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Summary

Cell division is a vital process that is required for bacterial proliferation and is thus an
important target for the development of new antimicrobial agents. Bacterial cell
division has mainly been studied in rod-shaped microorganisms, where a complex
macromolecular machine, termed the divisome, mediates the division process. Cell
division requires the coordination of components from the cytoplasm, through the
membrane, to the cell wall where synthesis of new peptidoglycan takes place.
Escherichia coli and Bacillus subtilis divisomes involve multiple essential components,
mostly of unknown function. Staphylococcus aureus is a coccus that divides by binary
fission in three orthogonal planes. The cell division machinery of S. aureus has been
initially mapped as it is a clinically significant pathogen that poses a serious threat to
public health due to resistance to current antibiotics. Indeed, the search for new drug
targets against S. aureus is crucial.

In this study, S. aureus cell division components DivIC and FtsL were identified as
members of a novel class of cell wall-binding proteins, and their affinity for the cell
wall was shown to be enhanced by the presence of wall teichoic acids. A GFP fusion
analysis and immunolocalisation experiments demonstrated that DivIC and FtsL may
transiently localise to the division site and their localisation patterns suggest that they
may identify previous or potential planes of division by recognising specific forms of
peptidoglycan architecture. Attempts to determine the roles of diviC and ftsL in S.
aureus using in-frame deletions and conditional lethal mutants of these genes were
unsuccessful. Identifying the roles of DivIC and FtsL in S. aureus will enhance the
utility of these proteins as putative antimicrobial targets.
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Chapter 1
Introduction

1.1. Cell division

Cell division is a vital process for maintaining the growth and proliferation of
organisms. The time between each cell division is referred to as a cell cycle. During
this period, the cell duplicates its constituents and distributes them between two
cells to ensure that genetic information is passed from parent to daughter. Most
prokaryotic cells undergo a cell division process known as binary fission, which
permits the cell to split in the middle, resulting in two equal daughter cells
(Madigan and Martinko, 2006; Sievers and Errington, 2000a; Errington et al.,
2003). In general, the prokaryotic cell begins the division process by duplicating its
DNA, and chromosome segregation along with cell elongation (to two times its
size) follows. A septum is then formed in the middle of the cell, the cell splits into
two daughter cells, and the process is repeated over and over again (Figure 1.1)
(Madigan and Martinko, 2006; Sievers and Errington, 2000a; Errington et al.,
2003). Eukaryotes and prokaryotes share some common features of cell division,
such as DNA replication and chromosome segregation; however, the mechanisms
used to accomplish these processes vary between the two types of organisms
(Fletcher et al., 2007). In eukaryotic cells, the microtubule-organising centres
mediate chromosome separation and organisation (Goshima and Kimura, 2010). In
contrast, DNA replication and chromosome separation occur simultaneously during
prokaryotic cell division (Toro and Shapiro, 2010). Cytokinesis and full cell
separation in both eukaryotes and prokaryotes occurs through the formation of a
contractile ring-like structure. In eukaryotes, this structure consists of 1,000-2,000
actin filaments (Kamasaki et al., 2007; van den Ent et al., 2001), whereas in
prokaryotes, the tubulin-like ring structure is smaller (Erickson, 1997;
Raychaudhuri, 1999; Lan et al., 2009). Thus, the cell division process between
eukaryotes and prokaryotes has some differences and similarities; this chapter will

focus on prokaryotic cell division.
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Figure 1.1 Cell wall assembly in rod- and coccus-shaped gram-positive bacteria

Schematic representations of cell wall assembly in gram-positive rods (e.g., B. subtilis, A),
ovococci (e.g., Streptococcus pneumoniae, B) and true cocci (e.g., S. aureus, C). The
parental cell wall is represented in grey; the nascent lateral cell wall is represented in cyan.
The new peripheral cell wall and the new septal cell wall are represented in green and pink,
respectively. The elongation machinery is shown in cyan with a black outline; the
peripheral synthesis machinery is shown in green with black outlines. The septal synthesis
machinery is represented in pink with a black outline. Adapted from (Zapun et al., 2008;
Pinho et al., 2013).



1.2. The importance of bacterial cell division

Bacterial cell division has primarily been studied in model rod-shaped
microorganisms, including Gram-positive bacilli, such as B. subtilis, and Gram-
negative bacilli, such as E. coli. A complex macromolecular machine, called the
divisome, mediates the cell division process. Many of the divisome components are
essential for bacterial cell viability. Ten cell division genes have been found to be
essential in E. coli (Buddelmeijer and Beckwith, 2002), B. subtilis (Kobayashi et
al., 2003) and Caulobacter crescentus (Goley et al., 2011). Six cell division genes

have been identified to be essential genes in S. pneumoniae (Song et al., 2005).

Cell division is conserved between prokaryotes; however, the mechanisms differ.
The differences are likely due to the shape and envelope structure of the bacterial
cells. The key components of the cell division machinery, such as the FtsZ protein,
are highly conserved among bacterial species whereas others vary significantly
(Angert, 2005). Some bacterial species do not divide by binary fission, and in others,
alternative mechanisms of division may be used only under certain conditions, such
as stress (Angert, 2005). These alternative mechanisms include budding, as observed
in proteobacteria, such as Ancalomicrobium, Hyphomonas and Pedomicrobium
(Angert, 2005), and multiple offspring formation, as seen in Metabacterium
polyspora, in which multiple endospores are formed by asymmetric division (Angert
and Losick, 1998). Streptomyces produces branched filaments through hyphal
growth, and these filaments contain multiple nuclei that will occasionally septate
(Chater, 1993). In cell wall-deficient, L-form B. subtilis, propagation occurs without
the cell division machinery and instead proceeds through an extrusion-resolution
mechanism (Leaver et al., 2009).

1.3. Temporal control of bacterial cell division

Cell division in bacteria must be coordinated to guarantee that cells are partitioned
equally to realise their developmental fate (Lutkenhaus and Addinall, 1997). The
division of Enterococcus hirae is initiated independently of chromosome replication
and growth rate but occurs at a consistent cell volume (Gibson et al., 1983). In
addition, B. subtilis and E. coli reach a certain cell length before the chromosome
begins to dissociate, a process that is a prerequisite for the formation of the septum
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(Donachie and Begg, 1989; Sharpe et al., 1998). To ensure that cells are
coordinating their size with their growth rate, a mechanism must exist to detect
nutrient availability so that it may be communicated to the divisome, allowing
appropriate timing of septum formation initiation (Wang and Levin, 2009). The
growth rate appears to affect the assembly of FtsZ proteins and the period between
formation of the ring and cytokinesis, indicating that cell size is regulated by growth
rate through the polymerisation of FtsZ (Den Blaauwen et al., 1999; Weart and
Levin, 2003). The glucolipid biosynthesis pathway has been described in B. subtilis
and works as a metabolic sensor to coordinate the size of the cell with its growth rate
(Weart et al., 2007). An important component of this pathway is the effector protein,
UgtP, a glucosyltransferase that has been shown to inhibit the assembly of FtsZ in
vitro and regulate the formation of the Z-ring in vivo.

UgtP ensures that the cell reaches a certain mass, the “critical mass”, before
cytokinesis is initiated (Weart et al., 2007). Two enzymes, PgcA and GtaB, provide
nutritional information directly to the divisome, suspending division until cells reach
the critical mass (Weart et al., 2007). The expression and midcell localisation of
UgtP is altered by the availability of nutrients, thereby guaranteeing that inhibition
of division is coupled to growth rate (Weart et al., 2007). B. subtilis cells deficient in
ugtP generate small daughter cells with disruptions in FtsZ assembly; thus, cell
division and chromosome segregation are perturbed (Weart et al., 2007). E. coli cells
lacking the pgcA homologue, pgm, show a similar phenotype (Lu and Kleckner,
1994). Recently an UgtP homologue, OpgH has been described in E. coli, which acts
as a nutrient-dependant regulator of the cell size. It localises at the division site in
high nutrient media and disrupts FtsZ assembly, thus halting cell division and

increasing the size of the cell (Hill et al., 2013).

1.4. Cylindrical elongation in rod-shaped bacteria

Rod-shaped bacteria, such as B. subtilis and E. coli, increase in cell size by
increasing in cell length before division (Grover et al., 1977). The mode of
peptidoglycan synthesis changes from an elongating status, sustaining a constant
cell diameter, to a reduction in the diameter of the cell at a specific location,

resulting in septum formation and cell constriction (Grover et al., 1977). Cell
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constriction and elongation depends on the local activity of a protein complex that
incorporates peptidoglycan precursors using the old cell wall as a template (den
Blaauwen et al., 2008). Early studies on bacterial shape presumed that shape was
defined by the cell wall, which functions as an exoskeleton (Holtje, 1998;
Nanninga, 1998). However, recent studies have shown that many proteins are
involved in controlling cell morphology (den Blaauwen et al., 2008). Mutations in
the mreB, mreC, mreD, rodA, pbp-2a or pbp-H genes in B. subtilis (Levin et al.,
1992; Henriques et al., 1998; Wei et al., 2003; Leaver and Errington, 2005), mreB,
mreC, mreD or rodA genes in E. coli (Matsuzawa et al., 1973; Wachi et al., 1987;
Wachi et al., 1989) and mreB, mreC, mreD or rodA genes in Salmonella
typhimurium (Costa and Anton, 1999; Normark, 1969) result in spherical cells.
Furthermore, mutation of the RodA homologue in the ovococcus, Streptococcus
thermophilus, leads to spherical growth (Thibessard et al., 2002). MreB and its B.
subtilis paralogues MreBH and Mbl have been identified as actin homologues that
form dynamic bundle filaments (Dempwolff et al., 2011), indicating a role of the
MreB family as cytoskeletal components that organise lateral peptidoglycan
synthesis (Figge et al., 2004; Defeu Soufo and Graumann, 2004; Daniel and
Errington, 2003; Shih et al., 2003; van den Ent et al., 2001; Jones et al., 2001). The
integral proteins MreC and MreD are believed to stabilise the MreB cytoskeleton
by linking the cytosolic MreB filaments to the extracellular peptidoglycan
synthesis machinery (Leaver and Errington, 2005; Divakaruni et al., 2005; Kruse et
al., 2005). The elongation machinery is believed to involve penicillin-binding
proteins (PBPs), which are associated with cell wall synthesis and the SEDS
(shape, elongation, division and sporulation) protein RodA (Ishino et al., 1986;
Henriques et al., 1998; Real et al., 2008). SEDS proteins are usually present in the
same operon as the class B PBPs, and their function is to translocate the
peptidoglycan precursors from the cytoplasm to the extracellular site of synthesis
(Ehlert and Holtje, 1996). A fluorescent derivative of vancomycin that stains
nascent peptidoglycan synthesis (Pinho and Errington, 2003) has demonstrated a
cylindrical incorporation pattern of labelling in B. subtilis (Daniel and Errington,
2003; Tiyanont et al., 2006), E. coli (Varma et al., 2007) and C. crescentus
(Divakaruni et al., 2007). However, current data suggest no overall pattern of
synthesis but a discontinuous and patchy incorporation in E. coli and C. crescentus

(Turner et al., 2013). Recent studies using total internal reflection fluorescence
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microscopy have shown that MreB does not form a helical cytoskeletal structure
but forms distinct foci, moving perpendicular and bidirectionally along the cell axis
of B. subtilis (Dominguez-Escobar et al., 2011; Garner et al., 2011). The
peptidoglycan precursors have been shown to localise in an identical arrangement
to MreB (Dominguez-Escobar et al., 2011). The inhibition of cell wall synthesis
hinders the motility of MreB (Garner et al., 2011), indicating that cell wall
synthesis drives MreB dynamics. The localisation of MreB is dependent upon
RodA, MreC and MreD, and the association of the MreBCD complex is essential
for lateral bacterial growth (Kruse et al., 2005). MreC has been shown to localise
in a manner similar to MreB in both B. subtilis and C. crescentus (Leaver and
Errington, 2005; Divakaruni et al., 2005; Dye et al., 2005). Direct interactions
between MreC, MreD, MreB, RodA and PBPs have been demonstrated by
bacterial two-hybrid and pull-down assays (Kruse et al., 2005; Leaver and
Errington, 2005; van den Ent et al., 2006; Kawai et al., 2009; White et al., 2010).
Additionally, proteins that are involved in the synthesis of wall teichoic acid
(WTA) interact with MreB, MreC and MreD (Mohammadi et al., 2007; Formstone
et al., 2008; White et al., 2010).

Lateral cell wall synthesis is conducted by a complex of proteins (Figure 1.2),
including cytoskeletal components (MreB, MreC and MreD), to ensure insertion of
new peptidoglycan material into the existing cell wall. Proteins such as PBPs and
RodA also participate in the synthesis of the cell wall and insertion of new
peptidoglycan material into the old lateral cell wall. Recent studies have shown
that RodZ localises in a pattern similar to MreB in E. coli, B. subtilis and C.
crescentus (Shiomi et al., 2008; Alyahya et al., 2009), and the absence of RodZ
results in spherical cells and the misassembly of MreB (Shiomi et al., 2008;
Bendezu et al., 2009). RodZ interacts with RodA, MreB and MreD, indicating its
involvement in the elongation machinery (van den Ent et al., 2010; White et al.,
2010). In E. coli, pseudorevertants of ArodZ mutants acquired a near-wild-type
rod-shaped phenotype, suggesting that RodZ is not the only protein required for
cell wall elongation (Niba et al., 2010).



Figure 1.2 Elongation machineries of B. subtilis and E. coli

Schematic representations of the elongation machineries in B. subtilis (A) and E. coli (B). The
components were determined based on protein-protein interactions and localisation at the
midcell. Not all known interactions between the elongation components are shown here.
Adapted from (Chastanet and Carballido-Lopez, 2012; Carballido-Lopez and Formstone, 2007;

Typas et al., 2011).



1.5. The cell division machinery

As mentioned above, the cell division machinery has been mainly studied in rod-
shaped bacteria. Many of the divisome components have been identified, but their
precise molecular functions remain poorly understood (Gueiros-Filho and Losick,
2002; Daniel et al., 1998). The study of these components is complicated due to the
complexity of the cell division process and the lethality of gene mutations.
Biochemical assays, in vivo imaging, structural determination, mutation,
conditional mutation and two-hybrid analysis have been very useful in identifying
novel cell division components and elucidating their function. Some differences in
divisome composition have been found between E. coli and B. subtilis (Figure 1.3),

and some of the components are conserved between the two species.

The cell division apparatus (the divisome) is composed of many proteins, several of
which are Fts (filamentous temperature sensitive) that are found in the septal site
(Bramhill, 1997; Weiss, 2004). In the absence of one of these essential Fts proteins,
the bacterial cells cannot proliferate, leading to elongated filamentous cells and
death (van den Ent and Lowe, 2000; Hale and de Boer, 1997).

The divisome proteins can be categorised into two groups based on their
localisation and timing of participation in division; the FtsZ interacting proteins,
such as FtsA, ZipA (in E. coli), ZapA (in B. subtilis and E. coli) and EzrA (in
Gram-positive bacteria), interact directly, whereas the late division proteins depend
on the FtsZ interacting proteins for localisation to the division site (Daniel et al.,
2006). The interactions between cell division apparatus proteins have been
demonstrated by the bacterial/yeast two-hybrid system in S. aureus (Figure 1.4A)
(Steele et al., 2011), S. pneumoniae (Figure 1.4B) (Maggi et al. 2008), B. subtilis
(Figure 1.4C) (Daniel et al., 2006), and E. coli (Figure 1.4D) (Di Lallo et al., 2003).

1.5.1.The Z-ring

The FtsZ protein is a GTPase, and monomers of the protein assemble and
polymerise into a Z-ring structure at the potential site of cytokinesis (Di Lallo et al.,
2003; Gueiros and Losick, 2002).



In FtsE

Figure 1.3 Cell division machineries of B. subtilis and E. coli

Schematic representations of the cell division machineries in B. subtilis (A) and E. coli
(B). The components were determined based on protein-protein interactions and
localisation at the midcell using fluorescent protein fusions or immunolocalisation. Not all
known interactions between the division components are shown here. Analogues are
shown in the same colours. Adapted from (Carballido-Lopez and Formstone, 2007;
Gamba et al., 2009; Adams and Errington, 2009; Errington et al., 2003; de Blaauwen et
al., 2008).
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Figure 1.4 Interaction maps of cell division components

A. The interaction map between cell division components in S. aureus was determined using
the bacterial-two hybrid system

B. Interaction map between cell division components in S. pneumoniae was determined using
the bacterial/yeast-two hybrid system.

C. Interaction map between cell division components in B. subtiliswas determined using the
bacterial/yeast-two hybrid system.

D. Interaction map between cell division components in E. coliwas determined using the
bacterial/yeast-two hybrid system.

Curved arrows signify self-interactions. Interactions that are observed in other species are
signified by grey lines, and interactions that are novel in S. aureus are indicated by pink lines.
Interactions that are observed in other species but not in S. aureus are signified by green lines.
An absence of lines between proteins in other species does not indicate negative results, as not
all proteins have been studied to determine their interactions.

(Steele et al., 2011; Maggi et al., 2008; Daniel et al., 2006; Karimova et al., 2005).
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GTP hydrolysis (Scheffers et al., 2002) is initiated through the binding of the FtsZ
amino-terminal to GTP (Singh et al., 2007). This process is highly conserved
among many organisms, such as archaea and bacteria, with the exception of
Chlamydiae, Ureaplasma urealyticum and Aeropyrum pernix (Beech et al. 2000;
Margolin, 2000). FtsZ has also been found in higher plants and plays an important
role in chloroplast division (Osteryoung et al., 1998). FtsZ is potentially one of the
most important proteins in the divisome (Vaughan et al., 2004; Sievers and
Errington, 2000b; Singh et al., 2007) and is the only cell division protein that is
conserved in microorganisms that lack a cell wall, e.g., Mycoplasma (Wang and
Lutkenhaus, 1996).

FtsZ is a homologue of the mammalian protein tubulin (Scheffers et al., 2002). It is
a soluble cytoplasmic protein (Hale and de Boer, 1997) that is associated with the
early stage of bacterial cell division (Errington et al., 2003). FtsZ serves as a
scaffold (Levin and Losick, 1994) and directs cell division components to the
division site using the energy release associated with its function in GTP hydrolysis
(Daniel and Errington, 2000; Lucet et al., 2000; Gueiros-Filho and Losick, 2002).
Binding of the FtsZ protein to GTP induces polymerisation of the protein that then
activates GTP hydrolysis (Ruiz-Avila et al., 2013).

FtsZ was first identified as an essential protein in E. coli when temperature-
sensitive (Ts) mutant filament cells failed to form complete septa and did not
divide properly (Lutkenhaus et al., 1980; Dai and Lutkenhaus, 1991). Conditional
mutation of FtsZ in B. subtilis also resulted in the failure to divide and form a
complete septum, indicating the importance of this protein in B. subtilis division
(Beall and Lutkenhaus, 1991). In both organisms, the filament cells demonstrated
normal cell elongation, DNA replication and chromosome separation; however,
they failed to form complete septa, leading to cell lysis (Lutkenhaus et al., 1980,
Dai and Lutkenhaus, 1991, Beall and Lutkenhaus, 1991). In ftsZ B. subtilis cells,
no division was observed, and the bilateral peptidoglycans were synthesised

continuously, resulting in long filamentous cells (Pinho and Errington, 2003).
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A recent study using photoactivated localisation microscopy has shown that the Z-
ring in E. coli is a compressed helical structure composed of loose, overlapping
bundles of protofilaments (Fu et al., 2010). In B. subtilis cells that overproduce
FtsZ or in misshapen vegetative and vegetative growing cells, FtsZ has a helical-
like polymer (Thanedar and Margolin, 2004, Sun and Margolin, 1998, Ma et al.,
1996, Jones et al., 2001).

Using cryoelectron microscopy in C. crescentus, the FtsZ-ring was found to consist
of short, independent protofilaments (~100 nm) located next to the division site in
an irregular pattern (Li et al., 2007). Approximately 30 % of FtsZ in B. subtilis and
E. coli was found as a ring structure, and the rest of the protein was diffused in the
cytoplasm (Anderson et al., 2004). Fluorescence recovery after photobleaching
(FRAP) analysis using a FtsZ-green fluorescence protein (GFP) fusion has revealed
that the Z-rings in E. coli and B. subtilis are very dynamic; the fluorescence
recovery of B. subtilis and E. coli was 8 s and 9 s, respectively (Anderson et al.,
2004; Stricker et al., 2002b). Atomic force microscopy (AFM) of the FtsZ-ring in
the presence of GTP has shown the importance of GTP in regulating the exchange
rate of the FtsZ monomer. The rate of exchange is slower in the presence of GDP,
aluminium fluoride and non-hydrolysable nucleotide analogues (Mingorance et al.,
2005). The organisation of FtsZ into a helical structure has been demonstrated by
time-lapse microscopy in E. coli and B. subtilis (Thanedar and Margolin, 2004;
Peters et al., 2007). Photoactivation single molecule tracking in E. coli has shown
that the FtsZ molecules move in a helical motion outside the Z-ring structure,
whereas in the Z-ring, the molecules are motionless (Niu and Yu, 2008). Recently,
the architecture of the Z-ring in B. subtilis and S. aureus has been visualised using
three-dimensional (3D)-structured illumination microscopy. The Z-ring in these
two organisms consisted of a heterogeneous distribution of FtsZ proteins, and the
distribution was subjected to changes prior to and during the formation of the FtsZ-
ring (Strauss et al., 2012).

Resolution of the FtsZ crystal structure from Methanococcus jannaschii confirmed
that the protein was a structural homologue of tubulin and suggested a cytoskeletal
function for FtsZ (Lowe and Amos, 1998). In the presence of GTP in vitro, FtsZ

assembled into filaments in a manner similar to assembly at the N-terminal GTP-
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binding site of tubulin; however, the C-terminal domain of FtsZ does not share
sequence similarity with tubulin ((Mukherjee and Lutkenhaus, 1998). Unlike
tubulin protofilaments, FtsZ protofilaments do not assemble into microtubules
because the loops on the surface of the FtsZ protein do not make lateral contacts

between the protofilaments (Erickson et al., 1996).

FtsZ was the first cell division protein found to be localised at the midpoint of the
cell. Using immunogold electron microscopy, a ring-like structure was observed in
E. coli (Bi and Lutkenhaus, 1991). Immunofluorescence and GFP fusion analysis
have shown that the FtsZ-ring is located at the site of division in many bacterial
species (Levin and Losick, 1996; Addinall et al., 1997; Wang and Lutkenhaus,
1996; Ma et al., 1996). Cells lacking ftsZ are unable to induce the localisation of
the rest of the division apparatus to the mid-point of the cell (Di Lallo et al., 2003).

1.5.2. Selection of division sites

The correct selection of the division site and the formation of the FtsZ-ring are
regulated by the Min system and nucleoid occlusion, both of which prevent Z-
ring assembly at the cell poles. These mechanisms allow division to occur at the
midcell as the default site (Weiss, 2004). The precise timing of Z-ring formation
and placement of the septum at the midcell is crucial for ensuring that each
daughter cell inherits one copy of the genome. The FtsZ-ring formation at the
midcell occurs with high fidelity, as the standard deviation for the middle position
in E. coli is 2.6 % and in B. subtilis is 2.2 % (Migocki et al., 2002; Yu and
Margolin, 1999).

1.5.2.1. The Min system

The Min system is so named because of a mutation in the E. coli minCDE operon
that resulted in minicells lacking a nucleoid, which was due to Z-ring formation
at the cell poles (de Boer et al., 1989). The overexpression of MinCD blocks
division, and filament cells with no septa form (de Boer et al., 1992b). The Min
system in E. coli (Figure 1.5A) consists of three proteins, MinC, MinD and MinE,
that hinder septation at the cell poles (Hu et al., 1999).
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Figure 1.5 The Min systems in E. coli and B. subtilis

Schematic representations of the Min system in E. coli (A) and B. subtilis (B). The Min
system hinders division at the cell poles.

A.In E. coli, MinCD (orange) oscillates between cell poles to prevent divisome assembly
away from the midcell. MinCD is released from the membrane by MinE (yellow), which
is triggered by ATP (blue) hydrolysis. Once the nucleotide is exchanged in the cytosol,
MinCD assembles at the opposite pole. The concentration of MinCD is highest at the cell
poles, where it builds division restriction zones.

B. In B. subtilis, the MinCD complex (orange) is recruited to the poles and to the midcell
by the DivIVA/MinJ complex (yellow). DivIVA is stable at the midcell while the septum
constricts.

Adapted from (Lutkenhaus, 2012; Rothfield et al., 2005).
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The amino terminal domain of MinC interacts with FtsZ to inhibit its
polymerisation, and the carboxy terminal domain of MinC mediates interaction
and dimerisation with itself (Hu and Lutkenhaus, 2000). The overexpression of
MinC prevents cell division (de Boer et al., 1992b); however, the GTPase is not
hindered, indicating that MinC only inhibits the association of the protofilaments

into bundles and not their assembly (Erickson et al., 2010).

MinD is a monomeric peripheral membrane protein that binds and hydrolyses
ATP (de Boer et al., 1991). MinD also associates with MinC at the membrane
and triggers MinC to inactivate division at the cell poles (de Boer et al., 1991).
MinE is a topological specificity factor that gives MinC its site specificity and
thus inhibits division at the midcell (de Boer et al., 1991; de Boer et al., 1992b).
The MInE N-terminus interacts electrostatically with the cell membrane, and this
interaction is stabilised by the C-terminal region of the protein. The MinE-
membrane interaction also gives the protein its topological specificity and is
crucial for the dynamic functioning of the Min system, as verified by mutational
studies with the MinE protein (Hsieh et al., 2010). MinCD serves as a negative
regulator of the formation of the Z-ring, which is spatially coordinated by the
MinE protein (Erickson et al., 2010).

Fluorescence imaging using GFP fusions has provided insight into MinCDE
mechanisms of action. MinD movement from pole to pole is dependent upon
MinE, with a periodicity of roughly 20 s (Hu and Lutkenhaus, 1999; Raskin and
de Boer, 1999a). MinD has been shown to move in a helical track as a protein
filament in vivo and in vitro when ATP is present. It binds to phospholipid
vesicles, suggesting that polymerisation of the protein into helical filaments
reflects the dynamic action of MinD (Hu et al., 2002; Shih et al., 2003; Suefuji et
al., 2002). MinC also moves from one pole to another; however, the interaction of
MinC with MinD makes this a passive movement and prevents FtsZ from
assembling at the midcell (Hu and Lutkenhaus, 1999; Raskin and de Boer,
1999b). MinE demonstrates a ring-like structure near the midcell, but it does not
remain there; it moves from one cell pole to another (Fu et al., 2001). In addition,

MinE stimulates the movement of MinCD between the cell poles and stimulates
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the ATPase activity of MinD, releasing the MinC from the membrane (Fu et al.,
2001; Hale et al., 2001; Suefuji et al., 2002; Lackner et al., 2003). MinC and
MiInE compete for the MinD binding site, and binding of one of the proteins
prevents the other from binding, and it disassociates from the complex (Ma et al.,
2004). MinE prevents MinCD from localising at the division site, and MinD
assembles at one cell pole and then reassembles at the opposite cell pole on the
membrane. Consequently, the MinE concentration at the cell poles is low, and
when the concentration is low at the midcell and high at the cell poles, pole-

specific FtsZ depolymerisation is initiated (Meinhardt & de Boer, 2001).

A homologue of the MinCD system was found in B. subtilis (Figure 1.5B), and this
homologue prevented polar division, although a MinE homologue was not present
(Varley and Stewart, 1992). Movement of the MinD protein between the poles in
B. subtilis was not observed, indicating that the mechanism of Z-ring formation is
different from that of E. coli (Marston et al., 1998). DivIVA is the topological
specificity factor in B. subtilis, and this protein has a similar role to MinE
(Edwards and Errington, 1997; Cha and Stewart, 1997). DivIVA is recruited to the
site of division at a later stage of septum formation, and the protein remains at the
newly formed cell poles (Edwards and Errington, 1997). In B. subtilis, MinCD is
recruited to the cell poles by DivIVA through a new component of the selection
system, MinJ, and the MinCD complex remains at the poles to stop future division
at these sites (Bramkamp et al., 2008). DivIVA binds to phospholipids similar to
the E. coli MinE, and the N-terminal domain of the protein binds to the cell
membrane. In mutants with an abnormal cell shape, DivIVA assembled near the
most curved part of the cell membrane (Lenarcic et al., 2009). Certain Clostridia
have DivIVA and MinE proteins, but the mechanisms of selection of these proteins
are not clear (Errington et al., 2003). Other bacterial species, such as Gram-
positive cocci, do not have a Min system (Margolin, 2001).

1.5.2.2. Nucleoid occlusion
The nucleoid occlusion model was proposed as a mechanism for the spatial control
of bacterial cell division. Studies have found that division is inhibited at locations

where nucleoids are present, and these structures disrupt DNA segregation or
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replication (Mulder and Woldringh, 1989; Woldringh et al., 1990). In a rod-shaped
bacterial cell that has undergone cell division, DNA replication and segregation,
three sites are vacant of Z-ring formation, and DNA is absent: the two cell poles
and the midcell (Figure 1.6A) (Errington et al., 2003). Because division at the cell
poles is inhibited by the Min system, the only site for Z-ring formation is the
midcell. Thus, nucleoid occlusion could provide the spatial and temporal regulation
of cell division because the midcell is free from DNA and only created after proper
DNA segregation of the newly replicated nucleoids has occurred (Errington et al.,
2003) (Figure 1.6B).

Certain effectors of nucleoid occlusion have been determined in B. subtilis and E.
coli (Bernhardt & de Boer, 2005; Wu & Errington, 2004). In B. subtilis, the
nucleoid occlusion factor (Noc) is a non-specific DNA-binding protein that
colocalises with the nucleoid and prevents the assembly of the cell division
machinery, thereby preventing division in the region that is occupied by the
nucleoid (Wu and Errington, 2004). A recent study in B. subtilis has shown that
Noc recognises a consensus Noc-binding DNA sequence that is present in 70
distinct regions of the chromosome (Wu et al., 2009). The E. coli protein SImA has
been shown to be an inhibitor of division associated with the nucleoid. This
function of SImA was found via screening for lethal mutations in combination with
an impaired Min system. SImA binds DNA similar to Noc and also colocalises with
the cell nucleoid (Bernhardt and de Boer, 2005). Although Noc and SImA are
considered functional analogues, they do not share sequence homology, and they
belong to different DNA-binding protein families (Wu and Errington, 2011). The
resolution of the crystal structure of SImA has assisted in the recognition of the
DNA-binding site and the molecular mechanism of E. coli nucleoid occlusion via
the assembly of the FtsZ polymer (Cho et al., 2011; Tonthat et al., 2011; Cho and
Bernhardt, 2013).

1.5.3. Proteins that interact with FtsZ

1.5.3.1. FtsA

FtsA is considered the second-most conserved cell division protein (Rothfield et al.,
1999); however, it is not found in mycoplasma, cyanobacteria or mycobacteria

(Margolin, 2000).
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Figure 1.6 The nucleoid occlusion system in rod-shaped bacteria

Schematic representations of the nucleoid occlusion system.

A. Once the bacterial cell undergoes cell division, DNA replication and segregation, there
are three sites that remain vacant for Z-ring formation (green) and at which DNA is absent:
the cell poles and the midcell.

B. Negative regulation of Z-ring formation occurs to prevent the polymerisation of FtsZ in
the wrong areas. The Min system (orange) prevents division at the poles, while nucleoid
occlusion proteins (pink) prevent Z-ring formation over the separated nucleoids.

Adapted from (Rothfield et al., 2005; Errington et al., 2003).
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FtsA is a positive regulator of FtsZ and one of the earliest proteins recruited to the
division site (Singh et al., 2007; Haeusser et al., 2004). The ftsA gene is commonly
found upstream of ftsZ. In many bacteria, ftsA is surrounded by cell wall
biosynthesis and cell division genes, indicating that ftsA encodes a protein that may
interact with FtsZ directly (Dai and Lutkenhaus, 1992). Although the function of
FtsA has not yet been defined, it is believed that FtsA interacts with FtsZ directly.
The protein was first detected using the yeast two-hybrid system (Wang et al.,
1997). FtsA was shown to interact with the highly conserved FtsZ carboxy-
terminal region (Din et al., 1998), and many FtsA-conserved residues are required
for this interaction (Pichoff and Lutkenhaus, 2007). Consequently, the localisation
of FtsA-GFP to the division site is dependent upon the interaction with FtsZ
(Feucht et al., 2001; Ma et al., 1996; Addinall and Lutkenhaus, 1996). The
interaction of FtsA with FtsZ is critical for the recruitment of the division
apparatus to the division site to facilitate septum formation (van den Ent and Lowe,
2000), as the inactivation of FtsA prevented the recruitment of these proteins to the
division site. Thus, division protein localisation is dependent on FtsA (Errington et
al., 2003), suggesting a role for FtsA in the early stage of cell division. ftsA has
been found to be an essential gene in E. coli and other bacteria, such as S.
pneumoniae and B. subtilis; however, in B. subtilis, although the deletion of this
gene leads to severe defects in cell division, slow growth is possible (Margolin
2000; Beall and Lutkenhaus, 1992).

An examination of the FtsA primary sequence suggests that FtsA belongs to the
actin/Hsp70/sugar kinase ATPase superfamily (Bork et al., 1992). The Thermotoga
maritima FtsA crystal structure is similar to the actin family of proteins, which have
ATPase activity (Hale and de Boer, 1997; van den Ent and Lowe, 2000). FtsA is a
peripheral membrane protein containing a C-terminal amphipathic helix that is
conserved in many bacteria and targets the protein to the membrane (Pichoff and
Lutkenhaus, 2005). All organisms using FtsZ-ring formation need the ring to be
anchored to the membrane, and FtsA and other proteins are anticipated to tether
FtsZ to the membrane. However, the exact mode of action is unknown (Pichoff and
Lutkenhaus, 2005). FtsA was found to interact with a number of cell division
proteins (Maggi et al., 2008; Karimova et al., 2005; Di Lallo et al., 2003), and it
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was proposed that FtsA uses the energy released from ATP hydrolysis to drive the
process of cell constriction (Errington et al., 2003). In vitro, the B. subtilis FtsA
forms a dimer, binds to ATP and hydrolyses the molecule (Feucht et al., 2001). In
S. pneumoniae, the recombinant FtsA polymerises in a nucleotide-dependent
manner, generating long helices that are assembled by a pair of filaments (Lara et
al., 2005). In the cytoplasm of E. coli, FtsA is phosphorylated and binds to ATP,
whereas the membrane-bound FtsA is not phosphorylated and cannot bind to ATP
(Sanchez et al., 1994). Moreover, mutations in the E. coli FtsA protein have
suggested that neither ATP binding nor phosphorylation are important for FtsA, but
these processes may play a regulatory role in the FtsA action on septation (Sanchez
et al., 1994). The cellular ratio of FtsA to FtsZ appears to be important for proper
division to occur (Dai and Lutkenhaus 1992). The cellular ratio of FtsA: FtsZ is 1:5
in B. subtilis (Feucht et al., 2001), 1:1.5 in S. pneumoniae (Lara et al., 2005) and
1:100 in E. coli (Dai and Lutkenhaus, 1991).

1.5.3.2. ZipA

ZipA was first described in E. coli as an integral inner membrane protein, as
determined using an affinity-blotting assay (Hale and de Boer, 1997). Although
ZipA is essential in E. coli, it is poorly conserved in other bacteria (Hale and de
Boer, 1997). ZipA is absent in B. subtilis (Gueiros-Filho and Losick, 2002), and a
homologue in Haemophilus influenzae has been identified (Raychaudhuri, 1999).
ZipA has an N-terminal domain that anchors the protein to the inner cell membrane
and a large C-terminal domain that is located in the cytoplasm (Hale and de Boer,
1999). The resolution of the C-terminal structure of the E. coli ZipA protein
demonstrated a hydrophobic cavity that was shown to be important in ZipA binding
to the extreme C-terminus of FtsZ in vivo and in vitro (Mosyak et al., 2000, Moy et
al., 2000).

Immunolocalisation studies have revealed the presence of ZipA at the early stage of
the cell division process in an FtsZ-dependent but FtsA-independent manner,
indicating that ZipA is important in the recruitment of other cell division
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components to the septal site (Hale and de Boer, 1997; Hale and de Boer 1999;
Hale and de Boer, 2002). The FtsZ-ring is constructed in the presence of ZipA or
FtsA but not in the absence of these proteins. This finding suggests a functional
redundancy, as FtsA or ZipA can tether FtsZ to the membrane. However, both
proteins are required for the recruitment of other cell division components (Pichoff
& Lutkenhaus, 2002). ZipA was essential for stabilising FtsZ polymers and
enhancing FtsZ bundles (RayChaudhuri 1999), suggesting the involvement of this
protein in promoting the FtsZ-ring assembly and/or maintaining the stability of the
ring. FRAP has revealed that the ZipA protein is highly dynamic with rapid and

regular exchanges between the membrane and FtsZ-ring (Stricker et al., 2002).

1.5.3.3. ZapA

The ZapA protein was identified in B. subtilis as a factor that promotes the
formation of the FtsZ-ring through its ability to repress the inhibition of cell
division caused by MinD overproduction (Gueiros-Filho and Losick, 2002). ZapA
is a cytoplasmic protein that is localised at the division site in both B. subtilis and E.
coli and is involved in the formation of the FtsZ-ring (Gueiros-Filho and Losick,
2002). ZapA is highly conserved and has orthologues in various bacteria, including
P. aeruginosa (Gueiros-Filho and Losick, 2002, Small et al., 2007). The
localisation of B. subtilis ZapA is FtsZ-dependent (Gueiros-Filho and Losick,
2002). Although this protein is not essential, its absence causes severe blockage in
division when its absence is combined with the absence of the EzrA or DivIVA
protein (Gueiros-Filho and Losick, 2002). ZapA interacts directly in vitro with
FtsZ, suppressing its GTPase activity and sustaining the polymerisation of FtsZ to
stabilise the Z-ring and induce the bundling of FtsZ polymers (Hale and de Boer,
1997; Hale and de Boer, 2002; Gueiros-Filho and Losick, 2002, Small et al., 2007).
ZapA was able to compensate for the inhibitory action of MinC on FtsZ
polymerisation in vitro (Scheffers, 2008). The resolution of the ZapA crystal
structure from P. aeruginosa has shown that the protein forms homodimers and
tetramers via the C-terminal coiled coil regions (Low et al., 2004). Biochemical,
cytological and biophysical analyses have shown that ZapA may play a role in early

Z-ring assembly or in the late stage of cell separation (Gueiros-Filho and Losick,
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2002) because ZapA was shown to cross-link the FtsZ polymers in addition to
bundling and stabilising the Z-ring (Monahan et al., 2009; Dajkovic et al., 2010).

15.34. EzrA

The EzrA protein was first identified in B. subtilis when nonsense mutations in the
ezrA gene were shown to rescue the viability of the Ts ftsZ mutants at non-
permissive temperatures (Levin et al., 1999). EzrA is a transmembrane protein that
is conserved among the low GC Gram positive bacteria (Haeusser et al., 2004;
Singh et al., 2007; Levin et al., 1999). The ezrA gene is not essential in B. subtilis,
but the ezrA mutation was lethal in the absence of some cell division genes,
including zapA, sepF, noc and gpsB (Gueiros-Filho & Losick, 2002; Wu &
Errington, 2004; Hamoen et al., 2006; Claessen et al., 2008), indicating that the B.
subtilis EzrA protein is required for efficient cell division. In ezrA™ B. subtilis cells,
division was interrupted, causing an increase in cell size, and filaments with no
septa were observed (Levin et al., 1999; Chung et al., 2004; Claessen et al., 2008).
A recent study showed that EzrA is essential for S. aureus cell growth (Steele et al.,
2011). Although the function of EzrA is not well understood, it is presumed to be a
negative regulator of FtsZ-ring formation (Levin et al., 1999). In ezrA null mutants,
the B. subtilis cells contained multiple medial and polar FtsZ-rings and had reduced
concentrations of FtsZ that prevented Z-ring formation (Levin et al., 1999). EzrA
has been shown to interact with the conserved C-terminal domain of FtsZ, and the
polymerisation of FtsZ is disrupted by EzrA bundling of the protofilaments (Levin
et al., 1999; Haeusser et al., 2004; Chung et al., 2007; Singh et al., 2007), even
with only a two-fold higher expression of ezrA. However, EzrA cannot disrupt the
previously formed ring at the division site (Haeusser et al., 2004). EzrA localises to
the division site in a FtsZ-dependent manner in B. subtilis (Levin et al., 1999).
Recently, S. aureus EzrA-GFP and EzrA-mCherry analysis showed that EzrA
colocalised with FtsZ at the midcell (Steele et al., 2011; Jorge et al., 2011). Seven
conserved amino acid residues have been identified in B. subtilis EzrA, and these
are essential for proper localisation at the midcell (Haeusser et al., 2007). Mutations
in these residues affect the localisation of EzrA but not the ability of the protein to
halt FtsZ assembly at the poles (Haeusser et al., 2007). The absence of S. aureus

EzrA results in a blockade in peptidoglycan synthesis, and thus, the cell division
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machinery is delocalised (Steele et al., 2011; Jorge et al., 2011). These data indicate
that EzrA may have a positive role in S. aureus cell division. In addition, EzrA was
suggested to have a role in B. subtilis cell elongation, as ezrA™ B. subtilis cells have
a reduced cell diameter (Claessen et al., 2008). Homo-polymerisation of EzrA has
been suggested to occur in B. subtilis (Haeusser et al., 2004) and S. aureus (Steele
etal., 2011).

1.5.3.5. SepF

Two independent studies have identified SepF as a cell division protein in B.
subtilis (Hamoen et al., 2006; Ishikawa et al., 2006). SepF is a well-conserved
protein in Gram-positive bacteria (Adams and Errington, 2009). Although it is not
essential in B. subtilis, it is required for cell division in the absence of EzrA
(Hamoen et al., 2006) or FtsA (Ishikawa et al., 2006). Deletion of B. subtilis SepF
affects the maturation of the septum, resulting in an aberrant septum (Hamoen et
al., 2006). In contrast, deletion of S. pneumoniae SepF affects cell morphology,
resulting in the occurrence of minicells, cells with multiple septa and elongated
cells (Fadda et al., 2003). The overproduction of SepF in B. subtilis was able to
compensate for the absence of FtsA, implying redundant roles (Ishikawa et al.,
2006). Yeast two-hybrid assays and affinity chromatography have shown a direct
interaction between SepF and FtsZ (Ishikawa et al., 2006; Hamoen et al., 2006).
Further investigation of the interactions between FtsZ and SepF showed that the
interaction was mediated by the C-terminal tail of FtsZ (Singh et al., 2008). SepF
localisation to the division site is dependent on FtsZ, but it is not a late acting
division protein (Hamoen et al., 2006; Ishikawa et al., 2006). SepF induces FtsZ
polymerisation, bundling of the protofilament and suppression of FtsZ GTPase
activity (Singh et al., 2008). A recent study has found that the protein forms a large
ring-like structure (50 nm in diameter). The SepF rings cause the FtsZ
protofilaments to bundle into long tubular structures, suggesting a role of SepF in

the arrangement of FtsZ filaments (Gundogdu et al., 2011).

1.5.3.6. Recently identified FtsZ-interacting proteins: ZipN, ZapB and ZapC
The zipN gene was identified in Synechococcus as an important cell division

protein, and it is also present in cyanobacteria and plant chloroplasts (Koksharova
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and Wolk, 2002). This gene is essential for the viability of Synechococcus
(Mazouni et al., 2004). The ZipN protein has an N-terminal DnaJ domain that is
responsible for interacting with the Z-ring and localisation of the protein to the
septum (Mazouni et al., 2004). ZipN was shown to interact with several cell
division proteins, such as SepF, FtsZ, FtsQ and Ftsl, as well as with itself,
indicating that the protein may function similarly to FtsA in cell division, as no
FtsA homologue has been identified in cyanobacteria or chloroplasts (Marbouty et
al., 2009).

The zapB gene was first identified in E. coli, and its product was considered to
participate in cell division (Ebersbach et al., 2008). The deletion of this gene
resulted in filamentous E. coli cells and impaired division, confirming its role in
cell division (Ebersbach et al., 2008). ZapB was shown to interact with itself, FtsZ
and ZapA via the ZipB N-terminal domain and to be recruited to the division site
through interaction with ZapA (Ebersbach et al., 2008; Galli and Gerdes, 2010;
Galli and Gerdes, 2012). Consequently, the localisation of ZapB to the midcell is
dependent upon ZapA and FtsZ but independent of ZipA, FtsA and Ftsl
(Ebersbach et al., 2008; Galli and Gerdes, 2010). The overproduction of ZapA
delocalises ZapB and impairs the FtsZ helical-structure (Galli and Gerdes, 2011).
In in vitro and in vivo analysis, ZapB strongly interacted with ZapA, resulting in
reduced interaction between ZapA and FtsZ, suggesting that ZapA favours ZapA-
ZapB complexes rather than ZapA-FtsZ complexes (Galli and Gerdes, 2012).
High-resolution 3D reconstruction microscopy has shown that the ZapB ring
contracts slightly before the Z-ring (Galli and Gerdes, 2010). Homologues of ZapB
are found in y-proteobacteria and contain coiled-coil domains that polymerise into
large filaments (Ebersbach et al., 2008).

Recent studies by two independent groups have identified a cell division protein,
ZapC, in E. coli by cytological and genetic screening (Hale et al., 2011; Durand-
Heredia et al., 2011). Localisation of ZapC to the septum is FtsZ-dependent and is
not dependent on the other FtsZ-interacting proteins, FtsA, ZipA or ZipB (Durand-
Heredia et al., 2011; Hale et al., 2011). Moreover, the localisation of ZapA, ZapB
and FtsZ are not affected by ZapC deletion, suggesting that ZapC is not required
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for ZapA and ZapB recruitment to the division site (Galli and Gerdes, 2012). The
overproduction of ZapC negatively impacts cell division, resulting in impaired
FtsZ assembly and atypical ring formation, such as spirals, spots or rod-like
structures (Durand-Heredia et al., 2011; Hale et al., 2011). These studies suggest a
role for ZapC in FtsZ-ring regulation. ZapC acts as a positive regulator in addition
to ZapA in the assembly of the FtsZ protein (Galli and Gerdes, 2012) and has been
shown to interact with FtsZ in vivo (Hale et al., 2011; Durand-Heredia et al.,
2011). ZapC induces FtsZ protofilament bundling (Durand-Heredia et al., 2011,
Hale et al., 2011) and suppresses the GTPase activity of FtsZ (Hale et al., 2011),
thereby improving the stability of the Z-ring. The absence of ZapC affects E. coli
cell morphology, as the cells are elongated to some extent (Galli and Gerdes, 2012;
Hale et al., 2011).

1.5.4. Late cell division proteins

Almost all of the remaining cell division components that are recruited to the
midcell after the Z-ring has been formed contain at least one transmembrane
domain. Cytokinesis in bacteria necessitates the synthesis, remodelling and
degradation of bacterial peptidoglycans to facilitate septum formation and splitting
of daughter cells. Nearly all of the late cell division proteins are involved in these

functions.

1.5.4.1. FtswW

FtsW is a cell division protein that is part of the SEDS family of proteins (Gerard et
al., 2002; Real et al., 2008). These proteins are connected to the membrane via 10
transmembrane spans (lkeda et al., 1989; Gerard et al., 2002; Lara and Ayala,
2002). The genes encoding the SEDS proteins are usually related to genes encoding
class B PBPs; in E. coli, FtsW is located in the same operon as Ftsl and RodA, and
another SEDS protein is located in an operon with PBP2 (Tamaki et al., 1980;
Ishino et al., 1989; Boyle et al., 1997). Mutations in SEDS proteins and class B
PBPs have a similar phenotype, implying a functional relationship (Margolin, 2000;
Errington et al., 2003). Indeed, an investigation of sequenced bacterial genomes
revealed a perfect presence-absence correlation between Ftsl (PBP3) and FtsW,

indicating that these proteins are closely linked (Henriques et al., 1998). In E. coli
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cells, ftsW mutants demonstrate the importance of this protein in both the early and
late stages of cell division (Khattar et al., 1997). In vitro and in vivo studies,
including co-immunoprecipitation assays, Forster resonance energy transfer (FRET)
analyses, peptide-based assays and bacterial-two hybrid systems (Fraipont et al.,
2011, Datta et al., 2006; Karimova et al., 2005; Di Lallo et al., 2003), have shown a
direct interaction between PBP3 and FtsW. In E. coli, a monofunctional
glycosyltransferase, MtgA, which is engaged in glycan strand elongation, has been
shown to interact with Ftsl and FtsW (Derouaux et al., 2008). FtsW is essential for
Ftsl recruitment to the septum in E. coli and Mycobacterium tuberculosis (Mercer
and Weiss, 2002; Datta et al., 2006). SEDS proteins have been proposed to act as
flippases, which function in the translocation of lipid Il-linked peptidoglycan
precursors from the cytoplasm to the external peptidoglycan-synthesising complex
(Holtje, 1998). The E. coli MurJ (MviN) protein, which is not a member of the
SEDS family, is a peptidoglycan lipid Il flippase (Ruiz, 2008; Inoue et al., 2008).
These studies suggest that FtsW may have another role in cell division. A recent
study in E. coli showed that the transportation of lipid Il requires FtsW
(Mohammadi et al., 2011). Moreover, purified FtsW induces the translocation of
lipid Il in biogenic membranes, indicating that FtsW may be a division-specific

lipid 11 transporter (Mohammadi et al., 2011).

1.5.4.2. Penicillin binding proteins (PBPs)

Cell division requires PBPs to synthesise the septum, which will form the new
daughter cell poles. Several bacteria contain multiple PBPs, and they have some
functional redundancies. E. coli has 12 PBPs, B. subtilis has 16 PBPs, and cocci
have from 4 to 7 PBPs (Wei et al., 2003; Pinho and Errington, 2005; Zapun et al.,
2008). High molecular weight (HMW) PBPs are grouped into class A PBPs,
including PBP1a and PBP1b, and class B PBPs, including PBP2 and PBP3 (Ftsl)
(Palomeque-Messia et al., 1991; Goffin and Ghuysen, 1998). Class A PBPs are
considered bifunctional proteins, as their N-terminal domain has glycosyl
transferase activity, and their C-terminal domain show transpeptidase activity. This
bifunctional action allows the enzymes to participate in the formation of cross-links

within peptidoglycans (transpeptidation) and the elongation of glycan strands
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(transglycosylation) (Goffin and Ghuysen, 1998; Daniel et al., 2006; Wei et al.,
2003; Scheffers and Errington, 2004). However, class B PBPs are much smaller and
only act as transpeptidases (Goffin and Ghuysen, 1998). Low molecular weight
(LMW) PBPs possess D, D-carboxypeptidase activity and have a role in regulating
glycan strand cross-links (Goffin and Ghuysen, 1998; McPherson et al., 2001).

The HMW class B PBPs are essential for E. coli cell division and play specific
roles in peptidoglycan synthesis (Spratt, 1975). Mutation of Ftsl (PBP3) leads to the
formation of long filaments, as cell elongation is continuous without cell division
(Spratt, 1977). PBP2 mutation leads to the formation of round cells, as cylinder
peptidoglycan synthesis is lost (Spratt, 1975). A functional homologue has been
identified in B. subtilis based on sequence homology and the conservation of the
gene position (Yanouri et al., 1993). Cell division in B. subtilis cells that are
depleted of PBP2B is blocked (Daniel et al., 2000). Immunolocalisation studies
have shown that Ftsl and PBP2B are localised at the division septa during division
(Weiss et al., 1997; Weiss et al., 1999; Daniel et al., 2000). The elucidation of the
PBP2x crystal structure has revealed the expected fold for a transpeptidase (Pares et
al., 1996), and immunolocalisation studies have shown that PBP2x localises in the

middle of S. pneumoniae cells (Zapun et al., 2008).

E. coli Ftsl is a penicillin binding protein (588 amino acids) consisting of a large C-
terminal domain and a short N-terminal membrane anchor (Weiss et al., 1999). The
N-terminal membrane anchor is necessary for Ftsl localisation at the division site
and cell division (Weiss et al., 1999). Site-directed mutagenesis in the non-
penicillin-binding domain results in Ftsl destabilisation and loss of function, but the
exact function of this domain is largely unknown (Goffin et al., 1996). This finding
suggests that the non-penicillin-binding domain is involved in the correct folding of
the catalytic domain (Marrec-Fairley et al., 2000). The transpeptidase domain of C.
crescentus PBP3 is needed for proper localisation of the protein to the division site
(Costa et al., 2008). Treatment with p-lactam antibiotics prevents Ftsl (in E. coli)
and PBP2B (in B. subtilis) from associating with the septum (Wang et al., 1998;
Daniel and Errington, 2000; Claessen et al., 2008). In E. coli, FtsZ and FtsA are

responsible for Ftsl localisation at the midcell, and localisation of PBP2 to the S.
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aureus midcell is dependent upon FtsZ (Pinho and Errington, 2005). Numerous
interactions have been identified between Ftsl (and PBP2B) and other cell division
components (Daniel et al., 2006; Di Lallo et al., 2003; Karimova et al., 2005). In B.
subtilis, PBP2B depletion results in reduced levels of FtsL and DivIC (Daniel et al.,
2006).

In E. coli, class A HMW PBPs are involved in septal and lateral synthesis of
peptidoglycans (Goffin and Ghuysen, 1998; Wei et al., 2003; Scheffers and
Errington, 2004; Daniel et al., 2006). Nevertheless, class A PBP1 shuttles between
the lateral cell wall and the division septum throughout cell growth, indicating an
important role of PBP1 in cell division (Claessen et al., 2008). Mutation of B.
subtilis PBP1 leads to filamentous growth due to impairment in the formation of the
septum and a subsequent block in cell division (Pedersen et al., 1999). PBP1
localisation at the division site depends on different cell division proteins, such as
PBP2, FtsZ, DivIB, DivIC and FtsL and is involved in the formation of asymmetric
septa (Scheffers and Errington, 2004).

1.5.4.3. FtsK

FtsK is a highly conserved cell division protein in eubacteria and has homologues in
archaea (Bigot et al., 2007). The protein is important in DNA segregation (Grenga et
al., 2008). The C-terminal domain of FtsK is located in the cytoplasm and is
separated from the N-terminal domain by a linker that has variable length and
sequence (Errington et al., 2003; Grenga et al., 2008). The N-terminal domain
targets the protein to the division site, is involved in the interaction with other
divisome components, such as FtsL and FtsQ and is essential for E. coli but not B.
subtilis division (Draper et al., 1998; Yu et al., 1998). The N-terminal domain is
poorly conserved at the sequence level, and the lack of conservation could elucidate
the differences observed in the FtsK N-terminal domain between bacterial species
(Bigot et al., 2007). The C-terminal domain of FtsK is important in cell division,
particularly in chromosome segregation, and allows the translocation of DNA in an
ATP-dependent manner (Yu et al., 1998; Aussel et al., 2002). These studies suggest
that FtsK is involved in transporting DNA to the closing septum (Saleh et al., 1996;
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Aussel et al., 2002; Pease et al., 2005). Furthermore, the C-terminal region of FtsK
has been shown to be involved in promoting the resolution of chromosome dimers
(Aussel et al., 2002; Bigot et al., 2004). The localisation of FtsK at the midcell is
necessary for the recruitment of other cell division proteins to the division site
(Grenga et al., 2008).

1.5.4.4. FtsL

Two independent groups have identified a poorly conserved gene, ftsL, in E. coli
(Ueki et al., 1992; Guzman et al., 1992). The gene encodes a small transmembrane
protein that contains a coiled-coil motif in its C-terminal domain, suggesting a
function in protein-protein interactions (Guzman et al., 1992). There is only slight
similarity in the FtsL sequence between E. coli and B. subtilis; however, these
sequences are considered homologues based on several factors, including their
predicted transmembrane topology, depletion phenotype, gene size and location of
genes that are immediately upstream of pbpB (Daniel et al., 1996; Daniel et al.,
1998). No homologue of ftsL has been found in bacteria lacking cell walls
(Margolin, 2000). This finding suggests that the protein might be involved in cell
wall synthesis and/or remodelling. FtsL is essential for cell division in E. coli and
B. subtilis, as depletion of the protein leads to filamentous growth and eventually
cell death (Guzman et al., 1992; Daniel et al., 1998). Studies suggest that FtsL is

also likely to be essential in S. pneumoniae (Le Gouellec et al., 2008).

FtsL consists of a short N-terminal tail, a transmembrane segment and a relatively
large extracellular domain (Guzman et al., 1992; Daniel et al., 1998). Heterologous
domain swapping has revealed that the transmembrane and N-terminal domains are
required for the function and localisation of FtsL in E. coli (Guzman et al., 1997,
Ghigo and Beckwith, 2000). Mutagenesis of ftsL in B. subtilis has shown that few,
if any, of the FtsL residues are critical for its function, implying a structural role
rather than a catalytic role in cell division (Sievers and Errington, 2000a). Protein-
protein interaction studies have shown that FtsL interacts with several cell division
proteins (Sievers and Errington, 2000a; Sievers and Errington, 2000b; Di Lallo et
al., 2003; Karimova et al., 2005; Daniel et al., 2006; Maggi et al., 2008). FtsL, FtsB
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and FtsQ form a complex in E. coli independently of their localisation at the
division site (Buddelmeijer & Beckwith, 2004), and this trimeric complex is
conserved in all bacterial species in which cell division protein interactions have
been investigated (Buddelmeijer and Beckwith, 2004; Noirclerc-Savoye et al.,
2005; Daniel et al., 2006; D'Ulisse et al., 2007), suggesting a functional
importance. In vitro, the trimeric FtsL, DivIC and DivIB complex was reconstituted
in S. pneumoniae (Noirclerc-Savoye et al., 2005), and bacterial two-hybrid assays
revealed that FtsL interacted directly with DivIC and DivIB (Karimova et al., 2005;
Daniel et al., 2006). Furthermore, FtsL has been shown to interact with itself and
form a dimer (Ghigo & Beckwith, 2000; Karimova et al., 2005; Daniel et al.,
2006). The interactions between FtsL, DivIC and DivIB promote their stabilisation
and recruitment to the division site. FtsL levels are reduced in B. subtilis cells in the
absence of DivIB at elevated temperatures, and the overexpression of ftsL rescues
the temperature sensitivity phenotype of diviB mutants in B. subtilis and S.
pneumoniae at non-permissive conditions (Daniel & Errington, 2000; Le Gouellec
et al., 2008). These data suggest the involvement of DivIB in stabilising FtsL. The
overproduction of FtsL also rescues the delayed Z-ring constriction observed in
ezrA-depleted B. subtilis cells, indicating a synergistic role of FtsL and EzrA in
regulating Z-ring formation (Kawai and Ogasawara, 2006). The assembly of DivIC,
DivIB and PBP2B at the division site in B. subtilis is hindered by the depletion of
FtsL (Daniel et al., 1998; Daniel & Errington, 2000). Similar patterns of
localisation dependency have been observed in these proteins in E. coli (Ghigo et
al., 1999; Buddelmeijer et al., 2002).

FtsL is an intrinsically unstable protein (Robson et al., 2002; Daniel & Errington,
2000). In B. subtilis, FtsL is unstable at high temperatures in Ts and null diviB
mutants, suggesting that DivIB may protect FtsL from degradation at high
temperatures (Daniel and Errington, 2000). The N-terminal cytoplasmic domain of
FtsL in B. subtilis has been found to serve as a signal for protein degradation that is
to some extent meditated by RasP (YIuC), a membrane metalloprotease (Bramkamp
et al., 2006; Bramkamp et al., 2008). However, FtsL cleavage by RasP is stabilised
by DivIC (Wadenpohl and Bramkamp, 2010). rasP mutant cells are shorter due to
early initiation of cell division, indicating that FtsL is normally rate limiting for B.

subtilis division (Bramkamp et al., 2006; Bramkamp et al., 2008). The transcription
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of ftsL is regulated by DnaA, a DNA replication initiation protein, which interrupts
cell division when DNA replication is perturbed (Goranov et al., 2005). At the early
stage of the division process, the FtsL protein can actually assemble at the division
site to form a ring that remains until the late division stages (Sievers and Errington,
2000b). FtsL levels in the E. coli cell are affected by the depletion of ftsB (Gonzalez
and Beckwith, 2009).

1.5.4.5. FtsB/DivIC

The diviC gene was first described in B. subtilis (Levin and Losick, 1994). This
gene encodes an FtsL-like protein that is essential for division at various
temperatures, just as the N-terminal and transmembrane domains are necessary for
DivIC to function at high temperatures (Levin and Losick, 1994; Katis and Wake,
1999; Sievers and Errington, 2000a). DivIC is intrinsically unstable, similar to FtsL
(Robson et al., 2002). Interaction studies have shown a direct interaction between
DivIC and FtsL through their C-terminal domains, which contain a leucine zipper-
like motif (Guzman et al., 1992; Sievers and Errington, 2000a; Daniel et al., 2006;
Wadenpohl and Bramkamp, 2010); however, biochemical data have also shown that
they do not interact (Robson et al., 2002). B. subtilis DivIC localises at the division
site and requires FtsL for proper septal localisation (Katis et al., 1997; Daniel et al.,
1998), and depletion of FtsL results in reduced levels of DivIC in the cell,
suggesting that the stability of DivIC is dependent upon its interaction with FtsL
(Daniel et al., 1998). No significant reduction in B. subtilis DivIC was observed in
the absence of both DivIB and FtsL, but in the absence of FtsL and presence of
DivIB, DivIC was reduced, indicating that DivIB might act as a negative regulator
of DivIC (Daniel et al., 2006).

FtsB was first identified in E. coli and Vibrio cholerae based on a search of ftsL-
like genes. This protein is weakly homologous to the Bacillus halodurans diviC
gene (Buddelmeijer et al., 2002; Errington et al., 2003). FtsB is an essential cell
division protein in both E. coli and V. cholerae, and septal localisation is co-
dependent on FtsL (Buddelmeijer and Beckwith, 2002). FtsB is a small
transmembrane protein with a predicted topology similar to FtsL and DivIC, e.g.,

containing a leucine zipper-like domain in the extracellular C-terminal region (Katis
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et al., 1997; Buddelmeijer and Beckwith, 2004; Gonzalez and Beckwith, 2009;
Robichon et al., 2011). The C—terminus of FtsB in E. coli is important for the
interaction with FtsQ, whereas the N-terminus is essential for the interaction with
FtsL and the stability of the FtsQ/FtsL/FtsB trimeric complex (Gonzalez and
Beckwith, 2009). Immunoprecipitation studies have shown that FtsL and
FtsB/DivIC can form a complex without the presence of FtsQ/DivIB (Noirclerc-
Savoye et al., 2005; Gonzalez and Beckwith, 2009). The leucine zipper-like motif
in both proteins is required for proper interactions between the proteins (Robichon
et al., 2011). However, truncated FtsB missing almost half of its leucine zipper-like
motif is still able to bind to FtsL (Gonzalez and Beckwith, 2009). This dimeric
complex of FtsL/FtsB is required for the recruitment of Ftsl and FtsW to the
division site (Gonzalez and Beckwith, 2009). Depletion of FtsB causes the
degradation of FtsL (Buddelmeijer et al. 2002; Gonzalez and Beckwith 2009), and
conversely, depletion of FtsL in E. coli results in degradation of the C-terminus of
FtsB (Gonzalez and Beckwith, 2009). This finding indicates that both FtsB and
FtsL are dependent upon each other for stability and likely, their localisation. DivIC
also stabilises FtsL against RasP cleavage, and this regulated degradation is
believed to participate in cell division control (Bramkamp et al., 2006; Wadenpohl
and Bramkamp, 2010; Robichon et al., 2011). Furthermore, FtsB stability is also
dependent upon FtsQ in E. coli (Gonzalez & Beckwith, 2009). The B-domain of S.
pneumoniae DivIB interacts with the C-terminal region of the dimeric FtsB/FtsL

complex (Masson et al., 2009).

In B. subtilis and S. pneumoniae cells, DivIC is abundant (Noirclerc-Savoye et al.,
2005; Katis and Wake, 1999; Katis et al., 1997). The presence of DivIC at the
midcell was demonstrated in S. pneumoniae and B. subtilis using
immunolocalisation studies, which revealed the early localisation of DivIC, even
before the septum had formed and before other late division proteins were recruited
(Noirclerc-Savoye et al., 2005; Katis et al., 1997). In contrast, FtsB in E. coli does
not localise at the division site until it is recruited by FtsQ (Daniel et al., 1998).
Recently, a model of the FtsB/FtsL/FtsQ interaction has been proposed, suggesting
that the proteins exist as either a trimeric or hexameric complex, with the latter
more applicable than the trimeric complex (Villanelo et al., 2011); however, this

hypothesis requires further investigation. The interaction between FtsQ/DivIB and
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the dimeric complex FtsB/DivC-FtsL is believed to be important to stabilise the
complex (Masson et al., 2009), and these proteins together act as a scaffold for

other cell division proteins.

1.5.4.6. FtsQ/DivIB

ftsQ is located upstream of ftsA and ftsZ in many bacteria, but there is little
conservation of the sequence (Harry and Wake, 1989; Beall, and Lutkenhaus,
1989). E. coli FtsQ has been found to be essential in cell division, and the
overproduction of this protein results in filamentation (Carson et al., 1991). DivIB
is suggested to be a homologue of FtsQ in B. subtilis based on gene size
similarities, membrane topology and chromosomal location (Harry et al., 1994). B.
subtilis DivIB is only essential for growth at higher temperatures, but it is necessary
for proper sporulation at all temperatures (Beall and Lutkenhaus, 1989; Harry et al.,
1993). In S. pneumoniae, DivIB is dispensable for growth in rich media, but diviB
mutants have altered cell morphology such that long chains of cells form and do not
grow in nutrient-limited media (Le Gouellec et al., 2008).

ftsQ/divIB is often located in an operon of genes that is involved in the synthesis of
peptidoglycan precursors (Zapun et al., 2008), and no homologues of FtsQ/DivIB
are found in bacteria lacking cell walls (Margolin, 2000). Furthermore, FtsQ shares
a weak sequence similarity with Mpl, a peptidoglycan-recycling factor (Mengin-
Lecreulx et al., 1996). In S. pneumoniae, AdivIB mutants are sensitive to B-lactam
inhibitors, which target cell wall synthesis (Le Gouellec et al., 2008). divIB null
mutants in B. subtilis produce atypical thick septa at the cell poles during
sporulation; such septa are similar to those produced in mutants with a defect in the
production of sporulation-specific septal peptidoglycan hydrolases (Thompson et
al., 2006). These data suggest that the protein might be involved in cell wall
synthesis and/or remodelling. L-form E. coli can grow and divide normally, even
with a defective FtsQ protein, indicating that FtsQ is not required for division in
bacteria lacking cell walls (Siddiqui et al., 2006).

DivIB/FtsQ is a transmembrane protein that is composed of a short cytoplasmic N-
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terminal tail, a hydrophobic membrane-spanning domain and a long extracellular C-
terminus (Carson et al., 1991; Buddelmeijer et al., 1998; Katis and Wake 1999;
Chen et al., 2002). The replacement of the extracellular domain of FtsQ/DivIB has
demonstrated the importance of this domain for the function of the protein in both
E. coli and B. subtilis (Buddelmeijer et al., 1998; Katis and Wake, 1999; Chen et
al., 2002). Furthermore, the transmembrane segment is required for the septal
localisation of FtsQ/DivIB in E. coli and B. subtilis but is not required for viability
(Scheffers et al., 2007; Wadsworth et al., 2008). The interaction of FtsQ with
several cell division proteins occurs through the cytoplasmic tail, extracellular
domain and/or transmembrane segment (Karimova et al., 2005; D'Ulisse et al.,
2007; van den Ent et al., 2008).

DivIB is present in B. subtilis cells at a high abundance (5,000 molecules per cell)
(Rowland et al., 1997), whereas in E. coli, FtsQ is present at 25-50 molecules per
cell (Carson et al., 1991). These data suggest that DivIB is involved in cell wall
synthesis, and the number of molecules in Gram-positive bacteria reflect the
requirement of a thicker cell wall (Katis & Wake, 1999). In S. pneumoniae, there
are approximately 200 DivIB molecules per cell (Noirclerc-Savoye et al., 2005).
Interaction studies have shown that FtsQ is an integral part of the division
apparatus. Two-hybrid and co-immunoprecipitation studies have shown that E. coli
FtsQ interacts directly with several cell division components, including FtsA, FtsK,
FtsX, FtsL, FtsB, FtsW, FtsN and Ftsl (D'Ulisse et al., 2007; Karimova et al., 2005;
Buddelmeijer & Beckwith, 2004; Di Lallo et al., 2003). Mutagenesis analyses and
resolution of the periplasmic domain of FtsQ from Yersinia enterocolitica and E.
coli have shown two distinct domains within this region; one is required for the
interaction of FtsQ with proteins that are recruited by FtsQ to the septum, and the
other is required for the interaction of FtsQ with proteins that are involved in
localising FtsQ to the septum (van den Ent et al., 2008).

1.5.4.7. FtsN
FtsN has been identified in E. coli as an essential cell division protein, as gene
depletion leads to filamentous growth (Dai et al., 1993). Overexpression of the

protein compensates for Ts ftsA and ftsK mutants and partially compensates for Ts
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ftsQ and ftsl mutants (Dai et al., 1993; Goehring et al., 2007). Nevertheless, in the
absence of FtsN, suppressor mutants of FtsA are viable (Bernard et al., 2007). The
transmembrane segment and N-terminal cytoplasmic domain are necessary for the
suppression of FtsA, FtsK, Ftsl and FtsQ mutations (Goehring et al., 2007). FtsN is
poorly conserved and found among Haemophilus species and enteric bacteria
(Errington et al., 2003). However, FtsN has recently been found in proteobacteria,
with some sequence differences (Moll and Thanbichler, 2009). The protein consists
of a large periplasmic C-terminal domain, a transmembrane domain and a short
cytoplasmic N-terminal domain (Dai et al., 1996). The C-terminal periplasmic
domain is required for FtsN binding to peptidoglycans (Ursinus et al., 2004; Muller
et al., 2007) and its localisation to the septum (Dai et al., 1996) and is dependent
upon Ftsl, FtsZ, FtsA, FtsQ and FtsK (Addinall et al., 1997; Ursinus et al., 2004).
The C-terminal domain of FtsN encodes a sporulation-related repeat (SPOR)
domain that mediates localisation to the division site, and the domain localisation is
dependent upon the amidases that are associated with cell division (Arends et al.,
2010; Moll and Thanbichler, 2009; Gerding et al., 2009). However, the FtsN C-

terminal domain is not essential for cell division (Ursinus et al., 2004).

Bacterial two-hybrid assays have shown multiple interactions of FtsN with other
cell division proteins, including FtsL, Ftsl, FtsW, FtsQ and FtsA (Di Lallo et al.,
2003; Karimova et al., 2005). The recruitment of FtsQ, FtsL, Ftsl and FtsA to the
divisome is independent of FtsN, indicating that FtsN is the last essential
component of the division apparatus to be recruited to the septum (Chen &
Beckwith, 2001; Goehring et al., 2007). Thus, FtsN may be involved in stabilising
the divisome along with FtsK (Goehring et al., 2007). In addition, FtsN has been
shown to interact with PBP1A and PBP1B through its N-terminal domain (Muller
et al., 2007), as well as with MtgA, a lytic transglycosylase (Derouaux et al., 2008).
These interactions stimulate the transglycosylase and transpeptidase activities of the
PBP1B protein, suggesting the involvement of FtsN in peptidoglycan turnover
(Muller et al., 2007).

35



1.5.4.8. FtsEX

The highly conserved FtsEX complex is predicted to be an ABC transporter (de
Leeuw et al., 1999; Schmidt et al., 2004). The genes are arranged in one operon
along with ftsY, the product of which regulates the release of signal recognition
particles from the cytoplasmic membrane (de Leeuw et al., 1999). ftsX encodes for
an integral membrane protein, whereas ftsE encodes a cytoplasmic ATPase that is
associated with FtsX (de Leeuw et al., 1999). In M. tuberculosis, FtsE has been
shown to bind to ATP, verifying that the protein functions as a nucleotide-binding
protein (Mir et al., 2006). E. coli FtsE/X localises to the division septum, and the
localisation of FtsX is dependent upon FtsZ, FtsA and ZipA but not Ftsl, FtsL or
FtsQ (Schmidt et al., 2004). Defects in E. coli cell division in the absence of ftsEX
are salt-dependent (Schmidt et al., 2004). In conditions lacking salt, cell division is
hindered, and the downstream genes of FtsEX (Ftsl, FtsN, FtsQ and FtsK) do not
localise to the division site. However, the localisation of the upstream genes, FtsA
and ZipA, are not affected (Schmidt et al., 2004). The E. coli FtsEX protein is
osmoremedial in addition to being salt remedial (Reddy, 2007). This finding
suggests that FtsEX is directly associated with the stability of the divisome at a
relatively early stage of the division process and specifically in low-salt and low-
osmolarity conditions (Schmidt et al., 2004; Reddy, 2007). The division defect can
be restored in E. coli ftsEX-null mutants by overexpressing FtsZ, FtsA and FtsQ
together or by overexpressing FtsN alone (Reddy, 2007). FtsX can localise to the
division site in the absence of FtsE, indicating that FtsX targets FtEX to the division
site (Arends et al., 2009). Bacterial two-hybrid analyses have shown that FtsX
interacts with FtsQ and FtsA (Karimova et al., 2005), and co-immunoprecipitation
analyses have shown that FtsE interacts with FtsZ (Corbin et al., 2007). The Z-ring
is poorly formed in FtsE mutants with lesions in the ATPase domain; however, the
assembly of the divisome is not affected in these mutants (Arends et al., 2009).
These data imply that FtsEX utilises ATP to support the formation of the Z-ring
(Arends et al., 2009). Mutants of either FtsE and/or FtsX in Flavobacterium
johnsoniae, Aeromonas hydrophila and Neisseria gonorrhoeae have also revealed
defects in division, arguing that FtsEX function in division is conserved in these
organisms (Ramirez-Arcos et al., 2001; Merino et al., 2001; Kempf and McBride
2000; Bernatchez et al., 2000). Depletion of FtsEX in B. subtilis cells does not
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affect division, but entry into sporulation was delayed, and an aberrant symmetric

septum was formed (Garti-Levi et al., 2008).

A recent study suggested that the FtSEX complex is involved in the coordination of
peptidoglycan remodelling, as these proteins regulate the hydrolysis of the cell wall
at the division site (Yang et al., 2011). FtsX and FtsE are essential proteins in S.
pneumoniae, and depletion of either gene leads to defects in S. pneumoniae
division; the cells become spherical in shape, and atypical placement of the division
septa occurs (Sham et al., 2011; Sham et al., 2013). The large periplasmic loop of
S. pneumoniae FtsX interacts with the coiled-coil domain of PcsB and is believed to
act as an amidase or endopeptidase (Ng et al.,, 2004; Sham et al., 2013).
Furthermore, the periplasmic loop of E. coli FtsX interacts directly with EnvC, a
peptidoglycan hydrolase, and this interaction is responsible for the recruitment of
EnvC to the division site (Yang et al., 2011). ftsEX mutants with a defect in the
ATPase domain are able to recruit EnvC to the septum, but the cells cannot
separate, suggesting that the activation of amidase through EnvC is affected by the

conformational changes of the FtSEX complex (Yang et al., 2011).

1.5.4.9. GpsB (YpsB)

gpsB was first identified in B. subtilis as a paralogue of divIVA, with homologues
present in many Gram-positive bacteria as a result of a gene duplication event
(Tavares et al., 2008). The N-terminal regions of DivIVA and GpsB share high
sequence similarity, and both contain central coiled-coil domains. However, the
coiled-coil and C-terminal domains have low sequence similarity (Tavares et al.,
2008; Claessen et al., 2008). Furthermore, GspB proteins are distinguished from
DivIVA by exhibiting a highly conserved and shorter-length C-terminus (Tavares et
al., 2008). Subcellular localisation studies have shown that GpsB is associated with
membrane and cytoplasmic fractions, and fluorescence microscopy has shown the
localisation of the protein at the division site (Tavares et al., 2008). The recruitment
of GpsB to the division site is dependent upon FtsZ, FtsA, PBP2B and DivIC, and
the N-terminus of the protein is likely responsible for its localisation (Tavares et al.,
2008). GpsB and PBP1 alternate between both the lateral and division sites during

the cell cycle, suggesting that GpsB and EzrA coordinate cell elongation and
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division in B. subtilis (Claessen et al., 2008). GpsB is not essential for the
formation of the septum and is not retained at the newly formed cell poles (Tavares
et al., 2008). However, deletion of both gpsB and ezrA leads to severe defects in
both lateral and septal synthesis of peptidoglycans as a result of perturbed
localisation of PBP1 (Claessen et al., 2008).

An analysis of the sequenced genome revealed that ponA, which encodes PBP1, is
usually closely located to the gpsB gene on the chromosome of many bacteria
(Tavares et al. 2008). In many bacteria that lack the gpsB gene (mostly
enterobacteria), PBP1 orthologues contain the highly conserved residues of the N-
terminal domain of GpsB and DivIVA, suggesting an association between the two
proteins (Tavares et al. 2008). Indeed, a direct interaction between GpsB and PBP1
has been shown using bacterial two-hybrid analysis, and interactions between GpsB

and EzrA and MreC have also been demonstrated (Claessen et al. 2008).

1.6. The separation of daughter cells

The separation of daughter cells is dependent upon cell wall hydrolases (e.g.,
autolysins), which cleave the peptidoglycan layer that connects the two daughter
cells. The specific mechanisms of the regulation of cell separation are not well
known; however, in many bacteria, there is a link between the failure of cell
partition and the lack of autolysins (Yamada et al., 1996). The process is relatively
complicated because the constriction mechanism varies between Gram-negative and
Gram-positive bacteria, and the constriction of the outer membrane, cell wall and
cell membrane are coordinately organised. In Gram-negative bacteria (e.g., E. coli),
cell division occurs by a gradual constriction of the cylindrical part of the cell wall
(Errington et al., 2003; Uehara and Bernhardt, 2011). In Gram-positive bacteria
(e.g., B. subtilis), the new cross-wall forms from the cylindrical cell wall, and cell
separation occurs after completion of septation (Foster and Popham, 2001;
Errington et al., 2003). Nevertheless, numerous factors have been found to
participate in the separation of daughter cells in Gram-negative and Gram—positive
bacteria.

Several enzymes have been observed to participate in E. coli cell separation, and
the most important are the LytC-type periplasmic peptidoglycan amidases
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AmIA/B/C (Peters et al., 2011; Uehara and Bernhardt, 2011;Yang et al., 2012).
AmiC localises to the midcell through its N-terminal binding to FtsN (Bernhardt
and de Boer, 2003) and cleaves the septal peptidoglycans, inducing cell separation
(Heidrich et al., 2001). Furthermore, the LytM factors EnvC and NIpD are
associated with cell division in E. coli (Uehara and Bernhardt, 2011). A previous
study suggested that EnvC is involved in daughter cell separation as a zinc
metalloprotease (Bernhardt and de Boer, 2004). However, recent studies have
shown that both EnvC and NIpD localise to the septum (Uehara et al., 2009) and
activate amidases (Uehara et al., 2010; Yang et al., 2012). The activation of AmiA
and AmiB by EnvC and AmiC by NIpD has been observed by in vitro cell wall
cleavage assays (Uehara et al., 2010). When septal peptidoglycan synthesis was
blocked in E. coli, amidases were not able to localise to the division ring, yet NipD
and EnvC were shown to localise (Peters et al., 2011). Consequently, the spatial
and temporal regulation of cell separation occurs by coupling the activation of

peptidoglycan hydrolase activity with the assembly of the division apparatus.

Recent studies have characterised the C. crescentus DipM protein (Goley et al.,
2010; Poggio et al., 2010; Moll et al., 2010). The C-terminus of DipM contains
LytM endopeptidase domains, and the hydrolysis of peptidoglycans has been
illustrated in gel-based assays (Moll et al., 2010). DipM localises at the division site
once division is initiated, and this localisation is dependent upon FtsZ (Goley et al.,
2010; Poggio et al., 2010; Moll et al., 2010) and FtsN (Moll et al., 2010).
Furthermore, two-hybrid and co-immunoprecipitation assays have shown a direct
interaction between DipM and FtsN, indicating the involvement of DipM in cell
division (Moll et al., 2010). Inactivation of the dipM gene causes major defects in
outer membrane invagination and delays cytoplasmic constriction and daughter cell
separation (Moll et al., 2010). Depletion of dipM causes morphological
abnormalities, including thickening of the septal peptidoglycans and blebbing of the
outer membrane at the division sites. These observations suggest a role of DipM in
envelope invagination during cell division via septal peptidoglycan hydrolysis
(Goley et al., 2010).

Many autolysins have been proposed to have a role in the separation of daughter

cells; however, a direct interaction between autolysins and divisome components
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has not been illustrated. In B. subtilis, LytF, LytE and CwlIS were shown to localise
at the cell separation sites and poles during the late stage of cell growth (Fukushima
et al., 2006). In Mycobacterium smegmatis, RipA-depleted cells demonstrated
branching and chaining of cells, indicating a failure in the separation of the cells
(Hett et al. 2008). RipA is an endopeptidase that localises to the septum (Hett et al.,
2007). In addition, the S. aureus autolysin Atl localises as a ring-like structure at the
presumptive site of cell separation (Yamada et al., 1996). Cse of S. thermophilus
localises to the mature septa, and its absence results in the formation of long chains
of cells (Layec et al., 2009). The above findings suggest the possibility of direct
interactions between autolysins and the components of the divisome, but this

assumption requires further investigation.

1.7. The late cell division protein assembly pathway

The study of the assembly pathway of the late cell division proteins has identified
notable differences between B. subtilis and E. coli. Recruitment of late cell division
proteins occurs in a linear hierarchy: FtsE/X-FtsK-FtsQ-FtsB/FtsL-FtsW-Ftsl-FtsN,
in which the recruitment of FtsE/FtsX and FtsB/FtsL is co-dependent
(Buddelmeijer and Beckwith, 2002; Errington et al., 2003; Goehring and Beckwith,
2005). Nevertheless, lack of this linear recruitment of E. coli division proteins is
possible (Vicente and Rico, 2006). Premature targeting approaches have
demonstrated that assembly of most of the late division proteins can occur
independently of their upstream proteins, indicating that the linear assembly model
is imprecise (Goehring et al., 2006). The linear model in E. coli is not conserved in
B. subtilis or S. pneumoniae (Errington et al., 2003; Morlot et al., 2004). In B.
subtilis, the recruitment of late division proteins appears to be interdependent.
Mutation or depletion of one of the proteins leads to blockade of protein assembly
at the division site, reflecting their dependency but not temporal order of assembly
(Errington et al., 2003).

1.8. Importance of cell division in drug development

Treatment of bacterial diseases is becoming problematic due to the emergence of

antibiotic resistance by pathogenic bacteria, such as S. aureus, Enterococcus
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faecalis and S. pneumoniae (McDevitt et al., 2002). Most of the essential divisome
components are conserved and present in a wide range of bacterial species. Thus,
the cell division apparatus may be an interesting target for the development of new
therapeutic agents (McDevitt et al., 2002). Numerous compounds have been shown
to inhibit cell division, and they are under investigation as potential antimicrobial
agents (McDevitt et al., 2002; Beuria et al., 2009; Schaffner-Barbero et al., 2011).
B-lactam antibiotics are the most widely utilised antibiotics due to several factors,
including low cost, high effectiveness and minimal side effects (Wilke et al., 2005).
The effect of penicillin on many bacteria is effective even at low concentrations.
Penicillin promotes cell filamentation, suggesting that it induces a block in cell
division (Gardner, 1940; Fisher, 1946). B-lactams are functional analogues of D-
alanyl-D-alanine, as they block the active site of PBPs by irreversible acylation of
serine, preventing the final transpeptidation of nascent peptidoglycans and
interfering with cell wall synthesis (Blumberg and Strominger, 1974). This process
results in the accumulation of peptidoglycan precursors that activate autolysins and
hydrolyse the old peptidoglycans in the absence of nascent peptidoglycan synthesis,
leading to cell lysis (Kitano and Tomasz, 1979). Furazlocillin is a PB-lactam
antibiotic that targets Ftsl (PBP3) (Gootz et al., 1979) and inhibits the formation of
the septum by blocking peptidoglycan synthesis (Schmidt et al., 1981; Olijhoek et
al., 1982). The B-lactam cephalexin induces cells to undergo rapid lysis at the
division sites (Chung et al., 2009; Chung et al., 2011). The assembly of the
divisome must be complete for the cell to lyse, including the recruitment of FtsN by
Ftsl, and FtsN then recruits autolysins to separate the daughter cells (Chung et al.,
2009). The rapid lysis caused by cephalexin is due to Ftsl blockade that does not
disrupt divisome component recruitment and consequent autolysin activation
(Chung et al., 2009). Mutations in FtsI make many bacteria resistant to B-lactams
and have only slight effects on bacterial survival (Hedge and Spratt, 1985; Nagai et
al., 2002; Kishii et al., 2010).

An equally important PBP drug target is FtsZ due to its importance in recruiting all
other divisome components to the midcell. Viriditoxin, a natural compound that is
isolated from Aspergillus viridinutans, was identified by fluorescence-based assays
as an FtsZ inhibitor (Wang et al., 2003; Park et al., 2011). Viriditoxin blocks the

polymerisation of FtsZ and its GTPase activity and has been shown to hinder cell
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division in Gram-positive pathogens, such as methicillin-resistant S. aureus
(MRSA) and vancomycin-resistant Enterococci (VRE) without disturbing the
viability of eukaryotic HeLa cells (Wang et al., 2003; Park et al., 2011). A similar
inhibitory effect on FtsZ and subsequent growth cessation in clinically relevant
pathogens has been described for food products, such as cinnamaldehyde (Domadia
et al., 2007) and curcumin (Rai et al., 2008), and for the natural compounds from
Chrysophaeum taylori (Plaza et al., 2010). The C-terminal tail of FtsZ is involved
in interactions with many divisome components; however, cinnamaldehyde was
found to also bind to the C-terminal tail, inhibiting the binding site and preventing
the recruitment of the division proteins (Domadia et al., 2007). Sanguinarine is an
antimicrobial from Sanguinaria canadensis that binds to FtsZ to perturb Z-ring
formation in Gram-positive and Gram-negative bacteria (Beuria et al., 2005).

Several FtsZ inhibitors have been shown to destabilise FtsZ protofilaments and
suppress FtsZ GTPase activity, causing a reduction in the formation of the FtsZ-
ring and filamentation in a wide range of bacteria, including pathogenic species (Ito
et al., 2006; Jaiswal et al., 2007; Shimotohno et al., 2010; Hemaiswarya et al.,
2011). A high-throughput protein-based screening analysis has identified Zantrins,
a group of compounds that have GTPase inhibitory effects (Margalit et al., 2004).
Some of these compounds inhibit the polymerisation of FtsZ, and others stabilise
the protofilaments and inhibit their depolymerisation (Margalit et al., 2004). An in
vitro study has identified several compounds that affect FtsZ assembly, including
OTBA(3-{5-[4-0x0-2-thioxo-3-(3-trifluoromethyl-phenyl)-thiazolidin-5-
ylidenemethyl]-furan-2-yl}-benzoic acid), which induces the assembly of FtsZ
(Beuria et al., 2009).

PC190723, a small synthetic antibacterial, has also been found to alter the
dynamics of FtsZ assembly in B. subtilis, MRSA and multi-drug-resistant S.
aureus (MDRSA). PC190723 induced the assembly of FtsZ polymers into coiled
protofilaments, bundles, ribbons and toroids (Ohashi et al., 1999; Haydon et al.,
2008; Andreu et al., 2010; Adams et al., 2011). PC190723 has been shown to
suppress the GTPase activity of FtsZ and demonstrates selective in vivo
bactericidal activity, as it protected mice infected with a fatal dose of S. aureus

(Haydon et al., 2008). GTP analogues can prevent the polymerisation of FtsZ with
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minimal effect on host cell tubulin assembly (Lappchen et al., 2005). Antisense
oligodeoxynucleotides repress the expression of ftsZ and thus affect cell viability
(Tan et al., 2004).

Studies have investigated inhibitors of FtsZ protein-protein interactions by
screening a library of approximately 250,000 compounds and have identified
several small molecules that bind to ZipA and prevent its binding to FtsZ, resulting
in inhibition of cell division (Sutherland et al., 2003; Jennings et al., 2004a;
Jennings et al., 2004b). Screening of a phage display library using P. aeruginosa
FtsA has led to the identification of two consensus peptide sequences that block the
ATPase activity of FtsA. This information could be useful for targeting other cell
division components and for developing new inhibitors against other proteins
(Paradis-Bleau et al., 2005).

1.9. Cell division in cocci

The cell division process has mostly been investigated in rod-shaped
microorganisms, particularly E. coli and B. subtilis. Although the cell division
process among prokaryotes is likely conserved, much information can be obtained
from comparative studies of morphologically diverse bacteria (Zapun et al., 2008).
Coccus-shaped bacteria lack cylindrical elongation, making them a simple model
for studying cell division (Zapun et al., 2008). Cell wall synthesis in rod-shaped
bacteria occurs in two stages: first, elongation of the cell and doubling of the cell
size, which is mediated by MreB, and second, division after septum formation at
the midcell region, which is mediated by FtsZ (Carballido-Lopez and Formstone,
2007) (Figure 1.1A). MreB assembles to form dynamic bundle filaments at the cell
periphery and has been proposed to act as a scaffold for the elongation machinery
components, such as MreC and MreD (Jones et al., 2001; Defeu-Soufo and
Graumann, 2004; Carballido-Lopez and Formstone, 2007; Dempwolff et al., 2011).
A comprehensive examination of sequenced bacterial genomes has identified a link
between absence of mreB and a non-rod-like shape; however, chlamydia and some
cyanobacteria do not adhere to this association, as both are subjected to
morphological changes that are mediated by MreB (Daniel and Errington, 2003).

These observations suggest a molecular basis for the absence of cylindrical cell wall
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synthesis in coccus-shaped organisms (Daniel and Errington, 2003). Cell wall
synthesis in cocci is dependent upon FtsZ, which thus determines morphology and
accounts for the synthesis of each daughter cell (Zapun et al., 2008). There is
relevance in investigating division in cocci because many species are common
human pathogens, including S. aureus, N. gonorrhoeae, Neisseria meningitidis and
S. pneumoniae, and understanding their division will help identify novel

antimicrobial targets.

There are two classes of cocci, true cocci, such as staphylococci, Neisseria or
micrococci, which are truly round and oval cocci (ovococci), such as lactococci,
enterococci or streptococci, which are elongated ellipsoids. Both cocci types have
different mechanisms of cell wall synthesis during their life cycle (Zapun et al.,
2008). Annular outgrowth of peptidoglycans surrounds the middle of the ovococcus
cell and is known as the equatorial ring (Higgins and Shockman, 1970; Tomasz et
al., 1964). During cell division in ovococci, a small ingrowth below the equatorial
ring occurs before the initiation of septum formation. The equatorial ring splits in
two and the two rings separate as new peripheral cell wall forms. The small annular
ingrowth remains equidistant from the separating equatorial rings and then begins
to grow centripetally to form the septum. Once the septum is completely formed,
the cells split to form two new daughter cells. The peripheral synthesis of the cell
wall before the formation of the septum suggests that the ovococcus has two sites of
peptidoglycan synthesis during division (Figure 1.1B) (Higgins and Shockman,
1970). Further experiments have supported this assumption. Ts mutants grown at
restrictive temperatures and cells treated with division-inhibiting concentrations of
antibiotics form long filaments, suggesting longitudinal growth in the absence of
septation (Lleo et al., 1990; Gibson et al., 1983; Higgins et al., 1974). When cell
division is blocked in truly round cocci, filamentation of the cells is not observed
because true coccus cells are only subjected to one mode of cell wall synthesis
(Figure 1.1C) (Pinho and Errington, 2003; Lleo et al., 1990; Gibson et al., 1983;
Higgins et al., 1974).
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The selection of the division site in true cocci is complicated in comparison with
rod-shaped bacteria and elongated cocci, as midcell division occurs in one parallel
plane to produce single chains of cells (Zapun et al., 2008). In contrast, true cocci
have the capability to divide in an infinite number of theoretical planes with a
maximum diameter within the cell (Zapun et al., 2008). However, coccus division
in more than one plane is not common and can occur in two perpendicular planes to
form tetrads or flat sheets of cells, as seen in Neisseria, Micrococcus, Pediococcus
or Lampropedia (Zapun et al., 2008). Division in three orthogonal planes can also
occur to produce cuboidal packs of eight cells, as seen in Staphylococci or Sarcina.
However, the latter produce regular packs of cells, whereas Staphylococci proceed
through incomplete cell division that causes the appearance of cell clusters (Begg
and Donachie, 1998; Giesbrecht et al., 1998; Murray et al., 1983; Tzagoloff and
Novick, 1977). The recognition of previous and potential division planes by cocci is
still not well understood. Recently, epigenetic information in S. aureus has been
suggested to be contained within its cell wall. The large bands of equatorial
peptidoglycans and less distinct orthogonal bands that are observed in S. aureus
peptidoglycans act as physical indicators of sequential orthogonal division planes
(Turner et al., 2010). S. aureus cells lacking Noc form multiple Z-rings that are not
placed in orthogonal planes, indicating that the nucleoid occlusion is involved in
choosing the plane of the next septum (Veiga et al., 2011).

Fluorescent vancomycin staining of S. aureus has confirmed the previous
suggestion that peptidoglycan synthesis occurs exclusively at the division site
(Pinho and Errington, 2003). In the absence of FtsZ, peptidoglycans are delocalised
over the entire S. aureus cell surface, most likely caused by the delocalisation of
divisome components (Pinho and Errington, 2003). In S. pneumoniae, the
localisation of peptidoglycan synthesis using fluorescent vancomycin labelling
verified that peptidoglycan synthesis also occurred at the midcell (Ng et al., 2004;
Daniel and Errington. 2003). Despite these data, because ovacocci have two types
of division-specific mechanisms of peptidoglycan synthesis, the proteins that are
involved in the synthesis of peptidoglycans, such as PBPs, can be organised into
two separate systems (Zapun et al., 2008). The two peptidoglycan synthesis

systems in S. pneumoniae were initially assumed to localise in different places
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throughout the cell cycle (Morlot et al., 2003), but immunofluorescence microscopy
has shown that all S. pneumoniae PBPs are localised in the middle of the cell during
the cell cycle. This finding suggests a common localisation of the two distinct
systems (Zapun et al., 2008).

S. aureus has four PBPs, and three of them were shown to localise to the middle of
the cell (Pinho and Errington, 2005; Pereira et al,. 2007b; Atilano et al., 2010).
Non-essential HMW class B PBP3 localisation in S. aureus has not yet been
demonstrated, but PBP3 is unlikely to localise somewhere other than the midcell
(Zapun et al., 2008). The localisation of PBPs from other true cocci has not yet
been determined; however, N. gonorrhoeae and N. meningitidis have only four
defined PBPs, suggesting one mode of peptidoglycan synthesis (Stefanova et al.,
2004; Barbour, 1981; Nolan and Hildebrandt, 1979). Accordingly, cell division in
true cocci may be a simple system because it lacks the cylindrical elongation
process and thus, the presence of one of the division-specific peptidoglycan
synthesis systems. This model can therefore help in classifying novel drugs
targeting molecules essential for bacterial division and growth in clinically relevant

organisms.

1.9.1. S. aureus as a cell division model

Because S. aureus is a major human pathogen and causes a serious threat to public
health due to high incidences of resistance to current antibiotics, developing new
antibiotics is necessary. Most of the existing antibiotics and inhibitors are directed at
DNA, protein synthesis and cell wall components (Wang et al., 2003). Discovery of
essential genes is crucial for the development of novel antimicrobials, thus making
cell division an attractive model of study, as it is an essential process in all bacteria.
The simple cycle and morphology of S. aureus cells make S. aureus an appropriate
model for studying the process of cell division. S. aureus is closely related to the
model organism B. subtilis, and thus, it is presumed that the two organisms have
conserved cell division mechanisms (Steele et al., 2011). Both organisms vary in
their cell shape, and S. aureus is a simpler organism, as mentioned above. S. aureus

as true cocci is not subjected to a different mode of cell division than rod-shaped

46



organisms (Zapun et al., 2008). The synthesis of peptidoglycans between division
cycles in rods is specific to the lateral cell wall and leads to elongation (Carballido-
Lopez and Formstone, 2007). Once the cell has doubled in length, which is followed
by the segregation of the chromosome, cell wall synthesis occurs at the midcell,
causing formation of the septum and resulting in division (Adams and Errington,
2009). Mutation of genes involved in cell elongation (e.g., mreB, mreC, mreD, pbp-
2a, pbp-H or rodA) results in the formation of spherical cells (Levin et al., 1992;
Henriques et al., 1998; Wei et al., 2003; Leaver & Errington, 2005). Sphere-shaped
S. aureus cells do not undergo the elongation phase of growth, as they lack the MreB
homologue and only synthesise peptidoglycan at the septum (Pinho & Errington,
2003; Zapun et al., 2008). Although S. aureus has homologues of mreC, mreD and
rodA, the genes are not essential, as they are in B. subtilis (Zapun et al., 2008). In B.
subtilis, these genes have been proposed to play a role in the cell division process
(Henriques et al., 1998; Lee and Stewart, 2003; Formstone and Errington, 2005).

S. aureus does not sporulate as does B. subtilis, which changes from vegetative
growth, in which septation is dependent on FtsZ at the midcell, to sporulation,
which causes polar septation during starvation (Carballido-Lopez and Formstone,
2007). The Z-ring constructs near the cell pole during sporulation form asymmetric
septum (Ben-Yehuda and Losick, 2002). Asymmetric division then occurs,
producing a mother cell and small forespores that mature into metabolically
inactive spores and are able to survive in extreme conditions (Frandsen et al.,
1999). The division machinery that is associated with asymmetric division is
similar to the machinery utilised in vegetative septation. Several other sporulation-
specific proteins are also involved in asymmetric septum formation, such as
SpollA, SpollE and SpollG (Feucht et al., 1996; Piggot and Hilbert, 2004).
Therefore, studying the role of the division proteins in B. subtilis is complicated

because B. subtilis has a sporulation mechanism.

As mentioned previously (Section 1.9), S. aureus as a true coccus has a single
mechanism of cell wall synthesis and division and therefore has less functional
redundancy between the proteins associated with cell division and peptidoglycan
synthesis than B. subtilis. This fact makes the study of the role of these proteins in

cell division less complicated. A comparison of the cell division genes between B.
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subtilis and S. aureus has shown that most of the division components are well
conserved (Table 1.1) (Chaudhuri et al., 2009). Homologues of all the essential
genes used in cell division in B. subtilis are putatively essential for S. aureus growth;
however, some of the non-essential genes are not conserved. Furthermore,
homologues of some non-essential genes of B. subtilis, such as gpsB and sepF, have
been found to be potentially essential in S. aureus, suggesting reduced redundancy
(Chaudhuri et al., 2009). A recent study showed that the homologue of the non-
essential ezrA gene in B. subtilis is essential for the growth and division of S. aureus
(Steele et al., 2011). S. aureus has fewer genes encoding PBPs than B. subtilis and
could indicate a single mode of peptidoglycan synthesis in S. aureus (Zapun et al.,
2008). The multiple PBPs in B. subtilis have definite roles in elongation, spore
formation and septum formation (Claessen et al., 2008), indicating dual roles of
PBPs in B. subtilis and possibly rods in general. The Min system is not present in
many Gram-positive cocci (Margolin 2001). Although the minC and minD genes are
essential in B. subtilis and absent in S. aureus, a homologue of these genes, divIVA,
IS present in S. aureus but is not essential for S. aureus viability, chromosome
segregation or morphology (Pinho and Errington 2004). The absence of the Min
system in S. aureus reflects the absence of DNA at the cell poles, which prevents
division in spherical bacteria. In B. subtilis, noc and minD double-mutants affect cell
survival (Wu & Errington, 2004). Recent work has shown that Noc is not essential
for growth in S. aureus but is required for inhibiting Z-ring formation over

nucleoids, hence preventing nucleoid bisection by the septa (Veiga et al. 2011).

1.1. Staphylococcal species

Staphylococci are gram-positive, spherical bacteria that have a diameter of
approximately 0.5-1.5 um (Harris et al., 2002; Hennekinne et al., 2012). These
bacteria are immobile, facultative, non-spore forming anaerobes and some strains
are resistant to disinfectants and heat (Hennekinne et al., 2012). The cells divide in
three perpendicular planes (Tzagoloff and Novick, 1977), forming clusters (from

which their nomenclature is derived).
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S. aureus

Identity/similarity

B. subtilis
Essentiality in B. subtilis homologue (NCTC of the gene Essentiality in S. aureus
ene
g 8325) product
Chromosome parE Essential (Huang et al., 1998) SAOUHSC_01351 71/85 Essential (Chaudhuri et al., 2009)
segregation parC Essential (Huang et al., 1998) SAOUHSC_01352 59/76 Essential (Chaudhuri et al., 2009)
. Essential (Cha and Stewart, . Not essential (Pinho and
diviVA diviVA 41/72 .
1997) Errington, 2004)
Septa placement
Not essential (Wu and . .
noc . SAOUHSC_03049 48/65 Not essential (Veiga et al., 2011)
Errington, 2004)
Essential (Beall and Essential (Pinho & Errington,
ftsZ ftsZ 63/76
Lutkenhaus, 1991) 2003)
Essential* (Beall and Essential (Ko, 2006; Chaudhuri
ftsA ftsA 32/55
Lutkenhaus, 1992) et al., 2009)
. i Not essential (Levin et al., .
Z-ring formation ezrA 1999) SAOUHSC_01827 22/55 Essential (Steele et al., 2011)
Not essential (Gueiros-Filho Not essential (Chaudhuri et al.,
zapA i SAOUHSC_01096 49/68
& Losick, 2002) 2009)
Essential” (Hamoen et al., ] ]
sepF 2006) SAOUHSC_01154 70/86 Essential (Chaudhuri et al., 2009)
ftsL Essential (Daniel et al., 1998) SAOUHSC_01144 23/42 Essential (Chaudhuri et al., 2009)
. Essential (Levin & Losick, . X
diviC 1994) SAOUHSC_00482 23/41 Essential (Chaudhuri et al., 2009)
o ] Essential® (Beall and i .
Late division diviB SAOUHSC_01148 28/52 Essential (Chaudhuri et al., 2009)
. Lutkenhaus, 1989)
proteins
Essential (Kobayashi et al., . i
ftsw 2003) SAOUHSC_01063 28/45 Essential (Chaudhuri et al., 2009)
Not essential (Claessen et al., . .
gpsB 2008) SAOUHSC_01462 63/81 Essential (Chaudhuri et al., 2009)
Essential” (Murray et al., N
ponA pbpB 37/56 Essential (Pinho et al., 2001)
PBPS 1998)
(peptidoglycan pbpB Essential (Daniel et al., 1996) pbpA 40/60 Essential (Chaudhuri et al., 2009)
biosynthesis) Not essential (Murray et al., . .
pbpA pbpC 44/63 Not essential (Pinho et al., 2000)
1997)
Not essential (Kobayashi et Essential (Grundling and
ItaS ItaS 57/73 .
Teichoic acid al., 2003) Schneewind, 2007b)
biosynthesis Essential (Lazarevic and Essential (Swoboda et al., 2009;
tagG tagG (tarG) 37/60 .
Karamata, 1995) Chaudhuri et al., 2009)
Essential (Henriques et al., Not essential (Chaudhuri et al.,
rodA SAOUHSC_02319 31/51
1998) 2009)
i Essential (Leaver and Not essential (Chaudhuri et al.,
Elongation mreD . SAOUHSC_01758 29/54
Errington, 2005) 2009)
Essential (Leaver and Not essential (Chaudhuri et al.,
mreC . SAOUHSC_01759 36/58
Errington, 2005) 2009)
Lipid membrane . . i
plsY Essential (Hunt et al., 2006) SAOUHSC_01350 46/66 Essential (Chaudhuri et al., 2009)

biosynthesis

Table 1.1 Conservation of cell division genes between S. aureus and B. subtilis

“B. subtilis ftsA (Beall & Lutkenhaus, 1992) and sepF (Hamoen et al., 2006) mutants were
viable; however, they show severe defects in cell division, cell morphology and growth. Thus,
the genes are classified as essential.

$ B. subtilis divIB is only essential at elevated temperatures.

* The ponA gene in B. subtilis is only essential for cell growth and sporulation in divalent

cation-deficient media (Murray et al., 1998).
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In 1880, Sir Alexander Ogston, a Scottish surgeon, identified this genus and named
it Staphylococcus from the Greek words staphylo, meaning “bunch of grapes”, and
kokkos, meaning “grain” (Archer, 1998). These bacteria can be distinguished from
micrococcus, which produces acid aerobically, by the oxidation-fermentation test.
They can grow in media that contains 7.5% NaCl, making high-salt media the
media of choice for Staphylococcus (Madigan & Martinko, 2006; Harris et al.,
2002). Furthermore, one of the features that distinguish this genus from other gram-
positive cocci is the catalase test, which is positive in the presence of staphylococci

and negative in the presence of streptococci (Madigan & Martinko, 2006).

The Staphylococcus genus comprises approximately 40 species, most of which are
harmless and reside on human mucous membranes and skin (DeLeo et al., 2009).
However, five species in this genus are considered as potential pathogens: S.
aureus, Staphylococcus saprophyticus, Staphylococcus epidermidis,
Staphylococcus hominis and Staphylococcus haemolyticus (Hennekinne et al.,
2012).

1.2. S.aureus

S. aureus is a species of the genus Staphylococcus, family Staphylococcaceae, order
Bacillales, class Cocci, phylum Firmicutes, kingdom Bacteria and domain Bacteria
(Ludwig, 2009). S. aureus has a circular chromosome of approximately 2.8 Mbp
(Lowy, 1998; Harris et al., 2002). Its colonies are distinct from those of other
staphylococcal species, as they contain a golden yellow pigment. Moreover, S.
aureus can be distinguished from other staphylococcal species by the DNase and
coagulase tests (Madigan and Martinko, 2006; Lowy, 1998).

1.2.1. S. aureus infections

S. aureus is considered to be an opportunistic pathogen, and over the past 30 years,
hospital-acquired and community-associated S. aureus infections have increased
dramatically (Hennekinne et al., 2012). This bacterium is usually found as normal
flora on the skin or in the upper respiratory tract, although it mostly colonises the
mucous membranes of the nasal cavity (Archer, 1998; Hennekinne et al., 2012).

The risk of infection is raised in intravenous drug users and those undergoing

50



surgery, as well as in immunocompromised and diabetic patients (Madigan and
Martinko, 2006; Archer, 1998; Howell and Phillips, 2007; Hennekinne et al., 2012).
S. aureus is responsible for a wide range of infections and diseases, such as mild
skin infections (e.g., folliculitis, impetigo and cellulitis), invasive diseases (e.g.,
osteomyelitis, wound infections and metastatic complications) and toxin-mediated
diseases (e.g., toxic shock syndrome, food poisoning and scaled skin syndrome),
where colonisation precedes the infections (Archer, 1998; Lowy, 1998; von
Kockritz-Blickwede et al., 2008; Hennekinne et al., 2012). In some animals (e.g.,
cows, goats and sheep), S. aureus causes mastitis, which is economically important
(Le Marechal et al., 2011). Approximately 30% of the healthy population carry S.
aureus, which can asymptomatically colonise the skin of human hosts (Peacock et
al., 2001; Hennekinne et al., 2012). However, a break or puncture of the skin
allows the bacteria to enter the soft tissue or the bloodstream and cause infections
(Lowy, 1998).

1.2.2.Virulence factors

The wide range of diseases caused by S. aureus are the result of a multitude of
virulence factors expressed by the bacteria. Many surface proteins bind to host
extracellular matrix molecules (Harris et al., 2002; Lowy, 1998; Foster and Hook,
1998), allowing colonisation in the anterior nares (Garcia-Lara et al., 2005). Indeed,
colonisation of the pathogen in the anterior nares could be due to adhesins or the
indirect help of teichoic acid (Garcia-Lara et al., 2005). Surface proteins also act as
immune evasion molecules. Protein A, which acts as an adhesion, binds to the Fc
part of antibodies, preventing recognition by the host immune system (Uhlen et al.,
1984; Harris et al., 2002). S. aureus can also produce several toxins including
cytotoxins, leukotoxins and haemolysins that lyse cells and provoke
proinflammatory responses. For example, exotoxins A and B are involved in
scalded skin syndrome, and toxic shock syndrome toxin 1 (TSST1) is involved in
toxic shock syndrome (Lowy, 1998; Harris et al., 2002; Foster, 2005). Other
virulence factors that are released by S. aureus are extracellular enzymes such as
proteases, coagulase and lipases, which are thought to be involved in spreading the

infection and damaging the host tissue (Foster, 2005).
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1.2.3.Antibiotic resistance

Preceding the introduction of antibiotics, the mortality rate of infections caused by
S. aureus was approximately 80% (Skinner, 1941), this rate declined to
approximately 25% in 1944 (Jevons et al., 1963), after the introduction of penicillin
treatment (Dancer, 2008). However, a significant problem related to S. aureus, apart
from it causing life-threatening diseases, is its resistance to different antibiotics
(Figure 1.7) (Garcia-Lara et al., 2005). This resistance has become a worldwide
health issue that has jeopardised communities, increasing the high rate of S. aureus
infection mortality to ~> 30% (Dancer, 2008). Penicillin-resistant S. aureus is the
result of the inactivation of penicillin by B-lactamase, which hydrolyses the B-
lactam ring. This was first identified in 1941, soon after the introduction of
penicillin and by 1948, approximately 50% of isolates were resistant (Barber and
Rozwadowaka-Dowzenko, 1948; Lowy, 1998; Witte et al., 2008). Approximately
5% of S. aureus isolates now show sensitivity to penicillin (Lowy, 1998). In the
1950s, S. aureus was found to also become resistant to many of the most commonly
used antibiotics such as streptomycin, erythromycin, chloramphenicol and
tetracycline (Lacey; 1975; Witte et al., 2008). In order to combat the problem of
penicillin resistance, p-lactamase-resistant semisynthetic penicillins, such as
methicillin, cloxacillin and oxacillin, were developed (Rice, 2006). However, S.
aureus became resistant to methicillin in 1961 in the United Kingdom (U.K.) and in
1969 in the United States (U.S.) (Jevons, 1961; Rice, 2006; McLean and Ness,
2008).

Methicillin resistance occurs via the acquisition of the mecA gene encoding PBP2a
(Matsukawa, 2001; Fuda et al., 2004; Dancer, 2008). The S. aureus PBPs are
inactivated by B-lactam antibiotics and hence inhibiting peptidoglycan biosynthesis.
However, PBP2a is capable of replacing the function of the four essential PBPs in
the presence of B-lactam antibiotics, as the active site of PBP2a is modified and has
low affinity to B-lactams (Lim and Strynadka, 2002; Meroueh et al., 2003; Fuda et
al., 2004). MRSA has spread to over 70% in hospitals in the U.S. and Europe (Rice,
2006), causing a major threat to public health and making the development of an
effective antimicrobial drug that can combat MRSA crucial (Fuda et al., 2004).
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Figure 1.7 Timeline of introduction and subsequent development of resistance by S. aureus to commonly used antibiotics
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In 1964, gentamicin was introduced to treat MRSA cases in the U.K.; however, in
the mid-1970s, resistance of S. aureus to gentamicin and related antibiotics, such as
kanamycin and tobramycin, had been found in clinical isolates from Europe, the
U.S. and Australia (Dowding, 1977; Naidoo and Noble, 1978; Storrs et al., 1988;
Wright et al., 1998). The resistance to gentamicin is due to a bifunctional enzyme,
gentamicin phosphotransferase/aminoglycoside 6’-N- acetyltransferase, which
modifies the antibiotic, preventing binding to the 30S ribosomal target in the strain
(Dowding, 1977; Rouch et al., 1987).

Fluoroquinolone antibiotics such as ofloxacin, norfloxacin and ciprofloxacin were
originally introduced in the late 1980s to treat infections caused by Gram-negative
bacteria; however, the efficacy of the drug was poor, and hence, the activity
against Gram-positive pathogens was poor as well (Entenza et al., 1999; Khaliq
and Zhanel, 2003). A new generation of fluoroquinolones, such as clinafloxacin,
pefloxacin and sparfloxacin, was subsequently introduced to treat infections
caused by Gram-positive pathogens (Entaenza et al., 1999; Khalig and Zhanel,
2003). However, S. aureus and MRSA have easily developed resistance against
fluoroquinolones (Greenberg et al., 1987; Scaefler, 1989; Munoz-Bellido et al.,
1999) via mutation in DNA gyrase and overexpression of NorA, a multidrug
efflux protein (Ng et al., 1994; Ferrero et al., 1995; Kaatz and Seo, 1997; Jacoby;
2005; Charbonneau et al., 2006).

The glycopeptide vancomycin was first introduced in 1958 to treat drug-resistant
pathogens (Cafferkey et al., 1982). Vancomycin has a high affinity for the D-Ala-
D-Ala terminus of the peptidoglycan precursor, blocking integration into
peptidoglycan (Courvalin, 2006). VRE were first isolated as clinical strains in
Europe in 1988 (Leclercq et al., 1988; Uttley et al., 1988). The resistance is due to
the presence of the vanA operon that encodes the VanH dehydrogenase and VanA
ligase, which are responsible for the synthesis of D-Ala-D-Lac that replaces D-
Ala-D-Ala (Bugg et al., 1991; Courvalin, 2006). Vancomycin-insensitive S.
aureus (VISA) was found first in Japan in 1996(Hiramatsu et al., 1997; Smith et
al., 1999) and in 1999 in the U.S. (Rotun et al., 1999; Hageman et al., 2001).
VISA is due to an alteration in the synthesis of peptidoglycan, which results in

54



thickening of the cell wall. The alteration in the cell wall sequesters vancomycin
due to the production of nascent peptidoglycan and thus reduces the diffusion of
vancomycin across the cell wall (Cui et al., 2000; Cui et al., 2006; Pereira et al.,
2007a). In 2002, vancomycin-resistant S. aureus (VRSA) were first isolated in the
U.S. (Sievert et al., 2008; Cui et al., 2006). The full resistance to vancomycin was
caused by the transfer of vanA from a co-existing VRE (Weigel et al., 2003; Cui et
al., 2006). The incidence of VRSA is quite rare; however, the incidence of VRSA-
MRSA combination strains is predicted to increase, posing a major threat to public
health. Furthermore, VRSA is also resistant to other antibiotics, such as rifampin
(Weigel et al., 2003), causing a critical situation in the control of S. aureus

infection and making the search for new antimicrobial agents imperative.

Few effective antibiotics (e.g. synercid, linezolid, daptomycin and tigecycline)
have been introduced to treat both MRSA and VRSA. Synercid is a combination
of two streptogramins (quinupristin and dalfopristin), which bind to the 50S
ribosomal subunit and hence inhibit protein synthesis (Drew et al., 2000).
Resistance to synercid in clinical isolates from France and Spain has been reported
(Werner et al., 2001), due to a mutation in the L22 ribosomal protein (Malbruny et
al., 2002). Linezolid-resistant S. aureus strains were isolated in 2001, which was
the same year that linezolid was introduced. The resistance is caused by a mutation
in the 23S ribosomal target (Tsiodras et al., 2001). Daptomycin is a cyclic
lipopeptide that depolarises the cell membrane (Tally et al., 1999; Silverman et al.,
2003). The drug was introduced in 2003 to treat S. aureus infection; however, in
2005, clinical isolates were found to be resistant to daptomycin (Mangili et al.,
2005; Hayden et al., 2005). Resistance is caused by perturbation of the bacterial
cell wall and cell membrane, reducing the surface binding of the drug and making
the strain resistant to the depolymerisation effect of daptomycin (Bayer et al.,
2013). Tigecycline is a novel glycylcycline class of antimicrobial agents that is
structurally similar to tetracycline but not affected by the tetracycline resistance
mechanisms of ribosomal protection and efflux pump (Petersen et al., 1999;
Pankey, 2005; Verkade et al., 2010). After the introduction of tigecycline in 2006,
surveillance of reported resistance suggested that resistance to this antibiotic had

not occurred in clinical isolates as of 2008 (Rodloff et al., 2008). However, cases
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of tigecycline-resistant S. aureus have been reported recently in the U.K. (Hope et
al., 2010, Kreis et al., 2013).

1.3. Study aims

Although the mechanism of cell division is conserved between organisms, cell
division in S. aureus is still not well understood. This project aimed to identify the
role of some S. aureus cell division proteins, particularly the bitopic proteins, in
division. Specifically, DivIC and FtsL in S. aureus were chosen for examination.
Experiments were performed using different molecular and biochemical assays to
study biochemical function and localisation in the cell. The interaction between
these proteins and the bacterial cell wall was also investigated and emphasised the

importance of these proteins in the cell division process.
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Materials and methods
2.1.Media

Media were prepared using deionised water (dH,0) and sterilised by autoclaving for 20

min at 121°C and 15 pounds per square inch.

2.1.1 Baird-Parker (BPr)
Baird-Parker Agar Base (Oxoid) 63g 1™t
Egg Yolk Emulsion (VWR) 50 ml I
(Egg Yolk Emulsion was added after cooling the agar to 50°C).

2.1.2 Brain Heart Infusion (BHI)
BHI (Oxoid) 37gl*
1.5 % (w/v) Oxoid agar No. 1 was added to make BHI agar.

2.1.3 Luria-Bertani (LB)

Tryptone (Oxoid) 10g1*
Yeast extracts (Oxoid) 59t
NaCl 10g It

1.5 % (w/v) Oxoid agar No. 1 was added to make LB agar.

2.14 LK
Tryptone (Oxoid) 10g It
Yeast extracts (Oxoid) 59t
KCI 7glt

1 % (w/v) Oxoid agar No. 1 was added to make LK bottom agar.

0.7 % (w/v) Oxoid agar No. 1 was added to make LK top agar.

2.1.5 Nutrient agar (NA)
Nutrient agar (Oxoid) 28gl*t
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2.1.6 Nutrient broth (NB)

Nutrient broth (Oxoid) 13¢g1?

2.1.7 Tryptic soya broth (TSB)

Tryptic soya broth (Oxoid) 3091

2.1.8 Tryptic soya agar (TSA)

Tryptic soya agar 3091

2.2 Antibiotics

The antibiotics (Table 2.1) used in this study were prepared from stock solutions, which
were filter-sterilised (0.2 um pore size) and stored at —20°C. The antibiotic stock solution
was added just before use to the liquid media, whilst in agar plates, the media were first

cooled to below 50°C and then the antibiotic solutions were added.

S. aureus E. coli
Stock . .
I . . . working working
Antibiotics Dissolved in | concentration . .
concentration | concentration
(mg mI™) . )
(ng mI™) (ug ml™)
Ampicillin (Amp) H.O 100 - 100
Anhydrotetracycline | 100 % (v/v) 150 1 i
(ATc) ethanol
Chloramphenicol 100 % (v/v)
(Cat) ethanol 30 300r10 15
. 100 % (v/iv)
Erythromycin (Ery) ethanol 5 5 -
Kanamycin (Kan) H,O 50 50 -
. o 50 % (V/Iv)
Lincomycin (Lin) ethanol 25 25 -
Neomycin (Neo) H,O 50 50 -
Spectinomycin
(Spec) H,O 100 100
. 100 % (v/v)
Tetracyline (Tet) ethanol 5 5 -

Table 2.1 Antibiotic stock solutions and concentrations
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2.3 Bacterial strains and plasmids

2.3.1 S. aureus strains

The bacteria used in this study were obtained from glycerol stocks and were grown on
agar plates. The S. aureus strains used in this study (Table 2.2) were grown on BHI or
TSA plates (Sigma) from —80°C Microbank (Pro-lab Diagnostics) stocks. The plates
contained antibiotics to maintain resistance markers. For short-term storage, the plates
were kept at 4°C. A single colony was stored in Microbank beads at —80°C for long-term

storage.

For bacterial growth in liquid media, the strains were grown aerobically at 37°C. In
addition, strains containing temperature-sensitive plasmids were grown at 25-30°C. A
single colony was used to inoculate 5 ml of media in a sterile 25 ml universal tube. The
culture was grown overnight at 37°C on a rotary shaker at 250 rpm. This culture was then
used to inoculate fresh media in a sterile conical flask to an ODggo 0f 0.05. The strains

were then grown to exponential phase at 37°C on a rotary shaker at 250 rpm.

Strain Relevant genotype/Markers Source

RN4220 Restriction deficient transformation recipient Kreiswirth et al., 1983

SH1000 Functional rsbU™ derivative of 8325-4 Horsburgh et al., 2002

CYL316 RN4220/pYL112A19, a plasmid carrying the L.45a integrase Leeetal., 1991
gene, Cat®

SJF2978 SH1000 spa::kan, Kan" A gift from G. Buist

SJF3830 Newman spa_ shi, Kan®, Ery" Lab stock

SJF3189 SH1000 pGL485, Cat” X. Ma, unpublished

AFK1 SH1000 divIC- GFP, Ery® This study

AFK2 SH1000 spa::kan divIC-GFP, Ery®, Kan® This study

AFK3 SH1000 pAFK4, Ery® This study

AFK4 SH1000 spa::kan pAFK4, Ery®, Kan® This study

AFK5 SH1000 divIC-GFP pGL485, Ery®, Cat" This study

AFK6 SH1000 spa::kan divIC-GFP pGL485, Ery®, Kan®, Cat® This study

AFK7 SH1000 pAFK14 geh::Pspac-divIC, Cat", Tet" This study

AFK8 SH1000 pAFK15 geh::Pspac-ftsL, Cat", Tet" This study

AFK9 RN4220 pAFK4, Ery® This study

AFK10 RN4220 pAFKS5, Ery" This study

AFK11 SH1000 pAFKS5, Ery® This study

AFK12 SH1000 spa::kan pAFK5, Ery®, Kan® This study

AFK13 RN4220 pAFK14, Cat" This study

AFK14 RN4220 pAFK15, Cat® This study

AFK15 SH1000 pAFK14, Cat" This study

AFK16 SH1000 pAFK15, Cat" This study
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AFK17 RN4220 pCL112A19 geh::pAFK16, Tet" This study
AFK18 RN4220 pCL112A19 geh::pAFK17, Tet® This study
AFK19 SH1000 geh::pAFK16, Tet" This study
AFK20 SH1000 geh::pAFK17, Tet® This study
AFK21 SH1000 pAFK14 SCO, Cat® This study
AFK22 SH1000 pAFK15 SCO, Cat® This study

Table 2.2 S. aureus strains used in this study

Cat®, chloramphenicol resistant; Ery®, erythromycin resistant; Kan®, kanamycin
resistant; Tet®, tetracycline resistant, SCO, single crossover.

2.3.2 E. coli strains

The E. coli strains used in this study (Table 2.3) were grown aerobically at 37°C.
Standard growth and storage conditions were the same as for S. aureus strains (Section

2.3.1) except that LB agar or broth was used as the growth media.

Strain Relevant genotype/Markers Source

TOP10 F- mer A (mrr-hsdRMS-mcrBC) ¢ 80 lacZ AM15 AlacX74 recAl ded Invitrogen
araD139 A(ara-leu) 7697 galK rpsL (Str®) endAl nupG

BL21 (DE3)| F ompT hsdSg (rs” mg") gal dcm lacY1 (DE3) Novagen

Table 2.3 E. coli strains used in this study

2.3.3 B. subtilis strains
The B. subtilis strain used in this study (Table 2.4) was grown at 37°C. Standard growth
and storage conditions were the same as for S. aureus strains (Section 2.3.1) except that

NB agar or broth was used as the growth media.

Strain Relevant genotype/Markers Source
168 HR trpC2 Kindly provided by H. Rogers

Table 2.4 B. subtilis strain used in this study
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2.3.4 Plasmids:

The plasmids used in this study are listed in Table 2.5. All plasmid DNA was purified

using QIAGEN Kkits as described in the manufacturer’s instructions (Section 2.8.2 and
Section 2.8.3) and was stored in dH,O or elution buffer at —20°C.

Plasmid Relevant genotype/Markers Source

pET-21d Hise-tag overexpression vector; Amp® Novagen

PMUTIN-GFP+ Insertion vector carrying Spac promoter and GFP+ gene; | Kaltwasser et al.,
AmpF (E. coli), Ery® (S. aureus) 2002

pGL485 Cat” derivative of E. coli-S. aureus shuttle vector pMJ8426, J. Garcia-Lara,
containing E. coli lacl gene under the control of a unpublished
constitutive promoter; Spec® (E. coli), Cat® (S. aureus)

pLOW E. coli-S. aureus shuttle vector carrying the Spac promoter. | Liew etal., 2010

Low copy number plasmid; Amp® (E. coli), Ery® (S. aureus)

pCR™2.1-TOPO® | Linear vector for TA cloning, covalently bound to | Invitrogen
topoisomerase 1; AmpF, Kan®

pMAD Low copy number shuttle vector containing temperature- | Arnaud et al.,
sensitive replication origin in S. aureus and bgaB gene | 2004
constitutively expressing thermostable p-galactosidase; Ery®
(S. aureus), Amp® (E.coli)

pIMAY Shuttle vector with a temperature-sensitive origin of | Monk et al.,
replication in S. aureus and carrying an inducible secY | 2012
antisense RNA; Cat"

pCL84 Vector for integration into S. aureus lipase gene (geh), attP; | Lee et al., 1991
Tet® (S. aureus), Spec” (E. coli)

pAISH1 Tet® derivative of pMUTIN4; Tet® (S. aureus), Amp® (E. | Aish, 2003
coli)

pKASBAR Hybrid vector of pCL84 and pUC18 for integration into S. | K. Wacnik and
aureus lipase gene (geh), attP; Tet® (S. aureus), Spec® (E. | B. Salamaga,
coli) unpublished

pGMO073 pKASBAR derivative with improved MCS containing ezrA- | G. McVicker,
psmOrange; attP, Tet" (S. aureus), Amp® (E. coli) unpublished

pGL617 pMUTIN-GFP+ containing S. aureus divIC; Ery” (S. aureus), | J. Garcia-Lara,
AmpR (E. coli) unpublished

pGL618 pMUTIN-GFP+ containing S. aureus ftsL; Ery® (S. aureus), | J. Garcia-Lara,
Amp"® (E. coli) unpublished

pALB26 PET-21d containing a 251 bp fragment of S. aureus diviC | Kabli, 2009
corresponding to nucleotides 143-393; Amp®

pAFK18 PET-21d containing a 251 bp fragment of S. aureus divIiC | This study
corresponding to nucleotides 143-393; with a point mutation
in nucleotides 300 (C to G) and 301 (G to C); Amp~®

pAFK19 pPET-21d containing a 251 bp fragment of S. aureus diviC | This study
corresponding to nucleotides 143-393; with a point mutation
in nucleotide 273 (G to A) ; Amp®

pAFK20 pPET-21d containing a 251 bp fragment of S. aureus diviC | This study
corresponding to nucleotides 143-393; with a point mutation
in nucleotides 310 (T to G) and 311(A to C); Amp~

pALB27 pPET-21d containing a 230 bp fragment of S. aureus ftsL | Kabli, 2009

corresponding to nucleotides 173-402; Amp®
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PAFK1

PET-21d containing a 224 bp fragment of B. subtilis divIC
corresponding to nucleotides 152-375; Amp®

This study

PAFK2

PET-21d containing a 210 bp fragment of B. subtilis ftsL
corresponding to nucleotides 142-351; Amp®

This study

PAFK3

PET-21d containing a 212 bp fragment of S. aureus divIiC
corresponding to nucleotides 143-354; Amp®

This study

PAFK4

pLOW carrying a 420 bp fragment containing RBS and
coding region of S. aureus divIC; Amp®

This study

PAFK5

pLOW carrying a 430 bp fragment containing RBS and
coding region of S. aureus ftsL; Amp®

This study

PAFK7

pCL84 carrying the Spac promoter; Tet” (S. aureus), Spec”
(E. coli)

This study

PAFKS

PMAD containing a 0.99 Kb fragment of S. aureus divIiC
upstream region fused in frame to 1 Kb fragment of S. aureus
divIC downstream region; Amp"® (E. coli), Ery® (S. aureus)

This study

PAFK9

PMAD containing a 1 Kb fragment of S. aureus ftsL
upstream region fused in frame to 1.1 Kb fragment of S.
aureus ftsL downstream region; Amp® (E. coli), Ery? (S.
aureus)

This study

PAFK10

pAFK?7 carrying a 408 bp fragment containing RBS and 5’
region of S. aureus diviC; Amp® (E. coli), Tet® (S. aureus)

This study

PAFK11

pAFK?7 carrying a 418 bp fragment containing RBS and 5’
region of S. aureus ftsL; Amp~ (E. coli), Tet® (S. aureus)

This study

PAFK12

pAISH1 carrying a 408 bp fragment containing RBS and 5’
region of S. aureus diviC; Amp® (E. coli), Tet® (S. aureus)

This study

PAFK13

pAISHI carrying a 418 bp fragment containing RBS and 5’
region of S. aureus ftsL; Amp® (E. coli), Tet® (S. aureus

This study

PAFK14

pIMAY containing a 0.99 Kb fragment of S. aureus divIiC
upstream region fused in frame to 1 Kb fragment of S. aureus
divIC downstream region; Cat®

This study

PAFK15

pIMAY containing a 1 Kb fragment of S. aureus ftsL
upstream region fused in frame to 1.1 Kb fragment of S.
aureus ftsL downstream region; Cat®

This study

PAFK16

pAFK22 carrying Spac promoter and a 408 bp fragment
containing RBS and 5’ region of S. aureus divIC; Amp"® (E.
coli), Tet® (S. aureus)

This study

PAFK17

pAFK?22 carrying Spac promoter and a 418 bp fragment
containing RBS and 5° region of S. aureus divIC; Amp® (E.
coli), Tet® (S. aureus)

This study

PAFK22

pGMO73 derivative; attP, Tet" (S. aureus), Amp~ (E. coli)

This study

Table 2.5 Plasmids used in this study

AmpR, ampicillin; Cat®, chloramphenicol resistant; Ery?, erythromycin resistant;
Kan®, kanamycin resistant; Spec®, spectinomycin resistant; Tet®, tetracycline resistant.
The nucleotide numbers correspond to S. aureus strain NCTC 8325-4 and B. subtilis

strain 168.

62




2.4 Buffers and stock solutions

All buffers and solutions were prepared using dH-0O, sterilised if required and stored at

room temperature or at 4°C. Unless otherwise mentioned, all the methods in this Chapter
can be found in Sambrook and Russell (2001).

2.4.1 Phage buffer

MgSO,4

CaCl,

Tris-HCI pH 7.8
NaCl

Gelatin

2.4.2 Phosphate buffered saline (PBS)

NaCl
Na;HPO,
KCI
KH,PO,

The pH was adjusted to 7.4 using NaOH.

2.4.3 TAE (50x)

Trisma base
Glacial acetic acid
Na,EDTA pH 8.0

1 mM

4 mM

50 mM

0.6 % (w/v)

0.1 % (w/v)

8gl?

1491t
02gl*t
02gl?

242 g 1™
0.57 % (viv)
0.05 M

The buffer was diluted to 1:50 with dH»O before use.
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2.4.4 Tris buffered saline (TBS)

Tris-HCL pH7.5

NaCl

2.4.5 QIAGEN buffers
2.4.5.1 QIAGEN Buffer P1

Tris-HCI pH 8
EDTA

RNase A

2.45.2 QIAGEN Buffer P2
NaOH

SDS

2.4.5.3 QIAGEN Buffer P3

Potassium acetate pH 5.5

2.4.5.4 QIAGEN Buffer EB

Tris-HCI pH 8.5

50 mM

100 mM

50 mM
10 mM

100 pg ml™*

200 mM

1% (wiv)

3.0M

10 mM

2.4.5.5 QIAGEN Buffer N3, QG,PB and PE

Supplied in the QIAquick kit; details not provided.
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2.4.6 HiTrap purification buffers
2.4.6.1 0.1M Sodium PO, Buffer

1M Na;HPO4 31.6 ml
1M NAH;PO4 68.4 ml
dH,0 900 ml

The pH of the buffer was adjusted to 7.2, and the buffer was autoclaved at 121°C for 20

min at 15 pounds per square inch.

2.4.6.2 START buffer

NaPO, 0.1M
NaCl 05M
sdH,0 up to 1L
(+/-) Urea 8M

2.4.6.3 Elution buffer
START buffer containing:
Imidazole 0.5M

(+/-) Urea 8 M

2.4.7 SDS-PAGE solutions
2.4.7.1 SDS-PAGE reservoir buffer (10x)

Glycine 144 gt
Tris base 30.3¢gl*
SDS 10g1*
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The buffer was diluted to 1:10 with dH,O before use.

2.4.7.2 SDS-PAGE loading buffer (2x)
Tris-HCI pH 6.8

SDS

Glycerol

Bromophenol blue

Fresh 10 % (v/v) B-mercaptoethanol was added to the buffer just before use.

2.4.7.3 Coomassie Blue stain
Coomassie blue
Methanol

Glacial acetic acid

2.4.7.4 Coomassie destain
Methanol

Glacial acetic acid

2.4.7.5 Renaturing gel solution
Triton X-100
MgCl,

Tris-HCI (pH 7.5) / Sodium citrate (pH 5)

To bring the solution to the desired volume, dH,O was used.

0.62 M
10 % (w/v)
20 % (vIv)

0.1 % (w/v)

0.1 % (w/v)
5% (viv)

10 % (v/v)

5% (viv)

10 % (v/v)

0.1% (v/v)
10 mM

25 mM
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2.4.7.6 Renaturing gel stain (10x)

Methylene Blue 49
2 M (+/-) KOH 3.58 ml
dH,O up to 400 ml

The buffer was diluted to 1:50 with dH,O before use.

2.4.8 Western blotting buffers
2.4.8.1 Blotting buffer

Trisma base 249t
Glycine 11.26 g I
Methanol 20 % (viv)

The buffer was chilled to 4°C before use.

2.4.8.2 TBST (20x)

Trisma base 48491t
NaCl 20g It
Tween-20 2 % (VIV)

The pH was adjusted to 7.6 and the buffer was diluted 1:20 with dH,O before use.

2.4.8.3 Blocking buffer

Dried skimmed milk powder (Oxoid) 5 % (w/v)

Dissolved in 1XTBST
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2.4.8.4 Alkaline Phosphatase buffer

Tris-HCI pH 9.5
NaCl

MgCl,.6H,0

249 GTE
Glucose
EDTA

Tris-HCI pH7.5

2.4.10 TBSI
Tris-HCI pH7.5
NaCl

Protease inhibitor cocktail (Roche)

2.5 Enzymes and chemicals

0.1M
58gl*

10.2g1*

50 mM
10 mM

20 mM

50 mM
0.1 M

1 tablet

All the enzymes and chemical used in this study were of analytical grade and

purchased from Thermo-Fisher Scientific, Roche or Sigma unless otherwise stated.

All restriction enzymes, T4 ligase, DNase, dNTPs and appropriate buffers for DNA

manipulation were purchased from New England Biolabs, Promega, Fermentas,

Roche or Thermo-Fisher Scientific. Storage conditions and concentrations of stock

solutions are listed in Table 2.6

Stock solution Storage Concentration Dissolved in
Lysostaphin -20°C 5mgml™? 20mM sodium acetate
Lysozyme -20°C 10 mg mI™ dH,0
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Mutanolysin -20°C 0.5 mg ml™ dH,0
Isopropyl -D-1-
thiogalactopyranoside -20°C 1M dH,0
(IPTG)
5-bromo-4-chloro-3-
indolyl-B-D- o L
) -20°C, wrapped in foil 40 mg ml DMSO
galactopyranoside
(X-Gal)
. o = 50 mM Sodium
a-Chymotrypsin -20°C 100 pg mi phosphate
Formaldehyde 4°C, short term 16 % (wiv) PBS at 60°C
Glutaraldehyde -20°C 25 % (W/v) dH,0

Table 2.6 Stock solutions and concentrations

2.6 Centrifugation

The following centrifuges were used for harvesting cells or precipitated material.

i. Eppendorf microfuge 5415D; max volume of 2 ml, max speed of 13,200 rpm
(10,000 x g).
ii. Sigma centrifuge 4K15C; max volume of 50 ml, max speed of 5,100 rpm (5525 x Q).
iii. Jouan centrifuge JAC50.10; max volume of 50 ml, max speed of 13,000 rpm (10,000 x
9).
IV. Avanti™ J25] (Beckman); max volumes and speeds depend on the rotor.
JA-20; max volume of 50 ml, max speed of 20,000 rpm (48,384 x Q).
JA-10.5; max volume of 500 ml, max speed of 10,000 rpm (18,480 x g).

V. Beckman Ultracentrifuge Optima LE-80k; maximum volumes and speeds depend
on the rotor.
70.1Ti: max volume of 12 ml, max speed of 70,000 rpm (450,000 x Q).

Centrifugation was carried out at room temperature unless otherwise noted.

2.7 Determining bacterial cell density

2.7.1 Spectrophotometric measurement (ODgoo)

To quantify bacterial yield, spectrophotometric measurements at 600 nm (ODgo) Were

carried out using either a Jenway 6100 spectrophotometer or a Biochrom WPA Biowave
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DNA spectrophotometer. Culture samples were diluted 1:10 in sterile culture medium

when necessary.

2.8 DNA purification techniques

2.8.1 Genomic DNA extraction

S. aureus and B. subtilis DNA was purified using a DNeasy blood and tissue kit
(QIAGEN). First, 1 ml was taken from a 5 ml overnight culture and centrifuged for 10
min at 14,000 rpm. The pellet was washed with 1 ml sdH,O and re-centrifuged. The cell
pellet was re-suspended in 180 pl sdH,O. Then, 10 ug of lysostaphin was added to S.
aureus cells and 20 pg of lysozyme was added to B. subtilis cells and the samples were
incubated at 37°C for 1 h. The protocol described in the manual was then followed, and

the sample was stored at -20°C.

2.8.2 Small scale plasmid purification

Small-scale plasmid purification from E. coli or S. aureus was accomplished using the
QIAGEN QIlAprep™ Spin column kit. Cells from a 5 ml overnight culture of E. coli or
S. aureus were centrifuged at 4°C and 5,100 rpm for 10 min and the pellet was re-
suspended in 250 pl of buffer P1 containing RNase A (100 pg ml™). For S. aureus
plasmid isolation, 5 pl of 5 mg ml™ lysostaphin was added and the sample was incubated
for 30 min to 1 h at 37°C on a rotary shaker. Then, 250 ul of buffer P2 was added to lyse
the cells and the sample was mixed by inverting the tube 4-6 times. Cell lysis was
stopped by adding 350 pl of neutralising buffer N3 and the tube was immediately mixed
as before. The mixture was then centrifuged at RT at 13,000 rpm for 10 min to remove
cell debris. The supernatant was transferred to a QlIAprep spin column and centrifuged
for 1 min at RT at 13,000 rpm, and the flow-through was discarded. Then, 500 pl of
buffer PB was added to wash the column and re-centrifuged. The flow-through was
discarded; 750 pl of buffer PE was added, and the column was re-centrifuged. The flow-
through was discarded, and the column was centrifuged for an additional 1 min to
remove residual buffer. The column was then placed into a clean microcentrifuge tube.
Then, 50 pl of buffer EB was added to the column centre to elute the DNA and the
column was incubated for 1 min. The sample was then centrifuged as before and then
stored at —20°C.
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2.8.3 Large scale plasmid purification

Large-scale plasmid purification from E. coli or S. aureus was accomplished using the
QIAGEN QIAprep™ Midiprep kit. Cells from a 100 ml overnight culture of E. coli or S.
aureus were harvested by centrifugation at 4°C at 5,100 rpm for 10 min. The pellet was
re-suspended in 25 ml PBS and centrifuged as before. The pellet was re-suspended in 4
ml of buffer P1 with RNase A (100pg ml™), and the sample was vortexed. For S. aureus
plasmid isolation, 15 pl of 5 mg ml™ lysostaphin was added and the sample was
incubated for 30 min to 1 h at 37°C on a rotary shaker. Then, 4 ml of buffer P2 was
added to lyse the cells and the sample was mixed gently by inverting the tube 4-6 times.
Cell lysis was stopped by adding 4 ml of chilled buffer P3, and the tube was immediately
mixed as before. The sample was incubated on ice for 15 min. Cell debris was then
removed by centrifugation at 4°C at 9,500 rpm for 30 min. The supernatant was
transferred into a pre-equilibrated QIAGEN tip 100 with 4 ml QBT buffer. The QIAGEN
tip was washed twice with 10 ml QC buffer, and the DNA was eluted with 5 ml QF
buffer. Then, 3.5 ml isopropanol was added to precipitate the plasmid DNA and the
sample was mixed and centrifuged immediately at 4°C at 9,500 rpm for 30 min. The
supernatant was cautiously discarded, and the DNA pellet was washed with 5 ml 70 %
(v/v) ethanol and re-centrifuged. The supernatant was cautiously discarded, and the
plasmid DNA pellet was air dried, dissolved in 200 pl sterile dH,0 and stored at -20°C.

2.8.4 Gel extraction of DNA

DNA was separated using a 1% (w/v) TAE agarose gel, which was then stained with
ethidium bromide and the DNA was visualised by a UV transilluminator. The DNA
fragment of interest was excised from the agarose gel using a clean and sharp scalpel
blade. The DNA was then isolated using the QIAquick gel extraction kit (QIAGEN).
The gel slice was placed in a universal tube and weighed, and 3 volumes of Buffer QG
were added to 1 volume of the gel. The mixture was incubated at 50°C until the gel
was completely dissolved. Then, 1 gel volume of isopropanol was added to the sample
to enhance the purification of small DNA molecules. The mixture was then transferred
to a QIAquick spin column to bind the DNA and was centrifuged at 13,000 rpm for 1
min. The flow-through was discarded, and 500 ul of Buffer QG was added and

centrifuged at 13,000 rpm for 1 min to remove any remaining agarose. Next, 750 pl of
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Buffer PE was added to the QIAquick column and the column was centrifuged at
13,000 rpm for 1 min. The flow-through was discarded, and the column was
centrifuged for an additional 1 min to eliminate any residual ethanol. The QIAquick
spin column was transferred to a microcentrifuge tube and the DNA was eluted by
adding 50 ul of Buffer EB by centrifugation at 13,000 rpm for 1 min. To verify the
presence of the desired DNA in the flow-through, 2-5 pl was separated on a 1 % (w/v)
agarose gel and viewed under UV transillumination. The sample was then stored at
—20°C.

2.8.5 PCR purification

A QIAquick PCR purification kit (QIAGEN) was used to purify the DNA fragment
from the PCR and enzymatic reactions. First, 5 volumes of buffer PB were added to 1
volume of the PCR sample. The sample mixture was placed into a QIAquick spin
column and centrifuged at 13,000 rpm for 1 min, and the flow-through was discarded.
The sample was washed with 750 pl of buffer PE, re-centrifuged and transferred to a
microcentrifuge tube. Then, 50 pl of buffer EB was added to the column to elute the
DNA by centrifugation. Finally, 2-5 ul of the DNA sample was separated on a 1 %
(w/v) agarose gel, viewed by UV transillumination and stored at —20°C.

2.8.6 Ethanol precipitation of DNA

To improve the efficacy of transformation into E. coli after DNA ligation, 0.1 volume
of 3 M sodium acetate, pH 5.2, and 2.5 volumes of 100 % (v/v) ethanol were added to
the DNA mixture and transferred to an eppendorf tube. Next, 0.05 volumes of
glycogen (Roche, 20 mg ml™) was added to aid in visualising the DNA pellet. The
sample mixture was incubated overnight at —20°C. The precipitated DNA sample was
recovered by centrifugation at 13,000 rpm at 4°C for 20 min. The pellet was washed
with 70 % (v/v) ethanol twice by centrifugation as described above. The supernatant
was discarded, and the pellet was air dried for 5 min next to a flame. The pellet was

then re-suspended in the desired volume of sdH,0.
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2.9 In vitro DNA manipulation techniques
2.9.1 Polymerase chain reaction (PCR) techniques

2.9.1.1 Primer design

The primers used in this study (Table 2.7) for PCR amplification were designed as
short oligonucleotides (20-40 nucleotides) that were built according to the DNA
sequences of S. aureus 8325-4 or B. subtilis 168. Convenient restriction enzyme sites
were included when necessary at the 5° ends of the primers to allow for cloning. When

needed, 6 bases (T or A) were added to permit efficient digestion by the restriction

enzymes at these sites. NetPrimer software (www.premierbiosoft.com/netprimer) was
used to design the primers. The software predicts the annealing temperature and
potential dimerisation and cross-dimerisation sites. Mutagenic oligonucleotide primers

(~55 nucleotides long) containing the required mutation were designed using the

QuikChange® Primer Design Program (www.stratagene.com/sdmdesigner/default.aspx).
The primers  were manufactured by Eurofins MWG operon
(http://www.eurofinsdna.com) and stored at —20°C in sdH,O as 100 pM stock

solutions or as 10 UM working solutions.
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Primer Sequence (5°-37) Application Source
Amplification of the extracellular domain of S. aureus ftsL.

ALB19 ATAATACCATGGCTAAAATGGATGCGTATGATCG Kabli, 2009
Forward primer
Amplification of the extracellular domain of S. aureus ftsL.

ALB20 ATAATACTCGAGATTTTTTGCTTCGCCATTACT Kabli, 2009
Reverse primer
Amplification of the extracellular domain of S. aureus divIC.

ALB21 ATAATACCATGGCTAAACATCGCAATGATATTGAT Kabli, 2009
Forward primer
Amplification of the extracellular domain of S. aureus divIC.

ALB22 ATAATTCTCGAGTTTTTTCGAAGATTTGAGCT Kabli, 2009
Reverse primer

ALB23 TGTGAGCGGATAACAATTCCCC Sequencing of inserts in pET21-d. Forward primer Bottomley, 2011

ALB24 TTCCTTTCGGGCTTTGTTAGCAG Sequencing of inserts in pET21-d. Reverse primer Bottomley, 2011
Amplification of the extracellular domain of B. subtilis divIC.

AK1 ATAATACCATGGCTACATCTTCCCTTAGTGCAAAA This study
Forward primer
Amplification of the extracellular domain of B. subtilis divIC.

AK2 ATAATACTCGAGCTTGCTCTTCTTCTCCACAT This study
Reverse primer
Amplification of extracellular domain of B. subtilis ftsL.

AK3 ATAATACCATGGCTTATGCGGCATATCAAACC This study
Forward primer

AK4 ATAATTACTCGAGTTCCTGTATGTTTTTCACTTTTT Amplification of extracellular domain of B. subtilis ftsL. This study
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Reverse primer

Amplification of extracellular domain of S. aureus divIC **%,
AKS ATAATACCATGGCTAAACATCGCAATGATATTGAT _ This study
Forward primer
Amplification of extracellular domain of S. aureus divIC **%%,
AK6 ATAATACTCGAGTGGCAACCTAAAAATCACTT This study
Reverse primer
GAAGAAATTGCGTTAAAAGAAAAGTTGAATAATCTGAATAAC | Mutagenic sense primer to create S. aureus diviC®*", forward

AK7 ] This study
AAAGATTACATTGAAAAA primer
TTTTTCAATGTAATCTTTGTTATTCAGATTATTCAACTTTTCTTTT Mutagenic antisense primer to create S. aureus divIC™™™,

AK8 ) This study
AACGCAATTTCTTC Reverse primer
CATTGAAAAAATTGCGCGTGATGATGCTTACTTAAGCAACAAA| Mutagenic sense primer to create S. aureus diviC'™™*, forward

AK9 ) This study
GGTGAAGTG primer
CACTTCACCTTTGTTGCTTAAGTAAGCATCATCACGCGCAATTT]| Mutagenic antisense primer to create S. aureus divIC" %,

AK10 ] This study
TTCAATG Reverse primer
GACAAAGATTACATTGAAAAAATTGCGGCTGATGATTATTACT] Mutagenic sense primer to create S. aureus diviC*" Bottomley

ALB43 _ -
AAGCAACAAAGG Forward primer unpublished
CCTTTGTTGCTTAAGTAATAATCATCAGCCGCAATTTTTTCAAT( Mutagenic antisense primer to create S. aureus divICF™%, Bottomley

ALB44 _ 7
TAATCTTTGTC Reverse primer unpublished

AK11 ATAATAGGATCCAGGAGGTGACAAGCAAGCAATGAAAAAT Amplification of S. aureus 5’ diviC and RBS. Forward primer This study
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AK12 ATAATAGAATCCTTATTTTTTCGAAGATTTTGAGCTAGACG Amplification of S. aureus 5° divIC and RBS. Reverse primer This study
AK13 ATAATAGGATCCAGGAGGCAATTTTATATGGCTGTAG Amplification of S. aureus 5’ ftsL and RBS. Forward primer This study
ATAATAGGATTCTTAATTTTTTGCTTCGCCATTACTACGCACT
AK14 Amplification of S. aureus 5’ fisL and RBS. Reverse primer This study
ACC
Amplification of extracellular domain of B. subtilis divIC.
AK15 ATAATAGGATCCCTACATCTTCCCTTAGTGC This study
Forward primer
Amplification of extracellular domain of B. subtilis divIC.
AK16 ATAATAGTCGACCTTGCTCTTCTTCTCCACATTG This study
Reverse primer
AK17 GACCTGCAGGCATGCCTG Sequencing of inserts in pLOW. Forward primer This study
AK18 GTTTTCCCAGTCACGACGTTG Sequencing of inserts in pLOW. Reverse primer This study
AK19 CCTCTGCTAAAATTCCTG Sequencing of inserts in pPMUTIN+GFP. Forward primer This study
AK20 ACGGGAAAAGCATTGAACAC Sequencing of inserts in pMUTIN+GFP. Reverse primer This study
Amplification of region upstream of S. aureus divIC. Forward
AK21 ATAATAGGATCCCTTTGATTACGCAAGTT This study
primer
Amplification of region upstream of S. aureus divIC. Reverse
AK22 ATAATAGCGGCCGCCCTCCAATTTACGCTT This study
primer
Amplification of region downstream of S. aureus divIC. Forward
AK23 ATAATAGCGGCCGCAGGATTTATTTAACATAGTCAA This study

primer
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Amplification of region downstream of S. aureus divIC. Forward

AK24 ATAATAGAATTCAATACGATACATAATAGTT This study
primer
Amplification of region upstream of S. aureus fisL.
AK25 ATAATAGGATCCCTTTCGAAGATATTGCTG This study
Forward primer
Amplification of region upstream of S. aureus fisL.
AK26 ATAATAGCGGCCGCATTGCTCCTATT This study
Reverse primer
Amplification of region downstream of S. aureus fisL. Forward
AK27 ATAATAGCGGCCGCAAGGTAGTGCGTAGTAATGGCGAAG This study
primer
Amplification of region downstream of S. aureus fisL. Reverse
AK28 ATAATAGAATTCCCATAATATCTCTATGTCCAG This study
primer
AK29 ATAATACCCGGGTGGAGGTGACAAGCAATGAAAAAT Amplification of S. aureus 5° divIiC and RBS. Forward primer This study
AK30 ATAATACCGCGGTTATTTTTTCGAAGATTTTGAGC Amplification of S. aureus 5° divIC and RBS. Reverse primer This study
AK31 ATAATACCCGGGTAAGGAGCAATTTATAATGGCTG Amplification of S. aureus 5’ fisL and RBS. Forward primer This study
AK32 ATAATACCGCGGTTAATTTTTTGCTTCGCC Amplification of S. aureus 5’ ftsL and RBS. Reverse primer This study
AK33 GTCTCCGACCATCAGGCACC Sequencing of inserts in pCL84 Forward primer This study
AK34 CAAGTTAATCCCATCCTTCTATG Sequencing of inserts in pCL84 Reverse primer This study
Amplification of region upstream of S. aureus divIC. Forward
AK35 ATAATAGGTACCCTTTGATTACGCAAG This study

primer
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Amplification of region downstream of S. aureus divIC. Reverse

AK36 ATAATAGAGCTCAATACGATACATAATAG This study
primer
Amplification of region upstream of S. aureus fisL.

AK37 ATAATAGAATTCCTTTCGAAGATATTGC This study
Forward primer
Amplification of region downstream of S. aureus fisL. Reverse

AK38 ATAATAGACGTCCCATAATATCTCTA This study
primer
Amplification of Pgy,c region and MCS fragment.

AK39 TTTTTTGGGCCCATCGTTAAGGGATCAAC This study
Forward primer
Amplification of Py, region and MCS fragment.

AK40 TTTTTTGCGATCGCCACAGTAGTTCATCACCA This study
Reverse primer

AK41 TAAGTTGGGTAACGCCAGG Sequencing of inserts in pGMO073. Forward primer This study

AK42 AGGGCAAACGCTTGTGG Sequencing of inserts in pGMO073. Forward primer This study
Amplification of region outside the upstream of S. aureus divIC.

AK43 GATGGCTTCACACTGTTAGATG _ This study
Forward primer
Amplification of region outside the downstream of S. aureus

AKA44 AAATCCTAGTTTATTACGTGTTGA ) This study
diviC. Reverse primer
Amplification of region outside the upstream of S. aureus fisL.

AK45 GGGATAGAGAAACTTGGAATGAT This study

Forward primer
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Amplification of region outside the downstream of S. aureus fisL.
AK46 GATTTCACCCCAACCGAC This study

Reverse primer

MCSEWD | TACATGTCAAGAATAAACTGCCAAAGC Sequencing of inserts in pIMAY. Forward primer Monk et al., 2012
MCSREV | AATACCTGTGACGGAAGATCACTTCG Sequencing of inserts in pIMAY. Reverse primer Monk et al., 2012
Amplification of Py, region and MCS fragment. Bottomle
ALB128 TTTTTTAGATCTATCGTTAAGGGATCAACTTT Y
Forward primer unpublished
Amplification of Py, region and MCS fragment. Bottomle
ALB127 | TTTTTTGGATCCCACAGTAGTTCATCACCA y:
Reverse primer unpublished

Table 2.7 Primers used in this study for DNA amplification by PCR. The restriction sites are underlined.
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2.9.1.2 PCR amplification

PCR amplification reactions were carried out using high-fidelity Extensor PCR

ReddyMix™ (Thermo Scientific). A final working reaction volume of 25 ul contained

the following:

DNA polymerase 1.25U

MgCl, 2.25 mM
dNTPs 0.5 mM (each)

Precipitant and red dye for electrophoresis

The following components were mixed together on ice in sterilised 0.2 ml thin-walled
PCR tubes:

High-fidelity Extensor Master Mix (Thermo Scientific) 12.5ul

Forward primer 200 nM
Reverse primer 200 nM
Template DNA 100 ng

An appropriate volume of sdH,0O was added to give a 1x concentration of PCR
ReddyMix.

The amplification was achieved by using a TC-3000 (Techne) PCR machine. The lid was
preheated to 105°C for 4 min, and the thermal cycling programme was as follows:

1 cycle Initial denaturation 95°C 5 min
30 cycles Denaturation 95°C 30s

Annealing 49-55°C  30s-—1min

Extension 72°C 1 min per Kb (1 min minimum)
1 cycle Final extension 72°C 5 min

The reaction products were stored at —20°C.
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2.9.1.3 Colony PCR screening of E. coli

Primers and sdH,O were added to PCR ReddyMix in 0.2 ml thin-walled PCR tubes as
described in section 2.9.1.2 without the addition of template DNA. Using a sterile
pipette tip, a single colony was patched onto an agar plate with or without antibiotics
and then introduced into a PCR reaction tube. The PCR reaction was performed as

described above.

2.9.1.4 Colony PCR screening of S. aureus

Primers and sdH,0O were added to PCR ReddyMix in 0.2 ml thin-walled PCR tubes as
described in section 2.8.1.2 without the addition of template DNA. Using a sterile
pipette tip, a single colony was streaked onto an agar plate with or without antibiotics
and then introduced into a PCR reaction tube. An additional step was added to lyse the

cells as follows:

37°C 15 min
99°C 20 min
4°C 1 min
99°C 2 min
4°C 1 min

The PCR reaction was performed as described above.

2.9.2 TOPO TA cloning

According to the manufacturer’s instructions, purified PCR products were cloned
directly into pCR2.1-TOPO (Invitrogen). First, 0.5-4 ul of fresh PCR product was
added to 1 pl of the dilute salt solution (supplied in the kit), and DNase free water was
added to a final volume of 5 pl. Then, 1 pl of pCR2.1-TOPO vector was added to the
mixture and the reaction was incubated at room temperature for 10 min. The reaction

mixture was then used directly to transform electrocompetent E. coli cells.
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2.9.3 QuickChange site-directed mutagenesis

2.9.3.1 Mutant strand synthesis reaction

The QuickChange Il Site-Directed Mutagenesis kit (Stratagene) was used to create a
site-specific mutation in a specific gene, using mutagenic primers containing the
desired mutation (Section 2.9.1.1; Table 2.7). Purified plasmid containing the desired
insert was used as template DNA. The following components were added, on ice, to a
0.2 ml thin-walled PCR tube:

10x reaction buffer 5ul

DNA 5-50 ng
Mutageneic forward primer 125 ng
Mutageneic reverse primer 125 ng
dNTP mix 1l
sdH,0 up to 50 pul
PfuUltra HF DNA polymerase (2.5U/ pl) 1pl

The amplification was carried out using a TC-3000 (Techne) PCR machine. The lid

was preheated to 95°C and the thermal cycling programme was as follows:

1 cycle Initial denaturation 95°C 30s
30 cycle Denaturation 95°C 30s

Annealing Tm-5°C 1 min

Extension 68°C Imin/plasmid length (Kb)
1 cycle Final extension 68°C 5 min

Following amplification, the reactions were placed on ice for 2 min to cool the
reactions down to < 37°C. The amplification products were examined on a 1 % (w/v)

agarose gel and stored at -20°C.
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2.9.3.2 Amplification products digestion

To digest the parental dsDNA (non-mutated), 1 pl of Dpn I restriction enzyme (10 U pl ™)
was added to the amplification reaction and mixed by pipetting up and down. The mixture
was centrifuged for 1 min at room temperature at 13,000 rpm, and the reactions were
incubated for 1 h at 37°C. Then, 1 ul of the Dpn | digested sample was added to 50 ul of

electrocompetent cells, and the procedures described in Section 2.10.1.2 were followed.

2.9.4 Restriction endonuclease digestion

Restriction enzymes were purchased from New England Biolabs or Promega. DNA
digestion was carried out according to the manufacturer’s instructions using the buffers
supplied by the manufacturer. The reaction mixture was incubated at the appropriate
temperature and time according to the enzyme used. If the digested products were to be
used in a subsequent cloning reaction, then the restriction enzymes were inactivated at
65°C for 15 min and removed by using the QIAquick PCR purification kit (Section 2.8.5).

2.9.5 Phosphatase treatment of vector DNA

Digested vector DNA was treated with calf intestinal alkaline phosphatase (CIP) to reduce

self-ligation by removing the 5' POg4 from the DNA. According to the manufacturer’s

instructions, phosphatase and the provided buffer was directly added to the restriction
endonuclease digestion of the vector. The reaction mixture was then incubated at 37°C for
1 h. Another 1 pl phosphatase was added and the reaction mixture was incubated for an
additional 30 min. The CIP phosphatase was removed by using the QIAquick PCR
purification kit (Section 2.8.5), and the purified dephosphorylated vector was stored at
—20°C.

2.9.6 Ligation of DNA

Insert and vector DNA were restriction digested by endonucleases. When required, 5’
phosphate groups were removed from plasmid DNA by phosphatase treatment. Vector
DNA and insert were ligated at different ratios and the ligations were performed in a 10 ul
volume with 1 pl of 10x T4 DNA ligase buffer and 1 pl of 3 U pulI* T4 DNA ligase
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(Promega). The reactions were incubated at room temperature for approximately 2 h or
16°C overnight. The ligation mixtures were purified by ethanol precipitation (Section
2.8.6) and were then used to transform electrocompetent cells. As a negative control, a
ligation reaction mixture was prepared as described above, but without insert DNA.

2.9.7 Agarose gel electrophoresis

DNA samples were usually separated in 1% (w/v) agarose gels in 1x TAE buffer. To
get a sharper resolution of smaller DNA fragments (<230bp), samples were separated
in 1.5% (w/v) agarose gels in 1x TAE buffer. Horizontally submerged agarose gels
were poured and run using various size horizontal electrophoresis tanks (Life
Technologies, Scie-Plas). 5-15ul of ethidium bromide (10mg ml™; BioRad or Sigma),
dependent on the gel size was added to the molten gel to allow the DNA visualization.

DNA samples were mixed with one fifth their volume of 6 x DNA loading buffer
(ThermoScientific) and then loaded into the wells of the agarose gel. Gels were run for
45 min to 2 h at 100 V at room temperature, DNA was viewed using an UV
transilluminator at 260 nm and photographed using the UVi Tec Digital camera and
UVi Doc Gel documentation system. The concentration and size of the DNA fragments
were estimated by co-electrophoresing 5 pl of DNA ladder (ThermoScientific; Table
2.8).

Marker DNA fragment size (bp)
10,000
8,000
6,000
5,000
4,000
1 Kb DNA ladder 3,000
(ThermoScientific) 2,500
2,000
1,500
1,000
750
500
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250
10,000
8,000
6,000
5,000
4,000
3,000
2,000
1,500
1.200
1,000
900
800
700
600
500
400
300
200
100

2-log DNA ladder (New England
Biolabs)

Table 2.8 DNA fragments used as size markers for agarose gel electrophoresis

2.9.8 DNA sequencing

Plasmids and PCR products used in this study were sequenced by the Core Genetics
Service, University of Sheffield, using the primers listed in Table 2.7. Sequencing traces
were analysed using Finch TV software (Geospiza).

2.10 Transformation techniques
2.10.1 Transformation of E. coli

2.10.1.1 Preparation of electrocompetent E. coli cells

E. coli TOP10 or BL21 (DE3) was streaked for single colonies on LB agar plates and
grown overnight at 37°C. A single colony was inoculated into 5 ml LB and incubated
overnight at 37°C at 250 rpm. The overnight culture was used to inoculate 400 ml LB to

85



an ODggo 0f 0.05 and was incubated at 37°C and 250 rpm until the ODgoo Was between 0.5-
0.7. The culture was immediately cooled on an ice-slurry for 15-20 min. The cells were
harvested by centrifugation in 4x100 ml aliquots at 5,100 rpm, 4°C, for 10 min. The
pellets were washed three times with 25 ml of ice-cold sterile dH,O and vortexed at the
initial step only to re-suspend the pellets; they were then centrifuged at 5,100 rpm, 4°C,
for 10 min. The supernatant was discarded, the 4 samples were mixed together into one
tube, and 50% (v/v) ice-cold glycerol was added to the sample with a final concentration
of 10% (v/v). The cells were divided into 50 pl aliquots, snap-frozen in liquid nitrogen
and stored at — 80°C.

2.10.1.2 Electroporation of DNA into E. coli competent cells

First, 50 ul aliquots of E. coli electrocompetent cells were thawed on ice and 5 to 10 pl
(~1 ng) of plasmid DNA was added. The mixture was then transferred into a 1 mm pre-
chilled (Bio-Rad) electroporation cuvette. Electroporation was performed using a Gene
Pulser system set at 200 Q, 1.75 kV and 25 pF. The cells were recovered immediately by
the addition of 400 ul of ice-cold LB followed by growth for 60 min at 37°C and 250
rpm. Finally, 100 pl aliquots of the cells were spread on LB selective plates and
incubated at 37°C overnight.

2.10.2 Transformation of S. aureus

2.10.2.1Preparation of electrocompetent S. aureus RN4220 cells

S. aureus RN4220 was streaked for single colonies on BHI agar plates and grown
overnight at 37°C. A single colony was inoculated into 400 ml BHI and incubated for 10-
12 h at 37°C, 250 rpm. This culture was used to inoculate 400 ml of pre-warmed, fresh
BHI to an ODggo of 0.1. The samples were incubated at 37°C, 250 rpm, for 60-90 min,
until the ODggo Was between 0.4-0.6. The cells were harvested by centrifugation in 4x 100
ml aliquots at 5,100 rpm at room temperature for 10 min. The pellets were washed 3 times
with 25 ml of ice-cold sdH,O by centrifugation at 5,100 rpm, 4°C, for 10 min. The
supernatant was discarded, the 4 samples were mixed together into one tube, and 20 ml of
10% (v/v) glycerol was added to the sample. The samples were centrifuged at 5,100 rpm
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at room temperature for 10 min. The cell pellets were then re-suspended in 10 ml of 10 %
(v/v) glycerol, incubated for 30 min at room temperature and recovered by centrifugation
at 5100 rpm at room temperature for 10 min. The pellets were re-suspended in 400 pl 10%
(v/v) glycerol and then divided into 50 pl aliquots and used immediately for

transformation.

2.10.2.2 Electroporation of DNA into S. aureus RN4220 competent cells

Approximately 1 pg plasmid DNA was added to a 50 pl aliquot of S. aureus
electrocompetent cells. The mixture was then transferred into 1 mm electroporation
cuvettes (Bio-Rad). Electroporation was performed using a Gene Pulser system set at 100
Q, 2.3 kV and 25 pF. The cells were recovered immediately by the addition of 1 ml of
pre-warmed BHI followed by growth for 3 h at 37°C (unless otherwise stated) and 250
rpm. Finally, 150 - 200 pl aliquots of the cells were spread onto BHI selective plates and

incubated at 37°C (unless otherwise stated) for 48 h.

2.10.3 Phage techniques
2.10.3.1 Bacteriophage

The bacteriophage @11 (Mani et al., 1993) was used for phage transduction of S.
aureus. This phage is specific for S. aureus. It is a temperate-transducing phage of
serological group B that requires Ca®* ions for infection maintenance and has an

approximate genome size of 45 Kb (Novick, 1991).

2.10.3.2 Preparation of phage lysate

The donor S. aureus strain was grown at 37°C overnight in 5 ml BHI containing
appropriate antibiotics. Using this overnight culture, cells were inoculated to an ODggo
of 0.2 in 5 ml BHI in a 50 ml conical flask. Then, 5 ml of phage buffer and 100 pl of
stock phage lysate (®11) were added and the sample mixture was incubated at 30°C for
4-6 h on a rotary shaker at 30 rpm. Once cleared, the lysate was filter sterilised (0.2 um

pore size) and then stored at 4°C.
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2.10.3.3 Determination of phage titre

S. aureus SH1000 strain was grown in 5 ml BHI to an ODggo 0f ~0.5 at 37°C, 250 rpm.
The phage lysate was serially diluted in phage buffer, and 100 ul of diluted phage was
then mixed with a 400 pl culture and 50 pl of 1 M CaCl,. The phage mixture was
incubated at room temperature for 10 min without rotation, and then 5 ml of phage top
agar was added to the mixture, overlaying a phage bottom agar plate. The plates were
incubated 48 h at 37°C, and the number of plaques were counted. A successful lysate

was in the range of 107 — 10 plaque forming units (pfu) per ml.

2.10.3.4 Phage transduction

The recipient S. aureus strain was grown overnight in 50 ml LK and harvested by
centrifugation at 5,100 rpm at room temperature for 10 min. The pellet was re-
suspended in 1 ml LK. Then, 500 ul of recipient cells were mixed with 500 pl of phage
lysate and 1 ml of LK containing 10 mM CaCl,. A control mixture that did not contain
phage lysate was also prepared. The mixture was incubated at 37°C for 25 min without
rotation followed by incubation for 15 min at 37°C, 250 rpm. Then, 1 ml of ice-cold
0.02 M sodium citrate was added to the mixture and placed on ice for 5 min before
harvesting the cells at 5100 rpm for 10 min at room temperature. The pellet was re-
suspended in 1 ml of 0.02 M sodium citrate and incubated on ice for 45 min to 1 h.
Next, 150 pl and 100 pl aliquots were spread onto LK agar plates containing 0.05%
(w/v) sodium citrate and incubated at 37°C for 2 h. The plates were overlaid with 5 ml
of LK top agar containing a 6x normal concentration of selective antibiotic and
incubated at 37°C for 24-72 h. To ensure that they possessed the correct resistance
profile, colonies were picked and streaked onto BHI agar plates with appropriate

antibiotics.

2.11 Protein analysis
2.11.1SDS-PAGE

Resolving gels were prepared using the following components. Note that Ammonium
persulphate (APS) and N,N,N’N’-tetramethyl-ethylenediamine (TEMED) were added
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immediately before pouring the gel:

15 % (w/v) resolving gel

dH,0 2.4 ml
1.5 M Tris-HCI (pH8.8) 2.5ml

10 % (w/v) SDS 100 pl

30 % (w/v) Acrylamide/Bis (37.5:1,BioRad) 5mi

10 % (w/v) APS 100 pl
TEMED 20 pl

11 % (w/v) resolving gel

dH,0O 3.5ml
1.5 M Tris-HCI (pH8.8) 2.5 ml

10 % (w/v) SDS 100 pl

30 % (w/v) Acrylamide/Bis (37.5:1,BioRad) 4 ml

10 % (w/v) APS 100 pl
TEMED 20 pl

The components were placed in a 20 ml sterile universal tube, mixed gently to avoid air
bubbles, and then loaded into the gel casting apparatus (Bio-Rad Mini-Protean Il gel
slabs). A layer of isopropanol was added on the top of the gel to isolate the gel from the
air. Once the gel formed, the isopropanol was drained onto a tissue paper and the gel was

washed with dH,0. A stacking gel was then made and applied on top as follows:

dH,0 2.5 ml
0.5 M Tris-HCI (pH 6.8) 0.62 ml
10 % (w/v) SDS 50 pl
30 % (w/v) Acrylamide/Bis (37.5:1BioRad) 0.83 ul
10 % (w/v) APS 50 pl
TEMED 5ul

A Bio-Rad plastic comb was placed immediately into the gel to construct the wells and
also to isolate the gel from the air. Once the gel solidified, it was transferred to a
Protean 1l (BioRad) protein gel-running tank and submerged in 1x SDS-PAGE
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reservoir buffer. The comb was removed, and 5-20 pl samples were loaded onto the
wells. In addition, 10 ul of Dalton Mark VII- L (Sigma), Ultra-Low range (Sigma),
Prestained ColorBurst™ (Sigma) or Color Marker Ultra-Low Range (Sigma) protein
size markers (Table 2.9) were loaded. The proteins were then separated by

electrophoresis at 150 V until the blue dye front of the sample buffer was at the base of

the gel plate.
Marker Protein or Band colour Molecular Mass (kDa)
Bovine serum albumin 66.0
Ovalbumin 45.0
Glyceraldehyde-3-phosphate 36.0
Dalton Mark V1I-L dehydrogenase
(Sigma) Carbonic anhydrase 290
) 24.0
Trypsinogen
Soybean trypsin inhibitor 201
a-Lactalbumin 14.5
Triose phosphate isomerase 26.6
Myoglobin 17.0
Ultra-Low Range a-Lactalbumin 14.5
(Sigma) Aprotinin 6.5
Insulin chain B 3.496
Bradykinin 1.06
Violet 210.0
Pink 90.0
Blue 65.0
Prestained ColorBurst™ Pink 40
(Sigma) Orange 30
Blue 20
Pink 13
Blue 8
Triose phosphate isomerase 26.6
Myoglobin 17.0
Color Marker Ultra-Low a-Lactalbumin 145
Range (Sigma) Aprotinin 6.5
Insulin chain B 3.496
Bradykinin 1.06

Table 2.9 Protein size standards used in this study
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2.11.2 Coomassie staining

When the electrophoresis was complete, the gel was placed in Coomassie Blue stain for
approximately 30 min to visualise the proteins. The gel was de-stained in two volumes
of Coomassie destain solution overnight or until the background was clear and then
placed in water before being dried (Section 2.11.3). The molecular masses of the

proteins were estimated by comparison to protein standards of known mass.

2.11.3 Gel drying

The SDS gels were dried between two sheets of DryEase mini Cellophane (Invitrogen),
which had been pre-soaked in Gel-Dry™ Drying solution (Invitrogen). A mini-gel
drying frame and base (Novex) was used to hold the gel plus the drying sheets and were
left at room temperature until completely dry. The renaturing gels were dried between
two sheets of DryEase mini Cellophane (Invitrogen), which had been pre-soaked in
10% (v/v) glycerol using the same gel drying apparatus as above. The gels were

photographed when they were dry.

2.11.4 Western blot

Protein samples were separated by SDS-PAGE as previously described (Section 2.11.1).
Immunoblot  polyvinylidene  difluoride  (PVDF) membrane (BioRad) or
Amersham™Hybond™-ECL membrane (GE Healthcare) was cut to the same size as the
SDS-PAGE gel. The PVDF membrane was submerged briefly in 100% (v/v) methanol,
rinsed in sdH,O and then equilibrated in blotting buffer for 10 min before use. The
nitrocellulose membrane was wetted briefly in dH,O and then equilibrated in blotting
buffer for 10 min before use. Proteins were transferred from the gel to the membrane by
electroblotting in cold blotting buffer using a Mini Trans-Blot apparatus (BioRad) at 60 V
for 60 min. The membrane was dried on blotting paper for 5 min and then blocked in
blocking buffer for 1 h at room temperature or overnight at 4°C with gentle shaking. The
blot was briefly rinsed twice with TBST and then washed with TBST for 15 min. The

washing step was repeated twice at 5 min intervals. The membrane was then incubated in
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blocking buffer containing the primary antibody at an appropriate dilution for 2 h at room
temperature or overnight at 4°C with gentle shaking. The primary antibody solution was
washed with TBST three times as described previously. If PVDF was used, then the blot
was incubated in blocking buffer containing 1:10,000 alkaline phosphatase conjugated
goat a-rabbit secondary antibody (Sigma). If the membrane was nitrocellulose, the blot
was incubated in blocking solution containing 1:20,000 horseradish peroxidase conjugated
goat anti-rabbit secondary antibody (Sigma) for 1 h at room temperature or overnight at
4°C with gentle shaking. The unbound secondary antibody solution was removed by
washing the blot with TBST three times as described previously. The PVDF membrane
was equilibrated in alkaline phosphatase buffer (Section 2.4.8.4) for 5 min. The blot was
developed by submerging it in alkaline phosphatase buffer containing BCIP/NBT (Roche)
and incubated in the dark without shaking until the required degree of stained bands was
observed. The reaction was stopped by the addition of equal volumes of 1 M Tris-HCI, pH
7.5, and 0.5 M EDTA, dried on blotting paper and scanned using an EPSON Perfection
3170 scanner. However, when a nitrocellulose membrane was used, the excess blotting
buffer was drained from the membrane. Equal volumes of enhanced chemiluminescent
(ECL) substrate reagent 1 and ECL substrate reagent 2 were mixed in the dark room,
poured on top of the entire surface of the membrane and incubated at room temperature
for 5 min. Excess reagent was drained and the blot was wrapped in clingfilm while
ensuring that no air bubbles were trapped between the blot and the clingfilm. The wrapped
blot was placed in a film cassette, Amersham Hyperfilm™ ECL (GE Healthcare) was
placed on top of the wrapped blot, and the film was exposed for 30 s. The film was then
immediately developed by submerging it in developer until the bands appeared; then film
was rinsed in dH,0, submerged in fixer and rinsed in dH,O again. The exposure of the
film was repeated, varying the exposure time as needed for optimal detection of proteins.

The developed films were air-dried.

2.11.5 Bradford estimation of protein concentration

Bovine serum albumin (BSA) was used to prepare a protein standard curve (Figure
2.1). To prepare the standards, 0, 2, 5, 10 and 20 pg of BSA (1.45 mg ml™; BIO-
RAD) were added to dH,O to a final volume of 800 ul. Then, 200 pl of Bio-Rad

Protein assay dye was added, mixed by inversion and incubated at room temperature
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for 5 min. The samples were then transferred into spectrophotometer cuvettes, and
Asgs was measured using a Jenway 6100 spectrophotometer. To calibrate the
spectrophotometer to zero, a 0 pg BSA sample was used. The samples were diluted
into dH,O to a final volume of 800 ul in a spectrophotometer cuvettes and 200 ul of
Bio-Rad Protean assay dye was added; the samples were mixed as before and
incubated at room temperature for 5 min. Asgs was measured and protein

concentrations were determined from the standard curve.

1.4

1.2

0 5 10 15 20 25
Amount of protein (ng)

Figure 2.1 Calibration curve for Bradford assay

Absorbance of 1 ml standard protein solutions of BSA at 595 nm. The linear regression
line was used for estimation of the protein concentration of the samples (shown in
black).

2.11.6 Mini-scale protein extraction of S. aureus

A single colony of a freshly streaked plate was used to inoculate 5 ml of BHI
containing appropriate antibiotics and incubated overnight at 37°C, 250 rpm. The
overnight culture was used to re-inoculate a desired volume of BHI containing
appropriate antibiotics in the presence or absence of inducer (IPTG) to an ODgo of
0.05. The culture was incubated at 37°C, 250 rpm, to an ODgg Of 0.5. The cells were
harvested by centrifugation for 10 min at 4°C, 5,100 rpm, and the resulting pellet was
re-suspended in an appropriate volume of PBS. The sample was then transferred into

FastPrep tubes (MP Biomedicals), and the cells were broken using a FastPrep
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instrument (MP Biomedicals) set at speed 6 for 40 s, 10 runs, with cooling for 5 min on
ice between runs. The FastPrep beads were allowed to settle, and the samples were
recovered from tubes and transferred into fresh microcentrifuge tubes. The sample was
then centrifuged for 5 min at 13,000 rpm, 4°C. The supernatant was transferred again to
a fresh microcentrifuge tube and kept as the soluble fraction while the pellet was re-
suspended in an appropriate volume of PBS and kept as the insoluble fraction. Finally,
10 pl of the sample was analysed by SDS-PAGE (Section 2.11.1).

2.11.7 Preparation of bacterial whole cell lysate

A single colony from a freshly streaked plate was used to inoculate 5 ml of BHI
containing appropriate antibiotics and incubated overnight at 37°C, 250 rpm. The
overnight culture was used to re-inoculate a desired volume of BHI containing
appropriate antibiotics in the presence or absence of an inducer (IPTG) to an ODggg of
0.05. The culture was incubated at 37°C, 250 rpm, to an ODggo Of 0.5. The cells were
harvested by centrifugation for 10 min at 4°C, 5,100 rpm, and the resulting pellet was
re-suspended in an appropriate amount of sample loading buffer (Section 2.4.7.2),
boiled for 10 min, centrifuged for 3 min at 13,000 rpm at room temperature, and then
analysed by SDS-PAGE (Section 2.11.1).

2.12 Production of recombinant proteins
2.12.1 Expression in E. coli BL21 (DE3)

A single colony of E. coli BL21 containing the pET21-d overexpression plasmid with the

desired insert was inoculated in 5 ml LB containing 5 pl of ampicillin (100 pg ml™*) and

incubated overnight at 37°C, 250 rpm. The culture was used to inoculate 100 ml LB with

100 pg ml~* ampicillin if small-scale purification was required and 1 | LB with 100 ug

ml~* ampicillin if large-scale purification was required. The cultures were grown to an

ODggo of 0.05 and then incubated at 37°C, 250 rpm, until an ODgqo of 0.4-0.6 was reached.
Then, 1 mM IPTG was added to the culture to induce the expression of the protein, and

the cells were incubated for 3 to 4 h. The cells were then harvested by centrifugation at
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4°C, 5,100 rpm, for 10 min. The supernatant was discarded, and the pellet was stored at
—20°C.

2.12.2 Analysis of recombinant protein induction and solubility

During the preparation of the cells in section 2.12.1, 1 ml of culture was removed before
the addition of 1 mM IPTG (uninduced sample), and then 2 samples of 1 ml were
removed after the 3 h incubation with IPTG (induced sample). The cells were harvested
by centrifugation at 13,000 rpm for 5 min at room temperature and the supernatant was
discarded. The uninduced sample and one of the induced samples were re-suspended in
SDS sample loading buffer, boiled for 10 min and centrifuged for 3 min at 13,000 rpm to
pellet any insoluble material. Then, 15 pl of each sample was analysed by SDS-PAGE to
confirm the overexpression of the recombinant protein. To determine the solubility of the
recombinant protein, the second induced culture pellet was re-suspended in START buffer
and 1 mg ml™* lysozyme was added. The sample was incubated at room temperature for 1
h and then sonicated (Sanyo soniprep 150) three times for 10 s. The sample was then
centrifuged for 10 min at 13,000 rpm to separate the insoluble and the soluble material.
The supernatant (soluble fraction) was transferred into a fresh microcentrifuge tube while
the pellet (insoluble fraction) was re-suspended in START buffer containing 8 M urea.
SDS loading buffer was added to both fractions, boiled for 10 min and centrifuged for 3
min at 13,000 rpm, room temperature. Finally, 15 pl of each fraction was separated by

SDS-PAGE to verify which fraction contained the overexpressed protein.

2.12.3 Separation of the soluble and insoluble material

Pellets from section 2.12.1 were thawed and re-suspended in 5 ml START buffer without
urea. The suspension was freeze-thawed three times by placing the sample at -80°C for 10
min followed by thawing it completely on ice. The cells were broken by sonication, ten
times for 10 s (Sanyo Soniprep 150), and then spun down at 10,000 rpm, 4°C, for 25 min.
The supernatant (soluble fraction) was transferred into another tube through a 0.45 pm
pore size sterilised filter and stored at 4°C. If the recombinant protein in section 2.11.2
was determined to be insoluble, then the pellet was re-suspended completely in 5 ml (for
small-scale purification) or 30 ml (for large-scale purification) START buffer containing 8
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M urea and then incubated at 4°C overnight. The sample was centrifuged at 10,000 rpm,
4°C, for 25 min to remove any unbroken cells. The resulting supernatant (solubilised

proteins) was then filtered through a 0.45 pm pore size sterilised filter and stored at 4°C.

2.12.4 HiTrap™ column for protein purification

The Bio-Rad Econo Gradient system was used to purify the protein using a 5 ml HiTrap™
affinity column (GE Healthcare). The column was washed with 15 ml dH,O and charged
with 20 ml 50 mM NiSQy,, and then 15 ml of dH,O was flushed through the column to
remove the excess unbound Ni?* ion. The system pumps and fraction collector tubing were
flushed with START at a flow rate of 1.5 ml min ~*. When the protein was insoluble
(Section 2.12.2), 8 M urea was added to the START and elution buffers. The charged
column was connected to the system (BioRad Econo Gradient pump) and was then
equilibrated with 5 ml START buffer. The supernatant containing the His-tagged protein
was applied to the column at a flow rate of 1 ml min ~* and non-specifically bound
proteins were removed by washing with 5 % (v/v) elution buffer until the absorbance
returned to zero. The His-tagged protein was then eluted by increasing the gradient (5-100
% (v/v)) of the elution buffer containing 0.5 M imidazole at a flow rate of 1 ml min?,
with 1 ml fractions being collected. The eluted fractions were then analysed by SDS-
PAGE. The HiTrap™ column was washed with 10 ml 50 mM EDTA to remove NiSOa.
Then, 10 ml of dH,O was run through the column, and the column was then flushed with
10 ml of 20 % (v/v) ethanol and stored at 4°C.

2.12.5 Protein dialysis

2.12.6 Preparation of the dialysis membrane

For proteins with a molecular weight less than 12 kDa, benzoylated dialysis tubing
(Sigma) with a cut-off of 2 kDa was used, whereas for proteins greater than 12 kDa,
size 2 dialysis membrane tubing (Medicell International Ltd.) was used. Before use, the
benzoylated dialysis tubing was incubated in 0.3 % (w/v) sodium sulphide at 70°C for
60 s and washed with sterile water pre-heated to 60°C for 2 min to remove the sulphur-
containing compounds. To acidify the benzoylated tubing, the tubing was placed into a

0.2 % (v/v) sulphuric acid solution for 2 min followed by washing in hot water to
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remove any residual acid. For long-term storage, the tubing was placed in sterile water
containing 0.01 % (w/v) sodium azide at 4°C. The dialysis membrane tubing (Medicell
International Ltd.) was boiled in 2 mM EDTA for 20 min and then washed in dH,O
before use. For long-term storage, the EDTA-boiled dialysis tubing was placed in 50 %

(v/v) ethanol and stored at 4°C.

2.12.7 Dialysis of the recombinant protein

Fractions eluted in Section 2.12.4 containing the recombinant proteins were placed in
dialysis tubing and dialysed in PBS buffer at 4°C for 12 h. The dialysis buffer was
changed twice and dialysed for an additional 2 h each time. If the recombinant protein was
insoluble, then 4 M urea was added to the dialysis buffer during the first dialysis. The
buffer was then replaced by the fresh buffer containing 2 M urea, and dialysis was carried
out for 12 h at 4°C. This step was repeated three times using fresh buffer each time; the
buffers contained 1 M, 0.5 M and 0 M urea. After dialysis was complete, the recombinant
protein fractions were removed from the tubing and 10 % (v/v) glycerol was added.
Finally, 10 pl of the purified protein was analysed by SDS-PAGE, and the rest of the

protein was separated into 200 pl aliquots and stored at —80°C.

2.13 Generation of antibodies
2.13.1 Production of antibodies

Polyclonal antibodies were raised in rabbits and affinity purified by BioServ (University
of Sheffield).

2.13.2 Removal of cross-reactive antibodies

2.13.2.1 E. coli lysate treatment

Cross-reactive antibodies were removed from the polyclonal antisera antibodies by
incubating the antiserum with E. coli bacterial lysate. A single colony from a freshly
streaked plate was used to inoculate 5 ml LB and incubated overnight at 37°C, 250 rpm.
The overnight culture was used to inoculate 100 ml LB to an ODggo 0f 0.05 and incubated

at 37°C, 250 rpm, to saturation phase. The cells were harvested by centrifugation at 5,100
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rpm, 4°C, for 10 min. The pellet was re-suspended in 3 ml re-suspension buffer (50 mM
Tris-HCI pH 8, 10 MM EDTA pH 8) and stored at 4°C. The suspension was freeze-thawed
several times by placing the sample at -80°C for 10 min followed by thawing it
completely on ice. The cells were lysed by sonication, ten times for 20 s (Sanyo Soniprep
150) and then centrifuged at 5,100 rpm, 4°C, for 10 min. The supernatant was transferred
into fresh tubes, and the lysates were stored at —20°C. Just before use, 0.5 ml of lysate was
added to 1 ml of antibody preparation. The mixture was then incubated for 4 h at room

temperature while rotating slowly. The treated antibody was then stored at —20°C.

2.14 Peptidoglycan hydrolase assay
2.14.1 Peptidoglycan preparation

2.14.1.1 Peptidoglycan preparation from Gram-positive bacteria

A single colony from a freshly streaked plate of either S. aureus SH1000 or B. subtilis
HR was inoculated into 10 ml BHI or NB, respectively, and incubated overnight at
37°C, 250 rpm. The overnight culture was used to inoculate 2 | of either BHI or NB to
an ODggp 0f 0.05 and then incubated at 37°C, 250 rpm, until exponential phase (OD600
0.5-0.8). The cells were harvested by centrifugation for 10 min at 4°C, 8,000 rpm, and
the pellet was re-suspended in 30 ml water. The cells were Killed by boiling for 10 min.
The cell preparations were then cooled, and peptidoglycan was purified from the lysed
cells. For preparation of broken peptidoglycan sacculi from S. aureus, cells were boiled
and then centrifuged for 10 min at 5,100 rpm, 4°C. The pellet was re-suspended in 10
ml dH,O and chilled on ice. Then, 1 ml of cell suspension was added to pre-chilled
FastPrep tubes (MP Biomedicals) and the cells were lysed using a FastPrep instrument
(MP Biomedicals) set at speed 6 for 40 s, 10 runs, with cooling on ice for 5 min
between runs. The FastPrep beads were allowed to settle before the samples were
recovered from the tubes and were then combined in a 50 ml Falcon tube. The beads
were washed with dH,O vigorously 3 times. The beads were allowed to settle, and then
the supernatant was recovered. Any remaining beads and unbroken cells were removed
by centrifugation for 5 min at 2,000 rpm, 4°C. For the preparation of broken
peptidoglycan sacculi from B. subtilis, the cells were disrupted by placing the cell
suspension twice through a French pressure cell (Aminco, 180 MPa, 4°C). The protocol

for purification of peptidoglycan from lysed cells from S. aureus or B. subtilis was
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similar from this stage onwards. To harvest the cells, they were centrifuged for 10 min
at room temperature, 14,000 rpm, and the pellet was re-suspended in 25 ml 5 % (w/v)
SDS. The cells were boiled for 25 min, cooled, and then centrifuged for 15 min at room
temperature, 10,000 rpm. The pellet was re-suspended in 4 % (w/v) SDS, boiled again
for 15 min and centrifuged for 15 min at room temperature, 10,000 rpm. The pellet was
washed several times until free of SDS by re-suspension in dH,O and centrifugation at
10,000 rpm for 15 min at room temperature. The pellet was re-suspended in 50 mM
Tris-HCI (pH 7.5) containing 2 mg ml™ pronase, incubated for 90 min at 60°C and
centrifuged for 15 min at room temperature at 10,000 rpm. The pellet was washed twice
and then re-suspended in dH,O and stored at —20°C. To remove teichoic acids, the
pellets were re-suspended in 250 ul hydrofluoric acid and incubated overnight at 4°C in
microcentrifuge tubes. The samples were washed 6 times by re-suspension in dH,O and
centrifugation at 14,000 rpm for 10 min at room temperature until the pH was greater

than 4. The samples were re-suspended in dH,O and stored at —20°C.

2.14.1.2 Peptidoglycan preparation from E. coli

A single colony from a freshly streaked plate of E. coli was inoculated into 10 ml LB and
incubated overnight at 37°C while shaking at 250 rpm. The overnight culture was used to
inoculate 2 | LB to an ODgo 0f 0.05, and this culture was incubated at 37°C while shaking
at 250 rpm until the exponential phase was reached (ODgy 0.5-0.8). The cells were
harvested by centrifugation for 10 min at 4°C at 8,000 rpm, and the pellet was re-
suspended in 30 ml water. The cells were killed by boiling for 10 min and were then
centrifuged for 10 min at 4°C at 8,000 rpm. The pellet was resuspended in 5 % (w/v) SDS
and incubated at 55°C for 10 min. The cells were boiled for 30 min and harvested by
ultracentrifugation at 62,000 rpm for 15 min at room temperature. The pellet was washed
twice with 50 mM sodium phosphate buffer pH 7.3 followed by ultracentrifugation at
62,000 rpm for 15 min at room temperature. The cells were resuspended in sodium
phosphate buffer containing 100 pg ml™ a-chymotrypsin and 0.05 % (w/v) sodium azide
and were then incubated overnight at 37°C while shaking at 250 rpm. The cells were
harvested by ultracentrifugation at 62,000 rpm for 15 min at room temperature. The pellet
was resuspended in 5 % (w/v) SDS and incubated at 55°C for 10 min. The cells were

boiled for 30 min and then harvested by ultracentrifugation for 15 min at room
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temperature at 62,000 rpm. The pellet was washed three times with 50 mM sodium
phosphate buffer pH 7.3 followed by ultracentrifugation at 62,000 rpm for 15 min at room
temperature. The cells were resuspended in sdH,O containing 0.05 % (w/v) sodium azide
and then stored at —20°C.

2.14.2 Staining of purified peptidoglycan
2.14.2.1 Staining with Procion Red

Purified peptidoglycan (10 mg ml™*) was re-suspended in 2 % (w/v) sodium chloride
and incubated for 30 min at 60°C with constant shaking. Then, 0.1 M sodium
hydroxide and 15 mg ml™* Procion Red MX5B (Sigma) were added, and the sample
was incubated for 3 d at 60°C with constant shaking. Any unbound dye was then
removed by washing repeatedly with sdH,O and centrifugation for 10 min at 14,000
rpm at room temperature. The sample was sonicated one time for one 10 s burst after
each wash step to disrupt any insoluble dye particles that could have precipitated during
the centrifugation step. Once the supernatant was clear, the Procion Red-labelled
peptidoglycan was re-suspended in sdH,O and stored at —20°C.

2.14.2.2 Staining with Remazol Brilliant Blue

Purified peptidoglycan (10 mg ml™) was incubated with 20 mM Remazol Brilliant
Blue R (RBB, Sigma) and 0.25 M sodium hydroxide overnight with gentle shaking at
37°C. Any unbound dye was then removed by washing several times with sdH,O and
centrifugation for 10 min at 14,000 rpm at room temperature. The sample was
sonicated one time for one 10 s burst after each washing step to disrupt any insoluble
dye particles that could precipitate during the centrifugation step. Once the supernatant
was clear and free of unbound dye, the RBB-labelled peptidoglycan was re-suspended
in sdH,0 and stored at —20°C.
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2.14.3 Renaturing gel analysis
2.14.3.1 Renaturing SDS-PAGE

Peptidoglycan hydrolase activity was detected by renaturing gel electrophoresis using
purified S. aureus and B. subtilis cell walls (Section 2.14.1.1) as the substrates, which
were incorporated into the resolving polyacrylamide gel (Section 2.11.1) to a final
concentration of 0.1% (w/v). Electrophoresis was performed as described in Section
2.11.1. Samples were then run in duplicate lanes. When electrophoresis was complete,
one lane was excised and stained with Coomassie Blue to visualise proteins (Section
2.11.2). The other lane was used to assay for peptidoglycan hydrolase activity (Section
2.14.3.2).

2.14.3.2 Analysis of peptidoglycan hydrolases by renaturing SDS-PAGE

The electrophoresed gels were rinsed in dH,O to remove the SDS and then incubated in
renaturing solution (Section 2.4.7.5) for 30 min at room temperature with gentle shaking.
The gels were then incubated in fresh renaturing solution overnight at 37°C with gentle
shaking. Renatured gels were then rinsed in dH,O and stained in 1x renaturing stain
(Section 2.4.7.6) for 3 h at room temperature, with gentle shaking. The gels were de-
stained in dH,O until zones of clearing could be observed against a blue background,
indicating peptidoglycan hydrolase activity.

2.14.4 Native zymogram assay

A 1% (w/v) low melting point (LMP) agarose gel (SIGMA) was melted in renaturing
solution (pH 5) containing MgCl,. S. aureus cell walls pre-stained with Procion-Red
MX5B (Section 2.14.2.1) or with RBB (Section 2.14.2.2) were added to the 1% (w/v)
LMP agarose gel. The 1% (w/v) LMP agarose gel was poured onto the hydrophilic side of
pre-warmed GelBond® film (Lonza) and allowed to set. After the thin solid layer of gel
formed, 2 ul of a 1:2 serial dilution of protein was spotted on the gel and allowed to
adsorb. The gel was then incubated in a humidifier overnight at 37°C. Zones of clearing
within a dark background indicate peptidoglycan hydrolase activity. Unstained S. aureus
cell walls were stained with renaturing stain for 3 h after the overnight incubation at 37°C.
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The film was de-stained with dH,O until zones of clearing were observed and left to dry

overnight at room temperature. The film was either scanned or photographed.

2.14.5 RBB release assay

First, 20 ul of RBB-labelled peptidoglycan (Section 2.14.2.2) and purified recombinant
protein (0.1 mg ml™*) were incubated at 37°C for 60 min in 200 pl 20 mM sodium
citrate (pH5) containing 1 mM MgCl,. The reaction was stopped by incubation at 95°C
for 5 min. Then, soluble cleavage products were separated from the insoluble substrate
by centrifugation for 20 min at 14,000 rpm at room temperature. The supernatant was
collected, and the absorbance was measured at 595 nm using a VictorTM X3 multilabel

reader.

2.15 Size exclusion chromatography by FPLC

The oligomerisation state of the purified recombinant proteins was determined by size
exclusion chromatography (SEC) using an AKTA fast-performance liquid
chromatography (FPLC) system (AKTA design, Amersham Bioscience). The mobile
phases were 50 mM Sodium citrate containing 0.15 M NaCl or 50 mM Tris-HCI (pH 8)
containing 0.15 M NaCl. This solution was prepared using MilliQ water and was
degassed before use. Purified recombinant proteins were separated on Superdex™ 200
10/300 GL columns (Tricorn™ high performance columns) and eluted with 1.5 times
the column volume of buffer at a flow rate of 0.5 ml min ~*. Elutions of the purified
recombinant proteins were detected by measuring the absorbance at 260 nm and 280
nm. Calibration curves were prepared by measuring the elution volumes of protein
standards of known sizes (Gel Filtration Standards, GE Healthcare; Table 2.10) at pH 5
and pH 8. The partition coefficient (K,,) was then calculated for the protein standards
and plotted against the logarithm of their molecular weight (Figure 2.2). The molecular
weight of recombinant protein samples was then estimated from the calibration curve

after calculating its K,, from its elution volume using the following formula:

Ve —-Vo
Vt—Vo

Kav =
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where:
V: Elution volume of recombinant protein (ml).
Vo: Void volume of the column (ml; 7 ml for Superdex 200™ 10/300 GL column).

Vt: Total volume of the column (ml; 25 ml for Superdex™ 200 10/300 GL column).

Protein Molecular Mass (kDa)
Aldolase 158.0
Ovalbumin 43.0
Ribonuclease A 13.7
Apraotinin 6.5

Table 2.10 Gel filtration size standards
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Figure 2.2 Calibration curves of gel filtration standards

The partition coefficient (Kg,) of the gel filtration standards was plotted against the log
molecular weight (MW) at pH 5 (A) and pH 8 (B). A linear regression line (black) was
used to calculate the log MW of the protein samples.
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2.16 Cell fractionation

A single colony from a freshly streaked plate of S. aureus SH1000 spa::kan was used
to inoculate 5 ml of BHI containing kanamycin (50 mg ml™*) and neomycin (50 mg
ml™). The overnight culture was used to inoculate 2 | of BHI to an ODgy of 0.01 and
was incubated at 37°C, 250 rpm, until cells reached the exponential phase (ODgyo 0.5).
The cells were then harvested by centrifugation for 10 min at 8000 rpm, 4°C, and the
pellet was washed three times by re-suspension in dH,O and centrifugation for 10 min
at 8000 rpm, 4°C. The cells were then re-suspended in 5 ml TBSI (Section 2.4.10) and
then transferred to pre-chilled FastPrep tubes (MP Biomedicals). The cells were lysed
using the FastPrep instrument (MP Biomedicals) set at speed 6 for 40 s, 10 runs, with
cooling for 5 min on ice between runs. The FastPrep beads were settled before samples
were recovered from the tubes and were then combined in a 50 ml Falcon tube. The
beads were washed 3 times with sdH,O by shaking vigorously. After the beads settled,
the supernatant was recovered. Any remaining beads and un-lysed cells were removed
by centrifugation at 2,000 rpm for 5 min, 4°C. The supernatant was then centrifuged
twice for 10 min at 18,000 rpm, 4°C. The resulting pellets contain the cell wall fraction
and any remaining un-lysed cells. The supernatant was transferred to ultracentrifuge
tubes (Beckman), and cell membrane fractions were harvested by ultracentrifugation
for 2 h at 50,000 rpm, 4°C. The remaining supernatant contained the cytoplasmic
fraction. The membrane pellet was washed by re-suspension in TBSI followed by
ultracentrifugation for 2 h at 50,000 rpm, 4°C. The fractions were re-suspended in
TBSI and then stored at —20°C.

2.17 Preparation of samples for light microscopy

Samples of appropriate cultures, corresponding to an ODggy of 0.5, were harvested by
centrifugation for 3 min at 14,000 rpm, room temperature. The cells were washed in 1
ml dH,O and then harvested by centrifugation for 3 min at 14,000 rpm, room
temperature. The cells were fixed by re-suspension in 500 pl PBS containing 2.7%
(w/v) paraformaldehyde and 0.005% (v/v) glutaraldehyde, followed by incubation for

30 min at room temperature on a rotary shaker. The cells were washed 3 times by re-
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suspension in 1 ml dH,O and centrifugation for 3 min at 14,000 rpm, room
temperature. The cells were then re-suspended in an appropriate volume of GTE buffer
(Section 2.4.9), and 5 pl was spotted onto poly-L-lysine glass slides (Sigma) and air-
dried. Once dry, 10 pl of SlowFade® Gold antifade reagent (Invitrogen) was applied to
the slide and a coverslip was placed on top, mounted and sealed with DPX mountant
(BDH).

2.17.1 Fluorescence microscopy

Fluorescence images were acquired using an Olympus 1X70 deconvolution microscope
and SoftWoRx 3.5.0 software (Applied Precision). For the visualisation of each
fluorophore, the appropriate filters were used (Table 2.11). The samples were prepared
in the dark by wrapping the tubes in foil during fixation to prevent fluorophore
bleaching and preparing the slide mounts using SlowFade® Gold antifade reagent

(Invitrogen) to prolong the life of the fluorophore.

) Excitation wavelength Emission wavelength
Filter Fluorophore used
(nm) (nm)
DAPI 436/10 457/50 HADA
FITC-YFP 490/20 528/38 GFP

AlexaFluor 594,

mRFP 580/20 630/60 )

Vancomycin

Table 2.11 Fluorescence filter sets used

2.17.2 Fluorescent labelling of nascent cell wall synthesis

Fluorescent vancomycin (Pinho and Errington 2003) or HADA (7-hydroxycoumarin 3-
carboxylic acid (HCC-OH) attached to 3-amino-D-ala (ADA) (Kuru et al., 2012) were
used to label the nascent peptidoglycan. Vancomycin binds the terminal D-Ala D-Ala
residues present on peptidoglycan pentapeptides not yet cross-linked. As the
peptidoglycan moves away from the septum it becomes more processed and fewer D-
ala D-Ala residues are available for binding. HADA is incorporated into peptidoglycan
during its synthesis. When cells were labelled with vancomycin, they were transferred

to a microfuge tube containing 10 pl of 100 pg ml™* 1:1 vancomycin: fluorescently
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labelled vancomycin (at a final concentration of 1 pg ml™*) and incubated while rotating
for 5 min to 30 min at 37°C. When the cells were labelled with HADA, 5 pl of 100 mM
HADA was added to 1ml of cells and incubated for 5 to 30 min while rotating at 37°C.
The cells were then harvested by centrifugation at 13,000 rpm for 5 min at room
temperature and washed 3 times in sdH,O. The cells were then fixed (if required) as
described in Section 2.17.

2.17.3 Immunofluorescence

Cells were grown, harvested, and fixed as described in Section 2.17. The cells were
then applied to poly-L-lysine slides (Sigma) and allowed to dry. Gentle lysis of cells
was performed using lysostaphin at a range of concentrations from 0 — 30 ng ml™* for 1
min. The cells were then washed 3 times in PBS as described in Section 2.16 and
allowed to air dry. The cells were rehydrated with PBS and blocked with 2 % (w/v)
BSA in PBS for 15 min and incubated overnight at 4°C with the primary antibody
(rabbit anti-S. aureus DivIC or FtsL at 1:100 to 1:2000) in 2% (w/v) BSA in PBS. The
primary antibody was not added to the control slides. The samples were washed 8 times
with PBS, and then anti-rabbit IgG AlexaFluor 594 conjugate (Invitrogen) was added at
3:1000 in 2% (w/v) BSA in PBS. The slides were incubated in the dark for 2 h. The
cells were then washed 8 times with PBS, and a coverslip was mounted in Slow Fade
Gold and sealed with DPX (BDH).
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Chapter 3

Analysis of DivlC and FtsL functions

3.1. Introduction

Cell division is a vital process that is involved in the maintenance of bacterial
growth and proliferation (Madigan and Martinko, 2006). Most prokaryotic cells are
subject to a cell division mechanism that is known as binary fission. The cell starts
the division process by duplicating its DNA, elongating to twice its size, forming a
septum, and finally dividing (Figure 1.1) (Carballido-Lopez and Formstone, 2007).
However, as a coccus, S. aureus does not follow exactly the same process, as it
divides along three perpendicular planes, producing daughter cells that remain
attached (Figure 1.1C) (Zapun et al., 2008, Tzagoloff and Novick, 1977, Pinho and
Errington, 2003). Cell division comprises several essential components that are
conserved across species (Weiss, 2004), and whose coordinated activity has been
primarily studied in rod-shaped organisms (Sievers and Errington, 2000b; Weiss,
2004). Nonetheless, with the exception of penicillin-binding proteins (Sauvage et
al., 2008), the precise functions of most of these components are not well
understood (Gueiros-Filho and Losick, 2002; Daniel et al., 1998). The interaction
between cell division components has been demonstrated using the bacterial/yeast
two-hybrid system in B. subtilis (Daniel et al., 2006) and in E. coli (Di Lallo et al.,
2003). In addition, studies in our laboratory using S. aureus have recently shown,
by two-hybrid analysis that several homologues of cell division proteins from the
rod-shaped organisms interact with each other (Figure 1.4A) (Steele et al., 2011).
Moreover, a number of these proteins are putatively essential for the viability of S.
aureus, as shown by transposon-mediated differential hybridisation (TMDH)
(Chaudhuri et al., 2009). The homologous genes are essential and conserved across
the species, suggesting the involvement of their protein products in the formation of

the divisome complex.

The diviC gene is essential for B. subtilis survival as it is required for septum
formation during sporulation and cell growth. A mutation in this gene causes

defects in bacterial growth at all temperatures; the cells fail to separate and
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eventually lyse (Levin and Losick, 1994; Robichon et al., 2008). The B. subtilis
DivIC is small bitopic protein that comprises 125 amino acids with hydrophobic
amino acid residues that act as a membrane-spanning domain at the N-terminus and
also leucine-zipper motif near the C-terminus (Levin and Losick, 1994). E. coli
FtsB (DivIC) is a small bitopic protein of 103 amino acids with a cytoplasmic N-
terminal domain of only 3 amino acid residues; this domain, along with the
transmembrane fragment, is essential for interaction of the protein with FtsL. The
periplasmic C-terminal domain, which contains a leucine zipper motif, is also
required for protein-protein interactions, particularly the last 18 amino acid residues
of this domain; the deletion of these residues decreases the binding affinity of FtsB
to FtsQ (Buddelmeijer et al., 2002; Gonzalez and Beckwith, 2009). The E. coli ftsL
gene is located only fifteen base pairs upstream of the ftsl gene and is part of an
operon. The ftsL gene was identified in E. coli and B. subtilis as essential as a null
mutation in the gene inhibits cell division. The mutant cells fail to divide and
continue to grow as long filaments. Before cell lysis, some cells appear as thick
filaments with lumps, suggesting that this gene product is important for cell
division and morphogenesis (Guzman et al., 1992; Sievers and Errington, 2000a).
E. coli and B. subtilis FtsL are small, bitopic membrane proteins (121 and 117
amino acids, respectively) comprising a single membrane-spanning domain, a short
N-terminal cytoplasmic domain (34 amino acids) and a long C-terminal domain
(Guzman et al., 1992; Daniel et al., 1998). A relatively low abundance of the FtsL
protein, approximately 20-40 copies per cell, has been reported in E. coli (Guzman
et al., 1992). B. subtilis FtsL is predicted to contain a leucine zipper motif, which
might be involved in the interaction with DivIC to form a heterodimeric complex
(Daniel et al., 1998). E. coli and H. influenzae FtsL also contain leucine zipper
motifs in their respective C-terminal regions, and these motifs could be engaged in
protein interactions to form homodimers or to form heterodimers with other cell
division proteins (Ghigo and Beckwith, 2000). The DivIC and FtsL proteins recruit
other cell division components to the site of division in B. subtilis (Daniel et al.,
2006) and E. coli (Gonzalez and Beckwith, 2009). The yeast two-hybrid system has
demonstrated that full-length DivIC and FtsL interact with each other to form a
dimeric complex (Sievers and Errington, 2000b, Daniel et al., 2006), and this
complex interacts with another cell division protein, DivIB, forming a trimeric

complex (Daniel et al., 2006, Noirclerc-Savoye et al., 2005) that facilitates the
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recruitment of other cell division proteins to the mid-cell (Daniel et al., 2006,
Gonzalez and Beckwith, 2009). The leucine zipper motifs of S. pneumoniae FtsL
and DivIC are localised in their respective extracytoplasmic domains and are
important for protein dimerisation (Noirclerc-Savoye et al., 2005).

3.1.1. Aims of this chapter
e Overexpress and purify recombinant forms of the S. aureus and B. subtilis cell
division proteins DivIC and FtsL;
¢ Investigate the biochemical activities of DivIC and FtsL;

e Map the potential DivIC active site

3.2. Results

3.2.1. Bioinformatic analysis of cell division proteins

Many cell division proteins are highly conserved between B. subtilis and S. aureus.
A recent study revealed 351 essential genes in S. aureus, including putative cell
division genes such as divIiC and ftsL, that are homologues of essential genes in B.
subtilis (Chaudhuri et al., 2009). S. aureus DivIC and FtsL have direct homologues
in B. subtilis (Levin and Losick, 1994; Sievers and Errington, 2000b) and structural
homologues in E. coli (Gonzalez and Beckwith, 2009, Guzman et al., 1992). The S.
aureus genome sequences derived from S. aureus NCTC 8325 (NCBI database);
the diviC and ftsL accession numbers are SAOUHSE 00482 and SAQOUHSE
01144, respectively. The B. subtilis genomic sequences were obtained from the
SubtiList World-Wide Web Server (http://genolist.pasteur.fr/SubtiList/). The diviC
and ftsL accession numbers are BG10125and BG10220, respectively. DivIC and

FtsL are members of the DivIC superfamily of proteins, which are septum initiator
proteins. DivIC and FtsL gene lengths and locations are listed in Table 3.1. An
alignment of the S. aureus and B. subtilis DivIC protein sequences reveals that the
proteins are 27% identical and 57% similar (Figure 3.1A), while alignment of the S.
aureus and B. subtilis FtsL protein sequences revealed 27% identity and 49%
similarity (Figure 3.2A). The DivIC and FtsL proteins from different bacterial

species exhibit similar topologies, with a long extracellular C-terminal domain, a
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membrane-spanning domain and a short N-terminal cytoplasmic domain (Katis et
al., 1997; Daniel et al., 1998; Ghigo and Beckwith, 2000; Buddelmeijer et al.,
2002; Noirclerc-Savoye et al., 2005).

3.2.1.1. Bioinformatic analysis of DivIC

In the S. aureus chromosome, divIC is located upstream of the S1 RNA binding
domain protein and tRNA (lle)-lysidine synthase and downstream of an unknown
protein and yabN, a tetrapyrrole methylase (Figure 3.1B). In B. subtilis, divIC is
located downstream of yabP and yapQ (Figure 3.1B). These genes encode proteins
of unknown function, but mutations in those genes resulted in a blockage of the
final stage of the sporulation process (Fawcett et al., 2000). B. subtilis divIC is
located upstream of yabR, which encodes a protein of unknown function that is
similar to polyribonucleotide nucleotidyltransferase and trnSL-metl, a tRNA gene
(Figure 3.1B). S. aureus DivIC consists of 130 amino acids and has a molecular
weight of 15.35 kDa and a predicted isoelectric point (pl) of 9.77 (Table 3.1). The
B. subtilis DivIC protein is 125 amino acids in length, with a molecular weight of
14.58 kDa and a pl of 9.97 (Table 3.1). The SOSUI program can be used to predict
a protein’s secondary structure and distinguish between soluble and membrane
proteins (Figure 3.1C/D). In addition, this program also predicts transmembrane
helices (Hirokawa et al., 1998). Bioinformatic analysis of S. aureus and B. subtilis
DivIC using SOSUI revealed analogous transmembrane helices of 23 and 22 amino
acids residues, respectively, between residues 34 and 56 in S. aureus and residues
38 and 59 in B. subtilis (Figure 3.1C). The coiled coil motif structure consists of 7
residues with a to g periodicity, with a hydrophobic residue such as leucine at
positions a and d and polar residues at the other positions (Tropsha et al., 1991;
Alber, 1992; Lupas, 1997; Vincent et al., 2013). The leucine zipper motif facilitates
protein-protein interactions, such as dimerisation via the hydrophobic surfaces of
the coiled coil helices that is crucial for protein binding to DNA (Tropsha et al.,
1991; Alber, 1992; Lupas, 1997). E. coli FtsB contains a leucine zipper-like domain
within its single coiled coil motif (Buddelmeijer et al., 2002; Gonzalez and
Beckwith, 2009) B. subtilis DivIC contains a leucine zipper motif near the C-
terminus (Levin and Losick, 1994, Figure 3.1E). The S. aureus DivIC sequence was
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C-terminal (Figure
3.1D and 3.2D)

C-terminal (Figure

. ] ] Gene length | Protein length | Molecular weight Predicted iso- .
Protein Accession number Genomic locus o molecular weight 3.1D and 3.2D)
(bp) (a.a) (kDa) electric point (pl)
(kDa) CD)
S. aureus (57-130 a.a) (57-130 a.a)
. SAOUHSC_00482 | 480218-480610 393 130 15.35 9.77
DivIC 9.68 8.16
B. subtilis 60-125 a.a 60-125 a.a
BG10125 59.353-79.353 375 125 14.58 9.97 ( ‘ ( ‘
DivIC 8.49 6.56
S. aureus 1093492- (67-133 a.a) (67-133 a.a)
SAOUHSC_01144 402 133 15.33 9.34
FtsL 1093893 8.45 8.02
B. subtilis 1571.076- (57-117 a.a) (57-117 a.a)
BG10220 351 117 12.93 10.08
FtsL 1591.076 7.80 8.22

Table 3.1 Bioinformatic analysis summary
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previously analysed using the COILS server (Lupas, 1997), which detected two
putative coiled-coil domains, one at the N-terminus and one at the C-terminus
(Figure 3.1E).

3.2.1.2. Bioinformatic analysis of FtsL

In the S. aureus chromosome, ftsL is located upstream of pbpl, encoding penicillin-
binding protein 1, and mraY, phospho-N-acetylmuramoyl-pentapeptide-transferase,
both of which are involved in peptidoglycan biosynthesis, and downstream of
mraZ, a putative cell division protein with unknown function, and mraW, an S-
adenosyl-methyltransferase (Figure 3.2B). In B. subtilis, ftsL is situated downstream
of mraY and mraZ and upstream of pbpB, penicillin-binding protein 2B, and
spoVD, a penicillin-binding protein that regulates spore shape (Figure 3.2B). S.
aureus FtsL is a protein of 133 amino acids with a molecular weight of 15.33 kDa
and a pl of 9.34. B. subtilis FtsL consists of 117 amino acids and has a molecular
weight of 12.93 kDa and a predicted pl of 10.08 (Table 3.1). Bioinformatic analysis
of S. aureus and B. subtilis FtsL using SOSUI identified analogous transmembrane
helices of 22 or 23 amino acid residues, respectively, situated between residues 45
to 66 of S. aureus FtsL and residues 34 and 56 of B. subtilis FtsL (Figure 3.2C/D).
The COILS server was used to analyse the S. aureus and B. subtilis FtsL coiled-coil
motifs (Lupas, 1997), and one putative coiled coil domain was identified (Figure
3.2E).

3.2.2. Expression of the soluble domains of DivIC and FtsL

The C-termini of DivIC and FtsL are important for the interactions of these proteins
with themselves, each other and other cell division proteins. The C-terminus of E.
coli FtsB (DivIC) is important for its interaction with FtsQ and contains a leucine
zipper motif that is crucial for protein homo- or hetero-dimerisation (Gonzalez and
Beckwith, 2009). The C-terminus of E. coli FtsL is required for the interaction of
the FtsL/FtsB subcomplex with FtsQ and contains a coiled coil motif that is
important for its interactions with FtsB and with itself (Ghigo and Beckwith, 2000;
Gonzalez et al., 2010).

113



B. subtilis MNFSRERTITEIQNDYKEQVERQNQLKKRRRKGLYRRLTVFGALVFLTAIVLASSVWSQT 60
S. aureus ——-—-MKNKVEHIENQYTSQENKKKQRQKMKMRVVRRRITVFAGVLLAIIVVLSILLVVQK |56
- - LR * se =% % = = - **v***_'::: :**: : *'
abcdefgabcde fgabcdefgabcdefgabedefq
B. subtilis SYLSAKEEKKEQLEKELKSLKTKQTDLKEE ISKLKDHDYVTELARRDLFMSGDGEIIFNV 120
S. aureus H E DYIEKIARDDYYLSNKGEVIFRL 116
e .oz koo, ozLrr Fddog cdkgdhodedkr odk ok osok kdkokdk o
Predicted coiled coil domain
B. subtilis EKKSK-—-——————-— 125
S. aureus PEDKDSSSSKSSKK 130
B . -
yabN hyp  divic_  s1RNABDP tRNA (lle)-lysidine
S_aureusmmup\|\‘v||v|||u|u.\1..“ AERRR L.ﬂ'l|uu|<mU.u‘....p.|T|'ﬂ'm'ﬂ
478,000 478,500 478000 479,500 450,000 460,500 481,000 41,500 482,000 452,500 ‘
yabP yabQ diviC yabR spollE
Hll1||||||||||||||\.‘lj|»||||\||. |||||.']"T‘FI’TTT‘T‘T‘T‘T‘|||||||HH|\|H||‘|7'II
B. subtilis #7500 68,000 68,500 69,000 69,500 70,000 70,500 71,000 71,500
C x
<
c
z fﬁ'\. v
< - ~ —~-
S. aureus g rv\//\’ ‘ A ey W LN
= | |
2 0 50 100
> .
T Residue
x
3 . )
N s 7 A —7v ey
B. subtilis £ NS [\ \
<] ] 1
2 0 50 . 100
z Residue
D B PRMARY HELX B PR HELK
N SECONDARY HELIC I SECONDARY HELIX
Cytoplasm
Cytoplasmic
S. aureus membrane B. subtilis
Extracytoplasmic
E B. subtilis
1 1
08 0.8[
- 2
% 0.6 1 _‘-; 0.6
8 0.4 g ‘g 04
g &
0 o2 02
] 0
0 20 40 60 80 100 120 140 ) 20 40 60 80 100 120 140
Residue Residue

Figure 3.1 Bioinformatic analysis of S. aureus and B. subtilis DiviC
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A. Alignment of the S. aureus and B. subtilis DivIC protein sequences using
ClustalW with the BLOSUMG62 scoring matrix. Asterisks indicate conserved
residues, colons indicate conservative substitutions and full stops indicate semi-
conservative substitutions. The C-terminal residues are shown in red. The
transmembrane domains are indicated by green boxes. The predicted coiled coil
domain is boxed, and the residue positions within the heptad repeat are labelled a
to g.

B. The chromosomal region of diviC in S. aureus and B. subtilis.

C. Hydropathy plots of the S. aureus and B. subtilis DivIC protein generated by the
SOSUI server. The transmembrane helices are indicated by green boxes

D. A topological model of the S. aureus and B. subtilis DivIC protein generated by
the SOSUI server. The C-terminal domains are indicated by red boxes.

E. S. aureus and B. subtilis DivIC COILS results.
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Figure 3.2 Bioinformatic analysis of S. aureus and B. subtilis FtsL
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A. Alignment of the S. aureus and B. subtilis FtsL protein sequences generated by
ClustalW using the BLOSUM®G62 scoring matrix. Asterisks indicate conserved
residues, colons indicate conservative substitutions and full stops indicate semi-
conservative substitutions. The C-terminal residues are shown in red. The
transmembrane domains are indicated by green boxes. The predicted coiled coil
domain is boxed, and the residue positions within the heptad repeat are labelled a to g.
B. The chromosomal region of ftsL in S. aureus and B. subtilis.

C. Hydropathy plots of the S. aureus and B. subtilis FtsL proteins generated by the
SOSUI server. The transmembrane helices are indicated by green boxes.

D. A topological model of the S. aureus and B. subtilis FtsL protein generated by the
SOSUI server. The C-terminal domains are indicated by red boxes.

E. S. aureus and B. subtilis FtsL COILS results.
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In B. subtilis, the external C—terminus of DivIC is important for its localisation at
the division site and contains the leucine zipper motif that is required for its
interaction with the leucine zipper motif of FtsL (Katis and Wake, 1999; Sievers
and Errington, 2000a). The C-terminal domains of B. subtilis FtsL and DivIC form
a heterodimer in vitro with a ratio of 1:1 (Sievers and Errington, 2000b; Masson et
al., 2009). In S. pneumoniae, the heterodimerisation of DivIC and FtsL could be
forced by introducing an artificial coiled coil peptide into the extracellular domain
(Noirclerc-Savoye et al.,, 2005). These findings emphasise the functional
importance of the C-terminal domains of DivIC and FtsL. The molecular weights
and pl values of the C-terminal domains (Figure 3.1D and Figure 3.2D) are

summarised in Table 3.1.

3.2.2.1. pET overexpression system

The pET overexpression system is an effective mechanism that relies on
bacteriophage T7 RNA polymerase (Studier and Moffatt, 1986). The target gene is
cloned under the control of the T7 promoter, which drives a high level of
expression of the target protein in E. coli, such that the recombinant protein may
comprise more than 50% of the total protein in the host cell within a few hours
following induction. The desired gene is initially cloned in a host that does not
express the T7 RNA polymerase. The construct is then transformed into an
expression strain carrying the T7 RNA polymerase gene under the control of the
lacUV5 promoter. Gene expression can be induced by adding IPTG to the bacterial
culture. pET-21d(+) is a translational fusion vector that contains a C-terminal 6xHis
tag, which facilitates the purification of the desired protein via nickel affinity
chromatography. This vector contains a lac repressor to control the basal expression
of the target gene. In addition, pET-21d(+) has a multiple cloning site and carries an

ampicillin resistance gene to permit selection in the host strain (Novagen).

3.2.2.2. Construction of the DivIiC and FtsL expression plasmids

To produce recombinant proteins, the desired genes from B. subtilis and S. aureus

were cloned into the pET-21d (+) vector. The recombinant S. aureus divIiC and ftsL
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constructs were described previously (Kabli, 2009). The extracellular domains were
identified based on topology predictions (Figure 3.1 and Figure 3.2), and primers
were designed accordingly. The restriction enzymes Ncol and Xhol were chosen
because they cut within the vector and not within the desired gene. As a result,
diviC and ftsL were amplified from S. aureus SH1000 and B. subtilis 168 using
primer pairs containing Ncol and Xhol restriction sites (Table 2.7).To ensure that
the desired gene sequence was in frame, an additional C and T were appended to
the Ncol restriction site. The extracellular domains of both diviC and ftsL were
amplified, and the resulting PCR products were analysed by 1% (w/v) agarose
electrophoresis (Section 2.8.7). The PCR fragments were excised from the gel,
purified using a QIAquick Gel Extraction kit (Section 2.8.4) and digested with Ncol
and Xhol. The plasmid was digested with the same enzymes, and the digested
plasmid and PCR fragments were purified using a QlAquick PCR Purification Kit
(Section 2.8.5). The inserts were then ligated into the plasmid (Section 2.9.6),
ethanol precipitated (Section 2.8.6) and transformed into electrocompetent E. coli
TOP10 cells (Section 2.10.1, Figure 3.3A). The transformants were selected on LB
agar containing 100 pug ml™ ampicillin. Positive clones were verified by colony
PCR (data not shown) and by plasmid extraction using a QIAprep Spin Mini Kit
(Section 2.8.2) followed by digestion with Ncol and Xhol. The digested plasmids
were separated by 1% agarose electrophoresis (Section 2.8.7), and the expected
DNA band sizes corresponding to the inserts were observed (Figure 3.3B).
Plasmids were also sequenced at the Core Genomic Facility, University of
Sheffield, and the sequencing confirmed that no substitutions or frameshift
mutations were introduced during PCR (data not shown).

3.2.2.3. Overexpression of recombinant proteins in E.coli

pALB26, pALB27, pAFK1 and pAFK2 were transformed into the expression
strain, E. coli BL21 (DE3), by electroporation (Section 2.10.1). This strain carries
the T7 RNA polymerase gene under the control of the lacUV5 promoter, and T7
expression can be induced by the addition of IPTG. Furthermore, the absence of the
lon protease and outer membrane proteases from this strain reduces the degradation

of overexpressed proteins.
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Figure 3.3 Construction of S. aureus and B. subtilis protein overexpression
plasmids

A.Diagram illustrating the fusion of S. aureus and B. subtilis divIiC and ftsL to
6xHis in the pET21d vector.

B. pALB26, pAFK1, pALB27 and pAFK2 were digested with Ncol and Xhol and
analysed by 1% (w/v) TAE agarose gel electrophoresis. The 5440 bp band
corresponds to linearised pET21-d vector. Bands of 251 bp and 224 bp,
corresponding to S. aureus and B. subtilis divIC, respectively, are marked by black
arrows. Bands of 230 bp and 210 bp, corresponding to S. aureus and B. subtilis
ftsL, respectively, are marked by black arrows.
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Transformants were selected on LB agar containing 100 pg ml™ ampicillin, and
positive clones were verified by PCR, digestion with Ncol and Xhol and DNA
sequencing (data not shown). The recombinant proteins were overexpressed via the
addition of 1 mM IPTG to the bacterial culture (Section 2.12.1). Samples were
taken before and after the addition of 1 mM IPTG to evaluate the induction of the
recombinant protein expression. The solubility of the recombinant proteins was
assessed by lysing the induced cells as described in Section 2.12.2. The samples
were analysed by electrophoresis on a 15% (w/v) SDS-PAGE gel (Section 2.11.1),
followed by staining with Coomassie Blue (Section 2.11.2, Figure 3.4A). These
analyses revealed bands of slightly less than 14 kDa for S. aureus DivIC (DivICs,)
and FtsL (FtsLsy) and B. subtilis FtsL (FtsLgs) in the induced sample fraction,
indicating successful overexpression. These bands correspond to masses that are
slightly higher than expected. The presence of polar and charged amino acid
residues in the C-termini of these recombinant proteins might affect their migration
in SDS-PAGE. The induction and overexpression of B. subtilis DiviC (DivICg;)
was unsuccessful; no band corresponding to the expected size was detected in
induced culture (Figure 3.4A). The solubility analysis revealed that all of the
recombinant proteins were present in the soluble fraction, and the solubility of the

recombinant proteins was subsequently verified (data not shown).

3.2.2.4. Purification of recombinant proteins using a HiTrap™ column

As described in Section 2.12.4, the recombinant proteins were overexpressed by
growing the cells until the exponential phase was reached, followed by induction
with 1 mM IPTG for 3-6 h. The proteins were then purified by passage over a
HiTrap™ affinity column (GE Healthcare). The column was pre-loaded with Ni
Sepharose™ and charged with Ni**, which facilitates the binding of the 6xHis-
tagged proteins. Unbound proteins were eluted with 5% (w/v) imidazole (Section
2.4.6.3). The recombinant proteins were eluted by increasing the imidazole
concentration, collecting 1-ml fractions, and separating the proteins by 15% (w/v)
SDS-PAGE. Fractions that contained bands of the expected sizes were collected,
combined, dialysed in PBS (Section 2.12.5) and separated by 15% SDS-PAGE
(Figure 3.4B).
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Figure 3.4 Production and purification of recombinant proteins

Recombinant proteins were overexpressed from pALB26, pALB27, pAFK1 and
pPAFK2 in BL21 (DE3) by induction with 1 mM IPTG.

A. Samples were taken before (Uninduced, U) and after (Induced, I) the addition of
1 mM IPTG. Whole cell lysates were analysed by 15% (w/v) SDS-PAGE. Black
arrows indicate protein bands of the expected size. The solubility analysis revealed
that all of the recombinant proteins were present in the soluble fraction, and the
solubility of the recombinant proteins was subsequently verified (data not shown).

B. Purified recombinant proteins after nickel affinity chromatography and dialysis.
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3.2.3. Oligomerisation state of S. aureus recombinant proteins

Size exclusion chromatography (SEC) was used to examine the oligomerisation state
of recombinant DivICs, and FtsLs,. A Superdex™ 200 10/300 GL column
(Amersham Bioscience) was used to separate recombinant DivICs, and FtsLs,. A
total of 20 pg of the recombinant proteins was injected, and the absorbance was
measured at 280 nm and 260 nm (Figure 3.5 I.LA and II.A, Figure 3.6 I.A and I1.A).
Fractions corresponding to the major peaks were collected and analysed by 15%
(w/v) SDS-PAGE to verify that a protein of the expected size was present (Figure
3.5 1.B and 11.B and Figure 3.6 1.B and I1.B). The molecular weights of the proteins
in these fractions were determined by comparison with protein standards of known
sizes (Gel Filtration Calibration Kit, GE Healthcare; Figure 2.2). Because the
environmental pH can affect protein stability and dimerisation (Bose and Clark,
2005), the oligomerisation state of the recombinant proteins was assessed in both pH
5 and pH 8 buffers. DivICs, was eluted at 16.32 ml at pH 5 and DivICs, was eluted
at 16.61 ml at pH 8. The predicted molecular weights of DivICs, in the pH 5 and pH
8 fractions were estimated to be ~ 20.89 and ~ 19.05 kDa, respectively, as described
in Section 2.15. The predicted molecular weights of the proteins in these fractions
were greater than that of the predicted DivICs, extracellular domain (9.68 kDa). This
result suggests that recombinant DivICs, might exist as a dimer. The protein is
predicted to contain two coiled-coil motifs (Figure 3.1E), which can mediate protein
homodimerisation (Alber, 1992; Vincet et al., 2013). FtsLs, was eluted at 16.81 ml
at pH 5 and 16.78 ml at pH 8. The estimated molecular weights of FtsLs, in the pH 5
and pH 8 fractions were 16.03 and 17.66 kDa, respectively, larger than the predicted
molecular weight of the FtsLs, extracellular domain (8.45 kDa). This observation
suggests that recombinant FtsLs, might exist as a dimer. FtsLg, is predicted to have a
single coiled coil motif (Figure 3.2E).
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Figure 3.5 S. aureus DivIC oligomerisation

Recombinant protein was analysed by gel filtration on a Superdex™ 200 10/300
GL column (Amersham Biosciences). The absorbance was measured at 280 nm
and 260 nm. The DivICs, chromatographic profiles at pH 5 (I.A) and pH 8 (I1.A)
are shown. Samples (10 ul) of the major peak fractions were analysed by 15%

(w/v) SDS-PAGE (pH 5 (1.B) and pH 8 (11.B)). Black arrows indicate the DivICsg,
protein band.
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Figure 3.6 S. aureus FtsL oligomerisation

Recombinant protein was analysed by gel filtration on a Superdex™ 200 10/300
GL column (Amersham Bioscience). Absorbance was measured at 280 nm and
260 nm. The FtsLs, chromatographic profiles at pH 5 (I.A) and pH 8 (I1I.A) are
shown. Samples (10 pl) of the major peak fractions were analysed by 15% (w/v)
SDS-PAGE (pH 5 (1.B) and pH 8 (11.B)). Black arrows indicate the FtsLs, protein
band.

125



These findings suggest that the C-terminal domains of S. aureus DivIC and FtsL are
important for the physiological functions of these proteins due to their roles in self-

association and, potentially, interactions with other cell division proteins.

3.2.4. Biochemical activity of recombinant proteins

3.2.4.1. Analysis of the peptidoglycan hydrolase activity of S. aureus
recombinant proteins

Previous work in our lab on an S. aureus cell division protein, DivIB, revealed that
the protein exhibited potential hydrolytic activity in a zymogram assay (Bottomley,
2011; Figure 3.7). Because DivIB, DivIC and FtsL are all bitopic membrane
proteins with similar topologies (Carson et al., 1991; Guzman et al., 1997; Katis et
al., 1997; Daniel et al., 1998; Chen et al., 1999 Ghigo and Beckwith, 2000;
Buddelmeijer et al., 2002; Robson and King, 2006), we evaluated whether DivICs,
and FtsLs, were able to hydrolyse the cell wall. Zymogram analysis is the method
of choice for examining the hydrolytic activity of recombinant proteins against
purified bacterial cell walls. SDS-zymography is a qualitative technique that is used
to determine the hydrolytic activity of enzymes in a renaturing SDS gel containing
a substrate (Kleiner and Stetler-Stevenson 1994; Foster, 1992). The hydrolytic
activity of DivICs, and FtsLs, was analysed in a 15% (w/v) renaturing SDS gel
containing purified bacterial cell walls as substrate (Section 2.14.3.2). The
appearance of clear zones within the dark background indicated the hydrolytic
activities of the enzymes. The molecular masses of the recombinant proteins were
estimated in comparison to protein standards of known sizes that were separated by
15% (w/v) SDS-PAGE and stained with Coomassie Blue (Section 2.11.2).

The activities of DivICs, and FtsLs, were assessed in pH 5 and pH 7.5 buffers as the
environmental pH can affect enzymatic activity (Huard et al., 2004). In addition, we
investigated the influence of divalent cations on the activity of the proteins, as Mg®*
has previously been reported to be crucial for hydrolase activity (Foster, 1992;
Horsburgh et al., 2003).
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Figure 3.7 Zymogram analysis of S. aureus DivIC and FtsL

A 15% (w/v) renaturing SDS gel containing 0.1% (w/v) purified S. aureus
peptidoglycan as substrate. A total of 10 pug recombinant protein was used, and
the gel was stained with Coomassie Blue (gels on the left) or renaturing stain
(gels on the right). Protein renaturation was performed at pH 5 or pH 7.5 in the
presence and absence of 10 mM MgCl,.

A.SDS zymogram gel of DivICs, and controls at pH 5 with or without MgCl..
B. SDS zymogram gel of FtsLs, and controls at pH 5 with or without MgCl..
C. SDS zymogram gel of DivICs;and FtsLs, at pH 7.5 with or without MgCl.,.
D. SDS zymogram gel of controls at pH 5 with MgCl,.
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DivICs, was observed to have hydrolytic activity in the presence of S. aureus
peptidoglycan (PG) with wall teichoic acid (WTA) at pH 5 both with and without
MgCl, (Figure 3.7A) but not at pH 7.5 with or without CaCl, (Figure 3.7C). The
hydrolytic activity of DiviCs, was enhanced by the presence of Mg?* in the
incubation buffer. In contrast, FtsLs, did not exhibit any hydrolytic activity in either
pH buffer in the presence of S. aureus PG plus WTA (Figure 3.7B, Figure 3.7C).
Thus, the production of a zone of clearing by DivICs, is likely specific because no
activity was observed in the presence of FtsLs, or other controls. Neither YdIiE, a
His-tagged S. aureus protein of unknown function, nor BSA produced a zone of
clearing (Figure 3.7D). In contrast, DivIB, Atl (a His-tagged S. aureus autolysin)
and PBP2 (a His-tagged cell division protein) produced obvious zones of clearing
on a zymogram gel (Figure 3.7D). B. subtilis PG plus WTA was also used as
substrate; however, neither DivICs, nor FtsLs, produced any zone of clearing (data
not shown). The peptidoglycan structures of B. subtilis and S. aureus differ in a
number of ways, including in glycan chain length, stem peptide sequence and the
composition of the cross-linkage between glycan strands. For instance, S. aureus
peptidoglycan may end with reduced N-acetylmuramic acid (MurNAc) or N-
acetylglucosamine (GIcNAc), while B. subtilis peptidoglycan may end with 1,6-
anhydroMurNAc residues (Vollmer et al., 2008). The amino acid at position three
of the peptide stem may vary between species; in B. subtilis, amidated meso-A,pm
is added to this position via the Mur ligases (Roten et al., 1991; Atrih et al., 1999).
Moreover, the composition of the interpeptide bridge also varies between species;
S. aureus has a pentaglycine bridge (Snowden and Perkins, 1991; Schneider et al.,
2004), whereas the cross-linkage between the stem peptides in B. subtilis comprises
a peptide bridge between mesodiaminopimelic acid and D-alanine (Forrest et al.,
1991). The O-acetylation of the MurNAc residues of peptidoglycan in S. aureus is
catalysed by the O-acetyltransferase OatA (Bera et al., 2005). This modification can
increase the resistance of S. aureus to lysozyme. Thus, certain hydrolases cannot
hydrolyse S. aureus peptidoglycan (Bera et al., 2005; Vollmer, 2008). B. subtilis
peptidoglycan contains deacetylated glucosamine (GIcNdAc) and deacetylated
muramic acid (MurNdAc) residues (Atrih et al., 1999; Vollmer, 2008). These
differences between S. aureus and B. subtilis peptidoglycan and the ability of
DivICs, to hydrolyse the S. aureus cell wall but not the B. subtilis cell wall

highlights the substrate specificity of these enzymes.
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3.2.4.2. Mapping the potential active site of S. aureus DivIC

To identify the residues associated with DivICs, potential enzymatic activity,
several forms of the extracytoplasmic domain, including a number of site-directed
mutants and truncations, were produced (Figure 3.8A).

3.2.4.2.1. Production of a recombinant S. aureus DivIC fragment

A truncated DivIC extracellular domain fragment (DivICs,****®, Figure 3.8A) was
produced using the pET system as described in Section 3.2.2.1. The last 13 amino
acids at the C-terminus were deleted, as these polar and charged amino acid
residues might affect the biochemical activity of the protein. AKS5 and AKG6
primers (Table 2.7) containing Ncol and Xhol sites, respectively, were used to
amplify the truncated DivICs, extracellular domain from S. aureus SH1000
genomic DNA. The PCR product was excised from a 1.5% (w/v) agarose gel
(Section 2.9.7), gel purified (Section 2.8.4) and digested with Ncol and Xhol. The
plasmid was digested with the same enzymes, and the digested plasmid and PCR
product were purified using a QIAquick PCR Purification kit (Section 2.8.5). The
insert was then ligated into the plasmid (Section 2.9.6), the plasmid was ethanol
precipitated (Section 2.8.6) and transformed into electrocompetent E. coli TOP10
cells (Section 2.10.1). Transformants were selected on LB agar containing 100 pg
ml™ ampicillin, and positive clones were verified by colony PCR (data not shown).
In addition, the plasmid was extracted using a QIAprep Spin Mini kit, followed by
digestion with Ncol and Xhol. The digested plasmid was resolved by 1.5% (w/v)
agarose gel electrophoresis and a DNA band corresponding to the expected size of
the insert was observed (Figure 3.8B). The plasmid was also sequenced at the Core
Genomic Facility, University of Sheffield to confirm that no substitutions or
frameshift mutations were introduced during PCR (data not shown). pAFK3, which
contains the S. aureus diviC truncated C-terminal domain (DivICs, a118-130), Was
transformed into the E. coli BL21 (DE3) expression strain by electroporation
(Section 2.10.1). Transformants were selected on LB agar containing 100 pug ml™
ampicillin, and positive clones were verified by PCR, digestion with Ncol and Xhol
and DNA sequencing (data not shown). The overexpression of the recombinant

protein was induced by adding 1 mM IPTG to the bacterial culture (Section 2.12.1).
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Figure 3.8 diviC mutant overexpression plasmids

A. Schematic diagram of the mutated forms of the S. aureus DivIC C-terminal

B.

domain fragment. Residues in red represent the point mutations.

pPAFK3 was restriction digested with Ncol and Xhol, and the DNA was
separated by 1.5% (w/v) agarose gel electrophoresis. pAFK3 shows the
linearised pET21-d vector at the expected size of 5540 bp and the divIC g;**8**°
insert (indicated by a black arrow) at the expected size of 212 bp. The site-
directed mutagenesis plasmids (diviCsa"*, divICs,**** and divICs."%?") were
restriction digested with Dpnl, and the DNA was separated by 1% (w/v) agarose
gel electrophoresis. The site-directed mutagenesis plasmids show the linearised
pET21-d vector at the expected size of 5540 bp and the insert divICs,* %,

diviCs, % and divICs."**" (indicated by a black arrow) at the expected size of
251 bp.
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Samples were taken before and after the addition of 1 mM IPTG, as described
previously, to evaluate the expression of the recombinant protein. The solubility of
the recombinant protein was determined by lysing the induced cells (Section
2.12.2). The samples were analysed by electrophoresis on a 15% (w/v) SDS-PAGE
gel (Section 2.11.1), followed by staining with Coomassie Blue (Section 2.11.2,
Figure 3.9A). The analysis revealed a band of ~10 kDa for the truncated DivICs,
extracellular domain. This band was larger than the expected size (7.5 kDa) with
the presence of polar and charged amino acid residues in the C-terminus of the
recombinant protein potentially affecting migration in SDS-PAGE. A solubility
analysis demonstrated that the recombinant protein was present in the soluble
fraction, and the solubility of the recombinant protein was subsequently verified
(data not shown). The His-tagged protein fragment was purified using a nickel
affinity column, as described previously (Section 2.12.4). The column was washed
with 5% (w/v) imidazole to elute unbound proteins, and the recombinant protein
was eluted by increasing the imidazole concentration. Fractions (1 ml) were
collected and analysed using 15% (w/v) SDS-PAGE. Fractions containing bands of
the expected sizes were collected combined, dialysed in PBS (Section 2.12.5) and
separated by 15% SDS-PAGE (Figure 3.9B).

3.2.4.2.2. Site-directed mutagenesis of S. aureus DivIC

The coordination and spatial organisation of essential residues in the active site is
crucial for the catalytic activity of an enzyme (Wallace et al. 1996). Catalytic
residues can vary among enzyme families, but these variations have distinct
patterns. The pattern of catalytic residues consisting of an acid, base and
nucleophile, is widely conserved and is known as the catalytic triad. The catalytic
triad cleaves the ester or peptide bonds of a substrate by nucleophilic attack
(Dodson and WIlodawer 1998). The best studied catalytic triad is the serine-
histidine-aspartate triad present in lipases and serine proteases (Wallace et al.
1996). Each residue in the catalytic triad has a specific role in the catalytic process,
and they are often distant from one another in the primary amino acid sequence of

the enzyme.
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Figure 3.9 Production and purification of truncated DivICs, fragment and site-
directed mutant proteins

The recombinant proteins were overexpressed from pAFK3, pALB26°%N
pALB26R™ and pALB26 %A in BL21 (DE3) by induction with 1 mM IPTG.

A. Samples were taken before (Uninduced, U) and after (Induced, 1) the addition of 1
mM IPTG. Whole-cell lysates were analysed by 15% (w/v) SDS-PAGE. Black arrows
indicate protein bands of the expected size.

B. Purified recombinant proteins after nickel affinity chromatography and dialysis.
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However, these residues can only cleave the relevant bond in the substrate if they
are located in close spatial proximity as the result of a specific protein conformation
(Dodson and WIlodawer 1998; Wallace et al. 1996). Catalytic triad variations
include the substitution of the aspartate residue with glutamate in aspartyl
dipeptidase (Ekici et al., 2008) and the presence of a lysine residue instead of
histidine in class A B-lactamases and PBPs (van der Linden et al., 1994). Other
enzymes achieve catalysis through a single active site residue, such as threonine or
serine, as observed in the Ntn hydrolase superfamily (Ekici et al., 2008). Amino
acid sequence alignments (Bioinformatics analysis) of DivIC (Section 3.2.1) with
its homologues in different bacterial species (Figure 3.10A) and different
staphylococcal species (Figure 3.10B) revealed conserved residues. Conserved
amino acid residues may be functionally relevant; e.g., they may be involved in the
enzyme active site. Because DivIC is poorly conserved among bacterial species,
both conserved and semi-conserved amino acids were targeted for site-directed
mutagenesis. Aspartate (D) and glutamate (E) were mutated to asparagine (N) and
glutamine (Q), respectively, because mutating acidic residues to neutral polar
residues generally does not affect protein stability (Tokunaga et al., 2008). All other
selected conserved and semi-conserved residues were replaced by alanine (A).

Site-directed mutagenesis using the QuikChange Il site-directed mutagenesis kit
was used to introduce the site-specific mutations Section 2.9.3). Mutagenic
oligonucleotide primers containing the required mutations were designed (Table
2.7) using the QuikChange® Primer Design Program

(www.stratagene.com/sdmdesigner/default.aspx). The primers were extended via

thermal cycling with PfuUltra high-fidelity DNA polymerase (Section 2.9.3.1), and
a mutated plasmid with staggered nicks was produced. The mutated plasmid was
treated with the endonuclease Dpnl to digest the methylated parental DNA (Section
2.9.3.2; Figure 3.8B), followed by transformation into E. coli TOP10
electrocompetent cells for nick repair and selection on LB agar containing 100 pg
ml™ ampicillin. To confirm the presence of the mutation, the plasmid was

sequenced directly (Core Genomic Facility, University of Sheffield).
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Figure 3.10 DivIC orthologs

135




A. A multiple sequence alignment (MSA) for DivIC proteins in different species
was obtained using the ClustalW2 program. Organisms: B. subtilis,
Oceanobacillus iheyensis, B. halodurans, Listeria monocytogenes, S. aureus, E.
faecalis, Bacillus cereus, Lactobacillus plantarum, E. coli, and S. pneumoniae
B.A MSA for DivIC proteins in different species was obtained using the
ClustalW2 program. Organisms: S. epidermidis, Staphylococcus capitis, S. aureus,
Staphylococcus warneri, S. haemolyticus, S. hominis, S. saprophyticus, and
Staphylococcus carnosus.

Asterisks indicate conserved residues, colons indicate conservative substitutions,
and full stops indicate semi-conservative substitutions. The C-terminal residues are
shown in red and the SDMs are shown in blue.
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The plasmid construct was then transformed into E. coli BL21. Proteins were
expressed by adding 1 mM IPTG to the culture. The induction of protein expression
and solubility were tested as described previously (Section 2.12.2; Figure 3.9A),
and the recombinant proteins were purified by nickel affinity chromatography
(Section 2.12.4). The fractions were collected, pooled and dialysed against PBS
(Section 2.12.5). The purity of the recombinant proteins was assessed by 15% (w/v)
SDS-PAGE (Figure 3.9B).

3.2.4.2.3. Analysis of the peptidoglycan hydrolase activity of SDMs

Zymogram analysis (Section 2.14.3) was used to examine the potential
peptidoglycan hydrolysis activity of the DivIiCs, mutants. Purified S. aureus cell
wall was used as the substrate. The recombinant proteins were incubated in sodium
citrate buffer at pH 5 in the presence and absence of MgCl,. In the presence of

R101A

MgCl,, DivICs,°**N produced a hydrolysis band, while DivICs, and

DivICs, %" produced weak hydrolysis bands (Figure 3.11A). In contrast, when

MgCl, was absent from the renaturing solution, DivICs,>%N

produced weak zone of
clearing, while DivICs,""™* and DivICs,''®** had no detectable activities (Figure
3.11B). The activities of the recombinant proteins were clearly enhanced by the

D92N

presence of Mg?* ions in the renaturing buffer. DivICs, exhibited wild-type

activity, while DivICs:"®* and DivICgs, " displayed weaker hydrolytic

1% residue and the semi-conserved Tyr'*

activities. Replacing the conserved Arg
residue with Ala inhibited the activity of the protein, suggesting that these residues
are involved at the protein active site. A number of DivICs, SDMs (constructed by
Amy Bottomley, University of Sheffield), including D94N, S107A and E111Q
(Figure 3.8A), were also analysed by renaturation. None of these mutations
impaired the enzymatic activity of the protein (data not shown). Thus, additional
experiments were performed to map the protein active site and verify peptidoglycan

hydrolase activity.
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Figure 3.11 Zymogram analyses of S. aureus DivIC site-directed mutants

A 15% (w/v) renaturing SDS gel containing 0.1% (w/v) purified S. aureus
peptidoglycan as a substrate is shown. A total of 10 pug recombinant protein was
used, and the gel was stained with Coomassie Blue (gels on the left) or renatured

(gels on the right). Protein renaturation was performed at pH 5 in the presence and
absence of 10 mM MgCl,.

A.SDS zymogram gel of DivICs, and its site-directed mutants at pH 5 with

B. SDS zymogram gel of DivICs, and its site-directed mutants at pH 5 without
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3.2.4.3. Analysis of peptidoglycan hydrolysis using other techniques

3.2.4.3.1. Native zymogram analysis

To verify the peptidoglycan hydrolase activity of DivIC and FtsL, we established a
novel biochemical assay in which the proteins were not exposed to major physical
or chemical changes, such as exposure to SDS, heat or 2-mercaptoethanol. The use
of these factors could result in linearisation of the protein and the reduction of its
disulphide bonds, consequently disrupting its enzymatic activity (Madigan and
Martinko, 2006; Cadieux and Kadner, 1999). S. aureus cell walls that were
unstained or prestained with Procion-Red MX-5B or RBB (Section 2.14.2) were
used as substrates (Section 2.14.4) (Foster 1991, Zhou et al., 1988). LMP agarose
(0.1% (w/v), Sigma) was melted in renaturing solution (pH 5, with MgCl,) and
cooled to 30°C; then, 1% (w/v) unstained or pre-stained S. aureus cell wall was
added. The mixture was then poured onto the hydrophilic side of pre-warmed
GelBond® film (Lonza) and allowed to set. Once a thin solid layer of gel had
formed, 2 pl of 1:2 serial dilutions of protein were spotted on the gel and allowed to
adsorb. The gel was then incubated in a humidifier overnight at 37°C. Zones of
clearing within a dark background indicate peptidoglycan hydrolysis. Unstained S.
aureus cell wall was stained with renaturing stain for 3 hr after incubation at 37°C,
then destained with dH,O until zones of clearing were observed. YdiE was used as
a negative control. Lysostaphin and mutanolysin were used as positive controls;
both have strong hydrolase activity against the S. aureus cell wall (Kumar, 2008;
Herbert et al., 2007). Mutanolysin is preferred to lysostaphin as a positive control
because the enzymatic activity of the latter decreases by 50% when MgCl, is added
to the renaturing solution, whereas the enzymatic activity of mutanolysin increases
in the presence of Mg?* ions (Zhou et al., 1988; Yokogawa et al. 1974). A zone of
clearing was readily apparent in the positive control compared to the recombinant
proteins, which produced opaque spots (Figure 3.12A, Data not shown for
prestained peptidoglycan with RBB). The opaque spots produced by the
recombinant proteins appeared to be the result of precipitation rather than
hydrolysis. As the activities of the recombinant proteins and the positive control
were noticeably different, another gel was prepared in the same manner but was

stained with crystal violet (Figure 3. 12B).
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Figure 3.12 Native zymogram analysis

Native zymogram gels containing 1% (w/v) S. aureus cell wall, pre-stained with
Procion-Red MX-5 (A) or pre-stained with Procion-Red MX-5B and then stained
with crystal violet (B). A series of 1:2 dilutions of each protein (2 ul) with an
initial concentration of 1 mg ml™ were spotted on the native zymogram gel and
then incubated for 3 h at 37°C. The gels were photographed or scanned
immediately after incubation.
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The positive control yielded clear zones, while YdiE, DivICs, and its mutants
produced opaque zones on the gel. Because this experiment did not expose the
protein to any denaturation factors that would disrupt its enzymatic activity, the
lack of observed clearing suggests that DivICs, may not be a true peptidoglycan

hydrolase.

3.2.4.3.2. RBB release assay

A semi-quantitative method, called a dye release assay (Zhou et al., 1988; Morlot et
al., 2010; Uehara et al., 2010), was used to verify the hydrolase activity of the
recombinant protein. The peptidoglycan substrate was dyed with RBB, which binds
to the glycan hydroxyl group to form a stable linkage (Zhou et al., 1988). The
release of soluble dyed products from the substrate through the hydrolytic activity
of the enzyme was then measured (Morlot et al., 2010; Uehara et al., 2010). Several
different substrates were tested, namely S. aureus, B. subtilis and E. coli
peptidoglycans. A 20-pl aliquot of 10 mg I"* RBB-stained substrate was incubated
with 0.1 mg I™* recombinant protein for 30 min at 37°C in 200 pl of 1x PBS plus 20
mM MgCl,. The reactions were then stopped by incubation at 95°C for 5 min.
Insoluble substrate was removed by centrifugation at 14,000 rpm at RT for 20 min.
The absorbance of the free soluble dye-coupled materials in the supernatant was
measured at 595 nm (Section 2.14.5) (Morlot et al., 2010; Uehara et al., 2010).
Peptidoglycan only and proteins only were used as negative controls, while
mutanolysin was used as positive control. Mutanolysin released the dye-coupled
product in the supernatant, signifying peptidoglycan hydrolysis, whereas DivICs,,
DivICsa SDMs, DivICs " or FtsL (Figure 3.13) did not display hydrolase

activities under any conditions, similar to the results of the negative controls.

3.2.4.4. Peptidoglycan binding analysis

3.2.4.4.1. Affinity binding assay

The capability of DivICs, to hydrolyse peptidoglycan was not clear. Both the
recombinant protein and the mutant proteins produced unambiguous zones of
clearing on zymogram gels, but no hydrolase activities were detected in a native

zymogram assay or RBB release assay.
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Figure 3.13 RBB release assay

A Semi-quantitative RBB release assay was performed to investigate
peptidoglycan hydrolysis. RBB pre-stained PG (from S. aureus, B. subtilis or E.
coli) was incubated with the designated proteins (0.1 mg ml™) for 30 min at 37°C.
Undigested peptidoglycan was removed by centrifugation, and the absorbance of
the free soluble dye-coupled materials in the supernatant was measured at 595nm.
The images below the graph show the reaction tubes after the incubation and
centrifugation steps.
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The zones of clearing observed in the zymography assay seem likely to have been
produced due to the strong binding of the proteins to peptidoglycan, which prevents
the dye from accessing the substrate. A similar phenomenon was observed for
proteins that bind to cell walls and enhance the hydrolytic activity of other
hydrolases. These proteins produce a (false) positive zymogram signal but do not
display detectable hydrolase activity in solution-based assays (Bernhardt and de
Boer, 2004; Morlot et al., 2010; Uehara et al., 2010; Gutierrez et al., 2010).
Therefore, we investigated whether DivICs, could bind to peptidoglycan using a
qualitative affinity binding analysis (Kern et al., 2008). In brief, 0.1 mg ml™ of
purified protein was mixed with different peptidoglycan concentrations in a 20 mM
sodium citrate buffer, pH 5, containing 1 mM MgCl, and incubated for 2 h on a
rotary shaker at 37°C. The mixture was then centrifuged for 10 min at 14,000 rpm.
To remove non-specifically bound proteins from the peptidoglycan, the pellet was

washed with 200 ul buffer and centrifuged again.

Both the supernatant (S) and pellet (P) fractions were boiled in SDS loading buffer
and analysed by 15% (w/v) SDS-PAGE. If bound to peptidoglycan, the protein will
appear in the pellet fraction rather than the supernatant; otherwise, the protein will
remain in the supernatant fraction. The protein interactions with peptidoglycan (PG)
in the presence and absence of WTA were examined. DivICsg, binds to S. aureus PG
in a concentration-dependent manner; as the PG concentration decreases, increasing
amounts of DivICs, appear in the supernatant fraction (Figure 3.14A). In the
presence of WTA, DivICs, was found in the pellet fraction when incubated with S.
aureus (Figure 3.14A) and B. subtilis PG (Figure 3.14B), suggesting that the
binding affinity of DivICs, for peptidoglycan is enhanced by binding to WTA and
that this binding is not substrate-specific. The binding domain of DivIC was then
mapped using the previously constructed mutants (Section 3.2.4.2.1 and Section
3.2.4.2.2). The binding affinities of DivICs,"*?N and DivICs,*****° to S. aureus PG
with or without WTA (Figure 3.15) were similar to that of wild-type (Figure 3.15).
DivICs:*8*% and DivICs,"%*™ were only observed in the pellet fraction at high PG
concentrations without WTA,; as the PG concentration decreased, the amount of
bound protein decreased, and hence the proteins were found in both the supernatant

and pellet fractions (Figure 3.15).
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Figure 3.14 Cell wall affinity binding assay of DivICs,, FtsLs, and FtsLg;

The ability of the recombinant proteins to bind to purified S. aureus or B. subtilis cell
walls was examined. The binding buffer consisted of 20 mM sodium citrate at pH 5
and 10 mM MgCl,. Several substrate concentrations with and without WTA were
incubated with 0.1 mg ml™* recombinant protein.

A. S. aureus peptidoglycan with and without WTA was incubated with recombinant S.
aureus DivIC, S. aureus FtsL and B. subtilis FtsL.

B. B. subtilis peptidoglycan with WTA was incubated with recombinant S. aureus
DivIC, S. aureus FtsL and B. subtilis FtsL.
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Figure 3.15 Cell wall affinity binding assays of S. aureus DivIC mutants

The ability of the recombinant proteins to bind to purified S. aureus cell walls was
examined. The binding buffer consisted of 20 mM sodium citrate at pH 5 and 10
mM MgCl,. Several substrate concentrations with and without WTA were
incubated with 0.1 mg ml™ recombinant protein. S. aureus peptidoglycan with and
without WTA as incubated with S. aureus DivIC, S. aureus site-directed mutants
and truncated S. aureus DivIC.
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By contrast, when incubated with S. aureus PG plus WTA, the protein was detected
in the pellet fraction, similar to wild-type (Figure 3.15). The ability of DivICg,"0**
and DivICs, "**** to bind to S. aureus PG was much lower than that of wild-type
(Figure 3.15) as they were detected in the pellet and supernatant fractions at higher
PG concentrations. The zymography results (Section 3.2.4.2.3) demonstrated that
DivICs:" " and DivICs,''*** did not produce any zone of clearing on the SDS
zymogram gel when incubated in pH 5 renaturing buffer without Mg?* ions (Figure
3.11B), while activities that were lower than those of wild-type were detected in pH
5 renaturing buffer plus MgCl, (Figure 3.11A). These results suggest that point
mutations of these residues altered the biochemical activity of the protein. FtsLs,
bound S. aureus PG only at 5 mg ml™ PG (Figure 3.14A), and FtsLgs bound S.
aureus PG at > 2.5 mg ml * PG (Figure 3.14A). FtsLs, bound S. aureus PG plus
WTA only at > 1.25 mg ml™* PG (Figure 3.14A), while FtsLgs was detected in the

pellet fraction when incubated with B. subtilis PG plus WTA (Figure 3.14B).

Interestingly, when FtsLs, was incubated with B. subtilis PG plus WTA, the protein
was observed in the pellet fraction at all PG concentrations (Figure 3.14B). In
contrast, FtsLgs only bound S. aureus PG plus WTA at higher concentrations
(Figure 3.14A). These results indicate that, FtsLs, binds to the PG-containing WTA
of B. subtilis with an increased affinity compared to the PG-containing WTA of S.
aureus. A similar phenomenon was observed for S. aureus DivIB, which bound to
B. subtilis PG plus WTA better than to S. aureus PG plus WTA (Bottomley, 2011).
In contrast, DivICs, bound equally well to S. aureus and B. subtilis PG plus WTA
(Figure 3.14A and Figure 3.14B, respectively). The binding affinity of DivICs, for
peptidoglycan was not affected by the difference in the peptidoglycan compositions

of S. aureus and B. subtilis.

3.2.5 Structural analysis

The potential active/binding site of a protein can be mapped by solving the
protein’s crystal structure. To complement our site-directed mutagenesis data and
provide insights into the previous results, we attempted to obtain a crystal structure

of DivICs,. X-ray crystallography is the best established technique for studying the
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3D structures of proteins and other biological macromolecules (Smyth and Martin,
2000; Luft et al., 2003). However, it is often challenging to obtain a 3D crystal
structure; this process requires the success of a number of steps, including gene
cloning, protein overexpression, purification, concentration, quality determination,
crystallisation, diffraction and, finally, structure resolution. Crystallisation is
usually the main obstacle in this process because well-ordered protein crystals
cannot be obtained unless the protein is of sufficiently high quality (Smyth and
Martin, 2000; Stevens, 2000; Luft et al., 2003). The protein must also be at high
concentration in solution to facilitate its precipitation, and protein crystals form
only under certain conditions (Smyth and Martin, 2000). The process of protein
crystallisation typically consists of two stages. First, an initial screening of a range
of conditions in combination such as buffers, pH, salts and precipitants is
performed to identify the optimal conditions for crystal growth. Second, these
initial conditions must be optimised for the production of larger crystals for
diffraction (Smyth and Martin, 2000; Luft et al., 2003). The overexpression of the
recombinant DivICs, extracellular domain was induced by adding 1 mM IPTG to
the culture, followed by incubation for 4 h at 37°C. The protein was first purified by
nickel affinity chromatography, and all fractions that gave a positive absorbance
and showed the expected size band upon 15% (w/v) SDS-PAGE were pooled (data
not shown). The pooled sample was concentrated by centrifugation at 5,300 rpm at
4°C for 10 min in a Vivaspin20 ultrafiltration column (3,000 MWCO PES;
Sartorius) that was pre-equilibrated with 50 mM Tris-HCI buffer pH 8. The protein
concentration was determined by Bradford assay (Section 2.11.5), and the
centrifugation step was repeated until the required protein concentration was
reached. The concentrated protein sample was then subjected to gel filtration as a
second purification step (Section 2.15). The molecular weight of the protein was
determined by comparison with protein standards of known sizes (Gel Filtration
Calibration Kit, GE Healthcare). The molecular weight of the protein was then
estimated as 19.6 kDa, as described in Section 2.15. The estimated molecular
weight of the fraction was larger than the predicted molecular weight of the DivICs,
extracellular domain, 8.9 kDa, consistent with the results obtained in Section 3.2.3.
The fractions corresponding to the peak (data not shown) were collected and
pooled, and the purity of the sample was analysed by 15% (w/v) SDS-PAGE

followed by staining with Coomassie Blue (data not shown).
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A purity of at least 90% is desirable because impurities could interfere with
crystallisation, for example, by inhibiting the growth of the crystal or producing
improper crystals that will not diffract or scatter the X-rays (Benvenuti and
Mangani, 2007). A preliminary screening of crystallisation conditions was
performed using the sitting-drop vapour diffusion system and a Hydra Il automated
pipetting robot (Thermo-Scientific). Commercial sparse matrix crystallisation
screen plates (Qiagen-Nextal Biotechnology) were used. Each well of the 96-well
plate contains a cocktail of different salts, buffers and precipitants at different pH
values. Approximately 2 to 4 pg of protein was added to a total of 20 ul of cocktail
per plate. The plates were then incubated at 4°C, and the drops were examined
under a light microscope for crystal growth after 5 days and approximately once per
week thereafter. The results obtained from the initial screening varied; some of the
conditions resulted in precipitation, while others did not. Conditions that produced
microcrystalline droplets, spherulites, microcrystals, dendritic crystals or tiny
crystals were further optimised to obtain larger crystals (Figure 3.16). Drops that
resulted in precipitation were checked again after a few weeks for the presence of
crystals. Crystals have been reported to grow from precipitates after 1 month (Ng et
al., 1996). Furthermore, to optimise the initial conditions and improve the size and

shape of the crystals, the successful conditions were reproduced in a 24-well plate.

A number of factors were further optimised, including the buffer pH and the
concentrations of protein, salt and precipitant (Smyth and Martin, 2000; Benvenuti
and Mangani, 2007). The method of choice for optimisation was hanging-drop
vapour diffusion. The crystallisation cocktails were prepared manually based on the
initial compositions given by the manufacturer (QIAGEN). The primary factors that
were adjusted were the protein concentration, the buffer pH and the concentration
of the precipitant. Buffer pH values and precipitant concentrations both below and
above those that produced crystals in the initial screening were tested. Different
combinations of the mother liquor cocktails, buffer and precipitant were placed in
each well. A 40-pl volume of precipitant and 40 ul of buffer were mixed together in
water, with a total volume of 400 pl of reservoir buffer per well. A 1-pl aliquot of
the protein plus 1 ul of the mother liquor were placed onto pre-siliconised glass

coverslips (a hydrophobic surface) and mixed by gentle pipetting.
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Protein concentration

Morphology Description Protein buffer Crystallisation cocktail
mg ml™*
Dendrite 18 10 mM MES 0.2 M Tri-potassium citrate, 20 % (w/v)
pH6.5 PEG 3350
Microcrystalline 0.2 M sodi itrate. 20 % (Wiv) PEG
I ) l droplet (Phase 18 10 mM MES : sodium n|?r,25e(,) 0 (W/V)
separation) pHB.5
g Gelatinous precipitats 18 10mM MES | 0.1 M MT buffer pH7, 25 % (wiv) PEG
pH6.5 1500
h Spherulites (Sea urchins 10 10 mM Tris 0.1 M MT buffer pH6, 25 % (w/v) PEG
. pH7.5 1500
Microcrystals 10 10 mM Tris 0.02M MgCLZ'O_'lM_HEPES pH?.5, 22 %
pH7.5 (w/v) polyacrylic acid 5100, sodium salt
- Microcrystals 10 10 mM Tris 0.2 M ammonium acetate, 0.1 M Bis-Tris
pH7.5 pH5.5, 25 % (w/v) PEG 3350

Figure 3.16 Initial crystallisation condition screening results for recombinant S. aureus DivIC
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The coverslip was then placed upside-down on top of the well containing the
corresponding buffer and sealed. The plate was then incubated at 4°C, and the drops
were checked under the microscope for signs of crystallisation after five days and
once per week thereafter. Again, the results varied; some conditions yielded
precipitation, oils, microcrystals and spherulites (data not shown). Attempts to
obtain larger crystals have thus far been unsuccessful due to the complexity of the
factors that can affect protein crystallisation. No further structural investigations
could be performed due to time limitations.

3.3 Discussion
3.3.1 Oligomeric states of DivIC and FtsL

Previous work in our laboratory using a bacterial two-hybrid system identified
protein-protein interactions between S. aureus DivIC and FtsL, including self-
interactions and interactions with each other as well as with other cell division
proteins (Steele et al., 2011, Figure 1.4A). Gel filtration analysis indicated that the
extracellular domains of S. aureus DivIC and FtsL likely exist as dimers (Figure 3.5
and Figure 3.6). These analyses of S. aureus DivIC and FtsL indicate that self-
associations and the interactions between these two proteins are mediated mainly by
the extracellular domains of these proteins, which contain coiled coil motifs. The
self-association of DivIC and FtsL have been observed in other bacterial species.
The periplasmic domains of FtsL and DivIC in S. pneumoniae were found to
homodimerise when the cytoplasmic and transmembrane domains were replaced by
artificial coiled coil motifs (Noirclerc-Savoye et al., 2005). An E. coli FtsL
homodimer was detected by Western blotting in strains that express only the
periplasmic and transmembrane domains, and the introduction of point mutations of
two of the leucine residues in the coiled coils region reduces the dimerisation of the
protein (Ghigo and Beckwith, 2000). A yeast two-hybrid system revealed that FtsL
but not DivIC was self associated (Daniel et al., 2006). Previous work in our lab
(Kabli, 2009) demonstrated that there is no direct interaction between the C-
terminal domains of DivIC and FtsL under the conditions used in the gel filtration
analysis. However, a similar phenomenon was observed for the C-terminal domains

of B. subtilis FtsL and DivIC, and heterodimerisation of the proteins’ extracellular
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domains cannot be excluded because these domains contain coiled coil motifs
(Robson et al., 2002; Figure 3.1E and Figure 3.2E). E. coli two-hybrid and co-
immunoprecipitation assays have demonstrated that there is an interaction between
full-length FtsL and FtsB, indicating that these proteins exist as a complex in vivo,
and also demonstrated that this complex interacts with another cell division protein,
FtsQ, to form a trimeric FtsL/FtsB/FtsQ complex (DiLallo et al., 2003;
Buddelmeijer and Beckwith, 2004). “Swap constructs” were made by swapping
similar domains between proteins to characterise the importance of specific
domains for interaction and localisation. These experiments confirmed the
importance of the periplasmic domain containing the leucine zipper motif and the
transmembrane domain of FtsL in the formation of the heterodimer with FtsB
(Buddelmeijer and Beckwith, 2004). In B. subtilis, an interaction between full-
length DivIC and FtsL was observed in a yeast two-hybrid system, and the C-
terminal domains of FtsL and DivIC were detected by native SDS-PAGE
Moreover, interactions between DivIB, DivIC and FtsL were also detected using a
yeast two-hybrid system (Daniel et al., 2006; Sievers and Errington, 2000b). These
results indicate that the oligomeric states of FtsL and DivIC are important for their

stability and physiological functions in the organism.

3.3.2 DivIC and FtsL peptidoglycan hydrolase activity

Zymographic analysis of the wild-type and mutant S. aureus DivIC (Figure 3.7A
and Figure 3.11) revealed that the extracytoplasmic domain has putative
peptidoglycan hydrolase activity, in the presence and absence of divalent cations, at
acidic pH, the likely pH of the inner wall zone in which this bitopic protein resides.
Although the pl of DivIC is greater than 7, it has been suggested that peptidoglycan
hydrolases reside in the inner wall zone if their pl is less than 7 and bind to the
outer cell wall surface if their pl is greater than 7 (Matias and Beveridge, 2005;
Buist et al., 2008). In contrast, the S. aureus FtsL extracytoplasmic domain did not
exhibit any hydrolase activity as detected by SDS zymogram analysis (Figure
3.7B). Peptidoglycan hydrolases are crucial for cell growth and division. Certain
bacteria appear to have numerous hydrolases that exhibit redundant activities
(Smith et al., 2000). These hydrolases may have several functions; they participate
in daughter cell separation during cell division by cleaving the septum (Heidrich et

al. 2001; Heidrich et al. 2002) and are involved in cell wall turnover, during which
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they degrade peptidoglycan to products that can be used by the peptidoglycan
biosynthetic enzymes (Vollmer et al., 2008, Biswas et al., 2006; Holtje, 1995;
Doyle et al., 1988). The association of hydrolases with septum initiation requires
the nicking of the existing cell wall during cell division, followed by the insertion
of the new peptidoglycan beneath the existing cell wall (Vollmer et al., 2008).
Enzymes that are involved in cell separation have been identified recently in gram-
negative bacteria, including endopeptidases that contain the LytM domain and
LytC—type amidases such as AmiA, AmiB and AmiC. Mutant cells lacking AmiA,
AmiB and AmiC are unable to divide and hence produce long chains of cells
(Bernhard and de Boer, 2003; Bernhard and de Boer, 2004; Uehara et al., 2009;
Uehara et al., 2010). DipM, another peptidoglycan hydrolase, is essential for the
final stage of cell division and has recently been identified in C. crescentus (Moll et
al., 2010, Goley et al. 2010; Poggio et al. 2010). The hydrolytic activity of the
DipM LytM domain has been demonstrated by zymography assay, although its
activity is weak compared to that of the full-length protein (Moll et al., 2010).
PBP7 and PBP4 are also peptidoglycan hydrolases that are involved in septum
breakage; the lack of these proteins results in a failure of cell division and the
production of long chains of non-separated E. coli cells (Priyadarshini et al., 2006).
EnvC and NIpD are components of the cell division machinery that contain the
LytM peptidase domain, which is essential for proper cell separation (Bernhardt and
de Boer, 2004; Uehara et al., 2009; Uehara et al., 2010). Although their hydrolytic
activities have been detected by zymogram assay (Bernhardt and de Boer, 2004) but
not by solution assay, EnvC enhances the activities of AmiA and AmiB, and NIpD
enhances the activity of AmiC in solution assays. Several of the residues necessary
for catalysis are missing in the LytM domain of EnvC and NIpD (Uehara et al.,
2010). Moreover, B. subtilis SpolID, a lytic transglycosylase, produces a zone of
clearing on a zymogram gel, indicating hydrolysis; however, it did not exhibit any
hydrolase activity in solution-based assays (Morlot et al., 2010). This enzyme
cannot hydrolyse glycan strands on its own; it requires another hydrolytic enzyme,
SpollP, which breaks the cross-links between the cell wall and removes the stem
peptides. Thus, the observation of clear zones on the SDS zymogram gels for EnvC,
NIpD and SpollD were most likely due to the binding of the enzyme to the
substrate in the gel, resulting in the exclusion of the dye from the area where this
enzyme migrates (Morlot et al., 2010; Uehara et al., 2010). A similar phenomenon
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might occur for DivICs,, which also produced an unequivocal zone of clearing by
SDS gel zymography assay (Figure 3.7A) but no activity in the RBB release assay
(Figure 3.13). A native zymogram assay with pre-stained peptidoglycan was
developed to exclude the possibility that false-positive clear zones were obtained in
the SDS zymogram gel. However, DivICs, did not exhibit hydrolytic activity in this
assay, while the positive controls displayed an obvious zone of clearing (Figure
3.12). This result does not rule out a hydrolytic function for DivICs,; this protein
might have a function similar to that of EnvC, NIpD or SpolID (Uehara et al., 2010;
Morlot et al.,, 2010). Therefore, DiviIC might work together with another
peptidoglycan hydrolase involved in cell division. DivIiCs, may also act as a
peptidoglycan hydrolase activator during cell division, enhancing or activating
peptidoglycan hydrolases, similar to the functions of EnvC and NIpD (Uehara et al.,
2010). A temperature-sensitive mutation of DivIC in B. subtilis causes septum
formation to fail, resulting in a continuation of cell growth without division and
eventual cell lysis. The N-terminal and membrane spanning domains of DivIC are
crucial for cell division at high temperature, and a small amount of DivIC is
required for proper cell division at any temperature (Levin and Losick, 1994; Katis
and Wake, 1999). Thus, these previous findings suggest that DivIC is involved in
cell division. In contrast, no hydrolytic activity was detected for FtsL using
zymography (Figure 3.7B) or solution-based assays (Figure 3.13). However, the B.
subtilis AftsL mutant exhibits septation blockage at the early stage of the cell cycle,
leading to filamentous growth. Cells lacking FtsL fail to activate sigma factors
during sporulation, suggesting the importance of FtsL during sporulation as well as
daughter cell separation (Daniel et al., 1998).

3.3.3 DivIC and FtsL peptidoglycan binding activity

The unequivocal clear zones observed by zymography for DivICs, and its mutants
but not for FtsLs, or the negative controls suggest that the dye blockage was not
random but rather highly specific. Similarly, in the control SDS zymogram gel
(Figure 3.7D), DivIB and PBP1 produced obvious zones of clearing, whereas BSA
and YdIiE did not produce any clear zone. The clear zone could be produced

because the strong binding of the enzyme to the cell wall substrate prevented the
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dye from access. Similar observations have been made for enzymes such as E. coli
EnvC and NIpD, C. crescentus DipM and B. subtilis SpollD, all of which produce
positive results in zymogram gels but not in liquid assays (Uehara et al. 2010;
Morlot et al. 2010; Moll et al. 2010). Sedimentation assays have also shown the
affinity of DipM and SpolID for peptidoglycan (Morlot et al. 2010; Moll et al.
2010). The sedimentation assay in this study showed that FtsLs,, FtSLga, DivICs,
and DivICsg, site-directed mutants and a truncated DivICs, fragment (Figure 3.14
and Figure 3.15) bind to peptidoglycan, even though the binding affinity of DivICs,
is higher than that of FtsLs,. This has raised the question of whether DivICs, and
FtsLs, contain peptidoglycan-binding residues in their sequences (Figure 3.1 and
Figure 3.2). Many peptidoglycan hydrolases contain domains that bind to
peptidoglycan or its associated components and enhance their enzymatic activities.
These domains are referred to as cell wall-binding domains (CBDs) (Buist et al.,
2008; Moll et al., 2010). FtsN is an essential bitopic cell division protein, and its C-
terminal domain contains a CBD (Dai et al., 1996; Wissel and Weiss, 2004; Muller
et al., 2007). However, this domain is not required for cell division, even though
this binding occurs during division (Ursinus et al., 2004; Moll and Thanbichler,
2009). The presence of the CBDs in some of the cell division proteins is sufficient
for binding to the septum to localise these proteins to the septal ring during the cell
division process (Arends et al., 2010). Affinity binding assays have shown that the
CBDs in E. coli and C. crescentus FtsN bound to peptidoglycan (Ursinus et al.,
2004; Moll and Thanbichler, 2009). In addition, this technique has shown that
approximately 80% of recombinant (E. coli purified) His-tagged CBDs from DedD,
RIpA and DamX, was present in the pellet fraction bound to peptidoglycan (Arends
et al., 2010). A. hydrophila ExeA contains CBD in its periplasmic region (Li and
Howard, 2010). Sedimentation and other assays, including gel filtration, in vivo
cross-linking and native PAGE, have shown that A. hydrophila ExeA interacts with
peptidoglycan. Substitution mutations in any of the highly conserved residues in its
CBD reduce its binding affinity to peptidoglycan by two-fold in vitro (Li and
Howard, 2010) and in vivo (Howard et al., 2006), indicating the specificity of the
binding to the peptidoglycan backbone rather than other associated components and
suggesting involvement of these residues in the interaction (Howard et al, 2006; Li
and Howard, 2010). To some extent, similar observations were made for the

DivICs, site-directed mutants; DivICs,~°** and DivICs,"'%** exhibited reduced
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binding affinities to peptidoglycan (Figure 3.15) compared with the wild-type
DivICs, (Figure 3.14). This result highlights the importance of these residues.
Unfortunately, our attempts to solve the structure of DivICs, could not be
completed due to time limitations, but the determination of this structure would
permit a complete analysis of the protein structure. Furthermore, both DivICs, and
FtsLs, bound to S. aureus and B. subtilis PG with WTA, and these binding events
were unaffected by differences in the peptidoglycan composition of S. aureus and
B. subtilis. For instance, the stem peptide in S. aureus contains L-lysine, whereas in
B. subtilis, it contains meso-diaminopimelic acid. The cross-linking of S. aureus PG
differs from that of B. subtilis PG. In B. subtilis, the cross-link is formed by the
attachment of the D-alanine of one stem peptide to the meso-diaminopimelic acid of
another stem peptide, whereas in S. aureus, the cross-link is formed via an amino
acid bridge that contains five glycine residues. In addition, the degree of stem
peptide cross-linking in S. aureus is greater than that observed in B. subtilis.
Approximately 90% of stem peptides are cross-linked in S. aureus, whereas
approximately 63% are cross-linked in B. subtilis (Scheffers and Pinho, 2005).
Consequently, FtsLs, and S. aureus DivIB might bind more effectively to B. subtilis
PG compared to S. aureus PG, and this might be attributed to the reduced frequency
of cross-linked stem peptides in B. subtilis, which facilitates the access of the
protein to its binding site within the substrate. The ability of DivICs, to bind to PG
in the presence or absence of WTA reveals that this protein may interact with the
cell wall directly or via WTA. By contrast, FtsLs, binding to the cell wall is
enhanced due to the presence of WTA, suggesting that it has a much lower affinity
for PG than DivICs,. The zymography assays demonstrated that DivICs, produced
an obvious zone of clearing, while FtsLs, did not produce any zone of clearing on a
renaturing gel (Figure 3.7), consistent with a stronger cell wall binding affinity for
DivICg, than for FtsLs,.

However, DivICs, and FtsLs, exhibit reduced binding affinities to S. aureus
peptidoglycan (i.e., they require increased concentrations to achieve the same level
of binding) without WTA, even though the binding affinity of DivICs, is stronger
than that of FtsLs, indicating that the binding to peptidoglycan is direct, not
through indirectly associated components. The environmental pH of the gram-
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positive cell wall is likely acidic (Calamita et al. 2001). It has been reported that
Lactococcus lactis AcmD, which contains a CBD, binds to the cell wall at pH 4,
which is lower than the pl of the domain (Buist et al., 2008). DivICs, and FtsLs,
were observed to bind to peptidoglycan at pH 5, which is also lower than the pl
values of these proteins (Table 3.1), indicating that this binding is mainly due to a
non-covalent ionic interaction. The effect of MgCl, on binding of the recombinant
proteins to peptidoglycan was investigated as this has previously been shown to
effect B. subtilis CwlA binding to the cell wall (Foster, 1991). Bioinformatic
analysis using BLASTp showed that the S. aureus DivIC and FtsL amino acid
sequences share no similarities with any of the known peptidoglycan hydrolases,
peptidoglycan binding domains or proteins containing peptidoglycan binding
domains. A similar result was found in our lab for DivIB (Bottomley, 2011). This
shows the importance of the C-terminal domains of DivIC and FtsL as a novel

peptidoglycan binding motifs.

3.4 Future work

This study demonstrates that S. aureus DivIC and FtsL represent a new class of
peptidoglycan binding protein. Both S. aureus DivIC and FtsL and B. subtilis FtsL
were able to bind to peptidoglycan, suggesting that peptidoglycan binding is
conserved in these proteins. Due to time limitations, B. subtilis DivIC recombinant
protein could not be purified, and its physiological and biochemical function could
not be investigated. Nevertheless, it would be interesting to determine whether B.
subtilis DivIC is able to bind to native and non-native peptidoglycans. S. aureus
DivIC and FtsL and B. subtilis FtsL can all bind to non-native peptidoglycan,
indicating that they are likely to bind to conserved peptidoglycan components. The
site-directed mutants produced here showed reduced binding affinities to
peptidoglycan in sedimentation assays. However, the active site of S. aureus DivIC
mapped using site-directed mutants could be verified by solving the protein
structure. Different techniques could be used to identify what component(s) of the
peptidoglycan are recognised by the proteins. Further investigations using surface
plasmon resonance (SPR) could determine the affinity of DivIC and FtsL for

peptidoglycan substrate using a range of conditions.
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Chapter 4
Localisation of S. aureus DivIC and FtsL

4.1. Introduction

It has been proposed that all the essential cell division proteins localise to form the
divisome, responsible for constructing the septum (Ghigo et al., 1999). A number
of cell division proteins have been shown to localise at the midpoint of S. aureus
cells. For example, S. aureus FtsZ localisation was demonstrated through
immunofluorescence, GFP and cyan fluorescent protein (CFP) fusions, expressed
either from ectopic or native chromosomal positions (Liew et al., 2010; Jorge et al.,
2011; Veiga et al., 2011). S. aureus PBP2 was shown to localise at the septum by
immunofluorescence microscopy (Pinho and Errington, 2003), and this localisation
was confirmed using the GFP-PBP2 fusion protein (Pinho and Errington, 2005).
PBP1 localisation to the septum was also shown by immunofluorescence (Pereira et
al., 2007b; Pereira et al., 2009), and EzrA-CFP, EzrA-GFP and EzrA-mCherry
were localised to the division septa in S. aureus (Pereira et al., 2010; Veiga et al.,
2011; Steele et al., 2011).

DivIC/FtsB belongs to the septum formation initiation family of proteins (Pfam
04977) and is essential for cell division in B. subtilis and E. coli, as the depletion of
this protein causes failures in the septum formation at the division site, which
produces filamentation and cell lysis (Levin and Losick, 1994; Buddelmeijer et al.,
2002). The immunolocalisation of B. subtilis DivIC protein showed that DivIC is
localised between well-separated nucleoids (Katis et al., 1997). Subcellular
localisation analysis has shown that B. subtilis DivIC is a membrane-associated
protein, and this result was further verified using different approaches, including
immunolocalisation and protoplast treatment with proteinase K (Katis et al., 1997).
Fluorescence microscopy revealed that the N-terminal GFP fusion to FtsB in E. coli
is localised to the division site (Buddelmeijer et al., 2002). The localisation of E.
coli GFP-FtsB was not detected at the septum in ftsL™ and ftsQ filament cells;
however, the FtsB septal localisation was not affected in ftsl and ftsW filament
cells (Buddelmeijer et al., 2002). The Z-ring formation was not affected by the
absence of DivIC in temperature sensitive diviC mutants (Daniel et al., 1998; Levin

and Losick, 1996). In B. subtilis cells, immunofluorescence imaging showed that
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the ftsL null mutation prevented the localisation of DivIC, DivIB and PBP 2B but
did not affect the formation of the FtsZ-ring (Daniel et al., 1998). Western blot
analysis revealed that in B. subtilis ftsL ™ cells, DivIC quickly disappeared, while
DivIB remained in the cells, indicating that DivIC stability is associated with the
presence of FtsL in the cells; however, the stability of DivIC is not required for its
localisation (Daniel et al., 1998; Katis et al., 2000). The stability dependence on
FtsL has been associated with the interaction of these two proteins, as they both
contain leucine-zipper motifs that might be required for protein-protein interaction
(Daniel et al., 1998; Ghigo and Beckwith, 2000). In ftsZ ™ cells, B. subtilis DivIC is
present in the cell at native amounts; however, this protein does not localise to the
site of division, suggesting that the localisation of DivIC to the septum is dependent
on FtsZ (Daniel et al., 1998; Katis et al., 2000). The replacement of the cytoplasmic
and transmembrane domains of B. subtilis DivIC with E. coli ToIR cytoplasmic and
transmembrane domains did not affect the septal localisation of DivIC, albeit the
intensity of the localisation was 50% less than the wild-type localisation (Katis and
Wake, 1999). In addition, the level and subcellular localisation of B. subtilis DivIC
in the cell were not affected by the replacement of these domains (Katis and Wake,
1999). Immunofluorescence imaging has shown that B. subtilis DivIB requires B.
subtilis DivIC for its localisation at all temperatures, and this localisation is
dependent on the amount of DivIC at the division site (Katis et al., 2000). In
contrast, B. subtilis DivIC localisation at the septum requires B. subtilis DivIB only
at high temperature and this localisation is maintained through direct interaction
between the two proteins (Katis et al, 2000; Daniel et al., 2006). The B. subtilis
DivIC abundance in the cell was increased in the absence of B. subtilis DivIB,
suggesting that DivIB negatively induces the synthesis of DivIC (Katis et al.,
2000). In S. pneumoniae, immunofluorescence microscopy has shown that DivIC is
consistently observed at the cell midpoint, and DivIC remains at the division site
during nucleoid segregation and Z-ring formation (Noirclec-Savoye et al., 2005).

FtsL belongs to the cell division family of proteins (Pfam:04999), and this protein
is essential in E. coli and B. subtilis because mutant cells exhibit long-filament
phenotypes that lead to cell death (Guzman et al., 1992; Ueki et al., 1992; Daniel et
al., 1998). The GFP-FtsL fusion protein localised to the midpoint of B. subtilis cells

during the early stages of the cell division and remains at the division site during
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septum formations; however, FtsL disperses away from the new poles of the
daughter cells (Sievers and Errington, 2000b). Deconvolution microscopy showed
that B. subtilis GFP-FtsL forms ring-like constructs at the division site, analogous
to the cytoplasmic Z-ring (Sievers and Errington, 2000b). Immunofluorescence
microscopy showed that B. subtilis FtsL was co-localised at the division site with
FtsZ (Daniel and Errington, 2000). B. subtilis FtsL localisation to the division site is
dependent on other cell division proteins, such as FtsZ, DivIC, DivIB and PBP 2B
(Daniel and Errington, 2000). The localisation of E. coli FtsL in wild-type cells
using immunofluorescence microscopy revealed that FtsL forms a ring at the
division site in 50% of the cells; however, the cross-reactivity of other E. coli
proteins was observed through Western blot analysis using a-FtsL antibodies
(Ghigo et al., 1999). Furthermore, the functional fusion of GFP to the N-terminal
domain of FtsL showed that in 60-75% of cells, FtsL was localised at the mid-point,
forming a septal ring that resembles the Z-ring (Ghigo et al., 1999). Nevertheless,
20-40 copies of E. coli FtsL protein are present in cells, which is not abundant
enough to produce a continuous ring (Ghigo et al., 1999). gfp-ftsL was expressed in
several E. coli Ts mutant strains, including ftsZ, ftsA and ftsl. The localisation of
GFP-FtsL at the septum was detected in background of all Ts strains at permissive
temperatures, whereas at restrictive temperatures, localisation at the septum was
only observed in the ftsl Ts background. Accordingly, FtsL septal localisation is
dependent on the presence of FtsZ and FtsA but not Ftsl; however, the localisation
of FtsZ, FtsA and ZipA are not dependent on FtsL (Ghigo et al., 1999). In addition,
FtsL localisation in E. coli was also dependent on FtsQ, as localisation at the
septum was hindered in ftsQ cells (Ghigo et al., 1999). GFP-FtsL localisation to
the division site was not observed in FtsB-depleted filamentous E. coli cells. As
previously described, GFP-FtsB was not localised to the septum in FtsL-depleted
filamentous E. coli cells, suggesting that FtsB and FtsL localisation to the septum
occurs in a co-dependent manner (Buddelmeijer et al., 2002). In addition, the
localisation of FtsB and FtsL are dependent on the localisation of E. coli FtsQ, and
these three proteins form a complex in cells and subsequently migrate to the cell
mid-point (Buddelmeijer and Beckwith et al., 2004; Buddelmejier et al., 2002). The
transient immunolocalisation of FtsL in S. pneumoniae was observed at the division
site during Z-ring construction, and it was co-localised with DivIC. However it is

present at the cell hemisphere throughout the cell cycle (Noirclerc-Savoye et al.,
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2005). The localisation dependency of one protein on another and the instability of
one protein in the absence of another differs from one organism to another,
suggesting that divisome assembly and septation are differentialy regulated across
the bacteria (Katis et al., 2000).

4.1.1.Aims of this chapter
e Examine the subcellular localisation of S. aureus DivIC

e Examine the subcellular localisation of S. aureus FtsL

4.2. Results

4.2.1.Generation of anti-DivIC and anti-FtsL antibodies

Rabbit a-DivIC and o-FtsL polyclonal antibodies were raised against purified
recombinant DivICs, and FtsLs, (Section 2.13, Section 3.2.2) at BioServ (University
of Sheffield). The recombinant proteins used for immunisation were obtained
through the overexpression of His-tag proteins in E. coli (Section 3.2.2.3). The
overexpressed proteins were then purified using affinity chromatography (Section
3.2.2.4) and dialysis (Section 3.2.2.4).

The reactivity and specificity of a-DivIC and o-FtsL antibodies against the
recombinant proteins, DivICs, and FtsLs, respectively, were investigated. The
recombinant proteins DivICs, and FtsLs, and whole cell lysates of SH1000 spa::kan
were analysed by Western blotting (Section 2.11.4). The blots were probed with
polyclonal a-DivIC (Figure 4.1A) and a-FtsL (Figure 4.2A) using a range of serum
dilutions from 1:5,000 to 1:50,000. An intense band of reactivity with a-DivIC
antibodies was observed at ~ 14 kDa for recombinant DivICs,, which is slightly
higher than the expected size of 9.68 kDa (Figure 4.1A). A number of bands were
observed in the whole cell lysate of SH1000 spa::kan using polyclonal a-DivIC
antibodies, however a predominant ~ 15 kDa band, corresponding to the expected
size of the native S. aureus DivIC, was detected at all the dilutions, suggesting that
the polyclonal a-DivIC reacted with other S. aureus proteins (Figure 4.1A).
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Figure 4.1 Reactivity of polyclonal a-DivIC antibodies

A total of 2 pg of recombinant (1) DiviCs; and (2) S. aureus SH1000 spa::kan or
(3) of a membrane fraction of S. aureus SH1000 spa::kan were analysed 11%
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(w/v) SDS-PAGE and Western blotting, which was probed with various antibodies
(A-C). The blots were probed with (A) rabbit polyclonal a-DivIC antibodies at
1:5,000 to 1:50,000, (B) naive rabbit serum at 1:5,000 to 1:50,000, (C) affinity
purified E. coli lysate treated a-DivIC at 1:5,000 and 1:20,000.
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Figure 4.2 Reactivity of polyclonal a-FtsL antibodies
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A total of 2 pug of recombinant (1) FtsLs,and (2) S. aureus SH1000 spa::kan or (3)
of a membrane fraction of S. aureus SH1000 spa::kan were analysed 11% (w/v)
SDS-PAGE and Western blotting, which was probed with various antibodies (A-
C). The blots were probed with (A) rabbit polyclonal a-FtsL antibodies at 1:5,000
to 1:50,000, (B) naive rabbit serum at 1:5,000 to 1:50,000, and (C) affinity purified
E. coli lysate-treated a-FtsL at 1:5,000 and 1:20,000
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A band of reactivity with a-FtsL antibodies was observed at ~ 8 kDa for
recombinant FtsLs,, which is similar to the expected size of 8.45 kDa (Figure 4.2A).
A number of bands were observed in the whole cell lysate of SH1000 spa::kan
using a-FtsL, however a predominant band of ~ 8 kDa, which is slightly lower than
the expected molecular weight of S. aureus FtsL, was detected at all the dilutions
(Figure 4.2A). Similar blots were also probed with naive rabbit serum, and no
reactive proteins against the recombinant DivICs, (Figure 4.1B) or FtsLs, (Figure
4.2B) were observed. The reactivity of naive rabbit serum against S. aureus proteins
was observed with SH1000 spa::kan whole cell lysate (Figure 4.1B), suggesting the
cross-reactivity of the serum with S. aureus proteins however no bands of reactivity

were seen in (Figure 4.2B).

The multiple bands of reactivity, detected on the blots probed with the polyclonal a-
DivIC and a-FtsL antibodies, could reflect the presence of other antibodies in the
serum that react with non-specific proteins, resulting from the contamination of the
recombinant protein used for immunisation with other E. coli proteins.
Accordingly, the polyclonal a-DivIC and a-FtsL serums were affinity purified
against recombinant DivICs, and FtsLs,, respectively, at BioServ (University of
Sheffield) to reduce cross-reactivity with other S. aureus proteins. The affinity-
purified antibodies were also treated with E. coli lysate for four h at room
temperature to remove cross-reactive antibodies (Section 2.13.2.1) after diluting the
antibodies in blocking buffer (Section 2.4.8.3) to reduce the unspecific reactivity

with other E. coli proteins.

The analysis of recombinant DivICsg,, FtsLs, and a membrane fraction of SH1000
spa::kan by Western blotting was repeated using affinity-purified and E. coli lysate-
treated antibodies (Figure 4.1C and Figure 4.2C). A distinctive band of reactivity
was observed (the band size was smaller than 14.5 kDa), and no bands of reactivity
were observed with the membrane fraction of SH1000 spa::kan when the blot was
probed with a-DivIC at 1:20,000 however a band of reactivity was seen at ~ 15 kDa
when the blot was probed with a-DivIC at 1:5,000 (Figure 4.1C). When the
membrane fraction of SH1000 spa::kan blot was probed with a-FtsL affinity-

purified E. coli lysate-treated antibodies, no bands of reactivity were observed;
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however, a band was observed for recombinant FtsLs, when probed with a-FtsL
(Figure 4.2C).

4.2.2. Subcellular localisation of DivIC and FtsL
Different techniques were used to determine the subcellular localisation of DivIC
and FtsL in S. aureus.

4.2.2.1. Western blot analysis of subcellular fractions

The bioinformatics analysis of DivICs, (Figure 3.1) showed that this protein
contains a putative transmembrane domain at the N-terminus. The B. subtilis DivIC
protein contains a long stretch of hydrophobic residues, implying its association
with the cytoplasmic membrane (Levin and Losick, 1994). In addition, immunoblot
analysis of B. subtilis DivIC revealed it in the membrane fraction as expected;
however, a small amount of the protein was detected in the cell wall and a trace in
the cytoplasmic fraction (Katis et al., 1997). Consequently, DivICs, and FtsLs,

localisations were verified through the Western blot analysis of cellular fractions.

Protein A (SpA) was expected to cross-react non-specifically with antibodies, as
this protein has a strong binding affinity for the 1gG Fc region (Gomez et al., 2006).
Thus, cellular fractions of SH1000 spa::kan were prepared (Section 2.16), where
the spa gene was substituted with a kanamycin resistance cassette (Girbe Buist,
unpublished). Cell wall (CW), membrane (M) and cytoplasm (CY) fractions were
separated by 15% (w/v) SDS-PAGE for Western blotting (Section 2.11.4) and
Coomassie staining (Figure 4.3). The blot was probed with affinity-purified E. coli
lysate-treated rabbit polyclonal a-DivIC antibodies (Figure 4.3A). A strong band of
~15 kDa was only observed in the cell wall fraction; however, higher bands of ~ 50
kDa were also observed in all fractions, which is the expected molecular weight of
the Sbi protein. The Shi protein is similar to the SpA in its affinity to the 19G Fc
region (Zhang et al., 1998; Gomez et al., 2006; Smith et al., 2011) (Figure 4.3A).
Thus, the whole cell lysate of Newman strain, lacking SpA and Sbi proteins was
used, and the blot was probed with a-DivIC.
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4.3 Subcellular localisation of DiviC and FtsL in S. aureus

A. Cellular fractions of SH1000 spa::kan, corresponding to an equal amount of
cellular material, were separated by 11% (w/v) SDS-PAGE and subsequently
analysed by Western blotting with a-DivIC at 1:500. CW, cell wall; M, membrane;
Cyt, cytoplasm. The sizes of the molecular markers are shown.

B. S. aureus Newman spa— sbi— whole cell lysate (lane 1) were analysed by 11%
(w/v) SDS-PAGE and Western blotting. The blot was probed with affinity purified
E. coli lysate-treated a-DivIC at 1:5000.

C, D and E. Cellular fractions of SH1000 spa::kan, corresponding to an equal
amount of cellular material, were separated by 11% (w/v) SDS-PAGE and
subsequently analysed by Western blotting with (C) a-FtsL at 1:500, (D) a-glu at
1:500, and (D) a-FtsZ at 1:500. CW, cell wall; M, membrane; Cyt, cytoplasm. The
sizes of the molecular markers are shown.
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Similarly, one band of ~ 50 kDa was observed (Figure 4.3B), suggesting that this
band did not reflect nonspecific reactivity with the antibodies, but it might be due to
the presence of different forms of DivICs,. This observation was also obtained with
S. aureus DivIB (Bottomley, 2011) and S. pneumoniae DivIB (Noirclerc-Savoye et
al. 2005) proteins. The slow migration of S. pneumoniae DivIB in SDS-PAGE,
which exhibited a larger band size than expected, likely reflects the presence of
charged and polar residues in the C-terminal and the N-terminal domains
(Noirclerc-Savoye et al. 2005). Indeed, DivICs, N-terminal (residues 2-33) and C-
terminal (residues 57-130) domains contain polar and charged residues (Figure 3.1),
and thus this slow migration of DivICs, in the SDS-PAGE could also reflect the
presence of these residues in the protein. The presence of S. aureus DivIC in the
cell wall fraction strongly suggests that DivIC is a cell wall-anchored protein,
supporting a previous finding that DivIC is a peptidoglycan-binding protein
(Section 3.2.4.4). In B. subtilis, DivIC is a membrane-associated protein primarily
detected in membrane fractions, although a small amount of this protein has been
detected in the cell wall and cytoplasmic fractions (Katis et al., 1997). A similar
observation was obtained for DivIB, another cell division protein, which has
primarily been observed in the membrane fraction, with a small amount detected in
the cell wall fraction in B. subtilis (Harry and Wake, 1997) and S. aureus
(Bottomley, 2011).

When the blot was probed with affinity-purified E. coli lysate-treated rabbit
polyclonal a-FtsL antibodies, a band of ~ 15 kDa was observed in the cell wall
fraction and a high molecular mass band ~ 30 kDa was observed in the cytoplasmic
fraction (Figure 4.3C). The subcellular localisation of B. subtilis FtsL alkaline
phosphatase fusion protein (FtsL-AP) was observed only in the membrane fraction
(Guzman, et al., 1992). A similar fractionation study of B. subtilis DivIC showed a

high molecular mass band in the cytoplasmic fraction (Katis et al., 1997).

A control blot of SH1000 spa::kan cellular fractions was probed with different
rabbit polyclonal antibodies. a-Glucosaminidase (glu), a domain that is present in

the S. aureus Atl protein, was observed in the cell wall and membrane fractions
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(Figure 4.3D), whereas a-FtsZ was only detected in the cytoplasm as expected
(Figure 4.3E).

4.2.2.2. Localisation of S. aureus GFP-tagged proteins

The localisation of a specific protein within the cell gives an indication of its role.
Localisation can be achieved using GFP fusions as markers demonstrating the
localisation of proteins within prokaryotic and eukaryotic cells (Feilmeier et al.,
2000; Santini et al., 2001). A study in E. coli showed that GFP folds improperly
when exported to the extracellular space via the general secretory (Sec) pathway,
resulting in a reduction of the level of GFP, and hence the fluorescence signal was
not detected (Feilmeier et al., 2000). However, B. subtilis LytE-GFP protein was
shown to be functional and fluorescent when exported outside the cytoplasm via the
Sec pathway, as LytE-GFP complemented the IytE null mutation (Carballido-Lopez
et al., 2006). In contrast, GFP is properly folded using the twin arginine transport
(Tat) pathway when exported outside the cytoplasm (Santini et al., 2001; Thomas et
al., 2001). The localisation of E. coli AmiA-GFP and AmiC-GFP proteins has been
reported using the Tat pathway for exporting the GFP-fused protein to the
extracellular space (Bernhardt and de Boer, 2003).

4.2.2.2.1. Localisation of S. aureus DivIC-GFP+
An N-terminal GFP fusion to FtsB in E. coli was shown as an obvious line at the
cell midpoint indicating localisation to the division site (Buddelmeijer et al., 2002).

To examine the localisation of DivIC in S. aureus, Liya Marangattil (University of
Sheffield) constructed a C-terminal GFP fusion protein using the pMUTIN-GFP+
vector (Kaltwasser et al., 2002). The ribosome binding site (RBS) and the S. aureus
divlC coding sequence were cloned into the pMUTIN-GFP+ vector to construct an
in-frame fusion of divIC to gfp+. The resulting plasmid, pGL617, was transformed
into S. aureus RN4420 electrocompetent cells, and the integration of the plasmid
into the chromosome occurred via a single crossover event, resulting in a divIC-
gfp+ fusion under the control of the native diviC promoter and a native copy of

divliC under the control of Psy,c (Figure 4.4).
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Figure 4.4 Construction of a S. aureus divIiC-gfp+ strain

Schematic representation of pGL617 construction and the insertion of the plasmid
into S. aureus RN4220. Liya Marangattil (University of Sheffield) generated this
construct.
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The plasmid insertion was subsequently transferred into the SH1000 and SH1000
spa::kan backgrounds via phage transduction using ¢ 11 (Section 2.10.3.4). The
resulting strains, AFK1 (SH1000 divIiC-gfp+) and AFK2 (SH1000 spa::kan divIC-
gfp+) expressed S. aureus DivIC as a C-terminal GFP fusion. B. subtilis DivIC C-
terminus was shown to be extracellular (Levin and Losick, 1994; Katis et al., 1997).
Moreover, prediction indicates that S. aureus DivIC has a similar membrane

topology to the B. subtilis DivIC protein (Figure 3.1).

As previously described, a GFP fusion to a specific protein can cause improper
protein folding, incorrect targeting and the loss of protein activity. Consequently,
the functionality of the DivIC-GFP+ fusion was assessed before the localisation
analysis was performed. The gfp-fused gene was under the control of the native
promoter (Figure 4.4), and thus when IPTG is not present, the gfp-fused gene is the
only copy of the gene expressed. Thus, if the native copy of the gene is not
expressed, and the GFP fusion protein is not functional, then the cells would likely
exhibit a defect in growth. A basal expression level of the native gene from the spac
promoter (Pspac) IS likely observed even when the inducer (IPTG) is not present.
Thus full repression is achieved through the overexpression of Lacl from a multi-
copy plasmid. The pMJ8426 plasmid is an E. coli-S. aureus shuttle vector carrying
the E. coli lacl gene under the control of the Bacillus licheniformis penicillinase
promoter (Ppen), and the Lacl protein is constitutively expressed in S. aureus (Jana
et al., 2000). The pGL485 vector, is a chloramphenicol resistant derivative of
pMJ8426 (Cooper et al., 2009) (Figure 4.5), and was introduced into AFK1
(SH1000 divIC-gfp+; Pspac-diviC) and AFK2 (SH100spa::kan divIC-gfp+; Pspac-
diviC) via ¢ 11 transduction to create AFK5 (SH1000 divIC-gfp+ pGL485; Pgpac-
divIC) and AFK6 (SH1000 spa::kan diviC-gfp+ pGL485; Pspac-divIC), respectively.
The IPTG dependence of AFK5 (SH1000 diviC-gfp+ pGL485; Pgpac-divIC) was
tested. AFK5 (SH1000 divIC-gfp+ pGL485; Pspac-divIiC) was grown to exponential
phase (ODggo 0.5) in BHI containing 200 uM IPTG. The culture was centrifuged to
harvest the cells, and the IPTG was removed by washing the cells with fresh BHI.
The culture was diluted to 10°® and 50 pl was spread onto BHI agar plates in the

presence and absence of 1 mM IPTG.
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Figure 4.5 Map of pGL485, the lacl expression plasmid

pGL485 is a chloramphenicol-resistant plasmid and a derivative of pMJ8426,
which is an E. coli-S. aureus shuttle vector. pGL485 carries the E. coli lacl gene
under the control of a constitutive B. licheniformis penicillinase promoter (Ppcn).
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The plates were incubated for 24 h at 37°C. There was no difference in the colony
size between colonies grown in 1 mM IPTG and colonies grown without IPTG
(Figure 4.6). AFKS5 (SH1000 divIC-gfp+ pGL485; Pspac-diviC) growth was IPTG-
independent, suggesting that the diviC-gfp+ copy compensates for the lack of the

native diviC copy and functionally replaced this gene.

The subcellular localisation of S. aureus DivIC was visualised using fluorescence
microscopy of AFK1 (SH1000 divIC-gfp+; Pspac-divIiC), AFK2 (SH1000 spa::kan
diviC-gfp+; Pspac-diviC), AFK5 (SH1000 divIC-gfp+ pGL485; Pgpac-diviC) and
AFKG6 (SH1000 spa::kan diviC-gfp+ pGL485; Pgpac-divIC). The cells were grown
in BHI at 37°C overnight, re-cultured and incubated at 37°C to exponential phase
(ODeggo 0.5). The cells were then centrifuged, resuspended and washed in sdH,0O
prior to staining with either fluorescent vancomycin (Pinho and Errington, 2003) or
HADA, a fluorescent hydroxy coumarin derivative of D-alanine (Kuru et al., 2012)
that is used to label nascent peptidoglycan. The cells were then washed again in
sdH,0 and subsequently fixed in formaldehyde and glutaraldehyde solution. The
samples were examined using deconvolution microscopy. AFK1 (SH1000 divIC-
gfp+; Pspac-diviC) showed a surprising localisation pattern (Figure 4.7). DivIC-
Gfp+ was localised away from the division site, appearing mainly as patches around
the cell periphery. AFK5 (SH1000 divIC-gfp+ pGL485; Pspac-diviC) exhibited
slightly different localisation patterns. A summary of the observed localisation
patterns of AFKS5 (SH1000 divIC-gfp+ pGL485; Pspac-divIC) is shown in Figure 4.8
and Figure 4.9: two dots were observed in 21 % of the cells, whereas 32 % one dot
existed as central or peripheral. A line was also observed in 6% of the cells, both
dots and lines were observed in 17 % of the cells, and 18% of the cells showed
multiple dots (three or four dots). The difference in the patterns might reflect
specific localisation of DivIC during the cell cycle. Videos showing Z-stack images
obtained from these cells are provided in the enclosed CD. The band or the two dot
patterns might represent a circumferential DivIC ring at the site of division before

the septum has been formed.
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Figure 4.6 Functionality of the DiviIC-GFP+ fusion in S. aureus

Growth of AFK5 (divIC-GFP+; Pgpac-diviC pGL485) on BHI agar plates
containing 5 pg ml™ erythromycin, 25 pg ml™ lincomycin, 30 pg ml™
chloramphenicol and 0 or 1 mM IPTG.
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Figure 4.7 Localisation of DivIC-GFP+ fusion in S. aureus

Fluorescence and phase contrast images of AFK1 (divIC-GFP+; Pspac-divIC).
Peptidoglycan was stained with vancomycin (red; panels A.l and A.1l) or HADA
(blue; panels B.I and B.II). The DivIC-GFP+ signal is shown in green. Images
were acquired using an Olympus IX70 microscope and SoftWoRx 3.5.0 software
(Applied Precision). Enlarged images are shown in A.ll and B.Il. Scale bars are
indicated (5um; panels A.l and A.ll and B.I; 6 pum panel B.11).
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Figure 4.8 Localisation of DivIC-GFP+ fusion in S. aureus

Fluorescence and phase contrast images of AFKS (divIC-GFP+; Pgpac-divIiC
pGL485). Peptidoglycans were stained with vancomycin (red; panel A) or HADA
(blue; panel B). The DivIC-GFP+ signal is shown in green. Images were acquired
using an Olympus 1X70 microscope and SoftWoRx 3.5.0 software (Applied
Precision). Scale bars are indicated.
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Figure 4.9 Localisation patterns of DiviIC-GFP+ fusion in S. aureus

Schematic diagrams of the AFK5 (divIC-GFP+; Pgpac-diviC pGL485) localisation
patterns observed and the percentages counted for each pattern, along with their
corresponding representative fluorescent images. Peptidoglycan was stained with
HADA (blue). The DivIC-GFP+ signal is shown in green. Images were acquired
using an Olympus IX70 microscope and SoftWoRx 3.5.0 software (Applied
Precision). Scale bars are indicated.
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The localisation of DivIC at the division site might be transient, as the line or the
two dots observed were present at the middle of the cell before septum formation,
and once septum formation has been initiated, DivIC translocates away from the
middle of the cell and appears as patches around the cell wall (Figure 4.7, Figure
4.8 and Figure 4.9). Thus, the formation of a line and two dots at the middle of the
cell could indicate a role for DivIC in the early stages of cell division, recruiting
other cell division proteins to the division site to form the septum or prevent septum
formation from occurring in the wrong place. This finding is interesting because
DivIC is a S. aureus cell division protein that interacts with the cell division
machinery in S. aureus (Steele et al., 2011), and DivIC has been localised to the
division site in other bacteria, such as B. subtilis (Katis et al., 1997), S. pneumoniae
(Noirclerc-Savoye et al., 2005) and E. coli (Buddelmeijer et al., 2002). This result
suggests that DivIC might be transiently located at the division site. AFK2 (SH1000
spa::kan diviC-gfp+; Pspac-diviC) and AFK6 (SH1000 spa::kan diviC-gfp+
PGLA48S5; Pspac-divliC) showed localisation patterns similar to AFK1 (SH1000 divIC-
gfp+; Pspac-diviC) and AFK5 (SH1000 divIC-gfp+ pGL485; Pgpac-divIC) (data not

shown).

Western blot analysis was performed using whole cell lysates (Section 2.11.7) of
SH1000 spa::kan, AFK2 (SH1000 spa::kan diviC-gfp+; Pspac-diviC) and AFK6
(SH1000 spa::kan divIC-gfp+ pGLA485; Pspac-divIC) strains grown in BHI media in
the presence and absence of IPTG to exponential phase (ODggo 0.5). A total of 10 pl
of a known protein concentration was mixed with 5 ul of SDS loading buffer,
boiled for 10 min and centrifuged for 3 min at room temperature at 13,000 rpm. The
samples were analysed on 15% (w/v) SDS-PAGE, and the Western blot membranes
were probed with affinity-purified a-DivIC and a-Gfp antibodies (Figure 4.10). A
band of approximately 15 kDa was detected in the SH1000 spa::kan lysate probed
with a-DivIC, assumed to be the native DivIC (Figure 4.10A).

In addition, when AFK2 (SH1000 spa::kan divIC-gfp+; Pspac-divIC) lysate was
probed with a-DivIC and o-GFP antibodies, bands of 42 kDa were observed in all
samples with and without IPTG (Figure 4.10A), representing the DivIC-GFP+

fusion protein.
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Figure 4.10 Western blot analysis of a DiviIC-GFP+ fusion in S. aureus

A. Whole cell lysates of SH1000 spa::kan (1) or AFK2 (SH1000 spa::kan divIC-
gfp+; Pspac-divIC) grown either in the presence of 1 mM IPTG (2) or in the
absence of IPTG (3) were separated by 11 % (w/v) SDS-PAGE and then analysed
by Western blotting with rabbit polyclonal a-DivIC at 1:5,000 dilution or with
rabbit polyclonal o-GFP at 1:10,000 dilution. Molecular marker sizes are
indicated in kDa.

B. Whole cell lysates of SH1000 spa::kan (1) or AFK6 (SH1000 spa::kan divIC-
gfp+ pGL485; Pgpac-diviC) grown in the presence of 1 mM IPTG (2) or in the
absence of IPTG (3) were separated by 11 % (w/v) SDS-PAGE and then analysed
by Western blotting with rabbit polyclonal a-DivIC at 1:5,000 dilution or with
rabbit polyclonal o-GFP at 1:10,000 dilution. Molecular marker sizes are
indicated in kDa.
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However, a band of ~ 20 kDa was detected in the AFK2 (SH1000 spa::kan divIC-
gfp+; Pspac-divIC) lysate in the presence of IPTG probed with a-GFP antibodies,
likely representing the degradation of the DivIC-GFP+ fusion protein. When AFK6
(SH1000 spa::kan divIC-gfp+ pGLA485; Pspac-divIC) lysate was probed with o-
DivIC and a-GFP antibodies, bands of ~ 50 kDa were observed in all the samples
probed with a-DivIC antibodies and only detected in WT and AFK6 plus 1mM
IPTG samples probed with a-GFP antibodies (Figure 4.10B). Other bands of ~ 40
kDa were observed in all the samples probed with a-DivIC and a-GFP antibodies
(Figure 4.10B). Bands of ~ 33 kDa were observed in AK6 samples induced with
IPTG when probed with a-DivIC antibodies and in AK6 with and without IPTG
when probed with a-GFP antibodies. A band of ~ 20 kDa was only observed in the
AFK6 sample induced with IPTG when probed with a-GFP antibodies. A band of ~
18 kDa was observed in all the samples probed with a-DivIC antibodies and a ~ 15
kDa bands was observed in the WT and AFK6 samples induced with IPTG when
probed with o-DivIC antibodies, likely representing the native copy of DivIC
(Figure 4.10B).

Additional investigations must be conducted to determine the expression of DivIC-
GFP+ in the presence and in the absence of IPTG and to verify that the localisation
patterns observed for DivIC-GFP+ were not caused by the degradation of GFP-

tagged protein.

4.2.2.2.2. Localisation of S. aureus FtsL-GFP

A functional N-terminal GFP fusion to FtsL was localised to the middle of
vegetative B. subtilis cells as a ring-like structure and remained at this site
throughout division, while in sporulating cells, FtsL was localised at the
asymmetric septum (Sievers and Errington, 2000b). N-terminal GFP fusion to E.
coli FtsL revealed that this protein also forms a ring-like structure at the division
septa (Ghigo et al., 1999).

The gfp-ftsL fusion gene, under the control of the xylose-inducible promoter (Pyy)
in B. subtilis, was shown to be functional, as it complemented the mutation in ftsL~

cells in the presence of the inducer and the cells divided normally (Sievers and
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Errington, 2000b). In B. subtilis, the following localisation patterns were observed
for GFP-FtsL at the division site: 20% of GFP-FtsL existed as a central dot, 29% of
GFP-FtsL was observed as two peripheral dots and 27% of GFP-FtsL was observed
as a band across the cell width (Sievers and Errington, 2000b).

To examine the localisation of FtsL in S. aureus, a C-terminal GFP fusion protein
was constructed (Liya Marangattil; University of Sheffield) using the pMUTIN-
GFP+ vector (Kaltwasser et al., 2002). The RBS and S. aureus ftsL coding
sequence were cloned into the pMUTIN-GFP+ vector to construct an in-frame
fusion of ftsL to gfp+. The resulting plasmid, pGL618, was transformed into S.
aureus RN4420 electrocompetent cells, and the plasmid was integrated into the
chromosome via a single crossover event, resulting in a ftsL-gfp+ fusion under the
control of the native ftsL promoter and a native copy of ftsL under the control of
Pspac (Figure 4.11). The plasmid insertion was subsequently transferred into the

SH1000 and SH1000 spa::kan backgrounds via phage transduction using ¢ 11.

The fluorescent signal of FtsL-GFP+ was not intense (data not shown). This
observation could potentially reflect either low FtsL-GFP expression, as a higher
induction level is likely required to visualise the fluorescent protein was unstable,
or the protein was incorrectly folded when exported from the cytoplasm. Due to
time limitations, the further investigation of FtsL localisation using the GFP fusion

protein was not performed.

4.2.3. DivIC and FtsL overexpression in S. aureus

4.2.3.1. pLOW system

pLOW is a low copy number vector that facilitates the overexpression of genes
under the control of Pgpsc in S. aureus (Liew et al., 2010). pLOW has a multiple
cloning site downstream of Pspc, Which facilitates the insertion of the gene of
interest, and the antibiotic markers, blaM and ermC, for selection in E. coli and S.
aureus, respectively. pLOW also contains the constitutively expressed lacl gene
under the control of Ppcn, encoding the Lac repressor protein, which facilitates the
regulation of encoded protein production in an IPTG-dependent manner (Liew et
al., 2010).
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Figure 4.11 Construction of a S. aureus ftsL-gfp+ strain

Schematic representation of pGL618 construction and the insertion of the plasmid
into S. aureus RN4220. Liya Marangattil (University of Sheffield) generated this
construct.
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pLOW was used to produce the titratable and controllable expression of S. aureus

genes, such as ftsZ and nusA (Liew et al., 2010).

4.2.3.2.Construction of overexpression plasmids

The pLOW plasmid was used to examine the effects of diviC and ftsL
overexpression in S. aureus cells. The dissociation of the gene from its native
promoter while retaining the RBS, which was not encoded within the pLOW
vector, was necessary. AK11 and AK13 (Table 2.7) were designed as forward

primers to amplify the 5 regions of divIC and ftsL, respectively.

AK11 was annealed to the region containing the RBS located upstream of divIC
(Figure 4.12A), while AK13 was annealed within the area encompassing the RBS
but overlapping the 3’end of mraW (Figure 4.13A). AK12 and AK14 were designed
as reverse primers that annealed slightly downstream of divIC and ftsL, respectively
(Figure 4.12A and Figure 4.13A).

The putative RBS and full length divIC and ftsL genes were amplified from SH1000
genomic DNA using the forward primers AK11 and AK13 and the reverse primers
AK12 and AK14 (Table 2.7), and these reactions produced the expected 420 bp
diviC and 430 bp ftsL fragments. The purified products were digested with BamHI
and EcoRI and ligated into pLOW, previously digested with the same enzymes
(Figure 4.12A and Figure 4.13A). The ligation products were transformed into E.
coli TOP10 electrocompetent cells and selected on LB plates containing ampicillin
(100 pg ml™). Positive clones were confirmed through PCR analysis and restriction
digests with BamHI and EcoRlI, and the expected bands were visualised on a 1%
(w/v) agarose gel (Figure 4.12B and Figure 4.13B). The positive clones were
further verified through DNA sequencing (University of Sheffield). The sequences

did not contain any substitutions or mutations.

The resulting plasmids, pAFK4 (pLOW Pgpac-divIiC) and pAFKS (pLOW Pgpac-
ftsL), were then transformed into S. aureus RN4220 electrocompetent cells. The
cells were selected on BHI erythromycin (5 ug ml™) and lincomycin (25 ug ml™)

plates.
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Figure 4.12 Construction of pAFK4 (pLOW-S. aureus divIC) plasmid

A. A schematic representation of pAFK4 (pLOW-S. aureus diviC) plasmid
construction in E. coli. The primers and restriction enzymes that were used are
indicated (not to scale).

B. pAFK4 was digested with BamHI and EcoRI and subsequently analysed
through electrophoresis on a 1% (w/v) TAE agarose gel. A 7,442 bp product,
corresponding to the linearised pLOW plasmid, and a 420 bp product,
corresponding to the divIC insert (indicated by a black arrow) were obtained.
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Figure 4.13 Construction of pAFKS5 (pLOW-S. aureus ftsL) plasmid

A. A schematic representation of pAFK5 (pLOW-S. aureus ftsL) plasmid
construction in E. coli. The primers and restriction enzymes that were used are
indicated (not to scale).

B. pAFK5 was digested with BamHI and EcoRIl and analysed through
electrophoresis on a 1% (w/v) TAE agarose gel. a 7,442 bp product, corresponding
to the linearised pLOW plasmid, and a 430 bp product, corresponding to the ftsL
insert (indicated by a black arrow) were obtained.
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The presence of the plasmid was further examined through PCR analysis using
primers AK17 and AK18 (Table 2.7) and analysed on a 1% (w/v) agarose gel (data

not shown).

Strains AFK9 (RN4200 pAFK4) and AFK10 (RN4220 pAFK5) were lysed with
¢11, and plasmids transferred into SH1000 and SH1000 spa::kan cells through
transduction. The cells in the SH1000 background were selected on BHI
erythromycin (5 pg ml™) and lincomycin (25 ug ml™) plates, while the cells in the
SH1000 spa::kan background were selected on BHI erythromycin (5 pg ml™*) and
kanamycin (50 ug mi™) plates.

The resulting strains AFK3 (SH1000 pAFK4), AFK4 (SH1000 spa::kan pAFK4),
AFK11 (SH1000 pAFKS5) and AFK12 (SH1000 spa::kan pAFK5) were verified for
the presence of the plasmids through PCR analysis using primers AK17 and AK18

(Table 2.7) and analysed on a 1% (w/v) agarose gel (data not shown).

4.2.3.3. Induction of protein expression

To verify the level of DivIC and FtsL expressed from pLOW, a-DivIC and a-FtsL
antibodies were used for Western blot analysis (Section 2.11.4). SH1000 spa::kan,
AFK4 (SH1000 spa::kan pAFK4) and AFK12 (SH1000 spa::kan pAFKS5) were
grown to exponential phase and whole cell lysates (Section 2.11.7) were analysed
through 15% (w/v) SDS-PAGE, transferred to PVDF membranes and subsequently
blotted with polyclonal a-DivIC and a-FtsL antibodies.

Bands of ~ 60 and ~ 40 kDa were observed in all the samples probed with a-DivIC
antibodies (Figure 4.14A). Faint bands of 15 kDa were detected in all samples,
corresponding to the native DivIC (Figure 4.14A). There was hardly any difference
between DivIC levels in the presence and the absence of 1 mM IPTG (Figure
4.14A), potentially reflecting the concentration of the repressor, Lacl, as too low to
effectively suppress Pspac (Liew et al., 2010). Two bands lower and higher than 65
kDa were observed in all the samples probed with a-FtsL antibodies (Figure
4.14B). A faint band of ~ 15 kDa was observed in all samples, likely corresponding
to the native FtsL protein (Figure 4.14B).
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Figure 4.14 Western blot analysis of AFK4 (SH1000 spa::kan pAFK4) and
AFK12 (SH1000 spa::kan pAFKD5)

A.Whole cell lysates of SH1000 spa::kan (WT) and AFK4 (SH1000 spa::kan
pAFK4) were grown in the presence (+) and absence () of 1 mM IPTG and
analysed by 15% (w/v) SDS-PAGE. The proteins were transferred to a PVDF
membrane and probed with rabbit polyclonal a-DivIC antibodies at 1:10,000. The
expected size of the full length DivIC is 15 kDa.

B. Whole cell lysates of SH1000 spa::kan (WT) and AFK12 (SH1000 spa::kan
pAFKS5) were grown in the presence (+) and absence (—) of 1 mM IPTG and
analysed by 15% (w/v) SDS-PAGE. The proteins were transferred to a PVDF
membrane and probed with rabbit polyclonal a-FtsL antibodies at 1:10,000. The
expected size of the full length FtsL is 15 kDa.
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There was no difference between the FtsL levels in the presence and the absence of
1 mM IPTG (Figure 4.14B), potentially reflecting the concentration of the

repressor, Lacl, as too low to effectively suppress Pspac (Liew et al., 2010).

Introducing the multipcopy lacl plasmid, pGL485, (Figure 4.5) into pLOW
generated titratable and IPTG-dependent gene expression from Pgpa (Liew et al.,
2010). Accordingly, to obtain the tight regulation of diviC and ftsL expression,
pGL485 was introduced into AFK4 (SH1000 spa::kan pAFK4) and AFK12
(SH1000 spa::kan pAFKS5). However, due to time limitations this regulation could

not be achieved.

4.2.3.4.Phenotypic effect of DivIiC and FtsL overexpression in S. aureus

To examine the effect of DiviC and FtsL overexpression on S. aureus cell
morphology, the cells were visualised using optical microscopy. The cell shape and
size was examined in the presence and absence of 1 mM IPTG. AFK3 (SH1000
pAFK4) (Figure 4.15A), AFK4 (SH1000 spa::kan pAFK4) (data not shown),
AFK11 (SH1000 pAFK5) (Figure 4.15B) and AFK12 (SH1000 spa::kan pAFK5)
(data not shown), were grown overnight in 5 ml of BHI broth containing
erythromycin (5 pug ml™?) and/or kanamycin (50 pug ml™?) and incubated at 37°C at
250 rpm. The overnight cultures were used to inoculate 5 ml of BHI to an ODgq Of
0.01 in the presence and absence of 1 mM IPTG and incubated at 37°C to the
exponential phase (ODgyo 0.5). The cells were centrifuged, resuspended and
washed in sdH,O and subsequently fixed in formaldehyde and glutaraldehyde
solution. The samples were examined using deconvolution microscopy. There was
no difference in cell size or shape between the samples treated either with or
without 1 mM IPTG. Thus, IPTG treatment most likely did not cause many gene
expression changes (Figure 4.15). However, as previously mentioned, this effect
could reflect the concentration of the repressor, Lacl, as too low to effectively
suppress Pspac and the requirement of the pGL485 plasmid for the tight regulation of
gene expression (Liew et al., 2010). Due to time limitations, further investigation
could not be achieved.
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Figure 4.15 Phenotypic effect of DiviC and FtsL overexpression in S. aureus

Phase contrast images of (A) AFK3 (SH1000 pAFK4) and (B) AFK11 (SH1000
pAFKS5). Cells were grown in the presence or absence of 1 mM IPTG. Images
were acquired using an Olympus IX70 microscope and SoftWoRx 3.5.0 software
(Applied Precision). Scale bars are indicated.
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4.2.4. Immunolocalisation of S. aureus DivIC and FtsL

4.2.4.1. Immunolocalisation of S. aureus DivIC

In B. subtilis, immunofluorescence microscopy showed that 67% of the DivIC
protein was localised at the septum between the newly formed daughter cells, while
33% of the protein was localised at the midpoint of non-dividing cells (Katis et al.,
1997). The immunolocalisation in S. pneumoniae showed that DivIC was
consistently localised to the division site during the cell cycle (Noirclerc-Savoye et

al., 2005). Therefore, the immunolocalisation of DivIC in S. aureus was performed.

Immunolocalisation was performed in accordance with the methods of Pinho and
Errington (2003) (Section 2.17.3) in a strain lacking protein A, as this protein was

expected to cross-react with the antibodies.

The secondary antibody used was AlexaFluor594-conjugated o-rabbit 1gG
(Invitrogen) at a 1:1,000 dilution, to facilitate co-localisation with GFP-tagged
proteins when necessary. A range of a- DivIC antibody concentrations (1:100 to
1:2000) was tested. The cells were incubated with lysostaphin at range of
concentrations from 0 to 30 ng ml™. A similar DivIC localisation pattern was
observed with immunolocalisation (Figure 4.16) as observed for AFK1 (SH1000
diviC-gfp+; Pspac-diviC) (Figure 4.7) and AFK6 (SH1000 divIC-gfp+ pGL485;
Pspac-divIC) (Figure 4.8), confirming the localisation of the DivIC-GFP fusion
protein. A negative control without primary antibodies was performed, and no
fluorescent cells were detected (data not shown).

4.2.4.2. Immunolocalisation of S. aureus FtsL

Immunofluorescence microscopy showed that E. coli FtsL formed a ring-like
structure at the division site. The cross-reactivity of the a-FtsL antibody, observed
by Western blotting, did not exclude the fact that the antibodies reacted with other
E. coli proteins; however, the localisation of FtsL in wild-type cells was
demonstrated through the localisation of the GFP-fusion proteins (Ghigo et al.,
1999).
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Figure 4.16 Immunolocalisation of DivIC in S. aureus

A. Fluorescence and phase contrast images of AFK4 (SH1000 spa::kan pAFK4)
probed with a- DivIC at 1:400 and detected with the AlexaFluor594-
conjugated a-rabbit 1gG (Invitrogen). Images were acquired using Olympus
IX70 microscope and SoftWoRx 3.5.0 software (Applied Precision). Scale bars
are indicated.

B. Schematic diagrams of the AFK4 (SH1000 spa::kan pAFK4) localisation
patterns observed, percentage of patterns counted and their corresponding
representative fluorescent images. Images were acquired using an Olympus
IX70 microscope and SoftWoRx 3.5.0 software (Applied Precision). Scale bars
are indicated.
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The HA epitope tag was fused to the C-terminus of B. subtilis FtsL, and
immunolocalisation was performed using monoclonal anti-HA antibodies. B.
subtilis FtsL-HA was localised at the division site with FtsZ (Daniel and Errington,
2000). The immunolocalisation of S. pneumoniae FtsL showed that FtsL persists at
the cell hemisphere; however, this protein migrates to the division site and briefly
remains during FtsZ-ring formation, subsequently migrating back to its original

location at the cell hemisphere.

The immunolocalisation was performed according to the methods of Pinho and
Errington (2003; Section 2.717.3) in a strain lacking protein A, as this protein was
expected to cross-react with the antibodies. The secondary antibody was
AlexaFluor594-conjugated a-rabbit 1gG (Invitrogen) used at a 1:1,000 dilution,
facilitating co-localisation with GFP-tagged proteins when necessary. A range of a-
FtsL antibody concentrations (1:100 to 1:2,000) was tested. The cells were incubated
with lysostaphin at a range of concentrations from 0 to 30 ng ml™. The localisation
of FtsL (Figure 4.17) was observed as patches around the cell wall; however, only
11% of the FtsL was observed as a band between two dividing cells. A negative
control without primary antibodies was performed, and no fluorescent cells were

detected (data not shown).
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Figure 4.17 Immunolocalisation of FtsL in S. aureus

A. Fluorescence and phase contrast images of AFK12 (SH1000 spa::kan
pAFKS5) probed with a- FtsL at 1:400 and detected with the AlexaFluor594-
conjugated a-rabbit 1gG (Invitrogen). Images were acquired using Olympus IX70
microscope and SoftWoRx 3.5.0 software (Applied Precision). Scale bars are
indicated.

B. Schematic diagrams of the AFK12 (SH1000 spa::kan pAFK5) localisation
patterns that were observed, percentages of patterns counted and their
corresponding representative fluorescent images. Images were acquired using an
Olympus 1X70 microscope and SoftWoRx 3.5.0 software (Applied Precision).
Scale bars are indicated.
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4.3. Discussion

4.3.1. Localisation of DivIC in S. aureus

In B. subtilis, DivIC was observed as a membrane-associated protein, with lesser
amounts in the cell wall and cytoplasm (Katis et al., 1997). The results of the
present study showed that S. aureus DivIC is associated with the cell wall of S.
aureus (Figure 4.3). The localisation of the S. aureus division protein, DivIC, was
unexpected, as most of DivIC was present at the cell periphery, and only 6% of
DivIC was localised at the midpoint before the septum is formed, suggesting the
presence of DivIC at an early stage of cell division. The localisation of any protein
to the division site suggests its involvement in cell division. However, previous
studies of localisation in other bacteria have shown that not all cell division proteins
are localised at the septum. For example, N-terminal GFP fusion to E. coli MinD
showed that MinD localises to the cell poles (Raskin and de Boer, 1999a). In B.
subtilis, Noc—YFP and DivIVA also localise to the cell periphery (Wu et al. 20009,
Edwards and Errington, 1997). Moreover, immunolocalisation showed that S.
pneumoniae DivIB and FtsL were localised at the division site only after the Z-ring
formation; these protein are otherwise localised at the cell hemisphere throughout
the cell cycle (Noirclerc-Savoye et al., 2005). The co-localisation of S. pneumoniae
DivIB and FtsL with FtsZ and DivIC at the division site was also observed during
septation (Noirclerc-Savoye et al., 2005).

It has been reported that DivIC localised to the division sites in B. subtilis, E. coli
and S. pneumoniae (Katis et al., 1997; Buddelmeijer et al., 2002; Noirclec-Savoye
et al., 2005). A previous fluorescence microscopy study of S. aureus, labelled with
fluorescent vancomycin has shown cell wall synthesis exclusively at the cell
midpoint (Pinho and Errington, 2003).

In the present study, the co-localisation of DivIC with peptidoglycan synthesis
using fluorescent vancomycin and HADA (Figure 4.8 and Figure 4.9) showed that
DivIC is present at the midpoint of the cell when no peptidoglycan synthesis was

present.
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This result suggests two potential mechanisms of DivIC localisation in S. aureus
cells: DivIC localises to the midpoint of the cell during the early stages of division,
indicating where the cell should form the new septum and recruit other cell division
proteins to the new division site, followed by migration to the cell periphery once
septum formation is initiated. DivIC could also prevent the incorrect placement of

the septum or mark previous division sites.

In S. pneumoniae, DivIC is consistently localised at the midpoint of the cell,
appearing as a distinctive band throughout the cell cycle; however, as soon as FtsZ
translocates to the new division site, DivIC appears as a dot in the middle of the
cell. Subsequently, DivIC re-joins FtsZ at the new division sites of the daughter
cells. The localisation of DivIC in S. pneumoniae is similar to the cell division
proteins involved in septal peptidoglycan synthesis, such as PBPs and FtsW
(Noirclerc-Savoye et al., 2005; Morlot et al., 2004; Morlot et al., 2003).

Immunofluorescence microscopy showed that B. subtilis DivIC exists in several
localisation patterns. For example, 48% of DivIC existed as two dots in opposition,
while 26% were observed as a line across the cell width, 16% appeared as a dot in
the centre of the cell and only 8% of DivIC was localised as single dot on the side
of the cell (Katis et al., 1997). The existence of DivIC in B. subtilis as two dots or a
line in dividing cells, suggests early stage localisation during the cell cycle, whereas
the centre dot in divided cells represents late stage DivIC localisation during the
cell cycle (Katis et al., 1997). The results of previous studies have suggested that
the localisation of B. subtilis DivIC is associated with a specific stage of cell cycle,
such as before, during and after cell division (Katis et al., 1997). B. subtilis DivIC
localisation is similar to B. subtilis DivIB localisation, as both are present at the
septum; however, 52% of DivIC existed as two dots at the septum, while only 17%
of DivIB existed as two dots at the septum (Katis et al., 1997, Harry and Wake,
1997). The assumption is that B. subtilis DivIC migrates to the division site prior to
the initiation of division and persists at the division site for longer time periods in
dividing cell (Katis et al., 1997). The localisation of DivIC to the division site
during early stage cell division reveals the involvement of this protein in distinct

processes (Katis et al., 1997).
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Previously (Chapter 3; Section 3.2.4.4), DivIC was shown to bind to peptidoglycan,
and this protein thus potentially contains a peptidoglycan-binding domain. This
domain might bind to new cell wall material or mark previous division planes. This
domain might also be involved in recognising a specific peptidoglycan architecture
(Turner et al., 2010) and recruiting other cell division proteins through the multiple
interactions at the new division site. The involvement of DivIC in setting the

division site is discussed later in (Chapter 6).

4.3.2. Localisation of FtsL in S. aureus

FtsL is reportedly localised at the midcell throughout the cell cycle in rod-shaped E.
coli and B. subtilis (Sievers and Errington, 2000b; Ghigo et al., 1999). This finding
is interesting, as in cocci-shaped S. pneumoniae and S. aureus, the localisation of
FtsL was observed at the cell periphery (Noirclerc-Savoye et al. 2005; this study).
S. pneumoniae FtsL shows a localisation pattern similar to that of DivIB, which is
present at the cell hemisphere throughout the cell cycle and only present at the
division site when the Z-ring is completely formed and when FtsZ migrates to the
equators of daughter cells. Subsequently, both FtsL and DivIB migrate back to the
old hemispheres rather than joining FtsZ and DivIC at the future division site
(Noirclerc-Savoye et al., 2005). The B. subtilis FtsL localisation pattern at the
division site was shown either as a band, two dots or single dots. The dots and
bands of FtsL present at midcell were also co-localised with FtsZ at the division site
(Daniel and Errington, 2000).

4.4. Future work

Further investigation of the functionality of the DivIC-GFP fusion protein should be
performed in a temperature-sensitive mutant of S. aureus diviC (Section 5.2.2).
Time-lapse microscopy in live cells would be useful technique to investigate the
localisation of DivIC during S. aureus cell division. As previously described, DivIC
binds to peptidoglycan in the presence and absence of WTA, suggesting the
involvement of this protein in cell wall recognition or synthesis during division.
The identification of the S. aureus DivIC binding domain will facilitate the

characterisation of the role of this binding in the localisation of DivIC, particularly
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when using truncated forms of the protein binding domain to study its effect on
protein localisation. In addition, using truncated forms of the DivIC protein in the
peptidoglycan-binding domain will provide information concerning the role of
DivIC in cell division and recognition of peptidoglycan architecture. The effect of
the WTA on DivIC and FtsL localisation should also be investigated, as DivIC and
FtsL interact with WTA synthetic machinery (Kent, 2013); hence, DivIC-GFP+ or
FtsL-GFP+ should be expressed in a tagO™ S. aureus background. Moreover, the
effect of DivIC and FtsL localisation when other cell division proteins are depleted
should be investigated. Certainly without DivIiC and FtsL mutants it is difficult to

determine the roles of these proteins in S. aureus cell division.
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Chapter 5
Analysis of the roles of DivIC and FtsL

5.1 Introduction

The bacterial two-hybrid system has revealed multiple interactions between S.
aureus cell division proteins, including DivIC and FtsL (Figure 1.4A), suggesting
that these interactions are involved in stabilising the cell division machinery and the
formation of the septum (Steele et al., 2011). Homologues of many cell division
proteins have been determined to be crucial for the cell division process in many

organisms (Vicente et al., 2006; Zapun et al., 2008).

TMDH has been used to identify a number of S. aureus genes that are putatively
associated with cell division. This technique identifies transposons within the
genome, and genes that lack transposon insertions are then verified by different
approaches and confirmed to be essential genes (Chaudhuri et al., 2009). Several
newly identified, essential S. aureus genes, including diviC and ftsL, are also
essential in B. subtilis (Chaudhuri et al., 2009) (Table 1.1); however, the functions
of many cell division proteins remain unclear, with the exception of penicillin-
binding proteins (Sauvage et al., 2008). In B. subtilis, a temperature-sensitive null
diviC mutant has shown that septum formation in sporulating and vegetative cells is
impaired at the non-permissive temperature, and cells exhibit a long filamentous
phenotype with no septa. This suggests the necessity of DivIC for cell division and,
hence, survival (Levin and Losick, 1994; Mendelson and Cole, 1972). A
conditional mutation in B. subtilis ftsL has shown that cells were lytic, as the
division process ceased at an early stage due to the absence of the septum;
therefore, the cells appeared as long filaments. These results indicate the
essentiality of B. subtilis ftsL for division initiation (Daniel et al., 1998; Daniel et
al., 1996; Sievers and Errington, 2000a; Daniel and Errington, 2000). In addition,
the lack of B. subtilis ftsL and divIC hinders the activation of sigma factors that are
involved in B. subtilis sporulation (Daniel et al., 1998; Levin and Losick, 1994). In
B. subtilis, mutagenesis of DivIC was performed by replacing the cytoplasmic and
membrane-spanning domains of DiviC with TolR, an E. coli bitopic
transmembrane protein, which demonstrated that the replaced domains are not

essential for bacterial cell division, while replacement of the DivIC cytoplasmic
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domain with the DivIB cytoplasmic domain resulted in mutant cells that were
inefficient at growth at high temperatures (Katis and Wake, 1999).
Complementation of an ftsL null mutation in B. subtilis with heterologous genes
from Bacillus circulans, Bacillus badius and B. licheniformis rendered those cells
capable of both dividing at high temperatures and sporulating in the absence of
native gene expression. However, the S. aureus FtsL protein was not
complementary in B. subtilis (Sievers and Errington, 2000a). Overexpression of
ftsL in B. subtilis restored the cessation of cell growth in diviB null mutant cells,
which indicated that FtsL can compensate for the loss of DivIB in the cell (Daniel
and Errington, 2000). Conditional mutations in ftsB (diviC) in E. coli and V.
cholerae resulted in a cell division blockage, filamentous growth and lysis of the
cells, which suggests the essentiality of these genes in cell division in both
organisms (Taschner et al., 1987, Buddelmeijer et al., 2002). An ftsB mutant of E.
coli exhibits an atypical nucleoid segregation structure at non-permissive
temperatures, as observed by fluorescence microscopy (Taschner et al., 1987). A
temperature-sensitive null mutation in E. coli ftsL was considered lethal because it
inhibited cell division and led to filamentous growth with no septa and eventually
cell death. Complementation of an ftsL null mutant restored the wild-type cell
phenotype, indicating the essentiality of FtsL in E. coli cell division (Guzman et al.,
1992; Ueki et al., 1992). In Streptomyces coelicolor, marked deletion mutations in
ftsL and divIiC have demonstrated that neither gene is essential for bacterial growth
or cell viability. However, single and double null mutations in both genes caused
division phenotypes that were dependent on the growth medium. Mutant strains that
were grown on osmotically enhanced medium exhibited a severe cell division
defect (Benett et al., 2007). Additionally, transmission electron microscopy (TEM)
has shown that S. coelicolor diviC and ftsL were required for the effective switch

from aerial hyphae to spores (Benett et al., 2007).

5.1.1 Aims of this chapter
e To determine the role of divIiC in S. aureus

e To determine the role of ftsL in S. aureus.
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5.2 Results

5.2.1 Construction of S. aureus diviC and ftsL conditional lethal mutants

An assumption that diviC and ftsL were essential genes in S. aureus was made
because they were essential in other bacteria. In B. subtilis and E. coli cells, the lack
of either diviC (ftsB) or ftsL inhibits bacterial growth that leads to filamentous
growth and, ultimately, cell lysis (Sievers and Errington, 2000a, Robichon et al.,
2008, Guzman et al., 1992, Buddelmeijer et al., 2002). To determine the
essentiality of diviC and ftsL for S. aureus cell growth and to identify their
functions in the cell, conditional lethal mutations in both genes were constructed.
The essentiality of a gene can be determined in a number of ways, such as by the
growth of bacterial cells under certain conditions in which the gene is expressed
and growth failure under other sets of conditions in which the gene is not expressed.
The gene is placed downstream of a regulatable promoter, which facilitates the
construction of a conditional lethal mutant and, hence, verifies whether the gene is
essential. This regulated gene expression system should not allow any leakage of
gene expression when an inducer is not present; however, in the presence of an
inducer, the system should be able to stand excessive gene expression under
maximal induction. The Psp,c is @ hybrid between the promoters of the B. subtilis
SPO1 phage and the E. coli lac operator. This promoter controls the expression of
downstream genes by IPTG induction and is regulated by the E. coli lac repressor
(Yansura and Henner, 1984). In S. aureus, the Pspac System produces titratable and
inducible gene expression from a low basal level to a few thousand molecules per
cell, which is similar to the physiological levels of many ptoteins (Zhang et al.,
2000). Pspac has been used successfully to reveal the essentiality of many S. aureus
genes, such as metRS, defl (Zhang et al., 2000), ftsZ (Pinho and Errington, 2003),
murE (Jana et al., 2000) and pbpl (Pereira et al., 2007), making the system suitable

for constructing conditional S. aureus divIiC and ftsL mutants.

5.2.1.1 Construction of an integrating plasmid containing Pspac

pCL84 (Figure 5.1A) is a single-copy integration vector that has a bacteriophage
site-specific recombination system, L54a, which integrates into the lipase gene of

the host (i.e., S. aureus) chromosome through attP, which is a viral attachment site,
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and attB, which is a bacterial attachment site that is proximal to the 3” end of the S.
aureus lipase structural gene (geh). This vector contains antibiotic markers for
selection in E. coli and S. aureus (Lee et al., 1991). The pCL84 vector system is
suitable for cloning genes that form lethal overexpression products when they are

cloned into multiple-copy vectors (Lee et al., 1991).

The Pspac and multiple cloning site (MCS) (488 bp) were PCR-amplified from
pAISH1 using primers ALB128 and ALB127 (Table 2.7). The pAISH1 vector
(Aish, 2003) is a tetracycline-resistant derivative of pMUTIN4 (Vagner et al.,
1998). The purified PCR products were digested with Bglll and BamHI and ligated
into pCL84 that had been previously digested with BamHI, and dephosphorylated
by alkaline phosphatase to prevent self-ligation of the vector (Figure 5.1A). The
ligation mixture was transformed into E. coli TOP10 electrocompetent cells, and
colonies were selected on LB + spectinomycin (100 mg ml™?) plates at 37°C.
Positive clones were verified by plasmid extraction, restriction digestion with Bglll
and BamHI (Figure 5.1B), PCR using the ALB128 and ALB127 primers and
sequencing (Core Genomic Facility, University of Sheffield) (data not shown). The
resulting sequences did not contain any substitutions or mutations, and the resulting
PAFK7 plasmid was a pCL84 vector containing Pspsc With downstream MCSs
(Figure 5.1).

5.2.1.2 Construction of regulatable copies of diviC and ftsL

Due to the presence of diviC and ftsL in operons and the potential polarity on
downstream genes, the only way to construct conditional lethal mutations is to have
a regulatable copy of the gene at the geh locus and an in-frame deletion at the native
chromosomal locus without affecting the downstream gene expression. Moreover,
once integrated in the chromosome, Pspsc could co-regulate genes downstream of
diviC and ftsL if they were included in operons. Accordingly, diviC/ftsL could be
misclassified as essential genes if the downstream genes are essential for growth.
Analysis of the 105 bp between divIC and its downstream gene using the bacterial

terminator predictor FindTerm (www.softberry.com) predicted a terminator after

the downstream gene.
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Figure 5.1 Construction of the Pspac~pCL84 plasmid (pAFK7)

A. Diagrammatic representation of the construction of the pAFK7 (Pspac~pCL84)
plasmid in E. coli. pCL84 was digested with BamHI, treated with alkaline
phosphatase, and then ligated with the Psp,c + multiple cloning site fragment from
pAISH1 that was previously digested with Bglll and BamHI. Primers and
restriction sites that were used are noted (not to scale).

B. pAFK7 was digested with Bglll and BamHI and then separated by 1% (w/v)
TAE-agarose gel electrophoresis. A 6700 bp product that corresponded to
linearised pCL84 vector and a 488 bp product that corresponded to Pspsc + the
MCS, indicated by a black arrow, were obtained. A DNA ladder (M) of the sizes
shown was used to estimate the fragment size.
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Therefore, it is likely that divIC is transcribed in an operon with its downstream
gene; hence, Pspac Was placed upstream of the full-length copy of divIC at its native
locus (Figure 5.2A). In B. subtilis, diviC is part of an operon that contains the
upstream genes yabP and yabQ and the downstream gene yabR (Asai et al., 2001).
However, ftsL and its downstream gene, pbpl, overlap, and using the bacterial
terminator predictor, FindTerm, a terminator was predicted to be present after pbpl
(Figure 5.3A). Therefore, it is likely that ftsL is transcribed in an operon with its
downstream genes; hence, Pspac Was placed upstream of the full-length copy of ftsL
at its native locus. In E. coli, ftsL is a part of an operon with its downstream gene
ftsl (Guzman et al., 1992).

Dissociation of the gene from its native promoter while retaining the RBS was
necessary to construct a conditional mutation. Promoters were predicted using the

bacterial promoter predictor BPROM (www.softberry.com). A putative divIC

promoter was identified upstream of the hypothetical (hyp) gene (Figure 5.2A), and
a putative ftsL promoter was predicted within mraW (Figure 5.3A). The putative
RBS of divIC was predicted to be located upstream of the divIC start codon (Figure
5.2B), while the putative RBS of ftsL was predicted to be upstream of the ftsL start
codon and to overlap with the 3’ end of mraW (Figure 5.3B). AK29 and AK31
(Table 2.7) were designed as forward primers to amplify the 5” regions of diviC and
ftsL, respectively. AK29 annealed to the region containing the RBS that was located
upstream of diviC (Figure 5.2B), whilst AK31 annealed within the area
encompassing the RBS but overlapping the 3’ end of mraW (Figure 5.3B). AK30
and AK32 (Table 2.7) were designed as reverse primers that annealed slightly
downstream of divIC and ftsL, respectively (Figure 5.2C and Figure 5.3C).

The putative RBS and full-length diviC and ftsL were amplified from SH1000
genomic DNA using the forward primers AK29 and AK31 and the reverse primers
AK30 and AK32 (Table 2.7), and these reactions produced the expected 420 bp
diviC and 430 bp ftsL fragments. The purified products were digested with Xmal
and Sacll and ligated into pAFK7, which had been digested with the same enzymes
(Figure 5.2C and Figure 5.3C). The ligation products were transformed into E. coli
TOP10 electrocompetent cells and then selected on LB + spectinomycin (100 pg

ml™) plates.
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Figure 5.2 Construction of pAFK10 (Pspac-diviC-pCL84)

A. The chromosomal region of diviC in S. aureus. The putative terminator is
represented as a stem-loop structure, and the putative promoter is shown as an
arrow (approximately to scale).

B. Site of AK29 annealing to the S. aureus chromosome. The RBS is indicated by
a blue box; the 3” end of the upstream, hypothetical (hyp) gene is indicated by a
green box; and divIC is indicated by a dark pink box. The divIC start codon is
highlighted in dark pink.

C. Diagrammatic representation of the construction of the pAFK10 (S. aureus
Pspac-divIC) plasmid in E. coli (not to scale).

D. A PCR product of S. aureus diviC was amplified from pAFK10 using the AK29
and AK30 primer pairs and then analysed by electrophoresis in a 1% (w/v) TAE
agarose gel. A 420 bp product that corresponded to the diviC insert was
obtained (indicated by a black arrow). DNA standards are of sizes shown in Kb.
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Figure 5.3 Construction of pAFK11 (Pspac-ftsL-pCL84)

A.The chromosomal region of ftsL in S. aureus. The putative terminator is
represented as a stem-loop structure, and the putative promoter is shown as an
arrow (approximately to scale).

B. The site of AK31 annealing to the S. aureus chromosome. The RBS is indicated
by a blue box, the 3’ end of the mraW is indicated by a green box and ftsL is
represented by a dark pink box. The ftsL start codon is highlighted in dark pink.

C. Diagrammatic representation of the construction of the pAFK11 (S. aureus
Pspac-ftsL) plasmid in E. coli (not to scale).

D.The PCR product of S. aureus ftsL was amplified from pAFK11 using the
AK31 and AK32 primer pair and then analysed by electrophoresis in a 1% (w/v)
TAE agarose gel. A 430 bp product that corresponded to the ftsL insert was
obtained (indicated by a black arrow). DNA standards are of sizes shown in Kb.
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Bacterial growth was evident on the spectinomycin plates, and potential positive
clones were verified by PCR analysis using the AK29 and AK30 primer pairs to
amplify the diviC fragment (Figure 5.2D) and the AK31 and AK32 primer pairs to
amplify the ftsL fragment (Figure 5.3D). However, verification of the clones by
restriction digest or DNA sequencing indicated that the inserts were not present
(data not shown); the false-positive PCR products that were observed on the gel
could be due to cross-contamination. Therefore, cloning of the diviC and ftsL
fragments into pAFK7 was not successful. After several failed attempts to clone the
divIC and ftsL fragments under the control of Pgysc in pAFKY7, these fragments were
cloned into the pAISH1 plasmid (Aish, 2003). The pAISH1 vector (Aish, 2003)
encodes antibiotic resistance markers for E. coli and S. aureus. This plasmid is also
non-replicating in S. aureus and carries Psp,c and genes for the lacl repressor and
lacZ reporter to control the inducible gene expression system. The pAISH1 plasmid
(Aish, 2003) was chosen as a way to construct regulatable copies of the diviC and

ftsL genes.

The putative RBS and the full-length divIC and ftsL fragments were amplified using
the AK29 and AK30 primer pairs for diviC and the AK31 and AK32 primer pairs
for ftsL. These PCR products were cloned into the MCS after Pgyc by digesting the
purified fragments with Xmal and Sacll and ligating them into pAISH1, which was
digested with the same enzymes (Figure 5.4C and Figure 5.5C). The ligation
products were transformed into E. coli TOP10 electrocompetent cells then selected
on LB + ampicillin (100 pug ml™) plates. Positive clones were identified by
purifying the plasmid, digesting it with Xmal and Sacll and then confirming the
expected bands by separating the reaction in a 1% (w/v) agarose gel (Figure 5.4D
and Figure 5.5D). In addition, positive clones were further verified by DNA
sequencing (University of Sheffield). The resulting sequences did not contain any
substitutions or mutations; therefore, the pAFK12 (TOP10 Pspc-diviC) and
PAFK13 (TOP10 Pspac-ftsL) plasmids were successfully constructed.
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Figure 5.4 Construction of the Pspac-diviC plasmid pAFK12

A.The chromosomal region of diviC in S. aureus. The putative terminator is
represented as a stem-loop structure, and the putative promoter is shown as an
arrow (approximately to scale).

B. The site of AK29 annealing to the S. aureus chromosome. The RBS is
indicated by a blue box, the 3° end of the hypothetical (hyp) upstream gene is
indicated by a green box and divIC is indicated by a dark pink box. The diviC
start codon is highlighted in dark pink.

C. Diagrammatic representation of the construction of the pAFK12 (S. aureus
Pspac-divIC) plasmid in E. coli (not to scale).

D.pAFK12 was digested with Xmal and Sacll and then analysed by
electrophoresis in a 1% (w/v) TAE agarose gel. A 9617 bp product that
corresponded to the linearised pAISH1 plasmid and a 420 bp product that
corresponded to the divIC insert (indicated by a black arrow) were obtained.
DNA standards are of sizes shown in Kb.
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Figure 5.5 Construction of the Pspac-ftsL plasmid pAFK13

A.The chromosomal region of ftsL in S. aureus. The putative terminator is
represented as a stem-loop structure, and the putative promoter is shown as an
arrow (approximately to scale).

B. The site of AK31 annealing to the S. aureus chromosome. The RBS is indicated
by a blue box, the 3’ end of the mraW is indicated by a green box and ftsL is
indicated by a dark pink box. The ftsL start codon is highlighted in dark pink.

C. Diagrammatic representation of the construction of the pAFK11 (S. aureus
Pspac-ftsL) plasmid in E. coli (not to scale).

D.pAFK13 was digested with Xmal and Sacll and then analysed by
electrophoresis in a 1% (w/v) TAE agarose gel. A 9617 bp product that
corresponded to the linearised pAISH1 plasmid and a 430 bp product that
corresponded to the ftsL insert (indicated by a black arrow) were obtained. DNA
standards are of sizes shown in Kb.
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pPKASBAR (Figure 5.6) is a hybrid plasmid (K. Wacnik and B. Salamaga, personal
communication) that was created by the addition of a DNA fragment of pCL84 (Lee
et al., 1991) to the E. coli pUC18 (Vieira and Messing, 1982) backbone at the

polylinker region, where this fragment bears a gene encoding tetracycline resistance
(tet®), an attP site and MCS. pUC18 is a relatively small, high-copy-number plasmid
with a versatile MCS that makes it easy to be used as an expression and sequencing

vector (Bensasson et al., 2004; Vieira and Messing, 1982).

Plasmid pGMO073 (G. McVicker, personal communication, Figure 5.7) is a
pPKASBAR plasmid derivative with an improved MCS that was designed by Gareth
McVicker (University of Sheffield) to make an ezrA-psmOrange fusion vector. The
ezrA-psmOrange fragment encodes the EzrA protein with a C-terminal psmOrange
fluorescent protein fusion. The entire fragment was synthesised by the GeneArt®
Gene Synthesis service (Life Technologies) and ligated into the BamHI and EcoRI
sites of pKASBAR (Figure 5.7A). The ezrA-psmOrange fragment was then removed
by restriction digestion with BamHI and EcoRI and separated in a 1% (w/v) agarose
gel (Figure 5.7B). The plasmid backbone was extracted from the gel, purified and
analysed in a 1% (w/v) agarose gel (Figure 5.7C). This resulting plasmid lacking
ezra-psmOrange was termed pAFK22 (Figure 5.7A).

DNA fragments corresponding to the putative RBS and coding regions of diviC and
ftsL were amplified from the pAFK12 (TOP10 Pspsc-diviC) and pAFK13 (TOP10
Pspac-ftsL) plasmids, respectively, using the AK39 and AK40 primer pairs (Table
2.7). Purified PCR products were digested with Apal and AsiSI and ligated into
pAFK22, which was digested with the same enzymes (Figure 5.8A and Figure
5.9A). The ligation products were transformed into E. coli TOP10 electrocompetent
cells and selected for on LB + ampicillin plates (100 pg ml™). Positive clones were
verified by plasmid extraction and restriction digestion with Apal and AsiSI, and the
expected bands were visualised in a 1% (w/v) agarose gel (Figure 5.8B and Figure
5.9B). Positive clones were further confirmed by DNA sequencing (University of
Sheffield). The resulting sequences did not contain any substitutions or mutations.
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Figure 5.6 Map of the integrative plasmid, pKASBAR

pPKASBAR is a hybrid plasmid that was created by adding a DNA fragment from
pCL84 to the E. coli pUC18 backbone at the polylinker region where this fragment
bears a tet® cassette, an attP site and MCS. The purified DNA fragment (tet®+
attP+ MCS) was digested with Sphl and EcoRI and ligated into pUC18, which was
digested with the same enzymes (map not to scale).
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Figure 5.7 Construction of the integration plasmids pGMO073 and pAFK22

A. Diagrammatic representation of the construction of pGMO073 and pAFK22. The
ezra-psmOrange cassette with the MCS was synthesised by the GeneArt® Gene
Synthesis service (Life technologies) and then ligated into the BamHI and EcoRI
sites of pKASBAR (not to scale).

B. pGM073 was digested with BamHI and EcoRI and then analysed by
electrophoresis in a 1% (w/v) TAE agarose gel. A 5401 bp product that
corresponded to linearised pKASBAR plasmid and a 2662 bp product that
corresponded to the ezra-PSmOrange insert (indicated by a black arrow) were
obtained. DNA standards are of sizes shown in Kb.

C. pAFK22 (pKASBAR including the new MCS) was gel-extracted and then
separated by electrophoresis in a 1% (w/v) TAE agarose gel. A 5457 bp product
that corresponded to pAFK22 was obtained. DNA standards are of sizes shown in
Kb.
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Figure 5.8 Construction of the pAFK16 (Pspac-divIC~pAFK22) plasmid

A. Diagrammatic representation of the construction of the pAFK16 (Pspac-divIiC
~pAFK22) plasmid in E. coli. Primers and restriction enzymes that were used are
indicated (not to scale).

B. pAFK16 was digested with Apal and AsiSI and then analysed by
electrophoresis in a 1% (w/v) TAE agarose gel. A 5457 bp product that
corresponded to linearised pAFK22 plasmid and a 908 bp product that
corresponded to the Pspac-divIC insert (indicated by a black arrow) were obtained.
DNA standards are of sizes shown in Kb.
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Figure 5.9 Construction of the pAFK17 (Pspac-ftsL~pAFK22) plasmid

A. Diagrammatic representation of the construction of the pAFK17 (Pspac-ftsL
~pAFK22) plasmid in E. coli. Primers and restriction enzymes that were used are
indicated (not to scale).

B. pAFK17 was digested with Apal and AsiSI and then analysed by
electrophoresis in a 1% (w/v) agarose gel. A 5457 bp product that corresponded
to the linearised pAFK22 plasmid and a 918 bp product that corresponded to the
Pspac-ftsL insert (indicated by a black arrow) were obtained. DNA standards are of
sizes shown in Kb.
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The resulting plasmids, pAFK16 (pAFK22- Pgpac-divIiC) and pAFK17 (pAFK22-
Pspac-ftsL) (Figure 5.10A and Figure 5.11A), were transformed into electrocompetent
S. aureus RN4220 cells containing pCL112A19, which is a multicopy plasmid that
carries the L54a integrase gene (int) and is expressed constitutively, without an attP
site (Lee et al., 1991). Selection of the cells took place on BHI + tetracycline (5 pug
ml™) plates. Integration of the plasmid into the chromosome was assessed by DNA
extraction followed by PCR using the AK39 and AK40 primers (Figure 5.10B and
Figure 5.11B). Integration of the plasmid into the chromosome should disrupt lipase
production, which was verified by plating the transformants onto Baird-Parker (BPr)
medium (Section 2.1.1). S. aureus will produce black colonies due to the reduction
of the tellurite that is present in the BPr medium, and a zone of precipitation will be
produced around the colonies as a result of lipase activity. The transformants showed
a loss of lipase activity compared to the positive control (Figure 5.10C and Figure
5.11C), which indicated correct integration of the plasmid into the chromosome at
the geh gene. Strains AFK17 (RN4220 pCL112A19 geh::pAFK16) and AFK18
(RN4220 pCL112A19 geh::pAFK17) were lysed with ¢11, and the chromosomal
region that contained the plasmid insertion was transferred into SH1000 cells by
transduction. The resulting strains AFK19 (SH1000 geh::pAFK16) and AFK20
(SH1000 geh::pAFK17) were verified both by PCR using the AK39 and AK40
primers and by the loss of lipid hydrolysis on BPr medium (data not shown).

5.2.2 Construction of S. aureus divliC and ftsL deletion mutants

Unmarked, in-frame gene deletions do not impart polar effects on downstream
genes. Consequently, constructions of unmarked deletions of diviC and ftsL were
attempted to remove either diviC or ftsL and prevent any polar effects on their
downstream genes encoding the ribosomal-binding (Figure 5.12A) or penicillin-
binding proteins (Figure 5.13A), respectively. The deletions were achieved using a
two-step approach. Initially, a homologous recombination event occurred between
the gene of interest and a homologous DNA sequence on a temperature-sensitive
plasmid. After transformation, integration of the plasmid into the chromosome via a
single-crossover event occurred by growth at a high, non-permissive temperature

whilst maintaining selective pressure.
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Figure 5.10 Integration of pAFKL16 into the S. aureus chromosome

A.Diagrammatic representation of pAFK16 integration into RN4220-
pCL112A19, which resulted in strain AFK17. The binding sites for primers AK39
and AK40 are indicated (not to scale).

B. The PCR product of Pspc-diviC was amplified using the AK39 and AK40
primers after genomic DNA extraction and was then analysed by electrophoresis
in a 1% TAE (w/v) agarose gel. A 908 bp product that corresponded to the Psp,c -
diviC insert was obtained (indicated by a black arrow). Lanes 1 and 2 correspond
to the clones that were investigated. DNA standards are of sizes shown in Kb.
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C. Confirmation of correct pAFK16 integration into the S. aureus chromosome by
the loss of lipase activity on BPr medium. A precipitation zone, which can be
observed around the RN4220pCL112A19 and SH1000 colonies, is missing from
clones 1 and 2.
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Figure 5.11 Integration of pAFK17 into the S. aureus chromosome

A.Diagrammatic representation of pAFK17 integration into RN4220-
pCL112A19, which resulted in strain AFK18. The binding sites for primers AK39
and AK40 are indicated (not to scale).

B. The PCR product of Psp-ftsL was amplified using the AK39 and AK40
primers after genomic DNA extraction and then analysed by electrophoresis in a
1% TAE (w/v) agarose gel. A 918 bp product that corresponded to the Pgpsc -ftsL
insert was obtained (indicated by a black arrow). Lanes 1 to 3 correspond to the
clones that were investigated. DNA standards are of sizes shown in Kb.
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C. Confirmation of correct pAFK17 integration into the S. aureus chromosome by
the loss of lipase activity on BPr medium. A precipitation zone, which can be
observed around the RN4220pCL112A19 colonies, is missing from clones 1, 2
and 3.
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Figure 5.12 Construction of the S. aureus diviC in-frame deletion plasmid,
PAFKS

A. Amplification of the ~1-Kb flanking regions of the S. aureus divIiC upstream (U)
and downstream (D) regions. The locations of the annealing sites of the primers and
restriction enzyme sites are indicated.

B. Diagrammatic representation of the construction of pAFKS8. The U and D
fragments were digested with Notl and ligated, and the ligated fragment was
amplified to produce a fusion of U and D. The U-D fragment was digested with
BamHI and EcoRI and then inserted into pMAD (not to scale).
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C. Following ligation of the U and D fragments, PCR amplification of the ligated
fragment was performed, and the fused product was analysed in a 1% (w/v) TAE
agarose gel. A 1991 bp product was obtained (indicated by black arrow). DNA
standards are of sizes shown in Kb.

D. The PCR product of U-D was PCR-amplified using the AK21 and AK24 primers
and then analysed by electrophoresis in a 1% (w/v) TAE agarose gel. Lane 1: A
~1250 bp product of was obtained, which was not the expected size for the U-D
fragment. DNA standards are of sizes shown in Kb.

223



A Ak2 AK27
AK2S mraw ftsL I g pbpl
-+ -
PCR AK26 PCR AK28
Upstream (U) Downstream (D)
BarmHl Nod Nofl FEcoRI
\ Y ) | Y )
1001 bp 1049 bp
B
U region D region
&
. , Orf (pBR322)
Baijjfll_ Noid EmRI
2050bp PAFK9 bgaB
” bl 11716 bp
COri (pBR322)
ori pE194%
D
bla 9666 bp
ori pE194%

Figure 5.13 Construction of the S. aureus ftsL in-frame deletion plasmid, pAFK9

A. Amplification of the ~1-Kb flanking regions of the S. aureus ftsL upstream (U) and
downstream (D) regions. The locations of the primer annealing sites and the restriction
enzyme sites are indicated.

B. Diagrammatic representation of the construction of pAFK9. The U and D fragments
were digested with Notl and ligated, and the ligated fragment was amplified to
produce a fusion of U and D. The U-D fragment was digested with BamHI and EcoRI
and then inserted into pMAD (not to scale).
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C. Following the ligation of the U and D fragments, PCR amplification of the ligated
fragment was performed, and the fused product was analysed in a 1% (w/v) TAE
agarose gel. A 2050 bp product was obtained (indicated by black arrow). DNA
standards are of sizes shown in Kb.

D. The PCR product of the U-D fragment was amplified using the AK25 and AK28
primers and then analysed by electrophoresis in a 1% (w/v) agarose gel. Lane 1: A
~1250 bp product was obtained, which was not the expected size for the U-D
fragment. DNA standards are of sizes shown in Kb.
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Subsequently, growth at a low, permissive temperature could lead to a second
recombination event that resulted in the loss of the plasmid from the chromosome.
This event could result in either mutant or wild- type alleles being left on the
chromosome, whereas the excised plasmid carried the counterpart allele. Clone
screening following plasmid resolution was performed using either colorimetric or
positive selection (Arnaud et al., 2004; Bae and Schneewind, 2006; Monk et al.,
2012; Monk and Foster, 2012). The unmarked in-frame deletion was performed
using a vector system termed pMAD (Arnaud et al., 2004). The pMAD vector
contains a constitutively expressed bgaB transcriptional fusion that encodes -
galactosidase and allows for colorimetric screening of the bacteria on X-Gal (5-
bromo-4chloro-3indolyl-B-p-galactopyranoside) plates. In addition, the plasmid
contains the thermo-sensitive pE194 origin of replication of S. aureus and antibiotic
resistance markers for selection in E. coli and S. aureus (Arnaud et al., 2004).
Successful replacement of the S. aureus vancomycin resistance-associated genes,
vraF and vraG, with a spectinomycin resistance cassette was achieved using pPMAD
(Arnaud et al., 2004). In addition, pMAD has been used to mutagenise S. aureus
genes that are involved in biofilm formation (Valle et al., 2003; Toledo-Arana et
al., 2005), cell wall biosynthesis (Vergara-Irigaray et al., 2008; Memmi et al.,
2008) and antibiotic resistance (Memmi et al., 2008).

A pair of primers was designed to amplify a ~1-Kb region upstream (U) and a 1-Kb
region downstream (D) of the gene of interest. These primers were designed to
include BamHI and EcoRI sites at the 5* and 3’ ends of the U and D regions,
respectively. Notl sites were incorporated at the 3’ and 5’ ends of the U and D
regions, respectively, which allowed for ligation of the U and D regions. The primer
pairs AK21/AK22 (U-diviC), AK23/AK24 (D-diviC), AK25/26 (U-ftsL), and
AK27/28 (D-ftsL) (Table 2.7) were used to amplify the corresponding regions from
SH1000 genomic DNA and produced PCR products of 1001 bp and 990 bp for the
U and D regions of diviC and 1001 bp and 1049 bp for the U and D regions of ftsL,
respectively (Figure 5.12A and Figure 5.13A). Both U and D PCR products were
digested with Notl and ligated, and the ligation mixtures were used as PCR
templates to amplify the U and D regions of divIiC and ftsL using the respective
primer pairs AK21/AK24 and AK25/AK28 to obtain a fused, single 2-Kb fragment
(U-D) (Figure 5.12B/C and Figure 5.13B/C). The PCR products were gel extracted
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and digested with BamHI and EcoRI. The digested fragments were then ligated into
PMAD that had been digested with the same enzymes (Figure 5.12B and Figure
5.13B), and the ligation mixtures were then transformed into electrocompetent E.
coli TOP 10 cells. Positive transformant clones were then selected on LB +
ampicillin (100 mg mI™) plates at 30°C. Putative positive clones were identified by
PCR analysis with the AK21/24 and AK25/28 primers using the extracted plasmid
as template DNA. Although growth was evident on the ampicillin plates,
verification of these clones by restriction digestion with BamHI and EcoRI or PCR
using the AK21/AK24 and AK25/AK28 primer pairs and then separation in a 1 %
(w/v) agarose gel revealed bands of unexpected sizes (Figure 5.12D and Figure
5.13D). Cloning the ~2-Kb fragment directly into pMAD was not successful,
though, this method was previously reported to be successful in S. aureus
(Bottomley, 2011; Arnaud et al., 2004; Valle et al., 2003; Toledo-Arana et al.,
2005; Vergara-Irigaray et al., 2008; Memmi et al., 2008). The inability to create in-
frame mutations in the diviC and ftsL genes could be due to the toxicity of the
fragment in E. coli. Other vectors were used to attempt to clone the ~2 Kb
fragments into smaller vectors such as pOB or pCR 2.1-TOPO using the TOPO TA

cloning kit (Invitrogen), but all of these attempts were also unsuccessful.

pIMAY was constructed to facilitate the manipulation of genetically recalcitrant
Gram-positive bacteria. pIMAY is a new, low-copy number, E. coli-S. aureus
shuttle vector that can be used for allelic exchange in S. aureus (Monk et al.,
2012). pIMAY contains the p15A origin, which is a low-copy E. coli replication
origin, and a highly temperature-sensitive replicon of S. aureus (repA™) that
allows integration of the plasmid into the chromosome at 37°C (Maguin et al.,
1992). In addition, pIMAY carries a highly expressed chloramphenicol resistance
(cat™) marker for selection in E. coli and S. aureus and the tetracycline-inducible,
antisense secY region (anti-secY), which inhibits the growth of any cells that
contain the integrated plasmid and, hence, selects cells that do not contain the
plasmid (Bae and Schneewind, 2006; Monk et al., 2012). Unmarked deletion
mutations in S. aureus hsdR, which is a type | restriction modification gene, and
sauUSlI, which is a type IV restriction gene, were successfully obtained using the
pIMAY vector system (Monk et al., 2012).
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U and D regions (~1 Kb each) of divIiC or ftsL were amplified from S. aureus
SH1000 genomic DNA using the AK35/AK22 (U-divIC) and AK37/AK26 (U-ftsL)
or AK23/AK36 (D-diviC) and AK27/AK38 (D-ftsL) primer pairs. These primers
were designed to include Kpnl and Sacl sites at the 5” and 3’ ends of the respective
U and D regions of diviC and EcoRIl and Aatll sites at the 5° to 3° ends of the
respective U and D regions of ftsL. Notl sites were incorporated at the 3* and 5’
ends of the U and D regions, which allowed for ligation between the U and D
regions. The primer pairs AK35/AK22 (U-diviC), AK23/AK36 (D-divIiC),
AK37/26 (U-ftsL) and AK27/38 (D-ftsL) (Table 2.7) were used to amplify their
corresponding regions and produced PCR products of 1001 bp (U) and 990 bp (D)
of diviC and 1001 bp (U) and 1049 bp (D) of ftsL (Figure 5.14A and Figure 5.15A).
The U and D PCR products were both digested with Notl and ligated, and the
ligation mixtures were used as PCR templates to amplify the U and D regions of
diviC and ftsL using the respective AK35/AK38 and AK37/AK38 primer pairs to
obtain a fused, single ~2-Kb fragment (U-D). The PCR products were gel extracted
and digested with Kpnl and Sacl or EcoRI and Aatll and were ligated into pIMAY
that had been digested with the same enzymes (Figure 5.14B and Figure 5.15B).
The ligation mixtures were then transformed into electrocompetent E. coli TOP 10
cells and selected on LB + chloramphenicol (15 pg ml™) plates at 37°C. Positive
clones were identified by DNA sequencing (University of Sheffield), PCR analysis
using the extracted plasmid as template DNA and the AK35/36 and AK37/38
primers (data not shown) and restriction digestion with Kpnl and Sacl or EcoRI and

Aatll then separation in a 1% (w/v) agarose gel (Figure 5.14C and Figure 5.15C).

Ten micrograms of each of the resulting plasmids pAFK14 and pAFK15 was then
transformed into S. aureus RN4220, and transformants were selected on BHI +
chloramphenicol (10 pg ml™) plates at 25°C for 48 h. To obtain pure, isolated
colonies, 16 colonies were picked and patched onto BHI chloramphenicol (10 pg
ml™) plates at 25°C, and isolates were verified by plasmid extraction followed by
PCR amplification using the MCS FWD and MCS REV primers (Table 2.7) and

then analysed by separation in a 1% (w/v) agarose gel (data not shown).
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Figure 5.14 Construction of the S. aureus divIiC in-frame deletion plasmid,
pAFK14

A. Amplification of the ~1-Kb flanking regions of S. aureus divIiC upstream (U)
and downstream (D) regions. The locations of the primer annealing sites and
restriction enzyme sites are indicated.

B. Diagrammatic representation of the construction of pAFK14. The U and D
fragments were digested with Notl and ligated, and the ligated fragment was
amplified to produce a fusion of U and D. The U-D fragment was digested with
Kpnl and Sacl and then inserted into pIMAY (not to scale).
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C. pAFK14 was digested with Kpnl and Sacl and then electrophoresed in a 1%
(w/v) TAE agarose gel. A 5734-bp PCR product, which corresponded to the
linearised pIMAY vector, and a 1990-bp PCR product, which corresponded to the
U-D fragment (indicated by black arrow), were obtained. DNA standards are of
sizes shown in Kkb.
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Figure 5.15 Construction of the S. aureus ftsL in-frame deletion plasmid,
pAFK15

A. Amplification of the ~1-Kb flanking regions of S. aureus ftsL upstream (U)
and downstream (D) regions. The locations of the primer annealing sites and
restriction enzyme sites are indicated.

B. Diagrammatic representation of the construction of pAFK15. The U and D
fragments were digested with Notl and ligated, and the ligated fragment was
amplified to produce a fusion of U and D. The U-D fragment was digested with
EcoRI and Aatll and then inserted into pIMAY (not to scale).
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C. pAFK15 was digested with EcoRI and Aatll and then electrophoresed in a 1
% (w/v) TAE agarose gel. A 5734 bp PCR product, which corresponded to the
linearised pIMAY vector, and a 2050 bp PCR product, which corresponded to
the U-D fragment (indicated by black arrow), were obtained. DNA standards are
of sizes shown in kb.
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The strains AFK13 (RN4220 pAK14) and AFK14 (RN4220 pAFK15) were lysed
with ¢11 (Section 2.10.3.2), and the plasmids were transferred to SH1000 by
transduction (Section 2.10.3.4) at 25°C for 48 h (Figure 5.16A and Figure 5.16B).
Sixteen transformants were picked and patched onto BHI + chloramphenicol (10
ng ml™) plates at 25°C to obtain well-isolated clones. AFK15 (SH1000 pAFK14)
and AFK16 (SH1000 pAFK15) were screened for the presence of replicating
pAFK14/pAFK15 plasmids by extracting them and then using the plasmid DNAs
as templates for PCR amplification with the MCS FWD and MCS REV primers.
The expected sizes for the PCR products were observed after separation in 1%

(w/v) agarose gels (Figure 5.16C and Figure 5.16D).

Integration of pAFK14/pAFK15 into the S. aureus chromosome (Figure 5.17A and
Figure 5.18A) was achieved by resuspending single colonies from the
pAFK14/pAFK15 25°C plates (AFK15/AFK16) in 200 ul BHI, and the
suspensions were diluted 10%-10 fold. One hundred microlitres of each diluted
suspension was spread onto BHI + chloramphenicol (10 pg ml™) plates and
incubated at 37°C overnight. Sixteen colonies were picked and subcultured on BHI
+ chloramphenicol (10 pg ml™) plates at 37°C to obtain well-isolated colonies.
Putative positive clones were screened for the loss of the replicating plasmid using
purified plasmid as a template for PCR analysis and the MCS FWD and MCS
REV primer pairs, and the PCR products were separated in a 1% (w/v) agarose gel.
No PCR products were observed for the clones, indicating loss of the
extrachromosomal plasmid DNA. SH1000 genomic DNA and AFK15/AFK16
genomic DNA controls were included as negative and positive controls and
revealed no product (negative control) and the expected product size (positive
control) (Figure 5.17B and Figure 5.18B). To determine the sites of plasmid
integration, a second PCR was performed for the clones that showed loss of the
replicating plasmid. The primer pairs AK43/AK36 or AK35/ AK44 were used to
identify the site of pAFK14 integration, and the primer pairs AK45/AK28 or
AK37/AK46 were used to identify the site of pAFK15 integration.
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Figure 5.16 Construction of the pAFK14 and pAFK15 plasmids in S.
aureus

A. Diagrammatic representation of the construction of pAFK14. pAFK14 was
transduced into S. aureus SH1000 at 25°C, and the resulting strain was named
AFK15 (not to scale).

B. Diagrammatic representation of the construction of pAFK15. pAFK15 was
transduced into S. aureus SH1000 at 25°C, and the resulting strain was named
AFK16 (not to scale).

C. The presence of replicating pAFK14 was confirmed by DNA extraction,
and PCR amplification was performed using the MCS FWD and MCS REV
primers to produce a 2275-bp fragment (lanes 1 to 3). Lane 4. The MCS was
amplified from pIMAY using the MCS FWD and MCS REV primers and
produced a 284-bp product. DNA standards are of sizes shown in Kb.

D. The presence of a replicating pAFK15 plasmid was confirmed by DNA
extraction, and PCR amplification was performed using the MCS FWD and
MCS REV primers to produce a 2334-bp fragment (lanes 1 to 3). DNA
standards are of sizes shown in Kb.
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Figure 5.17 Homologous recombination of pAFK14 into the S. aureus SH1000
chromosome

A. Diagrammatic representation of the likely recombination outcomes of pAFK14
in the S. aureus SH1000 chromosome. The primer annealing sites are indicated. A
single-crossover event will lead to the following outcomes: I. integration occurs via
the upstream region, or Il. integration occurs via the downstream region (not to
scale).

B. The loss of the replicating pAFK14 plasmid and its integration into the S. aureus
chromosome was investigated by DNA extraction of randomly selected clones after
growth at the non-permissive temperature and subsequent PCR analyses using the
MCS FWD and MCS REV primers. The PCR products were electrophoresed in a
1% (w/v) TAE agarose gel. No products should be observed after integration of
pAFK14 (Lane 1 to 3). Lane 4: A PCR product from DNA extracted from cells that
were grown at 25°C (AFK15) was included as a positive control. A 2275 bp
product was obtained. Lane 5: A PCR product from S. aureus SH1000 genomic
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DNA only. No product was produced due to the absence of the pIMAY vector.
DNA standards are of sizes shown in Kb.

C. Clones that lost the replicating plasmid were screened by PCR to determine the
site of integration using the AK43 (chromosomal) and AK36 (insert) primers. The
PCR products were electrophoresed in a 1% (w/v) TAE agarose gel, and a 2528 bp
product was obtained (Lanes 1 to3), which indicates that integration occurred via
the downstream region. DNA standards are of sizes shown in Kb.
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Figure 5.18 Homologous recombination of pAFK15 into the S. aureus SH1000
chromsome

A. Diagrammatic representation of the likely recombination outcomes of pAFK15
in the S. aureus SH1000 chromosome. The primer annealing sites are indicated. A
single-crossover event will lead to the following outcomes: I. integration occurs
via the upstream region; or Il. integration occurs via the downstream region (not to
scale).

B. The loss of the replicating pAFK15 plasmid and its integration into the S.
aureus chromosome was investigated by DNA extraction of randomly selected
clones after growth at the non-permissive temperature and subsequent PCR
analysis using the MCS FWD and MCS REV primers. The PCR products were
separated in a 1% (w/v) TAE agarose gel. No products should be observed after
integration of pAFK15 (Lane 1 to 3). Lane 4: A PCR product from DNA extracted
from cells that were grown at 25°C (AFK16) was included as a positive control,
and a 2334 bp product was obtained. Lane 5: A PCR product using only S. aureus
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SH1000 genomic DNA. No product was obtained because of the absence of the
pIMAY vector. DNA standards are of sizes shown in Kb.

C. Clones that lost the replicating plasmid were screened by PCR to determine the
site of integration using the AK45 (chromosomal) and AK38 (insert) primers. The
PCR products were analysed in a 1% (w/v) TAE agarose gel, and 2110 bp
products were obtained (Lane 1-3), which indicated that integration occurred via
the upstream region. DNA standards are of sizes shown in Kb.
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The PCR products were analysed in a 1% (w/v) agarose gel, which showed that the
integration of pAFK14 occurred via the fragment downstream of diviC (Figure
5.17C), while the integration of pAFK15 occurred via the fragment upstream of
ftsL (Figure 5.18C). A single colony containing either side of the integration and
no replicating plasmid was grown without antibiotics overnight at 25°C. The
resulting cell culture was then diluted 10-fold to 10°® cells, and 50 pl of each of the
10™, 10" and 10°® dilutions were plated onto BHI + anhydrotetracycline (1 ug m1™)
plates and incubated at 25°C for 48 h. Anhydrotetracycline inhibits the growth of
any cells that contain the integrated plasmid (Bae and Schneewind, 2006) and
leads to double-crossover events, the resolution of the plasmid and, hence, excision
of the targeted gene from the chromosome. During the plasmid excision step, the
cells undergo two types of events: a double-crossover event at the upstream region
of the target gene or a double-crossover event at the downstream region of the
target gene that recreates a wild type or mutated copy of the gene (Figure 5.19A
and 5.20A). Potential positive clones were picked and streaked onto BHI +
anhydrotetracycline (1 pg ml™) and BHI + chloramphenicol (10 pg ml™) plates and
incubated at 37°C overnight. The percentage of colonies that were both
chloramphenicol-sensitive and anhydrotetracycline-resistant was low (~ 3%).
Genomic DNA was extracted from colonies that grew in the presence of
anhydrotetracycline but not in the presence of chloramphenicol and was used as
the template for PCR screening using the chromosomal primer pairs AK43/AK44
for screening the AdiviC mutants and AK45/AK46 for screening the AftsL mutants.
The PCR products were separated in a 1% (w/v) agarose gel, and ~2.5-Kb bands
were produced for all of the chloramphenicol-sensitive colonies that were screened
for the putative AdiviC and AftsL mutants, which corresponds to the expected size
of the wild-type chromosomal region (Figure 5.19B and Figure 5.20B). Numerous
plasmid excision attempts were performed to isolate a clone that carried the

deleted gene, but with no success.
Another attempt was made that included integration of the plasmid and repeating

of the plasmid excision steps at 39°C to improve integration; however, all of the

clones that were isolated carried the wild-type copy of the gene.
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Figure 5.19 Creation of the divIC deletion in S. aureus SH1000

A. Diagrammatic representation of the double-crossover outcomes. pAFK14
excision via the upstream side yields a mutant gene (1), while pAFK14 excision via
the downstream side produces the wild-type gene (1) (not to scale).

B. Chloramphenicol-sensitive clones were screened by PCR (Lane 1-3) using the
AK43 and AK44 chromosomal primer pairs after genomic DNA was extracted
from the putative mutants. A 2481 bp product was obtained, which corresponds to
the expected size of the wild-type PCR product. DNA standards are of sizes shown
in kb.
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Figure 5.20 Creation of the ftsL deletion in S. aureus SH1000

A. Diagrammatic representation of the double-crossover outcomes. pAFK15
excision via the upstream side yields a mutant gene (1), while pAFK15 excision via
the downstream side produces the wild-type gene (II) (not to scale).

B. Chloramphenicol-sensitive clones were screened by PCR (Lane 1-3) using the
AK45 and AK46 chromosomal primer pairs after genomic DNA was extracted
from the putative mutants. Products of 2534 bp were obtained, which
corresponded to the wild-type gene. DNA standards are of sizes shown in Kb.
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Thousands of potentially positive clones were isolated and screened using
chromosomal primers after genomic DNA extraction from the isolates, but none

yielded the desired result.

5.2.3 Complementation of the S. aureus diviC and ftsL in-frame deletion
mutants

The resolution of pAFK14 and pAFK15 via homologous recombination and a
single-crossover event can lead to gene deletion. If the gene is essential, then the
creation of the mutant strain is not possible. Accordingly, deletion of either S.
aureus divIC or ftsL could not be achievable due to the potential essentiality of the
genes. To examine the lethality of a target gene deletion, mutation of that gene can
be complemented by expression of a functional copy of the gene to maintain cell
viability. Therefore, ectopic copies of divIC and ftsL under the control of Pspac were
inserted into cells to facilitate gene expression during growth at a permissive
temperature in the presence of an inducer (IPTG), thereby permitting the loss of
plasmids (pAFK14/pAFK15) from the chromosome.

Strains AFK19 (SH1000 geh::pAFK16) and AFK20 (SH1000 geh::pAFK17) were
lysed with @11, and the chromosomal regions that included the plasmid insertions
were transferred to the SH1000 single-crossover strains AFK21 and AFK22 via
transduction at 37°C. The resulting strains, AFK7 and AFKS, included
pAFK14/pAFK15 that had been inserted into the chromosome by a single-
crossover event and Pspac-divIC and Pgpac-ftsL that had been ectopically introduced
at the gene locus encoding lipase (Figure 5.21A and Figure 5.22A). The insertion of
pAFK16/pAFK17 at geh was verified for three transductants by the loss of lipid
hydrolysis on BPr medium (Figure 5.21B and Figure 5.22B) and by PCR analysis
of extracted genomic DNA using the AK39/AK40 primer pairs (Figure 5.21C and
Figure 5.22C).

Single colony of AFK7 and AFKS that did not contain a replicating plasmid were
grown without antibiotics overnight at 25°C.
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Figure 5.21 Creation of the conditional S. aureus divIC lethal mutant

A. Diagrammatic representation of insertion of the regulatable copy of diviC into
AFK21 (pAFK14 single-crossover strain) followed by plasmid excision via a
double-crossover event. pAFK14 excision at the upstream side yields a mutant gene
(), while pAFK14 excision via the downstream side produces the wild-type gene
(1) (not to scale).

B. Confirmation of correct pAFK16 integration into the S. aureus chromosome by
the loss of lipase activity on BPr medium. A precipitation zone, which can be
observed around the SH1000 colonies, is missing from clone 1.

C. A Pgpac-diviC PCR product was amplified using the AK39/AK40 primers after
genomic DNA extraction and was then analysed by electrophoresis in a 1% TAE
(w/v) agarose gel. A 908 bp product that corresponded to the Pspac -divIC insert was
obtained (indicated by a black arrow). Lanes 1 to 3 correspond to the investigated
clones. DNA standards are of sizes shown in Kb.

D. Chloramphenicol-sensitive clones were screened by PCR using the
chromosomal primer pairs AK43 and AK44 after genomic DNA was extracted
from the putative mutants. A 2481 bp product that corresponded to the wild-type
gene was obtained. DNA standards are of sizes shown in Kb.
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Figure 5.22 Creation of the conditional S. aureus ftsL lethal mutant

A. Diagrammatic representation of insertion of the regulatable copy of ftsL into
AFK22 (pAFK15 single-crossover strain) followed by plasmid excision via a
double-crossover event. pAFK15 excision at the upstream side yields a mutant gene
(), while pAFK14 excision via the downstream side produces the wild-type gene
(1) (not to scale).

B. Confirmation of correct pAFK17 integration into the S. aureus chromosome by
the loss of lipase activity on BPr medium. A precipitation zone, which can be
observed around the SH1000 colonies, is missing from clones 1.

C. A Pgpac-ftsL PCR product was amplified using the AK39/AK40 primers after
genomic DNA extraction and the products were analysed by electrophoresis in a
1% TAE (w/v) agarose gel. A 918 bp product that corresponded to the Pspsc -ftsL
insert was obtained (indicated by a black arrow). Lanes 1 to 3 correspond to the
investigated clones. DNA standards are of sizes shown in Kb.

D. Chloramphenicol-sensitive clones were screened by PCR using the
chromosomal primer pairs AK45/AK46 after genomic DNA was extracted from the
putative mutants. A 2534-bp product that corresponded to the wild-type gene was
obtained. DNA standards are of sizes shown in Kb.
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The cell culture was then diluted 10 *- 10°° fold, and the 107 107 and 10°°
dilutions (50 pl each) were plated on BHI + anhydrotetracycline (1 pg ml™? )+ 1
mM IPTG plates and incubated at 25°C for 48 h. Potential positive clones were
chosen and streaked onto BHI + anhydrotetracycline (1 pg ml™) + 1 mM IPTG and
BHI + chloramphenicol (10 pg ml™ ) + 1 mM IPTG plates and incubated at 37°C
overnight. The percentage of colonies that were both chloramphenicol-sensitive and
anhydrotetracycline-resistant was ~ <3 % (79/3,000). Genomic DNA was extracted
from colonies that grew in the presence of anhydrotetracycline but not in the
presence of chloramphenicol and was used as template for PCR screening.
Screening of mutations using the primer pairs AK43/AK44 for the AdiviC mutants
and AK45/AK46 for the AftsL mutants was performed. The PCR products were
then separated in a 1% (w/v) agarose gel, and ~2.5-Kb bands were produced for all
of the chloramphenicol-sensitive colonies that were screened, which corresponded
to the expected size of the wild-type chromosomal region (Figure 5.21D and Figure
5.22D). Many attempts for plasmid excision were performed to isolate a clone in
which the gene had been deleted, but none were successful. Another attempt has
been made in which the plasmid excision step was repeated at 39°C to improve
integration; however, all of the clones that were isolated encoded a wild-type copy
of the gene. Thousands of potential positive clones have been isolated and (~120)
screened using chromosomal primers after extracting genomic DNA from the

isolates, but none have been successful.

5.3 Discussion

5.3.1 The essentiality of diviC and ftsL in S. aureus

TMDH was used to analyse the S. aureus genome, and 351 putative essential genes
for bacterial growth and viability were discovered (Chaudhuri et al., 2009). S.
aureus diviC and ftsL were predicted to be essential due to the absence of the
transposons within the genes. PCR footprinting analysis using gene-specific
primers and primers based on the transposon sequence were also performed to
identify essential genes. Negative PCR products indicated the absence of the
transposon; thus, the genes were considered to be essential. However, when PCR
products could not be obtained due to gene size (e.g., small genes), a linker PCR

was performed to verify several candidate essential genes (Chaudhuri et al., 2009).
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However, apparent gene essentiality could be influenced by the experimental
conditions used to create the transposon library. For example, S. aureus requires
prolonged incubation times at 44°C to lose temperature-sensitive replicons;
therefore, genes that are needed for survival at higher temperatures are considered

to be potentially essential (Chaudhuri et al., 2009).

The functions of DivIC (FtsB) and FtsL have been well studied in rod-shaped
organisms such as B. subtilis and E. coli; however, the exact functions of these
proteins in cell division are still unclear. No direct homology between E. coli FtsB
and B. subtilis DivIC has been shown; however, weak homology between E. coli
FtsB and B. halodurans DivIC is evident, and this latter protein is a homologue of
B. subtilis DivIC (Buddelmeijer et al., 2002). In S. aureus, the DivIC protein shares
27% identity with B. subtilis DivIiC and 14% identity with E. coli DivIC. In
contrast, ftsL in E. coli and B. subtilis were stated to be analogous based on several
factors, among which is the similarity in the chromosomal localisations of the genes
in both organisms, that is, ftsL lies upstream of the pbpB/ftsl gene (Ueki et al.,
1992; Guzman et al., 1992; Daniel et al., 1996; Daniel et al., 1998). Additionally,
the two upstream genes of the ftsL operon, ylIB and ylIC, are very similar to the E.
coli upstream genes of ftsL (Daniel et al., 1996). In S. aureus, ftsL is located
upstream of pbpl (Figure 5.3A), and the S. aureus FtsL protein shares 27% identity
with B. subtilis FtsL (Figure 5.3B); however, S. aureus FtsL shares only very low
homology with E. coli FtsL (2% identity).

The attempts to make in-frame deletions and thus conditionally lethal mutations of
diviC and ftsL in S. aureus (Section 5.2.2 and Section 5.2.3) were unsuccessful.
Several reasons might affect the capacity to obtain the desirable mutation. The
selection efficiency of the pIMAY plasmid is poor because the percentage of
chloramphenicol-sensitive colonies that were also anhydrotetracycline-resistant was
low. Additionally, the induction of antisense secY gene expression by
anhydrotetracycline was likely low; therefore, the counter-selection of pIMAY
excision was not efficient because it did not suppress the growth of cells that

contained the pIMAY plasmid DNA. Recently, a new cloning technique termed
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sequence- and ligation-independent cloning (Li and Elledge, 2007; Monk and
Foster, 2012) was applied to a new derivative of pIMAY and resulted in pIMAY-Z,
which contains the lacZ gene for further colorimetric selection. This new method
has improved cloning efficiency because >90% of the screened clones contain
inserts; therefore, it decreases the cost and time of laborious mutant screening and
deletion construction (Monk and Foster, 2012). Due to time limits, further

screening and investigation of the mutants had to be halted.

5.4 Future work

Creation of S. aureus mutants lacking either divIC or ftsL will help to determine the
role of these proteins in the S. aureus cell division process; therefore, these proteins
can be considered potential targets for inhibitor development. Consequently,
pIMAY-Z will be the vector of choice for future attempts at constructing unmarked,

in-frame deletions of S. aureus divIC and ftsL.
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Chapter 6
General Discussion

6.1 Conservation of the bacterial divisome

An analysis of division and morphogenesis in diverse organisms is helpful for
characterising the origin of the division pathway and understanding how
mechanisms differ to accommodate changes in cell shape. The cell division
apparatus in Eubacteria is assembled via the construction of a macromolecular
complex commonly consisting of at least twelve proteins (Nikolaichik and
Donachie, 2000; Margolin, 2000; Pinho et al., 2013). A comparison of the genomic
sequences of Eubacteria has revealed some differences in the genetic organisation
of the gene clusters encoding cell division proteins; however, most of the cell
division proteins are highly conserved (Nikolaichik and Donachie, 2000). Ten cell
division proteins that are present in nearly all cell wall-containing Eubacteria have
been investigated: FtsZ, FtsA, FtsE, FtsX, FtsK, FtsL, FtsB, FtsQ, FtsW and Ftsl.
However, other proteins may be present (Table 6.1) (Margolin, 2000; Nikolaichik
and Donachie, 2000; Gamba et al., 2009; Pinho et al., 2013).

Although bacteria have a range of different shapes, the conservation of many cell
division components suggests a degree of similarity in the recruitment and
assemblage of the division apparatus at mid-cell. Indeed, the interactions between
cell division proteins are conserved in a range of organisms, and these proteins have
been found to interact with either one partner or several partners, implying that the
division apparatus is stabilised by these interactions (Wang et al. 1997; Ma et al.
1997; Gaikwad et al. 2000; Momynaliev et al. 2002; Weiss, 2004; Karimova et al.,
2005; Osawa and Erickson 2006; Daniel et al., 2006; D'Ulisse et al. 2007; Maggi et
al. 2008). Recently, the division complex in S. aureus was mapped by bacterial
two-hybrid analysis. These experiments showed that nearly all the proteins that
have been investigated interact with many partners, suggesting a multicomponent

division complex (Steele et al., 2011) (Figure 1.4A and Figure 6.1).
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Species Family FtsZ | FtsA | ZipA | ZapA | EzrA | SepF | FtsW | Ftsl | FtsK | FtsL | FtsB | FtsQ | FtsN | FtsEX | GpsB
Eco y-Proteobacteria + + + + - - + + + + + + + + -
Hin y-Proteobacteria + + + + - - + + + + + + + + -
Nme B-Proteobacteria + + - + - - + + + + + + + + —
Cer a-Proteobacteria + + - + - - + + + + + + + + -
Hpy e-Proteobacteria + + - + - - + + + - + - - + -
Ctr Chlamydiae - - - - - - + + + + - - - - —
Tpa Spirochaetes + + - + - - + + + + - + + + —
Mtu +high GC + - - - - + + + + - - + - n _
Miu +highGC + - - - - + + + + - - + - n _
Bsu +low GC + + - + + + + + + + + + - + +
Efa +lowGC + + - + + + + + + + - + - + +
Sau +low GC + + - + + + + + + + + + - + +
Spn +low GC + + - + + + + + + + + + - + +
Ssp Cyano/chlor + + - + + + + + + - - + - + -
Mja Euryarchaeota + - - - - + - - - — _ Z _ n ¥

Table 6.1 Conservation of divisome components across species

Eco, E. coli; Hin, H. influenzae; Nme, N. meningitidis; Ccr, C. crescentus; Hpy, Helicobacter pylori; Ctr, Chlamydia trachomatis; Tpa, Treponema pallidum;
Mtu, M. tuberculosis; Mlu, Micrococcus luteus; Bsu, B. subtilis; Efu, E. faecalis; Sau, S. aureus; Spn, S. pneumoniae; Ssp, Synechocystis sp.; Mja, M.
jannaschii.

Adapted from (Margolin, 2000; Nikolaichik and Donachie, 2000; Pinho et al., 2013). The Protein Knowledgebase (UniprotkKB), (http://www.uniprot.org/) was
used to identify the presence (+) or absence (—) of protein homologues in the above-mentioned species.
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MreC LtaS

FtsZ @

Figure 6.1 Cell division machinery of S. aureus

RodA

Schematic representations of the cell division machinery in S. aureus. The
components were determined based on protein-protein interactions using bacterial
two-hybrid assays. Not all known interactions between the division components
are shown here. Adapted from (Bottomley, 2011).
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Orthologues of the bitopic membrane proteins FtsL, DivIC/FtsB and DivIB/FtsQ
were not found in bacteria lacking cell walls (Margolin, 2000). The ftsL, diviC and
diviB genes are often located in an operon that is involved in the synthesis of
peptidoglycan precursors (Zapun et al., 2008). This finding suggests that these
proteins might be involved in the synthesis and/or remodelling of the cell wall. The
three proteins form a trimeric complex that is conserved in all the organisms in
which division protein interactions have been studied, indicating the functional
significance of this complex (Steele et al., 2011; Daniel et al., 2006; Noirclerc-
Savoye et al., 2005; Buddelmeijer and Beckwith, 2004). FtsL, DivIC and DivIB are
mutually dependent on each other for their stabilisation and localisation to the
division site (Daniel et al., 1998; Ghigo et al., 1999; Daniel and Errington, 2000;
Buddelmeijer et al., 2002; Daniel et al., 2006). Furthermore, localisation of the
FtsL-DivIC-DivIB complex to the mid-cell is dependent on the peptidoglycan
biosynthesis machinery (Weiss et al., 1999; Daniel et al., 2000; Rowland et al.,
2010; Noirclerc-Savoye et al., 2013).

6.2 S. aureus, a model of cell division

The simple cell cycle and morphology of S. aureus makes it a potential model in
which to study cell division This bacterium does not undergo cylindrical elongation
of the cell wall (Turner et al., 2010); hence, the roles of the cell wall machinery
components do not overlap The synthesis of peptidoglycan only occurs at midcell
in an FtsZ-dependent manner (Pinho and Errington, 2003), and the septum becomes
the nascent hemispherical poles of the resulting daughter cells after the separation
of the parent cell (Figure 6.2). The Min system and nucleoid occlusions select the
division site in rod-shaped bacteria by preventing the formation of the FtsZ-ring at
the cell poles and above the chromosome, respectively (Errington et al., 2003). No
Min homologues have been identified in S. aureus; however, DivIVA is present in
S. aureus but is not essential for division (Pinho and Errington, 2004). Noc was
shown to be important for the correct placement of the FtsZ-ring, suggesting that
Noc has a role in placing the septum in the correct plane (Veiga et al., 2011).
However, nucleoid occlusion alone cannot provide sufficient information to initiate

division in the next orthogonal plane.
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A Whole Rib B Whole Rib

Half Rib

N

Half Rib

Quarter Ri Quarter Rib

C Nascent hemispherical pole
Quarter Rib
\ Mature cell wall
Piecrust
Half Rib

Figure 6.2 S. aureus cell wall architecture and maturation

A. Mature parent S. aureus cells illustrating the planes of division. The whole rib
represents the most recent division plane, the half rib represents the second most
recent division plane and the quarter rib represents the third most recent and future
division planes.

B. After the separation of the daughter cells, the septum forms the nascent
hemispherical poles, and each daughter cell will inherit half of the rib.

C. As the cell matures, the peptidoglycan structure undergoes remodelling to allow
expansion of the cell. A new piecrust is formed along the plane of the quarter rib,
maintaining the characteristics of the three-plane sequence.

Adapted from (Turner et al., 2010; Wheeler, 2012).
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Thus, the components of the cell division machinery may recognise certain physical
markers within the cell that guide the division machinery to the presumptive
division plane. A recent study of S. aureus peptidoglycan using AFM has identified
important architectural features that reveal potential clues about S. aureus cell
division (Turner et al., 2010). A thick ring of peptidoglycan was observed and
termed “piecrust” because it exhibited a piecrust texture at the presumptive site of
septum formation. This piecrust was retained as an orthogonal “rib” after the
completion of septum formation. When the cell divides in the next plane, division
occurs across the previous septum, resulting in the sectoring of the cell wall
material, whereby each sector is delineated by old piecrust materials, the ribs. These
ribs contain enough information to mark the previous plane and hence determine
the location of the future plane, maintaining the characteristic three-plane sequence
(Figure 6.2) (Turner et al., 2010). Thus, the dissimilarities in peptidoglycan
structure throughout the cell cycle maybe recognised by different components of
the cell division machinery to form the septum. Indeed, the peptidoglycan
architectural features of S. aureus (piecrust, septal plate and ribs) suggest that the
cell division process is not a linear process and not all of the division components
interact at the same time, which indicates that the division process occurs in more
than one stage (Turner et al., 2010). The synthesis of the septal cell wall in S.
aureus has been shown to be disorganised in the absence of cell division
components such as FtsZ (Pinho and Errington, 2003) and EzrA (Steele et al.,
2011). Recent work in our lab has shown that DivIB depletion led to the formation
of enlarged “hamburger” cells with multiple or aberrant rings when newly
synthesised peptidoglycan was labelled with fluorescent vancomycin (Bottomley et
al., unpublished), suggesting the initiation of two septation sites or premature
splitting of septa to form daughter cells. Thus, DivIB is not involved in the
initiation of septum formation (piecrust) but participates in the progression and
completion of septum formation (septal plate). The failure of DivIB-depleted cells
to form complete septa was not caused by the delocalisation of peptidoglycan
synthetic proteins (PBPs) (Bottomley et al., unpublished), suggesting that DivIB is
essential for the progression of cell division at the point of the transition from
piecrust formation to septal plate formation.
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6.3 Cell wall-binding proteins

A number of cell division proteins have been shown to contain a CBD. FtsN is an
essential bitopic cell division protein (Dai et al., 1996; Wissel and Weiss, 2004;
Muller et al., 2007), and NMR analysis has shown that the C-terminal domain of
FtsN shares sequence similarity with the non-catalytic domain of certain
peptidoglycan hydrolases, such as the B. subtilis amidase CwlIC. Two repeat
sequences have been identified in the C-terminal domain of CwlIC, and these
repeats belong to the SPOR family, members of which are found in more than 1500
sporulation- and division-associated proteins, such as FtsN (Yang et al., 2004;
Mishima et al., 2005; Arends et al., 2010). The SPOR domains are conserved
among various bacterial species and proteobacterial species, such as C. crescentus,
Burkholderia thailandensis and Myxococcus xanthus (Moll and Thanbichler, 2009).
These tandem repeats play a crucial role in mediating the direct binding of the
protein to peptidoglycan (Yang et al., 2004; Mishima et al., 2005; Arends et al.,
2010); however, in FtsN, this domain mediates the localisation of the protein to the
division site (Ursinus et al., 2004; Moll and Thanbichler, 2009). RIpA, DedD and
DamX are E. coli proteins that localise to the septum and contain SPOR domains in
their C-terminal sequences that mediate this localisation (Gerding et al., 2009;
Arends et al.,, 2010). DedD and DamX are part of the E. coli cell division
machinery, and the latter was found to interact with other cell division proteins,
including FtsQ, using the bacterial two-hybrid method (Gerding et al., 2009;
Arends et al., 2010). The presence of SPOR domains in some of the cell division
proteins is sufficient for their binding to the septum and for the localisation of these
proteins to the septal ring during cell division (Arends et al., 2010). Affinity
binding assays have demonstrated that the SPOR domains in E. coli and C.
crescentus FtsN bind to peptidoglycan (Ursinus et al., 2004; Moll and Thanbichler,
2009). In addition, this technique has shown that approximately 80% of
recombinant (purified from E. coli) His-tagged SPOR domains from DedD, RIpA
and DamX, as well as the SPOR domains from Vibrio parahaemolyticus,
Cytophaga hutchinsonii and Aquifex aeolicus, were present in the pellet fraction
bound to peptidoglycan (Arends et al., 2010). CwlIC from B. subtilis was shown to
bind peptidoglycan via NMR (Mishima et al., 2005). The localisation of the SPOR
domain in E. coli FtsN is dependent on Ftsl and certain amidases, including AmiC,

AmiB and AmiA; it has also been suggested that this domain is recruited to septal
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peptidoglycan and is transiently present at constriction sites (Gerding et al., 2009).
The PASTA domain is a newly identified peptidoglycan-binding domain that
consists of four tandem repeats and has been found in S. coelicolor and in the C-
terminal region of M. tuberculosis pKnB. The PASTA domain is also present in the
C-termini of other proteins, such as HMW PBPs and eukaryotic-like
serine/threonine kinases, which is where the name PASTA originated (Yeats et al.,
2002). This domain interacts with the stem peptides of unlinked peptidoglycans and
the B-lactam antibiotics that resemble these structures (Yeats et al., 2002; Jones and
Dyson, 2006). The lysin motif, or the LysM domain, binds to GIcNAc in a non-
covalent manner and is conserved among many cell wall hydrolases (Buist et al.,
2008; Moll et al., 2010). The first LysM domain was found in the C-terminal region
of the Bacillus phage $29 and consists of 44 amino acid residues (Garvey et al.,
1986). DipM and NIpD contain LysM domains that range from 44 to 65 residues in
length (Buist et al., 2008). The glycine-tryptophan (GW) domain is another CBD
that attaches non-covalently to lipoteichoic acid (LTA) in the cell wall (Scott and
Barnett, 2006), as is the CHAP (cysteine, histidine-dependent
amidohydrolase/peptidase) domain, which is part of the activity domain of many
enzymes (Bateman and Raw, 2003). Numerous peptidoglycan hydrolases contain a
choline-binding domain that attaches the enzyme to phosphocholine in the cell
wall-associated components WTA and LTA (Vollmer et al., 2008; Mellroth et al.,
2012). LytA is an autolysin in S. pneumoniae that hydrolyses the lactyl-amide bond
connecting the glycan strands and the stem peptide (Mellroth et al., 2012). LytA
has a choline-binding domain in its C-terminus that is crucial for its function
because the presence of a high concentration of choline in the cell wall inhibits the
hydrolytic activity of the enzyme (Giudicelli and Tomasz, 1984). A. hydrophila
ExeA contains a peptidoglycan-binding domain (Pfam 01471) in its periplasmic
region (Li and Howard, 2010). This domain has been found in many cell wall
hydrolases, such as B. subtilis autolysins, B. cereus SleB and a peptidase in
Streptomyces albus, in which the peptidoglycan binding domain is located in the N-
terminal region and a catalytic domain is present in the C-terminal region (Foster,
1991; Charlier et al., 1984; Moriyama et al., 1996; Li and Howard, 2010).
Sedimentation assays and other assays, including gel filtration, in vivo cross-linking
and native PAGE, have shown that A. hydrophila ExeA interacts with

peptidoglycan. Substitution mutations in any of the highly conserved residues in
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this domain reduce the binding affinity of ExeA for peptidoglycan by two-fold in
vitro (Li and Howard, 2010) and in vivo (Howard et al., 2006), which indicates
specific binding to the peptidoglycan backbone rather than the other associated
components and the involvement of these residues in the interaction (Howard et al,
2006; Li and Howard, 2010).

S. aureus DivIC, FtsL (Chapter 3) and DivIB (Bottomley, 2011) bind to
peptidoglycan through their C-terminal regions; however, these regions do not have
any homology with the previously mentioned CBD, suggesting that DivIC, FtsL
and DivIB represent a new class of CBD. B. subtilis FtsL (Chapter 3) and B. subtilis
DivIB (Bottomley, 2011) have been shown to bind peptidoglycan, implying that
this binding may be conserved among closely related species. It would be useful to
know whether B. subtilis DivIC has a binding affinity for the cell wall similar to S.
aureus DivIC. The binding affinity of DivIC, FtsL (Chapter 3) and DivIB
(Bottomley, 2011) for the cell wall is enhanced by the presence of WTA, and a
bacterial two-hybrid analysis in S. aureus has revealed that DivIC, FtsL and DivIB
interact with components of the WTA synthetic machinery, such as TarO (TagO),
which is the first enzyme in WTA biosynthesis, as well as SA2103 and SA1195,
which are the hypothetical WTA ligases (Kent, 2013). Furthermore, it has been
shown that WTA is less abundant at the septum but gradually increases with the
distance from the septum (Schlag et al., 2010; Atilano et al., 2010). However, the
interaction of the cell division machinery with the WTA biosynthetic machinery
(Kent, 2013) and the blockage of WTA biosynthesis cause defects in cell division
and separation (Campbell et al., 2011), and the complete absence of WTA from the

septum cannot be ruled out.

The localisation patterns of the DivIC, FtsL and DivIB proteins (Chapter 4;
Bottomley, 2011) have shown that these proteins are only present transiently at the
division site, which is consistent with the accumulation of DivIC, FtsL and DivIB
in areas away from the septum where WTA is more abundant. The localisation
patterns of DivIC, FtsL and DivIB suggest that they bind to a specific

peptidoglycan architecture (piecrust; thick yellow band in Figure 6.2C or ribs;
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green, pink and yellow in Figure 6.2A-C). The ribs are then retained as half or
quarter ribs in the subsequent divisions, as each daughter cell inherits an old cell
pole (Turner et al., 2010). DivIC, FtsL and DivIB might bind to these features
(shown as green, pink and yellow bands in Figure 6.2) to either indicate the location
of the new division plane or to mark the previous division planes; this can be
observed as line patterns or distinct foci depending on the direction of the planes
sectoring the cell (Chapter 4, Bottomley et al., unpublished). It has been postulated
that the gaps within the WTA layer are due to the ribs and piecrust intersecting the
areas where WTA binds; however, the piecrust feature could have less WTA than
the ribs (Kent, 2013), which could be due to WTA that was not fully polymerised at
the initiation of septum formation (Schlag et al., 2010). Thus, DivIC and FtsL may
have roles in either the initial interaction at the beginning of cell division by
recognising the existing peptidoglycan template or in directing the cell division

machinery to synthesise a particular peptidoglycan architecture.

Katis et al., (1997) suggested two models of DivIC localisation within the B.
subtilis cell cycle. First, DiviC forms a ring at the septum site before and
throughout septation, and once the septum is completely formed, DivIC persists
between the newly unseparated daughter cells until cell division is complete.
Second, DivIC also exists as a ring at the septum site; however, DivIC is
incorporated over the invaginating septum and forms a disc, which degrades once
septation is complete, yet a small amount of DivIC remains at the poles of the
daughter cells.

6.4 Cell division as an antibacterial target

The essentiality of the cell division process in nearly all bacteria, particularly those
that are pathogenic, makes it an attractive target for antibiotics as disruption of
division will cause a loss in cell viability. In addition, the conservation of cell
division proteins in a wide range of bacterial species also makes it an ideal target
for the development of new therapeutic agents (McDevitt et al., 2002). An optimal
target for the development of antimicrobial agents should be conserved, essential

and, most important, have no significant homology to mammalian cell division
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proteins. Many compounds have been shown (Chapter 1;Section 1.8) to inhibit cell
division, and these are under investigation as potential antimicrobial agents
(McDevitt et al., 2002; Beuria et al., 2009; Schaffner-Barbero et al., 2011). Some
inhibitors have been shown to have anti-tuberculosis (Kumar et al., 2010) and anti-
staphylococcal (Haydon et al., 2008) activities. The structural homology of FtsZ
and FtsA to eukaryotic tubulin and actin, respectively, could lead to host cell
toxicity. Thus, cell division proteins with unknown functions could serve as
potential antimicrobial targets when no resistance has been described. DivIC/FtsB
and FtsL could serve as putative targets because no homology to eukaryotic
proteins has been identified, and they are conserved in bacteria with cell walls.
DivIC/FtsB and FtsL were shown to be essential in B. subtilis and E. coli (Guzman
et al., 1992; Levin and Losick, 1994; Daniel et al., 1998; Buddelmeijer et al., 2002)
and potentially essential in S. aureus (Chaudhuri et al., 2009). Indeed, confirming
that these proteins are essential in S. aureus will allow them to be considered as

potential targets for anti-staphylococcal inhibitors.

Immunological therapies, such as vaccination and therapeutic antibodies, can be
used as alternatives to antibiotics. Current and previous active and passive
immunisation approaches for the development of S. aureus vaccines have targeted
several antigens (Otto, 2010; Garcia-Lara and Foster, 2009). These antigens include
the following: cell wall targets, including IsdB (V710, Merck), LTA (Pagimaximab,
Biosynexus), clumping factor A (Veronate® and Aurexis®, Inhibitex), multi-
component surface proteins, such as Sdrg, IsdA, SdrD and IsdB (Stranger-Jones et
al., 2006), anchorless cell wall proteins, such as enolase, oxoacyl reductase,
putative esterase (Glowalla et al., 2009) and protein A (Elusys Therapeutics, Pfizer
(ETI211)); capsular targets, including capsular polysaccharide type 5 and type 8
(StaphVAX™, Nabi); membrane targets, such as the ABC transporter GrfA
(Aurograb®, Neutec Pharma); extracellular molecules, including a-toxin, H35L
(Bubeck Wardenburg and Schneewind, 2008), Panton-Valentine leukocidin (Brown
et al., 2008; Bubeck Wardenburg et al., 2008), enterotoxins and TSST (Hu et al.,
2003; Nilsson et al 1999); and surface-associated targets, such as poly-N-

acetylglucosamine (Maira-Litran et al., 2005).
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Due to the complexity of S. aureus pathogenicity and infections, targeting the
components mentioned above is often ineffective. Therefore, the search for new
targets, such as cell division proteins, is crucial. The ability to utilise membrane
proteins as immunological targets for vaccine development suggests that DivIC and
FtsL might be useful in this category. Antibodies could inhibit the binding of these

proteins to the cell wall and block their functions and hence affect cell division.

6.5 Future work

This study has demonstrated that DivIC and FtsL bind peptidoglycan, suggesting
that these proteins function in cell wall recognition or synthesis during cell division
in S. aureus. Localisation studies indicate that DivIC and perhaps FtsL could
function as markers of potential division planes or previous division planes,
ensuring the assembly of the divisome in the correct plane. Super high-resolution
microscopy and AFM will aid in localising DivIC and FtsL to particular S. aureus
peptidoglycan structures (e.g., piecrust, ribs). In addition, because the binding of
DiviC and FtsL to the cell wall was enhanced by the presence of WTA,
understanding the role of WTA in mediating the localisation of DivIC and FtsL
could clarify the role of WTA in planar division. Further studies using SPR will
help to identify the particular component of peptidoglycan that is recognised by
these proteins. In addition, the kinetics of binding can be determined by labelling
the recombinant proteins with fluorescent dye and subsequently investigating the
binding to peptidoglycan at different pHs in the presence or absence of the divalent
cations. Although DivIC and FtsL are not highly conserved across bacterial species,
it would be useful to investigate the conservation of their function in cell division,
especially if the function of these proteins is species-specific. The construction of
diviC and ftsL mutants of S. aureus is crucial for verifying the role of DivIC and
FtsL in S. aureus cell division. Such mutants can be constructed by mutating the
chromosome via allelic exchange using Ts plasmids. The mutation can then be
complemented by several approaches, such as integration vectors, shuttle plasmids
or the induction of gene expression (Monk and Foster, 2012). The depletion of
DivIC and FtsL could affect the morphology of the cell and cause a phenotypic
change similar to what was observed with the rod-shaped organisms E. coli and B.

subtilis. The present work draws attention to the need to study cell division in
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model organisms other than those that are rod-shaped, particularly in those that
have different modes of growth. Indeed, studying cell division in clinically relevant
pathogens will aid in the identification of putative antibacterial targets and hence
further the development of anti-staphylococcal inhibitors.
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