The
University
Of
Sheffield.

Biogenesis of the outer membrane of

Campylobacter jejuni

A thesis submitted in part fulfilment for the degree of
Doctor of Philosophy.
Department of Molecular Biology andBiotechnology,
The University of Sheffield.

Shadi A. Zakali
MSc. The University of Leeds

September 2013



Summary

The foodborne pathoge@ampylobacter jejunhas a complex outer membrane (OM) that
acts as the primary interface with the host and has diverse functions in cell adhesion,
interaction with host immune system, cell signalling and as a barrier against antimicrobial
compounds.The periplasmic translodeon and OM assemblynechanismof the OM
proteins (OMPs) is not completely understood, but depends on periplasmic chaperones.
This studywas focused on thpathway of OMPs biogenesis in the periplasnCofejuni

The function of two periplasmic protein€j1289 and Cj0694 that are proposed to have a
chaperone role irC. jejuni NCTC 11168 was investigated based on phenotypic and
biochemical evidence. Th€j1289 and Cj0694 dependency @MPs is shown by the
defective growth and reduced membrane integrityinsgjaantimicrobial peptides and
detergents in the absence of these proteins. Evidence that Cj1289 and Cj0694 play a
periplasmic chaperone role @ jejuniwas suggested by an akdrabundance dMPs in
thecj0694andcj1289null mutants. Proteomianalysis of OM and periplasmic preparations
wasusedto identify client proteins.

Biochemical characterisation of Cj0694 based on sequence similarity to PpiD, an inner
membraneanchored protein iEscherichia colthat ha peptydytprolyl cis/transisomerase
(PPlase) function, revealed thatirified recombinan€j0694 is an active PPlases shown

by a significant Cj0694dependent acceleration of the refolding rate of ribonuclease T
Also, Cj0694 was found to be an active holdgg® chaperone that can inhilgitotein
aggregation, indicating that it has a more general role in the periplasm for both periplasmic
and OMPs, consistent with previous findings of PpiD. Attempts to obtain @p$t@]0694

for structure determinatiomwere not successful. However, clogj overproduction and
purification using different expression systeare reported and will baseful for future

studies.

Lipid asymmetry in the OMf Gramnegative bacteriancreass its barrier function and is
known to be maintained by the Mla systérhe role ofthe Mla wasshownby the defective
growth and reduced membrane integrity mmfa null mutants under stress conditions.
Moreover, loss of membrane integrity was suggested by significant reduction in biofilm
formation and increased motility imé absence of Mla proteins. These results provide a
clearer understanding of the nature of the periplasmic mechanism involved in OM

biogenesis and maintenance of its integrity and barrier function.
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1 Introduction
1.1 Taxonomy and general microbiology o€ampylobacter jejuni

Campylobacter jejunis a member of the familampylobacteraceaehich belongs to

t h eprotébbacteria, which includes the genetampylobacter Arcobacter and
Sulfurospirillum Typically, these genera are Gramagative bacteria which require
microaerobic conditions to grow, an optimum growth temperature 6f 3D °C, and

have a low G+C content (2947 mol%) (Selbald and Véron, 19%3Campylobacter

and Arcobacter occur as commensals or parasites in human and domestic animals
whereas Sulfurospirillum appears as freeliving environmental organisms.
CampylobacteandArcobactercells have a respiratory and chemoorganotrophic type of
metabolism. They acquire energy from amino acids or tricarboxylic acid (TCA) cycle
intermediates, rather than carbohydrates, which are neither fermented nor oxidised.
Biochemically, they reduce fumate to succinate, do not react with methyl red, and
produce acetoin and indo{®ebruyneet al, 200§. Members belonging to the family
Campylobacteraceadave the following characteristics. Cells are spiral baaitli
curved, Sshaped, of 0.5 5 um long and 0.2 0.8 um wide. They are nespore
forming cells with a typical scredike motility generated from a single polar flagellum

at one or both ends of the c@éDebruyneet d., 2009. The NCTC 11168 strain used
first in the C. jejuni genome sequencin(Parkhill et al, 2000 possesses different
characteristics of the originél. jejuniisolates(Figure 1.1) Its motility is less than the
original isolate due to loss of spiral shaf@&aynoret al, 2004. WhenC. jejuni is
cultured several daya vitro, cells undergo morphological alteration from spiral rods to
coccoid shape. This morphological alteration occurs in the stationary phase and
characterised by loss of culturabilifi<elly, 2001). Although these forms of cells are

not culturable, they can be viab({®ode et al, 1993 Rollins and Colwell, 1986
Shahamatt al, 1993. However, evidence for the ability of these cells to return to
normal spiral shape is still weak. Alternatively, it has been shown that the formation of
this coccoid form of cells is eesult of a degenerative process resulting from stress

damaggHarvey and Leach, 19%8

Up to date, there are 17 species belonging to the g€augpylobacte which are

mainly commensals in animals and poultry but may be pathogenic to humans
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(Debruyneet al, 2008. Among these specie€;. jejuni and C. coli are the most
important human enteropathogens so Tarey onlydiffer by their ability to hydrolyse
hippurate, where&. coliis unable to do so. Nevertheless, hippuragativeC. jejuni
subsp.jejuni have also been reported, making it difficult to distinguish the two species
(Debruyneet al, 2009. Alternatively, genotypic methods have been developed to
differentiate between the two subspediésnseret al, 2005 Mandrell et al, 2005
Nayaket al, 2005 Sailset al, 200J).

Figure 1.1 C. jejuni different morphologies. A) The originalC. jejuni11168 clinical
isolate with spiral shapeB) The reference strain NCTC 11168 used in genome
sequencing project with loss of spiral shape. Both strains were stained with negative
stain and bars represent 1 um. picture from Gaghat, 2004.



1.2 Genomt analysis ofCampylobacter jejunstrains

The complete genome sequenc&€ampylobacter jejunivas first published in 2000 by
Parkhill et al and has then been-amnotated and ranalysed by Gundogdet al in

2007, and since that time, numerous biological and chemical mechanisms have been
understood. The published genome sequené& @djunistrain NCTC 11168, which is
considered as wiltype strain in most research Gf jejuni shows a relatively small
genome. ltconsists of a circular chromosome 4f641,481 base pairs (bp) with a low
G+C content (30.6 %), and it has 1,643 predicted coding sequences (CDSs) in which at
least 20 represents qslogenes, as well as 54 stable RNA spe@iRakhill et al,

2000. The average gene length is approximately 948 bp which represents adigaica

of bacterial gene. However, when considering the size dCilejunichromosome and

the number of its CDSs in which 94.3 % of the genome codes for proteins, this makes it
the most condensed bacterial genome sequence so far. Interestingly, tine géao

jejuni NCTC 11168 consists of hypervariable sequences. These are short
homopolymeric runs of nucleotides usually involved in genes encoding the biosynthesis
or modification of surface structures, or in closely linked genes of unknown function.
Thehigh rate of variation of these homopolymerics can be of importance in the survival
of C. jejuni(Parkhill et al, 200Q. Gene organisation into operons/clusters is uncommon

in C. jejuniNCTC 11168 strain and there is no repetition in DNA sequences. Among
the entire genome, there are only four repeated sequences, tivkielofire copies of
ribosomal DNA operons and three duplicates or replicates of GP&khill et al,

2000.

In addition toC. jejuniNCTC 11168 straijother strains have been sequenced including
RM1221 (Foutset al, 2003, 81-176 (Hofreuteret al, 2006, 81116(Pearsoret al,
2007 and CG848gPolyet al, 2007. C. jejuni81-176 is highly used in research and is
considered as a highly pathogenic str@iofreuteret al, 2009. It was first isolated
from a patient in an outbreak of campylobacterigsisfreuteret al, 2006 Korlath et

al., 1985. It possesss high levels of invasion to tissue culture cells which is directly
proportional to virulencdHu and Kopecko, 199%elschlaegeret al, 1993. The
genome sequence 6f jejuni81-176 consists of 1,594,651 bip contains additional 35
genes that arabsentin the 11168eferencestrain. Examples of these genmsludea

dimethyl sulphoxide reductaseytochromec, two homologues of # succinate efflux



protein DcuC.a glycerot3-phosphate transporter (@), and g-glutamyltranspeptidase
(ggt). (Gundogduet al, 2007 Hofreuteret al, 2009. In contrast51 genes of NCTC
11168 strain are absent in-816, including those foan L-fucose permease and
putative periplasmic/lipoproteingHofreuter et al, 2006) In addition to the
chromosome(. jejuni 81-176 strain carries two extra resident plasmids, namely pVir

and pTet which have been known as virulence fa¢BRasonet al, 2000.

1.3 Physiology ofC. jejuni

1.3.1 Microaerophily and oxidative stress

In general, mos€Campylobactespecies are microaerophilic, which means they depend
on oxygen (@) for growth but in limited amountC. jejuni grows best in complex
media with atmospheric conditions containing 30 % (v/v) O, and 57 10 % (v/v)
carbon dioxide (Cg). Desjite the fact thatC. jejuni encodes several mechanisms for
anaerobic respiration with alternative electron acceptors to oxygen, it is unable to grow
in the absence of oxygen. One possible explanation for this phenomenon is because of
the lack of the oxygemdependent ribonucleotide reductase (RNR) which m&kes
jejuni fail to synthesisaleoxynucleotidesinder such condition@Parkhill et al, 200Q
Sellars et al, 2002. Inhibition of C. jejuni by oxygen has not been completely
understood. This is maybe due teetexistence of oxygen sensitive enzymes such as
pyruvate:flavodoxin  oxidoreductase(Hughes et al, 1995, 2-oxoglutarate
oxidoreductasgHugheset al, 1998 and L-serine dehydratas€Velayudhanet al,

2009). Although intracellular life provides the organism protection from the host
immune sgtem, C. jejuni also needs a self defence mechanism that works against
oxidative stress factors. Typicallheseenzymes include superoxide dismutase (SodB),
catalase (KatA)alkyl hydroperoxide reductase (AhpC) and ferritin. For instance, when
iron reacs with oxygen, reactive oxygen species (ROS) are generated such as
superoxide radicals (Q and hydrogen peroxide ¢B,), which all damage DNA,
protein and lipidKelly, 200]). To inactivate ROS and allow the organism to persist in
host cells and tissue€;. jejuni utilises superoxide dismutase (SodB) and catalase
(KatA) (Konkelet al, 200]).



1.3.2 Iron acquisition

As a pathogenic organisng. jejuni requires sufficient amounts of iron for essential
metabolic mechanisms in order to establish infection. However, the amount of free iron
in host fluid is extremely low due to the presence of-ording glycoproteins such as
transferrin in serum and lagerrin in mucosal secretion that bind to extracellular iron
(Debruyneet al, 2009. The concentration of free iron in the mammalian body is only
around 13® M, which is far below the level required for the growthbacteria (17 i

10° M) (Andrewset al, 2003. Although someC. jejunistrains are shown to develop

low molecular mass compounds that have high affinity for iron known as siderophores
(Miller et al, 2009, which can competeith the irorbinding proteins in the hoéField

et al, 1989, many strains use specific mechanisms for scavenging iron from
surrounding environment in the hder survival and proliferatiofiNaikareet al,, 2006
Palyadaet al, 2009, such as exogenous siderophores; enterochelin and ferrichrome
(Baig et al, 1986 and rhodotorulic acigStintzi et al, 200§. Comparing to the small
genome size ofC. jejuni many genes are involved in iron uptake, regulation and
homeostasis, which reflects the importance of iron for the survival. géjuni. It is
crucial forC. jejunito equilibrate and maintain the level of iron inside the cell to avoid
excess accumulation of iron which can result in production of toxic ROS. During iron
starvation, genes that encode for production of proteins rabpofm iron uptake must

be switched on to allow sufficient iramptake for survival. However, these genes must
be suppressed when the iron level becomes elevated to avoid accumulation of iron that
may lead to production of damaging RQ¥ller et al, 2009. Two regulatory proteins
have been identified to be responsible for maintaining iron homeost&3igapuni the

ferric uptake regulator (Fur) homologues Fur (Cj0400) and PerR (peroxide stress
regulator; Cj0322fvan Vlietet al, 1999. In C. jejuni iron loaded siderophores are too
large to cross the bacterial outer membrane barrier, and therefore, require specific
bacterial outer membrane receptorsfdcilitate entry. CfrA is a Ferrienterobactin
(FeEnt) outermembrane receptor, and is responsible for iron acqu{§labyadaet al,

2004). Recently, a new FeEnt receptor (CfrB) has been identified and characterised in
Campylobacter(Xu et al, 201Q. CfrB is homologous tdC. jejuni NCTC 11168
Cj0444, and 34% of its amino acids are identical to CfrA. In addition, they require the
inner membrane ABC transport system CeuBCDE to be transferred to the cytosol
(Konkel et al, 200). Genomic analysis of. jejuniNCTC 11168 has revealed other
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iron acquisition systems such as the hemin uptake operon which includes four proteins
ChuABCD (van Vlietet al, 1999. Also, NCTC 11168 genome revealed other genes
that encode for the production of putative siderophore receptors and ferrous uptake
protein, similar to FeoB i&. coli(van Vliet and Ketley, 2001

1.4 Pathogeneity of C. jejuni
1.4.1 Epidemiology, clinical aspects and transmission @&f. jejuni infection

C. jejuniis consideredo beone of the major food borne pathogens that cause bacterial
gastroenteritis in humans worldwidauta and Havelaar, 2008The primary host of
Campylobactesspecies is poultry, where it naturally colonises the gastrointestinal tract
of these organisms. However, it is considered as an important human enteric pathogen.
Humars can acquire infection by ingestion of contaminated poultry. In addition, direct
contact with these organisms including consumption of raw meat, unpasteurised milk,
or even food contaminated with human faeces can lead to infe@ddier and
Mandrell, 2005 Tauxe, 1992 An infective dose as small as 500 cells is adequate to
cause a diseag®Isonet al, 2008. Although human infeabn can lead to severe but
selflimiting diarrhoea(Blaser and Engberg, 2008n very rare cases (01l 1 %)
serious consequences can develop such as GtH&i® syndrome (GBS), a nedro
muscular paralysis resulting from an autoione reaction against neuronal gangliosides
(Jacobset al, 2009.

1.4.2 Virulence factors

1.4.2.1 Motility and chemotaxis

Flagellar motility inC. jejuni and other motile bacteria is geat¥d by the rotatory
nanomaching system to allow physical movement of the organi€themotactic
motility is defined as a specific migration of a bacterium toward or away from objects in
the microenvironment. Both are required for initiating and maintaimtegactions of

C. jejuni with hosts(Gilbreath et al, 2011). Motility by the means of flagella and
chemotaxis are considered as the best studied factors in the pathoge:sisjufi.
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Flagella are thought to play a crucial role in colonisation of mucosal cells of the
gastrointestinal tract and also in invasion of host epithelial 8tdéden and Acheson,
2002 Yao et al, 1994 .The flagellar filament irC. jejuni contains two main proteins,

faA and fl aB, which are r egu(Hendriesdnettaly G 2 8
2001, Nuijten et al, 1991). However flaA is expressed at higher levels tH&aB. It has

been reported that mutation flaA results in production of truncated flagellar filament
with severe deficiency in motilityGuerry et al, 199). In contrast,flaB mutation
resulted in production of a flagellar flament that appears normal and has shown no
significant changes in motilitfGuerryet al, 1991 Nuijten et al, 199Q Wassenaaet

al., 199). Interestingly,C. jejuni motility increases in viscous media and reaches a
speed around 75 pm/sécee et al, 1989. This fast motility is suggested to facilitate

the movement through the thick mucosa in the integtieerero and Lee, 1988This
motility allows C. jejunito reacha specific niche in the host intestine, whereas-non
motile mutants are unable to reach this niche to initiate long colonigatedrixson

and DiRita, 2001

Chemotaxis irC. jejuniis of equal importance as flagellar motility, by which jejuni

can sense the temporal changes of the concentration of carbon source in the
microenvironment. Although chemotaxis has been studigthmpylobacte(Hugdahl

et al, 1988 Takataet al, 1999, the sensory control of motility has not been fully
understood. Examples of chemoattractantS.ifejuniinclude L-fucose and Lseine as

well as pyruvate and succinafidugdahlet al, 1988. The chemotaxis systein C.
jejuniis similar to that ok. coli. Homologues of the histidine kinsase CheA (Cj0284),
scaffold progin CheW (Cj0283), and response regulator CheY (Cj1118) are fouhd in
jejuni (Marchantet al, 2002 Parkhill et al,, 2000, along with the receptor adaptation
proteins CheR (Cj0923) and CheB (Cj0924anungpearet al, 2011, and a putative
CheWlike sensory protein CheV (Cj028%artley-Tassellet al, 2010Q. Cj0700 mg
functional substitute for the absent phosphatase QK&xolik and Ketley, 2008
Deletion ofcheAresulted in a mutant unable to colonise mice intestinal my&isang

and Miller, 2009, and also shown inability to invade tissue culture déiislden and
Acheson, 200R On the other hand, mutation in CheY resulted in decreased chicken
colonisation(Hendrixson and DiRita, 2004but shows increase invasi¢@olden and
Acheson, 2002Yaoet al, 1997.



1.4.2.2 Adhesion, invasiomand colonisation

In poultry, C. jejunilives in the mucosa of deep caecum crypts, without developing
intracellular proliferation in the intestinal cel[§an Deunet al, 2008. This is why it

acts as a commensal in avian hosts. In campylobawtdrated gastroenteritis,
penetration and translocation of the bacteria across the intestinal cell barries theeal
mechanism of virulence which is used by this organism to gain access to intestinal
mucosa, causing tissue damage, inflammation and then gastroenteritis. Adhesins are
bacterial cellsurface molecules that enaltle jejunito attach to the host cellaeptors
(Konkel et al, 200]). The most common adhesins are flagella, outer membrane proteins
(OMPs) and lipooligosaccharides (LO@)sakuraet al, 2007 Grantet al, 1993. The

role of flagella in the adherence to human intestiefis avas demonstrated by Graait

al (1993). They constructed a mutant@f jejuni flagellar gene flaA), and examined

the ability of mutants to invade human epithelial cells. Mutants were able to show the
same adhesion capacity with the parent aige but fail to cross the cell barrier of
epithelial cells. The cebinding protein PEB14Pei et al, 1991, a major antigenic
protein inC. jejunithat mediates interaction with epithelial cglPeiet al, 1999 and

the OMP CadF which mediates binding to the extracellular fibronectin n{kivixkel

et al, 1997 are known to be involved in adhesion in conjunction with the host cell
processes such as endocyt@sen Vliet andKetley, 200). The major outer membrane
protein (MOMP) encoded byorA, also known as Omp@Voseret al, 1997 Schroder

and Moser, 1997 the surfaceexposed lipoprotein JipAdjunilipoproteinA) (Jinet al,

2001), the auttransporter protein Capfdshgaret al, 2007 and FlpA(Flanagaret al,

2009 are thought to behave as adhesiDsjejuni gains access to intestinal epithelial
cells by a microtubulelependent, actimdependent mechanisf®elschlaegeet al,

1993, making this organism unique in the entry process among other bacterial
pathogens. The intracellular life Gf jejunienables it to evolve specific mechanisms to
adapt within the host cellular environmentus, C. jejuni undertakes physiological
changes in oxygen sensitivity and metabolism that make it able to survive and replicate
within a modified membrane bound compartmétatson and Galan, 20P8The
Campylobacteinvasion antigen (Cia) is a newly identified protein that is secreted by
the flagellar typdll secretion (&S) system, and involved in intracellular survivalCf

jejuni (Buelowet al, 2011 Christenseret al, 2009.



1.4.2.3 Protein glycosylation

Glycosylation isthe most abundud cotranslational modification of protein with sugar.
Two types 6 glycosylation have been knowthe O-linked glycosylation in which
glycan is added to protein through the hydroxyl groafpserines or threonines, atite
N-linked glycosylation, in which glycan is attached to the amide nitrogen of an
asparagine residue. Generally, glycosylation has been consiol@sedor eukaryotes
for decadesHowever, it is now apparent that it is abundant in prokary@esz and
Schmidt, 2002 Schafferet al, 200), and hasdeen found in several bactesach as
Clostridium, Campylobacterand Helicobacterspecies(Wackeret al, 2002. Protein
glycosylation systems are found @ampylobacterspecies for a variety of biological
activities and infience hostells interactions [reviewed ifGilbreah et al, 201J)]. In

C. jejuni the pgl gene clustefcj1119¢cj11309 encodes for biosynthesis biflinked
glycans(Linton et al., 2002 Szymanskiet al, 1999 and thebiosynthesis and linkf

the N-acetylgalactosamineontaining heptasaccharide the periplasm(Linton et al,
2005 Szymanskiet al, 1999. Linton et al (2002) identified two glycoproteins that
were modified by this system, namdREB3 (a major antigenic proteimnd CgpA
(Campylobactemglycoprotein A; a putative periplasmic protein). Subsequently, Young
et al (2002)identified around 30Igcoproteins including PEB3 and CgpA, and showed
that the linkage between glycan and protein was in the same way to that found in
eukaryotes.The biologicalrole of N-linked glycosylation inC. jejuni has not been
entirely understood However mutation in pgl gene demonstrateddefects in
colonisation of chicken intestinal tractnd adherence to andivasion of human
intestinal epithelial cellfHendrixson and DiRita, 200Karlyshevet al, 2004).

On the other hand, th®-linked protein glycosylation inC. jejuni are either
pseudaminic aciqPseAm)derivativessynthesized by th@se genes or ligionamenic
acid (LegAm) derivatives synthesized by theg gene (McNally et al, 200§. This
glycosylationis mainly utilised for the modification of flagellins, which are important
for motility and filament formation(Doig et al, 1996 Goon et al, 2003.
Characterisation ahe biological role of theD-linked glycosylation inC. jejuniseems

to be challenging. This iseoause glycan is required for production of flagella.
Therefore, depletion of glycan results in an aflagellated muanith will complicate

clarification of results asnany interactions between bacterium and hol$ cequire



flagellar motility. Nevertheless, the role of specific glycans was revealed by studying
mutants with predominantly one glycan. PseAm was found to be esgentigitimal
adherence to and invasion of human itwes epithelial (Guerry et al, 20086.
Moreover, depletion of LegAnderivativesresulted in decreased commenshicken
colonisation(Howardet al, 2009. Also, becaus®-linked glycosylation takes place in

the exposed region of the filameglycans are suggested to be immunogenic and may
play an important role in evading host immune resp@Ree/eret al, 1994 Thibaultet

al., 200J.

1.4.24 Toxin production

After the availability of theC. jejunigenome sequence (Parkheli al, 2000), research
progression has improved in identifying several genes encoded for the production of
toxins. The wellstudied toxin inC. jejuniis the cytolethal distending toxin (CDT)
which irreversibly blocks the eukaryotic cell cy¢Whitehouseet al, 1999. The CDT
holotoxin comprises oA, B and C subunits encoded by three neighbouring gedtés

cdtB andcdtC (Geet al, 2008 LaraTejero and Galan, 200Pickettet al, 1996 Smith

and Bayles, 2006 The active toxic subunit A is the CdtB protein, whereas the B
subunit, CdtA and CdtC are responsible for binding of the CDT and delivery of CdtB to
cell (LaraTejero and Galan, 200lLeeet al, 2003 Pickettet al, 1999. Lindmarket al

(2009) found that all CDT subunits are released from the cells via outer membrane
vesicles (OMVs) as detected by immunogold labelling and electron microscopy. The
role of CDT in virulence remains unclear. However, it is suggested to play roles in
immune sppression during pathogenegi&ckett and Lee, 20050ther genes detected

in the C. jejunigenome encoding for the production of toxins inclptA (cj1351), a
phospholipase(Ziprin et al, 200); tlyA (cj0588, a putative contact dependent
haemolgin and ¢j0183, a putative integral membrane protein with a haemolysin
domain(Salamaszynsk&uz and Klimuszko, 2008
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1.5 Cell wall and outer membrane

As a typical Grammegative bacterium, the cell envelopeCinjejuniis composed of two
membranes, the inner membrane (IM) and outer membrane (OM), separated by a
periplasmic space. The inner membrane is composed of phospholipids (PLs) and
proteins which can be found in two forms; integral proteins, which cross the IMJwith
helical transmembrane domains and lipoproteins which are anchored to the outer leaflet
of the IM (Ruiz et al, 2006. The periplasm occupies around 10 % of the cell volume
and is characterised by having a high viscosity due to the presence of soluble proteins
and peptidoglycan laygvanwielink and Duine, 1990 Many central molecular events

for cell survival take place in the periplasm, such as translocation and refolding of
proteins that build and maintain the cell envelope even in the event of stresevéfpre
sensing domains for many IM receptor proteins (e.g., histidine kinase) read
environmental changes from the periplasmic fg@aguay and Silhavy, 2004
Mogensen and Otzen, 200®ue to the lack of ATP in the periplasm, protein folding,
trafficking and proteolysis occur in the absence of noticeable e(Rrgyet al, 2006.

The peptidoglycan layer in the periplasm acts as an extracytoplasmic skeleton. It
maintains bacterial cell shape and integrity. ltains glycan chains cro$isked with
oligopeptides. The outer membrane consists of phospholipids (PLs) directed toward the
inner side, and lipopolysaccharides (LPSs) directed to the outer side. The PLs in the
OM slightly differs from that of the IM, as the OM the PLs are enriched in saturated
fatty acids and phosphatidyl ethanolam{heigtenberg and Peters, 19#ooset al,

1972. In addition to LPS, OM also consists of lipoproteins and integral outer
membrane proteins (OMPs), which differ from integral IM proteins by having
amphipathicsamnangsr ah$ théieaftransmhemtrame domains, U
which form a barrekhape to serve as channels. Both IM and OM contain lipoproteins
that are attached to them Byterminal N-acyl-diacylglycerylcysteine (Figure 1.2). The
outer membrane is a critical part of the bacterial cell because it acts as a protective
barrier against dernal agents such as detergents and antibi@8os et al, 2007).

Also, it has diverse functions in adhesion, cell signalling and interaction with the

immune system, as well as a nutrient barrier.
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Figure 1.2 General structure of cell envelopin most Gram-negative bacterial
including C. jejuni. Image from(Ruiz et al,, 2006).

15.1 Entry of outer membrane proteins to the periplasm via the SecYEG

translocon

Despite the progress made in understanding the structure and function of the OM, the
mechanism required for OMPs to be translocated from the cytoptasogh the inner
membrane and in the periplasm in order to be correctly assembled in the OM siill
requires more investigation. OMPs are synthesised in the cell cytoplasm as precursor
proteins with arN-terminal signal sequence, a short hydrophobic amiimb segment
contains 7 to 12 amino acids, and they require being transported and assembled to the
outer membrane by a specific mechanism. Two systems have been shown to be
responsible for transporting OMPs across the IME.ircoli, the Sec and Tat systents f

the transport of unfolded and folded proteins respectids\yKeyzeret al, 2003 Leeet

al.,, 200§. Outer membrane proteins are translocated across the IM by protein
conducting channels that have a protein complex known as the Sec#igkoton

(Figure 1.3)(Or and Rapoport, 200.7Structural evidence had shown that the bacterial
SecYEG complex is formed only by the 10 transmembrane parts of SecY, with the
smaller SecE and SecG subunits on the periptBrgytonet al, 2002. The N-terminal

signal sequence used to direct the OMPs toward the Sec translocon is cleaved by signal

peptidase in the outer leaflet of the (Malbey, 1991 Tokuda and Matsuyama, 2004
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1.5.2 Periplasmic chaperones stimulate outer membrane protein foldirig the

outer membrane model ofE. coli

In E. coli, it has been described that when OMPs enter the periplasm, they gain tertiary
structure before they assemble in the @Bppenset al, 1997. Many periplasmic
proteins have been reported to participate in the maturation of OMPs by helping
precursor proteins in gaining the correct structural conformation, or leading them to the
target destination in the OM. After gaining access to the periptasmigh the Sec
machinery system in an unfolded status, OMPs require enzymatic assistance to be
correctly folded prior being translocated into the OM. This assistance can be gained
from peptydyiprolyl-cis/transisomerase (PPlase); an enzyme requiredhiecis/trans
isomerisation of proline residues. Therefore, unfolded OMPs are attached to chaperones
located in the periplasmic layer (Figure 1@ppenset al, 1997. Two of these
periplasmic chaperones have been well studied and identified as Skp (Seventeen
Kilodalton Protein) and SurA (initially known as a protein required for survival during
thestationary phase ig. coli) (Boset al, 2007. Typically, urfolded OMPs bind to the

SurA chaperone, but if these substrate proteins fail to interact with SurA, then Skp can
bind to these protein®itto and McKay, 2003Bulieris et al, 2003 Sklaret al, 2007,

Walton and Sousa, 280 The function of these chaperenes to assist in protein
folding and maturation in order to translocate the unfolded OMPs to the outer
membrane. Both akp mutant andsurA mutant are viable, however, when a double
mutation ofsurA and skp (skp/surA is attempted, the result is a synthetically lethal
phenotype(Rizzitello et al, 200). This suggests that Skp and SurA are functionally
related and they work by similar mechanisms for chaperone adfitiryitello et al,

200]). Others favoured the possibility that both Skp and SurA function in the same
pathway, whez Skp may work as a holding chaperone to prevent aggregation of OMPs
in the periplasm and SurA works as a folding chaper@us et al, 2007. Other
periplasmic components . coliincluding PpiA, PpiD and FkpA are also involved in
OMPs biogenesis. Nevertheless, direct interaction of these three proteins with OMPs is
still not fully investigatedBos et al, 2007. Matern et al. (2010) suggested that PpiD
works as a chaperone in the periplasm, and not only involved in OMPs maturation an
the chaperone role of PpiD assists in early folding of newly translocated proteins. SurA
and PpiD have been shown to have high sequence similarity to the catalytic domain of

the small peptydyprolyl-cis/transisomerase (PPlase) parvulin; an enzyme reguior
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the cis/transisomerisation of proline residy&tymest and Klappa, 20p®espite these
overlapping specificities, they might fulfil different functions in the periplasm. More
recent studies proved that PpiD plays a role in the periplasmic chaperones network.
They suggest that PpiD is used to aid in the early periplasmic folding of many newly
translocated proteins, but is not specifically involved in the maturation of the OMPs
(Maternet al, 201Q Obi et al, 201]). DegP is a periplasmic proteolytic enzyme that
degrades unfolded proteins in the periplgStmauch and Beckwith, 1987988. It has

been reported that wheBurAis mutated, production of DegP increases byfsid.

This suggests that accumulation of unfolded proteins in the periplasm leads to increase

in the expression afegP(Lazar and Kolter, 1996
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Figure 1.3 Outer membrane biogaeesis in E. coli. OMPs are synthesised in the
cytoplasm as precursors with-tlrminal signal sequence and detected by SecA and
SecB chaperones. SecA assists in translocating OMPs into the SecYEG machinery and
the SP | processes the signal sequence. Thensubstrate protein is attached by the
Chaperone SurA or Skp in the periplasm in order to be delivered to the BAM complex
to catalyse insertion into the OM. Image fré@atsost al, 2009.
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1.6 The biological characteristics of peptydyprolyl cis/transisomerisation

In all proteins, the partial double bond character of a peptide bond can create two
structural conformiions; cis andtranswi t h ¥ = O0A an d(Paulid@ A, r
196Q Ramachandran and Sasisekharan, L9B@is isomerisation is known to slow the

rate of protein folding. However, this isomerisation can be catalysed by ubiquitous
enzymes kawn as peptydyprolyl cigtrans isomerases (PPlasedjuddet al, 19995.
PPlases are also known as immunophilins due to their binding to immunosuppressor
drugs such as cyclosporins, FK506 and rapamycin. They have been classified into three
main families according to their binding sites; cyclophilins which bind cyclosporins,
FK-binding proteins (FKBP) which bind FK50@ischer, 1994 Galat, 1993 and
parvulins which bind juglonéRuddet al, 1995. PPlases are involved in large number

of physiological mechanisms such as tpio folding (Schmid, 1998 heat shock
respons€Sykeset al, 1993 Weismanet al, 1996, transcription and translatiqg®haw,

2002, channel gatingLehnartet al, 2003, virus assemblylL.ubanet al, 1993, signal
transduction(Duina et al, 1996 Freemaret al, 1999, tumour metastasid.u, 2003,

cell surface recognitiofAndersonret al, 1993 and cell cycle contrgSchreiber, 1991

1.61 Parvulin-type PPlase

Parvulintype PPlases are characterised as globular protein domains with a length of
around 100 residues. They are composed of adaurr and e d @asheeticpear al |
surrounded byf ou-h e lUi ces ( b U-Blo){Figare p.4)r(Ranghaneh and
Fischer, 2001 Parvulintype PPlases structure differs from that of FKBPs and
cyclophii n s , as the FKBPs ¢ on ssheettenfadbed asounfl @ u r
shorta mp hi p ahelik (FigureUL.8) (Saul et al, 2009, while cyclophilin is
composed of eighdtranded antp a r ablalrerle | b capped a-helices,t her
forming a binding cavity lined withydrophobic residues (Figure T3 (Clubb et al,

1994 Edwards et al, 1997. Parvulintype PPlases have been reported both in
prokaryotic and in eukaryotic cells. Until presertustures of 7 different parvulins

have been revealed. These include; human @ageret al, 2003 Ranganathaet al,

1997 and Parl4Sekerinaet al, 2000, Pinl fromArabidopsis thalianglLandrieuet

al., 2002, Parl10(Kuehleweinet al, 2009 and SurA(Bitto and McKay, 200p from
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Escherichia coli Ess1 fromCandida albicangLi et al, 2005 and PrsAPPlase from

Bacillus subtilis(Tossavaineet al, 2009.

Figure 1.4 Ribbon representations of the globular folds of PPlase domain#)
Parvulin domain, represented by-strandsaadn Pi |
f o u-melicés. B) FKBP domain represented by human FKBP12. The domain consists
ofsixantimr al-dled etbs capped w-hdihC)&yclopailinmdmaip hi | i
represented by Cyp1l8.-balrhreeld ofnoarime dc obnys iesitg
sheets and two gmmh i p a-helicéscimade fronfFanghanel and Fischer, 2004).

1.61.1 SurAis a periplasmic chaperone that is related to the parvulin family of

PPlases

SurA was first identified inE. coli as a protein required for survival during the
stationary phasérormo et al, 1990. To date, there is no clear evidence that explains
the reason of loss of viability by inactivation sfirA gene. However, SurA is now
among the most structurally and functionally characterised proteins that play essential
periplasmic chaperone roles in Gramagative bacteriaRahfeld et al. (1994) had
isolated and characterised SurA as a novel, low molecdaghivPPlase fronk. coli,

and later, its biochemical function was suggested by amino acid sequence comparison
and identified as a parvuli(Rudd et al, 1995. From the phenotypic properties,
mutation insurA results in a phenotype sensitive to bacitracin, vancomycin and bile

salts(Lazar and Kolter, 1996 Given the fact thaE. coliis normally resistant to these
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antibiotics due to the presence of impermeable outer membrane ,biess findings
suggested that SurA plays a key role in the maintenance of the OM. Moreover, cells of a
surA mutant cultured in enriched medium lysed in the stationary phase and formed
mucoid colonies that reflect a severe membrane d@fazar and Kolter, 1996

As a result of being a periplasmic protein that possesses parvulin characteristics, Lazar
and Kolter (1996) hypothesised that SurA can be a periplasmic chaperone that assists in
folding of periplasmic and OMPs iB. col. They performed a trypsin sensitivity assay

for different OMPs include; LamB, OmpA and OmpF. All the three OMPs were
sensitive to trypsin isurA mutant, while they were all resistant in the wiyghe strain.

These findings suggested that the absenc8upA results in accumulation of outer

membrane proteins in the periplasm, leading to severe defect in cell envelope.

1.61.2 The crystal structure of SurA revealdN-terminal chaperone domain and

two PPlase domains

The crystal structure of SurA (Figure5) is composed mainly of two parvulippe
PPlase domains and oréterminal peptide binding regio(BehrensKneip, 2010
Behrenset al, 2001 Bitto and McKay,2002 Stymest and Klappa, 20p8A SurA
variant lacking the parvulin domain was shown to exhibit the ability to stop aggregation
of denaured citrate synthase, which suggests that SurA is characterised by having a
PPlaseindependent chaperotli@e activity (Behrenset al, 200). Moreover, SurA
interacts within vitro synthesised porins with about-fdld higher efficiency than the
nonporins proteins. Thesesluts strongly suggest that SurA is a molecular chaperone
that assists in maturation of OMPs (Behrenhal, 2001). On the other hand, the PPlase
activity of SurA was confirmed byn vitro prolinelimited refolding of reduced,
carboxymethylated ribonucleasT; (RCM-RNase T) (Behrenset al, 2001).
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Figure 1.5 The periplasmic chaperone and PPlase, SurA. Aychematic diagram
shows the SurA protein excluding signal sequence (amino acid2d). Numbers
indicate position of amino acids. Theterminal chaperone domain is shown in purple,
two PPlase domains, | & Il in green and orange respectively, and-teeminal
chaperone domain in re®) Ribbon drawing of SurA shows all domains in the same
colour codes as in A. Images adapted fi@ahrensKneip, 2010 Bitto and McKay,
2002).
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1.61.3 SurA is a major molecular chaperone that possesses PPlase activity

Given the fact that SurA is composed of ldfterminal chaperone domain and two
parvulin domains (I & Il), it is noteworthy that only domain Il of the panwlike
domains has a significant PPlase activity and both domains can be deleted completely
without affecting the function of SurABehrenset al, 2001, Rouviere and Gross,
1996. However, theN-terminal chaperone domaiand C-terminal tail cannot be
deleted as they are essential for SurA to function as a molecular chaperane
(Behrenskneip, 2010. It was reported that the PPlase domain | has no detectable
activity whereas domain Il has less PPlase activity than the one of intact SurA
(Rouviere and Gross, 19p@ehrenset al. (2001) demonstrated these characteristics of
SurA PPlase domains by conducting prolyl isomerisation experimeatsiaofact SurA
protein and SurA variant in enhancing the folding of RBMase T. They found that
SurA”°M" 'has no PPlase activity while SB#@" " has only about 1 % of the wild

type SurA PPlase activity. Also they found that SBPA¥"'* "showed around 50 % of

the intact SurA. Therefore, even though domain | has no detectable activity, it has some
effect on domain Il to interact with RGRNase T. In another experiment, SutA

Ufminal + Domain lighys g significant increase

terminal had no PPlase activity whereas S
in PPlase activity compared to the intact SurA. From these experiments, they concluded
that thepresence of thearvulin domain | andhe N-terminal peptide binding domain

have some effect aime activity ofdomain Il to interactvith RCM-RNase T, although

they haveno detectable PPlase activity on their owihe N-terminal peptide binding
domain was named as a chaperone domain, as it prevented tiueiatared citrate
synthase to form aggregates (Behrensal, 2001). The inetive parvulin domain
(domain 1) has been demonstrated to have a role in the recogniti@itesminal

aromatic residue of the targeted prot@itymest and Klappa, 2008
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1.62 Periplasmic chaperones and PPlases ia. coli other than SurA

1.62.1 PpiD

PpiD was first discovered as a mudbpy suppressor of surA mutant(Dartigalongue

and Raina, 1998 It is characterised as a periplasmic PPlasg. afoli that belongs to
parwlin family. It is composed of a membraaachored\N-t e r mi-helix (residiies

107 34) and three periplasmic domains facing the periplgsntonoaeaet al, 2008
Dartigalongue and Raina, 1998 he first and third domag(residues 35 263 and 358
i623 respect i v-belicgs)andaareeropoded to bei chapetdbne domains,
while the middle domain (residues 26457) is a parvulidike domain(Stymest and
Klappa, 2003 It was proposed that deletion @mbiD andsurAis synthetically lethal to

E. coli (Rizzitello et al, 200]). However, thisvasdisputed by Justicet al. (2005) who

had shown tht deletion of botlppiD andsurAresults in a viable mutant. The solution
structure of Ppi D reveal ed bhelicebl b fowrpect
s t r a ndheetd, wbich is consistent with the general parvulin fold. Overall PpiD
shows high struatral similarity to the first parvuliike domain of SurA\Weiningeret

al., 201Q. In the same study, the catalytic activity of PpiD was examined using the
PPlase assay, and acceleration of prolyl isomerisation could not be detected, even when
using high concentration of fulkngth PpiD. This can be explained by the fact that
PpiD isstructurally similar to the first parvulilike domain of SurA and this domain is
known to be inactivgBehrenset al, 200]). Evidence suggested that PpiD has lower
substrate specificity than SurStymest and Klappa, 2008nd because it is anchored

to the inner membrane, it acts as a periplasmic guard for the SecYEG translocon
(Antonoaeaet al, 200§. Later, it was found that elevated levels of Ppi@duction
serves as a rescuer faurA skpcells from lethality by increasing the folding stress in
the cell envelope as a result of loss of periplasmic chaperone a¢hMatgrnet al,

2010. Although PpiD exhibits a rescue role in the network of periplasmic chaperones,
it has no major role in the maturation of OMPs and cannot compensate focklef la
SurA in the periplasniMaternet al, 201Q. It was recently established that deletion of
ppiD anddegPresulted it a temperatweensitive mutant, which has a reduced growth
at 37 °C and failed to grow at 42 °C, whereas sipgi® showed a reduced growth at
both temperatures. MoreovepiD degP double mutant has shown an extremely
decreased production level of FhuA (ferric hydroxamate uptake); a monomeric porin

that acts as a receptor for ferrichrome if@dreski and Ehrmann, 2012
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1.62.2 Skp

In the periplasm of most Gramegative bacteria, periplasmic chaperones hold unfolded
proteins in their cavities to protect them from misfolding of aggregation. This
mechanism occurs in the absence of ATP or other chemical source of energy. The Skp
(seventeerkilo-dalton protein) is one of these periplasmic chaperones which facilitate

the folding and insertion of proteins in the O{@hen and Henning, 1996The
periplasmic localisation of Skp was first determined by Thome and Muller, (1991), and
since that time its function was dedad as a periplasmic protein that binds in a highly
selective manner to outer membrane proté@lsen and Henning, 1996 home and

Muller, 199]. The crystal structure of Skp reveals that it is a trimeric protein with a
jeliyfish-l i ke archit ecthuerlei ctall att end ratcd iebmselpW ot r
body, providinga central cavitWalton and Sousa, 20P4Interestingly, its structure

was found to have structural similarity that of prefoldin/GimC, a cytoplasmic
molecular chaperone found in eukaryotes and arcfiagslin et al, 2004. It has been

widely recognised that Skp is a periplasmic chaperone that also helps in folding of
soluble proteins in the periplasm. An example of-8kpendent OMPs is thempA, a

model OMPwih a membr andaemkeé¢eddodmabn and a per
OmpA requires simultaneous folding of it
whi | e Kk e ebarrelnirgan urtiolled fphase as it is transported in the periplasm
(Waltonet al, 2009. Tihe |l Uc al t e nt darrel elemaim of hedOmipAd t h
and keep it unfolded, while the soluble periplasmic domain folds into its native
conformation outside the Skp cavifyalton et al, 2009. The skpmutants have been

shown to be viable, however, when a double mutskp/éurAmutant) is generated, the

result is a synthetically lethal phenotyftizzitello et al, 200J). This suggests that Skp

and SurA are functionally related and they work by similar mechanisms for chaperone
activity (Rizzitello et al, 200]). Others favoured the possibility that both Skp and SurA
function in the same pathway, where Skp may work as a holding chaperone to prevent
aggre@tion of OMPs in the periplasm and SurA works as a folding chapéBmrset

al., 2007. Moreover, evidences have demonstrated that the absence of Skp resulted in a
severe redetion in levels of porins, PorA and PorB iNeisseria meningitides
(Volokhinaet al, 2011).
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1.62.3 DegP

DegP protein ofE. coli is another periplasmic protein that is not only considered to
function as a chaperone, but also works as a periplasmic protease. It can switch from
chaperone to protease status in a temperdpendent manner, especially in elevated
temperaturegZumbrunn and Trueb, 1996The structure of DegP consists mainly of
three functional domaing protease domain (residueis2%9) and two PDZ domains
(PDZ1, residues 26(58; PDZ2, residues 35948) (Krojer et al, 2003. The
antagonistic activity of DegP makes it a unique periplasmic protein that requires
distinguishing between tharoteins need to be degraded and that can be protected and
refolded to ensure their safe transit across the perip(&sojer et al, 2009. The
chaperone activity of DegP was first investigated by Spétsal, (1999) when it
catalysed the folding of the periplasmic protein Mails vivo and in vitro.
Overproduction of DegP was reportedsimA mutant, in which misfolded OMPs were
accumulatedn the periplasm, stimulating DegP oy@oduction to serve as a typical
periplasmic proteas€Lazar and Kolter, 1996 In addition, recent evidence have
revealed its effect on FhuA (ferric hydroxamate uptake), where mutatidagiRand

ppiD resulted in an extremely decreased production level of FfMveski and
Ehrmann, 201p

1.62.4 FkpA

The periplasmic protein FkpA @&. coli possesses both PPlase and chaperone activities
(Ramm and Pluckthun, 20P1The overall structure of FkpA reveals askaped
dimeric molecule in which the 24®sidue subunit is diged into two domains. Thid-
terminal domain includes three helices that are intertwined with those of the other
subunits to maintain the dimeric shape. Terminal contains a PPlase domain and
belongs to the FK506inding protein (FKBP) family{Saulet al, 2004. As a member

of the FKBP family, FkpA is inhibited by the immunosuppressor FK&&mm and
Pluckthun, 200}, and overproduced under stress conditigfedbig et al, 2011. FkpA

has found utility in restoration of solubility andrictionality of recombinant protein
production(Bothmann and Pluckthun, 2000'he ovefproduction of scFv antibody in

the periplasm oE. coli usually results in an extensive protein misfolding and severe
loss of cell viability(Gasseet al, 2009. The ceexpression of FKpA and Skp increases

22



the solubility of scFv and therefore increase cell viab{i@yv et al, 201Q. It has been
reported that deletion dkp stimulates the transcription afegP, which encodes the
heatshock inducible periplasmic proteg&2anese and Silhavy, 199 FkpA exhibits a

high level of PPlase activity as testedtbg refolding of ribonuclease, &ind prolylcis-
transisomerization of oligopeptidg®kamm and Pluckthun, 20D1t has been showim

vitro that an FkpA variant lacking thE-terminal domain exhibits a PPlase activity
similar to that of the intact wiltlype protein but with no chaperone activity. Also the
same study has shown that the chaperone activity was independent of the PPlase
activity (Ramm and Pluckthun, 20p1

1.63 SurA-like chaperones inC. jejuni

In C. jejuni,a 31 kDa periplasmic protein, PEB4sbeen implicated in the assembly of
OMPs inC. jejuni(Asakuraet al, 2007, Rathbunet al, 2009 Rathbun and Thompson,
2009. Recently, Kaleet al. (2011) elucidated the crystal structure of PEB4. At a
resol uti on o f 2.2 U, i ts struct u-tike rev
chaperone and PPlase domains (Figure 1.6). However, unlike SurA, PEB4 is formed of
two domains; the first hals- and C-terminal regions of the protein and second has a
standard PPlase fold. The chaperone domain is closely related to that of SurA but is
different in the way helices from both domains interlock to form a doswapped
structure. It has been shown by Kaleal, 2011that the PPlase domain in PEB4 is
active when its prolingssomerisation limited protein folding was tested using
ribonucleas T, which showed a significant PER#ependent refolding acceleration.
Also, the chaperone activity of PEB4 was tested by refolding studies using the standard
model protein rhodanese, which revealed that the yield of active refolded protein is
decreased b?EB4. In addition, increasing concentration of PEB4 strongly inhibits the
aggregation of renaturing rhodanese, as measured by light scattering kinetics. It has
been suggested that PEB4 is a holdgpe chaperone that can inhibit protein folding

and aggrgation(Kale et al, 2011J.

Furthermore, bioinformatics using the SurA chaperone domain in structure prediction

searches identified a second Sdiée periplasmic chaperone i€. jejuni namely

Cj1289. In the same study, the structure of Cj1289 was also reietkecet al, 2017).

Unli ke PEB4, the Cj1289 crystal -svappadct ur
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structure, which makes it more slar to SurA (Figure 1.6). However, it has one
parvulinlike PPlase domain instead of two in SurA. This domain is active in increasing
the refolding rate of ribonucleaseg, Dut its activity is lower than PEB4. Nevertheless,
its chaperone domain is not ixet in preventing rhodanese refolding and aggregation
(Kaleet al, 2011, suggesting that if Cj1289 has a chapenate, it may be for specific

substrates.

The third SurAlike periplasmic protein discovered in the same study was CjQcEé

et al, 201). BLAST searching using Cj0694 as a query protein revealed weak
sequence similarity to the PpiD protein, a membsamehored protein by ax-terminal
uncleaved signal sequence Bn coli (Dartigalongue and Raina, 1998s discussed
above, PpiD is thought to be a general chaperone that interacts with periplasmic
proteins in addition to OMPs by the fact that its eperduction can help survival when
surAis deletedDartigalongue and Raina, 1998 his finding was disputed by a more
recent study which shows that PpiD has no specific role in tharati@n of OMPs
(Matern et al, 201Q. Although PpiD has a parvulitke domain, it is catalytidey
inactive (Weiningeret al, 2010. Unfortunately, Kaleet al, (2011) could not obtain a
soluble form of recombinant Cj0694 for structural studies. However, the sequence
similarity to PpiD and the predicted-terminal membrane anchored regisuggest a

similar role of this protein il€. jejunias inE. coli
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Figure 1.6 The structural similarities of chaperone and PPiase domains in SurA,
PEB4 and Cj1289. A)The chaperone domain of SurA with helices shown as cylinders.
The three stranded sheets containing extré&meand C-termini are represented in
yellow, as for all panels in this figuréh) As in A) but the PPlase domains | arichte
coloured in dark anddht grey respectivelyc) The crystal structure of PEB4. Similar
units to the chaperone domain of SurA are coloutgdThe chaperone domain of
Cj1289 (helices and loops are in orangg)As in d) but the PPlase domain is shown in
grey. Image adapted fmo(Kale et al, 201J).
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1.7 Insertion and assembly of outer membrane proteins
1. 7.1 As sbarmlptotginsanfo thé outer membrane ofE. coli

OMPs require both periplasmic chaperones and OM assembly and folding machinery in
order to be properly assembled into the OM. To explain how unfolded precursor
proteins are transportelc r oss t he hydrophilic en-viron
barrel proteins are translocated across the IM by the Sec machinery and transported
through the periplasm by soluble molecular chaperones such as SurA in an unfolded
status. They can be resculeg backup chaperones such as Skp if they fail to interact
with the primary chaperone SufBitto and McKay, 2002Kleinschmidt, 2003Sklaret

al., 2007 Walton and Sousa, 20p40nce they reach the OM, they are deliveredro
oligomeric membrana s soci at ed protei n adarelprbtéins ¢ om
Assembly Machinery (BAM) c o mibarrelxintegrdtddi s ¢
protein BamA (Misra, 2007 (previously known as YaeT) and outer membrane
associated lipoproteins, BamBCDE (previously knoas YfgL, NIpB, YfiO, and

SmpA respectivelyHagan C., 2010Sklar et al, 2007 that physically interact with

BamA. The Bam complex was found to have an essential role in the biogenesis of
integral OMPs such as OmpA, LamB, OmpF/C, PhoETui@ (Boset al, 2007 Ruiz

et al, 2009. Neverthel ess, t he rharelhlOMRS itartheir e q u i
final location in the membrane has not been studied fully in most -Gegative
bacteria (Bo%t al, 2007.

BamA is known as a key player in the assembly machinery of OMPs. It is a large multi

domain OMP containing aN-terminal pemplasmic region consists of fivdomains, and

aCter mi nal i -barre gart@Gentle@thval, 005 Knowles et al, 2009

Sanchezulido et al, 2003 Voulhoux et al, 2003. Kim et al. (2007) and Gatzeva

Topalovaet al. (2008) resolved the crystal structure of POTRA domaing Iresidues

21 7 351), while domain 5 was charactedsdéy Knowleset al. (2008). These

periplasmic POTRA domains have been shown to bind OMP precursors prior to their

f ol di n-parrélsrahdoinsebtion into the Onowles et al, 2009 Robertet al,

20006. Interestingly, diverse bacteria seem to be different in their requirements for

periplasmic domain of BamA. For instanceEincolideletion of one POTRA domain is

sufficient -barelassembly and rede lced vidbility(Kim et al, 2007.

The cell can be viable with a single deletion of P1 domain or P2 domain, or double
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deletion of P1 and P2. However, deletion of P3, P4 or P5 is lethal even in the presence
of P1 and P2, suggesting that the imiom requirement to maintain cell viability is P3

5 together with theC-terminal membrane domafiiKim et al, 2007. BamA seems to
recognise &-terminal motif in OMPs that includes Gterminal Phe. It can interact
with other Bam proteins, bubh E. coli only BamA and BamD are essential for cell
viability (Onufryk et al, 2005. Although complete deletion dfamAandbambD are
lethal in E. coli, insertions of theC-terminal part of thdbamD gene produce viable
mutants with OM assembly defedd/u et al, 2005. This indicates that onlthe N-
terminal part of the protein is required for function. Furthermore, BamD is known to be
an essential member in the BamCDE complex, as deletion of BamD is similar in
consequences to deletion of Banju et al, 2005. The sensible explanation is that
both BamA and BambD are requiremfunction differently but with an equal importance

in the assembly of OMPs.

In C. jejuni,homology search lead to the identification of BamA and BamD homologue
as Cj0129 and Cj1074c respectivéKale et al, 2011). However, extensive searches
have revealed no homologues of BamB, BamC and BamE, suggesting either that
BamAD is the minimal combination required for the esbly of OMPs, or thaC.

jejuni employs additional novel proteins involved in the assembly mechanism of OMPs.

1.7.2 Synthesis and interaction of the four outer membrane lipoproteins involved
in the BAM complex

As other OMPs, lipoproteins involved in the BAM complex are synthesised in the
cytoplasm as precursor proteins containiigerminal signal sequences followed by a
cysteine residue. After their translocation across the IM into the periplasm via the Sec
medated translocation system, the signal peptide is cleaved by signal peptidase Il (SP
II), and modified by lipoprotein diacylglyceryl transfergd&ritaet al, 2004 Tokuda

and Matsuyama, 2004The mature protein is then transported across the periplasm and
properly inserted into the OM. Studies on the BAM complex structure and function
have demonstrated a direct interaction between BamA and both BamD and BamC,
BamD and theC-terminus & BamC (Malinverni et al, 2009. Also, direct interaction

was reported between BamA and BamE, BamC and BamD (®klal, 2007).
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Moreover, BamB and the Bam CDE complex interact with BamA in an independent
manner, which means mutation in or deletion of BamB does not affect the physical
interaction between BamA and BamCDE complex and vice (gmsa et al, 2007
Malinverni et al, 2006 Sklar et al, 2007. This suggests that BamB and BamCDE

complex exhibits different roles and behave independently in the OMP assembly.

1.8 Lipid asymmetry in the outer membrane of Gramnegative bacteria

In the OM of Gramnegative bacteria, there is an asymmetric distribution of lipid with
an outer leaflet contains lipid A conjugated to oligosaccharide (LPS/LOS) and an inner
leaflet contains phospholipids (PL¢Nikaido, 2003. Lipid A is acylated by six
saturated fatty acids which allow Lipid A to anchor to the outer leaflet of the OM
(Bishop, 2008 Both hydrophobicity ofLipid A and the strong lateral interaction
between LPSs increase the efficacy of barrier nature of th¢Ndkdido, 2003. Under
stress conditions, PLs from the IM are forced to move to the defective area of the OM
and accumulate in the outer leaflet, therefore redutieig barrier rolgNikaido, 2005.

To retain their functions, surfa@xposed PLs have to be destroyed in the outer leaflet
of the OM and therefore lipid asymmetry is maintained. Two syskaws been known

to do this function; phospholipase A (PIdA) and PagP. Pldani©OM phospholipase

that hydrolyses many PL substrates by removing thHeamd sk2 fatty acid side chains
from the glycerophosphodiester backbone of both PLs and lysophosgédlysoPLS)
(Dekker, 200). PIdA is normally found as an inactive monomer in the OM, but it can
convert to a catalytically active PIdA dimer when PLs and-Rke present in the outer
leaflet of the OM(Dekker, 2000. Therefore, its primary function is to maintain the
asymmetric distribution of lipids in the OM under stress conditi®agP is another

O M -Harrel enzyme that acts by cleaving a palmitate moiety from PLs and transferring
them to lipid A foming more hydrophobic compoun(Bishop, 2008 Similar topldA,
pagP is expressed at a low level in normal conditiqd= et al, 20094. However,
expression is induced under stress conditions by the PhoP/Q stress response, which

senses the restriction in divalent catig8soisman, 2001L
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1.8.1 Novel ABC transprters in E. coliand C. jejuniimplicated in lipid transport

Recently, an entirely novel ABC (ATBinding cassette) transport system has been
identified in E. coli that maintains lipid asymmetry in the OM. Mlmdintenance of
lipid asymmetry) system; a previously unidentified AB@nsporter and many
associated proteins that remove PLs from the OM and drive them to tfMalMiverni

and Silhavy, 2000 Mutation inmla genes irE. coliresults in a specific phenotype that
has an increased sensitivity to SBBTA mixture but does not show any growth defect
or changes in OMP levels, imdting a damaged OM permeability barr{dtalinverni

and Silhavy, 2000 The resulting defect in th©M can only be suppressed by
increasing the level of OM phospholipase PIdJA. Therefore, the key function of Mla
system is to maintain the asymmetric distribution of lipids in the OM by retrograde
trafficking of PLs from the OM to the IMMalinverni and Silhavy, 2009 It has been
suggested that the Mla system is the most important pathway that maintans lip
asymmetry in the OM oE. coli. This suggestion was supported by two observations.
The first shows that inactivation ofila genes results in increased OM permeability,
whereas this permeability is not applicable with inactivatiorpldfA or pagP. The
second observation shows that the Mla system prevents accumulation of PLs in the OM
in the absence of PIdA, while the opposite is not cor(stlinverni and Silhavy,
2009.

In C. jejuni homobgy searches (see chapter 5 te the identification of the ABC
transporter gene<jl646c¢j1648 as one operon, and two other gesgs371 (mlaA)

and cj1372 (mlaC) form a different cluster. MIaA is proposed to function as a key
protein that removes PLs from the OM and transfers them to MlaC in the periplasm
before reaching the ABC systeflalinverni and Silhavy, 2009 Interestingly,cj1371

mutant has been shown to be paraquat sensitive, suggesting an oxidative stress defect
(Garenauxet al, 2008. Nevertheless, this sensitivity could indicate a defect in OM
structure. MlaA (Cj1371) is also a homologue of Vackhigellg a crucial virulence

factor known to facilitate intracellular spreadif®uzukiet al, 1994.
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1.9 Aims of the project

The overall aim of this project is to gain further insight into OM biogeneis jgjuni

After the structural and functional characterisation of the periplasmic chaperone and
PPlase, PEB4, we wish to identify the structural characteristics and biological function
of two periplasmic proteins; Cj1289 and Cj0694 that are homologo&#EBx#/SurA
proteins and are suggested to be additional periplasmic chaperones. Moreover, we
suggest that mutation of one or both genes may cause growth retardation of the cell and
may also affect the assembly of a number of OMPs, and consequently migtat éead

OM permeability defectAlso, the phenotypic characterisation of singl&289, cj0694
mutants and &j1289/0694double mutant on the assembly of OMPs and sensitivity to
several antimicrobial agents and inhibitors will be investigai&dinformatics analysis
suggests that Cj0694 is related BpiD, a membrane anchored chaperoni.igoli. To
investigate this, chaperone assays and PPlase assays will be performed as well as
crystallography trials of this protein. We also atm analysethe newly identified
putative Mla ABC transport system by mutating ttméa genes and compare their
phenotypes to the wiltype strain, in terms of growth, motility and biofilm formation,

and also sensitivity to a widange of OM damaging agents.
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2 Materials and methods
2.1 Materials

All chemicals were supplied by Sigr#ddrich, Oxoid, Melford and BDH. Antibiotics
were purchased from Sigrfddrich, Ducheva, Applichem and Melford. DNA
polymerase, restriction enzymes and DNA ligase were obtained from RapiNewy
England Biolab (NEB) and Bioline. Oligonucleotides were purchased from Sigma

Aldrich. Gases were supplied by BOC.

2.1.1 Antibiotics

All antibiotics used in this study were prepared in distilled water and filter sterilised,
with the exception of cbramphenicol which was prepared in ethanol. Amphotericin B
was prepared by dissolving in water with few drops of 10 M NaOH. They were stored at
4 °C and used as detailed in the table 2.1.

Table 2.1 Antibiotics used in this study.

Antibiotic Stock cancentration Final concentration
Carbenicillin 50 mg mL* 50 pg mL?
Amphotericin B 10 mg mL* 10 pg mL*
Vancomycin 10 mg mL* 10 ug mL*
Kanamycin 50 mg mL* 50 pg mL*
Chloramphenicol 50 mg mL* 50 pg mL?
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2.2 Bacterial strains and growthmedia

2.2.1 Bacterial strains

All bacterial strains used in this study are listed in table @.2jejuni strains were
preserved at 70 °C BHI (Brain Heart Infusion) broth (Oxoid) with 15 @/v) glycerol
as a cryepreservativeE. coli strains were preseed ati 70 °C in LB (LuriaBertani)
broth (Melford) with 20 %Vv/v) glycerol.

Table 2.2 Bacterial strains used in this study.

Bacterial strain Genotype Source
Campylobacter jejuni | Clinical isolate used for genome sequencir; Parkhill et al,
NCTC 11168 2000
&ecj 1289 11168ecj 1289 This study
@cj 1289/ cj|11168zec j 1lcprBpEmented with WT copy This study

of ¢j1289
ecj) 06914 11168ecj 06 9 4 This study
&cj 1289/ ec| 11168xcj 1 2 8 9 daellg ntutard 4 This study
epebi4 11168ep e b 4 This study
ecj 1371 11168ecj 1371 This study
@cj 13771/ cj|11168s:ec j 1lcBriplemented with WT copy This study

of ¢cj1371
ecj 1372 11168ecj 137 2 This study
@cj 13772/ cj|11168z:ec j 1cBripmented with WT copy This study

of ¢j1372
&ecj 1373 11168ecj 137 3 This study
EschericiacolDH5 [ Fi 0 8l8cZ oM 1 SacZyA-argF) U169 l nvitra

recAl endAl hsaR17 (rKi, mK+) phoA

SUfE 4 4 thied gyrA96 relAl
Eschericia coli Fi omprl hsdSB(rBi, mBi) gal dcm(DE3) l nvitra
BL21( aDE3)
Eschericia coliTOP10 | hscR mcrA lacze M 1 éndAL recAl l nvitra
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2.2.2 Media for growth ofC. jejuni

Chocolate agar was routinely used for growthCofjejuni as a solid medium. This
consistsofCol umbi a agar base (Oxoi d), made ac
Sterilisation was achieved tgutoclaving (121 °C, 15 minutes, 15 psi). After cooling

the sterile Columbia agar to approximately 70 °C, 5/ Gterile horse blood (Oxoid)

was added. Vancomycin and amphotericin B (standard antibiotics ad@edejanito

prevent bacterial and funigeontamination) were added to a final concentration of 10

ng mL* when chocolate agar was cooled to approximately 50 °C. Selective antibiotics

(if required) were added to a final concentration of 50 pg'mPlates were stored at 4

°C for up to four week

Muller-Hinton (MH) agar (Oxoid) wasoutinely used to growC. jejuni This was
prepared according to manufactur €216, i ns1
15 minutes, 15 psi).

Muller-Hinton (MH) broth (Oxoid) supplemented with 20 mMskrire (MHS) or
Brain-Heart infusion (BHI) broth (Oxoid) were used to gr@wjejuniin liquid cultures.
Media were sterilised by autoclavi{@21 °C, 15 minutes, 15 psiintibiotics were

added to sterile media prior to inoculation to final concentrationsraofid media.

2.2.3Media for growth of E. coli

Escherichia colstrains were routinely cultured Luria-Bertani (LB) medium at 37 °C.

For the preparation of solid LB medium, bacteriological agar (Oxoid) was added to a
concentration of 1.5 %w(v). Steailisation was achieved by autoclaving (121 °C, 15
minutes, 15 psi) and, when required, selective antibiotics were added to appropriate

concentrations prior to inoculation.
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2.3 Growth of organisms
2.3.1 Growth ofC. jejuni

Stock C. jejuni cultures were maintained on chocolate agar at 37 °@i@nmoaerobic
conditions (5 %(v/v) O, 10 % (v/v) CO,, and 85 %v/v) N,) generated in a MAGS
VA500 Microaerobic Workstation (Don Whitley Scientific Ltd). Cells were -sub
cultured into fresh plates ewed81 72 hours to maintain actively dividing organisms.
Liquid cultures were routinely grown at 3T in MHS or BHI under standard
microaerobic conditions (as described earlier) with culture volume equal to 1:5 conical
flask capacity mixed by continuous shaking at 180 rpm. Liquid media were positioned
in microaerobic conditions overnight for gas equdiiwn. Overnight starter cultures
were allowed to grow from fresh 24 hours old cells grown on plates prior to inoculation

of larger cultures.

2.3.2 Growth of E. coli

E. coli were cultured aerobically at 3 on LB agar or brottfMelford) which was
steriised by autoclaving. Selective. coli growth was achieved with addition of
appropriate antibiotics. Liquid cultures were grown with shaking-Z&5rpm).

2.4 Physiological experiments
2.4.1 Growth assays

One-day old cells harvested from chocolate agars were used to grow 25 mL MHS starter
cultures containing appropriate selective antibiotics. After overnight incubation of
starter cultures at 37 °C in standard microaerobic conditions, cells were pelleted by
certrifugation (15,000xg, 3 min) and resuspended in 1 mL plain MHS. Cell densities
were adjusted to an QB of 0.1 in 50 mL sterile MHS cultures containing
amphotericin B and vancomycin at 10 pg meach. Cultures were incubated for 24

hours and samples of 1 mL were collected every hour for the first 8 hours and a final
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sample was collected at 24 hours. ggfdeadings were plotted in a growth curve with an
X axis represents the time (hr) and Y axis ODsoo for three biological replicates per

each strain. Growth deficiency (if any) of mutants was compared to the one of the wild
type.

2.4.2 Disc diffusion assay

Oneday-old cells from chocolate agar plates were used to preparerd.30H culture
suplemented with 20 mM 4iserine with addition of amphotericin B and vancomycin to

a final c o n c e nt Eulturds were gmwn ufider stanglardnmiicroaerobic
conditions at 37 °C overnight. The @ of the stationamphase cell culture was
adjustedo 0.1, and 20 mL of this was used to inoculate 400 mL MH agar supplemented
with amphotericin B and vancomytedaa 20 0 a
mL of this was pipetted to each Petri dish and allowed to set at RT. After the plates have
beendi ed f or 10 minutes in a | aminar flo
applied to the centre of therBm Whatman filter paper discs that had beerspeélised

by autoclaving and positioned at the centre of the agar plates. Nine replicate plates were
prepared per concentration of SDS per strain, and the solvent (water) was applied to the
centre of the control plates. Plates inoculated with the relevant strains were incubated in
a microaerobic conditions at 37 °C foif 3 days, and the diameter of gribmnhibition
(including the filter paper disc) was measured. No growth inhibition was observed on

the control plates.

2.4.3 Determination of cell viability and sensitivity to antimicrobials

Fresh onalay old C. jejunicells grown on chocolate agar wedrarvested into 1 mL
MHS broth by centrifugation (15,00¢3, 3 min) and resuspended in 100 pL MHS to
inoculate 25 mL MHS starter culture that had been incubated overnight at 37 °C in
standard microaerobic conditions. Samples from starter cultures (180eu¢)agded to

a 96well microtiter plates containing antimicrobial agent (polymyxin B, polymyxin E

or protamine sulfate) at final concentrations of 0, 50, 100 or 200 {3 miLhuman
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cathelicidin (LL-37) at final concentrations range fromi010 puM. Cultues were
incubated microaerobically at 37 °C for 2 hours without shaking. Serial dilution was
carried out by adding 20 pL of culture to sterile 180 pL MHS, mixing thoroughly using
multichannel pipette. 10 pL from various dilutions were plated on squaresplat
containing plain MHS agar, allowed to dry and incubated microaerobically at 37°C for
48 hours until defined single colonies were formed. Colony forming units (cfj mL

were counted for each strain and compared to cfd efilvild type strain.

2.4.4 Mdility assays

Motility assays were performed for Mla system mutardsc (] 1-78)7ahd their
complemented strains using 0.3 % MHS agar plates (motility pla@eggjunistrains

were allowed to grow in MHS broths containing appropriate selective antibadt®s

°C in microaerobic conditions overnight. 10 puL from cultures of each strain was
pipetted and spotted on the centres of motility plates, incubated without inversion
overnight at 37 °C in standard microaerobic conditions. The zone of motility was
measired for each strain and compared to the motility zone of the wild type.

2.4.5 Biofilm assays

Biofilm formation assays were carried out in Sterilev@dl flat bottom plates (Fisher,
UK). Each row of the plate contained one strain (12 replicates) plastansination
control row with plain MHSC. jejuni strains were preultured overnight at 37 °C in
standard microaerobic conditions in MHS containing appropriate selective antibiotics.
Dilutions were applied to cultures with sterile plain MHS to arns$98f 0.1 and 200 pL

of the dilutions were added to each well. Plates were incubated in two different
conditions; aerobic and microaerobic, without shaking, both at 37 °C for 24 hours. Cell
densities of each 200 pL cultures were measured afodOmDn in Victo? 1420
Multilabel Counter plate scanner (Perkin Elmer, USA). Planktonic cells were carefully
and fully poured off and 200 pL crystal violet (1 84v) in dH,O) stain was added to

each well and allowed to stand for 5 min at RT. The crystal violet solutaantien
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poured off and plates were washed withh@Hor three times until clean and alled/to

dry for 10 min. The remainindye in each well was resuspended in 200 ul of ethanol:
acetone (4:1) and plates were incubated for further 20 min at RT with ggitd&on.

The ODyoo Of the crystal violet was measured and the reading reflected the static biofilm
formation. The MHSonly control was averaged and subtracted from the test wells to
normalise data for both growth and biofilm formation. TheggdDPeadingof static
Biofilm formation was divided by the Qjgy reading of planktonic cells for each well to
convert to arbitrary biofilm units, which take into account the amount of growth.

2.5DNA preparation and manipulation

All reagents used for molecular bigly techniques were purchased from Bioline,
Boehringer Mannheim, Fermentas, New England Biolabs, Promega and Roche.

2.5.1 Plasmids used in this study
All plasmids used in this study are listed in table 2.3.

Table 2.3 Plasmids used in this study.

Plasmid Description Resistance Source
marker

pET2la(+) An overexpression vector witB-terminal | Amp® Novagen
6X Histidine residues used for protein
overproduction under the control of IPT(
inducible T7 promoter

PGEM®3Zf(-) | A cloning vector used in mutagenesis | Amp" Promega
constructs. Multiple cloning site in frame
with lac operon which allows blue/white
colonies selection

pPQE-70 A cloning vector used for ovaroduction | Amp® Qiagen
of C-terminally His tagged proteins

pJMK30 Cloning vector containing thegphAlll Amp~t Van Vliet et
gene encoding kanamycin resistance Kan® al., 1998

pPAV35 Cloning vector containing the Amp~t Van Vliet et
chloramphenicol acetyl transferasat] cm? al., 1998
inserted aBanHl| site

37



pBAD/His B

An overexpression vector witN-terminal
polyhistidine adjacent to multiple cloning
site used for protein ovgaroduction under
the control of Larabinose inducible
araBAD promoter

Amp

Invitrogen

pCOLD-TF

Cold shock expression plasmid used for
increased production of soluble fraction
proteins under the regulation cgpA
promoter

Amp

Takata

pPGEM-T
Easy

T7 and SP6 RNA polymerase promoters
flanking a multiple cloning site within the
Upeptide codingregin of t h-e
galactosidase

Amp

Promega

pK46

Vector used for complementation ©f
jejuni mutants by insertion of wiltlype
copy of DNA into thecj0046pseudogene

Kan

Gaskinet
al., 2007

pCfdxA

Vector used for complementation ©f
jejuni mutants by insertion of wiltlype
copy at thecj0046pseudogene, witfuxA
promoter

Cnmf?

Gaskinet
al., 2007

pl1289cat

pGEMS3Zf(-) containing 400 bp upstream
and 600 bp downstream flanking DNA o
cj1289with thecat cassette inserted in
place of the deletesequence

Cnm?

This study

p0694kan

pGEMS3Zf(-) containing 400 bp upstream
and 600 bp downstream flanking DNA o
cj0694with thekancassette inserted in
place of the deleted sequence

Kan

This study

ppeb4kan

pGEMS3Zf(-) containing 400 bp upstream
and 600 bp downstream flanking DNA o
cj0596with thekancassette inserted in
place of the deleted sequence

Kan

This study

pK1289

pK46 containing wiletype copy ofcj1289
inserted into thej0046pseudogene

Kan

This study

pCidxA0694

pCfdxAcontaining wildtype copy of
cj0694inserted into thej0046
pseudogene

CnR

This study

pCfdxApeb4

pCfdxAcontaining wildtype copy ofpeb4
geneinserted into thej0046pseudogene

Cnm?

This study

pl371lkan

PpGEMT Easy with th&kancassette
inserted in place afj1371

Kan

Arnoud Van
Vliet (IFR)

pl372kan

pPGEM-T Easy with thé&kancassette
inserted in place afj1372

Kan

Arnoud Van
Vliet (IFR)
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pl1373kan

pPGEM-T Easy with thekancassette
inserted in place afj1373

Kan

Arnoud Van
Vliet (IFR)

pCldxA1371

pCfdxAcontaining wildtype copy of
cjl371linserted into thej0046
pseudogene

Cmt

Arnoud Van
Vliiet (IFR)

pCdxA1372

pCfdxAcontaining wildtype copy of
cj1372inserted into thej0046
pseudogene

Cnmt

Arnoud Van
Vliet (IFR)

pCfdxA1373

pCfdxA containing wildtype copy of
cj1373inserted into thej0046
pseudogene

Cnmf?

Arnoud Van
Vliet (IFR)

pPETO694H

Plasmidconstructwith cj0694minus stop
codon andN-terminal signal sequence,
clonedinto Ndd andXhd sites of
thepET21a(+)vector.Used

for the productionof recombinant
Cj0694.

Amp

This study

pET0694

Plasmidconstructwith cj0694including
stop codon clonenhto Ndd andXhd sites
of thepET21a(+)vector.Used

for the productionof recombinant Cj0694
without theC-terminal polyhistidine

Amp

This study

pETPEB4

Plasmidconstructwith cj0596without
stop codon clonethto Ndd andXhd sites
of thepET21a(+)vector.Used

for the productionof recombinant PEB4
protein.

Amp

This study

pBAD0694

Plasmidconstructwith cj0694including
stop codon but minus-terminal signal
sequence, clonddto Xhad and

EcoR sites of thepBAD/His

B vector.Used forthe productionof
recombinant Cj0694 without thé-
terminal signal sequence

Amp

This study

pCOLD0694

Plasmidconstructwith cj0694minusN-
terminal signal sequence, clonatb
Ndd andEcoR sites of thgpgCOLD-
TF vector.Used forthe productionof
recombinant Cj0694.

Amp

This study

pNJO77

pPQE-70 vector harbouring BamA cloned
atBamH site, usedor overproduction of
BamA

Amp

Neil

Oldfield
(MBIG,
Nottingham)
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2.5.2 Primers used in this study
All primers used in this study were purchased from Sigiagich, UK.

Table 2.4 Primers used in this studBestriction sites are illustrated in bait@lics.
Primer sequences which bind to DNA templates are underlined. Yellow sequences show
isothermal assembly (ISA) cloning adapter regions.

Name Oligonucleotide 5'- 3' sequence

1289F1-F GAGCTCGGTACCCGGGGANTTAGAGTGGCACGCAATTCTTCTAA]
1289F1-R CCCCGGGCTGCAGGAATCAAGGAGAATAATAAAATTTTTTTCAT
1289F2-F GTACCCGGGATCCACTAGABGGTGTGRTAGAATATTTAAGATAA
1289F2-R AGAATACTCAAGCTTGCATGI GCAGG PRI GAAACTGCTATTAAGG
0694F1-F GAGCTCGGTACCCGGGGATITAGAGTITATCCTATTGCGAAAATC
0694F1-R AAGCTGTCAAACSRAGAACCAAGGAGAMITTGCATCCAAGTAAGC
0694F2-F GAATTGTTTTAGTACCTAGEBAGGTGTAUTATTATAAAGGGAATT
0694F2-R AGAATACTCAAGCTTGCATGI GCAGGTIATCATCTAAACAAGCTA
PEB4F1-F GAGCTCGGTACCCGGGGATTAGAGTRAAAACATGAGTATCTAC/
PEB4F1-R AAGCTGTCAAACATGAGANAGGAGAACTAAAGAAAATTTTTTGA
PEB4F2-F GAATTGTTTTAGTACCTAGEAGGTGTGIAAAGTGGAATATAAATA
PEB4F2-R AGAATACTCAAGCTTGCATGI GCAGGPIGCAAGAGCTACATCTT
1289+F TAATCGTCTBCAT@AACGCGTTGTAAGTTTT

1289+R TAATCGTCTBCAT@ATTTTAATTGTAATTTTTA

0694+F TAATCGTCT@BCATGAGAACAAATATTTTT

0694+R TAATCGTCTBCATGCTAATATATTCAAASA

PEB4+F TAATCGTCT@BCATGATTTTAGTTAATTAST

PEB4+R TAATCGTCTBCATGGTCTAAAACACCCA

1371-screenF AAATTTTTAGGAGTTTTTGC

137%screerR ATATTTTTTTCATTAATTTC

1372screenrrF TTAGCAAATAAAGGAAATTA

1372screerR TAAAAAACTTTAAAAGCTTT

1373screenF CAAAAACTTGAAAGTATTGATAGAATA

1373screerR AAATGAAAAATTTTTTAAARTATAGCTA

1371+F TAATCGTCTCACATE GAGAATAAAATTT

1371+R TAATCGTCTCACAT@ATTTGCTAAGTTC

1372+F TAATCGTCTCACATAT GAAAAAAATATTTTTA
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1372+R TAATCGTCTCACATEATTCTATGACAATAC

kan-F-styl ATTCTCCTGGTTCTCATGTTTGACAGT
kan-R-styl GCACACCTEGGCTAGGTACTAAAACALAT
catF-sty ATTCTCCTGGGAATTCCTGCAGCCC
catR-styl GCACACCTGGACTAGTGGATCCCGG

06940OEFRpCOLD AATACTCGAGATTTTAATCTCAATAGA

06940ER-pCOLD AATAGAATTGCAATTCCCTTTATAATAAA

06940EFRpBAD AATACTCGAGBATTTTAATCTCAATAGA

06940ER-pBAD AATAGAATTGCAATTCCCTTTATAATAAA

06940EFpPET AATTATTACATATGATTTTAATCTCAATAG
06940ER-pET(stop)| AATTATTACTCGAGCAATTCCCTTTATAAT
06940ERpET AATTATTACTCGABTTCCCTTTATAAT
PEB4OEF AATACATAT@ATGAAAAAATTTTCTTT
PEB4OER AATACTCGABTTTATATTCCACTTTA

A6F GAGCCAATCCTATTTCATGA

46R CCAGCCCATAAAAGTAAKGAGAC

M13E GTAAAACGACGGCCAG

M13R CAGGAAACAGCTATGAC

Omp85F CGGGATCETCGGATTAAATCATTTATC
Omp85R CGGGATCBAAGCGTGTTCCAAGATARATC

2.5.3 Preparation of DNA
2.5.3.1 Isolation of genomic DNA

Genomic DNA ofC. jejuniwas extracted in large scale using Wifa@tenomic DNA
Purification Kit (Promega). This DNA preparation kit produces quality DNA which can

be used as PCR template by using various detergent and temperature changes for cell
lysis and subsequently release of genomic DNA. Following removal of dal tg
centrifugation, genomic DNA was collected from supernatant and purified by ethanol

precipitation. Manufacturerds instructi ol
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2.5.3.2 Isolation of plasmid DNA

Plasmid DNA was routinely isolated using QIApfeBpin Miniprep Kit (Qiagn) for

small scale isolation, or the Wiz&dPlus Midipreps DNA Purification System
(Promega) for large scale isolation as instructed by manufacturers. The principle of spin
column for DNA preparation is based on-exchange chromatography. DNA binds a
DEAE sepharose gel filter in the spin column while debris and impurities pass through
the filter during centrifugation. Plasmid DNA is then collected by treatment of high

ionic strength elution buffer.

2.5.4 Manipulation of DNA
2.5.4.1 PCR amplification

Standard PCR reactions were implemented in reaction volume of 12.5 pl for either
screening ofC. jejuni strains or verifying DNA sequence of newly cloned plasmid
constructs after transformation &. coli strains using MyTag' Mix (Bioline).
Alternatiely, 50 ¢ | reaction volume was used when
required using Accuzyme DNA polymerase (Bioline) in a Techne Techgene Thermal
Cycler (Techne). Manufacturerdéds guidelin
least 0.1 pg of template DNA wased and 10 uM primer stocks were added to a final
concentration of 200 nM. The PCR cycle suggested by the manufacturers was followed
with the annealing temperature oflb °C lower than the primer melting temperature,

and extension time dependent on E®NA product for each reaction. PCR products

were purified and concentrated using the QIAqEilRICR Purification Kit (Qiagen) and

visualised by agarose gel electrophoresis.

2.5.4.2 Agarose gel electrophoresis

DNA product was visualized by agarose gelcélophoresis. Agarose gel was prepared
by addition of 0.7% agarose to 1X TAE (40 mM Taisetate, IMMEDTA, pH 8.0)
buffer, and dissolved by heating. After addition of approximately 100 ngetiidium
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bromide, agarose solution was poured into a gel cast with a comb in place and allowed
to set. The examined DNA samples were mixed with 5 x DNA loading buffer (Tri
Colour, Bioline) and loaded into the wells alongside Hyperladder | (Bioline).
Electrophoresewas performed in 1 x TAE buffer at a constant 120 V until satisfactory
migration had achieved, and visualised under an ultraviolet (UV) light source using a

Gene Flash Gel Doc System (Syngene).

2.5.4.3 Isolation of DNA from agarose gel

Whena DNA fragment from anagarose gel was required for further use, gel extraction
was carried out using a QIAquitk Gel Extraction Kit (Qiagen) following

manufacturerdés instructions to obtain a |

2.5.4.4 Restriction digestion

Digestionof DNA with restriction enzymes was carried out in 20 pl reaction volume
according to manufacturerds recommendat.
supplied buffer for optimum time and temperature recommended by manufacturers. For
digest product whit to be used for cloning, reaction mixture was heat inactivated and

enzyme/buffer removed by the QIAquftRCR Purification Kit (Qiagen).
2.5.4.5 Klenow polymerase treatment of DNA

DNA Polymerase |, Klenow Fragment (NEBom E. coli was used to fill in Bl
overhangs on PCR products and vector termini for subsequenidnided ligation. The
reaction mixtures were incubated accordi

for 30 minutes and reactions stopped by heat inactivation at 65 °C for 15 minutes.
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2.5.4.6Phosphatase treatment of DNA

To prevent vector DNA selfgation during ligation reaction, Antarctic Phosphatase
(New England Biolabs) was used to remowptosphoryl groups from the ends of
digested plasmid DNA. Phosphatase treatment was edardut according to

ma n u f a c t nuatians. Dypically,memadtion eiures were incubated at 37 °C for 30
minutes and heat inactivated at 65 °C for 10 minutes. Enzymes and buffers were
removed using a QIAquick PCR purification kit (QIAGEN, UK) as insted by

manufacturer.

2.5.4.7 Ligation of DNA fragments

Ligation of DNA fragments was carried out at insert to vector molar ration of 1:1, 1:5,
3:1 and 5:1. Insert and vector concentrations were estimated from known volume loaded
on agarose gel ancbmpared to a standard molecular weight of known concentration

(Hyperladder | [Bioline]).

The amount of DNA required to achieve different molar ratio was calculated according

to the following equation:
WEE OQE O DODMOLED | QATWE I T G £ ADHOECME | Qi 06
i Q8B QWORW AEAWDOEM QWO € i

DEE OQE 08 @D INBED

Typically, 207 50 ng of vector DNA and calculated amounitresert DNA were used

per | igation, plus 1 ¢l of 10 x T4 DNA |
(NEB). The final v ol u m®. Ao ihserrde reaction eoat®l r e a
was included to observe the level of vector DNA -fighition. Ligation reactions for
cohesiveended DNA fragments were carried out at 16 °C overnight or at room
temperature (RT) for 1 hour. For bleebmded DNA fragments, reactions were
performed at 16 °C overnight or at RT for 2 hours. The ligation reaction a@sest by

heat inactivation at 65 °C for 20 minutes prior to transformatioR.afoli competent

cells with the ligation mixture containing the plasmid construct.
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2.5.5 Isothermal assembly (ISA) cloning

Isothermal assembly (ISA) cloning method was used exsribed by Gibsoret al
(2009), to generate plasmid construct €rjejuni mutagenesig¢Gibsonet al, 2009.

The principle of the ISA cloning method is based on assembly of multiple overlapping
DNA fragments in a single step reaction, in the presence of TS5 exonuclease, Phusion
polymerase and Taq ligase to generatea#itro recombinant DNA fragment.

The DNA fragments to be assembled in the ISA reaction were prepared as follows.
First, pPGEM3Zff) was digested withidincll and phosphatase treated. The appropriate
antibiotic resistance (A cassette was PCR amplified using kan or cat primers. 50 bp
primers (20 bgor gene of interest plus 30 bp for adapter) were designed to amplify two
PCR products indicated here as F1; firsti 122D bases of gene of interest plus upstream
flanking DNA, and F2; last 1b 20 bases of gene of interest plus downstream flanking
DNA). The adapter sequences used an overlapping region between the DNA fragments
and Al cassette or terminal sequence of the vector (Fig. 2.1). Digested vector and PCR
products were purified using the QIAquftRCR Purification Kit (Qiagen) and DNA

concentratia was measured using a BioPhotometer (Eppendorf).

ISA mastermix was prepared by adding 40 pL ISA buffer (2pdtyethylene glycol
[PEG-8000], 500 mM TrisHCI pH 7.5, 50 mM MgCJ, 50 mMdithiothreitol [DTT], 1

mM of each dNTP and 5 mM NAD) to 0.128 T5 exonuclease (Cambio), 2.5 pL
Phusion polymerase (NEB) and 20 pL Taq ligase (NEB). The final volume of 150 pL
was achieved by diD, and divided into 15 pL aliquots and stored &0 °C. The ISA

DNA fragments were combined in equimolar concentrationsl(Ing of each) in a

total volume that did not exceed 5 pL. This was added to 15 pL ISA mastermix and the
volume made up to 20 pL with @B. The reaction was allowed to progress overnight at
50°C in a Techne Techgene Thermal Cycler (Techne Ltd). After ayriicubation,

ISA reactions were purified using the QIAqUTdRCR Purification Kit (Qiagen), eluting

in 15 pL dHO. Only 37 5 pL of the resulting DNA was used to transform competent
E.coliDH5 U, pl ated on sel ect i vapprofriBte atibtic.d me
Positive colonies were screened by colony PCR using extreme fragment primers and
correct assembly of plasmids was confirmed by automated DNA sequencing using M13

primers Core Genomic Facility, University of Sheffield Medical SchadkK).
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Figure 2.1 Isothermal assembly (ISA) cloning strategy(a) The pGEM3Zff) vector
was digested witlidincll and treated with alkaline phosphatase to preventligetfion.
DNA Fragments; F1, F2 and an antibiotic resistance cassetf® Wre amgfied by
proofreading DNA plymerase with adapter sequences at their terfmjrnihe digested
vector and amplified DNA fragments were incubated at 50 °C overn{ghtT5
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Phusion DNA polymerase andaq DNA ligase repair the double stranded DNA

fragments. This generates a circular mutagenesis construct which possesses a
upstream

replacement of 5N end

and

the gene of interest by bR cassette. Whel€. jejuni strain is transformed by this
construct, the gene of interest is deleted and replaced byaskette. Figure and legend

modified from(Gibsonet al, 2009.
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2.6 Preparation and transformation of competent cells
2.6.1 Preparationand transformation of competentC. jejuni

CompetentC. jejuni were prepared freshly when required for transformatiorC of

jejuni. A oneday old plate was harvested in 1 mL BHI and cells were collected by
centrifugation (15,00g, 5 min, and 4°C). Cellswere resuspended in 1 mL wash
buffer (10 %(v/v) glycerol, 9 %(w/v) sucrose) and pelleted as above. Washing was
repeated three times and cells were resuspended in 100 pL wash buffer. Plasmid DNA
(37 5 pL) was added to cell suspension and incubated irfoic80 minutes. The
transformation mixtures were transferred to-phéled electroporation cuvettes (Bio

Rad). Electroporation allowed to take place at pulse of 25 F. 2.5 kV anw2604
milliseconds in ark. colipulser (BicRad). Sterile BHI broth 00 eL) was add
el ectroporated cell s and 1O0d4eleciive blogsgagar,pl| at
incubated microaerobically at 3T for 24 hrs. Cells were harvested into 1 mL BHI
broth, centrifuged (15,00€g, 5 min, RT), resuspended in 260L B H | broth an
(100 e€L) in duplicate onto selectivie blo

5 days to allow transformant single colonies resistant to selective antibiotics to appear.

2.6.2 Preparation of competent. coli

CompetentE. coli cells were prpared as described idanahan, 1983 E. coli was

grown in LB broth at 37 °C for 16 hours until méastponential phase was reached to
give a cell density oft to 6 10" viable cell mL* (O.D. 600 -0.41 0.6). Cells were
incubated on ice and centrifuged at 60@Dfor 20 minutes at 4 °C. The unwanted
supernatants were discarded and pellets resuspended in 50 mL RF1 solution (100 mM
KCI, 50 mM MnCh4H,O, 30 mM CHsCOOK, 10 mM CaGRH,0, 15 % [w/v]
glycerol; adjusted to pH 5.8 with 0.2 M acetic acid). Cells were incubated on ice for 15
minutes, centrifuged as above and resuspended in 8 ml RF2 solution (10 mM MOPS, 10
mM KCI, 75 mM CaCJ@QH,O, 15% [w/v] glycerol; adjusted to pH 6.8 with 5 M
NaOH). Cells were incubated once more on ice for 20 minutes, aliquoted into pre
chilled eppendorfs and storediaf0 °C. Viability of competent cell and transformation
efficiency were tested by transformation withcleaved vector.
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2.6.3 Transformation of competent. coli

Competent cells (200 pL) were freshly thawed on ice and 1 pL plasmidi d& BL
ligation reaction (10 20 ng) was added. Cells were incubated on ice for 30 minutes
before heat shocking (4Z for 1 minute, ice for 2 minutes). Sterile liquid LB (1 mL)
was added to the mixture and incubater af@%or 1 hour with shaking at 250 rpm.
Following to incubation, cells were harvested by centrifugation at »@0@or 2
minutes, resuspended in 200 pL pldiB, and 100 pL was plated on LB agar
containing appropriate selective antibiotic and incubated at 37 °C overnight. A negative
control plate containing no insert was also routinely plated to determine the level of
vector selligation.

2.7 Cell fractionation procedure
2.7.1 Preparation ofE. coli cell-free extract

A 500 mL LB broth containinge. colicells grown aerobically for 16 hours was pelleted

by centrifugation (7,15%g, 10 min and 4 °C) and cells resuspended in 10 mMH@6

pH 8.0. the cell sugmsion was placed in ice and sonicated for 6 x 30 sec pulses at a
frequency of 10 microns using a Soniprep 150 ultrasonic disintegrator (SANYO). The
whole-cell lysate was kept in ice ®r20 °C for further analysis or otherwise, cell debris
were removed bycentrifugation (48,297g, 30 min and 4 °C), and the resulting
supernatant was saved as the cell tree extract (CFE) iniic20otC.

2.7.2 Preparation ofC. jejuni cell-free extract

Cells of C. jejuni strains were allowed to grow in 200 mL MHS brotidenstandard
microaerobic conditions with shaking at 150 rpm for 16 hours after been harvested from
on Columbia agar plates containing 5 % lysed horse blood. After achieving mid
exponential phase (~ 16 hours), cells were pelleted by centrifugation &3,156 min

and 4 °C), and resuspended in 10 mM -H@I pH 8.0 (unless otherwise stated). The

resuspended solution was placed in ice and sonicated for 6 x 15 sec pulses at a
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frequency of 10 microns using a Soniprep 150 ultrasonic disintegrator (SANYO) and
cell debris were removed by centrifugation (48,2@y 30 min and 4°C). The
supernatant was kept as CFE and stored on ice-20 &€ until further use.

2.7.3 Preparation ofC. jejuni periplasm by osmotic shock procedure

A fresh culture of 0.5 1 L BHI broth containingC. jejunigrown until midlog phase

was achieved (~ 16 hrs) in standard microaerobic condition was harvested by
centrifugation (7,15%g, 15 min and 4 °C). Cells were gently resuspended in 20 mL
STE (20 %(w/v) sucrose, 30 mM Tri$iCl pH 8.0 and 1 mM EDTA) buffer and
incubated at RT with gentle shaking for 30 minutes. Then, cells were harvested by
centrifugation (11,18&g, 10 min and 4 °C) and supernatant was removed. Pink pellets
were resuspended in ioeld 10 mM TrisHCI pH 8.0 buffer and incubated with gentle
shaking at 4 °C and centrifuged (15,04§) 25 min and °C). The resulting supernatant
containing periplasm was collected in 1.5 mL eppendorf tubes and staire2DatC.

The pellet was kept if requad to be used in isolation of outer membrane.

2.7.4 Preparation ofC. jejuni cell outer membrane

A culture of 1 L BHI broth containingC. jejuni grown overnight in standard
microaerobic condition was harvested by centrifugation (7Xh35 min and 4 °f

and pellets were resuspended ini1@0 mL of 10 mM HEPES buffer pH 7.4. cell
suspension was sonicated with ice cooling for 6 x 15 sec pulses at a frequency of 10
microns using a Soniprep 150 ultrasonic disintegrator (SANYO) and unbroken cells and
cell debris were removed by centrifugation (27,13 30 min and 4°C). The
supernatant was kept in pehilled ultracentrifuge tubes, andé inner and the outer
membranavere pelleted by ultraentrifugation (100,00@g, 60 min and 4 °C). The red
pellet cortaining both inner and outer membrane was resuspended in 2 mL of 10 mM
HEPES buffer pH 7.4 and processed immediately or storéd 26 °C. The inner
membrane was dissolved by addition of 2 mL of 2 % sarkosyl (Sodtlauryl
sarcosinate) dissolved in 10 mNEPES buffer pH 7.4 and incubated at 37 °C for 30
minutes. A further centrifugation (48,29@, 30 min and 4 °C) was carried out to isolate
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the OM. Supernatant containing the inner membrane was carefully and fully removed
and the pellet contained the ONMagvwashed three times prior to being homogenised by
0.57 1 mL of 10 mM HEPES buffer pH 7.4 and stored 20 °C.

2.7.5 Stable Isotope Labelling by Amino acids in Cell culture (SILAC)

The use ofStablelsotopeLabelling byAmino acids inCell culture (SLAC) developed

by Onget al, (2002) is highly applicable in quantitative proteomics in which the
quantity and identity of relative differential protein change can be deterr{Oreglet

al., 2002. Basically, in this method, two groups of cells are grown on media that are
identical in all contents except that one medium contains the fight+**N) and the

other medium contains the heayq@ + °N) forms of amino acis| typically Lys or

Arg. The heavy and light amino acids are incorporated into all proteins during protein
synthesis (these include periplasmic and OM protein). After isolation of the periplasms
and OMs from both cell populations, proteins can be comkanedanalysed by mass

spectroscopy for identification of any protein changes among the two cell groups.

2.7.5.1 Growth assays of wildype and mutants in minimum Essential Media
(MEM) for SILAC analysis

Phenol redree MEM (Thermo) is a Minimum Essentiledia that is deficient in 1L
lysine and Larginine, and is specially used for SILAC analysis. Prior to performing a
largescale cultures for membrane isolation of the isofapelled wildtype and
mutants, growth assays were conducted in MEM to ensutalihstrains could grow
with similar cell densities in the same volumes of cultures.-dayeold cells were
inoculated into 25 mL BHI preultures contained 10 pg rifLamphotericin B and
vancomycin, and 50 pg niLkanamycin or chloramphenicol to selece tgrowth of
mutants. These were incubated overnight in microaerobic conditions at 37 °C. Cells
were harvested and resuspended in 1 mL MEM that wasvamaed to 25 °C. An
additional harvesting and ‘ispension step was applied to remove any remaining
traces of BHI. Cells were adjusted to an Qp6f 0.1 in prewarmed 50 mL MEM
contained 10 pg mt amphotericin B and vancomycin, 10 mMskrine, 10 mM L
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aspartate, 50 UM ammonium ferric sulphate dissolved in 10 mM ascorbic acid, 0.4 mM
L-arginine and 0.8 mM dlysine. Cultures were incubated in microaerobic conditions at
37 °C for 24 hours and samples were collected fran8(hours and a final sample was
collected at 24 hour. Absorbance was plotted in growth curves with an X axis represents
the time (hr) and Yaxisfor ODggo using GraphPad Prism 6 (GraphPad Software Inc.).

2.7.5.2 Metabolic labelling with stable isotopes

Overnight cultures (25 mL) of the wiiype and mutats grown in BHI media
containing10 pg mL* amphotericin B and vancomycin, and 50 pg hdf mutant
selective antibiotics (kanamycin or chloramphenicol), were harvested and resuspended
inl mL prewarmed MEM. The wileype cells were added to 100 mL pvarmed

MEM contained in500 mL conical flasksalso containing0 pM ammonium ferric
suphate, 10 mM L:serine, 10 mM taspartate, 0.8 mM ({FCs) L-lysine and 0.4 mM

6 h e a v ¥78) L-afgitine (Invirogen). The mutant cells were added to identical
media exceptforthe-ar gi ni ne wher e -BCsd-argirihe wak added.i g h t
Cells wee allowed to grow overnight in microaerobic conditions at 37 °C. After 24
hours of microaerobic growth, cultures of the wijghe and the mutant were pooled and
periplasms and OMs were prepared as described in sections 2.7.3 and 2.7.4. Membrane
fractions vere sent to Dr Francis Mulholland (The Institute of Food Research, Norwich,
UK) to be analysed by-D SDSPAGE and mass spectroscopy. Figure 2.2 summarises
the strategy for SILAC experiment approach.
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Wild-type cells grown in Mutant cells grown in Light
Heavy Isotope-containing Isotope-containing
media (U-'°Ce) media (U-'°Ce)

—

Harvest and membrane fractions

| |

Quantitate mixed protein fractions

||

SDS-PAGE

+

Trypsine in-gel digestion

I

Mass spectroscopic protein
identification and quantitation

Figure 2.2 Strategy of SILAC experimental approachThe wild-type strainC. jejuni
NCTC 11168 and the mutant cells were grown in MEM contaihfgLysine/Ce-
Arginine and *2Cg-Lycine/*Ce-Arginine, respectively. Following overnight growth,
equal amounts of light and heavy stable isotopataining cells were mixed and
membrane fractions were prepared for separation byPBSE, trypsine digestion and
identification by mass spectroscopy.
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2.8 Proteinmanipulation
2.8.1 Determination of soluble protein concentration

Determination of protein concentration of purified protein8 (mg mLY) or celifree
extracts (CFE) was carried out using #tad Assay Kit as instructed by manufacturer.
The principle ofthis assay is based on the Bradford Assay method, (Bradford, 1976),
where binding of protein to a dye causes shift in the absorbance from 465 nm to 595
nm. Protein concentrations were calculated by comparison to a standard curve of a
known concentrationf@ovine serum albumin (BSA). Typically,i120 pL (17 10 pg)

of protein were added to a 1.5 mL cuvette containing 0.8 mL-@il,O and 0.2 mL
Bio-Rad reagent. Mixing was performed by inversion and absorbance measured at 595

nm. The protein concentratiavas determined according to the following formula:

Protein concentration (mg rif). = pu

For less concentrated proteins 3 mg mL?%), concentration was determined by

measuring theabsorbance at 280 nm 4{#) in a Biophotometer Spectrophotometer

(Eppendor f, UK) . Protein concentration

= ULCLL) wusing the following equation:
A28A320 .

Protein concentration (M):T Di | ufta cotnor

A320 issubtrated from A280 to compensate for the effect of background absorbance
and presence of any particles in the mixture. L representsdhedbtical path length of

the cuvette, U is the mol ar extinction
ProtParam tool on the ExPASyY website (http://expasy.org/tools/ protparam.html) based

on a given amino acid sequence.
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2.8.2 Determination of wholecell protein concentration

Concentration of wholeell proteins was measured by using a modified Lowry method
(Markwell et al, 1978. Protein samples were diluted at 1/20, 1/50 and 1/100 ®dH
Solution A (2 %(w/v) sodium carbonate, 0.4 $/v) sodium hydroxide, 0.16 %w/v)

sodium potassium tartrate, and 1&6/v) SDS) and solution B (4 %w/v) cupric
sulphate) were mixed & ratio of 100:1 to give solution C. 3 mL of solution C was
added to the diluted protein samples, mixed thoroughly and incubated at RT for 60
minutes. After addition of 0.3 mL N Folin-Ci ocal t euds phenol r
Aldrich) and thorough mixing, sangs were incubated for a further 45 minutes at RT

and absorbance was measured at 660 nm. BSA standard curve was used to compare

with for calculation of protein concentration.

2.8.3 SD$polyacrylamide gel electrophoresis

Bio-Rad MinitPROTEAN® 3 or Mini-Proteafl Tetra systems (both BiRad)
electrophoresis apparatus were routinely used for-gdhgacrylamide electrophoresis
(SDSPAGE). Gel tanks were cleaned by ethanol, rined thoroughly wity©Od&hd
allowed to dry completely prior to use. Resolving gels made of 10 % or 12.5 %
acrylamide (depending on experiments to be used for) were prepared. (80vPo
acrylamide / 0.8 %w/v) bisacrylamide was diluted in resolving gel buffer (1M Tris
HCI pH 88, 10 %(w/v) sodium dodecyl sulphate [SDS]) and distilled water creating a
final concentration of 375 mM THEICI pH 8.8, 0.1 %(w/v) SDS, 10 % or 12.5 %
acrylamide mix. Polymerisation was originated with the addition of 0.1w¥)
ammonium persulphat&PS) and 0.01 %v/v)N, N, NIletraMeéthylethylenediamine
(TEMED). Acrylamide mixture was homogenised by gentle swirling, pipetted into pre
assembled gel cast and allowed to polymerise for 30 minutes. Stacking gels (6 %) were
prepared by dilution of 30 %w/v) acrylamide/0.8 %w/v) bisacrylamide with stacking

gel buffer (1 M TrisHCI pH 6.8, 10 %{w/v) SDS) and distilled water to make a final
concentration of a 125 mM Tr4CI pH 6.8, 0.1 %w/v) SDS, 6 % acrylamide mixture.
Polymerisation was initiatecsabove. Components were mixed gently and the stacking

gel was pipetted and added on top of the resolving gel with a comb inserted. The comb

54



was removed from the set gel, which was placed in a gel tank containing 1 x running
buffer (25 mM Tris, 250 mM glyiae, 0.1 %(w/v) SDS).

Protein samples to be analysed by SEXYSGE were boiled for 5 minutes after addition

of equal volume of sample buffer (60 mM TFHECI pH 6.8, 2 %(w/v) SDS, 0.005 %

(w/v) bromophenol blue, 5 %w/v) b-mercaptoethanol and 10 &/v) glycerol). Protein
samples were loaded into the gel alongside molecular weight standard; PageRuler
(Plus) Prestained Protein Ladder (Fermentas). Electrophoresis was carried out at
constant voltage of 180 V until sufficient migration of tracking dye hadhegh the
bottom of the gel.

2.8.4 Coomassie blue staining of polyacrylamide gels

Gels were stained for at least 30 minutes with coomassie blue stain (GOvf6
methanol, 10 %v/v) glacial acetic acid and 0.1 %a/v) Coomassie Brilliant Blue R
[SigmaAldrich]). Excess stain was poured off before gels werstai@ed with destain

solution (50 %(v/v) methanol, 10 %Vv/v) glacial acetic acid) until individual protein

bands were clearly visible.

2.8.5 Immunoblotting

Protein samples were prepared and loaated0 % SDSPAGE as detailed previously.
Proteins were transferred to a nitrocellulose membrane (HyBoBdtra, Amersham
Biosciences) using Mini TrarBlot" ElectrophoreticCell (Bio-Rad). The transfer of
protein was carried out at a constant current of 400 mA for 60 minutes at 4 °C in ice
cold transfer buffer (25 mM Tris, 190 mM glycir&) % (v/v) methanol) All transfers

were performed at RT with constant stirring. 1X FBSuffer (25 mM TrisHCI pH

7.4, 137 mM NaCl, 2.7 mM KCI, 0.1 %/v) Tween 20) was used as a base for washing
the nitrocellulose membrane (20 min, 10 min and 5 min). 1X-PE% g NaCl, 0.2 g

KCI, 1.44 g NaHPOQ,, 0.24 g KHPO, T to 1 L with dHO) was usé as a base for
blocking the membrane (5 %/v) dried skimmed milk incubated at least 1 hour with

gentle shaking at RT or overnight at 4 °C). After blocking, membrane was washed with
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1X TBST buffer with gentle shaking for 20 min and twice for 5 min. Rmyn
polyclonal antibody raised in rat supplied at 1 mg™ni.phosphate buffer saline (PBS)

pH 7.1:7.4 (BioServ UK Ltd, University of Sheffield, UK) was diluted in 1X TBS
buffer (1:2000) and incubated with the membrane for 1 hour with gentle shaking or
rolling. Membrane was washed with 1X THSfor 10 min and twice for 5 min.
Secondary antibody (peroxidatkeked Anti-Rat IgG [whole molecule], Sigmaldrich)

was diluted (1:2000) or (1:2500) in TBS and incubated with the membrane for
another hour. Washg of the membrane by 1X TBBwas for 10 min and three times

for 5 min. After washing of the membrane, visualisation of antibody binding was
performed according to the principle of enhanced cHeminescence (ECL Kit, GE
Healthcare), following manufacterr 6 s i nstructi ons. Exposur

min to 5 min as required.

2.8.6 Overproduction of recombinant proteins

The entire coding region of the protein of interest with or without the signal sequence
and stop codon was PCR amplified using Agecne DNA polymerase (Bioline) and
cloned intoNdd and Xhd sites (unless otherwise stated) of the pET21la(+)-over
expression vector (Novagen). The correct insertion and orientation of the gene was
confirmed by screening PCR using MyTHqDNA polymerase (Bioline) or by
automated DNA sequencin@€dre Genomic Facility, University of Sheffield Medical
School, UK, and the resulting recombinant plasmid was used to trangforgoli
BL21( aDE3) c¢ o mpogdnke The ovepmdudtien & fecombinant proteins

was carried out under the control of IPTG inducible T7 promoter of the pET21a(+)
vector which also has @-terminal 6xHis tag. The addition of stop codon when cloning
the coding region of the protein into pET21(+) stop the expresHidhe C-terminal

6xHis. The level of expression and solubility of recombinant proteins was monitored at
different temperatures and times after the induction of IPTG. Cells were grown in
smaltscale cultures (50 mL LB containing 50 pg thtarbenicillin)at 37 °C. When

cells density reached QB ~ 0.6, 1 mM IPTG was added to different batches of
cultures which had been then incubated at 37 °C or 25 °C. Samples were collected at 1,
3, 5 and 24 hours, pelleted by centrifugation (15X§@ min). Equal vaime of SDS
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sample buffer was added to cells prior to be boiled and examined WPABE in

order to evaluate the level of oweroduction and solubility of proteins.

For overproduction of proteins, variable volumes of cultures of @sgressiork. coli

cells harbouring the ovexpression recombinant plasmid (depending on level of
expression and solubility) were grown on LB broth containing 50 pg osrbenicillin

at 37 °C until the OBy ~ 0.6nm. Ovesexpression was induced by addition of D.1

mM IPTG and cultures were incubated 37 °C or 25 °C with shaking at 250 rpni for 2
24 hours (preoptimised growth conditions for best yield of protein). Cells were pelleted
by centrifugation (7,15%g, 20 min and 4 °C) and resuspended in binding buffer (see
secton 2.7.7) according to the volume of cultures. Cells were applied to sonication (6 X
30 sec pulses at a frequency of 10 amplitude microns in a Soniprepl150 ultrasonic
disintegrator, SANYQO), and unbroken cells/debris were pelleted by centrifugation
(48,297xg, 30 min and 4C). The CFE was kept in ice used in further purification

steps.

Overproduction of recombinant proteins was algerformed using pBAD/His B
(Invitrogen) or pCOLDBTF (Takata) oveexpression vectors. The former possesses
6xHis in theN-temminal adjacent to multiple cloning site and the eewpression was
carried out under the control ofdrabinose induciblaraBAD promoter. The latter also
hasN-terminal 6xHis, and allows fusion of the 51.5 kDa trigger factor adjacent to the
6xHis residus, and has a Factor Xa protease cleavage site located before the multiple
cloning site It is used for increased recombinant protein yield, purity and solubility
under the control of IPTG induciblespA (cold shock proteinpromoter where the
expression is performed at low temperature (~15 °C). -®xpression in pBAD/His B

took place by transformation dE. coli TOP10 competent cells (Invitrogen) with
recombinant plasmid construct. Cells were grown in LB broth containing 50 g mL
carbenicillin at 37 °C until OBy ~0.6. Overexpression was induced by addition of
0.02 % L-arabinose and cultures were incubated 37 °C with shaking at 250 rpm for 24
hours. Extraction of CFE and purification were as for pET21a(+). With regards to over
expression in pCOLBIF vectorE.coliBL 2 1 ( aDE3) ¢ o mpogdnemere ¢ e |
transformed by the recombinant plasmid, grown and induced as for pET2la(+).
However, the expression was performed at 15 °C for 24 hours with shaking at 200 rpm.
CFE was exticted and overexpressed protein was purified as for pET21a(+).
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2.8.7 Purification of proteins

All protein purification steps were carried out usin Akta Prime plus purification system
(GE Healthcare).

2.8.7.1 NiNTA affinity chromatography

Ice-cold cell free extracts were fractionated on a 5 ml HisTfagP (GE Healthcare,

UK), according to the manufacturers recommendation. Proteins were bound to the
column in binding buffer (20 mM TrsICI pH 8.0, 500 mM NaCl, 20 mM imidazole)

and eluted from the resin av&0 column volumes with a linear gradient ofZ00 mM
imidazole in the same buffer. Protaiontaining fractions were applied to SIPAGE
analysis, stained with Coomassie blue in order to select the highly pure and
concentrated fractions. These were theooled for further purification or to be
concentrated using Vivaspin 20 column (Sartorious Stedim Biovattihan appropriate
molecular weight cut off (MWCO) (at least 50 % smaller than size of protein of

interest) until desired concentration was achieve

2.8.7.1.1 Protein concentration, buffer exchange and protein dialysis

Vivaspin 20 column (Sartorious Stedim Biote@hi)h an appropriate molecular weight

cut off (MWCO) (at least 50 % smaller than size of protein of interest) was used for
concentrationof proteins. Depending on the size of the protein, concentration was
performed by centrifugation (6,000 or 8,00 30 min and 4°C). Buffer exchange was
performed by applying the desired buffer (10 mL) to a concentrated protein sample in
Vivaspin columnand exchanged by centrifugation (6,006) 30 min and 4°C). This

was repeated at least twice until completed exchange had reached.

Protein dialysis was carried out overnight at 4 °C against 3 L of dialysis buffer (10 mM
Tris-HCI, pH 8.0), to remove unregad salts from the protein sample which could
affect protein stability in structural or functional protein assays. The buffer was changed
at 1, 4 and 24 hours. The 31 mm or 9 mm dialysis tubing cellulose membranes (both
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from SigmaAldrich, UK) with a MWCOof 127 14 kDa or 2 kDa respectively, were
prepared by incubating the membrane in 1 LL@Hvith 2 % (w/v) sodium bicarbonate

and 1 mM EDTA at 80 °C for 30 minutes. The membrane was then rinsed thoroughly
and stored in dpD at 4 °C for up to 2 days.

2.8.7.2 lonexchange chromatography

Cell extracts containing overexpressed recombinant protein, or fractions eluted from Ni
NTA affinity chromatography column were pooled, concentrated using Vivaspin 20
column to a final volume of-8 mL, and buffer exchayed into 50 mM TrisHCI pH

8.0. These samples were loaded to a 5 ml HiITt&EAE FF column (GE Healthcare,

UK) and proteins were eluted in the same buffer over 10 column volumes with a linear
gradient of 81 M NaCl. Proteircontaining fractions wertaded into SDSPAGE to
determine the most pure and concentrated fractions. The correct sequence of the protein
was confirmed byN-terminal sequencing performed by Dr. Arthur Moir (Department of

Molecular Biology and Biotechnology, University of Sheffield)

2.8.7.3 Hydrophobic interaction chromatography

Hydrophobic interaction chromatography (HIC) was used to purify Cj0694 protein
which had been cloned into pET21a(+) without the signal sequence and with stop codon
to stop the oveexpression ofC-terminal 6xHis. Cell extracts ormptein fractions that

had been adjusted to a volume of 2 ml in 50 mM -H@ pH 8.5 with 1.5 M
(NH4)>SOs were loaded into a 5 ml HiTrA HIC column (GE Healthcare, UK).
Protein was eluted over 10 column volumes-i M (NH,),SO,in 50 mM TrisHCI pH

8.5. Fractions were analysed by SBAGE to evaluate the most pure and concentrated

fractions.
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2.8.7.4 Gel filtration

Pooled protein fractions from ieexchange chromatography and HIC were
concentrated to a final volume of 2 mL mgia Vivaspin 20 column (MWCO 15,000,
Sartorious Stedim Biotech) and applied onto a Superdex 200 (10 x 300 mm) gel
filtration column (GE Healthcare), using 10 mM FHEI, pH 8.0 as the running buffer.
Protein was eluted from the column in a single peaictibns were pooled and purity of

protein was examined by SEFFAGE and stained by Coomassie stain.
2.8.7.5 Factor Xa protein digestion

Protein digestion using Factor Xa was used to cut the Cj0694 from the purified
recombinant protein from pCOLD ovexpression vector. Recombinant protein (~105.8
kDa) was diluted to a concentration of 1 mg mibuffer exchanged into Factor Xa
buffer (20 mM TrisHCI, pH 7.5, 50 mM NaCl, 1 mM Caglusing Vivaspin 20
column (Sartorious Stedim Biotech). Factor Xa (10 pg) wdded to 10 mg mit
protein and incubated at RT for 2 hours. The reaction mixture was further purified by
His-Trap purification column to trap the Hiagged fraction, and the flethrough
fractions (a mL/tube) containing the Cj0694 were collected anddstam ice. Fractions
were loaded into SDBAGE for visualisation and analysis before been pooled,
concentrated and buffer exchanged into 10 mM-R@ pH 7.2 by Vivaspin column

and stored at 4 °C for further use.
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2.9 Enzyme assays

2.9.1 PPlase enhancerkfolding of reduced and carboxymethylated (RCM) RNase
T1

The wildtype ribonuclease;Tirrom Aspergillus oryzagSigmaAldrich) was used to
evaluate the proline isomerisatitimited protein folding as described by Schelzal
(1997). Disulphide reduceahd Scarboxymethylated (RCMRNase T was prepared
following the method developed by Micke and Schmid (1992). Firstly, 0.0362 pmol of
RNase T was incubated in 275 pL denaturation buffer (6 M guanidiiypgrochloride
[GdnHCI] and 2 mM EDTA in 0.2 M TrigiClI, pH 8.7) for 2 hours at 25 °C. Secondly,
30 pL of the reducing buffer (20 mM dithiothreitol [DTT], 6 M GdnHCI, and 2 mM
EDTA in 0.2 M TrisHCI, pH 8.7) was added, and protein reduction under argon was
carried out at 25 °C for another 2 hours. Thirdd® pL of the carboxymethylation
buffer (0.6 M iodoacetate in 0.2 M TH4Cl, pH 7.5) was added and the sample was

i ncubated in the dark for 5 minutes at
cysteine residues and prevent the formation of two plisdé bonds during the
denaturation process. Finally, 100 pL of 0.5 M reduced glutathione in 0.2 MHTlis

pH 7.5, was added to stop the reaction.

The RCMRNase T was immediately separated from the reagents by dialysis against
10 mM TrisHCI pH 8.0at 4 °C overnight. The refolding of a wildtype RERNase T

was ratelimited by the prolylcis-trans isomerisation of Pro39 and Pro55 (Micke and
Schmid, 1992), and was followed by monitoring the changes in the intrinsic tryptophan
fluorescence. Refoldingvas initiated by a 5@old dilution of the unfolded protein
(stored in the absence of NaCl) to a final concentration of 1.2 uM in a buffer containing
0.1 M sodium acetate, pH 5.0, and 4 M NaCl. Changes in the si&tdyTrp59
fluorescence were measurati320 nm (10 nm bandwidth) with excitation at 268 nm
(2.5 nm bandwidth) using a Varian Cary Eclipse spectrofluorometer for 15 minutes with
the temperature maintained at 15 °C. PEB4 (0.5 pM) and Cj0694 (0.25 puM and 0.5 pM)
were added to the RCGIRNase T at a final concentration of 0.5 puM prior to the
dilution. The relative fluorescence (%) was plotted against time (15 min) to illustrate the
maximum saturation (100 %) of refolding of RERNase T in the absence or presence

of PPlases.
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2.9.2 Rhodanese relding assay

Cj0694 was tested for its chaperone activity in the refolding of a chemically denatured
bovine mitochondrial rhodanese (thiosulphate:cyanide sulphurtransferase; - Sigma
Aldrich). In the presence of ferric nitrate, rhodanese activity is recoveyethe
formation of thiocyanate which formed an intensely red iron complex, (FESCN)
(Figure 2.3). This recovery was spectrophotometrically measured. As described by
Horowitz (1995), denaturation of rhodanese (38 uM) was carried out for 2 hours at 25
°C in 50 mM TrisHCI, pH 7.8, containing 6 M guanidinélCl and 20 mM DTT. The
denaturd rhodanese (#®Ild dilution) was added to refolding solution (50 mM TFris

HCI, pH 7.8, containing 50 mM N&03;, 10 mM KCN, and 10 mM DTT) to initiate
renaturation and incubated at 37 °C. To stop all enzymatic reactions, 300 pL aliquots of
the refoldingmixture were added to 200 pL 38 @#'v) formaldehyde at various time
intervals (Oi 60 min). After the completion of the assay, samples were centrifuged for
5 minutes to pellet the precipitates. The supernatants were subsequently mixed with
500 pL ferricnitrate solution containing 165 mM Fe(N@9H,O dissolved in 8.67 %

(v/v) HNO3 and the absorbance at 460 nm was recorded. Separate measurements of
native rhodanese activity (without denaturation) were used to determine the maximum
(100 %) activity. Vamus concentration of Cj0694 (0.5 pM2.5 uM) or equimolar
amount (0.5 uM) of BSA (negative control which lacks chaperone activity) were

present in the refolding solution prior to the addition of the unfolded rhodanese.

Rho + S,05% — S05* + Rho-S
Rho-S + CN’ — Rho + SCN’

SCN + Fe(NO5)s —_

Figure 2.3 Thiosulphate ($05%) is converted to thiocyanate SCNin a reaction
catalysed by rhodanese (RholWhen SCNis bound to ferric nitrate Fe(NQ in the
presence of nitric acid, iproduce an intense red compound (Fe(SGNpr which
absorbance is measured at 460 nm.
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2.9.3 Aggregation assay

To investigate the effect of Cj0694 on protein aggregation during renaturation,
rhodanese and lysozyme were used as model proteins. Thecigtaring resulted from

the formation of protein aggregates was measured by increase in the absorbance at 320
nm in a Shimadzu U\2401PC spectrophotometer. Unfolding and refolding of
rhrodanese and lysozyme was carried out as previously described (#tdaha2000).
Typically, 30 uM rhodanese or lysozyme was first denatured for 2 hours at 25 °C in 50
mM Tris-HCI, pH 7.8, containing 6 M guanidift@Cl and 20 mM DTT. Renaturation

was initiated by a 60fold dilution in 50 mM TrisHCI, pH 7.8, to reacha final
concentration of 1.0 uM of rhodanese or lysozyme, and incubated at 25 °C in the
absence or presence of Cj0694 (1.0 to 5.0 uM) or bovine serum albumin (1.0 uM) as a

negative control).

2.10 Protein Xray crystallography

All protein X-ray crystallography trials were conducted in collaboration with Dr. John
Rafferty at the Department of Molecular Biology and Biotechnology, The University of
Sheffield, UK. Purified proteingr 107 20 mM TrisHCI pH 7.27.5 at a concentratio

of 510 mg mL* were used in crystal trials using vapour diffusion method. In this
method, the protein and the crystallisation solution are mixed at one to one ratio, and the
mixture is placed into a sealed environment next to a reservoir of a preciBgaause

the concentration of the reservoir is higher than that of the crystallisation mixture, water
normally diffuses out from the sample mixture to the resirvoir. This results in an
increase in the concentration of the sample mixture which leadsdtegnpto come out

of the solution. Crystallisation screening was performed using three common screens,
PACT, JCSG and Ammonium Sulphate screens (Qiagen) in 200 nL + 200 nL sitting
drop vapour diffusion experiments (using a Matrix_Hydra Il Plus One digateon

robot). Smallscale trials were performed to minimise the variables, such as pH,
temperature, protein concentration, type and purity, which may occur during
crystallisation and may prevent macromolecules to form crystals. Moreover, vapour
diffusion method was used as it is one of the most common and wisketyexperiment

in protein crystallisation, as it favours to use a small volume of purified protein.
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2.11 Statistical data analysis

Three main statistical data analysis were appliedet@rmine significance in results
obtained by comparing the means of findings according to each experiment performed
independently, and how groups of data sets are related (independent or dependent). Data
obtained from same populations under the contraiféérent variables were analysed

by paired {test. Otherwise, for grouped data analysis obtained from different group
popul ation under the cont r otestwa$ apgiedeForv ar i
more than two independent groups of populationsvhich one variable was tested,

Oneway Analysis of Variance (ANOVA) was applied.
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3 The role of Cj1289 and Cj0694 in the translocation and assembly of outer

membrane proteins inCampylobacter jejuniA mutant phenotypic characterisation

3.1 Introduction

The wellcharacterised periplasmic protein SurA has been shown to play an essential
role as a periplasmic chaperone and PPlase in most-G#gative bacteriéRahfeldet

al.,, 1994 Ruddet al, 1995. In C. jejuni the abundant periplasmic protein PEB4 has
been identified to play a crucial role in the assinah OMPs (Asakuraet al, 2007,
Rathbunet al, 2009 Rathbun and Thompson, 200@nd was found to be structurally
similar to the SurA proteiriKale et al, 201]). Moreover,a peb4null mutant made in
strain NCTC 11168 was shown to be less able to adhere to INBA8an the wild

type, with lowered level and duration of colonisation to mouse intestinal epithelial cells
and displayed a lower level of biofilm formatigAsakuraet al, 2007. In addition to
PEBA4, bioinformaticded to the identification of two other periplasmic proteins that
possess Surfike domains inC. jejuni Cj1289 has been shown to be structurally more
similar to SurA, and to have a Sutike PPlase domain that was shown to be active in
the refolding of a mdel synthetic oligopeptide although with less efficiency compared
with PEB4, and also to have a Sdiike chaperone domain. However, it was shown to
be unable to inhibit the refolding of a model protein substrate, suggesting that if it has a
chaperone roleit might be more substrate specifi€ale et al, 2011). The second
periplasmic SurAike protein is Cj0694, which ds weak sequence similarity to the
inner membrane anchored protein PpiDEncoli which was first suggested to be a
putative chaperone for assembly of OMP&rtigalongue and Raina, 199&ut later

was shown to have no direct role in OMPs maturafiaternet al, 201Q. Although

the structure anth vitro biochemical function of Cj1289 has been characterised in a
previous studyKale et al, 2011, the structure and biochemical function of Cj0694, the
phenotypic characterisation 6f1289 and cj0694 null mutants and biological role of
Cj1289 and Cj0694 has not been previously investigated.
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Therefore, the main aim of this chapter was to identify the biological significance of
these two periplasmic proteins and examine if they have a direct role maturation

and assembly of OMPs @. jejuni The experimental approaches used in this chapter
involved the physiological and phenotypic characterisation of these two proteins by
generation of single and double nrgjl289and-cj0694mutants in NCTC 1168 strain

and attempts to generate other mutant combinations suapme b 4/ qang 06 9 4
pp e b 4/ qgoubld @wBadts, anpp e b 4/ pc | 1 HigleOnutpd jn ®hé Sarhe

strain in order to try to define the contributions of each of these chaperones to OM
asembly. These mutants were used for several physiological characterisations in
comparison to the wiklype and the nulpeb4 mutant including the effect on
microaerobic growth, membrane permeability, sensitivity to antimicrobial
drugs/inhibitors and deteegts, in order to indicate the severity of any membrane
permeability defect. Moreover, these mutants were also used to assess the contribution
of each of the proteins to OMP assembly and maturation by a comprehensive proteomic
analysis of OM and periplasmipreparations using 2Bel analysis, stable isotope
labelling by amino acids in cell culture (SILAC) and mass spectrometry to indicate any
proteomic alteration in OMP profiles in both periplasm and OM and to reveal the

identity of their client proteins.
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3.2 Results

3.2.1 Generationofppc ] 1289, qcnMu@r@soiC, jejupNETCA41168

Thegpcj 1289, pc muiadtd were ggmeratéd4according to the isothermal
assembly (ISA) cloning method described by Gibsbral., 2009 (see section 2.4.5).
Thisi s based on producing a plasmid constr
of the desired gene and complete replacement of this gene by an antibiotic resistance
cassette. The upstream (F1) and downstream (F2) DNA fragments gl 289 gene
wereamplified by PCR from genomic DNA of NCTC 11168 strain, using the following
pairs of primers; 128%1-F, 1289F1-R, and 128F2-F, 1289F2-R. The resulting 419

bp and 619 bp products were then digestedtimgll restriction enzyme together with

the pGEM'3Zf(-) cloning vector. At the same time, an 850 bp antibiotic resistance
cassette (c8) that encodes the chloramphenicol resistance protein was PCR amplified
from the pAV35 vector using c&tstyl and catR-styl primers. The resulting DNA was
extracted fro- an agarose gel and treated -with
phosphoryl groups from the ends of the digested DNA fragment. The DNA fragments
were adjusted to equimolar concentration in ISA master mix and incubated overnight at
50 °C to allow anneaig and extension of overlapping regions under the control of T5
exonuclease and Phusion DNA polymerase in the ISA master mix (Figure 3.1A). The
newly synthesised plasmid was namet§Ocat (Figure 3.1B) and used for the
transformation ofC. jejuni NCTC 11868 by electroporatiorfDonahueet al, 200Q
Guerryet al, 1999 to generate thepc j 1rAuBaBt. The growth othe mutant was
selected on chloramphenieobntaining media and the gene replacement was confirmed
by colony PCR using cdt-styl and 1289F2-R (Figure 3.1C). caf-styl only binds to

the caf cassette and a PCR product could only be produced as a resaltrect

insertion of the cassette into the genomic DNA of the mutant.
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1289-F1-F . " 1289-F2-F
< cj1287¢c }< gltX \E[EE»< accC <accB|
1289-F1-R 1289-F2-R
[ | — 04Kb — — 06Kb —

1 Kb

cat

p1289cat

5085 bp T e— - 15KDb

Ampr

F2
{accC)

Y -
~ Hinell

1289-F2-R
1.5 Kb

Figure 3.1 Generation ofpc j 1 éwgdadt in C. jejuni NCTC 11168. A) The
upstream (F1) and downstream (F2) flanking DNA fragments o€ji#89gene were
PCR amplified using the following primerd289F1-F, 1289F1-R, and 128%F2-F,
1289F2-R respectively. The chloramphenicol resistance cassett€) (oats also
amplified using castyl-F and castyl-R. ISA cloning was conducted to generate
p1289catplasmid construct by fully replacing tlegl 289with caft cassetteB) Plasmid
map of f.289catcontaining Ficaf-F2 DNA fragments cloned intBsmB restriction

site of pGEM3Zf{) (Promega)C) Agarose gel electrophoresis confirms the deletion of
cjl289and replacement with dat as s et t e . Lane 1: Hyperl ad
marker (Bioline, UK). Lane 2: PCR product (~1.5 Kb) of the mutant genomic DNA
using catF-styl and 1289F2-R primers.
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Theoc j Onsutadt was generated by amplifying its§8d Njanking DNA fragments
using 0694F1-F, 0694F1-R and 0694~2-F, 0694F2-R pairs of primers (Figure 24),
whereas inpp e mutant, PEB41-F, PEB4F1-R and PEB4~2-F, PEB4F2-R were
used to amplify the!§jnd 3Njanking DNA fragments (Figure 3A). The same strategy
used to generate tiipc j 1r2uB® was followd to generatthepc j Oahd®ggp e b 4
mutants. However, a 1.4 Kbntbiotic resistance cassette aff) that encodes
kanamycin resistance protein wabtainedby PCR amplification from the pJMK30
vector using kai-styl and kanR-styl primers. The resulting plasmidgerenamed as
p0694kan(Figure 32B) and ppeb4kan(Figure 33B) and were used to transforr@.
jejuni NCTC11168 to generatthe qpc | 0 &8 @hp e Indtantsrespectively Both
mutants wereselected on kanamycincontaining media, and the mutations were
confirmed by colony PCRor the qpc j Or@udant (Figure 2C) and for theqpp e b 4
mutant(Figure 33C). In thegpc j OrBugadt, 0694-1-F and karR-styl primers were
used to confirm correct insertion of the Rarassette into the genomic DNA of the
gc j Ontutat, while ingpp e hudant, peb41-F and karR-styl primers were used to
confirm correct insertiorof the kaf cassette into the genomic DNA of tieep e b 4

mutant.
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0694-F1-F s 0694-F2-F
<cj0692c <mraW | cj0694 ftsA > ftsZ >
0694-F1-R 0694-F2.R
| | F 04K 4 — 06Kb o

1 Kb

Hincll
ﬂ lacZ | k2
]

kan

p0694kan
5635 bp

2.0Kb <+«— -~18kb

1.5Kb

AmpR

1.0Kb

{mra\y)

“Hinell

0694-F1-F
—_—

< |

1.8Kb | L J

Figure 3.2 Generation ofpc j O Bu@aht in C. jejuni NCTC 11168. A) The
upstream (F1) and downstream (F2) flanking DNA fragments o€j0&94 gene were
PCR amplified using the following primer8694F1-F, 0694F1-R, and 0694-2-F,
0694F2-R respectively. The kanamycin resistance cassette’)(keas also amplified
using catstyi-F and catstyl-R. ISA cloning was conducted to genera@6®ikan
plasmid construct by fully replacing theg0694 gene with kaRi cassetteB) Plasmid
map of ©694kancontaining F1 and F2 DNA fragments of t6j@694 gene and kah
cassette cloned intBsmB restriction site of pGEM3Z§] (Promega)C) Agarose gel
electrophoresis showing deletion 60694 and insertion of th&ar® cassette in the
cjo694locus Lane 1: HyperladderE | molecul ar
PCR product (~1.8 Kb) of the mutant genomic DNA using 0694 and karR-styl
primers.
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PEB4-F1-F

PEB4 F2-F

<:10594c)< nth peb4 | fba > ¢j0598 >

—
Pe““ F1-R pebd-F2R

Foos  06ke L 1Kb |

5
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AmpR kan 1.5Kb
1.0Kb
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—

oo | e

-

~1.9 kb Kan-R-styl 1 Kb |

Figure 3.3 Generation ofqpp e mutant in C. jejuni NCTC 11168. A)The upstream
(F1) and downstream (F2) flanking DNA fragments of ti@596 (pebd gene were
PCR amplified using the following primerseb4F1-F, pebF1-R, and ped-2-F, peb
F2-R respectively. The kanamycin resistance cassett€)(keas aso amplified using
catstyi-F and catstyl-R. ISA cloning was conducted to generafeiptkanplasmid
construct by fully replacing theeb4 gene with kaR cassetteB) Plasmid map of
ppeb4kancontaining F1 and F2 DNA fragments of theb4gene and kdhcassette
cloned into BsmB restriction site of pGEM3ZzZ#] (Promega).C) Agarose gel
electrophoresis confirming the deletion#b4and replacement witkar® cassette in
the same gene locatiol. ane 1: Hyperl adder E | mol ecul
UK). Lane 2: PCR product (~1.9 Kb) of the mutant genomic DNA using-pé&d4 and
kan-R-styl primers.
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3.2.2 Complementation of thepc | 1 @& |9 OadiBgdlp e inudants

Gene complementation for the mutants was performed to ensure that the phenotypic
characteristics of the null mutants were solely credited to the deletion of these specific
genes, and not due to polar effect of downstream genes resulting from insertien of t
antibiotic resistance cassette. Copies of wylge genes were integrated into different
loci in the genomic DNA of the mutants. The pseudoggd@46was used to integrate

the wildtype copy of DNA. For complementation of tlgj1289 mutant the entire
coding region plus upstream promoter and ribosome binding site were PCR amplified
using the primers 1289+F and 1289+R which both conBanBI restriction sites
(Figure 3.4A). The resulting 923 bp DNA fragment was digesteBdmBIl and cloned

into pK46 (Gaskinet al, 2007 to generate the plasmid gB89 which was used to
transform theppc j 1rnaut® (Figure 3.4B). The complemented strain was selected on
media containing both chloramphenicol and kanamycin. The presence of thgpeild
gene integrated into thg0046 pseudogene was confirmed by colony PCR using 46F
and 46R primers. An increase the PCR product size from ~ 0.2 Kb to ~ 1.8 Kb
confirms the correct integration of the WEjlL289gene intacj0046(Figure 3.4C).
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l 1 Kb |
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cj1289

plus promoter

cj0D46R

pK1289
4963 bp 2.0 Kb pcj 1289/
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cj0D46F
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L 1Kb |, d6R

1.8 Kb |

Figure 3.4 Complementation ofthe gpc j 1r@u8Bt. A) The entire coding sequence

of the ¢j1289 gene plus upstream promoter and ribosome binding site VRER
amplified using 1289+F and 1289+R primers, aluhed intoBsmB restriction sites of

pK46 complementation vector in frame witfp046andkar cassetteB) The plasmid

map of the resulted pK1289 plasmid constr@tAgarose gel electrophoresis confirms
successful insertion @j1289into the pki6. Lane 1 : Hyperl adder E |
marker (Bioline, UK). Lane 2: PCR product (~ 0.2 Kb) of ¢i@046from thewild-type
genomic DNA using 46F and 46R primetsane 3:PCR product (~ 1.8 Kb) of the
cj0046from the genomic DNA ofhepc j 1 2 8"Tdmpkm@red strain usingame

set ofprimers.
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For complementation of thgrj0694 mutant the entire coding region of the gene was
PCR amplified using the primers 0694+F and 0694+R which both coBtBI
restriction sites (Figure 3.5A). The resulting 1,491 bp DNA fragment was digested and
cloned into theBsnBlI site of pGdxA complementation vectqGaskinet al, 2007 to
generate the plasmid dxA0694(Figure 3.5B). The upstream promoter and ribosome
binding site were not included in the DNA fragment asdp@ contains the stronfgixA
promoter. Otherwisehe entire coding region @j0694plus its upstream promoter and
ribosome binding site was cloned into pC46 (which contains no additional promoter)
and pGnetK (contains a weak constitutive promoter), which was used to transform the
pc j 0 6natdant, with seadction on media containing both kanamycin and
chloramphenicol. Correct cloning of the wilgbe copy ofcj0694 into the cj0046
pseudogene in the pdxA0694 pC46 and p@etK plasmids was confirmed by PCR
using 46F and 46R primers as seen by increasin@iR@R product size from ~ 0.2 Kb

to ~ 2.5 Kb (Figure 3.5C). Despite numerous attempts of transformationagfache 0 6 9 4
mutant with p@dxA0694 pC46 or p@netK it was not possible to obtain a
complementedpc j 0 6 9 4 &tr@ip. 0 6 9 4
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Figure 3.5 Construction of the pCfdxA0694 complementation plasmid A) The

entire coding sequence wfasPCR amplified using 0694+F and 0694+R primers, and
cloned intoBsmB restriction sitesof pCfdxA complementation vector in frame with

cj0046 and cat® cassetteB) The plasmid map of the resultecCidxA0694plasmid
construct.C) Agarose gel electrophoresis confirms successful insertiaj06®4 into

the p@dxA plasmid Lanel: PCR product (~ 0.2 Kb) of thg0046from thewild-type

genomic DNA using 46F and 46R primers. Léhe Hyper | adder E | mo
marker (Bioline, UK. Lane 3:PCR product (2.5Kb) of thecj0046from the genomic

DNA of the g d$940694 complemented strain usirsgme set gbrimers.
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For complementation of thgpp e roudat, the entire coding region of theb4gene plus
upstream promoter and ribosome binding site were PCR amplified using the primers
PEB4+F and PEB4+R which both contd&snBl restriction sites (Figure 3.6A). The
resulting 910 bp DNA fragment was digested BsnBl and cloned into pC46 to
generatehe plasmid p@eb4 which was used to transform thep e imutant (Figure
3.6B). The presence of the witdpe gene cloned intoj0046was confirmed by PCR
using 46F and 46R primers as indicated by increasing in a product size from ~ 0.2 Kb to
~ 1.9 Kb (daa not shown). Unfortunately, a complementpg e b 4 7 sgragnbcduld

not be generated despite several attempts of elatneformation of thepp e lhudant.
Although single colonies of both putatigec j 0 6 9 4 fardjp € ® 4 7 sraink 4
could be obtained on selective plates, colony PCR screening using 46F and 46R primers
resulted in only a single ~0.2 Kb DNA fragment representing the-tydd cj0046

without insertion of complemented genes.

Peb4 promoter
=
< cjoo46 R B cioo46F
N ~]

| 1Kb

pebd

plus promoter

ﬂ - o

cat

cJIIJIG

Figure 3.6 Strategyfor complementation of theqpp e tmutant. A) The entire coding
sequence ofpeb4 plus upstream promoter and ribosome binding site were PCR
amplified using PEB4+F and PEB4+R primers, and clonedBstaB restriction sites

of pC46 complementation vector in frame witf0046 and cat® cassette B) The
plasmid map of the resulted pK1289 plasmid construct.

cj0046R

lac

lac op
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3.2.3 Generation of thepc j 1 2 8 9 /dapblg nutra 4

To investigate whether Cj1289 and Cj0694 have Imloorative chaperone role in the
periplasm, and also to monitor if deletion of one or both genes results in a different
phenotype with more or less activity, a doutge | 1 2 8 9 /mgianj via$ ¢ederated

by introducing the P694kanplasmid (which contains400 bp upstream and 600 bp
downstream flanking DNA 0£j0694 with the kar® cassette inserted in place of the
deleted sequengento theqpc j 1rAuBadt background. This resulted in a complete
replacement of the coding sequences ofdi289 and cj0694 with chloramphenicol

and kanamycin resistance cassettes, respectively. In all cases the antibiotic resistance
cassette had its own promoter and was inserted in the same transcriptional orientation as
the gene of interest in order to minimise the chance darpeffects on downstream
genes. The resulting double mutant was grown on selective plates containing
chloramphenicol and kanamyc{®0 pg mL"). Deletion ofcj1289 and cj0694 were
confirmed by PCR using two primers combination; 6694, kanR-styl and catF-

styl, 1289F2-R (Figure 3.7) (data from agarose gel not shown).

Cat-F-styl
< < gltx m accC )<—‘
| 1 Kb | 1;3_9-F2-R

——  ~15kb —
06911-_|:1-F
n <cj0692c \<mraw m ftsA >\ ftsZ >

Kan-R-styl
P——— 18Kb ——

Figure 3.7 Schematic representation describes PCR screening of the
pc | 12 89 /depblg nutarg. 4) Confirmation of correct replacement@i289by
caf® cassette in the genomic DNA of tec j 1 2 8 9 /dopblg ndut® dsing ot
styl and 1289F2-R primers.B) Confirmation of correct replacement ¢jp694by karf
cassette in the genomic DNA of togec j 1 2 8 9 /dapblg ruuSt dsing 06941-F
and kanrR-styl primers.
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3.2.4 Attempts to generate double mutant containing peb4gene deletion

PEB4is known to have a major chaperone role in the periplasm for the assembly of
OMPs (Kale et al, 2011 Rathbunet al, 2009. It has been suggested that combined
deletion ofpeb4and other proposed periplasmic chaperone may result in severe defects
in the OM. In order to investigate if PEB4 has independent chaperone role which
cannot be compensated by other chaperones, generation of dppbkeb 4/ pcj 12
mutants were attempted by introducint@9cat(which contains 400 bp upstream and
600 bp downstream flanking DNA @f1289with the caft casette inserted in place of

the deleted sequencénto qpp e mdtant cells. This was supposed to result in a
complete replacement of the coding sequences gie¢hdandcj1289with kanamycin

and chloramphenicol resistance cassettes, respectively.safteral attempts of electro
transformation performed by introducind389catinto thep e mutant cells or by
introducing peb4kaninto the qpc j 1 rawadt cells, double mutants could not be

obtained, suggesting that deletiorpeb4andcj1289might be sythetically lethal.
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3.25Thepc j laddgdc j Osth@etmutations cause variable growth retardation,
but this is more severe inapc j 1 2 8 9 /dapllg ntut 4

Previous work in our lab performed by Dr. Chatchawal Phansopa (Department of
Molecular Biolay and Biotechnology, The University of Sheffield, Sheffield, UK) has
reported that mutation ipeb4resulted in a severe growth defect when compared to the
wild-type strain 11168 grown under microaerobic conditions in MH broth supplemented
with 20 mM L-seine. Here, the growth of thepc j 1 &h@adt in MH broth
supplemented with 20 mM-gerine was assessed in comparison to thetyld 11168,

and it is clear that thepc j 1ru8adt showed a slightly slower growth rate (Figure
3.8A). Thepc j 1 2 8 9 tomplem@nd@ strain demonstrated a restoration in growth
which was similar to that of the wiltype. The wildtype and thepc j 128 9/ cj 1 2
complemented strain have a doubling time of 2 hours, whereag¢he 1n2ug® has

a doubling time of 2.5 hours. Aften overnight incubation, cell densities of the wild
type, theppc j 1n2uBu@ and thepc j 1 2 8 9 tomplem2riied strain were similar.

Also the microaerobic growth of thgpc j Orbugadt in MH broth supplemented with
20 mM L-serine was monitored in comparison to the wyjde 11168 strain. The
gc j Ondutadt showed a higher degree of growth defect thapthg 1n2u®. The
number of thepc j OnBufadt cells doubled every 3 hor2 hours in the wildype),
and reached similar density to that of the wtiide after overnight incubation (Figure
3.8B).

Moreover, the growth of thepc j 1 2 8 9 / dmble Onaitdrd was assessed in
comparison to the wildype, qoc j 1 2n8 gc j 0 B@ahts under microaerobic
conditions. Interestingly, thepc j 1 2 8 9 /dopiblg Mudaditsshowed a more severe
growth defect than thepc j 1a@an@@c j 0 $ngld mutants. Thepc ] 1289/ pcj O
double mutant cells had a doubling time of 3.5 hours, which representfowests
doubling time among all tested strains (Figure 3.8C). After overnight incubation, the

cell density was similar to those of the wilghe and the single mutants.
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Figure 3.8 Growth of C. jejuni pcj 1289, siogkej rAutdtst and

@pcj 1289 /dquble h@adt4A) Microaerobic growth of the wildype vs. the
qej1289 mutant B) Microaerobic growth of the wildype vs. theppc j O0rbuadt C)
Microaerobic growth of the wildype vs. theqej1289tpc j 0 dodble mutant For
microaerobic (oxygen sufficient) growth, 50 mL MHS media was contained in 250 ml
conical flasks shaken at 180 rpm in a gas atmosphere of M@vYoxygen, 5 %(v/v)

carbon doxide and 85 %v/v) nitrogen. Samples were collected at timie ® hours and

a final sample at 24 hours. Cell densities were measured spectrophotometrically at
ODsoo Figures are representative experiments of several biological replicates with
similar resilts.
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3.2.6 Deletion ofcj1289o0r cj0694genes increases sensitivity to SDS, but deletion of

both genes shows a hypersensitive phenotype

To examine whether the Cj1289 or Cj0694 are involved in the assembly of the OMPs, a
disc diffusion assay was carriedtolt was hypothesised that deletions of one or both
genes that encode for Cj1289 and Cj0694 may result in an increased sensitivity to
antimicrobial agents that require entry through the OM to cause damage to the cell, due
to an increased permeability dfet OM with a defective integrity. If this is correct, then
large sized antimicrobial agents or detergents [such as sodium dodecyl sulphate (SDS)]
can more easily gain entry into the bacterial cell through the defective OM and cause
cell damage. The experant involved addition of SDS to discs in the centre of MH
plates containing wildype or mutant strain. Sensitivity to SDS was represented by
occurrence of a clear zone of growth inhibition around the antimicrobial -agent
containing disc after 2 3 days ofmicroaerobic growth. Results were obtained from
three independent technical and biological replicatesgibg 1n2ugar®t was shown to

be significantly more sensitive to 40 % SDS than the-tyiiee < 0.01). To confirm

that this effect was due to theleldon of cj1289only, the same experiment was applied

to the complementegbc j 1 2 8 9 7 stpainjthhtZIBo®ed a restoration of the vijide
phenotype (Figure 3.9A).

The significance of sensitivity of thpc j OnGutart to 40 % SDS was similar to that of

the pc j 1r@udadt p < 0.01). Interestingly, the sensitivity of tlppc ] 128 9/ pcj O
double mutant was twice more than each single mutant as represented by a significant
increase in the size of the inhibition zone on sensitivity plaies0(0001) (Figure

3.9B). This suggests that single mutant cells were less able to prevent entry of SDS
molecules to the cell through the OM than the viyide cells, and the case was more
severe in the double mutant, which indicates #)a289 and cj0694 are directly or

indirectly involved in maintaining the integrity of the OM.
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Figure 3.9 SDS disc diffusion assay for theoc j laddBg®c | Osth@etmutants and

pc j YRABj90 dovbe mutant. A) Sensitivity of thegpc j 1rBuBadt against the
wild-type and thepc j YcPLB39 complemented strain. The zone of inhibition (mm)

in the mutant was double that of the wiighe. The phenotype was restored in the
complemented strairB) Comparison between sensitivity of thgc | 1dhd@g®c j] 0 6 9 4
single mutants angpc j Yc@c8j90deublé mutant. The sensitivity of double mutant to
SDS was approximately double these of both single mutants-tyyd and mutant

cells were allowed to grow on WNB agars and exposed to 40 (&/v) SDS.
Measurements were taken aftei 3 days of microaerobic growth from at least three
replicate plates per strain. Error bars represents the standard deviation of these
measurements. Statistical analysis was carriedow si ng St udestn*pds mu
0.05, *p<0.01, ** p<0.001, **** p< 0.0001.
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3.2.7¢j1289%deletion mutation results in an increased sensitivity to antimicrobial

peptides

Purified Cj1289 has been shown to exhihitvitro chaperone charactstics that may
influence the assembly of OMPs, represented by inhibition of rhodanese refolding and
aggregatior(Kale etal., 201]). To investigate if it has am vivorole on the assembly

of the OM, it was suggested that deletion of its cognate gene may result in an increased
permeability of the OM and therefore, allow external agents to gain entry into cell
through tle OM. This can be represented by increased sensitivity of mutant cells to
antimicrobial agents that require entry through the OM to cause cell damage. Here,
three different antimicrobial compounds have been used to examine ¢gpe¢hg 1 2 8 9
mutant has a deféee OM, which can be represented by an elevated sensitivity level of
the mutant compared to the wilgbe. The first antimicrobial compound used was
polymyxin B; a basic cationic polypeptide antibiotic derived frBacillus polymyxa

which acts on Gramegative ionic cell envelope components such as
lipopolysaccharides (LPS) and phospholipids (PLs) by electrostatic and hydrophobic
interaction inserts to the bacterial cell membrane, making it more pern{€ahiadler

and Teuber, 1995 The second compound wpslymyxin E (also known as colistin);
another peptide antibiotic produced Bacillus polymyxa The third antimicrobial
peptide was protamine sulphate, a small 5.1 kDa cationic protein derived from Salmon
which binds and precipitates DNA, but also hasrangt antimicrobial effect on Gram
positive and Grammegative bacterigJohanseret al, 1995. Overnight cultures of

pc | lve® @xposed to various concentrations of antimicrobial agents for two hours
and after making serial dilutions, they were allowed to grow on MH plates o8 2
days until defined single colonies were detected pdeshat thepc j 1r2uBa® cells

were viable in the absence of antimicrobial peptides on plain MH agar, it showed a
dramatic increase in sensitivity to protamine sulphate (Figure 3.10A).qddg 1 2 8 9
mutant was significantly more sensitive to 50 pg hpotamine sulphate than the wild

type (p < 0.05) as represented by@ys reduction in the number of tgec | 1n2uBard

viable colony forming units (cfu) per mL relative to the wijghe under the same
treatment. Although the wiltype viable cells reducedthen exposed to 50 pg riL
protamine sulphate, the inhibition in the number of viable cells in the mutant was more
than the wildtype by 3logs. Complementation of Thepc j 1 aWladt showed a

restoration of the wildype activity as the number of the vialdells was recovered in
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the complemented strairp (< 0.001). In each treatment, the complemented strain
showed an increase in the viability compared to the mutant, thus providing an evidence
for complementation. A concentration of 100 pg bf protaminesulphate was
sufficient to kill all goc | 1 rawBadt cells. However, the wiiype phenotype was
restored in the complemented strgin<(0.001 andb < 0.05; at 100 and 200 pg iiL
protamine sulphate, respectively). Tigec | 1 2u8adt also showed a signict
increase in the sensitivity to polymyxin E (Figure 3.10B). Approximately-lag1l
decrease in the number of tgec | 1r@u8Bt viable cells relative to the witgpe at

the same concentration of polymyxin E was observed when exposed to 50 jig mL
polymyxin E @ < 0.001), and 1.5 log decrease when exposed to 100 ffgpoiimyxin

E (p < 0.01) while all the mutant cells were killed at a concentration of 200 pi§ mL
polymyxin E. Surprisingly, at concentrations of 50 and 100 pg palymyxin E, the
complementation was not able to restore the \jik phenotype and showed lower
number of viable cells than the mutant. However, at a higher concentration of
polymyxin E (200 pg mLY) the phenotype was restorgui<( 0.01). Theppc j 1n2uBu

was also showio be significantly more sensitive to polymyxin B than the viyide at

50 and 100 pg mt polymyxin B (p <0.001), and the sensitivity was more severe at 200

nug mL* (p < 0.0001) as represented by more thaegdLinhibition in the number of
viable cells ompared to the wildype at the same concentration. The | 128 9/ cj 1 2
complemented strain had shown to be unable to restore the phenotype when treated with
polymyxin B (Figure 3.10C). Unexpectedly, the complemented strain was killed more
than the wildtype and the mutant. It would be expected to observe a restoration or
partial restoration of the wiltype activity in the complemented strain, but in this case
the complementation was not able to show such a restoration. Therefore, the results with
complemated strain when exposed to polymyxin B are unexplainable, and provided no
evidence for complementation. These findings together suggest that the Cj1289 may
have a role in the permeability functions of the OM, as evidenced by the alteration in
the sensitiity to protamine sulphate, polymyxin E and polymyxin B. Thus, the lack of

Cj1289 results in more sensitive phenotype with an increased OM permeability.
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Figure 3.10 Sensitivity of thegpc | 1rBu@st to antimicrobial peptides. Overnight
cultures of thapc j 1n2uBa® were exposed to various concentrations of antimicrobial
peptides for two hours and were serially diluted to 1 . I0en microliters of each
dilution were plated on MHS and incubated microaerobically foB2lays at 37 °CA)
Sensitivity of thegpc j 1rBuBalt to protamine sulphate. The number of viable cell
count was dogs reduced when exposed to 50 pg hpirotamine sulphate compared to

the wild-type at the same concentration, while cells were killed when exposed to 100 ug
mL™ protamine sulphatéB) Sensitivity of theppc j 1n2u® to polymyxin E. A dog
reduction in the number of tlgpc | 1n2utr® viable celtount relative to the wildype

when exposed to 100 pg mlpolymyxin E, while 200 pg mtt was sufficient to kill the
mutant cells.C) Sensitivity of thegpc ] 1n2ugar® to polymyxin B. A dog decrease in

the number of thepc | 1n2utar® viable cells copared to the wildype when exposed

to 200 ug mC* polymyxin B. Data obtained from three independent biological
replicates.The cell viability values of the untreated controls were adjusted to 100% to
reflect the maximum viability without treatmertrror bars represents the standard
deviation of these measurements. Stati st
multiple ttest. *p < 0.05, *p < 0.01, ** p< 0.001, **** p< 0.0001.
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3.2.8¢j0694deletion mutation has a similar sensitivity profileto that of the wild-

type

The amino acid sequence of Cj0694 protein is similar to that dE tlveli membrane
anchored protein PpiD, suggesting possible structural and functional similarities.
Therefore, it was proposed that Cj0694 is an important pentachaperone for
maintaining the integrity of the OM. To investigate this, it was hypothesised that
deletion ofcj0694 gene may result in a defective and more permeable OM. Hence, a
sensitivity assay was carried out by using the same antimicrobial dlgahtgere used

with thegpc j 1r2ua® It was found that thepc j OnGutadt cells were viable in the
absence of antimicrobial peptides on plain MH agar as shown by 100 % viability
(Figure 3.11). Interestingly, the degree of the inhibition in the number of viable cells
was similar to that of the wilthpe when exposed to éhsame concentration of
antimicrobial peptides. Unexpectedly, the wijghe was killed more than trepc ] 0 6 9 4
mutant when exposed to different concentrations of protamine sulphate for unknown
reason. The sensitivity of thoec j Ondutardt to polymyxin E wasimilar to that of the
wild-type, although the graph shows slight inhibition in the number of viable cells in the
mutant. However, these inhibitions were statistically-smgmificant except for 200 ug
mL? polymyxin E where thapc j 0 muadt shows a sigficant inhibition in the
number of viable cells compared to the wiygpe @ < 0.01) (Figure 3.11B). The
sensitivity of theqpc j OrBugadt to polymyxin B was not affected at 50 pg in
contrast, the number of the witgpe viable cells was significdgtreduced at this
concentration. At higher concentrations of polymyxin B, the levels of killing were
similar in the wildtype and thepc j OrGuBadt. These data indicate that unlike the
Cj1289, with the Cj0694 it does not seem that polymyxin or othemambtbial
peptides are having a great effect on the permeability functions of the OM in the
pc j 0 @aht, suggesting a more important role for Cj1289 than Cj0694 in
controlling OM permeability.
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Figure 3.11 Sensitivity of the gpc j 0 r@udast to various antimicrobial peptides.

The pc j 0 é@&aht shows viability in the absence of antimicrobial peptides
represented by 100 % viability in the first colun&).The inhibitory effect of protamine
sulphate on thepc j OnButadt viability was less than that on the wiyghe. The wild

type viability was signifiantly reduced by protamine sulphate compared topghej] 0 6 9 4
mutant. B) The inhibitory effect ojpolymyxin Eon thegpc j Onéufadt viability. The
sensitivity of thegpc | OnButadt was significantly more than that of the wijyge only
when exposed to 200 pg mlpolymyxin E f < 0.01).C) Sensitivity of theqpc j 0 6 9
mutant toPolymyxin B. At 50 pg mL' polymyxin B, the sensitivity of thepc j 0 6 9
mutant was less than that detwild-type. The number of the wiltype viable cells was
significantly less than that of the mutant at this concentrafion 0.05). At higher
concentrations of polymyxin B, the levels of killing were similar in the syjoke and

the pc | O udant. Dad are representative of three biological replicaidse cell
viability values of the untreated controls were adjusted to 100% to reflect the maximum
viability without treatment.Error bars represents the standard deviation of these
measurements. Statisid anal ysi s was carr i etdst. Jpt uUsi
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. All replicate experiments were
performed to all mutants at the same times. The-tyjp@ data is obtained from the

same experiment shown Figure 3.10.
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3.2.9 Deletion of bothcj1289and cj0694showed more similar sensitivity profile to
thatof theqpc j 1289

The qpc j 1rAuBadAt was shown to be severely sensitive to protamine sulphate and
polymyxin E, whereas theoc j OnButadt has not been shown to be severely affected.
To examine if this effect was only due to the deletionjd289gene, and to examine if
deletion of thecj1289andogc j Ogergeglcan result in more severe phenotype that can
reveal a role of Cj0694 in OMermeability, the sensitivity of adouldec ] 1 2 8 9 qpc j 0 ¢
mutant was examined using the same antimicrobial peptides used with both single
mutants. When thepc j 1 2 8 9 /dqubl¢ @nétehd was exposed to 50 pg ‘L
protamine sulphate, the number of viabldscelas significantly reduced more than the
wild-type that was treated with the same concentration of protampire Q.05) as
represented by-Ibg inhibition in the number of viable cells in the double mutant.
However, the double mutant cells were all killat a concentration of 100 pg fmL
(Figure 3.12A). This phenotype is more similar to that ofgde ] 1n2uta®t. However,

the degree of killing in double mutant was less severe thapth¢ 1sth@eOmutant at

50 pug mb' (Figure 3.10A). The inhibitory &ct of polymyxin E on the

pc | 12 8 9 /dopblg ruBaldt £ell viability was shown to be more significant than
that on the wiletype cells as represented byoly decrease in the number of viable cells
relative to the wildtype at 50 pg mt and the inhibibn was more at higher
concentrations. However, comparing to tipe j 1sng§l® mutant, polymyxin E had
similar effect on the double mutaat 50 and 100 pg mt (Figure 3.12B and 3.8),
whereas it is more in thepc j 1rAuBadt at 200 pg mt, suggestinghat the extra
mutation incj0694in the double mutant does not increase the sensitivity to polymyxin
E more than what is shown with thhgc | 1sh@eéOmutant (Figure 3.12B). The effect

of polymyxin B on thepc | 1 2 8 9 /daplolg nutdr ¢ell viability wasimilar to that

of thegpc j Osth@edmutantg < 0.01 at 200 pg mit). At 50 ug mL* polymyxin B, the
wild-type cells were killed more than the double mutant for unknown reason, whereas
the killing level of the wildtype cells remains constant at higleencentration, and the
effect of polymyxin B on the double mutant started to be effective at 200 piy mL
where the viability of the double mutant cells was significantly less than that of the
wild-type ( <0.01) (Figure 3.12C). These data indicate a morgortant role for
Cj1289 than Cj0694 in controlling OM integrity.
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Figure 3.12 Sensitivity of theqpc j 1 2 8 9 /dqublg h@ehtdto antimicrobial
peptides.A) The effect of protamine sulphate on tipc | 1 2 8 9 /dapblg rOuG® 4

cell viability. Similar effect of protamine sulphate was observed iggbej 1 2 8 9/ gpcj O
double mutant to that of thpc | 1sth@eOmutantThe number of thepc j 128 9/ pcj O
double mutant viable cells wasldg less than that of the wiiype when exposed to 50

ng mL™* protamine sulphate, while 100 pg tif protamine sulphate was sufficient to

kill double mutant cellsB) The effect of polymxin E on theqpc j 1 2 8 9 /dapllg 0 6 9 4
mutant cell viability. Cell viability of the double mutant was significantly less than that

of the wildtype as represented byldg decrease in the number of viable cells relative

to the wildtype at 50 pg mt and theinhibition was more at higher concentrations.
Comparing to thepc j 1sth@eOmutant, polymyxin E had similar effect on the double
mutant. C) The effect of polymyxin B on thepc j 1 2 8 9 /dqublg @uGadt4cell
viability. A similar effect was shown on tld®ouble mutant to that of thepec | Osth@et

mutant p < 0.01 at 200 ug mt). At 50 ug mL* polymyxin B, the wildtype cells were

kiled more than the double mutant. Data are representative of three biological
replicates. All replicate experiments werefpaned to all mutants at the same times.

The wildtype data is obtained from the same experiment shown in FigureT®d @ell

viability values of the untreated controls were adjusted to 100% to reflect the maximum
viability without treatment.Error barsrepresents the standard deviation of these
measur ement s. Statistical anal ydestsspwas ¢
0.05, *p<0.01, ** p<0.001, **** p< 0.0001.
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3.2.10 peb4deletion mutation results in a defective strain with an inceased

sensitivity to antimicrobial peptides

The role of the periplasmic chaperone PEB4 in the assembly of the GMejuniwas
intensively investigated previous(}Kale et al, 2011). The mutant strain used in that
study was generated by insertional mutagenesis in which an antibiotic resistance
cassette is inserted into the gene sequence causing inactivation génineHere, a
pp e imutant had been generated by deletiopeati4gene and fully replacing it with
kar® cassette. The viability of thepp e mutant was monitored in comparison to the
wild-type and both shows reduction in the number of viable cells wlitlys decrease

in the number of viable cells when treated with 50 pg ngrotamine sulphate
comparing to the untreated controls. Surprisingly, at 100 pgpnatamine sulphate the
number of thepp e mmutant viable cells remained at the same level wheheawild-

type was significantly less than the mutgm&(Q.01). However, thepp e imutant cells
were all killed at a concentration of 200 ug hprotamine sulphate (Figure 3.13A).
Therefore, theqpp e mdtant only shows significant decrease in viabilityhagher
concentrations, whereas at lower concentrations its viability is similar to that of the
wild-type. Theqpp e Indtant had also shown to be sensitive to polymyxin E. The
viability of thepp e fautant cells was significantly less than that of the wylae cells

(p < 0.001) when exposed to 50 and 100 pg'npblymyxin E as represented byldg
decrease in the inhibition of the viability compared to the ‘ifgk, and the inhibition
increased at higher concentratiofidgure 3.13B). A similar effect waseen with
polymyxin B as 50 and 100 pg rilreduced the number of tlipp e Wable cells (1

log decrease) comparing to the wiighe (0 < 0.0001), whereagpp e \bable cells were
reduced by 20gs when exposed to 200 pg fhland its viability was signifigatly less
than the wildtype ( < 0.0001) (Figure 3.13C).
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Figure 3.13Sensitivity of the qpp e imutant to antimicrobial peptides. A) The effect

of protamine sulphate on the viability of thep e mmutant A similar reduction in the
number of viable cell count relative to the wilgpe at the same treatmasatseen when

the mutant cells exposed 50 and 100 pg mt protamine sulphate, hile mutant cells

were killed when exposed to 200 pg thiprotamine sulphateB) The effect of
polymyxin E on the viability of thepp e faudant. At 50 and 100 pg riiLpolymyxin E,

the viability of thegpp e mutant cells was significantly less than the wilde @ <
0.001) represented bylég decrease in the inhibition of the viability compared to the
wild-type, and the inhibition increased at higher concentrati®sThe effect of
polymyxin E on the viability of thepp e fautant. At 50 and 100 pg nilcauses 1log
decrease in the number of tiep e biable cells comparing to the witype <
0.0001), whereagop e wable cells were reduced byl@ys when exposed to 200 ug
mL™, and its viability was significantly less than the wijghe < 0.0001). D& are
representative of three biological replicates. All replicate experiments were performed
to all mutants at the same times. The wde data is obtained from the same
experiment shown in Figure 3.1The cell viability values of the untreated cotdro
were adjusted to 100% to reflect the maximum viability without treatnigndr bars
represents the standard deviation of these measurements. Statistical analysis was carried
out usi ng St dabte*p& 0.85, *u< 0t01, p*t pe< 01001, **** p <
0.0001.
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Figure 3.14 Summary of the increased susceptibility to killing by CAMPs inC.
jejuni chaperone mutants. A) Sensitivity of chaperone mutants to 50 pg ‘ML
protamine sulphateB) Sensitivity of chaperone mutants to 100 pg hpolymyxin E.
C) Sensitivity of chaperone mutants to 200 pg hylolymyxin B. Theaxj1289mutant
displays the highest sensitivity to alA®IPs (p < 0.0001), while theseej0694 mutant
shows no significant change compared to the parent-typlel. The agpeb4 mutant
shows significant increase in susceptibility to only polymyxin B (vxole C. jejuniis
usually resistant to polymyxin B)The cell viability values of the wileype were
adjusted to 100% to reflect the effecttbeé mutationson the cell viabilityunder the
same concentration of CAMP%. p < 0.01, *** p < 0.0001. Error bars represents the
standard deviation of these measurementstisfital analysis was carried out using
Oneway ANOVA.
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3.2.11 Proteomic analysis of the OM and periplasmic profiles in thgpc | 1ahdB 9
pc | Onduthdts

To investigate the chaperone role of the Cj1289 and Cj0694 in the maturation and
assembly of periplasmiand OMPs, it was suggested that mutation in their cognate
genes may affect the pathway of either periplasmic or OMP folding and may, for
example, result in an accumulation of-iaserted OMPs in the periplasm. Therefore,
absence of Cj1289 or Cj0694 maydeto an alteration in the OM and periplasmic
profiles of the mutants compared to those of the parenttyplel. Our ultimate goal in

this section was to report the changes that may occur due to the alteration in the OM
composition in thepc j 1dhdgdc j OrBudadts byidentifying the proteins that are
missing or down regulated in the OMs of the mutants and comparing them to the OM of

the wild-type.

3.2.11.1 Isolation of outer membranes and periplasms of witype C. jejuni,
mcj 1289, wci 1208 PrRi@POHI1L28D /mganjs0 6 9 4

Cell fractionation was performed to isolate the OM and periplasm ofjthej 1 2 8 9
mutant thecpc j 1 2 8 9 7 apropjerheht@dstrajithepc j Osth@etmutant and the

pc j 12 8 9 /[daplag nutargirdorder to identify he client OMPs that are dependent

on Cj1289 or Cj0694 for their maturation and assembly in the OMPRBE analysis

was conducted in a collaborative work with Dr Francis Mulholland at The Institution of
Food Research (IFR), Norwich, UK, to assess theatiter in OM and periplasmic
profiles and compare these changes to those of thetypé The total membrane
fractions of the wiletype C. jejuni gpc j 1rBug®  c j 1 2 8 edmpbamerite? 8 9
strain pc jmOt@anBasdpc j 1 2 8 9 /dapllgmitén® Wiere sccessfully isolated

in the form of gelike, sticky pellets. As described in 2.7.3 and 2.7.4, the pellets were
washed twice and resuspended in 10 mM HEPES, pH 7.4, and incubated (w/@ %
N-laurylsarcosinate at 37 °C for 30 minutes. Additioocantrifugation was applied to
remove the supernatants containing inner membrane proteins, and the remaining outer

membrane pellets were washed and carefully resuspended in 10 mM HEPES, pH 7.4.
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3.2.11.2 Western blot confirms the purity of cell fractions

Purity of both OMs and periplasms was confirmed by western blot usindg/&wtj

raised against the periplasmic fumarate reductase (Mfr&). ijgjuni (Guccioneet al,

2010, and antiGroEL, raised against the cytoplasmic chaperone GroH. ooli (Lui

and Kelly, Unpublished data). To confirm that OMs of all strains were pure from
periplasmic contaminating proteins that magcur during OM preparation, the blots
using antiMfrA were performed against the OMs of mutants, using the-type
periplasm as a control. These blots show that the ~ 65 kDa MfrA is localised in the
periplasms of the wildype but was absent in the ONMEall strains, confirming that the
OMs of all strains were free from contaminating periplasmic proteins (Figus&)3.1
Also, Anti-GroEL was performed against the periplasms of all strains, using the wild
type celtfree extract (CFE) as a control, to iom that the periplasms of all strains
were free from contaminating cytoplasmic proteins that may occur in the periplasms
during preparation. The blots show that the ~ 62 kDa GroEL is located in the CFE of the
wild-type but not in the periplasms of altahs(Figure 3.18). These blots confirmed

that the prepared cell fractions were pure to be analyzed tgePE8lectrophoresis
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(A) Western blot for outer membranes using anti-MfrA

WT pcj 06914
[ | I |
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(B) Western blot for periplasms using anti-GroEL

WT pcj 06914
M, 551
Control M ! P1 P2 P3 ! Control M P1 P2
——— ——
72 kDa —p! 72 kDa —p
55 kDa —p-= : 55 kDa —»
-
5 -
pcj 1289 pcj 1289/ cpclj218208 9/ pcj 0694
[ | |
M Control P1 P2 M Control P1 P2 P3
e
72 kDa —»=— 72 kDa —p 2
55 kDa —»— 55 kDa —» e
| — S — -

Figure 3.15 Confirmation of purity of OMs and periplasms by western blot. A)
Western blot for outer membrane of wilgpe and mutant strains using aktirA. The
localisation of ~ 65 kDa MfrA was confirmed in the periplasm of the control sample
(wild-type periplasm) and was absent in the OMs of all strains. Lane (M) shows the
Pag®uler™ prestained protein marker. Lanes in numbers show independently
prepared OMs of each straiB) Western blot for periplasms of wikype and mutant
strains using ariGroEL. The localisation of the ~ 62 kDa cytoplasmic protein, GroEL
was confirmedn the control sample (wiltype CFE) and was absent in the periplasms
of all strains. Lane (M) shows the PageRUfepre-stained protein marker. Lanes in
numbers show independently prepared periplasms of each strain. At least two samples
were used for e&cpreparation except for the double mutant where only one sample was
used.
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3.2.11.3 Evaluation of the use of the 2ZBDAGE and quantitative proteomics to
determine the clients of periplasmic chaperones

The quantitative proteomic approaches such as mass spectrometric identification of
proteins from 1D and 2DPAGE analysis are widely used in proteomics for the
identification of client proteins and to determine the expression levels of OMPs that are
handkd by distinct chaperon¢asakuraet al, 2007 Rathburet al, 2009 Rathbun and
Thompson, 2009 Here, OM and periplasmic fractions are isolated from the two cell
populations that will beexamined (e.g. wildype and mutant) and run on Zj2ls (pl

range 31 11). Protein spots observed to be changing between the two samples are

picked, trypsin digested and identified by mass spectroscopy.

The OM and periplasmic fractions were analysed ByPAGE in a collaborative work
with Dr Francis Mulholland at IFR (Norwich, UK). OM and periplasm samples were
processed in initial preparation steps prior to being analysed by proteorR&GB
analysis. These steps include an initial centrifugation défsethat had been solubilised

in rehydration lysis buffer (RHB; 7 M urea, 2 M thiourea, 2 % CHAPS). The resulted
pellets were centrifuged for a second time and the supernatant was discarded, while the
pellets were solubilised in 50 mM T+#4Cl, 0.3 % SDS$S 0.2 M DTT. A third
centrifugation of the relissolved pellets was applied and the final resulted pellets were
resuspended in MilliQ water to be used for 1D andPRIGE analysis. After overlying

the 2Dgels for the OMs and periplasms of wilgpe and edt mutant, mass
spectrometry analysis (Table Bas conducted to identify each protein spot that is
present in the OM of the wiltype and absent in that of the mutant, or present in the
periplasm of the mutant and absent in that of the-tyjbe.

Overall the 2Dgels of all mutants OMs provide clear evidence about an overall
reduction in the OMPs in the mutants. However, the abundance of these proteins in the
OMs is low. The PorA/MOMP is the strongest spot which can be used to adjust the
imaging parameter Therefore, if this spot is directly affected by mutation in any of
these mutants, then the OM fraction must be enriched to exclude this factor. Overlaying
the 2Dgels of the OMs of the wildype (stained in orange) and thec j 1ru8asdt

(stained in blue) revealed that three outer membrane associated proteins are expressed
only in the wildtype OM and are absent in the OM of tpc | 1 AuBadt (Figure

3.16A). These were the ATP synthase (Cj0107), formate dehydrogenase (Cj0409) and
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serine protease (Cj1228c) shown in orange. However, two periplasmic protias
present inthie OM of thegpc j 1rAu8aldt (shown in blue), and are considered to be
contaminating proteins in the OM fraction. These were TolB (Cj0112) and a putative
periplasnic protein (Cj0964). On the other handyerlaying the 2Bgels of the
periplasms of the wildype (stained in orange) and tpec | 1n2utar®t (stained in blue)
showed less alteration in thernplasmic profiles (Figure 3.B). The PEB1a and the 19
kDa perigasmic protein (p19) appear to be good markers for the periplasms. These
proteins were identified in a previous stugiitchcocket al, 2010, and were used here
asmarkers that indicate a proper preparation of the periplasms. Overtagii&ipgels

of the OMs of the wiletype (stained in orange) and thgec j O rBuBandt (stained in
blue) revealed that two outer membrane associated proteins are expressed only in the
wild-type OM and are absent in thec j Or6u®adt (Figure 3.16). These spots were
stained in orange and are correspond teF&lihydrogenase (Cjl1267c) and serine
protease (Cj1228c). In contrast, overlaying thed®ls of the periplasms of the wild

type and te gpc j OnButadt shows more accumulation of proteins in the periplasm of
theqgpc j OnButadt (Figure 3.1B). Finally, in the 2Bgels of the OMs of the wiltlype

and thepc j 1@c8j90ddbehbke mutant we could identify two OMPs, ATP synthase
(Cj0107) and semie protease (Cj1228c) which were found in the syigte OM (orange)

and were absent in the OM of the double mutant (FiguréE3.IThese proteins are
persistent in both thepc | 1snglé® mutant and thepc j] 1 2 8 9 /dapblg Mu6st.4
The periplasmic picter of the double mutant revealed that only one protein stained in
blue, indicating that it is related to the periplasm of the double mutant and is persistent
in both thepc j 1<n§l® mutant and thepc j 1 2 8 9 /doublg¢ @uBadt4(Figure
3.16F).

This can provide an initial indication of the accumulation of the OMPs in the periplasm
of the mutants and failure to delivering them to the OM. However, the contaminating
background in the 2igels is one of the main concerns that may make it difficult to
confirm these findings, although the fractions were prepared according to standard

methods and western blot data shows that these fractions were pure.
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(C) The wild-type Vs. the gpc | 0 h@tant OMs
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(E) The wild-type Vs.thegpc | 1 2 8 9 cpaopble6rutéant OMs
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Figure 3.162D-PAGE analysis of the periplasmic and outer membrane proteins of

the wild-type (orange) and mutants (blue).Protein samples were prepared as
described in 2.7.3 and 2.7.4 and separately resolved by 2D PARE.overlays
descriptions are indicated on ttop of each gel picture. Orange spots represent proteins
found in the wildtype fractions only, and absent in the mutant fractions. Blue spots
represent proteins found in mutants fractions only, and absent in theypéldractions.

Black spots represernproteins found in both the witype and mutant fractions.
Labelled protein spots in 2Bels correlate to the OMs were identified by mass
spectrometry analysis as indicated in Table 3.2, whereas proteins spots in gels correlate
to the periplasms were prewsly published (Hitchcockt al, 2010).A) Comparative
analysis of the OMs of the wiltype and thepc | 1n2u®.B) Comparative analysis

of the periplasms of the wiltype and thepc j 1r2uB®.C) Comparative analysis of

the OMs of the wiletype andthe qpc j O r@udadt D) Comparative analysis of the
periplasms of the wildype and thepc j O0rBugadt.(E) Comparative analysis of the
OMs of the wildtype and thepc j Y2c8j90deublé mutantF) Comparative analysis

of the periplasms of the wiltype and theqpc ] 1@c8j 90ddUbIé mutant. At least two
samples were analysed for each strain and all indicate similar results, except for the
double mutant where only one sample was analysed. Gels were stained by SYPRO
Ruby (Invirogen, UK). This work waperformed by Dr. Francis Mulholland at the
Institute of Food Research (Norwich, UK).
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Table 3.1 Mass spectrometric data obtained from-@& analysis performed by Dr
Francis Mulholland at the Institute of Food Research (IFR), Norwich, UK.

Well | Orbitrap Data Mascot Mascot

S leN Top Hit d Hit:
ample Name No file name op Hi Score Secondary Hits Score

ATP synthase subunit
Cj0694-om 13233 pick 1_1 AO1 | FM120816_24 beta; EC=3.6.3.14 1854
(Cj0107)
Fumarate reductase
Cj0694-om 13233 pick 1_2 A02 FM120816_02 iron-sulfur protein; 369
EC=1.3.99.1 (Cj0410)
Putative NADH
dehydrogenase |
chain G; EC=1.6.5.3
(Cj1573c)
Putative formate
dehydrogenase large

. . subunit
Cj0694-om 13233 pick2_2 | A04 | FM120816_04 ) 601
(Selenocysteine
containing);
EC=1.2.1.2 (Cj1511c)
ATP synthase subunit
Cj0694-om 13233 pick 2_3 AO5 | FM120816_25 alpha; EC=3.6.3.14 475
(Cjo105)
Fumarate reductase
Cj0694-om 13233 pick 3_1 AO6 | FM120816_29 | flavoprotein subunit; 1490
EC=1.3.99.1 (Cj0409)

Putative lipoprotein

(Cj0396¢) 261

Protein translocase
1071 subunit SecA 449
(Cjo942c)

Cj0694-om 13233 pick 2_1 AO3 | FM120816_03

Succinate
dehydrogenase
flavoprotein subunit;
EC=1.3.99.1 (Cj0437)

Ni/Fe-hydrogenase
Cj0694-om 13233 pick 3_2 A07 FM120816_05 large subunit; 444
EC=1.12.5.1 (Cj1266¢)

141

Ni/Fe-hydrogenase Outer membrane
Cj0694-om 13233 pick 3_3 A08 FM120816_06 small chain; 280 . . 118
EC=1.12.5.1 (Cj1267c) protein (Cj0129¢)
Putative periplasmic

Cj0694-om 13233 pick 4_1 A0S FM120816_07 protein (Cj0151c) 368
Putative peptidyl-
. ) . prolyl cis-trans Possible periplasmic
Cj0694-om 13233 pick 4_2 A10 FM120816_26 isomerase Cbf2 1357 protein (Cj1289) 494

(Cj0596)

Putative cytochrome
Cj0694-om 13233 pick 4_3 All FM120816_08 | Protein TolB (Cj0112) 340 C551 peroxidase; 328
EC=1.11.1.5 (Cj0358)

Serine protease
Cj0694-om 13233 pick 4_4 Al2 | FM120816_27 (Protease DO); 2056
EC=3.4.21 (Cj1228c)

Putative periplasmic

272
protein (Cj0114)

Putative cytochrome
Cj0694-om 13233 pick 5_1 BO1 | FM120816_09 | Protein TolB (Cj0112) 366 C551 peroxidase; 308
EC=1.11.1.5 (Cj0358)

Major cell-binding

factor; AltName: Putative periplasmic

Cj0694-om 13233 pick 5_2 B02 FM120816_10 FUll=CBFL; AltName: 561 protein (Cj1380) 500
Full=PEB1 (Cj0921c)
Ubiquinol-cytochrome
. . ¢ reductase iron- Putative periplasmic
Cj0694-om 13233 pick 5_3 BO3 FM120816_11 sulfur subunit 278 protein (Cj1380) 103
(Cj1186c¢)
. . 5-hydroxyisourate Putative lipoprotein
Cj0694-om 13233 pick 5_4 B0O4 | FM120816_12 hydrolase (Cj0715) 228 (Cj0950¢) 156
. Glutamate-1-
Serine protease semialdehyde 2,1-
Cj0694-om 13233 pick 6_1 BO5 FM120816_13 (Protease DO); 831 v ! 318

£C=3.4.21 (Cj1228¢) aminomutase (Cj0853)
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50S ribosomal protein

50S ribosomal protein

438

Cj0694-om 13233 pick 6_2 BO6 | FM120816_14 L5 (Cj1695¢) 470 125 (Cj0311)
Ni/Fe-hydrogenase
Cj0694-om 13233 pick 6_3 BO7 | FM120816_15 small chain; 174
EC=1.12.5.1 (Cj1267c)
ATP synthase subunit 50 kDa outer
Cj0694-om 13233 pick 6_4 B0O8 FM120816_16 alpha; EC=3.6.3.14 922 membrane protein 333
(Cj0105) (Cj1170c)
Cj0694-om 13233 pick 7. 1 | BOS | FM120816_17 | °O° ”é":é};:;'zpcr)me'” 630 | % riggs(‘jc%zllplr)me'" 285
Branched-chain
. . amino-acid ABC
Putative peptidase transport
Cj0694-om 13233 pick 7_2 B10 FM120816_18 M23 family protein 671 . . 276
) system,periplasmic
(Cj1215) - )
binding protein
(Cj1018¢)
Cj0694-om 13233 pick 7.4 | B12 | FM120816_28 | Protein TolB (Cj0112) 2115
Putative formate
dehydrogenase large
Plate sample upper piece subunit
(Probably B11) co1 FM120816_19 (Selenocysteine >48
containing);
EC=1.2.1.2 (Cj1511c)
Plate sample lower piece Putative periplasmic Putative cytos:hrome
(Probably A11) C02 FM120816_20 protein (Cj0964) 708 C551 perox@ase; 396
EC=1.11.1.5 (Cj0358)
50 kDa outer Putative periplasmic
Cj wt om 13235 pick 1_1 C03 FM120816_21 membrane protein 529 S 273
(Cj1170¢) protein (Cj0964)
Putative succinate .
. ) dehydrogenase iron- Putative cyto;hrome
Cj wt om 13235 pick 1_2 co4 FM120816_22 sulfur protein; 592 C551 perox@ase; 363
EC=1.3.5.1 (Cj0438) EC=1.11.1.5 (Cj0358)
Giwtom 13235 pick1 3 | CO5 | FM120816_23 | ©Utative periplasmic 88

protein (Cj0964)
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3.2.11.4 Stable Isotope Labelling by Amino acids in Cell culture (SILAC)

An alternative approach used in protein determination is the usabfe [sotope
Labelling byAmino acids inCell culture (SILAC) developed byOng et al, 2002.

This approach requires the growth of two groups of cell populations in media that have
identical contents, except that one contains the Iigtt ¢ **N) and the other contains

the heavy C + **N) form of amino acids Lysine and Arginine. Both forms of amino
acids are incorporated into all cellular proteins during cell division. Then, proteins from
both cell populations can be combined and appgbettD PAGE for visualisation. The
resulting bands can be then digested from the gel and analysed by mass spectrometry.
The ratio of peak intensities in the mass spectrum exactly indicates the abundance ratio
for the two proteins. This approach can bedulse analysis of membrane proteins of

low abundance.

3.2.11.4.1 Growth assays in Minimum Essential Media (MEM) for SILAC method

Because SILAC is a quantitative comparative proteomic analysis, the cell densities and
protein quantities are required to be similar in both cell groups to exclude any variations
occurring due to variable cell densities. It was therefore important tosabsegrowth

of the wild-type and mutants in the MEM prior to incorporating the stable isotopes into
the normal protein synthesis of these strains in faogée cultures for the isolation of

the isotopdabelled membrane proteins in the wilghe and mutats. This is to ensure

that all strains grow with similar cell densities in the same volumes of cultures. The
growth of mutants has already been assessed in complex media such as MHS and BHI
(section 3.2.5), and the mutants have shown to have slight gdaf¢bts compared to

the wildtype. However, their overnight growths were similar to that of the-tyjé.

Here, the MEM does not contain carbon sources that can be utiliseanyyylobacter
Although the MEM contains glucos&€ampylobacterjejuni has bee known to be
unable to utilise external sugars because it lacks the key glycolytic enzyme
phosphofructokinas&elly, 2001, Parkhill et al, 200Q. Therefore, the growth of the
wild-type and mutants in MEM was supplemented by 10 mbeitine and 10 mM L
aspartate as carbon sources. Also, the m

arginine (0.4 mM) and dlysine (0.8 mM). Cultures were incubdtén microaerobic
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conditions at 37 °C for 24 hours and samples were collected fror8 Gours and a
final sample was collected at 24 hour. Interestingly, dhe j 1 &8 theqpcj 06 9 4
mutants showed similar growth to that of the wyge (Figure 3.7), although with
slight defects which can be credited to the MEM, which can also explain that the growth

of all strains was less than that reported in complex medigy(@m.5).

Phenol red-free MEM

oD 600

—— WT 11168
-~ cj1289
& Dcj0694

T T 1
0 10 20 30

Time (Hour)

Figure 3.17 Growth of the wild-type C. jejuni 11168strain, the qpc | 1ah@ the
gc j O0reugadts in Minimum Essential Media. Microaerobic growth was performed
in 50 mL Minimum Essential Media supplemented with 10 midekine, 10 mM L
aspartic acid, 50 pM ammonium ferric sulphate, 0.4 mMrginine and 0.8 mM L
lysine. The media was contained in 250 ml conical flasks shake@Oatpin in a gas
atmosphere of 10 %v/v) oxygen, 5 %(v/v) carbon dioxide and 85 %w/v) nitrogen.
Cells were inoculated at an @fgof 0.1. Samples were collected at timé& 8 hours
and a final sample at 24 hours. Cell densities were measured specnogtniaially at
ODegoo.
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3.2.11.4.2 Metabolic labelling with stable isotopes

Overnight cultures of the wiltype and mutants cells grown in MHmedia were
adjusted to an Ofgo of 0.1 and inoculated into MEM supplemented with exactly same
components excéphat the wildtypec ul t ure cont afGedN) t-he 61
arginine (0.4 mM) and t % +dfN)tLarminise (O4ont ai
mM). It was found from the growth experiment in the MEM that the optimum time for
cells to achieve higheskensity(late log phaseyvas 8i 12 hours. Thereforeutiures

were allowed to groun MEM for 12 hoursprior to membrane fractionation. At time 12
hours, cell densities of the wilgpe and mutants wemeasuredand confirmed to be
equal, and cells werenixed, harvested andhembrane fractions were prepared as
described in sectioR.7.3 and 2.7.4. In collaboration with Dr Francis Mulholland (IFR),
membrane fractions were run on SBAGE, trypsin digested and analysed by mass
spectroscopy in order to idefyticlient proteins that may be handled by Cj1289 or
Cj0694 in the periplasninterestingly, MS data revealed that some OMPs were found to
be lessabundanin the OMsof the qzj1289andqej0694 mutants compared to the wild
type. The data are shown in thppendix,in which theabundanceatio of the heavy

(H) to light (L) labelled proteings indicated in the column named as (Ratio H/L
normalised. The higher the numbgthe more present in the wilgipe, as that was used

as the heavy labeConversely théower the number the more present in the mutint
can be clearlpbserved that several OMPs are present in higher abundance in the wild
type than mutantslhe proteinsthathave a heavy to light (H/Watio greatethan lare

less abundant in the mutancompared to the witype. These proteins could be
chaperone clients.

Table 3.2shows the keyproteins which are differentially expressed in ¢gl289and
qrj0694 mutants.The CBF1 (PEB1) was found to be less abundant in the OMs of the
@c | 1&@dgj0694 mutant (H/L ratio= 2-2.5). In addition, Cj0371, a membrane
lipid-anchor lipoprotein was found in less abundance imlej 1n2u&r®t (HL ratio =

1.35) whereasthe CBF1 (PEB1),Cj0755 (ferric enterobactin uptake receptor) and
Cj0129c (BamA) were found to be less in the OM of dis®694 mutant (HL ratios =
2.0554,1.75 and 1.34, respectivelyhese findings strongly suggest a possible role of
the Cj1289 and Cj0694 as periplasrmmhaperones for the assembly of the OMPE.
jejuni. Nevertheless, MS datdso showea presence of othepntaminatingproteins in
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the OMs, which could be due toan insufficientincorporation of isotopéabelled
proteinsin mutants cells. Also it could be due to the instability of the OMs of the

mutants, which may have prevented the proper cell fractionation.

Table 3.2The key proteins that are differentially expressed in the outer membrane
of the chaperone mutants.

Mutant Gene . Ratio H/L
Protein name :
number normalised

o cj0921c Major celkbinding factor (CBF1) (PEB1) 2.6865
—
—_ cj0371 UPF0323 lipoprotein Cj0371 1.3491
(&]
8 cj0113 Peptidoglycan associated protein (Omp18) 1.1806
© cj0921c Major celtbindingfactor (CBF1) (PEB1) 2.0554
o
— Cjo755 Ferric enterobactin uptake receptor 1.740
(&]
8 Cj0129c | Outer membrane protein assembly factor (Ban| 1.3362
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3.3 Discussion

3.3.1 Single mutation incj1289or cj0694 results in a defective growth ofC. jejuni
NCTC11168 strain and increases sensitivity to SDS, but is more severe in double

mutant

The outer membrane proteins are one of the most important virulence factors known in
C. jejunithat act in adhesion and colonisatiorCofjejunito host epithelial céd. One of

the key features o€. jejuni that enableus to understanthe mechanism by which
OMPs are translocated through the periplasm and correctly inserted into the OM is the
role of periplasmic chaperones 1. jejuni. Two periplasmic proteins have been
suggested to exhibit chaperone activity that may handle and transport OMPs in the
periplasm inC. jejuni known as Cj1289 and Cj0694. Previous work has revealed
structural similarity of Cj1289 to the periplasmic chaper8uneA, and weak sequence
similarity between Cj0694 and the inner membrane anchored protein PDcioli

(Kale et al, 2011). Single mutants ofj1289andcj0694were successfully generated by
deletion of the respected gene and replacement by an antibiotic resistance cassette. It
was suggested that deletionopd694may be lethal irC. jejuni(Kale et al, 201]). This
hypothesis relied on)(the fact thaicj0o694 shares the same promoter region with the
downstream cell division gerfesA, and are cdranscribed as a single mRNA, ang (

t he overl appi ngcjOogdeatwepoms itthieo n3 Np 50sARt3 3 an
position 652,530. This hypothesis was disputed by Stahl and Stintzi, (2011), who
confirmed thatftsA and ftsZ are amog nonessential genes for cell survival, even
though they are required as essential genes for cell division in other bacteria. Moreover,
a viableppiD deletion mutant was obtained i coli, suggesting a possible success in
deleting cj0694 as they have sgience similarities. Therefore, based on the fact that
deletion ofppiD resulted in a viable mutant and that thetr@mscription ofcj0694with

ftsA and overlapping region do not preclude the deletionj@94 a cj0694 deletion
mutant was successfullgenerated.Single mutants were constructed by allelic
replacement ofcj1289 and cj0694 by (caf) and (kaff), respectively. The use of
different antibiotic resistance cassetlowed the generation of a double mutant strain
that contains both antibiotiesistance cassettes replacing both genes. Complementation
of deletedcj1289 was successfully performed by inserting the wyde copy of the

gene into the pseudogene loatjf046. This insertion was generated to restore the
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phenotype of the mutant, anddasure that the resulting effect is due to the deletion of
the respected gene. In the complementation of ghe | 1 2wgadt, there is no
possibility of polar effect because thfi289gene is encoded in one DNA strand and
the downstream gene is encodedha other strand. This means that &jE289 gene

has its own promoter that drives the expression of the gene. Therefore, mutation in the
cj1289gene is an independent transcriptional unit and does not affect the transcription
of the downstream gene. Withgards to the complementation of #)@694 gene it is
important to note that the downstream gene igaascribed with thej0694.Therefore,

there is a possibility of polaffect from the downstream gene, and we cannot rule out
that the resulting mant phenotype is not solely due to the deletion otcj&94gene,

but it might be due to mutation in the downstream gisa. It would be highly
valuable to obtain a complementguc j 0 6 9 4 7 sipa@in addbeXadnine whether the
integration of the wiletype gene into the chromosome will restore the phenotype, and
the phenotype is due to mutationdf®694 and not a secondary mutation. However, if
this is not possible, an alternative approach can be used to ensure that the resulting
phenotype is not due foolar effect of the downstream gene.-RCTR can be used to
examine whether mRNA can be made from the downstream gene in the mutant. If
MRNA cannot be made, then the expression ofcibé94 may be affected by the
expression of the downstream gene. Oth@eexrnent that can be performed is enzyme
activity assay, in which the activity of the protein produced from the downstream gene
is measured in the mutant. If the activity of this protein does not change between the
wild-type and the mutant, then the mudatiof thecj0694 gene does not affect the
expression of its downstream gene. It would be highly beneficial to generate different
combinations of double mutants suchgas j 1 2 8 Sandape ¢ I 6 9 4td ampglyseb 4
the effect of deletion of PEB4 with other chahate periplasmic chaperones on the cell
growth and sensitivity to antimicrobial agents. However, several attempts to generate
double mutants containingeb4deletion were unsuccessful. A possible explanation of
this finding is that these combinations winiinclude deletion opeb4 with other
periplasmic chaperone cognate gemay be lethal, which means that Cj1289 functions

as a rescuer chaperone in the absence of PEB4. Rizateib(2001) found that a
surA/skp double mutant inE. coli is synthetically lethal, and that they may be
functionally redundant. Also, deletion &furA and ppiD was found to be lethal
(Dartigalongue and Raina, 1998However, the lethality osurA/ppiD had been later

disputed (Justice et al, 2005. In this study, unsuccessful generation of the
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gpc j 12 8 9doublp enbtahts suggests that the PEB4 and Cj1289 are functionally
related in the same mechanism. Thereforenndrge of these genes is deleted, the other

gene may compensate this deletion, but deletion of both genes can be lethal.

The growth ofgpc j 1@&@Pc j 09nfle mutants in microaerobic conditions was
found to be poorer than the witgpe (2.5 hours for thepc | 1n2u® and 3 hours for
thepc j Ordutadt) in MullerHinton media. Interestingly, the growth retardation was
more severe in thepc j 1 2 8 9 /dopblg rAuéadt.4The possible explanation of this
severity might be that both chaperones function in shene pathway, and one
chaperone can compensate for the deletion of the other chapétowever, the
defective growth of thepc j 0rBugadt might be also affected by the mutation of its
downstream gentisAwhich share the same promoter. This cannot be confirmed unless
we obtain data from its complemented stra8imilar phenomenon was seenBn coli

where elevated levels of PpiD production was found to serve as a rescserAakp

cells from lethalityby increasing the folding stress in the cell envelope as a result of
loss of periplasmic chaperone activitdaternet al, 201Q. Although PpiD exhibits a
rescue role in the network of periplasmic chaperones, it has no major role in the
maturation of OMPs and cannot compensate for the lack of SurA in the periplasm
(Maternet al, 2010Q. Others favoured the possibility that both Skp and SurA function in
the same pathway, where Skp may work as dihglchaperone to prevent aggregation

of OMPs in the periplasm and SurA works as a folding chapgiBoget al, 2007.
Healthy growth ofC. jejunirequires the ability of the cell to divide in a maintained
manner, and because many proteins required for cell division are located in the
membrane surface of microorganisms, it was inferred that the Cj1289 and Cj0694 can
be directly or indirectly involvé in the maturation of surface proteins, and therefore,

deletion of one of their cognate genes results in growth defect of the microorganism.

3.3.2 Increased susceptibility to killing by detergents and cationic antimicrobial

peptides displayed bychaperone mutants

The maintenance of membrane integrity has a major impact on the bacterial defence
mechanism against external factors, and serves in increasing the resistance mechanism

to detergents (such as SDS) and antimicrobial agents such as atftiahipeptides
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(AMPs). Disc diffusion assay has been widely used to determine the sensitivity of
microorganisms to different antimicrobial age(@®uglaset al, 2006 Gabhainret al,

2004. Here, we determined the sensitivity of tipee | lahdy®c ] Ondutadt cells to

SDS which was applied to a dist the centre of MH agar containing mutant cells. It
was found that deletion of tlegl289o0r cj0694gene results in a more sensitive strain to
SDS as demonstrated by disc diffusion assay. These phenotypic alterations may be a
result of increased outer merahe permeability allowing an uncontrolled entry of SDS
which became lethal at higher concentrations. The more severe efigdt289 and

cj0694 deletion in double mutant in sensitivity to SDS was similar to that seen in the

growth assay indicating a more related role of both chaperones in the OM assembly.

Because all bacterial cell membranes are negatively charged, cationic antimicrobial
peptides (CAMPs) can kill most Granpositive and Grammegative strains by the
formation of carpetike coating over the bacterial membrane causing disintegration of
the membrane and consequent bacterial d€ggbringaet al, 2009. C. jejuniis
known to be highlyesistant to polymyxin B, an antimicrobial peptide usually added to
growth media to select fo€. jejuni (Tjabringaet al, 2005. Lin et al, (2009) have
identified seven genes responsible for this resistance. These are involved in synthesis of
cell-surfa@ carbohydrates, modification of intracellular targets, signal transduction and
modulation of transmembrane potentfaln et al, 2009. Among these genes is the
galUu gene which is responsible for the production of uridine diphosphate glucose
(UDP-glucose), an eential product for carbohydrate synthesis. Other -lwedwn
CAMPs are cathelicidins, small cationic peptides that possess -Hpeattum
antimicrobial activiti es(Nizcadnd Gallok20083Whe a s
18 kDa human cathelicidin, also known as human cationic antimicrobial protein {hCAP
18), is expressed by neutrophils and epithelial cdllee major cleavage product of
hCAP-18 is theC-terminal region, LE37 (Nizet and Gallo, 2003 which is requird at

low concentrations to killCampylobacterspecies (0.6 2.5 uM). Sochackiet al,
(2011) imaged the attack of LB7 on a singlé&. colicell in real time to demonstrate the
distribution of LL-37 on the bacterial cell surface membrane, and to me#sitane
required by LL-37 to enter the periplasmic space of the bacterial cell to cause halting in
growth (Sochackiet al, 201]) (Reviewed in(Cederlundet al, 2011). Testing the
efficacy of bacterial cell membrane and its components to stgaimhst antimicrobial

agents has been widely used in antimicrobial research, and has been known to provide a
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better understanding about how microorganisms can evolve biological mechanisms to
resist the surrounding environments. A study carried out by vauriklet al, (2010)
tested the effect of polymyxin B, colistin and 37 on the modification of lipid A of
bacterial lipepoly saccharide (LPS). They found two genes; namgelyA and gnnB

that enable addition of ad-linked acyl chain instead of @linked acyl chain to lipid

A backbonegnnAandgnnB mutants were more susceptible to killing by these AMPs
than the isogenic parent witglpe (van Mouriket al, 201Q. However, LPS is not the
sole direct binding target for CAMPs as primary studies on action mechanisms of
CAMPs on bacterial membrane revealed. Chahgal, (2011) identified anouter
membrane lipoprotein Lpp, which works as a-seltface receptor for cationic AMPs in
Enterobacteriacaeand V. cholerae, and was identified to be responsible for
suscepti bi |l i-helical AMPs. @raviously,nthieg idehtified another outer
membrane protein known as Oprl, responsible for susceptibilityPséudomonas
aeruginosato hRNase 7, a lysirenriched cationic protein derived from human skin
(Lin et al, 2010.

Our major goal was to investigate the effect of the mutagenesis of the periplasmic
chaperone genes on the biological properties of the outer membrane that maintain its
role asa protective barrier for the cell. We could demonstrate that deletion of one or
more genes encoding for the production of the periplasmic proteins Cj1289, Cj0694 or
PEB4 increases the susceptibility to killing by AMPs. Three AMPs were used to assess
the ntegrity of OMs of all mutants. These include polymyxin B, Polymyxin E (also
known as colistin) and protamine sulphate. Our findings indicate that the chaperone
mutants were more sensitive to all CAMPs than the -tyiie C. jejuni Figure 3.2
summariseshe most significant changes in sensitivity of chaperone mutants to CAMPs
compared to the parent wiltype. The axj1289 mutant was found to be the most
susceptible strain to killing by all tested CAMPs. This strongly suggests a direct role of
Cj1289 in OM asembly and maintenance of its barrier function against external
antimicrobial agents. Although Ka&t al., (2011) revealed a strong structural similarity

of Cj1289 to thekE. coli periplasmic chaperone SurA, and found that it is structurally
more similar than PEB4, they found that Cj1289 could not demonstrate chaperone
refolding activity by assessing the refolding rate of a model substrate, rhodanese. Thus,
suggesting that Cj1289 psibly has a strong substrate specificity associated to its

physiological role in the periplasm Gf jejuni Given the fact that the Cj1289 is similar
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to SurA inE. coli, it would be highly interesting to compare the antimicrobial peptides
sensitivity of the Cj1289 to that of the SurA. However, it is hard to do such a
comparison as it seems that no previous works have been published with regards to
SurA sensitivity to CAMPs. The substrate specificity of Cj1289 can be more
investigated by intensive protearmanalysis of the OM and periplasm of the mutant to
identify the exact client OMPs of Cj1289. In contrast to #1289 mutant, our
findings indicate that the CAMPs do not increase the susceptibility o&atfi®694

mutant to killing, and its viability wasot affected by increasing concentrations of
peptides. From the findings of growth assays and SDS sensitivity (sections 3.2.5 and
3.2.6, respectively) that show growth inhibition and increased sensitivity to SDS by the

aj0694mutant, we suggested that06p4 may have an indirect role in OM assembly.

This study is the first study to examine the sensitivity ofsheb4mutant to CAMPs.
Interestingly, thesppeb4 mutant was only significantly sensitive to polymyxin B <
0.0001), whereas the number of iteble cells was similar to the wHtype in the
presence of 50 ug miprotamine sulphate and 100 ug thpolymyxin E.C. jejuniis
normally resistant to Polymyxin B. Therefore, mutatiorp@b4gene might indicate a
severe alteration in the compositiontbé OM that changes its properties to be severely
sensitive to an antimicrobial peptide th@t jejuni is normally resistant toThe
downstream gene gfeb4is the fba gene, which encodes for fructose biphosphate
aldolase (Fba); an importambetabolic engme that catalyses theeversible aldole
condensation of glyceraldehy@ephosphate (GAP) and dihydroxyacetone phosphate
(DHAP) to fructosel,6-bisphosphate (FBP)t was shown previously that mutation of
peb4gene does nategatively alter or abolisthe expressiorof fba (Phansopa C, PhD
thesis). Therefore, the resuting phenotype is credited to the deletion pdlilgene
andis not due to polar effect of its downstream géoe. Our findings are consistent

with previous studies that confirmed that the lack of PEB4 results in a defective growth,
impaired motility, and reduced levels of invasion and colonisation as well as increased
susceptibility to antimicrobial agen{Kale et al, 2011, Rathbunet al, 2009 Rathbun

and Thompson, ZID).

Overall, we suggest that the increased membrane permeability in mutants due to
uncompleted process of correct assembly of OMPs in the OM might be the main reason
for the increased susceptibility to kiling by SDS and CAMPs. This is beanes®r

more periplasmic chaperonae norfunctional in mutants.
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3.3.3 The use of comparative proteomic analysis to determine the expression levels

of the periplasmic chaperones client OMPs

Previous studies have demonstrated a direct correlation betiveerhanges in OM
protein expression levels and virulence. Asaletral (2007) have shown thatpeb4
mutant inC. jejunistrain NCTC 11168 shows less ability to adhere to INT407 cells than
the wild-type, and lower level and duration of intestinal colané of mouse model,

and was also unable to form biofilm. Moreover, the mutant cellular protein profile
showed changes in the expression levels of several proteins compared to ttypevild
strain. They found decreases in abundance of several outer menae periplasmic
proteins inpeb4mutant, including the major outer membrane protein (MOMP), porins
(OmpA, Omp50), the haemin outer membrane receptor (CirA), the Cysteine binding
protein (Cj0982) and the iron receptor (FeggAsakuraet al, 2007. In addition to tis

study, Rathburet al (2009) found that peb4mutant generated in a highly pathogenic
strain 81176 has a lower ability to colonise mice. Mass spectroscopic analysis revealed
a decrease in the level of three OMPs, the MOMP, the fibronectin bindingirprot
(CadF) and the Omp50 poriRathburet al, 2009 Rathbun and Thompson, 2009

Our ultimate goals in the use of comparative proteomic analysis were to examine if the
Cj1289 and )694 periplasmic proteins are involved in OM assembl@.ifejuni, and

to identify client proteins that may be handled by Cj1289 and Cj0694 in the periplasm.
OM and periplasmic preparations from the wiygpe and chaperone mutant strains were
prepared andesolved by SDSAGE. Then, western blot was performed to check the
purity levels of OM and periplasmic fractions before they had been resolved-by 2D
PAGE for comparative analysis and mass spectroscopy identification. By using anti
MfrA antibody, we couldbe able to demonstrate that OM fractions were free from
contaminating periplasmic proteins that may occur during the preparation procedure.
Periplasmic sample of the wilype was used as a positive control to show that the
MfrA is localised in the periglsm. The western blot images confirmed that the OM
fractions were free from the periplasmic protein MfrA. On the other hand, antibody
raised against the cytoplasmic chaperone, GroEL was used to demonstrate that the
periplasmic fractions were free from cantinating cytoplasmic proteins. A céiee
extract from the wiledype was used as a positive control to show that GroEL is

localised in the cytoplasm, while periplasmic fractions were free from contaminating

119



cytoplasmic proteins. After assuring that thBl©and periplasms were pure and could

be used for comparative proteomics, they were applied tBRBE analysis developed

by Dr. Francis Mulholland at The Institute of Food Research (IFR), Norwich, UK. As
demonstrated in section 3.2.11.3 an overall redocin the expression level of the
OMPs was observed in the OMs of all mutants. Mass spectrometric analysis was
applied to these preparations in order to identify each protein spot that has been changed
among the wiletype and the mutants fractions. Theset@n spots may represent the
ur-inserted proteins to the OMs due to the mutational effect. Three OMPs were found to
be expressed in the OM of the wilgbe and were absent in the OM of 1289
mutant. These proteins were identified by mass spectrpragATP synthase, formate
dehydrogenase arsrine protease (Cj1228dhe ATP synthase has been shown to be
localised in the membrane surfaceEofcoli (Wilkens et al, 2000, while the fornate
dehydrogenase is an outer membrhoand protein but is facing the periplagBmart

et al, 2009. Mass spectrometry identification of these proteins suggests that when the
Cj1289 is not epressed, it results in an inability of these OMPs to be translocated and
inserted into the OM, suggesting an important chaperone role of the Cj1289 in the
periplasm. Unexpectedly, other periplasmic proteins were found in the OM of the
aj1289 mutant. Thesavere present as low level contaminating proteins from the
periplasm during cell fractionatioithese proteins were identified by MS as TolB and a
putative periplasmic protein Cj0964. TolB, which was first suggested to be found in two
forms, a large 47.5ka membrane associated protein and a small 43 kDa periplasmic
protein (Levengood and Webster, 198%However, it was later found that the mature
form of the protein (the small protein) is localised in the periplasm and that the large
TolB was its precursor which was observed only when the protein waexwessed
(Isnardet al, 1994. On the other hand, overlaying the-gpls of the wildtype and the
aj0694 mutant revealed that twWOMPs were not expssed in the OM of the mutant.
These wereNi-Fe hydrogenase and serine protedseerestingly, in the OM of the

& | 12 89/ deuble mBtehy two OMPs were not expressed in the OM, and were
similar to those in thexj1289 single mutant. These were ATRnshase and serine
protease. From these findings it can be noticed that serine protease is the only protein
which is consistently not expressed in all mutants, whereas igii889 mutant and

the axj1289axj10694 double mutant ATP synthase is also nopressed. This can
suggest that deletion of thg0694 genedoes not alter the membrane profile. These

findings are consistent with the data obtained from the sensitivity assays of the mutants
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to detergents and antimicrobial peptides. Thus, it can be amttlthat the Cj1289
plays a major periplasmic role in the OM assembly and the maintenance of the
permeability functions of the OM, whereas the Cj0694 role may be more general in the
periplasm and may be indirectly involved in the OM assembly.

Data obtaind from mass spectrometry revealed low levels of contamination by
periplasmic proteins in the OM samples, although the purity of the OMs was checked
by western blot. In addition to the contaminating background occurred in tgel&D

the difficulty of norrmalising the loading of OM and periplasmic fractions from wild
type and mutants on gel affects the quality of the data obtained from the proteomic
analysis using the 2PAGE technique. Therefore vitas notpossible to conclude with

high confidence that theelative abundance of proteins in the outer membranes or
periplasms, as shown by size and intensity of the protein spots was entirely due to
cj1289 or cj0694 deletion rather than the effect ah other factor such as unequal
loading of protein samples across multiple gels. Thus, it has been decided to use a
guantitative proteomic analysis suchSiablelsotopeLabelling byAmino acids inCell

culture (SILAC) developed by Orgg al, (2002).

Interestingly, from the MS data it can be clearly shown that the Cj128C {694 are
implicated in some wayin the OM biogenesiss described by the lower abundance
level of some OMPs in their mutants compared to the-type. These possible client
proteinsmight be handled by one of the periplasmic chaperones and mutation in one of
their cognate genes resultedan incomplete delivery to the OM. As far as possible
client proteins are identified, a further verification step can be performed to ensure the
dependence of these OMPs on periplasmic chaperones. Marker antibodies can be raised
against one or more of these OMPs and western blot can be applied to the OM of each
mutant. Therefore, if there is an actual dependence of these OMPs on periplasmic
chaperonesthen the OMs of thepc | 1d&@Pc | 0h&@K be deficient in these
OMPs.

The presence of cytoplasmaad periplasmic proteins in the OM fractions could be due

to theincreasednstability of the OM dung cell fractionation, which in turnoud be a
consequence of the deletion of periplasmic chaperones due to mutation in their cognate
genesAnother possible explanation for this contamination can be the low incorporation

level of the labelled {arginine during protein synthesis. Moreover, thgh sensitivity
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of the mass spectrometry cowdtect proteins in very low abundance which cannot be
detected by visualization of proteins in @@ls or by using marker antibodies.
Therefore, this high sensitivity could be another reason in the predecmet@aminating
proteins in the MS data.

3.3.4 The nature of BAM complex inC. jejuni

A few studies have focused on the assemkt
barrel OMPs into their final location in the outer membrane of @Gragative bacteria,
mainly in E. coliandNeisseria meningitidigBos et al, 20079. BamA is a key player

in the BAM complex (as discussed in section 1.7.1) and is a large-douli&in OMP

that possesses five repeat domains which interact with client proteins by recognising the
C-terminal motif in OMPs that containsGterminal PhgBos et al, 20079. The fact

that theE. coli BamA and BamD are essential for cell viabil{tynufryk et al, 2009

and the lack of homologues of other Bam proteiirjejuni suggests that BamAD is

the minimal complex required for the assembly of OM, and also suggests that the BAM
complex may contain novel proteins@ jejuni Therefore, we aimed to investigate the

role of the outer membrasetegrated BamA (Cj0129) and BamD (Cj1047c) in the
assenbly and insertion of OMPs in the OM @. jejuni, in order to obtain a better
understanding of the mechanism by which OMPs are correctly assembled and localised
in the OM. The original experimental objectives were to detect proteins that interact
with BamA and BamD. This would involve cloning, overpressionof BamA and
BamD, and polyclonal antibody production for immeprecipitation ofC. jejuni OM
extracts, in order to determine the biochemical properties of BamA and BamD in
catalysing the correct assembly and insertion of OMPs in the ON. ¢géjuni The

vector pNJO77 (Figure 3.18) was obtained as a generous gift from Dr Neil Oldfield
(Molecular Bacteriology and Immunology Group, The University of Nottingham,
Nottingham, UK). This contains the entire coding sequence of BamA protein excluding
the N-terminal signal sequence inserted into BaanH restriction site of the pQ&0

vector (Qiagen). Dgste several attempto optimise the expression conditions, such as
monitoring the expression at different temperatures and times, all attempts resulted in
only insoluble form of the protein. BamA protein is known to ha@tarminal integral

OM -Harrel part (Gentle et al, 2005 Knowles et al., 2009 Robertet al, 2006
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SanchezPulidoet al, 2003. The membrane integrated state a$ frotein might be the
most likelyreason for not being easily produced as a soluble protein. Although it can be
possible to solubilise the insdle form of BamA by generic procedures by denaturing
and refolding the protein, the resulting purified protein may be inactive, and therefore, is
not appropriate to utilise in biochemical characterisation. In view of this, no further

work on BamA was péormed.

_-BamHI

lac operone |

BamA (cj0129)

pNJ077

5500 bp

_____BamHl

Il-lis Tag

Figure 3.18 Construction of pNJO77 plasmid for ovexpression. The pQEO over
expression vector was utilised for IPTG inducible production of protein under the
control of the T7 promoteA) The plasmid map of pNJO77. The entire coding region
BamA protein minus theN-terminal signal sequence was cloned into BemH
restriction site of the pQEO vector (Qiagen). Th€-terminal 6X histidine tag in the
vector was utilised to aid in the purification.
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4 Biochemical characterisation of the putative chaperone Cj0694 iGampylobacter

jejuni
4.1 Introduction

The structure and biochemical characteristics of the periplasmic facing PPEasm®In

PpiD have been studied since more than a defal¢igalongue and Raina, 1998t

has been shown to have a membranehored domain antiree periplasmic domains.
The first and third domain (residues B263 and 358 623 respectively) are proposed

to be chaperone domains, while the middle domain (residues 26%) is a parvulin

like domain (Stymest and Klappa, 20p8Despite the fact that PpiD is structurally
similar to the first parvulidike domain in SurA(Weiningeret d., 2010, it has been
shown to be catalytically inactiv@Veiningeret al, 201Q. This might be because the
first PPlasedomain of the SurA is known to be inactifehrenset al, 200). In C.
jejuni, homology searches lead to the identification of Cj0698uih:-like protein that
shows weak sequence similarity to the PpiDEofcoli (Kale et al, 201). It was
interesting to know whether Cj0694 is structurally similar to the PpiD, howevereKale
al. (2011) could not obtain a soluble form of recombinant Cj0694. Here, it was aimed to
study the structural and biochemical function of Cj0694 by cloningoaedproduction

of Cj0694 usingmodified methods and expression vectors to obtain a soluble form of
the protein for structural analysis. It was also aimed to study the catalytic activity of
Cj0694 by examining its chaperone and PPlase activities, andacogpphem to those

of the PpiD inE. coli. Bringing these findings together with those of the phenotypic
characteristics of thegpc j OrBugadt (discussed in chapter 3) would be beneficial for
identification of the biological role of Cj0694 in the translbion and maturation of

OMPs and periplasmic proteins@ jejuni
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4.2 Results
4.2.1 Generation of pBAM694plasmid for over-expression

The coding sequence 0f0694 excluding the proposed signal sequence (residues 1
34) (Figure 4.1A and B) was PCinplified fromC. jejuniNCTC11168 genomic DNA
using the primers 069@EFRpPBAD and 06940ER-pBAD. The gene fragment was
digested withXhd and EcoR restriction enzymes prior to cloning into tiéd and
EcoR restriction sites of the pBAD/His B expressioector which was digested by the
same set of enzymes, in frame with Nwerminal hexahistidine tag (Figure 4.1C). The
resulting pBADD694 expression vector was verified by automated DNA sequencing
(Core Genomic Facility, University of Sheffield Medical School, UK) whsttowed

the insert sequences were correct anttrame with the Higag (data not shown)in
addition, colony PCR was performed to confirm the correct insertion ofcjé@94
DNA sequ@ce into pBAD/His B vector using the primers 0869EFpBAD and 0694
OER-pBAD (Figure 4.1D). pBAD694was used to transform competent TOP10 cells.
Smallscale ovefexpression trials were performed to determine the optimum- over
expression duration after-drabinose induction. This was achieved by growing TOP10
cells harbouring the ovexxpression plasmid pBAWB94in separate 50 mL LB cultures

at 37 °C, in the presence of 50 ug mtarbenicillin. After inducing the ovesroduction

of Cj0694 by 0.02 % tarabirose, samples were collected at 1, 3, 5 and 24 hours, and
applied to SDSPAGE for visualisation and analysis (Figure 4.1E). The best- over
production level of the ~ 58 kDa recombinant Cj0694 was achieved when cells were
incubated at 37 °C, 5 hours after istlan with 0.02 % Earabinose.
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Figure 4.1 Generation of pBAMD694 plasmid construct for overproduction of
Cjo694. A) The entire coding sequence @b694 minus the possible signal peptide
cleavage site was amplified using the primers 66&~pBAD and 06940ER-pBAD
from the genomic DNA ofC. jejuni NCTC 11168.B) Primary amino acid sequence
analysis shows the most likely signal peptidase | cleavage @694 was not well
defined, but positions 27 and 34 in the amino acid sequence indicate the highest scores
for raw cleavage site (Score). Data obtained from SignalP 4.1 server
(http://www.cbs.dtu.dk/services/SignalRD) The plasmid map of pBA0694 The full
lengthcj0694minus theN-terminal signal sequence was cloned intoXhel andEcoR
restriction sites of the pED/His B expression vector (Invbgen). TheN-terminal 6X
histidine tag in the vector was utilised to aid in the purificatidnA 0.7 % agarose gel
electrophoresis confirms successful insertioncj694 into the pBAD/ His B over
expression vector to generate pB@d®4 overexpression plasmid using the primers
06940OEFpBAD and 06940ERp BAD. Lane 1: Hyper |l adder E
maiker (Bioline, UK). Lane 2: PCR product (~ 1.4 Kb) of j0694 DNA sequence
minus theN-terminal signal sequence amplifiétbm pBAD0694 plasmid DNA.E)
12.5 % SDSPAGE shows oveexpression trials for Cj0694. ThHe coli TOP10 cells
harbouring the pBAD694 were grown in (50 mL) LB media containing 50 pg mL
carbenicillin. After inducing the overxpression by 0.02 %-arabinose, samples were
collected at times 1, 3 5 and 24 hours and visualised by-FSA¥SE against
PageRule™ prestained protein ladderdfmentas). The optimum ovekpression level

is shown in red box.

127



4.2.2 Overproduction and purification of Cj0694

Cultures of TOP10 cells (4 L) transformed with pB@d®4were grown aerobically at

37 °C in LB medium containing carbenicillin (50 pg ML and the production of
Cj0694 was induced by 0.02 %drabinose after 5 hours of aerobic incubation with
shaking at 250 rpm. The Cj0694 recombinant protein containingN-é@rminal
hexahistidine tag was purified by affinity chromatography using-NTA His-Tr a p E
column (GE Healthcare, UK). However, although this resulted in a considerable
enrichment of Cj0694, the protein was clearly not pure (Figure 4.2A). Therefore,
proteincontaining fractions were pooled, dialysed overnight and buffer exchanged, and
further purified by aniorexchange chromatography using a HiTPADEAE FF
column (GE Healthcare, UK). Samples taken from different purification fractions after
gradient elution were then analysed by SEXSGE (Figure 4.2B). The production level

of Cj0694 was constantly high, and the purified protein was stable at 4 °C. The purity of
the recombinant protein was verified by Coomassie blue stain of polyacrylamide gel as
shown in Figure 4.2A and B. The identity of Cj0694 was confirmed\kgrminal
sequencingn collaboration with Dr. Arthur Moir at the Department of Molecular
Biology and Biotechnology, The University of Sheffield. However, we could not
demonstrate the actultterminal sequence obtained from the purified Cj0694 because
it was lost. The purifie€€j0694 was used in several biochemical experiments.
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Figure 4.2 Purification of Cj0694 from pBAD0694 over-expression plasmid. A)
(Left) Overloaded 12.5 ¥%68DSPAGE showing Cj0694 fractions (lanei26) eluted
following affinity chromatography using a MTA His-Tr ap E col umn
Healthcare,UK). The ~58 kDa Cj0694 band is showed in the red box. The fainter
bands are predicted to be contaminating proteins eluted in the same fractions. Lane 1
shows the PageRulét prestained protein ladder (Therm@Right) UV protein traces
showing eluted mmtein fractions using gradient elution (RG00 mM imidazole) in 20

mM Tris-HCI pH 8.0, 500 mM NacCl elution buffeB) (Left) additional SDSPAGE
showing Cj0694 fractions (lane 2 8) after been applied to ani@xchange
chromatography using DEAE FF colan(GE Healthcare, UK). The same sized Cj0694
is shown in red box with increased (~ 95 %) purity. Lane 1 shows the PadeRuler
prestained protein ladder (Thermd)Right) UV protein traces showing eluted protein
fractions using gradient elution {01 M N&Cl) in 50 mM TrisHCI pH 8.0, elution
buffer.
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4.2.3 Generation of pEPPEB4 plasmid for over-expression

PEB4 was shown to have a potential dual PPlase and chaperone functio@.ifefbai
periplasm, as demonstrated by significant PEBgendent accelerah of refolding

rate of ribonucleaseTin a PPlase assay, and that PEB reduced the vyield of active
protein in the refolding assay using a model protein substrate rhod¥adeest al,

2011). To examine if the Cj0694 protein has a possible periplasmic PPlase role, PEB4
was cloned, oveexpressed and purified in order to be used as a positive control in the
PPlase assay. The entire coding sequencpeb# (cj0596 gene including theN-
terminal signal sequence (Figure 4.3A and B) was PCR amplified f@mnjejuni
NCTC11168 genomic DNA using the primers PEBEF and PEBOER. The gene
fragment was digested witiidd and Xhd restriction enzymes prior to cloning into the
Ndd and Xhd restriction #es of the pET21a(+) expression vector which was digested
by the same set of enzymes, in frame with@herminal hexahistidine tag to generate
PETPEB4 overexpression plasmid (Figure 4.3C). The resulting PEB4 expression
plasmid was verified by colongCR to confirm the correct insertion of theb4DNA
sequence into pET21a(+) vector using the primers PBEBE and PEB4DOER (data not
shown). pEPEB4was wused to transform competent
grown aerobically at 25 °C with shaking280 rpm under the induction of 1 mM IPTG,

and was used for the production of PEBA4.
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Figure 4.3 Generation of pETPEB4 plasmid construct for over-production of

PEB4. A) The entire coding sequence péb4was amplified using the primers PEB

OEF and PEBOER from the genomic DNA o€. jejuni NCTC 11168. B) Primary

amino acid sequence analysis shows the signal peptidase | cleavage site of PEB4
between the amino acids at position 21 and 22 as indicated higttest scores for raw
cleavage site (Gcore). Data obtained from SignalP 4.1  server
(http://www.cbs.dtu.dk/services/SignalPQ) The plasmid map of pEHEB4 The full

length cj0596 including theC-terminal signal sequence was cloned into Nud and

Xhd restriction sites of the pET21a(+) expression vector (Novagen)Citeeminal 6X
histidine tag in the vector was utilised to aid in the purification.
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4.2.4 Overproduction and purification of PEB4

BL21 (aDE3) pEERPEB4 weré frowh )
aerobically at 37 °C in LB medium containing carbenicillin (50 pgimland the

Cultures of t
production of PEB4 was induced by 1.0 mM IPTG after 24 hours of aerobic incubation
with shaking at 250 rpm at 25 °C. The PEB4 recombinant protein corgaan:
terminal hexahistidine tag was purified by affinity chromatography using-idTd
His-Tr ap E ( GE UK) .
Coomassie blue staining of SBR\GE (Figure 4.4). The production level of PEB4 was

col umn Heal t hcar e, The

regularly hidn, and the purified protein was stable at 4 °C.
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Figure 4.4 Purification of PEB4 from pETPEB4 over-expression plasmid. A)
Overloaded 12.5 %DSPAGE showing PEB4 fractions (lanes 5) eluted following

affinity chromatography usinga MTAHis-Tr apE col umn ( GEheHe al t
~ 30.5kDa PEB4 band is showed in the red box. Lane 1 shows PagBRpterstained

protein marker (ThermoB) UV protein traces showing eluted protein fractions using
gradient elution (20 500 mM imidazole) in 20 mM TrisICl pH 8.0, 500 mM NaCl

elution buffer.
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4.2.5 Cj0694 accelerates the refolding kinetics of reduced and carboxymethylated

ribonuclease T;

Bioinformatics analysis revealed that Cj0694 is a homologue of PD doli (Kale et

al., 201). Since PpiD IinE. coli has a parvulin domain [residues 227 to 357,
(Dartigalongue and Raina, 1998this means that Cj0694 may have a parvulin domain
similar to that of PpiD. In order to gain evidence for potential PPlase activity for
Cj0694, the activity of the Cj0694 PPlase domain in accelerating the rate of proline
isomerisation limited refolding of reduced and carboxymethylated ribonuclegse T
(RCM-RNase T) was examined using a classical PPlase assay. The isomerisation of the
two structural proline conformationsijs andtrans may limit the refolding of proteins.

This isomerisation can be catalysed by ubiquitous enzymes known as pgpblylyl
cigtransisomerases (PPlases) which can accelerate slow steps in protein refoltling tha
are limited by cigtrans isomerisations (Rudd et al, 1995. Reducing and
carboxymethylating the RNase; €nhance protein stability and make it suitable to
examine tle PPlase activity in protein unfoldifiylucke and Schmid, 1992The two
disulphide bonds in RNase; T([Cys2CyslO and Cys&yslO3) are essential in
maintaining its conformational stabili{Dobatakeet al, 1979 Pace, 1990Paceet al,

1988. Therefore, breaking these bonds results in unfolding the protein under native
conditions such as pH 8.0 and 15 °C. The RRMaseT, like the native RNasgTcan

be stabilised and becomes catiabily active in the presence of 2 M NaPlaceet al,

1988. Thus, folding of his protein can be enhanced simply by increasing the
concentration of NaCl. RNase; has a single tryptophan side chain *Prpvhich is
located in a hydrophopic environment and is hidden from solybtdsrset al, 2009.
Refolding of the RNase;Fesults in an ecumulation of Trp residues which in turn can

yield fluorescence that can be reported kinetically.

The PPlase activity of Cj0694 was demonstrated by monitoring the acceleration of the
proline isomerisation limited refolding of reduced and carboxymethylateduclease

T1, as reported by tryptophan fluorescence in the presence of 4 M NaCl. RNaas T
denatured in a solution contained 6 M guanieigdrochloride [GdnHCI] and 2 mM
EDTA in 0.2 M TrisHCI, pH 8.7 for 2 hours at 25 °C. The reduction was edrout in

20 mM dithiothreitol [DTT], 6 M GdnHCI, and 2 mM EDTA in 0.2 M T+#4Cl, pH 8.7

under argon at 25 °C. The carboxymethylation was carried out in 0.6 M iodoacetate in
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0.2 M TrisHCI, pH 7.5 in the dark for 5 minutes at 25 °C. This step was eaktnti
6capb6b the cysteine residues and prevent |
denaturation process. Refolding was initiated by d@o&0 dilution of the unfolded
protein (stored in the absence of NaCl) to a final concentration of 1.2hpeMbuffer
containing 0.1 M sodium acetate, pH 5.0, and 4 M NaCl. Changes in the-statey
Trp59 fluorescence were measured at 320 nm with excitation at 268 nm for 15 minutes
with the temperature maintained at 15 °C. The periplasmic protein PEB4 athasia
positive control for PPlase activity, which previously showed a marked acceleration of
the refolding ratg¢Kale et al, 2011). Cj0694 (0.25 uM and 0.5 uM) or PEB4 (0.5 uM)
were added to the RCIRNase T prior to the dilution. The relative fluorescence (%)
was plotted against time (15 min) to illustrate the maximum saturation (100 %) of
refolding of RCMRNase T in the absence or presence of PPlases. Interestingly, a
strong Cj0694dependent acceleration of the R&ANase T refolding rate was found

as reported by tryptophan fluorescence (Figure 4.5).

134



alalalalale i
T T T T S T L 4

100 -

804

60|
‘ 0.5 mM RNase

Relative Fluorescence (%)

40, % 0.5 mM RNase + 0.5 mM Cj0694
f 0.5 mM RNase + 0.25 mM Cj0694
204
0.5 mM RNase + 0.5 mM PEB4
0 44 T T T
0 5 10 15

Time (min)

Figure 4.5PPlase activity of Cj0694 as measured by the refolding rate of reduced

and carboxymethylated ribonuclease T. Refolding kinetics of 0.5 pM RCNRNase

T1 in the presence of 4 M NaCl was measured by change in the fluorescence at 320 nm
after excitation at 268 nm. Denaturation, reduction and carboxymethylation of RNase T
was performed as described in 2.9.1. At time zero, refolding was initiated byo&d50
dilution in the presence of 4 M NaCl. The change in the fluorescence was measured at
25 °C, and the data shown are representative of three independent experiments.
Fluorescence changes show that increasing the concentration of Cj0694 accelerates the
refolding of RNase T PEB4 was used as a positive control for the acceleration of the
refolding kinetics. Data were fitted by using Prism 6 (GraphPad Software Inc.).
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4.2.6 Cj0694 does not inhibit the refolding of the chemically denatured rhodanese,

but is capable of preventing aggregation

It has been shown by Mateet al, (2010) that PpiD possess#s vitro chaperone
activity by having the capability to prevent the aggregation of thermally denatured
citrate synthase. To examine if Cj0694 possessadtro chaperone activity, a model
protein, rhodanese (a thiosulphate:cyanide sulphurtransferase) was used, in which the
refolding is not limited by proline isomerisation. Thiosulphatg3) is converted to
thiocyanate SCNin areaction catalysed by rhodanese the presence of ferric nitrate
(Fe(NG)3), rhodanese activity is recovered by the formation of thiocyanate which
formed an intensely red iron complex, (FeSENJThe restoratiorof the enzyme

activity can be measured spectrophotometrically at 460 nm.

Rho + S,05% —  S0O5* + Rho-S
Rho-S + CN’ —  Rho + SCN’

SCN' + Fe(NO3); =

Denaturation of rhodanese was carried out in the presence of 6 M guaki@ihend

20 mM DTT. Renaturation of rhodanese was initiated byfold dilution of the
denatured rhodanese into refolding solution (50 mM-H@, pH 7.8, containing 50

mM N&S,03, 10 mM KCN, and 10 mM DTT) and incubated at 37 °C. The reaction
was finally mixed with ferric nitrate solution containing 165 mM Fe{NOH,O
dissolved in 8.6®6 (v/v) HNO3; and the absorbance at 460 nm was recorded. It was
found that Cj0694 has no effect of the inhibition of rhodanese refolding when compared
to the negative control protein, BSA. Various concentrations of Cj0694 (2.5 uM)

were used to assess whether thieibition of rhodanese is concentratidapendent
(Figure 4.6). However, all these concentrations showed no effect of the inhibition of the

rhodanese refolding.
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Nevertheless, an alternative assay was conducted to examiie \eo chaperone

activity of Cj0694. Protein aggregation is a classic assay used to examine the capability
of candidate chaperones to inhibit aggregation of substrate proteins, where the correct
refolding of substrate proteins is not required, and the formation of protein aggregates
results in light scattering that can be measured spectrophotometrically by increase in the

absorbance. Two candidate substrate proteins were used; rhodanese and lysozyme.

Unfolding and refolding of rhrodanese and lysozyme was carried out as previously
described(ldeno et al, 200Q. Denaturation of both substrates was carried out in a
solution contained 6 M guanidi##¢Cl and 20 mM DTT for two hours at 25 °C.
Whereas enaturation was initiated by a-6@ld dilution in 50 mM TrisHCI, pH 7.8, to

reach a final concentration of 1.0 uM of rhodanese or lysozyme, and incubated at 25 °C
in the absence or presence of Cj0694 (1.0 to 5.0 uM) or BSA (1.0 uM) as a negative
control). During the renaturation of both proteins, iasieg concentration of Cj0694
progressively inhibited the aggregation of both denatured proteins as measured by light
scattering kineticat 320 nm(Figure 4.7). BSA was used as a negative control with no
effect on the inhibition of protein aggregatiorhe aggregation rate of rhodanese and
lysozyme was highly affected by Cj0694 concentration, which may reflect that the
chaperone domain of Cj0694 is active in preventing substrate proteins to aggaadate
therefore, suggéshat Cj0694 is a chaperone th@events protein aggregation, a role
consistent with binding client proteins maintained in only a partially folded state before

transfer to the BAM complex for insertion in the OM.
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Rhodanese refolding

Rhodanese

Rhodanese + 0.5 mM BSA
Rhodanese + 0.5 mM Cj0694
Rhodanese + 1.0 mM Cj0694
Rhodanese + 2.5 mM Cj0694

SCN'concentration (mM)

60
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Figure 4.6 Chaperone activity of Cj0694 asepresented by inhibition of rhodanese
refolding. Cj0694 shows no effect on inhibition of the refolding of chemically
denatured rhodanese. At time zero, refolding of chemically denatured rhodanese was
initiated by 76fold dilution into 50 mM TrisHCI pH 7.8 containing 50 mM N&,0s,

10 mM KCN and 10 mM DTT and incubated at 37 °C. Enzymatic reactions were
stopped by adding 300 uL aliquots of the refolding mixture to 200 uL 38/89
formaldehyde at various time intervalsi(®0 min). After the completioof the assay,
samples were centrifuged to pellet the precipitates, and the supernatants were mixed
with 500 pL ferric nitrate solution containing 165 mM Fe(®§PH,O dissolved in

8.67 %(v/v) HNO3 and the absorbance at 460 nm was recorded. Separataensaisis

of native rhodanese activity (without denaturation) were used to determine the
maximum (100 %) activity. Various concentrations of Cj0694 (0.5iuR15 uM) or
equimolar amount (0.5 uM) of BSA (negative control which lacks chaperone activity)
were pesent in the refolding solution prior to the addition of the unfolded rhodanese.
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Figure 4.7 Chaperone activity of Cj0694 as represented by inhibition of rhodanese
and lysozyme aggregation. A)Effect of Cj0694 on rhodanese aggregation.

Aggregation of 1.0 €M rhodanese

monitoring the increase in optical density at 320Cj0694 significantly slowed the
formation of rhodanese aggregatekereas ddition of equimolar concentration of BSA
had no effectB) Effect of Cj0694 on lysozyme aggregation. Cj0694 showed a similar
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effect to that of rhodanese as it significantly inhibited the aggregation of lysozyme.

BSA was used as a negative control astiodanese aggregation assay.
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4.2.7 Crystallography trials

Although purified Cj0694 from pBADG6940overexpression vector was effectively used

to examine the biochemical characteristics of Cj0694, all attempts to use the same
protein for structural studiesese unsuccessfuCrystallography trials were conducted

in collaboration with Dr. John Rafferty at the Department of Molecular Biology and
Biotechnology, The University of Sheffield, UK. We used sitting drop technique which
is based on vapour diffusion rhed, a mixture contained 1:1 ration of the protein and
the crystallisation solutiors placed into a sealed environment next to a reservoir of a
precipitant. Due to the higher concentration of the reservoir, water normally diffuses out
from the sample mixire to the reservoir. This results in an increase in the concentration
of the sample mixture which leads the protein to come out of the solution. We
performed smalbcale screening using three common screens, PACT, J@8®
Ammonium Sulphate screens (Q&g in 200 nL + 200 nL sitting drop vapour diffusion
experiments (using a Matrix_Hydra Il Plus One crystallisation robot). Soalé trials

were performed to minimise the variables, such as pH, temperature, protein
concentration, type and purity, whichagnoccur during crystallisation and may prevent
macromolecules to form crystals. Moreover, vapour diffusion method was used as it is
one of the most common and widelged experiment in protein crystallisation, as it

favours to use a small volume of puedi protein.

One of the main reasons for failure to obtain crystals might be due to the long (34
residues) flanking N-terminal amino acid sequence between theterminal
hexahistidine tag and the Cj0694 sequence in the [BABvector. To overcome this
problem, other oveexpression systems were used to produce a higher solubility form
of the protein with fewer additional amino acids. Here, two -@xg@ression vectors
were used; the cold shock expression vector pCOLD TF (Takaththe pET21a(+)

expression vector (Novagen).

140



4.2.7.1 Generation of pCOLM694plasmid for over-expression

The pCOLD vector offers highn vivo protein yield, purity, and solubility for
recombinant proteins using "cold shock” syst@gtayashi and Kojima, 2008In more

detail, thecspA(cold shock protein A) promoter and related elemangsinserted into

these vectors to upregulate production of target protein at low incubation temperatures
(37 °C1i 15 °C). This decrease in temperature also suppresses production of other
cellular proteins and temporarily stops overall cell growth. Thigcess allows
production of target proteins at high yield. Moreover, pCOLD vector is a fusion cold
shock expression vector that produces Trigger Factor (TF) chaperone as a soluble tag.
Trigger Factor is a prokaryotic ribosorassociated chaperone proteiniethfacilitates
co-translational folding of newly expressed polypeptides. Because TF is derive from
coli, it is highly produced inE. coli expression systems. Furthermore, the vector
contains Factor Xa protease cleavage site immediately adjacentrtultifde cloning

site, so that it provides a protein with fewer additional undesirable amino acids (Figure
4.8B).

The full-lengthcj0694excluding the signal sequence was PCR amplified fGonejuni
NCTC11168 chromosomal DNA using the primers O&E~pCOLD and 06940ER-
pCOLD (Figure 4.8A). The gene fragment was cloned into Xhel and EcoR
restriction sites of the pCOLD TF expression vector, in frame withN#erminal
hexahistidine tag and trigger factor, and immediately after the Factor Xa clesisage
(Figure 4.8B). The resulting pCOIlOB94 expression plasmid was verified by colony
PCR which was used to confirm the correct insertion otjp@94 DNA sequence into
pCOLD vector using the primers 06@EFRpCOLD and 069490ER-pCOLD (Figure
4.8C). pCOLM694 was used to transform. colic o mpet ent BL21( aDES3
small scale growths were conducted to determine the amount of soluble fraction of the
protein under the control af s o p r -®{i-thibgaldrtopyranoside (IPTG) inducible

csp promoter.Overproduced Cj0694 was found to be highly soluble (Figure 4.8D)
when both CFE and cell pellets were examined by-BB&E.
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4.2.7.2 Overproduction of Cj0694 in pCOLD0694

Cultures ofE. coliBL2 1 ( aDE3) cell s troa9sdreograwe d Wwi
aerobtally at 37 °C in LB medium containing carbenicillin (50 pg fiuntil ODggo ~

0.1. Overexpression was induced by the addition of 1 mM IPTG to the cultures at an
ODgoo ~ 0.1. The oveexpression took placéor 24 hoursat 15 °Cto allow the
activation of thecsp(cold shock protein) promoter, and suppression of the expression of
other cellular proteinsThe ~ 105.8 kDa recombinant protein containing the Cj0694 (~
54.3 kDa) and theN-terminal hexahistidine tag plus the trigger factor amdtease
recognition sites (~ 51.5 kDa) was purified by affinity chromatography usingNarNi

column (GE Healthcare, UK), and the resulted recombinant pure protein was used to
perform smalscale cleavage trials by utilising the cleavage characteradtieactor Xa
protease. Smabcale cleavage trials were performed to determine the best cleavage
condition required for optimum cleavage. After addition of an appropriate concentration
of Factor Xa protease (1 pg Factor Xa cleaves 50 pg fusion protemplesa (50 pL)

were collected at times; 30 minutes, 1 hour, 2 hours, 4 hours and 24 hours, and applied
to SDSPAGE for visualisation of cleavage (Figure 4.9A). After one hour of cleavage,
the recombinant protein was partially cleaved and complete cleawsgachieved after

t wo hours. Therefore, the-sguwrleodprpagtodiem swe
(5 mg mL* of protein) to obtain a highly pure Cj0694. However, after several attempts
of Factor Xa cleavage in a largeale concentration, only degied forms of Cj0694

were obtained as observed by SBAGE (Figure 4.9B). This may be due to the large
concentration of the recombinant protein used against Factor Xa or may be due to the
non-specific cleavage of Factor Xa that resulted in multiple digestof the protein.
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Figure 4.8 Generation of pCOLDD694 over-expression plasmid construct. A)The

entire coding sequence 0j0694 minus the possible signal peptide cleavage site was
amplified using the primers 0694EFpCOLD and 0694ER-pCOLD from the
genomic DNA ofC. jejuniNCTC 11168.B) The plasmid map of pCOLMmb94. Full-

length ¢j0694 without the N-terminal signal sequence was cloned into X and

EcoR restriction sites of the pCOLD TF expression vector immediately after the Factor
Xa cleavage site. Thal-terminal hexahistidine was utilised for purificatio@) An
overloaded 0.7 % agarose gel electrophoresis representing colony PCR used to confirm
the correct insertion 0€j0694sequence into pCOLD TF expression vector. Lane 1: the
cj0694amplified fromthe wildt y pe genomi ¢ DNA. Lane 2: H
weight marker (Bioline, UK). Lane 3: the insertef0694 from the pCOLM694
plasmid construcusing the primers 0699EFRpCOLD and 069490ER-pCOLD. D) An
overloaded 12.5 % SDBAGE showing that the Cj0694 is highly produced in soluble
fractions. The ~ 106 kDa recombinant protein containing the Cj0694 (~ 54.3 kDa) and
the trigger factor (~ 51.5 kDawvas highly produced in a soluble form in tBe coli
BL21(aDE3) cel | s068dgrovn aarabicallygt 15 i€ G QB medium
containing 50 pug mt carbenicillin after induction with 1 mM IPTG. Lane 1:
PageRule™ prestained protein ladder (Thermajgne 2 and 3: insoluble and soluble
fractions of BL21( aDEOBH¥respectielgg har bouring
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Figure 4.9 Factor Xa cleavage and oveproduction of Cj0694 in pCOLD0694
over-expression vector. AQverloaded 12.5 % SDBAGE representing cleavage trials

of Cj0694 from pCOLM694vector using Factor Xa protease. The purified recombinant
protein (~ 106 kDa) was incubated with appropriate concentration of Factor Xa, and 50
pL samples were collected at times 30 minutes, 1, 2, 4 and 24 hours. Undigested protein
(~ 106 kDa) is shown imed circle, while Cj0694 (~ 54 kDa) and trigger factor (~ 51
kDa) are shown in dark blue and yellow circles respectiig)yOverloaded 12.5 %
SDSPAGE showing Cj0694 fractions (lang B; ~ 54.3 kDa) digested with Factor Xa

and applied to a further afity chromatography using a MITA His-Tr apE col um
(GE Healthcare, UK). The (~ 54.3 kDa) Cj0694 fractions were collected from the flow
through of the purification column as thieterminal His tag and the trigger factor were
trapped in the column. Lower hds are predicted to be degraded products of Cj0694.
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4.2.7.3 Generation of pED6940ver-expression plasmid

The entire coding region @f0694including the stop codon minus tNeterminal signal
peptide sequence was PCR amplified from the chromosomal DIA jefuniusing the
primers 0694EOFpET and 06949DER-pET(stop) (Figure 4.10A). The stop codon was
included in the reverse primer to stop expression immediately beforé-tieninal
hexahistidine tag. Previous attempts to gwerduce the Cj0694 with th€-terminal
hexahistidine tag were unsuccessful and resulted in an insoluble form of the protein (C.
Phansopa Ph.D thesis). This might be because th@aglisan reduce the soility of

some proteingWoestenenket al, 2004. The resulting amplicon was digested with
Ndd and Xhd to generate sticky ends that wedened intoNdd and Xhd sites of
pET2l1a(+) which was digested by the same enzymes (Figure 4.10B). The insertion of
cj0694 into pET21a(+) was verified by colony PCR and diagnostic restriction digest
usingNdd and Xhd restriction enzymes (data not shovar)d the resulting pEJI694

was used to transforrg. coliBL 2 1 ( & D Eé&pression eells. To determine the
amount of solubility, smalscale oveiexpression in LB cultures (50 mL) containing 50

ng mL? carbenicilin was performed under the control ofs o p r eDply | b
thiogalactopyranoside (IPTG) inducible T7 promoter. Approximately, similar amount of

protein was found in both soluble and insoluble fractions (Figure 4.10C).

146



0694-OEF-pET

n <ci0692c <mraw [ cjos94 ftsA > ftsZ >

ussmo&u?[_n?op)
| 1 kb | : ~1.4 Kb :
ﬂ 56 GATTTTAAT CETECRAGA(TIASE 9 b ATTATAAAGGGANTA 3 6

His tag

1 origin

cj0694

PETO0694
vector
6832 bp

~——__Hdel

S 4
0,
% ';'.’o/%/ ”9%0/
0, fo/)o Cp. "6,
EN s % ©
116 kDa => i
NG
s i <= ~ 543 kDa
" |

45 kDa=p &

35 kDa => W

25 kDa=p

Figure 4.10 Generation of pED6940ver-expression plasmid. A)The entire coding sequence

of ¢j0694minus the possible signal peptide cleavage site was amplified using the primers 0694
OEFRpET and 06949ER-pET from the genomic DNA o€. jejuniNCTC 11168.B) Plasmid

map of pED694 The complete coding sequence ad694 excluding the most likelyN-
terminal signal sequence but including the stop codd®A) was cloned into th&Xhd and

Ndd sites of the pET21a(+) expression vector. Theerminal His tag is not expressed due to
the insertion of the stop codon in the 3' of ¢j@694(shown in red box)C) Overloaded 12.5 %
SDSPAGE showing that the Cj0694 is highly produced in soluble fractions. The ~ 54 kDa
Cj0694 is highly produced as a soluble protein inEhecoliBL 2 1 ( & DE 3) cell s
pET0694 grown aerobically at 37 °C in LB medium containid@ pug mL* carbenicillin after
induction with 1 mM IPTG. Lane 1 represents unstained MW protein marker (Thermo).
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4.2.7.4 Overproduction and purification of Cj0694 in pET21a(+) system

Cultures (2L) ofE. coliB L 2 1 ( acBlE Baybouring the pEb94 expression vector

were grown aerobically at 37 °C in LB medium containing carbenicillin (50 pd)mL
Overproduction of Cj0694 was performed under the controli o o p r -®{d-y | b
thiogalactopyranoside (IPTG) inducible T7 promoter (Figure 4.PLyification of
Cj0694 was performed by hydrophobic interaction chromatography (HIC), ion
exchange chromatography and gel filtration which was aided by S.E. Sedelnikova (The
University of Sheffield, UK). The purity of Cj0694 was judged by Coomassie blue
staining on werloaded SD$AGE gels (Figure 4.12). Nevertheless, all attempts to
obtain high purity yield of Cj0694 were unsuccessful. In view of this, no further work to

obtain pure Cj0694 for structural studies was performed.

116 kDa =—p-

66.2 kDa

45 kDa =—p <= ~ 54.3 kDa

35 kDa ==p

1 mM I PTG i

Figure 4.11 Overexpression trials for Cj0694 in pET21la(+) vector.The E. coli

BL 21 ( acBlIER&rpouring the pEd694expression vector were grown aerobically at

37 °C in LB medium containing 50 pg ritlcarbenicillin. After inducing the over
expression by 1 mM IPTG, samples were collected after 1 and 2 hours and visualised by
SDSPAGE. A sample of onrinduced expression was also loaded alongside the
inducedexpression samplesLane 1 represents unstained MW protein marker
(Thermo).
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Figure 4.12 Purification of Cj0694 from the pETO694plasmid. (1) Cellfree extracts
containing the oveproduced Cj0694 weradjusted to a volume of 2 ml in 50 mM Tris
HCI pH 8.5 with 1.5 M (NH),SO, and were loaded into a 5 mL HiTrapHIC column

(GE Healthcare, UK) for hydrophobic interaction chromatography (HIC). Protein was
eluted over 10 column volumes iROIM (NH4)>,SO, in 50 mM TrisHCI pH 8.5 (2)
Proteircontaining fractions were subsequently pooled, buffer exchamged0 mM
Tris-HCI pH 8.0 and purified by anieexchange chromatography. Protein was loaded
to a 5 ml HiTrap" DEAE FF column (GE Healthcare, UK) and wastetl in the same
buffer over 10 column volumes with a linear gradient é¢f M NaCl. (3) Protein
containing fractions eluted from ani@xchange chromatography were pooled and
applied to a final purification step using Superdex 200 gel filtration colunth (G
Healthcare). Lane M contains unstained MW protein marker (Thermo). Lanes labelled
in numbers represent purificati@ution fractions. Lane CFE represents concentrated
cell-free extracts obtained from antiemchanged chromatography. Fainter bands are
predicted to be contaminating proteins.
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4.3 Discussion

The aims of this chapter were to study the biochemical characteristics and catalytic
activities of the periplasmic protein Cj0694, in order to determine its chaperone role and
PPlase activity in the pg@tasm, and to compare them to those of the previously
obtained data from the Cj1289 and PEBA4injejuni(Kale et al, 2011), and the inner
membraneanchored periplasmic protein PpiDEn coli. Also it was aimed to obtain the
crystal structure of Cj0694 by ovproducing it in an oveexpression vector as a
soluble protein. Despite successful cloning, gw&duction ad purification of Cj0694

for biochemical characterisation, gaining a pure Cj0694 for structural determination
remains an obstacle. However, this set of different-exeression vectors used for
overproduction and purification of Cj0694 and the prelimynéindings obtained in this

study and discussed below provide a bemafbackground for future work

4.3.1 Cj0694 is a periplasmic SurAike protein that may be localised in the
periplasmic face of the of the inner membrane o€. jejuni

Bioinformatics had revealed Cj069ds a periplasmic protein belonging the SurA
superfamily(Kale et al, 201). However, unke Cj1289 which has a wetlefined 17

amino acids signal sequence, suggesting that Cj1289 is located in the periplasm, Cj0694
has no positively chargetl-terminal sequence and AKrAla signal peptidase |
cleavage site as indicated by primary amino acigusece analyser (SignalP 4.1)
(http://www.cbs.dtu.dk/services/Signa)PThis indicates that Cj0694 is not likely to be

a Seedependent secretory protein, and provides more evidence that it is fated te

its homologues; the inngnembrane anchored protein PpiDEncoli. The role of PpiD

in immediate interaction with several proteins exiting theSstem was suggested by
the retardation of the release of OmpA in the periplasm via the Sec sysignD
mutant(Antonoaeeet al, 200§, suggesting that it has a similar role in the periplasm as
the Trigger facto(Maternetal., 201Q. Since bioinformatics indicated that tGe jejuni
Cj0694 is a PpiD orthologue, the lack of SEpendent secretion signal sequence can
indicate that Cj0694 is an inner membramehored protein. However, more direct
structural evidence isitrequired to prove such functional and localisation similarities.

Indeed, its exact membrane localisation can be experimentally determined by western
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blotting, in which membrane fractions of the wilgbe C. jejuni can be prepared to
obtain the inner nmabrane and the periplasm. Monoclonal antibodies can be raised
against theC. jejuni Cj0694, and western blot can be then carried out to each fraction
using antiCj0694.

Despite previous unsuccessful oygoduction of Cj0694 as a soluble protein using th
pET21/BL21 (aDE3) system, h er rpducedhamd Cj O
purified using the pBAD/His B oveexpression vector. Cloning, ovekpression and
purification of Cj0694 was successfully achieved in order to examine its biochemical
functionand catalytic activities as a periplasmic chaperone and PPlase.

4.3.2 The PPlase domain of Cj0694 is catalytically active as demonstrated by
RCM-RNase T, refolding

The catalytic activity of Cj0694 in acceleration of the refolding rate of the reduced and
carboxymethylated ribonuclease Was tested by PPlase assay. This assay showed a
remarkable Cj0694lependent acceleration of the refolding rate of RRNBse T. In

the same assay, PEB4 was used as a positive control as it previously showed significant
adivity in the acceleration of the refolding rate of the same subgifate et al, 2011).
Interestingly, this is thérst evidence that confirmed that the PPlase domain of Cj0694
has a high catalytic activity as a PPlase. Compared to PpiD, it has been shown that there
is weak sequence similarity between the two protéifede et al, 201]). However,

PpiD was shown to be a periplasmic PPlase with no catalytic activity in the acceleration
of the refolding rate of protein isomerisatiamexamined irk. coli(Maternet al, 201Q
Weininger et al, 2010 and in Yersinia psudotuberculosi@bi et al, 201). As
reviewed i n Chapt e-helicdl franshhpmbiane damais ans theee o f
periplasmic domains. The first and third domains are proposed to be chaperone domains
and the second domain (residues 22357) was identified aa parvulinlike domain
(Dartigalongue and Raina, 1998which was structurallyconfirmed by NMR
spectroscopy using a shorter length of protein (residues Z%¥) (Weiningeret al,

2010. Moreover, PpiD was shown to have high structural similarities to the first

parvulin domain of SurAWeiningeret al, 2010). However, when its catalytic activity
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in acceleration of prolyl isomerisation was examined by PPlase assay in the same study,
it was not active. This might be because the PpiD is structurally similar to the first
parvulinlike domain of SurA and thidomain is known to be inacti@ehrenset al,

200]). Therefore, despite the fact that Cj0694Cnjejuni and PpiD inE. coli have a

weak sequence similarity, Cj0694 has showbhéda periplasmic PPlase that flaakigh
catalytic activity in the acceleration of the refolding rate of RNaseTfe biological

role of the single PPlase domain of Cj0694 is still unidentified, and cannot certainly be
investigated until structural data of Cj0694 becomes available tsdessed together

with the biochemical and phenotypic characteristics. The-ideifitified periplasmic
protein SurA is known to bind proteins having tBderminal ArAr or Ar-X-Ar motif,

which most OMPs posseBitto and McKay, 2002Henneckeet al, 2005 McKay and

Bitto, 2009. The inactive parvuliike domain of SurA is substrate specific, which
interacts with the aromatic residues of the tested pegKdeet al, 2007. The C-
terminal aromatic residues are also foun€inejuniOMPs, which can indicate a direct
specific role of Cj0694 as a periplasmic PPlase that may play a role in accelerating the
folding of OMPs.

4.3.3 Cj0694 exhibits a general periplasmic chaperone function that may assist in

early stages of protein foldingn the periplasm

The nature of Cj0694 as a periplasmic chaperone was tested by refolding assays using a
classical model protein rhodanese (a sulfurtransferase). Although chaperone activity of
Cj0694 could not be demonstrated in inhibiting the rhodanesddiref, even when
increasing concentration of Cj0694 (0.2.5 puM), it was found that Cj0694 was active

in preventing aggregation of rhodanese, and the reaction was found to be concentration
dependent. Also, lysozyme was used as an alternative subsiratboflanese to
confirm this activity, and was shown to give a similar effect. It is thus possible that
Cj0694 has a more general role in the periplasm as a chaperone for both periplasmic and
outer membrane proteins, which is consisteith work which indcate that PpiD has

less substrate specificity than Sug@tymest and Klappa, 20p8aternet al, (2010)

tested the chaperone activity of the figihgth PpiD and also a PpiD variant lacking the
PPl ase domain (PpiDpParv) to evalwuate th

be independent of the PPlase domain. Their findings were consistetiievithaperone
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role of PpiD as it prevented the aggregation of the model protein, citrate synthase.
However, Ppi DpParv wvariant was s-lergtwn t o
protein in preventing aggregation of the substrate protein. The chaperomé Ry

was suggested to be carried in tReerminal region of the protein, which shows
sequence similarity to the chaperone domain in SMaternet al, 2010Q. Later, Kale

et al, (2011) tested the chaperone activity of the periplasmic proteins, PEB4 and
Cj1289, using rhodanese as a model protein. PEB4 was found to reduce the yield of
active protén in the refolding assay by inhibiting its correct folding during renaturation,

and also prevented the unfolded rhodanese to aggregate. However, Cj1289 was not able
to inhibit rhodanese to fold or aggregate, suggesting that if it has a chaperonehele in t

periplasm, it might be substrate specii@le et al, 201J).

The classical role of a model chaperone is to migrotein folding. This is often driven

by an ATRdependent process as seen in the cytoplasmic chaperonin GroEL and its co
chaperone GroES. This is not the case with periplasmic chaperones, where ATP is
absent. Therefore, periplasmic chaperones must haveeel a catalytic mechanism

that is ATRindependent and is appropriate for this function in the periplasm. It can be
useful to show the effect of owproduction of Cj0694 impeb4 mutant, which may
demonstrate a rescue role of Cj0694 that compensateshéorlack of PEBA4.
Additionally, a Cj0694 variant lacking the PPlase domain can be constructed to
examine if the PPlase domain of Cj0694 contributes in the overall chaperone activity.
Based on these findings we can conclude with high confidence that Cj9684
periplasmic PPlase irC. jejuni that plays a role in the network of periplasmic
chaperones. It is not yet clear if it is directly involved in the maturation of OMPs, or if it
can be a more general periplasmic chaperone for periplasmic and outer membra
proteins, that assists in early stages of periplasmic folding of newlr&edocated
proteins. Although Cj0694 might possesses a distinct chaperone role in the periplasm,
together with other previously identified periplasmic chaperonds. ifgjuni they can

form an essential network in the periplasm that aids in OMPs maturation or a rescue

role in the absence of other essential chaperones.
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4.3.4 Cloning, overexpression and purification of Cj0694 in other expression

systems

To obtain a comprehens study about the role of Cj0694 in the periplasm, which
provides better understanding its biological function, phenotypic and biochemical
analysis and structural determination have to be available. Cj0694 was successfully
overexpressed in pBAD/His B ex@ssion vector, and purified for biochemical
analysis. However, the pure Cj0694 obtained from pBAD/His B system could not be
utilised for structural studies, despite several crystallography trials by trying several
screens using variety of conditions. Tpessible reason for these unsuccessful trials
using the pBAD/His B vector might be due to the long flankMterminal sequence

(34 residues) in the ow@xpression plasmid pBAB94 which is located between the
N-terminal Histag and the Cj0694 sequendéis long sequence may have interfered
with the crystals formation which is usually resulted from the collision between amino
acid molecules. In addition, several variables contribute to generate successful
crystallisation. These include the protein pyritge amount of macromolecules, the
protein type, concentration, pH and temperature. We performed initial {scaddi)
screening trials to be able to screen a variety of conditions that favours crystal growth.
These trials were based on vapour diffusiapeziment, in which small volumes of
protein is required. Basically, vapour diffusion enables a prqiegnipitant mixture to
equilibrate against a large reservoir solution containing the same precipitant, by
allowing 1:1 ratio of protein and crystalligat solution. Then, vapour diffusion occurs
between the drop and the reservoir. The resulting water transfer from the protein
solution to the reservoir causes an increase in the concentration of protein and
precipitant, which is accompanied by formation @fystals of variable sizes, or

precipitates, or nothing.

This led us to clone the fuléngth cj0694 excluding the signal sequence into "cold
shock” vector, pCOLD TF which provides high vivo protein vyield, purity, and
solubility for recombinant protegusing "cold shock” system. The vector harbours the
cold shock protein AdspA with its promoter that upregulates the production of target
protein at low incubation temperatures (37i°C5 °C), in which the production of other
cellular proteins is supssed and the cell growth is temporarily stops. Therefore, the
target protein is produced at high yield and purity. Moreover, pCOLD vector is a fusion
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cold shock expression vector that produces Trigger Factor (TF) chaperone as a soluble
tag. Trigger Factolis a prokaryotic ribosomassociated chaperone protein which
facilitates cetranslational folding of newly expressed polypeptidegsterkamp and
Bukau, 1996 Hesterkampet al, 199, Stoller et al, 1995. Because TF is originated

from E. colj, it is highly produced ift. coli expression systems. Furthermore, it consists

of Factor Xa protease cleavage site immediately adjacent to the multiple cloning site, so

that it provides more pure proteins wilast additional undesirable amino acids.

The major reason farloning thecj0694into this expression vector werig {0 exclude

the long flankingN-terminal residues which may interfere with crystal formation due to
the presence of Factor Xa cleavage immediately adjacent to the fusion protein, and

(ii) the low temperature used for protein expression that stops the expression of other
cellular proteins and provides higher purity of target protein yield. The main principle
of using the pCOLD TF veat is the production of a fulength recombinant protein

that consists of the target protein and the fusion trifmeor (TF). The entire
recombinant protein is then cleaved by Factor Xa protease immediately before the
sequence of the target proteindbtain two fragments of the recombinant protein, of
which one is for the target protein and the other is for the TF that contaMteaminal

His.tag that can be easily trapped during the purification process. Despite that Cj0694
was successfully produdes a soluble protein with high purity, and that the sslle

Factor Xa cleavage trials yielded maximum cleavage after 2 hours, obtaining a pure
Cj 0694 aktcal ebdl ar gé e as é& ofproteir) was goe sudcessfung  m
and resulted in degdation of Cj0694 although several attempt in changing the cleavage
incubation temperature and duration were performed. This may be due to the large
concentration of the recombinant protein used against Factor Xa or may be due to the

nonspecific cleavagef Factor Xa that resulted in multiple digestions of the protein.

With all previous attempts to obtain a purified Cj0694 with high solubility for structural
determination, it was finally decided to clone its coding sequence into the pET2la(+)
overexpresn systemThe pET21a(+) vector utelises the p@lymerase promoter to
activate the expression of t h OE3Ton thp o | y n
chromosome othe BL21 cells. This promotes induced by IPTG which is not fod

naturaly as the {arabnosein the pBAD/Topl10 systenAlthough previous attempts in

our lab to ovetexpress the Cj0694 in the vector yielded an entirely insoluble protein,
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we managed to obtain the Cj0694 in a soluble form by cloning its cognate gene
i ncl udi ng t hoetop3hejexpressign promotalt@germinal Histag, so that

the prdein is produced without the Htag which can negatively affect isolubility
(Woestenenlet al, 2004. Moreover, usinghep ET/ BL2 1 ( DE3) tey st em
pBAD/Topl0 systenmallows the Cj0694 recombinant proteito be purified without
additional amino acid residueshis is because the nucleotide sequencebeationed
between theNdd and Xhd restriction sites, leaving no additional residues that can
interfere with proein crystallisationBecause Hidag was not expressed with the
recombinant Cj0694, protein purification was carried out by alternative metfods
chromatography. These were hydrophobic interaction chromatography (HIC); anion
exchange chromatography and gel filtration. In contrast to thd tds purification, in

which only the histidingagged protein can bind to the purification column, HIC is
based on the interaction between the hydrophobic groups on the surface of the molecule
and the hydrophobic ligands which are attached to the gel matrix. Based on this
principle, many proteins in the cdiee extracts might have closely similar
hydrophobidy, which results in eluting more than one pure protein in the same fraction
during sample fractionation. Despite that Cj0694 was highly expressed as a soluble
protein, and purified by three different purification strategies, the presence of other
contamirating proteins seen on the SDS gels of the three purification steps was an
obstacle to carry out further crystallographic studies. However, the protein was used in
crystal trials due to its high concentration anticipating that small chance of crystal
formation could be useful, even in the presence of other contaminating proteins.

However, all attempts to obtain crystal formation were unsuccessful.

Overall, our findings support the suggestitiat Cj0694act as a periplasmic PPlase
that may have a generahaperone role for periplasmic and outer membrane proteins.
Similar to the innemembrane anchored PpiD in other bacteria, it shows ability in
preventingin vitro aggregation of unfolded substrate proteins. However, it shows a
distinct activity in catalysing theis/trans isomerisation of synthetically denatured
RNase T, whereas all previous studies on PpiD in other organisms demonstrated that
the PPlase domain isnactive. It would be beneficial to study the structural
characteristics of each domain in the Cj0694. However,attemptto obtain a pure
protein that can be used for structural analysis may be usetuktart point for future

work.
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5 The role of theMla pathway in the maintenance of the barrier function in the

outer membrane ofCampylobacter jejuni
5.1 Introduction

The asymmetric distribution of lipid contents in the OM of Grraggative bacteria has

a crucial role in increasing the barrier function of the OM, and is known to be
maintained by three maintenance systems; phospholipase A (PIdA), (Pagker,

2000, and a newly identified MlaMaintenance oLipid Asymmetry) system described

in E. coli(Malinverni and Silhavy, 2009PIdA isan OM phospholipase that hydrolyses
many phospholipid (PL) substrates by removing thé& samd sr2 fatty acid side chains

from the glycerophosphodiestamdkbone of both PLs and lysophospholipids (1ids)
(Dekker, 200Q. It is normally found as an inactive monomer in the OM, but it can
convert to a catalytically active PIdA danwhen PLs and lysBLs present in the outer
leaflet of the OM(Dekker, 200D Therefore, its primary function is to maintain the
asymmetric distribution of lipids in the OM der stress condition®agP is another

O M -Harrel enzyme that acts by cleaving a palmitate moiety from PLs and transferring
them to lipid A forming more hydrophobic compour{8sshop, 2008 Similar topldA,
pagP is expressed at a low level in normal conditiqd= et al, 20094. However,
expression is induced under stress conditions by the PhoP/Q stress response, which
senses the restriction in divalent catig@oisman, 2001 The newly identified Mla
system consists of a previously unidentified ABiRding cassette (ABC) transporter
and other associated proteins that stops PLs to accumulate in the outer leaflet of the OM
in the absence of extracellular stressl aemove PLs from the OM when the cell is
stressed, and drive them to the IEl.coli mlamutants have a very specific phenotype
that indicates a damaged OM permeability barrier, an increase in sensitivity to SDS
EDTA mixture, but do not show any growtkfdct or change in OMPs expression level,
due to partial suppression of the phenotype by PldAwever, mla pldA double
mutants are more compromisethe encoding genes of this pathway were named
mlaAi F according to their roles in maintenance of lipid aswtry in the OM
(Malinverni and Silhavy, 2009 Accumulation of PLs in the outer leaflet of the OM
increases membrane permeability to hydrophobic molecules such as bile salts.
Therefore, most Gramegative organisms tend to remove or destroy surface exposed

PLs from the OM to retain membrane integragd barrier role. Inactivation ofla
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genes increases membrane permeability while inactivatiquidéf or pagP does not

show similar increased permeabil{tyalinverni and Silhavy, 2009 Moreover, the Mla
system prevents PLs from accumulating in the absence of PIdA. Considering these facts
together, it is suggested that the Mla system is the most impgotthway that
maintains lipid asymmetry in Gramegative bacterigMalinverni and Silhavy, 2009
Interestingly,mlaA had been previously identified as a homologugauf] a virulence

gene required for intracellular spreading $iigella flexneri(Suzuki et al, 1999.
However, mutation irmlaA orthologs does have a direct effect on the early steps of
pathogenesis, and MIaA is required together with other factors to evade host response
(Malinverni and Silhavy, 20Q9Suzuki et al, 1999. Therefore, the Mla pathway is

considered as an important viruleriaetor, in enteric bacteria.

2112003002002
|

N Fatty acid

L ]
~
L]
.
;| GleQ, Tsp?
] -
s | UsgpB |
. X T
Lyso-PL GPD e |
Sanspon transport transport
. &
((m | Gl T/
LolT [t p
PP vepnec

Figure 5.1 Schematic representation of the Mla and PIdA pathwaydn the Mla
pathway, PLs are removed frotine inner leaflet of the OM or after migration to the
outer leaflet of the OM by MlaA, and delivered by the periplasmic substrate binding
protein MlaC to the MIaFEDB complex at the IM. Other retrograde PL trafficking
systems may exist but still unknownigH levels of PIdA destroy surfa@xposed PL,

and result in producing free fatty acids, 3Bbs and glycerophosphodiesters (GPDSs).
Proteins shown in white boxes have not been directly proven to be involved in the PIdA
pathway. Dashed arrows representnown modes of transport across the periplasm.

Image adapted frorfMalinverni and Silhavy, 2009
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In this study,all of the components of a putative Mla systenCinjejuni 11168 have

been identified by homology search. The ABC trangvogenes seem to form an
operon ¢j1646 ¢j1648), while two other genesilaA (¢j1371) andmlaC (cj1372) form

a separate clustet was also found that thelaC downstream genejl373 is located

in the same operon and shares the ribosomal binding sitda@f, suggesting that it
might have a possible role in the Mla pathwalge function of the MlaA homogue in

C. jejunihas not been previously fully investigated, and it remains unclear whether it is
possibly involved in the intracellular spreading @©f jejuni into host intestinal cells.

This chapter will provide an insight into the biological functidrihe Mla system irC.

jejuni and its role in maintaining lipid asymmetry and membrane integrity based on
phenotypic evidence. The effect of mutagenesis of Mla candidate gellagg(cj1371),

mlaC (cj1372)and €j1373 on the growth ofC. jejuniunder stres conditions will be
presented here. Also, the mutagenesis effect of these genes on the sensitivity to SDS
and antimicrobial peptides will be demonstrated in a comparative analysis between the
wild-type and thanla mutants cells. Finally, the effect of mutagenesisntd genes on

thein vitro motility and biofilm formation will be discussed.
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5.2 Results

5.2.1 Analysis of the complete genome sequencefjejuni NCTC 11168 reveals

the presence of Mla homologues

BLAST searches of the genome sequendg.géjuniNCTC 11168 using thsllaA and
MlaC of the E. coli as queryproteinsrevealed twaproteins encoded in this genome
homologoudo MlaA andMlaC, namelyCj1371 andCj1372 TheCj1371shows 33 %
identity toMlaA in 196 amino acid overlap (residue B228 and 29 222); score 203
E (10000): 421 (Figure 5.2A). TheCj1372 shows 24 % identity td1laC in 133 aa
overlap (residue 59 186 and 68 200); score: 171 EL0000): 1.8€l0 (Figure 5.2B).
In C. jejunNCTC 11168, thejl371geneis located upstream @f1372andcj1373 and
has an upstream promoter and ribosome binding site (RBS) whgt8&2andcj1373
share the same RBS (Figure B.,2suggesting that the two genegl@72andcj1373
are possibly caranscribed and translationally coupl&de also could identifyhe ABC
transporter gersan C. jejuniNCTC 11168 thabppears tdorm oneoperon ¢j16467
cj1648 by BLAST search usinyyllaD, MlaE and MlaF of E. coli as query sequense
The Cj1646 shows 27.6 % identity tMlaE in 214 aa overlap (6274:152364); score:
343 E (10000): 2.5@7 (Figure 5.2C)The best candidate for MlaD (the periplasmic
lipid binding protein inE. coli) is Cj1648. Itshows24.6% identityto MlaD in 118 aa
overlap (2117:1-116); score: 118 KE10000): 5.7€é05 (Figure 5.2D) The Cj1647 is
equivalent to MlaF as BLAST search sho®ds8% identity in 239 aa overlap {345:2
240); score: 447 ELO000): 4.9638 (Figure 5.2E).

The protein sequence of 373 indicates that it is a huge transmembrane praotieich

is conserved in mostampylobactespeciesBLAST seach using tle E. coliMlaD as a
query sequence indicated that Cj1373 is clearly not a homologue of MI&Ddali,
therefore indicating that is an wrelated protein irkE. coli but is present irC. jejuni.
However, t is clearly cetranscribed withmlaC and could be related to the function of
Mla system.t has conserved domains redtto the RND transporter family, in which
members share éhmachinery for the biogenesis of hopanoid lipids. Moreover, genes in
this family are usually located proximi other components of this biological process.
Therefore, it is possibly an exporter for PLs which is not present ik theoli Mla

system.
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Figure 52 The E. coli Mla homologues in C. jejuni NCTC 11168 A)
Sequencalignment analysis of the 251 aa MIaA and the 232 aa Cj1371shows a 33 %
identity in the 196 amino acids overlap (residuei 556 and 29 222, respectively;
score 282 E (10000): Z&l) as reported by LALIGN alignment toof the Swiss
EMBnet node server h{tp://www.ch.embnet.org/software/LALIGN_form.html B)
Sequencalignment analysis of the 211 aa MlaC and the 189 aa Cj1372 shows 24 %
identity in 133 aaoverlap (esidue81 200 and591 186, respectively, score: 171 E
(10000): 1.8€10. C) Sequence alignment analysis of 280 aa MlaEand the 369 aa
Cj1646 shows27.6 % identity in 214 aa overlapgsidues6l i 274 and15271 364,
respectively, score: 343 E (10000): 2.587. D) Sequence alignment analysis of the
183 aa MlaDand the 296 aa Cj1648 sho@24.6% identity in 118 aa overlapgsidues 1

I 117); score: 118 E10000): 5.7€05. E) Sequence alignment analysis of the 269 aa
MlaF and the 240 a€j1647 shows31.8% identity in 239 aa overlapgstudies 8 245

and 271 240, respectively score: 447 E(10000): 4.9688. F) Diagrammatic
representation of the gened 37173 region in the genome &. jejuniNCTC 11168.
Upstream of thecj1371is promoter sequence (underlined and highlighted in yellow)
and ribosome binding site (RBS) (underlined and highlighted in greenkjT8i&2and
cj1373 share the same RBS which is located upstream o€jit8¥2 (underlined and
highlighted in green).
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5.2.2 Generation ofmla mutants

Plasmids containing deletions of the putativda genes ¢pc j 1 3pc 1 1 8nd 2
pc j 1) ®erexgenerated by Dr Arnoud van Vliet (Institute of Food Research, Norwich,
UK), usingC. jejuniNCTC 81116 genomic DNA, and were kindliftgd to be used in
transformation ofC. jejuni NCTC 11168 strain. The knoalut constructs were
generated by SOE (Splicing/ ®Dverlapping Extension) PCR, in which the wijghe
genes were replaced by a kanamycin resistance cassefty itkéme sime orientation

as the genes. DNA fragments were cloned into p&ERBSY vector to generaté3r1,
pl372and @373 These plasmid constructs were utilised to eleicansform theC.
jejuni NCTC 11168 strain to generatpc | 1 @ Ll 1&hdg2c | 1singleSmutants.

The growth of the mutants was selected on kanangaitaining media and the gene
replacement was confirmed by colony PCR. For screening apthg 1r8ufaidt, the
primers 137iscreeAF and 137iscreerR were used (Figure 5.3A) which shows a
replacement of the wildype cj1371genes with the kdhcassette, while for screening of
thepc j 1lrBufat the primers 137&reenF and 1372creerR were used (Figure
5.3B) which shows a replacement of the wijge cj1372genes with the kancassette.

For sreening of thepc j 1 r@ufaBt the primers 137&creerF and 1373creenR
were used (Figure 5.3C). The resulting ~1.2 Kb PCR product is representative for
replacement of the wiltiype cj1373 genes with the kahcassette, which confirms

successful mutation

1371screenf

ﬂAv@m

1371screen R

[EE S [ J— 1kB — 1.5 Kb
<= ~ 1.2 Kb

1.0Kb
0.8 Kb =p = ~0.7Kb

0.6 Kb

1371-screenf
N

<~
1371.screenR

SN F ] S — 1kB

165



ﬂ M2 screen
) £ - I )

13T2screen R

1kB = e
1.5Kb
1.0 Kb <= ~ 1.2 Kb
1372-screenF *
137275:‘;»4?
— e —— L 1k

1373-screen-F

) o) o ez )

1373.screen| R

2518 : 3.0Kb =p
2.0Kb —p

1.5 Kb =p

€= ~ 2.5 Kb

1873 screenf 1.0 Kb <+ ~1.2Kb

) o )

1373-screen-R

1.2kB

Figure 5.3 Overloaded 0.7 % agarose gel electrophoresis confirm the deletion of
mla genes and replacement with kafcassette. A)Screening of thepc j 1nSufarit
Lane 1: Hyperl adder E | mol ecul ar we¥i ght
cassette from thgpc | 1n3ufarit cells. Lane 4: the wiliype cj1371from theC. jejuni

11168 chromosomal DNA) Screening of thepc | 1nufa@L ane 1: Hyper
| molecular weight marker (Bioline, UK). Lane 2 and 3: Ra@assette from thepc j 1 3 7 2
mutant cells. Lane 4: the wiiype cj1372from theC. jejuni11168 chromosomal DNA.

C) Screening of thepc | 1nui&a@ L ane 1: Hyperl adder E | mo
(Bioline, UK). Lane 2: kaf cassette from thepc j 1rBufai cells. Lane 3: the wild
typecj1373from theC. jejunil1168 chromosomal DNA.
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5.2.3 Complementation

As for mla mutants, complementation plasmmsre obtained as a generous gift from

Dr Arnoud van Vliet (Institute of Food Research, Norwich, UK). Copies of DNA
sequences of the mutated genes were integrated in®. flegniNCTC 11168cj0046
pseudogene or equivalent in NCTC 81116 strain, underahigol of thefdxA promoter

with chloramphenicol resistance cassetteTjcatthe pCfdxA complementation vector.

The resulting complementation plasmidsf@MA1371,pCfdxA1372and pGdxA1373

were used to transform thgpc j 1 &€ L 1 &hd @c j 1rBufaBts respectively to
generatepc j 137 T/ @¢1BIAZ/and ©8j7 23 7 3/ compledentdd
strains Successful complementation was achieved to genepatgy 1 3 7 I /ardj 1 3 7 1
mcj 137 Z/conjpléndedtéd strains, but nopc j 1 3 7 3 /akhpupiB Sedal
attempts were performed. The growth of complemented strains was selected on
chloramphenicel and kanamyciftontaining media. Colony PCR using 46F and 46R
primers was performed to confirm the correct insertion of-tyifee copies of mutated
genes intolie cj0046pseudogene (Figure 5.4).
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1 \
cj0046 R@k | cj0046F |
[
46R
L 1Kb J | 1.7Kb —
2.0 Kb =—p 1.7 Kb
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Figure 5.4 Agarose gel electrophoresis showing gene complementation of the
mcj 1&d dcj 1BUuladts. Lane 1: HyperladderE | mol
(Bioline, UK). Lane 2: PCR product (~ 0.2 Kb) of tleg046 from the wildtype

genomic DNA using 46F and 46R primers. Lane 3: PCR product (~ 1.6 Kb) of the
cj0046from the genomi®NA of thec j 1 3 7'Zdmpl8nTelted strain using same

set of primers. . Lane 4: PCR product (~ 1.7 Kb) ofdjg@46from the genomic DNA

of thepc j 1 3 7' tdmpl@rikerited strain using same set of primers.
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5.2.4 Growth assays ofnla mutants in C. jejuni
5.2.4.1 Hyperosmotic stress causes a defective growth of the j 1n3ufarit

In stress conditions, phospholipids from the IM are moved to the outer leaflet of the OM
and accumulate in the defective area causing reduced membrane barr(Blikaildo,

2005. Previous work on the newly identified Mla pathwayEncoli showed that Mla
proteins inhibit phospholipids from accumulating in the outer leaflet of the OM
(Malinverni and Silhavy, 2009 causing ranaintenance fothe lipid asymmetry in the

OM. Here, the growth phenotype of thmelaA homologue mutantgpc j 1) 3vasl
examined to determine the effect @il371 gene deletion on the growth &f. jejuni

under stress conditions. The microaerobic growthepaf j 118 Zultures containing

MHS media in the presence or absence of hyperosmotic aggess (1.0 % NaCl) was
monitored and compared to that of the wige and complemented strains. In the
presence of stress agent (1.0 % NaCl) the microaerobic growth qf¢he 1 rBufarit

was significantly retarded comparing to those of the yiftk andtheqpc j 1 37 I/ cj 1 3
complemented strain (Figure 5.4). Also, the retardation was more severe than that of the
gc j 1n3ufart grown in the absence of 1.0 % NaCl (Figure 5.5).gdhe] 1n3ufarit

had a doubling time of 6.5 hours when grown under hyperosnigssor 3.5 hours in
absence of stress agent. The wijde and thepc j 1 3 7 T campldn@nted strain

were not affected significantly by hyperosmotic stress where they had a doubling time

of 3 hours in the presence or absence of hyperosmotic stres$s agen
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Figure 5.5 Hyperosmotic stress effect on the growth of thepc j 1 rBufadt. The
wild-type,gpc j 1ndufart andpc j 1 3 7 T tomplen@nied strain cells were grown
microaerobically in 50 mL cultures containing MHS (left) or MHS + 1.0 % NaCl as a
hyperosmotic stress agent (right). Cultures were contained in 250 mL conical flasks
shaken at 180 rpm in agatmosphere of 10 %/v) oxygen, 5 %(v/v) carbon dioxide

and 85 %(v/v) nitrogen. Samples were collected at time 8 hours and a final sample

at 24 hours. Cell densities were measured spectrophotometrically 3¢ &1d data

were plotted on graphs using GraphPad Prism 6 (GraphPad Software Inc.). Figures are
representative experiments of at least two biological replicates with similar results. The
doubling time for thepc j 1n3ufarit was 6.5 hours in the presence.0f% NacCl, and

3.5 hours in absence of 1.0 % NaCl. The doubling time for the-tyel and the

mcj 137 I tomplemdnited strain was 3 hours in the presence or absence of 1.0 %
NacCl, unless for the latl®g phase where the growth rate reduced.
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5.2.4.2 The growth rate of theqgpc j 1mufant is slightly lowered by hyperosmotic

stress

The microaerobic growth of thenlaC homologue mutant c{1372 encoding the
periplasmic binding protein) i€. jejuni(pc j 1) ®as dlso examined to investigate the
effect of stess conditions of. jejunilacking themlaCgene. Thepc j 1n3ufax was

grown in cultures containing MHS in the presence or absence of hyperosmotic stress
agent (1.0 % NaCl). Under stress conditions, the microaerobic growth gi¢hpg 1 3 7 2
mutant was sligtly retarded in comparison to the wilgbe andpcj 137 2/ kj 137
had a doubling time of 3 hours and 45 minutes in the presence of 1.0 % NaCl, or 3
hours and 15 minutes in the absence of 1.0 % NacCl (Figure 5.6) which was similar to
the growth of the wil-type and thepc j 1 3 7 2 tompleém@nied strain when grown

in MHS lacking stress agent. This suggests that if Cj1372 has a role in the maintenance
of lipid asymmetry in the OM ofC. jejuni it may not have a major direct eoin
controlling PLs in theéOM.

Microaerobic growth in MHS + 1.0 % NaCl Microaerobic growth in MHS

oD 600
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* pcj1372/cj1372"
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+ pcj1372/cj1372"

20
Time (Hrs) Time (Hrs)

Figure 5.6 Hyperosmotic stress effect on the growth of thgpc j 1rBufa@t. The
wild-type,cpc j 1n3ufa andpc j 1 3 7 Z tomplemanied strain cells were grown
microaerobically in 50 mL MHS cultures contained in 250 mL conical flasks shaken at
180 rpm in the gas atmosphere of 1§Wg) oxygen, 5 %{(v/v) carbon dioxide and 85 %

(v/v) nitrogen. Growh was tested in MHS media in the presence (left) or absence (right)
of 1.0 % NaCl, and data are representative of at least two independent experiments with
similar results. The doubling time of tgec | 1n3uf&& was 3 hours and 45 minutes in

the presenceof 1.0 % NaCl, and had a similar growth to the wjgde and the

mc j 1 3 7 2 tomplemanTea strain (3 hours and 15 minutes) in the absence of 1.0 %
NacCl.

170



5.2.4.3 Deletion otj1373does not alter the growth ofC. jejuni under hyperosmotic

stress conditians.

The third proteinwhich might beinvolved in the Mla pathway is the inner membrane
anchored substratginding proteinCj1373 The microaerobic growth of thggc j 1 3 7 3
mutantwas monitored in cultures of MHS in the presence or absence of hyperosmotic
stress factor (1.0 % NaCl). Under hyperosmotic stress conditions, the growth of the
pc j 1lrBufaldt was similar to that of the witgpe strain with no significant growth
defect in comparison to the wilgpe. The doubling time of both strains was 3 hours
under hyperosmotic stress, or 2 hours and 45 minutes in media lacking stress agent
(Figure 5.7). Thus, the growth rate of both strains in the latphage was slightly

reduced in the presence of stress agent.

Microaerobic growth in MHS + 1.0 % NaCl Microaerobic growth in MHS

~WT -~ WT
* Dcj1373 = Dcj1373

2
Time (Hrs) Time (Hrs)

Figure 5.7 Hyperosmotic stress effect on the growth of thepc j 1rBufaBt. The
wild-type and thepc j 1rBuialt cells were grown microaerobically i Bl MHS
cultures contained in 250 mL conical flasks shaken at 180 rpm in the gas atmosphere of
10 %(v/v) oxygen, 5 %{v/v) carbon dioxide and 85 %/v) nitrogen. Growth was tested

in MHS media in the presence (left) or absence (right) of 1.0 % NaClddieling

time of thegpc j 3 rBufant and the wiltype was similar (3 hours) in the presence of

1.0 % NaCl, and 2 hours and 45 minutes in the absence of 1.0 % NaCl. Data are
representative of at least two independent experiments with similar results.
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5.2.5Deletion of ¢cj1371or cj1372results in an increased sensitivity ofC. jejuni to
antibiotics and SDS

To investigate whether the Mla proteins@ jejuni are involved in maintaining the
integrity of the OM, it was suggested that mutation in one or motbedf cognate
genes may result in phenotypésat indicate a damaged or permeable OM, and
therefore, more sensitive phenotypes to various antimicrobial agents that require entry
to the bacterial cell through the OM. This was tested by addition of antinmtagent

to paper disc in the centre of MHS plates containing the-tyld or mutant strain. The
sensitivity is represented by formation of a clear zone of inhibition around the
antimicrobial agentontaining disc after 2 3 day of microaerobic incuban. Four
antimicrobial agents were used including ampicillin (200 pgimipolymyxin B (200

ng mLY), vancomycin (400 pg mit) and SDS (40 %). Results were obtained from
three independent biological replicates. Thec | 1 gataht was found to be
significantly more sensitive to all tested agents than the-tyld ¢ < 0.017 0.0001)
whereas thepc j 1rBufaft showed no significant difference to the vijide with
ampicillin and SDS but was significantly more sensitive to polymyxin B and
vancomycin p < 0.01) (Figure 5.8). These findings suggest that the mutants cells have
lowered ability to prevent the entry of antimicrobial agents into the cell, and that the
MlaA and MlaC proteins may have a direct or indirect role in maintaining the OM

integrity as delion of their cognate gene results in more sensitive phenotypes.
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Figure 5.8 Disc diffusion assay for thepc | ladd/gic | 1rBufaas. A) Sensitivity

of theopc j laéhdaic j 1rBufadts to 200 ug mt ampicillin. B) Sensitivity of the

mcj 1&ddpc j 1mutadts to 200 pg mt polymyxin B. C) Sensitivity of the

mcj 1&ddc | 1Muadts to 400 pg mt vancomycin. D) Sensitivity of the

pc | landdhc j 1@ufalts to 40 % SDS. The witgpe and mutant cells were
allowed to grow on MHS agars and exposed to various concentrations of antimicrobial
agents. Measurements were taken after32days of microa@bic growth from at least

three biological replicate plates per strain. Error bars represents the standard deviation
of these measurements. Statistical -analy
test. *p< 0.05, *p < 0.01, ** p< 0.001, *** p< 0.0001.
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5.2.6 Sensitivity ofmla mutants to antimicrobial peptides

5.2.6.1 A cj137Xdeletion mutation increases sensitivity ofC. jejuni to various

antimicrobial peptides

Lipopolysaccharides (LPS) have been known to act as the first barrier in thef OM
Gramnegative bacterial cells against antibiotics. Their role can be defined by
obstructing the diffusion of chemicals through the OM into the (@lcour, 200%.
Therefore, if Cj1371 is involved in Mla pathway @ jejuni,then it may have a direct

role in maintaining the integrity of the OM under stress conditions. It would be expected
that deletion of its cognate gene may lead to an increase in membrane permeability
when mutant cells are stressed, allowing larg#eculeslike antimicrobial peptides
(AMPs) to gain entry through the cell membrane causing damage to the cell. AMPs are
essential factors of innate immunity which act as a primary line in defence against
bacterial infection. They have been known as endogenoubiatics that act in
eliminating micreorganisms by disrupting their cell membraf@ederlund et al,

201]). They have a high affinity to cell wall molecules such as LPS, and can interact
with LPS by breaking the divalent cations and causing loss of LPS compactness, which
allows peptides to transport across the Qfdncock, 199) Because all bacterial cell
membranes are negatively charged, cationic antimicrobial peptides (CAMPSs) can Kkill
most Grarrpositive and Grammegative strains by the formation of carpké coating

over the bacterial membrane causing disintegration ofrtebrane and consequent
bacterial deatl{Tjabringaet al, 2005. Among these CAMPs is the-terminal region

of human cathelicidin (Lt37). It is composed of 37 amino acids with highly
hydrophobicN-terminal andC-t e r mi n a | r e gheleal sonfamitiort in theo r m
presence of negatively charged lipifRasupuletiet al, 2019. This hydrophobicity
allows the LI-37 to bind to bacterial membrane and LPS and displays broad spectrum
antimicrobial propertiegLarrick et al, 1995a Larrick et al, 1995 Pasupuletiet al,

2012.

To investigate thissensitivity of mutant cells to several antimicrobial peptides was
examined. These peptides included human cathelicidin-3{Dl. polymyxin B,
polymyxin E (colistin) and protamine sulphate. Overnight cultures of the-typlel
11168 strain, thepc j ImBt@ntand thepc j 1 3 7 T coampldm@ritet! strain grown

in MHS media were exposed to various concentrations of the above peptides for two
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hours and after being serially diluted, they were plated on MHS agar. Sensitivity was
measured after 2 days incubation ircmaerobic conditions. Thepc | 1rBufardt was
shown to be slightly more sensitive to 437 than the wiledype. However, the mutant
showed a significant increase in sensitivipy<(0.05) compared to the wiliype at 2.0

UM LL-37 as represented byldg inhibition in the viability of the mutant compared to

the wildtype under the same treatment (Figure 5.9A). On the other hanghdhe 1 3 7 1
mutant was found to be significantly more sensitive than thetydd to polymyxin B

(p < 0.017 0.001) as representédy 2-logs decrease in the viable cell count relative to
the wild-type at 50, 100 and 200 pg Mipolymyxin B (Figure 5.9B). Complementation

of thegpc j 1mufanit showed a restoration of the wiyghe activity as the number of

the viable cells was recoveren the complemented straip € 0.0571 0.01). In each
treatment, the complemented strain showed an increase in the viability compared to the
mutant, thus providing an evidence for complementation. In contrast, the sensitivity of
thegpc j 1n3ufarit wasisown to be similar to that of the wikype strain to polymyxin

E with no significant changes (Figure 5.9C). Surprisingly, at concentrations of 50, 100
and 200 pg mL polymyxin E, the complementation was not able to restore the wild
type phenotype and sWed a significantly lower number of viable cells than the mutant
(p < 0.01). It would be expected to observe a restoration or partial restoration of the
wild-type activity in the complemented strain, but in this case the complementation was
not able to shw such a restoration. Therefore, the results with complemented strain
when exposed to polymyxin E are unexplainable, and provided no evidence for
complementation. However, thgpc j 1rBufatt was shown to be significantly more
sensitive to protamine sulphate than the wyoe strain |p < 0.05) as represented by 2
logs, 3logs and 4ogs decrease in the viable cell count relative to the-type at 50,

100 and 200 pg mit protamine syhate, respectively (Figure 5.9D). Complementation

of the pc j 1rBufadt showed a restoration of the wijghe activity as shown by a
significant increase in the number of viable cells compared to the mptan0.017
0.0001).
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Figure 5.9 Sensitivity of thegpc j 1rBufadt to antimicrobial peptides. Overnight
cultures of thapc j 1n3ufardt were exposed to various concentrations of antimicrobial
peptides for two hours and were serially diluted to 1 . I0en microliters of each
dilution were plated on plain MHS, and incubated microaerobically foB 2lays at 37

°C. A) Sensitivity of thegpc j 1r3ufarit to human cathelicidin (LB7). B) Sensitivity

of the gopc j 1 Butabt to polymyxin B.C) Sensitivity of thegpc j 1 @utaht to
polymyxin E. D) Sensitivity of thegpc j 1rBufaft to protamine sulphate. Dadee
representative of three biological replicat&he cell viability values of the untreated
controls were adjusted to 100% to reflect the maximum viability without treatment.
Error bars represents the standard deviation of these measurements. Staiwityses

was carried out

%k < 0.0001.
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5.2.6.2 Thepc j 1n3ufa is more sensitive to antimicrobial peptides

The sensitivity of thepc j 1n3ufard to antimicrobial peptides wasamined to assess

the role of the Cj1372 periplasmic protein in maintaining the integrity of the OM. The
same antimicrobial peptides used in the sensitivity ofgte | 1rBufadt were used
here, and the same protocol described in section 5.2.6.1 wasddll The sensitivity of
thepc j 1rmBuf@aa was shown to be significantly increased te3lZLcompared to the
wild-type p < 0.05) as represented byldg, 2logs and dogs decrease in the viable
cell count relative to the wiltype at 50, 100 and 200 pglLm LL-37, respectively
(Figure 5.10A). Complementation of thpc j 1 @wutabdt was unable to show a
restoration of the wildype activity for unknown reason, and the sensitivity of the
complemented strain was similar to that of the mutant. The sensitivity gpth¢ 1 3 7 2
mutant to polymyxin B and polymyxin E was slightly lowan that of the Lt37.

With polymyxin B, thegpc j 1n3ufa showed a significant increase in the sensitivity
to polymyxin B compared to the wiliype @ < 0.01 at 100 pg mt andp < 0.001 at

200 pg mLY) as shown by -Bogs decrease in the viable celluco relative to the wild

type (Figure 5.10B). With polymyxin E, trepc | 1mufa@t showed a less significant
increase in the sensitivity to polymyxin E than polymyxin B compared to thetyyitl

(p < 0.05) as shown by-bgs decrease in the viable cell couelative to the wileype

at 100 pg mr* polymyxin E, and dogs decrease in viability compared to the wijlge

at 200 pg mL* polymyxin E (Figure 5.10C). The wiltype activity was restored in the
complemented strain when treated with polymyxin B dndas represented by
significant increases in the cell viability of the complemented strain compared to the
mutant p < 0.05), thus, providing an evidence of complementation. Nevertheless, the
protamine sulphate showed a similar sensitivity effect toghtwej 1r8ufa@t and the
wild-type. Similar to LL-37, the complemented strain could not show a restoration of
the wild-type activity, and its viability was significantly lower than the mutant at 100
and 200 pg mL protamine sulphatep(< 0.05). These findigs suggest an important
role of the Cj1372 periplasmic protein in maintaining the OM integrity, as deletion of
the ¢j1372 gene showed a phenotype with high sensitivity to various antimicrobial

peptides.
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Figure 5.10 Sensitivity of thegpc j 1rBuf@a to various antimicrobial peptides. A)
Sensitivity of thegpc | 1rBufat to human cathelicidin (EB7). B) Sensitivity of the

gc j 1mufa to polymyxin BC) Sensitivity of thegpc j 1n3uiar to polymyxin E.

D) Sensitivity of thegpc | 1rBufamd to protamine sulphate. Data are representative of
three biological replides. The cell viability values of the untreated controls were
adjusted to 100% to reflect the maximum viability without treatmé&mtor bars
represents the standard deviation of these measurements. Statistical analysis was carried
out usi ng iple ttadte*p & 0.85, *u< 0t01, *** p < 0.001, **** p <

0.0001.
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5.2.6.3 Acjl373deletion mutation does not increase the sensitivity df. jejuni to

antimicrobial peptides.

The third substratbinding proteirthat might banvolved n the Mla system pathway is

the Cj1373. To test if this protein has a role in the Mla pathway in the maintenance of
the OM integrity, a mutant lacking tlgl373gene was generated and the sensitivity of
the qpc j 1 BufaBt to the same antimicrobial pepsdased with the two former
mutants was examined. As expected, ghe | 1rBufaBt showed a similar sensitivity
profile to that of the wiletype (Figure 5.11A, B and D) except for polymyxin E (Figure
5.11C), where thepc j 1sBoiv&d a significant increasethre sensitivity to polymyxin

E compared to the wiltype @ < 0.05), as represented byldy decrease in the viable

cell count relative to the wiltype at 200 pg mt polymyxin E. These data suggest that
the absence of Cj1373 may not directly affect@ integrity.
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Figure 5.11 Sensitivity of thegc j 1 Bwatadht to antimicrobial peptides. A)
Sensitivity of thegpc j 1mufalto human cathelicidin (L437). B) Sensitivity of the
pc j 1nufato polymyxin B.C) Sensitivity of theqpc | 1n3ufai@to polymyxin E.

D) Sensitivity of theqpc j 1rBufatto protamne sulphate. Data are representative of
three biological replicatesThe cell viability values of the untreated controls were
adjusted to 100% to reflect the maximum viability without treatmé&mtor bars
represents the standard deviation of these maasuits. Statistical analysis was carried
out usi ng St uasterrpk 0.85, *Imud 0t01, p*t pe< 01001, **** p <
0.0001.
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5.2.7 Single mutations in thecj137173 genes increasem vitro motility of C. jejuni

under hyperosmotic stress condition

To investigate whether deletion of one of thia genes results in an increased motility

of the C. jejuni 11168 strain, motility assays were carried out using soft (0.3 %) agar.
Exactly 10 pL of overnight cultures of mutants cells grown in MHS contaibthg@g

mL™ of both amphotericin and vancomycin, and 50 ug'rf.kanamycin were applied

to centres of motility plates (0.3 % MHS agar) in the presence or absence of 1.0 %
NaCl, and incubated overnight in microaerobic conditions. The-tyld 11168 strain

was used as a negative control for motility test. In contrashe wildtype, all mla
mutants showed increased s pFrcentaiingnngediafi s wa
while in saltdeficient media, they represented similar motility to that of the-type
(Figure 5.12). This indicates that the Cj1371, Cj1372 arkB13 proteins all can be
involved in thein vitro spreading phenotype under stress conditions, suggesting a
possible role of these lipoproteins in timevivo colonisation of host epithelial cells.
However, further investigations still need to be doneotdiom this suggestion.

181



MHS MHS + 1.0 % NacCl
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qrj1372

qxrj1373

Figure 5.12 Motility assays of thepc ] 1 3 7 1 ,andgpxjj 11 8ui@z®s. Overnight

cultures (10 pL) of thepc j 1 3 7 1 ,andgpc j 1rui@s were spotted into centres

of motility plates (0.3 % MHS) with or without hyperosmotic stress agent (1.0 % NaCl),
and incubated microaerobically overniaght
phenotypes under stresenditions whereas in normal conditions, where the salt is
absent, they were similar to the wiigpe.
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5.2.8 Deletion of one of thenla genes inC. jejuni reduces the ability for biofilm

formation under aerobic conditions

Biofilm formation is a weHconsicered bacterial mechanism that is utilisedtyjejuni

in its growth and survival by which the cells can be protected and shed from stressful
surrounding environments. Indeed, biofilm formation can increase bacterial resistance
to disinfectants, and antimicrobial agents by more than-1@8l@0than the planktoic
cells(Fuxet al, 2005. Studies have demonstrated that biofilm can increase the survival
of Campylobacteras twice in atmospheric conditions and in water environment
(Asakuraet al, 2007 Joshueet al, 2009. Flagella are shown to play a crucial role in
biofilm formation inC. jejuni as mutation iflabABgenes resulted in decreased biofilm
formation (Reeseret al, 2007. Reuteret al, (2010) examined the effeof loss of
flagellar motility on biofilm formation ofC. jejuniunder microaerobic conditions. They
found that the motil€. jejuni11168 strain was able to form > 50 % more biofilm than
the nonamotile strain. The importance of biofilm formation @ jguni can be more
appreciable under stress conditions (e.g. atmospheric oxygen level), in which the
organism makes its transfer between hosts. Hence, the effect of atmospheric growth of
C. jejunion biofilm formation was tested by Reutdral, (2010). Inérestingly, in the
motile wild-type strain, the biofilm formation was double that recorded in microaerobic
conditions. Also, the nemotile wild-type and theflabAB mutant showed increased
levels of biofilm formation, although overall levels were less ttiat of the motile
wild-type (Reuteret al, 2010.

Having said that, biofilm formation was investigated using biofilm assay fomthe
mutants in comparison to the witgpe to further examine if thela genes products are
possibly involved in biofilm formatio when the cells are oxygen stressed. Cells were
incubated microaerobically or aerobically under static conditions for 24 hours and
stained with crystal violet to determine the level of biofilm formation. Growth of the
c j 1M@ufaht was similar to the witype under both aerobic and microaerobic
conditions (Figure 5.13A). Biofilm formation of thepc j 1 Bwtaht in aerobic
conditions was significantly less than that of the vijijde < 0.0001). Because the
growth of both strains was similar under botmditions, biofilm units followed the
biofilm formation and were significantly less in tgec | 1m8ufandt than the wikdype

under aerobic conditions.
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The growth of thegppc | 1rBufalt was similar to the wiltype under both conditions
(Figure 5.13B). Howesr, biofilm formation and biofilm units of the mutant were higher
than the wildtype under microaerobic conditions € 0.05). This was exactly opposite
under aerobic conditions. Biofilm formation and biofilm units significantly decreiased
the mutantunder aerobic conditions compared to the wyjde @ < 0.0001). The

c j 1MufaBt was found to have a higher growth rate than the-typlel under
microaerobic and aerobic conditions € 0.0001 ando < 0.01 respectively) but its
biofilm formation signifcantly dropped under aerobic conditions compared to the wild
type p < 0.0001) (Figure 5.13C). These data represent significant reduction in the
biofilm units in allmla mutants under aerobic conditions and therefore, can explain that
the Mla proteins whig are not produced in these mutants can be essential f@.the
jejuni in maintaining the integrity of the cell, as the lack of these proteins result in a
significantly reduced biofilm formation under stress conditions which is directly

dependent on cedtlell interaction.
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Figure 5.13 Biofilm formation of the wild-type and the mla mutants under
microaerobic and aerobic conditions.The wild-type and thenla mutants were grown
microaerobically until the early stationary phase was reached. Cultures were adjusted to
an ODypo of 0.1. 200 pL were added to 8 wells of-@@ll microtiter plate and incubated
statically for 24 hours under microaerobic (left) or asrdbight) conditions. Ok of
planktonic and biofilm growths was measured. Biofilm units were calculated by
dividing the ORg of thebiofilm growth by the Olgy of the planktonic growth. Error

bars represent the standard deviations from means of 8datheplicates. Statistical
anal ysis was carried -tesutp<@0S,*pgO0.@Et*trdent 6s
0.001, **** p< 0.0001.
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5.3 Discussion

Gramnegative bacteria, includin@ampylobacter jejuniare normally more resistant to
antibiotics, detergents and other chemicals than Guasitive bacteria. This is credited

to the complex composition of the OM. The asymmetric distribution of the lipid
contents in the OM, including lipopolysaccharides (§P% the outer leaflet and
phospholipids (PLs) in the inner leaflet plays an important role in increasing the barrier
function of the OM(Nikaido, 203. PLs accumulate in the outer leaflet of the OM
when the cell is stressed, causing an increase in cell permeability and loss of barrier
function of the OM(Nikaido, 2009. The newlyidentified Mla systen{Malinverni and
Silhavy, 2009 stops PLs from accumulation in the outer leadlethe OM in unstressed
cells, and remove PLs from the OM when the cell is stressed. Interestingly, the Mla
system is suggested to be the most important pathway in-@ggative bacteria among

the previously identified systems, PIdA and PagP, that mailpaihasymmetry in the

OM (Malinverni and Silhavy, 2009 Hence, the Mla pathway is considered as an

important virulence factor, in enteric bacteria.

5.3.1 The essential elements of the Mla pathway is highly conserved in Gram

negative bacteria.

One of the main aims in this chapter was to identify the candidate genes that are
involved in the Mla pathwain C. jejuni We already know from previous studies that
themla genes are highly conserved in Graegative bacteri@Malinverni and Silhavy,
2009. However, identification and localisation of these gends. ilgjunihave not been
previously studied. ThenlaA gene was first discovered Bhigella flexnerand named
as avacJgene. Its amino acid sequenmdicates that it encodes a 28 kDa surace
exposed lipoprotein with aN-terminal signal sequen¢8uzukiet al, 1994. Moreover,
the VacJ protein was found to be essential for intracellular spreatitggella flexneri
and enteroinvasivee. coli (Suzuki et al, 1994. The availability of the complete
genome sequence @f jejuni (Parkhill et al, 200Q eases the mission of searching for
homologues of thousands of genes includiagJhomologue. IrC. jejuniNCTC 11168
strain,BLAST searches of the genome sequence usinmtadandmlaC of theE. coli

as query genes revealed two gene€.ifejunigenome homologues talaAandmlaC,
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namelycj1371andcj1372 We found that thej1371is located in a locus caaihing
two other genes;j1372andcj1373 Interestingly, thejl371has an upstream promoter
and ribosome binding site, and a downstream ribosome binding site bejd/@éhand
cj1372.In contrast, there is no ribosome binding site betweertjt®72 andcj1373
suggesting that the two gens are transcriptionally coupleatddition, we identified the
ABC transporter genes i@. jejuniwhich form an operonc{164671 cj1648, which are
equivalent tomlak, mlaD and mlaF, respectively. That only leaves MlaBiich is a
small protein that seems to interact with MlaE and may be involved in its assemble.

We also aimed to gain phenotypic evidence about theiivo roles in maintaining the
integrity of the OM by generating mutations in these genes, and comparing the growth,
motility and biofilm formation, as well as the antimicrobial sensitivity of the mutants to
the wildtype strain. Here, we usefiLl371, cj1372and cj1373knockout mutants to gain
experimental evidence for the Mla dependence of the OM integrity and barrier functions
in C. jejuni The knockout plasmid constructs were generated by Dr Arnoud van Vliet at
the Institute of Food Research (IFR), NorwichK,lbased on allelic replacement of
cj1371, cj1372and cj1373 by karl® cassette. These constructs were obtained as a
generous gift to transfornC. jejuni 11168 strain to generate knockout mutants.
Complementation plasmid constructs were also obtained fromaWliet to transform

the knockout mutants to generate complemented strains withtypiéd copies of the
deleted genes. We successfully generated three mutants whighcajel 3 7 1 , QC |
andopc j 1rBufadts and two complemented strains whichcaej 1o8c7j17 and 1

mcj 13727 apogleménte® strains. Thpc j 1 3 7 3 7 apoglehéned strain
could not be obtained, although several attempts were made. All the three genes
involved in the Mla pathway amncoded in one DNA strand, ,i.eir promoters dvie

the expression of all three genes in one direction. Therefore, mutation in one gene is not
an independent transcriptional unit and may affect the transcription of the downstream
gene. Hence, the main reasons of complementation were to observe tregioastir

the wildtype phenotype, and to ensure that the resulting effect is due to the deletion of
the respected gene and is not due polar effect of downstream gene. Alternative
approaches can be used to ensure that the resulting phenotype is notalae éfgrt

of the downstream gene. FAICR can be used to examine whether mRNA can be made
from the downstream gene in the mutant. If mMRNA cannot be made, then the expression

of the deleted genmay be affected by the expression of the downstream genet Oth
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experiment that can be performed is enzyme activity assay, in which the activity of the
protein produced from the downstream gene is measured in the mutant. If the activity of
this protein does not change between the it and the mutant, then theng
deletion does not affect the expression of its downstream gene.

5.3.2 TheC. jejuni MlaA homologue is crucial in OM stability during cell division

under stress conditions.

The nature of Gramegative cells allows PLs to be moved from the IM and accumulate
in the defective area of the OM when the cell is strefisécido, 2005. Previous work
showed that the Ml proteins inhibits PLs from accumulating in the outer leaflet of the
OM (Malinverni and Silhavy, 2009 causing remaintenance of the lipid asymmetry in
the OM. Here, we assessed the growth phenotype ofnthehomologues mutants
(pcj 1371 ,andgpc jj 1ri3uia@®s) to determine the effect of the deletion of these
genes on the growth df. jejuni under stress conditions. Thepc j 1 rBufatht was
shown to have severe growth retardation under hyperosmotic stress conditions (1.0 %
NaCl) compared to the wiltype and the complemented strain. MlaA was previously
reported as an OM lipoprotein with an unknowndtion (Junckeret al, 2003 Suzuki
et al, 1999. Because of the OM localisation of the Cj13and its crucial role in
moving the accumulated PLs in the outer leaflet of the OM in stressed cells, thus, a
possible explanation of the severe growth defect observed imids& homologue
mutant ¢pc | 1D Bnder stress conditions is that the lack of3ZfIL may result in an
accumulation of PLs in the OM causing instability of the OM during cell division,
suggesting that the product of tkae jejuni mlaAhomologue ¢j1371) may play an
essential role in the maintenance of the OM integrity by maintainingliphe
asymmetry in the OM whe@. jejunicells are subjected to stress conditioRserefore,
the lack ofmlaA gene results in a severe growth defect which may be due to the severe
interruption of the OM during cell division. On the other hand, the groatdrdation
shown by thegpc j 1rBufa@dt was less severe than that of ghe j 1rBufaidt under
hyperosmotic stress. MlaC is located in the periplasm and is predicted to be a substrate
binding protein(Linton and Higgins, 1998 opezCampistrouset al, 2005. Therefore,
the lack of the MlaC in thgpc j 1n3ufart does not have a severe effect on the growth
of C. jejuni This can possibly be explained by the fact that the Cj1372 is localised in
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the periplasm, and if the Cj1372 has a role in the maintenance of lipid asymmetry in the
OM of C. jejuni it may not have a major direct role in controlling PLs in the OM.
Alternatvely, its role may be in a later phase in the pathway, specifically in the
periplasm, after MlaA removes the PLs from the outer leaflet of the OM toward the IM.
The growth of thepc j 1rBufalt was not affected by the presence of hyperosmotic
stress factoin the mediaThe protein sequence of Cj1373 indicates that it is a huge
transmembrane protein which is conserved in ni@shpylobactespeciesTherefore,

it can presumably be located in the periplasmic face of the inner memitraigh
cj1373is cotranscribed withcj1372 homologysearchclearly indicated that it is not a
homologue taheE. coliMlaD, andtherefore indicating that it is an unrelated protein in
E. coli but is present inC. jejuni. It has conserved domains related to the RND
transporter familyso one possibility is that it is somehow involviedlipid transport

relating to the Mla system, but this requires further investigation.

Because the Cj1373 sequence suggests that it is a transmembrane prosginbe
suggested that can be functional at a late phase in the MlaFEDB complex in the IM
(Figure 5.1), and therefore, the absence ofdi873 gene may be compensated by
other genes involved in the MlaFEDB compleiit is not essential to the system to
function Therefore, the absence of Cj1373 may not directly affect the glOw#juni
under stress conditionglthough there was a clear biofilm deficient phenotype in the

mutant

5.3.3 Mutation in mla genes increases susceptibility to killing by antibiotics,
peptides and detergents.

The asymmetric distribution of lipids in the OM has a major role in maintaining the
integrity of the OM to provide the right barrier function, which increases the bacterial
defence mechanism against external factors, and serviesrgasing the resistance
mechanism to detergents (such as SDS) and antimicrobial agents such as antimicrobial
peptides (AMPs). Here, we determined the sensitivity ofriteemutant cells to various
antimicrobial agents to assess whether the Mla proleine a direct role in maintaining

the integrity of the OM. We suggested that mutation innt& genes may result in

phenotypes with a damaged or permeable OM, and therefore, more sensitive phenotypes
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to various antimicrobial agents that require entryhi bacterial cell through the OM.

We used ampicillin, polymyxin B, vancomycin and SDS in disc diffusion method to
examine the ability of thenla mutants to grow in the presence of these agents. It was
found that deletion of the&j1371 gene results in a me sensitive strain to these
antimicrobial agents, whereas deletion of ¢f872results in a strain which displays a
lower effect of these agents on the membrane integrity, as demonstrated by clear zone
of growth inhibition around the discs that contdirese agents. These phenotypic
alterations could be resulted from increased outer membrane permeability allowing an
uncontrolled entry of various antimicrobial agents which became lethal at higher
concentrations. These findings suggest that the mutarsshaele lowered ability to
prevent the entry of antimicrobial agents into the cell, and that the MlaA and MlaC
proteins may have a direct or indirect role in maintaining the OM integrity as deletion of

their cognate gene results in more sensitive phenstype

Because all bacterial cell membranes are negatively charged, cationic antimicrobial
peptides (CAMPs) can kill most Grapositive and Grammegative strains by the
formation of carpetike coating over the bacterial membrane causing disintegration of
the membrane and consequent bacterial dé€ajhbringaet al, 2009. C. jejuni is

known to be highly resistant to polymyxin B, an antimicrobial peptide usually added to
growth media to select fo€. jejuni (Skirrow, 1977. Other wellknown CAMPs are
cathelicidins, small cationic peptides thabssess broaspectrum antimicrobial
activities, al so kn (Nizet and Sallop 2083 The BlkDaa nt i
human cathelicidin, also known as human cationic antimicrobial protein H@RARs
expressed by neutrophils and epithelial cells. The major cleavage product ofli8GaP

the C-termilal region, LL-37 (Nizet and Gallo, 2003 which is required at low
concentrations to killCampylobacterspecies (0.6 2.5 uM). Testing the efficacy of
bacterial cell memtane and its components to resist antimicrobial agents has been
widely used in antimicrobial research, and has been known to provide a better
understanding about how microorganisms can evolve biological mechanisms to resist
the surrounding environments.plid A in bacterial OM is known to have a crucial role

to evade innate immunity by host, and most Gregative bacteria have evolved
various physiological mechanisms which modify the structure of lipjdafh Mouriket

al., 2019. The modification of lipid A of bacterial lippoly saccharide (LPS) has been
previously tested by using polymyxin B, mtin and LL-37 (van Mourik et al, 2010.
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Two genes were found to be responsible for the aatditif anN-linked acyl chain
instead of anO-linked acyl chain to lipid A backbone, namefynnA and gnnB
Mutation in these genes resulted in a more susceptible phenotype to AMPs than the
isogenic parent wildype (van Mouriket al, 2010Q.

Our major goal was to investigate the effect of the mutagenesis ofidlgeenes on the

OM integrity. We coulddemonstrate that deletion oflaA or mlaC, which encode for
MlaA and MlaC, essential component in the Mla pathway, increases the susceptibility
to killing by AMPs. We tested the viability of the mutants cells in the presence of four
AMPs to examine the integrity of OMs in all mutants. These incthéeC-termind

region of the hCAFL8, LL-37, polymyxin B, Polymyxin E (also known as colistin) and
protamine sulphate. As expected, our findings indicate thaighk®A and aanlaC
mutants were more sensitive to all CAMPs than the-iyiie C. jejuni wheras the
sensitivity of thesej1373mutant was significantly more in the presence of polymyxin E
and protamine sulphate. Figure 5.14 summarises the most significant changes in
sensitivity of chaperone mutants to CAMPs compared to the parentypwdd the
axj1371andaxjl372mutants were found to be the most susceptible strain to killing by
most tested CAMPs. This strongly suggests that the Cj1371 stposed lipoprotein

and the Cj1372 periplasmic binding protein have direct roles in maintaining the OM
integrity and barrier function against external antimicrobial agents. In contrast, our
findings indicate that the deletion gfL373does not increase the sensitivitynbmst of

the CAMPs tested even when increasing the peptides concentrations. Thus, it was
suggested from the findings of growth and sensitivity assays th@t jeginiMIaA and

MlaC are the key players in the Mla pathway that maintains the OM integrity, while the
absence 0fCj1373 may not directly affect the OM integrity and its loss may be
compensated by another member of the MlaFEDB complex in the IM.

Overall, we suggest that the increased membrane permeability and loss of its integrity in
mla mutants is due to unsuccessful removal of migrated PLs from the IM under stress,
or due to inability of the Mla system to prevent PLs from accumulation in the outer
leaflet of the OM in unstressed cells. This is because one or more proteins involved in
the Mla system are absent or nr@unctional in mutants. According to the primary
function of the Mla system described fMalinverni and Silhavy, 2009 it prevents

PLs from accumulation in the outer leaflet of the OM in unstressed cells, and remove

PLs from the OM when the cell is stressed. We demonstrated the role of the Mla system
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in preventing the accumation of PLs in the OM in unstressed cells by testing the
mutants sensitivity to CAMPSs. It would be highly valuable to prove its role in removing
PLs from the outer leaflet of the OM and transporting them to the IM under stress
conditions. This could be slwn by testing the viability of mutants cells under the effect

of CAMPs in the presence of stress facsoich as 1.0 % sodium chloride.
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Figure 5.14 Summary of the increased susceptibility to killing by CAMPs irC.
jejuni mla mutants. A) Sensitivity ofmla mutants to 2.0 uM LE37. B) Sensitivity of
mlamutants to 200 pg mtpolymyxin B.C) Sensitivity ofmla mutants to 200 pg mt
polymyxin E.D) Sensitivity of mla mutants to 200 pg nit protamine sulphate. The
axj1371mutant displays significant increases in sensitivity te37,. polymyxin B and
protamine sulphatep(< 0.001), while its sensitivity to polymin E was similar to the
wild-type at the same concentration. Bagl372mutant shows a significant increase in
the sensitivity to LE37 (p < 0.001), polymyxin B and polymyxin Ep0.0001), while

no significant change occurred when treated with protasughate compared to the
parent wildtype. The sensitivity of thexj1373mutant to LI1-37 and polymyxin B was
similar to the wildtype treated with the same peptides. However, it shows significant
increase in susceptibility to polymyxin E and protaminiplsate f < 0.01). The cell
viability values of the wildype were adjusted to 100% to reflect thiect of the
mutations on the cell viability under the same concentration of CAMP9 < 0.01,

*** p < 0.001, *** p < 0.0001. Error bars represents the standard deviation of these
measurements. Statistical analysis was carried out usingi@n@aNOVA.

192



5.3.4The Mla lipoproteins may be involved in intracellular spreading and early

steps of host cells colonisation @. jejuni as shown byin vitro motility.

The VacJ protein was found to be essential for intracellular spreadi@higélla
flexneriand enteroinvasiv&. coli (Suzukiet al, 1994. However, the function ahe
vacJhomologue product (Cj1371) @. jejuniis currently unknown. Because bacterial
motility is an important factor in invasion of host epithelial cells, and is important for
animal colonisation, we wanted to investigate by motility assays imtlaé (cj1377)

gene inC. jejuniand the other two genes involved in this pathwalaC andpossibly
cj1373 are responsible for increased motility ©f jejuni under stress conditions. An
increased motility may be an indicative of an alteration in theaseirdomposition of the

OM of the mla-deficient strains. This was demonstrated by testing the swarming
motility of the mla mutants over soft agar plate (0.3 % MHS), using the -tyibe

11168 strain as a negative control. All mutants showed swarming pheadhgi were
demonstrated by spreading of cells over the entire plates when incubated under stress
conditions, while they formedolid thick spots, similar to that of the witgpe when
incubated in the absence of stress agemis observation can providevidence for an
uncontrolled motility of the mutant cells when they were exposed to a stress factor such
as hyperosmotic environment. This phenotype can therefore explain that the Mla
proteins can be involved in the maintenance of the OM integrity, dadkef one of
themla genes results in an uncontrolledvitro motility. It is important to note that the
plasmids of thenla mutants were generated from the genomic DNA ofejuni81116

strain, and were used to transform the 11168 strain in our.salthough the gene
sequences in both strains are exactly typical, the 11168 strain is known to exhibit a less
ability of chicken colonisation, invasion and motility compared to other stf@agnor

et al, 2009. Therefore, the increased swarming motility observed inmiaemutants is

an indicative of an impaired function of the OM compositions.

In a previous study, Szymangii al, (2003) suggested that selective pressure can lead
the bacterium to alter surface antigens in order to escape the host immune response
(Szymanskiet al, 2003. We suggest from our results of motility assays that the Mla
proteins may play a role in evading host immune defence. Becausendurg$
indicated that elimination of Mla proteins results in an increased motility, we suggest

that themla mutants might be more invasive than the parent-tyjet. Nevertheless,
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more experiments need to be done to examine the ability ofmthemutants m
adherence, invasion and intracellular survival as well as host cells colonisation. A
gentamicin protection assay, a model adherence, invasion and intracellular survival
assay, can be carried out using INT407 intestinal epithelial cells to test the @it
mutants in adherence and invasi@tajamappanet al, 2008 Rathbunet al, 2009
Wassenaaet al, 199). In brief, mutant cells are grown in an enriched media under
standard microaerobic conditions for 20 hours. Then, cells are harvested and
resuspended in PBS buffer and added to semifluent INT407 cells monolayers.
Quantification of viable cells can be determined by CFU'mTLhe cells are then
incubated microaerobically for 3 hours, washed and lysed with tritdi@0X The
number of adherent cells can be quantified by viable count. For invasion determination,
INT407 cells are incubated for 3 hours with bacterial cells, and gentamicin is then
added to kill extracellular bacteria. Quantification of intracellular bacteria can be carried

out by viable count.

5.3.5 The Mla system is important in biofilm formation under arobic conditions

Accumulation of PLs in the outer leaflet of the OM does not only reduce its barrier role
(Nikaido, 2005, but also reduces the ability Gf jejunito form biofilms when th cells

are stressed due to a mstable membrane. Biofilm formation is considered as a defence
mechanism that bacterial cells use to resist external damaging agents such as detergents
and antimicrobial agent$-ux et al, 2005. BecauseC. jejunilives in two hosts, i.e.,
poultry and human, it has to face the atmospheric environment during its transfer
between hosts. Therefore, it requires evolving a mechanism to protect itself from the
high oxygen level. We previously know that the Mla system is important in the removal
of accumulated PLs in the OM under stress conditions, and thus maintaining tee barri
function of the OM (Malinverni and Silhavy, 2009 Hence, we became interested to
know whether mutation in thala genes can alter the ability Gf jejunito form biofilm

under stress conditions. The biofilm formation in the wylple is known to be higher in
aerobic conditiongReuteret al, 201Q. However,our findings indicated that mutation

in mlagenes resulted in an opposite behaviour. The decreased abilityrdé atlutants

to form biofilms in atmospheric environments compared to the parentypédcan be

an indicative of loss of membrane integrind this could be due to the accumulation
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of PLs in the OM because the cell is stressed. Thus, it is speculated that the Mla proteins
are not produced to remove the accumulated PLs from the OM, causing decreased OM
integrity. Although mutants were able fiarm biofilms under microaerobic conditions,

in which the proposed function of the Mla system is not required, their ability to form
biofilms under stress conditions was impaired. Therefore, it can be stated that the Mla
proteins are essential playerswhee | | s are stressed, i . e.
oxygen is limited. These data can explain that the Mla proteins which are not produced
in these mutants can be essential for@Ghgsjuniin maintaining the integrity of the cell,

as the lack of thee proteins result in a significantly reduced biofilm formation under

stress conditions which is directly dependent onaallinteraction.
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6 General conclusion and future directions

This study has provided a clearer insight about the role of periplasmic chaperones in the
translocation and assembly of the periplasmic and suefgqgesed OMPs that can be
highly immunogenic or considered as antimicrobial targets. In Chapter 3, mutation i
¢j1289andcj0694demonstrate phenotypes which are poorer in their growth compared

to the wildtype, and have decreased membrane integstyshownby antimicrobial
sensitivity assays. In addition, alteration in the OM profiles in each mutant suggests
possible periplasmic chaperone roles of the Cj1289 and Cj0694 proteins consistent with
previous studies. Mass spectrometry dathcated that some OMRare less abundant

in thechaperonenutants compared to the witgpe. Therefore, providing evidence that
these proteins could be chaperone cliemChapter 4, Cj0694 could be successfully
overexpressed and purified in order to investigate its rolthénperiplasm based on
biochemical and enzymatic evidence. Bioinformatics evidence that revealed sequence
similarities to the inner membraaachored PpiD irkE. coli suggest a possibly similar
localisation and function of Cj0694. This was supported byfdabethat Cj0694 does

not have a definel-terminal signal peptidase cleavage site, therefore suggesting that it
is not a Seaependent secretory protein. Moreover, Cj0694 was demonstrated to be an
active periplasmic PPlase as shown by a remarkajdlé94dependent acceleration of

the refolding rate of RCMRNase T. Also, Cj0694 was found to exhibit a general
periplasmic chaperone function that may help in early protein folding in the periplasm.
Although chaperone activity of Cj0694 could not be demorestrat inhibiting the
refolding of the tested substrate, rhodanese, it was found that Cj0694 was active in
preventing aggregation of rhodanese, and the reaction was found to be concentration
dependent. Thus, providing evidence that Cj0694 has a more geakrain the
periplasm as a chaperone for both periplasmic and outer membrane proteins, consistent
with previous findings of PpiD. Attempts to obtain a defined crystal structure of Cj0694
were not successful. However, cloning, epesduction and purificain using different
expression systems can be useful background for further studies. In Chapter 5, further
evidence was provided about the involvement of the Mla transport system in the
maintenance of the OM function @. jejuni The lack ofMlaA resultsin a severe salt

stress growth defect which may be due to a compromised OM function affecting cell
growth under these conditions. TaanlaA andamlaC mutants were more sensitive to

AMPs than the wiletype C. jejuni whereas the sensitivity of tleej1373 mutant was
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significantly more in the presence of polymyxin E and protamine sulphate, suggesting
that the MlaA and MlaC have direct roles in maintaining the OM integrity and barrier
function against external antimicrobial agents, whe@a873may have alistinct role

in the Mla pathway. Mreover, the decreasadility of the mla mutants to form biofilm
suggestdoss of membrane integrity, and this could be due to the accumulation of PLs
in the OM because the cell is stressed. The highly motile phendigpa sn mla null
mutants under stress conditions may be indicative for an alteration in the surface

composition of the OM.

In the past few years, our understanding of the mechanism by @hiejuni uses for

the biogenesis of OMPs was not completely clelnwever, taking these new findings

in consideration, we would like to introduce an initial model that describes the pathway
of newly translocated proteins from their entry to maturation in the periplasm. As
shown in Figure 6.1, PEB4 and Cj1289 are sautroteins indicating that they are
mohkile chaperong in the periplasm in this modeWwhereas Cj0694 is an insoluble
PPlase anchored to the periplasmic face of the inner membrane, similar to PpiD. In the
E. coli model of OMPs biogenesis, the majority ok tlWMPs are SurAlependent
proteins that are delivered to the BAM insertion and assembly complex in a partially
folded state. Thé&. coli periplasmic chaperone, Skp plays a rescue role for misfolded
proteins or carries them to DegP for degradation. In oapgsed model, PEB4 may be

the major periplasmic chaperone by which OMPs are carried across the periplasm. This
can be supported by the fact that double deletiopetf4 gene and other proposed
periplasmic chaperone genes is lethal, suggesting that theybeafunctionally
redundant. Cj1289 is suggested to be a more subspatéfic chaperone, whereas
Cj0694 may play a role as a general chaperone for periplasmic and OMHIEB4
PPlase domainanoffer a localprolyl isomerisation for a bound clieptotein,whereas

the PPlase domain of Cj0694 may serve as a calling point where precursor proteins bind
to it rapidly for prolyl isomerisation and then passed on to other chaperones, such as the

DegP homologue Cj1228c, for further maturation.

We also propsed the Mla systemathwayin the periplasm that maintains the OM
function in C.jejuni. It is supposed to do this function by retrograde trafficking of PLs
from the OM to their original site in the IMMIaA is proposed to be the primary
binding protein tht binds PLs in the inner leaflet of the OM, whereas MlaC binds free
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PLs in the periplasntCj1373is suggested to have a distinct role in the system where it

may act at later stages in the IM.
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Figure 6.1 Our current understanding of OM biogenesis inC. jejuni. OMPs are
synthesised in the cytoplasm as precursers and recognised by SecA and SecB
chaperones prior to their entry to the IM via the SecYEG translocon. Once entered the
periplasm, the substrate proteins are assisted by periplasmic chaperomssstlaero
periplasm. Two periplasmic proteins have been known to exhibit similar chaperone
function of SurA inE. colii PEB4 and Cj1289. PEB4 is a holdagpe chaperone that
prevents aggregation of substrate proteins. Cj1289 has shown a less chaperbae role t
PEBA4, suggesting that its role might be substrate specific. Cj0694 is a third chaperone
like periplasmic protein that is membrane anchored to the IM By-iesminal domain.
Cj0694 possesses sequence similarity tarther membran@nchored chaperorigpiD

in E. coli. The folding of a secreted protein can be catalysed by PEB4 or earlier upon
entry to the periplasm by Cj069%he substrate proteins ateendelivered to the BAM
insertion and assemblgomplex to catalyse insertion into the OWVhe Mla sgtem
removes the PLs from the Olhd delivers them to the IM, firstly by binding of MlaA

at the inner leaflet of the OM and then the periplasmic subdinadéeng protein MlaC

binds free PLs in the periplasi©®j1373 may have a distinct role in the Mla paidy.

The destiny of PLs is unclear but they might bénteoduced at the IM.
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Our currentproposedmodel of outer membrane protein assemdyhway, in which
periplasmic chaperones bital OMPs enteng from the Sec system in a partially folded
state anchandlethem to the BAM complex in th®M, has comanainly from studies
on only E. coli and Neisseria meningitidi¢Bos et al, 2007; Hageret al, 2010). In
thesebacteria, five proteins (BamiA) form the Bam complex, of which the key player
is BamA (YaeT / Omp85). I€. jejuni homology search led to the identification of
Cj0129c as the BamA homologue. In additionprmbable BamD homologue is
encoded by cj1074c. However, extensive searches haealed no homologues of
BamB (YfgL), BamC (NIpB) or BamE (SmpA), suggesting either that BamAD is the
minimal complex required for OMP assembly, or tiatjejuni employs additional
novel proteins in its Bam complex. In order to identify the complete Banplex in
C. jejuni two experimental approaches carelseéablishedthe first involves a complete
or partial loss of function mutationand the second is by identifying the interaction

partners of BamA and BamD.

Despite the fact thatomplete deletion®f bamA and bamD are lethal inE. coli,
insertions of theC-terminal part of the bamD generesult inviable mutants with OM
assembly defects (Wet al, 2005). InC. jejuni, insertional mutagenesis o0129cand
cj1074cin the 5 and 3 regionscanbe attempted tdetermine the importance of these
proteins By assessing the nature and severity of the OMP assembly defects in these
mutants through phenotypic and proteomic analyses, it would be possible to determine
the identities of the OMPs that dnandled by the Bam complex. In orderidentify
proteins that interact with Cj0129c (BamA) and Cj1074c (BamD), polyclonal antibody
raised against these proteins can be used for imiprewpitation ofC. jejuni OM
extracts. Alternatively, antibody proded againsk. coli BamA (Robertet al., 2006)

can be emplyed, as thenature of this protein in all Gramegative bacterigs highly
conserved.Potential interaction partners are then identified by mass spectrometry,

following the SDSPAGE of immune conlpxes.

The Mla system pathwaywhich is proposed in this studyas beenshown to be
involved in the maintenance of the OM function@n jejuni It will be particularly
interesting to investigatthe potentiakelationof the Mla system to other systenmat
are involved in the maintenance lggid asymmetry in the OM, particularly, the PIdA
system. This can be achieved by construction of doodépldA mutantsand testng

their growth, viability in the presence of AMPs, sensitivity to antimicrobial agents and
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detergents, motility and biofilm formatiom comparison to their parent wilgpe
Moreover, localisation experiments of the Mla proteins can provide clearer evidence
about theirroles in the Mla pathway. This can be achieved by raising polyclonal
antibodies against these proteif@ immunoprecipitation of C. jejuni membrane

fractions.

As far as the Mla proteins are considered to maintain the asymmetric distribution of the
lipids in the OM, it would be highly recommended to perform lipid analysis by Thin
Layer Chromatography (TLC) for the lipid compositions of the OMs of ritla
mutants, and comparing them to that of the syjge. This can provide an overall
picture of the altettdon in the lipid composition in the OM of thela mutants, and can
initially indicate lipids that are upegulated or dowanegulated in the OM. Then, the
membrane profile can be analysed by mass spectrometry to identify each component
that has been alteteOnedimensional TLC can be sufficient to obtain a fair separation
quality of the lipids. This approach can @p@od indication for the changes occurring

the OM profiles of thenla mutants, as a result of alteration in the lipid composition due

to thelack of the production of Mla components.

Providing clearer evidence about the biogenesis of the OB jejunimay be valuable

for the identification of novel OM targets for vaccines and chemotherapeutic
intervention,andcan provide a bettarnderstanding of assembly mechanisms of many
OM virulence factorsand vaccine candidates. Also, it caeliver novel strategies for
engineering OM permeability properties to incre&ejejuni sensitivity to current

antibiotics or to allow the use of novenes that are normally impermeable.
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Appendix

SILAC Mass spectrometry data

Table 1 Mass spectrometry data obtained from SILAC analysigilof-type (heavy

labelled) versuspc | 1(igi8t Babelled.

(Outermembrane).
Gene No Protein name Ratio | Ratio H./L 5::;:b|:li/tl;
H/L normalized
%1

Cjo437 Succinate dehydrogenase flavoprotein subunit (EC 1.3.99.1) 2.622 2.8408 17.31
Cj0921c Major cell-binding factor (CBF1) (PEB1) 2.523 2.6865 10.517
Cj1357c Putative periplasmic cytochrome C (EC 1.7.2.2) 1.884 2.0636 19.355
Cjo358 Putative cytochrome C551 peroxidase (EC 1.11.1.5) 1.534 1.8021 16.427
Cj1339c;Cj133 | Flagellin A;Flagellin B 1.708 1.7692 21.494
Cjl112c Putative SelR domain containing protein 1.493 1.7392 2.3463
Cjo689 Acetate kinase (EC 2.7.2.1) (Acetokinase) 1.675 1.7247 49.988
Cj0920c Putative ABC-type amino-acid transporter permease protein 1.655 1.6971 14.709
Cjo762c Aspartate aminotransferase (EC 2.6.1.1) 1.500 1.5515 13.244
Cjo706 Putative uncharacterized protein 1.309 1.4645 10.969
Cj1059c Glutamyl-tRNA(GIn) amidotransferase subunit A (Glu-ADT subunit A) 1.431 1.4616 13.209
Cj1214c Putative exporting protein 1.409 1.4412 16.304
Cj1624c L-serine dehydratase (EC 4.3.1.17) 1.291 1.4044 11.842
Cjoos7 Putative periplasmic protein 1.236 1.3824 10.973
Cjo442 3-oxoacyl-[acyl-carrier-protein] synthase 2 (EC 2.3.1.179) 1.301 1.3707 13.482
Cjo371 UPF0323 lipoprotein Cj0371 1.269 1.3491 23.198

Table 2. Mass spectrometry data obtained from SILAC analyswsilof-type (heavy

labelled) versuspc | 1(Iyi8t Babelled).

(Periplasn.
Gene No Protein name long Ratio Ratio H/L Ratio H/L
H/L normalized variability
[%]
Cj1157 Putative DNA polymerase Ill subunit gamma (EC 2.7.7.7) 0.81031 0.69968 9.3368
Cj0914c CiaB protein 0.81284 0.69901 38.511
Cj0100 ParA family protein 0.78596 0.69537 9.0816
Cjl476¢c Pyruvate-flavodoxin oxidoreductase (EC 1.2.7.-) 0.69805 0.68747 17.001
Cjoo08 Putative uncharacterized protein 0.79091 0.68302 9.784
Cj1266¢ Ni/Fe-hydrogenase large subunit (EC 1.12.5.1) 0.78156 0.67667 37.309
Cjl117c Ribosomal protein L11 methyltransferase (L11 Mtase) (EC 2.1.1.-) 0.79332 0.67399 13.637
Cjo410 Fumarate reductase iron-sulfur protein (EC 1.3.99.1) 0.75591 0.67084 58.567
Cjoo66¢c 3-dehydroquinate dehydratase (3-dehydroquinase) (EC 4.2.1.10) 0.68761 0.67032 27.589
Cj1070 30S ribosomal protein S6 0.65521 0.66406 4.5316
Cj1259 Major outer membrane protein (Porin) 0.6647 0.65733 14.81
Cj1514c Putative uncharacterized protein 0.68102 0.64632 7.0323
Cj1595 DNA-directed RNA polymerase subunit alpha (RNAP subunit alpha) 0.73527 0.64184 8.5615
Cjo127c Acetyl-coenzyme A carboxylase carboxyl transferase subunit beta 0.73734 0.63974 6.6
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Gene No Protein name long Ratio Ratio H/L Ratio H/L
H/L normalized variability
[%]

Cj1518 Putative molybdopterin converting factor,subunit 2 0.66998 0.63963 20.918
Cj1041c Putative periplasmic ATP/GTP-binding protein 0.73576 0.63537 5.1569
Cj1169c Putative periplasmic protein 0.67509 0.63427 20.664
Cj0298c 3-methyl-2-oxobutanoate hydroxymethyltransferase 0.74302 0.632 10.898
Cjo543 Proline--tRNA ligase (EC 6.1.1.15) (Prolyl-tRNA synthetase) (ProRS) 0.71887 0.63003 7.7582
Cjo843c Putative secreted transglycosylase 0.70097 0.62976 12.137
Cjo443 Acetyl-coenzyme A carboxylase carboxyl transferase subunit alpha 0.69115 0.61788 15.386
Cj0994c Ornithine carbamoyltransferase (OTCase) (EC 2.1.3.3) 0.7123 0.6158 8.025
Cjo640c Aspartate--tRNA ligase (EC 6.1.1.12) 0.64808 0.60853 8.0969
Cj1516 Putative periplasmic oxidoreductase 0.70141 0.60806 12.62
Cj0283c Chemotaxis protein 0.64295 0.60798 6.0989
Cjo279 Carbamoyl-phosphate synthase large chain (EC 6.3.5.5) 0.61691 0.6065 12.044
Cj1548c Putative NADP-dependent alcohol dehydrogenase (EC 1.1.1.2) 0.67339 0.60558 7.7717
Cjo912c Cysteine synthase B (CSase B) (EC 2.5.1.47) 0.65406 0.59389 7.0056
Cjo775¢ Valine--tRNA ligase (EC 6.1.1.9) (Valyl-tRNA synthetase) (ValRS) 0.67709 0.59256 82.575
Cjo771c Putative NLPA family lipoprotein 0.66256 0.59079 16.237
Cj0772c Putative NLPA family lipoprotein 0.65155 0.58034 5.8041
Cj1534c DNA protection during starvation protein (EC 1.16.-.-) 0.57876 0.57695 12.183
Cjo419 Putative histidine triad (HIT) family protein 0.534 0.57611 2.7316
Cjo409 Fumarate reductase flavoprotein subunit (EC 1.3.99.1) 0.64809 0.57423 26.87
Cjl112c Putative SelR domain containing protein 0.52933 0.56755 5.9368
Cjo132 UDP-3-0-[3-hydroxymyristoyl] N-acetylglucosamine deacetylase (EC 0.65992 0.56205 14.191
Cjo334 Alkyl hydroperoxide reductase (EC 3.4.-.-) 0.59975 0.56195 14.501
Cjo613 Putative periplasmic phosphate binding protein 0.62275 0.56084 9.1763
Cjo896 Phenylalanine--tRNA ligase beta subunit (EC 6.1.1.20) 0.60964 0.55445 36.426
Cj1586 Single domain haemoglobin 0.55139 0.55383 5.7821
Cjl426¢ Putative methyltransferase family protein 0.62491 0.54969 23.642
Cjo509c Chaperone protein ClpB 0.61337 0.54138 16.143
Cj0239c Nitrogen fixation protein NifU 0.62776 0.53832 35.201
Cjo139 Putative endonuclease 0.54768 0.52809 24.039
Cj0284c Chemotaxis histidine kinase (EC 2.7.3.-) 0.59698 0.51386 40.22
Cjo169 Superoxide dismutase [Fe] (EC 1.15.1.1) 0.57138 0.50864 14.309
Cj1200 Putative NLPA family lipoprotein 0.56389 0.50851 76.638
Cj1072 30S ribosomal protein S18 0.47604 0.50428 12.771
Cj1725 Putative periplasmic protein 0.52092 0.49227 3.221
Cj1366¢c Glutamine--fructose-6-phosphate aminotransferase [isomerizing] 0.5475 0.4786 9.7645
Cjos897 Phenylalanine--tRNA ligase alpha subunit (EC 6.1.1.20) 0.53868 0.473 21.416
Cj1708c 30S ribosomal protein S10 0.4771 0.46764 40.862
Cj0240c Cysteine desulfurase (NifS protein homolog) (EC 2.8.1.7) 0.48468 0.46577 11.849
Cjo575 Acetolactate synthase small subunit (EC 2.2.1.6) 0.45219 0.45335 0.77265
Cjo779 Probable thiol peroxidase (EC 1.11.1.-) 0.48601 0.4528 27.057
Cj0947c Putative carbon-nitrogen hydrolase 0.4437 0.45018 130.99
Cj1605c 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate N-succinyltransferase 0.48834 0.44349 112.08
Cjoa74 50S ribosomal protein L11 0.4298 0.43443 6.354
Cj1698c 30S ribosomal protein S17 0.40393 0.43092 11.264
Cj1253 Polyribonucleotide nucleotidyltransferase (EC 2.7.7.8) 0.46638 0.42712 14.117
Cj1690c 30S ribosomal protein S5 0.43043 0.42698 2.1529
Cjo037c Putative cytochrome C 0.45835 0.42055 35.557
Cj1592 30S ribosomal protein S13 0.41372 0.41494 33.406
Cjo450c 50S ribosomal protein L28 0.37964 0.40929 0.5788
Cj0o370 30S ribosomal protein S21 0.37993 0.40857 8.4814
Cj1507c Putative regulatory protein 0.44083 0.4008 189.76
Cj1058c Inosine-5'-monophosphate dehydrogenase (IMP dehydrogenase) 0.46432 0.40018 95.4
Cj1584c Putative peptide ABC-transport system periplasmic peptide-binding 0.45471 0.39853 17.427
Cj1377c Putative ferredoxin 0.45309 0.39682 12.424
Cj0942c Protein translocase subunit SecA 0.42367 0.38929 25.497
Cj1027c DNA gyrase subunit A (EC 5.99.1.3) 0.43422 0.38659 29.919
Cjo479 DNA-directed RNA polymerase subunit beta' (RNAP subunit beta') 0.39001 0.38529 47.104
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Gene No Protein name long Ratio Ratio H/L Ratio H/L
H/L normalized variability
[%]

Cjo4a78 DNA-directed RNA polymerase subunit beta (RNAP subunit beta) 0.37697 0.37428 72.203
Cj1691c 50S ribosomal protein L18 0.36053 0.37415 17.486
Cj1718c 3-isopropylmalate dehydrogenase (EC 1.1.1.85) 0.43884 0.37326 9.703
Cjo8g4 30S ribosomal protein S15 0.34506 0.36939 16.288
Cj1693c 30S ribosomal protein S8 0.36799 0.3684 0.98843
Cj1697c 50S ribosomal protein L14 0.36116 0.36483 29.863
Cjo710 30S ribosomal protein S16 0.33948 0.36321 2.7341
Cj1083c Putative nuclease (EC 4.2.99.18) 0.38401 0.36249 182.3
Cj0289c Major antigenic peptide PEB3 0.40271 0.35378 28.466
Cjo714 50S ribosomal protein L19 0.34674 0.35138 60.706
Cj1707c 50S ribosomal protein L3 0.37602 0.34957 10.846
Cj1479c 30S ribosomal protein S9 0.33864 0.34245 4.0467
Cj1201 5-methyltetrahydropteroyltriglutamate--homocysteine 0.38562 0.33127 34.641
Cjo492 30S ribosomal protein S7 0.31185 0.32642 30.264
Cj1689c 50S ribosomal protein L15 0.33102 0.32446 9.9369
Cj1480c 50S ribosomal protein L13 0.3377 0.32304 16.493
Cj1338c Flagellin B 0.34837 0.32098 116.32
Cj1594 30S ribosomal protein S4 0.33654 0.31713 49
Cj0699c Glutamine synthetase (EC 6.3.1.2) 0.36604 0.31429 230
Cjo106 ATP synthase gamma chain (ATP synthase F1 sector gamma subunit) 0.35999 0.30728 17.024
Cjo105 ATP synthase subunit alpha (EC 3.6.3.14) 0.3275 0.28194 0.48087
Cjooo7 Glutamate synthase (NADPH) large subunit (EC 1.4.1.13) 0.27861 0.26951 20.566
Cj1659 Periplasmic protein p19 0.24812 0.23716 2.742
Cj1727c Putative O-acetylhomoserine (Thiol)-lyase (EC 2.5.1.49) 0.22342 0.21195 56.924
Cj1221 60 kDa chaperonin (GroEL protein) (Protein Cpn60) 0.20896 0.17976 8.8305
Cj0939c Putative uncharacterized protein 0.1713 0.17653 81.068
Cjo415 Putative GMC oxidoreductase subunit 0.15593 0.14 179.73
Cjo777 Putative ATP-dependent DNA helicase 0.13731 0.13069 78.986
Cjo237 Carbonic anhydrase (EC 4.2.1.1) 0.1291 0.1214 5.8383
Cj1325 Putative methyltransferase 0.10834 0.10302 3.7419
Cjo414 Putative oxidoreductase subunit 0.08352 0.078985 301.74
Cj1393 Putative cystathionine beta-lyase (EC 4.4.1.8) 0.07409 0.066526 14.299

Table 3. Mass spectrometry data obtained from SILAC analysisilof-type (heavy
labelled) versuspc j O(igdt Kabelled).

(Outermembrane).
Gene No Protein name Ratio Ratio H./L 5::;:b':li/tl;/
H/L normalized %]
Cjl674 Putative uncharacterized protein 4.1104 6.2538 257.47
Cjoo66¢c 3-dehydroquinate dehydratase (3-dehydroquinase) (EC 4.2.1.10) 2.4689 4.2574 184.11
Cjo112 Protein TolB 1.3841 2.1904 33.554
Cj0921c Major cell-binding factor (CBF1) (PEB1) 1.6282 2.0554 23.051
Cjo706 Putative uncharacterized protein 1.3522 2.0028 25.711
Cj1337 PseE protein 1.1844 1.938 134.87
Cjo078c Cytolethal distending toxin B 1.0996 1.8629 6.6786
Cjl266¢ Ni/Fe-hydrogenase large subunit (EC 1.12.5.1) 1.1494 1.7905 101.5
Cj1516 Putative periplasmic oxidoreductase 1.0935 1.7539 24.596
Cjo755 Ferric enterobactin uptake receptor 1.0842 1.747 16.083
Cj1339c;Cj1338c | Flagellin A;Flagellin B 1.1924 1.7027 19.886
Cj1357c Putative periplasmic cytochrome C (EC 1.7.2.2) 1.0696 1.6828 14.042
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Ratio H/L

. Ratio Ratio H/L o
Gene No Protein name H/L normalized \[I‘;’Iilablllty
Cj1269c N-acetylmuramoyl-L-alanine amidase (EC 3.5.1.28) 1.0288 1.6479 21.952
Cjo077c Cytolethal distending toxin C 1.2179 1.6239 17.352
Cjo475 50S ribosomal protein L1 0.94126 1.6164 4.446
Cj1289 Possible periplasmic protein 1.0609 1.5766 26.498
Cjo0o92 Putative periplasmic protein 0.94999 1.5624 35.865
Cjo114 Putative periplasmic protein 0.90665 1.5538 7.0377
Cj1479c 30S ribosomal protein S9 1.0616 1.5424 17.559
Cjo561c Putative periplasmic protein 1.0257 1.5202 10.998
Cj1704c 50S ribosomal protein L2 0.96805 1.4932 15.825
Cj1700c 50S ribosomal protein L16 1.0837 1.4897 4.2495
Cj1651c Methionine aminopeptidase (EC 3.4.11.18) 0.9003 1.4697 1.0983
Cjo511 Putative secreted protease 0.77606 1.4352 11.801
Cjo886¢c DNA translocase FtsK 0.91653 1.4281 29.249
Cj1701c 30S ribosomal protein S3 0.82458 1.4133 19.208
Cjo093 Putative periplasmic protein 0.85458 1.3879 29.134
Cj1702c 50S ribosomal protein L22 0.94819 1.3736 2.5786
Cj1689c 50S ribosomal protein L15 0.89892 1.3731 11.308
Cj1500 Putative integral membrane protein 0.82261 1.3553 15.368
Cj1181c Elongation factor Ts (EF-Ts) 1.166 1.3509 15.938
Cj1592 30S ribosomal protein S13 1.0711 1.3503 15.836
Cjoos9 Putative lipoprotein 0.85715 1.3404 13.731
Cj0129c Outer membrane protein assembly factor BamA 0.88825 1.3362 22.697
Cj1214c Putative exporting protein 1.0621 1.3335 35.202
Cjo245 50S ribosomal protein L20 0.9243 1.3306 18.288
Cjo492 30S ribosomal protein S7 0.89393 1.3216 16.746
Cjogdsa 30S ribosomal protein S15 1.0663 1.3125 13.561
Cjo812 Threonine synthase. Functional classification-Amino acid biosynthesis- 1.1412 1.3009 30.589

Table 4. Mass spectrometry data obtained from SILAC analysisilof-type (heavy
labelled) versuspc j O(Igt Kabelled).

(Periplasn.
Gene No Protein name Ratio Ratio H./L s::;:b:{tLy
H/L normalized
[%]

Cj1691c 50S ribosomal protein L18 0.6141 0.69689 11.919
Cjoo69 Putative uncharacterized protein 0.60351 0.69517 9.4542
Cj1070 30S ribosomal protein S6 0.62221 0.69347 0.81139
Cj0994c Ornithine carbamoyltransferase (OTCase) (EC 2.1.3.3) 0.60154 0.69115 4.4986
Cjo194 GTP cyclohydrolase 1 (EC 3.5.4.16) (GTP cyclohydrolase 1) (GTP-CH-1) 0.60191 0.68682 11.121
Cjl624c L-serine dehydratase (EC 4.3.1.17) 0.59727 0.68429 17.909
Cjl724c NADPH-dependent 7-cyano-7-deazaguanine reductase (EC 1.7.1.13) 0.61483 0.68272 3.708
Cjo643 Two-component response regulator 0.59978 0.68271 8.9054
Cj1543 Putative allophanate hydrolase subunit 2 0.56354 0.68252 10.09
Cjo833c Putative oxidoreductase 0.55182 0.68074 16.185
Cjo688 Putative phosphate acetyltransferase (EC 2.3.1.8) 0.57145 0.67748 16.108
Cj1221 60 kDa chaperonin (GroEL protein) (Protein Cpn60) 0.56504 0.67641 11.415
Cjo518 Chaperone protein HtpG (Heat shock protein HtpG) (High 0.5759 0.67514 12.604
Cj1607 Bifunctional enzyme IspD/IspF [Includes: 2-C-methyl-D-erythritol 4- 0.55369 0.67458 29.388
Cj1534c DNA protection during starvation protein (EC 1.16.-.-) 0.44008 0.6727 22.017
Cj1594 30S ribosomal protein S4 0.58986 0.67088 15.079
Cj1595 DNA-directed RNA polymerase subunit alpha (RNAP subunit alpha) 0.54794 0.6661 7.3095
Cj0759 Chaperone protein DnaK (HSP70) (Heat shock 70 kDa protein) (Heat 0.55187 0.66609 27.904
Cj1478c Outer membrane fibronectin-binding protein 0.57565 0.66426 42.814
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Ratio H/L

. Ratio Ratio H/L o

Gene No Protein name H/L normalized }I;:Ilablhty

Cjoo16 7-cyano-7-deazaguanine synthase (EC 6.3.4.20) 0.52467 0.65914 3.5848
Cjo533 Succinyl-CoA ligase [ADP-forming] subunit beta (EC 6.2.1.5) (Succinyl- 0.56376 0.65724 15.472
Cj1542 Putative allophanate hydrolase subunit 1 0.55781 0.65483 6.8005
Cjo779 Probable thiol peroxidase (EC 1.11.1.-) 0.57386 0.65283 87.524
Cjo534 Succinyl-CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5) 0.55543 0.65122 17.459
Cjo427 Putative uncharacterized protein 0.5764 0.64955 9.2226
Cjo113 Peptidoglycan associated lipoprotein (Omp18) 0.57161 0.64769 29.124
Cj1288c Glutamate--tRNA ligase 2 (EC 6.1.1.17) (Glutamyl-tRNA synthetase 2) 0.57527 0.64532 12.14
Cj1201 5-methyltetrahydropteroyltriglutamate--homocysteine 0.34777 0.64247 35.039
Cj1537c Acetyl-coenzyme A synthetase (AcCoA synthetase) (Acs) (EC 6.2.1.1) 0.53704 0.63748 32.245
Cj0953c Bifunctional purine biosynthesis protein PurH (EC 2.1.2.3) 0.52515 0.63254 9.2057
Cjo583 Putative uncharacterized protein 0.54845 0.6322 64.389
Cjo896 Phenylalanine--tRNA ligase beta subunit (EC 6.1.1.20) (Phenylalanyl- 0.33417 0.62833 134.81
Cj1436¢ Aminotransferase 0.54927 0.62433 9.5865
Cjo701 Putative protease 0.56151 0.62378 11.689
Cjo642 DNA repair protein RecN (Recombination protein N) 0.53988 0.62285 6.1036
Cjl426¢ Putative methyltransferase family protein 0.52715 0.62177 15.822
Cjo196¢ Amidophosphoribosyltransferase (ATase) (EC 2.4.2.14) (Glutamine 0.52335 0.61982 12.308
Cj0o206 Threonine--tRNA ligase (EC 6.1.1.3) (Threonyl-tRNA synthetase) 0.52983 0.61779 7.0202
Cj1548c Putative NADP-dependent alcohol dehydrogenase (EC 1.1.1.2) 0.54156 0.61704 9.003
Cj1498c Adenylosuccinate synthetase (AMPSase) (AdSS) (EC 6.3.4.4) (IMP-- 0.5616 0.61642 5.2484
Cj1399c Putative Ni/Fe-hydrogenase small subunit 0.5406 0.61146 6.7497
Cjo775¢ Valine--tRNA ligase (EC 6.1.1.9) (Valyl-tRNA synthetase) (ValRS) 0.33106 0.61065 35.547
Cj1085c Transcription-repair coupling factor 0.38493 0.61064 7.713
Cj0384c 2-dehydro-3-deoxyphosphooctonate aldolase (EC 2.5.1.55) 0.51779 0.60924 5.9383
Cjo681 Putative uncharacterized protein 0.58104 0.60857 13.561
Cjo342c Excinuclease ABC subunit A 0.43072 0.60329 14.473
Cjo845c Glutamate--tRNA ligase 1 (EC 6.1.1.17) (Glutamyl-tRNA synthetase 1) 0.54183 0.60074 43.258
Cj0269c Branched-chain amino acid aminotransferase (EC 2.6.1.42) 0.49013 0.5978 18.79
Cjo478 DNA-directed RNA polymerase subunit beta (RNAP subunit beta) (EC 0.37756 0.59387 27.081
Cj1190c;Cj0448 Bipartate energy taxis response protein cetA;Putative MCP-type 0.51458 0.59158 15.524
Cjo389 Serine--tRNA ligase (EC 6.1.1.11) (Seryl-tRNA synthetase) (SerRS) 0.54269 0.58922 104.42
Cjo891c D-3-phosphoglycerate dehydrogenase (EC 1.1.1.95) 0.48873 0.58469 17.964
Cjo169 Superoxide dismutase [Fe] (EC 1.15.1.1) 0.47426 0.57648 12.43
Cj1686¢ DNA topoisomerase 1 (EC 5.99.1.2) (DNA topoisomerase I) 0.31523 0.57387 68.089
Cjo783 Periplasmic nitrate reductase, electron transfer subunit (Diheme 0.51109 0.57094 9.9869
Cj1418c Putative transferase 0.30861 0.56951 57.885
Cjogdsa 30S ribosomal protein S15 0.4498 0.56011 14.854
Cj1690c 30S ribosomal protein S5 0.50059 0.55815 5.3156
Cjo372 Putative glutathionylspermidine synthase (EC 6.3.1.8) 0.46119 0.54808 12.009
Cjl164c Putative uncharacterized protein 0.43835 0.54409 53.292
Cj1707c 50S ribosomal protein L3 0.47116 0.54369 41.696
Cj1481c Putative helicase (EC 3.6.1.-) 0.36169 0.5413 1.5088
Cjo139 Putative endonuclease 0.29319 0.53652 15.928
Cjl112c Putative SelR domain containing protein 0.47871 0.53467 12.592
Cjo274 Acyl-[acyl-carrier-protein]--UDP-N-acetylglucosamine O- 0.45943 0.53371 16.818
Cjo572 3,4-dihydroxy-2-butanone 4-phosphate synthase (DHBP synthase) 0.46501 0.52715 7.3751
Cjo074c Putative iron-sulfur protein 0.44322 0.51687 6.1836
Cjo279 Carbamoyl-phosphate synthase large chain (EC 6.3.5.5) (Carbamoyl- 0.32739 0.51686 24.728
Cj0240c Cysteine desulfurase (NifS protein homolog) (EC 2.8.1.7) 0.42449 0.51616 15.181
Cj1364c Fumarate hydratase class Il (Fumarase C) (EC 4.2.1.2) 0.44334 0.50568 19.302
Cj0914c CiaB protein 0.42904 0.50211 69.463
Cjo485 Putative oxidoreductase 0.43459 0.50034 7.8948
Cjo700 Putative uncharacterized protein 0.41255 0.49841 71.515
Cj1274c Uridylate kinase (UK) (EC 2.7.4.22) (Uridine monophosphate kinase) 0.40219 0.4942 4.3899
Cj1271c Tyrosine--tRNA ligase (EC 6.1.1.1) (Tyrosyl-tRNA synthetase) (TyrRS) 0.45491 0.49368 4.701
Cjl476¢c Pyruvate-flavodoxin oxidoreductase (EC 1.2.7.-) 0.31839 0.49057 14.99
Cjo073c Putative uncharacterized protein 0.42736 0.48966 7.2603
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Gene No Protein name H/L normalized }I;:Ilablhty

Cjooo8 Putative uncharacterized protein 0.41602 0.48822 127.05
Cj1377c Putative ferredoxin 0.41913 0.48623 12.829
Cj1325 Putative methyltransferase 0.39602 0.47487 182.95
Cjo838c Methionine--tRNA ligase (EC 6.1.1.10) (Methionyl-tRNA synthetase) 0.39109 0.47319 17.7
Cj0942c Protein translocase subunit SecA 0.29968 0.47211 35.84
Cjo371 UPFO0323 lipoprotein Cj0371 0.40904 0.47196 1.0471
Cj1236 Putative uncharacterized protein 0.39789 0.47182 111.15
Cj1480c 50S ribosomal protein L13 0.41595 0.46935 7.7842
Cjo575 Acetolactate synthase small subunit (EC 2.2.1.6) 0.42021 0.46536 11.146
Cjo409 Fumarate reductase flavoprotein subunit (EC 1.3.99.1) 0.35349 0.45882 32.18
Cjo197c 4-hydroxy-tetrahydrodipicolinate reductase (HTPA reductase) (EC 0.39904 0.45735 7.0055
Cj1157 Putative DNA polymerase Ill subunit gamma (EC 2.7.7.7) 0.37627 0.45257 7.9662
Cjo026¢ Thymidylate synthase ThyX (TS) (TSase) (EC 2.1.1.148) 0.39634 0.44293 7.937
Cj1672c Enolase (EC 4.2.1.11) (2-phospho-D-glycerate hydro-lyase) (2- 0.39577 0.44082 29.432
Cj1400c Enoyl-[acyl-carrier-protein] reductase [NADH] (EC 1.3.1.9) 0.37849 0.43992 10.925
Cj0640c Aspartate--tRNA ligase (EC 6.1.1.12) (Aspartyl-tRNA synthetase) 0.36587 0.43988 15.556
Cj1259 Major outer membrane protein (Porin) 0.37043 0.43979 19.914
Cjo474 50S ribosomal protein L11 0.3891 0.43597 9.7937
Cj0284c Chemotaxis histidine kinase (EC 2.7.3.-) 0.23928 0.43581 43.09
Cj1479c 30S ribosomal protein S9 0.37662 0.43469 129.87
Cjo192c ATP-dependent Clp protease proteolytic subunit (EC 3.4.21.92) 0.3742 0.42699 5.0272
Cj0843c Putative secreted transglycosylase 0.3564 0.42484 18.037
Cj0298c 3-methyl-2-oxobutanoate hydroxymethyltransferase (EC 2.1.2.11) 0.3499 0.42224 3.2833
Cjo401 Lysine--tRNA ligase (EC 6.1.1.6) (Lysyl-tRNA synthetase) (LysRS) 0.35582 0.4154 37.552
Cj1359 Polyphosphate kinase (EC 2.7.4.1) (ATP-polyphosphate 0.2586 0.41428 45,936
Cjo105 ATP synthase subunit alpha (EC 3.6.3.14) (ATP synthase F1 sector 0.35539 0.41323 2.5921
Cjo023 Adenylosuccinate lyase (EC 4.3.2.2) 0.36813 0.41313 11.93
Cjo136 Translation initiation factor IF-2 0.27645 0.41238 11.958
Cj1519 Putative molybdopterin biosynthesis protein 0.36709 0.41046 0.24199
Cj1287c Malate oxidoreductase (EC 1.1.1.38) 0.38009 0.41038 56.913
Cj1234 Glycine--tRNA ligase beta subunit (EC 6.1.1.14) (Glycyl-tRNA 0.34223 0.40703 30.261
Cj1523c Putative CRISPR-associated protein 0.28577 0.40474 19.429
Cjoo87 Fumarate hydratase class Il (Fumarase C) (EC 4.2.1.2) 0.36247 0.39948 35.98
Cjo537 OORB subunit of 2-oxoglutarate:acceptor oxidoreductase 0.33841 0.39619 10.823
Cj1110c Putative MCP-type signal transduction protein 0.35939 0.39583 8.0077
Cjo536 OORA subunit of 2-oxoglutarate:acceptor oxidoreductase 0.34647 0.39113 22.037
Cjo778 Major antigenic peptide PEB2 0.34313 0.38855 12.172
Cjo665¢c Argininosuccinate synthase (EC 6.3.4.5) (Citrulline--aspartate ligase) 0.35297 0.37691 14.422
Cj1027c DNA gyrase subunit A (EC 5.99.1.3) 0.21474 0.36636 47.986
Cjo710 30S ribosomal protein S16 0.29884 0.3486 5.5912
Cj1592 30S ribosomal protein S13 0.30883 0.34843 6.0148
Cjo641 Probable inorganic polyphosphate/ATP-NAD kinase (Poly(P)/ATP 0.28711 0.33985 25.692
Cjogo7 Putative oxidoreductase 0.31117 0.33944 11.413
Cj0622 Carbamoyltransferase (EC 2.1.3.-) 0.19344 0.33684 40.342
Cj0699c Glutamine synthetase (EC 6.3.1.2) 0.27858 0.33653 53.199
Cj0392c Pyruvate kinase (EC 2.7.1.40) 0.28794 0.3323 39.941
Cj0283c Chemotaxis protein 0.26776 0.30723 64.789
Cj1718c 3-isopropylmalate dehydrogenase (EC 1.1.1.85) (3-IPM-DH) (Beta- 0.23037 0.29014 0.15542
Cj0913c DNA-binding protein HU (HCj) 0.24466 0.28784 6.1195
Cj0237 Carbonic anhydrase (EC 4.2.1.1) 0.24961 0.28589 5.5503
Cjo543 Proline--tRNA ligase (EC 6.1.1.15) (Prolyl-tRNA synthetase) (ProRS) 0.2183 0.26281 13.5
Cj1689c 50S ribosomal protein L15 0.22964 0.253 6.2074
Cj1266¢ Ni/Fe-hydrogenase large subunit (EC 1.12.5.1) 0.18314 0.21662 21.846
Cj1727c Putative O-acetylhomoserine (Thiol)-lyase (EC 2.5.1.49) 0.13855 0.21498 94.995
Cjo499 Putative histidine triad (HIT) family protein 0.18117 0.20412 190.61
Cj1393 Putative cystathionine beta-lyase (EC 4.4.1.8) 0.09115 0.10547 199.39
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