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Abstract

Gramnegative bacteria have a variety of systems that catalyse the formation of
disulphide bonds, which are esgsehfor the folding, activity, and stability of many
periplasmic and secreted proteins. HesABCD(suppressor of copper sensitivity)
locus of Salmonella entericancodes four proteins with thioredoxike catalytic
motifs. Previous work has shown tHaélmonellaencounters toxic levels of copper
during infection and thescs system provides protection against coppediated
toxicity. Given thatCu?* ions are known to promote disulphide oxidation, it was
hypothesised that thetScs proteins and copperthanfluence the thiol redox status

of periplasmic proteinsn vivo. The current work reports that expression of the
soluble periplasmic protein StScsC is copgpeecific, and copper was found to
oxidise StScs(n vivo. Using a combination of genetic antbfgomics approaches,

the abundance of various cystermntaining periplasmic/secreted proteins were
found to be elevated by StScsC and copper in Shbnonellaperiplasm. Ce
purification and mass spectrometry approaches provide additional evidendeethat t
argininesensing periplasmic protein Artl interacts with StScé@ramacrophage
survival data demonstrates that loss of StScsC results in a significant decrease in
survival. The current work reports a new role for the thioreddikia StScsC protein

in disulphide folding of Artl, a periplasmic-arginine sensing protein. Given the
known impact of arginine sensing/uptake upowi-GMP signalling and the
production of nitric oxide (NO) by host cells, the current work demonstrates a role
for the Scs systenin facilitating intramacrophage survival through alleviating

copperstress, and implicates StScsC in a broader role in immune evasion.

In addition, the presence &fiScs proteinsand copper washown to increase the
yield of HerceptinFab fragments (usedo treat breast cancer) ithe E. coli
periplasm. Hence, th8tScs proteindave the potentiab facilitate the formation of

disulphides irproteintherapeuticshatcan be used in biotechnological platforms.

This work provides novel insights into the vivo role for the Scssystem in
Salmonella and highlights the importance of disulphide stress responses and copper

tolerance during infection.
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Chapter 1

Introduction



1.1- Salmonellataxonomy, serovarsand diseases

Salmonellaare rod-shaped, Gramegative motile bacteria belonging to the family
Enterobacteriaceae (Andino and Hanning, 201Bhe Salmonella genus is
subdividednto two speciesSalmonella entericandSalmonella bongorfLan et al.,
2009 review). By usingthe KauffmanWhite scheme, more than 2500 serotypes of
Salmonellahave been identified (Engt al., 2015 review, Ryan et al., 2017,

review).

The main niche oBalmonellaserovars is the intestinal tract of humans and farm
animals which ioone of the major causes of foodborne diselseostly associates
with contaminated pig, poultry and bovine meat and due to poor standdrglgierie
(contaminated food and wate§almonellais a continuing risk of infection (Broet

al., 2012 review, Andino and Hanning, 2015).

S. entericaserovar Typhi ané. entericaserovar Paratyphi Aeads to typhiod fever
in humans anchigher primates (Enget al., 2015 review). However, thenon-
typhoidal Salmonellastrain S. entericaserovar Typhimuriunhas a widerange of
hoss includinghumansrodents andcattle (Garaiet al.,2012 review), and carlead
to gastroenteritis in humans with symptomsluding diahorrea, fever, stomach pain
and nauseaand can lead toa systemic infection similar to typhoid fever in
susceptible mice (Miket al.,2004).

1.2- Salmonellahost invasion and survival

Almost all strains ofSalmonellaare pathogenic as they have the ability to invade,
replicate and survive in host cells, resulting in potentially fatal disease. The ability of
Salmonellastrains to persist in the host cell is crucial for pathogenesis, as strains
lacking this ability are nowirulent (Enget al., 2015 review). When Salmonella
entes the digestive tract via contaminated water or fabdends to penetrate the
epithelial cells on the intestinal walbalmonellacan adhere and translocate into
eukaryotic epithelia aornessane\fticeepithebal o f
cells are modified via the action 8klmonellgpathogencity islands leading to entry

of bacteriaSalmonellacan also be engulfed by thendritic cells (Garagt al.,2012
review, Fabrega and Vila, 2013eview). Figure 1.1 shows the mechanism of
Salmonellainvasion of eukaryotic epithelia through M cells where most of the

bacterial cells have breached the epitheliGamonellgpathogenicity islands (SPIs)
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are gene clustetbat encode¢he most important genetic determinafaisSalmonella
virulence (Hurleyet al.,2014 review), andhave been acquired during the evolution
of Salmonellainto a successful pathogen from its Enbercteriaceae ancestor
(Hacker and CarnieR00Z; review). The major type 3 secretion systems (T3SS) of
Salmonellaare encoded by two pathogenicity islands,-SRhd SRP (Garaiet al.,
2012 review, Coburnet al, 2007 review).

S. Typhimurium
yp\ f

= fM\cellff &é\’\)w&\) f fff
7

& p-
Macro/phage f

Figure 1.1- Salmonellainvasion and replication. (1) Salmonellais attached to the
intestinal epithelium by targeting the M cells. For epithelial invasion and induction of the
membrane ruffling, Invd, InvG, SipB and SipC proteimscodecby SPH, form the needle
assembly andnodulate the actin cytoskeleton for the injection of bacterial effector proteins.
(2) Salmonellais localised within theSalmonellacontaining vacuole SCV) inside the
eukaryotic cytoplasm(3) Salmonellacan replicate and survive in the SCV psoducing
effectors encodelly SPI2. The SifA effector is secreted for maintenance of the membrane
integrity. (4) Salmonellaare internalised by macrophages for killing5) Internalised
Salmonellacan be released to the submucosa and can be engulfed by the @mgesoph
(Ibarra and Steel®lortimer, 2009 review, Garaiet al., 2012 review, Fabrega and Vila,
2013 review).

The T3SS machinery isregulated by different environmental signals and dediver
effector proteins to the host cell membrane and cytosol in Geagative bacteria.

The T3SS apparatus is a neelife structure secreting translocons that allow access
of secreted effectors to the eukaryotic host cell by forming pores (Waterman and
Holden, 2003 review). Expression of SP1 T3SS is controlled by two distinct
regulabry proteins HilA and InvF (Greman and Ochman, 199&view) triggering
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invasion of the epithelial cells i8. Typhimurium (Srikanthet al., 2011, review).
Proteins secreted from the Inv/Spa systm@necessary for the formation of cell
surface apgndages upon contawiith the host epithelial cell and for the assembly of
needlelike complexes (Graman and Ochman, 199%&view). Effector proteins are
then translocated into the host cell cytosolan ATP dependent manneGfeen and
Mecsas, 20L6review) through the pore formed by SipBCD proteins in the host cell
membrane (Fabrega and Vila, 20X8view). Delivery of effectorsinducesactin
cytoskeletal earrangementsesulting in theformation of membrane ruffles that
engulf bacteria in large vesicles cal®dimonellacontaining vacuoles (SCVSs)
(Knodler and Steel&lortimer, 2003 review), where Salmonellacan replicate and
survive(Garai et al, 2012 review). In addition, S. Typhimurium SPIl T3SS
effectors also trigger the activation of mitogmetivated protein kinase pathways,
leading to the production of proinflammatory cytokines inducing acute intestinal
inflammation (Srikanthet al, 2011 review). In a mouse modelfor systemic
infection, mutatios that affectsecretion the SP1 effectorshave been shown to

impair virulence ofS. Typhimurium (Waterman and Holden, 2008view).

Upon delivery of the amtiicrobial host factors such as free radical generating
complexedo the SCV a series ofSPI2 T3SS virulence factors are synthesised for
biogenesis and maintenance thle SCV membraneimpairing the transport of
antimicrobials into the SCV and promoting survival and replication ofriveding
bacteria (Srikanttet al, 20121 review, Coburnet al, 2007 review). SP}2 virulence
factors remodel the SCM such way thaimpairsfusion ofthe lysosome to the SCV
(Enget al.,2015 review). NADPH oxidasedependent killing and localisation of the
INOS to the SCV (described in detail on further sections) by macrophages are also
avoided (VazqueZ orreset al.,2000; Chakravorttet al.,2002).

1.3 Host response and bacterial defence mechanisms

Innate and adaptive immune responses are mediated by macrophages that play an
essential role in defence against pathog@mee the pathogen can start to replicate

and survive in the SCV, recognition 8almonellaby the host immune system is
crucial for mounting an immune response (Gogbial, 2018 review) such as

creating antimicrobial milieu with an acidified pH, the generation ROS/ RNS



(reactive oxygen species/ reactive nitrogen speossyaton of protease levels, and

the mobilization of iron (Festa and Thiele, 20i@view). Macrophages sense the
presence of conserved pathogesociated molecular patterns (PAMPS) of bacteria
via pattern recognition receptors (PRRSs) like ik receptord TLRs) and NOD

like receptors (NLRs)(Kawasaki and Kawai, 2014review). TLR induces the
expression of interferon gamma (IFN) which in turn promote
macrophages which enhammadative (Fosteet al, 2003) and nitrosativeazquez
Torreset al., 2000) killing of pathogens. Antimicrobial peptides are released from
macrophages which apmsitively charged basic amino acatsd hydrophobic amino
acidsthat can interact with thieipopolysaccharide (LPS) on the bacterial membrane
resulting in pore formation (Goget al.,2018 review). The pH of the phagosome is
lowered and proteases are also released for bacterial killing in the SCV (Hirayama
al., 2018 review, Flannagaret al, 2009 review). Coordinated delivery of toxic
substances following phagocytosis starts of by production of reactive oxygen species
(ROS), and once the ROS production diminishéen iINOS-mediated nitrosative
stressis induced In addition, bacterial replication can be tolied by limitation of

the metal ion availability (Gogeait al.,2018 review).

Salmonellais a very successful enteric pathogen because it produces virulence
factors that inhibit the delivery of antimicrobials and promote survival and

replication in thephagosome when engulfed by macrophages (Fabrega and Vila,
2013 review). Selected host antimicrobial responses arhlmonella defence

mechanisms are described in the following sections.

1.3.1 Reactive oxygen species (ROS)

The phagocytic oxidative burst is a primary effector of innate immunity that protects
against bacterial infection (Vazqué@prres et al., 2000). Superoxide (@) is
synthesised by the mulubunit enzyme nicotinamide adenine dinucleotide
phosphate(NADPH) oxidase, which is expressed at the site of phagocytosis and
incorporated into the phagosome membrane (Linehan and Hold@s;, r2@iew).
Superoxide is also produced endogenously in the bacteria by the transfer of an
electron to @Qfrom flavoproteirs such that NADH dehydrogenasegdénerates
superoxide and hydrogen peroxide by autoxidation of its reduced cofactor FAD

(which receives electrons from NADHMessner and Imlay, 1999). Superoxide can



readily interact with a pathogen or can react with o#fmimicrobial molecules such

as nitric oxide to fornthe strong oxidant peroxynitritd.iochev and Fridovich, 1999
review). The flux of superoxide to the bacterial cytoplasm is allowed when the
superoxide is protonated in the acidified phagosome (CamilySlauch, 2009).
Cytoplasmic superoxide can directly oxidise and inactivate$ stdphur clusters in
proteins resulting in cluster degradation and release of iBsmutation of
superoxide by superoxide dismutase enzymes (SOD) leads to the prodafction
hydrogen peroxide (#D,), which is capable of producing toxic hydroxyl radicals
(AOH) when reduced witlfree iron (Figure 1.2) released during the oxidation of-iron
sulphur clusters (Liochev and Fridovich, 1988view). Reactive oxygen species are
toxic to intracellular pathogens causing DNA damage, lipid peroxidation and protein
carbonylation (Craig and Slauch, 2009; Fang, 20@¥iew, Wang et al., 2018

review).
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Figure 1.2 Generation of ROS.Superoxide (Oﬁ) is generated by the reduced NADPH.
Superoxide can then directly oxidiee FeS cluster, converting the [4RSF* form to an
unstable [4FeiST* state, releasing hydrogen peroxide fBb). Superoxidealso rapidly
dismutes, either enzymatically or spamausly, to fam H,O,, which is reduced by the free
iron that is released from iresulphur cluster degradatiotg form hydroxyl radica(’bH)
via the Fenton reaction.



Cellular damage may also result frahe oxidation of cysteine residues by oxidative
stress. Free thiol groupsSH) are oxidised by ROS forming sulfenieSQH),
sulfinic (-SO;H) and sulfonic acids (S#), generating conformational change in

protein structure and affecting protein activity (Conte and Caroll, 201 3eview).

Protection mechanisms against ROS are crucial for bacterial survivaletClg
2012).Salmonellacan directly prevent reactive oxygen species damage by inhibiting
the localisation of NADPFKbxidase containing vesicles to the SCV by -3PI

virulence factos (VazqueZlorres, 2012review).

One of the most important classes of enzymes that catalyse the detoxification of ROS
by conversion of superoxide to hydrogen peroxidsuigeroxide dismutaseSQD)
(Wanget al.,2018 review). SOD enzymes control the levels of a variety of reactive
oxygen species and reactive nitrogen species (Craig and Slauch, 2009). Two
cytoplasmic (SodA and SodB) and two periplasmic (SodCl and SodCll) superoxide
dismutases are encoded ®yTyphimurium fa decreasing the effect of the oxidative
burst of phagocytes (Wargg al.,2018 review, Fenlon and Slauch, 2017; Kiet al.,
2010).Loss of SOD activity has also been shown to increase the levels of oxidative
damage irBalmonellgWanget al.,2018 review).

1.3.2 Nitric oxide

Reactive nitrogen speciesntainunpaired electronwith high reactivity. They can
donate or obtain electrons initiating chemical reactiand damaging living cells
(Phaniendraet al., 2015 review). In the mammalian immune systemitric oxide

(NO) is synthesized byan inducible nitric oxide synthase (INOSg¢nzyme, which
catalyses the production of nitric oxide fromatginine and oxygen in activated
macrophages (Linehan and Holden, 2068/iew) (Figure 1.3 to inhibit bacterial
growth in phagocytesin response to bacterial lipolysaccharide (LPB)F N o
dependent signalling cascades upregulate the expression of INOS (Henard and
V 8§ z g-Toges, 2011review, Fang, 1997review). iINOS-deficient micehavebeen
shown to be more susceptible $SoTyphimurium (Alamet al, 2002). Nitric oxide
reacts with many intracellular molecules causing production of reactive nitrogen
intermediates. It can exert its toxicity by destruction of-salphur clusters, leadin

to release of F& which can in turn promote formation of hydroxyl radicals by



reacting with HO, (K r ° net &l,e1997 review). NO can also reacts with proteins
containing reduced cysteine residues and yieldsiSt r o s ot h ietoal, $997( Kr ° nc
review, Singhet al., 1996. When NO reacts witlsuperoxide, a reactive nitrogen

species (RNSknown asperoxynitrite (ONOQ is produced.ONOOJ is both a

strong oxidant and a nitrating agent towards a wide range of macromolecules
(Henarda n d  V §Torees, 804 1review). Decomposition of ONODalso results

in the formation of reactive species suchas and‘NOz (Fang, 2004review). NO

has also been shown to inhibit the transcription of&Rirulence genes withis.
Typhimurium which contribues to thekilling of intracellularSalmonellab y |- F N2
primed macrophages (McCollister al.,2005).

L-arginine + O, &P L-citrulline +

GSNO

+GSH

R-SNO €22 ey, [4Fe-4S](NO)
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Figure 1.3 Production of RNS. iNOS provides sustained bacteriostatic effect contributing
to macrophage antibacterial activity agaiBatmonellaby catalysing the formation of nitric
oxide (NO) from L-arginine and oxygenNO can then react with glutathione (GSH) to form
S-nitrosoglutathione (GSNO) neS-nitrosating agent. It can destrodHe-4S] clusterdeading

to the formation of iromitrosyls "NO can react with superoxide to produce peroxynitrite
(ONOO) and lastly, it can bind to reduced thiols groups producingr8sythiols.All these
reactive nitrogen species lead to protein and DNA damage Ilhasngid peroxidation and
promote bacterial killing.



Salmonellahas many mechanisms by which it conteracts the RNS employed by the
host. As an intracellular pathoge®almonellgpossesses several strategies that avoid
contact with iINOScontaining vesicles, detoxify NO, or repair lesions incurred by
RNS exposure Mechanisms by whicBalmonellgpromotes survival in the presence

of RNS can be established by limiting the substratéN®S (L-arginine) which will

block the formation of NO (Weiss and Schaible, 20&yiew). Cationic amino acid
transporters mCAT1 and mCAT2B are utilized Balmonellato acquire host
arginine towards its own intracellular growth (Des al., 2010). Theeffects of
peroxynitrite that causes both oxidative and nitrosative stress (through generation of
"OH and /SNOZ) can be reduced by thakyl hydroperoxidase (AhpC) which can
catalyse the reduction of peroxides and peroxynitrites (Vatansgvat., 2013
review) or indirectly by SOD thadletoxifies ROS thus preventing ONO®@rmation
(Osmanet al., 2013). Effectors secreted by the type Il secretion system encoded
within SPF2 prevent contact with vesicles containing INOS (Chakravattyl.,
2002). Lasy, enzymatic detoxification of RNS by Hmp (upregulated in response to
NO) limits the accumulation of losmnolecular weight nitrosothiols iSalmonella

i nfected macr ophag-@ares(2Bldnard and V8zquez
1.3.3 Copper

Copper is a transition metal which an essential micronutrient for all kingdoms of

life as a biochemical cofactor and signalling moleculés tequired for fundamental
metabolic processes, but can be toxic when accumulated in excess beyond cellular
needs due to its redox properties (Besetdal, 2016 review). During systemic
infection copper is required to attack invading pathogens andtairaiimmune
function in macrophages (Fat al.,2014 review, Besoldet al, 2016 review, Li et

al., 2019 review). The import of copper into the phagosome is elevated after
bacterial internalisation (Fenlon and Slauch, 20iwhere toxic levels can caais
antimicrobial effects In the absence of copper, the ability of phagocytes to Kill
engulfedS. Typhimurium has been shown to be diminished (Waeital.,2009). The

ability of macrophages delivering copper ions to the phagosome and the copper
detoxification mechanisms employed b§ Typhimurium are described below
(Figure 1.4).
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Figure 1.4 Copper detoxification of Salmonella.During infection,(1) copper is imported

to the macrophages via CTRI copper transporfg). Copper is then binds to Atoxl
chaperone and transferred into the SCVCay-transporting Bs-type ATPaseATP7A. (3)
Copper can react with hegenerated hydrogen peroxide to generate free radicals, which
damage biological moleculesCopper is transportednto Salmonella by unknown
mechanismg(4) Elevated concentrations of copper binds to GolS and CueR and activate the
expression oftopA golT and cueO. (5) Copper toxicity in theSalmonellacytoplasm is
avoided by CopA and GolT copper efflux pumps that pump copper to the perifd<o’

in the periplasm is delivered to the SOD proteins to be used in ROS detoxification(7Also,
Cu' is converted to the less toxic from Ty CueO.(8) Iron efflux by Ferroportin inhibits
bacteri al r e pefal.,2043traview)Fu €t Al.r2014 eview)o

Delivery of copper fronmthe macrophage to the pathogen is mediated by upregulation
of the copper importer CTR1 leading to copper “jCimport into activated
macrophages (Stafforet al., 2013 review, Festa and Thiele, 20;12eview). With

the increased expression of copppecific transporter ATP7A, Cis then recruited
into the phagosome. Silencing of ATP1fas been shown tonpair bactericidal

activity, suggesting that ATP7A is required for bacterial killing (Wkitel.,2009)
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The nflux of copper into the phagosome pronsdtacterial killing in many different
ways.Copper is highly reactive anslcapable of binding to numerous ligands within

a cell. For exampleCu' binding to thiol groups of cysteines and methionjraex

Cu** binding to oxygen and imidazole groups of aspartic/glutamic acids or histidine
can impact upon protein function resulting toxic effects (Inesi, 201 7review).
Furthermore, copper is redox active and saitch between Cu(reduced) and Ci
(oxidised) states (Ma&t al., 2009) and can promot¢he formation ofnonnative
disulphide bondin bacteria leading to protein madfling and inactivation (Hiniker

et al.,2005).

Copper accumulation irthe phagosomeof macrophage can catalyse Fenton
chemistry in the presence loydrogen peroxiddeading to oxidative damage/hite

et al., 2009). Excess copper can also disrupt -salphur clusters, displacing and
releasing iron thus, further exacerbating radical production \Ra&nton chemistry
(Porcheroret al, 2013 review). Proteins containing iresulphur clusters have been
identified as targets for copper poisoning (Djokt al., 2017). Oxidative stress
induced by copper and iraresults in theformation of reactive hydroxyl radicals
which are potent oxidants of DNA causing DNA and lipid membrane damage and
caneventually lead to celleath (Macomber and Imlay, 200@onversely,excess
iron has been shown to increase intracellular survivaSalimonella although
macrophages infected witB. Typhimurium restrict iron acceds the pathogeland
inhibit bacterial replication by upregtian of theiron export protein ferroportinl to

elevate iron efflux (Browmt al.,2015).

To counteract thetoxic effects of copper, many copper sensing systems and export
mechanismsare employed bys. Typhimurium that provide tolerance to the host
derived copper that is encountered during infectioneffai., 2014 review). Copper
export isperformedby thecussysem inE. coli( Ar g &edl., 203 review).
However,the cussystem is absent i&. Typhimurium, instead it encodése cueand

gol systems to resportd hostderived copper (Osmaet al.,2010). Once the copper
ions are in the cytoplasm db Typimurium, copperesponsive MerRamily
transcriptional regulator CueBRetects elevated copp&evels in macrophages and
mediates the copp@nduced expression afueO and copA genes as well asueP
gene (Espariet al.,2007; Osmaret al.,2013).CopA is a cytosolic copper exporter
involvedinCdexport from the cytopl &tsam20i30 t
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review). GolT is a second P1Bpe ATPase metal transporteromoting copper

efflux to the periplasm which is induced by copper and gold responsive transcription
factor GolS (Ladomerskyrna Petris, 2016review). Upon efflux of copper to the
periplasm, copper binds to the copper chaperone CueP which delivers copper ions for
metalloenzymes such as periplasmic copper zinc superoxide dismutases (SodCl and
SodCll), and protect against extradkilar superoxide stress and phagosomal killing
(Fenlon and Slauch, 2017)Coppersensitive mutants &. Typhimurium
lackingcopAandgolT, were more sensitive to macrophagediated killing than

wild-type cells (Osmast al.,2010).

In the periplasmthe multicopper oxidase CueO neutrakzime toxicity of highly
reactive Cii by oxidising it into less toxicCu?* form (Fenlon and Slauch, 2017;
Hodgkinson and Petris, 201&view), andpossiblyslowsthe entryof copperinto
the cytoplasm (Macomber athlay, 2009).

1.4- Mechanisms of periplasmic disulphide bond formation

in bacteria

The formation of disulphide bonds in extracytoplasmic proteins containing more than
one cysteine residue takes place in the oxidising periplasm in-@Gggative bacteai
(Kadokura et al, 2003 review). The brmation of inter and intramolecular
disulphidebondsbetween twocysteine residues are essential pootein stability,
activity and overall structur@Bardwell et al, 1993).Disulphide bonds are covalent
crosslinks that are formed bgnodification of the thiol groups of cysteine residues
by thiol oxidoreductases belongingttee thioredoxinprotein supgamily (Kadokura

et al.,2003; review) (Figure 1.5).

SH

Dithiol oxidation

- E 2HT e

SH

Figure 1.5 Disulphide bond formation. The formation of disulphide bonsd involves a
redox reaction wheby a covalent link between thiol groupsSH) of cysteine residuds
formed.
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Thioredoxins are small antioxidant proteins that has been characterised from a
variety of prokaryotes and eukaryotes playingla o many cellular processes such

as redox signalling and oxidative stress resportdebngren, 1995review, Arts et

al., 2016). The thioredoxin superfamily consists of enzymes that catalyse the
reduction, formation, and isomerization of disulphide botiis maintaining the
global redox environment in cell¥hey exert their activity through a redox active
disulphide in a Cy&X-X-Cys motif and each member of thioredoxin I{RdX-like)
enzymes have different redaxidpoint potentials for their disulphide couples

( M° s stiale1999; Bechtel and Weerapana, 20Eview).

In Grani negative bacteria, extracytoplasmic proteins are expressed in the cytoplasm
and thertargaedto the periplasnor outer membraneia theSec and TAT pathways

with a cleavable Merminal signal peptide (Tsirigotakt al.,2017 review). Once in

the periplasm the signal peptide cleavel, and disulphide bonds can then be
introducedMiot and Betton, 2004review). While disulphide formatioms facilitated

by a number of protein chaperones, the redox poise is influenced by a variety of low
molecular weight thiols (LMTs), which can have a profound effect upon disulphide
formation. Glutathione (GSH) is the most abunddMiT that is found in may
organisms. The ratio of oxidised/reduced forms of glutathione (GSSG/GSH) in the
cell control the formation and reduction of protein disulphides through- thiol
disulphide exchange reactions (Smirnetal.,2012;Bechtel and Weerapana, 2017
review). In Salmonella typhimuriumstrain ATCC 14028, GSH/GSSG ratie 45

(GSH per cell is 0.72 mM and GSSG per cell is 0.017 mM) (Hesizatl, 2010).
Disulphidebond formatioris of particular importance in the periplasm of pathogenic
bacteria, where maotility, type Il secretion, and the assembly of a variety of secreted
enzymes and toxins all rely upon disulphide folding machinery (Hsetra, 2009
review). Many vrulence fctors are secretegroteins that are postanslationally
modified via disulphide bond formatiorLgsica and Jagusztykrynicka, 2007
review). Inactivation of genes involved in the disulphide bond system leads to
reduced virulence in many pathogens (Verbruggheal, 2016). The correct

f ormati on of -prdteobaatérip broceedssvia two routes: (i) disulphide
oxidation and (ii) disulpidle isomerisation. The archetypal DsbAB systerk.ircoli
catalyses thiol oxidation via the periplasmic DsbA protein, and the electrons are then
shuttled to the respiratory chain via the membrane protein DsbB (Badker1999).

Non-native disulphides arthen corrected by the periplasmic disulphide isomerase
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DsbC, a process that is driven by electrons from the membrane protein DsbD
(previously reviewed Depuyét al, 2011 review) (Figure 1.6).

Secreted proteins

Membrane
proteins

HS
HS

DsbD

'
.- AR & R 1 Ja g

]
sl ) lvvvsww e VI RV I

DISULPHIDE DISULPHIDE
OXIDATION ' ISOMERISATION

Figure 1.6- The archetypal DsbAB systenof E. coli. Disulphide bonds are introduced into
targetproteins by disulphide exchange witte soluble periplasmic protein DsbAhe inner
membrane protein DsbB reoxidizes DsbA. Misfolded proteins are reduced and corrected by
DsbC. DsbD shuttles electrofrem thioredoxins from the cytoplasm to maintain the active
reduced state of DsbC.

The thoredoxin superfamily proteins contribute to the virulenc& afyphimurium.

Loss ofdsbAin Salmonelleblocks the secretion and translocation of Pdnd SRR

T3SS effectors into the host cells. DsbA is required for the formation of the T3SS
apparatus as well as playing a role on disulphide formation of SpAquter
membrane protein of SR TTSS (Miki et al, 2004). S. Typhimurium agisbA
mutants have decreased virulence by approximately 2060 (Ellermeier and
Slauch, 2004).

In additionto the DsbAB systenS. Typhimurium encodes plasm&hcoded SrgA
which is an oxidoreductase that is similar to DsbA. The activity of SrgA is dependent
upon the presence of DsbB. SrgA is responsible for the production of plasmid

encodedimbriae by oxidation of the major fimbrigubunit, PefA (Bouwmast al.,
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2003).SrgA hasalsobeen shown tdorm the disulphide bond of SpiA iselsbAE.
coli (Miki et al.,2004). Furthermore, botbss ofsrgAanddsbAabolishedhe ability
of Salmonellato infect mice, and both proteinshave been suggested to be
functionally important for the activity of SAI T3SS (Mikiet al, 2004).

Thioredoxin 1 (Trx1) is the first member of the thioredoxin family discoverdgl in
coli (Buchner and Moroder, 20D9It is expressedn the cytoplasm, and reduces
disulphides of the inner membrane protein DsbD (Rietdchl, 1997),acts as a
hydrogen donor foribonucleotide reductase whigirovides deoxyribonucleotides
for DNA replication (Holmgren, 1989 review) and catalyse the rauction of
methionine sulfoxide sdueswhich reduces methionine sulfoxide to methionine
(Brot et al, 1981). The catalytic redox activity of Trx1l associated wigh
Typhimurium virulence by diminishing intracellular survival in mouse infection

models when absent (Bjet al.,2006).

In addition to the DsbAB systengalmonella entericaserovar Typhimurium §.
Typhimurium) encodea DsbLI oxidoreductase system thatssnilar to thatfound
in uropathogenicE. coli (Totsika et al., 2009). DsbL efficiently contribute to
disulphide bond formation in the presence of Dsbl, suggesting that these proteins
function best together as a redox pair Salmonellafacilitating the folding of
arylsulfate sulfotransferag&rimshawet al., 2008; Linet al., 2009; Totsikaet al,
2009) which catalyses the transfer of a sulfate group from phenolic sulfate esters
(Kim et al.,1992. Figure 1.7 demonstrates the subcellular locations and the roles of

the Dsb like protein found i8. Typhimurium.
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Figure 1.7 Dsb like proteins encoded byS. Typhimurium . Dsbl is the inner membrane
protein which worls together with its redox partner DsbL to oxidatively fold ASST
(arylsulfate sulfotransferageDsbB is required for the oxidation of the periplasmic SrgA
which promotes disulphide formation of PefA and SpiA. Cytoplasmic protein Trx1 is also
required for te reduction of the disulphides of the inner membrane protein DsbD €#rts
al., 2016). IM inner membrane.

In addition to these TR¥ike proteins,S. Typhimurium encodes four TRXke
proteins at thescslocus Euppressor ofcopper sensitivity), named after the first
functional role to be assignethe expression of the entiscsABCDoperon was
shown to restore tolerance to copper in cofm@sitive mutants dE. coli (Guptaet

al., 1997) whichis introducedn more detaibelow.

1.5- The Scs system

Investigation of genetic determinants involved in copper tolerance has led to the
identification and characterisation of teeslocus guppressor otoppersensitivity)

of S. Typhimurium. This locus encodes four proteins (ScsABCD) that alleviate
copper sensitivityn cut mutants ofe. coli (Guptaet al.,1997) When genetic maps

of the E. coliand S. Typhimuriumwere compared, thescsoperon was found to be
absent inE.coli. In S. Typhimurium,the scslocus is located between tlebpAand

agp genesat the 4.3e&kb DNA fragment ofS. Typhimurium genome (Guptet al,
1997)(Figure 1.8. ThescsAgene encodes fa protein 0ofLl20 amino acig, and e
scsBgeneencodes a 62@mino acid proteim8 bp downstream ofcsA ThescsC
gene encodes f@207 amino acigrotein,andscsDencodes protein of 168 amino
acids (Guptaet al.,1997).
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It has beersuggested that thecslocus had two promoter regions that regulate two
transcripts encoding ScsA and ScsBCD (Gugtaal, 1997). Until recentlythe
transcriptional regulation at this locus remained understudieeicent study showed
that deletion of thescsAgene results in the upregulation of gesBCDoperon, and
that thescsAgene has a role in the proliferation $f Typhimurium in cortisol
stressed macrophageshere firstly, cortisol induce cytoskeletal rearrangements of
macrophage to facilitate increas SCV production andscsA contributing to
alteration of bacterial virulence gene expression resulting in intracellular replication
and maintenanc@/erbruggheet al, 2016).Subsequent work has identifiedCaxR-
binding site upstream afhe scsAgenein a number of enterobacteriaceae, and
transcription of thescs operon was confirmed to be stimulated by the CpxR/A
regulatory system (Lopezt al, 2018), a welknown coppeiresponsive two
component system previously characterisecEincoli (Yamamato andshihama,
2005).

CpxR/A 9

— hd
- Jb- SCSC scsD — agp

Figure 1.8- The scslocus of S. Typhimurium. The scsgenes $csA, scsB, scs@ahdscsD

are positioned at the region between tpA and agp genes with four complete open
reading frames. Transcription of teesoperon is stimulated by copper responsive CpxR/A
regulatory system found upstream of stsA(Lopezet al.,2018).

1.5.1- The ScsC proteirs of other Gram-negative bacteria

Scs proteins are expressed in many other Gregative bacteria, includingroteus
mirabilis (Furlong et al, 2017) Caulobacter crescentugCho et al., 2012) and
species ofCitrobacter, Klebsiellaand Yersinia(Lopezet al, 2018). Differencesni

the structures of ScsC among diffet species lead to variatiomthe function of the
protein in different bacterialhe ScsB protein o€. crescentugCcScsB) has been
shown to maintain the ScsC protein (CcScsC) in a reduced state, which subsequently
delivers electrons for peroxide reduction via redox interactionts patoxiredoxins
(Choet al.,2012) Similarly, the ScsC protein &. mirabilis(PmScsC) was found to

be in the reduced state in the presence of cofpelonget al.,2017) and the ScsB
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protein (PmScsB) was found to provide reducing power for Pm8usiiated
disulphide isomerase activifrurlonget al.,2018) The PmScsC protein was found

to be important for swarming activity in the presence of copper, although unlike
StScsC it did not affect growth in the presence of copper in rich njedibong et

al., 2017) Furthermore, CcScsC and PmScsC are dim@lw et al, 2012) and
trimeric (Furlonget al, 2017) respectively, and this oligomerization is mediated via
N-terminal extensions that are not present in the monomeric ScsC $rom
Typhimurium (StScsCjShephercet al, 2013; Furlonget al, 2017; Furlonget al,
2018) The presence and absence of theeishinal extension of the ScsC
orthologuesfrom different species is illustrated by protein sequence alignment
(Figure 3.1). Given that the welknown disulphide isomerase Bf coli DsbC is also

a dimer, this suggested that oligomerization of PmScsC was necessary for isomerase
activity: indeed, deletion of the -Bérminal oligomerization domain converted this
protein into a monomeric dithiol oxidagBurlonget al, 2017) These studis are

consistent with two functionally distinct classes of ScsC protein.

1.5.2-The Scs proteins ofS. Typhimurium

ScsA protein of S. Typhimurium (StScsA)is predicted to be a copper binding
protein. ScsB GtScsB is a DsbDlike membrane spanning protein (Gumggal.,
1997). The ScsCStScsC)is a solubleperiplasmic monomer and Scsbt$csD) is a
membrane anchored protein (Shephetrdl, 2013). The subcellular localization of
the StScs proteingreshown onFigure1.9. EachStScs proteirhasa single CXXC
motif with hydrophobic residues between the cysteine resiaugsh resembles the
catalytic sits of the thioredoxin/glutaredoxin family of oxidoreductases (Anefar
al., 2013).
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OUTERMEMBRANE

PERIPLASM

CYTOPLASM

Figure 1.9 Subcellular localisation of StScsproteins of Salmonella typhimurum. All
StScs proteins are encoded from Huslocus and are thioredoxin like proteins with CXXC
catalytic motifs. The cysteine residues are shown. Amongs$t8ws proteins, onlgtScsC

is afully soluble periplasmic protein.

1.52.1- Biochemical and structural characterisationof StScsC
StScsC has been crystallised and the structure of the soluble periplasmic protein has

been characterised (Shephetdal.,2013).StScsC consists of a TRX domain and a
long helical insertion like&salmonellaDsbA (StDsbA) thus sharing overall structural
similarity. However, there are differences on the TRX domains of the two proteins
such that the TRX domain of the StDsbA consistépbahelices whereas the alpha

5 helix is lost in the StScsC and is substituted by a short loop (Figure 1.10). In
addition, StDsbA has a hydrophobic peptideding groove where DsbB binds.
However, in StScsC, this groove adjacent to the catalytic actigeiss altered
(Shephereet al, 2013). GranpositiveBacillus subtiliscontain DsbAorthologBdbD
(BsBdbD) protein. The presence of a metal site of BsBdbD occupied ¥ysGae

major difference between the two proteins, which leads to boost the oxidising power
of the protein (Crowet al, 2009). Later on, BsBdbD has been shown to be the
closest structuradrthologof StScsC however gy only share 26 sequence identity
(Shepherdet al, 2013). They share similar topology, having acidic patches in the
groove between the TRX and the helical domain but BsBdbD has a more acidic

surface around the catalytic active site (Shepletral, 2013). The electrostatic
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surface of StS€ has also been shown to resemble that of StDslth a
hydrophobic patch found adjacent to the catalytic site (Shepdteat, 2013). A
positively charged ridge next to the hydrophobic patch of StScsC is likely to stabilise
the thiolate form of the actevsite cysteine. Presence of the positively charged ridge
above the active site of tiie colithiol reductasésbG(EcDsbG) provides evidence
that the catalytic active site of StScsC resembles that of EcDsbG.

The alternation between the oxidised and reduced states of the cysteine residues of
the CXXC motif can be defined as the reduction poterffidNj)The hgher the
reduction potential of the active sithe more oxidising the protein get§he redox
potentals of StScsCand structurabrthologuesare shown on Figure 1.1pK, value

of the active cysteine residue $15¢csC has been measured as 3.4 which is similar to
that of oxidasée. coliDsbA (Shepheret al.,2013)

20



Protein name StSesC (4GXZ) StDsbA (3L9S) BsBdbD (3GHA) EcDsbG (1V58)

and PDB ID

3D structure

Electrostatic
surface
Hydrophobic Hydrophobic™ groove
groove groove

-132mV at pH 6.5 -126 mV atpH 7 -75mV at pH 7 -126 mV atpH 7

Redox midpoint E*’ (Shepherd et al., 2013) (Heras ef al., 2010) (Crow et al., 2009) (Bessette ef al., 1999)
. . 34 36 <4.5 35

PK; of active cysteine  (shepherd er al., 2013) (Heras et al., 2010) (Crow et al., 2009) (Ren et al., 2009)

Figure 1.10 Structural orthologs of StScsC 3D ribbon structure and the electrostatic surface of StScsC armithidogous proteins are shown. Active
cysteine residues were shown in yellow spheres. The absence of th&Fuketik in StScsC is depictday the red circle which is present in BsBdbD and
StDsbA. Presence of €awas shown by the green circle on BsBdbD. Hydrophgizitthes and the hydrophobic/ acidic grooves were shown on the
electrostatic surfaces. Presence of positively charged residuesldhe catalytic active site of the StScsC and EcDsbG are shown. Reduction potentials of
the catalytic active site and th&pvalues of the eive cysteines are also showReference couple for measuring the redox midpoint is normal hydrogen
electrodgNHE).
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1.5.2.2- Genetic approaches to investigate functional roles for th&tScs proteins

As mentioned above, thecsABCDoperon gupressor ofcopper sensitivity) of
Salmonellarestore copper tolerance of selected copper sensitive mutaris obli
(Guptaet al., 1997). Subsequent work confirmed this phenotype wherabgcsC
mutantis sensitive to copper usindisk diffusion assays (Shepheed al, 2013)
Indeed, there is a precedent for the involvement of thioreddeanproteins in
copper tolerance, as the membrapanning DsbOor DipZ) protein has previously
been shown to confer tolerance to copper expasmeget al, 1995).A subsequent
study demastrated that the conserved cysteine residiygs® and Cy$® of the
ScsB homologue DsbD were required for copper toleranée aoli (Gordonet al,
2000). The observation that redeactive Ci**can directly promote the oxidation of
disulphide bondg¢Hiniker et al, 2005)is consistent with these numerous reports that
link copper exposure to disulphide foldirfgurthermore, given the potential impact
of redox stress upon correct disulphide formatibns unsurprising that th&tScs
system has also been reported to protect proteins from carbonylation resulting from
hydrogen peroxide exposure (Lopetzal, 2018; Anwaret al.,2013). Growth curve
experiments have confirmed that all Scs proteins are required,@r tblerancein

S Typhimurium (Lopez et al., 2018). In the presence of hydrogen peroxide,
carbonylated proteins are accumulatedSinTyphimurium whenscsABCDgenes
were absentThus, the Scs proteiregeinvolved in balancing periplasmic oxidative

stress irS. Typhimurium (Anwatret al.,2013).

To address whethecsABCDgenes affected SHI activity, the expression and the
secretion of the SPI effector fusion protein SipB has been tested. In the absence of
scs genes defective secretion of the SipB fusion proteas been demonstrated
(Anwaret al.,2013).
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1.6- Applications for disulphide folding machinery in

biotechnology

Aside from the importance of the disulphide bond formation of virulence factors in
baderia, disulphide folding machineries of prokaryotic cells are also important for
the production of functional recombinant proteins that can be used as
biotherapeutics. High value pharmaceutical proteins like antibodies@maones

are being produced in engineeré&d coli strains (Kamionka, 2011review).
Disulphide bond formation usually takes place indkelising periplasm becausaf

the lack of active oxidases in the cytoplasm (Hatabet.,2014; review). Indeed, n

the bactrial cytoplasmthe presence of glutathione reductase and the thioredoxin
pathwaysenderdisulphide bond formation slow and inefficient due to formation of
inactive and aggregategroducts Guglielmi and Martineau, 2009. However,
researchers have recognised the potential for engineering bacterial cells that can
catalyse disulphide formation in the cytopladicoli trxB and gor mutants have

been engineered which lack the reductive power of the the glutathione and
thioredoxn pathways (Ritz and Beckwith, 200feview and Shuf fl e cel |
England Biolabs) are engineered to expr@sshromosomal copy of the disulgh

bond isomerase DsbC to promote disulphide bond formation in the cytoplasm.

Another strain named th€yDisCo (Cytoplasmic Disulphide bond formationBEn
coli) has been engineered that expessise yeast mitochondrial thiol oxidadervlp
and the human protein disulphide isomer@@l) in the cytoplasmThis CyDisCO
system efficiently introducedisulphide bonds in the cytoplasrand the protein of
interest can then be exported to the periplasrthbyrat pathwaythat can provide a
quality control step for correct protein foldiiglatoset al.,2014). Disulphide bond
formation in the periplasm can also be supportedhiydisulphide oxidoreductase
DsbA. Production of minsulin (used to treat diabetes) in the periplésfacilitated
by expression of dusion of DsbA to the Nlerminus of poinsulin, which elevated
the solubility and oxidative foldingWinter et al., 2000) Furthermoregco-secretion
of DsbA with leptin (regulatesthe body weight and metabolism)so elevated the
abundance of th protein (Jeong and Lee, 2000)These findings highlighthe
potential applications for a range of disulphide folding systems, with different target

protein specificities, for the assembly of prateof biotechnological interest.
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1.7- Project aims

The demonstration that thecs operon was involved incopper tolerancevas
published over 20 years ago, although functional insights into this system have
progressed at a modest rate since th&n.the start of this PhD project, the
transcriptional regulation of thecsoperon was poorly understood, and neights

were available for potential redox partners for this system. Furthermore, the potential
value of theStScs system to facilitate protein folding of proteins of biotechnological
importance had been totally overlooked. Hence, to advance our undergtamd

these areas, this PhD project aimed to address the following questions:

How is thescsoperon regulated by copper?
Does copper anscsABCDpromote periplasmic protein assembly?
Does thescsoperon promote survival within activated macrophages?

Can we identify potential redox partners for tB&cs system?

=4 =2 42 4 -

Is it possible to isolatedisulphide bondedStScsC and target proteins for

biochemical studies?
1 Does expression of StScsABCD and/or exposure to copper facilitate the assembly

of disulphidecontaining therapeutic proteins in thecoli periplasm?
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Chapter 2

Materials and Methods



2.1- Bacterial strains and plasmids

The bacterial strains and plasmids that were using in this study are detailed in Table 2.1
2.2below.

Table 2.1 List of bacterial strains used in this study.

Strain Genotype Reference

E. coliBL21 DE3 E. coliB strain derivativefhuA2[lon] ompT New England
gal(e DHBMahsdSa DE&E3s Ban Biolabs

aECcoRIB) int:: (lacl::PlacUV5::T7 genel) i21

aninb
E. coliJM109 endAl, recAl, gyrA96, thi, hscR17 (i, New England
m"), relAl, sufE 4 4 ,lac-ppgAB), Biolabs

[ RraD36,proAB, laql’Z M1 5 ]

E. coliDH5U F O 8l8cZ pM1 HacZyA -argF) New England
U169recAl endAl hsdR17(k, Biolabs

m¢") phoA supE44thi-1 gyrA96relA 1~ &

E. coliTOP10 F- mcrAg (mrr-hscRMS-mciBC) Dr Mark Shepherd,
(MS4) U 8lacZ M1 JacXg4 recAl araD139 University of Kent

o (araleuy7697galU galK rpsL

(StrR)endAl nupG
S.Typhimurium Wild-type Shephercet al.,
SL1344(MS98) Strep 2013
S.Typhimurium ascsC Shephercet al.,
SL1344ascsC Kan® 2013

(MS99)
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Table 2.2 List of plasmidsused in this study

Plasmid Usage Reference
pWSK29scsABCD Amp~vector foroverexpression of ScSABCD Shepherat
al., 2013
pET23b_RcsA GFP  AmpFvector for overexpression of GFP wihsA  This work
promoter
pMK-RQ Fab Kan® vector for overexpression of Herceptin Fal  This work
Herceptin fragment
pET21ascsC LIC, AmpR, Cmfor overexpression of ScsC Shepherdet
pLysS al., 2013
pTrcHis_artl Amp® vector for overexpression of Artl This work
pSU2718csGuxHis  Cntf vector for overexpression of ScsGa This work
pKWK2 Amp® vector for overexpression of hGH (C189<  Alanenet al.,
2015
pRK793 AmpR vector for overexpression of TEV proteas Kapustet al.,
2001

2.2- Bacterial growth media, sterilisation, and cell

harvesting

Nutrient agar, yeast extract and tryptone were purchased from Oxoid. Distilled

deionised water was used throughout this work. MNllivater was used when a

greaterlevel of purity was necessary (Thermo scientific, Easy pure Gyowth

media and selectedolutions greater than 5L were sterilized by autoclaving

(Prestige)at 12LC at 15 psi (poundbrce per square inch) for I6in, andvolumes

smaller than 50nL were sterilized using Millipore filters with a pore size of 0.22

mm. An Eppendorf e5414Rentrifuge was used for <@L samples,and aSigma

2K15 centrifuge was used for sample volumes betwee®d@ L unless otherwise

stated.A Beckman Coulter Avanti-25 was used for 50L samples with JALO
rotor. A Beckman Coulter Avanti-301 was useddr 1 L samples witla JLA 9.1000

rotor. A Beckman Coulter Avanti-25 was used for 2L samples for high speed

centrifugationwith aJA 25.50 rotoKi.e. to remove cell debris following sonication).
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2.2.1- Solid media

Solid media was prepared loyssolving 20 d. tryptone, 20 d/ NaCl, 5 gL yeast
extract and 15 ¢/agar in dHO.

2.2.2 Liquid media

Liquid media was prepared by dissolving 2Q ¢#yptone, 20 d. NaCl, and 5 d/
yeast extract in dyD. Media containingCu”* ions was prepared by addition Gfter
sterilisedl or2 mM CuSQ.5H,0 (Sigma).Filter-sterilised solutions of mM H,O,
(Sigma), 1 mM GSNO(prepared as previously describddaft, 1983), 1 mM
FeSQ, and1l mM ZnSQ wereadded to the growth medium when requdir

2.2.3 M9 minimal media

1 litre of 5xstock of M9 salts contained; 80.24 g,N&0,.2H,0, 15 g KBPQOy, 2.5
g NaCl and 5 g NECI. IX M9 media was prepared by the addition fofal

concentrations 02 mM MgSQ, 1 M CaC}, 0.26 glucosel mM CuSQ.5H,0 and
1X amino acid solution (with or without-arginine (Section 2.2.5.2) M9 salts and

the solution was topped up with sterile water.
2.2.4 SOC media

20 g tryptone, 5 g yeast extract, 0.584 g NaCl and 0.186 g KCl was dissolved in 970
mL dH,O. After sterilisation by autoclaving, 16hL of filter-sterilised2M Mg
stock (20.33 g MgGland 24.65 g MgSgdissolved in 100nL dH,O) and20 mL of

filter-sterilised 1 M glucose stock was added
2.2.5 Media supplements

2.2.5.12 Antibiotics

Antibiotic stockswere dissolved in dyD (*chloramphenicol was dissolved in 1%0
ethanol) then filtessterilized and stored iR20 AC. All chemicals were purchased
from Sigma. Growthmedia was supplemented with a final concentration of 100

O g L of ampicillin, 250g Lofch | or a mp h e n iLofostreptomdydn afdlg / m
50 Qagfkamamycin where appropriate.
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2.2.5.2 Amino acid stock solution
Amino acid stock solutions were prepared as described in Taéble 2.

Table 23- Amino acids required for preparation of 10x amino acid stock solution.*In
some cases, amino acid stock solutions were prepared without argininelL.560dH,O
was added to the amino acids, filter sterilized and stored@t 4

Amino acid Concentration Final concentration g/ L of
mQH,0 for 10x stock

Alanine 8 mM 0.712
Arginine* 5mM 0.844
Aspargine 4 mM 0.602

Aspartic acid 4 mM 0.684 plus 670rL 10 M KOH

Glutamic acid 6 mM 1.12plus 860ML. 10 M KOH
Glutamine 6 mM 0.878

Glycine 8 mM 0.6

Histidine 2mM 0.42
Isoleucine 4 mM 0.524
Leucine 8 mM 1.05
Lysine 4 mM 0.732
Phenylalanine 4 mM 0.66
Proline 4 mM 0.46
Serine 100 mM 10.5
Therionine 4 mM 0.476
Tryptophan 1 mM 0.204
Tyrosine 2mM 0.362
Valine 6 mM 0.564
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2.2.6 Bacterial glycerol stocks and starter cultures

Bacterial cultures were storeat 180 A C i 9 gly2eFol. Bacterial strais were
streakedfrom frozen ontoagar plate. Colonies from the agar platevere used to
inoculate 10mL of LB media(with appropriate antibiotigan 50 mL conical flasls
at 37A @nd180 rpm for 16 h.

2.2.7- Protein overexpression

10 mL of overnight culture wasised to inoculatd L sterile LB medium ina 2 L
baffled flask with appropriate antibiotievhich was thefincubated at 372C and180
rom. Whenthe ODQyoo reachéd 0.5, a final concentratiod mM IPTG was added to
the culture mediumwhere expression was controlled by tlae promoter). The
cultures were then grown fdurther 4 h. Optical densitiesf the cultures were
measured by usingary 60 U\Vis SpectrophotometerAgilent Technologies)
Cells were harvested by centrifugation at 9,000 rpm foni@® at 4 AC and the
pellets were stored 80 A C

2.2.8 Growth curves for Salmonellain M9 medium

Overnight cultures grown in LB medimere centrifugedor 5 min at 3,000 rcf and
cells wereresuspended in 10nL of M9 medium (this was repeated twice).
Resuspended cells wetteendiluted in M9medium1 in 10. Diluted cells were then
diluted 1 in 10 again in M&nediumin flat bottom96-well plates. Growth rasewere
measured usingplate reader (BMG Labtech) at 2 and180 rpm.

2.3 Preparation of competent cells and transformations of

plasmids

2.3.12- CaCl, competent cells

1 mL of overnight starter culture wased to inoculaté00 mL sterile LB medium.
Cells weregrown at 37AC and 180 rpm and when the QR reache to 0.6, the
culture was incubated on ice for fin. Then cells wereentrifugedat 3,000 rcf at 4
AC for 8 min, andthe pellets were resuspended 26 mL chilled 100 mM CaGl
Resuspended cells were incubated on ice famit) centrifuged as beforandcell
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pellets were resuspended i of 100 mM CaC] and 306 (v/v) glycerol.The
resultant bemically competent cells were then aliquo{@@0 L) into chilled 1.5

mL Eppendaof tubes and transformeohmediatelywith plasmid DNA.
2.3.2 Transformation by heat shock

Chemically competent cells and plasmid DM&re thawed on ice. 2rL plasmid
DNA was addedo 100 niL of chemically competent cells and then incubated on ice
for 30 min. Thecells werethen placed on a heating block at4Zfor 90s and then
transferred immediatelto ice for 2min. 900nL of SOC medium was addéd the
cells and mixedjentlyby pipetting up and down. Then the cells were incubated at 37
A Gor 45min. A 10-fold dilution was performeavith SOC mediahen 100nL from

each dilution was spread on agar plates containing appropriate antibiotics.

2.3.3Electrocompetent cell preparation and electroporation

1 mL of overnight culture waased to inoculaté0 mL sterile LB medium in 50enL

flasks with appropriate antibioticwhich was therincubated at 37C at 180 rpm

until the OQyyo reaches to 0.6. The culture was then transferred intaipited

falcon tube and centrifuged at 3,000 rcf forrhih. The pellet was resuspeted in

10% ice-cold glycerol (thisvasrepeated twice). Aftethe round of3™ centrifugation
pellets were resuspended in 18D 10% icecold glycerol and stored on ice until
use.

9 nL of purified DNA was applied to cold electouvette then 40ni of
electrocompetent cells were added on top. Electric shock was applied to the cells to
allow DNA to enter the electrocompetent cells. The electroporation conddiens
describedn Table2 4. After electroporation, InL of SOC medium was added to the
cuvette and cells were incubated forhlat 37 AC and 180 rpm. 100nL of the
transformation mix was spread onto an agar plate with appropriate antibiotics and
incubatedbvernight at 37C.
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Table 24- Settings for the electroporator for Gram-negative bacteria.

Electroporation Settings
conditions
Voltage (V) 2450
Capacitanc 25
Resistanc 200
Cuvette (mm) 2

2.4- DNA isolation and analysis

2.4.1- Isolation of plasmid DNA

Bacterial strais harbouringthe plasmid of interestrere grown overnight inlO mL
LB at 37 AC and 180 rpm The plasmid were isolated usinga QIAprep Spin
Miniprep Kit (Ql AGEN) according to manuf

2.4.2 Isolation of genomic DNA

Bacterial strain weregrown overnight in LBat 37/AC and 180 rpmanda GenElute
Bacterial Genomic DNA Kit (Sigm&ldrich) was used for isolation of genomic

DNA from according tthemanuf act ur er 6s protocol
2.4.3 Restriction endonuclease digestion

Isolated DNA was cleavedsing restriction enzymes to generabenpatible ends for

ligation reactions or for screening purposes. Cleavagepedermedby following
thesupplierds instructions (NEB ohat®r omega
AC or overnight at room temperature. For -gelrification of digested DNAa

Ql Aqui ck Gel Extraction kit ( QI AGEN) wa

protocol.
2.4.4 Polymerase Chain Reaction

PCR was used to amplify DNA fragments for cloning. Q5 DNA polymerase was

mainly used for amplification of fragments and Taq polymerase was also used for
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colony PCRscreening after transformations. Sequerafehe oligonucleotides used
in this studyareshownin Table2.5.

Table 25- Oligonucleotides used in this studyAll oligonucleotides were synthesised by
Eurofins MWG. Primers were dissolved in sterile water and ke20sC.

Name 5°- 3" Sequence Use
scsGxxaHis_F | CCCGGATCCATGAAAGGAAGACCATATGA | For
AAAAGACAGCTATCGCAATTGCAGTGGCC | amplification of
scSGxxHis
scsGxxaHis_ R | CCCTGCGCATTAATGATGATGATGATGAT | For
GCCCG amplification of
scsGxxHis
pSU2718_seq_H AAAAGCACCGCCGGACATCA For screening of
scsCxxAHis
pSU2718 seq_H CGAATTCGAGCTCGGTACCC For screening of
scsCxxAHis
artiITEV_F CATCATGGTATGGCTAGCGAGAATTTATA | For
CTTCCAAGGTTCTAACGCCGCCCAGACCA | amplification of
TTCGT artl
artiITEV_R AATCTTCTCTCATCCGCCAAAACAGCCAA | For
GCTTTTACTTCTGGAACCATTTGTTATAGA | amplification of
T artl
pTrcHis_F AAGCTTGGCTGTTTTGGCGGATGAGAGAA | For
GATTTTCAGCCTGATACAGAT amplification of
pTrcHis
pTrcHis_R GCTAGCCATACCATGATGATGATGATGAT | For
GAGAACCCCCCATGGTTTATT amplification of
pTrcHis
pTrcHis_seq_F | GTGGGCACTCGACCGGAATT For screening of
artl
pTrcHis_seq_R | TCAGGTGGGACCACCGCGCT For screening of
artl
PscsAF ATAGGGAGACCACAACGGTTTCCCTCTAG | For
AGCACTTCCCATGCTTCAGCAACCTC amplification of
scsApromoter
PscsA R TCCAGTGAAAAGTTCTTCTCCTTTGCTCAT | For
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GAGCTCTGCGCCCTCACTGTTTAACGCGA | amplification of

GT scsApromoter
PET23bGFP_F | GAGCTCATGAGCAAAGGAGAAGAACTTTT | For
CACTGGA amplification of
PET23bGFP

PET23bGFP_R | TCTAGAGGGAAACCGTTGTGGTCTCCCTAT| For

amplification of

PET23bGFP
PET23b_seq_F | TAACCAGTAAGGCAACCCCGC For screening of
PscsA
PET23b_seq_R| GTGTTGGCCATGGAACAGGTAGTTTTC For screening of
PscsA

2.4.4.2 PCR using Q5 proofreading DNA polymerase

For amplification of genes for cloning purposes, the {iidblity Q5 DNA
polymerase was useBCR components and reaction conditionssii@vn in Tables
2.6 and 27, respectively.

Table 26- Components required for 50nmL. PCR reaction with Q5 DNA polymerase of
DNA fragments.

Component 50 reaction
Q5 High-Fidelity 2X Master Mix 25nL
(NEB)
10 M Forward primer 2.5
10nmM Reverse primer 2.5
Template DNA 5ny
Sterile water 19
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Table 27- Settings used for PCR with Q5 DNA polymerase on Biometra T3000
Thermocycler. *Annealing temperature was arranged according to the melting temperatures
of the primers (C below the lowest melting temperature) and DNA elongation is set as 30
s perkilo-basepairKb).

Step Temperature (AC) Time
Initial 98 30s
denaturation
DNA 98 10sx 35 cycles
denaturation
Primer 72* 15sx 35 cycles
annealing
DNA 72 30s* x 35 cycles
elongation
Final 72 2min
elongation
Hold 4 -

2.4.4.2 Colony PCR with Taq polymerase

Taq DNA polymerase was used ¢onfirm presence othe correct plasmid from
colonies onagar plates. PCR @mponentsand reaction conditionsare shown in

Tables 28 and 29, respectively.

Table 28- Components required for 25nL. PCR reaction with Taqg DNA polymerase
(PCRBiosystems)*Cell suspension corresponds to colonies resuspended inl50f
mQH,0.

Component 25nL reaction
2x Taq Mix Red 12.5nL
10mM Forward 0.5
primer

10 mM Reverse primer 0.5nL
Cell suspension* 2
Sterile water 9.5
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Table 29- Settings of Biometra T3000 Thermocycler for colony PCR*Annealing
temperature was arranged according to the melting temperatures of the prireise{w
the lowest melting temperature) and DNA elongation is set ap80kilo-basepaifkb).

Step Temperature (/C) Time

Initial 95 4 min

denaturation

DNA 95 15sx 35 cycles
denaturation
Primer 57* 45sx 35 cycles

annealing

DNA 72 1 minute* x 35 cycles
elongation

Final 72 2min
elongation

Hold 4 -

2.4.5 DNA purification from PCR reactions

A QIAquick PCR purification kit (QIAGEN) was used fqurification of DNA
fragments after gel extraction as well as for purification of DNA fragments after PCR

reactosmaccording to the manufacturerds instr

2.4.6 Ligation/ Gibson assembly

The 56 end of i nsert ubngRgalf wWesinaldlkapne o s phor
Phosphatase (NEB) to prevent dajftion of vector DNA. Reaction conditions are

shown in Table A40.

Table 210- Components needed for dephosphorylation of DNA.

Component 20nL reaction ()
Insert DNA (40 ng/ni) 15
CutSmart Buffer (10x) 2

CIP 1 unit 0.59

mQH,0 2.4
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20 nL reaction was incubated at 3Z for 30min anddephosphorylated linear DNA

was purified using PCR purification clean up Kit. The quantity of DNA was
measured by wusing a NanoPhotsovereseeupE N50
using a3:1 ratio of insert DNA vector DNA. Ligation of DNA wasperformed

according to theQuick Ligation Protocol (NEB)In brief, 10 nL of 2x Quick

Ligation Buffer (NEB) and Irl of Quick T4 DNA ligase (NEB) were added to the

insert and vecr DNA samplesThe reactionmixture was centrifuged for 1 min at

4,000 rpm and incubated at room temperature forirb Then the reactiomixture

was chilled on ice and then the plasmid was transformeduitr@ompetent cells
(Promega) followinghe NEB transformation protocol.

For Gibson assembly, the concentration of amplified insert and vector DNA was
quantifiedusinga NanoPhot o met eA Ffolde&cesof(insentDNA n ) .
was added to vector DNA. Ifi. of Gibson assembly master mix was added and the
reaction was topped up to 20 with sterile mQHO. The reaction mixture was
incubated at50 AC for 1 h. Transformation was carried out according to

manufacturerdéds instructions (NEB).
2.4.7 Agarose gel eletophoresis

DNA fragments were separated by siasing agarose gel electrophoresis. For
analysis o DNA fragment sizesl% agarose gels were prepared by dissol0i3gg

of agarose in 3L of TAE buffer (242 g Tris, 57.InL acetic acid, 100nL 0.5 M
EDTA was mixed with 1 L of dkD, pH 8.0). 57L of DNA sample was mixed with
1 nL of 6x loading dye (Promega) and loaded onto wells of the agarosergelos
DNA marker (1 kb DNA ladder, Promega) was uséedlswereranat 150 V, 300
mA for 25 min and stainedvith 5 nL of Ethidium bromide in 10@nL of dH,O for

30 min and visualisedising aSyngene G: BOX gel dockystem
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2.5 Protein purification

2.5.1- Metal Affinity Chromatography

Histidine taggedsStScsC,StScsGxxa, Artl and BcsA GFP were purifiedisingthe
buffer systems detailed in Tablel2.Cell pellets from 1 L culturevereresuspended
in 50 mL of Solubilisationbuffer. A final concentration ol mM PMSF was added
to inhibit protease activity. Pellets were homogenized on ice fomi® and
sonicated6 times (30s each) at 10 microns (Soniprep 150) then centrifuged at
15,000 rpmand 4 AC for 30 min. Sampls from the supernatanwere taken for
analysis on SD®AGE gel and the rest wapplied to & mL Talon Metal Affinity
Column (ClontechXhat hadbeenpre-equilibrated with Solubilisation buffeiThe
column was washed withO column volumes o¥Wash bufferfor the removal of
untagged proteins antthen the protein of interest was eluted wiiution buffer
Prior to steoing the protein, imidazolevas removedvia buffer exchange. rBtein
sampls were concentratedusing Millipore spin concentrater and then passed
through aPD-10 column (GE Healthcarethat had beerpre-equilibrated with
Equilibration buffer.

Table 2.11- Components required forpreparation of buffers for protein purification.

Buffers Components
Solubilisation  buffer 125 mM Tris pH 7 (pH 8 for Artl)
(SB) 50 mM NacCl
0.9% Triton-X-100
Wash buffer 10 mM Imidazole in 2%nL of SB
Elution buffer 300 mM Imidazole in 2L of SB
Equilibration buffer 50 mM HEPES pH 7 (pH 8 for Artl)
150 mM NacCl
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2.5.2 TEV protease purification

TEV protease was purified frork. coli BL21 harbouring pRK793 plasmid as
described above (Section 2.5.Buffer exchange wathen performedas described
below, using the buffer systems described in Table2.2Buffer exchange for
removal of imidazole wagperformedusing aHiTrap S-sepharose column (GE
Healthcare)and aperistaltic pump (Pharmacia Fine Chemicals). The column was
equilibrated with10 mL of mQH,O, followed by 10 mL ofBuffer 2 and finally with

10 mL of Buffer 1. The purified protein sample was diluted 1 in 5 in Buffer 1 and
appliedto the column. The column was washed witmB of Buffer 1. Protein was
eluted with 3mL of Buffer 3 tren 3 mL of Buffer 2 was applied to the column
(Proteins were collected in aliquots and pro@antainingfractions weredentified
using aBradford assay (2rL of sample mixed in 50rL of Bradford reagent).
Purified protein was storeak -80 AC. 1y of TEV protease was used per i of
protein to be cleaved and the reaction was left at room temperature ovefmight.
remove uncleaved proteinjgeést were applied toa Talon metal affinity column
equilibrated with Equilibration buffer (Table 2)1 ard untagged proteirpassed
straight through

Table 2.12- Components required for preparation of buffers for TEV protease buffer
exchange All buffers were at pH 8L.0% glycerol (v/v).

Buffers Components

Buffer 1 50 mM TrisHCI, 5 mM 2mercaptoethanol, 20 glycerol

Buffer 2 50 mM TrisHCI, 1 M NaCl, 5 mM 2mercaptoethanol, 20 glycerol

Buffer 3 50 mM TrisHCI, 500 mM MNaCl, 5 mM 2mercaptoethanol, 20
glycerol
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2.5.3 Protein quantitation

2.5.3.1 Markwell Assay

This assay was used to determineghmein concentration of the purified samples as
previously describedMarkwell et al, 1978) using the reagents described in Table
2.13.

Table 2.13- Components required for preparation of the reagents for Markwell assay.

Reagent Chemical Final concentration
g/100mL of mQH,0
Reagent A Na,COs 2
NaOH 0.4
Na tartrate 0.16
SDS 1
Reagent B CuSQ.5H,0 4
Reagent C Reagent A+B 100 parts of Reagent £

in 1 parts of Reagent E

In glasstesttubes, ImL bovine serum albumin (BSA) standar@2 0 0 O grdmL )
protein sample dilutions in mQ@B (1:50 and 1:100) were preparedn8 of reagent

C was added to inL samples, vortexed and incubated at room temperature for 60

min. Then0.3mLof Fol in & Ciocalteubs pOwasol ree
added to the samples, vortexed and incubated at room temperatureniar. 45he
spectrophotometeCary 60 U\ Vis Spectrophotometer (Agilent Technologiesgs

blanked with mQHKHO and readings were taken at 660 rirhe absorbance of the

BSA standards ws pl otted and the unknowmL sampl
concentrations by comparing to the linear regression fit for tmelatdqAppendix

1) and corrected for dilution. Sampémalysis wagerformedin triplicate and the
concentrationsvere averaged to give the final concentration for the stock protein

sample.

2.5.3.2 Calculated extinction coefficients

In order to calculate the concentration of purified protein samples, absorbance of
samples were taken at 280 nf(@ary 60 U\Vis Spectrophotometer (Agilent
Technologies)in a quartz cuvette (Sigma)Protein concentrations were then
estimated using the calculated molar extinction coefficierst for the protein
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(http://biotools.nubic.northwestern.edu/proteincalc.hitmBince these extinction
coefficients are designed to work with denatured proteins, their accuracy was

compared to Markwell assay data before this approach was used routinely.

2.6- Determination of the redox status of proteins

Purified protein samples were oxidised with 20 mM GSSG and reduced with 5 mM
DTT (final concentrationspr left untreated for h at room temperaturé&keduction/
oxidationreagents were removeta buffer exchage on aPD-10 desalting column
(GE Healthcare).

2.6.2- DTNB assay

The thiol redox statusf purified proteinsvas assessed usinddd@NB assayDTNB
(5,5Npithiobis(2nitrobenzoic aciy) (Sigma) interacts with free thiol groups of
protein of interest t@roduce 2nitro-5-thiobenzoate anion (TNB and one mixed
disulfide (RS-TNB’) with the protein of interestThe etinction coefficient of
DTNB is 13,600M*cm™ at 412 nm (Sigma).

10 mM DTNB stock solution was prepareddri M sodium phosphatemM EDTA
buffer, pH 8.Purified proteinwas di | ut e d mlt af a 13r@MWDTNB
solution After 15 min of incubation at room temperature the absorbance was
measured at 412 nm. Free thiols in the protein sampletivenealculatedusing the
extinction coefficienfor DTNB (13,600M cmi?).

2.6.2 Thiol alkylation with AMS
The oxidation state of proteins wasvestigated by using -Acetamide4*
Maleimidylstilbene2,2-Disulfonic Acid (AMS) thiol modificdion reagent (A485,

Invitrogen) thatreacts with reduced protein thiols as shown in Figure 2.1
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AMS

|
A
®_S- + C-NH —CH=CH N |
CH,

SO; SO3
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A\
/C—NH —CH=CH NQ
CH;
SO; SO3

Figure 2.1- The structure of AMS and the formation of an intra-protein disulphide.
AMS reacts withreduced protein thiol (shown in orange) resultingha formation of an
intra-protein disulpide. An increase othe mass of the protelnb y ~ 0 leasistolka Daand
shift on an SDSPAGE gelthatcan then beletected.

For determination of tha vivoredox status of ScsC . Typhimurium 150nyg of
periplasmic fractions (grown in 1 mM/) wereincubated with or without 5 mMm
DTT for 1 h andprotein wasacetone precipitated as described in sestibhl.1 and
2.11.2. For determination of thm vivo redox status o5tScsCin the presence of
copper/ oxidative and nitrastive stresgess. Typhimurium 150 g of periplasmic
fractions(grownin the presence of 1 miau’/ Cu*), 1 mM GSNO and 1 mM kD,

(or in combination) were acetone precipitatedu’ stocks were prepared as described
in section 2.12. For determination of tinevitro redox status of purified StScsC and
Artl, 3 MM of purified protein samples (th&tad beemreviously oxidised/reduced
with 20 mM GSSCGor 5 mM DTT, respectively) were incubated in the presence and
absence of 1 mMcu* for 1 h at room temperature. Protegamples were then
acetone precipitated. Precipitated protein samples were then resuspendddoh 8
20 mM AMS in 50 mM Tis/ HCI, 1% SDS buffer (Inaba and 1t®002) and
incubated at room temperature for &n. SDS loading buffer (without reducing

agent) (1:1) wathenadded and protein samples were resoladDSPAGE.
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2.7- Sodium dodecyl sulphatepolyacrylamide gel
electrophoresis (SDSPAGE)

SDSPAGE was used to separate and visualise proteins samples. Gels were prepared

on the day before use usirgyMini-Protean Electrophoresis System (BIORAD
Laboratories, USA)A 4% stacking gel and2% resolving gel(Table 2.8) were
used unless otherwisdated. The composition of asolving bufferand stacking
bufferwere 1.5 M Tris/HCpH 8.8and 0.5 M Tris/HCI pH 6.8, respectively.

Table 2.14- Recipes for stacking and resolving geffor SDS-PAGE.

Chemical Stacking gel (46) Resolving gel (120)
Distilled H,O 6.425 nb 4.35nL

Stacking buffer 2.5m -
Resolving buffer - 2.5

10% SDS 10a O 10a O

40% Acrylamide/ Bis 0.975 nb 3mL
10% APS 50L O 50L O
TEMED 10L 0 5 LO

When the ged were set completely, they were transferred to the gel tank and
submerged irunning buffer 250 mM glycine, 25 mM Tris, 0% SDS, pH 8.3).
Protein samples were mixed tvia loading dye (50 mM Tris, 2% SDS, 0.5%
Bromophenol Blue, 1% Glycerol, 100 mM DTT) (1:1), boiled for &in at 95AC

and loaded ao the gel. For resolving whole cell samples, cell pellets were
resuspended in 50L of loading dye (in the presence and absence of DTT), then
boiled at 95/C for 10 min, centrifuged at 13,200 rpm for 1in, and 8niL of the
sample was loaded tmthe gel. 3 niL of protein marker was used (Brad dual
colour protein standards). The gels were run at 150 V, 300 mAtoiThe gel was
stained forl h with Coomassie stain (1lgfCoomassie brilliant blu€0% methanol,
20% acetic acid glacial) anthende-stained(with 20% methanol, Z& acetic acid)
until the bandeame visible and background became colourless. The gels were
stored in dHO and visualisedsing aSyngene G: BOX gel dockystem
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2.8 Electrophoretic transfer to PVDF membrane

Proteins fom SDSPAGE ge$ were transferred to PVDF membrane to be further
analysed byVesternBlotting. SDSPAGE ges, filter pads and filter papersere all
soakedn western transfer buffer (25 mM Tris and 192 mM glycine was dissolved in

1 L HyO) prior to transfer PVDF membrane (0.46m, Thermo scientific) was cut

and soaked into methanol briefly and then soaked in western transfer Bufer.
sandwich was made as follows; black side of the gel holder cassette, filter pad, filter
paper, gel, PDF membrane, filter paper, filter pad and red side of the gel holder
cassette. The gel holder cassette was put into electrode tank and the tank was filled
with western transfer buffer. Transfer was carried out at 10 V, 50 mA farotat

100V, 300 mA fo 1h.

2.9- Western Blotting

PVDF memlpane was incubated in blotto%bskimmed milk powder in 1X TBS
Buffer) (1X TBS Buffer:137 mM NaCl and 10 mM Tris was mixed with 9@Q of
dH20 and pH was adjusted to 7.4 and the solution was made up to 1 Lhfwiti i

shaking in order to blockorspecific binding. Then the membrane was incubated
with a 1:5000 dilution of primary antibody in 1®L of blotto for 1h with gentle
shaking.The membrane wathenwashedfor 3 x 5 min with TBST (0.26 Tween
(Sigma, Tween @ was mixed with 1X TBS buffer)The secondary antibody (1:
5000) wasthenadded to 10nL of blotto and applied to the membrane. The liquid
was discarded and the membrane was washed 4 times with TBST as described
above. One tablet of BCIP/NBT (Sigma Fasgs dissolved in 1énL of dH,O and

the membrane was developedie BCIP/NBT solution for 10min in darkness. The
reaction was stopped by washing the membraitie dH,O. The various antibodies

used in this study are listed in Table®.1
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Table 2.15- The list of antibodiesused in this study *All antibodies were coupled with

alkaline phosphatase.

Antibody* Reference
Anti-Human Kappa Light Chain (Bound and Sigma Aldrich

Free)

Anti - StScsC Shepheraet al, 2013
Anti-Human IgG (Fab specific) Sigma Aldrich

Anti -hiss antibodies Abcam

Anti-rabbit IgG Sigma Aldrich

2.10 Identification of protein bands via mass spectrometry

For identification of peptides resolved on an SBSGE gel, the gel was stained
with a Pierce silver staining kit (24600, Thermo scientific) udimgmanufactureis
protocol. The slver stained gel was washed with ultrapure water twice fomi)

The bands of interest weexcised using clean scalpel close to the edge of the band
andwere thentransferred to a clean Eppendorf tube. Excised bands were destained
using the Pierce silver staining kifollowing the ma n u f a cprotocoke Mhee s
solutions were prepared freshly. The following steps were all carried out in a HEPA
fiter hood (BSB4# ICN flow). Filter tips were used throughout the protocol
(Biosphere filter tips).

Reduction and alkylation of the proteinwas performedwith DTT and
iodoacetamide (Sigma), respectivebs previously describe(Shevchenkeet al.,
1996. Tryptic digeston of the proteins wagerformedas follows: Dried gel pieces
were rehydrated i20 nL of digestion buffer (25 mM NEHCO; (Fluka, 40867 and
10% acetonitrile (Biosolve)) containing 10 ny/ of Sequencing Grade Modified
Trypsin (Promega) and incubated atC4for 30 min. The supernatant was then
removed and the gel pieces were incubated overnight at room temperatuneLin 20
of the digestion bufferto maintain gel hydrationduring enzynatic cleavage.
Extraction of peptides as performedby the addition of 51l of acetonitrile to the
gel pieces and sonication in an ultrasound bath (Decon) fonid5The gel pieces

were centrifuged and the supernatant was collectedl1®f 50% acetonitrile with
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5% formic acid was added to gel pieces and sonication was cauiddr 15min.

Then the gel pieces were centrifuged and the supernatant was collected. Supernatants
were pooled together in an Eppendorf tube and store2DaE. 0.5nL of extracted
peptides was spotted oradMTP Anchorchip MALDITOF plate (Bruker). Saples

were allowed to dry then fl of matrix solution was added on top (0.7 mb/m
alphaCyanc4-hydroxycinnamic acid dissolveah isolvent mixture containing 85%
acetonitrile, 150 water, 01% TFA and 1 mM NHH,PQ,). The plate was placed
into a MALDI-TOF mass spectrometer (Ultraflextreme, Bruker). The instrument was
calibrated with commercially available Bruker Peptide Calibration Standard I
(Bruker, part number 222570). The spectra from the extracted pepteles w
collected using thdollowing settings Polarity, +ve; Laser frequency2 kHz ion
sources25 kV and 22.35 kyLens 7.5 kV; pulsed ion extractiar80 nS range 700-

3500 Da data sampling ratet Gs/s. For each samp@500 shots were summed and
saval. The mass spectrometry data files were exported from the Flexicontrol
software from Bruker Matrix Science. An automatic search against TrEERIoli

database (downloaded from Uniprot) vpesformedusingthe Mascot search engine.

2.11- Quantification of protein abundances by electrospray

mMass spectrometry

2.11.% Extraction of periplasmic fractions

5 mL of overnightbacterialcultures were used to inoculat&)0 mL of LB in 2 L
baffled flasls (with appropriate antibiotjcin the presence and absence of-sub
inhibitory concentrations of copper (2 mMnd cultures were growat 37AC at 180
rpom until the ORyowas 1.5. 14.25nL of 1 M NaCl and 14.251L of 1 M Tris/HCI
pH 7.3 was mixed with the culture and centrifuged at@®;@® for 20min at 20AC.
The supernatant waken collected and the pellet was resuspended inn®.50f
supernatant and 3r8L of TSE buffer (496 sucrose, 33 mM Tris/HCI pH 7.3 and 2
mM EDTA) and incubated at room temperature fom#fi then centrifuged at 5,000
rcf for 15min at 20AC. The pellet then resuspended inmb of ice cold dHO and
mixed on ice for 45 and 10nL of 1 M MgClL was added and chilled on ice for 20
min. The pellet was centrifuged at 5,000 rcf forrhb at 4 AC, and thesupernatant

was collected (periplasmic fraction) and storeeBatAC.
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2.11.2 Acetone precipitation

A protein solutiorcontainingl0 ng of proteinwas mixed withexcessold acetonén
a 4:1 ratio (v/v) The samples werenkept at-70 AC for 10min then incubated at
20 AC for 4 h. The samples were centrifuged at 5,000 rcf forniis at 4 AC.
Supernatants were removed and the tubes were dsed avacuum centrifuge
(ThermoSavant, SPD111V) for b&in to eliminate any acetone residue.

2.11.3 Tryptic digestion of proteins

10 ng protein pellets (from section 2.11.2) wergesuspendedn 20 ni of
solubilisation buffer (8 M urea, 100 mM ammomiwcarbonate, 20 mM DTT, and
0.2% octytbeta glucoside (Flukagnd incubatedor 1 h at room temperature. Then

10 nL of 10 mM iodoacetamide (alkylating reagent that binds covalently with the
thiol group of cysteines so the protein cannot form a disulphide bond) was added to
the samples and incubated at room temperature fonia565 ni. of mQH,O was

then added to dilute therea in the sampleand 2.5nL of 0.2 mg/nk Sequencing
Grade Modified Trypsin (Promega) was added gredmixture wasncubated for 18

h at room temperature. The trypsin activity was stoppadhe addition of 1% TFA

(trifluoroacetic acidjpnd the samples were stored2a AC.

2.11.4 UPLC and ESI-MS analysis
10 nL of trypsindigested protein samples were mixed witiii50f 50 fmolhi BSA

standard which was used as internal standard to alloabelfree quantitation.
Protein samples were placed into the ACQUITY UPL&Mss System (Waters) for
sample separation. L of each sample was injected to the column. Peptides were
trapped on a 180m X 20 mm Acquity Symmetry C18 {8M) column for 3min and
then separated on a A X 150 mm Acquity UPLC HSS T3 column with Ingén
particles (Waters). All peptides were separated with an#0gradient and data
collected for 60min. Trapping flow rate was 18/ min with 97% A and % B (A:
water with 0.%6 formic acid, B: acetonitrile with 0% formic acid). For the 40 min
gradient, the flow rate was changed to BL3 min with 3% A and 4% B. Peptides
were analysedsing aSynapt G2Si Mass spectrometer (Waters) fitted with a Zspray
nanospray source. The fragmeaan data was collectising HDMSe technique.

During the run, the system was in positive 58lde. The source temperature was 60
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AC. The capillary voltage was 3.5 kV and the cone voltage was 30 V. The m/z range
was 502000 with scan time of & Peptides were then analysed by Progenesis QI
software against TrEMBLSalmonelladatabase. All reagents used were-MS

grade.

2.12- Metal binding assay

Theaffinity of the StScsC proteirfor Cu’ wasinvestigatedising acompetition assay
with Bathocuproine disulphonate (BCS) (Sigma). BCS bind€ib and formsa
BCS:Cu(l) complex that absork 483 nm which is used fwobe theCu' affinities
for proteins (Xiaoet al, 2011). The buffersused n this assay (dble 216) were
treated with Chelex resin (Sigma) to remasansition metal ions and MNpurged for

10 min for the removal of oxygeiitrogen was supplied from BOC)

Table 2.16- Components of buffers used in metal binding assay.

Buffer Components

Buffer A 100 mM HEPES pH 6, 400 mM KCI, 100 mM NaCl, 5 mM EDTA
mM DTT

Buffer B 100 mM HEPES pH 6, 400 mM KCI, 100 mM NacCl,

Buffer C 100 mM HEPES pH 7.8, 400 mM KClI

Buffer D 100 mM HEPES pH 7.8, 400 mM KCI, 100 mM NacCl
Buffer E 100 mM HEPES pH 7.8, 400 mM KCI, 1 mN&Cl
Buffer F 0.1 M HCI, 1M NacCl

Since CU' reacts with oxygen andan generateCu?, the entireexperiment was
conducted under anaerobic conditions (InwivBypoxia workstation). Quartz
cuvettes were soaked if#nitric acid overnight and washed with distilled water for
removal of metals. Absorbance spectra were collected between 200 and 800 nm with
USB2000+U\WVIS, OcearOpticsspectrometer.

Cu’ stock solution was prepared by mixing 1 g of CuCl inmy of Buffer F to
producea solution of72 mMCu’. 72 mMCu* was then diluted 1 in 10 withu®fer C
then further 1 in 2.3 dilutiowith Buffer D resulted in 3.125 mNCu’ stock solution

which was used during titrations.

2 OM of purified anduntaggedStScsC wasncubated in Bffer A for 2 h at room

temperature for reduction of disulphide bonds and the removal of nfietaisthe
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protein Then DTT and EDTA were removed from the sample by using Heparin
column (GE Healthcare)hat was preequlibrated with Buffer B. Reduced and

metalfree StScsC was eluted witthe high salt Buffer E.

To produce &CS standard curv&u’ was titrated to 1M BCS solution (prepared

in Buffer D). For BCS StScsC competition assa@u’ was titrated to 1&dvl BCS +2

nmM StScsC solution (prepared in Buffer D). Absorbance spectra were recorded every
minute after titration of copper with constant mixing until the reaction reached

equilibrium.

2.13 Macrophage survival assay

RAW-Blue macrophagstocks(derived fran the murine RAW 264.7 macrophayes

in aliquots of~1.5 nL were defrosted and suspended inmiD of culture medum
containing 18 (v/v) heat inactivated FBS (Sigma) and 200nU/of Penicillin-
Streptomycin (Sigma) in DMEM (Gibco). Suspended macrophages were centrifuged
at 500 rcf for 5min and the pellet was resuspended in fresmAL.DMEM media. 2

mL of resuspended macrophages were dilutednmi_®f fresh DMEM media in T25
flasks and cells were incubated at &2 with 5% CQ, for 48 h. After 48 h, spent
media was removed. Confluent monolayef macrophagesverethen resuspended

in 5 mL of fresh DMEM media and the cells were scraped from the bottom of the
flask. The sispensioawerecentrifuged for Gmin at 500 rcf. Thesupernatastwere
removed and the pelktvereresuspended in BL of fresh media and mixed with 20
mL of fresh DMEM media in T75 cell culture flask

1.5x 16 macrophages were countading ahaemocytometer andese plated in a

flat bottom 96well plates. Ing/mL of INF-0 Recombi nant Hu man
and 10 ngimL LPS (Sigma) was added and the total volume of the suspsmgien
made to 10 Lby the addition of DMEM media withowRenicillin-Streptomycin
Cultures were incubated for 18h at 37 AC with % CQ in order to prime and
activate the macrophages and maintaéti adherence to the bottom of the plate.
Single colonies from wild-type and gscsC S. Typhimurium strains wereused to
inoculate10 mL of LB overnight. Bacterial cultures were centrifuged fomb at
5,000 rcf and the pellet was washed in 1x PBS then centrifugednion &t 5, 000

rcf. Bacterial pellets were resuspended in DMEM media and bacterial counts were
obtained by measuring thetacal density of the cultures at 600 nm.
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Preprimed RawBlue macrophages were infected w&hlmonella typhimuriurat a
multiplicity of infection (MOI) of 10 (10 bacteria: 1 macrophagkifections were

performedn the presence and absence of GOUICUSQ.

After 20 min of infection, media was removed and 0Qof gentamicircontaining
media (2 0 0 Y gvastadded to the wells for elimination of the extracellular
bacteria. After 10min of incubation, spent media was removed and macrophages
were washed three times with 100LPBS then lysed with 100 Lof 0.01% Triton
X-100 in PBSto measure of bacterial uptakén addition,3 5  Q gyéntamicin was
addedto parallel wellsfor longerinfections. Macrophages were then weshvith

PBS and lysed with 0.04 Triton X-100 in PBS at 3 or 24 post infection. Lysates
were plated on agar plates with antibiotics. Plates were incubated/at f87 16 h
thenintracellular bacterial counts wedeterminedby counting the coloniesThis
work was performed in aura-2000 Bioair biosafety cabinetA diagrammatic

representation of thesemeriments is shown in Figure 2.2

Infection of PBS wash
macrophages by Lyse with 0.01% Triton
1.5 x106 bacteria X-100in PBS
Addition of
200 pg/ml
gentamicin
Infection of 20 minutes Addition of 35 3 hours
macrophages by pg/ml .
1.5 x108 bacteria gentamicin
Addition of PBS wash
! 200 pg/ml i Lyse with 0.01%
0 minute  gentamicin 30 minutes Triton X-100 in
PBS
Infection of Addition of
macrophages by 35 Hg/ml .
1.5 x106 bacteria gentamicin
Addition of PBS wash
200 pg/ml Lyse with 0.01%
gentamicin Triton X-100in
PBS

Figure 2.2- Model for macrophage infection studies.The timelinesillustrate the stages
and conditions ofmacrophagénfection with S, Typhimurium Gentamicinwas used tdill
extracellular bacteria and Triton-200was usedor the lysis of macrophages.
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2.14 Quantification of GFP fluorescence

Salmonellastrainsharbouringthe pET23b_RcsA GFP plasmid wergrown in LB
media overnight then the culture is diluted 1 in 10 in LB medilted cells were
then diluted 1 in 10 again icB medumin flat bottom 96well plates in the presence
and absence of 1 mM Cu%éndthe GFP fluorescence was measured by using plate
reader (BMG Labtech)GFP fluorescence emission spectra of purified proteins were
recorded using Rerkin Elmer LS50 B Luminescence SpectrometEéxcitation and

emission wavelengths were set as 470 and 512 nm, respectively.

2.15 Fluorescence microscopy

GFP that was expressedSnTyphimuriumwas visualised usingn Olympus IX 81
inverted microscope. @ Lof cultures grown for 8 were appliedo agarose pads on
microscope slides. After @in, cultures were dried and cover skdeereapplied

beforeGFP fluorescence was visualised.
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Chapter 3

Expression analysis and
identification of in vivo
targets for the ScsC protein
of Salmonella
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Abstract

In this chapter,in vivo assays were done in order to demonstrate firstly the
expression o5tScsC and then to characterise the protein targets of the periplasmic
ScsC inS Typhimurium. Bioinformatics search was donedentify other species of
bacteria encodingrthologousScsC proteia Next, translational ScsC expression
studies were accomplished where the abundanc&t®EsC was found to be
significantly upregulated in the presence of copper by mass spectrometry analysis. In
addition, by transcriptional assays it was confirmed that the promoter regsms of
locus (400 bp upstream etsA is activated by copper. Later, divalent metals other
than copper and oxidative and nitrosative stress agents were supplemented to the
growth media ofSalmonella typhimuriunand the results showed that t8&csC
expression is copper specific.

The thiol redox status @&tScsC was studied in the presence of copper, peroxide and
nitrosative stress agent GSNO. Herein, we have dstradad forthe first time that
StScsC is only expressed in the presence of copper and it is found in the oxidised
statein vivo. To characterise the role &tScsC, the abundances of periplasmic/
secreted proteins that are expressed S@monella were analysed via msa
spectrometry in the presence and absence of coppert&cslCS In the presence of
both, the assembly of disulphidentaining proteins involved in peptide uptake was
improved. These proteins are all ptsiStScsC targets. Presence $tf5csC was

also fiown to alter the redox state of another disulpiuioietaining protein Bes@h
Salmonellgperiplasm

Finally, addition of exogenous copper ions to murine macrophages infected with
wild-type Salmonella typhimuriurted to an increased survival confirming ttude of

StScsC in copper tolerance.

53



3.1- Introduction

S Typhimuriumis one of the most common cass# food-bome disease (CDC,
2015) and over 8,000 cases &almonellainfections are reportedeach year in
England and Wales (PHE, 20l8nderstanding the mechanisms by which
Salmonellapromotes survival is crucial for targeting pathogens and diminishing the
number of infections occurring. Once thacteriumis engulfed by macrophages,
these immune cells target tihacteriavia the production of toxic reactive oxygen
species (ROS), reactive nitrogen species (RNS) and copper ions (Skidh
review, Achardet al, 2010).Salmonellaresponds via the upregulation of a range of
virulence factors thgpromote proliferation and survival in thest cell (barra and
SteeleMortimer, 2009 review) including the Scs locus that is the focus of this
thesis. TheScs proteins ofS. Typhimurium restore copper tolerance topper
sensitive mutants d&. coli (Guptaet al, 1997, and this early workuggested a role
for these thioredoxutike proteins in disulphide folding.dterwork reported that the
scslocus plag a role inresponding texidative stressthe absence of this locus lead

to protein carbonylation (Anwaat al., 2013).

The solubleperiplasmicStScsC protein was later characterised and losSt®¢sC

was shown to elicit copper sensitivity Salmonella(Shepherdet al, 2013). With

these studies in mindhe experimental approaches in this chaptere designed to
investigatethe transcriptional and translational regulationSibcsC,and to measure

the impact of stresses encountered during infection uponrddex status of the
StScsCin vivo. It was also hypothesised that the expression reddx statusof
StScsCwould impact uporthe abundance of periplasmic proteimgich could be
investigated using mass spectrometry techniques. Finally, it was anticipated that
StScsC expression and copper may impact upon the abilBalofionellato survive

during infection, e thiswasinvestigated using macrophage survival assays.
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3.2- Results

3.2.1- StScsCis part of a subgroup of monomeric ScsC proteins that

lack an N-terminal dimerization domain

Bioinformatics analysiswas undertakem order toidentify orthologsof Salmonella
ScsCin other bacterial species.The S. Typhimurium (SL1344) ScsC (StScsC)
protein sequencéacking the targeting peptigdeassubmitted to théSkSearch tool
from EMBL-EBI, and theUniprot Knowledgebase database was usegrovide
functional annotationThe default value of 1.Gewas used for the expectation value
threshold for automatic selection of matched sequerrtelBLOSUMG62 was used
as a comparison matrix. 25@rthologoussequence were detected and ordered
according to their &values (Appendix2). Table 3.1 shows th@roteins from
differentspecies withtheir percentage identitiegelative to StScsC)rhe sequences
for proteins listed iMable3.1were aligned using th€ LUSTAL Omegatool, along
with sequences from characterised Sps@eins fromYersiniafrederiksenii(Lopez
et al, 2018), Caulobacter crescentugCho et al, 2012) andProteus mirabilis
(Furlong et al, 2017) (Figure 3.1) Notably, the presence and absenceanf N-
terminal extension (which mediateligomerization, Furlongt al, 2017) isevident

from thesequence alignment.
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Table 3.1 A list of proteins orthologousto StScsC One representativef each species from the first 250 hit from the bioinfomatics search was selected.
The percentage identity of each matched sequence to the query sequence (StScsC) calculated by using BLOSUMG62 an@ticedsimproumber of each
speciesas well as aunctional annotatiomwas shown.

Organism name Protein name Accession % identity Functional annotation
number

Citrobacter youngae DsbArlike protein D4BBNG6 85.1 Protein disulphidexidoreductase

ATCC 29220 activity

Klebsiella pneumoniae Suppressor for copper | AOA377VNR4 84.5 Cell redox homeostasis
sensitivity ScsGbdbD)

Enterobacter sp. DsbA oxidoreductase AOA0JOHNW7 84.0 Protein disulphide oxidoreductase

GNO02600 activity

Vibrio parahaemolyticus DsbA oxidoreductase AOAOM3ECI2 83.0 Cell redox homeostasis

Shigella flexneri 12356 DsbAclike thioredoxin I6HBI8 84.3 Cell redox homeostasis

domain protein
Cedecea sp. NFIX57 Proteindisulfide isomerase| AOA1X7JC62 79.8 Protein disulphide oxidoreductas
activity

Buttiauxella ~ brennerag ScsC family secreted prote|] AOA1B7IP59 65.7 Cell redox homeostasis

ATCC 51605

Serratia rubidaea Thiol-disulfide AO0A2X5B2S0 54.1 Cell redox homeostasis
oxidoreductase D (bdbD)
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Figure 3.1- Sequence alignment of ScsC proteind.he amino acid sequences of StScsC
from Salmonella typhimurium SL134dnd theorthdogous ScsC proteins identified via
bioinformatics search as well a¥ersinia frederiksenii(Uniprot accession number:
AOA380PSJ7) Caulobacter crescentudJniprot accession number: Q9A74&hd Proteus
mirabilis (Uniprot accession numbef0A1Z1SYD5). Fully conserved residues ashaded

in grey and residues showing %0conservation are shaded in pink. The CXXC motif is
highlighted by the red box. All sequences except the last four are shown to lack the N
terminal oligomerisation domain
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3.2.2 StScsC expression is induced specifically by copper

Given that the all fouscsABCDmMRNA transcripts had previously been shown to be
regulated by copper (Lopes al.,2018), it was of interest to extetigs expression
analysisto other stresses and to confirm ttie proteinabundancevas also elevated

by copper

3.2.2.1 Mass spectrometry analysis of StScsC expression in the presenc€af*
Native StScsC was quantified in talmonellaperiplasm viaSynapt G2Si Mass
spectrometer (Waters)Vild-type Salmonella Typhimuriun$L1344 was grown in
the LB media with or withousupplemeration with2 mM Cu?*, and periplasmic
fractions wereisolated Proteinswere digested with Trypsin anpeptideswere
separated by liquidhromatography (UPLC) and analysed by Electrospray ionisation
mass spectrometry (E®8S). When the growth medium was supplemented with 2
mM Cu?, the abundance of StScs@s found to be approximately -f6ld higher

(Figure 3.2).

*%k

. S
- [=1]
1 ]

of total periplasmic prep)
o
N
[

[StScsC] (fmol in 0.27 pg

0.0
No Cu®* 2 mM Cu?*

Figure 3.2 The abundane of StScsC in theSalmonellaperiplasm. The abundance of
StScsC in theSalmonellaperiplasm was measured using electrospray ionisation mass
spectrometry (ESMS). In the presence of 2 mMopper, the abundance of StScsC was
found to be elevated by 40Id (red bar). Error bars showing SEM of 4 repeatsiaRie <

0.05 for unpaired-testis indicated by asterisk
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3.2.2.2 Western blot analysis demonstrates that StScsC expression is
specifically elevated by copper

To invesitageif the expression of StScs@as modulated by other divalent metals,
the culture medium was supplemented with ZpSF2SQ, and CuS@ Whole cell
samples weranalysed visEDSPAGE (Appendix 3)and the expression of StScsC
was measureda Western blotting with antbtScsC antibodies. Only the presence of

CuSQwas shown to promote the expression of the StScsC protein (Figure 3.3).

Cuso, Znso, FeSO,

15% L m |

Figure 3.3 Western blot detection of StScsC in cells exposed to divalent metal§ild-

type Salmonellavas gown in thepresence of 2 mM ZnSOFeSQ and CuSQ@ and StScsC
expression was detected via Western blotting with-8#8csC antibodies. The black box
highlights that the 23 kDa StScsC is only expressed in the presence of copper and not in the
presence ofinc or iron sulphateéMarker lanes show the 15, 20, 25, 37, 50 and 75 kDa bands

of protein standards (Dual Colour, BRad).Equal amount of protein was loaded for each
whole cell samples.

3.2.2.3 Western blot analysis of StScsC expression in tipFesence of oxidative/
nitrosative stresses

SinceStScs components have previously been implicated in the response to oxidative
stress (Lope=zt al, 2018), it was of interest to measure the expression of StScsC
under conditions that promote radical fotioa via Fenton chemistry. Wiltype S.
Typhimurium was grown in the presence of various combinations of £WFeSQ,

and peroxide, and expression of StScsC was detected via Western blotting. In
addition, the nitric oxideeleaser GSNO was also includedhe study. Only copper

was found to induce the expression of StScsC (Figure 3.4).
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Figure 3.4 Western blot detection of StScsC in cells exposed to a variety of stresses
Wild-type S. Typhimurium was grown in the presence of stresses shown on the digadire
the periplasmic fractions werisolated The black box highlights the presence of StScsC
only in the presence of copper with aBtScsC antibodiedMarker lanes show thg5, 20,
25, 37, 50 andr5 kDa bands of protein standards (Dual Colour,-Baxdl). The SDSPAGE
loading control has beatemonstratedAppendix 4) 18 kDa unidentified band is potentially
broken down product of StScsC.

3.2.2.4 Activation of the scsApromoter is copper specific

Sinceproduction ofStScsC is under the control of tkesApromoter(Lopezet al,
2018)it was of interest to directlinvestigate the coppenediated activation ahis
regulatory region400 bp upstream dhe scsAstart codorwas clond (via Gibson
assemblyupstream othe gfp gene to produce plasmpET23b_RcsA GFP(Figure
3.5), and the desired sequence was confirmed via sequerféipgendix5). Wild-
type S. Typhimurium harbouring pET23bsBsA GFP was grown in the presence
andabsence of 1 mM CuS@or 8 h, and thegrowth curve demonstrate that growth
rateis not affectedy this concentration afu** (Figure 3.6A). However, copper was
confirmed to dramatically elevate the activity of gesApromoter measured by the

GFP fluorescence intensity (Figure 3.6B).
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CTGGCCTTCGTGTTGCTGGAACTGGCGATTAAATTGTGGATCGTTACGGTGTTGCCATARA
CTGGTCATACTCGGCGCGCCGTTGCTCATCACTCAGCACTTCCCATGCTTCAGCAACCTC
TTTGAAACGGGCTTCGGCATCGGGTTCTTTGCTGACATCTGGATGGTACTTGCGGGCCAG
TCGGCGATAGGCGGTCTTAATCGTCTTGAGATCGTCCGTCGGTTTCACGCCCATAATGGC
GTAATAATCCTTAAGTTCCATAGCATCATCTCGCTAAATCAATACATACAGAAGGGACCC
CAAAAGGTTTCTCCACTAAGTGTAGGGTAAACCTGAAAAGTGCGTATGARAACACCAGTT
ATATCATTAGTAAGAATAAATTACGTTGTTCGACTATCAGAAGGTTGCGCAGCGCGCCGA
CATAACTTTACAGGGGAAAGGTTGCCAARACCGCGCCAGTGGCTAAGATAACTCGCGTTA
AACAGTGAGGGCGCAATGGCGAAACAACAACGGATGGGCTGGTGGTTTCTTTGCCTTGCA
TGTGTCGTGGTAATGGTTTGTACCGCGCAACGCATGGCGGGCCTGCACGCCTTGCAGATG
CAGGCGACGGCCTCTGCTGCGETGGTCAGCGCTCCCTCCTCGACAGATGACGGCTCGCCG
GTCACCCCCTGCGAATTAAGCGCCAAGTCGCTGCTGGCGGCGCCTCCGGTACTCTTTGAA
GGCGCTATCCTTGCGCTTTGTCTACTGCTTTCCTTACTGGCGCCTGTCCGGGTCATGCGC
CTGCCGTTTTCGCCTCCACGGGCTATTTCGCCGCCCACATTACGGGTACATCTACGATTT

TGTGTCTTCCGTGAATGA

PET23b-PscsA-GFP

4749 bp

Figure 3.5 Cloning of a scsAGFP transcriptional fusion plasmid. (A) The nucleotide
sequence ascsAfrom S. Typhimurium SL1344s shown in red and the promoter region 400
bp upstream of thecsAgeneis shown in black-10 and-35 promoter regionareunderlined

in black. The putative ribosome binding site (RBSunderlined in green (Guptet al,
1997). Putative Cpxfinding sequieces are underlined in red (Lopetzal, 2018). The stop
codon is indicated in gree(B) Plasmid map of pET23bsPsA GFP. 400 bp upstream of
scsA(PscsA was cloned upstream gfpin apET based plasmid. For alternative detection
and purification, hexhistidine tag is alsmcorporated
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Figure 3.6 Impact of copper upon growth and scsA promoter activity in S.

Typhimurium. Wild-type S. Typhimurium harbouring the transcriptional fusion plasmid

pET23b BRcsA GFP was grown in the pres€@i#ffor8h(y) an
(A) The optical density at 600 n(Data represents the average of 6 independent repeats and

the error barshowingSEM) and (B) the GFP fluorescence was record@dita represents

the average of 6 independent repeats andrtbe bars show 9% confidence intervals).
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To confirm that this coppenediated elevation in transcriptional activity was
concentration dependent, Cuffas varied from @2 mM and GFP fluorescence was
measured after 8 h. Increasing concentration of copper resulted in elevated levels of
GFP production in a dos#ependent fashion (Figure 3.7). This coppediated
activation of thescsApromoter was also ofirmed using fluorescence microscopy,
where Salmonellaharbouring the pET23bsesA GFP emitted GFP fluorescence

only in the presence of copper (Figure 3.8).
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Figure 3.7- PscsA activity with increasing concentrations of Cu?*. Wild-type S
Typhimurium harbouringthe pET23BPscsAGFP plasmid wagrown in the presence of
increasing concentrations 6i** (0-2 mM) and GFP fluorescence was measuatidr 8h.
This dose response experiment reveals a concomitant increasecsA dgtivity with
increasingCu”*. Wild-type controlis indicated ag 6 Datawere collected in triplicate and
error bars shoWw5% confidence intervals
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Figure 3.8 GFP expression ofS. Typhimurium harbouring the pET23b-PscsAGFP fusion plasmid. Fluorescence microscopy images of wige S.

Typhimurium and an isogenic strain expressing GFP under the control ssfshpromoter in the presenead absencef 1 mM Cu**. 3 O Lof cell culture
was taken after 8 h of growth and was visualissidgan Olympus IX 81 inverted microscopBanelsA to D shows the brightfield images of the stsaand

panels E to H represetite fluorescence microscopy images. GFP was only detected in the pres€ntasfshown in image Highlighted by the red box
Scale bar, 10 OM.
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Finally, to provide confirmation thathe fluorescent signal elicited by copper
indeed that of GFPhis-tagged GFP was purified frorBalmonellaharbouring
PET23b_RcsA GFP by affinity chromatography. Purified peot was resolvedia
SDSPAGE and detected via Western blotting with doigs antibodies (Figure 3.9).
This purified protein was then confirmed to be GIsihgfluorescence spectroscopy,
where a characteristic emission peak at 512 nm and a&@it peak 8470 nm
(Remington 2011 review) were detecte@igure 3.10).
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Figure 3.9 Western blot analysis of purified hiss-tagged GFP from S. Typhimurium
harbouring pET23-PscsAGFP. Affinity chromatography was performed on cell lysate
from astrain harbouring the fusion plasmid when grown in the presence of CufiMANti-
his; antibodiesfused to alkaline phosphataseere used and blot was developed with
BCIP/NBT solution. A27 kDa GFP protein (shown by théack box) was detecteth the
fraction that was eluted witBOO mM imidazole elutionMarker lanes showhe 20, 25 37
and50kDa bands of protein standards (Dual Colour -Bax).
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Figure 3.10 Excitation and emission spectraof GFP from copper induced cells
harbouring pET23-PscsAGFP plasmid. The 27 kDa protein purified from cells
harbouringpET23PscsAGFP that were exposed to copper (Figure 3Ms subjected to
fluorimetric analysisExcitation and emission peaks were recordsd70 nm and 512 nm,
respectively.

3.2.3 StScsC exists in the oxidised stata vivo

Low levels of StScsC exist in the reduced statevivo in the absence of copper
(Shepherdet al, 2013), but since copper causes a significant elevation in StScsC
levels it was of interest to investigatecopper can also modulate tire vivo redox

state of StScsC. The redox status of StScsC was monitored in the peripl&m of
Typhimurium using the thiol modification reagent -Atetamide4-
Maleimidylstilbene2,2-Disulfonic Acid (AMS), as previously desbed (Rudykand
Eaton 2014 review). Periplasmic preparations &. Typhimurium grown in the
presence of 1 mMopper were reduced with DTT or left untreated and cysteines
were alkylated with AMS. Each AMS adduct adds 0.5 kDa and therefore elicits a
1kDashift in molecular weight for the fullgxidised and fullyreducedCPYC motif

of StScsC (Shepheret al., 2013). After performing the necessary positive controls
with reduced and oxidised StScsC (Figure 3.11A), the thiol redox state was
monitored in the presence of copper, peroxide and thed\asing agent GSNO

(Figure 3.11B). Since expression of StScsClamot be detected in the absence of
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copper via Western blotting (Figure 3.3), this condition was not included. StScsC

was found to be in the oxidised state under all conditions tested.
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Figure 3.11 Determination of the in vivo redox state of StScsC by Waern blotting.
StScsC was detected using &8itbcsC antibodies. Marker lane corresponds to the 20, 25
and 37 kDa bands of protein standards (Dual ColourR&id).(A) Periplasmic fractions of

S. Typhimurium isolated from cultures grown in the presentel anM CuSQ were
incubated with 5 mM DTT or left untreated. After the precipitation of proteins, samples were
incubated with 20 mM AMS. The highemnolecular weight band shown in lane 1 indicates
reduced StScsC (R) and the loweolecular weight band in e 2 shows oxidised StScsC
(0). (B) Western blot detection of StScsC disulphide redox status in the presence of
oxidative (hydrogen peroxide) and nitrosative (GSNO) stresses in combination with copper
ions. Periplasmic fractions oBalmonellawere isolatd and samples were either left
untreated or subjected to thiol modification with 20 mM AMS.

3.2.4- Copper and StScsC promote the assembly of disulphide

containing proteins involved in peptide uptake

Given the likely role of copper and StScsC in disulphide chemistry in the periplasm
of S. Typhimurium, it was of interest to investigate the impact of both upon the
abundance of cysteinand disulphidecontaining secreted and periplasmic proteins.

It was assumed thaimproved disulphide folding wouldesult in an increase in
abundance of proteiWild-type andgscsC STyphimurium strains were grown in

the presence and absence of 2 @, periplasmic fractions were extracted and the
protein concentratits were determined by Markwell assay as described in section
2.5.3.1.
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3.24.1 - StScsC and copper alter the abundance of disulphide/cysteine
containing periplasmic/secreted proteins inS. Typhimurium

SinceStScsC has a likely role in disulphide foldirapd incorrectly folded proteins

are anticipated to be degraded in the pesipl it was hypothesised th&tScsC
expression and copper would influence the concentrations of a variety of periplasmic
proteins and in doing so provide a list of candidate tgygeeins forStScsCHence,
periplasmic fractions were prepared from witgpe and gscsC S. Typhimurium
grown in the presence and absenc@ ofM copper,and protein concentrations were
determined using a Markwell assdy) g of periplasmic protein wathenacetone
precipitatedas described in section 2.11a8d peptides werdigestedusingtrypsin.
Protein samples were mixed with a known concentration of BSA standard to allow
label free quantitation. Peptides were separated with UPLGubsequenmass
spectrometry analysis. Peptides were then analysety Progenesis QI software
againstthe TrEMBL Salmonelladatabase. Table 3.2 shows the intial dataset of
periplasmic/secreted proteins thaas detected by mass spectrometiyo further
narrow downpotential interaction partners f@tScsG cysteine and disulphide
containing proteins were identified from the initial dataset and those that displayed
elevated abundance issponse t€#* and StScs@ereselected for further analysis
(Figure 3.2).
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Table 3.2 Copper and StScsCinfluence protein abundance in theS. Typhimuruim
periplasm. Wild-type andgps ¢ S. Typhimurium strains were grown in the presence and
absence of 2 mM CuSQand periplasmic preparations were isolafeeptide abundances
were measured using a Synapt-&2Mass spectrometer (Waters) and proteins were
identified based on abundance of a range of peptide fragments. Periplasmic and secreted
proteins were identified based on their functional annotation (ffoBMBL Salmonella
database), and other proteiere removed from the list. Protein abundance (black numbers)
is expressed as an average of 6 repeats (including three biological repeats). Uripatsed
were performed to assess if fattlanges for (bs €] $s.[WT]) and (WT+ CU/'] vs.[WT])

were significantFold-changes were also calculated fap§ c+sC@'] vs.[WT+Cu?]), and
unpairedt-tests were performed-old-changes andP-values are shown ined and blue,
respectively

Protein abundance(fmoles)
Protein Uniprot Function WT mps Cc s WT2+ ®s 2c+s
name accession L Cu® Cu”
[ -
!
Fold- Fold- Fold-
change change change
P-value P-value P-value
ArgT AOAOH3NP23 | Amino acid binding 2.81 3.71 5.68 3.31
1.32 2.02 -1.72
0.24 0.00 0.01
Artl AOAOH3NEU6 | Amino acid binding 0.01 0.04 0.16 0.06
4.47 19.88 -2.53
0.14 0.05 0.24
ArtJ AOAOH3NJH7 Amino acid 0.83 1.26 4.21 2.60
transporter 1.51 5.04 -1.62
0.11 0.03 0.24
CpxP AOAOH3NI70 Repressor ofpx 0.12 0.21 1.11 2.39
regulon 1.74 9.31 2.15
0.21 0.04 0.32
DsbA AOAOH3NUM9 Thiol:disulfide 4.73 9.93 31.18 23.04
interchange 2.10 6.59 -1.35
0.10 0.01 0.30
DsbC AOAOH3NRGS8 Thiol:disulfide 1.42 2.64 2.58 3.08
interchange 1.86 1.82 1.19
0.09 0.15 0.65
DsbG AOAOH3N8T4 Thiol:disulfide 0.30 0.54 0.27 0.19
interchange 1.79 -1.11 -1.40
0.00 0.76 0.48
DsbL AOAOH3NG38 Thiol:disulfide 0.02 0.05 0.06 0.04
interchange 2.53 2.99 -1.28
0.22 0.08 0.66
Gltl AOAOH3N9H9 Amino acid 5.28 7.83 10.22 5.43
transporter 1.48 1.94 -1.88
0.08 0.01 0.02
HisJ AOAOH3NDX8 | Amino acid binding 13.51 24.59 63.87 40.84
1.82 4.73 -1.56
0.02 0.00 0.06
MalE AOAOH3NIS1 | Carbohydrate imporf 0.42 1.16 2.63 0.98
2.75 6.25 -2.67
0.04 0.03 0.08
MalM AOAOH3NIFO Carbohydrate 1.73 3.21 0.90 1.83
transport 1.86 -1.92 2.03
0.05 0.07 0.04
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MppA AOAOH3NCO08 Peptide binding 0.44 0.78 0.94 0.68
protein 1.77 2.12 -1.37

0.05 0.26 0.56

OmpA AOAOH3N9Z8 Outer membrane 3.90 3.53 8.82 8.05
protein -1.11 2.26 -1.09

0.75 0.04 0.78

OsmY AOAOH3NLCO Transmembrane 16.27 32.06 60.41 34.62
transport 1.97 3.71 -1.74

0.03 0.01 0.07

PotD AOAOH3NC70 | Putrescine transporf 0.11 0.13 0.75 0.18

1.28 7.19 -4.28

0.15 0.00 0.00

ProX AOAOH3NF33 Glycine betaine 7.02 13.16 17.28 17.47

binding 1.87 2.46 1.01

0.07 0.03 0.98

SIrP AOAOH3N9BO Ubiquitin-protein 0.10 0.15 0.11 0.13

transferase activity 1.60 1.14 1.20

0.02 0.62 0.60

SodC AOAOH3NF91 Superoxide 0.24 0.31 0.42 0.06
dismutase activity 1.29 1.76 -6.99

0.48 0.37 0.10

SodCll | AOAOH3NB27 Superoxide 0.27 0.92 1.97 1.35
dismutase activity 3.40 7.28 -1.46

0.00 0.00 0.06

SopA AOAOH3NIK3 | Bacterial invasion off  0.27 0.45 0.59 0.49
the host 1.69 2.22 -1.22

0.00 0.09 0.63

SopD AOAOH3NH64 | Bacterial invasion of|  0.05 0.09 0.15 0.07
the host 1.97 3.22 -2.21

0.34 0.15 0.26

SopE AOAOH3NGI8 Promote bacterial 0.50 0.43 0.16 0.24

entry into host cell -1.18 -3.18 1.52

0.12 0.00 0.48

TreA AOAOH3NHHG6 Utilisation of 0.78 1.33 0.69 1.16

trehalose 1.71 -1.13 1.68

0.14 0.71 0.36

UgpB AOAOH3NH34 Transmembrane 2.12 4.57 4.98 4.05
transport 2.15 2.35 -1.23

0.01 0.06 0.54

YhjJ AOAOH3NH75 Zinc protease 2.41 5.31 8.17 5.80

2.20 3.39 -1.41

0.00 0.10 0.49

YliB AOAOH3N9X5 Transmembrane 0.21 0.19 0.12 0.16

transport -1.09 -1.67 1.25

0.86 0.42 0.66

ZnuA AOAOH3NCN2 Metal ion binding 1.11 1.76 3.53 2.78
1.58 3.17 -1.27

0.20 0.02 0.49
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Figure 3.12 - Proteomic quantitation of disulphide-containing periplasmic/secreted

proteins that have altered abundance in response to copper argtScsC The protein
abundance( f mo | ) in 0.27 Og ofof wildtype landpsa $.¢ | a s mi
Typhimurium strains grown in the presence and absence of 2Cufft4 Data points are

averages of 6 repeats and error bars show SEM.

Given the low level o5tScsC expression in the absence of copper (Figure 3.2, 3.3),

it was hypothesised that ayfs c] §sGWT]) comparison would reveal only minimal
decreases in protein abundance. Indeed, no significant loss of protein abundance was
observed in theps c «r&h in the absence of copp@old-changes an&-values are

shown in Table 3.2). In the presence of copper, however, it was hypothesised that
loss of StScsC would diminish the abundance of potential target proteins, resulting in
negative foldchanges for t ([ps cts CF'] vs. [WT+Cu?]) comparison.
Furthermore, we hypotBe&sed that exposure of the wilgbe strain to copper might
elevate the abundance of StScsC target proteins, resulting in positivehéoides

for the (WT + CU?1] vs.[WT]) comparison.The data in Figure 33 shows fold
changes for these comparisons, and proteins fitting the hypothesised abundance
changes for a StScsC target were highlighted in red. All proteins from Fidife 3.
were mapped onto a diagram to illustraterivo functionsfor these candidate target
proteins (Figure 34), and those fitting the hypothesised abundance changes for a

StScsC target were again highlighted in red. Notably, proteins involved in amino

71



acid and peptide uptake displayed greater abundance when empp8tScsC were
present [WT + Cu*"] vs.[WT]), and diminished abundance when StScsC was lost
([ps c+s@f'] vs. [WT+Cu?]), suggesting that assembly of these disulphide

containing periplasmic proteins may be facilitated by StScsC.

30+ —_— [WT+CU2'] Vs [WT]

[4scsC+ Cu?™] vs.[WT+Cu?*]

20 - =
) * p<01
g} *%
S p<0.05
< 10+ % p<0.01
.6 ok ik
B *k *kk

*

L ik = sk *k Kk * * o

'10 | ] | ] ] 1 | ] | ] I | ] | ] | ] | ] | ] | ] I | |

L dOF D (ol '\- O R \y

& T S TS LA F S
Proteins

Figure 3.13 - Fold-changeselicited by copper and StScsC for disulphide-containing
periplasmic/secreted proteinsFold-changeghatare elicited by copper alone (WT + €L
vs.[WT]) are shown in black, and folchanges elicited by loss of StScsC in the presence of
copper ([DscsC+ CU¥] vs. [WT + CUd"]) are shown in greyData highlighted in red are
predicted StScsC targets where protein abundance is elevated by copper and diminished by
loss of StScs(P-values for unpairetitests are indicated on the figure
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Figure 3.14 - Function of disulphide/cysteinecontaining proteins that have altered abundance in response to copper arfgtScsC
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3.2.5- StScsC elevates the abundance of oxidised BcsC peptide

fragment

While it is useful to measure changeginotein abundance in responsestScsC and
copper, it would be especially informative if one could detect changes in thiol redox
state of periplasmic proteins in response to changing levels of copp8&tSust.In

order b measurethe abundance of reduced and oxidisédulphides from
periplasmic preparationa similar mass spectrometry approach as aboves
undertaken. Wiledype andgscsC Salmonellatrains were grown in the presence and
absence of copper iongeriplasmc fractions wereisolated,and 1 0  (@ajein
samples were trypsin digested in the absence of a reducing(BJéntin order to
detect peptide fragments in thaative form (either oxidised or reduced). Peptides
were then analysed by Progenesis Ql softwagainst SwissproSalmonella
databaseThe rawmass dataset from the analysis was used where the masses of all
peptides present in the sample was shoMirthis stage, reducepeptide fragments
couldbe assigned for a protewhereasxidised peptide agmenthad not yet been
identified Fromt he 6r e du c dalasetf pedptasméciseacréteysteine
containing proteins were identified. Protein sequences were subjectedsilaco
trypsin digestion and the raw mass data was mined for both reduced and oxidised
peptide fragment of a proteiffragment sizes for disulphig®ntaining fragments
were individually calculated for each protaising online peptide mass calculator

tool (http://www.peptidesynthetics.co.uk/togls/

Cellulose synthase operon protein C (BcsC) was thepyotgin for which a reduced
peptide and a disulphiemntaining peptide could be identified. radued peptide
fragment(YDNNWGTCTLEK) wasdetectedas well as a 1980.825a peptide that

is the exact mass ofa disulphidecontaining peptide fragment of BcsC
(YDNNWGTCTLEK-CSGHR).This could have been detected due to an incomplete
trypsin digestion or due tan incomplete reaction with iodoacetamide howeweo, t
cysteine residues have been highlighdedhecrystal structure of the BcsC frome
best template from the PDB (Figure 3.16)show thathe cysteine residueme in
relatively close proximity todrm a disulphideHowever;this remains elusive before
any structural/ biochemical analysi.sectionof the amino acid sequence of BcsC

where the cysteine residues are found is showguare 3.16.
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Figure 3.157 Crystal structure of SalmonellaBcsC. Ribbon structure of Bcs@rom best
templ ate using Rapt or X . ¥Yellowsgheres (ndcatind sulphurg e t
atoms of cysteine residues at positions Cys829 and Cys834.

I | I I I
781 DLKAHTTMLQVDAPWSDGRAFFRTDMVNMDVGRFSTDADGKYDNNWGTCTLEKCSGHRSQ 840

Figure 3.16 - Amino acid sequence of BcsCThe 1135 amino acicsequence of BcsC
lacking the targeting peptidevasin silico digested with trypsin (ExPASpeptide cutter).
Residues positioned from 781 to 8dfk shown.Two cysteine residues at positions gys

and Cysz4 areunderlined. Red lines on top of the remd indicate the Trypsin cleavage
sites. The educedpeptide fragment of BcsC identified via mass spectrometry is shown in
blue (DNNWGTCTLEK) and the oxidiseddisulphidecontainingpeptide fragment is the
combination of the blue and green residdéBNNWGTCTLEK-CSGHR). The mass of the
reduced peptide fragment is 1442.603 and the mass of the oxidised peptide fragment is
1980.825.
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The rormalisedpeptide abundansef reduced and oxidised peptides of Bas€re
compared for periplasmic samples isolated from WT BsesCstrains growrin the
presence andbsence o (Figure 317). While thereduced peptide fragment is
more abundanin all samplesthe abundance of the oxidised peptideeigvated
specifically bythe presence dfoth StScsCandCu?™.
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40000 . . B Il Reduced
8 Esunu- I 1 I ] - Oxidised
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WT AscsC WT+ Cu®**  sscsC+Cu?*

Figure 3.17 - Normalised abundance of reduced and oxidised peptide fragments of

BcsC in the S. Typhimurium periplasm. Peptideabundance was normalised against a
known quantity of BSA. Data for the reduced YDNNWGTCTLHEi&gment is shown by

black bars; red bars show the oxidiz&Z®NNWGTCTLEK-CSGHR fragment in the
presence and absence of copper and StScsC. Error bars show the standard error of 4 repeats.
The insetshows the abundance of the oxidized fragment alone. In the presence of StScsC
and copper, the abundance of oxidized fragment is significalevatedP-value < 0.05 for
unpaired-testis indicated by an asterisk
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3.2.6- Salmonellasurvival in murine macrophages is significantly

impaired by loss of StScsC

Given that membranbound disulphide oxidoreductases are generally quite
promiscuous and the unique roles of thes operon are therefore likely to be
mediated through the periplasmic chaperones StScsC and StScsD, it was of interest
to investigate whethdoss of thescsCgene affected bacterial loads during infection.
Activated macrophages were infected with WT &sdsCstrains in the presence of
copper (i.e. to stimulat StScsC expression in the wtlgpe), and survival after 3 h
and 24 h was expressed a % of bacterial load following uptake (20 min post
infection). At 20 min posinfection, there was no significant difference between
bacterial loads of the wiltype and the mutant strains, confirming that lossasiC

did not influence uptake into maghages. At 3 h pogtfection, survival of the
wild-type strain was-8old higher than that of thBscsCmutant Figure3.18). At 24

h post infection, this trend continued with the wijge strain displaying

approximately old higher survival comparei theDscsCmutant.

150+

100+

50

% bacterial survival

3 24

Time since infection (hours)

Figure 3.18 - StScsC promotesS. Typhimurium survival within macrophages during

copper stress.RAW-Blue macrophages were infected with wijghe (lack bars) and
ascsC(greybars)S. Typhimurium strains using culture meditsnu ppl ement ed wi t h
CuSQ. Intracellular bacterial survival is expressed as % survival at 3 h and 24 h post
infection compared to 20 min pesifection (i.e. following bacterial uptake). Datapoints
represent averages of five repeats including threldical repeats. Asterisks dend®e<

0.01 for unpaired-tests, and error bars showisigindard deviatian
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3.3 Discussion

Disulphidemediatedfolding of proteinsis important for their activity and stability.
Copper accumulasan the Salmonellacontaining vacuoles of macrophages (Achard
et al.,2012), and copper promatthe oxidation of native and namative disulphide
bonds (Hinikeret al, 2005). The scs operon of Salmonellaencodes TRXike
proteinsthat confer tolerance to coppéBuptaet al., 1997)andalso controlled by
copper at the transcriptional level (Lopszal, 2018).

Bioinformatic searches revealed tlmthologuesScsC proteis are foundin many
other bacterial species and the redox active site (CXX@igisly conserved irthe
proteins identifiedthat lack the Nerminal extentionwhich is consistent witka
common functionain vivorole. CcScsC and PmScsC are dimefihget al.,2012

and trimeric (Furlonget al.,2017), respectively, and this oligomerization is mediated
via N-terminal extensions that are not present in the monomeric StScsCSfrom
Typhimurium (Shepherdt al, 2013 Furlonget al, 2017 and Furlongt al., 2018).

Given the similarities between ScsC and members of the Dsb family of proteins
(Shepnerd et al, 2013),it was hypothesised that the Scs system and copper play a
combined role in disulphide foldingp S. Typhimurium Herein, our initial goals
were to verify that thescsApromoter, which controls transcription of the entire
operon(Lopez et al, 2018), was indeed copper specific, and to demonstrate that
copper could induce the expression of the periplasmic StScs€imphmyond the
MRNA level tested in previous studies. Copper was shown to activatecside
promoter in a dosdependent fashion using a transcriptional GFP fusion (Figure
3.7). Furthermore, expression of the soluble periplasmic StScsC protein was
confirmad to be coppespecific using Western blotting. Given the presence of a
copper specific Cpxfinding site in thescsApromoter region (Lopeet al, 2018) it

is unsurprising that copper is an activator, althougistSes system has been shown

to counteract oxidative stress (Lopet al, 2018; Anwaret al, 2013) so it is

interesting that other stresses (e.g. peroxide) did not elevate StScsC levels.

It is difficult to predict the function of a TRXke protein based ro structural
information alone, although TRMke proteins that catalyse the reduction of
disulphides (e.g. DsbC, DsbG) are usually found to dimerise via -tarniNnal

extension. Previous work identified structural similarities between the core structures
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of StScsC, DsbA, and DsbG, although the monomeric nature and absence-of an N
terminal dimerisation domain (Figure 3.1) would suggest that StScsC is more related
to DsbA in this respect. While low levels of reduced StScsC have been detected in
the S. Typhimurium periplasm in the absence of copper (Shepeeed, 2013), the
current work reports that in the presence of copper, elevated levels of StScsC are
found primarily in the oxidised form. This finding is consistent with StScsC being a
disulphide oxi@dse in vivo, although it would be premature to assign such a

functional role based on this evidence alone.

A powerful approach to investigate the functional role for FIR¥ proteins is to
measure the abundance of candidate target proteins under conditionSt#us@s
differentially expressed: the hypothesis being that in the absence of the chaperone the
target proteins will undergo misfolding and degradation, resulting in lower
abundance. To this end, the proteomics study described herein was undertaken to
identify protein targets that displayed elevated abundance in the presence of copper
(which stimulate StScsC production) and were less abundant when copmzkated
expression of StScsC could not take place (i.e. insts€ mutant). This approach
identified a number of potential candidates, including the Zn/Cu superoxide
dismutase SodCll and a rangepafptide/amino acid transporters. Since loss of the
copper export transporters CopA and GolT results in inactive SodClIl (Ostnadu)

2013), it is perhaps unsurprising that an abundance of copper appears to elevate
levels of this enzyme. Perhaps more resting, however, is that SodCIl &.
Typhimurium isorthologueof E. coli SodC, and both contain a disulphide bond
(Mori et al, 2009. Furthermore, disulphide formation in SodC has previously been
shown to be crucial for enzyme activation and stability (Salairal, 2014), so the
current data directly implicate ti&Scs system in response to oxidative stress, which

is consistent wit previous reports th&tScs proteins confer tolerance to hydrogen
peroxide (Lopezt al, 2018; Anwaret al.,2013). Given that DsbA is known to be
regulated by the coppeesponsive Cpx syste(Roglianoetal., 1997) and that DsbC

is involved in the rgsonse to copper stress (Hiniketral,, 2005), it is unsurprising

that the DsbA and DsbL (Grimshagt al, 2008) disulphide oxidoreductases are
found in higher abundance whé& Typhimurium is exposed to copper. Since the
StScs operon is also upgulated by copper (Lopezt al, 2018) and herein we

demonstrate elevated StScsC protein levels in response to copper, this elevated

79



abundance of numerous disulphideo | di ng catal ysts indicate

approach to dealing with copperediated disulphidenisfolding. The disulphide
reductase TIpA has previously been shown to redbeedisulphide bonds dhe
TRX-like copper chaperone Scol Bradyrhizobium japonicunfMohorko et al.,
2012) so it is a little surprising that theplA orthologwasnot picked up irour mass
spectrometry analysi However, it is also logical that the TIpA/Scol redox pair
might be more important under conditions of copper deficiency, where intracellular

copper is exported for insertion irttee haerrcopper oxidases.

Similar proteomics approaels were employedin an attemptto identify proteins in
which disulphide formation was promoted ByScsC and coppetA disulphide
containing peptide from th€ellulose synthase operon protein C (BcsC) foand

to have elevated abundance only in the presence of copp&t&u. This protein
has previousy been shown to play a role in cellulose biosynthesis and biofilm
formation (Solanet al, 2002).Interestingly,Salmonellas known to perfornBcsA-
mediated synthesis of cellulose withmacrophages (Pteset al, 2015, although

the exact reason for this is uncleldeverthelessthe data herein are consistent with
coppermediated expression 8tScsC facilitating disulphide folding in Bcs@ vivo,

which may modulate cellulose production during infection.

To further investigate the role of StScsC during infection, macrophage survival
assays were carried out for witglpe andDscsCstrains in the presence of exogenous
copper (i.e. to ensure thatS8sC was expressed in the wihighe). These experiments
gave a clear redt that showed a significant decrease in survival when StScsC was
lost, indicating an important role for StScsC targets within the macrophage. This
observation is consistent with previous work that demonstrated that losssufsthe
gene gave a similar salt (Verbruggheet al, 2016) especially given that subsequent
studies have demonstrated that the entire operon is under the controlsokthe
promoter (Lopezt al., 2018) and that polar effects of tesesAmutation might be

expected to diminish the expression of StScsC.
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Chapter 4

Biochemical analysis othe
StScsCprotein and potential
redox partners
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Abstract

In this chapterin vitro protein assays wengerformedwith purified StScsC protein

in order to gain furthefunctional insights. Copper binding was investigated via
competitionassayswith Bathocuproine disulphona(BCS), a coppetinding probe,
although the presence of even low concentratior8t®ésC appeared to abolish the
binding of copper to BCS which precluded the measurement of copper binding
affinities for StScsCAside from metal affinities, it was also of interest to identify
thiol interaction partners for StScs@ order to trap native protein targets for
StScsC, a StScgixa mutant variantwas engineered. By resolving the purified
StScsGxxa 0n an SDSPPAGE gel in reducing and naeducing conditionsit was
possible to demonstrate that StScsC can form a disulphide link with another protein,
later identified as the Artlarginine binding protein via mass spectrometry
approachesTheartl gene was cloned and the Aptloteinwaspurified to investigate

if disulphide exchange could be demonstrated betweernwo proteinsn vitro. It

was shown thaStScsCchangedfrom the oxidised tothe reduced statén a dose
dependent mannevhené a s p ur i f titratddGn, cdnfitming thatdssulphide
exchange can occuBince the two proteins clearly interadt,was of interest to
investigate the structural basis for this intgi@n. While a crystal structure exists for
StScsC, a structural model had to be generated for Artl. Subsequent molecular
docking approaches predicted several models for interactions, althougbfribam
produced adisulphide bondeccomplex whereby teine residues were in close
enough proximity for disulphide exchandénally, sincearginine can be used as a
carbon source and Artl was likely to be involved in arginine uptdtkeyas
hypothesised that tHessof StScsCwould lead to impaired growtiwvhen grown on
arginine.The data herein showet specific difference between the growth of the
wild-type andOscsCSalmonella pethaps suggesting alternative routes for arginine
uptake (for use as a carbon source) and an alternative role for Artl (e.g. in arginine

sensing)n vivo.
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4.1- Introduction

The transitionmetal copper can bind ®variety of proteins with high affinitand
influencetheir structue and function (Inesi2017; review). Many extracytoplasmic
copperbinding proteins contain the-M-X-M-X-X-M motif however, none of the
gene products dhe scslocus ofS. Typhimuriumwereshown to contairthis copper
binding motif (Gupteet al, 1997). However, the role f&tScs proteins in resistance
to copper was confirmed (Shephertial., 2013, Anwaret al, 2013; Lopezt al.,
2018). Although many other copper binding motifsre present in wide range of
proteins and the £X-X-M-X-X-M is not the only one as reviewed in Koehal,
(1997 review) using competition assays as described previously by Dashtsl.,
(2010 and Fosteret al., 2014, we sought tanvestigatethe bindingof copper to
StScsC.

Five potential substrates for StScsC have been identified in the previous chiapter.
oxidizing/reducing power of StScdias been quantifiegreviouslyby measuring the
equilibrium constantor the disulphile exchange eetion withglutathione(Shepherd

et al.,2013).In addition,the ability of StScsC to catalyse Dsb isomerisation and its
in vitro oxidoreductase activity has been investigated using the scrambled RNaseA
refolding assay and insulin reduction assay, respectieelyan further insight to
StScsC function(Shepherdet al, 2013) To provide alternative approaches to
identify StScsC targetsand validate these abona fide interaction partners
biochemical techniquewere employedto trap redox partners with &tScsCxxa
mutant There is a precedent for this approagba similar variant oE. coli DsbG
was engineered and was trapped in a complex with the YbiS p(Demuydtet al.,
2009). It was anticipated that this approach could be used to is&@&esC
disulphidebondedwith target proteins, and useass spectrometry approaches

identify these redox partners for subsequeemitro biochemical assays
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4.2-Results

4.2.1-Purification of hisg-taggedStScsC

S Typhimurium ScsC protein was overexpressedeincoli BL21(DE3) cellsusing
pET2lascsC LIC vector plasmidShephercet al, 2013)and the purification was
performedby affinity chromatography as described in section 2.5.1.-BRSE
analysis below (Figure 4.1) shows the purifieasstaggedStScsCeluted with 300
mM imidazolemigrating at a rate corresponding tad?a@ kDa protein The duted
protein was buffer exchanged usimgPD-10 desalting columrequilibrated in
purification buffer for removal of imidazole for long term storagéhe potein
concentration wasstimatedy using the extinction coefficient of the prot¢i6620
M™cm®), molecular weight of the protein (23749 g/maf)d the absorbance at 280
nm with the formula:[Protein concentratiomg/mL)]= (A.gox molecular weight)/
extinction coefficientA TEV proteasesite had been engineerddr cleavage ofthe

affinity-tag so next step was to isolate TEV protease
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Figure 4.1- SDSPAGE analysis of purified StScsC Lane 2 showing the cell supernatant
that has been applied to the column after centrifugati@nel3 shows the unbound
flowthrough proteins. Lané contains proteins after wash with 10 mM imidazole and fane
shows the~23 kDa hisg-taggedStScsC proteinthat was eluted with 300 mMimidazole
containing purification buffeDual Colourprotein marker fronBio-Radwas used.
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4.2.2 Purification of TEV protease

The nuclear inclusion protease from tobacco etch virus (TE¥)hgghly sequence
specific protease that has beeell-characterized (Dougherty and Parks, 19%hjs

27 kDa protein is used to cleave the affinity tags form purified proteins by
recognising a specific 7 amino acid cleavage sequetideFQG) that is inserted
betveen the the target protein and the affinity tag. TEV protease was overexpressed
in E. coli BL21 (DE3) from pRK793 vector plasmid (Kapust al, 2001) and
purified by affinity chromatography. Figure 4.2 shows the $IA&E gel of purified
TEV protease at 2 kDa which was eluted with 300 mM Imidazole. Removal of
imidazole was donaising aHiTrap SSepharose columnThe concentration of
purified protein was themstimatedusing the extinction coefficient of the protein
(34050M™*cmit), molecular weight of therotein 27526g/mol) and the absorbance

at 280 nmwith the formula:[Protein concentratiofmg/mL)]= (A2go X molecular

weight)/ extinction coefficient
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Figure 4.22 SDSPAGE analysis of purified TEV protease.Lane 2 showing the cell
supernatant that has been applied to the column after centrifugation.3Lshows the
unbound flowthrough proteins. Ladecontains proteins after wash with 10 mM imidazole

and lane5 shows the 27 kDa TEV proteasethat was eluted with300 mM imidazole
containing purification buffeDual Colourprotein marker fronBio-Radwas used.
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4.2.3Cleavage othisg-tag from purified StScsC

When theStScsC protein was required without the histidine tag, therhinal hig-

tag of purifiedStScsC was cleaved using the purified TEV proteasay af purified
TEV protease was used for the cleavage of the histidingotadeave50 €g of
StScsC. TaggedStScsC and TEV protease was incubated overnight at room
temperature and the cleaved protein waparated from the tagged proteising
affinity chromatography. Protein samples from each stepetaken and loaded on

an SDSPAGE gel(Figure 4.3. The concentration aintaggedStScsC protein was
estimatedby using the extinction coefficiendf the pptein (18020 M™cm™),
molecular weight of the protein (236676 g/mahd the absorbance at 280 mnth

the formula:[Protein concentratiofmg/mL)]= (A2soX molecular weight)/ extinction

coefficient
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Figure 4.3 SDSPAGE analysis of cleavage of higag from purified StScsC.Lane 2 is

the purified higtagged StScsC. Lane 3 shows the combination of th¢agged StScsC and

TEV protease prior to incubation. Lane 4 shows the combination of TEV protease and the
StScsC after digestion and lane 5 shtheshig-tag cleaved StScsC that was eluted \iliid
equilibrationbuffer. Dual Colour protein marker from BRad was used.
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4.2.4 Cu” affinity of StScsC

The StScsC protein promaeopper tolerance (Shephestial, 2013) expressions
inducedin the presence of coppendcopperwas found tgromoteoxidation of the
StSc<C active site disulphidéChapter 3)While the oxidation of the activate to

form adisulphide is probably a transient association and is unlikely to yield a stable
disulphide bondeatomplex, it was of interest to investigateStScsC could bind
copper at allln order to gain more insight€u” affinity of StScsC was studieda a
competition experimentvith Bathocuproine disulphona{®CS), whichbinds Cu’
specifially forming a BCSCu(l) complexthat absorbs at 483 nrDainty et al,
2010. BCS binds taCu* with a 2:1 stoichiometrgXiao et al, 2011).

The BCS standard curve was produced by titra@uginto 10 €M BCS solution
(Figure 4.4\), where he formationof BCSCu(l) complex was detected by an
increase in absorbance at 483 nm. Elevation of absorbance was detected until the
addition of 8 M of Cu" and further addition of coppelid not change the absorbance
suggesting that 8M copper was adequate to biralall BCS molecules present (10

eM).

Binding of Cu’ to StScsC wamitially measured by titratingu'to1 0 OM BCS an o
10 &t8tsC, although no change in absorbance could be(datnnot shown)

Hence, lowerconcentrations of StScs@er e tri al | ed, s44B,h as 2
with titrations of copper going up #®60eM. No change of absorbane&sobserved

initially suggesting thaCu" was binding to StScsCwith high affinity andnot to

BCS. Continued titration with copper yieldew definitive peak at 483 nnand high
concentrations of copper (up to 4601) led to the precipitation ofStScsC. To

account for increasing light scattering at high copper concentrations, the magnitude

of the 483 peak was defined ag#se and ainding curve was plotted (Figure 4.5).

To investigateif higher oncentrations oCu’ interfered with the absorbancsignal
increasing concentrations 6" weretitrated into the reaction buffer. No absorbance
at 483 nm was detected (Appendik suggesting tha€u’ alone does not interfere
with the assay.Hence, we concluded that copper bindingStScsC could not be

verified withthis experimeral setup.
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Figure 4.4 Absorbance spectra of BCS andtScsCwith Cu®. (A) BCS standard curve
showing an increase in absorbance at 483 nm as the BCS forms a coritple3uiy
Reaction reaches to equilibrium a£®l copper indicating M copper is enough to bind to

10 eM BCS. (B) Absorbance spectrum of @M StScsC with 10eM BCS. No definitive
absorbance was observed with subsequent additio@si'db BCSStScsC mixture at 483

nm. StScsC was also found to be precipitated with the addition of higher concentrations of
Cu’ into the solution.Concentrations of copper that has been added to the BCS alone or
BCS-StScsC mixture is shown on the right of eapbctrum
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Figure 4.5 Binding curve of BCS and StScsC toCu” at Aygssso Curve shown in red
represent<u’ binding to BCS. &M Cu’ was adequate for binding to 01 BCS. Curve
shown in black represents copper binding to EBIScsC mixture. No change in absorbance
was observed until 26M Cu' is added to the mixture. Continuous titrationGaf led to an
increase in absorbance but mote to the formation of BCSu(l) complex but due to the
precipitation of the protein.

4.2.5 Engineering aStScsGyxxc variant and trapping interaction

partners

A biochemical technique was employed to trap StScsC bound to redox partners to

provide independent evidence for StScsC target proteins.

4.2.5.2 Model for trapping the target proteins binding to StScsC

A StScsGxxa Variant was engineered where the secogsteine of the CXXC
catalytic motif was replaced by an alanine, with diva that this StScsgxxa would

form a disulphidebondin vivo with a redox partner (Figure 4.6). The absence of the
second thiol group in StScgta would then limit the ability of &csGxxa to
dissociate from the redox partner. There is a precedent for using this approach with
the TRXlike chaperone DsbG iB. coli (Depuydtet al, 2009).

S
S
@:.° _ @:
Hig + -_—
6 CH3 HS@ HISG CH3 HS
HS

Figure 4.6 Model for trapping StScsC substrates.StScsGxxa (mMmagneta) forming a
disulphidebondwith target proteins (orange).
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4.2.5.2 Cloning of a scsCexxa constructto pSU2718 vector plasmid

A scsGxxagene encoding a-@rminal hig-tagwassynthesised using the Invitrogen
GeneArt Gene synthesis service (Thesiisber) and cloned into pSU2718 vector.
The desired plasmid is shown in Figur&. Firstly, the parenpSU2718 vector was
digested withFspl and BanHl restriction enzymes. The insert was amplified and
digested with the same restriction enzymes (Figure 4.8Adrder to prevent self
ligation, phosphate groups were removed by dephosphoryldteninsert and the
vectorwere thenligated together with T4 DNA ligase and transformed iBtacoli
K12 JM109 strain. Colonies from the transformations were screened for the presence
of 750 basepair scsGxxafragment by colony PCR by using primexsGxxaHis_F
and scsGxxaHis_R. Only colony 2 had the desired fragment (Figure 4.2B).
sequence analysis tfe plasmid was performed and it wamfirmed to contain the

desired sequencépendix7?).

pPSU2718scsCCXXAHis
2838 bp

BamHI (1274)

Figure 4.7- Plasmid map for scsGxxa Ccloned into pSU2718 vector plasmid.The
expression of the Scstxa was controlled by the lac promoter. Presence of the OmpA signal
peptide will target the protein to the peripla@viovvaet al.,1980).

90



Size (bp)
scsCexxanis

=
v
-

10000
8000

£868

4000
3000

2500
2000

1500
1000

750
500

- = ‘L - & Li.t Ll L

250

&

- e o TorTyTrrYY

Figure 4.8 Analysis of DNA fragments for cloning of pSU271&csGxxcHis. (A)

Amplified scsGxxa Was resolved o 1% agarose gemigrating at a rate corresponding to

~700 bp.(B) Colony PCR analysis of the colonies from the transformation of the amplified

insert into the pSU2718 vector plasmid. Only colony 2 was found to contain the desired
plasmid shown by thblackcircle at around 700 bz O1 of 1 kb DNA | adder
was used.

4.2.5.3 Purification of StScsGexxa

StScsGxxa Was overexpressed B. coli K12 strain with IPTG induction and then
the protein was purified by affinity chromatograpi@allowing elution with buffer
containing300 mM imidazole the ~23 kDaStScsGxxa was detected with another
significant band aapproximately50 kDa in the same lanét this stage, it was
anticipated that this band could either b8tacsC dimer o6tScsC bound to a target
protein. The 50 kDabandis highlightedby the blackbox onFigure4.9.
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Figure 4.9 SDSPAGE analysis of purified StScsGxxa protein. Lane2 showing the cell
supernatant that has been applied to the column after centrifugatioe.3Lshows the
unbound flowthrough proteins. Ladecontains proteins after wash with 10 mM imidazole
and lane5 shows the 23 kDa StScsGxxa that was eluted with 300 mMmidazole
containing purification bufferAnother band at around 50 kDa was also gmeshown by the
blackbox Dual Colourprotein marker fronBio-Radwas used.

4.2.5.4 Reduction of putative ScsGxxc-target substrates with DTT

The work herein involved expression of diagged StScs€xa in the E.coli
periplasm, followed by affinity chromatography and analysidistilphide bond
formation via SDSPAGE in the presence and absence of DTT (Figure 4.10A).
Copper was omitted from this experiment as it was not required for StScsC
expression and could haveeofound impact upon the thioédox balance ifk. coli

The 23 kDa band (in both lan2sand3) is the monomeric StScsC protein, and it was
hypothesised that the the slowaigrating bands (highlighted by th#ack box in

lane 2) that dissappear in the ggence of DTT could be disulphideonded
complexes containing StScs@Western blottingising antihiss antibodiesconfirmed

the presence ddtScsC in these higher molecular weight bands, and also confirmed
the DTT-mediated dissociation of the putative digude-bonded complexes (Figure
4.10B).
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Figure 4.10 Detection of purified StScsC and the substrate. (ASSilver stained SDS
PAGE analysis of purifie@tScsGyxa in the absence (lar®) and the presence of DTT (lane

3). Black boxes indicate a higher molecular weight protein hypothesised to be StScsC
disulphidebonded to a target protein, which dissociates when DTT is prédsamiprotein

band indicated by the arrow was analysed using MALDF mass spectrometfgection
4.2.5.5. (B) Western blot analysis of purifieBtScsGxxa in the absence (lar® and the
presence (lan8) of DTT with antihis; antibodies. Boxes indicate higher molecular weight
proteins that disappear when DTT is addedal Colour protein marker from BiRad was

used.

4.2.5.5 StScsC binds to Artl in theE. coli periplasm

Protein lands were excised from the sih&ained SDSPAGE gel (Figure 4.10A),
and were analysed via mass spectrometry described in Section 2.1Peptide
fragments were identified usirthe Mascot search enginBgrkinset al., 1999 by
using the TTEMBL_Salmonelladatabase to detect StScsC and then by usiag
TrEMBL_E. coli database as the proteins were overexpressgd @oli strain. The
band highlighted by tharrow on kgure 4.10Awas identified as StScsC bound to
Artl (Arginine ABC transporter substrate binding protein) (Figure 4.11). Arginine
ABC transporter substrate binding protein, has a clasdted orthologuein S.
Typhimurium (sequence identity = 984 (Figure 4.12).Other bands contained
StScsC but no other partner protein could be detected, indicating that §tacsC

may also form an intermolecular disulphide with itself.
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[HATEY) MASCOT Search Results
Protein View: AOAOL7AJ51_ECOLX

Arginine ABC transporter substrate-binding protein OS=Escherichia coli GN=artI

Database: TrEMBL_ecoli
Score: 55

Expect: 2.8

Nominal mass (M;): 27065
Calculated pI: 5.78
Taxonomy: Escherichia coli

Sequence similarity is available as an NCBI BLAST search of AOAOL7AIS1 ECOLX against nr.

Search parameters

Enzyme: Trypsin: cuts C-term side of KR unless next residue is P.
Fixed modifications: Carbamidomethyl (C)

Variable modifications: Oxidation (M)

Mass values searched: 432

Mass values matched: o6

Protein sequence coverage: 22%

Matched peptides shown in bold red.

1 ME
51
101 TIFY

YEPFESMDAN Hi
VDAVMAGMDT

VG VQNGTTHQRF

WLEDNEKL

151 VEYDSYQNAEK LDLONGRIDG
201 FGIGLGIAVR QGNTELQQOKF NTAL

Figure 4.1% StScsC forms a disulphideébond with Artl in vivo. The band shown by the
black arrow on figure 4.10A was assigned to be the Arginine ABC transporter substrate
binding protein (Artl) by Mascot search by using TrEMHL.coli database.

10 20 30 40 50

l....| RO P oo P V) POV
E. coli 20 IRFATEASYPPFESMDANMGFDVDLAALCKEIDATCTFSNQAF 69
S. Typhimurium 20 IRFAT EASYPPFESMDAKN/GFDVDLANALCKEIDASCTHINQAF 69
60 70 80 90 100
SO0 OO0 1 OO0 OO0 OO O O 1o OO
E. coli 70  DSLIPSLKFRR/DAVMAGMDITPEREKQVLFTTANSALFVGQQGKYTL9

S. Typhimurium 70 DSLIPSLKFRRFDAVMAGMDITPEREKQVLFTTPYYDNSALFVGQQGKYT
110 120 130 140 150

R [ P Y OO ) P ooy o
E. coli 120 SVDQLKGKKVGVQNGTTHQKFIHPEITTVPYDSYQNAKLDLQNGRIDGE9
S. Typhimurium 120 SVDQLKGKKVGVQNGTTHQKFIMBEITTVPYDSYQNAKLDLQNGRID6E9

160 170 180 190 200
oo [T O I

E. coli 170 GVFGDTAVVTEWIDNPKLAAGDKVTDKDYFGTGLGIAVRQGNTELQRIR
S. Typhimurium 170 AVFGDTAVVTEWIANPKLAPVGDKVTDKDYFGTGLGIAVRQGNTELQRIK
210 220
O
E. coli 220 FNTALEKVKKDGTYETIYNKWFQXI3

S. Typhimurium 220 FNTALEKVKKDGTYETIYNKWFQ43

Figure 4.12 Sequence alignment of Artl fromE. coliand S. Typhimurium. Amino acid
sequences OE. coli Artl (Uniprot accession number: AOAOL7AJ51) aBdTyphimurium

Artl (Uniprot accession number: AOAOH3NEUG). Sequences lacking the targeting peptide
are aligned by using Bioedit sotwgteall, 1999)using ClustalW Multiple alignmengEully
conservedesidues are shada@dgrey and residues showing%GQonservation are shaded in
pink. The percentagedentities of the sequences weralculated by using BLOSUMG62
ExPASy SIM Alignment tool (Gasteigeat al, 2003) Artl is 27 kDa periplasmic protein
containing 2 cysteine residuaich arehighlighted in red.
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4.2.6 Cloning and purification of Salmonellaarginine-binding

periplasmic protein |

As StScsC washownto form a disulphidebond with Artl, S. Typhimurium artl
gene was cloned andArtl protein purified, and in vitro protein assays were

performedo investigatethe interaction between the two proteins.

4.2.6.% Cloning of artl gene

Genomic DNA fromS Typhimurium SL1344 was extractedsing a GenElute

Bacterial Genomic DNAi t accor di ng instoctioma(8igma)dhet ur er C
artl gene wasamplified (Figure 4.13A) from genomic DNA using primers
artiTEV_F andartiITEV_R (Table ), and the construct was engineered to include

a TEV cleavage sitedo remove theN-temiral his-tag The bacterialexpression

vector plasmid pTrcHis was also amplified by using primers pTrcHis F and
pTrcHis_R (Table &) (Figure 4.13B) for subsequent clonisteps Figure 4.14

shows the desired plasmid map after cloningardf into pTrcHis vector plasmid

using aGibson assembly cloningkiN(EB) accor di n g instractomanuf ac
Competent cells were transformed with the Gibson asserabbtion mixture, and

plasmid DNA was purifiedinddigested with restriction enzymes for confirmation of

the presence dhe desiredconstruct Figure 4.15 showthe resultof the digestion

alongside an identical digestion with the panghtcHis plasmid wheredifferences

in band sizes confirmed the peexe ofartl. The gasmid was also sent off for
sequencing and was confirmed to conthi@ correctly insertedrtl gene (Appendix

8).
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Figure 4.13 Amplified artl and pTrcHis vector. (A) Agarose gel of amplifiedrtl at ~700
bp. (B) Amplified pTrcHis vector plasmi@4300bp).
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Figure 4.14 Desired plasmid map ofartl cloned to pTrcHis vector plasmid.TEV site is
included for cleavage of the kitag when necessary at theté&minal of theartl that is
inserted to the vector plasmid which contains an Ampicillin resistance cassette
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Figure 4.15 Confirmation of artl cloned into pTrcHis vector. Agarose gel showing
restriction digest of miniprep plasmid DNA of pTrcHif and the original pTrcHis plasmid.

Nhd and Fsp restriction enzymes were used to digest the plasmids. Desired bands for
pTrcHisartl are ~1800 bp and ~3200 bp and desired band for the original plasmid digest are
~2000 bp and ~3200 bp.

4.2.6.2 Purification of Artl

Artl was overexpressed in DHEcompetent cellsising IPTG induction. By affinity
chromatography Artl was purified and eluted with buffer containing300 mM
imidazole (Lane 5)Figure 4.16) Imidazole was then removed by buffer exchang
chromatography. By using TEV proteatigestion, théhis;-tag was also cleaved off
(Lane 9) (Figure 4.16).

]
{2}
2 £
T o=
§ 8 < &
< =] o Iy
= [ = < ® b T
- g 5 § = £ & 2
© 3
a & 8 g E ¢ g 85 T
x c < = = @ o [ ow
~ = =] = U s = © =
[ @ 3 £ £ oI -] =4
N =% 2 = E=- > >3 &
(7] > o o =3 St w o c
250M [7] ™ - ) mg + FE DO
1 = B BE=
—
e . -
50
37 .
—
N a
el Bl | L
—
20 - w
15
10 e

Lane 1 2 3 4 5 6 7 8 9
Figure 4.16 SDSPAGE gel of purified Artl . The~27 kDaband shown on lane 5 is the
purified hiss-taggedArtl. Imidazole was removed by buffexchange chromatography (Lane

6) and the histag was cleaved ofising TEV proteasePurified untaggedrtl is shownin
lane 9.
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4.2.FIn vitro protein experiments with Artl and StScsC

The main aim ofthe next phase of the projestas to demonstrate the interaction
between Artl and StScs®oth proteins were reduced and oxidized with 5 mM DTT
and 20 mM GSSG, respectivelgnd exogenous reductant/oxidant was removed
using a PB10 column, and the anticipated redox state of StScsCcwasrmed

using DTNBassayss previously describedyeret al, 2003. The addition of DTT

or GSSG had no noticeable effect upon the redox state of Artl, so the interaction of
6as purifiedd Art] with oxidi sTedoteand
purified wild-type StScsCrunson SDSPAGE at25 kDa

4.2.7.1- Reduced StScsgxxa binds to Artl

In order to detect binding of Artl t8tScsC, histagged StScsC or StSas&Ga and
untagged Artl was used. Equimolar concentrations of proteins were incubated
together for 1nh and protein samples weresolvedvia SDSPAGE for detection o&

band at around 50 kD&hichis the correctige forArtl: StScsCdisulphide bonded
complex (Figure 4.17A). Lane 1ZhowsreducedStScsGxxa at 23 kDg which
increases to 50 kibwhenArtl is added(shown by lanes 5 and.9The same result

was confirmed byestern blot analysis with artis; antibodies (Figure 4.17B).
Unfortunately, the rteraction of Artl with wildtype StScsC could not be
demonstratedthis might be due to the covalent bond not being strong enough

between the Artl and StScsC so Artl can not be trapped and detected.
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Figure 4.17 Artl binding to StScsC. (A) SDSPAGE gel showing protein samples in
combination with each other. Presence of 50 kDa band when reduced &Kfi®osas
incubated with Artl suggested that Artl binds to StScsC (Lanes 5 and 9) when compared to
reduced StScs&xa only and Artl only contrdd (Lane 11 and 12) (shown by the red boxes).
Presence of 50 kDa band on lanes 3 and 7 when oxidised $igceias incubated with

Artl cannot be described as Artl binding to StScsC as no control for oxidised StacsC
was present(B) Western blot analysiof the same samples with ahis; antibodies A 50

kDa proteinappearedvhen Artl was incubated with reduced StSgslk. (O) oxidised, (R)
reduced. N.B. Treatment wittDTT or GSSGhad little effect upon the redox state of Artl,
which remasnpdri hi etté ©vBadox state.

4.2.7.2- Cu® promotes dimerization of reduced StScsGxxa
Detection of an interaction between reduced StScs€xxa and Artl lead to
investigation into whether copper can influence thisulphide bondformation

Proteins on their own or in combination with each other were incubated with 1 mM
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CUu*" and were resolvedia SDSPAGE (Figure 4.18A). In the presence of copper,
reduced StScsxxa was shown tadimerise, asshown by the red box olane 5.
Western blahg performed using anthiss antibodies confirrad the same result
(Figure 4.18B).
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Figure 4.18 Addition of copper dimerizes StScsExxa. (A) SDSPAGE showing
equimolar concentrations @M) of Artl and StScsgxxa alone or in combination in the
presence of 1 mM Cli (B) Western blot analysis of the same gel with-&ig antibodies.
The pesenceof copper led to dimerisation of reduced StSgs& and Artl binding could
not be detectedunder these conditiondiss-tagged StScs&xa and untagged Artl were
used.N.B. Treatment wittDTT or GSSGhad little effect upon the redox state of Artl, which
remained in the 6as purifiedbé redox state.
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Since StScsGxxa dimerization is promoted by copper, it was of interest to
investigateif wild-type StScsC also dimeres in the presence of copper ions.
Addition of copper ions to reduced or oxidised wijghe StScsC samples did not
alter the oligomerisation state othe wild-type protein as it did for the mutant
reduced StScs&ixa (Figure 4.19)Lane 6shows oxidised StScsgxxa is already in
the dimerised form prior to addition of copper. Figure 4.19B shalesternblot
detection of the histagged StScsC proteins with ahiss antibodies.
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Figure 4.19 Wild-type StScsC desnot dimerise in the presence of copper(A) SDS
PAGE gel showing 3M of purified StScsC and StScsa incubated with or withouCw*.
(B) Western blot analysis with artiss antibodies Dimerisationof wild-type StScsC was
not detected. Red boxes indie that oxidised StScséa is already found im dimericstate.
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4.2.7.3- Copper ions oxidise wildtype StScsQn vitro

To detect the thiol redox status of wilgpe StScsdn vitro in the presence and
absence of copper ionghe thiol modification reagent AMS was used. After
reductionand oxidation of the purified higagged StScsC, samples were incubated
with Cu’/ CU¥" ions andprotein was precipitated and resuspended lnffer
containing20 mM AMS. Proteins were resolved viads-PAGE Figure 4.20)and a

1 kDa changen the band size was expected if the proteasreducedand therefore
able to bind AMS The technique was validated by showind &Da band shift
between reduced and oxidised StS¢sCanes 2 and 3. Reduced StScsC was also
shown to be oxidisety the addition of botltCu'and Cu** ions shown in lanes 4 and

6, respectively.

& Ssize (kDa)
R StScsC
O StScsC
R StScsC+ Cu*?
O StScsC+ Cu*
R StScsC+ Cu*t
O StScsC+ Cu*?

25 il

20
Lane 1 2 3 4 5 6 7

Figure 4.20 StScsC oxidises in the presence of coppérecipitated protein samples were
incubated with copper ions and resuspended in buffer containing 20 mM AMS in order to
alkylate reduced thiols. Western blot analysis with -8ticsC antibodies revealed that
reduced StScsC is oxidised in the presenceopper (Lanes 4 and 6). Lanes 2 and 3 are
reduced and oxidised StScsC controdspectively.
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4.2.74- Oxidised StScsC is reduced b$. Typhimurium Artl

The change in the redox state of StScsC and/or Artl was studied by using purified
proteins withdifferent redox states alone or in combinatidhe hiol modification
reagent AMS was usetb detecta band shift due to binding of AMS to reduced
cysteines. All samples were incubated with AMS and reduced provegns
expected to migratslower than the oxidisgoroteins Firstly, Artl wasdeterminedo

be the same size in botbxidised and deducedGamples in the presence and
absence of coppeconfirming previous observations with DTNB assays on DTT
and GSS@Greated Artl that suggeghat the redox state of these cysteines are
difficult to modify and are likely to be inaccessil{#ata could also be explained by
Artl being resistant tonodification with AMS) In order to double confirnthat the
disulphide status of Artl could not bghanged by the addition of oxidising and
reducing reagents, the intact mass the prot@is measuredsng mass spectrometry
approach Firstly, intact mass of thas purifiedprotein was measured in order to
detect posttranslational modifications that ntighe present. Posttranslational
modifications on free thiols of the protein such as sulfenylation (Poole, 2015; review)
might have been affected the reduction, alkylation of the protein. However, no
specific modification was observed (pgndix A). Later, the Artl protein was
reduced with DTT alone and reduced with DTT and alkylated with chloroacetamide
to measure the mass difference, although no specific band difference was observed
when chloracetamide was added (AppendiB-&). This suggested that the
cysteines of théolded protein are inaccessible.

Hence, while Artl was still treated with reductant and oxidant, the redox state
remai ned d&a thesegeaxpetinfent$®'hdrd reduced StScsC was incubated
with Artl, StScsC becomes partially oxidised (Figure 4.21) (red box). However, the
presence of coppevasshown to oxidise reduced StScsC (blue bdke dangein

the thiol redox status of StScsC was compared to the reduced ScsC alone control
sample on the larat thefar right
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Figure 4.2 SDSPAGE analysis of thiol redox status of Artl and StScsC3 €M of each

protein or combination of the two were incubatedh With or without copper at room
temperature. Precipitated proteins were resuspendadffier containing20 mM AMS thiol
modification reagent. Samples were run on SBE. Reduced StScsC was found to be
partially oxidizedwhen incubated with Arths shown inthe red box(compare to reduced
StSsC on far right)The Hue box indicates compie oxidation of StS&C in the presence of

CW?*. The band shift for StScsC was compared to the reduced StScsC control run on the right
hand side of the gel.

As the redox status of StScsC was found to be altered in the presence of Artl, the
interaction ofi ncr easing concentrations of 6as
reduced StScsC was investigated wusing Al
puri fied6é Art |l hal oo effeet dlaneseli, wHerees dnsr&nental

addi tion of 6as puri fi edo -8Aresulied inta oxi d
corresponding reduction of StScsC (Figure 4.22B). Hence, these data indicate that

Artl is purified at least partiallyin the reduced statand can undergo disulphide

exchange wittstScsC.
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Figure 4.22 Artl alters the redox status of oxidised StScsCo Apur i fi eddé Art |
oxidised/reduced StScsC were incubated together under various congjddBS-PAGE

and(B) Western blot analysis #i antiStScsC antibodies was used to probe the redox status

of StScsC. The decrease in migration rate of oxidized StScsC with increasing concentrations

of Artl, following treatment with AMS, demonstrates that Artl promotes the reduction of
StScsC. Artl des not have any effect on reduced StScsC. (O) oxidized StScsC control, (R)
reduced StScsC control.
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4.2.8Structual analysis of Artl and StScsC

This studyrevealed an interesting interaction betw&®csC and Artl using genetic
and biochemical approaches. Was therefore of interest to gain a better
understanding of the structural basis for this interacfidve predicted structure of

Artl and the crystal structure of StScsfere analysed usingamputtional protein
dockingapproacheso visualise the positions of the cysteine residuestapdedict
protein: protein interactions. The crystal structure of StScsC was availablettfiom
PDB (Shephercet al., 2013) and he position of the cysteine residuandsurface
electrostatis are shown inFigure 4.22\-B. A structural model oSalmonellaArtl

was generated using teba, 2R2)pased onXhe srgstalv e r
structure of a periplasmic arginine binding protein (PDBid = 2Y 7e gositions of
cysteine residues and surfaglectrostatis are shown in(Figure 4.3C-D), with the
bound arginine from the 2Y71 template superposed onto the model of Artl in panel
C.

A
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> Hydrophobic
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e [ ?‘" -ty
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()
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Arginine

Figure 4.23 Crystal structure of SalmonellaScsCand structural model of Artl . (A)
Ribbon structure of StScsC. Yellow spheres indicasuighur atoms ofysteine residues at
positions Cy48 and Cy&1. (B) Electrostatic surface structure of StScSiructure was
obtained from PDB accession numBBBEXZ (Sheperd et al., 2013). Surface is omitted
from the exposed active site cysteine residues to show the sulphur atoms (yellow spheres).
White surface indicas hydrophobic surface gtent to the cysteine residug€) The
predicted structure db. TyphimuriumSL1344 Artl wasobtained using the RaptorX server
based on a homologous template from the PDB (PDBIY A). Two sequences were &6
identical that were calculated by using BLOSUM62 ExPASy SIM Alignment tool (Gasteiger
et al, 2003).Arginine that was bouhto the protein is indicate@ulphur atoms are shown in
yellow spheres(D) Electrostatic surface of the protein was sho$urface is omitted from

the exposed active site cysteine residues to show the sulphur atoms (yellow spheres).
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To investigate potdial interactiondetweenStScsC and Artlcomputational protein
docking studieswere performedusing ClusPro aftware Kozakov et al, 2017
where30 structures foArtl and StScsC interactions were predicted. However, none
of the structures indicate a close enough proximity of cysteine residues for
confirmation of the interaction between the two proteins by disulphide exchange
confirmed in previous section¥he do&ed structure with the cisines in closest
proximity is shown inFigure 4.2, and the ther selectedstructures are shown in

Appendix10.

Figure 4.24- Protein docking of Artl and StScsC.The ribbon structure of StScsC is shown

in white and the ribbostrudure of the Artl is shown in coral’he sulphur atoms are shown

as yellow sphere3.he cysteine residues of the two proteins are located far apart to be able to
interact via disulphide formation.

4.2.9- Impact of StScsCupon growth of Salmonellaon L -arginine

Since SBcsC has been shown to interact with Artl, a putative periplasmic binding
protein with a potential role in arginine uptake, it was of interest to test if loss of
StScsC affected growth on-&rginine as a carbon sourcélild-type andascsC
Salmonellastrains were grown in M9 mediaith a low glucose concentratio.5

mM L-arginine was also omitted from the media in order to measure the effect of
StScsC on the growth ofalmonella Copper(1 mM) was supplementedo the
growth mediumin order to facilitate the expression 8i{ScsC in wildtype cells
Under these conditions iwas hypothesised that the wilgpe strain would be

stimulated by addition of {arginine, whereas thescsCstrain would be impaired in
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arginine uptake and adaiti of this amino acid would not affect growirhe growth
curves indicate a subtle increase in growth in thegm@s of L-arginine for the wild
type strain whereas there was rbfference in growth of thé®scsCstrain (Figure
4.25).
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Figure 425 Loss of scsCabolishes L-arginine-mediated stimulation of growth. (A)
Wild-type S Typhimuriumwas grown in the presence and absence of 0.5 ravginine in
the presence of mM copper. After 8h, growth of cells in the presence of arginine was
higher than in the absence of arginiiB) ascsC Salmonellastrains were grown in the
presence and absence of 0.5 mMrfginine.
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4.3 Discussion

The daracteristic HX-X-M-X-X-M motif that is present in many predicted copper
binding and transport proteif&s previously been reportea be absent in abtScs
proteins (Guptat al, 1997). Despite this, aBtScs proteins have been shown to be
regulated by copper specific transcriptional regulator (Lopet al, 2018). In
addition, StScsC has been showndonfercopper tolerace (Shephercet al, 2013).
Hence, it was of interest to measure the copper binding affinit$t®€sC. A
competition assay witBCSwas performedas described previously in Fostdral,
2014). Cu' binding to BCSwas demonstrateds a control, however, under our
conditions, Cu" binding to StScsC could not be demonstrated. No change in
absorbance at 483 nm was observed when increasing concentrafionaats being
titratedin. It was expected th&tScsCwould becomesaturatedvith Cu’, or not bind

it at all, and then EBCSCu(l) complex would form leading to an increasm
absorption at 483 nm (Xiaet al., 2011). The initial interpretation of thelata was
that there may benultiple copper binding sites o08tScsC although this was
discounted because of the very high concentration of copper teaisedor some
data points A more likely scenario might behat BCS bound directlyto StScsG
which may haveprevened binding of copper to BC®reduding the formation of a
BCSCu(l) complex.In the future, higher concentrations of BCS could be used in

order to have a highly chance of observing the formation of the B&!$ complex

To provide biochemical data to confirm predicted interactions 8fftsC based on

the mass spectrometry experiments (Chapterl 3)is-taggedStScsGxxa mutant
protein was expressed i coli with the aim of trapping StScsC disulphidended

with a redox partner. This method has been used previously to identify DsbG targets
(Depuydtet al, 2009). Using a combination of affinity chromatography and mass
spectrometryan aginine binding periplasmic protein (Artl) was identified to be
bound to theStScsGxxa protein via a disulphide bond. Bhapter3, copper was
shown to increase the abundance of Artl in$h€&yphimurium periplasm by 2éld

(Figure 3.13, and lack ofscsCin the presence of copper did decrease Atrtl
abundance, althougtitests did not support this as a significant difference (Table
3.2). Given that the relative abundance of Artl compared to these other chaperones is

much lower (Figure3.12), it is surprising that Artl is the only protein that was
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identified in the StScséxxa trapping experiment, although this might refledtigh
affinity for Artl.

Binding of Artl to reduced StScs&xa wasalso demonstrated usingindfied protein
samples. Te influence of copper upon thgeld of Artl: StScsGxxa disulphide
bondedcomplexformation was also investigated, aswrprisingly StScsgxxa was
found to dimerise in the presence of copp@ilowing this observatigrdimerisation
of wild-type StScs@vastested in the presence of copp&thoughno changen the
oligomerisation state wadetectedupon copper additiont was hypothesised that
this discrepancy could be explained by copper promotimg formation of
intramolecular dsulphide bond& wild-type StScsC (as showm vivoin Chapter 3)
whereas th&tScsxxa protein is unable to forrmtramoleculardisulphides in the
active site so copper will promote the formation infermolecular disulphides

instead

To investigatehe impact of copper upon tihedox properties of purified StScsC and
Artl proteins thiol modification assaywere performedvith AMS. Consistent with
the results from thé vivo thiol modification assay@Chapter 3) StScsC was found
to be in the oxidied state when copper is presanwitro. The redox status of Artl
could not be changed by the addition of oxidising and reducing reagaegtgesting
that the cysteines of th&rtl protein are inaccessible and cannotehsily modified
by small molecules, althoudbiScsC can clearly form a disulphidendwith Artl in

Vivo.

To further invesigate the interaction be
added to oxidised and reduced StScsC and was shown to reduce the oxidiséd StScs

in a dosedependent manner (Figure 4.22). This clearly shows that disulphide
exchange takes place between StScsC and Artl, sapgorts the idedhat the

purified heterodisulphide complex (Figure 4.10) is not an artefact of the CXXA
mutation described abe. Since StScsC has been shown to exist in the oxidised state

in the periplasm (in the presence of copper), this observation is consistent with a role

for disulphide oxidation of Artl by StScsC.

To gain structural insights into tHetScsC:Artl interaction, a structural model of
Artl was generated to dock to the crystal structur8#tsC The kest template for
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Artl modellingfrom the PDB wasthe periplasmic binding protein STM4351 (PDB
accession numbéY7l). Docking experimentsvith StScsC and Artl yieldednany
different complexes, and while some complexes showed disulphides in relatively
close proximitya convincing approximation of thdisulphide bondedomplex for

the StScsCArtl heterodisulphide remained elusiv8his may be becauséhe
disulphide of Artl is buried too far in the structure, and thekdw algorithms do not
allow for large conformational rearrangements. In futureyauld be interestingto
perform structural dynamics simulations tgain better models for the

heterodsulphide.

The exact substraterf Artl has not been experimentally verifieut since Artl is
encodedby the artlPQM operon ithas previsouly beehypothesized to be involved

in arginine transport and metaboligiWeissenbaclet al., 1995). Assuming Artl is
indeed involved in targinine uptake, it was of interest to investigateetherthe
absenceof StScsCimpacted upon growth dBalmonellaon L-arginine The data
herein demonstrate that-drginine elicits a subtle increase in growth at laig
phase, consistent with a diauxic shift from glucose tardinine, whereas this
growth stimulation is lost in @scsC mutant. This is consistent witht®sC
facilitating L-arginine uptake possible via facilitating assembly of Artl, although
there areother amino acid chaperones besides Artl that may also be involved.
Indeed,ArgT has been shown to be important for utilisation of host arginine during
macrophage infectigrwhich alsolowers the amount of targinine available for the
production of toxic nitric oxide (Daat al, 2010).
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Chapter 5

Investigating the abillity of
StScsABCD to facllitate
disulphide folding of
therapeutic proteins
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Abstract

Many recombinant therapeutic proteins are producdsl icoli, including antibodies

and certain hormones that require disulphide bonds for their biological activity and
stability. Developing new strategies to improve the assembly and yield of the
proteinsin theE. coliperiplasm is therefore important. In this chapter, two important
protein therapeutics were used to test the abilitpiSics proteins to facilitate the
formation of disulphide bonds in targets of biotechnological importance. Herceptin
(Trastizumal) is a monoclonal antibody used for the treatment of aggressive breast
cancer and Human Growth Hormone (hGH) is used to treat growth hormone
deficiencies. Firstly, it was of interest to investigate if expression of the Scs system
of S. Typhimurium cauld improve the yield of Herceptin Fab fragment in Ehecoli
periplasm. It was demonstrated by Western blot analyses th&tSbg proteins can
elevate the yield of Herceptin when copper is present. Secondly, a C189S variant of
hGH and a CXXA variant of StScsC were used to investigate whether a
heterodisulphide of these two proteins could be demonstrated. However, under the
conditions tested, nacovalent disulphide bondormation could be observed,
although this approach could beedsin future to investigat&isulphide bond

formation betweeistScs proteins and other potential protein targets.
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5.1- Introduction

In 1986, the first therapeutic monoclonal antibody was commercialised (Eicakr

2015). Since then, the production of these protein therapeutics has advanced
significantly with improvementsin manufacturing capacity and cell cukuand
purification processefKelley, 2009 review). A multi-billion pound industry now
exists for recombinant monoclonal antibodies (mAb) like rituximab (Rituxan),
trastuzumab (Herceptin), and infliximab (Remicade) (Eetel.,2015). Highvalue
therapeutic antibody fragments are produced in micratyatems with lowcost,
simple purification and downstream presing with high yields (Berkmer2011;
review). E. coli was the first microbial organism to be used for the production of
recombinant biopharmaceuticals (Spaditial, 2014 review), where &pression of
recombinant monoclonal antibodies takes place in the cytoplask ¢bli and
disulphide formation usually takes place in the periplasm: due to the presence of
thioredoxin and glutathione, cytoplasm is a reducing environmentdeudphide
oxidation is ordinarily not possibl¢Ritz and Beckwith 2001 review). Hence,
proteins that are expressed in the cytoplasm are usually exported to the oxidising
periplasm and theorrect formation of disulphides proceeds via disulphide oxidation
and disulphde isomerisation by the Dgdisulphidebond) machineryas reviewed

in Heraset al, 2009 review, Berkmen 2011 review). In E. coli, translocatiorof

more than 9% of secreted/periplasmic proteins is achieved by the Sec pathway
through the SecYEG porghere an Ntlerminal Sedype signal peptide attached to

the protein is recognised by the Sec machindigirigotaki et al, 2017 review).
Proteins can also be targeted to the periplasm via the signal recognition particle
(SRP}dependent pathway and alsyg the Tatdependent pathwayGgorgiouand
Segatori,2005 review). The Tatdependent pathway exports folded or partially
folded proteins with a signal sequence containing a twin arginie astéviewed in
Kudvaet al.,(2013 review)and Berkst al,, (200Q review).

E. colidoes not naturally form disulphide bonds in the cytoplasm, although strains
have been engineered to do just thatenable correct formation of disulphide bonds

in the cytoplasm, a CyDisCo (Cytoplasmic Disulphide formatioi.ircoli) strain

can be used which expresses Ervlp (yeast mitochondrial thiol oxidase) and PDI
(human protein disulphide isomerase) to catalyse cytoplasmic disulphide bond
formation and isomerisation (Mates al, 2014; Gaciaret al.,2016). This can then
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be coupled to Tatlependent export of the protein to the periplasm (Matoal.,
2014). Correct folding of proteins in the cytoplasm can also be achieved by using the
SHuffle cells whichexpress a chromosomal copy of the disulphide bond isomerase
DsbC (Lobgeinet al, 2012). In addition, cytoplasmic disulphide bond formation can
be achieved by removing two cytoplasmic systems that promote disulphide reduction
(qmor/agirxB) from the cytoplasm (Prinet al.,1997). Hence, this chapter focusses on

a novel apprach usingStScs proteins and copper to facilitate disulphide folding for

a Herceptin Fab fragment and human growth hormone it tl®li periplasm that

have been exported in their unfolded state by the Sec machinery.
5.1.1- Herceptin

Cell division andrepair in breast cell is controlled by a transmembrane tyrosine
kinase Human epidermal growth factor rece@¢HER?2). Approximately in Z& of

the breast carcinomas, overexpression of HER2 leads to uncontrolled growth and
division of the breast cell (Wit et al, 2017 review). Therefore, targeting HER2

for the production of therapeutics is an appealing appré#etteptin (Trastuzumab)

is a recombinant humanized IgG1 monoclonal antibody and was the first FDA
approved therapy for breast canc&ajria and Chandarparty 2011 review). It
targets and downregulates HER2 during development and progression of breast
cancer(Baselgaand Albanell, 2001, review), inhibiting cell signalling involved in

cell proliferation and survival (Rosst al, 2009 review). Figure 5.1shows the
general structure of an IgG antibody highlighting the Fab and Fc fragments. The light
and heavy chains are connected via disulphide bonds, which is crucial for antibody
stability and function (Liuet al., 2010). In the amtHER2 mormclonal antibdy
(mAb), 12 intramolecular and 4 intemolecular disulphides are present (Waetg

al., 2011). Figure 5.2 shows the positions of these mntend intramolecular
disulphides. Incomplete formation of disulphide bonds could have the potential to
trigger an immune response when administered because of formation of aggregates
and unfolded protein (Liet al., 2012 review). Figure 5.3 demonstrates the crystal
structure of the heavy and the light chain of the Herceptin Fab fragment which was
used in this studyAs the scs operon ofS. Typhimurium has a likely role in
disulphide folding, the change in the yield of Herceptin Fab fragment in the presence

and absence &tScs proteins an@u** was measured.
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VL: variable region of light chain
Fe CL: constant region of light chain
VH: variable region of heavy chain
VL: variable region of heavy chain
B Bl : heavy chain

mm : light chain

Figure 5.1 - Schematic structure of IgG1 The heavy chains are shown in black dmel
light chains are shown in pink.

Figure 5.2 - Herceptin inter- and intra-molecular disulphides Intra-molecular
disulphides on the light chain (shown in pink) of Herceptin are formed between-8§s23
and Cys134194. Bonds formed between the Cy®&® and Cysl14203 are the intra
molecular disulphides formed in the heavy chain (shown in black) of the Fabend The
inter-molecular disulphide bond formation between the Cys214 found at-teamihal end

of the light chain and the Cys223 of the healaginconnects the two chains together. Two
parallel interchain disulphides are formed between the Cys2®Z9of the two heavy chains
(Adapted from Wangt al, 2011).
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Figure 5.3- Crystal structure of Herceptin Fab fragment. The Fab fragment light chain is
shown in pink and the heavy chain is shown in white. The positioneof\tsteine residues
where intramolecular disulphides are formed are depicted by yellow spheres and are as
follows; Cys2388 and Cys134.94 on the light chain and the Cys2@ and Cys14203 on

the heavy chain. An intanolecular disulphide bond also forms between the Cys214 of the
light chain and Cys223 of the heavy chain. Two sulphur atoms for themiolecular
disulphide is shown at the bottom right corner of the figure. The secondriatezular
disulphide bond cannot be demonstrated as it is formed between two heavy chains. Model
from PDB accession number: 1N8Z was useprtalucethis figure.

5.1.2- Human growth hormone (hGH)

Human growth hormone (hGH) is a small, single chain, globular protein with 191
amino acid residues. It is synthesised by the pituitary gland. It has & griewth,
developmetand immune regulation (Rezaei addrkeshEsfahani 2012). Human
growth hormone is used to treat dwarfism and bone fractures due to growth hormone
deficiencies in children where it has an effect on stimulation of the bone, mudcle an
cartilage metabolism (Doessingt al., 2010). It is also used to treat growth
impediments in girls with Turners syndrome which is thest common
chromosomal disorder in women (SpiliotE)08 review). Expression in th&. coli
periplasm provides safe, abundant and-tmst production of recombinant hGH
(Kamionka 2011, review): pituitary-derived hGH was prohibited due to the risk of
human pathogen transfer and association @i#utzfeldtJakob disease (Rezaei and
ZarkeshEsfahanj 2012). The 22 kDa hGH protein contains two disulphide bonds.
Areas that are structurally remote in the primary structure are connected by the bond

between cysteine residues 53 and 165, which is called the large loop, and the second
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bond is near the ®rminal end of the protein where a small loop is formed between
cysteine 182 and 189 (Youngmaat al, 1995). The crystal structures and the
position of the cysteine residues are shown in Figure 5.4. The large loop disulphide
has beent®own to be necessary for biological activity of the protein and the second
disulphide bond has been shown to be requiredhi® stability of hGH (Junnila and
Kopchick 2013).
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Figure 5.4 - The structure of hGH. This figure was made using the CCP4MG molecular
graphics programme (McNicholas al., 2011) using the structure form the Protein Data
Bank (accession number 1HGU, Chantatafl, 1995). The active site sulphur atoms are
shown as yellow spheres wke? intermolecular disulphide bridges are formed between
Cysb53165 and Cys18289.Cys182 Cys189 forms a small loop disulphide and the Cys53
Cys165 forms a large loop disulphide.
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5.2- Results

5.2.11 Investigating the impact of StScsABCD and coppeupon

Herceptin assembly

5.2.1.1- Engineering a Herceptin expression vector

An operon was designed to utilise the OmpAl signal peptitiemphreyset al.,

2000 to target both the Fab fragment heavy and light chains of Herceptin to the
periplasm, downstrea of the induciblelac promoter. A short intergenic region
based on IGSPPatennumber7419659UCB Pharma S.A.was placed between the

two open reading frames to provide efficient translational-teemligh and to negate

the need for a second promoter. This sequence was synthesised and cloned in the
standard pMKRQ plasmid vector by Invitrogen GeneArt Gene syntlsesisce
(Thermafisher) (Figure 5.5)E. coli TOP10 cells were transformed with this vector

and protein expression was induced by IPTG.

PMKRQ Fab Herceptin
4041 bp

[/ T |IGSZ intergenic region|

Figure 5.5- Fab pMK-RQ plasmid map.Expression of thedavy and the light chain of the
Herceptin Fab fragment ontrolledby thelac promoter Protein chains ar@argeted to the
periplasm by the OmpAl signal peptide. The pMIQ plasmidcontairs a kanamycin
resistance cassette walColEl replication origin.
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5.2.1.21 Engineering aScsABCD expression plasmid

The scsABCDoperon was amplified from th. Typhimurium SL1344 chromosome
and was cloned int&coRI-Xhd digested pWSK29 plasmid downstream of the
promoter (Shepherdt al, 2013). The plasmid map is shown in Figure 5.6. This
plasmid backbone was chosenthe pSC101 origin of replication is compatible with
the ColE1 origin of the pMKRQ vector.

(7075) Xhol

PWSK29scsABCD
8879 bp

. [lac operator]|
EcoRI (3537)

Figure 5.6 pWSK29scsABCD plasmid map. Expression of theStScs proteins was
controlled by thdac promoter.

5.2.1.3- Development of a Western Blottingechnique to detect Herceptin

E. coliTOP10 cells were transformed with the pWSK@RABCDand pMKRQ Fab
Herceptin plasmids. Whole cell samples of the strains harbouring one or both
plasmids were resolved on an SBAGE gel (Figure 5.7A) and the 50 kDa Fab
fragment or the 25 kDa kappa light chain of Herceptare detected by Western
blotting. When the reducing agent DTT was absent, the 50 kDa Herceptin Fab
fragment was detected both in the presence and abseft8csfproteins by using

an antiFab specific antibody (Figure 5.7B). The heavy and light chain was reduced
by the addition of reducing agent DTT and the 24 kDa light chain of the Herceptin
was detected by using an akéippa light chain antibody (Figure 5.7C).
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Figure 5.7- Expression and deection of Herceptin in E. coli. (A) SDSPAGE analysis of
whole cell samples fronk. coli TOP10 harbouring the pWSK&28sABCDplasmid alone,
pMKRQ Fab Herceptin plasmid alone, or harbouring both plasmids. Samples were pre
incubated +/ DTT before proteins ere resolved on the gdt. coli TOP10 without any
plasmid was also used as a cont(Bl) Western blot detection of Herceptin Fab fragment
(~48 kD3 using antiFab specific alkaline phosphatase antibody in the absence of(DYT.
DTT was used to reduce éseparat¢he heavy and light chains, and ti&4 kDa Herceptin

light chain was detected using antirkappa light chain alkaline phosphatase antib@ial
Colourprotein marker fronBio-Radwas used.
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5.2.1.4- Copper elevates periplasmic protein levels i&. coli cells

Given that copper is required for expression of na8t®csABCD (Chapter 3) and

may be important for the activity &tScs proteins, it was of interestitvestigate if

the presence afopper elevates the yield of periplasmic proteins in the presence of
StScs proteins Srains harbouring pWSK28csABCD pMKRQ Fab Herceptin, or

both plasmids were grown in the presenceCof’. The total periplasmic protein
concentration of strains grown in the presence and absence of copper was determined
by Markwell assay (Section 2.5.3.1). As shown on Figure 5.8, the total protein levels
were higher in the presence of copper in cells hambgyust one plasmid. No
significant difference in protein concentration was detectecEfocoli harbouring

both plasmids when grown in the presence and absence of copper.
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Figure 5.8 Periplasmic protein concentration of E. coli is elevated byCu®. E. coli

strains harbouring pKMRQ Fab Herceptin plasmid alone, pWS&28BCDplasmid alone,

and harbouring both plasmids were grown to ang@f 1.0 and periplasmic fractions were
extracted and the protein concentrations were measured. Error bars indicate the SEM of 4
biological repeats. Asterisk denotes P <@)land P < 0.05 (**)for unpaired-test.
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5.2.1.5- Herceptin yield is elevaed by both expression o6tScs proteins and

copper

To investigate if the yield of Herceptiwas influencedby the presence of copper
and/or the expression &tScs proteins, Western blot experiments were undertaken.
Copper has previously been confirmed ¢atalyse the oxidation of protein
disulphides (Hinikeet al, 2005), and copper promstexidation ofStScsC(Section
4.2.7.3). Herein, the pMKRQ Fab Herceptin plasmid and pW33¢28BCDplasmid

were ceinduced inE. coli with IPTG in the presence and absence of 2 @i

Whole cell samples were resolved via SBSGE (Figure 5.9A), and Western blot
detection of 25 kDa Herceptin light chains was performed using aikagpya light

chain antibody as described in Section. 2/8hen copper was present, thand
intensity was higher (Figur 9B, lanes 34, 7-8, 11-12). This result suggests that the
presence of coppezlevates the yield of Herceptin. In order to analyse this data
quantitatively, densitometry analyses were performed using Image J software
(Schneideet al, 2012). The difference in yield €. band intensity) of the Herceptin

light chain in the presen@nd absence @tScs proteins was measured when copper
was present. The image was inverted and the pixel intensity of a fixed area around
each band was measured (Ctrl+ M). Figure 5.10 shows the mean band intensities
from the blot, where all band areas hdeen subtracted from data obtained for the

empty well control.

When Herceptin was expressewl its own, the addition of copper did not make any
significant difference on the yield of the protein (Figure 5.10). However, when both
plasmids were cexpressd, the addition of copper ions elevated the yield of
Herceptin light chain significantly. This suggests that copper plays an indirect role in
disulphide folding of Herceptin by facilitatingtScsmediated disulphide folding of

Herceptin.
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Figure 5.9 Copper ions elevate the yield of Herceptin irE. coli when StScsABCD
proteins are expressed(A) SDSPAGE analysis of whole cell samples of strains expressing
Herceptin Fab fragment in the presence and absenstSc$§ ABCD proteins an@u". (B)
Western bt analysis of Herceptin light chain using akaippa light chain alkaline
phosphatase antibody under reducing conditions:2A kDa band corresponding to the
Herceptin light chain fragment was detected. An increase in band intensity is shown for lanes
3-4, 7-8 and 1112 where copper ions were present (basfasvn in black boxgs
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Figure 5.10 Densitometry analysisfor expression of Herceptin light chain. Results
displayed as mean band intensity as a function of empty well cohtmlpesencenf StScs
proteins elevate the yield of Herceptin when copper is present. Error bars show standard
error (SEM) of three independent egps. Asterisk denotes®.05 for unpairetHest.

5.2.2- Investigating the impact of StScsABCD and copper upon

Human Growth Hormone assembly

5.2.2.1- Attempts to demonstrate the formation of aStScsGhGH

heterodisulphide

The ability of StScsGxxa to form adisulphide bond with target proteins (Section
4.2.5) was exploited to investigate a potential interactidbt®¢sC with hGHE. coli
JM109 was cdransformed with pSU2788sGxxHis (Figure 4.7) and a pET23
based vector expressing mature hB8Hs with a C189S mutation and a TorA signal
peptide (P KWK2 in Alaneret al, 2015) for export via the Tat system. The rationale
for using this variant is that mutation of a single cysteine will prevent an inter
molecular disulphidéondforming in hGH, leaing a reduced thiol permanently free
to form a heterodisulphide with the single free cystein8tB8tsGxxa. The protein
sequence of hGH, and the plasmid map for the hGH vector is shown in Figure 5.11.
This vector also encodes the CyDisCo system to faiglitisulphide folding in the
cytoplasm (Matoet al.,2014).
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pPKWK2
8159 bp

[lac operator]

FPTIPLSRLFDNAMLRAHRLHQLAFDTYQEFEEA
YIPKEQKYSFLONPQTSLCEFSESIPTPSNREETQ
QKSNLELLRISLLLIQSWLEPVQFLRSVEFANSLV
YGASDSNVYDLLEKDLEEGIQTLMGRLEDGSPRTG
QIFKQTYSKFDTNSHNDDALLENYGLLYCFRKDM
DKVETFLRIVQCRSVEGS@GF

Figure 5.1 pKWK2 plasmid map expressing hGH. (A)C189S version of hGHloned

into a pET23based plasmid with a pTac promoter. Inclusion of the CyDisCo systems
enables expression of a codoptimised Ervlp and mature codoptimised hPDI.
Cytoplasmic disulphide bond formation will take place and the expressed hGH will be
exported to the periplasm by Fdependent pathway with TorA signal peptide attached to
the Nterminus of the proteinB) Protein sequence of hGH. Four cysteine residues located
at positions 53, 165, 182 and 189 are highlighted in red. The cysteine residsitian 189
highlighted in red circlehas been substituted with a serine residue (sequence from PDB
accession number 1HGU).

E.coli K12 JM109 strains harbouring pKWK2 alone or pKWK2 and
pSU2718csGxxaHis were grown in LB medium (37C, 180 rpm) in theresence

of 0.1 mM IPTG until an Oy of 1.0. Periplasmic fractions were resolved on an
SDSPAGE gel and Western blot analyses were used for the detectitbcsC

hGH heterodisulphides using an an@H antibody (Alaneret al., 2015). Figure

5.13 shows data for cells expressing the hGH C189S variant alone or when-it is co

expressed witlstScsGxxa. As the cysteine at position 189 was mutated to a serine,
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the small loop intramolecular disulphide cannot be formed and it was hgmised

that if StScsC could facilitate disulphide folding of hGH, an inteslecular
disulphide might be formed with the single free cystein&tSicsGxxa. If StScsC
bound to hGH C189S, a band at approximately 45 kDa would be expected. Both in
the presece and absence of muta®tScsC, bands at same molecular weight were
observed. The addition of reducing agent DTT caused reduction of the intra
molecular disulphide of hGH, which has previously been shown to result in a band
shift (Alanenet al, 2015). Haovever, the formation of a heterodisulphide between

StScsC and hGH (at approximately 45 kDa) could not be demonstrated using this

approach.
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Figure 5.12 A StScsCexxa:hGH 1805 disulphide bondedcomplex cannot be detected via
Western blotting. Western blotting with AnthGH antibody showing hGH C189S alone
and expressed witBtScsGxxa in reducing and nereducing conditionsThe sift in the
band size of hGH hormone is due to disulphide Honahation between Cys53 and Qg5.
No band was olgsved at about 45 kDa when hGH wasexpressed with thetScsC.
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5.3- Discussion

To ensure the function, stability, assembly and quality of therapeutic proteins that are
produced in microbial systems, the formation of correct disulphides carutialc
(Patil et al, 2015 review, Guglielmi and Martineapy2009; Wanget al.,2011). The
production of misfolded proteins may have destabilising effects due to formation of
insoluble aggregates and inclusion bodies leading to protein degradation (Guglielmi
and Martineap 2009). Factors associated with disulphide folding should be
investigated both irthe cytoplasm and periplasm dE. coli for enhancing the
production of high quality and high yield products. Bacterial expression systems
have been engineered for promoting the production of disulphide folded proteins in
the cytoplasm (Matost al.,2014 and Prinet al, 1997). In this chapt, the ability

of the Dshlike Scs proteins o$almonellato improve the assembly of a disulphide
containing therapeutic antibody was investigated (i.e. Herceptin Ralbpxactive
copper was also used in this study, alone or in combinationSi#its poteins. One

of the reasons for that was to investigate the influence of copper on the yield of
Herceptin, as it had been previously shown to promote oxidation of protein thiols
(Hiniker et al., 2005) and copper can also alter the themlox status ofStScsC
(Chapter 3). Using Western blot analysis, it was confirmed that the presence of
copper alone o6tScs proteins alone does not have any significant effect upon the
yield of Herceptin. However, wheBtScs proteins werexpressed in the presence of
copper,a significant increase in the band intensity of Herceptin light chain was
observed, which suggested an increased in protein abundance. A plausible
explanation for this is that tH&ScsC protein is able to catalyse disulphide formation

in Herceptin, andCu® ions can catalyse the recycling of reduc®csC to the
oxidised form (Figure 5.13), promoting enhanced disulphide formation in Herceptin

and diminishing the degradation of misfolded antibody.
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Figure 5.13 Model for Herceptin StScsGcatalysed disulphidefolding. ReducedStScsC
is oxidised by copper ions. Oxidis&iScsC is then able to promote disulphide oxidation of
Herceptin.

In future,mass spectrometry approaches could be used to quantify the concentration
of Herceptin Fab fragment in the presence of copper afiSes proteins alone or in

the presence of both. In addition to this, the abundance of disulpbidaining
fragments could be measured using differential thiol labelling techniques
(McDonaghet al.,2014) to measure the impact $€Scs proteins and copper upon
Herceptin quality. Furthermore, Herceptin Fab fragment an&thes proteins could

be expressed igmsbA qusbC knodkout strains to provide insights into whether
StScs proteins can replace the function of Dsb protéllmtably, DsbA has been
shown to be induced by coppauring this PhD projediSection3.2.4 as well as by
Poglianoet al., (1997): this could potentially impact upon disulphide folding in the
current experiments, so this further highlights the necessity to undertake functional
investigations intaStScs function in strains that lack Dsb machinery. Preliminary
studies indicate that Hegptin assembly is totally abolished irgqasbB strain, and
cannot be compensated for BYScSABCD expression or exposure to copper (Dr.
Alex Jones, personal communication). Given the stimulatory effestSafs proteins

and copper upon Herceptin assembly observed herein, this suggests that the
StScsCBtScsD periplasmic chaperones may shuttle electrons to DsbB, potentially

via aCu’ intermediate, although further work will be required to confirm this.

A C189S variant of human growth hormone, which lacks the ability to form an
intramolecular disulphide, was previously used to confirm the export of partially

folded proteins to thé&. coli periplasm bythe Tat export pathway (Alaneret al,
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2015). In this chapter, this C189S hGH wasegpressed withStScsGxxa to
investigate the ability abtScsCto form a heterodisulphide with hGH with the aim of
demonstrating the formation obvalent disulphide bondetween these two proteins.

The Westerrblotting approach undertaken did not demonstrate the formation of a
StScsC:hGH heterodisulphide. However, this approach was quite limited in the sense
that only one cysteine in a single protein was investigated. It is still possible that
StScsC might inteact with hGH but the nucleophilic cysteineStScsC (i.e. the first

in the CXXC motif) may preferentially target another cysteine in hGH. Clearly, the
interaction of $csC with a broader range of protein therapeutic targets can be
investigated in futureln addition, the presence of the whalesoperon might be

required for efficient disulphide oxidoreductase activityt8csC.
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Chapter 6

Final discussion



The Scs proteins were first characterisedSinTyphimurium 20 over years ago
(Guptaet al., 1997) where hey have shown to confer copper tolerancé&.ircoli
mutant strainghat were defective in copper metabolisiine Scs proteins exhibit
close sequence homology to proteins ofisé (disulphidebond)family of proteins
andhavetherefore beepredicted to play a role iforming disulphidebonds intarget
proteins inS. Typhimurium (Shephereét al., 2013; Guptaet al., 1997). However,
very little was known about the environmental factors that contradbeperon, the
functional role of theéStScs systenin vivo (e.g. redox partners), how expression of
different StScs components influencethe levels of other proteins irS.
Typhimurium, and whether th&tScs system could be used to improve the assembly
of disulphidecontaining proteins of biotechnological importance. These gaps in

knowledge were the driving force behind this PhD project.

6.1- Expression and oxidation status analysis of ScsC

Copperhad previouslybeen shown to control the transcription sasB, scsGnd
scsDgenesthrough acting on the upstreassnsApromoter (Lopezt al., 2018),and

the data described herein are consistent with this work through demonstdase a
dependentresponse to copper for tteesApromoter using GFRluorescenceln
addition, he abundance of ScsC in wilgbe S. Typhimuriumwas alsodetectedat
higher levels in the presence of coppefside from copper exposurg¢he StScs
proteinsare knowrto play a role in oxidative stress (Lopetzal.,2018; Anwaret al.,
2013). Henceexpression othe StScsC protein hapreviouslybeenmeasuredn the
presence of va@wus stressesuch as hydrogen peroxidaitric oxide and other
divalent metals like iron and zintlowever, vestern blot analysis has revealed that
producton of ScsCin the Salmonellgperiplasmis increasedby copper onlyamongst
the conditions testedsiven that copper is required to expr&ScsC, and redex
active copper ions are w&thown to influence disulphide formatidhliniker et al,
2005)theredox status of the Scsflasmeasuredn the Salmonellgperiplasm in the
presence of copper as well as witther stresss that are found during infection
Copper did indeed promote the oxidationSi6csC, so the range of stresses was
again expanded tdwydrogen peroxide, nitric oxide and other divalent metals,

although only copper was shown to affect the redox ste#SasC.
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6.2- Potential targets and predicted roles of ScsC during

infection

It was hypothesised that tH&Scs system and copper playcambined role in
disulphide foldingof proteinsduring infection To charactese the function of the
ScsC inS. Typhimurium, it was important todentify potential redox partnergor
StScsC in the periplasm. Mass spectrometry appesaghreundertakerio measure
the impact ofStScsC expression and copper exposure upomlthedanceysteine
and disulphidecontaining proteins in th&almonellaperiplasm.It was anticipated
that in the absence 086tScsC,the target proteins will undergo misfolding and
degradation, resulting in lower abundantkis approach identifietlisJ, ArgT, and
Gltl as havingsignificantly lower abundance ia gscsCstrain compared to wild
type, suggesting a potential interaction tbése periplasmi@amino acid binding
chaperones with StScsn addition, the data also highlightethe periplasmic
superoxide dismutase SodQMVang et al., 2018 review) as beingsignificantly
upregulated in thepresence of tScsC which is consistent withprevious
observations that th&tScs system has a role in tolerance of oxidative s(fassar

et al, 2013; Lopezet al, 2018).The impact ofStScsC upon the assembly of a
variety of proteins led to the hypothesis thads of StScsC would impair survival
within macrophage Indeed, infection of activated macrophages with wild
typelscsC Salmonellastrainsin the presere of copperclearly demonstrated an

important role for StScs(and redox partners) during infection.

In an attempt to isolat&tScsC bound to a partner protem,disulphide trapping
approach was undertaken using ®BiScsGxxa variant, as performed previously
with a similar variant of DsbGDepuydtet al., 2009. Following acombination of
affinity chromatography and mass spectromeipproachesArtl was demonstrated

to form a heterodisulphide withtScsC, suggesting an vivointeraction between the

two proteins Interestingly, Artl is part of a family of disulphiemntaining
peptide/amino acidinding proteins, including HisJ, ArgT, Gltl, Art], and ProX, all

of which were detected in significantly greater abundance in the presence of copper
(Chapter 3. The role of StScsC in modulatinge thiol redox state of Artl was
investigatecand oxidisedStScsCwas found to be reduced Bytl, supporting a role

for ScsC in disulphide oxidation of Artl in ti&almonellgeriplasm.
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During infection, utilisation of amino acidsimportant for intracellular liferation

of S. Typhimurium (Poppet al., 2015) Theartl gene is encoded by treetMQIP
operon inE. coli and Salmonella(Wissenbactet al., 1995) and is regulated by the
ArgR repressor in response to arginine. White vitro amino acid binding
experiments with purifiedArtl were unsuccessful (Wissenbaeht al., 1995) a
functional role in Larginine sensing has been reported where Artl is required for the
L-argininemediated modulation ofdi-GMP levels inS. Typhimurium: Artl and the
periplasmic diguanylate cyclase MTI987 are required for the-argininemediated
elevation in edi-GMP (Mills et al., 2015) Indeed, there is a precedent for the
involvement of disulphide folding machinery in the modulation-di-GMP levels,

as deletion otilsbAor dsbBincreases biofilmMformation, a response that is dependent
on the GGDEFEAL domain of the guanylate cyclasef@phodiesterase STM3615
(YhjK) (Anwar et al.,2014) Furthermore, targinine is a welknown precursor to
nitric oxide in host cellgvia the action of INOS), where Nfdas an established role
in biofilm dispersal in other bacterial species through decreasdigsd1P levels.
Nitric oxide has also been shown to dispe8s@yphimurium andE. coli biofilms
(Marvasi et al., 2014) Taken ogether, it is straightforward to assemble a simple
signalling network involving StScsC, copper, Artkakginine, nitric oxide, and-di-
GMP (Figure 6.1). The signalling network that is influenced bgi-GMP is
complex and goes beyond biofilm formatiafthough it is worth noting that elevated
c-di-GMP levels inSalmonellampact upon hospathogen interactions and result in:
I) inhibition of invasion phenotyp@nhibition of secretion of the type three secretion
system effector proteins)i) diminished immunogenicity, ah iii) biofilm
characteristics (Ahmadt al.,2011) The current model predicts thatakginine and
NO would have antagonistic effects upon thdi-6&6MP pool, where the former
would elevate @i-GMP and the latter would dimsth the pool of this second
messenger. Indeed, it is worth noting that th@rginine uptake protein ArgT
(Wissenbactet al.,1995) a predicted target for StScsCh@apter 3, has previously
been shown to deplete theakginine pool in macrophages to useaasarbon source.
The current data directly support the role for copper and StScsC in disulphide
formation for Artl, which is likely to elicit an elevation ind;-GMP in the presence
of arginine that woulelicit favourable adaptations (Ahmadtial.,2011) for survival

in Salmonellacontaining vacuolegFigure 6.1), where coppeccumulatse (Achard

et al.,2012) Hence, this work provides novel insights into how copper and StScsC

134



impacts directly upon arginine sensing $ Typhimurium, which has broader
implications for survival adaptations within the macrophdgeaddition, Ponteset

al., (2015 haveshown that decreased levelshafsA (encodes catalytic subunit of
cellulose synthase complex) aneldiecGMP levels promote dxterial virulence by
diminishing cellulose production. The Scs systensalimonellacan also play a role

in virulence by interacting with BcsC which is another protein required during

cellulose production as shown in section 3.2.5.

S. Typhimurium iNOS NADPH
!/” R ATPTA @ NO oxidase
. i o
- - Cu* “‘ \ oz.
\ . 1

Macrophage.

Salmonella
containing
vacuole
(SCV)

Figure 6.1- Model for copper and StScsC in arginine sensing during intramacrophage
survival. During infection, Salmonellais engulfed by macrophages and copper ions are
targetted to thesalmonellacontaining vacuoles(SCVs) (Achard et al., 2012) (1) Copper
ions present in the bacterial periplasm can be used to oxidise StScsC which in turn facilitates
disulphide folding the Artl protein (current worKp) Artl senses targinine (R) resulting in
elevated ai-GMP levels(Mills et al, 2015) potentialy via binding to the guanylate
cyclase STM1981Mills et al., 2015) which has dramatic physiological changes for the
bacterium including inducing biofilm growiAhmadet al, 2011) In addition, ArgT (where
assembly is falitated by copper and StScs€@urrent work) is involved in {arginine uptake
and is used as a carbon soui@aset al,, 2010) (3) Inducible Nitric Oxide Synthase (iNOS)
generates nitric oxide (NO) from-&rginine, which diffuses into the bacterium and can
diminish biofilm formation(Marvasiet al.,2014)via an unknown mechanism (possibly via
modulation of edi-GMP levels).(4) The Cu/Zn superoxide dismutase enzyme SodCll
(where assembly isatilitated by copper and StSces€@urrent work), detoxifies superoxide
geneated by NADPHoxidase and via énton chemistry catalysed by redox acive copper
ions(Hebrardet al.,2009) In addition, copper is required as a cofactor in SodClI.
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6.3 Role of Scs proteins on production of biotherapeutics

E. coli has long beenemployed to produceisulphidecontaining therapeutic
applications, and there has is a constant desiemgmeerproteins used ircellular
machinery to improve protein yield and quality. However, each protein is different
and responses to different disulphide folding machineries may vary. As a preliminary
study, it was therefore of interest to investigate the ability o65t8esABCDsystem

to improve the yield of some wethown protein therapeuticén the presence of
copper,the expression of the scs operon veasmfirmed to increase the yield of
Herceptin antibody fragmentpresumably due to catalysis of disulphide bond
formation ly StScs proteis. It was also of note that the presenceagper ionshad
anadditive effect in terms of Herceptyield, which might suggest thebpper plays

a part in redox cycling o6tScscatalysed disulphide foldingn future it will be
interesting to test this system on other protein therapeutics, antbafsgestigate

whether copper alone can impact upon periplasmic protein yield/quality.
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Future work

Many potential StScsC targts were identified via mass spectrometrgnalysesin
Chapter3. As an alternative approacim vitro binding assaysvith purified protein
samples could confirnthese asStScsCinteraction partnersin addition, oxidised/
reduced peptide fragments®ScsC targets could besessedia mass spectrometry

approaches.

In Chapterd, attemptdo measue affinity of StScsCfor Cu” wereunsuccesfullt was
proposed thaBtScsChad multiple binding sitesor more likely thatBCS bound
directly to StScsC thus preventing the binding of copper to BCS and StBate
binding studies could be undertakasing microscale thermophoresis appre@sch
fluorescencequenching titrations, or viasothermaltitration calorimetry (ITC).
Alternatively, te interaction and the affinity between metals and the proteins could
be estimated by usingn alternative metal ionrbinding dye as described in
Wilkinson-White and Easterbroe®&mith, (2008.

The pesence of argininkads to anncreasdan c-di-GMP levels(Mills et al.,2015)
thatregulatebiofilm formation and motilityin S. Typhimurium (Ahmackt al, 2011).
Host L-arginine has also been shownhediverted toS. Typhimurium for its own
metabolic use (Da®t al, 2010). Hence arginine sensing/ bindingroteins are
important for bacterial survival and virulencé.would therefore be interesting to
investigate thesurvival of wildtype andasscsC strainsin murine macrophages
exposed to varying levels of copmaginine In addition, presence of ArgT which
has been found to be likely StScsC targetwas shown to lower the amount of
available host targinine thus decreasinge amount otoxic NO being produced
(Daset al.,2010).1t would therefore also be of interestinvestigate the impact of

StScsC upon macrophaderived NO production

In Chapter5, the interaction between hGahd StScsC could not be demonstrated
underthe current experimental conditioris hGH, one of thecysteineresiduesvas
mutated to a serinalthough hGH does contain several othestaigesinvolved in
disulphide folding.In the future, other cysteine residues could be mutated and the
same experiment could be repeated. It should also be notetighatesence of the

wholescsoperon might be requidefor optimum activity ofStScsC.

137



Perhaps one of the most importéasguesthat pervade the work on Ddike is the

topic of redundancy. Hencéhe capability ofthe scsoperon to complement the
oxidoreductase activity of the Dsbopeinsshould be investigateldy expressiorof

the scsoperonstrains containingingle ormultiple mutations indsbgenes A wide
variety of molecular tools and techniques have been developed during this PhD
project that could be applied to investigate the interactiddt®és proteins with Dsb
machinery and Dsb targets. This will help to further elucidate the role of the Scs
systemin vivo and assess the potential for this system for use in industrial
biotechnology.
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Appendix

Appendix 1- BSA standard curve. The absorance (at 660 nm) of known concentrations of
BSA standards were measured. The protein concentrations of unknown samples were
calculated by usinghe equation of the line and thé Ralue which isshown on the graph.
(Section 2.5.3L
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Appendix 2- E-values oforthologuesprotein sequences from StScsCDuring the search
for the orthologous ScsC proteins in different spedi&d.Search tool from EMBLEBI was

used where 250 matched sequences were selected andvilee& are shown below.
(Section 3.2.1).

E-value NS E— ]
4.6E-104 1.155E-76 5.7B7E-63 4.097E-56 2.9E-49

Eurcpean Bloinformatics Institute 2006-2014. EB| is an Outstation of the European Melecular Biclogy Laboratory.
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