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Abstract

Acyltransferase-3 (AT3) domain-containing proteins are involved in acylation of a
diverse range of carbohydrates across all domains of life. In bacteria they are
essential in processes including symbiosis, resistance to antimicrobials, and
biosynthesis of antibiotics. AT3 domain containing proteins from Salmonella spp.
are responsible for acetylation of the O-antigen of lipopolysaccharides (LPS), this
can generate a specific immune response upon infection and influence
bacteriophage interactions. Despite this, the mechanism of action of these AT3
proteins is largely unknown. Here we analysed two AT3 proteins, OafA and OafB,
which acetylate O-antigen of Salmonella serovars. Both contain an integral
membrane AT3 domain fused to a periplasmic SGNH domain, essential residues
from each domain suggest both domains are required for substrate acetylation.

The crystal structure of the SGNH domain from OafA was determined and found to
form a dimer with each subunit similar to the previously solved structure of the
SGNH domain from OafB. However, striking differences are seen in surface loops
surrounding the active site. The region linking the AT3 and SGNH domains was
previously found to be structured in OafB and form an extension of the SGNH
domain (SGNH-ext). Removal of this region in multiple AT3-SGNH proteins
suggests that the SGNH-ext is important for stability of some SGNH domains.

The structure of the SGNH-extension suggests the SGNH domain is located in
close proximity to the acyltransferase domain and the domains may interact. Co-
evolution analysis, used to make predictions about the structure of both domains,
suggests that inter-domain interactions are likely. This co-evolution analysis was
used further to predict the structure of OafB and suggests AT3-SGNH proteins are

likely to form a novel fold.

Combining these data, we propose a refined model of the AT3-SGNH proteins
which enhances our understanding of the mechanism and structure of the AT3
protein family required for modification of cell-surface carbohydrates.
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1.Introduction

The bacterial cell envelope, comprising of the cytoplasmic membrane and
surrounding structures, is multi-layered and highly complex (3). The primary
function of this envelope is to protect cytoplasmic contents from external stresses
(3). The specific layers and structures of the bacterial cell envelope vary between
bacterial species and strains and are regulated and adapted in response to the
extracellular environment (3). Many structures within the bacterial cell envelope;
for example, the capsule; interact with the extracellular environment to provide

protection for the bacterium (4).

Bacteria can be divided into two broad classes: Gram positive and Gram negative;
according to the structure of their cell envelope (Figure 1.1) (3). Both Gram
positive and Gram negative bacterial cell envelopes contain a phospholipid bilayer
cytoplasmic membrane and peptidoglycan cell wall (5). In Gram positive bacteria,
the cytoplasmic membrane is surrounded by many layers of peptidoglycan which
act as a cell wall to withstand the high osmotic pressure of the cytoplasm (6). In
addition, Gram positive bacterial cell envelopes commonly also include teichoic
acids: large anionic polymers which protrude through the peptidoglycan layers
(Figure 1.1) (7).

In contrast, Gram negative bacterial cell envelopes comprise of two membranes i
a symmetrical phospholipid cytoplasmic membrane and an asymmetrical outer
membrane 1 with the periplasm between (3). The asymmetrical outer membrane is
comprised of phospholipids on the periplasmic side and lipopolysaccharides (LPS)
protruding into the extracellular environment (Figure 1.1) (8). Between the two
membranes, the periplasm is packed with osmoregulated periplasmic glucans
(OPGs); layers of peptidoglycan forming a wall; proteins and many other
components (9). Both Gram positive and Gram negative bacteria can also be
surrounded by a capsule i often consisting of a repeating sugar polymer (4, 10);
and pili T large protein structures involved in adhering to other cells (11), forming
cell aggregates or biofilms (12, 13).
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The structures of Gram positive and Gram negative bacterial cell envelopes
include many examples of polysaccharides, all of which play important roles in the
function of bacteria. For example, peptidoglycan maintains structural integrity (5);
capsular polysaccharides shield bacteria from the host immune system (4); and
LPS provides bacteria with innate resistance to antibiotics (8, 14, 15) and

protection from the host immune system (8, 14, 161 19).

1.1. Modification of bacterial cell envelope structures

Bacterial cell envelope polysaccharides are the primary point of contact between a
bacterium and the environment. The structures of extracellular bacterial
polysaccharides vary significantly between bacterial strains and species, and
many are further modified to provide an additional layer of complexity. This
modification of envelope polysaccharides is an important virulence mechanism.
One example of this is the capsular polysaccharide which is commonly acetylated
(4, 10, 201 31), providing protection from host antibodies (24) and increased
immunogenicity (4, 25, 30). Similarly, peptidoglycan can be both O-acetylated (5,
32i 52) and N-deacetylated (5, 39, 41, 42, 44, 45, 50, 53), these modifications
confer resistance to lysozyme (5, 321 52) and b-lactam antibiotics (45, 52) resulting
in protection from the host immune system (45) and increased persistence (54). In
addition to acetylation, modification by addition of phosphate (8, 14, 19, 55),
phosphoethanolamine (8, 14, 56i 59), glucose (8, 14, 19, 60i 68) and acyl groups
(14, 16, 691 76) have been observed on both LPS and OPGs. These modifications
have wide reaching effects including resistance to antimicrobial peptides and
antibiotics (8, 19, 56, 77), evasion from the host immune system (78i 84), and

protection against invasion by bacteriophage (18).
This introduction presents some key examples of polysaccharides in the bacterial

cell envelope before discussing modification of these polysaccharides in more

detalil.
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1.2. Bacterial envelope polysaccharides modified by

acylation

Bacteria produce a wide range of extra-cellular polysaccharides which commonly
play an important role in infection and virulence. Some of these polysaccharides
are found in both Gram negative and Gram positive bacteria, for example,
peptidoglycan, biofilm forming polysaccharides and capsular polysaccharides (3).
In comparison, other polysaccharides are found only in Gram negative bacteria,
for example, LPS (lipopolysaccharides) and OPGs (osmoregulated periplasmic
glucans) (3). The extra-cellular polysaccharides described here are involved in a

wide range of roles many of which are important for bacterial virulence.

1.2.1. Peptidoglycan

Peptidoglycan is an essential component of the cell envelope in both Gram
positive and Gram negative bacteria (3). In Gram negative strains, a thin layer of
peptidoglycan is located in the periplasm (3); whereas in Gram positive bacteria,
peptidoglycan forms a multi-layered cell wall surrounding the cytoplasmic
membrane (Figure 1.1) (5). The primary function of peptidoglycan in both Gram
positive and Gram negative bacteria is to maintain cellular structural integrity by
withstanding the high osmotic pressure of the cytoplasm (5, 45). In Gram positive
bacteria, the peptidoglycan layers also form a scaffold for cell envelope proteins

and teichoic acids (Figure 1.1) (5).

Peptidoglycan is comprised of alternating b-(1,4) linked N-acetylglucosamine
(GIcNAc) and N-acetylmuramic acid (MurNAc) sugar residues forming a glycan
chain, the structure of which is largely unchanged between bacterial species (5).
These glycan chains are cross-linked by poly-peptide stems to form a mesh-like
structure (Figure 1.2) (5). The oligo-peptide stem typically consists of L-alanine, D-
glutamic acid, diaminopimelic acid and D-alanine although some variation is seen

between bacterial species (5, 44).
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A common example of this is observed in vancomycin resistant enterococci where
one of the D-alanine residues is replaced by D-lactate, preventing vancomycin from

binding and thus conferring antibiotic resistance (85).

Peptidoglycan is heavily modified by addition of an acetyl group i acetylation i to
both MurNAc and GIcNAc residues (Figure 1.2) with acetylation levels between
19-72% (dependent on bacterial species and growth phase) (34, 38, 40, 48).
Acetylation of peptidoglycan is an important virulence mechanism, providing
protection from both antibiotics and host immune defences (5). Specifically,
MurNAc acetylation confers resistance to lysozyme and b-lactam antibiotics (32,
35, 36, 42, 43, 46, 47, 50, 52, 53). Breakdown of peptidoglycan by lysozyme is a
key host defence mechanism: fragments of peptidoglycan are recognised by
receptors which stimulate an immune response (41, 45, 50, 54, 86, 87). Therefore,
acetylation of MurNAc, which sterically hinders lysozyme activity, allows bacteria
to evade the immune system thus increasing bacterial virulence and persistence
(32, 33, 43, 45, 50, 88).

On the other hand, acetylation of peptidoglycan plays an important role in bacterial
growth. O-acetylation of both GIcNAc and MurNAc protects peptidoglycan from
cleavage by autolysins (32, 341 36, 39, 43, 45i 54, 86, 89). Autolysins, the bacterial
equivalent to lysozyme, break down peptidoglycan to allow for cell division and
remodelling of peptidoglycan (38, 40, 49, 90i 92). Therefore, in many bacteria, O-
acetylation is required to prevent cleavage by autolysins which regulates bacterial
growth (37, 49, 92i 94).

The proteins involved in peptidoglycan acetylation fall into two categories.
Acyltransferase family 3 (AT3) proteins are most commonly involved in acetylation
of peptidoglycan in Gram positive bacteria; with membrane bound O-
acyltransferase (MBOAT) and SGNH two component systems fulfilling the
equivalent role in Gram negative bacteria (95, 96). Both of these systems will be

discussed in more detail later.
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1.2.2. Glycosylation of pili

Many bacteria have pili, hair-like structures found on the surface of bacteria
(Figure 1.2), which are involved in bacterial motility, phage susceptibility and
colonisation (11). Pili, while not itself a polysaccharide, are large protein structures
which are heavily glycosylated to increase antigenicity. Neisseria gonorrhoeae for
example, have Type IV pili which have been shown to be important for adhering to
epithelial cells and promoting bacterial aggregation (11). Type IV pili from N.
gonorrhoeae are comprised of repeating polymers of the protein PIlE (97). Pili are
particularly antigenic, thus significant variation through post-translational
modifications of PilE are observed (97). Specifically, in N. gonorrhoeae, PIlE
undergoes post-translational glycosylation through addition of a diNAcBac (di-N-
acetylbacillosamine) sugar then either GIcNAc, galactose or glucose to form a
disaccharide (97). This disaccharide is then further modified by acetylation i
potentially multiple times on different sugars (Figure 1.2) (97). Combining the
various permutations of disaccharide with unpredictable acetylation patterns

results in complex heterogeneity and thus antigenicity (971 101).

1.2.3. Extracellular polymers in biofilm formation

Many bacteria, for example Staphylococcus and Pseudomonas species, are able
to form biofilms. Biofilms are formed when bacteria adhere to a surface (for
example, an implanted device) and produce a matrix of extracellular polymers (12,
13). In formation of a biofilm bacteria are protected from the environment and
studies suggest bacteria within a biofilm are more resistant to antibiotics and host
defence mechanisms (12, 13, 102). The extracellular polymers produced by
bacteria to form the biofilm matrix differ between bacteria: two common examples

are poly-N-acetyl-glucosamine (PNAG) and alginate (Figure 1.2).

Alginate is a mannuronic acid polymer produced by Pseudomonas aeruginosa
(12). Synthesised in the cytoplasm, alginate is translocated across the inner
membrane where it is variably modified by O-acetylation (12). This modification is
required for the attachment of bacteria to surfaces and in forming interactions with

other polymers within the biofilm matrix (13, 103, 104).
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Another example, PNAG, is the main component of Staphylococcal biofilms and is
comprised of a GIcNAc polymer which is partially N-deacetylated and O-
succinylated (1057 108). PNAG has been shown to increase survival of
Staphylococcus within the host environment and is important for pathogenesis;
this makes PNAG an important vaccine candidate (105, 1097 114). Similar to the
modification of peptidoglycan, the succinylation of PNAG is thought to be
performed by an AT3 protein (105) in contrast to acetylation of alginate which
occurs via an MBOAT system (12).

1.2.4. Root nodulation

Rhizobia, a species of nitrogen fixing bacteria, form a symbiotic relationship with
leguminous plants (115, 116). In this relationship, Rhizobia form nitrogen fixing
nodules on the roots and in return the plant provides the bacteria with
carbohydrates (115, 116). To stimulate the formation of nodules, legumes produce
flavonoids which signal Rhizobia to produce lipochitooligosaccharide nodulation
factors (nod factors) thus inducing the formation of nodules on the roots (1177
120). Nod factors comprise of a linear GIcNAc polymer of varying length,
substituted with acetyl, methyl or fucosyl groups (Figure 1.2) (1187 123). A typical
modification is addition of a fucose residue which is then acetylated. This in turn
increases nodulation efficiency and, if removed, results in reduced virulence (1241
126).

For Rhizobia to successfully invade the root nodules they must produce
exopolysaccharides i succinoglycan and galactoglucan i which facilitate the
development of infection threads (1151 117, 127, 128). Succinoglycan consists of a
glucose polymer substituted with acetyl, succinyl and pyruvate (Figure 1.2) (129,
130). Acetylation of succinoglycan is important for initiating infection threads (117),
while succinylation is required for producing extended infection threads (115, 117,
129, 131). A lack of either acetylation or succinylation results in defective nodule
invasion (115, 117, 129, 131). Furthermore, Sinorhizobium meliloti mutants which
could not succinylate succinoglycan showed an increased sensitivity to
antimicrobial peptides (AMPs) (132).
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Acylation of both nod factors and succinoglycan are carried out by two main
classes of enzymes i transmembrane AT3 proteins and cytosolic LpxA-like

acetyltransferases, both of which will be discussed in more detail later.

1.2.5. Capsular polysaccharides

Capsular polysaccharides act as a major virulence factor by forming a protective
coating around bacteria (4, 10, 27). This shields the cell from host immune
defences and significantly increases virulence and transmissibility (4, 10, 27). The
structure of the capsule varies between bacteria but is typically a repeating
polymer. For example, in Neisseria meningitidis the capsule is comprised of poly-
N-acetylmannosamine (poly-ManNAc) whereas in Salmonella ser. Typhi the
capsule consists of poly-N-acetylgalactosamine (poly-GalNAc) (Figure 1.2) (4, 10,
27, 133). In both examples, the capsular polysaccharides are heavily acetylated
(4, 10, 27, 133).

Capsular polysaccharides are the basis of many vaccines (4, 10, 24, 25, 30). O-
acetylation has been shown to be vitally important in immunogenicity and thus
must be carefully considered in vaccine development (4, 10, 24, 25, 30). For
example, in assessing the Salmonella ser. Typhi Vi vaccine, the majority of
antibodies which bound to the capsular polysaccharides were specific for the
acetyl groups (10, 24, 25). Similarly in both Staphylococcus aureus and N.
meningitidis, O-acetylation of the capsule is critical for inducing a functional

immune response (4, 29, 30).

1.2.6. Osmoregulated periplasmic glucans

OPGs, long chain polymers of glucose, are located in the periplasm of Gram
negative bacteria (9). The primary function of OPGs is to reduce the osmotic
difference between the periplasm and cytoplasm (9). The concentration of OPGs
varies depending on the external environment with OPGs consisting of 0.5% dry
weight of the cell in high osmolarity conditions but increasing to 5% in low
osmolarity (9, 134). Bacteria which cannot produce OPGs are affected in many
ways; firstly, they are unable to adapt to hypo-osmotic conditions but also suffer a
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loss of motility and growth (75, 135, 136). Furthermore, OPGs have been shown to
influence pathogenicity and virulence of bacteria in both plants and animals (75,

76, 135i 141), and provide resistance to antibiotics and bacteriophage (135, 137).

OPGs can be categorised into four families each with slightly different structures
although all consist of glucose polymers which are typically anionic in character
(Figure 1.2) (134, 142). Those found in Escherichia coli and Salmonella consist of
5-12 residues in highly branched chains, while other families can be cyclic, linear
or unbranched (134, 135, 137, 141). Additionally, many OPGs are substituted with
phosphoethanolamine, phosphoglycerol, acetyl or succinyl substituents (Figure
1.2) (134, 135, 142i 145). The role of these modifications is currently unclear:
addition of phosphoglycerol or succinyl results in the anionic nature of OPGs,
however, neither are required for virulence or colonisation (74, 75, 144). In some
cases, succinyl modification has been shown to be necessary for hypo-osmotic
growth and adaption (144, 146, 147). For example, in Erwinia chrysanthemi OPGs
are only succinylated at high osmolarity, while acetylation is seen in all growth
conditions suggesting a role of succinyl in adapting to osmotic pressure (76).

1.2.7. Lipopolysaccharides
1.2.7.1. LPS function

LPS are large sugar structures which form the outer membrane of Gram negative
bacteria (Figure 1.1, Figure 1.2). Stabilised by divalent cations, LPS are an
effective permeability barrier against the external environment providing bacteria
with innate resistance to antibiotics and antimicrobial peptides (8, 14, 15). In
addition, LPS shield bacteria from the host immune system by providing protection

against phagocytosis and lysis from the complement cascade (8, 14, 16i 19).

However, LPS are also important for interaction of the host immune system with
bacteria. Protective immune responses to many Gram negative bacteria are
directed against LPS (14, 15, 19, 64, 148). This stimulates the immune system to
produce highly specific antibodies (14, 15, 19, 64, 148). In addition to the
mammalian host immune system, LPS are also important for interaction with

plants and bacteriophage; in plants, LPS is required for root hair infection in
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symbiosis (18) and many bacteriophage use LPS as a cell surface receptor for
adsorption into bacteria (148i 152).

1.2.7.2. LPS structure

LPS are comprised of lipid A, a core oligosaccharide and the O-antigen (Figure
1.2). Lipid A is the most consistent, and commonly consists of a glucosamine
disaccharide which is both acylated and phosphorylated (14). Similarly, the core
oligosaccharide is typically conserved within species. In Salmonella species the
core is made up of Kdo, hexoses and heptoses decorated with phosphates and
phosphoethanolamine (14). In contrast, the O-antigen is highly variable, consisting
of up to 50 repeating units of 2-8 sugar residues specific to the species or serovar
(Figure 1.2) (8, 14, 15). In Salmonella, there are over 1000 subspecies, all of
which have chemically and structurally different O-antigens (18, 153i 155). These
are used along with the capsule and flagella (where present) for classification by
the Kauffman-White-LeMinor scheme (18, 153i 155). The O-antigen repeating
units of Salmonella enterica subsp. enterica ser. Typhimurium, Typhi and
Paratyphi A are all very similar: all consist of a mannose-rhamnose-galactose
backbone with a side branch of abequose, tyvelose or paratose respectively
(Figure 1.3) (1561 160).

1.2.7.3. LPS modification

LPS can be modified by addition of glucose, acetyl, phosphate and
phosphoethanolamine with the O-antigen most commonly altered by glucosylation
or acetylation (148, 161). These modifications increase the antigenic complexity
and are essential to consider in vaccine development (64, 66). Glucosylation of the
O-antigen is observed in many bacteria including both Shigella flexneri and
Salmonella subsp. (63, 1621 167). In both cases, addition of glucose typically
alters antibody recognition thus changing the bacterial serotype (63, 162i 167). In
Shigella specifically, glucosylation has been shown to be important for bacterial

persistence in the host (162).
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Figure 1.3. Structure of O-antigen repeating unit from (A) Salmonella ser. Typhimurium, (B)
Salmonella ser. Paratyphi A and (C) Salmonella ser. Typhi. Substituents which are not always
present are shown in parantheses. Key as for Fig. 2. with addition of pink square = paratose, green

square = tyvelose.
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O-acetylation of the O-antigen is seen in many bacteria including Burkholderia,
Legionella and Haemophilus (80, 84, 168i 173) and is often important for
increasing virulence and persistence (69, 80, 84, 170, 172, 174). In Burkholderia
species, the O-antigen is acetylated in two locations and also methylated, and it is
this combination of modifications which allows differentiation between species
(168, 169, 1751 179). Similarly, in S. flexneri, the O-antigen is variably O-
acetylated in multiple locations, with each resulting in recognition by different
antibodies (165, 1801 185). Salmonella ser. Paratyphi A, Typhi and Typhimurium
are all acetylated on the rhamnose residue of the O-antigen repeating unit (1581
160). Salmonella ser. Typhimurium is also acetylated on the abequose residue
altering antibody recognition (71). In the development of vaccines against
Salmonella ser. Typhimurium and Paratyphi A, acetylation has been shown to be
critical for producing bacteriocidal antibodies (78, 81, 82, 186, 187).

Many of the genes involved in acetylation or glucosylation show strong homology
to those found in phage, and many are surrounded by phage genes in the
bacterial genome suggesting O-antigen modification was initially derived from
phage (60, 63, 64, 188, 189). Bacteriophage, for example Sf6 from S. flexneri or
P22 and BTP1 from Salmonella subsp. use the O-antigen as a cell surface
receptor. Once inside the bacterium, these bacteriophage modify the O-antigen to
prevent superinfection (67, 70, 73, 163, 1901 195). These genes appear to have
transferred from bacteriophage to bacteria as a protective mechanism as
modification of the O-antigen results in reduced sensitivity to phage infection (66,
70, 196).

As illustrated here, bacterial polysaccharides play an important role in the
virulence and persistence of bacteria. The polysaccharides described are involved
in a wide range of functions with very different structures. However, despite this,
all are modified by acetylation, succinylation or glucosylation which increases

antigenic variation.
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1.3. Proteins involved in polysaccharide acylation

The extra-cellular polysaccharides described above all play an important part in
protecting bacteria from the external environment. Each of those mentioned have
differing overall structures, however, all are modified by the addition of acyl
groups, for example, acetyl or succinyl. Many different classes of proteins are
involved in these modification reactions, of which a few were mentioned
previously. In particular, three i AT3, MBOAT and LpxA-like proteins (Figure 1.4)
i which all perform a similar reaction, yet have very different structures will be
briefly described here.

AT3 proteins, which will be discussed in more detail later, are integral membrane
proteins located in the cytoplasmic membrane (Figure 1.4A, B). Predicted to have
ten transmembrane helices, the exact structure and mechanism of this family of
proteins is currently unknown (23, 31, 38, 471 49, 64, 70, 74, 116, 126, 134, 174,
1971 202). First discovered in Rhizobium leguminosarum to be important for root
nodulation (203), bacterial AT3 proteins are also implicated in lysozyme resistance
(37), increasing the efficacy of macrolide antibiotics (204) and altering antibody

immunogenicity (65, 66, 205).

Like AT3 proteins, MBOAT proteins are also integral membrane proteins (Figure
1.4) (20671 208). A number of structures of MBOAT proteins have been solved
recently and show 11 transmembrane helices forming a funnel-like shape with the
catalytic residues located at the centre (207, 209). MBOAT family proteins are
involved in acylation of lipids, carbohydrates and proteins (209). Two specific
examples of MBOAT family proteins which are involved in the modification of
carbohydrates are PatA which O-acetylates peptidoglycan in Gram negative
bacteria (38); and Algl which O-acetylates alginate i involved in biofilm formation
in P. aeruginosa (12). Both PatA and Algl have partner SGNH-like proteins i PatB
and AlgX respectively (12, 38, 96). In this system, the MBOAT protein is thought to
transport the acetyl group across the membrane for transfer to the acceptor
substrate by the SGNH-like protein (50).
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Figure 1.4. Schematic showing proteins which acetylate bacterial extracellular polysaccharides. (A)
Acyltransferase family 3, (B) Acyltransferase family 3 with attached SGNH domain, (C) Membrane
bound O-acyltransferase (MBOAT), e.g. PatA, with (D) corresponding SGNH domain, e.g. PatB (E)

Trimeric LpxA-like family.
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LpxA-like acetyltransferases are soluble proteins involved in acetylation of a range
of polysaccharides including lipooligosaccharides (LOS) from R. leguminosarum
(124, 210); and capsular polysaccharide from S. aureus (29), S. pnuemoniae (27,
28, 133) and Meningococcal serogroups (30). The structure of LpxA-like proteins
is well known due to the involvement of this family of proteins in LPS biosynthesis
(211, 212). LpxA-like proteins form homotrimers of which each monomer forms a
parallel b-helix of 20-30 hexapeptide repeats (Figure 1.4) (211, 212). The active
site, with the catalytic histidine residue is located in a cleft at the interface of the
trimer (211, 212). In contrast to AT3 and MBOAT family proteins, which are
located in the cytoplasmic membrane, LpxA-like proteins are found in the
cytoplasm. This means that in LpxA-like proteins, the substrate is secreted in the
modified form; whereas in AT3 and MBOAT proteins, the substrate is thought to

be modified during or after synthesis.

Interestingly, there are multiple examples where the three systems described
above perform the same function. For example, both Gram negative and Gram
positive bacteria acetylate peptidoglycan, however, each use different proteins.
Gram positive bacteria have OatA proteins i an AT3 domain with attached SGNH
domain (AT3-SGNH) (Figure 1.4); whereas Gram negative bacteria use an
MBOAT and SGNH (PatA and PatB) two component system (50). Similarly, both
Salmonella ser. Paratyphi A and E. coli acetylate the rhamnose sugar in their
respective O-antigens. However, where Salmonella ser. Paratyphi A uses OafB, a
two-domain, integral membrane AT3-SGNH protein to perform this acetylation
reaction; E. coli carries out the acetylation reaction in the cytoplasm using a
soluble protein from the LpxA family of proteins (213, 214). Furthermore, the
capsule from Streptococcus pneumoniae is acetylated by proteins from both the
AT3 and LpxA families (28).

AT3 domain containing proteins, MBOAT proteins and LpxA-like proteins are all
involved in the modification of bacterial extra-cellular polysaccharides. All three
classes of proteins are known to play important roles in increasing virulence and
persistence of bacteria. However, while the structures and general mechanisms of
MBOAT and LpxA-like proteins are widely explored, the same is not true for AT3-
domain containing proteins. Therefore, the remainder of this introduction focusses

on AT3 domains and what is known about their structure and mechanism.
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1.4. Acyltransferase family 3 (AT3) proteins

AT3 domain containing proteins are found in all domains of life, and are involved in
a wide range of acylation reactions including: increasing the efficacy of macrolide
antibiotics (204), conferring resistance to lysozyme (37) and altering antibody
specificity (65, 66, 205). While AT3 domains most commonly exist as standalone
proteins, there are many examples of AT3 domains with attached SGNH or
alanine racemase domains. However, despite the wide-ranging functions of this
family of proteins, there is currently little evidence of the overall structure and

mechanism. Therefore, an understanding of what is known so far is required.

1.4.1. Function of AT3 domains

AT3 domain containing proteins are involved in a wide range of reactions (see
Table 1.1 for summary of functions) including the modification of LPS. O-antigen
acetylation is seen in many bacteria including species of Neisseria (69),
Salmonella (158, 160), Haemophilus (84, 173), Burkholderia (168, 169, 176, 177)
and Legionella (170, 174, 215) (Table 1.1). In S. flexneri, multiple Oac (OacA-D,
all standalone AT3) proteins have been identified in different serovars. The
acetylation performed by these proteins increases heterogeneity of the O-antigen
resulting in an altered serotype (72, 73, 183, 184, 216, 217). Similarly, in E. coli,
WecH is a standalone AT3 protein involved in acetylation of the Enterobacter
common antigen (ECA) (198) (Table 1.1).

OatA, an AT3-SGNH protein, has been identified in many bacterial species and is
known to acetylate the MurNAc residue in peptidoglycan (Table 1.1). This results
in resistance to lysozyme and b-lactam antibiotics (32, 47). Initially discovered in
S. aureus (47), OatA homologues have since been identified in many Gram
positive bacteria including Listeria monocytogenes (32), Lactococcus lactis (51,
92) and S. pneumoniae (49, 52, 53) (Table 1.1).
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Table 1.1. Functions of AT3 proteins

Group Example Attached
Fundion Organism Ref.
added proteins SGNH?
Capsular Streptococcus WCciG, (20,
Acetyl No
polysaccharide pneumoniae WCcJE 218)
Acetyl,
Chromomycin,
isobutyryl,  Streptomyces griseus,
Ansamitocin CmmaA, (200,
propionyl, Actinosynnema No
(antitumour _ Asm19 219)
butyryl, pretiosum
drugs)
isovaleryl
Enterobacterial o _
_ Acetyl Escherichia coli WecH No (198)
common antigen
Haemophilus
LOS core Acetyl influenzae, Neisseria OafA, Lot3 Yes (69, 84)
meningitidis
Salmonella enterica (70,
LPS @ntigen Acetyl OafA, OafB  Yes
serovars 201)
(72,
_ Lagl,
Legionella 168,
) . OacA,
pneumophila, Shigella 169,
_ OacB,
phage SF6, Shigella 174,
LPS @ntigen Acetyl OacC, No
flexneri, Burkholderia 185,
OacD,
sp., Salmonella enteric 214,
WhIA,
ser. Anatum 216,
WhbaK
217)
Streptomyces MdmB,
Acetyl, (204,
Macrolide mycarofaciens, CarE,
propionyl, No 220q
antibiotic Streptomyces AcyA, Mpt,
isovaleryl 225)
thermotolerans MidE
(121,
Rhizobium
Nod factors Acetyl NodX, NolL No 125,
leguminosarum
203)
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Group Example Attached

Fundion Organism ) Ref.
added proteins SGNH?
Escherichia coli,
(74,
Rhodobacter
_ _ MdoC, 144,
OPGs Succinyl sphaeroides, Brucella No
_ OpgC 197,
abortus, Dickeya
) 199)
dadantii
Peptidoglycan )
Acetyl Lactobacillus plantarun  OatB Yes (48)
(GIcNACc)
Listeria
monocytogenes,
Lactobacillus
) (32, 47,
Peptidoglycan plantarum,
Acetyl OatA Yes 48, 52,
(MurNAc) Staphylococcus aureus 92)
Lactococcus lactis,
Streptococcus
pneumoniae
Peptidoglycan _ _
Acetyl Bacillus anthracis OatB No (37)
(MurNAc)
. o (97,
Pilin glycan Acetyl Neisseriaggonorrhoeae Pall Yes 226)
PNAG Succinyl Staphylococcus aureu: IcaC No (105)
Succinoglycan Acetyl Rhizobium meliloti ExoZ No (116)
Succinoglycan Succinyl Sinorhizobium meliloti ExoH No (129)
Xanthomonas GumF,
Xanthan Acetyl No (227)

campestris GumG




In addition to resistance to lysozyme, OatA involvement has recently been
discovered in cell elongation and septation, with overexpression resulting in cell

death (49, 92, 93). However, the exact mechanism for this is currently unknown.

Furthermore, standalone AT3 proteins are involved in the biosynthesis of
macrolide antibiotics in Streptomyces species; AcyA, CarE and MdmB are all
standalone AT3 proteins involved in modification of macrolides which increases
efficacy (Table 1.1) (204, 220, 222, 228). These have since been used in
combination to create hybrid antibiotics with varying properties (220). Similarly,
Asm19 from Actinocynnema pretiosum (219) and CmmA from Streptomyces
griseus modify anti-tumour drugs in the final stage of biosynthesis, converting an

inactive compound into the bioactive chromomycin (Table 1.1) (200, 229, 230).

There are many other known functions of bacterial AT3 domain containing
proteins, including modification of succinoglycan, nod factors, OPGs and capsular
polysaccharides (Table 1.1). All the proteins mentioned modify bacterial
polysaccharides by addition of an acyl group but here the similarities end. The
modified polysaccharide structures vary extensively and the individual sugar
residues modified differ: from MurNAc in peptidoglycan, to talose in the O-antigen
of Burkholderia. While all polysaccharides are modified with an acyl group, this
can also vary: including acetyl, succinyl or propionyl (Table 1.1). To understand
how AT3 proteins are able to perform such a wide range of reactions, the structure

and mechanism must be examined.

1.4.2. Structure and mechanism of AT3 domains

AT3 domains are highly hydrophobic, integral membrane proteins with the majority
predicted to contain 10 transmembrane helices (23, 31, 38, 471 49, 64, 70, 74,
116, 126, 134, 174, 1971 202). Thanweer et al. carried out PhoA fusion analysis of
Oac from S. flexneri which determined that, as predicted, Oac has 10
transmembrane helices with the N- and C- terminus located in the cytoplasm
(Figure 1.5) (202). Currently, this is the extent of the knowledge of the architecture
of AT3 domains as there is no known protein structure.
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Figure 1.5. Topology diagram of OacA from S. flexneri SF6 bacteriophage with residues which

have been previously shown to be important for AT3 activity highlighted in red.

36



AT3 proteins show some sequence homology, however, excluding a few well
conserved residues, there is minimal similarity between protein sequences. Slauch
et al. first identified regions of conserved sequence motifs, including an RxxR motif
(Figure 1.5) and GVD motif (126, 201). The RxxR motif, located in the cytoplasm,
has since been mutated and found to be critical for function, suggesting this motif
is potentially involved in catalysis or substrate binding (70, 202). The GVD has not
yet been mutated, so it is not known if this is also required for activity. Thanweer
and Verma also mutated other conserved residues in transmembrane helices
(TMH) 3, 4 and 9 from Oac, including a number of aromatic amino acids which
were required for function (231). In addition, they removed the periplasmic loop
between TMH3 and TMH4 concluding that it was required for activity (202).
However, this is likely to have also significantly disrupted the protein fold. Mutation
of specific residues within this loop did not discover any which were critical for
activity (231).

AT3 domains show broad substrate specificity both within and between proteins.
For example, as a protein family, the acceptor substrates include a range of
bacterial carbohydrates with many different sugars as the accepting residue. In
addition, there are examples of AT3 domains which are able to accept multiple
donor substrates: CmmA, MdmB and Asm19 are able to utilise acetyl coA,
isobutyryl coA, propionyl coA and isovaleryl coA in an in vitro setting. All three of
these proteins are involved in the modification of antibiotic or anti-tumour drugs so
substrate specificity has been widely explored for biotechnological applications.
However, it seems plausible that other AT3 domains would also be able to use a
range of donor substrates. While standalone AT3 proteins have been shown to
function using acyl-coA donors in vitro, there is currently no evidence of how the
acyl group is presented in vivo. However, it is assumed to be linked to acyl-coA
but, at present, this has not been verified (198, 199, 204, 219, 230).

In some cases, for example, Oac from S. flexneri, AT3 domains exist as
standalone proteins. However, other AT3 domains have additional domains
attached, predominately at the C-terminus. For example, OatA from S. aureus and
OafA from Salmonella ser. Typhimurium, have SGNH domains attached at the C-
terminus. It is currently assumed that the SGNH domain is located in the

periplasm, and, where present, the SGNH domain is required for activity (48, 50,
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70, 201). An alternative example is VanT, a serine racemase, which has an N-
terminal AT3 domain with a C-terminal alanine racemase domain (232).
Interestingly, in the case of VanT, the C-terminal alanine racemase domain forms
a dimer which is required for activity; however, it is unknown if the AT3 domain
also forms a dimer (232).

AT3 proteins are known to be involved in many bacterial carbohydrate modification
reactions. However, while the functions have been widely explored, comparatively
little is known about their overall structure and mechanism. Many AT3 domains
have attached SGNH domains. While far more is understood about the structure
and reaction mechanism of SGNH domains, it is not known how the two domains
function in tandem or how AT3 standalone proteins are able to function without a
partner SGNH protein.

1.5. SGNH domains

SGNH hydrolases are involved in a wide range of reactions and have broad
substrate specificity. Found in all domains of life, SGNH domains can exist either
as standalone domains or attached to other protein domains: for example,
carbohydrate binding domains or AT3 domains. Many structures of SGNH
hydrolases can be found in the Protein DataBank (PDB), and the mechanism has
been thoroughly explored: below is a brief overview of the typical structure and

mechanism of SGNH domains.

Known for their promiscuity, SGNH domains are capable of performing a wide
range of reactions on a broad range of substrates (233). One such example,
TAPL1, is a multi-functioning enzyme from E. coli which is able to act as a
thioesterase, lysophospholipase and protease (234). Huang et al. hypothesise this
is due to a flexible binding pocket which facilitates diverse substrate specificity
(235). However, despite this flexibility, TAP1 shows high substrate- and regio-
specificity (235).

TAP1 is an example of a standalone SGNH hydrolase, however, many examples

of SGNH domains are attached to carbohydrate binding domains to facilitate
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carbohydrate modification (2361 239). For example, SGNH domains which are
involved in the degradation of plant cell wall polysaccharides (240, 241) or hemi-
cellulose (236, 242, 243). Similarly, in Gram negative bacteria, SGNH domains are
heavily involved in peptidoglycan modification. Apel, a standalone SGNH domain,
deacetylates peptidoglycan to allow for cell wall remodelling (2441 246). The
reverse reaction, acetylation, is also performed by an SGNH domain i PatB: it is
this reaction which renders the bacteria resistant to lysozyme (38, 247, 248). As
such, SGNH domains are able to perform both the transferase (forward) and
hydrolase (reverse) reactions. Therefore, it is difficult to predict which reaction is

performed by SGNH domains.

1.5.1. Structure of SGNH domains

The general structure of SGNH hydrolases is well-known, with many structures
deposited in the PDB. SGNH domains form a highly conservedU/ b hy dr ol as
of 7-10-h@ | i ces s ur-gheets (Figurenl @A) ©239p249i 252). With such
a highly conserved structure, understanding how SGNH hydrolases are able to
bind a wide variety of substrates with high substrate specificity has been of interest
to many. SGNH hydrolases appear to have flexible active site channels allowing
accommodation of a wide range of substrates, while substrate specificity is
maintained by the chemical properties of residues surrounding the channel (2511
253). For example, the binding site of TAP1 from E. coli has been extensively
studied using NMR to investigate the dynamics of each residue. This analysis
found TAP1 to have an overall rigid structure but with a flexible binding pocket to
facilitate binding of a range of substrates (235). In addition, a loop close to the
active site undergoes significant conformational changes to direct substrate
specificity (234, 252).

Most SGNH hydrolases exist as monomers, however, there are many examples of

oligomers forming, both in solution and crystal structures.
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Figure 1.6. Structure and mechanism of SGNH domain. (A) Structure of OatA from S. pneumoniae
with catalytic triad shown as sticks coloured by atom. (B) Typical mechanism of SGNH domain.
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The most common of these is dimer formation (240, 2541 260), although trimers
(26171 263), tetramers (236, 264), hexamers (265) and octamers (242, 243, 266,
267) have also been observed. Interestingly, despite many structures showing
SGNH hydrolase oligomers, all display different interfaces. Some have the active
site within the interface, protected from the external environment (240, 242, 263,
265, 266), whereas others have the active site facing outwards, thought to
increase substrate binding efficiency (267). A number of potential explanations
have been proposed for this oligomerisation: firstly, to increase efficiency of
substrate binding, in particular for SGNH hydrolases acting on polymers where
increasing avidity results in tighter binding (240, 267). Second, to increase
substrate specificity by preventing larger substrates from entering the active site
(242, 265, 266). Thirdly, to prevent premature hydrolysis of bound substrate by
cellular contents (240, 242, 263, 265); and finally, to increase protein stability
(242).

1.5.2. Mechanism of SGNH domains

SGNH hydrolases show structural homology, however, sequence identity is limited
(233). Upton et al. identified five blocks of conserved sequences: GDS, G, GXND,
GxR and DxxH (where x represents any non-proline amino acid). The most
conserved residues from these five blocks of sequence gave rise to the name
SGNH (GDS, G, GxND, GxR, DxxH) (268). It is also within these five sequence
blocks that the catalytic triad are located: serine from block I, along with aspartic
acid and histidine from block V (95, 236, 239, 240, 242, 246, 249, 251, 254, 257,
262, 264, 2691 271). When mutated to alanine, the catalytic serine and histidine
show less than 1% activity (95, 247, 255, 262, 264, 271), whereas aspartic acid
retains some residual activity (4-39% depending on the SGNH enzyme tested)
(95, 247, 264).

In addition to the catalytic residues, the five blocks of conserved sequence also
contain other residues important for catalysis. Block | serine, block Il glycine and
block Il asparagine form an oxyanion hole which stabilises the transition state
formed during the reaction (236, 240, 244, 257, 2627 264). When mutated, each of

these residues significantly reduce the enzyme activity compared to the wild type
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enzyme (244, 251, 264). Other residues surrounding the catalytic triad are unique
in each enzyme and thought to contribute to substrate binding and specificity (251,
256, 269).

The mechanism of SGNH hydrolases operates via a ping-pong bi-bi reaction
(Figure 1.6B). This starts with nucleophilic attack of the substrate by the catalytic
serine resulting in the formation of an oxyanion intermediate which collapses to
form a product and acyl-enzyme intermediate. In the second, slower step, a water
molecule attacks the acyl-enzyme intermediate to form a second tetrahedral
oxyanion which again collapses to release the second product and free enzyme
(Figure 1.6B) (237, 253, 272, 273). The reverse, transferase reaction proceeds via
the same mechanism with the substrate, for example, acetate, forming an acetyl-
enzyme intermediate attached to the catalytic serine followed by hydrolysis by the

acceptor substrate in the same ping-pong bi-bi mechanism (95).

As illustrated here, SGNH domains are involved in a wide range of reactions;
many of which are relevant for biotechnological or biomedical applications.
Overall, much is known about the various functions, structure and mechanism of
SGNH domains. However, in context of AT3-SGNH proteins, far less is
understood. The current understanding of the structure and mechanism of the
individual AT3 and SGNH domains have been summarised, however, when

combined, there are far fewer examples and thus, less is known.

1.6. AT3-SGNH

AT3-SGNH proteins comprise of an N-terminal AT3 domain with an attached C-
terminal SGNH domain. The structure and mechanism of both these domains
have been discussed individually and the mechanism of how the two domains
work in tandem is assumed to be similar. There is also much overlap in the
function of AT3 standalone proteins and AT3-SGNH proteins; for example, Oac
from S. flexneri (standalone AT3) and OafB from Salmonella ser. Paratyphi A
(AT3-SGNH) both acetylate the rhamnose residue in LPS.
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There are currently three known functions of AT3-SGNH proteins in bacteria:
acetylation of peptidoglycan, LPS and PIlE glycan. Each of these functions play
important roles in virulence and persistence of the bacteria. For example, OatA
acetylates peptidoglycan in many Gram positive bacteria including: S. aureus (47),
L. lactis (51) and L. monocytogenes (32). This acetylation by OatA confers
resistance to lysozyme and b-lactam antibiotics (32, 47, 48, 52, 274), which makes

OatA an attractive target for novel antibiotics (275).

OafA (71) and OafB (70) from Salmonella ser. Typhimurium and Paratyphi A
respectively are examples of AT3-SGNH proteins which acetylate the O-antigen.
OafA homologues are also found in Haemophilus influenzae (84) and N.
meningitidis (69) which acetylate sugars in the LOS. Modification of the O-antigen
has been shown to alter antibody recognition (71) and must be carefully

considered in vaccine development (78, 186, 276, 277).

The final example of the function of AT3-SGNH proteins in bacteria is Pgll from
Neisseria species. Pgll acetylates various sugars in the glycan attached to PIlE,
the protein which comprises pilin (97, 226). Including the various combinations of
sugars which can be present in this glycan, and the variable acetylation; this
results in extremely complex heterogeneity (97). This has been shown to alter
antigenicity (99), which presumably is an important virulence factor.

1.6.1. Structure and mechanism of AT3-SGNH proteins

AT3 standalone proteins contain 10 transmembrane helices whereas the AT3
domain of AT3-SGNH proteins is predicted to consist of 11 transmembrane
helices (38, 49, 93). This locates the attached SGNH domain in the periplasm or
extracellular environment (38, 49, 50, 70, 93). At present, this is the extent of the
knowledge of the structure of AT3 domains. However, the structures of the SGNH
domain of OatA, an AT3-SGNH protein which acetylates peptidoglycan, from S.
aureus and S. pneumoniae (Figure 1.6A) have been solved using X-ray
crystallography (95, 278). Both OatA SGNH domain structures exhibit a classic
SGNH structure, analogous to structures of standalone SGNH domains (95, 278).

Similarly, the structure of the SGNH of OafB from Salmonella ser. Paratyphi A has
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also been solved (1, 279). While the overall structure is similar to that of OatA,
there are some additional structural features including an extra helix and
structured periplasmic linking region which are not seen in OatA (1, 279). These

additional structural features will be discussed in more detail later.

A number of key residues have previously been identified in AT3 standalone
proteins, including an RxxR motif which was shown to be essential for activity.
Similarly, in AT3-SGNH proteins, this RxxR motif is highly conserved (48, 70, 201)
and has been shown to be essential for activity in OafB (70). Fusion experiments
have also shown this motif to be located in the cytoplasm (70). In addition, Bernard
et al. identified well conserved aromatic residues preceding the RxxR motif and

also regions of high sequence similarity in TMH 1, 2, 4, 6 and 9 (48).

While the key residues in both AT3-SGNH and AT3 standalone proteins are
similar, there are a number of differences between AT3-SGNH proteins and
standalone SGNH domains. Although the catalytic triad of serine, histidine and
aspartic acid are the same and equally as essential (48, 95); the oxyanion hole
residues differ. In standalone SGNH domains, the oxyanion hole consists of
serine, glycine and asparagine. Whereas, in AT3-SGNH proteins, this does not
appear to be as rigid: both OatA from S. aureus and S. pneumoniae have valine
instead of glycine (95, 278). As seen in SGNH standalone proteins, mutation of the
oxyanion asparagine in OatA results in significantly reduced activity compared to
the wild type (95, 278). Interestingly, mutation of the oxyanion hole valine in OatA
from S. pneumoniae to glycine results in a protein which is unable to transfer the
acetyl group to peptidoglycan but is a more efficient hydrolase enzyme (95). This
suggest that this residue is important for conferring reaction specificity. Similarly,
OafB from Salmonella ser. Paratyphi A also has a non-canonical oxyanion hole,
and it is predicted that an Asn residue replaces the block Il Gly. However, other
stabilising residues are currently unclear (1, 279).

The transferase mechanism of the SGNH domain from OatA was found to be
identical to that of standalone SGNH proteins, a ping-pong bi-bi reaction (280).
However, the overall reaction of AT3-SGNH proteins and how the two domains
work in tandem to perform the reaction is currently unknown. It is widely assumed

that the acetyl donor is acetyl-coA (50, 93, 201), the acetyl group is then thought to
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be transported across the membrane by the AT3 domain before transfer to the
SGNH domain for attachment to the acceptor substrate (50, 93).

1.7. OafA and OafB

The overall structure and mechanism of AT3-SGNH proteins is currently almost
entirely unknown. Therefore, to study this family of proteins, two proteins were
chosen as model systems for further research: OafA from Salmonella ser.
Typhimurium and OafB from Salmonella ser. Paratyphi A, both of which acetylate
the O-antigen. Current research in to vaccines against Salmonella subspecies
focusses on the use of the O-antigen to stimulate an immune response. Therefore,
characterisation of proteins involved in O-antigen modification in Salmonella is

critical.

1.7.1. Function of OafA and OafB

OafA was first discovered by Slauch et al. in 1995 (71) and was found to acetylate
the abequose residue in the O-antigen repeating unit of Salmonella ser.
Typhimurium (201). Serotyping of Salmonella subsp. relies on antibodies binding
to the O-antigen, and as such the un-acetylated abequose confers the O4
serotype (Figure 1.7A) while acetylated abequose elicits the O5 serotype (Figure
1.7B) (71, 281). Slauch et al. hypothesised acetylation of abequose alters the 3D
structure of the O-antigen resulting in the change in antibody recognition (71). O-
acetylation of abequose is not uniform across the O-antigen, Micoli et al. suggests
between 20-63% of abequose residues are acetylated with differences related to
the bacterial strain (166).

In addition to acetylation on the abequose residue, the discovery of the structure of
the O-antigen repeating unit from Salmonella ser. Typhimurium in 1969 identified
acetylation of approximately 50% of rhamnose residues (158). This acetylation
was also seen on the O-antigen of Salmonella ser. Typhi and Paratyphi A (Figure
1.7) (159, 160).
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Figure 1.7. Structure of O-antigen repeating unit from Salmonella ser. Typhimurium with the O:4
serotype (A), O:5 serotype (B) and Salmonella ser. Paratyphi A (C) showing acetylation by OafA
and OafB.
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Levels of rhamnose acetylation have since been shown to vary 1 with reports of
13-100% depending on the strain in question (82, 166, 282).

Davies et al. (2013) identified gtrC genes from 50 Salmonella genomes which
were then classified into 10 families based on sequence identity (66). The
corresponding gtrA and gtrB genes of gtrC family Il were all found to contain
deletions or truncations rendering them non-functional (66). Consequently, the
eight gtrC family 1l genes were shown to have homology to acyltransferase family
3 proteins and therefore were reclassified accordingly (70) and renamed OafB (1).
The OafB proteins show high sequence identity to each other (>90%). The
exception is OafB from Salmonella ser. Typhimurium (77% identity) which is
derived from the BTP1 prophage genome (70). However, OafB-BTP1 from
Salmonella ser. Typhimurium and OafB from Salmonella ser. Typhi have both
been shown to acetylate the rhamnose residue in the O-antigen (70, 205). OafB
from Salmonella ser. Paratyphi A is assumed to perform the same reaction due to
the high sequence identity (99%) between OafB from Salmonella ser. Typhi and
Paratyphi A (Figure 1.7C).

Modification of the O-antigen has frequently been identified as important for
virulence and persistence of bacteria. Acetylation by OafA is no exception, and
has been demonstrated to alter antibody recognition in serotyping (71), and is also
fundamental in vaccine development (78, 186, 276, 277). Kim et al. found that
mice immunised with Salmonella ser. Typhimurium containing oafA produced a
significantly higher antibody titre compared to those with no oafA (186). Similarly,
in development of a glycoconjugate vaccine, increased protection was seen in the
presence of acetylation (78). Molecular dynamic (MD) simulation of the O-antigen
suggests the critical role of O-acetylation in antibody recognition is due to the high

solvent accessibility of the acetyl group (78).

Similarly, the importance of O-acetylation by OafB has also been acknowledged in
the development of vaccines against Salmonella ser. Paratyphi A where acetyl
groups were shown to be required to elicit bactericidal antibodies (81, 82).
Additionally, OafB-BTP1 from Salmonella ser. Typhimurium, has been shown to
protect the O-antigen from cleavage by BTP1 phage tailspike protein resulting in

evasion of phage infection by BTP1 and also P22 (A3/4) phage (70, 195).
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1.7.2. Structure and mechanism of OafA and OafB

Both OafA and OafB are AT3-SGNH proteins, and therefore contain an N-terminal
AT3 domain with 11 transmembrane helices with attached C-terminal SGNH
domain (71). Currently, little is known about the structure of the AT3 domain from
OafA and OafB, however, homology is seen to Oac from S. flexneri and OatA from
S. aureus both of which are AT3 family proteins (71). Similarly, the mechanism of
action of OafA and OafB is predominantly unknown. An RxxR motif, thought to be
located in the cytoplasm, was shown to be required for activity of Oac from S.
flexneri. This RxxR motif is also found in both OafA and OafB (70, 201), and when
mutated in OafB-BTP1 from Salmonella ser. Typhimurium, was found to be
similarly essential for activity. In addition, the C-terminal 238 residues (SGNH
domain), established to be located in the periplasm, are also essential for activity
(70) suggesting this periplasmic domain plays an important role in the overall

mechanism.

The structure of the periplasmic region, including the SGNH domain, of OafB from
Salmonella ser. Paratyphi A was previously determined using x-ray
crystallography (Figure 1.8) (1, 279). The structure was found to be similar to that
of a typical SGNH domain, however, a few significant differences were seen
(Figure 1.8). Firstly, an additional helix is seen in OafB which is not seen in other
SGNH domains resulting in an elongated structure. Secondly, the periplasmic
linking region between TMH11 of the AT3 domain and N-termini of the SGNH
domain was found to be structured, suggesting the AT3 and SGNH domains are
likely to exist in close proximity and may even interact (1, 279). Finally, two
disulfide bonds are seen in the structure of OafB supporting previous hypotheses
that the SGNH domain is located in the periplasm as disulfide bonds are rare in

the cytoplasmic environment.

OafA and OafB acetylate the O-antigen in Salmonella subsp., an important

modification for vaccine development and evasion of phage infection.
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Figure 1.8. Structure of SGNH domain and periplasmic linking region of OafB from Salmonella ser.
Paratyphi A (1) (A) compared to OatA from S. pneumoniae (95) (B). Catalytic residues shown as
sticks and coloured by atom. Additional helix is coloured teal and SGNH-ext coloured orange.
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However, while much is known about the structure and mechanism of SGNH
domains; little is known about the mechanism or detailed structure of the AT3
domain. Similarly, the overall structure and mechanism of AT3-SGNH proteins,
and how the two domains function together is unknown. In addition, there is
currently only speculation of how and when the acetylation modification may

occur.

1.8. Research Aims

Bacterial polysaccharides, for example, LPS, peptidoglycan and capsular
polysaccharides play an important role in enabling bacteria to evade the host
immune system. In modifying these polysaccharides by succinylation or
acetylation, bacteria can increase pathogenicity and virulence. Therefore, the
proteins involved in this modification are important for development of novel
vaccines or antimicrobials. AT3 family proteins function to acylate bacterial
polysaccharides, therefore, it is important to understand the overall mechanism of
this family of proteins. However, although AT3 proteins are involved in a wide
range of modification reactions, little is known about the overall structure and
mechanism. This research focusses on two AT3 family proteins i OafA and OafB
from Salmonella subsp. Paratyphi A and Typhimurium. These bacteria cause
significant illnesses in developing countries, and with multi-drug resistance
increasingly common, development of an effective vaccine is required. Many
vaccines currently in development are based on LPS conjugates, and as O-
acetylation of the LPS by OafA and OafB alters antibody recognition; the full extent
of this O-acetylation must be understood to enable successful vaccine
development. Therefore, this research aims to further the understanding of the
overall structure and mechanism of AT3-SGNH proteins, with the focus on OafA
and OafB.

The current hypothesis for the mechanism of AT3-SGNH proteins (Figure 1.9)
suggests that the acyl group is transported across the cytoplasmic membrane by
the AT3 domain onto the SGNH. It is then assumed that the attached SGNH
domain transfers the acyl group onto the acceptor substrate.
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Figure 1.9. Proposed structure of AT3-SGNH proteins showing hypothesised mechanism. The
structure of the AT3 domain is drawn as a schematic, the SGNH domain and periplasmic linking
region from OafB (Salmonella ser. Paratyphi A) structure is used (PDB ID: 6SE1). Acetyl group is
shown as a star with question marks showing regions where mechanism is currently unknown.

Figure adapted from Pearson et al. 2020 (1)
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The mechanism of AT3-SGNH proteins is modelled on the PatA / PatB system of
an MBOAT and membrane bound SGNH domain (not attached) which acetylates
peptidoglycan (38). Like the AT3 domain, PatA is thought to transport the acetyl
group across the membrane for transfer to the acceptor substrate by PatB, in
place of the SGNH domain (50). Interestingly, Kajimura et al. substituted WecH,
an AT3 protein, in place of PatA and the system was able to function (198, 248).
This strongly suggests that the AT3 and MBOAT proteins perform the same
function. However, this raises the question: why do some bacteria use MBOAT /
SGNH systems, while others use standalone AT3 or AT3-SGNH bound proteins to

perform the same function?

This proposed mechanism (Figure 1.9) of AT3-SGNH proteins still has many
unanswered questions: what is the acetyl group donor? How does the AT3 domain
transport the acyl group across the membrane? What is the structure of the AT3
domain? Do the AT3 and SGNH domains interact? How is the acyl group
transferred between domains? At what stage during synthesis is the acceptor

substrate acetylated?

This thesis presents research which aims to further the current understanding of
the structure and mechanism of AT3-SGNH proteins using both in silico
predictions and biophysical characterisation. OafA and OafB are used as model
systems to study three regions of the proteins: the SGNH domain; the region

linking the two domains; and finally, the AT3 domain.
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2. Materials and Methods

2.1. Materials

2.1.1. Bacterial strains

E. coli strains used in this research are listed in Table 2.1. E. coli XL1-blue cells
were used for molecular biology and plasmid production (section 2.2). All other E.

coli strains were used for the over-production of proteins (section 2.3).

Table 2.1. E. coli strains used for molecular biology and protein expression

Strain Genotype Source Ref.
XL1 blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl Stratagene (283)
super- lac [F" proAB lacld Z &M 1TH10 (Tet")] (Agilent)
competent
Origami2 P( alrau) 7697 ol ac XpwR op  Fromlab  (284)
araD139 ahpC galE galK rpsL F Ni¢* lacl? pro] stock
(DE3) gor522::Tn10 trxB (StrR, TetR)

SHuffle fhuA2 lacZ::T7 genel [lon] ompT ahpC gal NEB (285)
o a PPNEB3-r1-cDsbC (SpecR, lacl9) trgB sulAll
R(mcr-73::miniTn10--Tets)2 [dcm] R(zgb-210::Tn10

~-TetS)end A1l adoacCimrr)114::1S10
BL21 DE3 fhuA2 [l on] ompT gal ( Fromlab (286)
 DE3 = & sBaBnHI o & stock
int::(lacl::PlacUV5::

MC1061 F-hsdR (k-, mk+) ar aD1-29768( ¢ Fromlab (287)

gal U gal K ol acX74 rHAsnpR - stock

(am) TetR (am)}
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2.1.2.Genetic material

Plasmids used in this research are listed in Table 2.2. pETFPP_1, pETFPP_2 and
pETFPP_5 are derivatives of the pET plasmid (286, 288, 289). In pET plasmids,
the inserted gene is under control of the T7 RNA polymerase promoter. On
addition of isopropylthio-b-galactoside (IPTG), T7 RNA polymerase is produced
which binds to the T7 promoter and transcribes the inserted gene. The pBAD-
cLIC-2005 holds the inserted gene under control of an arabinose inducible

promoter (290).

DNA constructs used in this work are shown in Table 2.3 along with the plasmid
used for protein expression. Constructs listed as gBlocks gene fragments were
sourced from IDT as codon optomised lyophilised double stranded DNA
fragments. The gene fragments were resuspended in ddH20 to a concentration of

50 ng/pL for use in infusion reactions (section 2.2.7.3).

Oligonucleotides are listed in the relevant sections: preparation of linear plasmids
(section 2.2.7.1); preparation of insert DNA (section 2.2.7.2); site-directed
mutagenesis (section 2.2.8.1); and insertion mutations (section 2.2.8.2). In all
cases, oligonucleotides were sourced lyophilised from IDT or Eurofin Genomics
and resuspended in ddH20 to 100 puM concentration before diluting to 5 uM for use

in polymerase chain reactions (PCR).

Table 2.2. Plasmids used for protein expression

) o Antibiotic
Plasmid Description ] Source
resistance

Adds 3C cleavable N-
pPETFPP_1 _ _ Kan
terminal hexa-His tag

University of York
Adds 3C cleavable N-

PETFPP_2 terminal hexa-His MBP Kan
solubility tag

Technology Facility
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Antibiotic

Plasmid Description _ Source
resistance
Adds 3C cleavable N-
pPETFPP_5 terminal hexa-His Im9 Kan
solubility tag
pPETFPP_1 with inserted o
JP313 ' Kan Samuel Griffiths
SHIRT domain 3
pBAD-cLIC- Adds C-terminal deca-His _
Amp Caroline Pearson
2005 tag

Table 2.3. Constructs used for protein expression (full gene and protein sequences in appendix

7.1)
Construct Residue Plasmid used for  Source of genetic material
numbers expression

OafA-STM-  355-609 pETFPP_2

355

OafA-STM-  366-609 pETFPP_2

366

OafA-STM-  379-609 pETFPP_2

379 Uniprot ID: Q8ZNJ3
OafA-STM-  401-609 PETFPP_2 Cloned from pMV433 (OafA
401 from STMLTZ2 in
OafA-STM 91130  pETFPP_1, PBADCLIC2005, cloned by
loop 3-4 PETFPP_2, Reyme Herman)

pETFPP_5, JP313

OafA-STM-  1-609 pBAD-cLIC-2005

full

OafA-STM-  1-325 pBAD-cLIC-2005

10T™M
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Construct Residue Plasmid used for  Source of genetic material
numbers expression

OafA-STM-  1-366 pBAD-cLIC-2005

11T™

OafA-STM 91-130 JP313 Ordered from IDT as gBlocks

loop 3-4 gene fragment

5xGS

OafB-SPA- 377-640 pPETFPP_2 Uniprot ID: AOAOH2WM30

377 ordered from Genewiz codon
optimised in pUC57

OafB-SPA- 399-640 pPETFPP_2 Cloned from OafB377 in

399 pUC57

OafB-SPA-  421-640 pPETFPP_2

421

OafB-SPA 96-132 PETFPP_1, Ordered codon optimised

loop 3-4 PETFPP_2, from Genewiz in pUC57

pETFPP_5, JP313

OafB-SPA 96-132 JP313 Ordered codon optimised

loop 3-4 from IDT as gBlocks gene

5xGS fragment

OafB-STM-  1-640 pBAD-cLIC-2005 Uniprot ID: AOALR3Y5Q6

full Cloned from pMV434 (OafB

OafB-STM-  1-341 pBAD-cLIC-2005 from D23580

10T™M (Path 189) in

OafB-STM-  1-373 pBAD-cLIC-2005 ~ PBADCLIC2005, cloned by

11TM Reyme Herman)

OatA-LL-399 399-605 pPETFPP_2 Uniprot ID: S6FUQ9
Ordered codon optimised
from IDT as gBlocks gene
fragment

OatA-LL-447 447-605 pETFPP_2 Cloned from OatA-LL399
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Construct Residue Plasmid used for  Source of genetic material
numbers expression

OatA-LL-full  1-605 pBAD-cLIC-2005 Ordered codon optimised
from IDT as gBlocks gene
fragment

OatA-LL- 1-352 pBAD-cLIC-2005

10T™M
Cloned from OatA-LL-full

OatA-LL- 1-405 pBAD-cLIC-2005

11T™

OatA-LM- 408-622 pPETFPP_2 Uniprot ID: Q8Y716

408 Ordered codon optimised
from IDT as gBlocks gene
fragment

OatA-LM- 462-622 pPETFPP_2 Cloned from OatA-LM408

462

OatA-LM-full  1-622 pBAD-cLIC-2005 Ordered codon optimised
from IDT as gBlocks gene
fragment

OatA-LM- 1-363 pBAD-cLIC-2005

10T™M
Cloned from OatA-LM-full

OatA-LM- 1-415 pBAD-cLIC-2005

11T™

OatA-SA- 398-603 PETFPP_2 Uniprot ID: Q2FV54

398 Ordered codon optimised
from IDT as gBlocks gene
fragment

OatA-SA- 435-603 PETFPP_2 Cloned from OatA-SA398

435

OatA-SA-full  1-603 pBAD-cLIC-2005 Ordered codon optimised

from IDT as gBlocks gene

fragment
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Construct Residue Plasmid used for  Source of genetic material
numbers expression

OatA-SA- 1-363 pBADcLIC2005

10T™M
Cloned from OatA-SA-full

OatA-SA- 1-404 pBAD-cLIC-2005

11TM

Pgll-NG-371 371-624 pPpETFPP_2 Uniprot ID: AOA5K1QIQ2
Ordered codon optimised
from IDT as gBlocks gene
fragment

Pgll-NG-403 403-624 pPETFPP_2 Cloned from Pgll-NG371

Pgll-NG-full  1-624 pBAD-cLIC-2005 Ordered codon optimised
from IDT as gBlocks gene
fragment

Pgll-NG- 1-344 pBAD-cLIC-2005

10T™M
Cloned from Pgll-NG-full

Pgll-NG- 1-380 pBAD-cLIC-2005

11T™

OacA-SF-full  1-333 pBAD-cLIC-2005 Uniprot ID: P23214

Ordered codon optimised
from IDT as gBlocks gene

fragment
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2.1.3. Bacterial culture media

Bacterial culture media used in this work are listed in Table 2.4. Media were

supplemented with antibiotics as required according to Table 2.5.

Table 2.4. Bacterial growth media used for molecular biology and expression. Components

indicated with an asterisk (*) were 0.2 uM filtered and added after autoclaving.

Media Application Components

Lysogeny Molecular 5 g/L yeast extract (Thermofisher), 10 g/L

Broth (LB) biology, tryptone (Formedium), 10 g/L NaCl (Fisher)
protein
expression

LB agar Molecular 5 g/L yeast extract, 10 g/L tryptone, 10 g/L
biology NacCl, 15 g/L agar (Formedium)

Super optimal  Molecular 20 g/L tryptone, 5 g/L yeast extract, 10 mM

broth with biology NacCl, 2.5 mM KCI (Fisher), 10 mM MgCl:

catabolite (Fisher), 10 mM MgSOa4 (Fisher), 4 g/L

repression glucose* (Thermofisher)

(SOC)

M9+ minimal >N-labelled 9 g/L NazHPO4 (Sigma), 5 g/L KH2PO4

media (291) protein (Fisher), 19 g/L K2HPO4 (Fisher), 2.4 g/L
expression K2S04 (Sigma), 0.95 g/L MgCl2* (Fisher), 0.1

eg/L riboflavin* (Sigma), 0.1 eg/L
nicotinamide* (Sigma), 0.1 €g/L pyridoxine
hydrochloride* (Sigma), 0.1 €g/L thiamine
hydrochloride* (Sigma), 50 ¢ M FeCls*
(Sigma), 50 eM ZnCl2* (VWR), 100 €M CaClz*
(Fisher), 100 €M MnCl>* (Sigma), 10 eM
CuSO4* (Sigma)
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Table 2.5. Antibiotics added to media dependent on plasmid or bacterial strain used. Antibiotics

marked with an asterisk (*) were only added to liquid culture and not to LB-agar.

Antibiotic Source Solvent Working Concentration

Ampicillin Melford ddH20 100 eg/mL

Kanamycin Sigma ddH20 50 eg/mL
Streptomycin* Sigma ddH20 100 eg/ mL
Tetracycline* Sigma Ethanol 10 eg/mL

2.1.4 Buffer solutions

The composition of buffers used for the purification of DNA and proteins are listed
in Table 2.6.

Table 2.6. Composition of buffers. Tris = tris(hydroxymethyl)aminomethane, EDTA =
ethylenediaminetetraacetic acid, DTT = dithiothreitol, SDS = sodium dodecyl sulfate, APS =

ammonium persulfate, TEMED = N,N,N,N-tetramethylethylenediamine.

Buffer Composition

20 mM Tris (Invitrogen) pH 7.5, 500 mM NacCl (Fisher), 20 mM

Binding buffer _
imidazole (Sigma)

50 mM sodium phosphate (Sigma) buffer (pH 7.5), 200 mM
) NacCl, 10% (v/v) glycerol (VWR), 5 mM DTT (Melford),
Cell lysis buffer
100e L/ mL BugBuster (10 x prot e

Millipore Novagen), 5 eL/ mL I

Coomassie 2.5 g/L Brilliant Blue R250 (Sigma), 45% (v/v) ethanol (VWR),
stain 10% (v/v) ethanoic acid (VWR)

Destain 10% (v/v) ethanol, 10% (v/v) ethanoic acid

o 20 mM Tris pH 7.5, 100 mM NacCl, 20 mM imidazole, 0.5 mM
Dialysis buffer DTT
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Buffer Composition

Elution buffer 20 mM Tris pH 7.5, 500 mM NaCl, 250 mM imidazole

PBS 1 PBS tablet (Sigma) per 200 mL H20

PBST PBS, 0.1% (v/v) Tween20 (Sigma)

15% (w/v) acrylamide (National Diagnostics), 375 mM Tris (pH
Resolving gel  8.8), 0.1% (w/v) SDS (Sigma), 0.1% (w/v) APS (Sigma), 0.1%
(w/v) TEMED (BioBasic)

Resuspension 50 mM sodium phosphate (Sigma) buffer (pH 7.5), 20% (v/v)
buffer glycerol

Running buffer 30 g/L Tris pH 8, 140 g/L glycine (Sigma), 10 g/L SDS

100 mM DTT, 50 mM Tris, 20% (wi/v) glycerol, 2% (w/v) SDS,

Sample buffer .
0.1% (w/v) bromophenol blue (Sigma)

SEC buffer 20 mM Tris pH 7.5, 100 mM NaCl

4% (w/v) acrylamide, 125 mM Tris (pH 6.8), 0.1% (w/v) SDS,

Stacking gel
0.1% (w/v) APS, 0.1% (w/v) TEMED

TAE buffer 40 mM Tris, 20 mM ethanoic acid, 1 mM EDTA (Fisher)

TE buffer 10 mM Tris pH 8, 1 mM EDTA (Fisher)

2.2. Molecular biology

2.2.1. Preparation of chemically competent cells

200 mL bacterial culture were incubated at 37 °C with shaking at 200 rpm until the
optical density at 600 nm (OD600) reached 0.5. Cultures were incubated on ice for
15 minutes before centrifuging at 5000 xg for 15 minutes at 4 °C and the
supernatant removed. The pellet was resuspended in 60 mL 75 mM CacCl2
(Fisher), incubated on ice for 1 hour, then centrifuged at 5000 xg for 15 minutes at
4 °C and the supernatant removed. The pellet was resuspended in 15 mL 10 mM
RbCI (Sigma), 10 mM MOPS (3-(N-morpholino) propane sulfonic acid) (Fisher),

30 mM CaClz, 15% (v/v) glycerol (VWR) and incubated on ice for 15 minutes. The
resuspended cell pellet was aliquoted, vitrified in liquid nitrogen and stored

at -80 °C.
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2.2.2. Transformation of chemically competent cells

For cloning purposes: typically 100 ng ligaton mix (6-7 Kb) and 20 €L XL1 bl u
supercompetent E. coli (Table 2.1) were used. For protein expression: typically

50ng | i gati on Emdolxexpeessin skn (Takle 2.1) were used. The

plasmid was added to the bacteria and incubated on ice for 30 minutes. The

mi xture who called®itfoadb sedodds before incubating on ice for a

further 10 minutes.1 20 ¢ L S O Cablem2.4) was adfed and the culture

incubated for 1 hour at 37 °C, with shaking at 200 rpm. The SOC culture was

spread onto LB-agar (Table 2.4) plates containing an appropriate antibiotic (Table

2.5) and incubated at 37 °C for 20 hours.

2.2.3.Polymerase chain reaction (PCR)

All PCR reactions were performed using a BioRad T100 Thermal Cycler. A typical
PCR reaction mix is shown in Table 2.7 and the PCR cycle in Table 2.8.

Table 2.7. PCR reaction mix

Component Volume for 1 reaction (¢ L)
5ngle L templ at e 4

5¢eM forward primer 5

5¢eM reverse primer 5

10 mM dNTPs 1

5 x HiFi buffer (PCR Biosystems) 10

HiFi polymerase (PCR Biosystems) 1 unit

ddH20 24.5
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Table 2.8. PCR cycle for amplification of DNA fragments.

Step Temperature (°C)  Time
(s)

1 Initial denature 95 120
2 Denature 95 30 Steps 2-4 repeated for 30
3 Anneal * 30 cycles
4 Extension 72 o
5 Final 72 300

extension
6 Storage 12 Hold

* The annealing temperature was varied depending on the melting temperature
of primers used.
** Extension time was calculated using 30 seconds per Kb of the fragment to be

amplified.

2.2.4.Dpnl digestion

Dpnl restriction endonuclease was used to digest cellular DNA. 5.5 uL Cutsmart
buffer (NEB) and 10 units Dpnl enzyme (NEB) were added to 45 L plasmid,
heated to 37 °C for 1 hour then 80 °C for a further 20 minutes.

2.2.5.DNA purification

2.2.5.1. Purification after Dpnl digestion

QIAquick PCR purification kit (Qiagen) was used to purify Dpnl digested plasmids
followingmanuf act ur er 6s protocol . Briefly, DNA
before washing twice to remove contaminants before eluting in 30 pL 10 mM Tris

pH 8.5.
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2.2.5.2. Purification of DNA from agarose gel

The desired band of DNA was extracted from the agarose gel and purified using
QIAquick gel extraction kit (Qiagen), following the manufacturers protocol. Briefly,
DNA was solubilised from the agarose gel before binding to a silica membrane,

washing twice to remove contaminants and eluting in 30 uL 10 mM Tris pH 8.5.

2.2.5.3. Purification of plasmid from bacteria

A single, transformed colony was incubated in 5 mL LB (Table 2.4) with the

appropriate antibiotic at 37 °C, with shaking at 200 rpm for approximately 18

hours. Cells were pelleted by centrifuging at 4500 xg at 4°C for 5 minutes and the

supernatant discarded. QIAprep miniprep kit (Qiagen) was used to purify the

plasmid following the manufacturerdés protocol
and centrifuged to remove chromosomal DNA and cellular debris. Plasmid DNA

was bound to a silica membrane, washed twice to remove contaminants and

eluted in 30 uL 10 mM Tris pH 8.5.

2.2.6.DNA analysis

2.2.6.1. Agarose gel electrophoresis

Agarose gels were used for both purification of DNA (preparative) and to ensure a
DNA product of the expected size was present (analytical). For both, an agarose
gel was prepared by addition of 1% agarose to TAE buffer (Table 2.6) and heated
to dissolve the agarose. The agarose mix was allowed to cool, then a 1 in 10,000
dilution of SybrSafe (Invitrogen) was added before pouring the gel into a mould
and allowing to set. A 1 in 6 dilution of loading dye (NEB) was added to DNA
samples before running on a gel at 100 V for 1 hour with 2 log ladder (NEB). Gels
were imaged using a bio-imager (Syngene) using the transilluminator to visualise
the DNA bands. For preparative agarose gels, the DNA bands were excised and
purified (section 2.2.5.2).
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2.2.6.2. Determination of DNA concentration

The concentration of purified DNA was determined by measuring Azso using
Nanodrop 1000 (ThermoScientific), Az2e0280 and A23o1260 values were measured to
assess purity: values greater than 1.8 were considered sufficiently pure.

2.2.6.3. DNA sequencing

All constructs were sequenced before use to ensure the gene had been correctly
inserted into the plasmid or that site-directed mutagenesis was successful. Purified
plasmid with the amplified gene inserted was sent to Eurofin genomics or GATC
for sequencing. T7 terminator (GCTAGTTATTGCTCAGCGG) was used as the
sequencing primers for constructs in pETFPP_1, 2 or 5. pBAD-For
(ATGCCATAGCATTTTTATCC (Invitrogen)) and pBAD-Rev
(GATTTAATCTGTATCAGG (Invitrogen)) were used as the sequencing primers for
constructs in pBAD-cLIC-2005.

2.2.7.Ligation independent cloning

Ligation independent cloning via an infusion method (292) was used to insert the
target gene into the plasmid for protein expression.

2.2.7.1. Preparation of linear plasmids

Plasmids were amplified using PCR to create a linear plasmid using the PCR
reaction mix in Table 2.7, PCR cycle in Table 2.8 with the relevant primers in
Table 2.9. PCR was followed by a Dpnl digest (as described in section 2.2.4), to
remove any template DNA. The Dpnl digested DNA was run on a 0.7% agarose
gel (section 2.2.6.1), the band corresponding to the plasmid excised and the DNA
purified (section 2.2.5.2).
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Table 2.9. Primers used to amplify linear plasmids.

Name Vector Direction Sequence
CleF Forward GCTAGCCATATGTGAGGAGAAGGCGCG
pETFPP
CleR Reverse TTGCTGGTCCCTGGAACAGAACTTCC
SG009 Forward ACCAGCGAGACCATTAACGG
SHIRT
SGO010 Reverse TTTGTCATAGCTTTTGAAGCTCC
pBAD-F pBAD- Forward GAAAATTTATACTTCCAAGGTC
pBAD-R CHIC-2005 poverse  GGTTAATTCCTCCTGTTAGC

2.2.7.2. Preparation of insert DNA

To insert the desired gene into the plasmid, the DNA construct (Table 2.3) was
amplified using PCR with the reaction mix and PCR cycle described in Table 2.7
and Table 2.8 respectively. Primers were designed to include a 15 base pair
region complementary to the linear plasmid and 15-27 base pairs complementary
to the insert. Primers are listed in Table 2.10 (SGNH genes), Table 2.11
(periplasmic loops) and Table 2.12 (AT3 / AT3-SGNH constructs).

Table 2.10. Primers used for amplification of SGNH genes.

Construct Direction Sequence

Forward TCCAGGGACCAGCAATG
OafA-STM- AAAGGTGTTAGTTTTAGATTTTCAG

355 Reverse TGAGGAGAAGGCGCGTCA
TTATTTTGAAATCTGCTTTTTCAC

Forward TCCAGGGACCAGCAATG

OafA-5TM- AAGCAAGTCGTTGAGTATCG

366

OafA355 reverse primer used

OafA-STM- Forward TCCAGGGACCAGCAATG
379 AGGCCTGATATTTGC
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Construct

Direction

Sequence

OafA355 reverse primer used

OafA-STM-
401

Forward

TCCAGGGACCAGCAATG
ACTGAAAAGTCTTTTGTTGTATGG

OafA355 reverse primer used

OafB-SPA-
377

Forward

TCCAGGGACCAGCAATG
AAAAAGCGCCGGTGAATAC

Reverse

TGAGGAGAAGGCGCGTCA
TTTAATGATTTTATTGCCAATCTTG

OafB-SPA-
399

Forward

TCCAGGGACCAGCAATG
CGCGGCGGCATTTGC

OafA377 reverse primer used

OafB-SPA-
421

Forward

TCCAGGGACCAGCAATG
AAACACAACATTTTCATTATTGG

OafA377 reverse primer used

OatA-LL-447

Forward

TCCAGGGACCAGCAATG
AAAGCGTCCCAGATGAATGTCC

Reverse

TGAGGAGAAGGCGCGCTA
CTTCTCAACATCCGTC

OatA-LM-462

Forward

TCCAGGGACCAGCAATG
AAGAGTGCCGCCACGC

Reverse

TGAGGAGAAGGCGCGCTA
TTTGTTCATAACACTGG

OatA-SA-435

Forward

TCCAGGGACCAGCAATG
ACCGCCAATAGTAAAGAAGAC

Reverse

TGAGGAGAAGGCGCGCTA
CTTCTTATTTGTCGC
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Table 2.11. Primers used for amplification of periplasmic loops.

Construct Direction Sequence

Forward TCCAGGGACCAGCAATG

OafA-STM- ACACTAAGTACAAATGAATACGAAGC
loop34-
DETFPP Reverse TGAGGAGAAGGCGCGTCA
GTTGAACTCTGATGATGAGTCG
Forward TCCAGGGACCAGCAATG
OafB-SPA- CAAGATGACTATAAACTGC
loop34-
OETFPP Reverse TGAGGAGAAGGCGCGTCA
TTTTAAATAGCTTTTGCTGTCG
Forward GCTTCAAAAGCTATGACAAAAC
OafA-STM- ACTAAGTACAAATGAATACG

loop34-SHIRT Reverse CGTTAATGGTCTCGCTG
GTGTTGAACTCTGATGATGAG

Forward GCTTCAAAAGCTATGAC
OafB-SPA- AAACAAGATGACTATAAACTGC

loop34-SHIRT Reverse CGTTAATGGTCTCGCTGGTT
TTTAAATAGCTTTTGC

Table 2.12. Primers used for amplification of AT3 / AT3-SGNH constructs

Construct Direction Sequence

Forward GGTGGTGGATTTGCT

ATGCACAAGTCAAACTGC
OacA-SF
Reverse  GAAGTATAAATTTTC
GTCAAGGGATAACTTAGG
Forward GGTGGTGGATTTGCT
OafA-STM- ATGATCTACAAGAAATTCAG
10T™ Reverse GAAGTATAAATTTTC

TTCAATTGTTCTGTATGAAATATCC
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Construct Direction Sequence
Forward  OafA-10TM forward primer used
OafA-STM-
11T™M Reverse  GAAGTATAAATTTTC
CTTTAGGGTGTCTGAAAATC
Forward GGTGGTGGATTTGCT
OafB-STM- ATGGAACACTTAAAATACAG
10T™ Reverse GAAGTATAAATTTTC
ACGAGAATGGCGTAGAGG
Forward  OafB-10TM forward primer used
OafB-STM-
10TM Reverse  GAAGTATAAATTTTC
TCTTTCTTTAATTCCATTCATGG
Forward GGTGGTGGATTTGCT
ATGAAGCGCTATGTGACTGG
OatA-LL-full
Reverse  GAAGTATAAATTTTC
CTTTTCAACATCAGTTAAAGAATTCG
Forward  OatA-LL-full forward primer used
OatA-LL-
10TM Reverse  GAAGTATAAATTTTC
ATCAAAGCGTTGCGTTGGTAGC
Forward  OatA-LL-full forward primer used
OatA-LL-
11TM Reverse  GAAGTATAAATTTTC
TTCAATCACTCGTTGGTCATGAGG
Forward GGTGGTGGATTTGCT ATGAAACGTACCACCC
OatA-LM-full  Reverse =~ GAAGTATAAATTTTC
TTTGTTCATAACGCTTGTC
Forward  OatA-LM-full forward primer used
OatA-LM-
10TM Reverse  GAAGTATAAATTTTC
GTTGATAAAACCGTTCTTACG
Forward  OatA-LM-full forward primer used
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Construct Direction Sequence

OatA-LM- Reverse  GAAGTATAAATTTTC
11T™M TTGTTGCTTTTCTGCATTGG

Forward GGTGGTGGATTTGCT
ATGGACACCAAGGACTTCAAGC

OatA-SA-full
Reverse GAAGTATAAATTTTC
TTTCTTGTTAGTCGCGTGGG
Forward  OatA-SA-full forward primer used
OatA-SA-
10TM Reverse GAAGTATAAATTTTC
CTTACGAATCGGTGTTTCAATAAAACG
Forward  OatA-SA-full forward primer used
OatA-SA-
11TM Reverse GAAGTATAAATTTTC
TTTGCCAAGTGCGTCGAACTG
Forward GGTGGTGGATTTGCT
ATGTCGCAGGCGCTGC
Pgll-NG-full

Reverse  GAAGTATAAATTTTC
GTGGTTGTGGCGGGTGTC

Forward  Pgll-NG-full forward primer used

Pgll-NG-10TM Reverse GAAGTATAAATTTTC
TTTCCACTTCTTGAAGGGCTTTTCG

Forward  Pgll-NG-full forward primer used

Pgll-NG-11TM Reverse = GAAGTATAAATTTTC
GCGGTCGTATTGCGCCATAAAGG

Following PCR, the products were run on a 1.5% preparative agarose gel (section
2.2.6.1) and the corresponding bands were extracted and purified (section
2.2.5.2).
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2.2.7.3. Insertion of insert DNA into linear plasmid

A ligation-independent infusion cloning method was used to insert amplified genes
into the linear plasmid using the reaction mix in Table 2.13. For PCR products, 100
ng of linear vector and ~100 ng amplified gene were used. For gBlocks gene
fragments (IDT, Table 2.3), a 2:1 ratio (50-100 ng each) of gene to plasmid was
used for constructs greater than 500 bp, and 5:1 ratio (10-100 ng each) used for
constructs less than 500 bp (as suggested in manufacturers protocol).

The amplified gene and linear plasmid were added to an Infusion enzme premix
(Clontech) before incubation at 37 °C for 15 minutes followed by incubation at 50
°C for 15 minutes. TE buffer (Table 2.6) was added to the infusion mix to dilute

before transformation into E. coli.

Table 2.13. Ligation-independent infusion cloning reaction mix.

Component Volume (e L)
Enzyme pre-mix (Clontech) 2
Linearized plasmid 1
Gene insert 1
ddH20 6

The ligation mix was transformed into XL1 blue super-competent E. coli (Table

2.1) before purifying the DNA as described in section 2.2.5.3. The concentration
and purity of the purified plasmid were assessed as described in section 2.2.6.2
before the plasmid was sequenced (section 2.2.6.3) to confirm the correct DNA

sequence had been inserted.

2.2.8.Mutation of DNA sequence

2.2.8.1. Site directed mutagenesis

Whole plasmid mutagenesis was used to introduce base pair mutations. Primers

(Table 2.14) were designed using the method described by Liu and Naismith
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(293). Briefly, forward and reverse primers were designed to include 22-35 base
pai r s -o8edlapping sequenceand12-17 base pairs 506 compl ement
sequence containing the mutation, this design limits primer to primer hybridisation.
Where multiple mutations were required, subsequent rounds of PCR were
performed.

The PCR reaction mix is described in Table 2.7 using the wild-type gene inserted
into the plasmid as the template. The PCR cycle used is shown in Table 2.8,
products were run on a 1% analytical agarose gel to confirm the product size
(section 2.2.6.1), followed by Dpnl digestion (section 2.2.4), purification (section

2.2.5.1) and transformation (section 2.2.2).

Table 2.14. Primers used for site-directed mutagenesis.

Cysteine Direction Sequence
OafA-DSext- Forward GCCTGATATTAGCTTCCTCAA
C383S TCCAGATCAAGATTATTCAGC

Reverse = GAAGCTAATATCAGGCCTCC

AGGGAGAGTTGTCCATACG
OafA-DSext- Forward CATTCTCAAAATCTCAGGATAAA
C397S ATGACTGAAAAGTCTTTTGTTG

Reverse CTGAGATTTTGAGAATGCTGAA

TAATCTTGATCTGGATTG
OafA-DScat- Forward CAAGCTTGAGCCCACCAATCATT
C439S GGGCTTCAAAAAGATGAC

Reverse GTGGGCTCAAGCTTGCAGTTCT

CTGCGTAATGTTAAGTG
OafA-DScat- Forward GCCGTATAGCAAAGACATCAATG
C453S ATATGGTAGCCAAGG

Reverse GTCTTTGCTATACGGCCTGTCAT
CTTTTTGAAGCCCAATG
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Cysteine Direction Sequence
OafA-DScterm-  Forward ~ CTATGTCTACAGAAAGTTATTGCA
C567S AAGCAATAATAGGG
Reverse CTTTCTGTAGACATAGTCTCAAGT
GGTGAAATATAAGTAAGG
OafA-DScterm- Forward GTTATAGCAAAGCAATAATAGGG
C572S AATAGAATTGCTTACCC
Reverse CTTTGCTATAACTTTCTGTAGACA
TAGTCTCAAGTGGTG
OafB-DSext- Forward GCATTAGCCATAGCGTGCAG
C403s CTGACCGCCGCCATTAGCAACG
Reverse GCTATGGCTAATGCCGCCGCG
CAGCAGTTCGCCGTATTTATAG
OafB-DSext- Forward GCAACGGTAGCATCAAAAACGGC
C416S AAACACAACATTTTCATTATTGGCG
Reverse = GATGCTACCGTTGCTAATGGCG
GCGGTCAGCTGCACG
OafB-DScterm-  Forward ~ GCACTGAGCAATGAGAGCGG
C598S TTGCCTGACCCGCGTGGGTAATG
Reverse CTCATTGCTCAGTGCTTTGTAG
GCGCTGATGTACTCGATGCCCATCTTCG
OafB-DScterm-  Forward GAGCGGTAGCCTGACCCGCGT
C603S GGGTAATGGTCCGGATTTTATCACCG
Reverse =~ GTCAGGCTACCGCTCTCATTGC

TCAGTGCTTTGTAGGCGCTGATG
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2.2.8.2. Insertion mutations

Q5 site-directed mutagenesis kit (NEB) was used for insertion mutations following

the protocol i n the kit. NEBasechanger (NEB) w
ends complementary to the plasmid insertion si
insert each (Table 2.15). The PCR reaction mix is shown in Table 2.16 and the

PCR cycle in Table 2.8. Following amplification by PCR; Kinase, Ligase and Dpnl

digest (KLD) treatment (NEB) was performed with the reaction mix shown in Table

217. This step phosphorylates the 56 end of the
the template DNA. The reaction mix was incubated at 20 °C for 5 minutes before

transformation into XL1 blue super-competent E. coli (section 2.2.2).

Table 2.15. Primers used for insertion mutations.

Construct Direction Sequence

OafA-GS Forward GGCAGCACACTAAGTACAAATGAATAC

Reverse TTTGTCATAGCTTTTGAAGC

OafA-SG  Forward AGCGGCACCAGCGAGACCATTAAC

Reverse GTTGAACTCTGATGATGAGTC

OafB-GS Forward GGCAGCCAAGATGACTATAAACTGC

Reverse TTTGTCATAGCTTTTGAAGC

OafB-SG  Forward AGCGGCACCAGCGAGACCATTAAC

Reverse  TTTTAAATAGCTTTTGCTGTCG
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Table 2.16. PCR reaction mix for insertion mutations.

Component Volume for 1 reaction (L)
Q5 hot start high fidelity 2 x master mix ~ 12.5
(NEB)
10 uM forward primer 1.25
10 uM reverse primer 1.25
5 ng/uL DNA template 1
ddH20 9
Table 2.17. Reaction mix for KLD treatment
Component Volume (gL)
PCR product 1
2 x KLD reaction buffer (NEB) 5
10 x KLD enzyme mix (NEB) 1
ddH20 3
2.3.  Protein expression and purification

2.3.1.Expression of un-labelled constructs

A single transformed colony was grown in 50 mL LB (Table 2.4), with the

appropriate antibiotics (Table 2.5), at 37 °C for approximately 16 hours with

shaking at 200 rpm. Expression cultures were prepared by adding 20 mL cultures

to 1 L LB media containing appropriate antibiotics. Cultures were incubated at 37

°C with shaking at 200 rpm until the OD600 reached 0.6 when an appropriate

concentration of inducer was added. For constructs in pETFPP_1, 2 or 5, 0.1 mM

IPTG (Sigma) was used as the inducer and for constructs in pBAD-cLIC-2005

0.01% (wl/v) L-arabinose (Sigma) was used to induce protein expression. After
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induction, cultures were incubated at 20 °C for 20 hours with shaking at 200 rpm
(unless otherwise stated). Cells were harvested by centrifuging at 5000 xg for 20

minutes and the supernatant discarded.

A 1 mL sample was removed at the point of induction and after incubation for 20
hours at 20 °C. The OD600 of each sample was measured before centrifuging at

10,000 xg for 5 minutes and the supernatant discarded.

2.3.2.Expression of ®N-labelled constructs

A single, transformed colony of SHuffle E. coli was incubated in 10 mL LB with
appropriate antibiotics at 37 °C for approximately 8 hours with shaking at 200 rpm.
The cultures were centrifuged at 4500 xg for 5 minutes at 4 °C and the
supernatant discarded. The cell pellet was resuspended in 50 mL M9+ media
((291), Table 2.4) with appropriate antibiotics and incubated at 37 °C for
approximately 16 hours with shaking at 200 rpm. Expression cultures were
prepared by addition of 20 mL M9+ culture to 1 L M9+ media containing
appropriate antibiotics. Cultures were incubated and induced as for unlabelled
constructs (section 2.3.1), 1 mL samples were taken and analysed in the same

way.

2.3.3.Cell lysis
2.3.3.1. Chemical lysis

Samples taken during expression were resuspended in 50 pL per OD600 per 1 mL
of culture of cell lysis buffer (Table 2.6). Cells were mixed thoroughly to resuspend

and ensure all cells were lysed.

For analysis by SDS polyacrylamide gel electrophoresis (PAGE), a sample of the
resuspended pell et was removed (O60totaldé fracti
were centrifuged for 10 minutes at 17,000 xg and a sample removed from the

supernatant (O6solublebé fraction). Both fractio
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2.3.3.2. Sonication

Cell pellets from 1 L expression cultures were resuspended in binding buffer
(Table 2.6) with 5 uL/mL DNase | (Sigma). The resuspended pellet was sonicated
for 3 minutes at 60 W in an ice bath to lyse the cells before centrifuging at 30,000

xg for 45 minutes. The supernatant was collected and protein purified.

2.3.4.Protein purification

2.3.4.1. Nickel affinity purification

An Akta prime (GE healthcare) with 2 x 5 mL His-trap columns (GE healthcare)
were equilibrated with binding buffer (Table 2.6). The cell lysate was flowed over
the column and the column washed with binding buffer until a stable baseline of
absorbance at 280 nm was seen. A gradient of binding buffer and elution buffer
(Table 2.6) was flowed over the column, increasing the percentage of elution
buffer from 0-100% over 10 column volumes. Elution fractions were collected and
analysed by SDS PAGE (section 2.4.1).

Fractions containing pure protein of the expected molecular weight were pooled
and 1 mg human rhinovirus (HRV) 3C protease (Technology Facility, York) added
for every 200 mg sample protein to cleave the attached His-tag. The protein mixed
with HRV 3C protease was dialysed (6-8 kDa molecular weight cut off (MWCOQO))

into dialysis buffer (Table 2.6) at 4 °C for 20 hours to remove excess imidazole.

As previously, the His-trap column was equilibrated with binding buffer, before the
dialysed protein was flowed over the column, the flowthrough was collected and
fractions run on an SDS PAGE gel. Elution buffer was flowed through the column
to elute the bound protein (cleaved His-affinity tag and His-tagged HRV 3C

protease).

Proteins which were expressed in pETFPP_2 plasmid had an attached N-terminal
His-MBP tag, this was cleaved using HRV 3C protease and the tag separated from
the protein of interest using the same method as described for a His-tagged only

protein.
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2.3.4.2. Size exclusion chromatography

After nickel affinity purification, the fractions containing the purest and highest yield
of protein (as assessed by SDS PAGE analysis) were pooled and concentrated in
centrifugal filters (5-10 kDa MWCO, Millipore) until the final volume was less than
2 mL. An Akta purifier (GE healthcare) and Superdex 75 column (16/600, column
volume 120 mL (GE healthcare)) were equilibrated with SEC buffer (Table 2.6),
the concentrated protein sample was injected and eluted isocratically over 1.1
column volumes of size exclusion buffer. Absorbance at 280 nm was used to
determine which fractions contain protein and these fractions were collected and
run on an SDS PAGE gel to determine approximate protein yield and purity. The
fractions which contained sufficiently pure protein were pooled, concentrated to an
appropriate concentration for future analysis using spin filter columns and vitrified

in liquid nitrogen.

2.4. Protein analysis

2.4.1.SDS PAGE analysis

Percentage of SDS PAGE gel depended on the size of proteins to be resolved
(Table 2.18). 12% and 15% SDS PAGE gels were made by casting the resolving
gel (Table 2.6) before addition of the stacking gel (Table 2.6). 4-20% pre-cast
gradient gels (BIORAD) were also used. 4 x sample buffer (Table 2.6) was added
to each protein sample before heating to 95 °C for 2 minutes (soluble proteins) or
60 °C for 10 minutes (membrane proteins). Samples were loaded onto the gel
along with precision plus protein marker (BioRad). Gels were run in running buffer
(Table 2.6) at 200 V (BIORAD PowerPac Basic) for 55-60 minutes or until the dye
front had run off the gel.
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Table 2.18. Percentage acrylamide for SDS PAGE gels

SDS PAGE gel (acrylamide %) Molecular weight resolved (kDa)
12 12-45
15 10-70
4-20 (gradient) 4-250

2.4.1.1. Coomassie stained gels

Gels were stained with coomassie stain (Table 2.6) for 30 minutes before washing
and destaining (Table 2.6) for 2 hours or until bands were visible. Gels were

imaged using a bio-imager (Syngene) using white light to view protein bands.

2.4.1.2. Western blot analysis

Samples were run on an SDS PAGE gel (see section 2.4.1) before transfer to a
nitrocellulose membrane using an iBlot transfer (Invitrogen) dry blotting method
with mini nitrocellulose gel stacks (Invitrogen). The transfer was run for 8 minutes
at 20 V. The nitrocellulose membrane was blocked with 40 mL 5% (w/v) skimmed
milk in PBST (Table 2.6) for 1 hour at 20 °C with rocking before washing twice with
PBST and 3 times with PBS (Table 2.6). Each wash step consisted of 40 mL wash
solution incubated for 10 minutes at 20 °C with rocking. The membrane was
probed with a 1 in 2000 dilution of mouse U-tetra-His primary antibody (Qiagen) in
40 mL 5% (w/v) skimmed milk in PBST for 18 hours at 4 °C with rocking. The
membrane was then washed three times with PBST and twice with PBS before a 1
iN5000 di | ut i-monse HRP (HpseradishWPeroxidase) conjugate
secondary antibody (Sigma) in 40 mL 5% (w/v) skimmed milk in PBST (Table 2.6)
was added and incubated at 20 °C for 1 hour with rocking. The membrane was
then washed six time with PBST before treating with 10 mL Forte HRP substrate
(Immobilon) and incubating for 10 minutes at 20 °C with rocking. The membrane

was imaged using an iBright imaging system (Invitrogen).
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2.4.2.Determining protein concentration

The concentration of protein samples was determined by measuring the

absorbance at 280 nm using buffer sample to 0b
measuring. The Beer-Lambert law was used to calculate the concentration of

protein from the absorbance at A280 (Equation 2.1) where A = absorbance at 280

nm, U extinction co-efficient, ¢ = concentration of protein and | = path length of

the spectrophotometer. The extinction co-efficient was calculated using ProtParam

(Expasy (294)).

0 - o Equation2.1

2.4.3.Size exclusion chromatography with multi-angle
LASER light scattering (SEC-MALLYS)

SEC-MALLS uses SEC to isocratically separate a sample before using refractive
index and light scattering to determine the molecular weight. Light scattering
measures the average molecular weight of all solutes, in heterogeneous protein
solutions, for example, those containing a mixture of oligomeric states, an average
molecular weight is not useful. Therefore, in SEC-MALLS, light scattering is
combined with size exclusion chromatography, which separates protein solutions
by size before light scattering is measured. Light scattering is proportional to both
the protein concentration and molecular weight, to determine the molecular weight,
refractive index is also measured to determine an accurate concentration enabling
light scattering to be used to calculate the molecular weight. A molecular weight
standard, for example BSA, is used to calibrate light scattering enabling an

accurate determination of molecular weight to a mass accuracy of 3%.

SEC-MALLS was performed using a Shimadzu HPLC with Dawn HELEOS-II
detector (Wyatt) and rEx refractive index detector (Wyatt) with LASER wavelength
set to 658 nm. 3 mg/mL protein samples were prepared and loaded onto a
Superdex 75 HR10/300 column (column volume 24 mL, GE healthcare)
equilibrated with size exclusion buffer (Table 2.6). Size exclusion buffer was used

to elute the proteins isocratically over one column volume. The refractive index,
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static light scattering and absorbance at 280 nm were measured and used to
determine molecular weight. A sample of Bovine Serum Albumin (BSA) (Sigma)

was used to calibrate the system as a standard of known molecular weight.

2.4.4.Nano-differential scanning fluorimetry (nano-DSF)

Nano-DSF measures fluorescence at 330 and 350 nm which correspond to the
wavelengths of intrinsic tryptophan and tyrosine fluorescence. On protein
unfolding, hydrophobic residues in the centre of the protein, which are usually
buried, become exposed to the external environment. As tryptophan and tyrosine
residues become more exposed, the ratio of fluorescence at 350 and 330 nm

shifts, this allows the melting temperature to be measured.

Nano-DSF was performed using a Prometheus (NanoTemper Technologies) on
protein samples at 1 mg/mL concentration. The temperature was increased from
20 °C to 90 °C at a rate of 1 °C / min with fluorescence measured every 0.05 °C.

The inflection point signified the melting temperature.

To determine the melting temperature of the SGNH domains (OafA-STM-355 and
OafB-SPA-377) with reducing agent, a protein concentration of 1 mg/mL is
equivalent to 33 eM. DTT (Melford) dissolved in size exclusion buffer (Table 2.6)
was added to the protein to give a final concentration of 333 ¢eM (10:1 DTT:
protein), 1.67 mM (50:1), 3.33 mM (100:1), 16.7 mM (500:1) or 33.3 mM (1000:1).

2.4.5.Mass spectrometry

100 €M protein was dial ysed1QnW ammanipno r e,
acetate and mass spectrometry performed by the Metabolomics and Proteomics

lab (Technology facility, University of York). Samples were diluted in 50%

acetonitrile with 1% formic acid, and mass spectrometry was performed using

El ectrospray |l onisation (ESI) (Pogitke s qTOI
spectra were averaged over a 1 minute acquisition and maximum entropy

deconvolution was carried out.
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To determine the presence of disulfide bonds, half the sample was alkylated by
addition of 40 mM methyl methanethiosulfonate and incubated at room
temperature for 10 minutes. The remaining half was reduced by addition of 19.25
mg/mL DTT, incubated at 56 °C for 1 hour then alkylated as previously. Alkylation
adds 46 Da mass to each free cysteine.

To determine if the disulfide bonds were reduced at differing concentrations of
reducing agent, 10 x molar excess DTT was added to each protein before
alkylation and the mass measured as above. Additional DTT was added to give a
final concentration of 83 x molar excess for OafA-STM-355 and 171 x molar
excess for OafB-SPA-377 and both were heated to 56°C before alkylation.

2.4.6.Circular dichroism (CD)

Circular dichroism (CD) relies on the differential adsorption of circularly polarised
light by optically active, or chiral, molecules for example, proteins (295). The far
UV spectral range is dominated by amide groups; in proteins, this is influenced by
the secondary structure of the peptide backbone (296) resulting in characteristic
CD spectra (297).

CD was performed on a Jasco J810 with a 0.2 mg/mL protein sample in 20 mM
Tris pH 7.5. The molar ellipticity was measured at 20 °C with a wavelength scan
from 185 to 260 nm at a speed of 200 nm/minute, sensitivity of 100 mdeg, data
pitch 0.5 nm and bandwidth of 2 nm. Photomultiplier tube (HT) value was
measured simultaneously and data discarded at values when the HT value was
greater than 600 due to excess noise. Buffer spectra were recorded in the same
way and subtracted from the protein spectra. To determine the protein melting
temperature using CD, spectra were measured using the same method as
previously described with the temperature increasing from 20 °C to 90 °C at a rate
of 2 °C/min, recording spectra every 5 °C. Ellipticity at each temperature at 222 nm
were plotted to generate a melting curve and determine the temperature of
unfolding. CDNN (298) was used to predict the percentage of U-helix and b-sheets

in the structure.
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2.4.7.Nuclear magnetic resonance (NMR)

NMR relies on the magnetic properties of atomic nuclei. Subatomic particles i
protons, neutrons and electrons i spin on their axes. Nuclei with an odd number of
protons and neutrons (in total) have nuclear spin equal to %2, in a magnetic field
nuclei with spin % have only two possible orientations and therefore can be used
for NMR; examples include 'H, N and 13C. When placed in a magnet, such as
that used in an NMR spectrometer, the magnetic moment of a nucleus interacts
with the magnetic field. The energy of this interaction depends on the angle
between the magnetic moment and the magnetic field. Nuclei with spin %2 have
two possible orientations 1 aligned with the field, or opposed to the field. This
creates two energy states which are populated according to a Boltzmann

distribution.

The magnetic moments of nuclei process about an external magnetic field (Bo),
with the frequency of precession ( ) equal to the Larmor frequency (Equation 2.2

(where 2 is equal to the gyromagnetic ratio)).

1 e Equation2.2.

In the x and y dimensions, individual magnetic moments are randomly orientated;
however, in the z dimension, net magnetization is aligned with the magnetic field.
A radio frequency pulse is used to align the nuclei with the z-axis (in line with Bo),
the nuclei then begin to precess about the z-axis. A receiver in the x, y dimension
detects this precession as free-induction decay (FID) which can be Fourier
transformed to produce a spectra. The NMR frequency of each magnetic nuclei
are seen in the spectra at a frequency proportional to the gyromagnetic ratio of the
nuclei and the external magnetic field experienced by the nucleus. Nuclei in a
compound are shield from Bo by nearby electron clouds, it is the effect of this
shielding which gives rise to chemical shift.

In a 1D *H NMR spectra, each peak corresponds to a hydrogen atom with the
chemical shift determined by the chemical environment of the proton. NMR
spectra of proteins have too many peaks to determine individual protons, however,
a 1D 'H NMR spectra can be used to determine if a protein is folded by looking at
two regions of the spectra. Firstly the amide region (6-9 ppm) where peaks of
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protons located in the protein backbone are situated. Secondly, upfield shifted
methyl groups (< 0 ppm), this region corresponds to protons located in methyl
groups which are close to aromatic rings and thus highly shielded resulting in a
lower than normal chemical shift. In an unfolded protein, all the protons in the
protein backbone are in a similar chemical environment, therefore, the proton
peaks in the amide region all have a similar chemical shift (6.5-8 ppm) resulting in
many overlapping peaks in this region. Similarly, methyl groups are unlikely to be
positioned close to aromatic rings so there will be no peaks which correspond to
upfield shifted methyl groups (<0 ppm). Conversely, in a folded protein, the
protons in the protein backbone have a wide variety of chemical environments due
to the secondary and tertiary structure of the protein. Therefore, the protons have
a wider range of chemical shifts and so broader dispersion of the amide region (6-
10 ppm). In addition, methyl groups held in close proximity to aromatic rings

results in upfield shifted methyl peaks (< 0 ppm).

The amide peaks in a 1D proton spectra of a protein overlap considerably so it is
not possible to determine which peaks correspond to individual residues.
Therefore, 2D heteronuclear single quantum correlation (HSQC) spectra can be
used. HSQC experiments show the correlation between the chemical shift in the
proton and nitrogen dimensions for a *H and '°N atom which are connected. This
gives a peak for each N-H group corresponding to the peptide bond of each
residue (with the exception of proline) and peaks for the side chain amide groups
of asparagine and glutamine. Only nuclei with spin % can be used in NMR,
therefore, proteins must be produced labelled with >N (natural abundance =
0.36%). HSQC spectra can also be used to assess ligand binding (299). As a
ligand binds to a protein, the chemical environment of the nearby atoms is altered;
this results in a change in the chemical shift of these atoms so the peaks appear in
a different location in the spectra. This can be used to determine if a ligand binds

to a protein.

Conditions used for NMR experiments are shown in Table 2.19 with 10% (v/v) D20
using Neo 700 or 600 MHz NMR spectrometer (both Bruker), solvent settings were
90% H20, 10% D20, salt. 1D *H NMR spectra were recorded using pulse program
zgesgp (Bruker) with water suppression. 2D *H-1°N heteronuclear single quantum

coherence (HSQC) spectra were recorded with pulse program hsqcetf3gpsi
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(Bruker) and 1°N-labelled protein. Data was analysed using TopSpin 4.0.4 (Bruker)

using automated peak counting with manual verification (HSQC spectra only).

Details of experimental parameters used for each experiment are shown in Table

2.20.

Table 2.19. Conditions used for NMR experiments

_ Conc. Spec. _ Experimental
Protein Buffer Experiment
(UM) freq. parameters

OafA-STM-355 200 700 1D 1

OafA-STM-366  20MMPNOs 550 700 1D 1
pH 6, 100

OafA-STM-379 mM NaCl 200 700 1D 1

OafA-STM-401 200 700 1D 1

OafB-SPA-377 20 mM phos 200 700 1D 1

OafB-SPA-399 pH 6, 100 200 700 1D 1

OafB-SPA-421 mMNaCl 194 700 1D 2

OatA-LL-399 20 mM Tris 200 700 1D 3
pH 7.5, 100

OatA-LL-447 mM NaCl 200 600 1D 4

OatA-LM-408 20 mM Tris 200 700 1D 3
pH 7.5, 100

OatA-LM-462 mM NaCl 200 600 1D 4

OatA-SA-398 20 mM Tris 200 700 1D 3
pH 7.5, 100

OatA-SA-435 mM NaCl 200 600 1D 4

OafB-SPA-DSex 20 mM Tris 50 700 1D 5
pH 7.5, 100

OafB-SPA-DScierm mM NaCl 50 700 1D 1

OafA-STM-DSex 20 mM Phos 50 700 1D 5

OafA-STM-DScat pH 6, 100 50 700 1D 5

OafA-STM-DScern MM NaCl 50 700 1D 5

85



Conc. Spec.

Experimental

Protein Buffer Experiment
(uM) freq. parameters
OafA-STM-355 20 mM Tris 700 HSQC 6
pH 7.5, 100
OafB-SPA-377 mM NaCl 700 HSQC 7

Table 2.20. NMR experimental parameters. NP = number of points in FID, NS = number of scans,

FT = transmitter frequency, Aq. = acquisition time, D1 = T1 relaxation delay, LB = line broadening.

Pulse Offset SW F

Nuclei NP NS  offset AQ. D1 LB
Seq. (ppm)  (ppm)

(ppm)
1 zgesgp 1H 12.46 15.52 32768 16 4.7 1.51 1 3
2 zgesgp 1H 12.46 15.87 32768 128 4.7 1.48 1 3
3 zgesgp 1H 12.46 15.87 32768 16 4.7 1.48 1 3
4 zgesgp 1H 12.71  16.02 32768 16 4.7 170 1 3
5 zgesgp 1H 12.46 15.87 32768 64 4.7 1.48 1 3
hsqcetf  1H 13.63  17.85 2048 2 47 0082 1 5
° 3gpsi 15N 140 40 256 2 120 0.045 1 05
, hsqcetf ~ 1H 12.46  15.87 2048 4 47 0092 1 5
3gpsi 15N 140 40 256 4 120 0.045 1 05

2.4.7.1. Ligand binding experiments

For rhamnose binding experiments, a protein concentration of 250 uM OafA and

500 puM OafB was used and HSQC spectra were recorded as described

previously. Increasing concentrations of rhamnose (Sigma) dissolved in size

exclusion buffer (Table 2.6) were added according to Table 2.21.
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Table 2.21. Concentration of rhamnose added to SGNH domain in HSQC ligand binding

experiments

Final rhamnose concentration (mM)
Ratio of protein : rhamnose

OafA-STM355 OafBSPA377
11 0.25 0.5
1:10 2.5 5
1:50 12.5 25

2.4.8.X-ray crystallography

2.4.8.1. Crystal screens

X-ray crystallography relies on diffraction of x-rays on passing through a protein
crystal. Diffraction from a single molecule is too small to detect, therefore to
amplify the signal, crystals are used to produce an array of molecules with
identical orientation. X-rays are passed through the crystal from all angles to
create a diffraction pattern; to minimise x-ray radiation damage, crystals are frozen

in liquid nitrogen.

To reconstruct the image of the protein from the diffraction pattern, the amplitudes

and phases are required. The diffraction amplitudes can be measured from the

intensity of spots on each image; however, recovering the lost phases is known as

t he Oprhoabslee aplayi ncrxyst all ography. The Opha:
molecular replacement i the use of a homologous protein as a model T or

anomalous scatteringi i nt r oducti on of O6heavy atomsé

commonly labelling methionine residues with selenium.

The unit cell, repeating component within the crystal lattice, is calculated by
indexing the position of spots in the diffraction pattern into reciprocal space. The
data is then integrated to find the spot intensities and the point group and
symmetry determined. Finally, the data is scaled and merged, scaling to account
for changes in beam intensity and sample delay; and merged to compare

equivalent observations due to symmetry. The data is refined at each stage and
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CC1/2, which divides observations into two random groups for comparison, is

used to determine the high-resolution threshold.

To determine the protein structure, molecular replacement was performed.
Molecular replacement rotates and translates a homologous protein model and
compares the predicted diffraction pattern to the observed diffraction pattern at
each point. The phases from the model and the measured amplitudes are Fourier
transformed to calculate an electron density map. Log Likelihood Gain (LLG) is
used to indicate if a solution is likely to be correct.

Crystallisation conditions were screened using 5-30 mg/mL protein in 20 mM Tris
pH 7.5, 100 mM NaCl. Index HT (Hampton Research), Crystal Screen HT
(Hampton Research), AmSOa suite (Qiagen) and JCSG-Plus HT screen
(Molecular Dimensions). Two drops containing either 150 nL protein and 150 nL
reservoir solution (1:1 ratio) or 300 nL protein and 150 nL reservoir solution (2:1
ratio) pipetted using a Mosquito liquid handing robot (TTP Labtech) were
equilibrated against 54 pL reservoir solution in a 96 well sitting drop tray (SwissCi).

Plates were sealed and incubated at 6 °C or 20 °C and imaged for 3 months.

Promising crystallisation conditions were optimised by screening protein
concentrations, buffers, pH and precipitant concentrations which were similar to
those where sub-optimal crystals were observed. 96 or 48 well sitting drop trays
(SwissCi) and 24 well hanging drop trays (Greiner) were used. For hanging drop
trays, 2 yL protein and 1 pL reservoir solution were equilibrated against 1 mL
reservoir solution. Hanging drops were pipetted onto glass slides and sealed over

the reservoir solution with vacuum grease.

2.4.8.2. Data collection: OafA-STM-401 crystals

OafA-STM-401 was crystallised at a concentration of 14 mg/mL in JCSG-Plus,

0.1 M Tris pH 8.5, 0.2 M MgClz, 20% w/v PEG 8000, 1:1 ratio protein to reservoir
solution. Crystals were harvested from the sitting drops using a loop of similar size
to the crystal and soaked in reservoir solution supplemented with 10% w/v
glycerol. Crystals were vitrified in liquid nitrogen before tested for diffraction.

Diffraction was tested using a Rigaku MicroMax generator with RAXIS IV++
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detector and crystals showing diffraction were sent to the Diamond Light Source
(UK) synchatron. Diffraction data was collected on beamline 103 (Diamond Light
Source, UK) at a wavelength of 0.9763 A using Eiger 2 X 16M detector.

2.4.8.3. Crystallisation data analysis

The data was indexed and integrated using Dials (3001 302) and data reduction
was performed using AIMLESS (303, 304). PHASER (305) was used for molecular
replacement with OafB-SPA-377 residues 421-535 and 572-640 as a model;
Chainsaw was used to prepare the model for use in molecular replacement (306).
Phenix autobuild (3077 309) was used for automated chain tracing and the
structure was refined using a combination of RefMac5 (3107 315), Phenix Refine
(3161 319) and AutoBUSTER (320) with alternating manual model building using
Coot (321, 322). The structure was validated using Molprobity (323, 324) to find
Ramachandran outliers and bond and angle outliers.

2.4.8.4. Structural analysis

The DALI server (325) was used to find homologous protein structures with default
parameters. The structure of OafB-SPA-377 was also used for comparison (PDB
ID: 6SE1) (1).

Pymol was used for visualising and analysing protein structures. Surface area was
calculated using the get_area function with solvent accessible surface area turned
on. Hydrogen bonds were calculated using residues in selection 1 with NH or OH
groups 3.2 A in distance from an O or N atom with no attached hydrogen in
selection 2. Interface residues were selected by finding all residues in selection 1
with an atom within 5 A of selection 2. Amino acid properties were as follows:
hydrophobic = A, V, I, L, M, P, F, Y, W; aromatic = F, Y, W; polar=S, T, Q, N;
Positive = K, R, H; Negative = D, E. Figures were prepared using Pymol (326).
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2.5. In silico analysis of protein sequences

Sequences used in sequences alignments were obtained from Interpro (327, 328)
and UniProt (329).

JPRED (330) was used to predict secondary structure and solvent buried residues
and TMHMM (3311 333) or TOPCONS (334, 335) were used to predict location of

transmembrane helices. Membrane topology diagrams were made using Textopo

(336).

Helical wheels were generated and hydrophobic moments were calculated using
Heliquest (337), hydrophobicity was calculated using the Kyte and Doolittle
hydrophobicity scale (338).

2.5.1.Sequence alignments

Sequence alignments were performed using ClustalO (339, 340) with default
settings. Structure-based sequence alignments were produced using Promals3D
(341) also with default settings. Sequence alignments were analysed in Jalview
(342) and figures produced using TexShade (343).

2.5.2.In silico co-evolution

In silico co-evolution can be used to predict protein structures using contact
prediction. Contact prediction uses correlated mutations (or co-evolution) to predict
if two residues are close in the 3D protein structure, this can then be extrapolated
to enable modelling of the protein structure (344i 346). The principles of contact
prediction suggest that if two residues are close in the 3D protein structure,
mutation of one residue is likely to result in mutation of a second residue to have
complementary chemical properties, ensuring the overall protein fold remains
stable (344i 348).

RaptorX contact prediction server (344, 3491 351) uses the primary sequence of a
protein to calculate the probability of two residues being in contact (Ce distance of
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less than 8 A) (350). Multiple sequence alignments are used to identify correlated
mutations and deep residual neural networks are used to calculate the probability
of any two residues forming a contact (344, 345, 348). These contact predictions
can then be used as restraints for predicting the protein structure with reasonable
accuracy (352, 353).

For the analysis performed here, protein sequences were submitted to RaptorX

contact prediction server (344, 3491 351) and analysis run with default parameters.

2.5.2.1. Validation of co-evolution interactions

Pairs of interacting residues were selected at random and the distance between
the corresponding Cu carbons measured using the distance function in Pymol
(326) using the structure of OafB-SPA-377 (PDB ID: 6SE1) and DItB from
Streptococcus thermophilus (PDB ID: 6BUG). A contact is predicted by RaptorX if
the distance between residues is less than 8 A. The probability of interaction
(RaptorX) was plotted against the distance (crystal structure) and a 10-point
moving average generated. The average distance between residues of less than 8

A was used to determine a probability threshold for co-evolution of 0.35.

2.5.2.2. Interaction of transmembrane helices

The RaptorX contact predictions were used; and interactions with a probability of
less than 0.35 were excluded from the analysis. TOPCONS (334) was used to
predict the location of each transmembrane helix. The residues involved in each
transmembrane helix were compared to every other transmembrane helix and the

number of interactions counted (Table 2.22).
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Table 2.22. Example of co-evolution transmembrane helix analysis.

Residue Residue Probability of
number TMH number TMH interaction
11 1 282 9 0.903
15 1 285 9 0.973
18 1 326 10 0.507
20 1 37 2 0.97
43 2 207 6 0.998
43 2 210 6 0.796
49 2 208 6 0.74
67 147 4 0.439
68 147 4 0.694
75 3 289 9 0.59
77 3 333 0.699
89 3 297 9 0.836
90 3 102 0.409
109 357 11 0.364
142 4 197 6 0.621
168 5 209 6 0.531
175 5 202 6 0.658
210 6 263 8 0.467
213 6 222 7 0.361
226 7 265 8 0.442
230 7 258 8 0.563
290 9 326 10 0.999
295 9 326 10 0.464
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2.5.3.Proteins used for comparison

The in silico analysis performed in this work used many related proteins for
comparison. For a list of the AT3-SGNH proteins see Table 2.23; for AT3-only
proteins see Table 2.24; for proteins containing disulfide bonds see Table 2.25; for
SGNH proteins see Table 2.26; for MBOAT proteins see Table 2.27; and for 10 or
11 TMH proteins see Table 2.28.

Table 2.23. List of AT3-SGNH proteins used for in silico analysis. Only AT3-SGNH proteins which

have been previously experimentally characterised were included (see Pearson et al. (1) for more

details).
Protein Bacteria Uniprot Acc. No. Ref.
OafA-STM Salmonella ser. Typhimurium Q8ZNJ3 (201)
OafB-SPA Salmonella ser. Paratyphi A AOAOH2WM30 (205)
OafA-HlI Haemophilus influenzae Q4QNFO (84)
OatA-LM Listeria monocytogenes Q8Y716 (32)
Lot3-NM Neisseria meningitidis AOAOQT7KZ52 (69)
OatA-LP Lactobacillus plantarum FOUMG68 (48)
OatB-LP Lactobacillus plantarum FOUMC4 (48)
OatA-SA Staphylococcus aureus Q2FV54 47
OatA-LL Lactococcus lactis S6FUQ9 (92)
OatA-SP Streptococcus pneumoniae Q8CY83 (52)
Pgll-NM Neisseria gonorrhoeae AOA5K1QIQ2 (97,

226)
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Table 2.24. List of standalone AT3 proteins used for in silico analysis. Only standalone AT3
proteins which have been previously experimentally characterised were included (see Pearson et

al. (1) for more details).

Protein Bacteria Uniprot Acc. No. Ref.
OatB-BA Bacillus anthracis AOA3P1UOX5 (37)
ExoZ-RM Rhizobium meliloti P26502 (116)
GumF-XC Xanthomonas campestris Q8P801 (227)
GumG-XC Xanthomonas campestris Q56773 (227)
Lagl-LP Legionella pneumophila Q48811 (174)
NodX-RL Rhizobium leguminosarum P08888 (121,
203)
NolL-RL Rhizobium leguminosarum Q52778 (125)
OacA-SF Shigella phage SF6 P23214 (216)
OacA-BT Burkholderia thailandiensis Q2T7D7 (168)
OacA-BP Burkholderia pseudomallei Q63TN1 (168)
OacB-SF Shigella flexneri AOAOH2UXA1 (184)
OacC-SF Shigella flexneri AOABN3QS56 (217)
OacD-SF Shigella flexneri phage Sfll Q83M75 (72)
WhbaK-SA Salmonella enterica ser.Anatum Q54131 (214)
WhiA-BP Burkholderia pseudomallei H7C778 (169)
WciG-SP Streptococcus pneumoniae Q4K0S5 (20)
WCcJE-SP Streptococcus pneumoniae Q4K225 (218)
WecH-EC Escherichia coli P37669 (198)
CmmA-SG Streptomyces griseus Q70J69 (200)
MdmB-SM Streptomyces mycarofaciens Q00718 (204)
ExoH-SM Sinorhizobium meliloti P33692 (129)
Carg-ST Streptomyces thermotolerans P21542 (220,
221)
AcyA-ST Streptomyces thermotolerans Q56074 (222)
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Protein Bacteria Uniprot Acc. No. Ref.
Mpt-SM Streptomyces mycarofaciens Q54466 (223,
224)
MidE-SM Streptomyces mycarofaciens QOPY12 (225)
Asm19-AP Actinosynnema pretiosum Q8KUG7 (219)
MdoC-EC Escherichia coli P75920 (199)
OpgC-BA Brucella abortus Q6Q7W5 (144)
OpgC-DD Dickeya dadantii EOSF04 (74)
OpgC-RS Rhodobacter sphaeroides Q3J1IN1 (297)
IcaC-SA Staphylococcus aureus Q792Vv2 (105)

Table 2.25. Proteins containing disulfide bonds used for SASA of disulfide bonds. Number in

parentheses indicates the number of disulfide bonds in each protein. All proteins in the PDB with a

minimum of one disulfide bond within the same polypeptide chain and data regarding melting

temperature of WT and disulfide mutated proteins were included.

Protein Organism Acc. No. PDB Ref.

DsbB Escherichia coli POAGM2 2HI17 (354)
b-2-microglobulin Homo sapiens P61769 2F74 (3) (355)
Lysozyme Gallus gallus P00698 1DPX (4) (356)
Ribonuclease Aspergillus oryzae P00651 2BU4 (2) (357)
U-actalbumin Bos taurus P0O0711 1HFZ (4) (358)
Trypsin inhibitor Bos taurus P00974 1BHC (3) (359)
Elongation factor Thermus thermophilus P60338 1AIP (360)
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Table 2.26. SGNH domains used to calculate SASA of the catalytic triad. All proteins in the PDB

classified as SGNH family by Interpro (328) were included.

Protein Organism Acc. No. PDB Ref.

Rhamnogalacturonan Aspergillus aculeatus Q00017 1DEX (241)

Acetylesterase

Haemagglutinin esterase Influenza C virus P07975 1FLC (361)

Bovine brain platelet Box taurus Q29460 1FXW (259)

activating factor acetyl

hydrolase 1B

Thioesterase | / protease |  E. coli POADA1 1IVN (252)

/ lysophospholiase

Alr1529 Nostoc Q8YWS4 1VJIG -

Platelet-activating factor Mus musculus P63005 1VYH (260)

acetyl hydrolase 1B

Lipase / acylhydrolase Enterococcus Q839J6 1YZF -
faecalis

Acetylxylan esterase Clostridium Q97LM8 1ZMB -
acetobutylicum

Platelet activating factor Streptococcus AOAOH2UQU7 2HSJ -
pneumoniae

Esterase YxiM Bacillus subtilis P42304 2014 -

MsACT Mycolicibacterium AOR5U7 2Q0Q (266)
smegmatis

CtCes3 Clostridium P15329 2VPT (240)
thermocellum

Carbohydrate esterase Cellvibrio japonicus B3PIBO 2WAA (239)

Carbohydrate esterase Clostridium P10477 2WAO (239)
thermocellum

Putative lipase Bacteroides Q8A3J3 3BZW -
thetaiotaomicron

Putative arylesterase Agrobacterium A9CF87 3DCI -

tumefaciens
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Protein Organism Acc. No. PDB Ref.

EstA Pseudomonas 033407 3KVN (362)
aeruginosa

GDSL lipase Parabacteroides A6LANO 3P94 -
distasonis

GDSL lipolytic protein Alicyclobacillus C8WT89 3RJT -
acidocaldarius

Putative hydrolase Bacteroides Q8A2z4 4H08 -
thetaiotaomicron

Putative acylhydrolase Bacteroides A7V743 41YJ -
uniformis

TesA Pseudomonas Q9HZY8 4JGG (363)
aeruginosa

Axe2 Geobacillus QO09LX1 4JHL (242)
stearothermophilus

Apel Neisseria AOAOA8BF713  4K40 (237)
meningitidis

GDSL lipase Bacteroides ovatus A7LSX5 4LHS -

Putative acylhydrolase Bacteroides fragilis Q5L8Y8 4PPY -

SGNH hydrolase Slackia C7N6X3 4S1P -
heliotrinireducens

Carbohydrate Sinorhizobium Q7APD5 4TX1 (263)

acetylesterase meliloti

Est24 Sinorhizobium Q92XZ6 5HOE (267)
meliloti

OatA Streptococcus Q8CY83 5UFY (95)
pneumoniae

OatA Staphylococcus Q2FV54 6VJP (278)
aureus
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Table 2.27. MBOAT proteins used for co-evolution analysis. Proteins used for comparison by Ma et

al. (207) were included.

Protein Organism Acc. No.
DItB-ST Streptococcus thermophilus Q5M4v4
DItB-LC Lactobacillus casei AOA5SR8LLQ1
PORC-HS Homo sapiens Q9H237
PORC-XL Xenopus laevis P49893
GOAT-HS Homo sapiens Q96T53
GOAT-MU Mus musculus POC7A3
HHAT-HS Homo sapiens Q5VTY9
HHAT-MU Mus musculus Q8BMT9
DGAT-MU Mus musculus Q9Z2A7
ACAT-HS Homo sapiens P35610

Table 2.28. 10 or 11 transmembrane helix proteins used for co-evolution analysis. All proteins with

10 or 11 transmembrane helices, as |listed by
s t r u httpsy/adco.biomol.uci.edu/mpstruc/) were included.
Protein Organism Acc. No. PDB Ref.
ChaA Bacillus subtilis 034840 4KJIR (364)
MraY Aquifex aeolicus 066465 4372 (365)
PsaB Thermosynechococcus POA407 1JBO (366)
elongatus
UlaA Escherichia coli P39301 4RP9 (367)
TehA Haemophilus influenzae P44741 3M73 (368)
SecY Methanocaldococcus Q60175 1RH5 (369)
jannaschii
AmtB Escherichia coli P69681 1U7G (370)
UT-B Bos taurus Q5QF96 4EZC (371)
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3.Biophysical characterisation of the SGNH
domains from OafA and OafB

3.1. Introduction

OafA and OafB are examples of AT3-SGNH proteins which function to acetylate
the O-antigen from LPS in Salmonella (70, 71). OafA is from Salmonella ser.
Typhimurium (OafA-STM) (71) whereas OafB is found in multiple Salmonella
serovars including both Salmonella ser. Typhimurium (OafB-STM) and Paratyphi A
(OafB-SPA) (66, 205). Both OafA-STM and OafB-SPA consist of an N-terminal
acyltransferase (AT3) domain, located in the cytoplasmic membrane, and a C-
terminal periplasmic SGNH domain (70, 71). The two domains are linked by an

11™ transmembrane helix and periplasmic linking region.

As part of a previous research project, the structure of the SGNH domain and
periplasmic linking region from OafB-SPA was determined (1); and the periplasmic
region found to form a structured extension of the SGNH domain. Biophysical
analyses were performed to assess the melting temperature, stability and
oligomeric state of the periplasmic linking region and SGNH domain (279). Itis
hypothesised that the SGNH domains from other AT3-SGNH proteins are likely to
assume similar structures and thus have analogous biophysical properties.
However, as the sequence identity between AT3-SGNH proteins is low (only 28%
between OafA-STM and OafB-SPA for example); such assumptions may not be
reliable. Therefore, the SGNH domain from OafA-STM will be structurally and
biophysically characterised with the aim of using these analyses to further

understand the overall mechanism of AT3-SGNH proteins.

3.2. Expression and purification of the SGNH domain
from OafA

Previous biophysical analysis of the SGNH domain from OafB-SPA shows the
protein to be folded and stable, allowing the structure to be successfully
determined using X-ray crystallography (1). For this work, only the soluble portion

of the protein 1 including the periplasmic linking region and SGNH domain was
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used (residues K377-K640 (OafB-SPA-377), Figure 3.1). Therefore, to conduct
similar structural and biophysical characterisation of OafA-STM, an equivalent
construct was designed. The sequences of OafA-STM and OafB-SPA were
aligned using ClustalO to determine an OafA-STM construct comparable to that of
OafB-SPA-377 (Figure 3.1). The C-terminal residue of OafB-SPA-377 is that of the
entire protein 1 K640; therefore, the equivalent C-terminal residue was used for
OafA-STM constructs (K609). However, due to gaps in the sequence alignment at
residue K377 (OafB-SPA), there is no obvious equivalent N-terminal residue in
OafA-STM. In addition, JPRED secondary structure prediction server suggests a
helix is likely to form in OafA-STM from residues 368 to 371 (Figure 3.1).
Disruption of secondary structure is likely to destabilise the fold therefore, two
OafA-STM constructs were produced. OafA-STM-355 included the entire
periplasmic linking region and therefore should have no effect on the predicted
helix. In the second construct, OafA-STM-366, the N-terminus is almost equivalent
to OafB-SPA-377 but only two residues N-terminal to the JPRED predicted helix.

Expression of OafB-SPA-377 was challenging, with soluble protein produced in
only one set of the conditions that were trialled. That is, soluble protein was
produced in Origami E. coli (279) when an MBP tag was added for improved
solubility. Therefore, these conditions were used for OafA-STM-355 and -366. The
gene constructs encoding both OafA-STM-355 and OafA-STM-366 were cloned
from the OafA-STM gene and into the pETFPP_2 plasmid (section 2.2.7.3,
Technology Facility, York). This plasmid contains the T7 promoter driven by a
chromosomal T7 RNA polymerase that is inducible with IPTG, an N-terminal His-
MBP solubility tag separated from the open reading frame by a 3C protease
cleavage site and a gene for kanR which confers kanamycin resistance for
selection (Figure 3.2) . T he &.Qoliexprassiontrain contains mutations in
glutathione reductase and thioredoxin reductase which enables disulfide bonds to
form in the cytoplasm (284). OafB-SPA-377 has two disulfide bonds visible in the
structure (1, 279); and OafA-STM-355 and -366 contain six cysteine residues
which homology modelling predicts to form three disulfide bonds. Therefore,
expression of correctly folded OafA-STM-355 or -366 protein is more likely in

Origami E. coli.
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OafB-SPA-377 OafB-SPA-structure

—
0000000000000 0000
355 360 365 370 375 380 385 390
OafB-SPA 355 FGTGL.IGAFIFHINGVKDREINKSAGEYASVTDVYNYYK 393
OafA-STM 341 FSSTLALCLFVMFTKGVSFRFSD....... TLKQVVEYRM 373
000000000000 000
e —

OafA-STM-355 OafA-STM-366

395 400 405 410 415 420 425 430

OafB-SPA 394 YGELLRGGICHSVQL..TAAISNGCI.KNGKHNIFIIGDS 430
OafA-STM 374 DNSPWRPDICFLNPDQDYSAF.SKCQDKMTEKSFVVWGDS 412
[

OafA-STM-401

Figure 3.1. Construct design for expression of the SGNH domain from OafA. Sequences of OafA
and OafB were aligned using ClustalO, only SGNH-ext regions are shown in this figure (full
alignment in appendix 7.6). Black helices indicate transmembrane helix 11 (as predicted by
TMHMM), blue helices and arrows indicates secondary structure (helices and sheets respectively)
in the structure of OafB377, red helix indicates JPRED predicted helix in OafA, red arrow indicates
catalytic Ser. Construct start sites are indicated by black arrows.

HRV 3C site|
(1004 .. 1045) OafA-355 Forward (2278 .. 2297) T7 promoter
(231 .. 257) CleF (1031 .. 1056) CleR ‘;‘ lac operator
(243 .. 284) OafA-355 Reverse\ \ RBS

| 6xHis| | |

. —_< OafA MBP ﬂ-ﬂ

Figure 3.2. Partial vector map of pETFPP_2 with OafA-STM-355; MBP solubility tag, Hexa His-tag,
HRV 3C cleavage site and lac promoter inducible with IPTG are labelled. Primers used for cloning
are indicated in purple. For more details regarding cloning, see methods section 2.2.7.3.

(69 .. 87) T7 terminator \
L
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Recombinant expression of OafA-STM-355 and OafA-STM-366 were performed at
a range of temperatures and incubation times; soluble expression was seen in all
conditions tested. The highest cell density was seen at an incubation temperature
of 20 °C and duration of 20 hours after induction with 1 mM IPTG (Figure 3.3).
These are the same conditions used previously for the expression of OafB-SPA-
377 and thus were used for subsequent protein expression of OafA-STM-355 and
OafA-STM-366. Both OafA-STM-355 and -366 were purified using nickel affinity
purification utilising the attached His-MBP tag. The eluted protein was cleaved via
the 3C protease cleavage site and a second nickel affinity purification step
separated the protein of interest from the cleaved His-MBP tag (Figure 3.4A, B).
To further purify the proteins, size-exclusion chromatography was included to
ensure the protein was monodispersed thus increasing the likelihood of
crystallisation. Following size exclusion chromatography, both OafA-STM-355 and
OafA-STM-366 were assessed using SDS PAGE to be of sufficient purity for X-ray
crystallography (Figure 3.4).

3.3. Characterisation of the SGNH domain of OafA
3.3.1. OafA-STM-355is monomeric in solution

SEC-MALLS uses a combination of size-exclusion chromatography to isocratically
separate, based on shape and molar mass, the different populations within a
sample before using refractive index and light scattering to determine the protein
molar mass (372). Combined with a molar mass standard, this technique can be
used to separate and then measure the molar mass of any oligomeric states within
a protein sample. Size exclusion purification performed previously to purify OafA-
STM-355 showed that the protein elutes as a single peak suggesting a single
oligomeric state. SEC-MALLS was used to determine the oligomeric state of OafA-
STM-355. As seen during size exclusion purification, SEC-MALLS of OafA-STM-
355 displays a single, uniformly shaped peak suggesting a single oligomeric state
(Figure 3.5). To calculate the molar mass of the protein within this peak, bovine
serum albumin (BSA) was used as a molar mass standard. Mass spectrometry
determined the molecular weight of OafA-STM-355 to be 29.7 kDa, and the molar
mass measured by SEC-MALLS is almost identical (30 kDa).
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Figure 3.3. SDS PAGE gel showing expression of OafA-STM-355 (A) and OafA-STM-366 (B) in

Origami cells incubated at 20 °C for 20 hours with shaking at 200 rpm after induction with 1 mM

IPTG. Lane 1: molecular weight marker, 2: pre-si nducti on sample, 3: fATotal ¢
fraction. (For A Beemathods section 2.3l Bldcluabréwendlicates band

corresponding to OafA355 (A) or OafA-STM-366 (B). Gels representative of OafA-SGNH

expression. (For full SDS PAGE gels see appendix 7.7).
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Figure 3.4. SDS PAGE gel and size exclusion chromatography traces showing purification of OafA-
STM-355 (A, C) and OafA-STM-366 (B, D). SDS PAGE gels (A, B) Lane 1: molecular weight
marker, lane 2: sample loaded onto nickel affinity column 1, lane 3: flowthrough from nickel affinity
column 1, lane 4: elution from nickel affinity column 1, lane 5: post-cleavage with 3C protease, lane
6: flowthrough from nickel affinity column 2, lane 7: elution from nickel affinity column 2, lane 8:
sample after size-exclusion. Arrows indicate OafA-STM-355/366-MBP-His (black, 72.5 kDa), MBP-
His (grey, 43 kDa), OafA-STM-355/366 (light grey, 29.5 kDa). C, D Size exclusion chromatography

traces of OafA-STM-355 (C) and OafA-STM-366 (D).
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Figure 3.5. SEC-MALLS of OafA-STM-355 with absorbance at 280 nm (A280) shown in red and
measured molar mass of the A280 peak in black.
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This indicates that, like OafB-SPA-377 (279), OafA-STM-355 exists as a monomer
(Figure 3.5).

3.3.2. Thermal stability of the SGNH domains from OafA and
OafB

The melting temperature (Tm) of OafA-STM-355 and -366 were measured using
two techniques: circular dichroism (CD) and nano-differential scanning fluorimetry
(nano-DSF). Nano-DSF can provide a more precise estimate of melting
temperature in comparison to CD; whereas CD can be used to estimate the
percentage secondary structure within a protein at a range of temperatures. The
use of both techniques together can therefore provide additional information about

the composition and stability of the protein.

CD relies on the differential adsorption of circularly polarised light by optically
active, or chiral, molecules for example, proteins (295). The far UV spectral range
is dominated by amide groups; in proteins, this is influenced by the secondary
structure (296) resulting in characteristic CD spectra (297). Based on the presence
of two characteristic minima at 210 and 222 nm (Figure 3.6A), an initial CD
spectrum measured at 20 °C reveals that OafA-STM-355 is folded. To determine
the Tm, CD spectra were measured at 5 °C intervals from 20 to 80 °C. The CD
spectra at 60 °C is almost identical to that measured at 20 °C and retains the
characteristic minima at 210 and 222 nm indicative of a folded protein. However,
at 65 °C, the spectrum flattens and the minima at 210 and 222 nm disappear
indicating that OafA-STM-355 is unfolded (Figure 3.6A). The ellipticity at 222 nm
was plotted at each temperature to determine the melting temperature is between
60 and 65 °C as seen in the CD spectra (Figure 3.6B).

By measuring the intrinsic fluorescence of tryptophan and tyrosine residues as the
sample is heated, nano-DSF detects the change in environment of aromatic
residues as the protein unfolds (373, 374). Both OafA-STM-355 and OafB-SPA-
377 have significant numbers of tyrosine and tryptophan residues (OafA-STM-355
=16, OafB-SPA-377 = 18 total) and therefore nano-DSF was used to measure the
Tm of both OafB-SPA-377, OafA-STM-355 and -366.
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Figure 3.6. Circular dichroism spectra of OafA-STM-355. (A) Spectra at 20 °C (blue), 60 °C
(yellow), 65 °C (orange), 80 °C (red); dips at 210 nm and 222 nm are visible in the spectra at up to
60 °C but not at 65 °C or above indicating the protein unfolds between these temperatures. (B)
Ellipticity at 222 nm at temperatures from 20 °C to 85 °C.
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OafA-STM-355 and -366 have near identical Tm T 64.1 °C and 63.8 °C,
respectively (Figure 3.7A) suggesting either that the additional predicted helix
(Figure 3.1) in OafA-STM-355 does not form here, or the helix is not important for
stability. The Tm of OafB-SPA-377 is 58.9 °C (Figure 3.7B). The melting
temperature of both OafA-STM-355 and OafB-SPA-377 (279) are consistent with

the results from CD.

The shape of the melting curve of OafB-SPA-377 is unusual (Figure 3.7B), as the
ratio of fluorescence decreases suggesting that, overall, the aromatic residues
become less exposed as the temperature increases. The structure of OafB377
suggests many (38%) of the tyrosine residues are surface exposed, in particular
four tyrosine residues located at the N-terminus of the SGNH extension. In
contrast, OafA has only one tyrosine residue in the equivalent region of the SGNH
extension and the melting curves of OafA are of the expected shape with the ratio

of fluorescence increasing as the aromatic residues are exposed on unfolding.

3.3.3. Further analysis of the fold of the SGNH domains from
OafA and OafB

3.3.3.1. Estimate of protein secondary structure using CD

CD can also be used to study secondary structure within a protein. The CD

spectrum measured at 20 °C reveals that OafA-STM-355 is folded due to the

presence of two characteristic minima at 210 and 222 nm indicative of a folded

protein containing U-helices (Figure 3.6A). CDNN software (298) was used to

estimate the percentage secondary structure in OafA-STM-355 from the measured

CD spectra. CDNN predicted 35% U-helix, 16% b-sheet and 30% random coil

(Table 3.1) in OafA-STM-355. This is very similar to the equivalent CDNN estimate

for OafB-SPA-3 77 : 37 %, 16 %elba,nshbeBahdtandbm coil

respectively (Table 3.1, (279)). Initially, this suggests that OafA-STM-355 and

OafB-SPA-377 are likely to form a similar structure. However, when the CDNN

estimate is compared to the crystal structure of OafB-SPA-377 there are some

clear differences: the c-helix{46%)| halsthemamoont ur e has
ofrandom coi |l (16 %) b uitsheet (12%) (Mable&8.1). percent age b
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Figure 3.7. Nano-DSF fluorescence ratio for OafA-STM-355, OafA-STM-366 (A) and OafB-SPA-
377 (B). Fluorescence ratio is used to determine melting temperature. Melting temperatures: OafA-
STM-355 = 64.1 °C, OafA-STM-366 = 63.8 °C, OafB-SPA-377 = 58.9 °C. Table of melting
temperatures in Appendix 7.4.
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Table 3.1. CDNN (298) prediction of secondary structure of OafA-STM-355 and OafB-SPA-377 from CD spectra compared to secondary structure seen in crystal
structure of OafB-SPA-377 (determined by STRIDE (375)).

Percentage secondary OafA355 (CDNN) 0afB377 (CDNN) OafB377
structure (structure)
Helix 35.4 36.6 45.6
Anti-parallel B-sheet 8.3 7.5 2.7
Parallel B-sheet 8.0 8.0 9.6
B-turn 16.4 16.2 23.0
Random coil 29.9 30.7 15.7
Total 98.0 98.9 96.6
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3.3.3.2. SGNH domains from OafA and OafB are folded

In a 1D proton NMR spectra, each peak corresponds to a hydrogen nucleus
(proton) with the chemical shift determined by the chemical environment of the
proton, for example, covalent and non-covalent interactions. A 1-dimensional *H
NMR spectrum of a protein can be used to assess if the protein adopts a stable
fold. Two regions are often examined; between 6-9 ppm where peaks of amide
protons located in the protein backbone usually resonate and at <O ppm which
contains peaks corresponding to protons located close to aromatic rings (up-field
shifted methyl groups). In a folded protein, the proton NMR spectra would show
broad dispersion of peaks in the amide region and peaks with a chemical shift

<0 ppm.

1D NMR spectra of OafA-STM-355, OafA-STM-366 and OafB-SPA-377 were
collected with the aim of determining if these proteins were folded. Spectra of all
three proteins display broad dispersion of amide peaks and peaks corresponding
to up-field shifted methyl groups (Figure 3.8) suggesting that all three proteins are
folded. OafA-STM-355 and OafA-STM-366 differ only by the addition of 11 amino
acids (of 285 total). As expected, when overlaid the spectra of OafA-STM-355 and
OafA-STM-366 are very similar and show that both proteins are folded. Combined
with the near identical Tm for both proteins, this suggests that the initial 11

residues of OafA-STM-355 are not required for the protein to fold.

Whilst 1D proton NMR spectra can be used to determine if a protein is folded, due
to the significant overlap of peaks any other information is limited. 2D HSQC
spectra of 1°N-labelled protein relieve this overlap by displaying a 2D peak for
each N-H group within a protein. This results in a single peak for each peptide
bond (with the exception of proline) and two peaks for the side chain amide groups
of glutamine and asparagine. Other amino acid side chains; for example, arginine
and lysine; also produce peaks in the NMR spectra, however, these are not
included in this analysis. HSQC spectra of OafA-STM-355 and OafB-SPA-377

were used to determine if the proteins had any flexible or unfolded regions.
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Figure 3.8. 1D proton NMR spectra of (A) OafA-STM-355 and (B) OafA-STM-366 and (C) OafB-
SPA-377.
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Peaks corresponding to residues in flexible regions of the protein are often
overlapping in the centre of the spectra. Similarly, if the protein is aggregating, the
peaks are typically of low intensity and therefore more difficult to see on the
spectra. Therefore, counting the number of visible peaks in the HSQC spectra can
be used to infer if the protein has flexible or aggregating regions. Including
backbone amide, asparagine and glutamine side chain peaks, and the spectra of
OafA-STM-355 is expected to have 286 peaks of which 232 are visible in the
spectra. Similarly, OafB-SPA-377 is expected to have 311 peaks but only 272 are
visible. A number of overlapping peaks are seen in the centre of both spectra
which could suggest some flexible regions. However, as the number of counted
peaks is similar to the number of expected peaks, this reiterates that the proteins

are likely to be folded.

3.3.4. The SGNH domains of OafA and OafB do not bind

sugars

By examining HSQC spectra, NMR can also be used to assess ligand binding
(299). As a ligand binds to a protein, the chemical environment of nearby atoms is
altered resulting in peaks appearing in a different location in the spectra. This
technique can be used to determine if a ligand binds to a protein. Both OafA and
OafB acetylate the O-antigen of LPS from Salmonella. While OafA and OafB exist
in different Salmonella serovars, the O-antigen repeating units from both bacteria
are very similar and consist of the same backbone i Gal-Rha-Man with a side
branch of either paratose (Salmonella ser. Paratyphi A) or abequose (Salmonella
ser. Typhimurium). Due to the relative sizes of the O-antigen repeating unit and
SGNH domain, it is assumed that the SGNH domain binds and interacts with the
whole O-antigen repeating unit. Obtaining O-antigen repeating unit for use in NMR
is not practical, therefore, individual sugars were used instead. Rhamnose is
present in the O-antigen repeating unit of both Salmonella ser. Paratyphi A and
Salmonella ser. Typhimurium suggesting that both OafA and OafB are likely to
interact with rhamnose. HSQC spectra of OafA-STM-355 and OafB-SPA-377 were
recorded with no rhamnose, before increasing concentrations of rhamnose were
added (Figure 3.9).
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Figure 3.9. HSQC spectra of OafA-STM-355 (A) and OafB-SPA-377 (B) with rhamnose and
glucose added. Green spectra are protein without addition of any ligand, blue spectra are protein
with addition of 50 xM rhamnose and 50 xM glucose. 1D proton spectra (insets) confirm addition of
sugars to both proteins.
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However, when overlaid, the spectra with and without sugar look identical,
suggesting no interaction between the free monosaccharide and protein (Figure
3.9). 1D proton spectra recorded simultaneously confirm the sugar has been
added (Figure 3.9B, D). For both OafA-STM-355 and OafB-SPA-377, this result is
surprising but particularly for OafB-SPA-377 which is known to acetylate the

rhamnose residue in LPS and therefore hypothesised to interact.

3.4. Analysis of disulfide bonds

3.4.1. Mass spectrometry confirms presence of disulfide

bonds

Mass spectrometry can be used to accurately determine the molecular weight of a
molecule. This is useful for determining that the correct protein has been produced
with no unexpected modifications. Ideally, a single peak of the expected molecular
weight will be seen in the spectra. However, for OafA-STM-355, two peaks were
seen, 29171 Da (approx. 1/3) and 29655 Da (approx. 2/3), with the peak at 29655
Da corresponding to the expected size of the protein (Figure 3.10A). After further
analysis using top-down terminal sequencing, the smaller mass was found to be
consistent with OafA-STM-355 missing the four N-terminal amino acids (GPAM).
These four residues are added to the N-terminus of the protein via attachment of
the His-MBP tag and is therefore of no concern for activity or stability of OafA-
STM-355. However, it is concerning that degradation has occurred and it is

unknown at what stage in protein production this has taken place.

OafA-STM-355 contains six cysteine residues, predicted to form three disulfide
bonds. A reduction and alkylation technique can be used with mass spectrometry
to determine if a protein contains disulfide bonds. The protein sample is divided in
two, with one half (i) reduced and alkylated and the other (ii) half just alkylated.
Any free cysteines react with the alkylation agent resulting in a mass increase of

58 kDa per alkylation event.
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Figure 3.10. Mass spectrometry spectra of OafA-STM-355 (A) untreated, (B) alkylated, and (C)
reduced and alkylated. In both (A) and (B) peaks at 29655.43 correspond to OafA-STM-355, peaks
at 29171 Da correspond to OafA-STM-355 missing the first 4 amino acids (GPAM). In (C) the peak
at 29655 corresponds to OafA-STM-355 (unreduced), and peaks at 29888, 29946 and 30004
correspond to alkylation of 4, 5 or 6 cysteines respectively indicating 3 disulfide bonds are formed.
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In sample (i), all cysteines will be alkylated, whereas in sample (ii), cysteine
residues involved in a disulfide bond are not alkylated. The mass difference
between samples (i) and (ii) correlates with the number of cysteine residues
involved in disulfide bonds. The mass spectrum of the alkylated sample of OafA-
STM-355 is identical to the untreated sample suggesting all cysteine residues are
involved in forming disulfide bonds (Figure 3.10B). In the reduced and alkylated
sample of OafA-STM-355, the major peaks are also at the same molecular weight
as those in the untreated sample (Figure 3.10C). However, small peaks are seen
at 29888, 29946 and 30004 Da correspond to alkylation of 4, 5 or 6 cysteines
respectively (Figure 3.10C). Therefore, the most likely explanation is that three
disulfide bonds are formed in OafA-STM-355, but that, unusually, the majority of

the disulfide bonds are not reduced on addition of reducing agent.

Mass spectrometry with reduction and alkylation indicates the formation of three
disulfide bonds in OafA-STM-355 and two in OafB-SPA-377 (279). In the structure
of OafB-SPA-377 the two disulfide bonds are seen to form between C403-C416
and C598-C603 (Figure 3.11). Equivalent disulfide bonds are expected to form in
OafA-STM-366 between C383-C397 and C567-C572. In addition, two more
cysteine residues are found in OafA-STM-366 which are predicted to form a
disulfide bond between C439-C453. In a sequence alignment between OafA-STM
and OafB-SPA, disulfide bonds C403-C416 (OafB-SPA) and C383-C397 (OafA-
STM) align and are both located in the extension; from here these disulfide bonds
will be referred to as OafB-SPA-DSext and OafA-STM-DSex:, respectively (Figure
3.11). Similarly, disulfide bonds C598-C603 (OafB-SPA) and C567-C672 (OafA-
STM) align and will be referred to as OafB-SPA-DScterm and OafA-STM-DScterm
(Figure 3.11). The remaining disulfide bond from OafA, C439-C453 will be referred
to as OafA-STM-DScat as it is predicted to be located close to the catalytic triad
(Figure 3.11).

Disulfide bonds often play a role in the stability and overall fold of a protein (376).
Therefore, to determine the importance of the disulfide bonds in the SGNH
domains of OafA and OafB two approaches were used; first the disulfide bonds

were first reduced and then the cysteine residues mutated.
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Figure 3.11. Location of disulfide bonds in the SGNH domains of OafA-STM and OafB-SPA. (A)
Alignment by ClustalO of OafA-STM-355 and OafB-SPA-377 showing location of disulfide bonds in
yellow, catalytic triad in red, extension in orange and additional helix in teal. Crystal structure of
OafB-SPA-377 (B) showing location of disulfide bonds along with catalytic triad (all coloured by
atom); extension and additional helix coloured orange and teal respectively.
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3.4.2. Disulfide bonds are refractory to reduction

The initial aim was to determine if reducing the disulfide bonds in OafA-STM-355
and OafB-SPA-377 had any effect on stability of the proteins. DTT was added to
the proteins in increasing concentrations and the melting temperature measured
using nano-DSF. With no DTT, the melting temperatures of OafA-STM-355 and
OafB-SPA-377 were 64.1 °C and 58.9 °C, respectively. At all concentrations of
DTT for both OafA-STM-355 and OafB-SPA-377, the melting temperature
reduced, but by a very small amount (Figure 3.12). At the highest concentration of
DTT (100 x protein concentration), the melting temperature of OafA-STM-355 was
reduced by 1.5 °C (Figure 3.12B) and OafB-SPA-377 by 1.1 °C (Figure 3.12A).
This experiment was repeated using TCEP as the reducing agent in place of DTT
with the same results. Only a very small decrease in melting temperature of OafA-
STM-355 and OafB-SPA-377 was seen on addition of high concentrations of
reducing agent. This indicates that either, reduction of the disulfide bonds does not
affect protein stability or, the disulfide bonds are not reduced in the presence of

high concentrations of reducing agent.

Mass spectrometry was used to determine if the disulfide bonds are reduced on
addition of high concentrations of reducing agent. The OafA-STM-355 and OafB-
SPA-377 samples with 10 x protein concentration of DTT were alkylated and mass
spectrometry used to ascertain the number of free cysteines in the protein. Neither
protein showed any increase in mass after alkylation suggesting the disulfide
bonds are not reduced by 10 x protein concentration of DTT (Figure 3.13). This is
consistent with the lack of significant reduction in the melting temperature on

addition of reducing agent.

For OafA-STM-355, the concentration of DTT was increased to 83 x protein
concentration and the mixture heated to 56 °C 1 the optimum temperature for DTT
reduction. However, this temperature is only 8 °C below the melting temperature of
the protein (64 °C). Despite this, the dominant species (~60%) as measured by
mass spectrometry is not alkylated suggesting that even after this treatment, the
disulfide bonds are not reduced in 60% of the protein molecules. However, in the
remaining 40%, all three disulfide bonds are reduced (Figure 3.13).
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Figure 3.12. Melting temperature of (A) OafB-SPA-377 and (B) OafA-STM-355 with increasing
concentrations of DTT. Melting temperatures: OafB-SPA-377 0 M DTT = 58.2 °C, 100:1
DTT:protein = 57.1 °C. OafA-STM-355, 0 M DTT = 64.5 °C, 100:1 DTT:protein = 63.0 °C.
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Figure 3.13. Mass spectrometry of OafB-SPA-377 (A-C) and OafA-STM-355 (D-F) with no reducing
agent (A, D), 10:1 DTT:protein (B, E), and 83:1 DTT:protein OafA-STM-355 (F) or 171:1
DTT:protein OafB-SPA-377 (C). For OafB-SPA-377, peaks at 29593 Da correspond to no alkylated
cysteine residues and peaks at 29821 Da corresponds to four alkylated cysteine residues. For
OafA-STM-355, peaks at 29637 Da corresponds to no alkylated cysteine residues and peaks at
29985 Da corresponds to six alkylated cysteine residues.
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For OafB-SPA-377, the same treatment was applied, 117 x protein concentration
of DTT was added and the mixture heated to 56 °C i the melting temperature of
OafB-SPA-377 is 58 °C, so the protein is likely to be predominantly unfolded.
Therefore, unsurprisingly, the majority species as measured by mass spectrometry
is fully alkylated implying all the disulfide bonds are reduced (Figure 3.13).

In both OafA-STM-355 and OafB-SPA-377, reduction of the disulfide bonds only
occurs with a very large molar excess of DTT and heating. Therefore, this
suggests that the disulfide bonds in both proteins are refractory to reduction and
that no decrease in melting temperature was seen in the initial experiment

because the disulfide bonds were not reduced.

3.4.3.Solvent accessibility does not correlate with ability to

reduce disulfide bonds

The disulfide bonds in both OafA-STM-355 and OafB-SPA-377 are refractory to
reduction even on addition of high concentrations of reducing agent. There are
many possible reasons for this observation; for example, the disulfide bonds may
be buried within the structure and therefore inaccessible to the reducing agent. To
investigate this hypothesis the solvent accessible surface area (SASA) of each
disulfide bond in OafB-SPA-377 was measured. The SASA of the cysteine
residues involved in each disulfide bond were measured using Pymol. The SASA
of OafB-SPA-DSex: is 14.7 A2, however, the SASA of OafB-SPA-DScterm is much
lower i 4.8 A2 (Figure 3.14). To understand how these SASA measurements
relate to the propensity for reduction, this analysis was repeated for the disulfide
bonds in protein structures from the PDB (see methods Table 2.25 for list of
proteins). Of these proteins, two disulfide bonds were refractory to reduction while
the remainder (n = 14) are known to be reduced by DTT or TCEP. The SASA of
the disulfide bonds varied considerably from 0 to 81.4 A2, However, no correlation
was seen between the solvent accessibility and the propensity for reduction
(Figure 3.14). For example, six disulfide bonds had a SASA of 0 A2, five of which

can be reduced while one cannot.
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easily. (Data in appendix 7.2)
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Similarly, the disulfide bond from DsbB cannot be reduced (377) but has a SASA
of 27.9 A2, When compared to those from other proteins, the SASA of the disulfide
bonds from OafB-SPA-377 are more accessible than other disulfide bonds which
are known to be reduced. This suggests that the inability of the disulfide bonds in
OafB-SPA-377 to be reduced does not result from a lack of solvent accessibility.

3.4.4.Mutation of the disulfide bonds destabilises the SGNH

domains

Addition of reducing agent to OafA-STM-355 or OafB-SPA-377 does not reduce
the disulfide bonds. Therefore, to determine the effect of the disulfide bonds on
protein stability, the cysteine residues were mutated. Site directed mutagenesis
was carried out to mutate the pair of cysteine residues within each disulfide bond
to serine. Thus, for OafB-SPA-377, two mutant proteins were produced: one with
OafB-SPA-DSext removed and the other with OafB-SPA-DScterm removed.
Similarly, for OafA-STM-366, three mutant proteins were produced: each with
either OafA-STM-DSext, OafA-STM-DScat or OafA-STM-DScterm removed.
Sequencing was performed to ensure the correct mutation had occurred before
each of the five mutant proteins were expressed and purified using the same
method as for the wild-type equivalent. Biophysical analysis was used to
determine if the mutant proteins were folded, and their stability relative to the wild-

type proteins.

To determine if the mutant proteins were folded, 1D NMR spectra of each mutant
were recorded and compared to the wild-type (Figure 3.15). As previously
analysed, the 1D NMR spectra of wild-type OafA-STM-366 and OafB-SPA-377 are
folded (Figure 3.8, Figure 3.9). For OafB-SPA-377, mutation of OafB-SPA-DScterm
produces a spectrum almost identical to the wild-type, suggesting this mutant is
correctly folded. However, mutation of OafB-SPA-DSex: results in narrow
dispersion of the amide region and no up-field shifted methyl groups indicating that
the protein is likely to be predominantly unfolded (Figure 3.15). For OafA-STM-
366, the NMR spectra of the OafA-STM-DScat mutant suggests this protein is
folded.
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OafA-STM-366 (B).
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In contrast, the OafA-STM-DSext and OafA-STM-DScterm mutants have a
destabilised fold due to the moderately dispersed amide region and the presence
of few up-field shifted methyl peaks. In particular, the up-field shifted methyl peaks
are smaller and less shifted in comparison to the wild-type spectra (Figure 3.15B).
In summary, the effect of removing the disulfide bonds from OafA-STM-366 and
OafB-SPA-377 appears to differ depending on which disulfide bonds were

removed.

To determine if mutation of the disulfide bonds had an effect on protein stability,
the melting temperature of each disulfide mutant protein was measured (Figure
3.16). For OafB-SPA-377, mutation of both OafB-SPA-DSextand OafB-SPA-
DScterm resulted in much reduced melting temperatures. Mutation of OafB-SPA-
DScterm reduced the melting temperature by 14 °C to 45 °C, and mutation of OafB-
SPA-DSext by 29 °C to 30 °C (Figure 3.16B). This suggests that mutation of either
disulfide bond in OafB-SPA-377 has a significant effect on protein stability. In
comparison, for OafA-STM-366, mutation of OafA-STM-DScat has the largest effect
on protein stability and reduces the melting temperature by 20 °C to 44 °C.
Whereas OafA-STM-DSext and OafA-STM-DScterm have less of an effect reducing
the melting temperature by only 8 °C (Figure 3.16B).

In conclusion, the disulfide bonds in OafA-STM-366 and OafB-SPA-377 are
refractory to reduction and mutation of each disulfide bond individually suggests
each are important for stability of the SGNH domain. Mutation of the disulfide
bonds resulted in destabilised or completely unfolded proteins as determined by
NMR and the melting temperatures are decreased suggesting a reduction in

protein stability.

3.5. Structural analysis of OafA-SGNH
3.5.1.Crystallisation of OafA-SGNH

Biophysical analysis of the SGNH domains from OafA and OafB suggests that the
two proteins have similar properties i both are folded, stable at room temperature

and are monomeric.
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In addition, the CD spectra predict a similar secondary structure content in both
OafA-STM-355 and OafB-SPA-377 suggesting the proteins are likely to have
analogous structures. The structure of OafB-SPA-377 (1) has a number of novel
structural features including a structured extension and additional helix which are
not seen in the structures of other SGNH domains (1). Therefore, the aim of this
section was to determine the structure of the SGNH domain from OafA to establish

if it shares these novel structure features seen in OafB-SPA-377.

X-ray crystallography requires the protein to form a crystal, through which an X-ray
is passed and the scattering pattern collected. The scattering pattern and peak
intensities are subjected to an inverse Fourier transform to determine an electron
density map, from which the protein structure can be determined. Sparse matrix
crystallisation screens containing a wide range of conditions were prepared for
both OafA-STM-355 and OafA-STM-366 at different protein concentrations. An
abundance of fine needle-like crystals was seen in a limited range of conditions for
both OafA-STM-355 and OafA-STM-366. However, the crystals did not diffract.
The large number and small size of these crystals suggested over-nucleation was
occurring. Therefore, to produce larger, diffracting crystals, the crystallisation
conditions were optimised. In addition, crystal seeding was used with the aim of
slowing nucleation. However, as for the initial crystallisation screens, crystals grew
in a limited range of conditions, all were over-nucleated and none showed any

diffraction.

As crystallisation of OafA-STM-355 and OafA-STM-366 did not produce any
diffracting crystals; a shorter construct consisting of just the SGNH domain with
the periplasmic linking region removed was produced. Similar to the design of the
constructs of OafA-STM-355 and OafA-STM-366, the structure of OafB-SPA-377
was used as a guide to determine an appropriate N-terminus. The structure of
OafB-SPA-377 suggests the SGNH domain starts at residue Lys421. As
previously, a ClustalO alignment of OafA and OafB was used to determine the
equivalent residue in OafA to be Met401. Therefore, a construct was produced
with the N-terminus at Met401 and C-terminus Lys609 as used for OafA-STM-355
and -366 (OafA-STM-401). OafA-STM-401 was cloned, expressed and purified as
for OafA-STM-355 and -366 (see Chapter 4, section 4.3 for more details).
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A crystal screen was carried out using OafA-STM-401 and crystals formed in a
range of conditions i 0.2 M MgClz, 25% PEG 3350 or 20% PEG 8000, pH range
5.57 8.5 (Figure 3.17A). In comparison to the crystals of OafA-STM-355 and
OafA-STM-366, the crystals of OafA-STM-401 were larger, less over-nucleated
and more uniform. Therefore, these crystals were fished, cryo-protected in 10%
glycerol and tested for diffraction (Figure 3.17B). One crystal diffracted to 2.0 A
resolution with two molecules in the asymmetric unit. The structure of OafA-STM-
401 was solved using molecular replacement with OafB-SPA-377 (residues 421-
640) as a model and the structure refined to an Rwork / Rfree Of 22.6 / 24.3% (Figure
3.18A, Table 3.2).

3.5.2.Structural analysis of OafA401

OafA-STM-401 has the structure of a typical SGNH domain formingan U/ b/ U

hydrol ase f ol d-swtirtahn dfsi vseu rcrechglivem@dufb vy s i

3.18A). Two molecules, which overlay with an RMSD of 0.04 A, were seen in the

asymmetric unit and these f or mstrandddi mer

forming a continuous sheet. Two disulfide bonds are seen in the structure of OafA-
STM-401, one close to the active site and the second close to the C-terminus
(Figure 3.18). Unfortunately, the structure of OafA-STM-401 is incomplete with
gaps in the electron density of surface loops. The additional helix, present in the
structure of OafB-SPA-377, is also patrtially visible in both monomers of OafA-
STM-401. However, the electron density is low in this region of OafA-STM-401
suggesting the additional helix may be flexible or in multiple conformations (Figure
3.18C).

In comparison to the structure of OafB-SPA-377, OafA-STM-401 is almost
identical with an RMSD of 1.89 A (OafB-SPA-377 residues 421-640, Figure
3.18A). However, a number of the surface loops have different orientations in the
two proteins; in particular one large loop close to the active site. This could be due
to differing crystal contacts, or potentially these loops may differ to facilitate the

binding of different substrates.
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Figure 3.17. OafA-STM-401 crystal (A) OafA-STM-401 crystal in 0.1 M Tris pH 8.5, 0.2 M MgCI2,
20% PEG 8000, (B) diffraction pattern of OafA-STM-401.
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Figure 3.18. Crystal structure of OafA-STM-401 (A) and OafB-SPA-377 (B). Active site of both
OafA-STM-401 and OafB-SPA-377 overlaid (C) with sticks indicating residues which are important
for catalysis (Grey = just in OafB-SPA, blue = just in OafA-STM). The extension (OafB-SPA-377

only) is coloured orange and additional helix coloured teal.
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Table 3.2. X-ray crystallography data and statistics for the structure of OafA-STM-401. Values in
parenthesis correspond to the highest resolution shell unless otherwise stated.

Data collection

Beamline 103-1
Space group C121
Cell dimensions
a, b, c(A) 108.6, 43.9, 101 4
a, B,y (%) 90.0, 117.1, 90.0
Wavelength (A) 0.9763
Resolution (A) 54.06-2.00 (2.05-2.00)
No. unique reflections 29116 (2088)
Completeness (%) 99.8 (99.2)
Multiplicity 3.2 (3.0)
I/o(l) 6.4 (0.9)
Rmerge (%) 6.7 (90.1)
Rpim (%) 6.6 (85.5)
CCyp 0.996 (0.441)
Refinement
Resolution 39.42-2.00
No. reflections (test set) 29097 (1384)
Ruork / Reee (%) 226/24.3
CCuork 0.938
CCiree 0.934
No. atoms:
Protein 3167
Water 105
Ligand 0
B factors (A2);
Protein (chain A) 61.2
Protein (chain B) 74.5
Water 63.9
RMSD bond lengths (A) 0.008
RMSD bond angles (°) 1.01
Ramachandran plot (%)
Favoured 97
Allowed 3
Outliers 0
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Despite this, the active sites of OafA-STM-401 and OafB-SPA-377 are very similar
with the orientation of the catalytic residues conserved between OafA-STM-401,
OafB-SPA-377 and in the structures of other SGNH domains. However, in
comparison to OafB-SPA-377, the active site of OafA-STM-401 appears
somewhat truncated. Compared to OafA-STM-401, the structure of OafB-SPA-377
contains the SGNH-extension, many residues of which are located close to the
active site and form hydrogen bonds with a co-crystallised sulfate group (Figure
3.18C and (1, 279)).

Typical SGNH domains have a catalytic triad of Ser-His-Asp with an oxyanion hole
formed from Gly and Asn (233). During catalysis, the oxyanion hole stabilises a
negatively charged oxyanion intermediate (233). In both OafA and OafB, the
residues normally involved in forming the oxyanion hole are not present.
Therefore, previously structure-based sequence alignments were used with the
aim of determining the oxyanion hole residues from OafA with Ser437 proposed to
be the most likely candidate (1). However, the structure of OafA-STM-401
suggests otherwise as the sidechain of Ser437 is orientated away from the
catalytic triad. However, Williams et al. (237) identified conformational changes
within the active site of Apel and therefore, it seems possible that the same is
occurs here to orientate Ser437 towards the catalytic triad. Alternatively, the
backbone amides of either Ser437 or Leu438 could be involved in oxyanion hole

formation (Figure 3.18B) as no other residues are positioned close enough.

3.5.3.Dimerization of OafA401

OafA-STM-401 forms a dimer in the crystal structure which constitutes a major
difference between the structures of OafA-STM-401 and OafB-SPA-377. For
OafA-STM-401, the formation of a dimer results in a continuous b-sheet across
both domains which buries the active site within the interface of the two domains.
The b-sheets are parallel within each monomer but the two monomers are
positioned in an anti-parallel arrangement (Figure 3.19A). The dimerization
interface covers an area of 2004 A (Figure 3.19B), 10% of the total dimer surface
area. 56% of the interface is hydrophobic, 28% charged and 16% polar. This is
significantly hydrophobic in comparison to the overall protein surface of OafA-

STM-401.
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Figure 3.19. OafA-STM-401 dimerization interface and OafB-SPA-377 extension interface. (A)
Structure of OafA-STM-401 indicating hydrogen bonds, residues involved in hydrogen bonds are
coloured according to atom and shown as sticks. Structures of OafA-STM-401 (B) and OafB-SPA-
377 (C) shown as spheres with dimerization interface coloured blue in OafA-STM-401 (B) and
interface with extension coloured red in OafB-SPA-377 (C).
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In addition, 18 hydrogen bonds form between chains A and B in OafA-STM-401,
with most from the equivalent residue in each monomer (Figure 3.19A). The
majority (11/18) of the hydrogen bonds are from the main chain, with only seven

from side chains.

The dimerization interface from OafA-STM-401 and the interface between the
SGNH-extension and SGNH domain in OafB-SPA-377 are in the same location
(Figure 3.19B, C). When the structures are overlaid, chain B of OafA-STM-401
overlaps with the extension from OafB-SPA-377. However, the interface size in
OafB-SPA-377 is larger than that of OafA-STM-401 by nearly 900 A (2901 and
2004 A respectively). Comparing the chemical properties of each interface, both
have a similar percentage of hydrophobic residues i 56% in OafA-STM-401 and
53% in OafB-SPA-377 1 and charged residues 1 28% in OafA-STM-401 and 24%
in OafB-SPA-377. In both proteins, the number of charged residues is almost
double in the interface compared to the overall protein surface. In addition, despite
having a much larger interface, OafB-SPA-377 has a similar number of hydrogen
bonds (19 in OafB-SPA-377 and 18 in OafA-STM-401) with 58% from side chains.
Overall, the dimerization interface of OafA-STM-401 is highly hydrophobic,
suggesting that the dimer may form to cover an exposed hydrophobic patch

formed by removal of the extension.

3.6. Chapter discussion and future work

OafA-STM-355 and OafA-STM-366 were expressed, purified and characterised.
Biophysically, both OafA constructs are similar to OafB-SPA-377 i the melting
temperatures are within 5 °C (Figure 3.7), all are monomeric (Figure 3.5) and the
mass spectrometry indicates disulfide bonds are present (Figure 3.10). NMR
spectra of OafA-STM-355 and OafB-SPA-377 confirm that both proteins are folded
(Figure 3.8) however, ligand binding experiments suggest that individual LPS
sugars do not bind to either protein (Figure 3.9). However, in vivo the SGNH
domains would be presented with a minimum of one O-antigen repeating unit
attached to either a lipid anchor or core oligosaccharide so the SGNH domains
may be unable to recognise a single monomer. In addition, the context of the

SGNH domain is different in vivo as it would be attached to the acyltransferase
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domain. An extension of this experiment would use either the full-length protein,
including the acyltransferase domain, or a single O-antigen repeating unit.
However, experimentally, either of these options would be significantly more

challenging.

One striking difference in biophysical behaviour of OafA-STM-355 and OafB-SPA-
377 is the shape of the melting curve. Nano-DSF measured intrinsic tryptophan
and tyrosine fluorescence. Typically, these aromatic residues are buried in the
hydrophobic core of a protein. Thus, as the protein unfolds, the aromatic residues
are exposed to the external environment. This results in a melting curve such as
that seen for OafA-STM-355 or OafA-STM-366 with the fluorescence ratio
increasing as the protein unfolds (Figure 3.7A). In contrast, the shape of the
melting curve of OafB-SPA-377 is unusual (Figure 3.7B), with the fluorescence
decreasing suggesting the aromatic residues become less exposed. The structure
of OafB-SPA-377 suggests many (38%) of the tyrosine residues are surface
exposed, in particular four tyrosine residues located at the N-terminus of the
SGNH extension. Wen et al. 2020 noted a similar effect, surface exposed
tryptophan residues undergo no significant change in environment and so result in
a negative transition or no change in fluorescence (373). In contrast, OafA-STM
has only one tyrosine residue in the equivalent region of the SGNH extension and
the melting curves of OafA-STM are of the expected shape with fluorescence
increasing as the aromatic residues are exposed on unfolding. It would be
interesting to repeat this experiment using a construct of OafB-SPA with the N-
terminal tyrosines removed; | would predict the melting curve would look more
similar to that of OafA-STM-366.

The crystal structure of OafA-STM-401 (Figure 3.18) shows high similarity to
OafB-SPA-377. The obvious exceptions to this statement, is that OafA-STM-401,
which does not include the SGNH-extension, forms a dimer. Interestingly, the
dimer interface in OafA-STM-401 overlays with the SGNH to SGNH-ext interface
in OafB-SPA-377 (Figure 3.19B, C). OafA-STM-401 has the SGNH-ext removed
and therefore is similar in its overall structure to other SGNH domains which may
explain the dimerization seen in the structure. That is, many SGNH domains have
been shown to form dimers (240, 254, 257, 261) or higher oligomeric complexes

(236, 242, 263, 2651 267). A number of potential reasons have been suggested for
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this oligomerisation including: increasing efficiency of substrate binding (240, 242,
261, 267); improving substrate specificity (242, 266); preventing premature
hydrolysis of the bound substrate (242, 263, 265) or to increase protein stability
(242).

The dimer interface of OafA-STM-401 is 2004 A (Figure 3.19B) of which 56% is
hydrophobic. Interestingly, the dimerization interface from OafA-STM-401 and the
interface between the SGNH-extension and SGNH domain in OafB-SPA-377 are
in the same location (Figure 3.19B, C). The interface size in OafB-SPA-377 is
larger than that of OafA-STM-401 1 2901 and 2004 A respectively. Comparing the
chemical properties of the interface, both have a similar percentage of
hydrophobic residues i 56% in OafA-STM-401 and 53% in OafB-SPA-377. In both
proteins, this is almost double compared to the overall surface and higher than
found on the average protein surface (378, 379). Analysis performed by Moreira et
al. indicates that dimerization interfaces are usually greater than 600 A in size and
have hydrophobic properties (380) i both of these assessments apply to the OafA-
STM-401 dimer interface and OafB-SPA-377 SGNH-ext to SGNH domain

interface.

In addition, Moreira et al. (380) suggest the average number of hydrogen bonds in
a dimer interface is correlated to the size of the interface, with approximately one
hydrogen bond per 100-200 A and 76% of the hydrogen bonds in the interface
expected to form between side chains (380). With an interface size of 2004 A, the
structure of OafA-STM-401 is predicted to have 10-20 hydrogen bonds, of which
8-15 are between side chains. In OafA-STM-401, 18 hydrogen bonds form
between chain A and chain B, of which 11 are from the main chain and 7 from side
chains (39%) (Figure 3.19A). Despite having a much larger interface, OafB-SPA-
377 has a similar number of hydrogen bonds i 19 1 with 58% from side chains,
this is a higher percentage compared to the interface in OafA-STM-401 but still
less than stated by Moreira et al. (380). Therefore, while the overall number of
hydrogen bonds are as expected for OafA-STM-401 and OafB-SPA-377, the
majority are formed from main chain atoms rather than side chains. The
dimerization interface of OafA-STM-401 is highly hydrophobic, this suggests that a
dimer may form to cover the hydrophobic patch exposed by removal of the
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extension. However, the dimer interface of OafA401 does fulfil the criteria

proposed by Moreira et al. for dimer formation (380).

Analysis by mass spectrometry revealed the disulfide bonds in OafA-STM and
OafB-SPA were refractory to reduction (Figure 3.13, (279)). There is very little
literature regarding disulfide bonds which cannot be reduced suggesting that this
is not a common feature. Two other proteins i DsbB (377) and b-2-microglobulin
(381) i contain disulfide bonds which cannot be reduced by high concentration of
DTT, however, these appear to be the only examples in the literature. The role of
the disulfide bond in both DsbB and b-2-microglobulin are important for the overall
function of these proteins. DsbB is redox active in the disulfide bond forming
pathway in E. coli and thus, disulfide bond formation is required for correct function
(377). The disulfide bond in b-2-microglobulin plays a different role, Isenman et al.
(1975) found that the disulfide bond in b-2-microglobulin is required for protein
folding and refolding (381).

Many studies have shown that mutation of disulfide bonds reduces the melting
temperature of a protein (3821 387), however, it is currently unknown how disulfide
bonds affect protein stability. There does not appear to be a correlation between
the distance separating cysteine residues in the primary sequence and decrease
in melting temperature. For example, Graziano et al. saw a 20 °C decrease in
melting temperature when a disulfide bond separated by seven residues was
mutated (384), whereas Cooper et al. saw a similar decrease in temperature (25
°C) but for a disulfide bond separated by 121 residues (382). This is also true for
OafA and OafB, where equivalent disulfide bonds are seen to behave very
differently: mutation of OafB-SPA-DSex: results in a highly unstable protein which is
both unfolded and has a greatly reduced melting temperature (Figure 3.16A,
Figure 3.15B). In comparison, the equivalent disulfide bond in OafA-STM reduces
the melting temperature by the least of any disulfide bond (8 °C, Figure 3.16) and
the NMR spectra shows the protein to contain a mixture of folded and unfolded
protein (Figure 3.15B). Although OafA-STM-DScterm and OafB-SPA-DScterm both
result in a reduction in melting temperature of a similar amount (8 °C and 14 °C
respectively (Figure 3.16)), OafA-STM-DScterm is destabilised compared to WT
(Figure 3.15B), whereas the NMR spectra of OafB-SPA-DScterm is very similar to

that of the WT (Figure 3.15A). OafA-STM-DScat is located close to the active site,
138



does not appear to have any effect on the protein fold (Figure 3.15B) and
previously was found to have no effect on catalytic activity either (2). This disulfide
bond is not present in OafB-SPA, which may imply that it is less essential
compared to the disulfide bonds which are present in both proteins. Details are still
to be determined as to why such differences in behaviour are seen when
comparing the disulfide bonds in OafA-STM and OafB-SPA. Further work
analysing the environment of each disulfide bond and potentially stabilising

residues may help to understand these results.

Overall, characterisation of the SGNH domains from OafA-STM and OafB-SPA
suggests both behave similarly. However, regarding the SGNH-extension, there
are a number of differences in the behaviour between the two proteins. Mutation of
the disulfide bond in the extension of OafB-SPA-377 significantly destabilises the
protein however, mutation of the equivalent disulfide bond in OafA-STM-366 has
little effect. Similarly, OafA-STM-355 and OafA-STM-366 did not crystallise,
whereas OafA-STM-401 formed crystals easily i potentially suggesting flexibility in
the SGNH-extension. Further analysis of the extension is required to determine if
there are any other differences between the extensions in the two proteins. This
could also be used to predict if the extension of OafA-STM is likely to be

structured.
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4.Biophysical analysis of the SGNH extension

4.1. Introduction

OafA and OafB are examples of AT3-SGNH proteins which function to acetylate
the O-antigen from LPS in Salmonella. OafA is from Salmonella ser. Typhimurium
(OafA-STM) whereas OafB is found in multiple Salmonella serovars including both
Salmonella ser. Typhimurium (OafB-STM) and Salmonella ser. Paratyphi A (OafB-
SPA). Both OafA-STM and OafB-SPA consist of an N-terminal acyltransferase
family 3 (AT3) domain linked to a C-terminal periplasmic SGNH domain. The AT3
domain consists of 10 transmembrane helices located in the cytoplasmic
membrane and has been shown to function as either a standalone domain i such
as OacA from Shigella flexneri i or, as for OafA-STM and OafB-SPA, linked to an
SGNH domain. SGNH domains are known to be involved in a wide range of
reactions and have broad substrate specificity. Typically, SGNH domains act as
hydrolases, however, in the case of OafA-STM and OafB-SPA, the SGNH domain
appears to function as a transferase. As for AT3 domains, SGNH domains often
exist as standalone domains, and the structure and mechanism has been widely
explored. In OafA-STM and OafB-SPA, the AT3 and SGNH domains are linked by

an 11" transmembrane helix and a periplasmic linking region.

The structures of the SGNH domain from three AT3-SGNH proteins have been
recently solved: OatA from Streptococcus pneumoniae (OatA-SP) (95), OatA from
Staphylococcus aureus (OatA-SA) (278), OafB-SPA (in my MSc thesis) (1) and
OafA-STM (Chapter 3, section 3.5.1) (Figure 4.1). Of these structures, those of
OatA-SP, OatA-SA and OafA-STM contain only the SGNH domain, whereas, the
structure of OafB-SPA contains the SGNH domain and the periplasmic linking
region (Figure 4.1). In the structure of OafB-SPA, the periplasmic linking region
forms a structured extension of the SGNH domain (SGNH-ext) (1). A number of
interesting features of the SGNH-ext from OafB-SPA have been observed: first,
the SGNH-ext, which is comprised of a mixture of U-helix and random caoill,
stretches the length of the SGNH domain (1).
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Figure 4.1. Structures of SGNH domains from AT3-SGNH proteins. (A) OafB-SPA (1), (B) OafA-
STM (section 3.5.1), (C) OatA-SP (95), (D) OatA-SA (278). Catalytic triad residues are shown as
sticks and coloured by atom (C = green, O =red, N = blue), additional helix is coloured teal and

SGNH-ext is coloured orange.
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Secondly, the SGNH-ext forms extensive interactions with the SGNH domain; 32
of the 48 residues in the extension interact with 38 amino acids from the SGNH
domain (1). Finally, two tyrosine residues in the SGNH-ext are within hydrogen
bonding distance of the catalytic residues and predicted to be involved in substrate
binding (279). Taken together, these observations suggest the SGNH-ext is
potentially important for both stability of the SGNH domain and enzyme activity. In
addition, there are only 12 amino acid residues between the predicted end of the
11™ transmembrane helix of the AT3 domain and the structured region of the
SGNH-ext in OafB-SPA-377 (1). This suggests that the SGNH-ext locates the AT3
and SGNH domains in close proximity and that the two domains may interact.
Similarly, the structure of the SGNH-ext i stretching the length of the SGNH
domain 1 is likely to orientate the SGNH domain into the correct position with
respect to the AT3 domain, and thus may be important for acyl transfer between

the two domains.

Collectively, these observations and hypotheses suggest that the SGNH-ext plays
an important role in the overall mechanism of AT3-SGNH domains; although it is
currently unknown what that role may be. The structure of OafB-SPA clearly
shows the SGNH-ext to be structured (1). However, structures of the SGNH
domains from OafA-STM (chapter 3, section 3.5.1), OatA-SP (95) and OatA-SA
(278) do not contain the SGNH-ext (Figure 4.1). This suggests that the SGNH
domains are stable both with, and without the SGNH-ext. Overall, this research
aims to provide structural characterisation of AT3-SGNH proteins with the intention
of increasing the understanding of their mechanism of action. Therefore, the aims
of this chapter are to provide further analysis of the SGNH-ext focussing on the
effects the SGNH-ext has on the mechanism of AT3-SGNH proteins. A
combination of in silico analysis and biophysical characterisation was performed
with the objective of answering the question 1 is the SGNH-ext important for
stability of the SGNH domain?
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4.2. The catalytic triad of OafB is obscured by the

extension

Inspection of the SGNH-ext from OafB-SPA-377 indicates that the SGNH-ext
forms extensive interactions with the SGNH domain (1, 279). This includes a
number of residues within the extension which are in close proximity to the
catalytic triad (Figure 4.2A). In particular, the side chains of Tyr389 and Tyr394
(both at the N-terminus of the SGNH-ext) are orientated towards the active site
with the side chain OH groups within hydrogen bonding distance of the catalytic
Asp and His residues respectively (Figure 4.2A). In addition, previously performed
docking analysis with FTMap predicts with high confidence that Tyr389, Tyr392
and Tyr394 from the SGNH-ext are likely to interact extensively with sugar
molecules docked within the active site (279). This infers that these residues from

the extension are potentially involved in substrate binding.

Visual examination of the structure of OafB-SPA-377 suggests that the extension,
while potentially playing a role in substrate binding, appears to obscure the
catalytic triad (Figure 4.2). A space filled model of OafB-SPA-377 (Figure 4.2B)
shows the catalytic triad to be almost completely buried and that it is the extension
which appears to be covering the active site (Figure 4.2B). When the extension
residues are removed, the catalytic triad appears far more accessible (Figure
4.2C, extension shown as ribbon for clarity). Therefore, to quantify this, the solvent
accessible surface area (SASA) of the catalytic triad residues in OafB-SPA-377
were measured both individually and combined (Total) (Figure 4.3). The catalytic
serine (Ser430) exists in dual conformation in the structure of OafB-SPA-377 and
therefore measurements were included for both conformations in the calculations
of both Ser and Total. For Asp618 and His 621, the SASA were 0 A2 and 14.7 A2
respectively and 7.6 A2[1] and 15.1 A2 [2] for the two conformations of Ser430
(Figure 4.3). In total, for all 3 catalytic triad residues, the SASA was 22.2 [1] and
29.8 [2] A2 for each conformation of Ser430 (Figure 4.3, data in appendix section
7.3).

To compare the SASA of the catalytic triad from OafB-SPA-377, this analysis was

repeated with the catalytic triads of other SGNH domain structures from the PDB.
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Figure 4.2. The SGNH-ext occludes the active site of OafB-SPA-377. Structure of OafB-SPA-377
with additional helix coloured teal and extension coloured orange. (A) Catalytic residues, active site
sulfate, Tyr389 and Tyr394 are coloured by element and shown as sticks. Surface structure of
OafB-SPA-377 with (B) or without (C) the extension (extension shown as ribbon with Tyr 389 and

Tyr394 as sticks); the catalytic triad is coloured red.
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Figure 4.3. Solvent accessible surface area of catalytic triad and individual catalytic residues in
SGNH domains. SGNH domains from PDB (grey crosses), OafB-SPA-377 (black squares), OafB-
SPA-377 with N-terminal 22 residues removed (half extension, blue squares), and OafB-SPA-377
with N-terminal 44 residues removed (no extension, red squares). Black line indicates the mean of
each. Two values are indicated for Ser and total catalytic triad due to dual conformation of Ser in
structure. Data in appendix section 7.3.
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The structures of all SGNH domains from the PDB, as categorised by Interpro,
were included. Where duplicate structures were present, those of higher resolution
were included and structures with mutations or bound substrates were excluded
(n=31, correct as of 18-May-2018, list in Table 2.26). As for OafB-SPA-377, the
SASA of each catalytic residue (Ser, His, Asp) were measured individually and
together. The average SASA for the total catalytic triad is 104 A2,

While for the individual catalytic residues the averages are 20, 37 and 47 A2 for
Ser, His and Asp respectively (Figure 4.3). In comparison to the SGNH domains
from the PDB, the total SASA of the catalytic triad from OafB-SPA-377 is
considerably lower than the average SASA. Similarly, each of the individual
catalytic residues has very low solvent accessibility in comparison to the other
SGNH domains tested (Figure 4.3). In addition, Asp618 is one of few catalytic
residues to have a SASA of 0 A2, This suggests that the active site is occluded,
most likely by the SGNH-ext.

Comparing the structure of OafB-SPA-377 with and without the SGNH-ext,
suggests that the SGNH-ext causes the active site occlusion seen in the SASA
measurements (Figure 4.2, Figure 4.3). Therefore, the SGNH-ext (residues 377-
421) was removed from the PDB file and the SASA of the catalytic triad calculated
as previously. The SASA of the total catalytic triad increased significantly to 110.9
[1] and 95.2 [2] A2 (from 22.2 A2 [1] and 29.8 A2 [2]) for the two conformations of
Ser430 respectively (Figure 4.3). Similarly, large increases were seen for the
individual catalytic residues (Figure 4.3). When compared to the other SGNH
domains, the results for OafB-SPA-377 with the extension removed are very
similar and in the case of His621 and Ser430, slightly above average (Figure 4.3).
This suggests that, as hypothesised, the SGNH-ext is occluding the active site.
The SGNH domains used for comparison are standalone SGNH domains (with the
exception of OatA-SP and OatA-SA) and therefore do not have an SGNH-ext. This
indicates that removal of the extension from OafB-SPA-377 may result in a

structure more similar to that of a typical SGNH domain.
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4.3. Expression and purification of OafA and OafB

SGNH domains with the extension removed

Analysis of the structure of OafB-SPA-377 suggests that the SGNH-ext occludes
the active site and removal of the extension from the PDB file increases the SASA
of the active site. The SGNH-ext has also been shown to form extensive
interactions with the SGNH domain, suggesting the SGNH-ext may play a role in
stability of the protein. To explore the potential function of the SGNH-ext,
constructs encoding proteins of OafA and OafB with the extension removed were
expressed and purified for biophysical analysis. It is hypothesised that removal of
the SGNH-ext will significantly destabilise the SGNH domain.

Constructs of each OafA and OafB were designed to include only the SGNH
domain with the SGNH-ext removed (Figure 4.4A). For OafB-SPA-377, the crystal
structure was superposed with the structures of SGNH domains from the PDB
(closest DALI homologues: 5B5S (388) and 2VPT (240)) to determine the C-
termini of the SGNH-ext and N-termini of the SGNH domain. This predicted the
SGNH domain to start two residues before the first b-sheet at residue 421,
therefore, the construct of OafB with the extension removed starts at residue 421
and ends at the C-terminus (OafB-SPA-421noext) (Figure 4.4A). For OafA, the
construct used for structure determination (in the previous chapter) i OafA-STM-
401noext I Was used. Structure-based sequence alignments suggest OafA-STM-
401noext and OafB-SPA-421ncext have very similar N-termini (Figure 4.4A).

A second construct of each OafA and OafB were designed to remove only the N-
terminal half of the SGNH-ext. In OafB, this removes residues Tyr389 and Tyr394
which are within hydrogen bonding distance of the active site. Both OafA and OafB
have a disulfide bond located in the SGNH-ext: C383-C397 and C403-C416
respectively. To avoid disruption of the disulfide bond in the extension, the
designed N-termini were approximately midway through the SGNH-ext (Figure
4.4A). This resulted in OafB-SPA-399har (residues 399-640) and OafA-STM-379na
(residues 379-609) (Figure 4.4A). A structural model of OafB-SPA-399har was
generated by removing residues 377-399 from the PDB file of OafB-SPA-377 and
the SASA measured.
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Figure 4.4. Construct design, expression and purification of OafA and OafB no- or half- extension
constructs. (A) Construct design of OafA and OafB with half- or no- extension. Construct start sites
are indicated by black arrows. Blue helices and arrows indicate U-helices and b-sheets respectively
from the structures of OafA-STM-401n0ext and OafB-SPA-377u. Cysteines involved in disulfide
bonds are coloured yellow and Tyr 389 and 394 are coloured blue. (B) SDS PAGE showing
expression of OafB-SPA-421ext: lane 1 = molecular weight marker, lane 2 = pre-induction sample,
| ane 3 = CO4eTabetimclbatiorsat2® pClfor 20 hours;lane4= 6 Sol ubl ed6 sampl e after
incubation at 20 °C for 20 hours post induction with IPTG. (C) SDS PAGE showing purification of
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(diluted); lane 3 = after 3C protease cleavage, lane 4-6 = 2" nickel affinity purification flowthrough
fractions.
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As predicted, the SASA is very similar to the construct where the entire SGNH-ext
was removed. This suggests that it is the N-terminal region of the SGNH-ext which
contributes most to occlusion of the active site (Figure 4.3). Therefore, it will be
interesting to see if the protein constructs with half and all of the extension
removed produce the same results in biophysical analyses.

OafA-STM-379nait, OafA-STM-401noext, OafB-SPA-399har and OafB-SPA-421noext
were cloned into pETFPP_2 vector, transformed into Origami E. coli and
expressed using the same conditions as used for expression of OafA-STM-355+ui
and purified using nickel affinity purification (Figure 4.4B, C). After nickel affinity
purification, the proteins were assessed by SDS PAGE analysis to be sufficiently
pure for further analysis. However, for OafB-SPA-421n0ext and OafA-STM-401noext
some residual high molecular weight impurities remained and therefore size
exclusion chromatography (SEC) was used as a final purification step. For
proteins with a similar structure, SEC traces can be compared to determine an
approximate molecular weight. Both OafA-STM-379nair and OafB-SPA-399nait
eluted at a slightly higher elution volume compared to OafA-STM-366:u1 and OafB-
SPA-377:ui, respectively (Figure 4.5B, D), consistent with these constructs having
a lower molecular weight. However, OafA-STM-401noext €luted at a lower elution
volume suggesting a protein larger in size than OafA-STM-366ui (Figure 4.5A).
Similarly, OafB-SPA-421ncext has two peaks, one at the expected elution volume
and the other indicative of a protein larger than OafB-SPA-377:ui (Figure 4.5C).
Analysis by SDS-PAGE confirmed the molecular weight of both peaks correspond
to OafB-SPA-421ncext. Therefore, the most likely explanation for the two peaks
seen in SEC is oligomer formation with the lower molecular weight peak
corresponding to monomer and the larger molecular weight peak to dimer or
higher oligomer (Figure 4.5C). Fractions from each peak, and that of OafA-STM-
401noext, Were collected for analysis by SEC-MALLS.

In summary, OafA-STM-379har and OafB-SPA-399arr, with half the extension, both
eluted at the expected volume suggesting both exist as monomers in solution.
However, OafA-STM-401noext and OafB-SPA-421noext, With the extension removed,

appear to be forming oligomers.
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4.4. Biophysical analysis of SGNH domains with no- or
half- extension

4.41. OafA-STM-401n0ext and OafB-SPA-4210ext form dimers

in solution

When constructs of the SGNH domain from OafA and OafB were expressed and
purified, OafA-STM-401noext and OafB-SPA-421noext appear to exist as oligomers
as both elution profiles on SEC show peaks at a larger molecular weight than
expected. The fractions of each population of OafB-SPA-421noext Were pooled
separately and SEC-MALLS was used to determine the molecular weight of OafB-
SPA-421noext and OafA-STM-401neext in solution (Figure 4.6). Analysis of the data
from SEC-MALLS suggests OafB-SPA-421ncext €XiSts as a monomer and dimer.
One fraction consisted predominantly of 26 kDa protein, corresponding to a
monomer of OafB-SPA-421noext (25 kDa) (peak I, Figure 4.6A) with a small
proportion (1/10™) with a molecular weight of 51.5 kDa, consistent with dimer
formation (peak Il, Figure 4.6A). The other fraction contained primarily 51 kDa
protein (dimer) (peak Ill, Figure 4.6A) with a minority proportion (1/9™) of 27 kDa
protein (monomer) (peak IV, Figure 4.6A). The pooled fractions do not appear to
equilibrate to form equal proportions of monomer and dimer, suggesting that the
dimer formed is stable. In addition, no aggregation is seen in either fraction,
suggesting that a specific dimer has formed, rather than non-specific interaction of

exposed hydrophobic surfaces.

In contrast to OafB-SPA-421noext, the SEC-MALLS trace shows OafA-STM-401noext
to elute as a single peak at a molecular weight of 37.0 kDa (Figure 4.6B),
approximately 1.5 times larger than the expected molecular weight of 25 kDa.
Fractions from the size exclusion peak were analysed by SDS PAGE and the
molecular weight corresponds to that of OafA-STM-401ncext. IN addition, the peak
is asymmetric with a tail towards the higher elution volume suggesting the
possibility of two populations exchanging rapidly. When combined, this infers that
OafA-STM-401neext €Xists as a rapidly exchanging population of monomer and

oligomer, most likely dimer.
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Figure 4.6. SEC-MALLS absorption traces with molar masses indicated of (A) OafB-SPA-421noext
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In summary, removal of the extension results in dimerization of OafB-SPA-421noext,
and partial oligomerisation of OafA-STM-401noext. However, as hypothesised from
the size-exclusion traces, both OafA-STM-379%arr (Figure 4.6B) and OafB-SPA-

399har are monomeric in solution.

4.4.2. Removal of the SGNH-ext reduces thermal stability

Many SGNH domains are known to oligomerise (236, 240, 242, 254, 257, 261,
263, 2651 267) and it is proposed that this oligomerisation may result in increased
stability (242). The melting temperatures of both OafA-STM-355u and OafB-SPA-
377:un were ascertained previously to be 64.1 °C and 58.9 °C, respectively (Figure
3.12 from Chapter 3). To determine the effect of removing the SGNH-ext on
thermal stability, the melting temperatures of the SGNH domain constructs with
half- or no-extension were measured and compared to the full-length constructs.

Nano-DSF was used to measure the melting temperature of each construct. The
melting temperatures of OafA-STM-379narr (58.1 °C) and OafB-SPA-399narr (50.0
°C) were lower, 6 and 9 °C respectively, compared to those with the SGNH-ext:
OafA-STM-355:un and OafB-SPA-377:ui (Figure 4.7). This implies that removal of
half the SGNH-ext destabilises the SGNH domain. Similarly, removal of the SGNH
extension from OafA resulted in a decrease of the melting temperature of OafA-
STM-401noext by 10 °C in comparison to OafA-STM-355¢un (Figure 4.7A). In
contrast, the melting temperature of OafB-SPA-421noext dimer (63.2 °C) was
increased by 1.9 °C compared to the monomer (61.3 °C) and both were higher
than the melting temperature of OafB-SPA-377wui (58.9 °C) (Figure 4.7B).
Interestingly, the melting curves of OafB-SPA-399hairand OafB-SPA-421noext Show
the expected shape with fluorescence increasing, this is in contrast to the curves
seen for OafB-SPA-377:un (Figure 3.12 from Chapter 3).

The melting temperatures of OafA-STM-379ar and OafB-SPA-399arr are reduced
in comparison to the full-length SGNH constructs suggesting the constructs with
only half the extension are less stable (Figure 4.7). In OafB, the construct with no
extension shows an increase in melting temperature compared to OafB-SPA-

37 7.
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Figure 4.7. Melting temperature curves of (A) OafA and (B) OafB. Melting temperatures are as
follows (°C): OafA-STM-355¢ = 64.1, OafA-STM-379hat = 58.1, OafA-STM-401ext = 54.3, OafB-
SPA-3775u = 58.9, OafB-SPA-399air = 50.0, OafB-SPA-421,0ex (dimer) = 63.1, OafB-SPA-4210ext
(monomer) = 42.6.
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This is consistent with the hypothesis that dimerization of SGNH domains
increases stability (389). Whereas in OafA, removal of the whole extension (OafA-
STM-401noext) reduces the melting temperature further. This suggests significant
destabilisation on removal of the SGNH-ext which implies the SGNH-ext is
important for stability of the SGNH domain.

4.4.3. All half- or no- extension constructs are folded

'H NMR spectra can be used to determine if a protein is folded since the presence
of upfield-shifted methyl peaks and a wide dispersion of amide peaks are
indicative of a folded protein. For both OafA-STM-355qu1 and OafB-SPA-377ui, 1D
H NMR spectra show the proteins to be folded (Figure 3.8). Therefore, this
analysis was repeated with the no- and half- extension constructs of OafA and
OafB.

The NMR spectra of OafB-SPA-421noext and OafB-SPA-399nair suggest both of
these proteins are predominantly folded as both spectra show upfield-shifted
methyl peaks and dispersion of the peaks corresponding to the amide region
(Figure 4.8A). However, in comparison to OafB-SPA-377:ul, the peaks in the amide
region of both OafB-SPA-421ncext and OafB-SPA-399harr are not as widely
dispersed (Figure 4.8A). This suggests that there is some unfolded or partially
folded protein present in each sample. OafB-SPA-421noext in particular, has broad
peaks suggesting aggregation or, more likely in this case, dimerization. A
difference spectrum was calculated to assess the differences between OafB-SPA-
421noext and OafB-SPA-277:un. If the SGNH-ext is not interacting with the SGNH
domain, the difference spectra would show only the peaks corresponding to
residues in the SGNH-ext. However, in the case of OafB-SPA-421noext and OafB-
SPA-377:ui, the difference spectra show both positive and negative peaks

suggesting the SGNH-ext interacts with the SGNH domain in OafB.
The spectra of OafA-STM-379narr and OafA-STM-401noext Show a similar pattern,

both appear predominantly folded however, OafA-STM-379%nar has a wider
dispersion of the amide region (Figure 4.8A).
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Figure 4.8. 1D proton NMR spectra of (A) OafA-STM-401, (B) OafA-STM-379, (C) OafB-SPA-421
and (D) OafB-SPA-399 and (E) difference spectra of OafA-STM-355-401 and (F) OafB-SPA-377-
421.
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When overlaid and a difference spectrum is calculated, the amide regions of OafA-
STM-355:un and OafA-STM-401neext Spectra have very different patterns of peaks
(Figure 4.8B). This suggests that, as for OafB-SPA-377:ul, in OafA-STM-355+ui the
extension is interacting with the SGNH domain and thus significantly altering the
environment of residues in the SGNH domain resulting in a different peak pattern
compared to OafA-STM-401noext (Figure 4.8B).

In conclusion, SEC-MALLS confirmed that both OafA-STM-401noext and OafB-
SPA-421noext €Xist as dimers or transient dimers in solution. In OafB-SPA-421noext
this dimerization appears to stabilise the domain as the melting temperature is
increased compared to OafB-SPA-377:ul. Potentially, the dimerization seen by
both OafA-STM-401noext and OafB-SPA-421ncext helps to stabilise these domains in
the absence of the SGNH-ext. This is consistent with the decrease in melting
temperature seen for OafA-STM-401noext, Which forms only a transient dimer and
has a significantly reduced melting temperature in comparison to OafA-STM-
355+un. This is consistent with the NMR difference spectra, which suggest that
removal of the extension alters the structure of the SGNH domain. This implies
that the SGNH-ext is structured in OafA-STM or at least forms significant

interactions with the SGNH domain.

4.5. In silico analysis of the SGNH-ext from AT3-SGNH

proteins

Biophysical and structural analysis suggests that the SGNH-ext from both OafA
and OafB are structured, and when removed, result in thermal destabilisation and
dimerization. The structures of the SGNH domains from OatA, also an AT3-SGNH
protein, from Streptococcus pneumoniae (OatA-SP) and Staphylococcus aureus
(OatA-SA) were recently solved (95, 278). However, the constructs used did not
contain the SGNH-ext. In both cases, the SGNH domains are stable and no
dimerization is detected (95, 278). This suggests that, in contrast to the results
seen for OafA and OafB, the SGNH-ext is not required for stability of the SGNH
domain. This implies that there may be differences in the structures or biophysical
properties of the SGNH-ext. Therefore, in silico analysis was used to compare the

properties of the SGNH-ext from AT3-SGNH proteins with the aim of predicting
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which AT3-SGNH domains are likely to have structured extensions. These

hypotheses could then be tested experimentally.

In silico analysis of the SGNH-ext was performed on 11 bacterial functionally
characterised AT3-SGNH proteins (list in Methods Table 2.23). For the purposes
of this analysis, the SGNH-ext was defined as the region between the C-terminus
of TMH11 and the residue immediately preceding the GDS motif (conserved in all
of the AT3-SGNH proteins used). Initially, a structural alignment using Promals3D
was used to determine any regions of conserved sequence; however, no regions
of similarity were seen (Figure 4.9). In addition, the sequence of the SGNH-ext
appeared to have significantly differing lengths and biochemical properties.

Therefore, the sequences were characterised using other methods.

Firstly, the lengths of the extension regions were compared: the average length
was 56 residues i identical to OafA-STM and similar to OafB-SPA T 61 (Table
4.1). However, considerable variation was seen: the extensions of OatA-LP (OatA
from Lactobacillus plantarum) and OatA-LM (OatA from Listeria monocytogenes)
were 93 and 72 residues respectively; while in contrast the extensions from OafA-
HI (OafA from Haemophilus influenzae) and Lot3-NM (Lot3 from Neisseria

meningitidis) were much shorter 1 32 and 31 residues respectively (Table 4.1).

Secondly, the number of charged residues and overall charge were examined: the
majority of extensions had an overall positive charge (an average of 3), with the
exception of OatA-SP (OatA from S. pneumoniae) which had an overall charge of -
2 (Table 4.1). In contrast, OatA-SA contained 17 positively charged residues (of 54
total residues) and thus had a high overall charge: +7 (Table 4.1). The majority of
SGNH-ext contain more hydrophobic residues than polar residues with the
exception of OatA-LM with was significantly more polar (Table 4.1). In addition, the
SGNH-ext in both OafA-STM and OafB-SPA contained a high number of aromatic
residues (16 and 10 respectively), while all other AT3-SGNH proteins contained 7

or fewer.

Finally, JPRED was used to predict the number of residues in the SGNH-ext likely
to be involved in helices and the number of residues which are at least 25%

solvent buried (Table 4.1).
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Figure 4.9. Alignment of AT3-SGNH proteins of known function (for list see Methods Table 2.23).
Alignment shows only the SGNH-ext from C-terminus of TMH11 to G of GDS motif (conserved in

all 11 protein sequences). Residues which are 100% conserved are coloured yellow. (For full

alignment, see appendix 7.6).
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Table 4.1. Biochemical properties of SGNH-ext from AT3-SGNH proteins. Values in parenthesis denote percentage of total SGNH-ext.

JPRED
_ _ Gram Net _ JPRED
Protein Bacteria ) Length Hydrophobic Polar ) Solvent Structured?
stain Charge Helix _
Buried
OafA-STM Salmonella ser. Typhimurium Neg 56 0 25 (45%) 15 (27%) 8 (14%) 14 (25%) Yes
OafB-SPA Salmonella ser. Paratyphi A Neg 61 4 28 (46%) 18 (30%) 7 (11%) 12 (20%) Yes
OatA-LL Lactococcus lactis Pos 63 4 33 (52%) 14 (22%) 25 (40%) 13 (21%) Yes
Pgll-NG Neisseria gonorrhoeae Neg 43 2 20 (47%) 13 (30%) 0 (0%) 7 (16%) Yes
OatB-LP Lactobacillus plantarum Pos 59 2 29 (49%) 16 (27%) 17 (29%) 16 (27%) Yes
OatA-SP Streptococcus pneumoniae Pos 48 -2 28 (58%) 12 (25%) 23 (48%) 15 (31%) Yes
OafA-Hl Haemophilus influenzae Neg 32 3 13 (41%) 8 (25%) 0 (0%) 6 (19%) ?
Lot3-NM Neisseria meningitidis Neg 31 2 19 (61%) 4 (13%) 0 (0%) 9 (29%) ?
OatA-SA Staphylococcus aureus Pos 54 7 15 (28%) 12 (22%) 7 (13%) 6 (11%) No
OatA-LP Lactobacillus plantarum Pos 93 10 38 (41%) 27 (29%) 44 (47%) 14 (15%) No
OatA-LM Listeria monocytogenes Pos 72 2 17 (24%) 27 (38%) 0 (0%) 5 (7%) No
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OatA-SP and OatA-LP were predicted to contain the most secondary structure
with nearly half the residues in each predicted to form helices (Table 4.1). In
contrast; Lot3-NM, OafA-HI, OatA-LM and Pgll-NG (Pgll from Neisseria
gonorrhoeae) were predicted to form no helices. On average 20% of residues in
the SGNH-ext were predicted to be solvent buried, suggesting some secondary

structure is likely (Table 4.1).

Considerable variation is seen in the biochemical and structural properties of the
SGNH-exts tested. Potentially, this suggests that some SGNH-ext are likely to be
structured, while others are unstructured. The SGNH-ext of OafB-SPA is known to
be structured and previous biophysical analysis suggests the SGNH-ext of OafA-
STM is also likely to form secondary structure. Therefore, the biochemical
properties of each SGNH-ext were compared to those of OafA-STM and OafB-
SPA with the aim of predicting which are likely to form secondary structure (results

summarised in Table 4.1).

Both OatA-LP and OatA-LM are considerably longer than OafB-SPA, and while
OatA-LP has some secondary structure predicted, OatA-LM has none. In addition,
the SGNH-ext of OatA-LM has a limited number of residues predicted to be
solvent buried; no aromatic residues and is overall predominantly polar; very
different in character to that of OafB-SPA. Therefore, OatA-LM and OatA-LP are
predicted to be unstructured. Likewise, OatA-SA is comparable in length to OafB-
SPA, however, that is where the similarity ends: 91% of the residues (49 out of 54)
in the SGNH-ext of OatA-SA are charged, with an overall net charge of +7 (Table
4.1). Regions of proteins which are intrinsically disordered commonly show a low
number of hydrophobic residues but a high number of charged residues, with an
overall high net charge (390). The SGNH-ext of OatA-SA meets these criteria,
suggesting the SGNH-ext from OatA-SA is disordered, and therefore is predicted

to be unstructured.

OafA-HI and Lot3-NM are the shortest of the SGNH-ext, and show similar
properties. However, these properties are very different to those of OafB-SPA,;
both OafA-HI and Lot3-NM are considerably shorter, have no helix formation
prediction and very low percentage of solvent buried residues (Table 4.1).

However, both have a similar number of charged, polar and hydrophobic residues.
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Therefore, in conclusion, it is difficult to predict if OafA-HI and Lot3-NM are likely to

be structured.

Finally, OatA-SP, OatA-LL (OatA from Lactococcus lactis), OatB-LP (OatB from
Lactobacillus plantarum) and Pgll-NG are similar in length and amino acid
properties both to each other and to OafB-SPA (Table 4.1). In addition, OatA-LL,
OatA-SP and OatB-LP are predicted to have a similar proportion of the SGNH-ext
helical and solvent buried compared to OafB-SPA (Table 4.1). Therefore, the
SGNH-ext of OatA-SP, OatA-LL, OatB-LP and PglI-NG are predicted to be

structured.

In conclusion, the SGNH-ext of OatA-SA, OatA-LM and OatA-LP are predicted to
be unstructured, while the extensions of Lot3-NM and OafA-HI are potentially
structured and the remainder are likely to be structured. From this, four AT3-
SGNH proteins were chosen for experimental characterisation. The SGNH-ext
from both OatA-LL and Pgll-NG are predicted to be structured, and therefore these
were selected for further analysis. In contrast, the SGNH-ext from OatA-LM and
OatA-SA have interesting properties that suggest neither are structured. Thus,

these were also taken forward for experimental investigation.

4.6. Expression and purification of extension

constructs from AT3-SGNH proteins

Four AT3-SGNH proteins were selected for experimental characterisation of which
in silico analysis predicted two to have structured SGNH-ext (OatA-LL and Pgll-
NG) and the other two unstructured (OatA-SA and OatA-LM). These hypotheses
were tested by expressing each SGNH domain with or without the extension and
using biophysical analysis to determine if the extension region is likely to be

structured or flexible.

Two constructs of each of the four AT3-SGNH proteins i OatA-LL, OatA-LM,
OatA-SA and Pgll-NG i were designed either with (full), or without (noext), the
SGNH-ext. For full constructs, an N-terminal residue was selected close to the C-

terminus of TMH11 (as predicted by TMHMM) (Figure 4.10A).
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Figure 4.10. Construct design, expression and purification of OatA constructs. (A) AT3-SGNH
proteins alignment (MAFFT), extension and no-extension construct N-termini coloured red and
orange respectively. TMH11 coloured grey, cysteine residues coloured yellow and Tyr 389 and 394
from OafB-SPA are coloured blue. (B) Trial expression SDS PAGE gel of OatA-LL-399y (lanes 1-

3) and OatA-SA-398 (lanes 5-7) lane 1, 5 = pre-induction; lane2,6= 6 Tot al 6 after i n
°Cfor20 hours;lane 3, 7= 6 Sol ubl ed af t°€ for 20 hoory lare 4 + motecukart 2 0
weight marker. (C) Trial expression SDS PAGE gel of OatA-LL-447nex (lanes 2-4) and OatA-LM-

462n0ext (lanes 5-7) lane 1 = MW marker, lane 2, 5 = pre-induction; lane 3,6 = 6 Tot al 6 after
incubation at 20 °C for 20 hours; lane 4, 7= 6 Sol ubl ed af te€for20horsylbreetdi on a
= molecular weight marker. (D) Trial expression SDS PAGE gel of Pgll-NG-371s,: lanes 1, 4 and 7

=pre-i nduction samples; |l anes 2, 5 and 8 = 6Txtal b
30°Cor37°C respectively; lanes 3, 6 and 9 = 06Soluble

°C, 30 °C or 37 °C respectively; lane 10 = molecular weight marker. (E) SDS PAGE gel showing
samples of OatA-LL-399, during purification: lane 1 = after 1st nickel affinity purification; lane 2 =
after 3C protease cleavage, lane 3-13 = 2nd nickel affinity purification flowthrough fractions; lane
14 = 2nd nickel affinity purification elution; lane 15 = molecular weight marker.
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JPRED structural predictions were used to ensure the N-terminus did not interrupt
any proposed secondary structure. Structure-based sequence alignments were
performed using Promals3D with the sequences of OafA-STM, OafB-SPA and the
four proteins mentioned above along with the structures of the SGNH domains of
OafA-STM-401, OafB-SPA-377, OatA-SP and OatA-SA. Promals3D combines
restraints taken from conserved structural features and combines them with
sequence based restraints to produce a multiple sequence alignment which
combines both structural and sequence information (341). The resulting structure-
based sequence alignment was used to guide construct design of OatA-LL, OatA-
LM, OatA-SA and Pgll-NG. Four constructs were produced: OatA-LL-399ui1, OatA-
LM-408tui, OatA-SA-398wui and Pgll-NG-37 L.

The second construct of each protein had the extension removed, giving rise to
constructs equivalent to OafB-SPA-421noext and OafA-STM-401noext. The
constructs were designed using a similar method as for those with the extension.
The structure-based sequence alignments as used previously was used to
determine the N-terminus (Figure 4.10A). JPRED structural predictions were used
to locate the first b-strand of the SGNH domain to ensure the SGNH fold was not
disrupted (Figure 4.10A). The structure of OatA-SA SGNH domain (residues 435-
603) was previously solved (278) and consequently, the same construct was used
for this analysis. Therefore, four constructs were designed: OatA-LL-447noext,
OatA-LM-462noext, OatA-SA-435ncext and Pgll-NG-403noext.

All constructs were cloned into the pETFPP_2 vector which contains an N-terminal
His-MBP solubility tag, as used for the expression of OafA and OafB SGNH
constructs. OafA and OafB constructs were expressed in Origami E. coli due to
the presence of disulfide bonds. Pgll-NG SGNH domain also contains five cysteine
residues in equivalent locations to those in OafA, suggesting two disulfide bonds
are likely to form. Therefore, Pgll-NG-371wui was also expressed in Origami E. coli.
Conversely, OatA-LL, OatA-LM and OatA-SA contain no cysteine residues and
therefore, were expressed in BL21 DE3 E. coli. High levels of soluble expression
were observed by SDS PAGE gel for all OatA constructs in all conditions trialled
(Figure 4.10B, C). The highest cell yield was obtained from expressing at 20 °C for
20 hours after induction with IPTG, therefore, these conditions were used for all

constructs to produce protein for purification (Figure 4.10B, C). However, no
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soluble expression was seen in any condition tested for Pgll-NG-37 1 (Figure
4.10D). Pgll-NG SGNH domain contains five cysteine residues, suggesting that
assuming two disulfide bonds are formed, one unpaired cysteine remains and this

may cause problems in protein folding.

The OatA constructs were purified using nickel affinity purification followed by SEC
using the same method as used for purification of OafB-SPA-377 (Figure 4.10E).
During SEC of OafA-STM-401noext and OafB-SPA-421noext, the protein peaks were
observed at a higher molecular weight than expected; indicative of oligomer
formation. Whereas, all OatA protein peaks were detected at the expected

molecular weight, suggesting all are monomeric.

In summary, two constructs i with and without the SGNH-ext i of each OatA
protein were expressed and purified. Unfortunately, neither construct of Pgll-NG
was soluble when expressed, most likely due to the presence of a free cysteine
residue. The OatA constructs were then analysed using biophysical techniques
with the aim of determine which, if any, have a structured SGNH-ext.

4.7. Biophysical analysis of OatA SGNH domains

4.7.1. OatA SGNH domains are monomeric in solution

OatA-SGNH domain constructs from L. lactis, L. monocytogenes and S. aureus
both with or without the extension were expressed and purified. These constructs
were characterised using a range of biophysical techniques i nano-DSF, NMR
and SEC-MALLS i to determine if the extension was likely to be structured. In
silico analysis predicts the extension to be structured in OatA-LL, but most likely
unstructured in OatA-LM and OatA-SA.

SEC suggested all OatA SGNH constructs were likely to exist as monomers in

solution. Analysis by SEC-MALLS confirmed that both OatA-LL-399:ui and OatA-
LL-447noext are monodispersed, eluting as a single peak (Figure 4.11A).
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Figure 4.11. SEC-MALLS absorption traces with molar masses indicated of (A) OatA-LL-399%y
(black) and OatA-LL-447eex: (blue); (B) OatA-LM-408:, (black) and OatA-LM-462n0ex: (blue); (C)
OatA-SA-398: (black) and OatA-SA-435n0ext (blue). SEC-MALLS experiments performed by
Andrew Leech (Molecular Interactions lab, Technology facility, University of York).
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The elution profile of OatA-LL-399ui shows a slightly skewed peak suggesting
some interaction with the size exclusion column, however, the molecular weight
was calculated as 23 kDa, consistent with the expected mass of 23.2 kDa (Figure
4.11A). Similarly, the expected molecular weight of OafA-LL-447noext Wwas 17.8
kDa, close to the measured mass of 17.5 kDa (Figure 4.11A). As for OatA-LL,
OatA-LM-408:ui and OatA-LM-462noext €luted as single peaks in SEC purification,
and homogeneous, symmetrical peaks in SEC-MALLS (Figure 4.11B). The
molecular weights of OatA-LM-408:ui and OatA-LM-462ncext Were measured as
23.3 and 17.4 kDa (Figure 4.11B) close to the expected molecular weights of 23.9
and 17.9 kDa respectively.

OatA-SA-435n0ext eluted as a single, homogeneous, symmetrical peak with a
measured molecular weight of 18.8 kDa consistent with the expected mass of 19.1
kDa (Figure 4.11C). However, OatA-SA-398:ui elutes heterogeneously as a highly
asymmetrical peak with a long tail suggesting OatA-SA-398ui is likely to be
forming non-specific aggregates and interacting with the size exclusion column
(Figure 4.11C). This potentially suggests that OatA-SA-398:ui is unstable, and
further analysis will be undertaken to test this. Consequently, the peak is at a
higher elution volume than expected and thus the calculated molecular weight is
between 3571 61 kDa, at odds with the expected molecular weight of 23.6 kDa
(Figure 4.11C). Both SEC-MALLS analysis and SEC were performed using a
Superdex S75 column, however, while significant interaction with the column was
seen in SEC-MALLS, limited interaction was seen during purification (despite
using the same buffer), although a slightly skewed peak was observed. Ideally, the
SEC-MALLS would be repeated to confirm if the skewed peak is an artefact of the

experiment.

The constructs of OatA-LL and OatA-LM are all monomeric in solution, however,
while OatA-SA-435neext IS monomeric, OatA-SA-398:wui appears to interact with the
column so an accurate molecular weight cannot be measured. However, size
exclusion chromatography indicated the elution volume was similar to that of
OatA-LL-447qun and OatA-LM-462:ui suggesting OatA-SA-398:ui is most likely to

also be monomeric.

167



4.7.2. Removal of the SGNH-ext decreases thermal stability
of OatA-LL SGNH domain

When the SGNH-ext is removed from OafA-STM-SGNH domain, the melting
temperature decreases by 10 °C (as shown previously, Figure 4.7) suggesting that
when structured, the extension increases thermal stability. Therefore, the melting
temperature of OatA constructs with or without the extension were measured to

establish if presence of the SGNH-ext increases thermal stability.

For OatA-LL, the melting temperature of OatA-LL-399ui is 69.3 °C compared to
59.5 °C for OatA-LL-447noext, a decrease of nearly 10 °C (Figure 4.12A). This
suggests that removal of the extension destabilises the SGNH domain resulting in
a decrease in melting temperature. Therefore, it appears likely that the extension
of OatA-LL is structured, as its removal results in a decrease in thermal stability.
The melting temperature of OatA-LM-408:ui and OatA-LM-462ncext are very similar
I 63.6 and 60.3 °C respectively, a difference of 3.3 °C (Figure 4.12B). This implies
that removal of the extension has no obvious effect on the thermal stability of
OatA-LM SGNH domain. Similarly, OatA-SA-398:ui has a melting temperature of
60.4 °C, while OatA-SA-435n0ext unfolds at 62.0 °C (Figure 4.12C). Again, the
melting temperatures are very similar however, in the case of OatA-SA, the
construct with the extension removed (OatA-SA-435) is marginally more stable
than that with the extension (OatA-SA-398). Therefore, in contrast to OatA-LL, the
melting temperatures of OatA-LM and OatA-SA change very little on removal of
the extension, resulting in no change to the thermal stability. This suggests OatA-
LL is likely to have a structured extension, whereas both OatA-LM and OatA-SA

are more likely to be unstructured.

4.7.3. All OatA-SGNH domain constructs are folded

1D proton NMR spectra were used to establish if the OatA-SGNH domain
constructs were folded with, or without, the SGNH-ext. The NMR spectra of OatA-
LL-399:ui and OatA-LL-447noext are both indicative of a folded protein, displaying a

broad dispersion of peaks in the amide region, and upfield-shifted methyl groups.

168



OatA-LL-447 (full)
OatA-LL-399 (noext)

0.9

0.8

0.7 4

Ratio of fluorescence (350/330 nm)

08

20 30 40 50 60 70 80 90 100
Ratio of fluorescence (350/330 nm)

OatA-LM-462 (full)

0.5 4 OatA-LM-408 (noext)

0.7 4

064

Ratio of fluorescence (350/330 nm)

0.5 T T T T T T T ]
20 30 40 50 60 70 80 90 100

Ratio of fluorescence (350/330 nm)

OatA-SA-435 (full)
OatA-SA-398 (noext)

0.7

0.6

0.5+

Ratio of fluorescence (350/330 nm)

20 30 40 50 60 70 80 20 100
Ratio of fluorescence (350/330 nm)

Figure 4.12. Melting temperature curves of (A) OatA-LL, (B) OatA-LM and (C) OatA-SA. Melting

temperatures are as follows (°C): OatA-LL-3990ext = 59.5, OatA-LL-4475, = 69.3, OatA-LM-408¢, =
603, OatA'LM'462noex[ = 636, OatA'SA'398full = 620, OatA'SA'435noex[ = 604
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However, on calculating a difference spectrum to compare the two proteins, both
positive and negative peaks are seen in the amide region suggesting the structure
of the SGNH with and without the SGNH-ext is different (Figure 4.13). This could
suggest that the extension interacts with the SGNH domain, therefore, altering the
chemical environment of the protons compared to the SGNH domain alone. This is
analogous to the spectra for OafA and OafB with or without the extension (Figure
4.13C). Therefore, this suggests that the extension from OatA-LL is structured and

interacting with the SGNH domain, as seen in OafA and OafB.

The NMR spectra of both OatA-LM and OatA-SA SGNH constructs also suggest
the proteins are folded. All have peaks corresponding to upfield-shifted methyl
groups and a broad dispersion of amide peaks. However, in contrast to OatA-LL,
when a difference spectrum is calculated, the spectra only shows a few peaks
which are predominantly positive presumably corresponding to the extension in
OatA-LM-408 and OatA-SA-398 (Figure 4.13). The peaks corresponding to the
SGNH domain are unchanged in either construct, suggesting the chemical
environment of the residues in the SGNH domain are not affected by the addition
of the extension (Figure 4.13). This suggests that in OatA-LM-408 and OatA-SA-

398, the extension is unlikely to be interacting with the SGNH domain.

In conclusion, biophysical analysis of OatA-LL-399 and OatA-LL-447 suggests that
the extension of OatA-LL is likely to be structured as removal results in significant
thermal destabilisation and the NMR spectra of the SGNH domain is altered in the
presence of the extension. On the other hand, the analysis performed here
indicates that the SGNH-ext from OatA-LM and OatA-SA are more likely to be
unstructured, as very little difference is seen in the melting temperature on

removal of the extension and the NMR spectra are almost identical when overlaid.
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Figure 4.13. NMR difference spectra of 1D proton NMR spectra of OatALL399i-447 noext,

OatALMA4081yi-462n0ext and OatASA3981ui-435n0ext- Only amide region is shown. For original, full,

spectra see appendix 7.5.
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4.8. Chapter discussion and conclusions

OafA-STM and OafB-SPA both consist of 11 transmembrane helices and an
SGNH domain joined by a periplasmic linking region 1 now termed SGNH-ext.
Structures of OafA-STM-401, OatA-SP (95) and OatA-SA (278) do not include the
SGNH-ext whereas the structure of OafB-SPA-377 shows the SGNH-ext to be
structured and an integral part of the SGNH domain. The aim of this chapter was
to analyse the SGNH-ext and the effect which removing the SGNH-ext has on the
SGNH domain. For OafA-STM, OafB-SPA and OatA-LL, removal of the SGNH-ext
resulted in a significant decrease in thermal stability and the NMR spectra
suggested interaction between the SGNH-ext and SGNH domain which implies
that the SGNH-ext is folded in these proteins. On the other hand, OatA-LM and
OatA-SA both showed no change in thermal stability on removal of the SGNH-ext
and the NMR spectra suggested no, or very little, interaction between the SGNH-
ext and SGNH domain.

Significant interactions are seen between the SGNH-ext and SGNH domain in the
structure of OafB-SPA-377. Tyrosine residues at the N-terminus of the SGNH-ext
are within hydrogen bonding distance of the catalytic triad suggesting that these
residues may be involved in substrate binding. In chapter 3, it was noted that the
melting curve of OafB-SPA-377 is of an unusual shape i with fluorescence
decreasing as the protein unfolds (Chapter 3, Figure 3.7). Nano-DSF measures
the intrinsic tryptophan and tyrosine fluorescence, residues which are typically
buried within the protein core. On unfolding, these residues are exposed to the
external environment resulting in an increase in fluorescence ratio. OafB-SPA-377
has four tyrosine residues located at the N-terminus of the SGNH-ext. In chapter 3
(section 3.6), it was hypothesised that removal of these tyrosine residues would
result in a melting curve of the expected shape 7 with fluorescence increasing as
the protein unfolds. OafB-SPA-399 has the N-terminal half of the SGNH-ext
removed, including the four tyrosine residues mentioned. As predicted, the melting
curve of OafB-SPA-399 is of the expected shape with fluorescence increasing as

the protein unfolds (Figure 4.7B). This strongly implies that the exposed tyrosine
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residues at the N-terminus of the SGNH-ext resulted in the unusual shaped

melting curve seen for OafB-SPA-399.

The SGNH-ext from OafB-SPA-377 occludes the active site. In comparison to
standalone SGNH domains from the PDB, the catalytic triad of OafB-SPA-377 had
significantly lower solvent accessibility (Figure 4.3). Interestingly, two of the SGNH
domains from the PDB which also had low solvent accessibility i MsAcCT (2Q0Q
(266)) and Est24 (5HOE (267)) 1 both form octamers. Therefore, the low SASA of
the catalytic triad may be due to oligomer formation. In the case of MsAcT,
Mathews et al. noted that formation of an octamer restricts access to and
redefines the topology of the active site pocket (266). For OafB-SPA-377, it is the
SGNH-ext, rather than oligomer formation, which restricts access to the active site.
The exception to this is Axe2 (4JHL, (242)), which has very high solvent
accessibility to the active site, but which also forms an octamer in solution and a

dimer in the crystal structure.

Many SGNH proteins have been found to form dimers (240, 254, 257, 261) or
higher oligomeric complexes (236, 242, 263, 2651 267) in solution. However, there
are only four structures which show this oligomerisation i three dimers (242, 257,
266) and one tetramer (267). Interestingly, the dimerization interface is not
conserved between proteins and none looked to have the same interface as that
seen in OafA-STM-401. In the structure of Est24 (267), the active site is orientated
towards the outside of the dimer which is suggested to be important for efficient
binding of its large carbohydrate substrates (267). Similarly, in CtCes3 (240) the
proposed orientation of the SGNH domains in the dimer positions the active sites
on opposite sides of the molecule. This is hypothesised to allow both SGNH
domains to work on the same xylan chain, allowing the enzyme in bind more
tightly compared to a monomer (240). In contrast, other SGNH domain oligomers
have buried active sites proposed to be important for substrate specificity (242,
266) and prevention of premature hydrolysis (242, 263, 265). The dimer of Bovine
PAF-AH (261); trimer of Sm23 (263); hexamer of CAH (265) and octamers of Axe2
(242) and MsACcT (266); all have the active sites buried close to the centre of the
oligomer. In the hexamer and octamer structures, the active sites are predicted to

be positioned around a central cavity (242, 265, 266).
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In many cases, it is predicted that dimerization results in increased stability (242).
In the case of OafB-SPA, this is true, removal of the SGNH-ext results in
dimerization which in turn increases thermal stability (Figure 4.7B) compared to
the construct with the SGNH-ext. However, removal of the extension in OafA-STM
and OatA-LL results in a decrease in thermal stability, despite the transient dimer
formation seen in OafA-STM (Figure 4.7A, Figure 4.12A). This strongly suggests
that, for OafA-STM and OatA-LL, the SGNH-ext stabilises the SGNH domain.
Similarly, the dimerization seen in OafA-STM and OafB-SPA contrasts with the
stability provided by the SGNH-ext. As the same interface is used for both
dimerization and interaction with the SGNH-ext, this suggests that either the
SGNH domain forms a dimer, or interacts with the SGNH-ext i but not both.
Potentially, these could represent two states within the overall mechanism of AT3-
SGNH proteins.

OafA and OafB SGNH domains which show dimerization are attached to AT3
domains implying that dimerization is unlikely. However, a similar class of proteins
contain an AT3 domain but with an attached C-terminal alanine racemase, the
alanine racemase is only active as a dimer. This poses further questions about the
mechanism of action of the AT3 family of proteins. Structural analysis could be
carried out to gain a further understanding of the potential role of dimerization
seen here i whether the AT3 domain also forms a dimer, and which, if any, other

AT3-SGNH proteins form a dimer on removal of the SGNH-ext.

The structure of the SGNH domain from OatA-SA was recently solved (278),
however the construct used for structural analysis did not include the SGNH-ext.
Therefore, it is not known if the SGNH-ext from OatA-SA is structured or not.
However, it does suggest that OatA-SA SGNH domain is stable without the
SGNH-ext. When combined, the analysis performed here supports this i the
thermal stability of OatA-SA is higher without the SGNH-ext than with (Figure
4.12C); NMR suggests the SGNH-ext does not interact with the SGNH domain
(Figure 4.13); and sequence analysis found the SGNH-ext from OatA-SA is highly
charged, a property often seen in intrinsically disordered regions (390). The NMR
and thermal stability analysis shows similar results for OatA-LM (Figure
4.12B,Figure 4.13) and JPRED predicts the SGNH-ext to have no secondary

structure. Collectively, this suggests that the SGNH-ext from OatA-LM and OatA-
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SA are unstructured. However, this poses many questions when these results are
combined with the structured SGNH-ext seen in OafB-SPA-377. Firstly, it seems
unlikely that some AT3-SGNH proteins would have structured SGNH-ext while
others are unstructured. Secondly, the analysis performed here does not confirm
that the SGNH-ext from OatA-SA and OatA-LM are unstructured. More
experimental evidence is required to confirm, for example, determining the
structure of the full length AT3-SGNH protein of OatA-SA or OatA-LM would give a
more definitive answer. Alternatively, 2D NMR relaxation experiments could be
used to find flexible regions of the protein. Finally, cross-linking experiments could

be performed to determine if the SGNH-ext is interacting with the SGNH domain.

The SGNH-ext links the SGNH domain with the transmembrane AT3 domain.
While very little is known about the structure of the AT3 domain, it is expected that
all AT3-SGNH proteins have the same, or very similar, overall structure.
Therefore, it is unexpected that some AT3-SGNH proteins appear to have a
structured extension, while others are unstructured. Both OafA and OafB acetylate
the O-antigen of LPS, whereas the OatA proteins acetylate peptidoglycan,
therefore, it was initially hypothesised that a structured extension was linked to
function. However, OatA-LL acetylates peptidoglycan, but appears to have a
structured extension in contrast to the other OatA proteins which were tested. In
addition, the three OatA proteins are from Gram positive bacteria, suggesting this
does not influence which extensions are structured. Currently, it is not understood
why some AT3-SGNH proteins have structured extensions while others are
unstructured. To explore this further, determining the structure of an AT3-SGNH
protein would give insights into the orientation of the AT3 and SGNH domains in
relation to each other. In addition, crosslinking or fluorescence resonance energy
transfer (FRET) analysis could be used to examine the dynamics of the AT3 and

SGNH domains and how the two domains move with respect to one another.

The structures of the SGNH domains from OafA-STM, OafB-SPA, OatA-SA and
OatA-SP are overall the same. However, subtle differences are seen, including the
presence of disulfide bonds and an additional helix in OafA and OafB which are
not present in the structures of OatA-SA and OatA-SP. Similarly, we have now
identified differences in the SGNH-ext resulting in some AT3-SGNH proteins

predicted to have a structured extension while others are more likely to be
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unstructured or at least not interacting with the SGNH domain. It is currently
unknown why or how these differences have arisen. Therefore, to further
understand the overall structure of AT3-SGNH proteins it is important to also study
the AT3-domain in more detail to determine if there are any distinctions which may
link the differences seen in the SGNH domain and SGNH-ext.
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5. Analysis of the acyltransferase domain

5.1. Introduction

AT3-SGNH proteins, for example OafA and OafB, consist of an AT3 domain
predicted to contain 10 transmembrane helices and periplasmic SGNH domain.
These 2 domains are joined by an 11" transmembrane helix and periplasmic
linking region (SGNH-ext). The SGNH domains from many AT3-SGNH proteins
have been thoroughly studied both in this research and by others (1, 32, 95, 97,
201, 205, 226, 278, 47, 48, 52, 691 71, 84, 92). Similarly, in chapter 4, we also
explored the structure and potential role of the SGNH-ext in the mechanism of
AT3-SGNH proteins. Standalone AT3 proteins and AT3-SGNH proteins are known
to be involved in the modification of a broad range of extra-cellular carbohydrates
with wide ranging down-stream effects (as highlighted in section 1.6). However, in
comparison to SGNH domains, very little is known about the overall structure and

mechanism of the AT3 domain.

AT3 domains are widely predicted to contain ten transmembrane helices (23, 31,
126, 174, 1971 202, 38, 47, 48, 64, 70, 74, 93, 116) and topology data has
confirmed the approximate position of the TMH in primary sequence (202).
However, a more detailed structure of AT3 domains is still elusive. Similarly, there
is very little, if any, understanding of the overall mechanism of action of AT3 family
proteins nor how the mechanisms of standalone AT3 proteins and AT3-SGNH
proteins may differ. A number of residues in the AT3 domain which are essential
for activity have been identified (1, 70, 202, 231). However, key differences have
been noted between these residues in standalone AT3 and AT3-SGNH proteins

(1) suggesting potentially divergent mechanisms.

So far, the research presented here has focussed on the SGNH domain and
SGNH-ext. In contrast, this chapter centres on the AT3-domain in AT3-SGNH
proteins. As for previous chapters, initial experiments use OafA and OafB as
model systems before branching out to study related proteins. The work in this
chapter has three aims: firstly, to express and purify full-length AT3-SGNH
proteins with the intention of performing further characterisation; secondly to
determine if the AT3 and SGNH domains interact; and finally, to determine the
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structure (or predicted structure) of the AT3 domain. The overall aim of this
chapter is to combine the results of these experiments to further the understanding

of the overall structure and mechanism of AT3 domains.

5.2. Expression of full-length OafA and OafB

Membrane proteins comprise 30% of all proteins (391, 392), however, only 1% of
unique structures in the PDB are of membrane proteins ((393) July 2021). There
are many reasons for this: membrane proteins are difficult to over-express,
challenging to purify and require detergents for stabilisation (391, 392). When
over-expressed, integral membrane proteins typically exhibit poor yield. Many
potential explanations for poor yield have been suggested: non-native membranes
have a different lipid composition; the machinery for inserting proteins in to the
membrane may not be compatible; or the membrane protein may be toxic to the
host (391).

Both OafA and OafB are integral membrane proteins with 11 predicted
transmembrane helices and thus, expression is expected to be challenging.
However, both OafA-STM and OafB-BTP1 from Salmonella ser. Typhimurium
(OafB-STM, 77% identical to OafB-SPA used in previous chapters) were
previously expressed under a range of conditions as part of a previous research
project (Reyme Herman (394)). In this previous research, full-length OafA-STM
and OafB-STM were cloned into pBAD-cLIC-2005 (290), expressed in E. coli
strain MC1061 and purified in detergent (394). Therefore, the initial aim of this
chapter was to repeat the experiments performed previously to produce a sample

of purified protein.

OafA-STM (residues 1-609, pMV433) and OafB-STM (residues 1-640, pMV434) in
pBAD-cLIC-2005 were used for expression experiments. The genes encoding
each protein were under control of an L-arabinose inducible promoter with a C-
terminal deca-His tag to aid purification. Both plasmids were sequenced to confirm
the inserted gene (see methods section 2.2.6.3) and that the promoter had no
mutations before transformation into E. coli strain MC1061. MC1061 contains a

mutation in araD, preventing arabinose metabolism, thus maintaining tight control
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of the promoter prior to induction with arabinose (287). This mutation prevents
production of the inserted protein before induction, which has the potential to be

toxic to growth.

Expression trials were performed for both OafA-STM and OafB-STM in MC1061 E.
coli. A range of conditions were trialled including altering inducer concentration,
incubation time and temperature post-induction. Pre-induction and post-incubation
samples were analysed using Western blot analysis probed with an anti-His
antibody. However, no protein was detected under any of the conditions tested
(Figure 5.1). To confirm that the expression trial and Western blot methods were
executed correctly, a positive control of an integral membrane protein known to
express at high levels was included. NanT from E. coli in pBAD-cLIC-2005 in
MC1061 E. coli (395) was used for this purpose. However, while expression of
NanT was seen in all conditions tested, expression of neither OafA-STM nor OafB-
STM was detected (Figure 5.1). The reason for the lack of expression is currently

unknown.

Expression of full-length OafA-STM and OafB-STM was unsuccessful, therefore,
shorter constructs including either the AT3 domain only (10TM) or AT3 domain
and 11" transmembrane helix (11TM) were designed (Figure 5.2). In addition, a
range of other known AT3-SGNH proteins i OatA-LL, OatA-LM, OatA-SA and
Pgll-NG T were also included; with similar 10TM, 11TM or full-length (F) constructs
of each (Figure 5.2). Oac, a standalone AT3 protein from S. flexneri was also

used.

Each of the constructs were cloned into pPBAD-cLIC-2005 using an infusion
technique. For multiple constructs (OatA-SA-10, OatA-LL-F and OatA-LM-F),
cloning was unsuccessful despite multiple attempts and so these were not
included in further experiments. The constructs which had been successfully
cloned into pBAD-cLIC-2005 were sequenced to ensure no mutations had been
introduction and the plasmids transformed into MC1061 E. coli for expression. As
for OafA-STM and OafB-STM, NanT from E. coli was used as a positive control for
expression trials and Western blotting. However, unfortunately, no expression was
seen for any of the constructs tested (Figure 5.1, OatA-LM-11 and OatA-SA-11

shown as representative).
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Figure 5.1 Western blot of expression samples of OafA-STM-F, OafB-STM-F, OatA-LM-11 and
OatA-SA-11 with NanT (E. coli) as a positive control. Western was probed with an anti-His
antibody. Blue arrow indicates band corresponding to NanT (54 kDa). Expected sizes: OafA-STM-F
=72 kDa, OafB-STM-F = 74 kDa, OatA-LM-11 = 48 kDa, OatA-SA-11 = 47 kDa. Lane 1: OafA-
STM-F pre-induction, lane 2: OafA-STM-F total sample after incubation at 37 °C for 4 hours, lane 3:
OafB-STM-F pre-induction, lane 4: OafB-STM-F total sample after induction at 37 °C for 4 hours,
lane 5: molecular weight marker, lane 6: NanT pre-induction, lane 7: NanT after induction at 37 °C
for 4 hours, lane 8: empty, lane 9: OatA-LM-11 pre-induction, lane 10: OatA-LM-11 total sample
after incubation at 37 °C for 4 hours, lane 11: OatA-SA-11 pre-induction, lane 12: OatA-SA-11 total
sample after induction at 37 °C for 4 hours. Bands are seen close to the expected molecular weight
however, when protein production was increased, these bands were no longer visible suggesting
they do not correspond to the protein of interest.
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. Full length constructs *
. 11 TMH constructs *
10 TMH constructs .

HEE HEEIEEE B SGNH domain

B TMH 10 TMH 11
O Q0000000000000000000000
OafA-STM 301 .FSAINIFFGVIVSFALGDISYRTIENTLRKRVKLQFN.................. IVEESSTLA. .- .. LCLFVMFTKGVSFRFSDTLKQVVE 370
OafB-STM 309 SPSTNELLILMALALVLAILTYFLLEKPLRHSRKKSIT.....:'cteiuennnns. TIILAVVVFGSGIFGIVTYSMNGIKERSVNKSAGEYA 383
OatA-LL 320 PTAWYNLIWQLALILILTELSYRLIELPTQRFDYSNILGILQNFV..REKGWKLKKNILPMLISG..... LALISLGFITIFSPPSPHDQRVIEE 406
OatA-LM 328 QPNIWRAILQVAATFIIAELSFRFIETPIRKNGFINYFKGFKDKNYFIWKNKPVGKWLSIAGVVA..... VLAIFTLGMSNVLSVNTNAEKQR. 415
OatA-SA 332 QIPVYVYIIEILLTALMAEISYRFIETPIRKKGFKAFAFLPK....... KKGQFARTVLVILLLV..... PSIVVLSGQFDALGKQHEAEKKEK 413
Pgll-NG 312 NLPPYSPAAAIVLTLAFSLISYHCIEKPFKKWKGSFAQ....... ... ..o ... SVLWIYAL..... PMLVLGAGSFFAMRLPFMAQYDRL 381

Figure 5.2. Construct design of OafA-STM, OafB-STM, OatA-LL, OatA-LM, OatA-SA and Pgll-NG constructs 1 full length, 11 TM and 10 TM. (A) Schematic of
constructs used highlighting region between TMH 10-11. (B) Structure-based sequence alignment (Promals3D) showing TMH 10 and 11 coloured grey and C-
terminal residue of each TMH10 and TMH11 construct coloured blue.
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As for OafA-STM and OafB-STM, it is unknown why no expression was seen.
However, a wider range of expression conditions and E. coli strains could be

tested.

5.3. Periplasmic loops

AT3-SGNH domains comprise of an AT3 and SGNH domain linked by an 11t
transmembrane helix and periplasmic linking region. In OafB, and likely other AT3-
SGNH proteins, this periplasmic linking region has been shown to be structured
and form an extension of the SGNH domain (SGNH-ext). There are very few
residues between the N-termini of the SGNH-ext and C-termini of the 11t
transmembrane helix of the AT3 domain. This suggests that the SGNH domain is
located in close proximity to the AT3 domain as the structure of the extension
limits possible orientations of the SGNH domain. Thus, the aim of this section is to
determine if the SGNH domain is likely to interact with the AT3 domain. As the
SGNH domain is located in the periplasm, it is likely that any interaction of the two
domains occurs via the periplasmic loops of the AT3 domain. Therefore, this
section focusses on the periplasmic loops; firstly, performing in silico analysis
before attempting to express a periplasmic loop to probe interactions with the
SGNH domain.

5.3.1. In silico analysis of periplasmic loops

To determine if the AT3 and SGNH domains are likely to interact, the sequences
of AT3-SGNH and standalone AT3 proteins were compared to identify any
differences. The periplasmic loops were examined first as these are the regions
thought most likely to interact with the SGNH domain. The sequences of each
periplasmic loop, as predicted by TOPCONS ((334, 335)) from AT3-SGNH
proteins (n=11) and standalone AT3 proteins (n=29) with known function were
analysed and their biochemical properties compared (for list of sequences used,
see methods Table 2.23 and Table 2.24). First, the number of residues in each of

the loops were counted.
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Figure 5.3. Length of loop between transmembrane helices in AT3-SGNH (n = 11, black) and
standalone AT3 (n = 29, red) proteins (list of sequences used in methods Table 2.23 and Table
2.24). Box indicates upper and lower quartiles, lines = median, whisker = 10-90% of data and dots
= outliers. (A) Topology diagram showing location of each loop (black) and the transmembrane

helices (blue).
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