2009). The formate/bicarbonate couple has a highly negative redox
potential (Ey7 = -420 mV), which makes formate an excellent electron donor and
oxidized by the formate dehydrogenase in C. jejuni. Previous respiration study of C.
Jjejuni membrane vesicles revealed the respiratory activities with formate or hydrogen as
substrates were 50 - 100 times greater than the rates achieved with lactate, malate,
succinate and NADH (Hoffman and Goodman, 1982; Myers and Kelly, 2005). The
formate dehydrogenase (Fdh) in C. jejuni is membrane bound, periplasmic facing, and
comprised of the selenocysteine and pterin cofactor containing large subunit FdhA
(Cj1511c), the Fe-S subunit FdhB (Cj1510c), the formate dehydrogenase cytochrome-b
subunit FdhC (Cj1509¢) and FdhD (Cj1508c¢), a protein of unknown function required
for Fdh activity (Berg et al., 1991). The structure of C. jejuni FdAhABCD is similar to
the Fdh-N and Fdh-O enzymes in E. coli and the transportation of Fdh relies on the
TAT system due to the signal peptide found at the N-terminus of FdhA. Recent studies
indicate that the Fdh activity of C. jejuni is controlled by FdhT (Cj1500), FdhU (Cj1501)
and a high-affinity TupABC-like tungstate transporter (Cj1538 — Cj1540), suggests that
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tungsten might be incorporated into the Fdh complex (Pryjma et al., 2012; Shaw et al.,
2012; Smart et al., 2009).

Hydrogen and formate produced by the fermentation in the host gut are the abundant
source of electrons for C. jejuni in vivo. The result of colonisation test in chicks showed
that either Hyd or Fdh mutant only caused a modest decreasing but the colonisation was
severely abolished by feeding a double mutant. (Weerakoon ef al., 2009). Furthermore,
due to a less redundant ETC and the absence of Fdh, the mutant of Hyd in the closely
related H. pylori was unable to colonise in the mouse model of infection (Olson and
Maier, 2002). Taken together, this information suggests the absence of Hyd or Fdh is
able to be complemented by the other in the single mutant of C. jejuni, indicating the
importance of both hydrogen and formate as energy source like electron donors in the

chick caecum (Weerakoon et al., 2009).

1.7.2.2 NAD(P)H

Reduced nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide
(FADH) are the major electron sources for the ETC of many bacteria. The negative
redox potential (Eyn7 = -340mV) of NADH/NAD couple makes NADH the major
electron donor for oxidative phosphorylation which is driven by a proton gradient
generated through the proton-translocating NADH:quinone oxidoreductase (Nuo or
NDH-1) complex (Haddock and Jones, 1977). However, unlike FADH in C. jejuni,
NADH is a poor respiratory electron donor which showed 50 fold lower respiration rate
compared to hydrogen/formate respiration (Hoffman and Goodman, 1982) and Mdh is
the only NADH generating enzyme in the TCA cycle since both pyruvate
dehydrogenase and oxoglutarate dehydrogenases are absent. The Nuo complex is an
intrinsic membrane protein which is composed of 14 subunits, (Friedrich, 1998;
Friedrich et al., 1998) but nuoE and nuoF subunits which are essential for the function
of NADH dehydrogenase are absent in the nuo gene cluster (¢j1566¢ — ¢j1579c; Parkhill
et al., 2000) and replaced by the genes ¢j/575¢ and ¢jl574c, which lack an obvious
NAD(P)H-binding motif in C. jejuni NCTC 11168 (Smith et al., 2000; Parkhill et al.,
2000). It has been shown that Cj1574c might associate with Cj1575c and mediates the
electron transfer from the reduced, flavin mononucleotide containing flavodoxin FIdA
to the Nuo complex (Weerakoon and Olson, 2008). Consequently, the Nuo complex of

C. jejuni and H. pylori (which has a similar unusual nuo operon) seems to participate
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rather in the oxidation of flavodoxin than of NADH. It was hypothesised that
flavodoxin/ferredoxin reduced by Por/Oor complexes in the TCA cycle might act as the
donor substrate; and the reduced FIdA is generated by the oxidation of 2-oxoglutarate to
succinyl-CoA catalyzed by the Oor but the putative ferredoxin FdxA (Cj0333c) and
Cj0369c are not electron acceptors for Oor. Mutagenesis of the nuo operon also
demonstrates its importance: mutation of any of the 12 nuo genes results in a growth
defect in the absence of any alternative respiratory substrate, which suggests the Nuo
complex is the major point of entry for electrons into the respiratory chain. Moreover,
Cj1574c is essential for the re-oxidation of flavodoxin, which can continuously accept
electrons from Por/Oor (Weerakoon and Olson, 2008) and it is also crucial in the
colonisation of chicks. The polar effect on ¢j/574c generated by the mutation of nuo
complex leads to a reduce ability for colonisation of C. jejuni NCTC 11168 (Weerakoon
et al., 2009).

1.7.2.3 Lactate

Lactate dehydrogenase activity in oxygen-linked respiration of C. jejuni was
demonstrated some years ago (Hoffman and Goodman, 1982). Recent studies have
elucidated the role of the L-iLDHs which is the membrane-associated
NAD-independent respiratory enzyme, mediating the oxidation of lactate to pyruvate in
C. jejuni. The L-iLDH is a three-subunit non-flavin Fe-S cluster containing enzyme and
is comprised of ¢j0075¢c, cj0074c and cj0073c in C. jejuni NCTC 11168, although
inactivation of any of these genes did not abolish the growth of respective mutants
(Thomas et al., 2011). However, a second L-iLDH is a FAD and Fe-S containing
oxidoreductase Cj1585c¢ which is responsible for the observed redundancy in the
respiration of L-lactate. In C. jejuni NCTC 11168, the ¢j0075¢ and ¢jl1585¢ double
mutant strain shows a poor growth with 20 mM L-lactate as a carbon source but the
utilization of D-lactate is not affected (Thomas et al., 2011). The gene locus of ¢j1585¢
is not conserved in C. jejuni and is replaced by a gene cluster dmsABC, which encodes a
DMSO reductase in strains such as 81-176, 81116, M1 or 327 (Hofreuter et al., 2006;
Pearson et al., 2007; Friis et al., 2010; Takamiya et al., 2011). Moreover, in the
wild-type strain 81116 lacking the L-iLDH Cj1585c¢ naturally, a mutant in the ¢j0075c¢
homologue was unable to grow with L-lactate. The mechanism of utilizing D-lactate is
still unclear but important in C. jejuni since both L- and D-lactate have highly negative

redox potential coupled with pyruvate (Ep7 = -190 mV), which indicates they are good
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electron donors. C. jejuni might be benefit from the cross-feeding of lactate, which is
produced by the microbiota in the mammalian or avian gut and therefore likely to be

important carbon sources for in vivo growth (Thomas ef al., 2011).

1.7.2.4 Malate

Previous studies revealed that malate could stimulate respiration in C. jejuni and
produced a H'/O ratio of 2.0 (Hoffman and Goodman, 1982). Malate is also considered
as a good electron donor to the quinone pool as its negative redox potential coupled
with oxaloacetate (Ey7 = -166 mV). Two possible enzymes responsible for malate
catabolism are the NAD-independent, flavoprotein-type malate:quinone oxidoreductase
(Mgo; Cj0393) and the NAD-linked malate dehydrogenase (Mdh; Cj0532). The former
shows 49.3% similarity to the related malate:quinone oxidoreductase in H. pylori and
Mgqo is also a FAD-dependent, membrane-bound and cytoplasmic-facing enzyme,
which permits malate to act as a direct electron donor to the quinone pool (Kather ef al.,

2000).

1.7.2.5 Succinate

The TCA cycle intermediate succinate is not only a carbon source for C. jejuni but
serves also as an electron donor. Therefore succinate is oxidised to fumarate by
succinate dehydrogenase (Sdh) accompanied with the formation of FADH, and the
following electron transfer to the menaquinone pool. The respiration of succinate has
been elucidated in C. jejuni with a H'/O ratio of 2.01 (Hoffman and Goodman, 1982)
and a membrane-bound succinate dehydrogenase (succinate:quinone oxidoreductases)
SdhABC (Cj0437 — Cj0439) comprised of three subunits including flavoprotein
(Cj0437), Fe-S subunit (Cj0438) and cysteine rich SdhE homologue (Cj0439) was
originally identified from the genome sequence. However, the SdAhABC complex was
incorrectly annotated and is not involved in the conversion of succinate to fumarate
(Parkhill et al., 2000; Weingarten et al., 2009). It is actually a novel type of
methylmenaquinol:fumarate reductase (Mfr) which is a periplasmic enzyme and able to
convert fumarate to succinate in a unidirectional manner(Guccione et al., 2010;
Hitchcock et al., 2010). Also, another putative fumarate reductase FrdABC complex
was also found and comprised of a membrane-associated diheme cytochrome b
containing subunit FrdC (Cj0408), the flavoprotein FrdA (Cj0409) and the Fe-S protein
FrdB (Cj0410). FrdABC has been shown to be bi-directional and has properties of a
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succinate:quinone reductase (Fig. 1.5) and it is the only enzyme accounting for the

oxidation of succinate to fumarate in C. jejuni to date (Guccione et al., 2010).

1.7.2.6 Sulphite

The inorganic anion sulphite is usually utilized by free-living chemolithotrophic
sulphur-oxidizing bacteria but it is found as an excellent electron donor in C. jejuni due
to the highly negative redox potential (Ey7 of the sulphite/sulphate = -454 mV) and the
better stability in the low-oxygen atmosphere. C. jejuni has respiratory capacity using
sulphite and metabisulphite with oxygen as the terminal electron acceptor (Myers and
Kelly, 2005). The sulphite:cytochrome ¢ oxidoreductase (Sor) is a periplasmic enzyme
which is composed of two-subunits: SorA (Cj0005¢), a molybdopterin oxidoreductase
with a TAT signal peptide at the N-terminus and SorB (Cj0004c), a monohaem
cytochrome css». The Sor system in C. jejuni which is similar to that in Starkeya novella
is conserved and can be also found in C. /ari but not in any other examined
Campylobacter and Helicobacter species. Inhibitor studies show electrons derived from
sulphite enter the respiratory chain after the bc; complex and will be transferred directly
to cytochrome ¢, which is then oxidised by the high affinity ch-type terminal oxidase
(Myers and Kelly, 2005), indicating the capability of respiring sulphite in the low
oxygen environments such as the human gut and soil. Sulphite (or metabisulphite) has
an inhibitory effect on the growth of several microorganisms like H. pylori (Jiang and
Doyle, 2000). Therefore, the sulphite respiration system in C. jejuni may confer a
detoxification mechanism and offer a surviving niche to this enteropathogenic
bacterium. Also, a recent study showed the mutation of ¢j0005¢ in C. jejuni leads to a

diminished adherence and invasion of host cells cultured in vitro (Tareen et al., 2011).

1.7.2.7 Gluconate

Due to the absence of the oxidative pentose phosphate pathway and Entner-Doudoroff
pathway, C. jejuni is unable to catabolise glucose or the oxidised form gluconate.
However, gluconate can be utilised by C. jejuni as electron donor for respiration
through a temperature-regulated flavin-containing gluconate dehydrogenase (GADH)
which is encoded by the two-gene operon ¢j0414 and cj0415 (Pajaniappan et al., 2008).
GADH is linked to the electron transport chain by a co-transcribed cytochrome in most
bacteria but this is not observed in C. jejuni, moreover, inhibitor studies showed that

electrons derived from gluconate are predicted to enter the electron transport chain in C.
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Jejuni via periplasmic cytochromes c, suggesting GADH might locate in the periplasm
peripherally associated with the cytoplasmic membrane (Pajaniappan et al., 2008; Kelly,
2008). Transcriptional and proteomic analysis showed that the upregulation of ¢j0414
and ¢j0415 and the elevated expression of GADH in C. jejuni upon a temperature shift
from 37°C to 42°C correlated with the higher GADH activity and gluconate-dependent
oxygen consumption rate (Pajaniappan et al., 2008). This observation might explain that
GADH is necessary for high-level colonisation of chicks but not for mice, reflecting the
different temperatures of the caecal environments of the two hosts (Pajaniappan et al.,
2008). Since the TAT signal motif was found at the N-terminus of Cj0414, GADH in C.
jejuni is predicted to be translocated across the cytoplasmic membrane by the TAT

system.

1.7.2.8 Proline

Proline is generally considered as a carbon source supporting the growth of C. jejuni
(Guccione et al., 2008; Hofreuter et al., 2008) and is also predicted to act as electron
donor during its catabolism. The uptake of proline in C. jejuni is facilitated by the
putative proline transporter PutP (Cj1502) and proline will be further oxidised by the
predicted bifunctional proline dehydrogenase PutA (Cj1503) which converts proline to
glutamate in a two-step reaction (via the intermediate delta-1-pyrroline-5-carboxylate)
(Stahl et al., 2012); and the electrons produced in this reaction could feed into the quinone

pool directly (Kelly, 2008).

1.7.3 The quinone pool

Unlike the utilisation of higher potential ubiquinone (Eyz; = +110 mV) in aerobic
respiration of E. coli, Campylobacter species contain menaquinone (Ey7 = -75 mV ) as
the sole respiratory quinone, which are able to transfer electrons from electron donors to
(1) the cytochrome bc; complex, (ii) alternative electron acceptors, and (iii) the
cyanide-resistant quinone oxidase CioAB (Fig. 1.5) (Ingledew and Poole, 1984; Carlone
and Anet, 1983; Collins et al., 1984; Jackson et al., 2007). Two types of menaquinones
with six isoprene units were found in C. jejuni: MK-6 and a methyl-substituted MK-6 of
which the latter has not been reported in H. pylori. The highest level of menaquinone
was found at the optimum growth concentrations of oxygen of 5 to 10 % (v/v) and the
oxygen levels between 2 — 15 % (v/v) did not alter the quinone type in C. jejuini.

(Carlone and Anet, 1983; Collins et al., 1984).

28



1.7.4 The cytochrome bc; complex

The membrane-bound cytochrome bc; complex is comprised of three subunits and four
redox centres, and is responsible for receiving electrons from the low potential
menaquinone and transferring them to cytochrome ¢, accompanied with a proton
gradient across the cytoplasmic membrane (Trumpower, 1990; Thony-Meyer, 1997,
Myers and Kelly, 2005). The bc; complex is widely distributed among prokaryotic and
eukaryotic organisms containing ubiquinone, including aerobic, anaerobic and
photosynthetic bacteria and in mitochondria of lower and higher eukaryotes although it
is not found in E. coli (Ingeldew and Poole, 1984). The cytochrome » and cytochrome ¢
redox centres of the bc; complex in C. jejuni have been detected in early work (Carlone
and Lascelles, 1982) and the genomic sequences in C. jejuni (cjl184c — cjl186¢)
referred that the petB (Cj1185¢) gene encodes the cytochrome b subunit containing a
pair of non-covalently bound b-type heams; PetC (Cjl184c) is the cytochrome c;
subunit with its covalently attached c-type haem; and PetA (Cjl1186¢) is a Rieske
protein which has the 2Fe-2S cluster and the N-terminal TAT-dependent signal peptide
(Parkhill et al., 2000; Smith ef al., 2000). The operation of this complex has been shown
by the genome sequence information and respiratory inhibitor studies in H. pylori

(Alderson et al, 1997; Chen et al., 1999)

1.7.5 c-type cytochromes

1.7.5.1 General biochemistry

Cytochrome ¢ is abundant in the C. jejuni cell and covalently binds the haem group,
which allows the pink appearance of cells. The c-type cytochrome catalyses various
redox reactions (Bertini and Rosato; 2006) and also plays a major role in electron
transfer from the bc; complex to the terminal cb-type oxidase in C. jejuni (Kelly, 2008).
Also, c-type cytochromes are predicted to directly mediate the electron flux from the
periplasmic dehydrogenases for electron donors like sulphite and gluconate to the
terminal oxidase (Myers and Kelly, 2005; Kelly, 2008). Two types of cytochrome c are
found among most of prokaryotic and eukaryotic organisms: the water soluble protein
which is present in the periplasm of Gram-negative bacteria or in the thylakoid lumen of
some chloroplasts and membrane-anchored proteins which link with the membrane via
an N-terminal hydrophobic extension (Thony-Meyer, 1997) and the latter are often

tightly associated with a redox centre of the oxidase/reductase, such as in the case of the
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cytochrome bc; complex. The formation of c-type cytochromes requires the formation
of two thioester bonds between the two cysteine sulphurs in a -CXXCH- motif (called
haem attachment motif; where ‘X’ in the motif is any residue) in the protein and the
vinyl group of haem. The histidyl usually serves as the fifth (proximal) axial ligand to
the haem iron in the assembled cytochrome ¢ (Thony-Meyer, 1997). The transportation
of soluble periplasmic cytochrome ¢ in Gram-negative bacteria depends on the Sec
translocation system which is able to recognize the signal motif at the N-terminus of the

apocytochrome polypeptide (Thony-Meyer and Kunzler, 1997).

A previous study revealed the presence of a soluble c-type cytochrome in H. pylori,
which in the cell free extracts were able to be reduced by ascorbic acid and a low
molecular mass cytochrome ¢ was assumed to be responsible for this phenomenon
(@dum and Anderson, 1995). It was then confirmed by spectroscopic studies and
characterized spectroscopically as cytochrome css3 (Marcelli ef al., 1996; Nagata et al.,
1996; Evans and Evans, 1997; Koyanagi ef al., 2000), which has been identified as a
potential electron donor to the cb-type cytochrome ¢ oxidase and the redox potential is
+170 mV (Em7) (Koyanagi et al., 2000). In C. jejuni, the putative mono-haem
cytochrome ¢ Cj1153 has been identified as the most likely candidate for bridging the
electron flux from the bc; complex to the terminal oxidase with the 34.6% identity to

the cytochrome Css; of Desulfovibrio vulgaris (Parkhill et al., 2000).

1.7.5.2 The biogenesis of c-type cytochromes

The biosynthesis of c-type cytochromes is complicated and three essential steps are
required in all types of cells: (i) the translocation of apocytochrome polypeptide and
haem b across at least one membrane lipid bilayer, (ii) the periplasmic reduction of
cysteine residues in the haem ¢ attachment motif of the apocytochrome, and (iii) the
stereospecific covalent bonds forming between haem b to the sulphur atoms of the two
cysteine residues in the -CXXCH- motif in the polypeptide by a membrane-associated
machinery. A previous study showed that it was possible to synthesise cytochrome c in
vitro by incubating apocytochrome with ferrous ions and the formation of b-type
cytochrome was observed first followed by the formation of the thioester bonds to give
the c-type products (Daltrop et al., 2002). This indicates that the formation of the
cytochrome c¢ thioester bonds requires reducing conditions; otherwise, a disulfide bond

is readily formed between neighboring cysteine residues in polypeptides and the ferrous
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ions are also further oxidised, especially under an oxidizing environment such as on the
outer side of the cytoplasmic membrane. Furthermore, an intriguing phenomenon was
observed in all known biogenesis systems, that is the same stereochemistry and
orientation of haem attachment to the protein. The N-terminal and C-terminal cysteines
are always associated to the 2-vinyl and 4- vinyl groups of haem, respectively (see Fig.
1.6) (Barker and Ferguson, 1999; Stevens et al., 2004). In order to overcome these
issues, a post-translational modification system for forming these bonds is a necessity
for most organisms. At present, there are at least five cytochrome ¢ biogenesis systems
(System I to V) discovered and the System I and II are prevalent among most of
Gram-positive and -negative bacteria. The System I is also called Ccm system
(cytochrome ¢ maturation), which was discovered in E. coli and also found in plant
mitochondria (Thony-Meyer et al., 1994); and the System II (Ccs; cytochrome ¢
synthase module) was first revealed in Chlamydomonas reinhardtii (Howe and
Merchant, 1992) and is also employed by e-proteobacteria, including C. jejuni (Parkhill
et al., 2000; Kranz et al., 2009). The details of both systems will be further discussed in

the following section.
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Figure 1.6 The thioester bond forming between a haem molecule and cysteine
residues or CemE protein. (A) Haem attachment to cytochrome c¢ indicating the
thioester bonds formed at the 2-vinyl and 4-vinyl haem positions to the two cysteine
residues on the apocytochrome polypeptide. The N’ and C’ orientations of two
cysteines are shown. (B) Haem attachment to the histidine side chain of CcmE (Lee et

al., 2005). Figure adapted from Stevens et al., 2011. a1



1.7.5.2.1 Cytochrome c biogenesis System I (Ccm system)

The Ccm system was found in plant mitochondria, archea and many Gram-negative
bacteria. According to the findings in E. coli and Rhodobacter capsulatus, the Ccm
system is composed of eight cytochrome ¢ maturation proteins (CcmABCDEFGH)
which are expressed from a single operon and it is the most complex of the known
cytochrome ¢ biogenesis system to date. In addition, two proteins DsbD and DsbA are
also involved in the maturation of cytochrome ¢, in which the former plays a reducing
role which transfers reductant from cytoplasmic thioredoxin across the membrane via a
thiol:disulphide cascade and assists disulphide bond formation between two cysteines
within a -CXXCH- motif in the oxidizing environment of the periplasm (Daltrop et al.,
2002; de Vitry, 2011). DsbA is a powerful periplasmic oxidase, which causes oxidation
of the apocytochrome cysteine and incorporates disulphides into extracytoplasmic
proteins (Shouldice et al., 2011). CcmG is a periplasmic thioredoxin that is reduced by
DsbD and two possible candidates will further receive reductant from CemG as shown
in Fig. 1.8. The redox-active pair of cysteine in CcmG might directly interact with the
-CXXCH- motif of the apocytochrome and the synthesis will be abolished in the cemG
mutant, which is unable to be reversed by an exogenous reductant or by the removal of
the strongly oxidizing protein DsbA. Alternatively, the cysteines in the -CXXC- motif
of CcmH are possible redox partners of the apocytochrome ¢ and the reduction of
CemG requires a functional CemH (N-CemH), suggests that CemH is the reductant for
CemG (Di Matteo et al., 2007; Meyer et al., 2005; Reid and Eaves, 2001). CcmH is a
fusion protein found in E. coil but is expressed separately in other organisms (CcmH
and Ccml). The N-terminal of CcmH (N-CcmH) is a membrane-anchored three helix
bundle with a conserved pair of cysteines that is considered as a thiol-disulphide
oxidoreductase (Di Matteo et al., 2007). Ccml is a tetratricopeptide repeat
(TPR)-containing protein which has been proposed to interact with the apocytochrome
polypeptide and the TPR domain is considered to help the formation of cytochromes.
Although Ceml is dispensable for c-type cytochromes production in E. coli (Fabianek et
al., 1999; Robertson et al., 2008), the same is not true in R. capsulatus (Sanders et al.,

2010).
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Figure 1.7 The cytochrome ¢ maturation System I. The Ccm proteins (in blue) are
all integral proteins or are membrane-anchored with soluble domain in the periplasm
(with the exception CcmA, which hydrolyses ATP in the cytoplasm). The structures of
the soluble domains of CcmE, ccmG and N-terminal domain of CcmH have been
solved and are shown on the periplasmic side. The structure of a paralog of the
C-terminal domain of CcmH, NrfG, is also shown. The holocytochrome ¢ shown is
from Paracoccus denitrificans. CemH in E. coli is a fusion of two proteins that occur
separately in other organisms (CcmH and Ceml, labeled N-CemH and C-CecmH). The
apocytochrome ¢ protein is shown in red, as is the holocytochrome ¢ produced when
haem (shown in black) becomes covalently attached. The cysteine residues, assumed
to be involved in reducing the -CXXCH- motif in the apocytochrome, are shown in

yellow. Figure adapted from Stevens et al., 2011.

Haem is synthesized in the bacterial cytoplasm and has to be delivered to CcmE on the
other side of the membrane. The complex formed by CcmAB and CecmC is involved in
delivering haem across the membrane to CcmE, which is a haem chaperone
(Christensen et al., 2007; Feissner et al., 2006). The CcmA and CcmB proteins are
members of the ATP-binding cassette family and were initially postulated to be haem
transporters to the periplasm in bacteria. CemC is able to interact with the haem

molecule and mediate the haem attachment to CcmE (Richard-Fogal and Kranz, 2010).
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However, the function of haem transferring across the membrane of CcmC is still
unclear; especially there is no conserved histidine residue in transmembrane helices
(Richard-Fogal and Kranz, 2010). The haem chaperone CcmE shows a unique mode of
covalent binding of the haem cofactor. It has a membrane-anchoring N-terminal helix
and a globular domain exposed to the periplasm and histidine residues of the latter are
able to form covalent bonds with haems (Schulz ef al., 1998). The histidine residues of
CcmE are crucial because the point mutation not only prevents the covalent attachment
but blocks the whole c-type cytochrome biogenesis pathway. It has been shown that
covalently bound haem on CcmE transfers in vivo to an apocytochrome ¢ (Schulz et al.,
1998), furthermore, it is noteworthy this transfer will only occur in the presence of the
ATPase activity of CcmA (Christensen et al., 2007; Feissner et al., 2006). CcmD is a
small transmembrane protein and it has been shown to interact with CcmC and CemE
(Ahuja and Thony-Meyer, 2005) and also be required for the release of CcmE with
haem bound from a complex including CemC (Richard-Fogal et al., 2008).

Apocytochrome ¢

| DsbD I | DsbD I

Figure 1.8 Possible interaction networks between CcmG, N-CemH and the
apocytochrome c. The arrows indicate possible pathways of reductant transfer and
dotted lines specify protein-protein interactions. (A) Direct provision of the reducing
power from CecmG to the apocytochrome. N-CemH and C-ccmH would be involved in
interactions with each other and with the apocytochrome c to assist haem attachment.
(B) In the case of indirect provision of reductant, CcemG would reduce N-CcmH

which, in turn, would reduce apocytochrome c. Figure revised from Stevens et al.,
2011.
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Basically, the System I recognizes only, or very little more than, the -CXXCH- motif of
the apocytochrome. Surprisingly, the polypeptides with a -CXXCH- motif, but of only
12 amino acids can undergo haem attachment by the Ccm system (Braun and
Thony-Meyer, 2004), as well as the occurrence of close spacing of some -CXXCH-
motifs in multihaem cytochromes. CcmG and CemH can interact with CecmF which is
the core of attaching haem to cytochromes (Ahuja and Thony-Meyer, 2003; Ren et al.,
2002). CcmH has been shown to interact with apocytochrome in a plant system (Meyer
et al., 2005), suggests CcmH binds the apocytochrome and then bestows it to CcmF for
haem attachment, with haem provided by CcmE. As a membrane-anchoring protein,
CcmF has many (> 11) transmembrane helices and water-soluble loops facing to the
periplasm. Tryptophan are the most conserved residues in the periplasmic loop which
are envisaged to be involved in handling haem as it is incorporated into the
apocytochrome (Ren et al., 2002), also the transmembrane structure suggests a role as a
transport protein. The evidence from a recent study shows that a covalent bond is
formed between haems and the CcmF protein and the role of CcmF is to supply
reductant to maintain the haem attached to CcmE, which is destined to be transferred to
an apocytochrome, in the ferrous state (Richard-Fogal et al., 2009). However, the
interaction between CcmF, CcmE and CemH is still not clear, also there are clearly
many key issues that need to be studied to allow an understanding of this

post-translational system.

1.7.5.2.2 Cytochrome c biogenesis System II (Ccs system)

In contrast to the System I, fewer proteins are involved in the cytochrome ¢ biogenesis
System II (Ccs system) which is employed by f-, o-, and e-proteobacteria,
Gram-positive bacteria, Aquificales and cyanobacteria, as well as by algal and plant
chloroplasts. Ccs system is composed of four membrane-bound proteins with at least
one transmembrane (TM) segment: CcsA (or ResC) and CcsB (ResB) are the
components of the cytochrome ¢ synthase, whereas CcdA and CcsX (ResA) are able to
generate a reduced haem c attachment motif. Some e-proteobacteria make use of a
CcsBA fusion protein (Feissner et al., 2006; Goddard et al., 2010; Kern et al., 2010),
which is constituted by a single polypeptide cytochrome ¢ synthase. In B. subtilis, CcsA
and CcsB are called ResC and ResB because they are found in the resdBCDE cluster
(Sun et al., 1996). ResDE constitutes a two-component regulatory system with a role in

the control of gene expression which is important for synthesis of respiratory enzymes.
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Three components, ResA which is the ortholog of CcsX in Bordetella pertussis, CcdA
and B. pertussis DsbD constitute a thiol-disulphide redox module that functions to keep

apocytochrome c cysteine reduced (Schiétt et al, 1997; Beckett et al., 2000).

In the system II, the apocytochrome polypeptide transported by the Sec pathway, is in
the reduced (thiol) state during export across the cytoplasmic membrane. The B. subtilis
BdbD protein which locates on the outer surface of the cytoplasmic membrane, will
efficiently recognise and oxidise thiols in polypeptides, leading to the formation of
intra- and intermolecular disulphide bonds (Kouwen and van Dijl, 2009). BdbD is a
highly oxidizing thiol-disulphide oxidoreductase and is anchored to the membrane by a
single N-terminal TM segment (Crow et al., 2009). The catalytic domain of BdbD is
functionally analogous to the DsbA protein in the System I and the BdbC, a four TM
segment protein homologue to E. coli DsbB, keeps BdbD oxidized and reduces
menaquinone in the membrane (Kouwen and van Dijl, 2009). The disulphide bond
formed by BdbD activity is believed to protect secreted apocytochrome c¢ from

proteolytic degradation or from being cross-linked to other thiol-containing proteins.

The role of ResA is probably to break disulphide bridges in apocytochrome ¢ to allow
the ligation of haem b (Fig. 1.9), and then ResA in turn is reduced by CcdA that
receives its reducing equivalents from thioredoxin in the cytoplasm (Moller and
Hederstedt, 2008). In addition to ResA, CcdA is able to reduce other proteins on the
outer side of the membrane and serves as a redox hub in the membrane. CcdA is a
homologue to the central of E. coli DsbD and is composed of six TM segments with one
conserved cysteine residue in each of TM1 and TM4 (Porat et al., 2004; Schibtt et al,
1997; Page et al., 2004; Deshmukh et al., 2000). ResA in B. subtilis is presumably
reduced by direct interaction with CcdA (Erlendsson et al., 2003). The structure of
ResA shows redox-dependent conformational changes including the active site helix
and affecting a surface cavity proposed to be the binding surface for oxidized
apocytochrome ¢ (Crow et al., 2004; Colbert et al., 2006). Also, the substrate-specific
recognition enhances the activity of ResA, indicates the binding of oxidized
apocytochrome ¢ to reduced ResA facilitates the subsequent docking of the histidine
residue of the haem ¢ attachment motif of ResA in the cavity of reaction (Lewin et al.,

2008; Hodson et al., 2008).

36



The prototypical System II CCS (cytochrome ¢ synthase) is a multifunctional
heterodimeric membrane protein complex formed by CcsA and CcsB in an assumed 1:
1 stoichiometry. The CcsBA-type CCSs are found in e-proteobacteria such as H. pylori,
W. succinogenes and C. jejuni (Feissner et al., 2006; Kern et al., 2010). Bacterial CcsA
proteins are composed by from six up to possibly fifteen TM seqments and are
evolutionary related to the CcmC and CemF proteins of System I (Lee et al., 2007). The
CcsB protein has from four to six TM segments and contains a large extracytoplasmic
domain (between TM3 and TM4 in the case of four TM segment proteins, Fig. 1.9). The
proposed function of CcsBA is to catalyse: (i) the transportation of reduced haem from
the cytoplasm (n-side) to the periplasm (p-side) of the energized membrane in bacteria;
(i1) the recognition one or several different apocytochromes with a reduced haem c
attachment motif; and (iii) the formation of the thioester bonds between haem and the
thiol groups of two cysteine residues in the apocytochrome polypeptide. There are four
conserved histidine residues (one in the CcsB and three in the CcsA part of the fusion
protein) found to be essential for cytochrome ¢ biogenesis and the transient linkage
between the haem and these histidine residues will protect the haem molecule from
oxidation (Frawley and Kranz, 2009). CcsA contains a conserved and characteristic
tryptophan-rich domain, the so-called WWD motif, which is also present in two Ccm
system proteins CcmC and CcmF and interacts with haem b during cytochrome c¢
maturation (Kranz et al., 2009; Richard-Fogal et al., 2009). The CcsB (ResB) and CcsA
(ResC) proteins from B. subtilis have both been described as haem-binding proteins and
the haem is bound to CcsB via one thioether bond (Ahuja et al., 2009). However, the
functional significance of this bond remains unclear and the role of CcsB has still to be

elucidated.
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Figure 1.9 The cytochrome c biogenesis System II. Left: the CCS module illustrated
by the CcsBA fusion protein found in Helicobacter spp. and Wolinella succinogenes.
The fusion part between the CcsA and ccsB proteins is the loop between TM segments
4 and 5 and shown in red. Right: the thiol-disulphide redox module for breaking a
disulphide bond between the two cysteine residues of the -CXXCH- motif and protein
dithiol oxidation (BdbD and BdbC) enzymes illustrated by the situation in B. subtilis
membranes. Additional details will be further discussed in the text. C, cysteine residue
(in the TM segments 2 of CcsB) found to bind haem covalently in B. subtilis CcsB
(ResB); H, essential histidine residues in CCS module; HBM, haem attachment motif;
Q, quinone; Sec, polypeptide secretion translocation; TrxA, thioredoxin; TS,

transmembrane segment; WWD, tryptophan-rich motif. Figure adapted from Kern and
Simon, 2011.

Different CCS isozymes might be present in various bacteria. For example, the W.
succinogenes genome encodes three CcsBA-type proteins designated as CcsA2, CcsAl
and Nrfl (Kern et al., 2010; Kern and Simon, 2011; Hartshorne et al., 2007). Nrfl is
able to mediate the covalent linkage between the haem molecule and the unique haem ¢
binding site, the -CXXCK- motif, of the cytochrome c nitrate reductase NrfA. The
lysine residue of this motif serves as an unusual proximal haem c iron ligand (Einsle et
al, 1999; Einsle et al., 2000). CcsAl is related in the maturation of the octahaem

cytochrome ¢ MccA which contains one conserved -CX;sCH- (15 any residues between
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two separated cysteine) and seven copies of -CXXCH- motifs. Both cysteine residues in
-CX;5CH- motif have been shown the covalent attachment to haem. CcsA2 is essential
for W. succinogenes growth, and most likely recognises the conventional -CXXCH-
motif. The expression of different CcsAs in a System I-deficient E.coli strain showed
that CcsA2 is able to mediate the covalent binding between haem » molecules and the
-CXXCH- motif (Kern ef al., 2010) but neither Nrfl nor CcsAl is capable to achieve the
attachment to the -CXXCK- or -CX;sCH- motifs respectively under the same condition
(Kern et al., 2010), which implies that the specialized CCSs recognize specific
structural features in their cognate apocytochromes (Kern et al., 2010). Furthermore, in
C. jejuni 81116 a gene cluster (c8j 0029 to ¢8j 0032) has been identified which may be
involved in sulphite metabolism, containing two unusual genes ¢§j 0029 and ¢§j 0030
encoding putative c-type cytochromes harboring multiple-haems (6 to 8 -CXXCH-
motifs of both and a -CX,;7CH- motif in the C8j 0029 protein) and a rhodanese (sulphur
transferase) domain. Thus the CCSs system(s) which is not identified yet will be

significant in the energy utilizing and colonisation of C. jejuni in the hosts.

1.7.6 Oxygen as a terminal electron acceptor

Two different terminal oxidases were identified in C. jejuni by the spectroscopy and
cyanide-resistant assays in early studies (Ey7 of O2/H,O couple = +815 mV) (Carlone
and Lascelles, 1982; Hoffman and Goodman, 1982). The genomic sequences analysis
further confirmed that a ch-type cytochrome ¢ (or cytochrome cbhbs-type) oxidase and a
cytochrome bd-type quinone oxidase are present in C. jejuni (Parkhill et al., 2000).
According to the parallel sequence analysis, the ch-type cytochrome ¢ oxidase in C.
Jjejuni is similar to that of H. pylori (Nagata et al., 1996) and is encoded by ccoNOQP
(¢j1490c - cj1487c; Parkhill et al., 2000). This enzyme is sensitive to cyanide in either
5% or 10 % (v/v) oxygen content and shows a very high affinity for oxygen (Jackson et
al., 2007). Due to the physiological importance of cytochrome cbh oxidases for
microaerobic respiration (Pitcher ef al., 2002), it was thought that a knockout mutant of
this enzyme in C. jejuni might not be viable (Jackson et al., 2007). However, in order to
avoid the whole cco module abolishment, a ccoN mutant was constructed and it is
highly sensitive to oxygen. The mutant also showed a growth defect in microaerobic
condition (less than 7 % (v/v) O,) and was unable to colonise chicken (Weingarten et al.,
2008) although it was not confirmed that the mutant ever reached the cecum (about 1%

oxygen). A previous transcriptional study also indicated the importance of this oxidase
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in colonisation: the cco gene cluster was up-regulated about fourfold in chicks,
suggesting a microaerobic environment niche (Woodall et al., 2005). The observed
oxygen toxicity of this mutant may be due to one of the following reasons: (i) the
reactive oxygen species like H,O, produced by cyanide-insensitive oxidase CioAB in C.
Jjejuni might overwhelm the oxidative-production enzymes such as catalase and alkyl
hydroperoxide reductase; and (ii) in order to keep the function of oxygen-sensitive
metabolic enzymes in the cytoplasm, the cbbs-type oxidase might keep cytoplasmic
oxygen tensions at low level. To conclude, the latter hypothesis seems more related to

the microaerobic feature of the C. jejuni growth (Weingarten et al., 2008).

Two genes (cj0081 - ¢j0082) which are similar to the cydAB operon in E.coli, encode a
cytochrome bd-type quinol oxidase have been found in C. jejuni (Thony-Meyer, 1997,
Parkhill et al., 2000) and it has been a long time that C. jejuni is considered as
possessing a cytochrome bd-type terminal oxidase. However, the high-spin haems of
bsss, bsos and d-type, which are typical characteristics of bd-type cytochromes, are
absent in C. jejuni, indicating the possibility of the presence of a different type of
cytochrome bd-type oxidase. The peptides encoded by the cioAB genes in Pseudomonas
aeruginosa is a homologue to the two subunits of bacterial bd oxidase but lacks the
feature of association with the haems (Jackson ef al., 2007; Cunningham and Williams,
1995). It seems likely that the cio4B-encoded oxidase of P. aeruginosa and C. jejuni
belong to the same family of poorly characterized enzymes in which the haems are
replaced by other redox centres, thus the oxidase in C. jejuni is renamed as CioAB
(Jackson et al., 2007). The CioAB oxidase is cyanide-insensitive and has a much lower
affinity for oxygen than the cb-type cytochrome ¢ oxidase (Jackson et al., 2007) or the
cytochrome bd type oxidase in E. coli (D’Mello et al., 1996). The growth defect was
only reflected by the viable count of the cioAB mutant under 5 % oxygen (v/v) whereas
the optical density of the wild-type and mutant were similar. The CioAB showed a low
affinity to oxygen (see the discussion below) and the mutation of cioAB in C. jejuni may
result in up-regulation of synthesis of the high-affinity ch-type oxidase or diverting the
electron flow to the high-affinity oxidases, particularly at the low oxygen tensions. Thus,
the role of CioAB might be involved in maintaining a microaerobic environment and
oxygen detoxification, as proposed for Azotobacter vinelandii CydAB, where
cytochrome bd protects the oxygen-labile nitrogenase (Jackson et al., 2007; Kelly et al.,
1990). Furthermore, the quinol oxidase bypasses the cytochrome bc; complex and

accepts electrons directly from quinol, suggesting that the presence of this oxidase
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offers a protective mechanism against competing microorganisms that produce toxins

which inhibit the cytochrome bc; complex (Trumpower, 1990).

1.7.7 Respiration with alternative electron acceptors under

oxygen-limited conditions

Under oxygen-limited conditions, C. jejuni is capable of utilising several inorganic and
organic compounds as alternative electron acceptors for respiration in addition/instead
of molecular oxygen, including nitrate (Ey7 of nitrate/nitrite couple = +421 mV), nitrite
(Em7 of nitrite/ammonium couple = +440 mV), trimethylamine-N-oxide (TMAO; Eyy of
TMAO/trimethylamine couple = +130 mV), dimethyl sulphoxide (DMSO; Em7 of
DMSO/dimethyl sulphide couple = +160 mV ) and fumarate (Enm7 of fumarate/succinate
couple = +30 mV). Several corresponding enzymes, such as nitrate reductase, nitrite
reductase, TMSO/DMSO reductase (termed an SN oxide reductase) and fumarate
reductase, were identified in the reduction of alternative electron acceptors (Parkhill et
al., 2000; Kelly, 2001; Sellars et al., 2002; Myers and Kelly, 2005; Pittman et al., 2007).
The utilization of these compounds offers C. jejuni a survival niche in the extremely
low oxygen environments like the avian and mammalian guts, augmented by the
presence of metabolic intermediates produced by the microbiota. Thus anaerobic

respiration is considered crucial for energy conservation and growth of this pathogen.

1.7.7.1 Fumarate reduction to succinate

Under oxygen-limited conditions, fumarate respiration is important in energy
conservation in C. jejuni. Fumarate reduction is carried out by succinate:quinone
oxidoreductases (SQOR) which are membrane bound multisubunit complexes that
catalyse the two-electron transfer between the succinate/fumarate and quinone/quinol
couples (Lancaster, 2002). Two fumarate reductases found in C. jejuni, Frd (see section
1.7.2.5) and Mfr (encoded by mfrABE, cj0437 - cj0439), belong to SQORs, which are
comprised of a soluble domain attached to the cytoplasmic membrane. The soluble
domain is made up of two subunits; subunit A contains an FAD cofactor and is the site
of fumarate reduction and subunit B contains three Fe-S centres (Lancaster, 2002;
Lemos et al., 2002). The membrane-associated domain may contain one or two haems
which conduct electrons from/to the quinone pool. The FrdABC complex is a
cytoplasmic-facing bifunctional enzyme which is capable of oxidising succinate to

fumarate aerobically and reduces fumarate in oxygen-limited conditions whereas the
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Mfr enzyme can only reduce fumarate. An oxygen-limited growth defect on fumarate
only occurs in the frd4 but not in mfr4A mutant, suggesting the significant role of Frd
under oxygen-limited conditions (Guccione et al., 2010). However, the mfr genes are
highly upregulated under oxygen limitation in vitro or in vivo (Guccione et al., 2010;
Woodall et al., 2005), suggesting the possible role of Mfr is to allow more rapid
adaption to fumarate-dependent growth, as coupled fumarate transport and succinate
efflux through the DcuAB system is required, before fumarate reduction catalysed by
Frd can occur (Guccione et al., 2010, Fig. 1.10). Like the transportation of periplasmic
Mfr complex in W. succinogenes, a TAT signal peptide is also found at the N-terminus
of the flavoprotein subunit, MfrA (Juhnke ez al., 2009). In contrast to the situation in W.
succinogenes, the periplasmic MfrA protein and corresponding activity is detectable in
C. jejuni (Guccione et al., 2010; Juhnke et al., 2009). Since MfrA is the only subunit
with the TAT signal peptide, the transportation of the whole complex is predicted as a
“hitch-hiker” mechanism (Berks et al., 2005) with the association between the MfrE

subunit and the cytoplasmic membrane (Guccione et al., 2010).

Furthermore, Mfr in C. jejuni also has been shown to reduce mesaconate and crotonate
as alternative substrates which are metabolic intermediates of various common gut
anaerobes (Buckel, 2001; Bader et al., 1980). Although Frd is also able to utilize both
substrates in some extent, these electron acceptors do not appear to be transported
across the cytoplasmic membrane, providing a further rationale for the periplasmic
location of a reductase able to reduce such compounds (Fig. 1.10; Guccione et al.,
2010). In e-proteobacteria, the operation of Frd enzyme has been shown to be
non-electrogenic due to the un-coupling ‘E-pathway’ (Lancaster et al., 2005). However,
in C. jejuni the reduction of fumarate by the Frd activity and the MfrABE complex in
the periplasm will result in no difference in the overall energetics of the two complexes,
although the operation of the periplasmic Mfr is solely non-electrogenic. The possible

model of Frd and Mfr complexes is depicted in figure 1.10 (Guccione et al., 2010).
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Figure 1.10 The operation of Frd ABC and MfrABE in C. jejuni. The left : the role
of the bifunctional Frd ABC complex under microaerobic conditions. FrdABC acts as a
TCA cycle enzyme converting succinate to fumarate and donating electrons to the
menaquinone (MK) pool. The right: under oxygen-limited conditions, the Frd ABC
complex acts as a fumarate reductase, accepting electrons from the MKH; pool. The
MfrABE complex is periplasmic facing and likely to be translocated as a preformed
complex to the periplasm via the TAT system. It acts as a methylmenaquinol
(mMKH,) dependent C4-mono/di-carboxylic acid reductase with a preference for
fumarate. It is also able to reduce mesaconate and crotonate, substrates that cannot
easily cross the cytoplasmic membrane. Numbers within boxes in the FrdB and MfrB
subunits refer to differences in the iron—sulfur centres in these proteins, either 2Fe-2S
[2], 3Fe-4S [3] or 4Fe-4S [4] (see Lemos et al., 2002). Figure adapted from Guccione
etal., 2010.
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1.7.7.2 Nitrate reduction to nitrite

Several human pathogens harbor nitrate and nitrite respiration systems
(Sparacino-Watkins et al., 2014). During intestinal inflammation, higher nitrate
concentrations in the host can be observed and provides a benefit for the growth of
bacteria which are able to utilise nitrate as electron acceptor under oxygen-limited
conditions (Winter et al., 2013). There are two major systems responsible for nitrate
reduction in bacteria: the periplasmic-type Nap and the membrane bound complex Nar.
The Nap system is prevalent among all members of the e-proteobacteria including C.
jejuni (Pittman et al., 2007; Kern and Simon 2009a). Both Nap and Nar systems are
present in E.coli; Nap shows a significantly higher affinity for nitrate and is considered
as the major system operated under conditions of nitrate limitation, while Nar is
functional in nitrate-rich environments (Potter et al., 1999). Since the nitrate
concentration may be as low as 10 to 50 uM in vivo, the Nap system might be important
for the bacterial pathogenicity in the host (Potter ef al., 2001) and a nap mutant of C.
jejuni has been demonstrated to show mildly reduced colonisation of the chick host
(Weingarten et al., 2008). The nap operon found in C. jejuni (napAGHBLD) is similar
in composition and arrangement to that of the other e-proteobacteria such as W.
succinogenes, where the function and assembly of most of gene products of
dissimilatory Nap enzymes have been fully indentified and characterized (Pittman et al.,
2007; Kern et al., 2007). The C. jejuni NapA was identified as a molybdoenzyme
(Smart et al., 2009; Taveirne et al., 2009) that binds a bis-molybdenum guanine
dinucleoside cofactor and a [4Fe-4S] cluster in the cytoplasm prior to the transport by
the TAT system across the cytoplasmic membrane (van Mourik ef al., 2008). NapB is a
di-haem c-type cytochrome which forms the catalytic nitrate reducing complex with
NapA (Potter and Cole, 1999). In. C. jejuni, the mechanism of electron flux to nitrate is
not obvious because the Nap system in other bacteria is usually coupled to quinol
oxidation by a membrane-anchored tetrahaem cytochrome ¢, NapC (Potter and Cole,
1999). The functional homologue of napC is generally absent in the nap gene cluster of
e-proteobacteria and in W. succinogenes the function of the Nap system is totally
independent of a NapC-type cytochrome (Simon et al., 2003). However, in C. jejuni the
napC homologue nrfH (cj1358¢c), which seems irrelevant to the nitrate reduction, has
been discovered and is directly upstream of the nrfA4 nitrite reductase gene (cj/357c),
implying that is part of the nitrite reductase system. NapG and NapH are putative Fe-S

proteins and it has been demonstrated that in E. coli they may able to form an ubiquinol
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dehydrogenase which donates electrons to NapA, via NapC and NapB (Brondijk et al.,
2002; 2004). Instead of the function of NapC, in e-proteobacteria the NapGH complex
is considered to form a cytochrome c¢ independent membrane bound menaquinol
dehydrogenase complex (Kern and Simon, 2008). In C. jejuni, NapGH is the major
route of electron transfer to NapA; however the NapG mutant shows a slow
nitrate-dependent growth, suggesting less efficient electron transfer is mediated by NrfH,

the electron donor to the nitrite reductase NrfA (Pittman et al., 2007).

NapD is a chaperone necessary for the export of NapA by the TAT translocation system
in E. coli (Maillard et al., 2007) and is essential for NapA maturation and growth by
nitrate respiration (Potter and Cole, 1999; Kern et al., 2007). NapL is predicted to be a
soluble periplasmic protein localised by the Sec system and also widely distributed
among the g-proteobacteria. The napL mutation in W. succinogenes and C. jejuni leads
to a decrease in NapA-dependent nitrate reduction but the function of NapL is still
unknown to date. NapF is a Fe-S protein and associates with a membrane bound
complex with NapGH on the cytoplasmic side. It is required for full maturation of
NapA in W. succinogenes but the homologue is absent in C. jejuni (Kern and Simon,

2009b; Kern et al., 2007).

1.7.7.3 Nitrite reduction to ammonium

In C. jejuni, the nitrite reductase (Nrf) system is comprised of two components: NrfA
and NrfH. NrfA is a periplasmic pentahaem cytochrome ¢ and functions as a terminal
reductase which is connected to the quinone pool by NrfH, a tetrahaem-containing
NapC-like cytochrome c (Pittman ef al., 2007). The NrfA enzymes in most bacteria
contain an unusual -CXXCK- instead of the C. jejuni conventional -CXXCH- motif at
the haem 1 binding site and require a dedicated lyase for covalent attachment of the
active site haem (e. g., W. succinogenes, see section 1.7.5.2.2) (Pisa et al., 2002). This
probably explains the absence of the gene encoding for Nrf-specific lyases in C. jejuni.
NrfH is predicted to be a periplasmic-facing enzyme which is anchored on the
cytoplasmic membrane by an uncleaved TAT-like signal peptide. The parallel genome
sequence analysis of all e-proteobacteria to date indicates the nrfH gene is encoded
upstream of nrf4 (Kern and Simon, 2009a). The catalytic complex, which is formed by
NrfH and NrfA, couples menaquinol oxidation to nitrite reduction in an electroneutral

process (Simon et al., 2000; Pittman et al., 2007) and nitrite reduction is highly
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dependent on the specific activities of NrfA in C. jejuni (Sellars et al., Pittman et al.,

2007).

Nitrite reductase can also perform the five electron reduction of nitric oxide (NO) to
ammonium (NH;") (Costa et al., 1990). In addition to flavohemoglobin (Hmp) and
flavorubredoxin (NorV), in E.coli the NrfA enzyme might play a significant role in
nitric oxide detoxification (Poock et al., 2002). Hmp and NorV are absent in C. jejuni
and nitrosative stress and NO, an anti-microbial mechanism employed by the
mammalian immune system in response to bacterial infection, will be raised during the
growth with nitrite (Pittman et al., 2007; Kern et al., 2011a). However, in addition to
NrfA, a cytoplasmic single domain globin (Cgb) which has been shown to protect
against nitrosative stress, is inducible by the regulatory protein NssR (Elvers et al., 2004;
Pittman et al., 2007). In contrast to the constitutive expression of NrfA, the
NssR-mediated induction of cgb against nitrosative stress is slow, which explains the
phenotype of hypersensitivity to nitrosative stress in the nrf4 mutant (Elvers et al., 2005;
Pittman et al., 2007). Taken together, the periplasmic NrfA and cytoplasmic Cgb are
present on the opposite side of the cytoplasmic membrane and constitute a robust
defense against nitrosative stress. Also, NrfA can mediate the stress response to NO in
W. succinogenes (Kern et al., 2011b). However, a nrf4 mutant still colonises the avian
intestine (Weingarten et al., 2008), suggesting Nrf may be more important in the

mammalian host.

1.7.7.4 S- and N- oxides as electron acceptors

TMAO and DMSO are structurally similar compounds and widely distributed in aquatic
environments and soil; TMAO is an excretory product of many marine organisms and
DMSO is produced by some algae as a cryoprotectant (McCrindle et al., 2005). TMAO
is also known to be made in the mammalian gut from the dietary Ilipid
phosphatidylcholine (Wang et al., 2011). It is therefore likely that Campylobacters will
encounter the structurally similar compounds in the host or natural habitats with
adequate concentrations to support their respiration. A variety of microorganisms are
capable to catalyze the two electrons reduction of TMAO and DMSO by the
corresponding reductases (often by the same enzyme) which are induced by low oxygen
levels, yielding trimethylamine (TMA) / dimethyl sulphide (DMS), respectively.

Several distinct enzymes were found in E. coli where the DMSO reductase encoded by
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dmsABC is able to reduce various S- and N- oxide; the TMAO reductase TorACD is
highly specific for TMAOQO; and the TorYZ enzyme which prefers TMAO but is also
able to reduce other S- and N- oxides (Bilous and Weiner, 1988; Mejean et al., 1994;
Gon et al., 2000). In the periplasmic Tor system, the histidine kinase-response regulator
TorSR is capable to sense the concentration of TMAO, which induces the expression of
the torCAD operon (Jourlin et al., 1996). The terminal reductase TorA is a
molybdoenzyme which is fed electrons from menaquinone via the membrane-anchored
pentahaem cytochrome ¢, TorC (Gon et al., 2001). The maturation of TorA needs a
cytoplasmic chaperone TorD which ensures the correct conformation of TorA prior to
the transportation across the membrane via the TAT system. The DmsABC DMSO
reductase in FE.coli is comprised of a large extrinsic membrane associated
molybdoprotein DmsA, a smaller electron transferring Fe-S subunit DmsB and an
intrinsic membrane anchor and menaquinol binding subunit DmsC (Weiner et al., 1993).
Electrons would be transferred from the menaquinone via DmsC then DmsB to DmsA
in the periplasm, where the reduction of DMSO would take place. The expression of
dmsABC is inducible under oxygen-limited conditions, which is controlled by the FNR
(fumarate and nitrate reductase regulation protein; McCrindle et al., 2005) and is
influenced by ModE, a molybdate binding transcription factor (McNicholas et al.,
1998).

In C. jejuni NCTC 11168, the TorA homologue Cj0264c is solely responsible for both
TMAO and DMSO reduction (Sellars et al., 2002). It is a periplasmic molybdoprotein
which is translocated to the periplasm by the TAT system, via the recognition of the
signal peptide -DRRKFLK- at its N-terminal sequence. The upstream gene c¢j0265¢
encodes a monohaem c-type cytochrome with similarity to the C-terminus of the
membrane-anchored TorC of E. coli (Sellars et al., 2002). However, due to the lack of
extra haem binding, the Cj0265c protein seems unable to transfer electrons from
menaquinone to the Cj0264c protein. A NapC-like multihaem cytochrome ¢ is often
involved in connecting terminal reductases in the periplasm with the quinol pool and
TorC in E. coli has this function. In C. jejuni, the anaerobic growth of the nrfH mutant
with TMAO/DMSO suggests the NapC homologue NrfH does not carry out this role
(Pittman et al., 2007). Like the torYZ system in E. coli, the TorD homologue is also
absent in the C. jejuni operon. The level of avian colonisation of both wild type and the
¢j0264c mutant are similar, suggesting TMAO or DMSO are not important electron
acceptors in the avian hosts (Weingarten et al., 2008). In C. jejuni 81-176, a system

47



similar to the DmsABC DMSO reductase in E. coli has been found and the mutagenesis
of dmsA leads to a colonisation defect in the mouse, indicating this enzyme is
significantly involved in the colonisation process of the mammalian host (Hofreuter et

al., 2006).

1.7.7.5 Hydrogen peroxide

Several toxic intermediates are formed during the incomplete reduction of molecular
oxygen to water, including hydrogen peroxide (H,O,; see section 1.6.2) which can be
degraded to H,O and O, by the cytoplasmic catalase and the periplasmic cytochrome ¢
peroxidase (CCP). Bacterial CCPs are usually dihaem proteins that utilize reduced
cytochrome ¢ as an electron donor to detoxify H,O, to H,O (Atack and Kelly, 2007).
Although the exposure of bacterial cells to excess oxygen increases H,O, levels (Seaver
and Imlay, 2004), the ccp genes seem to be upregulated preferentially under
microaerobic or anaerobic environments and this may be relevant in pathogenic bacteria
like C. jejuni. For example, the low oxygen environment such as the human gut will
trigger the expression of periplasmic CCPs which is the first line of defense against the
attack of H,O,-producing phagocytes. Two putative CCPs encoded by ¢j0020c and
¢j0358 are found in C. jejuni NCTC 11168 (Parkhill et al., 2000) and the corresponding
gene (cjj0047c¢ and cjj0382) products have been characterized in strain 81-176
(Bingham-Ramos and Hendrixson, 2008). Cjj0047 is solely needed for the colonization
of chicks but neither mutant shows significant sensitivity to H,O,, suggesting they are
not redundant and might have distinct physiological roles (Hendrixson and DiRita, 2004;
Bingham-Ramos and Hendrixson, 2008). However, in C. jejuni NCTC 11168, both
¢j0020c and ¢j0358c mutants show higher sensitivity to killing by H,O, (Kelly, 2008)
and the expression of the latter is increased significantly in the chick cecum (Woodall et
al., 2005), which is thought to be a low-oxygen niche. The studies to date indicate that
CCPs in C. jejuni are unlikely to play a major role in the detoxification of H,O, in the
periplasm (Bingham-Ramos and Hendrixson, 2008). Although the periplasmic CCPs are
not energy conserving, the coupling of H,O, reduction and a proton translocating
dehydrogenase or cytochrome bc; complex still allows the generation of proton motive
force (PMF) (Kelly, 2008). The periplasmic H,0O, is also generated by a side reaction of
the formate dehydrogenase (Fdh), thus CCPs may be important during growth on
formate (Goodhew et al., 1988).
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1.8 Protein translocation across the bacterial cytoplasmic membrane

1.8.1 Overview

Proteins that reside partially or completely outside the bacterial cytoplasm require
specialized pathways to facilitate their localization. Functional proteins in the periplasm
must be translocated across the hydrophobic barrier of the inner membrane. Although
the Sec pathway transports proteins in a predominantly unfolded conformation, the TAT
pathway exports fully-folded protein substrates. The Sec pathway is universally
conserved, essential and normally the main route of protein export. The TAT pathway,
by contrast, is found in some bacteria and archea and has been identified as essential in
only a few organisms. The TAT pathway is an active transport system that is energized
solely by the transmembrane protein motive force (PMF) and the Sec system needs the

energy derived from both ATP hydrolysis and the PMF.

1.8.2 The signal peptides of the Sec and TAT systems

The recognition of the signal sequences harbored within corresponding substrates
(mostly apoproteins) is a prerequisite of the protein translocation system. Proteins
targeted to the Sec and TAT machineries have N-terminal signal peptides that have
similar overall architecture and are normally cleaved by an externally facing signal
peptidase (Thompson et al., 2010; Yahr and Wickner, 2001; Luke et al., 2009). Signal
peptides have a tripartite structure with a basic n region at the N-terminus, a
hydrophobic h region in the middle and a polar ¢ region at the carboxyl terminus. The
signal peptidase recognition site generally locates in the c¢ region, which is suitable for
the cleavage by either a type I or a type II signal peptidase. Type II signal peptidase,
also known as lipoprotein signal peptidase, has a consensus recognition sequence that is
typically -L3(A/S/T).2(G/A).1- along with an absolutely conserved cysteine at the +1
position of the mature protein and this cysteine residue is lipidated prior to cleavage.
The lipid modified mature domain then remains membrane surface associated through
the lipid anchor or is further sorted to the outer membrane. Although Sec- and
TAT-dependent signal peptides share some common features, there are several key
differences that are crucial for targeting to the correct export pathway and avoiding
mistargeting to the incorrect machinery. The n region of the Sec signal peptide is
positively charged without any conserved residues, which has been implicated in

electrostatic interactions with membrane phospholipids. Both the h and n regions are
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critical structural elements recognised by signal recognition particles (SRP) and the
motor protein SecA (Peterson et al., 2003; Lee and Bernstein, 2001; Cunningham and
Wickner, 1989). The TAT signal peptides contain a highly conserved twin-arginine
motif, defined as -SRRXFLK-, in which the consecutive arginines are almost always
invariant; the other motif residues occur with a frequency of > 50%, and the amino acid
at the X position is usually polar (Berks, 1996; Joshi et al., 2010; Stanley et al., 2000).
Previous studies have shown that the twin arginines are crucial for the TAT-dependnet
transportation, whereas the mutation of other residues in the TAT motif results in less
notable transport defect (Palmer er al., 2010). In addition, naturally occurring
TAT-dependent substrates with a -KR- rather than -RR- pair have been also identified
(Hinsley et al., 2001). Although the presence of the twin arginine motif is able to
prevent the interaction with the Sec pathway, some Sec-dependent substrates harbor
twin arginines in their signal sequence, such as DacD (see Fig. 1.11). Still, other
features of the TAT signal peptide and the passenger domain of TAT-dependent
substrates allow the Sec incompatibility. The hydrophobicity of h region in the TAT
signal peptide is usually less than that of the Sec-targeting sequence, and this is a major
discriminating feature for these two peptides. With the increasing of the hydrophobicity
in the TAT signal peptide via the substitution of residues, the TAT-dependent substrate
will reroute to the Sec pathway (Cristobal et al., 1999). Moreover, the basic residues are
present in the ¢ region of some TAT signal peptides, which are occasionally found in
the c region of Sec signal sequences. Although the presence of a basic amino acid in the
c region is not a requirement by the TAT machinery, it has been shown to prevent
involvement of the signal peptide with the Sec machinery (Cristobal et al., 1999;
Blaudeck et al., 2003; Bogsch et al., 1997). Several web-based bioinformatics programs,
such as TATFIND and TatP, are available for the prediction of TAT signal peptides.
(Dilks et al., 2003; Rose et al., 2002; Bendtsen et al., 2005; Bagos et al., 2010).
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Signal peptide
cleavage site

n region h region c region 'L
Tat signal SRRXFLK (+JAXA
peptide
Sufl MSLSRROFIQASGIALCAGAV-——-—- PLKASA
TorA MNNNDLFQASRRRFLAQLGGLTVAGMLG—-——--- PSLLTPRRATA

HyaA MNNEETFYQAMRRQGVTRRSFLKYCSLAATSLGLGAGMAPKIAWA

Sec signal peptide AXA

Om pA MKKTATAIAVALAGFATVAQA
MalE MKIKTGARILALSALTTMMFSASALA
DacD MKRRLITAASLFVFNL--SSGFA

Tat lipoprotein SRRXFLK LA/S/T(G/A) | C,,
DmsA MERRSFLEKMSAAMGCAAT-VTG
SCO3484 MTKPVVPSGVSRRGFLGGSLGVAGAVLLAA

Sec lipoprotein LA/S/TI(G/A)( C,
Pal MOLNKVLKGLMIALPVMA--IAA T
Lpp MKATKLVLGAVILGSTLLAG

Lapidated prior
to cleavage

Figure 1.11 The Sec- and TAT-dependent signal peptides of various substrate.

In the figure, residues that match the TAT consensus are shown in red, with the twin
arginines underlined. A’+’ indicates a basic region. Signal peptidase recognition
sequences in the c regions are underlined. Proteins listed in this figure are found in E.
coli but DmsA and SCO3484 are not included. Sufl, a divisomal protein; TorA,
TMAO reductase; HyaA, hydrogenase 1 small subunit; OmpA, outer-membrane
protein A; MalE, maltose-binding periplasmic protein; DacD, p-alanyl-p-alanine
carboxypeptidase; DmsA, DMSO reductase in Shewanella oneidensis; SCO3484,
DMSO reductase in Streptomyces coelicolor; Pal, peptidoglycan-associated
lipoprotein; Lpp, major outer-membrane lipoprotein. Figure revised from Palmer and
Berks, 2012.
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1.8.3 The Sec-dependent pathway

The general secretion (Sec) system is the major route involved in both the secretion of
unfolded proteins across the cytoplasmic membrane and the insertion of membrane
proteins into the membrane, which is well studied and characterized. Extensive genetic
analysis, using E. coli as a model organism, has resulted in the identification of all
major genes and proteins (for a recent review, see Kudva et al., 2013). Here, the general
concept of the Sec pathway is included to allow comparison to the TAT system. In E.
coli, major components of the Sec transport machinery were initially identified via
genetic screens, including SecA, SecB, SecE, SecY and SecG. SecB is a secretion
specific chaperone which can partially compensate for the loss of functions in E. coli
strains deficient in general chaperones (Fekkes and Driessen, 1999; Ullers et al., 2004).
In the Sec machinery, SecB binds to the polypeptide domains of long nascent secretory
proteins while they emerge from the ribosome exit tunnel and stabilizes them in an
unfolded conformation (Kumamoto, 1989). A property that discriminates SecB from
other chaperones is that it binds specifically to the protein conducting channel
(PCC)-associated SecA, where this reaction initiates the transfer of unfold secretory
proteins from SecB to SecA (Zhou and Xu, 2005; Mitra et al., 2006). The ATPase secA
functions as receptor for secretory proteins and as an ATP-dependent motor that drives
the protein translocation reaction when associated to the PCC (Hartl ez al., 1990). SecA
is the central component of the bacterial Sec system as it interacts with almost all other
components of the translocase. The characteristic of a conserved Walker A and B
ATP binding motif and the homology to DEAD-box RNA and RecA-like DNA helicase
indicates that SecA is molecular motor that drives the protein translocation reaction
(Walker et al., 1982; Koonin and Gorbalenya, 1992). The homodimeric form of SecA
has been implicated as the active conformation in protein translocation. The PCC forms
a hydrophilic pore for secretory proteins to pass the membrane (Joly and Wickner, 1993;
Cannon et al., 2005) and it is composed of the dimer of SecYEG complex, including
SecY, SecE and SecG in bacteria. The central pore in the SecYEG complex can be
widened to a sufficient extent that it can accommodate unfold polypeptide chains,
without the need for a lateral opening of the translocation channel (Tian and Andricioaei,
2006; Haider et al., 2006). The dynamic model of the protein translocation was
proposed by the interaction between SecA and SecY. Due to the conformational change
of SecA by binding to SecY, the translocation is proposed to be the result of nucleotide

dependent cycles of insertion and dislodgment of SecA domains with bound secretory
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protein into the PCC (Economou and Wickner, 1994; Price et al., 1996; van der Wolk et
al., 1997). The C. jejuni genome encodes the key components of a functional
Sec-translocase but lacks the non-essential SecB (Parkhill ez al., 2000), which is found

mainly in the a-, B-, and y-proteobacteria (van der Sluis and Driessen, 2006).

Taking all components together, in E.coli proteins can be targeted to the Sec translocase
by two different mechanisms, as shown in Fig. 1.12. Secretory proteins are guided to
the SecYEG-associated SecA by the secretion specific chaperone SecB that maintains
these proteins in a translocation-competent, unfolded state (Driessen, 2001), where ATP
1s a main source of energy to drive protein segments through the pore of PCC (Wickner,
1994). During co-translational targeting, the signal recognition particle (SRP) binds to
the signal sequence of the secretory protein while it emerges from the ribosome (Luirink
et al., 2005) and the entire ternary complex of SRP/ribosome/nascent secretory protein
chain is targeted to the Sec-translocase by the expanse of GTP. In bacteria, the PMF

also contributes as a driving force to the Sec translocation reaction.
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Figure 1.12 Schematic view of the Escherichia coli Sec translocase.

The bacterial Sec translocase is a protein complex in the cytoplasmic membrane,
which comprises a peripheral motor domain SecA (green), the protein-conducting
channel, SecYEG (orange), and the accessory protein SecDF(or called YajC; pink).
Signal peptidase (Lep) is a membrane-bound peptidase that cleaves the signal
sequence from preproteins at the periplasmic face of the membrane. (a) Membrane
proteins and some preproteins utilize the co-translocation targeting route with the
binding between ribosome-bound nascent chains and signal recognition particle (SRP)
and the SRP-receptor FtsY, the process is energized by GTP. (b) Post-translational
targeting route with the assistance of secretion specific chaperone SecB. ATP is the
energy source during protein translocation. PMF is also the energy source for both

mechanisms of translocation. Figure revised from Natale et al, 2007.
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1.8.4 The TAT-dependent pathway

Unlike the Sec machinery, the TAT pathway usually transports pre-folded proteins
across the cytoplasmic membrane (Robinson and Bolhuis, 2004). Functional TAT
systems occur in many bacteria and archea, as well as in thylakoid membranes of plant
plastids (Miiller and Kldsgen, 2005). TAT translocases consist of two or three
membrane integrated subunits, i.e. TatA and TatC or TatA, TatB and TatC, that together
form a receptor and a protein conducting machinery for TAT-dependent substrates
which are often cofactor containing proteins and the insertion of cofactors is mainly
restricted in the cytoplasm. The energy source for translocation is only provided by the
PMF (Yahr and Wickner, 2001). Although the TAT system normally transports fewer
substrates than the Sec system (Dilks et al., 2003), it has key roles in many cellular
process, including respiratory and photosynthetic energy metabolism, iron and
phosphate acquisition (Ize et al., 2004; Letoffe et al., 2009; Mickael et al., 2010; Monds
et al., 2006), cell division (Stanley et al., 2001), cell motility (Ochsner et al., 2002),
quorum sensing (Stevenson et al., 2007), resistance to heavy metals (Ize et al., 2004)
and antimicrobial peptides (Weatherspoon-Griffin ef al., 2011). Importantly, the TAT
pathway is required for the bacterial pathogenicity in the tested animal and plants (De

Buck et al., 2008).

In the light of experimental evidence, the rationales for the use of the TAT pathway in
bacteria include: the need for the insertion of complex cofactors; the avoidance of metal
ions that compete for insertion into the active site of the proteins (Tottey et al., 2008);
the transport as a hetero-oligomeric complex (termed hitch-hiking; Sauve et al., 2007);
and difficulties in keeping the protein unfolded before post-translational transport
(Pohlschroder et al., 2004). In C. jejuni most enzymes in electron transport chains show
these necessities but the ‘hitch-hiking” phenomenon is crucial for several reductase,
such as the bc; complex, nitrate reductase (Nap) and fumarate reductase (Mfr)
(Bachmann et al., 2006; De Buck et al., 2007; Hitchcock et al., 2010). The knowledge
of the TAT system in Gram-negative bacteria has been established in the model
organism E. coli where the tat operon, tatABCD, with the monocistronic tatE gene
located elsewhere are found; both transcription units are constitutively expressed
suggesting the TAT pathway is important under all growth conditions (Jack et al., 2001).
TatA is a small protein consisting of an N-terminal transmembrane anchor (TMH), a

short hinge region, an amphipathic helix (APH) and a charged C-terminal tail and TatB
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shares the same modular structure with TatA but usually has a longer C-tail (Hicks et al.,
2003). The transport of endogenous TAT substrates are abolished in the fatB mutant of
E. coli, while it still allows the low level of export of TAT signal-fused reporter proteins,
reflecting some residual TatB-like activity of TatA (Blaudeck et al., 2005; Chanal et al.,
1998). TatC is a polytopic membrane protein with six transmembrane domains
(Behrendt et al., 2004), which harbors a recognition site for the twin-arginine motif of
the TAT signal peptide (Fig. 1.15; Alami et al., 2003; Gerard and Cline, 2006; Rollauer
et al.,2012). Both TatC and TatA/B family members tend to form homo-oligomeric and
hetero- oligomeric complexes in the core of the TAT system. TatA and TatC form
together the minimal Tat translocase in Gram-positive bacteria B. subtilis (Pop et al.,
2002; Jongbloed et al., 2004) whereas in proteobacteria like E. coli the system is more
complex, as the TatB and TatC will form a stable integral membrane TatBC complex
containing an estimated 6-8 copies of each protein, which is stable to bind TAT
substrates (Bolhuis et al., 2001; Tarry et al., 2009; McDevitt et al., 2006). The transport
cycle is initiated by substrate binding to the TatBC complex via their signal peptides
(Gerard and Cline, 2007). Some substrates proteins are able to interact with the
phospholipid surface of the membrane and possibly find the TatBC complex by
two-dimensional diffusion on the membrane surface (Shanmugham et al., 2006;
Bageshwar et al., 2009). When the TAT-dependent substrate binds to the TatBC, the
twin-arginine motif is positioned close to TatC, whereas the hydrophobic h region of the
signal peptide and the folded passenger domain are in the vicinity of TatB (step 1 and 2
in Fig. 1.13). The specific binding site of TatC mediates the selectivity of binding to the
TatBC complex (Cline and Mori, 2001). Recent evidence from studies of the
chloroplast TAT system (Aldridge et al., 2014) suggests that TatC subunits are arranged
in a concave face-to-face arrangement, creating a closed chamber. The substrate signal
peptide seems to insert into spaces between the TatC subunits, forcing them apart and
allowing access of TatA to the chamber, which is proposed to seed TatA polymerisation
and translocase assembly (Aldridge et al., 2014). The association of TatA with TatBC
requires the PMF and lasts until the substrate has crossed the membrane. During the
translocation process, the substrate is probably contact with all three TAT components,
suggesting that a TatABC complex mediates transport (Mori and Cline, 2002).
Nevertheless, it has been proposed that the substrate is transferred from TatBC to TatA
(Alami et al., 2003).
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Signal peptide Binding of substrate Passenger domain Signal peptide
binding to TatBC, and TatA crossing the cleavage and TatA
polymerization membrane via TatA depolymerization

Periplasm \l‘ O
PMF?

Cytoplasm RR Signal peptidase

Substrate Signal peptide

Figure 1.13 Model of the TAT translocation cycle in E. coli. At the start of the cycle, TatB and TatC associate as a complex, whereas TatA
is present as dispersed promoters. The TatBC complex contains multiple copies of each protein, but only single copy depicted. The number of
subunits in a TatA promoter is still unclear. Step1: the initiation of substrate translocation, the TatBC complex binds the signal peptide of a
substrate protein in an energy-independent step; the twin-arginine (RR) motif in the signal peptide is specifically recognized by a site in TatC.
The reminder of the signal peptide and the substrate passenger domain are close to TatB. Step2: the recruitment of TatA promoters by the
TatBC complex, although some evidence suggests that the interaction between the TatBC and substrates is strengthened in a
PMF-independent manner, TatA promoters are recruited to the TatBC complex and polymerized in a step that depends on the PMF. The
resulting TatABC complex is the active translocation site. Also, the signal peptide is in contact with all three Tat components at this stage
(Alami et al., 2003). Step3: the passenger domain of the substrate protein cresses the membrane via the polymerized TatA components, and
the signal peptide remains bound to the TatBC complex. It is not known whether this step requires PMF as the energy source. Step4: the
signal peptide will be normally proteolytically removed by a signal peptidase until the passenger domain has reached the far side of the
membrane. The TatA component will dissociates from TatBC and depolymerise back to free promoters. The fate of the signal peptide
following transport is uncertain, so this peptide is arbitrarily shown as being released into the periplasm. Figure revised from Palmer and
Berks, 2012.
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Following assembly of a TatABC-substrate complex, the substrate is translocated across
the membrane to the periplasm, where the signal peptide is normally removed by a
signal peptidase (Yahr and Wickner, 2001; Luke et al., 2009). The TatABC complex
then disassembles until the next transport starts. TatD and E proteins are present in
some organisms. TatD is a soluble cytoplasmic protein with DNase activity but is not a
component of the TAT pathway (Wexler et al., 2000; Lindenstrauss et al., 2010). The
tatE gene is a shorter paralogue of fat4 thought to have arisen from a cryptic gene
duplication; TatE is at least partially functionally interchangeable with TatA but appears
to be largely redundant (Sargent et al., 1998). It should be noted that some
Gram-positive bacteria may differ in their fat gene complement and can contain several

independent TatA-TatC systems (Goosens et al., 2014).

A major role of TatA in the translocation process was originally derived from the
findings and three major ideas were developed of how TatA might achieve the ensuing
membrane passage of TAT substrates. In the first model TatA is assumed to form
size-fitting pores for folded TAT substrates (Gohlke et al., 2005), the number of TatA
monomers governs the pore diameter. The alternative hypothesis is that TatA will help
to weaken or remodel the lipid bilayer by the polymerization of membrane-active APHs
(Cline and McCaffery, 2007). A third model posits that a ring of APHs inserted into the
cytoplasmic membrane where the hydrophobic TMHs of TatA and the polar surface of
APHs and C-tails adapt a perpendicular orientation for the forming of hydrophilic pores
(Walther et al., 2013). However, a recent structural study favours a model in which
TatA polymerization thins and disorders the membrane to produce transient rupture
(Rodriguez et al., 2013). Three different topologies of TatA are shown in Fig. 1.14.
Unlike the chaperone SecB or SRP in the Sec pathway, there is no similar enzyme
which is specific to the signal sequence involved in the quality control of the TAT
system and it is believed that the general chaperone like DnaK or SlyD might mediate
the proofreading of the TAT substrate (Graubner et al., 2007; Holzapfel et al., 2009;
Jong et al., 2004). However, some substrate-specific chaperones were found to dedicate
to the maturation of the corresponding TAT substrates, for example, TorD is a
twin-arginine motif binding, proofreading and cofactor-insertion mediating chaperone
only involved in the maturation of the TMAO reductase (TorA) (Hatzixanthis et al.,
2005; Jack et al., 2004; Pommier et al., 1998).
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The TAT pathway is also found in C. jejuni which encodes homologues of tatA/E
(cj1176¢), tatB (cj0579c), tatC (cj0578c) and tatD (cj0644) (Parkhill et al., 2000), and a
number of proteins display putative N-terminal TAT signal sequences, the majority of
which are involved in respiratory electron transport (Parkhill et al., 2000). In C. jejuni,
alkaline phosphatase (Cj0145) and the nitrate reductase NapA subunit were the first
proteins shown to be TAT-dependent substrates (in strain 81116; van Mourik et al.,
2008). In a previous study from the Kelly lab (Hitchcock et al., 2010), proteomics and
activity measurements with an isogenic tatC mutant and a complemented strain were
used to experimentally verify the TAT dependence of NapA and the majority of the
other proteins that are predicted to be exported via the TAT pathway in strain NCTC
11168. A study of the TAT system in C. jejuni 81-176 (Rajashekara et al., 2009)
showed that a fafC null mutant was more sensitive to antimicrobials, defective in
biofilm formation, motility, flagellation, survival under osmotic shock, oxidative and
nutrient stress, although many of these phenotypes are likely to be due to indirect effects
of the mutation. These wide-ranging phenotypes do however highlight the importance

of the TAT system in general fitness and bacterial pathogenesis.

(a) TatA (b) TatC
periplasm N N
IM !
cytoplasm
Cc

Figure 1.14 Three different topologies of TatA and the structure of TatC. (a) Left,
NMR structire of an N-terminal fragment of B. subtilis TatA4 reconstituted into planer
bicells (Walther et al., 2010). The N-terminal TMH is followed by a partially
membrane-embedded APH. Middle, full immersion of the APH of TatA that could
cause destabilising of the bilayer. Right, flipping of the APH into the membrane to
form a hydrophilic channel from a ring of TatA promoters. (b) The arrow indicates
access from the periplasm to the concave face of the molecule and the bracket
encompassed the RR twin-arginine motif binding site (N-terminus and first cytosolic

loop of TatC). Figure revised from Kudva et al., 2013.
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1.9 Aims

The genome sequences of C. jejuni NCTC 11168 reveal a large number of genes
encoding proteins with predicted roles in electron transport chains which allow growth
at the low oxygen concentrations found in human and animal guts. However, there are
still many electron transport proteins with unknown functions, particularly novel c-type
cytochromes; these are usually periplasmic or periplasmic-facing membrane bound
proteins that may be crucial either as electron conducting components or as part of an
electron input or output enzymes. This research will investigate the composition,
physiology, biochemistry and regulation of the c-type cytochromes in electron transport
systems of C. jejuni. Several putative genes encoding c-type cytochromes have been
identified; they are ¢jl153, ¢j1020c, cj0158¢c, cj0037¢c, cj0854c and cj0874c. 1t is
important to elucidate the electron transfer mechanism between these c-type
cytochromes and terminal oxidases or reductases, which may transfer electrons in a
sequential or in a parallel manner. In addition the physiological role, the biogenesis of
c-type cytochromes will be further elucidated, although the knowledge of the Ccs

system in C. jejuni is still very limited to date.

The TAT pathway will also be emphasized in this study since it is important for the
enzyme activity involved in the electron transport chains. The role of two tatd
homologues ¢jl176¢ and ¢j0786 that are present in the genome of C. jejuni NCTC
11168 will be investigated in this work. The Cj1176c protein has similar structure to the
TatA in E. coli, whereas Cj0786 is encoded in the nap operon with a shorter

C-terminus.

Taken together, the aim of this study is to produce a more complete picture of the role

of the electron transport pathways in cell growth and host colonization.
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Chapter 2 Materials and Methods

2.1 Materials

Chemicals used in this study were purchased from Fisher, Life Technologies, Oxoid,
Sigma-Aldrich and VWR international. Antibiotics were obtained from Melford
Laboratories Ltd. Gases were supplied by BOC.

2.2 Organisms and growth media

2.2.1 Organisms used in this study

All bacterial strains used in this study are listed in table 2.1. C. jejuni was preserved at —
70°C in Brain-Heart Infusion (BHI) broth with 15% (v/v) glycerol as cryoprotectants
and Escherichia coli strains were stored at — 70°C in Luria-Bertani (LB) broth

containing 20% (v/v) glycerol.

Table 2.1 Campylobacter jejuni strains used in this study

Campylobacter jejuni  Description Source

NCTC 11168 Clinical isolate used in genome Parkhill et al., 2000
sequencing

81116 Genetically stable strain, amenable M.M.S.M. Wosten,
to genetic manipulation, and Utrecht University,
infective for chickens The Netherlands

Strains used in chapter 3

c8j 0815 (¢jtsdA) 81116 ¢8f 0815::kan This study

c8j 08157 (cjtsdA™) 81116 ¢8i 0815::kan complemented This study
with WT copy of ¢jtsdA

c8j 0040 81116 ¢8f _0040::kan This study

c8j 0040 81116 ¢8j 0040::kan complemented This study

with WT copy of ¢§j 0040

Strains used in chapter 4

cjl176 (tatAl’) 11168 ¢j1176::kan This study

cjl1176"" (tatAl™") 11168 ¢j1176::kan complemented This study
with WT copy of ¢j1176

cj0786¢ (tatA2") 11168 ¢j0786¢::cat This study
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cj0786¢™" (tatA2™") 11168 ¢j0786¢::cat complemented  This study
with WT copy of ¢j0786¢

cjl176 cj0786¢ 11168 ¢j1176::kan cj0786¢::cat This study

(tatAl"atA2") double mutant

Strains used in chapter 5

cl153 11168 ¢j1153::kan This study

¢j1020c 11168 ¢j1020c::cat This study

cj0037¢ 11168 ¢j0037c::kan This study

cj0158c 11168 ¢j0158c::kan (insertion) This study

pecjl153™" 11168 ¢j1153::kan complemented This study
with WT copy of ¢j1153 with its
native promoter

fdxA1153"" 11168 ¢j1153::kan complemented This study
with WT copy of ¢jl153 with fdxA
promoter

cj1020c™” 11168 ¢j1020c::cat complemented This study
with WT copy of ¢j1020c

cj0037¢"” 11168 ¢j0037c::kan complemented  This study
with WT copy of ¢j0037c

H33A 11168 ¢jl1153::kan complemented This study
with point mutated ¢j//53 (Hss to A)

HI95A 11168 ¢j1153::kan complemented This study
with point mutated ¢j/753 (Hos to A)

ccoN’ 11168 ¢j1490c::kan This study

ccoNOQP 11168 ¢j1490c - ¢cj1487c::kan This study

CioAB 11168 cioAB::apr This study
(cj0081 - cj0082:: apr)

cioAB ¢j1153"" 11168 cioAB::apr ¢j1153::kan This study
complemented with WT copy of
¢j1153 plus fdxA promoter

CioAB ¢j1020c 11168 cioAB::apr ¢j1020c::cat This study
double mutant

cioAB ¢j0037c 11168 cioAB::apr cj0037c::kan This study
double mutant

CioAB ¢j1020c™” 11168 cioAB::apr ¢j1020c::cat This study

complemented with WT copy of
cj1020c
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cioAB ¢j0037¢"” 11168 cioAB::apr ¢j0037c::kan This study
complemented with WT copy of

cj0037¢
dsbD" 11168 ¢j0603c::kan This study
cj1207c¢ 11168 ¢j1207c::kan This study
cjl1664 11168 ¢j1664::kan This study
cjl1665 11168 ¢j1665::kan This study
cj1664 cjl1665 11168 ¢j1664 - cj1665::kan This study
rack 11168 ¢j1261::kan This study
racS 11168 ¢j1262::kan This study
racRS 11168 ¢j1261 - ¢j1262::kan This study
cj1153""-His 11168 ¢j1153::kan complemented This study

with his-tagged copy of ¢j/153
with fdxA promoter

Table 2.2 Strains of Escherichia coli used in this study

Escherichia coli Genotype Source
F— ®80lacZAM15 A(lacZY A argF) U169
DHS5q™ recAl endAl hsdR17 (tK—, mK+) phoA Invitrogen

supE44 A\—thi'1 gyrA96 relAl

BL21 (DE3) F— ompT hsdSB(rB—, mB-) gal dem (DE3) Invitrogen

2.2.2 Media preparation and antibiotics

All media were prepared with distilled water (dH,O) according to manufacturer’s
instruction and sterilized by standard autoclaving condition (121 °C, 15 min, 15 psi).
Solid media could be stored at 4 °C for up to a month. For microaerobic growth of C.

Jjejuni, liquid media were equilibrated by storage in the relevant gas atmosphere.
Antibiotics were prepared in distilled water and filter-sterilised (0.22 pm), except for

chloramphenicol and erythromycin which needed ethanol as solvent. All antibiotic

stocks were stored at 4 °C after preparation and listed in table 2.3.
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Table 2.3 Antibiotics used in this study. Final concentration refers to the

concentration of antibiotics once added into media.

Antibiotic Function Solvent Final concentration
Amphotericin B Antifungal Sterile dH,O* 10 pg/ml
Vancomycin Anti-G(+) bacteria ~ Sterile dH,O 10 pg/ml
Carbenicillin Selective Sterile dH,O 50 ug/ml
Kanamycin Selective Sterile dH,O 50 ug/ml
Chloramphenicol Selective EtOH 30-50 ug/ml
Apramycin Selective Sterile dH,O E. coli: 50 pg/ml

C. jejuni: 60 pg/ml

E. coli: 100 pg/ml

Erythromycin Selective EtOH C. jejuni: 15 pg/ml

*Requires drop-wise addition of 10M NaOH to dissolve

2.2.3 Growth media of C. jejuni

For the growth of C. jejuni on solid media, blood agar was prepared from autoclaved
Columbia agar base (Oxoid) supplemented (when cooled to 80 °C) with 5% (v/v) lysed
sterile horse blood (VWR international). Amphotericin B, vancomycin and selective
antibiotic (where required) were added when media had cooled to approximately 50 °C.
Plates were stored at 4 °C for up to one month. For some experimental purposes,

Muller-Hinton (MH) agar was used occasionally to grow C. jejuni.

Liquid cultures of C. jejuni were routinely grown using Muller-Hinton (Oxoid) broth
with 20 mM L-serine (MHS) and BHI (brain-heart infusion) broth. Media was sterilised
by autoclaving and allowed to cool down to room temperature for storage. For alkaline
phosphatase induction, sterilised phosphate-free DMEM (Life technologies) was used
as basal medium supplemented with filter-sterilised 20 mM L-serine, 25 mM HEPES,
1.6 and 0.08 mM KH,PO, for cell equilibration and induction respectively, with

appropriate antibiotics.

2.2.4 Growth of C. jejuni in batch culture

C. jejuni was routinely maintained on blood agar at 37°C under microaerobic conditions
(5% O,, 10% CO; and 85% N,) generated in a MACS-VA500 Microaerobic
Workstation (Don Whitley Scientific Ltd), and were subcultured onto fresh media every
48 to 72 hours to maintain viability. Liquid cultures were routinely grown at 37 °C in

BHI, MHS broth or DMEM under different experimental conditions: (i) standard
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microaerobic conditions (gas concentrations as described previously): 25 or 100 ml
media in 100 or 250 ml conical flasks respectively were maintained shaking at 180
r.p.m. continuously; or (ii) oxygen-limited condition: the gas composition was identical
to that in (i) but the media was filled to the top of 250 or 500 ml conical flasks to restrict
oxygen diffusion, without shaking. Where required, various electron donors or
acceptors were added from filter-sterilised stock solutions to a final concentration of 20
or 30 mM. Media was pre-equilibrated in the microaerobic growth cabinet for 16 to 18
hours prior to inoculation where the ideal starting optical density at 600 nm [ODggo] was
about 0.1 and measured by an Ultraspec 2000 spectrophotometer (Janway). Two main
sources of starting culture were microaerobically grown overnight liquid cultures or 24
hr old plate grown cells. The growth of bacteria was monitored by measuring ODggo
hourly in microaerobic condition and the measurement was done for every two hours in

oxygen-limited growth curve, where the media only was taken as blank.

For the induction of alkaline phosphatase (AP), the overnight grown culture in 25 ml
phosphate-free DMEM with 1.6 mM KH,;PO4 was collected and washed by TBS twice
to remove excess phosphate in previous medium. Then the cells were resuspended in
the basal medium with 0.08 mM KH,PO,4 for AP induction. The overnight culture was
taken as sample for the AP assay and the activity was measured according to section

2.8.2.6.

2.2.5 Growth of E.coli

Luria-Bertani (LB, Melford) broth and agar, dYT broth and NZCYM (Amresco) broth
were used in the growth of E. coli. All were prepared according to manufacturer’s
instruction and sterilised by autoclaving and then supplemented with appropriate
antibiotics after cooling down to room temperature. Liquid culture was grown

aerobically at 37°C with shaking at 250 r.p.m.

2.3 DNA preparation and manipulation

All molecular biology grade reagents were purchased from Bioline, Fisher, New
England Biolabs (NEB), Promega and Life Technologies. Basic DNA manipulative
procedures and protocols were according to Sambrook and Russell (Sambrook and

Russell, 2001) with slightly modifications. To minimise any interference from
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chemicals in the buffer solution during manipulation, all nucleotides were dissolved in

sterilised ddHO.

2.3.1 Plasmid used in this study

All plasmids used in this study are listed in Table 2.4.

Table 2.4 Plasmids used in this study

Plasmid Description Resistance Source
marker(s)

pGEM=3Zf(-) Cloning vector with T7 and SP6 Amp Promega
promoters flanking a multiple cloning
site with the a'peptide coding region
of B-galactosidase

pIMK30 Cloning vector harbouring a 784 bp Amp Ketley et al.,
kanamycin resistance encoding gene | Kan 1997

pAV35 Cloning vector harbouring a 850 bp Amp van Vliet et
chloramphenicol resistance encoding | Cm al., 1998
gene

pACIA pGEMP"-T ligated to aac(3)IV Amp Cameron and
amplified aac-targeted primers Apr Gaynor,

2014

pEC86 Contain the E. coli cytochrome ¢ Cm Arslan et al.,
maturation (ccm) genes with 1998
constitutive expression by the
tetracycline promoter

pC46 Cloning vector harbouring C. jejuni Cm Duncan
pseudogene ¢j0046 and cat gene used Gaskin, IFR,
for gene complementation UK

pKmetK Cloning vector harbouring C. jejuni Kan Duncan
pseudogene cj0046, kan gene and Gaskin, IFR,
metK promoter, used for gene UK
complementation

pCmetK Cloning vector harbouring C. jejuni Cm Duncan
pseudogene ¢j0046, cat gene and Gaskin, IFR,
metK promoter, used for gene UK
complementation

pKfdxA Cloning vector harbouring C. jejuni Kan Duncan
pseudogene cj0046, kan gene and Gaskin, IFR,
fdxA promoter, used for gene UK
complementation
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pCfdxA

Cloning vector harbouring C. jejuni
pseudogene ¢j0046, cat gene and
fdxA promoter, used for gene
complementation

Cm

Duncan
Gaskin, IFR,
UK

pPR-IBApelBJ

Used for over-expression of proteins
with C-terminal Strep-tag under
control of IPTG inducible T7
promoter

Amp

Grein et al.,
2010

pET21a(+)

Used for over-expression of proteins
with C-terminal His-tag under control
of IPTG inducible T7 promoter

Amp

Novagen

pGEM1153kan

pGEM3Z1(-) containing the first 20
and last 20 bp of ¢j1153 (plus
flanking DNA) with the kan cassette
inserted in place of the deleted
sequence

Amp
Kan

This study

pGEM1020Cat

pGEM3ZA1(-) containing the first 31
and last 9 bp of ¢j1020c (plus
flanking DNA) with the cat cassette
inserted in place of the deleted
sequence

Amp
Cm

This study

pGEMO0037kan

pGEM3ZA1(-) containing the first 21
and last 10 bp of ¢j0037¢ (plus
flanking DNA) with the kan cassette
inserted in place of the deleted
sequence

Amp
Kan

This study

pGEMO158kan

pGEM3ZA1(-) containing ¢j0158¢ and
flanking DNA with the ¢j0158c ORF
interrupted with the kan cassette

Amp
Kan

This study

pGEMO0854kan

pGEM3ZA(-) containing the first 20
and last 15 bp of ¢j0854c (plus
flanking DNA) with the kan cassette
inserted in place of the deleted
sequence

Kan

This study

pGEMO0815kan

pGEM3ZA(-) containing the first 9
and last 20 bp of ¢§ 0815 (plus
flanking DNA) with the kan cassette
inserted in place if the deleted
sequence

Kan

This study

pGEMO0040kan

pGEM3ZA(-) containing c¢8j 0040 and
flanking DNA with the ¢8§j 0040
OREF interrupted with the kan cassette

Amp
Kan

This study
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pGEMI1176kan | pGEM3Zf(-) containing the first 13 Amp This study
and last 6 bp of ¢j1176 (plus flanking | Kan
DNA) with the kan cassette inserted
in place of the deleted sequence
pGEMO0786Cat pGEM3Z{(-) containing the first 17 Amp This study
and last 12 bp of ¢j0786¢ (plus Cm
flanking DNA) with the cat cassette
inserted in place of the deleted
sequence
pGEM1490kan | pGEM3Z{{(-) containing the first 31 Amp This study
and last 10 bp of ¢j1490c (plus Kan
flanking DNA) with the kan cassette
inserted in place of the deleted
sequence
pGEM149087kan | pGEM3Zf(-) containing the first 31 Amp This study
bp of ¢j1490c and last 9 bp of Kan
¢j1487c (plus flanking DNA) with the
kan cassette inserted in place of the
deleted sequence
pGEMcioABApr | pPGEM3Zf(-) containing the first 22 Amp This study
bp of ¢j0081 and last 19 bp of ¢j00S82 | Apr
(plus flanking DNA) with the apr
cassette inserted in place of the
deleted sequence
pGEMO0603kan | pGEM3Zf(-) containing the first 22 Amp This study
and last 46 bp of ¢j0603c¢ (plus Kan
flanking DNA) with the kan cassette
inserted in place of the deleted
sequence
pGEM1000kan | pGEM3Z{{(-) containing the first 2 Amp This study
and last 8 bp of ¢/000 (plus flanking | Kan
DNA) with the kan cassette inserted
in place if the deleted sequence
pGEM1013kan | pGEM3Z{{(-) containing the first 47 Amp This study
and last 29 bp of ¢j1013c (plus Kan
flanking DNA) with the kan cassette
inserted in place of the deleted
sequence
pGEM1207kan | pGEM3ZA{{(-) containing the first 3 Amp This study
and last 12 bp of ¢j1207¢ (plus Kan

flanking DNA) with the kan cassette
inserted in place of the deleted
sequence
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pGEM1664kan

pGEM3Z{(-) containing the first 30
and last 38 bp of ¢j1664 (plus
flanking DNA) with the kan cassette
inserted in place of the deleted
sequence

This study

pGEM1665kan

pGEM3Z{(-) containing the first 32
and last 49 bp of ¢j1665 (plus
flanking DNA) with the kan cassette
inserted in place of the deleted
sequence

Kan

This study

pGEM166465kan

pGEM3Z{(-) containing the first 30 of
¢j1664 and last 49 bp of ¢j1665 (plus
flanking DNA) with the kan cassette
inserted in place of the deleted
sequence

Amp
Kan

This study

pGEM1261kan

pGEM3Z1{(-) containing the first 18
and last 7 bp of ¢j1261 (plus flanking
DNA) with the kan cassette inserted
in place of the deleted sequence

Amp
Kan

This study

pGEM1262kan

pGEM3Z{(-) containing the first 12
and last 9 bp of ¢j1262 (plus flanking
DNA) with the kan cassette inserted
in place of the deleted sequence

Kan

This study

pGEM126162kan

pGEM3Z1(-) containing the first 18
bp of ¢j1261 and last 9 bp of ¢j1262
(plus flanking DNA) with the kan
cassette inserted in place of the
deleted sequence

Amp
Kan

This study

pC1153

Plasmid construct of pC46 inserted
with ¢j/153 gene and upstream
promoter region via BsmBI site

Cm

This study

pCfdxA1153

pCfdxA with ¢j1153 inserted into
BsmBI site under the control of the
fdxA promoter

Cm

This study

pCfdxA1153
“H33A

As pCfdxA1153 but with nucleotide
sequence changed so amino acid at
position 33 (in full length protein)
changed from His to Ala

Cm

This study

pCrdxA1153
_H95A

As pCfdxA1153 but with nucleotide
sequence changed so amino acid at
position 95 (in full length protein)
changed from His to Ala

Cm

This study

pCfdxA1153His

pCfdxA with ¢j1153 plus 5X His-tag
inserted into BsmBI site under the
control of the fdxA4 promoter

Cm

This study
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pKmetK1020

pKmetK with ¢j1020c inserted into
BsmBI site under the control of the
metK promoter

Kan

This study

pKfdxA1020

pKmetK with ¢j1020c inserted into
BsmBI site under the control of the
metK promoter

Kan

This study

pCfdxA0037

pCfdxA with ¢j0037¢ inserted into
BsmBI site under the control of the
fdxA promoter

Cm

This study

pCmetK1176

pCmetK with ¢j1176 inserted into
BsmBI site under the control of the
metK promoter

Cm

This study

pKmetK0786

pKmetK with ¢j0786¢ inserted into
BsmBI site under the control of the
metK promoter

Kan

This study

pCtsdA

Plasmid construct of pC46 inserted
with ¢8j 0815 gene and upstream
promoter region via BsmBI site

Cm

This study

pC0040

Plasmid construct of pC46 inserted
with ¢8j 0040 gene and upstream
promoter region via BsmBI site

Cm

This study

pEtsdA

pPR-IBApelBJ containing ¢8§j 0815
gene minus start and stop codons
cloned into Ndel/EcoRV restriction
sites

Amp

This study

pEcj40

pPR-IBApelBJ containing ¢8j 0040
gene minus start and stop codons
cloned into Ndel/Eco471II restriction
sites

Amp

This study

pET1153

pET21a(+) containing ¢j/153 gene
minus start and stop codons cloned
into Ndel/Xhol restriction sites

Amp

This study

pET1020

pET21a(+) containing ¢j/020c gene
minus start and stop codons cloned
into Ndel/Xhol restriction sites

Amp

This study

pET0037

pET21a(+) containing ¢j0037c gene
minus start and stop codons cloned
into Ndel/Xhol restriction sites

Amp

This study
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2.3.2 Genomic DNA (gDNA) extraction

The genomic DNA was isolated from C. jejuni strains NCTC 11168 and 81116 by using
Wizard® genomic DNA kit (Promega) according to manufacturer’s instruction. The

gDNA concentration was measured (section 2.3.5) and diluted as appropriate for routine

use in PCR (section 2.3.5) and stored in -20 °C.

2.3.3 Isolation of plasmid DNA

Plasmid DNA was isolated from E. coli strain DH5a using Qiaprep” Spin Miniprep kits
(Qiagen) and Wizard® Plus Midiprep kit (Promega). The procedures were following

manufacturer’s instructions and resulting in RNA-free plasmid DNA.

2.3.4 Determination of nucleotide concentration

The concentration of DNA and RNA samples in this study was measured by
BioPhotometer (Eppendorf) and Genova nano micro-volume spectrophotometer
(Jenway) against ddH,O only as the blank. The concentration was determined according
to manufacturers’ instruction. For high-quality DNA and RNA samples, the ratio of
Az60/Azso should be above 1.8 and 2.0 respectively (double-stranded DNA with an Aje
of 1.0 is 50 ng ul™'; RNA with an Ay of 1.0 is 40 ng pul™).

2.3.5 Polymerase Chain Reaction (PCR)

The DNA polymerases used in this study include Accuzyme DNA polymerases, MyTaq
(Both from Bioline), Phusion DNA polymerase (Fisher) and Q5° DNA polymerase
(New England Biolabs). The final volume per reaction was 12.5 pL in 0.5 or 0.2 ml
PCR tubes. Each reaction was prepared of the following:

DNA template 5 uL (not over 50 ng DNA)
dNTPs mix 1.25mM each stock 1 uL

10 x reaction buffer (containing Mg*") 1.25 uL

5 nM forward primer 0.5 pL

5 nM reverase primer 0.5 pL

DNA polymerase 0.05 pL

Milli-Q water 4.2 uL

Total volume 12.5 ulL
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The PCR was performed in a Techgene thermal cycler (Techne). The initial
denaturation was carried out at 95 or 98 °C for 3 minutes, and then the reaction
continued for 30 cycles of amplification: denaturing for 10 seconds at 94 or 98 °C,
annealing for 15 seconds at specific temperature calculated from T, value of forward
and reverse primers, and the extension time was from 10 seconds to 2 minutes
(according to the manufacturers’ instructions of different enzymes, usually was 30
seconds per 1 kb) at 72 °C. The final extension was 5 minutes at 72 °C. Then the
amplified DNA product was visualised by horizontal agarose gel electrophoresis and

purified by QIAquick PCR purification kit (Qiagen).

Colony-PCR was carried out for quick screening of the correct clones of E.coli and C.
Jjejuni. Tiny amount of cells were transferred by sterilised toothpick and resuspended in
ddH,O in a PCR tube for further PCR amplification, which was carried out by the 2X
MyTaq polymerase (Bioline) with specific primers. Also, in order to confirm the correct
construction of plasmids prior to transformation into E.coli and C. jejuni, a PCR was

performed by the same polymerase using ddH,O-diluted plasmids as templates.

2.3.6 DNA oligonucleotides

All primers (Table 2.5) synthesized from Sigma-Aldrich were used in mutants and
complemented strains construction of C. jejuni and recombinant protein expression in F.

coli.

Table 2.5 Primers used in this study

Name Sequence (5’ to 3°)

M13 forward TGTAAAACGACGGCCAGT

M13 reverse CAGGAAACAGCTATGACC

3zf-F GCCAGTGAATTGTAATACGACTC
3zf-R ACGCCAAGCTATTTAGGTGACAC

pGEM1153 5F GAGCTCGGTACCCGGGGATCCTCTAGAGTCACCTTCTAAATGCGGACAAT
Kan1153 5R AAGCTGTCAAACATGAGAACCAAGGAGAATACTACTAATAATTTTTTCAT
Kan1153 3F GAATTGTTTTAGTACCTAGCCAAGGTGTGCAAAATAATTTCTAAAAAAGG
pGEM1153 3R AGAATACTCAAGCTTGCATGCCTGCAGGTCCTTTAAAAAAAGCCATCAAA
pGEM1020 5F GAGCTCGGTACCCGGGGATCCTCTAGAGTCAAAACAAAGCAAGGTTTTAG
ISACat1020 5R AAGCTGTCAAACATGAGAACCAAGGAGAATTTGAACTAATAAACAACCAG
ISACat1020 3F GAATTGTTTTAGTACCTAGCCAAGGTGTGCCTAAAATAAAATGTAAAAAC
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pGEM1020 3R
pGEMO158 5F
Kan0158 5R
Kan0158 3F
pGEMO0158 3R
pGEMO0854 5F
Kan0854 5R
Kan0854 3F
pGEMO0854 3R
pGEMO0037 5F
Kan0037 5R
Kan0037 3F
pGEMO0037 3R
pGEMO0815 5F
Kan0815 5R
Kan0815 3F
pGEMO0815 3R
pGEMO0040 5F
Kan0040 5R
Kan0040 3F
pGEMO0040 3R
pGEM1176 5F
Kan1176 5R
Kan1176 3F
pGEM1176 3R
pGEMO0786 5F
ISACat0786 5R
ISACat0786 3F
pGEMO0786 3R
pGEM1490 5F
Kan1490 5R
Kan1490 3F
pGEM1490 3R
Kan1487 3F
pGEM1487 3R
pGEMO0081 5F

AGAATACTCAAGCTTGCATGCCTGCAGGTCAAACTCTACTTGCATATTTC
GAGCTCGGTACCCGGGGATCCTCTAGAGTCATTGATAGTTTTGATCATGC
AAGCTGTCAAACATGAGAACCAAGGAGAATGACTTCATGTTCATCATTTG
GAATTGTTTTAGTACCTAGCCAAGGTGTGCAATCCTAGTATTATCAACTC
AGAATACTCAAGCTTGCATGCCTGCAGGTCACAACTAATCCATCTAAAAG
GAGCTCGGTACCCGGGGATCCTCTAGAGTCTCTTTACAAATATGATCAGG
AAGCTGTCAAACATGAGAACCAAGGAGAATCATTAAAACAATTTTCAAAG
GAATTGTTTTAGTACCTAGCCAAGGTGTGCAAGGAAGAAAAATGACAAAC
AGAATACTCAAGCTTGCATGCCTGCAGGTCCGAATAGCACTCATGGTTGC
GAGCTCGGTACCCGGGGATCCTCTAGAGTCGCTTTTTTTGCGGAATTTTG
AAGCTGTCAAACATGAGAACCAAGGAGAATCAATAAAATGTGTTTTTTCA
GAATTGTTTTAGTACCTAGCCAAGGTGTGCAGGAGAATGATTAATTTTGG
AGAATACTCAAGCTTGCATGCCTGCAGGTCATCACAAAGACTATGCCAAA
GAGCTCGGTACCCGGGGATCCTCTAGAGTCTTATCCAATCACCTTCTTTT
AAGCTGTCAAACATGAGAACCAAGGAGAATTTTATTCATCAATTTTCCTC
GAATTGTTTTAGTACCTAGCCAAGGTGTGCCAAATATGATCAAAAAATAA
AGAATACTCAAGCTTGCATGCCTGCAGGTCCAAAGATGAGCAAAATGGTA
GAGCTCGGTACCCGGGGATCCTCTAGAGTCCTAAAATCAATTTGAACTGC
AAGCTGTCAAACATGAGAACCAAGGAGAATTTCTTTTAGCCATTTAAAAT
GAATTGTTTTAGTACCTAGCCAAGGTGTGCGCTTATGGTATTAAAGACGG
AGAATACTCAAGCTTGCATGCCTGCAGGTCCGAAGAAGGGATTAAAAGTC
GAGCTCGGTACCCGGGGATCCTCTAGAGTCTTTAGAATGGGCTAGAGTGC
AAGCTGTCAAACATGAGAACCAAGGAGAATACCAACCACCCATTTTATTC
GAATTGTTTTAGTACCTAGCCAAGGTGTGCGCTTAAGGTTTAGTCTTTTG
AGAATACTCAAGCTTGCATGCCTGCAGGTCTACCCGCATCATTGACATAG
GAGCTCGGTACCCGGGGATCCTCTAGAGTCCACAAGTGATTTTAAGCCTG
AAGCTGTCAAACATGAGAACCAAGGAGAATCATATACTTTACACTTTAAG
GAATTGTTTTAGTACCTAGCCAAGGTGTGCAAAACAAAATAGGCATTAAA
AGAATACTCAAGCTTGCATGCCTGCAGGTCTTTTATCTTCTAAGTCTTGC
GAGCTCGGTACCCGGGGATCCTCTAGAGTCTCTGATAGGTGAAAAAATTG
AAGCTGTCAAACATGAGAACCAAGGAGAATAGTCGTAATTTAATACATTA
GAATTGTTTTAGTACCTAGCCAAGGTGTGCGGCAGCATAAAAAGGAGAAA
AGAATACTCAAGCTTGCATGCCTGCAGGTCTCATAAGGAACATTGAAAAC
GAATTGTTTTAGTACCTAGCCAAGGTGTGCGGTGAATGATGGAAAATAAT
AGAATACTCAAGCTTGCATGCCTGCAGGTCATCTCGTTACTTACTTTTTG
GAGCTCGGTACCCGGGGATCCTCTAGAGTCTTCAAATTCTCCAAATGAAC
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Apr0081 5R
Apr0082 3F
pGEMO0082 3R
pGEMO0603 5F
Kan0603 5R
Kan0603 3F
pGEMO0603 3R
pGEM1000 5F
Kan1000 5R
Kan1000 3F
pGEM1000 3R
pGEM1013 5F
Kan1013 5R
Kan1013 3F
pGEM1013 3R
pGEM1207 5F
Kan1207 5R
Kan1207 3F
pGEM1207 3R
pGEM1664 5F
Kan1664 5R
Kan1664 3F
pGEM1664 3R
pGEM1665 5F
Kan1665 5R
Kan1665 3F
pGEM1665 3R
pGEM1261 5F
Kan1261 5R
Kan1261 3F
pGEM1261 3R
pGEM1262 5F
Kan1262 5R
Kan1262 3F
pGEM1262 3R
1153com-F

TTATTCCTCCTAGTTAGTCACAACGCTACTAAGTTCGTTC

TACCTGGAGGGAATAATGACGATGATCACGCATATTAAGG

AGAATACTCAAGCTTGCATGCCTGCAGGTCTAAAAAAATGCTGATTGAAG
GAGCTCGGTACCCGGGGATCCTCTAGAGTCGTTGCGGTGTACAAAAACCC
AAGCTGTCAAACATGAGAACCAAGGAGAATAAATAATACCAAAAATACGC
GAATTGTTTTAGTACCTAGCCAAGGTGTGCGGGTTTTATCAGTGCTGATG
AGAATACTCAAGCTTGCATGCCTGCAGGTCAGTTGATTGAGTTCAAATAC
GAGCTCGGTACCCGGGGATCCTCTAGAGTCGCATAGAAGTTTCTTTATCG
AAGCTGTCAAACATGAGAACCAAGGAGAATATGAGTGATTCCTTTATTTA
GAATTGTTTTAGTACCTAGCCAAGGTGTGCAATCATAAACATAATAACCG
AGAATACTCAAGCTTGCATGCCTGCAGGTCTCTTAAATACATACGAACAG
AGAATACTCAAGCTTGCATGCCTGCAGGTCCGAATCCTCTTGAGCGCACC
GAATTGTTTTAGTACCTAGCCAAGGTGTGCGGAAGCGAAATTTTGTGGGC
AAGCTGTCAAACATGAGAACCAAGGAGAATACAACCGAAACTCTTAAATC
GAGCTCGGTACCCGGGGATCCTCTAGAGTCGGTTAATTTCTTAGGTTATG
GAGCTCGGTACCCGGGGATCCTCTAGAGTCTTTATCGACGCCAATTACAG
AAGCTGTCAAACATGAGAACCAAGGAGAATCATTATTTATCAATCCTTTA
GAATTGTTTTAGTACCTAGCCAAGGTGTGCGCTATACTTTAATGTTTAAT
AGAATACTCAAGCTTGCATGCCTGCAGGTCATCAAAAGTAACCGCTGAAG
GAGCTCGGTACCCGGGGATCCTCTAGAGTCATATCTTGGATAATGAAAAC
AAGCTGTCAAACATGAGAACCAAGGAGAATAATGCTTAAGATTAAAAGGC
GAATTGTTTTAGTACCTAGCCAAGGTGTGCGGGAATTTTTCGAATCCAAG
AGAATACTCAAGCTTGCATGCCTGCAGGTCATGCTATAAGGAGTTAAGCC
AGAATACTCAAGCTTGCATGCCTGCAGGTCCAAATTTATGAAAGTCCTAC
GAATTGTTTTAGTACCTAGCCAAGGTGTGCAACTCCTTATAGCATACTTG
AAGCTGTCAAACATGAGAACCAAGGAGAATAAGAAATAAGCTTGGATTCG
GAGCTCGGTACCCGGGGATCCTCTAGAGTCGCCAAATTCGCAGATCGAAC
GAGCTCGGTACCCGGGGATCCTCTAGAGTCATCTCCTAAATCCTCAAAAC
AAGCTGTCAAACATGAGAACCAAGGAGAATCATCAACACATTAATCATTC
GAATTGTTTTAGTACCTAGCCAAGGTGTGCAGGATGACAAAAAATTATTC
AGAATACTCAAGCTTGCATGCCTGCAGGTCTCATACAAGCCATCAAAATC
GAGCTCGGTACCCGGGGATCCTCTAGAGTCACCTGGAATTGATGGTCTTG
AAGCTGTCAAACATGAGAACCAAGGAGAATATTTTTTGTCATCCTATCAG
GAATTGTTTTAGTACCTAGCCAAGGTGTGCGAAAAATAATGGTAAAAGGC
AGAATACTCAAGCTTGCATGCCTGCAGGTCAAAAAAGATGGTTGCATCAG
TAAACGTCTCACATGCATTATCTTTAATTTCTTAAGATTT
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fdxA-1153-F
1153com-R
1153com5XHis-R
H33A forward
H33A reverse
1153comR H95A
metK-1020-F
1020com-R
fdxA-0037-F
0037com-R
1176¢-F
1176¢-R
0786¢-F
0786¢-R
0815c-F
0815c-R
0040com-F
0040com-R
Cam.je_fw
Cam.je_rev
Cja0_fw
Cja0_rev
Ndell1153-F
XholHis1153-R
Ndel1020-F
XholHis1020-R
Ndel0037-F
XholHis0037-R
Kan-F

Kan-R
ISACAT-F
ISACAT-R
Apr-F

Apr-R
cj0o046-F
cjo046-R

AGGACGTCTCACATGAAAAAATTATTAGTAGTTTCTGCTTTGGC
AAAACGTCTCACATGTTATTATTTTAAAGTTTCAATATGAGCTT
CTCGTCTCACATGTTAATGATGATGATGATGTTTTAAAGTTTCAATATGA
GCAGTATGCGCGGGTGCAAAT

ATTTGCACCCGCGCATACTGC
AAAACGTCTCACATGTTATTATTTTAAAGTTTCAATCGCAGCTTCGATAG
ATGCCGTCTCACATGATTGCACGCTGGTTGTTTATTAG
AATTCGTCTCACATGTTATTATTTTAGAAATATATTAT
AGGACGTCTCACATGAAAAAACACATTTTATTGCTTG
GAATCGTCTCACATGTCATTCTCCTGGGAAGTGATTTGG
GAAGGCGTCTCACATGGGTGGTTGGTCAAGTCCAAG
TCAACGTCTCACATGTTAAGCTTTTTTTGTTTCGTCTATACTTG
CTTAAAGTGCGTCTCACATGGTATTTTTAATCCCATTGC
TATGCGTCTCACATGCTATTTTGTTTTAAACAATTTTTC
CTTTCGTCTCACATGAAGATTTTATTATAGCGAAAAAAC
CCAACGTCTCACATGTTATTTTTTGATCATATTTGTATAAG
CTATCGTCTCACATGACATAAAGTTAATATCATAAAA
TAACCGTCTCACATGTCATTCTCCTGGGAAGTGATTTG
GGAGGAAAACATATGAATAAATTTTC
AATTGCCTTAGATATCTTTTTTGATC
AGGAAACATATGAAAAAACACATTTTATTGCTTGG
CAAAATGATATCTTCTCCTGGGAAGTG
GCGCATATGAAAAAATTATTAGTAGTTTC
CGGCTCGAGTTTTAAAGTTTCAATATG
GCGCATATGATTGCACGCTGGTTGTTTATTAG
CGGCTCGAGTTTTAGAAATATATTATG
GCGCATATGAAAAAACACATTTTATTGCTTGG
CGGCTCGAGTTCTCCTGGGAAGTGATTTGG
ATTCTCCTTGGTTCTCATGTTTGACAGCTTAT
GCACACCTTGGCTAGGTACTAAAACAATTCAT
ATTCTCCTTGGTTCTCATGTTTGACAGCTTGAATTCCTGCAGCCCGGGGG
GCACACCTTGGCTAGGTACTAAAACAATTCACTAGTGGATCCCGGGTACC
TGACTAACTAGGAGGAATAAATGCAATACGAATGGCGAAAAG
GTCATTATTCCCTCCAGGTATCAGCCAATCGACTGGCGAGCG
GAGCCAATCCTATTTCATCAGCTATG
CCAGCCCATAAAAGTAAAAGCGAGAC
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1176semi-F GAATGAAGGAGAATAAAATGG
1176semi-R CTTAAGCTTTTTTTGTTTCGTC
0786semi-F AAAATGAAAATGCTGAGAATG
0786semi-R TGATTTTTAATGCCTATTTTG
gyrAsemi-F GTTATTATAGGTCGTGCTTTG
gyrAsemi-R CAAAGTTGCCTTGTCCTGTAA
1153 RT-F TCTTGGTGTTTCTGCTTTTG
1153 RT-R TTGAAGTCTTTCAGCAGAAG
0037 RT-F CTTATGTCTTAGTTTGAGTC
0037 RT-R ATTCTTGCACAGGTCTTTTG
1020 RT-F ATACCTTTGATGCAAATAAG
1020 RT-R AATTCTAGATCCTATAACAC
sorA RT-F CTGATACAGGATTGATTATC
sorA RT-R TCTTGCATCCATCTTATAGC
napB RT-F TTCTTATGAAAATGCACCAC
napB RT-R ATAATGACTAGCAGGAAGTG
petCRT-F GATTTTGCTAAGGGTGATGC
petCRT-R CTAAGATCAGGTGGTATTAC
ccoP RT-F ATCTTTAATTGGAGCTATTC
ccoP RT-R TTATACTCTCCTATTCCATC
CioA RT-F TGGCGGTTGAAGGTATTATG
cioA RT-R CCAAAAAGCAGAAAGATTAC
cioB RT-F TTATGGCTCTAAAACCTATG
cioB RT-R AAAGGATTTTGCCAAGAAAC

Esp31 sites are underlined in bold, other restriction sites used for cloning such as Ndel
(CATATG) Xhol (CTCGAG) and EcoRV (GATATC) sites are shown in bold and italic.

Red sequence shows the position of mismatches in site-directed mutagenesis primers.

2.3.7 DNA gel electrophoresis

Horizontal agarose gel electrophoresis was used to analyse DNA fragments. The
agarose powder (0.8 to 1.2% [w/v]) was dissolved in 1X TAE buffer and melted
completely by heating in a microwave oven, and then ethidium bromide was added to a
final concentration of 200 ng ml™'. The cooled gel solution was poured into a cast and
allowed to set with comb in place. DNA samples were mixed with 6X loading buffer

and loaded into the wells alongside 1kb Hyperladder (Bioline). The electrophoresis was
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carried out in 1X TAE buffer at a constant voltage of 150 volts until significant
migration had occurred. The gel was visualized under an ultraviolet (UV) light source

and the pattern was analysed by a Gene Flash Gel Doc system (Syngene).

2.3.8 Isolation DNA from agarose gel

DNA needed for further experiments was extracted, purified by QIAquick Gel

Extraction Kit (Qiagen) and dissolved in an appropriate volume of ddH,O.

2.3.9 Restriction enzyme digestion of DNA

The enzyme digestion of DNA was carried out for 1 hour or overnight in the presence of
10-50 units of enzymes with the final volume 10, 50 or 100 pl. According to the
manufacturers’ guidelines (NEB or Fisher), the buffer systems, reactive temperature and
the demand of BSA varied with different restriction enzymes. In the case of double
digestion with two enzymes, a compatible reaction buffer was chosen or the sequential
digestion would be performed. The digested fragment was purified by QIAquick™ PCR

purification Kit (Qiagen) to remove residual enzyme and buffer.

2.3.10 Alkaline phosphatase treatment of DNA

In order to decrease self-ligation of vectors which could lead to high background while
cloning, the linear plasmid DNA was treated with alkaline phosphatase which could
remove 5” phosphate of digested DNA. The reaction was carried out in a total volume of
50 ul containing 1 ul Antarctic Phosphatase (NEB) and 5 ul 10X reaction buffer. Then
the mixture was incubated at 37°C for 30 minutes then heat-inactivated at 65°C for 5

minutes.

2.3.11 DNA Ligation

The concentration of both linearised plasmid and insert DNA was determined by a
spectrophotometer (section 2.3.4). The molar ratio used the most of the insert to vector
was 3:1 in ordinary ligation and 100 - 120 ng of vector DNA was always used per

reaction. The insert DNA used per ligation was calculated by the following equation:
ng of vector x kb size of insert / kb size of vector x molar ratio of insert: vector (3:1)

=ng of insert
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The volume of every component per one ligation could be calculated by computerised
calculators which were available on the internet like Gibthon ligation ratio calculator
(http://django.gibthon.org/tools/ligcalc/). The reaction was carried out in a total volume
of 20 pl containing each DNA fragment, 2 pl of 10X ligation buffer, 1 ul T4 DNA
ligase (NEB) and the Milli-Q water was compensated to 20 pl. The mixture was
incubated at room temperature for 30 minutes for sticky ends or 2 hours for blunt ends
ligation according to the manufacturer’s manual (NEB). Then the ligation product was

used directly in the transformation of chemically competent E.coli cells (section 2.5.1).

2.3.12 Isothermal assembly reaction (ISA)

The method of isothermal assembly reaction (ISA) was first introduced by Gibson in
2009 (Gibson et al., 2009). Three commercial enzymes were utilised to join several
long DNA fragments in only one reaction and complicated cloning steps were avoided
(Fig. 2.1). The ISA method was used to construct all insertion and knockout C. jejuni

mutants in this study.

The mastermix was prepared by mixing ISA buffer (see appendix I) with TS5
exonuclease (0.125 U, Epicenter), Phusion DNA polymerase (0.5U, Fisher) and 7aq
DNA ligase (4U, NEB) and 15 ul aliquots were made per one reaction in PCR tubes.
The mastermix could be stored at -20 °C for at least 3 months without any loss of
enzyme activities. The main backbone DNA used in the ISA reaction in this study was
pGEMB3Zf (-) (Promega). It was digested by Hincll overnight and purified with ddH,O.
The other three assembly partners are an antibiotic cassette, 5’ and 3’ flanking regions
of the target gene with two adaptors between them: the left and right linkers (LL and RL,
Fig. 2.1 step 2). The length of each primer used in the PCR for ISA was 50 bp and
included two parts: a linker with 30 bp in length and a 20 bp long fragment
complemented to flanking DNA of the gene of interest or a specific antibiotic cassette.
Furthermore, the first 30 bp of extreme primers (the forward primer of 5’ flanking and
the reverse primer of 3’ flanking region) were complemented to pGEM3Zf (-) and the
design of LL and RL allowed the adjacent DNA fragments to be joined, which shared
the overlap of a single stranded terminal sequence and the antibiotic cassette would be
in the middle of two flanking regions (Fig. 2.1 step 2). The kanamycin, chloramphenicol
or apramycin cassettes were amplified by Kan, ISACAT and Apr primer sets with
Phusion polymerase and purified by QIAquick gel extraction in order to avoid any false
positive colonies forming when screening. The concentration of all four ISA fragments
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were measured (see section 2.3.5) and combined in equimolar concentrations (15 — 150
ng of each, see section 2.3.11) in a total volume which did not exceed 5 pl (or
compensated to 5 pl by ddH,0O). This DNA mixture was added in 15 pl ISA mastermix
(thawed on ice). The ISA reaction was allowed to proceed at 50°C for at least 2 hours in
the Techgene thermal cycler (Techne) then the mixture was cooled down to room
temperature. The ISA product (10 pl) was used to transform competent E.coli DH5a
cells directly without any purification and the transformants were screened on LB agar
plates containing appropriate antibiotics. Colony PCR was performed with M13 or 3zf
primer sets (Table 2.5) to confirm clones with the correct assembling size. The
plasmid-based PCR with different primer sets was also carried out when required after
plasmid isolation. The plasmid with correct size of insertion was subsequently
sequenced by automated DNA sequencing using 3zf primers (Core Genomic Facility,
University of Sheffield Medical School, UK) and transformed into competent C. jejuni

cells.

2.3.13 Site directed mutagenesis

Site directed mutagenesis was applied to modify nucleotides corresponding to specific
codons and the variant recombinant proteins were then expressed. This was achieved by
the combination of primer design and overlap extension PCR. The gene of interest was
cloned into an appropriate expression vector by designed primers, which contained the
required nucleotide differences to the native gene. Standard PCR was then performed by
proofreading Phusion or Q5 polymerase and the product was purified. Then overlap

extension PCR was performed according to the following:

Overlapping fragment 1 (purified) 4 ul (150~200 ng DNA)
Overlapping fragment 2 (purified) 4 ul (150~200 ng DNA)
dNTPs mix 1.25mM each stock 8 ul

10 x reaction buffer (containing Mg*") 10 ul

5 nM forward primer 4 ul

5 nM reverase primer 4 ul

DNA polymerase (2U /ul) 1w

Milli-Q water 65 ul

Total volume 100 pl

The product of the overlap extension PCR was analysed by agarose gel electrophoresis

and purified by QIAquick PCR purification kit. Then the purified fragment was cloned
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into the appropriate expression vector with available restriction sites. The process of

screening and sequencing was described in 2.3.12.

NCTC11168 or 81116 gDNA pIMK30, pAV35 or pACIA plasmid
Kan-F, ISACat-F or Apr-F

Step 1 | Kan, Cat or Apr |
Kan-R, ISACat-R or Apr-R
& PCR by Phusion® or Q5% polymerase
Leftarm COCC———ma BT Rightarm
Step 2 T — 2
pGEM3Zf{-) } LL RL f pGEM3Z{-)
Hincll site Hincll site
& ISA at 50 °C for 2 hours
sflankl| " ~e o -
Step 3 Kan®, Cat®orAprR
cassette

@ Screening by specific antibiotics

C. jejuni
knockout mutant

with specific
ntibiotic resistance

Figure 2.1 Method of gene-specific knockout mutations in C. jejuni by using
isothermal assembly reaction (ISA). Step1: The 5’ and 3’ flanking regions of gene of
interest (GOI) and an antibiotic cassette are amplified by three sets of primers
containing complemented linkers respectively. Step 2: The purified fragments are
mixed with the ISA buffer and incubated at 50°C for at least 2 hours. The ISA reaction
will be carried out by T5 exonuclease, Phusion® DNA polymerase and Tag DNA ligase,
which results in a plasmid containing each fragment. Correct constructs will be
amplified in E. coli and further transformed into C jejuni competent cells via
electroporation. Step 3: The homologous recombination occurs between the plasmid
and the genomic DNA of C. jejuni where the target gene will be replaced by an

antibiotic cassette and the successful transformant will be able to survive on plates

2.4 RNA preparation and manipulation

2.4.1 Total RNA isolation from C. jejuni

The overnight culture of C. jejuni in MHS (10 ml) was harvest at 8,000 r.p.m. and 4°C
for 15 minutes then the pellet was resuspended in 1ml TRI Reagent® (Sigma). The

RNA extraction protocol was according to the manufacturer’s instruction with a few
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modifications: The cell suspension was incubated at room temperature for 5 minutes
and 200 pl of chloroform was added. The sample was shaken vigorously for 30 seconds
and allowed to stand on ice for 10 minutes, then centrifuged at 13,000 r.p.m. and 4°C
for 15 minutes. The clear aqueous layer containing RNA was transferred to a clear and
RNase-free tube which contained 700 pl ice-cold isopropanol. The mixture was gently
inverted for 15 seconds then incubated at -20°C for 60 minutes. The RNA sample was
centrifuged at 13,000 r.p.m. and 4°C for 20 minutes and the supernatant was decanted
carefully. The pellet was washed by 750 pl ice-cold 75% ethanol and centrifuged by the
same condition for 5 minutes. The clean pallet was air-dried for 15 minutes and
resuspended in 50 pl nuclease-free ddH,O. Total RNA preparations were DNase treated
using the Turbo DNA-free™ Kit (Ambion) according to the manufacturer’s instructions.
The RNA concentration and purity was measured (section 2.3.5) and all RNA samples

were stored at —80 °C.

2.4.2 Synthesis of complementary DNA (cDNA)

The cDNA was synthesized from 5 ug of total RNA by using SuperScript III Reverse
Transcriptase (Invitrogen) according to the manufacturer’s instructions. The final

reaction volume was 20 pl.

2.4.3 Semi-quantitative reverse-transcription PCR (RT-PCR)

According to the instructions used in 2.4.2, the synthesized ¢cDNA product could be
used for PCR directly with no purification. The mastermix was made with 2 pl of
cDNA, 5 nM forward and reverse primers (final concentration) and 2X Mytaq (Bioline,
UK) to a final volume of 50 ul which then was divided into 8 pl aliquot in six PCR
tubes and the reaction was carried out with Techgene thermal cycler (Techne). The
sampling was achieved by removing tubes from the thermal cycler at cycle number 10,
15, 20, 25, 30 and 35 and all tubes were allowed to stand on ice until the final extension
at 72°C for all tubes for 5 minutes. The amplified fragments were separated on 1.3%
agarose gels and the density of each band was analysed by the Image] program

(http://imagej.nih.gov/ij/).
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2.4.4 Real-Time PCR (qRT-PCR)

The gene-specific primers (20 bp in length) were designed to amplify 100 to 150
nucleotide fragments of target genes and gyr4 (DNA gyrase subunit A) is an internal
control. The specificity of primer sets was confirmed by ordinary PCR of a single band
using total genomic DNA of C. jejuni NCTC 11168 as a template. The cDNA samples
were prepared according to section 2.4.2. The qRT-PCR was performed in 96-well

optical reaction plates (Applied Biosystems) and each well contained 20 pul following

mixture:

cDNA (RT product from 5 pg total RNA ) I ul
5 nM forward primer 1wl
5 nM reverse primer 1l
ddH,0O 7 ul
SensiMix SYBR® Low-ROX Kit (Bioline) 10 pl
Total volume 20 pl

The QRT-PCR was carried out with in a MX3005P thermal cycler (Stratagene, UK) and
the thermal cycling conditions were as follows: 95°C for 10 mins; 40 cycles of (95°C/15
sec) (55°C 15sec) (72°C 15sec). The data was analysed by the MxPro program (Agilent
Technologies) where the threshold and the Ct value were determined with downstream
data analysis performed with Microsoft EXCEL. No template reactions were taken as
negative controls and the standard curve of each target gene was established using
genomic DNA to compensate for variation in priming efficiency between different
primer pairs. The protocol for the Standard Curve Method in the User Bullitin #2 (ABI
Prism 7700 Sequence Detection System, Subject: Relative Quantification of Gene
Expression; Applied Biosystems) was used to calculate the transcriptional level of target
genes. The expression of target genes was normalised to gyrd expression, which is

constitutive in C. jejuni.
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2.5 Preparation and transformation of competent cells

2.5.1 Preparation of Competent E.coli cells

The protocol for making competent E. coli cells was according to the Hanahan method
(Hanahan, 1983). E. coli cultures were grown in 100 ml LB broth at 37°C and 250 r.p.m.
with initial ODggp = 0.1. The ODgoo would reach 0.5 to 0.6 after 90 to 120 minutes
incubation and cells were chilled on ice for 15 minutes then harvested by centrifugation
at 10000 x g for 15 minutes at 4°C. Supernatants were removed and the pellet was
resuspended in 50 ml filter-sterilised RF1 then the cell solution was kept on ice for 15
minutes. Chilled cells were collected by centrifugation as the same condition and
resuspended in 8 ml sterilised RF2. Competent E. coli cells were incubated on ice for
another 20 minutes, aliquoted into pre-chilled microcentrifuge tube and stored at -80°C.
The viability and transformation efficiency were tested by the competent cell only or the

transformation with intact vectors.

2.5.2 Transformation of competent E. coli by heat shock method

The competent E. coli cells (100 pl aliquot) were freshly thawed on ice for
transformation. Plasmid DNA (10 to 20 ng) or ligation products (10 out of 20 pl
reaction) were added into cells and mixed gently by swirling with a tip. The tube
containing mixture was moved on ice for 3 minutes, transferred to 42 °C waterbath and
incubated for 90 seconds (heat shock). Then the tube was kept on ice for 5 minutes
incubation. For the recovery of transformant, 500 pul dYT was added and the cell was
incubated at 37 °C for 1 hour with shaking at 250 r.p.m. Cells with the volume of 100,
200 and 300 pl were plated onto LB solid media containing specific antibiotics. Plates
were incubated overnight at 37°C until the size of colonies was large enough for

performing colony-PCR.

2.5.3 Preparation and transformation of competent C. jejuni

Fresh C. jejuni cells were collected from one blood agar plate and resuspended in 750 pl
BHI broth. Cells were pelleted by centrifugation at 11000 r.p.m. for 5 minutes at 4°C
and resuspended in 1 ml ice-cold washing buffer and centrifuged again. This step was
repeated three times and cells were finally resuspended in 200 pl washing buffer.
Plasmid DNA (200 to 400 ng) was added into a 100 pl aliquot cells and incubated on

ice for 15 minutes. Then the mixture was transferred into a pre-chilled electroporation
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cuvette (VWR international) which was immediately placed in E.coli Gene Pulser
chamber (Bio-rad Laboratories) and electroporated with a pulse of 25 F, 2.5 kV and
200Q2 for 4 milliseconds. BHI broth (100 pl) was added to the electroporated cells and
plated onto two non-selective blood agar plates. After microaerobic incubation at 37 °C
for 24 hours, cells grown on the plate were collected into 750 pl BHI, centrifuged
(11,000 r.p.m. for 5 min, RT), resuspended in 400 pul BHI and plated onto selective
blood agar in duplicate (200 pl per plate). Plates were incubated microaerobically at
37°C until single colonies formed apparently by correct transformants which were
checked by colony-PCR with the forward primer of the antibiotic cassette and the

reverse primer of 3’ flanking region.

2.6 Preparation of C. jejuni cell fractions

2.6.1 Cell free extracts (CFE)

An overnight liquid culture (50 ml) of C. jejuni strain NCTC 11168 in MHS or 81116 in
BHI was collected by centrifugation at 10,000 x g for 15 min at 4 °C. The pellet was
washed by 20 mM phosphate buffer pH 7.4 (appendix A) and spun down by the same
condition above. The pellet was resuspended in 1 ml phosphate buffer and the cell

solution was sonicated for 2 x 30 seconds pulses at a frequency of 16 amplitude

microns using a Soniprep 150 ultrasonic disintegrator (SANYO) and the cell debris or
unbroken cells were removed by centrifugation (16,000 x g for 30 min, 4 °C). The

supernatant was collected as the cell free extract and used freshly or stored at -20 °C.

2.6.2 Periplasm preparation by osmotic shock method

For periplasm preparation, 200 ml of mid-log phase cultures of C.jejuni in MHS or BHI
were harvested by centrifugation at 9,500 r.p.m. for 15 minutes at room temperature,
resuspended gently by pipetting in 5 ml STE buffer and incubated at room temperature
with gentle shaking for 30 minutes. Cells were collected at 10000 x g for 10 minutes at
room temperature and the supernatant was removed. Then, the pellet was resuspended
in 2 ml of ice-cold 10 mM Tris-HCI (pH 8.0), incubated at 4°C for 2 hours with gentle
shaking at 20 r.p.m. and centrifuged at 11000 r.p.m. for 20 minutes at 4°C. The
supernatant was collected as periplasmic fractions and used immediately or stored at -20

°C for further experiments. The pellet left was used in membrane protein preparation.
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2.6.3 Membrane protein preparation

In order to minimise contamination with periplasmic proteins, the membrane protein
fraction was prepared from the residual plasmolysed cell pellet in the periplasm
preparation. The pellet was resuspended in 8 ml of 20 mM Tris-HCl pH 8.0 and

sonicated for 4 x 30 seconds pulses at a frequency of 16 amplitude microns. CFE was

separated from cell debris by centrifugation at 16,000 x g for 30 min at 4 °C and the
supernatant was transferred into a 10 ml ultracentrifugation tube. The top space of the
tube was filled with 20 mM Tris-HCI1 pH 8.0 and the membranes were collected by
further ultracentrifugation at 40,000 x g for 2 hr at 4 °C. The supernatant was discarded
carefully and the pellet containing membrane proteins was resuspended in 1 ml of 20

mM Tris-HCI pH 8.0 and stored in -20°C for further analysis.

2.7 Protein manipulation

2.7.1 Determination of protein concentration by Bradford assay

Two major assays were used to determine the concentration of protein solutions; they
were the Bradford assay (soluble protein only; Bradford, 1976) and the Lowry assay
(intact cells and membranes; Markwell et al., 1978). The volume of reagents in both
assays used in this study was scaled down to fit in the volume of a 96-well plate. The
Bradford assay was carried out according to the original paper with slight modifications.
Dye solution (Bio-Rad) was 4X diluted with ddH,O and 200 pl diluted dye was added
into 50 pl of protein standards with series of concentration (0 to 100 pg/ml, diluted from
1 mg/ml HPLC-grade BSA; Sigma) and appropriately diluted samples by a
multi-channel pipette respectively. The plate was incubated at room temperature for 10
min and the ODsos was measured by a plate reader (VICTOR®X3 Multilabel Plate
Reader made by PerkinElmer). The protein concentration of unknown samples was

calculated by reference to the standard curve determined from protein standards.

2.7.2 Lowry assay

The assay for determining the protein concentration of whole cells and membrane
fractions was modified from the Lowry method (Markwell et al., 1978). The solution C
was made freshly before use by mixing solution A and B in a 100:1 ratio (v/v) and 150
ul of solution C was added into 50 pl of protein standards with series of concentration

(0 to 200 pg/ml BSA, Sigma) and diluted samples respectively in a 96-well plate. The
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plate was incubated at room temperature for 1 hour. Afterward 15 ul of 1X
Folin-Ciocalteau’s phenol solution (Sigma) was added into each well and mixed entirely.
The mixture was incubated for another 45 minutes at room temperature and the ODgg
was measure by the plate reader (PerkinElmer). The protein concentration of each

sample was calculated by same way described in the Bradford assay.

2.7.3 Protein gel electrophoresis

The protein gel electrophoresis system used in this study is based on vertically run gels.
According to the different composition of the gel and buffer solutions, two
acrylamide-based systems used in the separation of protein samples are sodium dodecyl
sulphate - polyacrylamide gel electrophoresis (SDS-PAGE) and Tricine-PAGE.
SDS-PAGE is used in routine separation of protein mixtures (from 20 to 300 kD) for
confirming the purity of protein samples or for further Western analysis while the
Tricine-PAGE is able to give a better resolution in the separation of proteins with lower

molecular weight (5 to 30 kD).

2.7.3.1 SDS-PAGE

The standard procedures of SDS-PAGE were according to Sambrook and Russell
(Sambrook and Russell, 2001) with a few modifications and the electrophoresis was
performed using the Mini-PROTEAN® 3 system (Bio-rad). Glass plates were rinsed
entirely with dH,O and cleaned with 75 % ethanol prior to use. Both separating and
stacking gel solution were prepared according to Table 2.6 in 25 ml universal containers
and APS was added at last to initiate the polymerisation. The separating gel solution
was made first and pipetted into two assembled gel casts and the gel mixture was
overlaid with pure ethanol and allowed to set. The top of polymerised gels was washed
thoroughly with dH,O to remove excess ethanol and residual water was also blotted
from the gel with 3 mm filter papers (Sartorius). Then the stacking gel solution was
made as above with a lower concentration of acrylamide and poured on top of the
separating gel with a 10-well comb inserted. The comb was removed from the set gel
and every well was rinsed entirely with ddH,O to remove residual gel. The entire
module with two set gels (or one set gel and a buffer dam) was placed in a tank

containing 1X running buffer.
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Protein samples (less than 25ul) were mixed with 5X SDS sample buffer in a 5:1 ratio
(v/v) before boiling for 5 minutes and the mixture was allowed to incubate on ice for 5
minutes for cooling down. Samples were loaded onto the gel along with PageRuler®
Prestained Protein Ladder (Thermo Scientific) molecular weight standard. The gel
module was filled with 1X running buffer to the top and connected to a power supply
(Bio-rad). Lower voltage was applied for the sample stacking (50 or 75 V), then the
constant voltage (150 V) was applied until the bromophenol blue tracking dye reached
the bottom of the gel. Gels were stained with Coomassie brilliant blue R (Sigma) for 30

minutes at room temperature and de-stained until individual protein bands were visible.

2.7.3.2 BN-PAGE (first dimension)

The protocol of BN-PAGE is based on the method described by Wittig et al., (2006).
The cathode buffer of the first dimension electrophoresis is comprised of Tricine,
imidazole and coomassie blue G-250, which is able to maintain the integrity of protein
complexes. The composition and the concentration of separating and stacking gels are
listed in Table 2.7. The first dimension electrophoresis was carried out in a cold room
with chilled buffer and the blue gel strip of first dimension BN-PAGE was then cut off
and placed perpendicularly on the top of the second dimension gel (Tricine-PAGE or
SDS-PAGE) for further separation.

2.7.3.3 Tricine-PAGE

The standard Tricine-PAGE method is according to the original paper (Schéagger, 2006).
The procedures are similar to SDS-PAGE but the buffer system is discontinuous:
Tricine in the cathode buffer (see appendix A) has higher pl (8.3) than glycine (6.9)
used in the running buffer of SDS-PAGE, which leads to different protein mobilities in
the gel. Tricine-PAGE gives a better resolution for separating protein samples with
molecular weight less than 10 kD. The composition and the concentration of separating

and stacking gels are listed in Table 2.8.

For the purpose of separating c-type cytochromes with small molecular weight and
further haem blots, reducing agents such as -mercaptoethanol or dithiothreitol are not
added in the sample buffer to avoid the dissociation of haem molecules. Protein samples
were mixed with the non-reducing sample buffer and incubated at 42°C for one hour

then the mixture was loaded onto the gel along with the marker (Thermo Scientific).
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The starting voltage was set as 50 V for 30 minutes stacking then increased to 100 V

until the run ended.

Table 2.6 SDS-PAGE gel composition and polymerization conditions; unit: ml.

Solution Separating gel Stacking gel
8 % 10 % 12 % 15 % 4.2 %
A* 2.7 3.4 4.0 5.0 1.4
B* 2.5 2.5 2.5 2.5 —
C* - - - — 2.5
ddH;O 4.55 3.85 3.25 2.25 7.9
10 % SDS 0.1 0.1
10% APS** 0.15 0.1
Total Volume 10 10
* See appendix A
** Ammonium persulfate
Table 2.7 BN-PAGE (first dimension) gel composition; unit: ml.
Solution Separating gel Stacking gel
8 % 10 % 12% 4%
50% acrylamide/bis 1.6 2 24 0.8
3X Gel buffer* 3.34 3.34
Glycerol 1.0 —
ddH;O 3.9 3.5 3.1 5.61
10 % APS 0.15 0.15 0.1 0.15
TEMED** 0.015 0.01
Total Volume 10 10

* See appendix A

** N, N, N', N' - tetramethylethylenediamine

Table 2.8 Tricine PAGE gel composition and polymerization conditions; unit: ml.

Solution Separating gel Stacking gel
8 % 10 % 12% 4%
50% acrylamide/bis 1.6 2 24 0.8
3X Gel buffer* 3.34 3.34

Glycerol 1.0 —

ddH;O 3.9 3.5 3.1 5.61
10 % APS 0.15 0.15 0.1 0.15
TEMED 0.015 0.01
Total Volume 10 10

* See appendix A
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2.7.4 The expression of recombinant proteins in E. coli

2.7.4.1 Over-expression of recombinant c-type cytochromes in E. coli

The pET21a(+) (Novagen) and pEC86 vectors were used to over-express recombinant
c-type cytochromes in E. coil strain BL21 (DE3). The pET21a(+) plasmid harbours an
IPTG-inducible T7 promoter upstream of the multiple cloning site and also allows
translational products carrying a hexa-histidine tag at the C-terminal sequence. The
pEC86 plasmid is comprised of a ccm (cytochrome ¢ maturation) operon, which is
necessary for the maturation and expression of c-type cytochromes in E. coli. The gene
of interest was amplified by PCR with specific primers carrying an Ndel site at the 5’
end and Xhol site at 3’ end (minus stop codon) and cloned into pET2la(+). The
resulting vector was named pETXXXX (where XXXX corresponds to the gene number).
The insert DNA was sequenced (Core Genomic Facility, University of Sheffield
Medical School, UK) to be confirmed as correct and in frame with the histidine-tag.
Then pETXXXX and pEC86 were co-transformed into E.coli strain BL21 (DE3) by
heat shock and the transformants were screened by plating on LB agar containing
carbenicillin (50 pg/ml) and chloramphenicol (30 pg/ml). The level of expression and
solubility were tested by inoculating a single colony of transformant in 100 ml LB broth
at different temperatures. The overnight culture was collected, resuspended in 2 ml PBS,
broken by sonication (4 x 15 sec pulses at a frequency of 16 amplitude microns in a
Soniprep150 ultrasonic disintegrator, SANYO) and centrifuged (13,000 r.p.m., 20
minutes, 4°C). Then 10 pl supernatants were analysed by Tricine-PAGE and haem blot.

For the litre-scale protein over-expression and purification, the starting 5 ml overnight
culture was inoculated in 1 litre LB broth with carbenicillin and chloramphenicol. Cells
were grown at 37°C with shaking at 200 r.p.m. for 16 to 18 hours and harvested by
centrifugation at 9,500 r.p.m. for 15 minutes at 4°C. The pellet was resuspended in 10
ml per gram cell paste of binding buffer and broker by sonication (8 x 15 sec pulses
with the same condition as above) on ice. The cell debris was spun down as the same
condition above and the supernatant containing recombinant c-type cytochrome was

collected for further purification.
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2.7.4.2 Over-expression of recombinant C8j 0040, CjTsdA and

AvTsdA in E. coli
Single colonies of E. coli BL21(DE3) cells containing pEtsdA or pEcj40 with pEC86

were respectively inoculated in 5 ml NZCYM medium (Amresco) for 16 to 18 hours as
the starting culture, which were poured into 500 ml NZCYM medium containing 50
ng/ml carbenicillin and 50 pg/ml chloramphenicol. Cells were grown at 37°C and 180
r.p.m. until reaching ODggo of 0.6, then the culture was switched to 25°C and the cells
were harvested after incubation for 16 hours (no later than 20 hours). Cells were
collected by centrifugation, resuspended in buffer W (100 mM Tris-HCI, 150 mM NaCl,
pH 8.0) and lysed by sonication (8 x 15 sec pulses with the same condition as above).
After removing insoluble cell materials by centrifugation (16,000 xg for 30 min at 4°C),
recombinant CjTsdA and C8j 0040 proteins were collected form the supernatant for

further purification.

2.7.5 Protein purification

For the purification of histidine-tagged recombinant proteins, the procedures were

performed on an Akta Prime plus purification system (GE Healthcare).

2.7.5.1 Nickel affinity chromatography

The purification procedure of histidine-tagged recombinant proteins was carried out by
using 5 ml HisTrap™ HP columns (GE Healthcare, UK), following the manufacturer’s
guidelines. Proteins were typically applied to the column in the binding buffer, and then
100 to 150 ml binding buffer was allowed to pass through the column until the UV
signal from the Akta Prime was totally flat. Linear gradient of 20 to 500 mM imidazole
in elution buffer was performed for eluting purpose. Protein containing fractions were

pooled, stored on ice and analysed for purity by SDS-PAGE.

2.7.5.2 Buffer exchange and protein concentration

Fractions containing recombinant proteins were pooled and applied into a dialysis bag
(Sigma-Aldrich, 8,000 MWCO) with clamps on both ends. Then the dialysis bag was
placed into 2 litres ice-cold phosphate buffer (pH 7.4) with gentle stirring at 4°C. The
phosphate buffer was replaced twice for every 6 hours until the dialysis ended. The

de-salting sample was pooled again and applied into Vivaspin columns (Sartorius, UK)
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with an appropriate molecular weight cut-off (MWCO), which were used to concentrate
protein. When necessary, the Vivaspin column is also suitable for the buffer exchange

with small-volume samples.

2.7.5.3 Ion-exchange chromatography

The recombinant protein used for ion-exchange chromatography was dialysed against to
50 mM Tris-HCI pH 8.0 overnight and concentrated to 1.5 to 2 ml. The sample was
applied to a 5 ml HiTrap'” DEAE FF column (GE Healthcare, UK) and protein was
eluted with a gradient of 0 to 1 M NaCl in the same buffer over 50 ml. Peak UV
absorbing fractions were analysed by SDS-PAGE.

2.7.5.4 Purification of recombinant C8j_ 0040, CjTsdA and AvTsdA

The purification protocols were according to the manufacturer’s instruction with
modification. The Strep-Tactin resin (1 to 1.5 ml; IBA GmbH, Géttingen, Germany)
was packed in a disposable plastic column (Thermo) by gravity, and then a porous pad
was place on the top of resin. The cell free extract was applied to the column and
allowed to flow through the resin by gravity and the resin was washed by 15 ml buffer
W. Then the recombinant protein was eluted by buffer E containing D-desthiobiotin and
the eluent with brown colour was pooled and analysed by SDS-PAGE. The resin had to
be regenerated after use by buffer R containing 2-(4-hydroxyphenylazo) benzoic acid
(HABA).

2.7.6 Western blotting

Cell-free extracts or periplasmic protein samples were separated by SDS-PAGE (section
2.7.3.1) and the gel was rinsed by chilled 1X transfer buffer (see Appendix A) for five
minutes. The electroblotting was performed using Mini Trans-Blot® Electrophoretic
Cell (Bio-Rad) and the transfer sandwich was assembled according to the
manufacturer’s instruction. The protein samples were transferred onto a nitrocellulose
membrane (Hybond-C extra, GE Healthcare UK) at a constant current 400 mA for 1
hour in ice-cold 1X transfer buffer. When necessary, the electroblotted membrane could

be kept in 6M urea-PBST overnight at 4°C for the further reactions on the next day.

91



All immuno-detection steps were carried out at RT with constant agitation. PBST buffer
was used as a base for urea-PBST, ECI buffer and for membrane washing (three times
for 5 min each with 20 ml of PBST). ECI buffer was used in the dilution of anti-MfrA
serum (from rat, BioServ UK Ltd, University of Sheffield, UK), anti-GroEL (from
rabbit) and horse-raddish peroxidase (HRP) conjugated secondary antibodies (Anti-Rat
IgG, Sigma-Aldrich; Anti-rabbit IgG, NEB).

The blocking was carried out with Gelatin-NET solution for 1 hour. After washing in
PBST, the primary antibodies were diluted appropriately with ECI and applied to the
membrane. The membrane was allowed to react with the primary antibodies for
approximately 1 hr and washed in PBST. Then, the secondary antibodies in ECI were
applied to the membrane and the incubation was carried out for another hour. After the
final wash step in PBST, the antibody binding was visualised by means of enhanced
chemiluminescence (ECL Kit, GE Healthcare) according to manufacturer’s instructions.

Exposure time was varied as necessary.

2.8 Biochemical analysis

2.8.1 Detection of c-type cytochromes by enhanced chemiluminescence

(Haem blot)

The protocol was according to the original paper published by Vargas (Vargas et al.,
1993) with modifications: protein samples were electroblotted from the gel of
Tricine-PAGE to a nitrocellulose membrane (see section 2.7.6). Then, the membrane
was washed by 1X PBS for five minutes at room temperature to remove excess SDS
and methanol and transferred into a exposure cassette (Amersham Biotech). The
pre-mixed solution A and B of the enhanced chemiluminescence kit (ECL, GE
healthcare) was added onto the membrane and incubated with the membrane for one
minute. In a dark room with a safety light, autoradiography film was placed on top of
the membrane wrapped in saran wrap and exposed for different time intervals until the
signal could be visualised easily. The X-ray film was developed in developing solution

(Kodak), rinsed thoroughly in water, immersed in fixer (Kodak) and allowed to dry.
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2.8.2 Enzyme assays

Unless otherwise stated, two major types of assays for measuring enzyme activity were
performed in this study. The first method was based on measuring the absorbance
change of methyl- or benzyl viologen at 37 °C using a Shimadzu UV-2401PC
spectrophotometer while the other was monitoring the oxygen consumption rate in an
airtight chamber at 37 °C using a Clark-type oxygen electrode linked to a chart recorder.
Typically triplicates of 50 ml MHS cultures were grown microaerobically at 37°C for 16
to 18 hours. Cells were harvested by centrifugation at 6,000 r.p.m. for 10 mins at 4°C
and washed by ice-cold suitable buffer twice to remove endogenous substrate. The
pellet was resuspended in 1 to 2 ml of buffer and stored on ice. Cell free extracts (CFE),
membranes and periplasmic fractions were prepared as described in section 2.6 and the

protein concentration was determined according to section 2.7.1 and 2.7.2.

2.8.2.1 Viologen-linked assays

Methyl- or benzyl viologen linked reductase assays were performed with intact cells or
periplasmic fractions in a 1 ml assay mixture contained in a screw top glass cuvette with
a 10 mm light path (Hellma®) and a silicon seal was placed to prevent gas exchange
during measurements. All buffers and the substrate solution were made anaerobically by
sparging with oxygen-free argon for at least 30 mins. There were two major buffer
systems used in this assay: 25 mM sodium phosphate buffer pH 7.4 (whole cells and
nitrate reductase in the periplasm) and 10 mM Tris-HCI buffer pH 7.4 (periplasm) with
1 mM methyl viologen (nitrate and TMAO reduction) or benzyl viologen (fumarate
reduction). The final concentration of electron acceptors was 5 mM (TMAO and sodium
nitrate) and 10 mM (sodium fumarate). Cells or periplasmic fractions were added to the
buffer and viologen mixture to the volume of 990 ul, and sparged with oxygen-free
argon. Then, aliquots of freshly prepared sodium dithionite solution were injected into
the cuvette until a steady absorbance at 585 or 578 nm was achieved (for methyl- or
benzyl viologen respectively) and 10 pl of anaerobic solution of electron acceptors was
injected into the cuvette to initiate the assay. The decreasing of absorbance was
recorded in 6 minutes and the specific activities for all substrate were calculated using
an extinction coefficient for methyl viologen of 11.8 mM" c¢cm™ at 585 nm and for

benzyl viologen of 8.6 mM™ cm™ at 578 nm.
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2.8.2.2 Measurement of tetrathionate reductase activity

Methyl viologen-linked tetrathionate reductase assays were carried out with
recombinant C. jejuni or A. vinosum TsdA and C8j 0040 proteins in a 1 ml assay
mixture containing oxygen-free 100 mM ammonium acetate buffer, pH 5, 0.3 mM
methyl viologen and a series of final concentrations of sodium tetrathionate solution
(from 0 to 4 mM) in a screw top glass cuvette with a silicone seal to prevent gas
exchange at 30°C (AvTsdA) or 42°C (CjTsdA and C8j 0040). Concentrations of
methyl viologen above 0.2 mM gave no further increase in rates. Recombinant proteins
were added to the buffer plus methyl viologen mixture, sparged with argon for 6 min
and aliquots of 2% titanium (III) citrate oxygen scavenger solution (Zehnder and
Wuhrmann, 1976) was injected into the cuvette until a stable absorbance at 585 nm was
achieved (above 2.0). The assay was initiated by the injection of an anaerobic
tetrathionate solution and the absorbance decrease in the first 40 seconds was recorded.
Controls without enzyme were used to correct where necessary for the chemical
reduction of tetrathionate by the viologen. Activity is expressed as umol tetrathionate
reduced min" mg protein” on the basis of a 1:2 molar ratio of tetrathionate reduced to

viologen oxidized.

2.8.2.3 Assay of thiosulphate: ferricyanide reductase activity

For assay of electron transfer from thiosulphate to the artificial acceptor ferricyanide in
cell-free extracts, cells were resuspended in 100 mM Tris-HCl buffer pH 7.5 and
cell-free extracts were prepared by sonication as described in section 2.6.1. The assay
mixture (1 ml final volume) contained 25 mM phosphate buffer (pH 7.4) or 25 mM
ammonium acetate buffer (pH 5.5), 1 mM potassium ferricyanide and 8§ mM sodium
thiosulphate. The assay was started by addition of cell-free extract and ferricyanide
reduction followed at 420 nm was recorded by the Shimadzu UV-2401PC
spectrophotometer. An extinction coefficient for ferricyanide of 1.09 mM™ cm™ at 420
nm was used for rate calculations. Activity of the recombinant purified CjTsdA was
measured in a similar way using 100 mM acetate buffer pH 4.0, 1 mM ferricyanide as
electron donor and 8 mM thiosulphate as substrate. Measurements were started by

adding enzyme and ferricyanide reduction followed at 420 nm was described as above.
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2.8.2.4 Measurement of respiration rate by oxygen consumption

Substrate-dependent respiration rate was determined by measuring the change of
dissolved oxygen concentration of cell suspensions in a Clark-type oxygen electrode
(Rank Brothers), which is linked to a chart recorder and calibrated with air-saturated 25
mM phosphate buffer, pH 7.4 (220 nmol dissolved O, ml" at 37 °C) or 25 mM
ammonium acetate buffer (pH 5.5). The sample of intact cells was prepared according
to section 2.8.2. A zero oxygen baseline was measured by adding sodium dithionite.
The volume of assay mixture was 2 ml, which contained appropriate volume of cell
suspension and air-saturated 25 mM phosphate buffer (pH 7.4) in the electrode chamber.
The cell suspension was maintained at 37°C and stirred at a constant rate. Substrates (10
mM sodium fumarate, I mM sodium sulphite, 5 mM sodium thiosulphate and 0.25 mM
N,N,N’,N’- tetramethyl-p-phenylenediamine (TMPD) plus 1 mM ascorbic acid) were
added by injection through a fine central pore in the airtight plug. The rate was

. | .|
expressed in nmol O, per min~ mg protein .

2.8.2.5 Measurement of tetrathionate reduction rates in intact cells

Rates of tetrathionate reduction by cell suspensions were measured by adding washed
cells to 25 mM phosphate buffer (pH 7.4) containing 20 mM sodium formate to the
final volume of 14.5 ml. The mixture was incubated at 37 °C for 10 minutes to allow all
of the dissolved oxygen to be consumed. Then, 0.5 ml of 60 mM sodium tetrathionate
was added to make 2 mM final concentration and 0.5 ml of samples was taken every 2
minutes. The cells were immediately removed by centrifugation (13,000 r.p.m., 3 mins
at room temperature) and the tetrathionate concentration in the supernatants was

measured as described in section 2.8.3.

2.8.2.6 Phenoloxidase assays

Phenoloxidase assays were carried out with whole cells as described by Hall et al, (Hall
et al., 2008). The 1 ml assay mixture contained 100 ul of cells and 25 mM sodium
acetate buffer (pH 5.7). The chromogenic substrate p-phenylenediamine (p-PD) was
used to initiate assays with the final concentration of 10 mM and the rate was recorded
at 487 nm. The negative control without cells was performed to adjust rates for
endogenous background oxidation of p-PD. Specific activities were calculated using an

extinction coefficient for p-PD of 14.7 mM™" cm™ at 487 nm.

95



2.8.2.7 Alkaline phosphatase (PhoX) assays

For the purpose of measuring alkaline phosphatase activity, the cells were grown under
conditions described in section 2.2.3. The enzyme assay was modified from van Mourik
et al (van Mourik et al., 2008). The ODgg of overnight DMEM cultures with 0.08 mM
[Pi] was measured and cells were harvested and resuspended in 0.9 ml 1M Tris-HCI, pH
8.5. Then, 0.1 ml of 10.75 mM p-nitrophenyl phosphate (Sigma) was added and the
reaction was maintained at 37 °C for 5 to 10 min. To stop phosphatase activity, the
reaction tube was chilled on ice, then 0.1 ml ice-cold 1M K,HPO,4 was added and the
cells were microfuged at 13,000 x g for 5 min. The supernatant was collected and the
Asso and Ao were measured immediately. The units of alkaline phosphatase were
calculated by the formula: 10° x [Ag20 — (1.75 X Assg)] / t x ODgoo x V where t is

incubation time (minutes) and V is cell volume (ml).

2.8.3 Determination of thiosulphate and tetrathionate concentration in

culture supernatants

BHI was the basal medium used for growing C. jejuni strain 81116 and derived mutants.
2 mM sodium thiosulphate (Na,S,0s; Sigma Aldrich) or 4 mM sodium tetrathionate
(NayS40¢; Sigma Aldrich) were added in starting cultures under microaerobic
conditions. For the measurement of anaerobic growth, only 4 mM sodium tetrathionate
was used as an artificial electron acceptor. Growth was monitored at specific time points
by measurement of the ODgy and the supernatant was collected by centrifugation
(13,000 r.p.m. for 5 min at 4 °C). Both methods are based on conversion to thiocyanate,
followed by determination as the red iron complex after addition of ferric nitrate reagent
(Fe(NOs)3; see Appendix ) and measurement of absorbance at 460 nm by reference to a
standard curve. The concentration of thiosulphate in culture supernatants was measured
by the method described by Urban (1961) with modifications. Firstly, 50 pl of the
supernatant was diluted in 600 pl ddH,O. Then, sodium acetate (200 pl), 50 pl of 200
mM KCN and 50 pl of 40 mM CuCl, were added sequentially to the sample and mixed
well. 50 pl of Fe(NO3); was then added and the OD4gp was measured immediately. The
concentration of tetrathionate was also determined by modification of the method
described by Kelly et al (1969). Supernatant (50 pl) was mixed with 450 ul ddH,O,
then 50 pl of 1M Tris acetate and 50 ul 200 mM KCN were added. Following through
mixing and incubation for 5 min at room temperature, 50 pl of Fe(NOs); was then

added and the ODu4s was immediately measured against a blank containing 50 pl
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ddH,O in place of supernatant. The concentration of each compound in the sample was

calculated respectively by reference to its standard curve.

2.8.4 Differential cytochrome c spectroscopy

In order to determine the content of c-type cytochromes in the periplasm, dithionite-
reduced minus air-oxidised difference spectroscopy was performed. The concentration
of periplasm was 1 mg/ml with the volume of 1 ml per quartz cuvette. Spectra were
measured at room temperature by using a Shimadzu UV-2401 dual wavelength
scanning spectrophotometer (Shimadzu). Reduced minus oxidised scans were carried

out from 400 to 700 nm after the addition of sodium dithionite to the sample cuvette.

2.8.5 Analysis of enzyme rate data of TsdA

Primary plots of initial rate against substrate concentration fit to the generalised Hill
equation provide the best way to extract the relevant kinetic parameters with enzymes
like TsdA that use two molecules of the same substrate (Segel, 1993; Hensen et al.,
2006) and were analysed by non-linear regression using Graph Pad Prism (version 6;

Graph Pad Inc.).
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Chapter 3

Identification of a novel type of bi-functional tetrathionate

reductase (TsdA) in C. jejuni strain 81116

3.1 Introduction

The two-electron reduction of tetrathionate to thiosulphate (Eyv7 = +24 mV; Thauer et
al., 1977) is a reaction that some bacteria can use to support growth under anaerobic
conditions. Tetrathionate reduction has previously been associated with two types of
unrelated electron transport enzymes; the three-component molybdoenzyme TtrABC
typified by that characterized from Salmonella typhimurium (Hinojosa-Leon et al., 1986;
Hensel et al., 1999) and the octahaem Otr enzyme found in Shewanella (Mowat et al.,
2004). The active site of the highly specific Ttr enzyme contains a molybdopterin
guanine dinucleotide (MGD) cofactor that is bound to TtrA (localized in the periplasm)
and carries out the reductive cleavage of the sulphane-sulphur bond of tetrathionate.
Electron transfer to TtrA is mediated by four [4Fe-4S] clusters in the periplasmic TtrB
subunit, while the membrane bound TtrC subunit receives electrons from the
menaquinol pool and transfers them to TtrB (Hensel et al., 1999). In contrast, the
soluble periplasmic Otr enzyme can also reduce nitrite and hydroxylamine (Atkinson et
al., 2007) and contains an active site haem with an unusual lysine ligation (Mowat et al.,

2004).

The role of tetrathionate as a bacterial electron acceptor has gained increasing attention
in recent years after it was proposed that S. typhimurium induces host-driven formation
of tetrathionate from thiosulphate via the reactive oxygen species produced during
inflammation (Winter et al., 2010). The tetrathionate is then used as a terminal electron
acceptor via TtrABC, giving the bacteria a growth advantage compared to the majority
of the commensal flora, which lack this enzyme. Tetrathionate respiration also allows
the utilization of specific non-fermentable carbon sources such as ethanolamine, which
also contributes to the competitiveness of S. typhimurium in the gut (Thiennimitr et al.,
2011). This has provided an explanation for the in vivo function of Ttr and the role of
tetrathionate, which has long been used to enrich for Salmonellae (Rappaport et al.,
1956). Some other enteric pathogens like Citrobacter and Proteus can also respire
tetrathionate and their genome sequences harbour Ttr homologues, although this ability
has been less well studied (Oltman et al., 1979).
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In C. jejuni, pathways to a variety of alternative electron acceptors have been identified,
including fumarate (Sellars et al., 2002; Weingarten et al., 2009; Guccione et al., 2010),
nitrate and nitrite (Pittman et al., 2007), trimethylamine N-oxide (TMAO) and
dimethylsulphoxide (DMSO) (Sellars et al., 2002). However, inspection of the available
genome sequences shows that neither Ttr nor Otr homologues are present, and it would
be assumed that C. jejuni is unable to use tetrathionate as an electron acceptor. In this
Chapter, it is demonstrated that, contrary to expectations, some strains of C. jejuni are
capable of tetrathionate reduction and this can stimulate growth under oxygen-limited
conditions. The enzyme responsible for this activity has been identified as a homologue
of TsdA, a novel dihaem cytochrome c, first characterized in Allochromatium vinosum,
a phototrophic sulphur oxidizing bacterium, as a thiosulphate dehydrogenase (Hensen et
al., 2006; Denkmann et al., 2012). The physiological role in growth and the
biochemistry of C. jejuni TsdA will be characterised. Also, the enzyme kinetics of the
two TsdA enzymes from 4. vinosum (AvTsdA) and C. jejuni (CjTsdA) will be
compared, to elucidate their distinct roles in two species surviving in totally different
environments. Finally, a possible model of TsdA in C. jejuni is depicted which indicates
the role of TsdA in the electron transport chains of C. jejuni and its role under

microaerobic and anaerobic conditions to maintain cell growth and survival.

The work described in this chapter has been published (Liu ef al., 2013) and some of it
was done in collaboration with Dr Christiane Dahl and Dr Kevin Denkmann, University
of Bonn. Their experimental contributions and provision of data are explicitly

acknowledged in the text and figure legends where appropriate.
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3.2 Results

3.2.1. Tetrathionate stimulates the growth of C. jejuni strain 81116

under oxygen-limited conditions

The ability of tetrathionate to stimulate oxygen-limited growth of strain 81116 was first
examined. Cultures of C. jejuni were incubated at 37°C in almost completely filled 500
ml shake flasks containing BHI medium plus 20 mM sodium formate as an artificial
donor. Then cultures above were supplemented with or incubated without 10 mM
tetrathionate as an electron acceptor. Under oxygen-limitation conditions, tetrathionate
did support the growth of strain 81116 (Fig. 3.1 A, B). No increase in optical density
was apparent in the absence of an added electron acceptor (Fig. 3.1 A), and the cells
slowly lost viability (Fig. 3.1 B), consistent with previous studies (Sellars et al., 2002;
Guccione et al., 2010). A rapid initial rise in optical density occurred in the presence of
10 mM tetrathionate (Fig. 3.1 A), accompanied by an increase in cell numbers (Fig. 3.1
B), indicating a short period of growth stimulation. Tetrathionate was depleted within 5
hours after inoculation and converted into thiosulphate with the expected 1:2 molar
stoichiometry (Fig. 3.1 C). Although the tetrathionate-dependent stimulation in growth
is not large, it is similar to those observed in previous studies with other alternative
electron acceptors such as fumarate, nitrate, nitrite, DMSO and TMAO (Sellars et al.,

2002; Smart et al., 2009; Hitchcock et al., 2010).

3.2.2. Identification of tsdA as a novel candidate tetrathionate

reductase gene in C. jejuni

To confirm the tetrathionate reductase activity in C. jejuni was not contributed by
enzymes like TtrABC or Otr (Hinojosa-Leon et al., 1986; Hensel et al., 1999, Atkinson
et al., 2007), BLAST analysis was carried out and the results indicated that none of
these proteins are encoded in the genome of strain 81116. Recently, the gene
Alvin_0091 (tsdA) from the purple sulphur bacterium 4. vinosum which encodes a
monomeric dihaem cytochrome c¢ thiosulphate dehydrogenase was identified as the
prototype of a family that, with the exception of the zeta-Proteobacteria (Emerson et al.,
2007), was widespread among all other branches of the Proteobacteria, and was also
found in Gram-positive bacteria (Denkmann et al., 2012). A tsd4 homologue is also
found in the genome sequences of several C. jejuni strains, suggesting that this pathogen

may be able to utilise thiosulphate as an electron donor. We therefore hypothesized that
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the TsdA enzyme might also be responsible for tetrathionate respiration by catalysing

the reverse reductive cleavage reaction.
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Figure 3.1 Tetrathionate supports the growth of C. jejuni under oxygen-limited
conditions. (A) The optical density at 600 nm of the wild-type 81116 strain (closed
symbols) is compared with that of a 81116 #sd4 mutant (open symbols). In the absence
of added tetrathionate (squares), no growth of either strain occurred. In the presence of
10 mM initial tetrathionate (circles), a rapid optical density increase of the wild-type
but not the mutant was observed, followed by a decrease. This was correlated with the
viable count measured in (B), by serial dilution and plating onto blood agar medium
with microaerobic incubation. In (C), the period of wild-type cell growth was
correlated with rapid tetrathionate consumption (closed circles) and concomitant
thiosulphate accumulation (closed triangles), whereas in the zsd4 mutant culture,
tetrathionate decreased (open circles) and thiosulphate accumulated (open triangles)
much more slowly. The data shown are from a single growth experiment, which was
repeated three times with similar results.
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LHK_00203 GROVYQAQCVACHREPDGOGVRAGAAGSAQGYVFPPLWGKDSFNNGAGMNRLLTATRFIRHAHNMPOQGTTEFKA 252
Rpicl2D 0327 GKAVYAQRCAACHBAEGQ----GLPHPQGGY LMPPLWGKDS FNVGAGMARMY TARAFVKHNMPLG---QG 229
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Figure 3.2. Sequence alignments of TsdA homologues. Haem binding motifs are
indicated by boxes, putative distal haem ligands are marked with arrows. Strictly
conserved residues are marked with asterisks. Species: Campylobacter jejuni 81116
(e-Proteobacterium, C8J 0815 and C8J 0040), Allochromatium vinosum DSM 180T
(y-Proteobacterium,  Alvin 0091), felis  (e-Proteobacterium,
HFELIS 01540), Brucella abortus S19 (a- Proteobacterium, BAvSI19 1107870),
Laribacter hongkongensis (p-Proteobacterium, LHK 00203), Ralstonia pickettii 12D
(B-Proteobacterium, Rpicl2D 0327), Bordetella parapertussis (p-Proteobacterium,
BPP3004), Bordetella pertussis (p-Proteobacterium, BP1579), Campylobacter jejuni
NCTC 11168 (e-Proteobacterium; Cj0037).

Helicobacter

In C. jejuni strain 81116 the tsd4 homologue is ¢8j 0815. Amino acid sequence
analysis indicated C8j 0815 was very similar to the thiosulphate dehydrogenase
identified by Denkmann ef al., (2012) because of the following features (Fig. 3.2): Two
-CXXCH- haem c-binding motifs, one conserved cysteine residue in the motif
ArgX;Cys and two conserved methionines. In addition, a second tsdA-like gene is
present in the C. jejuni 81116 genome, namely c¢§f 0040. However, its amino acid
sequence is different in one major respect from that of the ¢§j 0815 encoded protein:
The strictly conserved cysteine residue present in C8j 0815 is replaced by a methionine
in C8j 0040 (Fig. 3.2). This feature is significant, as site-directed mutagenesis has
shown that this conserved cysteine is a haem ligand and is absolutely essential for
enzyme activity as a tetrathionate-forming thiosulphate dehydrogenase for the

characterized purple bacterial TsdA (Denkmann et al., 2012).
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Comparative sequence alignment with C. jejuni subsp. jejuni NCTC 11168 showed that
¢j0037c¢ in this strain encoded a protein identical in amino acid sequence to C8j 0040
(Fig. 3.1). However, the intact corresponding gene of ¢8j 0815 does not exist in strain
NCTC 11168. Its genome sequence revealed the presence of probable pseudogenes
(cj0873c, cj0874c and cj0876¢) together making a complete tsdA gene, where ¢j0874c
encodes the haem binding sites and the active-site cysteine (Fig. 3.3). Thus, strain
NCTC 11168 contains corrupted tsdA4-like gene fragments, from which synthesis of a
functional protein seems impossible. Furthermore, tetrathionate was unable to stimulate
the growth of strain NCTC 11168 when incubated in media under oxygen-limited

conditions (data not shown) and this is consistent with the interpretation above.

cg8j_0815 MNKFSIVLTLLLCGSCALALDPNLEKTKSATGIDLPTAKWNLPKALNEDGTIDETKMPEN &0
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LR L
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FEEEEEEAAEL Fh A AT ad FEEEAEAA T AL R AT AT A AT AR TR T T
C8j_0815 TGAGMYRLIKAASYIKENMPOGAPDLSLEDAYDVAAYMNSQARPIKANRDKDFPDRKVKP 300
Cjo0874c TGAGMYRLSKLLLILKKICLKVRLT——————— e e e e e e e e e e e e 186

deokode ke bk ok o

z*3 £

Cc8j_0815 TGAGMYRLIKAASYIKENMPQGAPDLSLEDAYDVAAYMNSQARPIKANRDKDFPDRKVEP 300

Cj0873c = | | mmmmmmmmemmm—m———ee MPOQGAPDLSLEDAYDVAAYMNSQARPIKANRNEKDFPDREKIKP 42
AR A A A AT AAAAATAFARAAAAAAAAAAAAA R AT AAITR - F &

Cc8j_0815 LDMDVGPYDDSFSTTQHRYGPYTNMIKK 328

Cjo873c LDMDVGPYDDSFSTTQHRYGPYTNMIKK 70

drodeode e ded e o e e e e g A e v e e b o e e b e R o o ok

Figure 3.3. Alignment of the intact C8j 0815 (tsdA) gene encoding thiosulphate
dehydrogenase in C. jejuni strain 81116 with three pseudogene fragments
(cj0874c-cj0876¢) in strain NCTC 11168. The N-terminal signal sequences are shown
in bold. Boxes indicate the conserved haem binding CXXCH motifs. Arrows indicate
the putative distal haem ligands. Asterisks indicate identical residues, colons indicate

similar residues.
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3.2.3. Construction of a tSdA” mutant in strain 81116

The cloning strategy for creating a tsd4 (C8J_0815) knockout mutant uses homologous
recombination, where the target gene is replaced by an antibiotic cassette in vivo (Fig.
3.4). Two flanking regions containing linkers were amplified by two sets of primers
(pGEMO0815 5F / Kan0815 5R and Kan0815 3F / pGEMO0815 3R) using 81116 genomic
DNA as the template. The kanamycin resistant cassette (kan) with linkers was amplified
from the vector pJMK30 by Kan-F and Kan-R. The backbone plasmid DNA
pGEM3zf(-) was linearized by Hincll then isothermal assembly (ISA) was carried out
with the four fragments above. The ISA product pPGEMO0815kan was then transformed
into E.coli strain DH5a and the transformants were screened by colony PCR by the
primer sets of M13-F / M13-R and Kan-F / pGEMO0815 3R to confirm the kan cassette

was positioned between the two flanking regions with the correct orientation.

(A)
c8J 0815 ‘
5’ flanking
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Figure 3.4. Constructions of pGEMO0815kan and verification of tsdA C. jejuni
strains. (A) The tsd4 mutant was generated by the replacement of a kan cassette in the
C8J 0815 (tsdA) gene. (B) Agarose gel -electrophoresis confirmation of
pGEMO0815kan constructs and tsd4 mutants. Lane 1 and 2 show the PCR product
obtained with the pGEMO0815kan plasmid with specific primers and lane 3 ~ 5 were
from tsdA C. jejuni transformants; lane 1: MI3 primers; lane 2: Kan-F /
pGEMO0815-3R; lane 3~5: Kan-F / pGEMO0815-3R; lane M: HyperLadder™ 1kb
molecular weight marker (Bioline).
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The pGEMOS815kan vector was then transformed into C. jejuni strain 81116 by the
electroporation method and the transformants screened on blood agar plates
supplemented with kanamycin (50 pg/ml). The tsd4 mutant was confirmed by colony
PCR with Kan-F / pGEMO0815-3R primers. The phenotype would also be confirmed by

growth curve and biochemical analysis (section 3.2.2, 3.2.3 and 3.2.5).

3.2.4 Complementation of the tsdA gene in the tSJA mutant

The complementation of the fsd4 gene was carried out by using the pC46 plasmid
(Duncan and Gaskin, IFR, UK), which contains two flanking regions of the ¢j0046
pseudogene and a Esp3I restriction site followed by a chloramphenicol resistance (Cm)
cassette between cj0046F and cj0046R. The ORF of #sdA4 plus the upstream promoter
region and ribosome-binding site (987 + ~200 bp) was PCR-amplified using the primers
0815c-F and 0815c-R. The resulting fragment was Esp3I-digested and cloned into the
Esp31 site of alkaline phosphatase treated pC46 vector to create pCtsdA (Fig. 3.5 A).
The construct was then transformed into £sd4 mutant by the electroporation method and
the insert in pCtsdA integrated the intact tsd4 gene at the ¢j0046 pseudogene locus,
which was confirmed by colony PCR using primers 0815c¢-F and ¢j0046-R (Fig. 3.5 B).

(A) (B)

Cjoo46-R

BsmBI g
0815¢c-F

E

CrEE oo

M 1 2 M345

Figure 3.5 Constructions of pCtsdA and verification of tsdA” C. jejuni strains. (A)
The map of pCtsdA. The tsdA gene (c¢8j 0815) plus 200 bp upstream fragment was
cloned into pC46 vector. (B) Agarose gel electrophoresis confirmation of gene
products. Lane 1: Linearized pC46 vectors; lane 2: PCR product of #sdA4 plus 200
upstream fragmants; lane 3~5: The colony PCR product obtained from tsdd/tsdA™ C.
Jejuni transformants amplified by 0815¢c / ¢j0046-R primers; lane M: HyperLadder™
1kb molecular weight marker (Bioline).
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3.2.5 Mutation of tsdA abolishes formate-dependent tetrathionate
reduction in a short-term cell incubation assay and negates

tetrathionate stimulated growth

For an assessment of the in vivo role of #sdA gene in the strain 81116, the tsd4 mutant
and the complemented merodiploid strain were compared with the wild-type parent. The
periplasmic fractions of each strain above were prepared by a cold osmotic shock
method (section 2.6.2) and analysed by 10% Tricine-PAGE. The haem blot was also
performed with identical amount of sample (20 pg periplasm per lane). In the periplasm
of the tsd4 mutant, a specific ~36 kD periplasmic c-type cytochrome was absent which
corresponded to the correct size of mature TsdA (Fig. 3.6 A). TsdA is present in both
wild-type and complemented strains, as shown by haem blots of periplasmic proteins
(Fig. 3.6 A). However, TsdA is not highly abundant according to the Coomassie blue
staining but still could be detected by haem blots. In order to compare rates of
tetrathionate reduction in 81116 wild-type, tsd4 mutant and complemented strains, an
anaerobic cell incubation assay was carried out. The physiological electron donor used
in this assay was 20 mM formate and the cells were allowed to respire all of oxygen
present before tetrathionate was added as an electron acceptor. The initial rate of
reduction was measured as described in the section 2.8.2.5. Strain 81116 wild-type cells
reduced tetrathionate rapidly under these conditions, while no rate was detectable with
the tsdA mutant (Fig. 3.6 B). The complemented merodiploid mutant strain showed a
restoration of activity to ~60% of the wild-type, presumably reflecting lower than
wild-type expression of the integrated ectopic copy of tsd4 (Fig. 3.6 B). These data
clearly indicate that TsdA is able to act as a tetrathionate reductase in strain 81116.
Accordingly, the observation of tetrathionate reduction in vivo supports the anaerobic
growth results of wild-type 81116 and tsdA strains (Fig. 3.1). The tsd4 mutant failed to
show the rapid burst of tetrathionate stimulated growth under oxygen-limited conditions
seen with the wild-type parent strain (Fig. 3.1 A) and lost viability over the course of
the experiment as the same rate as the wild-type in the absence of an electron acceptor
(Fig. 3.1 B). According to the Figure 3.1 panel A and B, the tsd4 mutant was unable to
utilise tetrathionate as an electron acceptor under anaerobic condition. However, the
concentration of tetrathionate in tsdA4 cultures still dropped with time until the end of
growth and was accompanied by the increase of thiosulphate (Fig. 3.1 C) but a similar
phenomenon was not observed in control incubations (BHI-S plus formate and
tetrathionate without cells, data not shown). It is suggested that there might be another
enzyme able to slowly reduce tetrathionate to thiosulphate.
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Figure 3.6 Periplasmic cytochrome c profiles, tetrathionate reduction and
thiosulphate oxidation in 81116 wild-type, mutant and complemented strains.

(A) 10% Tricine-PAGE gel and haem blot of periplasmic proteins. Left panel; CBR stained gel
of periplasmic proteins, 20 pg per lane. Right panel; haem blot of an identical gel. Lane 1:
wild-type 81116 strain. Lane 2: tsdA::kan mutant. Lane 3: Complemented tsdA/tsdA”
merodiploid strain. Arrow indicates the TsdA cytochrome ¢ of ~ 36 kD present in the
wild-type and complemented strains but missing in the mutant strain. Marker: Pageruler™™ Plus
Prestained Protein Ladder (Fermentas)

(B) Rates of formate-dependent tetrathionate reduction in anaerobic cell suspensions. The rate
was measured as described in section 2.8.2.5. The rates are averages from three independent
cultures, with error bars showing standard deviation from the mean.

(C) Thiosulphate-dependent respiration is stimulated at low pH and is abolished in the tsd4
mutant. Rates of oxygen consumption were measured in intact cells from three independent
cultures, as described in section 2.8.2.4, after the addition of 5 mM sodium thiosulphate. The
rates are averages with error bars showing standard deviation from the mean.

(D) Thiosulphate:ferricyanide reductase activity in cell-free extracts of wild-type and tsd4
mutant strains. The thiosulphate-dependent reduction of ferricyanide was followed
spectrophotometrically at 420 nm. Cell-free extracts were prepared from three independent

cultures of each strain and the mean rates and standard deviations are shown.
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3.2.6 TsdA mediates thiosulphate-dependent oxygen respiration in
intact cells and thiosulphate: ferricyanide reductase activity in cell-free

extracts

The wild-type C. jejuni 81116 showed significant thiosulphate-dependent oxygen
consumption when assayed at neutral pH (Fig. 3.6 C). However, the rate was increased
by ~200% when the assay was carried out at pH 5.5. The cell viability dropped rapidly
below pH 5.5 and the activity of thiosulphate dehydrogenase could not be detected like
the TsdA in 4. vinosum at pH 4.0 (data not shown; Denkmann et al., 2012). At either
pH 5.5 or 7.4, no activity could be detected with zsd4 mutant cells, whereas the
complemented tsdA/tsdA" merodiploid strain showed a restoration of activity to ~60%
of wild-type rates at pH 7.4 and ~50% at pH 5.5 (Fig. 3.6 C). In the thiosulphate:
ferricyanide reductase assay, ferricyanide acted as an artificial electron acceptor for
TsdA enzyme in cell free extracts. The measurement of thiosulphate: ferricyanide
reductase activity in such extracts of the wild-type strain showed the same low pH
stimulation as with intact cells respiration (Fig. 3.6 D). This activity was totally
abolished in cell-free extracts of the zsd4 mutant (Fig. 3.6 D). Furthermore, there was
no evidence showed that thiosulphate or tetrathionate could mediate induction of TsdA,
as wild-type 81116 cells grown with or without thiosulphate or tetrathionate showed
similar rates of thiosulphate-dependent respiration and tetrathionate reduction (data not
shown). Taken together; these data indicate that TsdA can couple thiosulphate oxidation
to electron transport to oxygen. Also, the strain NCTC 11168 did not show any oxygen
consumption rate in the thiosulphate-dependent respiration test, consistent with the

pseudogene status of zsd4 in this strain.

3.2.7 Thiosulphate oxidation and tetrathionate reduction Kkinetics of

wild-type and tSdA mutant strains during microaerobic growth

The microaerobic growth curve of wild-type 81116 and #sd4 mutant was carried out in
100 mL MH-S broth at pH 7 supplemented with 4 mM thiosulphate or 2 mM
tetrathionate respectively. The ODgg of initial culture was ~0.1 and the turbidity was
monitored hourly. Also, the supernatant was taken by centrifugation and the
concentration of thiosulphate and tetrathionate was determined according to the section
2.8.3. The ability of TsdA to act bi-directionally in different stages of a single batch
culture is demonstrated in Fig. 3.7. Panel A (wild-type 81116 strain) and D (isogenic

tsdA mutant) show the growth kinetics which are correlated with the oxidation of
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thiosulphate (panel B and E) and the accumulation of tetrathionate (panel C and F) in
the culture supernatants. In wild-type cells grown with thiosulphate, oxidation began
immediately after inoculation and proceeded rapidly (Fig. 3.7 B); with 4 mM initial
thiosulphate, the concentration approached zero within 3 h (initial rate of ~ 3 mM h™).
Tetrathionate accumulated in parallel to thiosulphate depletion (Fig. 3.7 C) and reached
the expected stoichiometric ratio of 1 mole tetrathionate: 2 moles initial thiosulphate by
3 h (early exponential phase). After a short lag period from 3 to 4 h, the accumulated
tetrathionate was rapidly reduced back to thiosulphate, which accumulated in the culture
supernatant to ~ 4 mM, equivalent to the starting concentration, by 7 h after inoculation
(mid- exponential phase). There then followed a longer lag period from 7 to 12 h in the
growth curve, up to the end of the exponential growth phase, where the thiosulphate
concentration did not change significantly. The culture entered stationary phase after 12
h growth and this was correlated with another round of thiosulphate oxidation and
accumulation of tetrathionate, which lasted until the end of the experiment 30 h. The
rate of this second phase of thiosulphate oxidation (~ 0.22 mM h™) was much slower
than the initial rate (Fig. 3.7 B), presumably reflecting much slower oxygen availability
and/or an altered physiological state of the cells in stationary phase. However, the
concentration change of thiosulphate and tetrathionate in the culture of sd4 mutant was
not as complicated as that in wild-type 81116. The tsdA mutant grown with thiosulphate
did not show any activity for thiosulphate oxidation over a 30 h period (Fig. 3.7 E) and
tetrathionate was not detectable above background at any point (Fig. 3.7 F).

When a culture of strain 81116 wild-type cells was grown with a starting concentration
of 2 mM sodium tetrathionate solely, there was a lag period of about 4 h, before the
tetrathionate started to be reduced (Fig. 3.7 C). Thereafter, the kinetics and pattern of
thiosulphate accumulation and its subsequent slow oxidation in stationary phase were
similar to cultures to which thiosulphate was initially added. Cultures of the zsd4 mutant
showed similar lag period to convert tetrathionate to thiosulphate, but a much slower
rate than the wild-type (Fig. 3.7 E and F) and did not give any re-oxidation of the
thiosulphate in the stationary phase. Furthermore, the similar kinetics of converting
tetrathionate to thiosulphate in the #sd4 mutant was found in cultures of strain NCTC
11168 which was incubated microaerobically with an initial concentration of 2 mM

tetrathionate (data not shown).
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Finally, cultures of both #sd4 mutant and 81116 strain wild-type to which either
thiosulphate or tetrathionate were added, showed a slightly higher growth rate from
mid-late exponential phase compared with those without any additions (Fig. 3.7 A and
D). This effect was not apparent until after thiosulphate was exhausted, and
corresponded exactly with the phase of tetrathionate reduction, consistent with an

increased energy gain from this reaction.
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Figure 3.7 Kinetics of growth, thiosulphate oxidation and tetrathionate reduction
in microaerobically grown cultures of C. jejuni. Cultures of wild-type 81116 (A—C)
or the tsdA mutant (D-F) were grown under microaerobic conditions at 37°C in
unsupplemented MH-S medium (open circles) or in MH-S medium + 4 mM sodium
thiosulphate (filled squares) or MH-S medium + 2 mM sodium tetrathionate (open
triangles). Panels (A) and (D) show the growth of these cultures as measured by OD at
600 nm. Panels (B) and (E) show the concentration of thiosulphate and (C) and (F)
show the concentration of tetrathionate, in each of the culture supernatants at each time
point corresponding to the growth curves in (A) and (D). Supernatants were prepared
by centrifugation (10,000 xg, 5 min) and thiosulphate and tetrathionate were
determined as described in section 2.8.3. Data shown are from a single representative

experiment. The experiment was repeated twice with similar results.

111



3.2.8 Spectroscopic characterization and thiosulphate dehydrogenase

activity of purified recombinant C. jejuni TsdA (CjTsdA)

In order to characterize TsdA proteins, recombinant CjTsdA, AvtsdA with Strep-tags
were expressed in E.coli strain BL21 (DE3) according to the section 2.7.4.2, which
involved coexpression of the E.coli cytochrome ¢ maturation (ccm) genes from pEC86
(Arslan et al., 1998). The recombinant proteins were purified by Strep-Tactin affinity
chromatography and the purities were also confirmed by 10% Tricine-PAGE (Fig. 3.8
A).
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Figure 3.8 Purified recombinant TsdA and C8j 0040 and spectral analysis of
recombinant CjTsdA at pH 8.0 (20 mM Tris-HCI, 42 °C) in different redox states.
(A) Recombinant TsdA and C8j 0040 protein was analysed by 10% Tricine-PAGE
where the corresponding molecular weights were indicated: Lane 1: 20 pg CjTsdA
(~36 kD); Lane 2: 20 pg AvtsdA (~ 26 kD), Lane 3: 5 pg C8j 0040 (~ 39 kD); Lane
M: Fermentas PageRuler Prestained Protein Ladder 26616. (B) Protein “as isolated”,
the Soret peak appears at 419.5 nm. (C) Spectrum in the range 400 to 650 nm. Protein
oxidized with ferricyanide (dotted line), after addition of 2 mM thiosulfate (thin solid
line) and the dithionite reduced form (bold solid line) are shown. Protein
concentration: 280 pg ml'. The spectra were obtained by Kevin Denkmann and
Christiane Dahl.

The UV-Vis electronic absorption spectrum of the purified recombinant CjTsdA in the
“as isolated” state is shown in Fig. 3.8 panel B (data in Fig. 3.8 and Fig. 3.9 were
obtained by our collaborator Dr Kevin Denkmann). The spectrum is dominated by the
intense Soret peak at 419.5 nm, a- and B-peaks are also observed at 552 and 523.5 nm

respectively. When ferricyanide was added, it totally oxidized the protein resulting in a
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Soret peak with a maximum at 414.5 nm (dotted line in Fig. 3.8 C). In the oxidized state,
both a- and B-bands are red-shifted and characteristically broad. A shoulder is apparent
at 570 nm (Fig. 3.8 C and 3.9). Partial reduction of the protein was observed upon
addition of 2 mM thiosulphate (thin solid line in Fig. 3.8 C). In this state, the ratio of the
a-peak to the PB-peak was lower than in the completely reduced state, which was
achieved by addition of sodium dithionite (bold solid line in Fig. 3.8 C). The Soret band
is red-shifted to 421.5 nm in the completely reduced state. The ratio of a- (554 nm) and
B-peak (524 nm) in the fully reduced state is o/ = 1.1 (Fig. 3.8 C). A very low intensity
band at around 625 nm was apparent in the oxidized state, which was completely
bleached in the protein reduced with dithionite (Fig. 3.9). This band was assigned to the
iron high-spin state (Miles et al., 1993). The very low absorbance of this high-spin
marker indicates that only a small amount of haem exists in 5-coordination or with a
weak-field ligand at the sixth coordination site under these conditions (42 °C, pH 8.0).
In summary, the spectral features of recombinant CjTsdA are very similar to those

obtained for the prototype of the haem c-containing thiosulphate dehydrogenases, the

enzyme from A. vinosum (Denkmann et al., 2012).
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Figure 3.9 Absorption spectra of concentrated CjTsdA (~ 1.5 mg ml™?) in the
oxidised form (dotted line) or fully reduced with sodium dithionite (solid black
line). The inset shows a weak feature at 630 nm which is bleached by dithionite,

indicative of iron in the high spin state. These spectra were obtained by Kevin
Denkmann and Christiane Dahl.

113



The purified CjTsdA protein catalysed thiosulphate-dependent reduction of ferricyanide,
which was used as an artificial electron acceptor (Em +430 mV; Fultz and Durst, 1982),
and it converted thiosulphate into tetrathionate stoichiometrically with the expected 2:1
ratio (Kevin Denkmann, personal communication). The following kinetic
characterization of the thiosulphate oxidation reaction was carried out by our
collaborator, Dr Kevin Denkmann, University of Bonn. The assay was carried out in
triplicate with the electrophoretically pure CjTsdA, with varied concentrations of
thiosulphate and saturated ferricyanide (ImM). The Sy s value for ferricyanide was 0.18
mM; no further increase in rate was found above 1 mM so this was used as the standard
concentration for further assays. The optimal pH of CjTsdA with 1 mM ferricyanide
and 8 mM thiosulphate was found to be 4.0 at 42°C. The enzyme activity reached a
maximum at 45°C (pH 4.0; 1 mM ferricyanide; 8 mM thiosulphate) and stayed at the
same level up to 55°C correlating well with the optimum growth temperature for C.
jejuni of 42°C (Kevin Denkmann, personal communication). An analysis of the kinetics
of thiosulphate oxidation with ferricyanide as an electron acceptor showed that the Sp s
value for thiosulphate was 2.0 mM, while the Vy.x was 990 £ 42 U mg'1 with
thiosulphate as the varied substrate. The corresponding k., is > 20-fold lower than that
for the A. vinosum enzyme (Denkmann et al., 2012) and the k¢, / Sos ratio is > 40-fold
lower (summarized in Table 3.1), indicating that the C. jejuni enzyme is a much less

efficient thiosulphate dehydrogenase than the 4. vinosum enzyme.

3.2.9 Thiosulphate-dependent reduction of cytochrome ¢ by CjTsdA
and AvTsdA

In the chemotroph Thiomonas intermedia, a dihaem cytochrome ¢ (TsdB) acts as the
natural electron acceptor for the TsdA of this bacterium (Denkmann et al., 2012). This
TsdB can also serve as a heterologous electron acceptor in vitro for TsdA from the
phototroph A. vinosum (Denkmann et al., 2012). There is no TsdB homologue in C.
Jjejuni strain 81116, and no other dihaem cytochromes apart from TsdA and C8j 0040.
However, several possible candidate monohaem c-type cytochromes encoded in the
81116 genome might be physiological redox partners for CjTsdA. The following work
on TsdA electron acceptors in this section (3.2.9) was carried out by our collaborator,

Dr Kevin Denkmann at the University of Bonn.
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Table 3.1 Summary of thiosulphate dehydrogenase and tetrathionate reductase

kinetic parameters for purified CjTsdA and AvTsdA.

Reaction Thiosulphate —ferricyanide

Methyl viologen—tetrathionate

Parameter Vmax kcat S0.5 kcathO_S Vmax kcal SO_S kcat!'SO_S
Units Umg™” s mM  mMm’'s’ Umg™ s’ mM mM™ s
CjTsdA 990+42 604 2.0 302 64+1.1 40 0.01 4,000
AvTsdA  28,600+890"  14,000" 1.1 12,727 22¢07 14 050 28

(1) Values taken from Denkmann et al. (2012). The units for Vmax are pmol min™" mg
protein™. Figures in bold emphasize the differences between the specificity constants
for CjTsdA and AvTsdA.

Absorption
o
a

0.6

0.5 7

0.4

0.3

Absorption

0.2

0.1

0

Figure 3.10 c-type cytochromes

C. jejuni TsdA
HH cyt ¢

280 360 440 520 600

Wavelength [nm]
Th int. TsdB

280 360 440 520 600
Wavelength [nm]

as

Absorption

Absorption

12

0.8

0.6

0.4

0.2

0.6

0.5

0.4

0.3

0.2

0.1

0

A. vinosum TsdA

HH cyt ¢

360 440 520 600
Wavelength [nm]

Th int. TsdB

280

electron acceptors

360 440 520 600

Wavelength [nm]

for TsdA from

Campylobacter jejuni and Allochromatium vinosum. UV-Vis spectra of the
monohaem cytochrome ¢ from horse heart (7.5 mM, A and B) and the dihaem
cytochrome ¢ TsdB from Thiomonas intermedia (3 mM, C and D) in 100 mM

ammonium acetate buffer, pH 6.0 were recorded from 280 to 650 nm. Sequential

spectra obtained for the oxidized protein (dotted line), after addition of 8§ mM
thiosulphate (thin solid line) and after addition of 74 nM C. jejuni TsdA (bold solid
lines in A and C) or 102 nM A. vinosum TsdA (bold solid lines in B and D) are shown.

These spectra were obtained by Kevin Denkmann and Christiane Dahl.
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TsdA was found to be able to reduce the monoheam cytochrome ¢ from horse heart (Em
+248 mV; Pande and Myer, 1978; Myer et al., 1979) strongly in the presence of
thiosulphate (Fig. 3.10 A). To determine optimal pH, a series of buffers with different
pH were tested and the reaction was monitored at 550 nm. The CjTsdA showed highest
reducing activity at pH 7, higher than the more acidic pH optimum seen with
ferricyanide (Fig. 3.11). Analysis of primary v versus [thiosulphate] plots of initial rates
of the CjTsdA and thiosulphate-dependent reduction of horse heart cytochrome ¢ at pH
7 gave an Sys of 70 £ 20 mM, with a Vi of 425 £ 57 U mg protein'l. In contrast, the
reduction of horse heart cytochrome ¢ by the purified A. vinosum TsdA enzyme (Fig.
3.10 B) was clearly incomplete under the same conditions as in Fig. 3.10 A. However,
although the dihaem cytochrome ¢ TsdB from 7. intermedia (redox potential unknown)
could be reduced to some extent by C. jejuni TsdA (Fig. 4 C), this was incomplete
compared with the reaction with the 4. vinosum TsdA (Fig. 4 D). Overall, these findings
are consistent with the view that a monohaem c-type cytochrome is the most likely in

vivo redox partner for CjTsdA.
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Figure 3.11 pH dependency of the reduction of horse heart cytochrome c by
CjTsdA. Assay mixtures contained 80 pM cytochrome c, 82 nmol purified CjTsdA
and 8 mM sodium thiosulphate in 100 mM of the appropriate buffer (Red: citrate
buffer; Green: acetate buffer; Blue: bis-Tris buffer; Purple: Tris- HCl buffer).
Reactions were performed as triplicate at 42 °C, started by addition of the enzyme and
followed by the increase of absorbance at 550 nm. Activity was expressed as pmol
cytochrome ¢ reduced per min and mg protein on the basis of a molar extinction
coefficient at 550 nm of 21.1 mM™ ecm™. Means are showed in bars and the standard

deviation was indicated. These data were obtained by Kevin Denkmann.
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3.2.10 Kinetics of tetrathionate reduction catalysed by CjTsdA and
AvTsdA

In order to demonstrate tetrathionate reductase activities of CjTsdA and AvTsdA in
vitro, the assay was carried out under strictly anaerobic conditions with the
electrophoretically pure recombinant proteins, different concentrations of tetrathionate
and 0.3 mM reduced methyl viologen as an electron donor (E,, = -440 mV). Rates of
tetrathionate-dependent methyl viologen oxidation were optimal at pH 5-6 for both
enzymes, so an assay pH of 5 was routinely performed. Figure 3.12 shows the
comparison of the kinetics of tetrathionate-dependent methyl viologen oxidation for
CjTsdA or AvtsdA. Strikingly, the CjTsdA enzyme showed a much lower tetrathionate
So.s value (0.01 £ 0.005 mM) compared with that for the AvTsdA enzyme (0.5 + 0.05
mM). In addition, the k., value for CjTsdA was larger than that for AvTsdA (Table 3.1).
Consequently, the kc./Sos values for the two enzymes in the direction of tetrathionate
reduction differ by over 140-fold (Table 1). Taken together with the differences in
kinetics for thiosulphate oxidation, the data support a physiological role for CjTsdA as a
tetrathionate reductase while the AvTsdA more likely acts in vivo as a thiosulphate

dehydrogenase.
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Figure 3.12 Comparison of Kkinetics of tetrathionate reduction by purified C.
jejuni and A. vinosum TsdA enzymes. Assay mixtures contained 300 uM methyl
viologen which had been pre-reduced with a small excess of titanium citrate, 100 mM
ammonium acetate buffer, pH 5.0 and varying concentrations of tetrathionate. Assays
for CjTsdA contained 0.15 uM protein or 1.5 uM for AvTsdA. The specific activity is
expressed as pmol tetrathionate reduced min" mg protein”. Each data point is the
mean T standard deviation of three assays on the same batch of protein, but in most
cases the error bars are too small to be seen. The solid line through the data points is

the fit to the Hill equation using non-linear regression as described in the section 2.8.6.

117



3.2.11 C8j_0040 has low levels of both thiosulphate dehydrogenase and

tetrathionate reductase activity

According to the sequence similarity between C8j 0815 (CjTsdA) and C8; 0040 (Fig.
3.1), the C8j 0040 protein might also be able to oxidise thiosulphate and reduce
tetrathionate like the bi-functional CjTsdA. Recombinant C8j 0040 was overexpressed
in E.coli strain BL21(DE3) with the same strategy as applied for CjTsdA. The
molecular weight of electrophoretically pure C8j 0040 (including Strep-tag and two
haems) was 39.3 kD (Fig. 3.8 A). It also reacted positive in a haem stain and exhibited a
spectrum typical for a c-type cytochrome with a-, B- and y-peaks at 554, 524 and 423
nm in the reduced state respectively (Kevin Denkmann, personal communication).
Thiosulphate-dependent activity with either ferricyanide or the monohaem cytochrome
¢ from horse heart as electron acceptor was measured by Dr Kevin Denkmann, but in
contrast to the highly active CjTsdA, the rates exhibited by this protein were very low
(maximum specific activity measured with 8§ mM thiosulphate and 1 mM ferricyanide;
19 U mg protein). The tetrathionate reductase activity of C8j 0040 was also
demonstrated using ImM tetrathionate and reduced methyl viologen as electron donor,
but again the specific activity was extremely low (1.5 U mg protein™). Perhaps the
occurrence of methionine rather than cysteine as the putative active-site haem ligand in
C8j_0040 (Fig. 3.1), still allows for some TsdA-like enzymatic function in this position.
To examine the hypothesis that C8j 0040 might serve the electron acceptor for CjTsdA,
UV-Vis difference spectra were performed by Dr Kevin Denkmann. The addition of 8
mM thiosulphate alone led to a small degree of reduction of this c-type cytochrome at
pH 5.0. This reduction was only slightly increased upon addition of catalytic amounts of
CjTsdA. Prolonged incubation time of up to 5 min did not increase the level of
reduction of C8j 0040, which never reached completion. This finding precludes a

function of C8j 0040 as the natural electron acceptor of CjTsdA.

A ¢8j 0040 null mutant was constructed in strain 81116, and intact cells tested for both
thiosulphate oxidation in the oxygen electrode and tetrathionate reduction in short term
incubation assays with formate as an electron donor. Both activities were detected but
with reduced rates compared with the wild-type parent strain (thiosulphate-dependent
oxygen consumption rates of ~ 0.7 umol min"' mg protein” for wild-type and ~ 0.55
umol min" mg protein™ for mutant; tetrathionate reduction rates of ~ 0.13 pmol min™
mg protein” for wild-type and 0.07 pmol min"' mg protein for mutant). However, the

growth of this mutant on tetrathionate under oxygen-limited conditions was
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indistinguishable from that of the parent strain, and the kinetics of tetrathionate
reduction and thiosulphate accumulation in such cultures were also very similar to the
wild-type (data not shown). These data do not provide any evidence that the low

activities exhibited by C8j 0040 are physiologically relevant.

3.3 Discussion

There is emerging evidence showing that inorganic sulphur compounds play an
important but underestimated role during the infection process of microorganisms in the
human intestine (Blachier et al., 2010). Enteric pathogens are able to utilise these
compounds in energy conserving pathways that may have both direct and indirect
effects on pathogenicity and invasiveness or may provide a growth advantage over
competing microorganisms in gut flora (Winter et al., 2010; Tareen et al., 2011). The
work described in this study reveals that tetrathionate can be used by C. jejuni as a
terminal electron acceptor, which adds to the increasing evidence of the metabolic
versatility of this pathogen. However, none of known types of tetrathionate reductase
genes was found in C. jejuni genome sequences indicating the dihaem c-type
cytochrome encoded by gene ¢8j 0815, which is able to reduce tetrathionate, is a novel
type of tetrathionate reductase. Since TsdA was first found in the phototrophic 4.
vinosum acting as a thiosulphate dehydrogenase, taken together with the data above, it
seems that TsdA in fact is a bi-functional enzyme that can support growth of C. jejuni
with tetrathionate under oxygen-limited conditions. TsdA is thus a previously
unrecognized but simpler type of tetrathionate reductase than either the multi-subunit
molybdoenzyme Ttr or the non-specific multi-haem Otr (Hinojosa-Leon et al., 1986;
Hensel et al., 1999 and Atkinson et al., 2007). Genes homologous to tsdA are present in
a number of known pathogens from the a-, B-, y- and e-proteobacteria, and include other
gastrointestinal mucosal pathogens such as Campylobacter curvus, Helicobacter felis,
Arcobacter butzleri and Laribacter hongkongensis (Fig. 3.1), which thus have the
potential for tetrathionate respiration. Interestingly, however, the homology searches
have also revealed that TsdA-like genes are present in many strains and species of
Brucella (zoonotic pathogens that are fastidious intracellular parasites) and Bordetella
(host-adapted respiratory pathogens; Fig. 3.1), which raises the possibility that TsdA
mediated tetrathionate reduction and/or thiosulphate respiration could be important in

tissues other than the intestinal mucosa.
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The comparisons of the growth of wild-type 81116, tsd4 and tsdA/tsdA” demonstrate
the physiological role of TsdA as a tetrathionate reductase in C. jejuni. Under anaerobic
conditions, the cell suspension of wild-type showed a small burst of growth when
provided with tetrathionate, plus formate (E,, -420mV) as electron donor. The
periplasmic location of TsdA indicates that electron transport from cytochrome ¢ to
tetrathionate will not be electrogenic, but the overall respiration chain from formate to
tetrathionate will be energy conserving due to the electrogenic nature of the formate
dehydrogenase and cytochrome bc; complex (Fig. 3.13). This is clearly sufficient to
support limited growth, as is also the case with other systems that terminate in
non-electrogenic periplasmic reductases, for example those for nitrate, nitrite, TMAO

and DMSO (Sellars et al., 2002; Kelly, 2008).

In addition, TsdA can also act physiologically as a thiosulphate dehydrogenase, which
is confirmed by the comparison of oxygen consumption rate in wild-type, #sd4 mutant
and complemented strains incubated with excess thiosulphate and oxygen. Further
insight into the ability of TsdA to switch between dehydrogenase and reductase
activities in vivo was obtained in experiments where thiosulphate and tetrathionate were
quantified during microaerobic growth with thiosulphate as an electron donor (Fig. 3.7).
At the start, when thiosulphate and oxygen are in excess, TsdA is acting as a
dehydrogenase and thiosulphate was rapidly oxidised to tetrathionate, which
accumulated. Tetrathionate only started to be reduced after the exhaustion of the initial
thiosulphate present and once the cell density had increased significantly, by
mid-exponential phase. Presumably, increasing cell density will lead to progressive
oxygen limitation, which will result in an increase in the reduction state of the
menaquinone (MK) pool (i.e. higher MKH,/MK ratio). Electron flux from MKH, to
tetrathionate will only then start to become significant, allowing TsdA to act in reverse
on the accumulated tetrathionate. Interestingly, the growth experiments in figures 3.4
and 3.6 revealed that the strain 81116 tsd4 mutant was nevertheless capable of very
slow tetrathionate reduction, suggesting the existence of an additional tetrathionate
reductase activity. This point is further discussed below in relation to the C8j 0040

protein.
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Figure 3.13 Model for bi-directional electron transfer in vivo between
tetrathionate and thiosulphate catalysed by C. jejuni TsdA. Solid thin arrows show
the route of electron transfer from formate as a typical low potential electron donor via
the formate dehydrogenase (Fdh) which is thought to have a tungstopterin guanine
dinucleotide (WGD) cofactor (Smart et al., 2009) to tetrathionate, via the menaquinol
pool (MKH;), the cytochrome bc; complex (bc;) and periplasmic cytochrome c.
Dashed arrows indicate electron transfer from thiosulphate to oxygen via TsdA,
periplasmic cytochrome ¢ and the ch-type oxidase. For comparison with thiosulphate
oxidation, the previously identified sulphite:cytochrome ¢ dehydrogenase (SorAB;
Myers and Kelly, 2005) with its molybdopterin (MPT) cofactor is also shown, with
electron transfer to cytochrome ¢ indicated by dotted arrows. Note that the Fdh, bc;

and ch-oxidase complexes are electrogenic, while TsdA and SorAB are not.

In fact, the redox potential of the thiosulphate/tetrathionate couple is relatively high for
thiosulphate to be a good electron donor (E,, +24 mV) and the only C. jejuni quinones
are menaquinone (En, -75 mV) and methylmenaquinone (E;, -124 mV; Juhnke et al.,
2009; Guccione et al., 2010). The electrons from the oxidation of thiosulphate to
tetrathionate can therefore only couple at the high potential end of the respiratory chain

(Fig. 3.13). The most likely route for the electrons from TsdA to terminal oxidases
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would be from TsdA to a high potential monohaem c-type cytochrome, which in vivo
would feed electrons directly into the ch-type cytochrome ¢ oxidase (Fig. 3.13). Thus,
thiosulphate is only a useful electron donor when there is sufficient oxygen available to
allow turnover of the cytochrome c oxidase. This is clearly seen in the growth
experiments where thiosulphate was most rapidly oxidized at low cell density in early
exponential phase, in contrast with a much slower rate in oxygen-limited
stationary-phase cultures (Fig. 3.7). In the intestinal mucosal niche occupied by C.
Jjejuni, oxygen availability will vary greatly, as there will be a steep oxygen gradient
between the underlying epithelial cell layer (microaerobic) and the lumen (anaerobic).
Similar considerations apply to the use of sulphite as an electron donor (also shown in
Fig. 3.13), where electrons from periplasmic oxidation by SorA flow via the c-type

cytochrome, SorB, to the ch-oxidase (Myers and Kelly, 2005).

The biochemical analysis with the purified C. jejuni TsdA enzyme clearly confirmed its
bi-functionality. As a thiosulphate dehydrogenase, the enzyme showed a low pH
optimum when using ferricyanide as electron acceptor, as found in AvTsdA as well
(Denkmann et al., 2012). Nevertheless, both thiosulphate-dependent oxygen
consumption in cell suspensions and the initial rate of thiosulphate oxidation in growing
cultures was significant at neutral pH values. This presumably reflects the greater
efficiency of electron transfer to the natural in vivo electron acceptor compared with
ferricyanide. Also, in vitro studies with horse heart cytochrome ¢ as electron acceptor
showed a pH optimum of 7, as well as a much lower Sys value for thiosulphate.
Tetrathionate reduction could be driven by reduced methyl viologen as electron donor
and these assays revealed a much higher tetrathionate affinity and higher Viax and kca
compared with the AvTsdA enzyme. The enzyme kinetic studies reveal the fact of a
marked difference in the catalytic properties of both the forward and reverse reactions
of CjTsdA compared with AvTsdA (summarized in Table 3.1). The kc./Sos ratio for
thiosulphate oxidation with ferricyanide is over 40 times higher for AvTsdA than for
CjTsdA, while for tetrathionate reduction, the ratio is over 140 times higher for CjTsdA
compared with AvTsdA, largely due to the ~ 50-fold higher affinity of CjTsdA for
tetrathionate. In short, the data show that C. jejuni TsdA is well adapted for tetrathionate
reduction while the A. vinosum enzyme is a very poor tetrathionate reductase but an
excellent thiosulphate dehydrogenase, in keeping with its known physiological role in
the latter bacterium. The general conclusion is that TsdA enzymes may not have the

same role in different bacteria, but that they are optimized for thiosulphate oxidation or
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tetrathionate reduction according to the physiological requirements and lifestyle of the

particular bacteria concerned.

The spectral features of recombinant C. jejuni TsdA (characterised in the laboratory of
our collaborator Dr Christiane Dahl by Dr Kevin Denkmann) are dominated by
hexa-coordinated low-spin c-type haem with small contributions from high-spin haem.
The latter presumably arise from the His-Cys coordinated active-site haem with the
former arising from the additional methionine ligated haem, which has an
electron-transferring role. These features are very similar to those of the only other fully
characterized TsdA, from A. vinosum (Denkmann et al., 2012). Since bidirectional
catalysis has now been demonstrated for TsdA, it could be anticipated that the
active-site haem has a reduction potential in the vicinity of the substrate/product couple,
i.e. En at least ~ +24 mV. If confirmed, this would represent the most positive midpoint
potential reported to date for such a His—Cys ligated haem centre. In the trihaem SoxAX
enzymes the His—Cys and His—CysS™ (persulphide) ligated haems have an Em * -400

mV (Reijerse et al., 2007). SoxAX is the key component of the thiosulphate oxidizing
Sox multi-enzyme complex and catalyses a reaction analogous to that of TsdA: instead
of oxidative linkage of the sulphane sulphur atoms of two thiosulphate molecules as
catalysed by TsdA, SoxA oxidatively links thiosulphate with the thiolate of a cysteine
residue at the carboxy-terminus of the SoxY subunit of the SoxYZ protein (Friedrich et
al., 2001), with two electrons transferred to cytochrome ¢. The mechanism is widely
assumed to involve thiosulphate binding to the CysS™ ligand of the SoxAX active-site
haem (Bamford et al., 2002; Dambe ef al., 2005). Interestingly, the amino acid sequence
of the active-site haem-binding region and that harbouring the conserved cysteine in
SoxA from Starkeya novella and other SoxAX-containing bacteria is very similar to the
corresponding region in A. vinosum and related TsdA proteins (Denkmann et al., 2012).
The exact nature of the thiolate haem ligand in TsdA remains to be determined, but the
simplicity of the TsdA class of enzyme with just two (differently ligated) haems, should
allow detailed spectroscopic and kinetic studies of the forward and reverse reaction
mechanisms to be made, and might also shed light on the factors that determine
conversion of thiosulphate to tetrathionate as opposed to sulphate. In view of the fact
that the as-isolated CjTsdA protein was partially reduced, it is assumed that the
His—Met ligated haem must have a very positive redox potential. This is also true of
SoxAX (Cheesman et al., 2001), where the His—Met ligated haem has been established
to have an Em ~ +190 mV (Reijerse et al., 2007).
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Intriguingly, another TsdA homologue was also found in C. jejuni, the C8j 0040
protein (Cj0037 in strain NCTC 11168, see chapter 5). The C8j 0040 protein was
characterized for thiosulphate dehydrogenase and tetrathionate reductase activity and
for the role of possible electron acceptor of TsdA. The latter result was negative but we
have since obtained some evidence that the homologue of this protein in strain NCTC
11168 (Cj0037) is involved in electron transfer from the bc; complex to the terminal
cb-oxidase and this will be further discussed in Chapter 5. The C8j_ 0040 was found to
catalyse very low levels of thiosulphate oxidation and tetrathionate reduction, which
was surprising in the light of the replacement of the active-site cysteine with a
methionine as a putative haem-binding ligand and the known essentiality of this residue
for catalysis in the AvTsdA protein (Denkmann et al., 2012). It thus seems possible that
a minor activity can be maintained by a haem in which the axial cysteine ligand is
missing or replaced as is the case for the C8j 0040 protein. This low catalytic activity
does not contribute to physiological thiosulphate oxidation (which was completely
abolished in the zsd4 mutant) or to the residual tetrathionate reduction in the tsdA

mutant, but the origin of this requires further investigation.

3.4 Conclusions

Two TsdA homologues were found in C. jejuni strain 81116: C8j 0815 and C8j_0040;
the former showed an excellent enzyme activity for reducing tetrathionate under
anaerobic conditions but less efficient thiosulphate dehydrogenase activity compared
with the TsdA from A. vinosum. The role of C8j 0040 in the electron transport chain of
C. jejuni is still unclear though it still showed very low levels of both enzyme activities,
which is due to the replacement of a single amino acid in its haem-binding region. The
growth experiments revealed the bi-functionality of TsdA allowing the cells of strain
81116 to utilise thiosulphate and tetrathionate under different atmospheric conditions to
support its viability. The utilisation of both sulphur compounds not only proves the
complexity and the flexibility of the respiration chain in C. jejuni but offers a potential
advantage to survive in the highly-competitive environment like the human intestine,

where the infectious dose is as low as a cell number of 500 (Robinson, 1981).

Compared to TtrABC in S. typhimurium or muitlhaem Otr in Shewanella frigidimarina,
TsdA is much simpler according to its amino acid composition and also the first

tetrathionate reductase composed of a di-haem c-type cytochrome to date. It is worth
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noting that only a few other examples of bacteria that can both oxidize thiosulphate and
reduce tetrathionate have so far been reported, for example certain Pseudomonas strains
(Trudinger, 1967; Tuttle, 1980). A cytochrome c-containing thiosulphate oxidase
preparation enriched from the soluble fraction of aerobically grown ‘marine
pseudomonad 16B’ was found to catalyse tetrathionate reduction (Whited and Tuttle,
1983) and the authors concluded that thiosulphate oxidase and tetrathionate reductase
were reversible activities of the same enzyme. According to the data above, this chapter
unambiguously demonstrates that the dihaem cytochrome ¢ TsdA is reversible. Given
the widespread distribution of TsdA, it may now be the case that, like C. jejuni, many
more bacteria than previously thought are capable of growth on tetrathionate, in

addition to being able to use thiosulphate as an electron donor.
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Chapter 4

Two TatA paralogues are involved in the translocation of

twin-arginine translocase substrates in Campylobacter jejuni

4.1 Induction

The twin-arginine translocase (TAT) system is one of the major pathways for protein
translocation across the cytoplasmic membrane in C. jejuni and it is capable of
transferring fully folded proteins through the lipid bilayer. The major components
involved in the TAT system are TatA, TatB and TatC where TatA is considered as pore
forming or structure weakening of the cytoplasmic membrane. TatB and TatC always
form a TatBC complex which is responsible for signal peptide recognition, substrate
recruiting and feeding to TatA homo-oligomers which facilitates the protein
translocating process (Bolhuis et al., 2001; Tarry et al., 2009). TAT-dependent
substrates share a common feature: bearing a signal peptide at the N-terminal sequence
which has a highly conserved twin-arginine motif S/T-R-R-x-F-L-K (where x is a polar
amino acid). There are at least fifteen enzymes in C. jejuni predicted / considered as
TAT-dependent (Table 4.1, adopted from Hitchcock et al., 2010) and most of them are

involved in the electron transport chain.

Although TatA is an essential component in the formation of the TatAC or TatABC
complex and also accounts for the translocation mechanism (e.g. pore forming or
membrane weakening), the second homologue (TatE, TatA2 or TatAx where x is a
number or letter), in diverse bacteria, plays an important role in transportation under
certain growth conditions (Briiser, 2007). The Gram-positive bacterium B. subtilis
contains three tat4 genes, denoted tatAd, tatAy and tatAc, and two tatC genes denoted
tatCd and tatCy. The tatAd-tatCd and tatAy-tatCy genes are organised in operons at
separate genomic loci (Jongbloed et al., 2000). Two TatAC-type systems, TatAdCd and
TatAyCy, operate in parallel with different substrate specificities but recognize similar
elements of the signal peptide. The environmental conditions, such as salinity, can
determine the specificity and need for the secretion of a Tat substrate in B. subtilis,
although the third tat4 gene tatAc shows no demonstrable role in Tat-dependent protein
transport (van der Ploeg et al., 2011; Jongbloed et al., 2004). TatE is another
well-known TatA homologue found in Gram-negative bacterium E. coli, which is

independent of the tatABCD operon and encoded by a monocistronic tatE gene. The F.
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coli tatE gene encodes a 67-amino acid predicted membrane protein that exhibits greater
than 50% sequence identity with TatA. Overexpression of TatE results in
complementation of a fat4 mutant, indicating a similar role (Sargent et al., 1999). It has
been suggested the assembly mechanism of TatE is similar to that of TatA and a recent
study suggests that solubilised/ purified recombinant TatE is likely to reflect the natural
TatA-similar state of the complex although with a smaller size (Baglieri ef al., 2012). In
addition to B. subtilis and E. coli, recently TatA homologues have been found in other
bacteria such as Pseudomonas stutzeri, Bdellovibrio bacteriovorus and
Corynebacterium glutamicum (Heikkila et al., 2001; Chang et al., 2011; Kikuchi et al.,
2006), where these homologues are involved in general/specific substrate metabolism or
are essential for survival, suggesting a significant role of the extra TatA homologue in
the TAT system and this might result in different translocation models to the original

TatA(B)C complex, which deserve further consideration.

A previous study suggested that there is only one TatA homologue present in C. jejuni
(Dilks et al., 2003). However, in this chapter, a second tat4 homologue ¢j0786, which is
located in the nap operon, shows a typical TatA-structure and is similar to the native
TatA (Cj1176c). Here, the role of Cj0786 in the TAT system will be characterized and
the relationship of two TatA homologues in C. jejuni will be further elucidated.
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Table 4.1 Predicted substrates of the twin arginine translocase system in
Campylobacter jejuni NCTC 11168 (Table adapted from Hitchcock et al., 2010)

Gene Tat Predicted Tat Function C. jejuni cellular location
sequence* substrate
TATEINDT  TatP#
CjOOO:S::** 9 Yes Yes Sulphite oxidase, SorA Periplasmic (Myers & Kelly, 2005)
NRRDFLK
Cjo145 ** 2ERRFFLK No Yes Phosphatase Periplasmic and confirmed Tat
substrate (van Mourik et al., 2008)
Cj0264::** 3 Yes Yes TMAO reductase, TorA Predicted periplasmic
DRRKFLK
Cj0379c¢ 11 Yes Yes Unknown, YedY homologue  Predicted periplasmic
QRRNFLK
Cjo414 7 DRRSFFK  Yes Yes Gluconate dehydrogenase Predicted periplasmic
Cj0437 ** 5SRRDFIK  Yes Yes Methyl-menaquionol Periplasmic (Guccione et al., 2010)
fumarate reductase, MfrA
Cj0780 ** Yes Yes Nitrate reductase, NapA Periplasmic and confirmed Tat
NRRDELK substrate (van Mourik et al., 2008)
Cj0781 3 GRREFFV  Yes Yes Nitrate reductase, NapG Predicted membrane-bound
Cjo782s  7ARRIVQL No No Nitrate reductase, NapH Predicted membrane-bound
Cj1186c 6 SRRSFMG  Yes Yes PetA Rieske subunit Predicted membrane-bound
Cji267¢ 36 No Yes Hydrogenase, HydA Periplasmic (Hoffman &
SRRDEMK Goodman, 1982)
0j1358¢s  4LRRKILK  No No Nitrite reductase, NrfH Predicted membrane-bound
01511 SF Yes Yes Formate dehydrogenase, Predicted periplasmic
TRRSFLK FdhA
0j1513¢ 3NRREFLK  Yes Yes Unknown, periplasmic TAT  Predicted periplasmic
signal peptide
01516 ** 2 Yes Yes Multicopper oxidase, Cue®  Periplasmic (Hall et al., 2008)
NRRNFLK

* The numbers correspond to amino acid position in the protein.

** The enzyme activity was measured in this study
TTATFIND vl1.4 (http://signalfind.org/tatfind.html; Rose et al., 2002) results for the C.
jejuni NCTC11168 genome. Predicted substrates are in agreement with those identified
by Dilks et al. (2003).
iTatP v1.0 (http://www.cbs.dtu.dk/services/TatP/; Bendtsen ef al., 2005) results for the
C. jejuni NCTC11168 genome. Sequences that gave a positive result with any output

parameter were manually analyzed for the presence of a variant of the conserved
S/TRRxFLK Tat signal motif (Berks, 1996).

§These membrane-bound proteins were included (despite negative predictions with

TATFIND and TatP) due to the presence of a response regulator-containing motif and

the possibility that they may be membrane-anchored via an uncleaved TAT sequence.
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4.2 Results

4.2.1 Identification of tatAl and tatA2 genes in C. jejuni strain NCTC
11168

The TatA protein discovered among different bacteria shares several common structural
features: it has an N-out, C-in topology and possesses a hydrophobic N-terminal
transmembrane helix (TMH), followed by a hinge-region with a highly conserved FG
sequence and then an amphipathic helix (APH) associated with the inner surface of the
cytoplasmic membrane (Koch et al., 2012; Porcelli et al., 2002). Although TatA is
widely distributed in various species of bacteria and recognised easily according to the
features above, there are still some TatA-like TAT components existing with shorter or
truncated structure at their C-terminus and assigned as TatE. The typical TatE protein
was demonstrated in the genome of E. coli strain MG1655 and it shared all common
features with TatA protein despite its shorter C-terminal (Fig. 4.1 a). The ¢j1176¢ gene
in C. jejuni NCTC 11168 is located between gmk (guanylate kinase) and argS
(arginyl-tRNA synthetase) genes and encodes a TatA homologue that also has all of
these features above (Fig. 4.1 a and b), although no functional studies of this gene have
been reported. However, the gene ¢j0786 was found in the nitrate reductase (nap)
operon (Fig. 4.1 a) and thus might be involved in nitrate reduction. But the sequence
comparisons and secondary structure predictions of the product of the ¢j0786 gene
showed that it also encoded a protein with the appropriately placed helices and the FG
hinge region (Fig. 4.1 b), although it is shorter than Cj1176 (57 compared to 79 aa) due
to truncation at the C-terminus. It is thus more like the E. coli TatE protein. Due to this
finding, the genes ¢j/176¢ and c¢j0786 were designated here as tat4l and tatA2 in C.
Jjejuni strain NCTC 11168.

Furthermore, the bioinformatics analysis of epsilonprobacterial genome sequences
indicated that the tat41 gene was present in all species examined, whereas fat42 was
absent in many species. Due to the unusual location at the distal end of the nap operon,
the tatA2 gene was only present in the related four species: C. jejuni, C. coli, C. lari and
C. upsaliensis (Table 4.2 and Fig. 4.2) but the TatA2 proteins in C. lari and C.
upsaliensis lack the conserved glycine of the FG hinge region (Fig. 4.2).
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Figure 4.1 The identification of tatAl (cj1176c) and tatA2 (cj0786) in C. jejuni
strain NCTC 11168. (a) tatAl (cj1176¢) is located between gmk (guanylate kinase)
and arg$ (arginyl-tRNA synthetase) genes whereas tat4A2 (cj0786) is part of the nap
(nitrate reductase) operon, immediately downstream of a napD homologue (cj0785).
(b) Sequence alignment of TatA/E proteins. TatA and TatE are from Escherichia coli
strain MG1655. TatAY, TatAD and TatAC are from Bacillus subtilis strain 168. The
boxed, highly conserved, region is the “FG” hinge between the transmembrane helix
(TMH) and amphipathic helix (APH). (¢) RT-PCR of tatA1, tatA2 and gyrA (control
housekeeping gene) expression in C. jejuni NCTC 11168, tatAl and tat42 mutant
strains. Primers used for gene specific amplification are listed in section 2.3.6. Agarose

gels of amplicons resulting after the number of PCR cycles indicated are shown.
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Table 4.2 nap operon arrangement and correlation with tatA2 and mfr genes in

selected species of Epsilonproteobacteria.

Strain

C. jejuni NCTC 11168
C. coliRm2228

C. lari RM2100

C. upsaliensis RM3195

Helicobacter hepaticus ATCC
51449

C. fetus fetus 82-40

C. hominis BAA-381

C. concisus 13826

C. curvus 525.92
Arcobacter butzleri RM4018

Sulfurimonas denitrificans
DSM 1251

Wolinella succinogenes

nap operon
napAGHBLDtatAZ2
napAGHBLDtatAZ2
napAGHBLDtatA2*
napAGHBLDtatA2*

napAGHBLD

napAGHBFLD
napAGHDFLD
napAGHBFLD
napAGHBFLD
napAGHBFLD1

napAGHBFL1D23

napAGHBFLD

tatA2 gene?

YES

YES

YES

YES

NO

NO

NO

NO

NO

NO

NO

NO

mfr genes?

HES

NO

NO

NO

NO

NO

NO

YES

BES

NO

NO

YES

BLAST searches with the C. jejuni NCTC 11168 TatA2 were performed on the genomes
shown. Where fat42 genes are present, they are encoded at the distal end of the nap
operons. The tat42* genes encode TatA2 homologues which lack the conserved glycine
residue in the FG hinge region (see Fig. 4.2). The nap operons of A. butzleri and S.

denitrificans have additional genes of unknown function denoted by numbers, as

described by Kern and Simon (2009a).

lari Cla_1012
upsaliensis CUP0475
coli CCo0844

jejuni
jejuni
jejuni

OO0 a00a0n

Figure 4.2 Alignment of TatA2 sequences from selected Campylobacter strains. In C.
jejuni and C. coli, the sequences are highly similar and possess the conserved FG hinge
region (boxed). Note the substitution of the glycine in this motif in the C. lari and C.

jejuni B81-176 CJJ81176_0807
RM1221 CJE0877
IA3902 CJSA 0742
81118 C8J_0737
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upsaliensis sequences. Alignment was performed using Clustal Omega.
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4.2.2 Construction of tatAl, tatA2 and tatAltatA2 mutants in strain
NCTC 11168

The same cloning strategy described in section 3.2.1 was carried out for creating tatA 1l
and tatA2 mutants respectively in strain NCTC 11168. The ¢j/176 gene was replaced by
a kan cassette and the ¢j0786 gene was replaced by a chloramphenicol resistant cassette
(Cat) which was amplified from pAV35 vector (van Vliet et al., 1998) by ISACAT-F
and ISACAT-R primers. Two ISA reactions were performed with necessary fragments
and resulted in pPGEM1176kan and pGEM786Cat plasmids. Then both constructs were
checked by the pGEM3Z{{(-)-specific primer set of 3zf-F and 3zf-R to obtain correct
clones with estimated sizes contributed by each fragment. The electroporated wild-type
NCTC 11168 with two plasmids above were screened on the blood agar plates
supplemented kanamycin or chloramphenicol (30 pg/ml) respectively and the
transformants were confirmed by PCR using the forward primer of the antibiotic
cassettes and the reverse primer of 3’ flanking region. The tatA 1l tatA2" double mutant
strain was constructed by delivering pGEM1176kan vector into tat42" strain and
screened by plates with kanamycin. Then the stable double mutant strain was cultured
in MH-S broth supplemented with kanamycin and chloramphenicol. Their phenotypes
would be also confirmed by the growth curve and the assays of those TAT-dependent
substrates (section 4.2.4 to 4.2.7).

In order to confirm the relationship of gene expression of fat4l and tatA2 in C. jejuni
strain NCTC 11168, reverse-transcriptase PCR (RT-PCR) was carried out with a
housekeeping gene gyrAd as the internal control. The result of RT-PCR of tatA 1, tatA2
and gyrA4 expression in the wild-type and both mutants constructed above is shown in
figure 4.1 c. The DNA gel clearly shows that both tat4 genes were expressed in
wild-type cells and the deletion of either tat4 homologue did not appear to significantly

affect expression of the other.
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Figure 4.3 Verification of tatAl and tatA2 mutant strains of NCTC 11168. (a)
Agarose gel electrophoresis confirmation of tat4/™ mutants. Lane 1 to 3 shows the
colony PCR product (kan + 3’ flanking region of ¢j/176) obtained from fat4I” mutants
with Kan-F and pGEM1176-3R primers. (b) Lane 4 to 6 shows the colony PCR
product (cat + 3’ flanking region of ¢j0786¢) obtained from fat4A2" mutants using
ISACAT-F and pGEMO0786-3R primers; lane M: HyperLadder'™ 1kb molecular

weight marker (Bioline).

4.2.3 Construction of tatA1*" and tatA2*" complemented strains

The complementation of tatA1 and tat42 mutants was carried out by using pCmetK and
pKmetK plasmids (Duncan Gaskin, IFR, UK) where chloramphenicol is the selection
marker of pCmetK and kanamycin is for pKmetK. Both of them share common features
of sequence with pC46 (section 3.2.4). Furthermore, the metK promoter is located
upstream of BsmBI restriction site which is a moderate and constitutive promoter in
gene expression. The Esp31 site allows conservation of the reading frame of the inserted
fragment initiating at the start codon (ATG in most cases) and this strategy is more
specific to fatA2 since its location is just right after ¢j0785 which means they share a
promoter located upstream of napA4 (Fig. 4.1 a) and it is inapplicable to adapt the same
cloning strategy as zsdA"" in strain 81116 (section 3.2.4). The tatd1 (¢j1176¢) and tat42
(cj0786) genes were cloned into pCmetK and pKmetK vector respectively via Esp31
sites on both vectors and PCR amplified fragments (fat41: 1176¢-F and 1176¢-R; tat42:
0786¢-F and 0786¢c-R). Correct transformants were confirmed by colony PCR (Fig. 4.4
b and d) and the recovered phenotype was also confirmed by the growth curve and the

biochemical analysis, described below.

133



(a) B = (b)

BsmBI »
CjO046-F— A%

pCmetkl176
4206 bp

—— - < 385 bp

0786¢-F
(€©)  gemeI | (d)
Ci0046-F. M:4 5 6
pKmetK0786 o .
4289 bp
|| -
[
W <« -320bp
.

Figure 4.4 Constructions of pCmetK1176 and pKmetK0786 plasmids and
verification of tatAl” and tatA2" C. jejuni strains. (a) The map of pCmetK1176. The
tatAl gene (cjl1176¢c) was cloned into pCmetK vector and the gene expression was
regulated by metK promoter. (b) Agarose gel electrophoresis confirmation of the
tatAl/tatAl” strain. Lane 1 and 2: The colony PCR product obtained from tatAl/tatAl”
C. jejuni transformants amplified by 1176¢-F / c¢j0046-F primers. (¢) The map of
pKmetK0786. The tatA2 gene (cj0786) was cloned into pKmetK vector using the same
strategy as that of pCmetK1176. (d) Agarose gel electrophoresis confirmation of the
tatA2/tatA2" strain. Lane 4 to 6: The colony PCR product obtained from tat42/tatA2" C.
Jejuni transformants amplified by 0786¢-F / ¢j0046-F primers. Lane M: HyperLadder™
1kb molecular weight marker (Bioline).
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4.2.4 Growth phenotypes of the tatA mutants under microaerobic and

oxygen-limited conditions

The growth characteristics of wild type NCTC 11168, mutants and complemented

strains under standard microaerobic growth condition is shown in figure 4.5. The tatA1

mutant showed a severe growth defect under an oxygen-dependent environment but the

growth was fully recovered in the complemented strain fatd!™" (Fig. 4.5 a), which

indicated the importance of tat4l in the aerobic growth of C. jejuni. However, the

deletion of fatA2 did not noticeably affect its growth rate or final cell density (Fig. 4.5 b)
but interestingly the tatA41tat42 double mutant grew less well than the fat4 ] mutant (Fig.
4.5 a and b), suggesting a role for tatA2, at least in the absence of TatAl.

Figure 4.6 shows the growth curve of wild type, mutant and their complemented strains
under severely oxygen-limited conditions with either nitrate or TMAO as electron
acceptors. The periplasmic molybdoenzymes nitrate reductase (NapA) and TMAO
reductase (TorA) have previously been shown to be TatC dependent (table 4.1; van
Mourik et al., 2008; Hitchcock et al., 2010) and are the sole reductases for nitrate and
TMAO respectively in strain NCTC 11168. The specific role of TatA2 in nitrate
reduction under oxygen-limited condition attracted more attention since the fat42 gene
is located in the nap gene cluster. In the presence of nitrate, the oxygen-limited growth
of tat4 1 mutant was totally abolished and complementation with the tat41 gene restored
growth to wild-type levels (Fig. 4.6 a). However, the tat42 mutant grew as well as the
wild-type with nitrate as electron acceptor under these conditions. In the presence of
TMAO, the tat4] mutant also showed no growth, but the fat42 mutant displayed a
slightly lower rate than the wild-type, which was restored by complementation (Fig. 4.6
b). Unsurprisingly, there was not any growth observed in the double fat4 /tatA2 mutant
supplemented with either nitrate or TMAO (Fig. 4.6 a and b). None of the strains grew
without any exogenous electron acceptors under oxygen limitation (data not shown).
Thus, the data suggest that TatA2 is not required for the assembly of the periplasmic
nitrate reductase, but that it may have some role in the biogenesis of the TMAO

reductase.
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Figure 4.5 Microaerobic growth curves of wild type, mutant and complemented
strains in 100 ml volumes of MH-S medium in 250 ml conical flasks shaken at 180
r.p.m. in a microaerobic gas atmosphere of 10% (v/v) oxygen, 5% (v/v) carbon
dioxide and 85% (v/v) nitrogen. (a) The tatA1 mutant shows a growth defect, which
could be complemented by integration of the wild-type fatAl gene at the cj0046
pseudogene locus, driven by the metK promoter. (b) The mutation of fat42 did not affect
the growth rate under microaerobic conditions. Nevertheless, a double tatA /tatA2 mutant
grew worse than the tat41 mutant alone, suggesting a physiological role for TatA2, at
least in the absence of TatAl. Data shown is for a single experiment; independent

growth experiments were carried out three times with similar results.
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Figure 4.6 Oxygen-limited growth curves of wild type, mutant and complemented
strains. Cultures of C. jejuni were incubated at 37°C in almost completely filled 500 ml
unshaken conical flasks containing BHI medium supplemented with 20 mM nitrate (a)
or 20mM TMAO (b) as electron acceptors. None of the strains grew without any
electron acceptors under oxygen limitation (data not shown). The data shown are

representative of at least three independent growth experiments.
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4.2.5 Dependence of the assembly of cofactor containing electron

transport enzymes on TatA1l and TatA2

Seven TAT-dependent periplasmic enzymes were chosen to examine their correct
transportations across the cytoplasmic membrane in wild-type, tat41 or tatA2 mutants
and complemented strains. Since the transportations of nitrate reductase, sulphite
oxidase, formate dehydrogenase, multi-copper oxidase, TMAO reductase and fumarate
reductase were affected in a tatC mutant (Hitchcock et al, 2010), they might be also
affected in either fat4l or tatA2 mutants where the TatABC complex was unable to
form without the component of TatA and lead to abolished or aberrant protein

transportation.

In order to measure the correct export of nitrate reductase subunit NapA to the
periplasm, the assay of nitrate-dependent reduced methyl viologen oxidation in intact
cells and periplasmic extracts of the strains above was carried out and the oxidation
rates were compared. Methyl viologen does not readily cross the inner membrane and in
all cases the pattern of activities observed was highly similar in both intact cells (Fig.
4.7 a) and the corresponding periplasmic fractions (Fig. 4.7 b). Mutation of tat41 alone
resulted in the total abolition of nitrate reductase activity, while mutation of tar42
reduced the rate significantly, to about 50% of the wild-type rate. The complemented
strains showed a partial restoration of activity, probably due to lower than optimal gene
expression from the metK promoter. The data above indicates that TatAl plays the
major role in the transportation of NapA, consistent with the growth data above, but

also suggests that TatA2 might play a minor role.
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Figure 4.7 Comparison of nitrate reductase activities in (a) intact cells and (b)
periplasmic fractions of wild-type, tatA mutants and complemented strains. The
nitrate dependent oxidation of reduced methyl viologen (MV) was measured as
described in Materials and Methods. Relevant significant differences in activity are
indicated by *** (P < 0.001) and * (P < 0.05) according to Students t-test. The data

shown are means + SD of three independent experiments.

Also, an examination of the TatA1 or TatA2 dependency of the activity of several other
TAT-dependent cofactor-containing electron transport enzymes in intact cells (TMAO
reductase, formate dehydrogenase and sulphite oxidase) or periplasmic fractions (the

multi-copper oxidase CueO/Cj1516) is shown in Fig. 4.8. For sulphite oxidase (Fig. 4.8
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a), a complete dependency on TatA1 was evidenced by undetectable sulphite respiration
in intact cells of the tat4l and double mutant, but no significant difference between
activities in the wild-type and tat42 strain. A very similar pattern was seen for the
multi-copper oxidase CueO (Fig. 4.8 b). In contrast, a partial dependency on TatA2 was
observed in the case of formate dehydrogenase (Fig. 4.8 ¢), although, like the case with
NapA, mutation of fatA1 alone resulted in undetectable enzyme activity. With TMAO
reductase (Fig. 4.8 d), a significant activity remained in the fat4/ mutant, indicating
continued export of TorA to the periplasm. This could be attributed to TatA2 by the
pattern of activities in the fat42 and double mutant, the latter exhibiting just a very low

residual rate.
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Figure 4.8 The activities of key Tat dependent electron transport enzymes in intact
cells of wild-type, mutant and complemented strains. Assay methods were as
described in Materials and Methods. Relevant significant differences in activity are
indicated by *** (P < 0.001) or ** (P < 0.01) according to Students t-test (ns; no
significant difference). The data shown are means + SD of at least three independent

experiments.
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4.2.6 Export of the periplasmic fumarate reductase subunit MfrA

occurs via either TatA1l or TatA2

Unusually, C. jejuni possesses two fumarate reductases, one acting as a reversible
bi-functional  succinate  dehydrogenase/fumarate  reductase  (Frd) that is
cytoplasmic-facing and non-TAT dependent, while the other (methylmenaquinone
fumarate reductase, Mfr) is a periplasmic-facing enzyme that acts as a unidirectional
fumarate reductase (Guccione et al., 2010). The active site subunit of the latter enzyme,
MfrA, has a twin-arginine signal sequence and its export was shown to be
unequivocally TAT dependent in studies with a fatC mutant (Hitchcock et al., 2010). In
order to investigate weather MfrA translocation to the periplasm requires either
paralogue, an assay measuring fumarate dependent reduced benzyl viologen oxidation
in periplasmic extracts was performed, and the MfrA protein was also directly detected
by the immunoblotting with anti-MfrA polyclonal antibodies. Figure 4.9 a shows that in
marked contrast to the other electron transport enzymes studied above, inactivation of
either tatAl or tat42 individually had no effect on MfrA activity in the periplasm.
However, this activity was abolished in the fatdltatA2 double mutant. The
corresponding immunoblots of the periplasmic fractions (Fig. 4.9 b) show that the MfrA
subunit is indeed translocated in both the single tat4/ and tat42 mutants, while it is
absent in the double mutant. Interestingly, a higher molecular mass form (~66 kD)
corresponding to the size expected of the unprocessed protein is clearly present in the
tatAl periplasm, accompanied by a smear suggesting some degradation, while in the
tatA2 mutant periplasm only the ~63 kDa band corresponding to the mature form is
visible, suggesting normal processing. Complementation with the wild-type tat41 gene
restored normal processing in the fatAl mutant. A similar pattern was seen in total
cell-free extracts, but in the double mutant there was no evidence of the accumulation of
the unprocessed MfrA, indicating that it is degraded in this mutant background (Fig. 4.9
b). Taken together, these data do suggest redundancy between TatA1l and TatA2 for the
translocation of MfrA, but also reveal an unexpected processing defect when the cells

are forced to use TatA2 in the tat4 1 mutant background.
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Figure 4.9 Dual dependence of MfrA translocation on TatAl and TatA2. (a) The
activity of MfrA in periplasmic extracts of the strains are shown (means and standard
deviations of three independent experiments), as measured by the fumarate dependent
oxidation of reduced benzyl viologen. In (b) corresponding immunoblots are shown of
both periplasmic fractions (upper two panels) and cell-free extracts (CFE; lower two
panels), probed with either anti-MfrA or anti-GroEL antibodies. The latter was used as a
control for cytoplasmic contamination of the periplasm. Approximately 5 pg

periplasmic protein and 15 pg CFE protein was loaded in each lane.
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4.2.7 The Tat-dependent but cofactorless enzyme alkaline phosphatase

(PhoX) is translocated exclusively via TatAl

The alkaline phosphatase (PhoX) is a unique case of TAT-dependent enzyme in the
periplasm of C. jejuni because all other enzymes studied in the previous section possess
complex cofactors, which explain their requirement for transport through the TAT
system. Among the TAT substrate proteins in C. jejuni (Table 4.1), the alkaline
phosphatase encoded by ¢j0145 (PhoX; van Mourik et al., 2008) is a hydrolytic enzyme
that only requires calcium ions and no known cofactor is necessary for its
conformational stability and enzyme activity. PhoX may be an example of a TAT
substrate that has folding requirements or kinetics that are incompatible with Sec
translocation (van Mourik et al., 2008). Furthermore, PhoX expression is inducible
under conditions of phosphate limitation (Section 2.2.3; Wosten et al., 2006). The result
of assays for alkaline phosphatase activity in intact cells of wild-type, mutant and
complemented strains is shown in Fig. 4.10. Deletion of tat41 completely abolished
PhoX activity while complementation with the wild type tat41 gene completely restored
it. In contrast, deletion of fat42 did not affect PhoX activity. The data thus indicate a

complete dependence of PhoX translocation on TatAl.
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Figure 4.10 The non-cofactor containing enzyme alkaline phosphatase (PhoX) is
exclusively translocated via TatAl. Rates of hydrolysis of p-nitrophenyl-phosphate
were measured in phosphate limited intact cells without lysis using the assay described
in Methods. The units of activity are normalised to cell density (see van Mourik ef al.,
2008 and Methods). The data shown are means + SD of three independent experiments
(ns; no significant difference)

143



4.3 Discussion

Although the genome size of C. jejuni is relatively smaller than that of other pathogenic
bacteria, it has a highly branched electron transport system including various oxidases
and reductases which offer many possibilities to this bacterium for host adaption (Kelly,
2008). Most redox partners in the electron transport chain locate in the periplasm and
contain specific co-factors for the enzyme activity. Therefore, in order to maintain the
enzyme activity and structural integrity, their transportation across the cytoplasmic
membrane becomes a crucial issue. The TAT system not only can avoid ion competition
during co-factor acquisition when folding but guarantees holoenzyme transportation
(Tottey et al., 2008), which means the enzyme is immediately active in the periplasm.
The TatA protein is considered as the component for the pore forming or membrane
structure weakening activity during the transportation. Two tat4 homologues were
found in C. jejuni, suggesting either different roles in the transportation of different
substrates or that the same substrate can utilise either of them. In fact, rather few
Gram-negative bacteria have been identified which have duplicated fat genes. As in C.
Jjejuni, the commonest situation is the presence of an additional TatA homologue, which
has variably been called TatE or TatA2. In E. coli, tatE is expressed at low levels and
deletion of tatE has no effect on TAT transport or cell viability (Jack et al., 2001). TatE
is C-terminally truncated compared to TatA, but functional studies show that, like TatA,
TatE can translocate substrates of varying size (Baglieri et al., 2012). Interestingly,
biofilms cells express the fatE gene at a higher level than in planktonic cells (Beloin et
al., 2004), hinting at a specialised role under stress conditions. In contrast, in the
denitrifying bacterium Pseudomonas stuzeri a tatE gene is located in the nos gene
cluster, required for nitrous oxide reduction and was shown to be essential for
denitrification (Heikkila et al., 2001), presumably because it is specifically required for
the translocation of the NosA polypeptide to the periplasm. In the Gram-negative
predatory bacterium Bdellovibrio bacteriovorus, tatAl and tatA2 genes have also been
identified and here TatA2 was shown to be essential for both host-dependent and
host-independent growth, while deletion of fatA1 slowed the rates of growth in each
mode (Chang ef al., 2011). The TAT system in this bacterium clearly has a key role in
transporting essential proteins into the prey and the TatA paralogues seem to play

distinct roles in this.
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Overall, all data in this chapter clearly indicates that TatA1 is the most important TatA
paralogue in C. jejuni. The deletion of the cognate gene resulted in severe defects in
microaerobic or oxygen-limited growth. Also, the enzyme activities of many
TAT-dependent substrates were partly/totally abolished in the tatA/ mutant.
Nevertheless, although individual deletion of fat42 did not affect microaerobic growth,
that growth of the double mutant was more severely inhibited compared to the tatAl
single mutant does suggest a role for TatA2 under respiratory conditions with oxygen as
the electron acceptor. The TAT dependency of the Rieske iron-sulphur subunit of the
cytochrome bc; complex is the most likely reason for these growth defects (Bachmann
et al., 2006; Hitchcock et al., 2010) and the data imply TatAl has a dominant but not

exclusive role in its assembly.

Since the fatA1 gene already existed in the genome of C. jejuni strain NCTC 11168, the
tatA2 gene seems redundant in TAT-dependent translocation but the position of tat42
immediately downstream of the characterized nap gene cluster (Pittman et al., 2007; Fig.
4.1 a) initially suggested a specific role in the assembly of the periplasmic nitrate
reductase system. Indeed, RNAseq analysis of the NCTC 11168 transcriptome (Dugar
et al., 2013) has shown that fatA2 is expressed from the primary napA4 promoter along
with all of the bona fide nap genes. However, although a reduction in NapA specific
activity was found in the periplasm of the fat42 mutant, this did not result in a
noticeable growth defect under oxygen-limited conditions with nitrate as electron
acceptor. These data thus suggest that tatA2 is not specifically required for NapA

translocation.

According to the enzyme activities of all TAT-dependent substrates measured with
tatAl or tatA2 mutants in this study, there are three classes of TAT protein substrates
that had differing dependency patterns on TatAl and TatA2. For several enzymes,
including sulphite oxidase (SorA), the multicopper oxidase (CueO) and alkaline
phosphatase (PhoX), complete dependency on TatA1l was observed as their activities in
the tat42 mutant were identical to wild-type cells, while they were abolished in the
tatAl mutant. For nitrate reductase, formate dehydrogenase (FdhA) and TMAO
reductase (TorA), a statistically significant reduction of specific activity in the fat42
mutant was observed, amounting to ~50% in the case of NapA and FdhA, suggesting
that TatA2 could partially substitute for TatAl (Fig. 4.8 and 4.9). Nevertheless, these

activities were still abolished in intact cells of the fat4 1 mutant. This might be explained
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if there was some interaction between TatA1l and TatA2 such that a mixed complex was
optimal for the translocation process. For TMAO reductase, the results were more
complex as significant activity (~30 %) remained in the tat4] mutant cells and the
reduction in activity in the tat42 mutant was less than that observed with NapA and
FdhA. However, in the growth experiments with TMAOQO, no growth was found with the
tatAl mutant and a significant reduction was apparent with the tat42 deletion,

supporting the involvement of both paralogues in TMAO reductase assembly.

Although the TatA2 protein plays a minor or totally irrelevant role in the transportation
of TAT-dependent substrates mentioned above, an intriguing result was found in the
translocation of fumarate reductase (MfrA) in the fat42 mutants. MfrA, containing the
TAT signal peptide and a flavoprotein active site, is a subunit of unusual periplasmic
fumarate reductase consisted of MfrABC. The Mfr enzyme (Juhnke et al., 2009) is
restricted to a limited number of Epsilonproteobacteria and is thought to allow the use
of non-transportable fumarate analogues like mesaconate and crotonate as electron
acceptors as well as more rapid adaptation to fumarate respiration under low
oxygen-conditions (Guccione et al., 2010). The specific rate of fumarate reduction
catalysed by MfrA was similar in periplasmic fractions of both the tatAl and tat42
mutants and only deletion of both genes abolished activity (Fig. 4.9 a), indicating
redundancy of function of the TatA paralogues for the translocation of MfrA. The result
suggests the role of the TatA2 protein could be in MfrA assembly even though the gene
is encoded in the nap operon. However, the immunoblotting showed that unprocessed
MfrA accumulated in the periplasm of the zat4/ mutant while complementation restored
the processing defect to normal. The data imply that the pre-protein form of MfrA can
be translocated without the cleavage of signal peptide through TatA2 since it is the sole
TatA paralogue in the cells. The processing of the signal peptide is considered as the
last step in TAT-dependent translocation and the target protein will be released from the
TatABC complex (Yahr ef al., 2001; Luke et al., 2009). However, in the absence of
TatA1, although TatA2 must be able to form transport-competent TatA2BC complexes,
these complexes do not seem to be functionally equivalent to TatA1BC complexes
and/or do not allow signal peptidase 1 to cleave the MfrA pre-protein. Comparing with
other TAT-dependent substrates in C. jejuni, the signal peptide does not show any
obvious differences in the amino acid composition, which might indicate a distinct

translocation pathway. Furthermore, the presence of the Mfr complex is not correlated
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with the presence of two TatA paralogues; the Mfr-containing C. curvus, C. concisus

and Wolinella succinogenes have only one tatA4 gene (Table 4.2).

Taken together, the result above suggests that the TatA2 is not able to function correctly
in the transport of any of the substrates tested without the participation of TatAl. This
contrasts with for example the E. coli TatE protein which can function independently in
the absence of TatA. Significantly, TatA2 is lacking two functionally important residues:
Phe39 (at the C-terminus of the APH) and GIn8 (at the N-terminus of the TMH; E. coli
numbering, Fig. 4.1 b). Phe39 appears to be absolutely conserved across TatA’s, but in
TatA2 is substituted (non-conservatively) with a glutamate. Position 8 in proteobacteria
is conserved as a charged residue, but in TatA2 this is a phenylalanine. Both GIn8 and
Phe39 have been shown to be required for TatA translocation function (Greene et al.,
2007; Hicks et al., 2003) and are key to the latest membrane thinning model of TatA
pore formation (Rodriguez et al., 2013). In addition, TatA2 has a truncated N-terminus,
which might also have functional implications. Thus, it seems most likely that TatA2
would have to interact with TatAl to form a fully functional complex. If there is
interaction between TatA1l and TatA2, then analysis of single null mutants in each gene
might not give a full picture of their roles and other methods will be necessary to

determine the precise function of each of these proteins in translocation.

4.4 Conclusions

TatA is a major component of twin-arginine translocation system in bacteria. Two TatA
paralogues were found in the genome of C. jejuni strain NCTC 11168, TatAl plays a
major role in the transportation of TAT-dependent substrates for maintaining cell
viability. Its amino acid sequence also shows high similarity to TatA proteins found in
other bacteria which suggests the physiological importance of TatAl in C. jejuni cells.
However, although the deletion of TatA2 does not affect the cell growth under the
microaerobic condition, it still facilitates the translocation of some TAT-dependent
enzymes which reduced alternative electron acceptors in the oxygen-limited growth
(TMAO; Fig 4.6 b) and suggests a minor role in the TAT system. Interestingly, without
TatA1, the fumarate reductase MfrA was still able to be translocated into the periplasm
via the TAT system, where TatA2 was the major component for the pore forming /
structure weakening of cytoplasmic membrane. The retention of the signal peptide of

MfrA in the periplasm also implies that TatA2 itself is insufficient to deal with
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pre-proteins in the TatA2BC complex or maybe the signal peptidase is unable to
recognise TatA2 complexes. Furthermore, a few crucial residues in the amino acid
sequence of TatA2 are not conserved compared to most TatA proteins, suggesting its

supportive role to TatAl.

In short, two issues in the TAT system of C. jejuni are still worthy to be investigated.
Firstly, the actual evidence of the interaction between TatA1 and TatA2 and the forming
of a TatA2BC complex has to be carried out to prove the translocation of MfrA in the
tatA] mutant is achieved by homo-oligomers formed by TatA2, which lacks crucial
residues GIn8 and Phe39. Also, the interactions between the twin-arginine signal
peptide of MfrA and the TatA2BC complex is still unclear. Possibly the dynamic model
of translocation directed by TatA2 is different from that of TatAl since the signal
peptide of MfrA is not processed. There might be other TAT-dependent substrates like
the periplasmic MfrA among different bacteria which are essential for survival and the
“tango” between TatA paralogues will allow more flexibility in the electron transport

chain and maintain cellular viability.
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Chapter 5

Dissection of the function of novel c-type cytochromes in

Campylobacter jejuni

5.1 Introduction

Periplasmic c-type cytochromes play a crucial role in the electron transport chain in C.
Jjejuni under both microaerobic and more oxygen-limited conditions. Most importantly,
they must mediate electron flow from the bc; complex to the terminal ch-type oxidase
or transfer electrons from various substrates via dehydrogenases/oxidoreductases such
as the sulphite oxidase SorAB in strain NCTC 11168 (Myers and Kelly, 2005) or the
aforementioned thiosulphate dehydrogenase TsdA in strain 81116 (Chapter 3). They
also participate in electron transfer to alternative acceptors like nitrate and
TMAO/DMSO. The utilisation of a variety of electron donors and acceptors stimulates
growth and offers this pathogen the ability to better survive under various
environmental conditions; c-type cytochromes are key to this process. According to the
genome sequence of C. jejuni NCTC 11168 (Parkhill ez al., 2000), several candidate
c-type cytochromes of unknown function that are not associated with already known
electron transport pathways can be identified. These contain one or more typical
-CXXCH- haem-binding motifs, and they are encoded by ¢jl/153, ¢j1020c, cj0037c,
cj0158¢c, cj0854c and cjO0874c (see Table 5.1). Most of them harbour only one
-CXXCH- motif, are of low molecular weight (10 to 38 kD) and contain typical
Sec-dependent signal sequences for periplasmic localisation. The exception is ¢j0158c,
which encodes a predicted membrane anchored c-type cytochrome, as it contains a
lipoprotein signal sequence. Cj1153 seems the most likely candidate amongst these
c-type cytochrome that might transfer electrons from the bc; complex to the terminal cb
oxidase under normal microaerobic conditions, because it is most similar to cytochrome
¢ss3 found in the closely related H. pylori and a variety of other bacteria which are
known to carry out this role. Interestingly, Cj1020 shows significant sequence similarity
to Cjl1153. The lipoprotein signal peptide predicted at the N-terminus of Cj0158
suggests it is a periplasmic-facing membrane-bound protein but it is not possible to
predict if it is anchored to the inner or outer membrane. The location of ¢j0854c is
upstream of hemL, which is involved in the biogenesis of the haem molecule.

Two of the proteins in strain NCTC 11168 listed in Table 5.1 each have two —CXXCH-

motifs indicating they are dihaem cytochromes. Cj0874 was already identified in
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Chapter 3 as a pseudogene of ¢jTsdA (c8j 0815) in strain 81116 (section 3.2.2).
Without fusion to the other two peptides encoded by c¢j0873¢ and c¢j0876¢, the
thiosulphate dehydrogenase activity associated with Cj0874 in strain NCTC 11168 is
absent (Chapter 3; data not shown) and tetrathionate reductase activity is also
undetectable in this strain (see Chapter 3). The other putative dihaem cytochrome,
Cj0037, is the homologue of C8j 0040 in strain 81116 (with 99.42% similarity), which
has been demonstrated to possess a very low thiosulphate dehydrogenase activity
(section 3.2.11). However, as no thiosulphate respiration has been found in strain NCTC
11168, this suggests that Cj0037 is unlikely to play a physiological role as a
thiosulphate dehydrogenase.

In this chapter, the corresponding mutants of genes listed in Table 5.1 (with the
exception of ¢j0874c) and the complemented strains will be constructed and the growth
phenotypes will provide the first evidence indicating if those c-type cytochromes are
involved in the ETC of C. jejuni. Also, biochemical analysis and respiratory assays with
different substrates will be carried out to elucidate the role of these candidate
cytochromes. Taken together, the study of c-type cytochromes in this chapter has

provided a more complete and clear picture of the ETC in C. jejuni.

Table 5.1 The candidate cytochromes ¢ of unknown function in C. jejuni NCTC
11168

Number of Putative Mw of
Genes _ Remark
CXXCH domains product (kDa)

cjl153 1 10.84 Homology to many ¢-553 cytochromes

¢j1020c 1 16.26 Some sequence similarity to Cj1153

cj0158¢ 1 15.83 Has a signal sequence with a possible
lipid attachment site

cj0854c 1 13.26 Located upstream of haem biosynthesis
gene (heml)

cj0874c 2 20.70 A pseudogene, which is homologous to
part of ¢§j 0815 in strain 81116

cj0037c 2 38.84 The homologous gene of ¢§j 0040 in
strain 81116
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5.2 Results

5.2.1 Construction of mutants of c-type cytochrome candidates in

strain NCTC 11168

The same general cloning strategy (using ISA) described in section 3.2.1 was carried
out for creating cjl153, ¢j1020c, cj0158c, cj0854c and cj0037c knockout deletion
mutants in strain NCTC 11168, where the ¢j/020c gene was replaced by a
chloramphenicol resistance cassette (caf) and the other genes were replaced by a kan
cassette (van Vliet et al., 1998). Several ISA reactions were performed with primers as
detailed in Materials and Methods and resulted in pGEM1153kan, pGEM1020Cat,
pGEMI158kan, pGEM&854kan and pGEM37kan plasmids. All constructs were PCR
checked by the pGEM3Z{{(-)-specific primer set of 3zf-F and 3zf-R to obtain correct
clones with the expected sizes contributed by each fragment. The plasmids were
electroporated into wild-type NCTC 11168 and transformants were selected on blood
agar plates supplemented kanamycin (50 pg/ml) or chloramphenicol (30 pg/ml) as
appropriate. The correct transformants were confirmed by colony PCR using the
forward primer of the antibiotic cassettes and the reverse primer of 3’ flanking region.
However, the transformants with pGEM854kan seem unable to survive on the plates
with kanamycin (at least 5 attempts with no colonies growing), suggesting that cj0854c
might be essential for C. jejuni NCTC 11168. Its role is still worthy of future
investigation. The phenotypes of the remaining viable mutants will be studied by

growth curves and biochemical analysis.
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Figure 5.1 Verification of cj1153, ¢j1020c, cj0037c and cj0158c mutant strains of
NCTC 11168. (a) Agarose gel electrophoresis confirmation of ¢j//53 mutants, (b)
¢j1020c mutants, (¢) ¢j0037c¢ mutants, (d) ¢j0158¢ mutants. The colony PCR was
performed by using Kan-F / corresponding 3R primers in (a), (¢) and (d); and ISACAT-F
/ pPGEM1020-3R in (b); lane M: HyperLadder™ 1kb molecular weight marker (Bioline).
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5.2.2 Construction of ¢j1153*", ¢j1020c*" and cj0037¢"" strains

The complementation of the ¢j//53 mutant was carried out by using both pC46 and
pCfdxA plasmids (Duncan Gaskin, IFR, UK), where chloramphenicol is the selection
marker. The ¢j/153 gene with its native promoter (an 82 bp upstream fragment) was
cloned into pC46 via the BsmBI restriction site whereas the pCfdxA1153 construct only
carried the coding region of the ¢j/753 gene and uses the fdxA vector promoter which is
strongly inducible by ferric ions when added to the growth media. The ¢j/020c and
¢j0037c genes were cloned into pKmetK (section 4.2.3) and pCfdxA vectors via the
BsmBI site with transcription driven by the metK or fdxA promoters respectively
(Duncan ‘Gaskin, IFR, UK). The resulting plasmids pC1153, pCfdxAl1153,
pKmetK1020 and pCfdxA0037 were electroporated into the corresponding mutants.
The C. jejuni transformants were checked by colony PCR and the orientation-specific
primer sets (fdxA-1153-F, metK-1020-F and fdxA-0037-F are forward primers and
Cj0046-F is the reverse primer). However, due to the fragment with the native promoter
in pC1153, the identification of insert fragments was performed with the primers used
in the fragment amplification (pC46-1153-F and 1153com-R). The transformants with
correct size of fragments (Fig. 5.2 e) were propagated and preserved in 20% glycerol for

further analysis.
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Figure 5.2 Constructions of pC1153, pCfdxA1153, pKmetK1020 and pCfdxA0037
plasmids and verification of corresponding C. jejuni complemented mutant strains.
(a) The map of pC1153. The ¢jl153 gene was cloned into pC46 vector with its native
promoter. (b) The map of pCfdxA1153, where the expression of ¢j/7/53 is regulated by
an inducible promoter fdxA. (¢) The map of pKmetK 1020, where ¢j/020c is downstream
of a constitutive promoter metK. (d) The map of pCfdxA0037. (e) Agarose gel
electrophoresis confirmation of the complemented strains. Lane 1: The colony PCR
product obtained from ¢j//53"" with its native promoter. Lane 2: The fdxA-driven
¢j1153"" complemented strains. Lane 3: The metK-driven ¢j1020c™" strain. Lane 4: The
fdxA-driven ¢j0037¢"" strain. The size of corresponding PCR products are shown as the

number with arrows. Lane M: HyperLadder™ 1kb molecular weight marker (Bioline).

153



5.2.3 Growth phenotypes of the mutants of c-type cytochrome

candidates under microaerobic conditions

Microaerobic growth experiments were carried out under the standard atmospheric
conditions described in section 2.2.4. The growth characteristics of wild type, mutants
and complemented strains are shown in figure 5.3. Both ¢j/753 and ¢j/020c mutants
showed moderate growth defects which could be fully complemented in ¢j/753""
(pC1153) and ¢j1020"" respectively, suggesting a role for ¢j/153 and ¢j1020c in growth
under aerobic conditions. However, the mutation of ¢j0037¢ and ¢j0158¢ did not seem
to affect the microaerobic growth of C. jejuni NCTC 11168, suggesting these two genes
might not be directly involved in aerobic electron transfer or their functions can be

compensated by other c-type cytochromes.

5.2.4 Haem blots and reduced minus oxidized difference spectra of

periplasmic fractions

To obtain a better resolution of low molecular weight periplasmic proteins for haem
blots with the wild-type and different mutants, 12% Tricine-SDS-PAGE was used to
separate periplasmic c-type cytochromes in ¢j/153", ¢jl1020c mutants and their
complemented strains and a 10% gel was used for ¢j0037 and ¢j0037"" strains. The
blots of the wild-type periplasm showed a number of reasonably well-resolved bands
(Fig. 5.4). From a comparison of the coomassie stained gels and the haem blots, it is
clear that Cj1153 is an extremely abundant protein and is clearly absent in the ¢j/753
mutant. However, most surprisingly, it was immediately apparent from the blot that no
haem signals at all of any other c-type cytochromes could be detected in the periplasm
of the ¢j1153 mutant (Fig. 5.4 a) and the major absorption peaks at 553 nm (alpha band)
525 nm (beta band) and 420 nm (Soret band) were absent in the dithionite reduced
minus air-oxidised difference spectra (Fig. 5.4 d). Taken together, it is clear that all
periplasmic soluble c-type cytochromes are absent in this mutant. The pelleted cells of
the ¢j1153 mutant were also a brown colour rather than the pink colour of the wild-type
(not shown). The partial recovery of the haem signals of the periplasmic c-type
cytochromes is apparent in the isogenic ¢j1153™ pC46 complemented strain, which is
based on the expression with the native promoter. However, the recovery is only about
20% according to the magnitude of the two major peaks in the difference spectra (Soret

at ~420 nm and alpha band at ~553 nm) of cytochromes in ¢j/1/ 53" compared to the
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wild-type. The haem signals of other c-type cytochromes on the blot are also not as
obvious as that of Cj1153 (Fig. 5.4 a), suggesting the expression level of Cj1153 is low
in this complemented strain. The expression level of ¢j/020c is apparently naturally low
in C. jejuni NCTC 11168 and the corresponding missing cytochrome c signal is not very

obvious in the ¢j/020c” mutant but still can be visualised by comparison with the

complemented cj/ 020" strain (Fig. 5.4 b).
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Figure 5.3 Microaerobic growth curves of wild type, mutant and complemented
strains. (a) The ¢j/753 mutant shows a growth defect, which could be complemented by
integration of the wild-type ¢j//53 gene with its native promoter at the cj0046
pseudogene locus in pC46 vector. (b) The mutation of ¢j/020c shows a moderate growth
defect which can be complemented by the expression of ¢j/020c driven by the metK
promoter. (¢) The mutation of ¢j0037c and ¢j0158c did not affect the growth rate under
microaerobic conditions. Data shown is for a single experiment; independent growth

experiments were carried out three times with similar results.
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Figure 5.4 Haem blots and reduced minus oxidized difference spectra of
periplasmic fractions. (a) The haem blot of periplasm (20 pg per lane) of ¢j//53 mutant
and the pC1153 complemented strain. (b) The haem blot of ¢j71020c and ¢j! 020", 40 ug
per lane. (¢) The haem blot of ¢j0037¢ and ¢j003 7¢, 60 ug per lane. (d) to (f) The
dithionite reduced minus air oxidised difference spectra of the periplasm (1 mg/ml) of

cj1153, cj1020c and cj0037c and their complemented strains.

The signal corresponding to the expected size of Cj0037 is clearly missing in the haem
blot of the ¢j0037¢” mutant and just detectable again in the complemented strain (Fig.
5.4 ¢). The reduced minus oxidised difference spectra reveal that the expression level is
indeed rather low in the complemented strain even with the highly inducible fdxA
promoter. The complemented strain was double checked by both colony PCR and
sequencing, but more optimal expression might be obtained with its native or a different

promoter.
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5.2.5 The abundance of c-type cytochromes in the complemented

cj1153*" strain with expression from different promoters

In order to optimise the expression of Cj1153 protein in the isogenic ¢j/ 1 53" strain, the
fdxA-based complemented strain was also constructed and the haem blot and reduced
minus oxidised difference spectra were performed to compare the abundance of Cj1153
and other periplasmic c-type cytochromes in the two complemented strains. The haem
blot in figure 5.5 shows the signal from Cj1153 and all periplasmic cytochromes ¢ in
fdxA1153™" is much stronger than that when using pccjl153"", suggesting that the
expression level of ¢j/753 induced by the fdxA promoter is higher than that of its native
promoter. Significantly, the higher expression level of ¢j//53 driven by the fdxA
promoter also directly correlates with the expression or the protein stability of other
c-type cytochromes which are more abundant in fdx47153"" than in the pecjl153""
complemented strain (Fig. 5.5). Also, the difference spectra reveals increased intensities
of peaks at 553 nm, 525 nm and 420 nm; the pCfdxA-7153"" strain shows ~60%
recovery of total cytochromes c to the wild-type while the pccjl153 * strain only retains
~20% of total c-type cytochromes. Thus, only the complemented strain driven by the

fdxA promoter was used in further experiments.
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Figure 5.5 Haem blot and dithionite reduced minus air oxidized difference spectra
of periplasmic fractions in cj1153*" strains with different promoters. (a) The haem
blot of periplasm (20 pg) of wild-type (1), ¢j7153 (2) and ¢jl 153" strains with the
native promoter (3) or fdxA promoter (4). (b) The reduced minus oxidised difference

spectra of the periplasm (1 mg/ml protein) of strains used in the haem blot.
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5.2.6 Growth phenotypes of the cj1153 mutant under oxygen-limited

conditions

The unexpected phenotype of all cytochrome ¢ haem signals being absent in the
periplasm of the ¢j//53 mutant should be accompanied by the loss of functions of some
haem-containing enzymes such as nitrate reductase (Nap) and TMAO reductase (Tor)
where NapB and Cj0265 are c-type cytochrome subunits which transfer electrons to the
active site subunits (NapA and Cj0264 (TorA)) respectively. Oxygen-limited growth
experiments were carried out with 500 ml BHI medium in a 500 ml conical flask with
20 mM sodium formate as additional electron donor and alternative electron acceptors
(fumarate, nitrate or TMAQ) were added to a final concentration of 20 mM. None of
strains were able to survive only with electron donor (Fig. 5.6 a) and all of them show
similar growth rates when incubated with formate and fumarate (Fig. 5.6 b).
Significantly, neither of the two fumarate reductases FrdABC or MfrABE contains any
haem c-binding subunit, but FrdC is a b-type cytochrome, indicating that the pleiotropic
effect of the ¢j//53 mutation is limited to c-type cytochromes. However, the ¢jl153
mutant is clearly unable to utilise nitrate and TMAO as alternative electron acceptors, as
no growth was observed during the incubation (Fig. 5.6 ¢ and d) but the complemented
strain ¢j1153"" shows a similar growth rate to the wild-type with nitrate and only a
slightly decreased growth rate with TMAO, suggesting the recovery of c-type
cytochromes in the ¢j/ 1 53" strain is crucial for the activity of those haem c-containing
enzymes. This result also suggests that the loss of Cj1153 might cause the degradation
of other c-type cytochromes in the periplasm of C. jejuni NCTC 11168, although this

needs confirmation by western blotting with antibodies to the various cytochromes.
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Figure 5.6 Oxygen-limited growth curves of wild type, mutant and complemented
€j1153 strains. Cultures of C. jejuni were incubated at 37°C in almost completely filled
500 ml unshaken conical flasks containing BHI medium with 20 mM formate and
supplemented with 20 mM fumarate (b), nitrate (¢) or 20mM TMAO (d) as electron
acceptors. None of the strains grew without any electron acceptors under oxygen
limitation (a). The data shown are representative of at least three independent growth

experiments.

5.2.7 Oxygen consumption rates with different electron donors in C.
jejuni NCTC 11168, c-type cytochrome mutants and complemented

strains

Several compounds like formate, sulphite and ascorbic acid plus TMPD
(N,N,N',N'-tetramethyl-p-phenylenediamine) were chosen as substrates in the respiration
measurement of wild-type NCTC 11168, c-type cytochrome mutants and their
complemented strains. The electrons from formate oxidation by formate dehydrogenase
(Fdh) will be transferred to oxygen through two electron transfer routes — to the ch-type
terminal oxidase via the quinone pool, bc; complex and periplasmic c-type
cytochrome(s) and also directly to the alternative oxidase (CioAB) from the quinone

pool. However, as discussed in Chapter 1, the electrons from sulphite oxidation by
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sulphite oxidase (SorAB) are thought to bypass the bc; complex and SorAB will
mediate electron flux to oxygen via c-type cytochromes and the ch-type oxidase only.
As a relatively weak reductant, ascorbic acid is able to reduce high potential periplasmic
c-type cytochromes, which will transfer electrons to the cbh oxidase when oxygen is
available, whereas TMPD is an artificial electron donor, which is easily able to be
reduced by ascorbic acid. The ascorbate/TMPD mixture will be oxidised directly by the

cb oxidase and can be used to measure its activity in the membrane.

Interestingly, it was found that the ¢j//53 mutant showed a significantly higher formate
respiration activity than that of the wild-type, while the complemented strain showed a
similar activity to the wild-type (Fig. 5.7 a). As expected, due to the absence of c-type
cytochromes in the periplasm, sulphite respiration activity was totally abolished in
¢jl1153 and recovered in the complemented strain (Fig. 5.7 b). Also, no oxygen
respiration was observed after adding ascorbic acid to ¢j//53" but the rates in the
wild-type and complemented strains were similar (Fig. 5.7 c¢). Again, this is consistent
with the total absence of periplasmic c-type cytochromes in the ¢j//53 mutant. The
activity of the ch-oxidase, as judged by the rates observed with a mixture of ascorbate
and TMPD was still detectable in the ¢j//53 mutant, but at a much lower level
compared to the wild-type. Importantly, the activity was completely recovered in the

complemented strain (Fig. 5.7 ¢).

Both ¢j1020c” and ¢j0037¢ mutants showed decreased formate and sulphite respiration
activities compared to the wild-type (about 50-70% activity of NCTC 11168; Fig. 5.7 a
and b) and these activities recover to the wild-type level in their complemented strains.
The mutation of ¢j/020c did not affect the respiration with ascorbic acid alone or in
combination with TMPD. However, surprisingly the c¢j0037¢ mutant showed no
respiration rate after adding ascorbic acid and the complemented strain showed only ~
20% recovery of activity compared to the wild-type but both of them show similar
respiration to that of the wild-type with ascorbate plus TMPD, suggesting the overall
activity of the cb oxidase (cco module) is not altered with the loss of the Cj0037 protein.
Taken together, these data suggest that Cj0037 itself may play a significant role in

electron transport to the cbh-type terminal oxidase.
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Figure 5.7. The oxygen consumption rate of several substrates in intact cells of
wild-type, mutant and complemented strains. (a) 10 mM formate. (b) 0.5 mM
sulphite. (¢) 1 mM ascorbic acid alone or with 0.25 mM TMPD. Assay methods were as
described in Materials and Methods. Relevant significant differences in activity are
indicated by *** (P < 0.001) or ** (P < 0.01) according to Students t-test (ns; no
significant difference). The data shown are means + SD of at least three independent

experiments.
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5.2.8 The CXXCH histidine residue is crucial for the stability of

Cj1153 and periplasmic c-type cytochromes

The unexpected pleiotropic effect of the mutation of ¢j/753 might be due to an effect of
Cj1153 on the expression or stability of other c-type cytochromes, or perhaps the
Cj1153 protein is directly involved in the biogenesis of c-type cytochromes. The latter
possibility seems unlikely as Cjl1153 itself contains a c-type haem and a typical
CXXCH motif for haem binding. However, it does also possess another histidine in the
C-terminus and we wanted to test the importance of both histidines in the binding of
haem and the stability of the protein by changing these to alanines. The first histidine
residue H33 is located in the haem binding motif -CXXCH-, which is considered to be
essential for the haem-binding activity. The other histidine residue is H95, located at the
C-terminus of Cj1153 (Fig. 5.8). Site-directed point mutations of ¢j//53 were carried
out by the overlapped PCR method described in section 2.3.13 and the fragments with
point mutated H33A and H95A were sequenced (Core Genomic Facility, University of
Sheffield Medical School, UK) and ligated to the pCfdxA plasmid and then were
transformed into ¢j//53  cells. The transformants were PCR screened and the
point-mutated fragments were amplified and sequenced again to confirm that the
histidine residues were replaced to alanines correctly. Haem blots and reduced minus
oxidised difference spectra were performed with the periplasm of wild-type, H33A,
H95A, ¢j1153 and cj]]53+/' strains. From figure 5.8, it is clear that that H33A and
¢j1153 showed the same phenotype of the absence of Cj1153 itself and all other c-type
cytochromes in the periplasm, while the H95A strain shows a decreased level (only
~30% of wild-type; Fig. 5.8 b and c) of periplasmic c-type cytochromes and Cj1153
itself. This suggests, unsurprisingly, that H33A is essential for the haem ligation in the
-CXXCH- motif, but that H95 contributes to the stability of the protein.
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Figure 5.8 Characterisation of c-type cytochromes in point-mutated H33A and H95A strains. (a) The multiple sequence alignment of
Cj1153, H33A and H95A. The haem binding motif is underlined and the replaced residue is marked in red (b) The CBR stain and
haem-blot of the periplasm of wild-type, H33A, H95A, ¢j1153 and ¢j1153"" strains, 20 pg per lane. (c) The reduced minus oxidised
difference spectra of the strains used in the haem blot, the concentration used in measurements is 1 mg/ml.
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5.2.9 The growth phenotype of cb oxidase mutants and the profile of

gene expression in cj1153

The total absence of c-type cytochromes in the periplasm of ¢j//53" should mean that
no electrons can be transferred to the terminal ch-oxidase from the bc; complex,
although the ¢j//53 mutant is still able to survive under microaerobic conditions,
presumably by respiration using the alternative oxidase (CioAB). If this is the case, we
would expect a similar acrobic growth phenotype of a ch-oxidase mutant compared to
the ¢j/153 mutant. Two mutants of the ch-oxidase were constructed in C. jejuni NCTC
11168, these are deletions of ccoN (cj1490c) only and a deletion of the entire ccoNOQP
(cj1490c to ¢jl1487c) operon. CcoN is the catalytic subunit of the ch-oxidase and
mutation of this subunit should result in the loss of oxidase activity (Jackson et al., 2007,
Weingarten et al., 2008). Both ccoN and ccoNOQP mutants indeed showed similar
growth phenotypes to that of ¢j//53" under microaerobic conditions (Fig. 5.9 a), with a

similar reduction in growth rate.
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Figure 5.9 Microaerobic growth curves of wild type, cj1153" and the mutant of
cb-oxidase and the profile of gene expression in ¢cj1153". (a) The ¢j/153, ccoN and
ccoNOQP mutants show similar growth defects to wild type, suggesting both Cj1153
and cbh-oxidase play similar roles in the microaerobic growth of C. jejuni NCTC 11168.
(b) Real-time PCR reveals the expression profile of different genes in ¢j/153". Relevant
significant differences in fold change are indicated by *** (P < 0.001) or ** (P < 0.01)
according to Students t-test (ns; no significant difference). The data shown are means =+

SD of at least three independent experiments.
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However, the fact that ¢j//53 only shows mild growth defects compared to wild-type,
despite having such a large pleiotropic effect on other cytochromes is surprising. We
wanted to test whether there were any gene expression changes in the ¢j//53 mutant
that could explain its phenotype, particularly the down-regulation of other c-type
cytochrome genes or perhaps the up-regulation of the alternative oxidase to enable the
cells to better adapt to respiration without the ch-oxidase, which is important for
microaerobic conditions (Pitcher ef al., 2002). A profile of selected gene expression in
¢j1153 under microaerobic conditions was determined by real-time PCR with
gene-specific primers and the DNA gyrase subunit A as an internal control (Fig. 5.9 b).
The results showed that although the expression of ¢j//53 is totally abolished as
expected, the expression of most other periplasmic c-type cytochromes measured, such
as ¢j1020, sorB and napB is actually not altered in ¢j//53". This important result
strongly argues against a transcriptional effect being the reason for the general absence
of c-type cytochromes in the mutant. An exception was ¢j0037, where the expression
level in ¢jl153 is only about 20% of that of wild-type. Very interestingly, the
expression of both genes of the cyanide-resistant quinol oxidase encoded by cioAB
(cj0081 and cj0082) is upregulated by at least 20-40 fold compared to wild-type. Also,
the expression of pefC encoding for the cytochrome c; subunit of the bc; complex is ten

fold upregulated.

5.2.10 The growth phenotype of c-type cytochrome mutants in a CioAB’
background

The large up-regulation of the genes for the quinol oxidase in the ¢j//53 mutant might
be a compensatory adaptation for growth without the ability to use the ch-oxidase route
in this strain and the major reason why no severe microaerobic growth defect was
observed. It would also consistent with the higher formate respiration activity observed
in the ¢j/153 mutant. Therefore, in order to better study the role of other c-type
cytochromes in the ETC of C. jejuni NCTC 11168, a deletion mutation of the cio4B
genes was made, where the genes were replaced by an apramycin resistance cassette
(apr; Cameron and Gaynor, 2014). This meant that the cioAB::apr deletion plasmid
construct could simply be introduced into the wild-type and each of the previously
constructed mutants and complemented strains. The transformants were screened on
blood agar plates containing apramycin (60 pg ml™') and the correct clones were
confirmed by colony PCR with primers of apr-F and pGEM0082-3R (data not shown).

However, although several attempts were carried out for the construction of
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cioAB'cj1153 double mutants of C. jejuni, no transformants were able to survive on
blood agar plates incubated microaerobically. On the contrary, the mutation of cioAB
could be achieved in the ¢j/153™ complemented strain (cj/153 expressed from the fdxA
promoter), which results in a viable cioAB¢j1153™" double mutant. Its growth
phenotype is similar to the cio4B mutant, which grows almost as well as wild-type (Fig.
5.10 a). These results are in line with the evidence above which suggests that no
electron flow can occur to the ch-oxidase in the ¢j/753 mutant and so it is impossible to
make a double cio4B and ¢j/ 153 mutant strain, except in the complemented background.
However, the mutation of cioAB was possible in the ¢j1020c and ¢j0037c mutants and
their complemented derivatives. The growth phenotype of cioAB ¢cj1020c is similar to
that of ¢j1020c” and cioAB ¢cj0037c¢ shows a mild growth defect compared to cioAB”
(Fig. 5.10 b and c). Both complemented strains of ¢j/020c and ¢j0037¢" in the cioAB

background show a recovered growth rate similar to that of cioAB" alone.

5.2.11 Expression of cj1153 in a CiOAB strain recovers respiration with

different substrates

Although the cioAB™ ¢jl153 mutant is not viable under microaerobic conditions, the
complemented strain cioAB™ c¢jl 153" shows a similar growth rate to wild-type,
suggesting that the expression of ¢j//53 with the inducible promoter fdxA4 is able to
recover electron transfer to the ch-oxidase, allowing growth to occur. However, the
result of real-time PCR experiments showed that the expression level of ¢j/153 is only
about ~40% of that of wild-type in the complemented ¢j1153 * strain (Fig. 5.11 a) but
this expression level is seemingly enough for a good restoration of respiration with
different substrates in the cioAB™ ¢j1153"" mutant of C. jejuni NCTC 11168 (Fig. 5.11 b
to d).
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Figure 5.10 Microaerobic growth curves of wild type, mutants and complemented
strains without the presence of CioAB oxidase. (a) A growth defect is not obvious in
the mutation of cioAB and cioAB¢jl153"" strains, although the double mutant of
cioAB¢cj1153 in C. jejuni NCTC 11168 is not viable. (b) The double mutation of cio4B
and ¢j0037c results in a moderate growth defect compared to cioAB only mutant. The
function of Cj0037¢c can be complemented and the strain of cioAB¢j0037¢"" shows a
similar growth rate to cioAB". (¢) The mutation of ¢j/020c causes a mild growth defect
with the same cio4AB™ background, which can be fully complemented. Data shown is for
a single experiment; independent growth experiments were carried out three times with

similar results.
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Figure 5.11 The expression level of cj1153 in the complemented strain and the
respiration rate of intact cells of CioAB™ and cioAB cj1153"" with different
substrates. (a) The expression of ¢j/153 with the fdxA promoter in ¢j1153"" is about ~
40% of wild-type. (b) In cioAB ¢j1153™" mutant, the formate dehydrogenase activity is
about ~60% and (c¢) the sulphite oxidase activity is ~65% to those of cio4B . (d) No
significant difference in respiration rate of cioAB™ and cioAB¢j1153"" is observed with
ascorbic acid but cioAB¢jl1153" shows ~80% oxygen consumption of cioAB™ with
ascorbate plus TMPD.

5.2.12. Respiration with different substrates in c-type cytochrome

mutants and complemented strains in the cioAB”background

Since the cioAB mutant was introduced into wild-type, all aforementioned mutants (not
including ¢j7153") and complemented strains, the respiration rates with formate,
sulphite and ascorbic acid plus TMPD were measured to further study the roles of
Cj1020 and Cj0037 in the electron transport chain to the cb-oxidase. Without the
CioAB quinol oxidase, the respiration rate of the cioAB™ strain with formate is about
~75% of that of wild-type whereas both cioAB™ ¢j1020c and cioAB™ ¢j0037c strains
showed lower oxygen consumption compared to cio4B itself (Fig. 5.12 a). However,
the ratio of respiration rates of both double mutants to cio4B" alone is similar to that of
¢j1020c and cj0037c with functional CioAB in wild-type cells (Fig. 5.7 a), highlighting
the role of CioAB in formate respiration. Also, the respiration rate is partially recovered

in cioAB ¢j1020c¢™" and fully recovered in cioAB™ cj0037¢"" compared to the level of
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cioAB™ (Fig. 5.12 a). However, the cioAB mutant showed a similar rate to wild-type in
sulphite respiration and the oxygen consumption of double mutants cioAB™ ¢j1020c” and
cioAB™ ¢j0037c is only mildly decreased compared to that of wild-type and cioAB,
which is similar to the ratio of ¢j/020c” and ¢j0037c¢ to wild-type (Fig. 5.7 b). No
respiration with ascorbic acid was observed in the cioABcj0037¢ double mutant (Fig.
5.12 ¢), which is identical to the situation in ¢j0037 (Fig. 5.7 c), nevertheless the
oxygen consumption of cioAB ¢j0037¢™ is still much lower than that of cioAB™ and

wild-type (~20% respiration of both; Fig. 5.12 ¢), which is similar to the ¢j0037"

complemented strain (Fig. 5.7 ¢).
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Figure 5.12 The oxygen consumption rate of different substrates in intact cells of
wild-type, mutant and complemented strains without intact quinol oxidase CioAB.
(a) 10 mM formate. (b) 5 mM sulphite. (¢) 1 mM ascorbic acid alone or with 0.25 mM
TMPD. Assay methods were as described in Materials and Methods. Relevant significant
differences in activity are indicated by *** (P < 0.001) or ** (P < 0.01) according to
Students t-test. The data shown are means + SD of at least three independent

experiments.
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5.2.13 Overexpression and purification of recombinant Cj1153 and
Cj0037 proteins and their ability to act as electron donors to the

cb-oxidase

All the data above suggests that Cj0037 (and probably Cj1020) could be electron donors
to the ch-oxidase, but because of the pleiotropic phenotype of the ¢j//53 mutant, it is
impossible to dissect out whether this is the case also for Cj1153 from mutant studies
alone. We therefore wanted to directly study this with the purified proteins.
Unfortunately, only very low yields of Cj1020 were obtained by heterologous
expression (data not shown) so it was not further studied. For the overexpression of
recombinant Cj1153 and Cj0037 proteins, both genes were amplified from the genomic
DNA of C. jejuni NCTC 11168 and cloned into the pET2la(+) expression vector.
Both constructs were sequenced (Core Genomic Facility, University of Sheffield
Medical School, UK) to check for fidelity and to ensure the presence of an in-frame
6X-His tag at the C-terminus of both recombinant proteins. Then the constructs were
co-transformed with the pEC86 vector (expressing the ccm genes needed for c-type
cytochrome production in E. coli) into E. coli BL21(DE3) and the transformants were
screened on LB plates containing carbenicillin (50 pg/ml) and chloramphenicol (30
pg/ml). The successful clones were amplified to 1 litre culture and grown overnight (16
to 18 hours) without any induction and the cell free extracts were prepared by
sonification. The purification of recombinant proteins was carried out with
nickel-affinity then ion-exchange chromatography and the purity was checked by 12%
SDS-PAGE (Fig. 5.13 a).

The aim was to use ascorbate reduced purified Cj1153 and Cj0037 in respiration
measurements with membrane preparations from the ¢j//53 mutant, taking advantage
of the fact that these membranes would not be contaminated with any residual c-type
cytochromes. In order to first confirm that ascorbate can completely reduce the
recombinant Cj1153 and Cj0037 proteins, the reduced minus oxidised difference spectra
were measured with both recombinant proteins compared to other reductants dithionite
(a few grains) and sodium borohydride (final concentration 1 mM) (Fig. 5.13 b and c).
The reducing power of all reductants is sufficient to reduce these recombinant c-type
cytochromes and two major peaks were observed at ~420 and ~550 nm with overlapped
spectra. No further reduction occurred after addition of ascorbic acid (final

concentration ImM) in combination with dithionite or sodium borohydride.
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Figure 5.13 The reduced minus oxidised difference spectra of recombinant Cj1153
and Cj0037 and their ability to catalyse oxygen consumption with the cj1153
membrane fraction. (a) Purified Cj1153 and Cj0037c proteins, 10 ug per lane. (b) The
reduced minus oxidised difference spectra of Cj1153 and (c) Cj0037c with several
reductants (1mg/ml protein in each case). (d) In vitro respiration assayed by recombinant
Cj1153, Cj0037 and the membrane fraction of ¢j71753". The slope indicates the affinity of
recombinant proteins for the ch-oxidase.
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The assay was carried out with the ¢j//53 membrane fraction with different
concentrations of recombinant Cj1153 and Cj0037 proteins and the oxygen
consumption rate was measured after adding ascorbate. The respiration rate was plotted
against the concentration of recombinant proteins (Fig. 5.13 c). The results did not show
saturation behaviour but rather a linear relationship with different slopes for the two
proteins. The Cj0037 protein showed a steeper slope, suggesting a higher affinity for the
cb-oxidase in the membrane of ¢j//53" compared to Cj1153 itself. Nevertheless, the
data do show clearly that both these cytochromes can act as electron donors to the
cb-oxidase suggesting they may have partially redundant roles in the electron transport

chain of C. jejuni NCTC 11168.

5.2.14 Identification of genes involved in the biogenesis of c-type

cytochromes in C. jejuni NCTC 11168

The pleiotropic phenotype of missing periplasmic c-type cytochromes in the ¢j/153
mutant suggests the mutation of other genes involved in the biogenesis of cytochromes
c in C. jejuni might result in a similar phenotype as ¢j//53". The biogenesis of c-type
cytochromes in C. jejuni is carried out by the Ccs system (System II; Simon and
Hederstedt, 2011) which is comprised of several components such as CcsBA
(cytochrome ¢ synthase), DsbD and ResA (discussed in Chapter 1). The genome
sequence revealed several homologues of enzymes in the Ccs system in C. jejuni NCTC
11168 (Parkhill et al., 2000), including ¢jl013c (ccsBA), cj0603c (dsbD), cji1207c,
¢j1664 and ¢j1665 (possible resA like genes). Also regulators like Cj1000 (Dufour et al.,
2013), which affects respiration and RacRS, which is a two-component regulator
involved in heat shock response, motility and the utilisation of fumarate (Apel et al.,
2012; van der Stel et al., 2014) might affect the synthesis of c-type cytochromes. The
mutation of those genes was carried out with the ISA method and the correct clones in
C. jejuni NCTC 11168 were checked by colony PCR with the forward primer of
antibiotic cassette and the reverse primer of 3’ flanking region. No colonies were
retrieved from the ¢j/013c mutagenesis, suggesting the homologue of ccsBA is essential
for survival. The haem blots of periplasm of ¢j1664", cj1665", cj1664°¢cj1665", cj1000,
racR’, racS and racRS strains showed a similar haem ¢ pattern to the wild-type
whereas less intensive bands were found in the periplasm of ¢j0603¢™ and ¢j1207¢ (Fig.
5.14 a) and the intensity of the two major peaks at 553 and 420 nm were much less than
that of wild-type in the reduced minus oxidised difference spectra (Fig. 5.14 c¢), which

correlated to their mild growth defect under microaerobic conditions (Fig. 5.14 b). On
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the contrary, no growth defect was observed in the ¢j1664, cj1665 and cjl1664cj1665
and racRS (data not shown) mutants (Fig. 5.14 e) and the spectra of ¢j1664, cj1665,
¢j1664cj1665 and wild-type were almost overlapped, suggesting that these genes are not

involved in the biogenesis of c-type cytochromes in C. jejuni.
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Figure 5.14 The haem blot, microaerobic growth curve and dithionite reduced
minus air oxidised difference spectra of mutants involved in the Ccs system of C.
jejuni NCTC 11168. (a) The haem blot of the periplasm (20 pg per lane) of wild-type
and mutants. (b) and (d) The microaerobic growth curve of wild-type, dsbD™ (cj0603c"),
¢j1207c, cj1664°, cj1665 and c¢j1664°¢cj1665 . (c) and (e) The difference spectra of the
periplasm (1 mg/ml) of wild-type, dsbD", cj1207c", cj1664", cj1665 and cj1664 cj1665".
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5.2.15 Does Cj1153 form a complex with other cytochromes?
Expression of His-tagged Cj1153 in the cj1153" mutant, BN-PAGE and

periplasmic pull-down assays

The role of Cj1153 in the biogenesis of periplasmic c-type cytochromes is still unclear
but given the lack of evidence for a large effect on c-type cytochrome gene expression,
we hypothesised that there might be essential interactions between Cjl1153 and other
c-type cytochromes that is crucial for their stability and that there might be a
“supercomplex” of c-type cytochromes in the periplasm of C. jejuni, which is unable to
be formed in the absence of Cj1153. To examine this hypothesis, a pull down assay was
carried out with His-tagged Cj1153 protein in C. jejuni via expression induced by the
fdxA promoter. A DNA fragment with 5X His at the 3" end of ¢j/153 was amplified by
fdxA-1153-F and 1153com-5XHis-R primers and cloned into the pCfdxA vector via a
Esp3I restriction site (Gaskin, IFR, UK). The construct of pCfdxA1153His with correct
orientation was sequenced (Core Genomic Facility, University of Sheffield Medical
School, UK) and transformed into the ¢j//53 mutant. The successful complemented
strain was designated ¢j/1/ 53""_His. The periplasm was prepared freshly then incubated
with different volumes of nickel beads at 4 °C for 1 hour and then a haem blot was
carried out with the set of supernatants and imidazole eluents from the different
volumes of nickel beads. A clear haem ¢ signal of Cjl1153 was observed in the
imidazole eluent with different volumes of beads (Fig. 5.15 a, lanes E), which correlated
with the massive signal in the periplasm of ¢j11/53"-His (Fig. 5.15 a, lane P). However,
no other abundant haem c signal was found above the size of Cj1153 in any eluent,
suggesting that there was no other c-type cytochrome co-precipitating with Cj1153 in
the presence of nickel beads. Moreover, all of the other periplasmic c-type cytochromes
were still retained in the supernatants from after the incubation with the beads, with
profiles very similar to the periplasm without beads added (Fig. 5.15 a, lanes SN

compared to lane P).

As another approach to detect complex formation, 2-dimensional BN-PAGE
fractionation was performed with the periplasm of C. jejuni NCTC 11168, in which
native BN-PAGE and Tricine-SDS-PAGE were used to separate proteins in the first and
second dimension respectively. The aim here was to resolve potential cytochrome
containing complexes in the first dimension and then separate the individual proteins in
the second and use haem blotting to look for an association with Cj1153. No obvious

haem c signals caused by the formation of any supercomplex were found in the blot of
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the second dimension gel and most of the signals were close to that of Cj1153 which
showed a massive band in the bottom right corner of the gel. Taken together, although
an interaction might exist between the Cjl1153 protein and other periplasmic
cytochromes c, no direct evidence can be found in several experiments and further work

will be required to solve this enigma.
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Figure 5.15 The pull down assay of the periplasm of cj1153+/ -His and BN-PAGE of
the periplasm of strain NCTC 11168. (a) The haem blot of the periplasm of
¢j1153""-His, eluent and supernatants in the pull down assay. P, periplasm of
¢j1153""-His, 40 pg per lane; E, imidazole eluent; and SN, supernatants after binding.
(b) The periplasm of wild-type was separated by two dimensional BN-PAGE and haem
blotted. The loading for the first dimension is 80 pg per lane, run on a native (no SDS)
BN-PAGE gel strip. This was then cut out and applied to a second dimension Tricine
SDS-PAGE gel with staining by coomassie blue. The corresponding haem blot is shown
below. The Cj1153 signal is bottom right around 10 kDa.
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5.3 Discussion

Several genes encoding c-type cytochromes in C. jejuni NCTC 11168 were identified
and corresponding knockout mutants were constructed successfully via homologous
recombination, where the target gene was replaced by an antibiotic resistance cassette.
The mutation of ¢j/153 and ¢j1020c resulted in mild growth defects that were fully
recovered in their complemented strains with the native promoter (¢j/153) or the metK
promoter (cj1020c). No growth defect was observed in either ¢j0037c or cj0158c
mutants, giving no clues as to their physiological relevance. One important issue
concerns the possible redundancy of these cytochromes and it would be advantageous in
future work to construct double or triple mutants in different combinations, although
this would not be possible with Cj1153 (see below). However, the ¢j0854c mutant
was unviable and thus the gene might be essential for C. jejuni. Due to the similarity
(33%) of amino acid composition between Cj1153 and cytochrome css3 in H. pylori
(Koyanagi et al., 2000), Cj1153 was initially considered likely as the major c-type
cytochrome which mediates electron flux between the bc; complex and terminal ch-type
oxidase, as has been shown to occur in H. pylori. Both C. jejuni and H. pylori have
similar genome size (1.6 Mbp) and only four c-type cytochromes are encoded in H.
pylori, where three of them comprise a typical ETC (not including cytochrome css;;
Koyanagi et al., 2000), suggesting a significant role of the cytochrome c¢ss3 homologue
Cjl1153 in C. jejuni, which from this study seems to be by far the most abundant c-type
cytochrome in the periplasm. Although Cj1020 in full-length shows a low similarity
(8%), it still shares some sequence features with Cj1153 and might possibly be involved
in electron transfer to the cb oxidase. Due to the anticipated difficulty of analysing and
expressing recombinant membrane-bound Cj0158 in E. coli, this gene was not further

pursued in this study.

All periplasmic c-type cytochromes in this study harbour Sec-dependent signal peptides
at their N-terminus and their actual molecular weights in the periplasm are 9.5 kD
(Gj1153), 15.1 kD (Cj1020) and 38.1 kD (Cj0037), as calculated by SignalP 4.1
(http://www.cbs.dtu.dk/services/SignalP/). A dramatic and very unexpected phenotype
in the periplasm of the ¢j//53 mutant was the total loss of all haem ¢ signals on both
haem blots and in the difference spectra (Fig. 5.4), indicating that Cj1153 might
participate in the biogenesis/maturation of the periplasmic c-type cytochromes in C.

Jjejuni and/or their stabilities might be affected by the expression level of ¢j/153 (Fig.
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5.5 b). This is further discussed below. On the contrary, the expression level of ¢j1020c
1s much lower than ¢j//53 with a faint band observed about ~15 kD in the double
amount (40 pg) of periplasm of wild-type and ¢j1020™" strain (Fig. 5.4 b). Furthermore,
the growth curve of the ¢j/020c complemented strain driven by the inducible fdxA
promoter is similar to the ¢j/020" mutant, possibly suggesting a higher expression level
of ¢j1020c may lead to an inhibitory effect on growth. Taken together, the expression of
¢j1020c seems tightly controlled in C. jejuni although its role in the ETC could be
redundant with Cj1153. The expression level of ¢j0037c is also lower than ¢j/153 and
the strong signal of Cj0037 seen in the haem blot is probably due to the three fold
loading of periplasm (60 pg) compared to that needed to detect Cjl1153 without
overloading (20 pg; Fig. 5.4 a). However, even though the gene is driven by the strong
fdxA promoter in ¢j0037"", the protein expression level in this strain was still very low,
which is reflected in the haem blot and the difference spectra (Fig. 5.4 ¢ and f) and the
expression level could perhaps be optimised using the native promoter, as was the case
with ¢jtsdA™ discussed in chapter 3. Nevertheless, the low expression level in the
¢j0037c complemented strain still supports the recovered growth phenotype and enzyme

activities (Fig. 5.7 and 5.10).

The lack of growth of the ¢j/ 753 mutant under oxygen-limited conditions on nitrate and
TMAO but not fumarate is clearly a consequence of the pleiotropic loss of the haem
signals in the mutant, as the NapB subunit of nitrate reductase (Pittman et al., 2007) and
the Cj0265 subunit of the TMAO reductase (Sellars et al., 2002) are dihaem and
monohaem c-type cytochromes respectively. The higher expression level of Cj1153 in
the ¢j1153"" strain driven by the fdxA4 promoter gave good restoration of growth and the
data suggest that Cj1153 is not only important in the ETC of C. jejuni for microaerobic
growth but also essential for oxygen-limited growth because of its pleiotropic effect on

those cytochromes involved in the utilisation of alternative electron acceptors.

From the difference spectra obtained with the purified protein, Cj1153 seems to be a
typical c-type cytochrome with an alpha band at 553 nm. Thus, the histidine in the
-CXXCH- motif would be expected to be essential for haem binding and the loss of
haem will likely lead to protein degradation. However, in the case of Cjl1153, the
substitution of His33 was found to lead to the loss/instability of all periplasmic c-type
cytochromes, which is the same phenotype observed in the ¢j/153" deletion mutant.

Surprisingly, the haem blot of H95A shows lower levels of Cj1153 and also some loss
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of other cytochromes, similar to that seen with ¢j/153"", suggesting His95 also
contributes to the stability of Cj1153 itself and all other periplasmic c-type cytochromes.
Taken together, the results of the null mutagenesis, complementation and point mutation
of Cj1153 reveals that its expression level in the periplasm directly affects the level or
stability of all other cytochromes c¢. Given this correlation, we did consider the
possibility that the histidine residues in Cj1153 are somehow possible haem donors to
other c-type cytochromes, but this seems highly unlikely given the presence of a typical
type II cytochrome ¢ biogenesis system (discussed below) and the paradox that Cj1153
would have to obtain its haem from elsewhere. An alternative and more likely
explanation is that as the most abundant periplasmic c-type cytochrome, Cj1153 is
essential for the stability of the less abundant species and perhaps forms a
“supercomplex” with other cytochromes to keep structural integrity or for electron
transfer kinetic reasons. This idea would be consistent with the lack of change in gene
expression of at least some of these cytochromes in the ¢j//53 mutant (i.e the
phenotype is not mediated at the transcriptional level), but we did not find any positive
evidence for complex formation by pull-down or 2D-gel analysis (discussed further

below).

The pleiotropic effect caused by the mutation of ¢j/753 most likely results in the
degradation of all periplasmic c-type cytochromes and the electron transfer pathway
from the bc; complex to ch-type oxidase will therefore be interrupted, which means no
electrons can be directed to the CcoNOQP module in microaerobic growth. However,
unlike the conclusion of previous studies (Jackson et al., 2007; Weingarten et al., 2008),
the successful mutation of ccoN alone or the whole ccoNOQP module in C. jejuni
NCTC 11168 in this study resulted in viable mutants. The similar growth defect in
¢j1153 and ccoNOQP  mutants suggests that the c-type cytochromes are as important as
cb oxidase in energy conservation in C. jejuni under microaerobic conditions. Also,
without the presence of c-type cytochromes or ch oxidase, electron flow to oxygen from
the quinone pool will be directly diverted to the cyanide-resistant quinone oxidase
CioAB. In order to maintain the growth rate under microaerobic conditions, the
upregulated expression of cioA and cioB in the ¢jl153" mutant observed in this study
might be a mechanism to compensate the loss of the more efficient ch-oxidase route
(which has 3 coupling sites). This may also explain the higher formate respiration seen
in ¢j1153 than in the wild-type, if all electrons are routed to CioAB, although the

up-regulation of fdhABCD cannot be ruled out (this was not measured). The mechanism

178



of the up-regulation of cioAB in the ¢jl/53 mutant is unknown. No obvious
down-regulation of gene expression of other c-type cytochromes is observed in the
¢j1153 mutant, suggesting Cj1153 shows a post-translational effect on periplasmic
cytochromes c instead of altering their transcriptional levels. Further RT-PCR evidence
to support this (Fig. 5.11), suggests that a moderate level of ¢j//53 expression in the
complemented strain is sufficient for the recovery of enzyme activities. However, a
totally different phenotype was found in the periplasm of Paracoccus denitrificans,
where the knockout of cytochromes csso, ¢ss2 and bc; solely and in various combinations
resulted in the increased expression of other types of cytochromes ¢ (Otten et al., 2001)
and their regulation is more like a parallel relationship which compensates the loss of
other c-type cytochromes instead of a hierarchy regulatory mode dominated by Cj1153

in C. jejuni.

The mutation of cioAB results in electron flux only being possible from electron donors
to the cb-type oxidase during oxygen-dependent microaerobic growth of C. jejuni and
this explains why the cioAB™ ¢jl1153" double mutant is unable to survive under the
atmospheric conditions used for growth (containing 5% O;). We did not test whether it
was possible to recover colonies on media containing fumarate, which might allow
growth by fumarate respiration. The phenotype of the cioAB™ single mutant is similar to
that reported in a previous study, in which no major growth defect is distinguishable by
optical density measurements (Jackson et al., 2007). Mild aerobic growth defects were
found in the corresponding mutants of ¢j/020c and ¢j0037c in the cioAB™ background,
which were reversed in the complemented strains. In particular, unlike the situation with
intact CioAB, the ¢j0037c¢ cioAB™ double mutant showed a more severe growth defect
than ¢j1020c cioAB™ under microaerobic conditions, thus revealing a possible role of
Cj0037 in oxygen-dependent electron transfer in C. jejuni. As might be expected,
formate oxidation rates were slightly lower in the cioAB mutant than wild-type but
sulphite oxidation rates were the same, consistent with the evidence that electrons
derived from sulphite enter the respiratory chain after the bc; complex (Myers and Kelly,
2005) and will be transferred directly to cytochromes c¢. Thus, due to the absence of all
periplasmic c-type cytochromes, no sulphite respiration rate can be measured in ¢j/153
(Fig. 5.7 b) and a reduced rate was observed in ¢j/020c and ¢j0037c” mutants whether
CioAB is present or not (Fig. 5.7 b and Fig. 5.12 b). No respiration with ascorbate alone
could be observed in ¢j/153 or ¢j0037¢ in the cioAB" background, which is explained
by the ¢j1153 dependent absence of all periplasmic c-type cytochromes, which will
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include Cj0037. The reason why mutation of ¢j0037c¢ alone leads to an abolished
respiration with ascorbate is unknown but no pleiotropic effect on other periplasmic
cytochromes c is apparent in the ¢j0037c¢ mutant (Fig. 5.2 ¢). However, due to the low
expression level of ¢j0037¢ driven by the fdxA promoter in ¢j0037" (Fig. 5.2 ¢ and f),
its oxygen consumption rate with ascorbate is still much lower than wild-type and a
better expression level might be obtained with the native promoter, which should be

further investigated.

The recombinant his-tagged Cj1153 and Cj0037 were successfully expressed in E. coli
with the accessory Ccm system in the pEC86 vector, but the expression level of
expression of Cj1020 was extremely low. The faint haem c signal of purified his-tagged
Cj1020 could be seen on an X-ray film in haem blots but no band was found with the
corresponding molecular weight in a CBR-stained gel, although the sensitivity of the
CBR stain may be too low to visualise the Cj1020 protein. The low expression of
Cj1020 in E. coli might be due to (i) the overexpression of Cj1020 is unfavourable for
cell growth since the expression is tightly controlled in C. jejuni and the periplasmic
protein level is relatively lower than other c-type cytochromes in this study; or (ii) C.
jejuni adopts the Ccs system for c-type cytochrome synthesis and the expression of
recombinant cytochromes ¢ such as Cj1153 and Cj0037 in E. coli is still possible with
the ccm genes in the pEC86 vector, suggesting both biogenesis systems Ccm and Ccs
might tolerate the different mechanisms and be partially interchangeable for the
expression of these c-type cytochromes, but this is not the case for Cj1020. The
interaction of the two purified cytochromes with the ch-oxidase was studied in
membrane preparations, which showed that both Cj0037 and Cj1153 could act as
electron donors for this oxidase. Interestingly, the ascorbate reduced recombinant
Cj0037 promoted a higher respiration rate than Cj1153 with the membrane fraction of
the ¢j/153" mutant. However, neither cytochrome showed typical Michaelis-Menten
saturation behaviour in the steady state kinetics measurements. Significantly, this is
similar to the data obtained with purified cbbs-type oxidase from Vibrio cholerae
interacting with recombinant cytochrome ¢4 or ¢s (Chang et al., 2010). These authors
proposed that oxidised c-type cytochrome affects the oxidase activity and that both V.
and Ky increase as the concentration of oxidised cytochrome c increases in the reaction.
Thus, it was suggested that oxidised c-type cytochromes have a strong effect on the
activity between cb-oxidase and reduced cytochromes ¢ and the presence of a relatively

small amount of oxidised cytochromes ¢ will result in an increasing Ky. If the Ky is too
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large, it is impossible to obtain an accurate curve fitting to Michaelis—Menten kinetics.
Another factor for Cj0037 is the presence of two haem molecules that may be in a
different redox state which, as for the Vibrio dihaem cytochrome ¢4, will complicate the
true values for either Viyax or Kyv (Chang ef al., 2010). The apparent higher affinity of
Cj0037 for the cb oxidase might partially explain the respiration data of the ¢j0037
mutant with ascorbate, where the expression of ¢j/153 is not affected by the mutation of
¢j0037c. Cj0037 seems to contribute most of the oxygen consumption with ascorbate
and Cj1153 might also be involved. In the periplasm of the ¢j0037 mutant, perhaps the
concentration of Cj1153 is not high enough to compensate for the rate contributed by
Cj0037 with ascorbate. In vitro, the actual oxygen consumption might be lower since
the assay was carried out with ¢j//53" membranes and purified recombinant proteins.
Nevertheless, it is clear that reduced Cj1153 itself does contribute to respiration with the
cb-oxidase. It seems that Cj1153 is one of the most important c-type cytochromes in C.
jejuni NCTC 11168, and it has a dual role in the ETC: as an electron transfer enzyme

and in regulating the stability of all other periplasmic cytochromes c.

Still another possibility should be addressed here; the absence of Cj1153 might lead to
the degradation of all c-type cytochromes, which could include the cyt-c components
CcoP and CcoO of the cb oxidase. This would result in the severe reduction or abolition
of the function of this oxidase and the measured respiration rate with recombinant
Cj0037 and Cj1153 using the membrane fraction of the ¢j//53 mutant might therefore
be due to the oxidation caused by the bd-type quinol oxidase in the membrane (Yang et
al., 2008). The bd-type quinol oxidase is known to be able to oxidise ascorbate reduced
TMPD in E. coli and a similar situation may occur here. Thus, further respiratory
studies should be carried out with recombinant Cj0037 and Cj1153 respectively with the
membrane fraction of the cio4AB mutant to confirm the origin of the respiration observed

here.

Finally, the biogenesis of c-type cytochromes in C. jejuni was investigated, partly
inspired by the unexpected ¢j/753 phenotype. This depends on the Ccs system and
several homologous genes, which might be involved in this system, have been identified.
Although the mutation of ccsBA (cjl1013c) is apparently lethal, the mutants of
homologues of dsbD, resA and the two regulator ¢j/000 and racRS are still viable,
suggesting not only the presence of another dsbD homologue(s) in C. jejuni but the
redundancy of all resA genes (cj1207c, cj1664 and c¢j1665) investigated in this study.

181



None of the possible regulators investigated seem to be involved in the biogenesis of
c-type cytochromes in C. jejuni, although Cj1000 has been proposed to be involved in
the regulation of several genes involved in both oxidative stress and the ETC, such as
ahpC, katA, nrfA and Sor4 (Dufour et al., 2013), but the haem blots performed here
clearly show a similar haem c¢ pattern to wild-type. Also, although the racRS
two-component regulator is involved in the regulation of several physiological activities
relating to nitrate, fumarate and aspartate metabolism in C. jejuni, the expression of
periplasmic c-type cytochrome is not affected in the corresponding mutants. Taken
together, the expression of c-type cytochromes in C. jejuni is likely to be controlled
only by the Ccs biogenesis system and the possibility that Cj1153, which has a unique
systemic effect on all periplasmic c-type cytochromes, might be a novel Ccs component,
seems less likely compared to its more probable role in mediating essential interactions
between the periplasmic cytochrome network. However, perhaps due to the limitation of
the simple analytical techniques used here, no ‘“supercomplex” formation could be
proved by the pull-down assay or two-dimensional PAGE, but several other methods
such as cross-linking, gel filtration or ultracentrifugation still can be tried to detect such

complexes in the periplasm.

5.4 Conclusions

Cytochromes c play a crucial role in the electron transport chain of C. jejuni, which
mediates the main electron flux from the bc; complex to the ch-type terminal oxidise in
microaerobic growth. Also, they transfer electrons directly from electron donors like
sulphite and gluconate to the cb oxidase by accepting electrons from the corresponding
oxidase or dehydrogenase, which bypasses the bc; complex. Several c-type cytochromes
were identified as possible candidates involved in the ETC of C. jejuni NCTC 11168
and the periplasmic proteins Cj1153, Cj1020c and Cj0037 might be the major electron
transfer enzymes. Although the mutation of c¢j0854c was not possible under
microaerobic conditions and no growth defect was observed in the ¢j0/58¢ mutant, both
of them might still be significant for some physiological activities. The mutation of
¢jl1153 and ¢j1020c leads to a growth defect in the corresponding mutants under
microaerobic conditions but not with the ¢j0037c mutant. The physiological role of
¢j1020c and ¢j0037c in C. jejuni has been elucidated by respiration studies with formate
and sulphite where both mutants showed lower oxygen consumption rates to wild-type.

However, the ¢j0037¢ mutant showed an unusual phenotype as no oxygen consumption
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was observed when incubated with ascorbate. The expression level of these three genes
can be reflected by the haem blot where Cj1153 shows the most intensive haem c¢ signal
among all periplasmic c-type cytochromes while signals of Cj1020 and Cj0037 are far
less obvious. The very low expression level of ¢j/020c in C. jejuni might explain the
difficulty of expressing recombinant Cj1020 in E. coli, although the haem ¢ signal is
still detectable.

The haem blot revealed that Cj1153 is the most abundant c-type cytochrome in the
periplasm of C. jejuni and this might correlate to its physiological activity in
microaerobic growth. Cj1153 has been demonstrated as an electron transfer enzyme in
the ETC; however, the pleiotropic effect caused by the mutation of ¢j/153 suggests that
it might be involved in the biogenesis or stability of periplasmic c-type cytochromes.
This hypothesis is also supported by the anaerobic growth of ¢j//53 and the
complemented strain with several alternative electron acceptors. The expression of
¢j1153 driven by different promoters indeed affects the intensity of haem ¢ signals in
the periplasm of complemented strains. However, in the ¢j//53 mutant, the
transcription level of most c-type cytochromes is not altered, suggesting that
post-translational interactions might occur between Cjl1153 and other c-type
cytochromes in the periplasm of C. jejuni. Interestingly, the expression of
cyanide-resistant quinone oxidase encoded by cio4B is 20 fold upregulated in ¢jl153"
and this explains not only the mild growth defect of ¢j//53" under microaerobic
conditions but higher respiration rate to wild-type incubated with formate. No oxygen
consumption occurs when ¢j/153" cells are incubated with sulphite or ascorbate and the
latter result is similar to that with ¢j0037c¢ cells but in ¢j/153 the Cj0037 protein might
be unstable / degraded without the presence of Cj1153. The significance of Cj1153 in
the ETC of C. jejuni is equal to that of the terminal cb-type oxidase because both
¢jl1153 and ccoNOQP" showed similar growth rate under microaerobic conditions and

all electrons are diverted to CioAB in both cases.

Both recombinant reduced Cj1153 and Cj0037 are able to be oxidised by the membrane
fraction of ¢j7153 but the rate with Cj1153 is only about ~20% to that of Cj0037. This
phenomenon might be sufficient to explain the zero respiration rate of ¢j0037 incubated
with ascorbate. A series of mutants of homologous genes involved in the c-type
cytochrome biogenesis Ccs system and two regulators was carried out in C. jejuni

NCTC 11168 but none of mutants showed a similar periplasmic phenotype to ¢j/153",
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although the mutation of ¢j0603c (dsbD) and a ¢jI1207c (one of resA homologues)
resulted in a mild decrease of all haem ¢ signals in the periplasm, which correlates to
their growth defect under microaerobic conditions. The absence of cytochromes c
caused by the mutation of ¢j/153 suggests that Cj1153 is likely to from a complex with
other c-type cytochromes; however, no direct evidence for protein-protein interactions
was obtained so far. This topic is still worthy to be investigated since there is still no
clear answer for the dramatic phonotype in the ¢j//53 mutant. Also, due to the
abundance of Cj1153 in the periplasm and its regulatory effect on all periplasmic c-type
cytochromes, a dilemma should be addressed here: it is impossible to measure an
accurate oxygen consumption rate with only one kind of c-type cytochrome in the
periplasm because the mutation of ¢j/7/53 or any double mutant will lead to the absence
of all periplasmic c-type cytochromes, including the target and this makes dissection of
cytochrome redundancy and specificity very difficult to assess. Finally, all Cj1153,
Cj1020 and Cj0037 are involved in the electron transferring from the bc; complex or
other electron donors to the terminal cb type oxidase and they might play parallel roles

in the ETC of C. jejuni. The possible model is shown in Fig. 1.5.
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Chapter 6 General conclusions

The electron transport chain in C. jejuni is highly branched, which allows flexibility in
energy conservation and supports growth under microaerobic and near-anaerobic
conditions, especially in the oxygen-limited environment of the human or avian
intestine. At the start of this study, several reductases had already been identified to
support oxygen-limited growth of C. jejuni via respiration with alternative electron
acceptors to oxygen, such as nitrate, nitrite, fumarate and S- and N-oxides (Pittman et
al., 2005; Pittman et al., 2007; Guccione et al., 2010; Sellars et al., 2002). Recently,,
tetrathionate, a less studied alternative electron acceptor has been identified as being
formed in the human intestine, which supports Salmonella enterica serotype
Typhimurium (S. Typhimurium) to outgrow the microbiota during inflammation, in
which reactive oxygen species react with endogenous thiosulphate to form tetrathionate
(Winter et al., 2010). In this study, a novel bi-functional enzyme TsdA has been
identified in C. jejuni 81116 with both thiosulphate dehydrogenase and tetrathionate
reductase activities, which is totally distinct from the Ttr type enzyme in Sal/monella.
We believe that TsdA might be important for growth of C. jejuni in the human gut that
directly associates to its pathogenicity. An important recent conceptual advance in
bacterial pathogenesis has been the demonstration that enteric pathogens can utilise host
responses to outgrow the intestinal microbiota (Stecher et al., 2007; Lupp et al., 2007).
Under anaerobic conditions, microbes compete for high-energy resources that are
available for fermentation, but fermentation end products cannot be further utilized. By
reducing tetrathionate, C. jejuni might be able to use fermentation end products which
generate a new respiratory electron acceptor as byproduct of the host inflammatory
response and this not only changes the composition of the microbiota in the anaerobic
environment of the gut, but also provides this pathogen a substantial selective advantage.
Some C. jejuni strains like 81116 (Pearson et al., 2007) or M1 (Friis et al., 2010)
harbour an active TsdA (C8j_0815) enzyme that catalyses the reduction of tetrathionate
to thiosulfate in the presence of additional electron donors like formate while truncated
tsdA genes are found in the isolates NCTC 11168 (Parkhill ef al., 2000), RM1221
(Fouts et al., 2005) and 81-176 (Hofreuter et al., 2006); however, the presence of TsdA
might correlate to the pathogenicity of C. jejuni. Further animal infection studies are
required to clarify if tetrathionate respiration in C. jejuni provides a similar benefit for
the colonization process as described for S. Typhimurium. On the contrary, thiosulphate

dehydrogenase activity of TsdA might contribute to microaerobic survival of C. jejuni
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in the open environment, which is similar to the chemotrophic A/lochromatium vinosum
that harbours a tsd4 homologue with a dominant activity in thiosulphate oxidation.
Furthermore, unlike the three-component molybdoenzyme TtrABC characterized from
S. Typhimurium (Hinojosa-Leon ef al., 1986; Hensel et al., 1999) and the octahaem Otr
enzyme found in Shewanella (Mowat et al., 2004), the structure of the monomeric
di-haem TsdA in C. jejuni is much simpler. Thus, the catalytic mechanism of CjTsdA in
tetrathionate reduction and thiosulphate oxidation is worthy to be further investigated
and is currently being pursued by electrochemical techniques (collaboration of D. Kelly,
C. Dahl and J. Butt). The discovery of a totally novel type of tetrathionate reductase will
lead to a new insights in bacterial sulphur metabolism since tsd4 homologues are

widely distributed among different bacteria.

Many of the periplasmic enzymes involved in the electron transport chain of C. jejuni
are transported across the cytoplasmic membrane via the TAT system (Hitchcock et al.,
2010). Although a compact TAT complex comprised by TatAl, TatB and TatC
(encoded by c¢jl176¢c, cj0579c and cj0578c respectively) was already known to be
present in C. jejuni NCTC 11168, a TatA homologue encoded by ¢j0786 located in the
nap operon has here been shown to have typical structural features similar to TatA1 and
was named TatA2. The mutation of tat42 partially affects the translocation of some
TAT-dependent substrates such as nitrate reductase, formate dehydrogenase and TMAO
reductase involved in the ETC but other TAT-dependent substrates assayed in this study
still function normally whereas the mutation of TatAl resulted in complete loss of
enzyme activities of most TAT-dependent substrates (not including TMAO reductase
and Mfr fumarate reductase), suggesting enzyme degradation occurs in the cytoplasm.
However, in the fat4 1 mutant an unusual phenomenon was observed where MfrA could
be detected in the periplasm, suggesting a role of TatA2 in the transportation of Mfr.
Indeed, several TatA2 homologues are found in different bacteria, which are involved in
distinct physiological characteristics such as tolerance of salinity, biofilm forming and
denitrification (van der Ploeg et al., 2011; Beloin et al., 2004; Heikkila et al., 2001) and
TatA2 might be associated with other phenotypes in C. jejuni since it shows an atypical
translocation of fumarate reductase. Furthermore, unprocessed MfrA was observed in
the tatAl mutant indicates the translocation was carried out by TatA2 without the
cleavage of the TAT signal peptide. Thus, in order to confirm the role of TatA2 in the
TAT-dependent translocation, a point mutation of RR to XR, RX or XX (where X can

be alanine or lysine) in the twin-arginine motif of MfrA is likely to prove whether
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TatA2 is able to transport TAT-dependent substrates without signal peptide recognition,
which should occur with TatC (or TatBC complex). In addition, TatA2 is able to
transport MfrA possibly due to the uniqueness of the signal peptide at its N-terminus
and this hypothesis can be examined by swapping the signal peptide of MfrA to other
TAT-dependent substrates like sulphite oxidase SorA, where enzyme activity is
measurable in the periplasm. Taken together, the precise relationship between the TAT
signal peptide and the translocation occurring with TatA2 assistance still remains to be
elucidated in the future. Since TatA2 lacks two crucial residues Gin8 and Phe39 which
have been shown to be required for TatA translocation function or in the membrane
weakening model (Greene et al., 2007; Rodriguez et al., 2013), TatA2 seems to have an
accessory role which interacts with TatA1. However, TatA2 still possibly forms a TAT
complex with TatBC. Thus, to characterise the protein-protein interactions between
TatA1l and TatA2, several approaches such as chemical cross-linking, yeast two-hybrid,
fluorescence resonant energy transfer (FRET), and co-immunoprecipitation can be
carried out. Moreover, the existence of TatA2BC complex can be proved by protein
purification in a gentle way (like gel filtration) with Western blotting using anti-TatA2
antibodies. Although structural studies will reveal more direct evidence, expression and
purification of recombinant membrane proteins TatB and TatC is difficult. In short, not
only the recognition of the signal peptide but formation of translocating units is
important for transportation of TAT-dependent substrates and both mechanisms in C.

Jjejuni are still unclear.

Several genes encoding periplasmic c-type cytochromes have been identified in this
study, which mediate electrons flux from the bc; complex or electron donors like
sulphite to the terminal ch-type oxidase in microaerobic growth of C. jejuni. However,
Cjl1153 is not only involved in the electron transfer pathway but regulates the
biogenesis/ maturation or maintains the stability of other c-type cytochromes, including
Cj1020 and Cj0037. Although these three c-type cytochromes are able to mediate
electron transfer in C. jejuni, the mutation of ¢j//53 will lead to degradation of all other
cytochromes ¢ and electrons in the menaquinone pool will be diverted to quinol oxidase
CioAB, which is different to the situations in several bacteria, such as P. denitrificans,
Neisseria gonorrhoea and Neisseria meningitidis (Otten et al., 2001; Li et al., 2010;
Deeudom et al., 2008) where several cytochromes are present in the periplasm and a
loss of function in any can be compensated by other cytochromes in the corresponding

mutant, suggesting a parallel relationship in electron transfer. Due to the pleiotropic
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effect caused by the mutation of ¢j//53, it seems unlikely the similar parallel
relationship existing among Cj1020, Cj0037 and Cj0158 and the low expression level of
Cj1020 and Cj0037 further restricts analysis. However, haem blots are still a very direct
way to show the abundance of c-type cytochromes in the periplasm and the low
expression level might be solved by concentrating periplasmic fractions before
analysing by tricine-PAGE (not including membrane-bound Cj0158). The surprising
phenotype of the ¢j/753 mutant is unexpected and the amino acid composition and the
simple structure of Cjl1153 suggests that it is unlikely to function as a chaperone
maintaining the correct folding or as a haem lyase for other periplasmic c-type
cytochromes. Future analytical tools such as global proteomics can be introduced to see
how many proteins are affected in the mutant, which may help to resolve the basis of
the phenotype. Instead of conventional BN-PAGE, isoelectric focusing (IEF) might
result in better separation of several supercomplexes in the periplasm. Furthermore,
although the up-regulation of cio4AB was observed in the ¢j/ 153 mutant, the mechanism
is still unclear and ¢j/153 might directly or indirectly affect the gene expression of
cioAB. For this reason, a transcriptomics approach such as microarray analysis will give
a more complete profile of gene expression in the absence of ¢j/153. The enigma in the
¢j1153 mutant remains until both transcriptomics and proteomics studies are fully
accomplished. Unlike the mutation of ¢j/ 153 with diverted electron flux to CioAB, both
cj0854c and ccsBA mutants are unable to survive under microaerobic conditions,
although the reason is still unknown. Cj0854 is a soluble c-type cytochrome in the
periplasm, which shows a ~40% similarity to the subunit III of cytochrome ¢ oxidase in
H. pylori and ccsBA (cj1013c) is involved in the biogenesis of c-type cytochromes in C.
jejuni. However, due to the lethal phenotype of the ccsBA mutant, ¢j/013c might also
regulate the expression of other (essential) genes. CcsBA might be a potential target for
drug design, which could slow down the spreading of this common pathogen among

poultry and indirectly reduce campylobacteriosis in humans.
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Appendix I Media and Buffer

Media used in this study

LB (Luria-Bertani) broth

LB powder (Melford) 20 g

Dissolved in 1 litre of dH,0 and autoclaved

LB agar

LB powder (Melford) 88
Micro agar (Melford)

Dissolved in 400 ml of dH,0 and autoclaved

Columbia blood agar base

Columbia blood agar powder (Oxoid) 156 g

Dissolved in 400 ml of dH,0 and autoclaved

Muller-Hinton (MH) broth

MH powder (Oxoid) 2.1
L-Serine (Sigma) 021 g

(o]

Dissolved in 100 ml of dH,0 and autoclaved

Brain-Heart Infusion (BHI) broth

BHI powder (Oxoid) 185 g

Dissolved in 500 ml of dH,0 and autoclaved

MH agar

MH agar powder (Oxoid) 152 g

Dissolved in 400 ml of dH,0 and autoclaved

dyT

Tryptone (Oxoid) 16 g
Yeast extract (Oxoid) lg
NacCl 05 ¢g

Dissolved in 100 ml of ddH,0 and autoclaved

NZCYM broth

NZCYM powder (Amresco) 23 g

Dissolved in 1 litre of dH,0 and autoclaved
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DMEM basal medium

Phosphate-free DMEM medium (Gibco)

L-serine 20 mM
HEPES 25 mM
KH,PO4 1.6 mM for growth or 0.08 mM for AP
induction

L-serine and KH2PO4 are suitable for autoclaving and HEPES is filter sterilised

Buffers used in this study

10X TAE buffer

Tris base 484 g
EDTA, disodium salt 37 g
Glacial acetic acid 11.4 ml

Dissolved in 800 ml dH,0, filled to 1 litre with dH,0 and diluted to 1X

6X DNA loading buffer

Bromophenol blue 25 mg
Xylene cyanol FF 25 mg
Glycerol 3.3 ml

Dissolved in 3.3 ml glycerol, filled to 10 ml with ddH,0

5 x ISA buffer

1M Tris-HCI, pH 7.5 (VWR) 3 mi
2M MgCl, (BDH) 150 pl
100 mM dGTP (Promega) 60 ul
100 mM dCTP (Promega) 60 ul
100 mM dTTP (Promega) 60 ul
100 mM dATP (Promega) 60 ul
1M DTT (Melford) 300 ul
PEG-8000 (BDH) 15 g
100 mM NAD (Sigma) 300 ul

Filled to 6 ml with ddH,0 and aliquoted into 40 pl
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RF1 buffer

KCI 0.745 g
MnCl, - 4H,0 098 g
Potassium acetate 0.29 g
CaCl, - 2H,0 0.246 g
Glycerol 15 g
Adjust pH to 5.8 with diluted acetic acid and filled to 100ml with ddH,0,

filter sterilised

RF2 buffer

MOPS 50 mg
KCl 15 mg
CaCl, - 2H,0 220 mg
Glycerol 38
Adjust pH to 6.8 with diluted NaOH and filled to 20ml with ddH-0,

filter sterilized

Washing buffer for competent C. jejuni cells

Sucrose 45 g
Glycerol 758
Dissolved in 35 ml dH,0 and filled to 50 ml with dH,0, autoclaved

1M Tris-HCl, pH 8.0

Tris base 12.11 g
Adjust pH to 8.0 with HCl and filled to 50ml with ddH,0, autoclaved

100 mM EDTA

EDTA, disodium salt 372 g
Adjust pH to 8.0 with HCl and filled to 100ml with ddH,0, autoclaved

STE buffer

40% sucrose solution 10 ml
1M Tris-HCI, pH 8.0 0.6 ml
100 mM EDTA 0.2 ml
Filled to 20 ml with ddH,O0, filter sterilized

10 mM Tris-HCl, pH 8.0

Tris base 0.61 g

Adjust pH to 8.0 with HCl and filled to 500ml with ddH,0, autoclaved
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20 mM Tris-HCI, pH 8.0

Tris base 122 g

Adjust pH to 8.0 with HCl and filled to 500ml with ddH,0, autoclaved

20 (25) mM phosphate buffer, pH 7.4

0.5 M Na;HPO4 77.4 ml
1 M NaH,PO,4 11.3 ml

Filled to 500 ml with ddH,0 than diluted 5X (4X) with ddH,0 to make final
concentration of 20 (25) mM

Lowry assay, solution A

Sodium carbonate 20 g
Sodium hydroxide 4 g
Sodium tartrate 16 g
SDS 10 g

Dissolved in 1 litre of ddH,0, warmed slightly to dissolved SDS

Lowry assay, solution B

CuSO4 - 5H,0 04 g

Dissolved in 10 ml of ddH,0

Lowry assay, solution C

Solution A 100 ml
Solution B 1 ml

4X reduced sample buffer of SDS-PAGE

Glycerol 4 ml
B-mercaptoethanol 0.5 ml
1M Tris-HCl, pH 6.8 2.4 ml
SDS 08 g
Bromophenol blue 4 mg

Filled to 10 ml with ddH,0

4X non-reduced sample buffer of Tricine-PAGE

Glycerol 2 ml
1M Tris-HCI, pH 8.0 1.24 ml
SDS 0.46 g
Bromophenol blue 4 mg

Filled to 10 ml with ddH,0
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50% acrylamide/bis solution

Acrylamide 48 g
Bisacrylamide 15 ¢g
Dissolved in 100 ml of ddH,O0, filter sterilized
Stock solution of SDS-PAGE
Stock solution Chemicals Conc.(M) Weight per 100 ml (g)
Buffer A Acrylamide/Bis-acrylamide, 30% solution (29: 1)
Tris base 1.5 18.2
Buffer B TEMED 0.4 ml
pH 8.8
Tris base 0.5 6.06
Buffer C TEMED 0.5 ml
pH 6.8
Stock solution of BN-PAGE (first dimension)
Stock solution Chemicals Conc % Weight per 500 ml (g)
Anode buffer (1X) Imidazole 25 mM 0.85
pH 7.0 by HCI
Tricine 50 mM 4.48
Cathode buffer (1X) Imidazole 7.5 0.26
CBG 0.02 0.1
pH ~7.0
Imidazole 75 mM 0.51 per 100 ml
Gel buffer (3x) 6—Am|nohexan0|c 15M 19.68 g per 100 ml
acid
pH 7.0 by HClI
SDS running buffer 10X
Tris base 303 g
Glycine 144 g
SDS 10 g

Filled to 1 litre with ddH,0
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Stock solution of Tricine-PAGE

Stock solution Chemicals | Conc.(M) % Weight per 100 ml (g)
Tris base 1 12.11
Anode buffer (10 x) HCI 0.225 3.75
pH 8.90
Tris base 1 12.11
Cathode buffer (10 x) Tricine 1 17.92
SDS 1 1.00
pH ~8.25
Tris base 3 36.34
Gel buffer (3x) HCI 1 16.67
SDS 0.3 0.30
pH 8.45
CBR stain
CBR (Brilliant R) 1g
Methanol 250 ml
Acetic acid 50 ml
Dissolve CBR powder in 250 ml ddH,0 then add 250 ml methanol and 50 ml acetic
acid
Destain
Methanol 300 ml
Acetic acid 100 ml
Pour methanol and acetic acid in ddH,0 and filled to 1 litre
Transfer buffer
Tris base 303 g
Glycine 144 ¢g

Adjust pH to 8.3 with HCl and filled to 900ml with ddH,0 then add 100 ml of

methanol to make final concentration of 10%

10 x PBS

NaCl 80 g
Na,HPO, 11.5 g
KH,PO,4 2 g
KCl 2g

Adjusted pH to 7.4 with HCl and filled to 1 litre with ddH,0
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Binding buffer (1 litre)

20 mM phosphate buffer, pH 7.4

0.5 M NacCl 2922 g
Filled to 1 litre with 20 mM phosphate buffer

Washing buffer (1 litre)

20 mM phosphate buffer, pH 7.4

0.5 M NacCl 2922 g
20 mM Imidazole 136 g

Adjust pH to 7.4 with diluted HCl and filled to 1 litre with 20 mM phosphate buffer

Elution buffer (1 litre)

20 mM phosphate buffer, pH 7.4

0.5 M NacCl 29.22 g
500 mM Imidazole 341 g

Adjust pH to 7.4 with HCl and filled to 1 litre with 20 mM phosphate buffer

Buffer W (100 ml)

100 mM Tris 121 g
150 mM NacCl 0.88 g
1 mM EDTA-2Na 0.037 g

Adjust pH to 8.0 with HCl and filled to 100 ml with ddH,0

Buffer E (100 ml)

100 mM Tris 1.21
150 mM NacCl 0.88
1 mM EDTA-2Na 0.037
2.5 mM desthiobiotin 0.054

oo 0a 0a 09

Adjust pH to 8.0 with HCl and filled to 100 ml with ddH,0

Buffer R (100 ml)

100 mM Tris 1.21
150 mM NaCl 0.88
1 mM EDTA-2Na 0.037
2-(4-Hydroxyphenylazo)benzoic acid (HABA) 0.024

a 0a O0u OQ

Adjust pH to 8.0 with HCl and filled to 100 ml with ddH,0
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50 mM Tris-HCI, pH 8.0 (1 litre)

Tris base (Fisher) 6.06 g
Adjust pH to 8.0 with HCl and filled to 1 litre with ddH,0, autoclaved

1 x PBS

NaCl (Fisher) 8 g
Na,HPQy (Fisher) 1.15 g
KH,POy, (Fisher) 02 g
KCI (BDH) 02 g
Adjust pH to 7.4 with HCl and filled to 1 litre with ddH,0, autoclaved

Gelatin-NET

Gelatin 125 ¢g
NaCl 438 g
EDTA-2Na 09 g
Tris 3.03 g
Tween-20 0.25 ml
Adjust pH to 8.0 with HCl and filled to 500 ml with ddH-O, autoclaved

PBST

Tween-20 0.25 ml
Adjust the volume to 500 ml by PBS

Urea-PBST

Urea 180.2 g
Adjust the volume to 500 ml by PBST

ECI buffer

Bovine serum albumin (BSA) lg
Polyvinylpyrrolidone (PVP) Mw 40000 10 g
Dissolve both in PBST and adjust the volume to 500 ml, autoclaved

100 mM ammonium acetate, pH 5

ammonium acetate 3.85 g

Dissolved in 500 ml ddH,0 and pH adjusted to 5 by acetic acid
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2% titanium (l11) citrate oxygen scavenger solution

Potassium citrate 4.86g

12% titanium chloride solution 9.38 ml

Dissolve potassium citrate in 48.75 ml ddH,0 then sparge the solution by
oxygen-free argon for 10 mins then add 9.38 ml titanium chloride solution and
adjust pH to 7 by saturated potassium carbonate solution, sparge the solution by
argon for another 30 mins

100 mM Tris-HCl, pH 7.5

Tris base 121 g

Dissolved in 100 ml ddH,0 and adjust pH to 7.5 by HCI

25 mM ammonium acetate, pH 5.5 (or 5.7 for Phenoloxidase assay)

ammonium acetate 0.97 g

Dissolved in 500 ml ddH,0 and pH adjusted to 5.5 (or 5.7) by acetic acid

Fe(NOs)s solution for thiosulphate and tetrathionate assays

Fe(N03)3- 9H,0 30 g
65% HNO3 34 ml

Dissolve Fe(NOs)s * 9H,0 in HNOs then filled ddH,0 to 100 ml
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