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Abstract

Carbohydrates are essential for bacterial survival. As well as being taken up and used as
a carbon source, they are synthesised by bacteria to protect them from environmental
stresses and assist in colonisation of new environments. Bacteria possess a range of
mechanisms to modify the diverse carbohydrate structures that they synthesise, a key
example being O-acylation. Acylation of bacterial carbohydrates can have applications
in processes such as antigenic variation, osmoregulation, virulence and cell division, and

can also have transferrable applications in clinical and industrial processes.

The aim of this research was to investigate the mechanism of carbohydrate O-acylation
by Acyltransferase_3 (AT3) domain-containing proteins OafA and OafB of the bacterial
pathogen Salmonella. These proteins contain a membrane bound AT3 domain fused to
an extra cytoplasmic SGNH domain. They O-acetylate different residues in the variable

repeating carbohydrate O-antigen of lipopolysaccharide.

The research presented in this thesis demonstrates that both the AT3 and SGNH
domains are required for O-antigen acetylation in these proteins. It also highlights
functional residues that support a conserved mechanism of transmembrane acyl group
transport by AT3 domain-containing proteins, and suggests residues within the AT3
domain specifically adapted for function with a fused SGHN domain. Furthermore,
structural and functional characterisation of the SGNH domain of OafA and OafB
supports the hypothesis that this domain is responsible for the final step of acetyl group
transport to the carbohydrate acceptor in this system, and also identifies how acceptor

substrate specificity is achieved by this domain.

These findings have allowed a refined mechanistic model for AT3-SGNH fused proteins
to be defined, enhancing our understanding of an important family of acyltransferase
proteins which are found across all domains of life. This work therefore provides a
framework for understanding and potentially manipulating these proteins, to enable

carbohydrates of clinical and industrial significance to be engineered.
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Chapter 1 Introduction

1.1 Bacterial cell surfaces

Bacteria inhabit a diverse range of habitats across aquatic, terrestrial and even aerial
environments and can survive independently or within host organisms. In fact, there are
few places on earth that bacteria have not been found to thrive. Within these
environments, bacteria play a vast array of roles. Within host organisms, some are
critical in providing essential nutrients to their host in exchange for their maintenance
within the organism (Webster, 2014), whereas, others cause disease and even death of
the host (Wilson et al., 2002). In all cases, bacteria must adapt to survive in the diverse
environments that they inhabit and their first contact with these environments is often

through their cell surfaces.

This introduction outlines the carbohydrate structures at bacterial cell surfaces and the
significance of their roles in bacterial physiology and survival. Modification of these
carbohydrates can have diverse impacts on bacterial interactions. A key example being
the modification of surface antigens in Salmonella. Many bacteria share a conserved
approach to acylation of the carbohydrates that they synthesise and the focus of this
thesis is to enhance the knowledge on the mechanism of action of the proteins involved

in these specific carbohydrate O-acylation modifications.

1.1.1 Gram-positive and Gram-negative bacterial cell envelopes

The composition of the bacterial cell envelope is fundamental in defining bacterial cell
shape (Cabeen and Jacobs-Wagner, 2005), resistance to environmental stresses (Yadav
et al., 2018), and interaction with the environment (Nikaido, 1999). Bacteria are divided

into two broad classes, defined by the composition of their cell envelope Figure 1.1.

Gram-positive bacteria possess a single phospholipid bilayer surrounded by a thick layer
of peptidoglycan - an integral polysaccharide component of the cell envelope that will
be discussed in further detail in section 1.1.4. This thick peptidoglycan layer, often
referred to as the cell wall, is interspersed with proteins and secondary cell wall
glycopolymers called teichoic acids (Silhavy et al., 2010). Proteins covalently attached to

the peptidoglycan (CAP - Figure 1.1) display vast functional diversity in bacterial



interactions with host tissues, immune system components and other bacteria, and they
can also play roles in nutrient acquisition and protein processing (Navarre and
Schneewind, 1999). Teichoic acids are anionic carbohydrate containing polymers which
can be anchored in the cell membrane by glycolipids (LTA - Figure 1.1) or covalently
attached to peptidoglycan (WTA - Figure 1.1) (Brown et al., 2013; Percy and Griindling,
2014). Teichoic acids have been demonstrated to contribute to regulation of autolysin
activity and are therefore involved in growth and division of bacterial cells (Holtje and

Tomasz, 1975).

The Gram-negative bacterial cell envelope, in contrast, is composed of three principal
layers; two lipid bilayers which are separated by the periplasm (Figure 1.1). The
periplasm is a multipurpose compartment which contains a thinner layer of
peptidoglycan when compared to Gram-positive bacteria, as well as lipid anchored and
many different soluble proteins (Miller and Salama, 2018). The inner and outer
membranes of Gram-negative bacteria are also distinct from one another, the inner
membrane is composed of a bilayer of phospholipids of varying composition
(Sohlenkamp and Geiger, 2016), whereas the outer membrane is an asymmetric lipid
bilayer, with the inner leaflet composed of phospholipids and the outer leaflet
composed of lipopolysaccharide (Le Brun et al., 2013; Abellén-Ruiz et al., 2017).
Lipopolysaccharide (LPS) is another important polysaccharide component of the cell

envelope and will be discussed in further detail in section 1.1.6.
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Figure 1.1| Schematic representation of Gram-positive and Gram-negative bacterial

cell envelopes. CAP = covalently attached protein, IMP =

integral membrane protein,

LPS= Lipopolysaccharide, LP= Lipoporotein, LTA = Lipoteichoic acid, OMP = outer
membrane protein, WTA = wall teichoic acid. Adapted from (Silhavy et al., 2010).

1.1.2 The role of polysaccharides in the bacterial cell envelope

As highlighted in the previous section, bacterial cell envelopes are associated with a

variety of polysaccharides which are integral to the survival and morphology of

prokaryotic organisms. Discussed below are some of the key polysaccharides of the

bacterial cell envelope and their role in cellular integrity.

1.1.3 Capsular polysaccharide

Immediately exterior to the components of the cell envelope, discussed in 1.1.1, Gram-

positive and Gram-negative bacteria can also produce a polysaccharide capsule, defined



as a gel-like layer of polysaccharide that can be up to 10 um thick (Davis, 1996). These
capsular polysaccharides are often negatively charged and display vast structural
diversity in their monosaccharide composition, branching and linkages (Wen and Zhang,
2014). They can be linked to the bacterial cell surface with a lipid moiety or covalently
anchored to the peptidoglycan of Gram-positive bacteria (Sgrensen et al., 1990; Wen

and Zhang, 2014).

Bacterial capsules can be major virulence determinants as they are antiphagocytic, due
to mutual repulsion by the net negative charge, and can prevent complement mediated
killing, through binding regulators of the complement pathway or masking underlying
cellular components that could activate the complement cascade (Moxon and Kroll,
1990). Capsular polysaccharides can also be important for survival in, and colonisation
of, new environments. These structures can promote adherence to innate surfaces and
other cells for formation of biofilms (Roberts, 1996), they are important in resistance to
desiccation and disinfectants (Tipton et al., 2018), and they have also been implicated

in escape of mucus-mediated clearance from the host (Nelson et al., 2007).

Due to the many and varied roles that capsular polysaccharides play in survival of
pathogenic bacteria, and the fact that these structures are the most exterior component
of the bacterial envelope, they have been targeted in vaccine research. Indeed, capsular
polysaccharides have been successfully targeted in vaccines against Streptococcus
pneumoniae (Berical et al., 2016), Neisseria meningitidis (Peltola et al., 1977),
Salmonella enterica serovar Typhi (Thiem et al.,, 2011) and Haemophilus influenzae

(Yogev et al., 1990).

1.1.4 Peptidoglycan

Peptidoglycan, also referred to as murein, is a polymer of monosaccharide chains linked
by amino acids that form a mesh like structure around the cell that is an important
feature in maintaining cell shape and structural integrity, and can play roles in
bacteriophage interactions (Holtje, 1998; Gaidelyte et al., 2006). As mentioned in
section 1.1.1, peptidoglycan is much more abundant in the Gram-positive bacterial cell
envelope, accounting for 30-70% of the total cell envelope and measuring 15-30 nm
(Schleifer and Kandler, 1972; Vollmer et al., 2008). Whereas, there is comparatively little

peptidoglycan in Gram-negative bacteria, which accounts for less than 10% of the total
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cell envelope and is equivalent to just one to three layers of peptidoglycan chains.
Peptidoglycan chains, or glycan strands, are composed of vast interlocking chains of
peptidoglycan monomers, composed of a disaccharide repeat of N-acetylglucosamine
(GlcNAc) and N-acetylmuramic acid (MurNAc) with a peptide stem. The glycan strand is
elongated by linkage of disaccharide repeats and crosslinking of the strands occurs by
transpeptidase reaction, which links the peptide stems between MurNac molecules

(Figure 1.2)(Holtje, 1998).

MurNAc GIcNAC Peptide stem
/

Crosslinking of
the peptide stem

Figure 1.2| Composition of peptidoglycan in the cell envelope. N-acetylmuramic acid
(MurNAc) residues are represented in blue and N-acetylglucosamine (GIcNAc)
residues are represented in purple.

The carbohydrate composition of glycan strands is regarded as uniform across many
species studied and it is the peptide stem which is the most variable component of
peptidoglycan between species (Vollmer et al., 2008). However, it has long since been
established that glycan strand carbohydrates can be modified by addition of O-acetyl
substituents (Schleifer and Kandler, 1972). These carbohydrate alterations can have
impact on recognition of bacteria by the host as well as resistance of peptidoglycan to

hydrolytic enzymes (Vollmer, 2008).

1.1.5 Osmoregulated periplasmic glucans

The periplasmic space of Gram-negative bacteria is also resident to structurally varied
oligosaccharides composed of D-glucose. These glucans are suggested to play a role in

providing resilience of bacterial cells against osmotic stress (Bohin, 2000), and can be



important for virulence of Gram-negative bacterial pathogens (Page et al., 2001;
Bhagwat et al.,, 2009). Gram-negative bacteria inhabit diverse environments with
varying osmotic pressures, for example, they can survive in pure water, human blood
and sea water (Wood, 2015). Synthesis of osmoregulated periplasmic glucans (OPG —
previously termed membrane derived oligosaccharides) were found to be regulated by
osmotic pressure in a range of organisms (Kennedy, 1982; Miller et al., 1986; Breedveld
and Miller, 1994). Although, only composed of D-glucose, OPG’s display structural
diversity through the linkage of B-glycosidic bonds, and they can also be decorated with
acetyl, succinyl and methylmalonyl substituents, resulting in the anionic properties of
these polysaccharides (Bohin, 2000). It has been proposed that the anionic properties
of these periplasmic glucans helps to maintain the high osmotic pressure of the
periplasmic space (Kennedy, 1982). However, not all OPG’s are anionically charged and
alternative roles in closing porin channels (Delcour et al., 1992), detergent resistance
(Rajagopal et al., 2003), and regulating environmental sensing proteins (Bontemps-Gallo

et al., 2013) have been suggested.

1.1.6 Lipopolysaccharide

Lipopolysaccharide (LPS) is the major lipid bound carbohydrate component of the outer
leaflet of the outer membrane of Gram-negative bacteria (Figure 1.1). LPS is considered
an essential component of the cell envelope of many Gram-negative bacteria as it plays
roles in the correct assembly and function of outer membrane proteins and prevents
the passage of toxic hydrophobic molecules into the cell (Zhang et al., 2013; Klein and
Raina, 2019). LPS is composed of a membrane anchored lipid A, a core oligosaccharide
portion, and a distal O-antigen (Figure 1.3)(Osborn et al., 1964; Miller et al., 2005). Its
lipid A portion is a key activator of innate immunity (Raetz and Whitfield, 2002; Miller et
al., 2005). The core oligosaccharides connect lipid A to the O-antigen and are generally
well conserved in composition between related bacterial species, particularly in the
inner core region (Raetz and Whitfield, 2002). The 3-deoxy-d-manno-2-octulosonic acid
(KDQ) sugar is a mostly invariable constituent of the LPS core and is only replaced with
D-glycero-D-talo-oct-2-ulosonic acid (Ko) in some organisms (Holst, 2011). It can
therefore be used to detect LPS presence in colourimetric and biophysical assays (Unger,

1981; Rybka and Gamian, 2006).
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Figure 1.3| Structure of lipopolysaccharide. A) Schematic representation of
Salmonella enterica ser. Typhimurium LPS. Glycans are represented according to
symbol nomenclature for graphical representation of glycans (Hart et al., 2015). B)
Linkage of monosaccharides in the O-antigen repeat unit of Salmonella enterica ser.
Typhimurium LPS.

Some organisms which reside in mucosal surfaces, such as N. gonorrhoeae and H.
influenzae possess LPS that does not contain the distal repeating O-antigen and instead
has a single non-repeating oligosaccharide chain (Jacques, 1996; Preston et al., 1996).
This alternative glycolipid is termed lipooligosaccharide (LOS). Although it does not
possess the highly variable O-antigen structure, LOS is still a major virulence factor in
these bacteria (Kimura et al., 1987; Brandtzaeg et al., 2004), and its oligosaccharide
composition can vary depending on expression of biosynthesis glycosyltransferase

genes (Zhu et al., 2001; Patrone and Stein, 2007) .

The O-antigen, when present, is the most distal and variable component of LPS and it
plays a pivotal role in bacterial interactions, survival, and pathogenicity. The O-antigen
is composed of repeating oligosaccharide units composed of 3-6 monosaccharides,
which can be linear or branched (Lerouge, 2001). The number of O-antigen repeat units

on each LPS molecule can vary, giving rise to the characteristic ladder pattern obtained



after visualisation of LPS that has been run on SDS-PAGE gel (Figure 1.4)(Rezania et al.,

2011).
A
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Figure 1.4] LPS banding pattern on SDS-PAGE gel. Salmonella enterica ser.
Typhimurium LPS run on tricine SDS-PAGE and visualised by silver staining shows the
typical laddering pattern of LPS after size separation. Each rung on the ladder
represents LPS with an additional O-antigen repeat.

O-antigens can be up to 100 units long in some cases (Stevenson et al., 1995). The length
of the LPS O-antigen is important for many interactions with host immune defences.
Very long (>90 units) LPS is implicated in evading complement mediated killing through
steric hindrance of complement (Murray et al., 2006). Conversely, shorter O-antigen
lengths are required to allow invasion of host cells (Holzer et al., 2009) and interaction
of cell surface proteins for actin based motility of intracellular pathogens (Morona et al.,
2003). Therefore, the architecture of LPS on the outer membrane of Gram-negative

bacteria must be intricately balanced, to facilitate survival inside a host.

As the most exposed molecules to host defences, O-antigens can be highly immunogenic
and they can also be the target of bacteriophage interactions to initiate infection
(Broeker and Barbirz, 2017). For this reason, bacteria possess mechanisms to alter their
O-antigen structure beyond the carbohydrate composition of the repeating unit. A
diverse range of additional modifications can be performed which include, altering the
linkage of sugars (Wang et al., 2002) and adding extra moieties such as glucose (Davies
et al., 2013) or acetyl groups (Slauch et al., 1996). O-antigen diversity is of particular
significance in Salmonella biology as it is a determinant in the classification of the >2600
serovars that have currently been characterised (Grimont and Weill, 2008; Issenhuth-

Jeanjean et al., 2014) and has been linked with variation in the production of protective



antibodies and altered bacterial virulence. Salmonella O-antigen diversity will be

discussed in further detail in the following section.

1.2 Salmonella and the LPS O-antigen

1.2.1 Overview of Salmonella

Salmonella are Gram-negative bacteria of the Enterobacteriaceae family which also
includes other pathogenic examples such as Escherichia coli and Shigella flexneri. The
Salmonella genus contains two species, Salmonella enterica and Salmonella bongori
(Grimont and Weill, 2008). S. enterica is most commonly associated with infection of
warm-blooded animals, whereas S. bongori is mostly associated with the diseases that
occur within cold-blooded animals, with limited incidence of human infection (Fookes
etal., 2011). S. enterica is a major cause of foodborne illness in humans and is the most
commonly identified pathogens from food in the USA after Campylobacter (Tack et al.,

2019).

S. enterica is further divided into six subspecies which have been subdivided into over
2600 serovars by the White-Kauffmann-Le Minor scheme (further discussed in section
1.2.2), based on antigenic properties of their flagellar H-antigen and lipopolysaccharide
(LPS) O-antigen (Figure 1.5) (Grimont and Weill, 2008; Issenhuth-Jeanjean et al., 2014).
S. enterica subspecies enterica is the most clinically relevant subspecies and is the
dominant subspecies in causing human Salmonella infections (salmonellosis) (Fierer and
Guiney, 2001). In the US, there are over 10,000 cases annually of these infections (Lynch
et al., 2009; Boore et al., 2015). Thus, this subspecies will be the focus of further

discussion.
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Figure 1.5]| Divisions of the Salmonella genus.

S. enterica subspecies enterica infections display a wide variety of clinical
manifestations, from asymptomatic disease to gastroenteritis and systemic infections,
and the severity of these infections can be dependent on the serotype of Salmonella and
the health status of the human host (Jones et al., 2008; Eng et al., 2015). Invasion of
eukaryotic cells and intracellular survival and replication are essential requirements in
the infection cycle of S. enterica. Following ingestion and survival of the acidic stomach
environment and host defences in the small intestine (Alvarez-Ordéfiez et al., 2011,
2012), cells breach the gut epithelium using a variety of mechanisms depending on the
cells that they encounter (Garai et al., 2012). Salmonella can be phagocytosed by
specialist phagocytic cells or they can actively induce their uptake using a Type llI
secretion system, a ‘molecular syringe’ which can inject effector proteins into epithelial
cells to induce cytoskeletal rearrangements to promote their uptake into a Salmonella
containing vacuole (SCV) (Haraga et al., 2008). Once inside the host, Salmonella cells
maintain themselves in the SCV through use of a second Type lll secretion system to
inject effectors into the host cell which maintain the conditions of the SCV (Beuzdn et

al., 2000).
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Self-limiting gastroenteritis is the prominent clinical symptom of non-typhoidal
Salmonella, which is caused by serovars such as Typhimurium, Enteritidis and Newport
(Tack et al., 2019). These serovars tend to infect a broad host range and maintain
reservoirs in livestock and other animals, with asymptomatic carriage in some cases
(Cheong et al., 2007; Diaz-Sanchez et al., 2013; Kagambeéga et al., 2013). Non-typhoidal
Salmonella is a considerable public health burden in both developing and developed
countries, with serovar Typhimurium estimated to cause more than 150,000 human
deaths from gastroenteritis each year (Majowicz et al., 2010; Hiyoshi et al., 2018). In
some cases, hon-typhoidal serovars can invade the bloodstream and cause bacteraemia
which results in high fever and can cause septic shock (Eng et al., 2015). In these cases
the infecting strains are termed invasive non-typhoidal Salmonella (iNTS). A sub-lineage
of the Typhimurium serovar is the dominant cause of invasive non-typhoidal Salmonella
infections in Africa (Reddy et al., 2010). These infections are a significant cause of
morbidity and mortality, with the very young, elderly and immunocompromised
individuals at particular risk (Uche et al., 2017). There is also increasing evidence that
iNTS infections are becoming more prevalent in developed countries with 17.3 cases
per 100,000 population recorded in Queensland Australia, caused prominently by
serovars Virchow, Typhimurium and Aberdeen (Parisi et al., 2019). The significance of
non-typhoidal Salmonella in human disease and livestock infection make it a substantial

health and economic problem.

In contrast to non-typhoidal serovars, Salmonella enterica serovar Typhi and Paratyphi
can result in enteric (Typhoid or Paratyphoid) fever, where, following initial invasion of
intestinal epithelial cells, they disseminate to the lymph nodes, liver and spleen (de Jong
et al., 2012). The clinical presentation of typhoid and paratyphoid fever is distinct from
non-typhoidal Salmonella serovars, with Typhoidal strains moderating intestinal
inflammation upon infection, to prevent the acute gastroenteritis which is associated
with non-typhoidal Salmonella strains and allow dissemination to other sites in the body
(Winter et al., 2010; Hiyoshi et al., 2018). Typhoidal Salmonella strains are highly host
restricted and spread from human to human by the faecal-oral route. As, these
pathogens can disseminate to immune privileged niches within the body such as the
gallbladder (Hiyoshi et al., 2018), they can persist within apparently healthy hosts for
extended periods of time and be shed from the body over a longer duration, promoting

their maintenance within a population (Kingsley and Baumler, 2000). Salmonella ser.
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Typhi is a major cause of enteric fever, in 2017 there were over 14 million cases of
Typhoidal Salmonella globally, resulting in over 135,000 deaths, with 76.3% of these

cases caused by serovar Typhi (Stanaway et al., 2019).

1.2.2 Classification of Salmonella serovars

As mentioned in section 1.2.1, Salmonella serovars are classified using the White-
Kauffmann-Le Minor scheme. This scheme was first published in 1934 and listed 44
Salmonella serovars (Salmonella Subcommittee of the Nomenclature Committee of the
International Society for Microbiology, 1934; Grimont and Weill, 2008). In its most
recent published update this number had risen to over 2600 classified serovars, with the
majority of these (1586) arising from subspecies enterica (Issenhuth-Jeanjean et al.,
2014). This scheme is important for surveillance of Salmonella and provides a consistent
method to determine the prevalence of different serovars across the globe. It
characterises Salmonella isolates based on the antigenic properties of their surface
antigens, and in recent years phage typing has been employed to further differentiate
frequently isolated serovars such as Typhimurium and Enteritidis (Rabsch, 2007;
Grimont and Weill, 2008). Phage typing involves subjecting salmonella isolates to
infection with specific bacteriophage to record which phage they are susceptible to lysis
with, however, its usefulness as a surveillance technique has been questioned (Baggesen

etal., 2010).

Salmonella surface antigens used for classification are the H-antigen, Vi-antigen and O-
antigen and designation of the H, O and Vi antigens of Salmonella isolates is determined
by agglutination reactions with specific antibodies. The H-antigen is determined by the
structure of the flagellin protein which makes up flagellum filaments required for
bacterial motility. By expression of different flagellin genes different Salmonella isolates
can produce over 100 different H-antigens (McQuiston et al., 2008). The Vi antigen
denotes strains which express a polysaccharide capsule and much like many other
encapsulated bacteria (section 1.1.3), possession of the genes encoding the Vi capsular
antigen are thought to be connected with virulence (Seth-Smith, 2008). The O-antigen
serotype is determined by the structure of the LPS O-antigen polysaccharide (see section
1.1.6) (Figure 1.3). There are currently 67 different O-antigen structures recognised by

serotyping antibodies (Grimont and Weill, 2008), however incidence in which expression
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of O-antigen modification genes does not alter the O-antigen serotype have been
recorded (Davies et al., 2013). This highlights the diversity of O-antigen structural
modifications that are overlooked by current standard serotyping procedures.
Therefore, understanding the modifications of these O-antigen structures could have

significance in understanding Salmonella virulence, and epidemiology.

1.2.3 Salmonella LPS O-antigen biosynthesis

The general components of LPS are discussed in section 1.1.6 and the enzymes involved
in synthesis of LPS and delivery to the cell surface have been well characterised
(Simpson et al., 2015; Maldonado et al., 2016; Okuda et al., 2016; Owens et al., 2019).
Briefly, the lipid A and core components of LPS are synthesised on the cytoplasmic side
of the inner membrane through sequential activity of conserved enzymes which first
produce the lipid A molecule then consecutively add each core sugar through activity of
defined glucosyltransferase enzymes. The lipid A + core is then flipped to the periplasmic
side of the inner membrane by the MsbA ABC transporter. The O-antigen is synthesised
separately and the pathway for O-antigen synthesis will be outlined in more detail in the
following paragraphs. Once synthesised, the polymerised O-antigen and is added to the
Lipid A + core by the O-antigen ligase protein Waal. This forms the completed LPS
molecule on the periplasmic side of the inner membrane. The fully synthesised LPS
molecule is then transported to the outer membrane through action of 7 proteins which

form the lipopolysaccharide transport (LPT) complex (LptABCDEFG) (Figure 1.6).

There have been significant developments in the understanding of the mechanism of
LPS transport in recent years, initiated by the development of in vivo photo-crosslinking
stratergies to trap LPS on Lpt proteins and distinguish their interactions (Okuda et al.,
2012). Subsequent resolution of the crystal structure of multiple LPT complex proteins
has allowed a detailed model of the mechanism of LPS transport to the outer membrane
to be outlined (Sherman et al., 2014; Luo et al., 2017; Li et al., 2019; Owens et al., 2019).
Briefly, LPS present in the inner membrane inserts into the LPT complex through the
entry point formed by the transmembrane proteins LptG and LptF and the single
transmembrane helix of LptC. ATP hydrolysis by the two LptB proteins, interacting at the
cytoplasmic face of the inner membrane complex, then provide the energy to move LPS

molecules along the LPT complex onto the chain of LptA proteins that span the
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periplasm. LptD and LptE constitute the outer membrane LPS translocon and once LPS
has been passed from the LptA chain to this complex they move LPS to the outer leaflet

of the outer membrane (Sperandeo et al., 2017; Owens et al., 2019)(Figure 1.6).

There are three known pathways for O-antigen biosynthesis in Gram-negative bacteria;
Wzy dependent, ABC transporter dependent, and synthase dependent, and these are
reviewed in depth by Kalynych et al,. (2014). In all cases, the composition of the O-
antigen repeat unit is determined by the organisation of the O-antigen biosynthesis
gene cluster. O-antigen biosynthesis genes first encode the proteins involved in
synthesis of nucleotide sugar precursors of the O-antigen, however, if the
monosaccharide components of the O-antigen are ‘housekeeping’ sugars, already
encoded by bacterial genomes, these are not usually duplicated (Reeves, 1994).
Following the nucleotide sugar biosynthesis genes, glycosyltransferase proteins
encoded in the O-antigen biosynthesis gene cluster then determine the sequential

transfer of these various precursor sugars to the lipid carrier (Samuel and Reeves, 2003).

Almost all characterised Salmonella O-antigens are synthesised by the Wzy dependent
pathway, which involves synthesis of individual repeat O-units on the cytoplasmic side
of the inner membrane followed by transport of these units to the periplasmic side by
the Wzx flippase (Liu et al., 2013). The Wzy glycosyltransferase then polymerises these
O-units on the periplasmic side of the inner membrane to form the completed O-antigen

polymer (Islam and Lam, 2014) (Figure 1.6 A).

The ABC transporter dependent pathway is only described for Salmonella strains which
produce the 0:67 O-antigen (Liu et al., 2013) but is more commonly identified in E. coli
O-antigen biosynthesis (Greenfield and Whitfield, 2012). Rather than polymerisation of
the O-antigen on the periplasmic side of the inner membrane, the complete O-antigen
chain is synthesised on the cytoplasmic side and transported across the inner membrane

by a specialised ABC transporter (Figure 1.6 B).

In the synthase dependent pathway, O-antigen polysaccharide synthesis and transport
are paired by the synthase enzyme. This pathway is only characterised in one Salmonella
serovar (Keenleyside and Whitfield, 1996). It is not yet well understood in this role and
is usually associated with synthesis of exopolysaccharides other than LPS (Whitney and

Howell, 2013).
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Figure 1.6| Pathways of LPS biosynthesis. A) Wzy dependent O-antigen biosynthesis.
O-antigen units are synthesised on the cytoplasmic side of the inner membrane linked
to a UndPP carrier. These O-units are flipped to the periplasmic side through the
action of Wzx flippase then polymerised to form the full length O-antigen through the
action of Wzy polymerase, with Wzz being the O-antigen chain length determinant.
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Meanwhile MsbA flips LipidA + Core (synthesised on the cytoplasmic side of the inner
membrane) to the periplasmic side then the O-antigen is added to the form the full
LPS molecule by Waal. The Lpt complex of proteins then transports fully formed LPS
to the outer leaflet of the outer membrane. B) ABC transporter dependent O-antigen
biosynthesis. Rather than O-units being polymerised to form the full length O-antigen
on the periplasmic side of the inner membrane, the full O-antigen is synthesised on
the cytoplasmic side linked to a UndPP carrier. The fully synthesised O-antigen is then
flipped to the Periplasmic side of the inner membrane by the ABC transporter
composed of Wzm and Wzt proteins. Ligation of the O-antigen to lipidA and core and
its subsequent delivery to the outer leaflet of the outerm membrane then follows the
same pathway as (A).

1.2.4 O-antigen modifications of Salmonella

Variation of O-antigen structure is not simply determined by O-unit synthesis on the
cytoplasmic side of the inner membrane. Following transport of the O-antigen to the

periplasmic side of the inner membrane, further modifications can be performed.

In Wzy dependent O-antigen biosynthesis, variation in the O-antigen structure can be
inferred by altered linkage between O-units. The 0:27 serotype of Salmonella contains
the same repeating O-unit as Salmonella enterica subspecies enterica serovar
Typhimurium (STM) (Figure 1.3 B) but each O-unit is connected by 1-6 rather than 1-2
glycosidic bonds (Wang et al., 2002). This variation was initially thought to be
determined by a serotype converting bacteriophage however was later shown by Wang
et al., (2002) to be determined by variants of the Wzy O-antigen ligase protein encoded

outside of the rfb gene cluster (Grimont and Weill, 2008).

Another prevalent modification caused by genes outside the standard rfb gene cluster
is glycosylation. Glycosyltransferase (gtr) operons encode proteins which decorate the
basic O-antigen repeat structure with monosaccharides such as glucose (Davies et al.,
2013). The gtr operon encodes three proteins, GtrA, GtrB and the serotype specific
glycosyltransferase (Guan et al., 1999). GtrB is responsible for transfer of UDP-glucose
to the UndP lipid carrier on the cytoplasmic side and GtrA is the flippase that flips the
UndP-glucose to the periplasmic side of the inner membrane for the serotype specific
glucosyltransferase (GtrC) to perform the specific glucosyltransferase modification of

the O-antigen (Allison and Verma, 2000).
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Glycosylation of Salmonella O-antigens has been linked with bacteriophage interactions,
and serotype switching due to the genes being controlled by phase variation (Broadbent
et al., 2010). It can also have implications in Salmonella persistence. For example,
glucosylation of the 0:12 antigen of STM has been suggested to enhance long-term

intestinal colonisation in the murine intestine (Bogomolnaya et al., 2008).

In addition to glycosylation, O-antigen monosaccharides can be substituted with acetyl
groups (Liu et al.,, 2013). These acetylation modifications can have impact on
bacteriophage interactions and have been linked to immunogenicity and virulence of
pathogenic strains. For example, rhamnose acetylation by lysogenic Salmonella
bacteriophage A3 and A4 were discovered to prevent bacteriophage adsorption by
Wollin et al., (1987), rhamnose and abequose acetylated O-antigen glycoconjugate
vaccines are suggested to be more immunogenic than unacetylated forms (Baliban et
al., 2017), and Hitri et al., (2019) suggested that the O-antigen of Salmonella serovar
Typhi was more rigid when acetylated, to prevent recognition of buried epitopes by the

innate immune system.

The mechanism of O-antigen acetylation is not yet well characterised, therefore
understanding this mechanism could enhance understanding of the O-antigen
biosynthesis pathway and have applications in producing Salmonella strains with
specifically acetylated O-antigens. O-antigen acetyltransferases of Salmonella will be

discussed in section 1.2.5.

1.2.5 O-antigen acetyltransferases OafA and OafB

In STM there are currently two defined O-antigen acetyltransferases OafA and OafB,
which are the focus of this research. OafA was discovered by Slauch et al., (1996) to be
responsible for acetylating the 2-hydroxyl group on the abequose moiety of the STM O-
antigen. The definition of the name of OafA is not currently published in the literature
and a suggested definition relevant to current understanding is given later in this

section.

The O-antigen modification catalysed by OafA has been shown to affect the
immunological properties of Salmonella LPS, therefore affecting the interaction of the
bacterium with its host organism (Slauch et al., 1995). Its clinical importance has been

demonstrated by Lanzilao et al., (2015) who found that O-antigen abequose acetylation
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was required for production of protective antibodies. Abequose acetylation by OafA is
recognised by serotyping antibodies and causes conversion to the O:5 serotype of the

Kauffmann White Lee Minor scheme (Slauch et al., 1995).

In addition to abequose acetylation, multiple Sa/lmonella serovars contain a rhamnose
moiety on the O-antigen which can be acetylated (Liu et al., 2013). The protein
responsible for rhamnose acetylation in STM was first discovered through analysis of a
family 1l gtrC gene encoded on the BTP1 prophage associated with STM D23580, a major
cause of invasive multi drug resistant iNTS in sub-Saharan Africa (Kingsley et al., 2009).
Rather than being responsible for the O-antigen glycosylation associated with other Gtr
operons, this protein was found to be responsible for acetylation of O-antigen rhamnose
at the 2- and 3- hydroxyl groups (Kintz et al., 2015, 2017). This modification is shown to
protect Salmonella from lysis by the BTP1 bacteriophage and is thought to act through
steric hindrance of the BTP1 tailspike protein that has rhamnosidase activity and would
usually cleave the O-antigen, allowing access to the cell surface (Kintz et al., 2015).
Salmonella enterica subspecies enterica serovar Paratyphi A (SPA) also possesses
acetylation at rhamnose 2- and 3- hydroxyl groups (Ravenscroft et al., 2015) and a
homologue of OafB has been identified through sequence analysis which is shown to be
responsible for this modification in Salmonella ser. Typhi (Kintz et al., 2017). This
rhamnose acetylation was shown to be controlled by epigenetic phase variation,
allowing the phenotype to be switched ‘on’ and ‘off’ within a bacterial population, and
it was found to be an immunodominant modification (Kintz et al., 2017). Thus, O-antigen
rhamnose acetylation is involved in modulation of bacteriophage interactions and its

phase variable expression could promote persistence in the host.

It is clear that the rhamnose acetylating family Il GtrC protein of STM is an
acetyltransferase with no functional relationship to the GtrABC glycosylating proteins
(Kintz et al., 2015). The gene encoding this acyltransferase protein could have been
incorporated into the Gtr operon as a result of a recombination event or lysogenization
of phage DNA. Therefore, we propose to rename this and orthologous rhamnose
acetyltransferases as OafB. The name reflects the protein architecture (O-antigen
acetyltransferase fused B), similar to that we suggest for OafA (O-antigen

acetyltransferase fused A).
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Both Salmonella O-antigen abequose and rhamnose acetyltransferases contain an N-
terminal multiple membrane spanning domain characterised as an Acyltransferase-3
(AT3) domain (IPR002656, PF01757), fused to a significant extra-cytoplasmic region
which bears homology to an SGNH domain (IPR013830, PF14606 or PF13472) (Finn et
al., 2014; Mitchell et al., 2015)(Figure 1.7).

Cytoplasm

Figure 1.7| Domain architecture of Salmonella O-antigen acetyltransferases. The
membrane bound AT3 domain (purple) is connected to the periplasmic SGNH domain
(blue) via a membrane spanning linking region (orange).

AT3 domains are a common characteristic of many bacterial polysaccharide O-
acetyltransferases which play diverse roles in bacterial interactions and survival, and will
be discussed further in section 1.3. SGNH domains have a slightly confusing history and
were first identified as a subgroup of the GDSL hydrolase family, with their transferase
ability being characterised at a later date. The GDSL family, first described by Upton and
Buckley (1995), is characterised by five catalytic blocks containing Ser-His-Asp/Glu
catalytic triad and an essential GDSL motif in catalytic block I. The SGNH-hydrolase family
was subsequently identified as a subgroup of this family. Firstly, the acetyl esterase
proteins RGAE and SsEst were classified as members of a new family of hydrolases due
to conservation of catalytic residues within three of the five catalytic blocks (I, 1lI, V)
identified previously for GDSL proteins (Dalrymple et al., 1997). Subsequently, the
crystal structure of RGAE was solved (Mglgaard et al., 2000), this enabled identification
of related protein structures that had been submitted to the protein data bank with a
high structural homology a/B/a hydrolase fold, but relatively low sequence identity.
Alignments with this wider list of acyl esterase proteins revealed conserved residues
corresponding to block Il of the GDSL catalytic blocks (Mglgaard et al., 2000). The SGNH-

hydrolase family name was then coined due to the finding that one single residue in
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each of the four catalytic blocks identified was conserved and catalytically important (S-

Block I, G-Block-II, N-Block Ill, H-Block V) (Mglgaard et al., 2000).

1.3 Acyltransferase_3 family of bacterial proteins: important in

many biological processes but mechanistically undefined

OafA and OafB belong to a large family of bacterial proteins which contain membrane
bound acyltransferase_3 (AT3) domains. This family of proteins are responsible for O-
acylation of diverse oligosaccharide substrates. O-acylation is the result of formation of
a covalent bond between an oxygen atom in a substrate, and an acyl group, whereas, N-
acylation occurs when the acyl group is covalently bound to a nitrogen atom. O-acylation
of sugar moieties is a common occurrence across multiple bacterial species involving
acetyl-, propionyl-, butyryl-, succinyl-, and many other acyl substituents. These
modifications have applications in many biological processes such as antigenic variation,
(Verma et al., 1991; Slauch et al., 1996; Kintz et al., 2015), osmoregulation (Lacroix et
al., 1999), virulence (Bera et al., 2005), cell division (Laaberki et al, 2011) and
modification of secreted or extracellular oligosaccharides involved in many bacterial
interactions; from competition (Hara and Hutchinson, 1992) to initiation of symbiosis

(Davis et al., 1988).

AT3 domains are around 300-350 amino acids long and their molecular function is
classified by the InterPro database as having ‘transferase activity, transferring acyl
groups other than amino-acyl groups’ (Mitchell et al., 2015). It appears that the name
acyltransferase_3 emerged as an arbitrary identifier, originally defined by the InterPro
database as it was the third acyltransferase domain to be identified as a distinct
functional unit. The first paper to refer to this functional domain through reference to
the InterPro database was by Zhu et al., (2007), however proteins containing these
functional domains have been studied for many years previous, with little cross

reference between the papers studying them.

These proteins were first proposed to be a family of integral membrane proteins
responsible for trans-acylation modifications by Slauch et al., (1996), who identified a
number of proteins involved in acylation of sugar moieties that showed significant
homology to OafA. These were termed integral membrane trans-acylase family proteins,
later to be defined by the InterPro database as acyltransferase_3 family proteins.
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Although initial recognition of what became the AT3 proteins was acknowledged back
in 1996, the mechanism of action of the proteins responsible for these specific and
biologically important acylation modifications has still not been well defined and there
is no comprehensive review compiling the current knowledge of the acyltransferase 3
family proteins. In the following section a detailed summary of the diverse carbohydrate

modifications performed by prokaryotic AT3 family proteins is outlined.
1.3.1 Key examples of prokaryotic AT3 domain containing
carbohydrate O-acetyltransferases

1.3.1.1 LPS O-antigen
1.3.1.1.1 WhbaK (orf17.4)

WhbaK is responsible for acetylation of carbon six of the galactose residue of the S.
enterica serogroup E1 O-antigen (Hong et al., 2013). In contrast to oafA and oafB, which
reside at loci distinct from the O-antigen biosynthesis gene cluster in the Salmonella
genome, the wbakK gene is closely associated with O-antigen synthesis genes and is
predicted to have been inserted into the end of this gene cluster by homologous
recombination (Hong et al., 2013). The WbaK acetyltransferase may play roles in
bacteriophage interaction as it is the target of the epsilon1l5 bacteriophage which
converts group E1 Salmonella enterica to group E2 by inhibition of the O-antigen

acetylation modification (Hong et al., 2013).

1.3.1.1.2 Oac proteins (OacA,B,C,D)

In addition to its significance in Salmonella, O-antigen acetylation is an integral feature
of serotype conversion in the Gram-negative bacterial pathogen S. flexneri. Oac, one of
the most well studied members of the AT3 family, has been shown to catalyse 2-O-
acetylation of Rhal of the tetra-saccharide repeat (Rhalll-Rhall-Rhal-GIcNAc) of the
Shigella O-antigen shared by all serotypes of S. flexneri except from serotype 6. It was
independently identified by both Verma et al., (1991) and Clark et al., (1991) through
investigating the ability of bacteriophage SF6 to antigenically convert S. flexneri
serotypes through acetylation of the LPS O-antigen. O-antigen acetylation caused by the
SF6 phage causes immunity to superinfection by further SF6 phage as the modification

sterically hinders its endorhamnosidase activity.
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A second oac gene was identified in S. flexneri strain 1b by Sun et al., (2012), which was
named oaclb and thought to be carried by a different phage that is only present in 1b
strains. Two further S. flexneri O-antigen acetylation modifications were identified by
Perepelov et al., (2012), including 3/4-O-acetylation of Rhalll and 6-O-acetylation of
GlcNAc. This finding resulted in the identification of further Oac proteins in S. flexneri
responsible for these modifications, prompting the original Oac protein to be re-named
to OacA. OacB was found to be responsible for the 3/4-O-acetylation of Rhall in
serotypes 1a, 1b, 2a, 5a, and Y but not serotype 6 (Wang et al., 2014) whereas OacC is
responsible for the 3/4-O-acetylation of Rhall specifically in serotype 6 (Knirel et al.,
2014). OacD was found to be present on the serotype converting bacteriophage Sfll
genome and identified as the oac homologue responsible for 6-O-acetylation of GIcNAc

by Sun et al., (2014).

Homologues of Oac have been identified in Burkholderia, responsible for 4-O-
acetylation of 6-deoxy-a-I-talopyranose of the LPS O-antigen (Brett et al., 2011), and a
second gene, denoted wbiA, was found to be responsible for acetylation of the same O-

antigen sugar at the C2 position (Brett et al., 2003).

Although proven to be responsible for a range of O-antigen acetylation modifications
through mutation and complementation, the mechanism of action of these O-antigen
acetyltransferase proteins is yet to be discovered. With multiple proteins that cause
specific O-antigen acetylation in S. flexneri and Burkholderia spp., it is clear that they are

likely to play important biological roles, for example, in bacteriophage interaction.

1.3.1.1.3 Lagl

Lagl was identified by Zou et al, (1999) as the gene responsible for altering the
reactivity of Legionella pneumophila LPS to serogroup 1 LPS monoclonal antibodies.
NMR analysis revealed that lag1l mutants failed to acetylate position 8 of legionaminic
acid moiety in the LPS O-antigen, which has a similar structure to sialic acid (Knirel et al.,
1994; Zou et al., 1999). The acetylation modification of Legionella LPS by Lagl has been
associated with virulence of serogroup 1 LPS strains (Kozak et al., 2009), highlighting the
clinical importance of this modification. Zahringer et al., (1995) determined that 8-O-
acetylation of leigionaminic acid causes increased hydrophobicity of Legionella cell
surface and suggest that this may enable stable aerosol production, which is a major

source of transmission of Leigonnaires’ disease. Some functional analysis of Lagl has
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been conducted by Luck et al., (2001); they showed that a serine to leucine amino acid
change in the highly conserved motif V-X-X-F-F-X-(1/V/L)-S-G-(F/W/Y), which is shared
among many AT3 proteins from both Gram-positive and negative bacteria, was
responsible for loss of O-acetyltransferase activity of Lagl. The mechanistic role of this
single amino acid is not yet characterised and there is no in vitro assay for the acetylation

modification.

1.3.1.2 LOS core oligosaccharides

The HI_0392 protein was included in the analysis which first identified the AT3 domain
protein family (Slauch et al., 1996) but at the time had unknown function. It was later
suggested that the HI0392 gene in H. influenzae strain Rd was originally joined with its
adjacent gene HI0391 to create an OafA homologue but two single base insertions into
the genome have split the larger reading frame (Fox et al., 2005). In other H. influenza
strains such as strain Egan, this is a single ORF which functions as an O-acetyltransferase
to acetylate Heptoselll of the inner core. This modification promotes serum resistance

to complement mediated killing (Fox et al., 2005).

Lot3 in N. meningitidis is responsible for C-3 acetylation of GlcNac in the inner core of
meningococcal lipooligosaccharide (LOS) (Kahler et al., 2006). LOS of N. meningitidis is
an important virulence factor. It has been implicated in interaction with host epithelial
cells and induces proinflammatory responses during human infection (Kahler and
Stephens, 1998; Van Deuren et al., 2000). Jennings, Lugowski and Ashton (1984) found
that O-acetylated LOS are more immunoreactive, producing higher antibody titres than

their non-acetylated counterparts.

1.3.1.3 Enterobacterial common antigen

The enterobacterial common antigen (ECA) was discovered in the 1960s to be a highly
conserved polysaccharide found across all enterobacteria (Kunin, 1963). ECA can be
presented in the outer membrane by linkage to phosphoglyceride (Kuhn et al., 1983), as
a cyclic form in the periplasm (Kajimura et al., 2005), and predominantly in bacterial
strains incapable of producing O-antigens, it can be bound to lipid A (Kuhn et al., 1988).
Escherichia coli K-12 ECA is composed of repeating units of GIcNAc - (1-4)-ManNAcA-(1-
4)- Fucd4NAc with an acetyl substituent on C6 of the GIcNAc residue (Lugowski et al.,
1983). WecH was found to be responsible for this O-acetylation of the GIcNAc residue

(Kajimura et al., 2006). ECA has been suggested to play a role in Salmonella virulence,
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connected to resistance against bile salts (Ramos-Morales et al., 2003), however, a clear

role for the acetylation modification of ECA has yet to be presented.

1.3.1.4 Capsular polysaccharide

The wcjE gene lies within the capsular polysaccharide synthesis (cps) locus of
Streptococcus pneumoniae and is highly conserved across many serotypes. Calix and
Nahm (2010) identified WcjE as the acyltransferase responsible for the O-acetylation of
the 1-phosphoglycerol residue in S. pneumoniae serotype 11Aa capsular polysaccharide.
Calix et al., (2012) subsequently found that WcjE in serotype 9V is responsible of 6-O-
acetylation of capsular polysaccharide B-N-acetylmannosamine, thus, it is possible that
various wcjE genes across different serotypes could perform different acetyl
modifications to the capsular polysaccharide, modulating interactions with its
environment. Indeed, WciG was identified to specifically acetylate carbon 2 of 6-3-
galactofuranose in the capsular polysaccharide of a serotype 35C S. pneumoniae isolate
(Geno, Saad, et al., 2017), and the WcjE homologue of this isolate specifically acetylated

carbon 5 and 6 of the 3-B-galactofuranose sugar (Geno, Bush, et al., 2017).

The modifications resulting from expression of WciG and WcjE produce varied biological
properties within pneumococcal serotypes, resulting from altered biochemical

properties and barrier function of the capsular polysaccharide (Spencer et al., 2017).

Additionally, loss of capsular polysaccharide acetylation is associated with invasive
pneumococcal disease, where S. pneumoniea, which usually colonise the nasopharynx,
invade the bloodstream. This change is associated with the ability of non-acetylated
capsular polysaccharide to bind ficolin, a pattern-recognition molecule in human serum
which initiates phagocytosis (Brady et al., 2014). This demonstrates the intricate link
between acetylation of capsular polysaccharide with the clinical behaviours of

pneumococcal serotypes.

1.3.1.5 Peptidoglycan

Peptidoglycan acetylation is an important factor in controlling autolysins and lytic
enzymes across many bacterial species; reviewed by Moynihan & Clarke (2011). Bera et
al., (2005) were able to identify oatA as the gene responsible for peptidoglycan
acetylation in Staphylococcus aureus. They showed that OatA was able to O-acetylate
carbon 6 of MurNAc in peptidoglycan, which is responsible for lysozyme resistance in

pathogenic staphylococci. Peptidoglycan acetylating homologues of OatA have also
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been found in other Gram-positive bacteria following this study (Criséstomo et al., 2006;
Veiga et al., 2007; Aubry et al., 2011; Bernard et al., 2011; Laaberki et al., 2011). Through
these analyses, further roles of peptidoglycan acetylation in regulating extracellular

protein anchoring and cell division were demonstrated (Laaberki et al., 2011).

In parallel with OafA and OafB, OatA contains an extra cytoplasmic C-terminal SGNH
domain (Aubry et al.,, 2011) and the crystal structure of the SGNH domain of S.
pneumoniae has been solved (Sychantha et al., 2017)(Figure 1.8). This provides a
valuable comparison for analysis of the fused SGNH domain of OafA and OafB, however,
this domain was investigated without the context of the AT3 domain. Thus, the

juxtaposition of these two functional domains has not been further studied.

Figure 1.8] Crystal structure of the SGNH domain of S. pneumoniae solved by
Sychantha et al. (2017).

1.3.1.6 Osmoregulated periplasmic glucans

The sole constituent sugar of OPG’s is D-glucose but they can display a variety of
structures and multiple substituents including acetyl and succinyl groups (Bohin, 2000)
(section 1.1.5). The first protein to be found responsible for succinylation of OPG’s was
MdoC. It was identified by Lacroix et al., (1999), through a screen for E. coli K-12 mutants
lacking OPG succinylation. A similar approach was used by Cogez et al., (2002) to identify
the corresponding OPG acetyltransferase in Rhodobacter sphaeroides named OpgC.
Homologues of OpgC have been identified in other Gram-negative bacteria following
this, however the mechanism of action is as yet uncharacterised (Roset et al., 2006;

Bontemps-Gallo et al., 2016).
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1.3.1.7 Poly-N-acetylglucosamine

Biofilms are a community of surface associated bacterial cells that are embedded in a
matrix of extracellular components (Donlan, 2002). This matrix is mostly produced by
the bacteria and is composed of a range of biopolymers including polysaccharides,
protein and DNA which define the biofilm architecture (Flemming and Wingender,
2010). The ability of bacteria to form biofilms is closely linked to their ability to cause
chronic persistent infections through decreased antimicrobial susceptibility and

resistance to phagocytosis or mechanical clearance (Bjarnsholt, 2013).

Biofilm forming staphylococci are frequently associated with infections of inserted
medical devices (von Eiff et al., 2002) and an essential component of their biofilm matrix
is the partially N-deacetylated polymer of N-acetylglucosamine (poly-N-
acetylglucosamine - PNAG) (Rohde et al., 2010). GIcNAc moieties of PNAG can also be
O-succinylated and this modification is suggested to be catalysed through the action of
the IcaC protein (Sadovskaya et al., 2005; Atkin et al., 2014). IcaC was originally thought
to be responsible for transport of extracellular PNAG through the staphylococcal cell
membrane during biofilm formation (Heilmann et al., 1996). However, due to its
homology to other AT3 domain O-acetyltransferases IcaC has since been suggested to
O-succinylate the GIcNAc residues of PNAG (Atkin et al., 2014). Acetylation of PNAG
alters the net charge of the polymer and the degree of PNAG N-deacetylation and O-
succinylation varies with growth condition. Therefore, it is hypothesised that regulation
of the physiochemical properties of PNAG could assist in adherence and biofilm
formation on a range of different surfaces and therefore enhance the in vitro survival of
staphylococcal species (Sadovskaya et al., 2005). A role for IcaC in formation of mature
biofilm has also been identified (Heilmann et al.,, 1996). Therefore, exploring the
mechanism of this acyltransferase protein could reveal its significance as a therapeutic

target.

1.3.1.8 Pilin

By process of elimination Warren et al., (2004) determined that Pgll was responsible for
acetylation of the tetrasaccharide structure which is O-linked to Ser63 of Pilin in N.
meningitidis strain C311#3. Pilin is a surface exposed adhesin protein which is a major
virulence factor (Mattick, 2002). It can be post-translationally modified by addition of a

covalently-linked glycan structure which, in the case of C311 strains of N. meningitidis,
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is a tetrasaccharide repeat composed of Gal(B1-4),Gal(a1-3),[2,4-diacetamido-2,4,6-tri-
deoxyhexose] (DATDH) (Stimson et al., 1995). Only the DATDH of this tetrasaccharide
repeat is acetylated and Warren et al., (2004) concluded that Pgll is the acetyltransferase
responsible for DATDH acetylation of the pilin tetrasaccharide. This was also supported

by the experiments of Aas et al., and Anonsen et al., (2007; 2017) for N. gonorrhoeae.

1.3.1.9 Xanthan

GumF and GumG were both identified by Katzen et al., (1998) as the proteins
responsible for O-acetylation of the exopolysaccharide xanthan produced by
Xanthomonas campestris pv. Campestris. Xanthan has a wide commercial application as
a thickening agent and is composed of a 1-4 linked repeating D-Glucose backbone with
side chains composed of D-Mannose(B1-4), D-Glucoronic acid(f1-2), and D-Mannose is
attached to alternate glucose residues of the backbone by al1-3 linkage (Jansson et al.,
1975). GumF was found to be responsible for acetylation of the mannose residue closest
to the glucose backbone of xanthan whereas GumG was found to be responsible for
acetylation of the terminal mannose of the side chain (Katzen et al., 1998). Acetylation
of xanthan has been shown to affect its viscosity and this has many industrial

applications (Hassler and Doherty, 1990; Lopes et al., 1992).

1.3.1.10 Root nodulation factors

1.3.1.10.1 NodX

Nod factors (NFs) are rhizobial lipo-chitinoligosaccharide signals that trigger root nodule
development in legumes and their structural modification can affect their biological
activity (Dénarié et al., 1996). The nodX gene was first identified as it provided Rhizobium
leguminosarum biovar viciae strain TOM with the ability to nodulate Afghanistan peas
(Davis et al., 1988). This work was followed up by Firmin et al., (1993a) who suggested
that NodX was responsible for O-acetylation of C6 of the reducing GIcNAc residue of the
R. leguminosarum viciae nodulation factor NodR/v-V. This modification is speculated to
have some role in Nod factor perception through interaction with the sym2 gene
product, whose activity depends on the structure of Nod factors secreted by the
infecting bacterium (Geurts et al., 1997; Geurts and Bisseling, 2013). However, multiple

other mechanisms have been suggested and further characterisation is required.
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1.3.1.10.2 NolL

The NolL protein obtained from Rhizobium loti (Mesorhizobium loti) functions as an
acetyl transferase, transferring an acetyl group specifically to the GIcNAc5 species of
fucose lipo-chitinoligosaccharides (Pacios Bras et al., 2000). Acetyltransferase activity of
NolL has been associated with increased Nod factor and lipo-chitooligosaccharide

production involved in root nodulation.

1.3.1.10.3 ExoH and ExoZ

Succinoglycan is an acidic calcoflour-binding exopolysaccharide (EPS) which is important
for effective induction of root nodule formation by Sinorhizobium meliloti (or Rhisobium
meliloti) on alfalfa (Leigh et al., 1985). It is composed of repeating octasaccharide
subunits which have acetyl, succinyl, and pyruvyl substituents (Reinhold et al., 1994).
Succinylation and acetylation of succinoglycan have been shown to be performed by
ExoH and ExoZ respectively. ExoH was identified to be responsible for C-6 succinylation
of glucose 7 of succinoglycan by Leigh et al., (1987) in a genetic screen for R. meliloti
with altered succinoglycan formation. Lack of this succinylation modification resulted in
ineffective root nodulation. ExoZ was identified by Buendia et al.,, (1991) to affect
succinoglycan production and it was later discovered that this protein was responsible
for the acetylation of C6 of glucose of S. meliloti succinoglycan (Reuber and Walker,

1993).

R. meliloti produces both a high molecular weight (HMW) and low molecular weight
(LMW) form of succinoglycan, the latter having been suggested to mediate root nodule
invasion (Battisti et al.,, 1992). ExoK and ExsH glycanases have been proposed to
contribute to the cleavage of HMW succinoglycan to its LMW form (York and Walker,
1998a). The succinyl and acetyl modifications performed by ExoZ and ExoH respectively
have been shown to influence the susceptibility of succinoglycan to cleavage by ExoK
and ExsH, with succinylation enabling this cleavage and acetylation inhibiting it (York
and Walker, 1998b). Hence, cooperative action of AT3 domain containing carbohydrate
acyltransferases plays a significant role in root nodulation, an important factor in

enhancing crop yields.

1.3.1.11 Macrolide antibiotics

Macrolide antibiotics are compounds which contain a macrocyclic lactone ring (Omura,

2002). These molecules are structurally related but can contain different sugar residues
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and acyl substituents to create slightly different antibiotics with differing antibiotic
ability. CarE was identified when Epp et al., (1989) investigated the possibility of creating
hybrid macrolide antibiotics through introduction of genes from different species of
Streptomyces. Carbomycin and Spiramycin are structurally related macrolide antibiotics
synthesised by  Streptomyces thermotolerans and Streptomyces ambofaciens
respectively (Vazquez, 1967; Epp et al., 1989). Carbomycin contains an isovaleryl group
attached to position four of the mycarose sugar which is absent on spiramycin. Epp et
al., (1989) demonstrated that CarE was responsible for this acyl modification. There is
also evidence of some substrate promiscuity in CarE; Arisawa et al, (1993)
demonstrated that CarE expressed in Streptomyces lividans was able to produce 4-O-
isovaleryltylosin as well as 4-O-acetyl, 4-O-propionyl, and 4-O-butyryltylosin. Tylosin is

another structurally related macrolide antibiotic.

In similar experiments MdmB was identified from Streptomyces mycarofaciens as a 3-
O-acyltransferase that catalyses the addition of acetyl and propionyl groups to position
3 of the lactone ring in 16-member macrolide antibiotics like midecamycin and
spiramycin (Hara and Hutchinson, 1992). Subsequently, further macrolide antibiotic
acyltransferases AcyA, Mpt and MidE have been discovered in Streptomyces species and
these proteins have been extensively used to manipulate the structures of common

macrolide antibiotics (Arisawa et al., 1994; Cong and Piepersberg, 2007).

1.3.1.12 Antitumour drugs

The cmmA gene was first identified through analysis of the biosynthetic gene cluster of
Chromomycin As, an aureolic acid type antitumour drug, from Streptomyces griseus
(Menéndez et al., 2004a). CmmA was then functionally characterised by Menéndez et
al., (2004b) to be responsible for the O-acetylation of C-4 of L-chromose B and D-oliose
of Chromomycin As. The acetylation modifications on Chromomycin Az proved to be
functionally important as the parental compound lacking acetyl groups had reduced
antibiotic and antitumour activity. Menéndez et al., (2004b) were also able to show that
this modification takes place after the sugar residues have been added to the
Chromomycin A3 precursor. Garcia et al., (2011) showed that CmmA exhibits both acyl
donor and acceptor substrate flexibility as it is able to produce differently acetylated
derivatives of exogenously added mithramycin, another structurally related antitumour

compound and is also able to use acetyl-, isobutyryl- and propionyl-CoA to perform
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these modifications.

Ansamitocins are antitumour drugs synthesised by Actinosynnema pretiosum. Acyl side
chains are important for activity of the compound as Maytansinol, which does not have
these side chains, is inactive. Asm19 was proposed to be the 3-O-acyltransferase
responsible for catalysing the attachment of the acyl side chain of the ansamitocins (Yu
et al., 2002). This was supported by Moss et al., (2002) who found that Asm19 had high
substrate acceptor specificity paired with donor substrate flexibility as it was able to use
acetyl-, propionyl-, isobutyryl-, butyryl-, or isovaleryl-CoA as a substrate but could only
add these groups to C3 of N-desmethyl-4,5-desepoxymaytansinol (an ansamitocin

precursor).

1.4 Characterising the mechanism of AT3 domain containing O-

acyltransferases

It is clear from section 1.3 that AT3 domain containing O-acyltransferases play varied
and important roles in bacterial physiology, adaptations and interactions. Although
increasing numbers of these proteins have had their acyltransferase activity
experimentally confirmed, there is limited knowledge about the mechanism of action of
any of these proteins. Although acyl-CoA derivatives have been used for in vitro
characterisation of many of these enzymes, the in situ acyl donor has not been
experimentally confirmed. In LPS polysaccharide acetylation, the stage of LPS
biosynthesis at which these acyl modifications are performed is unknown and although
some conserved functional residues have been highlighted, their role in the mechanism
of O-acylation of bacterial carbohydrates is still unknown. An intriguing further question
raised by the proteins within this family is the significance of the extracytoplasmic SGNH
domain. As is the case for OafA and OafB, some of the AT3 family acyltransferase
proteins discussed in section 1.3.1 contain a fused SGNH domain. In some instances,
importance of this extracytoplasmic domain has been demonstrated through catalytic
inactivation or truncation of the protein (Thanweer and Verma, 2012; Kintz et al., 2015).
Additionally, in the proteins that do not contain fused SGNH domains, no alternative
fused domains are suggested. Therefore, determining the role of this domain in SGNH-

fused proteins is of keen interest.
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1.5 Aims and objectives

The aim of this thesis is to improve the mechanistic understanding of AT3 domain
containing O-acyltransferases through the study of OafA and OafB from STM and will

address the following questions:

e Can identification of essential residues in the membrane-bound AT3 domain and
periplasmic SGNH domain give clues to their role in acetyl transfer?

e Can we obtain insight into the juxtaposition of the AT3 and SGNH domains by
elucidating the structure of the periplasmic domain of OafA or OafB?

e What is the function of the SGNH domain and can it function independently of
the AT3 domain?

e Can answering these questions inform a refined mechanistic model for the

acetylation of the STM O-antigen by OafA and OafB?
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Chapter 2 Materials and Methods

2.1 Suppliers

All chemicals, reagents and media were purchased from Sigma-Aldrich, Merck, Fisher
Scientific, Amersham, Thermo Fisher, New England Biolabs (NEB), GE Heathcare, Qiagen,
Bio-Rad, Scientific Laboratory Supplies (SLS), Santa Cruz Biotechnology, Invitrogen, and

Oxford Biosystems.

2.2 Bacterial strains, plasmids and oligonucleotides

The bacterial strains used in this research are listed in Table 2.1. Salmonella enterica
subspecies enterica serovar Typhimurium (STM) LT2 Basal O-ag strains expressing OafA
point mutants are listed in Table 2.10 and OafB point mutant expression strain (Path
892) is described in section 2.5.9. Escherichia coli BL21(DE3) strains for production of
OafA and OafB protein are listed in Table 2.16. All plasmids are listed in (Table 2.2).
Oligonucleotides used in this research are listed in their relevant sections but in all cases
they were sourced from Sigma-Aldrich in dry format and re-suspended in sterile 10 mM
Tris, 0.1 mM EDTA pH 8.0 to 100 uM concentration then diluted to 10 uM with ddH.O
for use in PCR. Oligonucleotides were stored at -4 °C in their stock or working

concentrations.

Table 2.1| Bacterial strains used

Strain Genome Source Use

Escherichia coli strains

recAl endAl gyrA96 thi-1
hsdR17 supE44 relAl lac [F
proAB laclq ZAM15 Tnl10

(Tet")]. Subcloning of all
XL1 Blue (Genes listed signify mutant | Agilent plasmids engineered
alleles. Genes on the F for this project.

episome, however, are wild-
type unless indicated

otherwise).
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BL21(DE3) F—, ompT, hsdSB (rs—, ms—), Novagen Expression strain for
gal, dcm, (DE3) C-terminal OafA and
OafB constructs.
Salmonella enterica subspecies enterica serovar Typhimurium strains
Strain Genome Source Use
Cloning the oafA gene
STM LT2 (ATCC strain number
LT2 (Path 346) ATCC for expression plasmid
19585, Lot number 215096)
construction.
Test strain for plasmid
LT2 Basal O-ag (Davies et
STM LT2 Agtr all, AoafA expressed O-antigen
(Path 293) al., 2013)
modification genes.
Cloning the oafB gene
D23580 Sanger
STM D23580 Malawi isolate for expression plasmid
(Path 189) institute
construction.
STM LT2 with 10XHis tag
Confirmation of OafA
LT2 oafA-His added to C-terminal end of | This
expression from wild
(Path 1102) oafA by lambda red | project
type STM LT2
recombination (2.5.14)
Mark R
Lambda red
STM LT2 transformed with | Davies
Path 86 recombination of STM
pKD46 (Table 2.2) (University
LT2
of York)
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Table 2.2| List of plasmids used. Amp = Ampicillin, Kan = Kanamycin.

Plasmid name | Description Antibiotic | Source / Reference
resistance

pBADCcLIC2005 | pBAD vector with LIC cloning Amp University of York

(PMV432) site. Adds a C-terminal technology facility
10xHis tag to target protein. (Geertsma and

Poolman, 2007)

PMV433 pBADcLIC2005 vector Amp Created by Reyme
encoding OafA from STM LT2 Herman using ligation
(# WP_000639473) independent cloning

(2.5.8)

PMV434 pBADcLIC2005 vector Amp Created by Reyme
encoding OafB from STM Herman using ligation
D23580 (# SIU02679) created independent cloning
by Reyme Herman using (2.5.8)
ligation independent cloning

pETFPP_30 Adds PelB leader for Amp University of York

(PMV463) periplasmic expression and technology facility
3C cleavable C-terminal
10xHis tag.

pDHL_1029 Contains FRT site flanked Kan (Ke et al., 2016)
Kanamycin resistance
cassette for lambda red
recombination

pKD46 Temperature sensitive Amp (Datsenko and
lambda red recombinase Wanner, 2000)
expression plasmid

pCP20 Temperature sensitive Amp (Datsenko and
plasmid that gives thermal Wanner, 2000)
induction of FLP
recombinase synthesis
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2.3 Growth media, culture conditions and buffer recipes

2.3.1 Growth Media

Table 2.3| Growth media recipes.

Growth Media Recipe

LB Media 20 g/L LB broth powder - Lennox (Fisher)

Freeze Media 20 g/L LB broth powder — Lennox (Fisher), 20% v/v Glycerol
SOC Media 2% w/v Tryptone (Fisher), 0.5% w/v Yeast extract (Sigma),

10mM NaCl, 2.5 mM KCIl, 10mM MgCl,, 10mM MgSOQOq4,
20mM Glucose

Agar plates When solid media was required, 17 g/L agar was added to

the media solutions before autoclaving.

2.3.2 Bacterial culture conditions and storage

Bacteria were cultured at 37 °C, and with 200 rpm shaking for liquid media, unless
otherwise stated. Glycerol stocks of bacterial strains were stored at -80 ° C. Bacterial
cultures on solid LB media were removed with a swab and re-suspended in 1 mL freeze
medium (Table 2.3). Alternatively, 400 uL 50% glycerol was mixed with 800 pL stationary

phase liquid LB media culture before storage at -80 °C.

Antibiotic stocks were made up at 1000x working concentration in deionised water, or
in the case of Kanamycin in ethanol, and filter sterilised through a 0.2 uM syringe filter.
Aliquots of antibiotic were stored at -20 °C. The working concentrations of antibiotics

used are Ampicillin (Amp) = 100 pg /ml, Kanamycin (Kan) = 50 pg /ml.
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2.3.3 Buffer recipes

Table 2.4| Buffer components.

Buffer Name

Buffer components

25X Protease inhibitor

cocktail

1x cOmplete™ protease inhibitor cocktail tablet (Roche)

dissolved in 2 ml diH,0

4x SDS sample loading
buffer

12 g Glycerol, 3 ml diH20, 10 ml 10% SDS, 1 ml 1 M Tris-
HCL pH 7.2, 0.06 g Bromophenol Blue, 3% v/v B-

mercaptoethanol

Coomassie brilliant blue

staining solution

45% (v/v) methanol, 0.25% (w/v) Brilliant blue R (Sigma),

1% (v/v) acetic acid

KPi Buffer

200 mM NaCl, 50 mM Potassium Phosphate buffer pH 7.8

LPS Blocking Buffer

5% (w/v) Milk in PBS-T

LPS sample buffer

60 mM Tris-HCL, 1 mM EDTA, pH 6.8

Ni*-Elution buffer

20 mM Tris , 300 mM NacCl, 40 mM Imidazole pH7.5

NiA-Equilibration buffer

20 mM Tris , 300 mM NaCl, 12 mM Imidazole pH 7.5

Ni*-Wash buffer

20 mM Tris , 300 mM NacCl, 40 mM Imidazole pH 7.5

NPI-10 lysis buffer

50 mM NaH3PO4, 100 mM NaCl, 10 mM Imidazole, pH 8.0

NPI-20 wash buffer

50 mM NaH;P04, 100 mM NaCl, 20 mM Imidazole, pH 8.0

NPI-500 elution buffer

50 mM NaH;PO4, 100 mM NacCl, 500 mM Imidazole, pH

8.0

5 g Gibco® PBS Tablet (Fisher Scientific CAT#18912014)
Pes dissolved in 500 mL of distilled water. (pH 7.45)
PBS-T 1% (v/v) Tween® 20 (Sigma) in PBS

Protein Blocking Buffer A

3% (w/v) BSA, 20 mM Tris-HCL pH 8, 150 mM Nacl

Protein Blocking Buffer B

5% (w/v) Milk, 20 mM Tris-HCL pH 8, 150 mM NacCl

Salt homogenising buffer

0.4 mM NaCl, 2 mM EDTA, 10 mM Tris-HCL pH 8.0

Sucrose solution

25% w/v sucrose, 5 mM EDTA, 20 mM Tris-HCL pH 8.0

TBS buffer 20 mM Tris, 300 mM NaCl pH 7.5

TBS™M 20 mM Tris-HCL pH 8, 150 mM NacCl

TBS-T 20 mM Tris-HCL pH 8, 150 mM NaCl, 1% (v/v) Tween® 20
TE 10 mM Tris, 0.1 mM EDTA pH 7.0
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Transfer Buffer 0.3% (w/v) Tris, 1.44 % (w/v) Glycine, 20% Methanol

2.4 Insilico analysis

2.4.1 Alignments

TCoffee (Notredame et al., 2000) with default settings was used for all multiple
sequence alignments in Chapter 3 and for alignment of OafAsrvm, OafBsrm and OafBspa

protein sequences for direct comparison (Chapter 5).

A survey of the literature identified 30 experimentally-characterised bacterial
carbohydrate acetyltransferases, these sequences were aligned along with OafB from
Salmonella ser. Paratyphi A, using TCoffee. Protein details and their accession numbers
are listed in Appendix |. All TCoffee alignments were conducted using the Jalview

workbench (Waterhouse et al., 2009).

Structure based sequence alignment was conducted by Sarah Tindall using PROMALS-
3D with default settings. The two closest structural homologues to the crystal structure
of the periplasmic domain of OafBspa (6SE1 = OafB_SPA) were identified using the DALI
server (5B5S, 2VPT). These structures were aligned along with a selection of typical
SGNH domains for which structural information is available (11IVN = TAP1_E.col, 4K40 =
Apel N.men, 1DEX = RGAE_A.acu) and the crystal structure of the SGNH domain of
OatA (5UFY = OatA_S.pne). Five further representative sequences of OafA, OafB, and
OatA were included in the structure-based sequence alignment (WP_00400612 =
OafB_SPA, SIU02679 = OafB_STM, WP_000639473 = OafA_STM, AAX87447 = OafA_H],
Q2FV54 = OatA_Saur).
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2.4.2 Phylogenetic Trees

To produce a phylogenetic tree of the AT3 domains of O-acetyltransferase proteins,
sequences from the TCoffee alighment of 31 AT3 domain containing acetyltransferases
(Appendix 1) were taken and the C-terminal sequence representing the SGNH domain in
AT3-SGNH fused proteins was removed up to the beginning of TMH11 (335_0OafAstm).

These truncated sequences were re-aligned with TCoffee.

The evolutionary history was inferred by using the Maximum Likelihood method and JTT
matrix-based model (Jones et al., 1992) with assistance from Rebecca Hall (University of
York). The bootstrap consensus tree inferred from 100 replicates is taken to represent
the evolutionary history of the taxa analysed (Felsenstein, 1985). Branches
corresponding to partitions reproduced in less than 50% bootstrap replicates are
collapsed. The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (100 replicates) are shown next to the branches
(Felsenstein, 1985). Initial tree(s) for the heuristic search were obtained automatically
by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances
estimated using a JTT model, and then selecting the topology with superior log likelihood
value. This analysis involved 31 amino acid sequences. There were a total of 742
positions in the final dataset. Evolutionary analyses were conducted in MEGA X (Kumar

etal., 2018).

2.4.3 Measurement of atom distance in Coenzyme A molecule

PDB files for crystal structures of proteins complexed with CoA ligands (1H16, 2WL4,
5G17, 5TVJ) as well as the ideal coordinates for a Coenzyme A from PDB chemical
component COA (RCSB, 1999) were analysed using the PyMOL molecular graphics
system (version 2.3.0, Schrodinger, LLC). The measurement wizard was used to select

P3B and S1P atoms in the structure to record the distance between them.
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2.5 General cloning techniques

2.5.1 Polymerase chain reaction

Q5, Phusion, and GoTag G2 flexi DNA polymerase enzymes were used for PCR. The

reaction and thermocycler conditions are listed in Table 2.5, Table 2.6 and Table 2.7.

Table 2.5] Q5 High Fidelity DNA polymerase (NEB) PCR reaction mixture and
thermocycling conditions.

Component Volume (50 ul reaction)
5x Q5 Reaction Buffer 10 ul

10 mM dNTPs (Thermo) 1l

10 uM Forward Primer 2.5 ul

10 uM Reverse Primer 2.5 ul

Template DNA: 1-2.5 ul

Genomic DNA =1 ng/ul
Plasmid DNA = 25
Q5 Hot startHF DNA polymerase (2 U/ul) 0.5 ul

Nuclease free water Reaction volume to 50

Thermocycler:

98 °C for 30 sec, 35x (98 °C for 10 sec, A °C for 30 sec, 72 °C for X sec), 72 °C for 5 min
‘A’ indicates annealing temperature and was set depending on the annealing
temperature of the primers in use. ‘X’ indicates extension time and was calculated

based on the size of the fragment to be amplified at 20-30 sec per Kb
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Table 2.6| Phusion High Fidelity DNA polymerase (Thermo Scientific) PCR reaction
mixture and thermocycling conditions.

Component Volume (50 ul reaction)
5x Phusion HF buffer 10 ul

10 mM dNTPs (Thermo) 1l

10 uM Forward Primer 2.5 ul

10 uM Reverse Primer 2.5 ul

Template DNA: 1-2.5 ul

Genomic DNA =1 ng/ul
Plasmid DNA = 25 ng/ul
Phusion HF DNA polymerase 2 U/ul 0.5 ul

Nuclease free water Reaction volume to 50

Thermocycler:

98 °C for 30 sec, 35x (98 °C for 10 sec, A °C for 30 sec, 72 °C for X sec), 72 °C for 5 min
‘A’ indicates annealing temperature and was set depending on the annealing
temperature of the primers in use. ‘X’ indicates extension time and was calculated

based on the size of the fragment to be amplified at 20-40 sec per Kb
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Table 2.7| GoTag® G2Flexi DNA polymerase (Promega) PCR reaction mixture and
thermocycling conditions.

Component Volume (50 ul reaction)
5x Green GoTaq Flexi Buffer 10 pl

25 mM MgCl, 3ul

10 mM dNTPs (Thermo) 1 ul

10 uM Forward Primer 1l

10 uM Reverse Primer 1l

Template DNA: 1-2.5 ul

Genomic DNA = 1 ng/ul
Plasmid DNA = 25 ng/ul
GoTaq Flexi G2 DNA polymerase 5 U/ul 0.5 ul

Nuclease free water Reaction volume to 50 pl

Thermocycler:

95 °C for 3 min, 35x ( 95 °C for 30 sec, A °C for 30 sec, 72 °C for X sec), 72 °C for 5 min
‘A’ indicates annealing temperature and was set depending on the annealing
temperature of the primers in use. ‘X’ indicates extension time and was calculated

based on the size of the fragment to be amplified at 1 min per Kb

2.5.2 Agarose gel electrophoresis

DNA samples were mixed with 6x DNA loading dye (Thermo Fisher) to a final
concentration of 1x loading dye. For general sample analysis, prepared samples were
loaded into the wells of 1% agarose gel, made with 1X TAE buffer from 10X stock
(Thermo Fisher: 40 mM Tris-acetate, 1 mM EDTA at pH 8.3). 0.5 pg/mL Ethidium
Bromide or 1 pug/mL Nancy-520 DNA gel stain (Sigma-Aldrich) was incorporated into
agarose gels for DNA visualisation by UV or Blue light, respectively. For gel extraction,
0.8% agarose gels were used with Nancy-520 DNA gel stain. Gels were run in 1x TAE
buffer on the RunOne™ horizontal electrophoresis system at 100 V as standard or 25 V

for gel extraction.
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2.5.3 Preparation of genomic DNA

1.5 ml stationary phase bacterial culture was centrifuged at 17,000 xg for 2 min.
Supernatant was removed and the cell pellet re-suspended in 400 ul of salt
homogenising buffer (Table 2.4) to which 2% (w/v) SDS and 200 pg/ml proteinase K
(Promega) was added. Cells were incubated at 65 °C overnight. 300 ul 5M NaCl was
added and the solution vortexed at maximum speed (3200 RPM) for 30 sec using
Scientific Industries SI™ Vortex-Genie™ 2 then centrifuged at 10,000 xg for 30 min.
Supernatant was transferred to a fresh tube and an equal volume of isopropanol added
then incubated at -20 °C for 1 hr. The mixture was centrifuged at 10,000 xg for 20 min
at 4 °C. The pellet was washed with 70% ethanol then re-suspended in 100 pl sterile TE
(Table 2.4) after residual ethanol had evaporated. Genomic DNA isolates were stored at

4 °C until further use.

2.5.4 Preparation of plasmid DNA

Plasmid DNA was isolated from stationary phase bacterial cultures using the NEB
Monarch miniprep kit (NEB) following the manufacturer’s instructions. Plasmid DNA was

eluted with ddH>0 for the final elution step.

2.5.5 Clean up of PCR products for cloning

Reaction components and buffers were removed from PCR products using Qiagen PCR
clean-up kit following the manufacturer’s instructions. Elution from the filter was carried

out with ddH-0.

2.5.6 Gel extraction

For isolation of a specific DNA fragment for cloning, the DNA sample or PCR products
were subject to agarose gel electrophoresis (see section 2.5.2). The required DNA band
was visualised using the BioRad ChemiDoc MP imaging system and cut out of the gel.
The excised band was subject to gel extraction using the Qiagen gel extraction kit
following manufacturer’s instructions. Elution from the filter was carried out with

ddH.0.
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2.5.7 DNA Quantitation

Concentration of DNA samples was quantified using a NanoDrop™ spectrophotometer
(Thermo Scientific). This measures the absorbance of the sample at 260 nm and the
purity of DNA through calculating the 260/280 and 260/230 absorbance ratios. 280 nm
absorbance can indicate presence of protein, phenol or other contaminants that absorb
light at 280 nm and a ratio of ~1.8 is usually considered pure. 230 nm absorbance can
indicate organic compounds, salts or other contaminants that absorb light at 230 nm. A

ratio of ~2 is usually considered pure.

2.5.8 Ligation independent cloning

Ligation independent cloning (LIC) to produce the OafA and OafB expression plasmids
(PMV433 and PMV434, Table 2.2) was carried out by Reyme Herman. Methods are
adapted from the Master’s thesis of Reyme Herman. Briefly, PCR using Q5 High Fidelity
DNA polymerase (NEB) (Table 2.5) was carried out using genomic DNA (2.5.3) from
respective STM strains encoding OafA and OafB (Path 346 and Path 189, Table 2.1). LIC
primers were designed to amplify the oafA and oafB genes and add long tails of
complementary sequence to the LIC cassette of the pBADcLIC vector at the Swal
restriction site. These long tails of complementary sequence allow insert and plasmid
DNA to anneal following generation of complementary overhangs to produce the

complete expression vector without need for ligation.

The pBADcLIC2005 plasmid was digested with Swal restriction enzyme (NEB) following
manufacturer’s instructions. To expose the complementary LIC tails of the plasmid and
insert DNA the 3’-5’ exonuclease activity of T4 DNA polymerase (NEB) was used. 10 pl
[200 ng] insert or plasmid DNA were mixed with 3 pL of NEBuffer 2 (NEB), 25 mM of
dCTP for the plasmid DNA or dGTP for the PCR products (Fermentas), and 0.5 pL of T4
DNA Polymerase (NEB). The mixture was incubated for 30 min at 20 °C then the reaction

stopped by incubation at 75 °C for 20 min.

T4 DNA polymerase treated samples were mixed at a molar ratio of 1:2 plasmid:insert
and allowed to anneal at 20 °C for 10 min before 25 mM EDTA was added for a further
10 min incubation at 20 °C. The annealing mixture was then transformed into the

relevant bacterial strain by electroporation or heat shock (2.5.11).
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Table 2.8| Primers designed for LIC of OafA and OafB into the pBADcLIC2005 vector
by Reyme Herman. Details of Path 346 and Path 189 can be found in Table 2.1.

Primer Name

Sequence 5’-3’

Use

OoMVv1074

ATG GGT GGT GGA TTT GCT ATG
ATCTACAAG AAATTCAGAC

Forward primer for LIC cloning of

OafA from Path 346 genomic DNA

OMV1075

TTG GAA GTA TAA ATT TTC TTT
TGA AATCTG CTT TTT CAC

Reverse primer for LIC cloning of

OafA from Path 346 genomic DNA

omMv1077

ATG GGT GGT GGA TTT GCT ATG
GAACACTTAAAATACAGAC

Forward primer for LIC cloning of

OafB from Path 189 genomic DNA

OMV1079

TTG GAA GTA TAA ATT TTC TCT
TAT TAT CAAATG CCCTATC

Reverse primer for LIC cloning of

OafB from Path 189 genomic DNA

2.5.9 Mutagenesis by inverse PCR and blunt end ligation

Primers were designed to amplify plasmid pMV433 (Table 2.2) whilst also introducing a

specific mutation to the OafA sequence. The mutation was designed to be in the middle

of the forward mutagenic primer to maximise template plasmid binding. See Table 2.9

for details of mutagenic primer pairs. Mutagenesis PCR was carried out with either Q5

High Fidelity DNA polymerase (NEB) (Table 2.5) or Phusion High Fidelity DNA polymerase

(Thermo Scientific) (Table 2.6). PCR products were digested with Dpnl (New England

Biolabs) following manufacturer’s instructions, to digest template DNA, then purified by

gel extraction (2.5.6). Linear products were phosphorylated and ligated with

polynucleotide kinase and T4 DNA ligase (New England Biolabs), respectively. The

resulting OafA point mutant expression strains and their plasmid numbers are listed in

Table 2.10.
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Table 2.9| Primers for mutagenesis of oafA in the pBADcLIC2005 plasmid (Table 2.2) by

inverse PCR and blunt end ligation. Mutated codon sequences are underlined.

OafA
F Primer (Sequence 5'-3' R Primer [Sequence 5'-3'

Mutant

R14A | oMy1403 [PAT GGG CTA GCG GCT TTT| 111404 [TAT ATC GAG TCT GAA TTT
G CTT GTA GAT CAT AGC

H25A | oMy1407 [6TG CTG TAT GCG TTC GGT| |\ 11408 [PAC ACT TAT CAA TGC AAA
GT AGC TCT TAG CC

5327 |oMV1399 |cT TAT 6TG GCG GGT GG |oMV1400 [FTACACCGAAGTGATACAGC

- A

G337 | oMV1409|CT TAT GTG TCA GCG GGC |\ 11410 |G TAC ACC GAA GTG ATA
TTT CAG CAC

G34A | omy1382 [GTG TCA GGT GCG TTT ATA| |\ 11 202 |ATA AGG TAC ACC GAA GTG
GGT ATA CAG

F35A  |omy1a11 (G TCA GGT GGC GCG ATA | (111415 ACA TAA GGT ACA CCG AAG
GG TG TGA TAC AGC AC

G377 |oMmy13gg|GGC TTT ATA GCG GTA GAT| 111389 [ACC TGA CAC ATA AGG TAC
GTTTTC ACC

384 |oMy1390[C TTT ATA GGT GCG GAT |\ 1\/1397 [CCACCTGACACATAAGGTAC
GTTTTCTTT A

039A  |oMy1392 C TTTATAGGT GTAGCG | \11/1391 [CCACCTGACACATAAGGTAC
GTT TTC TTT GTA A

Va0A | oMy1393 [GCT GTA GAT GCG TTCTTT | 1\ 1139, [TAT AAA GCC ACC TGA CAC
GTA ATT TCT ATA AGG TA

sa5n | omvisos [C TTT GTAATT GCG GGT | v 1v1506 MAAACATCTACACCTATAAA
TTT CTT ATG AC GCCACCT

Ga6A | oMy1395 [GTAATT TCT GCG TTT CTT |\ 111396 AAA GAA AAC ATC TAC ACC
ATG ACT G TAT AAA GCC

R69A | oMy1553 [BAT TTT TAT ATT GCA GCG | \1v/1554 [PAG TAC TCC TTT GTG GTC
TTC CTA AG TAC

R72A  |omy1sss [T ATTGCAAGATICCTA | /e [TAA AAATCA AGT ACT CCT
GCG ATT GTA TTG TGG TC

s119A |oMy1507|G TCT TTACTTTTTTAT | /11 cyg [GATATTGCGTTCTTGCTAAGT
GCG AAT AAT TA G

N113A |omvi533[ACTTTITTATTCAGCG | \1v1534 | AAGACGATATTGCGTTCTTG
AAT TAT TAC G C
CACTCT AGT GCG TTC GAC AATTGCGTAATAATTATTTGA

¥122A |oMV1509 [“AC TCTAGT GCGTTC GAC) 5\ va510 |ATannAAAGTA
TCA
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F Primer |Sequence 5'-3' R Primer |sequence 5'-3'

G202A |omv1a1s|[GAAATG CTG GCTGCG | \avi1416 [CCA TGC CCT GGT AGG GAT
GGC AAG ATA GA

£325A |oMy1475 (C AGA ACAATT GCG AAC |11 476 TATGAAATATCCCCAAGCGC
ACG CT AAAAG

3835 | opy1332 NGG CCT GAT ATT AGC TTC| 1\ /1 324 |CCA GGG AGA GTT GTC CAT
CTC AAT CCA ACG ATA

02975 | opy1351 [GCA TTC TCA AAA AGC CAG| 1\ /135, [TGA ATAATC TTG ATC TGG
GAT AAA TAG ATT GAG GAA

4395 | oMy1336/GCAAGCTTGAGC CAA |1\ /1324 [AGT TCT CTG CGT AAT GTT
CCA AT AAG TGA ATT TCC

ca53s |oMv1334|GACAGG CCGTATAGC | v 1y137g |ATC TTT TTG AAG CCC AAT
AAA GAC ATC AAT GAT TGG TGG

5675 | omy1353 [CTT GAG ACT ATG AGC ACA 11 /1 366 [TGG TGA AAT ATA AGT AAG
GAA AGT TAT GGA ATG CTC

5725 | oMy 1355 (6T ACA GAA AGT TAT AGC | 1\ /1 3c ¢ [CAT AGT CTC AAG TGG TGA
AAA GCA ATA ATA AAT ATA AG

437A | oMv1491 [CAG AGAACT GCAGCG [ 1 /1 4o [CGTAATGTTAAGTGAATTTCC
TTG TGC AAATACCGATTTC

£569A |oMy1473 [CT ATG TGT ACA GCG AGT | 1111474 [TCT CAA GTG GTG AAA TAT
TAT TGC AAG TAA GGG
TG GGG TGA CGC GCA ACA ACA AAA GAC TTT TCA

pA12A 1oMVI152 = oMV1153|GTC ATT TTA TCC TGA CAT
TGC CGC

TTT G

D587A |oMy1150ATA CAA TAT GCC AAT GCG| 1\ 111 1 [AGG GTA AGC AAT TCT ATT
CACC cc

H590A |oMy114g [T GACAAT GCG GCCCTA |1\ /11,0 [TAT TGT ATA GGG TAA GCA
ACA CCA GAA G ATT C

Table 2.10| STM strains for OafA point mutant functional analysis. Details of LT2 basal
O-antigen strain can be found in Table 2.1.

Strain # Plasmid # Strain details

Path 993 432 LT2 Basal O-ag + pBADcLIC2005

Path 932 433 LT2 Basal O-ag + pBADcLIC2005_WT-OafA
Path 1023 509 LT2 Basal O-ag + pBADcLIC2005_R14A-OafA
Path 1022 508 LT2 Basal O-ag + pBADcLIC2005_ H25A-OafA
Path 1009 501 LT2 Basal O-ag + pBADcLIC2005_S32A-OafA
Path 1024 510 LT2 Basal O-ag + pBADcLIC2005_G33A-OafA
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Strain # Plasmid # Strain details

Path 1014 506 LT2 Basal O-ag + pBADcLIC2005_G34A-OafA

Path 1025 511 LT2 Basal O-ag + pBADcLIC2005_F35A-OafA

Path 1026 512 LT2 Basal O-ag + pBADcLIC2005_136A-OafA

Path 1010 502 LT2 Basal O-ag + pBADcLIC2005_G37A-OafA

Path 1011 503 LT2 Basal O-ag + pBADcLIC2005_V38A-0OafA

Path 1012 504 LT2 Basal O-ag + pBADcLIC2005_D39A-OafA

Path 1015 507 LT2 Basal O-ag + pBADcLIC2005_V40A-OafA

Path 1035 521 LT2 Basal O-ag + pBADcLIC2005_S45A-OafA

Path 1013 505 LT2 Basal O-ag + pBADcLIC2005_G46A-OafA

Path 1085 540 LT2 Basal O-ag + pBADcLIC2005_R69A-0OafA

Path 1086 541 LT2 Basal O-ag + pBADcLIC2005_R72A-OafA

Path 1036 522 LT2 Basal O-ag + pBADcLIC2005_S112A-OafA

Path 1078 539 LT2 Basal O-ag + pBADcLIC2005_N113A-OafA

Path 1037 523 LT2 Basal O-ag + pBADcLIC2005_Y122A-OafA

Path 1027 513 LT2 Basal O-ag + pBADcLIC2005_G202A-OafA

Path 1028 514 LT2 Basal O-ag + pBADcLIC2005_E325A-OafA

Path 1033 519 LT2 Basal O-ag + pBADcLIC2005_R379A-OafA

Path 1001 497 LT2 Basal O-ag + pBADcLIC2005_C383S,C397S-0afA
Path 1007 499 LT2 Basal O-ag + pBADcLIC2005_C439S,C453S-0afA
Path 1002 498 LT2 Basal O-ag + pBADcLIC2005_C567S,C572S-0OafA
Path 1032 518 LT2 Basal O-ag + pBADcLIC2005_S437A-OafA

Path 1030 516 LT2 Basal O-ag + pBADcLIC2005_E569A-0OafA

Path 933 452 LT2 Basal O-ag + pBADcLIC2005_S412A-OafA

Path 934 453 LT2 Basal O-ag + pBADcLIC2005_D587A-0OafA

Path 1055 527 LT2 Basal O-ag + pBADcLIC2005_ H590A-OafA

OafB point mutant H621A was produced using the same protocol by Reyme Herman
using PMV434 (Table 2.2) as the template DNA with mutagenic primers OMV1154 (5’
AGA TTG GGG CGC TTT GAC AAA GCC TG 3’) and OMV1155 (5" ACA GCT GTA ACA AAA
TCT G 3’). The resulting plasmid was recorded as PMV439 and the corresponding STM

LT2 Basal O-ag + pBADcLIC2005_H621A-0afB is Path 892.
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2.5.10 Restriction enzyme cloning

Restriction enzyme cloning was used to create OafA and OafB expression constructs in
the pETFPP_30 vector (Table 2.2). Insert DNA was amplified from PMV433 for OafA and
PMV434 by PCR (Section 2.5.1) using Q5 High Fidelity DNA polymerase (Table 2.5). Insert
primers were designed to introduce appropriate restriction enzyme sites for insertion
into the multiple cloning site of the pETFPP_30 vector.

Table 2.11| Primer sequences for restriction enzyme cloning of OafA and OafB
constructs into the pETFPP_30 expression plasmid.

Primer Sequence (5'-3') Function Restriction

Name site

OMV1271 | ACATTTGGCCATGAAAGGTGTT | Forward OafA_Lys355 | Ncol
AGTTTTAGATTTTCAG

OMV1272 | ATATTTGGCCATGATGGACAAC | Forward OafA_Met373 | Ncol
TCTCCCTGG

OMV1273 | AATATTGGCCATGGAAAAGTCT | Forward OafA_Glu403 | Ncol
TTTGTTGTATGGG

OMV1266 | GCATCTCGAGTTTTGAAATCTGC | Reverse All OafA Xhol
TTTTTCACTTC

OMV1259 | TAGCCCATGGCAATGAATGGAA | Forward OafB_Met367 | Mcsl
TTAAAGAAAGAAGC

OMV1260 | ATGCCCATGGATGGTGAGCTAT | Forward OafB_Gly395 Mcsl
TGCGC

OMV1261 | TTATCCATGGGCCGCAATAATAT | Forward OafB_Arg421 Mcsl
TTTTATAATCGG

OMV1262 | TAATCTCGAGTCTTATTATCAAA | Reverse All OafB Xhol
TGCCCTATCTTCT

PCR reaction products were cleaned up (2.5.5) then restriction digests were performed
according to manufacturer’s instructions (New England Biolabs) on insert and plasmid
DNA. Each 50 pl restriction digest reaction contained up to 1 ug of DNA and 20U of
restriction enzyme in the appropriate 1X restriction enzyme buffer. Restriction digest

products were cleaned up (2.5.5) to remove cleaved DNA fragments.

Insert and plasmid DNA was ligated at 1:3 molar ratio with T4 DNA ligase (New England
Biolabs) following the manufacturer’s instructions. The ligation mixture was incubated
overnight at 16 °C then 5 pl of ligation mix was transformed into a sub cloning E. coli
strain (2.5.11.1). Colony PCR (2.5.12) was used to confirm correct insertion of the ligated

plasmid before the plasmids were sent for sequencing.
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2.5.11 Bacterial transformation

2.5.11.1 Heat shock
All plasmids were first subcloned into E. coli XL1-Blue competent cells (Agilent) (Table

2.1) following manufacturers instruction for heat shock transformation.
For other competent cells the following general heat shock protocol was followed.

50 ul aliqguot of competent cells was thawed on ice for 30 min. 1 pl plasmid DNA was
added and the cells were incubated on ice for a further 30 min. Cells were heat shocked
at 42 °C for 1.5 min then 900 ml LB or SOC medium (Table 2.3) was added. Cells were
incubated at 37 °C for 1 hr before 200 ul was spread on solid media with appropriate

antibiotic selection for overnight incubation at 37 °C.

2.5.11.2 Electroporation

Stationary phase bacterial culture was diluted to 1:100 into 5 ml fresh LB and grown to
ODeoo 0.4-0.6. Cells were harvested at 3000 xg for 7 min at 4 °C and the remaining steps
were completed at 4 °C and all centrifugations carried out at 3000 xg for 7 min. The cell
supernatant was discarded, cells were washed by re-suspension in 1 ml 10% (v/v)
glycerol, pelleting by centrifugation and removal of the supernatant. This was repeated
twice more and after final centrifugation step the supernatant was discarded and cells
re-suspended in 100 pl 10% (v/v) glycerol. 50 pl cell suspension were mixed with 5 pl of
DNA sample and loaded into a chilled 0.2 cm gap MicroPulser electroporation cuvette
(Bio-Rad) and pulsed with setting EC-2 of the MicroPulser electroporator (Bio-Rad). 1 ml
SOC media (Table 2.3) was immediately added to cells and they were allowed to recover
at 37 °C for 1 hour. Successfully recombined cells were selected for by plating on solid

LB agar with appropriate antibiotic selection.
2.5.12 Colony PCR

Colony PCR was used as initial confirmation that the correct plasmid DNA had been
transformed into bacterial cells before being sent for sequencing. 50 pl master mix of
GoTaqg Flexi G2 DNA polymerase reaction mix (Table 2.7), without template DNA, was
set up for the number of colonies to be screened +2 (for positive and negative control).
50ul PCR master mix was aliquoted into 0.2 ml PCR tubes. Single colonies were picked

from solid media with appropriate antibiotic selection and spotted onto fresh plates

49



before the remainder was re-suspended into the PCR master mix. The original template
plasmid was used as a negative control and no DNA was added to the mastermix for the
negative control. Following amplification with the thermocycler conditions in Table 2.7
with 52 °C annealing temperature, PCR products were analysed by agarose gel

electrophoresis (2.5.2) to confirm amplification products of the expected sizes.

2.5.13 DNA Sequencing

The OafA and OafB insert sequence of all expression plasmids were confirmed by
sequencing by Eurofins Genomics using Mix2Seq sequencing tubes. Sequencing primers
used to cover various regions of OafA and OafB sequence in different expression

plasmids are listed in Table 2.12.

Table 2.12| Sequencing primers.

Primer Name | Primer sequence 3’-5’ Function

OMV1379 GCTTTATCCATTCTGGCATTTTGTA Reverse sequencing primer
starting at nucleotide C658 of
OafA.

OMV966 GGCCAAGCTATTCAGCACTC Forward sequencing primer
starting at nucleotide G725 of
OafA

OMV1160 CAAAAGTGTCTATAATCACGGCAG | Forward sequencing primer
which binds upstream of the
insertion site of the

pBADcLIC2005 plasmid

OMV1iie1 CAGCTTGGCTGTTTTGGCGGAT Reverse sequencing primer
which binds downstream of the
insertion site of the

pPBADCcLIC2005 plasmid

OMV1269 TAATACGACTCACTATAGGG Forward sequencing primer for
inserts in the pETFPP_30

plasmid
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OMV1270 TATGCTAGTTATTGCTCAGCGGT Reverse sequencing primer for
inserts in the pETFPP_30

plasmid

2.5.14 Lambda red recombination

STM LT2 with 10X-His tag added to the C-terminus of the chromosomal oafA gene (Path
1102, Table 2.1) was created using lambda red recombination. This process was carried
out by Steinar Mannsverk under close supervision by the thesis author following the

protocol for lambda red recombination described by Datsenko and Wanner (2000).

Primers were designed according to Figure 2.1, to amplify the kanamycin resistance
cassette flanked by FRT sites from pDHL1092 plasmid, using priming site 1 and 4
(Datsenko and Wanner, 2000), and to add a 10xHis tag to the recombination site
complementary to the C-terminal end of the oafA gene (Table 2.13). Phusion High
Fidelity DNA polymerase PCR was used to amplify this fragment following the protocol

in Table 2.6, using an annealing temperature of 68 °C.

pDHL1029

lpcn

Oafa dowr

1.4kb

Figure 2.1| Lambda red recombination primer design for amplification of FRT flanked
kanamycin resistance cassette from pDHL1029 to create the C-terminal OafA 10xHis
tag chromosomal insert for lambda red recombination of STM LT2. Figure created by
Steinar Mannsverk and reproduced with his permission.

Path 86 (STM LT2 transformed with the pKD46 plasmid, Table 2.1) was subject to
electroporation with the 10xHis-FRT-KanR-FRT chromosomal insert fragment using the

following protocol.
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Stationary phase liquid culture of Path 86, grown at 30 °C, was diluted 1:100 into 50 ml
fresh LB + 100 pg/ml Amp and grown to ODggo 0.4-0.6. 0.2% (w/v) L-arabinose was added
30-60 min before harvesting to induce expression of the lambda red recombineering
proteins from the pKD46 plasmid. Cells were harvested at 3000 xg for 15 min at 4 °C and
the remaining steps were completed at 4 °C and all centrifugations carried out at 3000
xg for 7 min. The cell supernatant was discarded and cells re-suspended in 20 ml 10%
(v/v) glycerol then pelleted by centrifugation. Supernatant was discarded and cells re-
suspended in 2 ml 10% (v/v) glycerol and pelleted by centrifugation and this process was
repeated twice more. Following the final centrifugation step, the supernatant was
discarded and cells were re-suspended in 100 pl 10% (v/v) glycerol. 50 ul cell suspension
were mixed with 780 ng of the 10XHis insert PCR product and loaded into a chilled 0.2
cm gap MicroPulser electroporation cuvette (Bio-Rad) and pulsed with setting EC-2 of
the MicroPulser electroporator (Bio-Rad). 1 ml SOC media (Table 2.3) was immediately
added to cells and they were allowed to recover at 30 °C for 3 hr. Successfully
recombined cells were selected for by plating on solid LB agar (Table 2.3) with 50 pug/ml

Kan selection at 37 °C.

STM LT2 cells containing the successfully recombined 10xHis-FRT-KanR-FRT cassette
were next transformed with the pCP20 plasmid (Table 2.2). The pCP20 plasmid encodes
yeast FLP recombinase genes to excise the kanamycin resistance cassette flanked by FRT
sites (Datsenko and Wanner, 2000) and was transformed using the above
electroporation protocol with the following modifications. Stationary phase cultures
were grown at 37 °C then diluted 1:100 in 25 ml fresh LB + 50 pg/ml Kan . This culture
was grown at 37 °C to ODeoo 0.4-0.6 without L-arabinose. 25 ml culture was centrifuged
and all 10% (v/v) glycerol washing steps were carried out with 2 ml 10% (v/v) glycerol.
Following the final resuspension of cells into 100 pl 10% (v/v) glycerol, 50 pl of cells were
mixed with 140 ng pCP20 plasmid DNA before micropulsing. The cells were left to
recover for 1.5 hr at 30 °C. Successfully transformed cells with their kanamycin
resistance cassette excised by the LFP recombinase encoded on pCP20 were selected by
first plating on solid LB agar with 100 pg/ml selection for the pCP20 plasmid at 30°C,
then confirming loss of kanamycin resistance by lack of growth on LB 50 pg/ml Kan
plates. The pCP20 plasmid was subsequently cured by growth on non-selective solid LB
media at 40 °C. Excision of the KanR cassette was confirmed by colony PCR (section

2.5.12) using OMV1543 and OMV1548 (Table 2.13).
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Table 2.13| Lambda red recombination primers.

Primer Sequence (5'-3') Function

Name

OMV1550 | CAGAAGGCTCAGGGTGGTTTATTGA | Forward OafA C-terminus His tag
GGAAGTGAAAAAGCAGATTTCAAAA | +kanR priming site 1
CATCATCACCATCATCACCATCACCAT
CATTAAGTGTAGGCTGGAGCTGCTTC
GAAGTTCCTATACTTTC

OMV1539 | GCATTATTGTTGTAGTTTTATAAAAT | Reverse OafA C-terminus + kanR
AAAAAGAGGGGCAAGCCCCTCTGT priming site 4

ATTCCGGGGATCCGTCGACC

OMV1543 [ AGTCCTCATTGTTGTTGCTGT Forward primer for amplification
of insert sequence from STM LT2
genome for sequencing

OMV 1548 | GCGGTTGATACATCGGTTGC Reverse primer for amplification
of insert sequence from STM LT2
genome for sequencing

OMV1545 | CCATGGAGCATGACGGATGA Forward sequencing primers for

OMV1547 | TTCAGTGACAACGTCGAGCA insert confirmation

OMV1549 | GGACCGCTATCAGGACATAG Reverse sequencing primer for

OMV1546 | CAGCAAGCGAACCGGAATTG insert confirmation

2.6 In situ functional analysis of OafA

In situ functional analysis of OafA was carried out using strains outlined in Table 2.10 or
strains Path 346, Path 293 and Path 1102 listed in Table 2.1. Unless otherwise stated
during assay optimisation in Chapter 4 , strains for in situ functional analysis were
cultured at pH 7.0 in 100 mM sodium phosphate-buffered LB at 37 °C in a baffled conical
flask with shaking at 200 rpm. Overnight cultures were diluted 100-fold and grown for
16 hr. Samples were normalised to (ODeoo) of 3.0 per ml for LPS and protein sample

preparation.
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2.6.1 Slide agglutination

1 ml of stationary phase culture was pelleted by centrifugation at 3000 xg for 10 min
and re-suspended in PBS (Table 2.4) to a milky suspension (200-600 pl). On microscope
slides with two etched 10 mm rings (Thermo Scientific — Gold Seal) one drop of test
antibody was added to one ring and one drop of PBS added to the other as a negative
control. One drop of bacterial suspension was added to each of the test circles and the
slide rocked for 30-60 sec and inspected for agglutination of cells. If cells auto

agglutinated in the negative PBS control the test was discarded and repeated.
2.6.2 Functional analysis of OafA by LPS immunoblot

2.6.2.1 Crude LPS sample preparation

The method was adapted from (Davies et al., 2013). Unless otherwise stated during

assay development in Chapter 4, the following protocol was used.

1 ml of OD-normalised (ODsoo 3.0) overnight culture was pelleted for 5 min at 16,000xg.
Cell pellets were re-suspended in 100 pl LPS sample buffer (Table 2.4) containing 2%
(w/v) SDS then boiled at 100 °C for 5 min. Samples were vortexed following each further
step of preparation. 400 ul of LPS sample buffer was then used to dilute the solution
before 2 pl RNAse (Roche) and DNAse (Sigma) was added and the solution incubated at
37 °Cfor 16 hr. Samples were then treated with 100 pg proteinase K (Promega) for 16

hr at 50 °C. All samples were stored at 4 °C until analysis and vortexed prior to use.

2.6.2.2 T-SDS PAGE of LPS samples

Tricine Sodium Dodecyl Sulphate Poly Acrylamide Gel Electrophoresis (T-SDS PAGE) gels
were cast in the Mini-PROTEAN™ casting stand with 1 mm gel plates (BioRad).
Separating and stacking gel were made up according to Table 2.14. Separating gel was
poured and allowed to polymerise in the casting stand under a layer of 100% ethanol.
The ethanol was removed and gel washed with diH,0 before the stacking gel was poured
and allowed to polymerise with the appropriate 1 mm comb fitted in the top. Gels were
stored at 4 °C until use. LPS samples were run in the Mini-PROTEAN™ electrophoresis
cell (BioRad) in 1x SDS sample loading buffer (Table 2.4), with anode and cathode buffer
(Table 2.14) in the corresponding chamber. Samples were run at 50V for 15 min followed
by 100V for ~1.5 hr and at least one lane was loaded with 5 pl of the protein marker blue

pre-stained protein standard broad range (NEB). LPS bands were either visualised by
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silver staining (2.6.2.3.2) or Immunoblotting (2.6.2.3.1) techniques. To ensure sharp
bands in silver stain gels (2.6.2.3.2), acrylamide/bis solution should be stored tightly

closed at 4 °C and used within 2 months of opening.

Table 2.14| T-SDS-PAGE Gel components.

Buffer Name Components

10% Separating Gel | 10% (v/v) Acrylamide/Bis solution [37.5:1] (BioRad), 1 M Tris-
HCL pH 8.45, 1% (w/v) SDS, 10% (v/v) Glycerol, 0.6% (w/v)
APS, 0.06% (v/v) TEMED

4% Stacking Gel 4% (v/v) Acrylamide/Bis solution [37.5:1] (BioRad), 750 mM
Tris-HCL pH 8.45, 0.75% (w/v) SDS, 0.8% APS, 0.08% TEMED

Anode Buffer 0.2 M Tris-HCL pH 8.9

Cathode Buffer 0.1 M Tris-HCL, 0.1 M Tricine, 0.1 % (w/v) SDS

2.6.2.3 Visualisation of LPS in T-SDS-PAGE gels

7.5 ul of crude LPS extracts (2.6.2.1) were run on 1.0 mm T-SDS PAGE (2.6.2.2) for

analysis.

2.6.2.3.1 LPS Immunoblotting

Optimised protocol:

The TSDS-PAGE-separated LPS samples were transferred onto Immobilon-P PVDF
membrane (Merck-Millipore) using the Trans-Blot® Semi-Dry Transfer Cell (BioRad).
PVDF membrane was activated in methanol for 15 sec, washed 3x with diH,0 then
equilibrated in transfer buffer (Table 2.4). The SDS-PAGE gel was equilibrated in transfer
buffer and filter paper soaked in transfer buffer was stacked with the equilibrated
membrane and gel according to manufacturer’s instructions and the system was run at
20V for 15 min. PVDF membrane was blocked in LPS Blocking Buffer (Table 2.4) for 1 hr
at room temperature. The membrane was then incubated in primary O:5 serotyping
antibody (1:10000) (Statens Serum Institute; 40272) and Salmonella core antigen
(1:200) (Insight Biotechnology; 5D12A) in LPS Blocking Buffer (Table 2.4) for 1 hr at room
temperature. Following primary antibody incubation, the membrane was washed 3
times in PBS-T for 10 min (Table 2.4) then incubated in secondary Goat Anti-Rabbit IgG

StarBright Blue700 (1:5000) (Bio-Rad) and Goat anti-mouse IgG (H+L) DyLight 800
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(1:5000) with LPS Blocking Buffer (Table 2.4) for 1 hr at room temperature. Following 4
10 minute washes in PBS-T, fluorescent LPS bands were visualised and imaged on the

ChemiDoc MP imaging system (BioRad).
Pre-optimisation protocol:

Prior to optimisation of the protocol for LPS immunoblotting only single antibody
immunoblotting was used with primary serotyping antibodies of O:5, 0:4, 0:12 and
OMA (Statens Serum Institute) diluted 1:10000 in LPS blocking buffer. Goat anti-mouse
IgG-HRP (Sigma-Aldrich) diluted 1:10000 with LPS blocking buffer (Table 2.4) was used
as the secondary antibody and following secondary antibody incubation for 1 hr at room
temperature and 4x 10 min membrane wash steps in PBS-T, LPS bands were visualised
using Luminata Classico Western HRP substrate (Merck-Millipore) and imaged on the
ChemiDoc MP imaging system (BioRad) or using X-ray film (GE Healthcare, Amersham™

Hyperfilm™ ECL).
Dot Blot:

For dot blot immunoblotting described in Chapter 4, LPS samples were spotted onto
nitrocellulose membrane (Amersham). The nitrocellulose membrane was incubated in
TBS-T for 10 min then mounted on top of filter paper for the LPS to be spotted onto the
membrane. Following 1hr incubation at room temperature to allow the nitrocellulose
membrane to fully dry, the protocol for LPS immunoblotting was followed (2.6.2.3.1)

from the initial 1hr LPS Blocking Buffer incubation step.

For dot blot immunoblotting described in Chapter 5, 5 ul of LPS reaction samples from
the in vitro acetyltransferase activity assay (2.8.4) were loaded onto nitrocellulose
membrane using a BioRad Bio-Dot® microfiltration apparatus. Briefly, nitrocellulose
membrane (Amersham) was incubated in TBS (Table 2.4) for 10 min then mounted into
the BioRad Bio-Dot® microfiltration apparatus according to manufacturer’s instructions.
5 ul LPS samples were mixed with 145 ul TBS and loaded into relevant wells of the
apparatus then allowed to bind to the membrane under gravity for 1 hr. 100 ul TBS was
then added to wells and allowed to flow through under gravity before the vacuum was
applied and wells were washed twice with 300 pl TBS. The membrane was removed from

the apparatus following manufacturer’s instructions then the protocol for LPS detection
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with O:5 serotyping antibodies and Salmonella core antigen was then followed as per

LPS immunoblotting (2.6.2.3.1).

2.6.2.3.2 LPS Silver stain

Silver staining methods are adapted from (Kittelberger and Hilbink, 1993). All solutions
were made up with ddH,0 and are listed in (Table 2.15). All incubation steps were

carried out at room temperature with gentle agitation.

LPS samples in TSDS-PAGE gel (2.6.2.2) were fixed overnight in fixative solution. Fixative
solution was discarded and gels were incubated in oxidiser solution for 10 min. Oxidiser
solution was discarded and the gels were subject to 3x 15 minute washes in ddH,0.
Following the final wash step, H,O was discarded and gels were incubated in silver
solution for 30 min wrapped in foil to prevent light exposure. Silver solution was
discarded and gels quickly rinsed with ddH,0 before developer solution was added. Gels
were incubated in developer solution until LPS bands were adequately stained then the
developer reaction was stopped by washing in 1% (v/v) Acetic acid.

Table 2.15] Silver staining solutions. All solutions are made fresh immediately prior
to use.

Solution Components

Fixative 30% (v/v) Ethanol, 10% (v/v) Acetic acid

Oxidiser 0.7% (w/v) Periodic acid, 30% (v/v) Ethanol, 10% (v/v) Acetic acid.
Silver 0.1% (w/v) Silver nitrate

Developer 3% (w/v) Sodium carbonate, 0.02% (v/v) Formaldehyde

2.6.2.4 Confirmation of OafA protein expression

Insoluble protein fractions were isolated from test strains using Bug Buster™ solution
(Novagen). 1 ml of OD-normalised (ODeoo 3.0) overnight culture was pelleted for 5 min
at 16,000xg. The supernatant was discarded and the cell pellet re-suspended in 50 pl
Bug Buster™ solution (Novagen). 1 ul DNase | (Thermo Fisher) was added to the
suspension and this was incubated on a rocker at room temperature for 20 min. Lysed
cells were centrifuged at 16,000 x g for 15 min. Supernatant (soluble fraction) was

removed and the pellet re-suspended in 75 pl 4x SDS sample loading buffer. The re-
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suspended pellet was incubated at 60 °C for 10 min then centrifuged at 16,000 x g for
10 min. 10 ul of supernatant from the insoluble fraction was analysed by SDS-PAGE and
Western blotting (2.7.2, 2.7.3).

2.7 Recombinant protein expression and purification

2.7.1 Protein production in BL21 (DE3) cells

OafA and OafB protein constructs were cloned into the pETFPP_30 plasmid (Table 2.2)
by restriction enzyme cloning (2.5.10). This plasmid adds an N-terminal PelB leader
sequence to target protein expression to the periplasm and a C-terminal 6xHis tag to
allow antibody detection and affinity purification of the expressed protein. Chemically
competent E.coli BL21(DE3) (Table 2.1) were then transformed with the constructed
expression plasmids by heat shock transformation (2.5.11.1). Protein expression strains
are listed in Table 2.16. The OafB point mutant H621A produced by Reyme Herman in
plasmid PMV 439 was used as the template for restriction enzyme cloning of
OafB_Arg421H621A,

Table 2.16| OafA and OafB protein expression strains. E. coli expression strain details
can be found in Table 2.1 and expression plasmid details in Table 2.2.

Strain Expression Plasmid Info
BL21(DE3) pMV463 pETFPP_30

BL21(DE3) pMV467 pETFPP_30 OafB_Gly395
BL21(DE3) pMV471 pETFPP_30 OafB_Met367
BL21(DE3) pMV468 pETFPP_30 OafB_Arg421
BL21(DE3) pMV475 pETFPP_30 OafB_Arg421M621A
BL21(DE3) pMV472 PETFPP_30 OafA_Lys355
BL21(DE3) pMV473 pETFPP_30 OafA_Met373
BL21(DE3) pMV474 pETFPP_30 OafA_Glu 403

2.7.1.1 Small scale protein expression trials for OafA and OafB

Single colonies were inoculated into 5 ml LB media (Table 2.3) with appropriate
antibiotic selection and incubated at 37 °C with 250 rpm shaking overnight. Overnight
cultures were inoculated into fresh media to ODsso 0.02 and cultured at the selected
temperature with 250 rpm shaking. Protein expression was induced with the selected
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IPTG concentration and cultures were returned to the conditions for the selected

incubation time before samples were harvested.

2.7.1.2 Large scale production of OafA Lys355

Single colonies of BL21(DE3) pMV472 (Table 2.16) were inoculated into 20 ml LB media
(Table 2.3) with 100 pg/ml Amp selection and incubated at 37 °C with 250 rpm shaking
overnight. Overnight cultures were inoculated into 1L fresh media to ODssp 0.02 and
cultured at 30 °C with 250 rpm shaking. Protein expression was induced with 0.1 mM
IPTG once cells reached ODeso ~0.4 and culturing was continued for 16 hr (overnight)

before cells were harvested and subject to periplasmic protein extraction (2.7.7).

2.7.2 Sodium Dodecyl Sulphate Poly Acrylamide Gel
Electrophoresis (SDS-PAGE)

SDS-PAGE gels were cast in the Mini-PROTEAN™ casting stand with 1 mm gel plates
(BioRad). Separating and stacking gel were made up according to Table 2.17. Separating
gel was poured and allowed to polymerise in the casting stand under a layer of 100%
ethanol. The ethanol was removed and gel washed with diH,O before the stacking gel
was poured and allowed to polymerise with the appropriate 1 mM comb fitted in the
top. Gels were stored at 4 °C until use. Protein samples were run in the Mini-PROTEAN™
electrophoresis cell (BioRad) in 1x SDS sample loading buffer (Table 2.4) at 200V for 50
min at least one lane was loaded with 5 ul of the protein marker blue prestained protein
standard broad range (NEB). Protein bands were either visualised by Coomassie staining

or Immunoblotting techniques.

Table 2.17| SDS-PAGE Gel components and running buffer.

Buffer Name Components

12% Separating Gel | 12% (v/v) Acrylamide/Bis solution [37.5:1] (SLS), 375 mM Tris-
HCL pH 8.8, 0.1% (w/v) SDS, 0.1% (w/v) APS, 0.04 % (v/v)
TEMED

2% Stacking Gel 2% (v/v) Acrylamide/Bis solution [37.5:1] (SLS), 0.1 mM Tris-
HCL pH 6.8, 0.83% (w/v) SDS, 0.83% APS, 0.0083% TEMED

SDS Running Buffer | 0.3 % (w/v) Tris, 1.4 % (w/v) Glycine, 0.1% (w/v) SDS
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2.7.3 Visualisation of protein after Gel electrophoresis

Protein bands or target protein was either visualised by Coomassie staining or by

Immunoblotting.

2.7.3.1 Coomassie staining

The SDS-PAGE gel was rinsed with diH,0 before being incubated in Coomassie brilliant
blue staining solution (Table 2.4) for 1 hr. The gel was then washed with de-staining
solution (10% (v/v) Ethanol, 10% (v/v) Acetic acid) until the background staining was

removed.

2.7.3.2 Protein immunoblotting

For immunoblotting SDS-PAGE separated proteins were transferred to immobilon-P
PVDF membrane (Merk-Millipore) using the Trans-Blot® Semi-Dry Transfer Cell (BioRad).
PVDF membrane was activated in methanol for 15 sec, washed 3x with diH,0 then
equilibrated in transfer buffer (Table 2.4). The SDS-PAGE gel was equilibrated in transfer
buffer and filter paper soaked in transfer buffer was stacked with the equilibrated
membrane and gel according to manufacturer’s instructions and the system was run at
20 V for 15 min. PVDF membrane was blocked in protein blocking buffer A (Table 2.4)
for 1 hr at room temperature. The membrane was then incubated in primary Tetra-His
Antibody (Qiagen) diluted 1:1000 in protein blocking buffer A (Table 2.4) for 1 hr at room
temperature. Following primary antibody incubation, the membrane was washed 3
times in TBS-T for 10 min then once in TBS™ for 10 min (Table 2.4) then incubated in
secondary goat anti-mouse IgG-HRP (Sigma-Aldrich) diluted 1:10000 with protein
blocking buffer B (Table 2.4) for 1 hr at room temperature. Following 4x 10 minute
washes in TBS-T, protein bands were visualised using Luminata Classico Western HRP

substrate (Merck-Millipore) and imaged on the ChemiDoc MP imaging system (BioRad)

2.7.4 Total protein extraction

For total protein extraction 1 ml bacterial cell culture was pelleted by centrifugation
16,000 xg for 5 min. The supernatant was discarded and pellet stored at -20 °C until
protein extraction. Cell pellets were re-suspended in 25 pl per OD unit of 4x SDS sample
loading buffer (Table 2.4). Solutions were boiled at 95 °C for 10 minutes and centrifuged
at 16,000 xg for 5 minutes. 5 pL of supernatant from cell culture samples were loaded

for SDS-PAGE analysis.
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2.7.5 Small scale periplasmic protein extraction

For periplasmic protein extraction from 1 ml of bacterial cells a scaled down protocol for
periplasmic protein extraction was used. All centrifuge steps were carried out at 8500
xg for 20 min at 4 °C. 1 ml cell culture was centrifuged and supernatant discarded. The
cell pellet was re-suspended in 30 ul sucrose solution (Table 2.4), incubated on ice for
15 min then centrifuged. The supernatant (sucrose fraction) was stored at -20 °C or
discarded. The cell pellet was re-suspended in 30 pl ice-cold 5 uM MgCl,, 1 pl 15 mg/ml
Lysozyme (Sigma Aldrich) and 1.4 pl 25X Protease Inhibitor Cocktail (Table 2.4) and
incubated on ice for 30 min then centrifuged a final time. The supernatant was analysed
as the periplasmic fraction. The remaining cell pellet should contain the cell debris and

cytoplasmic component and was discarded.

2.7.6 Small scale spin column nickel affinity purification

The Ni-NTA spin column purification kit (Qiagen) was used for small scale nickel affinity
purification of expressed proteins. For BL21(DE3) cells expressing OafA and OafB
constructs 30 ml of overnight cell culture was centrifuged at 4000 xg for 15 min at 4 °C.
10x Bug buster solution (Novagen) was diluted to 1x using NPI-10 lysis buffer (Table 2.4).
Cells were lysed in 1.7 ml 1x BugBuster solution for 20 min at room temperature on a
rocker. The protocol for protein purification under native conditions from E.coli lysates
in the Ni-NTA spin kit handbook 01/2008 (Qiagen) was then followed from step 3.
Briefly, lysed cells were centrifuged 12,000 xg for 20 min at 4 °C. Ni-NTA column was
equilibrated in 600 ul NPI-10 lysis buffer (Table 2.4) and centrifuged for 2 min at 890 xg,
then the clarified cell lysates were loaded onto the column 600 ul at a time and
centrifuged 270 xg for 5 min. The spin column was washed twice with 600 pl NPI-20
wash buffer (Table 2.4) and centrifuged for 2 min at 890 xg. Bound protein was eluted
from the column with 2 elution steps of 300 ul NPI-500 elution buffer (Table 2.4)
centrifuged for 2 min at 890 xg. Column flow through from each step was stored at -20 °C

until analysis.

2.7.7 Periplasmic protein extraction using EDTA and lysozyme

Cells from 1L culture were harvested by centrifugation at 5000 xg 15 min at 4 °C. The cell

pellet was re-suspended in 20ml ice cold SET buffer (Table 1), 13 mg lysozyme were
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added and the solution mixed by inverting then incubated for 2 hr at 30 °C. The solution
was then centrifuged at 21000 xg for 15 min at 4 °C and the supernatant taken as the
periplasmic fraction. A small sample of the remaining pellet was taken for SDS-PAGE

analysis.

2.7.8 Protein dialysis

To exchange buffers for purified proteins Spectra/Por 12-14,000 MWCO dialysis tubing
(Fisher Scientific) was used. Protein sample was sealed into Spectra/Por tubing and
immersed in at least 1000x volume of new buffer solution with gentle stirring at room

temperature for at least 1 hr then into fresh buffer at 4 °C overnight.

2.7.9 Large scale nickel affinity purification of periplasmic protein

fractions

See Table 2.4 for all buffers used in this protocol.

The isolated periplasmic fraction was dialysed overnight (2.7.8) into TBS buffer. The
appropriate amount of Ni*-Equilibration buffer was added to the periplasmic fraction to
make a final concentration of 12 mM imidazole then the solution was clarified by
centrifugation 21000 xg for 10 min 4 °C and filtered using a 0.45 um filter. Purification
was performed on the AKTA purification system using a HisTrap FF 5 ml column (GE
healthcare). The column was equilibrated in Ni*-Equilibration buffer then the protein
sample was loaded on to the column and washed to remove contaminating proteins
with Ni*-Wash buffer. Protein was eluted from the column using Ni*-Elution buffer
buffer and collected in 3ml fractions which were analysed by SDS-PAGE to ensure
protein purity. Following purification, protein samples were dialysed (2.7.8) into 50 mM

sodium phosphate buffer 100 mM NaCl pH7.8 unless otherwise stated.

2.7.10 Protein quantification

Protein concentration was determined using Azso absorbance of the solution on the
Jasco V-560 spectrophotometer. Azso absorbance was converted into protein

concentration using the Beer-Lambert law (A = &cl):

A280 absorbance = (extinction coefficient of the protein) * (concentration of

protein in solution) * (path length of the cuvette)
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2.8 In vitro characterisation of purified proteins

2.8.1 Biophysical analysis

For mass spectrometry analysis OafA_Lys355 was dialysed into 25 mM ammonium
acetate (2.7.8) then concentrated to 69 uM using vivaspin 500 10,000 MWCO spin
columns (GE Healthcare). For FT-ICR-MS (see below) OafA_Lys355 was dialysed (2.7.8)

into 35 mM ammonium acetate.

All mass spectrometry was carried out by members of the Technology Facility at the
University of York. Electrospray ionisation time of flight (ESI-TOF) analysis was carried

out on the ABI Qstar tandem mass spectrometer.

Peptide mass fingerprinting was carried out using Matrix Assisted Laser Desorption
lonization Tandem Time-of-Flight (MALDI-TOF/TOF) mass spectrometry using a Bruker
ultraflex-1ll. OafA_Lys355 was digested with trypsin, an MS spectrum was acquired
between 800-5000 m/z and the ten strongest peaks, above a signal to noise threshold,
were selected for MS/MS fragmentation. The tandem mass spectral data produced are
searched against the NCBI database using the Mascot search program to generate
peptide matches with associated expect values. Protein identifications are inferred

from peptide matches.

Protein molecular mass measurement was carried out using fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR-MS) and MALDI In source decay mass

spectrometry (MALDI-ISD-MS) was used for N-terminal sequencing of OafA_Lys355.

NMR spectrometry was carried out by Pedro Aguiar in the centre for magnetic

resonance at the University of York.

2.8.2 Analysis of the crystal structure of OafBspa_377

Analysis towards solving the crystal structure of OafBspa_377 was carried out by Sarah
Tindall (University of York) and the methods used are adapted from (Pearson et al.,

2020)(manuscript submitted for publication).

To crystallise OafBspa_377, a hanging-drop vapour diffusion method was used with 20
mg/mL OafBspa_377in a drop ratio of 1:1 protein:reservoir solution. After incubation for

24 hr at 20 °C crystals grown in 100 mM BisTris pH 5.5, 0.25 M lithium sulfate, 25% PEG
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3350 were cryoprotected by addition of glycerol to a final concentration of 20% and

vitrified in liquid nitrogen.

X-ray diffraction data for crystals of OafBspa_377 were collected on beamline 104-1
(Diamond Light Source, UK) at a wavelength of 0.9282 A using a Pilatus 6M-F detector.
Data were integrated with XDS (Kabsch and IUCr, 2010), and scaled and merged with
AIMLESS (Evans and Murshudov, 2013) via the Xia2 pipeline (Winter, 2010). Fragon
molecular replacement (Jenkins, 2018) used Phaser (McCoy et al., 2007) to place an ideal
poly-alanine helix of 14 amino acids in length followed by density modification with
ACORN (Jia-Xing et al., 2005). ARP-wARP (Perrakis et al., 1999) was used for automated
chain tracing, and the model was refined using REFMACS5 (Garib N. Murshudov; Alexei
A. Vagin; Eleanor J. Dodson, 1997; Murshudov et al., 1999, 2011; Winn et al., 2003; Vagin
et al., 2004; Nicholls et al., 2012). Manual manipulation of the model between
refinement cycles was performed using Coot (Emsley et al., 2004, 2010). The final model
was evaluated using MolProbity (Chen et al.,, 2010) and PDB validate, secondary
structure shown in Fig. 5A was annotated using STRIDE (Heinig and Frishman, 2004). The
atomic coordinates and structure factors have been deposited in the Protein Data Bank

(PDB ID code 6SE1).

2.8.3 In vitro esterase activity assay

The catalytic activity of OafA and OafB C-terminal constructs was confirmed by acetyl
esterase activity using p-nitrophenyl acetate (pNP-Ac) as a substrate. 100 pl of enzyme
solution (10 pM OafAstv, 40 uM OafBstm or 0.04 U/ml Acetylxylanesterase as the
positive control) or appropriate control buffers were added to relevant wells of a 96 well
plate and incubated at 37 °C for 10 min prior to addition of pNP-Ac. 100 mM pNP-Ac
stock dissolved in ethanol was diluted to 1mM using the corresponding buffer to each
protein sample. 100 pul ImM pNP-Ac was added to matching sample and control wells
and immediately placed into a plate reader incubated at 37 °C. Absorbance at 405 nm
was measured at T=0, and then at 5 min intervals. The acetylxylanesterase positive

control was an esterase from Orpinomyces sp. (Megazyme).
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2.8.4 Invitro acetyltransferase activity assay

Crude LPS extracted from OafA-negative STM LT2 strain (Path993) was heated at 100°C
for 20 min to inactivate the proteinase K (see above). Heat-treated LPS was mixed 1:1
with KPi buffer (Table 2.4). 10 pM OafAstm and 20 uM OafBspa C-terminal constructs
were incubated at 4 °C in LPS-KPi mixture with 4 mM pNP-Ac dissolved in ethanol (4%
(v/v) final concentration in reaction). Samples of the reaction mix were taken after

specified time points and inactivated by boiling for 10 min.
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Chapter 3 In silico analysis of carbohydrate O-

acetyltransferases

3.1 Introduction

The intention of this study is to characterise the mechanism of action of O-antigen
acetyltransferases OafA and OafB with the aim of applying this knowledge both to O-
antigen modification and to the array of related carbohydrate O-acyltransferase
proteins that catalyse a diverse range of modifications across the domains of life, as
discussed in the introduction (section 1.3). This chapter describes the in silico analysis of
experimentally characterised bacterial O-acetyltransferases which allowed hypotheses
to be formed about the mechanism of action and functional residues of O-antigen
acetyltransferases. This work has contributed to production of a joint first author
manuscript with Sarah Tindall (University of York) which is submitted for publication
(Pearson et al., 2020) therefore some of the text and figures from this manuscript have
been reproduced in the text. Work contributed by Sarah Tindall has been acknowledged

and is unpublished at the time of thesis submission.

3.2 Defining a working model for Salmonella 0O-antigen

acetylation

The STM O-antigen acetyltransferases OafA (Slauch et al., 1996) and OafB (Davies et al.,
2013) (formerly F2GtrC) are both predicted by InterPro to contain an N-terminal AT3
domain (IPR002656, PF01757) fused to an SGNH domain (IPR0O13830, PF14606 or
PF13472) (Finn et al., 2014; Mitchell et al., 2015) (Figure 3.1 A). The AT3 domain has 10
trans membrane helices (TMH) and an additional 11™ helix that is presumably required
to localise the fused SGNH domain in the periplasm (Krogh et al., 2001); this prediction

is supported by experimental topology analysis of OafB (Kintz et al., 2015).
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Figure 3.1| Schematic representation of Salmonella ser. Typhimurium OafA and OafB
functional domains defined by InterPro and transmembrane helices predicted by
TMHMM. AT3 indicates the Acyl _transf 3 InterPro domain (IPR002656) and this
domain is coloured purple. SGNH indicates the SGNH hydrolase type esterase domain
(IPR013830) in the SGNH superfamily (SSF52266) and is coloured teal. The linking
region between the two domains is coloured orange. (A) Linear representation with
domain boundaries for OafA indicated above and for OafB indicated below and
transmembrane helices shaded and numbered. (B) Topological representation of
OafA in the proposed mechanism of action of O-antigen acetyltransferases during
maturation of the LPS in the periplasm. InterPro results were obtained —07/10/15 and

TMHMM results obtained — 13/01/17.

Phyre? protein fold recognition server (Kelley et al., 2015) was able to model a predicted
structure for the C-terminal periplasmic domain of OafA and OafB (389-609 for OafA and
410-636 for OafB). The predicted structures were modelled against the crystal structure
of a putative hydrolase from Bacteroides thetaiotaomicron (PDB: bt3161) with
confidence of 99.1% and 99.4% and sequence identity of 13% and 14% for OafA and
OafB modelled regions, respectively (Figure 3.2). This analysis suggested that these

proteins are likely to contain a C-terminal periplasmic domain with the characteristic a-
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B-a fold of an SGNH domain with the catalytic triad residues Ser, Asp, His in close

proximity (Mglgaard et al., 2000) (Figure 3.2).

Figure 3.2| Predicted crystal structure for the C-terminal domain of Salmonella ser.
Typhimurium OafA (blue) and OafB (green). Both proteins were modelled on template
structure (PDB: bt3161). Catalytic triad residues are shown as magenta sticks and
overlap exactly in both protein structure predictions. N-terminal residues are
coloured orange and labelled.

Previous work showed that the SGNH domain is essential for acetyltransferase activity
in OafA and OafB (Hauser et al., 2011; Kintz et al., 2015) and that functional residues on
the cytoplasmic side of the AT3 domain can result in loss of O-antigen acetylation when
mutated to alanine (Kintz et al., 2015), suggesting that both defined functional domains
of OafA and OafB are required for O-antigen acetylation. The SGNH domain is
periplasmic and the O-antigen acetylation modification is proposed to occur on the
periplasmic side of the inner membrane, yet the inner membrane spanning AT3 domain
is still required for the acetylation modification (Kintz et al., 2015). Therefore, the source
of acetate is likely to be cytoplasmic and is transported to the periplasmic side by the
AT3 domain before the SGNH domain subsequently transfers the acetyl group to the

specific O-antigen acceptor carbohydrate (Figure 3.1 B).
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3.3 Analysis of conserved residues across characterised O-

acetyltransferases

In order to investigate the hypothesised mechanism of O-antigen acetylation (Figure 3.1
B), a review of the literature was conducted to identify bacterial AT3 domain-containing
proteins whose carbohydrate acyltransferase activity had been demonstrated
experimentally. This search was constrained to bacterial proteins initially in the hope of
identifying proteins with close enough evolutionary relationships to maintain a
conserved mechanism of action. These experimentally characterised proteins were
compiled with the aim of identifying conserved features between them, which may give
clues to a conserved mechanism of action or identify specific regions within these

proteins which are adapted to their O-acyltransferase function.

41 bacterial AT3 domain-containing proteins, with experimentally confirmed
carbohydrate O-acyltransferase activity were identified in the literature (Appendix I).
These proteins span a diverse selection of Gram-positive and negative bacteria and have
wide ranging biological roles from initiation of symbioses with plants to modification of
antibacterial compounds (Summarised in Figure 3.3). 30 of the 42 proteins identified
were characterised to have a native role of O-acetyltransferase activity (Appendix I). As,
it was unknown whether the mechanism of transfer is conserved between proteins
transporting diverse acyl substituents, sequence analysis was first constrained to these
30 proteins. Of the 30 proteins, 19 contain just the AT3 domain, while 11, including STM
OafA and OafB, have the AT3-SGNH fused domain architecture (Figure 3.3).

For the 19 AT3-only O-acetyltransferase proteins there was no indication in the
literature that these proteins functioned with a cognate periplasmic SGNH partner.
Significantly, analysis of the genomic context of the gene encoding the AT3-only
acetyltransferase OacA, implicated in acetylation of the rhamnose sugar of the Shigella
flexneri LPS O-antigen (Verma et al., 1991), did not reveal a candidate partner protein.
This protein is encoded on the Shigella bacteriophage SF6 genome. No significant hits
were found when this bacteriophage genome (NCBI:txid10761) was searched against
the protein sequences of the OafB SGNH domain, or other characterised periplasmic
SGNH acetyltransferase proteins PatB (Moynihan and Clarke, 2010), Alg) and AlgX (Baker

et al., 2014). This provides a key example of a protein which performs a similar
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modification the AT3-SGNH fused OafB which, contrary to OafB, does not appear to
require an SGNH domain to function. Thus, comparison between the conserved and
functional residues between AT3-only and AT3-SGNH fused O-acetyltransferases could
shed light on the key differences between the proteins which require fused SGNH

domains to function and those which do not.

Peptidoglycan LPS O-antigen
| | | [
OatA/ OafA/ OacA-D/
OatB OatB_Ba OafB Lag1/ WbiA/
WbaK
X X X X X X X X
LOS core Enterobacterial Pillin Glycan Extracellular
Oligosaccharides = common antigen Polysaccharide
_ WciG/
OafA_Hi/ WecH Pgll W(cjE/
Lot3 GumG/
GumF
X X X X X X X X
Macrolide Root Nodulation Antitumor Periplasmic
Antibiotics Factors Drugs 4 Glucans
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Figure 3.3| Diversity of acceptor substrates and protein architecture within
experimentally characterised bacterial AT3 domain-containing acyltransferases.AT3
domain is coloured purple, the SGNH domain is coloured blue and the linking region
between the two domains is coloured orange. Acyl groups are indicated by coloured
stars. Yellow= Acetyl, Green = Propionyl, Blue = Isobutryl, Red = Isovaleryl, Orange =
Succinyl, Purple = Butryl,.
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3.3.1 Analysis of conserved residues in the AT3 domain

In order to investigate the conserved features between bacterial AT3 domain-containing
O-acetyltransferases and to shed light on the specific adaptations of AT3-SGNH fused
proteins for function with a cognate SGNH partner, alignments of all 30 identified
acetyltransferase proteins, as well as an S. enterica serovar Paratyphi A (SPA) OafB
homologue (OafBspa), were carried out using TCoffee (Section 2.4.1). The SPA OafB
homologue was included in the analysis so that it could be applied to a collaborator’s

structural analysis. The full alignment output figure can be found in Appendix II.

Preliminary analysis of the evolutionary relationship of the AT3 domains of SGNH fused
and AT3-only proteins, following removal of the SGNH domain from fused proteins and
re-alignment using TCoffee (Section 2.4.2), revealed that the AT3-only and AT3-SGNH
fused AT3 domains cluster separately, rather than according their association with
Gram-positive or negative bacteria (Figure 3.4). This, suggests specific adaptation of AT3

proteins towards interaction with a fused SGNH domain.

As only 12 of the 31 sequences in the alighment contain a fused SGNH domain, analysis
was initially centred on the membrane domains shared across all protein sequences in
the alignment. Analysis of the residues conserved across the whole set of aligned
proteins revealed that just 4 amino acids are invariant (100% identical) within the AT3
domain (Appendix II, Figure 3.5 B). These residues include a histidine residue in TMH1
(H25_0afA), a phenylalanine and glycine residue in TMH2 (F41, G46_0OafA) and a second
glycine residue in TMH6 (G202_0afA) (Figure 3.5 A coloured orange).

Residues which were similar in more than 90% of the sequences (>90% similar) were
also highlighted in this alignment (coloured blue) (Figure 3.5). Similar residue groups
were defined according to the characteristics of their side chains (Amino acid groups =
FYW- Aromatic, ILVM- Small Hydrophobic, RK - Positive, DE- Negative, GA- Small, ST-
Polar, NQ- Amide) and >90% similar small hydrophobic residues in TMH regions

(A,1,L,M,P,V) were not highlighted for analysis due to their enrichment in these regions.
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Figure 3.4| Evolutionary analysis of the AT3 domains of experimentally confirmed
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bacterial O-acetyltransferases. See section 2.4.2 for details of sequence selection and
tree building parameters. Evolutionary analysis was conducted in MEGAX (Kumar et

al., 2018) using the Maximum Likelehood method and JJT matrix-based model.

Protein names coloured teal represent AT3-SGNH fused proteins. Branches ending in
solid circles represent proteins from Gram-positive organisms. Coloured boxes to the
right of protein names indicate their acceptor substrate according to the Key in top

left corner.
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Figure 3.5| Conservation in transmembrane domains of experimentally characterised
bacterial AT3 carbohydrate acetyltransferases. 100% identical residues are coloured
orange, similar residues conserved in > 90% of sequences are coloured blue,
conserved small hydrophobic residues A/I/L/M/P/V in transmembrane helices were
not coloured unless 100% identical. (A) Conserved residues across all 30 currently
known experimentally characterised proteins and OafBspa. (B) Conservation in only
AT3-SGNH fused proteins in the alignment. See Appendix | for details of aligned
sequences and Appendix Il for the full alignment. Figure adapted with permission from
(Pearson et al., 2020).

In TMH1, an arginine residue was highlighted as >90 % similar across all proteins and
was only replaced with lysine, suggesting a strong selection for a positively charged
residue in this position. This residue is located 10 residues away from the invariant
histidine residue shared across all protein sequences in the alignment (Figure 3.5 A). The
HMM logo of all recorded AT3 domains in the Pfam database (PF01757) also highlights
this R/K-X10-H motif as highly conserved across the whole protein domain family (Figure
3.6). This motif had not previously been investigated by mutagenic analysis and its
strong conservation across all AT3 domain-containing proteins could suggest that these
are critical residues in a conserved mechanism for acyl group donor interaction or

processing.
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Figure 3.6] HMM logo of all AT3 domain-containing proteins (PF01757) in the Pfam
database. Column height represents the invariance of that residue. Image taken —
01/08/2019.

The remaining residues identified as 100% identical across all proteins in the alighment
were also selected as candidates for mutagenic analysis. F41_OafA and G46_OafA
belong to the previously identified V-X-X-F-F-X-(1/V/L)-S-G-(F/W/Y), shared among many
AT3 proteins from both Gram-positive and negative bacteria (Luck et al., 2001), and the
FFXISG motif identified in AT3-only O-antigen acetyltransferases with homology to S.
flexneri Oac (Thanweer and Verma, 2012). The transmembrane glycine residue in TMH6
G202_0afA is also of interest as transmembrane glycine’s are known to cause kinks in
transmembrane helices and can be involved in helix to helix contacts (Javadpour et al.,
1999; Dong et al., 2012). Therefore, the conserved glycine residue may play an
important structural role in AT3 domain-containing acetyltransferases, either in
stabilising the structure of the membrane spanning region or inducing transmembrane

kinks to form substrate interaction or transport.

Residues specifically conserved in the AT3 domains of just the AT3-SGNH fused proteins
were next analysed (Figure 3.5 B). The highest degree of conservation was seen within
the first 4 transmembrane helices and in TMH 9. Conserved residues in TMH9 were
mostly hydrophobic residues Y,V,LLW,H and invariant S280_OafA had previously been
highlighted as essential in the AT3-only O-antigen acetyltransferase Oac (S742_0ac)
(Thanweer and Verma, 2012).

The most striking shared feature of AT3-SGNH fused proteins is the highly conserved
GG-F/Y-XGV-D/P/V motif located at the periplasmic side of TMH2 (G33-D39_0afA)

(Figure 3.5). This replaces a longer and more divergent loop region between TMH1-2 in
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the non-fused AT3-only proteins (Appendix Il). Further conserved residues are seen in
the periplasmic loop between TMH2-3, including S112_OafA, N113 OafA and
Y122_0afA. The periplasmic location of these conserved residues which are specific to
AT3-SGNH fused proteins could suggest specific adaptation to interaction with the SGNH

domain.

An RXXR motif between TMH2-3 had previously been highlighted as essential for activity
in the AT3-only Shigella flexneri Oac (R73, R75_0Oac) (Thanweer et al., 2008), and STM
OafB (R71, R73_0afB) (Kintz et al., 2015). This motif was not absolutely conserved
across all proteins in the alignment but was invariant across the AT3-SGNH fused

proteins.

AT3-only acetyltransferases do not contain an 11" TMH required to deliver the SGNH
domain to the periplasm but a glutamate residue after the C-terminal end of TMH10
(E325_0afA) was invariant across AT3-SGNH protein sequences. Negatively charged
glutamate on the cytoplasmic side of the transmembrane helix goes against the trend
of positively charged residues being enriched around the cytoplasmic ends of trans
membrane helices (von Heijne, 1986; Baker et al., 2017). Therefore, the invariance of

this residue may indicate some mechanistic involvement in AT3-SGNH fused proteins.

3.3.2 Analysis of conserved residues in the SGNH domain

SGNH domains are usually characterised by the presence of four blocks of sequence,
containing conserved residues: block | — GDS, block Il — G, block Il — GxND and block V —
DxxH (where ‘x’ is any non-proline residue) (Akoh et al., 2004), with the catalytic triad,
consisting of serine (block 1), aspartic acid and histidine (block V) (Section 1.2.5). The
alignment of characterised O-acetyltransferase proteins highlighted 6 invariant residues
across the SGNH domains of AT3-SGNH fused proteins (Appendix IIl). Other than
conservation of motifs found in catalytic blocks | and V (G419-S421 OafA and D587,
H590_0afA), a glycine residue (G595_0afA) was also invariant across all sequences.
Glycine residues have a single hydrogen atom as their side chain (Harvey et al., 1995)
allowing them to introduce conformational flexibility or tight turns into polypeptide
chains. Indeed, Yan and Sun (1997) suggest that glycine residues may provide flexibility
for enzyme active sites to allow substrate binding. This glycine residue is substituted for

a serine in the SGNH domain of peptidoglycan acetyltransferase OatA (See figure 6 of
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(Sychantha et al., 2017)), which was the first structure of a bacterial AT3 fused SGNH
domain-containing O-acetyltransferase to be published. Serine is another small amino
acid which is common in tight turns within proteins. This residue was not identified to
play a catalytic role in the SGNH domain of OatA through crystal structure analysis and
sits at the beginning of an a helix at the end of a turn within the protein (Figure 3.7)
(Sychantha et al., 2017). Thus, it is likely that this conserved glycine residue plays a
structural rather than catalytic role in the SGNH domain of AT3-SGNH fused O-

acetyltransferase proteins.

Figure 3.7| Crystal structure of OatA Streptococcus pneumoniae (PDB 5UFY). Catalytic
triad residues Serine_438, Histidine_571, Aspartic acid_ 568 are shown as magenta
sticks and Serine_577 is shown as Orange sticks.

During analysis of the predicted structure of OafA and OafB (Figure 3.2), pairs of cysteine
residues were observed to be positioned within close proximity (Figure 3.8), highlighting
them as potential disulphide bonding partners. As the C-terminal half of OafA, which
includes the linking region and SGNH domain (Figure 3.1), has been experimentally
confirmed to reside in the periplasm (Kintz et al., 2015), these pairs of cysteine residues

are highly likely to form disulphide bonds in this oxidising environment.

One disulphide bonding pair was conserved in position in both proteins (C567,572_0afA
and C598,603_0afB) (Figure 3.8), suggesting a potential conserved role in protein

structure or function. Therefore, in order to investigate whether these cysteine pairs are
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conserved across a range of carbohydrate acetyltransferase proteins, a broader set of

AT3-SGNH fused proteins with homology to OafA were aligned (Section 2.4.1).

Figure 3.8]| Position of cysteine residues in the predicted crystal structures of OafA
(Blue) and OafB (Green). See Figure 3.2 legend for details of structure prediction.
Catalytic triad residues are shown as magenta coloured sticks and cysteine residues
as orange coloured sticks.

The STM LT2 OafA protein sequence was used to blast search the uniref 50 database
(Suzek et al., 2015). The top 100 hits were taken and any sequences matching 100% or
that only aligned to a fragment of the protein were removed. As a further filter,
sequence hits coming from the same species were also removed then all 11
experimentally confirmed AT3-SGNH fused proteins were added to this list of proteins

for alignment (Appendix V).

Alignments of this broader set of AT3-SGNH proteins with homology to OafA highlighted
conserved pairs of cysteine residues in the C-terminal periplasmic domain which aligned
with those present in OafA (Appendix IV). One pair is in the predicted periplasmic
portion of the linking region between the AT3 and SGNH domains (C383S, C397S_0afA),
a second pair is found towards the middle of the SGNH domain (C439S, C453S_0afA),
and a third pair towards the end of the SGNH domain (C567S, C572S_0afA) (Appendix
IV). The central pair of cysteine residues, which are also suggested to be in close
proximity by structure prediction (Figure 3.8), were not conserved in OafB (Appendix

IV). In agreement with OafA and OafB, cysteine residues corresponding to the defined
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putative pairs were only present or absent as pairs within the sequence of other aligned

proteins.

The ‘second’ and ‘third’ pair of cysteine residues in the C-terminal half of OafA are found
in close proximity in the predicted structure (Figure 3.8) supporting their predicted
disulphide bond pairing. The structure prediction did not model the periplasmic linking
region of OafA and OafB as this region is not present in the structure of the protein used
to build this prediction (PDB: bt3161) (Figure 3.2). Neither of the linking region cysteine
residues were modelled for OafA. However, as the only remaining un-modelled cysteine
pair within the periplasmic domain, they are highly likely to interact. Additionally, one
cysteine residue of the most N-terminal pair in OafB (C416_0afB) was modelled by the
structure prediction and is not in close proximity to the other cysteine residues (Figure
3.8). This suggests that it would most likely be available to interact with the only
remaining un-modelled cysteine. These conserved cysteine pairs could be important for
catalytic function or structural integrity of the SGNH hydrolase domain as proteins in
oxidising environments often rely on disulphide bonding to maintain their structural

stability and facilitate correct folding (Bardwell, 1994).

3.4 Chapter summary

The working model for O-antigen acetylation by OafA and OafB (Figure 3.1 B) is in
agreement with the predicted mechanism of periplasmic peptidoglycan acetylation by
the AT3-SGNH fused acetyltransferase OatA (Sychantha et al., 2017). Additionally, in the
two component PatA/PatB peptidoglycan acetyltransferase system it is proposed that,
PatB, a soluble SGNH protein, is responsible for transfer of the acetyl group onto the
peptidoglycan substrate following delivery of the acetyl group to the periplasmic side by
PatA, a membrane spanning O-acetyltransferase (MBOAT) protein (Moynihan and
Clarke, 2014b). The membrane bound PatA MBOAT protein in this system is
interchangeable with WecH, an AT3-only acetyltransferase (Kajimura et al., 2006;
Moynihan and Clarke, 2010). This provides an example of direct transfer of acetate
between a membrane bound AT3 domain and soluble SGNH domain protein, and further
supports the mechanistic model of the AT3 domain delivering the acetyl group to the

SGNH domain for transfer onto the acceptor substrate in AT3-SGNH fused proteins.
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This hypothesised mechanism raises the question of how AT3-only acetyltransferase
proteins are adapted to acetylate extra cytoplasmic carbohydrates without the need of
a fused SGNH domain. The finding that the SGNH domain is essential in O-antigen
acetylation (Kintz et al., 2015) would suggest that these AT3-only proteins function with
an, as yet unidentified, periplasmic partner protein. Although no candidate SGNH
partner proteins have been identified for these single domain acetyltransferases
(Section 3.3.1), this search is limited by the fact that SGNH domains tend to have high
structural homology but low sequence identity (Lesci¢ Asler et al., 2010). Therefore, it
may be difficult to identify SGNH domain proteins within bacterial genomes at a protein
sequence level. Additionally, as it has been shown that an AT3-only domain-containing
protein can donate acetyl groups to a periplasmic SGNH protein which usually interacts
with a membrane bound acetyltransferase from a distinct family of transferases
(Moynihan and Clarke, 2010), it is not unreasonable to suggest that these AT3-only
proteins may interact with an alternative periplasmic acetyltransferase that belongs to

a protein family other than SGNH.

Multiple sequence alignments identified conserved residues within the AT3 domain
which were therefore hypothesised to be fundamental to the mechanism of all AT3
domain-containing acyltransferases. Significantly, the R/K-Xi10-H motif in TMH1 was
highly conserved across all AT3 domain-containing proteins, suggesting that this motif
may play a conserved role in acyl group transfer. Residues with potential roles in defining
the structure and interactions of transmembrane helices were also predicted and
residues previously shown to be important for AT3 acetyltransferase function were

confirmed as conserved in OafA and OafB.

This analysis also identified residues which were specifically invariant or conserved in
the AT3 domain of AT3-SGNH fused proteins, highlighting adaptation of these AT3
domains to function with their fused periplasmic partner. Indeed, the GG-F/Y-XGV-
D/P/V motif located towards the periplasmic side of the inner membrane could suggest
an SGNH domain interaction site or contain catalytic residues involved in the transfer of
the acetyl group between the two domains. A role which was also suggested for further

conserved residues identified in the longer periplasmic loop between TMH2-3.

With respect to the SGNH domain, in silico analysis was able to confirm the presence of

expected catalytic triad residues within the SGNH domain of OafA and OafB, however
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the other catalytic blocks typical to SGNH domain-containing proteins were not
highlighted (Akoh et al., 2004). Pairs of cysteine residues predicted to form disulphide
bonds in the oxidising environment of the periplasm were highlighted as a conserved
feature within the aligned SGNH domains. These putative pairs of disulphide bonding
cysteine residues have not previously been highlighted as conserved features of AT3-
SGNH fused proteins and were predicted to be required for structural stability. Indeed,
in the extracellular lipase from Streptomyces rimosus, which belongs to the SGNH
hydrolase superfamily, three pairs of disulphide bonds were proposed to stabilise the

SGNH fold (Lesci¢ Asler et al., 2017).

Residues in the SGNH domain responsible for interaction with the acceptor substrate or
the AT3 domain were not highlighted by the in silico analysis conducted. This is likely
due to the fact that SGNH domains tend to have high structural homology but low
sequence identity (LesSci¢ ASler et al., 2010) and also because the aligned sequences
belong to proteins which are responsible for acetylating a variety of carbohydrate
acceptors (Figure 3.3). The residues integral to each specific modification are by
definition unlikely to be identified as conserved between proteins that modify diverse
substrates, therefore structural characterisation of the SGNH domain would be the best
approach to identify candidate residues required for the mechanism of LPS O-antigen

acetylation.

In order to investigate the functional importance of conserved residues which were
identified by in silico analysis, a functional assay for these proteins was required so that
point mutants of OafA and OafB could be functionally assessed. Although a functional
assay for OafB had been described previously (Kintz et al., 2015) and the serotype
conversion resulting from abequose acetylation by OafA is detectable by serotyping
antibodies (Slauch et al., 1996), these assays had not been optimised for quantification
of protein function. Therefore, the potential advantages and pitfalls of optimisation of
each functional assay were investigated so that the best target for initial site directed
mutagenesis could be chosen. This, and subsequent site directed mutagenesis and

functional analysis of OafA and OafB is outlined in Chapter 4.
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Chapter 4 Optimisation of an in situ functional assay

and analysis of OafA functional residues

4.1 Introduction

OafA and OafB were targeted for mechanistic characterisation of AT3 domain-
containing O-acetyltransferases as they are two different O-antigen acetyltransferases,
from the same species and with the same functional domains, but which differ in the
monosaccharides they modify. Additionally, for both systems their in situ function can
be assayed due to the biological phenotypes that these O-antigen modifications infer
(discussed further below). These properties give the potential for conclusions that are
made for one protein, to be backed up by assessment in the other and they also provide

a system for investigating the way that these proteins achieve substrate specificity.

OafA acetylates the abequose residues of the O-antigen at the 2 hydroxyl group and this
modification defines the O:5 serotype of Salmonella (Slauch et al., 1996). This means
that specific O:5 serotyping antibodies can recognise the O-antigen when abequose
monosaccharides have been acetylated by functional OafA. This antibody recognition is
then lost when OafA is absent or non-functional. Conversely, acetylation of rhamnose
by OafB is not detected by serotyping antibodies. However, this modification does
confer resistance to lysis caused by the BTP1 bacteriophage, whose genome it is
encoded on (Kintz et al., 2015). This allows resistance to BTP1 phage lysis to be the

readout of function of the OafB protein.

Assessing the enzyme activity of carbohydrate acetyltransferases presents a range of
challenges as they are membrane bound proteins with a periplasmic domain.
Expression, purification and reconstitution of integral membrane proteins into
appropriate model membranes, for enzymatic characterisation, can be challenging and
the composition of these model membranes can affect the activity of the protein (Shen
et al., 2013). Also, the fact that these proteins modify specific carbohydrate molecules
which are not readily available as purified substrates, restricts the potential to assess
the activity of these proteins against their physiological substrates. Therefore, negating
the need for isolation of these proteins from their biological context and assessing their

function in the native membrane would be highly valuable.
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In situ functional assays were previously developed for both OafA and OafB and there
were pros and cons for implementation of both assays for further characterisation of O-
antigen acetyltransferases. A previously generated mutant of STM strain LT2 has all
known glucosyltransferase operons (Gtr family Ill and Gtr family IV) and the oafA gene
deleted (Path293, Table 2.1) (Davies et al., 2013). This strain expresses a basal STM O-
antigen with a standard, unmodified O-antigen repeating unit (Figure 1.3). The intention
was to use this basal O-antigen strain to express point mutant variants of OafA or OafB

in trans and assess their function, to identify functional residues within these proteins.

This chapter will outline the functional assays available for both proteins at the start of
this project, as well as the logic of selection and optimisation of the OafA functional
assay. This is followed by use of the optimised assay for characterisation of OafA

functional residues from candidates identified through in silico analysis in Chapter 3.

4.2 Assessment of current approaches to functional analysis of

Salmonella O-antigen acetyltransferases

4.2.1 Phage plaque assays for functional assessment of OafB

The functional assay for OafB involves administering aliquots of BTP1 bacteriophage
suspension to a lawn of the STM test strain and observing clearance of the bacterial cells
from the area that the phage was administered. These zones of clearance, or plaques,
are a result of bacterial cell lysis by the BTP1 bacteriophage (Kintz et al., 2015). A plaque
is formed when a single bacteriophage infects a bacterium and starts its lytic cycle,
resulting in subsequent infection and lysis of the surrounding cells, until a zone of
clearance can be seen by eye (Abedon and Yin, 2009). If the STM test strain expresses
functional OafB, the O-antigen will be decorated with enough acetylated rhamnose
residues to prevent infection and subsequent lysis by the BTP1 bacteriophage, therefore
no zones of clearance will be observed. However, if a non-functional variant of OafB is
expressed or OafB expression is absent in the test strain, zones of clearance will be seen

in the area that bacteriophage is administered (Figure 4.1).
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Figure 4.1|Phage plaque assay for functional analysis of OafB. A) Acetylation of O-
antigen rhamnose residues by OafB prevents infection with BTP1 bacteriophage
therefore preventing bacterial cell lysis. Diagram of BTP1 Phage is adapted from Tang
et al., (2011) and Owen et al., (2017). The phage particles are not to scale and are
represented this way for demonstrative purposes. Glycan symbols for LPS molecules
are in accordance with SNFG (Hart et al., 2015). B) The phage plaque assay utilises the
property illustrated in (A) by testing the ability of BTP1 bacteriophage suspensions to
cause lysis of the test Salmonella Typhimurium strain expressing OafB or point
mutated versions thereof.

The simple methodology of this assay provides the advantage that many test strains can
be screened in parallel, however the drawback is that it is not a direct quantitation of
rhamnose acetylation on the O-antigen, as it uses phage resistance as a proxy. The level
of rhamnose acetylation required for phage resistance as well as the location of
acetylated repeats within the O-antigen polymer is not well characterised. NMR
characterisation of O-antigen rhamnose acetylation levels in wild type Salmonella
possessing the oafB gene are measured to be ~80% (Micoli et al., 2013). It is not known
at what percentage of O-antigen rhamnose acetylation the bacteria become susceptible

to lysis. Therefore, although variations in the susceptibility of test strains to BTP1
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infection may be seen, the percentage decrease in activity of OafB which results in loss
of BTP1 phage resistance is unknown. For this reason, the phage plaque assay may not
be the most appropriate means for quantitation of function of OafB point mutants. Thus,
the potential for quantitative assessment of abequose acetylation by OafA using O:5

serotyping antibodies was explored.

4.2.2 0:5 serotyping antibodies for functional analysis of OafA

The functional assay for OafA uses O:5 serotyping antibodies to detect acetylated
abequose residues on the LPS O-antigen. These serotyping antibodies are widely used
for surveillance of Salmonella outbreaks and are used in a hierarchical process to narrow
down the specific antigenic properties of Salmonella isolates. Reactivity of serotyping
antibodies with specific strains is determined by an agglutination assay, where
Salmonella suspensions will aggregate upon serotyping antibody binding due to
antibody cross-linking. As O-antigen acetylation by OafA is the sole cause of serotype
switching to the 0O:5 serotype (Slauch et al.,, 1996), slide agglutination with O:5
serotyping antibodies can be used as a readout for OafA function. This was confirmed
by loss of O:5 serotyping antibody agglutination in the basal STM O-antigen strain, in
comparison to wild type STM LT2, or the basal STM strain complemented with plasmid
expressed OafA (Table 4.1). Although this assay has the potential to confirm OafA
activity, it cannot be used as a quantitative assay for the level of OafA acetyltransferase
activity due to the binary readout of this results.
Table 4.1| Slide agglutination of Salmonella ser. Typhimurium test strains with

serotyping antibodies OMA, 0:4 and O:5. Strain details for each sample can be found
in Table 2.1.

Slide agglutination result

Sample Strain

OMA 0:4 0:5
WT Path 346 + + +
Basal Path 932 + + -
Basal + oafA Path 993 + + +

O:5 serotyping antibodies can instead be used in an LPS immunoblot, where crude LPS
extracts from STM test strains are run on TSDS-PAGE, transferred to PVDF membrane,

and probed for O:5 antibody binding. To compare O-antigen acetylation levels between
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different test strains, duplicate TSDS-PAGE gels are run, one of these is transferred to
PVDF membrane for immunoblotting and the other is treated with silver stain reagents
to visualise the total LPS sample loaded. To corroborate O-antigen acetylation with OafA
protein expression, OafA protein is expressed from the multi copy, arabinose inducible,
pBADCLIC expression plasmid which adds a C-terminal 10xHis tag to allow detection of

OafA expression by Western blot (Appendix V).

Preliminary testing confirmed that plasmid encoded oafA could rescue O:5 antibody
binding to LPS in basal STM (Figure 4.2). This complementation occurred without
arabinose addition to the cells, corresponding with a faint positive signal for full length
OafA in the insoluble protein extracts (Figure 4.2 C,D). The apparent ‘leaky’ expression
of OafA from the pBADCcLIC vector is likely due to the cells being cultured in rich media
which is not explicitly defined in its compositions. Therefore, there is potential for the
growth media to contain traces of arabinose. This is supported by the observation that
arabinose inducible vectors in bacterial cells grown in rich media do not give complete
repression of protein expression in the absence of added arabinose (Guzman et al.,

1995).
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Figure 4.2|Preliminary analysis of the OafA functional assay. Basal = Basal STM +
pBADCLIC (Path 993), Basal + oafA = Basal STM LT2 + pBADcLIC_oafA (Path 932), Wild
type = Wild type STM LT2 (Path 346). Cultures of Salmonella test strains were grown
for 4 hrs with or without 0.1% w/v arabinose induction at ODgg0 0.5. 3 ml culture was
subject to crude LPS extraction and 1 ml subject to insoluble protein isolation. Crude
LPS extracts were run on TSDS-PAGE with sample loading normalised to harvest ODsgo.
A) LPS samples from one gel were transferred to PVDF membrane for immunoblotting
with O:5 serotyping antibodies. Ara* indicates arabinose induction. B) A duplicate LPS
gel was subject to silver staining to visualise total LPS loaded. C) OafA expression from
the pBADCcLIC plasmid was confirmed by anti 10xHis western blot with the insoluble
protein faction and (D) protein loading was confirmed by Coomassie stained gel.

Wild type STM LT2 (Path346) displayed a different profile of O:5 antibody binding in the
LPS immunoblot, with apparent lack of O-antigen acetylation in the longer O-antigen
repeats, even though the full profile of LPS lengths could be seen by silver staining of
this sample (Figure 4.2 A,B). This variation could be caused by the different genetic
background of this strain as it still has functional O-antigen modification gtr operons in

its genome.
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Although LPS immunoblotting paired with protein Western blotting is a more direct
method of visualising OafA activity and confirming OafA expression, the lab protocol in
use for LPS immunoblotting was not optimised for quantification of OafA activity.
Significantly, there is no internal control on the LPS immunoblot to allow normalisation
across sample signals for their comparison (Figure 4.2 A). This means that sample
loading and transfer efficiency cannot be considered in signal quantification. Silver
staining does allow confirmation that LPS sample was loaded into the gel and that its O-
antigen profile is comparable to other samples (Figure 4.2 B). However, using the silver
staining to normalise LPS loading for the O:5 immunoblot is not appropriate as it is not
possible to determine whether LPS samples have all been transferred with the same
efficiency to the PVDF membrane for immunoblotting. Additionally, during preliminary
analysis it was difficult to reproduce consistent results with LPS silver staining and some
experimental repeats showed very feint and unclear LPS bands (Figure 4.3). This may
have been caused by sensitivity of the silver stain to impurities in the crude LPS sample.
These observations suggest that incorporating an internal loading control within the LPS
immunoblot would be highly beneficial to enable quantitative comparison of O-antigen

acetylation between Salmonella test strains.

130
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55
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15

Figure 4.3| Inconsistency in LPS silver staining results. Sample details are the same as
Figure 4.2. A-B show two repeats of the same procedure for LPS visualisation in TSDS-
PAGE gels with identical samples and sample volumes run on separate gels on
separate days. Ara® indicates cultures grown with arabinose induction.

87



4.3 Optimisation of LPS immunoblot for functional analysis of

OafA

4.3.1 Identification of an internal LPS loading control for O:5

antibody immunoblotting

STM LT2 O-antigens should be reactive with 0:4 and 0:12 serotyping antibodies
irrespective of their acetylation state determined by oafA (Hellergvist et al., 1969;
Grimont and Weill, 2008). To this regard, O:4 serotyping antibodies were trialled as a
control for LPS loading and transfer onto PVDF membrane in LPS immunoblots. The
negative control in these experiments was Basal STM expressing a catalytically inactive
point mutant of OafA from the pBADcLIC2005 vector (Basal + oafAxsge0a), discussed
further in section 4.4. Surprisingly, 0:4 serotyping antibody binding appeared to
correlate with acetylation of the O-antigen. 0:4 serotyping antibody binding was almost
undetectable for the basal, unmodified STM LPS, with just a faint signal in the sample
without arabinose induction (Figure 4.4). In contrast, slide agglutination assays
confirmed that all test strains from this experiment did agglutinate with O:4 antiserum
and conversely, O:5 antiserum slide agglutination correlated with the results of the LPS
immunoblot (Figure 4.4 A, Table 4.1). Despite possessing common O-antigen factors,
serogroup 0:4 Salmonella strains have been demonstrated to display varying affinity for
0:4 antibodies when assessed by agglutination with serial dilutions of antiserum
(Aribam et al., 2015). This could explain the apparent lack of O:4 antibody binding in the

LPS immunoblot.
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Figure 4.4] 0:4 and OMA serotyping antibodies do not show uniform binding to
acetylated and un-acetylated LPS. Wild type = Wild type STM LT2 (Path 346), Basal +
oafA = Basal STM LT2 + pBADcLIC_oafA (Path 932), Basal + oafAnsgoa = Basal STM LT2
+ pBADCLIC_oafA"*% (Path 1055) (negative control of catalytically inactive OafA
protein). Cultures of Salmonella test strains were grown overnight with or without
0.1% w/v arabinose induction at ODgsoo 0.5. All samples grew to similar ODggo ~3.8,
therefore 1 ml culture was subject to crude LPS extraction and 1 ml was subject to
insoluble protein isolation. 15 pl crude LPS extracts were run on TSDS-PAGE. Ara (+)
indicates arabinose induction. A-C) LPS immunoblot with (A) O:5, (B) O:4, and (C) OMA
serotyping antibodies. D) Silver stain LPS gel to show uniform LPS loading. E) OafA
expression from the pBADcLIC plasmid was confirmed by anti 10xHis western blot
with the insoluble protein faction. F) Protein loading was confirmed by Coomassie
stained gel.

As STM strains fall under the wider designation of O group B, they are expected to
interact with OMA antiserum, which is used for preliminary identification of groups A,
B, D, E, and L. Slide agglutination results confirmed this (Table 4.1). As OMA antiserum

is higher up the serotyping hierarchy and recognises a range of different Salmonella O-

89



antigen structures (SSI Diagnostica, 2013) it was also trialled in the LPS immunoblot, as
an alternative to 0:4, for its ability to determine the presence of LPS in all lanes
regardless of O-antigen acetylation state. Surprisingly, as with 0:4 serotyping
antibodies, OMA antibodies gave the same binding profile on the LPS immunoblot as
0:5, with loss of signal for strains expressing catalytically inactive OafA which results in

basal, un-acetylated, Typhimurium O-antigens (Figure 4.4 C).

Antibody binding in this assay may have been affected by the experimental conditions.
Firstly, LPS immunoblotting could alter the affinity of serotyping antibodies as LPS is
presented in a different context than it is for the slide agglutination assays which these
antibodies are developed for. Also, acetylation may improve the efficiency of LPS
transfer or binding to the PVDF membrane. PVDF membrane has a positive surface
charge making it hydrophobic, as acetylation adds a negative charge to LPS it could result

in improved transfer or binding of the LPS to the membrane.

For these reasons, an alternative technique of an LPS dot blot was trialled, where LPS
samples were spotted and dried onto nitrocellulose membrane then probed for O:5 and
OMA serotyping antibody binding (Section 2.6.2.3.1). These dot blot results correlate
with slide agglutination assays, however, OMA antibody binding was reduced for O:5

negative samples (Table 4.1, Figure 4.5).

Basal

@Qv
WT Basal d&P‘ d§?$
X X

Figure 4.5| LPS dot blot using O:5 and OMA serotyping antibodies. 3 pl LPS samples
from Figure 4.2 (WT, Basal) and Figure 4.4 (+oafA, +oafA">°%") were spotted onto
nitrocellulose membrane. After air drying, the membranes were blocked with 5% Milk
PBS-T and probed with OMA or O:5 serotyping antibodies (Section 2.6.2.3.1).

This positive DOT blot result confirms that OMA serotyping antibodies will bind to all

test sample LPS, however, it is not suitable as an internal LPS loading control due to
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inconsistencies in binding affinity against acetylated and un-acetylated LPS (Figure 4.4).
Therefore, alternative LPS antibodies were sought out that give more uniform LPS

binding regardless of O-antigen acetylation.

A review of the literature uncovered evidence of a Sa/monella core antigen (sc-52219,
5D12A), used successfully by Rondini et al., (2013), which recognises the core
oligosaccharides of Salmonella serogroups A, B, C1, C2, D, E1 and E2. As this antibody is
raised in mice rather than rabbits it provides the potential for double immunostaining
within the same PVDF membrane because Salmonella serotyping antibodies are raised
in rabbits. To allow differentiation between O:5 and anti-Sa/lmonella core antibody
binding, fluorescent anti-Mouse and anti-Rabbit antibodies with divergent emission
spectra were trialled in place of the HRP-conjugated antibodies used in previous
experiments. Basal STM LT2 possessing either the empty pBADcLIC vector (Path 993) as
a negative control or pBADcLIC_OafA vector (Path 932) as a positive control were used

as the test strains for positive and negative O-antigen acetylation.

Double antibody staining with O:5 and anti-core antibodies was successful and
demonstrated that the signal for anti-core antibody binding remains constant,
irrespective of the abequose acetylation profile of the LPS samples (Figure 4.6). An
equivalent silver stain LPS gel was used to confirm uniform LPS loading across all lanes
(Figure 4.6 D), further supporting the use of the anti-Salmonella Core antibody as an
internal LPS loading control for in situ functional assessment of OafA. Now that a suitable
internal LPS loading control had been found, quantification of LPS acetylation levels with

this two-colour fluorescent antibody immunoblot was investigated.
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Figure 4.6] Anti-core serotyping antibodies as a loading control for LPS immunoblots.
A) Two colour LPS immunoblot with O:5 (blue) and anti-Core (green) antibodies
against LPS from (-) Basal STM LT2 + empty pBADcLIC vector (Path 993), (+) Basal STM
LT2 + pBADcLIC oafA (Path 932). B) O:5 only signal. C) Anti-Core only signal. D) Silver
stain of the same samples as (A). E-F) 10xHis western blot and Coomassie stained gel
of insoluble protein fraction respectively from the same strains as (A). Experimental
conditions and LPS sample preparation are described in section 2.6.2.1.

4.3.2 OafA expression from the pBADCcLIC vector is higher than

chromosomal expression and complements OafA function

without arabinose addition

Addition of 0.1% w/v arabinose at ODggo 0.5 for induction of OafA protein expression
from the pBADCcLIC_oafA vector resulted in a significant reduction in cell growth of Path
932 (T=4 hr, Induced ODgoo = 1.35, Un-induced ODggo = 2.95). Cells containing the
pBADcLIC_oafA plasmid gave a positive signal for O-antigen acetylation, and for His-
tagged protein expression, regardless of whether OafA expression was induced by
arabinose addition (Figure 4.2, Figure 4.4). Therefore, the level of OafA expression from

the pBADCcLIC oafA plasmid in the absence of arabinose was compared to chromosomal
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levels of OafA expression from wild type STM LT2 cells, to determine whether these

were appropriate conditions for functional comparisons of OafA point mutants.

A 10xHis tag was added to the chromosomal copy of OafA using lambda red
recombination (Section 2.5.14). Comparison of OafA expression levels from the
chromosome and expression plasmid indicate that, in the absence of arabinose addition,
the pBADcLIC oafA plasmid gives a higher level of OafA protein expression than that
which is expressed from the chromosome in wild type cells (Figure 4.7 B). In previous
analysis the un-induced level of OafA expression was barely visible on the western blot
in comparison to OafA signal from induced cells (Figure 4.2). However, this
comparatively weak signal of OafA expression from the pBADcLIC plasmid, in the
absence of arabinose induction, is significantly stronger than that from wild type cells
and is sufficient to complement WT OafA function (Figure 4.7). Therefore, for
subsequent in situ OafA functional assays using plasmid complemented oafA, arabinose
induction was no longer used because as long as a positive signal for OafA protein could
be seen by western blotting, there was sufficient protein to complement O-antigen

acetylation.

Although it is possible to indicate OafA protein expression levels from experimental
strains, the levels of OafA protein were not considered in our analysis. This is because
plasmid expression levels of OafA are in high excess to the level of chromosomally
expressed OafA from wild type cells and the lower level of expression is already
sufficient to give full O-antigen acetylation (Figure 4.7 A). Therefore, it is not possible to
attribute small alterations in protein levels to alterations of O-antigen acetylation within

these assay conditions as the protein will still be in excess.
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Figure 4.7] Chromosomal vs plasmid expression of OafA.All cultures were grown in
the absence of arabinose. A) LPS western blot with crude LPS extracts from STM LT2
test strains: LT2 basal O-antigen strain expressing OafA from pBADcLIC plasmid (Basal
+ oafA-His) or containing an empty pBADcLIC plasmid (Basal + EV), LT2 WT O-antigen
strain with a C-terminal 10xHis tag added to the chromosomal copy of OafA (WT +
oafA-His) or the same strain with unmodified OafA (WT). O:5 antibody binding (Blue)
shows abequose acetylation and loading control in green binds the Salmonella LPS
core. B) Corresponding anti-His western blot and (C) Coomassie stained SDS-PAGE of
insoluble protein fraction for detection of His tagged OafA. Arrow indicates full length
OafA protein.

The experimental system of oafA complementation, producing comparatively higher
levels of OafA protein to wild type cells, could prevent detection of point mutations that
have impacts on different enzyme kinetic parameters of OafA. Reduction in Km (enzyme-
substrate affinity) of OafA could be abrogated by the fact that there is an abundance of
OafA protein present in the cell, however it should be possible to determine point
mutations that effect the kcat (enzyme turnover rate) as every OafA molecule will have

the same- reduced level of turnover.

4.3.3 Quantification of LPS acetylation by two colour fluorescent

antibody immunoblot

To reliably quantify activity of OafA point mutants by quantitative assessment of O-
antigen acetylation, the protocol in use required optimisation to ensure consistency of
experimental procedures and comparability between samples. Firstly, alkalisation of
media, due to metabolism of amino acids as bacterial cells reach saturation, has been
shown to cause the loss of acetyl groups from the O-antigen, and buffering the media
can prevent this from happening (llg et al., 2013). Therefore, all growth media was
buffered to pH 7.0 for analysis of OafA function, to prevent any variation of results
caused by random hydrolysis of O-antigen acetyl groups by alkalisation of the media.
Secondly, overnight culture was normalised to ODego 3.0 before LPS and protein
preparation. This change was implemented in place of adjusting protein and LPS sample
load volumes in accordance with harvest ODgoo at the point of analysis. The rational
being that this would provide a more uniform approach to sample preparation as the
same number of cells will be treated with the same buffers for every sample. Treating
different numbers of cells with the same volumes of LPS and protein preparation buffers
could impact on efficiency of LPS or protein extraction, therefore making it less reliable

to normalise sample loading after this step is completed.
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Image lab™ analysis software was used to determine the optimum parameters for
guantitation of two-colour fluorescent antibody immunoblot results, following
optimisation of growth and sampling conditions. Image lab™ software can be used to
define the lanes on gels and plot signal intensity changes along the length of each lane,
so that the total signal intensity of the whole lane or a single band within that lane can
be quantified. Background signal is subtracted from the plots for each lane using the
rolling disk method (Figure 4.8). The default settings of Image lab™ set the disk size to
70 mm however 10 mm is usually considered optimal for removal of most background
(Ghosh et al., 2014). For quantitation, lane width was set to 8 mm and disk size for

intensity calculations to 10 mm.

A

Intensity (Int)

Figure 4.8|Rolling disk method of background subtraction used by Image lab™. The
smaller the disk size, the more background will be subtracted from the signal. Adapted
from (Gassmann et al., 2009).

Serial dilutions of crude LPS extracts from Path 932 (oafA*) were analysed by two colour
fluorescent antibody western blot to create a calibration curve for assessment of the
guantitative capabilities of the assay using Image Lab™ analysis (Figure 4.9). Comparison
of signal intensity for O:5 and anti-core binding as a percentage of the undiluted LPS
sample suggest that fluorescent antibody signal quantification gives an overestimation
of the O:5 and anti-core binding, as the percentage LPS concentration calculated from
Image Lab™ analysis was higher than the actual percentage concentration of LPS loaded.
However, there is a positive correlation between amount of LPS loaded and antibody
signal recorded (Figure 4.9). Whole lane quantification was used to measure the
intensity of O:5 antibody binding per sample, as the distribution of acetylation between
LPS with different numbers of O-antigen repeats is not known. For normalisation of the
0:5 antibody signal between samples, using the aCore signal, single band quantification
of the band representing LPS with a single O-antigen repeat was chosen. Using a single

band for LPS quantitation makes the assumption that the distribution of O-antigen
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lengths between samples is uniform. For comparison of strains expressing OafA point

mutants, this assumption was considered fair due to the fact that all strains were

isogenic, apart from the OafA point mutation, and would be exposed to the same

conditions for growth and sample preparation. Additionally, each LPS molecule has just

one core oligosaccharide region and the fact that the aCore antibodies used are

monoclonal means the stoichiometry of binding to each LPS molecule is likely to be 1:1.

The aim was to use this assay to quantify the effect of OafA point mutations on O-

antigen acetylation levels. O:5 antibody signal quantification gives an overestimation of

the abequose acetylation signal, this assay can therefore be used to identify OafA point

mutants with significant reduction in protein function but may not identify point

mutants that cause a relatively small reduction in protein function.
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Figure 4.9| Validation of the LPS immunoblot. Quantification of LPS concentration in
crude LPS preparations from Basal STM +pWT OafA. (A) and (B) are the same samples
run and analysed in parallel. LPS concentration was calculated after quantification of
signal intensity using Imagelab software (BioRad) from: O:5 antibody signal (blue) and
Salmonella aCore antibody signal (green), from the whole lane (green crosses or blue
circles) and a single band (+1 O-ag) (green triangles or blue squares). Results are
plotted as a percentage of the signal intensity from the 100% concentration lane. The
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grey dashed line represents expected values and the shaded region of the graph
indicates results giving an over estimate of the LPS concentration. Right panel shows
the quantified image with lane boundaries as blue boxes. The stacking gel section of
the blot (top section) was not included in the lane boundaries for quantification.
LipidA + Core band was not visible in repeat (B) therefore not included in the lane
boundary. Single band quantification was repeated for LPS with >1 O-ag repeat and
showed a comparable trend (data not shown).

Immunoblotting and silver stain of LPS were used to estimate the concentration of LPS
in crude preparations (Figure 4.10). Purified and lyophilised LPS from STM LT2 was
purchased to produce a known standard concentration series of LPS for comparison of
signal intensity from immunoblotting and silver stain gels to the unknown crude LPS
sample. Estimates of LPS yield as a percentage of cell dry weight by Darveau and
Hancock (1983) (4.7%), and the cell dry weight per ODggo unit of E. coli from Glazyrina et
al., (2010) (0.39 g/L), were applied to give a rough estimate of the expected LPS
concentration in crude preparations of 0.11 mg/ml. This result was reached using the

following calculations:

Estimated LPS per 1 OD unit = 4.7% of dry cell weight
Estimated dry weight of Salmonella per 1 OD unit = 0.39 g/L
Mass of LPS harvested per 1 OD unit of Salmonella per L = 0.39 X 0.047 =

0.01833 g

0.01833x3
1000

Mass of LPS harvested per sample (1 ml ODsoo 3.0) = 5.499 X

10~%¢g
X 1000 = 0.05499 mg

Concentration of LPS per ~500 uL sample = 0.05499 x 2 = 0.10998 mg/ml|
A two-fold serial dilution series of pure LPS starting at 2 mg/ml was compared by LPS
immunoblot and silver stain techniques to crude LPS extracts from basal O-antigen strain
Path 932. Four T-SDS PAGE gels were set up in parallel for quantification, two of these
were subject to silver stain and the other two were transferred to PVDF membrane for
immunoblotting. Silver staining is a highly sensitive assay which can be used to visualise

a range of molecules in polyacrylamide gel.

Calibration curves of the single band intensities for commercial LPS dilutions were
plotted and the concentration of crude Path932 LPS was interpolated from this
calibration curve using GraphPad Prism version 5.00 software, GraphPad Software, La

Jolla California USA, www.graphpad.com. Bands corresponding to LPS with a single O-
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antigen repeat were quantified for silver stain results as per previous assays. Bands
corresponding to LPS with 3 and 2 O-antigen repeats were quantified for repeat 1 and 2
of immunoblots respectively, due to imperfections in the lower region of the gel. Silver
stain results gave an estimated concentration of LPS per crude sample of 3.18 ng/ul and
4.18 ng/ul (Figure 4.10 A,B), whereas immunoblotting gave an estimated concentration
of LPS per crude sample of 0.78 ng/ul and 1.99 ng/ul (Figure 4.10 C,D). Although silver
staining is a direct quantitation of LPS that has been run in the gel, it is a very sensitive
technique and impurities in the crude sample may skew the results compared to purified
LPS, as silver ions can interact with any unsaturated compound with double bonds.
Therefore, the concentration of LPS per crude LPS prep is estimated at 1-5 ng/ul. These
results also demonstrate the high sensitivity anti-core antibodies in LPS immunoblotting

as clear LPS bands could be seen when just 0.625 ng of LPS was loaded (Figure 4.10).

98



LPS concentration (mg/ml)
|
[ 1

A)

1.5x108

124108
Increasing

# of O-ag
subunits

9.0x107

6.0x107

Intensity (arbitary units)

+1 O-ag
lipid A + core

3.0x107

o
0

0 1 2 3 4
LPS Concentration (mg/mL)

B)

1.5x10°

. 1.2:10°
Increasing

# of O-ag
subunits

9.0x107

6.0x107

+10-ag
lipid A + core

Intensity (arbitary units)

3.0x107

0 1 2 3 4
LPS Concentration (mg/ml)

- o 0

C)
1.2x107

. 1.0:107
Increasing
# of O-ag

subunits

8.0x10°
6.0x10¢

4.0x10°¢
+1 0O-ag
lipid A + core

Intensity (arbitary units)

2.0x10¢

0.0 0.5 1.0 15 2.0
LPS Concentration (mg/ml)

D)
1.2x107

. 1.0x107
Increasing
# of O-ag

subunits

8.0x10°
6.0x10°

4.010°
+10-ag
lipid A + core

Intensity (arbitary units)

2.0x10°

0
0.0 0.5 1.0 1.5 2.0
LPS Concentration (mg/ml)

Figure 4.10| Quantification of LPS concentration in crude LPS preparations.
Calibration curve of commercial STM LPS (2 mg/ml —2* mg/ml) was set up and 10 pl
of each concentration was run alongside 10 pl crude LPS extracts from Path 932 (lane
denoted by a star). Right column A-B) = Parallel silver stain gels C-D) = Parallel LPS
immunoblot with a Salmonella LPS Core antibodies. Corresponding right column
shows lane intensity, quantified using Imagelab™ software (BioRad), plotted against
concentration of the commercial LPS. Extrapolated crude LPS concentrations from
each gel are indicated by a square.
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4.4 Validation of the LPS immunoblotting protocol for

assessment of OafA function

The fact that SGNH domains are soluble and can be functionally characterised using in
vitro enzyme kinetic assays makes them more amenable to characterisation than
membrane bound AT3 domains which are poorly characterised (Mglgaard et al., 2000;
Riley et al., 2013; Baker et al., 2014; Moynihan and Clarke, 2014a; Rauwerdink and
Kazlauskas, 2015). OafA and OafB both display an AT3-SGNH fused domain architecture
and the design of the current in situ OafA functional assay allows analysis of the
importance of specific residues across the whole protein. Therefore, more well
characterised catalytic residues within the SGNH domain were targeted by site directed
mutagenesis for validation of the in situ OafA function assay. SGNH domains have a
highly conserved catalytic triad of serine, aspartic acid and histidine (described further
in section 1.2.5). Serine is the nucleophile which forms an Acyl-Ser intermediate, and
aspartic acid aligns and polarises the histidine which activates the serine nucleophile
(Berg et al., 2002; Sychantha, Brott, et al., 2018). Ser and His are strictly conserved in all
functional SGNH domains and almost all Ser-Asp-His catalytic triads, however aspartic
acid is not always required (Berg et al., 2002; Rauwerdink and Kazlauskas, 2015). For this
reason site directed mutagenesis of serine and histidine tends to abolish the catalytic
activity of the SGNH domain, whereas some function can be retained in aspartic acid to

alanine mutants (Lee et al., 2006; Riley et al., 2013; Moynihan and Clarke, 2014a).

To determine whether the difference between total functional knockout and partial
reduction in function could be distinguished by this assay, O-antigen acetylation levels
achieved by the catalytic triad mutants of OafA were quantified using the optimised two
colour LPS immunoblot (Figure 4.11)(site directed mutagenesis of these residues was
carried out by Reyme Herman). Full length OafA protein could be seen in the protein
Western blot for all test strains (Figure 4.11). The predicted molecular weight of OafA
with C-terminal His tag from the pBADcLIC2005 vector is 71.9 kDa (Gasteiger, Hoogland,
Gattiker, S’everine Duvaud, et al., 2005). However, aberrant migration is a common
occurrence for transmembrane proteins in SDS-PAGE (Rath et al., 2009) and full length
OafA appears to run at ~50 kDa. A significant degradation band appeared around 28 kDa
for OafA_S412A (Figure 4.11 B). This is likely a C-terminal fragment of OafA, as the His-

tag is located at the C-terminal end, and could correspond to cleavage of the SGNH
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domain from OafA. The molecular weight of the SGNH domain is calculated to be 25.6
kDa and the whole periplasmic portion to be 31.6 kDa using the ExPASy server
(Gasteiger, Hoogland, Gattiker, S’everine Duvaud, et al., 2005). Although this
degradation band was seen, sufficient full length OafA was still present in the cells as a

band for full length OafA could be seen on the Western blot (Figure 4.11).

OafA_S412A and OafA_H590A mutants resulted in less than 1% of wild type abequose
acetylation, with 0.36% * 0.3 and 0.87% * 0.6 aO:5 antibody signal intensity compared
to wild type respectively, whereas OafA_D587A retained ~10% of wild type activity
(10.13% + 1.70) (Figure 4.11). This is consistent with observations of the catalytic activity
of catalytic triad mutants of other SGNH acetyltransferases (Moynihan and Clarke,

2014a; Sychantha et al., 2017).
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Figure 4.11| Validation of in situ function assay for OafA using SGNH domain catalytic
triad mutants. A) LPS western blot with crude LPS extracts from Salmonella ser.
Typhimurium basal O-antigen strain expressing OafA wild type (WT) and point mutant
variants (S421A, D587A, H590A). O:5 antibody binding (blue) shows abequose
acetylation and Salmonella LPS core antibody binding (green) acts as a loading control.
B) Anti-His western blot for expression of His tagged OafA from insoluble protein
fraction of same samples as (A). Arrow indicates full length OafA protein. C)
Corresponding Coomassie stained protein gel with same samples as (B) to show
uniform loading. A,B,C = representative of 3 technical replicates of LPS samples on
three separate gels from 2 biological repeats.

These observations suggested that the optimised assay was suitable to identify residues
within OafA which are critical for function or those that significantly impact the activity
of the OafA protein. Therefore, an in silico inspired mutagenesis approach was used to
identify further residues fundamental to the mechanism of OafA which may be broadly

applicable to a wide range of AT3 domain containing O-acyltransferases.
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4.5 ldentification of functional residues in OafA using the

optimised in situ acetyltransferase activity assay

Residues within OafA were selected for site directed mutagenesis based on the in silico
analysis described in Chapter 3. Table 4.2 describes the mutations made and the reason
for their targeting.

Table 4.2] Site-directed mutagenesis of OafA. Residues for mutation were selected

based on in silico analysis of experimentally characterised AT3 acetyltransferases
(described in Chapter 3) and the reason for their selection are summarised below.

Mutant Reason for mutation Position within OafA

R14A R/K-X10-H motif conserved across AT3 domain TMH1

H25A containing proteins

S32A

G33A

G34A

F35A . . . .

136A XGG-F/Y-XGV-D/P/V-X motif conserved in AT3- Periplasmic loop
SGNH fused acyltransferases between TMH 1-2

G37A

V38A

D39A

V40A

2156'; Conserved in SG in TMH2 TMH2

R69A RXXR motif identified as critical for function in other TMH3

R72A AT3 proteins

S112A . . . . . .

N113A Conserved in periplasmic loop specific to AT3-SGNH TMH3-4 Periplasmic

fused proteins loop
Y122A
G202A _ Conserved trans membrane glycing, may be TMH6
important for transmembrane domain structure

E325A Conserved in AT3-SGNH fused proteins, negatively TMH10-11

(Linker) charged residue on the cytoplasmic side Cytoplasmic loop

C383S,C397S

(Linker) Conserved putative disulphide bonding pairs

C4395S,C453S

C567S,C572S SGNH

S412A

D587A SGNH domain catalytic triad residues

H590A

The results of site directed mutagenesis and in situ function analysis of OafA are

summarised in Table 4.3 and Figure 4.12. Representative LPS immunoblot and protein
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Western blot results are presented in Figure 4.13 with the OafA catalytic triad mutant
results (S421A, D587A and H590A) presented in Figure 4.11. Critical residues were
identified as those where mutation resulted in less than 1% O:5 antibody binding signal
in LPS immunoblots compared to LPS from the strain expressing wild type OafA protein.
Although some variation in O-antigen acetylation compared to wild type at the upper
limits was observed (70-80%), the high level of variation meant that the cut off for
significant inhibition of function was defined as point mutations resulting in less than

50% 0O:5 antibody signal intensity compared to wild type.

The protein degradation band seen for the OafA_S412A mutant by Western blot (Figure
4.11), suspected to be the cleaved SGNH domain, was present at varying levels in almost
all OafA variant strains tested (Figure 4.13). Significantly, the OafA_G202A variant
displayed a comparatively low signal for full length OafA expression and a significant
degradation band at ~28 kDa (Figure 4.13). This mutant did not show significant
reduction in OafA protein function, supporting the conclusion that as long as full length
OafA is detectable by Western blot, there is sufficient protein present in cells to

complement O-antigen acetylation.

Other than the catalytic triad residues of the SGNH domain characterised in section 4.4
(Figure 4.11), this analysis identified 6 residues critical for OafA function and 3 mutations
that caused a significant reduction, but not complete knockout, of O-antigen abequose
acetylation. The critical residues include: arginine and histidine that mark the R/K-X10-H
motif of TMH 1 (R14, H25), aspartic acid (D39) of the GG-F/Y-XGV-D/P/V motif which is
specifically conserved in AT3-SGNH fused proteins, the TMH3 arginine residues (R69,
R72), which form the RXXR motif that was previously identified as essential in OafB and
the AT3-only O-antigen acetyltransferase of S. flexneri (Thanweer et al., 2008), and the
serine residue (S112) that was found to be specifically conserved in the TMH3-4
periplasmic loop in AT3-SGNH fused proteins (Section 3.3.1). The residues important but
not critical for OafA function include: phenylalanine (F35) of the GG-F/Y-XGV-D/P/V
motif, which is specifically conserved in AT3-SGNH fused proteins, glutamate in the
cytoplasmic loop between TMH 10-11 that was specifically conserved in AT3-SGNH
fused proteins and the most C-terminal putative disulphide bonding pair of cysteines

(C567,572) in the SGNH domain (Section 3.3.1). The hypotheses formed about the role
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of these OafA functional residues in the mechanism of O-antigen acetylation will be

discussed in section 4.7.3.

Table 4.3| Summary of in situ mutagenesis analysis of STM OafA. Dark Grey= Point
mutants with <1% wild type O:5 signal intensity, Light Grey = Point mutants with <50%
wild type O:5 signal intensity, * = No OafA protein expression detected. Values
represent the average of 2 biological repeats with 3 technical replicates.

0:5 antibody binding signal compared to wild .
Mutant Position
type LPS %(+ SEM)

TMH1
S32A 105.25 + 30.89
G33A 119.17 £ 18.72
G34A 1.36 £ 0.88*
F35A 19.24 £ 2.70

Periplasmic loop &

136A 101.47 £ 22.72

TMH2
G37A 118.13+22.11
V38A 86.38 +12.73
V40A 121.28 +23.82
S45A 98.18 £ 24.30

TMH2
G46A 99.59 +22.01

TMH3

TMH3-4 Periplasmic

N113A 93.79+14.92 100p
Y122A 85.76 £7.58

G202A 74.14£10.70 T™MHG
E325A (Linker) 4.84+1.13 TMH10-11

Cytoplasmic loop

C3835,C397S

107.40 + 26.80
(Linker)
C4395S,C453S 185.06 £ 54.63
C567S,C572S 49.98 + 4.33 SGNH domain

D587A 10.13+£1.70
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Figure 4.12| Summary of in situ mutagenesis analysis of STM OafA. Diamonds indicate mutated residues, cysteines were mutated to serine and all
other residues were mutated to alanine. Dashed lines highlight putative disulphide bonding pairs and stars highlight the catalytic triad of the SGNH.
Results relate to % O-antigen acetylation compared to wild type, mutants that caused loss of protein expression are diamond shaped but not coloured
(G34A).
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Figure 4.13| Functional analysis of OafA point mutants in situ. Left panel shows LPS
western blot with crude LPS extracts from Salmonella ser. Typhimurium basal O-
antigen strain expressing OafA point mutant variants. O:5 antibody binding (Blue)
shows abequose acetylation and Salmonella LPS core antibody binding (Green) acts
as a loading control. Right panel shows corresponding anti-His western blot for
expression of His tagged OafA. Arrow indicates full length OafA protein.
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4.5.1 Investigation of the role of the R/K-X10-H motif

Both the arginine and histidine residues of the R/K-X10-H motif of TMH1, identified as
highly conserved across all AT3 containing proteins (Chapter 3), were critical for function
in OafA (Table 4.3). Due to the integral role of this motif in O-antigen acetylation, its
potential mechanistic role was investigated. Although not yet experimentally confirmed,
Acyl-CoA derivatives have been suggested as the cytoplasmic acyl donor for AT3 domain-
containing carbohydrate acyltransferase proteins (Bera et al., 2005; Thanweer et al.,
2008). Therefore, the potential for these arginine and histidine residues to play a role in

acyl-CoA interaction was investigated.

The average rise per residue in a transmembrane helix is 1.5 A (Hildebrand et al., 2004),
this would position the arginine and histidine residues at a distance of ~18 A. Helical
wheel plot also positions these residues on the same side of the TMH (Figure 4.14 A).
Arginine residues have previously been implicated in binding the 3’ phosphate of acetyl-
CoA and histidine residues in coordinating the thioester bond (Wu and Hersh, 1995; Jogl
et al., 2004). Therefore, the distance between the 3’ phosphate and the thioester bond
of CoA was measured in crystal structures of proteins in complex with CoA as a ligand
(2.4.3). Across 4 different proteins in the PDB database (1H16, 5TVJ, 5G17, 2WL4) and
the ideal coordinates for a CoA molecule from the PDB ligand summary page (RCSB,
1999), the distance between these two positions varied from 15.3 to 22.5 A (Figure 4.14
B-F). Therefore, 18 A is within the conformational flexibility of the distance between the
3’ phosphate and the thioester bond of CoA. This highlights a potential acyl-CoA

interaction site within the AT3 domain common to all AT3 proteins.
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Figure 4.14| Does the R/K-X10-H motif coordinate Coenzyme A. Helical wheel plot of
OafA TMH1. Arginine and Histidine residues of the R/K-X10-H motif are highlighted by
red boxes. B-F) Distance, in A, between 3’ phosphate and thioester bond of CoA
molecules using the PyMOL molecular graphics system measurement wizard (version
2.3.0, Schrodinger, LLC). B) Ideal coordinates for a CoA molecule, C-F) CoA in complex
with crystallised acyltransferase proteins from PDB entries - (C) 1H16, (D) 5TVJ, (E)
5GI7, (F) 2w14.

4.6 Confirmation of the in situ substrate specificity of OafA and

OafB

OafA and OafB have been characterised in the literature to perform acetylation of
different monosaccharides of the STM LPS O-antigen. This suggests that these two

proteins have adapted to be specific in the acetylation modification that they perform.
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In order to confirm this in situ specificity, OafB, which is shown to acetylate rhamnose,
was expressed in the basal STM O-antigen strain to determine whether any off-target
acetylation of the abequose residue could be detected by LPS immunoblot with O:5
serotyping antibodies. Western blot for His-tagged OafB protein confirmed that full
length OafB was expressed in the experimental conditions used (Figure 4.15). The
expected molecular weight of His-tagged OafB is 73.6 kDa however, like OafA, this
protein runs at the lower molecular weight of ~50kDa. The LPS immunoblot did not show
detectable O:5 antibody binding to the basal O-antigen strain complemented with OafB
(Figure 4.15), suggesting that, in situ, this protein is specific for rhamnose acetylation
and does not show evidence of abequose acetylation. OafB expression from this vector
has previously been confirmed to protect STM LT2 from lysis by the BTP1 bacteriophage
by phage plaque assay therefore the OafB protein is functional in this experimental
system (Reyme Herman, master’s thesis, data not shown). These observations support
the hypothesis that OafA and OafB are specifically adapted to acetylate different O-

antigen residues on STM LPS.
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Figure 4.15| Confirmation of the in situ acceptor substrate specificity of OafA and
OafB. A) LPS western blot with crude LPS extracts from Salmonella ser. Typhimurium
basal O-antigen strain expressing OafA, OafB, or with an empty pBADcLIC vector (EV).
0:5 antibody binding (blue) shows abequose acetylation and Salmonella LPS core
antibody binding (green) acts as a loading control. B) Anti-His western blot for
expression of His tagged OafA and OafB from insoluble protein fraction of same
samples as (A). Arrow indicates full length OafA or OafB protein. C) Corresponding
Coomassie stained protein gel with the same samples as (B) to show uniform loading.
This experiment was carried out by Rebekah Eastwood with close supervision from
the thesis author.
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4.7 Chapter summary and future work

4.7.1 The two colour LPS immunoblot assay for OafA function is an
optimised approach to functional analysis of O-antigen

acetyltransferases

Previous investigations into the mechanism of O-acylation by AT3 domain-containing
proteins in many other biological systems may have been hindered by lack of
appropriate means of assessment of protein function. Although there are multiple
published examples of bacterial AT3 domain-containing carbohydrate acyltransferases
whose activity has been demonstrated experimentally (Figure 3.3), few studies move
beyond knockout and complementation in characterisation of these proteins.
Additionally, many of the techniques used to confirm loss or gain of carbohydrate
acetylation involve purification of the carbohydrate acceptor and analysis by biophysical
methods such as NMR and MS (Luck et al., 2001; Anonsen et al., 2017; Kintz et al., 2017).
These are costly and time-consuming approaches which require specialised expertise
and do not lend themselves well to high throughput analysis of a range of point mutant

variants of these proteins.

In the studies that further characterise essential residues of the AT3 domain containing
acyltransferase proteins there is no quantification of function, rather a binary readout
of active/inactive (Thanweer et al., 2008; Thanweer and Verma, 2012). LPS
immunoblotting as a functional readout for acetyltransferase activity has previously
been used to identify critical residues in O-antigen acetyltransferase Oac from Shigella
flexneri (Thanweer et al., 2008; Thanweer and Verma, 2012). However, due to the same
limitations as those identified here for assessment of OafA, such as lack of an internal
immunoblot loading control, there is no quantification of the effect of point mutation.
Optimisation of OafA functional analysis by immunoblotting techniques has provided a
means of semi-quantitative assessment of protein function using relatively simple
sample preparation and analysis procedures. This assay allows in situ analysis of the
functional residues of OafA so that predictions can be made about their role in the

mechanism of action of AT3 domain-containing acyltransferases.
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This optimised approach to functional analysis of OafA is an improvement on previous
analysis. Firstly, experimental conditions and sample preparation have been optimised
for consistency and comparability between samples. Secondly, variables such as pH of
the media have been considered to prevent variations in acetylation levels which are
not caused by differences in OafA activity. Most importantly, a consistent approach to
image quantitation and sample normalisation allows comparability of results between

both samples on the same gel and between different experiments.

4.7.2 Limitations of the two colour LPS immunoblot assay for

quantification of OafA function

Using the optimised dual antibody LPS immunoblot, it is possible to semi-quantitatively
assess the acetylation level of the LPS O-antigen to give an indication of the
acetyltransferase activity of OafA. This assay however, cannot give a direct readout of
OafA catalytic activity due to a range of different factors. Firstly, although every effort
has been made to standardise the assay procedure to allow comparative analysis
between samples, there is still a degree of variation in results when the same LPS sample
is run on different gels (Section 4.3.3, 4.4). These variations between technical repeats
could arise at the point of sample loading into the gel, transfer of the LPS samples to
PVDF membrane or at the point of image quantitation as lane boundaries are set

manually.

Secondly, it is important to acknowledge that although we are confident that O:5
serotyping antibodies are specific to STM O-antigens with acetylated abequose residues,
we do not know exactly how or where the antibody binds to the O-antigen. The O:5
serotyping antibodies used from SSI diagnostica are polyclonal which means that they
will not all recognise exactly the same O-antigen epitope in the same way (Lipman et al.,
2005). A crystal structure of the Se155-4 1gG1 A1 antibody interacting with a single STM
O-antigen repeat (PDB: 1MFC) (Stanfield et al.,, 1990; Haji-Ghassemi et al., 2015)
demonstrates that a single antibody Fab fragment is significantly wider than a single O-
antigen repeat (Figure 4.16). Additionally, the O:5 serotyping antibodies will be
composed of two Fab fragments linked to a single Fc region which imparts the antibody
with its biological effector functions. This will further increase the region of the LPS O-

antigen that is occluded by a single IgG antibody. The size of an IgG2 antibody is ~10-15
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nm wide by ~10 nm long (PDB: 1IGT)(Reth, 2013). Thus, it is unlikely that the

stoichiometry of antibody binding to each O-unit in the LPS O-antigen chain will be 1:1.

Figure 4.16| Size comparison of O-antigen and antibodies. Crystal structure of the
Se155-4 antibody Fab fragment (blue) with Salmonella group B O-polysaccharide.
Abequose = magenta, mannose = green, rhamnose = orange, galactose = yellow.
Zoom in shows the width of a single Fab fragment of the IgG1 is ~44.4 A (yellow dashed
line), and an O-antigen repeat unit is ~10.4 A (red dashed line). PDB file 1MFC edited
using PyMOL software.

Previously, Surface Plasmon Resonance has been employed with bacterial
polysaccharides to determine the stoichiometry of antibody binding (Brogioni and Berti,
2014), this requires the polysaccharide to be covalently attached to a surface or bound
with a protein which is covalently attached to the surface. It may be feasible to use this
approach to determine the stoichiometry of binding for crude LPS samples with
polyclonal antibodies if an anti-Lipid A antibody was used to capture LPS on the surface.
However, the fact that these antibodies are polyclonal may introduce too much

variation in O-antigen binding for reliable quantification.

To determine the accuracy of quantitation of O-antigen acetylation by LPS immunoblot
it would be beneficial to confirm these results with biophysical analysis of LPS from a
selection of the STM OafA point mutant test strains. High-Resolution Magic-Angle
Spinning NMR has been used previously to characterise the surface glycan structure of
in-tact bacterial cells (Jachymek et al., 1999) and has been used to analyse the O-antigen
composition and acetylation state of STM O-antigens (Zandomeneghi et al., 2012). This
idea was pursued in collaboration with Nottingham University but unfortunately the O-

antigen composition of different OafA variant strains has not yet been resolved.
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The conditions identified for assessment of OafA function using this assay were selected
to make it as quantitative as possible with the available resources. This assay was
appropriate to identify residues within OafA which are critical for function or those that

significantly impact the activity of the OafA protein.

4.7.3 Characterisation of functional residues of OafA informs their

role in the mechanism of O-antigen acetylation

Analysis of conserved residues within OafA using the optimised in situ function assay
allowed hypotheses to be formed about the mechanistic role of functional residues.

These are described below.

The only mutation which resulted in negligible protein expression was OafA_G34A. A
glycine residue in this position appears to be critical for correct protein production or
insertion into the membrane as no OafA protein was detectable by anti-His western blot
in the insoluble protein fraction, resulting in loss of O-antigen acetylation (Figure 4.13).
This glycine residue is predicted to be located on the short periplasmic loop between
TMH1 and 2 (Figure 4.12). Indeed, glycine is often found in loop regions due to its
flexibility and the lack of steric hindrance caused by absence of a side chain (Javadpour
et al., 1999). Therefore, it is possible that mutation of G34 of OafA prevents correct
insertion of the transmembrane helices, resulting in degradation of the incorrectly

folded protein.

OafAria and OafAs,s within the R/K-X10-H motif were essential for OafA activity (Figure
4.12). These residues were proposed to provide a conserved mechanism for acyl-donor
interaction due to their strong conservation across all AT3 domain-containing proteins
(Section 3.3.1, 4.5.1). Although cytoplasmic acetyl-CoA has not been confirmed as the
donor for O-antigen acetylation, it occupies a central role in bacterial metabolism and is
a prominent source of acetate in bacterial cells (Takamura Y, 1988; Krivoruchko et al.,
2015). The predicted positioning of these residues at opposite ends, but on the same
surface, of the TMH and their predicted distance being within the conformational
flexibility of the 3’ phosphate and thioester bond of Coenzyme A (Figure 4.14) proposes
the argument that acyl-CoA is the donor substrate in carbohydrate O-acylation. In
support of this prediction, a role for a conserved intermembrane histidine residue, in

coordinating the thioester bond of the acyl donor, has been suggested for membrane
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bound O-acyltransferases containing an MBOAT (IPR004299) rather than AT3 domain
(Ma et al., 2018).

Additionally, a natural histidine to tyrosine point mutation in the equivalent location of
the R/K-X10-H motif was discovered to decrease the function of the S. pneumonia
capsule acetylation protein WcjE in clinical isolates (Calix et al., 2011). This supports the
critical role of the R/K-Xi0-H motif across diverse AT3 domain containing O-
acyltransferases, in coordinating a cytoplasmic derived acetyl-CoA molecule within the
membrane bound AT3 domain for transfer of the acetyl group to the SGNH domain,

consistent with the working model (Figure 3.1 B).

AT3 domain-containing proteins are implicated in transferring a wide range of acyl
groups such as succinate, isovalerate, and propionate (Arisawa et al., 1993; Roset et al.,
2006; Cong and Piepersberg, 2007); these can all be carried by Coenzyme-A. The
proposed mechanism of acetyl donor interaction would provide a potential conserved
mechanism for transfer of any of these acyl substituents, further supporting the idea
that the TMH1 arginine and histidine are fundamentally important for the mechanism

of all AT3 domain-containing acyltransferases.

Only the phenylalanine and aspartic acid point mutations of the GG-F/Y-XGV-D/P/V
motif, caused detectable reduction in OafA function in situ. OafA_F35A caused
significant reduction and OafA_D39A caused loss of OafA function (Table 4.3, Figure
4.12). These residues are predicted to be found towards the periplasmic side of the trans
membrane domain. The location of these functional residues within the transmembrane
domain of OafA could suggest that they play a role in interaction with the periplasmic
SGNH domain or carbohydrate O-antigen acceptor. Indeed, polar amino acids such as
aspartic acid have long since been acknowledged to form hydrogen bonds with
carbohydrate hydroxyl groups (Quiocho, 1986; Taroni et al., 2000) and aromatic amino
acids such as phenylalanine have been implicated in interacting with C-H bonds of
carbohydrates (Hudson et al., 2015). This proposed role, for AT3 domain residues to be
involved in carbohydrate interaction, would suggest that the AT3 and SGNH domains are

in close proximity during O-antigen modification.

OafA and OafB contain a linking region between the SGNH and AT3 domains with ~ 50
residues on the periplasmic side (Figure 4.12). In the absence of structural information
about this domain or how it interacts with the AT3 or SGNH domain, it is not possible to
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confirm whether the linking region is structured and holds the SGNH domain above the
AT3 for direct transport and transfer of the acetyl group to the O-antigen, or whether
the linking region is flexible and the SGNH first collects the acetyl group for the AT3
domain then moves to interact with the O-antigen to catalyse the modification. If the
latter is true, these residues would be unlikely to interact with the carbohydrate
acceptor and more likely to be important for interaction with the SGNH domain for the

transfer of acetate.

In addition to the phenylalanine and aspartic acid of the GG-F/Y-XGV-D/P/V motif,
OafA_S112 which is specifically conserved in the TMH3-4 periplasmic loop in SGNH fused
proteins, was also critical for OafA function. Providing another potential periplasmic
interacting partner for the SGNH domain interaction. Interestingly, in silico analysis did
not identify significantly conserved motifs within the SGNH domain that indicated
potential interaction sites for these conserved phenylalanine, aspartic acid and serine
residues. Therefore, these interactions may be determined by the tertiary structure of

the SGNH domain or by the carbohydrate substrate.

The SG (45-46) motif in TMH2 of OafA has been previously investigated for un-fused O-
antigen acetyltransferases and suggested to be important for function (Luck et al., 2001;
Thanweer et al., 2008; Thanweer and Verma, 2012). However, analysis of OafA_S45A
and OafA_G46A did not identify these residues as critical for acetyltransferase activity
(Figure 4.12). This highlights a clear difference between AT3-only and AT3-SGNH fused

proteins and may suggest that they function with slightly different mechanistic residues.

The RXXR motif, previously shown to be critical for OafB function (Kintz et al., 2015), was
confirmed to be essential for OafA. These conserved arginine’s could play a role in
acetyl-CoA interaction, parallel to the suggested role for arginine in the R/K-X10-H motif.
However, these positive residues conserved on the cytoplasmic side between TMH 2-3
could also be important to maintain the membrane topology of the AT3 domain and act
as an anchor point on the cytoplasmic side. A structural role for conserved cytoplasmic
arginine’s has been observed previously, where mutation of cytoplasmic arginine’s
resulted in aberrant topology of an integral membrane glucose transporter (Sato and
Mueckler, 1999). A structural role of these conserved arginine’s also fits with the fact
that arginine residues interact with phospholipid head groups in the lipid bilayer (Li et

al., 2013; Robison et al., 2016). It is also in keeping with the ‘positive inside’ rule where

115



positively charged amino acids are enriched on the cytoplasmic side (von Heijne, 1986;

Baker et al., 2017).

Of the putative disulphide bonding pairs identified within OafA by in silico analysis, only
mutation of the most C-terminal disulphide bonding pair (C567, C572) caused a
reduction in abequose acetylation levels, suggesting reduced acetyltransferase activity
(Figure 4.12). Prevention of disulphide bond formation at this site could have reduced
the structural stability of the catalytic domain or binding pocket of the SGNH domain,
which may have resulted in reduced substrate interaction and turnover. As these
cysteine pairs within SGNH domains of AT3-SGNH proteins appear or disappear as pairs
and are not strictly conserved in all aligned proteins they are most likely to play a
structural rather than catalytic role. It is possible that if the mutation of all cysteine pairs
is combined, the structural integrity of the SGNH domain will be reduced. Therefore, a
greater impact on O-antigen acetylation may be seen. This would support the hypothesis

of their structural role.

4.7.4 Future Perspectives

The current method used to confirm protein expression in the in situ OafA function
experiments involves Western blotting of insoluble protein fractions from each test
strain to detect expression of His-tagged OafA. However, this does not prove
conclusively that the protein is delivered to the inner membrane as it could be
sequestered in inclusion bodies. For those mutants that retain some function but show
reduced acetylation, a positive Western blot signal strongly suggests the protein has
been properly inserted into the inner membrane, but for those with no function it would
be beneficial to confirm their membrane localisation. Rather than total insoluble
proteins being run, the membrane fraction could be isolated and run alone to give
further support that the point mutation has caused loss of protein activity rather than

prevented its correct expression and delivery to the inner membrane.

As this assay is able to assess the in situ function of OafA, as well as testing the role of
specific functional residues, it could also be used to determine how different
environments affect OafA function. For example, through the infection cycle, Salmonella
cells are subject to a range of diverse environments, having to survive outside of an

animal host during transmission and within different cellular environments once a host
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is infected (Section 1.2.1). It could be possible to replicate some of these environmental
stresses while culturing Salmonella in the lab and test how they affect the activity of
OafA. One possible example is oxidative stress. The SGNH domain of OafA resides in the
periplasm, an environment which can be subject to fluctuations in oxidative state (Van
Der Heijden et al., 2016). These fluctuations could determine activity of OafA so that it
may be active during certain stages of the infection cycle and inactive during others. A
feature seen in other periplasmic and regulatory proteins (Cremers and Jakob, 2013;

Hillion and Antelmann, 2015).

This analysis was able to confirm the substrate specificity of OafA and OafB. It therefore
provides an experimental system to investigate the domains or residues involved in
substrate specificity. Following further characterisation of these proteins, to inform
residues involved in acceptor substrate specificity, this experimental system could be

used to test whether OafB can be engineered to catalyse abequose acetylation in situ.

This analysis was able to inform hypotheses on the role of specific residues within the
membrane bound AT3 domain but was unable to identify residues within the SGNH
domain which might be responsible for acceptor substrate interaction. In order to shed
more light on the SGNH domain, structural characterisation may be more informative
and could give insight into the role of conserved cysteine residues as well as whether
the linking region is structured and thus, how the AT3 and SGNH domains are likely
interact. Therefore purification, crystallisation and in vitro characterisation of the SGNH

domain was investigated. This investigation is described in Chapter 5.
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Chapter 5 In vitro analysis of the SGNH domain of O-

antigen acetyltransferases

5.1 Introduction

Sequence-informed site-directed mutagenesis identified functional residues that play
an integral role in the acetyltransferase activity of OafA (Chapter 4). Functional residues
specifically conserved in AT3-SGNH fused proteins, that are located towards the
periplasmic side of the inner-membrane, could suggest potential interaction sites for the
acceptor substrate or the SGNH domain on the periplasmic side. We were yet to
establish whether OafA and OafB act as predominantly static proteins with a structured
linking region, where the SGNH domain would sit above the AT3 domain and both
domains would interact with the carbohydrate acceptor simultaneously; or whether
these proteins have a more dynamic two domain arrangement with a flexible linking
region, where the SGNH domain first accepts the acetyl group from the AT3 domain then

moves to interact with the O-antigen for the final acetyltransferase step.

Site directed mutagenesis also demonstrated that the SGNH domain is essential for O-
antigen acetylation, due to the fact that OafA with a catalytically inactive SGNH domain
is rendered non-functional (Figure 4.13). Although highly likely, we were yet to confirm
the hypothesis that this domain is responsible for the final step of the transferase
reaction. Furthermore, although the catalytic triad residues of the SGNH domain had
been confirmed and putative disulphide bonding cysteine residues had been identified
within the SGNH domain (Section 3.3.2, 4.5), the arrangement of the active site pocket
and oxyanion hole residues was yet to be established. Therefore, the aim of this chapter
was to express and purify the SGNH domains of OafA and OafB to perform in vitro
biochemical and biophysical analysis to investigate the exact role of the SGNH domain

in two domain AT3-SGNH fused O-antigen acetyltransferases.

5.2 Cloning and expression trials of OafA and OafB

The most direct approach to shed further light on the potential SGNH to AT3 domain
interaction sites and the structural arrangement of the SGNH domain active site pocket

would be to obtain crystal structures for full length OafA and OafB. Previous endeavours
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to express and purify full length OafA and OafB proteins had been met with some
success with a yield of 0.3 mg and 1.2 mg per litre of culture for OafA and OafB
respectively (Reyme Herman, unpublished data). This did not yield sufficient protein for
successful crystallisation trials and biophysical analysis such as ligand screening by
saturation transfer difference (STD) NMR of OafB was unable to determine whether
these proteins interacted with acetyl-CoA (Andrew Brentnall, University of York), due to

complications caused by detergent molecule interactions.

Membrane proteins are notoriously difficult to crystallise or analyse biophysically due
to the stretches of hydrophobic residues, their propensity to aggregate and the need to
extract and stabilise them in a native conformation in a pseudo phospholipid bilayer
(Carpenter et al., 2008; Liang and Tamm, 2016; Birch et al.,, 2018). Due to these
foreseeable issues, the periplasmic portion of OafA and OafB, including the linking

domain and SGNH domain, were targeted for in vitro functional analysis.

Initial bioinformatics analysis of OafA and OafB showed that both proteins contain a
significant C-terminal periplasmic domain after an 11 transmembrane spanning
membrane domain (Figure 3.1). Both proteins contain an N-terminal AT3 domain and C-
terminal SGNH domain, connected by a single transmembrane spanning linking region

(described further in Chapter 3).

51 and 49 residues of the linking region extend from the membrane before the start of
the SGNH domain in OafA and OafB respectively. These extending residues were thought
to provide a flexible region to allow interaction of the membrane bound and periplasmic
domains and potential movement of the SGNH domain towards its carbohydrate
acceptor for acetyl group transfer. Unstructured flexible regions within proteins can
inhibit their ability to form crystals and therefore hinder their structural characterisation
(Derewenda, 2004). However, if these linking region residues are structured and play a
role in the mechanism of action, their removal could cause instability of the expressed

protein and therefore difficulties in purification and crystallisation.

In order to define the boundaries for C-terminal OafA and OafB expression constructs

the alignment of AT3-SGNH proteins with homology to OafA (Section 3.3.2) was used to

identify conserved residues among the linking regions of AT3-SGNH fused proteins

(Appendix IV). Analysis of this region of the alignment highlighted conserved glycine and

arginine (OafA G356, R360) residues and two conserved cysteine residues (OafA C383,
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C397) in the connecting sequence between the end of TMH11 and the beginning of the
SGNH domain (Figure 5.1). Although in situ functional assays did not identify this
putative disulphide bonding pair as essential for function in OafA (Section 4.5), they may
be required to assist correct folding of the periplasmic domain in absence of the

membrane domain.

In addition to the conserved linking region residues, it was also observed that TMH11 of
the linking region is poorly conserved across AT3-SGNH fused proteins (Appendix V).
This TMH is proposed to act as a structural element to deliver the SGNH domain to the
periplasmic side, rather than being involved in the catalytic activity of the transferase
reaction (Chapter 3 introduction: 3.1). This observation supports the predicted role
because other than containing hydrophobic residues with propensity to form an alpha
helical TMH domain, strong selection of specific residues would not be required in a non-

catalytic transmembrane helix with a solely structural role.

TMH11

Lys355

10 15 20 25 30 |3'5 40
OafA_STM/321-405 YRTIENTLRKRVKLQ FNIV..LFSSTLALC.L..FVMEFTKGVSFRFSDT
0afB_STM/330-423 YFLLEKPLRHSRKKSITT IILAVVVFGSGIFGIVTYSMNGIKERSVNK

Met367
. 7 N Glu403
DafA_STM/321-405 L....KQUVE.Y.RMD.NSPWRPDIC.FLNP.DQDYSA. FSKCQDKM 1E
OafB_STM/330-423 SAGEYASVTNVYDYYKYGELLRGGICH.SVLL.K..DATSNGCIK..NSR
Arg421

85
OafA_STM/321-405 KS
OafB_STM/330-423 NN > SGNH

Figure 5.1| Analysis of the AT3-SGNH linking region sequence to inform OafA and
OafB expression constructs. The linking region sequence was extracted from
alignment (Appendix IV). Similar residues in >50% of sequences are boxed in grey and
start sites for three OafA and OafB C-terminal expression constructs are indicated by
blue, orange and green markers.

Three expression start sites were chosen for OafA and OafB, the first corresponding to
a start just after TMH11 to include the whole of the periplasmic linking region, the
second preserving the two conserved cysteine residues of the linking region, and the
third beginning just upstream of the SGNH domain region defined by InterPro (Figure
5.1). The resulting proteins will be referred to by their start residue, for example

OafA_Lys355.

The pETFPP_30 expression vector (Technology facility, University of York) was selected
for initial expression trials of the C-terminal OafA and OafB constructs (Appendix V).

Protein expression from this vector is inducible with IPTG. It adds an N-terminal PelB
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leader sequence to target protein expression to the periplasm and also adds a 3C
protease cleavable His tag to the C-terminus. It is important to target expression of the
SGNH domain to an oxidising environment within the cell so that disulphide bonds can
form (Berkmen, 2012). One of the putative disulphide bonding pairs in OafA causes
reduced function when mutated to serine in vivo (C567-C572)(Table 4.3). Therefore,
correct disulphide bond formation could be critical for folding and stability of the
expressed proteins. The C-terminal cleavable His-tag was included to allow efficient
purification by nickel affinity chromatography following successful expression of these
proteins and also anti-His antibody detection for western blotting.

Table 5.1| E. coli BL21(DE3) C-terminal OafA and OafB expression strains. See Table
2.1 for details of the BL21(DE3) expression strain.

Strain Expression Plasmid Info Expressed
protein size
(kDa)*
BL21(DE3) pMV463 pPETFPP_30 plasmid acquired from TF -
BL21(DE3) pMV467 pETFPP_30 OafB_Gly395 32.2
BL21(DE3) pMV471 pETFPP_30 OafB_Met367 29.2
BL21(DE3) pMV468 pETFPP_30 OafB_Arg421 26.5
BL21(DE3) pMV475 pETFPP_30 OafB_Arg421H621A 26.5
BL21(DE3) pMV472 pETFPP_30 OafA_Lys355 31.4
BL21(DE3) pMV473 pETFPP_30 OafA_Met373 29.2
BL21(DE3) pMV474 pETFPP_30 OafA_Glu 403 25.7
BL21(DE3) pMV548 pETFPP_30 STM LT2 SapA 594
BL21(DE3) pMV585 pET20b_Oant_2186 -

*Expected protein size relates to theoretical molecular weight calculated from the
expressed protein sequence.

Initial expression trials for OafB_Gly395 indicated that induction of protein expression
with 1 mM IPTG caused a reduction in cell growth when cultured at 37 °C, indicating a
potentially deleterious effect of expressed protein on the viability of BL21(DE3) cells (T=
4hr Induced ODesp = 0.51, Uninduced ODeso = 3.63) (Figure 5.2 A). The induced cultures
did however, reach a similar stationary phase ODeso to un-induced cells (ODegso ~3)
(Figure 5.2 A). This suggested that the initial lag in cell growth may have been due to

metabolic burden of protein expression, either the protein was toxic to cells and
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required degradation for cell growth to continue or high levels of protein expression
increased the metabolic load on protein production machinery of the cell, reducing the
efficiency of cell growth. Inhibited cell growth was also seen with BL21(DE3) pMV463
containing the empty pETFPP_30 expression plasmid following IPTG treatment. This may
again have been caused by a metabolic burden on the cells. Over expression of the PelB
signal sequence could have overloaded the Sec protein secretion machinery so that
extra-cytoplasmic proteins could not be secreted as efficiently for cell growth and those
un-secreted proteins cause deleterious effects if they accumulate in the cytoplasm

(Rosenberg, 1998; Mergulhdo et al., 2004; Horga et al., 2018).

No visible band of expressed protein was seen in total protein extracts on Coomassie
stained SDS-PAGE, however protein expression was visible after 4 hr induction by
western blot (Figure 5.2 B). Multiple immunoreactive bands could be seen on the anti-
His-Tag western blot, this could indicate multimers or aggregates of expressed protein.
B-mercaptoethanol was not included in the sample buffer for this gel.
B-mercaptoethanol is responsible for reducing disulphide bonds in proteins and
OafB_Gly395 contains two pairs of cysteine residues which are predicted to form
disulphide bonds (Section 3.3.2). Lower molecular weight bands may have been seen
due to incomplete denaturation of the protein resulting in a smaller hydrodynamic
radius or due to cleavage at the N-terminal end of the protein. Random interaction
between different cysteine residues could result in protein multimers, giving rise to the

higher molecular weight bands.
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Figure 5.2| Effect of 1 mM IPTG induction on growth of BL21(DE3) pMV467 and
expression of OafB_Gly395. A) Optical densities of (ODeso) two BL21(DE3) pMV467
cultures grown in LB to mid-log phase (ODeso 0.4-0.6) induced with 1 mM IPTG (closed
circles) or left uninduced (open circles). B) Coomassie stained SDS-PAGE gel (left) and
anti-His-Tag western blot (right) of total protein extracts from time point zero and 4
hours post 1 mM IPTG induction of samples as in (A). Expected molecular weight of
expressed OafB_Gly395 is indicated by an arrow head (29.2 kDa). See Table 5.1 for
strain details. Overnight induction samples could not be analysed due to problems
with sample preparation.

To reduce the deleterious effect of protein expression and optimise production of
soluble OafB_Gly395 for subsequent purification, a further expression trial was
conducted. Lower concentrations of IPTG (0.5 mM and 0.1 mM) were used for induction
during early log phase as lower IPTG concentrations have shown to benefit protein
expression conditions by reducing the negative effect on cell growth and productivity
(Larentis et al., 2014). Three different expression temperatures were also trialled 37 °C,
30°C and 25 °C. Reducing the temperature for protein expression is a well known
technique for reduction of protein aggregation (Schein, 1989) and has proven to
increased the soluble yields of aggregation prone proteins (Vasina and Baneyx, 1997).
As confirmation of the expression protocol viability, a positive control of BI21(DE3)
pMV548 (Table 5.1) which expresses SapA, an STM LT2 periplasmic binding protein,
already successfully expressed using the pETFPP_30 expression system (Bryony Ackroyd,

University of York), was tested in parallel (Figure 5.3).
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Figure 5.3|Effect of IPTG concentration and temperature on expression of
OafB_Gly395 and SapA from E. coli BL21(DE3). A-C) Coomassie stained SDS-PAGE gel
of total protein extracts from BL21(DE3) pMV467 (OafB_Gly395) after growth at 37
°C, 30 °C or 20 °C and induction with 0.5 mM or 0.1 mM IPTG in early log phase (ODeso
0.4-0.6). D) Coomassie stained SDS-PAGE gel of total protein extracts from BL21(DE3)
pMV548 (SapA) after growth at 37 °C and induction with 1mM IPTG or 30 °C and
induction with 0.1 mM IPTG in early log phase. See Table 5.1 for strain details. Arrow
heads indicate potential OafB_Gly395 expression, asterisk indicates potential  —
lactamase expression and circle indicates SapA expression. B-mercaptoethanol was
not included in the sample buffer for these gels.

Positive over-expression of SapA confirmed that the protocol for induction, sample
preparation and analysis would show target protein expression if it was occurring
(Figure 5.3). A more intense ~30 kDa protein band in the overnight samples for all
OafB_Gly395 expression conditions, which was also seen for SapA expressing BL21(DE3)
cells, is likely to represent R -lactamase which has a molecular weight of 31.5 kDa and is
shown to migrate at a lower molecular weight when disulphide bonds are not reduced

(Pollitt and Zalkin, 1983).

Potential OafB_Gly395 expression bands could be seen at ~25 kDa for 20 °C and 30 °C
induction (Figure 5.3) which correlate with the bands seen by western blotting (Figure
5.2) and the deleterious effects of OafB protein expression were reduced by lower

temperature and IPTG inducer concentrations. The T=4 hr time point sample for 30 °C
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expression with 0.1 mM IPTG induction had a comparable ODsso to BL21(DE3) cells

expressing SapA (ODeso 2.3 and 2.4 respectively).

As 30 °C expression with 0.1 mM IPTG induction showed potential for reducing the toxic
effects of protein expression and resulting in successful expression of target protein in
preliminary Coomassie stained SDS-PAGE gel analysis (Figure 5.3), it was trialled for all
three of the OafB expression constructs. Rather than total protein, the periplasmic
fraction from induced cells was isolated (Section 2.7.4) to enable clearer visualisation of
induced periplasmic protein expression (Figure 5.4). The quantity of loaded protein was
only partially correlated with the cell density of the analysed samples (twice as much
sample was loaded for T=0 and the sample diluted by half for T=0/N) however,
comparison of the relative intensity of constitutively expressed protein bands allows

some indication of the level of target protein expression in each sample.

OafB_Met367 OafB_Gly395 OafB_Arg421 Empty
1 ] Vector

T=0 T=2 T=4 ON! g

Ft=0 1=2 T=4 oNllt=0 7=2 T=4 omn! '

Figure 5.4| Periplasmic expression trial of OafB C-terminal constructs. Periplasmic
extraction by ice cold osmotic shock of time point samples for BL21(DE3) expression
trials of OafB_Met367, OafB_Gly395, OafB_Argd421, and Empty Vector negative
control (pMV463). Samples were induced with 0.1mM IPTG and cultured at 30 °C. See
Table 5.1 for strain details. Bands were visualised by Coomassie staining of SDS-PAGE
gels.

Again, there was no indication of over-expression of any of the target proteins in these
samples (Figure 5.4). A ~25 kDa band did appear in the overnight sample of OafB_Arg421
(MW=26.5 kDa) which was not seen in the uninduced sample, possibly indicating target
protein, however the intensity of this band did not suggest that high yields could be
achieved from purification (Figure 5.4). The ~10 kDa band in the T=0 sample for all
expression constructs was presumed to be lysozyme which was added to the sample
during periplasmic protein extraction. It appears more intense in this sample as twice as

much lysozyme containing supernatant and was loaded into the well.
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Proteins containing SGNH domains have been known to catalyse promiscuous activities
and can catalyse both esterase and transferase reactions (Lesci¢ Asler et al., 2010;
Moynihan et al., 2014). It was hypothesised that heterologous expression of C-terminal
OafB could cause off target esterase or transferase activity within the cell, resulting in
toxic effects and inhibition of protein over-expression. To address this, a catalytically
inactive version of OafB_Arg421 with H621A mutation of the catalytic triad histidine

residue (Table 5.1) was subject to expression trial in E. coli BL21 (DE3).

Growth of BL21(DE3) pMV475 cells following ODeso 0.4 induction of the catalytically
inactive protein was comparable to the wild type OafB_Arg421 expressing strain
BL21(DE3) pMV468 (Figure 5.5). A protein band at ~28 kDa appeared for
OafB_Arg421H621A which was strongest after T=4 hr induction and correlated with loss
of the ~25 kDa band seen for the wild type protein. However, small scale nickel affinity
purification (Section 2.7.6) from BL21(DE3) pMV475 after T=4 hr induction did not reveal
clear signs of OafB_Arg421H26A over-expression (Figure 5.5 C). A periplasmic binding
protein from Ochrobactrum anthropi expressed under the same conditions was used as

a positive control.
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Figure 5.5| Effect of catalytic activity of OafB_Arg421 on cell growth and protein
expression in BL21(DE3). A) Growth curve of BL21(DE3) expressing wild type
OafB_Arg421 (diamonds) and catalytically inactive OafB_Arg421"5% (triangles). Cells
were grown at 30 °C and induced with 0.1 mM IPTG at ODes0 0.4. Uninduced samples
are indicated by open shapes and induced samples by filled shapes. B-D) Coomassie
stained SDS-PAGE gel of: B) total protein extracts from induced cultures as in (A) at
T=0, T=2, T=4 hours and overnight arrow head and asterisk indicate potential target
protein expression bands. C) NiNTA (giagen) spin column purification of T=4 hr
induction of OafB_Arg421">°%A 35 in (A) and positive control BL21(DE3) pMV585. FT=
flow through, E= elution steps. D) Total protein extracts from BL21(DE3) expressing
wild type OafB_Arg421 induced at ODeso 0.9 and ODeso 1.8. See Table 5.1 for strain
details.

IPTG induction was conducted at three different optical densities of cells, ODegsp 0.4,
ODsso 0.9 and ODsso 1.8. The theory was that if cells did express protein then become
stalled in their growth, the more cells present at the time of induction, the more protein
produced in a single hit. Cells induced at ODe500.9 and 1.8 were abruptly halted in their
growth following induction, reaching T= hr ODeso of 1.3 and 1.9 and did not produce
sufficient yields of OafB_Arg421H2>* for detection by Coomassie stained SDS-PAGE

analysis (Figure 5.5 D).

Before pursuing alternative expression systems to improve the yield of expressed C-

terminal OafB proteins, an expression trial was conducted for the OafA C-terminal
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expression constructs. Growth curves of IPTG treated cells suggested that the growth
inhibitory effects of OafB expression were reduced for OafA constructs and SDS-PAGE
analysis of total protein extracts suggested that over-expression of all three protein
constructs had been successful, with highest vyields of expressed protein for
OafA_Lys355 in the overnight induced sample (Figure 5.6). Small scale nickel affinity
purification suggested that OafA_Lys355 again gave the highest yield of soluble
periplasmic protein from BL21(DE3) cells cultured at 30 °C with overnight 0.1 mM IPTG
induction (Figure 5.6 C). The exact yield was not calculated due to the protein sample
requiring further purification, however, the intensity of the band at ~27 kDa in the first
elution fraction from this sample was visibly more intense than that of the other

samples.
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Figure 5.6| Expression trial of BI21(DE3) cells expressing C-terminal OafA constructs.
A) Growth curve of induced BL21(DE3) cultures expressing OafA C-terminal expression
constructs in comparison to those expressing catalytic mutant (H590A) and wild type
OafB_Arg421. B) Coomassie stained SDS-PAGE gel of total protein extracts from
strains as in (A) and T= 4hr un-induced samples. C) Coomassie stained SDS-PAGE gel
of small scale nickel affinity spin column purification. FT= Flow through, E = Elution
fraction. Arrow heads indicate putative target protein expression bands

5.3 Purification and in vitro characterisation of OafA_Lys355

The expression of OafA_Lys355 was scaled up to 1 L, the periplasmic fraction isolated
(Section 2.7.7) and purified by nickel affinity chromatography using Tris based buffers at
pH 7.5 (Section 2.7.9) (Figure 5.7 A). The isoelectric point (pl) of OafA_Lys355 is

129



calculated by ExPASy server to be 6.68 (Gasteiger, Hoogland, Gattiker, Séverine Duvaud,
et al., 2005). As proteins tend to be least soluble near their pl (Shaw et al., 2002), elution
fraction E56 of purified OafA_Lys355 was dialysed into 20 mM sodium phosphate buffer
pH 7.8 for further analysis. Azs0 absorbance of the dialysed elution fraction was recorded

and yield of expressed protein calculated at 1.71 mg per litre of culture (Section 2.7.10).

A) B)
Load FT Wash E53 E54 E55 E56 E57 05

—4— 1uMOafA_Lys355
-e- 2.5,MOafA_Lys355

B —
——— —_
C— E 0.6
46 w— = -~ Heat treated
— -— - o
32 -— — =
—_— — 8 0.4
25 w-— = = =
22 . 2
2
17 . g 024
11 SRR
e —X
0.0 " f T T T 1
0 5 10 15 20 25 30
Time (min)

Figure 5.7| Purified OafA_Lys355 is catalytically active in vitro. A) Coomassie stained
SDS-PAGE gel of nickel affinity purification of the periplasmic fraction from BL21(DE3)
cells expressing OafA_Lys355. Load = total periplasmic fraction, FT = Column flow
through after loading, Wash = proteins removed from the column during wash steps,
E = elution fraction. B) In vitro Acetyl-esterase activity of OafA_Lys355 (fraction E56)
assessed by hydrolysis of pNitorphenyl acetate (pNP-Ac) in 20 mM Sodium Phosphate
Buffer pH 7.8. Heat treated control of 1 uM OafA_Lys355 was incubated at 90 °C for
5 min prior to testing. Error bars = SEM, N=3 technical repeats. Some error bars are
occluded by the data points.

In vitro catalytic activity was confirmed for OafA_Lys355 via its ability to hydrolyse the
ester substrate p-nitrophenyl acetate (pNP-Ac) (Figure 5.7 B), an assay commonly used
to test SGNH domain function (Moynihan and Clarke, 2013; Baker et al., 2014). The
specific activity for OafA_Lys355 in these conditions was calculated at 4.9 nmol min?
mg?! and 4.2 nmol min! mg? for the 1 uM and 2.5 uM concentrations of OafA
respectively, and the specific activity for the heat-treated control was 0.2 nmol min
mg. This activity suggested that OafA_Lys355 was correctly folded and catalytically
active in the conditions tested and heat denaturation of the sample abolishes this

activity.

The small difference in specific activity between the two OafA concentrations tested
could be caused by technical error introduced through sample preparation and also
variation in the relative ratio of enzyme to substrate. Decreasing the concentration of

enzyme in the reaction effectively increases the number of available substrate
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molecules per enzyme, which may allow for a faster turnover of substrate per enzyme
molecule. Enzyme kinetic parameters were not calculated here, however, as this would
require an abundance of protein to repeat the assay over a range of substrate

concentrations to calculate Michaelis-Menten parameters.

5.3.1 Biophysical and Biochemical analysis of OafA_Lys355

A second large scale expression and purification of OafA_Lys355 was conducted to
provide enough protein for biochemical and biophysical analysis, unfortunately protein
precipitation was observed following this purification, resulting in a reduction of protein
yield to 0.74 mg per litre of culture (data not shown). Increasing salt concentrations for
protein storage can help to shield surface charges on proteins to increase their stability
or prevent aggregation (Zhang, 2012). Therefore, subsequent OafA_Lys355 purification
fractions were dialysed into 50 mM sodium phosphate buffer pH 7.8, 100 mM NaCl . This

resulted in a yield of 4.56 mg OafA_Lys355 per litre of culture (data not shown).

ESI-TOF MS (Section 2.8.1) was the first biophysical approach used to confirm that the
purified protein was indeed OafA_Lys355. This gave a major peak with mass 31469.3 Da
(Technology facility, University of York). The expected average molecular weight of
Oafa_Lys355 is 31374.9 Da, giving a major peak that is 94.4 Da larger than the expected
molecular weight of the expressed protein. This unexpected mass change indicated that
OafA_Lys355 may have undergone post translational modification or be bound by a 94.4
Da adduct. Peptide mass fingerprinting was carried out by MALDI-TOF/TOF MS with
trypsin digestion to confirm the identity that the 94.4 Da larger protein (Section 2.8.1).
The result gave 45% sequence coverage and confirmed that the analysed protein was

indeed OafA_Lys355 (Figure 5.8).
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digest carried out by Technology Facility, University of York.
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Mass spectra were further analysed to identify any unassigned peaks which matched
with the mass of predicted peptide fragments plus 94.4 Da but no substantial peak had
been unassigned (data not shown). To give better resolution of the exact mass increase
of OafA_Lys355, the protein sample was analysed by FT-ICR-MS which gives better
resolving power than time of flight instruments. The spectra achieved from this analysis
gave three main peaks, major peak=31449.79, minor peak A =31511.53, minor peak B
= 31350.43 (Figure 5.9 A). Compared to the monoisotopic mass of OafA_Lys355
(31354.60 Da) minor peak B was only 4.17 Da lower than the expected mass. This could
indicate the presence of two disulphide bonds (mass reduction of 2 Da per disulphide).
Therefore, minor peak B was predicted to represent a small percentage of unmodified
OafA_Lys355 in the sample. The major peak was 99.36 Da larger than minor peak B. The
abundance of this species suggested that a consistent single covalent modification was
present on the OafA_Lys355 protein. Minor peak A was 61.74 Da larger than the major
peak, which is consistent with sodium and potassium ion adducts on the protein caused

by the ESl ionisation method (Draper et al., 2009).

N-terminal sequencing of OafA_Lys355 by MALDI-ISD-MS (Suckau and Resemann, 2003)
(Section 2.8.1) revealed that the monoisotopic mass recorded for the N-terminal
‘MKGVSFRF’ fragment of OafA_Lys355 (1070.64 Da) was 99.14 Da larger than expected
(Figure 5.9 B), however, the location of this modification could not be resolved using
this technique. To target the N-terminal fragment of OafA_Lys355, peptide mass
fingerprinting after AspN digestion was carried out (Section 2.8.1). This identified a 9
residue N-terminal fragment of OafA_Lys355 with a calculated monoisotopic mass of
1157.55 Da which was 99.31 Da larger than the expected monoisotopic mass of this
fragment. Analysis of the ms/ms spectra (Proteomics group, University of York
Technology facility) revealed that the 99.31 Da modification was most likely due to

succinylation of the most N terminal methionine.
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Figure 5.9| Mass spectrometry analysis of OafA_Lys355 by A) FT-ICT-MS and B)
MALDI-ISD-MS. Monoisotopic mass expected for OafA_Lys355 is 31354.597 Da and
for the MKSFRF fragment is 971.5 Da.

The N-terminal methionine of OafA_Lys355 was added to the native protein sequence
as a result of restriction enzyme cloning and is not present in the native protein. There
is evidence for bacterial proteins to be N-terminally succinylated (Chan et al., 1993),
however, this process is not well documented in the literature. Although an intriguing

protein posttranslational modification, the N-terminal succinylation modification was
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not relevant to the function of OafA and lays outside the scope of this project. Therefore,

it was not pursued further as part of the in vitro functional analysis of C-terminal OafA.

1 dimensional NMR analysis of OafA_Lys355 confirmed that the protein was structured,
due to visible amide proton and methyl group shifts above 8.5ppm and below 0.5ppm
respectively (Figure 5.10 A). In addition, reducing the pH from pH 7.8 to pH 7.0 or adding
DTT at 10:1 or 20:1 DTT:protein ratio indicated that changing the pH or reducing

conditions of the sample did not significantly disrupt protein structure (Figure 5.10 B).
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A)

Figure 5.10| The effect of varying buffer conditions on OafA_Lys355, assessed by 1D
NMR. A) 1D NMR spectra of OafA_Lys355 in 50 mM sodium phosphate, 100 mM NaCl
at pH 7.0 (blue line) and pH 7.8 (red line). Extra peake between 3-4 ppm indicate
contamination with glycerol due to spin column concentration of the protein sample.
B) 1D NMR spectra of OafA_Lys355 in 50 mM sodium phosphate pH 7.0, 100 mM NaCl
in the presence of 20:1 DTT:Protein (green line), 10:1 DTT:Protein (red line) and no
DTT control (blue line). Inconsistencies in the peaks observed between 2.8 and 5 ppm
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It should be noted that, although addition of reducing agent to the protein sample did
not result in significant structural changes, it is not possible to determine whether the
disulphide bonds that are predicted to be present in OafA_Lys355 (Section 3.3.2) were
present before addition of the reducing agent or absent afterwards. FT-ICT-MS analysis
did suggest the presence of two disulphide bonds within the purified protein (Figure 5.9
A) however further MS analysis would be required to determine the location of these
bonds. For example, tandem mass spectrometry after fragmentation of the peptide
backbone could reveal which pairs of cysteine residues form disulphide bonding pairs
(Gorman et al., 2002). In order to confidently determine the structural role of disulphide
bonding in OafA_Lys355, the correct conditions for reduction of the disulphide bonds
must be determined by mass spec analysis then the protein would need to be subject to

these conditions during NMR analysis.

IH-1>N heteronuclear single quantum coherence (HSQC) NMR spectroscopy would give
more detailed information about the structure of C-terminal OafA, such as substrate
interactions and whether the linking region residues are structured or flexible, however,
this approach requires 15N labelled protein. Expression trials of OafA_Lys355,
OafA_Met373 and OafA_Glu403 in minimal media suggested that it would only be
possible to express and purify sufficient 15N labelled OafA_Lys355 for HSQC NMR
analysis, as minimal media expression trials for the two shorter OafA fragments with
progressively fewer linking region residues were unsuccessful (data not shown). As
HSQC NMR of just OafA_Lys355 would not provide conclusive evidence as to the
organisation of the linker region residues without comparison to the shorter proteins,
the amount of insight into the biophysical properties of OafA that could be gained from
this analysis was deemed to be outweighed by the time and cost involved. For this

reason, crystallisation of OafA_Lys355 was prioritised as the next approach.

Crystal trials using sitting drop vapour diffusion with PEG/lon HT or JCSG+ HT 96 well
plate buffers did not produce viable crystals for analysis. Before further crystallisation
attempts were made for OafA_Lys355, the crystal structure of the C-terminal half of the
Salmonella enterica serovar Paratyphi A OafB homologue, residues 377-640, which will
henceforth be termed OafBspa_377, was solved by Sarah Tindall (University of York).
Therefore, analysis of OafBspa_377 crystal structure was conducted to investigate the

mechanistic role of the periplasmic region of O-antigen acetyltransferases.
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5.4 Analysis of the crystal structure of the periplasmic domain

of OastpA

OafBspa shares 78% sequence identity with OafBstm and 31% sequence identity with
OafAstm (Figure 5.11). As SGNH domains usually have high structural homology but
relatively low sequence identity, the structural data from OafBspa was analysed to draw

conclusions on the potential functional residues of all three proteins.

Expression, purification and X-ray crystallography of OafBspa_377 was carried out by
Sarah Tindall (University of York). Subsequent bioinformatics-based analysis of this
structure was also conducted by Sarah Tindall and results of this analysis were used to
inform further experimental analysis of C-terminal OafA and OafB constructs by the
thesis author. The remainder of section 5.4 is adapted from (Pearson et al.,

2020)(manuscript submitted for publication).

137



|OafB SPA|/1-640

|oafB_SPA|/1-640
|0afB_STM|/1-640
|oafA_STM|/1-609

|OafB SPA|/1-640

|oafB_SPA|/1-640
|oafB_STM|/1-640
|oafA_STM|/1-609

|OafB_SPA[/1-640

|0afB_SPA|/1-640
|cafB_STM|/1-640
|oafA_STM|/1-609

|OafB _SPA|/1-640

|oafB_SPA|/1-640
|oafB_STM|/1-640
|oafA_STM|/1-609

|OafB_SPA[/1-640

|oafB_SPA|/1-640
|oafB_STM|/1-640
|oafA_STM|/1-609

|OafB _SPA[/1-640

|oafB_SPA|/1-640
|oafB_STM|/1-640
|oafA_STM|/1-609

|OafB _SPA|/1-640

|cafB_SPA|/1-640
|oafB_STM| /1-640
|oafA_STM|/1-609

|OafB SPA|/1-640

|oafB_SPA|/1-640
|cafB_STM| /1-640
|oafA_STM|/1-609

|OafB _SPA|/1-640

|oafB_SPA|/1-640
|oafB_STM|/1-640
|oafA_STM|/1-609

|OafB _SPA|/1-640

|oafB_SPA|/1-640
|oafB_STM|/1-640
|oafA_sTM|/1-609

1 10 2 30 40 50 60

o

INREKNRIMD IISIGLRARS sV BIYEPSLLP[EyVieass Tipavasle YA TSI TIAK SASNKSE S YLD)3
ISR K RIZD I G LRAMN sV BIYFPSILP(Ee3yVieass TIRAVasIe YIATUSITIIAK SASSNSE S YVE)3
ERSNK)ZIRIMD TN G LRAJY SV BIFIGVP YV Sy TRl VIR RS FIAMUNCRIVIRAE RVIDHKG . . VILD)3RY
70 80 90 100 110 120 130
SARMLRI|GP ALEHS SCILEV[EW I Y LEQDDMK LIRG HEF GSFIIT FTLWSESGReRISIKEY LK PRz
KRIATIN:SAE ) 8AS T SCIpaT(EW VY F FQDDRK SHAG HNF GAFIYT LTLWSEEGREPIIIONY LK P ff:
IPARJYLR TP A Lvag LIMMF[ELF TLS|TINEME AMSIINAITES LLIFY NYYATHESERSEIE F N Fjfpf:|
150 160 170 180 190 200
E[)R @i T WdVVILLCERSKNHNRNIVIRSCA ThYE! Y 2Ap FTMASDGGAN[YpMSP ASIIF L
ERSILWIIVILLCEFKSKY SKRNI LIS CAARFE Y Ths FTMAYEGGAN|YRMS P ASIF L
W SILYIYLLVIIVKKLRE . . . PVIGHL S Vp4L, LApY MRVITGTKED I|Fp4L I P TIRARNIAM
210 220 230 240 250 260 270

AII. .S|TL IGINTSLSIMLMSLLEI ILMALS ITMIDEKMSFIZCRTENT I)4 (6X.NSI L TRAA SIGND L
AII. .ATL MGIKTSVSINSMSLI[EVITMTLSIALINEKMAF)ISCMIFAT T4 (6281 L. TRAA SIIGN|D W
L GLV|Y IA|S . .KMPEWISHCENVY[EIVLMVVAVV|IILHSNG YWiZSp4SLIL A} (2. EIM VBT AR KON S

280 290 300 310 320 330

Vivs KL LVRPViVE &L R LG IV SF YRS IFAGSPDYHELTLL sFrRAILTRY LIEK Pl
EASKIL FK?ﬁV Tle L RN P LYSAN ANV Y SF YRS TIFSGSPSTNELLTL, AT VA TILTHE LLIK PpR3
.. FTENRIBOWVEKEERSVISAIEVI T VAMKHY .DIEFSAINIFEG SFAMGD|I SPR T TN TR
ol

2000
340 350 360 370 380 390

NSRSKYITAMIMMTLSVFGTGLIGAFIFHIN KDIIEINKSAGEYASVITD\YNMYKYGELL Gpd&H SV
HSRKKSITTIILAVVVFGSG%FGIVTYSMN IKERISVNKSAGEYASVITNIYDMYKYGELL) GpdelH SV

140
jfW S Lie

LEGERAG
TRERS

a2

2000Q
400

KRVKLQF . NMVMFSSTLALCIL. . . FVMFTK[GVISFIIFS . . . . . .. DIT LK O\4V ERJRMD N S P WIRPDpfIF LN
o3 B1 o4 oS B2
410 420 1430 440 450 460 470
. .OLTARVIGNGC IfANGKHE TFF} VESNARE NI s Y IDYK G s D v IHSEMED 6N ABETF v D GERL O
. . LLKDRVIENGC IJANSRNNIF|T| VESAA Y NS s s v T KIENNEK Y VRIS[SMBND G N AMRELE v S GISRN L O
PDODY SEIFEK CODEIM T EK|SIE V[V¥ HEYNEAV P[PAK SVF GRS . . . LNRP{T[SREYA S LCERE T/ T G LORIR P
1 T
ab B3 o7 B4
£000Q0Q0000000000Q — TT TT Q —
480 490 500 510 520 530
RsV I TLYNN RINEEK RV OFE VEEALT . . BsRGTNGVHEDKK LAT ALSLTIKKIKEASPDSRIIFEGPV
RDVGS|IUAD RITKERIC I VKEE INERLT . . JSYRGSNCVIDKK LATEALS LERESF IRV SP O S RILEVIVIGY
. YCKD[ZRID M VAKIEES DNKIZT TNAMSIA LIP\Y YR . . . . . ... RD VAP ERRNFLIND NK V . KNI TVEF
o8 BS o9 nl p6 o100 B7 B8
00 ¢ - TT o) — ) Q QQ QT T oy
540 550 560 570 580 590 600
ERNANLVK IlsNYLSEFKKGPRL VT Y GLNSE[TSEWES FSNNEPKMG EFER2 Y K ALENERGEL TR
ERINANLVKVEISNY T SEF KKMP)FT V%S Y GLNDE|IK G WK FEENNPKLG 3y T SESEINACHIE S[eC il
VLKKTMID TREDMG I NS GREYVIWSIUTDE T . RNLRDNYK[Y|LRE LAKE H S|[LTR4$P LE TMEI TR v [6K A T
n2 oll n3
p——— 00
610 1620} 630 640

1
EGNGPD 11 AW R P oF|LF N KGN K
(6D GP DIFV T A uplW GISRNK P DIF| T MK K|T|G H L4 T
HGNRIAYPIQ{ N AR P Bl GWE T EEVIKK OBSK

Figure 5.11| Alignment of Salmonella O-antigen acetyltransferases. SPA = Salmonella

enterica ser.

Paratyphi A, STM = Salmonella enterica ser. Typhimurium. Dashed grey

arrow represents the crystallised region of OafBspa and the structural features are
outlined above the alignment. Dashed red boxes represent catalytic blocks | (GDS) and
V (DXXH) of typical SGNH domains. Disulphide bonding pairs are indicated by grey
numbers below the alighmnet.

The core structure of OafBspa_377 resembles an SGNH domain, with an a/B/a hydrolase
fold consisting of five central B-strands surrounded by six a-helices (Figure 5.12 A). This
structure also confirms the presence of two disulphide bonds which were predicted
previously by sequence alignments (Section 3.3.2) (Figure 5.12) and these were verified

using mass spectrometry (Sarah Tindall). The closest structural homologues to
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OafBspa_377, as identified by the DALl server, are carbohydrate esterases from
Talaromyces cellulolyticus (5B5S) and Clostridium thermocellum (2VPT). Each have an

RMSD of 2.5 A over 207 and 201 backbone residues, respectively.

Due to the low sequence identity but high structural homology among SGNH domains,
a structure-based sequence alignment was conducted to assist in structural
comparisons with other crystallised SGNH domains. The crystal structures of seven
SGNH domains were used in this alignment including, OafBspa_377, the two closest
structural homologues (5B5S, 2VPT), the only other SGNH domain from a fused
acyltransferase with a solved crystal structure, OatA (5UFY) (Sychantha et al., 2017), and
three crystal structures of soluble extra cytoplasmic SGNH domain containing proteins
(1IVN, 4K40, 1DEX) (Mglgaard et al., 2000; Lo et al., 2003; Williams et al., 2014). The
sequences of the C-terminal domain of four OafA/OafB homologues which span the
OafBspa_377 crystallised region were also included in this alignment (Appendix VI). The
comparison of the OafBspa_377 crystal structure to these structural and sequence

homologues revealed important observations.

Firstly, the periplasmic portion of the linking region of OafBspa_377 (residues 377-421
which is visible from residue 380 in the crystal structure) is structured and forms an
extension of the SGNH domain that we now term the SGNH extension (Ext¢N") (Figure
5.12). Importantly, an equivalent region of sequence is seen in the structure-based
sequence alignment for OatA S. pneumoniae (residues 395-429 of OatA-S.pne Appendix
VI) but this was not included in the solved crystal structure of the SGNH domain of this

protein (Sychantha et al., 2017).

The ExtSSNH interacts extensively with the SGNH domain covering 1500 A2 of the SGNH
domain with 38 amino acids of the SGNH domain, interacting with 32 (of 41) residues in
the structured Ext>¢N" (Sarah Tindall). The Ext>°\H also appears to partly occlude the
active site of the SGNH domain as the solvent accessible surface area (SASA) of the
catalytic triad residues (40 A) is significantly lower than those in OatA (which does not
include the ExtSéNH), 2VPT and 5B5S (132 A, 110 A and 126 A, respectively). Removing
the 22 most N-terminal residues from the structure of OafBspa_377 (OafBspa_399, Table

5.2) increases the SASA of the catalytic triad residues of OafB to 107.9 A (Sarah Tindall).

There are only 12 periplasmic residues between the C-terminal end of the final TMH of
the membrane bound domain (OafBspa_367) and the start of the crystallised region of
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OafBspa_377 (OafBspa_380). This restricts the potential orientations that the SGNH
domain could take with respect to the AT3 domain, and suggests that the AT3 and SGNH
domain are located in close proximity due to the structured Ext>*N", These observations
raised the question of whether the Ext®N" plays a structural role to orient the SGNH
domain towards the AT3 domain for acetyl group transfer or whether it plays a specific
role in catalytic activity or substrate specificity, due to its close association with the

SGNH domain active site.

Furthermore, an additional helix (a8) (Figure 5.11) is present in OafBspa_377 which
comprises 10% of the SGNH domain volume (Figure 5.12). The region representing helix
a8 in the structure based sequence alignment is present only for AT3-SGNH fused
proteins involved in acetylation of LPS O-antigens (Figure 5.13, Appendix VI). The extra
helix (a8) is in close proximity to the N-terminal end of the structured Ext>¢N" (Figure
5.12). This would also place this region close to the membrane domain due to the likely
proximity of the Ext>6"H to the membrane domain as discussed above. Therefore, a8

could play an integral role in acetyl group transfer specific to O-antigen acetylation.
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Catalytic triad

SUFY 5B5S 2VPT

Figure 5.12| Analysis of the crystal structure of OafBspa_377. A) Cartoon
representation of OafBspa_366 with a-helices and B-sheets numbered. The additional
helix (a8) is coloured teal and the structured portion of the linking region (Ext>¢N") is
coloured orange. Catalytic triad residues and disulphide bonds are shown as sticks and
labelled. B) Surface representation of OafBspa_366 with features coloured as above
and the catalytic triad coloured red. C) Comparison of OafBspa_366 as in (B) to SUFY
(OatA), 5BBS and 2VPT. Figure produced by Sarah Tindall.
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Figure 5.13| Structure based sequence alignment of OafB, OafA and structural
homologues showing the additional helix (OafBspa_366 a8). Residues conserved in
>50% of sequences are highlighted blue. See Appendix VI for full alighment and
further sequence details.

A glutamate residue E600 OafBspa is held in an outward facing position by the most C-

terminal disulphide bond (C598-C603) (Figure 5.14). As glutamic acid is a polar amino

acid with propensity to be involved in proton shuttling or stabilisation of reaction

intermediates (Holliday et al., 2009) it was proposed that this residue may be involved

in the transferase reaction or may interact with positively charged residues in the

periplasmic regions of the Acyltransferase 3 domain to facilitate acetyl group transfer.

However, mutation of the equivalent residue in OafAstm (E569) did not result in

significant reduction of in situ activity as the mutant protein retained 99.77% +7.01 O-

antigen acetylation level compared to wild type protein (Figure 5.15).
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Figure 5.14| Crystal structure of OafBspa_366 shows that the C598-C603 disulphide
bond (green sticks) holds E600 (magenta) in an outward facing conformation.

A)

Increasing
# of O-ag
subunits

+1 0-ag
lipid A + core

22|
17

Figure 5.15| Functional analysis of S412A_OafAstm and E569A_OafAsrm in situ. A) LPS
immunoblot with crude LPS extracts from Salmonella ser. Typhimurium basal O-
antigen strain expressing WT-OafA or point mutant variants (S412A, S437A, E569A).
S437A OafAstm sample is included here as a negative control of a known catalytically
inactive OafA variant (Chapter 4). 0:5 antibody binding (Blue) shows abequose
acetylation and Salmonella LPS core antibody binding (Green) acts as a loading
control. B) Corresponding anti-His western blot for expression of His tagged OafA and
Coomassie stained SDS-PAGE gel to show uniform loading. Arrow indicates full length
OafA protein.
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SGNH domains are usually characterised by the presence of four blocks of sequence,
containing conserved residues: block | — GDS, block Il — G, block Il — GxND and block V —
DxxH (where ‘X’ is any non-proline residue) (Akoh et al., 2004). In the in silico analysis
described in section 3.3.2, only the catalytic triad residues of the SGNH domain (serine
of block I, and aspartic acid and histidine in block V) had been highlighted by multiple
sequence alignment (Figure 5.11), and the other catalytic blocks, expected to contain
the oxyanion hole residues, were not well aligned (Appendix IV). In situ functional
analysis revealed that the catalytic triad residues gave consistent results to analyses of
typical catalytic triad activity in other SGNH proteins, with mutation of block | serine
and Block V histidine resulting in loss of OafA function and mutation of block V aspartic

acid reducing but not abolishing function (Lee et al., 2006; Moynihan and Clarke, 2014b).

Structure-based sequence alignments with OafA and OafB gave a clearer view of the
catalytic blocks of both proteins and again showed that while the catalytic triad residues
are conserved in position in the structure, the oxyanion hole residues, glycine (block II)
and asparagine (block Ill), are not (Figure 5.16 A). The conserved glycine of Block Il is
replaced by an asparagine in both OafB homologues and in the H. influenzae OafA
homologue (N459_0afBspa) (See arrow in Block Il alignment Figure 5.16 A). The structure
of OafBspa_377 shows N459 OafBspa to be within hydrogen bonding distance of a co-
crystallised sulfate ion (Figure 5.16 B) suggesting that N459_0afBspa could interact with
bound substrate and participate in oxyanion hole formation. The alignment of OafA and
OafB protein sequences (Figure 5.11) highlighted S437_OafAsrv as a potential
replacement for the block Il glycine in the oxyanion hole. Indeed, the in situ OafA
functional assay showed S437A_OafAspa had <50% activity in comparison to wild type

OafA (Figure 5.15).

Aspartic acid of the GxND motif (block Il1), typically involved in oxyanion hole formation
(Mglgaard et al., 2000), is not evident in OafA or OafB in the structure-based alignment
(Figure 5.16). OafBspa contains a GTNG motif (G502-G505_0afBspa) close to sequence
block Ill, but the side chains of these residues are oriented away from the catalytic triad
(Figure 5.16). These observations suggest that, although OafA and OafB display the

typical catalytic triad of an SGNH domain, their oxyanion hole arrangement is atypical.
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Figure 5.16| Analysis of the SGNH domain active site of OafB. A) Structure based
sequence alignment as in Appendix VI showing conservation in the typical SGNH
domain catalytic blocks. Residues conserved in >50% of sequences are highlighted in
blue and the typical SGNH catalytic and oxyanion hole resides are indicated by arrows
and putative oxyanion residue OafA_S437 is indicated by a box. B) Cartoon
representation of OafBspa_377 with catalytic triad and potential oxyanion hole
residues shown as sticks and hydrogen bonds to the co-crystallised sulfate ion shown
as dashed black lines. Figure produced by Sarah Tindall and edited by thesis author.

5.5 In vitro acetyltransferase activity of the SGNH domain of O-

antigen acetyltransferases

Our hypothesised mechanism of OafA and OafB suggests that the SGNH domain is

responsible for the final step of the transferase reaction, in transferring the acetyl group
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to the acceptor sugar (Figure 3.1). To support this hypothesis, an in vitro O-antigen
acetyltransferase activity assay was developed to demonstrate whether the SGNH

domain alone could perform acetyltransferase activity in solution.

0O:5 serotyping antibodies had been demonstrated to specifically detect abequose
acetylation of the STM O-antigen by immunoblotting (reviewed in Chapter 4) and
OafA_Lys355 had been shown to be catalytically active against the esterase substrate
pNP-Ac in vitro (Figure 5.7). Therefore, a reaction mixture of OafA_Lys355
(acetyltransferase), pNP-Ac (acetyl group donor) and crude LPS extracts from Basal O-
antigen STM LT2 strain Path 993 (acetyl group acceptor) was set up and an LPS dot blot
used to determine whether abequose acetylation could be detected (Section 2.8.4)
(Figure 5.17). An excess of pNP-Ac was used in the reaction mixture in an effort to
minimise the possibility that the reverse esterase activity would be catalysed by the

SGNH domain, which would mask net acetyltransferase activity.

&=
A ,

Crude & .@Q%_Ac > ‘
un-acetylated LPS ‘—ﬁ *
(From empty vector A

control cells) cal Gal
Core
Lipi,dA Immunoblot {ABE|—Ac
4 " aCore \
(Acetyltransferase) (Loadlng control) 00:5
G I
- OafA_C-term - ? (Acetylated abequose)
SGNH {} < Core
+ Llpld A
pNP-Ac

(Acetyl group donor)

Figure 5.17| Experimental design of in vitro O-antigen acetyltransferase activity assay.
See section 2.8.4 for details of experimental conditions.

Although the immunoblot quality is poor, the positive signal for O:5 serotyping antibody
binding after incubation of OafA_Lys355 with un-acetylated LPS suggested that the
SGNH domain of OafA alone is able to perform a transferase reaction and acetylate its
physiological substrate in vitro, with the strongest signal being seen when LPS was
diluted 50% in Tris buffer (Figure 5.18). This results supports the working model that the
SGNH domain performs the last step in the transferase reaction; the transfer of the

acetyl moiety to the acceptor carbohydrate (Figure 3.1).
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Reaction component Reaction mixture composition (ul)

A B C D
871 uM OafA_Lys355 5 5 5
100 pM OafBgps_377 5
Basal LPS (Path993) 30 15 15 15
50 mM KPi pH 7.8, 200 mM NaCl 15
20 mM Tris pH 7.8, 100 mM NaCl 15 15
100 mM pNP-Ac 5 5 5 5

Incubate 30 min
37°C
Probe LPS for abequose
acetylation by dot blot
OafA Lys355 OafBy,, 377
1 Basal
LPS LPS

aCore

B IO}

Figure 5.18| In vitro O-antigen acetyltransferase activity assay. Reaction mixtures
indicated by the table were incubated at 37 °C for 30 minutes before 10 ul was spotted
onto nitrocellulose membrane for immunoblotting with O:5 serotyping antibodies
(abequose acetylation) and anti-Salmonella core antibodies as a loading control. As a
controls basal LPS from Path 993 and wild type LPS from Path 932 was incubated with
12.5 mM pNP-Ac and 10 pl spotted onto PVDF. Red spots indicate overexposed areas.

OafBspa_377 did not show evidence of abequose acetyltransferase activity in the same
assay conditions, however, abequose is not the native acetyl group acceptor of this
protein, which acetylates rhamnose in situ and does not give rise to the O:5 serotype.
As mentioned previously, SGNH domain containing proteins characterised in the
literature are known to catalyse promiscuous acyltransferase or acylesterase activities
(Section 1.3). Due to the structured Ext>¢NH resulting in an occluded active site of OafBspa,
it was hypothesised that this region may play a role in determining acceptor substrate
specificity of the SGNH domain. To test this hypothesis, further expression constructs of
OafA and OafB were designed with fewer residues of the Ext>°NH which should expose

the active site (Table 5.2).
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Table 5.2| OafA and OafB protein expression constructs and their predicted resulting
structures. Constructs were cloned, expressed and purified by Sarah Tindall,
University of York. Schematics of OafB structure were composed by Sarah Tindall and
the summary table was composed by the thesis author.

Schematic representation
Name Residues Length Description (Inferred from OafBspa_377

structure)

OafAstm_366 366.609 243

Full ExtSGNH

OafBspa_377 377-640 263

OafAstm_379 379.609 230
Half ExtSGNH

(exposed active

site)
OafBspa_399 399-640 241
OafASTM_401 401-609 208
No ExtSGNH
SGNH domain
only

OafBspa_421 421-640 219

The longest OafA construct was reduced from residues 355-409 to residues 366-409 to
better represent the equivalent crystallised region of OafBspa. The new constructs and
their names are described in table (Table 5.2). All proteins were expressed and purified
by Sarah Tindall. In fitting with this nomenclature, OafA_Lys355 will now be re-named
OafAstm_355. When the Ext®N" was completely removed from OafA and OafB, to
express and purify just the SGNH domain, the resulting proteins (OafAstm_401 and
OafBspa_421) showed evidence of dimerization in solution. Size exclusion

chromatography with multi-angle laser light scattering (SEC-MALLS) by Sarah Tindall
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showed that OafAstm_401 ran at 1.5 times its molecular weight (37 kDa, expected size =
24 kDa) indicating a transient dimer, whereas OafBspa_421 maintained two populations
of dimerised (51 kDa, expected size = 50 kDa) and monomeric (26 kDa, expected size =
25 kDa) OafB which, when separated by size exclusion chromatography, were stable and

did not equilibrate (Sarah Tindall, unpublished data).

To confirm the catalytic activity of these newly expressed proteins, ahead of further
functional characterisation, their acetylesterase activity was assessed using the pNP-Ac
hydrolysis assay. All proteins were able to demonstrate catalytic activity in the
conditions tested (Figure 5.19), with the highest catalytic activity seen for constructs
with the full Ext>¢N" for both OafA and OafB (OafAstm_366, OafBspa_377). OafB showed
consistently lower catalytic activity in these conditions in comparison to OafA, however,
this approach is only able to detect acetylesterase activity of the SGNH domain, rather
than the transferase activity that it is predicted to perform in situ (Figure 3.1). The
specificities of these proteins for different acceptor sugars may also impact the
availability of the active site for cleavage of acetyl-ester bonds of non-native substrates.
Therefore, differences in catalytic activity of OafA and OafB in this assay may not reflect
their ability to perform acetyltransferase reactions in vitro, but the results of this assay
do suggested that the SGNH domain of OafA and OafB are catalytically active,

irrespective of the presence or absence of the Ext>eN",

Heat treatment did not consistently abolish catalytic activity of the proteins in this assay
(for example X-OafAstm_355, Figure 5.19 A). However, significant reduction in catalytic
activity of proteins after heat treatment was consistently seen. This suggests that OafA
was not completely denatured by this heat treatment or that there was some propensity
for the protein to refold following denaturation. Trichloroacetic acid treatment was
considered an alternative negative control to precipitate out all the protein (Rajalingam
et al., 2009). However, as there is no indication that SGNH domains require cofactors
to function, this would be effectively equivalent to a no protein control. As the proteins
were purified by affinity chromatography followed by size exclusion chromatography, it
is unlikely that contaminating proteins are present in these samples. Therefore, for
subsequent analysis a no protein control reaction was considered appropriate and used

as a definite negative result for the assays.
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Figure 5.19]| Catalytic activity of OafA and OafB constructs for investigation of the
Ext>SNH A-B) Representative results of one biological replicate of pNP-Ac hydrolysis
assay with OafA (5 uM) and OafB (20 uM) in 20 mM Tris-HCl pH 7.8, 100 mM NaCl. ‘X’
in figure legend denotes heat treatment at 100 °C for 10 min prior to assay and D/M
after OafBspa_421 denoted to dimer or monomer population. Error bars = SEM, N=3
technical repeats. Some error bars are occluded by the data points. C) Specific activity
of all constructs from at least 3 biological repeat assays. Note — OafAsrm_355 was
assayed twice in Sodium Phosphate buffer and once in Tris buffer.

The in vitro O-antigen acetyltransferase activity assay (Figure 5.17, Figure 5.18) was
repeated with all OafA and OafB constructs after dot blotting apparatus was sourced to
improve the comparability of in vitro acetyltransferase activity results. This apparatus
allowed concentration of sample loading within a confined area of the immunoblot
membrane and reduced the opportunity for dilution of signal by diffusion of the sample
across a larger surface area. Preliminary analysis suggested that 2 pl of LPS was the
appropriate amount to be loaded in a single ‘dot’ as a balance between detection of LPS
and reduction of debris which can block the membrane due to the LPS sample being a

crude preparation (data not shown).

Strikingly, a positive signal for O:5 antibody binding was gained after incubation of un-
acetylated STM LPS (derived from Path 993 Table 2.1) with all proteins tested, apart
from OafBspa_377 (Figure 5.20 A). Thus, OafAstm SGNH domain is able to acetylate its

native substrate in solution in both the presence and absence of the Ext>¢N" domain,
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whereas OafB requires removal of the Ext>6N" residues which occlude the SGNH active
site in order to acetylate its non-native acceptor substrate. These results strongly
indicated that the acceptor substrate specificity of the SGNH domain is constrained by

the presence of the structured Ext>¢NH,

To obtain further insight into the effect of the Ext>®N" on catalytic acetyltransferase
activity of the SGNH domain, the reactions were scaled up and the products run on TSDS-
PAGE for an LPS immunoblot. Rather than visualising a positive or negative spot for
abequose acetyltransferase activity in this assay, this allowed the LPS bands to be
separated and the profile of LPS O-antigen acetylation to be visualised. The profile of O-
antigen acetylation is markedly altered by the presence of the Ext>¢"H residues covering
the active site for both OafA and OafB (Figure 5.20). For OafA, the longest construct
(OafAstm_366) appears to have affinity for acetylation of LPS with 7 to 8 O-antigen
repeats, however with the half and no Ext>¢NH proteins (Table 5.2) this profile changes
to include prominent bands indicating acetylation of LPS with 5, 7, ~11 and ~14 O-
antigen repeats for OafAsrm_379, and 5, 7 and ~14 O-antigen repeats for OafAsrv_401
(Figure 5.20). In the case of OafB, the inability of OafBspa_377 to acetylate the O-antigen
abequose residues was confirmed, and a similar profile of LPS acetylation to the OafA
proteins was revealed for the half and no Ext>N" OafB proteins (Table 5.2, Figure 5.20).
Interestingly, the half and no Ext>¢N" OafA and OafB proteins also caused O:5 serotyping
antibodies to bind to LPS which consists of just the lipidA and core oligosaccharides (See
appearance of low molecular weight band in Figure 5.20 C below LPS with 1 O-antigen
repeat). These observations support the hypothesis that Ext>6"H determines substrate

specificity, as removal of this domain results in promiscuity of LPS acetylation.
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Figure 5.20| Effect of Ext>°N" |ength on substrate specificity of OafA and OafB SGNH
domain. A) Dot blot for acetylated abequose (a0O:5) on basal LPS (Path 993) after
incubation with purified the OafA and OafB SGNH domain constructs and pNPA as an
acetyl group donor for the in vitro acetyltransferase activity assay. 10 uM OafA and
OafB were used in these reactions. Number above each sample indicates the
construct starting residue, see Table 5.2 for further details. a-Salmonella Core
antibody is used as a loading control. WT acetylated LPS (Path 932) is used as a positive
control (+) and basal LPS from Path 993 is used as a negative control (-).
Representative image of N=2 repeats. B-D) Representative image of LPS immunoblot
N=2 repeats of scaled up in vitro acetyltransferase activity assay for constructs as in
(A). B= LPS immunoblot a-Core signal as confirmation of LPS loading, C = LPS
Immunoblot aO:5 signal, D= Silver stain TSDS-PAGE gel of LPS samples used in the
assay. Gaps in the LPS banding pattern correlate with the molecular weight of the
purified protein used in the assay.
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5.6 Chapter Summary and future directions

This chapter demonstrates that the SGNH domains of OafA and OafB are able to
acetylate the abequose sugar of the O-antigen of Salmonella ser. Typhimurium in vitro
without the presence of the cognate fused AT3 domain. This supports the predicted role
for the SGNH domain in the final step of acetyl group transfer to the acceptor substrate
in AT3-SGNH fused acetyltransferases (Figure 3.1). In agreement with this, in the two
component PatA/PatB peptidoglycan acetyltransferase system, PatB, a soluble SGNH
protein, is responsible for transfer of the acetyl group onto the peptidoglycan substrate
(Moynihan and Clarke, 2014b). As discussed in Chapter 3, this protein has also been
suggested to interact and accept an acetyl group from an AT3-only acetyltransferase,
further supporting the hypothesis that acetate is directly transferred from a membrane
bound AT3 to a periplasmic SGNH for subsequent transfer to the acceptor substrate

(Kajimura et al., 2006; Moynihan and Clarke, 2010).

This chapter also investigates the importance of the periplasmic portion of the linking
region (Ext®N"), which extends the SGNH structure and was not included in the first
published structure of a bacterial AT3 fused SGNH domain involved in peptidoglycan
acetylation (Sychantha et al.,, 2017). Removal of the structured Ext>6NH results in
promiscuity of carbohydrate modification in in vitro O-acetyltransferase reactions
(Figure 5.20). These findings suggest that, rather than acting as a flexible linking domain,
the Ext>6NH plays an intricate role in O-antigen acetylation, by modifying the accessibility
and structure of the SGNH active site binding pocket to determine the carbohydrate

acceptor that is acetylated.

The observation that these proteins have affinity for acetylation of LPS with specific
numbers of O-antigen repeats is intriguing and raises questions about the way that the
SGNH domain interacts with LPS. This pattern of LPS O-antigen acetylation is not seen
when OafA acetylates LPS in situ (See positive control (+) in Figure 5.20 B), and the LPS
molecules that are favoured are not the most abundant species in the sample.
Therefore, the way that the O-antigen is presented to the SGNH domain in vitro may be
the reason for this pattern. Due to its amphiphilic nature, LPS can form micelles or
vesicles in solution (Sweadner et al., 1977; Santos et al., 2003). LPS with very short O-
antigens is suggested to pack more tightly together in 3D structures, which could have

affected the accessibility of these short O-antigens to the SGNH domain (Peterson et al.,
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1986). Additionally, if mixtures of long and short O-antigens packed together, the longer
O-antigen structures could have masked the shorter O-antigens from the SGNH domain.
With regard to the longer O-antigen structures, these structures may have higher
propensity to fold into more globular structures in solution, which again could inhibit

interaction with the SGNH domain active site.

Appearance of low molecular weight band in Figure 5.20 C below LPS with 1 O-antigen
repeat suggests modification of lipid A or core oligosaccharides by the SGNH domain of
OafA and OafB in solution. It is possible for core sugars to be acetylated in other
organisms, for example Pseudomonas aeruginosa (Knirel et al., 2001). Therefore, we
propose that this reactivity against LPS core for O:5 serotyping antibodies is caused by
acetylation modification of the core oligosaccharides by the promiscuously acting SGNH

domain, a modification not previously characterised for STM LPS.

In the absence of the Ext>N! it is possible that any hydroxyl group on carbohydrate
molecules of the LPS O-antigen or core oligosaccharides might be acetylated in the in
vitro acetyltransferase activity assay (Figure 5.17). Characterising the diversity of these
promiscuous modifications by high resolution mass spectrometry might allow further
understanding of how the structural changes around the catalytic triad can affect
carbohydrate acetylation. Further characterisation of the acetylation modifications
catalysed by SGNH domains with altered Ext>*N" domains could also open up the
possibility for rational design of Ext>N" residues which allow the SGNH domain to target
a broader substrate range, or modification of the Ext>6NH to restrict the active site for
targeting of an alternative acceptor substrate. Thus, there are clear applications for this

research in carbohydrate engineering.

Both monomer and dimer populations of OafBspa_421 were able to catalyse abequose
acetylation in vitro. This raises the question of whether these proteins require
dimerisation to function in situ. VanT is a protein with an AT3 fused cytoplasmic domain
which requires dimerisation for function (Meziane-Cherif et al., 2015), however this
dimerisation has only been shown when the cytoplasmic domain is expressed without
the AT3. Equally, dimerization of OafA and OafB SGNH domains is only observed when
the Ext>N" is completely removed. Therefore, it is not yet clear whether this is a

physiologically relevant interaction.
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Dimerization may be an approach to minimize the access of water to the active site.
Water acts as an acceptor for the acetyl group in SGNH hydrolase enzymes which act to
hydrolyse acetyl groups and release them as acetate (Pfeffer et al., 2013; Sychantha,
Little, et al., 2018). However, in the case of acetyltransferases, loss of the donor as
acetate would reduce the efficiency of acetyl-transferase reactions. It is possible that
rather than dimerisation, a water-limiting environment could be induced by interaction
of the structured Ext>5"" with the active site as well as interaction of the SGNH domain
with the periplasmic surface of the AT3 domain. There are only 12 residues between the
crystallised region of OafB and the AT3 domain, and thus, the AT3 and SGNH domains

are likely to be located in close proximity.

The close proximity of AT3 and SGNH domains positions the periplasmic loops of the
AT3 domain close to the SGNH additional helix (a8), suggesting a potential role for this
functionally specific structural feature in the transferase reaction or for carbohydrate
acceptor interaction. The close proximity of SGNH and AT3 domains is similar to the
arrangement of domains seen in PglB, an oligosaccharide transferase from
Campylobacter lari (Lizak et al., 2011), with 13 TMH and a periplasmic domain. The
periplasmic domain interacts via periplasmic loops in the transmembrane domain and
both domains are hypothesised to interact with the peptide substrate (Lizak et al., 2011).
It is possible that the same process occurs with OafA and OafB where the O-antigen

substrate is modified at the interface of the AT3 and SGNH domains.

In addition to the a8 helix which is specifically conserved in O-antigen acetylating SGNH
domains, further evidence for adaptation of fused SGNH domains towards specific
carbohydrate acceptors is demonstrated by the non-canonical oxyanion hole structure
of OafBspa_377. An atypical arrangement of oxyanion hole residues within the SGNH
domain of O-acetyltransferases has become increasingly typical in recent years as
further X-ray crystal structures emerge. There are examples of alternative oxyanion hole
residues in the crystal structures of both AT3 fused and soluble SGNH domain O-
acetyltransferases involved in acetylation of cell wall polysaccharides (Sychantha et al.,
2017; Sychantha, Little, et al., 2018). Even OatA homologues which specifically acetylate
N-acetyl muramic acid in Staphylococcus aureus and Pseudomonas aeruginosa have
divergent oxyanion hole residues. These proteins were, however, found to have

different specificities for the length of muroglycan molecules they are able to acetylate
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(Sychantha et al., 2017), highlighting further intricacies in the specificity of these

previously assumed promiscuous catalytic domains.

Intricately tuning the specificity of carbohydrate acetylation by SGNH domains may be
important to limit off-target acetylation and could be important for bacterial success.
Inadvertent acetylation of complex carbohydrates could potentially have diverse and
undesired biological effects due to the wide variety of cellular processes that can be
affected by acetylation (Kahler et al., 2006; Laaberki et al., 2011; Bernard et al., 2012;
Kintz et al., 2015; Knirel et al., 2015; Baranwal et al., 2017).

The crystal structure of OafBspa_377 has shed light on the functional residues and unique
features of O-antigen acetyltransferases which had not previously been identified by in
silico approaches. These findings have provided support towards, and further
refinement of, the working model for O-antigen acetylation by OafA and OafB which will

be discussed in further depth in (Chapter 6).
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Chapter 6 Discussion and future directions

Acylation of carbohydrates is a common strategy in the microbial world to modify host
and environmental interactions (Section 1.3). Although acylation of carbohydrates by
AT3 domain-containing proteins is a ubiquitous trait across the domains of life and is of
clinical and industrial interest, there is very little understanding of the catalytic
mechanism by which these proteins are able to transfer acyl groups onto extra-
cytoplasmic carbohydrate molecules. OafA and OafB represent two O-antigen
acetyltransferases that offer a model system for mechanistic characterisation of AT3
domain acyltransferases. These proteins contain the same defined functional domains
(Figure 3.1) but they specifically acetylate different monosaccharides within the
Salmonella O-antigen. As the activity of OafA and OafB can be confirmed through
relatively simple biological assays (Section 4.2), the above properties provide the
potential for a range of hypotheses to be tested in two independent systems. Therefore,
the aim of this research was to investigate the mechanism of action of O-acetylation by
AT3 domain containing O-antigen acetyl transferases OafA and OafB so that this

knowledge could be applied across the diverse protein family.

6.1 A refined mechanistic model of O-antigen acetylation by

AT3 domain-containing O-acetyltransferases.

Prior to this research project, a proposed mechanism of action for O-antigen acetylation
by OafA or OafB had not been defined in the literature. The only AT3 domain containing
acetyltransferase with a clear proposed mechanism was the peptidoglycan
acetyltransferase Oat (Moynihan et al.,, 2014). However, this only made broad
speculation that the N-terminal domain was responsible for delivering acetate to the
periplasm and the C-terminal domain transferred this group to the acceptor substrate,
and it hypothesised that this transfer involved the SGNH catalytic triad. No mechanistic
roles of residues within the AT3 domain had been highlighted and the mechanism of
acetate delivery to the SGNH domain had not been speculated. Some in silico and
mutagenesis analysis of the functional residues of the AT3 only O-antigen
acetyltransferase of S. flexneri had also been published prior to this research (Thanweer
and Verma, 2012). Residues identified as critical were mostly assigned to maintaining

protein production and structure, rather than playing catalytic roles. It and it was
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unknown whether the proposed functional residues were shared between AT3-only and

AT3-SGNH fused proteins.

This project has built on previous research into AT3 domain containing proteins, through
in silico analysis of experimentally confirmed O-antigen acetyltransferases, to inform a
working model for O-antigen acetylation by OafA and OafB. This model suggested that
an acetyl group from an, as yet unconfirmed, donor in the cytoplasm would be
transported across the inner membrane by the AT3 domain, before being subsequently
transferred to the O-antigen acceptor sugar by the SGNH domain (Figure 3.1). This
model is in agreement with the predicted mechanism of periplasmic peptidoglycan
acetylation by the AT3-SGNH fused acetyltransferase OatA (Sychantha et al., 2017).
However, neither of these predicted mechanisms assigned clear roles to functional
residues within the protein of interest or suggested how the AT3 and SGNH domains

interact.

Optimisation of the in situ functional assay for OafA (Chapter 4), allowed the significance
of functional residues, proposed following in silico analysis (Chapter 3), to be tested.
This, combined with in vitro structural and functional characterisation of OafA and OafB
(Chapter 5), has allowed a refined mechanistic model for O-antigen acetylation to be
proposed. We propose that cytoplasmic acetyl-CoA is the acetyl group donor in this
system. The acetyl-CoA donor is coordinated, by conserved arginine and histidine
residues in TMH 1 of the AT3 domain, to present the acetyl group to the periplasmic side
of the inner membrane. Conserved phenylalanine, aspartic acid and serine residues on
the periplasmic side of the inner membrane then mediate transfer of the acetyl group
to the O-antigen by the SGNH domain, either through interaction with the SGNH domain
or the O-antigen acceptor, to orient the catalytic triad of the SGNH domain with the

acceptor substrate, for the transferase reaction to occur (Figure 6.1).
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Figure 6.1| Refined model of AT3-SGNH fused O-antigen acetyltransferases.
Periplasmic ExtN®" (Orange) is structured, therefore positioning the SGNH domain
(Grey) close to the AT3 domain (Purple), this orients the additional a8 helix (Teal) in
close proximity to the AT3 domain with potential for interaction between the two
domains. These predictions result in the current working model: 1) Cytoplasmic acetyl
group donor (hypothesised to be acetyl Co-A) interacts with conserved Arg in TMH1,
the acetyl group is presented on the periplasmic side of the inner membrane and this
process involves catalytic His residue of TMH1. 2) Conserved Phe, Asp and Ser mediate
transfer of acetate to the SGNH domain. 3) SGNH domain catalyses addition of the
acetate to specific O-antigen monosaccharide. The active site of the SGNH domain is
highlighted by an asterisk.

The experimental observations that informed this refined mechanistic model address
the questions posed in the introduction: they have highlighted essential residues in the
membrane-bound AT3 domain which give clues in their role in acetyl transfer (Chapter
4), they have provided insight into the juxtaposition of the AT3 and SGNH domains
through their orientations being constrained by the structured Ext¢N" (Section 5.4), and
they have supported the hypothesised role for the SGNH domain in the final step of the
transferase reaction and shown that this domain can function independently from the

AT3 domain (Section 5.5).

Although this research has shed further light on the intricacies of extra cytoplasmic
carbohydrate acylation by AT3 domain-containing proteins, there is still scope to build

on this knowledge and address the further questions which remain. Some of the key
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guestions that still remain or that this research has raised will be discussed in the

following sections.

6.2 Is acetyl-CoA the only possible donor substrate?

Previous papers have speculated that acetyl-CoA is the donor substrate in
transmembrane carbohydrate acetylation (Moynihan and Clarke, 2010; Moynihan et al.,
2014; Sychantha et al., 2017). The evidence presented from this project also offers an
argument for a CoA as the acyl group donor in this role. The highly conserved and
essential TMH1 arginine and histidine residues, highlighted in this analysis, are proposed
to co-ordinate the CoA molecule within the transmembrane domain to present the acyl
group on the periplasmic side (Chapter 4). The CoA coordinating roles of arginine and
histidine residues have been demonstrated in other acyltransferase proteins (Wu and
Hersh, 1995; Jogl et al., 2004)(Discussed further in Chapter 4). Therefore, these residues
provide a feasible conserved mechanism for periplasmic localisation of a range of acyl

groups linked to CoA for their transfer to periplasmic acceptor substrates.

An alternative to this hypothesis is that the acyl group donor could be lipid linked and
already present on the periplasmic side. If this was the case, it is most likely that this
lipid linked acyl group would be recognised by the membrane bound AT3 domain, which
would allow the SGNH domain to catalyse transfer from the lipid linked donor to the O-
antigen. This mechanism draws parallels with the mechanism of O-antigen glycosylation
by the Gtr genes, where GtrC, an integral membrane protein with multiple
transmembrane domains, transfers glucose from undecaprenyl phosphate carrier on
the outer leaflet of the inner membrane to the O-antigen (Allison and Verma, 2000). In
this system, GtrC functions alongside two other proteins GtrA and GtrB, which
synthesise the lipid linked glucose on the inner leaflet of the inner membrane (GtrB) and
flip it to the periplasmic side (GtrA). The genes for these proteins are found in operons
and function together to allow synthesis of the periplasmic glucose donor and transfer
to the O-antigen (Allison and Verma, 2000; Davies et al., 2013). If this mechanism was
used by AT3 proteins we may expect to find surrounding genes involved in synthesis and

periplasmic delivery of the lipid linked acetyl group donor, which are not observed.

OafA and other O-antigen acetyltransferases do not appear to require association with

any other system in order to perform the acetylation modification. A key example being
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OafB, which is prophage associated, carried on the BTP1 phage genome, and has shown
to be sufficient to cause O-antigen acetylation (Kintz et al., 2015). Additionally, as there
are many AT3 proteins across a variety of organisms that transfer diverse acyl groups
such as butyryl/succinyl/propionyl (Leigh et al., 1987; Hara and Hutchinson, 1992; Cong
and Piepersberg, 2007), diverse sets of synthesis machinery would be required to
synthesise these lipid-linked acyl chains and flip them to the periplasmic side of the inner
membrane. These systems are yet to be found in association with bacterial AT3

acyltransferases.

A second alternative acyl group donor is acyl carrier protein (ACP). ACPs are universal
carriers of acyl intermediates that are functionalised by addition of a

phosphopantetheine group from CoA (Byers and Gong, 2007) (Figure 6.2).
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Figure 6.2| Phosphopantetheine group shared by coenzyme A and acyl carrier
protein. Figure taken from (Slabas and Fawcett, 1992)

No common ACP binding motif is known for ACP partner enzymes, however, acidic
amino acids in ACP alpha helix Il have been implicated in binding ACP interacting
partners through electrostatic interaction (Byers and Gong, 2007). Therefore, it is
possible that the critical arginine’s on the cytoplasmic side of the AT3 domain are
involved in ACP interaction rather than CoA for the phosphopantetheine group to insert
into the membrane domain and interact with catalytic histidine. Unfortunately, as is the

case for CoA, ACP is essential for bacterial survival (Vagelos, 1973). Therefore, depletion
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of either of these acyl donors in the cell to rule them out of the mechanism is not

feasible.

A final alternative candidate for acyl group donor is acyl-phosphate. Acetyl-phosphate
is a high energy intermediate between acetate and acetyl-CoA and has an evolving role
in the literature as a dual phosphate and acetyl donor (Verdin and Ott, 2013). It may be
possible to test the role of this acetyl donor in O-antigen acetyl transfer as it is possible,
at least in E. coli, to create acyl-phosphate deficient cells (Seepersaud et al., 2017).
Therefore, acetyl-phosphate deficient Salmonella mutants could be created to test this

acyl donor by knockout of acetyl-phosphate synthesis genes.

A potential approach to determine which acyl donors can be processed by OafA and
OafB would be to develop an in vitro assay for acetyltransferase activity involving the
whole protein. This would require expression, purification and reconstitution of OafA or
OafB into a membrane mimetic and design of an experiment to show whether an acetyl
group donor has been processed by the reconstituted protein. Careful design would also
be required to ensure that any acetyltransferase activity would be detectable and that
this could be specifically attributed to the processing of the provided acetyl group donor.
A potential approach for this would be to use radiolabelled acetyl-CoA. The use of 4C
labelled acetyl-CoA is an established method to record direct transfer of acetate from
acetyl-CoA to histones in vitro (Racey and Byvoet, 1971). However, the added complexity
of the acetyl group acceptor being a carbohydrate molecule which is not readily

commercially available in purified form poses difficulties for design of this assay.

An alternative solution to determine the acyl group donor could also be to solve the
crystal structure of the AT3 domain. There are currently no published crystal structures
of AT3 domains. Crystallisation of the full-length protein or AT3 domain was not pursued
within this research project due to the foreseeable difficulties of expression purification
and crystallisation of membrane proteins (Chapter 5). However, a crystal structure for a
membrane bound O-acetyltransferase (MBOAT), a multiple membrane spanning O-
acetyltransferase protein that is distinct from AT3 proteins, was solved during the course
of this project (Ma et al., 2018). Therefore, it may be possible to achieve a crystal
structure of OafA or OafB using similar methods. Indeed, both OafA and OafB have been
expressed and purified as full-length proteins previously (Reyme Herman, University of

York), showing potential for set up of crystallisation trials. The crystal structure would
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provide information for in silico substrate docking analysis, to determine the most likely
acyl donor. An approach used previously to determine acyl-CoA or ACP interactions in

crystal structures (Keatinge-Clay et al., 2003; Galaz et al., 2013).

Biophysical analysis of purified full length proteins or just the AT3 domain of OafA and
OafB might also be an option to determine which acetyl-donor molecules these proteins
can interact with. Ligand screening by STD-NMR is an established method to probe
transient protein-ligand interactions by analysing intramolecular transfer of
magnetisation from the protein to the interacting protons of the test ligand (Viegas et
al., 2011; Venkitakrishnan et al., 2012). Although an initial trial of this technique with
OafB was inconclusive (Andrew Brentnall, University of York), testing the purified
proteins solubilised using different detergents may give more clearly interpretable
results and is worth re-visiting if purified full length protein or AT3 domains can be

obtained.

6.3 Do AT3-only proteins follow the same mechanism as AT3-

SGNH fused proteins?

This research has demonstrated that the SGNH domains of OafA and OafB are able to
catalyse the transfer of acetyl groups to the O-antigen (Figure 5.18, Figure 5.19). Not yet
speculated in this thesis, is the catalytic mechanism of transfer of his acetyl group. The
main two mechanisms by which acyl transfer reactions take place are ‘ping-pong’ and
‘one step catalysis’. Ping-pong reactions involve a stable acyl-enzyme intermediate
being formed with a catalytic residue in the enzyme active site, before the acyl group is
transferred to the acceptor substrate. One step catalysis involves direct transfer of the
acyl group from the donor to the acceptor when a ternary complex is formed between

the enzyme, donor and acceptor molecules (Figure 6.3).

The ping-pong mechanism has been posed for peptidoglycan acetylation by OatA
(Sychantha and Clarke, 2018) and is the suggested mechanism for the soluble SGNH
protein that acts in a two component peptidoglycan acetylation system (PatB)
(Moynihan and Clarke, 2014a). Therefore, it is likely that in OafA and OafB the transfer
of the acetyl group occurs by a ping-pong reaction, were a stable acetyl-enzyme
intermediate is formed with the catalytic serine of the SGNH domain, before the acetate

is then transferred to the acceptor sugar.
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The Ping-Pong mechanism is well established in other acyl transferase reactions. For
example, in human arylamine acetyltransferases (NAT-1 and NAT-2) a covalent acyl-
cysteine intermediate is formed before the acetyl group from acetyl-CoA is transferred
to the acceptor substrate (Zhou et al., 2013). The acceptor and donor binding sites in
the NAT proteins overlap and this is consistent with enzymes that perform ping-pong
catalytic reactions (Matthews, 1999). These proteins bear close resemblance to the N-
hydroxyarylamine O-acetylransferase OAT of S. enterica which also functions through a
catalytic cysteine (Watanabe et al., 1994). Additionally, the eukaryotic enzyme CasD1, a
multiple membrane spanning protein with N-terminal globular domain that has a Ser-
Asp-His catalytic triad, also acts through a covalent enzyme intermediate with serine in

the catalytic triad of the globular domain (Baumann et al., 2015).
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Figure 6.3] Mechanisms of enzymatic acetyl transfer. Ping-pong reaction involves the

binding of the acetyl donor, formation of a stable acyl-enzyme intermediate and

release of the donor. Followed by, binding of the acceptor to the stable acyl-enzyme

intermediate, transfer of the acetyl group to the accepter and its subsequent release.

Alternatively, one step catalysis occurs when a ternary complex is formed between

the enzyme, donor and acceptor then the acetyl group is directly transferred from the
donor to the acceptor with no acyl-enzyme intermediate.

The proposed catalytic mechanism of carbohydrate acetylation, in AT3-SGNH fused
proteins by the SGNH domain, raises the question of how AT3-only acetyltransferases

catalyse the same reaction. One possibility is that AT3-only proteins do function in the
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same way as AT3-SGNH fused proteins but they function with an, as yet unidentified,
un-fused partner protein. This mechanism would reflect that proposed for MBOAT
proteins, involved in peptidoglycan, alginate and cellulose acetylation (Figure 6.4).
Peptidoglycan acetylation by MBOAT and SGNH proteins PatA and PatB is introduced in
Chapter 3 (Section 3.1). Alginate and cellulose are key exopolysaccharides involved in
biofilm formation in Pseudomonas aeruginosa and Pseudomonas fluorescens,
respectively, and they are proposed to have very similar pathways of acetylation (Riley
et al., 2013). In alginate acetylation, an MBOAT protein Algl is proposed to transfer
acetyl groups to the SGNH like AlgX and AlgJ proteins which subsequently transfer these
acetyl groups to alginate (Figure 6.4 A). The respective equivalent proteins are termed

WssH, WssF and Wssl in cellulose acetylation (Figure 6.4 B) (Riley et al., 2013).

Acetyl Acetyl Acetyl
donor donor donor

Figure 6.4| Proposed pathways for acetylation of alginate (A), cellulose (B) and
peptidoglycan (C) involving MBOAT proteins (red) and various SGNH domain
containing acetyltransferases (purple or blue). Figure taken from (Riley et al., 2013)

If AT3-only acetyltransferases did function in a similar way to MBOAT proteins with
SGNH partners, it would be highly likely that these partner proteins would be genetically
linked with their cognate AT3 protein, unless they functioned with a generalist

acetyltransferase protein present in the periplasm (discussed further below). Indeed,
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the genes for alginate and peptidoglycan acetylation are located in close proximity in
bacterial genomes (Franklin et al., 2011; Sychantha, Brott, et al., 2018) but as yet, no
candidate SGNH partner proteins have been identified which are genetically linked with

AT3-only acetyltransferases.

As discussed in Chapter 3, it may be difficult to identify these putative partner proteins
through protein sequence homology as SGNH domains tend to have high structural
homology but low sequence identity. Also, there are key examples of AT3-only proteins
which are encoded on bacteriophage genomes with no linked SGNH partner, that are
necessary to cause carbohydrate acetylation, such as S. flexneri Oac (Section 3.3). An
additional complication is added by the fact that even the AlgX and AlgJ proteins, which
are structurally similar to the SGNH domain of OafA and OafB are not characterised
within the same InterPro family and have their own defined ALGX/ALGJ_SGNH-like
family (IPR034655), therefore, it may not even be feasible to search bacterial genomes

for proteins that contain similar protein signatures.

There is evidence that SGNH like proteins can play promiscuous roles within bacterial
cells. For example, the TAP/TesA SGNH protein was identified to act as a thioesterase,
esterase, arylesterase, protease and lysophospholipase (Lee et al., 2006). Thus, a
promiscuous extra-cytoplasmic SGNH-like protein characterised to perform an
alternative function much also support AT3-only proteins in their acyltransferase
activity. A potential approach to identify proteins which interact with AT3-only
acetyltransferases is crosslinking. Chemical crosslinking followed by pull down of the
target protein by immunoprecipitation then mass spectrometry analysis of the proteins
which are chemically linked is a well-documented approach to identify interacting
protein partners in living cells (Sinz, 2010). This approach may be able to identify
periplasmic partners for AT3-only proteins and also inform whether these proteins

interact with carbohydrate biosynthesis machinery.

An alternative to AT3-only proteins functioning with an unidentified partner is that the
AT3 domain functions independently to catalyse both acyl group transport from the
cytoplasm and transfer onto the acceptor substrate. If the AT3 domain performed this
catalytic activity via a ping-pong mechanism, we would expect to see an invariant
cysteine or serine residue towards the periplasmic side of the inner membrane as a site

for the acyl-enzyme intermediate to be formed. In silico analysis did not identify
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invariant cysteine residues within the AT3 domain of characterised bacterial
acetyltransferases and the only invariant serine residues were buried within the
transmembrane helices (Figure 3.5). This alignment did contain AT3-SGNH fused
proteins as well as AT3-only but even if AT3-SGNH fused sequences were removed and
the protein sequences re-aligned no candidate invariant catalytic residues on the

periplasmic side were identified (data not shown).

Considering the published structure of an MBOAT protein (Ma et al., 2018), it is possible
that a residue that appears to be buried within the transmembrane domains may be
exposed to the acceptor substrate. MBOAT’s were originally predicted to contain 10
trans membrane spanning helices with a catalytic histidine residue in TMH8 (Resh, 2006;
Chang and Magee, 2009) . Structural characterisation revealed that this histidine
residue was actually accessible from the extracellular side via a funnel in the
transmembrane domain (Ma et al., 2018) . This provides an additional argument to
pursue structural characterisation of the AT3 domain of OafA or OafB to determine
whether the 10TMH prediction is correct and inform the orientation of the

transmembrane helices within the membrane.

An alternative possibility is that the AT3 domain actually functions via one step catalysis
rather than a ping-pong mechanism. Chloramphenicol O-acetyltransferase, which
inactivates chloramphenicol to prevent its inhibition of protein synthesis in bacterial
cells, uses one step catalysis to acetylate its target (Murray et al., 1991; Day et al., 1992).
This soluble cytoplasmic protein forms a trimer and acetyl-CoA enters from one end of
the trimer and chloramphenicol enters from the other. The acetyl group of CoA is
positioned in close contact with the hydroxyl group of chloramphenicol by conserved
tyrosine and phenylalanine residues and the catalytic histidine residue abstracts a
proton from the hydroxyl group of chloramphenicol. This promotes nucleophilic attack
of the thioester bond of acetyl-CoA which ultimately results in the transfer of the acetyl
group from acetyl-CoA to the chloramphenicol hydroxyl group (Murray et al., 1991; Day
etal., 1992).

There is potential for a similar mechanism in the AT3 domain, with the highly conserved
and critical histidine residue towards the periplasmic side of the inner membrane
(Chapter 4) that could interact with hydroxyl groups of the carbohydrate acceptor.

Phenylalanine residues were identified as conserved in TMH2 of the AT3 domain
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through alignments in this project (Figure 3.5), and phenylalanine and tyrosine’s in
TMH2 and TMH9 have been highlighted as potentially involved in the function of the
AT3-only S. flexneri O-antigen acetyltransferase Oac (Thanweer and Verma, 2012).

These residues could be involved in co-ordination of acetyl-CoA for one step catalysis.

The proposition that the AT3 domain is solely responsible for acetyl group transport
from the cytoplasm and transfer onto the extra-cytoplasmic donor presents the
guestion of how these integral membrane proteins with limited periplasmic loop regions
interact with their carbohydrate acceptors to coordinate the acetylation modification. It
also poses the question of the need for and role of the fused SGNH domain in AT3-SGNH
fused proteins. Few conserved residues have been highlighted as critical in the
periplasmic loops of AT3 domains, therefore, without further characterisation of AT3-
only proteins it is not possible to conclusively determine the most feasible mechanism

of acyl group transfer.

6.4 How does the nature of the acyl donor affect the need for a

fused SGNH domain?

The research presented in this thesis specifically focused on proteins that perform
acetylation modifications of carbohydrates. AT3 domain containing proteins have also
been characterised to transfer diverse acyl substituents to a range of carbohydrate
acceptors (Appendix I). Intriguingly, none of the proteins experimentally confirmed to
transfer acyl groups other than acetate possess a fused SGNH domain. This has
prompted the question of whether the presence of an SGNH domain is a specific

adaptation towards transfer of acetyl groups rather than alternative acyl substrates.

During characterisation of acyl substrates, it has been observed that longer or branched
acyl chains are less susceptible to spontaneous hydrolysis by water molecules (Miceli et
al., 2019). It has also been observed that the rate of prodrug degradation has a direct
relationship with acyl side chain length (Jarvinen et al., 2005). These observations are
suggested to be due to short linear acyl chains such as acetate leaving the ester group
exposed to water, whereas branched or longer acyl chains create steric hindrance of
water from the thioester bond. Thus, the SGNH domain might provide increased
protection of the acetyl group from spontaneous hydrolysis of the thioester bond of

acetyl-CoA to prevent the futile loss of this valuable metabolite.
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This observation also fits with the hypothesis that the AT3 domain, as well as the
periplasmic domain, in AT3-SGNH fused proteins are involved in acceptor substrate
specificity. These proteins may have initially evolved as AT3-only proteins which
interacted with their carbohydrate acceptor through the periplasmic loops of the AT3
domain. Then fusion with an SGNH domain allowed for increased efficiency of acetyl
group transfer and decreased loss of acetyl-CoA. This metabolically favourable system
could then have been selected for through bacterial evolution. A hypothesis supported
by the observation that SGNH fused AT3 domains appear to be evolutionarily more

closely related, regardless of the acceptor substrate that they acetylate (Figure 3.4).

An alternative mechanism to prevent futile loss of acyl donors by spontaneous
hydrolysis could be that a regulatory mechanism within the AT3 domain requires the
acceptor carbohydrate to be bound before the acyl group can dock into the AT3 domain
and be presented at the periplasmic side. A mechanism similar to this is proposed for
MBOAT proteins, where a small horizontal helix contains a conserved tryptophan
residue which closes the tunnel between the cytoplasmic side and the catalytic histidine
residue and is proposed to act as a gate while the MBOAT is in not bound with its
acceptor (Ma et al., 2018). It would be very difficult to identify a similar channel gating
domain in AT3 proteins without a crystal structure for this domain, therefore, this

suggestion cannot yet be supported or discounted.

6.5 How do AT3-SGNH proteins determine specificity of their
modification?

Prior to this research, it was unclear whether the AT3 and SGNH domains of fused
acyltransferases function as a single unit in close proximity, for direct transport and
transfer of the acetyl group to the acceptor sugar, or whether the two domains function
independently, connected by a flexible linker, to transport the acetyl group to the
periplasm then subsequently transfer it to the carbohydrate acceptor. This research has
shown that the periplasmic portion of the linking region, termed the SGNH extension
(Ext>6NH) is structured and likely to orient the SGNH domain in close proximity to the AT3
domain (Chapter 5). We have also shown that this domain can influence the acceptor

substrate specificity of the SGNH domain in vitro (Chapter 5).
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If the Ext>S"H js responsible for acceptor substrate specificity in AT3-SGNH fused
proteins, it raises the question of how AT3-only proteins prevent promiscuous
acetylation of nonspecific targets. It is clear that AT3-only proteins are indeed specific
for the monosaccharide that they acetylate, as evidenced by the GumF and GumG
proteins of Xanthomonas campestris which are specific to the proximal and distal
mannose residues of the Man-GlcA-Man side chains of the glucose backbone of Xylose
(Katzen et al., 1998). Therefore, unless these proteins function with a periplasmic
partner that provides the specificity of the modification, the periplasmic loop regions of
the AT3 domain must play some role in acceptor substrate interaction and specificity.
The observation that few conserved residues are found in the periplasmic loop regions
of AT3 proteins could also support this hypothesis. Theses loops may be specifically
adapted to their carbohydrate acceptor, therefore, conservation of residues interacting

with diverse acyl group acceptors is unlikely.

It may be that the Ext>6"" does add an extra degree of substrate specificity in AT3-SGNH
fused proteins but in situ both the AT3 and periplasmic domains are involved in the
specific acceptor substrate interaction. Preliminary experiments to determine whether
the AT3 domains of OafA and OafB could be swapped to create a chimeric protein with
acceptor substrate specificity determined by the periplasmic Ext*N" and SGNH domain
have not yet yielded a functional protein, even though full length chimeric protein
expression was demonstrated by His-tag Western blot (Rebekah Eastwood, University
of York, data not shown). This observation supports the idea that the periplasmic loops
of the AT3 domain coordinate specific interaction with the Ext>¢"" and SGNH domain,
which together maintain acceptor substrate specificity. It may be possible to produce a
functional chimeric protein by swapping the corresponding periplasmic loop regions.
Conducting these swaps in a systematic way, until a functional chimeric protein is
achieved, could also help to identify the region of the AT3 domain which infers the
acceptor substrate specificity. Building from this, it may then be possible to determine
whether the same periplasmic loop regions of AT3-only proteins are responsible for
acceptor substrate specificity. The caveat currently being that a simple functional assay

for GumF-GumG specificity or an alternative model system is not yet defined.
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6.6 Conclusions

AT3 domain-containing bacterial proteins are involved in the modification of a wide
range of polysaccharides and influence many host-pathogen interactions. The structural
and functional insights gained from this research could be applied to biotechnologically
relevant AT3 proteins, including Nod factor modifying proteins, important for plant
microbe symbiosis (Davis et al.,, 1988; Firmin et al., 1993b), and anti-tumour and
antibiotic modifying proteins (Arisawa et al., 1994; Cong and Piepersberg, 2007). As well
as acquiring broadly applicable mechanistic understanding of AT3 domain-containing
acetyltransferases through the investigation of OafA and OafB, gaining further
understanding of surface antigen modifications of Salmonella serovars is of high
importance, particularly in the focus of disease control, and it could help to inform
vaccination strategies and be used to create specifically acetylated Salmonella vaccines.
Indeed, the advantage of acetylated carbohydrates in vaccine development has already

been suggested (Ravenscroft et al., 2015; Berti et al., 2018; Hitri et al., 2019).

Furthermore, this work could be expanded in future to inform studies in eukaryotic
systems. There is evidence that AT3 domain-containing proteins are involved in
regulation of the lifespan of Caenorhabditis elegans (Vora et al., 2013) and in Drosophila
development (Dzitoyeva et al., 2003). Plants in the Arabidopsis genus also possesses a
10TMH spanning protein proposed to transport acetyl-coA to the Golgi for transfer onto
plant cell wall polysaccharides by an SGNH like protein with conserved catalytic residues

(Schultink et al., 2015).

It is clear that many questions remain about the intricacies of O-acetylation of
carbohydrates by AT3 domain-containing acetyltransferases. With strong links to
industrial, clinical and pathogenic processes, further characterisation of this diverse

protein family is of high significance
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Appendix |

Experimentally confirmed AT3 domain-containing O-acetyltransferases

Protein Ez;r SGNH Species Gram Carbohydrate Acyl Modified sugar Accession First

Name (aa) Fused? Stain Acceptor substrate Number Reference
OafA_STM 609 Y ﬁ‘jgﬂf’,ﬂﬁ'r'ﬁ, - Neg  LPSO-antigen Acetyl- C2 Abequose X;Z—OOOG” f}slla:;g g)t
?szgt—rscT)M 640 Y ﬁ‘jgﬂf’,ﬂﬁ'r'ﬁ, og3sgo Neg  LPSO-antigen Acetyl- C2/3Rhamnose  SIU02679 (2'2”1‘; etal,
OafA_Hi 622 Y Z’;er::fahe”us Neg LPS inner-core Acetyl- C2/3 Heptose AAX87447 (ZFOOOX;t al.
:)L;Ia\;cll(_\)_ll-zr;) 622 Y fri;scf;;i:ytogenes Pos Peptidoglycan Acetyl- MurNAc CAC99369 (z'glitir)y etal,
Lot3 (PurB) 622 Y Neisseria meningitidis Neg (lesg Eso;;SChari des Acetyl- GIcNACc ;\22—002245 nglgg g)t
(CI)Sigg;Z) 660 Y :7;;:5:;:1/”‘;/ CES1 Pos Peptidoglycan Acetyl- MurNAc \1/\;;2—011101 27?;”; 1r(1:l)et
(CI)Sigg;g) 615 Y :7;;:5:;:1/”‘;/ CES1 Pos Peptidoglycan Acetyl- GIcNAc \7(;—0048888 27?;”; 1r(1:l)et
OatA _Sa 603 Y f}fz’;z lococcus Pos Peptidoglycan Acetyl- MurNAc C6 ;\;2—000379 (Z%i)r: )Et al.
8?/;/_'\3—;' 605 Y Lactococcus lactis Pos Peptidoglycan Acetyl- MurNAc C6 3\22—021723 (2\6(35;3‘ etal,
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OatA_Sp
(Adr)

Pgll

OatB_Ba

(BAS5308)

ExoZ

GumF

GumG

Lagl

NodX

NolL

OacA_sf

605

624

343

318

364

379

357

367

373

333

Streptococcus
pneumoniae

Neisseria
gonorrhoeae

Bacillus anthracis str.

Sterne
Rhizobium meliloti

Xanthomonas
campestris

Xanthomonas
campestris

Legionella
pneumophila

Rhizobium
leguminosarum
bv.viciae strain TOM
Plasmid sym pRL5J

Rhizobium
leguminosarum
bv.viciae

Shigella phage SF6

Pos

Neg

Pos

Neg

Neg

Neg

Neg

Neg

Neg

Neg

Peptidoglycan

Pillin Glycan

Peptidoglycan

Succinoglycan (EPS
1)

Xanthan

Xanthan

LPS O-antigen

Nod factor
NodRIv-V

Fucose of lipo-
chitin
oligosaccharide

LPS O-antigen

Acetyl-

Acetyl-

Acetyl-

Acetyl-

Acetyl-

Acetyl-

Acetyl-

Acetyl-

Acetyl-

Acetyl-

MurNAc

DATDH

MurNac

C6 Glucose VI

Proximal Mannose

Distal Mannose

Legionaminic acid
C6

C6 reducing
GIcNACc

GlcNAcV

Rhamnose C2

WP_001220
853

WP_003687
310.1

YP_031545

WP_010975
904

WP_011037
591

AAA86375

AAA75102

P0O8888

Q52778

P23214

(Criséstomo
et al., 2006)

(Aas etal.,
2007;
Anonsen et
al., 2017)

(Laaberki et
al., 2011)

(Buendia et
al., 1991)

(Katzen et
al., 1998)

(Katzen et
al., 1998)

(Zou et al.,
1999)

(Davis et al.,
1988; Firmin
etal., 1993a)

(Pacios Bras
et al., 2000)

(Verma et
al., 1991)
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OacA Bt

OacA_Bp

OacB_Sf

OacC_sf

OacD_Sf

Whbak

WhiA

WeciG

WCjE

394

394

390

382

349

367

412

332

342

Burkholderia
thailandiensis

Burkholderia
pseudomallei (strain
K96243)

Shigella flexneri str.
Sf301
Shigella flexneri

Bacteriophage Sfll
Shigella flexneri

Salmonella enterica
ser.Anatum

Burkholderia
pseudomallei (strain
1026b)

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Neg

Neg

Neg

Neg

Neg

Neg

Neg

Pos

Pos

LPS O-antigen

LPS O-antigen

LPS O-antigen

LPS O-antigen

LPS O-antigen

LPS O-antigen

LPS O-antigen

Capsular
Polysaccharide

Capsular
polysaccharide

Acetyl-

Acetyl-

Acetyl-

Acetyl-

Acetyl-

Acetyl-

Acetyl-

Acetyl-

Acetyl-

6-deoxy-a-I-
talopyranose C4

6-deoxy-a-I-
talopyranose C4

Rhamnose C3/4

Rhamnose C3/4

GIcNAc C6

Galactose C6

6-deoxy-a-I-
talopyranose C2

1-phosphoglycerol

WP_009895
914

WP_004545
264

NP_706267

EFW62204

WP_000282
635

Q54131
(uniprot
entry for
Salmonella
choleraesuis

)

WP_004194
788

WP_001230
914

WP_000170
108

(Brett et al.,
2011)

(Brett et al.,
2011)

(Wang et al.,
2014)

(Knirel et al.,
2014)

(Sunetal.,
2014)

(Hong et al.,
2013)

(Brett et al.,
2003)

(Geno, Saad,
etal., 2017)

(Calix and
Nahm, 2010)
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WecH (YiaH)

CmmA

MdmB

ExoH

CarE

AcyA

Mpt

331

422

387

370

388

389

388

Escherichia coli K-12

Streptomyces griseus
subsp. griseus

Streptomyces
mycarofaciens

Sinorhizobium meliloti
1021

Streptomyces
thermotolerans

Streptomyces
thermotolerans

Streptomyces
mycarofaciens

Neg

Pos

Pos

Neg

Pos

Pos

Pos

Enterobacterial
Common Antigen

Chromomycin
A3(antitumour
drug)

Macrolide
antibiotics

Succinoglycan (EPS
1)

Carbomycin
(Macrolide
antibiotics)

Macrolide
antibiotics

Macrolide
antibiotics

Acetyl-

Acetyl-
(Isobutyryl-
Propionyl-)

Acetyl-
Propionyl-

Succinyl-

Isovaleryl-

Acetyl-
Propionyl-

Propionyl-

GIcNAc C6

Oliose
and Chromose B

Lactone ring C3 in
16-member
macrolide
antibiotics like
midecamycin and
spiramycin

C6 Glucose llI

C4 Mycarose

Lactone ring C3 in
16-member
macrolide
antibiotics

C4 Spiramycin

P37669

Q70J69

Q00718

NP_437619

P21542

BAAO6421

BAA09815

(Kajimura et
al., 2006)

(Menéndez
et al., 2004a)

(Hara and
Hutchinson,
1992)

(Leigh et al.,
1987)

(Epp et al.,
1989;
Arisawa et
al., 1993)

(Arisawa et
al., 1994)

(Guetal.,
1996; Zhang
and Wang,
1996)
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MidE

Asm19

MdoC

OpgC (RS)

OpgC (BA)

Opgc (DD)

389

378

385

399

393

422

Streptomyces
mycarofaciens

Actinosynnema
pretiosum

Escherichia coli K-12

Rhodobacter
sphaeroides

Brucella abortus

Dickeya dadantii

Pos

Pos

Neg

Neg

Neg

Neg

Midecamycin

(Macrolide
antibiotic)

Ansamitocin
precursor

(antitumour drug)

Periplasmic
glucans

Periplasmic
glucans

Periplasmic

glucans

Periplasmic
glucans

Propionyl-

acetyl-

propionyl-
isobutyryl-

butyryl-
isoveleryl

Succinyl-

Succinyl-

Succinyl-

Succinyl-

C4 Midemycin

C3 N-desmethyl-
4,5-
desepoxymaytansi
nol

Glucose

Glucose

Glucose

Glucose

ABG67709

Q8KUG7

WP_001070
375

Q3JIN1

Q6Q7W5

EOSFO4

(Cong and
Piepersberg,
2007)

(Moss et al.,
2002)

(Lacroix et
al., 1999)

(Cogezetal.,
2002)

(Roset et al.,
2006)

(Bontemps-
Gallo et al.,
2016)
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Appendix Il Alignment of characterised AT3 domain-containing O-acetyltransferases

Alignment of characterised AT3 acetyltransferases. Protein sequences are in the same order as Appendix | after Salmonella ser. Paratyphi A OafB
WP_00400612. SGNH fused acetyltransferases are indicated by a grey box. Asterisk marks residues selected for mutation from this alignment.

Transmembrane helices predicted for OafA are indicated with a red line.
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AAX87447/1-622 250 ..MN..NDI....A.....cc0000v0veeases+.YIPGI.....uo.vv...TL..ILP....CIFTA.LI.........IHTT.SQNNIIKLCLSNKVI
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CAC99369/1-622 300 RWIGTRS LWHY....PIITL.TTPVLEI.........TQP. ... :.c¢es. .NI.W.........RA. ... T....LQ.....VA.ATFIIAEL. ..
WP_002245844/1-622 293 VEVGKISYSLYLYHW....IFIAF.AHYITGD.........KQL...........GL.P.........AV....5....AV... . .AA.LTAGFSLL. ..
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P23214/1-333 268 KGRFDY[S|[YGVIYIYAF....PVQQV.VINT..L.....0.... HMG........... FY.P.ooeeoooo SM....L....LS..... AV.TVLFLSHL...
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EFW62204/1-382 304 RKLGETTYSIYLLHG....VFLYCVMTWVIPS......... | O SN.Y..ooeeenen FF....IMLISIT..... AF.CVTLLSCI...
WP_000282635/1-349 281 VRAGRN IICGMEYITKLFIPMA.LAIIGFSV........ TIP..oooeeennn NP........... IC.......... A..... II.YTCICVYVSDK
Q54131/1-367 285 KMIGQN IMAYHL....LVYVI.LDIIAS. ... 000000 IL.ccceeeenns GD.Y...SLSGTDVYDNHFI....TK.WSVPVY.IALGLLLP...
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WP_001230914/1-332 270 VSLSNQ FIIHT....YIMKV.WEKVLG.F........ NFV.......00. GA.Y.....0o0. LL.:cieeeeenns F...AL.FTLSVSFI...
WP_000170108/1-342 269 TKYGKDSLGIYILHA....PICSM.IRILMLKV........ Gel.ceeoocosnns NS.V......... FL....H....VV.VG..IV.LGWYLSIL...
P37669/1-331 268 GLISRHLGIYGFHA....LIIHA.LRTRGIE ......... ) P NW.P......... IL....D....II.W...IF.CATLAASL...
Q70J69/1-422 315 VWFGEILS YVSHL....LVQEE.LFSRLWNL........ GMRAGLLPAPLPVLSW.WVAVL..... SF....L....AQ..... FA.LAVLAAWL. ..
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WP_000379821/1-603
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WP_001220853/1-605
WP_003687310/1-624
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WP_000282635/1-349
Q54131/1-367
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WP_000170108/1-342
P37669/1-331
Q70J69/1-422
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Appendix [l Conserved SGNH domain residues of characterised AT3 domain-containing O-

acetyltransferases

Alignment as per Appendix Il with sequences of AT3-Only proteins removed and subsequent empty columns deleted. Protein sequences are in the
same order as Appendix | after Salmonella ser. Paratyphi A OafB (WP_00400612). 100% identical residues are coloured orange, similar residues

conserved in > 90% of sequences are coloured blue.

TMH11
325 330 335 340 345 350 355 360
WP_000639473/1-609 NTERKRVK. .......... ... .. ..., LQF .NIVLFS..... ST.@ALC..... LFVMFT. .KGVS...... FRF|.Sl.l D ool fede 363
WP_000400612/1-640 KPRERNSRS. . ....... .. oo KY.ITAILLTLS.VFG.@GLI..... GAFIFHI.NGVKDR..EINKS.AGEYA....... 383
SIU02679/1-640 KPIRHSRKI . ofioiolo obals o miale o 5 o [sdodimlohe KS.ITTIILAVY.VFG.@GIF..... GIVTYSM.NGIKER..SVNKS.AGEYA....... 383
AAX87447/1-622 QPRRKSKL . ¢ oleise s o wmons v olvliaim et NF.KQSFLYIYF.IPS.@LLL..... GENLYK . .RQT . o|scsws s sloiulswes o|sinneee 380
CAC99369/1-622 TPBRKNGFINYFKGFKDKNYFIWKNKPVGKW.L..SIAGVVA.VLARFTL..GMSNVLSVNT.NAEKQQ.TSVKTTTSTPDEK. ... .. 428
WP_002245844/1-622 QEPRREKRKM . : o] o lols s wioiws o slaluluioks TF.KKAFFCLYL.APS.QILV..... GYNLY A cRGI . .|uwshels s olslalsioteta o|slslsieeials 381
WP_011101182/1-660 NPMRHYDYSRLLVDFKD. . ... FLRK..PKF.NRVTTAIVAL.TTVBFVI..TAVGFVQQPS.KAEANKKTELQKT.TIAANSKAADKKN 445
YP_004888877/1-615 PVIBAGKRA: . ; [o]wiol s lols [l sl s o s [sfudafets HVFGHTVTWRQL.QLP.MI..TAGVLLAVNTGVVVKNAPQLSTLEQN.L........... 406
WP_000379821/1-603 TPBRKKGFKAFAFL........ PKKK..GQF . ARTVLVILLLVPSIMVLS..GQFDALGKQH.EAEKKEKKT.EFKTTKKKVV...... 425
WP_021723064/1-605 LPBQRFDYSNILGILQN. .F.VREKG. .WKL.KKNILPMLIS.GLABISL..... GFIIFSP.PSPHDQ.RVIEEK.IMAQQV...... 413
WP_001220853/1-605 PWRMAGKNT . i uls s e s o menas s olslilsmns PIV.QTLRPLPY.IHA .@MLAAGTGILTIIVCTV.TLLAPQVGAFETD.L........... 399

WP_003687310/1-624 KERIEKWKG 1. lobde ool s apals ] o, s foloflls SF.AQSVLWIYA.LPM.BVLG..... AGSERAL MR i lala sl ld ¢ alsfmpabd = [odofmapopals 371



06T

365 370 375 380 385 390 395 400

WP_000639473/1-609 Ll.|. dlolelchalls s slafols sbolels sl s slobolefelsls Aol TLKQVVEYRMDNSPWRPDICFLNPDQD....... YS.AFSKC. .ld. ol QDKMTE 403
WP_000400612/1=640" wlu|e slofuiars s|e s slaishsmlsle swiabo s o olsimbsistale ool sabe SVTDVYNYYKYGELLRGGICHSVQ..L....... TA.AISNG...... CIKNGK 421
STU02679/1-640  |uke|. slsleiwmnls s sletsks shoke o sbots o s ofstalstators ofsleisls SVTNVYDYYKYGELLRGGICHSVL..L....... KD.AISNG. ... . CIKNSR 421
AAXBTAAT/1-622 hle alslubsiabals i olsloke whlls b wbels ols slotalolabols Aalotolads TRAEKEHT! Ao belo bbbt sdafelelslsls lofm sholekal s lofs EQ. STPVS. olels <l NENHYP 401
CAC99369/1-622 wlils slsiesinls s KDDKKEDKATKD......... KEADSNKAS . EQKils alslwlstakdls sbolelslelsls ol whelatel s ladals ETQKPDNKNKSAATPKTII 471
WP_002245844/1=622 .|| oludssaisls b alababe slalslomials oo ofilalabalals Jalilals EKQEHLRP; ;L odalas s stalelabel sl felo alsldsl s ol LP.GAPLA...... AENHFP 402
WP_011101182/1-660 AAALKRQKAAQAAAASSKKVATEKMQTKQAEAKLNSKQKQVEKEY...... ... iiiiiniinnnnn. Dis LKP kol wlal s QVVLAMAN 502
YP_004888877/1-615: |J:|s ollalslaials b slafakes|shs b alsfn sl s sladalslolels_ololetslabelst s|ole WVSGIYQDIDKIGTTHEAV. .LAAVTPKKKQ.ATPK....... GDQEKA 445
WP_000379821/1-603 ........... KKDKQEDKQTAN......... Smlslalat s [s)s fs kol bl Eldml 4okl shislatalsls bl mlald s s lk mlald s slslede alals sl s EDIKK 444
WP_021723064/1-605 ........... ALQKKQLA......... EANNKVPMSLKAVAEKY. .. ....... .. K.VQP..|. ... VVAEKASQ 450
WP_001220853/1-605: Ll.|. slefelehobels e ofolole ofolsforwfols of o odetelofobele Hbetelobobel s |l TVNGLKQAATNIGQTKVMA........ ERAD..AANS.. o|e wle|s oo ole LGIA 429
WP_003687310/1-624 L. odelelebdollsle olodobe oholefoimbote ol s sleloliodabels Slehsdelele LPFMAQYDRLGLTRSNTSCHNNT. .G....... KQio CLW o wlo wlel s ols GDTEKQ 406
405 410 415 420 425 430 435 440 445 450 455 460 465 470 475 480

WP_000639473/1-609 KSFVVW HAAHLMPGBKSVFGNSL...NIT.QRTA.SLCPPIIGL...QKDDRP.YCKDINDMVAKEISDNKPTTVEMSALWPV...Y 481
WP_000400612/1-640 HNIFII YAAALFNGESHYIDNKGSDYIIS.QMTD.GNAPPLFVD...GKDDLQRSVITLNNNRINEIKRVQPEVVEBLT..WSVRGTN 504
SIU02679/1-640 NNIFII YAAALYNGESSYIKNNNEKYVIS.QMTD.GNAPPLFVS...GKDDLQRDVGSINADRIKEIGIVKPEIVEBLT..WSVRGSN 504
AAX87447/1-622 AKVIIL HSSHLEAFENYV.GNKE.GWKAD.IFKDKFECSFIVNE...QYQLDP.NCQSVWQKDSQY.KAIFISAFMDL.RMGG...Q 479
CAC99369/1-622 TQTVAI VMLDIEPYBKEAVPNITIDGLVGRQLRD...AITTATG....YKK................ FNSENSSV@LE..L...GTN 533

WP_002245844/1-622 ETVLTL HAGHLRGFEBDYV.GSRE.GWKAK.ILSLDSECLVWVDE. . .KLADNP.LCRKYRDEVEKA.EAVFIAQFMDL.RMGG...Q 480
WP_011101182/1-660 TDLTAI VLLDVSSDEQDVIPGTVVQGRVGRQVTE. . .VPGIINS....LKS................ QGQLAHNVELN..I...GTN 564
YP_004888877/1-615 PGVSII VTLGTRSYBGDHVANSNIDAEGDRTMNL. .. .AYKVMMN....QQR................ SHTLRQYVMIC..I...GTN 507
WP_000379821/1-603 SSPLLI VMVDIGNVETKKIPNAQIDGKVGRQLVD.. .ATPIVKS...QYKD................ YAKKGQKVMVE..L...GTN 507
WP_021723064/1-605 MNVLAL VMVAASTNEQEVFPHMYIDAAVGRQAES...LDTDLTN....AKS................ KMPNPDAY®IG..L...GTN 512
WP_001220853/1-605 DGTMLI VALRANTARQTALPGAQINAQVSVTTKT.. .ANEIMLN....NSQ................ NKFLPKTVMIA..T...GUVN 491
WP_003687310/1-624 PELLVL HADHYKTFEDAV.GKKE.KWSAT.MVSA. DACAYVEGYASRVFQNWA ACRAVYRYAEEH.LPRYPKVVEAM.RWGS...Q 486
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WP_000639473/1-609
WP_000400612/1-640
SIU02679/1-640

AAX87447/1-622

CAC99369/1-622

WP_002245844/1-622
WP_011101182/1-660
YP_004888877/1-615
WP_000379821/1-603
WP_021723064/1-605
WP_001220853/1-605
WP_003687310/1-624

WP_000639473/1-609
WP_000400612/1-640
SIU02679/1-640

AAX87447/1-622

CAC99369/1-622

WP_002245844/1-622
WP_011101182/1-660
YP_004888877/1-615
WP_000379821/1-603
WP_021723064/1-605
WP_001220853/1-605
WP_003687310/1-624

485 490
A T A MRDYLPE. ...TIKF
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GVH..D.KKLAIEALSL....TIKE
PVPRFR.PETFIEP. .DFKARFKNT
GBF. . T.E. L. -~ DQ....LNDL
PVPRFE.AQSFLIP..GFPARFRET
BT, T oD vl s xhels DQ....AEQV
ALD..DYE....... EQ....TMKI
GAF , T =K. chels sisks DQ. .LNEL
GTL . BB sbels 50)s GE....IDAA
NPE..NYK....... DD....WDSI
MPE.NS.RSLAYDA. .GFFQKFDRM

545 550 555 560

oxc»omo

565
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495 500 505 510 515 520 525 530 535 540
KDNK.VKNIIIM.G....P..... F..PVWKKTMIDTIEDMGINSGRT.VPWSMT.DETRN.LR
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DQFDEA. TIVIE.N. . . TRY. .. P . o ROWOS. o e v olomimicom e miolwimimbe o o e leeia o
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542
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Appendix IV Alignment of diverse proteins with homology to O-antigen acetyltransferase OafA

TCoffee alighment of AT3-SGNH fused proteins listed in Appendix | and the top 33 Uniref 50 sequences after blast searching the Uniref50 database
against OafAstm. The C-terminal half of the alignment is presented using ESPript coloured using black and white colour scheme by % Equivalent (global

score 0.7).
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WP_000400612/1-640
WP_000639473/1-609
SIU02679/1-640

AAX87447/1-622

CAC99369/1-622
WP_002245844/1-622
WP_011101182/1-660
YP_004888877/1-615
WP_000379821/1-603
WP_021723064/1-605
WP_001220853/1-605
WP_003687310/1-624

tr|F4SvV4l |Escherichia_coli/1-609
tr|AOA198GJ22 |Enterobacter/1-609
tr |AOAOH3SVW1 |Photobacterium/1-629
tr|AOAO090IBV6 |Aliivibrio/1-617
tr|AOA038H4R1 |Burkholderia/1-644
tr|B1lKL29 |Shewanella/1-652

tr |AOAOWOYMF6 | Legionella/1-623
tr|AOAOR3MIT7 |Bradyrhizobium/1-625
tr |AOAOJ1LHQO |Citrobacter/1-669
tr|J3HA72 |Pantoea_/1-633
tr|AOA075P176 |Alteromonas/1-613

tr|AOAOQOMUO3 |Pseudoalteromonas/1-645
tr|AOA077XXI0 | Sphingobacterium/1-616

tr|J2PSI9|Caulobacter_/1-623
tr|AOAOF5Z2ZMO |Grimontia/1-627
tr|AOA072D806 |Acinetobacter/1-635
tr|KOE9ES8 |Alteromonas/1-638
tr|AOA1G3I0Z5|Rhodoferax/1-663

tr|AOA069PRQ1 |Paraburkholderia/1-717

tr|AOAOPOQBN4 | Serratia/1-656
tr|AOA085VIZ6 |Pseudomonas/1-631
tr|E6VIY1|Rhodopseudomonas/1-653
tr|AOA1B7ICKS8 |Buttiauxella/1-670
tr |AOA1lE3ZLQ3 |Bordetella /1-665
tr|R4YTI5|Oleispira/1-645
tr|E1SVP6 |Ferrimonas/1-652
tr|AOA1lE4L6G6 | Thiobacillus/1-641
tr|AOAOTIN312 |Yersinia/1-654
tr|AOAO85THR2 |Vibrio/1-648
tr|AOA167CIA4 |Achromobacter/1-636
tr|AOA150FIY7 |Leptospira/1-667
tr|W3RFJ7 |Afipia/1-681
tr|AOA1lE4ACSA7 |Hyphomicrobium/1-660
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tr|F48Sv41 |Escherichia coli/1-609
tr|AOA198GJ22 |Enterobacter/1-609
tr|AOAQH3SVW1 |Photobacterium/1-629
txr|AOAO90IBV6 |Aliivibrio/1-617
tr|AOA038H4R1 |Burkholderia/1-644
tr|B1lKL29|Shewanella/1-652

tr |AOAOWOYMF6 | Legionella/1-623
tr|AOAOR3MIT7 |Bradyrhizobium/1-625
txr |AOAOJILHQO |Citrobacter/1-669
tr|J3HA72 |Pantoea_ /1-633
txr|AOA075P176 |Alteromonas/1-613

tr |AOAOQOMUO3 |Pseudoalteromonas/1-645
tr|AOA077XXI10 | Sphingobacterium/1-616
tr|J2PSI9|Caulobacter_/1-623
tr|AQAOF522ZM0 |Grimontia/1-627
txr|AOA072D806 |Acinetobacter/1-635
tr|KOE9ES |Alteromonas/1-638
tr|AOAl1G3I02Z5|Rhodoferax/1-663
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tr|AOAO85VIZ6 |Pseudomonas/1-631
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tr|R4YTIS |Oleispira/1-645
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tr|AOAOTO9N312 |Yersinia/1-654
tr|AOAO85THR2 |Vibrio/1-648
tr|AOAl167CIA4 |Achromobacter/1-636
tr|AOA150FIY7 |Leptospira/1-667
tr|W3RFJ7 |Afipia/1-681
tr|AOA1E4CSA7 |Hyphomicrobium/1-660
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Appendix V

pBADCcLIC2005 and pETFPP_30 plasmid maps

See methods Table 2.2 for plasmid reference. Plasmid maps were produced using PlasMapper (Dong et al., 2004).
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Appendix VI  Structure based sequence alignment of OafBspa_377 and structural homologues

Structure based sequence alignment of OafB, OafA and closest structural homologues. Details of sequences are outlined in section 2.4.1. The alighment
is presented using ESPript coloured using black and white colour scheme by % Equivalent (global score 0.7). Secondary structural elements of OafB_SPA

are presented above the alignment and disulphide bonding pairs below.

al o2
OafB _SPA/334-640 00.00 0Q0QQ
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Abbreviations

Abe Abequose

Ac Acetate

ACP Acyl Carrier Protein

Amp Ampicillin

APS ammonium persulfate

AT3 Acyltransferase_3

BSA Bovine Serum Albumin

CoA Coenzyme A

ddH,0 Double distilled (Milli Q) H20

diH,0 Deionised H,0

DNA Deoxyribonucleic acid

ECA Enterobacterial common antigen
ESI-TOF Electrospray ionisation time of flight
FT-ICR-MS | Fourier transform ion cyclotron resonance mass spectrometry
GIlcNACc N-acetylglucosamine

GlcA Glucuronic acid

HRP Horseradish peroxidase

iNTS invasive non-typhoidal salmonella
Kan Kanamycin

KDO 3-deoxy-d-manno-2-octulosonic acid
Ko D-glycero-D-talo-oct-2-ulosonic acid
LB Luria Broth

LIC Ligation independent cloning

LOS Lipooligosaccharide

LPS Lipopolysaccharide

LTA Lipoteichoic acid

MALDI Matrix Assisted Laser Desorption lonization
MBOAT Membrane bound O-acetyltransferase
MS Mass spectrometry

MS/MS Tandem mass spectrometry
MurNAc N-acetylmuramic acid

NMR Nuclear magnetic resonance

oD Optical density

OPG Osmoregulated periplasmic glucans
PAGE Poly acrylamide gel electrophoresis
PCR Polymerase chain reaction

PDB Protein data bank

PNAG poly-N-acetylglucosamine

pNP-Ac p-nitrophenyl acetate
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PVDF polyvinylidene difluoride

Rha Rhamnose

RNA Ribonucleic acid

RPM Revolutions per minute

SCV Salmonella containing vacuole

SDS Sodium dodecyl sulphate

SOC Super Optimal broth with Catabolite repression

SPA Salmonella entrica subspecies enterica serovar Paratyphi A
STD-NMR | Saturation transfer difference — Nuclear magnetic resonance
STM Salmonella entrica subspecies enterica serovar Typhimurium
TEMED NNN’N’ tetramethyl-ethyldiamine

TMH Trans membrane helices

TOF/TOF Tandem Time-of-Flight

WT Wild-type

WTA Wall teichoic acid
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