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Summary

Staphylococcus aureus presents an important and significant burden on global healthcare
systems. The ability to of S. aureus to colonise the human population and cause a wide range
of diseases is heavily dependent on the display of various proteins on its cell surface. These
proteins serve multiple functions, including adhesion to host molecules, chelation of host
iron, and the evasion of both innate and adaptive mammalian immune systems. Therefore,
the development of new and novel strategies to combat S. aureus infection dynamics and
disease progression is dependent on an advanced understanding of how these key virulence

determinants are displayed and develop over time.

The aim of this project was to construct reporter fusions for four surface displayed virulence
determinants fused to SNAP-tag, an O°-benzylguanine-DNA-benzyltransferase, to then
localise them on the cell surface of S. aureus. The proteins were iron-regulated surface
determinant A (IsdA), iron-regulated surface determinant B (IsdB), clumping factor A (CIfA),
and surface protein A (SpA). Due to a lack of sensitivity of the SNAP reporter fusion, an
alternative approach of immunofluorescence microscopy was also used, with which the

localisation of SpA and its development over time was elucidated.

Immunolabelling for SpA localisation in this study has shown that SpA is displayed only on a
subset of the bacterial population of S. aureus SH1000, a well characterised and model
laboratory strain. Within this subpopulation, SpA localises over the whole of single cells. S.
aureus cells actively dividing present SpA at their respective peripheries but not the newly
exposed septum, displaying a horseshoe-like pattern of SpA fluorescence. In conjunction with
atomic force microscopy data of the cell wall architecture of live S. aureus cells, the horseshoe
pattern was believed to be the result of the surface exposure of dense, nascent cell wall
material at the division septum that acts as an additional layer of peptidoglycan without Spa
bound to this layer. Further investigations into the role of genes involved in cell wall
associated processes identified several targets that appear vital for SpA display. Finally, the
impact of high methicillin resistance S. aureus (MRSA) and antibiotic challenge on SpA
localisation was determined. My project has further elucidated those mechanisms which

control the display of the important virulence determinant SpA on the surface of S. aureus.
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Chapter 1
Introduction

1.1. Staphylococcus aureus Epidemiology

Staphylococcus aureus is a Gram-positive, spheroid Firmicute within the Family
Staphylococcaceae, which ranges in size between 0.5 — 1.5 um (Masalha et al, 2001). It is a
facultatively anaerobic, commensal bacterium commonly found on the skin, anterior nares,
and lower respiratory tract of humans and other mammals (Tong et al, 2015). S. aureus is
distinguished macroscopically by its formation of smooth, slightly raised golden colonies on
solid media, the coloration of which is due to the production of the carotenoid
staphyloxanthin (Holt et al, 2011). S. aureus is also an opportunistic pathogen, capable of
causing several nosocomial and community acquired diseases. S. aureus is the causative agent
of many skin, nasal, and respiratory tract infections, such as abscesses, impetigo, cellulitis,
folliculitis, and sinusitis. Additionally, S. aureus can cause severe and life-threatening illnesses,
such as pneumonia, meningitis, osteomyelitis, toxic shock syndrome, and bacteraemia. S.
aureus’ ability to cause disease is largely attributed to the secretion and surface display of

virulence proteins (Archer, 1998; Lowy, 1998; Von Eiff et al, 2001; Fowler et al, 2003).

The implantation of medical devices confers a particular risk of S. aureus related infections,
due to their coating in human serum and potential contact with patient’s skin. S. aureus can
adhere to fibrinogen and other molecules found in the extracellular matrices of mammalian
sera and aggregate — forming biofilms on medical apparatus following implantation. These
infections are notoriously difficult to treat due to the increased resistance to antibiotics that
biofilms provide (Stewart & Costerton, 2001). Additionally, the increasing prevalence of
penicillin and methicillin resistant Staphylococcus aureus (MRSA) makes treatment of these
diseases more complicated. Methicillin typically binds to the bacterial penicillin binding
proteins (PBPs) which are responsible for the transglycosylation and transpeptidation of the
peptidoglycan cell wall and are therefore vital to the growth and division of the cell (Section
1.2.) (Hackbarth et al, 1995). These enzymes were named after their affinity for binding to
penicillin, which in turn inhibit their cell wall synthesis activity (Waxman et al, 1983). S. aureus’
ability to resist these antibiotics, as well as others, is a cause of great concern for global

healthcare systems.



1.2. S. aureus Cell Division

Cell division by binary fission in S. aureus is a highly conserved, heavily regulated, and complex
process which allows the exponential proliferation of bacterial cells (Tzagoloff & Novick,
1977). The division process of S. aureus can occur in three orthogonal planes (Turner et al,
2010) and completes every 20 — 30 minutes under optimum conditions. This includes both
the synthesis and hydrolysis of peptidoglycan for cells to expand in size and septate into
daughter cells (Egan et al, 2020), as well as the replication and segregation of DNA. This
process is thought to be initiated by formation of a ring structure of the mammalian tubulin
homologue FtsZ (Matsui et al, 2012). FtsZ is an essential GTPase which, once activated by GTP
binding, forms a ring through the S. aureus mid cell. While required for the activation of Ftsz,
GTP is thought to primarily facilitate FtsZ subunit recycling by polymer destabilisation
(Mateos-Gil et al, 2012). FtsZ also recruits a variety of other proteins which are vital to cell
division. One such example is FtsA, which has been shown to be an essential division protein
in S. aureus that is thought to anchor FtsZ to the membrane, thereby facilitating the
localisation of FtsZ at the membrane where cell division is initiated following the recruitment
of a multi-protein divisome complex (Pinho & Errington, 2003; Maggi et al, 2008).
Components of this divisome complex include, but are not limited to: DivIBC, FtsL, and EzrA

(figure 1.1.) (Steele et al, 2011; Tinajero-Trejo et al, 2022).

EzrA is a division protein which is important for cell growth, as its loss results in delocalised
cell division machinery and an inhibition of PBP mediated peptidoglycan synthesis (Steele et
al, 2011). FtsL is a bitopic membrane bound protein which interacts with a host of division
proteins in the Gram-positive bacteria Bacillus subtilis and S. aureus, including EzrA, DivlB,
DivIC, and FtsW (Daniel et al, 2006). In fact, some of these interactions have been shown to
be essential to maintain FtsL in B. subtilis, as the protein is naturally unstable (Robson et al,
2006). For example, FtsL is stabilised by DivIC, which prevents the zinc metalloprotease RasP
from degrading FtsL as a substrate (Wadenpohl & Bramkamp, 2010). DivIB, like FtsL, is a
membrane spanning protein with a hydrophobic N-terminal domains that are essential for
localisation at the membrane and subsequent recruitment to the septum of B. subtilis
(Wadsworth et al, 2008). Meanwhile, DivIC interacts with both DivIB and FtsL via a C-terminal

trimeric complex at the membrane (Glas et al, 2015). DivIC also facilitates the arrangement



of peptidoglycan at the developing septum and binds to wall teichoic acids within the cell wall

of S. aureus (Tinajero-Trejo et al, 2022).

The localisation of S. aureus membrane bound PBPs is also associated with the formation of
the division complex. The PBPs are required to synthesise peptidoglycan at the mid-cell for
cell division, as well as at the periphery of S. aureus cells (Wacnik et al, 2022). PBPs are
essential for the final stages of peptidoglycan synthesis (Pinho et al, 2013), of which S. aureus
has four. The synthesis of peptidoglycan by these PBPs can be observed as nascent cell wall
material in dividing cells using fluorescent amino acid derivatives of D-alanine —a crucial and
terminal amino acid in the peptide side chain of peptidoglycan (Chapters 3, 4, and 5). A septal
plate of peptidoglycan is formed during division which bisects the cell, initiated by the FtsZ
ring and the complex of multiple divisome components (Figure 1.1). Hydrolysis by autolysins,
such as Atl and Slel, at the outer edge of the septal plate initiate the septation of daughter
cells from one another (Yamada et al, 1996; Kajimura et al, 2005). However, S. aureus cells do
not always separate fully following septation and will often continue to grow while still
attached to one another, giving rise to their characteristic clumping morphology (Pereira et

al, 2007; Myrbraten et al, 2022; Takahashi et al, 2002; Touhami et al, 2004).

The synthesis of septal peptidoglycan is not only recognised as the initiation of cell septation
and division but is also the primary site at which many surface proteins are incorporated into
the cell wall. It is thought that, due to this being the predominant site of peptidoglycan
synthesis in the cell, this is where surface proteins are anchored to the cell wall, which are
then subsequently displayed on the surface following cell division when newly synthesised
cell wall material is exposed (Zhang et al 2021). The hydrolysis of cell wall material as a natural
part of bacterial growth and division is achieved by a range of peptidoglycan hydrolases, or

autolysins (Wheeler et al, 205).
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Figure 1.1. Septation and division in S. aureus

(A) Schematic representation of cell division components in S. aureus. CM refers to the
cytoplasmic membrane of the cell. Taken from Bottomley, 2011. (B) Schematic model of S.
aureus division and septal plate formation. Septal peptidoglycan (yellow) is synthesised at
the leading edge of the septum, which meet to form the septal plate (iii — vi). The cell wall
at the lagging edge of the septal plate is hydrolysed to initate seperation of daughter cells

(vii — viii). Taken from Lund et al, 2018.



1.3. The Cell Wall of S. aureus

The cell wall is the outermost structure of Gram-positive bacteria and is primarily composed
of peptidoglycan (Figure 1.2.). This structure provides essential integrity to the cell to
maintain internal turgor pressure, osmolarity, and cell morphology. The peptidoglycan
macromolecule is comprised of an N-acetylglucosamine (Glc-NAc) — N-acetylmuramic acid
(Mur-NAc) sugar backbone, linked by B 1-4 bonds, with a peptide stem branching off the
lactoyl group of Mur-NACc’s third carbon (Vollmer et al, 2008). The synthesis of peptidoglycan
is a multi-step process involving several proteins and enzymatic reactions. Firstly, cytoplasmic
fructose-6-phosphate and glutamine are converted to the peptidoglycan precursor uridine
diphosphate-N-acetylglucosamine (UDP-GIcNAc). UDP-GIcNAc is then converted into UDP-
MurNAc by the MurAB ligases. The synthesis of the pentapeptide stem to UDP-MurNAc and
its subsequent attachment to undecaprenyl phosphate to form Lipid | is facilitated by
MurCDEF and MraY (Patin et al, 2010). UDP-GIcNAc is then linked to Lipid | to form Lipid II.
Then, the FemXAB proteins build the pentaglycine bridge from the peptide stem’s L-Lysine,
while MurT and GatD facilitate the addition of a free amine group onto D-Glutamine
(Giannouli et al, 2010; Miinch et al, 2012). The cell wall precursor is then translocated across
the phospholipid bilayer membrane by the flippase FtsW, before being cross-linked to pre-
existing cell wall peptidoglycan (Taguchi et al, 2019). The transglycosylation of the sugar
backbone and the transpeptidation of peptidoglycan is performed by membrane-bound
penicillin binding proteins 1 and 3 (PBP1, 3) which form cognate pairs with FtsW and RodA
(Meeske et al, 2016).

The peptide stem consists of L-Alanine, D-Glutamine, L-Lysine, which also includes a penta-
glycine bridge with a free an amine group (NH>) in S. aureus, followed by two terminal D-
Alanine. The peptide stem is cross-linked to other peptide stems of the cell wall by the
pentaglycine bridge, providing rigidity and structure to the cell wall (Gautam et al, 2015). This
process is facilitated by the transpeptidase activity of certain PBPs. The synthesis and
subsequent remodelling of the peptidoglycan layer is essential for the division of bacteria and
is mediated by a complex co-ordination of enzymes collectively called the divisome (de Kruijff
et al, 2008). For their critical and essential role in bacterial cell wall synthesis and cell division,

many of the constituents of cell wall synthesis are targeted for antibiotic inhibition (Silver,



2003; Figure 1.2.).The inhibition of cell wall synthesis, achieved initially by B-lactam inhibition
of PBPs, causes a bactericidal effect whereby bacterial cells are unable to grow and divide due
to the lack of peptidoglycan transglycosylation and transpeptidation (Martin et al, 2022).
Because of the essential nature of many of the elements of cell wall synthesis, antibiotics have
been developed to target a range of cell wall synthesis and assembly pathways (Figure 1.4.).
Of the four penicillin binding proteins in S. aureus, only PBP1 and PBP2 are essential. PBP1
facilitates transpeptidation activity, while PBP2 is bifunctional — capable of both

transpeptidation and transglycosylation (Wacnik et al, 2022).

The biosynthesis of the bacterial cell wall peptidoglycan is a highly regulated and conserved
pathway across all bacterial species, with similarities being shared in associated pathways —
like mycolic acid synthesis in Mycobacterium tuberculosis (Peregrin-Alvarez et al, 2009;
Lovering et al, 2012). Bacteria also produce a wide range of hydrolases, which cleave covalent
bonds of the peptidoglycan cell wall (Vollmer et al, 2008). This suite of enzymes, sometimes
referred to as autolysins, allows bacteria to remodel their cell wall —accommodating growth
while also serving to turnover older cell wall material and release it into the extracellular
milieu (Lee & Huang et al, 2013). Some of the most well-known autolysins of S. aureus that
facilitate growth in S. aureus include SagB and LytH, responsible for cleaving long glycan
chains to make the cell wall more flexible, and to break down uncrosslinked peptide stems,
respectively (Sutton et al, 2021; Do et al, 2020). Hydrolases are vital, not only for bacterial
growth, but also for the division of bacterial cells. For example, S. aureus produces the Atl
autolysin, which cleaves at the leading edge of diplococcal cells to facilitate their division
(Nega et al, 2020), while Slel cleaves the N-acetylmuramyl-L-Ala bond of peptidoglycan to
facilitate cell separation (Kajimura et al, 2005). Some hydrolases are used in molecular
microbiological research such as the endopeptidase lysostaphin, produced by S. simulans
biovar staphylolyticus, to weaken the cell wall by peptide stem cleavage, such that cells can
be lysed and their contents analysed (Kumar, 2008). While other peptidoglycan hydrolases
play a role in both immune evasion and host-pathogen interactions through the remodelling
of the cell wall (Dziarski & Gupta, 2010). Various autolysins also overlap in function, creating
a redundancy among families of hydrolase enzymes, emphasising their essentiality toward
bacterial growth (Heidrich et al, 2002). Peptidoglycan hydrolases are even utilised by some

bacteriophage as a method to enter and exit bacterial cells (Vollmer et al, 2008).
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Figure 1.2. Schematic representation of peptidoglycan synthesis in S. aureus

Precursor molecules of peptidoglycan are synthesised in the cytoplasm of S. aureus before
Lipid Il is translocated across the phospholipid bilayer membrane. Transglycosylation and
transpeptidation of Lipid Il into the pre-existing peptidoglycan architecture is mediated by
penicillin binding proteins MurJ has seen been shown to be the flippase in S. aureus which
flips the Lipid II- Glys across the membrane, in place of FtsW (Barbuti et al, 2023). Adapted

from Typas et al, 2012.



Given the numerous applications and the essential nature of peptidoglycan hydrolases, a
delicate balance of hydrolase regulation and peptidoglycan synthesis is required for the
proper proliferation and growth of S. aureus cells, as an abundance of peptidoglycan synthesis

without cell wall hydrolysis leads to the cessation of growth (Salamaga et al, 2021).

While the chemical composition of the peptidoglycan cell wall of bacteria is well understood,
little is known about the architecture of this complex, interconnected macromolecule.
Various models have been proposed based on what is understood about the chemical
composition of the bacterial peptidoglycan cell wall (Dmitriev et al, 2005). However, recent
work using Atomic Force Microscopy (AFM) has uncovered the distinct and detailed
architecture of the cell wall of live S. aureus cells (Figure 1.3.; Pasquina-Lemonche et al, 2020).
AFM is a high-resolution scanning probe microscopy technique that enables the elucidation
of surface structures to a nanometre scale. This technique can be used to generate

topographical maps of material surfaces, including the cell wall of S. aureus.

Figure 1.3. shows that the cell wall of S. aureus is far from homogeneous. S. aureus appears
to possess two distinct cell wall architectures on the surface: a porous, mesh-like structure of
older cell wall material, and a tight, concentric ring-like structure of nascent peptidoglycan.
This work by Pasquina-Lemonche et al (2020) notes that the internal sacculus is a dense mesh
throughout, even at the division septa where, on the external cell wall, they observed the ring
organisation of peptidoglycan. The ring structure is degraded over time, following cell
division, to reveal the mesh structure observed beneath. This is likely achieved by hydrolysis
of S. aureus peptidoglycan via various autolysins (Chapter 6). When topographical AFM is
used, intricate details of the cell wall are observed, with the ability to visualise individual
glycan strands. However, other constituents of the cell wall, besides the architecture of
peptidoglycan, cannot be observed by topographical AFM alone. The localisation of cell wall
associated surface proteins, for example, requires alternative and specific methods of

investigation.
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Figure 1.3. S. aureus cell wall architecture model as defined by AFM

Schematic representation of S. aureus cell wall architecture determined by atomic force
microscopy. Blue represents the mesh structure observed throughout the internal sacculus.
Yellow shows concentric ring architecture within the septal plate that becomes observable
on the cell surface at the division site. Red demonstrates the porous mesh structure of the

mature, external cell wall. Taken from Pasquina-Lemonche et al, 2020.



1.4. Antibiotic Resistance in S. aureus

The first recorded instance of penicillin resistant S. aureus occurred just two years after its
implementation as an antibiotic in 1940. The mechanism for this resistance was later
attributed to the acquisition of the blaZ gene, which encodes the penicillinase enzyme. This
enzyme cleaves penicillin’s B-lactam ring, thereby neutralising its effect as a D-ala-D-ala
mimicking molecule to irreversibly bind and inhibit PBPs (Sabath, 1982). To counter the first
emergence of antibiotic resistance, another B-lactam antibiotic was developed that was not
affected by penicillinase, called methicillin (Lowy, 2003). However, methicillin resistant S.
aureus (MRSA) isolates were cultured from a patient suffering from septic arthritis in 1960
(Jevons et al, 1963). The subsequent proliferation of patients with both methicillin susceptible
S. aureus (MSSA) and MRSA infections have contributed significantly to S. aureus’ status as
both a community acquired disease, and a nosocomial pathogen (Cosgrove et al, 2003).
Additionally, cases of livestock infections with MRSA have also increased with the prevalence
of antibiotic use in agricultural feed (Butaye et al, 2016). As a result of these consequences,
such as implicated side effects like interstitial nephritis, and its impact on global healthcare
systems, methicillin is no longer available for clinical use in many countries (Sanchez-Alamo
et al, 2023). However, MRSA is still used to describe S. aureus infections that are generally
resistant to B-lactam antibiotics as well as extensively resistant S. aureus infections that
include antibiotics besides B-lactams (Enright et al, 2002). The acquisition of the mecA gene
which encodes penicillin binding protein 2a (PBP2a) allows S. aureus to grow in the presence
of B-lactam antibiotics, including methicillin (Llarrull et al, 2009). This is thought to be the
result of PBP2a having a functional site of a different physical structure to that of B-lactam
susceptible PBPs (Lim et al, 2002), while still being able to synthesise peptidoglycan. As such,
other antibiotics are being more heavily relied upon to treat staphylococcal infections, such
as vancomycin, a cell wall synthesis inhibitor, trimethoprim, a nucleic acid synthesis inhibitor,
and linezolid, a protein synthesis inhibitor (Moor et al, 2023; Quinlivan et al, 2000; Livermore,
2003; Figure 1.4.). However, resistance to these last-resort antibiotics has also been reported
in extensively resistant S. aureus which require over 256 pg mL™ methicillin to achieve the
minimum inhibitory effect (MIC) (Assadullah et al, 2003). As such, alternative treatments, and
an enhanced understanding of the mechanisms of antibiotic resistance in S. aureus are of

critical importance to combat antibiotic resistant infections.
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Figure 1.4. Schematic representation of peptidoglycan cell wall synthesis, including
antibiotic targets

Red text indicates antibiotics that target their associated bacterial processes. Pointed
arrows indicate antibiotics that inhibit peptide stem cleavage and disruption of the
membrane associated ion exchange, such as lysostaphin and daptomycin, respectively. Flat
arrows signify antibiotics that inhibit enzymatic reactions, such as tunicamycin and
bacitracin. Crescent arrows indicate antibiotics that affect cell wall synthesis, such as

glycopeptides and ramoplanin. Taken from McCallum et al, 2011.
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1.5. Teichoic Acids

The thick peptidoglycan layer of the Gram-positive cell wall not only provides structural
integrity and protection against osmotic shock to the cell but is also used as an anchor point
for many polypeptides and other molecules (van Dalen et al, 2020). These allow S. aureus to
interact with its environment via the adhesion of surface proteins and teichoic acids to various
molecules in the extracellular matrices of hosts (Chavakis et al, 2005). Teichoic acids are an
important component of the Gram-positive cell wall. Both wall teichoic acids and lipoteichoic
acids, anchored within the peptidoglycan cell wall and phospholipid bilayer membrane
respectively, are known to play a role in the virulence of Gram-positive bacteria and are
essential for colonising multiple niches (Weidenmaier et al, 2004; Holland et al, 2011). It has
also been shown that teichoic acids play a role in the regulation of PBP4 activity cross-linking
peptidoglycan, particularly at the division septa of S. aureus (Atilano et al, 2010). Additionally,
teichoic acids are thought to play a crucial role in the regulation of surface protein display
(Atilano et al, 2010). However, studies have also shown that teichoic acids are not essential
for viability in many Gram-positives, including Bacillus subtilis and S. aureus (D’Elia et al,

2006).

1.6. Covalently Bound Surface Proteins

S. aureus is known to express several surface proteins associated with the peptidoglycan cell
wall (Foster, 2019). Many of these are covalently bound to the cell wall, while other are
ionically bound to the surface of the cell. Surface proteins are mediators of infection —
facilitating adhesion to various molecules and surfaces within the human body, which allow
the bacteria to subsequently cause disease (Foster, 2019). It is therefore imperative to not
only understand their individual function, but also their molecular localisation on the surface
of S. aureus. Many surface proteins contain motifs at their N and C termini which are thought
to contribute to translocation dynamics and cell wall binding, respectively. These include the
N-terminal YSIRK motif, and the C-terminal LPXTG motif in S. aureus, both of which are highly
conserved, with slight variations of the Isoleucine and Arginine of the YSIRK sequence (Bae &
Schneewind, 2003). Table 1 contains the most well studied and prominent genes encoding

surface proteins in S. aureus and has been listed in ascending order of molecular mass.
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Table 1.1. Staphylococcal surface proteins

Gene Product / Bindingto  Sorting Signal Molecular Reference
name function cell wall signal peptide mass (kDa)
SasX Colonisation / Covalent LPXTG - 15 Chen et
pathogenesis al, 2012
in MRSA
SasG Adhesion / Covalent LPKTG - 21 Corrigan
biofilm etal,
formation 2007
SasD Adhesion Covalent LPXTG - 22 Mader et
al, 2016
SasK  Cell structure Covalent LPXTG - 23 Trad et al,
/ peptidase 2004
Reniere &
IsdC Iron Covalent NPQTN - 25 Skaar,
acquisition 2008
IsdA Iron Covalent LPXTG - 39 Clarke et
acquisition al, 2004
LytN Cell wall lonic - YSIRK- 42 Frankel et
hydrolase GXXS al, 2011
Foster &
SpA IgG binding Covalent LPXTG YSIRK- 56 Hook,
GXXS 1998
SasF Adhesion Covalent LPXTG - 71 King et al,
2012

13



IsdB Iron Covalent LPXTG YSIRK- 72 Gaudin et al,
acquisition GXXS 2011
Cadieux et al,
GehB Lipase lonic - YSIRK- 76 2014
GXXS
Cadieux et al,
GehA Hydrolase / lonic - YSIRK- 77 2014
lipase GXXS
Thammavongsa
AdsA Adenosine Covalent LPXTG - 83 etal, 2009
synthase
Foster & Hook,
CIfB Fibrinogen Covalent LPXTG YSIRK- 94 1998
adhesion GXXS
Foster & Hook,
CIfA Fibrinogen Covalent LPXTG YSIRK- 96 1998
adhesion GXXS
Saederup et al,
IsdH Iron Covalent LPXTG YSIRK- 101 2016
acquisition GXXS
FnbB Adhesion / Covalent LPXTG YSIRK- 101 Speziale &
Fibronectin GXXS Pietrocola,
binding 2020
SdrC Biofilm Covalent LPXTG YSIRK- 103 Barbu et al,
formation GXXS 2014
FnbA Adhesion / Covalent LPXTG YSIRK- 109 Speziale &
Fibronectin GXXS Pietrocola,
binding 2020

14



Calcium

SdrE binding / Covalent LPXTG YSIRK- 124 Sharp et al,
adhesion GXXS 2012
Cna Collagen Covalent LPXTG - 133 Zong et al, 2005
binding
Calcium Josefsson et al,
SdrD binding / Covalent LPXTG YSIRK- 146 1998
adhesion GXXS
SaslL Unknown Covalent LPXTG YSIRK- 180 Foster et al,
GXXS 2014
SraP Platelet Covalent LPXTG  KxYKxGKx 228 Siboo et al,
binding W 2005
Savolainen et
pls Biofilm Covalent LPXTG YSIRK- 230 al, 2001
formation GXXS
Schroeder et al,
SasC Peptidase Covalent LPXTG YSIRK- 238 2009
GXXS
bap Biofilm Covalent LPXTG YSIRK- 240 Cucarella et al,
formation GXXS 2001
Cell wall
FmtB  biosynthesis / Covalent LPXTG YSIRK- 263 Komatsuzawa
methicillin GXXS et al, 2000
resistance
Ebh Unknown lonic - YSIRK- 1030 Clarke et al,
GXXS 2002
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1.7. Sortase A

The translocation and surface display of many of S. aureus’ surface proteins are required for
the colonisation and subsequent infection of host organisms. This is facilitated for many
virulence factors by Sortase A (SrtA). SrtA is a membrane-bound transpeptidase that cleaves
the bond between threonine and glycine in the LPXTG sorting signal motif (Leucine, Proline,
any amino acid, Threonine, Glycine) found at the C-terminus of many of S. aureus’ surface
proteins (Zong et al, 2004). This forms an acyl-enzyme intermediate between Sortase and the
carboxyl group of threonine within a protein’s LPXTG motif. SrtA then catalyses the
transpeptidation of the surface protein to the peptidoglycan precursor Lipid Il (undecaprenyl-
pyrophosphate-MurNac(-L-Ala-D-iGIn-L-Lys(NH-Glys)-D-Ala-D-Ala)-B1-4-GlcNac), via the free
amine group of the pentaglycine bridge (figure 1.5.) (Ruzin et al, 2002; Suree et al, 2009).
Then, via transglycosylation, the surface protein-peptidoglycan Lipid Il precursor is
incorporated into the cell wall (Manaskova et al, 2016). As Lipid Il precursors are incorporated
into the cell wall architecture, the protein attached to it is displayed on the cell surface, where
it can interact with the environment when fully exposed on the bacterial cell surface. Surface
protein A (SpA) display has previously been used to suggest the localisation of SrtA at the

developing septum of S. aureus cells (Zhang et al, 2021).

There are three forms of Sortase — A, B, and C (SrtABC) — that are present in Gram-positive
bacteria, such as Bacilli, Listeria, Streptococcus, and Clostridium species (Bierne et al, 2004;
Marraffini et al, 2007). Each Sortase form recognises a distinct pentapeptide sequence like
LPXTG and serves various functions. SrtA recognises the LPXTG motif and is used to
incorporate a wide range of proteins into the cell surface (Figure 1.5.). SrtB recognises the
NPQTN pentapeptide and is associated with the iron deprivation response in S. aureus and
Listeria. While SrtC binds to the QVPTG sequence and is associated with the polymerisation
of pilin (Clancy et al, 200). It has been shown previously, using a murine infection model, that
SrtA is required for the development of severe arthritis, while SrtB is thought to play a role in

the pathogenesis of S. aureus (Jonsson et al, 2003).
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It is thought that the inhibition of Sortases may result in the reduced virulence capacity of S.
aureus, due to its role in surface protein display (Suree et al, 2009). However, many bacterial
proteins also contain the Lysine Motif (LysM domain), which can ionically bind proteins to the
cell envelope, including the N-acetylmuramyl-L-alanine amidase (Slel), elastin-binding
protein (EbpS), and surface protein A (SpA) (Buist et al, 2008; Figure 1.8.). These ionic bonds
are much weaker than their covalent counterparts, such as those facilitated by Sortase
activity, and are therefore prone to detachment or denaturation from the cell wall in
unfavourable environmental conditions, such as adverse temperatures and changes in pH

(McGettrick & Worrall, 2004).

Sortases can also be used to analyse proteins possessed of an LPXTG motif, both native and
recombinant, by immobilising them to a variety of surfaces or bacterial species. Additionally,
sortases have been used for the purification of proteins functionally similar to tags such as
hexahistidine and biotin (Popp & Ploegh, 2011). Using Sortase enzymes to isolate, immobilise,
and purify proteins affords several advantages from a biotechnological perspective. For
example, the acyl-enzyme intermediate bond between Sortase and a peptide containing the
LPXTG sequence is consistent in its orientation, relative to the sorting motif. Additionally, the
nature of Sortase interactions with the LPXTG motif means that a range of recombinant
proteins can be studied under the same conditions, removing the need to optimise for ligation
under different experimental conditions, as well as being usable to bind proteins to the

surface of bacteria.
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Figure 1.5. Schematic representation of LPXTG-containing surface protein translocation

and Sortase activity

Surface proteins of S. aureus are translocated across the phospholipid bilayer membrane.
Proteins containing an LPXTG motif at their C-terminus form an acyl-enzyme intermediate
with Sortase A, which is then relieved by and covalently bound to the free amine group of
the peptide stem’s pentaglycine bridge of the Lipidll linked muropeptide. Taken from
Clancy et al, 2010.
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1.8. Iron-Regulated Surface Determinants

Arange of iron-regulated surface determinant (Isd) proteins are expressed by S. aureus, which
contain the NEAr-iron Transporter (NEAT) domain. It was originally believed that these
domains were involved in siderophore binding (Honsa & Maresso, 2011; Grigg et al, 2010;
Mazmanian et al, 2003; Andrade et al, 2002). However, it has since been shown that NEAT
domains allow Gram-positive bacteria to acquire heme-iron from both its mammalian host’s
haemoglobin and the haptoglobin-hemoglobin complexes (Honsa et al, 2014). Proteins with
the NEAT motif are typically covalently bound to the peptidoglycan cell wall in S. aureus and
deliver heme-iron through to the bacterial cytosol (Bates et al, 2003; Skaar & Schneewind,
2004; Figure 1.6.). NEAT domains are characterised by 8 B-strands and a 310 alpha helix that
acts as a hydrophobic heme-binding pocket (Sharp et al, 2007). This work will focus on IsdA
and IsdB. IsdA is a broad-spectrum adhesin that binds to elements of the extracellular matrix
(ECM), such as fibrinogen and fibronectin, as well as acting as a transferrin receptor of heme-
iron (Mazmanian et al, 2003; Clarke et al, 2004). IsdA has also been shown to confer resistance
against the antimicrobial properties of fatty acids found on human skin (Clarke et al, 2007).
IsdB binds haem, haemoglobin, and 3B integrins. It is also thought to be involved in the
invasion of non-phagocytic cells (Zapotoczna et al, 2013). IsdB uses host haemoproteins,
haemoglobin, and myoglobin to acquire iron, but does not bind hemopexin, haptoglobin or
the haemoglobin-haptoglobin complex (which is instead achieved by IsdH). IsdB possesses a
C-terminal LPXTG motif, which is recognised by Sortase A (SrtA) and is therefore covalently
bound to the cell wall peptidoglycan. IsdA possesses one NEAT domain, while IsdB possesses

two — both at their N-terminus (Seederup et al, 2016).

1.7.1. Iron-Regulated Surface Determinant Regulation and Translocation

The proteins IsdABCH are thought to be regulated by the ferric uptake regulator protein (Fur),
which is in turn regulated by PerR — a self-regulating Fur homologue — though the precise
mechanisms of regulation are unknown (Wiltshire et al, 2001; Torres et al, 2010). IsdA
possesses the LPXTG sorting signal motif and is anchored into the cell wall by SrtA activity.
IsdB possesses a YSIRK signal peptide motif, which is generally associated with the SecYEG
translocation machinery, and an LPXTG sorting signal motif associated with SrtA (Bae &

Schneewind, 2003).
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Figure 1.6. Schematic of iron-regulated surface determinant transfer of host iron

The Iron-regulated surface determinant cascade binds to heme iron in the host and
transports it through the Gram-positive cell wall of S. aureus and across the phospholipid
bilayer membrane into the cyoplasm for metabolism. IsdA and IsdB are anchored to the cell
wall by Sortase A, acting a receptors for heme iron. The transport of iron through the cell
wall is facilitated by IsdC, which is anchored to the cell wall by Sortase B. Heme iron is then
transported across the membrane by the IsDEF complex, and is subsequently degraded by

IsdG and Isdl. Taken from Schneewind & Missiakas, 2014.
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1.9. Clumping Factor A

Clumping factor A (CIfA) is a covalently bound surface protein responsible for bacterial
adhesion to the gamma chain of the human glycoprotein fibrinogen (Figure 1.7.). It also
promotes the clumping of bacterial cells, which is known to allow S. aureus to evade
phagocytosis due to the size of aggregated bacteria (McDevitt, et al, 1997). CIfA has also been
shown to degrade C3b, a vital component of the mammalian innate immune system’s
complement cascade, which thereby prevents opsonisation and subsequent phagocytosis of

the bacteria (Ghasemian et al, 2015).

CIfA is one of several Microbial Surface Components Recognising Adhesive Matrix Molecules
(MSCRAMMs), which are collectively responsible for mediating the initial attachment of the
bacteria to its host — along with other secreted factors and teichoic acids (Patti et al, 1994).
Many MSCRAMMs facilitate the formation of biofilms, such as CIfA, collagen-binding protein
(Cna), and fibronectin-binding protein (FnbP). FnbP is a major MSCRAMM of S. aureus known
to facilitate the colonisation of mammalian hosts via adhesion to fibrinogen and fibronectin
and is also known to confer resistance to antibiotic treatments (Herman-Bausier et al, 2016).
MSCRAMMs typically have a structural domain organisation consisting of a signal sequence
(S) followed by a ligand binding domain (A), a B-repeat region (B), a Serine-aspartic acid repeat
region (R), a wall-spanning region (W), an LPXTG motif which is recognised by SrtA for the
covalent binding of proteins to the cell wall, a transmembrane region (M), and a cytoplasmic

domain (C) (Jonsson et al, 2003).

1.9.1. Clumping Factor A Regulation and Translocation

CIfA is thought to be negatively regulated by MgrA and is predominantly produced during
stationary growth phase. This repression is alleviated by the ArlRS two component system
though an unknown signal. This cascade also represses the expression of Ebh, SraP, and SasG,
which act as umbrella proteins — obfuscating ClfA-mediated fibrinogen binding. The
repression of these umbrella proteins allows CIfA to bind to fibrinogen in its host’s
extracellular matrices by making it a prominent and ubiquitously expressed surface protein
(Jenul & Horswill, 2019). CIfA is translocated across the bacterial membrane via the SecYEG

complex, and covalently bound to the cell wall by SrtA (Tsompanidou et al, 2012).
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Figure 1.7. Schematic and crystal structure of CIfA

Schematic representation of CIfA domain organisation. The signal sequence (S) is located at
the N-terminus, followed by the A region, which is comprised of the N1, N2, and N3
domains, a serine-aspartate repeat region (Sdr), a cell wall spanning region (W), the sorting
signal LPXTG, and the cytoplasmic tail (M) at the C-terminus. Ligand binding regions N2 and
N3 are highlighted in green and yellow, respectively. The red sheet located within the
binding trench of N2 and N3 is representative of the carboxy terminus of the y-chain of

fibrinogen. Adapted from Herman-Bausier et al, 2018.
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1.10. Surface Protein A

Another MSCRAMM of S. aureus is Protein A (SpA). While it does not bind fibronectin — a trait
shared by the majority of MSCRAMMS — this highly immunogenic protein binds the constant
(Fc) domain of IgG and IgM, as well as the Fab domain of antibodies (Foster & H66k, 1998).
The binding of immunoglobulins by SpA is achieved via five homologous binding domains: E,
D, A, B, and C (Graille et al, 2000; Figure 1.8.). This enables evasion of the innate and adaptive
immune systems by impairing phagocytosis and preventing opsonisation (Muthukrishnan et
al, 2011). SpA is also capable of binding the V43* Fab fragments displayed on the surface of B
lymphocytes, promoting the clonal expansion of B lymphocytes and their subsequent cell
death (Sasso et al, 1991). As a result, the host B cell response and antibody secretion against
S. aureus infection is prevented, thereby prolonging the infection. Additionally, both
covalently surface-bound protein A and secreted protein A have been shown to play a partin
biofilm formation, disease progression, and immune evasion contributing significantly to the
increase of antibiotic resistant infections and disease prevalence (Merino et al, 2009; Becker
et al, 2014). SpA is also known to interact with von Willebrand factor, as well as tumour
necrosis factor receptor 1 (Hartleib et al, 2000; Goémez et al, 2004). Mutant strains of S. aureus
lacking SpA have been shown to possess greatly reduced virulence capacities. Mice infection
models have been shown to promote S. aureus specific antibodies in the absence of SpA
display, such that reduced pathogenesis is observed upon subsequent infection with S. aureus
strains displaying SpA (Johnson et al, 1985; Cheng et al, 2009). Similarly, it has been shown
that the release of SpA into the extracellular milieu contains the intact sorting signal motif

LPXTG, implicating a lack of SrtA processing (O’Halloran et al, 2015).

SpA is considered a ubiquitous protein of S. aureus and as such has been widely studied (Gao
et al, 2004). So much so that SpA is used to characterise S. aureus isolates globally in a range
of healthcare settings as an assessment of virulence. These characterisations of S. aureus
isolates are used to inform potential treatment strategies. This approach is known as SpA
typing (Asadollahi et al, 2018; Strommenger et al, 2008). SpA has also been used as the target
for the development of vaccines against S. aureus, with successful results displayed in mice

(Kobayashi & Deleo, 2013).
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Figure 1.8. Crystal structure of SpA complexed with both the constant domain and Fab
domain of immunoglobulins

(A) Schematic representation of SpA domains, including the signal sequence (S) Ig binding
domains E, D, A, B, and C, the antigenic variable region (Xr), a cell wall spanning region (Xc)
which contains the LysM domain. The sorting signal contains the LPXTG sorting signal motif,
a hydrophobic membrane region (M), and a positively charged tail region (+). Taken from
O’Halloran et al, 2015. (B) Cross linking of the V43 Fab domain (cyan) and an Fc domain of
mammalian immunoglobulins by SpA domain D. (C) Purification of IgG binding domain D of
surface protein A is composed of three a-helices (red; Dom D1), shown dimerised to a
second purified D domain (green; Dom D2) as an asymmetric unit. Taken from Graille et al,

2000.
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1.10.1. Surface Protein A Regulation and Translocation

The regulation and translocation of SpA to the cell surface of S. aureus is well understood.
The expression of spa is negatively regulated by the global virulence regulator Agr (accessory
gene regulator) which is a quorum sensing system that contains a response regulator (AgrA)
and a sensor histidine kinase (AgrC) (Paulander et al, 2018). S. aureus, like many bacteria,
secrete various autoinducing peptides which signal cell density within and across species
(Sturme et al, 2002). In response to the reception of AgrD autoinducing peptides (AIPs) during
stationary growth phase, the Agr system is upregulated. AgrC binds AgrD AIP at critical
concentrations, resulting in an autophosphorylation event of AgrC. A phosphate group is
transferred from AgrC to AgrA, which then induces the expression of RNAIIl — binding the spa
transcript and preventing translation — thereby negatively regulating SpA production (Figure
1.9.). As such, SpA is only produced, and therefore incorporated into the cell wall, during
exponential growth phase, when AgrD AIP are at lower concentrations (Cheung, et al, 2008;
Canovas et al, 2016). This transition also marks a shift in S. aureus whereby the production of
secreted toxins is repressed, and the production of surface proteins is upregulated by the
AgrA-induced transcription of RNAIII (Thompson & Brown, 2021). In addition, the SarA family
of proteins is known to play a role in the regulation of Agr during this growth phase transition.
The sarA locus is repressed by SarA and SarR, while the stress-induced transcription factor
SigB promotes the expression of SarA. This in turn regulates the activation of Agr, and
therefore the repression of SpA (Oriol et al, 2021). Additional contributing factors to spa
expression include the Rot virulence regulator protein, MgrA repression, temperature, and

pH levels (Zhu et al, 2019; Ingavale et al, 2005; Huang et al, 2012).

The structure and function of SpA has been well studied, but the localisation of this surface
exposed virulence factor is poorly understood. One structural element of surface protein A
includes the presence of the LPXTG motif at its C-terminus. This motif is recognised by the
membrane bound SrtA, which facilitates the covalent binding of SpA into the cell wall
architecture. A second, N-terminal motif known as YSIRK directs SpA to the cross wall of
dividing cells for cell wall incorporation and subsequent display on the cell surface (Roche et
al, 2003; DeDent et al, 2008). Translocation of SpA and many other surface proteins is

facilitated by the SecYEG secretion system (Sibbald et a/, 2010).
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Figure 1.9. Schematic representation of Agr regulation and induction by AIPs

Quorum sensing Agr auto-inducing peptide (AIP) is encoded within agrD, transported into
the envionment by AgrB and SpsB, and recognised by AgrC at the membrane. The
production of AIPs at critical levels is achieved during post-exponential growth phase,
wherein AgrC, a histidine kinase, binds AIPs. AgrC is autophosphorylated, and that
phosphate is transferred to AgrA, which bind to agr promotors P2 and P3. This drives the
expression of RNAIl and RNAIIl transcription, respectively. RNAIl encodes the agrBDCA
operon, responsible for AIP biosynthesis and the sensor-regulator machinary, while RNAIII
regulates the expression of various secreted toxins and surface proteins. RNAIIl also binds
the spa transcript as antisense RNA to prevent spa translation, and thereby acts as a

negative regulator. Taken from Jenul & Horswill, 2019.
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1.11. Molecular Co-ordination of Precursor Peptides

Signal peptides are present at the N-terminus of many surface proteins and facilitate the
secretion and translocation of proteins in bacteria (DeDent et al, 2008). The signal peptide
functions as a binding site for chaperone enzymes and a recognition sequence for the
secretion machinery, such as SecYEG (Section 1.10.1.; Briggs & Gierasch, 1986). Work done
by Bae and Schneewind in 2003 shows that a motif within many of S. aureus’ surface protein
signal sequences, YSIRK G/S, plays an important role in the processing and secretion of surface
protein A (SpA). Their work also reports that, while SpA processing and secretion were
significantly reduced because of various YSIRK G/S mutations, the covalent attachment of SpA
to the cell wall and the prevalence of SpA displayed on the bacterial surface was unaffected.
Subsequent work done by DeDent et al (2008) showed that recombination of the YSIRK G/S
motif into the signal peptide sequence of surface proteins that naturally lack YSIRK G/S, alter
their sites of secretion. Clumping factor A (CIfA) possess the YSIRK G/S motif and displays a
ring-like distribution around the S. aureus cell, while another surface protein, SasF, which
lacks this sequence, is secreted onto the surface of the cell at distinct and punctate sites. The
group has not only shown that recombinant SasF with the YSIRK G/S sequence is secreted
across the whole cell surface, but also that removal of YSIRK G/S from CIfA caused it to be
secreted at distinct foci on the bacterial surface. This suggests that the YSIRK G/S motif is
important in the molecular co-ordination of precursor peptides and potentially impacts the

localisation dynamics of surface proteins.

The possession of a YSIRK signal sequence motif at the hydrophobic N-terminal domain of
surface exposed proteins is a shared characteristic across many Gram-positive bacterial
species (Bai et al, 2020). The association between the YSIRK motif and the SecYEG translocon
regarding key virulence determinant proteins in S. aureus and other Gram-positive organisms
highlights some of the coordinated and dynamic pathways involved in S. aureus’ ability to
cause disease. To understand more about the importance and localisation of these essential
virulence elements, further study is required using both a model organism and a model

virulence determinant.
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1.11.1. SecYEG

The translocation of many of S. aureus’ surface proteins across the bacterial membrane from
the cytoplasm, including IsdAB, CIfA, and SpA, is achieved by the SecYEG translocon (Khoon &
Neela, 2010). In fact, all MSCRAMM surface proteins have been associated with the SecYEG
translocon (Bartlett, A. H., & Hulten, 2010; Figure 1.10.). This association between MSCRAMM
surface proteins and the SecYEG translocon has been shown via alterations in the N-terminal
YSIRK signal sequence motif causing SpA to co-purify with SecA, as well as the lipoteichoic
acid synthesis protein LtaS (Ye et al, 2018). Indeed, SecYEG is an essential translocation
machinery in all bacteria, and is comprised of the cytosolic ATPase and translocase motor
protein, SecA, and the protein channel complex SecYEG (Prabudiansyah & Driessen, 2016).
While SecYEG is essential as an overall translocation machinery, it has been shown that SecG
can be lost without effecting viability in Escherichia coli (Nishiyama et al, 1996). A chaperone
protein associated with the SecYEG translocon, termed SecB (Rapoport, 2007), has been
shown to guide cytoplasmic polypeptide precursors to the SecYEG complex for translocation
across the bacterial membrane in E. coli and B. subtilis, but not in S. aureus (Mazmanian et al,
2001). Instead, S. aureus possesses SecA-2 and SecY-2 however, which are thought to perform
a similar function in facilitating the translocation of preproteins. Additionally, SecDF are
accessory factors to the SecYEG complex, despite acting as drivers for the proton motor force
of SecA. SecDF has also being shown to impair both growth, division, antibiotic resistance,

and SpA display in S. aureus (Quiblier et al, 2011).

While the SecYEG translocon has homology to the mammalian Sec61 pathway (Park &
Rapoport, 2012), it is unique and essential to all bacteria. As such, the SecYEG translocon,
including the SecA motor protein, which has no mammalian analogue, and SecDF accessory
factors, are all considered valuable target for the development of antibiotic strategies against

a range of bacterial species, including S. aureus (lin et al, 2018).
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Figure 1.10. Schematic representation of SecYEG-mediated translocation of preproteins

Preproteins are chaperoned to the SecA motor protein by SecB in E. coli and B. subtilis, and
by an unknown mechanism in S. aureus. Proteins are then translocated across the
phospholipid bilayer membrane by SecYEG, where their signal sequence is recognised and
cleaved by a membrane-bound signal peptidase prior to surface display. Adapted from

Prabudiansyah et al, 2015.
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1.12. Localisation Methods

Fluorescence microscopy is a frequently used technique to visualise cellular structures,
molecules, proteins, nucleic acids, and lipids, both intracellularly and extracellularly in a range
of cell types (Sanderson et al, 2014). In fluorescence microscopy, samples are typically stained
with a fluorescent dye or probe that binds specifically to the structure or molecule of interest.
The sample is then excited by light of a specific wavelength, which causes the fluorescent dye
or probe to emit light of a different wavelength. This phenomenon is also known as
photoluminescence (Shinde et al, 2012). The emitted light is detected by the microscope’s
objective lens, and a digital image of the sample is generated (Herman, 2020). Fluorescence
microscopy has several advantages over other microscopy techniques. It is sensitive, allowing
the detection of low levels of fluorescently labelled molecules, and has high spatial resolution,
allowing the visualization of small structures within cells. Fluorescence microscopy is also
relatively fast and easy to use, making it a widely used technique in research and clinical
settings. There are several different types of fluorescence microscopy, including
epifluorescence, confocal, immunofluorescence, and super resolution microscopy. These
techniques differ both in their methods of sample preparation, in the way that they generate
images, and in the level of detail that they can provide (Agard et al, 1989). Therefore, it is
important to understand the benefits and limitations of microscopy techniques to better

determine the most appropriate methodology for specific applications and objectives.

Fluorescence microscopy has elucidated many important cellular structures in bacteria whose
localisations were previously unknown, which has enabled the further study of these proteins
and structures in relation to the various processes of the bacterial cell cycle. For example, the
localisation of key proteins involved in S. aureus cell division — FtsZ and EzrA — were achieved
using fluorescence microscopy of these proteins conjugated to Yellow Fluorescent Protein
(YFP) (Lund et al, 2018). Additionally, Red Fluorescent Protein (RFP) has been used to identify
conditions in which S. aureus forms biofilms, as well as genes that contribute to biofilm

formation (Boles & Horswill, 2008).
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Immunofluorescence microscopy is a technique that uses fluorescently labelled antibodies to
visualise proteins in a range of cell types and tissue cultures. It is widely used for the specific
localisation of proteins due to the nature of immunogens, or antibodies, being highly specific
to their target antigens. Due to the specificity of antibodies to bind antigens, antibodies can
be produced in animal host species in response to a purified protein of interest. Once
harvested, these antibodies can then be conjugated to fluorophores and used for research
purposes. Typically, a combination of primary antibodies that are specific to a protein of
interest, and a secondary antibody raised against the primary antibody are used, where the
secondary antibody is conjugated to a fluorophore. Additionally, primary, and secondary
antibodies can be used in isolation for localisation studies, where primary antibodies would
then be conjugated to fluorophores. However, this is generally considered a less efficient
method, as multiple secondary antibodies are capable of binding to primary antibodies —
thereby providing increased intensities of fluorescence that more easily allow the user to
localise their molecule of interest (Im et al, 2019). Immunofluorescence microscopy has been
used to localise a variety of surface exposed antigens of methicillin resistant S. aureus (MRSA)
previously, both in vitro and within mammalian infection models. These include localising
capsular polysaccharide type 5 (CP5), manganese transporter C (MntC) and clumping factor A

(CIfA) (Timofeyeva et al, 2014).

Light microscopy, including immunofluorescence microscopy, is limited by the optical
diffraction limitation of light — also known as Abbe’s diffraction limit — which is resolved at
200 nm (Klar et al, 2001). Traditional optical methods are unable to spatially resolve
fluorescent reporters within 200 nm of one another. Diffraction limited fluorescence
microscopy is constrained by this limitation, demonstrated by the appearance of “airy disks”.
The simultaneous excitation of fluorophores creates an airy disk of 200 nm in diameter.
Therefore, other fluorophores emitting light within that diameter are impossible to spatially
separate from one another (Rivolta, 1986). To circumvent this obstacle, various super
resolution microscopy techniques are available, and have previously been used in the
localisation of proteins in S. aureus (Lund et al, 2018). These super resolution microscopy
techniques include, but are not limited to, structured illumination microscopy (SIM) and
stochastic optical reconstruction microscopy (STORM) (Jensen et al, 2020; Li et al, 2018; Lund
et al, 2022).
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Work done by DeDent et al in 2007 illustrates both the usefulness of immunofluorescence
and the diffraction limitation of fluorescence microscopy well. Although fluorescently
conjugated antibodies bound to SpA are clearly visible in figure 1.11., precise localisation of
individual proteins is impossible at this resolution. While diffraction limited fluorescence
microscopy allows the user to visualise the presence of proteins tagged with fluorescent
reporters, the precise localisation and identification of single surface proteins is not
achievable via this technique. Nevertheless, fluorescence microscopy is a powerful technique
in localising proteins, specifically in identifying patterns of localisation. While many
biotechnologies exist that are compatible with fluorescence microscopy, such as GFP and YFP,
they also come with their own advantages and disadvantages. For example, GFP has been
reported to misfold, weakening its fluorescent signal (Cabantous et al, 2005). Additionally,
YFP is sensitive to pH, has poor photostability, and is expressed poorly at 37°C (Griesbeck et
al, 2001). For the investigation into the localisation of various surface proteins of S. aureus

within this work, an alternative biotechnology was chosen called SNAP tag (Section 1.13).

Super resolution microscopy techniques exist which allow the precise molecular localisation
of both intracellular and surface exposed proteins (Schermelleh et al, 2019). Super resolution
microscopy can circumvent the limitations of conventional fluorescence microscopy —namely
the elucidation and spatial separation of fluorescent molecules within 200 um of one another
(Yamanaka et al, 2014). One such example of a super resolution microscopy technique is
Super Resolved Structured lllumination microscopy (SR-SIM), which surpasses the optical
diffraction limitation by incorporating scattering light and moiré patterns to illuminate smaller
sections of a given sample at a time, thereby preventing the accidental excitation of
neighbouring fluorophores and avoiding the production of air disks (Heintzmann et al, 2017).
Stochastic Optical Reconstruction Microscopy (STORM) achieves a similar effect in avoiding
airy disk production by using highly focused, short bursts of excitation, to prevent the
excitation of neighbouring fluorophores (Codron et al, 2021). However, an important
limitation of super resolution microscopy techniques is the requirement of particularly
sensitive and stable fluorophores, as these techniques employ higher excitation intensities

and exposure times than their conventional counterparts (Tosheva et al, 2020).
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Figure 1.11. Antibody efficiency screen for SpA immunofluorescence of S. aureus strains
S. aureus RN4220, RN4220 deletion mutants of spa, srtA, and clinical strains Newman and
N315 were used for immunofluorescence. S. aureus strains were fluorescently labelled with
Alexa fluor 647-IgG, FITC-IgG, and Cy3-lgG conjugated antibodies as a comparison of

antibody efficacy for the localisation of SpA. Taken from DeDent et al, 2007.
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1.13. SNAP Tag

SNAP tag (Single Nucleotide Affinity Purification) is the product of directed evolution of the
human O¢-alkylguanine-DNA-alkyltransferase (AGT) enzyme; a DNA repair enzyme that
removes alkyl groups from DNA-guanine (Mollwitz et al, 2012). The result is O°-
benzylguanine-DNA-benzyltransferase, known as SNAP tag (Figure 1.12.). SNAP can be
conjugated to proteins via a flexible, short oligo linker, where it can then be used to covalently
and irrevocably bind to benzylguanine derivative substrates that contain fluorescent
molecules (Juillerat et al, 2003). The benzylguanine substrate can also be conjugated to
various functional groups, depending on the intended investigation, for various functions like
protein purification. The 1:1 stoichiometry of SNAP and benzylguanine substrates means that
this reaction does not interfere with other biological processes (Hoelzel & Zhang, 2020). The
availability of multiple fluorophore-benzylguanine derivative dyes also allows for
multicoloured labelling of SNAP, while the use of SNAP-Block prevents SNAP from binding
benzylguanine derivatives, thereby affording a range of flexibility and versatility to the user.
Additionally, CLIP tag was also developed, which functions identically to SNAP tag, but
covalently binds benzylcytosine derivative dyes instead of benzylguanine. This allows not only
the labelling of either SNAP or CLIP with multiple derivative dyes conjugated to a range of
fluorophores, but also the use of both SNAP and CLIP together, wherein both can be labelled
separately using their respective derivative substrates to localise multiple proteins of interest
simultaneously without interfering with one another (Sun et al, 2011). The versatile nature of
SNAP-tag makes it a useful and biotechnological approach to establish both the localisation

of proteins in S. aureus, and their dynamic spatial and temporal development.
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Figure 1.12. Schematic representation of SNAP tag functionality
SNAP covalently binds benzylguanine derivate substrates which, when conjugated to
fluorophores, can be wused to localise proteins of interest. Adapted from

International.neb.com.
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1.14. Aims

Proteins displayed on the surface of S. aureus cells are known to mediate colonisation and
infection in humans and other mammals. While the function of many of these proteins have
been investigated, their localisation on the surface is poorly understood. Therefore, the aims

of this study include:

e Localisation of IsdAB, CIfA, and SpA on the surface of S. aureus using SNAP-tag and
fluorescence microscopy

e Elucidate the molecular organisation of these proteins on the cell surface of S. aureus

e Investigate the development of surface protein display spatially and temporally using
Trypsin cell shaving

e Investigate the regulation of surface protein display

e Correlate the localisation of these surface proteins to the newly discovered
architecture of the S. aureus cell wall by AFM

e Create a nano-scale map of these surface proteins using gold-conjugated antibodies

and AFM
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Chapter 2
Materials & Methodology

2.1. Growth Media

All media was prepared using distilled water (dH,0) and sterilised by autoclaving for 20

minutes at 121°C unless otherwise stated.

2.1.1. Lysogeny broth (LB)

Yeast extract (Oxoid) 10gL?
Tryptone (Oxoid) 5glL?
NacCl 5g Lt
2.1.2. LB agar

Tryptone (Oxoid) 5glL?
Yeast extract (Oxoid) 19gL?
NacCl 5glLt
Bacteriological agar 1.5% (w/v)

2.1.3. Lysogeny potassium broth (LK)

Tryptone (Oxoid) 5glL?
Yeast extract (Oxoid) 19gL?
KCl 5glLt
2.1.4. LK agar

Tryptone (Oxoid) 5glLt
Yeast extract (Oxoid) 19gL?
KClI 511
Bacteriological agar 1.5% (w/v)

2.1.5. Tryptic soy broth (TSB)

Tryptic soy broth (Oxoid) 30g Lt
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2.1.6. TSB agar (TSA)

Tryptic soy broth (Oxoid)

Bacteriological agar

2.2. Antibiotics

30glL?
1.5% (w/v)

The Antibiotics used in this study were filter sterilised through 0.2 um pores and stored at -

20°C. Stock solutions of antibiotics were thoroughly thawed where necessary, and diluted to

their respective working concentrations in sterilized media, cooled at 55°C.

Table 2.1. Antibiotic stock solutions and working concentrations

Antibiotic

Ampicillin
(Amp)
Erythromycin
(Erm)
Kanamycin
(Kan)
Lincomycin
(Lin)
Methicillin
(Meth)
Tetracycline

(Tet)

Stock
Concentration
(mg mL?)
100

50

25

10

S. aureus working

concentration

(ng mLY)

50

25

10

2.3. Bacterial Strains and Plasmids

2.3.1. Staphylococcus aureus Strains

E. coli working
concentration
(ng mL?)
100

Solvent

dH20

95% (v/v)
ethanol

dH20

50% (v/v)
ethanol

dH20

50% (v/v)

ethanol

S. aureus strains used in this work were grown on TSA and in TSB with the appropriate

antibiotic selection where necessary. Strains were stored at -80°C in Microbank bead tubes
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(Pro-lab Diagnostics). Liquid cultures were grown in 10 mL TSB in sterilized Falcon tubes and
in sterilized glass conical flasks at 37°C, shaking at 250 rpm. Agar plates were incubated at
37°C and stored at -4°C. Overnight liquid cultures were sub-cultured the following day to an

ODeoo of 0.05 and grown to exponential phase (ODsoo of 0.5-0.8) for experimentation.

Table 2.2. S. aureus strains used in this study

Strain Relevant genotype & selection markers Source

SIF 57 8325-4 cured of pro-phages 011, 012, and 023 O’Neill, 2010

SIF 62 RN4220, a restriction deficient modification efficient Kreiswirth et al,

intermediary transformation strain 1983
SJF 315 COL, a methicillin resistant strain of S. aureus Mahmud Masalha
SIF 426 SH1000 with agr locus deleted, Tet? Liz Cooper
SIF 682 SH1000 wild type, an rsbU * derivative of 8325-4 O’Neill, 2010
SJF 2181 SH1000 isdA::kan / Kan® Howard Crossley
SIF 2507 SH1000 isdB::ery / ErmR Howard Crossley
SJF 2978 SH1000 spa::kan / Kan® Girbe Buist
SJF 4996 SH1000 lysA::pmecA / Erm®? Viral Panchal
SJF 5003 SH1000 lysA::pmecA rpoB92°Q / ErmR Viral Panchal
SJF 5010 SH1000 rpoBH92°9Q Viral Panchal
SJF 5276 RN4220 lysA::isdB-SNAP / ErmR This study
SJF 5277 RN4220 /syA::isdA-SNAP / Kan® This study
SJF 5278 RN4220 lysA::clfA-SNAP /[ Tet® This study
SJF 5281 RN4220 lysA::spa-SNAP / ErmR This study
SJF 5329 SH1000 spa::kan lysA::spa-SNAP / KanR, ErmR This study
SJF 5363 SH1000 isdB::tet lysA::isdB-SNAP / TetR, ErmR This study
SJF 5390 SH1000 clfA::erm lysA::clfA-SNAP / ErmR, TetR This study
SIF5602  SH1000 spa::kan lysA::spa-SNAP agr::tet / Kan®, ErmR, Tet? This study
NE 453 JE2 bursa aurealis Tn insertion in sbi / Erm® Fey et al, 2013
SJF 5633 SH1000 transduced with NE 453 lysate (sbi::erm) / ErmR This study
SJF5634 = SH1000 spa::kan transduced with NE 453 lysate (sbi::erm) / This study
KanR®, ErmR

SIF 5737 SH1000 lysA::pmecA agr::tet / ErmR, Tet® This study
SJF 5738 SH1000 lysA::pmecA rpoB"92°Q ggr::tet / ErmR, TetR This study
SJF 5749 SH1000 rpoB™°?°Q qgr::tet / TetR This study
SIF5771 SH1000 spa::kan agr::tet / Kan®, Tet? This study
SIF 5772 COL agr::tet / Tet® This study
SJF 5813 SH1000 lysA::pmecA rpoB"92°Q sarA::kan / ErmR, Kan® This study
SJF 5814 SH1000 rpoB™°?°Q sarA::kan / Kan® This study
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2.3.2. Escherichia coli Strains
Escherichia coli strains were grown under the same conditions as S. aureus, using LB and LK
media instead of TSB. Liquid E. coli cultures were incubated at 37°C, 200 rpm.

Table 2.3. E. coli strains used in this study

Strain Relevant genotype & selection markers Source
NEB5a fhuA2 A(argF-lacZ) U169 phoA ginV44 ®80 New England
A(lacZ) M15 gyrA96 recAl relAl endA1 thi-1 Biolabs
hsdR17
SIF 5270 NEBS5a transformed with pTH002 / Amp® This study
SJIF 5271 NEBS5a transformed with pTH004 / AmpR This study
2.3.3. Plasmids
Table 2.4. List of plasmids used in this study
Plasmid Description Source
pTHO02 isdA-SNAP in pGMO072 Kasia Wacnik
pTHOO3 isdB-SNAP in pGM068 Kasia Wacnik
pTHO04 clfA-SNAP in pGMO069 Kasia Wacnik
pTHOOS spa-SNAP in pGMO068 Kasia Wacnik
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2.4. Buffers and Solutions

2.4.1. Phage Buffer

MgSO4 1 mM
CaClz 4 mM
Tris-HCI pH7.8 50 mM
NacCl 0.6% (w/v)

2.4.2. Phosphate Buffered Saline (PBS)

NacCl 8glLt

Na;HPO, 14g L1
KCl 0.2gL?
KH2PO4 02glL?

2.4.3. TAE (50x)

Tris base 242 gLt
Glacial acetic acid 5.7% (v/v)
NaEDTA pH 8 50 mM

TAE (50x) was diluted to working concentration (1x) using dH,0 for experimental use.

2.4.4.TBSI
Tris-HClI pH 7.5 50 mM
NaCl 100 mM

EDTA-free protease inhibitor (Roche) was dissolved in buffer to make TBSI, as per

manufacturer’s instructions.

2.4.5. Fixing Solution Preparation

2.4.5.1. 100 mM Sodium Phosphate Buffer (pH 7)

1 M NaH;POq4 42.3 mL
1M NazHPO4 57.7 mL
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2.4.5.2.16% (w/v) Paraformaldehyde (PFA)

Paraformaldehyde 8¢g
100 mM Sodium Phosphate buffer pH 7 50 mL

2.4.5.3. Fixing Solution

PBS 2mL
16% (w/v) Paraformaldehyde 0.5mL

2.4.6. SDS-PAGE Solutions

2.4.6.1. SDS-PAGE Running Buffer (10x)

Tris 30.3 gLt
Glycine 144 gL't
SDS 10 gL

10x SDS-PAGE buffer was diluted to working concentration (1x) with dH,0 for experimental

conditions.

2.4.6.2. SDS-PAGE Loading Buffer (5x)

Glycerol 50% (v/v)
Tris-HCl pH6.8 250 mM
SDS 10% (w/v)
DTT 500 mM

Bromophenol blue  0.5% (w/v)

2.4.6.3. Coomassie Blue Stain

Coomassie blue 0.1% (w/v)
Glacial acetic acid 10% (v/v)

Methanol 5% (v/v)

2.4.6.4. Coomassie Blue De-stain
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Glacial acetic acid 10% (v/v)

Methanol 5% (v/v)

2.4.7. Western Blotting Solutions

2.4.7.1. Blotting Buffer

Glycine 11.26 gL't
Tris 2.4 gLt
Ethanol 20% (w/v)

2.4.7.2. TBST (10x)

Tris 24.2gl?
Tween-20 2% (v/v)
NacCl 20glL?

TBST (10x) was diluted to working concentration (1x) with dH,0.

2.4.7.3. Blocking Buffer

5% (w/v) powdered semi-skimmed milk was dissolved in 1x TBST buffer for experimental use.

2.5. Chemicals & Enzymes

All chemicals and enzymes used in this study were of analytical grade quality. All restriction

enzymes, polymerases, and appropriate buffers were purchased from New England Biolabs

or Fischer Scientific.
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Table 2.5. Chemicals and stock solutions used in this study
Stock Solution Concentration Solvent
HADA (hydroxycoumarin 3-amino-D- 100 mM DMSO
alanine; Department of Chemistry,
University of Sheffield)
IPTG (isopropyl-B-D-1- 1M dH20
thigalactopyranoside) (Sigma)
Lysostaphin (Sigma) 5 mg mL? 20 mM sodium

acetate pH 5.2

SNAP-Cell TMR-Star (New England 1mM DMSO
Biolabs)
SNAP-Surface Alexafluor 647 (NEB) 1 mM DMSO

Storage
-20°Cin
dark

-20°C

-20°C

-20°Cin

dark

-20°Cin
dark
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2.6. Blocking buffer for Imnmunofluorescence Microscopy

Bovine Serum Albumin (BSA) 2% (w/v) in 1x PBS

2.7. Centrifugation

The following centrifuges were used to harvest bacterial samples:
e Eppendorf microcentrifuge 5418, maximum speed of 16,783 rcf (14,000 rpm)
e Sigma centrifuge 4K15C, maximum speed of 5,525 rcf (5,100 rpm)
e Avanti High Speed J25I, maximum speed of 75,600 rcf (25,000 rpm)

All centrifugation was carried out at room temperature unless otherwise stated.

2.8. Determination of Bacterial Cell Density

2.8.1. Optical Density

To determine bacterial yield from overnight liquid cultures, the cell solution was diluted 1:10
in sterile media and analysed via spectrophotometry at 600 nm (ODeoo) (Biochrom WPA
Biowave DNA spectrophotometer). The reading was multiplied by 10 to determine the ODsoo

of the overnight cell culture, which serves as a proxy measurement for CFU and growth phase.

2.9. DNA Purification

2.9.1. Genomic DNA Purification

S. aureus genomic DNA was purified using Qiagen DNeasy Blood and Tissue kit. 1 mL of
overnight cell culture was centrifuged at 17,000 x g at room temperature for 3 minutes. The
cell pellet was re-suspended in 180 puL dH20. 5 uL of 5 mg/mL lysostaphin was added to the
re-suspended pellet and incubated at 37°C on a rotary shaker until the solution was clear
(approximately 1 hour). 25 pL of proteinase K and 200 uL buffer AL (without ethanol) were
added. The solution was vortexed briefly and incubated at 70 °C for 30 minutes. 200 plL of
99% (v/v) ethanol were added and the solution was briefly vortexed. The solution was then
transferred to a column and centrifuged at 17,000 x g for 1 minute. The collection tube was
replaced and 500 pL buffer AW1 (with ethanol) was added. The tube was centrifuged at 8000

rpm for 1 minute. The collection tube was replaced and 500 uL of buffer AW2 (with ethanol)
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was added. The tube was centrifuged at 17,000 x g for 3 minutes. 100 uL of dH,0 was added
directly to the tube’s filter and incubated at room temperature for 2 minutes. Genomic DNA

was eluted via centrifugation at 17,000 x g for 1 minute into an Eppendorf.

2.9.2. Plasmid Purification

Plasmids were purified from E. coli using the Genelet Plasmid Miniprep kit as per the

manufacturer’s instructions.

2.10. In vitro Genetic Manipulation Techniques

2.10.1. Primer Design

Primers for PCR protocols were ordered from Sigma Aldrich and typically consisted of 18-29
nucleotides, ending in a G-C cap. These primers were designed against the genome sequence
of S. aureus SH1000 and plasmid sequences used in this study to verify integration into the S.
aureus chromosome. All primers were reconstituted in sterilised MQ dH.O upon reception to
100 uM concentrations and stored at -20°C for long term use. Aliquots were made of 10 uM

primers for use in this work and were also stored at -20°C for long term use.

2.10.2. PCR Amplification

PCR amplification was performed using ThermoFisher Scientific’s Phusion High Fidelity Master

Mix. A 25 plL reaction mix contained:

Phusion High Fidelity Maser Mix (2x) 12.5 pL
Forward primer (10 uM) 1.25 pL
Reverse primer (10 uM) 1.25 pL
Template DNA >100 ng
MQ dH,0 up to 25 uL

PCR protocols were carried out using the Veriti Thermal Cycler (Applied Biosystems) with a

pre-heated lid at 105°C. PCR reactions ran according to the following variables:
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1x Initial denaturation 98°C 30s

30x  Denaturation 98°C 10s

30x  Annealing 55-62°C 10s

30x  Extension 72°C 15-30s/kb
1x Final extension 72°C 3-5 mins

All PCR products were analysed by 1% (w/v) agarose gel electrophoresis (2.10.4.).
Concentration of DNA was measured using the NanoDrop 3300 spectrophotometer. 1.5 plL of
MQ H.0 was used as a blank measurement. 1.5 pL of DNA eluted in MQ H,0 was loaded onto

the platform and measured at 260 nm.

Table 2.6. List of primers used in this study

Primer Sequence (5’- 3’) Source
SNAP R GGTACGTTTCATTTCGCAATC This study
lysA5" F ATGGCGAATTAACAATGGATG This study
amp F TAGATAACTACGATACGGGAG This study
agr2F ATTCGATGGTAACACAGAATATG This study
agr2 R CGTATATGATTACACAATTAGG This study
sbi F GATACCTACAAACATAATGAC This study
sbiR GTTCTAGAGCTAATGAAG This study
sarA F AACATTCAGGACATGCACCG This study
sarA R GGTGGTTTGCTTGGGGTTAG This study
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2.10.3. Restriction Endonuclease Digestion
Restriction digestion of DNA was done using enzymes from New England Biosciences (NEB),
following manufacturer’s instructions. Reactions were incubated at 37 °C for 1 — 2 hours.

Digested DNA was observed and measured via 1% agarose gel electrophoresis.

2.10.4. Agarose Gel Electrophoresis

1% (w/v) agarose gel was made using 1 x TAE buffer. 4 uL of Midori Green (GeneFlow) was
added to small gels (~50 mL) and 8 puL Midori Green was added to large gels (~100 mL) for
DNA visualisation as per the manufacturer’s instructions. DNA fragments were mixed with 6x
loading buffer (Thermofisher) prior to gel electrophoresis. A current of 120 V was applied for
30 minutes to separate DNA fragments according to size. Size of DNA fragments was

determined by comparison to a 1 Kb DNA ladder run on the same gel (Thermofisher).

2.10.5. Transformation of Chemically Competent E. coli cells

A 50 pL aliquot of chemically competent E. coli NEB5a cells were defrosted on ice (New
England Biolabs). 1 ng of plasmid DNA was added to the cell solution and mixed gently by
pipetting, before being incubated on ice for 30 minutes. The cells were then heat shocked at
42°C for 45 seconds and placed on ice for 5 minutes. Cells were recovered by the addition of
500 pL LB and incubated at 37°C, shaking at 250 rpm, for 1 hour. 100 pL aliquots were spread
on selected LB agar plates and incubated at 37°C for 16-18 hours, until colonies appeared.
Chemically competent E. coli NEB5a were incubated with the equivalent volume of water and

processed following the same method as negative controls.

2.10.6. Preparation of Electrocompetent S. aureus

A single colony of S. aureus RN4220 was grown in 5 mL TSB liquid culture overnight at 37°C,
250 rpm. 1 mL of the overnight culture was transferred into 99 mL fresh TSB in a 250 mL
conical flask. The subculture was incubated at 37°C for 2 hours, or until an ODggo of 0.4 — 0.6
was reached. The flask was placed on ice for 20 minutes, the cell culture was transferred into
two 50 mL Falcon tubes, then centrifugated at 5,000 rcf for 10 minutes at 4°C. 10 mL of pre-
cooled 0.5M sterilised sucrose solution was added to gently re-suspend cells, before topping

up to a total volume of 45 mL. The re-suspended cell solution was placed on ice for 30
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minutes. Afterwards, the culture was centrifugated at 5,000 rcf for 10 minutes at 4°C. The
supernatant was discarded, and the cell pellet was re-suspended in 1 mL pre-cooled 0.5M
sucrose solution. Aliquots of 100 uL were transferred into Eppendorf tubes and were flash

frozen in liquid nitrogen before being stored at -80°C.

2.10.7. Transformation of S. aureus by Electroporation

100 pL of electrocompetent S. aureus RN4220 cells were thawed on ice. 5 pL of plasmid DNA
>100 ng was added to the thawed cells and incubated on ice for 20 minutes. Cells were then
transferred to a pre-cooled electroporation cuvette (Bio-Rad) and pulsed with 2.9 kV, 100 Q,
and 25 uF using a Gene Pulser Xcell Electroporation system (Bio-Rad). 1 mL of pre-warmed
TSB was immediately added to the cells, which were then incubated in Eppendorf tubes at
37°C for 2 hours. 100 pL of transformed cells were then plated onto selective media.
Electrocompetent S. aureus RN4220 cells were also incubated with 5 uL MQ H,0 and were

processed following the same methods as negative controls.

2.11. Bacteriophage Techniques

2.11.1. Bacteriophage

Bacteriophage ®11 was used for phage transduction of genes into S. aureus (Mani et al,

1993).

2.11.2. Preparation of Phage Lysate

Donor strains of S. aureus were grown overnight in 5 mL TSB at 37°C, 250 rpm. In a Universal
tube, 5 mL phage buffer, 5 mLTSB, 150 pL of the overnight culture, and 100 pL of phage lysate
were mixed. The cell and phage mixture were incubated at room temperature overnight or
until the solution was clear, indicating bacterial lysis. The mixture was then filter sterilised

through a 0.45 um filter and stored at 4°C for transduction of donor DNA.

2.11.3. Bacteriophage Transduction

The recipient strain of S. aureus was grown in 50 mL LK in @ 250 mL conical flask overnight at

37°C, 250 rpm. The culture was then transferred into a 50 mL Falcon tube for centrifugation
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at 5,000 rpm for 10 minutes at room temperature. The harvested cells were re-suspended in
3 mL LK. 500 pL of recipient cells, 1 mL of LK, 10 uL of 1M CaCl,, and 500 uL of donor lysate
were mixed in a Universal tube. The mixture was incubated for 25 minutes at 37°C without
shaking, before being incubated at 37°C for 15 minutes, shaking at 250 rpom. 1 mL of ice cold
0.02M sodium citrate (NaCit) was added, and the mixture was incubated for 5 minutes on ice.
The solution was centrifugated at 5,000 rpm for 10 minutes at 4°C and the supernatant was
discarded. The bacterial pellet was resuspended in 1 mL ice cold 0.02M NaCit and incubated
on ice for a further 45 minutes. 100 pL of the suspended cells were spread onto selection LK
plates with 0.05% (v/v) NaCit and were incubated at 37°C for at least 24 hours, or until

colonies grew. A mixture of recipient cells without donor phage lysate were used as a control.

2.12. Protein Analysis

2.12.1. Protein Extraction

An overnight culture of S. aureus was set up by inoculating a colony into 5 mL TSB in a
universal tube which was then incubated at 37°C, 250 rpm, for 16 — 18 hours. A 1:10 dilution
was made from this overnight culture the following day and the ODeoo was read using a
spectrophotometer. This was then used to calculate the volume of overnight liquid culture
needed to obtain a 50 mL cell suspension at an ODesgoo 0.05 in TSB. Once the desired starting
ODeoo Was achieved, the cells were incubated in TSB at 37°C, 250 rpm, for 2 hours to reach an
ODgoo of ~0.5. Once the cells had reached an ODeoo of 0.5, the 50 mL cell solution was
transferred to a 50 mL Falcon tube and centrifuged at 4,700 rcf, 4°C, for 15 minutes. The

supernatant was discarded.

EDTA-free protease inhibitor cocktail tablets (Thermofisher) were dissolved in PBS as per the
manufacturer’s instructions to make the PBSI solution, which was kept on ice throughout this
protocol. Cell pellets, also kept on ice, were re-suspended in 1 mL PBSI, and transferred to
FastPrep tubes for cell lysis. Tubes were placed in an MP Biomedicals Fast Prep machine and
run using the “Peptidoglycan” setting with the QuickPrep adapter at 7 m/sec for 35 seconds,

10 times. Tubes were kept on ice between each run for 2 minutes.
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2.12.2. Preparation of cell wall and cell membrane fractions

S. aureus cells were grown in TSB to an ODego of 1 and harvested by centrifugation at 5,000
rcf for 10 minutes at 4°C. Cells were washed twice by resuspension in PBS and centrifugation
at 5,000 rcf for 10 minutes at 4°C. The cell pellet was resuspended in 1.5 mL PBSI and
transferred to a chilled FastPrep tube for cell lysis. Tubes were placed in an MP Biomedicals
Fast Prep machine and run using the “Peptidoglycan” setting with the QuickPrep adapter at
7m/sec for 35 seconds, 10 times. Tubes were kept on ice between each run for 2 minutes.
The supernatant was recovered and transferred to a 15 mL falcon tube. To remove any beads
in the supernatant, the sample was centrifuged at 2,000 rcf for 10 minutes at 4°C. The
supernatant was then centrifuged twice at 15,000 rcf for 10 minutes at 4°C to sediment the
cell wall material. The cell wall fraction was either used immediately for experimentation, or
stored at -20°C. The supernatant was transferred to a fresh centrifuge tube and the
membrane fraction was sedimented by centrifugation at 70,000 rcf for 60 minutes at 4°C. The
pellet containing the membrane fraction was suspended in PBS and either used immediately

for experimentation or stored at -20°C.

2.12.3. Bradford Protein Assay

To determine protein concentration of samples, a standard curve of set concentrations of
bovine serum albumin (BSA) was generated (Figure 2.1.). 0, 1.6, 4, 8, and 12 ug of BSA in 800
uL PBS were transferred into a semi-micro-PS spectrophotometer cuvette (Fisherbrand). 200
uL of Bio-Rad Protein Assay Dye was added to each sample and mixed by pipetting. After 5

minutes at room temperature, the absorbance was measured at 595 nm.

To determine the concentration of a protein sample, the sample was diluted in 800 uL PBS
and transferred to a spectrophotometer cuvette. 200 pL of Bio-Rad Protein Assay Dye was
added to the sample. After 5 minutes at room temperature, the absorbance of the sample
was read at 595 nm and measured against the Bradford Assay standard curve to determine
the concentration of the sample. Otherwise, protein content of samples was normalised by

optical density of the samples.
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Figure 2.1. Standard curve of the Bradford Assay

Absorbance of different BSA concentrations at 595 nm. The line of linear regression is used

to calculate the concentration of a protein sample.
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2.12.4. SDS-PAGE

Proteins were separated by molecular weight using 12% (w/v) Mini-PROTEAN TGX Precast
Gels, prepared as per the manufacturer’s instructions (Bio-Rad). Samples were run in 1x SDS-

PAGE running buffer at 150 V for 60 minutes, on ice.

2.12.5. Coomassie Staining

Following electrophoresis of the SDS-PAGE, the gel was submerged in Coomassie Blue stain
for a minimum of 30 minutes at room temperature to visualise protein content. The size of
proteins was estimated by comparing them to the standard “ladder” of known molecular

weights.

2.12.6. Western Blot Analysis

Protein samples were separated based on molecular weight as described previously (section
2.11.4.). Amersham Hybond ECL Nitrocellulose Membrane (GE Healthcare) was cut to cover
the size of the SDS gel and activated in methanol. Both the gel and membrane were
equilibrated in blotting buffer for 20 minutes. Proteins were transferred from the gel to the
membrane by wet transfer in blotting buffer, onice, at 100 V for 1 hour. Following the transfer
of protein from the gel to the membrane, the membrane was washed with TBST. The
membrane was blocked in blocking buffer at room temperature for 1 hour, shaking gently.
The membrane was washed 3 times for 10 minutes each time in TBST, shaking gently. The
membrane was then incubated with primary antibodies diluted in blocking buffer, either for
2 hours at room temperature or at 4°C overnight, shaking gently. The membrane was washed
again 3 times for 10 minutes each time in TBST, before the membrane was incubated with
secondary antibodies conjugated to horseradish peroxidase (HRP) diluted in blocking solution
for 2 hours at room temperature or overnight at 4°C, shaking gently. After a final 3 washes
with TBST, the membrane was covered and incubated with Amersham Hyperfilm ECL solution

(GE Healthcare) and imaged.

2.13. Sample Preparation for Fluorescence Microscopy

All steps involving fluorophores or otherwise light-sensitive compounds were exposed to light

as little as possible during experimentation to minimise photobleaching.
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2.13.1. Labelling Nascent Peptidoglycan Synthesis with HADA

5 mL of cell culture was grown overnight at 37°C, 250 rpm. The culture was diluted 1:10 and
the ODsoo Was read via spectroscopy. This measurement was used to calculate the volume of
overnight culture required to achieve a subculture at an ODsgo of 0.05. This subculture was
grown for 2 hours, or until an ODego of 0.5 — 0.8 was reached. 10 mL of subculture was
centrifugated at 5,000 rpm for 5 minutes at room temperature. The cell pellet was re-
suspended in 1 mL TSB in an Eppendorf tube. 10 pL of 100 mM HADA was added to the cell
suspension and the culture was incubated at 37°C, rotating, for 5 minutes. Cells were washed

twice with PBS by centrifugation at 17,000 rcf.

2.13.2. Fixing Cells

Cells were re-suspended in 2 mL PBS and 0.5 mL of fixative was added (section 2.4.5.3.). Cells
were fixed for 30 minutes at room temperature, rotating. Fixed cells were washed twice with

MW dH>0 and centrifugation at 17,000 rcf for 1 minute at room temperature.

2.13.3. Labelling of SNAP-tag Fusion Proteins

S. aureus strains containing SNAP-tag fusion constructs were grown to and ODgoo of 0.5-0.8.
10 mL of the cell culture was centrifugated at 5,000 rcf and re-suspended in 1 mL TSB
supplemented with a compatible SNAP-tag substrate dye at 5 WM concentration, unless
otherwise stated. Cells expressing SNAP-tag were incubated with SNAP substrate at 37°C,

rotating, for 30 minutes. Cells were washed and incubated with HADA as described previously.

2.13.4. Immunolabelling & Antibodies

S. aureus cells were grown to an ODesgo of 0.5-0.8. 10 mL of the cell culture was centrifugated
at 5,000 rcf and re-suspended in 1 mL TSB supplemented with 10 pL of 100 mM HADA, and
incubated at 37°C, rotating, for 5 minutes. Cells were washed twice with PBS by centrifugation
at 17,000 rcf. Cells were then fixed with PFA for 30 minutes, rotating, at room temperature
and washed twice with MQ H,O. Fixed cells were then blocked with 2% (w/v) BSA for 1 hour,
rotating, at room temperature. Cells were then incubated with monoclonal primary mouse a-

SpA antibodies at a dilution factor of 1:250, either for 2 hours, rotating, at room temperature,
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or overnight, rotating, at 4°C. Cells were then washed twice with MQ dH,0 before being
incubated with polyclonal secondary rabbit a-mouse Alexafluor 488 conjugated antibodies,
either for 2 hours, rotating, at room temperature, or overnight, rotating, at 4°C. Cells were
then washed twice with MQ dH;0 and mounted on glass microscopy slides as detailed in
section 2.13.5. Antibodies used for immunofluorescence were acquired from ThermoFisher.
Primary antibodies used herein were monoclonal, raised in mice against purified surface
protein A. The epitope which these antibodies bind to SpA are not detailed in the
ThermoFisher product information. Polyclonal secondary antibodies were raised against

primary antibodies in alternative hosts, such as goat and rabbit.

2.13.5. Sample Preparation for Fluorescence Microscopy

10 plL of fixed and labelled sample was dried onto a poly-L-lysine coated glass slide (Sigma)
using air. The slide was washed with dH,0 and dried with air. A high precision 1.5H coverslip
glass (Sigma) was mounted onto of the sample using SlowFade gold (Thermo Fischer) as a

buffer. The coverslip was sealed to the glass slide with transparent nail varnish.

2.13.6. Fluorescence Microscopy Settings

Fluorescence microscopy images were acquired using a DeltaVision deconvolution
microscopy (GE Healthcare). Images were deconvoluted and channels were aligned using
SoftWoRx v.3.5.1. software. Contrast and brightness adjustment and cell measurements were

performed using Fiji (Image)).

Table 2.7. Deltavision filter sets and fluorophores

Filter Excitation filter Emission filter Fluorophores
(nm) (nm)
DAPI 360/40 457/50 HADA
FITC 492/20 528/38 SNAP-Surface Alexafluor 488, rabbit

a-mouse secondary antibody
conjugated to Alexafluor 488
Cy5 640/20 685/40 SNAP-Surface Alexafluor 647
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Chapter 3

Use of SNAP-tag Fusion Constructs to Localise Surface Proteins in

Staphylococcus aureus

3.1. Introduction

S. aureus expresses and displays over 30 proteins on its cell surface, many of which contribute
to the bacterium’s ability to cause disease (Solis et al, 2014; Mazmanian et al, 2001). Surface
proteins, also called cell wall associated / anchored (CWA) proteins, are generally
characterised by the presence of a Sec-dependent N-terminal signal sequence, as well as a C-
terminal sorting signal (Foster, 2019). Examples include the iron-regulated surface
determinant proteins (IsdAB), clumping factor A (CIfA), and surface protein A (SpA), where
IsdB, CIfA, and SpA possess an N-terminal YSIRK signal sequence motif. IsdA however has no
YSIRK signal sequence. All have an LPXTG sorting signal at their C-termini (Clarke et al, 2004;
Torres et al, 2006; McDevitt et al, 1997; Hasman et al, 2010). The presence of a YSIRK signal
sequence — which is highly conserved among staphylococci — is thought to direct the
translocation of these surface proteins across the cell membrane and into nascent cell wall
material at the developing septum (Carlsson et al, 2006). The LPXTG sorting signal is
recognised by the membrane-bound enzyme Sortase A (SrtA), which incorporates CWA
proteins into the cell wall peptidoglycan via Lipid Il, a peptidoglycan pre-cursor molecule

(Chapter 1, Section 1.4.) (Mazmanian et al, 1999).

Previous studies have employed different techniques to localise various key virulence factors
of S. aureus, including plasmid-based fluorescent protein fusion constructs, such as mCherry,
and immunofluorescence microscopy (Zhang et al, 2021; DeDent et al, 2007). The results from
these studies are incongruent however, despite working to localise the same surface protein
—in this case Surface Protein A. DeDent et al favoured the use of the far-red Cy3 fluorophore
conjugated to IgG to localise SpA. They observed SpA labelling as distinct and punctate foci
diagonal to the developing septum, and thereby propose a model of distribution of SpA over
time. Zhang et al, by contrast, use a plasmid borne, chemically inducible SpA construct to
modulate expression, then immunostained with SpA-specific primary antibodies and

fluorescently conjugated secondary antibodies. They show that SpA localises exclusively to
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the cross wall of dividing cells. Additionally, both groups use the S. aureus strain RN4220 to
study SpA display. RN4220 is a heavily mutated, cloning intermediate strain originally isolated
to methylate foreign DNA for subsequent transfer into other S. aureus strains without
restriction (Monk et al, 2015). It also lacks a functional agr locus, which therefore affects the
expression and regulation of many virulence determinants (Nair et al, 2011). As such, a more
robust and reliable approach to localise surface proteins is required in a well characterised
strain of S. aureus, such as the SH1000 background, to establish a representation of wild type
and clinically relevant SpA display and development, both temporally and spatially (O’Neill,
2010).

SNAP-tag is an increasingly popular biotechnological approach for the localisation of proteins,
both in bacteria and mammalian cell lines (Kolberg et al, 2013). SNAP is the result of a directed
evolution experiment on the human DNA repair protein 0°-Alkylguanine-DNA-
Alkyltransferase, where instead of recognising alkylguanine, SNAP covalently binds to
benzylguanine. Subsequent benzylguanine derivatives have been produced, conjugated to a
variety of functional groups —including fluorophores — for localisation and purification studies
using SNAP-tag. Much like the popular Green Fluorescent Protein (GFP), SNAP can be fused
to a protein of interest via a short oligo linker (Cole, 2013). Unlike GFP however, which is
constitutively fluorescent, SNAP can be labelled at a 1:1 stoichiometry with benzylguanine
derivative dyes, which are otherwise inert in vivo. This allows for the selective labelling of
SNAP, fused to a protein of interest, for localisation or purification without interfering with
other biomolecules or pathways. Critically for this work, SNAP-tag can be used with non-cell
permeable dyes to specifically label surface proteins and is resistant to fixative agents.
Additionally, the variety of SNAP dyes and blocking substrates available allows for the
dynamic labelling of fusion constructs over time, using different fluorophores which can be
excited by different wavelengths. Therefore, SNAP provides the user with a variety of
approaches at their disposal without the need for additional cloning, as SNAP-tag function is
multi-faceted and subject to the benzylguanine substrates used. These characteristics make
SNAP-tag an attractive biotechnological tool for the localisation of S. aureus surface proteins.
Previous work carried out in the Foster lab has previously shown SNAP-tag to be an effective

tool for localising a variety of cytoplasmic proteins in S. aureus (Lund et al, 2018).
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3.1.2. Aims of the Chapter

The aim of this chapter was to evaluate the use of SNAP-tag fusions to localise surface

proteins of S. aureus. Specifically, the aims were to:
i Construct a suite of SNAP-tag protein fusions

ii. Create S. aureus SH1000 strains containing SNAP-tag fusions to isdA, isdB, clfA, and

spa in their respective deletion mutant strains

iii. Visualise SNAP-surface proteins constructs using fluorescence microscopy.
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3.2. Results

3.2.1. isdA-SNAP Suicide Vector Design and Chromosomal Integration

All suicide vectors used in this study were either synthesised by GeneWiz or constructed by
Kasia Wacnik in the Foster lab as part of previous work. The isdA-SNAP suicide vector was
designed for a single homologous recombination crossover event into the chromosome of S.
aureus SH1000 (Figure 3.1.). Specifically, SH1000 isdA::erm (SJF 2181) was chosen as the
intended final recipient of the pTH002 isdA-SNAP suicide vector to ensure that the isdA-SNAP
fusion is the only copy of isdA stably expressed within the chromosome. isdA-SNAP lies under
the native isdA promotor and is preceded by its native signal peptide sequence. SNAP is
encoded after the 138 bp signal sequence of isdA and is followed by a short flexible oligo-
linker. This was designed to enable the continued recognition of the IsdA signal peptide and
to observe IsdA localisation as close to wild type SH1000 as possible. Iron-regulated surface
determinant proteins, including IsdA and IsdB, are controlled by the ferric uptake regulator

protein (Fur) and PerR and are expressed under iron-limited conditions (Clarke et al, 2004).

First, endonuclease restriction digestion using Nsil was performed to verify the plasmid size.
The expected band sizes of 1 Kb for the insert containing isdA-SNAP, and 9 Kb for the plasmid
backbone were separated by gel electrophoresis (Figure 3.1.). The 3’ end of the lysA gene was
chosen for homologous recombination due to its size (approximately 1 Kb) and previous use
as a site of homologous recombination (Panchal et al, 2020). The integration of DNA into this
site was designed in such a way that the lysA gene, encoding a diaminopimelate
decarboxylase, would remain intact. Transformation into the restriction-deficient,
modification-efficient RN4220 strain for DNA methylation was successful (SJF 5276) (Figure
3.1.). However, bacteriophage transduction into the SH1000 isdA::erm strain for further study
could not be achieved. Wild type S. aureus SH1000 genomic DNA was used as a negative
control for chromosomal integration screening owing to the lack of SNAP in its chromosome.
No bands were seen for wild type SH1000 as a negative control, which lacks SNAP DNA for
the SNAP R primer to bind to. Expected band size of 1.6 Kb was seen in the genomic DNA of
transformed RN4220 cells (Figure 3.1.).
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Figure 3.1. isdA-SNAP suicide vector and integration

(A) Schematic representation of pTHO002 suicide vector showing homologous lysA 3’
recombination into the S. aureus chromosome. (B) Endonuclease restriction digest of
pTHO002 was performed using Nsil to verify plasmid size. Insert = 1 Kb, plasmid backbone =
9 Kb. (C) Genomic DNA was purified from RN4220 lysA::isdA-SNAP and amplified using lysA
5’ F and SNAP R primers to verify integration of pTH002 into the chromosome of S. aureus

RN4220. Expected band size of 1.6 Kb was observed.
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3.2.2. isdB-SNAP Suicide Vector Design and Chromosomal Integration

The isdB-SNAP suicide vector is identical to that of isdA-SNAP, except for an erythromycin
resistance cassette (erm) for selection in the recipient strain. The isdB-SNAP vector was
designed for a single homologous recombination crossover event into the chromosome of S.
aureus SH1000 via the 3’ end of lysA as described previously (Section 3.2.1.). Specifically,
SH1000 isdB::tet (SJF 2507) was chosen as the intended final recipient of the pTHO03 isdB-
SNAP suicide vector to ensure that the isdB-SNAP fusion is the only copy of isdB stably
expressed within the chromosome. isdB-SNAP lies under the control of its native promotor
and is preceded by its native signal peptide sequence composed of 120 bp, followed by a
flexible oligo-linker sequence connecting SNAP to the remainder of isdB. This was designed
to retain the function of the IsdB signal peptide recognition and cleavage, and to enable the
observation of IsdB localisation as close to wild type SH1000 as possible. Therefore, isdA-SNAP
expression requires iron-limited conditions to be expressed (Chapter 1, Section 1.3.2.1,;

Section 3.2.1.).

To verify the size of pTHO03 an endonuclease restriction digest was performed using HindllII.
Plasmid DNA was separated by gel electrophoresis and band sizes of the 2.8 Kb insert of isdB-
SNAP and 7.6 Kb plasmid backbone were both observed (Figure 3.2.). Transformation into the
restriction-deficient, modification-efficient RN4220 strain for DNA methylation was achieved
using lysA 5’ F and SNAP R primers, amplified and separated by PCR gel electrophoresis
showing the expected band size of 1.6 Kb (SJF 5276) (Figure 3.2.). Bacteriophage lysates were
generated of S. aureus RN4220 isdB-SNAP and were used to transduce isdB-SNAP into S.
aureus SH1000 jsdB::itet via horizontal gene transfer and subsequent homologous
recombination of the 3’ end of lysA into the chromosome of S. aureus SH1000 isdB::tet. The
same lysA 5’ F and SNAP R primers were used to amplify 1.6 Kb of genomic DNA purified from
colonies successfully grown on selective media containing 5 pg mL? erythromycin (Section
3.2.1,; Figure 3.2.). The expected band size of 1.6 Kb was observed by gel electrophoresis,
confirming the construction of S. aureus SH1000 isdB::tet lysA::isdB-SNAP (SJF 5363).

61



Hindlll

pTHOO03
erm (10,384 bp)

HindllI
/

3’ lysA

| >— |
lysA
1.6 Kb
lysA5’ F SNAPR
- ﬁh— D
lysA SNAP isdB erm 3’ lysA
B C

K

b
10 -
6 -
3-
1-

Figure 3.2. isdB-SNAP suicide vector and integration

pTHO03

(A) Schematic representation of pTHOO3 suicide vector showing homologous lysA 3’
recombination into the S. aureus chromosome. (B) Endonuclease restriction digest of
pTHO03 with Hindlll showing expected 2.8 Kb and 7.6 Kb bands (C) Genomic DNA amplified
using lysA 5’ F and SNAP R primers to verify integration of methylated isdB-SNAP into the
chromosome of S. aureus SH1000. Genomic DNA from RN4220 isdA-SNAP used as a positive

control. Expected band sizes of 1.6 Kb were observed for both samples.
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3.2.3. clfA-SNAP Suicide Vector Design and Chromosomal Integration

The clfA-SNAP suicide vector was designed for a single homologous recombination crossover
event into the chromosome of S. aureus SH1000 via lysA recombination, as described
previously (Sections 3.2.1., 3.2.2.). Specifically, SH1000 c/fA::erm was chosen as the intended
final recipient of the pTHO04 c/fA-SNAP suicide vector to ensure that the c/fA-SNAP fusion is
the only copy of clfA stably expressed within the chromosome. clfA-SNAP lies under its native
promotor, is preceded by its native 117 bp signal peptide sequence and is linked to the
remainder of the c/fA gene by a sequence encoding a short, flexible oligo-linker. This was
designed to enable the observation of CIfA localisation as close to wild type SH1000 as
possible. CIfA is known to be predominantly expressed during stationary growth phase

(Entenza et al, 2005; Crosby et al, 2016).

An endonuclease restriction digest was performed to confirm the size of the pTH004 plasmid.
The DNA was separated by gel electrophoresis and the expected band sizes of 2.1 Kb and 10.2
Kb were observed for both the c/fA-SNAP insert and plasmid backbone respectively (Figure
3.3). Successful transformation into the restriction-deficient, modification-efficient RN4220
strain for DNA methylation was achieved as shown by gel electrophoresis separation of
purified DNA, amplified using IsyA 5’ F and SNAP R primers. A band of 1.6 Kb was observed,
indicating successful integration of methylated pTH004 into the SH1000 chromosome at lysA
(SJF 5278). Phage lysates were generated of S. aureus RN4220 clfA-SNAP and used to
transduce clfA-SNAP into S. aureus SH1000 cifA::erm via horizontal gene transfer and
homologous recombination (Figure 3.3.). Purified gDNA of the transduced strain was
amplified using IsyA 5’ F and SNAP R primers and separated by gel electrophoresis. A band of
1.6 Kb confirmed the successful creation of S. aureus SH1000 clfA::erm lysA::clfA-SNAP (SJF
5390).
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Figure 3.3. c/fA-SNAP suicide vector and integration

(A) Schematic representation of pTHO04 suicide vector showing homologous lysA 3’
recombination into the S. aureus chromosome. (B) Endonuclease restriction digest of
pTHOO04 with Nsil showing expected 2.1 Kb and 10.2 Kb bands. (C) Genomic DNA amplified
using lysA 5’ F and SNAP R primers to verify integration of methylated c/fA-SNAP into the
chromosome of S. aureus SH1000. Genomic DNA from RN4220 isdA-SNAP used as a positive
control. Both show amplified bands of 1.6 Kb, indicating successful recombination into the

chromosome.

64



3.2.4. spa-SNAP Suicide Vector Design and Chromosomal Integration

The spa-SNAP suicide vector was designed for a single homologous recombination crossover
event into the chromosome of S. aureus SH1000 via the 3’ end of lysA. Specifically, SH1000
spa::kan was chosen as the intended final recipient of the pTHO05 spa-SNAP suicide vector to
ensure that the spa-SNAP fusion is the only copy of spa stably expressed within the
chromosome. spa-SNAP lies under its native promotor, is preceded by its native signal peptide
sequence, composed of 108 bp, if followed by a sequence encoding a short, flexible oligo-
linker connecting SNAP to the remainder of the spA gene. This was designed to enable the
observation of SpA localisation as close to wild type SH1000 as possible. SpA is known to be
regulated by both Agr and SarA (Paulander et al, 2018). Therefore, SpA-SNAP expression is
regulated by mid-exponential growth phase via the alleviation of Agr mediated repression by

RNAIII (Figure 1.8.).

An endonuclease restriction digest was performed on pTHOO05 using Hindlll to verify the size
of the plasmid prior to electroporation into RN4220 for DNA methylation. The expected band
sizes of 2.3 Kb for the spa-SNAP insert and 7.6 Kb for the plasmid backbone were observed by
gel electrophoresis (Figure 3.4.). Successful transformation into the restriction-deficient,
modification-efficient RN4220 strain for DNA methylation was achieved, shown by gDNA PCR
using lysA 5’ F and SNAP R primers which amplified 1.6 Kb of the recombined DNA. Phage
lysates were generated of S. aureus RN4220 spa-SNAP (SJF5281) and used to transduce
methylated spa-SNAP into S. aureus SH1000 spa::kan via horizontal gene transfer and
homologous recombination into lysA. Genomic DNA from the SH1000 spa::kan strain
transduced with phage lysate containing methylated spa-SNAP was purified and amplified
using lysA 5’ F and SNAP R primers. The 1.6 Kb band was separated and observed by gel
electrophoresis, confirming the generation of S. aureus SH1000 spa::kan lysA::spa-SNAP (SJF
5329) (Figure 3.4.).
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Figure 3.4. SpA-SNAP suicide vector and integration

(A) Schematic representation of pTHOO5 suicide vector showing homologous lysA 3’
recombination into the S. aureus chromosome. (B) Endonuclease restriction digest of
pTHOO5 cut with Hindlll, showing expected 2.3 Kb and 7.6 Kb bands. (C) Genomic DNA
amplified using lysA 5’ F and SNAP R primers to verify integration of methylated SpA-SNAP
into the chromosome of S. aureus SH1000. Genomic DNA from RN4220 isdA-SNAP used as

a positive control. The expected band size of 1.6 Kb was observed.
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3.3. Proteomic verification of SH1000 SpA-SNAP and CIfA-SNAP

Because the transduction of methylated isdA-SNAP from RN4220 into SH1000 was
unsuccessful, the remaining SH1000 strains containing SNAP-tag fusions were prioritised for
further analysis. Additionally, iron-limited conditions are required to produce IsdB (Torres et
al, 2010). As such, it was determined that the cl/fA-SNAP and spa-SNAP strains would be
simpler to grow and assess for SNAP expression and subsequent fluorescent labelling. For
simplicity, the SH1000 strains containing recombinant SNAP fusions will be referred to by
their associated proteins throughout (i.e. SH1000 spa::kan lysA::spa-SNAP will be referred to
simply as SpA-SNAP).

S. aureus SH1000 SpA-SNAP and CIfA-SNAP were chosen for further analysis because of their
ease of use. SpA-SNAP was grown to mid exponential phase for expression, while CIfA-SNAP
was grown to stationary phase. Proteomic analysis was performed by Western blot with
whole cell lysates of S. aureus SH1000 SpA-SNAP and CIfA-SNAP, using the chemically
inducible, plasmid-based ftsZ-SNAP as a positive control (Lund et al, 2018). ftsZ-SNAP lies
under the Pspac promotor and is repressed by Lacl. The addition of 1 mM Isopropyl B-d-1-
thiogalactopyranoside (IPTG) alleviates Lacl repression of Pspac and induces the expression

of the genes downstream (ftsZ-SNAP) (Sun et al, 2009).

To verify the presence of SNAP-tag in the cell wall of S. aureus SH1000 SpA-SNAP, samples
were grown and fractionated as described in Chapter 2, Section 2.12.2 for Western blot
analysis using a-SNAP antibodies. SNAP is a 20 kDa protein, and Western blot analysis shows
both SpA-SNAP and FtsZ-SNAP bands at ~70kDa, as expected. Additionally, no SNAP specific
binding was seen in the wild type control sample, nor the CIfA-SNAP sample, where a band of
111 kDa was expected. As such, further analysis of SNAP constructs was performed using SpA-
SNAP only. SNAP was detected in both the cell wall and membrane fractions of SpA-SNAP at
approximately 70 kDa (Figure 3.5.). A growth curve of SpA-SNAP against the wild type SH1000
strain of S. aureus shows that the mutant grows slightly quicker during mid-exponential and

stationary phase.
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Figure 3.5. Expression of SpA-SNAP fusion protein in SH1000

(A) Whole cell lysates of SH1000 wild type, CIfA-SNAP, SpA-SNAP, and FtsZ-SNAP were
seperated by a 12% (w/v) SDS-PAGE and transferred to an activated membrane for a-SNAP
Western blot analysis. Samples were normalised to an ODggo of 2 prior to lysis. Wild type
sample shows binding around 50 kDa, which is consistant throughout all sample and is likely
native SpA binding to the Fc region of the a-SNAP antibodies. The expected band for CIfA-
SNAP of 111 kDa was not observed. Expected band sizes of both SpA-SNAP and FtsZ-SNAP
were observed at ~70 kDa. (B) a-SNAP Western blot analysis on cell wall, membrane, and
cytoplasmic fractions of SpA-SNAP. Expected band sizes of SpA-SNAP were observed in the
cell wall and membrane fractions at ~70 kDa. No band was observed in the cytoplasmic
fraction. (C) Growth curve of S. aureus SH1000 wild type SH1000 compared to SpA-SNAP,

measured by optical density at 600 nm. Error bars are too small to show. n = 3.
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3.4. Fluorescence Microscopy of SpA Localisation Using SpA-SNAP Protein

Fusion

Diffraction-limited fluorescence microscopy was used to visualise the surface display of SpA-
SNAP. To juxtapose nascent cell wall synthesis to SpA localisation, samples were incubated
with a 1mM fluorescent D-Alanine derivative (HADA) for 5 minutes in TSB at 37°C. HADA is
incorporated as a fluorescent terminal D-Ala in the peptide stem of peptidoglycan when
supplemented into growth media. Incorporation can take as little as 15 seconds to visualise
nascent cell wall synthesis (Lund et al, 2018). Samples were then washed twice in PBS and
fixed with 4% (v/v) paraformaldehyde for 30 minutes at room temperature. Samples were
washed twice in PBS, and SNAP was labelled using a range of concentrations of benzylguanine
derivative Alexa Fluor 647 conjugated dye (BG-AF 647; magenta) in TSB, at 37°C for 5 minutes
(Sunetal,2011). Labelled and fixed samples were mounted on poly-L-Lysine coated Poly-Prep
slides and buffered with SlowFade gold anti-fade reagent. Nascent septum synthesis and cell
wall was visualised with HADA (cyan) (Kuru et al, 2012). Images were captured on an OMX
DeltaVision Imagine System using conventional settings. Excitation wavelengths used were
405 nm for HADA, and 647 nm for BG-AF 647. Excitation time for all wavelengths was 200 ms.
Laster intensity was set to 10% for HADA channels and 30% for objective channels as an
optimum setting to observe fluorescence while minimising fluorophore bleaching. Analysis of
microscopy images was performed on convoluted images. Data shown herein are

deconvoluted for clarity.

The visualisation of SpA-SNAP required a substantial amount of method development and
optimisation for use in the localisation of SpA in S. aureus. These include microscope setting
configuration, substrate concentration, labelling time, labelling media, bacterial growth
phase, the use of cell permeable dyes, and the effect of chemical fixation (Figures 3.6.—3.13.).
Ultimately, experimentation with these variables did not uncover a reliable method with
which to visualise SpA-SNAP. Immunofluorescence microscopy was also used as an alternative
method, which showed heterogenous SpA display in the population (Figure 3.14.). This was
unexpected, as SpA is considered a rather ubiquitous protein (Frankel et al, 2010). As such,
further investigation into SpA display using immunofluorescence microscopy was required in

the wild type strain of S. aureus SH1000 (Chapter 4).
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Figure 3.6. Effect of SNAP dye concentrations on SpA-SNAP labelling by fluorescence
microscopy

Samples of S. aureus SH1000 spa::kan lysA::spa-SNAP were incubated with HADA (cyan) to
visualise peptidoglycan synthesis, fixed with PFA, incubated with 5, 10, and 20 uM BG-AF
647 SNAP-Surface dye (magenta) in TSB, and mixed at 37°C for 30 minutes. Wild type S.
aureus SH1000 not expressing SNAP-tag was used as a negative control. Inset numbers are
enlarged to show punctate fluorescent signal associated with cells. Scale bars = 3 um. Inset

scale bars =1 um. n=3.
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Figure 3.7. Effect of no contrast manipulation on SpA-SNAP localisation

Samples of S. aureus SH1000 SpA-SNAP were incubated with HADA (cyan) to visualise
peptidoglycan synthesis, fixed with 4% (v/v) PFA, incubated with 5uM BG-AF 647 SNAP-
Surface dye (magenta) in TSB, and rotated at 37°C for 30 minutes. Wild type S. aureus
SH1000 not expressing SNAP-tag was used as a negative control. Contrast settings are
typically altered to account for background fluorescence, such that the fluorescence seen
is representative of viable signal (Figure 3.6.). Without appropriate contrast manipulation,
background fluorescence is prominent and obscures potentially viable signal. Inset

numbers 1 and 2 are enlarged below. Scale bars = 3 um. Inset scale bars =1 um. n = 3.
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Figure 3.8. Effect of growth phase on SpA-SNAP labelling by fluorescence microscopy

Samples of S. aureus SH1000 spa::kan lysA::spa-SNAP were incubated with HADA (cyan) to
visualise septal synthesis, fixed with PFA, incubated with 5 uM BG-AF 647 SNAP-Surface dye
(magenta) in TSB, and rotated at 37°C, for 30 minutes. Samples were taken throughout
exponential growth phase to observe SpA-SNAP display (Figure 3.5.). Inset numbers are

enlarged below. Scale bars = 3 um. Inset scale bars =1 um. n = 3.
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Figure 3.9. Use of alternative SNAP labelling substrates for fluorescence microscopy

Samples of S. aureus SH1000 spa::kan lysA::spa-SNAP were incubated with HADA (cyan) to
visualise septal synthesis, fixed with PFA, incubated with BG-AF 647 SNAP-Surface dye
(magenta), BG-AF 488 (green), BG 549 (red), and BG 488 (green) in TSB, and rotated at 37°C,
for 30 minutes. Inset numbers are enlarged below. Scale bars = 3 um. Inset scale bars = 1

pm. n = 3.
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Figure 3.10. Effect of increased SNAP dye incubation time on SpA-SNAP labelling for
fluorescence microscopy

Samples of S. aureus SH1000 spa::kan lysa::spa-SNAP were incubated with HADA (cyan) to
visualise septal synthesis, fixed with PFA, incubated with BG-AF 647 SNAP-Surface dye
(magenta) in TSB, and rotated at 37°C, for 5, 10, and 30 minutes to ascertain the optimum
SNAP-tag labelling time. Wild type S. aureus SH1000 not expressing SNAP-tag was used as
a negative control. Inset numbers are enlarged below. Scale bars = 3 um. Inset scale bars =

1pum.n=3.
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Figure 3.11. Effect of labelling SpA-SNAP prior to chemical fixation for fluorescence
microscopy

To investigate the potential for PFA fixation interfering with the ability of SNAP-tag to bind
the BG-AF 647 substrate, samples were labelled with HADA, incubated with the dye for 5,
10, and 30 minutes before fixation. Wild type S. aureus SH1000 not expressing SNAP-tag
was used as a negative control. Inset numbers are enlarged below. Scale bars = 3 um. Inset

scale bars =1 um. n=3.
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Figure 3.12. Effect of an agr mutation on SpA-SNAP labelling using fluorescence
microscopy

(A) Genomic DNA of spa-SNAP and spa-SNAP agr::tet was amplified using agr 2 F and agr
2 R primers and verified by PCR and gel electrophoresis. The exact size difference of the agr
mutation compared to the mutant is unknown. Thus, the slight difference in amplified DNA
size was assumed to be representatie of a successful transduction of agr::tet into SpA-
SNAP. (B) Samples of S. aureus SH1000 spa::kan lysA::spa-SNAP and spa::kan lysA::spa-
SNAP agr::tet were incubated with HADA (cyan) to visualise peptidoglycan synthesis, fixed
with PFA, incubated with 5 uM BG-AF 647 SNAP-Surface dye (magenta) in TSB, and rotated
at 37°C for 30 minutes. Wild type S. aureus SH1000 not expressing SNAP-tag was used as a
negative control. Inset numbers are enlarged below. Scale bars = 3 um. Inset scale bars =1

pm. n = 3.
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TMR-Star

SpA-SNAP

SpA-SNAP
agr:.tet

Figure 3.13. Effect of cell-permeable SNAP dye using fluorescence microscopy

Samples of S. aureus SH1000 spa::kan lysA::spa-SNAP and spa-SNAP agr::tet were
incubated with HADA (cyan) to visualise septal synthesis, fixed with PFA, incubated with
BG-AF 647 SNAP-Surface dye (magenta) in TSB, and rotated at 37°C, for 5 minutes. Wild
type S. aureus SH1000 and SH1000 spa::kan not expressing SNAP-tag were used as negative
controls. Cells marked with an asterisk are enlarged below. Cell permeable SNAP dye is
retained in the cytoplasm of cells expressing SNAP-tag SpA fusions. Scale bars =3 um.n =

3.
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New England Biosciences (NEB), the suppliers of both SNAP-tag biotechnology and its
substrate benzylguanine derivative dyes, recommend a concentration of 5 uM for their non-
cell permeable dyes. However, these recommendations are for cell and tissue cultures, not
bacteria. Therefore, a variety of labelling concentrations, times, and media were tested to
optimise and achieve SNAP-tag labelling in S. aureus cells expressing SNAP-tag fused to
surface protein A (SpA) (Figures 3.6 — 3.7.). No reliable or distinct labelling of S. aureus
expressing SNAP-tag conjugated SpA was observed on the cell surface under any of the
conditions tested. Instead, each sample shows a small degree of fluorescence in punctate
spots which, in some samples, were associated with cells, while others were not associated
with any cells. As such, these signals could not be considered representative of SpA

localisation.

To assess whether the process of chemical fixation affected SNAP-tag’s ability to covalently
bind the benzylguanine substrate, cells were incubated with the recommended 5 UM SNAP-
Surface Alexafluor 647 (BG-AF 647) for varying periods of time before and after fixation with
4% (v/v) paraformaldehyde (Figures 3.10. and 3.11.). No difference in labelling was observed
between cells incubated with BG-AF 647 before or after chemical fixation. The amount of time
samples were subcultured prior to labelling and microscopy also appeared to have no impact
on the degree of fluorescence observed (Figure 3.8.). Additionally, other benzylguanine
derivative dyes from NEB were tested, including SNAP-Surface Alexafluor 488, SNAP-Surface
549, and SNAP-Surface 488 (Figure 3.9.). No new labelling patterns were observed in these

samples aside from the punctate points of fluorescence observed previously.

SNAP-tag fusions to SpA were designed downstream of the native spa promotor to observe
surface protein A localisation in conditions that are as close to the wild type S. aureus
phenotype as possible. To assess whether native levels of expression of spa were insufficient
for successful SNAP-tag labelling, a knockout mutation of agr was generated in SH1000 SpA-
SNAP (Figure 3.12.). The Accessory Gene Regulator (Agr) is a negative regulator of multiple
virulence factors — including SpA — and is comprised of five distinct agr genes. When
functional, Agr-regulated RNAIIl binding of spa mRNA is alleviated during exponential growth
phase and is bound by RNAIIl in lag and stationary phase, preventing spa translation

(Robinson et al, 2005). Phage lysates were generated from S. aureus SH1000 agr::Tn551, in

86



which the agr locus is absent and a tetracycline resistance cassette is present as a selectable
marker. Lysates from this strain were used to transduce the agr mutation into the SpA-SNAP
recipient strain as described by Wu et al, 1999. The loss of agr did not appear to affect the
level of SNAP-tag labelling in the SpA-SNAP strain, as no fluorescence could be observed in
either sample (Figure 3.12.). However, incubating SpA-SNAP and SpA-SNAP agr::tet strains
with a cell permeable benzylguanine derivative dye — SNAP-Cell TMR Star — shows either

cytoplasmic SNAP binding, or cytoplasmic retention of the cell permeable dye (Figure 3.13.).

The punctate foci of SNAP labelling observed throughout figures 3.6. — 3.11. appears similar
to findings from DeDent et al, 2007, in which they report using immunofluorescence
microscopy to localise SpA in S. aureus RN4220. Therefore, to verify whether the punctate
fluorescence observed throughout this chapter is representative of SpA localisation,
Immunofluorescence microscopy was used as an alternative approach to localise surface
protein A (Figure 3.14.). The immunolabelling protocol used in Figure 3.14. was adapted from
DeDent et al, 2007 and uses mouse monoclonal a-SpA primary antibodies and rabbit a-mouse
polyclonal secondary antibodies conjugated to Alexafluor 488. Labelling of surface protein A
is observed in S. aureus SH1000 SpA-SNAP, SpA-SNAP agr::tet, and the wild type SH1000. No
labelling is observed in the negative control S. aureus SH1000 spa::kan, which suggests that
the fluorescence seen is specific to and representative of SpA localisation. Fluorescent signal
observed via this protocol was consistent in a subset of each population, with the exception
of SH1000 spa::kan, which showed a lack a fluorescence altogether. Therein, single cells
display SpA over the whole surface, while diplococcal cells demonstrate a “horseshoe” like

pattern of fluorescence, where no SpA is observed at developing septa.
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Figure 3.14. Effect of a-SpA immunofluorescence microscopy on SpA localisation

Samples of S. aureus SH1000 spa::kan lysA::spa-SNAP and spa::kan lysA::spa-SNAP agr::tet
were incubated with HADA (red) to visualise septal synthesis, fixed with PFA, blocked with
2% (w/v) BSA for 1 hour, and incubated with primary mouse a-SpA monoclonal antibody
for 2 hours RT, rotating. Samples were then incubated with rabbit a-mouse secondary
antibody (green) for 2 hours RT, rotating. Samples were mounted on poly-prep slides with
slow-fade buffer and 22 x 22 mm high precision microscope cover glass. S. aureus SH1000
spa::kan was used as a negative control. Inset numbers are enlarged below. Scale bars = 3

um. Inset scale bars =1 um. n = 3.
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3.5. Discussion

Previous work from our lab has shown SNAP-tag to be an effective self-labelling tool to
localise both essential and non-essential cytoplasmic proteins of S. aureus (Wacnik, 2016;
Lund et al, 2018). Surface Protein A (SpA) is a well-studied virulence determinant of S. aureus
and other staphylococcal species, known to be expressed during exponential growth phase,
both as a cell wall-anchored surface protein, and as a secreted protein (Movitz, 1976; Becker
et al, 2014). Experiments reported in this chapter have shown that SpA-SNAP fusion proteins
are expressed under the native spa promotor in a spa” strain of S. aureus SH1000, such that
spa-SNAP is the only copy of spa being stably expressed from the chromosome. This study
also demonstrates the presence of SpA-SNAP in the both the cell wall and membrane fractions
of S. aureus SH1000. The presence of SpA-SNAP in the membrane fraction is likely a
consequence of a percentage of the population actively translocating SpA-SNAP at the time
of lysis. Unfortunately, SpA localisation via SNAP-tag labelling could not be achieved using
SNAP-Cell Surface benzylguanine derivative dyes, despite the range of dyes tested. This, along
with the range of variables tested, suggests that the lack of labelling can be attributed to the
SNAP-tag enzyme or SpA-SNAP construct in general. Issues of misfolded protein fusions used
in localisation studies has also been reported previously (Evanko, 2006). Instead, it appears
as though the expression of SNAP-tag causes S. aureus to either retain cell-permeable dye or
is indicative of cytoplasmic SpA-SNAP labelling. However, as Western blot analysis using a-
SNAP primary antibodies shows no SNAP-tag in the cytoplasmic fraction of lysed cells, this is
unlikely (Figure 3.5.). Additionally, Figure 3.5. shows the SpA-SNAP is present in the cell wall
fraction, which suggests that it is being translocated and displayed on the cell surface.
Therefore, as S. aureus SH1000 did not retain cell permeable dye, it is assumed that the
production of SpA-SNAP may affect secretion in these strains. Additionally, it may be that

SNAP used in these experiments was not sensitive enough for consistent labelling.

Interestingly, issues using SNAP-tag have been reported in bacterial systems in oxidative
environments (Veggiani & de Marco, 2011). The functionality of SNAP-tag is dependent on
its active-site Cysteine residue, which is known to be highly susceptible to reactive oxygen
species such as hydroxyl radicals. A study on the effects of reactive oxygen species on the

growth of E. coli has shown that hydroxyl radicals are present in both liquid TSB and TSB agar
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(Kameya et al, 2019); both of which have been used to grow S. aureus SH1000 SpA-SNAP in
this study. It is well established that S. aureus, a facultative anaerobe, is efficient in dealing
with oxidative stress — including reactive oxygen species (Clauditz et al, 2006). Therefore, the
presence of hydroxyl radicals in the growth media used in this study may be insufficient to
affect the growth or noticeable function of S. aureus during these studies but could be
sufficient to render SNAP-tag non-functional when displayed on the cell surface. This too may
explain the discrepancy between this work and others from the Foster lab where SNAP-tag
was successfully used to localised cytoplasmic proteins, as the presence of hydroxyl radicals
or other reactive oxygen species in the extracellular milieu is unlikely to affect the activity of

subcellular enzymes directly (Wacnik, 2016; Weihs, 2016).

Previous efforts to localise both endogenous and chemically inducible plasmid-based spa
have been undertaken using protein fusions constructs and immunofluorescence microscopy
in a variety of background strains of S. aureus (DeDent et al, 2018; Yu et al 2018). Each study
reports different SpA localisation patterns for different background strains, as well as
different SpA localisation in RN4220 with and without plasmid-inducible spa. While SpA
localisation using SNAP-tag has been unsuccessful, initial a-SpA immunofluorescence
microscopy with S. aureus SH1000 in this study shows a heterogeneity in the population for
SpA surface display (23%; Chapter 4, Figure 4.2.). Cells that are labelled by
immunofluorescence appear to display SpA across the whole cell, except for noticeable gaps
that colocalise with the leading edges of developing septa. To investigate this phenomenon
further, an a-SpA immunofluorescence microscopy approach was used to screen a variety of
mutants in the Foster lab collection that are known to be involved in spa expression and
regulation (Chapter 4). Additionally, it is important to conduct further immunofluorescence

experiments in cells not expressing SNAP, as this may result in artifacts or anomalous signals.
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3.6. Main Findings in this Chapter

Surface Protein A fused to SNAP-tag can be expressed under the native spa promotor

and localises to the S. aureus membrane and cell wall

SNAP-tag exposed on the surface of cells is unable to be visualised using

benzylguanine derivative dyes

Cells expressing SNAP-tag SpA fusions show cytoplasmic fluorescence when using cell

permeable dyes, but no detectable cytoplasmic SNAP by Western blot analysis

Membrane associated SNAP localisation may cause cytoplasmic retention of cell

permeable SNAP dye

Immunofluorescence microscopy localises SpA on the surface of a subset of the

bacterial population
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Chapter 4

Use of Immunofluorescence Microscopy to Localise Staphylococcus aureus

Surface Protein A

4.1. Introduction

Surface proteins are key virulence determinants that enable bacteria to colonise a host and
establish disease. Their functions range from adhesion to mammalian extracellular matrices
and sequestering iron from the host, to evading the innate and adaptive immune systems.
Staphylococcal Surface Protein A (SpA) and its analogues are known to bind the constant (Fc)
domain of mammalian immunoglobulin G (IgG), as well as other antibodies, to prevent
opsonisation, phagocytosis, and subsequent clearing from the host system (Balachandran et
al, 2018; Foster and Hook, 1998). Regulation of spa in Staphylococcus aureus is achieved
primarily by the accessory gene regulator (Agr), which in turn is regulated by the
staphylococcal accessory regulator (SarA) (Cheung et al, 2008). Agr is a negative regulator of
spa and many other virulence factors with its own complex regulation pathways. AgrC is a
two-component histidine kinase that recognises AgrD auto-inducing peptides as part of a
guorum sensing regulation system, which activates AgrA by a phosphorylation event (Canovas
et al, 2016). Together, these proteins form a two-component regulatory system. In the
transition between exponential and post-exponential phase of growth, SarA becomes active
(Cheung et al, 2008). SarA upregulates agr expression, which in turn inhibits the production

of surface proteins, and initiates the secretion of various toxins (Crossley et al, 2009).

The structure and function of surface protein A is well understood (Kim et al, 2012) (Chapter
1; Section 1.4.3.). As a prominent and vital virulence factor of S. aureus, SpA is used as a
marker to characterise the potential virulence capacity of clinical isolates by a technique
called SpA typing (Hallin et al, 2009). SpA typing is also used as the standard for the
epidemiological comparison of unrelated S. aureus strains by comparing the polymorphisms
within variable 24 base pair repeats found in the spa gene. This enables the characterisation
of strains and the prediction of multilocus sequence typing across independent isolates

globally, while also contributing to the control and prevention of S. aureus outbreaks
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(Asadollahi et al, 2018; Strommenger et al, 2008). Given the widespread use of SpA as a tool
in epidemiological surveying, protein analysis, and virulence studies, its localisation and
display over time on the surface of S. aureus is of paramount importance. Many methods exist
with which to localise proteins. The most common among them is fluorescence microscopy.

Fluorescence microscopy is a widely used technique in the localisation of molecules that
traditionally takes advantage of the inherent fluorescent properties of various proteins, such
as green fluorescent protein (GFP), yellow fluorescent protein (YFP) and mCherry (Lichtman,
2005). When expressed as fusion constructs, these proteins can be excited by specific
wavelengths of light to fluoresce, and in so doing, can be used to localise the molecules they
are fused to. However, issues of fluorescent protein misfolding and insufficient fluorescence
capabilities have been reported previously (Jensen, 2012). To circumvent the limitations of
inherently fluorescent proteins, self-labelling enzymes have been developed, such as Halo-
tag and SNAP-tag (Stagge et al, 2013). These enzymes can also be expressed as fusion
constructs to proteins for localisation. The main difference between self-labelling enzymes
and fluorescent proteins is the former’s dynamic ability to be labelled with a variety of
fluorophore conjugate substrates. This provides the user with more control over the
fluorescence and subsequent labelling of fusion constructs and allows the use of multiple
colour labelling for the same fusion construct. Despite the many advantages of self-labelling
enzymes including SNAP-tag, there are conditions in which such enzymes can also present
complications, as shown throughout Chapter 3. As such, an alternative labelling method for

the localisation of SpA is required.

Immunolabelling, or immunofluorescence microscopy, is one of the most well-established
methodologies in fluorescence microscopy (Zinchuk et al, 2007; Miller & Shakes, 1995). The
technique revolves around the use of antibodies conjugated to various fluorophores to
localise proteins and molecules both within cells and on the cell surface (Borek, 1961). This
occurs as a specific binding event when primary antibodies are used, which are antibodies
raised against the protein of interest in an animal host, such as rabbits or mice. These hosts
are typically injected with a purified protein of interest to generate antibodies against that
protein. The host is then exsanguinated to varying degrees and the antibodies are purified
from the blood (Griffiths & Lucocq, 2014). Additionally, recombinant antibodies can be

generated and stored in cell libraries through techniques such as mammalian and phage
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display (Ho & Pastan, 2009). Antibodies are then employed in immunolabelling techniques to
specifically bind the protein of interest in a bacterial population. Secondary antibodies which
have been raised in a different host animal against the primary antibodies are conjugated to
a fluorophore. These secondary antibodies fluoresce and can be used to bind to the primary

antibodies used in experimentation— thereby localising the protein of interest.

The structure, function, and regulation of SpA has been well studied by various groups in a
range of background strains of S. aureus. However, the localisation of this surface exposed
protein is poorly understood. While efforts have been made to localise SpA by different
groups, the results not only conflict across strains of S. aureus, but also within the same strains
(DeDent et al, 2007; Yu et al, 2018). DeDent reports that SpA is displayed in punctate foci
adjacent to the developing septum in S. aureus RN4220 and proceeded to formulate a model
by which this translocation pattern develops over time to display SpA across the whole cell,
though images of whole-cell SpA are not shown therein. While Yu reports, also in S. aureus
RN4220, that SpA is exclusively localised at the developing septum of cells following
treatment with the protease Trypsin and shows whole-cell SpA localisation of plasmid-based
spa variants without Trypsin treatment. However, RN4220 is a restriction deficient strain of
S. aureus that contains many additional mutations — including in the agr locus which, when
functional, negatively regulates spa expression (Jenul et al, 2019). This strain is primarily used
for the methylation of foreign DNA to facilitate the transformation or transduction of such

DNA into a more stable strain for study (Nair et al, 2011).

Based on these works, immunolabelling was employed to investigate the localisation of SpA
in the well characterised and genetically amenable S. aureus SH1000 background, as well as
strains containing mutations relevant to the regulation and / or display of SpA in the SH1000
background. Monoclonal primary antibodies were chosen for their specificity in binding SpA,
such that the binding of fluorophore-conjugated secondary antibodies would be
representative of SpA localisation. However, as an antibody binding protein, SpA is also
capable of binding secondary antibodies that are not bound to primary antibodies. For this
reason, working in strains in which SpA is the only surface exposed antibody binding protein
is important to ensure the most accurate representation of SpA localisation possible (Figure

4.1.; Figure 4.2.).
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4.1.2. Aims of this Chapter

e Useimmunofluorescence microscopy to investigate the localisation of SpAin S. aureus

SH1000

e To investigate how various mutations in genes associated with spa regulation and

surface display affect the localisation of surface protein A

e Use the protease Trypsin to investigate the development of SpA surface display both

spatially and temporally

96



4.2. Results

4.2.1. Generation of Controls for a-SpA Immunofluorescence Microscopy

To ensure that signals observed using immunofluorescence microscopy for surface protein A
(SpA) were truly representative of SpA localisation, positive and negative controls were
generated. A positive control of S. aureus SH1000 sbi::erm was made by transducing the bursa
aurealis transposable element from the NARSA library (Fey, et al, 2013) into the SH1000
background. An sbi knockout was chosen as a positive control because this gene encodes for
the only other known surface-exposed antibody binding protein of S. aureus, besides SpA
(Smith et al, 2011). As such, this ensures that any signal in this mutant is representative of
SpA localisation exclusively. A negative control of spa::kan sbi::erm was also made in the
SH1000 background via transduction to ensure that no surface exposed antibody binding
proteins are displayed on the cell surface of S. aureus. Mutant strains generated for use as
positive (sbi::erm) and negative (spa::kan sbi::erm) controls in the localisation of SpA were
verified by PCR and immunofluorescence microscopy (Figure 4.1.; Figure 4.2.). The insertion
of the bursa aurealis transposable element into sbi can be observed via PCR as an increase in
band size by 3.2 Kb from the positive control amplification of 500 bp. Therefore, bands around

3.7 kb suggest successful recombination of the transposon into sbi.

Immunofluorescence microscopy of the wild type S. aureus SH1000 shows approximately 20%
of the population displaying SpA on the cell surface (Figure 4.2.). The few single cells in this
population with immunolabelled SpA on the surface show labelling over the whole cell, while
immunolabelled diploids typically display a horseshoe pattern of SpA, with little to no labelling
at the site of division between two daughter cells. SpA labelling can however be observed
between a diploid pair when HADA incorporation into the next plain of division is also evident
in these cells (Figure 4.2). HADA is incorporated into the cell wall as nascent peptidoglycan is
being synthesised. Therefore, juxtaposing HADA labelling to SpA localisation enables the

correlation of SpA display dynamics to the cell cycle.
The morphology of SH1000 was not affected by the loss of sbi, as shown in Figure 4.2. via
HADA incorporation. A negligible difference in the amount of fluorescent cells was seen

between SH1000 wild type (20%) and SH1000 sbi::erm (23%). Thus, the loss of Sbi surface
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display does not affect the I1gG binding of SpA, nor does its presence appear to obstruct the
labelling patterns of SpA via IgG binding. Despite its negligible interference with SpA labelling,
SH1000 sbi::erm was chosen as the primary sample for further investigation into SpA
localisation to ensure that the signal observed is strictly representative of SpA. SH1000
spa::kan sbi::erm was used as a negative control (Figure 4.2.). Background and
autofluorescence was removed when analysing the negative control strain, and those values
were used as the minimum parameters for fluorescence signal in both the positive control
and all samples to ensure that the signals observed therein are representative of SpA
immunofluorescence. As shown previously in Figure 3.14. (Chapter 3), SpA
immunofluorescence in a spa” strain shows no immunolabelling, which further suggests that
the presence of Sbi on the cell surface does not bind the SpA specific primary antibodies used
therein. Regardless, and for added clarity, a double knockout strain of spa and sbi were used

throughout this chapter as a negative control.

A heterogeneity of SpA display was observed in the SH1000 population, wherein 20% of cells
were successfully labelled with fluorescently conjugated antibodies (Figure 4.2.). A standard
dilution of 1:250 primary / secondary antibody to 2% (w/v) BSA PBS was used. To assess
whether this concentration was insufficient in labelling a larger percentage of the population,
higher concentrations of both primary and secondary antibodies were tested. No significant
increase in the percentage of SH1000 sbi::erm populations was observed (data not shown).
Therefore, the heterogeneity of SpA display observed in Figure 4.2. is likely a feature of the S.
aureus population. To investigate this phenomenon further, and to screen for the impact of
the removal of genes involved in the regulation and surface display of SpA, a variety of

background strains and mutants were tested via immunofluorescence microscopy.
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Figure 4.1. Verification of sbi knockout mutation in S. aureus strains

(A) Schematic representation of sbi in S. aureus SH1000. Highlighted region represents
sequence amplified using sbi F and sbi R primers, which produce a band of 511 bp in the
wild type S. aureus SH1000. Black arrow represents the insertion of the Bursa aurealis
transposon within this region. The Bursa aurealis transposon is 3.2 Kb. Successful insertion
of the transposon within this region will produce a 3.7 Kb band when amplifies using sbi F
and sbi R primers (B) PCR amplification of sbi knockout transduction using sbi F and sbi R
primers. Samples were seperated on a 1% (w/v) gel by electrophoresis. Bursa aurealis
transposon insertion observed via 3.7 Kb PCR products. Samples 1, 2, and 3 represent JE2
sbi::erm, SH1000 sbi::erm, and SH1000 spa::kan sbi::erm, respectively. SH1000 wild type

gDNA was used as a negative control at 0.5 Kb.
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Figure 4.2. Positive and negative controls for SpA localisation by immunofluorescence
microscopy

(A) a-SpA Immunofluorescence microscopy of S. aureus SH1000 sbi::erm. HADA (red) shows
nascent peptidoglycan synthesis. a-SpA (green) shows SpA localisation on cell surface. Inset
numbers are enlarged below. Scale bars = 3 um. Inset scale bars = 1 um. (B) Quantification
of percentage of SH1000 wild type (20%; n=1380), SH1000 sbi::erm (23%; n=1364), and
SH1000 spa::kan sbi::erm (0%; n=1284) cells with fluorescently labelled spa. Samples shown

are representative of three biological repeats.
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4.2.2. Subcellular Localisation of Surface Protein A by Immunofluorescence

Microscopy

HADA was used to identify the stages of division in the subcellular population and to juxtapose
SpA fluorescence to the development of nascent peptidoglycan. Growth media was
supplemented with HADA for 5 minutes, unless otherwise stated. Conventional fluorescence
microscopy using a-SpA Immunofluorescence microscopy identifies a subset of the
population displaying SpA over on the surface of single cells (Figure 4.3.). This appears to
encompass the entire cell. In addition, S. aureus cells that have recently split into daughter
cells typically display a horseshoe like pattern of SpA fluorescence, where the newly exposed
cell wall material between the two daughter cells does not appear to have SpA on the surface
(Figure 4.3.; inset 2). Faint fluorescence can occasionally be seen in this area — referred to as
the previous division site (PDS) — of recently split cells. As daughter cells develop septal plates
in the next plane for division, SpA can be seen more readily at the PDS (Figure 4.3.; inset 3).
The intensity of fluorescent signals from cells displaying SpA varies. As such, the contrast of
immunofluorescence microscopy images was adjusted to ascertain the presence of
fluorescence at the PDS in diplococcal cells displaying a horseshoe pattern of SpA localisation.
Cells that display a horseshoe SpA motif do not in fact display any SpA fluorescence in this
region that is not apparent in the images shown, despite further contrast manipulation. This
suggests that recently exposed cell wall at the PDS does not possess cell wall-anchored SpA

at the surface level immediately following septation.

To investigate the effect of immunofluorescence labelling methods on SpA localisation in S.
aureus SH1000, a range of approaches adapted from published works were tested. These
include labelling with a secondary fluorescent antibody only (DeDent et al 2007), incubating
samples with a fluorescent primary antibody only (Tan et al, 2012), and varying incubation
times and temperatures with both primary and secondary monoclonal and polyclonal
antibodies. There was no different observed between incubation times and temperatures
tested (2-hour incubation at room temperature vs overnight incubation at 4°C), while using
a-SpA primary antibodies and fluorescently conjugated secondary antibodies provided
consistent and clear results (data not shown). As such, this methodology was used for further

experimentation.
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Figure 4.3. SpA localisation by immunofluorescence microscopy

(A) HADA was used to label nascent peptidoglycan synthesis (red). a-SpA
immunofluorescence microscopy of SH1000 sbi::erm (green) shows whole cell labelling and
horseshoe patterns. Inset numbers are enlarged below. Scale bars = 3 um. Inset scale bars
= 1 um. Insets enlarged below are representative examples of SpA localisation in the
SH1000 background. (1) Single and diplococcal cells with SpA over the whole surface. (2)
Diplococcal cells with a new round of division initiated. Newly exposed cell wall material
lacks surface-exposed SpA detectable by immunofluorescence microscopy. (3) Diplococcal
cells with partial septum formation in a new plane of division. SpA is detectable over the
whole surface and between two daughter cells. Sample shown is representative of three

biological repeats.
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To simplify our current understanding of SpA display over time, a schematic representation
of SpA temporal evolution with reference to the S. aureus cell cycle is shown in Figure 4.4. As
S. aureus initiates cell division, represented by HADA incorporation at the mid cell (red), such
that the prominent incorporation of peptidoglycan takes place at the cross wall, SpA can be
observed in a horseshoe pattern at the periphery of the burgeoning diplococcal pair. No SpA
is observed at the division site at this stage. This motif of SpA display persists as the bacteria
continue to grow and differentiate into daughter cells. As the next cycle of cell division begins
to take place, the horseshoe pattern of SpA localisation remains. However, as the cells
continue to incorporate nascent cell wall material as part of the next round of cell division,
SpA can be observed at the previous division site (PDS) as the current division site is being
synthesised. This emergence of SpA display at this site is currently hypothesised to be the
result of cell wall hydrolysis as a natural part of the cell cycle. (Chapter 5; Chapter 6). This
hypothesis is based on data generated by Pasquina-Lemonche et al, 2020, wherein it is shown
that there is an additional dense ring-like structure of peptidoglycan at the septum of dividing
cells that covers the mesh structure of peptidoglycan beneath it. This could explain why no
SpA can be immunolabelled at the active division site of recently divided cells, as the ring
structure is either too dense to allow sufficient immunolabelling of SpA present within that
structure, or that SpAisincorporated into the mesh layer beneath the rings, and so obfuscates

its localisation until the dense ring-like structure is hydrolysed sufficiently.
To assess whether this pattern of SpA display is consistent among background strains of S.

aureus besides SH1000, a range of clinically relevant strains were assessed for SpA display

using immunofluorescence microscopy.
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Figure 4.4. Schematic representation of SpA localisation in S. aureus SH1000

(i) Cells in the process of septation from one another, observed by HADA labelling (red),
show a horseshoe pattern of SpA fluorescence at the periphery of cells, where no labelling
is observed at the current site of division. (ii) The horseshoe motif of SpA diplay persists at
the periphery of the cells, as the diplococcal pair develop septa in the next plain of division.
Surface exposed nascent cell wall is shown as thicker, black region between diplococci,
representative of the previous division site (PDS). (iii) As diplococcal cells complete the
septal plate for the next round of division, SpA can be observed at the region between cells
where the previous division occurred, as well at at the periphery of both cells. As those cells

septate further, the horseshoe motif is observed again in the next plane of division.
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4.2.3. Effect of Strain Backgrounds on SpA Localisation

Strain-dependent variation is known to occur with regards to S. aureus gene expression
(Geisinger et al, 2012; Lindsay et al, 2006). Therefore, it is important to compare the SpA
surface localisation seen in the SH1000 background against other strains. S. aureus 8325-4 is
the parental strain of the widely studied SH1000 background strain used primarily in this
study. 8325-4 contains three prophages and contains a non-function rsbU gene (Horsburgh et

al, 2002). SH1000, by contrast, has a functional rsbU gene.

S. aureus RN4220 is a commonly utilised intermediary strain for the horizontal transfer of
genetic elements into other background strains (Schenk & Laddaga, 1992). RN4220 is derived
from 8325-4 and has been subjected to chemical mutagenesis employing nitrosoguanidine
(MNNG) to inactivate its restriction enzymes. This enables the uptake of foreign DNA which
is then methylated in an S. aureus specific manner. AgrAis also inactivated in this strain, which
alters the regulation and expression of numerous virulence factors. For these reasons,

RN4220 is primarily used as a subcloning host strain (Berscheid, et al, 2012).

S. aureus Newman is a human clinical isolate containing four siphoviridae prophages known
to contribute to organ-specific virulence capabilities in murine models of infection (Bae et al,
2006). Newman was chosen primarily due to its clinical relevance as a nosocomial pathogenic
strain. S. aureus NewHG (Newman HG) is a repaired derivative of Newman, with a functional
saeS gene. saeS encodes one part of a two-component regulatory system for a range of
virulence factorsin S. aureus, with its counterpart being saeR (Mainiero et al, 2010). However,
NewHG has also been reported to lack the production of certain extracellular proteins
including coagulase, Sbi, gamma-haemolysin, and fibrinogen-binding proteins (Herbert et al,
2010). Similarly, COL is a methicillin resistant Staphylococcus aureus (MRSA) strain first
identified in the 1960s as part of the first MRSA lineage (Harkins et al, 2017). Another globally
recognised MRSA background strain was screened for SpA localisation, S. aureus USA300.
While the characterisation of USA300 for its resistance to methicillin was first identified in the
1990s, it has since been found to have developed resistance to many non- 3-lactams (Enstrém

et al, 2018).
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Figure 4.5. SpA localisation in background strains of S. aureus by immunofluorescence
microscopy

(A) o-SpA Immunofluorescence microscopy of S. aureus 8325-4, RN4220, Newman, COL,
USA300 and NewHG. Inset numbers are enlarged below. Scale bars = 3 um. Inset scale bars
= 1 um. (B) Quantification of percentage of 8325-4 (1%; n=472), RN4220 (49%; n=503),
Newman (19%; n=596), COL (7%; n=182), NewHG (13%; n=486) and USA300 (37%; n=522)
population with fluorescently labelled SpA. Frequencies under 10% are not labelled.

Samples shown are representative of one biological repeat.
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Results from Figure 4.5. show a reduction in the number of cells with fluorescently labelled
SpA between S. aureus SH1000 (20%) and its parental strain 8325-4 (1%) (Figure 4.2.). The
possession of prophages has been known to enhance a range of virulence capabilities
between strains, and previous work to sequence the genomes of SH1000 and 8325-4 have
speculated on the altered virulence capabilities of the genetic polymorphisms that differ
between S. aureus 8325-4 and SH1000 (O’Neill et al, 2010). As such, the regulation of spa may
differ between these strains due to the presence of functional rsbU in SH1000 (Horsburgh et

al, 2002).

Unsurprisingly, RN4220 shows a higher percentage of cells labelled through a-SpA
Immunofluorescence microscopy (49.2%) than SH1000 (20%), likely due to its non-functional
agrA gene as one of the key response regulator elements of spa expression (Koenig et al,
2004). As such, increased transcription, and therefore display, of SpA was expected. Newman
shows a comparable percentage of the population displaying SpA on the cell surface as
SH1000 (19.3%), while the number of COL cells in the sample were lower than other strains
(n=182). COL grew much slower than the other strains shown in Figure 4.5. (data not shown)
and has noticeably smaller cells. Furthermore, COL cells displaying SpA were as low as 7%.
SpA labelling patterns in these strains is similar to that observed with SH1000 and SH1000
sbi::erm, albeit at altered frequencies of display within the population. RN4220, Newman,
NewHG and USA300 each display SpA in similar patterns as observed previously; horseshoe
localisations of SpA can be observed, as can whole cell labelling. However, COL had not only
a substantially lower percentage of the population displaying SpA, but its localisation
appeared different. Instead of whole cell display in single cells and a horseshoe motif in
diplococcal cells, COL shows SpA labelling that appears to be perpendicular to the developing
septum (Figure 4.5., inset 3). However, due to the small size of these cells compared to other
strains shown here, it is unclear if this is due to the size difference or a facet of the genetic

variation between strains (Lindsay, 2010).
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4.2.4. Use of Defined Mutations to Analyse the Regulation of SpA Surface

Localisation

The discovery of a subpopulation of cells demonstrating surface exposed SpA suggests that a
mechanism relating to SpA regulation is involved in its expression or subsequent display on
the surface of cells. The lack of SpA at the septal surface of newly divided cells also hints at
further levels of control. To investigate these hypotheses, various S. aureus strains containing
genetic mutations involved in teichoic acid synthesis and display (Section 4.2.4.1.), cell wall
associated protein regulation (Section 4.2.4.2.), and SpA regulation (Section 4.2.4.3.) were
assessed for SpA localisation by immunofluorescence microscopy in an effort to elucidate

additional factors contributing to SpA surface display.

4.2.4.1. Effect of Teichoic Acid Biosynthesis Gene Mutations on SpA Surface

Localisation

Associations have been made by previous works between the functionality of both wall
teichoic acid (WTA) and lipoteichoic acid (LTA) synthesis and display with the coordination
and subsequent cross-linking of the peptidoglycan cell wall (Atilano et al, 2010). Additional
correlations have been made between the septal secretion of surface proteins, including SpA,
and the synthesis of teichoic acids (Yu et al/, 2018). Among the genes investigated in these

works was the lipoteichoic acid synthase /taS.

LtaS is a synthase that catalyses the polymerisation of lipoteichoic acid (LTA) glycerol
phosphate and is considered essential for the growth of S. aureus under normal conditions
(Hesser et al, 2020). The growth of non-functional LtaS strains requires the supplementation
of media with osmoprotectants and presents with mis-coordinated cell division sites.
However, strains that were able to grow under regular conditions without LTA (i.e. without
osmoprotectants to prevent cell lysis) were found to possess a mutation in the gene encoding
cyclic-di-AMP-phosphodiesterase, gdpP (Corrigan et al, 2011). Mutations in the gdpP gene
have also been linked to certain MRSA strains which lack the traditional penicillin binding
protein 2a (PBP2a) encoded by mecA yet demonstrate increased resistance to methicillin (Ba
et al, 2019). Mutation is gdpP have been shown to increase the degree of peptidoglycan cross-

linking in S. aureus and is thought to prevent the bacterium from lysing in the absence of LtaS.
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LcpB is a pyrophosphatase responsible for the synthesis and ligation of WTA to the cell wall
and has been shown to regulate virulence independently of Agr activity, while LcpC is known
to bind various polysaccharides to the peptidoglycan cell wall (Pan et al, 2021; Li et al, 2020).
Loss of the LcpC has also been associated with an increased sensitivity to B-lactam antibiotics,
while the deletion of all three Icp genes (IcpABC) results in the lack of WTA on the surface of

S. aureus entirely (Chan et al, 2013).

tarO by contrast is one of the few non-essential genes in the biosynthetic pathway of WTA
synthesis. Many other genes involved in the biosynthesis pathway of WTA are essential, as
their abrogation causes a build-up of toxic intermediates (Suzuki et al, 2011). TarO is
responsible for the transfer of N-acetyl-glucosamine (GIcNAc) to membrane-anchored
undecaprenyl carrier lipid (Brown et al, 2008). The loss of TarO has been shown to abrogate
WTA expression in S. aureus and is not essential for viability (Weidenmaier et al, 2004).
Teichoic acid synthesis initiated by TarO has also been shown to aid in the localisation of PBP4
to the cross-wall of S. aureus, which contributes to the degree of peptidoglycan cross-linking

(Atilano et al, 2010).

Given the relationship between covalently bound surface exposed proteins like SpA to the
peptidoglycan cell wall and its degree of peptide stem cross-linking, strains lacking crucial
genes involved in the biosynthesis pathway of wall teichoic acids were assessed via a-SpA
immunofluorescence microscopy. To assess the effect of the loss of LcpB, LcpC and TarO on
SpA display in S. aureus SH1000, a-SpA Immunofluorescence microscopy was performed on
knockout mutants of the encoding genes in SH1000, generated by the insertion of the bursa
aurealis transposon from the NARSA library (Fey et al, 2013). Signals observed in the SpA
objective channel for LcpB and LcpC strains were considered to be artifacts of
immunofluorescence as they were not always associated with cells; appearing as punctate
signals. Only 2% of the tarO mutant strain showed SpA localisation. Together these results
suggest that the synthesis and cell wall associated display of LTA and WTA are required for

the display of covalently bound surface proteins like SpA.
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Figure 4.6. The role of lipteichoic acid and wall teichoic acid synthesis in SpA localisation

(A) HADA was used to observe nascent peptidoglycan synthesis (red).

a-SpA

Immunofluorescence microscopy of S. aureus ItaS::erm gdpP::kan, gdpP::kan, IcpB::erm,

IcpC::erm, and tarO::erm. Inset numbers are enlarged below. Scale bars = 3 um. Inset scale

bars =1 um. (B) Quantification of percentage of ItaS::erm gdpP::kan (0%; n=184), gdpP::kan

(35%; n=216), IcpB::erm (0%; n=220), lcpC::erm (0%; n=277), and tarO::erm (2%; n=198)

populations

with fluorescently labelled SpA. Frequencies under 10% are not labelled.

Samples shown are representative of one biological repeat.
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The loss of phosphodiesterase activity and subsequent increase in secondary messenger
cyclic-di-AMP alone (Sommer et al, 2021) in the SH1000 gdpP::kan mutant does not appear
to affect SpA localisation. The loss of lipoteichoic acid synthesis in the SH1000 /taS::erm
gdpP::kan strain not only abrogates SpA display on the cell surface, but also presented
morphological defects, including cells with multiple septa and swollen cells. This strain also
grew slowly, as expected (Oku et al, 2009). Similarly, the interruption of genes involved in
both WTA (LcpB) and LTA (LcpC) synthesis and display results in the abrogation of SpA display
on the surface of S. aureus. Previous work has shown that teichoic acids contribute to the
regulation of peptidoglycan cross-linking (Atilano et al, 2010), which may affect the display of

surface proteins in S. aureus, as the results shown in Figure 4.6. might suggest.

4.2.4.2. Effect of Cell Wall Protein Associated Processes on SpA Surface

Localisation

The regulation of S. aureus virulence factors is a complex and layered process. One level of
the regulation of surface exposed virulence factors involves the production of proteases.
These enzymes proteolytically cleave cell wall associated proteins on the surface of S. aureus,
including SpA, as well as inhibit clearance by the host immune system by cleaving some
immunoglobulins (Pietrocola et al, 2017). Most notable of S. aureus’ extracellular proteases

are: Aur, SspAB, ScpA, and Spl (Wérmann et al, 2011).

Aureolysin (Aur) is a metalloprotease which inhibits components of the mammalian immune
response by proteolytic cleavage (Laarman et al, 2011). Aur also cleaves proteins from the
surface of S. aureus cells, provoking the immune response further by the subsequent
divestment of surface proteins into the host’s environment and contributing to the
pathogenesis of osteomyelitis (Cassat et al, 2013). Aureolysin is upregulated by Agr and is also
co-expressed with SspB and ScpA — a cysteine protease B and a serine protease, respectively
(Mootz et al, 2013). Both SspB and ScpA are staphopain enzymes. Staphopains catalyse a
range of endopeptidase reactions on proteins such as elastin, as well as the hydrolysis of many
small molecules. Also co-regulated with Aur, SspB, and ScpA is SspA, a V8 protease which

cleaves the carbonyl group of aspartate and glutamate residues (Tam & Torres, 2019).
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The spl operon encodes six serine proteases: SplA, B, C, D, E, and SplF (Stach et al, 2021). This
operon is currently thought to be exclusive to S. aureus, found within the vSa pathogenicity
island (Jin et al, 2021). While the substrates for these proteases are still poorly understood,
studies have shown that this group of proteases have immunogenic effects in both rabbit
infection models and human infections (Paharik et al, 2016; Rieneck et al, 1997; Reed et al,
2001; Nordengriin et al, 2021). To assess the contribution of these proteases to the display of
surface exposed SpA, a mutant lacking SplA, B, C, D, E, F, and Aur (“Protease Mutant”) was
screened for SpA display by immunofluorescence, along with its parental strain (“LAC”; Boles

et al, 2010) which produces functional copies of those proteases.

Sortase A (SrtA) is a membrane-bound enzyme that recognises the LPXTG motif of certain
surface proteins (Chapter 1, Section 1.4.). SrtA forms an acyl-enzyme intermediate between
the threonine and glycine residues of the protein’s C-terminus, which is then resolved
covalently by the free amine group of the pentaglycine bridge’s terminal glycine (Ton-That et
al, 1999). The pentaglycine bridge typically cross-links the Gram-positive peptidoglycan cell
wall between the 4t D-ala and the 3™ L-lysine of two peptide stems. Through the action of
SrtA, this bridge serves to anchor, and subsequently display, surface proteins possessed of
the LPXTG motif on the cell wall (Huang et al, 2003). To investigate the impact of SrtA in the

population frequency of SpA display, an SH1000 ASrtA strain was assessed.

The increased percentage of the protease mutant population displaying SpA on the surface
(79%) compared with both its parental strain (33%) and the wild type SH1000 (20%) suggests
that the proteolytic turnover of surface exposed virulence factors contributes to the
population heterogeneity of SpA localisation observed previously (Section 4.2.3.) (Boles et al,
2010). Interestingly, 13% of cells lacking functional SrtA displayed SpA on the cell surface,
though the localisation was less well defined (Figure 4.7.). This suggests that an alternative
method was used in this strain to display SpA — likely the ionic binding of SpA’s LysM domain.
Each strain in Figure 4.7. grew similarly to their wild type background strain SH1000 and
displayed no morphological abnormalities. SpA localisation for each strain shown in Figure
4.7. remains consistent with SH1000, with the exception of AsrtA, which displayed a less well-
defined SpA fluorescence compared to SH1000. It’s possible that some SpA signal in the ASrtA

strain is membrane-associated at the time of fixation and immunofluorescence.
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Figure 4.7. The role of proteases and SrtA in SpA localisation by immunofluorescence
microscopy

(A) HADA was used to label nascent peptidoglycan (red). a-SpA Immunofluorescence
microscopy of S. aureus protease mutant (Aaur, AsspAB, AscpA, spl::erm), its parental strain
LAC (Boles et al, 2010), and AsrtA. Inset numbers enlarged below. Scale bars = 3 um. Inset
scale bars = 1 um. (B) Quantification of percentage of protease mutant (79%; n=389), its
parental strain (33%; n=228), and AsrtA (13%; n=332) populations with fluorescently

labelled SpA. Samples shown are representative of one biological repeat.
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4.2.4.3. The Effect of SDS Treatment on SH1000 AsrtA to Extract lonically

Bound Surface Proteins

In addition to its LPXTG sorting signal motif, SpA possesses a Lysin Motif (LysM) which is
known to enable the binding of surface exposed proteins to the cell wall of S. aureus (Buist et
al, 2008). This binding is ionic, as opposed to covalent binding that anchors LPXTG surface
proteins to the S. aureus cell wall, typically via SrtA. To test whether this ionic binding is
responsible for the presence of SpA seen in the SH1000 AsrtA strain, S. aureus SH1000 wild
type, and SH1000 AsrtA were boiled in a 4% (v/v) sodium dodecyl sulphate (SDS) solution prior
to a-SpA Immunofluorescence microscopy (Figure 4.8.). In the presence of SDS, proteins form
negatively charged SDS-protein complexes which releases non-covalently bound proteins

from their ionically bound substrate.

A slight reduction of the percentage of the SH1000 wild type population displaying SpA was
observed when boiled in 4% (v/v) SDS (20% reduced to 17%). This is likely representative of a
minority of SpA being ionically incorporated into the cell wall architecture. Conversely,
treatment of SH1000 AsrtA with 4% (v/v) SDS removed all detectable SpA from the cell surface
of this strain. This suggests that SpA observed previously in this strain is ionically bound to the

cell wall, likely via LysM (Zhang et al, 2021). However, some of the signal observed in
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Figure 4.8. Effect of SDS treatment on SpA localisation by immunofluorescence
microscopy

(A) HADA was used to observe nascent peptidoglycan synthesis (red). a-SpA
Immunofluorescence microscopy of S. aureus AsrtA, SH1000 wild type and agr::tet treated
with 4% (v/v) SDS solution. Inset numbers are enlarged below. Scale bars = 3 um. Inset scale
bars = 1 um. Loss of SpA display is observed in AsrtA strain treated with SDS, while SpA
display remains in SH1000 wild type and agr::tet. (B) Quantification of percentage of AsrtA
(14%; n=112), AsrtA — 4% SDS (0%; n=128), SH1000 — 4% SDS (17%; n=136) cells with
fluorescently labelled SpA. Frequencies under 10% are not labelled. Samples shown are

representative of one biological repeat.
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4.2.4.4. The Role of Regulatory Components on SpA Surface Localisation

Two-component systems are an effective mechanism by which many prokaryotes regulate
genes and protein function (Mitrophanov et al, 2008). The SaeRS two-component system in
S. aureus is known to regulate the of production of more than 20 virulence factors, which
include but are not limited to: leukocidins, haemolysins, proteases, and surface proteins
(Jenul & Horswill, 2019). saeR encodes a response regulator, which responds to levels of the
kinase activity of the histidine kinase saeS. The expression of the spa gene is repressed by the
Agr regulated RNAIII. During post-exponential growth phase, Agr negatively regulates spa at
the transcriptional and translational level, mediated by a quorum sensing system which
involves the two-component histidine kinase AgrC and the response regulator AgrA (Xu et al,
2017). A high cell density, such as in post-exponential growth phase of S. aureus, results in an
abundance of RNAIII, also encoded within the agr locus, as a result of the recognition of AgrD-
derived autoinducing peptides. RNAIIl binds to the spa transcript and prevents its translation
(Pailander et al, 2018). Another gene involved in the regulation of agr, and therefore the
regulation of spa is sarA. SarA upregulates the transcription of RNAIl and RNAIII within the
agr locus and negatively regulates the expression of a range of virulence associated RNA such
as spa, as well as various genes involved in antibiotic resistance and biofilm formation (Valle
et al, 2003). SarA is activated in the transition between exponential growth phase and
stationary phase, wherein the production of surface protein A is halted by SarA — Agr
regulation, and the secretion of toxins is increased (Cheung et al, 2008). While the exact
regulatory mechanisms are still unknown, the SarA family of proteins (SarA, SarR, SarS, and
MgrA) each possess a helix-turn-helix conformation, which is characteristic of DNA-binding
proteins. This has led to the supposition that the SarA protein family physically interact with

the chromosome to regulate transcription (Liu et al, 2006).

While the percentage of cells with fluorescently labelled SpA in the agr::tet strain increased
(85%), the same patterns of SpA localisation could be observed (Figure 4.9.). Therefore, a non-
functional Agr strain is a useful tool for the further study of SpA localisation due to the vastly
increased number of cells displaying SpA. Disrupting the function of SarA causes 100% of cells
to fluorescence for SpA labelling. In addition, the horseshoe like pattern observed previously

is much less frequent in this strain, though it can still be observed within the population.
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Figure 4.9. Effect of virulance regulation genes on SpA localisation by
immunofluorescence microscopy

(A) HADA was used to label nascent peptidoglycan (red). a-SpA Immunofluorescence
microscopy of S. aureus saeR::erm, saeS::erm, agr::tet, and sarA::kan. Inset numbers are
enlarged below. Scale bars =3 um. Inset scale bars = 1 um. (B) Quantification of percentage
of saeR::erm (7%; n=211), saeS::erm (4%; n=238), agr::tet (85%; n=207) and sarA::kan
(100%; n=266) cells with fluorescently labelled SpA. Frequencies under 10% are not

labelled. Samples shown are representative of one biological repeat.
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4.2.5. Dynamics of SpA Surface Display

4.2.5.1. Shaving of Surface Proteins using Trypsin

Previous work on the localisation of SpA in RN4220 has shown that SpA is first displayed on
the cell surface at the developing septum of dividing cells (Yu et al, 2018). However, the
localisation of SpA in SH1000 and other strains tested in my work have shown that SpA is
absent from the developing septum of cells until the next cycle of cell division is underway.
So toinvestigate where SpA is initially displayed on the cell wall of SH1000, samples of SH1000
sbi::erm were treated with the protease trypsin to cleave off surface exposed proteins
(DeDent et al, 2007). Taking samples at various time points after recovery from trypsin
treatment — via washing with trypsin inhibitor solution — allows for the observation of the

emergence of SpA over time.

Treatment of S. aureus with trypsin did not affect growth rate following recovery or HADA
incorporation. However, cells in Figure 4.10. did appear smaller than normal, though they
were not specifically measured. Cells that were fixed and incubated with primary a-SpA and
fluorescently conjugated secondary antibodies immediately after recovery from trypsin
display no SpA on the cell surface. Samples taken after 10 minutes of additional growth
following trypsin recovery (Ti0) show punctate foci of SpA localisation at the developing
septum of cells. After 30 minutes of growth following trypsin recovery (Tzo) SpA is localised
both at the most recent site of septation of two daughter cells as well as at the periphery of
a cell. After an hour of growth (Teo), cells in the process of septation demonstrate the typical
horseshoe like pattern of fluorescence seen in non-trypsin treated cells, while single cells
display SpA over the whole cell (Figure 4.10.). This suggests that, while cells appear to
translocate SpA at the developing septum, as previously suggested by Yu et al, 2018,
additional translocation also occurs at the periphery of the cells, albeit to a lesser extent.
Then, as cells continue to grow and divide further, SpA becomes distributed over the whole
of the cell. Alternatively, SpA may be present at the septum but not exposed on the surface
at the time of treatment. Therefore, over time, SpA is incorporated at the septum during cell
growth and subsequent cell wall hydrolysis is required to fully expose underlying SpA (Figures

4.10. - 4.13.).
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Figure 4.10. Trypsin treatment of SH1000 sbi::erm & SpA localisation by

immunofluorescence microscopy

(A) HADA was used to visualise nascent peptidoglycan synthesis (red). a-SpA

Immunofluorescence microscopy of S. aureus SH1000 sbi::erm. Inset numbers are enlarged

below. Scale bars = 3 um. Inset scale bars = 1 um. (B) Quantification of percentage of

sbi::erm at time point 0 (0%; n=97), 10 (28% n=92), 30 (61%; n=101), and 60 (38%; n=116).

Percentages in bars represent that group’s percentage fluorescence according to the key

(right) based on morphological characterisations detailed in Figure 4.4. Categories with no

percentage shown are under 5%. Keys denoting SpA localisation are detailed in Figure 4.4.

Samples shown are representative of three biological repeats.
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Due to the low percentage of the SH1000 sbi::erm population that display surface exposed
SpA (Figure 4.10.), an SH1000 agr::tet sbi::erm strain was generated by transduction for use
in the trypsin treatment experiment (Figure 4.11.). A non-functional Agr strain was chosen
due to the increased percentage of the population displaying SpA on the cell surface without
altering the display pattern observed in the wild type strain (Figure 4.9.). This enables the
quantification of more cells and more examples of SpA localisation to analyse the display and
development of SpA over time, while the Sbi mutation is maintained in this strain to ensure
that what is observed via a-SpA immunofluorescence microscopy is representative of only
SpA and not Sbhi antibody binding activity, despite previous results suggesting that Sbi plays

little to no role in inhibiting SpA immunolabelling (Figures 4.2. and 4.3.).

SpA localisation patterns observed using the agr::tet sbi::erm strain are comparable to those
seen in the sbi::erm strain alone, as well as the agr::tet strain (Figures 4.2., 4.3., and 4.9.).
Specifically, single cells displaying SpA show whole-cell surface display, while cells undergoing
division demonstrate the characteristic horseshoe motif. Diplococcal cells undergoing division
display SpA at the PDS as well as the periphery of cells (Figures 4.4. and 4.10.) There is no
observable SpA on the cell surface immediately following recovery from trypsin treatment in
the agr::tet sbi::erm strain. At ten minutes post-recovery, the majority of SpA is localised at
the septum of cells that have partially divided, with slight peripheral fluorescence as well.
After thirty minutes of growth following recovery from trypsin treatment, most of the SpA
fluorescence can be seen between daughter cells at the PDS (Figure 4.4.), with an increasing
amount of peripheral localisation on some cells. By an hour after recovery from trypsin, cells
display SpA across their entire cell wall, with the notable re-emergence of the horseshoe like

pattern seen in dividing cells.
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Figure 4.11. Creation of S. aureus SH1000 agr::tet shi::erm by bacteriophage transduction
PCR amplification of sbi::erm transduction using sbi F and sbi R primers (Figure 4.1.).
Samples were seperated by 1% (w/v) agarose gel electrophoresis. Bursa aurealis
transposon insertion was observed by a 4.2 Kb PCR product. SH1000 agr::tet gDNA was

used as a negative control, with a PCR product of 500 bp.
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Figure 4.12. Trypsin treatment of SH1000 agr::tet sbi::erm and subsequent SpA display by
immunofluorescence microscopy

(A) Trypsin treated SH1000 agr::tet sbi::erm cells showing SpA emergence after recovery
from trypsin with trypsin inhibitor solution. Inset numbers are enlarged below. Scale bars =
3 um. Inset scale bars = 1 um. (B) Quantification of percentage of SH1000 agr::tet sbi::erm
To (0%; n=102), T10 (68%; n=109), and T30 (92%; n=108) and Teo (94%; n=102) cells with
fluorescently labelled SpA. Keys denoting SpA localisation are detailed in Figure 4.4.

Categories with no percentage shown are under 5%. Samples shown are representative of

three biological repeats.
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4.2.5.2. Relationship of SpA Surface Display to the Cell Cycle

The association with SpA localisation in S. aureus to the developing septum has been observed
in previous work, primarily using either trypsin treatment of cells, or by the chemical
induction of SpA expression (DeDent et al, 2007; Yu et al, 2018). Surface protein A can be
observed by immunofluorescence in as little as 10 minutes following the treatment of cells
with trypsin and is almost exclusively associated with the most recently observable,
completed septation event, or the “previous division site” (Figures 4.4., 4.10., and 4.12.).
However, the presence of SpA embedded in the cell wall, which is not exposed on the surface
and is therefore inaccessible to trypsin, has not been investigated to date. As such, itis unclear
whether the SpA localisation seen in timepoints ten and thirty following recovery from trypsin
are the result of the production of SpA, or if the hydrolysis of the cell wall as part of the natural
cell cycle exposes SpA that was previously inaccessible to trypsin and detection by

immunofluorescence.

To juxtapose peptidoglycan synthesis with SpA localisation, cells were pulsed with the
fluorescently conjugated D-alanine derivative TADA (red) for 5 minutes, treated with trypsin
for 1 hour, washed with trypsin inhibitor, then chased with HADA (cyan) for 5 minutes, before
chemical fixation and a-SpA immunofluorescence microscopy. Performing a pulse-chase with
two different fluorescent D-alanine derivitives enables the correlation of SpA display with
peptidoglycan synthesis that occurred prior to trypsin treatment (red), and nascent cell wall
synthesis that took place after cells were recovered from trypsin (cyan). This serves to
establish a potential correlation between SpA emergence and nascent cell wall synthesis.
Samples taken immediately following trypsin treatment show no SpA on any cell in the
population. HADA could not be added to time point 0 (To) samples because HADA
incorporation requires cell growth. Therefore, only TADA was used to label nascent
peptidoglycan synthesis prior to trypsin treatment in this sample (Figure 4.13.). At T1o, SpA is
observed exclusively between diplococcal cells where a completed septation event would
have previously occurred. At Tso, this pattern persists, with some cells displaying SpA at the
currently developing septa, juxtaposed between TADA incorporation prior to trypsin
treatment, and HADA incorporation prior to chemical fixation. Finally, at Teo SpA was

exclusively co-localised with TADA, which suggests that the SpA visible in this sample was
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incorporated into the cell wall prior to treatment with trypsin, when TADA was used in septal

synthesis.

To assess whether SpA is present in the cell wall of trypsin-treated S. aureus immediately
following recovery, the cells were fractionated and the cell wall fraction was purified for a-
SpA Western blot analysis. The trypsin treated cell wall fraction showed a much fainter SDS-
PAGE product compared to the non-treated sample, implying a reduced amount of SpA in this
fraction. Quantification of Western blot band intensity, run in triplicate, shows an average of
22% of SpA remains in the cell wall of trypsin treated cells, compared to control cells
incubated in PBS (Figure 4.14.). The presence of SpA in the cell wall of trypsin treated cells
immediately following recovery suggests that not all cell wall associated surface proteins are
fully exposed on the surface of cells and are therefore protected from the effects of trypsin.
This in turn implies that there is SpA incorporated into the cell wall of these samples which is
also not accessible to immunolabelling, which could explain the emergence of the horseshoe

motif seen in actively dividing cells.

The treatment of S. aureus with trypsin and the subsequent localisation of SpA by
immunofluorescence microscopy has shown that SpA localises to the most recently
completed septation event between diplococcal cells. This localisation can be observed within
ten minutes of growth in the absence of trypsin (Figure 4.13.). The remaining 22% of SpA in
the trypsin treated cell wall compared to the same S. aureus sample without trypsin
treatment suggests that some SpA is incorporated into the cell wall that is not fully exposed
on the surface and is therefore protected from the effects of trypsin. It follows then, that SpA
observed at T1io in trypsin treated samples was likely incorporated into the cell wall prior to
the treatment, as opposed to actively incorporated SpA since the cells were recovered from
trypsin. The exposure of SpA over time co-localising with cell wall material synthesised prior

to trypsin treatment could be due to hydrolysis of the cell wall as part of the cell cycle.
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Figure 4.13. TADA-HADA pulse chase & trypsin treatment of SH1000 agr::tet sbi::erm by
a-SpA immunofluorescence microscopy

(A) Schematic representation of pulse-chase experiment steps. Initial fluorescent amino
acid derivitive TADA (red) is incorporated into the cell wall prior to trypsin treatment.
Dashed box highlights trypsin treatment and subsequent HADA incorporation (cyan).
Chemical fixation was achieved using PFA. Blocking was achieved using 2% (v/v) BSA in PBS.
Samples were incubated with primary a-SpA and conjugated secondary fluorescent
antibodies for two hours, rotating, at room temperature. (B) a-SpA Immunofluorescence
microscopy of trypsin-treated SH1000 agr::tet sbi::erm. Inset numbers enlarged below.
Scale bars = 3 um. Inset scale bars = 1 um. (C) Quantification of percentage of SH1000
agr::tet sbi::erm To (n=112), T1o (n=100), and T30 (n=98) and Teo (n=105) cells with
fluorescently labelled SpA. Keys denoting SpA localisation are detailed in Figure 4.4.
Frequencies under 10% are not labelled. Samples shown are representative of three

biological repeats.
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Figure 4.14. Proteomic comparison of cell wall associated SpA in trypsin treated cell wall
fractions

o-SpA western blot of S. aureus SH1000 agr::tet sbi::erm trypsin treated cell wall.
Quantification shows 22% SpA present in the cell wall of trypsin treated samples compared
to the SpA content of samples incubated with PBS as a control. n = 3. Error bars represent

standard deviation.
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4.4. Discussion

Previous work by different groups has shown conflicting localisation patterns of SpA in S.
aureus. Work done by DeDent et al (2007) demonstrates the emergence of SpA in trypsin-
treated S. aureus RN4220 at two to four distinct foci across the cell, and thus proposed a
model of SpA distribution over time based on these findings. The group also states that SpA
is unevenly distributed over the cells surface, and that this localisation requires the presence
and function of Sortase A (SrtA). Most recently, Scaffidi et al (2021) have summarised their
work using immunofluorescence microscopy to localise chemically inducible plasmid-based
SpA on the surface of S. aureus RN4220, demonstrating whole cell surface display of SpA for
every cell shown. The group also treated cells with the protease trypsin to visualise cross-wall
localisation of SpA on a subset of the population, which they show exclusively to emerge at

the cross wall of dividing cells.

The immunofluorescence protocol used in this study to localise SpA was based on that
described by DeDent et al (2007). However, instead of using Cy5-conjugated goat a-rabbit IgG
at a dilution factor of 1:1000, my work has utilised mouse a-SpA monoclonal primary
antibody, and an Alexafluor 488 conjugated rabbit a-mouse IgG, both at a dilution factor of
1:250. Using only a fluorescently conjugated secondary antibody for SpA localisation was
tested, as described in DeDent et al, 2007, at varying dilution factors but was found to be
insufficient to localise SpA beyond the observation of a few punctate foci in any given
population (data not shown). Initially, this was thought to be an indication of consolidation
with DeDent’s findings. However, the use of specific primary antibodies raised against purified
SpA from S. aureus has improved the localisation of SpA, enabling the consistent observation
of SpA localisation across strains as described throughout this chapter. This has shown both
whole cell display of SpA and a horseshoe like localisation in dividing cells, compared to
inconsistent and distinct foci of SpA labelling shown previously. This could also account for
the disparity in signal intensity between the work of DeDent, Yu, and my own, as multiple
polyclonal secondary antibodies can also bind to both SpA and a single primary antibody,

thereby amplifying the immunofluorescent signal further.
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The occurrence of the horseshoe motif of SpA localisation is interesting, as the developing
septum is thought to be the primary location of SpA incorporation into the cell wall (Yu et al,
2018). Yet the lack of SpA immunolabelling at this site in currently dividing cells is what gives
rise to this horseshoe pattern of fluorescence. This could be in part due to the lack of complete
separation between daughter cells, as is a characteristic morphology of S. aureus (Saraiva et
al, 2020). Alternatively, this could be due to the presence of multiple layers of peptidoglycan
cell wall at the developing septum, as shown by AFM (Pasquina-Lemonche et al, 2020).
Whether this additional ring structure of cell wall material is too dense to observe SpA at this
site, or whether this architecture obfuscates SpA incorporated into the porous mesh structure
of peptidoglycan below is an interesting question that requires further investigation (Chapter

5).

Despite the supposed ubiquitous nature of SpA in exponentially growing S. aureus cells (Hao
et al, 2021), only a small percentage of the population of SH1000 cells were labelled by
immunofluorescence (Figure 4.2.). The heterogeneity of SpA expression in the population was
unexpected, considering that translational regulation of spa is known to be controlled, at least
in part, by Agr mediated RNAIIl antisense RNA binding to spa transcript, which is also a global
regulator of virulence factors. Specifically, Agr mediated translational repression of spa is
alleviated during exponential growth phase. As such it was expected that most of the
population would display SpA during exponential growth phase. Ultimately, the use of an Agr
deficient strain enabled the analysis of SpA localisation in a much higher frequency than was
possible in both the wild type SH1000 and the sbi mutant strains alone, without altering the
localisation patterns observed in these strains. This made the agr mutant strain a useful tool
for investigating not only the natural display patterns of SpA, but also in elucidating the
localisation patterns of emerging SpA in cells treated with trypsin (Figures 4.10., 2.12., and

4.13.).

The role of proteases in the turnover of bacterial cell surface proteins is an important facet of
S. aureus’ ability to cause disease (Singh et al, 2019). This is predominantly due to the release
of virulence factors into the host environment (Bien et al, 2011). The shedding of S. aureus
surface proteins as a natural part of the cell cycle acts as another layer of modulation to the

display of surface proteins over time. As such, the effect of the deletion of multiple genes
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encoding proteases was assessed by immunofluorescence for the localisation of SpA. A
multiple protease mutant (Aaur, AsspAB, AscpA, spl::erm) was chosen to investigate their
collective contribution to the display of SpA. The parental strain of this mutant, LAC, was also
used as a control (Boles et al, 2010). Unsurprisingly, the multiple protease mutant exhibited
an increased percentage of the population displaying SpA, though no additional localisation
patterns were observed beyond the characteristic horseshoe and whole cell localisation.
These same motifs of SpA immunolabelling were also observed in the LAC parental strain,
though only 33% of the LAC population were found to be displaying SpA on the surface. This
suggests that these proteases are indeed vital in the turnover of SpA, and likely contribute to

the heterogeneity of display observed across these S. aureus populations.

A deletion strain of srtA was also screened for SpA localisation, with the expectation that
there would be no SpA displayed on the cell surface. This work not only found that there was
SpA on the surface of this strain, but that the localisation of surface protein A was similar to
the wild type and other mutants expressing SpA, albeit at a slightly lower frequency.
Treatment of this strain with SDS showed the SpA present on the cell surface was ionically
bound to the cell wall, likely via its C-terminal LysM domain. Therefore, these findings not
only suggest that SrtA is not the sole method by which surface proteins containing the LPXTG
sorting signal may be incorporated into the cell wall, but also that SrtA may not play a role in
directing the site at which these proteins are translocated and subsequently displayed on the
cell surface. Conducting a trypsin treatment experiment with this strain may provide
additional information regarding the emergence of SpA without covalent binding facilitated

by SrtA.

Previous work has found that both wall teichoic acids (WTA) and lipoteichoic acids (LTA) play
an important role in the modulation of Gram-positive cell wall crosslinking (Atilano et al,
2010). Given that the highly crosslinked cell wall of S. aureus acts as the framework for the
display of key surface exposed virulence determinants, like SpA, mutant strains lacking a
variety of genes contributing to the display of teichoic acids to the cell wall were assessed.
SpA-specific immunofluorescence microscopy of S. aureus strains lacking important
functional genes involved in both WTA and LTA synthesis shows that SpA display is abrogated

when the synthesis of teichoic acids is disrupted (Figure 4.6.). Both LcpC and LcpB deficient
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strains of S. aureus SH1000 display no SpA immunolabelling, suggesting that the attachment
of capsular polysaccharides and the ligation of WTA to the cell wall are important for the
display of SpA and potentially other key surface exposed virulence factors (Li et al, 2020).
Additionally, LtaS appears to also be required for SpA surface display, as a mutant without the
capacity to produce this protein shows no immunolabelled SpA. Investigating SpA
immunofluorescence in the gdpP::kan strain, which is a mutation required for survival in an
LtaS deficient mutant, shows that more of the population display SpA when compared to the
wild type SH1000 (35% compared to 20%, respectively). This suggests that the loss of GdpP
does not negatively affect SpA surface display, and that Lta$S activity is required for the display

of SpA in the cell wall of S. aureus.

Many genes involved in the biosynthesis of WTA are considered essential as, without them,
S. aureus strains produce toxic intermediates of WTA that are detrimental to cell viability
(Suzuki, 2011). tarO is the first gene in the biosynthetic pathway of WTA and is one of the few
that is considered non-essential, as its abrogation does not appear to impact the viability of
S. aureus under standard laboratory conditions (D'Elia et al, 2006). The inhibition of TarO by
both chemical and genetic means has recently been shown to down-regulate spa (Lu et al,
2023). Because teichoic acid synthesis has been shown to play a role in various aspects of the
cell wall of S. aureus, assessing a tarO mutant strain for SpA localisation was necessary.
Findings reported in Figure 4.6. show that only 2% of the population deficient in TarO
production display SpA on the cell surface. This further corroborates findings within the
literature that both the biosynthesis and display of teichoic acids are vital pathways that

contribute to surface protein display.

The mutant library screening also found that SarA plays a significant role in the display of SpA.
The knockout strain of this gene showed 100% of cells quantified to fluoresce under
immunofluorescence microscopy for SpA. Furthermore, the frequency of the horseshoe motif
of SpA surface display was reduced. This could suggest that the horseshoe pattern of SpA
localisation seen in other strains is the result of a lower amount of SpA incorporation into the
cell wall, compared to wild type, which could be investigated by RNA transcription analysis.
Alternatively, a sarA mutant strain could express a greater amount of SpA compared to the

wild type such that minimal cell wall hydrolysis of the most recently completed and exposed
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septum is required to fully expose SpA between two daughter cells — thus making the

horseshoe pattern rarer to observe.

Additionally, data shown in figures 4.13. and 4.14. show that SpA is colocalised with cell wall
material synthesised prior to treatment with trypsin, as opposed to colocalising with nascent
cell wall synthesis at the time of analysis. This suggests that SpA may be present in the cell
wall, which is not accessible to trypsin, for a time. A subsequent Western blot analysis of the
cell wall fraction of a trypsin treated sample compared to a non-trypsin treated sample
supports this hypothesis, as 22% of SpA remains in the cell wall following treatment. Together,
these data suggest that further processes beyond translocation are required for the display
of SpA on the cell surface, such that interaction with extracellular components can be

achieved.

In summary, it is clear from these data that the display of SpA on the surface of S. aureus is a
complex and multi-faceted process. Not only does the amount of SpA displat on the surface
vary between strains of S. aureus, but it also requires multiple other biosynthetic pathways
and regulatory processes, such as teichoic acid synthesis and protease activity. Surface
protein display is an important virulence strategy of S. aureus that depends on the proper
synthesis and display of teichoic acids to decorate the cell wall and lies under strict control by
both genetic and translational regulation, as well as by mechanistic regulation achieved by
multiple proteases and various cell wall associated components. Additionally, it has been
found that S. aureus can display the key virulence factor SpA without membrane bound SrtA
to covalently bind SpA to the cell wall. The presence of alternative methods of cell wall
incorporation, and subsequently surface display, exemplifies the important of surface
proteins like SpAto S. aureus’ capacity for virulence. As such, surface protein display dynamics
warrant further study — particularly in clinically relevant strains — to elucidate alternative

treatment strategies and the management of antibiotic resistance.
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4.5. Main Findings in this Chapter

SpA-specific immunofluorescence microscopy provides consistent localisation of

surface exposed SpA

Mutants not producing the antibody binding protein Sbi do not appear to have altered

SpA display patterns

S. aureus demonstrates a population heterogeneity of SpA display, seemingly due to

regulation factors such as Agr and SarA

The horseshoe pattern of SpA labelling is likely due to the requirement of cell wall

hydrolysis at the site of septation to display SpA on the cell surface

A sarA mutant strains of S. aureus rarely displays the horseshoe localisation of SpA,

presumably due to increased SpA content incorporated into the cell wall

Treatment of cells with SDS shows that the majority of SpA localisation is covalently

bound to the cell wall via SrtA
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Chapter 5

Localisation of Surface Protein A in Methicillin Resistant Staphylococcus

aureus
5.1. Introduction

5.1.1. B-lactam Resistance in S. qureus

Penicillin, and other B-lactam antibiotics, function by the formation of an acyl-enzyme
intermediate with PBPs as they act as analogues of D-ala-D-ala (Lima et al, 2020).
Transpeptidation is an essential step in the synthesis of the cell wall peptidoglycan whereby
peptide stems are crosslinked. As such, its inhibition is fatal for S. aureus (Hobby et al, 1942;
Craft et al, 2019). Resistance to the antibiotic effects of B-lactams in S. aureus were observed
within just two years of the initial and widespread use of penicillin in 1940 (Lowy, 2003). The
evolution of resistance to penicillin is attributed to the production of a penicillinase, also
known as B-lactamase, which binds to and cleaves the B-lactam ring of penicillin (Sabath,
1982). As a result of the development of resistance to penicillin, a new B-lactam antibiotic
was synthesised and named methicillin, which was unaffected by penicillinase activity
(Thomas et al, 2022). However, S. aureus strains became resistant to the effects of methicillin
by an alternative mechanism. This was discovered to be the acquisition of a modified penicillin
binding protein 2, called PBP2a (Fergestad et al, 2020). PBP2a possesses transpeptidase
activity only — as opposed to the bifunctionality of PBP2 —and is the only functional PBP in S.
aureus in the presence of inhibitory concentrations of methicillin. The production of PBP2a is
encoded by the exogenous mecA gene, which has since been found to confer resistance to
other B-lactam antibiotics like oxacillin as well as methicillin and penicillin (Goering et al, 2019;

Liang et al, 2022).

The mecA gene is part of the exogenously acquired staphylococcal cassette chromosome
(SCCmec) which contains not only the gene conferring resistance to most B-lactam antibiotics,
but also regulatory elements responsible for the expression of mecA encoded PBP2a (Liu et
al, 2016; Katayama et al, 2000). Specifically, the self-contained regulation of mecA is often
orchestrated by mec/ and mecR1 (Archer & Bosilevac, 2001). There are many configurations

of SCCmec that confer a variety of resistance capabilities to S. aureus, though the general
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composition of SCCmec remains the same: a mec complex encoding PBP2a and the regulators
of its expression, the cassette chromosome recombinase (ccr) which allows SCCmec to remain
mobile, and the three joining regions (J region) (Ito et al, 2009). The size and content of the
three joining regions vary across individual SCCmec elements, which has given rise to the
classification of the cassette into thirteen different types (I — XIlII) (Turlej et al, 2011; Liu et al,
2016; Urushibara et al, 2020). Typical examples of variant SCCmec complexes include type |,
which, like types Il and Ill, are larger genetic elements that confer resistance to multiple
antibiotics, while types IV and V are more commonly associated with clinically acquired MRSA
(Bal et al, 2016). Two clinically derived strains possessing type | and types IV SCCmec
complexes used in this study are COL and USA300, respectively (Chapter 4, Figure 4.5,
Chongtrakool et al, 2006; Fey et al, 2013).

While the variety of SCCmec elements afford strains of S. aureus resistance to many B-lactams
and other clinically relevant antibiotics, there are genes in the chromosome of S. aureus
known to contribute to the bacteria’s ability to maintain its resistance. These are referred to
as auxiliary genes (aux), and many are known to encode proteins involved in the synthesis of
cell wall peptidoglycan (Bilyk et al, 2022). However, there are also aux genes that encode
proteins involved in nitrogen metabolism (GInR) and various surface proteins like FmtB and
MprF (Gustafson et al, 1994; Komatsuzawa et al, 2000; Komatsuzawa et al, 2001). The
mechanisms by which the proper expression and function of these proteins contributes to
antibiotic resistance are unclear, though the expression of surface proteins is also known to
contribute to virulence in S. aureus. The interplay between antibiotic resistance and virulence
has been alluded to previously, though the significance of this relationship is still largely

unknown (Cameron et al, 2011).

Similarly, there are genes which, when mutated or rendered non-functional, make S. aureus
more resistant to B-lactam antibiotics (Figure 5.1.). These genes are known as potentiators
(pot) (Bilyk et al, 2022). Though the mechanisms by which aux and pot genes contribute to B-
lactam resistance are not known — as many of these genes play no part in cell wall synthesis
or PBP functionality — they show that the acquisition of mecA encoding PBP2a is not solely

responsible for the development of high-level methicillin resistance (Dordel et al, 2014).
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Figure 5.1. Model of mechanisms for the development of methicillin resistance in
Staphylococcus aureus

Contributing factors associated with the development of low and high level methicillin
resistance in S. aureus. Genetic elements such as mecA provide methicillin resistance.
Potentiators (pot) are genes which, when mutated or lost, increase S. aureus’ resistance to
methicillin further. Converesely, auxillary genes (aux) are those which, when non-
functional, render S. aureus more succeptable to the effects of methicillin. Adapted from

Bilyk et al, 2022.
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5.1.2. Evolution of High-Level Methicillin Resistance in S. aureus

Recent work has shown that single copy, chromosomal mecA in S. aureus is sufficient to
confer methicillin resistance in an otherwise methicillin susceptible strain of S. aureus SH1000
(Panchal et al, 2020). To elucidate the molecular mechanisms underpinning high-level
methicillin resistance, a directed evolution study was performed to generate high-level MRSA
to elucidate the genetic factors contributing to methicillin resistance (Panchal et al, 2020).
Therein, it was established that the minimum inhibitory concentration (MIC) of MSSA SH1000
to oxacillin is 0.12 ug mL?, while the expression of mecA more than doubles the MIC to 0.25
ug mLL. These MRSA strains were also grown on methicillin gradient agar at increasing
concentrations to develop highly resistant MRSA (>50 pug mL%). S. aureus colonies were
isolated from this experiment where the MIC had increased to 2256 pg/mL, as determined
using oxacillin E-test diffusion strips. Sequencing of these highly resistant S. aureus isolates
showed various mutations; the acquisition of a point mutation in RNA polymerase B (rpoB),
substituting the histidine at position 929 of RpoB with a glutamine residue (RpoB"92°%; rpoB*)
was the most common. Mutations in RpoB have been reported previously regarding the
protein’s contribution to altered methicillin resistance (Matsuo et al, 2011). The observation
of RpoC mutations from clinical isolates has also been made previously (Dordel et al, 2014;
Hiramatsu et al, 2013). The correlation between the precise amino acid substitution of RpoB,
predominantly at its C-terminus, and the alteration to a strain’s resistance to antibiotics has
also been previously observed (Aiba et al, 2013). This suggests that RNA polymerases play a
crucial role in S. aureus’ ability to withstand various antibiotics, presumably due to altered

RNA-mediated regulation, such as transcription pausing (James et al, 2017).

Recent work using atomic force microscopy has elucidated the architecture of the Gram-
positive cell wall of S. aureus (Chapter 1; Section 1.2.; Figure 1.2.; Pasquina-Lemonche et al,
2020). Therein, two distinct architectures of the cell wall were observed: a porous, mesh-like
structure of older cell wall material, and a concentric ring-like structure of nascent septal
peptidoglycan (Figure 5.2.). The cell wall of S. aureus mecA rpoB* has since been detailed
using AFM. In the absence of methicillin, the cell wall architecture of this strain remains
consistent with the organisation of the SH1000 wild type cell wall, where concentric rings

make up the cell wall architecture at the nascent septum, while older cell wall material
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presents a dense mesh-like structure. However, in the presence of 25ug mL?! methicillin, the
concentric ring-like architecture is absent in the mecA rpoB* strain (Figure 5.2., Panel B). This
extraordinary finding demonstrates that the acquisition of mecA in high-level resistant strains
allows S. aureus to divide without one of its characterising peptidoglycan architectural
features. This has important consequences for many other features of the cell wall, including

the display and subsequent localisation of surface proteins.
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Figure 5.2. Atomic force micrograph of S. aureus mecA rpoB* external sacculus surface without and with methicillin

(A) Schematic representation of cell wall architecture at the cell surface of S. aureus. Adapted from Pasquina-Lemonche, 2020. (B) S. aureus
mecA rpoB* external surface sacculus. Samples were grown in TSB supplemented with 25 pg mL? methicillin. Dashed box in the left image is
magnified on the right hand side, showing the absence of ring architecture of nascent septal cell wall. (C) S. aureus mecA rpoB* external
sacculus surface imaged by AFM. Sample was growth without methicillin. Dashed box region in the middle image is magnified on the right

hand side, showing concentric ring architecture of nascent cell wall material. Adapted from Abimbola Olulana, unpublished.
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5.1.3. SpA Localisation in MRSA

SpA localisation in the methicillin susceptible S. aureus SH1000 background has been
elucidated in Chapter 4. It was found that several genes, including agr and sarA, have a distinct
effect on the frequency of SpA display within the S. aureus population. Single cells display SpA
over the whole cell surface. When single cells divide into diplococci, an absence of SpA at the
division site becomes apparent, giving a horseshoe pattern of localisation. As those cells
continue to grow and divide in a new plane, SpA becomes visible on the cell surface at the
previous site of division, eradicating the horseshoe motif. These patterns of SpA localisation,
and indeed SpA display altogether, are all but absent in strains lacking certain genes thought
to play a role in cell wall component modulation and synthesis (i.e. /taS and tarO), while SpA
appeared at an increased frequency in strains with mutations in key regulatory genes (i.e. agr

and sarA).

Surface protein A is not observed on newly exposed septal peptidoglycan, which contains the
dense ring-like architecture of cell wall peptidoglycan. Therefore, the rings may not contain
SpA, which could instead be embedded within the inner, mesh-like peptidoglycan layer, and
is therefore inaccessible to immunolabelling. The ring architecture may therefore act as a
layer which, only upon maturation of the rings into mesh via hydrolase activity, does SpA
become observable using immunofluorescence microscopy. The discovery that high level
MRSA strains lack this ring structure in the presence of methicillin affords the opportunity to

investigate this hypothesis.
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5.1.4. Aims of This Chapter

e Using a-SpA immunofluorescence microscopy, characterise the SpA display pattern in

S. aureus SH1000 mecA rpoB* in the presence and absence of methicillin

e Generate agr and sarA mutants in the mecA rpoB* strain to assess and compare SpA
display in MRSA against MSSA strains at comparable levels of expression within the

population
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5.2. Results

5.2.1. SpA Localisation in the MRSA Background Without Methicillin

To assess the localisation of SpA on the surface of S. aureus strains resistant to methicillin, S.
aureus SH1000 mecA and mecA rpoB* were used in the SpA immunofluorescence protocol
detailed previously (Chapter 3; Chapter 4). The positive and negative controls used in these

experiments are as described in Chapter 4.

Mutations in the agr locus were made in both the mecA and mecA rpoB* strains of S. aureus
SH1000 by bacteriophage transduction to generate increased display of SpA across the
population, as described previously in Chapter 4 (Figure 5.2.). Successful colonies from the
transduction protocol were selected on 5ug mL? tetracycline agar plates (1.5% w/v). Genomic
DNA was extracted from these colonies and the agr locus was amplified by PCR. Wild type
amplification of intact agr appear at 5 Kb on a 2% (w/v) agarose gel, while knockout mutants
of agr appear closer to 4 Kb (Figure 5.3., panel B). The exact size of the tetracycline cassette
used to mark the agr deletion is unknown but was constructed using bacteriophage 80a and
has been used extensively since (Novick, 1990; Benson et al, 2011). However, these results in
combination with the increased percentage of the S. aureus population immunolabelled for
SpA in Figure 5.4. demonstrates that the transduction of agr::tet into the mecA and mecA

rpoB* strains were successful.

To investigate whether the loss of functional Agr affected the MIC of mecA and mecA rpoB*
on oxacillin resistance, antibiotic E-test diffusion tests were used. As shown in Table 5.1. the
loss of functional Agr does not affect the MIC of the SH1000 wild type or mecA rpoB*.
However, the mecA strain becomes four time more susceptible to the effects of oxacillin when

agr is mutated (Table 5.1.).
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Figure 5.3. Transduction of agr::tet into the MRSA background

(A) Scematic representation showing agr F and agr R primers used to amplify the agr locus
in S. aureus SH1000. Highlighted section shows the region amplified by agr primers,
resulting in a 5 Kb PCR product in the wild type SH1000. (B) 2% (w/v) Gel electrophoresis of
gDNA from S. aureus SH1000 mecA with intact agr, mecA transduced with agr::tet lysate,

and mecA rpoB* transduced with agr::tet lysate.

154



Table 5.1. E-test MIC comparing the change in resistance to oxacillin between MRSA strains

with and without functional Agr

Strain Oxacillin MIC (ug mL?)
SH1000 Wild Type 0.38
SH1000 agr::tet 0.38

mecA 2
mecA agr::tet 0.5
mecA rpoB* 2256
mecA rpoB* agr::tet 2256
mecA mecA rpoB*
SH1000 agr::tet mecA agr::itet  mecA rpoB* agr::tet
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Figure 5.4. Analysis of SpA localisation in the MRSA background without methicillin by
immunofluorescence microscopy

(A) HADA was used to visualise nascent peptidoglycan synthesis (red). SpA localisation in S.
aureus SH1000 mecA, mecA rpoB*, mecA agr::tet, and mecA rpoB* agr::tet in the absence
of methicillin. Inset numbers are enlarged below. Scale bars = 3 um. Inset scale bars =1 um.
(B) Percentage of S. aureus SH1000 mecA (5%; n=123), mecA rpoB* (26%; n=108), mecA
agr::tet (49%; n=144), and mecA rpoB* agr::tet (34%; n=162) cells showing SpA localisation.

Frequencies under 10% are not labelled. Samples shown are representative of three

biological repeats.
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Figure 5.4., panel A, shows the characteristic horseshoe pattern of SpA fluorescence in the
mecA and mecA rpoB* strains, both with and without functional Agr, as seen previously
(Chapter 4). The expression of mecA and mecA rpoB* in the absence of methicillin does not
appear to alter SpA localisation from those observed previously (Chapter 4). These MRSA
strains, like the MSSA SH1000 strains, show whole cell SpA immunolabelling of single cells,
while dividing diplococcal cells display a horseshoe pattern of fluorescence. The
heterogeneity of SpA display in these populations grown in the absence of methicillin also
remains consistent, with S. aureus mecA demonstrating lower levels of SpA than the wild type
control, where 23% of the SH1000 population display SpA on the surface, whereas only 5% of
the SH1000 mecA population display SpA (Chapter 4, Figure 4.2.). The inactivation of Agr
increases the percentage of cells displaying SpA in both MRSA strains, as expected, with 49%
of the population of mecA displaying SpA with non-functional Agr, compared to its Agr-
functional counterpart at 5%. Similarly, the percentage of the population of mecA rpoB*

displaying SpA increased from 26% to 34% (Figure 5.4.).

5.2.2. Effect of Methicillin Treatment on SpA Localisation in the MRSA

Background

To investigate what affect the alteration of the cell wall architecture due to methicillin has on
the localisation of SpA in the mecA rpoB* and mecA rpoB* agr::tet strains, subcultures were
grown in the presence of 25 pg mL?! methicillin for 2 hours at 37°C, 250 rpm. This
concentration of methicillin was chosen in accordance with data acquired previously in the
lab, wherein growing mecA rpoB* in the presence of 25 pg mL! methicillin results in a lack of
the concentric ring structure of nascent peptidoglycan seen in strains grown without
methicillin (Section 5.1.3.; Figure 5.2.). Figure 5.5. shows a-SpA immunofluorescence of S.
aureus mecA rpoB* and mecA rpoB* agr::tet treated with methicillin. Both strains display a
horseshoe pattern of SpA fluorescence on diplococcal cell surfaces and whole cell l[abelling on
single cells, though the percentage of the population with functional Agr displaying SpA is
only 11%. This is slightly higher than mecA without methicillin (5%) but lower than the wild
type SH100 strain (23%). An increase in the percentage of the bacterial population displaying

surface protein A in the Agr deficient strain of mecA rpoB* was observed as expected.
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Figure 5.5. SpA localisation in the MRSA background in the presence of methicillin

(A) HADA was used to visualise nascent peptidoglycan synthesis (red). SpA localisation in S.
aureus SH1000 mecA rpoB* and mecA rpoB* agr::tet in the presence of 25 pug mL?
methicillin. Inset numbers are enlarged below. Scale bars = 3 um. Inset scale bars = 1 um.
(B) Percentage of S. aureus SH1000 mecA rpoB* (11%; n=103) and mecA rpoB* agr::tet
(55%; n=108) cells showing SpA localisation. Samples shown are representative of three

biological repeats.
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To determine the role of SarA on the localisation of SpA in the MRSA background, sarA::kan
was transduced into S. aureus mecA and mecA rpoB*. Verification of the successful
transduction of sarA::kan was achieved by PCR using Kan F and sarA R primers, growth on 50
ug mL? kanamycin, and a-SpA immunofluorescence microscopy (Figure 5.6.). The knockout
of sarA is expected to increase the percentage of the mecA rpoB* population displaying SpA

on the cell surface as seen previously (Chapter 4, Figure 4.8.).

a-SpA immunofluorescence microscopy of the sarA mutant in the MRSA background
demonstrates every cell in the population displaying SpA on the surface, albeit with varying
intensity (Figure 5.7.). The display patterns observed in the MRSA sarA::kan strains are similar
to sarA::kan strain in the SH1000 MSSA background, in that every cell appears to be displaying
SpA, almost always around the whole cell, with few cells displaying the horseshoe pattern
described previously. Attempts to grow these MRSA sarA mutant strains in the presence of
25 pug mL* methicillin, as shown in Figure 5.5. was unsuccessful. Subsequent oxacillin E-test
diffusion revealed that, whilst the mutation of sarA increased the resistance of S. aureus mecA
from 2 ug mL-1to 4 ug mL?, it also reduced the resistance of S. aureus mecA rpoB* from =256
ug mL?! to 4 ug mLL. This made it impossible to assess the SpA localisation pattern in MRSA
strains with non-functional SarA under the same conditions as explored previously (Figure
5.5.). As such, the role of SarA in MRSA on the localisation of SpA remains unknown, as does

its apparent role in antibiotic resistance as an auxiliary gene.
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Figure 5.6. Construction of sarA mutant in the MRSA background

(A) Schematic representation of the insertion of kan® antibiotic resistance cassette into
chromosomal sarA (black triangle). (B) Agarose gel (2% w/v) electrophoresis of sarA
knockout PCR verification. (1) Control band at 0.5 Kb is the amplification of the sarA in the
SH1000 genome using sarA F (not shown) and sarA R (shown) primers. Expected PCR
product size of 0.5 Kb is shown. (2) S. aureus SH1000 sarA::kan gDNA at 2 Kb shows
interruption of sarA. (3) S. aureus mecA sarA::kan gDNA at 2 Kb shows interruption of sarA.
(4) S, aureus mecA rpoB* sarA::kan gDNA at 2 Kb shows interruption of sarA. Markers are
of sizes shown. (C) Oxacillin E-test strips showing change in antibiotic resistance as a result
of sarA mutation in the MRSA background. The MIC of mecA increased from 2 pg mL to 4

ug mL?Y, while the MIC of mecA rpoB* decreased from 2256 pg mL™ to 4 ug mL™.
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Figure 5.7. Effect of SarA on SpA localisation in the MRSA background without methicillin
(A) HADA was used to visualise nascent peptidoglycan synthesis (red). SpA localisation in S.
aureus SH1000 mecA sarA::kan and mecA rpoB* sarA::kan in the absence of methicillin.
Inset numbers are enlarged below. Scale bars = 3 um. Inset scale bars = 1 um. (B)
Percentage of S. aureus SH1000 mecA sarA::kan (100%; n=128) and mecA rpoB* sarA::kan
(100%; n=157) cells showing SpA localisation. Samples shown are representative of three

biological repeats.
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5.3. Discussion

Immunofluorescence microscopy has been shown to be a reliable method for investigating
the localisation of proteins, both in the literature, and in this work (DeDent et al, 2007; Yu et
al, 2018). As a result of its reliability, immunofluorescence microscopy was used to investigate
the display pattern and distribution of surface protein A in methicillin resistant

Staphylococcus aureus, conferred by the exogenous mecA gene encoding PBP2a.

Additional screening of SpA localisation was done in a mecA strain which had also acquired
an amino acid substitution in the rpoB gene, replacing the histidine at position 929 with a
glutamine residue. This substitution conferred significant resistance to methicillin in the strain
via an unknown mechanism (Panchal et al, 2020). This highly methicillin resistant strain has
been used previously to investigate the architecture of the cell wall, via atomic force
microscopy, of S. aureus grown in the presence of methicillin. While wild type SH1000 and
subsequent mutant strains demonstrate a combination of dense mesh-like older cell wall
material and a concentric ring-like structure of nascent peptidoglycan around developing
septa, the cell wall of the mecA rpoB* strain, when grown in 25 ug mL?! methicillin, has no
ring structure — only mesh. Figure 1.2. (Chapter 1) shows the localisation of these cell wall
architectures, both surface exposed cell wall, and the membrane-facing cell wall — referred to
as the internal sacculus. This new understanding of the cell wall of S. aureus raised some
interesting questions that were addressed in this chapter. For example: how significant is the
presence of this centric ring architecture in the display of surface proteins? Does a strain with

no ring structure of peptidoglycan display surface proteins differently?

An attempt to address these questions was made using immunofluorescence microscopy on
MRSA strains with and without methicillin to investigate the contribution of the ring-like
architecture to surface protein display, using surface protein A as a model surface protein.
Possessed of a YSIRK signal sequence motif, SpA is known to be translocated and subsequently
displayed on the cell surface first at the developing septum (Carlsson et al, 2006; Chapter 4).
SpA localisation in the SH1000 background of S. aureus in Chapter 4 has been shown to be
displayed at the previously completed septum of diplococcal cells. As those cells continue to

grow and divide, SpA becomes distributed over the whole cell prior to the next septation
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event. The division of cells causes the appearance of a horseshoe like motif of SpA localisation,
where the site of septation lacks surface exposed SpA at that time. As cells continue to
develop septa in another plane of division, SpA becomes exposed at the previous site of
division over time. Data in this chapter has shown that the localisation of SpA in MRSA strains
of SH1000, conferred by exogenous mecA and the subsequent acquisition of RpoB"92°Q does
not appear to alter the localisation of SpA in the absence of methicillin. The addition of 25 pg
mL? of methicillin to mecA rpoB*, which is known to affect the architecture of the cell wall,
does not alter the localisation of SpA. This implies that the ring structure of the cell wall at
developing septa does not possess SpA, nor does the mesh-like architecture of peptidoglycan
at the septum of S. aureus mecA rpoB* in the presence of methicillin. Instead, these data
suggest that the outermost cell wall of S. aureus at the septum acts as an additional layer,
obfuscating SpA labelling by immunofluorescence, regardless of its architecture. Further, this
implies that SpA incorporation into the cell wall may be associated with PBP2 activity, as PBP2
is responsible for synthesising the peptidoglycan layer closest to the bacterial membrane after
the typical synthesis of ring structured peptidoglycan at the nascent cross wall (Wacnik et al,
2022). Treating MRSA strains with methicillin and trypsin could prove useful in testing this
hypothesis, as a time course of SpA display could be observed using immunofluorescence
microscopy, as shown previously, to elucidate the emergence of SpA over time (Chapter 4,

Figure 4.10.; Figure 4.12.).

While the slight increase in susceptibility to oxacillin was unexpected when knocking out Agr
in the mecA strain, the substantial increase in susceptibility of mecA and mecA rpoB* with
non-functional SarA was very surprising. The association and potential trade-off between
virulence capacity and resistance to antibiotics has been discussed previously, which includes
the global regulation of virulence factors by Agr and SarA (Mlynarczyk-Bonikowska et al, 2022;
Bruce et al, 2022; Bilyk et al, 2022).

Recent work on the development of B-lactam resistance in S. aureus has shown that, while
resistance to B-lactams is mediated by the acquisition of mecA encoding PBP2a, many genes
that play no obvious role in the associated process of cell wall synthesis are required to
maintain, and even improve upon, the bacterium’s resistance to antibiotics. Genes that are

required to maintain levels of resistance to B-lactams conferred by mecA are known as
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auxiliary genes (aux). Other genes, known as potentiators (pot) undergo mutations which
enable S. aureus to withstand much greater concentrations of B-lactam antibiotics (Bilyk et
al, 2022). Of the genes investigated in this Chapter, as well as in Chapter 4, sarA is thought to
be an aux gene (Li et al, 2016). Indeed, the loss of SarA in the high-level MRSA strains
examined in this Chapter result in the sensitisation of S. aureus to oxacillin, dropping from an
MIC of 2256 pug mL? to 4 ug mL?, and thereby rendering the strain impossible to examine for
SpA localisation in the presence of the requisite concentration of methicillin (25ug mL?) to

abrogate the ring structure.
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5.4. Main Findings in this Chapter

e SpA localisation in mecA mediated MRSA in the absence of methicillin is like that

observed in the MSSA SH1000 background

e mecA MRSA strains grown in the presence of methicillin show the same SpA

localisation as seen in SH1000 background
e The deletion of agr in the MRSA strain mecA sensitises the bacteria to oxacillin

e The interruption of sarA drastically sensitises mecA rpoB* strains to oxacillin
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Chapter 6

General Discussion

Staphylococcus aureus is an increasingly important human pathogen that places a huge
burden on both global healthcare systems and agriculture (Kalayu et al, 2020). Carried on the
skin of approximately one third of the population, S. aureus is particularly dangerous as a
nosocomial pathogen, especially regarding individuals with ongoing disease progression as
well as the immunocompromised (Sabbagh et al, 2019). S. aureus can cause a range of
diseases, from cellulitis and impetigo to bacteraemia and toxic shock syndrome (Cheung et
al, 2021). The ability of S. aureus to cause these diseases is in part attributed to its production
and display of a variety of surface proteins. Surface exposed proteins enable S. aureus to
interact with many molecules and to adhere to and colonise various mammalian hosts (Laux
et al, 2019). One particularly important surface protein is Surface Protein A (SpA) which binds
to the constant domain of mammalian immunoglobulins such as IgG and IgM (Kota et al,
2020). As such, the display of SpA on the surface of S. aureus allows the bacteria to evade
opsonisation by mammalian antibodies. This in turn enables S. aureus to continue to colonise

its host and persist as an agent of chronic infection (Schneewind et al, 2019).

As a result of its role in disease progression and conservation among global strains of S.
aureus, SpA is a widely studied virulence factor. Much is known about its function, structure,
and regulation, while its localisation on the surface of S. aureus remains poorly understood.
However, studies have been performed to determine the localisation of SpA in S. aureus to
understand more about where the protein is translocated, and how its display changes over
time. DeDent et al (2007) used Alexa Fluor 647 conjugated antibodies to show the distribution
of SpA in the RN4220 strain of S. aureus. Therein, they observe discrete foci of SpA display,
and go on to propose a model by which SpA becomes distributed across the cell wall over
time. Additionally, the use of trypsin to shave the surface proteins from the cells showed that
SpA appears at distinct foci and that, over time, SpA can be observed across the whole cell.
The group also state that the use of antibodies conjugated to FITC and Cy3 show a more
uniform pattern of SpA localisation, and that the distinct patterns observed using Alexa Fluor
647 denote a higher level of detail and accuracy (Mazmanian et al, 2000; Schneewind et al,

1992). Conversely, Zhang et al (2021) show that SpA first becomes observable at the cross
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wall of diplococcal cells in RN4220 following trypsin treatment. These experiments, while
performed in the same strain used by DeDent et al (2007), use a chemically inducible plasmid
version of SpA, such that its expression can be controlled. The immunofluorescence protocol
used by Zhang also included SpA-specific antiserum, as well as Alexa Fluor 488 conjugated
secondary antibodies, whereas DeDent et al (2007) used only fluorescent secondary
antibodies. This might suggest that the data presented by Zhang et a/ (2021) provides a more
accurate representation of SpA display under these conditions, as SpA-specific primary
antisera ensures SpA-specific localisation. However, the use of chemically inducible SpA does
not reflect wild type levels of expression, which may affect localisation. Additionally, the
strain studied by both groups (RN4220) is already highly mutated, and is intended as an

intermediary strain for genetic manipulation.

The original aim of this work was to improve upon what is currently known about SpA
localisation using SNAP-tag biotechnology. SNAP is an enzyme that covalently binds to the
benzyl group of benzylguanine derivative dyes, which can be expressed as a protein fusion via
a short oligo link (Kolberg et al, 2013; Section 1.4.5.; Section 3.1.). Previous work in the lab
has shown that SNAP is an effective tool for the localisation of intracellular proteins in S.
aureus (Lund et al, 2018). However, after extensive troubleshooting — including growth
conditions, labelling time, different substrates, substrate concentration, and temperature —
SNAP could not reliably be used to localise SpA, despite confirming its expression as a fusion
to SNAP in S. aureus (Chapter 3). It is possible that this lack of signal is due to a lack of SNAP
sensitivity to benzylgunaine derivative dyes. To account for this, an agr mutation was
transduced into SpA-SNAP to generate an increased percentage of the population displaying
SpA-SNAP. However, this failed to elicit an increased signal within the population.
Alternatively, the lack of SNAP-tag labelling may be due to the higher levels of oxygen and
reactive oxygen species (ROS) which the surface of S. aureus — and therefore SpA-SNAP — are
exposed to. The active site of SNAP contains a cysteine residue, which is known to readily
react with oxygen and ROS (Veggiani & de Marco, 2011; Alcock et al, 2018; Kameya et al,
2019). This would also explain the discrepancy between the FtsZ-SNAP microscopy shown by
Wacnik (2016) and this work, as FtsZ is an intracellular protein, and is therefore not exposed

to ROS.
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In an effort to replicate the data shown by DeDent et al (2007) and Zhang et al (2021),
immunofluorescence microscopy was used to localise SpA in place of SNAP-tag. Both
methodologies were tested using Alexa Fluor 488 conjugated secondary antibodies against
wild type S. aureus SH1000 cells grown to mid-exponential phase. The only notable difference
between these two methodologies tested in this work was that the combination of a-SpA
primary and fluorescently conjugated secondary antibodies provided clearer localisation of
SpA. In secondary-only samples, the pattern of fluorescence was less uniform (data not
shown). So, to ensure the highest level of detail, a combination of SpA specific primary
antibodies and fluorescent secondary antibodies were used. Additionally, even though no
discernible difference was observed by strains producing Sbi — another antibody binding
protein on the cell surface of S. aureus — immunofluorescence experiments were
predominantly performed in an sbi mutant to ensure the most representative localisation of
SpA as possible. Immunofluorescence microscopy was used to localise SpA in S. aureus and
revealed three distinct localisation patterns. Firstly, SpA was localised over the entire surface
of single cells. Then, cells undergoing septation demonstrated a horseshoe motif of SpA
fluorescence. Lastly, diplococcal cells that had begun synthesising cross wall peptidoglycan in
the next plane of division display SpA over the whole surface of both cells (Figure 4.3.).
Interestingly only 20% of the wild type SH1000 population appear to display SpA on their cell
surface under laboratory conditions (Figure 4.2.). This level of population heterogeneity was
unexpected, especially as the samples in this work were all grown to exponential phase,

wherein the negative regulation of SpA by Agr is alleviated (Gao & Stewart, 2004).

Surface protein A is considered a ubiquitous protein among S. aureus populations (Gao et al,
2004; Frankel et al, 2010; Hao et al, 2021). Because of this, SpA has been considered an ideal
target for vaccine development which, to date, has only shown some success in mice models.
However, this work has shown that as little as 7% to as much as 37% of clinically relevant S.
aureus strains like COL and USA300, respectively, display SpA on the cell surface during
exponential growth phase (Figure 4.5.). These findings suggests that SpA surface display may
not be as common as previously thought. As part of the investigation to determine the cause
of this heterogeneity of SpA display, a non-functional Agr mutant was generated by
bacteriophage transduction, which proved to be a useful tool for the investigation of SpA

localisation. In the Agr negative mutant, the frequency of the population displaying SpA on
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the cell surface increased to 85% without introducing any new patterns of SpA localisation
(Figure 4.8.). This suggests that the heterogeneity of SpA expression is largely controlled at
the genetic level. Additionally, immunofluorescence microscopy of a non-functional SarA
mutant showed that 100% of the S. aureus population display SpA on the cell surface. Though,
in this mutant, the characteristic horseshoe pattern of fluorescence in dividing cells was all
but abrogated. This is likely due to a substantial increase in expression such that the cell wall
is saturated with SpA, though further investigation is required. Interestingly, a Sortase A (SrtA)
mutant showed SpA localised to the cell surface as well (Figure 4.7.). This was surprising, as
SrtA is known to incorporate SpA into the peptidoglycan cell wall by covalently binding the
protein to Lipid Il. Therefore, its abrogation was expected to result in no SpA on the bacterial
cell surface in this strain. SpA possesses the LPXTG motif recognised by SrtA, but it also has a
LsyM domain at its C-terminus. This domain has previously been theorised to facilitate the
ionic binding of SpA into the cell wall (Buist et al, 2008). It was therefore hypothesised that
this mechanism may be responsible for SpA display in the AsrtA strain. To test this hypothesis,
samples of this strain were boiled in 4% (v/v) SDS to strip ionically bound proteins from the
cell surface, then subjected to SpA immunofluorescence microscopy. The result of this
experiment showed that SDS treated S. aureus AsrtA no longer displayed any SpA on the cell
surface. Meanwhile, the SDS treatment of SH1000 wild type and S. aureus agr::tet showed a
slight reduction in the percentage of the population displaying SpA: 17% and 82%,
respectively (Figure 4.9.). This suggests that a minority of surface displayed SpA is ionically

bound to the cell wall in these strains, presumably via the LysM domain.

Interestingly, mutant strains of S. aureus lacking functional genes involved in the synthesis
and display of teichoic acids display little to no SpA at on the surface of S. aureus (Chapter 4,
Figure 4.6.). The interplay between teichoic acid display and the spatial regulation of both cell
wall cross linking and SpA display has been explored previously (Atilano et al, 2010; Yu et al,
2018). These data suggest that the co-ordination and regulation of cell wall synthesis, teichoic
acid anchoring, and surface protein display are important and associated pathways that

warrant further investigation.
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To investigate the temporal evolution of SpA, a trypsin-based cell shaving protocol was
adapted from the methodologies described by DeDent et al (2007) and Cheung et al (2021).
Immediately following recovery from trypsin, S. aureus displays no SpA on the cell surface.
The hour following trypsin recovery shows that SpA predominantly emerges at the previous
division site of diplococcal cells. Then, the majority of SpA can be observed over the whole of
cells displaying SpA, with a minority expressing the protein at the periphery of cells (Figure
4.10.). Due to the heterogeneity of S. aureus SpA expression in Agr functional strains, an Agr
Sbi double mutant was generated to investigate this display pattern in a higher frequency
(Figure 4.11.). Figure 4.12. shows that an Agr deficient S. aureus strain treated with trypsin
displays SpA in the same pattern as seen with S. aureus sbi::erm, over the whole of single cells
and as a horseshoe like pattern on the surface of a subset of dividing cells, albeit at a greater
frequency. This suggests that SpA is initially translocated at the previous division site of
diplococcal cells — or the active site of septation in single cells. To juxtapose the localisation
of SpA with the bacterial cell cycle, S. aureus agr::tet sbi::erm was pulsed with TADA, treated
with trypsin, chased with HADA, and assessed via immunofluorescence microscopy. Figure
4.13. shows that emerging SpA co-localises with the site of septation prior to trypsin
treatment. A Western blot analysis of trypsin treated and non-trypsin treated cells shows that
22% of SpA remains in the cell wall of the Agr and Sbhi deficient S. aureus strain following
treatment with trypsin (Figure 4.14.). This implies that the co-localisation of SpA with the
TADA fluorescent peptidoglycan, which was synthesised and incorporated prior to trypsin
treatment, contains SpA that is inaccessible to trypsin. Therefore, SpA seen predominantly at
the previous division site following trypsin treatment is already present in the cell wall at the
time of treatment and is simply inaccessible to trypsin due to the extra layer of peptidoglycan,
such as the ring structure mentioned previously and in Figure 6.1. However, when the findings
of Cheung et al, 2021, are considered, wherein plasmid-borne, inducible SpA was localised at
the septum in a SpA deletion strain, it’s likely that SpA is predominantly translocated and
subsequently displayed at the cross wall of dividing cells. As such, the current hypothesis is
that the presence of an additional layer of peptidoglycan at the developing bacterial septum,
regardless of its architecture, obscures SpA localisation by immunolabelling and,
subsequently, its surface function immediately following septation (Figure 6.1.). This
hypothesis is supported by the findings represented in Figures 5.4. and 5.5., where growing

methicillin resistant S. aureus in the presence of methicillin to abrogate the ring structure of
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peptidoglycan (Pasquina-Lemonche et al, 2020) did not alter the localisation of SpA. If the ring
structure was simply too dense to immunolabel SpA, growing MRSA with methicillin should
have enabled the localisation of SpA at the developing septum. However, no SpA was
observed at the developing septum or the previous division site of cells. Therefore, the lack
of SpA at this site of division in S. aureus is likely due to the presence of the ring-like
architecture of peptidoglycan, which has recently been shown to require hydrolysis for the

display of SpA (Leonard et al, 2023).
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Figure 6.1. Model of peptidoglycan layers of the S. aureus cell wall and SpA display

(Top) As S. aureus builds a division septum, peptidoglycan is incorporated by PBP1 and
arranged in a concentric ring like architecture (yellow) at the leading edge. Upon cell
division, the ring structure becomes the outer most layer of the cell wall, and contains no
SpA. Closer to the membrane where Sortase A is anchored (pale green), the mesh-like
architecture of peptidoglycan (red) is more dense and contains SpA (green) as well as wall
teichoic acid. Lipoteichoic acid is found in the exoplasm (purple). Immediately following cell
division, SpA is inaccessable to antibodies, and therefore cannot be observed by

immunofluorescence microscopy, nor function as an antibody binding protein. Over time,
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the ring structure is matured, presumably by cell wall hydrolases as part of the natural cell
cycle, making it more porous and thereby rendering the underlying SpA accessable.
(Bottom) In the presence of methicillin, MRSA does not produce the concentric ring
architecture of peptidoglycan as PBP1 is inhibited. Instead, PSP2a synthesises a mesh
architecture in place of the rings, which continues to act as an additional layer of cell wall

material that also lacks SpA.
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The advent and subsequent proliferation of antibiotic resistance has had a devastating effect
on global healthcare systems. As a result of the widespread use and misuse of antibiotics,
many pathogenic microbes can persist in the presence of a range of frontline medical
treatments (Foster, 2019). Methicillin resistant Staphylococcus aureus (MRSA) is one such
example. The capacity of S. aureus to resist most B-lactam antibiotics is largely attributed to
the possession of the mecA gene found within the staphylococcal cassette chromosome
(SCCmec) (Liu et al, 2016). The mecA gene encodes a penicillin resistant PBP, dubbed PBP2a
(Lim et al, 2002). The relationship between antibiotic resistance and virulence among
pathogenic microbes has long since been a topic of discussion (Bjorkman & Andersson, 2000;
Schroeder et al, 2017; Pan et al, 2020). The effect of methicillin resistance in S. aureus on SpA
localisation and display was therefore of interest. As such, SpA localisation was assessed in

MRSA (S. aureus mecA) and high-level MRSA (S. aureus mecA rpoB’).

Only 5% of the population of S. aureus mecA was found to display SpA in the absence of
methicillin, while 26% of the mecA rpoB* strain display SpA on their cell surface under the
same conditions. It’s thought that the lack of SpA display in the mecA strain may be due to
the upregulation of genes involved in anaerobic growth (Panchal et al, 2020). Similarly, the
increased frequency of SpA display in the mecA rpoB* strain is attributed to the correction of
this dysregulation by RpoB* activity. The removal of the agr locus in these strains increases
the frequency of the population displaying SpA as expected. However, the lack of Agr appears
to sensitise the mecA strain to oxacillin (Table 5.1.). In the presence of 25 pug mL?! methicillin,
the percentage of the mecA rpoB* population displaying SpA reduces from 26% to 10%, which
the same strain without its agr locus shows 54% of the population displaying SpA (Figure 5.5).
Despite the known association between the virulence capacities of bacteria and their ability
to resist antibiotics, the mecA rpoB* agr::tet strain shows no increased sensitivity to oxacillin.
However, the strain is resistant to 2256 ug mL? so any changes to sensitivity above that
concentration cannot be observed using E-strip tests. Interestingly, while the persistence of
bacteria in the presence of antibiotics is a concern to global healthcare systems, the reduction
in the rate of SpA display on the surface of the population could potentially contribute to

some attenuation of virulence capabilities under such conditions.
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6.1. Future Perspectives

This work has elucidated the surface display of the key virulence factor Surface Protein A (SpA)
in a well-studied, model lab strain of Staphylococcus aureus. The results herein have been
used to develop a model for the development of SpA surface display within the context of cell
wall dynamics during the cell cycle (Figure 6.1.). However, the observation of strain-
dependent variation among S. aureus suggests that no one model in a single strain will be

applicable to others, necessarily.

The heterogeneity of SpA expression in the bacterial populations studied was unexpected and
made the elucidation of SpA display in more clinically relevant strains difficult. Attempts to
generate agr mutant variants of clinically relevant strains, such as COL, Newman, and NewHG,
to counter the lack of SpA display in these strains failed. However, the successful genetic
manipulation of these strains — either by agr mutation or by the introduction of plasmid-borne
SpA — could provide important detail regarding SpA display in more clinically relevant S.

aureus, and could further elucidate the strain-dependent variation observed herein.

While the genes involved in the regulation of SpA expression are well known, such as agr and
sarA, little is known about the transcriptional and translational regulation of SpA beyond the
binding of antisense RNAIIl (Zhu et al, 2019). Further investigation into factors involved in
transcriptional and translational regulation of SpA expression may elucidate the cellular
heterogeneity of SpA display in these bacterial populations. This may also explain the

dramatic increase in population expression of SpA in the SarA mutant strain.

Although the investigation of SpA display in high level MRSA in the presence of methicillin
showed no altered patterns — implying that the architecture of the outermost layer of
peptidoglycan does not contribute to the lack SpA at the site of septation — it would be
interesting to examine the emerging pattern of SpA display in a trypsin treated MRSA strain.
This could provide more information regarding the role of the architecture of peptidoglycan
at the septum. Specifically whether the arrangement of the peptidoglycan contributes to SpA

display (or lack thereof at that site), or whether simply the possession of an “outer” layer of
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peptidoglycan obscures cell wall associated SpA within the layer of peptidoglycan closer to
the bacterial membrane. Also, the use of an exogenous peptidoglycan hydrolase could be
used to strip off the septal ring / mesh architecture to determine if the underlying cell wall

material contains SpA.

Lastly, the use of gold-conjugated antibodies to localise SpA at a nanometre scale using AFM
may provide valuable insight into the dynamic display of protein A on the bacterial cell wall.
As SpA appears to be primarily translocated to the surface at the developing septum,
elucidating the precise organisation of these proteins could also reveal interesting

information regarding the localisation of sortase A.

My work has revealed many new details as to the display of SpA across both varied
populations and individual cells. Combining molecular analysis across those components that
constitute the S. aureus cell wall will reveal where on the cell surface this key virulance protein

is able to interact with its host, where it is able to cause such potentially devastating diseases.
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