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Abstract

Abstract

Gram negative bacteria have lipopolysaccharides (LPS) projecting from
their outer membrane which are often acetylated by acyltransferase
proteins. Some of these acyltransferase proteins have additional attached
SGNH domains (SGNHAT3); while much is known about isolated SGNH
domains (SGNH's?), little is known about those attached to
acyltransferases. The aim of this research was to determine any structural
or mechanistic differences between SGNHAT and SGNH's®' domains.

In silico analysis showed that while the catalytic residues are present in
SGNHAT2 domains, the oxyanion hole residues, normally conserved in
SGNHs° are not present. The SGNHAT® domains of two acyltransferases
from Salmonella ser. Paratyphi A and Neisseria meningitidis were
expressed and the SGNH domain from Salmonella ser. Paratyphi A
purified. Mass spectrometry showed that two disulfide bonds were present
and circular dichroism determined that reduction of these disulfide bonds
had no effect on the thermal stability of the protein. The structure was
determined using X-ray crystallography and, although the overall fold was
the same, there were many structural differences between this SGNHAT3
domain and SGNHs® domains. The linker, previously thought to be
flexible, was shown to be part of the SGNHA™ domain structure. An
additional helix was seen, not present in SGNH*® domains, and this could
potentially be important for interaction with the acyltransferase domain. In
addition, docking models highlighted residues potentially important for
binding, however, further analysis will need to be carried out to investigate
this.
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Chapter 1. Introduction

Chapter 1. Introduction

1.1. Gram negative bacteria

1.1.1. Salmonella enterica subsp. enterica serovar Paratyphi A

Paratyphoid fever, a bacterial infection caused by Salmonella ser. Paratyphi,
infects more than 5.4 million people each year worldwide with approximately 1%
of cases resulting in death (1). Symptoms of paratyphoid fever — fever,
headache, diarrhoea and abdominal pain — are very similar to other febrile
diseases and therefore diagnosis is challenging (2,3). This, combined with the
lack of an effective diagnostic test for paratyphoid fever, results in unnecessary
or incorrect antibiotic treatment (4) leading to an increasing number of
Salmonella ser. Paratyphi isolates showing resistance to multiple antibiotics
(5,6). At present, there is no licenced vaccine for protection against paratyphoid
fever, a number are in development or clinical trials with the majority comprising
of purified Salmonella ser. Paratyphi lipopolysaccharide (LPS) structures
conjugated to a carrier protein (7,8). However, despite showing promise in
animal models and early stage clinical trials (9,10), none are currently available

for clinical use.

1.1.2. Neisseria meningitidis serogroup A

Neisseria meningitidis is the cause of around 1.2 million cases of meningitis per
year with around 10% resulting in death (11). Serogroup A, is responsible for
meningococcal epidemics in sub-Saharan Africa and regions of Asia with up to
300,000 cases per epidemic (12), the majority of these in those younger than 15
years of age (13). Symptoms of meningitidis include headache, high fever,
confusion and, if not treated rapidly, can result in severe brain damage or death
within 24 hours of symptom onset (14). Due to the severity of the disease and
necessity for rapid treatment, prevention using vaccination is beneficial. A

commonly used vaccine, protecting against four N. meningitidis serogroups (A,
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Chapter 1. Introduction
C, W and Y) shows limited efficacy against serogroup A meningococcal (12).
More recently, a polysaccharide-conjugate vaccine was developed against
serotype A specifically, which has shown to be both safe and effective (15).

1.2. Lipopolysaccharides

Gram negative bacteria, for example, Salmonella ser. Paratyphi and N.
meningitidis, are characterised by a membrane consisting of a layer of
peptidoglycan sandwiched between two lipid bilayers (16) (Figure 1). The
cytoplasmic, or inner, membrane is a phospholipid bilayer while the outer
membrane is an asymmetric membrane with phospholipids on the inside and
LPS on the outside projecting away from the cell (17) (Figure 1). In between
these layers is a layer of peptidoglycan and the periplasm: an aqueous
environment similar to the cytoplasm, densely packed with proteins. (16)
(Figure 1). Peptidoglycan protects the cell from osmotic pressure and is made
up of repeating units of sugar derivatives N-acetyl glucosamine (GIcNAc) and

N-acetyl muramic acid (MurNAc) crosslinked by penta-peptide chains (16,17).

1.2.1. Composition

Lipopolysaccharides, sugar structures present on the outer membrane of Gram
negative bacteria, are comprised of lipid A, core oligosaccharide and O-antigen
(18) (Figure 1). The lipid A portion is made up of two phosphorylated
glucosamine (GIcN) residues attached to 3-hydroxyl fatty acids to anchor the
LPS to the outer membrane of bacteria (19-22) (Figure 1).

A conserved core oligosaccharide region links the lipid A to the O-antigen. In
Salmonella, the core oligosaccharide consists of around 15 sugar residues, with
the inner core (nearest the lipid A) containing keto-deoxyoctulosonate (Kdo) and
heptose (Hep) sugars and the outer core (nearest the O-antigen) containing
hexose sugars (20,21) (Figure 1). N. meningitidis contains a similar, but
shorter, core structure comprising of just Kdo and heptose sugars (23) (Figure
1).
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Chapter 1. Introduction

Salmonella ser. Paratyphi
A LPS structure

. O-antigen
. —
I 2
A | a-Par H D-u-l\:.'lan |
@

C

Lipopolysaccharide on E a

L-a-Rha (0-Ac)
e | B
1
3
\ [ (0-0-Glu) || p-a-Gal |
| : |

o O-antigen with acetyl
Lipid A modification

A

Gram negative
bacterium

, - -
L R N O P ¥ ¥ ¥ e
Peptidoglycan layer

g i
UUUULUUULUUULLULL Ll

a
membrane | D-B-Gle | |D-u-GIcNAc|3—m
L E
a 2
.gl:l :::ap | E:;NA': :2205 | a-Hep Ha ! a-Hep }—lﬁ PEA ‘
® Man Par @ GleN . PEA N. meningitidis '

L9 LPS structure

Figure 1. Structure of LPS (A) Gram negative bacteria, (B) Structure of Gram negative cell membrane, LPS structure of
Salmonella ser. Paratyphi A (C) and N. meningitidis (D), structure of O-antigen repeat unit from Salmonella ser. Paratyphi A
(E) and O-antigen from N. meningitidis (F) with O-acetyl groups circled in red. For abbreviations see list of abbreviations
(Abbreviations, page 81)
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Chapter 1. Introduction
The O-antigen is a highly variable, large sugar structure unique to the bacterial
species and serotype (19). A heterogeneous structure of variable lengths (21),
the O-antigen is comprised of up to 50 repeating units of 2-6 sugar residues
(20,24). The O-antigen of Salmonella ser. Paratyphi A consists of a repeating
unit of mannose-rhamnose-galactose with a side branch of paratose attached to
galactose (7,25), and the rhamnose is partially O-acetylated (26) (Figure 1).
The O-antigen structure of N. meningitidis differs from that of Salmonella ser.
Paratyphi A in that it is much shorter, comprising, in total, less than 10 sugar
residues (23). However, heterogeneity is introduced by having multiple
structures comprised of diverse sugar residues joined by different linkages and
often containing additional phospholipids (27). The L9 oligosaccharide is often
found on the surface of serotype A N. meningitidis and consists of a more
complex branched structure containing galactose, glucose and GIcNAc, with the
terminal GIcNAc often O-acetylated (23) (Figure 1).

1.2.2. Biosynthesis

Bacteria synthesise LPS in units before assembling the entire structure. The
individual O-antigen units are made in the cytoplasm by the transfer of
nucleotide sugars on to an undecaprenyl phosphate (UndP), anchored in the
cytoplasmic membrane (20,24). When the O-antigen unit is complete, the UndP
is translocated across the cytoplasmic membrane to the periplasm (28) in a
process requiring proton motive force to provide energy (20). The individual O-
antigen units are polymerised on the periplasmic side of the cytoplasmic
membrane, to create the full length O-antigen (20). In Salmonella ser. Paratyphi
a range of O-antigen lengths are created however, it is unknown exactly how
the length is regulated (29). The full length O-antigen is transferred to the core
oligosaccharide attached to lipid A to form the LPS structure (28). Modification
of the O-antigen, for example, O-acetylation, is thought to occur after

polymerisation when the O-antigen is in the periplasm (24).
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Chapter 1. Introduction

1.2.3.Function

The LPS is an important structure in enhancing the virulence and persistence of
bacteria (28). In particular, it has been shown that LPS is essential for intestinal
colonisation, serum resistance and invasion of host tissues (30). In addition,
LPS gives protection for the bacterium against host defences for example,
complement mediated killing, phagocytosis and bile acids (19,20). LPS are also
important in host defences against bacteria: the majority of antibodies produced
by the host to fight Gram negative bacterial infections are against the LPS, in
particular the O-antigen (20). Therefore, a wider diversity of O-antigen can
confer a selective advantage to the bacterium (28), one method bacteria use to
increase diversity, is to modify the O-antigen, for example, by acylation and
glucosylation (31), a mechanism commonly derived from phage (32). Phage
often use the LPS as a receptor to enter the bacterium, and there are many
examples of phage modifying, either by cleavage or by acylation, the LPS after
infection to prevent superinfection by other phage (33). Modification of the LPS
by acylation has been hijacked by bacteria and is used to increase diversity of
the LPS (32). A common modification is O-acetylation, addition of acetyl groups
to the O-antigen repeating unit. In N. meningitidis, the terminal GIcNAc is known
to be O-acetylated (23) (Figure 1) and in Salmonella ser. Paratyphi A O-
acetylation is found on the C2 of rhamnose (7,25) (Figure 1). It has been shown
that this O-acetylation is essential for stimulating the production of bacteriocidal
antibodies by the host immune system (7). Therefore, it is important to
understand how O-acetylation occurs, which proteins are involved, and their

mechanism.
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1.3. Acyltransferase proteins

1.3.1. Structure

The O-antigen of the LPS is commonly modified by bacteria to increase
diversity (34); one class of proteins known to be involved in this modification are
acyltransferase family 3 proteins. These acyltransferase proteins are highly
hydrophobic, integral membrane proteins with either 10 or 11 transmembrane
helices (35,36). Found in the cytoplasmic membrane, these acyltransferases
are predicted to transport O-acetyl groups from the cytoplasm across the
membrane, where the O-acetyl group is transferred onto the receptor molecule
(37). It is presumed that the O-acetyl group is donated from acetyl co-enzyme
A, however this has not been verified (38). These acyltransferase family 3
proteins can be grouped into two classes, with one group consisting of only an
acyltransferase domain (AT3°) of 10 transmembrane helices (Figure 2), and
the other containing acyltransferase domains with 11 transmembrane helices
and an attached C-terminal periplasmic SGNH domain (AT3-SGNH) (Figure 2).
Currently there is no known difference in function comparing AT3s° and AT3-
SGNH proteins.

C-terminus

Acyltransferase
family 11l domain

Periplasm

e 11N
il

Cytoplasm

N-terminus

Figure 2. Predicted structure of acyltransferase family Il domain located in
the cytoplasmic membrane, the C-terminal, periplasmic SGNH domain is shown
in brackets as it is not always present.
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1.3.2.Function

Acyltransferase family 3 proteins are known to be involved in the modification of
LPS and this was first observed by Davis et al. who showed that mutation of an
acyltransferase protein, NodX from Rhizobium leguminosarum, inhibited
nodulation of pea plants (35). This mutation was later shown to prevent O-
acetylation of LPS which rendered the bacteria unable to infect the plants (39).
Similarly in Shigella flexneri, an acyltransferase with high homology to NodX
was found to be important in modifying the serotype by acetylation of a
rhamnose residue in the LPS (40). In addition, the same family of
acyltransferases have been shown to be important in the modification of many
extracellular structures. For example, O-acetylation is a common modification of
peptidoglycan and has been shown to give resistance to lysozyme, an enzyme
produced by the body to break down bacterial cell walls (37). Similarly, O-
acetylation of the exopolysaccharide of Escherichia coli and N. meningitidis has
been shown to increase virulence and produce an improved antibody response
(41,42). In addition, the production of macrolide antibiotics and anti-tumour
compounds, by Streptomyces mycarofaciens and Streptomyces griseus

respectively, involves O-acetylation to increase activity of the drug (43,44).

1.3.3. Mechanism

As previously mentioned, acyltransferase family 3 proteins have a predicted
structure of 10 or 11 transmembrane helices. There are two long loops, one
between helices 2 and 3, located in the cytoplasm and another, between helices
3 and 4, in the periplasm (Figure 2) (36). Thanweer et al. deleted these loops
separately and showed no serotype conversion, due to a loss of function of the
acyltransferase, despite no change to the location of the loops (36). Mutations
of individual residues found a loss of function when three arginine residues
present in the cytoplasmic loop, were mutated. These residues are also highly
conserved between other acyltransferase proteins and it seems likely that they
are important for catalysis (36). The location of these residues in the cytoplasm,
and the loss of function of the acyltransferase when mutated, suggests that
these arginine residues may be important for recognition of the substrate,

presumed to be acetyl-CoA. Mutation of a range of residues in the long
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periplasmic loop had no effect on the function of the acyltransferase. Little
sequence conservation is seen in this loop, suggesting that it is less important
for function (45). However, not all residues in this periplasmic loop were tested
and while deletion of the whole periplasmic loop prevented function, this could
be due to a perturbation in structure. In addition, residues in other loops were
not mutated and it seems almost certain that catalytic residues are present in
one of the periplasm loops to transfer the substrate on to the receptor molecule

but such residues are so far unknown.

1.4. SGNH domains
1.4.1. Function

As mentioned previously, acyltransferase family 3 proteins can be classified into
two groups, those with (AT3-SGNH) and those without (AT3s°) attached SGNH
domains. SGNH hydrolases can be found attached to other protein domains, as
in the case here in AT3-SGNH proteins (SGNHAT?), or as a stand-alone domain
(SGNHis?'), SGNH's°' proteins are known to catalyse a wide range of reactions
with broad substrate specificity (46), even single enzymes are capable of
performing multiple reactions, for example thioesterase | from E. coli can
function as a thioesterase, protease and lysophospholipase (47). However,
whilst these enzymes have the potential to react on a broad range of
substrates, each has a preference for specific types of reactions or substrates
(48).
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Figure 3. Structure of SGNH domain thioesterase I/protease
I/lysophospholipase L1 (TAP1) from E. coli (PDB ID 1U8U, (90)), with
catalytic and oxyanion hole residues highlighted.

SGNH hydrolases are often involved in bacterial virulence (46) and a common
function is the addition or removal of acetyl groups from bacterial
polysaccharides for example, alginate, peptidoglycan and LPS. This can aid the
bacteria in avoidance of the host immune system: O-acetylation of alginate
prevents clearance of biofilms (49), O-acetylation of peptidoglycan avoids
degradation by lysozyme (50) and O-acetylation of LPS increases the diversity
of the O-antigen (28).

1.4.2. Structure

The general structure of SGNH hydrolases is an a/f/a fold consisting of 4-5
parallel B-strands surrounded by 7-11 a-helices (46,51) (Figure 3). This core of
B-sheets and a-helices is very rigid, acting as a scaffold for the substrate
binding pocket (52). In contrast, the substrate binding pocket is highly flexible
which enables the enzyme to process diverse substrates and reactions (46,52).
While this structure is highly conserved between SGNH hydrolases, very low
sequence identity is seen (48). However, four blocks of conserved sequences
containing residues important for catalysis have been found: block | = GDS,
block Il = G, block Ill = GXND and block V = DxxH (where x is any amino acid)

(53) (Figure 3). These blocks of sequence contain the catalytic residues: block |
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Ser and block V Asp and His; and residues involved in forming an oxyanion
hole: block | Ser, block Il Gly and block Il Asn (54). Block 111 Gly and Asp form a
hydrogen bond which holds the oxyanion hole Asn in the correct orientation
(54). Multiple studies have been carried out to examine the effects of mutating
these conserved residues: mutation of block | Ser to either Ala or Cys results in
no activity, similarly mutation of block V His to Ala or Phe shows no activity
(51,55). In addition, mutation of block Il Asn or Asp results in less than 1%
activity compared to the wild type enzyme (51). Mutation in residues
surrounding the catalytic residues also reduces catalytic activity and it is
proposed these residues are important for positioning of the catalytic residues
or involved in substrate binding (51).

1.4.3. Mechanism

Mechanisms have been proposed for reactions carried out by SGNHs°!
hydrolases, with many studies focussing on the de-acetylation reaction.
However, Moynihan et al. (2014) suggested the mechanism described below for
the acetylation of peptidoglycan by PatB (Figure 4) (56) and it is assumed that
SGNHAT3 domains react similarly. It has been suggested that when no substrate
is bound, the side chain of block | Ser points towards the oxyanion hole and is
hydrogen bonded to the carbonyl of block Il Gly (46). As the acetate binds,
either attached to CoA (50) or the acyltransferase domain (56), this displaces
the Ser which aligns with the block V His. A salt bridge, formed between block V
His and Asp, allows the imidazolium ring to remove a proton from block | Ser
(Figure 4) making this residue highly nucleophilic and ready for catalysis (46).
The acetate group is attacked by the nucleophilic Ser forming a negatively
charged transition state complex which collapses to form an acetyl-enzyme-
intermediate (Figure 4) (56). The acetyl-donor is released and, in the case of
Salmonella ser. Paratyphi A, the C2-OH of rhamnose from the LPS enters the
active site (Figure 4). The His imidazolium ring removes the protein from the
C2-0, enabling it to attack the acetyl-enzyme-intermediate (56). Again, a
negatively charged transition state is formed and stabilised by the oxyanion
hole, formed from block | Ser, block Il Gly and block Il Asn (Figure 4) (54,57).
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The product is released and the catalytic residues return to their original

positions.
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Figure 4. Proposed reaction mechanism for SGNHisol domains, acetyl
group is delivered by acetyl Co-A and is added to the C2-OH position of
rhamnose, as for the O-acetylation of the LPS from Salmonella ser.
Paratyphi A. Catalytic residues are shown in red, and oxyanion hole residues
in blue. The C2-OH group where the acetate group is added is shown in
green. Adapted from Moynihan et al. (2014) (56).

1.5. Acyltransferase-SGNH domains

1.5.1. Structure, function and mechanism

Acyltransferase-SGNH proteins (AT3-SGNH) are formed of two domains: an
acyltransferase family Il domain consisting of 11 transmembrane helices and
an attached C-terminal periplasmic SGNH domain (38,58) (Figure 2). This
combination of acyltransferase and SGNH domain are known to acetylate either
peptidoglycan or LPS, both of which aid bacteria in avoiding the host immune
system (31,58-60). O-acetylation of MurNAc in peptidoglycan by OatA, an AT3-
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SGNH, provides resistance to lysozyme (58). Similarly, O-acetylation of LPS
contributes to phage avoidance, immune evasion and is also involved in many
other host-bacteria interactions (27,31,60). In particular, it has been shown that
O-acetylation of LPS is important in vaccine preparation. Mice vaccinated with
polysaccharide containing O-acetyl groups showed a significant increase in
immune response compared to polysaccharide where the O-acetyl groups had
been removed (42). Many phage, for example, P22, use the LPS as a receptor
to gain access to the bacteria and then cleave the LPS to prevent phage
superinfection. O-acetylation of the LPS prevents adsorption of phage P22 to

the LPS and therefore prevents infection (33).

SGNHAT2 domains are required for function (33) which suggests that AT3-
SGNH proteins are able to perform additional functions or act via a different
mechanism to that seen in AT3s% (33). A similar system involved in
peptidoglycan O-acetylation, consisting of an AT3's° protein (PatA) and
SGNHs° domain (PatB) (not attached), has been used to predict the
mechanism of AT3-SGNH proteins. PatA transports acetate (assumed to be
cleaved from acetyl co-A) across the cytoplasmic membrane where PatB,
present in the periplasm removes the acetate from PatA and attaches it to the
peptidoglycan (61). It was initially thought that PatB was removing acetyl groups
from peptidoglycan but experiments have been carried out showing PatB is
involved in the addition of acetyl groups (61). Therefore, it is thought that PatA
and PatB have the same mode of action as AT3-SGNH domains: the
acyltransferase acts as a translocase to transport acetate, from acetyl-coA, into
the periplasm where the SGNH domain attaches it to the polysaccharide (50). In
the case of acyltransferase proteins, no SGNH*° domain genes have been
found to suggest an arrangement similar to that seen for the PatA and PatB
system. Therefore, it is assumed that AT3's° proteins perform both the
translocation of the acetate and the O-acetylation reaction (36). Arginine
residues, present in the cytoplasmic loops of AT3s° proteins, are known to be
important in catalysis in both AT3's° proteins (36) and AT3-SGNH proteins (33)
and these residues are potentially involved in recognition of the acetate
substrate. In acyltransferase proteins, periplasmic loops are thought to be
required for the O-acetylation reaction, however, as so little is known about this

mechanism and any key residues involved, it is not possible to compare
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differences between AT3s° and AT3-SGNH proteins. It seems likely that key
periplasmic residues are missing in the acyltransferase domain of AT3-SGNH
proteins which necessitate the additional SGNH domain.

1.5.2. Lot3 from N. meningitidis

O-acetylation of the LPS from N. meningitidis serogroup A has been shown to
be vital for an immune response (42). Vaccination of mice with polysaccharide
from N. meningitidis with and without O-acetyl groups showed an increased
immune response when O-acetylated (42). Inactivation of lot3, a gene identified
as an AT3-SGNH protein (27), resulted in a loss of O-acetylation of L9 LPS at
the C3 position of the terminal GIcNAc in N. meningitidis serogroup A (27).
Experiments carried out on a similar AT3-SGNH in N. meningitidis serogroup B
showed that O-acetylation of the terminal GIcNAc prevents addition of
phosphoethanolamine (PEA) which, when attached to LPS, is used for
recognition by the host immune system for complement mediated killing (27).
As O-acetylation of GIcNAc prevents addition of (PEA) this increases resistance
of N. meningitidis to complement mediated killing (27). Whilst a similar AT3-
SGNH protein is present in N. meningitidis serogroup A, it is unknown if it plays

a similar role in resisting complement mediated killing.

1.5.3. GtrC family Il from Salmonella ser. Paratyphi A

Modifications, addition of an acetyl or glucose molecule, to the O-antigen of
Salmonella can alter the serotype and facilitate immune evasion. The
Salmonella enterica subs. enterica bacteria contain multiple glucosyl
transferase gene clusters comprising of three genes: gtrA, B and C which are
involved in transporting and transferring glucose to the LPS. GtrAis a
bactoprenol-linked glucosyl translocase which transports glucose across the
cytoplasmic membrane; GtrB is a bactoprenol glucosyltransferase which

transfers glucose from the uracil-di-phosphate (UDP) carrier to bactroprenol;
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and GtrC is a glycosyl transferase which transfers glucose from the UDP carrier
to the receptor molecule (in this case LPS) (60). GtrC proteins determine the
attachment residue and type of linkage and are, therefore, specific for each
gene cluster (60). Davies et al. (2013) separated the GtrC genes into 10 distinct
families based on the sequence similarity, with the assumption that within each
family all gene clusters performed the same function. For example, all GtrC
family 11l proteins add glucose (via a 1- linkage) to the galactose residue in the
repeating unit of the O-antigen (31).

gtrC family 1l contains gene clusters from different Salmonella serovars: Typhi,
Typhimurium, Gallinarum, Enteriditis and Dublin. The family 1l gene cluster
shows many differences from other gtr gene clusters which suggests that they
may not be involved in sugar transfer. A premature stop codon in gtrA and a
truncation to gtrB from Salmonella ser. Typhimurium implies these are not
required for the function of gtrC. In addition, Kintz et al. (2015) showed that the
GtrC protein does not need GtrA or B to function and continues to operate when
both have been removed (33). Similarly, sequence analysis showed GtrC family
Il proteins display similarity to OafA, an AT3-SGNH protein, and the arginine
motif shown to be important for these proteins is present (33). This suggests
that GtrC family Il proteins are, in fact, acyltransferase family Il proteins and
sequence analysis reveals a C-terminal SGNH domain which is required for
function (33). It has since been shown that GtrC family 1l from Salmonella ser.
Typhi O-acetylates the rhamnose residue of the O-antigen at the C2 position
and 99% sequence identity to the GtrC family Il protein from Salmonella ser.

Paratyphi A suggests that it also performs the same function (62).

1.6. Protein expression

E. coli is commonly used as an expression system to produce recombinant
proteins for purification as it has been modified and optimised to produce high
yields of the protein of interest. The gene of interest is cloned into an expression
plasmid containing an inducible promoter, which is then transformed into E. coli.
Addition of the inducer stimulates E. coli to transcribe and translate the gene of
interest producing large quantities of the protein of interest which can then be
purified.
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However, while this process often produces large quantities of protein, the
protein produced is not always soluble and forms aggregates or inclusion
bodies, both of which are unwanted. If this is the case, many steps of the
expression or purification process have to be modified and optimised to produce
soluble protein. For example, the protein can be targeted for expression in the
cytoplasm or periplasm; and modified E. coli strains have different optimised

properties which may also enhance soluble expression.

1.6.1. Periplasmic vs. cytoplasmic expression

Protein expression would normally take place in the cytoplasm as this is the
location of the protein production machinery. However, many SGNHAT? proteins
contain pairs of cysteine residues predicted to form disulfide bonds, and
therefore alternative expression routes must be considered. The cytoplasm is a
reducing environment, maintained by thioredoxin and glutaredoxin systems,
which prevents disulfide bonds from forming. Many proteins require disulfide
bonds for stability, therefore, expression of these proteins in the cytoplasm,
often results in the formation of insoluble protein aggregates, or inclusion
bodies. Production of the protein in the periplasm, a non-reducing environment,
enables disulfide bonds to form, leading to a, potentially, more stable protein.
Addition of a PelB leader sequence to the start of the protein sequence targets
the protein of interest to the periplasm via the Sec translocon (63), enabling the
protein to fold correctly. While cytoplasmic expression is more commonly used,
periplasmic is often more effective when the protein contains disulfide bonds or

other post-translational modifications (64).

1.6.2. Strains

BL21 DE3 cells are the standard E. coli strain used for expression, however,
due to the individual protein properties, not all proteins express well in these
cells. Therefore, derivatives of this strain with enhanced properties have been

generated which can be used to improve protein solubility.
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Thioredoxin and glutaredoxin systems reduce any disulfide bonds which form in
cytoplasmic proteins (65). Origami cells, derivatives of BL21 DE3 E. coli, have
mutations in proteins involved in these systems — thioredoxin reductase and
glutathione reductase — resulting in an oxidising cytoplasm enabling disulfide
bond formation (66). Expression of disulfide bond containing proteins in Origami
cells may aid protein folding and prevent aggregation or inclusion body

formation.

pLysS cells are modified to improve control of induction; basal protein
expression is inhibited by production of lysozyme which binds to RNA
polymerase before protein expression is induced (67). This strain is often used
where the protein of interest is toxic to E. coli to enable sufficient growth before

protein expression is induced.

Codon bias, due to a difference in the codons used in foreign DNA compared to
E. coli can lead to insertion of incorrect amino acids, or a premature truncation
of the mRNA during production (67). Rosetta cells contain tRNAs for low
frequency codons not usually found in E. coli. Therefore the use of Rosetta can
avoid the insertion of incorrect amino acids potentially preventing the production

of insoluble proteins.

Expression in the periplasm requires proteins to be targeted via the Sec
translocon (68). Overexpression of periplasmic proteins can saturate the Sec-
translocon leading to protein misfolding, aggregation and the formation of
inclusion bodies (63). Lemo21 cells contain an additional promoter controlled by
titration of rhamnose, this decreases the amount of protein produced which
prevents the Sec-translocon from being overwhelmed (63). This strain has been

shown to increase the yield of soluble periplasmic protein (63).

1.6.3. Lysis methods

Extraction of the expressed protein from the cells is another step which can be
modified to increase soluble protein yields. BugBuster chemical lysis method

uses detergents to disrupt the bacterial cell membrane (69), whilst this method
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is most commonly used for small volumes, the chemicals used have the
potential to cause aggregation of the protein. Alternatively, sonication uses
ultrasonic vibrations to create shear forces which break down the cell
membrane (69), and a range of reagents can be added to the buffer to aid
protein solubility. Both chemical lysis and sonication are effective protein
extraction methods. However, if insoluble protein has been produced, this is a
step which can be modified to increase solubility.

1.6.4. Inducer concentration

Isopropyl B-D-1-thiogalactopyranoside (IPTG) is commonly used to induce
expression of the protein of interest. However, the concentration of IPTG needs
to be balanced so as to express high levels of protein without reducing cell
growth. In addition, decreasing the concentration of IPTG used to induce protein
expression has been shown to increase the solubility of proteins (70) and
reduce the formation of inclusion bodies (71). Therefore, the concentration of

inducer can be manipulated to increase solubility of the protein of interest.

1.6.5. Solubility tags

Solubility tags are proteins which fold extremely well and can be attached to
insoluble proteins to increase their solubility. Maltose binding protein (MBP), in
particular, is a very effective solubility tag and can also promote correct folding
of the attached protein (72). It has been proposed that a large hydrophobic
patch on the surface of MBP interacts with exposed hydrophobic residues on
the attached protein (73). Weak binding and release interactions between the
hydrophobic surfaces of both proteins can help to increase correct folding of the
attached protein (73). Positioning of a cleavage site between the solubility tag
and the protein of interest allows the tag to be cleaved during purification.

The use of E. coli as an expression system for production of recombinant

proteins is invaluable for producing large quantities of protein. However, there
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are multiple methods used to modify this process when the protein is forming

insoluble aggregates or inclusion bodies.

1.7. Project Aims

O-acetylation by Lot3 from N. meningitidis has been demonstrated to be
important in inducing an immune response and may also play a vital role in
resistance to complement mediated killing (27). O-acetylation of the O-antigen
of Salmonella ser. Paratyphi A by GtrC family Il has also been shown to be
important in immune evasion. In addition, O-acetylation of the LPS has been
shown to be essential in vaccination against both Salmonella ser. Paratyphi A
and N. meningitidis (7,42). Therefore, a more thorough understanding of these
proteins is vital, in particular, what differentiates the AT3-SGNH proteins

mentioned here from AT3s° or SGNHs® proteins.

This research aims to examine structural and mechanistic differences between
SGNHAT3 and SGNH's° proteins. Initially, the project analyses the sequences of
AT3-SGNH proteins to explore any differences, specifically of residues
important for catalysis. The project then goes on to express and purify the
SGNH domains and region linking the domains from two AT3-SGNH proteins:
Lot3 from N. meningitidis and GtrC family Il from Salmonella ser. Paratyphi A.
This is followed by biophysical analysis and structure determination.

Sequence analysis and in silico structure modelling showed key residues,
known to be important for catalysis, to be absent from SGNHAT domains.
Purification of the SGNH domain from Lot3 was unsuccessful; however,
expression, purification and crystallisation of GtrC resulted in a high resolution
structure. While the structures of many SGNHs°' domains can be found in the
Protein Data Bank (PDB), none are attached to acyltransferases. This is the first
structure of an SGNHAT? protein and many structural differences have been

observed.
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2.1. Materials
2.1.1. Bacterial strains

E. coli strains used for cloning and expression are shown in Table 1. The
expression strains each have specific functions used for tuning expression of
the protein of interest and these are also shown in Table 1 with more details

found in section 1.6.2.

Table 1. Strains used for cloning and expression of the SGNH gene

Strain Use Application
BL21 DE3 Expression Tuned for high levels of protein expression
Lemo2l Expression Slowed expression levels for production of

periplasmic proteins
Origami Expression Non-reducing cytoplasm for expression of
proteins containing disulfide bonds
pLysSS Expression Prevents expression prior to induction
Rosetta Expression Additional tRNAs for proteins containing
foreign codons

XL1 blue Cloning Tuned for cloning of genetic material

2.1.2. Bacterial growth media

Bacterial growth media are described in Table 2. Antibiotics were added to the
media dependent on the cell line and vectors used, at the concentrations stated
in Table 3. Antibiotics were added only to the liquid media (and not solid media)

unless stated otherwise.
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Table 2. Bacterial growth media used for expression and cloning

Media Components

Lysogeny broth (LB) 5 mg/mL yeast extract, 10 mg/mL tryptone, 10 mg/mL

liguid media NacCl, autoclaved before use

LB agar 5 mg/mL yeast extract, 10 mg/mL tryptone, 10 mg/mL
NaCl, 15 mg/mL agar, autoclaved before use

Super Optimal broth 2% tryptone, 0.5% yeast extract, 10 mM sodium

with Catabolite chloride, 2.5 mM potassium chloride, 10 mM

repression (SOC) magnesium chloride, 10 mM magnesium sulfate

media 20 pL/mL 0.2 ym filtered 20% glucose added after
autoclaving

Table 3. Antibiotics added to media dependent on vector or cell line used,
concentrations stated are final concentrations used for selection in bacterial
media.

Cell line Antibiotic Resistance Cassette Concentration
XL1 blue None
BL21 DE3 None
pLysS Chloramphenicol 30 pug/mL
Rosetta Chloramphenicol 30 pug/mL
Origami Streptomycin 100 pg/mL
Tetracycline 10 pg/mL
Lemo21 Chloramphenicol 30 pg/mL

(added to solid and liquid media)

Vectors Antibiotic Resistance Cassette Concentration
pETFPP_30 Ampicillin 100 pg/mL
(added to solid and liquid media)

PpETFPP_1/2/4 Kanamycin 50 pg/mL

(added to solid a liquid media)

Page 29 of 102



Chapter 2. Materials and Methods
2.1.3. Plasmid vectors

Vectors were used to transport the desired gene sequences into the cells,
multiple vectors were used with different functions — to target or tag the gene of

interest to enhance expression levels (Table 4).

Table 4. Vectors used for protein expression

Vector Targeting of Additional function
construct protein of
interest
pETFPP_30 Periplasm PelB leader sequence for targeting
proteins to periplasm and C-terminal His-
tag
PETFPP_1 Cytoplasm N-terminal His-tag
pPETFPP_2 Cytoplasm N-terminal His-tag and MBP solubility tag
PETFPP_4 Cytoplasm N-terminal His-tag and immunity protein 9

(IM9) solubility tag

pPETFPP_30 provided by Caroline Pearson
pETFPP1/2/4 from University of York Bioscience Technology Facility as

linearised constructs

2.1.3.1. Gene sequences

Genes of each SGNHAT3 domain were ordered from Genewiz in pUC57-Kan
vector with the gene sequence codon optimised for E. coli. Lyophilised vectors
were reconstituted in double distilled water (ddH20) to a concentration of 100

ng/uL.

2.3.1.1. Primers

The primers used to amplify vectors and DNA sequences are shown in Table 5.
Primers for infusion reactions (section 2.3.3) were designed so that one end
was complementary to the beginning or end of the SGNH gene and the other
end complementary to the linearised vector (Figure 5) to enable insertion of the
SGNH gene.
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Primers were ordered from Eurofins genomics and reconstituted with ddH20 to

a concentration of 100 uM.

Forward primer

15bp of vector — 17bp SGNH gene

GGCCGCTACCGGTAC
.. ITGCCCAGCCGGCGATGGCCATG

SGNH gene

SGNH gene

Forward primer__

Vector

SGNH gene

CTCGA
GAGCTCCAAGACAAG

18bp SGNH gene — 15bp of vector

. N
Reverse primer

Reverse primer

Figure 5. Design of primers for in-fusion of SGNH gene into linearised vector

Table 5. Primers used for genetic manipulation

Primer

Linearisation of pETFPP_30

vector

Amplification of SPA-GtrC-
SGNH gene with ends
complementary to
pPpETFPP_30 linear vector

Amplification of NM-Lot3-
SGNH gene with ends
complementary to
pPpETFPP_30 linear vector

Amplification of SPA-GtrC-
SGNH gene with ends

Forward

5 GCC GCA CTC
GAG GTTCTG TTC
37

5" CCG GCG ATG
GCC ATG AAA AGC
GCC GGT GAATAC

37

5 CCG GCGATG
GCC ATG CGT GGC
ATT CTG AAA CAG

37

5 TCC AGG GAC
CAG CAA TGA AAA

Reverse
complement
5" CAT GGC CAT
CGCCGGCTG &

5’AAC CTC GAG
TGC GGCTTT
AAT GAT TTT ATT
GCCAATCITG ¥

5’AAC CTC GAG
TGC GGC TTT
CAG CAG GCG
TTCGIG 3

5" TGA GGA GAA
GGC GCG TCA
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complementary to
PETFPP_1/2/4 linear vector

Amplification of NM-Lot3-
SGNH gene with ends
complementary to
PETFPP_1/2/4 linear vector

Amplification of SGNH genes

during colony PCR (all
vectors)

Sequencing of gene insert

(all vectors)

2.2. Bacterial culturing

2.2.1. Transformation

Chapter 2. Materials and Methods
AGC GCC GGT GAA TTT AATGATTTT
TAC 3’ ATT GCC AAT CTT
G3%

5" TCC AGG GAC 5" TGA GGA GAA
CAG CAATGC GTG GGC GCG TCA
GCATTC TGA AAC TTT CAG CAG

AG 3 GCGTTCGTG &

5-TAA TAC GAC 5-GCT AGT TAT
TCA CTATAG GG-3' TGC TCA GCG G-
(T7 promoter) 3
(T7 terminator)
5-GCT AGT TAT
TGC TCA GCG G-
3

(T7 terminator)

For vector purification: 1 pL vector (Table 4) and 20 pyL XL1 blue super-

competant cells (Agilent) were used. For protein expression: 0.5 yL vector and

50 uL cells (labelled expression in Table 1) were used.

A suitable vector was mixed with cells and incubated on ice for 30 minutes

before heating at 42°C for 45 seconds to stimulate the bacteria to take in the

vector, then incubating on ice for a further 10 minutes. 120 yL SOC media

(Table 2) was added 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) plates

containing the required antibiotics (Table 3) and incubated at 37°C for 20 hours.

2.2.2. Liquid culturing

Cultures of bacteria were grown in LB liquid media (Table 2) for expression of

vector or SGNH domain protein. A single transformed bacterial colony was
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picked from an LB agar plate; used to inoculate liquid LB media containing the
required antibiotics, and incubated at 37°C, with shaking at 200 rpm for 20

hours.

2.3. Genetic manipulation and purification

2.3.1.Polymerase Chain Reaction (PCR)

PCR was used to linearise the vectors and to amplify the SGNH genes;
composition of PCR reaction mix is shown in Table 6. The PCR cycle shown in
Table 7 was used with a 3 minute extension time for linearising the vectors, and
30 seconds for SGNH gene amplification. Products were run on a 1% agarose
gel to ensure the correct size gene had been amplified prior to sequencing.

Dpnl restriction endonuclease was used to digest cellular DNA without digesting
the PCR product. 5.5 uL 10x Cutsmart buffer (New England Biolabs) and 10
units Dpnl enzyme (New England Biolabs) were added to 45 pL linearised
vector, before heating to 37°C for 1 hour, then to 80°C for a further 20 minutes.

Table 6. Components of PCR reaction mix used for amplification of genes
and linearisation of vector

Components Volume (uL)
5 ng/uL genelvector (as detailed in Table 5) 8

5x HiFi buffer (Insight Biotechnology) 20

HiFi polymerase (Insight Biotechnology) 2 units
10 mM dNTPs 2

5 uM forward primer (as detailed in Table 5) 10

5 UM reverse primer (as detailed in Table 5) 10
milliQ H20 49
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Table 7. PCR cycle for linearisation of pETFPP_30 vector and amplification of
the SGNH genes.

Step Temperature Time
1. Initial 95°C 2 minutes
denature
2. Denature 95°C 30 seconds
Anneal 60°C 30 seconds
. . Steps 2-4
Extension 72°C 3 minutes for vector
_ o repeated for
linearisation
30 cycles
30 seconds for gene
amplification
5. Final 72°C 5 minutes
extension
6. Hold 12°C o0

2.3.1.1. Colony PCR

Following transformation of the vector into XL1-blue E. coli, PCR was used to
screen for colonies containing the SGNH gene. Transformed E. coli colonies
were picked from the LB agar plate and mixed in the PCR mix (Table 8). The
PCR cycle shown in Table 9 was used and products run on an agarose gel.
Colonies which contained the inserted SGNH gene were grown in liquid culture
(section 2.2.2) to harvest the SGNH gene.

Table 8. Composition of PCR reaction mix used for colony PCR.

Components Volume per reaction (uL)
Tag green buffer (Thermoscientific) 1.5

Taq polymerase (Thermoscientific) 0.375 units

2 mM dNTPs 1.5

2 UM T7 promoter (sequence in Table 5) 0.75

2 UM T7 terminator (sequence in Table 5) 0.75

milliQ H20 10.4
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Table 9. Colony PCR cycle used to determine which E. coli colonies contained
the SGNH gene

Step Temperature Time
1. Initial denature 95°C 5 minutes
2. Denature 95°C 30 seconds Steps 2-4
3. Anneal 50°C 30 seconds repeated for 30
4, Extension 72°C 1 minute cycles
5. Final extension 72°C 5 minutes
6. Hold 12°C o0

2.3.2.DNA Purification

Purification of linearised vector:

To purify the linearised vector, Nucleospin gel and PCR clean up kit (Machery-
Nagel) was used and the PCR protocol followed as per the manufacturer’s
instructions, including an additional wash step as recommended in the protocol.

An elution volume of 30 L elution buffer was used.

Purification of DNA from agarose gel:

The desired band of DNA was cut from the agarose gel and purified using
Nucleospin gel and PCR clean up kit (Machery-Nagel), following the DNA
extraction from agarose gel protocol as per the manufacturer’s instructions,
including an additional wash step as recommended. An elution volume of 30 yL
elution buffer was used, using elution buffer that had been pre-warmed to 50°C.

Purification of plasmid from bacteria:

To purify the plasmid, a single colony containing the plasmid was grown in liquid
culture (Section 2.2.2). The liquid cultures were centrifuged at 5000 x g, 4°C for
10 minutes and the supernatant discarded. A Nucleospin plasmid DNA
purification kit (Machery-Nagel) was used to purify the plasmid with the protocol
carried out as per manufacturer’s instructions. The following modifications were
used, as suggested in the protocol, to increase the yield and purity of the
plasmid: an additional wash step was included and the elution buffer was

heated to 50°C before adding to the column. The elution buffer was incubated
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on the column at 50°C for 5 minutes before elution, and an elution volume of 30

ML elution buffer was used.

2.3.3.In-fusion reaction

To insert the SGNH gene into the linearised vector an in-fusion reaction was
carried out. The SGNH gene to be inserted and linearised vector were added to
an infusion enzyme premix (Clontech) before incubation at 37°C for 15 minutes
followed by incubation at 50°C for 15 minutes. TE (10 mM Tris and 1 mM
ethylenediaminetetraacetic acid (EDTA), pH 8) buffer was added to the infusion

mix to dilute the reaction before transformation into E. coli (section 2.2.1).

2.3.4.DNA analysis

2.3.4.1. Agarose gel electrophoresis

Agarose gels were used for both purification of DNA (preparative) and to ensure
a DNA product of the correct size was present (analytical). For both, an agarose
gel was prepared by addition of 1% agarose to TBE buffer (89 mM Tris, 89 mM
Boric acid, 2 mM EDTA) and heating 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 (New England BioLabs) was added to DNA samples before
running on the gel at 100 V for 1 hour with a 2 log DNA ladder (New England
Biolabs). Gels were imaged using a bio-imager (Syngene) using the
transilluminator to display DNA bands. For preparative agarose gels, the DNA

bands were cut out and purified (section 2.3.2).

Following colony PCR (section 2.3.1.1), an agarose gel was prepared as above,
however, no loading dye was added to the samples and the gel run for 30

minutes. Gels were imaged as above.

2.3.4.2. DNA concentration determination

The concentration of purified DNA was determined post purification by
measuring Azso using Nanodrop 1000 (ThermoScientific), A2s0/A2g0 and A230/Az260
values were measured to assess purity: values greater than 1.8 were

considered sufficiently pure.
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2.3.4.3. Sequencing

DNA was sequenced to ensure the correct gene had been inserted into the
vector. Purified vector with the SGNH domain gene inserted was sent to
Eurofins genomics for sequencing, T7 terminator was used as the sequencing

primer (Table 5).

2.4. Protein expression

2.4.1.Expression trials

A liquid culture was prepared (section 2.2.2) containing E. coli transformed with
the SGNH gene in a vector. Expression cultures were prepared by diluting the
liquid culture to an optical density at 600 nm (ODeoo) of 0.1 with LB liquid media
containing a suitable concentration of antibiotics. These cultures were grown at
37°C, with shaking at 200 rpm until the ODsoo reached 0.6, when 0.1 mM IPTG
(unless otherwise stated) was added to induce protein expression. Cultures
were incubated at different temperatures (20°C, 30°C or 37°C) for different
incubation times (1, 2, 4 or 20 hours) as stated in individual experiments. At
each time point, 1 mL culture was removed, and the ODesoo measured before
centrifuging at 10,000 x g for 5 minutes and discarding the supernatant.

In expression trials with Lemo21 cells, various concentrations of rhamnose (0
MM, 50 uM, 100 uM, 250 pM, 500 pM, 750 uM, 1 mM or 2 mM) were added to
LB liquid media in the expression culture and the experiment conducted as

stated for other expression trials.

2.4.2.Large scale expression

As for expression trials, liquid cultures were prepared using bacterial
transformants. 20 mL liquid culture was added to 1 L LB media in baffled flasks
containing the relevant antibiotics. The cultures were incubated at 37°C, shaken
at 200 rpm until the ODeoo reached 0.6 before induction with IPTG. After
induction, cultures were incubated for 20 hours at 20°C before being centrifuged

at 5000 x g for 20 minutes. The supernatant was discarded.
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As for expression trials, a 1 mL sample was removed at the point of induction
with IPTG and after incubation for 20 hours at 20°C. The ODesoo was measured
before centrifuging at 10,000 x g for 5 minutes and discarding the supernatant.

2.4.3.Cell lysis
2.4.3.1. Chemical lysis

Table 10. Composition of resuspension buffer used for chemical lysis

Buffer Composition

Resuspension buffer 50 mM phosphate buffer (pH 7.5), 200 mM NaCl,
10% glycerol, 5 mM Dithiothreitol (DTT), 100 pL/mL
BugBuster (10 x protein extraction reagent, Millipore
Novagen), 1 uL/mL DNase | (100 mg/mL stock
solution), 1 yL/mL protease inhibitor

Protease inhibitor 1.6 ng/mL Benzamidine HCI, 1 mg/mL pepstatin, 1

(1000 x stock mg/mL leupeptin, 1 mg/mL aprotinin)

solution)

Samples taken during expression trials were resuspended in 50 yL per ODsoo
per mL of resuspension buffer containing a chemical lysis solution (BugBuster)
to lyse the bacterial cells (Table 10). Cells were mixed thoroughly to resuspend

and ensure all cells were lysed.

2.4.3.2. Sonication

The cell pellets produced from large scale expression cultures were
resuspended in binding buffer (Table 11) with DNase | and protease inhibitor
(Table 10). The resuspended pellet was sonicated for 3 minutes, power 7 to
lyse the cells before centrifuging at 30,000 x g for 45 minutes. During
sonication, the resuspended pellet was cooled in an ice-water bath. The

supernatant was collected and purified.

For expression trials, samples were resuspended in resuspension buffer (Table

10) before sonicating with a microtip for a total of 20 seconds on low power.
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2.4.3.3. Sample preparation for sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS PAGE)
After cell lysis, a sample of the resuspended pellet was removed (‘total’ fraction)
before the remaining samples were centrifuged for 10 minutes at 17,000 x g
and a second sample removed from the supernatant (‘soluble’ fraction). Both

the ‘total’ and ‘soluble’ fractions were run on an SDS PAGE gel.

2.5. Protein purification

2.5.1.Protein purification buffers

Table 11. Buffers used for protein purification of SPA-SGNH

Buffer Composition

Binding buffer 20 mM TrisHCI pH 7.5, 500 mM NaCl, 20 mM
imidazole (filtered and degassed)

Elution buffer 20 mM TrisHCI pH 7.5, 500 mM NacCl, 250 mM
imidazole (filtered and degassed)

Dialysis buffer 20 mM TrisHCI pH 7.5, 100 mM NaCl, 20 mM
imidazole, 0.5 mM DTT

Size exclusion 20 mM Tris pH 7.5, 100 mM NacCl (filtered and

buffer degassed)

2.5.2.Nickel affinity purification

An Akta prime (GE healthcare) was used for all nickel affinity purifications. A
His-trap column (GE healthcare) was equilibrated with binding buffer (Table
11), 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 11) was flowed over the
column, increasing the percentage of elution buffer over 10 column volumes
until it reached 100%. Eluted fractions were collected and analysed by SDS
PAGE (section 2.4.3.3).

Fractions containing protein of the expected molecular weight were pooled and

1mg 3C protease added for every 50 mg sample protein to cleave the His-tag.
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The protein mixed with 3C protease was added to the dialysis membrane (5
kDa Molecular Weight Cut Off (MWCO)), the protein was dialysed into dialysis
buffer (Table 11) at 4°C for 20 hours.

As previously, the His-trap column was equilibrated with binding buffer, before
the dialysed protein was flowed through the column, the flow through was
collected and fractions run on an SDS PAGE gel. Elution buffer was flowed

through the column to elute the bound His-tag.

2.5.3.Size exclusion purification

An Akta purifier (GE healthcare) was used for all size exclusion purification.
After nickel affinity purification, the fractions containing the SGNH protein were
pooled and concentrated in centrifugal filters (5 kDa MWCO, Millipore) until the

final volume was less than 2 mL.

A Superdex 75 column (16/600, column volume 120 mL (GE healthcare)) was
equilibrated with size exclusion buffer (Table 11), the protein sample injected,
and eluted isocratically. The 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 and concentrated.
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2.6. Protein analysis
2.6.1.SDS PAGE

Table 12. Buffers used for analysis of proteins

Buffer Components
Sample buffer 4 x stock: 12 g glycerol, 3 mL H20, 10 mL 10% SDS, 1
mL 1 M Tris HCI pH 7.2, 0.06 g Bromophenol blue

Loading dye 750 L 4 x sample buffer, 250 uL 1M DTT
SDS PAGE 9.8 mL 30% acrylamide/bisacrylamide, 5 mL 1.5 M Tris
resolving gel (pH 8.8), 5 uL H20, 200 pL 10% sodium dodecyl sulfate

(SDS), 200 pL 10% ammonium persulfate (APS), 20 uL
tetramethylethanediamine (TEMED)
SDS PAGE 1.3 mL 30% acrylamide/bisacrylamide, 2.5 mL 0.5M Tris
stacking gel (pH 6.8), 100 puL 10% SDS, 6.1 mL H20, 100 yL 10%
APS, 10 yL TEMED
Running buffer 30 g/L Tris (pH 8.0), 140 g/L glycine, 10 g/L SDS
Coomassie stain  45% ethanol, 10% ethanoic acid, 2.5 g Brilliant Blue R

Destain 10% ethanol, 10% ethanoic acid

2.6.1.1. Coomassie gels

15% SDS PAGE gels were made by preparing the resolving gel (Table 12),
pouring it into a mould and allowing it to set before addition of the stacking gel
(Table 12). 4 x loading dye (Table 12) was added to each protein sample to
give a final dilution of 1 x loading dye. Samples were heated at 95°C for 2
minutes before loading into the gel. Precision plus protein all blue marker (Bio-
Rad) was loaded in one lane of each gel to enable an estimation of molecular
weight. Gels were run in running buffer (Table 12) at 200 V for 55-60 minutes
or until the dye front had run off the gel. Gels were removed from the mould and
stained with Coomassie stain (Table 12) for 30 minutes before washing and
adding destain (Table 12) for 1-2 hours or until clear. Gels were imaged using a

bio-imager (Syngene) using white light to view the protein bands.
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2.6.2.Circular dichroism (CD)

Sample preparation:

The protein sample, as purified by size exclusion chromatography, was diluted
in 20 mM Tris to give a final protein concentration of 0.2 mg/mL. A buffer
sample was prepared in the same way, by diluting size exclusion buffer (Table
11) with 20 mM Tris.

To generate spectra under reducing conditions, Tris (2-CarboxyEthyl)
Phosphine (TCEP) was used as a reducing agent. A stock solution of 100 mM
TCEP was made and diluted to give the desired concentration in 20 mM Tris.
This was then used to dilute the protein concentration and produce a suitable

buffer to use as a baseline.

Single spectra analysis:

A Jasco J810 was used for all circular dichroism experiments. The molar
ellipticity was measured at 20°C with a wavelength scanning from 185 nm to
260 nm at a speed of 200 nm/minute, sensitivity of 100 mdeg, data pitch 0.5

nm, bandwidth 2 nm to produce circular dichroism spectra.

Temperature scan:

As for single spectrum analysis, circular dichroism spectra were measured over
a wavelength scanning from 185 nm to 260 nm with the same parameters
described above. A spectrum was recorded every 5°C with a ramp rate of 2°C
per minute, 5 minutes equilibration time was allowed between reaching the

desired temperature and reading the spectra.

Data analysis:

Photomultiplier tube (HT) voltage was also measured to give an indication of the
reliability of the data, where the HT value was greater than 600, the data was
discarded. Spectra of buffer and protein sample were both recorded and data
points were plotted as protein spectra minus buffer spectrum. Where a

temperature scan was performed, the buffer spectrum was generated at 20°C
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and this data was subtracted from the protein spectra recorded at each
temperature (as is standard).

CD values for each temperature at 222 nm were plotted to generate a melting
curve and determine the temperature of unfolding.

CDNN (74) was used to predict the percentage of a-helices and -sheets in the
structure, only data from the reliable region of the spectra (where HT < 600)

was used.

2.6.3.SEC-MALLS

SEC-MALLS was performed using a Shimadzu HPLC and Wyatt Dawn
HELEOS-II detector with laser wavelength set to 658 nm. 3 mg/mL and 1
mg/mL protein samples were prepared and loaded onto a Superdex 75 column
(GE healthcare) equilibrated with size exclusion buffer (Table 11). Size
exclusion buffer was used to elute the proteins over one column volume. A
sample of Bovine Serum Albumin (BSA) was used as a standard of known

molecular weight.

2.6.4.Mass spectrometry

Protein samples were dialysed (Millipore, 3.5 kDa MWCO) into 25 mM
ammonium acetate for 18 hours at 4°C. Mass spectrometry was performed by
the Metabolomics and Proteomics lab (Bioscience Technology Facility,
University of York). To determine if disulfide bonds were present in the protein,
the protein sample was divided in two, half was reduced and alkylated and the
other half just alkylated. Mass spectrometry was used to accurately determine
the molecular weight of each sample, and the mass difference used to calculate

the number of disulfide bonds in the protein.

2.6.5.X-ray crystallography

2.6.5.1. Crystal screens

Crystallisation conditions were screened using a Mosquito liquid handling robot
(TTP Labtech) to prepare 96 well sitting drop plates. Index (Hampton Research)
crystallisation screen and pH, anion, cation crystallisation trial (PACT)
(Molecular Dimensions) were used with two concentrations of protein — 20

mg/mL and 10 mg/mL. Each sitting drop contained 300 nL of both protein
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solution and reservoir and was equilibrated against 54 yL reservoir solution.

Crystal trays were examined regularly using a microscope and crystals imaged.

2.6.5.2. Crystal optimisation

Conditions from crystallisation screens which yielded crystals were further
optimised. 1 yL of both protein solution and reservoir were equilibrated against
1 mL reservoir solution in 24 well hanging drop plate. The buffers used for
crystal optimisation are shown in Table 13. As previously, crystals were

examined using a microscope and imaged.

Table 13. Buffers used for optimisation of crystals

Buffers Precipitant Salt

1 M BisTris pH 5.5 60% polyethylene glycol 4 M Ammonium sulfate
(PEG) 3350

1 M BisTris pH 6.5 1 M Lithium sulfate

1 M 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic
acid (HEPES) pH 7.5

1 M Tris pH 8.5

The components of each well were diluted to give a final concentration of 100
mM buffer, 25% precipitant and a range of salt concentrations: 0.2 M-1.7 M
ammonium sulfate and 0-0.3 M lithium sulfate. 10 mg/mL, 15 mg/mL and 20

mg/mL protein concentrations were used.

2.6.5.3. Crystal collection

Crystals were collected 2-3 days after preparing the crystal tray. A cryo-loop
was used to remove the crystal from the drop before flash freezing in liquid
nitrogen, 20% glycerol was used as a cryo-protectant. Crystal diffraction was
tested and those showing the highest resolution and least ice-rings were sent to
the Diamond Light Source synchrotron for diffraction. A full data set was
collected on beamline 104-1 with a wavelength of 0.928nm.

2.6.5.4. Data analysis and solving crystal structure
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Recorded images were scaled and merged using AIMLESS (75) with data taken
from 1.1-50 A resolution. The Laue group, space group and unit cell size were
determined. Matthew’s co-efficient was calculated using CCP4 (76) to
determine the number of protein units in an asymmetric unit, this information
was also used to calculate the solvent content. FRAGON (77,78), a molecular
replacement method was used to place one poly-alanine helix of 14 amino
acids in length. ARP-wARP (79) carried out 3 modelling cycles and 5 ARP-
RefMac cycles to model the protein structure around the helix placed by
FRAGON. Coot (80) was used to manually modify the protein structure build by
ARP/WARP and RefMac (81) used to refine the phases, 10 refinement cycles

were used with 0.2 x-ray data weight restraint.

2.7. In silico analysis

2.7.1.Sequence analysis

Protein sequences were taken from UniProt (available at

http://www.uniprot.org/).

InterPro (available at https://www.ebi.ac.uk/interpro/) was used to find the

domain structures of sequences and to find other proteins with the same

domain structures.

Clustal O was used to align amino acid sequences, BLOSUM62 matrix was
used with gap opening penalty of 10 and gap extension penalty of 0.1, Jalview
was used to view the alignments. Jalview was also used to retrieve sequences

from Uniprot for alignment.

When screening large numbers of protein sequences (greater than 200) for
simple motifs, 30f5 (available at http://www.dkfz.de/mga2/30f5/30f5.html (82))

was used to calculate the number of protein sequences containing a particular

motif.
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2.7.1.1. Generation of sample 100 sequences

For sequence analysis, a sample of 100 proteins each AT3-SGNH, AT3s° and

SGNHs° was used for alignment.

Interpro was used to search for the correct domain structure, SGNH° domain
and AT3s°' sequences were filtered so that no other domains (N- or C-terminal)
were included. A list was made of the Uniprot accession code for all sequences
with the desired domain structure and every x" sequence was taken to give 100
sequences (Table 14). Due to the large number of sequences of AT3-SGNH
domains from the same organism, these sequences were ordered
alphabetically by organism before selecting sequences to give a higher diversity

in the sample.

Table 14. Generation of 100 sample sequences for each domain structure,
the number of sequences found on interpro was refined to leave 100 sequences

Domain structure Sequence on Which sequences
interpro used
SGNH's°! 45,847 458t
AT3isol 36,860 368Hh
AT3-SGNH 1757 17th

2.7.1.2. Phylogenetic trees

Clustal X was used to draw phylogenetic trees based on bootstrapped
neighbour joining using a BLOSUM 62 matrix with gap opening penalty of 10
and gap extension penalty of 0.2. Dendroscope was used to view the

phylogenetic trees (83).

2.7.2.Structure analysis

PHYRE2 (available at
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cqi?id=index (84)) and SWISS-

MODEL (available at https://swissmodel.expasy.org/ (85-87)) were used to

generate predictions of the protein structure. The amino acid sequence was

inputted and known protein structures used as a template to produce a model.
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Known structures of SGNH domains were taken from the PDB (available at
http://www.rcsb.org/pdb/home/home.do (88)) to enable a comparison with the

modelled structures.

CCP4MG and Pymol were used to view protein structures.

2.7.2.1. Ligand docking

FTMap was used to model the docking of small molecules to the protein;

rhamnose, paratose, galactose, mannose and glucose were added manually to
the collection of small molecules use by FTMap to probe interactions (89).
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Chapter 3. In silico analysis

Acyltransferases with (AT3-SGNH) and without (AT3s°) an attached SGNH
domain appear to perform the same function. Therefore, it is unknown what role
the SGNHAT® domain plays in acylation. In silico analysis of the sequences and
structures of SGNHs® and SGNHAT® was carried out in an attempt to determine

any differences which could be important in determining the function.

3.1. Functional domain analysis

The amino acid sequences of Lot3 from N. meningitidis (abbreviated to NM-
Lot3) and GtrC family Il from Salmonella ser. Paratyphi A (abbreviated to SPA-
GtrC) were searched against the InterPro database for known families or
functional domains. Both NM-Lot3 and SPA-GtrC are predicted to contain an
acyltransferase family Il domain from residues 8-338 and residues 8-327,
respectively (Figure 6). In addition, SPA-GtrC is also predicted to contain an
SGNH domain from residue 416-639 (Figure 6A). It was expected that NM-Lot3
would also contain an SGNH domain and therefore further analysis was carried
out to determine if an SGNH domain was present. An acyltransferase protein
from Haemophilus influenzae showing high sequence homology with NM-Lot3
(Identity = 58%, similarity = 75%) (Appendix 1) was predicted to contain an
acyltransferase domain from residues 8-341 and an SGNH domain from
residues 384-607. Due to the high sequence homology between the protein
from H. influenzae and NM-Lot3, it was assumed that NM-Lot3 also contained
an SGNH domain with the same domain boundaries (residues 384-607) which
was not recognised by InterPro (Figure 6B). The region between the

acyltransferase and SGNH domains is labelled here as the ‘linker’ region.

TMHMM was used to predict the number of transmembrane helices present in
NM-Lot3 and SPA-GtrC (Figure 7). Both proteins contained 11 transmembrane
helices with the C-terminal SGNH domain located in the periplasm and the N-
terminus situated in the cytoplasm (Figure 6B). In both proteins, the 11t
transmembrane helix is not located within the acyltransferase domain but

instead occurs in the ‘linker’ region. This suggests that this helix may not be
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important for the function of the acyltransferase but instead important for
locating the SGNH domain in the periplasm. Similarly, both proteins contain a
long loop present in the periplasm, in NM-Lot3 this loop consists of 20 residues
between helices 1 and 2, whereas in SPA-GtrC this loop consists of 39 residues
between helices 3 and 4 (Figure 7C). Due to the length of this loop and its
location in the periplasm, this loop may interact with the SGNH domain.
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Figure 6. Annotated sequences of SPA-GtrC (A) and NM-Lot3 (B), arrow
above sequence = -sheet, coil above sequence = a-helix, brown bold font =
periplasmic region, green highlighting = acyltransferase domain, yellow
highlighting = SGNH domain, red triangle beneath sequence = catalytic residue,
green star (humbered) beneath sequence = cysteine potentially forming
disulfide bond, blue outline = region used for expression of SGNH domain.
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Figure 7. TMHMM plots showing probability of residues forming a

transmembrane helix (A) SPA-GtrC (B) NM-Lot3. (C) Diagram of SPA-
GtrC showing 11 transmembrane helices as predicted by the TMHMM

plots with the N-terminus in the cytoplasm and C-terminal SGNH domain in
the periplasm.
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3.2. Sequence analysis of conserved residues

As described in section 1.4, SGNH domains have four blocks of conserved
sequences: block | = GDS, block Il = G, block 11l = GXND and block V = DxxH
with block | Ser, block V Asp and His making up the catalytic triad. Sequence
alignments show that residues involved in catalysis in block | and V are
conserved in both SGNHs® and SGNHAT? (Figure 8). In contrast, residues in
block Il and Il are very poorly conserved in SGNHAT® and in many cases none
of the residues in the consensus sequence are present (Figure 8). 3of5 pattern
search (82) was used to screen large numbers of SGNHs®' and SGNHAT3

domain sequences (all proteins with correct domain structure on InterPro).

A

Salmonella Paratyphi_A-GtrC/1-640 419 NGKHNIFII[ehE{YAn
Neisseria_meningitidis-Lot3/1-622 400 HFPETVLTLEBEIHAG
Haemophilus_influenzae-NTHI0512/1-622 399 HYPAKVIILEMEHSS
Salmonella_ Typhimurium-OafA/1-609 401 MTEKSEFVVWEDEIHAA
Bacillus_subtilis-YrhL/1-634 480 DTAKEVLATI[(eplVMIL
Staphylococcus_aureus-0atA/1-603 442 TIKKSSPLLI[EBE VMV
Streptococcus_pneumoniae-0atA/1-605 427 GIADGTMLI[(epk{VATL
Lactococcus_lactis-0OatA/1-605 448 ASQMNVLALEDBEVMV
Lactobacillus_plantarum-OatA/1-660 500 MANTDLTAIEMEVLL
Lactobacillus_plantarum-OatB/1-615 443 EKAPGVSIIEEVTL
B A
Salmonella_Paratyphi_A-GtrC/1-640 495 LLTWSVRGTNGVHDK
Neisseria_meningitidis-Lot3/1-622 528 EEKLKRFAANQYLR.
Haemophilus_influenzae-NTHI0512/1-622 527 GYLLENYGLEKYLT.
Salmonella Typhimurium-QafA/1-609 482 PMRDYLPETIKFLKD
Bacillus_subtilis-¥rhL/1-634 535 KAVIIELGTNGYFT.
Staphylococcus_aureus-0atA/1-603 498 QKVVVELGTNGAFT.
Streptococcus_pneumoniae—-QatA/1-605 482 KTVVIATGVNNPENY
Lactococcus_lactis-0atA/1-605 503 DAYLIGLGTNGTIK.
Lactobacillus_plantarum—-QatA/1-660 555 HNVLLNIGTNGTIT.
Lactobacillus_plantarum-OatB/1-615 498 OQYVVICIGTNALDDY
Salmonella_Paratyphi_A-GtrC/1-640 608 GNGPDEFITAVRWGIL
Neisseria meningitidis-Lot3/1-622 580 VEIYGRYLYGQD):EIL
Haemophilus_influenzae-NTHI0512/1-622 579 VMAEGKYLYGPEQDIL
Salmonella_Typhimurium-OafA/1-609 577 GNRIAYPIQYPRNAJIL
Bacillus_subtilis-YrhL/1-634 603 LQOHPE.YFTP®GV):L
Staphylococcus_aureus—-0OatA/1-603 566 AGHPE.YFAYRGIfL
Streptococcus_pneumoniae-0atA/1-605 558 KEHPEIWAGTsQV:FE
Lactococcus_lactis-OatA/1-605 571 SGQSS.WEYSHNIP
Lactobacillus_plantarum-OatA/1-660 625 QNQSG.WFADBNVjEIP
Lactobacillus_plantarum-OatB/1-615 572 AQHPEVFKGTEGV)EF
A A

Figure 8. Sequence alignments of AT3-SGNH proteins, block | (A),
block 11l (B) and block V (C) from 10 proteins. Red triangles indicate
catalytic residues, red highlighting indicates residues that are 100%
conserved, red type indicates residues that are 50% conserved, green
boxes indicate the conserved sequence blocks.
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73% of SGNH's° contain the normal block Il motif GXND compared to only 4%
of SGNHAT3 (55,797 SGNHs°' and 3621 SGNHAT? analysed) (Table 15). The
residues in block 11l have been shown to be important in formation of an
oxyanion hole to stabilise the transition state but are not present in SGNHAT?

domains.

Table 15. Percentage of sequences with each conserved sequence block,
sequences screen using 3of5 to search for each consensus sequence. Total
sequences: 55,797 SGNHis° proteins, 3621 SGNHATS proteins.

Bl ock Bl ock 111 Bl ock

% GDS % GxND % GTNG % DxxH
SGNH'se! 75.4 73.4 0.8 84.6

SGNHAT3 97.4 3.9 40.5 99.3

3.3. Structural predictions

SwissModel was used to produce models of the SGNH domains from NM-Lot3
and SPA-GtrC. Models are generated using protein structures from the PDB
with the highest sequence identity as templates. NM-Lot3 was modelled on an
SGNHs° domain from Bacillus subtilis (PDB 1.D. 2014), 9% identity and 16%
similarity and SPA-GtrC was modelled on an SGNH's° domain from
Talaromyces cellulolyticus (PDB I.D. 5B5S), 6% identity and 13% similarity. The
sequence identity of SPA-GtrC and NM-Lot3 to the proteins used as templates
is extremely low, therefore, these modelled structures can only be used to

indicate the overall fold.

The modelled structures of SPA-GtrC and NM-Lot3 show an a/f/a fold with 5
parallel B-strands surrounded by a-helices, as seen for SGNH® domains
(Figure 9A,C, E). In addition, the catalytic residues in the active site region of
both NM-Lot3-SGNH and SPA-GtrC-SGNH are predicted to directly overlay the
respective residues from SGNHs® domains (Figure 9). However, as predicted

from sequence analysis, the conserved residues forming an oxyanion hole in
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SGNH® are not present. This is echoed in the predicted structures as the
residues required to form an oxyanion hole are not present in the predicted
structures of NM-Lot3-SGNH or SPA-GtrC-SGNH (Figure 9). Determining the
actual structure of NM-Lot3-SGNH and SPA-GtrC-SGNH would enable more
detailed analysis of the residues comprising the active site and to assess if

there are amino acids which replace the block Il and Il residues.
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Block 1l = GGND
A o

Block Il = E

Block Ill = GTNG

Block Il = Q

Figure 9. Modelled structure of SGNH domains and their active sites (A,B)
Thioesterase I/Protease I/Lysophospholiase L1 (TAP) from E. coli in complex
with octanoic acid (PDB: 1u8u (90)), (C,D) Modelled structure of SGNH domain
of NM-Lot3, (E, F) Modelled structure of SGNH domain of SPA-GtrC. (B) Active
site of (TAP) in complex with octanoic acid, hydrogen bonds (grey dotted lines)
show interaction of substrate with catalytic and oxyanion hole residues.
Catalytic residues shown in red, oxyanion hole residues in blue.
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3.4. Disulfide bond formation

Many SGNHAT? proteins have pairs of cysteines residues which are either
present or absent in pairs (Figure 10). Not including the acyltransferase region,
NM-Lot3 has one pair of cysteines residues found in the SGNH domains after
block I, and SPA-GtrC has two pairs of cysteines, one pair located in the ‘linker’
region and the other in the SGNH domain located near the end of the sequence
but before block V. When looking at a sample of 105 SGNHAT domains, 37%
have at least one pair of cysteines, and of those 72% have more than one pair.
The cysteine residues are either present or absent as pairs and 85% of
SGNHAT3 domains have either an even number or no cysteine residues. These
pairs of cysteines are also very well conserved in their position in the sequence
(Figure 10A, B) with four possible locations for cysteine pairs — the ‘linker’
region, after block I, after block 11l or before block V (Figure 10B). A small
number of proteins (15%) have 8 cysteine residues, a pair in each of the four

possible locations.

The SGNHAT® domains are located in the periplasm where disulfide bonds are
able to form and as the cysteines are conserved in pairs, this suggests that
disulfide bonds may be forming between the cysteine residues. Analysis of the
modelled structures shows the pairs of cysteine residues are not in close
proximity in the structure and unlikely to form a disulfide bond, in NM-Lot3 the
cysteines are 11A apart and in SPA-GtrC they are 14A apart (Figure 10C, D).
However, the sequence where the cysteine residues are located shows low
seguence homology to the protein used as a template and therefore the model
may not be accurate in this region. Therefore, further experimental work is

required to determine if disulfide bonds are present or not.
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A

Salmonella_ Paratyphi_A-GtrC/1-639 389 NYYKYGELLRGGICH.SVQLTA.AISNGCI.KNGKHNIFII[eJsljYA
Neisseria meningitidis-Lot3/1-622 399 Nttt ettt e e
Haemophilus_Influenzae-NTHI0512/1-622 398 N...........tutiuenennneneennnns

Salmonella Typhimurium-OafA/1-609 370 EYRMDNSPWRPDICFLNPDQDYSAFSK.CQDKMTEKSFVVWEsHA
Bacillus_subtilis-YrhL/1-634 456 ENKDSGQETHKKKDTQ

Staphylococcus_aureus-OatA/1-603 428 DKQE......... DKQ
Streptococcus_pneumoniae-OatA/1-605 415 KVMAE. .. ..t oiiiinnnennnnn
Lactococcus_lactis-OatA/1-605 416 QKKQLAEANNKVPMSLKAVAEKYKVQPVVAEKASQMNVLAL[SVM
Lactobacillus_plantarum-OatA/1-660 468 EKMQTKQAEAKLNSKQKQVEKEYDLKPQVVLAMANTDLTAI[SEVL
Lactobacillus_plantarum-OatB/1-615 422 HEAVLAAVTPK..KKQ

Salmonella_Paratyphi_ A-GtrC/1-639 432 AALFNGLSHYIDNKG. ...ttt et ineeneennneesannnnas S
Neisseria_meningitidis-Lot3/1-622 414 GHL.RGFLDYVGSREGWKAKILSLDSECLVWVDEKLADNPLCRKYR
Haemophilus_Influenzae-NTHI0512/1-622 413 SHL.EAFLNYVGNKEGWKADIFKDKFECSFIVNEQYQLDPNCQSVW
Salmonella_Typhimurium-OafA/1-609 415 AHLMPGLKSVFGNSLNITQ...RTASLCPPIIGLQKDDRPYCKDIN
Bacillus_subtilis-YrhL/1-634 494 LDISSHLRQOSFSN. .. .' ittt intetnetnnnennennnnennns
Staphylococcus_aureus-0atA/1-603 456 VDIGNVFTKKIPN. ..ottt ittt ineieneennennnennens
Streptococcus_pneumoniae-OatA/1-605 441 LRANTALOTALPG. ¢ vttt ettt et e st naaeaeaeennn
Lactococcus_lactis-OatA/1-605 462 VAASTNLOEVEPH. ..ttt ittt e e enennenn
Lactobacillus_plantarum-OatA/1-660 514 LDVSSDLODVIPG. .t eeretoennnnnnnasanassons
Lactobacillus_plantarum-OatB/1-615 457 LGTRSYLGDHVAN. .. ..ttt ittt ittt nennonnnnennns

B

Linker Block I-11 Block I11-V (1)Block IlI-V (2)
Cys Cys Cys Cys
Catalytic Catalytic
Ser Asp + His

Figure 10.Disulfide bond predictions (A) Alignments of 10 SGNHAT3
domains with cysteine residues highlighted in yellow and block I residues
highlighted in red. Cysteine residues are present or absent in pairs. (B)
Schematic of ‘linker’ region and SGNHAT3 domain with the positions in the
sequence of cysteine pairs and catalytic residues labelled. (C, D) Modelled
structure of NM-Lot3 (C) and SPA-GtrC (D) with cysteine residues
highlighted yellow.
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3.5. Correlation between disulfide bond formation and

block Il sequence

When analysing the sequences of SGNHAT® domains it was noticed that the
number of cysteine pairs appeared to be linked to the sequence of block IIl.
SGNHAT3 domains which had no cysteine pairs, 80% (total sequence = 65) had
GTNG, or similar (GSNG, GTNN, GTNA etc,) as the block Ill sequence.
Whereas, SGNH domains which have one or more cysteine pair, 2.5% (total
sequences = 40) had GTNG as the block Il sequence and the others have
random sequence which show no homology e.g. GRWE, YGGD, IFLT, RLSF
etc. SPA-GtrC is an exception to this rule as it has two pairs of cysteine
residues and GTNG as the block Il sequence. It is unknown how this may
relate to the mechanism or function of the SGNH domain. The sequences of
NM-Lot3 and SPA-GtrC have been shown to comprise of two domains, an
acyltransferase and SGNH domain. Sequence analysis showed that block Il
oxyanion hole residues are absent in SGNH domains which are attached to an
acyltransferase. Modelled structures were generated of both SGNH domains
however, due to the low sequence homology these cannot be relied upon.
Therefore, it is important to determine the structure of an AT3-SGNH to
compare it to other SGNH domains. This requires a sample of protein to be

expressed and purified for biophysical and structural analysis.
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Chapter 4. Expression and purification

To study the structure of SGNHAT domains, two proteins were chosen for
expression and purification. These are the products of the genes lot3 from N.
meningitidis (NM-Lot3) and gtrC family Il from Salmonella ser. Paratyphi A
(SPA-GtrC). In both cases the amino acid sequence used for expression and
purification started at the C-terminus of the last predicted acyltransferase
domain transmembrane helix; and therefore included the SGNH domain and
‘linker’ region abbreviated NM-Lot3-SGNH and SPA-GtrC-SGNH respectively.

4.1. Periplasmic expression

In silico analysis suggests that disulfide bonds are likely to form (section 3.4)
and as these are unable to form in the cytoplasm, periplasmic expression was
used initially. An expression trial was carried out in BL21 DE3 E. coli, a
standard expression strain, at a range of incubation temperatures (20, 30 and
37°C) and times (0, 1, 2, 4 and 20 hours) after induction with IPTG.

The SDS PAGE gels (Figure 11A) show a large band at around 30 kDa
corresponding to the approximate molecular weight of the SGNH domains in the
lanes marked ‘total’ (section 2.4.3.3). However, in the respective ‘soluble’
(section 2.4.3.3) lanes, no band can be seen, indicating that the protein is
expressed but is insoluble. Protein expression was seen under all conditions
trialled (Figure 11A), with higher expression levels seen at the longer
incubation times of 4 or 20 hours. Incubation for 20 hours at 20°C, or 4 hours at
30°C or 37°C were the optimum expression conditions (Figure 11A). However,
the expressed SGNH domains were insoluble in all cases. Therefore, a variety
of strains and expression conditions were trialled with the aim of producing

soluble protein.

BL21 DE3 is the standard strain used for protein expression, however, not all
proteins express well in these cells; derivatives of this strain with enhanced
properties can improve protein solubility. Origami and Lemo21 strain have been
shown to increase soluble expression of proteins (section 1.6.2) and therefore
these are most likely to produce soluble SGNH domains. Rosetta and pLysS

strains were also trialled.
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A 20°C 30°C 37°C B 20°C 30°C 37°C C 20°C 30°C 37°C
BL21 DE3 20hr 4 hr 4hr Rosetta 20 hr 4 hr 4hr pLysS 20 hr 4 hr 4hr
kDa T S T S T S kDa T S T S T S kDa T S
50 50
37 37
25 25
20 20
20°C 30°C 37°C Lemo21 Rhamnose concentration

Origami 20 hr 4hr 4hr 20°C, 20 hr 50u|v| SOOuM 1ooouM

kDaI I I I kDa

Figure 11. SDS PAGE gels showing periplasmic expression of NM-Lot3-SGNH in a range of strains (A) BL21
DE3, (B) Rosetta, (C) pLysS, (D) Origami, (E) Lemo21. A-D show expression in three incubation conditions: 20 °C
for 20 hours, 30 °C for 4 hours and 37 °C for 4 hours after incubation with 0.1 mM IPTG. (E) shows expression at
20 oC for 20 hours only, and with three concentrations of rhamnose — 50 uM, 500 uM and 1000 uM. T and S refers
to ‘total’ and ‘soluble’ fractions respectively (section 2.4.3.3). The SGNH domain is ~30 kDa in size which
corresponds to the thick band of over-expressed protein seen on the gel at approximately this molecular weight.
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The optimum conditions for expression of the SGNH domains in BL21 DES3 cells
were incubation for 20 hours at 20°C, or 4 hours at 30°C or 37°C, therefore
these conditions were used in this experiment. Lemo21 cells are the exception,
where only one incubation time of 20 hours at 20°C was used and a range of

rhamnose concentrations from 0-1000 puM.

For each strain, the amount of protein expression was similar across the range
of incubation times and temperatures used (Figure 11). BL21 DE3 cells showed
the most abundant protein expression. Origami, pLysS and Rosetta cell lines all
showed similar expression levels (Figure 11B, C, D). However, as for BL21
DES cells, protein was only seen in the ‘total’ fraction and not the ‘soluble’
fraction indicating that the protein is insoluble. Lemo21 cells showed a decrease
in protein expression as the concentration of rhamnose increased (Figure 11E),
as expected. However, as for the other strains tested, no soluble expression

was seen.

4.2. Cytoplasmic expression

In an alternative approach, both SGNH domains were expressed in the
cytoplasm with either an His-tag, His-Im9 tag or His-MBP tag attached at the N-
terminus. Both Origami and BL21 DES3 strains were used to compare the effect
of a reducing (BL21 DE3) and non-reducing (Origami) cytoplasmic environment.
As periplasmic expression experiments showed good expression when
incubated for 20 hours at 20°C, this was used for cytoplasmic expression.

Soluble expression was seen for both strains in all conditions tested.
Expression in Origami cells (oxidising cytoplasm) increased soluble expression
in comparison to expression in BL21 DES3 cells (Figure 12). In Origami cells,
80-100% of protein produced with an MBP tag (band at about 70 kDa, (Figure
12)) was soluble in comparison to BL21 DE3 cells where only half the protein

(with an MBP tag) produced was soluble (Figure 12).
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His-tag Im9-tag MBP-tag
20hr, 20°C Origami BL21 DE3 OrigamiBL21 DE3 Origami BL21 DE3
N. meningit‘idiskDa T S T S T S TS kDa T S TS

75 75

50

Im9-SGNH 37
~40kDa

37

His-SGNH
~30kDa

25
20
Salmonella serkDa
Paratyphi A 75

50

MBP SGNH
~70kDa

MBP SGNH

Im9-SGNH ~70kDa

~40kDa

37

25
20

His-SGNH
~30kDa

Figure 12. SDS PAGE gels showing cytoplasmic expression of NM-Lot3-SGNH and SPA-GtrC-SGNH in two strains: BL21 DE3
(reducing cytoplasm) and Origami (oxidising cytoplasm) with two solubility tags: MBP or Im9 or no solubility tag — His-tag. T and S
refers to ‘total’ and ‘soluble’ fractions (section 2.4.3.3) respectively, with samples prepared as for Figure 11. The band
corresponding to the SGNH domains is indicated on the figure and the difference in apparent molecular weight is due to the size of
the attached tag
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In both Origami and BL21 DE3 cell lines some of the expressed protein was
soluble when only a His-tag was attached (band at about 30 kDa, (Figure 12)),
however, soluble expression was increased when a solubility tag was
connected (Figure 12). 80-100% of protein produced was soluble in Origami
cells when attached to an Im9 (band at about 40 kDa, Figure 12 or MBP tag
compared to only 50% of protein with just a His-tag attached (Figure 12). This
suggests that the solubility tag is aiding solubility and potentially increasing
stability or correct folding of the SGNH domain.

SPA-GtrC-SGNH expressed well in Origami cells when both solubility tags were
attached with optimum conditions with the MBP tag (Figure 12). Therefore,
these conditions — incubated for 20 hours at 20°C — were used to produce

large-scale cultures suitable for protein purification.

SPA-GtrC-SGNH showed higher soluble expression than NM-Lot3-SGNH in all
conditions. On the SDS PAGE gels of NM-Lot3-SGNH, bands can be seen at
lower molecular weights than expected when all three tags are attached (Figure
12). It seems likely that these additional bands of lower molecular weights are
due to degradation. Therefore, an additional expression trial was carried out in
an attempt to optimise expression and avoid potential degradation. Origami
cells were used with a shorter incubation time of 4 hours at 20, 30 or 37°C and
as previously, solubility tags were attached. However, no soluble expression
was seen at the shorter incubation time for any temperature (Figure 12).
Therefore, despite potential degradation, and lower levels of soluble protein,
incubation for 20 hours at 20°C post induction in larger scale cultures of Origami
cells with an MBP solubility tag (Figure 12) was used to produce protein for

subsequent purification.

4.3. Purification

Purification was performed using immobilised metal (nickel) affinity
chromatography (IMAC). Following the initial purification step, 3C protease was
used to cleave the attached His-MBP tag from the SGNH domain (Figure 13B,

E); a second IMAC purification step was used to separate the His-MBP tag, and
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the His-tagged protease, from the SGNH domain. SPA-GtrC-SGNH separated
well from the His-MBP tag leaving an almost pure sample of SGNH domain
(Figure 13B). However, despite successful cleavage with 3C protease, NM-
Lot3-SGNH could not be separated from the His-MBP tag and remained
associated with the nickel column (Figure 13E). In addition, bands of lower
molecular weight of around 16 kDa and 10k Da can be seen on the SDS PAGE
gel which suggests the SGNH domain is partially degraded (Figure 13E). Size
exclusion purification was used in an attempt to separate the His-MBP tag from
NM-Lot3-SGNH. Size exclusion purification successfully separated SPA-GtrC-
SGNH from the impurities still present after nickel affinity purification (Figure
13C). This purified protein sample was used for further structural analysis for

example, mass spectrometry and x-ray crystallography.

However, size exclusion was unable to separate NM-Lot3-SGNH from the MBP-
His tag (Figure 13F). Elution was faster than expected suggesting a molecular
weight higher than that of the SGNH domain alone. That is, SPA-GtrC-SGNH
started eluting after 65 minutes, whereas NM-Lot3-SGNH started eluting after
only 45 minutes despite having very similar molecular weights (29.6 kDa for
SPA-GtrC-SGNH and 28.0 kDa for NM-Lot3-SGNH). This suggests that NM-
Lot3-SGNH remains associated with the MBP tag despite cleavage with 3C
protease (Figure 13). As it was not possible to produce a pure sample of NM-

Lot3-SGNH, this SGNH domain was not used for further analysis.
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Figure 13. SDS PAGE gels showing purification of SPA-GtrC-SGNH (A-C) and NM-Lot3-SGNH (D-F). (A+E) Large scale soluble
expression of SPA-GtrC-SGNH and NM-Lot3-SGNH respectively, lane 1: marker, lane 2: soluble fraction. (B+F) Post second nickel
affinity purification, lane 1: after cleavage with 3C protease, lane 2: marker, lane 3-7: fractions of flowthrough, lane 8: elution after
addition of imidazole. (C) Post size exclusion, lane 1: marker, lane 2-12: fractions 30-41. (G) Post size exclusion, lane 1: sample loaded
onto column, lane 2: marker, lane 3-13: fractions 11, 13, 15, 17 etc. to 33. (D+H) Size exclusion chromatograms for SPA-GtrC-SGNH
and NM-Lot3-SGNH respectively, fractions are indicated in red.
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Chapter 5. Biophysical and structural
analysis

Following expression and purification of the SPA-GtrC-SGNH domain, analysis
was carried out to study the structure of the protein, in particular the potential for
disulfide bond formation. X-ray crystallography was used to determine the
structure of the SGNH domain to allow for comparison between SGNHAT and
SGNH's° domains.

5.1. Biophysical analysis

SEC-MALLS was used to determine if the SGNH domain is a monomer or
higher oligomer in solution. Using BSA as a molecular weight standard, the
approximate molecular weight was determined to be 30 kDa, very similar to the
predicted molecular weight of 29.6 kDa. The presence of a single, uniform peak
at this molecular weight (Figure 14A) indicated that SPA-GtrC-SGNH is

monodispersed and monomeric.

Mass spectrometry was performed to assess the formation of disulfide bonds.
Two samples were prepared, one was reduced and alkylated while the other
was just alkylated. Mass spectrometry was used to measure the mass of both
samples. The molecular weight of an untreated sample was measured as
29.606 kDa (Figure 14B), as predicted, confirming that the correct protein had
been produced. A difference in mass of 187 Da between the reduced and
alkylated samples (Figure 14B) indicated that two disulfide bonds were formed
in SPA-GtrC-SGNH.

Circular dichroism was used to see if SPA-GtrC-SGNH was folded and to
determine the melting temperature. An initial spectrum at 20°C showed
characteristic peaks and troughs corresponding to a folded protein containing a-
helices and B-sheets (Figure 14C). Analysis of this spectra predicted the
secondary structure to contain 38% a-helix, 15% 3-sheet, 16% B-turn and 30%
random coil. To determine a melting temperature, the temperature was
increased to 90°C with spectra read every 5°C. The spectra showed the protein
to be folded until the temperature reached 60°C where the spectra became
flatter, indicating that the protein unfolds between 55 and 60°C (Figure 14D).
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Figure 14. Structural analysis of SPA-GtrC-SGNH domain: A. SEC-MALLS
data showing a monomer, and confirming molecular weight. B. Mass
spectrometry, showing shift in peak size when reduced and alkylated (green)
compared to just alkylated (red). C. Circular dichroism spectra of SPA-GtrC-
SGNH in non-reduced conditions D. Melting curve of SPA-GtrC-SGNH in
reduced (100 mM TCEP) and non-reduced conditions at 222 nm from 20 to 90

°C.
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The same experiment was repeated in buffer containing 100 yM TCEP to
reduce the disulfide bonds. As before, an initial spectrum at 20°C showed SPA-
GtrC-SGNH to be folded. Increasing the temperature showed that the protein
unfolds between 55 and 60°C, as seen under non-reducing conditions (Figure
14D). The spectra read in reducing and non-reducing conditions were very
similar (Figure 14D), which suggested that the formation of disulfide bonds
does not contribute to the thermal stability of the SGNH domain.

5.2. Structure determination

X-ray crystallography was used to determine the structure of SPA-GtrC-SGNH
domain; crystallisation screens were carried out initially to find the optimum

conditions.

‘ . i

Figure 15. Crystals from initial screening, A. Index A4: 10 mg/mL SPA-GtrC-
SGNH, 0.1 M BisTris pH 6.5, 2 M ammonium sulfate, B. Index A6: 20 mg/mL
SPA-GtrC-SGNH, 0.1 M Tris pH 8.5, 2 M ammonium sulfate, C. Index F6: 10
mg/mL SPA-GtrC-SGNH, 0.1 M BisTris pH 5.5, 0.2 M ammonium sulfate, 25%
PEG 3350, D. Index F7: 20 mg/mL SPA-GtrC-SGNH, 0.1 M BisTris pH 6.5, 0.2
M ammonium sulfate, 25% PEG 3350, E. Index G2: 20 mg/mL SPA-GtrC-
SGNH, 0.1 M BisTris pH 5.5, 0.2 M lithium sulfate, 25% PEG 3350, F. Index
G3: 20 mg/mL SPA-GtrC-SGNH, 0.1 M BisTris pH 6.5, 0.2 M lithium sulfate,
25% PEG 3350.
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Two commercial crystallisation screens were used, Index and PACT, with two
concentrations of SPA-GtrC-SGNH, 10 mg/mL and 20 mg/mL, to prepare sitting
drop crystallisation trays. After incubation for 24-48 hours, crystals were seen in
the Index screen in a wide range of conditions with most containing ammonium

sulfate or lithium sulfate (Figure 15).

These conditions were used to prepare hanging drop optimisation trays
covering a pH range from 5.5 to 8.5, 25% PEG 3350 and either 0.2-1.7 M
ammonium sulfate ((NH4)2SO4) or 0.1-0.3 M lithium sulfate (Li2SO4). SPA-GtrC-
SGNH domain crystallised well in lithium sulfate and low concentrations of
ammonium sulfate at all pH tested, with the best crystals grown in lithium sulfate
(Figure 16). The best crystals were fished and tested for quality of diffraction.
Two crystals diffracted well: one (crystal 4, Figure 16C, Figure 17B) showed
ice rings but had good diffraction, whereas the other (crystal 2, Figure 16B,
Figure 17A) had no ice rings but the diffraction was less clear due to a potential
satellite crystal (Figure 17). Both crystals were sent to Diamond Light Source

for data collection.

Figure 16. Crystals from optimisation screen, all wells contain 20 mg/mL
SPA-GtrC-SGNH, 0.1 M BisTris pH 5.5, 25% PEG 3350, A. 0.15 M lithium
sulfate, B. 0.2 M lithium sulfate (crystal 2 fished from this well), C. 0.25 M lithium
sulfate (crystal 4 fished from this well), D. 0.3 M lithium sulfate.
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B

Figure 17. Diffraction from crystal 2 (A) and crystal 4 (B) in the
conditions detailed in Figure 16.

Crystal 4, grown in 100 mM BisTris pH 5.5, 0.25 M lithium sulfate, 25% PEG
3350, diffracted to 1.1A resolution with the parameters shown in Table 16. Data
was scaled, merged and the space group was calculated to be P212121. The
Matthews coefficient was calculated to be 2.48A3/Da for a single molecule in the
asymmetric unit with a solvent content of 50.37%. This suggests that there was
one protein in the asymmetric unit. Fragon (77,78) was used to solve the
structure using molecular replacement to place one poly-alanine helix, a
correlation coefficient of 0.431 suggested that the structure had been solved
and a model was built using ARP/WARP. Multiple cycles of model building using
COOT and REFMAC were used to refine the structure to give an R value of
14.31% (Table 16).
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Table 16. Data collection and refinement statistics for the structure of SPA-
GtrC-SGNH

Data Collection Statist.i
Diamond beamline / wavelength (A) 104-1/0.92819
Spacegroup and cell dimension (A) P212121

(@a=55.74,b = 58.43, c = 90.04)

Resolution limits (A) 49.01-1.10 (1.12-1.10)
No. unique reflections 119719 (5884)
Completeness (%) 99.9 (99.8)
Multiplicity 7.8 (7.0)
Residualmerge (Rmerge) 0.074 (1.205)
Mean intensity/clIntensity (mean l/ol) 12.5 (1.4)
Pearson's correlation co-efficient (CC1/2) 0.999 (0.697)
Structure solution Fragon followed by Arp-wArp
Refinement Refmac/Coot

Refi nement Statistics

Reryst/ Reree (%) 14.31/15.49
Root mean square deviation (RMSD) 0.010 (0.019)
bond length (1-2) (A)

RMSD angles (°) 1.277 (1.958)
RMSD chiral volumes (A%) 0.078 (0.200)
Average temperature factor (B-factor) (Az) 13.36
Ramachandran outliers (%) 0.82 %
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5.3. Analysis of structure

The structure of SPA-GtrC-SGNH is similar to that of SGNHs°' domains found in
the PDB in that the core consists of five B-sheets surrounded by six a-helices
holding the catalytic residues in exactly the same location and orientation as for
other SGNH domains (Figure 18). The linker region spans the length of the
SGNH domain to the left of the catalytic residues ending at the top of the

domain.

In comparison to SGNHs® domains found in the PDB, SPA-GtrC-SGNH has an
additional helix (a8 in Figure 18) and multiple loops at the top of the domain
making the domain shape more elongated compared with other, more spherical,
SGNHs° domains. Helix a8 protrudes from the top of SPA-GtrC-SGNH domain
(coloured red in Figure 18), this helix is not seen in the PDB structures of any
SGNHs° domains (Figure 18A).

5.3.1. Disulfide bond location

Two disulfide bonds are formed in the structure, as determined by mass
spectrometry, one is within the linker region holding a small loop in place
(Figure 18). The other is on the opposite side of the protein to the linker and
also forms a small loop enabling Glu228 to protrude from the structure (Figure
18). In a sample of 100 sequences of AT3-SGNH domains, 26 sequences have
a pair of cysteine residues, separated by four residues, in the same position as
SPA-GtrC-SGNH. Of these 26 sequences, 16 have either a glutamic acid or
aspartic acid as one of the middle two residues. This suggests that a negatively
charged residue in this position may be important for the function of the SGNH
domain. However, it is not conserved in all sequences with a pair of cysteine
residues in this location, nor is it clear if there is a substitute in proteins which
do not have a pair of cysteines. Further structural analysis of proteins with and
without this pair of cysteines would need to be carried out to ascertain the

conservation of this residue.
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A

TAP1 from E. coli

BlLal a2 B2 o3 B3ad4 o5 B4 ab B5 a7 a8 a9
1 4243 135 136 151152 178
al o2 Bl oa3a4p2 a5 B3 a6 a7 B4 a8 a9 B5al10 all al2
8 268

SPA-GtrC-SGNH

B

Figure 18. (A) Structural alignments of TAP1 (1U8U (90)) and SPA-
GtrC-SGNH, linker shown in yellow and additional helix shown in red. (B)
Structure of SPA-GtrC-SGNH, colours as for (A) disulfide bonds shown as
orange sticks, catalytic residues and Glu228 shown as green sticks, with
oxygen in red and nitrogen in blue. Helices labelled as (A).
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5.3.2. Structure of linker region

The structure shows the linker region to be next to the SGNH domain, however,
it is not clear whether this is the ‘real’ structure or if it has crystallised next to the
SGNH domain for stability but would normally be flexible. To determine if the
linker region structure is ‘real’ or an artefact of crystallisation the interface
between the linker region and SGNH domain was examined in more detail.
Many hydrophobic residues were found in close proximity suggesting that Van
der Waals interactions may also stabilise this interface. In addition, a
comparison of the hydrophobicity of the protein surface with and without the
linker region showed the hydrophobicity to decrease significantly when the
linker region was present (Figure 19). 45% of the surface accessible area was
hydrophobic when the linker was removed compared to only 17% when the
linker was present. In addition, the linker region was joined to the SGNH
domain via 21 hydrogen bonds (Figure 20), meaning that more than half of the
residues in the interface are forming hydrogen bonds. In conclusion, these
analyses suggest that the structure of the linker is ‘real’, and rather than a
flexible linker joining the SGNH domain to the acyltransferase domain, the linker
region is part of the SGNH domain structure. This also implies that the distance

between the SGNH domain and the acyltransferase domains is small.

Figure 19. Surface hydrophobicity of SPA-GtrC-SGNH domain, surface
coloured by residues property with hydrophobic residues shown in grey.
Surface shown with (A) and without (B) the linker region
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Figure 20. Hydrogen bonds from the linker to SGNH domain. Structure of
SPA-GtrC-SGNH showing hydrogen bonds in red dashes, residues involved in
hydrogen bonds are shown as sticks, orange in the linker and blue in the SGNH
domain.

5.3.3. Additional helix present in SPA-GtrC-SGNH
SPA-GtrC-SGNH domain contains an additional helix (a8, Figure 18) in
comparison to the structures of SGNHs® domains found in the PDB. Helix a8
protrudes from the top of the SGNH domain close to the end of the linker.

Sequence alignments of 100 SGNHAT? proteins suggests that some proteins
have a gap in the alignment in the same region where SPA-GtrC-SGNH has the
additional helix (Figure 21). This suggests that some SGNHAT proteins have
the additional helix seen in SPA-GtrC-SGNH whereas others do not. 35 out of
100 AT3-SGNH protein sequences contain amino acids in the same region that
SPA-GtrC-SGNH has an additional helix, suggesting that these all contain this

helix.
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Figure 21. Sequence alignments of AT3-SGNH domains in the region where
SPA-GtrC-SGNH has an additional helix, residues are seen in some proteins
but not in all.

5.3.4. Structure of active site

The structure of SPA-GtrC-SGNH shows a prominent binding groove with the
catalytic residues set in exactly the same location and orientation seen for other
SGNHs° domains. The binding site is comprised of four loops containing the
four blocks of conserved residues (blocks I, Il, Il and V) (section 1.4). The loops
holding the catalytic residues (in blocks | and V) are conserved in the sequence
and structure of SPA-GtrC-SGNH domain (Figure 22). However, while the
block Il loop shows exactly the same structure, the sequence is not the same
and an asparagine residue is in the location of the normal block Il glycine
(Figure 22). In addition, the block 1l loop is different in both sequence and
structure from SGNHs®' domains found in the PDB. RGTNG is found in the
same location as the normal block 11l sequence — GXxND (where x is any amino
acid. While the glycine and asparagine residue are conserved in sequence the
structure of the block Il loop in SPA-GtrC-SGNH is very different. The
asparagine residue in the RGTNG motif is orientated with the side chain facing
away from the active site suggesting it does not play a role in the formation of
an oxyanion hole (Figure 22). This is strikingly different from the structure and
orientation of the block Ill residues seen in SGNHs? (Figure 3) and suggests

the potential for an alternative catalytic mechanism.
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(Block 111?)

Figure 22. Active site of SPA-GtrC-SGNH domain with catalytic and potential
oxyanion hole residues shown in sticks, a sulfate molecule present in the active
site is also shown. Blocks Il and Il are shown in brackets as it is currently
unknown which residues form the oxyanion hole in SPA-GtrC-SGNH.

5.3.5. Docking of small molecules into active site

FTMap models the docking of a set of small molecules with a wide range of
properties and functional groups in a process mimicking ligand binding. This
can be used to predict interactions between the protein and potential ligands
(89). For SPA-GtrC-SGNH almost all of the small molecules formed clusters in
the active site binding groove. Molecules which docked with the lowest energies
of binding were cyclohexane, alcohols and esters, the functional groups which
sugars contain (Figure 23A,B). Four non-overlapping cyclic molecules were
predicted to dock in the binding groove with the orientation akin to four sugar
residues (Figure 23A). Docking with FTMap using the sugar residues present in
the LPS of Salmonella ser. Paratyphi A (mannose, galactose, rhamnose and
paratose) also predicted sugar residues to dock within the binding groove
(Figure 23C). However, FTMap appears unable to distinguish between
individual sugar residues, showing galactose and mannose binding to be almost
identical. This analysis was repeated using the PDB structure of TAP1 from E.
coli (LU8U (90)), the natural substrates of which do not contain sugar

molecules. The docking of sugar molecules was far more wide spread across
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the protein surface (Figure 23D) — only 13 out of 48 sugar molecules docked
close to the active site compared to 47 out of 48 sugar molecules docking within
the binding groove in SPA-GtrC-SGNH. This suggests that FTMap is able to
distinguish the binding sites of different SGNH domains despite both containing

the same catalytic triad.

Figure 23. Docking predictions by FTMap (A) SPA-GtrC-SGNH front (left) and
side (right) with small molecules bound as predicted by FTMap.(B) Single O-unit
of Salmonella ser. Paratyphi A LPS (top) and small molecules bound in binding
groove of SPA-GtrC-SGNH (bottom). (C, D) Individual sugars bound to SPA-
GtrC-SGNH (C) front (left) and side (right), and TAP 1, E. coli (PDB 1U8U (90))
front (left) and back (right) as predicted by FTMap.

One of the lowest energy predicted binding sites for rhamnose shows the sugar
to be orientated with the C2 position pointing towards the catalytic residues and
within hydrogen bonding distance (2.2A and 1.8A) (Figure 24). In addition, the
oxygens which would be involved in glycosidic bonds to mannose and
galactose are pointing along the groove where the next sugar is likely to bind.
These predictions by FTMap appear valid as it is known that SPA-GtrC-SGNH
acetylates rhamnose at the C2 position and therefore this must be located close
to the catalytic residues during catalysis.
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Figure 24. Docking predictions of rhamnose by FTMap, catalytic triad
(sticks) of SPA-GtrC-SGNH (blue), with rhamnose residue shown in
yellow, hydrogen bonds with distances between the rhamnose C2 and
catalytic serine and histidine are shown.

N

Figure 25. Residues predicted by FTMap to be involved in binding a ligand
in the active site, catalytic residues are coloured red, those in block Il position
coloured green, and those in block Il position coloured blue. Thr and Asn from
block 1l GTNG are circled. The tryptophan predicted to bind most strongly is

shown in pink.
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Salmonella_Paratyphi_A-GtrC/1-639 389 GELLRGGICH
/A Neisseria meningitidis-Lot3/1-622 399 N. ..o
Haemophilus_Influenzae-NTHI0512/1-622 398 N. .. ...........
Salmonella Typhimurium-OafA/1-609 370 NSPWRPDICF
Bacillus_subtilis-YrhL/1-634 456 GQETHKKKDT
Staphylococcus_aureus-0Oata/1-603 428 DEKOQE/......... DK
Streptococcus_pneumoniae—QOatA/1-605 415 KVMAE..........
Lactococcus_lactis-OatA/1-605 416 AEANNKVPMS
Lactobacillus_plantarum-OatA/1-660 468 KQAEAKLNSK
Lactobacillus_plantarum-OatB/1-615 422 AAVTPK. .KK
Salmonella Paratyphi_A-GtrC/1-640 419 NGKHNIFII[eo¥jvnn
B Neisseria meningitidis-Lot3/1-622 400 HFPETVLTL[EEHAG
Haemophilus_influenzae-NTHI0512/1-622 399 HYPAKVIIL[EEHSS
Salmonella Typhimurium-OafA/1-609 401 MTEKSEVVWEEIHAR
Bacillus_subtilis-YrhL/1-634 480 DTAKEVLAI[EWEVML
Staphylococcus_aureus-0atA/1-603 442 TKKSSPLLI[eFVMV
Streptococcus_pneumoniae-QatA/1-605 427 GIADGTMLI[epkiVAL
Lactococcus_lactis—-0atA/1-605 448 ASQMNVLAL[EEVIMY
Lactobacillus_plantarum-OatA/1-660 500 MANTDLTAI[EWEVILL
Lactobacillus_plantarum-OatB/1-615 443 EKAPGVSII[ESV|ITL
A
Salmonella_Paratyphi_A-GtrC/1-640 495 LLTWSVIRIGTNGVHDEK
C Neisseria meningitidis-Lot3/1-622 528 EEKLKRFAANQYLR.
Haemophilus_influenzae-NTHI0512/1-622 527 GYLLENJYGLEKYLT.
Salmonella_ Typhimurium-OafA/1-609 482 PMRDYLPETIKFLKD
Bacillus_subtilis-Yrhl./1-634 535 KAVIIELGTINGYFT.
Staphylococcus_aureus—OatA/1-603 498 QKVVVE[{GTNGAFT.
Streptococcus_pneumoniae-OatA/1-605 482 KTVVIATGVNNPENY
Lactococcus_lactis-0OatA/1-605 503 DAYLIGLGTNGTIK.
Lactobacillus_plantarum-OatA/1-660 555 HNVLLNIGTNGTIT.
Lactobacillus_plantarum—-OatB/1-615 498 QYVVICIGTNALDDY
Salmonella_ Paratyphi_A-GtrC/1-640 608 GNGPDFITAVIWGL
D Neisseria meningitidis-Lot3/1-622 580 VEIYGRYLYGPOD:L
Haemophilus_influenzae-NTHI0512/1-622 579 VMAEGKYLYGWODEEL
Salmonella_ Typhimurium-OafA/1-609 577 GNRIAYPIQYPNRAT
Bacillus_subtilis-Y¥rhL/1-634 603 LQHPE.YFTPWMGV|:IL
Staphylococcus_aureus—-0OatA/1-603 566 AGHPE.YFAYMG|II:L
Streptococcus_pneumoniae-OatA/1-605 558 KEHPEIWAGTONV|IE
Lactococcus_lactis-OataA/1-605 571 SGQSS.WFYSPNI|zP
Lactobacillus_plantarum-OatA/1-660 625 ONQSG.WFADBINVEP
Lactobacillus_plantarum-OatB/1-615 572 AQHPEVFKGTBGVEF

A A

Figure 26. Sequence alignments highlighting residues predicted to be
important for ligand binding. (A) ‘Linker’ region, (B) block I, (C) block Ill, (D)
block V residues highlighted in colours same as those used in Figure 25.
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While calculating the binding locations of small molecules, FTMap also
assesses the residues which are likely to interact with ligands via either
hydrogen bonds or electrostatic interactions. For SPA-GtrC-SGNH, the residues
which are predicted to form the most interactions are a tryptophan close to the
active site, two tyrosines located in the linker along with the catalytic residues
and other residues located close to the active site (Figure 25). However, with
the exception of the other Salmonella GtrC family Il proteins, the residues which
are strongly predicted to interact with the substrate are not conserved in

sequence alignments of other AT3-SGNH domains (Figure 26).

Figure 27. Mutations in residues between Salmonella ser. Paratyphi A GtrC
compared to other GtrC proteins. Red spheres indicate mutations in either
serovar Typhi, Dublin, Enteriditis or Gallinarum, green spheres indicate
mutations in serovar Typhimurium. Blue sticks indicate residues predicted to be
involved in binding in serovar Paratyphi A. Orange sphere and stick indicates
residues involved in binding and mutated in Salmonella ser. Typhimurium.

The GtrC family Il proteins found in other Salmonella serovars show high
sequence identity to SPA-GtrC-SGNH (>96%, with the exception of Salmonella
ser. Typhimurium — 77%). Any mutations between the GtrC family Il proteins
were mapped on to the structure of SPA-GtrC-SGNH, all mutations were found

to be on the outside of the structure. Only one mutation was of a residue
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predicted by FTMap to be important for binding and was located close to the
active site. However, as this mutation was of a threonine to a serine it is unlikely
to alter ligand binding (Figure 27). However, when comparing the sequences of
other SGNHAT? proteins, none of the residues predicted to be important for
binding were conserved. The GTNG motif observed previously (section 3.2) is
shown to be less important for binding and is located further from the catalytic
residues than the normal block Il motif found in other SGNH domains. More
research is needed to study the docking of substrates in the active site of SPA-
GtrC-SGNH and to determine which residues are important for binding and

forming the oxyanion hole.

Biophysical and structural analysis of SPA-GtrC-SGNH domain has determined
that disulfide bonds are formed between the pairs of cysteines highlighted in
previous sections. However, while these disulfide bonds are not important for
protein folding, one may play a role in the function of the SGNH domain as it
enables Glu228 to extend from the structure. In addition, docking analysis
suggests that SPA-GtrC-SGNH is likely to bind sugar residues and has
highlighted key residues involved.
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Chapter 6. Discussion

6.1. Expression conditions

The cytoplasm is a reducing environment which prevents disulfide bonds from
forming (65). Both NM-Lot3-SGNH and SPA-GtrC-SGNH contain pairs of
cysteine residues which were predicted to form disulfide bonds (Figure 10).
Therefore, expression of these proteins in the cytoplasm may result in protein
misfolding, aggregation and inclusion body formation. Protein expression with
the addition of a PelB leader sequence targets the protein to the periplasm (63)
which enables the disulfide bonds to form and therefore is likely to result in a
folded and more stable protein. However, periplasm expression of both NM-
Lot3-SGNH and SPA-GtrC-SGNH resulted in only insoluble protein (Figure 11).
There are a number of steps in the expression process which may have been
causing this outcome: firstly, there is no evidence the proteins reached the
periplasm. The proteins are transported unfolded, post-translation, therefore,
there is the potential for aggregation to occur before the protein can be
translocated. Secondly, transport of proteins to the periplasm occurs via the
SecYEG translocon (68); it is thought that over-expression of periplasmic
proteins can overwhelm the Sec-YEG translocon (63). Lemo21 cells were used
to overcome this problem, however, no soluble expression was seen (Figure
11), suggesting that the SecYEG translocon was not the problem. Thirdly, the
protein may have been unable to fold alone; the SGNH domains used would
normally be attached to an acyltransferase domain and both domains of the
protein may be required for correct folding. However, cytoplasmic expression,
without the presence of a solubility tag, showed that the SGNH domains are
soluble (Figure 12), and therefore able to fold alone, suggesting this was not
the problem.

Cytoplasm expression combined with a solubility tag resulted in the production
of soluble protein. Origami cells are optimised for the expression of proteins
containing disulfide bonds (66). As expected, expression in Origami cells

resulted in an increase in soluble protein production in comparison to BL21 DE3
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cells where disulfide bonds are unable to form in the cytoplasm (Figure 12).
This suggests that disulfide bonds are important for folding but the protein is
able to fold without the presence of disulfide bonds, as a small amount of
soluble expression was seen in BL21 DES3 cells (Figure 12). The addition of a
solubility tag has been shown to increase the solubility of poorly soluble protein
(72). In particular, the addition of an MBP tag has been shown to act as a
chaperone and aid folding (73). Addition of a solubility tag increased soluble
expression of both NM-Lot3-SGNH and SPA-GtrC-SGNH (Figure 12).

It is unknown the exact reasons why both SGNH domains were insoluble when
expressed in the periplasm. However, a combination of cytoplasmic expression
in Origami cells with the addition of an MBP solubility tag enabled a high yield of
soluble SGNH proteins to be produced.

6.2. Disulfide bond formation

Disulfide bonds reduce the difference in entropy between the folded and
unfolded protein and therefore commonly play a role in stability of a protein: by
constraining surface loops; locking the protein into a particular conformation; or
replacing the hydrophobic core (91). Mass spectrometry determined that two
disulfide bonds were formed in SPA-GtrC-SGNH (Figure 14) and the structure
confirmed that these both hold small loops (Figure 18). This is not uncommon,
and there are many examples of protein structures where a disulfide bond is

involved in stabilising the structure of a loop (92).

Circular dichroism showed that the formation of disulfide bonds has no impact
on the thermal stability of unfolding (Figure 14). Both the reduced and oxidised
forms of the protein unfolded at the same temperature and no major differences
were seen in the spectra (Figure 14). Similar experiments show that addition of
TCEP to reduce disulfide bonds alters the circular dichroism spectra in the
same way as does the mutation of the cysteine pair (93). In addition, reduction
of disulfide bonds commonly results in a dramatic decrease in melting
temperature and thus, thermal stability (93). Whilst there is no guarantee that

the disulfide bonds are reduced, as they may be inaccessible to reduction by
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TCEP, the structure shows the cysteines to be close to the surface of the
protein (Figure 18) and TCEP was used in molar excess. Mass spectrometry
could be used to verify that the disulfide bonds in SPA-GtrC-SGNH were

reduced.

Both disulfide bonds hold a small loop, consisting of 12 residues in the ‘linker’
and four residues close to Glu228 consistent with the evidence that these
disulfide bonds do not increase stability. Studies have been carried out showing
that a longer loop between the two cysteines increases the entropy involved in
stabilisation of the protein (94). Additional experiments could be carried out
using differential scanning calorimetry (DSC) to calculate the Gibbs free energy

of unfolding to further probe the effect of disulfide bonds on stability.

Residue Glu228 is conserved in other SGNHAT® domains, suggesting that this
residue may be important either in the function of the SGNH domain or in
contacting the acyltransferase domain. Therefore, the disulfide bond close to
Glu228 may be involved in stabilising this loop and enabling Glu228 to protrude
from the structure (Figure 18). Further experiments involving mutating Glu228
and examining function of SPA-GtrC would need to be carried out to ascertain
the involvement of this residue. In addition, a structure of the acyltransferase
domain attached to the SGNH domain would enable interactions between the

domains to be investigated.

6.3. Residues involved in catalysis and substrate

binding

SPA-GtrC-SGNH is the first structure of an SGNHAT domain and although the
core structure of the protein is very similar to SGNH® proteins, there are some
key differences. The ‘linker’ region which joins the SGNHAT domain to the
AT3SCENH domain was previously thought to be flexible and therefore not change
the overall structure of the SGNHAT3, However, the structure of SPA-GtrC-
SGNH shows the ‘linker’ region to be structured alongside the SGNH domain
and this structure is not present in SGNHs® domains. Furthermore, SPA-GtrC-
SGNH has an additional helix which is not present in structures of SGNHs°

Page 86 of 102



Chapter 6. Discussion
domains found in the PDB. The function of this additional helix is currently
unknown. In addition, the loops surrounding the active site and binding groove
differ in SPA-GtrC-SGNH compared to SGNHs° domains.

The residues involved in catalysis by SGNHs® domains are well characterised
and comprise of four conserved blocks of sequence: block | = GDS, block Il =
G, block 11l = GXND and block V = DxxH (where x can be any amino acid) (95).
Blocks | and V contain the catalytic residues and blocks Il and Ill comprise of
residues involved in stabilising the transition state and forming an oxyanion hole
(95). As expected, sequence analysis of SGNHAT® domains showed blocks |
and V, the catalytic residues, to be present in the sequence (Figure 8).
Molgaard et al. suggested that the block 11l GXND motif is completely conserved
among SGNHs® (53) however, both the block Il and block 1l sequences are not
present in SGNHAT3 (Figure 8). In addition, when examining the structure of
SPA-GtrC-SGNH domain, the structure and sequence of the loops normally
holding the block Il residues was very different to that seen in SGNHis!
domains (Figure 22). This suggests that the oxyanion hole residues, normally

conserved among SGNHs® domains, are not present in SGNHAT domains.

Assuming that the reaction catalysed by SPA-GtrC-SGNH proceeds via a
negatively charged transition state (Figure 4), as seen for other SGNH's®
domains (57), an oxyanion hole must be formed to stabilise the transition state.
Therefore, other residues must take the place of the block 11l GXND motif seen
in SGNHis® domains. Prior to determining the structure, it was suggested that
the GTNG motif (section 3.3) could be replacing the GXND motif as two out of
three of the residues are the same. However, this GTNG motif is only present in
around 40% of AT3-SGNH proteins (Table 15). In addition, on determining the
structure, while the GTNG motif is close to the binding groove, the orientation of
the asparagine and glycine residues are very different to that seen in SGNH's®
domains (Figure 22). For example, in SPA-GtrC-SGNH, the asparagine residue
of GTNG is orientated with the side chain amide facing away from the binding
groove (Figure 22), whereas in SGNH*® domains the side chain amide of the
asparagine in GxND is orientated towards the catalytic residues. Both the block
Il glycine and block Ill asparagine are of vital importance in stabilising the

negatively charged transition state formed during the proposed mechanism of
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acetylation (Figure 4). Asn87 seen in SPA-GtrC-SGNH in the same location as
the block Il glycine in SGNHs® domains is likely to act as a replacement
oxyanion hole residue, however, no replacement for the block Ill Asn is seen.
The proposed mechanism (Figure 4) suggests that the reaction proceeds via a
negatively charged transition state which must be stabilised by an oxyanion
hole. A lack of obvious block Ill oxyanion hole residues in SPA-GtrC-SGNH
suggests that either the SGNHAT domain is a pseudo-domain and does not
catalyse the reaction or that the reaction does not proceed via the proposed
mechanism and another mechanism is used. Previous studies have shown that
the SGNHAT2 domain is required for function, therefore it seems highly unlikely
that this domain is a pseudo-domain (33). Consequently, it is more likely that
the proposed mechanism is incorrect and possibly a negatively charged
transition state is not formed as SPA-GtrC-SGNH does not contain the residues
required to stabilise a negatively charged transition state. However, significantly
more work is required to establish the mechanism and oxyanion hole residues.

Docking experiments carried out using FTMap suggest that the residues most
likely to be involved in binding substrates (aside from the catalytic residues) are
aromatic residues: Tyrl7, Tyr22 and Trp247 (Figure 25, Figure 26). Stacking
interactions between aromatic residues and a sugar substrate are common with
tryptophan being the most common residue involved (96). This is consistent
with the assumption that the substrate of SPA-GtrC-SGNH is sugar based.
However, sequence analysis showed that these aromatic residues are not

conserved among other AT3-SGNH domains.

Docking experiments, sequence alignments and structural analysis were unable
to highlight any residues which are obvious candidates to replace the oxyanion
hole residues. Pfeffer et al. (2012) showed that mutation of the oxyanion hole
asparagine to an alanine knocks out function of the SGNH domain as effectively
as if the catalytic residues were mutated (51). This suggests that SPA-GtrC-
SGNH may be acting via a different mechanism to that of SGNH® domains.

PatB, an SGNH® domain which acts in conjunction with PatA, an AT3s°!
protein, is assumed to act via a similar mechanism to SPA-GtrC-SGNH (61).

Although not connected, as is the case for AT3-SGNH proteins, this system
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contains a transmembrane acyltransferase and an SGNH° hydrolase the same
as AT3-SGNH proteins (61). However, unlike SPA-GtrC-SGNH, PatB does
contain the block Il and block Ill consensus sequences seen in other SGNHIs!
domains, and although the structure is not known, it is thought to be similar to
other SGNHs°' domains (61).

In conclusion, while the conserved oxyanion hole residues are important for
catalysis in SGNH*® domains, these residues are not conserved in AT3-SGNH
domains and no obvious replacement residues have been uncovered.
Determining the structure of SPA-GtrC-SGNH in complex with its substrate
could confirm the residues important for binding and potentially find the

oxyanion hole residues.

6.4. Placement of SGNH domain in relation to the

acyltransferase domain

The discovery of the structured linker can be used to suggest the orientation of
the acyltransferase and SGNH domains in relation to each other. It was
previously assumed that the region linking the two domains was flexible
however, the structure shows that the ‘linker’ region is an integral part of the
SPA-GtrC-SGNH domain structure (Figure 20). The acyltransferase domain,
and therefore, cytoplasmic membrane is likely to be situated close to the N-
terminus (Figure 28). This suggests that the additional helix, not present in all
AT3-SGNH proteins, may come into close contact with the acyltransferase
domain (Figure 28). FTMap predicts sugar residues to bind along the groove in
SPA-GtrC-SGNH, therefore, this groove is likely to be located perpendicular to
the cytoplasmic membrane to allow contact with the O-antigen protruding from
the membrane (Figure 28). This implies that Glu228 would also be located
close to the acyltransferase domain and potentially forms a salt-bridge with a

positively charged conserved lysine in the acyltransferase domain (Figure 28).

PatA and PatB can again be used as a model to look into how these domains
may work together. Moynihan et al. suggested that PatA, after transporting the

acetate substrate across the membrane, remains covalently linked to the acetyl
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group. PatB, the SGNH domain, removes the acetate group from PatA and
attaches it to peptidoglycan (61). This seems more likely than CoA being
transported into the periplasm along with the acetate group and also is
consistent with the theory that a strong interaction occurs between the
acyltransferase and SGNH domains. Potentially the long periplasmic loop found
between transmembrane helices 3 and 4 in the acyltransferase domain of SPA-
GtrC (Figure 28), could be involved in transporting the acetate donor to the
SGNH domain. If this is true, then the acyltransferase loop would need to
interact closely with the binding groove and may even provide the oxyanion hole
residues missing from the SGNH domain. However, significant further structural
analysis of both the acyltransferase and SGNH domain is required to determine
how these domains work together.

The point at which the acyltransferase proteins act during the biosynthesis of
LPS is currently unknown. During biosynthesis, each individual O-unit,
consisting of four sugar residues in Salmonella ser. Paratyphi A, are assembled
to form a long O-antigen chain consisting of around 50 repeating O-units (20).
There are two possibilities, each individual O-unit could be acetylated, or the
acyltransferase could act on the assembled O-antigen chain. If each individual
O-unit is O-acetylated then the SGNHAT domain would need to be in close
proximity to the membrane as the rhamnose residue to be acetylated would be
the second sugar from the membrane (Figure 28). If the SGNHAT® domain is
orientated as shown in Figure 28, it could potentially be close enough to the

membrane to act on the individual O-unit.
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WU

Figure 28. Proposed structure of interaction between the SGNH domain
and acyltransferase domain. The additional helix is shown in red, the N-
terminus of the linker in yellow and Glu228 in green. The sugar residues
predicted to bind in the active site are shown as blue sticks (as predicted by
FTMap).

The other possibility is that the SGNH domain acts on the long O-antigen,
potentially in conjunction with the polymerisation step. However, as the new O-
unit is attached to the end furthest away from the membrane this would require
the SGNH domain to move further away from the membrane as the chain
became longer. Therefore, it seems more likely that SPA-GtrC acts on each

individual O-unit before polymerisation occurs.

The structure of SPA-GtrC-SGNH domain has given some understanding of the
location of the SGNHAT domain in relation to the acyltransferase domain.
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However, determining the structure of the two domains together is required to

gain further insight into how these domains may work together.

6.5. Further experiments

The in silico analysis and structural work carried out here has given a new
insight into SGNHAT3 domains and highlighted some important differences
compared with SGNHs®' domains. However, further work is required to gain a
better understanding of the differences in function between SGNHAT and
SGNHis?, Mutagenesis experiments could be carried out altering the residues
surrounding the binding groove of SPA-GtrC-SGNH domain, in particular the
aromatic residues highlighted previously. Combined with a functional assay this
would enable a detailed understanding of which residues are important for
catalysis and substrate binding. SPA-GtrC-SGNH is the first structure of an
SGNHAT3, therefore, structural work on other SGNHAT domains would
determine if the differences between SGNHAT® and SGNHs® seen here are

consistent with other proteins.

Analysis of the sequences of GtrC family Il proteins from each of these serovars
and comparing the location of mutations in the sequences to the structure of
SPA-GtrC-SGNH shows that none of these mutations are close to the active
site or binding groove of SPA-GtrC-SGNH (Figure 27). This suggests that the
mutations present are unlikely to influence substrate specificity and it therefore
seems likely that each GtrC protein will be able to act on the LPS structures
from other Salmonella serovars. Additional experiments could be carried out to
determine if the GtrC protein, or even just the SGNH domain, from Salmonella
ser. Paratyphi A was cloned into Salmonella ser. Typhimurium it would be able
to O-acetylate the LPS.

In addition, structural work of the AT3-SGNH protein could be carried out as
determining the complete structure would advance the understanding of how
the domains combine to form a complete protein. This could also potentially
help to understand the mechanism of how the domains work together to carry

out the acetyltransferase reaction. Detailed analysis of the acyltranferase
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domain structure comparing AT3-SGNH to AT3'° proteins could also enhance
the understanding of how these domains differ and identify key residues
involved in catalysis or at the interface of the acyltransferase and SGNH

domains.

Furthermore, NMR experiments could be carried out to study the binding of
sugar residues in the active site of SPA-GtrC-SGNH. This would determine the
residues which are involved in substrate binding. Similarly, crystallisation with
sugar monomers or the O-unit structure from Salmonella ser. Paratyphi A,

would also enable detailed analysis of how the substrate binds.

O-acetylation carried out by NM-Lot3 and SPA-GtrC has shown to be important
for immune evasion. Therefore it is vital to understand how these proteins
function and their structure. The aims of this project were to examine the
structural and mechanistic differences between AT3-SGNH domains and SGNH
hydrolases. Detailed sequence analysis showed key residues, known to be
important for catalysis to be missing from SGNHAT3 suggesting that these
domains function differently. Determining the structure of SPA-GtrC-SGNH
supported this, showing the structure of the active site to be different to the
structures of other SGNH hydrolases. Further work is required to gain a more
detailed understanding of the mechanism of AT3-SGNH domains and how this

may differ from other acyltransferase and SGNH proteins.
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Abbreviations

AT3isoI

AT3-SGNH

B-factor
BSA
CC1/2
CD

DTT
EDTA
Gal

Glc
GIcN
GIcNACc
Hep
HEPES
HT

I

Im9
IMAC
IPTG
Kdo

LB

LPS
Man
MBP
MurNAc
MWCO
NM-Lot3

NM-Lot3-SGNH

O-Ac

Acyltransferase family 3 protein not attached to an
SGNH domain

Acyltransferase family 3 protein attached to an
SGNH domain

Temperature factor

Bovine serum albumin

Pearson's correlation co-efficient

Circular dichroism

Dithiothreitol

Ethylenediaminetetraacetic acid

Galactose

Glucose

Glucosamine

N-acetyl glucosamine

Heptose
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Photomultiplier tube

Intensity

Immunity protein 9

Immobilised metal affinity chromatography
Isopropyl B-D-1-thiogalactopyranoside
Keto-deoxyoctulosonate

Lysogeny broth

Lipopolysaccharide

Mannose

Maltose binding protein

N-acetyl muramic acid

Molecular weight cut off

Lot3 protein from N. meningitidis

Lot3 protein from N. meningitidis, amino acid 379-
end

O-Acetylation

Page 94 of 102



ODes0o
PACT
Par
PCR
PDB
PEA
PEG
Phos
R-factor
Rha
RMS

SDS PAGE

SGNHATS
SGNHisol
soc
SPA-GtrC

SPA-GtrC-SGNH

TCEP
UDP
UndP

Abbreviations
Optical density measured at wavelength 600 nm
pH, anion, cation crystallisation trial
Paratose
Polymerase chain reaction
Protein databank
Phosphoethanolamine
Polyethylene glycol
Phosphate
Residual factor
Rhamnose
Root mean square
Sodium dodecyl sulfate polyacrylamide gel
electrophoresis
SGNH domain attached to an acyltransferase
SGNH domain not attached to an acyltransferase
Super optimal broth with catabolite repression
GtrC protein from Salmonella ser. Paratyphi A
GtrC protein from Salmonella ser. Paratyphi A,
amino acid 371-end
Tris(2-carboxyethyl)phosphine
Uracil diphosphate
Undecaprenyl phosphate
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