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Abstract

Porphyromonas gingivalis is a keystone pathogen of chronic periodontitis. It utilizes
the type- IX secretion system (T9SS) to transport cargo proteins (e.g., gingipains) from
the periplasm to the outer leaflet of the outer membrane. The secreted proteins can also
be delivered long distances via blebbing of outer membrane vesicles (OMVs). However,
the functions of T9SS accessory proteins and the mechanism of OMV formation are

poorly understood.

In this study, porU, porQ, porZ, porT, porP, porG and porF knock-out mutants were
created in P. gingivalis W50. Electron microscopy results show these mutants produced
irregular OMVs compared to W50. MALDI-TOF mass spectrometry of lipid A suggest
that W50 possessed phosphorylated and non-phosphorylated lipid A, whereas non-
phosphorylated lipid A was absent in all the T9SS mutants. These phenotypes are
similar to a P. gingivalis lipid A 1-phosphatase /pxE mutant, and an interplay between

the T9SS and LpxE is therefore proposed.

Sequence alignments show that P. gingivalis LpxE is a novel lipid A 1-phosphatase, as
it possesses a signal peptide, an N-terminus extension, and an additional C-terminal
region (CTR). Electron microscopy and NanoSight data indicate that LpxE is required
for normal OMV production. In addition, detergent and antimicrobial peptide inhibition
assays suggest that LpxE is required for destabilizing bacteria membrane. Membrane
localization data suggest that LpxE may be targeted to the bacterial outer membrane,

which would be the first time this localization has been observed for lipid A 1-



\

phosphatase and may be essential for integrations with the T9SS. Using AlphaFold2,
the LpxE CTR was predicted to be a f-barrel domain, which implies that the CTR could
interact with one or more secreted T9SS substrate or T9SS outer membrane components.
Taken together, I speculate a novel mechanism that the T9SS or one of its secreted
substrates may directly regulate the activity of LpxE via interaction with LpxE CTR.
The presence of LpxE can result in production of non-phosphorylated lipid A, which is

essential to facilitate OMV formation in P. gingivalis.
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Chapter 1 Introduction



1.1 Periodontal disease

Periodontal disease is highly widespread and can affect up to 90% of the worldwide
population'. Periodontal disease, also known as gum disease, is an inflammatory
process which affects the tissues around the teeth. In the early-stage of gingivitis, the
gums become swollen, red, and may bleed (Figure 1.1A, B). Gingivitis is the mildest
form of periodontal disease, which is very prevalent and easily reversed by simple and
effective oral hygiene. Inflammation extending deep into the periodontal tissues and
causing loss of supporting connective tissue and alveolar bone, is defined as
periodontitis (Figure 1.1C). Periodontitis causes the formation of soft tissue pockets or
deepened gaps between the gingiva and tooth root. Severe periodontitis can lead to

loosening of teeth, pain and discomfort, impaired chewing, and tooth loss.

Figure 1.1: Healthy and diseased periodontium. A. Healthy periodontal tissues. B. Early gingival
inflammation (gingivitis; arrow) can be seen in the gingiva between the central incisor teeth. C. Clinical
appearance of chronic periodontitis, with tissue loss and deep periodontal ‘pockets’ that are a hallmark

of disease (arrow). This figure was adapted.

Many risk factors have been identified that promote periodontal diseases, including
smoking®, diabetes’, stress®, genetic predispositions’ and underlying systemic
conditions such as AIDS®. In addition, periodontal diseases are also associated with

preterm birth®, cardiovascular disease'?, diabetes!!, arthritis'? and Alzheimer’s disease'’.



However, links between periodontal disease and poor pregnancy outcomes, still needs
to be convincingly confirmed and may be instead linked by shared risk factors'®.
Periodontal disease has also been thought to be associated with cardiovascular disease
and arthritis, but these associations might again be explained by shared risk factors and
comorbidity, rather than direct causality’. Nonetheless, strong evidence from
longitudinal studies links periodontal disease with diabetes in a two-way relationship,
suggesting that chronic periodontitis worsens diabetes and vice versa®. Both diseases
are thought to adversely influence the patient’s metabolic balance and overall
inflammatory burden®. Based on many studies, it has also been concluded that
periodontal disease, through its inflammatory and bacterial burdens, could be a
biologically plausible risk factor for Alzheimer's disease'®. Clinical evidence supports

these relationships, but the strength of evidence is still not sufficient to prove causality'®.

Periodontal disease is broadly caused by bacteria in the mouth causing deregulated
inflammation in the tissue surrounding the teeth. Biofilm is a thin but robust mucilage
adhering to a solid surface and containing a community of bacteria and other micro-
organisms. Dental plaque is a microbial biofilm and up to 800 different species have
been identified in human dental plaque to date!’. As dental plaque or biofilm
accumulates on the teeth near and below the gums, an inflammatory response develops
which in some instances can lead to a change to the microbial population structure of
the normal, symbiotic oral microbiome leading to an altered dysbiotic composition with
increased pathogenic potential®. Chronic gingivitis and chronic periodontitis is then

caused and sustained by microbes in the dental plaque'®.



The development of periodontal disease is not caused by a single pathogenic
microorganism but by the disordered oral microbiota. Colonization by keystone
pathogens (for example, Porphyromonas gingivalis) results in impaired innate host
defence and promotion of inflammation by subverting complement-Toll-like receptor
(TLR) crosstalk in neutrophils and other myeloid cells!*?*2!, These changes contribute
to the emergence of dysbiosis that means quantitative and compositional changes in the
periodontal microbiota!®. Inflammation appears to be an important ecological change
that can drive the outgrowth of pathogenic microorganisms through tissue destruction
that releases nutrients such as degraded collagen and haem-containing compounds,
which are sources of amino acids and iron, respectively?>?. These nutrients can be
carried via the inflammatory exudate into the gingival crevice to foster the growth of
subgingival proteolytic and asaccharolytic bacteria with iron-acquisition ability?*. In
contrast, health-associated species cannot reside in the new environmental conditions
and are outcompeted. This imbalance drives dysbiosis, which further worsens
inflammation, resulting in periodontitis in susceptible individuals. Alterations in host
immune response or diet can affect the oral microbiota composition and the production
of virulence factors?*. Environmental factors such as pH, redox potential and nutrient

availability also drive the selection and enrichment of specific pathogenic bacteria®>-°,

1.2 Pathogenesis of Porphyromonas gingivalis

Periodontitis results from the interaction between pathogenic microorganisms from the



subgingival biofilms on the tooth surface and an abnormal host response in the
periodontal tissues?’. Extensive microbial compositional analysis has identified
potential pathogens which are associated with periodontitis, designated the red
complex?®. The red-complex bacteria Porphyromonas gingivalis, Tannerella forsythia,
and Treponema denticola, can disrupt periodontal innate defence functions'®. The
presence of these potential pathogenic species does not directly lead to the development
of pathological states, but can switch healthy oral biofilms to pro-inflammatory

biofilms®.

? e g - Q"A'/
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Figure 1.2: Porphyromonas gingivalis. A. Colony morphology of P. gingivalis. The colonies form black

pigmentation on blood agar plate. B. Electron microscope image of P. gingivalis cells. Bacteria cells form
many tiny outer membrane vesicles (OMVs) and filaments named fimbriae surrounding cells or in the
milieu. Green arrow: OMYV in milieu. Blue arrow: blebbing OMV. Orange arrow: fimbriae attached to

the cell. Yellow arrow: fimbriae in milieu. This figure was adapted®’.

P. gingivalis is among the most extensively studied anaerobic bacterial pathogens that
contribute to periodontitis, and is thought to play an important role in the pathogenesis
of the disease®!. P gingivalis belongs to the phylum Bacteroidota and is a Gram-
negative, anaerobic, non-motile bacillus*?> (Figure 1.2). In contrast to other members

of the genus Porphyromonas, many of which can grow on complex carbohydrates, P



gingivalis is asaccharolytic and dependent on nitrogenous substrates such as proteins
or peptides as nutrients*>>*, In order to meet nutritional requirements, P. gingivalis is
able to produce a large number of proteinases to degrade proteins from the host or other
microorganisms®>*. These degraded oligopeptides are then acquired by the essential

RagAB transport system, and imported into P. gingivalis for utilisation*®.

P. gingivalis also relies on exogenous heme for growth because of the lack of a heme
biosynthesis pathway*”*%. P. gingivalis is mainly found in bleeding chronic periodontal
lesions, as hemoglobin from lysed erythrocytes provides a very convenient and
abundant heme source. When growing on blood agar plates, P. gingivalis initially
presents as white to beige colonies, but these then turn dark red to black after 6-10
days*. This black pigmentation has been identified as an accumulation of iron (III)
protoporphyrin IX in the form of the p-oxo dimer [Fe(IIT)PPIX]>O on the bacterial cell

surface’®.

1.2.1 P gingivalis is keystone pathogen

In recent years, a keystone-pathogen hypothesis has suggested that certain low-
abundance microbial pathogens can modulate inflammatory disease by remodelling a

normally benign microbiota into a disordered condition®®. Early bacteriological studies
revealed significant differences in the composition of the periodontal microbiota in
health versus in disease*’. P. gingivalis may not act directly as a pro-inflammatory

bacterium, but it has evolved sophisticated strategies to evade or destroy components



of the host immune system (e.g., Toll-like receptors (TLRs) and complement)!®41:42,
This evidence supports the keystone-pathogen hypothesis. Accordingly, it was
hypothesized that P. gingivalis impairs innate immunity by altering the growth and
development of the entire biofilm, leading to a destructive change of the homeostatic

host-microbiota interaction in the periodontal tissue?’.

The keystone hypothesis is supported by mice model studies where even at very low
colonisation levels, P. gingivalis can remarkably alter the composition of the
periodontal biofilm to cause periodontitis'®. In addition, colonization of germ-free mice
with P. gingivalis alone did not lead to the development of periodontitis, suggesting the
necessity of commensal microbes in pathogenesis. This hypothesis is consistent with

observations that there is low abundance of P. gingivalis in periodontitis patients**+44,

but the prevalence and association with periodontitis pathogenesis are very high*-*°,

1.2.2 Virulence factors of P. gingivalis

The major virulence factors utilized by P. gingivalis have been identified and
characterized (Figure 1.3 and Table 1.1), including fimbriae, capsule, outer membrane
vesicles (OMVs), lipopolysaccharide (LPS), toxic metabolites and proteases®>3*. P
gingivalis is unusual compared with other pathogenic bacteria as it can accumulate cell-
surface heme and produce black pigmented colonies, when cultured on blood agar

plates. This heme is obtained by degradation of host proteins (e.g., hemoglobin), by

lysine-specific (Kgp) and arginine-specific (Rgp) gingipains, which is then captured by



heme-binding proteins such as hemin-binding protein 35 (HBP35)*’. HBP35 plays an
important role in heme acquisition*®. Besides, HBP35 facilitates binding of P. gingivalis
to erythrocytes and host epithelial gingival cells*’. Gingipains and HBP35 are secreted
by the type-IX secretion system (T9SS) which is the major determinant of P. gingivalis
pathogenesis®®. Additionally, P. gingivalis produces other virulence factors such as LPS,
capsule and fimbriae. They can perturb host cells, allowing P. gingivalis to invade cells
and tissues and escaping the immune surveillance (Figure 1.3 and Table 1.1). Once P.
gingivalis enters the cell, it secretes an ATP-hydrolase enzyme which prevents ATP-

dependent apoptosis, contributing its survival into the host®!

. Among the common
laboratory strains and clinical isolates of P. gingivalis, strains W50, W83 and W12 are

found to be more virulent than strains 381, HG66 and ATCC33277°.
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Figure 1.3: Major virulence factors of P. gingivalis. Schematic representation of a P. gingivalis cell
(yellow: cytoplasm, green: periplasm, blue lines: inner and outer membranes). The cell is surrounded by
an electron dense surface layer (EDSL, blue) made of gingipains anchored to the cell surface, and by the
capsule (grey). Gingipains and other substrates (blue lozenges) are secreted by the type-IX secretion
system (T9SS, orange). Other virulence factors include fimbriae (green), outer membrane vesicles
(OMVs, blue). Mechanisms of acquisition of essential elements: iron (red circles), acquisition systems
(blue), and di- and tri- peptides (peptidases and RagAB oligopeptide transporters, orange) that serve as

carbon sources. This figure was adapted™.



Table 1.1: Major virulence factors of P. gingivalis™.

Virulence factor Functions

Capsule — Protection against environmental aggressors

— Protection against host complement

Fimbriae (Type-V and Mfa pili) — Adhesion to host cells

— Bacterial aggregation and biofilms

Lipopolysaccharides — Protection against detergents and antibiotics

— Triggers host inflammatory signalling pathways

T9SS — Virulence factor export

Gingipains — Degradation of host proteins

— Processing of fimbriae subunits

Peptidylarginine deiminase (PAD) — Citrullination of host proteins
OMVs — Toxin delivery and transport
Capsule

Most strains of P. gingivalis are known to produce a capsule that surrounds the cell and
shields surface components from the host (Figure 1.3 and Table 1.1). This barrier
protects the bacterium from aggressions and killing by the host, and hence encapsulated
strains are more virulent in a mouse model of infection®**>. The capsule of P. gingivalis
is mainly composed of capsular polysaccharide (CPS) which protects cells from
engulfment by eukaryotic cells, such as macrophages®. CPSs are highly hydrated

molecules®® and they are often linked to the cell surface of the bacterium via covalent
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attachments to either phospholipid or lipid A molecules, although some CPS may be

associated with the cell in the absence of a membrane anchor 8,

Fimbriae

Fimbriae are a series of adhesive hair-like structures on the cell surface of bacteria
(Figure 1.3). In pathogenic species, fimbriae are often crucial virulence factors, which
are involved in attachment and invasion of target cells, evasion of the host immune
system, and biofilm formation®. P. gingivalis produces short (Mfa pili) and long (Type-
V pili) fimbriae. Due to their adhesive properties, these fimbriae participate in the
formation of multispecies biofilms, colonization of host cells, and development of
periodontitis®*®!. Type V pili are composed of the major FimA fimbrillin. FimA are first
transported to the cell surface as lipoproteins, which are then hydrolysed by the RgpB
gingipain before being polymerized into fimbria structures by a strand exchange
mechanism®>®, In addition to promoting adhesion to host tissues, Type-V pili bind
a5B1-integrins® and inhibit the Toll-like receptor (TLR)-mediated proinflammatory
response®, which allows P. gingivalis to invade host cells. Besides, Type-V pili can
mediate coaggregation with other oral pathogens such as 7. denticola, Streptococcus
oralis and Streptococcus gordonii®*®. Similar to Type V pili FimA, Mfal which is the
major fimbrillin of the Mfa short pili, is also processed by gingipains before being

polymerized®’.
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Gingipains

Gingipains are cysteine proteinases that belong to the peptidase family C25%, and
represent the major virulence factors of P. gingivalis®®. In P. gingivalis, there are three
types of gingipains: lysine-specific gingipain (Kgp), arginine-specific gingipain A
(RgpA) and arginine-specific gingipain B (RgpB)’. Gingipains are abundantly
expressed and after translocation across both the inner membrane and outer membrane,
gingipains are attached on the bacterial cell surface or secreted into the extracellular
milieu’".

Gingipains share a similar multidomain organization (Figure 1.4): from N- to C-
terminus, the signal peptide is followed by a prodomain that functions as a chaperone
and maintains the protease in an inactive state to prevent cleavage of cellular proteins’?,
a catalytic domain, an immunoglobulin-superfamily fold (IgSF), and a globular C-
terminal domain (CTD) involved in gingipain secretion’. Additionally, RgpA and Kgp
have several copies of hemagglutinin/adhesion (HA) domains located between the IgSF
and CTD domains’""’*. Gingipains are involved in the erosion of periodontal tissues and
the degradation of iron-binding proteins. To disrupt the epithelial barrier function and
allow P gingivalis to penetrate into subepithelial tissues, gingipains can target
important extracellular matrix components, such as tight-junction associated protein
JAM17°, Furthermore, via cleaving T-cell surface proteins such as CD4 and CD8’%, the
IL-6, IL-8, IL-12 cytokines’’ and the gamma-interferon (IFN-y)’®, gingipains interfere

with the host immune response and hence promote evasion of host defence.
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RgpB Catalytic domain IgSF | CTD
RgpA/Kgp Catalytic domain IgSF CTD

Figure 1.4: Schematic diagram of the gingipain domain structures. All three gingipains possess a
Sec signal peptide (SP), pro-peptide (prodomain), catalytic domain, immunoglobulin-superfamily fold
(1gSF) and C-terminal domain. RgpA and Kgp also possess hemagglutinin/adhesin (HA) domains which
are extensively processed by autolytic cleavage. Regions of sequence conservation are given the same

colouring.

Peptidylarginine deiminase

Peptidylarginine deiminase (PAD) is an enzyme involved in the citrullination of
proteins, which is only produced and secreted by members of the Porphyromonas
genus’. Citrullination is an enzymatic reaction that converts arginine to citrulline, a
neutral, non-natural amino acid. By neutralizing positively-charged residues, this post-
translational modification increases the overall hydrophobicity of target proteins and
results in protein unfolding and dysfunction®. Citrullinated proteins are targeted by the
immune system, and lead to autoimmune diseases such as rheumatoid arthritis (RA). In
fact, a relation between the development of RA and severe periodontitis was noticed®!
and further results indicated that Porphyromonas PAD (PPAD) is a key factor in the

development of periodontitis and RA in mice®.

The other major virulence factors including the LPS, T9SS and OMVs, will be clarified

in detail in the following sections.
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1.3 Lipopolysaccharide

LPS is the major macromolecule on the outer leaflet of Gram-negative bacteria (Figure
1.5). The cell envelope of gram-negative bacteria consists of an outer membrane (OM),
an inner membrane (IM) and a periplasmic space. Each membrane is a lipid bilayer
consisting of two leaflets. Both leaflets of the IM are composed of phospholipids. The
OM is an asymmetric bilayer that consists of phospholipids on the inner leaflet and LPS
on the outer leaflet. LPS is essential to the bacterium for maintaining its structural
integrity, as well as establishing a selective permeability barrier that limits entry of
hydrophobic molecules and toxic chemicals such as detergents and antibiotics®. Also,
LPS is required for the proper folding and insertion of many OM proteins. Due to many

important functions, LPS is essential for the survival of all Gram-negative bacteria®®.

LPS is composed of three domains: lipid A; a core oligosaccharide; and a long
polysaccharide chain named O-antigen (Figure 1.5). Lipid A is the innermost
component of LPS and is conserved in structure. O-antigen is the outermost component
of LPS and forms the external surface of bacteria. The structure of O-antigen is highly
variable and immunogenic®®. In P. gingivalis, two forms of LPS, O-LPS and A-LPS
have been identified. The O-antigen of O-LPS is neutral O-polysaccharide (OPS) and
the O-antigen of A-LPS is anionic polysaccharide (APS)3¢. Although the structure of
the O-antigen has not been elucidated, both O-LPS and A-LPS consist of the same lipid
A and core oligosaccharides®”%%#°_ The structure of OPS has been found to possess
tetrasaccharide units of N-acetylgalactosamine (GalNAc), rhamnose (Rha), glucose

(Glc) and galactose (Gal)*®, while APS units are formed of branched phosphomannan
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containing eight mannose sugars’!. Only A-LPS has been found to be involved in the
attachment of TO9SS substrates to the cell surface. However, the biosynthesis

mechanisms of O-LPS and A-LPS are not clear.
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Figure 1.5: Schematic of Gram-negative bacteria outer membrane. Lipopolysaccharide (LPS) forms
the outer leaflet of the outer membrane. It is composed of three domains, namely the lipid A anchor (red),

the core oligosaccharide (black) and the outermost O-antigen (green), which is variable in structure and
immunogenic.

1.3.1 Pathogenicity of P. gingivalis LLPS

In hosts, LPS results in a strong innate immune response in a tissue or cell specific

manner®>, This was found in bone, epithelial cell barrier breakdown, and

keratinocytes”**. Lipid A, also named endotoxin, is the bioactive region of LPS and is
recognized by the innate immune system®*. Lipid A from either commensal Escherichia
coli (E. coli) or pathogenic E. coli, is highly immunostimulatory even at a low
concentration. Immune detection of lipid A is extremely sensitive since a bloodstream
infection can lead to a severe complication called endotoxic shock. This is a major

clinical issue that results in around 200,000 deaths in the USA every year®.
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LPS can activate a wide range of host immune cells in periodontal tissues, triggering a
local immune response, allowing the defence cells to release numerous inflammatory
mediators and leading to secondary damage to the periodontal tissue. Regarding
pathogenesis, Toll-like receptors (TLRs), as the recognition receptors of pathogen
associated molecular patterns (PAMPs)”’, can mediate the inherent immunological
reactions of the host to P. gingivalis, which plays a vital role during the occurrence and
development of periodontitis®®. LPS of E. coli was found to be able to activate the host
inflammatory response by stimulating Toll-like receptor 4 (TLR4)*1% However, the
TLR activations that triggered by P. gingivalis LPS are much more complicated, and
the main signalling pathways remains controversial'®!. Some research has shown that
TLR4 exerts a dominant function, whereas others suggested that Toll-like receptor 2
(TLR2) is the major receptor'®. It has been thought that TLR2 is required for alveolar
bone loss caused by P. gingivalis infection in animal models, as P. gingivalis causes the
up-regulation of TLR2 expression and pro-inflammatory cytokine production in vitro'®.
However, LPS was found to act as an agonist for TLR2 or as an antagonist and/or
agonist for TLR4 activation, which leads to further contradiction!%*195:106.197 AJthough
P. gingivalis LPS likely activates TLR2, the difference lies in the form of LPS presented
to the host. For instance, the protein-free LPS is unable to activate TLR2, whereas the
protein bound LPS on the live bacterium can mediate TLR2 activation via a novel class
of lipoprotein lipase-sensitive molecules, which highlights the importance of active
infection'®. In essence, the tightly associated or covalently attached protein to LPS on

live P. gingivalis contributes to the TLR2 activation'®.
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1.3.2 LPS biogenesis in P. gingivalis

Bacterial LPS biogenesis has been extensively studied in E. coli. More than 100 genes
are involved in the biosynthesis of LPS and much is known about the molecular
mechanisms of the biosynthetic enzymes!!®“!'"!'2_ The lipooligosaccharide (LOS)
containing lipid A and core oligosaccharide is synthesized on the cytoplasmic side of
the inner membrane and flipped to the periplasmic side by an ATP-binding cassette
(ABC) transporter named MsbA 314151617 (Rigyre 1.6). The O-antigen is ligated to
the LOS by an O-antigen ligase named WaaL, following its independent synthesis in
the cytoplasm and transport to the periplasm!'$11%:120.121 ' b ojpaivalis genes have been
characterised that produce O-antigen, A-antigen and lipooligosaccharide (LOS)
precursors'?? and function as an O-antigen flippase (PorS) and ligase (WaaL) (Figure
1.6). Based on sequence homology, several candidate genes also exist for an A-antigen

flippase and ligase, but these still need confirming experimentally.

Recent studies have shown that the products of 15 genes vimA, vimE, vimF'?124,
whpB'®, waaL®¥, ugdA, rfa'®®, wzy®, gtfB'?’, PGN_0242, PGN_0663'?%, whbaP, wzx,
wzzP'? and porR, are involved in the biosynthesis of A-LPS. Of these, the wzy, waalL,
gtfB and wzzP gene products are involved in the biosynthesis of both A-LPS and O-
LPS, as mutations in these genes result in immature or semi-mature LPS®12%127 n
contrast, porR, vimA, vimE, wbpB, ugdA and wbaP mutants produce O-LPS but lack A-
LPS, suggesting that some of these genes may be required for A-LPS synthesis. A-LPS

is composed of a LOS and anionic polysaccharide (APS) repeating units that contain

phosphorylated branched mannan®”®!. The APS is predicted to be synthesized by
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mannosyltransferases, but the genes encoding the mannosyltransferases have not been
identified’!. Recently, VimF has been found to be one of the proteins necessary for A-
LPS biosynthesis, and has been demonstrated to possess galactosyltransferase

130 More recently, a Wbp pathway has been discovered in P. gingivalis. The

activity
Wbp pathway including four enzymes: WbpA, WbpB, WbpD and PorR, which are
essential for A-LPS synthesis'3!. WbaP, GtfC, GtfF, and VimF are predicted to be A-

LPS-specific glycosyltransferases!'*?

. VimA and VimE are reported to be a putative
acetyl-coenzyme A transferase and a carbohydrate esterase, respectively. But their roles

in A-LPS biosynthesis have not been elucidated'*.

In E. coli, seven essential proteins, LptA, LptB, LptC, LptD, LptE, LptF and LptG are
required for the transport of LPS from the outer leaflet of the inner membrane (IM) to
the outer leaflet of the outer membrane (OM)!3*133136.137 The ABC transporter,
LptB>FG complex, in association with LptC, is thought to extract LPS from the IM'3%.
The soluble protein LptA mediates the transport of LPS across the aqueous periplasmic
compartment'**1*0, Finally, the p-barrel OM protein LptD and the OM lipoprotein LptE
form a large translocon in the OM that extracts LPS from LptA and delivers it to the
cell surface!*!142. P gingivalis is likely to possess the general LPS transport (Lpt)
pathway as homologues have been identified. It has been found that PGN 1553
contains LptA-, LptC-, or LptD-like domains. PGN 0669, PGN 1512, PGN_0884 and
PGN 0260 are the best-matched P. gingivalis equivalents of LptB, LptC, LptD and
LptE, respectively. PGN_0642 contains LptF- or LptG-like domains'?’. However, only

one copy of a Lpt assembly complex has been detected in P. gingivalis and this suggests
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that this is functional for both the transport of O- and A-LPS!*.

Lipid A deacylation (LpxR, PagL?) in OM p
LptE
PP Lpta
, precursor
M LDl M 0-Ag, A-Ag (MMM MM S Sl M MSbA, A O-Ag, AAg 1111 LptF 1 LptG - {
L O-Ag,A-Ag  |[LILILILL g LU L EEyEYLE RjR{RyRyRYR{RY i JEERyR{RYRYE] L |1
X ‘J YA flippase (- L0S synthesis 1y flippase |- A ligase  H-HHHE {
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Figure 1.6: Schematic of P. gingivalis LPS biogenesis. Synthesis of the lipid A and core domains of
LPS occurs in the cytoplasm and at the cytoplasmic interface of the inner membrane (IM). O-antigen is
synthesized separately and attached to the carrier lipid. MsbA; flips lipooligosaccharide (LOS) and O-
antigen flippases flip O-antigen precursors across the IM. O-antigen is attached to LOS on the
periplasmic (PP) side of the IM. Finally , the Lpt complex transports LPS from the IM to the surface of
the outer membrane (OM). This pathway is composed of seven essential proteins: LptA, LptB, LptC,
LptD, LptE, LptF and LptG. LPS is extracted from the IM in an ATP-dependent manner by the ABC
transporter LptB,FG and transferred to LptC, which forms a complex with LptBoFG'8. LptC consists of
a single membrane-spanning domain and a large periplasmic domain, which forms a periplasmic bridge
with the soluble protein LptA and the N-terminal region of LptD!#4. LPS crosses the aqueous periplasmic
space through this protein bridge and reaches the cell surface with the presence of the C-terminal domain

of LptD, which forms a B-barrel structure that is plugged by the OM lipoprotein LptE!'#!:142,

During LOS synthesis bacteria can generate species-specific lipid A structures which
differ in their sugars and acyl chains'®. Further downstream modifications that alter
acyl chains, phosphorylation and sugar structure are also common, and function to help
bacteria evade host immunity and alter the properties of their OM!*°. For example, some
bacteria express the IM localised enzymes LpxE (lipid A 1-phosphatase) and LpxF
(lipid A 4'-phosphatase)'*®!*" (Figure 1.6), which can modify the phosphorylation

status of Lipid A. Likewise, if bacteria possess the OM localised pB-barrel deacylases
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LpxR and PagL!'¥!4] they can remove the 3'-acyl chains from the first and second

glucosamine moiety of lipid A, respectively.

1.3.3 Heterogeneity of lipid A

In P. gingivalis, the heterogeneity of A-LPS represents the major virulence factors that
promote inflammation and bone loss. The heterogeneous forms of A-LPS interact with
the host as pathogen associated molecular patterns (PAMPs) and have been extensively
studied for their role in the pathogenesis of periodontitis®’. As the variant domain of A-
LPS, a variety of different lipid A structures have been reported'**!>! (Figure 1.7).
These lipid A structures are referred as phosphorylated tetra-acylated (P-tetraacyl) and
phosphorylated penta-acylated (P-pentaacyl) portions. The tetra-acylated form of LPS
has non-P-tetraacyl (m/z 1,368) and mono-P-tetraacyl (m/z 1,448) species. The penta-
acylated form of LPS has non-P-pentaacyl (m/z 1,608), mono-P-pentaacyl (m/z 1,688)
and di-P-pentaacyl (m/z 1,768) species'>? (Figure 1.10). It has been demonstrated that
P, gingivalis uses lipid A 1-phosphatase (LpxE), lipid A 4'-phosphatase (LpxF) and lipid
A deacylase (PGN_1123) to generate unique non-phosphorylated lipid A!**15* (Figure
1.7). Although this may appear to be energetically wasteful to add a phosphate group
and subsequently remove it, it provides a mechanism to modify the phosphorylation
status of lipid A. These non-phosphorylated forms of lipid A can then help P. gingivalis
evade TLR4 activation and resist killing by cationic antimicrobial peptides'>. In

addition, an additional Pagl-like deacylase appears to be present, which creates triacyl
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forms of lipid A that were only detected in OMVs'>2. However, this PagL-like deacylase

still has not been identified in P. gingivalis.

LpxF (Lipid A 4'-phosphatase)

L e

1768 (di-phosphate 1688 (4'-phosphate) 1688 (1-phosphate) 1608 (non-phosphorylated)

PGN_1123 \ / \
(Deacylase) S -

LpxE (Lipid A 1-phosphatase)

A
Y

1448 (1-phosphate) 1368 (non-phosphorylated)

Figure 1.7: The major lipid A structures identified in P. gingivalis. The major forms of lipid A were
examined by matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF
MS) and MALDI-TOF tandem MS'3. The arrows suggest the dephosphorylation and deacylation

modifications between different lipid A species.

Two studies have suggested that the T9SS outer membrane protein PorV is involved in
lipid A modification. The first research only found the penta-acylated forms of mono-
phosphorylated lipid A in the por}/ mutant, indicating a specific role of PorV in the O-
deacylation of mono-phosphorylated lipid A!>>. However, other research has
demonstrated that PorV is required for lipid A dephosphorylation as non-

phosphorylated lipid A were absent in porV mutant!>?

. Although the conclusions are
contradictory, both observed that por/ mutant forms large and abnormal OMVs. And
compared with W50, there was a significant reduction of OMV yields in the por)

mutant!>?, Because the main component of the outer leaflet of OMVs is LPS, there

could be a novel mechanism within PorV, lipid A modification and OMV production.
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1.4 Type-IX secretion system

To interact with host and environment, bacteria have evolved a wide variety of highly
specialized macromolecular transport nanomachines!*® to secrete a wide range of
substrates, including small molecules, proteins and DNA from their cytoplasm to
extracellular environment. One major category of substrates transported out of the
bacteria cell are proteins. To secrete proteins, bacteria have evolved numerous secretion

systems!S7158

and several of them have been designated as general secretion systems.
Ten such general secretion systems (type-I to type-IX and the chaperone-usher

system)!*® have been well studied so far and two more (type-X and type-XI)!**1%° have

recently been discovered.

In Gram-negative bacteria, the type-I secretion system (T1SS), type-III secretion
system (T3SS), type-IV secretion system (T4SS), and type-VI secretion system (T6SS)
are all one-step secretion systems, where the substrate protein is transported directly
from the cytoplasm to the extracellular environment, usually in a partially unfolded
state!61:162.163.164 Ty Gram-negative bacteria, the type-II secretion system (T2SS), type-
V secretion system (T5SS), type-VIII secretion system (T8SS), type-IX secretion
system (T9SS), and chaperone-usher (CU) system are two-step secretion systems,
where a substrate is transported across the IM by the Sec or Tat system into the
periplasm and then across the OM by the secretion system machinery!6>166:167.168,169
The type-VII secretion system (T7SS) has only been identified in Gram-positive but

not in Gram-negative bacteria. The type-X secretion system (T10SS) and type-XI

secretion system (T11SS) have only been recently described and their mechanisms are
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at present unclear!>%160,

Over the last two decades, a novel Gram-negative bacterial secretion system has been
discovered in the Fibrobacteres-Chlorobi-Bacteroidota (FCB) superphylum®’. As this
was the ninth protein secretion system to be identified in bacteria, it was named the
type-IX secretion system (T9SS)!"*!7!. The T9SS has mostly been studied in the oral
pathogen P. gingivalis and the gliding bacterium Flavobacterium johnsoniae. In P,
gingivalis, the T9SS is an essential determinant of pathogenicity in severe periodontal
disease, because many virulence factors (for example, gingipains) are secreted by the

T9SS'”.

During transport through the T9SS, a conserved C-terminal domain (CTD) of substrates
has been shown to be the secretion signal. In addition, CTD-like sequences have also
been observed in other Gram-negative bacteria: 7. forsythia, Prevotella intermedia, and
Parabacteroides distasonis'”, and T9SS homologs were also found in these species!”.
Moreover, the fish pathogens Flavobacterium columnare and Flavobacterium
psychrophilum also utilize the T9SS to cause columnaris disease and bacterial cold-
water disease!’>!’®. This evidence implies that T9SSs are present and have diverse

functions in Bacteroidota.

1.4.1 T9ISS architecture

Currently, 22 T9SS protein components have been identified (Table 1.2). Deletion of

any of these genes causes defects in secretion, highlighted by white pigmentation of P
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gingivalis colonies and accumulation of cargo proteins (e.g., gingipains) in the
periplasm. Some of these proteins build the core structures in the inner membrane (IM)
and outer membrane (OM) of the secretion apparatus, some play regulatory or
accessory roles, and others are involved in post-translational modification of cargo
proteins (Figure 1.8)!”2. However, many aspects of their functions have yet to be

discovered, and potentially other components are still to be identified.

Table 1.2: Components of the T9SS in P. gingivalis.

WS50/W83 Protein Description Localization Interaction References
Logus Name
Tag
PG0026 PorU Contains uncleaved OM PorV 177,178,179

T9SS CTD; Cargo

protein sortase

PG0027 PorV B-Barrel; PorU oM PorU; 152,155,179,180,168
(LptO)  anchoring and cargo Substrates
protein shuttling;

Interacts with Sov

PG0052 PorY Sensor histidine kinase M PorX 50,181,182

PG0162 SigP T9SS sigma factor CP PorX 181

PG0189 PorG B-Barrel; Binds to the oM PorK/N 183
PorK/N rings

PG0192 Ompl7  Skp-like chaperone PP - 184

PG0287 PorP B-Barrel oM PorE/K/N/; 50,185

PG1035

PG0288 PorK Lipoprotein; Forms ring PP PorG/M/N 50,183,185,186
complex with PorN /P/T/W; Sov

PG0289 PorL Pentameric inner M PorM/X 50,183,185,187

membrane protein;
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Motor stator

PG0290 PorM Dimeric inner M PorL/K/N 50,185,187,188
membrane protein;
Rotor and shaft
PG0291 PorN Forms ring complex PP PorG/K/M/T/W; 30183185
with PorK Sov
PG0534 PorF B-Barrel; Predicted to be oM - 189
TonB dependent
receptor
PG0602 PorQ B-Barrel; Anchors PorZ oM PorZ 50,17
to surface
PG0751 PorT B-Barrel oM PorK/N 30,155,190,191
PG0809 Sov B-Barrel; Translocon OM PorK/N/V/W ~ 168:192.193,194
(SprA)
PG0928 PorX Chemotaxis protein CP PorL/Y; SigP 50181182195
PG1058 PorE Lipoprotein; Cell wall PP PorP; 196,197
anchoring Peptidoglycan
PG1604 Porz B-Propeller; A-LPS OM PorQ; A-LPS 179,109,198
attachment
PG1850 - Periplasmic protein PP PorW 186,196
PG1947 PorW Lipoprotein PP Sov; PG1850 3019
PG2092 Plug Sov channel plug oM Sov 168
PG2172 PorA Possesses a floating CTD oM PorV; Sov 186,200

OM: outer membrane. PP: periplasm. IM: inner membrane. CP: cytoplasm.

*Original citations for protein identification and key citations with novel data pertaining to protein

function, structure and/or interactions are listed.
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SigP

Figure 1.8: Speculative model of the P. gingivalis T9SS. The different subunits of the T9SS are shown
in different colours, with their localizations. The overall translocon structure and the proteins form a pore
in the outer membrane (OM). Interacting proteins are situated in proximity. The known atomic structures
of PorM, Sov’s homologue SprA, PorV and PorZ are shown. IM protein PorY binds to cytoplasmic
protein PorX to form a two-component regulatory system. SigP is a ECF sigma factor that acts on PorX.
PorL and PorM form an inner membrane (IM) complex that arrange as a ring structure, composed of 12
copies of a PorLsPorM» sub-complex. PorK, PorW, and PorE are lipoproteins anchored into the inner
surface of the OM. PorK interacts with PorN to form a large ring which spans both the OM and periplasm
(PP). PorP, PorT, PorG, PorF and PorQ) are B-barrel proteins that locate in the OM. Structural models are
shown for proteins that have an experimentally determined atomic structural model available. The PDB
entries (www.rcsb.org) for the structures shown are: SprA-PorV-PPI (6H3I), SprA-Plug-PPI (6H3J),
PorZ (5M11) and PorM (6EY0, 6EY5).

Cytoplasmic and inner membrane components of the T9SS

PorX and SigP are the only two known T9SS-related protein residing entirely in the
cytoplasm (Figure 1.8). PorX and IM protein PorY form a two-component system
(TCS) to regulate the expression of several T9SS genes. In this complex, PorX acts as
a response regulator and PorY works as a histidine kinase. PorY contains two
transmembrane helices (TMHs) and a large cytoplasmic domain'®>. PorXY TCS

regulates T9SS-mediated protein secretion via the SigP ECF sigma factor!8!,

Two other essential components of the T9SS, PorL and PorM are also located in the IM


http://www.rcsb.org/
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(Figure 1.8). PorL carries two TMHs and a cytoplasmic domain'®. PorM is anchored
into the IM by a single TMH and presents a large periplasmic C-terminal domain. PorM
forms dimers and interacts with PorL via their TMHs, and with PorN in the periplasm'®>.
The crystal structures of the periplasmic domains PorM and its homologue GIdM from
F. johnsoniae suggest they are both composed of four domains: an N-terminal a-helical
domain, and three Ig-like domains'®3?"!, Recently, it has been reported that the PorLM
sub-complex acts as motor by converting electrochemical energy into mechanical
energy to drive the T9SS'*". In F. johnsoniae, gliding motility is dependent on the
protonmotive force (PMF) and a functional GIdLM module. It is supposed that
electrochemical energy is converted to mechanical movement via the rotation of the
GldM TMH, and subsequent conformation changes within the GIdM periplasmic
domains'®’. Due to sequence and structural conservation between GIdLM and PorLM,

the T9SS motors more than likely share the same mechanism of action.

Periplasmic components of the T9SS

Six T9SS proteins PorK, PorN, PorW, PorE and PG1850 are in the periplasm (Figure
1.8). PorN forms dimers in vitro and interacts with IM protein PorM and periplasmic
lipoprotein PorK'®!85, PorK and PorN interact to form a 50 nm diameter ring-shaped
complex containing around 32-36 subunits of each protein, and the ring structure is
anchored into the OM through the fatty acids of PorK'®. The trans-envelope core
complex PorKLMNP has been discovered and suggests that the PorKLMN proteins

assemble a large complex of over 1.2 MDa'*®. PorL and PorM form a ring structure that



27

is composed of 12 copies of a PorLsPorM; sub-complex at the IM which spans the
periplasm to interact with the large ~50 nm PorKN ring via the periplasmic portion of
PorM!86202 The OM barrel protein PorP was also found to form part of this complex

by binding to PorK and PorN'®3,

PorW is an OM lipoprotein that interacts with the Sov translocon and an unknown T9SS
protein PG1850'%, It is proposed that PorW has the function of linking the PorKN ring
to the Sov translocon'®®. The periplasmic lipoprotein PorE was found to interact with
PorP and the CTD containing protein PG1035. PorE is predicted to comprise four
domains: a tetratricopeptide repeat (TPR) domain, a [-propeller domain, a
carboxypeptidase regulatory domain-like fold and an OmpA-like C-terminus
peptidoglycan binding domain'®. The crystal structure of the OmpA-like C-terminus
domain has been solved!®’. This structure possesses a protein cleft which is similar to
other peptidoglycan binding proteins. As PorE is the only T9SS component that is
associated with the peptidoglycan, it has been suggested that PorE may have the role of
anchoring the T9SS to the peptidoglycan and acting as a template for the assembly of

the translocon'®.

Outer membrane and surface components of the T9SS

The majority of T9SS components are located in the OM (Figure 1.8). PorT, PorG,
PorP, PorF and PorQ are predicted to be integral OM B-barrel proteins. The structures
of Sov’s homologue SprA, and PorV have been solved in F. johnsoniae. PorU and PorZ,

are associated with the bacterial cell surface. Omp17 was thought to contribute to the
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184

processing and modification of CTD cargo proteins "°, it has been therefore proposed

to be a molecular chaperone.

PorT and Sov were the first proteins found to be essential for P. gingivalis protein
secretion, and the discovery led to intense research on T9SS3*!%192_ The predicted
structure of PorT has eight anti-parallel, transmembrane B-strands, with four large loops

facing the extracellular environment'®!

. Recently, the Sov homologue SprA in F
johnsoniae was isolated in complex with a peptidyl-prolyl cis-trans isomerase (PPI),
and either PorV or the Fjoh 1759 plug protein that is P gingivalis PG2092’s
homologue!®®. The role of the PPI is unclear. Cryogenic electron microscopy (Cryo-
EM) analyses showed that SprA is a giant 36-strand B-barrel with a lateral opening and
a 70-A internal channel that is large enough to allow the transit of folded substrates
(Figure 1.8). SprA interacts with PorV or the plug protein to form two states of
translocon complexes: SprA-PorV and SprA-plug. Recently, a binding partner of PorV,
named PorA, was identified in P. gingivalis and proposed to be a component of the
translocon complex. However, PorA is absent in most T9SS bacteria, suggesting it
might be specific to gingipains'®. Additionally, PorA was found to be involved in a

signalling pathway between the translocon and the PorXY-SigP transcriptional

regulatory system?>®,

PorG and PorP were detected in association with the PorKLMN complex. Cross-linking
experiments showed that a periplasmic loop of PorG interacts with both PorK and PorN.
Due to its low abundance, PorG may play an accessory role in secretion'®*. The nature

of the interaction of PorP with PorK and PorM is still inconclusive. Although these
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proteins co-precipitate in vitro, all tested proteins were produced recombinantly in E.
coli cells. So far, PorP has not been detected in the native complex'®®. Furthermore,
PorP binds to a T9SS cargo protein PG1035'%6. As an essential protein for T9SS
function, PorF is predicted to be a TonB dependent receptor that is associated with the
uptake and transport of large substrates such as iron siderophore complexes and vitamin
B122%3, PorF is also upregulated in human gingival epithelial cells, suggesting it

contributes to eukaryotic cell invasion and/or intracellular survival*%*,

PorV, also named LptO, is the most studied protein in the T9SS. It is a 14-strand [3-
barrel OM protein and a member of the fatty acid FadL transporters family'®®. The porV’
mutant strain retains immature, unprocessed gingipains in the periplasm!®’. PorV
interacts with PorU in vivo, and it was proposed that PorV anchors PorU to the outer
membrane®®. PorU localizes to the surface of P. gingivalis cells and utilize a sortase-
like mechanism to process T9SS cargo proteins!’”"!’®, PorV binds to multiple CTD

proteins'”

and this has been supported by the Cryo-EM structure of SprA-PorV
complex, where a loop on the surface of the PorV barrel penetrates inside of SprA via
its lateral opening!®®. It is suggested that this loop mediates recognition of T9SS
substrates in the translocon and shuttles them to the attachment complex. Although the
function of the cell surface protein PorZ is not well defined, its crystal structure suggests
PorZ could bind to anionic lipopolysaccharide (A-LPS)!%. Recent data demonstrated
that PorZ specifically binds to A-LPS and provides PorU with A-LPS!%8, PorQ is also

aFadL-like OM P-barrel protein that binds to PorZ!”. It has been experimentally shown

that PorV binds to PorU and PorQ binds to PorZ. PorU, PorV, PorQ and PorZ form a



30

440 kDa T9SS attachment complex and mass spectrometry suggested the molar ratio

of these proteins is 1:3:1:1, respectively'”.

1.4.2 Biogenesis of bacteria outer membrane proteins

After synthesis in the cytoplasm, all the outer membrane (OM) proteins must cross
through both the inner membrane (IM) and the periplasmic space before reaching the
OM, where folding and insertion takes place. This process is composed of multiple
stages (Figure 1.9). The nascent B-barrel outer membrane proteins (OMPs) containing
an N-terminal signal peptide (SP) are first synthesized in the cytoplasm and then are
translocated across the cytoplasmic membrane by the Sec translocon®”, which is a

process dependent on ATP and the proton motive force?"’

. When entering the periplasm,
the N-terminal SP is cleaved off by a signal peptidase’®®, and the nascent OMP
associates with periplasmic chaperones, such as survival protein A (SurA), seventeen
kilodalton protein (Skp) and DegP. Chaperones are generally soluble proteins that
prevent unfolded proteins from misfolding or aggregating before they adopt their native
state. These chaperones are thought to form two pathways, the SurA pathway and the
Skp-DegP pathway, which transport nascent OMPs across the periplasm to the OM?%,
SurA was first identified for its essential role in cell survival during stationary phase. It
has then been shown to have general chaperone activity in the biogenesis of OMPs?!?

and has been shown to contact BamA directly in vivo*®. SurA has therefore been

thought to transport the most of OMPs to the OM. Skp and DegP, have been shown to
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compensate for the absence of SurA and may be more important for handling proteins
that are not properly folded and inserted into OM>%. Skp has been shown to bind very
tightly to unfolded OMPs?!!. A trimer of Skp was shown to bind and form complexes
with various OMPs?!2, the formation of which prevents their aggregation?!®, suggesting
a chaperone role in the periplasm. OMPs which misfold during their transport are

thought to be degraded by the protease DegP to prevent aggregation?!*.

Figure 1.9: Schematic of outer membrane protein biogenesis in E. coli. Outer membrane proteins
(OMPs) destined for the BAM complex are first targeted to the Sec translocon. Following export through
Sec, the nascent OMPs are recruited by two proposed chaperone pathways, the SurA and the Skp-DegP
pathway, and are transported through the periplasm to the outer membrane. Unfolded OMPs are thought
to be recognized as B-barrels at the OM and are subsequently assembled into their folded structures and

inserted into the membrane. IM: Inner membrane; PP: Periplasm; OM: Outer membrane.

Unlike the actively driven Sec translocon, the OM uses the passive B-barrel assembly
machine (BAM) complex (Figure 1.9). In E. coli, the BAM complex is composed of
five proteins BamA, BamB, BamC, BamD and BamE?">. The core of the complex is
BamA which belongs to the Omp85 superfamily of OMPs that function as protein

translocation or assembly factors?!® and is conserved in all Gram-negative bacteria®!’.



32

BamA has five N-terminal soluble periplasmic polypeptide transport-associated
(POTRA) domains and a C-terminal B-barrel transmembrane domain. The POTRA
domains act as a scaffold that mediates interaction with four lipoproteins BamB, BamC,
BamD, and BamE?!8. Although the folding and insertion mechanism is not clear,
unfolded OMPs are thought to be recognized as [-barrels at the OM and are

subsequently assembled into their folded structures and inserted into the membrane?!°.

1.4.3 Proposed mechanism of secretion

A common feature of all T9SS cargo proteins is the conserved CTD that targets T9SS
cargo proteins to the OM translocon and associates with surface proteins. Sequence
alignments of proteins identified as T9SS substrates showed that in £ johnsoniae there
are two families of CTDs, named type-A and type-B CTDs??’. However, type-A CTD

is the main form of T9SS signals in both F. johnsoniae**® and P. gingivalis'*®.

Type-A CTDs are the most common and have been studied in different Bacteroidota
species. As deletion of these domains results in accumulation of the substrates in the
periplasm, type-A CTDs are necessary for secretion via the T9SS'”’. The structures of
type-A CTDs from three P. gingivalis T9SS substrates (PorZ, RgpB and HBP35) have
been solved and their B-sandwich fold structures are highly conserved!'%-?2!222,
Sequence alignment of type-A CTDs showed that five motifs (A, B, C, D and E) are

conserved and three of them (B, D and E) are highly conserved!’*2?*. Motif D

(G(I/L/V)Y) and motif E (K(VIL)(VIA)(VI)) are located at the extreme C-terminus,
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which have the highest level of conservation and are sufficient for T9SS dependent
secretion!7?22%224 A recent study showed that motif D is required to interact with

PorM?%,

Type-B CTDs are not similar in sequence to type-A CTDs, and they have not been
studied in detail. In P. gingivalis, only one cargo protein PG1035 has been found to
possess a type-B CTD??®. In F. johnsoniae, type-B CTDs are quite different in sequence,
and there is little know the function of the motifs. Most genes encoding proteins with
type-B CTDs are in the same operon with porP/sprF-type genes, suggesting that each
type-B CTD interacts with a specific PorP family protein. In F. johnsoniae, a fusion
protein containing sfGFP and a type-B CTD was not secreted when over-expressed

alone, but was secreted when the PorP family protein associated with the type-B CTD

220,226

was over-expressed at the same time

{ PorT "/ PorP  PorG -
PorK/PorN -

SigP

Figure 1.10: Proposed mechanism of secretion. A T9SS cargo protein possesses two sorting signals:
N-terminal signal peptide (SP) directing the protein to the general secretion system SecYEG and
conserved C-terminal domain (CTD) recognized by T9SS. In inner membrane (IM), Two-component
system PorX/PorY is involved in regulation of the system via interaction with the sigma factor SigP and
PorL. The PorLM complex is believed to power export of cargo protein across the OM using proton

motive force (PMF). In periplasm (PP), The PorKN ring complex forms an anchor for folded cargo
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proteins to bind and delivers them to the outer membrane (OM) translocon Sov. The cargo protein is then
transferred to PorV which then shuttles the cargo protein to the attachment complex that is comprised of
PorV, PorU, PorQ and PorZ. Finally, CTD is cleaved off by PorU sortase and a secreted protein is
modified by attachment of A-LPS and anchored to the cell surface. PorE interacts with the PorP in the
OM and anchors the system to the peptidoglycan layer. The PDB entries (www.rcsb.org) for the structures
shown are: SprA-PorV-PPI (6H3I), SprA-Plug-PPI (6H3J), PorZ (5M11) and PorM (6EY0, 6EYY5).

Protein secretion through the T9SS includes at least three steps (Figure 1.10). Firstly,
the cargo proteins are directed by a general signal peptide (SP) to the Sec machinery in
the IM?°. During translocation, the SP is cleaved off by type I signal peptidase®®®, and
the cargo is released into the periplasm. Although the Sec pathway has not been
experimentally analysed in P. gingivalis, genomic analyses confirmed that the system
is conserved in Bacteroidota'”'. The PorKLMN complex spans both the inner and outer
membranes and has been proposed to recognise the CTDs of cargo in the periplasm
through interactions with PorM and PorN??°. A pentamer of PorL generates proton
motive force (PMF) across the IM resulting in the rotation of dimeric PorM, which
extends across the periplasm!8>-187:188.201 ‘Thig provides energy to drive cargo secretion
and assembly on the bacterial surface, although this precise mechanism is still

unclearl 83,185,1 88,227'
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Figure 1.11: Cryo-EM structures of SprA complexes. SprA is the F. johnsoniae protein which is a
homologue of P. gingivalis Sov. A. SprA-PorV complex: SprA binds to PorV at the lateral opening. B.
SprA-Plug complex: SprA binds to the Plug at the periplasmic opening. The PDB entries (www.rcsb.org)
for the structures shown are: SprA-PorV-PPI (6H31I) and SprA-Plug-PPI (6H3J).

Next, cargo proteins fold into a stable conformation in the periplasm, and the CTD
guides them to the T9SS translocon complex (Figure 1.10). This translocation model
is thought to be dependent on the transformation between the two states of translocon
complexes: SprA-PorV and SprA-Plug (Figure 1.11)!%®. In the SprA-PorV complex
(Figure 1.11A), SprA displays a lateral opening that is filled by a loop of PorV. This
loop penetrates inside the lumen of the SprA pore!®®. In the SprA-Plug complex (Figure
1.11B), PorV is absent and the lateral opening of SprA is open, but the pore is occluded
at the periplasmic entrance by the plug protein!®®. As PorV has been shown to associate
with the T9SS substrates on the cell surface!”, it has been suggested that PorV binds to
the substrates in the interior of the SprA barrel and triggers the release of substrates
from the SprA channel. The Plug protein then binds to SprA on the periplasmic face to

seal the channel.

Finally, PorV likely acts as a shuttle protein and delivers cargo proteins to the T9SS

attachment complex (PorVUQZ)!'”’, where a sortase-like reaction leads to removal of
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the CTD and simultaneous linkage to A-LPS!%8. The location of the attachment complex
is unclear, and it may be inside the T9SS translocon ring or somewhere outside in the
OM. In the attachment complex, one or more PorV molecules work as shuttle proteins
to transport cargo proteins to PorU. The role of PorQ is to anchor PorZ on the cell
surface!”. PorU is the sortase that is responsible for CTD cleavage!’®. PorZ is a
carbohydrate-binding protein and recombinant PorZ specifically binds to A-LPS in
vitro. Moreover, PorZ provides PorU with A-LPS for cargo modification'”®. The
substrates are finally anchored covalently to A-LPS on the cell surface and the CTD
signal is released into the culture fluid. These secreted substrates are mainly attached to
the surface of the OM, but are also partially released in a soluble form into the
extracellular milieu’!**, The secreted substrates can also be attached to the surface of

OMVs*?,

1.4.4 The T9ISS is linked to LPS transport

Two forms of LPS, neutral charged O-LPS and negatively charged A-LPS have been
identified in P gingivalis®®. The evidence used to show that P. gingivalis T9SS
substrates are modified with LPS, is to detect them with MAb-1B5 antibody in Western
blots. The epitope of this monoclonal antibody includes the Mana1-2Mana.1-phosphate
portion of APS, which confirms T9SS substrates are modified with A-LPS but not O-
LPS°!. In porV, porT and porU mutants, a small amount of MAb-1B5-reactive material

accumulates in the periplasm but is not attached to T9SS substrates, suggesting a link
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between the secretion and A-LPS modification'>>!””. An electron-dense surface layer
(EDSL) was observed to be surrounding P. gingivalis cells, and it was formed from A-
LPS attached gingipains and other substrates. However, this EDSL was absent in porV,
porT and porU mutants'3>!7” It has been demonstrated that disruption of A-LPS
synthesis prevents the formation of the EDSL’!. Therefore, the secretion of T9SS
substrates and A-LPS biosynthesis could be co-ordinated, and disruption of either

process could cause blockage of the entire system.

1.45 Adaptations to the T9SS

In F. johnsoniae, the T9SS is involved in gliding motility and chitin utilization®’. Most
of T9SS components in P. gingivalis are also present in F. johnsoniae, but F. johnsoniae
possesses additional motility proteins (Figure 1.12). F. johnsoniae secretes the motility
adhesins SprB and RemA via the T9SS to enable the bacteria to glide over surfaces®*°.
SprB is a 669 kDa highly repetitive protein, which forms long filaments that extend
from the OM and move along the cell surface in a helical track®*!. RemA is a much
smaller protein of 152 kDa, but also was shown to move along a helical track?.

However, it is not clear how these motility adhesins of F. johnsoniae are attached to the

cell surface to allow their movement along a track.

The F. johnsoniae T9SS and gliding motility machines appear to be associated, since
many mutations disrupt gliding and secretion?**. Similar to PorL and PorM in P

gingivalis, GIdL and GldM in F. johnsoniae have been suggested to be part of the proton
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motive force (PMF)-driven rotary gliding motor, and they are also thought to energize
secretion!®>231:232_ Other core components of the T9SS (GIdK, GIdN, SprA, SprE, and
SprT) are also essential for gliding, suggesting the possibility that a transmembrane
complex of these T9SS proteins may be central to gliding and secretion. Loss of some
other motility proteins, GldA, GldB, GldD, GIdF, GIdG, GldH, GldI, and GldJ, also
results in defects in motility and secretion®*®. It has been discovered that GldJ is
required to stabilize the T9SS protein GldK**, and GldA, GldB, GldD, GIdF, G1dG,
GldH, and G1dI are needed to stabilize G1dJ***. Therefore, the T9SS and gliding motility

appear to be connected in F. johnsoniae.

) ~ 53 additional secreted proteins
_
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Figure 1.12: F johnsoniae T9SS and gliding motility proteins.

Proteins in blue are associated with the T9SS, and proteins in green are motility proteins that are not
directly associated with the T9SS. F. johnsoniae GIdK, GIdL, GIdM, GIdN, SprA, SprE, and SprT are
homologues of P. gingivalis PorK, PorL, PorM, PorN, Sov, PorW, and PorT, respectively. Black lines are
lipid tails on lipoproteins. Proteins secreted by the T9SS have predicted N-terminal signal peptides
(yellow) that target them to the Sec system for export across the inner membrane (IM) and CTDs (red)
that target them to the T9SS for secretion across the outer membrane (OM). SprB is a motility adhesin
that is propelled by some of the other proteins shown. SprF is required for secretion of SprB but not for
secretion of other proteins. SprF and nine other £ johnsoniae proteins are related to P. gingivalis PorP.
F. johnsoniae PorV is required for secretion of ChiA and many other proteins, but not for secretion of

SprB. This figure was adapted®®.
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Unlike P. gingivalis that possesses an amorphous surface layer composed of T9SS
substrates, 7. forsythia exhibits a true surface layer (S-layer) composed of two
homologous glycoproteins TfsA and TfsB that are important for various virulence
traits?3®. The T. forsythia S-layer proteins TfsA and TfsB have been confirmed to be
secreted by the T9SS because the S-layer was absent in T9SS deficient porK, porT,
porU and Sov mutants>*72*8, Although some T9SS homologues have been found in T,
forsythia, the T. forsythia T9SS model has not been established and there is very little
known about it.

In P, gingivalis, the T9SS has also been linked to OMV biogenesis, as mutations of
T9SS components porT, porU and porV result in irregular OMV formation!>%133177,
This could be an additional adaption of the T9SS, specifically in P. gingivalis, as the

effect of mutated T9SS component on OMVs has not been reported in F. johnsoniae, T.

forsythia or other bacteria carrying T9SS.

1.5 Outer membrane vesicles

OMVs, which are derived from the cell envelope of Gram-negative bacteria, have been

observed and studied for decades. Many species of Gram-negative bacteria have been

239

seen to produce OMVs in a variety of environments™”, and it is believed to be a

common mechanism. Although many studies have documented the production of

OMVs, their importance has been underestimated and previously OMVs were simply

240

regarded as cell debris or microscopy artifacts™". Until recently, it has been recognized



40

that OMVs produced via blebbing of the outer membranes (OM) of bacteria have
multiple functional roles?*!. In P. gingivalis, OMVs range in size from 50 to 300 nm in
diameter, are relatively small, discrete, spherical membranous structures**’. OMVs
consist of a single bilayer membrane that is derived from the OM. The inner layer
comprises phospholipids whereas the outer layer is composed of LPS. OM proteins
make up the other major component of the OMVs?*%242, As secreted complexes of
insoluble and soluble bacterial envelope components, OMVs play a variety of
biological roles (Figure 1.13). OMVs can deliver a range of molecular effectors which
are responsible for cell-cell interactions, nutrient acquisition, host immune
dysregulation and modulation, host-cell interaction and biofilm formation**.
Furthermore, the capacity of OMVs to disseminate far from the cell enables biofilm-
associated bacteria to extend their sphere of influence®**. Therefore, OMVs are major

contributors to bacterial survival, virulence and pathogenicity.
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Figure 1.13: A schematic of bacterial outer membrane vesicle. Outer membrane vesicles (OMVs) are
bilayer lipid membrane nanostructures that are produced by Gram-negative bacteria. OMVs are proposed
to provide an advantage to the parent bacterium by facilitating bacterial communication and the transfer
of DNA, proteins and enzymes, and they promote the survival and maintenance of bacterial communities.

This figure was adapted?**.
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1.5.1 Pathogenicity of OMVs

OMVs are major virulence determinant of P. gingivalis, and can induce inflammatory
responses, impair host cells and transmit other virulence factors into host cells?*>24,
Several membrane proteins which are involved in P. gingivalis attachment to, and
invasion of, host cells have been identified in vesicles, including fimbrillin (FimA),
hemagglutinin A (HagA) and heat-stress protein (HtrA)>47248:249250 = Additionally,
vesicles derived from P. gingivalis are able to invade human primary oral epithelial

cells, gingival fibroblasts and human umbilical vein endothelial cells*!#%253, However,

the effect of OMYV invasion on host cells has not yet been fully elucidated.

P. gingivalis OMVs also play a role in the induction of inflammatory responses. It has
been shown that stimulation of human gingival epithelial cells with vesicles caused an
increased expression of cyclooxygenase-2 (Cox-2), interleukin (IL-6 and IL-8) and
matrix metalloproteinases (MMP-1 and MMP-3)?>*. This may be the result of enriched
virulence factors in OMVs, as a recent study demonstrated the existence of a specific
cargo selection process that only virulence factors (e.g., gingipains) were enriched in P,
gingivalis OMVs*?°. Production of IL-8 is known for its role in innate immune
responses of periodontal tissues, as this chemokine participates in the recruitment of
neutrophils from the vascularized gingival tissue to the gingival crevice!®.
Unexpectedly, P. gingivalis OMVs appeared to inhibit immune responses induced by
gamma interferon (IFN-y)*>°. These studies suggest that P. gingivalis OMVs have

multiple and complicated effects on the human immune response system.
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1.5.2 OMY biogenesis

The biogenesis of OMVs is a complicated process, as the outer membrane (OM) of
Gram-negative bacteria is a dynamic region of the cell. Although many aspects of
Gram-negative bacterial envelopes have been well studied, understanding OMV
production has only recently been given attention’*. Current evidence indicates that
OMYV biogenesis is a tightly controlled and regulated process, although the biogenesis
pathways are yet to be elucidated**’. Key stages of OMV biogenesis are thought to
include breaking the contacts between the OM and the peptidoglycan wall, inducing
localized membrane curvature, enrichment or exclusion of particular proteins, and

release of OM Vs>,
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Figure 1.14: Models for outer membrane vesicle (OMYV) formation. A. Peptidoglycan fragment
accumulation model. Peptidoglycan fragments accumulate in the periplasm and generate enough turgor
pressure to bend the outer membrane (OM). B. OM-peptidoglycan interaction model. OMVs are formed
in regions with relaxed OM-peptidoglycan interactions. Lipoproteins that favour peptidoglycan
interaction are excluded from the region where OMV formation is initiated. C. O antigen charge
repulsion model. OMVs are generated in regions where the negatively charged O antigen (orange) is
more abundant and the neutral O antigen (green) is excluded. OM, outer membrane. PG, peptidoglycan

layer. PS, periplasmic space. IM, inner membrane. This figure was adapted?>°.
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Three different models have been proposed for the biogenesis of OMVs in different

bacteria, involving peptidoglycan, lipoproteins and LPS (Figure 1.14).

Peptidoglycan fragment accumulation model

The first one was based on the presence of peptidoglycan fragments with autolysins in
the OMVs of P. gingivalis (Figure 1.14A). This model proposes that during synthesis
of the peptidoglycan layer, sites exist where the concentration of peptidoglycan is
higher, causing protrusions in the outer membrane and indicating the beginning of
vesicle formation. An important finding that supported this model was the presence of
muramic acid, a known peptidoglycan layer precursor, in OMVs purified from P.
gingivalis®’. Furthermore, an increase in OMV production was observed when
peptidoglycan fragments accumulated because of the incomplete degradation of the
peptidoglycan in a P. gingivalis autolysin mutant®®. These findings suggest that the
accumulation of peptidoglycan fragments increases outer membrane bulging, triggering

the release of OMVs>72%%,

OM-peptidoglycan interaction model

Bacterial lipoproteins are a subset of membrane proteins localized on either leaflet of
the lipid bilayer. These proteins are anchored to membranes through their N-terminal
lipid moiety covalently attached to a conserved cysteine residue. The second model
explains the formation of OMVs due to the low number of lipoproteins attached to the
peptidoglycan layer, which results in OM bulging and vesicle production (Figure

1.14B). Hoekstra et al. found fewer lipoproteins in the vesicles than in the OM of E.
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coli*®. Based on these results, they proposed that vesicles are released from OM sites

with few lipoprotein linkages?*!%.

Braun’s lipoprotein (Lpp) and the OM protein OmpA are also involved in OMV
biogenesis in E. coli. Peptidoglycan is bound to proteins in the outer and inner
membranes through covalent and noncovalent bonds®®°. Lpp, is the major lipoprotein
in E. coli and is the only lipoprotein that is covalently linked to the peptidoglycan layer
and plays a unique role in the envelope architecture. The N-terminal domain of Lpp is
acylated and inserted into the outer membrane, while the C-terminal domain is

covalently linked to the peptidoglycan layer?®!

. OmpA in E. coli is a B-barrel, and its
C-terminal domain interacts with peptidoglycan through a 20-aa residue linker region®¢2.
Recently, Samsudin et al. have shown that Lpp aids in the interaction of OmpA with

the peptidoglycan layer, which is essential in maintaining the integrity of the cellular

envelopes®®.

O-antigen charge repulsion model

The third model involves the electric charge of LPS in OMV formation (Figure 1.14C).
Pseudomonas aeruginosa produces two types of LPS: neutrally charged O-LPS and
negatively charged A-LPS, the latter being enriched in OMVs?%%2% Therefore, an
increase in A-LPS within the cell envelope was proposed to support the release of
OMVs because of the O-antigen repulsion caused by negative charges in the OM?66-267,
P aeruginosa cells that express only O-LPS produce smaller OMVs than cells that
express only A-LPS?%. Likewise, predominant A-LPS has been found in P. gingivalis

OMVs. It has been therefore suggested that an interaction between negatively charged
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O-antigen chains contributes to OMV formation?°.

These models highlighted the importance of peptidoglycan, lipoproteins and LPS
during OMV formation. However, it remains unknown whether these mechanisms act
in tandem or alone. Furthermore, other factors have been identified that also have a

major role in membrane stabilisation and OMYV formation.

Additional factors affecting OMYV biogenesis

Phospholipids are the major components of OMVs. Gram-negative bacteria maintain
asymmetric distribution of phospholipids in their membranes through the translocation
of phospholipids from the IM to the inner leaflet of the OM (phospholipid anterograde
transport) and inversely (phospholipid retrograde transport)*®®. The molecular
mechanism of anterograde transport is still not fully understood. Regarding retrograde
transport, two systems Tol-Pal system and OmpC-Mla system have been described in
E. coli. The Tol-Pal system is involved in the movement of phospholipids from the inner
leaflet of the OM to the IM?>%. The OmpC-Mla system is responsible for OM
asymmetry by transporting misplaced phospholipids found in the outer leaflet of the
OM to the IM?7°. The MlaA lipoprotein interacts with OmpC, which is embedded in the
OM and removes phospholipids in the outer leaflet of the OM to another component of
the system the MlaC protein. Subsequently, MlaC delivers these phospholipids to the
MIaFEDB complex located in the IM. This complex can then reintegrate these
phospholipids to the IM?7%27! Mutation of mla in E. coli induces vesicle production
and promotes cell death?’?>. Moreover, mutations of the homologs of mla4 and mlaE,

which are associated with phospholipid transport in Vibrio cholerae and Campylobacter
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Jjejuni, increased OMV production, confirming the hypothesis that phospholipid

asymmetry plays a role in OMV biogenesis?’>%"#,

OMYV production is also associated with the bacterial flagellum. The flagellum is
composed of a basal body, a flexible linker known as the hook, and a filament that
drives the bacterium’s movement. The filament of the bacterial flagellum comprises the

275

flagellin protein“’>. Using proteomics, Flagellin (F1iC) was identified in purified OMVs

from E. coli*’®

. Manabe et al. created a fIiC mutant in E. coli and observed a decline of
OMYV production in this mutant®’’. In another study in Vibrio fischeri, OMV production
was analysed in the motBl mutant (MotB1 is a sodium pump and the main motor
protein for the flagellum machinery), non-flagellated flr4 mutant (FIrA is a
transcriptional activator), hyper-flagellated swarmer strain that expresses 3- to 4-fold
more flagella, and wild-type strain’’®. The number of vesicles decreased in the V.,
fischeri flrA mutant that lacks flagella. OMV production increased in the
hyperflagellated strain. The addition of phenamil that is a sodium pump blocking
reagent to the V. fischeri hyper-flagellated strain decreased OMV production,
suggesting that flagellum rotation improves OMYV release?’®. To better understand the
relationship between flagella and OMV production, more flagellated strains along with

their corresponding non-flagellated mutants and hyper-flagellated strains should be

studied.

LPS contains negatively charged phosphate groups in the lipid A and it is known that
divalent cations such as Ca®>" and Mg?" are important in forming salt bridges with the

negative charges of LPS. The generation of these salt bridges helps to stabilize the OM.
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Several compounds can sequester these divalent cations and destabilize the OM,
contributing to the generation of OMVs to release the charge repulsion®””. Furthermore,
molecules that can change OM fluidity were found to stimulate vesiculation. For
example, a quorum-sensing molecule PQS found in the OMVs, interacts with lipid A

and induces the OMV production?8%28!,

Recently, A few studies demonstrated that lipid A modification has effects on OMV
production (Figure 1.15). In P. gingivalis, mutation of PorV was found to cause the
inactivation of lipid A 1-phophatase LpxE which is responsible for dephosphorylation
of lipid A at 1 position, and led to budding of abnormally large OMVs!>2. Another study
suggested lipid A deacylation triggers formation of OMVs in Salmonella enterica,
since expression of the lipid A deacylase PagL resulted in increased vesiculation®®?,
Moreover, lipid A 1-phophatase LpxE from Aquifex aeolicus was discovered to be a
multifunctional regulatory enzyme that is responsible for lipid A modification, O-
antigen production, and peptidoglycan biogenesis to remodel multiple layers of the

Gram-negative bacterial envelope®®.
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Figure 1.15: A putative schematic of OMYV biogenesis in P. gingivalis. In P. gingivalis, it has been
suggested that T9SS regulates lipid A modification via T9SS outer membrane (OM) component PorV.
However, the correlation between the T9SS and lipid A modification is still unclear. Dephosphorylation
and deacylation of lipid A can result in unique LPS species that may destabilize membrane and therefore
facilitate OMV production, although the mechanism has not been elucidated. Dephosphorylated and

deacylated lipid A are shown in blue colour.

1.6 Project aims

The overall aim of this PhD was to understand how the T9SS is able to regulate OMV
biogenesis. The specific aims were to: understand how the T9SS affects OMV
formation, examine the interplay between the T9SS and lipid A modification and

decipher how the interplay is achieved.

1.6.1 Aim 1: Understand how the T9SS affects OMY formation

Our understanding of how the type-IX secretion system functions is still unclear, and

the roles of many T9SS accessory proteins remain to be elucidated. Furthermore, how
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type-IX dependent secretion is coupled with OMV enrichment is also unknown. The
first aim of this project was to create knockout mutants of porV, porU, porQ, porZ,
porP, porT, porG and porF in P. gingivalis. Next, it was planned to determine the
phenotypes of these mutants using in vivo assays. Characterization of these T9SS
accessory proteins would provide insight into the correlation between the T9SS and

OMYV biogenesis.

1.6.2 Aim 2: Decipher how the interplay between T9SS and lipid A

modification is achieved

By analysing the lipid A status of these T9SS mutants and carrying out bacterial pull-
down experiments, the aim was to discover partner proteins which may be involved in
lipid A modification. Identification of candidate proteins may reveal unknown interplay
between the T9SS and lipid A modification. Furthermore, it was planned to create
knockout mutants of any identified candidate proteins and determine their location,

function and interaction profile in vivo.

1.6.3 Aim 3: Recombinant expression and purification of the T9SS

outer membrane accessory proteins

The final aim of this project was to get molecular insight into any identified proteins

and their complexes. The aim was to produce recombinant proteins in E. coli or isolate
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them from P gingivalis and determine the function of these proteins in vitro. These
were then to be studied further using X-ray crystallography and transmission electron

microscopy.

Chapter 2 Materials and Methods
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2.1 Materials

2.1.1 Strains, plasmids, oligonucleotides

Strains and plasmids used in this study are shown in Table 2.1.

284

Table 2.1: Strains and plasmids~".

Strains and plasmids

Relative characteristics

Reference or

source
P. gingivalis | W50 Wild type, no resistance. 2

AporV W50 porV (PG0027, PGN_0023) o2
knock-out mutant, Cm".

AporU W50 porU (PG0026, PGN_0022) This study
knock-out mutant, Cm".

AporQ W50 porQ (PG0602, PGN_0645) This study
knock-out mutant, Cm".

AporZ W50 porZ (PG1604, PGN_0509) This study
knock-out mutant, Cm".

AporP W50 porP (PG0287, PGN_1677) This study
knock-out mutant, Cm".

AporT W50 porT (PGO751, PGN_0778) This study
knock-out mutant, Cm".

AporG W50 porG (PGO189, PGN_0297) This study
knock-out mutant, Cm".

AporF W50 porF (PG0534, PGN_1437) This study
knock-out mutant, Cm".

Akgp W50 kgp (PGN_1728) knock-out 286
mutant, Cm".

AlpxE W50 IpxE (PG1773, PGN_1713) This study
knock-out mutant, Cm".
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IpxE/N-HA

W50 IpxE knock-out mutant,
complemented with an expressible N-

terminal HA-tagged /pxE gene, Tet".

This study

IpxE/C-HA

W50 IpxE  knock-out mutant,
complemented with an expressible C-

terminal HA-tagged IpxE gene, Tet".

This study

E.coli

BL21 (DE3)

Competent cells for  protein

expression, routine T7 expression.

New England

Biolabs

Lemo21 (DE3)

Competent cells for  protein
expression, BL21 (DE3) containing
the Lemo System. Tuneable T7
expression for difficult targets:
membrane proteins, toxic proteins and

proteins prone to insoluble expression.

New England

Biolabs

C41 (DE3)

Competent cells for toxic protein
expression. The strain was derived
from BL21 (DE3). This strain has a
mutation that reduces the level of T7
RNAP activity, thereby preventing
cell death  associated  with

overexpression of many recombinant

toxic proteins.

Cambridge

Bioscience

Plasmids

pET28b

Bacterial expression vector with T7
promoter for recombinant expression

of proteins.

Novagen®

pOMPA28

pET28b  vector modified with

OmpA  signal sequence for

recombinant expression of membrane

proteins.

This study
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pET46 Ek/LIC

pET46 EK/LIC is a LIC-compatible
derivative of pET45b containing a
strong T7 lac promoter and an N-
terminal His-tag coding sequence

immediately followed by an Ek/LIC

cloning site.

Novagen®

pUCET1

Complementation vector for P

gingivalis knock-out mutants.

pVA2198

Source of erm cassette. The erm
cassette is used to generate linear

DNA for P. gingivalis mutagenesis.

288

plpxE/N-HA

pUCET]I carrying an expressible N-
terminal HA-tagged /pxE gene to

generate /pxE/N-HA complement.

This study

plpxE/C-HA

pUCETI carrying an expressible C-
terminal HA-tagged IpxE gene to

generate /pxE/C-HA complement.

This study

pET28b-PorV .30

pET28b carrying an expressible

PorViso gene for recombinant

expression.

This study

pET28b—POI'V23_391

pET28b carrying an expressible

PorVis391 gene for expression in

inclusion bodies.

This study

pOMPA28-PorVas-391

pOMPA28 carrying an expressible

PorVas3or gene for recombinant

expression.

This study

pOMPA28-PorU,4.

1158

pOMPA28 carrying an expressible

PorUxs.11ss gene for recombinant

expression.

This study
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pOMPA28-PorQ3s.346

pOMPA28 carrying an expressible
PorQsg346 gene for recombinant

expression.

This study

pOMPA2 8—P0rP20.294

pOMPA28 carrying an expressible
PorPyo294 gene for recombinant

expression.

This study

pOMPA2 8—POI'T29_244

pOMPA28 carrying an expressible
PorTa.044 gene for recombinant

expression.

This study

pOMPA28-PorF37.527

pOMPA28 carrying an expressible
PorFs787 gene for recombinant

expression.

This study

pOMPA2 8—LpXE23_445

pOMPA28 carrying an expressible
LpxEjs44s gene for recombinant

expression.

This study

pOMPA2 8—LpXE23_241

pOMPA28 carrying an expressible
LpxE»3241 gene for recombinant

expression.

This study

pET46-LpXE24z_445

pET46 carrying an expressible
LpxE242-445 gene for recombinant

expression.

This study

*Cm'": Clindamycin resistance. Tet": tetracycline resistance. Locus numbers in P. gingivalis W50, W83

(PG) and ATCC33277 (PGN) are labelled.

Oligonucleotide primers used in this study are shown in Table 2.2. The start italics are
protection bases. The restriction site is bold and underlined.

Table 2.2: Oligonucleotides used in this study.

Names Sequences 5'-3' Used for:

porUF1 ATGAAACGAATACTTCCAATAGTCG | Mutagenesis of porU. Amplification
CA of porU 5’ flanking region (500 bp).

porUR1 ATATATGAGCTCTCATCGTAGTAGT | Mutagenesis of porU. Amplification
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CGATCAAA

of porU 5’ flanking region (500 bp).
Restriction site Sacl is underlined.

porUF2 ATATATTCTAGACCGACCTGACCTA | Mutagenesis of porU. Amplification
CAACCTCA of porU 3' flanking region (500 bp).
Restriction site Xbal is underlined.
porUR2 CTATTGTCCTACCACGATCATTTTCT | Mutagenesis of porU. Amplification
T of porU 3' flanking region (500 bp).
porQF1 ATGATGGAAAAATGTATCTTTGCTC | Mutagenesis of porQ. Amplification
ACT of porQ 5' flanking region (300 bp).
porQR1 ATATATGAGCTCATGCGAACCACTC | Mutagenesis of porQ. Amplification
ATATAAT of porQ 5’ flanking region (300 bp).
Restriction site Sacl is underlined.
porQF2 ATATATTCTAGACACTATTTCAAGC | Mutagenesis of porQ. Amplification
GTCTTGTACC of porQ 3' flanking region (300 bp).
Restriction site Xbal is underlined.
porQR2 TTAGAAGATGCTCTTATCGTCCAA Mutagenesis of porQ. Amplification
of porQ 3' flanking region (300 bp).
porZF1 ATGTGCAAAATAAGATTCAGCCTCT | Mutagenesis of porZ. Amplification
TGC of porZ 5' flanking region (500 bp).
porZR1 ATATATGAGCTCTTAGTTCCCTTGG | Mutagenesis of porZ. Amplification
CGTAGG of porZ 5' flanking region (500 bp).
Restriction site Sacl is underlined.
porZF2 ATATATTCTAGATCGTCGTGGACAA | Mutagenesis of porZ. Amplification
ACTCAATCA of porZ 3' flanking region (500 bp).
Restriction site Xbal is underlined.
porZR2 TCAGCGAATCACTGCGAAGCG Mutagenesis of porZ. Amplification
of porZ 3' flanking region (500 bp).
porPF1 TTGCATAAATCTTTCCGTTCGCTCA | Mutagenesis of porP. Amplification
of porP 5' flanking region (300 bp).
porPR1 ATATATGAGCTCAAAGAGTCCTCTC | Mutagenesis of porP. Amplification
GTTTCGG of porP 5' flanking region (300 bp).
Restriction site Sacl is underlined.
porPF2 ATATATTCTAGAGCATGGCATCCTTC | Mutagenesis of porP. Amplification
TATCTTTGC of porP 3' flanking region (300 bp).
Restriction site Xbal is underlined.
porPR2 TCAGAGGAAACGAATGCTTTT Mutagenesis of porP. Amplification
of porP 3' flanking region (300 bp).
porTF1 ATGCAATTCTTATATAATTCACGTTT | Mutagenesis of porT. Amplification
TTCG of porT 5' flanking region (300 bp).
porTR1 ATATATGAGCTCCAGATTGGGCAGA | Mutagenesis of porT. Amplification
AGG of porT 5' flanking region (300 bp).
Restriction site Sacl is underlined.
porTF2 ATATATTCTAGACGCCTGAACAATA | Mutagenesis of porT. Amplification

TGCG

of porT 3' flanking region (300 bp).
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Restriction site Xbal is underlined.

porTR2 CTACTCGAAATTGAACGTAAGCAT | Mutagenesis of porT. Amplification
of porT 3' flanking region (300 bp).
porGF1 ATGAAAACAATTAGTAAGAACCAT | Mutagenesis of porG. Amplification
GCGGC of porG 5' flanking region (300 bp).
porGR1 ATATATGAGCTCCGCTTGAGCAAAA | Mutagenesis of porG. Amplification
TCGG of porG 5’ flanking region (300 bp).
Restriction site Sacl is underlined.
porGF2 ATATATTCTAGAGCGGCCGGGTTGT | Mutagenesis of porG. Amplification
CTTT of porG 3' flanking region (300 bp).
Restriction site Xbal is underlined.
porGR2 CTATTGTTTATTACAAAAAGTCTTA | Mutagenesis of porG. Amplification
CGCAG of porG 3' flanking region (300 bp).
porFF1 ATGAAGGAAGCTATTCCCCGAA Mutagenesis of porF. Amplification
of porF 5' flanking region (500 bp).
porFR1 ATATATGAGCTCTGCGTTACTCCTG | Mutagenesis of porF. Amplification
CGTA of porF 5' flanking region (500 bp).
Restriction site Sacl is underlined.
porFF2 ATATATTCTAGATCAAGCTCTTCGG | Mutagenesis of porF. Amplification
CGAACT of porF 3' flanking region (500 bp).
Restriction site Xbal is underlined.
porFR2 TTAGAATTCGACGAGGAGACGCA Mutagenesis of porF. Amplification
of porF 3' flanking region (500 bp).
IpxEF1 ATGAATCGAGAAAGCTTTTTACTCC | Mutagenesis of /pxE. Amplification
TGC of IpxE 5' flanking region (500 bp).
IpxER1 ATATATGAGCTCAAAGCTGTTGCCG | Mutagenesis of /pxE. Amplification
TATGT of IpxE 5' flanking region (500 bp).
Restriction site Sacl is underlined.
IpxEF2 ATATATTCTAGACTTTCGGCATGAA | Mutagenesis of /pxE. Amplification
CCTGAA of IpxE 3' flanking region (500 bp).
Restriction site Xbal is underlined.
IpxER2 TCAGCGGAAAGGATAGAATTGTAG | Mutagenesis of /pxE. Amplification
T of IpxE 3' flanking region (500 bp).
IpxENHAF1 GAAGATCTTCAGCTATCCGAACAG | Construction of N-terminal HA-
CAAAGCG tagged IpxE complement. Restriction
site BgllII is underlined.
IpxENHAR1 CTGGAACATCGTATGGGTATGCTTG | Construction of N-terminal HA-
tagged /pxE complement.
CAGATGGAGCGG
IpxENHAF2 GCATACCCATACGATGTTCCAGATT | Construction of N-terminal HA-

ACGCTGGCAGCACCTCGTCTCCAT

GCAACAACATG

tagged /pxE complement.
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1pXENHAR2 GGTGCGGCCGCTCAGCGGAAAGG Construction of N-terminal HA-
tagged /pxE complement. Restriction
ATAGAATTGTAGTCC site Notl is underlined.
leECHAF GAAGATCTTCAGCTATCCGAACAG Construction of C-terminal HA-
tagged /pxE complement. Restriction
CAAAGCG site BgllII is underlined.
leECHAR ATATATGCGGCCGCTCAAGCATAAT Construction of C-terminal HA-
tagged /pxE complement. Restriction
CTGGAACATCATATGGATAGCGGA sitoe Wil e mid el
AAGGATAGAATTGTAGT
pET28porVF1 GCTCTAGAAATAATTTTGTTTAACT | Construction of pET28b-PorVi.or.
Restriction site Xbal is underlined.
TTAAGAAGGAGATATACCATGATTA
TCAAGAAAATGCTGAAAAATAAAT
TGG
pET28porVF2 GCTCTAGAAATAATTTTGTTTAACT | Construction of pET28b-PorVas.r.
Restriction site Xbal is underlined.
TTAAGAAGGAGATATACCATGGCTC
AGGAGCAACTGAATGTG
pETZSpOI‘VR CCGCTCGAGGTGGAACAAATTGC Construction of pET28b-P0rV1.391
and pET28b-PorVas.391. Restriction
GCAATCCATC site Xhol is underlined.
pOMPApOI'VF CCCAAGCTTGCTCAGGAGCAACT Construction of pOMPA28-P0rV28_
391. Restriction site HindIIl is
GAATGT underlined.
391.  Restriction site  Notl is
ATTGCGCA underlined.
1158. Restriction site HindIIl is
AAGAC underlined.
1158. Restriction site  Notl is
ACGATCA underlined.
pOMPApOI'QF CCCAAGCTTCAACAAGAGAAGCA Construction of pOMPA28—P0rQ38_
s46. Restriction site HindIIl is
GGTGTT underlined.
pOMPApOI'QR ATTTGCGGCCGCTTAGAAGATGCT Construction of pOMPA28—P0rQ38_
s46. Restriction site  Notl is
CTTATCGT underlined.
pOMPAporPF CCCAAGCTTGAGGATATTTTCGCT | Construction of pOMPA28-PorP.
294. Restriction site HindIIl is
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CAGGG underlined.
pOMPApOI'PR ATTTGCGGCCGCTCAGAGGAAAC Construction of pOMPA28—P0rP20_
294.  Restriction site  Notl s
GAATGCTTT underlined.
pOMPApOI'TF CCCAAGCTTGCGCAAACGGAAAA Construction of pOMPA28—P0rT29_
244. Restriction site HindIIl is
AGTACAAAATC Tmdlined
pOMPApOI'TR ATTTGCGGCCGCCTACTCGAAATT Construction of pOMPAZS-POI'ng.
244. Restriction site  Notl s
GAACGTAAGCATAAT sl
pOMPApOI'FF CCCAAGCTTCAAGGCGTCAGGGT Construction of pOMPA28—P0rF37.
827. Restriction site HindIIl is
ATCGGG underlined.
827.  Restriction site Notl s
GAGGAGAC underlined.
445 and pOMPA28 -LpXE23_241 .
AACATGGC Restriction site HindIII is underlined.
445. Restriction site  Notl s
GATAGAATTG underlined.
241.  Restriction site  Notl s
GTAGCCCGTAGGA T
pET46leECF GACGACGACAAGATCACGGGCTAC COnStruCtiOn Of pET46'LpXE242_445.
AACTACAAGC
pET46leECR GAGGAGAAGCCCGGTCAGCGGAA COnStruCtiOn Of pET46'LpXE242_445.
AGGATAGAATTGTA

2.1.2 Media and growth conditions

P. gingivalis W50 and mutant strains from -80°C glycerol stocks were grown on blood
agar plates containing 5% (vol/vol) defibrinated horse blood or in brain heart infusion

(BHI) broth supplemented with hemin (5 pg/ml) in an anaerobic atmosphere of 80%
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N2, 10% H», and 10% CO: (Don Whitely Scientific). Clindamycin (5 pg/ml) or
tetracycline (1 pg/ml) was added when required. Antibiotics were added for cell

selection (tetracycline HCI, 20 pg/ml) and plasmid selection (ampicillin, 100 pg/ml).

E. coli cells were grown in lysogeny broth (LB; Sigma-Aldrich) or on LB agar plates

(Sigma-Aldrich) at 37°C and with 225 rpm agitation for liquid cultures.

2.1.3 Chemicals

All chemicals and reagents were from Sigma-Aldrich unless otherwise stated.

2.2 Methods

2.2.1 Genetic techniques

2.2.1.1 Genomic DNA purification

P gingivalis W50 genomic DNA was extracted from a 10 ml culture grown overnight
at 37°C. The DNeasy UltraClean Microbial kit (Qiagen) was used according to

manufacturer instructions. Genomic DNA samples were stored at -20°C.

2.2.1.2 Plasmid DNA purification

Plasmid DNA was extracted from cell culture samples using Monarch® Plasmid

Miniprep Kit (New England Biolabs) according to manufacturer instructions. Purified



60

plasmid DNA was eluted in dH>O and stored at -20°C.

2.2.1.3 Agarose gel electrophoresis

DNA samples were separated via agarose gel electrophoresis using 1-1.5% (wt/vol)
agarose gels prepared with TAE buffer (40 mM Tris, pH 7.6, 20 mM acetic acid, 1 mM
EDTA) and SYBR safe stain. Samples were mixed with 6 xloading dye (New England
Biolabs) and Gels were ran using a PowerPac™ basic power supply (BioRad) at 90 V
for 30 min. 2-log DNA ladder (New England Biolabs) was used as a marker to

determine DNA base pairs (bp).

2.2.1.4 Agarose gel band extraction

DNA bands of the appropriate size were excised from agarose gels using a sterile
scalpel. The sample was then purified using Monarch® DNA gel extraction kit (New
England Biolabs) according to manufacturer instructions. Purified DNA was eluted in

dH>0 and stored at -20°C.

2.2.1.5 Polymerase chain reaction

DNA fragments for use in molecular cloning were amplified via polymerase chain

reaction (PCR). Q5 High-Fidelity DNA polymerase (New England Biolabs) was used
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in all PCR reactions following the 50 pl reaction protocol (Table 2.3). Reactions were
performed in a CFXConnect™ or a Techne 312™ (BioRad) thermocycler using the

settings shown in Table 2.4.

Table 2.3: PCR reaction recipe.

Component 50 pl Reaction
5xQ5 Reaction buffer 10 pl

10 mM dNTPs 1 pl

10 uM Forward primer 2.5 ul

10 uM Reverse primer 2.5 ul
Template DNA 100 ng

Q5 High-Fidelity DNA polymerase 0.5 ul
Nuclease-free water to 50 pl

Table 2.4: PCR thermocycler settings.

Temperature (°C) Time (seconds) Cycles
98 30 1
98 10 %30
x ¥ 30 x30
72 30 (per 1000 bp) %30
72 180 1
4 Hold -

* Annealing temperatures were determined by NEB Tm Calculator: www.tmcalculator.neb.com.



http://www.tmcalculator.neb.com/

62

2.2.1.6 PCR product purification

PCR amplified products were purified using Monarch® PCR & DNA clean up kit (New
England Biolabs) according to manufacturer’s instructions. This purification was used
to remove reagents, unwanted buffers and impurities from the sample prior to restriction

endonuclease digestion or ligation.

2.2.1.7 Restriction enzyme digestion

All digestions were performed using CutSmart buffer and restriction endonucleases
(New England Biolabs) following the 50 pl reaction protocol (10 units enzyme, 1 pg
DNA). Reactions were incubated at 37°C for 1 hour, immediately followed by agarose

gel electrophoresis.

2.2.1.8 DNA ligation

Plasmid and DNA fragment ligations were performed using T4 DNA ligase (New
England Biolabs) according to manufacturer instructions, followed by heat-shock

transformation.

2.2.1.9 P gingivalis mutagenesis

Single isogenic mutants defective in porU, porQ, porZ, porP, porT, porG and porF
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were generated using primer pairs designed to separately amplify the 5" and 3’ ends of
each open reading frame (ORF) by PCR?*’ (Table 2.2). The strategy also incorporated
Sacl and Xbal restriction sites at the 5" and 3" ends of the amplicons respectively to
facilitate subsequent cloning. Following purification and digestion with Sacl and Xbal,
these amplicons were ligated to the SacI-Xbal erm cassette, retrieved from pVA21982%8
by T4-DNA ligase. The mixture was purified and used as a template in PCR to generate
linear chimeric amplicons that comprise erm cassette flanked by the 5’ and 3’ regions
of the ORF (Figure 2.1). The linear chimeric amplicons were electroporated into
exponential cells of P. gingivalis W50 to generate clindamycin resistant mutants by
allelic exchange. As the erm cassette encodes macrolide-lincosamide resistance, it can
be selected on either erythromycin (macrolide) or clindamycin (lincosamide).
Clindamycin was selected for resistance screening because it is soluble in water and
can be filter sterilized and stored for a long time at -20°C. Erythromycin, on the other
hand, is only soluble in 100% ethanol and crystallizes after two weeks at -20°C. P,
gingivalis mutant colonies were then screened by PCR that showed that the erm cassette
had been inserted in the correct, predicted position. Details of generated mutants are in

Table 2.1.
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porUF1 porUF2
—
5 3
W50 genome —_— porU —_—
4
porUR1 porUR2
., Step 1
5" poru 5 flanking 3 5 porl 3 flanking 3
region region
., Step 2
porUF1
—)
5 porlU 5 flanking porlU 3' flanking 3
region region
porUR2
5 3
W50 genome —_— porlU —
', Step 3

porU mutant genome porl r:'g:‘::klng _ porU r::;fil::klng ¥
Figure 2.1: Construction of P. gingivalis T9SS mutant. The method used for mutagenesis includes
three steps. The generation of porU mutant is given as an example. The other mutations were constructed
analogously. Step 1: The 5’ and 3’ ends of porU were amplified. Step 2: The 5’ and 3’ regions of porU
were ligated to the erm cassette (ermF/AM), respectively. The generated erm cassette flanked by the 5’
and 3’ region of the ORF was amplified. Step 3: The linear chimeric amplicon was targeted to porU ORF
on the genome by homologous recombination via electroporation, which resulted in replacement of
internal fragments at 5’ region and 3’ region of the target gene with the erm cassette possessing stop
codons and rho-independent transcription terminators to avoid read through. Blue arrows: primers used
for PCR amplification and their details are in Table 2.2.

2.2.1.10 Complementation

The complementation plasmid was generated by Rangarajan et al*®’ (Figure 2.2A).
Adjacent BglII and Notl sites upstream of the coding region for fetQ were used to insert
a gene expressed from its own promoter into pUCET 1. Thus, the new gene tagged with
tetQ and flanked by erm sequences was used in homologous recombination to a site

already possessing an erm cassette for integration of a single copy of a defined gene to
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replace the existing erm with tetQ**. An amplicon corresponding to the /pxE ORF,
further manipulated to include an N-terminal human influenza hemagglutinin-tag (HA-
tag) and preceded by an additional 500 bp regulatory upstream sequence was amplified
from W50 genome by PCR to generate p/lpxE/N-HA (Figure 2.2B). Another amplicon
corresponding to the [pxE ORF, again further manipulated to include a C-terminal HA-
tag and preceded by an additional 500 bp regulatory upstream sequence was amplified
from W50 genome by PCR to generate p/pxE/C-HA (Figure 2.2B). All constructs were
generated by cloning the chimeric amplicons in corresponding restriction sites in
pUCETI. The recombinant plasmid was linearized with Xbal and the flanking erm
cassette was then used to target the homologous regions in /pxE mutant via
electroporation and allelic exchange with selection for the tagged tetQ on blood agar
plates®” (Figure 2.2C). PCR was used to confirm chromosomal integration of the tetQO-
tagged amplicon. Details of generated plasmids and complemented strains are in Table

2.1.
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Xbal
B Notl Notl
Xbal
plpxE/N-HA
C —
— —
et e e
— —
IpRENHARL IPXENHAR2

\/

IpRECHAF

s 3
IpxEIC-HA amplicon — P
—
IpXECHAR

\/

s s | e

Figure 2.2: Complementation of P. gingivalis [pxE mutant. A. The plasmid map of pUCET1%*". B.
The plasmids for /pxE N-terminal HA-tagged complement and /pxE C-terminal HA-tagged complement.
P: promotor, a 500 bp regulatory upstream sequence. SP: the gene of IpxE signal peptide. HA: the gene
of HA-tag. [pxE: IpxE ORF excluding the sequence of signal peptide. Bglll and Notl are cloning sites.
Xbal is for plasmid linearization. C. Generation of HA-tagged complement strains. Two amplicons were
amplified from W50 genome by PCR using designated primers. The linearized p/pxE/N-HA and
plpxE/C-HA were targeted to the erm cassette in the /pxE mutant by homologous recombination as well
as introducing tetQ marker into the genome of the complemented strain. Blue arrows: primers used for

PCR amplification and their details are in Table 2.2.
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2.2.1.11 Electroporation

For electroporation, all procedures were performed at 4°C. A 6-hour culture of P,
gingivalis (30 ml) grown at 37°C anaerobically was harvested by centrifugation at
10,000 g for 10 min and then resuspended thoroughly with 1 ml electroporation buffer
(EPB: 10% glycerol-1 mM MgCl,). This was washed twice in EPB and then the pellet
was resuspended in 600 pul EPB. Approximately 200 ng of DNA in 5 pl dH>0, was then
added to 200 pl cells in a 0.2 cm-path length cuvette and electroporated using a Bio-
Rad Gene Pulser with the parameter’s set at 2.5 kV for the potential difference, 200 Q
for the resistance and 25 pF for the capacitance. P. gingivalis cells were then
immediately diluted in 1 ml BHI-haemin broth, allowed to recover for 16 hours in an
anaerobic cabinet and then plated out onto blood agar plates containing appropriate

antibiotics.

2.2.1.12 Plasmid construction for recombinant expression of

membrane proteins

In this thesis, three plasmids, pET28b, pOMPA28 and pET46, were used for
recombinant expression of P. gingivalis proteins in E. coli.

pET28b

The gene sequences of membrane protein PorVi.391 (containing native signal peptide)
and PorV»s391 (native signal peptide removed) were cloned into pET28b at Xbal and

Xhol by molecular cloning techniques which are mentioned in section 2.2.1.1-2.2.1.8.
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Primers used for PCR amplification and their details are in Table 2.2. Details of
generated plasmids are in Table 2.1.

pOMPA28

To express membrane proteins, using a pET28b vector, I created a synthetic insert
(Genscript) containing an OmpA signal peptide and a 6 xHis sequence, which was
cloned into pET28b using Ncol and Notl restriction sites to create vector pPOMPA28
(Figure 2.3A). This modified vector contains sequences of OmpA signal peptide, a
6xHis-tag with enterokinase (EK) site and followed by the cloning sites (Figure 2.3B).
The gene sequences of membrane protein PorVas.391, PorUsz4-1158, PorQss-346, PorP2o-294,
PorT29.244, PorFs7.827, LpxE23.445 and LpxE23.241 were cloned into pPOMPA28 at HindIII
and Notl by molecular cloning techniques which are mentioned in section 2.2.1.1-
2.2.1.8. Primers used for PCR amplification and their details are in Table 2.2. Details

of generated plasmids are in Table 2.1.
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DNA sequence

Protein sequence

(5176) HindIIl Notl (s213)
(5069) Neol

ompA28

5383 bp

Ncol OmpA signal peptide
CCATGGTGAAAAAAACCGCGATTGCGATTGCGGTGGCGCTGGCGGGCTTTGCGACCGTGG

His-tag Ek site Hindlll
CGCAGGCGACCAGCCATCATCATCATCACCACGTCGACGACGATGACAAGCTTATTATTATTA

Spacer for cloning Notl
TTATTATTATTATTATTATTGCGGCCGC

l Transcription and translation

OmpA signal peptide His-tag Eksite  membrane protein
MVKKTAIAIAVALAGFATVAQATSHHHHHHYDDD DKLXXX XXX AX

Figure 2.3: Strategies for recombinant expression of membrane proteins. A. The plasmid map of

pOMPA28. The pET28b original sequence between Ncol and Notl was replaced with a sequence of

OmpA signal peptide, a 6 X His-tag with enterokinase (EK) site and followed by the cloning sites. B. The

features of pPOMPA28 expression region. Membrane proteins are cloned into pPOMPA28 using HindIII

and Notl restriction enzyme sites.

pET46 EK/LIC

With pET46 Ek/LIC, inserts could be cloned without the need for restriction digestion

and ligation. The gene sequence of LpxE242.445 was cloned into pET46 Ek/LIC by

ligation-independent cloning, with N-terminal His-tag sequence. Primers used for PCR

amplification and their details are in Table 2.2. Details of generated plasmids are in

Table 2.1.
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2.2.1.13 Heat-shock transformation

20 ul chemically competent cells (New England Biolabs) were incubated on ice with
plasmid for 20 min. Cells were then heat shocked for 30 sec using a 42°C water bath
then incubated on ice for 2 min. Outgrowth of transformed cells was achieved using
400 pl LB with 1 hour of 37°C incubation. 50-200 ul culture was then taken and plated
on LB agar plates with appropriate antibiotics for selection. BL21(DE3), Lemo21(DE3)

and C41(DE3) competent cells were used in this study and their details are in Table 2.1.

2.2.2 Microbiology techniques

2.2.2.1 Enzyme assays

P gingivalis W50 and mutant strains were grown in BHI broth supplemented with
hemin (5 pg/ml) in an anaerobic cabinet overnight. The whole cells were obtained by
collecting the cell pellet fraction after centrifugation at 9000 g, 4°C for 25 min. The
supernatant samples were obtained by collecting the supernatant fraction after

centrifugation at 9000 g, 4°C for 25 min.

Arg-specific and Lys-specific protease activities of whole cells and culture supernatants
were measured in duplicates®. 100 ml of assay buffer was prepared (10 mM L-cysteine,
10 mM calcium chloride and 100 mM Tris-HCI buffer, pH 8.0) along with 10 ml of 0.5
mM DL-BRpNA, dissolved in 10 ml 10% (vol/vol) DMSO and 10 ml of 0.5 mM L-

AcLyspNA, dissolved in 10 ml 10% DMSO. Here DL-BRpNA and AcLyspNA act as
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substrates which are colourless amide derivatives of nitroanilide, but on hydrolysis a
yellow free nitroanilide is released which absorbs at 405 nm. 800 pl of assay buffer and
90 pl of each substrate was then transferred into a microtitre-plate at 30°C and incubated
for at least 30 min. 20 pl of culture or supernatant was then added and absorbance was
measured at 405 nm. Protease activity was measured over several time points (24, 48,

72 hours).

2.2.2.2 Bacterial growth curves

W50 and mutant strains were inoculated into 10 ml BHI broth supplemented with hemin
(5 pg/ml) in an anaerobic cabinet overnight at 37°C. 200 pl of cultures were removed
and diluted to the same ODgoo. These were then grown in an anaerobic cabinet at 37°C.

0.5 ml cultures were removed at different time points and their ODgoo were measured.

2.2.2.3 Bacterial membrane fractionation

For the preparation of membrane fractions, washed cells from 20 ml of culture were
resuspended in 5 ml of TC50 buffer (50 mM Tris-HCI, pH 8, 50 mM NaCl, 5 mM
CaCl,), sonicated, and centrifuged at 900 g, 4°C for 10 min to remove unbroken cells.
The supernatant was then centrifuged at 48,400 g, 4°C for 30 min to pellet

membranes'”’.

The membrane pellet containing both inner and outer membranes was resuspended in
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TC50 buffer with 0.5% sarcosine, stirring at room temperature for 30 min. A second
spin at 48,400 g for 30 min, the supernatant was saved as inner membrane fraction and
the pellet was resuspended in 0.72 ml of TC50 buffer containing 1% (vol/vol) Triton

X-114 and saved as the outer membrane fraction.

2.2.2.4 Purification of LPS and lipid A

Bacteria were cultured for 48 hours in BHI medium containing hemin at a concentration
of 5 pg/ml. LPS was isolated using a modified version of the Tri-Reagent protocol for
LPS isolation®®. To generate lipid A, dried LPS samples were resuspended in 10 mM
sodium acetate (pH 4.5) containing 1% (wt/vol) sodium dodecyl sulphate (SDS). The
solution was heated at 100°C for 1 hour, followed by lyophilization overnight. The
resulting lipid A pellets were washed once in ice-cold 95% ethanol containing 0.02 N
HCI and then three times in 95% ethanol, followed by a final extraction with 1,160 ul
of chloroform-methanol-water (1:1:0.9 = vol/vol/vol) to remove residual carbohydrate
contaminants. The chloroform layer containing the lipid A was dried and used for
matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-

TOF MS) or MALDI-TOF/TOF tandem MS analyses.

2.2.2.5 MALDI-TOF mass spectrometry

For MALDI-TOF MS analyses, lipid A samples were dissolved in 10 pl of a mixture of
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5-chloro-2-mercaptoben-zothiazole (20 mg/ml) in chloroform-methanol at 1:1 (vol/vol),
and 0.5 pl of each sample was analysed in both positive- and negative-ion modes on an
AutoFlex Analyzer (Bruker Daltonics)?®®. The data were acquired with a 50 Hz
repletion rate and up to 3,000 shots were accumulated for each spectrum. Instrument
calibration and all other tuning parameters were optimized using HP Calmix (Sigma-
Aldrich). The data were acquired and processed using FlexAnalysis software (Bruker

Daltonics)**.

2.2.2.6 Transmission electron microscope

10 ml cultures of P. gingivalis W50 and mutant strains were grown in BHI broth
containing hemin for 24 hours and the cultures were then used for transmission electron
microscope (TEM) imaging.

Formaldehyde fixation

Cells were fixed for 2 hours at room temperature in 100 mM phosphate buffer pH 7.0
containing 3% (wt/vol) glutaraldehyde, 1% (wt/vol) formaldehyde and 0.5% (wt/vol)
tannic acid, washed with phosphate buffer, and incubated in 2% (wt/vol) OsOs in
phosphate buffer overnight. Bacterial cells (10 pl) were then applied to mesh copper
grids, prepared with glow discharged carbon support films, and incubated for 2 min.
The grids were then washed five times with 50 pl of 1% aqueous uranyl acetate. Grids
were left to dry for 5 min before being viewed. Micrographs were taken with a JEOL

JEM 1230 transmission electron microscope (JEOL, Japan) operated at 80 kV at a
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magnification of 80,000 x to 100,000 x. Digital images were recorded using a Morada
CCD camera (EMSIS, Germany) and processed via iTEM (EMSIS).

Flash-freeze fixation

Bacteria cultures were concentrated by centrifugation for 5 min at 2000 rpm. They were
loaded in gold plated carriers and high-pressure frozen in a Leica EM ICE high-pressure
freezer (Leica Microsystems). For ultrastructural analysis, the samples were freeze
substituted in a solution of acetone containing 2% (vol/vol) osmium tetroxide, 0.1%
(vol/vol) uranyl acetate, and 5% (vol/vol) distilled water in the Leica AFS. The samples
remained at -90°C for 10 hours, and subsequently warmed to -20°C over a period of 12
hours. Samples were transferred to 4°C for 30 min, followed by washing with
anhydrous acetone at room temperature. The samples were infiltrated and embedded in
Spurr resin. Sections of 70 nm were collected using a Leica UC7 ultramictrome,
followed by post staining with lead citrate. Image acquisition was done automatically,
using the "Limitless Panorama” (LLP) feature in a JEM 1400 Flash running at 80 kV

(JEOL).

2.2.2.7 NanoSight analysis

5 ml cultures of P. gingivalis W50 and mutant strains were grown in BHI broth
overnight (ODgoo = 2) and then centrifuged at 26,000 g and 4°C for 30 min. The
supernatant was filtered with a 0.22-um filtration apparatus. The filtrate containing

OMVs was diluted 10-fold and subjected to Malvern NanoSight LM 10 nanoparticle
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characterisation. Using a laser light source with a wavelength of 405 nm (blue), 532 nm
(green), or 638 nm (red), the particles in each sample were illuminated, and the scattered
light captured by the camera and displayed on the connected personal computer running
nanoparticle tracking analysis (NTA) software. This then allowed the particles to be
automatically tracked and sized, with results displayed as a frequency size distribution

graph.

2.2.2.8 Quantification of OMVs

200 ml cultures of P. gingivalis W50 and mutant strains grown in BHI broth for 24
hours were centrifuged at 26,000 g and 4°C for 40 min. The supernatant was filtered
with a 0.22-um filtration apparatus. The filtrate was subjected to ultracentrifugation at
180,000 g and 8°C for 1 hour. The pellet was resuspended in sterile phosphate-buffered
saline, and the ultracentrifugation step was repeated, followed by resuspension of the
pellet in water and freeze-drying. The yield of OMVs was taken as the dry weight in

milligrams per 200 ml of culture.

2.2.2.9 Colony inhibition assay

Cecropin B, LL-37, SDS and Triton X-100 was added to blood agar medium, at final
concentration of 10 mM, 10 mM, 8 pug/ml and 35 pg/ml, respectively. A P. gingivalis

culture at ODgoo = 0.5 was then diluted 10!, 10%, 10°, 10* and 10°-fold. 5 pl of each
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dilution was then spotted onto the blood agar containing antimicrobial peptide or

detergent. The plates were cultured at 37°C anaerobically for 5 days.

2.2.2.10 In vivo cross-linking

20 ml cultures of P. gingivalis grown in BHI-H broth for 24 hours were centrifuged at
26,000 g and 4°C for 30 min. Cells were then washed twice with PBS and resuspended

in 5 ml PBS.

For dithiobis (succinimidyl propionate) (DSP) cross-linking, DSP was added to cells at
a final concentration of 2 mM and incubated at room temperature for 30 min. Stop
solution (1 M Tris, pH 7.5) was then added to a final concentration of 50 mM and

incubated for 15 min.

For formaldehyde cross-linking, formaldehyde was added at 1% and incubated at room
temperature for 30 min. Stop solution (1 M Tris, pH 7.5) was then added at a final

concentration of 50 mM and incubated for 15 min.

2.2.2.11 Co-immunoprecipitation
Co-immunoprecipitation (Co-IP) reactions were performed using the BioVision
immunoprecipitation kit according to manufacturer’s instructions.

Non-cross-linked and cross-linked cells were collected by centrifugation. For reactions

in which no chemical cross-linking was performed the non-denaturing lysis buffer,
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supplemented with protease inhibitor, was used for protein extraction. For reactions
involving chemical cross-linking the denaturing RIPA lysis buffer was used. 5 pl of
anti-HA mouse immunoglobulin (Thermo) was added to each sample and left to

incubate overnight at 4°C with gentle mixing.

For target protein capture, 30 ul of pre-equilibrated Protein A/G beads were used per
sample for antibody capture and suspensions incubated at 4°C for 1 hour. Beads were
washed three times using 1 ml of kit wash buffer and all samples were eluted using a
denaturing method via the addition of 40 ml 2 x SDS-PAGE loading buffer. Target
protein capture was also tried with Pierce® anti-HA agarose, according to the

manufacturer’s instructions.

2.2.3 Protein techniques

2.2.3.1 SDS-PAGE

Protein samples were mixed with 4xLDS sample buffer containing reducing agent
(Invitrogen) and then heated up to 100°C for 5 min. Samples were then loaded into a
NuPAGE Bis-Tris gel mini gel (Invitrogen) with a mini tank (Invitrogen) and ran at 180
V for 40 min in MES SDS running buffer (Invitrogen). Protein colour standard (New

England Biolabs) was used as a marker to determine the size of protein bands.



78

2.2.3.2 Western blot

Following SDS-PAGE, gels were removed from their cassette and transferred to an
iBlot®2 PVDF transfer stack (Invitrogen). The stack was prepared according to the
manufacturer’s instructions and ran using the pre-set PO method for 7 min. The PVDF
membrane was then transferred to 10 ml blocking buffer (3% BSA in TBST buffer (150
mM NaCl, 20 mM Tris-HCL, 0.1% Tween 20, pH 7.4)) and left to block in the cold
room overnight. The membrane was then washed three times with TBST and then left
to incubate with the primary antibody diluted in blocking buffer for 2 hours at room
temperature (anti-CTD, 1B5, 3158, 1A1 and Rb7 antibodies diluted 1:1000). The
membrane was then washed three times with TBST for 10 min and then incubated with
the secondary antibody at room temperature for 2 hours (anti-mouse or anti-rabbit
diluted to 1:2000). The membrane was then washed a further three times with TBST
before development with either 3,3’-diaminobenzidine (DAB) or enhanced
chemiluminescence (ECL). The DAB solution was prepared by adding 25 mg of DAB
to 50 ml of PBS and 33 pl of hydrogen peroxide was added immediately prior to use.
10 ml was added to the membrane and the reaction allowed to develop for 5 min or
until protein bands were visible. The reaction was stopped by the remove of DAB
solution and resuspension of 10 ml H>O. Alternatively, ECL was prepared using the
ClarityTM western ECL substrate kit (Biorad). 7 ml substrate mix was prepared by
mixing the two substrate solutions at a 1:1 ratio. The solution was added to the blot and

incubated for 5 min before imaging with a ChemiDocTM MP imaging system (Biorad).
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2.2.3.3 Membrane protein expression

Prior to large-scale expression of recombinant membrane proteins, small scale protein
expression trials were performed. The relevant plasmids were transformed into BL21,
Lemo21 or C41 cells by heat-shock transformation. The transformants were grown
overnight on LB agar plates at 37°C with appropriate antibiotic selection. Single
colonies were then transferred to 10 ml LB in 30 ml universal bottles containing the
appropriate antibiotic. In addition, Lemo21 cultures were supplemented with 0, 100,
250, 500, 750, 1000 and 2000 uM L-rhamnose. Cultures were grown at 37°C with 240
rpm shaking to an ODeoo of ~0.4 and then induced with 0 or 0.4 mM IPTG. Cells were

grown post-induction at 20°C for 16 hours with 200 rpm shaking.

0.5 ml samples from each culture were taken and centrifuged at 13, 000 g for 1 min.
The cell pellet was resuspended in 50 pl of 1xBugBuster® protein extraction reagent,
prepared from a 10xstock solution diluted in phosphate buffered saline (PBS; 137 mM
NaCl, 2.7 mM KCI, 10 mM Na,HPO4 and KH>PO4, pH 7.4). Cells were incubated at
room temperature for 15 min with gentle mixing and then centrifuged again at 16, 000
g for 20 min at 4°C to remove insoluble material. The supernatant was then mixed with
50 pl of 2xSDS-loading buffer. Additional 0.5 ml samples were taken from each culture
and resuspended in 100 pl 1xSDS-loading buffer. Samples were then analysed by SDS-

PAGE and Western blot.
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2.2.3.4 Optimization of membrane protein purification

Membrane protein solubilisation efficiency was tested using a series of detergents.
Purified membranes containing the target protein was suspended in buffer containing
20 mM Tris, pH 8 and 200 mM NaCl. The buffer was supplemented with 1% octyl-f-
D-glucoside (OG; Sigma Aldrich), 1% n-dodecyl-B-D maltopyranoside (DDM; Sigma
Aldrich), 1% lauryldimethylamine oxide (LDAO; Sigma Aldrich) or 1% tetracthylene
glycol monooctyl ether (CsEs; Sigma Aldrich). The suspension was left to slowly mix
at room temperature on a rolling-mixer for one hour. Samples were then centrifuged at
100, 000 g, 4°C for 30 min and the supernatant retained as the solubilised protein
fraction. The pellet was resuspended in buffer containing 20 mM Tris, pH 8, 200 mM
NaCl and 2% SDS. Soluble vs insoluble fractions for each solubilising agent were then

analysed by Western blot.

For extraction of bacterial membranes containing folded membrane protein large-scale
cultures were collected after 16 hours of protein expression by centrifugation at 5000 g
for 15 min at 4°C. The pellet was resuspended in ice-cold lysis buffer (20 mM Tris-HCI
pH 8.0, 200 mM NacCl, 10% Glycerol, 0.1% Triton X-100 and 1xcOmplete™ EDTA-
free protease inhibitor cocktail (Sigma Aldrich)) at approximately 5 g/ml of wet cell
weight. Samples were then sonicated on ice for 3 min at 70% power with 3 sec pulses.
Sonicated samples were centrifuged at 20, 000 g for 30 min at 4°C to remove cellular
debris. The supernatant was collected and centrifuged at 100,000 g, 4°C for 1 hour to

pellet bacterial membranes. The pellet was resuspended in buffer containing 20 mM
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Tris pH 8, 200 mM NaCl and 1% LDAO. The suspension was left to mix for 45 min at
room temperature on a rolling mixer. The suspension was centrifuged again at 100,000
g for 1 hour at 4°C to remove insoluble material. The supernatant was retained as the

solubilised membrane fraction and then analysed by SDS-PAGE or Western blot.

2.2.3.5 Large scale membrane protein purification

E. coli BL21 (DE3), Lemo21 (DE3) or C41 (DE3) cells transformed with a relevant
expression vector were grow to an ODgoo of 0.6-0.8 at 37°C in LB medium before
overnight induction at 20°C with 0.4 mM IPTG. Cells were harvested and resuspended
in 20 mM Tris-HCI pH 8, 1 pg/ml DNasel, 1 uM PMSF and lysed by sonication
followed by centrifugation at 23,000 g for 20 min. The OM fraction was prepared by
centrifugation of the supernatant at 100,000 g for 2 hours. The pellet was then
resuspended in 20 mM Tris-HCl pH 8, 0.5% sarcosine, while stirring at room
temperature for 30 min. This was followed by a second spin at 100,000 g for 1.5-2 hours
and then the pellet was resuspended for overnight extraction at 4°C with 20 mM Tris-
HCI pH 8, 200 mM NacCl, 1% detergent. Protein was then purified from the solubilized
outer membrane fraction by nickel-affinity chromatography. The column was washed
with 30 ml 20 mM Tris-HCI pH 8.0, 200 mM NacCl, 0.1% detergent, 20 mM imidazole,
washed again with 30 ml 20 mM Tris-HCI pH 8.0, 200 mM NaCl, 0.1% detergent, 20
mM imidazole and eluted with 20 mM Tris-HCI pH 8.0, 200 mM NaCl, 0.1% detergent,

500 mM imidazole. The protein samples were concentrated to 1-3 ml and then applied



82

to a Superdex 200 column at a flow rate of 1 ml/min and 3 ml fractions were collected

over 120 ml.

2.2.3.6 Protein refolding

Cells containing PorV were resuspended in 20 mM Tris-HCI pH 8, 8 M urea, lysed by
sonication and purified using nickel affinity chromatography. PorV was then refolded
by dialysis against 20 mM Tris-HCl pH 8, 4 M urea, 200 mM NacCl, 1% LDAO
followed by 20 mM Tris-HCI pH 8, 200 mM NacCl, 1% LDAO. Samples were then gel
filtered using a Superdex 200 column (GE Healthcare) equilibrated in 20 mM Tris-HCI

pH 8, 200 mM NaCl, 1% LDAO.

2.2.3.7 Far Western blot

Serial dilutions of bait protein PorV were applied to a pre-cut, dry membrane leaving
at least 1 cm of space between the centres of each dot of the series. BSA which does
not bind the prey protein RgpB-CTD was applied to the membrane as a negative control.
RgpB-CTD antibody which binds the prey protein RgpB-CTD was applied to the
membrane as a positive control. The membrane was dried before the next step. The
membrane was placed in blocking buffer for 1 hour at room temperature on an orbital
shaker with gentle agitation to block the membrane. Blocking buffer was removed and

replaced with protein binding buffer containing the prey protein RgpB-CTD for at least
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6 hours of incubation at 4°C with gentle agitation. The membrane was washed 3 times
in blocking buffer for 15 min each with gentle rotation. The membrane was incubated
in blocking buffer containing RgpB-CTD antibody (1:1000 dilution ) overnight at 4°C
with gentle agitation. The primary antibody solution was removed and washed 3 times
with blocking buffer for 5 min each. The blot was placed in secondary antibody HRP-
conjugated anti-rabbit solution diluted 1:2000 in blocking buffer for 2-3 hours gentle
rotation. The membrane was washed 3 times in blocking buffer for 15 min each with
gentle rotation. ECL was prepared using the ClarityTM western ECL substrate kit
(Biorad). 7 ml substrate mix was prepared by mixing the two substrate solutions at a
1:1 ratio. The solution was added to the blot and incubated for 5 min before imaging

with a ChemiDocTM MP imaging system (Biorad).
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Chapter 3 Characterization of Quter
Membrane Accessory Proteins from the P.

gingivalis Type-1X Secretion System
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3.1 Chapter aims

This chapter seeks to understand how the P. gingivalis type-1X secretion system (T9SS)
affects outer membrane vesicle (OMV) formation. In previous studies, an electron-
dense surface layer (EDSL) surrounding the outer membrane (OM) had been seen in P
gingivalis wild-type strain'>®. This layer is composed of fully processed T9SS cargo
proteins that are attached to the cell surface by A-LPS. However, the EDSL was absent
in porV and porT mutants'>>. This EDSL was also not present in a porU mutant, which
produced irregular large OMVs that were similar in size to those of a porT mutant'”’.
Furthermore, a porV (I[ptO) mutant has again been observed to form abnormally large
OMVs and porV was shown to be required for lipid A 1-phosphatase activity in P,
gingivalis W50'°2, Although these studies suggest that knocking out the T9SS
components porV, porU and porT have an influence on OMV formation, the interplay

between the T9SS and OMYV biogenesis has yet to be elucidated.

In P, gingivalis, the protein compositions of whole cells and OM Vs are different. It has
been suggested that outer membrane proteins (OMPs) and T9SS substrates account for
only 21.6% of proteins in P. gingivalis whole cell lysates but account for 98% of
proteins in OMVs, reflecting their considerable enrichment in OMVs. These enriched

OMPs include most of the T9SS outer membrane components®’!

. According to the
above evidence, it has been speculated that the T9SS OM accessory proteins may have
important roles in OMV biogenesis. When starting this research project, the protein Sov

had been identified as the main porin in the P. gingivalis T9SS, but the functions of the

other components was still unclear. Therefore, the other OM components of the T9SS
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are referred to here as OM accessory proteins. Thus, the first aim was to create knock-
out mutants of porV, porU, porQ, porZ, porP, porT, porG and porF in P. gingivalis

and determine the phenotypes of these mutants using in vivo assays.

3.2 Mutagenesis of T9SS outer membrane accessory proteins

Genes encoding T9SS outer membrane components are located in separate operons in
the P. gingivalis genome (Figure 3.1). An operon contains one or more structural genes
which are generally transcribed into one polycistronic mRNA (a single mRNA molecule
that codes for more than one protein). To create T9SS knock-out mutants, the
mutagenesis strategy aimed to insert an erm cassette to inactivate the target gene.
However, this can lead to polar effects which affect the expression of downstream genes

transcribed within the same polycistronic mRNA.

Although porU and porV are adjacent, the fact that both porU and porV mutants can be

152177 implies that their expression is independent. Both porG

complemented separately
and porZ are at the 3’ end of their operons, suggesting that their mutations would not
influence transcription of upstream genes. porF and porT are in single gene operons,
thus the mutagenesis would not cause any polar issues. por(Q is in an operon containing
two unidentified genes PG0603 and PG0604, indicating that mutation of porQ may
affect the expression of these two uncharacterized genes. Five genes porP, porK, porL,

porM and porN are in the same operon and they have been experimentally shown to be

co-transcribed'®. This suggests that mutation of porP may affect the expression of
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porK, porL, porM and porN. Nevertheless, PorK is detected in a porP mutant®,
indicating the mutation in porP is independent on porK expression. Taken together,
except porQ and porP, mutations of these T9SS outer membrane components

theoretically would not cause polar issues.

porU (PG0026) l porV (PG0027) PG0028 PG0188 porG (PG0189)
— [
75 bp 6bp -14 bp
porP (PG0287) porK (PG0288) porl (PG0289) porM (PG0290) porN (PG0291)
! — o o
98 bp 40 bp 3bp 8 bp
porF (PG0534) porQ (PG0602) PG0603 PG0604 porT (PGO751)
— Lrl
29 bp 4bp
PG1603 porZ (PG1604)
Lrn'

-13 bp

Figure 3.1: Arrangement of P. gingivalis W50 genes encoding T9SS outer membrane components.
Genes are divided into groups according to in silico operon predictions, reflecting direction of
transcripts®°>293294295_Gaps in the genome are indicated by the slashes. Intervals between adjacent genes
or overlapping regions (in base pairs-bp) are marked below each section. None of the adjacent genes
encode T9SS cargo proteins. Each transcription unit is shown in a different colour. Genes encoding T9SS
components are depicted in red font. The genes to be mutated are marked with white triangles. The black
vertical arrow shows a continuous region (75 bp) between porU (PG0026) and porV (PG0027) but the

two genes are predicted to be transcribed independently.

To evaluate the effects of T9SS outer membrane accessory proteins on OMV production,
the knock-out mutants were produced in P. gingivalis. The AporV strain had already
been created in our lab from a previous study'>?. Thus, the plan in this study was to
generate additional AporU, AporQ, AporZ, AporP, AporT, AporG and AporF knock-

out mutants in P. gingivalis W50 strains. An erm (ermF-ermAM) cassette was used as
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the positive selector. Flanking regions of the gene were designed and tagged to the
cassette at 5" and 3’ ends by PCR. The construct was then targeted to the genomic gene
to be modified by electroporation, and then positive colonies on blood agar plates were
selected by clindamycin resistance. Finally, correct insertions of the cassette into the
required coding regions of these genes were confirmed by colony PCR (Figure 3.2).
As this is a well-established method in our lab and most of these mutants have been
reported using similar methods (e.g. Apor V2, AporU'"", AporQ'", AporZ'®®, AporP*,
AporT'>, AporG®S and AporF'®®), quantitative real-time PCR (qPCR) was not
performed to verify gene expression. However, complementation of these mutants and
mRNA analysis®” would be needed to confirm that these mutations do not cause any
polar issues.

Primer F1

5 3
W50 genome — gene —

Primer R2

Primer F1

T9SS mutant genome 5 genes flanking gene3flanking 3
region region

Primer R2

N O 13 & &
PR R N O

3

3kb
2kb

1kb

Figure 3.2: Colony PCR of P. gingivalis W50 and T9SS mutants. Primers at the ends of 5'-region and
3'-region of target gene were used to amplify target DNA fragment. Genomic DNA of W50, AporU,
AporQ, AporZ, AporP, AporT, AporG and AporF were used as colony PCR templates. A distinct band
shift was seen between W50 and mutants, suggesting Erm cassette was successfully inserted into the
coding regions of porU, porQ, porZ, porP, porT, porG and porF. Number ladders on the left-hand side
represent the size of marker DNA in kb.
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3.3 Characterization of type-IX knock-out mutants

3.3.1 Pigmentation

Colonies of wild-type P. gingivalis W50 were grown anaerobically on blood agar plates
and presented the expected black pigmentation (Figure 3.3). This black pigment is
composed of p-oxo-bisheme [Fe(III)PPIX],0, and requires both Arg- and Lys-

gingipains for its production?’-29%2%

. RgpA first promotes the formation of
methemoglobin from oxyhemoglobin, which is then degraded by Kgp to form the black
pigment p-oxo-bisheme®®’. Therefore, a lack of pigmentation indicates a defect in
gingipain expression, maturation and/or secretion. The T9SS mutant strains created
here were not able to form black pigment. AporU, AporQ, AporZ and AporF displayed
light brown colonies after 7 days of incubation, which turned darker after 14 days.
Whether grown for 7 days or 14 days, the colours of AporQ and AporZ were consistent
and were darker than AporU and AporF (Figure 3.3). More significant phenotypes
were observed in AporV, AporP, AporT and AporG, as these mutants presented a non-
pigmented colony phenotype on blood agar (Figure 3.3). These results suggest these

T9SS outer membrane accessory proteins are required for the secretion of Kgp and

RgpA, but they may have different roles during T9SS dependent secretion.
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14 days

AporZ AporP

Figure 3.3: Colony morphology of P. gingivalis W50 and T9SS mutants. The P. gingivalis W50,
AporV, AporU, AporQ, AporZ, AporP, AporT, AporG and AporF strains grew anaerobically on blood
agar plates for A. 7 days. B. 14 days. The W50 presented black pigmentation. AporU, AporQ, AporZ and
AporF presented light brown colonies, and the colours of colonies turned darker after 14 days of
incubation. AporV, AporP, AporT and AporG displayed a non-pigmented colony phenotype on blood

agar. This assay was biologically repeated three times, and this is a typical representation.

It has previously been shown that P. gingivalis W50 rgpA/rgpB and kgp mutants have

pigmentation defects when grown on blood agar plates®®®. However, pigmentation of
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these mutants is restored after cross-streaking on plates where P. gingivalis W50 has
previously grown, although this is not seen in mutants that affect A-LPS production or
T9SS dependent secretion (e.g., AporR, Awaal, Awzy and APG0129)*°. This is
thought to be because rgpA/rgpB and kgp mutants can still pigment if hemin is supplied
externally, while mutants affecting T9SS dependent secretion cannot. A cross-streaking
assay was therefore performed to confirm that the non-pigmentation of T9SS mutants

was caused by the disruption of the T9SS.

P. gingivalis W50 was first vertically streaked on a blood agar plate and followed by
the formation of a zone of hemolysis (3 days), the cells were removed with a swab
containing clindamycin to suppress regrowth of the wild-type strain. The plates were
then horizontally cross-streaked with the T9SS mutants and kgp mutant (Akgp) and
grown for a further 6 days (Figure 3.4). As anticipated, Akgp formed non-pigmenting
colonies when grown alone on blood agar plates, but it pigmented when cross-streaked
on plates where P gingivalis W50 had been previously grown. However, cross-
streaking of T9SS mutants on blood agar plates as above did not lead to any pigment.
This indicates that these mutants cannot harness environmental hemin and retain it on
their cell surfaces, and also confirms that the non-pigmentation of T9SS mutants was

caused by the disruption of the T9SS.
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Figure 3.4: Cross-streaking of P. gingivalis T9SS mutants and kgp mutant. Cross-streaking of P,

gingivalis Akgp, AporV, AporU, AporQ, AporZ, AporP, AporT, AporG and AporF strains on blood agar.
P gingivalis W50 was initially streaked on a blood agar plate and following the formation of a zone of
hemolysis (3 d), the cells were removed with a swab containing clindamycin to suppress regrowth of the
wild-type strain and the plates were cross-streaked with Akgp and T9SS mutant strains. Pigmentation of
Akgp took place on the zone of hemolysis whereas AporV, AporU, AporQ, AporZ, AporP, AporT, AporG
and AporF did not pigment even after 6 d of growth. This experiment was not repeated due to time

restriction.

3.3.2 Growth rate analysis

To determine the effects of porV, porU, porQ, porZ, porP, porT, porG and porF
deficiency on the growth of P. gingivalis W50, the growth rates of these T9SS mutants
were next assessed using a typical growth curve method. Bacterial density (ODeoo) was
monitored over 3 days and significant difference in growth between the W50 and
mutant strains was observed during the late logarithmic, stationery and death phases

(Figure 3.5). Besides, these T9SS mutants also presented different growth
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characteristics. For example, at logarithmic phase, the growth rates AporV, AporG,
AporQ and AporZ were similar, but AporV and AporG lysed more quickly than AporQ
and AporZ at late death phase. AporP, AporT and AporF were the most defective
mutants at logarithmic phase. AporP showed the most defective growth at each phase,
implying that knocking out porP may disrupt PorK, PorL, PorM and PorN. AporU,
AporQ and AporT reached their stationary phase at similar times, while AporU lysed

more slowly than the other two mutants.

Before reaching the stationary phase, the growth rates of the porV, porU, porQ, porZ,
porP, porT, porG and porF were slower than W50. Furthermore, the growth curve of
W50 reached the maximum ODsoo at 24 hours, but the maximum ODeoo of the porV,
porU, porQ, porZ, porP, porT, porG and porF occurred later than W50. Thus, at 24
hours, these strains may be in different growth phases. To eliminate the deviations, the
student's ¢ tests for the maximum ODeoo of W50 versus AporV, AporU, AporQ, AporZ,
AporP, AporT, AporG and AporF were calculated and yielded P values <0.001,
suggesting significant difference between W50 and these T9SS mutants. Also, the high
OD bacteria cultures were not diluted, which may lead to deviations of the growth rates.
Taken together, these data indicate that the T9SS mutants are defective in growth and
supports them having different roles in maintaining the normal growth and death states

of P. gingivalis.
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Figure 3.5: Growth curves of P gingivalis W50 and T9SS mutants. Growth curve plotted as
[logio(ODsoo) + 1] versus time for W50, AporV, AporU, AporQ, AporZ, AporP, AporT, AporG and
AporF grown in BHI broth supplemented with hemin at 37°C in anaerobic cabinet. Samples were
withdrawn at each time point under anaerobic condition, and the ODgoo was measured for 8 days. Three
technical repeats of the ODgoo at each time point were measured. Data are presented as means + SDs (n
= 3). The error bars are shown. Student's ¢ test for W50 versus AporV, AporU, AporQ, AporZ, AporP,
AporT, AporG and AporF at 24 h, 48 h, 72 h, 150 h, and 192 h yielded P values <0.001, suggesting

significant difference. This assay was replicated, and this is a typical representation.

3.3.3 Enzyme activity analysis

Protease activity on the bacterial cell surface and in the media (soluble factors including
OMVs) can be used to assess the ability of the T9SS to export gingipains. Therefore,
gingipain protease activity was quantified in these T9SS mutants, and compared with
W50 and the kgp mutant. Enzyme activity was assesses using substrates which are

colourless amide derivatives of nitroanilide, but upon hydrolysis release a yellow free
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nitroanilide which absorbs at 405 nm. This was first performed on whole cell samples,
reflecting gingipains located in cells or attached to the cell surface, which were obtained
by collecting the cell pellet fraction after centrifugation of 20 pl culture. The data
suggests that inactivation of either porF or kgp does not reduce the arginine gingipain
(Arg-gingipain) RgpA and RgpB activity in whole cell samples (Figure 3.6A).
However, significant declines in Arg-gingipain activity were seen in AporU, AporZ,
AporQ and AporG. The results of Arg-gingipain activity in AporV, AporP and AporT
were below zero, suggesting that Arg-gingipain activity was completely blocked in
whole cells samples of these mutants (Figure 3.6A). In whole cell analysis of AporU,
lysine gingipain (Lys-gingipain) Kgp activity was similar to W50 but decreased slightly
over the reaction time (Figure 3.6B). Lys-gingipain activity in whole cells of AporZ,
AporQ and AporF decreased by around 50% of W50. In addition, Lys-gingipain
activity in whole cell samples of AporV, AporP, AporT, AporG, and Akgp presented

flat lines, suggesting no Lys-gingipain activity in these mutants (Figure 3.6B).
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Figure 3.6: Enzyme activity in whole cells of T9SS mutants. Cultures were grown for W50, AporV,
AporU, AporQ, AporZ, AporP, AporT, AporG, AporF and Akgp as described in methods. Whole cell
(WC) samples were obtained by collecting the cell pellet fraction after centrifugation of 20 ul culture.
The optical densities were measured at 540 nm. A. Arg-gingipain activity in whole cells of P. gingivalis
W50, Akgp and T9SS mutants. Whole cell samples were assayed for Arg-gingipain activity using DL-
BRpNA as the chromogenic substrate as described in methods. B. Lys-gingipain activity in whole cells
of P. gingivalis W50, K1A (Akgp) and T9SS mutants. Whole cell samples were assayed for Lys-gingipain
activity using L-AcLyspNA as the chromogenic substrate as described in methods. All the lines were

shown in different colours. This data is the average of three technical repeats.

An enzyme activity assay was then performed on culture supernatant samples of these
strains, containing OMVs, obtained by collecting the supernatant fraction after
centrifugation of 20 ul culture (Figure 3.7). Arg-gingipain activity in the supernatant
of AporU, AporF, and Akgp, was even higher than that of W50 (Figure 3.7A). A decline
of Arg-gingipain activity was seen in the supernatant samples of AporQ and AporZ.
Flat lines were seen in AporV, AporP, AporT and AporG, suggesting knocking out any
of these genes had disrupted Arg-gingipain activity in the supernatant (Figure 3.7A).
Unexpectedly, Lys-gingipain activity in the supernatant of AporU was even higher than

that of W50 (Figure 3.7B). Nevertheless, there were declines in AporZ, AporQ and
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AporF, which is in line with the above results of Lys-gingipain activity in whole cells.
Similar to the result of Lys-gingipain activity in whole cell samples, no Lys-gingipain
activity was detected in supernatant of AporV, AporP, AporT, AporG, and Akgp as they

all displayed flat lines (Figure 3.7B).
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Figure 3.7: Enzyme activity in culture supernatant of T9SS mutants. Cultures were grown for W50,
AporV, AporU, AporQ, AporZ, AporP, AporT, AporG, AporF and Akgp as described in methods.
Supernatant (SN) samples were obtained by collecting the supernatant fraction after centrifugation of 20
pl culture. The optical densities were measured at 540 nm. A. Arg-gingipain activity in culture
supernatant of P. gingivalis W50, Akgp and T9SS mutants in culture supernatant. Culture supernatant
samples were assayed for Arg-gingipain activity using DL-BRpNA as the chromogenic substrate as
described in methods. B. Lys-gingipain activity in culture supernatant of P. gingivalis W50, K1A (Akgp)
and T9SS mutants. Culture supernatant samples were assayed for Lys-X activity using L-AcLyspNA as
the chromogenic substrate as described in methods. All the lines were shown in different colours. This

data is the average of three technical repeats.

3.3.4 Secretion analysis

After cleavage of the N-terminal signal peptide by the Sec machinery and translocation
into the periplasm, gingipains are composed of the following components: an N-

terminal prodomain (NTP), a catalytic domain (CD), an immunoglobulin superfamily-
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like domain (IgSF), a hemagglutinin/adhesion (HA) domain and a C-terminal domain
(CTD)’®. Among these proteins, the structure of RgpB is the simplest, as it has no HA
domain, while RgpA contains four HA domains (RgpAai-RgpAas) located in the
middle of the IgSF and CTD?"!. Kgp also possess three such domains (Kgpa1-Kgpas)*°!.
The molecular weight corresponding to each domain is shown in Figure 3.8. The effect
of these T9SS mutants on the maturation and secretion of gingipains was therefore next

analysed by SDS-PAGE and immuno-blotting, monitoring the molecular weight of

gingipains, A-LPS and the major proteins RagA and RagB.
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Figure 3.8: Structure of gingipains. The molecular weight of each domain and the internal cleavage

392 in Kgp, RgpA and RgpB are shown. Gingipains are made up of the following components: the

sites
Sec SP, the N-terminal prodomain (NTP), the catalytic domain (CD), the immunoglobulin superfamily-
like domain (IgSF), the hemagglutinin/adhesion (HA) domain, and the C-terminal domain (CTD). The
structure of RgpB is the simplest without HA domains. RgpA has four HA domains (named RgpAa; to
RgpAas) located in the middle of the IgSF and CTD. Kgp also has such domains (named KgpAa; to
KgpAas3). Regions of sequence conservation are given the same colouring. Sites of proteolytic processing

are indicated with an arrow and residue number.
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3.3.4.1 SDS-PAGE of total proteins

Whole cell and supernatant samples of P. gingivalis W50 and T9SS mutant strains were
collected from overnight growth cultures and first assessed by standard SDS-PAGE to
confirm that the total protein amount of the samples was consistent. Proteins in cells or
attached to the cell surface were expected to be in the whole cell samples, whereas
proteins released in OMVs would be in the supernatant samples. Two major proteins in
P. gingivalis, RagA and RagB form a peptide importer, where RagA is the barrel channel
and RagB acts as the 1id*¢. Expected bands for both RagA (110 kDa) and RagB (55
kDa)*% were present in the whole cells of W50 (Figure 3.9A), but RagA was not clearly
seen in the supernatant of W50 (Figure 3.9B). An expected band for RgpB was evident
in either whole cells or supernatant of all the T9SS mutants, however, RgpA was not
clearly shown in these mutants. Bands corresponding to the catalytic domain of Kgp
(Kgpcp 48 kDa) and the catalytic domains of RgpA (RgpAcp 45 kDa) and RgpB
(RgpBcp 45 kDa)*®! were seen in the whole cells of all the mutants. Some unknown
bands were also observed either in whole cells or supernatant samples of the T9SS
mutants. These indicated that they may be associated with gingipain processing or

secretion and were further studied by immunoblot analysis.
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Figure 3.9: SDS-PAGE of total proteins. P. gingivalis W50, AporV, AporU, AporQ, AporZ, AporP,
AporT, AporG and AporF were grown to the same optical density (flask ODgoo of 1.00). Whole cell (WC)
samples were obtained by collecting the cell pellet fraction after centrifugation of 20 pl culture.
Supernatant (SN) samples were obtained by collecting the supernatant fraction after centrifugation of 20
pl culture. Based on band size, the designated proteins are dotted in different colour. The unidentified
bands are labelled as a question mark. A. Whole cell protein profiles of P. gingivalis W50 and T9SS
mutants. Protein samples from whole cell were normalized to Sul per lane of 10x dilution of culture and
subjected to sample buffer containing reducing agent. B. Supernatant protein profiles of P. gingivalis
W50 and T9SS mutants. Protein samples from culture supernatant were normalized to Sul per lane of
10x dilution supernatant and subjected to sample buffer containing reducing agent. Number ladders on
the left-hand side represent the size of marker proteins in kDa. This assay was repeated twice, and this is

a typical representation.

3.3.4.2 Gingipain secretion analysis

To further assess the secretion of cargo proteins in these T9SS mutants, rabbit antiserum
Rb73%, rabbit antiserum Rb3158°% and mouse monoclonal antibody Mab 1A13% were
used. Rb7 can recognize the catalytic domains of RgpA and RgpB. Rb3158 and 1A1

can recognize the adhesin domains of RgpA and Kgp. Western blot assays were
performed for whole cell and culture supernatant samples of W50 and the T9SS mutants.

All band identification was based on band size by comparing with published data.
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When probed with Rb7, a 54 kDa catalytic domain form (Rgpcp-igsF) and 70-90 kDa

diffused bands representing glycosylated forms'**

of Arg-gingipains were seen in whole
cells and culture supernatant of W50. However, when probing the T9SS mutant strains,
many immature forms of Arg-gingipains and non-glycosylated forms of gingipain
catalytic domains were detected instead (Figure 3.10A). A band corresponding to
proRgpB (RgpBnrtp-cp-gsk-ctp ~86 kDa) was present in whole cells of AporV, AporU,
AporP, AporT and AporG. In addition, proRgpA (RgpAnTp-cD-1gsF-HA-cTD ~183 kDa)
was shown in AporV, AporU, AporP, AporT and AporG, and proKgp (KgpNTp-cD-1gSF-
HA-cTD ~186 kDa) was present in AporV, AporT and AporG. A high molecular weight
band referred as proRgpA-Kgp complex®*’, was shown in AporV. In the supernatant
blot, a band referred as pro-less RgpA (~115 kDa) and a band referred as pro-less RgpB
(~70 kDa)!” were present in culture supernatant of AporV (Figure 3.10B). The Rgpcp-
1esF Was displayed in culture supernatant of W50, AporU, AporQ and AporZ. However,

unlike the other mutants, the AporF strain produced fully processed mature gingipains

in culture supernatant, which was similar to W50.

Rb3158 was used to detect adhesin domains of RgpA and Kgp, and the protein patterns
of T9SS mutants were also significantly different from that of W50. Diffused bands that
represent mature gingipains were present in both whole cells and culture supernatant of
W50, whereas immature gingipain bands were seen in all mutants (Figure 3.10C).
Moreover, proRgpA and proKgp were detected in whole cells of AporV, AporU, AporP
and AporT. A high MW band corresponding to proRgpA-Kgp complex*?’, was shown

in AporV, AporU, AporP and AporT. Two bands referred as Kgpai and RgpAai®® were



102

shown in all the strains. Another two lower bands referred as Kgpas and RgpAa4+>® were
not seen in AporU, AporP and AporT, but were shown in the other strains. In the
supernatant fractions, a band corresponding to proKgp/RgpA, was seen in AporP,
AporT and AporG (Figure 3.10D). The high MW band referred as the proRgpA-Kgp
complex?’, was present in AporV, AporP, AporT and AporG. Many lower MW bands

representing different subdomains®®®

of the HA region were also present in both W50
and the mutants. Interestingly, the overall patterns of AporQ and AporZ strains were
similar, as were the patterns of AporP, AporT and AporG strains. The pattern of AporU

was unique with many lower and intense bands of HA subdomains present in the

supernatant sample.

Mab 1A1 was also used to detect adhesin domains of RgpA and Kgp. The results
showed that proRgpA, proKgp and proRgpA-Kgp complex®?” were present in whole
cells of AporV, AporU, AporZ, AporP, AporT and AporG (Figure 3.10E). Many
immature gingipain forms were also observed in these mutants, while the HA
subdomains were observed in W50, AporQ, AporZ, AporG and AporF strains. In the
supernatant blot, a band of proRgpA-Kgp complex was only seen in the Apor) sample
(Figure 3.10F). Kgpai, RgpAai and Kgpas domains were present in culture supernatant
of W50 and AporU, but again the supernatant blot pattern of AporU was remarkably

different from the other T9SS mutants.

Taken together, these Western blot data suggest that all the T9SS outer membrane
components play a role in the processing or secretion of gingipains. It appears that PorV,

PorP, PorT and PorG are in a functional unit, whereas PorQ and PorZ are in another
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functional unit, based on their mutants showing similar blot patterns. PorU is unique as
some bands detected in AporU were also present in W50, which may support PorU
functioning at a later stage. AporF showed less changes compared with W50, which
again may suggest that it is involved in the later stages of secretion. However, with this
analysis there is still some ambiguity in the identification of these bands, and it would

be useful to perform mass spectrometry to validate this.
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Figure 3.10: Western blot analysis of gingipain secretion. Protein samples were prepared as described
above. The immunoblots were probed with rabbit antiserum Rb7 (diluted 1:250) and Rb3158 (diluted
1:500), mouse monoclonal antibody Mab 1A1 (diluted 1:50). Based on band size, the designated proteins
are dotted in different colour. A, C, E. Western blot analysis of whole cell (WC) proteins of P. gingivalis
W50 and T9SS mutants. B, D, F. Western blot analysis of culture supernatant (SN) proteins of P,
gingivalis W50 and T9SS mutants. Number ladders on the left-hand side represent the size of marker

proteins in kDa. This experiment was not repeated due to time restriction.

3.3.4.3 CTD cleavage analysis

Using an RgpB-CTD antibody, Glew ef al. had previously detected four forms of RgpB
in whole cells of a porU mutant: RgpB-I (98 kDa) RgpB-II (82 kDa), RgpB-III (70
kDa), and RgpB-IV (56 kDa)!”’. To analyse how these T9SS mutants affect cargo
processing and whether the CTD of gingipains is cleaved during the final stage of
secretion, additional blots with our own rabbit polyclonal anti-CTD antibody were
performed (Figure 3.11). This was produced for another lab member, raised against
recombinantly expressed and purified RgpB-CTD and its specificity validated against
purified RgpB-CTD. The specificity of this antibody has also been validated in another

immunoblot assay in Chapter 5 (Figure 5.13).
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Figure 3.11: Western blot analysis of CTD cleavage. Protein samples were prepared as described above.
The immunoblots were probed with rabbit polyclonal antibody anti-CTD (diluted 1:1000). This antibody
was raised against recombinantly expressed and purified RgpB-CTD. Based on band size, the designated
proteins are dotted in different colour. A. Western blot analysis of whole cell proteins of P. gingivalis
W50 and T9SS mutants. B. Western blot analysis of culture supernatant proteins of P. gingivalis W50
and T9SS mutants. WC: whole cells. SN: supernatant. Number ladders on the left-hand side represent

the size of marker proteins in kDa. This experiment was not repeated due to time restriction.

No CTD band was detected in either the whole cells or supernatant of W50, suggesting
that in the majority of gingipains, the CTDs had been cleaved off and processed (Figure
3.11). However, four precursor forms of RgpB were detected in whole cells and culture
supernatant of the T9SS mutants. All four forms possessed the CTD domain, as they
were detected by anti-CTD (Figure 3.11). In the whole cell blot, RgpB-1I and RgpB-
Il were mainly present in AporV, AporU, AporP, AporT and AporG but RgpB-1V
accumulated in AporQ and AporZ. No band was detected in AporF, which was again

similar to W50 (Figure 3.11A).

Unexpectedly, RgpB-I and RgpB-II were seen in the supernatant of AporV, suggesting

these forms had been released from the cell. Given that PorV is an outer membrane
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shuttle that extracts RgpB from the main channel Sov, this could be due to RgpB-II
being stuck in Sov, due to the absent of PorV. Overloading of Sov may then cause a
leak of this channel, where these RgpB-II forms are released. RgpB-IV accumulated in
the supernatant of AporU, indicating this form had also been released. Likewise, the
reason could be that Sov or PorV on the bacterial surface become saturated with
RgpB-1V, and the overloading leads to a leaking from Sov or the surface, where these
RgpB-IV containing CTD are released. Moreover, traces of RgpB-II were present in
the supernatants of AporP, AporT and AporG, and RgpB-III was shown in the
supernatants of AporQ and AporZ. The explanation here could be that these
unprocessed RgpB molecules could be partially packaged into OMVs. Again, no CTD
band was detected in the AporF strain, which was consistent with the whole cell result

(Figure 3.11B).

Taken together, it appears that maturation of RgpB in the AporV, AporP, AporT and
AporG mutants is stalled at the RgpB-III stage, whereas in the AporQ and AporZ
mutants it is stalled at RgpB-IV stage. The secreted precursor forms of RgpB in the
supernatant suggest that blocking of PorV and PorU may cause a leak in the outer
membrane translocon or these unprocessed RgpB were partially packaged into OMVs
via an unknow mechanism. High MW bands were also detected in AporV, AporP,
AporT and AporG, which correspond to the expected proRgpA, proKgp or proRgpA-
Kgp complex®”’, and suggest that these T9SS proteins could be involved in the CTD

processing stages of RgpA and Kgp.
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3.3.4.4 A-LPS modification analysis

539 was used to detect low molecular

Finally, the mouse monoclonal antibody Mab 1B
weight, non-protein linked forms of A-LPS in P. gingivalis. A strong band which
represents non-protein linked A-LPS was present in both the whole cells and
supernatant samples of W50, weaker bands and/or a change in patterning was observed
in whole cells and supernatants of the T9SS mutants (Figure 3.12). This suggests that
disruption of the T9SS can cause a decline in the levels of A-LPS exported to the outer
membrane. It has been shown that A-LPS binds to PorZ which is anchored to the outer
membrane through binding to PorQ, and forms part of the T9SS attachment complex'”.
This is reflected in the AporQ and AporZ mutants which both show the most defective
phenotypes of A-LPS. However, PorZ is also a T9SS cargo protein'® and knocking out
any T9SS outer membrane component could block the secretion of PorZ, which may

also lead to a decline of A-LPS. This is again reflected by the less defective A-LPS

patterns in AporV, AporU, AporP, AporT, AporG and AporF.
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Figure 3.12: Western blot analysis of A-LPS modification. Protein samples were prepared as described
above. The immunoblots were probed with mouse monoclonal antibody Mab 1B5 (diluted 1:20). A.
Western blot analyses of whole cell (WC) proteins of P. gingivalis W50 and T9SS mutants. B. Western
blot analyses of culture supernatant (SN) proteins of P. gingivalis W50 and T9SS mutants. Number
ladders on the left-hand side represent the size of marker proteins in kDa. This experiment was not

repeated due to time restriction.

3.3.5 TEM of T9SS mutants

To investigate OMV formation and morphology in these T9SS mutants, transmission
electron microscope (TEM) was applied and showed that OMV blebbing was defective
in all the T9SS mutants. While W50 cells produced the expected small and spherical
OMVs ~40-50 nm in diameter, all the T9SS mutants formed large and irregular shaped
vesicles ~100 nm in diameter (Figure 3.13A). Analysis of bacterial and OMV diameters
across nine bacterial images for each strain supports that observed cell sizes of W50
and T9SS mutants were similar, but OMV sizes of W50 and T9SS mutants were

significantly different (Figure 3.13B). This data suggest that these T9SS components
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are required for the normal smaller OMV formation in P. gingivalis. To assess whether
the mutations also influenced the quantity of OMVs formed, OMVs per blebbing cell
were also counted (Figure 3.13C). Significant differences versus W50 were only
shown in AporU and AporP, indicating that inactivation of these but not the other T9SS
proteins may influence the quantity of OMVs.
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Figure 3.13: TEM of OMYV formation in T9SS mutants. A. Transmission electron microscope (TEM)
images of P. gingivalis W50, AporV, AporU, AporQ, AporZ, AporP, AporT, AporG and AporF cells.
Samples were prepared using formaldehyde method. Scale bar: 100 nm. The data was collected from
random cells which were in an OMV blebbing status. The representative images from three biological
repeats were shown. The OMV blebbing was marked as red asterisk. OMV formation in P. gingivalis
W50 strain was clearly visible as defined structures. The T9SS mutants produced large and irregular
vesicles. An electron-dense surface layer (EDSL) in the wild-type was significantly reduced or absent in
mutant strains. B. Measurements of cell and OMV diameter in each blebbing cell. The blebbing status is
defined that OMVs were within 50 nm distance to the cell. Data are presented as means + SDs (n = 9).
Student's ¢ test for cell and OMV diameter: W50 versus AporV, AporU, AporQ, AporZ, AporP, AporT,
AporG and AporF yielded a P value. ns: p > 0.05, non-significant. ***: p <0.001, significant. C. OMV
number per blebbing cell. The blebbing status is defined that OMVs were within 50 nm distance to the
cell. Data are presented as means + SDs (n = 9). Student's ¢ test for OMV number per blebbing cell: W50
versus AporV, AporU, AporQ, AporZ, AporP, AporT, AporG and AporF yielded a P value. ns: p > 0.05,
non-significant. *: p <0.05, significant. These are the representative data of three biological and technical

repeats.

3.3.6 NanoSight analysis of T9SS mutants

Nanoparticle tracking analysis (NTA) is a powerful characterisation technique that
combines the properties of both laser light scattering microscopy and Brownian motion
to obtain size distributions of particles in liquid suspension®'?. As the most widely used
instruments for NTA in the extracellular vesicle (EV) field, NanoSight instruments

(Malvern, UK) are equipped with one or more lasers and an optical microscope
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connected to a digital camera. According to the manufacturer, NanoSight enables
characterisation of particles from 10-2000 nm in solution. Particles are visualised by
the light they scatter upon laser illumination, and their Brownian motion is monitored.
The NTA software enables sizing of single particles by tracking their mean squared
displacement and thereby calculating their theoretical hydrodynamic diameter using the

Stokes Einstein equation®'”

. Although NanoSight has been widely used in studies on
eukaryotic EVs, its application in bacteria OMVs is rare, for example, monitoring OMV

production in Neisseria meningitidis®''. However, the usage of NanoSight for OMV

analysis in P, gingivalis has never been reported.

To confirm that NanoSight would be applicable for OMV analysis in P. gingivalis,
OMYV samples of three P. gingivalis wild type strains (W50, W83 and ATCC 33277)
were prepared from overnight cultures (ODgoo = 2) and analysed by NanoSight. The
TEM data suggested that the diameter of bacteria cell range from 400 nm to 500 nm
diameter, while OMVs range from ~50-150 nm diameter (Figure 3.13B). Samples were
therefore passed through a 0.22-um filter prior to OMV sample collection to remove
the larger cell particles (Figure 3.14), and I anticipated that the filtrate would represent
a clean OMV sample. The data showed that the OMV size accumulated at 44 nm (5.1
particles/ml) in W50, 22 nm (4.5 particles/ml) in W83 and 35 nm (2.9 particles/ml) in
ATCC 33277 with lower concentration of particles larger than ~100 nm also observed
in all samples (Figure 3.14). This result is in line with published data'”® and my TEM

analysis, suggesting that NanoSight is applicable for OMV analysis in P. gingivalis.
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Figure 3.14: NanoSight analysis of P. gingivalis. A. Concentration of OMYV size in P. gingivalis W50.
B. Concentration of OMYV size in P. gingivalis W83. C. Concentration of OMV size in P. gingivalis
ATCC 33277. OMV samples were prepared as described in methods. It appears that W50 and W83
produce similar levels of small OMVs while ATCC 33277 produces ~50% less. Averaged finite track
length adjustment (FTLA) concentration and size for experiment were shown. Error bars indicate
standard error of the mean. Mean value represents the average size of total OM Vs of each sample. Mode
value represents the most prominent OMV size of each sample. As overlap of particles may affect the
accuracy of size measurement, the samples were diluted 10-fold. These are the representative data of

three technical repeats.

Next, NanoSight was also applied for OMV size analysis of the T9SS mutants. The
average size of total OMVs of these mutants is ~100 nm, which is similar to W50. The
most predominant peaks of AporV, AporP and AporT are 53 nm (2.5 particles/ml), 37
nm (1.7 particles/ml) and 44 nm (3.1 particles/ml), respectively (Figure 3.15A, E, F).
However, while their predominant size is similar to W50 (44 nm), their particle
concentration is much lower than W50 (5.1 particles/ml). The most predominant peaks
of AporU, AporQ AporZ, AporG and AporF were 108 nm (2.4 particles/ml), 105 nm
(1.8 particles/ml), 127 nm (2.2 particles/ml), 117 nm (2.3 particles/ml) and 126 nm (1.8
particles/ml), respectively (Figure 3.15B, C, D, G, H). However, the ~50 nm smaller

size OMVs decreased to 2 particles/ml in AporU, 1.7 particles/ml in AporQ, 0.8
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particles/ml in AporZ, 2.2 particles/ml in AporG and 1.2 particles/ml in AporF,
compared to 5.1 particles/ml in W50. These data suggest that these T9SS mutants tend
to produce the same amount of larger OMVss as W50 does, but they produce much less
~50 nm smaller OMVs than W50. These particle size data imply that knocking out any
TI9SS outer membrane protein may affect the production of normal smaller OMVs,
which is consistent to the TEM data. However, this experiment needs to be biologically
repeated to confirm OMYV size differences between W50 and these T9SS mutants. Also,
due to time restriction, TEM images for these purified OMV samples were not collected,
but it would be useful to do this in the future to confirm the OMV samples are consistent

with NanoSight data.
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Figure 3.15: NanoSight analysis of the T9SS mutants. A-H. Concentration of OMYV sizes in the porV,
porU, porQ, porZ, porP, porT, porG and porF mutants. OMV samples were prepared as described in
methods. Averaged finite track length adjustment (FTLA) concentration and size for experiment were
shown. Error bars indicate standard error of the mean. Mean value represents the average size of total
OMVs of each sample. Mode value represents the most prominent OMV size of each sample. These are

the representative data of three technical repeats.

3.3.7 Lipid A structure analysis

To understand how the outer membrane of these T9SS mutants is altered and given that
lipid A is a key component of Gram-negative bacteria outer membrane, lipid A status in
P. gingivalis T9SS mutants was investigated. Lipid A from T9SS mutants was purified
and matrix-assisted laser desorption ionization time-of-flight mass spectrometry

(MALDI-TOF MS) was performed. Lipid A from W50 cells contained bis-P-pentaacyl
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(m/z 1,768), mono-P-pentaacyl (m/z 1,688), mono-P-tetraacyl (m/z 1,448), non-P-
pentaacyl (m/z 1,608), and non-P-tetraacyl (m/z 1,368) species (Figure 3.16A), which

is consistent with reported data'>2.

In contrast, lipid A from all T9SS mutants only possessed phosphorylated species; non-
phosphorylated species were absent (Figure 3.16B-I). The lipid A profiles of AporV,
AporU, AporQ, AporZ, AporP, AporT, AporG and AporF mutants are similar to that of
reported IpxE (lipid A 1-phosphatase) mutant in P. gingivalis ATCC 33277 strain®”’. As
mentioned in the introduction chapter, two lipid A phosphatases LpxE and LpxF, have
been identified in P. gingivalis. LpxE is responsible for 4-P-pentaacyl, non-P-pentaacyl
and non-P-tetraacyl lipid A, while LpxF is responsible for 1-P-pentaacyl and non-P-
pentaacyl lipid A. Due to the complete absence of non-phosphorylated lipid A profiles,
the activity of LpxE was likely disrupted in all the T9SS mutants. Moreover, the
intensity of bis-P-pentaacyl (m/z 1,768) is very low in AporQ, AporT and AporG
(Figure 3.16D, G, H), suggesting that knocking out these proteins may increase
expression of LpxF. Taken together, this evidence suggests that correct functioning of
the T9SS is required for LpxE activity, and this implies that there is either direct or

indirect interplay between the T9SS and the lipid A 1-phosphtase LpxE.
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Figure 3.16: MALDI-TOF MS of lipid A from T9SS mutants. Matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF MS) analysis of lipid A from P. gingivalis
W50, AporV, AporU, AporQ, AporZ, AporP, AporT, AporG and AporF mutant strains. Negative-ion
MALDI-TOF MS was performed on lipid A samples with 5-chloro-2-mercaptoben-zothiazole (CMBT)
as the matrix as described in materials and methods. Three phosphorylated lipid A clusters (mono-P-
tetraacyl, mono-P-pentaacyl and bis-P-pentaacyl) and two non-phosphorylated lipid A clusters (non-P-
tetraacyl and non-P-pentaacyl) are labelled. A. P. gingivalis W50 strain possesses non-P-tetraacyl, mono-
P-tetraacyl, non-P-pentaacyl, mono-P-pentaacyl and bis-P-pentaacyl lipid A clusters. B-I. Non-
phosphorylated lipid A clusters were absent in AporV, AporU, AporQ, AporZ, AporP, AporT, AporG and

AporF mutants. These are the representative data of three biological repeats.

3.3.8 Detergent inhibition assay

As changes in lipid A structure could affect the stability of the outer membrane, the cell

membrane stability of these T9SS mutant strains against Sodium dodecyl sulfate (SDS)



119

and Triton X-100 was tested using a detergent inhibition assay. SDS is an anionic
denaturing surfactant that consists of a 12-carbon tail attached to a sulfate group. Triton
X-100 is a non-ionic non-denaturing surfactant that has a hydrophilic polyethylene
oxide chain and an aromatic hydrocarbon lipophilic or hydrophobic group. The
minimum killing concentration of SDS and Triton X-100 were determined at 8 pg/ml
and 35 pg/ml, respectively. The start cultures (ODsoo = 0.5) were diluted using colony
forming unit (CFU) serial dilutions and diluted cultures were spotted on plates with
detergents at minimum killing concentration. For the SDS inhibition assay, colonies
were not present at the 10° dilutions of W50, porT and porG mutants but were shown
at the same dilution of the other strains (Figure 3.17A). This indicates that the cell
membrane of W50, AporT and AporG may be less stable than the other strains,
reflecting that PorV, PorU, PorQ, PorZ, PorP and PorF may play a role in destabilizing
cell membrane. When treated with Triton X-100, colonies of W50, AporV, AporQ,
AporT, AporG and AporF were killed at dilution of 10° (Figure 3.17B). This suggests
that the cell membrane of these strains may be less robust than the others, and indicates

that PorU, PorZ and PorP may be involved in destabilizing cell membrane.
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Figure 3.17: Detergent inhibition assay of the T9SS mutants. The detergent inhibition assays were
performed on the blood agar plates containing detergent. The ODgqo of start culture was 0.5 and samples
were diluted into different gradients and then dotted on blood agar plates for 4 days growth. A. SDS
inhibition assay. The applied concentration of SDS was 8 pg/ml. B. Triton X-100 inhibition assay. The
applied concentration of Triton X-100 was 35 ng/ml. Due to COVID and time restriction, this experiment

was not repeated.

3.3.9 Antimicrobial peptide inhibition assay

Antimicrobial peptides (AMPs) target and destabilize bacterial membranes and play an
important role in innate host defence against microbial pathogens in many organisms.
Therefore, the antimicrobial peptide resistance of the T9SS mutant against two
antimicrobial peptides cecropin B and LL-37 was next analysed. Cecropins are a class
of antimicrobial peptides that were first described in insects®!2, but are also found in
mammals®'®. Cecropin B (KWKVFKKIEKMGRNIRNGIVKAGPAIAVLGEAKAL) is
one of the best studied AMPs, which assumes a secondary structure that is characterized

by the presence of two o-helices®'*. The N-terminal o-helix of cecropin B is highly
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amphipathic while the C-terminal a-helix is hydrophobic. The human cathelicidin, LL-
37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES), possesses a net positive
charge and is amphiphilic, and can eliminate microbes directly via electrostatic

attraction to negatively charged bacterial membranes>'>.

When treated with cecropin B, colonies did not grow at dilution of 10° of W50, porT
and porG mutants but were present at the same dilution of the other strains (Figure
3.18A). Similarly, for the LL-37 inhibition assay, colonies were not shown at dilution
of 10° of the porT and porG mutants but were present at the same dilution of the other
strains (Figure 3.18B). This data shows that W50, porT and porG mutants are more
defective to resist AMP killing, and indicates that that PorV, PorU, PorQ, PorZ, PorP

and PorF may be required for destabilizing cell membrane.
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Figure 3.18: Antimicrobial peptide inhibition assay of the T9SS mutants. The antimicrobial peptide
inhibition assays were performed on the blood agar plates containing antimicrobial peptides. The ODsgo
of start culture was 0.5 and samples were diluted into different gradients and then dotted on blood agar
plates for 4 days growth. A. Cecropin B inhibition assay. The applied concentration of Cecropin B was
10 mM. B. LL-37 inhibition assay. The applied concentration of LL-37 was 10 mM. Due to COVID and

time restriction, this experiment was not repeated.
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3.4 Discussion

In recent years, several T9SS outer membrane (OM) accessory components have been
identified and many have been shown to be essential for T9SS dependent cargo

secretion'’*

. However, the precise function of the accessory proteins PorQ, PorP, PorT,
PorG and PorF have still not been clarified. This chapter characterized the roles of the
TI9SS OM accessory proteins PorV, PorU, PorQ, PorZ, PorP, PorT, PorG and PorF, and
revealed that they influence OMV biogenesis and lipid A modification. The results of
pigmentation and enzyme activity assays suggest that these proteins are required for
gingipain secretion and are essential components of the T9SS, and growth rate assays
also showed that these proteins are important for promoting bacterial growth. The data
of Western blot assays confirmed that these proteins play different roles during cargo
secretion, CTD cleavage and A-LPS modification. The detergent and antimicrobial
peptide inhibition assays show that PorV, PorU, PorQ, PorZ, PorP and PorF may be
involved in cell membrane stability, while PorT and PorG do not appear to be required.
The TEM and NanoSight results suggest that these proteins are also required for normal
OMYV formation. The MALDI-TOF MS analysis revealed that non-phosphorylated lipid
A species is absent in the bacterial membranes in these T9SS mutants, and this lipid A

phenotype is very similar to a published P. gingivalis [pxE mutant®*,

It has been suggested that mutations of T9SS outer membrane proteins (OMPs) PorV

and SprT (PorT homologue) result in defective growth in P. gingivalis'>

and Cytophaga
hutchinsonii’'®, respectively. Here, my growth rate results support these data and further

indicate that all the T9SS OM components are important for bacteria growth. The
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reason could be that many T9SS substrates, such as HBP35 and gingipains, are required

for nutrients acquisition and import*’.

Previous pigmentation observations have described that the TISS porV, porU, porZ,
porT and porF mutants are not able to pigment on blood agar, and they form white

colonies because they are defective in gingipain secretion!’?

. However, in this study
presented here, the colony colours of the created T9SS mutants were found to be
slightly different. The porV, porP, porT and porG mutants presented white colonies,
the porU and porF mutants displayed beige colonies, and the porQ and porZ mutants
showed brown colonies. The results of enzyme activity and Western blot assays also
corresponded to this grouping of mutant strains. The difference of colony colours
indicates different level of gingipain secretion or activity outside the cell, which implies
that these proteins likely play their roles at different stages during type-1X secretion.

However, complementation or qPCR would be useful to confirm that these mutations

had not resulted in any polar effect.

Among these OM accessory components, PorV is known to have multiple functions
and is involved in two complexes: the OM translocon complex (Sov-PorV)!%® and the
attachment complex (PorVUQZ)!”™. It is thought to extract cargo proteins from main
pore Sov and deliver them to the attachment complex. PorP binds to the PorK/PorN
ring'®, and due to similar pigmentation phenotypes, PorT and PorG may also be
involved in binding the PorK/PorN ring to maintain the whole OM translocon. Based
on this data, it is speculated that PorV, PorP, PorT and PorG play their roles at a

relatively early stage of secretion, and therefore the white colonies and the increased
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number of unprocessed gingipain bands in Western blots of these mutants could be
explained by this. However, in F. johnsoniae, only SprT (PorT homologue) is required
for substrate secretion®®. The situation is more complicated for PorV, SprF (PorP
homologue) and PorG in F johnsoniae. PorV was thought to shuttle substrates, but
secretion of some F johnsoniae T9SS cargos is independent of PorV3!7. SprF is required
for T9SS-dependent secretion of SprB in F johnsoniae, but it is not required for
secretion of other proteins examined?'®. Mutants lacking PorG have not been examined

in F. johnsoniae.

As a CTD sortase in the T9SS, PorU is responsible for CTD cleavage!’®. CTD cleavage
occurs during the final stages in T9SS-dependent secretion, by which time cargos will
have been transported to the OM. This could explain why the colonies present brown
pigmentation when porU is knocked out. PorF is predicted to be a TonB dependent
receptor that is associated with the uptake and transport of large substrates such as iron
siderophore complexes and vitamin B122%. The phenotypes of the porF mutant are
similar to the porU mutant, indicating that both PorU and PorF may play their roles at
later stage. The colony colours of the porZ and porQ mutants are brown and turn black
over time. The reason could be that PorZ is responsible for A-LPS modification of T9SS
substrates'*® and PorQ anchors PorZ to the OM. A-LPS modification is the last step of
the secretion, which explains the colony colours of the porZ and porQ mutants are much
darker than the other mutants, as cargos have been secreted but might not be anchored.
Although the mutants lacking PorU, PorF, PorZ and PorQ have not been studied in F.

johnsoniae, homologues have been identified, and they are thought to perform similar
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function'’+!72,

Except in P. gingivalis, it has not been reported that inactivation of OM component of
bacterial secretory system affects OMV formation in other bacteria. In this chapter, I
further verified that not only PorV'32!35 PorT!* and PorU'”’, but also PorQ, PorZ, PorP,
PorG and PorF can regulate OMV biogenesis in P. gingivalis. The direct evidence is
that all these T9SS mutants produce irregular OMVs, and their membrane lipid A
phosphorylation status is altered. This implies that a correctly functioning T9SS rather
than its individual components is responsible for this regulation. Furthermore, as the
structures of lipid A isolated from these T9SS mutants are very similar to published
structures of lipid A isolated from a /pxE mutant, albeit in ATCC 33277 strain rather
than W50 here®”, this implies that the T9SS can either directly or indirectly regulate

the activity of LpxE.

Only OM lipoproteins have been suggested to be involved in OMV production in E.
coli*®2%1 but the T9SS OM components are not lipoproteins. In E. coli, OmpA is the
only well studied pB-barrel OMP that is involved in OMV biogenesis. With the aid of
lipoprotein Lpp, OmpA can interact with the peptidoglycan layer to maintain the
integrity of the cellular envelopes®®’. However, there is no evidence to suggest that any
of these T9SS B-barrel OMPs interact with the peptidoglycan layer. Moreover, the
MALDI-TOF MS data indicates that inactivation of T9SS OM component altered the
phosphorylated status of lipid A, and this has not been reported for any other secretion
system. Taken together, these findings imply a novel OMV regulation mechanism may

exist in P. gingivalis through its T9SS.
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In the detergent and antimicrobial peptide inhibition assays, porV, porU, porQ, porZ,
porP and porF mutants appeared to be more robust, suggesting they may play a role in
destabilizing the P gingivalis OM. Unlike these mutants, an OmpA-like protein
deficient P, gingivalis strain showed a defect in LL-37 resistance®!’. In the OmpA-like
protein mutant, LL-37 accumulated on the bacterial cell surface®'®, and resulted in
destabilization of the outer membrane. As the differences of T9SS mutants’ resistance
to detergent and antimicrobial peptide are not conclusive, more dilution gradients of
culture and increased concentrations of detergent and antimicrobial peptide would be

useful to improve this data.

3.5 Conclusion

This chapter describes the functions of the T9SS outer membrane accessory proteins
(PorV, PorU, PorQ, PorZ, PorP, PorT, PorG and PorF) and how are they involved in
OMV biogenesis. The results of pigmentation and enzyme activity assays suggest that
these proteins are required for gingipain secretion. The result of growth rate assay
shows that these proteins are important for bacteria growth. The data of Western blot
assays confirmed that these proteins have different influences on CTD cleavage, cargo
secretion and A-LPS modification. In the detergent and antimicrobial peptide inhibition
assays, it is showed that PorV, PorU, PorQ, PorZ, PorP and PorF are required for
destabilizing cell membrane, while PorT and PorG do not appear to be required. The

TEM and NanoSight results suggest that these proteins are also required for normal
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OMV formation. Using MALDI-TOF MS, there is also clear evidence that the lipid A

phenotypes of these T9SS mutants were linked to the P. gingivalis [pxE mutant.
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Chapter 4 Characterization of P. gingivalis

Lipid A 1-phosphatase LpxE
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4.1 Chapter aims

In Chapter 3, an interplay between the T9SS and LpxE was revealed. The aim of this
chapter was to study lipid A 1-phosphatase LpxE in P. gingivalis W50 using in vivo
assays and understand how the T9SS is linked to LpxE activity. It was speculated that
the TO9SS itself or one of its secreted substrates might regulate the phosphorylation

status of lipid A via modulating the activity of LpxE.

4.2 Bioinformatic analysis of LpxE

To acquire homology information about P. gingivalis LpxE, a sequence alignment was
performed using the Basic Local Alignment Search Tool (BLAST) server. The result
indicated that P. gingivalis LpxE is composed of an N-terminal signal peptide (SP),
which is followed by an N-terminal domain (NTD) and an additional C-terminal region
(CTR) (Figure 4.1). The NTD is conserved and belongs to the PAP2 (type-2
phosphatidic acid phosphatase)-like superfamily and is therefore likely responsible for
the phosphatase activity of LpxE (Figure 4.1). However, the sequence of P. gingivalis
LpxE is much longer than LpxE sequences from other bacteria which do not contain
the N-terminal extension or the CTR (Figure 4.1). This evidence suggests that P,
gingivalis LpxE has additional functions. Although LpxE from Parabacteroides sp.
(Sequence ID: WP _122362166.1 and WP _128135112.1) and Prevotella pleuritidis
(Sequence ID: WP_021583963.1 and WP_036931304.1) also possess CTRs, these are

half the length as in P. gingivalis (Figure 4.1).
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Figure 4.1: Sequence homology alignment of P. gingivalis LpxE. A. The sequence homology
alignment was performed in PubMed database (www.blast.ncbi.nlm.nih.gov) using default parameters.
Distribution of the top 100 Blast hits on 100 bacteria LpxE sequences. The red Blast hits (score > 200)
are LpxE from P. gingivalis subspecies. The purple Blast hits (score 80-200) are LpxE from other Gram-
negative bacteria. The putative conserved N-terminal domain (NTD) belongs to PAP2 (type-2
phosphatidic acid phosphatase)-like superfamily. Only P. gingivalis LpxE possesses a signal peptide and
the intact C-terminal region (CTR). Both Parabacteroides sp. LpxE (Sequence ID: WP_122362166.1
and WP _128135112.1) and Prevotella pleuritidis (Sequence ID: WP _021583963.1 and
WP_036931304.1) possess signal peptide. Parabacteroides sp. Excluding the conserved phosphatase
domain, LpxE possesses an N-terminal extension and a partial CTR, but P. pleuritidis LpxE only
possesses a partial CTR. B. Schematic of P. gingivalis LpxE with mature sequence numbers and
structural features annotated. SP, periplasmic signal peptide, residues 1-22; NTD, N-terminal domain,
residues 23-241; CTR, C-terminal region, residues 242-445.


http://www.blast.ncbi.nlm.nih.gov/
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4.3 Structure prediction of LpxE

The above sequence alignment result indicated that P. gingivalis LpxE is a novel lipid
A 1-phosphatase as it possesses a unique CTR. To investigate the potential function of
this unique LpxE sequence, structure predictions were performed using in silico tertiary
structure prediction software. At the time of carrying out these predictions, the
AlphaFold2 program, which now provides highly accurate protein structure predictions
based on deep leaning algorithms®?’, was not available. The Phyre2 server’?! was
instead implemented and these outputs were used to guide further experiments.
However, during writing up this thesis, AlphaFold2 was released and P. gingivalis LpxE

was then reanalysed with this, which is presented in Chapter 5.

The Phyre2 predicted structure of full-length LpxE suggested that the NTD is a typical
phosphatase that contains seven a-helices (Figure 4.2A), and the two closest hits are
an acid phosphatase from Escherichia blattae (23% identity, 99.84% confidence score)
and a lipid A 1-phosphatase LpxE from Agquifex aeolicus (25% identity, 99.79%
confidence score). The structures of these (PDB ID code 1D2T, 6EBU)?**%2 has shown
them to be integral inner membrane (IM) proteins related to the PAP2-like family.
However, although the predicted structure of the P. gingivalis LpxE CTR is not shown
as it was not possible to acquire a confident structure prediction for this region,
secondary structure prediction of this region indicates that it is B-sheet rich and lacks
a-helices.

The predicted structure of the P gingivalis LpxE NTD was superposed with the

published structure of 4. aeolicus LpxE*** (PDB ID code 6EBU) which suggests that
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they are conserved, although P. gingivalis carries an additional 22 amino acid sequence
at the N-terminus. (Figure 4.2B, C). The active site of LpxE NTD is defined by a
conserved motif specific to the PAP2 enzymes (K'2°XR!?’P---R!77XsH!83X5D!%7)
located at the C-terminal end of the a4 helix, a4-a5 loop, a6 helix, a6-a7 loop, and the
N-terminus of the a7 helix (Figure 4.2D). In this motif, the catalytically important
H183 residue removes the phosphate group from the lipid substrate?®’. Given that the

283,323 and

structural homologues of P. gingivalis LpxE NTD are integral IM proteins
that the surface of LpxE NTD is mainly composed of hydrophobic residues (Figure
4.2E), P. gingivalis LpxE is also likely an integral IM protein. However, how the unique

CTR in LpxE affects its structure or function is unclear.
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Hydrophilic T Hydrophobic

Figure 4.2: Predicted structure of P. gingivalis LpxE N-terminal domain. A. Predicted structure of
full-length LpxE. The N-terminal domain (NTD) was predicted to be seven helices with an additional N-
terminal extended region (22 amino acids). Phyre 2 prediction of C-terminal region (CTR) was
disordered and had a very low confident score, and is not shown. B. Crystal structure of Aquifex aeolicus
LpxE?®* (PDB ID code 6EBU). C. Superimposition of predicted LpxE NTD (green) with published
structure of A. aeolicus LpxE (red). The overall structures superpose very well (25% identity, 99.79%
confidence score), although an additional N-terminal region is present at the N-terminus of P. gingivalis
LpxE NTD. D. The active site of LpxE NTD. Side chains of R177, H183 and D187 from the RXsHX3D
motif and side chains of K120 and R127 from the KX¢RP motif, are shown as sticks. The catalytically
important H183 removes the phosphate group of the lipid substrate. E. Hydrophobicity of LpxE NTD
surface. The more hydrophobic residues are shown in red colour and the more hydrophilic residues are

shown in white colour. The structures were predicted by Phyre2 server: www.sbg.bio.ic.ac.uk/phyre2.

Since the P. gingivalis LpxE CTR is unusual with no valid model being predicted, and


http://www.sbg.bio.ic.ac.uk/phyre2
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analysis of the T9SS mutants had suggested that the T9SS may regulate the activity of
LpxE, it was possible that this CTR could directly bind to a component of the T9SS.
Although the T9SS cargo-CTD is <10 kDa while the P. gingivalis LpxE CTR is ~25
kDa, it was speculated that CTR may be acting as a modified CTD secretion motif, and
it was therefore compared to sequences of T9SS substrate CTDs. Alignment of the
CTDs from the most common T9SS substrates with the LpxE CTR revealed that there
are several well-conserved amino acid residues that are scattered around the three
conserved motifs (Figure 4.3A). However, due to the longer sequence of LpxE CTR, a
long internal additional sequence was also observed. In the putative B-motif, 4 of the 9
residues in LpxE CTR (XoDX>GKXYV) are conserved, however, this motif is not
necessary for substrate secretion. For example, the CTD of T9SS substrate HBP35 lacks
the motif B'?8. Motif D (G(I/L/V)Y) and motif E (K(VIL)(VIA)(VI)) are thought to be
necessary for T9SS dependent secretion!”*2*22%_ In the putative D-motif, the second
and third sites of LpxE CTR (AVY) are conserved, although LpxE CTR lacks the first
Glycine which is present in all known T9SS CTDs. In the putative E-motif of LpxE
CTR (KRAT), the first and third residues are conserved, with the first site being
completely conserved in all CTDs. Mutational analysis of the CTD from RgpB in P.
gingivalis has revealed that alanine substitutions of the first, second and third positions
in this motif all result in reduced secretion®?*. The phylogenetic analysis of LpxE CTR
indicates that it may be close to CTDs of PG2216, PorU and PorZ (Figure 4.3B),
however, it was not conclusive whether LpxE CTR is a true CTD motif and related to

TOSS recognition.
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Figure 4.3: Multiple sequence alignment of LpxE CTR and T9SS substrate CTDs. A. Pairwise sequence alignment of P. gingivalis LpxE CTR against T9SS substrate
CTDs. Conserved residues at three conserved T9SS CTD motifs (motif B, motif D and motif E) were labelled as*. Conservation is defined by Clustal X Colour Scheme3%.
Blue (hydrophobic) - A, I, L, M, F,W,V; Red (positive charge) - K, R; Magenta (negative charge) - E, D; Green (polar) - N, Q, S, T; Orange (glycine) - G; Yellow (proline) - P;
Cyan (aromatic) - H, Y; White (unconserved) - any/gap. B. Phylogram of LpxE CTR and T9SS substrate CTDs. This is a Neighbour-joining tree without distance corrections.

The numbers next to the protein names represent a measure of support for the node. These are numbers between 0 and 1 (1 represents maximal support).
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4.1 Mutagenesis of LpxE

To further explore how LpxE could be linked to the T9SS, a [pxE mutant in P. gingivalis
W50 was produced. An erm (ermF-ermAM) cassette was again used as the positive
selector with flanking regions of the gene designed and tagged to the cassette at its 5’
and 3" ends by PCR. The construct was then targeted to the genomic gene to be modified
by electroporation, and then positive colonies were selected by clindamycin resistance
on blood agar plates. Finally, correct insertions of the cassette into the coding regions
of these genes were identified by colony PCR (Figure 4.4). Previous studies have
suggested that P. gingivalis IpxE is the single gene in an operon®*® and a /pxE mutant
has been created in ATCC 33277 strain using a similar method!>. Therefore, the

mutation of [pxE was not expected to cause any polar issue.

Primer F1
5 3
W50 genome — IpxE —
Primer R2

Primer F1

IpxE §' flanking IpxE¥ flanking O
region region
emm—

IpxE mutant genome

3kb
2kb

1kb

Figure 4.4: Colony PCR of P. gingivalis W50 and /pxE mutant. Primers at the ends of 5'-region and
3'-region of /pxE were used to amplify target DNA fragment. Genomic DNA of W50 and /pxE mutant
strains were used as colony PCR templates. A significant band shift was seen between W50 and /pxE
mutant, suggesting that erm cassette was successfully inserted into the coding regions of I[pxE gene.

Number ladders on the left-hand side represent the size of marker DNA in kb.
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4.2 Construct of [pxE HA-tagged complements

Human influenza hemagglutinin (HA) is a surface glycoprotein required for the
infectivity of the human influenza virus®?%. The HA-tag is derived from amino acids 98-
106 of human influenza hemagglutinin and has been extensively used as a general
epitope tag in expression vectors. Many recombinant proteins have been engineered to
express the HA-tag, where it does not appear to interfere with the bioactivity or the
biodistribution of the recombinant protein. This tag facilitates the detection, isolation,
and purification of the protein of interest. To investigate the role of LpxE in vivo, a HA-
tag was introduced and HA-tagged /pxE complement strains were created in P,
gingivalis W50 strain. It was not known how the HA-tag would interfere with the LpxE
folding, thus the plan was to introduce the HA-tag on either the N-terminus or the C-
terminus of LpxE (Figure 4.5A). At the N-terminus, the HA-tag was designed to be
inserted directly after the signal peptide and was expected to remain associated with
LpxE, no matter where LpxE localized in the bacteria. At the C-terminus, the HA-tag
was designed to be inserted after the last residue in LpxE, however, if the LpxE CTR

was functional as a T9SS CTD, the LpxE CTR and the HA-tag may be cleaved off.

Positive colonies of the N-terminal HA-tagged /pxE complement (/pxE/N-HA) and C-
terminal HA-tagged /pxE complement (/pxE/C-HA) were identified by tetracycline
selection and colony PCR (Figure 4.5B). Although this suggested that /pxE had been
complemented back into the P. gingivalis genome, mRNA analysis would be needed to
confirm gene expression of the two complements. Ultimately, MALTI-TOF mass

spectrometry analysis of lipid A was required to quantify the activity of these modified
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IpxE products. Unfortunately, due to COVID, this data was not acquired. However, it
was still possible to carry out other characterisation of these /pxE mutant and HA-

tagged strains in relation to OMV formation and protein-protein interaction.

A
N c
N c
B
,ﬁé g:“ V\Q*& IpxE/N-HA g? eq*«' IpXE/C-HA
~

Figure 4.5: Constructs of P. gingivalis [pxE complement strains. A. The design of HA-tag complement
strains. B. Colony PCR of P. gingivalis IpxE complement strains. Primers at the ends of 5'-500 bp
upstream region and 3'-region of /pxE were used to amplify target DNA fragment. Genomic DNA of
W50, IpxE mutant and two IpxE complement strains (/pxE/N-HA and /pxE/C-HA) were used as colony
PCR templates. A band at correct size was amplified in the positive colonies, suggesting that [pxE mutant

was successfully complemented. Ladder on the left-hand side indicates the size of marker DNA in kb.

4.3 Characterization of LpxE

4.3.1 Pigmentation

Wild-type P. gingivalis W50, AlpxE, IpxE/N-HA and IpxE/C-HA strains were cultured
anaerobically on blood agar plates for 7 days. W50 presented black pigmentation as
usual as did the AlpxE, I[pxE/N-HA and /pxE/C-HA (Figure 4.6). This phenotype

suggests that LpxE is not required for black pigmentation and therefore is not involved
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in the secretion of cargo by the T9SS.

W50 AlpxE

IpXE/N-HA N IpXE/C-HA

Figure 4.6: Colony morphology of /[pxE mutant and complement strains. Wild-type P. gingivalis
W50, IpxE mutant and two /pxE complement strains grew anaerobically on blood agar plate for 7 days.

These four strains presented black pigmentation on blood agar plate.

4.3.2 Growth rate analysis

A growth curve assay was performed next to assess the growth rates of the /pxE mutant
and two HA-tagged /pxE strains. The growth rate of these four strains were very similar
with no significant differences observed (Figure 4.7). This suggested that these strains

were not defective in growth compared to W50.
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Figure 4.7: Growth curves of /JpxE mutant and two complement strains. Growth curve plotted as
[logio(ODsgoo) + 2] versus time for W50, AlpxE, IpxE/N-HA and IpxE/C-HA grown in BHI broth
supplemented with hemin at 37°C in anaerobic cabinet. Samples were withdrawn at each time point
under anaerobic condition, and the ODgoo was measured for 6 days. Three technical repeats of the ODgoo
at each time point were measured. Data are presented as means = SDs (n = 3). The error bars are shown.
Student's ¢ test for W50 versus AlpxE, IpxE/N-HA and IpxE/C-HA at 24 h, 48 h, 72 h and 150 h yielded
P values > 0.05, suggesting no significant difference. This assay was repeated twice, and this is a typical

representation.

4.3.3 Enzyme activity assay

To assess whether LpxE affects gingipain protease activity in T9SS mutants, Arg- and
Lys-gingipain activity assays were performed again using whole cell samples and
supernatant samples derived from W50, AlpxE, IpxE/N-HA and I[pxE/C-HA strains. The
data showed that knocking out /pxE resulted in a decline of both arginine and lysine
gingipain activity in whole cell samples (Figure 4.8). This phenotype was partially
restored in the N-terminal HA-tagged /pxE complement, but not in the C-terminal HA-

tagged /pxE complement.
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Figure 4.8: Enzyme activity in whole cells of /pxE mutant. Cultures were grown as described in
methods and whole cell samples were obtained by collecting the cell pellet fraction after centrifugation
of 20 pl culture. The optical densities were measured at 540 nm. A. Arg-gingipain activity in whole cells
(WC) of P, gingivalis W50, [pxE mutant and two IpxE complements. Whole cell samples were assayed
for Arg-gingipain activity using DL-BRpNA as the chromogenic substrate as described in methods. B.
Lys-gingipain activity in whole cells (WC) of P. gingivalis W50, IpxE mutant and two /pxE complements.
Whole cell samples were assayed for Lys-gingipain activity using L-AcLyspNA as the chromogenic
substrate as described in methods. All the lines were shown in different colours. This data is the average

of three technical repeats.

Enzyme activity assays performed on culture supernatant samples of these strains also
showed a decline of both arginine and lysine gingipain activity in the /pxE mutant
compared with W50 (Figure 4.9). However, the phenotype was not restored in either

the N-terminal HA-tagged or C-terminal HA-tagged /pxE complements.
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Figure 4.9: Enzyme activity in culture supernatant of /JpxE mutant. Cultures were grown as described
in methods and supernatant samples were obtained by collecting the supernatant fraction after
centrifugation of 20 pl culture. The optical densities were measured at 540 nm. A. Arg-gingipain activity
in culture supernatant (SN) of P. gingivalis W50, IpxE mutant and two /pxE complements. Supernatant
samples were assayed for Arg-gingipain activity using DL-BRpNA as the chromogenic substrate as
described in methods. B. Lys-gingipain activity in culture supernatant (SN) of P. gingivalis W50, IpxE
mutant and two /pxE complements. Supernatant samples were assayed for Lys-gingipain activity using
L-AcLyspNA as the chromogenic substrate as described in methods. All the lines were shown in different

colours. This data is the average of three technical repeats.

As there is no other evidence suggesting that LpxE is involved in secretion through the
TOSS, it is difficult to explain why gingipain activity declined in the AlpxE strain,
especially as this mutant formed black pigmentation as W50 does (Figure 4.6). Also,
this phenotype was not restored in the complements, suggesting that the HA-tag could
be interfering with transcription, translation, correct folding and/or membrane

localisation of LpxE.
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434 TEM of lpxE mutant

In the previous TEM study of the T9SS mutants, the cell samples had been fixed with
formaldehyde. However, there was a concern that formaldehyde may be too harsh for
these samples, which have different LPS (lipid A) profiles in their outer membrane
compared to W50, and the formaldehyde fixation might have led to the abnormal OMV
blebbing in these mutants. Thus, a modified and less harsh TEM method was used to
investigate OMYV formation and morphology of the /pxE mutant, through flash-freeze

fixation.

The results showed that W50 produced small normal versicles ~40 nm in diameter,
whereas the por/ mutant produced large irregular vesicles ~120 nm in diameter (Figure
4.10A). As these phenotypes were consistent with the previous measurements of OMVs
from the formaldehyde-TEM, this supported the previous TEM results not being
artefacts. The [pxE mutant also produced large and irregular vesicles with a diameter of
~170 nm (Figure 4.10A) which are similar to the T9SS mutants (Figure 3.13).
However, the /pxE/C-HA complement formed relatively smaller vesicles ~100 nm,
indicating that the phenotype was partially restored in the complement. Analysis of
bacterial and OMV diameters across nine bacterial images for each strain supports that
observed cell sizes of W50, AporV, AlpxE, IpxE/C-HA strains were similar, but OMV
sizes of W50 and AporV, AlpxE, [pxE/C-HA strains were significantly different (Figure
4.10B). Also, the OMV size of AlpxE was significantly larger than that of AporV. This
data suggests that both PorV and LpxE are required for the normal smaller OMV

formation in P. gingivalis, while the phenotype was partially restored in the /pxE/C-HA
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complement. To assess whether the mutations also influenced the quantity of OMVs
formed, OMVs per blebbing cell were also counted (Figure 4.10C). However, no

significant differences versus W50 were present.
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Figure 4.10: TEM of OMYV formation in [pxE mutant. A. Transmission electron microscope (TEM)
images of P. gingivalis W50, AporV, AlpxE and IpxE/C-HA cells. Due to COVID and time restriction,
another /pxE/N-HA complement strain was not analysed. Samples were prepared using flash-freeze
method. Scale bar: 100 nm. The data was collected from random cells which were in an OMV blebbing
status. The representative images from three biological repeats were shown. The OMV blebbing was
marked as red asterisk. OMV formation in P. gingivalis W50 strain was clearly visible as defined
structures. AporV, AlpxE and IpxE/C-HA produced large and irregular vesicles. B. Measurements of cell
and OMV diameter in each blebbing cell. The blebbing status is defined that OMVs were within 50 nm
distance to the cell. Data are presented as means = SDs (n =9). Student's ¢ test for cell and OMV diameter:
W50 versus AporV, AlpxE and IpxE/C-HA yielded a P value. ns: p>0.05, non-significant. ***: p <0.001,
significant. C. OMV number per blebbing cell. The blebbing status is defined that OMVs were within
50 nm distance to the cell. Data are presented as means + SDs (n = 9). Student's ¢ test for OMV number
per blebbing cell: W50 versus AporV, AlpxE and IpxE/C-HA yielded a P value. ns: p > 0.05, non-

significant. These are the representative data of three biological and technical repeats.

4.3.5 NanoSight analysis of JpxE mutant

To measure the size of OMV particles produced by the /pxE mutant in solution, the
Malvern NanoSight LM10 Nanoparticle Characterization was again applied. The
average size of total OMVs of AlpxE, [pxE/C-HA and /pxE/C-HA strains is ~120 nm,
which is close to W50. However, compared to the most predominant peak at 44 nm in
W50, the most predominant peaks of AlpxE, IpxE/C-HA and IpxE/C-HA are 107 nm
(2.5 particles/ml), 140 nm (2.2 particles/ml) and 117 nm (2.1 particles/ml), respectively

(Figure 4.11). Moreover, the ~50 nm smaller size OMVs decreased to 0.5 particles/ml
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in AlpxE, IpxE/C-HA and IpxE/C-HA strains, compared to 5.1 particles/ml in W50.
These data suggest that these T9SS mutants tend to produce the same amount of larger
OMVs as W50 does, but they produce much less ~50 nm smaller OMVs than W50.
These particle size data imply that knocking out /pxE may affect the production of
normal smaller OMVs, which is consistent to the TEM data. However, the phenotype
was partially restored in these two complement strains. This experiment needs to be
biologically repeated to confirm OMYV size differences between W50 and the other
strains. Also, it would be useful to do TEM for these purified OMV samples in the

future to confirm the OMV samples are consistent with NanoSight data.
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Figure 4.11: NanoSight analysis of /pxE mutant. A. Concentration of OMV sizes in W50. B.
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Concentration of OMYV sizes in [pxE mutant. C. Concentration of OMV sizes in N-terminal HA-tagged
IpxE complement. D. Concentration of OMV sizes in C-terminal HA-tagged /pxE complement. OMV
samples were prepared as described in methods. Averaged finite track length adjustment (FTLA)
concentration and size for experiment were shown. Error bars indicate standard error of the mean. Mean
value represents the average size of total OMVs of each sample. Mode value represents the most
prominent OMYV size of each sample. As overlap of particles may affect the accuracy of size measurement,

the samples were diluted 10-fold. These are the representative data of three technical repeats.

4.3.6 Dry weight analysis of OMVs

As an additional evaluation of the OMVs produced by the /pxE mutant strains, vesicles
obtained from 200 ml cultures of W50, AlpxE, I[pxE/N-HA and IpxE/C-HA strains were
purified using ultracentrifugation and their dry weights were measured. The result
indicates that the dry weight in the /pxE knock-out mutant decreased when compared
to W50 (Figure 4.12), which is supported by the NanoSight data that shows an overall
reduction in the production of smaller particles. However, this reduction in OMV dry
weight was restored in both the N-terminal and C-terminal HA-tagged I[pxE
complements (Figure 4.12), which is partly supported by the NanoSight results.
However, measuring OMV dry mass in this manner is difficult and these need repeating

to ensure that these differences are not due to measurement errors.
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Figure 4.12: Analysis of OMYV dry weight. Dried OMV samples were prepared as described in methods.
Data are presented as means + SDs (n = 3). Student's ¢ test for dry weight: W50 versus AlpxE, [pxE/N-
HA and IpxE/C-HA yielded a P value. ns: p > 0.05, non-significant. **: p < 0.005, significant. This data

is the average of three technical repeats.

The above analyses of the [pxE mutant suggested that OMV production in this strain
was abnormal, and OMVs were similar in appearance to those produced by the T9SS
mutant strains. To investigate this phenotype further, total protein from the outer
membrane (OM) and vesicles of W50 and /pxE mutant strains were analysed by SDS-
PAGE. The major outer membrane proteins RagA, RagB, Kgp and Rgp** appeared to
be present in both OM and OMV samples in all strains. However, two unidentified
bands at around 85 kDa and 62 kDa were observed in the OM samples of W50 but not
seen in the AlpxE, IpxE/N-HA and [pxE/C-HA strains (Figure 4.13). Instead, the mutant
and HA-tagged /pxE strains presented two different bands with slightly lower molecular
weight, which were not visible in the W50 lane. These bands could represent the same
protein which had been proteolytically cleaved in the modified strains or represent two
different proteins displaying different levels of expression. The 85 kDa band was also
present in the OMV sample of W50 strain but was again slightly shifted down in the

other strains, while the 62 kDa band could not be seen. However, it appears that the
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phenotype of the /pxE mutant was not restored by the complements in either the OM or
OMVs as the protein patterns of AlpxE, [pxE/N-HA and I[pxE/C-HA were very similar.
Nonetheless, inactivation of IpxE did appear to have an influence on protein
composition of the OM and OMVs and mass spectrometry analysis for the unknown 85

kDa and 62 kDa proteins would be useful to better understand this data.
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Figure 4.13: SDS-PAGE of total protein in cell OM and OMVs. Bacteria outer membrane and OMV
samples were prepared as described in methods. Based on band size, the designated proteins are dotted
in different colour. The unidentified bands are labelled as a question mark. A. SDS-PAGE of total outer
membrane protein of W50, /pxE mutant, N-terminal HA-tagged /pxE complement and C-terminal HA-
tagged [pxE complement. B. SDS-PAGE of total OMV protein of W50, /pxE mutant, N-terminal HA-
tagged /pxE complement and C-terminal HA-tagged I[pxE complement. Number ladders on the left-hand
side represent the size of marker proteins in kDa. The designations were based on band size by comparing

with published data. Due to COVID and time restriction, this experiment was not repeated.

4.3.7 Detergent inhibition assay

To test cell membrane stability of the /pxE mutant, the detergent inhibition assay which

was performed on the T9SS mutants was repeated. Colonies of the /pxE mutant were
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observed at a dilution of 10° but were not seen at the same dilution of the W50 strain.
This suggested that the membrane of /pxE mutant was more stable than W50 when
treated with SDS (Figure 4.14A) or Triton X-100 (Figure 4.14B), and that LpxE is
required for destabilizing the bacterial membrane. However, colonies were also seen at
dilutions of 10° in the two complements, which again suggested that the phenotype of

these HA-tagged /pxE strains were at best only partially restored.
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Figure 4.14: Detergent inhibition assay. The detergent inhibition assays were performed on the blood
agar plates containing detergent. The ODgoo of start culture was 0.5 and samples were diluted into
different gradients. A. SDS inhibition assay. The applied concentration of SDS was 8 pug/ml. B. Triton
X-100 inhibition assay. The applied concentration of Triton X-100 was 35 pg/ml. Due to COVID and

time restriction, this experiment was not repeated.



151

4.3.8 Antimicrobial peptide inhibition assay

The IpxE mutant was next analyzed for its resistance to antimicrobial peptides treating
the W50, AlpxE, IpxE/N-HA and [pxE/C-HA strains again with the antimicrobial
peptides cecropin B and LL-37. As with the detergent inhibition assay, colonies were
observed at dilution of 10° in the /pxE mutant but were not seen at the same dilution in
W50 (Figure 4.15). This indicated that the /pxE mutant was more resistant to cecropin

B and LL-37 than W50 and LpxE may be required to destabilize the bacterial membrane.

However, the phenotype was again not restored in two /pxE complement strains and the
two complement strains appeared to be more resistant to antimicrobial peptides than
the /pxE mutant (Figure 4.15). As outlined previously, this could be due to the HA-tags
affecting the folding of LpxE or interfering with other direct interactions such as with
the T9SS. On the other hand, the HA-tag could affect /pxE transcription, so a clean [pxE

complement (no HA-tag) and mRNA analysis would be useful to assess this.
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A
Dilution gradient 10° 10! 102 10® 10* 10°

W50

AlpxE

IpxE/N-HA

IpxE/C-HA
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B
Dilution gradient 10° 10! 102 103 10* 10°

W50

AlpxE

IpxE/N-HA

IpxE/C-HA

LL-37

Figure 4.15: Antimicrobial peptide inhibition assay. The antimicrobial peptide inhibition assays were
performed on the blood agar plates containing antimicrobial peptides. The ODgo of start culture was 0.5
and samples were diluted into different gradients. A. Cecropin B inhibition assay. The applied
concentration of Cecropin B was 10 mM. B. LL-37 inhibition assay. The applied concentration of LL-37
was 10 mM. Due to COVID and time restriction, this experiment was not repeated.

4.3.9 Localization of LpxE

The localization of lipid A 1-phosphatase enzymes has been studied experimentally in
several systems, and to date all have been shown to be localized to the inner membrane
(IM)23327:328  However, as P. gingivalis LpxE is a novel protein that contains an
additional N-terminal extension and C-terminal region, it was decided to carry out

membrane fractionation analysis of P. gingivalis LpxE to confirm whether it was still
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targeted to the IM. Although examination of the HA-tagged LpxE complemented
strains presented above had at times shown no restoration of wild-type phenotype, some
experiments suggested that there was at least a partial recovery. Therefore, in the
absence of an LpxE antibody, a HA-antibody was instead used to study LpxE

localization.

Whole cell, IM and outer membrane (OM) fractions of W50, AlpxE, [pxE/N-HA and
IpxE/C-HA strains were prepared, and a fractionated Western blot was probed with HA-
antibody. Above non-specific background binding of the antibody, a 48 kDa band which
is the predicted molecular weight of LpxE was detected in the purified OM fraction of
C-terminal HA-tagged /pxE complement but not in the other strains (Figure 4.16A).
This suggests that LpxE was expressed in the OM of [pxE/C-HA but not in [pxE/N-HA.
However, LpxE was not clearly present in the whole cells of [pxE/C-HA, indicating that
LpxE could be a naturally low abundant protein as the OM fraction was much more
concentrated than the whole cells. However, low abundance could also be explained by
the poor restoration of wild-type phenotype in the other studies. Alternatively, it could

be an artefact as strong cross-reactivity with the marker was also seen.

To confirm this observation, a biological replicated experiment was performed and the
48 kDa LpxE band was again present, albeit weaker, in the OM of /pxE/C-HA but not
in the other strains (Figure 4.16B). The two consistent results suggest that the 48 kDa
band could be LpxE, however, its presence in the OM needs to be confirmed with a

specific LpxE antibody or through an alternative method such as mass spectrometry.
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Figure 4.16: Western blot analysis of fractionated protein samples. The fractionated protein samples
from whole cells (WC), inner membrane (IM) and outer membrane (OM) were prepared as described in
the methods. The immunoblots were probed with anti-HA (diluted 1:1000). A. The first fractionated
Western blot. B. The repeated experiment. Number ladders on the left-hand side represent the size of

marker proteins in kDa. These represent two biological repeats.

Assuming the C-terminally HA-tagged LpxE is at least partially localized to the OM in
the /pxE/C-HA strain and this is not an artefact, there are several reasons why LpxE
may not have been detected in the /[pxE/N-HA strain. First, it could be due to the
additional 22 amino acids at the N-terminus not being stable and resulting in
degradation and removal of the HA-tag. Another reason is that the location of this tag
does not promote correct membrane targeting and folding. Alternatively, [pxE may not
have been expressed in this complementation, which should be verified by qPCR in the
future. However, since lipid A 1-phosphatases have previously only been reported as

IM proteins in other Gram-negative bacteria?83327-328

, this data suggests that P.
gingivalis LpxE might be the first OM localized lipid A 1-phosphatase. This is a
controversial observation and needs to be further thoroughly scrutinized, but while

other LpxE structures are fully helical, it is unclear how the additional 25 kDa CTR

regions may affect localization of P. gingivalis LpxE.



155

4.3.10 LpxE crosslinking

To complement the membrane fractionation experiments which potential showed
location of P. gingivalis LpxE in the OM, the next important experiment was to try and
identify a protein in P. gingivalis that might directly interact with LpxE and could be
responsible for regulating its function. Crosslinking is a common method used to
identify protein-protein interactions in vivo and was therefore implemented. This
technique uses a chemical crosslinker to provide a means for capturing protein-protein
complexes by covalently binding them together as they interact. The rapid reactivity of
the common functional groups on crosslinkers allows even transient interactions to be
frozen in place or weakly interacting molecules to be seized in a complex stable enough

for isolation and characterization.

For these experiments, two different crosslinker were used: Dithiobis (succinimidyl
propionate) (DSP) and formaldehyde. DSP is a homo-bifunctional crosslinker that is
lipophilic and cell membrane permeable, so it is useful for studying intracellular and
intramembrane interactions. DSP has amine-reactive N-hydroxy succinimide (NHS)
esters at both ends of a cleavable, 8-atom (12 A) spacer arm. DSP contains a reducible
disulfide bond in the spacer arm, so the cross-linking can be validated using both
reducing and oxidizing conditions*?°. Formaldehyde on the other hand is a chemical
cross-linker that is a non-specific with crosslinking space of 2 A that is suitable for

short-distance crosslinking.

As it was not known whether lysis of P gingivalis would display any potential
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interactions with LpxE, which would affect crosslinking results, crosslinking was
performed before and after lysis, and the crosslinked whole cell samples were then
analysed by Western blot with an anti-HA antibody (Figure 4.17). In samples that had
not been treated with cross-linkers, an additional band was present at around 72 kDa
from the /pxE/C-HA strain (Figure 4.17A), however, this was only observed in the
untreated experiment. Moreover, it was expected that any complex would be broken up
under these denaturing conditions and this likely represent non-specific binding. No
additional bands were seen in the formaldehyde-crosslinked samples except some
smearing, which indicates that formaldehyde had caused too many aggregations and
was not suitable for this assay. Although strong background was also observed in DSP-
crosslinked samples, they could be reduced to analyse captured crosslinked proteins.
When the samples were crosslinked before the cell lysis, an intense band was seen at
~85 kDa in the reduced DSP-crosslinked sample of [pxE/N-HA (Figure 4.17B), but this
band was much higher than the anticipated LpxE molecular weight (48 kDa). This
indicated that this band was probably due to non-specific binding of the antibody, rather
than specific recognition of LpxE, which was supported by a lack of observation of

IpxE/N-HA 1n the previous LpxE localization experiment.



157

AlpxE IpxE/N-HA IpxE/C-HA DIpxE IpxE/N-HA IpXE/C-HA
s & S o & S & & & o PO N & 8o >
¥ & & @ > L& & ¢ & L& & L& & L L
b3 &K Q & &K Q &R Q S & & & & &
wa P P SIS TSP & wr P T EFTITET S I TS S

- ' -

L 72 = ! ‘. a

72 - . .* * F o :

et M1 YT e '
..‘ -

43 =

-

Crosslink before lysis

Crosslink after lysis

Figure 4.17: Western blot analysis of the crosslinked cell lysate. A. The samples were crosslinked
after cell lysis. B. The samples were crosslinked before cell lysis. The immunoblots were probed with
anti-HA (diluted 1:1000). For each strain, the samples were crosslinked with 2 mM DSP and 1%
Formaldehyde. As DSP can be reduced by DTT, the DSP crosslinked samples were also reduced before
loaded onto the gel. Untreated samples were the controls. Additional bands (*) were identified in the test
samples (/pxE/N-HA and /pxE/C-HA) compared to the control (AlpxE). Legend: AlpxE - cell lysate of
the [pxE mutant, [pxE/N-HA - cell lysate of the N-terminal HA-tagged IpxE complement, /pxE/C-HA -
cell lysate of the C-terminal HA-tagged IpxE complement. Number ladders on the left-hand side represent

the size of marker proteins in kDa. Due to COVID and time restriction, this experiment was not repeated.

In Western blots for localization of LpxE, LpxE was not seen in whole cells, but was
only detected in enriched /pxE/C-HA strain outer membranes (Figure 4.16). 1 had
supposed that LpxE could be in low abundance in whole cells and therefore decided to
first isolate the membranes from these strains and then repeat the crosslinking assay.
The cell pellets of these strains were first crosslinked using just DSP, which was then
followed by cell lysis, and then the total membrane protein fractions were extracted
from the cell lysates and then analysed by Western blot. In addition, as a positive HA-
tag control, a HA-tagged RgpB complement strain created by another member of the

group was included.
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In these experiments, the background was much clearer and detection of HA-tagged
RgpB at ~80 kDa confirmed HA-specificity of the antibody. In addition, a high
molecular weight band was present in /[pxE/C-HA, retained in the well, and a high
molecular weight smeared band (~130-250 kDa) was also seen in the reduced sample
(Figure 4.18A). However, when this experiment was repeated, no additional bands
were observed in the /pxE/C-HA complemented strain (Figure 4.18B). Due to the
uncertainty of these results, I instead planned to further probe for a potential LpxE

interaction using a co-immunoprecipitation (Co-IP) assay.
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Figure 4.18: Western blot analysis of the crosslinked membrane lysate. A. Analysis of the crosslinked
membrane lysate using Western blot probed with anti-HA (diluted 1:1000). B. The repeated experiment.
The cell pellets were crosslinked with 2mM DSP and the total membrane protein was extracted by 1%
DDM. The DSP crosslinked membrane protein samples were also reduced before loaded onto the gel.
Additional bands (*) were identified in /pxE/C-HA compared to the AlpxE control. Legend: AlpxE -
membrane proteins of the /pxE mutant, [pxE/N-HA - membrane proteins of the N-terminal HA-tagged
IpxE complement, IpxE/C-HA - membrane proteins of the C-terminal HA-tagged /pxE complement,
RgpB/HA - membrane proteins of the HA-tagged rgpB complement. Number ladders on the left-hand
side represent the size of marker proteins in kDa. Due to COVID and time restriction, this experiment

was not repeated.
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4.3.11 LpxE co-immunoprecipitation

As the above crosslinking data was not duplicated and LpxE may be natively in low
abundance or in low abundance in the complemented HA-tagged strains, a more
specific and precise method of Co-IP was applied. Co-IP allows for the indirect capture
of interaction partners that are bound to a bait protein recognized by an antibody. These
complexes can then be separated by SDS-PAGE and potential interaction partners

confirmed with subsequent analysis such as mass spectrometry.

Co-IP reactions were performed using the BioVision Immunoprecipitation Kit using a
denaturing lysis buffer. The lysate which was crosslinked with DSP prior to lysis was
passed over protein A/G beads alone and beads bound with anti-HA antibody. Protein
A/G beads bound to anti-HA antibody with no loading of lysate was used as a negative
control. After incubation, the beads were then washed and then eluted using a

denaturing method via the addition of SDS-PAGE loading buffer.

The result showed that an additional band at around 65 kDa was present in the reduced
DSP-crosslinked sample of /pxE/N-HA by SDS-PAGE but not seen in the other strains
(Figure 4.19A). However, it was not clear if this band was detected by the anti-HA
antibody (Figure 4.19B). Furthermore, as the localization of LpxE in this strain had not

been detected in the above experiments, further verification was needed.
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Figure 4.19: Co-immunoprecipitation in the /pxE complements. A. SDS-PAGE analysis of co-
immunoprecipitation in the /pxE complements. An additional band (*) was shown in the reduced DSP-
crosslinked sample of /pxE/N-HA. B. Western blot analysis of co-immunoprecipitation in the /pxE
complements. The immunoblot was probed with anti-HA (diluted 1:1000). Cells of these strains were
crosslinked with DSP and formaldehyde. HA antibody was the negative control. Legend: AlpxE - the
elution sample of AlpxFE lysate, [pxE/N-HA - the elution sample of [pxE/N-HA, IpxE/C-HA - the elution
sample of [pxE/C-HA. Number ladders on the left-hand side represent the size of marker proteins in kDa.

On repeat of the Co-IP experiment, the ~65 kDa band was not observed in the reduced
DSP-crosslinked sample of the /pxE/N-HA strain by SDS-PAGE (Figure 4.20).
However, a faint high molecular weight band ~130 kDa was seen in the reduced DSP-
crosslinked samples of /pxE/N-HA and /pxE/C-HA, but not shown in the /pxE mutant
(Figure 4.20). Due to the lack of reproducibility of this experiment and the issues with
reliable complementation of the of /pxE/N-HA and /pxE/C-HA strains, this was likely

another artefact, but this could represent a real interaction partner for LpxE.
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Figure 4.20: Duplication of Co-IP of the /pxE complements. SDS-PAGE of the Co-IP duplication. An
additional band (*) was shown in the reduced DSP-crosslinked samples of the [pxE/N-HA and /pxE/C-
HA. The eluted samples of non-crosslinked lysate and DSP-crosslinked lysate were used. HA antibody
was the negative control. Legend: A/pxE - the elution sample of AlpxE lysate, [pxE/N-HA - the elution
sample of [pxE/N-HA, IpxE/C-HA - the elution sample of [pxE/C-HA. Number ladders on the left-hand

side represent the size of marker proteins in kDa.

The above data is ambiguous, and the high background indicates that there is high non-
specific binding to the protein A/G beads. Here the anti-HA antibody was a high-affinity
mouse [gG1 monoclonal antibody that recognizes the HA-epitope tag (YPYDVPDYA)
derived from the HA-tagged protein and was coupled to the A/G beads during the Co-
IP. An alternative approach was to use Pierce® Anti-HA Agarose, which is an
immunopurification and immunoprecipitation resin specific for HA-tagged proteins.
Thus, the co-immunoprecipitation was modified to HA-tag pull down assay using anti-
HA agarose instead. The lysate was directly incubated with anti-HA agarose, followed

by wash and elution steps. However, no additional bands were observed in the [pxE
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complements compared with the /pxE mutant (Figure 4.21). This further supported no
LpxE interaction being observed using Co-IP with these P. gingivalis HA-tagged LpxE

strains.
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Figure 4.21: HA-tag pull down assay. SDS-PAGE of the pull-down assay. No additional band was
shown in the elution samples of the /pxE complements. The eluted samples of non-crosslinked lysate and
DSP-crosslinked lysate were used. HA antibody was the negative control. Legend: AlpxE - the elution
sample of AlpxE lysate, [pxE/N-HA - the elution sample of [pxE/N-HA, IpxE/C-HA - the elution sample
of IpxE/C-HA. Number ladders on the left-hand side represent the size of marker proteins in kDa. Due

to COVID and time restriction, this experiment was not repeated.

4.4 Discussion

In Chapter 3, it was proposed that regulation of the lipid A 1-phosphatase LpxE may be
linked to the T9SS and its modification of lipid A phosphorylation status in P. gingivalis.
This chapter characterized the phenotype of LpxE and aimed to understand how this
phosphatase is linked to the T9SS. Sequence alignment shows that P. gingivalis LpxE

is a novel lipid A 1-phosphatase, as it carries an N-terminal signal peptide usually only
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seen in periplasmic and outer membrane (OM) targeted proteins, a 22-residue N-
terminal extension and an additional C-terminal region. The /pxE mutant and two
complement strains were created to analyse its molecular mechanism in P. gingivalis.
The results suggest that LpxE is not required for black pigmentation or normal growth.
However, the enzyme activity assays suggested the /pxE mutant shows some reduction
in gingipain activity and this phenotype is not fully restored in complement strains. The
TEM, NanoSight and OMV dry weight data suggest that LpxE is required for normal
OMYV formation, but again the phenotypes were not fully restored in the complement
strains. The detergent and antimicrobial peptide inhibition assays show that LpxE has
some role in destabilizing the bacterial membrane, although again the two complements
do not restore the wild-type phenotype. Using Western blot assays of fractionated P
gingivalis membranes, LpxE was detected in the bacterial OM, which would be the first
time this localization has been observed for any other lipid A 1-phosphatase. However,
as this was detected using the complement strains that produce HA-tagged LpxE, and
there was incomplete restoration of LpxE activity, this could be due to cross-reactivity
and this needs to be confirmed by other means. Cross-linking and Co-IP experiments
suggest that HA-tagged LpxE may interact with other protein or protein complex, but
again the results were not conclusive or reproducible and again the issue with

incomplete restoration of LpxE activity in these strains raises concerns.

A main limitation of this Chapter is the complementation of the /pxE mutant. Although
the mutation of LpxE affects OMV formation and membrane stability, all the data

indicate that these phenotypes were not restored in the two complement strains. As
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verification of correct genomic insertion is not sufficient to confirm complementation,
additional verification such as qPCR to assess correct expression, and mass
spectrometry of lipid A to assess correct protein localisation/folding, would be needed
to show wild-type phenotype has been correctly restored. However, the issues with the
complementation of /pxE are likely due to the presence of the HA-tag. This additional
sequence may interfere with gene transcription and/or translation, may interfere
membrane targeting and correct insertion into the membrane, or could abrogate
interactions with other proteins. It would therefore be worthwhile to create a clean IlpxE
complement that does not contain any modification or tag. In the Western blot of LpxE
localization, too many non-specific bindings were seen, suggesting that HA-antibody
is not specific in P. gingivalis. Other tag options such as V5-tag and Flag-tag would be
considered and also generating an antibody against LpxE peptides so that localization

of LpxE in the wild-type strain could be assessed in the future.

The crosslinking assay did not work well for LpxE. As this was based on recognition
of the HA-tag in the /pxE/N-HA and /pxE/C-HA complemented strains, the above
reasons could explain this. However, the reason could also be that the crosslinking
system was not appropriate. For example, after the crosslinking step with DSP, the lysed
cells formed precipitations that were difficult to solubilize. This suggests that protein
and DSP concentrations should be decreased. Another crosslinker such as imidoester
crosslinker DMS (dimethyl suberimidate) or N-Hydroxysuccinimide-ester crosslinker
BS3 could also be applied to optimize the system. The Co-IP results were not reliable

either. For example, an additional band which may interact with LpxE was seen in the
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IpxE/N-HA strain, but this result was not repeatable. Despite being a powerful
technique for analysing protein interactions, Co-IP is also limited by the availability of
antibodies that recognize the bait protein. In some cases, the HA-antibody that
recognizes LpxE might bind to the interacting site between LpxE and prey proteins and
interfere or disrupt the interaction. So many non-specific bindings can also decrease the

availability of HA-antibody that recognizes LpxE.

In E. coli, lipid A is a hexa-acylated disaccharide of glucosamine, which is
phosphorylated at the 1- and 4'-positions®****, It is synthesized by nine constitutive
enzymes in the cytoplasm or on the inner surface of the inner membrane (IM)34. Despite
having the structural genes for the nine enzymes of the E. coli lipid pathway, some other
bacteria synthesize lipid A lacking phosphate groups!>*!463! The phosphate-deficient
lipid A structures were first reported in the plant endosymbionts Rhizobium
leguminosarum®** where specific phosphatases LpxE and LpxF remove the 1- and 4'-

phosphate residues late in the pathway, respectively!*®!4’. LpxE and LpxF enzymes

327,333 +328,334

were also discovered in Francisella tularensis and Helicobacter pylori
where they perform a similar function. These reported LpxE and LpxF belong to the
PAP2 (type-2 phosphatidic acid phosphatase)-like superfamily, but do not contain a

signal peptide, and have been confirmed as integral IM proteins.

P. gingivalis, similar to other Gram-negative bacteria, synthesizes lipid A that initially
contains phosphate moieties at both the 1- and 4'-position of the di-glucosamine
backbone!'131. P gingivalis also contains lipid A structures lacking phosphates®’, and

LpxE and LpxF were identified as being functional here!>*. The P. gingivalis LpxF is
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similar to lipid A 4'-phosphatases from other bacteria species, as it does not carry a
signal peptide and it only contains a phosphatase domain, based on sequence analysis
and tertiary structure prediction. Thus, LpxF is thought to be located in the inner
membrane as other lipid A 4'-phosphatases. Using BLAST searches, the lipid A 1-
phosphatase region of P. gingivalis LpxE was found to have high homology with other
LpxE sequences; but is novel as it also carries a signal peptide, a 22-residue extension
at its N-terminus, and a 200-residue region at its C-terminus, both with unknown
function. P. gingivalis LpxE may have been detected in the OM by membrane
fractionated Western blot, and this would imply that the P. gingivalis LpxE may be the

first discovered OM bound lipid A 1-phosphatase.

In the BLAST run against the sequence of P. gingivalis LpxE using default parameters,
two hits were identified for Prevotella sp. and two hits were identified for
Parabacteroides sp., which also possess a signal peptide and a partial C-terminal region
(Figure 4.1). However, alignment of LpxE from P. gingivalis, Prevotella sp. and
Parabacteroides sp. shows high homology in the NTD but not in the CTR (Figure 4.22).
Moreover, when their CTRs were separately aligned with all bacterial genomes, no new

hits were detected.
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PG/1-423 310 SABVEWHPWORASVWAE | LPSILFRTDF TNAQDEPDEM- - - - - - - - - skLHRBSSFQPAFQVEBV- - - - AYRMSOHMGIBAHAG - - - - - - - - oo 380
Prevotella 1/4-517 314 TKEFRYNLNKNNP - -GS 16 . - DORFARFVGVESNHIOMFDYSGOAYFBYPFNNRLRFOTKLL IBRRLTTAYNUDALLDVDVPAMRSF IQSLOPSDKRYFASPEDKEEF LNTMK 422
Prevotella2/1-517 314 TKBF RYNLNKNNP - -GS 16 - DQRFARFVGVESNHIGMFOYSGGAYFRYPFNNRLRFGTKLL IBRRLTTAYNMDALLOVBVPAMRSF 10SLDPSDKRYFASPEDKEEFLNTMK @22 L CTR
Parabacteroides/1-444 200 YT@TTPSA- - - - - vovovvennn KYD IARVHADP TG IFSFTAGPYFBLPVAGKLLLGTKFOABYSHLVKNEME - - - -MBFVEK- - - - o oooooee oo KA 355
Parabacteroides2/1-443 280 YTOTTPST oo ovveennnnnns RYD I TRVHADPTOVF TFTAGPYFBLPVASKLLLOTKFQABYSYLVKNEME - - - - MBLOEK: - - - - - vvmmeneoee oo QA 354
PG/1423 31 -farce- - -AVEHLM. ... EERSTWS | 1 KKRATVPYROEBFAVOLOFYPER - - - - ooooentt i a2
Prevotelia 1/1-517 423 SWGDGRNMHNNNFLS | KANRAIVYETGLSLTWAYKGGMALMLSMDYOYAN - - PKYVNELNNRWETDTQG [GRYVTDTFKRRTSMHHLSLOLGVVLSL - 517
Prevotelia2/1-517 423 SWODGRNMHNNNELS | KANRAIVYETOLSLTWAYKOOMALMLSMDYDYAN - - PKYV¥ELNNRWETDTQO [GRYVTDTFKRRTSMHHLSLOLOVVLSL - 517
Parabactercidest/t-444 356 PMT - . . TUNNVVEMKGENSSNY ILRTGLSAIGIVNRNLEIRMF VDYDY TF - - LKAPYOLLTSLADEKP I YGE: - - - SHLSKHKMHYFTIGATVTALFW a4
Parabacteroides2/1-443 355 PG - - - T INN | AEMKGNGSSNYVLRTG | SATG | VNRNLG | RMF VONDYTF - - LKAPYE | LTSLRDSQPVYGE- - - - SHLSKHKMHYF T IGATVTALFW 443

Figure 4.22: Pairwise sequence alignment of LpxE from P. gingivalis, Prevotella sp. and
Parabacteroides sp. Conservation is defined by Clustal X Colour Scheme®%. Blue (hydrophobic) - A, I,
L, M, EW,V; Red (positive charge) - K, R; Magenta (negative charge) - E, D; Green (polar) - N, Q, S, T;
Orange (glycine) - G; Yellow (proline) - P; Cyan (aromatic) - H, Y; White (unconserved) - any/gap. NTD:

N-terminal domain, 1-219 amino acids; CTR: C-terminal region, 220-423 amino acids.

As lipid A 1-phosphatases have not been reported in other bacteria that utilise a T9SS,
such as F. johnsoniae and T. forsythia, it is unclear whether the unique features of LpxE
are correlated to the T9SS. To identify putative lipid A phosphatases in F. johnsoniae
and T. forsythia, the P. gingivalis LpxE and LpxF sequences were aligned in these
species. The BLAST result of LpxE showed that homologs of P. gingivalis LpxE NTD
could be present in F johnsoniae (Sequence ID: WP _012024041.1 and
WP _012026436.1) and T. forsythia (Sequence ID: WP 014224716.1) (Figure 4.23A).
However, while sequences corresponding to the CTR were absent in F. johnsoniae, they
were present in the putative in 7. forsythia LpxE (Figure 4.23A). Further BLAST
analysis showed that homologs of P. gingivalis LpxF were identified in F. johnsoniae
(Sequence ID: WP_008463839.1 and ABQO06015.1) and 7. forsythia (Sequence ID:

WP 014225991.1 and WP_014226035.1) (Figure 4.23B).
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Figure 4.23: Lipid A phosphatase sequence alignment in F. johnsoniae and 1. forsythia. A. LpxE
sequence homology alignment in F johnsoniae and T. forsythia. Two hits (Sequence ID:
WP _012024041.1 and WP 012026436.1) are shown in F. johnsoniae. One hit (Sequence ID:
WP _014224716.1) was shown in T. forsythia. The pairwise alignment of P. gingivalis LpxE against all
hits suggests that LpxE NTD is conserved but LpxE CTR is not conserved in these bacteria. B. LpxF
sequence homology alignment in F johnsoniae and T. forsythia. Two hits (Sequence ID:
WP_008463839.1 and ABQO06015.1) are shown in F. johnsoniae. Two hits (Sequence ID:
WP _014225991.1 and WP_014226035.1) was shown in 7. forsythia. The pairwise alignment of P

gingivalis LpxF against all hits suggests that LpxF is conserved in these bacteria.
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These sequence alignment results suggest that both F johnsoniae and T. forsythia
possess a LpxF-like lipid A 4’-phosphatase which only contains the PAP2 phosphatase
domain. LpxE of F. johnsoniae only contains the PAP2 phosphatase domain but LpxE
of T forsythia possesses an additional CTR, although it is highly different from the P
gingivalis LpxE sequence. This analysis may indicate that bacteria that use a T9SS
require both LpxE and LpxF, although whether these are both expressed and active in
these bacteria is still to be determined. Furthermore, there has been no studies looking
at links between the TOSS, lipid A phosphorylation and OMV formation in F
johnsoniae or T. forsythia, but it would be interesting to see whether LpxE has any

influence here.

4.5 Conclusion

This chapter describes the characterization of the P. gingivalis lipid A 1-phophatase
LpxE. Sequence alignments show that P. gingivalis LpxE is a novel lipid A phosphatase,
as it carries a signal peptide, a 22-residue N-terminal extension and an additional CTR.
The results of phenotype assays suggest that LpxE is not required for black
pigmentation and normal growth. However, the enzyme activity assays showed the /pxE
mutant is defective in gingipain secretion although this phenotype is not fully restored
in complement strains. The TEM, NanoSight and OMV dry weight data suggest that
LpxE is required for normal OMV formation. The detergent and antimicrobial peptide

inhibition assays show that LpxE is required for destabilizing bacteria membrane.
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Using fractionated Western blot assays, LpxE was showed to be in the bacterial outer
membrane, but this needs to be confirmed by other methods. The cross-linking and Co-
IP experiments suggest that LpxE may interact with other protein or protein complex,

but the results were not reproducible and conclusive.
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Chapter 5 Recombinant Expression and
Purification Studies of the T9SS Outer

Membrane Accessory Proteins and LpxE
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5.1 Chapter aims

In Chapter 3, it was discovered that LpxE was likely the link between the T9SS and
lipid A dephosphorylation. It was thought that LpxE may possess a novel T9SS CTD,
or the T9SS or cargo secreted by it may directly bind to and regulate the function of
LpxE. Given that LpxE could be a low abundance membrane protein, or the action of
combining an affinity tag greatly affects its native function, it was difficult to study its
function and interaction in vivo. Thus, a new plan was to try to express and purify P
gingivalis T9SS outer membrane accessory proteins and LpxE recombinantly in E. coli,

and study potential interactions in vitro.

Over the past decade, cryogenic electron microscopy (cryo-EM) has become a powerful
technique in structural biology, and the advantage is that the amount of protein required
is low. However, due to the limitation of protein size, it can be difficult to study the
structure of small outer membrane proteins <100 kDa using cryo-EM, unless they form
higher order complexes and/or display asymmetry. Therefore, the overall aims of this
chapter were to produce recombinant T9SS outer membrane accessory proteins and
LpxE, to study their interactions in vitro and then gain structural insights using cryo-

EM, but if not appropriate by X-ray crystallography.

5.2 Expression and purification of PorV in pET28b

As the T9SS outer membrane (OM) protein PorV plays an important role in cargo

secretion and is also involved in OMV production, PorV was selected to be the first
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membrane protein expressed recombinantly. For the first expression trial of PorV, the
expression vector pET28b, a standard vector used in the group for both soluble and

membrane proteins, was used with BL21 (DE3) E. coli cells.

Selection of an appropriate protein sequence is an important first step in the design of
protein constructs for recombinant expression, because this can ensure the expressed
protein is in its native state for purification and structural analysis. PorV is a known
OM localised P-barrel protein whose structure has been determined from F

Jjohnsoniae'®®

. Bacterial OM B-barrel proteins are known to possess N-terminal signal
peptides for their transfer from the cytoplasm to the periplasm via the Sec system?®.
Therefore, the primary sequence of P. gingivalis W50 PorV was assessed by the
SignalP-5.0 server for the presence of a signal peptide and its cleavage site prediction®*S,
P. gingivalis PorV is predicted to contain an N-terminal signal peptide (residues 1-27)
for Sec transport with peptide cleavage occurring between residues A27 and Q28

168

(Figure 5.1) and as a B-barrel membrane protein *°, it is not soluble in the cytoplasm.
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Figure 5.1: Signal peptide prediction of PorV. The prediction showed that PorV contains a Sec signal
peptide spanning residues 1-27. Peptide cleavage was predicted to occur between residues A27 and Q28.
This prediction was made by the SignalP-5.0 sever®*® which predicted signal peptides based on several
different consensus signal sequences. SP (Sec/SPI): "standard" secretory signal peptides transported by
the Sec translocon and cleaved by Signal Peptidase I (Lep). TAT (Tat/SPI): Tat signal peptides transported
by the Tat translocon and cleaved by Signal Peptidase I (Lep). LIPO (Sec/SPII): lipoprotein signal
peptides transported by the Sec translocon and cleaved by Signal Peptidase II (Lsp). CS: cleavage site.

To express PorV in E. coli, two constructs pET28b-PorVi.39;1 and pET28b-PorVas.301
were produced. As pET28b introduces a C-terminal His-tag, PorV would be expressed
as PorV.391-nis or PorVag.391-His, respectively. The first construct contained the complete
P. gingivalis PorV sequence (residues 1-391), including its native signal peptide, and it
was expected to be targeted to the E. coli OM. Here the native signal peptide PorVi.27
was expected to be recognized by Sec machinery for inner membrane translocation.
PorVas.391-nis would then be inserted and assembled in OM via [-barrel assembly
machine (BAM) complex (Figure 5.2A). The second construct contained the P.
gingivalis PorV sequence minus its signal peptide (residues 28-391), and it was
expected to be expressed in the cytoplasm and form inclusion bodies, which would be

used for refolding experiments (Figure 5.2B). Although upon insertion into the OM the
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signal sequence would be lost in PorVi.391-nis, to distinguish it from PorV2g.391-mis, it will

still be referred to as PorVi.3o1.nis throughout.
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Figure 5.2: Strategies of PorV expression in pET28b. A. Expression of PorV in membrane. When the
translated protein PorVi_3i_mis cross through IM, the native SP PorV .7 would be cleaved off by Sec
machinery. The translocated PorVas 391-nis would be then inserted and assembled in OM under the aid of
BAM complex. B. Expression of PorV in inclusion bodies. The translated protein PorVis.3o1-uis would
stay in CP and form inclusion bodies. CP: cytoplasm. IM: inner membrane. PP: periplasm. OM: outer

membrane.

5.2.1 Expression of PorV in membrane

BL21 (DE3) is effective at expressing proteins carried by pET vectors under the control
of the T7 promoter®*’. The two constructs pET28b-PorVi.301 and pET28b-PorVas.301
were therefore transformed into BL21 (DE3) cells and expression trials were performed
(Figure 5.3). Expressed PorVi.3oi.nis bands were seen in the samples induced with
isopropyl B-D-1-thiogalactopyranoside (IPTG) (Figure 5.3A), suggesting that PorV.
391-1is was expressed. BugBuster® is a cell lysis agent which can also act to extract
membrane proteins, which remain in the supernatant after centrifugation. However,
after cells were lysed with BugBuster®, PorVag.391.is was not seen in the supernatant
but instead retained in the pellet, suggesting that the PorVi.»7 signal peptide was not

cleaved and PorV.391.1is was expressed in inclusion bodies rather than in the membrane
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(Figure 5.3B). The reason for this could be that P. gingivalis signal peptides may not

be efficient in E. coli.
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Figure 5.3: PorVissimis expression trial using pET28b vector. A. SDS-PAGE of PorVisoi.mis
expression in whole cell. Protein expression was induced with 0.5 mM and 1 mM IPTG at 20°C overnight.
The molecular weight of PorVoi.mis is around 42 kDa. Additional bands at this size were shown. B.
Western blot of the full-length PorV (PorV_39i.nis) membrane extraction. PorVisei.nis  was detected in
the cell and pellet, but not in the supernatant. The immunoblot was probed with anti-His (diluted 1:1000).
Cell, E. coli cell; Pellet, pellet of cell lysate; Supernatant, supernatant of cell lysate. Number ladders on

the left-hand side represent the size of marker proteins in kDa.

5.2.2 Expression and purification of PorV from inclusion bodies

As PorVi.391.1is was not expressed in the membrane, another option was to force PorV
into inclusion bodies using the pET28b-PorVag3g1 construct, then purify it under
denaturing conditions and attempt to refold it. Expressed PorV2s.391-nis bands were seen
in the samples induced with IPTG (Figure 5.4A). To solubilize PorVag.391-nis from
inclusion bodies, 8 M urea was applied to solubilize the pellet. The supernatant

containing unfolded PorVasii-nis was then loaded onto an equilibrated poly-prep
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gravity flow column containing 1 ml nickel-nitrilotriacetic acid (Ni-NTA) agarose resin.
The resin was washed using 20 column volumes of Ni-NTA wash buffer and eluted
with a series of 2 ml fractions using Ni-NTA elution buffer. The samples of each step

were collected and loaded onto the gel for SDS-PAGE analysis (Figure 5.4B).
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Figure 5.4: Expression and purification of PorV2s391-nis from inclusion bodies. A. SDS-PAGE of
PorVas.301-mis expression in whole cell. Protein expression was induced with 0.5 mM and 1 mM IPTG at
20°C overnight. The molecular weight of PorVas.301.nis is around 42 kDa. Additional bands at this size
were shown. B. SDS-PAGE of PorV2s.391-1is Ni-NTA chromatography purification: Cell, E.coli cell; Sup,
supernatant of cell lysate; W1, first wash; W2, second wash; W3, third wash; E1, first elution; E2, second

elution. Number ladders on the left-hand side represent the size of marker proteins in kDa.

As the purified PorVas.391-nis was in an unfolded state, the eluted PorVags.3o1-mis was
subjected to dialysis against buffer containing 4 M urea, followed by 0 M urea to slowly
refold it. As the PorV homologue FadL was previously successfully solubilized with
the detergent LDAO**, 1% (vol/vol) LDAO was present in all buffers. The refolded
PorVas.391-nis sample was further purified by size exclusion chromatography to remove
contaminant proteins and imidazole. The expected molecular weight of PorVag-391-nis is
~42 kDa, and so a HiLoad® 16/600 Superdex® 200 pg column was used as it provides
good resolution for globular proteins between 10-600 kDa. By calculation of protein

standards®*®, folded PorVas.391-1is should have been eluted at ~80 ml on this column.
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However, the result showed that the majority of PorVassoi-mis eluted at ~45 ml (P1)
within the void volume (Figure 5.5), which indicates that PorV2s.391-nis was largely not
refolded. However, a small peak (P2) was observed at the expected molecular weight,

but this was not detected by SDS-PAGE.
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Figure 5.5: Size exclusion chromatography of PorVz:ssoi-mis. Superdex 200 (GE Healthcare) gel-
filtration profile of PorVag_39i-nis. The elution samples of P1 and P2 were collected and loaded onto SDS-
PAGE gel. By calculation of protein standards®?, P1 represents PorVas 3o1-1is but it was not refolded. A
small peak (P2) was observed at the expected molecular weight, but this was not detected by SDS-PAGE.

Number ladders on the left-hand side represent the size of marker proteins in kDa.

5.3 Expression and purification of PorV in pOMPA28

As it was not possible to purify sufficient quantities of PorV for structural studies using
the pET28b-PorVi.391 and pET28b-PorVas 391 approaches, it was necessary to re-design
the pET28b vector for membrane protein expression in E. coli. Here, an OmpA signal

peptide originating from E. coli was used instead of the native P. gingivalis PorV signal
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peptide. The E. coli OmpA sequence is a highly effective signal peptide that has been
extensively used for recombinant expression of periplasmic and membrane proteins in
E. coli**. Thus, the pET28b was modified to contain the OmpA signal peptide and was
renamed as pOMPA28 (Figure 5.6). An N-terminal 6xHis tag was designed to follow
the OmpA signal peptide, which allows for protein purification using Ni-NTA

chromatography.
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Figure 5.6: Schematic of membrane protein expression using pOMPA28. When the translated protein
cross through IM, the OmpA SP would be cleaved off by Sec machinery. The translocated membrane
protein with N-terminal His-tag would be then inserted and assembled in OM under the aid of BAM

complex. CP: cytoplasm. IM: inner membrane. PP: periplasm. OM: outer membrane.

5.3.1 Expression of T9SS outer membrane accessory proteins

The primary sequences of P. gingivalis W50 PorV, PorU, PorQ, PorZ, PorP, PorT, PorG
and PorF were uploaded to the SignalP-5.0 server for signal peptide and cleavage site
predictions®*. PorU and PorZ are globular proteins secreted by the T9SS and attached
to the OM through interactions with PorV and PorQ, respectively109’341. PorV, PorQ,
PorP, PorT, PorG and PorF are B-barrel OM proteins. Based on this analysis, PorV

residues 28-391 (PorVas.91), PorU residues 24-1158 (PorUaa4.1158), PorQ residues 38-
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345 (PorQss-345), PorP residues 20-313 (PorP2¢-313), PorT residues 29-244 (PorT29-244)
and PorF residues 37-827 (PorF37.327) were identified as mature protein sequences and
successfully cloned into the pOMPA28 vector. Because the sequence of PorGog.oss
contains a restriction enzyme site that was used for cloning, its insertion into the
pOMPA28 vector was not taken forward here. PorZ has been expressed and purified
from the cytoplasm'®, therefore PorZ was also excluded from this strategy. These
constructs pOMPA28-PorVag391, pOMPA28-PorUzs-1158, pOMPA28-PorQss-346,
pOMPA28-PorP20-294, pOMPA28-PorT29.244 and pOMPA28-PorFs7.s27 were then
transformed into E. coli BL21 (DE3) cells for expression trials. Except for PorP2o-294,
additional bands at the correct size were seen in the IPTG-induced cells for PorVis.os-
391, PorQuis-38-346, PorThis-29-244, PorUnis-24-1158 and PorFuis-37-827, suggesting they had

been expressed (Figure 5.7).
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Figure 5.7: Membrane protein expression using pOMPA28. A. Protein expression of PorV, PorQ,
PorP and PorT. B. Protein expression of PorU and PorF. Each protein was induced with 0.25 mM IPTG
at 20°C or 25°C. Highlighted additional bands suggested that PorViis-23-391, PorQ#iis-38-346, POrTHis-20-244,
PorUtis-24-1158 and PorFris-37.307 were expressed. Number ladders on the left-hand side represent the size

of marker proteins in kDa.
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Membrane proteins are notoriously difficult to express and purify in comparison to
soluble globular proteins. As the most functionally characterised outer membrane
protein component of the T9SS, PorV was selected first for further optimisation. The
above data showed that PorVuis28-301 was expressed, but it was unclear whether it had
been targeted to OM or was unfolded in inclusion bodies. Lower speed centrifugation
was used to separate membranes and inclusion bodies, as the membranes would stay in
the supernatant. The membranes of pOMPA28-PorV2s.391 expressed in BL21 (DE3)
were next collected by ultra-centrifugation and prepared for SDS-PAGE and Western
blot analyses detected with anti-His antibody. PorVuis-28-391 was present in both pellet
and membrane samples (Figure 5.8), indicating that the majority of PorVhis-28-391 was

still in inclusion bodies but part of PorVuis-28:391 was expressed in the membrane.
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Figure 5.8: Localization of expressed PorVmis2s391. A. SDS-PAGE of expressed PorViis2s-301 in
fractions. B. Western blot of expressed PorViis2s-391 in fractions. The immunoblot was probed with anti-
His (diluted 1:1000). Cell, E.coli cell; Sup, supernatant of cell lysate; Pel, pellet of cell lysate; M,

membrane. Number ladders on the left-hand side represent the size of marker proteins in kDa.
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5.3.2 Optimization of PorV expression using Lemo21 cells

Although ~30% of PorVHis-28-301 was expressed in the membrane, a large amount was
in inclusion bodies. To optimize this, a modified version of the E. coli cell line BL21
(DE3), Lemo21 (DE3), was used to try and increase the yield of membrane expressed
PorVuis-28-391. The Lemo21 (DE3) strain allows more stringent control of the T7
promoter’*?. It carries a pLemo plasmid, containing the lysY gene, which encodes
lysozyme that is the natural inhibitor T7 RNA polymerase. Lemo21 cells are rhamnose
dependent and expression of lysozyme is controlled via the addition of L-rhamnose to
the growth media. Therefore, increased concentration of rhamnose results in down
regulation and finer control of the T7 system expression system. This can be effective
in reducing the formation of inclusion bodies or reductions in cell growth due to protein
toxicity by slowing down protein expression. When using Lemo21 competent cells for

protein expression, rhamnose is added prior to the IPTG induction.

The construct pPOMPA28-PorV2g.391 was transformed into E. coli Lemo21 (DE3) strain
for expression trials. Cultures were then grown at 37°C with various levels of rhamnose
followed by normal IPTG induction and incubation at various temperatures. Expression
of PorVhis-28-391 was analysed in both cell and supernatant samples. The result of cell
samples showed that there was no significant difference of expression level in different
rhamnose and temperature conditions (Figure 5.9A). However, for the supernatant
sample that contains membranes, the best expression band was seen where the condition
was addition of 100 uM L-rhamnose and induced at 20°C overnight (Figure 5.9B). This

condition was then used for large-scale PorVis-28-391 preparation.
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Figure 5.9: PorV expression using Lemo21 competent cells. A. Western blot analysis of PorVis.2s-391
expression in Lemo21 cells. No significant difference was observed within different thamnose and
temperature conditions. B. Western blot analysis of PorVuis2s.3091 expression in the supernatant that
contains membrane fractions. The immunoblots were probed with anti-His (diluted 1:1000). The most
significant band was seen where the condition was supplement with 100 pM L-rhamnose and induced at
20°C overnight. The Lemo21 cells were induced with 0.25 mM IPTG at 20°C or 25°C overnight. The
PorVis-28-301 expression was controlled by addition of different concentration of L-rhamnose. Number

ladders on the left-hand side represent the size of marker proteins in kDa.

5.3.3 Detergent screening of PorV

Membrane proteins to be extracted from native biological membranes require
detergents that mimic the lipid bilayer, disrupting the membrane while surrounding and
stabilising the hydrophobic transmembrane portion of the protein. The exact detergent
used requires careful selection as they can also cause denaturation of the membrane
protein or may fail to correctly solubilise the protein. Furthermore, some harsh

detergents can also cause the solubilised protein to lose their functionality.

Most detergents used for the solubilisation of membrane proteins are non-ionic** as
ionic detergents, such as SDS, are harsher to the membrane and protein. For the

solubilisation of PorVhis2s391, the most common non-ionic detergents CsE4
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(tetraecthylene glycol monooctyl ether), DDM (n-dodecyl-B-D-maltoside), LDAO
(lauryldimethylamine N-oxide) and OG (octyl-B-glucoside) were used. As membranes
include inner and outer membranes, inner membranes were first isolated using
sarcosine. Extracted outer membranes which were anticipated to contain PorVis-28-391
were then solubilised using CsE4 (1% vol/vol), DDM (1% vol/vol), LDAO (1% vol/vol)
or OG (1% vol/vol) at 4°C overnight. The samples were then ultracentrifuged to clear
the insoluble material. Soluble fractions from each sample were then analysed via
Western blot. The result showed that LDAO is more effective at solubilising PorVis-2s-
391 than the other detergents (Figure 5.10). Therefore, LDAO was selected for

solubilisation of PorVis-2s-391 in larger-scale purifications.
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Figure 5.10: Detergent screening and PorVris2s-391 extraction from outer membrane. Western blot
analysis of detergent screening. The immunoblot was probed with anti-His (diluted 1:1000). CsE4, CgE4
solubilized outer membrane proteins; DDM, DDM solubilized outer membrane proteins; LDAO, LDAO
solubilized outer membrane proteins; OG, OG solubilized outer membrane proteins. OM, outer
membrane. U, unboiled sample; B, boiled sample. Number ladders on the left-hand side represent the

size of marker proteins in kDa.

5.3.4 Purification of PorV

The optimized expression conditions were used for large-scale PorVhis2s-391
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purification. Outer membranes were collected using ultracentrifugation and solubilised
using 1% (vol/vol) LDAO. After incubation at 4°C overnight, the suspension was
ultracentrifuged to clear insoluble material. The resulting supernatant was used for Ni-
NTA chromatography (Figure 5.11). The solubilised outer membrane suspension was
loaded onto an equilibrated poly-prep gravity flow column containing 1 mL Ni-NTA
agarose resin. The elution was pooled and concentrated to a volume of 0.5 ml and was
further purified by size exclusion chromatography to remove contaminant proteins and

imidazole.
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Figure 5.11: PorVnis2s391 extraction from outer membrane. Western blot analysis of PorVis.2g-391
extraction from outer membrane. The immunoblot was probed with anti-His (diluted 1:1000). C, E. coli
cells; Sup, supernatant of cell lysate; M, membrane; IM, inner membrane; OM, outer membrane; OMS,
LDAO solubilized outer membrane proteins. Number ladders on the left-hand side represent the size of

marker proteins in kDa.

As the expected molecular weight of PorVhis28391 was ~42 kDa and it was expected to

be monomeric, a HiLoad® 16/600 Superdex® 200 pg column was used as it provides
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good resolution for globular proteins between 10-600 kDa. By calculation of protein
standards®*’, folded PorVmis2s:391 should have been eluted at ~80 ml on this column.
The result showed that four major peaks were eluted after the void volume of 45 ml
(Figure 5.12A). To determine which of these peaks corresponded to PorVhis-28-391 an
additional purification was performed using Lemo21 (DE3) carrying pOMPA28 vector
with no fusion protein. Comparison of the two absorption spectra revealed that there
were unique peaks at the void volume (P1) and ~70 ml (P3) in the PorVhis-28-391
purification sample (Figure 5.12B). Given that the molecular weight of the void
volume was ~42 kDa**°, these could be unfolded PorVis-2s-391. Separation of 2 ml
elution fractions representing the peak at 69 ml by SDS-PAGE showed the presence of
amajor band just above the 43 kDa marker (Figure 5.12B). A heat modifiability method
has been reported to determine if B-barrel outer membrane proteins are folded properly
or not**. Unboiled samples generally run more slowly than samples that have been
boiled, which is due to the extensive hydrogen bonding network within the B-strands of
the barrel, a structural feature that is often resistant to denaturation by SDS alone. A
migration difference between the unboiled and boiled states of the P3 was observed,
which indicates that PorVuis2s-391 was in a folded form (Figure 5.12B). Additional
lower bands could also be observed in several fractions which may correspond to partial
degradation of the full-length protein (Figure 5.12B). The yield of purified PorV is ~

0.1 mg/L culture.
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Figure 5.12: Size exclusion chromatography of PorVris2s-391. A. UV A280 absorbance chromatogram
of the PorVuis2s-301 and pOMPA28 empty vector purification. P2 and P4 represent contaminant proteins.
By calculation of protein standards®*®, P1 could be unfolded PorVuyisasse1. P3 representing folded
PorVuis-28301 was highlighted. P1, peak 1; P2, peak 2; P3, peak 3; P4, peak 4. B. SDS-PAGE of the
PorVis-28-301 2 mL fractions from 60 mL to 80 mL. PorVis2s-301 ~48 kDa was highlighted. Samples were
boiled or unboiled in absence of reducing agent. A band shift between unboiled and boiled samples was
observed in P3 elution. U, unboiled sample; B, boiled sample. Number ladders on the left-hand side

represent the size of marker proteins in kDa.

5.3.5 Validation of PorV function

To verify that purified PorVuis2s391 was functional, a far Western blot assay was
performed. Far Western blotting is an effective and efficient technique used to assay
interactions that occur between natively, structured proteins. It can be used to
specifically detect interactions between the protein of interest and any number of bait
proteins immobilized on a solid support membrane, such as nitrocellulose’**. As PorV

has previously been reported to interact with T9SS CTDs!"

, its interaction with purified
recombinant RgpB-CTD (residues 662-736) created and provided by member of the

group was examined. Purified PorVuis-283901 was used as a bait protein and was spotted
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on a nitrocellulose membrane to detect interactions. BSA was used as a negative control
and RgpB-CTD antibody was used as positive control. Afterwards, the nitrocellulose
membrane was incubated with the prey protein RgpB-CTD. The results showed that
RgpB-CTD bound to PorVuis-28-391 but did not bind to BSA, suggesting that purified
PorVmis-28-391 was functional in binding RgpB-CTD (Figure 5.13). Due to COVID, I
was not able to take this further and I was not able to examine larger scale purification

of the other Por proteins.
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Figure 5.13: Far western blot of interaction between PorVuis-2s.391 and RgpB-CTD. PorVi;s2s-301,
BSA, and RgpB-CTD antibody were spotted in increasing amounts from 0.01 to 1 nmol of monomer on
a nitrocellulose membrane. The membrane was incubated with 100 nM purified RgpB-CTD followed by
incubation with the primary antibody anti-CTD at a 1:1000 dilution. The membrane was subsequently
incubated with the secondary antibody HRP-conjugated anti-rabbit at a 1:2000 dilution.

5.4 Expression and purification of LpxE

Another aim of this chapter was to express and purify P gingivalis lipid A 1-
phosphatase LpxE. The primary sequence of P. gingivalis W50 LpxE was uploaded to
the SignalP-5.0 server for signal peptide and cleavage site predictions**®. LpxE was

predicted to contain an N-terminal signal peptide (residues 1-22) for Sec transport with
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peptide cleavage occurring between residues A22 and S23. This is unusual as only P,
gingivalis LpxE and lipid A 1-phosphatase of Parabacteroides carry a signal peptide.
According to the Phyre2 predicted model, residues 23-241 are predicted to be the N-
terminal phosphatase domain (NTD) and residues 242-445 are predicted to be the novel
C-terminal region (CTR) (Figure 5.14A). As LpxE NTD was a well characterized inner
membrane protein, LpxE residues 23-445 (full-length LpxE) and residues 23-241
(LpxE NTD) were cloned into pPOMPA28 and expressed as LpxEmis-23-445 and LpxEmis-
2324110 E. coli (Figure 5.14B, C). However, the CTR is the most unique region of LpxE

and neither Phyre2 or Robetta server’*’

could find a homologue or confidently
prediction for its structure. The grand average of hydropathicity (GRAVY) index can
be used to represent the hydrophobicity value of a protein, which calculates the sum of
the hydropathy values of all the amino acids divided by the sequence length®*. A
GRAVY index score below 0 more likely indicates a globular hydrophilic protein, while
scores above 0 are more likely membranous hydrophobic proteins**’. The GRAVY
index score of LpxE CTR is -0.397, and it was speculated that the CTR (residues 242-
445) could be hydrophilic, and this also supported this region potentially acting as a

CTD-like domain. LpxE CTR was therefore cloned into pET46 vector for soluble

expression in the cytoplasm as LpxEnis-242-445 (Figure 5.14D).
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Figure 5.14: Strategies of LpxE expression in E. coli. A. Schematic of P, gingivalis LpxE with mature
sequence numbers and structural features annotated. SP: periplasmic signal peptide, residues 1-22; NTD,
N-terminal domain, residues 23-241; CTR, C-terminal region, residues 242-445. B. Full-length LpxE is
expected to be expressed as membrane protein LpxEmis23.445, after processed by Sec and BAM
machineries. C. LpxE NTD is expected to be expressed as membrane protein LpxEnis-23-241, after
processed by Sec and BAM machineries. D. LpxE CTD is expected to be expressed as soluble protein

LpxEmis-242-445 in cytoplasm. CP: cytoplasm. IM: inner membrane. PP: periplasm. OM: outer membrane.

5.4.1 Expression of LpxE

Expression trials of LpxEmis-23-445 were first attempted in BL21 competent cells,

although no expression was detected (data not shown). Given that PorV had been
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successfully purified from Lemo21 cells, which allows more stringent control of
expression of challenging membrane proteins, these cells were next tried. The
expression cultures were grown with 50 uM, 100 uM and 150 uM rhamnose, followed
by 0.25 mM IPTG induction and 20°C or 25°C overnight incubation. The result showed
that LpxFEnis-23-445 was expressed in cells (Figure 5.15A), but it was not detected in
soluble and membrane fraction (Figure 5.15B). This suggests that P. gingivalis LpxEmis-
23-445 Was expressed but it may not be correctly targeted to the membrane in E. coli. It
could be that E. coli lacks appropriate molecular chaperones to aid LpxEHis-23-445 folding

and insertion into the membrane, or the expression of P. gingivalis LpxE in E. coli is

toxic.
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Figure 5.15: LpxEnis-23-44s expression using Lemo21 competent cells. A. Western blot analysis of
LpxEHis-23-445 expression in Lemo21 cells. B. Western blot analysis of LpxEmis23-445 expression in the
supernatant that contains membrane fractions. The immunoblots were probed with anti-His (diluted
1:1000). The Lemo21 cells were induced with 0.25 mM IPTG at 20°C or 25°C overnight. The LpxEg;s-
23-445 €xpression was controlled by the addition of 50 uM, 100 uM and 150 pM L-rhamnose. His-tag

antibody was used. Number ladders on the left-hand side represent the size of marker proteins in kDa.

E. coli C41 (DE3) strain is derived from BL21 (DE3), and contains mutations that

prevent cell death from the expression of toxic proteins®*®. Although unlike Lemo21,
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expression is not tuneable, there are many examples of successful purification of
bacterial membrane proteins using C41 cells**. The construct pOMPA28-LpxE23.445
was therefore transformed into C41 cells for expression trials. LpxEmnis-23-445 Was
observed to be expressed in the cell membrane fraction with a band visible at ~50 kDa
with immunoblot using an anti-His antibody (Figure 5.16). However, some lower
molecular weight bands (25 and 14 kDa) were also present, which could represent some
proteolysis or domain cleavage. A high molecular weight band was also seen at 150

kDa, which indicates that LpxEnis-23-445 could also form a stable oligomer (Figure 5.16).
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Figure 5.16: Localization of expressed LpxEnis-23-44s. Western blot of expressed LpxEmis-23-445 in cell
and membrane fractions. The immunoblot was probed with anti-His (diluted 1:1000). LpxEgis-23-445 ~48
kDa was expressed with 0.4 mM IPTG and was observed in membrane. Cell, whole cell; M, cell
membrane, was solubilized with 1% DDM. Number ladders on the left-hand side represent the size of

marker proteins in kDa.
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5.4.2 Purification of LpxE

These optimized expression conditions were next used for large-scale preparation of
LpxEHnis-23-445. As LpxE from A. aeolicus has been successfully purified using DDM
detergent?®?, membranes were collected using ultracentrifugation and solubilised using
1% (vol/vol) DDM. After incubation at 4°C overnight, the suspension was
ultracentrifuged to remove any insoluble material and the resulting supernatant was
used for Ni-NTA chromatography (Figure 5.17). The solubilised membrane suspension
was loaded onto an equilibrated poly-prep gravity flow column containing 1 ml Ni-
NTA agarose resin. Purified LpxEmis-23-445 was seen in the elution by Western blot but
other lower molecular weight bands were also observed (Figure 5.17B). As the His-tag
of LpxEmis-23-445 1s at the N-terminus, these likely represented the LpxE NTR. The
elution was pooled and concentrated to a volume of 0.5 ml and was further purified by

size exclusion chromatography to remove contaminant proteins and imidazole.
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Figure 5.17: Ni-NTA chromatography purification of LpxEnis-23-445. A. SDS-PAGE analysis of Ni-
NTA chromatography purification of LpxEmis23-445. B. Western blot analysis of Ni-NTA chromatography
purification of LpxEmis23-445. The immunoblot was probed with anti-His (diluted 1:1000). Purified
LpxEHhis-23.445 ~48 kDa was shown. M, membrane; Pel, pellet of solubilized membrane; Supernatant,
supernatant of solubilized membrane; Ft, flowthrough of the Ni-NTA column; W1, first wash; W2,
second wash; E, elution. Number ladders on the left-hand side represent the size of marker proteins in
kDa.

As the expected molecular weight of a LpxEnis-23-445 was ~48 kDa, a HiLoad® 16/600
Superdex® 200 pg column was used as it provides good resolution for globular proteins
between 10-600 kDa. By calculation of protein standards®*®, folded LpXEmis-23-445
should have eluted at ~80 ml on this column. The result showed that four major peaks
were eluted (Figure 5.18A). SDS-PAGE and immunoblots showed no band of the
expected LpxEnis-23445 size in peaks P1 and P2. However, in the peaks at ~80 ml (P3)
and ~90 ml (P4), a band of the expected molecular weight was seen, but again lower

molecular weight degradation was also observed (Figure 5.18B, C).
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Figure 5.18: Size exclusion chromatography of LpxEnis-23-445. A. UV A280 absorbance chromatogram
of the LpxEHis-23-445 purification. P1, P2 and P3 represent unknown contaminant proteins. P4 representing
purified LpxEHis-23.445 was highlighted. B. SDS-PAGE analysis of the LpxEmis-23-445 2 ml fractions from
40 ml to 80 ml. C. Western blot analysis of the LpxEHis-23.445 2 ml fractions from 40 ml to 90 ml. The
immunoblot was probed with anti-His (diluted 1:1000). His-LpxE ~48 kDa was shown. Elution, elution
of Ni-NTA chromatography purification; P1, peak 1; P2, peak 2; P3, peak 3; P4, peak 4. Number ladders

on the left-hand side represent the size of marker proteins in kDa.

5.4.3 Mass spectrometry identification

To confirm that the purified protein sample was actually LpxEHhis-23.445, a fraction of the
P4 sample containing three bands (Figure 5.18), was resolved using SDS-PAGE and
sent for analysis by high resolution Orbitrap tandem mass spectrometry coupled to

liquid chromatography at the Centre of Excellence for Mass Spectrometry (KCL).

Raw mass spectrometry data were processed into peak list files using Proteome

Discoverer V2.2 (ThermoFisher Scientific). The data were searched using the Mascot
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349 against

search algorithm V2.6.0 (MatrixScience) and the Sequest search algorithm
the Uniprot All Taxonomy database (563,552 entries) and a bespoke database

containing the LpxE protein sequence only.

In total, 172 proteins were detected across the three sample bands at this stringency
with 89 proteins detected in the 50 kDa band, 122 proteins in the 30 kDa band and 45
proteins in the 20 kDa band. However, the protein of interest, lipid A 1-phosphatase,
was not detected in any of the sample bands at this stringency when searched against
Uniprot All Taxonomy. To allow for less well-matched spectra which may not have
achieved the stringent criteria, the protein filter was lowered to 20% and the peptide
filter to 0%. This greatly increased the number of identifications per band which have
not been assigned at the most confident and stringent assignment filter. It also
introduces a greater number of false positive matches which must be manually verified
to determine correct database assignment. Even with this drop in stringency the protein

of interest was not detected in the data.

As LpxEmis-23-445 had been detected in Western blot, the reasons for the mass spec
identification could be the protein concentration was too low or LpxEnis-23-445 had been
significantly degraded. Therefore, the strategies were altered to express the LpxE NTD

and LpxE CTR domains separately.

5.4.4 [Expression and purification of LpxE NTD

To express LpxE NTD, the construct pOMPA28-LpxE23.241 was transformed into
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Lemo21 competent cells for expression trials. The expression cultures were grown with
various levels of rhamnose, followed by normal IPTG induction. However, no
additional band was seen in IPTG induced samples by SDS-PAGE (Figure 5.19), which
suggests LpxEnis23-241 was not expressed in these cells. Due to time restriction,

pOMPA28-LpxE23.241 was not tested in other cell lines.
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Figure 5.19: Expression of LpxEnis23241 using Lemo21. SDS-PAGE analysis of LpxEmis23241
expression in cell and supernatant. No additional band was shown in IPTG induced samples. The Lemo21
cells were induced with 0.4 mM IPTG at 20°C overnight. The LpxEmis23-241 expression was controlled
by the addition of 50 uM, 100 uM and 150 uM L-rhamnose. Cell, E. coli cells; Sup, supernatant of cell

lysate. Number ladders on the left-hand side represent the size of marker proteins in kDa.

5.45 Expression and purification of LpxE CTR

As I anticipated that the LpxE CTR may be a soluble domain, the gene of LpxE242.445
was cloned into pET46b Ek/LIC with an N-terminal His-tag for soluble expression in

the cytoplasm. The construct pET46-LpxE242.445 was then transformed into BL21



198

competent cells for expression tests. Although LpxEmis-242-445 was expressed in cells

(Figure 5.20A), it was not located in the supernatant, but in inclusion bodies (Figure

5.20B). The pellet containing LpxEmis-242-445 was then solubilized in 8 M urea and
attempts were made to refold it. However, after dialysis, LpxEnis-242-445 was not refolded
but formed white aggregation, even over different sodium concentrations and buffer pH.
This suggests that the LpxEHmis-242-445s may have membrane protein properties, however,
again due to time restrictions, expression of LpxE CTR in E. coli membranes was not
examined.
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Figure 5.20: Expression and purification of LpxEnmis242-44s. A. Expression of LpxEmis242-445 using
BL21. Protein expression was induced with 0.4 mM IPTG at 18°C overnight. Expressed LpxEHis-242-445

was seen in cell samples but was not seen in supernatant samples. B. Ni-NTA chromatography
purification of LpxEis242-445. LpXEmis-242-445 expressed in inclusion bodies was highlighted. Cell, E.coli
cell; Pel, pellet of cell lysate; Sup, supernatant of cell lysate; Ft: flowthrough of the Ni-NTA column; W1,
first wash; W2, second wash; E, elution. Number ladders on the left-hand side represent the size of marker

proteins in kDa.
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5.5 AlphaFold2 model of LpxE

During writing this thesis, the source code for AlphaFold was released and this has
allowed a highly accurate protein structure prediction of LpxE to be performed*.
AlphaFold is an artificial intelligence (AI) system developed by DeepMind that predicts
a protein’s 3D structure from its amino acid sequence®*’. The latest version of the
machine-learning based method AlphaFold2 is powerful as it achieved unprecedented
structure prediction accuracy>?’. To get structural insight into P. gingivalis LpxE, the

sequence minus the predicted signal sequence was uploaded to AlphaFold, which was

run on the Google Colaboratory server (https://colab.research.google.com).

The result shows that sequence coverage of LpxE NTD is very high, but it is very low
in LpxE CTR (Figure 5.21A). The local distance difference test (IDDT) is a
superposition-free score that evaluates local distance differences of all atoms in a
model®>>!. A score above 50 is considered reliable whereas a score under 50 implies
inaccuracy or flexibility. Five models of LpxE were generated and the results show that
their predicted IDDT score is in general consistent with well folded models, with low
values only seen for residues in loop positions (Figure 5.21B). The predicted aligned
error (PAE) score reports AlphaFold’s expected positional error at residue x, when the
predicted and true structures are aligned on residue y. For residues x and y drawn from
two different domains, a consistently low PAE at (x, y) suggests AlphaFold is confident
about the relative domain positions. Consistently high PAE at (x, y) suggests the relative
positions of the domains should not be interpreted®*’. The PAE data shows that the

lowest consistently PAE at (x, y) was observed in all models within the individual NTR
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and CTR regions indicating these were well folded domains (Figure 5.21C). However,
between domains the PAE at (x, y) was higher, suggesting that the two domains are not

rigidly associated with each other.
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Figure 5.21: Highly accurate LpxE structure prediction with AlphaFold2. A. Sequence coverage
analysis of P. gingivalis LpxE. B. Predicted Local Distance Difference Test (IDDT) per position of LpxE.
C. Predicted Aligned Error (PAE) of top five ranked LpxE models. D. Alignments of top five ranked

LpxE structures.

The top five ranked LpxE structures were aligned and shows that they share a similar
overall structure and all contains an extended N-terminal region, followed by a a-helical

PAP2-family domain and a C-terminal B-barrel domain containing 8 strands (Figure
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5.21D). The extended N-terminal 22 amino acids could pass back across the membrane
and be an additional helix, although this region is quite short, and this is unlikely.
Another possibility is that this region could partially insert into the membrane and block
access to the active site of LpxE. There are two cystine residues on the extension,
suggesting that it could also form intra-or inter-disulphide bonds, which could affect
the local conformation of LpxE. The extended sequence has one positive charged
residue and two negative charged residues, which may promote interaction with another
protein. If this sequence is not membrane embedded and LpxE is localised within the
inner membrane, the N-terminal 22 amino acids would be extended into the cytoplasm.

If LpxE is in the OM, these would extend into the periplasm.

Further analysis of the LpxE CTR from the first ranked model showed residues with
positive or negative charged side chain were distributed on the top, bottom and lumen
of the LpxE CTR barrel, but not within an expected external membrane embedded
region (Figure 5.22A). In contrast, residues with hydrophobic side chains were
distributed on the bottom and on the anticipated membrane embedded surface of the
LpxE CTR barrel (Figure 5.22B, C). This distribution of amino acid type is typical of
OM proteins such as OmpA3>2, where most hydrophobic residues are on the outside
and most charged residues are internal. This strongly supports that LpxE CTR is also

an integral membrane protein.
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Figure 5.22: Structural analysis of P gingivalis LpxE C-terminal region. A. Residues with
electrically positive charged side chain (arginine, lysine) and negative charged side chain (aspartic acid,
glutamic acid) are shown as sticks. The charged residues are distributed on the top, bottom and lumen of
LpxE CTR. B. Residues with aromatic hydrophobic side chain (phenylalanine, tyrosine, tryptophan) are
shown as sticks. C. Residues with hydrophobic side chain (alanine, valine, isoleucine, leucine,
methionine) are shown as sticks. The hydrophobic residues are distributed on the surface and bottom of
LpxE CTR.
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5.6 Discussion

This chapter describes attempts at recombinant expression and purification of T9SS
outer membrane accessory proteins and the lipid A 1-phosphatase LpxE. Using the
pOMPA28 vector, PorV, PorU, PorQ, PorT and PorF were expressed in E. coli cells. To
optimize expression, PorV was then purified from Lemo21 (DE3) competent cells with
the detergent LDAO. The far Western blot assay confirms that purified PorV was
functional although only low yeilds (~ 0.1 mg PorV/L culture) could be recovered.
LpxE was also expressed in E. coli and purification was attempted, however the
presumed purified protein could not be detected as LpxE by mass spectrometry.
Although expression and purification of LpxE NTD and CTR were attempted, the NTD
did not express and the CTR was expressed in inclusion bodies. The AlphaFold2 models
of P. gingivalis LpxE predict that LpxE is composed of an N-terminal phosphatase
domain, a C-terminal B-barrel domain and an N-terminal extension carrying two
cysteine residues. These unique structural features could explain why it has been

difficult to express folded LpxE in E. coli.

Although PorV was successfully purified from E. coli membranes, the refolding assay
of PorV did not work. However, it would be worthwhile to try and refold PorV
aggregations with other agents such as guanidinium chloride (GuHCI) which may be
better than urea in its solubility and renaturation. LpxE was not successfully purified
but with more time, this recombinant expression system could be optimized in the
future. Codon optimization is a process used to improve gene expression and increase

the translational efficiency of a gene of interest by accommodating codon bias of the
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host organism. As previous experience in our lab has shown that P. gingivalis proteins
can be expressed at high levels without codon optimization, I did not do codon
optimization for these recombinant expression constructs, but this might be an option
to improve recombinant expression in the future. Likewise, PorP did not express, and
this could be improved by using codon optimization. As the OmpA signal peptide may
not be suitable for LpxE expression, it would also be worthwhile to test other membrane
protein signal peptides such as the PelB signal peptide. Other protein tags such as GST
(glutathione S-transferase)-tag, twin-strep-tag or SUMO (small ubiquitin-related
modifier)-tag could in addition be tested in different expression systems as they could
promote correct folding, solubility and/or assembly in membranes. Due to time
restriction, I could not carry out detergent screening for LpxE but chose to solubilize
LpxE with DDM, because 4. aeolicus LpxE whose structure has been determined had
been successfully purified with DDM?3. However, 4. aeolicus LpxE is only
homologous with the P. gingivalis LpxE NTD. P. gingivalis LpxE is unique as it
possesses an additional CTR which might change the property of this phosphatase, so
it will be necessary to test more detergents. Alternative protein solubilisation systems
such as styrene maleic acid lipid particles (SMALPs) could also be useful. The SMALP
method uses an amphipathic polymer, styrene maleic acid co-polymer (SMA), to
extract membrane proteins directly from native membranes*>. In contrast to detergent,
the SMA reagent extracts the protein within the portion of membrane that surrounds it,

thereby preserving at least some of the native lipid environment®>*.

However, the predicted structure of LpxE is unusual because a-helical proteins are more
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likely to be localised in the inner membrane (IM), whereas B-barrels are exclusively

seen in the outer membrane (OM) of bacteria’>’

. Based on my localization data of LpxE
in Chapter 4 which indicated that LpxE may be localised to the OM by Western blot
analysis, the LpxE model was anticipated to be in the OM. I speculate that the LpxE
CTR could be targeted to the OM through the BAM complex, where the NTD would
then spontaneously be inserted into OM upon CTR folding. Sequence analysis also
suggests that the C-terminus of the LpxE CTR possesses a f-signal motif (FXF) which
is recognized by the BAM complex*® and it could also be possible that some unknown

chaperone can aid LpxE to cross the periplasm. In this model, the CTR could act as an

OM localisation signal.

If LpxE is in the IM, it would be unusual to have a C-terminal B-barrel because -barrel
proteins are transported and inserted into the OM via the BAM complex?!°. As a-helical
proteins are assembled and inserted into the IM via the Sec system®*’, the LpxE CTR
could be spontaneously inserted into the IM upon correct folding of the NTD. Here the
role of the CTR could be to regulate NTD activity. For example, it has been reported
that a soluble human phosphatase Ppp5 has an additional CTR and it uses this to

regulate its activity by stabilizing the conformation of the phosphatase domain?>3,

Here three most likely models were proposed for the location of LpxE (Figure 5.23).
In the first model, the entire LpxE is thought to be in the OM (Figure 5.23A). The LpxE
CTR is likely to anchor LpxE NTD to the OM. The two cysteine (Cys) residues Cys4
and Cys12 present on LpxE N-terminus may form a disulphide bond either internally

or with other protein. This model is supported by OMV and lipid A data in Chapter 3,
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because knocking out any T9SS OM component resulted in the irregular OMV
formation and the absent of non-phosphorylated lipid A. Since LpxE is the key enzyme
to produce non-phosphorylated lipid A!3 and it has some role in OMV formation
(Figure 4.10), I speculate that knocking out any T9SS OM component would inactivate
LpxE activity. If LpxE is in the OM, it could interact with any number of T9SS OM
proteins or T9SS substrates, and the OMV and lipid A data can be explained. Another
important evidence is that LpxE was detected in the OM in the Western blot of LpxE
localization. Although too many non-specific bindings were seen, the result was
observed when repeated. This implies that P. gingivalis LpxE may be the first OM
bound lipid A 1-phosphatase. However, the limitation of this model is that most a-

helical proteins are localised in the IM.

In the second model, LpxE is thought to be in the IM (Figure 5.23B). This model is
supported by the fact that all the lipid A 1-phosphatases discovered so far are localised
to the IM. However, it is uncommon for the C-terminal -barrel to localise to the IM.
Moreover, if LpxE is in the IM, how LpxE is linked to the T9SS is harder to understand.
In the third model, LpxE NTD is also thought to be in the IM, but the LpxE CTR is
thought to be in the periplasm (Figure 5.23C). Given that the structural analysis
suggested that LpxE CTR is an integral membrane protein, this last model is not very
plausible. The two domains of LpxE could also span between the IM and OM, however,
the linker between LpxE NTD and CTR is too short (10 amino acids) and again this is

a very unlikely model.

The AlphaFold2 model also implies the reason that LpxE was not identified in Co-IP
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assay, as the N-terminal tag may have been cleaved due to the flexibility or affected its
correct localization, and the C-terminal HA tag may have been too close to LpxE,

affecting its folding and/or being embedded in the membrane.
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Figure 5.23: Hypothetical models of P. gingivalis LpxE localization. A. The LpxE N-terminal domain
(NTD) and C-terminal region (CTR) are in the outer membrane (OM). The 22 N-terminal amino acids
extend to the periplasm (PP). B. The LpxE NTD and CTR are both in the inner membrane (IM). The 22
N-terminal amino acids extend to the cytoplasm (CP). C. The LpxE NTD is in the IM, but the CTR is in
the PP. The 22 N-terminal amino acids extend to the CP. The NTD is coloured in red and the CTR is

coloured in yellow. Two cysteine residues Cys4 and Cys12 are shown on N-terminus extension.

As the CTR of LpxE is also present in Parabacteroides sp. and Prevotella sp. and T.
forsythia which all belong to Bacteroidota, AlphaFold predictions of LpxE were also
performed for these species. Similar to P. gingivalis LpxE, the predicted LpxE

structures from Parabacteroides sp. and Prevotella sp. and T. forsythia are all composed
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of an N-terminal o-helical domain and a C-terminal B-barrel domain containing 8
strands (Figure 5.24). While Prevotella sp. LpxE was predicted to also contain an
unstructured N-terminus, Parabacteroides sp. LpxE contained a helical region and in
T. forsythia this region crossed back across the membrane. However, in the latter case
no signal sequence could be identified and therefore this region is longer. Other
differences were observed within the surface loops of the CTR B-barrel. These imply
that this novel type of LpxE may share a common mechanism in specific bacteria from
Bacteroidota and deviations in these models may indicate an interaction site for the
TISS or a secreted T9SS cargo protein, which could then somehow regulate activity of

the NTD.

C terminus

N terminus

C terminus N terminus

Parabacteroides sp. LpxE Prevotella sp. LpxE

1 ‘. Cterminus

T. forsythia LpxE

Figure 5.24: AlphaFold2 models of LpxE from other bacteria. A. AlphaFold2 model of
Parabacteroides sp. LpxE. B. AlphaFold2 model of Prevotella sp. LpxE. C. AlphaFold2 model of 7.

Jforsythia LpxE. The a-helices are coloured in red and the B-sheets are coloured in yellow.

It has been reported that similar conserved motifs of T9SS CTDs!'” and T9SS
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173,296

homologues®® are present in Parabacteroides sp. and Prevotella sp.'".

Parabacteroides sp. colonize the gut but also produce OMVs to cause disease®’.
Increased abundance of Prevotella sp. at mucosal sites has been linked to periodontitis,
although whether Prevotella sp. produce OMVs as a virulence determinant has not been
confirmed®®®. As another major pathogen that is associated with periodontitis, 7.
forsythia is also equipped with a T9SS and can export virulence factors such as

glycoproteins via OMV formation?®!

. Although the mechanism of OMYV biogenesis has
been not well studied in these bacteria, it could be that the LpxE CTR is an adaptation

that links the T9SS to OMYV formation bacteria.

5.7 Conclusion

This chapter describes the recombinant expression and purification of T9SS outer
membrane accessory proteins and lipid A 1-phosphatase LpxE. Using the pOMPA28
vector, PorV, PorU, PorQ, PorT and PorF were expressed in E. coli cells. To optimize
expression, PorV was then purified from Lemo21 (DE3) competent cells with detergent
LDAO. The far Western blot assay confirms that purified PorV was functional although
only low yeilds (~ 0.1 mg PorV/L culture) could be recovered. LpxE was also expressed
in E. coli and purification was attempted, however the presumed purified protein could
not be detected as LpxE by mass spectrometry. Although expression and purification of
LpxE NTD and CTR were attempted, the NTD did not express and the CTR was

expressed in inclusion bodies. The AlphaFold2 models of P. gingivalis LpxE predict
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that LpxE is composed of an N-terminal phosphatase domain, a C-terminal B-barrel
domain and an N-terminal extension carrying two cysteine residues. The AlphaFold2
models of Parabacteroides sp. and Prevotella sp. and T. forsythia LpxE imply that this

novel LpxE may share a common mechanism in specific bacteria from Bacteroidetes.
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Chapter 6 Conclusions and Future

Perspectives



212

6.1 Project summary

In this project, I characterized P. gingivalis T9SS outer membrane accessory proteins
PorV, PorU, PorQ, PorZ, PorP, PorT, PorG and PorF, and revealed that they are involved
in OMYV biogenesis and lipid A dephosphorylation. At the beginning of this project, it
was only known that PorV, PorU and PorT are required for OMV formation and PorV
is required for lipid A dephosphorylation. I expanded the understanding of this field
because my results suggest that the entire T9SS may regulate OMV biogenesis and lipid

A modification in P. gingivalis.

The lipid A profiles of these T9SS mutants are linked to a published P. gingivalis IpxE
mutant. This finding suggests that the T9SS may regulate lipid A status via LpxE.
Homologous sequence analysis and protein structure prediction indicate that P.
gingivalis LpxE is unusual as it possesses an N-terminal SP, a 22-residue N-terminal
extension and an additional CTR with unknow function. The characterization of LpxE
suggests that this phosphatase is required for OMV production and destabilizing the
cell membrane. However, complements of the /pxE mutant did not appear to restore the
phenotype in many cases. The protein localization analysis suggests that LpxE is in the
outer membrane, although this result was dependent on the complements having some
restored wild-type activity. Despite attempting many times, the interaction partner of

LpxE has not been identified.

The T9SS outer membrane protein PorV was recombinantly expressed and purified

from E. coli. However, the mass spectrometry showed that LpxE was not purified
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successfully. The AlphaFold2 model of LpxE suggests that LpxE is composed of an N-
terminal a-helical phosphatase domain and an unusual C-terminal B-barrel domain. I
speculated that the C-terminal B-barrel domain may be involved in interaction with the
TISS. Moreover, AlphaFold2 predictions suggest that the C-terminal -barrel domain
is also present in Parabacteroides sp. and Prevotella sp. and T. forsythia. This evidence
implies that the LpxE CTR could be the adaption to the T9SS and OMV dependent

bacteria.

This project discovered a unique correlation between the T9SS and extracellular vesicle
biogenesis, and the connector LpxE has been identified. This could be a general
mechanism in T9SS and OMV dependent bacteria. More structural and biochemical

studies would be needed to understand the mechanism behind this phenomenon.

6.2 Conclusions

6.2.1 Models of lipid A modifications in P. gingivalis

Based on the location of LpxE, two models of lipid A dephosphorylation pathway in P.
gingivalis are proposed (Figure 6.1). In the first model, LpxE is thought to be in the
outer membrane (OM) (Figure 6.1A). Firstly, the precursor bis-P-pentaacyl lipid A is
removed 4'-phosphate by LpxF to generate 1-P-pentaacyl lipid A. Next, the bis-P-
pentaacyl and 1-P-pentaacyl lipid A are transported to the OM bound LpxE and
deacylase PGN 1123 through a LPS transport pathway. The bis-P-pentaacyl and 1-P-

pentaacyl lipid A are removed 1-phosphate by LpxE to generate 4'-P-pentaacyl, non-P-
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pentaacyl lipid A. Finally, the non-P-pentaacyl and 1-P-pentaacyl lipid A are deacylated

by PGN 1123 to produce non-P-tetraacyl and 1-P-tetraacyl lipid A.

Conversely, LpxE is thought to be in the inner membrane (IM) in the second model
(Figure 6.1B). Firstly, the precursor bis-P-pentaacyl lipid A is removed 4'-phosphate
by LpxF to generate 1-P-pentaacyl lipid A and then removed 1-phosphate by LpxE to
generate non-P-pentaacyl lipid A. The precursor bis-P-pentaacyl lipid A is also removed
I-phosphate by LpxE to generate 4'-P-pentaacyl lipid A. Next, the bis-P-pentaacyl, 1-
P-pentaacyl, 4’-P-pentaacyl and non-P-pentaacyl lipid A are transported to the OM
bound deacylase PGN 1123 through a LPS transport pathway. Finally, the 1-P-
pentaacyl and non-P-pentaacyl lipid A are then deacylated by PGN 1123 to produce 1-

P-tetraacyl and non-P-tetraacyl lipid A.
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Figure 6.1: Hypothetical lipid A dephosphorylation pathway in P. gingivalis. A. LpxE is thought to

be in the outer membrane (OM). The lipid A modification pathway includes four steps: 1, the precursor
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bis-P-pentaacyl lipid A is removed 4'-phosphate by LpxF to generate 1-P-pentaacyl lipid A; 2, the bis-P-
pentaacyl and 1-P-pentaacyl lipid A are transported to the outer membrane bound LpxE and deacylase
PGN 1123 through a LPS transport pathway; 3, the bis-P-pentaacyl and 1-P-pentaacyl lipid A are
removed 1-phosphate by LpxE to generate 4'-P-pentaacyl, non-P-pentaacyl lipid A; 4, the non-P-
pentaacyl and 1-P-pentaacyl lipid A are deacylated by PGN 1123 to produce non-P-tetraacyl and 1-P-
tetraacyl lipid A. B. LpxE is thought to be in the inner membrane (IM). The lipid A modification pathway
also includes four steps: 1, the precursor bis-P-pentaacyl lipid A is removed 4'-phosphate by LpxF to
generate 1-P-pentaacyl lipid A and then removed 1-phosphate by LpxE to generate non-P-pentaacyl lipid
A; 2, the precursor bis-P-pentaacyl lipid A is also removed 1-phosphate by LpxE to generate 4'-P-
pentaacyl lipid A; 3, the bis-P-pentaacyl, 1-P-pentaacyl, 4'-P-pentaacyl and non-P-pentaacyl lipid A are
transported to the outer membrane bound deacylase PGN 1123 through a LPS transport pathway; 4, the
1-P-pentaacyl and non-P-pentaacyl lipid A are then deacylated by PGN 1123 to produce 1-P-tetraacyl
and non-P-tetraacyl lipid A.

6.2.2 Models of the P. gingivalis T9SS-LpxE interplay

Although these T9SS OM accessory proteins have different roles in the secretion
process, the TEM and MALTI-TOF MS data presented in this thesis suggest that these
proteins are all required for normal OMYV formation and lipid A dephosphorylation. The
phenotypes are similar to the /pxE mutant and therefore an interplay between the T9SS
and LpxE is proposed. The AlphaFold model of P. gingivalis LpxE suggests that the
T9SS may regulate LpxE activity via interaction with the LpxE CTR or the N-terminus
extension. According to current knowledge, I hypothesized three models could explain

this interplay (Figure 6.2).

The first model describes LpxE activation by an unknown T9SS substrate and LpxE is
localised to the OM (Figure 6.2A). This substrate could bind directly to the LpxE CTR,
which could cause conformational change between LpxE NTD and CTR to activate
LpxE; or this substrate could form a disulphide bridge with the N-terminal cysteine

residues to cause conformational changes within this enzyme. If any T9SS OM
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accessory protein is knocked out, this cargo would not cross through the OM translocon

or be attached to the cell surface.

The second model describes that LpxE is involved in the T9SS attachment complex and
is again located in the OM (Figure 6.2B). In this model, LpxE is hypothesized to
interact with any T9SS OM protein or protein complex. Given that T9SS components
PorU and PorZ possess T9SS CTDs!”1%, they are thought to be transported to cell
surface through the T9SS. In that case, only when LpxE is part of the attachment
complex, the T9SS-LpxE interplay can be elucidated. The LpxE CTR or the N-terminus
extension could directly interact with any component of the attachment complex to
maintain phosphatase conformation, and therefore knocking out any T9SS OM

components will block LpxE activity.

The third model describes that LpxE is localized to the inner membrane (IM) (Figure
6.2C). LpxE may interact with any T9SS IM component such as PorL or PorM. As PorL
and PorM can produce proton motive force to drive the whole system'®’, inactivating
any T9SS component may lead to an inactive system which does not produce proton
motive force. This may therefore affect the activity of LpxE. Also, blocking the T9SS

may affect regulatory pathways, which could have an indirect effect on LpxE.
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Figure 6.2: Hypothetical models of the P gingivalis T9SS-LpxE interplay. A. The first model
describes that LpxE is activated by an unknown T9SS cargo protein. B. The second model describes that
LpxE is involved in the T9SS attachment complex. The T9SS components and LpxE are shown in
different colours. According to reported data, the locations of Sov, PorV, PorU, PorQ, PorZ and
PorK/PorN are showed. PorT, PorP and PorG are thought to bind the PorK/PorN ring ,but it is not known
are they on the inside or outside (or interact with inside or outside) of the PorK/PorN ring. PorF is thought
to be in the OM but no interaction has been identified. C. The third model describes that LpxE is in the
inner membrane (IM). LpxE may interact with T9SS IM component such as PorL or PorM.

6.2.3 Hypothetical mechanism of P. gingivalis OMYV biogenesis

Although the biological significance of phosphate-deficient lipid A molecules is
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uncertain, LpxE is found to be involved in OMV biogenesis by OMV production
analysis. The mutants of T9SS OM accessory proteins showed similar OMV and lipid
A phenotypes as the /pxE mutant, indicating that there is an interplay between T9SS
and LpxE. Moreover, the detergent and antimicrobial peptide inhibition assays suggest
that LpxE is required for destabilizing the bacterial membrane. Taken together, a novel
mechanism of P. gingivalis OMV biogenesis is proposed. The negatively charged
phosphate groups in the lipid A are important in forming salt bridges with divalent
cations such as Ca®" and Mg?". The generation of these salt bridges helps to stabilize
the OM. The T9SS may regulate LpxE activity via interaction with LpxE CTR to
produce non-phosphorylated lipid A that cannot form salt bridges, which can facilitate

OMV formation through destabilizing bacteria membrane.

In other T9SS dependent bacteria, the LpxE CTR is absent in gliding bacterium F.
johnsoniae, but is present in pathogenic and OMV-producible bacteria 7. forsythia,
Parabacteroides sp. and Prevotella sp.. These may imply that the unusual LpxE CTR
is an adaptation that links the T9SS to OMV production. With this novel LpxE, this
might represent a more general model for Bacteroidota pathogens to regulate OMV

production and cargo packaging.

6.3 Future perspectives

6.3.1 Optimization of LpxE expression and purification

Getting structural insight into LpxE would be the key to understand its molecular
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mechanism. As recombinant LpxE has not been purified properly, there are many
reasons for this. For example, the OmpA signal peptide may not be suitable for LpxE
expression. Thus, other membrane protein signal peptide such as PelB signal peptide
can be used for expression trials. Moreover, some truncated LpxE constructs may help

LpxE express in the membrane rather than express in inclusion bodies.

6.3.2 PorVUQZ and LpxE interaction

The future recombinant work can include purification of the other components in T9SS
attachment complex PorVUQZ. This can be used to verify the second T9SS-LpxE
interplay model. PorV has been purified, and PorQ has been expressed in the E.coli
outer membrane. The expression and purification of PorZ!% and PorU**! have been
reported, so it would be possible to assemble the attachment complex in vitro. In that
case, the interaction between the T9SS attachment complex (~350 kDa) and LpxE could

be tested using Cryo-EM.

6.3.3 Reconstruction of JpxE complements

The results of LpxE crosslinking and co-immunoprecipitation assays are ambiguous
and are not reproducible. One reason could be LpxE is not stable and is in low
abundance. To optimize this, a gentler lysis step could be used and more P. gingivalis

cells could be prepared. Another reason is too much background of Western blot was
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seen, which makes it difficult to analyse data. Hence, a clean /pxE complement without
any tag and a P. gingivalis LpxE antibody can be produced to reduce non-specific

blotting. Based on the AlphaFold2 LpxE model, new position of tags can also be tested.

6.3.4 Clinical implications

The discovery of the interplay between the T9SS and LpxE shed light on antibacterial
treatment. The LpxE could be a novel drug target for inhibitor development. Although
LpxE in many other bacteria such as E. coli does not possess the CTR, the LpxE
targeted inhibitor may also decrease the OMV production in these species. As P,
gingivalis LpxE has been found to possess a CTR which may interact with the T9SS, a
joint inhibitor that targets both the T9SS and LpxE would improve therapeutic effect of
periodontal disease. As a similar LpxE structure has also been discovered in 7. forsythia,
Parabacteroides and Prevotella sp., the joint inhibitor may be developed to treat

infection caused by these bacteria.
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