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Abstract

The impact of Salmonella infections on global health is significant, and its treatment and
prevention have proven to be a medical as well as a social-economical challenge. A major
contributor to the pathogenicity of Salmonella is its ability to adapt to changing
environments, and thrive despite exposure to environmental stresses. The Gram-negative
cell envelope plays an important role in the natural resistance of Salmonella against various
antimicrobial agents, providing a buffer that protects the Salmonella cytoplasm from
immediate cellular stress. Periplasmic chaperones play a vital role in the biogenesis,
maintenance and repair of the outer membrane. Although these chaperones are well studied
in Escherichia coli, their functions are less well understood in other Gram-negative
pathogens. This study investigates the involvement of Salmonella Typhimurium periplasmic
proteins CpxP, FkpA, HtrA, PpiA/D, Skp, SurA, Spy, ZraP, and YnclJ in the protection against a
range of environmental stresses that challenge the cell envelope. The results obtained
suggest that both Skp and SurA are of significant importance in the maintenance of the outer
membrane, whereas the remaining chaperones appear to be involved in the protection

against a narrower range of stresses.

Furthermore, this study presents new insights into the protein structure of the zinc-
responsive, periplasmic chaperone ZraP. Data collected using X-ray crystallography analysis
and small-angle X-ray scattering suggest that ZraP forms a globular protein of higher
oligomeric state. The formation of higher oligomeric structures is not dependent on zinc
interactions, nor does zinc affect the overall protein envelope. Although natural substrates
of ZraP remain enigmatic, functional analysis of ZraP shows that protein interactions
between ZraP and malate dehydrogenase or DNA gyrase may render these enzymes inactive.
Suppression of enzymatic activity is reduced in ZraP constructs disrupted in the C-terminal
19HRGGAH# region \whereas the presence of excess zinc boosts interactions between ZraP

and these enzymes.

This thesis is 332 pages, and approximately 94,500 words in length.
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Chapter 1. Introduction

1.1 Salmonella taxonomy and nomenclature

Salmonellae are Gram-negative, rod-shaped, facultative anaerobic bacteria, predominantly
found in host intestines and the environment. The genus belongs to the Enterobacteriaceae
family that also includes the commonly known pathogens Escherichia coli, Klebsiella, Shigella
and Yersinia. Although it is thought that Salmonella and its closest relative E. coli diverged
from a common ancestor approximately 100 million years ago (Doolittle et al., 1996), their
genomes still share extensive regions of synteny, and genetic diversity has been driven
primarily by horizontal gene transfer (McClelland et al., 2000). Indeed, most genes unique to
Salmonella serovars are located on discrete genomic islands, known as Salmonella
pathogenicity islands (SPIs), which encode specialised loci and prophage elements as well

many Salmonella specific virulence factors (McClelland et al., 2001; Parkhill et al., 2001).

Taxonomy of the genus Salmonella is complex, and prior to the determination of Salmonella
nomenclature on a scientific basis, Salmonella serovars were treated as subspecies. In this
thesis, Salmonellae will be referred to according to the Kauffmann-White method as agreed
upon by the Taxonomic Subcommittee of Enterobacteriaceae of the International
Committee on Systemic Bacteriology (Penner, 1988; Old, 1992; Grimont and Weill, 2007).
Following DNA-DNA hybridisation experiments, the Kauffmann-White method separates
Salmonellae into two species; Salmonella bongori and Salmonella enterica (Crosa et al.,
1973). The latter species is divided into six subspecies, enterica, salamae, arizonae,
diarizonae, houtenase and indica, according to their biochemical properties and genomic
relatedness. Salmonella is further divided into serovars which are defined by the antigenic
variation found in the expressed lipopolysaccharide moieties (O-antigens), flagellar antigens
(H-antigens) and capsular polysaccharides (Vi-antigens) (figure 1.1). Whereas S. bongori
accommodates approximately two dozen serovars, S. enterica accommodates over 2500
different serovars, of which approximately 60% can be found among the subspecies enterica.
The nomenclature of S. enterica subsp. enterica serovars differs from other serovars;
whereas the serovars of S. bongori and other S. enterica subspecies are designated by their
antigenic formulae only, S. enterica subsp. enterica serovars are denoted according to
associated syndrome (e.g. S. enterica Typhi), associated host and syndrome (e.g. S. enterica
Typhimurium), or origin of discovery of the first new serovar (e.g. S. enterica Dublin). These
serovar names are maintained for ease of reference, particularly within the medical field, as

>99.5% of serovars isolated from human and domesticated animal hosts belong to the

18



enterica subspecies. To emphasise reference to different serovars, and not distinct
subspecies, serovars are not italicized and written with a capital letter (Brenner et al., 2000;

Grimont and Weill, 2007).

_E subsp.l sv Typhimurium (1586)
subsp. | svParatyphiB

<§1 subsp. | sv Typhi
_E subsp. | svParatyphi A
subsp. VI (indica) (13)

subsp. Il (salamae) (522)
subsp. lllb (diarizonae)(338)
<3> subsp. llla (arizonae) (102)
5 — subsp. IV (houtenae) (76)
¢ L— subsp. VII
S. bongorn (22)
E. coli

K. pneumoniae

Y. pestis

Figure 1.1 Phylogenetic representation of Salmonella subspecies and serovars in relationship to
other Enterobacteriaceae. Critical evolutionary steps are marked in the order of occurrence,
serovar numbers are recorded in parenthesis. Step 1 represents the acquisition of SPI-1 by
Salmonella’s common ancestor, creating a divergence between Salmonella and Escherichia coli.
Step 2 represents the acquisition of SPI-2 by the Salmonella enterica ancestor, separating the genus
into the two species S. enterica and S. bongori. Step 3 represents the acquisition of phase shifting
of flagellin subunits, required to avoid the host’s immune response. Step 4 represents the ability of
subspecies enterica (subsp. I) to colonise warm-blooded hosts. A result of serovar host adaptation,
following the acquisition of spv (Salmonella plasmid virulence) genes. Adapted image (Ellermeier
and Slauch, 2006) taken from Wells (2015).

1.2 Salmonella pathogenicity

Salmonella serovars are a major cause of global diarrhoeal disease, particularly in the
developing world, where Salmonella infections play a significant role in morbidity and
mortality of both humans and livestock (Rabsch, Tschape and Baumler, 2001; Crump and
Mintz, 2010; Kirk et al., 2015). Depending on the infecting serovar and the host, Salmonella
infections can range from mild, self-limiting enterocolitis, to severe systemic infections and
death. By mechanisms that remain poorly understood, some infected individuals progress
into a chronic, asymptomatic carrier state, serving as a reservoir that allows for the shedding

of Salmonella decades following initial infection (Gonzalez-Escobedo, Marshall and Gunn,
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2011). Although S. bongori serovars usually infect cold-blooded animals, occasional cases of
S. bongori induced enteritis are recorded in humans as well as warm-blooded mammal and
avian hosts (Aleksic, Heinzerling and Bockemuhl, 1996; Woodward, Khakhria and Johnson,

1997; Giammanco et al., 2002).

Despite their close genomic relatedness, Salmonella disease manifestation varies among the
infecting serovars. Host-restricted serovars such as S. Typhi and S. Gallinarum, manifest as
systemic disease in humans and fowl respectively, whereas host-adapted serovars such as S.
Enteriditis and S. Typhimurium manifest as systemic infections in their primary host and as
enterocolitis in other species (Uzzau et al., 2000; Santos et al., 2001; Suar et al., 2006). As
such, Salmonella enterica is a clear example of a species with a genomic signature that
distinguishes between gastrointestinal and extra-intestinal serovars, whereby genes
required for sustenance and growth in the intestinal lumen, have degraded in host-

restricted, invasive serovars (Nuccio and Baumler, 2015).
1.2.1 Global impact

Despite global efforts to reduce morbidity and mortality, Sa/monella remains a serious threat
to global health. Although S. Typhi is all but eradicated from the developed world, in
southeast Asia, Africa and Latin America, S. Typhi and S. Paratyphi infections are estimated
at 25 million cases per year, resulting in 220.000 deaths annually (Crump, Luby and Mintz,
2004; Crump and Mintz, 2010; Buckle, Walker and Black, 2012; Mogasale et al., 2014).
Whereas typhoid fever is primarily restricted to the developing world, cases of Salmonella
induced gastroenteritis are a global problem. The rate of non-Typhoidal Salmonella
infections is estimated at approximately 93.8 million cases annually, of which approximately
155.000 result in death (Majowicz et al., 2010) and the rate of invasive non-typhoidal
Salmonella infections is estimated at approximately 3.4 million cases annually of which
approximately 680.000 result in death (Ao et al., 2015). Although S. Typhi infections are
relatively uncommon in immunocompromised individuals, non-Typhoidal serovars,
especially the invasive types, are of significant risk to patients suffering from HIV and AIDS

(Chatterjee et al., 2012; Feasey et al., 2012, 2016; Ao et al., 2015).

Studies carried out into two separate cases of Salmonella outbreaks in the past decade,
demonstrate that the economic burden of Salmonella is significant. A S. Typhimurium
outbreak of a municipal drinking water supply in Colorado, 2008, infected 434 people. The
economic burden of this outbreak was estimated at $2.6 million (Ailes et al., 2013). An

outbreak of S. Thompson from smoked salmon in the Netherlands, 2012, resulted in 1149

20



cases and an estimated economic burden of €7.5 million (Suijkerbuijk et al., 2016).
Considering these two cases are but only specks on the global scale of Salmonella infections,
the economic burden of Salmonellosis and Typhoid fever is considered a significant strain on

the resources of developing countries.
1.2.2 Enteric fever

1.2.2.1 Organisms and origin

Enteric fever is an umbrella term for two diseases; typhoid fever and paratyphoid fever.
Whereas the former is a result of infection with the host-restricted S. Typhi, the latter is the
result of infection with the host-restricted S. Paratyphi A, or the host-adapted S. Paratyphi B,
S. Paratyphi C and S. Sindai (Taylor and Eves, 1969; Tracz et al., 2006; Zhou et al., 2014).
Despite belonging to different serogroups, S. Typhi and S. Paratyphi A are genomically more
closely related than other S. enterica serovars, and are estimated to have adapted to the
human host approximately 15.000 — 15.000 years ago (Kidgell et al., 2002). Both serovars
display similar genome degradation, including the accumulation of pseudogenes, mostly
genes required for the colonisation and invasion of the gut (McClelland et al., 2004) . S.
Paratyphi B and S. Paratyphi C are genetically and antigenically distinct from the host-

restricted serovars (Selander et al., 1990; Porwollik et al., 2004).

1.2.2.2 Incidence

Despite having been all but eliminated from Western countries, enteric fever remains a
significant health burden in the developing world. Although rough estimations of incidence
have been published, the real impact of S. Typhi and S. Paratyphi in endemic areas is difficult
to determine due to various reasons (Crump, Luby and Mintz, 2004; Buckle, Walker and
Black, 2012; Mogasale et al., 2014). Enteric fever is most dominant in urban slums and rural
areas with poor sanitation facilities. These areas often have limited or no access to health
care, and only the most severe cases are hospitalised and documented. Therefore the
registered number of cases reflects the hospitalisation rates, but not exposure rates among
the whole community. Additionally, symptoms of enteric fever are very similar to other
febrile diseases, and in areas with no access to pathological laboratories the incidence of
Salmonella infections is often underestimated (World Health Organisation Department of
Vaccines andBiologicals., 2003; Breiman et al., 2012). The definitive diagnosis of typhoid
fever requires the isolation of S. Typhi from stool samples, blood, bone marrow or anatomical
lesions. However, this is a costly and specialised process, which is often not available or

affordable in endemic regions (Vallenas et al., 1985; Farooqui et al., 1991; World Health
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Organisation Department of Vaccines andBiologicals., 2003). Instead, diagnosis in these
areas is often based on antibody responses using the Felix-Widal test. It measures
agglutinating antibodies against S. Typhi O- and H-antigens over the course of 1-2 weeks.
Although this test is suggestive of typhoid fever, the result is not definitive. Indeed, the Felix-
Widal test demonstrates a negative result for up to 30% of confirmed S. Typhi infections
(Bijapur et al., 2014). New tests are in development to increase diagnostic speed and

accuracy.

. B Enteric fever high burden
[[] Enteric fever medium burden

Figure 1.2 Global enteric fever burden. The geographic distribution of enteric fever demonstrates
medium incidence (10-100 cases per 100,000 population per annum) occurs in Eastern Europe, Asia,
Africa, Latin America and South America. High incidence (>100 cases per 100,000 population per
annum) of Salmonella Typhi infections is recorded in South East Asia. Image taken from (Gilchrist,
MacLennan and Hill, 2015)

Studies estimating the global burden of enteric fever enlist Southeast Asia and Sub-Saharan
Africa as high-risk areas for enteric fever. Central Asia, the Middle-East, North Africa, and
Latin and South America are reported as medium risk areas (figure 1.2). There has been an
interesting shift in the risk classification for Sub-Saharan Africa; whereas earlier reports
estimate a relatively low incidence of enteric fever, more recent studies clearly report this
area as high risk. This shift is likely due to the increase in typhoid studies carried out in Africa.
Another area of interest is the Guangxi province Southern China, where S. Paratyphi A has
become the dominant cause of enteric fever (Yang et al., 2004; Jin, 2008). This province has
been subjected to an immunisation program against S. Typhi, using a locally produced Vi-
polysaccharide vaccine; between 1995-2006 more than 4.2 million doses of the vaccine have

been administered in the endemic region (Yang et al., 2001; DeRoeck et al., 2008). However,
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the Vi-polysaccharide vaccine does not protect against S. Paratyphi A (DeRoeck et al., 2008).
The increased immunisation of the Guangxi community against S. Typhi has likely allowed

for S. Paratyphi to become the dominant cause of enteric fever (Jin, 2008).

1.2.3 Salmonellosis

Salmonella enterica serovars are among the leading causes of foodborne diarrhoeal
infections worldwide (Majowicz et al., 2010; Havelaar et al., 2015). However, not all
Salmonella infections are created equal, and there are differences in disease prognoses
between different infecting serovars. The fatality rate of S. Typhimurium infections is
estimated at approximately 0.6%, the fatality rate of S. Newport is significantly lower at 0.3%
and the fatality rate of S. Dublin is significantly higher at 3% (Jones et al., 2008). At 6% and
7%, the chance of development into invasive disease is relatively low for S. Typhimurium and
S. Enteritidis respectively, whereas rates of invasive disease are up to 57% for S. Choleraesuis
and 64% for S. Dublin. Different age groups are also more susceptible to specific serovars;
whereas S. Typhimurium is the most common infecting serovar in children, S. Dublin
infections are more commonly found in the elderly (Jones et al., 2008). Estimating local and
global incidence of Salmonellosis is difficult. The non-typhoidal Salmonella serovars are
broadly adapted to multiple hosts and infection generally results in self-limiting disease that
does not require any treatment. Many cases of Salmonellosis therefore go unreported
(Majowicz et al., 2010). Although most cases of non-typhoidal Salmonella infections are
restricted to localised inflammation of the intestinal epithelium, which is characterised by
abdominal cramps, diarrhoea or constipation and vomiting, sometimes the infection
progresses to invasive non-typhoidal disease, resulting in bacteraemia and/or focal
infections. These patients require antibiotic treatment and hospitalisation for rehydration

and treatment of complications (Chiu, Su and Chu, 2004; Haraga, Ohlson and Miller, 2008).

Researchers of Salmonella infections take particular interest in Salmonella serovar
Typhimurium. When infecting mice, this serovar progresses into a systemic, typhoid-like
disease. When infecting humans however, S. Typhimurium infections are restricted to
enterocolitis and occasionally bacteraemia. This makes S. Typhimurium an invaluable model
for the study into Typhoidal diseases and Salmonella induced enterocolitis alike (Baumler et

al., 1998).
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1.2.4 Infection mechanisms

Salmonella infections typically occur after ingestion of contaminated food or water, or after
close contact with an infected individual. The success rate of Salmonella infections is
dependent on several parameters, including infecting serovar, ingested bacterial load,
condition of the host’s gut microbiota and the immunological state of the host (Darwin and
Miller, 1999). Post ingestion, Salmonella must first overcome the stress posed by the low pH
of gastric fluids. The acid tolerant responses include activation of several regulators,
including the stress response regulators OmpR, PhoPQ and RpoS, the methyltransferase Ada,
the ferric uptake regulator Fur, and more than 100 acid shock proteins (Foster, 1991;
Bearson, Wilson and Foster, 1998; Bang et al., 2002; Suar and Ryan, 2015). Salmonella passes
from the stomach into the intestinal lumen, where it colonises the cecum and the ileum,
attaching more tightly to the latter (Hohmann, Schmidt and Rowley, 1978). Once attached,
Salmonella crosses the epithelium predominantly via the M-cells present in the Peyer’s
patches (Tam et al., 2008). Upon crossing the epithelial layer separating the intestinal lumen
from the host’s tissues, Salmonella crosses the cells of the Peyer’s patches and the
mesenteric lymph nodes. Soon after initial Sa/monella infection, the native immune system
is activated and the intruding bacteria are contained by phagocytic cells. Virulence factors
encoded on Salmonella pathogenicity islands (SPIs) allow Salmonella to survive within the
phagocyte, resulting in transportation of Salmonella from its initial site of infection to other
organs including the spleen, liver and gall bladder. Via the gall bladder, Salmonella re-enters
the gastrointestinal tract, resulting in reinfection of the Peyer’s patches which elicits a strong
immunological response that leads to intestinal perforations, haemorrhage and necrosis
(Jarvelainen, Galmiche and Zychlinsky, 2003; Tam et al., 2008; Gonzalez-Escobedo, Marshall
and Gunn, 2011).

1.2.5 Salmonella virulence factors

1.2.5.1 Salmonella pathogenicity islands

Many Salmonella virulence factors, including genes involved in adhesion, invasion and
intracellular survival, are encoded on clustered genomic loci called Salmonella pathogenicity
islands (SPIs). They are large, unstable elements of the Salmonella chromosome that are
characterised by a low GC content and atypical codon usage, and are thought to be the result
of horizontal transfer events (Kelly, Vespermann and Bolton, 2009). To date, 21 SPIs have
been characterised, SPI-1-6, 9, 11, 12, 13 and 16 are found in both S. Typhimurium and S.

Typhi, SPI-14 is unique to Typhimurium and SPI-7, 15, 17 and 18 are only found in Typhi,
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other SPIs are absent in both Typhimurium and Typhi but are present in other serovars
including Dublin, Enteritidis and Gallinorum (Shah et al., 2005; Blondel et al., 2009; Sabbagh
et al., 2010). Both SPI-1 and SPI-2 encode Type Ill Secretion Systems (TTSS). Interestingly,
whereas SPI-1 is found both in S. enterica as well as in S. bongori, SPI-2, required for
replication inside macrophages, is only found in S. enterica serovars. These observations
suggest that SPI-1 was acquired by a common Salmonella ancestor after its divergence from
the ancestor shared with E. coli, and SPI-2 was acquired by Salmonella enterica after its
divergence from S. bongori (Fookes et al., 2011). Furthermore, the lack of SPI-2 in Salmonella
bongori may explain why this serovar predominantly infects cold-blooded animals, as the
genes required for the successful invasion and infection of mammals are encoded on SPI-2

(Fookes et al., 2011; Figueira and Holden, 2012).

1.2.5.2 Type Ill secretion systems and secreted effector proteins

Some SPIs encode proteins required for the formation of TTSS. These protein complexes
form syringe-like macromolecular structures that deliver effector proteins to the host cell
during infection. They consist of a motor, a needle complex and a translocon, through which
effector proteins can be exported (Ghosh, 2004). TTSS encoded on SPIs are specific to the
virulence genes encoded on that SPI, and Salmonella serovars can express several distinct
TTSSs, depending on the SPIs they carry. The TTSS encoded on SPI-1 is required by Salmonella
during the invasion of the host’s intestinal epithelium and M-cells (Kaur and Jain, 2012).
Expression of this system can be regulated by conditions that mimic the environment of the
ileum, including high osmolarity, pH, oxygen tension, bile, Mg?* concentration and short
chain fatty acids (Altier, 2005). During invasion of the host’s epithelium, the translocon
proteins SipB and SipC, located at the tip of the TTSS needle-like structure, make contact with
the M-cells found in the Peyer patches, and inject effector proteins directly into the cytosol.
These excreted effector proteins, which include the Salmonella outer proteins SopB and
SopE, as well as the Salmonella invasion proteins SipA and SipB, induce M-cell membrane
ruffling via reorganisation of actin filaments, leading to the uptake of Salmonella (Hansen-
Wester and Hensel, 2001; McGhie, Hayward and Koronakis, 2001). Following uptake,
Salmonella survives inside the Salmonella containing vacuole (SCV), and secretes effector
proteins, including SptP, undo the actin filament reorganisation, allowing the M-cell to return
to its native state, preventing activation of the host’s inflammatory response (Fu and Galan,

1999).

The TTSS encoded on SPI-2 is required for survival and growth within the SCV during systemic

infection. Salmonella requires a stable SCV to replicate within macrophages. The acidic
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conditions inside macrophages activate the secretion of SPI-2 encoded effector proteins,
including SifA, SseF, SseG, SopD2 and PipB2. These proteins are involved in the formation of
Salmonella-induced filaments, required for stabilisation and growth of the SCV (Garcia-del
Portillo et al., 1993; Stein et al., 1996; Jiang et al., 2004; Knodler and Steele-Mortimer, 2005;
Haraga, Ohlson and Miller, 2008; Figueira et al., 2013). Other SPI-2 encoded effector proteins
are involved in the inhibition of the MAP-kinase signalling pathways and limit the release of
cytokines from infected macrophages, as well as regulated apoptosis of the infected
macrophage, allowing Salmonella to escape the cell and infect tissues including liver, spleen
and gall bladder (Hersh et al., 1999; Monack, Bouley and Falkow, 2004; Figueira and Holden,
2012; Figueira et al., 2013).

1.2.6 Treatment and prevention

1.2.6.1 Treatment of salmonellosis

Non-typhoidal Salmonella serovars are a major cause of food-borne disease worldwide.
Although most infections result in self-limiting gastroenteritis that requires no further
treatment, these serovars can cause serious morbidity and mortality in some individuals.
Children with underdeveloped or compromised immune systems, including those very young
of age, and those suffering from HIV infections, cancer, inflammatory bowel disease or
immunosuppressive treatment are at risk of developing bacteraemia following non-
typhoidal Salmonella infection. Adults with underlying conditions are at risk of developing
focal infections following bacteraemia including meningitis, osteomyelitis and septic arthritis
(Cohen, Bartlett and Corey, 1987; Chen et al., 1999; Chiu, Lin and Ou, 1999, 2000; Chiu, Su
and Chu, 2004). Uncomplicated non-typhoidal Salmonella infections are self-limiting and
should not be treated with antimicrobial agents. However, when complications occur, or in
patients at risk due to underlying conditions, treatment with broad-spectrum cephalosporins
or fluoroquinolones is recommended until susceptibility patterns are known. The duration
of the therapy averages between 2-6 weeks, depending on the site of infection (Chiu, Su and
Chu, 2004). The rise of antimicrobial resistance is a significant threat, with 50-75% of reports
from Sub-Saharan Africa mentioning multidrug resistant strains, including decreased

susceptibility to fluoroquinolones and third generation cephalosporins (Kariuki et al., 2015).

1.2.6.2 Treatment of typhoid fever

Typhoid fever infections can generally be managed at home, provided there are supportive
measures in place, including the use of antipyretics, oral antibiotics, and medical follow-up.

However, patients at risk of severe dehydration, patients with underlying condition, patients
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suffering from complications, or those suffering from resistant S. Typhi infections may
require hospitalisation (World Health Organisation. 2003). Considering most cases of typhoid
fever occur in developing countries, efficacy, cost and availability are important factors in
the choice of first line antibiotics. Due to its relative low cost and rapid and reliable efficacy,
fluoroquinolones are generally regarded as the first choice of therapeutics. They are
generally well tolerated, clear the symptoms within a week and display very low rates of
carrier state development (Arnold et al. 1993; Cristiano et al. 1995; Chinh et al. 2000; World
Health Organisation. 2003). However, in areas where S. Typhi is still sensitive to traditional
first-line antibiotics, Chloramphenicol, Ampicillin, Amoxicillin and Trimethoprim-
Sulfamethoxazole are also commonly used (World Health Organisation, 2011). The
emergence of multidrug resistant strains has complicated the treatment of S. Typhi
significantly. Resistance the traditional first-line of antibiotics mentioned above has been
reported since the late 1980s. Additionally, an increasing number of studies report the
emergence of partial and total resistance against fluoroquinolones, which can often be
identified using nalidixic acid resistance as a marker. Nalidixic acid resistant strains are now
endemic in the Indian subcontinent, Vietnam and Tajikistan (Das and Bhattacharya, 2000;

Dutta et al., 2001; Gupta, Swarnkar and Choudhary, 2001; Neopane et al., 2008).

1.2.6.3 The chronic carrier state

The chronic carrier state is a condition in which patients have developed chronic S. Typhi
infections of the gall bladder (Merselis et al. 1964; Levine et al. 1982). Untreated chronic
carriers present a Salmonella Typhi reservoir, shedding large amounts of S. Typhi in their
stool and urine, which can be a continuing source of infection for decades (Shpargel, Berardi
and Lenz, 1985). Most chronic carriers suffered from typhoid fever prior to developing the
chronic carrier state, however some individuals develop the chronic carrier state without
previous symptoms of S. Typhi infection. The chronic carrier state is declared when S. Typhi
can be isolated from stool samples a year post infection. Once identified, the WHO
recommends treatment of the carrier with ciprofloxacin (World Health Organisation, 2011).
Furthermore, to quench the spread of S. Typhi from chronic carriers, those affected and their
close relatives are not to attend child care facilities, and not to participate in occupations
involving handling of food, care for patients, and care for the very young and the elderly.
However, identification of chronic carriers can be difficult, with 25% of cases presenting as
asymptomatic infections. Tracking and treatment of chronic carriers is an important strategy
in the prevention of the spread of S. Typhi (Sinnott & Teall 1987; World Health Organisation
2003; World Health Organisation 2011).
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1.2.6.4 Vaccine development

Considering the rise in reports of MDR Salmonella infections and the emergence of resistance
to fluoroquinolones and third generation cephalosporins, new treatment and prevention
methods are urgently needed. Development of Salmonella vaccines has proven to be
complicated. Unlike other enteric pathogens, Salmonella infections do not typically elicit
long-term immunity and current Salmonella vaccines offer protection for a few years only
(Galen et al., 2016). Currently, three typhoid fever vaccines are licenced for human use: a
live-attenuated vaccine, a capsular Vi polysaccharide preparation vaccine and a Vi
polysaccharide-tetanus toxoid conjugate vaccine. The live attenuated vaccine, Ty2la
(Vivotif®), is composed of a S. Typhi strain carrying several mutations in a pathway that allows
the incorporation of galactose into its LPS. Successful immunisation requires three oral
doses, and provides a 62%-78% protection over 5 years. The live-attenuated vaccine also
provides some protection against S. Paratyphi B infections (MacLennan, Martin and Micoli,
2014). There are two brands of the capsular Vi polysaccharide preparation vaccine, Vi
Typherix® (GSK) and Typhim Vi® (Sanofi Pasteur) and one brand of Vi polysaccharide-tetanus
toxoid conjugate vaccine, Typbar TCV® (Pakkanen et al., 2015; Tennant and Levine, 2015). S.
Typhi Vi polysaccharides form a capsule that shield the LPS, preventing signalling between
LPS and the Toll-like receptor 4 on the host’s phagocytic cells (Wilson et al., 2008). Because
S. Paratyphi does not produce Vi polysaccharides, these engineered vaccines do not offer
protection to serovars other than S. Typhi (DeRoeck et al., 2008). Due to the relative short
protection offered by the available S. Typhi vaccines, and the requirement for several doses,
the licenced vaccinations are of little use to remote and impoverished endemic areas, and
are primarily used by travellers (World Health Organisation 2003). Vaccine development for
non-invasive Salmonella serovars is challenging considering number and variety of infecting
serovars, as well as lack of funding. Although there are currently no human vaccines available
for non-typhoidal Salmonella infections, monovalent and bivalent vaccines for S.

Typhimurium and S. Enteritidis are currently under development (Tennant et al., 2016).
1.3 Gram negative cell envelope

1.3.1 General composition of the Gram-negative cell envelope

Gram-negative bacteria have a complex cell envelope architecture, which plays a key role in
their natural resistance against various environmental stresses and antimicrobial agents. The

topography of the Gram-negative envelope displays two membranes, separated by an
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aqueous compartment known as the periplasm. The cytoplasmic, inner membrane (IM) is a
symmetrical bilayer of phospholipids, spanned by membrane proteins including the Sec- and
Tat-translocation systems and two-component signal systems. The outer membrane (OM) is
an asymmetrical bilayer, composed of phospholipids on the internal side, and
lipopolysaccharide (LPS) on the external side. The OM is spanned by various porins that allow
selective transport across the outer membrane. The IM and OM are separated by a gel-like
periplasm, containing a thin layer of peptidoglycan for structural support and a range of
chaperonesinvolved in the biogenesis, maintenance and repair of the outer membrane (Gan,

Chen and Jensen, 2008)

1.3.2 LPS
1.3.2.1 Structure and function of LPS

LPS is the major lipid component of the OM of many, but not all, Gram-negative bacteria. It
covers approximately 75% of the cell surface, and is essential for the survival and
pathogenicity of most Gram-negative bacteria (Sperandeo, Martorana and Polissi, 2016). LPS
molecules typically consist of two or three components; a hydrophobic moiety known as lipid
A that ensures the anchoring of LPS into the OM, a core oligosaccharide composed of
repeating sugar residues that protrudes outwardly from the membrane and an O-antigen,
attached to the core (see figure 1.3) (Raetz and Whitfield, 2002). The most conserved portion
of LPS is lipid A, followed by the inner part of the core. The outer part of the core and the O-
antigen can be highly variable, even within the same species, and some Gram-negative
species lack an O-antigen altogether (Verma, Quigley and Reeves, 1988; Holst, 2007; Wang,
Wang and Reeves, 2010). The combined negative charges of the LPS polysaccharide cores
and O-antigens generate a significant repulsive force that risks compromising the integrity of
the OM. The electrostatic force across the LPS layer is neutralised by interactions with
divalent cations including Ca** and Mg*. The binding of these cations also allows for the
formation of salt bridges, which strengthen the integrity of the LPS layer further (Clifton et
al., 2015). Indeed, the aliphatic nature of the fully saturated fatty acyl chains and cation
interactions create a gel-like lipid layer with low fluidity, which contributes to the low
permeability of hydrophobic solutes across the OM. It has long been known that the removal
of LPS-bound divalent cations by chelating agents permeabilizes the OM, making the cell
more susceptible to toxic agents and environmental stress (Leive, 1965; Vaara, 1992;

Nikaido, 2003).
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1.3.2.2 LPS biosynthesis and the Lpt machinery

Biosynthesis of lipid A and the first part of the core polysaccharide, Kdo, occurs at
cytoplasmic side of IM, where the Lipid A-Kdo complex is formed. Lipid A is anchored in the
IM via its hydrophobic moiety, with the hydrophilic moiety sticking out into the cytoplasm
(Sperandeo, Martorana and Polissi, 2016). The Lipid A-Kdo complex is then flipped across the
IM by the ATP-binding cassette (ABC) transporter MsbA, so that the hydrophilic moiety is
exposed to the periplasm (Zhou et al., 1998). In O-antigen producing strains, the residues
that will form the repeat units are synthesised in the cytoplasm and transported to the
periplasm, where extension of the core occurs (Greenfield and Whitfield, 2012). The
extended O-antigen and the lipid A-core complex are ligated in the periplasm with the help
of Waal ligase, producing mature LPS (Han et al., 2012). The transport of mature LPS across
the periplasm and its insertion into the OM is aided by the Lpt molecular machine displayed

as figure 1.4 (Sperandeo, Martorana and Polissi, 2016).
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Figure 1.3 Schematic representation of lipopolysaccharide (LPS). LPS is a major component of the
outer membrane of most Gram-negative bacteria, covering approximately 75% of the cell surface.
The molecules typically of the membrane anchored moiety lipid A, a core oligosaccharide that
protrudes outwardly from the membrane, and a highly variable O-antigen. Image taken from
(Gemma, Molteni and Rossetti, 2016)

To allow for the transport of the partially hydrophobic, partially hydrophilic LPS molecules, a
machinery that spans the periplasm is used. This multiprotein complex is named Lpt
(Lipopolysaccharide transport) and is primarily studied in Neisseria meningitidis and
Escherichia coli (Sperandeo, Martorana and Polissi, 2016). The Lpt complex is composed of
seven essential proteins that interact with one another to form a bridge spanning the cell

envelope (Ruiz et al., 2008; Sperandeo et al., 2008; Chng, Gronenberg and Kahne, 2010).

Depletion of any of these components results in a block of de novo synthesised LPS in the
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periplasm (Sperandeo, Martorana and Polissi, 2016). The seven proteins can be separated
into two sub-complexes, the atypical ABC transporter LptBC,FG at the inner membrane and
LptDE translocon at the OM, connected by oligomeric structured periplasmic protein LptA
(Sperandeo, Martorana and Polissi, 2016). The N-terminal domain of LptA interacts with the
C-terminal domain of LptC at the IM site, and the C-terminal domain of LptA interacts with

the N-terminal domain of LptD at the OM site (Freinkman et al., 2012).

8 OM

Periplasm

Cytoplasm

Figure 1.4 Model of the Lpt machinery. LPS is synthesised in the cytoplasm and subsequently
transported to the outer membrane. The inner membrane (ABC) transporter MsbA the transports
LPS across the inner membrane. LptA, LptB and LptC form a complex that aids in the transport of LPS
across the periplasm to the OM, where it interacts with the LptD/LptE complex that is involved in
the insertion of LPS into the OM. Image taken from (Sperandeo, Martorana and Polissi, 2016).

The transporter LptBC;FG is not involved with the transport of LPS across the IM, but rather
it couples energy gained by ATP hydrolysis in the cytoplasm with detachment of LPS from the
IM. Once detached from the IM, LPS molecules are delivered to LptA at the expense of ATP
hydrolysis (Sperandeo, Martorana and Polissi, 2016). The in vivo translocation of LPS requires
at least two energy-dependent steps: to extract LPS from IM and to transfer LPS from LptC
to LptA (Okuda, Freinkman and Kahne, 2012). Hydrophobic cavities shared by LptC, LptA and
LptD supposedly create a hydrophobic groove that protects the lipid A portion of LPS, to
allow safe transit in periplasm. The mechanism proposed by Kahne is a “PEZ candy dispenser”

model in which energy released by ATP hydrolysis in the cytoplasm is used to push a
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continuous stream of LPS through the LptA bridge towards the OM. Constitutive presence of
LPS molecules is thought to stabilise interactions between proteins that form a bridge
(Okuda, Freinkman and Kahne, 2012; Li et al., 2015; Okuda et al., 2016; Sperandeo,
Martorana and Polissi, 2016). For the correct insertion of LPS, the Lpt machinery requires a
translocon in the OM, composed of LptD and LptE. LptD is the largest monomeric B-barrel
protein of which the structure is solved to date; composed of an N-terminal Lpt-fold and a C-
terminal B-barrel domain consisting of 26 antiparallel strands. The barrel is plugged by LptE
in a Plug-and-Barrel architecture (Chng et al., 2010; Freinkman, Chng and Kahne, 2011; Dong
et al., 2014; Qiao et al., 2014). The lipid A portion of LPS is transferred from LptA to the N-
terminal of LptD, the saccharide portion of LPS enters a hydrophilic vestibule of the LptDE
translocon. A hydrophobic intermembrane, formed by LptD could provide passage through
which LPS-acyl chains can be inserted into the membrane. The core and O-antigen moieties
are thought to pass laterally though a gate, created by weak B-strand hydrogen bonding in
LptD. (Gu et al., 2015; Li et al., 2015). LptE is thought to be involved in interacting with the
negatively charged units of LPS to affect the aggregation state during translocation. Bacteria
producing less aggregation-prone LPS and bacteria missing O-antigens have a lesser need of
LptE (Malojci¢ et al., 2014; Sperandeo, Martorana and Polissi, 2016). In order to effectively
interact with LptA, LptD requires reshuffling of intramolecular disulphide bonds, aided by
LptE and the periplasmic chaperone BepA, to ensure correct coordination of the translocon

assembly. (Ruiz et al., 2010; Narita et al., 2013; Botos et al., 2016).

1.3.2.3 LPS induced envelope stress responses

LPS-damage induced envelope stress activates the Sigma E (of) envelope stress response
(Chapter 1.5.1) and the Rcs phosphorelay response (Chapter 1.5.3) (Sperandeo, Martorana
and Polissi, 2016). Involved in the of response are the regulatory proteins RseA and RseB, the
cytoplasmic adaptor protein SspB, the proteases DegS and RseP and of mediated
transcription (Barchinger and Ades, 2013). The regulation of the of response is described in

detail in chapter 1.5.1.

The Rcs phosphorelay pathway is activated by alterations in LPS structure. Involved in this
stress response are the two-component phosphorelay proteins RcsC and ResD. These IM
proteins act as sensor kinase and phosphotransferase to transduce membrane signal and
activate the cytoplasmic response regulator RcsB (Sperandeo, Martorana and Polissi, 2016).
RcsC can directly sense LPS stress in the periplasm, whereas envelope defects are sensed by
the OM lipoprotein RcsF (Laubacher and Ades, 2008; Farris et al.,, 2010). RcsF forms

transmembrane complexes with OMPS and senses the status of the LPS layer. By an unknown
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mechanism, RcsF activates the Rcs phosphorelay response, when lateral interactions
between LPS molecules are altered or perturbed. (Cho et al., 2014; Konovalova et al., 2014;

Konovalova, Mitchell and Silhavy, 2016; Sperandeo, Martorana and Polissi, 2016).
1.3.4 BAM-insertion complex

The OMPs of Gram-negative bacteria are essential to the function of the outer membrane
(Kim, Aulakh and Paetzel, 2012). OMPs function as nonspecific porins, allowing passive
diffusion of small hydrophilic molecules, or as substrate specific channels, allowing the
diffusion of specific molecules (Nikaido, 1992, 2003). They can function as translocons
involved in the export of proteins and drugs, or they can function as autotransporters,
involved in the secretion of virulence factors (Jacob-Dubuisson, Locht and Antoine, 2001;
Desvaux, Parham and Henderson, 2004; Zgurskaya et al., 2011). Some OMPS have enzymatic
properties, including proteases and phospholipases, whereas other OMPs are of a structural
nature, involved in stabilising other OMPs and components of the outer membrane (Nikaido,
2003; Song et al.,, 2008). Despite their varied roles, most OMPs share a PB-barrel
transmembrane architecture, which is unique to Gram-negative bacteria, mitochondria and
chloroplasts. These B-barrel proteins contain between 8 and 26 transmembrane domains
consisting of amphipathic B-strands arranged in an antiparallel fashion, with the first and the
last strand interacting, to form a barrel-like shaped B-sheet (Walther, Rapaport and
Tommassen, 2009; Misra, 2012). Although in vitro experiments demonstrated that OMPs are
capable of spontaneous folding and insertion into synthetic phospholipid bilayer
membranes, the rate of this spontaneous occurrence is too low to be considered biologically
relevant (Tamm, Arora and Kleinschmidt, 2001; Burgess et al., 2008). Indeed, the folding and
insertion of OMPs into the outer membrane requires the aid of the B-barrel assembly
mechanism complex, also known as the BAM-complex (Kim, Aulakh and Paetzel, 2012;

Noinaj, Gumbart and Buchanan, 2017).

1.3.4.1 The BAM-Complex

The OMP BamA was the first discovered component of the BAM-complex, and homologues
are found in all Gram negative species, mitochondria and chloroplasts (Voulhoux et al., 2003;
Schleiff and Soll, 2005). To form the assembly machinery, BamA interacts with various other
proteins, which vary between species. In E. coli the BAM-complex consists of the essential
core component BamA and four accessory lipoproteins BamB, BamC, BamD and BameE, as
displayed in figure 1.5 (Onufryk et al., 2005; Kim, Aulakh and Paetzel, 2012). The C-terminal

membrane-spanning domain of BamA is formed of a 16-stranded B-barrel, and the N-
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terminal domain of BamA extends into the periplasm and contains five polypeptide transport
associated (POTRA) domains (Kim, Aulakh and Paetzel, 2012; Ni et al., 2014; Noinaj, Gumbart
and Buchanan, 2017). These POTRA domains are involved in protein-protein interactions;
BamB, BamD and SurA all interact with at least one of the BamA POTRA domains (Bennion
et al., 2010; Jansen, Baker and Sousa, 2015; Bergal et al., 2016; Chen et al., 2016). BamB is a
lipoprotein which adopts an eight-bladed B-propeller fold containing WD40-like motifs,
suggesting it may act as a scaffold for the BAM-complex (Heuck, Schleiffer and Clausen, 2011,
Kim and Paetzel, 2011). SurA is a periplasmic protein involved in the transport of nascent
OMPs across the periplasm (Chapter 3.1.1.1). Although BamB is not an essential protein in E.
coli, its absence results in a significant reduction in OMP assembly, demonstrating a
phenotype that is nearly indistinguishable from surA null-mutants (Charlson, Werner and
Misra, 2006; Ureta et al., 2007). The absence of both BamB and SurA (Chapter 3.1.1.1) leads
to synthetic lethality, suggesting that BamB may interact with SurA to deliver precursor
OMPs to the BAM-complex (Onufryk et al., 2005; Kim, Aulakh and Paetzel, 2012). BamCiis a
lipoprotein containing two surface-exposed helix-grip domains (Kim et al., 2011; Webb et al.,
2012). Although BamC is not essential for cell viability, its absence results in membrane
permeability defects. Despite the mutant phenotype, the role of BamC in the BAM-complex
remains enigmatic (Kim, Aulakh and Paetzel, 2012; Noinaj, Gumbart and Buchanan, 2017). In
E. coli, BamD is an essential lipoprotein consisting of five tetratricopeptide (TPR) domains,
which form scaffolds to aid protein-protein interaction (Sandoval et al., 2011; Dong et al.,
2012). It does not only interact with BamA, but BamD also interacts with BamC and BamE
(Kim, Aulakh and Paetzel, 2011; Knowles et al., 2011). The protein is thought to play a role
in target signal recognition, substrate interaction and activation of BamA (Noinaj, Gumbart
and Buchanan, 2017). The final E. coli BAM-complex associated lipoprotein is BamE, the
smallest, non-essential accessory protein, containing an aafp-fold which enhances the
interactions between BamA and BamD. BamE is capable of recruiting phosphatidylglycerol,
a ubiquitous lipid that enhances the insertion of OMPs into liposomes and membranes (Kim

etal., 2011; Knowles et al., 2011).

The Salmonella enterica BAM-Complex is very similar to the well-studied E. coli BAM-
complex, consisting of the OMP BamA and the lipoproteins BamB, BamC, BamD and BamE
(Fardini et al., 2009). In Salmonella, BamA is an essential protein but unlike the E. coli
homolog, BamD is not essential in Salmonella. However, the deletion of BamD does result in
several growth defects, including reduced growth in late exponential phase and early entry

in stationary phase, as well as a reduction in viable cell count when exposed to nutrient
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starvation. The phenotype of S. Enteriditis AbamD suggests that, although not essential,
BambD plays an important role in cell growth. Whereas Salmonella BamE appears to play a
minor role in the protection against toxic compound, the role of BamC remains enigmatic
(Fardini et al., 2007). Interestingly, Salmonella BamB is involved in pathogenesis. Suppression
of this protein results in reduced transcription levels of at least three type three secretion
systems essential for adhesion and invasion of epithelial cells and macrophages (Amy et al.,

2004; Fardini et al., 2007).

1.3.4.2 BAM-complex mediated OMP biogenesis

The BAM-complex is essential to the insertion of new OMPs into the OM. Although recent
studies have revealed new information regarding the crystal structure of and interaction
between the components of the BAM-complex, the mechanism by which OMPs are inserted
into the OM remains unclear. Two mechanistic models have been proposed for the role of
the BAM-complex in OMP biogenesis (Noinaj, Gumbart and Buchanan, 2017). The first model
works on the premise that OMPs fold intrinsically into the OM, but need a catalyst to lower
the kinetic energy required for insertion into the membrane. In this model, OMPs are
synthesised into the cytoplasm and guided towards the periplasm with an N-terminal signal
sequence. Once emerging from the Sec-translocon, the precursors bind SurA or Skp and are
delivered to the BAM-complex, where they interact with a C-terminal signal sequence. Upon
target interaction, the BAM-complex destabilises the membrane bilayer and brings the
nascent OMP into close proximity to the primed membrane, where they fold into their
mature structure whilst they insert into the OM (Noinaj, Gumbart and Buchanan, 2017). The
second model proposes a mechanism whereby the chaperone-stabilised precursor protein is
delivered to the BAM-complex, where folding and insertion is initiated by the B-signal of the
native OMP. The target enters the barrel of BamA, and is folded into its mature shape either
strand by strand or by one B-hairpin at the time. The inserted, mature OMP eventually buds

away from the BAM-complex (Noinaj, Gumbart and Buchanan, 2017).
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Figure 1.5 The BAM complex. For the insertion of B-barrel OMPs, Gram-negative bacteria employ
the B-barrel assembly machinery (BAM). BamA is the essential core protein of the BAM complex,
the rest of the complex is formed by BAM assessor proteins (B-E). Unfolded OMP precursor
proteins emerging from the Sec translocon pathway interact with the periplasmic chaperones
SurA, Skp and HtrA (DegP), which assist in the transport of OMPs across the periplasm, and their
delivery to the BAM. The pore-forming model dictates that the nascent OMPs interact with BAM
complex POTRA domains (1) and are threaded through the BamA pore (2). Depending on the
substrate, this interaction is facilitated by various auxiliary proteins (3). An alternative model
suggests that the BAM complex is only involved in the folding of OMPs (1 & 3) and interactions
with SurA and Skp allow the insertion of the folded OMP (5). The degradation of OMPs is mediated
by interactions with HtrA (DegP) following chaperoning by SurA and/or Skp (4) (Leyton, Rossiter
and Henderson, 2012).
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1.4 Bacterial stress responses

1.4.1 The general stress response RpoS

The global stress response sigma factor o° (RpoS) was initially identified as a sigma factor
upregulated in response to entering the stationary phase. In the following years it became
evident that RpoS is a global stress response sigma factor involved in the regulation of a wide
range of stresses, including biofilm formation, changes in temperature, osmolarity or pH,
virulence and nitrogen, phosphate, and carbon starvation (Battesti, Majdalani et al. 2011).
As an RNA polymerase responding to a wide range of stresses, RpoS is involved in the
transcriptional regulation of a wide range of genes. In Escherichia coli, approximately 10% of
the genome is regulated, either directly or indirectly, by RpoS (Weber, Polen et al. 2005). To
ensure steady expression of RpoS, ready to act instantaneously when encountering stress,
whilst maintaining low cellular levels of RpoS during favourable conditions, RpoS is strictly
regulated at all levels; transcriptional, translational and posttranslational (Hengge-Aronis

2002, Battesti, Majdalani et al. 2011).

1.4.4.1 Transcriptional regulation of rpoS

The transcription of rpoS is regulated by several proteins, allowing activation or repression
of this stress response system in reaction to various stimulants. Positive regulators of rpoS
include the histidine kinase BarA, involved in metabolism switches (Sahu et al., 2003) and
the alarmone guanosine pentaphosphate (ppGpp), which is involved in the response to
amino-acid starvation (Hirsch and Elliott, 2002). Negative regulators of rpoS include the
response regulator ArcA-P, which responds to change in respiratory conditions (Mika and
Hengge, 2005), the DNA binding and bending protein Fis, which responds to changes in
nutrient availability (Hirsch and Elliott, 2005), the response regulator UvrY, which responds
to the switch between carbon sources (Pernestig et al., 2003), and the global transcription

factor cAMP-CRP, which is involved in catabolite repression (Lee et al., 2008).

1.4.4.2 Translational regulation of rpoS

To ensure a rapid response to stress, rpoS transcription takes place even in the absence of
stress, but translation of rpoS mRNA is inhibited during non-stress conditions. Post
transcription, the long 5’ untranslated region of rpoS mRNA folds into a stem-loop that
occludes the ribosomal binding site, preventing translation (Brown and Elliott, 1997). Upon
encountering stress, this structural inhibition can be overcome by trans-encoded small RNAs

(sSRNA) capable of binding their leader sequence within the hairpin region. The binding of
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sRNA opens up the ribosomal binding site, allowing translation of the mRNA. At least three
known sRNAs positively regulate rpoS mRNA translation; DsrA during growth at low
temperatures, RprA in response to envelope stress and ArcZ during growth under aerobic-
anaerobic stress (Majdalani et al., 1998, 2001; Mandin and Gottesman, 2010). At least one
sRNA is known to negatively regulate rpoS mRNA translation. OxyS, a sSRNA expressed in
response to oxidative stress, is thought to stimulate rpoS mRNA cleavage by the RNase E

(Henderson et al., 2013).

1.4.4.3 Rpos stability and turnover

The turnover of RpoS is aided by the adaptor protein RssB. During favourable growth
conditions, RssB binds RpoS and targets it for degradation by the ClpXP pathway (Zhou et al.,
2001; Battesti, Majdalani and Gottesman, 2011). In response to stress, various Ira (Inhibitor
of RssB Activity proteins) anti-adapter proteins are produced, which bind RssB and prevent
the formation of an RssB-RpoS complex, resulting in rapidly increasing cellular levels of RpoS

(Bougdour and Gottesman, 2007; Bougdour et al., 2008; Hryckowian et al., 2014).

1.4.4.5 RpoS and Salmonella virulence

During infection, Salmonella is exposed to various environmental stresses, including nutrient
starvation, oxidative stress, and low pH. As the name suggests, the general stress response
regulator RpoS is involved in the regulation of many genes involved in the defence against
these stresses. However, RpoS is not only required for the regulation of stress defence.
Various plasmid-borne virulence genes are positively upregulated during infection, including
the transcriptional regulator spvR, the outer membrane protein spvA, the transferase spvB,
the MAPK phosphothreonine lyase spvC and the cysteine hydrolase spvD. These virulence
genes are required for intracellular growth as well as systemic infection in humans and mice
(Fang et al., 1992; Kowarz et al., 1994), and mutant rpoS strains are impaired in their ability
to colonise the spleen, liver and Peyer patches (Fang et al., 1992; Nickerson and Curtiss,

1997).

1.5 Gram-negative envelope stress responses

1.5.1 RpoE stress response

The alternative sigma factor of (RpoE) is involved in the response to envelope damage of
many gram negative bacteria. Although RpoE is conserved among many Gram negative
species, its role differs depending on the organism. In E. coli, RpoE is essential for growth at

high temperatures, whereas in Salmonella RpoE is of great importance during the infection
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Figure 1.6 Schematic representation of envelope stress responses, inducing factors and genes
regulated. Spaced lines represent inducing stress signals, whereas phosphate movement is
represented with dotted lines. The movement and/or release of proteins is indicated by solid lines,
and cleavage events are marked with scissor figures. A detailed description of each pathway can be
found in relevant subchapter of chapter 1.5. Image taken from (Runkel, Wells and Rowley, 2013)

process (Hiratsu et al., 1995; Humphreys et al., 1999). Activation of RpoE results in the
regulation of more than 100 genes involved in various cellular processes. Among these RpoE
regulated genes are the stress response factors rpoD, rpoE, rpoH and rpoN, regulatory genes
including rseA, rseB and rseC, periplasmic proteases and folding factors including skp, surA,
fkpA, and htrA, genes involved in LPS and phospholipid biogenesis including IpxA, IpxD, IpxP
and psd, the sensory proteins cutC, mdoG and sixA, and genes involved in primary metabolic
functions including fusA (Rowley et al., 2006) The periplasmic chaperones FkpA, HtrA, Skp

and SurA are discussed in more detail in chapter 3.

1.5.1.1 Regulation of RpoE activation

To ensure a rapid response to envelope stress, RpoE is expressed at all times. In the absence
of envelope damage, RpoE is kept inactive by the anti-sigma factor RseA (De Las Penas,
Connolly and Gross, 1997; Missiakas et al., 1997). This anti-sigma factor is an inner
membrane protein that has a cytoplasmic N-terminal domain (RseA®™), a transmembrane

segment, and a periplasmic C-terminal domain (RseAP®"). RpoE is tethered to the cytoplasmic
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leaflet of the IM by interactions with RseA%™, preventing RpoE-regulated gene expression.
For RpoE to be released, the transmembrane domain of RseA requires cleaving by DegS and
RseP. During non-stressed conditions, this protease-mediated cleavage of RseA is prevented
by RseB, a periplasmic protein that binds the RseAP®" domain (Campbell et al., 2003; Kim et
al., 2007). During envelope stress, two events are required before RpoE can be released into
the cell; the activation of DegS and the release of RseB. DegS is a trimeric periplasmic protein
anchored to the IM. The protein has a protease domain, formed as a funnel, and a PDZ
domain which holds DegS in an inactive state. Porins and OMPs have a conserved YxF domain
at their C-terminal which is buried inaccessibly in mature proteins. When these proteins
denature however, the domain becomes exposed and can bind to the PDZ domain of DegS.
This interaction between DegS and misfolded proteins results in a conformational change
that leaves the DegS protease domain active and accessibly (Walsh et al., 2003; Wilken et al.,
2004). RseB is a periplasmic chaperone that binds RseA”®" with both its C-terminal and N-
terminal domain, preventing cleavage by DegS (Cezairliyan and Sauer, 2007; Kim et al., 2007;
Ahuja et al., 2009). Upon interaction with LPS fragments, RseB dissociates from RseA,
opening up the cleavage site for interaction with DegS (Lima et al., 2013). DegS mediated
removal of RseAP®", opens up a cleavage site in the transmembrane region of RseA. This
transmembrane region is cleaved by the protease RseP, releasing the RseA“*-RpoE complex
into the cytoplasm (Alba et al., 2002; Kanehara, Ito and Akiyama, 2002). The cytoplasmic
adapter protein SspB binds the complex and delivers it to ClpXP. Here, the remaining RseA%™

domain is removed from RpoE, activating RpoE (figure 1.6) (Flynn et al., 2004).

Among the genes under of regulation, are clusters involved in biogenesis, maintenance and
repair of cell envelope, including genes IptA, IptB and IptD (Dartigalongue, Missiakas and
Raina, 2001). Although modifications of LPS structure do not affect OMP composition, they
do elicit a strong of response (Tam and Missiakas, 2005; Martorana et al., 2011). The
specialised of -dependent LPS stress signalling pathway involves LPS fragments containing
lipid A, which can dissociate RseB from RseA, facilitating DegS mediated cleavage. This
dissociation can be suppressed in presence of LptA, suggesting that periplasmic
accumulation of LPS can activate RpoE response (Lima et al., 2013; Sperandeo, Martorana

and Polissi, 2016).

1.5.1.2 RpoE and sRNA

The maintenance of envelope homeostasis can be regulated by RpoE on both transcriptional
and translational level. As a sigma-factor, RpoE is directly involved in the transcriptional

activation and repression of genes required for membrane maintenance and repair.
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However, some of the RpoE regulated transcripts encode sRNAs, allowing indirect regulation
of gene expression by RpoE on a translational level (Klein and Raina, 2015). Expression of the
sRNAs MicA, RybB and SIrA is positively regulated by RpoE (Papenfort et al., 2006; Klein et
al., 2011). The sRNA MicA supresses translation of OmpA mRNA, an abundant OMP that plays
a role in bacterial survival in various stress conditions, including SDS, cholate, low pH and
high salt (Rasmussen et al., 2005; Papenfort et al., 2006). Although appears counterintuitive
to downregulate OmpA during stress, reduced presence of OmpA in the OM renders bacteria
more invisible to the host’s immune system (Wang, 2002). In E. coli, the sRNA RybB
suppresses WaaR mRNA translation. WaaR is a glucosyltransferase required for LPS
glycoform formation (Klein and Raina, 2015). In Salmonella, the sRNA RybB inhibits the
translation of multiple OMPs, including OmpA, OmpC, OmpD and OmpF (Papenfort et al.,
2006). Downregulation of OmpD increases Salmonella’s chances to survive and proliferate
inside macrophages, as macrophages infected with AompD strains produce lower levels of
reactive oxygen species (Ipinza et al., 2014). The third sRNA, SIrA, is thought to play a role in
the RpoE feedback loop. SIrA transcription is positively regulated by RpoE, but the sRNA
inhibits translation of RpoE mRNA and the mRNA of the major lipoprotein Lpp (Papenfort et
al., 2006; Guo et al., 2014). A correct balance between LPS and phospholipids is important
for OM integrity; when LipidA outcompetes phospholipids, the membrane destabilises. Lpp
is an abundant protein that contains three fatty acid chains. The SIrA-mediated
downregulation of Lpp production, results in an increased availability of fatty acids for
phospholipid production, resulting in a restoration of the LPS::phospholipid balance (Guo et
al., 2014).

1.5.2 Two component envelope stress responses

Two component systems are common mechanisms used by bacteria to sense and respond
to changes in their environment. They are fundamental to bacterial adaptability, virulence
and antibiotic resistance, coupling changes in the environment to changes in cellular
physiology (Capra and Laub, 2012). Two-component systems typically consist of a
transmembrane histidine kinase and a cytoplasmic response regulator, and may be
accompanied by auxiliary proteins. The histidine kinase acts as a sensory protein; upon
sensing the particular signals the two-component system is attuned to, this protein catalyses
an auto-phosphorylation reaction at a conserved histidine residue. This phosphoryl group is
subsequently transferred to a conserved aspartate residue on the cognate response
regulator, activating cellular responses to the perceived environmental changes (Capra and

Laub, 2012). Analysis of bacterial genomes has shown a correlation between the number of
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encoded two-component systems in an organism and its ecological and environmental niche;
bacteria adapted to specific niches, including many pathogens, encode relatively few two-
component systems, whereas bacteria surviving in rapidly changing environments encode
significantly more two-component systems (Capra and Laub, 2012). Among the Gram
negative Enterobacteriaceae, three two-component systems are associated with the

envelope stress response: the Cpx response, the Bae response, and the Zra response.

1.5.2.1 The Cpx response

The Cpx response has been studied for several decades. Some of the first phenotypes
associated with cpx mutations included alterations in conjugative plasmid expression, but
the response has since been demonstrated to be involved in many cellular processes
(McEwen and Silverman, 1980; Raivio, 2014). The Cpx response consists of the histidine
kinase CpxA, the response regulator CpxR and the auxiliary proteins CpxP and NIpE (figure
1.6). Mutations of the CpxA sensing domain almost always result in activation of the Cpx
response, suggesting that the regulation of the Cpx-response primarily focusses on inhibition
of CpxA (Raivio, 2014). In E. coli, the periplasmic chaperone CpxP acts as a negative regulator
of the Cpx system. A study investigating the interaction between CpxP and the signalling
domain of CpxA suggests interaction between the positively charged surface of CpxP and
negatively charged residues in the periplasmic sensing domain of CpxA. The model suggests
that CpxP binds and inactivates CpxA, until CpxP is titrated away by misfolded proteins or
degraded by the periplasmic protease HtrA (Zhou et al., 2011). However, this model has been
the topic of debate. In Vibrio parahaemolyticus, crystallisation studies of the CpxA sensing
domain demonstrates a Per-Arndt-Sim (PAS) domain which consists of a central five-
stranded B-sheet surrounded by several a-helices. Unlike in E. coli, no interaction could be
observed between this purified CoxA domain and CpxP (Kwon et al., 2012). In response to
adhesion to abiotic surfaces, the OM lipoprotein NIpE (new lipoprotein E) activates the Cpx
response by an as of yet unknown mechanism (Otto and Silhavy, 2002; Raivio, 2014). The list
of Cpx activating signals is diverse and includes, but is not restricted to, elevated pH, high
osmolarity, EDTA, ethanol, copper, indole, aminoglycosides, growth, adhesion,
spheroplasting, misfolded pilus proteins, deletion of efflux pump components, YidC
mutations, alterations in membrane phospholipid ratios, accumulation of antigen assembly
intermediates and assembly of a type IV secretion system (Danese et al. 1998; Danese &
Silhavy 1998; Raivio et al. 2000; Otto & Silhavy 2002; Raffa & Raivio 2002; Jubelin et al. 2005;
Nevesinjac & Raivio 2005; Yamamoto & Ishihama 2006; Zahrl et al. 2006; Bury-Mone et al.
2009; Wang et al. 2010; Clarke & Voigt 2011; Kashyap et al. 2011; Rinker et al. 2011; Itou et
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al. 2012). Although the number and broad range of signals complicates determining the
molecular nature of inducing signals, a common theme among them is risk to IM integrity.
Indeed, characterisation of the Cpx regulated transcriptome of various
Gammaproteobacteria from different orders describe links between the Cpx response and
functions of the 1M, including energy generation and transport (Raivio, 2014). In E. coli,
activation of the Cpx response leads to change of expression in 100s of genes. Gene set
enrichment analysis identified Cpx-controlled genes were enriched for inner membrane
proteins, as well as genes involved in electron transport, the TCA cycle, oxidative
phosphorylation, transport and metal binding (Raivio, Leblanc and Price, 2013; Raivio, 2014).
Analysis of Cpx-regulated gene expression in Vibrio cholerae also demonstrates enrichment
of genes involved in transport and binding, energy metabolism and regulatory factors
(Acosta, Pukatzki and Raivio, 2015). In Haemophilus ducreyi, the functional categories
regulated by the Cpx response include cell surface structure and proteins, generation of
precursor metabolites and energy and membrane transport and uptake (Labandeira-Rey,
Brautigam and Hansen, 2010; Raivio, 2014). Interestingly, unlike E. coli and Vibrio, the
Haemophilus cpx operon does not encode cpxP (Labandeira-Rey, Brautigam and Hansen,
2010). It is likely that the regulation and involvement of periplasmic proteases and
chaperones may be a subset of the Cpx regulon that is only found in some organisms (Raivio,

2014).

Particular interest is taken into the Cpx response due to its involvement in pathogenicity,
biofilm formation, and resistance to antibiotics and antimicrobials. The Cpx response has
been linked to virulence in various pathogens; as a positive regulator in some pathogens and
as a negative regulator in others (Humphreys et al., 2004; Nevesinjac and Raivio, 2005;
Carlsson et al., 2007; Labandeira-Rey, Brautigam and Hansen, 2010; Debnath et al., 2013;
Acosta, Pukatzki and Raivio, 2015). It is clear that the Cpx response, although widely
conserved, regulates various pathways in different ways, depending on the organism.
Considering the interactions between the Cpx response and other cellular stress responses
(see chapter 3 for further detail), it is not surprising that the Cpx response varies between

different pathogens.

The involvement of the Cpx response in biofilm formation appears paradoxical. Activated
CpxR negatively regulates the motABcheAW operon, encoding flagellar motor components,
and indirectly represses the flhDC flagellar master regulator genes (Shin and Park, 1995; De
Wulf et al., 2002). In addition to repressing motility, the Cpx response positively regulates

the production of DgcZ, which is involved in the production of polysaccharide adhesins
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required for biofilm formation, and transcriptomic studies have demonstrated a positive
correlation between biofilm gene expression profiles of E. coli and the Cpx regulon (Dorel,
Lejeune and Rodrigue, 2006; Raivio, Leblanc and Price, 2013). However, the Cpx response
inhibits transcription of the transcriptional activator CsgD, considered a key regulator of
biofilm formation, and the CsgBAC and CsgEFG machineries required for curli production,
both by binding to the csgDEFG and csgBAC operons, as well as by promoting expression of
the sRNA RprA, which inhibits CsgD expression (Dorel et al., 1999; Prigent-Combaret et al.,
2001; Raivio, Leblanc and Price, 2013). It is possible that the Cpx response is only beneficial
for biofilms in later stages of its production, or that Cpx expression is required for discrete

parts of the biofilm (Raivio, 2014).

Studies into various Gram-negative pathogens including E. coli, S. enterica, Klebsiella
pneumonia and H. ducreyi have demonstrated the involvement of the Cpx response in
resistance to antibiotics and antimicrobials. Resistance to aminoglycosides has been linked
to the Cpx response since the 1970s (Thorbjarnardottir, Magnusdottir and Eggertsson, 1978).
These antibiotics, which include gentamicin, kanamycin and amikacin, target the 30S
ribosomal subunit and cause misfolding and malfunctioning of proteins by mismatching tRNA
(Davis, 1987). The Cpx regulon is upregulated in the presence of gentamycin, and although
the exact mechanism of Cpx-regulated stress relief is not known, one model proposes it
involves Cpx-mediated upregulation yccA. YccA inhibits the activity of the protease FtsH,
which in turn is responsible for degrading the SecY component of the Sec translocon
apparatus. By overproducing YccA, FtsH-mediated degradation of SecY is inhibited, allowing
secretion and clearance of aberrant proteins (Kihara, Akiyama and Ito, 1995, 1998; van
Stelten et al., 2009). The hypothesis of increased secretion of aberrant proteins is further
supported by the increased sensitivity to aminoglycosides in a Pseudomonas aeruginosa yccA
mutant, and the reported Cpx-mediated upregulation of SecA (De Wulf et al., 2002; van
Stelten et al., 2009). Furthermore, the Cpx response has been implicated in the increased
resistance against hydroxyurea, cationic antimicrobial peptides, chloramphenicol, B-lactams,
deoxycholate, cefeprime, novobiocin and the small antibacterial molecule SM10 (Hirakawa,
Nishino, Hirata, et al., 2003; Hirakawa, Nishino, Yamada, et al., 2003; Rinker et al., 2011;
Weatherspoon-Griffin et al., 2011; Srinivasan et al., 2012; Yitzhaki et al., 2012; Mahoney and
Silhavy, 2013). Interestingly, the Cpx-response has also been linked to an increased

sensitivity to quinolones (Mahoney and Silhavy, 2013).
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1.5.2.2 The BaeSR response

The BaeSR response is another two component envelope stress response which was first
identified during a search for new two component systems (Raffa and Raivio, 2002).
Although it was discovered in the early 2000s, the response lacks in depth characterisation,
likely due to a lack of phenotypes associated with loss of the system. The BaeSR response
consists of the BaeS sensory kinase and the BaeR response regulator (figure 1.6). Little is
known about the BaeSR activating signals, which is most likely due to the overlap between
activators of the BaeSR response and other envelope stress responses, including the Cpx
response. This functional overlap extends to the genes regulated by BaeR, complicating the
process of characterising the response (Raffa and Raivio, 2002; Appia-Ayme et al., 2011;

Leblanc, Oates and Raivio, 2011).

Activation of the BaeSR response is linked to various conditions, including stationary growth
phase, and growth in the presence of indole, zinc, copper, iron and tungstate (Raffa and
Raivio, 2002; Miticka et al., 2003; Appia-Ayme et al., 2011; Leblanc, Oates and Raivio, 2011).
In E. coli, the core BaeSR regulon consists of baeSR, spy, mdtA, acrB and acrD. MtdA is a
component of MdtABC influx pumps, for which sodium tungstate is a natural substrate. In E.
coli, BaeR is involved in the regulation of mtdABCD expression (Baranova and Nikaido, 2002).
In the presence of tungstate, BaeR expression is upregulated, and correspondingly deletion
of baeR renders E. coli and Salmonella more susceptible to tungstate. Interestingly, although
expression of mtdA and acrD is also regulated by CpxR, deletion of cpxR does not result in
sensitivity to tungstate, marking it as a primary target of BaeR (Appia-Ayme et al., 2011;
Leblanc, Oates and Raivio, 2011). In Salmonella, the BaeSR response has been shown to be
required for colonisation and systemic infection in serovar Dublin, but not in serovar

Typhimurium (Pullinger et al., 2010; Appia-Ayme et al., 2011).

The BaeSR response is involved in the protection against antimicrobial agents. In E. coli, BaeR
mutations have been linked to increased susceptibility to the antibiotic novobiocin, the
secondary bile acid deoxycholate, condensed tannins and the essential oil allyl
isothiocyanate (Baranova and Nikaido, 2002; Zoetendal et al., 2008; Cordeiro et al., 2014). In
Salmonella Typhimurium, BaeR upregulates the expression of the superoxide dismutase
SodA in response ciprofloxacin exposure (Guerrero et al., 2013). In Acinetobacter baumanni,
the BaeSR response induces expression of the pump genes adeAB, adelJK and macAB-tolC,
involved in the efflux of toxic molecules (Lin et al., 2014; Lin, Lin and Lan, 2015). Deletion of

BaeR resulted in increased susceptibility to the antibiotic tigecycline, as well as increased
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susceptibility to tannic acid, a topical agent used to treat burn wounds (Akiyama et al., 2001;

Lin, Lin and Lan, 2015).

1.5.2.3 The ZraSR response

The ZraSR response is discussed in detail in chapter 5. Below is a brief introduction.

The ZraSR response is the most recently discovered two component envelope stress
response (Appia-Ayme et al., 2012). Before the discovery of the involvement of ZraSR in
envelope stress, the system was studied as a two-component system responding to zinc
levels. Formerly known as HydHG, the ZraSR response is significantly upregulated in the
presence of Zn**, both in E. coli as well as in Salmonella, and was renamed as zinc response
associated (Leonhartsberger et al., 2001; Outten and O’Halloran, 2001; Appia-Ayme et al.,
2012). The ZraSR response consists of the histidine kinase ZraS$, the response regulator ZraR,
the periplasmic chaperone ZraP and the putative inner membrane protein YjaH. The
structure and function of ZraP are discussed in detail in chapter 4 and chapter 5 respectively.
Little is known about the activating conditions and mechanisms of the ZraSR response, and
functional overlap between this response system and other envelope stress responses
complicate research. Activating signals for the ZraSR response include the presence of Zinc,
lead and tungstate (Appia-Ayme et al., 2012). Activation of ZraR results in the expression of,
among other genes, zraP. Deletion of zraP results in significant upregulation of zraR
expression, suggesting a similar negative feedback loop as is found between CpxP and the

Cpx response (Raivio, Popkin and Silhavy, 1999; Appia-Ayme et al., 2012).

1.5.3 Rcs Phosphorelay stress response

The Rcs Phosphorelay stress response is a complex signal transduction system that was first
identified as a regulatory system of capsule synthesis in E. coli (Gottesman, Trisler and
Torres-Cabassa, 1985). It has since been shown to be conserved among Enterobacteriacea,
playing a regulatory role in many cellular processes including biofilm formation,
pathogenesis, motility and general stress responses (Majdalani and Gottesman, 2005; Guo
et al., 2015). Although the activating signals of the Rcs phosphorelay response remain
enigmatic, the activating conditions are diverse and include growth at low temperature,
growth on solid surfaces, growth in the presence of 1mM external zinc, copper stress,
damage to the peptidoglycan layer, osmotic shock, exposure to Polymyxin B, overexpression
of djlA, and tolB or prmA mutations (Clarke, Holland and Jacq, 1997; Bader et al., 2003;
Ferrieres and Clarke, 2003; Francez-Charlot et al., 2003, 2005; Hagiwara et al., 2003; Mouslim
and Groisman, 2003; El-Kazzaz et al., 2004; Laubacher and Ades, 2008; Pontel, Pezza and
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Soncini, 2010; Oropeza, Salgado-Bravo and Calva, 2015). The system consists of the
transmembrane sensor kinase RcsC, the response regulator RcsB, the phosphoryl transferase
RcsD, and various auxiliary proteins (figure 1.6). Upon receiving activating signals, RcsC
hydrolyses ATP and autophosphorylates. The phosphoryl group is transferred from a
conserved histidine residue to a conserved aspartate residue in the RcsC receiver domain.
This domain then functions as a phosphoryl donor to the histidine phosphotransferase RcsD,
which in turn donates the phosphoryl group to RcsB. Once phosphorylated RcsB regulates
gene expression (Takeda et al., 2001; Majdalani and Gottesman, 2005). However, studies
into the Rcs Phosphorelay response have demonstrated that the system is more complex
than this phosphorylation cascade; RcsB is able to interact with different auxiliary proteins,
both dependently and independently of RcsB phosphorylation. The interactions, or lack
thereof, between RcsB and the auxiliary proteins determine the targets of RcsB regulated
transcription. RcsB-interacting auxiliary proteins include, but are not restricted to, RcsA, BglJ,
GadE and MatA (Majdalani and Gottesman, 2005; Pannen et al., 2016). Interaction between
RcsB and RcsA requires phosphorylated ResB. The RcsBA complex activates transcription of
loci involved in exopolysaccharide production, required for biofilm formation, and represses
the transcription of the flhDC flagellar master regulator genes (Stout et al., 1991; Majdalani
and Gottesman, 2005). In Yersinia pseudotuberculosis, the RcsBC complex suppresses
expression of the biofilm formation related genes hmsCDE, whereas RcsB alone upregulates
expression of these genes instead (Guo et al., 2015). The interaction between RcsB and Bgl)
does not require phosphorylation of RcsB. The RcsB-Bgl) complex regulates the transcription
of more than 10 separate loci, including expression of transcriptional regulator leuO, which
is involved in the regulation of virulence determinants (Venkatesh et al., 2010; Stratmann et
al., 2012; Salscheider, Jahn and Schnetz, 2014). The interaction between RcsB and GadE is
also independent of RcsB phosphorylation. Whereas the RcsB-GadE complex activates
transcription of gadA, a glutamate decarboxylase involved in the acid stress response,
phosphorylated RcsB unpaired to any auxiliary proteins represses gadA transcription
(Castanie-Cornet et al., 2010). The interaction between RcsB and MatA occurs independently
of RcsB phosphorylation and the RcsB-MatA complex represses motility and activates
transcription of the mat operon, which encodes a fimbrial adhesin in E. coli (Pannen et al.,
2016). RcsB is also involved in the downregulation of the Rcs Phosphorelay response. The
expression of rcsB is regulated by two promoters: Prps and Pr.p resulting in high levels of
RcsB transcription. When the cellular concentration of RcsB reaches a threshold, RcsB binds

the P..cs promoter and negatively regulates Rcs expression. As a result, RcsB is only
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transcribed from the P.ss promoter, and the protein concentration returns to basal levels

(Pescaretti et al., 2010).

1.5.4 Phage Shock Protein stress response

Studies into the Escherichia coli filamentous phage f1 initially discovered upregulation of an
E. coli protein in response to the production of phage secretin protein plV. This upregulated
protein was named phage shock protein and is now known as PspA of the Psp stress response
(Brissette et al., 1990, 1991). The Psp response is widely conserved, with Psp-like proteins
found in both Gram positive and Gram negative bacteria, as well as in archaea and
chloroplasts (Flores-Kim and Darwin, 2016). In Salmonella, the Psp response is essential for
virulence and survival inside macrophages (Karlinsey et al., 2010; Wallrodt et al., 2014).
Despite more than 25 years of study, the exact nature of the Psp stress response, its inducing
signals, protein interactions, and mechanisms of envelope protection remain poorly
understood (Flores-Kim and Darwin, 2016). Unlike other envelope stress responses, the Psp
response acts relatively autonomously, with little evidence for interaction with other stress
response systems (Seo et al., 2007). The stress response is thought to be activated upon
reduction of the proton motive force (PMF) across the IM, or in response to increased IM
permeability (Flores-Kim and Darwin, 2016). Conditions that lead to the induction of the pspA
operon include mislocalization of secretins, extremes in temperature or osmolarity,
disruption of fatty acid biosynthesis, ethanol shock and proton ionophores (Brissette et al.,

1990; Bergler et al., 1994; Weiner and Model, 1994; Kobayashi, Yamamoto and Aono, 1998).

Four core proteins of the Psp stress response are PspA, PspB, PspC and PspF (figure 1.6)
(Flores-Kim and Darwin, 2016). Of these proteins, pspA, pspB and pspC are encoded in the
pspABCDE operon, the regulatory protein PspF is encoded upstream of pspA (Jovanovic,
Weiner and Model, 1996; Lloyd et al., 2004). During stress, PspF negatively regulates pspF
expression and positively regulates the psp operon by binding to the pspA promoter (Lloyd
et al., 2004). The activation of PspF is dependent on two protein binding partner-switching
events (Flores-Kim and Darwin, 2016). In the absence of an inducing signal, PspA binds and
inactivates the ATPase activity of PspF, rendering the regulatory protein inactive (Osadnik et
al., 2015). Meanwhile, the IM protein PspB interacts with a C-terminal domain of PspC
(PspCCTE’M) that is also capable of binding PspA (Gueguen, Savitzky and Darwin, 2009;
Jovanovic et al., 2010; Flores-Kim and Darwin, 2012, 2015). During IM stress, PspB dissociates
from PspC, allowing interaction between PspC‘™™ and PspA (Flores-Kim and Darwin, 2015).

This interaction interrupts the bond between PspA and PspF, allowing for activation of the
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response regulator (Flores-Kim and Darwin, 2016). This model is incomplete however, for
the N-terminal domain of PspC (PspCN®"M) has proven to be required for the interaction
between PspB and PspC, and removal of this domain results in constitutive PspA-PspC
interaction and activation of the Psp stress response (Gueguen, Savitzky and Darwin, 2009;
Yamaguchi et al., 2013). However, the mechanism by which the PspCNT®™™ ensures PspB-
PspC ™M interaction in the absence of stress remains enigmatic (Flores-Kim and Darwin,

2016).

Knowledge of the physiological role of the Psp response and its individual components
remains incomplete (Flores-Kim and Darwin, 2016). Although some studies suggest PspB
and/or PspC act as signal sensor, activation of the E. coli Psp response in response to plV
secretins, heat-shock or stored curvature elastic stress all happen independently of PspB and
PspC, and genome analysis has demonstrated that organisms encoding pspA and pspF do not
always carry genes for pspB and pspC (Weiner, Brissette and Model, 1991; Jovanovic, Engl
and Buck, 2009; Huvet et al., 2011; McDonald et al., 2015). It has been suggested that PspB
and PspC do not act as sensors, but are instead involved in the protection against cell collapse
following increased IM permeability. However, the mechanism by which this stress relief
would function remains enigmatic (Flores-Kim and Darwin, 2016). E. coli pspA mutant strains
display phenotypes that could be assigned to reduction in PMF and in S. Typhimurium PspA
is thought to be required for the maintenance of PMF during survival within macrophages
(Karlinsey et al., 2010; Flores-Kim and Darwin, 2016). Upon induction of the Psp response,
PspA transitions from a hexamer to oligomers of 36 units and more. It has been proposed
that these large oligomers might coat the IM to prevent proton leakage (Kobayashi, Suzuki
and Yoshida, 2007; Standar et al., 2008; Engl et al., 2009). However, fluorescence assays of
PspA in live E. coli and Yersinia enterocolitica cells do not support this notion (Engl et al.,
2009; Yamaguchi et al., 2013). More complex mechanisms have been proposed, suggesting
PspA function relates to the organisation of the cell envelope and the biogenesis of
peptidoglycan and phospholipid biogenesis (Engl et al., 2009; Wallrodt et al., 2014). These
mechanisms however remain unclear and also do not explain the prevention of proton

leakage by PspA from membrane vehicles in vitro (Flores-Kim and Darwin, 2016).
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1.6 Thesis overview

1.6.1 Research gap

The Gram-negative cell envelope plays an important role in the natural immunity of
pathogens against environmental stresses. The periplasmic chaperones involved in the
biogenesis, maintenance and repair of the outer membrane are of great importance to its
integrity, and therefore they are indirectly involved in the cellular resistance against
environmental threats. The persistent increase and spread of multi-drug resistant pathogens
is an urgent threat to global health. An improved understanding of the targets of periplasmic
chaperones, as well as the mechanisms by which they operate, would further our
understanding of bacterial adaptability to hostile environments, and could contribute

towards the development of novel vaccines and antibiotic treatments.

1.6.2 Aims

The intention of this thesis is to expand on the current knowledge base regarding the
involvement of several periplasmic chaperones in the protection against environmental
threats. A particular interest was taken in the ZraSR-associated, zinc-responsive periplasmic
chaperone ZraP. Although this chaperone and its associated envelope stress response is
highly conserved among Gram-negative Enterobacteriaceae, little is known about its

chaperoning mechanisms or protective function in the cell. This thesis specifically aims to:

- Investigate the involvement of a selection of periplasmic chaperones in the

protection against environmental stresses (Chapter 3).

- Analyse the structure of ZraP, and investigate the involvement of the cysteine

residues in protein oligomerisation (Chapter 4)

- Determineif the ZraP protein structure is influenced by the absence and/or presence

of zinc (Chapter 4)

- Characterise substrate chaperoning by ZraP (Chapter 5).
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Chapter 2. Materials and Methods
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2.1 Materials

All chemicals, reagents and tools used in this study are of standard laboratory grade or
higher. Unless stated otherwise, purchases were made from Thermo Fisher Scientific (UK) or
Sigma Aldrich (UK). The solutions and media were prepared in reverse osmosis water (dH,0),
except for those buffers involved in metal assays, where Sigma W4502 0.1 uM filtered,
molecular grade water (not treated with DEPC, nuclease and protease free) was used (further

referred to as Sigma water).

2.2 Bacterial strains and plasmids

During this study, Salmonella Typhimurium SL1344 WT and mutant strains have been used
to analyse the involvement of selected periplasmic chaperones on outer membrane
integrity. E. coli strains have been involved in the mutagenesis process. Furthermore, STM
SL1344 AzraP and E. coli stains have been utilised for protein overexpression. A
comprehensive list of strains and plasmids used in this study can be found in paragraph 2.2.1

and 2.2.2 respectively.

2.2.1 Bacterial strains

The bacterial strains used in this study are Salmonella enterica subspecies, Salmonella
bongori and Escherichia coli K-12 derivatives. The isogenic parent strain of the S. enterica
subspecies is Salmonella enterica subspecies enterica serovar Typhimurium strain SL1344
(referred to as SL1344), and the ‘wild-type’ strain (WT) used in this study refers to SL1344.

Table 2.1 summarises the strains used in this study.

The majority of strains used in this study were inherited from previous lab members. Prior
to use, the validity of the mutant strains was tested using the external verification primers
summarised in table 2.4. Verification of the mutants was conducted as described in chapter
2.5.2.7. New mutant strains were created by lambda red mutagenesis as described in chapter

2.5.2.

2.2.2 Plasmids

The plasmids used in this study include pKD plasmids involved in mutagenesis and pBAD
plasmids used for overexpression constructs. The Strepll-tagged pBAD constructs were
created from previously constructed pBAD/Myc-His overexpression constructs by whole

plasmid PCR, as described in chapter 2.5.4.1.
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Table 2.1 Strains used in this study

Strain Description Reference

Escherichia coli Strains

MG1655 Prototroph; K-12 derivative; F-, lambda-, rph-1  (Guyer et al., 1981), (Lacey
etal., 2010)

Topl10 mcrA, A(mrr-hsdRMS-mcrBC), Invitrogen™

Phi80lacZ(del)M 15, AlacX74, deoR, recAl,
araD139, Alara-leu)7697, galU, galK, rpsL(SmR),
endAl, nupG

DE3BL21 fhuA2 [lon] ompT gal (A DE3) [dcm] AhsdS A DE3 NEB
=A sBamHlo AEcoRI-B
int::(lacl::PlacUV5::T7 genel) i21 Anin5

Salmonella Strains

SL1344 Salmonella enterica enterica serovar
Typhimurium 4/74, hisG, rpsL

(Hoiseth and Stocker,
1981), (McClelland et al.,
2001)

DT104 Salmonella enterica enterica serovar (Sanger Institute)
Typhimurium DT104 NCTC 13348
bongori Salmonella bongori 12419 ATCC 43975. (Sanger Institute)

Salmonella mutant strains

AbaeR SL1344 AbaeR ::pCP20 (Appia-Ayme et al., 2011)
AbaeR AcpxR AzraSR SL1344 AbaeR ::pCP20 AcpxR::cm AzraSR::kan  (Appia-Ayme et al., 2011)
AcpxP SL1344 AcpxP ::cm (Appia-Ayme et al., 2011)
AcpxP Aspy SL1344 AcpxP ::cm Aspy ::kan (Appia-Ayme et al., 2011)
AcpxP Aspy AzraP SL1344 AcpxP ::pCP20 Aspy ::kan AzraP ::cm (Appia-Ayme et al., 2011)
AcpxP Ayncl SL1344 AcpxP ::cm Aync) ::kan (Williams, 2013)

AcpxP AzraP SL1344 AcpxP ::cm AzraP ::kan (Appia-Ayme et al., 2012)
AcpxR SL1344 AcpxR ::kan (Humphreys et al., 1999)
AfkpA SL1344 AfkpA ::kan (Williams, 2013)

AfkpA DppiA
AfkpA AppiD
AfkpA DppiAD

AfkpA DppiAD AsurA

AhtrA SL1344 AhtrA ::kan (Williams, 2013)

AhtrA Askp SL1344 AhtrA/Askp ::kan (Williams, 2013)

AhtrA AzraP SL1344 AhtrA ::kan AzraP ::cm (Williams, 2013)

AppiAD SL1344 AppiA/D ::cm (Williams, 2013)

ArpoE SL1344 ArpoE ::kan (Humphreys et al., 1999)
Askp SL1344 Askp ::kan (Williams, 2013)

Askp AsurA SL1344 Askp ::kan AsurA ::cm This study

Askp AzraP SL1344 Askp ::kan AzraP ::cm (Williams, 2013)

Aspy SL1344 Aspy ::kan (Williams, 2013)

Aspy AsurA SL1344 Aspy ::kam AsurA::cm (Williams, 2013)

Aspy Ayncl) SL1344 Aspy/ync) ::kan (Williams, 2013)

Aspy NzraP SL1344 Aspy ::kan AzraP ::cm (Williams, 2013)

AsurA SL1344 AsurA ::cm (Williams, 2013)

AsurA DppiAD SL1344 AsurA/ppiA/ppiD ::cm (Williams, 2013)

AsurA Aync) SL1344 AsurA ::cm Aync) ::kan This study

AsurA AzraP SL1344 AsurA ::cm AzraP ::kan (Williams, 2013)

Aync) SL1344 Aync) ::kan This study

AzraP SL1344 AzraP::cm (Appia-Ayme et al., 2012)
AzraSR SL1344 AzraSR::cm (Appia-Ayme et al., 2011)

SL1344 AfkpA ::kan AppiA ::cm
SL1344 AfkpA ::kan AppiD ::cm

SL1344 AfkpA ::kan DppiA/D ::cm
SL1344 AfkpA ::kan DppiA/D ::cm AsurA ::kan

(Williams, 2013)
(Williams, 2013)
(Williams, 2013)
(Williams, 2013)
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Table 2.2 Plasmids used in this study

Plasmid

Description

Reference

pBAD/Myc-His A

pKD3
pKD4

pKD46

pBR322 origin, araBAD promoter(pBAD) C-terminal
Myc epitope tag, C-terminal 6xHis tag, rrnB
transcription termination region, araC; AmpR
pANT-Sy derivative; containing a FRT-flanked CmR
AmpR;

pANT-Sy derivative containing a FRT-flanked KanR;
AmpR

pINT-ts derivative containing araC-ParaB and y, 8, exo
genes; AmpR

Myc- His-tagged protein overexpression constructs

pzraP 6xHIS

pzraP AAAAA

pzraP HRGGAH

pzraP LTxxQ

pzraP SDM

pzraPZA

zraP gene in pBAD Myc /His A expression plasmid in
phase with C-terminal 6xHis epitope; AmpR

zraP gene, with L44A; TA5A; T46A; E47A; Q48A
mutations, in pBAD Myc/His A expression plasmid in
phase with C-terminal 6xHis epitope; AmpR

zraP gene, with G134A mutation, in pBAD Myc/His A
expression plasmid in phase with C-terminal 6xHis
epitope, AmpR

zraP gene, with Q48A mutation, in pBAD Myc/His A
expression plasmid in phase with C-terminal 6xHis
epitope; AmpR

zraP gene, with G120A; G121A; C122A; G123A;G124A;
Y125A mutations, in pBAD Myc /His A expression
plasmid in phase with C-terminal 6xHis epitope, AmpR
zraP gene, with H130A; R131A; G132A; G133A; G134A;
H135 mutations, in pBAD Myc/His A expression plasmid
in phase with C-terminal 6xHis epitope, AmpR

Strepll -tagged protein overexpression constructs

pzraP-S

pzraPAAAAA-S

pzraPHRGGAH-S

pzraPLTxxQ-S

pzraPSDM-S

pzraPZA-S

zraP gene in pBAD expression plasmid in phase with C-
terminal strepll epitope; AmpR

zraP gene, with L44A; TA5A; T46A; EA7A; Q48A
mutations, in pBAD expression plasmid in phase with C-
terminal strepll epitope; AmpR

zraP gene, with G134A mutation, in pBAD expression
plasmid in phase with C-terminal strepll epitope; AmpR

zraP gene, with Q48A mutation, in pBAD expression
plasmid in phase with C-terminal strepll epitope; AmpR
zraP gene, with G120A; G121A; C122A; G123A;G124A;
Y125A mutations, in pBAD expression plasmid in phase
with C-terminal strepll epitope; AmpR

zraP gene, with H130A; R131A; G132A; G133A; G134A;
H135 mutations, in pBAD expression plasmid in phase
with C-terminal strepll epitope; AmpR

Invitrogen™

(Datsenko and
Wanner, 2000)
(Datsenko and
Wanner, 2000)
(Datsenko and
Wanner, 2000)

(Wells, 2015)

(Wells, 2015)

(Wells, 2015)

(Wells, 2015)

(Wells, 2015)

(Wells, 2015)

This study

This study

This study

This study

This study

This study
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2.3 Culture conditions

2.3.1 Media

The media and antibiotics used in this study were prepared according to appendix A. The
STM SL1344 WT strain and its mutant derivatives are histidine auxotrophs. To allow STM
SL1344 growth in minimal media, supplements of 40mg/ml histidine were added. Where
applicable, antibiotics were added to final concentrations of 100ug/ml for ampicillin (amp),

10pg/ml for chloramphenicol (cm), and 50ug/ml for kanamycin (kan).

2.3.2 Overnight cultures

Stationary phase overnight cultures were produced by inoculating 10ml LB with a single
colony from a short-term storage streak plate (2.3.3). Cultures were incubated at 37°C, 200
rpm for a minimum of 12 hours. When required, overnight cultures were normalised to an
optical density (OD) of 1.000. A SpectraMax™ M5 spectrophotometer (Molecular Devices)
was used at A = 600, room temperature, to analyse the optical density of cultures in reference
to a blank prepared from fresh media. For normalisation of overnight cultures, the OD at A =
600nm (ODego) was taken and the culture was diluted down to a final ODego of 1.000 using

the following calculations:

; .1
Amount of overnight culture per ml: /OD600 reading
Amount of fresh LB culture per ml: 1 — amount of added overnight culture

2.3.3 Short and long term storage

k™ stocks were prepared according to

For long-term storage at -80°C, Microban
manufacturer’s instructions (Prolab Diagnostics). For short-term storage, spread plates were
prepared from a single Microbank™ bead, grown overnight at 37°C and stored at 4°C for a

maximum of two weeks.

2.3.4 Aerobic growth

Aerobic batch culture for growth curves was carried out using 50ml of media in 250ml conical
flasks. Flasks were supplemented with appropriate antimicrobials and inoculated with 1:100
(v/v) dilution of normalised overnight culture (2.3.2). Unless otherwise stated, cultures were
grown at 37°C, 200 rpm for 24 hours. To determine cell density, the ODgoo of 1ml samples

was measured at hourly intervals. When the ODgoo Was larger than 1.000, a 1/10 dilution of
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the sample and all subsequent samples was prepared and the final ODgooWas calculated using

the dilution factor for correction.

Chapter 2.4 Electrophoresis

Electrophoresis is a technique that involves the movement of charged particles through a
matrix. It separates molecules based on their size and/or charge, and it is frequently used to

analyse biological macromolecules such as DNA and proteins.

2.4.1 DNA electrophoresis

DNA electrophoresis was used to separate and analyse PCR products by size. Analysis was
carried out using a 1% (w/v) agarose gel, prepared using 1 x TBE buffer (appendix B) and
supplemented with 2ug/ml ethidium bromide. Prior to loading, 5x DNA loading buffer
(BIOLINE) was added to the samples. Hyperladder™ (BIOLINE) was used as size marker. Gel
electrophoresis was carried out for an hour (unless otherwise stated) in 1 x TBE buffer at 110
V, using a Sub-Cell GT electrophoresis system (BIOLINE). DNA was visualised by UV light, using
a Molecular Imager® Gel Doc™ System (BIORAD).

2.4.2 Protein separation by PAGE

Polyacrylamide gel electrophoresis (PAGE) is a technique used to separate proteins according
to their electrophoretic mobility. SDS-PAGE can be used to separate proteins based on their
charge-to-mass ratio when in denatured state following treatment with the denaturing agent
sodium dodecyl sulphate (SDS). Alternatively, the process known as native-PAGE can be used
to analyse the oligomeric state of proteins, by running them on a gel in their native form

after treatment with a cross-linking agent such as formaldehyde.

2.4.2.1 SDS-PAGE

SDS-PAGE was used to separate denatured proteins according to their size. SDS is a detergent
that disrupts the tertiary structure of proteins and coats them in a negative charge, resulting
in the denaturation of folded proteins into linear strings of amino acids. The negatively
charged SDS also masks intrinsically charged R-groups, ensuring the protein’s negative
charge is proportional to its molecular weight. To avoid smeared protein gels as a result of
protein entering the resolving gel at separate times, the SDS-PAGE gels were prepared with
a stacking gel (top quarter of gel) and a resolving gel (bottom three quarters of gel). Using
ProtoGel™ acrylamide/methylene bisacrylamide solution (ratio 37.5:1) (National
Diagnostics), the resolving gels (15% (w/v)) and the stacking gels (5% (w/v)) were prepared
as described in table 2.3 and cast in Mini-PROTEAN® Tetra hand-cast systems (BIO-RAD).
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Wells were created using 0.75mm and 1.0mm combs between integrated spacer plates, prior
to the setting of the gel by polymerisation at room temperature for a minimum of one hour.
Samples analysed using SDS-PAGE were dissolved in SDS loading buffer (appendix B)
containing 5% (v/v) B-mercapthoethanol (Sigma-Aldrich) at a ratio of 1:9. The solutions were
boiled at 100°C for 10 minutes and centrifuged at 17000 x g (13500rpm) for 2 minutes prior
to gel loading. Protein samples were loaded in volumes of 5-10pl alongside the protein size
marker PageRuler™ Prestained Protein Ladder (Thermo Scientific). Gel electrophoresis was
carried out at 200 V in 1 x TGS buffer (appendix B) for approximately one hour using Mini-
PROTEAN® Tetra Cell systems (BIO-RAD).

2.4.2.2 Native-PAGE

Native-page was used to analyse potential differences in oligomeric states between the wild-
type protein and mutated proteins. During Native-PAGE proteins are separated by the
differences in their intrinsic charge and hydrodynamic size. Native-PAGE gels were cast as a
single entity using 6% (w/v) acrylamide containing native gel table 2.3, according to the
protocol described for SDS-PAGE gels (2.4.2.1). Prior to casting the gels, equipment was
thoroughly washed in soapy water and rinsed with ethanol to remove any residual SDS
contamination. Protein samples (1mg/mL) were aliquoted in volumes of 20uL and exposed
to 1% (v/v) formaldehyde (pH 8.0) for 1 minute to chemically cross-link oligomers. The
reaction was terminated by the addition of 2 M glycine, prior to addition of 10uL SDS-loading
buffer (appendix B). Native-PAGE gels were pre-run in 1 x TBE buffer (appendix B) at 120 V
for 15 minutes at 4°C to remove any unpolymerised acrylamide and excessive ammonia and
persulfate ions. Samples were loaded onto the native gel in volumes of 10uL and
electrophoresed at 120 V for approximately one hour at 4°C using Mini-PROTEAN® Tetra Cell
systems (BIO-RAD). Gels were stained and imaged according to PAGE-staining protocol

described in chapter 2.7.2.1.

2.5 Manipulation of genetic material

During this study, DNA manipulation has been carried out to delete genes of interest, and to
create overexpression plasmids. The production of knock-out strains was accomplished using
the lambda red method, followed by transduction using the P22 bacteriophage. The
alteration of pre-existing over-expression plasmids was carried out by whole-plasmid PCR,

and the resulting plasmids were formed into both an E. coli and a Salmonella background.
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Table 2.3 Components and compositions of PAGE gels

Final

Component Stock Solution Volume .
Concentration

SDS-PAGE resolving gel

Acrylamide/Bis-acrylamide 30% (w/v) 10mL 15%
*Tris-HCl pH 8.8 15M 5mL 375mM
*SDS 10% (w/v) 100pL 0.05%
dH20 4.795mL
TEMED >99% 5uL 0.5%
°APS 20% (w/v) 100pL 0.1%

SDS-PAGE stacking gel

Acrylamide/Bis-acrylamide 30% (w/v) 1.66mL 5%
*Tris-HCl pH 8.8 1.5M 1.26mL 63mM
*SDS 10% (w/v) 50uL 0.05%
dH20 6.975mL
*TEMED >99% 5uL 1%
°APS 20% (w/v) 50uL 0.1%

Native PAGE gel

Acrylamide/Bis-acrylamide 30% (w/v) 3.96mL 6%
*TBE buffer 10X 2mL 1X
dH20 13.93mL
*TEMED >99% 10pL 0.5%
°APS 20% (w/v) 100pL 0.1%

* puffers/solutions prepared with dH20. ° reagents added directly before casting of gel

2.5.1 Primer list

Table 2.4 summarises the primers used during this study. All primers used throughout this

work were synthesised by Integrated DNA Technologies (IDT).

2.5.2 De novo mutagenesis using the lambda (A) red method

Deletion mutants were produced using a homologous recombination method derived from
the lambda (A) red bacteriophage. During this process, the gene of interest is replaced with
a linear, FRT-flanked (flippase recognition target) resistance gene construct (Datsenko and
Wanner, 2000), derived from pKD3 (chloramphenicol) or pKD4 (kanamycin) (2.5.2.3).
Cassettes were transformed into freshly prepared, electrocompetent Salmonella
Typhimurium 12023 donor strains carrying the helper plasmid pKD46, which encodes the A-
red bacteriophage recombinase genes exo, bet, and gam, under the control of an L-arabinose
inducible promoter (2.5.2.5). Due to the temperature sensitive pKD46 origin of replication,

electroporation was the chosen method of transformation (2.5.2.6). Following verification of
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gene deletion (2.5.2.7), the resistance cassette was transfected to a clean background by P22
transduction (2.5.3). Non-lysogenic colonies were selected and used for the production of

long-term storage stocks.

Table 2.4 Primers used in the experiments described in this thesis.

External verification primers for knock-out confirmation

Gene Forward primer (5' - 3') Reverse primer (5' - 3')
cpxP GAAATTACGTCATCAGGCGT TATCTTCTGCCGGTAGTATA
fkpA AGAAGTGATAATAGGCGTG CTATTTCAGACTACGTGTGC
htrA TACGCATGGGATGAATATCG ACAGGTCTCGACATTGTGCA
PPpIiA GAATACGGCGTTGCGTCGTA ATATGCCTGTGCTTGACCAC
ppiD CGATGCGCGTGAAGTCTCTA AACAGTGCAGCCACGATAGC
skp CCGAGCAGTTCCAGTTTAAC CGGTACTTAGGATTCACCAT
spy CCGTTGTTATGACTAATTGA TGTCAGGTCAATATGAGATC
SurA TGAGCTCTAACTACGGCCTC TTCAATCGGCCACGCGCGTT
yncJ CTATGGAACGAATTGGCTCG CGAAATGCATGTCATTGGCA
zraP CTTTCGGATACGGATGGGTA TGCTGGTGGCGAATTCAGAT

Sequencing primers for pBAD constructs

Reverse primer (5' - 3')
TGATTTAATCTGTATCAGGC

Gene Forward primer (5' - 3')
pBAD TTATCGCAACTCTCTACTG

Whole plasmid primers encoding strepll tag

Gene Forward primer (5' - 3') Reverse primer (5' - 3')
His-to-strepll CAATTTGAAAAATGAGTTTAAACGGTCTCCAG TGGATGGCTCCACCAGTTTCCCATACCCATGT

Mutagenesis primers for the production of FRT-flanked chloramphenicol and kanamycin cassettes

Gene Forward primer (5' - 3") Reverse primer (5' - 3')

skp GTGAAAAAGTGGTTATTAGCTGCAGGTCTCGGT TTATTTAACCTGTTTCAGTACGTCGGCAGTGAT
TTAGCACGTGTAGGCTGGAGCTGCTTC GTCTTTTCATATGAATATCCTCCTTAG

SurA CAACGTAATCCGCATTGCGGTTAATTGAAATGG GGTTCGCCGGGAGTGATAACAACGCGTTGCGC

AAAAAGTGTGTAGGCTGGAGCTGCTTC ACTGCTCACATATGAATATCCTCCTTAG

2.5.2.1 Polymerase chain reaction

Polymerase chain reactions (PCR) were carried out using ultra-stable Tag DNA polymerase
(NEB) and Phusion™ high-fidelity DNA polymerase (NEB) (table 2.5). Template DNA used in
this study includes chromosomal DNA, plasmid DNA and synthesised constructs. The primers
used in this study are summarised in table 2.4. The melting temperatures (Tm) and annealing
temperatures (Ta) were chosen according to primer specifications and enzyme used. The
elongation time allowed for one minute per kilo base (kb) of double stranded product. The
PRC programs (table 2.6) were conducted using a Techne Prime Elite Satellite Thermal Cycler

(Cole-Parmer®).
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Table 2.5 PCR reaction components

Reagent Volume (uL)
Ultra-stable Tag DNA polumerase
verification ~ construction
2X BioMix (Bioline) 12.5 25
Forward primer (5'-3') [20uM] 0.5 1
Reverse primer (3'-5') [20uM] 0.5 1
Template DNA variable variable
Nuclease-free dH20 225 250

Phusion ® High fidelity (HF) DNA Polymerase
His-to-Strep
Phusion® buffer HF 10
dNTP mixture (2.5mM) 4
template DNA (0.2ug/pL) 5
Forward primer (5'-3') [20uM] 1
Reverse primer (3'-5') [20uM] 1
Phusion® HP polymerase 1
Nuclease-free dH20 28

Table 2.6. Thermocycling steps for PCR.

PCR Stages Mutagenesis Verification Whole Plasmid
Temp Time Temp Time Temp Time
(eC) min (eC) min (eC) min
1) Initial denaturation 96 3 98 2 98 3
2) Denaturation 95 0.3 98 0.5 98 0.5
3) Annealing 52-60* 0.5 60 0.5 70 0.5
4) Elongation 72 2 72 2.5 72 5
5) Repeat stages 2-4 (35x) (29x) (29X)
6) Final elongation 72 10 72 5 72 20

*Annealing temperature dependent on primer specific melting temperatures



2.5.2.2 Plasmid DNA extraction and purification

To extract and purify plasmid DNA, QlAprep™ Spin Miniprep Kits (QIAGEN) and QlAprep™
Spin Midiprep Kits (QIAGEN) were used. The maximum volume of culture advised by the
manufacture was adopted (10mL and 100mL respectively) due to the low-copy number
nature of the plasmids used in this study. To compensate for the increased volumes of
cultures subjected to the minipreps, the recommended volume of buffers was adapted
accordingly. The QlAprep™ Spin Miniprep Kit buffers P1, P2 and N3 volumes were doubled,
whereas the QlAprep™ Spin Midiprep Kit buffers remained unchanged from the
manufacturer’s guidelines. Plasmid DNA was eluted from the QlAprep™ Spin columns using
50uL of nuclease free dH,0, preheated to 60°C (for increased yield). The same volume of
nuclease free dH,0 was used for the resuspension of air-dried DNA pellets obtained from the
Midiprep kit. Analysis of plasmid DNA concentration and purity was carried out using a
NanoDrop 2000c UV-Vis spectrophotometer (Thermo Scientific) with NanoDrop 2000

software (Thermo Scientific). Purified plasmid DNA was stored at -20°C until further use.

2.5.2.3 Generation of FRT-flanked resistance cassette constructs

FRT-flanked resistance cassettes were produced using the primers summarised in table 2.4.
All gene-specific primer pairs used for the cassette constructs contained 40bp long
extensions that are homologous to the flanking region of the genes of interest, and 20bp
extensions that are complementary to the 5’ and 3’ ends of the antibiotic resistance cassettes
encoded on the plasmids pKD3 (chloramphenicol) and pKD4 (kanamycin). The cassettes were
produced using purified pKD3/pKD4 DNA (2.5.2.2) as template following the set-up
described in table 2.5.

2.5.2.4 PCR product purification

Prior to use, PCR products were purified using a QlAquick™ PCR purification kit (QIAGEN) as
per manufacturer’s instructions. Elution of the product was carried out using 50uL of
nuclease free dH,0, preheated to 60°C for increased yield, and stored at -20°C until further

use.

2.5.2.5 Preparation of electro-competent cells

Electro-competent cells were freshly produced on the day they were required. Prior to their
production, overnight cultures (2.3.2) were prepared of pKD46 harbouring STM SL1344 and
pKD46 harbouring E. coli MG1655. Due to the temperature sensitive nature of the A-red gene
(exo, bet, gam) encoding pKD46 plasmid, the overnight cultures and subsequent inoculated

cultures were grown at 30°C. Inoculation of 50mL Lennox broth (appendix A) was carried out
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using 1% (v/v) overnight culture. Cultures were incubated at 30°C, 200 rpm until an ODggo Of
0.5-0.6 was reached. Cultures were cooled on ice and cells were harvested by centrifugation
at 3450 x g (4000 rpm), 4°C. After removal of the supernatant, the pellet was resuspended
in 25mL ice-cold glycerol (10% (v/v)). The harvesting and resuspending of the cells was thrice
repeated. During the final harvest, cells were resuspended in 2mL glycerol and aliquoted into

100puL volumes. The aliquots were stored on ice until further use.

2.5.2.6 Transformation by electroporation

Electroporation was carried out using MicroPulser™ Electroporation Cuvettes (BIO-RAD),
precooled at -20°C for a minimum of one hour before use. Exogenous DNA (5uL) was added
to aliquots of freshly prepared electro competent cells (2.5.2.5) before the cells were
transferred to the electroporation cuvettes. Negative controls were produced by replacing
the exogenous DNA added to aliquoted electro competent cells with sterile dH,0. Using a
MicroPulser™ Electroporation Apparatus (BIO-RAD), the cells were subjugated to a single
electrical pulse at 2.5kV (programme EC2). Following the pulse, 1mL of LB broth was added
to the transformed cells and mixed by gentle pipetting. The culture was subsequently
transferred to a 1.5mL micro centrifuge tube, and incubated at 37°C, 200 rpm for one hour
to recover. Recovered cultures were spread aseptically on antibiotic selective LB agar (1.5%
(w/v)) plates, and incubated at 37°C for a minimum of 12 hours. Colonies were selected to

be carried forward for knock-out verification (2.5.2.7).

2.5.2.7 Verification of gene knock-out using colony PCR

To verify the knock-out of genes of interest by PCR, genomic DNA of bacterial colonies of
interest were used to extract template DNA. Genomic DNA was obtained by resuspending a
colony in 50uL dH,0, boiling at 100°C for 10 minutes and centrifuging at 17000 x g (13500
rpm) for two minutes. During knock-out verification, the PCR product of the strain of interest
was compared to the PCR product of the isogenic parent strain. The samples for PCR
verification were prepared according to table 2.5, using primers summarised in table 2.4, and
subjected to the knock-out verification PCR program described in table 2.6. The 20 bp long
external verification primers were designed from the region 50-200 bp up- and down-stream
from the gene of interest, allowing for the amplification of either the gene of interest (in the
WT and unsuccessful knock-outs) or the antibiotic cassette (in successful knock-outs).
Analysis of the PCR products by agarose gel electrophoresis (2.4.1) was carried out by size
comparison between the PCR fragments generated from the WT SL1344 gene and the

antibiotic cassette of known size (1300 bp for chloramphenicol, 1700 bp for kanamycin).
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2.5.3 P22 transduction

To prevent any undesired additional recombination events, the desired mutation was
transduced into a clean background strain using the Salmonella specific P22 bacteriophage
(Kwoh and Kemper, 1978). The recognition sites used by the A bet and exo genes encoded
on pKD46 used during de novo mutagenesis, can also be utilised by the recombination system
encoded by P22 bacteriophage, allowing for transduction of the newly inserted antibiotic
cassette into a clean background strain (Poteete and Fenton, 1984; Murphy, 1998). The
transduction is a three-part process starting by production of donor strain lysate, followed
by transduction of a recipient strain and finished by selection for stable, non-lysogenic

colonies.

2.5.3.1 Lysate production from donor strain

The donor lysates were produced from verified knock-out strains carrying antibiotic cassettes
(2.5.2). LB broth (10mL) was inoculated (1% (v/v)) from an overnight culture containing the
appropriate selective antibiotic. After one hour incubation at 37°C, 200rpm, bacteriophage
P22 lysate (20ulL) was added and the incubation was continued for a further six hours. The
cultures were transferred to sterile, chloroform resistant tubes (Falcon™ 15mL conical
centrifugation tubes) prior to the addition of 1mL chloroform. The samples were incubated
overnight at 4°C with gentle agitation. Supernatant, cell debris and chloroform were
separated by centrifugation at 3450 x g (4000 rpm) for 15 minutes before the lysate

(supernatant) was transferred to a fresh Falcon™ tube and stored at 4°C until further use.

2.5.3.2 Transduction of recipient strain

Overnight cultures of the recipient strain were prepared (2.3.2) and aliquoted into volumes
of 100uL. Prior to incubation at 37°C, 200 rpm, 10uL P22 lysate was added to the aliquots.
After 45 minutes incubation, cultures were spread onto LB agar (1.5% (w/v) plates
supplemented with the appropriate selective antibiotics, and incubated at 37°C for a
minimum of 12 hours. Negative control plates were produced by spreading a non-transduced

recipient aliquot and by spreading pure lysate.

2.5.3.3 Selection of non-lysogenic colonies

Colonies produced during transduction assays (2.5.3.2) were streaked onto UCB indicator
plates (Bochner, 1984), further referred to as green plates. These plates contain pH
indicators which turn the plates green at neutral pH, and non-lysogenic strains grow as light
coloured colonies. However, when cells undergo lysis, the pH of the medium drops, resulting

in a dark colouration of the colonies. After overnight incubation at 37°C, light-coloured non-
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lysogenic colonies were selected and spread on a fresh green plate and incubated overnight
at 37°C, to confirm their non-lysogenic state. When subsequent green plate analysis
confirmed non-lysogenic state, colonies were spread onto a fresh LB agar (1.5% (w/v)) and

the gene knock-out was verified as described in chapter 2.5.2.7.

2.5.4 Preparation of overexpression strains

The E. coli BL21 DE3 strains carrying N-terminal myc-His-tagged overexpression plasmids
used in this study were prepared by Dr. Wells, a former PhD candidate from the Rowley lab
(Wells, 2015). Due to concerns of potential interference of the myc-His tags during zinc
assays, the tags were replaced with the Strep-tag™ Il (henceforth referred to as Strepli-tags)
derived from Streptomyces avidinii (Skerra and Schmidt, 2000). The tag-replacement
consisted of several steps. First, a linear Strepll-tagged plasmid was prepared from myc-His-
tagged ZraP overexpression constructs using whole plasmid PCR (2.5.4.1). To ensure only
Strepll-tagged plasmid remained prior to transformation into recipient strains, the template
myc-His-tagged plasmids were digested using the methylated-DNA targeting enzyme Dpnl.
The newly constructed plasmids were transformed into recipient strains by heat-shock
(2.5.4.5). To verify the whole-plasmid PCR, the plasmids were purified from their recipient
strains using Qiaquick PCR Purification Kits (Qiagen), and sequenced using pBAD sequencing

primers (table 2.4) (2.5.4.6).

2.5.4.1 PCR-mediated substitution of myc-His-tag with a Strepll-tag

To replace the myc-His-tag with a Strepli-tag, whole plasmid PCR was carried out using
purified plasmid DNA (2.5.2.2) as template. The polymerase used for the reaction was
Phusion™ high-fidelity DNA polymerase (NEB). The PCR reaction was set-up as described in
table 2.5, and subjugated to the whole plasmid PCR program described in table 2.6, using a
Techne Prime Elite Satellite Thermal Cycler (Cole-Parmer®). The whole-plasmid PCR products

were verified using agarose gel electrophoresis (2.4.1).

2.5.4.2 Removal of methylated template DNA

After verification of the whole plasmid PCR products, the Strepll-tagged PRC products were
separated from the myc-His tagged template DNA using digestion by Dpnl (NEB). This
restriction enzyme targets methylated DNA. The methylation of DNA is an epigenetic
modification which is involved in the regulation of gene expression, and in bacteria DNA
methylation also serves as a method to target and destroy bacteriophage DNA. Unlike the
plasmid DNA template, the PCR product had not been introduced to bacterial cells yet,

meaning Dpnl would only target template DNA. The set-up of the reaction for the Dpnl
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mediated digestion of template DNA is summarised in table 2.7. The digestion was carried
out by incubation in a water bath at 37°C for 2 hours. After the digestion was completed, the
whole-plasmid PCR products were purified using a QlAquick™ PCR purification kit (QIAGEN)
as described in chapter 2.5.2.4, and quantified and analysed for quality using a NanoDrop
2000c UV-Vis spectrophotometer (Thermo Scientific; software NanoDrop 2000, Thermo

Scientific).

2.5.4.3 Ligation of linear plasmid

Phosphorylation using T4 DNA Ligase (NEB) was used to create circular plasmids from the
linear whole-plasmid PCR products. Prior to the ligation, the 5’ end of the linear whole-
plasmid PCR products was phosphorylated using T4 Polynucleotide Kinase (NEB). The
phosphorylation reactions were set-up as described in table 2.7. The reaction was incubated
in a water bath at 37°C for 5 minutes. The ligation reaction was carried out sequentially, by
adding 1uL T4 DNA ligase (NEB) directly to the incubated sample. The ligation was carried
out overnight at 16°C. Following the ligation, a QlAprep™ Spin Miniprep Kit (QIAGEN) was
used to purify the ligated, circular plasmid DNA. During the purification of the plasmid from
the ligase reaction, the first four steps of the miniprep kit, involving the isolation of the cell
lysate, were skipped, and the ligase reaction was directly loaded onto the QlAprep spin
columns. From this point onwards the protocol was followed as per manufacturer’s
instructions. Elution was carried out using 50uL sterile dH20, preheated to 60°C to increase
yield. Purified product was quantified and analysed for quality using a NanoDrop 2000c UV-
Vis spectrophotometer (Thermo Scientific; software NanoDrop 2000, Thermo Scientific), and

stored at -20°C until further use.

65



Table 2.7 Isolation, phosphorylation and ligation of linear plasmids.

Reagent Volume (pL)
Dpn | mediated digestion of template DNA

PCR product 10
Dpnl enzyme (NEB) 1
10X Dpnl reaction buffer 5
dH20 34

Phosphorylation and ligation of plasmids

T4 polynucleotide kinase (NEB) 1
DNA lygase reaction buffer 2
Pure PCR product (150ng/uL) 12.5
dH20 4.5
*T4 DNA ligase (NEB) 1

*T4 DNA ligase added after initial 5 minute incubation at 37°C

2.5.4.4 Preparation of chemically competent cells

Chemically competent cells were freshly produced on the day they were required. Prior to
their production, overnight cultures (2.3.2) were prepared of recipient STM SL1344 and E.
coli BL21 DE3. Inoculation of 50mL Lennox broth (appendix A) was carried out using 1% (v/v)
overnight culture. Cultures were incubated at 37°C, 200 rpm until an ODggo of 0.5-0.6 was
reached. Cultures were cooled on ice and cells were harvested by centrifugation at 3450 x g
(4000 rpm), 4°C. After removal of the supernatant, the pellet was resuspended in 10mL pre-
cooled 0.1 M CaCly, and rested on ice for 15 minutes, prior to a second cell harvest by
centrifugation at 3450 x g (4000 rpm), 4°C. The harvested cells were resuspended in 1mL
pre-cooled 0.1 M CaCl,, and aliquoted into 100pL volumes. The aliquots were stored on ice

until further use.

2.5.4.5 Transformation by heat shock

Heat shock transformation was carried out using freshly prepared chemically competent cells
(2.4.5.4). After addition of 50ng of pure plasmid DNA (2.5.2.2) to each aliquot, cells were
incubated on ice for 10 minutes. Using a water bath at 42°C, cells were shocked for 45
seconds and put back on ice to recover for two minutes. Following recovery, 1ImL LB broth
was added to each aliquot and the cells were incubated at 37°C, 200rpm for one hour, before
being spread onto LB agar plates (1.5% (w/v)) containing 100ug/ml ampicillin. The plates
were incubated overnight at 37°C before colonies were selected for verification of

transformation.
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2.5.4.6 Verification of transformation

To confirm successful transformation, overnight cultures were prepared from selected
colonies (chapter 2.3.2) in LB broth supplemented with 100ug/mL ampicillin. The overnight
cultures were used for plasmid extraction using QlAprep™ Spin Miniprep Kits (QIAGEN) as
described in chapter 2.5.2.2. The quality and quantity of the purified plasmids was analysed
using a NanoDrop 2000c UV-Vis spectrophotometer (Thermo Scientific; software NanoDrop
2000, Thermo Scientific). Aliquots of the purified plasmid were taken and sequenced by

Eurofins MWG Operon Value Read, using the external pBAD sequencing primers listed in 2.4.

2.6 Susceptibility assays

To investigate the role of various periplasmic chaperones, several assays were conducted to
assess the susceptibility of chaperone mutant strains to a range of environmental stresses,
including antimicrobial stresses and temperature stress. These susceptibility assays were
carried out comparing the phenotype of knock-out strains to a wild-type control. To ascertain
the involvement of gene products in the protection against a range of antimicrobial agents,
growth curves, carbon-starvation induced cross-resistance assays, spot plate assays and disc

diffusion assays were conducted.

2.6.1 Growth curves carried out in aerobic batch culture

Growth curves were carried out to estimate minimal inhibitory concentrations for the
antimicrobial agents used in this study. Overnight cultures of STM SL1344 WT were prepared
and normalised to an ODggo of approximately 1.000 (2.3.2). The normalised overnight
cultures were used to inoculate 50mL of fresh LB broth (1% (v/v)) supplemented with
antimicrobial agents of interest. Prior to incubation at 37°C, 200 rpm, 1mL samples were
taken to establish the ODgsgo at time point t(). Optical density measurements were taken
hourly for a minimum of 8 hours using a SpectraMax™ M5 spectrophotometer (Molecular
Devices), and final t(1440) readings were taken 24 hours post incubation. Due to reduced
spectrophotometer sensitivity at values above 1.0, samples exceeding this limit were
subjected to a */1o dilution for the measurements of optical density, and the obtained results
were corrected by multiplication by 10. The growth curves testing susceptibility to
antimicrobial stresses have been carried out in singular samples, as these curves were only
used to estimate concentrations to be tested in further assays. Growth curves testing
susceptibility to metal stress have been carried out with a minimum of three triplicates, to

allow for statistical analysis.
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2.6.2 Carbon-starvation induced cross-resistance assays

The method described by Kenyon et al., (2002) was used to analyse the involvement of
periplasmic chaperones in the carbon-starvation induced cross-resistance (CSIXR) against
heat and polymyxin B (PMB) exposure. Prior to mutant testing, trial assays were carried out

to ascertain optimal testing conditions including exposure time and concentration.

2.6.2.1 Generation of carbon-starved cells and exponential control cells for CSIXR assays

To conduct the CSIXR assays, 24 hour carbon starved cells were required to be tested, using
exponential phase cells as control. For the production of 24-hour starved cells, overnight
cultures were produced of STM SL1344 WT and mutant strains of interest, and normalised
to an ODego of 1.0 (2.3.2). The normalised cultures were used to inoculate (1% (v/v)) 10mL of
low carbon MOPS media (LoC MOPS) (appendix A). Inoculated cultures were incubated at
37°C, 200rpm for 29 hours to generate carbon starved cells; five hours to allow for depletion
of the available carbon in the LoC MOPS media, and a further 24 hours to generate the
starved cells. Particular note was taken of the incubation time. Exponential-phase control
cells were incubated 24 hours after the incubation of their LoC MOPS counterpart cultures.
The exponential growth control samples were prepared by inoculating 10mL of high carbon
MOPS media (HiC MOPS) (appendix A) with normalised STM SL1344 WT or mutant strain
overnight culture (1% (v/v)). The HiC MOPS exponential-phase control samples were

incubated at 37°C, 200 rpm for 5 hours.

2.6.2.2 CSIXR trial assays

The CSIXR trial assays carried out in regards to heat stress tested carbon-stressed STM
SL1344 WT resistance against 55°C during exposure times ranging from 4 minutes to 16
minutes. The CSIXR trial assays carried out in regards to PMB exposure tested carbon-
stressed STM SL1344 WT resistance against one hour exposure to PMB concentrations
ranging between 1pg/mL - 100ug/mL. To conduct the trial assays, CSIXR samples were
prepared as described in chapter 2.6.3.1. Prior to exposure, samples were normalised to
ODgoo = 0.35 using M9 minimal salts buffer (appendix B) and 100uL of each samples was
streaked onto LB agar plates (1.5% (w/v)) to allow determination of colony forming units
(CFU mL?) . The determination of CFU mLwas carried out by multiplying the counted colony

numbers with the appropriate dilution rate.

To test for heat resistance, the normalised samples were incubated in preheated tubes, in a
water bath at 55°C. The first 100uL sample was taken after 4 minutes exposure and streaked

onto LB agar plates (1.5% (w/v)), the next samples were taken every 4 minutes thereafter
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and streaked onto separate LB agar plates (1.5% (w/v)). Plates were incubated at 37°C for a

minimum of 12 hours before determination of CFU mL™.

To test for polymyxin B resistance, the normalised samples were incubated in separate tubes
and supplemented with various concentrations of PMB. The PMB exposed cultures were
incubated at 37°C, 200rpm for one hour prior to sampling. Post incubation, samples of 100uL
were spread onto separate LB agar plates (1.5% (w/v)) and incubated at 37°C for a minimum

of 12 hours before determination of CFU mL™.

2.6.2.3 CSIXR assays

The CSIXR assays carried out in this study tested carbon-starved stress resistance of
investigative strains and compared them to the phenotype of the control strain STM SL1344
WT. Carbon-starved and exponential cells were prepared (2.6.3.1), normalised (2.6.3.2) and
exposed to 55°C for 16 minutes, or to 100ug/mL PMB for one hour at 37°C. After stress
exposure, the samples were serial diluted to 10 in M9 minimal salts buffer (appendix B).
The serial dilutions were spread onto LB agar plates (1.5 w/v) in triplicate, and incubated at
37°Cfor a minimum of 12 hours before determination of final CFU mL™ (2.6.3.2). Experiments
were repeated a minimum of three times to allow for statistical analysis of the samples. To
normalise data collected across a lengthy period of time, survival has been calculated and

expressed as percentage survival compared to the WT strain.

2.6.3 Sensitivity spot plate assays

Sensitivity spot plate assays were carried out to determine the sensitivity of Salmonella
deletion mutants to heat and antimicrobial stress. The assays were conducted using
overnight cultures (2.3.2) of the investigative strains and the comparative control strain STM
SL1344 WT. LB agar plates (1.5% w/v) prepared were supplemented with compounds of
interest (indole 2mM, nalidixic acid 1pg/ml, phosphomycin 50ng/ml, spermidine 6mM,
polymyxin B 100ng/ml, vancomycin 65ug/ml). Plain LB agar plates (1.5% w/v) were used for
the preparation of control plates. For the heat-sensitivity tests, extra thick LB agar plates
(1.5% w/v) were poured to prevent dehydration of the growth media. Overnight cultures
were normalised to ODgoo = 1.000 (2.3.2) prior to 10-fold serial dilution seriesin 1 x PBS to a
final dilution of 10”7. The compound containing LB agar plates and the plain control LB agar
plates were consecutively spotted with 10 uL of the appropriate dilutions (typically 102 — 10
7) and dried at room temperature in a laminar flow cabinet. The antimicrobial plates and the
control plates were incubated at 37°C for a minimum of 12 hours until single colonies could

easily be detected. The plates used to test for heat sensitivity were incubated at 42°C for a
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minimum of 18 hours, and at 46°C for a minimum of 36 hours. The CFU mL™? was calculated
by multiplying the counted colony numbers with the appropriate dilution rate. To allow for
comparison to the STM SL1344 WT control strain, as well as to allow comparison of data
collected over a prolonged time period, survival rates were calculated using the CFU mL. To
allow for statistical analysis, all spot plates were conducted in biological triplicate as a

minimum.

2.6.4 Antimicrobial disc diffusion assays

Disc diffusion assays were carried out to analyse the sensitivity of Salmonella deletion
mutants to a range of antimicrobial agents. The assays were conducted using individual top
agar plates for investigative strains and for the comparative control strain STM SL1344 WT.
Normalised overnight cultures (2.3.2) were used to inoculate 10mL fresh LB broth (10% v/v)
and the newly inoculated cultures were incubated at 37°C for one hour, 200 rpm. Fresh, thin
1.5% (w/v) LB agar plates were prepared and set at room temperature, meanwhile fresh top
agar was prepared by adding agarose (0.75% w/v) to LB broth. The solution was boiled for 5
minutes to allow the agarose to dissolve. Once cooled to 60°C, the top agar was aliquoted
into pre-heated sterile 5mL Bijou tubes in 4mL volumes. The top agar was maintained in
liquid form in a water bath at 45°C. Once the one hour incubation period was over, 100uL of
the 10% subculture of interest was aliquotted to the molten top agar, and poured
immediately over the pre-set, thin LB agar plates. The newly-poured top agar plates were

left to set at room temperature for 30 minutes.

To disperse the antimicrobial agents of interest in an equal, concentration dependent
manner, Sterile Whatman® antibiotic assay discs (6mm) were used. Once the top-agar had
solidified, discs were placed aseptically on the top agar plates and impregnated with 10uL of
the compound of interest (see chapter 3.4.4 for the concentrations used). Plates were
incubated at 37°C overnight, for a minimum of 12 hours, before diameter of inhibition (mm)
was recorded. The zone of inhibition (A in mm?) was calculated using the following
calculation: A = r? (r being the radius of the zone of inhibition). To allow for statistical

analysis, all assays were carried out in biological and technical triplicate as a minimum.

2.6.5 Statistical analysis of sensitivity assays

The statistical analysis of the sensitivity spot plate assays, the disk diffusion assays, and the
CSIXR assays was carried out using R Statistical Software and Excel (R Core Team, 2013). One-
way ANOVA tests were carried out to test if the means of the WT and deletion mutants were

equal under studied circumstances. If the ANOVA test indicated significantly unequal means
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(P £0.05), F-tests were performed on each sample to determine whether their variance was
equal or unequal. Subsequently two-sample t-tests were carried out between the wild type
and each mutant strain, assuming equal or unequal variance depending on results acquired
by the F-tests. In figures statistically significant difference between samples at P < 0.05 and

P <0.01 is indicated using * and ** respectively.

2.7 Protein overexpression and purification

All purified proteins were either tagged with a myc-His C-terminal epitope or a Strepll C-
terminal epitope. The purified proteins were expressed from pBAD overexpression vectors
under the control of L-arabinose inducible promotors. Overexpression trials were carried out
for all described myc-His-tagged and Strepll-tagged plasmid constructs overexpressed in E.
coli and Salmonella backgrounds, testing arabinose concentrations ranging from 0.2% to
0.00002% (v/v), and over-expression inducing times of 4 hours and 5 hours. Proteins with a
myc-His tag were isolated using a 1ml capacity HisTrap™ HP column (GE Healthcare Life
Sciences) on an AKTAprime plus FPLC (GE Healthcare Life Sciences) at room temperature.
Proteins with a Strepll-tag were isolated using 5ml capacity StrepTrap™ HP column (GE

Healthcare Life Sciences) on an AKTAFPLC (GE Healthcare Life Sciences) at 4°C.

2.7.1 Protein overexpression trials

Prior to large scale purification, ZraP overexpression was tested in small-scale expression
assays both to confirm successful overexpression and to ascertain optimal overexpression
conditions regarding time, temperature and L-arabinose concentration. Ampicillin
(100ug/ml) containing overnight cultures of zraP-overexpressing E. coli and Salmonella were
used to inoculate 10mL ampicillin (100ug/ml) supplemented LB broth (1% (v/v)). Cultures
were incubated at either 30°C or 37°C, 200rpm for three hours prior to induction of
overexpression. To induce overexpression, L-arabinose was added to the cultures to create
final concentrations of 0.2%, 0.02%, 002%, 0.0002% and 0.00002%. A negative control was
prepared by not adding any L-arabinose during the induction stage. The cultures were
subsequently incubated for a further four or five hours. Cells were harvested by
centrifugation at 17000 x g (13500 rpm) for 2 minutes and the pellets were snap frozen and

stored at -20°C to promote cell lysis.

To confirm protein overexpression, the protein profile of the cell pellets was analysed using
SDS-PAGE (2.4.2.1). The pellets were defrosted on ice and resuspended in 90ul SDS loading
buffer (appendix B) containing B-mercapthoethanol (5% (v/v)). The samples were boiled at

100°C for 10 minutes and the cell debris was separated from the supernatant by
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centrifugation at 17000 x g (13500 rpm) for 2 minutes. For analysis of the soluble protein
profile, samples were loaded onto SDS-PAGE gels (15% acrylamide (v/v)), using PageRuler™
Prestained Protein Ladder (Thermo Scientific) as marker. Using Mini-PROTEAN® Tetra Cell
systems (BIO-RAD), samples were electrophoresed in 1x TGS running buffer (appendix B) at
200 V until the PageRuler™ marker dye had run of the gel (approximately one hour). Gels
were washed trice in dH,0 (approximately 10 minutes per wash) and subsequently stained
using InstantBlue™ Ultrafast Protein Stain (Sigma) overnight at room temperature with
gentle agitation. Protein gels were washed in dH,0 prior to imaging using a Molecular

Imager® Gel Doc™ System (BIO-RAD) at white light settings.

2.7.2 PAGE analysis

PAGE analysis was carried out either to analyse the presence or quality of all proteins loaded
onto the gel, or to confirm the presence of a myc-His or Strepll tag. The former analysis was
carried out by a staining technique using protein-binding Coomassie Brilliant Blue dye. The

latter analysis was carried out by Western blotting.

2.7.2.1 PAGE straining using Coomassie Brilliant Blue

Following electrophoresis the gels were washed trice in dH,0 (approx. 10 minutes) prior to
staining using InstantBlue™ Ultrafast Protein Stain (Sigma) overnight at room temperature
with gentle agitation. After staining the gels were washed in dH,0 until excess dye had
cleared away and contrast had been improved. Gels were imaged using white light on a

Molecular Imager® Gel Doc™ system (BIO-RAD).

2.7.2.2 Analysis of tagged protein using Western blotting

Prior to Western blotting, protein samples of interest were electrophoresed on an SDS-PAGE
gel (2.4.2.1). These gels were used for membrane transfer using a Trans-Blot® SD Semi-Dry
Transfer Cell (BIO-RAD). Prior to Western blotting, six layers of blotting paper equal in size to
the PAGE membrane were soaked in 1 x transfer buffer (appendix B), nitrocellulose
membrane equal in size to the PAGE membrane was soaked in 100% methanol for one
minute followed by a transfer buffer wash of 5 minutes. Once soaked in buffer, three layers
of blotting paper were stacked on the anode plate of the transfer cell. The nitrocellulose
membrane was placed on top of the blotting paper, followed by the PAGE gel and topped by
three more layers of blotting paper. After attachment of the transfer cell cathode lid, the
proteins were transferred from the PAGE gel to the nitrocellulose membrane at a current of
10 V for one hour. To confirm protein transfer, the nitrocellulose gel was washed in 1 x TBS

buffer and stained using Ponceau stain (appendix B). After confirmation of transfer, the
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membranes were destained in dH,O until clear. The nitrocellulose membrane was
subsequently soaked in blocking buffer overnight at 4°C with gentle agitation to prevent

unspecific binding of antibodies to the nitrocellulose membrane.

To visualise myc-His-tagged proteins Anti-His antibody conjugated to horseradish peroxidase
(HRP) (QIAGEN) was diluted 1:20,000 in blocking buffer. To visualise Strepll-tagged proteins
the monoclonal StrepeTag® Il antibody HRP conjugate (MERCK) was used. The membranes
were soaked in 25mL antibody-containing blocking buffer and incubated for one hour at
room temperature with gentle agitation. To remove excess, unbound antibodies the
membranes were thrice washed in 1 x TBST (appendix B) for 10 minutes with gentle agitation.
The proteins were visualised using a chemiluminescent staining protocol. Western blot
development Buffers A and B (appendix B) were prepared separately and stored in darkness
until used. The visualisation of the Western blots was carried out in a dark development
room. With the aid of red light only, the Western blot development Buffers A and B were
mixed, and ample amounts of the liquid mixture were poured over the nitrocellulose
membranes, so that the top of the membrane was covered in developing liquid. To record
the luminescence, photosensitive CL-XPosure™ Films (Thermo Scientific) were exposed to
the chemiluminescent membranes for various time intervals between 30 seconds and 10
minutes. The CL-XPosure™ Films were developed using a SRX-101A tabletop processing

Xograph (Konica Minolta).

2.7.3 Large scale overexpression and cell harvest

For large-scale protein harvest, overexpressing Salmonella and E. coli was grown in litre
volumes. Both myc-His tagged and Strepli-tagged ZraP overexpression plasmids have been
subjected to large scale overexpression, with varying degrees of success. To maximise
protein yield, large scale over-expression assays were conducted using optimal expression
conditions determined by overexpression trials (2.7.1). Litre bottles containing LB broth
supplemented with ampicillin (100ug/ml) were inoculated (1% (v/v)) using ampicillin
supplemented overnight cultures (2.3.2) and incubated at 37°C and 200 rpm for three hours
prior to induction of overexpression. ZraP overexpression in E. coli (WT and mutants, both
myc-His and Strepll tagged) was induced by addition of arabinose to a final concentration of
0.2% (v/v), and ZraP overexpression in STM SL1344 AzraP (WT and mutants, both myc-His
and Strepll tagged) was induced by the addition of arabinose to a final concentration of
0.02% (v/v). Cells were incubated for another 5 hours post induction. Prior to cell harvest,

1mL samples were collected and analysed on SDS-PAGE as described in 2.4.2.1 to confirm
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protein overexpression. For cell harvest, the remaining cultures were transferred to 95 x
191mm, 1 L volume polycarbonate centrifugation bottles (Beckman Coulter) and centrifuged
3450 x g (6000 rpm) using a JLA-8.1000 rotor (Beckman Coulter) in a Beckman Coulter
Avanti® J-20 high performance centrifuge. Cell pellets were transferred to 50ml Falcon™
conical centrifugation tubes, snap frozen and stored at -20°C for a minimum of 12 hours to

promote cell lysis.

2.7.4 Collection of cell lysate

To collect the cell lysate containing soluble overexpressed protein, cell pellets collected
during large scale cell harvest (2.7.3) were defrosted on ice and resuspended in 20ml 1 x PBS.
To aid cell lysis, 50mg lysozyme from chicken egg white (Sigma Aldrich) was added.
Furthermore, 40ug DNase | from bovine pancreas (Sigma Aldrich) was added to promote
DNA degradation, and one cOmplete mini EDTA-free® protease inhibitor cocktail tablet
(Roche) was added to prevent protein degradation. Cells were lysed by two passes through
an IEC French® Press Cell Disrupter (Thermo Scientific) with treatment at 1000 psi (6.9MPa).
To separate the soluble protein from the cell debris, the cell lysate was centrifuged using a
Ti45 rotor (Beckman) in an Optima XL100K ultracentrifuge (Beckman) at 205,000 x g (42,000

rpm) for 2 hours. The supernatant was carefully separated from the pellet and stored on ice.

2.7.5 Purification of tagged proteins from cell lysate
2.7.5.1 Purification of myc-His-tagged protein from cell lysate

The myc-His-tagged proteins were isolated from the supernatant using interactions with the
HisTrap™ HP Column (GE Healthcare Life Sciences) on an AKTAFPLC (GE Healthcare) at room
temperature. The soluble cell fraction (2.7.4) was applied to the HisTrap™ cartridge after pre-
equilibration with HEPES storage buffer (appendix B). The column was washed with HEPES
storage buffer prior to one-step protein elution using HEPES elution buffer containing

300mM imidazole. The purity and quality of the protein was analysed by SDS-PAGE (2.4.2.1).

2.7.5.2 Purification of Strepll-tagged protein from cell lysate

The Strepll-tagged proteins were isolated from the supernatant using interactions with the
StrepTrap™ HP column (GE Healthcare Life Sciences) on an AKTAFPLC (GE Healthcare) at 4°C.
Prior to use, the StrepTrap™ cartridge was recharged using 0.5 M NaOH at a flow rate of
2ml/min for 15 minutes. The column was subsequently equilibrated with Strepll storage
buffer (appendix B) at a flowrate of 2mL/min for 30 minutes before the loading of the soluble

fraction. Once the soluble fraction was loaded onto the column, a wash step was performed
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using Strepll storage buffer at a flow rate of 2mL/min until the fluorescence readings read
clear (approximately 1 hour). The protein was eluted by one-step elution using Strepll
storage buffer supplemented with 2.5mM desthiobiotin (Sigma). The purity and quality of
the protein was analysed by SDS-PAGE (2.4.2.1).

2.7.6 Combining, buffer exchange, and concentrating of eluted protein
fractions

Eluted protein fractions (2.7.5) of sufficient purity (2.4.2.1) were combined, concentrated
and exchanged into fresh buffer without eluting agent, using Amicon® Ultra-15 Centrifugal
Filter units (10.000 NWML). To combine the selected eluted fractions, samples were
centrifuged at 3450 x g (4000 rpm) at 5 minute intervals, resuspending the pellet prior to
adding more liquid between each spin, until all selected fractions had been reduced to a 4mL
final sample. To exchange eluting buffer for fresh buffer, this process was repeated adding
fresh buffer between each spin, until the sample was washed with a minimum of 25mL of
the final storage buffer. To concentrate the sample, the buffer exchanged, combined protein
sample was centrifuged down until a final volume of 500-1000uL remained with a protein
concentration ranging between 15mg/ml - 20mg/ml. The quality of the final protein sample
was analysed by SDS-PAGE analysis, and the quantity was determined quickly analysed by
nanodrop (2.7.7.1) and verified by Bradford assay (2.7.7.2). Considering ZraP is a stable
protein, samples used soon after purification were stored at 4°C to prevent freeze-thawing
induced protein damage. Protein samples stored over a longer period of time were snap-

frozen and stored at -80°C.

2.7.7 Determination of protein concentration

Protein concentrations were analysed using two methods. Firstly, proteins were subjected
to analysis by nanodrop to obtain a quick, but inaccurate protein concentration. Once the
protein was deemed sufficiently concentrated, the exact protein concentration was

determined using the Bradford assay.

2.7.7.1 Estimation of protein concentration by nanodrop

To obtain a rough estimation of protein concentration, protein samples were analysed using
a NanoDrop 2000c UV-Vis spectrophotometer (Thermo Scientific) according to
manufacturer’s instructions. The machine was blanked using the fresh storage buffer
matching the buffer of the sample to be analysed. The absorbance of 1uL of protein solution

was measured at A = 280nm, and the estimated protein solution was recorded.
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2.7.7.2 Determination of protein concentration using the Bradford assay

The Bradford assay was used to obtain an accurate estimation of protein concentrations. This
colourimetric assay uses the colour shift of Coomassie Brilliant Blue G-250 from a brown
liquid to a blue liquid upon protein binding to accurately measure protein concentration.
Samples for the Bradford assay were set up as described in table 2.8. Absorbance was
measured at A = 595nm. A standard curve was created by measuring the Asqes of bovine serum
albumin (BSA) standards and plotting this against their concentration, and the function of

the plot was determined with a line-of-best-fit (equation 2.1).
Equation2.1 y=ax+b

Equation 2.1 demonstrates the function of the Bradford plot, in which y represents the Asgs
reading, x represents the protein concentration, a determines the slope of the plot, and b

describes the intercept with the y-axis.

The protein concentration of the purified samples was deduced from their absorbance
readings using the function of the plot. To prevent equipment derived inaccuracies, samples
with absorbance readings exceeding 1.0 were diluted and reanalysed. The final protein

concentration of diluted samples was corrected by multiplication with the dilution factor.

Table 2.8 Composition of Bradford assay reaction. Standard curve produced from
BSA samples with known concentration, used for the testing of unknown samples.

Sample Protein sample (pug/uL) dH.0 Bradford reagent (mL)
BSA standards
Blank 0 0.800 0.2
1 1 0.799 0.2
2 2 0.798 0.2
3 5 0.795 0.2
4 10 0.790 0.2
5 15 0.785 0.2
6 20 0.780 0.2
Unknown samples
*n 2 0.798 0.2

*As many samples tested as required. Samples with high concentrations were diluted prior
to the Bradford assay for better accuracy.
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2.8 Functional analysis of purified protein

Functional protein analysis studying chaperone function consisted of malate dehydrogenase
assays and DNA gyrase assays. Pull-down assays were carried out to identify biologically

relevant substrates.

2.8.1 MDH assays

Malate dehydrogenase activity assays were carried out to assess the chaperone activity of
ZraP. Whereas previous studies have demonstrated the ability of ZraP to prevent protein
aggregation in response to heat stress, this study aims to analyse if ZraP is also capable of
protecting and/or restoring protein function (Appia-Ayme et al., 2012; Petit-Hartlein et al.,
2015; Wells, 2015). Malate dehydrogenase (MDH) is an enzyme that utilises NADH*/NAD to
reversibly catalyse the conversion between malate and oxaloacetate. Prior to experiments
comparing the activity of the ZraP mutants to the ZraP-WT activity, trial assays were carried
out for buffer determination, determination of zinc concentration and incubation time
(2.8.1.1). During the experiments conducted in this study, MDH activity was measured by
recording the shift in absorbance, resulting from the MDH induced oxidation of NADH* to
NAD. Chaperone activity was assessed by exposing MDH to the denaturing agent guanidine
hydrochloride (GnHCI) in the presence and absence of ZraP, prior to measuring MDH activity.
All MDH assays were conducted using a Hitachi U-3310 UV-visible spectrophotometer at A =
340nm (Ass0) (2.8.1.2). Due to the sensitive nature of the assay, graphs comparing data
collected at different dates are presented as percentage activity compared to an MDH

control, as opposed to relative MDH activity.

2.8.1.1 Optimisation of malate dehydrogenase assays

Malate dehydrogenase assays were conducted by incubating MDH (70uM) for 40 minutes at
room temperature in specified conditions, prior to assessing its activity. In this study, the
incubation conditions differed in buffer used, presence or absence of ZraP WT and mutant
proteins at a concentration of 70uM, zinc chloride concentrations, and the absence or
presence of the denaturing agent guanidine hydrochloride (GnHCI) at various concentrations
see table 2.9. During Standard MDH trials Ass0 measurements were taken every 0.5 seconds
over a period of 3 minutes (to — tis0). The timed measurement was started once the machine
was blanked, using a cuvette (brand and size) filled with 2mL buffer. At t1o, 4ul of the cofactor
NADH* (0.1M) was added to the cuvette, resulting in increased absorbance. At t;s, 40uL of
the incubated protein sample was added to the cuvette. At tij, 10uL of the substrate

oxaloacetate (200mM) was added, resulting in an immediate reaction and drop in
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absorbance. The relative MDH activity was determined by measuring the slope of the first 5
seconds following substrate addition. All samples were repeated as technical and biological

replicates.

MDH assays were optimised for the buffer used for incubation and assay conduction. The
buffers tested included 50mM HEPES buffer pH 7.5, PBS, and Strepll storage buffer with and
without EDTA (also referred to as Tris buffer) (appendix B). Further MDH optimisation
included the testing ZnCl; concentrations ranging from 2mM to 100uM, as well as varied
EDTA exposure times (ranging between 10 seconds and 3 minutes). Finally, the GnHCI
concentrations were tested ranging from 0.2 M to 1.6 M).

Table 2.9 Schematic overview of the preparation of MDH assay protein samples.
MDH (70uM) ZraP (70uM)  °Zinc chloride GnHCI (6 M) ®buffer

Sample

(L) () (L) (L) (L)
MDH only 13 - - - 3130
MDH + GnCHI 13 - - *n x 2.167 2130
MDH + ZraP 13 1.3 - - 3130
MDH + ZraP + GnHCI 13 13 - *n x 2.167 2130
MDH + Zinc 13 - 13 - 3130
MDH + zinc + GnHCI 1.3 - 13 *n x 2.167 2130
MDH +Zinc + ZraP 13 1.3 13 - 3130
MDH + Zinc + ZraP + GnHCI 1.3 13 13 *n x 2.167 2130

°Stock concentration of zinc chloride differered depending on the assay conducted. *Guanidine hydrochloride was
testeda ta range of concentrations. Added in volumes equated to 2.167uL per 0.1 M in final solution. ®MDH activity
has been tested in various buffers.

2.8.1.2 Testing chaperone activity using malate dehydrogenase assays

To test ZraP-WT and ZraP-mutant chaperone activity standard MDH assays were conducted
as described in chapter 2.8.1.1. To avoid potential interference of the myc-His-tag with zinc
trials, all ZraP protein samples used in this assay were Strepll-tagged. As determined by the
optimisation trials, the chaperone activity assessing MDH assays were carried out in Tris
buffer. ZraP was added to the incubation sample at a 1:1 ratio to MDH (70uM). Samples
containing zinc were supplemented with 100uM ZnCl,, as opposed to higher concentrations,
to minimise zinc-induced inhibition of MDH. Samples testing for MDH activity following
denaturation were supplemented with GnHCI concentrations ranging between 0.2 M and 0.6

M. The incubation conditions are summarised in table 2.9.

2.8.2 DNA gyrase supercoiling assays

Periplasmic proteins have been suggested as a potential tool to be used in the protection of
vulnerable enzymes used in the biotechnological and biomedical industry. The use of ATP-

independent chaperones could potentially increase shelf-life, or remove the need to store
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enzymes at sub-zero temperatures, thereby reducing freeze-thaw induced damage to
enzymes. In collaboration with Inspiralis Ltd., the ability of ZraP to protect the activity of
commercially available enzymes during non-optimal storage conditions was investigated.
Using protein supplied by Inspiralis Ltd., DNA gyrase activities were conducted comparing
the activity of DNA gyrase stored at -80°C versus DNA gyrase stored at -20°C in the presence
and absence of zinc and ZraP-WT, and the DNA gyrase activity was visualised using DNA gel

electrophoresis (2.4.1).

DNA gyrase is a type |l topoisomerase that catalyses the ATP-dependent negative
supercoiling for double stranded, closed-circular DNA. Purified DNA gyrase is relatively
unstable and quickly loses activity when stored under suboptimal conditions. The
chaperoning activity of Strepll-tagged ZraP-WT was analysed by storing DNA gyrase together
with ZraP at various temperatures, by comparing DNA gyrase super-coiling activity of
samples stored in different conditions. Samples containing DNA gyrase and ZraP (ratio of
1:1), both in the presence and in the absence of excess zinc chloride (100uM) were stored
overnight -80°C and -20°C. Assays were carried out using DNA gyrase assay buffer (appendix
B) (Inspiralis) and DNA gyrase dilution buffer (appendix B) (Inspiralis). The substrate used was
the plasmid pBR322 (1pg/ulL). Samples were set-up as described in table 2.10. Firstly the
sample mix was prepared, containing assay buffer, relaxed pBR322 and water. The mix was
aliquoted into separate tubes, and subsequently the solvent and test compound were added
to the aliquots. Once dilution buffer had been added to the control tubes, the incubated
sample was added to the remaining dilution buffer, the mixture was then serial diluted and
added to the remaining tubes as indicated in table 2.10. The samples were mixed and
incubated in a water bath at 37°C for 30 minutes. Following incubation the reaction was
terminated by the addition of 30uL STEB (appendix B) and 30uL chloroform/isoamyl alcohol
(24:1 (v/v)). To analyse the super-coiling of pBR322, the sample was centrifuged at 17000 x
g (13500 rpm) for one minute, before 20uL of the aqueous phase was loaded onto an
ethidium-bromide free agarose gel (1% (w/v)) made using TAE buffer (appendix B). The
samples were electrophoresed at 85 V for 2 hours and stained in a 1pg/mL ethidium bromide
solution (dH,0). After destaining in dH,0 the gel was visualised by UV-light, using a Molecular
Imager® Gel Doc™ System (BIO-RAD).
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Table 2.10 Preparation of DNA gyrase supercoiling assays.

serial diluted Final enzyme

Sample | MIX (pL) enzyme (pL)

l dilution
1 i 27 0 0
2 27 3 1/600
3 27 3 1/300
4 27 3 { 1/200
5 27 3 * 1/150
6 27 3 1/120
7 27 3 1/100
8 27 3 1/60
9 27 3 1/30
10 27 3 1/20
11 27 3 1/15
12 27 3 1/12
13 27 3 1/10
14 27 3 g 1/6

2.8.3 Pull-down assays

To identify potential natural substrates of ZraP, a ProFound™ Pull-Down PolyHis
Protein:Protein Interaction kit (Thermo Scientific) was used for pull-down assays carried out
on myc-His tagged ZraP-WT as per manufacturer’s instruction. The bait protein used was
pure myc-His-tagged ZraP-WT, and whole-cell lysate of stressed Salmonella was used to
isolate potential prey protein. Following reports of upregulated ZraPSR activity in response
to heat and sodium tungstate (Appia-Ayme et al., 2011; Wells, 2015), stressed Salmonella
whole-cell lysate was obtained either by subjecting STM SL1344 WT to 55°C for 15 minutes,
or by subjecting STM SL1344 AbaeR to 20mM Sodium tungstate for 1 hour (37°C, 200 rpm).
During the assay, purified bait ZraP was bound to the column resin and then exposed to the
lysate of stressed cells in order to bait ZraP- target proteins. After several washes, ZraP and
any bound target protein is eluted using imidazole. Eluted fractions were analysed using SDS-

PAGE (2.4.2.1).
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2.9 Protein structural analysis

To increase current knowledge of the structure of ZraP, X-ray crystallography and small angle
X-ray scattering (SAXS) assays were conducted. To investigate potential influences of zinc on
the tertiary and quaternary structure of ZraP, analysis was carried out using analytical
ultracentrifugation (AUC), inductively coupled plasma mass spectrometry (ICP-MS), and

native PAGE.

2.9.1 Analysis of oligomeric state using analytical ultracentrifugation

To investigate potential differences in oligomeric state between ZraP-WT and ZraP-mutants,
sedimentation velocity experiments by analytical ultracentrifugation were conducted. myc-
His-tagged ZraP-WT and ZraP-mutants (70uM) were prepared in Strepll storage buffer and
EDTA-free Strepll buffer with additional zinc chloride (70uM), and centrifuged at 8050 x g
(10000 rpm), at 20°C using an An50-Ti rotor. Absorbance was monitored at A = 280nm. Scans
were recorded every 5 hours until an equilibrium was achieved. Once the equilibrium was
reached, five final scans were recorded of each sample, and using Ultrascan Il software
(Demelar 2005), a single species model was used to fit the sample scans. To calculate the
weight average molecular mass of the samples, the partial specific volume (v) of ZraP had to
be estimated. Using the software SEDNTERP (version 1.05), the value (v) was estimated at

0.712mL/g based on the amino acid sequence of ZraP.

. — _din(c) 2RT
Equation 2.2 My app = — 5~ 22(-7p)

Equation 2 describes the calculation used to determine the apparent weight average
molecular mass, where M represents weight average, c is the protein concentration, r
describes the radius, w represents the angular velocity (in radians/sec), v is the partial
specific volume and p describes solvent density. To determine the standard deviation,

individual scans were fitted separately.

2.9.2 Analysis of bound metal by inductively coupled plasma mass
spectrometry

Following reports of ZraP interacting with zinc (Appia-Ayme et al., 2012) and binding copper
(Petit-Hartlein et al., 2015), inductively coupled plasma mass spectrometry (ICP-MS) was
carried out to investigate the metals bound to ZraP following protein purification. To ensure
only tightly bound metals were analysed, protein samples were purified in the presence of
1mM EDTA, a chelating agent. Furthermore, to prevent metal contamination from glass ware

and dH,0, all reagents were prepared using Sigma water, and all glassware used in the
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preparation of the samples was acid washed with 50% nitric acid and rinsed with Sigma water

prior to use.

Samples prepared for analysis include myc-His-tagged ZraP-WT and ZraP-SDM, purified from
both STM SL1344 AzraP and E. coli BL21 DE3, and were submitted at a concentration of
600uM in Strepll storage buffer (appendix B). Samples to be analysed by ICP-MS were
submitted to the analytical chemistry department of the University of East Anglia, where
they were tested By Graham Chilvers for the presence of cadmium (A = 228.802nm),
magnesium (A = 285.213nm), zinc (A = 213.857nm), cobalt (A = 228.615nm), copper (A =
327.395nm), iron (A = 259.940nm), and manganese (A = 259.372nm). Due to malfunctioning
of the equipment, these experiments have only been carried out twice (from separately

prepared samples), and insufficient data has been collected for statistical analysis.

2.9.3 X-ray crystallography

To investigate the crystal structure of ZraP-WT and ZraP-SDM, Strepl/-tagged ZraP-WT and
ZraP-SDM was used at concentrations between 15mg/mL—30mg/mL (approximately 0.9mM
—1.8mM) (Chapter 2.7). Crystallisation conditions were identified by sparse matrix screening
conducting sitting drop assays using the screening matrices described in chapter 2.9.3.1.
Following successful crystal screens, an optimisation tray was prepared for the harvest of
high quality protein crystals (appendix C) (2.9.3.2). Proteins harvested for X-ray
crystallography analysis were coated in optimised mother liquor containing either glycerol
or ethylene glycol for cryoprotection and snap-frozen using liquid nitrogen (2.9.3.3). X-ray
diffraction data were collected at the Diamond Light Source beamline 124 MX and beamline
104 using a gaseous nitrogen streamline to preserve the crystals (2.9.3.4). The data reduction,

refinement and model-building was carried out by Dr. Marcus Edwards.

2.9.3.1 Protein crystallisation trials

Protein crystallisation trials were carried out using the sitting drop vapour diffusion method.
Pure protein samples were prepared to a final concentration between 15mg/mL and
20mg/mL. With the aid of an OryxNano robot (Douglas Instruments), sparse matrix screens
were set-up in 96-well 2-drop MRC crystallography plates (Molecular Dimensions), using two
drops per condition at 1:1 and 2:1 ratios of mother liquor to protein samples. Crystallization
trials were carried out using mother liquor from the readily supplied sparse matrix screening
kits Classics | (QIAGEN), Classics Il (QIAGEN), MB Class (QIAGEN), MB Class Il (QIAGEN), JCSG+
suite (QIAGEN), ProComplex Suite (QIAGEN), MemPlus™ (Molecular Dimensions), and PACT

premier™ HT-96 (Molecular Dimensions). Following dispersion of the protein solutions and
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the mother liquor, crystallisation trays were sealed using ClearVue sheets (Molecular
dimensions), and incubated at 4°C and 16°C for at least 1 month prior to crystal harvest.
Several successful crystallisation conditions were selected after analysis by microscope, and
used for the preparation of a mother liquor tray optimised for the production of ZraP protein

crystals (appendix C).

2.9.3.2 Optimisation of ZraP crystallisation

Following crystallisation trials, the conditions chosen to optimise the crystallization of zraP
included QIAGEN’s Classics Il suite condition 77 ( 0.2 M Lithium sulphate, 0.1 M Tris pH 8.5,
25% (w/v) PEG 3350), QIAGEN’s MB Class Il suite condition 89 (0.1 M Tris pH 8.5 - 1.5 M
potassium phosphate), Molecular Dimension’s PACT suite condition 6 (0.1 M SPG buffer pH
8 (appendix B), 25% (w/v) PEG 1500), and Molecular Dimension’s PACT suite condition 14
(0.1 M MIB buffer pH 4 (appendix B), 25% (w/v) Peg 1500). Optimising QIAGEN’s Classics I
suite condition 77 included changing the concentration lithium sulphate by increments of
0.1M, covering total concentrations of 0.1 M to 0.4 M, and by changing the percentage PEG
3350 used by increments of 2.5%, covering total concentrations of 20% - 32.5% PEG 3350.
Optimising QIAGEN’s MB Class Il suite condition 89 included changing the buffer pH by 0.5
increments, covering pH ranging from pH 7.5 to pH 9, and by changing the concentration
potassium phosphate used by increments of 0.25 M, covering total concentrations of 1 M to
2.25 M. Optimising Molecular Dimension’s PACT suite condition 6 included the change of pH
by 0.5 increments, screening SPG buffers ranging between pH 7.5 and pH 9, and by changing
the percentage PEG 1500 by increments of 2.5%, screening final concentrations ranging from
17.5% to 30% PEG 1500. Optimising Molecular Dimension’s PACT suite condition 14 included
the change of pH by 0.5 increments, screening MIB buffers ranging between pH 4.5 and pH
6, and by changing the percentage PEG 1500 by increments of 2.5%, screening final
concentrations ranging from 17.5% to 30% PEG 1500. The finalised tray as described in
appendix C is further referred to in this study as the Optimisation Tray. ZraP protein crystals
grown under optimised conditions were prepared in 96-well 2-drop plates using Oryx
robotics (Douglas Instruments), sealed using ClearVue sheets (Molecular Dimensions) and

incubated at 16°C for a minimum of one month prior to crystal harvest.

2.9.3.3 Harvesting and transport of protein crystals

The use of ClearVue sealing sheets allowed for the analysis of crystal growth without
disruption of the wells. Once protein crystals had grown to a suitable size for harvesting,

cryogenic solutions were prepared from the mother liquor. The cryoprotectants used in this
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study were glycerol and ethylene glycol. The cryogenic solutions were created by
incrementally decreasing the concentration of mother liquor by adding increasing levels of
cryoprotectant, until liquid nitrogen exposed solutions no longer showed signs of freezing.
Depending on the type and volume of PEG used in the mother liquor, the cryogenic solutions
used to store harvested crystals contained between 0% and 15% glycerol or ethylene glycol.
Using 0.1-0.2mm Mounted LithoLoops (Molecular Dimensions), ZraP crystals were harvested
at 16°C, doused in cryogenic solution, and vitrified using liquid nitrogen at 77 K. After harvest,
crystals were stored in liquid nitrogen-filled cryogenic Dewars shipped to the Diamond Light

Source UK.

2.9.3.4 X-ray crystallography data collection and processing

X-ray diffraction data of the harvested crystals were collected using the 104 macromolecular
crystallography beamline at the Diamond Light Source UK, which supplies X-rays at
wavelengths ranging between 0.69A and 2.066A (corresponding energy: 6.0KeV to 18KeV).
The wavelength used to collect native X-ray diffraction data during this study was set at 1.27A
(corresponding energy: 9.76KeV), as this is close to the theoretical absorption peak for
anomalous scattering by zinc. During the process of data-collection crystals were preserved
at 100 K using a nitrogen cryostream. A full diffraction data-set was collected for a Strepll-
tagged ZraP-WT crystal grown in mother liquor containing 0.1 M magnesium chloride, 0.1 M
sodium chloride, 10% PEG 1500 and 5% ethanol. This data-set consisted of 241 images, taken
at 100% transmission with an oscillation of w = 1.5° and an exposure time of 0.2 seconds to

a beam sized 32um by 20um.

The datasets obtained were processed using the CCP4 suite of software for macromolecular
X-ray crystallography (CCP4, 1994). MOSFILM was used for the integration and indexing of
the datasets (Battye et al., 2011), followed by data scaling and merging using AIMLESS (Evans
and Murshudov, 2013). Phasing of the data was performed by molecular replacement using
PHASER (McCoy et al., 2007). For the molecular replacement, ten ZraP monomers were
isolated form the 3LAY PDB (ZraP). Refinement was of the data was carried out using REFMAC
(Murshudov et al., 2011), and the model maps were finalised using COOT (Emsley and
Cowtan, 2004).

2.9.4 SAXS

Small angle X-ray scattering (SAXS) experiments were carried out to analyse the oligomeric
state of ZraP in solution, to analyse the effect of presence and absence of zinc on ZraP

structure, and improve our understanding of the ZraP protein structure by investigating the
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disordered terminal regions that remain unsolved following X-ray crystallography
experiments. Furthermore, SAXS analysis was carried out to investigate the role of increased

zinc concentrations on the oligomeric state WT zraP and the ZraP-SDM mutant.

Samples were analysed using the EMBL Arinax sample handling robot of the Diamond Light
Source bioSAXS beamline B21 (2.9.4.2). The sample handling robot was used to analyse the
structure and oligomeric state of Strep-tagged ZraP-WT and ZraP-SDM samples at various
concentrations (1, 5, and 10ug/mL) in the presence of either EDTA or at zinc chloride
concentrations ranging between 100ng/mL - 10pg/mL (2.9.4.3). Data analysis and model
building was carried out using the ATSAS 2.6.1 suite, the ATSAS online servers and PyMol
(2.9.4.4).

2.9.4.1 Analysis of polydispersity by gel-filtration analysis

For effective SAXS analysis, tested samples should be monodispersed in solution.
Furthermore, the gel filtration column was used to exchange proteins into the correct buffers
to be used during SAXS analysis. To rule out polydispersity, protein samples were subjected
to gel-filtration using a Superdex 75 10/300 GL column (GE Healthcare Life Sciences). The
column was pre-equilibrated using EDTA-free Strepll storage buffer (appendix B),
supplemented with additional zinc where required. The protein concentrate was applied at

a flow-rate of 0.5mL/min and fractions were analysed on SDS-PAGE gels.

2.9.4.2 Setting up SAXS manual robot samples

SAXS analysis was carried out using the B21 solution state SAXS beamline at Diamond Light
Source UK. SAXS data collection was carried out in batch mode. Prior to SAXS data collection,
protein samples, dissolved in EDTA-free Strepll buffer supplemented with 100nM, 500nM,
1uM, 10uM or 100uM ZnCl,, were prepared into monodisperse solutions with a protein
concentrations of 1mg/mL, 5mg/mL, and 10mg/mL. Aliquots of 30uL were dispersed into
PCR tubes and inserted in the manual BioSAXS™ beamline robot (EMBL Arinax). Buffer
samples were aliquoted into micro centrifuge tubes and transferred to the manual beamline
robot. During data collection, samples were automatically loaded into the BioSAXS™ quartz

cell capillary.

2.9.4.3 SAXS data collection

The Diamond Light Source B21 beamline is dedicated to solution state SAXS experiments
which utilises bending magnets to generate 10! photons directly to the sample. To minimise
radiation damage whilst enhancing particle signals, the photons are distributed over the

cross section of the beamline capillary (1mm by 5mm). The detector measures scattering
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vectors (q) ranging between 0.0022 A to 0.42 A’ The camera length configuration at B21
is fixed at 4.014 m, and the generated energy is fixed at 12.4KeV (corresponding wavelength:
1.0 A). Data collection was carried out at 10°C, in medium viscosity. Exposure time was set
at 10 seconds per frame and 18 frames per sample. Prior to sample analysis, the capillary
was flushed with the appropriate buffer and background buffer sample readings were taken

and recorded.

2.9.4.4 SAXS data analysis

Analysis of the collected SAXS data was carried out using the ATSAS 2.6.1 software suite.
PRIMUS was used for buffer subtraction and for averaging of the collected frames. Guinier
plots were carried out using PRIMUS QT. These plots allowed for the analysis of data quality,
including investigation into potential radiation damage, aggregation and protein-protein
interactions. Furthermore, the Guinier plots (log(l) versus s?) were used to make an initial
estimation of the radius of gyration (Rg) and the extrapolated intensity at zero scattering
angle lo (forward scattering). Porod plots (I*s* versus s) were used to estimate the Porod
volume of the particles. The Porod volumes allow for rough estimations of molecular weight,
by dividing the obtained Porod volume by 1.7. Kratky plots (1*s? versus s) were used to
investigate the overall folding of the protein samples. Different samples were plotted and
scaled on the Kratky plot, to gain insight in the difference in folding between the various
samples. The program GNOM was used to carry out indirect Fourier transforms on the data
collected, to produce a real-space electron pair-distance distribution plot P.. Ab initio model
building was carried out using the DAMMIF program available in the ATSAS online suite.
Samples were analysed in “slow” mode, with imposed symmetry constrains of P1 (no
symmetry), P5 (pentamer), and P52 (decamer). Each sample was run 20 times, and Clustering
and Resolution Assessment Algorithms were carried out to automatically analyse and
average the results of these 20 runs. The obtained DAMAVER file, containing the averaged
data of the discrete models, was used to run the DAMMIN program to further refine and
filter the models obtained. Simultaneously, samples were analysed using the ab initio protein
reconstruction software GASBOR, which creates models using chain-like assemblies of
dummy residues. GASBOR samples were subjected to the reciprocal space fit (fitting Is) with
PS5 and P52 symmetry constrains. The number of dummy residues in the asymmetric part

was set at 160, to accommodate for the strepll-tag.
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2.9.5 Native PAGE

Native page was used to analyse the oligomeric state of Strepll-tagged ZraP in purified
samples. Native polyacrylamide gels (6% acrylamide (w/v)) and native samples were
prepared as described in chapter 2.4.2.2. Strepll-tagged protein samples were diluted to a
final concentration of 1mg/mL and chemically fixed prior to analysis on native PAGE. Gels

were stained using Coomassie Brilliant Blue as described in chapter 2.7.2.1.
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Chapter 3.
Investigation into the contribution of periplasmic
proteins to the protection against environmental stresses
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3.1 Introduction

The understanding of the molecular mechanisms of periplasmic chaperones poses a great
challenge to scientists. Prior to being inserted into the outer membrane, OMPs, lipoproteins
and other OM-associated proteins synthesised in the cytoplasm have to be transported
across the inner membrane and the periplasm. Chaperone-assisted transport and folding in
the cytoplasm is usually an ATP-driven process, but the periplasm lacks energy sources such
as ATP. Therefore, an alternate source of chemical energy or auxiliary factors are required to
drive the transport, chaperoning and folding of nascent proteins in the periplasm. To date,
little is known about the nature of these auxiliary factors or the mechanical principles that
underlie the functioning of periplasmic chaperones. In addition, the exact function of
periplasmic chaperones is not always clear. Despite their conserved nature across Gram-
negative bacterial species, many chaperone-deletion mutants lack clear phenotypes due to
the overlapping nature of the pathways involved. This chapter will discuss a selection of
periplasmic proteins and corresponding response pathways found in Salmonella. The current
knowledge regarding the periplasmic chaperoning, transport, folding and degradation of
outer membrane associated proteins stems primarily from E. coli research, and the pathways

described in the introduction will refer to this organism unless stated otherwise.

3.1.1 The transporting three

Outer membrane associated proteins are initially synthesised in the cytoplasm prior to their
transport and insertion into the outer membrane. After synthesis, nascent OMPs are
transported across the inner membrane via either the Sec or Tat secretion systems. Upon
emerging from the inner membrane translocases, the nascent OMPs require the aid of the
periplasmic chaperones SurA, Skp and FkpA to be safely transported to the BAM machinery
and to correctly fold into their mature structure. In E. coli emerging OMPs primarily interact
with SurA for their transport across the periplasm, and observed interactions between SurA
and BamA suggest that SurA is primarily responsible for the delivery of the nascent protein
to the BAM insertion complex (Sklar et al., 2007). Although surA is not an essential gene, the
OM of E. coli AsurA mutant strains displays significantly reduced levels of OmpA, OmpF and
LamB, rendering it more susceptible to environmental stresses (Lazar and Kolter, 1996).
Functional overlap between SurA, Skp and FkpA, means that any single deletion results in
stress-susceptible but viable cells (Ge, Lyu, et al., 2014). However, once the chaperones are
deleted in tandem, viability is not always guaranteed. E. coli strains with a double AsurA Askp

deletion are not viable at 37°C, but are viable at 44°C, and strains with a double AsurA AfkpA
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deletion are viable at 37°C but not viable at 44°C. This demonstrates that FkpA is capable of
rescuing AsurA Askp cells during heat-shock only, whereas Skp is capable of rescuing AsurA
AfkpA cells at 37°C but not during heat-stress (Ge, Lyu, et al., 2014). For the correct assembly
of some OMPs the chaperones work together to ensure correct insertion of the substrate
into the OM. An example of this multi-chaperone coordinated effort is the insertion of LptD.
In E. coli defects in LptD assembly arise both in AsurA and Askp AfkpA double mutants.
Overexpression of either Skp or FkpA does not restore LptD levels in a AsurA mutant, nor
does overexpression of SurA restore LptD levels in a Askp AfkpA double mutant. This suggests
that SurA acts in concert with Skp when transporting LptD across the periplasm (Schwalm et

al., 2013).

3.1.1.1 SurA

SurA was initially identified as a protein required for stationary phase survival (sur) in
Escherichia coli in the absence of RpoS (Tormo, Almiron and Kolter, 1990; Lazar et al., 1998).
Subsequent studies presented SurA as a peptidyl-prolyl isomerase (PPlase) that facilitates
the conversion between cis- and trans- isomers in peptide bonds containing a proline, and
so facilitates the folding and assembly of major B-barrel OMPs (Missiakas, Betton and Raina,
1996; Rouviere and Gross, 1996; Lazar et al., 1998). Behrens et al later demonstrated that
although SurA exhibits some PPlase activity, it
primarily functions as a periplasmic chaperone

(Behrens et al., 2001).

SurA plays a role in the virulence of several
Gram-negative pathogens. Although the details
of the involvement are not clearly understood,

surA mutant S. Typhimurium strains are

defective in their ability to bind and invade

eukaryotic host cells, and they display a reduced

Figure 3.1 SurA dimer interacting with
peptide substrate. Ribbon schematic of
Shigella flexneri strains defective in surA can no  SurA dimer (reds) forming complex with a

oral virulence in mice (Sydenham et al., 2000).

peptide substrate (blue). Image prepared

longer spread from host-cell to host-cell (Purdy, i )
using 2pv2.pdb in PyMol.

Fisher and Payne, 2007). The reduction in
virulence of surA mutant strains in UPEC has been attributed to a series of defects, including
but not restricted to the decreased biogenesis of type 1-fimbriae and the decreased ability

to take up iron (Justice et al., 2005, 2006; Vertommen et al., 2009).
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The amino acid sequence of SurA dictates an N-terminal region followed by two parvulin-like
domains (PPlase | and Il), of which only domain Il exhibits significant PPlase activity, and a C-
terminal tail. Removal of the parvulin-like domains does not result in significant loss of SurA
activity, suggesting SurA acts primarily as a chaperone (Rouviere and Gross, 1996; Behrens
et al., 2001). The SurA crystal structure forms an asymmetrical dumbbell shape, with a core
module consisting of the N-terminal region, C-terminal region and PPlase |, displaying an
extended crevice that functions as a peptide-binding site. The PPlase Il domain is a satellite
fragment tethered at approximately 30 A from the core module. Interestingly, it was noted
that the SurA homologue of Haemophilus influenzae and Pasteurella multocida have only
one PPlase domain, which more closely resembles the extended PPlase Il domain of E. coli
(Bitto and McKay, 2002). Further crystallographic analysis has shown that SurA can bind to
peptides in different conformations by changing its tertiary and quaternary structure. It has
a preference for binding aromatic residues and the PPlase | domain located in the core is
adapted to fit the side-chains of these aromatic residues. SurA can bind peptides of both
extended and helical formations, with binding of helical substrates inducing SurA
dimerization as visualised in figure 3.1 (Xu et al., 2007). The relationship between the
chaperone core and the PPlase Il domain remains unclear. Current knowledge suggests that
SurA exhibits two separate functions which may or may not be adapted to polypeptide
substrates to improve fitness under certain conditions, but further studies are required to
clarify the role of the second parvulin-domain and its catalytic folding abilities (Behrens-

Kneip, 2010).

3.1.1.2 Skp

The seventeen kilo Dalton protein Skp (also referred to as OmpH and HIpA in the literature)
is a periplasmic chaperone that interacts with unfolded B-barrel OMPs in the periplasm after
they have been translocated by the Sec translocase pathway, and helps them release from
the inner membrane (Schafer, Beck and Muller, 1999). The binding of Skp prevents
aggregation of the nascent B-barrel OMPs during their transport across the periplasm. Upon
interaction with LPS, Skp undergoes a conformational change, which is thought to be
required for the delivery of the substrate to the outer membrane (Bulieris et al., 2003).
Although in E. coli SurA is considered the primary chaperone involved in the periplasmic
transport of nascent OMPs, skp deletion mutants demonstrate diminished levels of OmpA
and several OM porins, suggesting that Skp is involved in the transport of these proteins
(Chen and Henning, 1996). Interestingly, the outer membrane of Neisseria meningitidis is not

majorly affected by the deletion of surA, but shows a significant reduction in major OMPs
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and porins in the absence of skp, suggesting

that in this organism Skp, rather than surA, is

the primary  transporting chaperone

4
&
(Volokhina et al., 2011). ‘ :1 ; 5
)
e ¥
Skp forms a homotrimer that bears similarity > O
o

to the hexameric Prefoldin found in archaea
and eukarya in both structure and function
(Vainberg et al.,, 1998; Walton and Sousa,
2004). The quaternary structure is jellyfish-like
in shape, with a triangular body and tentacle-
like protrusions sticking out at one side (figure
3.2). The body is a 12-stranded B-barrel
formed of four B-strands from the C-terminal
of each monomer, providing strength and

stability. The core of the basket-like shaped  Figure 3.2 Predicted interaction of Skp
homotrimer with spherical substrates. The

jellyfish-like Skp is a flexible protein that
protection of the hydrophobic OMP folds around its substrate upon interaction.

. Image adapted from (Burmann, Wang and
substrates. Each monomer provides one 65 A Hijjler, 2013)

body is hydrophobic, allowing for binding and

IM

long a-helical “tentacle” that protrudes from

the core. The tentacles are rich in positively charged residues and very flexible, and together
with the body they define a central cavity for substrates to bind. Putative LPS binding sites
have been identified on the external surface of the Skp tentacles (Walton and Sousa, 2004).
Interestingly, in the 1970’s Skp was initially purified from Salmonella Minnesota as an LPS-
binding protein (Geyer et al., 1979). It is thought that the conformational change of Skp,
induced by LPS, aids docking and delivery of the substrates to the outer membrane (De Cock
et al., 1999). It should be noted that Skp is smaller than some of its targeted substrates.
Current models based on the OmpA substrate suggest that the B-barrel domain of nascent
OMPS binds the hydrophobic core of Skp, whereas the soluble parts of the nascent OMP stick

out, allowing for the substrate’s periplasmic domain to be folded into its native state, whilst

the membrane domain remains protected by Skp (Walton et al., 2009).

3.1.1.3 FkpA

FkpA is a heat-shock PPlase that belongs to the FK506-binding protein family. It was initially
discovered as an RpoE regulated PPlase that was upregulated in response to moderate heat

stress (Dartigalongue, Missiakas and Raina, 2001). However, aggregation assays have
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demonstrated that FkpA can prevent substrate

aggregation in a stoichiometric matter as : ) b(: d
opposed to a catalytic manner, suggesting that s % ‘t 1 4 J
similarly to SurA, FkpA is a bifunctional protein . “?;&k' "\r“"* 3
that exhibits both chaperone and PPlase i‘ﬁlﬁ'ﬂ)

activity (Arie, Sassoon and Betton, 2001). X

FkpA is formed of a homodimer, with each

monomer consisting of two domains, the N- ~NVYVVV Oy

terminal domain thought to be involved in : b o 3&"{ ‘
chaperone activity, and the C-terminal domain : u‘ﬁz q :‘:\ o ? \%}?&,'—"
responsible for the PPlase activity (figure 3.3). MARAAAAN pA

The N-terminal domain of the FkpA monomer

consists of three helices that interlace with the ~ Figure 3.3 The FkpA dimer adopts different

conformations. Crystallographic analysis of
three corresponding helices from a second FkpA indicates that the protein can adopt
different conformations, which is thought to

aid in protein folding. Image taken from Saul,
terminal domains extend outwards from the ¢t /. (2004).

subunit, forming a symmetric dimer. The C-

dual N-terminal core in opposing directions,

and with the FK506-binding sites facing inwards. Little is known about either the chaperone
or the PPlase activities of FkpA, but published crystal structures show there is some flexibility
in the relative position and orientation of the C-termini. The flexibility in the C-termini would

allow for two independent folding mechanisms in the bifunctional protein (Saul et al., 2004).

3.1.2 The emergency response team

Bacteria need to be able to sense and adapt to their environments in order to thrive and
survive. In Gram-negative bacteria, environmental stresses are primarily encountered by the
outer membrane, and any stress signals have to pass the periplasm before they can be
sensed by inner membrane-bound response regulators. The denaturation, misfolding and
accumulation of proteins in the periplasm is a cellular indication of envelope stress.
Periplasmic stress response chaperones of the CpxP-family respond to the accumulation of
mis- and unfolded proteins in the periplasm and allow for the activation of associated two

component stress response systems.
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3.1.2.1 CpxP

The periplasmic chaperone CpxP was first identified during a screen looking for products
upregulated by the Cpx envelope stress response (Danese and Silhavy, 1998). The protein
has a dual function as it acts both as a repressor of the Cpx stress response and as a
chaperone that facilitates the proteolysis of misfolded proteins found in the periplasm. The
Silhavy group demonstrated that CpxP binds misfolded PapE and PapG pili subunits that
accumulate in the periplasm of uropathogenic E. coli during infection. Whereas cytoplasmic
chaperones are usually recycled after substrate delivery, CpxP is degraded by HtrA together
with the bound substrates. It has been suggested that the degradation of periplasmic
chaperones is a result of the lack of energy sources required for recycling (Isaac et al., 2005;
Zhou et al., 2011). The Cpx-pathway can be activated in different ways, depending on the
inducing stresses. HtrA-mediated degradation of CpxP is one proposed mechanism for the
release of CpxP induced inhibition of this pathway. The partial inactivation of the Cpx
response in an E. coli AhtrA mutant suggests that the proteolysis of CpxP by HtrA plays an

important role in regulating the Cpx response (Buelow and Raivio, 2005).

CpxP belongs to the CpxP-family of molecular chaperones, which also includes Spy and ZraP
(Appia-Ayme et al., 2012). Although the sequence identity of these proteins is low, 29%
identity between CpxP and Spy, and 12% identity between CpxP and ZraP, all three proteins
share at least one LTxxQ motif of unknown function, and all three proteins form a-helical
hairpin structures (figure 4.1) (Raivio, Popkin and Silhavy, 1999; Appia-Ayme et al., 2012).
The CpxP crystal structure (figure 4.2) displays an antiparallel homodimer of intertwined a-
helices, which forms a basket-like shape with a highly basic concave surface and an acidic
convex surface. The E. coli cpxP encodes two LTxxQ motifs, which can be found at one end
of the diverging turns of the long, hooked hairpin folds that form the monomer (Thede et al.,
2011). In the absence of a stress signal, CpxP interacts with the sensor domain of CpxA and
renders the Cpx signalling system inactive. This bond is broken by envelope stresses such as
increased salinity or the build-up of misfolded pilus subunits in the periplasm (Raivio et al.,
2000; Zhou et al., 2011; Tschauner et al., 2014). The saline-induced dissociation of CpxP from
CpxA is not a gradual process, but rather an instant release once a threshold concentration
has been reached, suggesting that the interaction between these two proteins is

electrostatic in nature (Tschauner et al., 2014).
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3.1.2.2 Spy

The periplasmic chaperone Spy was first identified as an abundantly produced protein in
spheroplasts, and was named spheroplast protein Y accordingly (Hagenmaier, Stierhof and
Henning, 1997). Although it is barely detectable under favourable growth conditions, when
E. coli is challenged by stimuli that activate the BaeSR, CpxAR or Rsc phosphorelay systems,
expression of spy can increase up to 700-fold, raising Spy levels to up to 48% of the total
periplasmic content (Raffa and Raivio, 2002; Bury-Mone et al., 2009; Quan et al., 2011). The
upregulation of of-regulated genes in Aspy mutants is another indication that Spy plays a role
in the envelope stress response of E. coli (Raivio et al., 2000). The physiological function of
Spy has been demonstrated by Quan et al. (2011) in a series of malate dehydrogenase (MDH)
assays. Spy prevents the aggregation of denatured MDH at sub-stoichiometric
concentrations, suggesting it is a highly effective, ATP-independent chaperone. The extent
of the Spy chaperone activity was demonstrated at a range of denaturing agents including
heat, ethanol, tannic acid and urea, and the chaperone activity was further demonstrated
across a range of substrates including lactate dehydrogenase, aldolase, alkaline phosphatase
and glyceraldehyde 3-phosphate dehydrogenase, indicating that Spy is capable of protecting
a wide range of substrates against various environmental stresses (Quan et al., 2011). The
discovery that Spy is capable of preventing periplasmic polymerisation and aggregation of
the curli subunit CsgA is further proof of the Spy chaperone activity in vivo. CsgA monomers
are self-polymerising subunits that need to pass the periplasm prior to the extracellular
formation of amyloid curli fibres. The ability of Spy to prevent amyloid formation in the
periplasm underlines the importance of Spy as an periplasmic stress-response chaperone
(Evans et al., 2011). Spy does not appear to regulate the activity of two-component envelope
stress response sensors, nor does its deletion or overexpression affect the expression levels
of of-, Bae-, Cpx-, Rsc-, or Psp-regulated genes, suggesting that unlike CpxP, Spy exhibits

chaperone function only (Quan et al., 2011).

The crystal structure of Spy (figure 4.2) shows a tightly bound homodimer that is very similar
in shape to CpxP. The monomers consist of four a-helices, the first three of which fold into a
hairpin structure. The hairpins of the two dimers interact in an anti-parallel coiled-coil
manner, with extensive contact between the monomers. The two conserved LTxxQ motifs
can be found at the horizontal end of the dimers, thought to be involved in the stabilisation
of the structure. Similarly to CpxP, the dimer forms a cradle-like shape with a highly concave
surface and a highly convex surface. The concave surface has an overall positive charge, but

it is lined with conserved, a-polar side chains that cluster to form two exposed hydrophobic
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patches. The lack of a significant globular core allows for high flexibility in the protein that is

required to bind a wide range of substrates (Quan et al., 2011; Kwon et al., 2012).

Recent studies have shed more light on the chaperoning mechanism of Spy. In a series of
studies using stopped flow fluorescence, X-ray crystallography and NMR spectroscopy the
Bardwell group has demonstrated that Spy binds Immunity protein 7 (Im7) in unfolded,
intermediate and native conformations, and allows the non-native Im7 to fold into its native
state whilst bound to Spy, proving that Spy is not a holdase, but instead it is a foldase in its
own right (Horowitz et al., 2016; Stull et al., 2016). The model they propose for Spy
chaperone activity resolves around the hydrophobic and electrostatic properties of the Spy
surface. The high density of positive charged residues on the substrate binding surface of Spy
allows for rapid and directed binding of unfolded, negatively charged substrates (Koldewey
et al., 2016). Most periplasmic proteins are negatively charged, allowing for chaperoning by
Spy (Heidary et al., 2014). After initial binding, hydrophobic interactions between Spy and its
substrate entropically stabilise the complex, and the hydrophobic surface of the substrate is
shielded from the aqueous periplasm by Spy. The mixture of hydrophobic and electrostatic
residues on the concave surface of Spy allow for a favourable folding landscape for the
substrate, where electrostatic interactions help the substrate fold itself. Folding of the
substrate drives its release. As the substrate is folding into its native shape, the hydrophobic
residues are buried into the interior of the substrate, which reduces the hydrophobic
component of the Spy-substrate complex. The reduction of hydrophobic interactions

destabilises the complex and the folded substrate is released (Koldewey et al., 2016).

3.1.2.3ZraP

A detailed description of ZraP can be found in chapter 4 and chapter 5, this paragraph will

only provide a brief overview.

The periplasmic chaperone ZraP is an auxiliary protein to the ZraSR two-component envelope
stress response. It was first identified as a putative zinc-dependent transcriptional activator
in Proteus mirabilis (Noll, Petrukhin and Lutsenko, 1998), but despite its upregulation in
response to elevated zinc levels, studies have failed to prove a link between ZraP and zinc-
tolerance (Noll, Petrukhin and Lutsenko, 1998; Appia-Ayme et al., 2012; Petit-Hartlein et al.,
2015). The first functional characterisation of ZraP carried out by Appia-Ayme (2012) in
Salmonella Typhimurium, demonstrated that ZraP regulates the activity of ZraSR in a manner
that appears to be similar to the CpxP-mediated regulation of CpxAR. Furthermore the study

demonstrated that ZraP is capable of preventing MDH aggregation even more effectively
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than Spy. This chaperone activity was shown to increase in the presence of zinc,
demonstrating that ZraP is a bifunctional protein that acts as regulator of the ZraSR two-
component envelope stress response and as a zinc-dependent periplasmic chaperone

(Appia-Ayme et al., 2012).

ZraP belongs to the CpxP family of molecular chaperones and similarly to CpxP and Spy its
monomer consists of a-helices. Unlike CpxP and Spy, ZraP only has one LTxxQ motif, and the
structural analysis carried out to date suggests that ZraP does not form a dimer, but instead
takes on a larger oligomeric structure (see chapter 5). Despite the increased chaperone
activity in the presence of zinc, and the zinc-dependent upregulation of the ZraSRP system,
the function of zinc in relation to this system, as well as any potential zinc-binding domains

remain enigmatic.

3.1.3 HtrA

HtrA, also referred to as DegP in the literature, was the first identified of-regulated gene
involved in bacterial virulence (Humphreys et al., 1999). Initially identified as an essential
protein for E. coli growth at elevated temperatures, HtrA (high temperature requirement A)
is a heat-shock protein with protease activity (Lipinska et al., 1989; Strauch, Johnson and

Beckwith, 1989; Kim et al., 1999). Although HtrA is not essential for Salmonella growth at

resting protease activated protease
DegP6closed DegP6open DegP12/substrate DegP24/substrate

&

< * protease domain 7 with functional
< with oceluded catalytic site i proteolytic site

Figure 3.4 Schematic overview of the activation and oligomerisation of HtrA (DegP). The
periplasmic protease HtrA adopts a closed hexameric conformation when inactive, but opens up
into a large oligomer when activated. Image taken from (Krojer et al., 2008)
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mildly elevated temperatures (42°C), htrA-defective Salmonella strains are more susceptible
to heat compared to their wild-type counterparts. At significantly elevated temperatures
(46°C), HtrA is also required for survival in Salmonella (Lewis et al., 2009). HtrA is not only
required for survival at elevated temperatures, but also for replication and survival within
macrophages in adherent and invasive E. coli, Legionella pneumophila and Salmonella
Typhimurium (Baumler et al., 1994; Pedersen et al., 2001; Bringer et al., 2005). Furthermore,
htrA-defective strains of Klebsiella pneumoniae, Salmonella Typhimurium and Yersinia pestis

display attenuated virulence in animal models (Williams et al., 2000; Cortes et al., 2002).

HtrA belongs to the HtrA-like family of oligomeric serine proteases, and contains an N-
terminal chymotrypsin-like serine protease domain and two C-terminal PDZ-domains. The
chymotrypsin-like serine protease has a S1 pocket that is more hydrophobic than that of the
average serine proteases, resulting in a specificity for hydrophobic substrates which allows
for greater affinity to misfolded OMPs. The catalytic triad of the protease domain consists of
a histidine, a serine and an aspartic acid, and mutations in these amino-acids render the
protease inactive (Hedstrom, 2002). The PDZ domains allow for interaction between HtrA

and protein substrates (Krojer et al., 2002).

In 1999, an electron microscopy study of HtrA gave the first indication that HtrA may be
capable of self-compartmenting (Kim et al., 1999), but due to the low resolution of the
images this was not confirmed until crystal structures of multiple HtrA oligomeric states were
first published in 2008 and confirmed in 2013 (Jiang et al., 2008; Hansen and Hilgenfeld,
2013). The first crystal structures of HtrA were published in 2002, and they presented HtrA
as a hexamer formed of two interlocked trimers in a face-to-face arrangement. The
monomers interact via hydrophobic bonds to form stable trimers. The protease domains of
each stable trimer displays extensive contact, and the hexamer is stabilised by three pairs of
intertwined loops from opposing monomers forming a pillar-like arrangement. The structure
of the crystallised hexamer suggests an inactive resting state; the protease domains are
located on the inside of the hexamer with the access blocked off by the intertwined loops of
opposing monomers. The hexameric structure was solved in two different conformations,
suggesting that, unlike the locked-in protease domain, the PDZ domains are flexible in the
hexameric orientation (Krojer et al., 2002; Hansen and Hilgenfeld, 2013). In 2008, HtrA
crystal structures of dodecamers and 24-mers provided a better understanding of the
potential protease mechanism of HtrA. The large oligomers appear to be formed of self-
compartmenting HtrA trimers that form hollow spheres with diameters of approximately

160A for the dodecamer and 195A for the 24-mer (figure 3.4). Unlike in the hexamer, in these
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higher oligomeric states the PDZ domains are inflexible and integral to the protein shell, and
the protease-active sites on the inner wall of the protein are no longer blocked by loops
(Jiang et al., 2008; Krojer et al., 2008; Hansen and Hilgenfeld, 2013). Although there is no in
vivo evidence for the existence of these large HtrA oligomers, the interactions and stability
of the HtrA dodecamer with lysozyme fragments have been confirmed in vitro by

fluorescence anisotropy assays (Kim, Grant and Sauer, 2011).

HtrA chaperone activity at low temperatures was first reported following refolding assays
using MalS. It was suggested that HtrA was a bifunctional protein, acting as a protease at
higher temperatures and functioning as a chaperone at lower temperatures (Spiess, Beil and
Ehrmann, 1999). Reports of HtrA chaperone activity in Salmonella Typhimurium followed
(Lewis et al., 2009). However, recent studies have challenged this concept. Firstly, it should
be noted that Gram-negative periplasmic proteins are highly resistant to aggregation and
have a strong refolding capacity (Liu et al., 2004), and the substrate MalS used in the
refolding assays is a periplasmic protein that could be capable of self-folding under oxidative
conditions or in favourable pH (Spiess, Beil and Ehrmann, 1999; Chang, 2016). Furthermore,
the concept that HtrA may act as a chaperone at lower temperatures and as a protease at
higher temperatures is inconsistent with observations of Kim, et al. who reported a
consistent rate of degradation of an oxidised insulin B-chain by HtrA across temperatures
ranging from 35°C to 55°C, and observations by Ge et al. (2014), who reported HtrA protease
activity of B-barrel substrates across temperatures ranging from 28°C to 44°C (Kim et al.,
1999; Ge, Wang, et al., 2014; Chang, 2016). The temperature-dependent protease activity of
HtrA has since been linked to the increased rate of substrate unfolding at high temperatures
(Ge, Wang, et al., 2014). Furthermore, substrates with disulphide bonds, such as MalS, are
unable to enter the HtrA catalytic centre efficiently, which would interfere with the protease
activity of HtrA, suggesting chaperone-like function instead (Kim et al., 1999; Chang, 2016).
Another observation that challenges the concept of HtrA acting as a chaperone, is the notion
that the protease defective HtrA(S210A) is capable of capturing substrate proteins but
cannot release its substrates (Misra, CastilloKeller and Deng, 2000; CastilloKeller and Misra,
2003). Although overexpression of HtrA(S210A) allowed for the rescue of heat-shocked cells,
replacing htrA with htrA(S210A) no longer resulted in rescue. This demonstrates that the
protease-inactive HtrA(S210A) can only rescue heat-shocked cells when present in great
abundance, suggesting that it can capture toxic protein aggregates, but it cannot truly
chaperone them (Ge, Wang, et al., 2014). The study suggesting HtrA chaperone activity in

Salmonella, studied the survivability of strains expressing WT HtrA in the mouse liver and
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spleen, and compared it to strains that expressed HtrA mutated in the protease domain
strains mutated in the PDZ domains (Lewis et al., 2009). These experiments showed that
mutations in the protease domain affect survivability less than mutations of the PDZ
domains. However, studies supporting the theory that HtrA can act as a chaperone have
demonstrated that potential chaperone-activity is largely independent of the PDZ domains,
whereas protease activity is significantly reduced when at least one PDZ domain is missing
(Spiess, Beil and Ehrmann, 1999). Furthermore, the study by Lewis et al. (2009) lacks
biochemical analysis of potential chaperone activity by HtrA. It is possible that protease-
inactive, Salmonella HtrA can still bind misfolded proteins, but can no longer process or
release them. This theory would also explain why Salmonella AhtrA mutants becomes
increasingly more sensitive at higher temperatures; whereas HtrA is still capable of binding
denatured proteins irreversibly when exposed to mild heat, higher temperatures increase
the amount of misfolded proteins present in the periplasm, oversaturating the protease-
inactive HtrA. True chaperone activity requires both binding and the subsequent release of
substrates to promote folding and assembly of native or misfolded proteins. The chaperone-
like activity observed by HtrA(S210A) is an intrinsic property of protease-defective proteases,
for they are still capable of binding their substrates, but they are unable to release them (Ellis
and van der Vies, 1991). A final observation challenging the concept of HtrA acting as
chaperone refers to the thermodynamic properties of HtrA. Unlike effective chaperones
which bind substrates quickly but loosely, HtrA binds its substrate slowly but strongly, which
is a thermodynamic attribute assigned to proteases (Ellis and van der Vies, 1991; Wu et al.,
2011). Although some studies consider a HtrA as a bifunctional protease-chaperone protein,
the evidence is accumulating in favour of the concept of HtrA acting solely as a protease,

with no true chaperone activity (Chang, 2016).

3.1.4 PpiAD

Little is known about the periplasmic protein PpiA, sometimes referred to as rotamase A. It
was discovered as a cyclosporin A-resistant periplasmic homologue of the human protein
cyclophilin A, and it has peptidyl-prolyl isomerase activity (Liu and Walsh, 1990). PpiA is
capable of refolding thermally denatured proteins, but it is not an essential protein and little
is known about its associated pathways or its function in the periplasm (Schonbrunner et al.,

1991; Compton et al., 1992; Kleerebezem, Heutink and Tommassen, 1995).

PpiD was initially identified as a periplasmic chaperone with a parvulin-like peptidyl-prolyl

isomerase domain. The protein is anchored in the inner membrane by an N-terminal
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transmembrane segment, and its C-terminal catalytic domain faces the periplasm. Initial
studies reported synthetic lethality in E. coli AppiD AsurA double mutants (Dartigalongue and
Raina, 1998), but has since been disproven (Justice et al., 2005). Expression of ppiD is
regulated by o and the Cpx pathway, suggesting it may play a role in the response to
envelope stress (Dartigalongue and Raina, 1998). The parvulin domain has been reported to
be devoid of catalytic activity in vitro and resembles the inactive parvulin-like domain found
in SurA (Matern, Barion and Behrens-Kneip, 2010; Weininger et al., 2010). The chaperone
activity of PpiD is independent of its parvulin domain, as Parvulin domain-lacking PpiD can
fully complement the growth defects resulting from a AfkpA AppiD AsurA triple mutant, and
is capable of protecting citrate synthase from thermal aggregation even more effectively
than the wild-type protein (Matern, Barion and Behrens-Kneip, 2010). The chaperone
domain of PpiD shows sequence similarity with the conserved SurA chaperone module, but
shows less substrate specificity than SurA (Matern, Barion and Behrens-Kneip, 2010). PpiD is
anchored in the inner membrane close to the Sec translocase machinery, and it has been
suggested that this periplasmic chaperone may act as a gatekeeper responsible for newly
translocated OMPs. The chaperone activity of PpiD may capture newly secreted envelope
proteins as they emerge from the inner membrane, and mediate their initial folding

(Antonoaea et al., 2008; Matern, Barion and Behrens-Kneip, 2010).

3.1.5Ync)

Ync) is a putative periplasmic protein of unknown function. Several studies, including
unpublished work from the Rowley lab, have shown that yncJ is upregulated by NIpE (Raivio,
Leblanc and Price, 2013). The latter is an outer membrane lipoprotein that is involved in the
activation of the Cpx-pathway in response to adhesion to hydrophobic surfaces (Otto and
Silhavy, 2002). The upregulation of this putative periplasmic chaperone by a regulator of the
Cpx-pathway, suggests that the protein may be involved in an envelope stress response

pathway.

3.2 Aim

The aim of this chapter is to further characterise a selection of periplasmic proteins found in
Salmonella Typhimurium, to broaden our understanding of their involvement in the
protection against different envelope stresses that this pathogen may be subjected to.
Furthermore, in this chapter the investigated function of these chaperones is compared with
the literature describing the function of the chaperones’ homologs in in E. coli and other

pathogenic species of the Enterobacteriaceae family.
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The proteins selected for this study include the periplasmic chaperones FkpA, Skp, and SurA
involved in outer membrane biogenesis, the periplasmic chaperones CpxP, Spy, and ZraP
involved in the envelope stress response, the periplasmic protease HtrA, and the periplasmic

chaperones PpiA, PpiD and Ync) whose chaperone functions remain unclear.

In order to investigate the involvement of these proteins in the protection of the outer
membrane against external stress, antimicrobial sensitivity assays were carried out in the
form of sensitivity spot plate assays, disc diffusion assays and carbon-starvation induced
cross resistance assays. The data obtained in this study was investigated alongside published
literature in order to obtain a better understanding of the involvement of periplasmic
chaperones in the protection against environmental stress experienced by

Enterobacteriaceae.

3.3 Results

3.3.1 Preparation and verification of knock-out strains

Most of the Salmonella deletion strains used for the antimicrobial sensitivity assays were
prepared prior to the start of this PhD by former lab members including Dr. Corrine Appia-
Ayme, Dr. Hannah Wells and Thomas Williams. External verification primes (table 2.4) were
designed to confirm the validity of these deletion mutants. Gel electrophoresis was used to
compare the band sizes obtained from the presumed deletion mutants to the STM SL1344
WT control bands. Whereas the band size of a successful mutant would either match the
approximate size of the antibiotic cassettes (1300bp for chloramphenicol, 1700bp for
kanamycin) or present as a very short band indicating removal of the antibiotic cassette post
gene deletion, the band size of an unsuccessful mutant would match the band size obtained
from the STM SL1344 WT control. The expected band sizes for the STM SL1344 WT control

when using the designed external verification primers are shown in table 3.1 below.

Table 3.1 Expected band size obtained from WT SL1344 using verification primers

Gene Band size Gene Band size
cpxP 765 bp skp 792 bp
fkpA 1086 bp spy 716 bp
htrA 1714 bp SurA 1512 bp
ppiA 799 bp yncJ 530 bp
ppiD 2137 bp zraP 719 bp
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PCR analysis verified the indicated gene deletion in 25 of the 27 tested strains (figure 3.5 —
figure 3.8). However, the band sizes observed for surA in the AhtrA AsurA and AfkpA AsurA
strains indicate that surA was not successfully removed from these strains. Although
attempts have been made to create these double knock-out strains using both existing p22
phage stocks and freshly prepared p22 phage stocks, all colonies obtained proved to be false
positives. The strains have therefore been removed from the list for further susceptibility
analysis. To ensure that ppiA was still present in the AfkpA AppiD mutant, and ppiD was still
present in the AcpxP AfkpA AppiA mutant, both strains were included in the verification of
ppiA and ppiD deletion respectively (figure 3.5, figure 3.7). To extend the library of double
and triple chaperone knock-out mutants, de novo mutagenesis was carried out using the
lambda (A) red method as described in chapter 2.5.1. The Salmonella Typhimurium knock-
out strains that were successfully created in this study include AyncJ, AsurA Aync), and Askp
AsurA. The gene knock-outs of these strains were confirmed using external verification

primers comparing the deletion strains to STM SL1344 WT (figure 3.9)
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Figure 3.5 Verification of deletion of ppiA, skp, and spy from the indicated STM SL1344
deletion strains. PCR analysis was carried out using primers listed in table 2.4. The expected
band size for WT ppiA is 799 bp, which is matched by the bands found in the WT lane and the
AfkpA AppiD lane, indicating presence of the ppiA gene in these strains. The bands found in the
lanes for AppiAD, AfkpA AppiA, AfkpA AppiAD, AppiAD AsurA, and AfkpA AppiAD AsurA are of
approximately 1300 bp in size, matching the expected size for the chloramphenicol cassette.
These bands indicate successful deletion of ppiA by replacement of the gene with a
chloramphenicol cassette. The expected band size for WT skp is 792 bp, which is matched by
the band found in the WT lane. The bands found in the lanes for Ahtra Askp, Askp AzraP, and
Askp are of approximately 1700 bp in size, matching the expected size for the kanamycin
cassette. These bands indicate successful deletion of skp by replacement of the gene with a
kanamycin cassette. The expected band size for WT spy is 716 bp, which is matched by the band
found in the WT lane. The bands found in the lanes for Aspy, Aspy AzraP, AcpxP Aspy, and AsurA
Aspy are of approximately 1700 bp in size, matching the expected size for the kanamycin
cassette. These bands indicate successful deletion of spy by replacement of the gene with a
kanamycin cassette. The bands found in Aspy AyncJ and AcpxP Aspy AzraP are of approximately
300bp in size, indicating successful deletion of spy and subsequent removal of the antibiotic
cassette. The DNA ladder used as size marker was 1 kb Hyperladder (BIOLINE).
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Figure 3.6 Verification of deletion of surA and fkpA from the indicated STM SL1344 deletion
strains. PCR analysis was carried out using primers listed in table 2.4. The expected band size
for WT surA is 1512 bp, which is matched by the bands found in the lanes for WT, AhtrA
AsurA, and AfkpA AsurA, indicating presence of the surA gene in these strains. This suggests
that the deletion of surA was unsuccessful in AhtrA AsurA, and AfkpA AsurA. The bands found
in the lanes for AsurA, AfkpA AppiAD AsurA, AsurA Aspy, AsurA AzraP, and AppiAD AsurA are
of approximately 1300 bp in size, matching the expected size for the chloramphenicol
cassette. These bands indicate successful deletion of surA by replacement of the gene with
a chloramphenicol cassette. The expected band size for WT fkpA is 1086 bp, which is
matched by the band found in the WT lane. The bands found in the lanes for AfkpA, AfkpA
AppiA, AfkpA AppiD, AfkpA DppiAD AsurA, and AfkpA AsurA are of approximately 1700 bp in
size, matching the expected size for the kanamycin cassette. These bands indicate successful
deletion of fkpA by replacement of the gene with a kanamycin cassette. The DNA ladder
used as size marker was 1 kb Hyperladder (BIOLINE)
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Figure 3.7 Verification of deletion of ppiD and htrA from the indicated STM SL1344 deletion
strains. PCR analysis was carried out using primers listed in table 2.4. The expected band size
for WT ppiD is 2137 bp, which is matched by the bands found in the lanes for WT and AfkpA
AppiA, indicating presence of the ppiD gene in these strains. The bands found in the lanes for
AppiAD, AfkpA AppiD, AfpkA AppiAD, AppiAD AsurA, and AfkpA AppiAD AsurA are of
approximately 1500 bp in size, matching neither the expected size for the chloramphenicol
or the kanamycin cassette. Although these bands do not match the expected cassette sizes,
they are clearly shorter than the band found for the WT. These bands indicate successful
deletion of ppiD, potentially by replacement of the gene with a gentamicin cassette, used by
the lab who donated this strain. The expected band size for WT htrA is 1714 bp, which is
matched by the band found in the WT lane. The bands found in the lanes for AhtrA, AhtrA
AsurA, and AhtrA AzraP are of approximately 1700 bp in size, matching the expected size for
a kanamycin cassette. These bands indicate successful deletion of htrA by replacement of the
gene with a kanamycin cassette. The band found in the lane for AhtrA AsurA is of
approximately 1300 bp in size, matching the expected size for a chloramphenicol cassette.
This band indicates successful deletion of htrA by replacement of the gene with a
chloramphenicol cassette. The DNA ladder used as size marker was 1 kb Hyperladder
(BIOLINE)
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Figure 3.8 Verification of deletion of yncJ, zraP, and cpxP from the indicated STM SL1344
deletion strains. PCR analysis was carried out using primers listed in table 2.4. The expected band
size for WT yncJ is 530 bp, which is matched by the band found in the WT lane. The bands found
in the lanes for Aspy AyncJ, AcpxP AynclJ, and Aync) AzraP are of approximately 1700 bp in size,
matching the expected size for the kanamycin cassette. These bands indicate successful deletion
of yncJ by replacement of the gene with a kanamycin cassette. The expected band size for WT
zraP is 719 bp, which is matched by the band found in the WT lane. The bands found in the lanes
for Aspy AzraP, AzraP, Askp AzraP, AhtrA AzraP, and Aync) AzraP are of approximately 1300 bp in
size, matching the expected size for the chloramphenicol cassette. These bands indicate successful
deletion of zraP by replacement of the gene with a chloramphenicol cassette. The bands found in
the lanes for AcpxP AzraP, AsurAAzraP, and AcpxP Aspy AzraP, are of approximately 1700 bp in
size, matching the expected size for the kanamycin cassette. These bands indicate successful
deletion of zraP by replacement of the gene with a kanamycin cassette. The expected band size
for WT cpxP is 765 bp, which is matched by the band found in the WT lane. The bands found in
the lanes for AcpxP Aspy, AcpxP, AcpxP AzraP, AcpxP Aspy AzraP, and AcpxP Aync) are of
approximately 1300 bp in size, matching the expected size for the chloramphenicol cassette.
These bands indicate successful deletion of cpxP by replacement of the gene with a
chloramphenicol cassette. The DNA ladder used as size marker was 1 kb Hyperladder (BIOLINE).
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Figure 3.9 Verification of deletion of yncJ, surA, and skp from the indicated STM SL1344 deletion
strains. PCR analysis was carried out using primers listed in table 2.4. The expected band size for
WT yncJ is 530 bp, which is matched by the band found in the WT lane. The bands found in the
lanes for AyncJ, and AsurA Aync) are of approximately 2000 bp in size, matching the expected size
for the kanamycin cassette including external regions. These bands indicate successful deletion of
ync) by replacement of the gene with a kanamycin cassette. The expected band size for WT surA
is 1512 bp, which is matched by the band found in the WT lane. The bands found in the lanes for
AsurA Aync), and Askp AsurA are of approximately 1300 bp in size, matching the expected size for
the chloramphenicol cassette. These bands indicate successful deletion of surA by replacement of
the gene with a chloramphenicol cassette. The expected band size for WT skp is 792 bp, which is
matched by the band found in the WT lane. The band found in the lane for Askp AsurA is of
approximately 2000 bp in size, matching the expected size for the kanamycin cassette including
external regions These bands indicate successful deletion of skp by replacement of the gene with
a kanamycin cassette. The DNA ladder used as size marker was 1 kb Hyperladder (BIOLINE).
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3.3.2 Determination of inhibiting concentrations

Using growth curves, the susceptibility of STM SL1344 WT to a range of antimicrobial agents
was analysed. A literature search was conducted to estimate the minimal inhibitory
concentrations of antimicrobial agents of interest. The concentrations described in the
papers studied were used as a starting point around which a range of concentrations was

prepared to be tested in growth curves.

The antimicrobial agent bacitracin is a mixture of cyclic polipeptides derived from Bacillus
subtilis var Tracy, which interfere with the formation of peptidoglycan (Molenkamp and
Veerkamp, 1976). A study into the susceptibility of Escherichia coli to bacitracin reported
that disruptions of the E. coli bcrCec gene, a homologue to the BerC subunit of the bacitracin
permease from Bacillus licheniformis, results in increased susceptibility to bacitracin. The
study examined susceptibility of E. coli on solid LB agar plates containing bacitracin
concentrations ranging between 30 - 220 U/mL (Harel, Bailone and Bibi, 1999). To analyse
the susceptibility of STM SL1344 to bacitracin, growth curves were conducted in LB broth
with bacitracin concentrations ranging between 50ug/mL—1500ug/mL (approx. 3.7 IlU—-110
IU). At 1500ug/mL a slight reduction in growth rate was observed compared to growth in
plain LB (figure 3.10).

In Salmonella Typhimurium, the presence of hydroxyurea activates the expression of nrd
operons encoding Class | ribonuclease reductases. Ribonuclease reductases are involved in
the reduction of ribonucleotides into deoxyribonucleotides required for DNA replication and
repair. Addition of 10mM hydroxyurea to LB broth increased expression of nrd operons but
did not impair Salmonella Typhimurium growth (Panosa, Roca and Gibert, 2010). To analyse
the susceptibility of STM SL1344 to hydroxyurea, growth curves were conducted in LB broth
with hydroxyurea concentrations ranging between 5mM — 15mM. No significant growth
reduction could be detected for STM SL1344 in the presence of hydroxyurea at the tested

concentrations (figure 3.10).

Indole is an intracellular signalling molecule produced by E. coli, but not by Salmonella.
Environmental indole encountered by Salmonella results in an increased production of
multidrug efflux pumps, but it also leads to a down regulation of SPI-1 encoded virulence
genes required for host cell invasion, as well as genes involved in flagellar production and
anaerobic respiration. Assays have been carried out studying gene expression in Salmonella
in response to indole exposure. These assays were carried out in LB broth supplemented with

1-4mM indole (Nikaido et al., 2012). To analyse the susceptibility of STM SL1344 to indole,

109



growth curves were conducted in LB broth with indole concentrations ranging between
0.5mM — 4mM. The growth of STM SL1344 was affected at tested concentrations upwards
of 2mM (figure 3.10).

Recent reports suggest that fluoroquinolone-resistant Salmonella Typhi strains are becoming
increasingly more common. Clinicians require early detection of fluoroquinolone resistance
in S. Typhi, however current interpretive guidelines for fluoroquinolone disk susceptibility
testing would categorise these Salmonella strains as susceptible. The synthetic quinolone
nalidixic acid is frequently used to screen for fluoroquinolone resistance instead. The
concentration of nalidixic acid in the discs for susceptibility screens is 16pg/mL. To analyse
the susceptibility of STM SL1344 to nalidixic acid, growth curves were conducted in LB broth
with nalidixic acid concentrations ranging between 1ug/mL — 50ug/mL. Although 16ug/ml
nalidixic acid appeared to inhibit all STM SL1344 growth, 24-hour screens demonstrated
restoration of growth with a final cell density comparable to growth in plain LB after 24 hours
of incubation. At higher concentrations, STM SL1344 growth appeared to be restricted
indefinitely (figure 3.10).

The phosphonic acid derivative phosphomycin in an antibiotic substance that interferes with
the cell wall formation of both Gram positive and Gram negative bacteria. It inhibits the
synthesis of peptidoglycan by inactivating the transferase MurA. Antimicrobial sensitivity
assays were conducted on E. coli and Klebsiella pneumoniae on LB agar using discs containing
200pg phosphomycin (Michalopoulos, Livaditis and Gougoutas, 2011). To analyse the
susceptibility of STM SL1344 to phosphomycin disodium salt, growth curves were conducted
in LB broth with phosphomycin concentrations ranging between 200ng/mL — 130ug/mL. In
liquid culture, STM SL1344 recovers growth to a cell density comparable to growth in LB only
during an incubation period of 24 hours. No growth was observed at any phosphomycin

concentration above 500ng/mL (figure 3.10).

Spermidine is a natural polyamine found in living tissues. Cationic polyamines are involved
in a wide range of biological processes as they enhance the expression of regulatory genes
of hundreds of genes involved in cell growth and viability. In E. coli, polyamines are also
involved in control of membrane permeability and the protection against certain external
stresses including oxidative stress, radiation and high acidity. However, in Pseudomonas
aeruginosa, exogenous natural polyamines can enhance susceptibility to multiple antibiotic
compounds including B-lactams, chloramphenicol, trimethoprim and nalidixic acid. Although

P. aeruginosa was able to survive in the presence of 20mM spermidine, growth in 1mM
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spermidine significantly increased susceptibility to antibiotics (Kwon and Lu, 2006). To
analyse the susceptibility of STM SL1344 to spermidine, growth curves were conducted in LB
broth with spermidine concentrations ranging between 0.25mM — 10mM. At 10mM
spermidine the growth of STM SL1344 was significantly slower than growth in plain LB (figure
3.10).

The results of the growth curves, displayed in figure 3.10 were used as a starting point for
the susceptibility testing of chaperone mutant strains by spot plate assays and disc diffusion
assays. The growth curve assays testing bacitracin susceptibility demonstrated that STM
SL1344 WT was not sensitive to high concentrations of bacitracin (1.5mg/mL). Higher
concentrations were not tested in growth curves due to solubility limitations of bacitracin.
The disc diffusion assays testing bacitracin susceptibility of the STM mutant strains were
conducted at a final concentration of 10mM. The growth curves testing susceptibility to
hydroxyurea demonstrate that STM SL1344 WT is not sensitive to the maximum tested
concentration. Instead of testing further concentrations using growth curves, disc diffusion
assays testing STM SL1344 WT and mutant sensitivity to this compound was carried out using
the concentration of the stock, 1 M hydroxyurea. In accordance with Wells (2015), STM
SL1344 WT demonstrates susceptibility to 2mM Indole. This concentration was used for
further susceptibility checks. Following the growth curve assays, initial spot plate assays
testing STM SL1344 WT and mutant susceptibilities against nalidixic acid were carried out at
a concentration of 15ug/mL. However, the strains proved more sensitive to nalidixic acid on
solid agar plates compared to liquid batch culture. Following spot plate tests at a wide range
of concentrations, the final testing concentration for spot plates was set at 1ug/mL. The disc
diffusion assays were tested using the stock concentration, 10mM. The growth curve assays
demonstrate that STM SL1344 WT suffers an extended lag phase when grown in the
presence of 500ng/mL Phosphomycin, but does eventually growth to a final OD comparable
to WT grown in plain LB. For the spot plate assays, /1 dilution of this concentration was
chosen (50ng/mL), and for the disc diffusion assays, the stock concentration of 10mM was
tested. During the growth curve assays, STM SL1344 WT started to show susceptibility to
spermidine at a concentration of 10mM. However, on spot plate assays, growth of the WT
appeared to be strongly inhibited at a concentration of 7mM. Therefore, the tested
concentrations for spermidine were 6mM for spot plate assays, and 10mM for disc diffusion

assays.
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Figure 3.10 Estimation of antimicrobial concentrations required during susceptibility assays. Growth curves of STM SL1344 WT were carried out aerobically using LB broth
supplemented with antimicrobials at various concentrations. All cultures were grown at 37°C, 200rpm for 24 hours, and the ODsoo was recorded at regular intervals. In the
presence of bacitracin, a slight reduction in growth rate was observed at 1500ug/mL. No significant growth reduction could be detected in the presence of hydroxyurea.
STM SL1344 WT growth was negatively affected by indole at 2mM. In the presence of 16.5ug/mL Nalidixic acid and 500 ng/mL phosphomycin STM SL1344 growth is
significantly affected during the first 8 hours of incubation, but after 24 hours of growth at 37°C, their ODeoo has recovered to the density observed for growth in plain LB
broth. The presence of 10mM spermidine significantly slows the initial growth of STM SL1344, but after 24 hours incubation, optical density has been restored to the level
of the control.
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3.3.3 Susceptibility assays

To analyse the involvement of the S. Typhimurium periplasmic chaperones and proteins
CpxP, FkpA, HtrA, PpiAD, Skp, Spy, SurA, Ync) and ZraP in the protection against
environmental stresses, disc diffusion assays and sensitivity spot assays were carried out. An
overview of the strains and conditions tested can be found in tables 3.2 — 3.7, a graphic
overview of all strains tested for antimicrobial and heat susceptibility can be found in

appendix E.

3.3.3.1 Skp contributes to S. Typhimurium survival during exposure to bacitracin.

Disc diffusion assays carried out using 10mM bacitracin (figure 3.11) demonstrated that the
removal of skp renders STM SL1344 more sensitive (P < 0.01). In agreement with this, the
other two tested mutants carrying a skp deletion, AhtrA Askp, Askp AzraP, are both
significantly more affected by bacitracin compared to the WT. However, neither strain is
affected significantly more than Askp, suggesting that the increased sensitivity is the result
of the removal of skp alone. Although the deletion of surA or ppiAD does not affect
susceptibility to bacitracin, the combined mutation of AppiAD AsurA does result in greater
susceptibility to bacitracin (P < 0.01). Furthermore, the deletion of fkpA alone does not affect
susceptibility to bacitracin, nor does the combined mutation of AfkpA AppiAD. However, the
quadruple mutant AfkpA AppiAD AsurA is more susceptible than both the WT and the AppiAD
AsurA mutant (P < 0.01), suggesting that removal of all four genes has a serious impact on
the survivability of STM SL1344 in the presence of bacitracin. For a full overview of all strains

tested for bacitracin susceptibility, see figure E7.

3.3.3.2 HtrA contributes to S. Typhimurium survival during heat stress.

Sensitivity spot plate assays were carried out to determine the sensitivity of STM SL1344
mutants to heat exposure at 42°C and 46°C (figure 3.12). The data collected for the exposure
to 42°C are inconclusive. At 42°C, Askp and AcpxP Aspy appear to be significantly less
susceptible than the WT (P < 0.05), but this does not hold for exposure to 46°C. Also, although
AfkpA DppiA appears to be significantly more affected than the WT at 42°C, this does not
appear to be the case for AfkpA AppiAD, or AfkpA AppiAD AsurA. However, the data collected
for the exposure to 46°C are more consistent. The percentage survival of AhtrA is reduced by
63.6% compared to the WT survival (45.7% survival versus 71.86% survival respectively), the
large deviation between the data collected for AhtrA (50.5%) means that the two strains are
not considered statistically different. The data collected for AhtrA Askp, and AhtrA AzraP

however, show significant reduction in survival compared to the wild type (P < 0.01).
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Considering the percentage survival for both Askp and AzraP are similar to the WT

percentage survival, it is probable that the sensitivity is the result of the deletion of htrA. For

a full overview of all strains tested for susceptibility to heat, see figures E1 and E2.
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Figure 3.11 Susceptibility of STM SL1344 WT and mutant strains to bacitracin. SL1344 WT and mutant
strains were screened for sensitivity to bacitracin using disc diffusion assays. The zones of inhibition of
WT and nineteen mutant strains have been calculated in mm? (table 3.2), and those strains
demonstrating significantly increased sensitivity to the tested compounds have been included in the
figure, the level of WT inhibition included for comparison. Significant differences to STM SL1344 WT
are indicated by * (P < 0.05) and ** (P < 0.01), Student’s t-test assuming equal variance, n = 3. Error
bars indicate standard deviation.
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Figure 3.12 Susceptibility of STM SL1344 WT and mutant strains to 42°C and 46°C. STM SL1344
WT and mutant strains were tested for their sensitivity to heat using spot plate assays. Percentage
survival was calculated by comparing the viable count of strains exposed to stress, to the viable
count of strains grown at 37°C. Of all strains tested, only mutant strains displaying significantly
increased sensitivity are included in the figure. Significant differences to STM SL1344 WT are
indicated by * (P < 0.05) and ** (P < 0.01), Student’s t-test, minimum n = 3. Error bars indicate

standard deviation.
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3.3.3.3 FkpA, SurA and ZraP contribute to S. Typhimurium persistence against hydrogen
peroxide.

Disc diffusion assays carried out using 30% hydrogen peroxide (figure 3.13) demonstrated
that FkpA, SurA and ZraP play a role in the protection of STM SL1344 against hydrogen
peroxide. Both AfkpA and AfkpA AppiAD, as well as the quadruple mutant AfkpA AppiAD
AsurA are significantly more susceptible to hydrogen peroxide compared to the WT (P <
0.05). All tested strains with a surA deletion, including AsurA, Aspy AsurA, AsurA AzraP, and
AppiAD AsurA, demonstrate significantly increased sensitivity to hydrogen peroxide
compared to the WT (P < 0.05-0.01). All tested strains with a zraP deletion, including AzraP,
AhtrA AzraP, Askp AzraP, AsurA AzraP, and AcpxP Aspy AzraP, demonstrate significantly
increased sensitivity to hydrogen peroxide compared to the WT (P < 0.05-0.01). Of all the
tested double, triple and quadruple mutants that displayed increased sensitivity to hydrogen
peroxide, none were significantly more sensitive to the AfkpA, AsurA, or AzraP mutants,
suggesting that their sensitivity is the result of the deletion of one or more of these three
chaperones. For a full overview of all strains tested for susceptibility to hydrogen peroxide,

see figure E8.
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Figure 3.13 Susceptibility of STM SL1344 WT and mutant strains to hydrogen peroxide. SL1344 WT
and mutant strains were screened for sensitivity to hydrogen peroxide using disc diffusion assays. The
zones of inhibition of WT and nineteen mutant strains have been calculated in mm? (table 3.2), and
those strains demonstrating significantly increased sensitivity to the tested compounds have been
included in the figure, the level of WT inhibition included for comparison. Significant differences to
STM SL1344 WT are indicated by * (P < 0.05) and ** (P < 0.01), Student’s t-test assuming equal
variance, n = 3. Error bars indicate standard deviation.
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3.3.3.4 Periplasmic chaperones do not appear to be involved in the protection against
hydroxyurea.

To determine the involvement of periplasmic chaperones in the protection against
hydroxyurea, disc diffusion assays carried out using 1 M hydroxyurea (figure 3.14). The data
collected from these assays are inconclusive. Although increased sensitivity to hydroxyurea
was recorded for the single mutant AhtrA (P < 0.01), none of the tested double mutants
carrying an htrA deletion displayed an increased sensitivity. The single mutant AzraP, and the
double mutant AsurA AzraP appeared more sensitive compared to the WT (P < 0.05), but

other double and triple mutants carrying a zraP deletion did not confirm this phenotype. The
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Figure 3.14 Susceptibility of STM SL1344 WT and mutant strains to hydroxyurea. SL1344 WT and
mutant strains were screened for sensitivity to hydroxyurea using disc diffusion assays. The zones
of inhibition of WT and nineteen mutant strains have been calculated in mm? (table 3.2), and those
strains demonstrating significantly increased sensitivity to the tested compounds have been
included in the figure, the level of WT inhibition included for comparison. Significant differences
to STM SL1344 WT are indicated by * (P < 0.05) and ** (P < 0.01), Student’s t-test assuming equal
variance, n = 3. Error bars indicate standard deviation.

quadruple mutant AfkpA AppiAD AsurA may be significantly more sensitive to hydroxyurea
than the WT (P < 0.05), but as the deletion of the individual genes do not appear to affect its
sensitivity, further experiments are required to confirm this phenotype. For a full overview

of all strains tested for susceptibility to hydroxyurea see figure E9.

3.3.3.5 Skp and SurA contribute to the survival of S. Typhimurium when exposed to nalidixic
acid.

To determine the involvement of periplasmic chaperones in the protection against nalidixic
acid, disc diffusion assays were carried out using 10mM nalidixic acid, and sensitivity spot

plate assays were carried out using 1ug/mL nalidixic acid (approximately 4-5uM)(figure 3.15).
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The disc diffusion assays demonstrated an increased sensitivity to nalidixic acid for the single
mutants Askp and AsurA compared to the WT (P < 0.01), and all subsequently tested double,
triple and quadruple mutants carrying either a skp or surA also showed significantly
increased susceptibility to nalidixic acid compared to the WT (P < 0.01), suggesting that both
Skp and SurA are involved in the protection of STM SL1344 against nalidixic acid. These
phenotypes were confirmed by sensitivity spot plate assays, which demonstrated a
significant reduction in percentage survival for Askp and AsurA when grown in the presence
of nalidixic acid compared to the WT (P < 0.01). The disc diffusion assays also suggested an
increased sensitivity to nalidixic acid for the triple mutant AcpxP Aspy AzraP compared to the
WT (P < 0.05), however this phenotype was not confirmed by sensitivity spot plate assays,
where the percentage survival of the triple mutant was reduced by only 0.1% compared to
the WT (94.2% survival versus 94.3% survival respectively). Furthermore, in addition to the
guadruple mutant AfkpA AppiAD AsurA, the triple mutant AfkpA AppiAD appears to be
significantly affected by nalidixic acid when tested on disc diffusion plates (P <0.01), whereas
the individual deletions do not affect sensitivity. Sensitivity spot plate assays have not been
carried out for these strains, so further analysis is required to confirm this phenotype. For a

full overview of all strains tested for susceptibility to nalidixic acid see figures E5 and E10.

A Nalidixic acid (10mM) B B Nalidixic acid 1 pg/ml
*%
800 A 100% - T
kk Kk
o 700 - wg KX T
£ *% —  80% -
€ 600 [
c 2
£ K% 2
§ 5001 *k 3 60% A
x L)
a 400 4 7]
£ *k £ a0
£ 300 A * 5 °
b~ o
S s
@ 200 A
S & 0% |
N 100 A
0 1 0% £ ok

Q\ﬂ b‘;& bs‘-"(v. PS}Q SL@Q bs\)(y. blog b‘t@Q QQ_\VO bs&\x . &v WT Askp AsurA
o o M
ST SO MR RN L SR
S - v o Iy s bx\\@ DQQ\ DQQ\
® S
b‘\‘(\

Figure 3.15 Susceptibility of STM SL1344 WT and mutant strains to nalidixic acid. SL1344 WT and
mutant strains were screened for sensitivity to nalidixic acid using disc diffusion assays (A) and spot
plate assays (B). The zones of inhibition of WT and nineteen mutant strains have been calculated in
mm? (table 3.2). Percentage survival was calculated by comparing the viable count of strains exposed
to stress, to the viable count of strains grown on plain LB agar. Those strains demonstrating
significantly increased sensitivity to the tested compounds have been included in the figure, the level
of WT inhibition included for comparison. Significant differences to STM SL1344 WT are indicated by
* (P < 0.05) and ** (P < 0.01), Student’s t-test assuming equal variance, n = 3. Error bars indicate
standard deviation.
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3.3.3.6 FkpA, PpiAD, SurA, Skp and ZraP contribute to the survival of S. Typhimurium during
exposure to penicillin G.

Disc diffusion assays carried out using 10mM penicillin G (figure 3.16) suggest that FkpA,
PpiAD, Skp, SurA and ZraP play a role in the protection of STM SL1344 against penicillin G.
The single mutants AfkpA and AsurA, and the double mutant AppiAD are more susceptible
to penicillin G than the WT (P < 0.01), and so are the single mutants Askp and AzraP (P <
0.01). All tested double, triple and quadruple mutant strains carrying a deletion of fkpA,
PpiAD and/or surA are significantly more affected by penicillin G than the WT strain (P <
0.01). All tested double mutant strains carrying a deletion of either skp or zraP are also
significantly more susceptible to penicillin G than the WT strain (P < 0.05 — 0.01), but they
are not significantly more susceptible than the single deletion strain, suggesting that the
increased sensitivity to penicillin G is the result of the deletion of either skp or zraP. For a full

overview of all strains tested for susceptibility to penicillin G see figure E11.
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Figure 3.16 Susceptibility of STM SL1344 WT and mutant strains to penicillin G. SL1344 WT and
mutant strains were screened for sensitivity to penicillin using disc diffusion assays. The zones of
inhibition of WT and nineteen mutant strains have been calculated in mm? (table 3.2), and those
strains demonstrating significantly increased sensitivity to the tested compounds have been
included in the figure, the level of WT inhibition included for comparison. Significant differences
to STM SL1344 WT are indicated by * (P < 0.05) and ** (P < 0.01), Student’s t-test assuming equal
variance, n = 3. Error bars indicate standard deviation.

3.3.3.7 SurA contributes to the survival of S. Typhimurium during phosphomycin exposure;
ZraP may also be involved.

To determine the involvement of periplasmic chaperones in the protection against
phosphomycin, disc diffusion assays were carried out using 10mM phosphomycin, and

sensitivity spot plate assays were carried out using 50ng/mL phosphomycin (approximately
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0.3 puM)(figure 3.17). The disc diffusion assay suggests that the single mutant AsurA is
significantly more susceptible to phosphomycin than the WT strain (P < 0.01), and this
phenotype is confirmed by the sensitivity spot plate assay (P < 0.05). All tested double, triple
and quadruple deletion mutants carrying a surA deletion are also significantly more sensitive
to phosphomycin compared to the WT (P < 0.01). The tested double and triple deletion
mutants are not significantly more susceptible than the AsurA strain, but the quadruple
AfkpA AppiAD AsurA strain is significantly more affected (P < 0.01), suggesting that FkpA and
PpiAD may play a minor role in the protection of the outer membrane in the presence of
phosphomycin. Another chaperone that may be involved in the protection against
phosphomycin is ZraP. Disc diffusion assays suggest that the AzraP strain is more susceptible
to phosphomycin than the WT (P < 0.05), and this increased susceptibility was also
demonstrated using disc diffusion assays for the double deletion strains AhtrA AzraP, Askp
AzraP, and AsurA AzraP (P < 0.05 — 0.01). However, both the disc diffusion assays and
susceptibility spot plate assays show that the triple deletion mutant AcpxP Aspy AzraP is not
more susceptible than the WT, raising suspicion regarding the involvement of ZraP in the
protection against phosphomycin. Further investigation is required to clarify the role of ZraP.
The disc diffusion assay results for both AhtrA Askp, and AfkpA AppiAD require further
investigation. Both strains demonstrate an increased sensitivity to phosphomycin compared
to the WT (P < 0.05), but none of the individual genes appear to be essential. To determine
their exact role in the protection against phosphomycin, further studies are required. For a

full overview of all strains tested for susceptibility to phosphomycin see figures E5 and E12.
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Figure 3.17 Susceptibility of STM SL1344 WT and mutant strains to phosphomycin. SL1344 WT
and mutant strains were screened for sensitivity to phosphomycin using disc diffusion assays. The
zones of inhibition of WT and nineteen mutant strains have been calculated in mm? (table 3.2),
and those strains demonstrating significantly increased sensitivity to the tested compounds have
been included in the figure, the level of WT inhibition included for comparison. Significant
differences to STM SL1344 WT are indicated by * (P < 0.05) and ** (P < 0.01), Student’s t-test
assuming equal variance, n = 3. Error bars indicate standard deviation.

3.3.3.8 Skp and SurA are involved in the protection of S. Typhimurium against polymyxin B
exposure; ZraP may contribute.

To determine the involvement of periplasmic chaperones in the protection against
polymyxin B, disc diffusion assays were carried out using 1ImM polymyxin B, sensitivity spot
plate assays were carried out using 100ng/mL polymyxin B (approximately 0.75 uM)(figure
3.18). The disc diffusion assay suggests that the single mutants Askp and AsurA are
significantly more susceptible to phosphomycin than the WT strain (P < 0.01 and P < 0.05
respectively). All tested double, triple and quadruple deletion strains lacking either skp or
surA also demonstrate increased sensitivity to polymyxin B (P < 0.01). These phenotypes are
confirmed by the sensitivity spot assays, which demonstrate an increased sensitivity for
mutant strains carrying a Askp or AsurA (P < 0.01). The disc diffusion assays also suggest a
role for ZraP in the protection against polymyxin B, as both the single deletion strain AzraP
and all tested double and triple deletion strains demonstrate increased sensitivity to

polymyxin B compared to the WT (P < 0.05 -0.01).

However, the susceptibility spot assays do not confirm this phenotype for any of the zraP
deletion strains, but rather suggest there is no significant difference. To clarify the

contribution of ZraP to the protection of STM SL1344 against polymyxin B, further

120



investigation is required. ZraP is not the only protein that shows inconsistency between the
susceptibility screens; whereas the disc diffusion assays suggest significant susceptibility to
polymyxin B for AcpxP and AfkpA AppiAD (P < 0.01 and P < 0.05 respectively), these
phenotypes are not confirmed by the susceptibility spot plate assays. Furthermore, whereas
the susceptibility spot plate assays suggest a reduced percentage survival for the single
mutant strain AhtrA (P < 0.05), this phenotype is not confirmed by the disc diffusion assays.
For a full overview of all strains tested for susceptibility to polymyxin B, see figures E3 and

E13.
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Figure 3.18 Susceptibility of STM SL1344 WT and mutant strains to polymyxin B. SL1344 WT and
mutant strains were screened for sensitivity to polymyxin B using disc diffusion assays (A) and spot
plate assays (B). The zones of inhibition of WT and nineteen mutant strains have been calculated
in mm? (table 3.2). Percentage survival was calculated by comparing the viable count of strains
exposed to stress, to the viable count of strains grown on plain LB agar. Those strains
demonstrating significantly increased sensitivity to the tested compounds have been included in
the figure, the level of WT inhibition included for comparison. Significant differences to STM SL1344
WT are indicated by * (P < 0.05) and ** (P < 0.01), Student’s t-test assuming equal variance, n = 3.
Error bars indicate standard deviation.
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3.3.3.9 Periplasmic chaperones do not appear to be involved in the protection against
spermidine.

To determine the involvement of periplasmic chaperones in the protection against
phosphomycin, disc diffusion assays were carried out using 10mM spermidine, and
sensitivity spot plate assays were carried out using 6mM spermidine (figure 3.19). Although
the sensitivity spot plate assays suggested a significantly reduced percentage survival for
Aspy and AzraP compared to the WT when exposed to 6mM spermidine, these phenotypes
were not confirmed by the disc diffusion assays. The latter assays suggested that none of the
tested strains were more susceptible to 10mM spermidine than the WT, indicating that the
periplasmic chaperones of interest to this study may not be involved in the protection against
spermidine. For a full overview of all strains tested for susceptibility to spermidine see figures

E6 and E14.
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Figure 3.19 Susceptibility of STM SL1344 WT and mutant strains to spermidine. SL1344 WT and
mutant strains were screened for sensitivity to spermidine using disc diffusion assays. The zones
of inhibition of WT and nineteen mutant strains have been calculated in mm? (table 3.2), and those
strains demonstrating significantly increased sensitivity to the tested compounds have been
included in the figure, the level of WT inhibition included for comparison. Significant differences
to STM SL1344 WT are indicated by * (P < 0.05) and ** (P < 0.01), Student’s t-test assuming equal
variance, n = 3. Error bars indicate standard deviation.

3.3.3.10 Skp and SurA contribute to S. Typhimurium survival during exposure to vancomycin.

To determine the involvement of periplasmic chaperones in the protection against
phosphomycin, disc diffusion assays were carried out using 65mg/ml vancomycin, and
sensitivity spot plate assays were carried out using 65ug/ml vancomycin (figure 3.20). The

disc diffusion assays demonstrated that the single deletion mutant strains Askp and AsurA
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are significantly more susceptible to vancomycin than the WT (P < 0.01), and all the tested
double, triple and quadruple deletion mutants lacking either skp or surA were also
significantly affected (P < 0.01). These phenotypes were confirmed by the sensitivity spot
plate assays, which also demonstrated a significantly reduced percentage survival for all the
strains carrying either Askp or AsurA (P < 0.01). Furthermore, the sensitivity spot plate assays
suggested a reduced percentage survival in the presence of vancomycin for AfkpA, AhtrA,
AfkpA AppiAD, and AhtrA AzraP at P < 0.05 and for AzraP at P < 0.01. However, these
phenotypes have not been confirmed by the disc diffusion assays, and they require further
investigation to determine their involvement in the protection of STM SL1344 against
vancomycin. For a full overview of all strains tested for susceptibility to vancomycin see

figures E4 and E15.
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Figure 3.20 Susceptibility of STM SL1344 WT and mutant strains to vancomycin B. SL1344 WT and
mutant strains were screened for sensitivity to vancomycin using disc diffusion assays (A) and spot
plate assays (B). The zones of inhibition of WT and nineteen mutant strains have been calculated in
mm? (table 3.2). Percentage survival was calculated by comparing the viable count of strains
exposed to stress, to the viable count of strains grown on plain LB agar. Those strains demonstrating
significantly increased sensitivity to the tested compounds have been included in the figure, the
level of WT inhibition included for comparison. Significant differences to STM SL1344 WT are
indicated by * (P < 0.05) and ** (P < 0.01), Student’s t-test assuming equal variance, n = 3. Error
bars indicate standard deviation.
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Table 3.2 Overview results of susceptibility spot plate assays — heat, polymyxin B, and vancomycin.

42°C 462C Polymyxin B (100ng/mL) Vancomycin (65ug/mL)

Strain Average stdev T-test Average stdev T-test Average stdev T-test Average stdev T-test
WT 89.3% 17.4% 71.9% 20.9% 52.4% 33.2% 94.4% 10.7%

DT104 86.6% 15.5% 0.395 88.0% 13.7% 0.121 40.0% 22.2% 0.242 98.8% 2.4% 0.044
bongori 89.7% 9.3% 0.484 79.4% 31.4% 0.358 54.1% 27.8% 0.462 76.9% 34.2% 0.192
AcpxP 98.9% 2.2% 0.059 83.9% 11.7% 0.178 43.2% 28.3% 0.229 81.4% 28.8% 0.110
AfkpA 98.0% 4.0% 0.083 77.1% 15.8% 0.352 34.2% 25.4% 0.068 64.8% 34.9% 0.017
AhtrA 88.8% 11.7% 0.364 45.7% 50.5% 0.181 77.3% 30.5% 0.046 79.3% 17.4% 0.018
Askp 100.0% 0.0% 0.042 89.7% 19.1% 0.084 1.9% 3.3% 0.000 0.0% 0.0% 0.000
Aspy 79.3% 16.4% 0.171 77.8% 13.0% 0.322 43.2% 33.1% 0.308 91.9% 7.4% 0.327
AsurA 88.3% 13.3% 0.337 71.4% 19.1% 0.487 24.4% 19.6% 0.023 27.6% 34.4% 0.001
AzraP 92.5% 4.3% 0.301 81.8% 10.9% 0.216 38.4% 28.7% 0.220 66.8% 10.2% 0.000
AcpxPAync) 98.0% 4.0% 0.084 89.5% 7.4% 0.114 39.7% 41.4% 0.252 90.3% 12.1% 0.246
AcpxPAspy 99.5% 1.0% 0.050 90.1% 9.2% 0.080 45.0% 24.0% 0.339 100.0% 0.0% 0.155
AcpxPAzraP 94.3% 8.4% 0.299 89.4% 18.3% 0.150 41.3% 37.1% 0.172 87.9% 25.1% 0.177
AfkpAQppiA 75.2% 2.3% 0.015 80.5% 11.6% 0.276 63.1% 33.4% 0.281 70.9% 18.5% 0.020
AfkpAQppiD 84.7% 14.8% 0.323 82.5% 5.8% 0.200 59.7% 31.8% 0.345 97.2% 3.8% 0.160
AhtrAAskp 94.4% 9.6% 0.052 12.5% 35.4% 0.006 0.8% 0.8% 0.000 0.0% 0.0% 0.000
AhtrAAzraP 90.1% 13.6% 0.484 27.4% 34.7% 0.023 33.5% 30.6% 0.098 77.9% 18.1% 0.027
DppiAD 83.8% 8.0% 0.279 86.6% 18.1% 0.163 57.3% 37.5% 0.397 72.0% 34.1% 0.110
AskpAzraP 86.2% 15.5% 0.381 84.0% 19.1% 0.212 8.9% 26.2% 0.000 23.6% 39.1% 0.000
Aspylync) 92.9% 14.3% 0.363 86.4% 19.3% 0.230 29.9% 21.2% 0.104 89.8% 12.0% 0.219
AspylAzraP 76.0% 12.0% 0.095 81.6% 14.6% 0.238 26.1% 13.7% 0.001 88.6% 23.9% 0.196
AsurAlAspy 94.7% 9.0% 0.288 73.4% 5.3% 0.446 3.0% 7.7% 0.000 71.9% 30.9% 0.008
AsurADzraP 91.6% 15.1% 0.412 85.8% 14.7% 0.159 3.1% 5.4% 0.000 57.2% 38.3% 0.003
AynclDzraP 90.1% 4.8% 0.451 91.9% 14.0% 0.107 58.7% 39.4% 0.369 92.1% 9.9% 0.348
AcpxPAzraPAspy 83.0% 13.5% 0.267 80.4% 14.5% 0.263 31.9% 38.2% 0.140 84.4% 28.1% 0.265
AfkpADppiAD 92.1% 9.5% 0.385 80.0% 7.3% 0.245 54.5% 32.1% 0.456 72.4% 37.7% 0.108
AsurADppiAD 92.3% 13.5% 0.304 79.5% 34.3% 0.354 15.1% 18.8% 0.000 17.1% 28.9% 0.000
AsurADfkpADppiAD 95.4% 9.2% 0.264 68.5% 36.1% 0.435 20.2% 22.7% 0.039 0.0% 0.0% 0.000
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Table 3.2 Overview results of susceptibility spot plate assays — heat, polymyxin B, and vancomycin.

Nalidixic acid Spermidine Phosphomycin Indole
Strain Average stdev T-test | Average stdev  T-test | Average stdev T-test | Average stdev T-test
WT 94.3% 5.05% 81.0% 22.4% 92.31%  13.32% 82.39% 16.33%
AcpxP no data 82.0% 20.4% 0.4733 no data 87.89% 20.97% 0.3376
Askp 0.0% 0.00%  0.0000 87.2% 12.7% 0.2817 | 82.02%  15.57% 0.2168 | 99.66% 0.83% 0.0136
Aspy no data 38.9% 7.8%  0.0090 no data 45.80% 11.97% 0.0057
AsurA 0.0% 0.00%  0.0000 66.1% 33.6% 0.1937 | 50.49% 16.79% 0.0139 | 44.80% 41.83% 0.0337
AzraP no data 40.0% 12.3% 0.0117 no data 41.79% 9.42%  0.0029
AcpxPAzraPAspy 94.2% 10.04% 0.1125 74.3% 24.7% 0.3167 | 84.41% 9.41% 0.2244 | 80.75% 9.75%  0.4185
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Table 3.4 Overview results of disc diffusion assays - bacitracin, hydrogen peroxide, and hydroxyurea.

Bacitracin (10mM)

Hydrogen Peroxide (30%)

Hydroxyurea (30%)

Strain Average stdev T-test Average stdev T-test Average stdev T-test
WT 63.6 0.0 962.6 55.0 201.6 25.1

AcpxP 63.6 0.0 0.5000 1037.0 33.1 0.0580 156.0 44.0 0.0981
AfkpA 63.6 0.0 0.5000 1075.7 58.1 0.0352 185.4 27.2 0.2459
AhtrA 63.6 0.0 0.5000 856.9 91.1 0.0792 264.2 16.8 0.0043
ArpoE 63.6 0.0 0.5000 1569.2 147.5 0.0010 285.1 53.1 0.0301
Askp 140.8 32.6 0.0040 890.4 30.4 0.0581 119.6 11.3 0.0027
Aspy 63.6 0.0 0.5000 890.9 61.7 0.1026 155.2 90.1 0.1933
AsurA 63.6 0.0 0.5000 1095.9 90.2 0.0456 246.4 41.8 0.0945
Aync) 63.6 0.0 0.5000 908.4 53.4 0.1439 193.5 29.0 0.3623
DzraP 63.6 0.0 0.5000 1277.8 36.7 0.0007 274.9 44.2 0.0323
AhtrAAskp 146.9 12.2 0.0001 1056.6 67.1 0.0659 154.2 87.3 0.1802
AhtrADzraP 63.6 0.0 0.5000 1320.3 0.0 0.0002 157.6 60.9 0.1439
DppiAD 63.6 0.0 0.5000 890.9 61.7 0.1026 237.2 42.2 0.1373
AskpAzraP 127.2 29.8 0.0071 1256.6 0.0 0.0005 153.9 0.0 0.0129
AspyAsurA 68.6 8.6 0.1870 1277.8 36.7 0.0007 209.7 15.0 0.3217
AsurADzraP 73.6 8.6 0.0581 1095.4 67.1 0.0286 245.3 15.9 0.0334
AcpxPAspyAzraP 63.6 0.0 0.5000 1277.8 36.7 0.0007 230.6 68.0 0.2867
AfkpADppiAD 63.6 0.0 0.5000 1094.8 34.0 0.0124 229.1 53.4 0.2409
AppiADAsurA 78.6 0.1 0.0000 1363.7 37.6 0.0003 236.7 30.8 0.1026
AfkpADppiADAsurA 154.0 0.1 0.0000 1156.9 141.5 0.0417 285.6 59.7 0.0404
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Table 3.5 Overview results of disc diffusion assays - nalidixic acid, Penicillin G, and phosphomycin.

Nalidixic Acid (10mM)

Penicillin G (10mM)

Phosphomycin (10mM)

Strain Average stdev T-test Average stdev T-test Average stdev T-test
WT 184.8 14.1 325.9 49.4 369.9 51.4

AcpxP 228.6 44.9 0.0945 440.1 21.3 0.0121 358.1 38.1 0.3890
AfkpA 219.4 39.4 0.1151 440.1 21.3 0.0121 404.2 41.7 0.2084
AhtrA 228.6 47.6 0.0945 391.9 20.4 0.0506 284.1 29.8 0.0323
ArpoE 209.7 15.0 0.0506 No data 478.0 22.2 0.0167
Askp 645.6 25.8 0.0000 724.9 97.7 0.0002 427.8 21.3 0.0759
Aspy 209.7 15.0 0.0506 357.6 19.5 0.1743 293.7 17.7 0.0343
AsurA 604.0 97.9 0.0004 509.5 132.1  0.1295 1094.8 34.0 0.0000
Aync) 163.6 454 0.2338 371.0 72.3 0.2108 293.7 17.7 0.0343
AzraP 209.7 15.0 0.0506 478.6 45.3 0.0086 465.2 22.2 0.0237
AhtrAlQskp 588.0 66.2 0.0001 647.7 95.2 0.0025 452.9 37.7 0.0456
AhtrAAzraP 201.6 25.1 0.1870 480.7 87.1 0.0267 531.5 40.8 0.0074
AppiAD 273.1 1259 0.1420 452.9 37.7 0.0127 314.7 31.4 0.0945
AskpAzraP 549.5 1241  0.0018 549.0 115.6  0.0167 505.3 61.4 0.0212
AspyAsurA 452.5 0.2 0.0000 722.8 27.7 0.0000 1196.7 122.5 0.0001
AsurAAzraP 416.0 36.1 0.0002 645.6 25.8 0.0005 1100.1 192.7  0.0008
AcpxPAspyAzraP 227.5 26.7 0.0334 465.2 22.2 0.0066 403.7 20.4 0.1743
AfkpADppiAD 245.3 15.9 0.0039 504.2 23.1 0.0030 452.9 37.7 0.0456
AppiADAsurA 388.2 199.3  0.0042 755.3 48.7 0.0003 1260.3 168.9  0.0002
AfkpADppiADAsurA 649.8 133.8  0.0007 1075.2 0.0 0.0000 1477.1 140.2  0.0043
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Table 3.6 Overview results of disc diffusion assays - polymyxin B, spermidine, and vancomycin.

Polymyxin B (1mM)

Spermidine (6mM)

Vancomycin 65ugmL

Strain Average stdev T-test Average stdev T-test Average stdev T-test
WT 184.8 14.1 63.6 0.0 63.6 0.0

AcpxP 236.1 15.9 0.0066 63.6 0.0 0.5000 63.6 0.0 0.5000
AfkpA 185.9 37.4 0.5000 63.6 0.0 0.5000 68.6 8.6 0.1870
AhtrA 184.8 14.1 0.5000 63.6 0.0 0.5000 63.6 0.0 0.5000
ArpoE 307.1 76.8 0.0219 78.5 0.0 0.0000 90.1 20.0 0.0334
Askp 324.9 18.6 0.0002 63.6 0.0 0.5000 227.5 26.7 0.0001
Aspy 177.2 23.6 0.3217 63.6 0.0 0.5000 63.6 0.0 0.5000
AsurA 245.8 32.6 0.0176 63.6 0.0 0.5000 287.2 81.7 0.0014
Aync) 210.7 39.8 0.1743 63.6 0.0 0.5000 63.6 0.0 0.5000
AzraP 264.7 32.6 0.0079 63.6 0.0 0.5000 63.6 0.0 0.5000
AhtrAlQskp 315.7 55.8 0.0057 63.6 0.0 0.5000 236.1 15.9 0.0000
AhtrADzraP 284.1 29.8 0.0027 73.6 8.6 0.0581 63.6 0.0 0.5000
AppiAD 201.6 25.1 0.1870 63.6 0.0 0.5000 63.6 0.0 0.5000
AskpAzraP 284.1 29.8 0.0027 68.6 8.6 0.1870 236.1 15.9 0.0000
AspyAsurA 283.5 0.0 0.0002 73.6 8.6 0.0581 380.7 34.6 0.0000
AsurAAzraP 236.1 15.9 0.0066 78.5 0.0 0.0081 336.7 49.0 0.0001
AcpxPAspyAzraP 274.9 44.2 0.0121 73.6 8.6 0.0581 63.6 0.0 0.5000
AfkpADppiAD 218.3 15.0 0.0237 63.6 0.0 0.5000 63.6 0.0 0.5000
AppiADAsurA 273.8 16.8 0.0011 68.6 8.6 0.1870 293.7 17.7 0.0000
AfkpADppiADAsurA 314.2 0.0 0.0001 63.6 0.0 0.5000 417.0 61.2 0.0001
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Table 3.7 Sensitivity screens by disc diffusion assays of S. Typhimurium SL1344 WT and nineteen deletion mutants. Susceptibility of STM SL1344 WT
and mutant strains were analysed by determining the zone of inhibition (mm?) after approximately 18 hours growth at 37°C. Mutant strain phenotypes
were compared to the WT and summarised as no increased sensitivity ( - ) or increased sensitivity ( + ). Statistical analysis carried out using Student’s t-
test assuming equal variance (p<0.05), n = 3.

STM SL1344 Strains

o g

a

A

$ ¥ %Y FP:oZg

T I g Y S fn fz <Qt 4 4 f: 2 ft <Q: ft

s &§ &§ 8 &£ 3 5 &€ 8 5 £ 3 & 3 5 58 g 3 g

Compound - concentration S 5 5 5§ 8 3 8 3 3 5§ S5 5 3 3 8 5 5 5 5
Bacitracin - 10 mM - - - - + - = - = + = - + - = - - + +
Hydrogen peroxide - 30% - + - + - - + - - + - + + + + + + +
hydroxyurea -1 M - - + + - - - - + - - - - - + - - - +
Nalidixic acid - 10 mM - - - - + - + - = + = - + o+ o+ + + o+
Penicillin G - 10 mM - + - - + - - - + + = + + O+ o+ o+ + o+ o+
Phosphomycin - 10 mM - - - + - - + - + + - + o+ o+ - + + o+
Polymyxin B -1 mM + - - + + - + - + + - + + + + + + +
Spermidine - 10 mM = - = - = - - - - - - - - - - - - - -
Vancomycin - 65 mg/mL - - - - + - + - = + = - + o+ o+ - - + o+
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Table 3.8 Sensitivity screens by spot plate assays of STM SL1344 deletion mutants. Susceptibility of Salmonella WT and mutant strains were analysed by
determining the percentage survival after approximately 18 hours growth at 37°C. Mutant strain phenotypes were compared to the WT and summarised as
no increased sensitivity ( - ) or increased sensitivity ( + ). Absence of marker indicates no data were collected. Statistical analysis carried out using Student’s
t-test assuming equal variance (P < 0.05), minimum n = 3. Abbreviations of compounds tested: nalidixic acid (NDA), phosphomycin (PPM), polymyxin B (PMB),

vancomycin (VCM).

Salmonella STM SL1344 strains and mutants
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42°C - NA = - = + = - = - + - + - = - = - = - = - = - = - =

46°C - NA " e e e N N e . -
Indole - 2 mM - + o+ o+ -
Nalidixic acid - 1 pug/ml + -
Phosphomycin - 50 ng/ml - + -

Polymyxin B - 100 ng/ml = - + o+ = + = - - - - - + - = + o+ - + o+ - - - + o+
Spermidine - 6 mM - -+ - -

Vancomycin - 65 pg/ml L e e
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3.3.4 Carbon starvation assays

Starvation of carbon energy sources is the one of the most common stresses encountered
by bacteria in their natural habitat (Spector, 1998). During prolonged periods of carbon
starvation, many non-spore-forming bacteria rely on their starvation-stress response (SSR)
for survival. The SSR induces major alterations in gene expression, resulting in cells that are
not only morphologically and physiologically different, but that are also more resistant to
general stress. Unlike the stationary-phase response, the SSR is activated in response to
carbon starvation only, and the densities of SSR cells are significantly lower than the densities
of typical stationary-phase cells (Spector and Cubitt, 1992; Spector, 1998; Kenyon et al.,
2002; Fung et al., 2010). The function of the SSR is both to allow for long-term carbon
starvation survival (LTCSS) and to generate carbon-starvation induced cross resistance
(CSIXR) to other environmental stresses including pH, oxidative agents, temperature, and
antimicrobial agents. In Salmonella Typhimurium, the general stress response sigma factor
o® (chapter 1.4.1) and the envelope stress response sigma factor of (chapter 1.5.1) regulate
the expression of several loci activated during the SSR (O’Neal et al., 1994; Seymour et al.,
1996; Spector, 1998; Spector et al., 1999; Kenyon et al., 2002). Functional overlap between
of and the two-component envelope stress response systems raises the question if these
systems are also involved in the SSR. The Salmonella o regulon is involved in the SSR-induced
cross resistance against heat stress, acidity, and the cationic antimicrobial peptide polymyxin
B (Spector et al., 1999; Spector and Kenyon, 2012). In E. coli, constitutive activity of of and
the Cpx regulon increases resistance of phosphate- and nitrogen-starved cells against the
aminoglycoside gentamycin (Moreau, 2014). Also in E. coli, the two-component response
sensor Zra$ is capable of phosphorylating the adaptor protein RssB (chapter 1.4.4.3) in vitro,
suggesting that the two component system ZraSR may directly interact with ¢® (Yamamoto
et al., 2005). Furthermore, in E. coli genes expressed under the control of of include the
periplasmic chaperones surA, fkpA and skp (Dartigalongue, Missiakas and Raina, 2001).
Considering the importance of these chaperones to general membrane homeostasis and the
involvement of of in the SSR, investigation into the contribution of these periplasmic

chaperones to the SSR is of interest.
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Figure 3.21 Carbon-starved STM SL1344 WT is more resistant to heat-stress and polymyxin B
exposure than exponential cells grown in high carbon. Carbon-starvation significantly increases
resistance of STM SL1344 WT to heat-stress (55°) compared to non-starved cells. As the heat-
exposure time interval increases, the percentage survival of both carbon-starved and high-carbon
grown cells decreases rapidly. Comparing carbon-starved STM SL1344 WT to cells grown in excess
carbon, there is no difference in susceptibility to polymyxin B at low concentrations. As the
concentration of PMB increases however, the susceptibility of carbon-starved cells is significantly
lower than that of high carbon grown cells. The percentage survival of both carbon-starved and
high-carbon grown cells decreases significantly as the PMB concentration goes up.

To investigate the involvement of two-component envelope stress responses as well as
periplasmic chaperones in the carbon-starvation induced cross-resistance against heat and
polymyxin B, CSIXR experiments were carried out according to the protocol described by
Kenyon et al. (2002). Following their report of significant RpoE involvement in the CSIXR
against both stresses, STM SL1344 ArpoE was used as a benchmark to measure susceptibility
against. Prior to CSIXR testing, a series of experiments was carried out to determine the
parameters to be tested. For heat resistance, percentage survival of carbon-starved STM
SL1344 was tested at a range of exposure times, and for polymyxin B resistance, carbon-
starved STM SL1344 was tested at a range of concentrations. The CSIXR to heat graph shown
in figure 3.21 demonstrates that carbon starved STM SL1344 cells are significantly more
resistant to heat-stress, and that the percentage survival declines rapidly when exposed to
55°C for longer periods of time. Furthermore, the CSIXR to polymyxin B demonstrates that
at all tested concentrations above 1pg/mlL, carbon starved cells are significantly more
resistant than the exponential cells grown in high carbon, and the percentage survival

declines as the PMB concentration goes up.

The involvement of periplasmic chaperones and two-component envelope stress response
systems in CSIXR against heat (55°C for 16 minutes) and polymyxin B (100pg/mL) was tested
by subjecting STM SL1344 mutant strains to CSIXR experiments. In agreement with

previously published data by Kenyon et al. (2002), figure 3.22 shows that the percentage
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survival of ArpoE (4.5%) is significantly reduced (P=0.01) when exposed to heat compared to
the WT (24%). Periplasmic proteins that appear to influence the CSIXR against heat include
HtrA and SurA. The percentage survival of both AhtrA and AsurA (0.03% and 2.5%
respectively) is significantly reduced compared to the WT when exposed to heat (P=0.01),
but there is no significant difference between either AhtrA or AsurA and ArpoE (student t-
test assuming unequal variance). Whereas expression of htrA and surA is RpoE regulated in
E. coli (Hiratsu et al., 1995), the expression of htrA and surA in Salmonella Typhimurium is
not dependent on RpoE (Kenyon et al., 2002; Lewis et al., 2009), suggesting that the ArpoE

reduction in survival during heat-stress occurs independently of HtrA or SurA levels.

Although the two-component system ZraSR does not appear to be involved in the CSIXR
against heat, the percentage survival (6.8%) of the quadruple mutant baeRAcpxRAzraSR is
significantly reduced compared to the WT strain (P=0.05). The observation that carbon-
starved AbaeR is significantly more affected (3.7%) by heat than the WT (P=0.01), suggest

that the response regulator BaeR may be involved in the CSIXR against heat (figure 3.22).
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Figure 3.22 CSIXR against heat involves expression of baeR, htrA, and surA; CSIXR against
polymyxin B involves expression of fkpA, surA, and cpxPspyzraP. Survival of 24-hour carbon starved
cells following exposure to polymyxin B (100ug/mL) or heat-stress (16 minutes at 55°C). Statistical
analysis carried out using Student t-tests, * signifies difference at P=0.05 compared to WT, **
signifies difference at P=0.01 compared to WT.

Unlike previously published data by Kenyon et al. (2002), the percentage survival (4.5%) of
ArpoE does not appear to be significantly reduced compared to the WT (6.8%) when exposed
to polymyxin B (figure 3.22). Percentage survival of AfkpA (1%) and AsurA (0.9%) after
exposure to polymyxin B are significantly reduced compared to the WT (P=0.01).

Furthermore, the percentage survival of the triple knockout strain AcpxPAspyAzraP (2.9%)
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also appears to be significantly reduced compared to the WT (P=0.05). These data suggest
that that the periplasmic chaperones FkpA, SurA, CpxP, Spy and ZraP may be involved in the

CSIXR against polymyxin B.

3.4 Discussion and future work

In this study a physiological approach was used to investigate the contribution of various
periplasmic proteins to environmental stresses encountered by Sa/lmonella Typhimurium,
with the aim to better understand cross-talk among proteins involved in envelope stress

response systems and proteins involved in outer membrane biogenesis.

3.4.1 Contribution of periplasmic proteins in the protection against
environmental stresses

The antibiotics bacitracin, penicillin and vancomycin interfere with peptidoglycan biogenesis.
However, due to the impenetrability of the outer membrane, most Gram negative species
are naturally resistant against these agents (Munita and Arias, 2016). Mutation of
periplasmic proteins can result in a compromised outer membrane, which in turn can lead
to increased susceptibility to antimicrobial agents harmless to the WT strain. Of the nineteen
STM SL1344 deletion mutants screened for increased susceptibility to bacitracin, only those
carrying a skp deletion and the quadruple knock-out strain AfkpA AppiAD AsurA
demonstrated increased susceptibility compared to the WT. Bacitracin is a cyclic polypeptide
that binds and inactivates Css-isopropenyl pyrophosphate, a membrane carrier molecule
required for the transport of peptidoglycan subunits. Compared to Gram positive species,
Gram negative species including Salmonella and E. coli are naturally more resistant against
bacitracin, as these molecules struggle to penetrate the outer membrane. In E. coli, deletion
of surA leads to an increased susceptibility to bacitracin, which has been attributed to
increased outer membrane permeability due to the decreased levels of the outer membrane
proteins LamB, OmpA, OmpC and OmpF (Lazar and Kolter, 1996; Justice et al., 2005).
Although surA deletion also reduces the level of OmpA, OmpC and OmpF in Salmonella
(Fardini et al., 2009), the STM SL1344 AsurA mutant is not more sensitive to bacitracin than
the WT strain. Interestingly, mutations of the maltoporin LamB result in an increased
susceptibility to antibiotics of larger molecular weight (Klebba, Hofnung and Charbit, 1994;
Charbit et al., 1998). Salmonella Skp has been shown to interact with LamB (Grabowicz,
Koren and Silhavy, 2016) whereas Askp mutants are more susceptible to bacitracin, and in E.
coli, AsurA mutants both demonstrate reduced levels of LamB and display an increased

sensitivity to bacitracin. It is possible that the increased sensitivity to bacitracin reported in
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the Salmonella Askp mutants and the E. coli AsurA mutants are the result of disruption in the

biogenesis of the outer membrane protein LamB.

An increased susceptibility to vancomycin was detected in all tested strains carrying either a
Askp or a AsurA mutation. The glycopeptide vancomycin inhibits the biogenesis of
peptidoglycans by binding to the D-ala residue of peptidoglycan subunits, preventing
peptidoglycan polymerisation (Barna and Williams, 1984; Healy et al., 2000). In E. coli, Askp
and AsurA mutants are more susceptible to vancomycin compared to the wild-type, which
has been contributed to the changes in the composition of the outer membrane in these
mutant strains (Lazar and Kolter, 1996; Schafer, Beck and Muller, 1999; Schwalm et al.,
2013). The data presented in this study suggest that the Salmonella Askp and AsurA mutants
are affected by vancomycin similarly to E. coli. Interestingly, the data collected for STM
SL1344 Askp suggest that Salmonella lacking skp is more strongly affected by vancomycin
than the E. coli Askp reported by Schwalm et al. (2013). Most of the current knowledge
regarding the contribution of Skp and SurA to outer membrane biogenesis stems from
research carried out using E. coli (chapter 3.1.1). Considering that Salmonella Askp appears
to be more strongly affected by vancomycin than E. coli Askp, and considering the Salmonella
Askp is also more strongly susceptible to bacitracin than the Salmonella AsurA mutant,
despite the E. coli AsurA mutant being more strongly affected than the Askp mutant, the
contributions of Skp and SurA to outer membrane biogenesis may differ between E. coli and
Salmonella. It would be interesting to compare the outer membrane defects of Salmonella
Askp and AsurA mutants to those recorded for E. coli, to gain a better understanding of the

contribution of these two genes to the outer membrane biogenesis of Salmonella.

Penicillins interfere with peptidoglycan cell wall formation by binding to DD-transpeptidase,
an enzyme involved in the cross-linking of peptidoglycan subunits (Yocum, Rasmussen and
Strominger, 1980). The data collected in this study indicate that periplasmic chaperones of
Salmonella Typhimurium play a significant role in the protection against Penicillin G.
Significantly increased susceptibility was detected for AfkpA, AppiAD, Askp, AsurA, and AzraP
mutants. In the literature, no other reports are found linking any of these chaperones
specifically to penicillin G resistance. However, as the natural resistance of Gram negative
bacteria against penicillins is the result of an impenetrable outer membrane, it is likely that
increased outer membrane permeability is responsible for these phenotypes. Interestingly,
whereas increased vancomycin and bacitracin susceptibility phenotypes were only seen in
the significantly disrupted membranes of the STM SL1344 Askp and AsurA mutants, penicillin

G is able to cross the outer membrane following mutations in chaperones assigned minor
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tasks in outer membrane biogenesis. Considering penicillin G molecules are significantly
smaller than either vancomycin or bacitracin, it is possible that penicillin G requires much

smaller disruptions in the outer membrane in order to cross.

Heat-stress affects most bacterial cellular processes and structures, including the outer
membrane. Exposure to high temperatures leads to an increased fluidity of the bacterial
membranes, which in turn results in an increased permeability of the outer membrane and
a greater susceptibility to antimicrobial agents. Furthermore, prolonged exposure to high
temperatures results in the denaturation of outer membrane proteins, resulting in an
instable cell wall and a build-up of misfolded proteins in the periplasm (Willey, Sherwood
and Woolverton, 2008). Of the nineteen STM SL1344 deletion mutants screened for
increased susceptibility to heat (46°C), only the htrA deletion mutants demonstrated
increased susceptibility. The periplasmic protease HtrA is essential for heat-shock survival in
E. coli (Lipinska et al., 1989; Lipinska, Zylicz and Georgopoulos, 1990), and although not
essential in Salmonella, AhtrA mutants are significantly more susceptible to heat than the

WT strain (Mo et al., 2006). Our results are in agreement with the published literature.

Hydrogen peroxide is commonly used as a biocide, antiseptic and disinfectant, but despite
its common use both in and outside of the lab, little is known about the exact mechanism of
cytotoxicity. Capable of producing highly reactive hydroxyl radicals, hydrogen peroxide acts
as an oxidizing agent damaging lipids, proteins and nucleic acids (Linley et al., 2012).
Exposure to hydrogen peroxide results in a large decrease of cell volume and significant
damage to the cell membrane in E. coli (Brandi et al., 1991). The average zones of inhibition
obtained in the disc diffusion assays testing 30% hydrogen peroxide demonstrate that the
WT and all tested strains are clearly susceptible to high levels of hydrogen peroxide.
However, the deletion of either fkpA, surA or zraP appear to result in a greater susceptibility
to hydrogen peroxide compared to the WT strain. As far as we are aware, these chaperones
have not been linked directly to hydrogen peroxide sensitivity before, and it would be worth

to investigate these strains further.

Of the nineteen STM SL1344 deletion mutants screened for increased susceptibility to
hydroxyurea, none appeared to be more susceptible than the WT strain. The toxic small
molecule hydroxyurea is converted into a free radical nitoxide that inhibits the activity of
class | ribonucleotide reductase, which is responsible for the formation of
deoxyribonucleotides (dNTPs) from ribonucleotides. Depletion of the cellular dNTP pool

leads to replication fork arrest and genome instability (Sinha and Snustad, 1972).
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Furthermore, replication fork arrest promotes the production of hydroxyl radicals, which
mediates in the hydroxyurea induced cell death of E. coli (Davies et al., 2009). In E. coli, AcpxA
and AcpxR mutations result in an increased susceptibility to hydroxyurea, whereas
constitutive expression of CpxA increases tolerance to hydroxyurea in both E. coli and
Salmonella (Thorbjarnardottir, Magnusdottir and Eggertsson, 1978; Humphreys et al., 2004;
Mahoney and Silhavy, 2013). The mechanism by which the Cpx two-component system
confers resistance against hydroxyurea is not clear, but the data presented in this study

suggest that the resistance is independent of periplasmic chaperone levels.

Nalidixic acid is a first generation quinolone antibiotic that irreversibly binds DNA and
prevents RNA synthesis. Of the nineteen STM SL1344 deletion mutants screened for
increased susceptibility to nalidixic acid in this study, all the mutants carrying either a Askp
or a AsurA mutation display increased sensitivity compared to the WT. A common
mechanism of quinolone resistance exhibited by Gram negative bacteria resolves round
changes in porin expression. By either downregulating drug influx or upregulating drug
efflux, low level resistance to quinolones is acquired (Aldred, Kerns and Osheroff, 2014). In
the case of nalidixic acid, increased resistance has been demonstrated for Acinetobacter
baumannii and Stenotrophomonas maltophilia when exposed to efflux pumps inhibitors
(Ribera et al., 2002). It is possible that the increased susceptibility of Salmonella Askp and
AsurA mutants to nalidixic acid is the result of misregulated porin formation in the outer
membrane, resulting in increased cellular nalidixic acid concentrations compared to the WT

strain.

Of the nineteen STM SL1344 deletion mutants screened for increased susceptibility to
phosphomycin, those carrying mutations in either AsurA or AzraP demonstrated increased
susceptibility compared to the WT. Phosphomycin is a small phosphonic acid derivative that
binds to phosphoenolpyruvate synthetase, a cytoplasmic protein that is involved in the
production of peptidoglycan precursors (Michalopoulos, Livaditis and Gougoutas, 2011). An
E. coli strain with increased tolerance to phosphomycin demonstrated alterations of the GlpT
and Uhp transport systems, thought to be involved in the efflux of phosphomycin.
Considering the involvement of SurA in the biogenesis of many outer membrane porins, the
It is possible that the increased phosphomycin sensitivity of STM SL1344 AsurA strains is
linked to these transport systems. However, further investigation is required into the

potential interaction of SurA with these proteins to determine if this is the case.
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The cationic antimicrobial lipopeptide polymyxin B targets the LPS layer of the outer
membrane and Gram negative Acinetobacter baumannii strains lacking LPS are highly
resistant against PMB (Moffatt et al., 2010; Velkov et al., 2010). Polymyxin B contains two
hydrophobic domains and is amphipathic in nature, allowing it to both be soluble and
interact with lipophilic membranes. It displaces the divalent cations Ca?* and Mg** required
for LPS stability and then inserts its N-terminal fatty acid chain into the outer membrane,
weakening the packaging of LipidA and increasing membrane permeability (Velkov et al.,
2010, 2013; Yu et al., 2015). The exact mechanisms of polymyxin induced cell death are
unclear but it has been suggested that osmotic imbalance due to cell leakage (Cajal et al.,
1996; Clausell et al., 2006, 2007; Yu et al., 2015), and polymyxin B induced hydroxy! radical
cell damage are involved (Sampson et al., 2012; Yu et al., 2015). Resistance against polymyxin
toxicity involves the upregulation of the LPS modulation inducing genes pmrA-B by the
PhoPQ system, which results in an increased length of the O-antigen chains, shielding LPS
from interaction with polymyxin B (Delgado, Mouslim and Groisman, 2006; Barrow and
Kwon, 2009; Pescaretti et al., 2011; Yu et al., 2015). The upregulation of efflux pumps
appears to play a role in the resistance against polymyxin B for Burkholderia vietnamien, E.
coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa (Fehlner-Gardiner and Valvano,
2002; Pamp et al., 2008; Padilla et al., 2010; Warner and Levy, 2010; Munita and Arias, 2016).
An increased susceptibility to polymyxin B was detected in those strains carrying mutations
in Askp, AsurA, and AzraP. The results recorded in this study for AsurA and AzraP are in
agreement with the current literature. SurA has previously been demonstrated to be
involved in the protection of Sa/lmonella against polymyxin B (Tamayo et al., 2002), and ZraP
has been shown to be required for the resistance against polymyxin B in Salmonella (Appia-
Ayme et al., 2012). However, the data recorded for the Askp mutant are not in agreement
with the current literature, as Salmonella Typhimurium Askp has previously been recorded
as unaffected by polymyxin B (Rowley et al., 2011). The investigation into the role of Skp in
the protection of Salmonella Typhimurium against polymyxin B requires further

investigation.

3.4.2 Periplasmic chaperones are involved in the carbon starvation
induced cross resistance against heat and polymyxin B.

A common stress encountered by Salmonella is starvation of carbon energy sources. The
cellular response to carbon starvation includes a large shift in gene expression that results in
cells that are both morphologically and phenotypically different from stationary phase cells.

The carbon-starved cells are not only equipped for long-term survival in the absence of
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carbon sources, but also exhibit cross-resistance to various other environmental stresses
that may be encountered during the carbon starvation ordeal (Spector, 1998; Kenyon et al.,
2010). The general envelope stress response RpoE has previously been demonstrated to
contribute to the carbon starvation response in Salmonella, whereas the Cpx two-
component envelope stress response did not appear to contribute to the CSIXR against heat
or polymyxin B (Kenyon et al., 2002). The data collected in this study confirm the involvement
of RpoE in the CSIXR during heat exposure, and suggest further roles for the periplasmic
chaperone SurA, the periplasmic protease HtrA and the two component envelope stress
response regulator BaeR. Unlike the study reported by Wells (2015), the data collected in
this study do not confirm a role for the ZraSRP envelope stress response system in the CSIXR
against heat stress, but they do suggest a role for the BaeSR two-component envelope stress
response. In E. coli, periplasmic proteins upregulated by RpoE in response to heat include
SurA and FkpA. Kenyon et al. (2010) previously demonstrated that the upregulation of SurA
and FkpA in response to heat is not dependent on RpoE regulation in Salmonella. They also
demonstrated the involvement of SurA and FkpA in the Salmonella CSIXR against heat stress.
The data reported in this study do confirm the involvement of SurA in the CSIXS against
stress, but they fail to confirm the FkpA phenotype reported by Kenyon. Investigation into
the CSIXR against polymyxin B, has demonstrated a role for the periplasmic chaperones CpxP,
FkpA, Spy, SurA, and ZraP. The role for SurA in the CSIXR response is in agreement with the
data published by Kenyon (2010), whereas the phenotype found for FkpA is not confirmed
in the literature. The involvement of the CpxP family of bacterial chaperones in the
Salmonella Typhimurium response against polymyxin B has also been reported by Appia-
Ayme (2012), whereas our data failed to confirm the ZraSR CSIXR phenotype in response to
polymyxin B as reported by Wells (2015). The discrepancies between the data collected in
this study and those published in the literature ask for further investigation into the
contribution of periplasmic proteins to the CSIXR response. It should be noted that the
standard deviations of the data recorded in this study are very large, which may have

influenced the statistical analysis.

To conclude, the screens conducted to investigate the contribution of various periplasmic
proteins in response to environmental stresses have expanded upon the current literature.
For various conditions there appears to be a difference in the involvement of the periplasmic
proteins of Salmonella recorded in this study, compared to the involvement of their
homologues in E. coli recorded in the literature. Considering the current knowledge of the

biogenesis and repair of outer membranes is largely dependent on studies carried out in E.
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coli, this work contributes to highlight variation in periplasmic chaperone function between
different Gram negative species. Furthermore, the data reported in this study broaden the
knowledge of their involvement in the protection against various antimicrobial agents

including phosphomycin and penicillin G.
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Chapter 4.
Structural analysis of the periplasmic chaperone ZraP
from Salmonella Typhimurium.
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4.1 Introduction

4.1.1 Structure of ZraP

ZraP belongs to the same family of bacterial proteins as CpxP and Spy and, arguably, CnrX
(Thede et al., 2011). CpxP, Spy and ZraP are periplasmic proteins associated with envelope
stress response systems, whereas CnrX is a membrane-bound periplasmic sensor protein
associated with the nickel and copper sensing CnrYXH transmembrane signal transduction
pathway (Kim et al., 2008; Thede et al., 2011; Trepreau et al., 2014). Despite poor sequence
identity between the CpxP family of chaperones, 29% identity between CpxP and Spy, 13%
identity between CpxP and ZraP, and 12% identity between Spy and ZraP, all proteins of this
family share structural similarities (figure 4.1). They are exclusively composed of a-helices,
share a similar hairpin-core formed of the two longest antiparallel helices, and the three
chaperones all encode an LTxxQ domain of unknown function (Raivio, Popkin and Silhavy,
1999; Kim et al., 2008; Appia-Ayme et al., 2012). The N-terminal LTxxQ domains are
conserved among CpxP (°!LTEHQ>), Spy (°’LTDAQ®Y), and ZraP (*LTEEQ*®). However,
whereas ZraP only has one LTxxQ motif, CpxP and Spy both encode a second LTxxQ domain

located at the C-terminal end of the central helix. It is thought that this second LTxxQ motif

is required for protein stability of CoxP and Spy (Kwon et al., 2010; Quan et al., 2011).

Figure 4.1 Cartoon representation of the crystal structures of the CpxP family members. A.
representation of the incomplete, decameric ZraP protein (PDB file 3LAY). B. Structure of the ZraP
monomer covering residues **Leu-Glu'?2, C. Structure of the CpxP monomer covering residues
4His-Lys™! (PDB file 3QZC). D. Structure of the Spy monomer covering residues 2°Phe-Thr!2* (PDB
file 3039). Image taken from Appia-Ayme et al. (2012).

The crystal structures of CpxP (PDB ID: 3QZC) and Spy (PDB ID: 3039) show monomers that
form two antiparallel a-helices and a third a-helix pointing further outwards. The crystal
structures further suggest that both chaperones form homodimers with a high level of

surface contact between the a-helices of the monomers (figure 4.2), which includes both the

142



helices found in the antiparallel core and the third extending a-helix (Kwon et al., 2010; Quan
et al., 2011; Thede et al., 2011). In contrast to this, the crystal structure of ZraP (PDB ID:
3LAY), deposited by the Centre for Structural Genomics of Infectious Disease, demonstrates
a monomer that also forms the core antiparallel a-helical structure, but lacks the third
extending a-helix (figure 4.1B). Furthermore, unlike the dimers presented for CpxP and Spy,
the crystal structure of ZraP is solved as a ring-shaped decamer (figure 4.1A). This decameric
shape can only be formed because of the lack of the third a-helix found in the other members
of the CpxP family of proteins. It should be noted that the crystal structure of ZraP is only a
partially solved structure, with residues 20-44 and 123-151 appearing to be of a disordered
nature. In addition to the disordered C-terminal region and the apparent oligomeric states,
another significant structural difference between ZraP and the other two chaperones of this
family is found midway through the N-terminal a-helix. In CpxP and Spy this is a disordered
region, attributed to the Pro’* and Pro’? found in CpxP, and the Pro®® found in Spy (E. coli Spy
contains two prolines Pro®® and Pro® in this region, similarly to CpxP) (Schrédinger, 2015).
These prolines may contribute to the flexibility of the CpxP and Spy dimers, allowing them to
better shape around their targets. ZraP does not share this disordered region. Instead, a kink
can be found in the helix, which arises from a broken hydrogen bond between the carbonyl
group of Thr®! and the amine group of Ser®. This feature makes the a-helical pair of ZraP
more stable than the helices of CpxP and Spy, but as a result the ZraP core antiparallel a-
helical structure is likely to be less flexible. Interestingly, despite numerous reports of
interaction between ZraP and zinc (Noll, Petrukhin and Lutsenko, 1998; Lee, Barrett and
Poole, 2005; Sevcenco et al., 2011; Appia-Ayme et al., 2012), no bound zinc was detected in
the crystal structure. It is therefore assumed that the ZraP zinc-binding site is located in the

disordered C-terminal region (Appia-Ayme et al., 2012; Wells, 2015).

Figure 4.2 Cartoon representation of the CpxP and Spy dimers. Cartoon representation of the CpxP
(A) and Spy (B) homodimers. Image produced in PyMol using PDB 3QZC (CpxP) and PDB (Spy)
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A common theme in studies resolving around ZraP and its associated two component system
ZraSR is its responsiveness to and interaction with zinc. Although the ZraSR system has
repeatedly been shown to be upregulated in the presence of zinc, no phenotype has been
detected for AzraSR strains in the presence of excess zinc as of yet (Noll, Petrukhin and
Lutsenko, 1998; Leonhartsberger et al., 2001; Appia-Ayme et al., 2012; Petit-Hartlein et al.,
2015; Wells, 2015). It has been theorised that ZraP and ZraSR use zinc as an indicator to mark
specific changes in environment, as opposed to the system being involved in the protection
against toxic zinc concentrations (Appia-Ayme et al., 2012; Wells, 2015). Sedimentation
assays demonstrated that zinc is involved in the stabilisation of large ZraP oligomers. These
experiments suggest that ZraP molecules incubated with zinc chloride in a 1:2 ratio form
either homologous pentadecamers, or a heterogeneous mixture of ZraP decamers and
eicosamers (Appia-Ayme et al., 2012). The binding of zinc to form large oligomeric structures
may explain the observed scavenging of zinc molecules by ZraP whilst also explaining the lack

of a sensitive phenotype in high zinc conditions in vitro (Lee, Barrett and Poole, 2005).

Although ZraP is classified as a zinc binding protein, and its chaperone activity appears to be
more effective in the presence of zinc, there is no physical evidence for the binding of Zn%
to ZraP. As mentioned before, the solved crystal structure of ZraP does not demonstrate any
bound zinc ions, despite the crystallisation experiments having been conducted in the
presence of 0.2mM zinc acetate (PDB 3LAY). Prediction of zinc-binding sites using TEMPS
software (3D Template based Metal Site Prediction) failed to identify any zinc-binding sites
for Salmonella ZraP (Zhao et al., 2011; Appia-Ayme et al., 2012). Although Noll et al., (1998)
described two zinc-binding domains in Proteus mirabilis ZraP, these HMGMGH and HGGHGM
sites are not present in Salmonella ZraP. However, the similar domain *°*HRGGGH*** is found
in Salmonella ZraP, and Appia-Ayme, et al. (2012) proposed this to be the potential binding
site for zinc. Note that the amino acids 130-135 are part of the disordered region that
remains unsolved in the published crystal structure. In known zinc-binding proteins, Zn®* ions
predominantly bind complexes to form tetra-, penta- or hexahedral geometries with amino
acid side chains (Alberts, Nadassy and Wodak, 1998), and a single monomer does not appear
to be able to fulfil these conditions. The type of ligand that forms the binding site of Zn?*
influences function and dynamics. Zinc sites are classified according to the pattern of the
coordinated amino acids, based on their type and position (Daniel and Farrell, 2014).
Although some reports regard histidine (His, H) as the most common Zn?* ligand, followed
by glutamine (Glu, Q), aspartic acid (Asp, D) and cysteine (Cys, C) (Vallee and Auld, 1993),

analysis of X-ray and NMR structures has demonstrated that zinc ions have a higher
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disposition towards cysteine than histidine (Patel, Kumar and Durani, 2007). Furthermore,
cysteine-Zn?* complexes have been shown to contribute to structural integrity of proteins,
as well as their regulatory and catalytic functions (Tainer, Roberts and Getzoff, 1991; Giles et
al., 2003). Analysis of the Salmonella ZraP structure demonstrates the presence of four
histidine residues: His?, His?°, His'*°, and His!*. All four amino acids are part of the
disordered region of ZraP and are not visible in the published crystal structure. Interestingly,
the E. coli ZraP sequence reveals five histidine residues, His?’, His®, His>?, His!3>, and His'*,
that are located in a similar location (two at the N-terminal end, two at the C-terminal end),
but their spacing within the protein sequence is not equal to that of the histidines found in
Salmonella. If these histidines are indeed involved in zinc binding, the variation in their motif
may explain the inconsistencies reported in their metal affinity (Leonhartsberger et al., 2001;
Appia-Ayme et al., 2012; Petit-Hartlein et al., 2015). The sequences for both Salmonella ZraP
and E. coli ZraP also reveal the presence of a cysteine in a GYGGCGGxG motif that appears
more conserved among the two species than the aforementioned histidine motif (figure 4.3).
Although this cysteine is a potential candidate for zinc binding, this amino acid has also been
proposed to be involved in the dimerization of ZraP monomers by forming sulphur-bridges
(Petit-Hartlein et al., 2015). Considering the binding Zn?* ions requires several coordinated
amino acids (Daniel and Farrell, 2014), it is possible that the binding of zinc involves zinc-
oriented sites of several monomers. As such, it has been suggested that the function of metal

interactions between ZraP and zinc is structural rather than functional in nature.

Yerzinia MNLNETAIVTLLSLATLIGFGGSATIAQNAMGTHMNGDGTDMSHS QGEHSGENSMANLTTE
Elebsiella MERNRNLPLTLVITLAAT-TFGENA———-AWANHHWGDNNEM-———————— GAQGYSQLTQE
Eschericia MERNTKIALVMMALSAM-AMGSTS————AFA—-HGGH-—GM-——————— WQONARPLTSE
Ehigella MERNTEIATVMMALSAM-AMGSTS———-AFA——HGGH——-GM———————— WOONAAPLTSE
Salmonslla MERNNESATALIALSLL-ALSSGA————-AFAGHHWGNNDGM-———————— WOQGGSPLTTE

oo H - L - I * oL * * -
Yerzinia QOATROOVINEFQASTADMROOLTSENYEYREATLTSEPVDEQEVLAVSEEIQTLRDSLYQ
Elebsiella QOATAQOKTLHNDY AROTSATROOLOSERYEYNATLLTTOQRPDSGRIEAVAQEME GLROELDQ
Eschericia QOTAWOKIHNDEYAQSSALQOQOLVTKRYEYNALLARNPPDSSKINAVAKEMENLRQSLDE
Ehigella QOTAWORKIHNDFYAQSSALQOOLVTERYEYNATLLAANPPDSSRINAVAREMENLROSLDE
Salmonella QOATAQOKIYDDY Y TOTSALROOLISERYEYNATLLTASSPDTARINAVAREME SLGOEKLDE
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Eschericia LRVERDIAMAEAGIPRGAGMGMGYEGCG-——————— GEGHMGEM-———GHW
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Figure 4.3 Alignment of the ZraP protein sequence of different members of the Enterobacteriaceae
family, including Yersinia pestis, Klebsiella pneumoniae, Escherichia coli, Shigella flexneri, and
Salmonella enterica serovar Typhimurium.
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4.1.2 Basic theory behind sedimentation velocity and equilibrium

Sedimentation velocity is an analytical ultracentrifugation method (AUC) that analyses
macromolecules by measuring the rate at which they move in response to a centrifugal force.
The sedimentation rate recorded in these experiments provides information regarding the
shape and molecular mass of molecules. AUC is a powerful tool that is commonly used in the

characterisation of proteins and the analysis of protein complexes (Cole et al., 2008).

The basic theory of AUC analysis dictates that mass, such as proteins, will continuously
redistribute in a gravitational field, until the gravitational potential energy exactly balances
the chemical potential energy at each radical position. A sedimentation velocity experiment
monitors the rate at which the boundaries of molecules move throughout the redistribution
(Cole et al., 2008). Several forces act upon the protein during the experiment. Firstly, there
is the force of the gravitational field (Fs) which is defined by the mass of the particle (M,), the
rotation speed in radians per second (w = 2n*rpm/60) and the distance of the sample from

the centre of the rotor (r).
Equation 4.1: Fs = Mpw?r

Secondly, as the protein sediments, gravitational force is opposed by a buoyancy

counterforce (Fp) produced by the mass of the buffer solution (Ms).
Equation 4.2: F, = M,w®r

The value for the mass of the displaced buffer (M) is obtained by multiplying the particle

mass by the partial specific volume (v in cm3/g) and the solvent density (p in g/cm?3).
Equation 4.3: Mg = Myvp

The third force acting upon the protein is the frictional force (Fs) which is defined by the
frictional coefficient of the protein (f) and the velocity (u), which increases as the distance to

the axis of rotation decreases.
Equation 4.4: Fr=—fu

Combining all the individual forces together allows for the determination of the frictional
coefficient and the sedimentation coefficient (s) which is recorded in Svedberg units (S = 10°

13 sec). The Svedberg equation is defined as follows:

i : — v Mm@ My
Equation 4.5: S = = 7 ==
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The obtained sedimentation coefficient and the frictional coefficient contain valuable
information regarding the size and shape of the proteins subjected to the assay, and can be
used to provide an accurate measurement of the molecular weight, size and shape of the

proteins in solution (Cole et al., 2008).

When the sedimentation flux is exactly balanced by the diffusion flux, an equilibrium
concentration distribution is obtained. The equilibrium radial concentration gradient c(r) can

be determined using equation 4.6 (Cole et al., 2008).

Equation 4.6: c(r) = coexp [M,Z;OZ (rZ;rO)] = coexplo (rZ;TO)]

In this equation Co represents the concentration at an arbitrary reference distance (ro), and
o is referred to as the reduced molecular weight (represented by Myw?/RT). This calculation
allows for a very precise determination of the molecular weight of the sample, which in turn
can be used to determine the oligomeric state of a sample, provided the weight of the

monomeric protein is known (Cole et al., 2008).

4.1.3 Introduction into macromolecular X-ray crystallography
4.1.3.1 Production and harvest of protein crystals

Macromolecular X-ray crystallography is a technique that allows for the structural analysis
of macromolecules such as proteins in crystal formation. High quality protein crystals are
required to successfully perform X-ray crystallography experiments. The production of these
crystals is a challenging task. For proteins to crystallise, the molecules must separate from
their buffer and assemble into periodic crystal lattices. In these crystal lattices, proteins form
an orderly, repetitive structure via interactions with neighbouring molecules, using weak
surface interactions such as electrostatic interactions, hydrophobic interactions and
hydrogen bonds. Crystals formed from polydispersed or impure protein sample are seldom
of high enough quality for X-ray analysis. The process of crystal formation occurs when the
protein concentration exceeds its solubility limit, which can be induced using vapour
diffusion assays. The solution becomes supersaturated and metastable, allowing for the
formation of nucleation sites from which crystals can grow (figure 4.4). The preparation of
crystals can be a tedious process, for there is currently no accurate method of predicting
what conditions will allow protein crystals to grow. Furthermore, previous success does not

guarantee a protein crystal will form again under the same conditions.
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Figure 4.4 Typical schematic solubility curve of protein samples as a function of their buffer
conditions. To form protein crystals, protein solutions need to reach a stage of supersaturation that
is saturated enough for crystal nuclei to form, but not over-saturated, lest the protein precipitates
and drops out of solution. Image taken from (Nemcovicova and Kuta-Smatanova, 2012)

Crystallisation trials are often carried out across a wide range of conditions, including
changes in buffer, pH and temperature. Crystals obtained from these general screens are
often of low quality, and optimisation trays are designed for conditions that have proven to
be favourable for crystal growth, in an attempt to harvest crystals of high quality for X-ray
crystallography experiments. Harvestable crystals are coated in a cryoprotectant solution
and snap-frozen in liquid nitrogen in an attempt to minimise the damaging effects of X-ray
exposure and ice contamination. Formation on ice-crystals on the protein sample affect the
crystallography process in two ways. Firstly, the formation of ice forces expansion of the
crystal solvent, which in turn can damage the crystal packaging. In best case scenario this
lowers the quality of the harvested crystal, in the worst case scenario it destroys the crystal
altogether. Secondly, ice crystals exhibit intense diffraction patterns, which interfere with
the signals from the protein crystal collected during X-ray crystallography experiments

(Rupp, 2009).

4.1.3.2 Collection of X-ray diffraction data

The Diamond Light Source is a UK science facility that generates Synchrotron radiation using

particle accelerators. The polygonal storage ring utilises magnets to channel particles around
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a booster ring and into an outer storage ring at energy of 3GeV and a maximum current of
300mA. Undulators are used to accelerate and direct X-rays from the storage ring towards
individual beamlines, where monochromators, mirrors, and slits are used to generate the
correct X-rays required for the crystallography experiments. Protein crystals are rotated in
the monochromatic beamline and the diffracting X-ray radiation is recorded by a detector
(Rupp, 2009; Diamond Light Source, 2017). During X-ray crystallography experiments, atoms
in a crystal will scatter incident X-rays in all directions. The only X-rays that contribute to the
recorded scattering pattern are the reflected X-rays that remain in phase, as out-of-phase X-
rays cancel one another by destructive interference. X-rays which are reflected in any given
direction by the same plane remain in phase. These “in phase” reflected X-rays form the
Bragg spots seen on X-ray diffraction patterns, and contain information about protein

structure (Rupp, 2009).

4.1.3.3 Insight into the assignment of space groups

Macromolecular X-ray crystallography can be used to analyse proteins packed in crystal
structures. These crystals grow within tight symmetry constrains, which can be categorised
and reported by their space group. Space groups are mathematical groups of symmetry
operations that represent a description of symmetry in a crystal. They give rise to 65 unique
chiral arrangements of motifs in a 3-dimentional periodic crystal structure (Rupp, 2009).
Space groups are commonly reported in a XY, manner according to the Hermann-Manguin
convention. The X is indicated with a letter (A, B, C, F, I, P or R) to refer to the Bravais lattice
type, Y denotes a gyration point which can be replaced by a screw axis. It is indicated by a
number which refers to the angle of rotation. The degree of translation is added as the ,
superscript to indicate how far along the axis the translation can be found. For example, the
commonly occurring lattice P2:2:2; indicates a primitive lattice (indicated by P) which

contains three separate symmetry components (212,21), each with two-fold screw axes
. . ,360°
where the cell is rotated 180° around the screw axis (T) and translated % of the repeat

distance to complete a translation. The lattice 14, indicates a body centred lattice (I for

Innenzentriert) which contains one symmetry component of a four-fold screw axis where the
. op /360° . .
cell is rotated 90°C (T) around the screw axis and translated % of the repeat distance to

complete a translation (Rupp, 2009).

4.1.3.4 Computational programs involved in X-ray diffraction data refinement

Various programs are available to aid in the analysis of collected X-ray crystallography data.

Crystallography programs such as XDS, POINTLESS and MOSFILM are able to determine the
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space group of a crystal based on the 2-dimentional diffraction pattern (Evans, 2006; Battye
et al., 2011). The crystal’s space group needs to be established before X-ray crystallography
diffraction data can be reduced and processed (Rupp, 2009). XIA2 and AIMLESS are data-
reduction packages that assess the completeness and quality of collected X-ray
crystallography data. They combine symmetry-related measurements and uses these data
to determine correction factors associated with radiation damage, X-ray absorption effects
and detector imperfections. The R-factor and correlation coefficients associated with the
scaled and merged output of reduced data provide information about the data quality
(Winter and Waterman, 2012; Evans and Murshudov, 2013). The next step, after reducing
and scaling the collected data, is phasing. Because (incomplete) crystal structures of the
chaperones of the CpxP family are already available, phasing can be carried out using
molecular replacement. This method of phasing requires the rigid-body positioning of a
molecular body of similar structure (CpxP, Spy or ZraP) to use as a scaffold for solving protein
substructures. Model search pipelines such as MrBUMP and PHASER are available to aid in
the process of molecular replacement (Keegan and Winn, 2007; McCoy et al., 2007). The
substructure phases and amplitudes calculated by molecular replacement analysis provide
initial density maps that can be used to build protein models. For data collected at low
resolutions (upwards of 3A) additional experimental data is usually required to provide phase
improvements, whereas data collected at high resolutions (below 3A) can usually be
improved using the refining software such as PHENIX, RESOLVE, REFMAC and COOT. The final
model is scored and evaluated using a final residual factor (R-factor). This value gives an
indication of the quality of the solved structure, as it represents a measure of how well the
solved crystallographic model agrees with the collected X-ray diffraction data, by describing
the difference between the experimental observations and the ideal calculated values
(Terwilliger, 2000; Emsley and Cowtan, 2004; Terwilliger et al., 2008; Rupp, 2009; Murshudov
etal., 2011).

4.1.3 Introduction into small angle X-ray scattering (SAXS)

Although macromolecular X-ray crystallography is a very powerful tool that aids in the
discovery and investigation of protein structures to great detail, it also has its drawbacks.
The formation of protein crystals is a process that takes place under extreme conditions that
are not at all representative of the natural environment of these proteins. Although the
structures obtained from X-ray crystallography can provide detailed information of the
general shape and lay-out of a protein, as well as information on how a protein may interact

with cofactors or substrates, the data collected may not be fully representative of the protein
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structure in vivo. Furthermore, due to the absolute requirement of a symmetrical crystal
lattice, X-ray crystallography analysis is of limited use in the investigation of highly flexible
proteins, highly flexible regions within proteins, or heterogenic samples. For the
investigation of proteins that are difficult to analyse using macromolecular X-ray
crystallography, small angle X-ray scattering (SAXS) may be a suitable alternative. The use of
SAXS as a technique to study particles in solution dates back to the 1950s, but the
development of biological SAXS applications have only recently gained popularity. Although
the data produced by SAXS are of low-resolution, the strength of SAXS lies in its ability to
study proteins in a biologically relevant solution. This allows for the study of proteins that
are resistant to crystallisation, as well as protein properties that are difficult to analyse using
macromolecular X-ray crystallography, such as flexile regions, differences in oligomeric state,
and real-time fibre/oligomer formations and protein interactions. Furthermore, SAXS can be
used as a tool to verify crystal structures obtained using macromolecular X-ray

crystallography (BioSAXS, 2017).

4.1.3.1 Basic principles of SAXS

SAXS resolve around the elastic scattering of incident X-rays. These X-rays can be recorded
to obtain a 2-dimentional scattering (interference) pattern, which represents the averaged
electronic distribution of molecules interfering with the X-ray beam. This technique stems
from two basic principles. Firstly, all atoms inside a sample will scatter incident X-rays in all
directions, which allows for an almost constant background radiation at small angles.
Secondly, particles such as proteins are different in density and/or composition compared to
their buffer solution. Due to these differences, atoms that are part of particles produce
additional scattering, known as excess scattering. By measuring the detected intensities of
the excess scatter profiles (angle-dependent distribution of scattered radiation), conclusions

can be drawn about particle structure and size (Schnablegger and Singh, 2013).

4.1.3.2 Analysis of SAXS data.

Distance is normally measured relative to the wavelength (A) of the applied radiation (r).
Therefore, an identical interference pattern would be produced every time the ratio r/A is
identical. To ensure the measurements of intensity are independent of the wavelength used
for the incident beam, the intensities of the diffracted X-rays are measured as a function of
their momentum transfer (g in nm™). This value can be derived from the wavelength of the

applied radiation (A) and azimuth angle ().

Es

Equation 4.6: q=- sing
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SAXS analysis requires the measurement of background samples as well as the measurement
of the samples of interest. That way, the signal intensities resulting from biological samples
of interest can be revealed by subtracting the data recorded on the sample holder alone, and
the sample holder intensities (1), once they have been normalised against the flux density of
the incident beam and the exposed sample volume. To produce a 1-dimentional plot of the
absolute intensity as a function of momentum transfer (Log(l) versus q), primary data is
reduced by averaging the recorded intensities as a function of momentum transfer as

displayed in figure 4.5 (Schnablegger and Singh, 2013).

The structure factor qi) can be used to determine if the attraction or repulsion between
particles affects the data of samples with differing particle concentrations. To do so, the
shape of the shattering curve at low q values is compared. If particle-particle interactions
appear to affect the results, the data obtained at high and low concentrations can be merged
so that the high-concentration scattering curves can be used without significant interference
of inter-particle effects (Schnablegger and Singh, 2013). The radius of gyration (Rg) provides
model-independent information about the size of the scattering particles. The intensity at
zero angle (lp) and Rg can be estimated from the extrapolated line fit to a linear Guinier region
on Guinier plots (In(l) versus q) (Mertens and Svergun, 2010; Schnablegger and Singh, 2013).
Kratky plots (g2l versus q) are used for the determination of tertiary structure features. In
this plot, flexible proteins and flexible structural protein units will produce a gradually
increasing g2l as the value of g increases, whereas rigid, globular proteins produce a
prominent peak at low q values (Mertens and Svergun, 2010). The structure factor p
provides further information about the shape and internal density distribution of the
scattering particle. The pyy can be calculated by the computational software GNOM, which
performs a Fourier transform of the scattering intensities as a function of their momentum.
This produces the reciprocal-space intensity profile I that closely matches the
experimentally observed intensity profile (Svergun, 1992; Liu and Zwart, 2012). The plot of a
pair-distance distribution (P(r) versus r) can be used to observe structural properties of the
particle (figure 4.5). The shape of the curve provides information about the rough shape of
the protein. For example, a bel-shaped curve indicates a globular protein, whereas ring-
shaped proteins have a p that increases as the value of r(A) increases, until a sudden sharp

drop at high values of r(A) (Svergun and Koch, 2003; Mertens and Svergun, 2010).
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Figure 4.5 Scattering profile and pair-distance distribution of various geometrical bodies. A
schematic overview of how the scattering intensity profiles (left) collected during SAXS data-
collection and the derived pair-distance distribution (right) are representative of various
geometrical bodies (middle). Image taken from (Svergun and Koch, 2003).

Using computational ATSAS software, the p( distribution can be used to create a bead model
of the particle structure with maximum diameter ab initio. The DAMMIN and DAMMIF
features of the ATSAS software allow for shape determination by simulated annealing from
a single phase dummy atom model. The software produces bead models of the particle using
the refined experimental data. The hypothetical scattering of the model is calculated and the
model is further refined until the hypothetical scattering closely matches the refined data.
The independently produced bead models are then averaged and filtered to produce a final
bead model structure that represents the most probable distribution of atoms within the
particle (Svergun, 1999; Franke and Svergun, 2009). Another program available in the ATSAS
suite is GASBOR. This computational program reconstructs ab initio protein structures using
a chain-like ensemble of dummy residues, which are representative of amino acid chains.
The length of the dummy chains represent the number of amino acids of the protein of
interest. GASBOR aims to centre the residues in approximate positions of the a-carbon

atoms in protein structures.

This study used SAXS analysis in an attempt to investigate the role of zinc in the formation of
higher oligomeric structures. Furthermore, SAXS analysis was carried out to create a better
understanding of the structural properties of the unresolved N- and C-terminal regions of

Salmonella ZraP.
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4.2 Aims

The aim of this chapter was to use macromolecular X-ray crystallography and small angle X-
ray scattering experiments in an attempt to 1. improve and expand on the currently
published Salmonella ZraP crystal structure, and 2. investigate the potential contribution of

zinc to structural features of ZraP.

In order to investigate the contribution of zinc on the structural features of ZraP, structural
analysis was carried out comparing the structure of wild type ZraP with the structure of ZraP
mutated in a predicted zinc-binding region (ZraP-SDM). The mutation of the ZraP-SDM
mutant involves replacement of ZraP’s only encoded cysteine and its neighbouring amino
acids with alanines. Previous investigations into the oligomeric state of this mutated protein
suggested that the loss of a cysteine results in the inability of higher oligomeric structures
(Wells, 2015). In this study, crystallography and small-angle X-ray scattering assays were
carried out to further investigate and compare the structural characteristics of ZraP-WT and

the ZraP-SDM mutant.

Further ZraP mutants investigated in this study include proteins mutated in the predicted
zinc-binding site **HRGGGH*, and the proteins mutated in the conserved domain of
unknown function *LTxxQ*. Because previous structural analysis by Wells (2015) suggested
that the oligomeric structure of ZraP is not affected in these mutants, crystallography and

SAXS analysis has been restricted to ZraP-WT and ZraP-SDM.
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4.3 Results

4.3.1 Construction of Strepll-tagged ZraP-overexpression plasmids
4.3.1.1 Construction and verification of Strepll-tagged zraP overexpression plasmids

The pBAD constructions overexpressing WT and mutant myc-His-tagged ZraP were
constructed prior to this study (Wells, 2015). Due to concerns of the size and charge of this
tag and its metal-binding propensity, primers (table 2.4) were designed to replace the C-
terminal myc-His tag with the smaller Strepll tag. Strepll-tags bind to the truncated core of
the Streptomyces avidinii derived protein streptavidin. This protein has a strong affinity for
biotin, allowing for the purification of proteins using biotin as a competitor for streptavidin
binding (Dundas, Demonte and Park, 2013). During the purification of Strepl/-tagged
proteins, the strep-tag interacts with the matrix-bound streptavidin, allowing for the
isolation of tagged proteins from lysate solutions. The Strepli-tagged proteins are then eluted
from the matrix by the addition of desthiobiotin. The highly-specific interaction between
streptavidin and the Strepli-tag resulted in very pure elution fractions, which can be observed
in section D of figures 4.7-4.12. To verify successful tag-replacement of the pBAD constructs,
newly constructed plasmids were purified from E. coli Top 10 and the plasmid insertion site
was sequenced by Eurofins Genomics. The sequencing results summarised in appendix D,
verify successful replacement of the myc-His-tags with Strepll-tags for the WT and mutant
constructs. Furthermore, the sequencing results in appendix D confirmed the amino-acid

substitutions of the mutant strains described in Wells (2015).

4.3.1.2 Transformation and verification of zraP-overexpressing pBAD into STM SL1344 AzraP

Although there are differences between the protein sequence of Salmonella ZraP and its
homolog in E. coli, the LTxxQ motif and the YGGCGGG are conserved among the two species.
These two regions are both of interest in the study into ZraP oligomerisation, and concerns
were raised about the potential interaction between overexpressed Salmonella ZraP
monomers and native E. coli ZraP produced by the overexpression strain. To avoid the
potential interaction between native E. coli ZraP and overexpressed Salmonella ZraP, the
pBAD plasmids encoding zraP were purified from the E. coli Top10 strain and transformed
into a STM SL1344 AzraP background by heat shock. PCR analysis was carried out to confirm
successful transformation. External zraP verification primers were used to confirm the AzraP
background of the host strains, whereas pBAD sequencing primers were used to confirm the
presence of the zraP gene insert in the plasmids, by sequencing the pBad insertion site.

Figure 4.5 demonstrates the PCR analysis carried out to confirm the transformation. The
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AzraP background was confirmed for all plasmid strains, demonstrating a band representing
the chloramphenicol cassette used to knock-out zraP, the zraP insert was confirmed in all
tested plasmids. Interestingly, the band for Strepll-tagged ZraP-ZA was slightly larger than
the bands for the other Strepli-tagged plasmids, but it was of the same size as the myc-His-
tagged ZraP-WT plasmid used as a control. Further analysis by purification demonstrated
that the Strepll-tagged ZraP-ZA does purify from a StrepTrap™ column and does not purify

from a HisTrap™ column, confirming the presence of a Strepll tag (figure 4.11).
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Figure 4.6 Confirmation of successful transformation of pBAD plasmids into STM SL1344 AzraP
background. Band 2-10 demonstrate the PCR products of zraP verification primers used on
genomic DNA, comparing the background of the strains carrying the indicated pBAD primers (lane
4-10) to STM SL1344 (lane 2) and STM SL1344 AzraP (lane 3). The image shows that bands for the
strains carrying a plasmid match the bands found in the STM SL1344 AzraP strain, as opposed to
the lane found in the WT strain, indicating the presence of a chloramphenicol cassette, as opposed
to azraP gene in the background strain. Bands 12-20 demonstrate the PCR products of pBAD insert
verification produced using pBAD sequencing primers. Lane 11 demonstrates the absence of a
band in the background strain lacking pBAD. Lane 12 demonstrates a small band found when using
the sequencing primers on an empty pBAD vector. Lane 13 is a positive control using myc-His-
tagged ZraP-WT encoded on pBAD. Lane 14-20 demonstrate a band of similar size to the positive
control, confirming the presence of zraP on the pBAD vectors.

4.3.2 Overexpression trials of newly constructed overexpression plasmids

Prior to protein purification, overexpression trials were carried out to confirm successful
overexpression from the newly constructed plasmids, followed by investigation into optimal
overexpression conditions. Initial overexpression trial assays were conducted in the E. coli
Top10 background, which demonstrated successful overexpression of the Strepli-tagged
ZraP-WT and all mutant constructs. Overexpression trials were carried out testing ZraP
overexpression at 30°C and 37°C, testing induction of 4 hours and 5 hours, and testing L-

arabinose concentrations ranging from 0.2% to 0.00002%. Figures 4.7-4.12 demonstrate the
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process of overexpression and purification of the Strepl/-tagged proteins from E. coli Top10,
grown at 37°C and induced for 5 hours. Panels A demonstrate presence of overexpressed
proteins when stained with InstantBlue™ protein stain, and panels B confirm the presence
of overexpression by Western blotting. Whereas optimal overexpression of ZraP from an E.
coli Top10 background required addition of 0.2% L-arabinose, 0.02% L-arabinose was enough
to suffice overexpression of ZraP-WT from the STM SL1344 background. Although Strepl-
tagged ZraP-WT and mutants were all easily overexpressed and purified from the E. coli
background, this was not the case for the proteins overexpressed in the STM SL1344
background. Despite using the sample plasmids for ZraP overexpression in STM SL1344 as
were used for overexpression in E. coli Top10, ZraP-AAAAA, ZraP-SDM, and ZraP-ZA did not
appear to overexpress in the Salmonella background under any of the tested circumstances.
Because of the lack of overexpression of these mutant proteins in the STM SL1344
background, all assays comparing ZraP-WT with ZraP-mutant structure or function have been
carried out using proteins purified from an E. coli Topl0 background. The successful
purification of these proteins is visible in figures 4.6-6.11 (panels C demonstrate Strepl/-trap
elution profile, panels D show eluted fractions analysed by SDS-PAGE), and is further

described in chapter 4.4.3.
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ZraP-WT-Strepll

Figure 4.7 Overview of overexpression and purification process of strepll-tagged ZraP-WT. A.
overexpression trials investigating ZraP-WT overexpression 5 hours post induction when grown at
37°C, 200 rpm, testing different L-arabinose concentrations. B. Western blot confirmation of
protein overexpression. C. Elution profile of one-step protein purification from a StrepTrap™
column on an AKTAprime plus FPLC. D. SDS-PAGE analysis of eluted protein samples.
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ZraP-AAAAA-Strepll

Figure 4.8 Overview of overexpression and purification process of strepll-tagged ZraP-AAAAA.
A. overexpression trials investigating ZraP-WT overexpression 5 hours post induction when
grown at 37°C, 200 rpm, testing different L-arabinose concentrations. B. Western blot
confirmation of protein overexpression. C. Elution profile of one-step protein purification from a
StrepTrap™ column on an AKTAprime plus FPLC. D. SDS-PAGE analysis of eluted protein samples.
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Figure 4.9 Overview of overexpression and purification process of strepll-tagged ZraP-
HRGGAMH. A. overexpression trials investigating ZraP-WT overexpression 5 hours post induction
when grown at 37°C, 200 rpm, testing different L-arabinose concentrations. B. Western blot
confirmation of protein overexpression. C. Elution profile of one-step protein purification from
a StrepTrap™ column on an AKTAprime plus FPLC. D. SDS-PAGE analysis of eluted protein
samples.
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Figure 4.10 Overview of overexpression and purification process of strepli-tagged ZraP-LTXXQ.
A. overexpression trials investigating ZraP-WT overexpression 5 hours post induction when
grown at 37°C, 200 rpm, testing different L-arabinose concentrations. B. Western blot
confirmation of protein overexpression. C. Elution profile of one-step protein purification from a
StrepTrap™ column on an AKTAprime plus FPLC. D. SDS-PAGE analysis of eluted protein samples.
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Figure 4.11 Overview of overexpression and purification process of strepli-tagged ZraP-SDM. A.
overexpression trials investigating ZraP-WT overexpression 5 hours post induction when grown at
37°C, 200 rpm, testing different L-arabinose concentrations. B. Western blot confirmation of
protein overexpression. C. Elution profile of one-step protein purification from a StrepTrap™
column on an AKTAprime plus FPLC. D. SDS-PAGE analysis of eluted protein samples.
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Figure 4.12 Overview of overexpression and purification process of Strepli-tagged ZraP-ZA. A.
overexpression trials investigating ZraP-WT overexpression 5 hours post induction when grown at
37°C, 200 rpm, testing different L-arabinose concentrations. B. Western blot confirmation of
protein overexpression. C. Elution profile of one-step protein purification from a StrepTrap™
column on an AKTAprime plus FPLC. D. SDS-PAGE analysis of eluted protein samples.
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4.3.3 Purification of ZraP constructs carrying myc-His and Strepll epitopes

Following overexpression trials, large scale protein purification was initially conducted using
constructs encoding a myc-His epitope. Although purification of ZraP from these constructs
were successful, figure 4.13 demonstrates that eluted fractions contained significant
unspecific protein contamination. At the expense of protein yield, the contamination was

removed by size-exclusion chromatography (SEC).

Whereas the elution profile of ZraP proteins carrying a myc-His epitope demonstrate
significant contamination, the elution profiles of strepll-tagged ZraP demonstrate very pure
protein samples. Verification of the protein purity by SEC resulted in a single peak,

representative of pure, monodispersed protein solutions (figure 4.14).

ZraP-WT (myc-His) ZraP-HRGGAH (myc-His) ‘

T

Figure 4.13 Elution profile of myc-His-tagged ZraP-WT and ZraP-HRGGAH. The purification of
proteins constructed with a C-terminal myc-His epitope using a HisTrap™ column was successful,
but also demonstrated significant contamination of the eluted samples. The contamination is
particularly strong at the early eluted samples, which also contain the highest concentration of
protein of interest.
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ZraP-WT (strepll) ZraP-SDM (strepll)

Figure 4.14 SEC elution profile of Strepli-tagged ZraP-WT and ZraP-SDM. Following purification
using a StrepTrap™ column, protein samples were subjected to gel-filtration using a Superdex 75
10/300 GL column (GE Healthcare Life Sciences). The chromatograph produced plots absorbance
at 280 (mAU) against volume flowing through the column (mL). The clear, single peaks suggests the
protein samples are pure and monodispersed.

4.3.4 Analysis of myc-His-tagged ZraP-LTxxQ and ZraP-ZA oligomeric state
by Analytical Ultracentrifugation

Following up from experiments previously started by Dr. Wells (2015), analysis by
ultracentrifugation was carried out to test the oligomeric state of ZraP mutants.
Sedimentation equilibrium experiments were carried out on myc-His-tagged ZraP-WT,
LTXXQ, and ZA, in the presence of EDTA. Scans were collected for rotation at 10.000 rpm,
and the recorded absorbance was plotted versus the radius®-radiusreferece)” (figure 4.15 panel
B). To analyse the molecular mass of the tested proteins, the natural log (In) of the
absorbance was plotted against the radius?-radiusieferece)® (figure 4.15 panel C). This produced
a linear plot the gradient of which is proportional to the molecular mass of the protein tested.
To demonstrate the estimated match of the simulated best-fit to the data obtained, the
residual absorbance, calculated by subtracting the experimental data from the simulated fit,
is displayed in figure 4.14 panel A. Using Ultrascan Il (Demelar, 2005), the average molecular
mass was calculated and fitted to the absorbance profile of the protein sample. The
calculated molecular mass equated to approximately 175kDa for ZraP-LTXXQ, 128kDa for

ZraP-ZA, and 138kDa for ZraP-WT. The estimated molecular weight of a myc-His-tagged ZraP
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monomer is approximately 18.6kDa (ExPASy pl/Mw tool), which suggests that the ZraP-WT,

ZraP-LTXXQ, and ZraP-ZA protein samples are not uniformly decamers nor monomers.

However, further investigation is required to determine if the sample contains a mixture of

monomers and decamers, or if further oligomeric forms are also present.
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Figure 4.15 Sedimentation equilibrium analysis of myc-His tagged ZraP-WT, ZraP-LTxxQ,
and ZraP-ZA at 10,000 rpm. A. residual differences between the collected experimental
data and the fitted curve. B. Measured absorbance at A = 280nm in the presence of 1ImM
EDTA. C. Investigation of the proportional molecular mass using the natural log of the
measured absorbance.
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4.3.5 Analysis and quantification of bound metal in Strepll-tagged ZraP-
WT and ZraP-SDM constructs by inductively coupled plasma mass
spectrometry

ZraP has previously been reported to bind metals, including zinc, copper and iron (Appia-
Ayme et al., 2012; Petit-Hartlein et al., 2015; Wells, 2015). To investigate the role of the
18GGCGGY*3 region in metal binding of Salmonella ZraP, inductively coupled plasma mass
spectrometry (ICP-MS) was carried out on strepll-tagged ZraP. Due to the lack of ZraP-SDM
overexpression in a Salmonella background, analysis was carried out comparing strepll-
tagged ZraP-WT purified from an E. coli Top10 background to ZraP-SDM purified from the
same background, as well as comparing strepll-tagged ZraP-WT purified from an E. coli Top10
background to strepll-tagged ZraP-WT purified from a STM SL1344 AzraP background. Table
4.1 demonstrates the concentration of different metals detected in the samples described.
The ICP-MS results suggest there are differences in magnesium and zinc concentrations
between the tested samples. The amount of magnesium found in the ZraP-WT sample
purified from an E. coli background is increased 2.3 fold compared to the magnesium
concentration found in the buffer, and for the ZraP-WT sample purified from a Salmonella
background the magnesium concentration has increased 3.5 fold compared to the buffer.
The ZraP-SDM mutant displays a significantly higher concentration of magnesium, with a
13.2 fold increase in magnesium concentration compared to the buffer, and a 5.6 fold
increase in magnesium concentration compared to the WT protein overexpressed in the
same background. The substitution of the 2GGCGGY**3 region with alanines may result in
an increased binding capacity for magnesium. The analysis of zinc suggests that the fold
increase of zinc concentration for ZraP-WT and ZraP-SDM purified from an E. coli background
compared to the buffer are 13.9 and 11.7 respectively. In contrast, the concentration of zinc
detected in the ZraP-WT purified from a Salmonella background was almost equal to the
amount of zinc detected in the buffer (fold increase <1.01). These results may suggest that
the environment in which ZraP is expressed plays a more significant role in the binding of
zinc than the presence of an intact 2 GGCGGY**3region.

Table 4.1 ICP-MS analysis of metals found in ZraP samples. Analysis of Strepll- tagged ZraP purified from E. coli and
Salmonella, stored in EDTA-free Strepll buffer.

Cd Mg Zn Co Cu Cu Fe Mn
228.802 285.213 213.857 228.615 327.395 324.754 259.940 259.372

uglkg ug/kg ug/kg ug/kg ug/kg ug/kg ug/kg  ug/kg

Zrap-WT purified from E. coli 111.1 916.3 7876.7 -190.9 58.9 -23.1  -1377.4 -41.1
Zrap-WT purified from Salmonella 348.7  1358.6 571.9 -139.1 377.0 137.9 -1658.1 -37.1
ZraP-SDM purified from E. coli 2319 5169.9 6611.3 -2.8 -77.8 39.9 -132.4 -73.1
Tris BUFFER 81.7 392.5 567.0 -271.4 -26.6 5.6 -949.3 -10.8

Figures in red are below the limit of detection.
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It should be noted that there are limitations to the ICP-MS data presented in this study.
Firstly, the ICP-MS experiments have not been carried out in a sufficient number of repeats
for statistical analysis, and it cannot be ruled out that the data presented are a one-time
observation. Furthermore, the background knowledge of the overexpression conditions are
too limited to determine whether they have had an influence on the amounts of metal
present in the protein. Overexpression has been carried out in rich media, and therefore it is
not possible to determine if there have been variations in the metal concentrations available
during overexpression. The data presented here should be considered as a starting point for

further investigation only.

4.3.6 Investigation into the protein structure of ZraP using X-ray
crystallography

X-ray crystallography analysis was carried out on strepll-tagged ZraP-WT in an attempt to
improve on the incomplete ZraP structure deposited to the protein databank (3LAY), and
analysis was carried out on Strepll-tagged ZraP-SDM to determine if the mutated protein was
capable of oligomerisation. Protein samples were prepared at final concentration between
15mg/mL and 30mg/mL, as quantified by Bradford assay, and subjected to drop vapour
diffusion crystallisation using various sparse matrix screens (2.9.3.1). Crystal formation was
observed after 1-2 months incubation at 16°C among various conditions (figure 4.16). After
2 months incubation, crystals were harvested for X-ray crystallography analysis (2.9.3.3), and
an optimisation tray was made using four selected conditions. Across all screened conditions,
the best diffraction data for ZraP-WT were collected from crystals grown in 0.1 M potassium
chloride, 0.1 M Tris pH 8.0, 15% (w/v) PEG 2000. The best diffraction data for ZraP-SDM were
collected from crystals grown in 0.1M Tris pH 8.5, 0.3 M lithium sulphate, 25% PEG 3350.

Figure 4.16 Crystals of Strepli-tagged ZraP-WT and ZraP SDM grown at 16°C for 2 months in sparse
matrix screens. All crystals were grown using the sitting drop vapour diffusion method. Crystallisation
conditions represented by these images were carried forward to create a ZraP crystallography
optimisation tray. A. ZraP-SDM crystals grown in 0.1 M Tris pH 8.5, 1.5 M potassium phosphate. B.
ZraP-WT crystals grown in 0.2 M lithium sulphate, 0.1 M phosphate-citrate pH 4.2, 25% PEG 1000. C.
ZraP-WT crystal grown in 0.1 M SPG buffer pH 8.5, 25% PEG 1500.
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X-ray diffraction data were collected using the 103 and the 124 MX beamlines at the Diamond
Light Source UK. Analysis of the observed Bragg spots on the test images demonstrated the
highest resolution of diffraction data, with a resolution of 3.5 A, for ZraP-WT from crystals
grown in 0.1 M potassium chloride, 0.1 M Tris pH 8.0, 15% (w/v) PEG 2000. Using Bragg spot
analysis, the highest resolution of diffraction data for ZraP-SDM, with a resolution of 3.15 A,
was detected from crystals grown in 0.1M Tris pH 8.5, 0.3 M lithium sulphate, 25% PEG 3350.
Full data-sets were collected from crystals demonstrating the highest resolution diffraction

in the test rounds.

A

100 ym

7.7
Beam size 11.1x 5.0 ym 100 ym 2 um

Figure 4.17 Bragg spot diffractions obtained from ZraP-WT and ZraP-SDM protein crystals using
X-ray diffraction experiments. X-ray diffraction experiments carried out for ZraP-WT were
conducted on the Diamond Light Source beamline 103, X-ray diffraction experiments carried out
for ZraP-SDM were conducted on the Diamond Light Source beamline 124 MX. A. Bragg spot
diffractions (resolution: 3.5 A) collected for ZraP-WT crystal grown in 0.1 M potassium chloride,
0.1 M Tris pH 8.0, 15% (w/v) PEG 2000. B. Bragg spot diffractions (resolution: 3.15 A) collected for
ZraP-SDM crystal grown in 0.1M Tris pH 8.5, 0.3 M lithium sulphate, 25% PEG 3350. C.
Representative image of ZraP-WT crystal used for the collection of the Bragg spot diffraction data
presented in panel A (displayed crystal harvested from same solution). D. Image of ZraP-SDM
crystal used to collect of the Bragg spot diffraction data presented in panel B.
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Data-analysis of the collected datasets was carried out by Dr. Marcus Edwards using the CCP4
suite of software for macromolecular X-ray crystallography (CCP4, 1994). The data collection
and refinement statistics are summarised in table 4.2. Initial integration and indexing of the
datasets was carried out using MOSFILM (Battye et al., 2011), followed by scaling and
merging of the data using AIMLESS (Evans and Murshudov, 2013). The space group assigned
to ZraP-WT was C2, 2, 21, with average unit cell dimensions of a =104.613, b = 113.966, and
c = 184.15. The space group assigned to ZraP-SDM was P21, 2, 21, with average unit cell
dimensions of a = 147.63, b = 72.81, and c = 97.45. The availability of the previously solved
ZraP crystal structure allowed for phasing of the data by molecular replacement using
PHASER (McCoy et al., 2007). A single monomer of the 3LAY PDB file was isolated and used
as the asymmetric unit building block during molecular replacement. There is a recorded bias
in the statistics data, which is the result of using a building block model that is resolved at a
higher resolution than the data collected in the current study. Refinement of the data was
performed using REFMAC (Murshudov et al.,, 2011), and the crystal model maps were
finalised using COOT (Emsley and Cowtan, 2004).

Table 4.2 Data collection and refinement statistics of ZraP-WT and ZraP-SDM crystals.

Data collection ZraP-WT ZraP-SDM
Resolution range 56.98 - 3.5(3.625 - 3.5) 58.33 -3.15(3.263 - 3.15)
Space group C2221 P21221
Unit cell dimensions

a,b,c (A) 104.613, 113.966, 184.15 147.63, 72.81, 97.45

A,B,T (°) 90, 90, 90 90, 90, 90
Refinement
Unique reflections 14217 (1380) 18122 (1789)
Completeness (%) 99.96 (100.00) 96.37 (97.92)
Wilson B-factor 119.03 88.31
Reflections used in refinement 14216 (1380) 18119 (1789)
Reflections used for R-free 730(56) 911 (94)
R-work 0.2563 (0.2979) 0.2430(0.3026)
R-free 0.2959 (0.3068) 0.2951 (0.4227)
Number of non-hydrogen atoms 5940 5830
macromolecules 5940 5830
Protein residues 780 790
RMS(bonds) 0.002 0.003
RMS(angles) 0.5 0.72
Ramachandran favored (%) 97.24 96.75
Ramachandran allowed (%) 2.24 2.99
Ramachandran outliers (%) 0.53 0.26
Rotamer outliers (%) 1.05 0
Clashscore 2.51 3.88
Average B-factor 112.4 86.61
macromolecules 112.4 86.61

Statistics for the highest-resolution shell are shown in parentheses.
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The X-ray crystallography data collected of the ZraP-SDM crystals suggest that ZraP-SDM is
not restricted to its monomeric shape, but instead forms decameric structures which are
similar in shape as the structures collected from the ZraP-WT crystals, which in turn are
almost identical to the ZraP structure published as 3LAY (figure 4.17). The data suggest that,
in contrast to reports by Wells (2015), ZraP-SDM does form higher oligomeric structures, as
a decameric crystal structure is observed. The observed decameric shape may have been
enforced by the extreme conditions under which protein crystals are being formed, and the
decameric arrangement may be the most favourable alignment for crystal formation. To rule
out the enforced oligomerisation of ZraP-SDM during crystal formation, SAXS analysis was

used to study this protein in a biologically relevant buffer solution (4.4.7).

Figure 4.18 Solved ZraP crystal structures superimposed to the published ZraP crystal structure.
An overlay was created of the solved ZraP-WT and ZraP-SDM crystal structures, with the published
ZraP structure as obtained from the PDB file 3LAY. A. Overlay of ZraP-WT (in ) with 3LAY (in
red). B. Overlay of ZraP-SDM (in grey) with 3LAY (in red). The figure shows that both ZraP-WT and
ZraP-SDM form decameric structures under crystallising conditions. The overlay of the ZraP-WT
structure with the 3LAY PDB structure is a very close match. The overlay of the ZraP-SDM structure
with the 3LAY PDB structure demonstrates slight differences. These differences may be structural
in nature, or they may have been the result of the differences in crystallisation conditions and
subsequent differences in crystal lattice.
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The X-ray crystallography data collected in this study did not improve on the previously
published ZraP crystal structure. This result was expected as the refraction data collected
were of lower resolution than the resolution of the published structure. Subsequent X-ray
crystallography assays failed to improve on the ZraP diffraction resolution. The lack of high
resolution diffraction data is possibly a result of flexible regions within the protein. In order
to collect good resolution data, the difference in formation and orientation between the
proteins within the protein lattice must be smaller than 1 A. Flexible regions do not conform
to the crystal lattice, and the diffraction data of these regions is of low quality. To investigate
the protein structure in more detail, ZraP was further studied using SAXS experiments.
Although SAXS is a low-resolution technique, it is a powerful tool in the investigation of

flexible proteins and protein domains.

4.3.7 Small-angle X-ray scattering (SAXS) mediated analysis of ZraP
envelope structure, size, oligomeric state, and zinc interactions

To further investigate ZraP protein structure and oligomerisation, and overcome the
restrictions imposed by X-ray crystallography, ZraP-WT and ZraP-SDM samples were
analysed using small angle X-ray scattering (SAXS). In order to solve protein structures at high
resolution using X-ray crystallography analysis, proteins must conform to tight symmetry
restrictions within a crystal lattice. Flexible proteins, or proteins with highly flexible domains
can only be solved at low resolution, or they can be partially solved at a higher resolution
provided the flexible domains are removed. Furthermore, the extreme conditions may result
in the forced formation of a protein structure that does not truly represent its biological
shape. The published structure of ZraP was solved at 2.7 A, but the resolved structure only
represented approximately 58% of the total protein sequence (excluding N-terminal signal
sequence). Although SAXS analysis does not allow investigation of protein structures at high
resolution, the technique can be used to obtain accurate information about the shape, size,
oligomeric state and overall fold of protein samples in solution. The SAXS experiments
conducted in this study were designed to obtain information regarding the overall shape of
ZraP-WT, to determine if there are differences in overall shape between myc-His-tagged
proteins and strepll-tagged proteins, to investigate if the alanine substitution of the C-
terminal GGCGGY'* region affects overall protein shape and/or size, and finally to
determine if the presence of excess zinc affects the protein shape and/or oligomeric state in
solution. The SAXS experiments recorded in this study were carried out using the manual
BioSAXS™ beamline robot (EMBL Arinax), testing each protein sample at concentrations of

1mg/mL, 5mg/mL, and 10mg/mL. Eighteen frames were collected of each sample, with an
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exposure time of 10 seconds per frame. Before and after each sample, buffer readings were
taken to allow subtraction of background scattering. Collected SAXS data are presented as
scatter curves, which plot the (log) detected intensities against the scattering angle (q). Prior
to any further data analysis, the ATSAS suite software PRIMUS was used to merge the scatter
curves of all 18 frames into one combined curve, and to normalise the curve by subtracting
the data collected for the buffer reading. These merged and buffer subtracted data files were

used for further SAXS analysis.

4.3.7.1 Investigation of sample quality and concentration dependent protein interaction.

The first step of the data analysis of each tested condition was to test the SAXS samples for
concentration dependent protein-protein interaction, as well as to determine if any
aggregation, repulsion, or radiation damage affected the collected datasets. The data
collected by the detector during SAXS experiments can be reduced down to the simple
equation I = Fq * Siq, Where | refers to the experimental intensity, F refers to the form
factor of the particle (intra-particle interactions, atomic distances within envelope, size and
shape), and S refers to the structure factor of the solution (inter-particle interactions). Inter-
particle interactions such as repulsion and attraction contribute to the scattering intensity.
When the value of S is different from 1 (which refers to no interactions), it becomes difficult
to separate S from F, which greatly complicates the investigation into the size and shape of
the protein of interest (Svergun and Koch, 2003; Grant, 2014). To investigate the quality and
usability of the collected data, Guinier plots (In(l) versus g?) were drawn using the data
collected at the lowest scattering angles. In monodispersed samples, this plot results in a
straight line that can be extrapolated in order to estimate the radius of gyration (Rg) and the
scattering at the zero angle l(g). If the investigated samples are affected by radiation damage
or aggregation, the radius of gyration and the zero angle intensity liq increase over time,
which results in either a “smiling” or a “frowning” Guinier plot, as opposed to the usual linear
plot (Svergun and Koch, 2003). Guinier analysis was carried out on each sample tested in this
study, and both radiation damage and aggregation were ruled out for each sample. Panel A
in figures 4.21-4.22 demonstrate Guinier analysis carried out on strepl/-tagged ZraP-WT and
ZraP-SDM tested in the presence of 1uM excess zinc respectively. The Guinier plot can also
be used to investigate potential inter-particle interactions, which would become evident by
an incline of the Guinier plots at the lowest scattering angles. Figure 4.19 demonstrates the
Guinier plot comparing the In absorbance at low scattering angles of strepll-tagged ZraP-WT

5mg/mL and 10mg/mL in the presence of EDTA. The straight line observed for both samples
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suggests there is no interference in the data from concentration dependent inter-particle

interactions.

Using the collected scattering data, a Kratky curve can be constructed by plotting liqq? versus
g (intensity times scattered angle squared versus the scattering angle). The resulting Kratky
plot can be used to monitor the degree of compactness of the investigated protein sample.
Particles that are globular in shape will form a Gaussian bell-shaped curve at the lower g-
values whereas Gaussian chains, such as unfolded or flexible protein domains, peak and
plateau at the higher g-values. Proteins with multiple domains form a curve with multiple
peaks, and proteins with partial flexible regions present themselves as a combination of the
previously described plots (Svergun and Koch, 2003). For each tested condition, the Kratky
plots of the 5mg/mL and the 10mg/mL samples were compared to determine concentration
dependent protein folding. The Kratky plot demonstrated in figure 4.19 demonstrates that
at 10mg/mL the protein samples appear to be more compact, whereas at the 5mg/mL
protein samples are still globular, but with a little more flexibility than the samples tested at
higher protein concentration. This observed concentration-dependent difference in overall
protein fold was recorded in all ZraP-WT samples, but did not seem to occur in the ZraP-SDM

samples tested.

Although the Guinier plots demonstrated the absence of concentration-dependent inter-
particle interactions, the Kratky plots have demonstrated a concentration-dependent change
in overall protein fold for the tested ZraP-WT samples. Due to the observed differences
within the same tested condition, the data for the different concentrations were analysed

independently, as opposed to merged into one, condition dependent dataset.

4.3.7.2 Analysis of Strepll-tagged ZraP-WT and ZraP-SDM data sets demonstrates differences
in overall shape, size and flexibility between the WT and the SDM constructs.

General analysis of the obtained scatter data demonstrated little difference between
samples exposed to different zinc concentrations, therefore only one full set of analysed
strepll-tagged ZraP-WT data and one set of analysed strepll-tagged ZraP-SDM have been
included in this thesis. The overall numerical results of all analysed samples have been
summarised in table 4.3. Untreated SAXS data are presented as scatter curves. Scatter curves
represent three dimensional, vectorial intensity distributions on a one-dimensional, scalar
plane. In SAXS analysis, the law of reciprocity dictates that the scattering of larger dimensions
such as overall protein shape (r) is represented by the data collected at the smaller scattering

angles (qg), whereas the scattering of smaller dimensions such is intramolecular features are
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represented at the higher scattering angles (Svergun and Koch, 2003; Mertens and Svergun,
2010). Panels A of figures 4.21-4.22 demonstrate merged and buffer-subtracted scatter

curves obtained during data collections.
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Figure 4.19 Analysis of concentration-dependent protein interactions in strepli-tagged ZraP-WT exposed to 1uM ZnCl.. The scatter data was analysed to
determine if the protein data sets collected for different protein concentrations could be merged, or if they had to be analysed independently. A. Guinier
plot comparing the inter-particle interactions between the samples tested at 5mg/mL and 10mg/mL. The straight lines obtained for each concentrations
suggest there are no inter-particle interactions at either concentration. The graph displayed here represents data collected for the strepll-ZraP-WT exposed
to 1uM ZnCly, but similar results were obtained for all tested samples (data not shown). B. Kratky plot comparing the compactness of the tested protein
samples. The plot shows differences in the tightness of the globular fold between samples tested at 5mg/mL and samples tested at 10mg/mL, suggesting
that the protein is more flexible at 5mg/mL than at 10mg/mL. The graph displayed here represents data collected for the strep/l-ZraP-WT exposed to 1uM
ZnClz, but similar results were obtained for all tested ZraP-WT samples (data not shown). The concentration dependent difference in the flexibility of the
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As described in chapter 4.4.7.1, the quality of the data can be analysed by plotting the natural
log of the intensities at the smallest scattering angles. Protein denaturation, aggregation and
radiation damage would demonstrate a non-linear line in the Guinier plot. Panels B of figures
4.21-4.22 demonstrate that neither the ZraP-WT nor the ZraP-SDM samples displayed any
sign of aggregation, denaturation, or radiation damage. Using the program PRIMUSQT of the
ATSAS 2.6.1 suite, the Guinier plot was also used to estimate the Radius of gyration (Rg) and
the intensity at zero scattering angle (l(g) value of each sample. These results are summarised
in table 4.3. The radius of gyration refers to the distribution of mass around the centre of an
object, and is measured by calculating the root mean square of object distances to its centre
of mass. Differences in the obtained Rq value between samples is indicative to differences in
protein shape and/or mass. As a rule of thumb, the g-range of data used to calculate the R,
is restricted by gmin < /Dmax and gmax < 1.3/Rg. The lo) can be used to calculate the molecular
mass of a protein provided that the sample concentration, the partial specific volume, the
number of incident photons and the intensity on an absolute scale are known. Instead of
using the l(g) to calculate molecular weight, normally the value is used to estimate molecular
mass and check for monodispersity among protein samples (Svergun and Koch, 2003;
Mertens and Svergun, 2010). The overview of all obtained Rg values demonstrates that all
tested samples demonstrate a relatively similar Rg value, apart from the myc-His-tagged
ZraP-SDM sample at 5mg/mL, suggesting that this sample is different in shape and/or size
from the other tested samples. Further data collection confirm that the myc-His-tagged ZraP-

SDM protein samples behave differently from the other strains screened (4.4.7.4).

Comparison of the scatter plot and the Kratky plot of the strepll-tagged ZraP-WT and ZraP-
SDM samples, demonstrates a clear difference in overall shape and fold between the two
species (figure 4.20). The SDM protein samples demonstrate scatter plots that suggest
round, globular proteins, whereas the scatter plot for the WT protein samples suggest
slightly more elongated globular proteins. The Kratky plots of the two proteins suggest there

are differences in flexibility between the two species.
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Figure 4.20 The scatter profile and Kratky plot obtained from strepll-tagged ZraP-WT and ZraP-SDM suggest there is a difference in
overall shape, fold and flexibility between the two species. A. Overlay of the scatter profile of ZraP-WT in green and ZraP-SDM in purple.
The scatter curves suggest that ZraP-WT is a globular protein that is slightly elongated in shape, whereas ZraP-SDM is a very round,
globular protein. B. Overlay of Kratky curves of ZraP-WT and ZraP-SDM demonstrates that although the proteins are likely to share similar
core folds, there are differences in overall flexibility between the two species.
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The Porod plot is used to extract information regarding the fractal dimension and excluded
volume of the scattering objects. Using the Porod’s invariant and the Porod asymptotic, the
volume of a hydrated particle can be derived. The Porod invariant is proportional to the
integrated intensity weighted with g2, and the asymptotic behaviour of the scattering curve
at larger angles indicates that the measured intensity is proportional to q* and the product
of the surface area (Kachala, Valentini and Svergun, 2015). Using PRIMUSQT from the ATSAS
2.6.1 suite, Porod plots (Ig*q* versus q) were created (panels C in figures 4.21-4.22) and the
estimated Rg, l(g), and Porod volume were recorded in table 4.3. SAXS is a low-resolution
technique, and as a result, record Porod volumes should be considered with an approximate
error margin of approximately 10%. This means that minor changes in protein volume might
go undetected, but significant changes in particle volume can successfully be derived using
Porod plots. As a rule of thumb, the molecular weight of a particle can be estimated by
dividing the Porod volume by 1.7 (Svergun and Koch, 2003; Kachala, Valentini and Svergun,
2015). The estimated molecular weight was calculated for all samples following this rule of
thumb, the associated oligomeric state was estimated by dividing the obtained molecular
weight estimate by the approximate weight of a strepli-tagged ZraP monomer (16kDa). The
data collected from the Porod plot, as well as the estimated molecular weights and
oligomeric states summarised in table 4.3, demonstrate that the Porod volumes for all
strepll-tagged proteins are similar, and the 10mg/mL data present a slightly increased Porod
volume compared to the 5mg/mL data. However, the myc-His-tagged ZraP-SDM samples
demonstrate a significantly reduced Porod volume compared to both the myc-His-tagged
ZraP-WT sample, and to its strepll-tagged ZraP-SDM counterpart. These data suggest that
the myc-His epitope interferes with the ability of the ZraP-SDM mutant to form larger

oligomers.

To determine the protein radius (Dmax), the distance distribution function (P(r) curve) of the
protein samples was plotted using PRIMUSQT. This curve is a radial Patterson function which
describes the probably frequency of interatomic vector lengths (r) within a particle. To obtain
the P(r) curve of the scattered protein samples, an indirect Fourier transformation is applied
to the scattering profile. The distance distribution function that is produced by this
transformation plots a histogram of the probability (P) of finding vector length r within the
particle. The P(r) curve is sensitive to symmetry and domain structure, and the shape of the
P(r) curve yields information regarding the shape and volume of the scattered particle. A P(r)
curve with a Gaussian bell-shape indicates a globular protein, whereas a left-skewed curve

is representative of an elongated particle, and a right-skewed curve with a sudden drop
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indicates a hollow ring-shaped particle. The P(r) curve is used to obtain a more accurate
estimation of the Rg and | values, which can be compared to previously obtained data.
Furthermore, the P(r) curve allows for the determination of the Dmax value of the particle,
which represents the maximum size of the particle (Svergun and Koch, 2003; Mertens and
Svergun, 2010; Kachala, Valentini and Svergun, 2015). All the P(r) curves obtained in this
study formed a Gaussian bell-shape indicative of a dense, globular proteins. Panels F in
figures 4.21-4.22 demonstrate P(r) curves obtained for strepl/l-tagged ZraP-WT and ZraP-SDM
respectively, the E panels compare the fit of the calculated curve to the collected scatter
data. Following analysis of the P(r) curve, it is clear that ZraP does not form a hollow,
doughnut shaped protein, but instead forms a dense, globular protein. The obtained Dmax
values for each sample are summarised in table 4.3. The summarised results demonstrate
that the Dmax values of the SDM constructs are consistently lower than the recorded Dmax
values for the WT constructs. The Kratky curves for the mutant constructs suggest a tighter
fold, and the scatter data suggest a rounder particle. The Porod volume recorded for the
mutant constructs is consistently higher than the recorded Porod volume of the WT
constructs. These obtained data suggest that strepl/i-tagged ZraP-SDM construct forms a
more tightly folded protein that is more globular in shape, whereas the strepll-tagged ZraP-
WT protein is also a globular protein, but likely flatter in shape, and with slightly more

flexibility.

4.3.7.3 Overall protein shape is not affected by changes in zinc concentrations

One of the aims of the SAXS analysis was to investigate the influence of the absence and
presence of zinc on protein oligomerisation. In order to do so, strepll-tagged ZraP-WT and
ZraP-SDM samples were dissolved in Strepll buffer (appendix B) containing either 1mM
EDTA, or zinc concentrations of 100nM, 500nM, 1uM, 10uM, or 100uM, and analysed by
SAXS to determine if changes in zinc concentration affected the oligomeric state or overall
fold of ZraP. The data summarised in table 4.3 demonstrate that neither the presence nor
the absence of zinc effects protein oligomerisation. The Porod volume is not significantly
affected by zinc concentration either. To determine if there was any difference in overall
protein shape or fold, a scaled overlay of the scatter curves and the Kratky curves was
produced for both the ZraP-WT construct (figure 4.23) and the ZraP-SDM construct (figure
4.24) at different zinc concentrations. The figures show that the zinc concentration in the

buffer does not affect the overall shape or fold of either ZraP-WT or ZraP-SDM.
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Figure 4.21 Analysis of SAXS derived data for 10mg/mL strepli-tagged ZraP-WT suggest the
protein is a tightly folded, dense, globular oligomer. A. Scatter curve representing the
merged, buffer-subtracted data collected for the sample, and used for further analysis. B.
Guinier plot of low g intensity vs the momentum transfer (q) demonstrates good quality data.
No aggregation, repulsion or radiation damage is detected in the sample. C. Porod plot used
to estimate the Porod volume, molecular weight and oligomeric state of the protein sample.
D. Kratky plot of strepll-tagged ZraP-WT is typical of a globular protein with minor flexibility.
E. Comparison of the fit of the calculated P(r) curve to the collected scatter data. F. distance

distribution function (P(r)) of strepli-tagged ZraP-WT using a Dmax of 94.2.
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Figure 4.22 Analysis of SAXS derived data for 10mg/mL strepll-tagged ZraP-SDM suggest the
protein is a tightly folded, dense, globular oligomer. A. Scatter curve representing the merged,
buffer-subtracted data collected for the sample, and used for further analysis. B. Guinier plot
of low q intensity vs the momentum transfer (q) demonstrates good quality data. No
aggregation, repulsion or radiation damage is detected in the sample. C. Porod plot used to
estimate the Porod volume, molecular weight and oligomeric state of the protein sample. D.
Kratky plot of strepll-tagged ZraP-SDM is typical of a globular protein with little flexibility. E.
Comparison of the fit of the calculated P(r) curve to the collected scatter data. F. distance
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distribution function (P(r)) of strepli-tagged ZraP-SDM using a Dmax of 85.12.
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Figure 4.23 Zinc concentration in SAXS buffer does not affect strepll-tagged ZraP-WT shape or fold. A. Overlay of ZraP-WT scatter
curves demonstrates lack of difference in overall protein shape in the presence or absence of ZnCl,. B. Overlay of ZraP-WT Kratky
curves demonstrates that the absence or presence of ZnCl2 does not affect the overall fold and compactness of the protein.
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Figure 4.24 Zinc concentration in SAXS buffer does not affect strepll-tagged ZraP-SDM shape or fold. A. Overlay of ZraP-SDM
scatter curves demonstrates lack of difference in overall protein shape in the presence or absence of ZnCl». B. Overlay of ZraP-SDM
Kratky curves demonstrates that the absence or presence of ZnCl> does not affect the overall fold and compactness of the protein.



4.3.7.4 The myc-His-tag interferes with the oligomerisation of ZraP-SDM

Comparison of the SAXS scatter data collected of the ZraP-WT and ZraP-SDM constructs with
either myc-His epitopes or strepll epitopes demonstrated that the myc-His epitope interferes
with the oligomerisation of the ZraP-SDM construct, but not with the oligomerisation of the
ZraP-WT construct. This interference was not detected for the strepll-tagged constructs.
Figure 4.25 demonstrates the overlay of the scatter curves and the Kratky plots of myc-His-
tagged and strepll-tagged ZraP-WT and ZraP-SDM constructs (comparing data collected at
10mg/mL). Whereas there is only a small observable difference between the two different
epitopes on the WT construct, there is a very clear difference in the two SDM constructs. The
plots of the strepll-tagged SDM construct suggests a tightly folded, round shape, whereas
the scatter curve of the myc-His-tagged construct suggests a less tightly folded, flexible,
elongated shape. The data summarised in table 4.3 also display significant differences
between the myc-His-tagged and the strepll-tagged SDM constructs in regards to Porod

volume and radius of gyration.
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Figure 4.25 The myc-His epitope affects the overall shape and fold of ZraP-SDM, but not of ZraP-WT. A. Overlay of scatter profile obtained
for ZraP-WT constructs with either a myc-His epitope (in red), or a strepll epitope (in blue). B. Overlay of the Kratky plots ZraP-WT constructs
with either a myc-His epitope or a strepll epitope. Some minor differences are visible between the two species, but overall shape, fold, and
flexibility appears to be similar. C. Overlay of scatter profile obtained for ZraP-SDM constructs with either a myc-His epitope (in ),ora
strepll epitope (in magenta). The scatter plots display significant differences in overall shape, size and fold between the two species. D.
Overlay of the Kratky plots ZraP-WT constructs with either a myc-His epitope or a strepll epitope. The plots demonstrate a clear difference
in overall fold and flexibility between ZraP-SDM constructs carrying either a myc-His epitope or a strepll epitope.
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4.3.7.5 The predicted scatter profile of the published ZraP crystal structure does not fit the
scatter profiles collected during SAXS analysis of soluble ZraP samples.

To predict the theoretical SAXS scattering of a protein crystal structures, protein databank
files can be submitted to CRYSOL, part of the ATSAS 2.6.1 program suite (Svergun, Barberato
and Koch, 1995). The predicted scattering curve is fitted to experimentally collected SAXS
data to allow for comparison. The PDB file of the deposited ZraP structure (3LAY) was used
to create a predicted scattering curve and compared with the scattering curve of myc-His-
tagged ZraP-WT. The CRYSOL settings for obtaining the predicted scattering curve were
selected as follows: order of harmonics = 50, order of Fibonacci grid =18, maximum S value
=0.5, number of points = 250, solvent density = 0.334. The overlay of the predicted scattering
for 3LAY and the collected scattering for myc-His-tagged ZraP-WT is displayed in figure 4.26.
The overlay demonstrates that there are clear differences between the predicted scatterings
of the 3LAY PDB derived ZraP protein crystal and the experimentally collected ZraP scattering

profile.
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Figure 4.26 Overlay of theoretical 3LAY (ZraP) scatter profile with experimentally
collected ZraP scatter profile. The comparison between the theoretical scatter profile
predicted from the 3LAY PDB file (ZraP) and the experimentally collected scatter profile
for myc-His-tagged ZraP-WT demonstrates that the published doughnut shaped ZraP
protein structure is not representative of the ZraP protein structure in solution.
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4.3.7.6 Suggested protein envelopes

The data collected during the indirect Fourier transform performed on the scattering data to
produce distance distribution plots is saved in a .GNOM file output. GNOM is a program that
is part of the ATSAS suite, and is able to read one-dimensional scattering curves and
evaluates their P(r) distribution. The .GNOM files that are created during the evaluation of
the P(r) curve are required as input files for the analysis of the protein envelope using bead
models (Svergun, 1992). Several programs can be used to carry out ab initio bead modelling
based on the P(r) function determined by GNOM. Using GASBOR on the ATSAS online server,
ab initio reconstruction was carried out by a chain-like ensemble of dummy residues
(Svergun, Petoukhov and Koch, 2001). Models were created from all tested samples,
enforcing different symmetry arrangements, including no symmetry, P10 (decamer) and P52
(decamer). The number of dummy residues in asymmetric part was set at 160. Models were
created both in the slower reciprocal space mode (fits lg)) and in the faster real space mode
(fits P(r)). The best-fitted GASBOR models for strepli-tagged ZraP-WT and strepl/-tagged ZraP-
SDM were selected, based on the predicted fit versus collected experimental data output.
Both models were created by GASBOR run at a reciprocal space fit, with a P52 symmetry.
The WT envelope was created from the GNOM file created from the P(r) curve of ZraP-WT
10mg/mL exposed to 500nM ZnCl,, whereas the SDM envelope was created from the GNOM
file created from the P(r) curve of ZraP-SDM 10mg/mL ex5posed to 100nM ZnCl,. PyMOL was
used to create the protein envelope and overlay the 3LAY PDB crystal structure. Figures 4.27-
4.28 demonstrate the overlay between the GASBOR predicted envelope structures and the
deposited ZraP crystal structure. The images show that ZraP is a globular protein. The
envelope of the WT protein appears to be slightly elongated, whereas the SDM envelope
appears to form a particle more spherical in shape. The GASBOR theoretical fits with the
collected data demonstrate that the envelopes are a rough estimation, and that they should

be treated with caution.
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Figure 4.27 GASBOR predicted envelope
structure of ZraP-WT 10mg/mL exposed
to 500nM ZnCl2. The envelope structure of
ZraP-WT suggests a slightly cylindrical,
globular protein that protrudes outwards.
The theoretical fit of the GASBOR
produced envelope is not a perfect match
with the experimental data, which
suggests the envelope structure might not
be accurately represented by the model.

Figure 4.28 GASBOR predicted envelope
structure of ZraP-SDM 10mg/mL exposed to
100nM ZnCl2. The envelope structure of ZraP-
SDM suggests a spherical protein that
appears slightly flattened at the ends. The
theoretical fit of the GASBOR produced
envelope is not a perfect match with the
experimental data, which suggests the
envelope structure might not be accurately
represented by the model.
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Table 4.3 Overview of SAXS derived ZraP envelope parameters.

Strain tag ZnCl,  concentration Rg Rgt 1(0) 1(0) Fidelity Porod Dmax *TQE MwkDa oligomer
WT his i S5mgmL 32.67 0.17 0.71 0.0011 0.93 160000 110.73 0.77 94.12 5.9
10mgmL 32.91 0.64 1.62 0.0014 0.95 183000 111.03 0.79 107.65 6.7
WT Strepll i 5mgmL 32.04 2.40 0.35 0.0008 0.96 169000 101.95 0.73 99.41 6.2
10mgmL 32.63 4.37 0.96 0.0011 0.97 169000 100.95 0.73 99.41 6.2
WT Strepll 100nM 5mgmL 32.05 0.50 0.40 0.00098 0.91 138000 99.99 0.73 81.18 5.1
10mgmL 32.62 0.30 1.04 0.0011 0.96 173000 94.56 0.73 101.76 6.4
WT Strepll 500nM 5mgmL 32.72 4.13 0.49 0.0012 0.95 130000 100.86 0.72 76.47 4.8
10mgmL 32.69 0.18 1.07 0.0011 0.97 174000 96.31 0.80 102.35 6.4
WT Strepll 1uM S5mgmL 32.35 1.24 0.45 0.00098 0.94 137000 98.09 0.77 80.59 5.0
10mgmL 32.63 2.84 1.19 0.0015 0.93 174000 94.21 0.74 102.35 6.4
WT Strepll 10uM S5mgmL 32.31 1.73 0.43 0.00093 0.95 135000 99.80 0.70 79.41 5.0
10mgmL 32.66 3.86 1.13 0.0014 0.95 173000 31.94 0.74 101.76 6.4
WT Strepll 100uM S5mgmL 32.72 4.13 0.49 0.0012 0.95 156000 102.51 0.72 91.76 5.7
10mgmL 32.65 0.30 1.16 0.0013 0.94 173000 98.18 0.73 101.76 6.4
SDM his i S5mgmL 29.55 0.40 0.36 0.00075 0.97 72200 99.53 0.67 42.47 2.7
10mgmL 31.09 0.24 0.95 0.0012 0.97 99100 95.03 0.68 58.29 3.6
SDM Strepll i S5mgmL 31.08 2.74 0.80 0.00091 0.96 184000 90.66 0.75 108.24 6.8
10mgmL 31.5 5.19 1.58 0.0012 0.98 197000 84.31 0.80 115.88 7.2
SDM Strepll 100nM 5mgmL 31.59 0.17 0.78 0.001 0.83 183000 87.17 0.79 107.65 6.7
10mgmL 31.38 0.04 1.63 0.0013 0.97 197000 85.84 0.77 115.88 7.2
SDM Strepll 500nM 5mgmL 31.63 0.40 0.78 0.00097 0.92 183000 89.26 0.77 107.65 6.7
10mgmL 31.46 2.35 1.62 0.0014 0.96 192000 87.02 0.79 112.94 7.1
5mgmL 31.67 1.01 0.74 0.00098 0.89 176000 88.10 0.80 103.53 6.5
SDM Strepll 1uM
10mgmL 31.5 0.59 1.60 0.0012 0.96 197000 85.81 0.77 115.88 7.2
SDM Strepll 10uM 5mgmL 31.61 0.07 0.83 0.0012 0.76 178000 87.74 0.80 104.71 6.5
10mgmL 31.43 0.69 1.70 0.0012 0.98 198000 85.12 0.77 116.47 7.3
S5mgmL 31.62 0.19 0.87 0.0012 0.92 184000 88.64 0.77 108.24 6.8
SDM Strepll 100uM
10mgmL 31.45 0.16 1.72 0.0015 0.97 197000 85.74 0.77 115.88 7.2

*TQE = total quality estimate
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4.3.8 Analysis of ZraP oligomeric state by Native PAGE

Following the discovery of the interference of the myc-His epitope with ZraP-SDM
oligomerisation, analysis of strepll-tagged ZraP-WT and ZraP-mutant constructs was carried
out comparing cross linked protein after storage in 1ImM EDTA and storage in 10uM ZnCl,.
Previous Native PAGE examination of myc-His-tagged ZraP constructs by Wells (2015)
indicated that, in the presence of EDTA, the ZraP-SDM mutant was incapable of forming
higher oligomeric structures, whereas the ZraP-WT control and all other mutants tested were
able to form higher order structures following exposure to EDTA. The results obtained in the
current study (figure 4.29) suggest that the strepll-tagged ZraP-SDM construct does not
suffer from restricted oligomerisation following exposure to EDTA. These results are in
agreement with the difference in oligomeric state (volume) between the myc-His-tagged and

strepll-tagged ZraP construct as observed during SAXS analysis (4.4.7.4).

Figure 4.29 Native PAGE analysis of strepli-tagged ZraP-constructs following chemical cross-linking
exposed to 1mM EDTA and 10uM ZnCl.. The figure demonstrates that the oligomerisation of the
ZraP-mutant strains is not affected by either the presence of the metal chelator EDTA (left) or the
presence of excess zinc (right) compared to the ZraP-WT construct.
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4.4 Discussion and future work

4.4.1 Considerations for future overexpression-plasmid construction

The ZraP proteins used in this study have been overexpressed and purified using C-terminal
tags that cannot be removed by restriction enzyme-mediated digestion. Over-expression of
ZraP in plasmids encoding cleavable N-terminal tags has been investigated, but following trial
assays it became clear that overexpression attempts from these plasmids were unsuccessful.
Initial replacement of the previously constructed zraP overexpressing pBAD vectors encoding
myc-His epitopes with strepll epitopes, was driven by the aim to prevent potential
interference of the additional C-terminal histidines with the zinc assays carried out during
SAXS analysis and the zinc-involving chaperone assays described in chapter 5. Furthermore,
the presence of histidines in proteins other than the myc-His-tagged protein results in
background binding of other proteins to the purification column (figure 4.13). Although the
one-strep chromatography of His-tagged proteins are relatively pure (>80% according to the
purification column manufacturer’s guide), the yield of His-tagged proteins is reduced by the
need to exclude the earliest elution fractions due to contamination with non-specifically
bound proteins, or the requirement of an additional purification step by gel filtration. PAGE
analysis of eluted strepl/-tagged protein samples showed no signs of contamination, and gel
filtration analysis demonstrated a clear, single peak, suggesting pure, monodispersed protein
samples. The specificity and size of the strepll epitope was a clear improvement on the

previous myc-His epitope.

The presented inconsistencies in the behaviour of myc-His-tagged ZraP-SDM reported by Dr.
Wells (2015) and the behaviour of strepll-tagged ZraP-SDM observed in this study, suggest
that the myc-His-tag may interfere with the oligomerisation of this particular mutant protein.
The significant difference in protein folding and Porod volumes observed using SAXS
experiments (figure 4.25) further suggest interference of the myc-His-tag in oligomerisation
of ZraP-SDM. The strepll-tag (VWSHPQFEK’®) used in this study is significantly smaller than
the myc-His-epitope (VEQKLISEEDLNSAVDHHHHHH) previously used for the analysis of
ZraP, and is unlikely to interfere with protein folding or secretion (Kimple, Brill and Pasker,
2013). However, the addition of eight unfolded amino acids at the end of each ZraP monomer
may interfere in the collection of crystallography data at high resolution. All things
considered, it would be greatly beneficial for future studies into ZraP structure and
functionality if plasmids were constructed that allowed for the purification of ZraP with a

cleavable tag. In the early stages of this study, attempts have been made to produce a zraP
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encoding overexpression vector with cleavable N-terminal tag using pET-16B (data not
shown). This plasmid encodes a polyhistidine tag (10 histidine residues), followed by a
restriction site for the restriction protease Factor Xa. Although the plasmid was successfully
created, the overexpression trials demonstrated the construct was not being overexpressed.
The design for a cleavable tag for a Gram-negative protein targeted to the periplasm or the
outer membrane is a challenging task. These proteins, including ZraP, contain an N-terminal
signal sequence that allows them to be transported across the inner membrane by the Sec-
translocase pathway or the tat-translocase pathway (chapter 1.3). A construct with a
cleavable N-terminal epitope could be constructed so that the tag is located before the signal
sequence. However, this would likely affect the transport of the protein to the periplasm.
Not only would this interfere with the folding of these proteins into their active formation,
which happens in the periplasm after their transport across the inner membrane, these
proteins would still contain their N-terminal signal sequence after purification and cleavage,
which in turn is also likely to interfere with the folding of the protein. Alternatively, a
construct could be made lacking the N-terminal sequence. This requires exact knowledge of
the end of the signal sequence and the start of the protein. In this study, investigations into
the N-terminal of the purified ZraP constructs have been attempted using Maldi-TOF
mediated mass fingerprinting analysis following protein digestion with trypsin, a service
provided by the John Innis Centre. Unfortunately, attempts to identify the N-terminal
sequence of submitted protein samples were unsuccessful, complicating the design for an
N-terminal epitope present in between the signal peptide and the protein sequence. An
alternative method to create an N-terminal cleavable tag on ZraP would be to truncate the
N-terminal sequence to the approximate start of the protein (Petit-Hartlein et al., 2015).
Using N-terminal signal peptide prediction software such as SignalP (Nielsen, 2017), the N-
terminal signal sequence can be estimated and the overexpression vector can be created
using the approximate beginning of the protein of interest. However, the lack of a signal
peptide would likely result in accumulation of these overexpressed constructs in their native
state in the cytoplasm. Considering this study attempted to ascertain structural properties
of ZraP, the lack of exposure to the periplasm could compromise any structural assays
conducted. The ideal solution would be the construction of a vector with a cleavable C-
terminal epitope. Plasmids have been designed with a TEV (tobacco etch virus) restriction
site at the C-terminus. The TEV restriction protease usually targets the N-terminal, cleaving
the protein at the C’ end of its recognition site. Transferring the TEV restriction site to the C-

terminal of a protein results in an overhang of this recognition site (6 amino acids in length)
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at the end of the C-terminal after TEV mediated cleavage of the tag. Derivatives of the
pMCSG7 vector could be considered for potential future use to create overexpression
vectors with a cleavable C-terminal epitope (Eschenfeldt et al., 2010). However, considering
the overhang remaining after cleaving is only two amino acids shorter than the current
strepll-epitopes, it is questionable if changing to a C-terminal cleavable epitope will provide

an improvement on the constructed vectors used in this study.

4.4.2 Complications involving protein overexpression in an STM SL1344
background

The overexpression trials of ZraP-WT and mutants in the STM SL1344 AzraP background,
demonstrated the apparent lack of overexpression of strepll-tagged ZraP-AAAAA, ZraP-SDM,
and ZraP-ZA, despite their successful overexpression and purification from an E. coli top10
background. The original myc-His tagged constructs were created by Dr. Wells (2015) as
mutant from the ZraP-WT overexpression plasmid. Although both ZraP-WT and all mutants
are easily overexpressed and purified in E. coli Top10, not all mutants could be purified from
the Salmonella background. The overexpression vectors transformed into Salmonella were
purified from E. coli Top10, and the vectors only differ in the mutated amino acids encoded
by zraP. The transformation was repeated several times, and despite verification of
transformation, including re-sequencing of ZraP-mutant encoding plasmids purified from the
Salmonella background, attempts to overexpress these ZraP-mutants in Salmonella
remained unsuccessful. These observations suggest that significant alterations in the N-
terminal *“LTxxQ*® region, the C-terminal 2GGCGGY'** region, or the C-terminal
139HRGGGH region results in early denaturation or digestion of the overexpressed ZraP-
mutant by Salmonella. Due to the inability to purify mutant proteins from the STM SL1344
background, any assays comparing ZraP-WT to ZraP-mutants, has been carried out using
protein purified from an E. coli Top10 background. To ensure purity of the ZraP samples,
protein samples used for crystallography and SAXS analysis were analysed for their purity
using gel filtration. The clear, single peaks produced by these assays demonstrated the
protein samples were pure and monodispersed, which suggests there has not been any
interaction between overexpressed Salmonella ZraP and native E. coli ZraP. To rule out any
interaction between the two homologs, the plasmids could be transformed into an E. coli

Top10 AzraP background.
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4.4.3 Restriction in ZraP-SDM oligomerisation appear to be an artefact of
the myc-His epitope

The sedimentation equilibrium experiments carried out by AUC reported in this study were
a follow-up from previously reported analysis of recombinant ZraP constructs. The
experiments carried out in this study analysed ZraP sedimentation at a single speed (10,000
rpm) and a single condition (ImM EDTA) only. To determine potential zinc involvement in
oligomerisation, future experiments should include analysis of ZraP at different rotational
speeds, as well as include samples exposed to excess zinc. Previous experiments conducted
by Dr Wells (2015), demonstrated a significant difference in oligomeric state between the
(myc-HIS-tagged) ZraP-SDM construct and the other ZraP constructs when exposed to EDTA.
This observed difference was confirmed by native PAGE analysis of protein samples
chemically cross-linked after exposure to 10mM EDTA. When the native PAGE analysis was
repeated using strepll-tagged protein constructs instead, the previously observed difference
in oligomeric state between ZraP-SDM and the other ZraP constructs, was not observed. Data
collected during SAXS analysis demonstrated a significant difference in scattering, fold and
size between myc-HIS-tagged ZraP-SDM and strepll-tagged ZraP-SDM. This difference was
not observed between the two corresponding ZraP-WT constructs, suggesting that the
observed lack of oligomerisation of the ZraP-SDM mutant may have been an artefact of the
myc-His epitope. Following up on the SAXS derived observations of differences in molecular
weight between myc-His-tagged and strepll-tagged ZraP-SDM, as well as the inconsistencies
between native PAGE analysis of myc-His-tagged constructs and strepll-tagged constructs, it
would be of interest to collect a new set of data for all recombinant ZraP constructs tagged
with a strepll epitope. This set of data should include analysis at different rotational speeds,
as well as analysis of samples as purified, samples in the presence of EDTA, and samples

exposed to excess levels of zinc.

4.4.4 Overexpression background may influence ZraP-metal interaction

The ICP-MS data obtained in this study raise some interesting questions regarding ZraP and
metal binding. Interactions between zinc and ZraP have previously been recorded (Appia-
Ayme et al., 2012; Petit-Hartlein et al., 2015; Wells, 2015), and the metal-binding properties
of the E. coli ZraP homolog have previously been described by Petit-Héartlein (2015). As a
result of lacking ZraP-SDM overexpression in a Salmonella background, this study aimed to
investigate the metal binding properties of this mutant protein when purified from E. coli,
and compare it to the metal binding properties of the WT protein purified from E. coli, using

the ZraP-WT purified from Salmonella as a positive control sample. Contrary to the expected
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results (similar zinc concentrations for the ZraP-WT proteins purified from different
backgrounds, and either similar or different zinc concentrations for ZraP-SDM), the zinc
concentration detected for both the WT and the SDM-mutant purified from an E. coli
background was significantly higher than the zinc concentration recorded for the buffer and
the ZraP-WT sample purified from Salmonella. The difference in zinc concentration between
the ZraP-WT sample purified from Salmonella and the buffer was minimal. One possible
explanation for the difference in observed zinc concentrations is a difference in the strength
of zinc-binding between the proteins purified from E. coli compared to the protein purified
from Salmonella. Although all protein samples were stored in EDTA-free strep buffer,
purification of the protein samples was carried out in buffer containing ImM EDTA, and any
loosely bound zinc may have been stripped from the proteins during the purification step.
However, considering the ZraP-WT proteins were expressed from the same plasmid in
different background strains, it is unlikely that the recorded difference in zinc concentrations
is the result of the strength of zinc binding, unless the protein has undergone different post-
translational modifications in E. coli compared to Salmonella. Another explanation of the
recorded difference in zinc concentration would be potential difference in zinc availability
between E. coli and Salmonella. Despite being considered a trace element, the apparent zinc
availability of E. coli is approximately 10* M, with most of the available zinc being bound to
proteins (Outten and O’Halloran, 2001). It is possible that the bioavailability of zinc is lower
in Salmonella compared to E. coli. Zinc is an important cofactor for many bacterial proteins
(5.1.3). Nutritional immunity is a process in which the host starves pathogens from essential
metals in an attempt to fight infection (Gammoh and Rink, 2017). Zinc is essential to
Salmonella virulence (Campoy et al., 2002; Ammendola et al., 2007; Karlinsey et al., 2010;
Liu et al., 2012; Cerasi et al., 2014), and it is possible that the cellular zinc is primarily bound
to other proteins in Salmonella. Although Sevcenco et al. (2011) reported that the vast
majority (>70%) of cellular zinc levels is bound to ZraP, it should be considered this study was
conducted in E. coli. The results obtained in this study confirm high levels of bound zinc by
ZraP when purified from an E. coli background, but they also suggest that ZraP may not be
the primary zinc-binding protein in Salmonella. Although the ZraP-SDM mutant could not be
purified from a Salmonella background, it would be interesting to repeat the ICP-MS
experiments comparing ZraP-mutants that can be purified from a Salmonella background,
with the corresponding mutants from an E. coli background to confirm the observations
made during this study. The difference in detected zinc levels between an E. coli and a

Salmonella background may suggest that ZraP may play a more significant role in the
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scavenging of excess zinc in E. coli than it does in Salmonella. However, a report by Petit-
Hértlein et al. (2015) confirms that, similarly to Salmonella, deletion of zraP does not result

in increased zinc susceptibility in E. coli.

A study by Petit-Hartlein et al. (2015) on the E. coli homolog of ZraP confirmed binding of
ZraP to zinc, but claimed ZraP has a higher affinity for copper than for zinc. The data
presented in the current study demonstrate that the copper levels detected in the analysed
samples are below the minimum detection level. Considering the significant levels of zinc
detected in this study, it is unlikely that Salmonella ZraP shares the high affinity for copper

that has been reported for its homolog in E. coli.

4.4.5 SAXS analysis suggests ZraP is a globular protein with a rigid, ring-
shaped core.

The structural characterisation of ZraP-WT and ZraP-SDM following X-ray analysis indicates
that ZraP forms a globular protein with a rigid ring-shaped core and a more flexible centre.
The SAXS data collected from the ZraP-WT constructs suggest that the protein regions
unsolved by X-ray crystallography, fill the centre of the protein and may form outward
protrusions, giving the protein a more cylindrical shape. However, it should be noted that
the predicted scattering of the ab initio bead models created by GASBOR, as well as those
created by DAMMIF and DAMMIN (data not included) were not a perfect match with the
collected scattering data, and should be treated with due care. Due to the lack of clear
publishing standards for biomolecular SAXS analysis, analysis and reporting of
experimentally collected SAXS data must be carefully considered. In order to correctly
analyse SAXS samples, experimentally collected data need to be cut at the right angles to
obtain the appropriate information for the questions asked. Whereas X-ray crystallography
focuses on the scattering data collected at large angles, which provide information about the
atomic structure of a molecule, SAXS is a low-resolution technique that focusses on the data
collected from the low angles, which provide information about the shape and size of a
particle. Small changes in the angles included in the data-analysis can have significant effects
on the overall analysis of the molecule. The SAXS analysis presented in this study was carried
out to investigate three separate hypotheses. The first hypothesis stated would be no
significant change in protein structure between the ZraP constructs with a C-terminal myc-
His epitope and those with a strepll epitope in the absence of zinc. The second hypothesis
stated that loss of the cysteine in the 2GGCGGY** region, would affect the fold and/or

oligomeric state of ZraP. The third hypothesis stated that the absence or presence of zinc
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affects ZraP shape and/or oligomeric state. Furthermore, SAXS analysis was carried out in an
attempt to either confirm or reject the ZraP structure presented by the crystallographic data
deposited in the PDB by the centre for structural genomics of infectious disease, as well as

the crystallographic data collected in this study.

Comparison of the SAXS data collected for ZraP (wild type and mutant) in the presence of
the chelating agent EDTA, demonstrated that whereas there is no major difference in the
size and fold of the WT when tagged with either an myc-His epitope or a strepll epitope, the
size and fold of the SDM mutant is significantly affected by the myc-His epitope. This tag-
induced interference of ZraP-SDM oligomerisation in the absence of zinc, may explain the
differences analysis of ZraP-SDM obtained in this study, which suggests there is no inhibition
of oligomerisation, and the native gel analysis and AUC data previously recorded by Wells
(2015), which indicate ZraP-SDM is incapable of forming higher oligomeric structures in the
absence of zinc. Whereas the latter study investigated WT and mutant oligomeric states of
constructs carrying a myc-His epitope, the current study only analysed constructs carrying a
strepll-epitope. To confirm this suspicion, the native gels could be repeated analysing myc-
His-tagged and strepll-tagged constructs simultaneously. Furthermore, it would be worth to
collect full AUC data sets of strepll-tagged ZraP constructs, and compare the collected data

to previously recorded experimental data sets.

Comparison of the SAXS data collected from the strepll-tagged ZraP-WT and ZraP-SDM
demonstrated that disruption of the ®GGCGGY**? region does affect the overall protein
shape and size. Whereas the X-ray crystallography data collected for the strepl/-tagged ZraP-
WT and ZraP-SDM proteins demonstrated that both proteins form a decameric protein with
a ring-shaped core, analysis of the SAXS data presented in this study suggest that the ZraP-
SDM construct is more spherical in shape and has a higher Porod volume, but a lower Dmax
than the ZraP-WT construct. The scatter curve collected for ZraP-SDM, as well as the
envelope model produced by GASBOR, suggest that the spherical structure of ZraP-SDM is
slightly flattened or possibly slightly hollow at the top and bottom end of the protein. In
contrast to this, The ZraP-WT protein envelope appears to be more cylindrical in shape, with
unresolved parts of the protein filling the hollow centre of the ring-shaped X-ray crystal
structure, and parts of the unresolved protein protruding slightly outwards. Although the
Porod volume of the ZraP-WT protein in smaller than the volume obtained for ZraP-SDM, the
Dmax is larger, which may be a result of the slightly narrower but more elongated shape of
the wild type protein. Although there is a difference in overall shape and size between ZraP-

WT and ZraP-SDM, the SAXS data collected suggest that there is no difference in oligomeric
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state between the two species once the 10% error in the Porod volume values has been
taken into consideration. Experiments carried out on an E. coli ZraP homolog with a C104A
substitution, suggested that the cysteine was required for the formation of ZraP dimers
(Petit-Hartlein et al., 2015). The data presented in this study suggest that the single cysteine
residue of Salmonella ZraP is not critically required for the formation of higher oligomeric

structures in either the presence or absence of zinc.

The SAXS data collected of the strepll-tagged ZraP-WT and ZraP-SDM constructs comparing
samples stored in either EDTA or in a range of zinc concentrations indicate that exposure to
zinc does not affect ZraP oligomerisation for either ZraP-WT or ZraP-SDM. The data collected
for the ZraP-WT sample suggest there may be a slight reduction in total volume in the
presence of EDTA, but this reduction is negligible once the error in Porod volume values
(10%) has been taken into account. There is no significant difference in Porod volume
between any of the tested ZraP-SDM samples. The Kratky plots collected for ZraP-WT and
ZraP-SDM suggest that zinc does not affect the overall compactness or protein folding of
ZraP. Although ZraP-mediated protection against protein aggregation is reported to be
significantly more effective in the presence of zinc (Appia-Ayme et al., 2012; Petit-Hartlein
et al., 2015; Wells, 2015), the SAXS data collected in this study indicate that it is unlikely that
this increased chaperone activity is a result of conformational changes or changes in

oligomeric state.

Overall, the SAXS data reported in this study clearly demonstrate that the hollow, ring-
shaped crystal structure of ZraP is but only a partial representation of the whole protein. The
scattering data collected for the protein envelope suggest ZraP is a globular protein that is
potentially cylindrical or spherical in shape. The unresolved regions missing in the X-ray
crystal structure fill the hollow space and may protrude outwards from the centre of the
protein ring. Although the exact protein structure remains enigmatic, the data presented in
this study indicate that ZraP is a globular protein, capable of forming higher order oligomeric
structures independent of zinc concentrations. Furthermore, in Salmonella, the
128GGCGGY'® C-terminal region does not appear to be critically required for the

oligomerisation of ZraP.
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Chapter 5.
Functional analysis of the periplasmic chaperone ZraP
from Salmonella Typhimurium
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5.1 Introduction

Periplasmic chaperones play an important role in the biogenesis, maintenance and repair of
the Gram-negative outer membrane. Due to their involvement in the protection against
many environmental hazards, the cellular functions of periplasmic chaperones frequently
overlap with those of other periplasmic proteins. The overlapping nature of periplasmic
chaperones and their associated envelope stress responses, complicates the study into the
functions of individual members. ZraP is a periplasmic protein and an auxiliary member of
the most recently discovered zinc-responding two-component envelope stress response
ZraSR. This chapter investigates the role of zinc in the chaperoning function of Salmonella

ZraP.

5.1.1 Current knowledge of the function of the ZraSR two component
system

Initial identification of the E. coli ZraSR two-component system classed it as a homologue of
the nitrogen-responding NtrBC two-component system of Klebsiella pneumoniae based on
sequence similarity, and named it HydGH for its regulation of the hyd genes associated with
the production of hydrogenase 3 in E. coli (Stoker et al., 1989). It was later revealed that the
regulation of the hyd genes by ZraR (then called HydG) was the result of non-specific cross
talk, and that expression of the system was actually responsive to elevated zinc levels. The
two-component system was renamed to zinc resistance associated, ZraSR. Furthermore, the
study reported that phosphorylated ZraR binds to the intergenic region of ZraS and ZraP,
regulating their expression, and implicating involvement of ZraP in the workings of the ZraSR

two component system (Leonhartsberger et al., 2001).

The function of the ZraSRP envelope stress response system remains unclear. Expression of
the zraSR operon is induced in the presence of lead, tungstate and zinc, and the periplasmic
chaperone ZraP appears to be zinc responsive (Leonhartsberger et al., 2001; Appia-Ayme et
al., 2011, 2012). In vitro functional characterisation of E. coli two component systems
demonstrated that the response regulator ZraR is not only phosphorylated by ZraS, but can
also be phosphorylated by UhpB, a sensor protein of the UhpABC phosphorelay system
involved in the regulation of the sugar phosphate transporter UhpT (Island, Wei and Kadner,
1992; Yamamoto et al., 2005). Cross-talk between ZraS and the RpoS-regulating anti-sigma
factor RssB, as well as cross-talk between ZraS and the putative polyketide synthase YjhK in
a synthetic environment has been suggested (Zhang et al., 2008; Wells, 2015). Furthermore,

ZraR has been demonstrated to act as a bacterial enhancer binding protein (bEBP) for the
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nitrogen-utilisation sigma factor RpoN (Samuels et al., 2013), and an RpoN binding site is
found within the zraP-zraSR intergenic region (figure 5.1). It has been suggested that the
binding of RpoN to this site is facilitated by ZraR (as bEBP). Expression of this promoter is
switched off in the absence of transcriptional activators (Noll, Petrukhin and Lutsenko, 1998),
however a weak constitutive promoter of zraSR allows for basal expression levels (Noll,

Petrukhin and Lutsenko, 1998; Leonhartsberger et al., 2001; Ravikumar et al., 2011).

Zinc
Lead +ve +ve
Tungstate __ £

yjaG  hupA yjaH

1

R

zraP zraS zraR

187bp 12bp 42bp 254bp 6bp

oN +ve
Gene Summary
hupA = transcriptional regulator
yjaH =inner membrane protein
zraP = zinc responsive periplasmic chaperone

zraS = sensor kinase
zraR = response regulator and enhancer binding protein

Figure 5.1 Schematic representation of the ZraPSR operon. The RpoN regulated two component
system ZraSR positively regulates the transcription of its inversely oriented auxiliary protein ZraP. In
turn, the expression of ZraR is negatively regulated by ZraP. Although evidence suggests expression
of the ZraSR two-component system is induced in the presence of zinc, lead and tungstate, little is
known about the precise function of this envelope stress response system. Image taken from Wells
(2015).

Considering ZraSR activity is responsive to zinc, an important cofactor for many cellular
process, and ZraSR activity is linked to multiple cellular functions, including the regulation of
two major stress response sigma factors, sugar metabolism and glucose-6-phosphate
uptake, it is surprising that AzraSR strains do not appear to have a particularly significant
phenotype in Salmonella. To further investigate the role of this two-component system,
transcriptomic analysis has been carried out by a previous member of the Rowley lab (Wells,
2015). Their analysis demonstrated differential expression for 186 genes, including the
zraSRP operon and 89 genes that belong to the RpoN regulon. The regulation of the latter
genes are attributed to the bEBP activity of ZraR, as opposed to genes being directly
regulated by the ZraSR system. Among the 97 genes not belonging to the RpoN regulon is

only one known metal trafficking protein: the divalent metal cation transporter MntH,
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involved in the uptake of manganese and iron (Golynskiy et al., 2006; Wells, 2015). The
upregulation of a manganese transporter in response to high zinc may seem out of place, but
it has been suggested that this phenomenon plays a role in Salmonella virulence (Wells,
2015). MntH has been implicated in the virulence of Salmonella, Shigella flexneri and Yersinia
pestis (Zaharik et al., 2004; Runyen-Janecky et al., 2006; Perry et al., 2012). There is evidence
to suggest that immune cells protect themselves against infection in a process named
nutrient immunity, which involves increasing intracellular levels of copper and zinc, and that
this sudden increase can be damaging for intracellular pathogens (Hood and Skaar, 2012;
Stafford et al., 2013). MntH could contribute to the prevention of extreme nutrient
limitation, by increasing cellular concentrations of Mg?* and Fe?* (Jabado et al., 2000;
Porcheron et al., 2013). This way, the ZraSR system may not directly protect against the
increase of extracellular zinc, but instead it could be acting as a sensory system to detect
environmental conditions. Other genes of interest that are regulated by ZraR include the
heat-shock responsive chaperones ClpB, DnaK, GroEL, GroSL, and GrpE. These cytoplasmic
chaperones are all involved in the protection against the formation of protein aggregates, as
well as the unfolding and refolding of heat-damaged proteins (Horwich et al., 1993; Schroder
et al., 1993; Rosen and Ron, 2002). The regulation of these chaperones by ZraR suggest
involvement of ZraSR in the heat-shock response. Previously a role for ZraSR was implicated
in the CSIXR response to heat (Wells, 2015), but data presented in this study suggest
otherwise (3.4.3) . The exact role of ZraSRP in response to heat requires further investigation.
Another group of genes that are shown to be transcriptionally regulated by ZraR include
genes associated with survival inside the Salmonella containing vacuole (SCV). Expression of
fadl, a fatty acid transporter, is upregulated by ZraR. Fatty acids are used as the primary
source of carbon by Salmonella surviving in the phagosomes of macrophages (Fang et al.,
2005; Wells, 2015). Genes involved in anaerobic growth are also targeted by ZraR. These
include the operons dcuAB, frdABCD, and hypABC, as well as the cytochrome o oxidase cyoA,
the nitroreductase hypO, and the transcriptional regulator slyA. Although there is no
evidence for the requirement of the ZraSRP response system for survival inside the SCV
specifically, the evidence presented in the literature so far suggests ZraSR is a regulator of

protein homeostasis in response to external stress (Wells, 2015).
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5.1.2 Current knowledge of the function of the periplasmic chaperone
ZraP

Little is known about the role of ZraP in response to envelope stress. Appia-Ayme et al. (2012)
demonstrated that this periplasmic chaperone is involved in the negative regulation of the
ZraSR two-component envelope stress response system. Upregulation of gene expression in
the presence of zinc has been recorded for all three periplasmic chaperones of the CpxP
family. However, the upregulation of ZraP is more profound than that of CpxP and Spy
(Graham et al., 2009). A 12-fold upregulation of zraR is reported in the absence of zraP,
whereas overexpression of zraP results in zraR downregulation (Leonhartsberger et al., 2001;
Lee, Barrett and Poole, 2005; Appia-Ayme et al., 2012). It is thought that the regulatory
function of ZraP acts as part of a negative feedback loop (figure 5.1), similar to the one
observed for CpxP and CpxR. There is no evidence for a similar feedback loop between Spy
and the two component envelope stress response system BaeSR (Quan et al., 2011; Appia-
Ayme et al., 2012). Furthermore, in the presence of zinc, ZraP exhibits more potent
chaperone activity than Spy in vitro, whereas the presence of zinc chelating agents
significantly reduces ZraP chaperone activity. (Quan et al., 2011; Appia-Ayme et al., 2012). In
E. coli, zinc binding assays carried out on 30 soluble, zinc-associated proteins, identified ZraP
as the primary zinc binding protein in vitro, binding over 70% of the total zinc available
(Sevcenco et al., 2011). Despite the extensive evidence on the upregulation of ZraSRP and
the increased chaperone activity of ZraP, the biological relevance of the interactions

between zinc and this two-component envelope stress response remain enigmatic.

The overlapping interactions between different two-component systems and periplasmic
chaperones complicates the investigation into the function of ZraP. The identification of
ZraSRP as a two-component envelope stress response system was first reported by Appia-
Ayme et al. (2011), after overexpression of the response regulator BaeR resulted in zraP
repression. In Salmonella, the deletion of baeR results in an upregulation of the zraSRP
operon in the presence of tungsten (Appia-Ayme et al., 2011). In E. coli, the repression of
baeSR in the presence of zinc has been attributed to zraSRP upregulation (Graham et al.,
2012). Phenotypical analysis of ZraP suggests potential involvement of ZraP in the protection
against oxidative stress. Assays carried out in this study have demonstrated an increased
sensitivity of the Salmonella AzraP strain in the presence of hydrogen peroxide, hydroxyurea
and polymyxin B. The involvement of ZraP in polymyxin B induced envelope stress has also
been recorded by Appia-Ayme et al. (2012) and Wells (2015). Furthermore, results presented

in chapter 3.4 suggest a role for ZraP in the protection of outer membrane integrity.
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Salmonella AzraP mutants appear more sensitive to penicillin G and phosphomycin
compared to the WT control. Penicillin G and phosphomycin are antibiotics that act upon the
formation of the peptidoglycan layer. The natural immunity of Gram negative species to
these compounds is a result of the impenetrability of the outer membrane. The increased
sensitivity of Salmonella AzraP mutants to these compounds suggest outer membrane
defects. Interestingly, the Salmonella AzraP mutants did not show increased sensitivity to
either vancomycin or bacitracin, two antibiotics also involved in the prevention of
peptidoglycan formation. Considering both penicillin G and phosphomycin are small
molecules, whereas vancomycin and bacitracin are significantly larger, it is possible that

AzraP only results in minor membrane defects and a slight increase in permeability.

It has been suggested that the ZraSRP system is involved in the regulation of envelope stress
during survival in the SCV. Upon infection, immune cells are known to sequester trace
minerals including zinc so as to reduce their availability to pathogens and induce nutritional
immunity (Gammoh and Rink, 2017). However, this increase in intracellular levels of zinc in
macrophages could act as an inducing signal for intracellular pathogens such as Salmonella,
who would be exposed to increased levels of zinc due to the increased cellular concentration
of Zn?* in the host cell. Interestingly, a study into the investigation of the structure and
function of E. coli ZraP reported a contradiction in the apparent metal interactions between
E. coliZraP and Salmonella ZraP (Petit-Hartlein et al., 2015). Whereas studies into Sa/monella
ZraP have demonstrated interactions of ZraP and zinc (Appia-Ayme et al., 2012; Wells, 2015)
and studies into E. coli ZraP have reported a strong preference of ZraP for zinc
(Leonhartsberger et al., 2001; Lee, Barrett and Poole, 2005), the study of Petit-Hartlein et al.
(2015) claims that E. coli ZraP binds copper more strongly than zinc. These discrepancies may
further support the theory of a role for ZraP in the protection of the cell during infection. The
sequestering of zinc by macrophages would act as an indicator for the intracellular pathogen
Salmonella. However, most pathogenic E. coli strains act as extracellular organisms and they
lack the genes required for survival inside the macrophage phagosomes. Among other
biocidal components, macrophages recruit copper to the phagosome (Djoko et al., 2015),
and mutations of the cusFCBA operon in E. coli, encoding a secondary copper efflux system,
significantly affects colonisation and survival (Subashchandrabose et al., 2014). If the binding
of zinc to Salmonella ZraP functions as a signal for gene regulation required for survival inside
the SCV, it is possible that the binding of zinc as well as the binding of copper to E. coli ZraP
is linked to survival inside the phagosome. The potential involvement of the ZraSRP system

in survival inside the SVC or phagosomes is purely hypothetical, based on observations
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regarding the ZraR regulon members reported by Wells (2015), and further research is

required to confirm this hypothesis.

5.1.3 Bacterial regulation of zinc availability

Zinc is an abundant metal in the environment and plays an important role in many cellular
processes of both prokaryotic and eukaryotic organisms. Zinc is incorporated in
approximately 10% of the eukaryotic proteome, and binds between 5-6% of prokaryotic
proteins (Andreini et al., 2006). Cellular zinc levels are tightly controlled; zinc starvation is a
major stress to bacteria due to its involvement in a wide range of cellular processes.
However, high zinc levels are toxic due to the highly competitive nature of zinc, which is able
to displace less tightly-bound transition metals in active sites of metalloenzymes (Capdevila,
Wang and Giedroc, 2016). Homeostasis of cellular zinc levels is maintained by the
transcriptional regulation of metalloregulatory proteins, the regulation of zinc influx and
efflux, and by reallocating zinc among dependent proteins (Capdevila, Wang and Giedroc,
2016). Genes involved in the transcriptional regulation of zinc levels include the zinc uptake
repressor Zur and the transcriptional regulator ZntR. During periods of excess zinc, Zur-Zn?*
complexes inhibit the expression of high-affinity zinc uptake systems such as the ABC-
transporter ZnuABC, and the zinc-bound ZntR allosterically activates transcription of the
ATPase efflux transporter ZntA. During periods of zinc starvation, the apo-form of ZntR
represses the expression of zinc efflux systems instead (Ma, Jacobsen and Giedroc, 2009;
Gilston et al., 2014; Capdevila, Wang and Giedroc, 2016). These ZntR regulated transporters
include the efflux transporter ZntA, the cation diffusion facilitator ZitB and the periplasm-
spanning efflux guns CzcD and CzcBCA (Blindauer, 2015; Capdevila, Wang and Giedroc,
2016). Other proteins thought to be involved in the regulation of cellular zinc levels, include
the outer membrane porin CbpA, the zinc/cadmium transporter YiiP and the zinc binding
protein ZinT (Grass et al., 2005; Wei and Fu, 2006; Petrarca et al., 2010; Stork et al., 2013).
Furthermore, zinc can be reallocated among proteins during zinc starvation conditions.
During this process zinc-containing protein subunits are replaced with non-zinc-containing
subunits, so that the zinc ions can be used for key zinc-dependent metabolic functions
instead (Panina, Mironov and Gelfand, 2003; Capdevila, Wang and Giedroc, 2016). Although
ZraP and ZraSR are strongly zinc-responsive, there is currently no evidence for their

involvement in cellular zinc homeostasis.
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5.2 Aims

The chapter aims to expand on the current understanding of the chaperoning role of ZraP,
by further investigating the contribution of zinc, as well as by analysing how the LTxxQ
domain of unknown function, and two potential zinc-binding sites, affect overall chaperone

activity of ZraP.

Previous studies have indicated that ZraP chaperone activity is capable of protecting malate
dehydrogenase against thermal aggregation. These studies have also demonstrated that the
chaperone activity is positively affected by zinc (Appia-Ayme et al., 2012; Petit-Hartlein et
al., 2015; Wells, 2015). To investigate if, in addition to protection against aggregation, ZraP
is capable of protecting substrate activity in denaturing conditions, MDH activity assays were
conducted. Furthermore, to investigate if the predicted zinc-binding regions *°GGCGGY!*
and B°HRGGGH®*, as well as the conserved region of unknown function *“LTxxQ* are
involved in chaperone activity, assays were conducted comparing the chaperone activity of

these mutant proteins with ZraP-WT.

In addition to general chaperone activity, the ability of ZraP to protect the protein activity of
commercially available DNA gyrases has been investigated using DNA Gyrase provided by
Inspiralis Ltd. Furthermore, this study aimed to improve our current understanding of the
involvement of ZraP in the protection against envelope stress, by identifying natural ZraP

substrates during protein pull-down assays.
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5.3 Results

5.3.1 Optimisation of malate dehydrogenase activity assays

Malate dehydrogenase (MDH) is a ubiquitous enzyme that is found in eukaryotes,
prokaryotes and archaea. Utilising NAD*/NADH as cofactors, MDH reversibly catalyses the
conversion between malate and oxaloacetate, a reaction required in various metabolic
pathways (Minarik et al., 2002). The oxidation of NADH to NAD* results in a colour shift from
the orange coloured NADH to the colourless NAD*. This colour shift allows for colourimetric
assays that analyse the activity of MDH by measuring the colour change that represents
conversion of NADH into NAD*. The MDH activity assays were carried out to analyse the
effect of zinc on the chaperoning activities of ZraP, as well as to investigate the importance
of the two proposed zinc binding regions, and the LTxxQ region in chaperone activity. To
analyse general ZraP chaperone activity, MDH was exposed to the denaturing agent
guanidine hydrochloride (GnHCI) either in the presence or in the absence of ZraP. These
experiments were carried out in a range of zinc concentrations to determine the effect of
zinc on ZraP chaperone activity. Furthermore, the chaperone activity of the ZraP mutant

proteins was assessed both in the presence and in the absence of zinc.

5.3.1.1 HEPES buffer is unsuitable for MDH activity assays

Initial MDH activity experiments were carried out following the protocol as described by
Wells (2015). This protocol dictated the incubation of MDH and the execution of the assay in
50mM HEPES buffer pH 7.4. However, when conducting the assays in HEPES buffer, only very
limited MDH activity could be detected (data not shown). Further method investigation of
published work involving MDH activity assays suggested the use of PBS buffer pH 7.4 instead
(Han et al., 2014; Worthington Biochemical Corporation., 2015; Karuppanan et al., 2017).
The activity of MDH in PBS buffer was significantly improved compared to the activity of MDH

in HEPES buffer and PBS buffer was initially adopted to investigate ZraP chaperone activity.

5.3.1.2 PBS buffer is unsuitable for MDH activity assays

Although MDH activity was significantly increased using PBS buffer, repeatability and
consistency of the assay became a significant issue in PBS (figure 5.2). To set a standard for
MDH activity, experiments were carried out incubating MDH only in the absence of zinc and
chaperone first. MDH activity was then assessed after incubation with 100 uM zinc chloride
to assess the effect of zinc on MDH activity to ensure any observed changes in MDH activity
in chaperone experiments were correctly attributed to the chaperone. However, the MDH-

zinc control experiments were inconsistent in their repeatability. Sometimes zinc
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significantly affected MDH activity either positively or negatively, other times significant
differences could not be observed. The data collected for MDH incubated with ZraP-WT,
either in the presence or absence of excess zinc, were slightly more consistent in their
repeatability, but the data demonstrated conflicting evidence for the chaperoning of MDH
by ZraP and the effect of zinc on ZraP chaperone activity (figure 5.2). In the absence of a
denaturing agent, ZraP appears to inhibit MDH activity in the absence of zinc, but boost its
activity in the presence of zinc. The data collected for MDH-zinc samples suggested that this
boost was the result of the presence of zinc boosting MDH activity. At lower denaturant
concentrations, the presence of ZraP and the presence of zinc appeared to increase MDH
activity. At a GnHCI concentration of 0.6 M, the presence of zinc suddenly affected MDH
activity negatively, whereas the presence of ZraP (no excess zinc) still boosted MDH activity.
At high denaturant concentrations, the presence of both zinc and ZraP negatively impacted

MDH activity.
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Figure 5.2 MDH activity assays carried out in PBS buffer pH 7.4. PBS-buffer derived data collected for the activity of MDH in the absence and
presence of chaperone and/or zinc were inconsistent. Whereas MDH activity appeared to be protected by ZraP at some concentrations GnHCI,
this protection was lost at higher concentrations. The presence of zinc both activates and represses MDH activity in an inconsistent manner.
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5.3.1.3 Tris buffer is suitable for MDH activity assays

Following an accidental mix-up of buffers, MDH activity was tested in the Tris buffer used for
purification of Strep-tagged proteins. It was immediately apparent that MDH is significantly
more active in Tris buffer than it was in either PBS or HEPES buffer. Furthermore, the data
collected for MDH assays carried out in Tris buffer were more consistent and more
repeatable than the data collected in PBS. Further experiments were conducted in Tris

buffer.

5.3.1.4 Zinc negatively affects MDH activity

Using Tris buffer for MDH activity assays revealed an additional complication to the
chaperone assays; the rate at which MDH converts oxaloacetate into L-malate is significantly
reduced in the presence of zinc (figure 5.3). At 100uM zinc, MDH activity is reduced by
approximately 17%, whereas 2mM zinc reduced MDH activity by approximately 70%. In an
attempt to curb the zinc-induced inhibition of MDH, MDH activity assays were carried out in
Tris buffer containing 1mM EDTA. The rationale behind these tests was that the zinc bound
to MDH during the incubation period, may be chelated when exposed to EDTA post
incubation. Although significant differences were detected between the activity of MDH in
buffers with and without EDTA at the higher zinc concentrations, the difference between the
two conditions was only about 2%. Furthermore, for the conditions in which significant
differences were detected, the samples exposed to EDTA showed lower MDH activity than

those not exposed to a chelator (figure 5.3).

A similar effect was observed for samples comparing MDH incubated in the presence of ZraP-
WT and various zinc concentrations. Execution of these assays in the presence of EDTA did
not restore MDH activity to zinc-free level, and if significant differences were detected
between the EDTA-containing conditions and the EDTA-free conditions, the presence of
EDTA appeared to reduce MDH activity further (figure 5.4). Furthermore, incubation with
ZraP-WT, regardless of zinc or chelator, also reduces MDH activity, compared to MDH activity
alone. This inhibiting effect of ZraP-WT on MDH activity is observed across all tested zinc

concentrations (figure 5.5).

The zinc chelation experiments were repeated testing the effect of prolonged EDTA
exposure. These experiments tested MDH incubated in Tris buffer, either in the absence of
zinc or with 500uM and 2mM zinc chloride (figure 5.6), and MDH incubated with ZraP-WT
under the same conditions (figure 5.7). The activity assays were then conducted in EDTA-

containing Tris buffer. Considering MDH will only oxidise NADH in the presence of
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oxaloacetate, the EDTA exposure time of the incubated samples could be increased by
holding off the addition of oxaloacetate and thus postponing the onset of the reaction. The
data presented in Figure 5.5 and figure 5.6 demonstrate that regardless of ZraP-WT
presence, increased exposure to EDTA does not restore MDH activity levels to the activity of
unexposed MDH samples. Considering the negative effect of zinc on MDH activity cannot be
avoided, further MDH activity assays screening the chaperone effect of different ZraP

mutants were carried out in the presence of 100uM zinc.
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Figure 5.3 Zinc negatively regulates the ability of MDH to convert oxaloacetate into L-malate. MDH activity assays carried out in Tris buffer
demonstrated that MDH activity is reduced in the presence of zinc. To test if the chelator EDTA was capable of reversing this inhibition, MDH
activity was assessed in Tris buffer with EDTA and Tris buffer without EDTA. At lower zinc concentrations there was no significant difference in
MDH activity between samples tested with and without EDTA in the buffer. Presence of EDTA in the buffer demonstrated a significant difference
in MDH activity at 500uM, 1ImM and 2mM zinc. Interestingly, instead of boosting MDH activity, the presence of EDTA appeared to reduce MDH
activity even further. Significant differences between the samples tested in Tris buffer with and without EDTA are indicated by * (P < 0.05) and
** (P <0.01), Student’s t-test assuming equal variance, n = 3. Error bars indicate standard deviation.
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Figure 5.4 The presence EDTA does not negate the zinc-induced inhibition of MDH activity in the presence of ZraP-WT. MDH activity assays carried
out in Tris buffer demonstrated that MDH activity is reduced in the presence of zinc. To test if the chelator negatively affects MDH activity in the
presence of ZraP, MDH assays were conducted at different zinc concentrations, comparing activity of samples in Tris buffer with and without EDTA.
Significant difference in MDH activity between samples tested with and without EDTA in the buffer was detected at 200uM, 500uM and 1mM zinc
chloride. Similarly to the results obtained in the assays testing MDH without chaperone, the presence of EDTA appears to reduce MDH activity even
further. Significant differences between the samples tested in Tris buffer with and without EDTA are indicated by * (P < 0.05) and ** (P < 0.01),
Student’s t-test assuming equal variance, n = 3. Error bars indicate standard deviation.
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Figure 5.5 The presence of ZraP-WT further reduces MDH activity in the presence of zinc. MDH activity assays carried out in Tris buffer
represented as percentage activity compared to the MDH-only (no zinc) condition. This figure shows that incubation of MDH with ZraP-WT and
excess zinc reduces MDH activity significantly. Execution of the MDH assays in the presence of EDTA cannot reverse this inhibition.
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Figure 5.6 Prolonged exposure to EDTA does not restore MDH activity in the presence of zinc. MDH activity assays carried out in Tris buffer
represented as percentage activity compared to the MDH-only (no zinc) condition. Comparing the MDH activity of MDH only samples to samples
incubated with either 500uM ZnClz2 or 2mM ZnCla, the figure shows that prolonged exposure to EDTA prior to substrate addition does not reverse
the zinc-induced inhibition of MDH activity.
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Figure 5.7 Prolonged exposure to EDTA does not restore MDH activity after incubation with ZraP-WT and excess zinc. MDH activity assays carried
out in Tris buffer represented as percentage activity compared to the MDH-only (no zinc) condition. Comparing the MDH activity of ZraP-WT
chaperoned MDH samples with no excess zinc, to samples incubated with either 500uM ZnClz or 2mM ZnCly, the figure shows that prolonged exposure
to EDTA prior to substrate addition does not reverse the zinc-induced inhibition of MDH activity. The figure also shows that even in the absence of
zinc, the presence of ZraP reduces MDH activity by approximately 10-15% compared to the MDH only (no zinc, no chaperone) condition.
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5.3.2 Malate dehydrogenase activity assays analysing ZraP chaperoning

The ability of ZraP-WT and ZraP mutants to protect MDH activity against chemical
denaturation was assessed using MDH activity assays carried out in Tris buffer. Chaperone
assays investigating the ability of ZraP to protect MDH against thermal denaturation have
indicated that ZraP chaperone activity is enhanced in the presence of excess zinc (Appia-
Ayme et al., 2012; Petit-Hartlein et al., 2015; Wells, 2015). Experiments carried out during
the optimisation of the MDH activity assay have demonstrated that zinc negatively affects
MDH-assisted conversion of oxaloacetate to L-malate. The analysis of ZraP chaperoning has
therefore been compared to MDH “only” (no chaperone) samples incubated with and
without zinc. An overview of the chaperoning abilities by ZraP-WT and mutants in the
presence of zinc is presented in figure 5.8, whereas analysis of the individual ZraP proteins
has been visualised in figures 5.9 — 5.14. The overview in figure 5.8 demonstrates that ZraP-
WT and the ZraP proteins mutated in either the **LTxxQ?*® region or the 2GGCGGY*3 region
affect MDH activity negatively, both in the absence and the presence of denaturing agents.
However, ZraP proteins mutated in the ¥°*HRGGGH!** region do not negatively affect MDH

activity, and may even protect protein function.

Of all the tested proteins, ZraP-ZA is the only mutant that does not significantly reduce MDH
activity in the absence of a denaturing agent. In the presence of 0.4 M and 0.6 M GnHClI,
ZraP-HRGGAH is the only protein that does not significantly reduce MDH activity, but instead
appears to boost its activity. Although ZraP-ZA does negatively affect MDH activity at these
concentrations, the negative effect of the chaperone is significantly lower than that of the
other proteins that negatively affect MDH activity. At 0.8 M GnHCI MDH is severely affected,
and no ZraP protein was able to protect MDH activity. With the exception of ZraP-HRGGAH
at 0.6 M GnHC(l, all conditions tested demonstrated significantly reduced MDH activity in the
presence of zinc (figure 5.9-5.14). Although ZraP is capable of protecting MDH against
thermal aggregation, the evidence presented in this study demonstrate that ZraP is not able
to protect MDH activity during chemical denaturation. Interestingly, proteins mutated in the
BB9HRGGAH region do not appear to affect MDH activity as badly as the WT protein, or the

other tested mutants
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Figure 5.8 Mutations in the **HRGGGH** region of ZraP negate the ZraP-induced inhibition of MDH activity. MDH activity assays carried out
in Tris buffer represented as percentage activity compared to the MDH-only (100uM ZnClz) condition. In the absence of denaturant, MDH
activity is reduced when incubated with all tested chaperones except for ZraP-ZA (3°AAAAAA'). When exposed to 0.4 M GnHCl, the
chaperones mutated in the *®*HRGGGH* region do not exhibit any additional inhibition of MDH activity, and when exposed to 0.6 M GnHCI,
the ZraP-HRGGAH mutant does not restrict MDH activity.
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Figure 5.9 Chaperone activity of Strep-tagged ZraP-WT. MDH activity assays
carried out in Tris buffer, presented as relative MDH activity. A. Incubation
with ZraP-WT significantly reduces MDH activity. B. Zinc significantly
reduces MDH activity when incubated with ZraP-WT. C. ZraP-WT is not able
to preserve MDH activity during exposure to GnHCI. Both the presence of
zinc and the presence of ZraP-WT have a significantly negative effect on the
ability of MDH to convert oxaloacetate into L-malate. Significant differences
between the conditions compared underneath the marker line are indicated
by * (P < 0.05) and ** (P < 0.01), Student’s t-test assuming equal variance, n
= 3. Error bars indicate standard deviation.
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Figure 5.10 Chaperone activity of Strep-tagged ZraP-AAAAA. MDH activity
assays carried out in Tris buffer, presented as relative MDH activity. A.
Incubation with ZraP-AAAAA (**AAAAA*) significantly reduces MDH activity.
B. Zinc significantly reduces MDH activity when incubated with ZraP-AAAAA.
C. ZraP-AAAAA is not able to preserve MDH activity during exposure to
GnHCI. Both the presence of zinc and the presence of ZraP-AAAAA have a
significantly negative effect on the ability of MDH to convert oxaloacetate
into L-malate. Significant differences between the conditions compared
underneath the marker line are indicated by * (P < 0.05) and ** (P < 0.01),
Student’s t-test assuming equal variance, n = 3. Error bars indicate standard
deviation.
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Figure 5.11 Chaperone activity of Strep-tagged ZraP-HRGGAH. MDH
activity assays carried out in Tris buffer, presented as relative MDH activity.
A. Incubation with ZraP-HRGGAH significantly reduces MDH activity in the
absence of a denaturant. In the presence of 0.4-0.6 M GnHCI, ZraP-HRGGAH
promotes MDH activity. B. In the presence of 0.4 GnHCI Zinc significantly
promotes MDH activity when incubated with ZraP-HRGGAH, whereas at 0.4
GnHCl zinc significantly reduces activity. C. ZraP-HRGGAH can either
promote or inhibit MDH activity depending on the conditions tested.
Significant differences between the conditions compared underneath the
marker line are indicated by * (P < 0.05) and ** (P < 0.01), Student’s t-test
assuming equal variance, n = 3. Error bars indicate standard deviation.
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Figure 5.12 Chaperone activity of Strep-tagged ZraP-LTXXQ. MDH activity
assays carried out in Tris buffer, presented as relative MDH activity. A.
Incubation with ZraP-LTXXQ significantly reduces MDH activity. B. Zinc
significantly reduces MDH activity when incubated with ZraP-LTXXQ. C.
ZraP-LTXXQ is not able to preserve MDH activity during exposure to GnHCI.
Both the presence of zinc and the presence of ZraP-LTXXQ have a
significantly negative effect on the ability of MDH to convert oxaloacetate
into L-malate. Significant differences between the conditions compared
underneath the marker line are indicated by * (P < 0.05) and ** (P < 0.01),
Student’s t-test assuming equal variance, n = 3. Error bars indicate standard
deviation.
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Figure 5.13 Chaperone activity of Strep-tagged ZraP-SDM. MDH activity
assays carried out in Tris buffer, presented as relative MDH activity. A.
Incubation with ZraP-SDM significantly reduces MDH activity. B. Zinc
significantly reduces MDH activity when incubated with ZraP-SDM. C. ZraP-
SDM is not able to preserve MDH activity during exposure to GnHCI. Both
the presence of zinc and the presence of ZraP-SDM have a significantly
negative effect on the ability of MDH to convert oxaloacetate into L-malate.
Significant differences between the conditions compared underneath the
marker line are indicated by * (P < 0.05) and ** (P < 0.01), Student’s t-test
assuming equal variance, n = 3. Error bars indicate standard deviation.
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Figure 5.14 Chaperone activity of Strep-tagged ZraP-ZA. MDH activity
assays carried out in Tris buffer, presented as relative MDH activity. A.
Incubation with ZraP-ZA (3°AAAAAA) significantly reduces MDH activity.
It should be noted that this inhibition is not as severe as the inhibition
observed for the ZraP-WT and ZraP-AAAAA/LTXXQ/SDM mutants. B. Zinc
significantly reduces MDH activity when incubated with ZraP-ZA. C. ZraP-ZA
is not able to preserve MDH activity during exposure to GnHCI, however, it
does not appear to affect MDH activity as negatively as other tested proteins
either. Significant differences between the conditions compared
underneath the marker line are indicated by * (P < 0.05) and ** (P < 0.01),
Student’s t-test assuming equal variance, n = 3. Error bars indicate standard
deviation.
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5.3.3 ZraP negatively affects DNA gyrase activity

DNA gyrase is a bacterial topoisomerase that is involved in the negative supercoiling of
double stranded bacterial DNA. It is targeted by quinolones and aminocoumarins, as well as
seco-cyclothialidines (Reece and Maxwell, 1991; Rudolph et al., 2001). As DNA gyrase is an
important antibiotic target, the protein is frequently used in screens for new antibiotic
compounds. DNA gyrase activity can be investigated by ATPase assays and supercoiling
assays (Inspiralis Limited, 2017). The former assay utilises spectrophotometry to analyse
gyrase activity by measuring conversion of coloured NADH to colourless NAD®, this
conversion is linked to the hydrolysis of ATP, required for gyrase activity. The latter assay
uses agarose gel electrophoresis to investigate the relaxed versus supercoiled state of
substrate DNA (figure 5.15).

Gyrase titration (volume neat enzyme added)

0.005 0.01 0.015 0.02 0.025 0.03 005 01 015 0.2 025 03 0.5ul

e

Figure 5.15 DNA gyrase supercoiling assay. This DNA gyrase supercoiling assay demonstrates the
gradual supercoiling of the pBR322 substrate by DNA gyrase. As the gyrase concentration increases,
so does the level of supercoiling, until all relaxed DNA is supercoiled (Inspiralis Limited, 2017).

DNA gyrase is a temperature sensitive enzyme, that rapidly loses activity when stored at
sub-optimal conditions (-80°C). To investigate the potential of ATP-independent periplasmic
chaperones to increase shelf time of biotechnologically relevant, temperature sensitive
enzymes, the ability of ZraP to protect DNA gyrase was investigated in collaboration with
Inspiralis Ltd. Assays were carried out testing the effect of zinc on DNA gyrase activity, and
showed that gyrase activity is not inhibited in the presence of 100uM ZnCl; (figure 5.16). In
the absence of excess zinc, ZraP did not inhibit DNA gyrase activity (data not shown).
However, when incubated overnight with both ZraP-WT and 100uM ZnCl,, DNA gyrase

activity was significantly inhibited when stored both at -80°C and at -20°C (figure 5.16).
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Figure 5.16 DNA gyrase supercoiling assays testing ZraP chaperone activity. The ability of ZraP to
protect DNA gyrase activity during storage at higher temperatures was analysed using DNA gyrase
supercoiling assays. The activity of DNA gyrase was analysed by investigating the relaxed state
(left) versus supercoiled state (right) of the substrate DNA pBR322. A. Assay testing DNA gyrase
stored overnight at -80°C, in the presence of 100uM ZnClz. Increasing levels of supercoiled
substrate detected at higher DNA gyrase concentrations indicate zinc does not inhibit DNA gyrase
activity. B. Assay testing DNA gyrase stored overnight at -20°C, in the presence of 100uM ZnCl..
Increasing levels of supercoiled substrate detected at higher DNA gyrase concentrations indicate
zinc does not inhibit DNA gyrase activity. C. Assay testing DNA gyrase stored overnight at -80°C, in
the presence of ZraP-WT and 100puM ZnCl.. The lack of substrate supercoiling suggests that the
presence of ZraP-WT and 100uM ZnCl; inhibits DNA gyrase activity. D. Assay testing DNA gyrase
stored overnight at -20°C, in the presence of ZraP-WT and 100uM ZnClz. The lack of substrate
supercoiling suggests that the presence of ZraP-WT and 100uM ZnClz inhibits DNA gyrase activity.
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5.3.4 Identification of natural ZraP targets using protein pull-down assays.

Despite its conserved nature, little is known about the protective role of ZraP, and the
envelope stress signals that activate the ZraSRP system. Identification of natural ZraP targets
could provide information about the protective nature of the ZraSRP system, as well as

provide information about environmental activation signals.

In an attempt to identify natural ZraP targets, pull-down assays were carried out using myc-
His-tagged ZraP-WT. Studies carried out by Wells (2015) suggested that ZraP may be
activated in response to heat stress. To identify potential ZraP targets, STM SL1344 AzraP
was exposed to 55°C for 15 minutes before cell lysate was collected and used in the pull-
down assay. A study conducted by Appia-Ayme et al. (2011) indicated that in tungstate
exposed STM SL1344 AbaeR, ZraP is upregulated. To identify potential ZraP targets, STM
SL1344 AbaeR was grown in the presence of 20mM sodium tungstate, before cell lysate was
collected and used in the pull-down assay. Analysis of the pull-down assay eludates (figure
5.17) reveals clear bands for ZraP monomers at the 15kDa marker. The eludate for the heat
exposed lysate demonstrates another band at approximately 35kDa. However, this band is
frequently found when analysing high concentrations ZraP using SDS-PAGE, and represents
ZraP oligomers. No further bands of interest were found in the heat-challenge. The eludate
for the tungstate challenged lysate also demonstrates a clear band for ZraP monomers.
Another relatively clear band can be found at approximately 12kDa. This band is a very
common band found in SDS-PAGE analysis of Salmonella full-cell lysates (figures 4.7-4.12).
Considering these bands are usually very profound, whereas here they show only faintly, it
is likely that these bands are the result of an incomplete wash. If this protein is indeed a
natural target of ZraP, a much clearer band would have been expected, considering the band
size of ZraP. Overall, the pull-down assays conducted in this study failed to identify potential

natural ZraP targets.
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Figure 5.17 ZraP Pull-down assays following heat challenge and tungstate challenge. The SDS-PAGE
profile of the pull-down assay eludates reveals some clear bands. The thick bands found at the 15kDa
marker in the eludates of both heat-challenged and tungstate challenged cells represent monomeric
ZraP. The band found in the first eludate of the lysate of the heat-challenged cells, likely represents
ZraP in oligomeric state. The bands found at approximately 12kDa in the tungstate challenge are also
found as thick bands on SDS-PAGE gels analysing full cell lysates. Considering the bands found on this
gel are faint, these bands are more likely to be the result of full lysate contamination.

5.4 Discussion and future work

5.4.1 Further optimisation of the malate dehydrogenase activity assays
should include mechanism of inhibition assays.

The ability of ZraP to protect aggregation of thermally challenged MDH was initially
demonstrated by Appia-Ayme (2012) and has since been confirmed by Petit-Hartlein (2015)
and Wells (2015). Although the ability of ZraP to protect proteins from aggregation has been
demonstrated, it is not known if ZraP is also capable of protecting enzyme activity during
stress. To gain better understanding of the cellular function of ZraP (e.g. Preventing
aggregation or protecting protein function), MDH activity assays were carried out analysing
the ability of ZraP to protect the activity of chemically denatured MDH. Prior to comparing
the chaperoning of differently mutated ZraP, the MDH activity assays were optimised.
Following the apparent lack of MDH activity in HEPES buffer, the switch to PBS buffer was

made. The use of PBS was recommended in protocols describing MDH assays (Worthington
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Biochemical Corporation., 2015), and the activity of MDH in PBS was confirmed in published
studies (Han et al., 2014; Karuppanan et al., 2017). Furthermore, ZraP assays investigating
aggregation of thermally denatured MDH have also been carried out in PBS (Appia-Ayme et
al., 2012; Petit-Hartlein et al., 2015; Wells, 2015). The initial switch in the use of PBS buffer
to Tris buffer for the conduction of MDH activity assays was the result of an accidental mix-
up of bottles. However, the significant increase in MDH activity when conducting assays in
Tris buffer was immediately apparent. Considering the near three-fold increase in relative
MDH activity and the significant improvement in repeatability, Tris buffer replaced PBS for
MDH activity testing. However, the use of Tris buffer revealed a complication to the MDH
activity assays that had not been observed during testing in PBS; the presence of zinc
negatively influences the ability of MDH to convert oxaloacetate into L-malate. Investigations
into why this zinc-induced inhibition had not been observed before in assays conducted in
PBS, pointed out an issue with the use of PBS buffer that had not been considered when
choosing the buffer. Phosphate buffers, including PBS, sequester divalent cations and
deposit them as phosphate salts which makes them unsuitable for assays investigating
divalent zinc.(Cold Spring Harbor Protocols, 2006; EMBL, 2017). The inhibiting effect of zinc
on MDH activity was unexpected, considering the material data sheets provided with the
MDH protein (ROCHE) indicate that zinc acts as activator. However, this manual refers to the
reverse reaction in which MDH reduces NAD* to NADH to convert L-malate into oxaloacetate.
It is interesting that zinc acts as an inhibitor in the reverse reaction. The active site MDH
contains a charge-relay pair formed of a histidine and an aspartate residue (Nicholls et al.,
1992; Goward and Nicholls, 1994), and both residues are known to be capable of binding zinc
(McCall, Huang and Fierke, 2000). However, if this active site would bind zinc, then an
inhibitory effect would be expected for MDH activity in both directions. Considering zinc also
has an inhibiting effect on the oxaloacetate-interacting enzyme oxaloacetate decarboxylase,
it is also possible that zinc interacts with oxaloacetate, reducing the amount of available
substrate and thus reducing the reaction rate (Sender et al., 2004). To further optimise the
MDH assays for ZraP chaperone activity screens, the type of inhibition performed by ZraP
and zinc on MDH activity should be determined by conducting a mechanism of inhibition
assay. Enzyme kinetics assays study the rate of a reaction by following the creation of a
product as a function of time. During enzymatic assays, the substrate concentration
decreases as the product concentration increases until an equilibrium has been reached, and
there is no net change in the concentrations of either substrate (S) or product. Most

reactions slow down over time, so the rate of reaction (VO0) is often measured just after the
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start of the reaction. Using the Michaelis-Menten equation (VO = Vmax * ([S]/[S]*Km)), a
Lineweaver-Burk plot can be drawn. This double-reciprocal plot displays 1/V0 against 1/[S],
and yields a straight line that intercepts the y-axis at 1/Vmax and intercepts the x-axis at -
1/KM. The slope of this line represents KM/Vmax. The type of enzyme inhibition can be
determined when comparing the Lineweaver-Burk plot of the enzyme with and without
inhibitor (figure 5.18) (Berg, Tymoczko and Stryer, 2006). To determine the type of inhibition
exhibited on MDH by zinc as well as by ZraP, MDH activity assays should be carried out at a

range of oxaloacetate concentrations, both in the presence and in the absence of either

inhibitor.
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5.4.2. The N-terminal 33*HRGGGH* region of ZraP may be involved in the
ZraP-induced inhibition of MDH activity.

MDH activity assays testing chaperone activity were carried out for ZraP-WT and five ZraP
mutants in the presence and absence of zinc. The agent used to chemically denature MDH is
the strong organic base guanidine hydrochloride, which primarily exists as guanidium ions at
pH 8.0 (Martindale, 1993). Although previous reports by Wells (2015) suggested that ZraP-
WT was capable of protecting MDH activity in the presence of GnHCl concentrations up to
1.2 M, the data presented in this study do not confirm those findings. It should be noted that
the former study used HEPES buffer during the MDH activity assays. The assays conducted in
this study using Tris buffer suggest that ZraP is not able to protect MDH activity against
chemical denaturation by GnHCl at any of the concentrations tested. That is not to say there
is no interaction between ZraP and MDH. The significant inhibition of MDH activity when
incubated with ZraP suggests that the interaction between ZraP and MDH either occurs at
the MDH active site, or that ZraP binds an allosteric site, resulting in reduced MDH activity.
The enzyme activity of the dimeric mitochondrial MDH used is allosterically regulated, as the
NADH/NAD* cofactors bind at a different location than the oxaloacetate/L-malate substrate
(Harada and Wolfe, 1968; Mullinax et al., 1982). If interaction of ZraP with MDH interferes
with the availability of either of these binding sites, enzyme activity will be affected.
Incubation with ZraP does not protect MDH activity during exposure to GnHCI. Although the
exact mechanism of denaturation by GnHCl is unclear, it is thought that the dipolar electric
field created by the Gn* and CI" ions causes the charged residues of a-helices to stretch,
resulting in an unfolding of the helix (Camilloni et al., 2008). Considering dimer formation is
critical for MDH activity (Harada and Wolfe, 1968), and crystallography studies have
demonstrated that the dimer interface of MDH consists mainly of interacting a-helices
(Breiter, Resnik and Banaszak, 1994), GnHCI| was the preferred method of denaturation.
However, it should be noted that the structure of ZraP also consists primarily of a-helices,
and therefore the chaperone itself is at risk of denaturation in the presence of GnHCI. It may
be worth considering the use of urea as a denaturing agent for future MDH activity assays.
Whereas GnHCIl primarily targets a-helices, urea destabilises B-sheets first (Camilloni et al.,
2008). The conserved NAD*-binding domain of MDH contains four B-sheets arranged in
parallel structures, and ZraP does not contain any B-sheets, urea may be a more suitable
denaturing agent when investigating ZraP chaperone activity (Hall, Levitt and Banaszak,
1992). However, potential denaturation of ZraP in the presence of GnHCl does not fully

explain the lack of protection of activity by the chaperone. After all, even in the presence of
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GnHCI, the MDH samples incubated with ZraP were significantly less active than the samples
incubated without a chaperone. This suggests that ZraP also interacts with MDH in the
presence of GnHCI. Although it is clear that ZraP is not capable of protecting MDH activity
during chemical exposure, it would be interesting to see if ZraP can still protect against GnHCI
induced protein aggregation. This would require a repeat of the published MDH aggregation
assays, replacing thermal denaturation of MDH with chemical denaturants (Appia-Ayme et
al., 2012; Petit-Hartlein et al., 2015; Wells, 2015). Alternatively, thermal denaturation could
be considered as a method of MDH denaturation. Experiments conducted by Appia-Ayme
(2012), Petit-Hartlein (2015), and Wells (2015), have demonstrated that MDH is prone to
high-temperature induced aggregation, and that this aggregation can be relieved in the

presence of ZraP.

Unlike WT ZraP, proteins mutated in the **HRGGGH** region (ZraP-HRGGAH and ZraP-ZA),
did not inhibit MDH activity as strongly as either the WT or the other mutant strains. ZraP-
HRGGAH may actually protect MDH activity in the presence of 0.4 M and 0.6 M GnHCI.
Considering the significant difference in the activity between MDH incubated with and
without mutated protein, it is unlikely that the reduction in inhibition is the result of a lack
of interaction between the mutated chaperones and MDH. However, it is possible that ZraP
mutated in the **HRGGGH* region binds MDH less strongly than ZraP-WT, resulting in a
lesser inhibition of substrate and/or cofactor interaction. It is also possible that the
mutations in this region cause a shift in ZraP binding specificity, resulting in a differently
interacting MDH-ZraP complex that allows for more substrate and/or cofactor binding.
Alternatively, there is the possibility that mutations in the °HRGGGH!** region result in a
greater flexibility within the ZraP structure, which in turn may allow for more flexibility in the
interacting proteins. MDH activity involves conformational changes of the active sites (Bell
et al., 2001). If the binding of ZraP locks these sites into one conformation, it effectively
inhibits MDH activity. An increased flexibility in ZraP may allow conformational changes of
the variable sites, resulting in increased MDH activity. Further investigation into the
interaction between ZraP-WT and MDH, as well as ZraP-HRGGAH/ZA and MDH is required. It
would be interesting to study the SAXS envelope of these mutants, to investigate any
potential differences in overall chaperone shape or flexibility of the mutants compared to
ZraP-WT. Furthermore, in silico experiments may be able to create a model of the interaction
between ZraP and MDH. This would provide more information about the possible nature of
ZraP-induced enzyme inhibition. However, it should be noted that although MDH is a

ubiquitous protein, and the structural similarity between eukaryotic MDH and E. coli MDH is
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approximately 58%, MDH is not a periplasmic protein and therefore unlikely to be a natural
target of ZraP (Minarik et al., 2002). The identification of a natural ZraP target would benefit

studies into the chaperone activity of ZraP.

5.4.3. ZraP interaction with E. coli DNA gyrase inhibits gyrase activity

Similar to the MDH activity assays, DNA gyrase supercoiling experiments investigating the
protective potential of ZraP, demonstrated inhibition of the target protein after inhibition
with ZraP. The ZraP-induced inhibition of DNA gyrase was only apparent in the presence of
zinc, whereas activity of DNA gyrase incubated with EDTA treated ZraP-WT did not appear to
be negatively affected. The presence of excess zinc, without chaperone, did not affect Gyrase
activity either. In comparison, MDH activity was negatively affected by ZraP in the absence
of zinc as well as by zinc in the absence of ZraP. These data suggest that the inhibition of DNA
gyrase requires the presence of both zinc and ZraP. Chaperone activity of thermally
denatured MDH by ZraP is significantly increased in the presence of zinc. It is possible that
chaperoning of DNA gyrase by ZraP is also boosted by zinc. The initial aim of the supercoiling
experiments conducted in this study was to determine if ZraP would be able to protect the
function of DNA gyrase at higher storage temperatures. The experiments presented in this
study suggest that, as opposed to provide protection, the interaction between ZraP and DNA
Gyrase further reduces gyrase activity. As such, ZraP does not appear to be a good candidate
for the protection of enzymatic function of commercially available enzymes. However,
colourimetric DNA gyrase assays involving the conversion of NADH to NAD+ may provide an
alternative option to MDH activity assays in the study for ZraP chaperone function. The data
presented in this study suggest that zinc does not affect DNA gyrase activity, whereas zinc
does significantly inhibit MDH activity. Furthermore, the reduction in DNA gyrase activity
when incubated with ZraP and zinc suggests that the chaperone can interact with DNA

gyrase.

5.4.4 Further optimisation of ZraP pull-down assays is required.

The assays conducted to investigate ZraP chaperone function use either cytoplasmic or
eukaryotic protein substrates that are very unlikely to be natural targets of ZraP. Considering
the limited knowledge of the nature of the ZraSRP system, the environmental stresses it
protects against, the role of zinc in its activation and the importance of its natural function,
further investigations into this chaperone and this envelope stress response as a whole
would greatly benefit from the identification of natural targets of ZraP. Pull-down assays

were conducted using myc-His-tagged ZraP-WT as prey protein to bait potential targets from
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either heat-challenged cell lysates or tungsten challenged cell lysates. This study failed to
identify natural targets of ZraP from either lysate. However, the experiment may be
optimised by using only periplasmic lysates of stressed cells, as well as by extending the range
of stresses tested. Furthermore, the assays could be carried out in different buffers, as well
as in the presence of excess zinc. However, as ZraSRP is an envelope stress responsive
system, it should be considered that the natural targets of ZraP are likely to involve misfolded
membrane proteins. The hydrophobic nature of these proteins means they are not
particularly soluble, and often end up in the cell pellet after centrifugation. These proteins
would not be present in the lysate used for the pull-down assays, and therefore the natural
targets of ZraP may not be baited if they are indeed membrane proteins. Addition of
detergents to the buffer during lysate collection will allow these hydrophobic proteins to
become soluble in aqueous solutions, and may aid in the identification of natural targets of

ZraP (Lin and Guidotti, 2009).
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Chapter 6. General discussion
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Each chapter in this thesis has been discussed individually. As a result, the general discussion

will be highlighting the major research outcomes of this study, and their wider context.

6.1 Context

The global impact of Salmonella infections is significant, and its treatment and prevention
are proving to be both a medical as well as a social-economical challenge. Systemic
Salmonella infections are mostly restricted to middle- and low-income countries, where
sanitation and disease-control measures are insufficient (Gilchrist, MacLennan and Hill,
2015). Reports of antibiotic resistant Salmonella infections are on the rise (Das and
Bhattacharya, 2000; Dutta et al., 2001; Gupta, Swarnkar and Choudhary, 2001; Neopane et
al., 2008; Kariuki et al., 2015), and available Salmonella vaccines offer short-term protection
only (Galen et al., 2016). Furthermore, non-systemic Salmonellosis is among the leading
causes of foodborne diarrhoeal infections worldwide (Majowicz et al., 2010; Havelaar et al.,
2015), and presents a significant economic burden to developing and developed countries

alike (Ailes et al., 2013; Suijkerbuijk et al., 2016).

The ability to adapt to changing environments is a major contributor to the pathogenicity of
Salmonella. This adaptability does not only allow Salmonella to survive in water, soil, and
industrial food-processing plants, but it also contributes to Salmonella’s endurance against
its host’s native and adapted immune responses, and it allows Salmonella to compete with
the natural flora found in the gut of the host (Griffin and McSorley, 2011; Condell et al., 2012;
Dubois-Brissonnet, 2012; Aviles et al., 2013). The Gram-negative cell envelope plays an
important role in the natural resistance of Salmonella against a range of antimicrobial agents,
and it helps protect Salmonella against the immediate effects of changing environments. The
cell envelope presents itself as a double membrane, separated by a periplasmic space. The
latter acts as a buffer against immediate threats to the intracellular space. Because the
periplasm is more sensitive to changes in the extra-cellular environment than the cytoplasm,
envelope stress response systems have evolved that allow for the sensing of membrane
stress indicative of environmental changes, and the activation of suitable stress-response
pathways required for Salmonella’s adaptability and survival (Raivio, 2005; Rowley et al.,

2006; Runkel, Wells and Rowley, 2013).

6.2 Why are periplasmic chaperones being studied?

Periplasmic chaperones play a vital role in the biogenesis, maintenance and repair of the

outer membrane. Outer membrane proteins (OMPs) are synthesised in the cytoplasm, and
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transported across the inner membrane and the periplasm, before they can be inserted into
the outer membrane (Noinaj, Gumbart and Buchanan, 2017). OMPs are largely hydrophobic
molecules, and to prevent aggregation of the unfolded OMPs, periplasmic chaperones such
as Skp, SurA and FkpA assist in their transport across the periplasm (Sklar et al., 2007).
Disruptions in the expression of periplasmic chaperones result in major defects in the outer
membrane. Other periplasmic chaperones such as CpxP and Spy, are involved in the
scavenging of misfolded OMPs to protect against the accumulation of toxic aggregates (Quan
et al., 2011; Thede et al., 2011). These chaperones deliver misfolded and aggregated OMPs
to the periplasmic protease HtrA for degradation (Isaac et al., 2005). Some periplasmic
chaperones, such as CpxP and ZraP, are part of envelope stress-sensing two-component
systems. The current model of their functioning suggests that these chaperones interact with
the sensor domain of their associated response system during times of non-stress. However,
aggregated OMPs titrate these chaperones away, which allows for the activation of their
associated stress response systems (DiGiuseppe and Silhavy, 2003; Appia-Ayme et al., 2012).
As a result of their protective functions and their indirect regulation of envelope stress
response systems, periplasmic chaperones are a major contributor to the overall adaptability

and pathogenicity of Salmonella.

Current knowledge regarding the cellular function of periplasmic chaperones originates
primarily from studies conducted on laboratory E. coli strains and pathogenic EPEC and EHEC
strains. However, studies conducted in other Gram-negative organisms, such as Klebsiella,
Salmonella, and Yersinia, have demonstrated that there can be distinct differences in the
function and importance between chaperone homologs of various species. This study aimed
to investigate the involvement of several periplasmic chaperones in the protection against

environmental stress encountered by Salmonella.

The results presented in this study suggest that, similarly to E. coli, Skp, SurA, and to a lesser
extend FkpA, play a major role in the protection of outer membrane integrity. In E. coli, SurA
is considered the most essential of the three aforementioned chaperones (Sklar et al., 2007),
whereas in Neisseria meningitidis, Skp is considered the primary chaperone involved in OMP
transport (Volokhina et al., 2011). The data presented in this study demonstrate that in
Salmonella, both Askp and AsurA mutants demonstrate significantly increased sensitivity to
the majority of the conditions tested. These results suggest that in Skp is a greater
contributor to overall outer membrane integrity in Salmonella than in E. coli. Furthermore,
investigation into two separate STM SL1344 Askp strains demonstrating various levels of

susceptibility to antimicrobial agents (data not included), suggest that skp mutations in
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Salmonella may result in suppressor mutations. The potential presence of suppressor
mutations in Salmonella Askp would imply Skp plays an important role in overall outer

membrane integrity, and is something that would be worth investigating further.

An interesting observation was the apparent involvement of ZraP in the protection against
penicillin G. Salmonella carries a natural resistance to penicillins because the outer
membrane prevents them from interacting with the peptidoglycan subunits. The observation
of penicillin G susceptibility in several AzraP strains, suggests that the deletion of this
chaperone may increase membrane permeability to the level that penicillin G is able to cross

the outer membrane.

Another party interested in the investigation of periplasmic chaperones is the
biotechnological industry. Their innate ability to perform a chaperoning function in the
absence of ATP, has encouraged investigations into their interactions with commercially
available products. Many enzymes used in biotechnological and biomedical research have a
limited shelf-life time, or need to be stored at sub-zero temperatures. The addition of
periplasmic chaperones to these protein samples could potentially improve their shelf-life
time and storage conditions. Results presented in the current study suggest that the
periplasmic chaperone ZraP is capable of interacting with storage temperature-sensitive E.
coli DNA gyrase. However, the interaction appears to be inhibiting rather than enhancing in
nature, and results in the loss of gyrase activity. Whether this inhibition is due to ZraP binding
to an active site, or whether the interaction between DNA gyrase and ZraP forces the gyrase

into a single conformation is unclear and requires further investigation.

6.3 Understanding the structural properties of periplasmic
chaperones

The structures of periplasmic chaperones have been investigated to gain a better
understanding of their chaperoning mechanisms. Published crystal structures of FkpA and
SurA demonstrated these chaperones form flexible dimeric structures that can adopt
different conformational orientations. The flexibility of these proteins suggest that these
chaperones are likely to be involved in the folding of their native OMP substrates, and
provides further support for their suggested PPlase activity (Bitto and McKay, 2002; Saul et
al., 2004). The investigation into the structure of the periplasmic protease HtrA
demonstrated that the resting state of the protein is an inactive, collapsed hexamer, in which

the protease active sites are occluded. However, during envelope stress, HtrA assembles into
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large oligomers that allows access to its functional proteolytic sites (Jiang et al., 2008; Krojer

et al., 2008; Hansen and Hilgenfeld, 2013).

The CpxP family of bacterial chaperones includes CpxP, Spy and ZraP. Previous studies have
demonstrated that, similarly to CpxP, ZraP is involved in the regulation of its associated two-
component system ZraSR. Furthermore, MDH aggregation assays have demonstrated that
ZraP is capable of protecting thermally denatured MDH against aggregation in a more
effective manner than Spy (Appia-Ayme et al., 2012). The crystal structures of CpxP and Spy
show that these two chaperones form cradle-shaped homodimers with hydrophobic patches
on the concave surface of the structure. It has been suggested that this concave site interacts
with hydrophobic regions of OMPs, the cradle-like dimers flexing around the substrate to
prevent aggregation (Kwon et al., 2010; Quan et al., 2011; Thede et al., 2011). Unlike the
other two chaperones of this family, the published crystal structure of ZraP presents a
decameric, ring-shaped protein. However, over 40% of the protein structure is missing from
the model, suggesting they form highly flexible structures. Experiments carried out in the
Rowley lab, preceding the current study, suggested that mutations of the C-terminal
128GGCGGY* region of Salmonella ZraP interfere with the chaperone’s ability to adopt
higher oligomeric structures in the absence of zinc (Wells, 2015). This study investigated the
supposed difference between the wild type ZraP (ZraP-WT) and the ZraP construct mutated
in the GGCGGY**® region (ZraP-SDM) with X-ray crystallography and Small-angle X-ray
scattering (SAXS) experiments. The results, presented in detail in chapter 4, demonstrated
that ZraP-WT and ZraP-SDM both form decameric ring-structures when in crystal formation.
However, it was postulated that the decameric crystal structure of the ZraP-SDM mutant
may have been an artefact of the extreme conditions required for crystal formation. To
investigate the envelope structure of ZraP, SAXS experiments were conducted comparing the
shapes if ZraP-WT and ZraP-SDM. The SAXS-derived data confirmed the data previously
obtained, suggesting both ZraP-WT and ZraP-SDM form proteins of higher oligomeric order.
However, unlike the ring-shaped decamer presented by the X-ray crystallography model,
SAXS analysis suggests that ZraP-WT forms a slightly elongated globular protein, and the
ZraP-SDM mutant is more spherical in shape compared to the WT protein. Investigations
comparing ZraP proteins carrying a myc-HIS C-terminal epitope to ZraP proteins carrying a
strepll C-terminal epitope suggest a potential explanation for the differences in the ZraP-
oligomerisation reported by Wells (2015), and the observations for the oligomeric state
reported in this study. Examination of the SAXS data retrieved for myc-His-tagged ZraP and

strepll-tagged ZraP, revealed that the myc-His epitope interferes with the formation of larger
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ZraP-SDM oligomers in the absence of zinc. Whereas strepll-tagged ZraP-SDM forms
spherical proteins of higher oligomeric structure, the myc-His-tagged ZraP-SDM has a
significantly smaller volume in solution. This difference in oligomeric state was not observed
between the myc-His-tagged and strepll-tagged ZraP-WT, suggesting that the previous
observations of the inability of ZraP-SDM to form proteins of higher oligomeric order is an
artefact of the myc-His epitope. Furthermore, SAXS experiments carried out on ZraP samples
exposed to different zinc concentrations suggest that zinc does not influence protein
structure significantly, nor is the presence of zinc required for the formation of higher

oligomeric structures of either ZraP-WT or ZraP-SDM.

The low resolution of the X-ray data collected during this study did not allow for an improved
model of the current ZraP crystal structure. The collected SAXS data suggested that the
protein is more likely to be cylindrical or spherical in structure. DAMMIF and DAMMIN model
data solved using the SAXS data-sets experimentally collected from ZraP samples (models
not included in this thesis), seem to suggest the presence of a disc-shaped protein core.
Although the models created were often a poor fit to the experimental data provided, the
rig-shaped model obtained by X-ray crystallography always fit in the core of the models
solved by DAMMIF. Combined, these data suggest that the ZraP is likely to form a globular
protein with a rigid core and highly flexible N- and C- terminal regions that fill the core of the

protein and extend outwardly to form the cylindrical shape presented in figure 4.26.

Due to the low resolution of the SAXS-data, and the incompleteness of the ZraP crystal
model, it is difficult to predict how ZraP may be interacting with its substrates. In order to
gain a better understanding of the chaperoning mechanism of ZraP, small-angle scattering
analysis can be carried out on samples containing both the chaperone and a substrate.
However, considering ZraP substrates are proteins themselves, SAXS experiments would
now allow for the differentiation between data collected for the chaperone and the data
collected for the substrate. However, small-angle scattering analysis using neutron scattering
(SANS) can be used to investigate protein interactions (Yan et al., 2010; Chaudhuri, 2015;
Ibrahim et al., 2017). SANS data of samples containing a mixture of deuterated and non-
deuterated peptides can be separated, allowing for the identification of different protein
samples in the same solution. In preparation for potential SANS experiments, attempts were
made to isolate and identify natural ZraP substrates. Unfortunately, the experiments to
isolate ZraP substrates were unsuccessful and the natural substrates of ZraP remain

enigmatic.
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6.4 Understanding the functional mechanisms of periplasmic
chaperones

Molecular chaperones are found in prokaryotes and eukaryotes alike. They play an important
role in the folding of precursor proteins into their tertiary structure, and in the protection of
proteins during transport across the cell (Cooper and Hausman, 2007). The overall
mechanisms of cellular chaperones are well understood, and they generally rely on the
hydrolysis of ATP to provide energy for their folding activities (Beissinger and Buchner, 1998;
Hartl, Bracher and Hayer-Hartl, 2011). However, the mechanism by which periplasmic
chaperones interact with and fold their substrates are less well understood. The periplasm
is devoid of ATP, and as such the mechanisms by which cytoplasmic chaperones fold their
substrates do not apply. Evidence suggests that periplasmic chaperones are involved in the
folding of OMPs to some extent (Schafer, Beck and Muller, 1999; Bulieris et al., 2003; Patel
et al., 2009; Schwalm et al., 2013), but it is unclear how they fold and/or release their

substrates.

The expression of ZraP is upregulated in response to increased levels of zinc
(Leonhartsberger et al., 2001; Appia-Ayme et al., 2012; Wells, 2015). The lack of a Salmonella
AzraPSR phenotype in high zinc conditions ruled out involvement in the protection against
zinc toxicity (data not included in this thesis). SAXS data presented in chapter 4 demonstrated
that zinc is not required for the oligomerisation of ZraP, nor does the presence of zinc appear
to elicit significant changes in overall protein shape. However, studies into the chaperone
function of ZraP have indicated that the chaperone activity of ZraP is enhanced in the
presence of zinc, and is reduced in the presence of the zinc-chelating agent EDTA (Appia-
Ayme et al., 2012; Wells, 2015). Whereas previous studies investigated the ability of ZraP to
protect against substrate aggregation, this study attempted to investigate if ZraP is capable
of protecting substrate function during environmental stress. The data presented in chapter
5 demonstrate that ZraP is capable of interacting with MDH. However, this interaction
appears to reduce MDH activity significantly. A similar result was observed in the DNA gyrase
experiments, investigating the ability of ZraP to protect DNA gyrase against thermal
denaturation. The results obtained in this study suggest that interactions with ZraP render
the tested substrate less active or inactive. The mechanism by which ZraP inactivates its
substrates is unclear, but it is possible that ZraP either binds to an active site, or perhaps the

interaction between ZraP and substrate lock MDH and DNA gyrase into a single
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conformation, rendering them inactive. Due to the inhibiting effect of zinc on MDH, future
investigations in the ability of ZraP to protect substrate function would benefit from an

alternative substrate.

Investigation into the chaperone function of mutated ZraP constructs suggested that ZraP-
ZA and ZraP-HRGGAH (both mutated in the C-terminal ¥**HRGGAH** region) do not inhibit
MDH activity as severely as the other tested mutant. To determine if this phenomenon is the
result of a decreased level of chaperone-substrate binding, it would be worth to subject
these mutants to the inhibition of aggregation assays carried out by Appia-Ayme (2012) and
Wells (2015).

6.5 Concluding remarks

The research described in this thesis can be separated into two distinct parts. The first part
aimed to clarify the role of periplasmic chaperones in the protection of Salmonella against
environmental challenges. The obtained results and suggestions for future work are
discussed in chapter three. The second part of this thesis investigated the structural and
functional characteristics of ZraP. The obtained results and suggestions for future work are

discussed in chapter four and five respectively.

Investigation into the periplasmic chaperones of Gram-negative bacteria could provide new
targets for treatment strategies, including the development of new antibiotic treatments and
the presentation of new vaccine targets against Salmonella infections. The results presented
in this study demonstrate that defects in the expression of certain periplasmic chaperones
such as Skp and SurA lead to alterations of the outer membrane. These alterations render
the cell susceptible to antimicrobials and extracellular stresses that the wild type Salmonella
strain would otherwise be naturally resistant to. Targeting periplasmic chaperones may
increase the susceptibility of Salmonella antibiotics it is currently resistant to. Furthermore,
periplasmic mutations that render Salmonella more sensitive to environmental stresses such
as heat and oxidative stress, may be suitable targets for the development of new Salmonella

vaccines.

Although the investigation into the functional characteristics of ZraP failed to identify the
function of zinc in ZraP chaperone activity, it did confirm that ZraP is capable of binding to
various substrates. Furthermore, the research presented in this study suggest that ZraP may
be an unsuitable for use in the biotechnological industry, as it renders the tested substrates

inactive. However, there are other periplasmic chaperones that show ability to interact with
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non-native proteins, which may be tested for their ability to protect enzyme function. Finally,
the investigation into the structural characteristics of ZraP has provided some clarification
regarding the missing fragments in the protein structure of ZraP. Data presented in this study
suggest that ZraP does not form a ring-shaped protein as is suggested by the data obtained
using X-ray crystallography data, but rather it forms a cylindrical or spherical globular
oligomer. This shape is distinctly different from the other members of the CpxP-family of
periplasmic chaperones, and requires further investigation to unravel the chaperoning

mechanisms employed by this protein.

Although this study has contributed to the overall knowledge of periplasmic chaperone
function in Salmonella, in particular for the periplasmic chaperone ZraP, there are still a lot
of questions regarding periplasmic chaperone function and contribution to the overall
protection of the cell. Further investigations into the functioning of these chaperones would
contribute to our understanding of the mechanisms by which Salmonella adapts to changing

and hostile environments, and would allow us to fight this pathogen more effectively.
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Table Al. Media composition

Appendix A. Media, supplements and antibiotics.

Media
Luria-Bertani (LB) broth (litre)

Components

10 g Sodium chloride
10g Triptone

5 g Yeast extract

Description

(Bertani, 1951)

Components dissolved in 800mL dH20. Solution topped up to 1000mL
and autoclaved to sterilise.

Luria-Bertani (LB) agar (litre)

10 g Sodium chloride
10g Triptone

5 g Yeast extract
1.5% (w/v) agar

LB broth prepared as described. Broth aliquoted into 200mL volumes,
3 g agar added to each flask. Autoclaved to sterilise

LB Top agar (litre)

10 g Sodium chloride
10g Triptone

5 g Yeast extract
0.75% agarose

LB broth prepared as described. Broth aliquoted into 50mL volumes,
375mg agarose added to each flask. Autoclaved to sterilise

Lennox Broth (LB-half salt)

5g Sodium chloride
10 g Triptone
5 g Yeast extract

modified from Bertani (1951)
Components dissolved in 800mL dH20. Solution topped up to 1000mL
and autoclaved to sterilise.

LBO agar (LB without salt)

10g Triptone
5 g Yeast extract
1.5% (w/v) agar

modified from Bertani (1951)
LB broth minus salt prepared as described. Broth aliquoted into 200mL
volumes, 3 g agar added to each flask. Autoclaved to sterilise

MOPS defined media High Carbon

50mL 10X MOPS*
2.5mL0.132M K2HPO4

25uL 1 mg/mLThiamine
250pL 40 mg/mL Histidine

4% glucose

(Neidhardt et al., 1974)
Top op solution to 500mL using dH20 and filter sterilise.
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Table Al. Media composition - continued

Media

Components

Description

MOPS defined mediaLow Carbon

50mL 10X MOPS*
2.5mL0.132M K2HPO4
25uL 1 mg/mL Thiamine
250puL 40 mg/mL Histidine
4% glucose

(Neidhardt et al., 1974)
Top op solution to 500mL using dH20 and filter sterilise.

UCB Indicator Plates (Green Plates)

8 Tryptone

1Yeast extract
5Sodium chloride

1.5% Agar

Indicator supplements*

Modified from Bochner (1984)

Triptone, yease and NaCl dissolved in 800mL dH20 and topped up to
950mL. Aligoted into volumes of 190mlL, 3 g of agar added to each
aliquot, and autoclaved to sterilise. Indicator supplements added to
media cooled to 60°C, prior to pouring plates.
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Appendix B. Buffers and solutions

Table B1. Electrophoresis and Western blotting buffers

Buffer Conc. Components Description

Blocking buffer 1X  1IXTBST buffer Fat-free skimmed milk (2.5 g) dissolved in 1X TBST (50mL)
5% (w/v) fat-free skimmed milk powder and kept at 4°C

Chemoluminescent buffer A 1X  10mL 100mM Tris buffer pH 8.5 Freshly made before use. Courmanic acid and luminol
45l courmanic acid added to the Tris buffer. Luminol is light sensitive, so
100pl luminol solution was wrapped in aluminium foil until use.

Chemoluminescent buffer B 1X  10mL 100mM Tris buffer pH 8.5 Freshly made before use. H202 dissolved in tris buffer.
6L 30% hydrogen peroxide

Ponceau Strain 1X 2% (w/v) Ponceau S Components were dissolved in dH20 and stored at room
30% trichloracetic acid temperature
30% sulphosalicyclic acid

SDS-loading buffer Ix 50 mM Tris-Cl (pH 6.8) SDS-loading buffer minus B-mercaptoethanol was
10% (v/v) Glycerol prepared in stocks of 20mL and stored at RT until further
2% (w/v) SDS use.
0.1% (w/v) Bromophenol blue When used for SDS-PAGE analysis, ImL aliquots were
5% (v/v) B-mercaptoethanol taken from stock and B-mercaptoethanol was added 1:19

TAE buffer 50X 242 g Tris free base Tris and EDTA dissolved in 800mL dH20. Glacial Acetic acid
18.61 g Disodiumn EDTA added. Final volume adjusted to 1 L.
57.1 ml Glacial Acetic Acid

TBE buffer 10x 108 g Tris base components dissolved in 950mL dH20. Adjust pH to 8.3
55 g Boric acid and toppedupto 1L
20 mL0.5M EDTA (pH 8.0) 1X working solution created by diluting 1:9in dH20.

TBS 10X 60.5gTris Components dissolved in 800mL dH20, pH adjusted to 7.5

87.6 g Sodium chloride

using concentrated HCl, and volume adjusted to 1 L.
Stored at 4°C
1X working solution created by diluting 1:9in dH20.
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Table B2. Protein purification and storage buffers -continued
Buffer Conc. Components

Description

TBST 1X  1X TBS buffer
0.1% (v/v) TWEEN-20

TBS buffer diluted to 1X buffer by dissolving in dH20
0.1% TWEEN-20 (1ImL per L) added
Stored at 4°C

TGS buffer 10x 30.2 g Tris-base Components dissolved in 800mL dH20, and volume
144 g Glycine adjusted to 1 L.
20g SDS 1X working solution created by diluting 1:9in dH20.

Transfer buffer 1X  1x TGS buffer 1X TGS buffer prepared by diluting 10X TGS buffer in dH20
20% (v/v) methanol and add methanol 1:4 ratio with buffer.

Hepes elution buffer 1X  100mM HEPES buffer 300mM imidazole dissolved in HEPES buffer and filter
300mM imidazole sterilised into autoclaved bottles

HEPES storage buffer 1X  100mM HEPES HEPES dissolved in dH20 and pH adjusted to 7.5 using HCI.

Filter steriled into autoclaved bottles.

Strepll elution buffer 1X  1XStrepll storage buffer Desthiobiotin dissolved in Strepll storage buffer prior to
2.5mM desthiobiotin elution of protein samples. Kept at 4°C.

Strepll storage buffer 1X  100mM Tris-HCI Buffer prepared using acid-washed glass ware.
150mM sodium chloride Components dissolved in 800mL Sigma water, pH adjusted
1ImM EDTA to pH 8. Filter sterilised into autoclaved, acid washed

bottle.

Strepll storage buffer (EDTA 1X  100mM Tris-HCI
free) 150mM sodium chloride

Prepared as Strepll buffer minus EDTA.

DNA gyrase assay buffer 5X  35mM Tris-HCl (pH 7.5)
24mM Potassium chloride
4 mM Magnesium chloride
2 mM DTT (Dithiothreitol)
1.8 mMspermidine,
1mMATP
6.5 % (w/v) glycerol
0.1 mg/ml albumin

Buffer supplied by Inspiralis Ltd. Stored at -20°C.
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Table B2. Protein purification and storage buffers -continued
Buffer Conc. Components

Description

DNA gyrase dilution buffer 1X  50mM Tris-HCI (pH 7.5)
100mM Potassium chloride
2mM DTT (Dithiothreitol)
1ImM EDTA
50% (w/v) glycerol

Buffer supplied by Inspiralis Ltd. Stored at -20°C.

M9 minimal salts buffer 5X 64 Sodium phosphate dibasic heptahydrate Modified from (Maniatis, 1982)

15 Monopotassium phosphate
2.5Sodium chloride
5 Ammonium chloride

Components dissolved in 800mL dH20, adjust to 1 Land
sterilise by autoclaving.
1X salts buffer produced by diluting 1:4 in dH20.

MIB buffer 10X 4.15 g of sodium malonate dibasic monohy«Components dissolved in 80mL dH20, pH adjusted

2.55 g imidazole
2.32 g boric acid.

according to required buffer using HCl and NaOH. Final
volume adjusted to 100mL. Filter sterilised.

PBS buffer 1X  8gsodium chloride
0.2 g potassium chloride
1.44 g sodium phosphate dibasic

0.24 g potassium phosphate monobasic

Components dissolved in 800mL dH20, pH adjusted to 7.5
using HCI. Final volume adjusted to 1 L. Autoclaved to
sterilise.

Qiagen N3 1X 4.2 MGuanidine hydrochloride Components dissolved in dH20, pH adjusted to 4.8. Stored
0.9 M Potassium acetate at room teperature.

Qiagen P1 1X  50mM Tris-HCI Tris base and EDTA dissolved in dH20, pH adjusted to 8.0
10mM EDTA using HCI. Autoclaved to sterilise.
100pg/mL RNase A Stored at 4°C after addition of RNase A

Qiagen P2 1X  200mM NaOH Components dissolved in dH20, and autoclaved to
1% SDS (w/v) sterilise. Stored at room temperature.

SPG buffer 10X 1.48 g succinicacid Components dissolved in 80mL dH20, pH adjusted

6.04 g sodium dihydrogen phosphate monao according to required buffer using HCl and NaOH. Final

3.28 g glycine

volume adjusted to 100mL. Filter sterilised.

STEB 1X 40 % (w/v) sucrose
100 mM Tris-HCI (pH 8.0)
10mM EDTA

0.5 mg/ml Bromophenol Blue

Solution supplied by Inspiralis Ltd. Stored at 4°C.
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Appendix C. Crystallography optimisation tray

1

2

3

4

5

6

0.1 M Tris pH 8.5
0.1 MLithium sulphate
20% PEG 3350

0.1 MTris pH 8.5
0.1 M Lithium sulphate
22.5% PEG 3350

0.1 MTris pH 8.5
0.1 MLithium sulphate
25% PEG 3350

0.1 MTris pH 8.5
0.1 MLithium sulphate
27.5% PEG 3350

0.1 MTris pH 8.5
0.1 M Lithium sulphate
30% PEG 3350

0.1 MTris pH 8.5
0.1 MLithium sulphate
32.5% PEG 3350

0.1 MTris pH 8.5
0.2M Lithium sulphate
20% PEG 3350

0.1 MTris pH 8.5
0.2M Lithium sulphate
22.5% PEG 3350

0.1 M Tris pH 8.5
0.2M Lithium sulphate
25% PEG 3350

0.1 MTris pH 8.5
0.2M Lithium sulphate
27.5% PEG 3350

0.1 MTris pH 8.5
0.2M Lithium sulphate
30% PEG 3350

0.1 M Tris pH 8.5
0.2M Lithium sulphate
32.5% PEG 3350

0.1 M Tris pH 8.5
0.3 MLithium sulphate
20% PEG 3350

0.1 MTris pH 8.5
0.3 M Lithium sulphate
22.5% PEG 3350

0.1 MTris pH 8.5
0.3 M Lithium sulphate
25% PEG 3350

0.1 MTris pH 8.5
0.3 MLithium sulphate
27.5% PEG 3350

0.1 MTris pH 8.5
0.3 M Lithium sulphate
30% PEG 3350

0.1 MTris pH 8.5
0.3 MLithium sulphate
32.5% PEG 3350

0.1 MTris pH 8.5
0.4M Lithium sulphate
20% PEG 3350

0.1 MTris pH 8.5
0.4M Lithium sulphate
22.5% PEG 3350

0.1 M Tris pH 8.5
0.4M Lithium sulphate
25% PEG 3350

0.1 MTris pH 8.5
0.4M Lithium sulphate
27.5% PEG 3350

0.1 M Tris pH 8.5
0.4M Lithium sulphate
30% PEG 3350

0.1 M Tris pH 8.5
0.4M Lithium sulphate
32.5% PEG 3350

0.1 MMIB buffer pH 4.5
17.5% PEG 1500

0.1 MMIB buffer pH 4.5
20% PEG 1500

0.1 MMIB buffer pH 4.5
22.5% PEG 1500

0.1 MMIB buffer pH 4.5
25% PEG 1500

0.1 MMIB buffer pH 4.5
27.5% PEG 1500

0.1 MMIB buffer pH 4.5
30% PEG 1500

0.1 MMIB buffer pH 5.0
17.5% PEG 1500

0.1 M MIB buffer pH 5.0
20% PEG 1500

0.1 M MIB buffer pH 5.0
22.5% PEG 1500

0.1 MMIB buffer pH 5.0
25% PEG 1500

0.1 M MIB buffer pH 5.0
27.5% PEG 1500

0.1 M MIB buffer pH 5.0
30% PEG 1500

0.1 MMIB buffer pH5.5
17.5% PEG 1500

0.1 MMIB buffer pH 5.5
20% PEG 1500

0.1 MMIB buffer pH 5.5
22.5% PEG 1500

0.1 MMIB buffer pH5.5
25% PEG 1500

0.1 MMIB buffer pH 5.5
27.5% PEG 1500

0.1 MMIB buffer pH5.5
30% PEG 1500

0.1 MMIB buffer pH 6.0
17.5% PEG 1500

0.1 M MIB buffer pH 6.0
20% PEG 1500

0.1 M MIB buffer pH 6.0
22.5% PEG 1500

0.1 MMIB buffer pH 6.0
25% PEG 1500

0.1 M MIB buffer pH 6.0
27.5% PEG 1500

0.1 M MIB buffer pH 6.0
30% PEG 1500
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7

8

9

10

11

12

0.1 MTris pH9.0
1.0 M Potassium

phosphate

0.1 MTris pH9.0
1.25 M Potassium

phosphate

0.1 MTris pH9.0
1.5 MPotassium

phosphate

0.1 MTris pH9.0
1.75 M Potassium

phosphate

0.1 MTris pH9.0
2.0 M Potassium

phosphate

0.1 MTris pH9.0
2.25 MPotassium

phosphate

0.1 MTris pH 8.5
1.0 M Potassium

phosphate

0.1 M Tris pH 8.5
1.25 M Potassium

phosphate

0.1 M Tris pH 8.5
1.5 MPotassium

phosphate

0.1 MTris pH 8.5
1.75 M Potassium

phosphate

0.1 MTris pH 8.5
2.0 M Potassium

phosphate

0.1 MTris pH 8.5
2.25 MPotassium

phosphate

0.1 MTris pH 8.0
1.0 M Potassium

phosphate

0.1 MTris pH 8.0
1.25 M Potassium

phosphate

0.1 MTris pH 8.0
1.5 M Potassium

phosphate

0.1 MTris pH 8.0
1.75 M Potassium

phosphate

0.1 MTris pH 8.0
2.0 M Potassium

phosphate

0.1 MTris pH 8.0
2.25 MPotassium

phosphate

0.1 MTrispH7.5
1.0 M Potassium

phosphate

0.1 MTris pH7.5
1.25 M Potassium

phosphate

0.1 MTris pH7.5
1.5 M Potassium

phosphate

0.1 MTris pH7.5
1.75 M Potassium

phosphate

0.1 MTris pH7.5
2.0 MPotassium

phosphate

0.1 MTrispH7.5
2.25 M Potassium

phosphate

0.1 M SPG buffer pH9.0
17.5% PEG 1500

0.1 M SPG buffer pH9.0
20% PEG 1500

0.1 M SPG buffer pH9.0
22.5% PEG 1500

0.1 M SPG buffer pH 9.0
25% PEG 1500

0.1 M SPG buffer pH 9.0
27.5% PEG 1500

0.1 M SPG buffer pH 9.0
30% PEG 1500

0.1 M SPG buffer pH 8.5
17.5% PEG 1500

0.1 M SPG buffer pH 8.5
20% PEG 1500

0.1 M SPG buffer pH 8.5
22.5% PEG 1500

0.1 M SPG buffer pH 8.5
25% PEG 1500

0.1 M SPG buffer pH 8.5
27.5% PEG 1500

0.1 M SPG buffer pH 8.5
30% PEG 1500

0.1 MSPG buffer pH 8.0
17.5% PEG 1500

0.1 MSPG buffer pH 8.0
20% PEG 1500

0.1 MSPG buffer pH 8.0
22.5% PEG 1500

0.1 MSPG buffer pH 8.0
25% PEG 1500

0.1 MSPG buffer pH 8.0
27.5% PEG 1500

0.1 MSPG buffer pH 8.0
30% PEG 1500

0.1 MSPG buffer pH 7.5
17.5% PEG 1500

0.1 MSPG buffer pH 7.5
20% PEG 1500

0.1 MSPG buffer pH 7.5
22.5% PEG 1500

0.1 MSPG buffer pH 7.5
25% PEG 1500

0.1 MSPG buffer pH 7.5
27.5% PEG 1500

0.1 MSPG buffer pH 7.5
30% PEG 1500
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Appendix D — Sequencing results of strepll-tagged pBAD
ZraP constructs

Sequence alignment ZraP-AAAAA with STM SL1444 — ZraP retrieved from coliBASE.

Sequencing results versus zraP genetic sequence:

ZraPAAAAA
ZraP

ZraPAAAAA
ZraP

ZraPAAARAA
ZraP

ZraPAAARAA
ZraP

ZraPAAARAA
ZraP

ZraPAAARAA
ZraP

ZraPAAARAA
ZraP

ZraPAAAAA
ZraP

ZraPAAAAA
ZraP

CTAAGGAGGATTAACCATGGTGAAACGGAACAATAAATCAGCTATCGCGCTAATTGCCCT
—————————————————— ATGAAACGGAACAATAAATCAGCTATCGCGCTAATTGCCCT

kA Ak khkhkhkhkhkhkhkhkrhkhkrhkkhkhhkrhkrhkhkrkhkhkrkhkkhkhkxxkxx

CTCTCTTTTGGCCCTGAGCTCCGGCGCCGCCTTCGCCGGGCATCACTGGGGCAACAATGA
CTCTCTTTTGGCCCTGAGCTCCGGCGCCGCCTTCGCCGGGCATCACTGGGGCAACAATGA

KK AR R AR A AR AR A AR A AR AR A AR A A A AR A AR AR A AR AR A AR A A A AR A AR A AR AR A AR R kK

CGGTATGTGGCAACAGGGAGGTAGCCCGGCAGCTGCGGCAGCGCAGGCGACGGCGCAGAA
CGGTATGTGGCAACAGGGAGGTAGCCCGTTAACTACGGAACAGCAGGCGACGGCGCAGAA

KAKKAA KA KAA KRNI XAAA NI AKX XA AN A AKXk K *k kk kkk kK KAk AkAkAkAAkAAkAAKA KA KA K KK

GATTTATGATGATTACTATACGCAGACCAGCGCGCTGCGCCAGCAACTGATATCCAAACG
GATTTATGATGATTACTATACGCAGACCAGCGCGCTGCGCCAGCAACTGATATCCAAACG

KK A AR AR A AR AR A AR A AR AR A AR A AR AR A AR AR A AR AR A I A A A A AR A AR A A AR A ARk kK

TTATGAATACAACGCGCTACTGACCGCCAGTTCGCCGGATACTGCGAAAATTAACGCGGT
TTATGAATACAACGCGCTACTGACCGCCAGTTCGCCGGATACTGCGAAAATTAACGCGGT

KK A AR AR A AR AR A AR A AR AR KA AR A AR AR A AR A AR AR AR A A A A A A AR A AR A A A AR A ARk kK

TGCCAAAGAGATGGAGTCATTAGGCCAGAAGTTAGATGAGCAACGCGTGAAACGGGATGT
TGCCAAAGAGATGGAGTCATTAGGCCAGAAGTTAGATGAGCAACGCGTGAAACGGGATGT

AR A AR AR A AR AR A AR A AR AR A AR A AR AR A AR A A A AR AR A AR AR A AR A AR A AR AR A ARk kK

CGCGATGGCGCAGGCTGGCATACCACGCGGCGCAGGAATGGGCTATGGCGGTTGCGGCGG
CGCGATGGCGCAGGCTGGCATACCACGCGGCGCAGGAATGGGCTATGGCGGTTGCGGCGG

KK A AR AR A AR AR A AR A AR AR A AR A AR AR A AR A A A AR AR A AR AR A AR A AR A A A AR A ARk kK

CTATGGCGGCGGTTATCATCGCGGCGGCGGTCACATGGGTATGGGAAACTGGTGGAGCCA
CTATGGCGGCGGTTATCATCGCGGCGGCGGTCACATGGGTATGGGAAACTGGT ——————

KK AR KR AR A AR AR A AR A AR AR KA AR A A A AR A AR AR A AR A AR AR A AR AR A AR A X kK

TCCACAATTTGAAAAATGAGTTTAAACGGTCTCCAGCTTGGCTGTTTTGGCGGATGAGAG

ExPASy translated results for ZraP-AAAAA versus ZraP protein sequence

ZraP-AAAAA
ZraP

ZraP-AAAAA
ZraP

ZraP-AAAAA
ZraP

MVKRNNKSAIALIALSLLALSSGAAFAGHHWGNNDGMWQOGGSPAAAAAQATAQKIYDDY
MKRNNKSAIALIALSLLALSSGAAFAGHHWGNNDGMWQOGGSPLTTEQOATAQKIYDDY

chkkhkhkhkhkhkhkhkhhkhhkhkhkhhkhhkhhkrhkhkhhhkhkhkhkhkrkrkrkrkrrrkxxx .. *kkkkkkkkkk

YTQTSALRQQLISKRYEYNALLTASSPDTAKINAVAKEMESLGOQKLDEQRVKRDVAMAQA
YTQTSALRQQLISKRYEYNALLTASSPDTAKINAVAKEMESLGOQKLDEQRVKRDVAMAQA

Ak rhhkhkhhkhhkhkhhhkhkhkrhhkhkhhkrhkhkhhhkhhkrhhkrhhkrhkhkhhhkhkhkrhkhkrhkhkrkkhkhkxkxx

GIPRGAGMGYGGCGGYGGGYHRGGGHMGMGNWWSHPQFEK
GIPRGAGMGYGGCGGYGGGYHRGGGHMGMGNW - ——————~—

R R I S I b b b Ih b S b S Sb e S b S Sh I Sh Sb b b b 3b
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Sequence alignment ZraP-HRGGAH with STM SL1444 — ZraP retrieved from coliBASE.

Sequencing results versus zraP genetic sequence:

ZraPHRGGAH
ZraP

ZraPHRGGAH
ZraP

ZraPHRGGAH
ZraP

ZraPHRGGAH
ZraP

ZraPHRGGAH
ZraP

ZraPHRGGAH
ZraP

ZraPHRGGAH
ZraP

ZraPHRGGAH
ZraP

ZraPHRGGAH
ZraP

ACGGAGGAATTAACCATGGTGAAACGGAACAATAAATCAGCTATCGCGCTAATTGCCCTC
————————————————— ATGAAACGGAACAATAAATCAGCTATCGCGCTAATTGCCCTC

KAKKAAKA AR A AR A AR AR A A AN A A A A A A A AR AR A A AR Ak

TCTCTTTTGGCCCTGAGCTCCGGCGCCGCCTTCGCCGGGCATCACTGGGGCAACAATGAC
TCTCTTTTGGCCCTGAGCTCCGGCGCCGCCTTCGCCGGGCATCACTGGGGCAACAATGAC

KK AR KR AR A AR AR A AR A A A AR A A A A A A AR A AR A A A AR AR A IR A A A A A A A A A AR AR A AR A K

GGTATGTGGCAACAGGGAGGTAGCCCGTTAACTACGGAACAGCAGGCGACGGCGCAGAAG
GGTATGTGGCAACAGGGAGGTAGCCCGTTAACTACGGAACAGCAGGCGACGGCGCAGAAG

KK AR KR AR A AR AR A AR A A A AR A A A A A A AR A AR A A A AR AR A IR AR A A A AR A A AR AR A A AR Ak

ATTTATGATGATTACTATACGCAGACCAGCGCGCTGCGCCAGCAACTGATATCCAAACGT
ATTTATGATGATTACTATACGCAGACCAGCGCGCTGCGCCAGCAACTGATATCCAAACGT

KK AR R AR A AR AR A AR A AR AR A AR A AR AR A AR A AR AR AR A AR A A A AR A AR A A A AR A AR R kK

TATGAATACAACGCGCTACTGACCGCCAGTTCGCCGGATACTGCGAAAATTAACGCGGTT
TATGAATACAACGCGCTACTGACCGCCAGTTCGCCGGATACTGCGAAAATTAACGCGGTT

KK AR R AR A AR AR A AR A AR AR KA AR A AR AR A AR AR A AR AR AR A AR A AR A AR A A A AR A ARk kK

GCCAAAGAGATGGAGTCATTAGGCCAGAAGTTAGATGAGCAACGCGTGAAACGGGATGTC
GCCAAAGAGATGGAGTCATTAGGCCAGAAGTTAGATGAGCAACGCGTGAAACGGGATGTC

KK AR KR AR A AR AR A AR A AR AR A AR A AR AR A AR A AR AR AR AR A AR A AR A AR A A A AR A ARk kK

GCGATGGCGCAGGCTGGCATACCACGCGGCGCAGGAATGGGCTATGGCGGTTGCGGCGGC

GCGATGGCGCAGGCTGGCATACCACGCGGCGCAGGAATGGGCTATGGCGGTTGCGGCGGL
ok K ok ok ko k kK ok kK ok ok ko ok ok k k kK ok ok ko ok ok k kK ok ok ok ok ok ok k kK ok ok ok ok ok kK ok kK ok ok ok ok ok kK

TATGGCGGCGGTTATCATCGCGGCGGCGLCTCACATGGGTATGGGAAACTGGTGGAGCCAT
TATGGCGGCGGTTATCATCGCGGCGGCGGTCACATGGGTATGGGAAACTGGTAA-————

hhkrhkhkhkhhkhkhkhhhkrhkhkrhkhkhhhkhkhkrhkhdx ,rxkhkhkhhkhkhkrhkhkrhhkrkkkkhxkx*k

CCACAATTTGAAAAATGAGTTTAAACGGTCTCCAGCTTGGCTGTTTTGGCGGATGAGAGA

ExPASy translated results for ZraP-HRGGAH versus ZraP protein sequence

ZraP-HRGGAH
ZraP

ZraP-HRGGAH
ZraP

ZraP-HRGGAH
ZraP

MVKRNNKSAIALIALSLLALSSGAAFAGHHWGNNDGMWQOGGSPLTTEQQATAQKIYDDY
MKRNNKSAIALIALSLLALSSGAAFAGHHWGNNDGMWQOGGSPLTTEQQATAQKIYDDY

chkkhk kA hhkhkhhkhhkhkhhhkhhkrhhkhhhkhhkhkhhhkhhkrhkhkhkhhkrkhkrhkhkrhkkhkrhkkhkhkhkxkxkkx

YTQTSALRQQLISKRYEYNALLTASSPDTAKINAVAKEMESLGQKLDEQRVKRDVAMAQA
YTQTSALRQQLISKRYEYNALLTASSPDTAKINAVAKEMESLGOQKLDEQRVKRDVAMAQA

KA AR KA AR A AR AR A AR A AR AR A AR AR A AR A A A AR A A A A AR AR hA A Ak Ak Ak Ak kA Ak Ak Ak h k)%

GIPRGAGMGYGGCGGYGGGYHRGGAHMGMGNWWSHPQFEK
GIPRGAGMGYGGCGGYGGGYHRGGGHMGMGNW————-——-——

KARkAAhkhkAh kA hk Ak hkhkAhhkkhhkhAkhkhkhkhkx *kxkhxkk%x
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Sequence alignment ZraP-LTxxQ with STM SL1444 — ZraP retrieved from coliBASE.

Sequencing results versus zraP genetic sequence:

ZraPLTXXQ
ZraP

ZraPLTXXQ
ZraP

ZraPLTXXQ
ZraP

ZraPLTXXQ
ZraP

ZraPLTXXQ
ZraP

ZraPLTXXQ
ZraP

ZraPLTXXQ
ZraP

ZraPLTXXQ
ZraP

ZraPLTXXQ
ZraP

GCTACGGAGGATTAACCATGGTGAAACGGAACAATAAATCAGCTATCGCGCTAATTGCCC
——————————————————— ATGAAACGGAACAATAAATCAGCTATCGCGCTAATTGCCC

hhkhkhkhkhkkrhkkhkhkkhkrhkhkhkhhkhkhkrhkkrhkkrhkkhkkhkhkhxkkx

TCTCTCTTTTGGCCCTGAGCTCCGGCGCCGCCTTCGCCGGGCATCACTGGGGCAACAATG
TCTCTCTTTTGGCCCTGAGCTCCGGCGCCGCCTTCGCCGGGCATCACTGGGGCAACAATG

kA A hkkhkhhkhhkhkhkhhkhh A hhkhkhhkrhkhkhhhkhhkrhkhkhhkrhkhkhkhhkhkhkrhkkrhkhkrhkkhkhkxkxx

ACGGTATGTGGCAACAGGGAGGTAGCCCGTTAACTACGGAAGCGCAGGCGACGGCGCAGA
ACGGTATGTGGCAACAGGGAGGTAGCCCGTTAACTACGGAACAGCAGGCGACGGCGCAGA

kA A hkkhkhhkhkhkhkhkhkrhkkhkrhkkhkhhkhkhkrhkkrkhkhkrkhkkkkhkkxkhkkxk*k Kk kkkkkkkokkkkhkkkkxk

AGATTTATGATGATTACTATACGCAGACCAGCGCGCTGCGCCAGCAACTGATATCCAAAC
AGATTTATGATGATTACTATACGCAGACCAGCGCGCTGCGCCAGCAACTGATATCCAAAC

kA hkkhkhhkh kA hhhkhhkrhhkhkhhkrhkhkhhhkhhkrhhkhhhkrhkhkhkhhkhhkrhkkhkrhhkrhkkhkhkxkxx

GTTATGAATACAACGCGCTACTGACCGCCAGTTCGCCGGATACTGCGAAAATTAACGCGG
GTTATGAATACAACGCGCTACTGACCGCCAGTTCGCCGGATACTGCGAAAATTAACGCGG

Ak Ak khkhhkh kA hhhkhhkrhhkhkhhkrhkhkhhhkhhk A hhkrhhkrhkhkhkhhkhhkhhhkrhkhkrhkkhhkxkxx*

TTGCCAAAGAGATGGAGTCATTAGGCCAGAAGTTAGATGAGCAACGCGTGAAACGGGATG
TTGCCAAAGAGATGGAGTCATTAGGCCAGAAGTTAGATGAGCAACGCGTGAAACGGGATG

Ak Ak khkhhkhk kA hhhkhhkrhhkhhhkrhkhkhhhkhhkrhhkhhhkrhkhkhkhhkhkhkrhkkhkrhhkrhkkhkhkrxkxx

TCGCGATGGCGCAGGCTGGCATACCACGCGGCGCAGGAATGGGCTATGGCGGTTGCGGCG
TCGCGATGGCGCAGGCTGGCATACCACGCGGCGCAGGAATGGGCTATGGCGGTTGCGGCG

KK A AR AR A AR AR A AR A AR AR A AR A AR AR A AR AR A AR AR A A A A A A AR A A AR A A AR A AR R kK

GCTATGGCGGCGGTTATCATCGCGGCGGCGGTCACATGGGTATGGGAAACTGGTGGAGCC
GCTATGGCGGCGGTTATCATCGCGGCGGCGGTCACATGGGTATGGGAAACTGGTAA-———

KA AR KA AR A AR A AR AR A AR A AR AR AR A A A A AR AR A AR AR A AR AR A AR A AR A ARk kK

ATCCACAATTTGAAAAATGAGTTTAAACGGTCTCCAGCTTGGCTGTTTTGGCGGATGAGA

ExPASy translated results for ZraP-LTxxQ versus ZraP protein sequence

ZraPLTXXQ
ZraP

ZraPLTXXQ
ZraP

7ZraPLTXXQ
ZraP

MVKRNNKSAIALIALSLLALSSGAAFAGHHWGNNDGMWQOGGSPLTTEAQATAQKIYDDY
-MKRNNKSAIALIALSLLALSSGAAFAGHHWGNNDGMWQOGGSPLTTEQOATAQKIYDDY

c AR K AR KA AR AR KA AR A AR A KNI AKAAARKA AR A AR A AR AR AR AR A XA AR, X A Ak Ak A Ak Kk k%K

YTQTSALRQQLISKRYEYNALLTASSPDTAKINAVAKEMESLGQKLDEQRVKRDVAMAQA
YTQTSALRQQLISKRYEYNALLTASSPDTAKINAVAKEMESLGQKLDEQRVKRDVAMAQA

kA hhkhkhhkhhkhkhhhkhhkrhhkhhhkrhkhkhhhkhhkrhhkhhhkrhkhkhhhkhhkrhkhkrhkkhkrkkhkhkrxkxx

GIPRGAGMGYGGCGGYGGGYHRGGGHMGMGNWWSHPQFEK
GIPRGAGMGYGGCGGYGGGYHRGGGHMGMGNW————————

hhkrxhkkhkhkhhkrkhkhkhhkhkhkrhkkhkrhkhkrkhkhhkkhkxx
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Sequence alignment ZraP-SDM with STM SL1444 — ZraP retrieved from coliBASE.

Sequencing results versus zraP genetic sequence:

ZraPSDM
ZraP

ZraPSDM
ZraP

ZraPSDM
ZraP

ZraPSDM
ZraP

ZraPSDM
ZraP

ZraPSDM
ZraP

ZraPSDM
ZraP

ZraPSDM
ZraP

ZraPSDM
ZraP

AAGGAGGATTAACCATGGTGAAACGGAACAATAAATCAGCTATCGCGCTAATTGCCCTCT
————————————————— ATGAAACGGAACAATAAATCAGCTATCGCGCTAATTGCCCTCT

kA hkkhkhhkhhkhkhkhhkhkhkrhkkhkhhkrhkhhkhkrkhkhkrhkkhkkhkrkhxkkx

CTCTTTTGGCCCTGAGCTCCGGCGCCGCCTTCGCCGGGCATCACTGGGGCAACAATGACG
CTCTTTTGGCCCTGAGCTCCGGCGCCGCCTTCGCCGGGCATCACTGGGGCAACAATGACG

kA A hkkhkhhkhhkhkhkhhkhh A hhkhkhhkrhkhkhhhkhhkrhkhkhhkrhkhkhkhhkhkhkrhkkrhkhkrhkkhkhkxkxx

GTATGTGGCAACAGGGAGGTAGCCCGTTAACTACGGAACAGCAGGCGACGGCGCAGAAGA
GTATGTGGCAACAGGGAGGTAGCCCGTTAACTACGGAACAGCAGGCGACGGCGCAGAAGA

Ak A hkkhkhhkhhkhkhhhkhhk A hhkhhhkrhkhkhkhhkhhrhkhkhhkrhkhkhkhhkhkhkrhkkrhhkrhkkhkhkxkxx

TTTATGATGATTACTATACGCAGACCAGCGCGCTGCGCCAGCAACTGATATCCAAACGTT
TTTATGATGATTACTATACGCAGACCAGCGCGCTGCGCCAGCAACTGATATCCAAACGTT

kA hkkhkhhkh kA hhhkhhkrhhkhkhhkrhkhkhhhkhhkrhhkhhhkrhkhkhkhhkhhkrhkkhkrhhkrhkkhkhkxkxx

ATGAATACAACGCGCTACTGACCGCCAGTTCGCCGGATACTGCGAAAATTAACGCGGTTG
ATGAATACAACGCGCTACTGACCGCCAGTTCGCCGGATACTGCGAAAATTAACGCGGTTG

Ak Ak hkhkhhkh kA hhhkhhkrhhkhhhkrhkhkhhhkhhkrhhkhhhkrhkhkhkhhkhhkrhkkrhkhkrhkkhkhkxkxx

CCAAAGAGATGGAGTCATTAGGCCAGAAGTTAGATGAGCAACGCGTGAAACGGGATGTCG
CCAAAGAGATGGAGTCATTAGGCCAGAAGTTAGATGAGCAACGCGTGAAACGGGATGTCG

Ak Ak hkhkhhkh kA hhhkhhkrhhkhkhhkrhkhkhhhkhhkrhhkrhhkrhkhkhkhhkhhkhhkhkrhkhkrhkkhhkxkxx*

CGATGGCGCAGGCTGGCATACCACGCGGCGCAGGAATGGGCTATGCCGLTGCCGLECGLCE
CGATGGCGCAGGCTGGCATACCACGCGGCGCAGGAATGGGCTATGGCGGTTGCGGCGGCT

KAIAKAKAKAKRKAAKAAKNKAAKNAXAAAANA AN A XA A A A A XA AR AR A A XA A A, Kk **%x * Xk Kk Kk

CTGGCGGCGGTTATCATCGCGGCGGCGGTCACATGGGTATGGGAAACTGGTGGAGCCATC
ATGGCGGCGGTTATCATCGCGGCGGCGGTCACATGGGTATGGGAAACTGGTAA-—-————

KA KK AR AR KA AR A AR AR A AR A KRR AR A AR AR A AR A AR A AR AR AR A AR ARk, K

CACAATTTGAAAAATGAGTTTAAACGGTCTCCAGCTTGGCTGTTTTGGCGGATGAGAGAA

ExPASy translated results for ZraP-SDM versus ZraP protein sequence

ZraPSDM
ZraP

ZraPSDM
ZraP

ZraPSDM
ZraP

MVKRNNKSAIALIALSLLALSSGAAFAGHHWGNNDGMWQOGGSPLTTEQQATAQKIYDDY
—MKRNNKSATALTIALSLLALSSGAAFAGHHWGNNDGMWQOGGSPLTTEQQATAQKIYDDY

C AR KRR AR A AR AR A AR A AR AR A AR A AR AR A AR A AR AR AR A AR AR A AR A AR A AR AR A AR kKK

YTQTSALRQQLISKRYEYNALLTASSPDTAKINAVAKEMESLGQKLDEQRVKRDVAMAQA
YTQTSALRQQLISKRYEYNALLTASSPDTAKINAVAKEMESLGQKLDEQRVKRDVAMAQA

hhkhhkhkhkhhkhkhk Ak hhkrhhkrhhkhhhkhhkhhhkrhhkrhhkhkhhkrhkhkhhrhhkrhkkhkrhkhkrkhhkhkhxhkxk

GIPRGAGMGYAAAAAAGGGYHRGGGHMGMGNWWSHPQFEK
GIPRGAGMGYGGCGGYGGGYHRGGGHMGMGNW————————

Kk ok kk ok Kk kk Kk KAk Ak hkkhkhkkkkkkkk
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Sequence alignment ZraP-WT with STM SL1444 — ZraP retrieved from coliBASE.

Sequencing results versus zraP genetic sequence:

ZraPWT
ZraP

ZraPWT
ZraP

ZraPWT
ZraP

ZraPWT
ZraP

ZraPWT
ZraP

ZraPWT
ZraP

ZraPWT
ZraP

ZraPwWT
ZraP

ZraPWT
ZraP

GTACGGAGGATTAACCATGGTGAAACGGAACAATAAATCAGCTATCGCGCTAATTGCCCT
——————————————————— ATGAAACGGAACAATAAATCAGCTATCGCGCTAATTGCCCT

KK A KK AR A IAKAAKRA A A A KA A A A A A A A A AN A A AR A A AR kKK

CTCTCTTTTGGCCCTGAGCTCCGGCGCCGCCTTCGCCGGGCATCACTGGGGCAACAATGA
CTCTCTTTTGGCCCTGAGCTCCGGCGCCGCCTTCGCCGGGCATCACTGGGGCAACAATGA

KK AR KR AR A AR AR A AR A A A AR A A A A A A AR A AR A A A AR AN AR A A A A A A A A A A A A AR A A AR KK

CGGTATGTGGCAACAGGGAGGTAGCCCGTTAACTACGGAACAGCAGGCGACGGCGCAGAA
CGGTATGTGGCAACAGGGAGGTAGCCCGTTAACTACGGAACAGCAGGCGACGGCGCAGAA

KK AR R AR A AR AR A A A A A A AR A A A A AR AR A AR A A A AR AR A IR A A A AR A A A A A A AR A A AR KK

GATTTATGATGATTACTATACGCAGACCAGCGCGCTGCGCCAGCAACTGATATCCAAACG
GATTTATGATGATTACTATACGCAGACCAGCGCGCTGCGCCAGCAACTGATATCCAAACG

KK AR R AR A AR AR A AR A AR AR A AR A AR AR A AR A AR AR AR A AR A A A AR A AR A A A AR A AR R kK

TTATGAATACAACGCGCTACTGACCGCCAGTTCGCCGGATACTGCGAAAATTAACGCGGT
TTATGAATACAACGCGCTACTGACCGCCAGTTCGCCGGATACTGCGAAAATTAACGCGGT

KK AR R AR A AR AR A AR A AR AR KA AR A AR AR A AR AR A AR AR AR A AR A AR A AR A A A AR A ARk kK

TGCCAAAGAGATGGAGTCATTAGGCCAGAAGTTAGATGAGCAACGCGTGAAACGGGATGT
TGCCAAAGAGATGGAGTCATTAGGCCAGAAGTTAGATGAGCAACGCGTGAAACGGGATGT

KK AR KR AR A AR AR A AR A AR AR A AR A AR AR A AR A AR AR AR AR A AR A AR A AR A A A AR A ARk kK

CGCGATGGCGCAGGCTGGCATACCACGCGGCGCAGGAATGGGCTATGGCGGTTGCGGCGG
CGCGATGGCGCAGGCTGGCATACCACGCGGCGCAGGAATGGGCTATGGCGGTTGCGGCGG

Ak Ak hkhkhhkh kA hhhkhhkrhhkhkhhkrhkhkhhhkhhkrhhkhhhkrhkhkhkhhkhkhkrhkkrhhkrkkhkhkxkxx

CTATGGCGGCGGTTATCATCGCGGCGGCGGTCACATGGGTATGGGAAACTGGTGGAGCCA
CTATGGCGGCGGTTATCATCGCGGCGGCGGTCACATGGGTATGGGAAACTGGTAA--———

hhk Ak khkhkhhkhhkhkhhhkhhkrhhkhhkhkrhkhkhhhkhkhkrhkkhkrhhkrhkhkhkhhkhkhkhxkhkhkxkhkxk*k

TCCACAATTTGAAAAATGAGTTTAAACGG

ExPASy translated results for ZraP-SDM versus ZraP protein sequence

ZraPWT
ZraP

ZraPwWT
ZraP

ZraPwWT
ZraP

MVKRNNKSAIALTALSLLALSSGAAFAGHHWGNNDGMWQOGGSPLTTEQQATAQKIYDDY
—MKRNNKSATIALTALSLLALSSGAAFAGHHWGNNDGMWQQOGGSPLTTEQQATAQKIYDDY

e kKRR R AR A A A A AR AR A AR A A A AR AR A AR A KR A AR A AR AR A AR AR A AR A AR AR A AR A K kK

YTQTSALRQQLISKRYEYNALLTASSPDTAKINAVAKEMESLGOQKLDEQRVKRDVAMAQA
YTQTSALRQQLISKRYEYNALLTASSPDTAKINAVAKEMESLGOKLDEQRVKRDVAMAQA

KA AR A AR AR A AR A AR AR A AR A AR AR AR A IR A AR AR A AR A AR AR A A A A A A AR A AR AR A XKk

GIPRGAGMGYGGCGGYGGGYHRGGGHMGMGNWWSHPQFEK
GIPRGAGMGYGGCGGYGGGYHRGGGHMGMGNW-—--—————

R R S b I b S b b b e S b b Sb e S b I Sh S S b S b S 2
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Sequence alignment ZraP-ZA with STM SL1444 — ZraP retrieved from coliBASE.

Sequencing results versus zraP genetic sequence:

ZraPZA
ZraP

ZraPZA
ZraP

ZraPZA
ZraP

ZraPZA
ZraP

ZraPZA
ZraP

ZraPZA
ZraP

ZraPZA
ZraP

ZraPZA
ZraP

ZraPZA
ZraP

TACGGAGGAATTAACCATGGTCAAACGGAACAATAAATCAGCTATCGCGCTAATTGCCCT
——————————————————— ATGAAACGGAACAATAAATCAGCTATCGCGCTAATTGCCCT

Kk Ak khkhkkhkhkhk Ak kA hk kA hkkhkhkhkhhkhhkhkhkhkhkrhkkkhkxkxx*

CTCTCTTTTGGCCCTGAGCTCCGGCGCCGCCTTCGCCGGGCATCACTGGGGCAACAATGA
CTCTCTTTTGGCCCTGAGCTCCGGCGCCGCCTTCGCCGGGCATCACTGGGGCAACAATGA

Ak Ak khkhhkhhk Ak hhkhhk A hhkhhhkhhkhkhhhkhkhkrhkhhkhkrhkhkhkhhkhkhkrhkkrhkhrhkkrkhkxkxx

CGGTATGTGGCAACAGGGAGGTAGCCCGTTAACTACGGAACAGCAGGCGACGGCGCAGAA
CGGTATGTGGCAACAGGGAGGTAGCCCGTTAACTACGGAACAGCAGGCGACGGCGCAGAA

Ak A hkkhkhhkhhkhkhhhkhhk A hhkhhhkrhkhkhkhhkhhrhkhkhhkrhkhkhkhhkhkhkrhkkrhhkrhkkhkhkxkxx

GATTTATGATGATTACTATACGCAGACCAGCGCGCTGCGCCAGCAACTGATATCCAAACG
GATTTATGATGATTACTATACGCAGACCAGCGCGCTGCGCCAGCAACTGATATCCAAACG

kA hkkhkhhkh kA hhhkhhkrhhkhkhhkrhkhkhhhkhhkrhhkhhhkrhkhkhkhhkhhkrhkkhkrhhkrhkkhkhkxkxx

TTATGAATACAACGCGCTACTGACCGCCAGTTCGCCGGATACTGCGAAAATTAACGCGGT
TTATGAATACAACGCGCTACTGACCGCCAGTTCGCCGGATACTGCGAAAATTAACGCGGT

kA hkkhkhkhhkh kA hhhkhhkrhhkhhhkrhkhkhhhkhhkrhhkhhhkrhkhkhhhkhhkrhkkhkrhhkrhkkhkhkxkxx

TGCCAAAGAGATGGAGTCATTAGGCCAGAAGTTAGATGAGCAACGCGTGAAACGGGATGT
TGCCAAAGAGATGGAGTCATTAGGCCAGAAGTTAGATGAGCAACGCGTGAAACGGGATGT

Ak Ak khkhhkh kA hhhkhhkrhhkhkhhkrhkhkhhhkhhkrhhkhhhkrhkhkhkhhkhkhkrhkkrhhkrhkkhkhkxkxx

CGCGATGGCGCAGGCTGGCATACCACGCGGCGCAGGAATGGGCTATGGCGGTTGCGGCGG
CGCGATGGCGCAGGCTGGCATACCACGCGGCGCAGGAATGGGCTATGGCGGTTGCGGCGG

KK A AR AR A AR AR A AR A AR AR A AR A AR AR A AR AR A AR AR A A A A A A AR A A AR A A AR A AR R kK

CTATGGCGGCGGTTATGCTGCCGCCGCCGCTGCTATGGGTATGGGAAACTGGTGGAGCCA
CTATGGCGGCGGTTATCATCGCGGCGGCGGTCACATGGGTATGGGAAACTGGTAA-————

KAk KkAkhkKhkhk KAk kK Kk )k * Xk Kk Kk Kk KAk KAkAk kA Ak KAAk A kAk kKK Xk k%

TCCACAATTTGAAAAATGAGTTTAAACGGTCTCCAGCTTGGCTGTTTTGGCGGATGAGAG

ExPASy translated results for ZraP-ZA versus ZraP protein sequence

ZraPZA
ZraP

ZraPZA
ZraP

ZraPZA
ZraP

MVKRNNKSATIALTALSLLALSSGAAFAGHHWGNNDGMWQQGGSPLTTEQQATAQKIYDDY
—MKRNNKSATIALTALSLLALSSGAAFAGHHWGNNDGMWQQOGGSPLTTEQQATAQKIYDDY

e kKA AR AR A AR A AR AR A AR A AR AR AR A A A A AR AR A AR A A A AR A AR A A A AR AR A A AR XKk

YTQTSALRQOLISKRYEYNALLTASSPDTAKINAVAKEMESLGOQKLDEQRVKRDVAMAQA
YTQTSALRQOLISKRYEYNALLTASSPDTAKINAVAKEMESLGOQKLDEQRVKRDVAMAQA

khkhkkrkhkhkrhkhkhkhhkhkhkrhhkhhhkrhkhkhkhhkhkhkrhkrhhkrhkhkhhhkhhkrhkkhkhkhhkrkhxhkhkxhkxk*k

GIPRGAGMGYGGCGGYGGGYAAAAAAMGMGNWWSHPQFEK
GIPRGAGMGYGGCGGYGGGYHRGGGHMGMGNW - ———————

KAk Ak Ak kA khkkd kA kA Ak hkkkk*k Kk Kk kK Kk k
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Appendix E. Overview of all susceptibility test results

Percentage survival following exposure to 42°C
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Figure E1. Percentage survival of Salmonella strains grown at 42°C for 36 hours. Summary of all spot-plate strains tested in this condition. Error
bars represent standard deviation. Student T-tests statistics displayed in colour: = no statistical difference, = significantly
better survival (P < 0.05), = significantly worse survival (P < 0.05).
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Percentage survival following exposure to 46°C
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Figure E2. Percentage survival of Salmonella strains grown at 46°C for 48 hours. Summary of all spot-plate strains tested in this condition. Error
bars represent standard deviation. Student T-tests statistics displayed in colour: = no statistical difference, = significantly
worse survival (P < 0.05), dark red = significant worse survival (P<0.01).
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Percentage survival following exposure to polymyxin B (100ng/mL)
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Figure E3. Percentage survival of Salmonella strains grown in 100ng/mL polymyxin B. Summary of all spot-plate strains tested in this
condition. Error bars represent standard deviation. Student T-tests statistics displayed in colour: = no statistical difference,
= significantly better survival (P < 0.05), = significantly worse survival (P < 0.05), dark red = significant worse survival (P<0.01).
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Percentage survival following exposure to vancomycin (65ug/mL)

120.0% -~

100.0% A I - % — _}

80.0% - 1]

60.0% -

Percentage survival

40.0% A

20.0% A

0.0%

WT
DT104
bongori
AcpxP
AfkpA
AhtrA
Askp
Aspy
AsurA
AzraP
AcpxPAync)
AcpxPAspy
AcpxPAzraP
AfkpAAppiA
AfkpAAppiD
AhtrAAskp
AhtrAAzraP
AppiAD
AskpAzraP
AspyAync)
AspyAzraP
AsurAAspy
AsurAAzraP
AynclAzraP
AcpxPAzraPAspy
AfkpAAppiAD
AsurAAppiAD
AsurAAfkpAAppiAD

Figure E4. Percentage survival of Salmonella strains grown in 65ug/mL vancomycin. Summary of all spot-plate strains tested in this
condition. Error bars represent standard deviation. Student T-tests statistics displayed in colour: = no statistical difference,
= significantly better survival (P < 0.05), = significantly worse survival (P < 0.05), dark red = significant worse survival (P<0.01).
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Percentage survival following exposure to Percentage survival following exposure to

1pg/ml nalidixic acid 50ng/mL phosphomycin
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Figure E5. Percentage survival of Salmonella strains grown in 1ug/mL nalidixic acid and 50ng/mL phosphomycin. Summary of all spot-plate
strains tested in this condition. Error bars represent standard deviation. Student T-tests statistics displayed in colour: = no statistical
difference, = significantly worse survival (P < 0.05), dark red = significant worse survival (P<0.01).
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Percentage survival following exposure to Percentage survival following exposure to

2mM indole 6mM spermidine
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Figure E6. Percentage survival of Salmonella strains grown in 2mM indole and 6mM spermidine. Summary of all spot-plate strains tested in
this condition. Error bars represent standard deviation. Student T-tests statistics displayed in colour: = no statistical difference,
= significantly better survival (P < 0.05), = significantly worse survival (P < 0.05), dark red = significant worse survival (P<0.01).
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Figure E7. Zone of inhibition of Salmonella strains on disc diffusion plates containing 10mM Bacitracin. Summary of all spot-plate strains tested

in this condition. Error bars represent standard deviation. Student T-tests statistics displayed in colour:
= significantly more susceptible (P < 0.05).

= no statistical difference,
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Hydrogen Peroxide (30%): zone of inhibition.
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Figure E8. Zone of inhibition of Salmonella strains on disc diffusion plates containing 30% hydrogen peroxide. Summary of all spot-plate strains
tested in this condition. Error bars represent standard deviation. Student T-tests statistics displayed in colour: = no statistical difference,
= significantly more susceptible (P < 0.05), dark red = significantly more susceptible (P < 0.01).
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Hydroxyurea (1mM): zone of inhibition
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Figure E9. Zone of inhibition of Salmonella strains on disc diffusion plates containing 1mM hydroxyurea. Summary of all spot-plate strains tested
in this condition. Error bars represent standard deviation. Student T-tests statistics displayed in colour: = no statistical difference,
= significantly more susceptible (P < 0.05), dark red = significantly more susceptible (P < 0.01).
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Nalidixic acid (10mM): zone of inhibition
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Figure E10. Zone of inhibition of Salmonella strains on disc diffusion plates containing 10mM nalidixic acid. Summary of all spot-plate strains
tested in this condition. Error bars represent standard deviation. Student T-tests statistics displayed in colour: = no statistical
difference, = significantly more susceptible (P < 0.05), dark red = significantly more susceptible (P < 0.01).
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Penicillin G (10mM): zone of inhibition
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Figure E11. Zone of inhibition of Salmonella strains on disc diffusion plates containing 10mM penicillin G. Summary of all spot-plate strains
tested in this condition. Error bars represent standard deviation. Student T-tests statistics displayed in colour: = no statistical
difference, = significantly more susceptible (P < 0.05), dark red = significantly more susceptible (P < 0.01).
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Phosphomycin (10mM): zone of inhibition
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Figure E12. Zone of inhibition of Salmonella strains on disc diffusion plates containing 10mM phosphomycin. Summary of all spot-plate
strains tested in this condition. Error bars represent standard deviation. Student T-tests statistics displayed in colour: = no statistical
difference, = significantly less susceptible, (P < 0.05), = significantly more susceptible (P < 0.05), dark red = significantly
more susceptible (P < 0.01).
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Polymyxin B (1mM): zone of inhibition
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Figure E13. Zone of inhibition of Salmonella strains on disc diffusion plates containing 1mM polymyxin B. Summary of all spot-plate strains
tested in this condition. Error bars represent standard deviation. Student T-tests statistics displayed in colour: = no statistical
difference, = significantly more susceptible (P < 0.05), dark red = significantly more susceptible (P < 0.01).
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Spermidine (6mM): zone of inhibition
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Figure E14. Zone of inhibition of Salmonella strains on disc diffusion plates containing 6mM spermidine. Summary of all spot-plate strains
tested in this condition. Error bars represent standard deviation. Student T-tests statistics displayed in colour: = no statistical
difference, dark red = significantly more susceptible (P < 0.01).
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Vancomycin (65ug/mL): zone of inhibition
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Figure E15. Zone of inhibition of Salmonella strains on disc diffusion plates containing 65ug/mL vancomycin. Summary of all spot-plate
strains tested in this condition. Error bars represent standard deviation. Student T-tests statistics displayed in colour: =no
statistical difference, dark red = significantly more susceptible (P < 0.01).
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