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Abstract

Gonorrhoea, caused by Neisseria gonorrhoeae, is the second most common
bacterial STI worldwide, with the WHO estimating ~82 million new cases in
2020 among individuals aged 15-49 years. Cases in England continue to rise,
and surveillance in 2025 reported a sharp increase in ceftriaxone-resistant strains.
Growing resistance and the absence of a vaccine complicate disease control.
Vaccine development is limited by the scarcity of conserved antigens, lack of
human correlates of protection, antigenic variability, and inadequate animal
models. Moreover, differences between in vivo and in vifro gene expression
complicate antigen evaluation.

ATP-binding cassette (ABC) transporters are a highly conserved protein family
in prokaryotes and eukaryotes. Using ATP hydrolysis, they transport substrates
such as metal ions and proteins across membranes, acting as toxin exporters or
nutrient importers. Their conservation, essential roles, and surface accessibility
make them strong vaccine candidates. NGO1152 and NGOO0206 are predicted
SBPs of distinct ABC transporters in N. gonorrhoeae FA1090. NGO1152 (~30
kDa) is a putative histidine-binding protein with a meningococcal orthologue
(NMB1612/NMC1533), while NGO0206 (~41 kDa) is a putative polyamine-
binding SBP homologous to NMB0623/NMCO0567. Both genes were previously
deleted from FA1090, and recombinant His-tagged proteins were expressed,
purified, and used to generate rabbit polyclonal antibodies. Although SBPs are
typically periplasmic, evidence from N. meningitidis MetQ indicates some may
be surface exposed. This research evaluated the vaccine potential of NGO1152
and NGO0206.

Hence, Angoll52 or Ango0206 mutant strains were complemented by
reintroducing ngol152 or ngo0206 at the iga-trpB intergenic region under either
a constitutive Popes (pMR32) or an IPTG-inducible promoter (pMR33).
PCR confirmed genotypes. Phenotypic analysis by immunoblotting with anti-
NGO1152 and anti-NGO0206 antibodies revealed reactive bands at 30 kDa and
46 kDa, respectively, consistent with NGO1152 and NGO0206. IPTG induction
restored protein expression in MR331152 and MR330206 to WT-FA1090 levels
within 2 h. Unexpectedly, Popas-driven strains failed to express protein due to

upstream transcription defects. /n vitro growth analyses showed no significant
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differences among the WT-FA1090, mutant, and complemented strains,
irrespective of IPTG induction.

To evaluate conservation and prevalence, immunoblotting confirmed NGO1152
and NGOO0206 expression across 28 clinical isolates. Complementary
bioinformatic analysis of 7,327 clinical-isolate genomes from PubMLST found
ngoll152 in 100% of isolates (99.97% predicted to encode a functional protein),
whereas ngo0206 was present in 87.9% (87.8% predicted functional); despite its
lower prevalence, ngo0206 exhibited limited sequence variability. Pairwise
alignment showed limited overall similarity between NGO1152 and NGO0206
(246 residues overlap; 24% identity, 36.6% similarity, 32.9% gaps), but
conservation of the N-terminal signal peptide, lipobox and short motifs (e.g.
YAVPYF/FSDPYF, GFDVDL/GKSGYD), which likely support folding,
epitope presentation and reciprocal cross-reactivity of anti-NGO1152 and anti-
NGOO0206 antibodies. NGO1152 is nearly identical to its N. meningitidis
orthologue NMB1612 (98.1% identity), confirming its conserved role as an
ABC transporter SBP and highlighting its potential as a cross-species vaccine
target. By contrast, NGO0206 is more divergent, retaining N-terminal
conservation and suggesting functional specialisation relative to NGO1152 and
NMBI1612.

Surface exposure of NGO1152 and NGO0206 was confirmed by immuno-dot
blot analysis, which showed antibody binding to intact WT-FA1090 and IPTG-
induced complemented strains, but not to the corresponding mutants.
Subcellular fractionation coupled with immunoblotting detected NGO1152 and
NGO0206 in outer membrane (OM), cytoplasmic (C), and cytoplasmic
membrane (CM) fractions, but not in the periplasmic (PP) fraction. Both proteins
were expressed in [IPTG-induced complemented strains at levels comparable to
WT-FA109 and were absent in mutant and uninduced strains. Whole-cell ELISA
(WC-ELISA) showed strong antibody binding to WT-FA1090 and
complemented strains, with significantly reduced binding in mutant and
uninduced strains and similar patterns were observed across 7 additional clinical
isolates. Finally, serum bactericidal activity (SBA) revealed that antisera against
NGOI1152 and NGO0206 mediated human complement-dependent killing of
WT-FA1090. Antisera against NGO0206 exhibited titres of 1:1024—1:2048,
whereas antisera against NGO1152 induced even higher titres, up to 1:8192. In
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both cases, bactericidal activity was markedly reduced against the corresponding
mutant strains. Collectively, these findings demonstrate that NGO1152 and
NGOO0206 are surface-accessible, conserved, and capable of eliciting human
complement-mediated killing of N. gonorrhoeae, strongly supporting their

potential as vaccine candidates.
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1.1. Family Neisseriaceae

The family Neisseriaceae consists of the genus Neisseria and several
heterogeneous genera, including Moraxella, Kingella, Eikenella, Alysiella,
Simonsiella, and Acinetobacter, all classified as B-proteobacteria (Rossau et al.,
1989). Over the years, Moraxella and Acinetobacter have been reclassified into
the Moraxellaceae family based on 16S rRNA gene sequence analysis and
whole genome sequencing (Harmsen et al., 2001; Rossau et al., 1986). Members
of Neisseriaceae are non-spore-forming, Gram-negative, oxidase-positive, and
catalase-positive organisms. They can be either aerobic or facultative anaerobes

and are typically rod-shaped or coccoid.

The genus Neisseria, named after Albert Neisser, who discovered Neisseria
gonorrhoeae in 1879, is a prominent genus in the family Neisseriaceae. It
consists of several commensal species and two major human pathogens,
N. gonorrhoeae and Neisseria meningitidis (Johnson, 1983). Members of
Neisseria are non-motile, diplococci with flattened sides. These bacteria exhibit
optimal growth between 35-37°C in the presence of sufficient CO» (Platt, 1976).
They are known for utilising carbohydrates such as glucose or maltose,
producing acid, and reducing nitrite to nitric oxide, except Neisseria mucosa,
which reduces nitrate to nitrite and breaks down sucrose to polysaccharides

(Knapp, 1988).

Currently, the genus Neisseria comprises 35 Gram-negative species (Parte,
2018), which predominantly grow under aerobic conditions at temperatures of
35-37°C. Most Neisseria species are cocci with a diameter of up to 2 pm, and
they typically appear as single bacteria or in pairs (diplococci) (Jorgensen and
Turnidge, 2015). The genus includes several species isolated from humans, such
as N. gonorrhoeae, N. meningitidis, N. cinerea, N. elongata, N. flavescens,
N. lactamica, N. mucosa, N. polysaccharea, N. sicca, and N. subflava.
Additionally, the genus also contains animal-associated species like N. animalis,

N. animaloris, N. zoodegmatis (cats and dogs), N. denitrificans (guinea pigs),
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N. dentiae (domestic cows), N. macacae (rthesus monkeys), and N. weaveri

(dogs) (Jorgensen and Turnidge, 2015; Liu et al., 2015).

Although most human Neisseria species are commensals of the upper
respiratory tract and typically cause opportunistic infections in
immunocompromised hosts, species of animal origin are rarely associated with
human disease, although infections can occur in human wounds following

animal bites (Diallo et al., 2019).

The two most clinically relevant species in the genus Neisseria are
N. gonorrhoeae (gonococcus or GC), the causative agent of gonorrhoea, and
N. meningitidis (meningococcus), which can cause cerebrospinal meningitis and
septicaemia. N. gonorrhoeae is constantly considered a transmitted pathogen,
whereas N. meningitidis, a commensal of the human oropharynx, can cause

acute disease in otherwise healthy individuals (Harrison et al., 2013).

N. meningitidis is the only Neisseria species that expresses a polysaccharide
capsule, and it is classified into 12 distinct serogroups based on structural

differences between capsular polysaccharides (Harrison et al., 2013).

However, N. gonorrhoeae and N. meningitidis are fastidious bacteria, requiring
specific growth conditions and exhibiting sensitivity to environmental stresses
such as extreme temperatures, desiccation, and variations in pH. In contrast,

other Neisseria species are less nutritionally demanding (e Silva, 2021).

All species in the Neisseria genus are naturally competent for DNA uptake and
exhibit a high frequency of horizontal gene transfer (HGT), which plays a crucial
role in their adaptability and survival under changing environmental conditions

(e Silva, 2021).

1.1.1. N. gonorrhoeae

Gonorrhoea is a sexually transmitted infection (STI) caused by the
bacterium N. gonorrhoeae. There were approximately 376 million new bacterial
STI cases diagnosed in 2019 worldwide, according to the World Health
Organisation (WHO) (Aggarwal et al, 2022). STIs attributable to
N. gonorrhoeae alone numbered 86.9 million new cases in 2016 (WHO, 2016).

This was an increase from the estimated 78 million new cases reported in 2012
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(WHO, 2012). Gonorrhoea is most common in the 15 to 49 age group, black
Caribbean men and men who have sex with men (MSM) (WHO, 2016).

In 2020, the WHO estimates, there were approximately 82.4 million [47.7
million-130.4 million] new cases of gonorrhoea among adolescents and adults
aged 15 to 49 years worldwide (WHO, 2021). This corresponds to an incidence
rate of 19 new cases per 1,000 women and 23 new cases per 1,000 men. Most
of these cases were reported in the WHO African Region and the Western Pacific
Region, highlighting significant geographical disparities in incidence rates
(WHO, 2024). In 2020, the Centre for Disease Control and Prevention (CDC)
reported a total of 677,769 cases of N. gonorrhoeae infections in the United
States (US), representing a 10% increase from 2019 and a 45% increase since
2016 (CDC, 2022). Over half of the gonococcal isolates in 2020 were resistant
to at least one class of antibiotics, underscoring rising concerns about

antimicrobial resistance (AMR).

In 2022, the European Centre for Disease Prevention and Control (ECDC)
reported 70,881 confirmed cases of gonorrhoea across 28 FEuropean
Union/European Economic Area (EU/EEA) countries, corresponding to a
notification rate of 17.9 per 100,000 people (Biata et al., 2024; ECDC, 2023).
This represents a 48% increase from 2021 and a 59% rise since 2018. The 2022
rate is the highest recorded since European STI surveillance began in 2009
(Biata et al., 2024; ECDC, 2023). In 2022, infection rates varied widely across
countries, with some reporting less than one case per 100,000, while others
exceeded 75 cases per 100,000. The highest age-specific rates were observed in
the 20-24 age group, particularly for men (99.6 per 100,000) and women (48.1
per 100,000), with women in this age bracket experiencing a 63% increase over
the previous year. Furthermore, MSM accounted for 60% of reported cases

(Biala et al., 2024; ECDC, 2023).

The epidemiological patterns of gonorrhoea in England from 2012 to 2023
demonstrated significant fluctuations, reflecting the intricate dynamics of public
health related to STIs (Figure 1.1). In 2012, the number of diagnosed cases was
26,895 per 100,000 population. The diagnostic rate increased consistently over
the following years: rising by 15.85% to 31,177 cases in 2013, by 19.50% to
37,150 cases in 2014, and by 11.09% to 41,290 cases in 2015. However, a
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notable decline occurred in 2016, with the number of diagnoses decreasing by
11.38% to 36,545 cases. This decline was followed by a significant recovery: in
2017, diagnoses increased by 22.38% to 44,839 cases, in 2018, the number
increased by 26.12% to 56,690 cases, and in 2019, it surged by 25.85% to 71,133
cases. The COVID-19 pandemic in 2020 had a major impact, leading to a
substantial decrease of 28.80% to 50,678 cases. This downward trend continued

into 2021, with a further reduction of 3.87% to 49,321 cases.

In 2022, there was a dramatic rebound, with the number of diagnoses increasing
by 60.21% to 79,268 cases. This upward trend continued into 2023, with the
number rising by an additional 8.90% to 85,223 cases, which is the highest
number since records began in 1918 (UKHSA, 2024).

The incidence of N. gonorrhoeae infections in England showed a significant
increase between 2018 and 2019, with the total number of reported cases rising
from 56,690 to 71,133 (Figure 1.1). The most substantial increase was observed
among men who engage in same-sex relationships, with cases rising from 26,864

to 33,853, corresponding to a 26% increase.

A significant rise was also noted among heterosexual women, with cases
increasing from 14,167 to 17,826, reflecting a 25.8% increase. As well, the
number of cases among heterosexual men increased from 13,036 to 15,253,

representing a 17% increase (Wise, 2020).
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Figure 1.1. Gonorrhoea diagnostic rate per 100,000 population in England
between 2012 and 2023, according to the UK Health Security Agency
(UKHSA).

The data that were used to generate this figure were adapted from (UKHSA,
2024). Available at: https://fingertips.phe.org.uk/profile/sexualhealth/data#pag
e/4/gid/8000057/pat/159/par/K02000001/ati/15/are/E92000001/iid/90759/age/
1/sex/4/cat/-1/ctp/-1/yrr/1/cid/4/tbm/1/page-options/tre-do-1.

These epidemiological data emphasise the need for continuous surveillance and
adaptive public health strategies to effectively manage STIs (Elendu et al.,
2024). Continuous monitoring and responsive measures are essential to mitigate
the impact of healthcare disruptions and public health emergencies on the
diagnosis and treatment of gonorrhoea. Several worldwide organisations have
categorised N. gonorrhoeae as a global threat, particularly with the detection of
gonococcal strains that are resistant to the current dual-antibiotic treatment of
azithromycin and the extended-spectrum cephalosporins (ESCs), such as

ceftriaxone (Unemo ef al., 2024).

Amendment to current treatment guidelines for gonorrhoea. Ceftriaxone (a
cephalosporin) is now the sole recommended treatment for uncomplicated
gonorrhoea, as per updated CDC (2020) and the British Association for Sexual
Health and HIV BASHH (2019) guidelines (BASHH, 2019; Cyr, 2020).


https://fingertips.phe.org.uk/profile/sexualhealth/data#page/4/gid/8000057/pat/159/par/K02000001/ati/15/are/E92000001/iid/90759/age/1/sex/4/cat/-1/ctp/-1/yrr/1/cid/4/tbm/1/page-options/tre-do-1
https://fingertips.phe.org.uk/profile/sexualhealth/data#page/4/gid/8000057/pat/159/par/K02000001/ati/15/are/E92000001/iid/90759/age/1/sex/4/cat/-1/ctp/-1/yrr/1/cid/4/tbm/1/page-options/tre-do-1
https://fingertips.phe.org.uk/profile/sexualhealth/data#page/4/gid/8000057/pat/159/par/K02000001/ati/15/are/E92000001/iid/90759/age/1/sex/4/cat/-1/ctp/-1/yrr/1/cid/4/tbm/1/page-options/tre-do-1
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Administered as a single 500—-1000 mg intramuscular dose, it replaces the
previous dual therapy with azithromycin due to rising antimicrobial resistance

and emerging azithromycin-resistant N. gonorrhoeae strains (BASHH, 2025).

A concerning increase in the number of cases of ceftriaxone-resistant
N. gonorrhoeae infections has been reported in England. Most cases with
ceftriaxone-resistant N. gonorrhoeae infections are linked with international
travel, especially to and from the Asia-Pacific region, where resistance levels
have been documented in up to 30% of isolates in certain countries (UKHSA,

2025).

However, in April 2025, 3 cases of ceftriaxone-resistant N. gonorrhoeae were
identified in England without any history of international travel: 2 involved
heterosexual men who reported sexual contact with sex workers in Leeds, and
the third was a female sex worker from the same city (UKHSA, 2025). These
isolates exhibited resistance to cefixime, penicillin, ciprofloxacin, and
tetracycline, but remained below the EUCAST epidemiological cut-off value
(ECOFF) for azithromycin, thus qualifying as multidrug-resistant (MDR). The
origin of these infections remains undetermined, raising concerns about
additional, undetected cases in Leeds or other parts of the UK. In response, the
UKHSA has assembled a local incident management team to oversee the public

health investigation and response (UKHSA, 2025).

1.1.2. Pathogenesis of N. gonorrhoeae

N. gonorrhoeae is primarily transmitted through vaginal, oral, or anal sex.
The bacteria adhere to columnar epithelial cells, penetrate them, and proliferate
on the basement membrane, facilitated by pili and Opa proteins (Walker et al.,
2023). N. gonorrhoeae lipooligosaccharides (LOS) stimulate the production of
tumour necrosis factor, which results in cell damage. The bacteria can
disseminate via the bloodstream, and strains responsible for disseminated
infections often exhibit resistance to serum and complement killing or opsonin-
facilitated phagocytosis of the gonococcus (Walker et al., 2023). N. gonorrhoeae
is a human-restricted pathogen that infects the lower genital tract, pharynx, and
rectum, with varying degrees of complications depending on the sex of the

patient. Most women with gonorrhoea, between 50% and 80% of cases, are
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asymptomatic, however, when symptoms do occur, vaginal discharge is
commonly observed (Unemo and Jensen, 2017). Conversely, approximately
90% of gonorrhoea cases in males are symptomatic, typically presenting with

purulent penile discharge (Li et al., 2020).

In females, N. gonorrhoeae primarily infects the cervix, causing cervicitis,
whereas in males, the anterior urethra is the main site of infection, resulting in
urethritis. Additionally, the bacteria have also been detected in rectal,
conjunctival, and pharyngeal mucosa. N. gonorrhoeae has several mechanisms
to evade the immune system and colonise cells within the urogenital tract.
Spread to other parts of the body, causing pustular skin lesions, septic arthritis,
or bacteraemia (referred to as disseminated gonococcal infection [DGI]) has
been observed in less than 3% of cases (Jefferson et al., 2021). Although
gonorrhoea is most commonly observed in young individuals aged 15-24 years,

it can affect any sexually active individual (Li et al., 2020).

Symptoms of gonorrhoea include purulent cervical or urethral discharge,
discomfort, dysuria, urethritis, or cervicitis. If left untreated, cervical infection
may ascend to the upper genital tract, leading to severe reproductive health
issues such as pelvic inflammatory disease (PID), chronic pelvic pain, ectopic
pregnancy, and tubal infertility (Lovett and Duncan, 2019). Outcomes may also
encompass adverse birth outcomes, ophthalmia neonatorum, various eye
disorders, N. gonorrhoeae associated with human immunodeficiency virus
(Pillai et al., 2012) infections, and other conditions such as epididymitis,
proctitis, disseminated gonococcal infection, or male infertility (Lyu et al., 2024).
The PID has also been associated with STIs caused by Chlamydia trachomatis,
the causative agent of chlamydia, and coinfection with N. gonorrhoeae

frequently (Reekie et al., 2018).

However, PID caused by gonococcal infections typically presents with more
severe symptoms (Taylor et al., 2011). Vertical transmission is a significant
concern for pregnant women infected with N. gonorrhoeae, as it can result in
chorioamnionitis, septic abortion, premature rupture, preterm delivery, and

sight-threatening neonatal conjunctivitis (Vallely et al., 2021).
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In males, untreated urethritis can lead to rare complications such as penile
oedema, urethral stricture, epididymitis, or prostatitis. Untreated urogenital
gonorrhoea can occasionally disseminate to extragenital sites, causing septic
arthritis, endocarditis, and skin manifestations in both sexes (Hakenberg et al.,
2017). Additionally, N. gonorrhoeae infection increases the risk of acquiring and

transmitting other STIs, particularly HIV (Omori ef al., 2024).

1.1.3. Immune responses to V. gonorrhoeae infection: innate and adaptive

N. gonorrhoeae is known to be significantly adapted to the human host and able
to avoid and modify innate and adaptive immune responses (Figure 1.2). Patients
can be infected repeatedly and yet develop no immunological memory; this
results in recurrent infections (Fung et al., 2007). These infections can be
symptomatic or asymptomatic, with the discharge present in symptomatic
infection consisting of bacteria and neutrophil granulocytes. As humans are the
only natural hosts, this has made laboratory investigations more challenging.
Nevertheless, there have been attempts to model N. gonorrhoeae modulation
and evasion of the immune system. Such research has used an oestrogen-
modified murine infection model and immortalised human and murine cell lines

(Jerse et al., 2011; Rice et al., 2017).
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Figure 1.2. Schematic diagram revealing the infection process, transmission
pathways, and host immunity modulation by N. gonorrhoeae.

1) Bacterial attachment and colonisation are mediated by Opacity (Opa) proteins
and Type IV pili (T4P). 2) The host epithelium is colonised and invaded, with
transcytosis through the epithelial mucosa. 3) Local mucosal immune cells are
stimulated, prompting the host to mount an immune response. 4) Bacteria are
discharged via a neutrophil-rich exudate. 5) The T and B lymphocyte immune
response is modulated. That response occurs when phagocytic cells stimulate
proinflammatory cytokines and chemokines, thus suppressing a Type 1 helper
T-cell (Th1) or Type 2 helper T-cell (Th2) immune response and elevating a Type
17 helper T-cell response (Haese et al., 2021). Thl cells promote cellular
immune response, and inhibition of the macrophage stimulation leads to the
activation of the B cells to produce IgM and IgGl. Furthermore, the Th2
activation humoral immune response induces B cell proliferation and antibody
production of interleukin-4 (IL-4) (Winer et al., 2011). Figure adapted from
(Haese et al., 2021).

There are various mechanisms by which N. gonorrhoeae evades and modulates
the host’s immune system. One well-documented way is via antigenic and phase
variation of surface exposed Opa proteins and T4P in the outer membrane (OM)
(Cahoon and Seifert, 2011). Additional strategies involve LOS epitope mimicry
and subversion of phagosomal processes (Huynh et al., 2007). The Opa52
protein from the N. gonorrhoeae MS11 strain, commonly known as Opa$5, is one
of the 10 to 12 Opa proteins found in N. gonorrhoeae. It has been shown to bind
to a specific molecule on activated human Cluster of Differentiation 4 (CD4+)
T lymphocytes: the carcinoembryonic antigen-related to cellular adhesion
molecule 1 (CEACAM-1, also known as CD66a). CD4 is found on the surface

of immune cells such as T helper cells, monocytes, macrophages, and dendritic
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cells (Hilligan and Ronchese, 2020). The Opa interaction causes
downregulation of antigenic activation and proliferation of CD4+ lymphocytes.
Nevertheless, an interesting finding (Zariri ef al., 2013) demonstrated that Opa-
CEACAM-1 binding did not affect the host’s immune response against outer
membrane vesicles (OMVs), even though it reduced Opa-specific antibody titres
in a human-CEACAM-1 transgenic mouse model. As such, this type of binding

may not affect a future gonococcal vaccine.

The host’s immune responses are also modified by the interaction of
N. gonorrhoeae with local mucosal immune cells. The key OM porin B (PorB),
in a manner like Opa proteins, inhibits the dendritic cell stimulation of CD4+ T
cells, downregulating their proliferation (Zhu et al., 2018). Bacterial replication
is not controlled by either resident mucosal macrophages or recruited monocytes
and neutrophils, which fail to control N. gonorrhoeae replication during an
infection (Escobar et al, 2018). It is thought that inflammatory and
immunosuppressive responses are elevated by N. gonorrhoeae. That elicits
increased expression of tumour necrosis factor-alpha (TNF-a), a pro-
inflammatory cytokine, in human macrophages (Chateau and Seifert, 2016).
N. gonorrhoeae may also stimulate the expression of the immunoregulatory
cytokines interleukin-1 (IL-1), (IL-6), (IL-8), (IL-10) and TNF-a in human
macrophages. The T cell-stimulating factor interleukin-12 (IL-12), which plays
a crucial role in the Type 1 helper T cell (Thl) response, was exclusively
detected in human monocyte-derived macrophages (MDMs) that had been
subjected to gonococcal challenge (Chateau and Seifert, 2016).

In murine models, infected macrophages were found to express transforming
growth factor-beta (TGF-B) and IL-10; these are both immunoregulatory
cytokines, but proinflammatory cytokine TNF-a was not detected (Escobar et
al., 2013). Additionally, there was no evidence of increased co-stimulatory
CD86 nor up-regulation of major histocompatibility complex class Il molecules
(Escobar et al., 2013), suggesting that the antigen-presenting cells may have
developed a tolerogenic phenotype. In addition, IL-12, a T-cell-stimulating
factor that is integral to the Thl response, was found only within infection-

challenged macrophages obtained from MDM (Chateau and Seifert, 2016).
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In addition, the MDM challenged with N. gonorrhoeae have also been reported
to differentiate toward a macrophage 2 (M2) profile (Tramont and Boslego,
1985). When a host is exposed to gonorrhoeal infection, macrophage 1 (M1)
macrophages become divided between the typical pro-inflammatory M1 type or
the anti-inflammatory and pre-resolving M2 type, influenced by factors such as
the pathogen virulence and mediation by the host immune system (Viola et al.,
2019). The Thl response is generated by the M1 phenotype, which has effective
tumoricidal and microbicidal properties (Sica and  Mantovani, 2012).
The M2 phenotype promotes immunoregulatory activities such as reducing
inflammation, clearance of infection, remodelling of tissues and regression of
tumours (Escobar et al., 2018). The MDM has been found to gravitate towards

the M2 profile when exposed to gonococcal infection (Ortiz et al., 2015).

During infection, N. gonorrhoeae may contribute to poor host immunity by
stimulating a Th17 response while suppressing Th1 and Th2 responses in Figure
1.2. This immune profile is typically associated with neutrophil influx and the
activation of non-protective inflammatory mechanisms (Feinen et al., 2010; Liu
et al.,2012). Researchers have suggested that immunity could be affected by the
presence of antibodies targeting the surface Reduction modifiable protein (Rmp)
(also known as protein III), as these antibodies prevent gonococcal surface

antigens from being targeted by bactericidal antibodies (Gulati et al., 2015).

Thus, N. gonorrhoeae can evade and modulate the host immune system through
multiple mechanisms. The result is that individuals fail to develop
immunological memory of gonococcal infection and therefore remain
vulnerable to repeated gonorrhoeal disease. That may in part explain the
unsuccessful attempts to develop a protective vaccine against N. gonorrhoeae,
with vaccines based on killed whole cells, PorB or a single antigen pilus, all

proving ineffective (Colon Pérez et al., 2024).
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1.2. Treating N. gonorrhoeae with antibiotics: past and present treatment

regimens

Gonorrhoea has been treated with various antibiotics since sulphonamides
in the 1930s (Figure 1.3). Treatment changes have been driven by antibiotic
resistance in N. gonorrhoeae, partly due to efflux pump overexpression and

altered drug targets (Unemo, 2015).

Gonococcal strains resistant to all previous monotherapies, including penicillin,
sulphonamides, first-generation cephalosporins, fluoroquinolones, tetracyclines
and streptomycin, have emerged (Rice et al., 2017). For example, mutations in
the folP gene reduced binding between sulphonamide and its target,
dihydropteroate synthase, leading to sulphonamide resistance (Rice et al., 2017).
Resistance to penicillin, which was used to treat gonorrhoea from the early to
mid-20th century, arose with the emergence of N. gonorrhoeae strains that had
a specific enzyme, plasmid-mediated B-lactamase, which deactivates pB-lactam
antibiotics. The utility of tetracycline was hampered by the emergence of
N. gonorrhoeae strains that possessed a ribosomal protection protein, TetM

(Rice et al., 2017).

Fluoroquinolones were subsequently used, but genetic mutations in the gyr4 and
parC genes reduced drug binding to gyrase and topoisomerase IV; this resulted
in N. gonorrhoeae strains that were resistant to ciprofloxacin. As depicted in Figure
1.3, the year 2007 saw the removal of fluoroquinolones from the ECDC
guidelines (ECDC, 2012). Injectable ceftriaxone or oral cefixime represented the
last attempt at single-drug therapy for gonorrhoea. In 2012, however, increasing
antibiotic resistance saw the CDC move away from recommending cefixime

(Pitasi et al., 2019).
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Furthermore, for several years, cefixime treatment failures have been recognised
in Japan (Deguchi et al., 2003; Tapsall et al., 2009; Yokoi et al., 2007), where
cefixime was already excluded from treatment guidelines in 2006 (Tapsall et al.,

2009).

Effective antimicrobial therapy is essential for preventing N. gonorrhoeae
infections. The rising incidence and prevalence of multidrug-resistant (MDR)
and extensively drug-resistant (XDR) strains have heightened concerns
regarding the potential for widespread, untreatable gonorrhoea (Unemo et al.,
2019). Treatment failures of oropharyngeal gonorrhoea with ceftriaxone
monotherapy have been documented in various countries (Golparian et al.,
2014). For example, it has been recorded that the first high-level ceftriaxone-
resistant gonococcal strain (H04 1) exhibits high resistance to cefixime (oral) and
ceftriaxone (injectable), which are the last remaining options for first-line
gonorrhoea monotherapy. H041 was isolated from the pharynx of a female

commercial sex worker in Kyoto, Japan (Ohnishi et al., 2011).

In addition, HO41 exhibited a minimum inhibitory concentration (MIC) for
ceftriaxone that was 4- to 8-fold higher, ranging from 2 to 4 ug/mL, indicating
an exceedingly elevated level of resistance. Prior to this, only one isolate with
an MIC of 0.5 pg/mL had been reported (Tanaka ef al., 2006). HO41 is classified
under the internationally spreading multilocus sequence typing (MLST),
sequence type 7363 (ST7363). This sequence type is closely related to subclones
that exhibit high-level resistance to the antibiotics cefixime and ceftriaxone,
which have been particularly prevalent in Japan (Ohnishi et al., 2010) and are
now also being transmitted in Europe. It may be a subclone of ST7363 with
additional resistance determinants, confirming decreased susceptibility and
resistance to ESCs and MDR in many countries discussed below (Golparian et

al., 2010).

Historically, gonococcal AMR has predominantly emerged in the WHO Western
Pacific Region (WPR) and, particularly, Japan has been a notable epicentre over
the years. This resistance has spread rapidly, via sex tourists, long-distance truck

drivers, and forced migration in the WPR, to the Pacific Rim countries, including
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the US, Southeast and Central Asia, Europe, and on a global scale (Huang et al.,
2010).

Recent treatment failures for gonorrhoea with cefixime in Norway (Unemo et
al., 2010), Austria (Unemo et al., 2011), and the UK (Ison et al., 2011) were
caused by the MLST ST1901 clone. This clone appears to have evolved into
multiple different N. gonorrhoeae multiantigen sequence typing (NG-MAST)
STs, which most likely originated in Japan and subsequently spread globally
(Unemo et al., 2012).

Strain F89, which is the second N. gonorrhoeae strain globally to demonstrate
high-level resistance to ESCs such as cefixime and ceftriaxone, was isolated
from a urethral specimen of a 50-year-old MSM during a test of cure in June
2010 in Quimper, France (Unemo et al., 2012). Strain F89 also demonstrated
resistance to nearly all antimicrobials previously utilised for gonorrhoea
treatment, including fluoroquinolones, macrolides, tetracycline, trimethoprim-
sulfamethoxazole, and chloramphenicol. Furthermore, F89 showed high-level
resistance to cefixime (MIC =4 pg/mL; actually, 3 ng/ mL according to the Etest
method), ceftriaxone (MIC = 1 pg/mL [agar dilution] to 2 ug/mL [Etest, 1.5
pg/mL]), and all additional ESCs tested (Ohnishi ef al., 2011). Unexpectedly
low MICs were observed for the B-lactam antibiotics, including penicillin G,
ampicillin, piperacillin, and the carbapenems ertapenem and meropenem. The
strain did not exhibit PB-lactamase production. Additionally, F89 displayed
susceptibility to spectinomycin, and its MIC values for aminoglycosides,
tigecycline and rifampin were also relatively low. It should be noted that there
are no established breakpoints for these antimicrobials, including ampicillin,

piperacillin, and carbapenems (Ohnishi et al., 2010).

In 2016, Japan reported the first case of treatment failure for oropharyngeal
gonorrhoea using dual therapy, which combines ceftriaxone (an injectable
cephalosporin antibiotic) and azithromycin (an oral macrolide antibiotic) (Fifer
et al.,2016). The international spread of MDR ceftriaxone-resistant gonococcal
strains has since been confirmed in Japan (Nakayama et al., 2016), Denmark
(Terkelsen et al., 2017), France (Poncin et al., 2018), Australia (Lahra et al.,
2018), Canada (Lefebvre et al., 2018) and the UK (Eyre et al., 2019; Golparian

et al., 2018). In addition, the first XDR strain with ceftriaxone resistance and
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high-level azithromycin resistance was isolated in England and Australia in 2018

(Eyre et al., 2018; Jennison et al., 2019; Whiley et al., 2018).

The CDC, in 2020, moved away from recommending single-drug treatment for
gonorrhoea. The preferred regimen for a simple case of urogenital and anorectal
gonorrhoea is now a single 250 mg intramuscular dose of ceftriaxone
administered with a single 1g oral dose of the macrolide azithromycin
(Kesharwani et al., 2020). In 2016, Fischer et al. reported the first isolated case
from a patient with pharyngeal gonorrhoea treatment failure using dual therapy
(ceftriaxone and azithromycin) due to a highly resistant strain of N. gonorrhoeae.
The case involved a heterosexual man in the UK whose pharyngeal gonorrhoea
did not respond to ceftriaxone (500 mg) and azithromycin (1 g). The isolated
strain of N. gonorrhoeae exhibited high-level resistance to azithromycin and

reduced susceptibility to ceftriaxone (Fischer et al., 2016).

That represented the first recorded case of azithromycin and ceftriaxone failing
to treat N. gonorrhoeae infection (Fifer et al., 2016). In subsequent years, health
monitoring initiatives in Australia and the UK have isolated MDR strains of
N. gonorrhoeae that are resistant to azithromycin and ceftriaxone (Whiley et al.,
2018). It is thus likely that this dual antibiotic therapy will, in time, prove
ineffective in its attempts to stave off antibiotic resistance (Unemo, 2015). The
ever-present challenge of antibiotic resistance thus means that treating

gonorrhoea will require the development of novel and effective drugs.

The number of bacterial drug targets is, however, limited. Consequently, the
development and deployment of a protective vaccine may be the best long-term

method of controlling the spread of N. gonorrhoeae (Williams et al., 2022).

1.2.1. Increasing incidence of antibiotic-resistant gonorrhoea cases in

England

In 2012, both the WHO and the ECDC introduced strategies to address the
transmission and impact of AMR in N. gonorrhoeae (ECDC, 2019; WHO, 2012).
To support these efforts in England, the Health Protection Agency, which
transitioned to Public Health England (PHE) in 2013 and later became the
United Kingdom Health Security Agency (UKHSA) in 2021, launched the

Gonococcal Resistance to Antimicrobials Surveillance Programme Action Plan
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(UKHSA, 2023). This plan aimed to guide national efforts in managing AMR in
gonococcal infections (GRASP, 2013). Since 2000, the GRASP has collected
sentinel surveillance data to track AMR in N. gonorrhoeae. GRASP
encompasses a series of surveillance systems designed to detect and monitor

AMR in N. gonorrhoeae and to document potential treatment failures according

to the UKHSA (UKHSA, 2024).

Trend data were collected through the national sentinel surveillance system,
which annually gathers gonococcal isolates from consecutive patients attending
a network of 26 sexual health services (24 in England and 2 in Wales) over a
two- to three-month period. These isolates are submitted to the UKHSA National
STI Reference Laboratory (STIRL) for antimicrobial susceptibility testing. The
results are linked with patient demographic, clinical, and behavioural
information to analyse trends in AMR among patient sub-groups. Between 2021
and 2022, the percentage of isolates with decreased susceptibility to ceftriaxone
(MIC >0.03 mg/L), the current first-line treatment, stayed low, reaching 0.21%
in 2022 compared to 0.07% in 2021. This follows a continuous year-on-year

decline since a high of 7.1% in 2018 (UKHSA, 2024).

However, no ceftriaxone resistance (MIC >0.125 mg/L) was detected within the
sentinel program. However, 14 cases of ceftriaxone resistance were identified
from January 2022 to June 2023 through direct referrals from primary diagnostic
laboratories, as opposed to a total of 11 cases recorded between 2015 and 2021
(UKHSA, 2023). Most of these cases were associated with travel to the Asia-
Pacific region, known for the highest global prevalence of ceftriaxone-resistant
N. gonorrhoeae (Unemo et al., 2021). Nonetheless, local transmission within
the UK may still occur, as not all partners could be reached, and some cases had
no travel history. A timeline of resistance trends starting in 2000 highlights the
emergence of resistance to tetracycline, ciprofloxacin, penicillin, and
spectinomycin, as shown in Figure 1.4. Resistance to azithromycin was noted in

2001, followed by resistance to cefixime in 2004.

Cefixime resistance (MIC >0.125 mg/L) remained low at 0.8% in 2022.
However, isolates with an elevated MIC >0.06 mg/L have doubled yearly since
2019. Resistance to azithromycin (MIC >0.5 mg/L, using the previous European

Committee on Antimicrobial Susceptibility Testing (EUCAST) breakpoint for
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consistency) and ciprofloxacin (MIC >0.06 mg/L) continues to rise significantly.
While penicillin resistance has remained stable with some minor variation,
tetracycline resistance (MIC >1.0 mg/L, using the previous EUCAST
breakpoint) declined for the first time after consecutive increases since 2016,
despite not being used to treat gonorrhoea. As in previous years, no
spectinomycin resistance (MIC >64 mg/L) was observed in 2022. For the first
time in 2022, whole genome sequencing was performed on all isolates, showing
that more than two-thirds of isolates belonged to 10 multi-locus sequence types.
Increased MICs for cephalosporins were linked to the presence of mosaic pend
alleles, especially pen434 (UKHSA, 2023). Between June 2022 and May 2024,
15 cases of ceftriaxone-resistant gonorrhoea were detected in England, including
5 cases that were extensively drug-resistant (UKHSA, 2024). Since 2015, there
have been 31 total cases, with 7 being extensively resistant. To date, all cases
have been identified in heterosexuals, mainly in their 20s, with most infections
acquired abroad. Limited local transmission has been observed, but the recent
rise in cases raises concerns over potential wider spread and treatment

challenges (UKHSA, 2024).
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Figure 1.4. N. gonorrhoeae isolates ratio in the GRASP sentinel surveillance
system that demonstrated resistance to selected antimicrobials in England
and Wales from 2000 to 2022+.

This figure is adapted directly from (UKHSA, 2024).
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1.2.2. Novel antibiotics for N. gonorrhoeae display reduced efficacy

compared to established first line treatments

Despite extensive efforts by researchers and pharmaceutical companies, several
promising investigational treatments in clinical trials have not demonstrated
non-inferiority when compared to current first-line therapies (Raccagni et al.,

2023).

Solithromycin is a fluoro-ketolide antibiotic that has been evaluated in clinical
trials for the treatment of gonorrhoea. It demonstrated significant effectiveness
against various strains of N. gonorrhoeae, including those resistant to other
treatments. However, its development was halted due to its failure to
demonstrate non-inferiority compared to ceftriaxone (Lewis, 2019; Raccagni et

al., 2023).

In trials involving 261 volunteers treated with either solithromycin or a
combination of ceftriaxone and azithromycin, 80% in the solithromycin group
and 84% in the combination group achieved eradication of gonorrhoea, a

difference not statistically significant enough to confirm non-inferiority.

The solithromycin group also reported a higher incidence of adverse effects,
particularly diarrhoea and nausea. Consequently, a single 1000 mg dose of
solithromycin is not recommended as a first-line treatment for gonorrhoea (Chen

etal.,2019).

Delafloxacin is a new broad-spectrum fluoroquinolone with improved potency
and target affinity compared to older versions, demonstrating effectiveness
against multidrug-resistant N. gonorrhoeae. Nevertheless, clinical trials indicate
it is not a reliable option for treating urogenital gonorrhoea due to a high rate of
treatment failures. In a study with 460 participants, delafloxacin had a urogenital
cure rate of 85%, while ceftriaxone achieved a rate of 91%. This difference did
not meet the non-inferiority margin, suggesting delafloxacin is not suitable as a

first-line treatment (Hook III ef al., 2019).
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1.2.3. Prospective novel antibiotic agents to treat gonorrhoea

Promising new treatments for gonorrhoea currently in advanced clinical
development include zoliflodacin and gepotidacin, which are under
investigation in ongoing clinical trials. Zoliflodacin is a novel topoisomerase
inhibitor that effectively targets bacterial DNA biosynthesis, making it a
promising option for treating uncomplicated gonorrhoea (Mancuso et al., 2018).
Its unique mechanism suggests potential efficacy against fluoroquinolone-
resistant strains. In Phase II trials, participants were administered either 2 g or 3
g of zoliflodacin, with microbiologic cure rates reported at 96% for both doses,
compared to a 100% cure rate with ceftriaxone. Although well tolerated,
zoliflodacin was less effective against pharyngeal infections, with most reported

side effects being mild gastrointestinal symptoms (Bradford et al., 2020).

Gepotidacin, a triazaacenaphthylene antibiotic, exhibits bactericidal effects
through the inhibition of DNA topoisomerase II activity. It has demonstrated low
minimum MIC values against a range of gonococcal strains, including those
resistant to ciprofloxacin. Phase II trials revealed a 95% success rate in treating
uncomplicated genitourinary gonorrhoea, with microbiological eradication rates
of 97% in the 1500 mg dosage group and 95% in the 3000 mg dosage group.
However, no significant adverse effects were reported, highlighting
gepotidacin's promise as an effective single-dose treatment for uncomplicated

urogenital infections (Watkins et al., 2023).

Corallopyronin A is an alpha-pyrone with demonstrated antibacterial activity,
which is primarily attributed to its ability to selectively inhibit the RpoB subunit
of bacterial RNA polymerase (Edwards ef al., 2022). It exhibits efficacy against
both Gram-positive bacteria like Staphylococcus aureus and Gram-negative
bacteria such as Chlamydia spp., making it a candidate for testing against
N. gonorrhoeae. Studies have shown that its antibacterial activity is more
pronounced when the expression of the Mtr-CDE efflux pumps is low, and
conversely, less effective when these pumps are highly expressed (Colén Pérez

et al.,2024).
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1.3. History of development of N. gonorrhoeae vaccine antigens

A protective vaccine remains the most promising strategy for controlling the
spread of gonorrhoea. However, no gonorrhoea vaccine has yet been approved
by the U.S. Food and Drug Administration (FDA). To enable vaccine
development, appropriate antigens must be identified. These antigens should be
highly conserved and present across most N. gonorrhoeae strains. Additionally,
they must be immunogenic and capable of generating opsonic or bactericidal
antibodies, or antibodies that inhibit vital physiological functions (Edwards et

al., 2018; Semchenko et al., 2019).

One challenge is that N. gonorrhoeae does not express a surface capsule.
This contrasts with the related N. meningitidis bacterium. In the case of
N. meningitidis, the expressed surface capsule is used as an effective
immunogenic target by several meningococcal vaccines, including Menveo,
Menactra and Menomune, which have all been approved by the FDA (Berti
et al., 2021). In the case of N. gonorrhoeae, vaccine antigen research has
been confined to proteinaceous targets; these have included surface
accessible lipoproteins and OM proteins. Multiple N. gonorrhoeae surface
structures have successfully elicited bactericidal antibodies in vaccinated
animals and are thus possible vaccine targets (Jefferson et al., 2021). These
structures are often essential for N. gonorrhoeae survival, contributing to key
processes such as mucosal epithelial cell invasion (Yuen et al., 2019), iron
acquisition and metabolism (Shewell ef al., 2013), protection against oxidative
stress (Jen et al., 2019), efflux of neutrophil-derived antimicrobial peptides
(Ktyz and Piekarowicz, 2018), and immune evasion via serum complement

resistance (Lewis et al., 2019).

A crucial step in the development of gonorrhoea is the ability of N. gonorrhoeae
to adhere to the mucosal lining of the human body. The search for a vaccine
target has focused on proteins involved in adherence, including the Opa
proteins, PorB and the T4P as possible vaccine antigens. Notably, both Opa
proteins and T4P are expressed during infection and play a vital role in the
bacterium’s colonisation of epithelial cells within the genital tract (Kraus-Romer
et al., 2022). T4P enable the pathogen to attach to and colonise the surface of
these epithelial cells.
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Further interactions are subsequently mediated by adhesins such as OM Opa
proteins, which enable N. gonorrhoeae to bind to CEACAM receptors on the
surface of epithelial cells (Chen ef al., 1997). PorB also aids colonisation, helps
facilitate serum complement resistance and is the most abundant protein in the
OM (Ram et al., 2001). Type IV pili, Opa and PorB could, therefore, be regarded
as ideal vaccine antigen candidates: they are surface structures and are also
required for optimal colonisation of human epithelial cells. The problem,

however, is their inherent variability (Muenzner and Hauck, 2020).

For example, the occurrence of intrachromosomal recombination events at the
expression locus of the major pilus subunit (PilE) results in the creation of
distinct T4P variants (Huang et al., 2020). Opa proteins also make a challenging
antigen target: their genes undergo phase variation, which results in their
expression being turned on and off (Song et al., 2020). One suggestion, however,
is worth noting: using cyclic peptides to target the more conserved semi-variable
(Cole and Jerse, 2009) loop within Opa proteins may potentially elicit a humoral
response, and this may result in antigenically separate Opa variants being

recognised (Cole and Jerse, 2009).

The development of vaccines against N. gonorrhoeae has historically faced
considerable challenges, primarily due to the organism’s capacity for antigenic
variation and immune evasion. Early vaccine strategies, initiated in the 1970s
and 1980s, focused on surface exposed antigens, particularly type IV pili and
OMPs, because of their roles in colonisation and pathogenesis (Boslego ef al.,
1991; Tramont and Boslego, 1985). Initial pilus-based vaccines targeted the
type 1V pili, given their essential role in bacterial adhesion and colonisation.
Although these vaccines elicited antibody responses against homologous strains
with antigenically similar pili, they consistently failed to protect against
heterologous strains in clinical trials. A study by Boslego et al. (1991) reported
that a pilus vaccine composed of a single pilus type did not confer protection
against heterologous gonococcal strains. This failure was attributed to the
extensive antigenic variability of pilin proteins, which allows the bacteria to
evade immune recognition and highlights a fundamental limitation of pilus-

targeted vaccine approaches (Boslego et al., 1991).
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Subsequent strategies targeted OMPs such as PorB, which are relatively more
conserved than pili. However, clinical trials of OMP-based vaccines showed
limited bactericidal activity, and immunity was often short-lived (Rice et al.,
2017). The absence of a polysaccharide capsule, a feature exploited in successful
meningococcal vaccines, further limited vaccine efficacy (Semchenko et al.,
2022; Unemo and Shafer, 2014). Despite these challenges, recent evidence
suggests that OMV-based vaccines from N. meningitidis serogroup B, such as
MeNZB, may provide partial cross-protection against gonorrheae,
demonstrating a potential path forward for gonococcal vaccine development

(Paynter ef al., 2019).

There has been a progression in identifying gonococcal antigens that have more
significant conservation and stability of expression between and within
N. gonorrhoeae strains and that also elicit antibodies in laboratory-based
animals. These antigens, which represent potential vaccine targets, include MtrE
(Multiple transferable resistance E protein) of the MtrCDE multidrug efflux
system (Handing et al., 2018; Wang et al., 2018), Neisserial surface protein A
(NspA) (Lewis et al., 2019), transferrin-binding proteins A and B (TbpA and
TbpB) (Shewell et al., 2013), nitrite reductase (AniA) (Shewell et al., 2013), and
methionine sulfoxide reductase A/B (MsrA/B) (Jen et al., 2019). Among these,
NspA and MtrE are particularly notable because they possess surface exposed
epitopes and contribute to N. gonorrhoeae immune evasion. Their high degree
of sequence conservation across diverse gonococcal strains further strengthens

their candidacy as promising vaccine antigens (Handing et al., 2018).

Moreover, target-specific bactericidal antibodies were elicited when mice were
immunised with a recombinant plasmid encoding gonococcal NspA and with the
surface exposed Loop 2 of MtrE. Moreover, MtrCDE itself is crucial to
N. gonorrhoeae survival, as was demonstrated by a vaginal tract infection model
in mice (Warner et al., 2007). MtrCDE is a member of the hydrophobic and
amphiphilic efflux resistance-nodulation-division family of efflux pumps.
MtrCDE is upregulated in resistant strains, leading to an increase in the minimal

inhibitory concentration (MIC) of antibiotics (Warner et al., 2008).

One study has even suggested that the filamentous Ngo®fil bacteriophage

(phage), which is found in gonococcal genomes, may represent a source of
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potential vaccine antigen (Kityz and Piekarowicz, 2018). This study
demonstrated that surface phage proteins generated bactericidal antibodies
in rabbits and that Ngo®fil protein antibodies could prevent N. gonorrhoeae

from affixing or attaching to human endocervical cells.

1.4. Introduction to ATP-binding cassette (ABC) transporters

ABC transporters are a highly conserved and ubiquitous superfamily of
transmembrane proteins found across all domains of life, including eukaryotes
and prokaryotes. These transporters mechanochemically couple ATP-Mg**
binding, ATP hydrolysis, and ADP/phosphate release to power the unidirectional
translocation of a wide variety of substrates such as metal ions, proteins, toxins,
and xenobiotics across cellular membranes (Akhtar and Turner, 2022; Rees et
al., 2009). Based on the direction of substrate movement, ABC transporters are
typically classified as importers, exporters, or extruders (Tanaka ef al., 2018;

Thomas and Tampé, 2018).

Exporters, which are universally distributed among all life forms, function to
expel substances from the cytoplasm to the extracellular environment. Importers,
on the other hand, facilitate the uptake of essential molecules like metal ions and
proteins, and are predominantly found in prokaryotes and archaea, with limited
representation in certain eukaryotic systems (Choi and Ford, 2021). The
superfamily also includes less common subtypes such as non-canonical
importers and non-transporting ABC proteins that lack transmembrane domains

(Akhtar and Turner, 2022).

1.4.1. Structure and function of the ABC transporter in microorganisms

The movement of substrates across the cell membrane is managed by transport
proteins. These include ABC transporters, which are present in all organisms,
from bacteria to eukaryotic species. The import and export of substrates by ABC
transporters are maintained in such a way as to provide the cell with vital
nutrients while preventing possible substrate-induced toxicity. Exported
substrates include proteins, lipids, and antibiotics; imported substrates include
amino acids, metals, peptides, and sugars (Berntsson et al., 2010). In bacteria

and archaea, ABC transporters are used to import specific substrates into the
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cytoplasm. This process of import and export across the cell membrane is
facilitated by ATP-binding proteins and a hydrolysis mechanism (Higgins and
Linton, 2004). Variations in the mechanisms and structures of ABC transport
proteins have led to their classification into three main groups: Type I, Type II,
and Type III transporters. Additionally, there is a specific subset of Type III
transporters known as energy-coupling factor (ECF) transporters (Rice et al.,
2014). There are structural differences between the different classes of ABC
transporters, as depicted in Figure 1.5. In both Type I and Type I1 ABC importers,
substrates are identified and brought to the transporter with the help of a
substrate-binding protein (SBP).

In Gram-positive bacteria, the SBP is anchored to the cytoplasmic membrane or
directly associated with the transporter, whereas in Gram-negative bacteria, it
resides in the periplasmic space (Van der Heide and Poolman, 2002). Although
there are various categories of SBP, differentiated by variations in structure
(Scheepers et al., 2016), all SBPs have a minimum of two locations (or lobes)
that, employing an interface pocket, enable binding with the substrate. Type I
and II ABC transporters have, within the lipid bilayer, a transmembrane domain
(TMD); these TMDs constitute the translocation channel, and the nucleotide-
binding domain (NBD), by which ATP is hydrolysed. Among TMDs, there is
limited sequence conservation. However, there are several conserved NBD
motifs involved in ATP binding. In addition, there is some topological

conservation between different ABC transporters.

For instance, the Type I class has five to six helices per TMD, whereas the Type
IT class has 10 to 12 helices per TMD. As shown in Figure 1.5A, NBDs and
TMDs dimerise to form the core of an ABC importer, with the fifth component
being the SBP (Higgins, 1992). In several importers, the NBD contains an
accessory domain; this enables the regulation of substrate movement (Biemans-
Oldehinkel ef al., 2006). Each ECF transporter contains a membrane-embedded
SBP (known as the S or T component). The S-component of the ECF transporter
is called EcfS. A pair of cytosolic ATPases (EcfA and EcfA') and a
transmembrane component (EcfT) that connects the S-component to the EcfA-
EcfA' subcomplex are the other components. EcfA-EcfA'-EcfT is a complex of
EcfA, EcfA' and EcfT. The architecture of Type III, or ECF, transporters is
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different. There are four aspects to ECF transporters: two NBD components
(EcfA and EcfA'), the transmembrane component (EcfT) and the substrate-
specific binding component (EcfS). Although EcfS is substrate-specific, EcfA,
EcfA’ and EcfT, which make up the energising module, are conserved
components as shown in Figure 1.5 B (ter Beek et al., 2011). In ECF transporters,
there is no need for the SBPs used by the Type I and II classes: the EcfS, which
is within the lipid membrane, itself binds to substrates (Slotboom, 2014).

ABC importer architecture
A B
Type I and II Type 111 (ECF)

s
e
Cytoplasm | | (| B Cytoplasm
Membrane — Membrane
0 000 00 O

O

C Type I Type I1 10-12
helices per TMD Type 111

Molybdate Folate ECF
Alginate transporter transporter Haem transporter . olate t
BhuUV-T ransporter
- MolB,C,-MolA
AlgM%MZSZ AlgQ2 22 Burkholderia Lactobacillus
Sphingomana sp. Ar chaelfglobus Cenocepacia delbrueckii
Sfulgidus

Figure 1.5. ABC transporters vary in assembly and architecture.

(A) shows the assembly of Type I and II importers. The NBD is represented with
a rectangle; the TMD with an oval; and the SBP with a circle. The circle’s
triangular notch denotes the location of substrate binding. Such importers are
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thus homo-and heterodimers of NBD and TMD. (B) shows ECF, or Type III,
ABC transporters. These consist of the EcfS and the energising module, with the
latter made up of EcfT, EcfA and EcfA’. In some cases, an energising module
can serve different EcfS types. (C) presents examples of typical Type I, II and
III ABC transporters. Type I is exemplified by the alginate transporter
AlgM1IM2S,- AlgQ2 from Sphingomonas sp. (PDB ID: 4TQU) and the
molybdate transporter MolB2C>- ModA from Archaeoglobus fulgidus (PDB ID:
20NK). Type II is exemplified by the haem transporter BhuU>V>, which is in a
complex with the SBP, BhuT, from Burkholderia cenocepacia (PDB ID: 5B58).
In these images, TMDs are depicted in green or cyan, NBDs in pink or yellow,
and SBPs in orange. In the Type I transporters, the accessory domains are
pictured in grey. Type III is exemplified by the folate ECF transporter
from Lactobacillus delbrueckii. The T-component is shown in yellow and pink,
with NBD components in yellow, pink, and green, and the S-component in
brown. The figure is adopted with modifications from (Tanaka et al., 2018).

Classes of ABC transporters are also differentiated by their import and export
mechanisms. In Type I and II transporters, although there is a degree of
heterogeneity, unidirectional transport is primarily facilitated by TMD
rearranging; this enables access to switch from one side of the internal and
external surfaces of the cell’s lipid bilayer to the other. Studies have shown that
a given SBP will form a complex with the TMD of its cognate transporter,
thereby enabling the conveyance of the selected substrate to the translocation
pathway. A substrate is thus selected for transport by its binding with the SBP
and by the formation of the SBP-transporter complex (Beis, 2015).

In ECF transporters, the S-component, after binding with the substrate, changes
position; this transports the substrate across the cell’s lipid bilayer (Xue and Ha,
2013). A particular subtype of ECF transporter can bind with multiple EcfS
(Slotboom, 2014). Such transporters, depending on the substrate in question, can
make use of different EcfS, as depicted in Figure 1.5B, the EcfA, EcfA’ and EcfT

components (Eitinger et al., 2011).
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1.4.2. Role of ABC transporters in nutrient acquisition and pathogen

virulence

Nutrient acquisition is crucial for all bacteria, whether commensal or pathogenic,
to establish colonisation within a host. Various import systems play pivotal roles
in nutrient uptake. For instance, ECF transporters for riboflavin are commonly
found in Listeria monocytogenes, Bacillus subtilis, and Clostridioides difficile,
while the Type I zinc importer ZnuABC is present in B. abortus, Yersinia pestis,
and Proteus mirabilis (Gutiérrez-Preciado et al., 2015). In 2016, Clostridium
difficile was reclassified as Clostridioides difficile to reflect its distinct genetic
and phenotypic characteristics (Guery et al., 2019).

While various essential nutrients are necessary for bacterial survival,
information linking these systems to pathogen virulence is often limited,
primarily derived from the phenotypic characterisation of transporter mutants in
animal infection models. Although many important transport systems are yet to
be identified, some ABC importers are crucial for bacterial virulence,
establishing them as key virulence factors (Table 1.1). These importers transport
a range of substrates, including transition metals, peptides, and amino acids.
Examines ABC importers as virulence determinants in pathogenic bacteria, with
evidence often based on the loss of virulence following the genetic deletion of

essential ABC transporter components (Tanaka et al., 2018).
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Table 1.1. Selected examples of ABC transporters in different bacterial
strains that play a role in full virulence.

Type of
substrate

Name

Organism name

Metal transporters

Zinc ZnuABC Brucella abortus, Salmonella enterica
serovar Typhimurium, Campylobacter
Jjejuni, Moraxella catarrhalis,
uropathogenic E. coli, Acinetobacter
baumannii, Yersinia pestis, and Proteus
mirabilis (Higgins and Linton, 2004)
Manganese SitABCD Avian pathogenic E. coli, APEC O78
and iron strain x7122, and B. henselae
(M. Liu et al., 2013; Sabri et al., 2008)
Manganese MntABC S. Typhimurium and N. gonorrhoeae
and zinc (Boyer et al., 2002)
Manganese PsaABC S. pneumoniae (Kehres et al., 2002)
and zinc
Nickel and CntABCDF (formerly | S. aureus (Remy et al., 2013)
cobalt Oppl ABCDEF)
Amino acid transporter
Glutamate GItTM, SBP N. meningitidis
(NMB1964)
Glutamine GInHPQ S. Typhimurium, N. gonorrhoeae, Group
B, Streptococci, and S. pneumoniae (spdl
098—1099, spd0411-0412).
Alanine DalS, SBP of putative | S. Typhimurium
D-alanine transporter
Cysteine CtaP, SBP of putative | L. monocytogenes
oligopeptide
transporter
Lysine, SBP1, SBP3, and M. catarrhalis (Otsuka et al., 2014)
Ornithine SBPs are putative
amino acid
transporters
Methionine MetNIQ M. catarrhalis
Methionine MetQNP S. pneumoniae

Peptide transporter

Peptides OppABCDF M. catarrhalis and B. thuringiensis
AMPs SapABCDF Nontypable H. influenzae and H. ducreyi
AMPs YejABEF B. melitensis (BMNI 10006- BMNI 1000

10) and S. Typhimurium (Tanaka et al.,
2018).
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1.5. The role of nutritional immunity in suppressing N. gonorrhoeae

pathogenesis

N. gonorrhoeae and N. meningitidis acquire all requisite nutrients from the
human host (Awate et al., 2024). Humans, however, have several mechanisms
designed to isolate such nutrients into niches that cannot be easily accessed by
pathogens (Bilitewski et al., 2017). This phenomenon, known as nutritional
immunity, deprives bacteria of the nutrients they need to grow. For example,
lipocalins transport small hydrophobic compounds such as steroids, retinoids,
lipids, and bilins (also known as bilichromes). Bilins are linear tetrapyrrole

pigments derived from haem metabolism (Taniguchi and Lindsey, 2023).

Most lipocalins may also bind to complexed iron (through siderophores or
flavonoids) and haem (Pérez Medina and Dillard, 2018). Lipocalin absorbs
ferric siderophores, while lactoferrin absorbs iron, making them pivotal in iron
sequestration (Miethke and Skerra, 2010). The proteins haemoglobin and
transferrin have also been shown to keep levels of free iron low (Awate et al.,
2024). Bacterial growth is inhibited by the actions of these metal-chelating
proteins, which prevent pathogens from acquiring the necessary quantities of

iron (Crawford and Wilson, 2015).

A similar mechanism has been observed with zinc (Liuzzi ef al., 2005). A family
of EF-hand proteins known as S100 proteins, such as calprotectin, effectively
sequester zinc from invading pathogens. While these proteins primarily function
in calcium sensing and chelation, they also exhibit high affinity for other

divalent cations, including manganese and zinc (Zackular et al., 2015).

1.6. ABC-mediated transport of metals essential to N. gonorrhoeae iron

acquisition systems

N. gonorrhoeae requires iron to survive; iron is needed for bacterial cellular
functions such as growth, DNA and RNA synthesis, and metabolism. It is, for
example, used in the metabolic processes of oxidative phosphorylation and the
tricarboxylic acid cycle (Choby and Skaar, 2016). As such, gonococci have
multiple systems devoted to iron uptake. Iron is also vital to the human host. It
can safeguard cells from oxidative stress: free radical-destroying peroxidases

and catalases possess iron, and other enzymes and proteins also need iron for
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optimal functioning (Zughaier et al., 2014). Yet toxicity also results from an

excess of free iron: the hydroxyl radicals produced by the Fenton reaction:

Fe?" + Hy0, — Fe*" + OH" + -OH cause oxidative stress. Therefore, high-affinity
iron-binding proteins hold the majority of iron present in humans (Sritharan,

2016).

Iron-binding proteins in humans include lactoferrin, transferrin, ferritin,
haemoglobin, haem and siderophores. N. gonorrhoeae has iron transport
systems that enable it to use lactoferrin, transferrin and haemoglobin
(Cornelissen and Hollander, 2011). The glycoproteins transferrin and lactoferrin
have an extremely high affinity for ferric iron. Transferrin, which is present in
serum, binds with two iron atoms to sequester and transport the metal (Cassat
and Skaar, 2013). Lactoferrin, which is present in mucosal and lymph
secretions, participates in iron chelation. Both proteins are used as an iron source
by N. gonorrhoeae (Hood and Skaar, 2012). The pathogen is also known to
make use of oxygen-transporting haemoglobin, which is found in red blood
cells. Haemoglobin is a tetramer, and, as such, each of its subunits can bind with
one haem molecule. Haem, which is cytotoxic in isolation and is largely found
bound with haemoglobin, represents the most prolific source of bound iron in
invertebrates; it is a protoporphyrin whose centre can bind with a single ferrous
iron (Loss et al., 2019). Although a dedicated haem uptake system has not been
identified for N. gonorrhoeae, this type of transport system is present in most

bacteria, as haem is required for several bacterial aerobic processes.

In vitro studies have demonstrated that N. gonorrhoeae utilises haemoglobin as
a source of both iron and haem (Richard ez al., 2019). It is also worth considering
the role of the cytoplasmic protein ferritin, which consists of 24 subunits and is
capable of binding to thousands of iron ions, which is vital to iron storage within
cells. The role of siderophores in iron acquisition by gonococci is an additional
factor. N. gonorrhoeae does not produce its own siderophores, which are low
molecular weight compounds secreted by microorganisms to scavenge and
facilitate the uptake of iron. The pathogen can, however, use the siderophores
produced by other bacteria (Bisht et al., 2018). Siderophores, which are
chelating agents, work by removing iron from the human host’s iron-binding

proteins and by engaging in high-affinity binding with ferric iron.
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Microorganisms can therefore use a ferrated siderophore as a source of iron.
N. gonorrhoeae has transport systems that enable the use of certain heterologous
siderophores (Gokarn and Pal, 2018). Siderophores used by N. gonorrhoeae
include enterobactin, aerobactin, and catecholates such as the dimers and trimers

of dihydroxybenzoylserine and salmochelin S2 (Haschka et al., 2021).

1.6.1. Ton-B Dependent Transporters (TBDTs)

TBDT is a nutrient-acquisition mechanism used by Gram-negative bacteria. The
nutrients required by pathogens such as gonococci are usually larger than 600
Daltons, the maximum size of solutes that can be conveyed via non-specific,
concentration-dependent, porin-mediated diffusion (Maurakis et al., 2019).

In contrast, TBDT facilitates the transport of larger molecules such as iron
complexes, vitamin B12, carbohydrates, and nickel chelates (Gomez-Santos et
al., 2019). The structure of a TBDT is that of a beta-barrel containing a folded
globular plug domain, which binds with specific substrates, as well as 22
amphipathic beta-strands (Noinaj ef al., 2010). A TBDT will interact with a
cytoplasmic-membrane protein complex. This complex consists of ExbB and
ExbD, which are rooted in the cytoplasmic membrane, and TonB, which bridges
the outer and cytoplasmic membranes. Energy is harnessed from the cytoplasmic
membrane’s proton motive force by ExbB and ExbD; this energy is then
transferred to TonB, conveying it to the OM transporter (Sverzhinsky et al.,
2015).

ExbB and ExbD thus have a vital role in ensuring that TonB both communicates
with the cytoplasmic membrane and gains the required energy from the proton
motive force (Held and Postle, 2002). This process enables a substrate to bind
with relevant receptors, be conveyed through an appropriate channel, and
interact with a suitable periplasmic binding protein. This binding protein then
transfers the substrate to ABC transporters within the cytoplasmic membrane.
From there, the substrate can be taken into the cytoplasm via an ABC transporter

(Thomas and Tampé, 2020).
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1.6.2. Two-Component TonB-Dependent Transporters (TBDTs)

N. gonorrhoeae uses two-component TBDTs to acquire iron from lactoferrin,
transferrin and haemoglobin, as is depicted in Figure 1.6. Two-component
TBDTs differ in that they have a surface exposed companion lipoprotein as well

as a beta-barrel transmembrane channel (Yadav et al., 2020).
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Figure 1.6. Two-Component TonB-Dependent Transporters diagram.

This diagram demonstrates how two-component TBDTs are used in the
acquisition of iron from transferrin, lactoferrin and haemoglobin. In these
systems, the OM transporters, which span the outer membranes (captioned OM),
are represented as cylinders. Attached to the OM are the companion lipoproteins,
each shown next to its respective transporter. The purple ExbB, ExbD and TonB
complex is shown within the cytoplasmic membrane (captioned CM); the
periplasm is spanned by TonB. The ferric binding protein FbpA, which is shown
in yellow, forms the periplasmic binding protein. The path taken by transported
iron is shown by the direction of the arrows; these depict a route from
transmembrane channels to the periplasmic binding protein. Within the
cytoplasmic membrane is the cytoplasmic membrane permease, FbpB, shown in
red with its linked ATPase FbpC. Finally, although the ExbB-ExbD-TonB
complex is known to be used by haemoglobin receptors, thus far, researchers
have not identified the periplasmic binding protein or the ABC transporter. The
figure is adapted with modifications from (Cornelissen and Hollander, 2011;
Silale, 2023).
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1.6.3. Transferrin-mediated iron acquisition and transport

The most studied and best-understood means by which N. gonorrhoeae obtains
iron is from transferrin. Thus far, every gonococcal strain examined has genes
encoding for the OM proteins TbpA and TbpB. It has also been demonstrated
that naturally acquired mucosal infection results in the expression of both thpA4
and tbpB genes (DeRocco et al., 2008) and, according to one study, a gonococcal
strain containing a mutated transferrin receptor could not infect male human
subjects (Noto and Cornelissen, 2008). Transferrin binding proteins are a
potential vaccine candidate in that they are highly conserved, surface exposed,
and needed for successful infection. Their immunogenicity would, however,
need to be increased. A study found that antibodies against TbpA and TbpB,
while present in natural infection, were not at levels significantly higher than in
controls (Price et al., 2007). The structure and function of the TbpA and TbpB
are not identical. TbpA is a typical TBDT, made up of a globular plug domain
and a transmembrane beta-barrel. The transferrin binding function of TbpA is
dependent on two of its 11 surface exposed loops, namely numbers four and five
(Yadav et al., 2020). TbpB, however, is entirely surface exposed: it is a surface-
tethered lipoprotein with two lobes capable of binding with transferrin (Fegan et

al., 2019).

Studies with E. coli found that pathogens expressing recombinant TpbA were
able to bind with transferrin in vivo, but that mutant strains, unable to express
TbpA, could not (Noinaj et al., 2012). In contrast, mutant strains that could not
express TbpB could nevertheless still bind with human transferrin; the degree of
binding was, however, at around 50% of that observed with naturally occurring
strains (Noto and Cornelissen, 2008). It is therefore assumed that TbpB
increases the efficiency of transferrin-mediated iron acquisition, a process that
is dependent on TbpA expression (DeRocco and Cornelissen, 2007). It has been
proposed that TbpA and TbpB, after initially binding with ferrated transferrin,
extract iron. This iron is prepared for transport by interacting with the TbpA plug
domain. Transport is then initiated by TonB communicating with the plug
domain. Iron is then relinquished by the plug and taken up by the periplasmic
ferric binding protein, FbpA (Siburt et al., 2012). Ferrated FbpA, which has
reduced affinity to TbpA, can then proceed through the periplasm.
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Liberated holo-FbpA then interacts with the cytoplasmic permease FbpB, which,
utilising energy from the ATPase FbpC, conveys iron into the cytoplasm
(Weerasinghe et al., 2013). Energisation may also be achieved using other ATP-
binding proteins that are predicted in the N. gonorrhoeae genome. That is
suggested by research that demonstrated successful iron transport even in the

absence of a working FbpC protein (Moreau et al., 2017).

The ferric binding protein, FbpA, is responsible for drawing ferric iron into the
periplasm (Pogoutse and Moraes, 2017). FbpA, a 37 kDa protein, has been
termed bacterial transferrin. This is because the need for a synergistic anion and
the way residues are managed resemble the binding undertaken by a transferrin
lobe (Dhungana et al., 2003). It has also been shown, through a modified H/D
exchange technique, that FbpA engages in specific and direct TbpA binding
(Siburt ef al., 2012). This enables increased efficiency in the transport process
from the TpbA plug domain to the relevant apo-FbpA.

1.6.4. Lactoferrin-mediated iron acquisition

The process of iron acquisition from lactoferrin is believed to be analogous to
transferrin acquisition. Although less is known about the lactoferrin system, the
process involves lactoferrin binding protein A (LbpA), which is again a TBDT,
and lactoferrin binding protein B (LbpB), a surface-tethered lipoprotein. It is
thought that LbpB is not essential for the acquisition of iron from human
lactoferrin, but that LbpA is vital (Holbein ef al., 2021). Analysis has revealed
that among gonococcal isolates with both /bpA4 and IbpB genes, all express
LbpA, but 70% fail to express LbpB; this may be due to phase variation within
[bpB (Marjuki et al., 2019).

About half of the N. gonorrhoeae strains lack functional IbpA and IbpB proteins
due to gene deletions. The /bpA gene is partially deleted, and IbpB is completely
absent, preventing lactoferrin-binding needed for iron uptake (Marjuki ef al.,
2019). These deletions help the bacteria avoid detection by the immune system,
which can recognise the lactoferrin-binding process (Diallo et al., 2019).
Genetic drift and mutations also contribute to these deletions, enhancing the

bacteria’s adaptability to different host environments (Marjuki et al., 2019).
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1.6.5. Haemoglobin-mediated iron acquisition

Acquisition of iron from haemoglobin requires the presence of both the HpuA
and HpuB proteins, with HpuA forming a small surface-tethered lipoprotein and
HpuB being the TBDT that spans the OM (Harrison et al., 2013). In terms of
size, HpuA is about half that of the other lipoproteins implicated in two-
component TonB-mediated iron transport. The ApuA gene has a poly G tract that
varies in length; the resultant frameshifting leads to slipped-strand mispairing
and, therefore, phase variation in expression (Harrison et al, 2013).
Haemoglobin receptors are often in the “on” phase among early-cycle
menstruating females, although receptors are largely in the “off” phase among
laboratory strains. In contrast to the lactoferrin and transferrin systems, there is
no species-dependent specificity in the binding between haemoglobin and HpuA

and HpuB (Akinbosede, 2022).

1.7. Single-Component TonB-Dependent Transporters

Single-component TonB-dependent transporters (TBDTs) consist solely of a
beta-barrel transmembrane channel and work without a surface exposed
companion lipoprotein. In N. gonorrhoeae, these TBDTs facilitate iron
acquisition from siderophores, as illustrated in Figure 1.7. While the role of these
single-component TBDTs in siderophore-mediated iron uptake is established,
many other TBDTs remain largely uncharacterised and have been identified

primarily through bioinformatics predictions.
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Figure 1.7. Diagram of Single-Component TonB-Dependent Transporters
(TBDTs).

Five TBDT systems known to be made up of a single transmembrane channel
are depicted in this diagram. Although these systems are generally
uncharacterised, several xenosiderophores are thought to be transported by the
single-component TBDT Ferric enterobactin transporter A (FetA). In this image,
cylinders are used to depict the outer membrane transporters; these span the
outer membrane (captioned OM). The ExbB-ExbD-TonB complex is shown in
purple within the cytoplasmic membrane (captioned CM). TonB itself
encompasses the periplasm. The periplasmic binding protein FetB, which is
integral to the transport of siderophores, is depicted in aquamarine. This Fet
system is thought to use the ABC transporter system FetC, D, E or F, shown in
dark red. FetB2, a periplasmic binding protein encoded near the TonB-dependent
receptor TdfF, is shown in pink. There is evidence for Fet-based systems. Strains
that, due to mutations, were unable to express FetB were also less able to acquire
iron from enterobactin (Cornelissen and Hollander, 2011). Furthermore, other
catecholate siderophores, including the dimers and trimers of salmochelin S2
and dihydroxybenzoylserine, have been found to use FetA (Strange et al., 2011).
The figure is adapted with modifications from (Silale, 2023; Strange et al.,
2011).
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Obtaining iron from enterobactin, a catelochate-type siderophore produced by
bacteria such as E. coli, Salmonella and Klebsiella species, is facilitated by the
single-component TBDT, Ferrin enterobactin transporter (FetA). The fet4 gene
is a phase variable and located upstream of those genes purportedly responsible
for encoding an ABC transporter and also the periplasmic binding protein FetB

(Rohde and Dyer, 2003).

Although iron is acquired from enterobactin via the single-component TBDT
ferric enterobactin transporter (FetA), other uncharacterised single-component
TBDTs have been identified using bioinformatics. Their resemblance to other
TBDTs has resulted in them being named TonB-dependent function Tdf
proteins. For example, TdfF has been detected in N. gonorrhoeae FA1090,
MSI11 and FA19 strains grown in a cell culture medium but with the presence of
serum (Solger et al., 2020). TdfF appears to be integral to vital intracellular
functions (Quillin and Seifert, 2018) and so may also assist with the intracellular

acquisition of iron once the host cell has been invaded.

A periplasmic binding protein, together with an associated gene, exists upstream
of TdfF. The gene, thought to resemble fetB, has been termed fetB2. The iron-
repressed and significantly larger 136 kDa TfdG is found in only 17% of N.
gonorrhoeae strains, even though the tdfG gene is found in all gonococcal
genomes. It is thought that, as there are two clades of the 7dfG gene, the
antibodies used to detect expressed TdfG can only identify specific types of this
protein. The amino acid sequences of TdfG proteins resemble those of haem
transporters, although a mutated TdfG-deficient variant was nevertheless able to
obtain iron from haem alone (Zafar and Saier Jr, 2018). TdfH, which is sized at
104 kDa, has a sequence similar to haem transport systems in terms of its
sequence (Rohde and Dyer, 2003). Mutated TdfH-deficient variants were again
able to increase, even with haem as the only source of iron. This suggests that
neither TdfG nor TdfH engage in haem transportation. Tdf] found within all
Neisseria species differs in that it is iron-induced and smaller at 86 kDa; it does,
however, resemble siderophore and haem transporters in terms of the sequence

(Yadav et al., 2020).
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1.8. Cytoplasmic transport

Metallic nutrients, having been imported via TonB-mediated OM receptors, are
transported into the cytoplasm. This is facilitated by employing periplasmic
binding proteins (PBP), an ABC, and an inner membrane (IM) permease

(Cockerell et al., 2014).

The ABC transport system FbpABC, in which FbpA is the PBP, is specifically
involved with the transport of iron from hTf and hLf into the periplasm. The
hypothetical process is that once FbpA binding is released by Fe**, FbpA
interacts with TbpA; this enables TbpA-mediated iron transport, facilitated by
the binding affinity of TbpA ~10" '8 M for Fe** (Subashchandrabose and Mobley,
2015). It means that TbpA has an extremely high affinity for Fe**, binding it
tightly even at extremely low concentrations. Specifically, a dissociation
constant (Chidiac et al., 2024) of 10'® M indicates that the equilibrium
concentration of free Fe*" is exceedingly small when bound to TbpA. This high
affinity is crucial for effective iron transport in biological systems, where iron is

often scarce and tightly regulated (Subashchandrabose and Mobley, 2015).

Transport of enterobactin is facilitated by the ABC transport system FetC/D/E/F,
which uses a separate PBP: FetB. Transport of haem is via a transport system
that, while thought to exist, has not yet been definitively identified in Neisseria
species. In N. meningitidis, Zur-regulated Zinc transport sees this metal
transported into the cytoplasm by a PBP termed ZnuA, which is also required
for gonococcal growth in calprotectin and SI00A7 (Maurakis et al., 2019).

1.8.1. Zinc acquisition

Zinc is integral to multiple enzymatic reactions, including nucleotide synthesis
and oxidation-reduction, necessary for bacterial survival. Bacteria have many
ways of maintaining a sufficient zinc supply (Puig et al., 2017). Gonococci have
two TdTs-TdfH and are involved in zinc acquisition (Kammerman et al., 2020).
These zinc-repressed TdTs, which do not possess a surface-tethered lipoprotein,
are characteristic of zinc transporters. Two particular qualities, however, are
worth noting: iron-replete conditions can induce TdfJ], while TdfH enables
N. gonorrhoeae to fulfil its zinc requirements from in vitro human calprotectin

(Jean et al., 2016).
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It is worth noting that the meningococcal homologue of Tdf], termed Zinc
uptake protein D (ZnuD), was put forward for potential inclusion in a
meningococcal group B vaccine (Gasparini et al., 2014). ZnuD is implicated in
zinc acquisition (Maurakis et al., 2019). It is also regulated by zinc and Ferric
uptake regulators known as Zur and Fur proteins, respectively (Thomas and
Tampé, 2020). Research has found that ZnuD, when expressed in E. coli, binds
with haem, although a meningococcal variant with a mutated znuD could still
make use of this iron source (Chan et al., 2018). However, this mutant was also
found to be less able to invade, adhere to, and survive within epithelial cells
(Cornelissen, 2018). ZnuD may therefore be an excellent meningococcal
vaccine candidate: it is present in most strains of group B meningococci, it is
expressed during a course of infection, and, under zinc-limited conditions, ZnuD
antibodies can spark the complement-mediated killing of these group B

meningococci (Gasparini ef al., 2014).

1.9. Potential N. meningitidis, Methionine-binding protein Q (NmMetQ)

vaccine antigen and its relevance to gonococcal vaccine development

In searching for a gonococcal vaccine candidate, it is worth examining a
potential vaccine antigen for N. meningitidis, another human-specific pathogen
from the Neisseria family. NmMetQ, which interacts with microvascular
endothelial cells in the human brain, may also act as an adhesin, and it has been
suggested that the surface exposure of SBPs in several pathogenic bacteria may
be associated with extra functions such as adherence (Kovacs-Simon et al.,

2014).

The fact that NmMetQ resides on the cell's surface is significant, and this finding
suggests that the SBPs of Gram-negative bacteria are not always located in the
periplasm (Thomas and Tampé, 2020). This finding thus challenges the model
of periplasm-based SBPs binding with substrates and then delivering them to the
relevant ATP-ABC transporters in the cell’s IM. As such, there are essential
questions to be addressed. The first is exploring how and why NmMetQ is
located on the surface of the bacterial OM. Thus far, the finding that NmMetQ
is at the bacterial cell surface, despite SBPs not being membrane proteins,

indicates that it is attached to the OM (Scheepers et al., 2016). Furthermore,
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whether NmMetQ has retained its IM-based ABC transporter-dependent role

needs to be addressed.

SBPs in Gram-negative bacteria have traditionally been perceived as based in
the periplasm, thereby freely diffusing between the OM and IM. This paradigm
is based on the classic experiments of Heppel, who demonstrated that Gram-
negative bacteria, when in osmotic shock, release SBPs (Heppel, 1969). The
SBPs of Gram-negative bacteria are predominantly classed as secreted proteins
(Yang et al., 2010). However, several SBPs have been categorised as lipid-
modified (Shi et al., 2019). The existence of lipo-SBPs in Gram-negative
bacteria needs to be explored to identify the possible effect of lipid modification
on the surface-based localisation of NmMetQ. Numerous studies, which have
investigated many different ABC transporter systems, have documented the
transporter-dependent function of SBPs (De Boer et al., 2019; Liu et al., 2020;
Sabrialabed et al., 2020).

They have shown that SBPs have multiple conserved characteristics. These
include being responsible for conveying substrates to ABC transporters and, in
this way, also prompting transport-dependent ATPase action. According to
structural research, SBPs attach to transporters TMD at their periplasmic surface.
The SBP aligns with the translocation pathway of its corresponding transporter,
facilitating the transport process (Bhattacharya et al., 2022). However, some
studies have found that several SBPs also display a so-called moonlighting
function in that they display transporter-independent and transporter-dependent

activity (Machtel et al., 2019).

The maltose-binding SBP within E. coli, for example, not only binds with the
appropriate ABC transporter during the import of maltose (Méchtel et al., 2019)
but also serves as a chemotaxis receptor ligand, thus helping stimulate the
signalling cascade associated with nutrient acquisition. Other examples of SBPs
exhibiting functions independent of ABC transporters include the non-secreted
periplasmic SBP (NspS) of V. cholerae. NspS, a homologue of ABC-type SBPs,
mediates polyamine signal transduction independently of polyamine transport
(Delepelaire, 2019). Notably, NspS does not participate in substrate transport
(Cockerell et al., 2014) but his implicated in the formation of biofilms (Young
etal.,2021).
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1.9.1. Functional conservation of MetQ proteins is observed across species

The MetQ proteins, such as NgMetQ from N. gonorrhoeae and VvMetQ from
Vibrio vulnificus, are thought to act as adhesins, respectively, involved in
adhesion to epithelial cells in the human cervix (Semchenko ef al., 2019) and
intestine (Yu et al., 2011). There is no evidence that these NgMetQ and VvMetQ
are also involved in binding with and stimulating their cognate ABC transporters.
Consequently, the transporter-dependent functions of NgMetQ and VvMetQ, as
well as NmMetQ, have not attracted significant studies. Most of the research on
MetQ proteins has been undertaken in E. coli. This research has demonstrated
that the methionine uptake system of E. coli involves the SBP EcMetQ and its
associated ABC transporter, EcMetNI (Costa et al., 2015). This transporter
comprises two key components: MetN, the NBD responsible for ATP hydrolysis
that powers substrate transport, and Metl, the integral membrane permease
forming the translocation channel for methionine (Johnson et al, 2012).
Structural studies have examined these components both individually and as a
functional complex, elucidating their coordinated role in methionine import.
Within EcMetNI, there are two NBD involved in transport-related ATP binding
and hydrolysis and two TMDs, which represent a translocation pathway for

substrates.

The conformation of EcMetNI, if EcMetQ is not present, is inward facing: NBD
separated and TMDs open to the cytoplasm. Meanwhile, the crystal structure of
EcMetQ reveals a methionine-binding pocket, which is formed by two domains
joined with a linker (Nguyen ef al., 2015). When together in a complex, EcNetNI
faces outward with NBDs and TMDs close together; EcMetQ, with its binding
pocket open to the central cavity, is attached to the TMDs’ periplasmic surface
(Nguyen et al., 2018). These findings, together with the results of in vivo assays,
suggest that EcMetQ is indeed integral to methionine transport that is facilitated
by EcMetNI (Nguyen ef al., 2018). Radioactive palmitate labelling has also
demonstrated that EcMetQ is a lipoprotein (Shi ef al., 2019). Notably, there is
evidence that the EcMetQ-EcMetNI association may well depend on this SBP’s
N-terminal lipid. For instance, a study demonstrated that, when solubilised in
peptidiscs and detergent, EcMetQ continued to associate with His-tagged and

recombinantly expressed EcMetMI; when lipidation was prevented via mutation
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of the N-terminal cysteine, this association did not occur (Carlson et al., 2019).
In the case of N. meningitidis, such a detailed investigation into the relationship
between SBP and the ABC transporter is still needed. The ABC transporter
NmMetNI, for example, has so far failed to attract structural or biochemical
studies. There has, however, been a structural categorisation of NmMetQ in both
a ligand-free state and when bound to either D-methionine or L-methionine.
NmMetQ is, according to binding assays, likely to bind with greater affinity to
L-methionine as compared to D-methionine (Nguyen et al., 2019). This ligand
binding is not thought to require an N-terminal signal sequence, as the tests
involved the NmMetQ protein without this native sequence. It can thus be seen
that there is only a limited understanding of how NmMetQ interacts with
NmMetNI, of the SBP’s post-translational changes, and its role in methionine
transport. Both NmMetQ and NmMetNI still require full characterisation,
including the native N-terminal signal sequence. The N-terminal signal
sequence for NmMetQ does, however, suggest that this SBP may be a
lipoprotein (Nguyen ef al., 2019).

Although this hypothesis has not been experimentally confirmed, there is
supporting evidence from other lines of analysis. For example, a study that used
site-directed mutagenesis and mass spectrometry concluded that full-length
NmMetQ was a lipoprotein, named lipoNmMetQ, when recombinantly
expressed within E. coli (Bolla et al., 2014). According to functional assays,
optimal stimulation of NmMetNi-ATPase activity requires both lipo-NmMetQ
and L-methionine (Sharaf et al., 2021). When these molecules were replaced
with a combination of L-methionine and the NmMetQ preprotein, which has an
unprocessed N-terminal signal peptide, this reduced the stimulation of
NmMetNi. Reduced stimulation was also observed when lipo-NmMetQ was
used in conjunction with analogues of methionine. When examined with single-
particle electron cryo-microscopy (cryo-EM), the structure of NmMetNI could
be determined at 6.4 A in the presence of lipo-NmMetQ, and 3.3 A in the
absence of lipo-NmMetQ (Ingersol et al., 2020).

Overall, MetQ proteins in N. meningitidis and E. coli are likely to be lipid-
modified, and, according to bioinformatics-based analysis, this is likely to be the

case for other MetQ proteins from Gram-negative bacteria (Zielke et al., 2016).
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GNA1946 (also called NMB1946) is a potential vaccine candidate against
N. meningitidis. It is believed to be the methionine-binding component of an
ABC transporter. NMB1946 is the gene name in the N. meningitidis MC58 strain,
encoding the MetQ protein, which helps with methionine transport. NMB1946
and GNA1946 refer to the same gene NmmetQ but exist in different
N. meningitidis strains (Pizza et al., 2000). This surface expressed and surface
exposed lipoprotein shows greater than 98% identity across its 287 amino acids,

indicating strong conservation between strains (Jacobsson et al., 2006).

Likewise, studies examining diverse N. gonorrhoeae strains via proteomics and
bioinformatics (for example, PubMLST database) confirm widespread
expression and conservation of the MetQ homologue (Zielke ef al., 2014). This
conservation is critical for its candidacy as a vaccine antigen, supported by
evidence that antibodies against MetQ inhibit bacterial adhesion and exhibit
bactericidal activity in murine models (Sikora et al., 2020). According to crystal
structure analysis, the structure of GNA1946 also resembles the substrate
binding components of methionine-uptake ABC transporters. The lipoprotein
was crystallised with L-methionine, which is bound in the gap between its two
globular lobes of lipoprotein (Jacobsson et al., 2006). When antiserum from
mice was raised against GNA1946, the antiserum showed a complement-
mediated bactericidal action against heterologous strains of N. meningitidis
(Pizza et al., 2000). This finding is relevant for the development of a gonococcal
vaccine. Although the most well-known methionine uptake system in bacteria is
the MetNIQ transporter-SBP, an ABC transporter in E. coli with a methionine-
binding component coded by the metQ gene (Merlin et al, 2002),
N. gonorrhoeae also has a homologue of GNA1946 in its OM. This homologue,
produced by various strains of N. gonorrhoeae, including those examined in a
study of 36 strains, participates in nutrient uptake and may play a critical role in
the bacterium's ability to evade the host immune response. Furthermore, the
study found that all examined strains expressed this homologue, which can
trigger bactericidal antibodies (Zielke et al., 2016). This suggests its potential
utility as a target for vaccine development, as eliciting an immune response

against this protein could enhance protection against gonococcal infections.
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1.9.2. Innovative strategies are being employed to identify potential

gonococcal vaccine antigens

Innovative strategies are also being employed to identify potential gonococcal
vaccine antigens. One such initiative, which draws on bioinformatics research
and high-throughput quantitative proteomics techniques, is reverse vaccinology
antigen mining. For example, the gonococcal strain FA1090 was subjected to
proteomic profiling after being grown under three conditions designed to
replicate different microecological environments in humans (Zielke et al., 2016).
The conditions included normal human serum, serum with limited iron, and
serum deprived of oxygen (anaerobiosis). This approach led to the discovery of
MetQ (NGO2139), a functionally uncharacterised gonococcal lipoprotein. It
was identified among a subset of ubiquitous proteins that retained expression

across all three microecological conditions (Zielke ef al., 2016).

Experiments in rabbits using anti-NGO2139 antibodies demonstrated
bactericidal activity and that NGO2139 was conserved across different isolates
of N. gonorrhoeae (Zielke et al., 2016). According to bioinformatics analysis,
NGO2139 possesses a typical lipoprotein signal peptide, indicating its export to
the OM (Zielke et al., 2016). In a promising observation, MetQ homologs were
found within the 14 gonococcal strains listed by the WHO in 2016 and were
incidentally present when three N. meningitidis strains were analysed (EI-Rami

etal.,2019; Zielke et al., 2016).

In another study that utilised female mice to model gonococcal infection of the
genital tract, it was shown that anti-MetQ polyclonal antibodies hindered
gonococcal adhesion to epithelial cells and exhibited bactericidal activity
(Sikora et al., 2020). Researchers formulated a recombinant protein construct
(rMetQ) using phylogenetically diverse alleles of MetQ with a CpG adjuvant.
The mice received the resulting rMetQ-CpG construct once subcutaneously and
three times intranasally. When exposed to gonococcal infection, these
immunised mice cleared the pathogen significantly faster compared to controls
(Sikora et al., 2020). The study thus proposed that MetQ be considered for

inclusion in a future broad-spectrum gonorrhoea vaccine.
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1.10. Vaccine development and the potential role of TBDTs: advantages and

disadvantages

Studies have suggested that TBDTs could be used to provide human hosts with
immunity from infection (Wang et al., 2021). As shown in Table 1.2, TBDTs
possess various characteristics that make them suitable for inclusion within a
gonococcal vaccine. However, their potential use is impeded by antigenic

variation among several TBDTs (Wang et al., 2021).

Table 1.2. Pros and cons associated with using TBDTs in a gonococcal
vaccine.

Advantages Disadvantages

e Surface exposed and broadly | e Subject to antigenic variation,
distributed in Gram-negative which can reduce vaccine efficacy.
bacteria.

e Expression is induced during | ¢ A single TBDT antigen may not
infection,  contributing  to provide sufficient coverage for all
virulence and immunogenicity. gonococcal strains.

e Possess distinctive sequence | ® High variability complicates the
features that allow reliable in identification of universally
silico annotation. conserved immunogenic epitopes.

Variation is frequent in certain TBDTs, attributed to them being under significant
selection pressure. This selection pressure is associated with their significant
role in virulence and with their surface location. Efforts to develop an effective
gonococcal vaccine have been hampered by the antigenic variation that
frequently occurs within the bacteria’s surface structures. N. gonorrhoeae used
two main mechanisms to generate antigen variation: the first is homologous
recombination, which is used by pilin proteins (Criss et al., 2005), and the
second is slipped-strand mispairing, which is behind the differing expression of
iron transport proteins such as FetA, HpuAB and LbpAB (Bayliss et al., 2001).
This frequent variation means that a single TBDT antigen is unlikely to offer
sufficient protection against all N. gonorrhoeae strains (Sarkissian et al., 2019).
An effective vaccine may therefore require multiple TBDTs. Nevertheless, there
are many TBDTs involved in nutrient transportation that may help spread Gram-
negative bacterial infections. This type of molecule is thus likely to feature

highly in future vaccine research (Wang et al., 2021).
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1.10.1. SBPs as potential vaccine targets for V. gonorrhoeae

SBPs are a potential vaccine target and perhaps a viable option in the quest to
control gonorrhoea with vaccination rather than antibiotic treatment. SBPs and
certain NBDs are classed as immunogenic ABC transporter proteins. Screening
with immune sera, raised against bacterial cells, has identified these molecules
as immunodominant proteins and, therefore, potential vaccine targets (Akhtar

and Turner, 2022).

Research has found evidence of anti-SBP antibodies. For example, when sera
from rabbits immunised with deactivated Yersinia pestis cells were analysed,
four SBPs—oligopeptide-binding protein A (OppA), phosphate-specific transport
system (PstS), YrbD and periplasmic iron uptake protein A (PiuA) were
categorised as immunoreactive. Only OppA, however, increased survival time
among mice subsequently challenged with the bacteria, which is known for
being the cause of plague (Tanabe et al., 2006). These mice, immunised with
OppA, survived longer than controls following Y. pestis infection, and their
mean time-to-death correlated with IgG levels. OppA is a conserved periplasmic
SBP integral to the oligopeptide permease system, widely distributed among
both Gram-negative and Gram-positive bacteria, including E. coli, Listeria
monocytogenes, Helicobacter pylori, and Yersinia pestis. Due to its surface
accessibility, evolutionary conservation, and immunogenicity, OppA has been
increasingly recognised as a promising subunit vaccine candidate in various
pathogens, notably N. meningitidis and B. pseudomallei (Singh et al., 2020;
Wang et al., 2025). Another study showed that mice immunised with OppA
exhibited a significant reduction in Moraxella catarrhalis colonisation in
pulmonary clearance models (Yang ef al., 2011). Future work needs to focus on
oppA-mediated virulence and explore how the OppA antibodies potentially

provide bacterial immunity (Tanaka, 2019).

In addition, mice immunised with the lipoproteins PiuA and periplasmic iron-
binding protein A (PiaA), binding components of the SBP-mediated iron
transport system in S. pneumoniae, displayed a similar level of resistance to
infection as those immunised with an established vaccine (Whalan et al., 2005).
Mice immunised with PiuA and PiaA, thought to be essential for virulence, also

displayed additive protection when challenged with S. pneumoniae (Mahdi et al.,

47



Chapter 1: General introduction

2015). However, in conditions where iron was restricted, mechanistic studies
found that polyclonal anti-PiaA and anti-PiaB rabbit antibodies did not prevent
S. pneumoniae proliferation. This finding indicates that the immunised mice
may have been protected by the mechanism of opsonophagocytosis rather than
by preventing siderophore-binding OM protein (SBO)-mediated iron transport
(Jomaa et al., 2006).

A study that examined a human neutrophil cell line reached a similar conclusion
(Abhilasha and Marathe, 2021). Mice immunised with the polyamine-binding
protein PotD, which is again integral to virulence, were also protected from

systemic S. pneumoniae infection (Shah and Swiatlo, 2006).

The periplasmic or surface exposed SBP of the manganese ABC transporter,
MntC (Manganese-binding protein of the MntABC system), elicits a protective
immune response. Mice immunised with recombinant MntC generated anti-
MntC IgG sufficient to protect against S. aureus infection. Functional and
structural studies demonstrated that monoclonal MntC antibodies interacted
with the globular lobes of the protein, including the manganese-binding pocket,
likely occluding the SBP—TMD interaction and preventing manganese uptake
(Begier et al., 2017). Clinical trials further suggest that a multicomponent S.
aureus vaccine, incorporating MntC, can target multiple virulence pathways

(Mohamed et al., 2017).

1.10.2. Impact of N. meningitidis OMV vaccines on N. gonorrhoeae

infection and vaccine development

Vaccine innovation for N. gonorrhoeae has faced significant challenges, as all
vaccine candidates evaluated in clinical trials have failed to provide adequate
protection. This is thought to be due to its numerous mechanisms, such as a lack
of animal models that can mimic natural infection diseases and a lack of
understanding of what immune response is required to induce protection
(Edwards et al., 2016; Rice et al., 2017). Furthermore, the absence of suitable
animal models that accurately replicate natural gonococcal infections, coupled
with a limited understanding of the immune responses necessary for effective
protection, complicates vaccine innovation (Edwards et al., 2018). Despite

causing distinct diseases, N. meningitidis and N. gonorrhoeae are genetically

48



Chapter 1: General introduction

and antigenically remarkably similar, with 80-90% nucleotide identity across

the genome (Massari et al., 2003).

OMVs, composed of spherical bi-layered membrane structures, are naturally
released from the OM of Gram-negative bacteria and consist of a mixture of OM
proteins, lipopolysaccharide (LPS) and phospholipid in their native
conformations (Kulp and Kuehn, 2010; Van Der Pol et al., 2015). PorA, PorB,
and Opa protein C (OpcA) were found to be the most abundant proteins in
meningococcal OMVs. These proteins are implicated in the adhesion of bacteria
to host cells. They mediate the attachment of bacteria to the host epithelial cells
and contribute to the bacteria's ability to evade the host immune response. This
adhesive interaction is essential for the initiation and establishment of infection
(Moore et al., 2005). OMV-based vaccines have been used to protect individuals

against meningococcal serogroup B disease.

The antigenically varied PorA is immunodominant and the primary target of
serum bactericidal antibodies (Martin et al., 2006). As such, meningococcal
OM V-based vaccines have been used to contain outbreaks caused by strains with
matching PorA types in countries such as Cuba (VA-MENINGOC-BC®)
(Balboa et al., 2009; Diaz et al., 2021; Whelan et al., 2016), Norway (MenBvac)
and New Zealand (MeNZB), which was developed by Novartis (a global
pharmaceutical company based in Switzerland) (Diaz et al., 2021; Petousis-
Harris et al., 2017; Whelan et al., 2016). The latter vaccine was developed in
response to a nationwide outbreak of meningococcal serogroup B disease (B:
P1.7-2,4), and more than 1 million people were vaccinated between 2004 and

2008 (Arnold et al., 2011).

A retrospective observational case-control study involving 15- to 30-year-olds
attending sexual health clinics in New Zealand suggested that individuals
vaccinated with MeNZB may have had reduced incidence of gonorrhoea
compared with unvaccinated controls, with an estimated vaccine efficacy of

approximately 30%.

However, due to the observational design and potential confounding factors,
these findings indicate a possible association rather than definitive evidence of

vaccine efficacy against gonorrhoea (Petousis-Harris et al., 2017). This study
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demonstrated the biological plausibility of vaccine-mediated protection against
N. gonorrhoeae infection and offered evidence of the concept that an effective

N. gonorrhoeae vaccine could be possible (Edwards et al., 2018).

This discovery was supported by evidence from studies in Canada, Norway, and
Cuba, which showed that the N. meningitidis serogroup B OMV-containing

vaccines reduced the incidence rate of gonorrhoea infection (Azze, 2019).

In order to widen coverage against serogroup B strains, recent MenB vaccines
have been developed using advanced in silico reverse vaccinology and
proteomic approaches, enabling comprehensive analysis of Neisseria genomes
and their gene products (Pizza and Rappuoli, 2020; Rappuoli ef al., 2024).

In addition, the reverse vaccinology identified three (subcapsular MenB)-
recombinant antigens that each play roles in meningococcal survival and/or
virulence, including Neisseria Heparin-binding antigen (NHBA), factor H-
binding protein (fHbp), and Neisseria adhesin A (NadA). Recombinant versions
of these proteins in combination with the New Zealand MeNZB OMVs are the
immunogens contained in the broad-spectrum serogroup B vaccine Bexsero®
(Bettinger et al., 2013). The EU authorised the use of the Bexsero vaccine in
2013 and recommended its use for infants in the UK (McNeil et al., 2013;
Pollard et al., 2014).

With regards to cross-protection against gonorrhoea, a research study showed
that the N. gonorrhoeae gene encoding NadA was absent (Hadad et al., 2012);
the gene encoding fHbp protein was present, but not associated with surface
exposed protein (Muzzi et al., 2013); and genes encoding NHBA, GNA2091
(fused to fHbp to increase immunogenicity), and GNA1030 (fused to NHBA)
are present, but they have not been characterised in detail (Hadad ef al., 2012).
NHBA was found to be present in 17/17 N. gonorrhoeae strains studied, with an
average identity of 81.2% to NHBA-2 peptide in Bexsero (Muzzi ef al., 2013),
and in 97/111 strains, N. gonorrhoeae had a 65.6% identity to the non-vaccine

NHBA-3 peptide from N. meningitidis strain MC58 (Hadad et al., 2012).
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1.11. NGO1152 and NGO0206 are novel vaccine antigen candidates against

N. gonorrhoeae

This study focuses on evaluating NGO1152 and NGO0206 as potential vaccine
candidates. ABC transporters are proposed as promising vaccine candidates
across various organisms due to their conserved amino acid sequences, structural
similarities, anticipated surface exposure, and accessibility to antibodies.
Additionally, their potential role in nutrient acquisition contributes to their

significance in vaccine development.

According to bioinformatics data, the first candidate is a predicted 268-amino
acid, 30 kDa protein, annotated as NGOI1152 in the N. gonorrhoeae strain
FA1090 genome (accession number YP 208231). NGO1152 is a putative SBP,
predicted to function as a periplasmic histidine-binding lipoprotein component
of an ABC transporter involved in the uptake of amino acids such as glutamine,
glutamate, or aspartate. It has a known orthologue in N. meningitidis (NMB1612
/ NMC1533), suggesting a conserved role in amino acid transport within the
Neisseria genus. The initial identification of NGO1152 was made by Professor
Myron Christodoulides at the University of Southampton, and this was first
recorded in the PubMLST database, providing a foundation for its subsequent
functional and immunological characterisation. Complementing this,
bioinformatic analyses indicate that NGOI1152 and NMBI1612 are highly
conserved orthologues, sharing 98% nucleotide sequence identity and differing
by only five base substitutions, suggesting functional equivalence across

Neisseria species.

However, recent research by Dijokaite-Guraliuc (2023) identified ngo/152 in
N. gonorrhoeae strain FA1090 as encoding the protein Art], based on
bioinformatics analyses and UniProt annotations. In the UniProtKB, ArtJ is
classified as a periplasmic substrate-binding lipoprotein involved in arginine
transport and annotated as an arginine-binding extracellular protein (Dijokaite-

Guraliuc et al., 2023).

The second candidate is NGO0206 (accession number YP_207371), predicted
378 amino acids, a ~40 kDa putative periplasmic SBP with an orthologue
(NMB0623/NMC0567) in N. meningitidis. NGO0206 is a putative
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spermidine/putrescine-binding lipoprotein ABC transporter according to the
N. gonorrhoeae strain FA1090 genome. NGO0206 is a component of a
polyamine transporter system known as PotFGHI that contains three putative
periplasmic polyamine binding proteins encoded by potF1 (NGO0206), potF?2
(NGO1253), and potF'3 (NGO1494) (Goytia and Shafer, 2010).

Additionally, Zielke et al. (2014) identified NGO0206 in membrane vesicles of
different strains of N. gonorrhoeae F62, MS11, and 1291, using the Isobaric
Tags for Relative and Absolute Quantitation (iTRAQ) technique (Zielke et al.,
2014). The iTRAQ is known as an advanced quantitative proteomics technique
that enables the simultaneous identification and quantification of proteins across
multiple biological samples within a single mass spectrometry (MS) experiment.
Introduced in the early 2000s, iTRAQ has become widely used in comparative
proteomic studies due to its high sensitivity, reproducibility, and multiplexing

capability (Chang ef al., 2025).

Furthermore, NMB1612 is a 268-amino-acid protein with a predicted 20-amino-
acid N-terminal signal peptide. The mature protein is thought to undergo
lipidation at Cys21 through attachment of a fatty acid chain (Hung et al., 2015).
The NMB1612 protein is highly conserved in meningococci and gonococci,
according to BLAST analysis, and it has a domain that is a member of the
bacterial SBP 3 family (Hung ef al., 2015). However, NMB1612 in 131 strains
of meningococci has been annotated by the National Centre for Biotechnology
Information (NCBI) as Art] (Arginine transport) due to ~41% similarity to ArtJ
in E. coli, which is a component of the ArtPIQMJ complex, a periplasmic
transport mechanism for L-arginine (Hung ef al., 2015). In addition, the amino
acid sequence of NMB1612 shows ~ 42% (106/231 residues) similarity with the
Art] protein from Geobacillus stearothermophilus, for which a crystal structure
has been produced (Vahedi-Faridi et al., 2008) and also shows similarity to the
ArtJ proteins from C. trachomatis and C. pneumoniae (De Boer et al., 2019;
Soriani et al., 2010). The Art] proteins of C. trachomatis and C. pneumoniae
were investigated as vaccine candidates and were shown to have amino acids
exposed on the bacterial surface (Hung et al., 2015; Soriani et al., 2010; Tsolakos

etal.,2014).
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The binding of recombinant ArtJ protein to the surface of human epithelial cells
may play a role in bacterial adhesion to host cells during infection, providing
further evidence of surface exposure. Murine polyclonal antibodies against the
Art] domain 1 were able to partially reduce chlamydial elementary body
infectivity in vitro (Soriani et al., 2010). Data demonstrated that NMB1612
surface exposure is adequate to offer a target for the binding of bactericidal
antibodies, and it is probable that NMB1612 has similar surface exposure of

amino acid sequences in a putative domain 1 (Hung et al., 2015).

In a study by Hung ef al. (2015), the immunogenic potential of the nmb1612
gene product was evaluated by cloning and expressing the gene in E. coli, which
enabled the purification of recombinant NMB1612 (rNMB1612) (Hung et al.,
2015). This antigen was then formulated for immunisation in mice using
aluminium hydroxide adjuvant, both alone and in combination with liposomes,
with or without the addition of monophosphoryl lipid A (MPLA). The induced
antiserum demonstrated bactericidal activity not only against the homologous
strain MC58 (encoding Allele 62) but also against strains carrying distinct alleles
(Alleles 1, 64, and 68), with comparable serum bactericidal activity (SBA) titres
reported across these diverse targets (Hung et al., 2015).

However, in a human serum bactericidal assay (hSBA), a notable inconsistency
was observed: strain MC58 showed resistance to killing (titre <4) despite
expressing the same allele as MC168, which was susceptible, with median hSBA
titres between 16 and 64. This contrast underscores the influence of additional
strain-specific factors that may affect susceptibility, highlighting the importance

of evaluating candidate antigens across a broad panel of clinical isolates.

A broader sequence analysis of 4,351 N. meningitidis genomes in the
pubmlst.org/Neisseria database, supplemented by data from 13 colonising and
invasive isolates, revealed that antibodies targeting rINMB1612 could potentially
confer protection against approximately 72% of MenB strains. Notably, in
isolates collected from UK MenB cases between 2013 and 2015, over 91%
harboured Allele 1 of nmb1612, suggesting a high potential for vaccine coverage
in this population (Hung et al., 2015). Taken together, the conserved nature of

NMBI1612, its surface exposure, and its capacity to elicit cross-protective
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bactericidal responses support its candidacy for inclusion in future

multicomponent meningococcal B vaccines.

Nonetheless, immuno-proteomics (Williams et al., 2009) has demonstrated a
link between elevated SBA, widely regarded as the primary correlate of
protection against meningococcal disease (Vermont, 2002), and the presence of
antibodies targeting various proteins, including the product of gene nmbi1612
(NEIS1533), which encodes a putative ABC transporter, specifically a
periplasmic SBP. The ABC transporters are membrane-embedded protein
complexes that use the energy from ATP hydrolysis to ADP to mediate active
transport of small molecules (Bulut et al., 2012). SBPs selectively bind to target
molecules, such as amino acids, and engage with the extracellular component of

the transporter complex to facilitate translocation across the bacterial membrane.

Martin et al. (1986) found that polyclonal antisera generated in mice against
meningococci could also recognise surface exposed, immunogenic antigens on
N. gonorrhoeae that were targeted by bactericidal antibodies (Cremieux et al.,
1984; Martin et al., 1986). Through using these sera to screen a gonococcal
genomic library, they identified a positive clone encoding a 268-amino acid
protein homologous to the hisJ and argT gene products from E. coli and
Salmonella typhimurium, both of which are involved in intracellular amino acid
transport (Lavitola et al., 1992). BLAST analysis revealed that this gonococcal
protein shared 97% amino acid sequence identity with the meningococcal
NMBI1612 protein. Although the exact biochemical role of NMB1612 remains
undefined, its involvement in pathogenesis has been proposed; disruption of
nmb1612 in meningococci led to diminished bacterial invasion in an infant rat

infection model (Sun ez al., 2000).

54



Chapter 1: General introduction

1.11.1. Research background

Due to the high similarity between NMB1612 and NGOI1152, it was
hypothesised that NGO1152 may have a similar potential as a vaccine antigen
against N. gonorrhoeae. Similarly, NGO0206, as an SBP-lipoprotein, may also
have similar potential features to NGO1152.

In prior work conducted in our laboratory (Patel, 2019; Smith, 2019; Williams,
2018), both ngol152 and ngo0206 genes were deleted from N. gonorrhoeae
strain FA1090, resulting in deletion mutants designated FA1090Ango152kan’-
F and FA1090Ango0206kan'-F, respectively. As well, ngol/152 and ngo0206
were cloned into the pQE30 vector, and N-terminally 6xHis-tagged recombinant
NGO1152 and NGO0206 proteins were expressed in E. coli. These proteins
were then purified under native conditions using Ni-NTA affinity
chromatography. The recombinant proteins (tNGO1152 and rINGO0206) were
used to immunise New Zealand White rabbits to yield anti-NGO1152 and anti-
NGO0206 monospecific polyclonal antibodies.
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1.12. Aims and objectives of this research

The aim of this project is to evaluate the potential of NGO1152 and NGO0206
as candidate antigens for N. gonorrhoeae vaccine development by assessing: (i)
their expression and surface exposure, (i) immunological accessibility, (iii)
prevalence and conservation across a diverse collection of clinical isolates, (iv)
sequence conservation and allelic variation across 7327 clinical N. gonorrhoeae
isolates, and (v) their capacity to elicit bactericidal activity.

In Chapter 3, complemented strains of the deletion mutants
FA1090Angol152kan’-F and FA1090Ango0206kan’-F were constructed by
reintroducing the SBP-encoding genes under the control of either a strong
constitutive Pypaz promoter or an IPTG-inducible lacPOPO promoter.
Phenotypic changes associated with the deletion mutants and their
complemented strains were characterised, alongside an examination of protein
levels and immune cross-reactivity against the raised antibodies.

In Chapter 4, the presence and conservation of NGO1152 and NGO0206
proteins across a diverse panel of clinical N. gonorrhoeae isolates were explored.
Additionally, bioinformatics analyses were conducted to determine the
prevalence and conservation of ngol152 and ngo0206 among representative
gonococcal whole genome sequences from the PubMLST database.

In Chapter 5, the subcellular localisation of NGO1152 and NGO0206 within
gonococcal cells was examined, and their surface accessibility on whole bacteria
was determined. Finally, the ability of anti-NGO1152 and anti-NGO0206

antibodies to mediate bactericidal activity was assessed.
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Chapter 2: Materials and Methods

2.1. Bacterial strains, media, and growth conditions

N. gonorrhoeae strains used in this research are displayed below (Tables 2.1 and
2.2). N. gonorrhoeae strains were grown on chocolate agar (Oxoid GC Agar
Base CMO0367) or Thayer-Martin Medium agar with 1% Vitox, or on GC agar
base supplemented with 1% (w/v) soluble haemoglobin and 1% (v/v) Vitox
(Thermo Fisher Scientific, Waltham, MA, USA), named as GC-Hb-V. Mutant
and complemented strains were grown on GC-Hb-V agar plates containing
kanamycin (80 ug mL™) and/or erythromycin (50 pg mL™") (Sigma-Aldrich,
UK). All agar plates were incubated at 37°C in a humidified atmosphere with
5% (v/v) CO: for 16, 18, or 24 h, depending on the experimental conditions.
When grown in suspension, gonococcal strains were grown in Brain Heart
Infusion (BHI) broth (Oxo0id™, Thermo Fisher Scientific, UK) pre-warmed to
37 °C, supplemented with 1% (v/v) Vitox (BHI-V), and incubated at 37 °C for
16 h with shaking at 250 rpm. E. coli strains used for plasmid propagation and
cloning, as shown in Table 2.3, were grown either in Luria—Bertani (LB) broth
or on LB agar (Fisher Scientific, UK). Antibiotics were added, when appropriate,
at the following concentrations: kanamycin (80 pg mL!) and erythromycin (50
ug mL). Cultures were grown aerobically at 37°C for 16 h (unless otherwise
specified) and with shaking at 250 rpm, if in liquid media. Bacterial and plasmid
strain stocks were preserved at —80°C using one of two cryopreservation
methods: (Delaveris et al., 2021) suspension in 2 mL cryovials containing 25
porous beads and cryoprotectant, or (2) mixing 500 pL bacterial culture broth
with an equal volume of glycerol (1:1 ratio). All samples were homogenised by

agitation before storage.
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Table 2.1. List of N. gonorrhoeae strains used in this research.

Strain Name Relevant characteristics Relevant Source/reference
antibiotic
resistance
N. gonorrhoeae FA1090 | Wild-type strain isolated in 1983 from a male patient with Streptomycin | ATCC (700825)
disseminated gonococcal infection (DGI) (Nachamkin ef al., 1981)
N. gonorrhoeae DGI-18 Wild-type strain isolated in 1983 from a patient with DGI - ATCC (BAA-1844)
N. gonorrhoeae MS11 Wild-type strain isolated in 1960 from a patient with an - ATCC (BAA-1833)
uncomplicated gonococcal infection.
FA1090Angol152kan'-F | ngoll52 replaced by Kanamycin cassette Kanamycin Dr. Neil Oldfield, UoN. UK
(Angoll52)
FA1090Ango0206kan'™-F | ngo0206 replaced by Kanamycin cassette Kanamycin Dr. Neil Oldfield, UoN. UK
(Ango02006)
MR321152 FA1090Ango1152kan'-F with P,,.z::NGO1152 at iga-trpB Kanamycin & | This work
Erythromycin
MR331152 FA1090Ango1152kan'-F with lacPOPO::NGO1152 at iga- Kanamycin & | This work
trpB Erythromycin
MR320206 FA1090Ango0206kan'-F with P,,.z::NGO0206 at iga-trpB Kanamycin & | This work
Erythromycin
MR330206 FA1090Ango0206kan'-F with lacPOPO::NGO0206 at iga- Kanamycin & | This work

trpB

Erythromycin
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Table 2.2. Clinical isolates of N. gonorrhoeae strains used in this project. All
isolates were provided by Nottingham University Hospitals NHS Trust, UK

(2017-2018).

Isolate ID number Year of isolation | Gender Specimen Site
17N0001 2017/18 Female Cervical
17N0002 2017/18 Male Other
17N0003 2017/18 Male Urethral
17N0004 2017/18 Male Urethral
17N0005 2017/18 Male Urethral
17N0007 2017/18 Female Cervical
17N0008 2017/18 Female High Vaginal
17N0009 2017/18 Female Cervical
17N0010 2017/18 Female Cervical
17N0011 2017/18 Male Urethral
17N0012 2017/18 Male Rectal
17N0013 2017/18 Female Cervical
17N0014 2017/18 Male Rectal
17N0015 2017/18 Male Rectal
17N0016 2017/18 Male Urethral
17N0017 2017/18 Female Cervical
17N0018 2017/18 Female Urethral
17N0019 2017/18 Female Urethral
17N0020 2017/18 Female Rectal
17N0021 2017/18 Male Urethral
17N0022 2017/18 Female Cervical
17N0023 2017/18 Female High Vaginal
17N0024 2017/18 Female Cervical
17N0025 2017/18 Male Rectal
17N0026 2017/18 Male Urethral
17N0027 2017/18 Male Urethral
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Table 2.3. List of E. coli and plasmid strains used in this research.

Strain Name | Relevant characteristics Relevant Source/reference
antibiotic
resistance
E. coli IM109 | Competent cells were used i Promega,
for cloning and plasmid Madison, WI,
propagation USA
E. coli TAMI1 | Source of pMR32: Kan® (E. coli / | (Ramsey et al.,
(pMR32) E. coli TAMI harbours the Kanamycin) 2012)
pMR32 plasmid and ermC
containing a strong (Neisseria /
constitutive opaB promoter Erythromycin)
from N. gonorrhoeae strain selection
FA1090 (P,pap) driving

continuous expression of
target genes

E. coli TAM1 | Source of pMR33: Kan® (E. coli / | (Ramsey et al.,
(pMR33) E. coli TAMI harbours the Kanamycin) 2012)

pMR33 plasmid containing and ermC

the tandem lac (Neisseria /

promoter/operator Erythromycin)

(lacPOPO) and lac repressor | selection

(lacl?y from pKH37,

facilitating IPTG-inducible
expression of target genes

2.2. DNA manipulation

2.2.1. Chromosomal DNA Extraction

Genomic DNA from N. gonorrhoeae strains was extracted and purified using
the GenElute™ Bacterial Genomic DNA Kit (Sigma-Aldrich, UK), according to
the manufacturer’s instructions. Alternatively, bacterial genomic DNA was
prepared following a previously published protocol (Dillard, 2011).
N. gonorrhoeae strains were grown overnight on chocolate agar or GC-Hb-V
plates at 37°C in a humidified atmosphere enriched with 5% (v/v) CO.. Bacterial
growth was scraped off the plates and resuspended in 100 pL of colony lysis
solution in a PCR tube. The suspension was incubated at 94°C for 15 min,
followed by 5 min at 25°C in a thermocycler (C1000 Touch™, Bio-Rad, UK).
After incubation, 2.5-25 pL of the lysate was used as a template for PCR

reactions.
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2.2.2. Plasmid DNA extraction

Overnight cultures of E. coli containing the plasmid of interest were grown in
10 mL of LB broth at 37°C in a shaking incubator at 250 rpm. Cells were
harvested by centrifugation at 3,939 x g (Megafuge S16 Centrifuge,
ThermoFisher) for 10 min at 4°C, and the resulting pellets were resuspended in
200 pL of resuspension solution from the GenElute™ Plasmid Miniprep Kit
(Sigma-Aldrich, UK). Lysis buffer (200 puL) was added, and the mixture was
incubated at RT for 10 min, followed by the addition of 400 pL of neutralisation
solution. After centrifugation, the supernatant was transferred to a GenElute™
column, and plasmid DNA was isolated according to the manufacturer’s
instructions. The DNA bound to the column was eluted in 100 pL of dH20. The
resulting plasmid DNA was subsequently used for downstream applications such

as PCR or cloning.

2.2.3. Analysis of DNA

In all cases, the purity and concentration of isolated DNA were assessed using a
NanoDrop® ND-1000 spectrophotometer (Thermo Fisher Scientific™,
Waltham, MA, USA) by measuring the absorbance at 260 nm. Purity was
validated with a 260/280 nm ratio of ~1.8. All DNA products were stored at -
20°C.

2.3. Polymerase Chain Reaction (PCR)

The PCR thermocycle was performed utilising either a C1000 (Bio-Rad) or
Parma Alpher Cycler (Cole-Parmer) as described in sections 2.3.1 and 2.3.1.

2.3.1. Phusion High-Fidelity DNA Polymerase

A 50 pL reaction mixture typically contained 5 pL of 2 pM (2 pmol pL-!) of
each forward and reverse primer as stated in (Table 2.4), 5 uL of 2 mM
deoxynucleotides (ANTPs), 1 uL of DNA template of N. gonorrhoeae strain
FA1090 chromosomal (ca. 1 ng), 5 uL of 1 x Phusion® HF Buffer, 0.5 pL
Phusion High-Fidelity DNA Polymerase made up to 50 uL by addition of dH>O.

The PCR amplification program conditions for Phusion High-Fidelity DNA was

performed under the following conditions: an initial denaturation at 98 °C for
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30 s, followed by 30 cycles of denaturation at 98 °C for 10 s, annealing at 62—
69 °C (depending on primer Ty) for 10 s, and extension at 72 °C for 1 min. A
final extension was carried out at 72 °C for 5 min (or 1 min per kilobase of the
expected product size). Reaction tubes containing PCR products were held at
4 °C in the thermocycler until removal. Samples were either used immediately
after being mixed with 2 uL of 6x Purple Gel Loading Dye or stored at —20 °C

for future use.

2.3.2. Taq polymerase

For other PCRs, 10 pL reaction mixtures typically contained 1 pL of 2 uM (2
pmol puL-!) of each forward and reverse primer as stated in (Table 2.4), 1 pL of
2 mM dNTPs, 0.1 uL of 7ag polymerase (NEB, UK), 1 uL of DNA template of
N. gonorrhoeae strain FA1090 chromosomal DNA (ca. 1 ng), and 1 pL of 1X
ThermoPol® Buffer (NEB, UK), and were made up to 10 pL using dHO.

The reaction conditions for the amplification program using 7aq polymerase
consisted of an initial denaturation step conducted for 5 min at 95°C, followed
by 30x cycles of 95°C for 30 s, 67-69°C for 30 s (annealing temperature
determined by the melting temperature of the primer pair), and 68°C for 1
min/kb of product. This was followed by a final incubation step for 5 min at
68°C. This was followed by a final incubation at 68°C for 5 min. Reaction tubes
were held at 4°C in the thermocycler until removal, after which samples were
either mixed with 2 pL of Gel Loading Dye, Purple 6X and used immediately or

stored at -20°C for future use.
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Table 2.4. List of oligonucleotide primers used in this study. All primers
were synthesised by Sigma (UK). Restriction enzyme recognition sites are
indicated in bold.

Primer Oligonucleotide Sequence (5’ —3°) Restriction
Enzyme Site

NGO1152F3 CGCTTAATTAAATGAATATGAAAAA | Pacl
ATGGATTGCC

NGO1152R3 CGCCCGCGGTTATTTCGCAGCCTGTC | Sacll
CGC

NGOO0206F4 CGCTTAATTAAATGAAAAAAACACT | Pacl
GGTGGCGGC

NGOO0206R3 CGCCCGCGGTTATTTGCCCGCTTTGA | Sacll
GCCCTTG

TrpB-forward AGACGCGATGAACGAAGCGATGC -

Iga-forward ATTGACTTACTCTGACAGTCAGC -

2.4. Restriction Digestion and Ligation

All DNA was digested using restriction enzymes, such as Pacl, Sacll, and Nhel,
in a 37°C water bath overnight as per the manufacturer’s instructions.
Subsequently, all digested products were purified using the GenElute DNA
Cleanup Kit (Sigma Aldrich, UK). DNA fragments were subsequently ligated
utilising T4 DNA Ligase for 18 h at 4°C according to the manufacturer's
specifications. Heat shock transformation of E. coli JM109 was performed by
transferring 10 pL (100 ng) of each ligation reaction into 80 pL aliquots of
E. coli JM109 chemically competent cells (Promega, Madison, WI, USA) in an
Eppendorf tube, followed by gentle mixing. All reaction tubes were then
incubated on ice for 10 min, heat-shocked at 42°C for 45-50 s in a water bath
and immediately transferred back to ice for 2 min before adding 900 uL of SOC
medium (Sigma-Aldrich, UK). Aliquots were then spread onto LB agar plates
containing kanamycin (80 pg mL™') and/or erythromycin (50 pg mL') and
incubated overnight at 37°C. Colonies were subsequently patch-plated onto

fresh agar plates for storage and confirmation.
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2.5. DNA Clean-up

Overnight cultures of E. coli containing the plasmid of interest were grown in
10 mL of LB broth at 37°C in a shaking incubator at 250 rpm. Cells were
harvested by centrifugation at 3,939 x g (Megafuge S16 Centrifuge,
ThermoFisher) for 10 min at 4°C, and the resulting pellets were resuspended in
200 pL of resuspension solution from the GenElute™ Plasmid Miniprep Kit
(Sigma-Aldrich, UK). Lysis buffer (200 puL) was added, and the mixture was
incubated at RT for 10 min, followed by the addition of 400 pL of neutralisation
solution. After centrifugation, the supernatant was transferred to a GenElute™
column, and plasmid DNA was isolated according to the manufacturer’s
instructions. The DNA bound to the column was eluted in 100 pL of dH20. The
resulting plasmid DNA was subsequently used for downstream applications such

as PCR or cloning.

2.6. Agarose Gel Electrophoresis

Agarose gels 1% (w/v) were pre-stained with SYBR® Safe DNA gel stain
(Invitrogen). Gels were run in gel tanks with 1x Tris-acetate-EDTA buffer
(Fisher) at 110 volts for approximately 50 min. Each 10 pL of sample was mixed
with 2 uL Gel Loading Dye, Purple 6X and was run in parallel to a 3 pL 1 kb
DNA Ladder to estimate DNA fragment size. DNA bands were visualised using

a Uvitec scanner (Bio-Rad) or a NuGenius (Syngene) imaging system.

2.7. DNA Sequencing

The integrity of all plasmids constructed in this study was verified by DNA
sequencing by Genewiz, from Azenta Life Sciences (Germany). All DNA
samples were submitted via the QMC Store at the University of Nottingham,
UK.

2.8. Natural transformation of N. gonorrhoeae

A spot transformation procedure was used to transform gonococci (Dillard and
Chan, 2024). Gonococcal strains were grown in a circular area for 5 h on
appropriate GC-Hb-V agar plates before 1-10 pg of linearised plasmid DNA
with Nhel, suspended in 20 pL of dH-O, was spotted onto the growth zone.

64



Chapter 2: Materials and Methods

Plates were then dried out in a biosafety hood for 10 min to allow the DNA to
be absorbed into the bacterial growth. The agar plates were then incubated for
18 h in a humidified atmosphere at 37°C with 5% (v/v) CO,. The next day, a
Dacron swab was used to transfer the growth onto agar plates containing
kanamycin (80 pg mL™") and/or erythromycin (50 pg mL'") and incubated for
16 h. Individual transformant colonies were re-streaked onto fresh selective agar
plates and incubated at 37°C in a humidified atmosphere with 5% (v/v) CO: for

16 h and subsequently screened.

2.9. Growth curve assays

Gonococcal strains were cultured in 20 mL of prewarmed BHI-V and incubated
with shaking at 250 rpm at 37°C for 16 h. The bacterial cultures were then
diluted by adding 10 mL of fresh prewarmed BHI-V to achieve an ODgoo of 0.8
or 0.7. To start a new culture at a target ODsoo 0f 0.205, from an overnight culture
(ODsoo = 0.664), was calculated using the formula:

0D? = desired OD for the new culture (e. g. 0D? = 0.205)
OD® = overnight culture (e. g.0D1400 = 0.664)

X 20mL = 6.17 mL

Overnight culture (6.17 mL) was mixed with 13.83 mL of fresh, prewarmed
BHI-V to a final volume of 20 mL. The ODsoo of the mixture was measured, and
volumes were adjusted using the same formula as needed to achieve an ODsoo of
0.205. Isopropyl B-D-1-thiogalactopyranoside (IPTG) (10ul 0.5 mM final
concentration) was added at TO to induce gene expression when appropriate
(Ramsey et al., 2012). All broth cultures were incubated at 37°C with shaking at
250 rpm, and the growth rate of the gonococcal strains was assessed by
measuring the ODesoo every hour for 8 h using an EVOLUTION 60S
spectrophotometer (ThermoFisher Scientific, UK) with BHI serving as a blank.
Experiments were performed on at least 5 independent occasions. The results

were analysed using GraphPad Prism (version 10.1).
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2.10. Proteomic assays

2.10.1. Preparation of whole cell lysates

During the growth curve assays, 1-3 mL of culture was collected at time zero
(TO) and at 1, 2, 3, and 4-h time points, then centrifuged at 33,939 x g for 10
min at 4°C. Subsequently, the supernatant was removed, and the cell pellets were
resuspended in 1x SDS-PAGE sample buffer (Appendix-1). Before adding the
SDS-PAGE sample buffer, the required volume was calculated using the
formula: [80 0.3 x ODeoo of bacterial culture = volume of buffer (uL) required
to resuspend per mL of cell pellet], and the volume was adjusted based on the
ODeoo of the culture to ensure equivalent protein concentrations across samples.
The bacterial suspension was then boiled at 95°C for 10 min in a heat block to

be ready for SDS-PAGE analysis.

2.10.2. A Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS- PAGE)

Ten % (w/v) acrylamide SDS-PAGE gels were prepared as described in
(Appendix-1) and used to separate proteins based on their molecular weight
alongside Colour-Plus Pre-stained Standard, Broad Range P7719S (10-250 kDa)
(NEB, UK), which was used as the protein molecular weight markers. Gels were
run in 1x SDS-PAGE running buffer (Appendix-1) at 124 V and 400 mA until
the dye front had reached the bottom of the gel. Separation was followed by gel

staining or immunoblotting.

2.10.3. Acrylamide gel staining

Gels were stained using SimplyBLUE™ SafeStain (Invitrogen) according to the
manufacturer’s instructions. Alternatively, gels were washed with dH2O for 5
min and then stained by immersing them in 10 mL of Coomassie Blue solution.
The mixture was heated up at 70°C for 30 s in a microwave and then incubated
at RT for 20 min with shaking at 40 rpm. Subsequently, the staining solution was
removed and replaced with dH2O and heated at medium power for 1 min in the
microwave. Subsequently, the gel was treated with 10 mL of a destaining

solution (10% [v/v] methanol, 10% [v/v] acetic acid, and 80% [v/v] dH-0) for 1
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h with shaking at RT to remove excess stain. In another approach, gels were
incubated with 10 mL of Coomassie Blue solution for 1 h at RT with shaking at
40 rpm, followed by incubation in the destaining solution under the same
conditions overnight. Ultimately, the gels were rinsed with dH-O and imaged

using the NuGenius (Syngene) system or using other scanner apps.

2.10.4. Immunoblotting

Subsequent protein samples were separated on 10% SDS-PAGE gels. SDS-
PAGE gels were soaked in a semi-dry blotting transfer buffer (Appendix-1) for
15 min with shaking at 20 rpm before being transferred. Proteins were then
transferred to Amersham™ Protan™ 0.2 pm nitrocellulose membrane using a
Trans-blot SD Semi-Dry Transfer Cell (Bio-Rad) apparatus for 20 min at 12V.
The membranes were blocked with 20 mL of blocking buffer containing 5%
(w/v) non-fat dry skimmed milk powder dissolved in phosphate-buffered saline
(PBS, pH 7.2) containing 0.05% (w/v) Tween-20 (PBST) (Sigma-Aldrich, UK)
and incubated either for 2 h or overnight with shaking at 20 rpm at RT.
Subsequently, the blots were washed three times with 20 mL of PBST for 5 min
each with shaking at 30 rpm. Subsequently, the blotting membranes were
incubated with primary rabbit polyclonal antisera (Table 2. 5), diluted in 20 mL
fresh blocking buffer, and incubated for over 2 h with shaking at 20 rpm at RT
or overnight at 4°C. Afterwards, the blots were washed with 20 mL of PBST for
5 min each with shaking at 30 rpm. To detect the bound primary antibody, the
membrane was probed for 2 h on an orbital shaker using a goat anti-rabbit IgG
alkaline phosphatase-conjugated secondary antibody, which was diluted into 20
mL fresh blocking buffer and incubated with the blots for 2 h with shaking at 20
rpm at RT. The nitrocellulose membranes were washed with 20 mL of PBST for
5 min each with shaking at 30 rpm at RT. Immunological reactivity was detected
at the final stage using 1-2 mL of 5-Bromo-4-chloro-3-indolyl phosphate/nitro
blue tetrazolium liquid substrate system (BCIP/NB; Sigma-Aldrich, UK)
reagent and shaking for 7 min in a dark place. The detection reaction was stopped
via rinsing in dH,O. Membranes were then dried and pictured using a NuGenius

(Syngene) imaging system or scanner apps.
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Table 2.5. Antibodies utilised in this research.

Name Concentration | Protein Target | Source /reference
Primary antibodies
Rabbit polyclonal anti- | 1:1,000 and NGO1152 This study
NGO1152 1:100,000
Rabbit polyclonal anti- | (Immunoblotting | NGO0206 This study
NGO0206 assay) 1:100,000

(WC-ELISA

assay)
Rabbit polyclonal anti- | 1:1,000 Cross-reactive Dr. Neil Oldfield
meningococcal PorA | (WC-ELISA with gonococcal

assay) PorB
Rabbit polyclonal anti- | 1:10 Cross-reactive (Shams et al.,2016)
meningococcal (Bactericidal with gonococcal
Fructose-1,6- activity assay) Fructose-1,6-
bisphosphate aldolase bisphosphate
(FBA) aldolase (FBA)
Secondary antibodies
Goat anti-rabbit [gG— | 1:10,000 Primary Sigma, UK
alkaline phosphatase (Immunoblotting | antibody
conjugate assay) 1:1,000

(WC-ELISA

assay)

2.10.5. Sub-cellular fractionation of gonococcal cells

Gonococcal cells' sub-cellular fractionation was performed using a modified
approach as previously reported (Nossal and Heppel, 1966). Gonococcal strains
were grown in 20 mL of BHI-V at 37°C with shaking for 16 h. The turbidity of
the bacterial cultures was equilibrated to an ODggo of 0.2 at TO in 20 mL BHI-V.
IPTG was added at a final concentration of 0.5 mM to complement strains at TO
to induce protein expression (Ramsey et al., 2012). Cultures were incubated at
37°C with agitation at 250 rpm for 4 or 7 h, or until mid-logarithmic growth was
reached (OD600 = 0.9). At various time points, gonococcal cell growth was
harvested by centrifugation at 3,939 x g for 10 min at 4°C and pellets were
resuspended in 1 mL of ice-cold PBS buffer. Cell pellets were then washed three
times with 1 mL of ice-cold PBS buffer, then centrifuged at 6,280 x g for 1 min,
and the supernatants were discarded. The cell pellets were re-suspended again
in 1 mL of ice-cold PBS, followed by probe sonication with ten repeated cycles
at 6 microns (MSE Soni prep 150) for 10 s each cycle, 10 s bursts, followed by

10 s cooling on ice to prevent protein degradation due to overheating.
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Subsequently, the lysed suspension was centrifuged for 3 min at 2180 X g, and
900 uL was transferred to a new Eppendorf tube. Then, the residual cell pellets
were centrifuged for 30 min at 17142 x g at 4°C and 200 pL of the supernatant
containing the cytoplasmic membrane (CM) fraction was removed and stored at
-20°C, followed by discarding the residual supernatant. Subsequently, the
remaining pellet was re-suspended in 200 pL ice-cold 10 mM Tris-HCI (pH 7.5)
containing 10 mM MgCl.. Then, 200 pL of ice-cold 10 mM Tris-HCI (pH 7.5)
and 10 mM MgCl: containing 2% (v/v) Triton X-100 was added. The suspension
was then incubated at 37°C with agitation at 100 rpm for 30 min and centrifuged
at 17142 x g for 30 min. Then, 200 pL of supernatant containing the cytoplasmic
membrane (CM) fraction was transferred to a new tube and the residual liquid
was discarded. The final pellets containing the outer membrane protein (OMP)-
enriched fraction were resuspended in 500 pL ice-cold 10 mM Tris-HCI [pH
7.5], 10 mM MgCl, with 2% (v/v) Triton X-100 and resuspended by a brief
sonication (5 to 10 s) to solubilise clumps. In the next step, the suspensions were
incubated at 37°C with shaking at 100 rpm for 30 min, then centrifuged at 17142
x g for 30 min at 4°C, and the supernatant was discarded. The OMP pellet was
resuspended in 200 pL ice-cold 10 mM Tris-HCl [pH 7.5]. Ultimately,
appropriate volumes of 5x SDS-PAGE sample buffer were added to the
harvested fractions, and samples were heated up at 95°C for 7 min and stored at

-20°C.

To extract periplasmic proteins, a chloroform approach (Dhital ef al., 2022) was
undertaken. From 20 mL of overnight BHI-V culture, bacterial cells were diluted
in fresh BHI-V to obtain an ODgoo of 0.2 at TO. IPTG was then added to a final
concentration of 0.5 mM to the complemented strains at TO to induce protein
expression. Subsequently, the cultures were incubated at 37°C with shaking at
250 rpm for 4 or 7 h, until reaching the mid-log phase, corresponding to an ODeoo
of = 0.9. All 20 mL of bacterial culture were harvested by centrifugation at 3,939
x g for 5 min, and the bacterial cell pellets were resuspended in 1 mL of ice-
cold PBS buffer, gently vortexed, and transferred to an Eppendorf tube. The
pellets were then washed three times with 1 mL of ice-cold PBS by
centrifugation. After that, bacterial cell pellets were re-suspended in 20 pL of

chloroform, then briefly vortexed and incubated for 15 min at RT. Subsequently,
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100 pL of ice-cold 10 mM Tris solution (pH 7.5 or 8.5) was added to the
suspension and briefly vortexed and centrifuged at 4,360 % g for 5 min.
Approximately 100 pL from the top of the supernatant (enriched in periplasmic
proteins) was transferred to a new tube and mixed with 25 pL of 5x SDS-PAGE
sample buffer. Samples were heated up at 95°C for 7 min and stored at -20°C.

2.10.6. Immuno-dot blot assay

Gonococcal strains were grown in BHI-V at 37°C, with shaking for 16 h.
The turbidity of the gonococcal cultures was then diluted to achieve an ODgoo of
0.2. IPTG at 0.5 mM final concentration was added at TO to the complemented
strains to induce protein expression. Then the bacterial cultures were incubated
at 37°C, with shaking at 250 rpm for 4 or 7 h. Bacterial growth was harvested
by centrifugation at 3,939 x g for 10 min at 4°C, and supernatants were
discarded. Gonococcal cell pellets were briefly vortexed and resuspended in 1.5
mL of ice-cold PBS, washed five times with the same solution by centrifugation
at 6,280 x g for 1 min per wash, and the supernatants were discarded.
Subsequently, 20 uL from the residual cell suspensions of intact cells were
spotted on 0.45 pm nitrocellulose membranes and dried for 4 min at 37°C. The
membranes were blocked with 5% (w/v) non-fat dry skimmed milk in
phosphate-buffered saline PBS (pH 7.2) containing 0.05% (w/v) Tween-20
(PBST) (Sigma-Aldrich, UK) and incubated for 2 h with shaking at 40 rpm at
RT. Subsequently, blots were washed three times for 5 min each with shaking.
The blot membranes were probed with primary rabbit antiserum (Table 2.5),
which was diluted in fresh blocking buffer and incubated with the membrane for
over 2 h, with gentle shaking at 40 rpm at RT. Blots were washed three times for
5 min each with shaking. The bound primary antibody was detected using an
anti-rabbit I[gG—alkaline phosphatase-conjugated secondary antibody, diluted in
fresh blocking buffer, and incubated for over 2 h with shaking at RT. The
nitrocellulose membranes were washed three times in PBST for 5 min with
shaking. Immunological reactivity was detected at the final stage using 1-2 mL
of 5-Bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium liquid substrate
system (BCIP/NB; Sigma-Aldrich, UK) reagent. The detection reaction was
stopped via rinsing in dH>O.
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2.10.7. Whole-Cell Enzyme-Linked Immunosorbent Assays (WC-ELISAs)

Gonococci were grown in prewarmed BHI-V and incubated at 37°C for 16 h
with shaking. The next day, this culture was used to inoculate a fresh BHI-V
culture to achieve an ODsoo 0f 0.2. IPTG (0.5mM final concentration) was added,
where appropriate, and cultures were incubated at 37°C with shaking for 4 h
until the ODsoo reached approximately 0.8—0.9. Bacterial cell pellets were
harvested by centrifugation at 3,939 x g for 10 min at 4 °C, and the cell pellet
was gently resuspended in 5 mL PBS (0.2 pm-filtered). The bacterial pellet was
washed three times with PBS by centrifugation at 3,939 x g for 3 min each time.
Finally, bacterial pellets were resuspended in 5 mL 0.2pm-filtered Carbonate
buffer (0.1M NaHCOs, 0.1M NaxCOs at pH 9.4). The ODe¢oo of the bacterial
suspensions was equilibrated to achieve an ODgoo of = 0.3 in carbonate buffer to
be ready for coating. Subsequently, 96-well ELISA microtiter plate wells
(Nunc™ Immobiliser™ Amino 12x8 Strips, Thermo Fisher Scientific, UK)
were filled with 150 pL of bacterial cell suspension, and the wells were air-dried
in a laminar flow cabinet at 25 °C. The dried plates were heat-treated at 56 °C
for 1 h (Jen et al., 2019). The wells were then washed three times with PBST
and blocked with 150 pL of PBST containing 1% (w/v) bovine serum albumin
(1%BSA) (Sigma-Aldrich, UK) to reduce non-specific antibody binding. Plates
were incubated at 4 °C overnight or for 2 h at RT, followed by times with PBS
3 times. Wells were then probed with 150 pL rabbit polyclonal antiserum
(typically 1:5000 diluted) in PBST containing 1% BSA. Rabbit anti-
meningococcal whole PorA (1:1000 dilution) was used as a positive control for
surface exposure. Plates were incubated at 4°C overnight, followed by washing
three times with PBS. Subsequently, 150 pL of goat anti-rabbit IgG—alkaline
phosphatase conjugate (Sigma-Aldrich, UK), diluted 1:1000 in PBST containing
1% BSA (v/v), was added and incubated for 2 h at RT, followed by washing
three times with PBS. Colour was developed by adding 150 pL per well of
phosphatase substrate (Sigma; each tablet dissolved in 1.5 mL of glycine buffer
[100 mM glycine, 1 mM ZnClz, 1 mM MgCl,, pH 10.4]). All plate absorbance
readings were taken at 405 nm using A GloMax® microplate reader (Promega,

Madison, WI, USA) after 2 h of incubation in a dark place.
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2.11. Serum Bactericidal Activity (SBA) assay

The SBA assay was performed according to the protocol described by Zhu et al.
(2019), with some modifications (Zhu et al., 2019). Gonococcal strains were
grown overnight in prewarmed BHI-V at 37°C for 16 h with shaking. The
following day, fresh pre-warmed BHI-V was added to equilibrate the cultures to
achieve an ODsoo of 0.2, and the cultures were incubated at 37°C with shaking
for 4 h until the mid-logarithmic phase of growth reached an ODsoo 0of 0.8 to 0.9.
One mL of bacterial culture was harvested by centrifuging at 4,360 x g for 2
min, and the bacterial pellet was gently reconstituted in 1 mL of bactericidal

buffer (Appendix-1).

The gonococci cell suspension was subsequently diluted in a bactericidal buffer
to achieve ~ 8 x 10* CFU/mL. Separately, rabbit antisera to be tested were double
diluted in bactericidal buffer to obtain 1:128, 1:256, 1:512, 1:1024, 1:2048,
1:4096 and 1:8192 dilutions. Rabbit polyclonal anti-meningococcal FBA
antiserum (Shams et al., 2016) was used at a 1:10 dilution in bactericidal buffer
as a positive control for killing. All diluted antibody dilutions were
decomplemented by heat-inactivation at 56°C for 30 min and stored at -20°C.
As a TO control for gonococcal cell viability, 10 puL of the diluted gonococcal
cell suspension (8 x 10> CFU) was added to 30 pL bactericidal buffer in two
wells of a sterile 96-well V-bottom microtiter plate and gently mixed by
pipetting. Subsequently, 20 pL aliquots of these suspensions were taken and
subjected to serial dilution with 20 puL of bactericidal buffer to achieve the
following dilution series: 1:2, 1:4, 1:8, and 1:16. After that, 10 pL aliquots from
each dilution were plated onto GC chocolate agar plates (Oxoid GC Agar Base
CMO0367) and incubated at 37°C in a humidified atmosphere with 5% CO: for
16 h. To calculate the viable count per well at TO, the dilution which yielded 3-
30 colonies per 10 puL spot was utilised. The CFU per well was calculated using
the formula: (colony count X dilution factor X 4), and the mean CFU count
across the duplicate wells was calculated. As a T30 min control for gonococcal
cell viability, 10 pL of the gonococcal cell suspension was added to 30 pL
bactericidal buffer in two wells of a sterile 96-well V-bottom microtiter plate in
40 puL total volume and gently mixed by pipetting. Following 30 min incubation

at 37°C, aliquots were subjected to serial dilution with bactericidal buffer,
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subsequently plated onto GC agar plates, and incubated at 37°C in a humidified
atmosphere with 5% CO: for 16 h. The resulting CFUs were counted, and the
mean value was calculated as the number of viable colonies at T30 min. The
SBA assay itself was initiated by adding 10 pL IgG/IgM-depleted pooled human
complement serum (HC; Pel-Freez Biologicals, USA) to a well already
containing 10 pL bacterial suspension and 20 uL of diluted polyclonal rabbit
antibody. A complement-only control was included by adding 10 uLL HC to a
well already containing 10 pL bacteria and 20 pL bactericidal buffer. For
antibody-only controls, wells containing 10 pL of bactericidal buffer, 10 pL
bacteria and 20 pL test (1:128 diluted) or control (1:10 diluted) antibodies were
used. All samples were mixed, and the plate was incubated for 30 min at 37°C
in a humidified atmosphere with 5% CO.. Following incubation, 20 pL of the
wells were doubly diluted with 20 pL bactericidal buffer to achieve the
following dilution series: 1:2, 1:4, 1:8, and 1:16. Diluted 10 pL aliquots of the
suspensions were plated out onto chocolate agar and incubated at 37°C in a
humidified atmosphere with 5% CO- for 16 h, and the number of surviving

CFUs were enumerated.

To calculate the viable count per well, the dilution which typically yielded 3-30
colonies per 10 uL spot was utilised to yield the CFU count following 30 min
incubation with 1:128, 1:256, 1:512, 1:1024, 1:2048, 1:4096 or 1:8192 diluted
test sera (or controls) at 37°C in a humidified atmosphere with 5% CO:. The
SBA titre was defined as the lowest serum dilution which showed >50% killing
after 30 min compared to the TO CFU count (Dijokaite-Guraliuc et al., 2023).
Additionally, results were only considered valid if the % survival in the test
reaction mixture divided by the percentage survival in the complement-only
control was <50%, and there was >90% survival at 30 min in the complement-
only control. All experiments were conducted on multiple separate occasions,

with each sample being tested four times unless otherwise noted.
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2.12. Bioinformatics analysis tools

2.12.1. Defining a list of V. gonorrhoeae isolates

A list of N. gonorrhoeae isolates, with associated provenance and phenotype
information, was extracted from the Public Databases multilocus sequence
typing (PubMLST) web server [https://pubmlst.org/bigsdb?db=pubmlst neiss

eria_isolates&page=query] on 12" August 2022. The list was generated using
the following settings: (i) under Isolate provenance/primary metadata fields, the
option “year > = 2014” was selected; (Binker et al., 2007) results were filtered
such that the Ribosomal MLST (multilocus sequencing typing ST) profile was
“complete”; (Agbodzi et al., 2023; Bennett et al., 2007, Jolley et al., 2012) under
the Attribute values list, the field: species (Ribosomal MLST) was selected, and
the search was undertaken using the term ‘Neisseria gonorrhoeae’. The resulting
dataset was exported in an Excel file format and included all relevant metadata
associated with each isolate record (for example, country of isolation, continent

of isolation, and multilocus sequence type).

2.12.2. Local alignment search tool (BLAST; Basic Local Alignment Search

Tool) analyses

The BLAST feature embedded in PubMLST [https://pubmlst.org/bigsdb?db=p

ubmlst neisseria_isolates&page=plugin&name=BLAST] was used to extract
the closest sequence in each of the previously identified gonococcal isolates to
the FA1090-NGO1152 or FA1090-NGO0206 sequence (Table 2. 6). Default
settings were used, except to allow isolates with no matches to be displayed in
the results (Jolley et al., 2018). When completed, the Excel sheet (containing
information for each isolate, such as percentage identity to the query sequence,
alignment length, number of mismatches, and gaps) and the Fast alignment
search tool-all (FASTA) with flanking sequence file were downloaded and saved

for further analysis.
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Table 2.6. The full amino acid sequences of NGO1152 and NGO0206 from
N. gonorrhoeae FA1090, and NMB1612 from N. meningitidis MCSS8.
Amino acid residues are coloured according to their physicochemical properties:
red (AVFPMILW; small hydrophobic, blue (DE; acidic), magenta (RK; with
basic-H) and green (STYHCNGQ); hydroxyl, sulthydryl, amine, and G).

Protein name Amino acid sequence Locus Predicted
information function
NGO1152 >NGO1152 NEIS1533 Histidine-
(268 amino acids), MNMKKWIAAALACSALALSAC . blndmg
) GGQGKDAAAPAANPGKVYRVA | Aliases: In . .
(accession number | (oo oo oo ononn N. meningitidis per1p¥asmlc
YP_208231) from VDLMNAMAKAGNFKIEFKHQP NMB1612 SBP is
N. gonorrhoeae WDSLFPALNNGDADVVMSGVT i involved in
strain FA1090 rrpprkosMpEsDEYFETTQY | NMC1533 the transport
VLVPKGKKVSSSEDLKKMNKV £ ami
GVVTGHTGDFSVSKLLGNDNP 0 .ammo
KIARFENVPLIIKELENGGLD acids (e.g.
SVVSDSAVIANYVKNNPAKGM glutamine,
DFVTLPDFTTEHYGIAVRKGD glutamate, or
EATVKMLNDALEKVRESGEYD
aspartate).
KIYAKYFAKEGGQAAK*
NGO0206 >NGO00206 NEIS0567 Putative
(378 amino acids), | MKKTLVAATLSIALTACGGGS _ polyamine
) DTAAQTPSAKPEAEQSGKLNI | Aliases: In
(Accession number YNWSDYVDPETVAAFEKETGT | N meningitidis pe@ease )
YP_207371) from | xvMrsDYYDSNETLEAKVLTGK NMC0567 periplasmic
N. gonorrhoeae SGYDLTAPSIANVGRQIKAGA SBP.
strain FA1090 YOKTDKAQTPHYGNTDKDLLK | NMBO0567
MMEAVDPGNEYAVPYFWGINT
LAINTRQVQKALGTDKLPENE
WDLVFKPEYTAKLKSCGISYF
DSAIEQIPLALHYLGKDPNSE
NPEDIKAAVDMMKAVRGDVKR
FSSSGYIDDMAAGNLCAAIGY
GGDLNIAKTRAEEAANGVEIK
VLTPKTGVGVWVDSFMIPRDA
QNVANAHRYIDYTLRPEVAAK
NGSFVTYAPASRPARELMDEK
YTSDASIFPTKELMEKSFIVS
PKSAESVKLGVKLWQGLKAG*
NMB1612 >NMB1612 Aliases: In Putative
(268 amino acids), gzgzigiiiiiig ii;@ii@; N. meningitidis | amino acid
(ID:2018662) from CNAEFAPFESLDSKCNVEGED NMC1533 ABC
N. meningitidis VDLMNAMAKAGNFKIEFKHQP lipoprotein
serogroup B (strain | WDSLFPALNNGDADVVMSGVT transporter,
ATCCBAA-33S /| @ okoRKVSSSEDLKMNEY periplasmic
MC58) GVVTGYTGDFSVSKLLGNDNP SBP
KIARFENVPLIIKELENGGLD involved in
SVVSDSAVIANYVKNNPAKGM gaining
DFVTLPDFTTEHYGIAVRKGD transport.

EATVKMLNDALEKVRESGEYD
KIYAKYFAKEDGQAAK*
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2.13. Further bioinformatics tools for sequence analysis

2.13.1.1. Translation of DNA sequences

The ExPASy translate tool [https://web.expasy.org/translate/] was used to obtain
the amino acid sequences of proteins of interest using the DNA sequence
provided in the FASTA with the flanking file. Truncated proteins (identified by
their shorter alignment length, but high amino acid identity) were resolved by
closely examining the DNA sequence and translated amino acid sequence for
the presence of substitutions creating internal stop codons or insertions/deletions
leading to frameshifts in the gene of interest. Alternatively, genes of interest
were determined to span multiple contigs if the coding sequence was incomplete

and no flanking sequence was present in the FASTA output.

2.13.2. Multiple sequence alignments

The multiple sequence alignment program Crustal Omega [https://www.ebi.ac.

uk/Tools/msa/clustalo/] was used to compare multiple protein sequences and
highlight amino acid differences within proteins of interest. This alignment tool
allowed representative examples of all full-length sequences to be aligned for
comparison to visualise the location and nature of amino acid substitutions. The
National Centre for Biotechnology Information (NCBI) standard nucleotide
BLAST [https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE _

TYPE=blastsearch& LINK LOC=blasthom] was used to identify low identity
hits extracted from gonococcal isolates in the N. gonorrhoeae FA1090 complete

genome.

2.13.3. Pairwise sequence alignment.

To assess the degree of sequence conservation between NGO0206 (378 amino
acids) and NGO1152 (268 amino acids) or NMB1612 (268 amino acids).

The pairwise sequence alignment was performed using the EMBOSS Water
program available from the European Bioinformatics Institute (Binker e al.,
2007) [https://www.ebi.ac.uk/jdispatcher/psa/emboss water/]. EMBOSS Water
applies the Smith-Waterman algorithm to identify optimal local alignments

between sequences. The alignment was conducted using the EBLOSUMG62
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substitution matrix with a gap opening penalty of 10.0 and a gap extension
penalty of 0.5. The resulting output included alignment length, percentage
identity, similarity, and gap information, providing a detailed measure of

sequence conservation.

2.14. Statistical analysis

GraphPad Prism (version 10.1) was used for all statistical analyses. Samples
were analysed in quadruplicate, and each experiment was repeated at least four
times. The built-in #-test, one-way ANOVA or two-way ANOVA were utilised to
determine statistically significant differences between experimental results. A p-
value of >0.05 was considered non-significant (ns), while values <0.05, <0.01,
<0.001 or <0.0001 were considered significant (*), very significant (**), highly

significant (***) and very highly significant (****), respectively.
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Chapter 3: Functional complementation of ngoll52 and

ngo0206 in N. gonorrhoeae FA1090

3.1. Introduction

Functional complementation is the reintroduction of a gene of interest into a
mutant strain to investigate whether it restores a wild-type phenotype, thus
excluding the possibility that any observed phenotypes in the mutant are due to
undetected secondary mutations or polar effects. In N. gonorrhoeae, functional
complementation is commonly achieved by reinserting a gene of interest into
the chromosome at an ectopic site. N. gonorrhoeae exhibits an extraordinary
capacity to acquire antibiotic resistance through both plasmid uptake and
chromosomal mutations (Unemo and Shafer, 2014). Gonococci are naturally
transformable and, in particular, readily take up DNA that contains a specific 10-
bp Neisseria DNA uptake sequence (DUS), GCCGTCTGAA (Flemming, 2023).
More recently, 12 bp sequences were identified as (AT-DUS: 5’-AT-
GCCGTCTGAA-3’), which enhanced transformation efficiency (Miari et al.,
2024). Furthermore, variant DUS (Vdus 5’-GTCGTCTGAA-3’) was present in
the commensal Neisseria has also been described, with some species such

as N. mucosa having > 3,000 copies (Marri ef al., 2010).

For efficient DNA uptake, plasmids or linear DNA fragments used in the
transformation of N. gonorrhoeae should contain the DUS sequence. The DUS
is commonly observed in the chromosomes of N. gonorrhoeae and other
Neisseria species, typically appearing as a pair of inverted repeats, often
occurring in multiple copies. In reality, an expanded 12-bp DUS sequence,
specifically ATGCCGTCTGAA, was identified as the predominant form of
DUS in Neisseria genomes (Carter et al., 2022). This particular sequence has
been found to enhance the efficiency of gonococcal transformation with
plasmids twofold compared to those encompassing the 10-bp DUS (Ambur et
al., 2007). In contrast to many other transformable microbes, N. gonorrhoeae
does not regulate transformation and retains the ability to undergo
transformation at all stages of growth (Walker ef al., 2023). However, natural
transformation occurs only in piliated gonococci, as piliation is a phase-variable
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characteristic. Thus, it is important to carefully select piliated colonies for

transformation.

Numerous chromosomal sites have been utilised for gene complementation in
gonococci, including regions near the iga gene responsible for encoding IgA1
protease and an intergenic area located between lctP and aspC (Mehr et al.,
2000). While IgA protease is not crucial for the growth of N. gonorrhoeae, it
could be disrupted without affecting in vitro characteristics (Koomey et al.,
1982). Intergenic insertions are often favoured as they are less likely to impact
any observable traits. In principle, any location that does not disrupt genes or

operons can be employed for this procedure.

However, significant effort has been devoted to developing lctP-aspC-based
constructs for effective gonococcal complementation in the past. A set of
plasmids was developed containing a polylinker, an antibiotic resistance marker
and, in some cases, a regulatable promoter. Following the transformation of
gonococci and subsequent selection for the antibiotic resistance marker, bacteria
that integrated the construct via double crossover recombination were identified
with the genes (including the antibiotic resistance marker) inserted between lctP
and aspC (Dillard and Chan, 2024). Among these plasmids, pGCC6 stands out
for its inclusion of two copies of the /ac promoter-operator and the /ac repressor
gene (lacl?) for inducible gene expression (Mehr et al., 2000). The intergenic
region between IctP and aspC has also been used in other studies for
complementation, using a variety of constructs that have been engineered to
facilitate direct gene insertion at this site (Hamilton ef al., 2005; Mehr et al.,
2000; Stohl et al., 2003) as well as other chromosomal loci, such as proB, iga,
and the porin pseudogene (Steichen et al., 2011; Steichen et al., 2008; Wolfgang
et al., 2000). However, collectively, the existing complementation constructs
have substantial limitations. For instance, in the case of the iga and porB
constructs, gene insertion takes place within an open reading frame (Steichen et
al., 2008; Wolfgang et al., 2000), which introduces the potential risk of altering

the organism's growth or pathogenicity.

Moreover, there are limitations in the availability of promoters for regulating
gene expression. Typically, the gene of interest could be either cloned along with
its native promoter or expressed from the promoter of an upstream antibiotic

79



Chapter 3: Results

resistance marker. The /ac promoter is one of the few inducible systems that has
been established for gene complementation in pathogenic Neisseria species
(Dam and Bos, 2012; Dillard, 2011). This study will utilise a set of
complementation constructs that contain regions of the iga and #rpB genes,
facilitating the direct insertion of genes into the iga-trpB intergenic region
(Ramsey et al., 2012). These constructs include two distinct promoters. pMR32
has a strong constitutive opaB promoter from N. gonorrhoeae strain FA1090
(PopaB). In contrast, pMR33 contains the tandem /ac promoter/operator
(lacPOPO) and lac repressor (lacl?) from pKH37 (Kohler ef al., 2007) (Figure
3.1).

Pacl Pacl

A N }‘ Scal Scal
Popa Pmel Pmel

ermC Sacl Sacl
¥  pmMR32 3 Sacll
>4 4739 bp | |spel Xbal
trpB kanR /) |EcoRlI Spel
EcoRV Clal

ori Clal Sall

{3— Sall Xhol

Xhol

Figure 3.1. Complementation plasmids (pMR32 and pMR33) are used for
constitutive and IPTG-inducible gene expression in N. gonorrhoeae and
N. meningitidis.

(A) Plasmid map illustrating the genetic arrangement of the pMR32 (4,739 bp)
iga-trpB complementation construct, which includes P,y constitutive opaB
promoter (P<sub>opaB</sub>) from N. gonorrhoeae FA1090. (B) Plasmid
map illustrating the genetic arrangement and key elements of the pMR33 (4,739
bp) iga-trpB complementation construct, including /acPOPO and lac repressor
(lacl<sup>q</sup>), facilitating IPTG-inducible expression (Ramsey et al.,
2012). Black arrows in both show regions of homology with the meningococcal
and gonococcal chromosomes. Both pMR32 and pMR33 are plasmids that
utilise direct gene of interest insertion between (#7pB and iga) and encode an
erythromycin resistance marker (ermC; blue arrow) along with the cloned gene
of interest and kanamycin resistance gene (kanR; yellow arrow) as a selectable
marker for E. coli propagation. The pMR32 contains the strong constitutive
promoter from the opaB gene of N. gonorrhoeae strain FA1090 (Popas), whilst
the pMR33 contains tandem /ac promoter/operator (/lacPOPO) and lac repressor
(lacl?), facilitating IPTG-inducible expression. However, the transcriptional
terminator is located in the chromosome between the iga and t7rpB genes, as
indicated by the grey inverted triangles. Another transcriptional terminator from
the ermC gene is denoted by (black inverted triangles), while unique restriction
sites in the polylinkers are highlighted. DNA uptake sequences are represented
by (purple arrowheads). The figure above is adapted from (Ramsey et al., 2012).
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In previous work, recombinant NGO1152 and NGO0206 proteins were
expressed, purified, and used to raise rabbit polyclonal antibodies. Additionally,
ngoll52 and ngo0206 were deleted in N. gonorrhoeae strain FA1090 and

replaced with a kanamycin cassette.

The work described in this chapter aimed to functionally complement each gene
by introducing ngoll52 or ngo0206 into the iga-trpB intergenic region of
pMR32 and pMR33, before reintroducing ngol152 or ngo0206 gene back into
the Angoll152 or Ango(0206 mutant chromosomes at the iga-trpB intergenic
region, under the control of either the strong constitutive Popas0or IPTG-inducible
lacPOPO promoter, by natural transformation, followed by genotypic and

phenotypic characterisation of the resulting strains.
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3.2. Results

3.2.1. Amplification of ngo1152 for cloning

The NGO1152-encoding gene was PCR amplified from the chromosomal DNA
of N. gonorrhoeae FA1090 utilising the oligonucleotide primers NGO1152F3
and NGO1152R3 as described in Table 2.4. These primers were designed to
incorporate Pacl and Sacll restriction enzyme sites at the 5’ and 3’ ends of the
amplicon, respectively, and enable amplification from the ATG start codon to

the TAA stop codon of the gene.

The PCR product was analysed on an agarose gel stained with SYBR Safe,
confirming successful amplification of the gene encoding NGO1152. As

expected, a single band of approximately 800 bp was observed (Figure 3.2).

Figure 3.2. Successful amplification of ngol152 visualised via 1% agarose
gel electrophoresis.

Genomic DNA of N. gonorrhoeae strain FA1090 was used as a template for the
PCR amplification of ngol152. Lane M: 1 kb DNA ladder marker used to
indicate the size of the DNA fragments. Lane 1: shows an 800 bp amplified PCR
product corresponding to the expected size of ngol/152. Lane N.C: negative
control without DNA template.
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3.2.1.1. Cloning ngol152 into pMR32 and pMR33 vectors

The ngol152 amplicon and pMR32 (or pMR33) were digested with Pacl and
Sacll, subsequently ligated by T4 DNA ligase, and then transformed into E. coli
JM109 competent cells. As a result, single putative transformant colonies were
obtained following overnight incubation on LB agar containing erythromycin
and kanamycin. Plasmid DNA extracted from selected transformant colonies
was subjected to double digestion with Pacl and Sacll enzymes. The resulting
fragments were then analysed by gel electrophoresis to confirm the insertion of
ngoll52 into the respective plasmid backbones. The analysis showed a band at
ca. 4.7 kb (equivalent to the size of pMR32) and ca. 800 bp (corresponding to
the expected size of the ngoll52 insert) in one out of six screened

ngoll52::pMR32 transformant clones (Figure 3.3A).

Additionally, 5 out of 6 selected ngol152::pMR33 colonies revealed bands at
ca. 6.1 kb (corresponding to pMR33) and another band at 800 bp (commensurate
with ngol152), confirming the successful ligation of ngol/152 to the pMR33
vector (Figure 3.3B).
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A.

<«— ca. 4.7 kb =pMR32

3 kb—»

1 kb—>» <«— ca. 800 bp=ngoll52

0.5 kb—»p

6 kb—» IS NSRRI R . ca. 6.1 kb = pMR33

1 kb—> <«— ca. 800 bp =ngoll52

Figure 3.3. Pacl and Sacll double-digested plasmid DNA isolated from 12
selected E. coli JM109 transformant clones confirms the successful ligation
of ngol1152 into (A) pMR32 and (B) pMR33.

The agarose gel image in panel (A) shows the restriction profile of six
independent clones potentially harbouring the ngo/152::pMR32 construct.
Lane M: 1 kb DNA Ladder Marker. Lanes 1 to 6: a 4.7 kb band corresponding
to the linearised pMR32 vector. Lane 6: shows an additional band at 800 bp,
indicating the presence of the ngo//52 insert, indicating successful ligation.
Panel (B) depicts the restriction profile of six independent clones potentially
harbouring the ngol152::pMR33 construct. Lane M: 1 kb DNA Ladder Marker.
Lane 1 to 6: a 6.1 kb band corresponding to the predicted sizes of the linearised
pMR33 vector. Lanes 2, 3, 4, 5 and 6: display an additional 800 bp band
corresponding to the ngol152 insert, indicating successful ligation.
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To confirm the constructs, the pMR32-based plasmid shown in Figure 3.3A,
Lane 6 (named pAA2), and the pMR33-based plasmid shown in Figure 3.3B,
Lane 3 (named pAA4), were sent for DNA sequencing. The sequencing results
confirmed successful cloning and the absence of any PCR-generated errors.
Additionally, schematic diagrams of the pAA2 and pAA4 constructs, generated
as part of this study, are presented below in Figure 3.4.

(2830)

PacI (186)

SaclII (1000)

pPAA4
6910 bp

Nhel (2976)

Figure 3.4. Schematic diagrams of ngol152 cloned into pMR32 or pMR33
vector to construct DNA yield pAA2 (A) or pAA4 (B), respectively. Maps
were generated using SnapGene.

85



Chapter 3: Results

3.2.1.2. Natural transformation of FA1090Ango1152 with pAA2 and pAA4

Nhel-linearised pAA2 and pAA4 plasmid DNA were spotted onto a fresh
Angol152 strain grown on agar plates containing kanamycin. Subsequently, the
agar plates were incubated for 18 h at 37°C in a humidified atmosphere with 5%
(v/v) COa. The following day, the growth was removed and streaked onto agar
containing kanamycin and erythromycin and incubated for 18 h at 37°C in a
humidified atmosphere with 5% (v/v) CO». Multiple colonies were obtained, and
after resub-culturing, their chromosomal DNA was extracted for PCR analysis.
Additionally, primers were designed to demonstrate the correct insertion of
ngoll52 (with promoter) and ermC between the trpB and iga genes following
double crossover with the chromosome of FA10900Angol152. These primers
were: a trpB-forward primer and an iga-forward primer, both of which anneal to
the region of #pB (or iga) present in the FA1090 chromosome, but outside the
regions contained in pMR32 and pMR33.

These primers were used together or in combination with the ngo152-specific
primer to confirm successful recombination (Figures 3.5A and 3.6). By using
the #pB forward primer and the NGO1152R reverse primer, a ca 2.9 kb band
was obtained from pA A2 transformants, whilst a band of ca 4.3 kb was observed
from pAA4 transformants. As expected, no band was obtained from the
chromosomal DNA of Angoll52 because no ngoll52 gene was present
downstream of #rpB. Whereas the absence of any band observed in the negative
control (no DNA template) indicated that the PCR mix was not contaminated
(Figure 3.5A). To determine whether the gene with its promoter had been

correctly integrated between the t7pB and iga genes, primers were designed.

Two PCR strategies were used to demonstrate the correct insertion of ngol152
between the t7pB and iga genes. One pair of primers was designed, trpB-forward
and iga-forward, each annealing to the t7pB (or iga) region that is present in the
FA1090 chromosome. However, these primers anneal to regions outside those

contained in pMR32/pMR33 plasmids.

These primers were used together or with other reverse primers of ngo//52 to
confirm successful recombination. The schematic diagram in Figure 3.5B

describes the crossover of natural transformation of the constructed DNA of
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pAA2 and pAA4 plasmids with the FA10900Ango 1152 strain's chromosome to
generate a complemented mutant (Figure 3.5B). Furthermore, the diagram
shows an illustration of homologous recombination to facilitate the insertion of

constructed DNA at the gonococcal #rpB-iga intergenic region of the

FA10900Ango1152 strain.

87



Chapter 3: Results

<«—4.3-kb
<«—2.9-kb

4.P  orlacPOPO
B P

1. pAA2or
pAA4 plasmid

6. NGO1152R3
4—

Mutated strain

8. trpB-forward 12. iga-forward

Figure 3.5. A. PCR products obtained using the #rpB-forward and
NGO1152R3 reverse primers confirm the insertion of ngol152 (with opaB
or lacPOPO promoter) and ermC downstream of #rpB in FA10900Ango1152.
B. Schematic diagram describing the crossover of natural transformation
of Angol152.

A. Lane M: 1 kb DNA ladder marker. Lane 1: shows a 2.9 kb band obtained
from the transformation of Angol152 with pAA2. Lane 2: shows a 4.3 kb band
obtained from the transformation of Angol152 with pAA4. Lane 3: Angoll52,
where the absence of a visible band in the mutant strain is due to the lack of
ngoll52 at the trpB—iga locus. Lane N.C: Negative control (no DNA template).
B. Schematic diagram illustrating the insertion of elements present on pAA2 or
pAA4-based plasmids constructed in this study into the Ango/152 chromosome.
Numbered elements correspond to: 1. pAA2 or pAA4 plasmid backbone. 2. trpB’
gene fragment present on pAA2 or pAA4 plasmid. 3. ermC (erythromycin
resistance cassette). 4. Pgpap promoter; strong constitutive opaB promoter from
N. gonorrhoeae strain FA1090 or tandem /lac promoter/operator (lacPOPQO) and
lac repressor (lacl?) from pKH37. 5. ngol152. 6. Reverse primer NGO1152R3
annealing site. 7. iga ’gene fragment present on pAA2 or pAA4. 8. trpB-forward
primer annealing site. 9. trpB is present in the FA1090 chromosome. 10. t7pB-
iga intergenic region. 11. iga is present in the FA1090Ango1152.12. iga-forward
primer annealing site. 13. The transcriptional terminator is located between trpB
and iga on pAA2 or pAA4.
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Using trpB-forward and iga-forward primers, the agarose gel revealed a single
band at 3.5 kb in Angol152 transformed with pAA2, and a ca. 5 kb band in
Angoll52 transformed with pAA4 DNA. A band at 1.4 kb was obtained, as
expected, from the parental Angoll52 strain, confirming the absence of any
additional DNA between #pB and iga (Figure 3.6). Thus, these strains were
renamed MR321152 (Angol152 complemented with ngo/152 under the strong
constitutive opaB promoter atiga-trpB) and MR331152 (Angoll52
complemented with ngol152 under the IPTG-inducible promoter at iga-trpB),

respectively.

Figure 3.6. PCR products obtained using the #rpB forward and iga forward
primers confirm the insertion of ngo1152 (with opaB or lacPOPO promoter)
and ermC downstream of trpB in FA10900Ango1152.

Lane M: 1 kb DNA ladder marker. Lane 1: shows a 3.5 kb band obtained from
Angol152 transformed with the pAA2 construct. Lane 2: shows a band of 5 kb
obtained from the transformation of Angol152 with the pAA4 construct. Lane
3: exhibited a band at 1.4 kb from the parental Ango/152 strain. Lane N.C:
Negative control (no DNA template), indicating no PCR mix contamination.
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3.2.2. Amplification of ngo0206 for cloning

The gene encoding NGO0206 was amplified from the genomic DNA of
N. gonorrhoeae FA1090 using the primers NGO0206F4 and NGO0206R3 as
described in Table 2.4. The gel electrophoresis results demonstrated the
successful amplification of the PCR product by showing a band at 1.1 kb that
corresponds with the expected size of ngo0206 in Figure 3.7.

<«—1.1 kb

0.5kb—>»

Figure 3.7. Successful amplification of ngo0206 visualised via 1% agarose
gel electrophoresis.

Genomic DNA of N. gonorrhoeae strain FA1090 was used as a template for the
PCR amplification of ngo0206. Lane M: 1 kb DNA ladder. Lane 1: shows a 1.1
kb amplified PCR product corresponding to the expected size of ngo0206. Lane
N.C: Negative control (no DNA template).
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3.2.2.1. Cloning ngo0206 into pMR32 and pMR33 vectors

In order to insert ngo0206 into the pMR32 and pMR33 vectors, an identical
approach was used as described in cloning ngol152 into pMR32 and pMR33.
Both PCR fragments and vectors were digested with Pacl and Sacll, ligated and
transformed into E. coli JM109. Plasmids were extracted from sub-cultured
colonies and screened using Pacl and Sacll digestion (Figure 3.8). One of the
six plasmids digested yielded two separate bands at 4.7 kb (commensurate with
the pMR32 vector) and 1.1 kb corresponding to the ngo0206 gene in Figure 3.8A.
Likewise, one of the six digested plasmids yielded bands of 6.1 kb
(commensurate with pMR33) and 1.1 kb (corresponding to ngo0206) (Figure
3.8B), confirming the success of the cloning process. From the screened colonies,
the pMR32-based construct shown in Figure 3.8 A (lane 1) and the pMR33-based
construct shown in Figure 3.8B (lane 5) were sent for DNA sequencing. This
analysis confirmed the success of the cloning process and the absence of any

PCR-generated errors.
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<«—ca. 4.7 kb =pMR32

<«—ca. 1.1 kb=ngo0206

Ml «—ca. 6.1 kb =pMR33

<«—ca. 1.1 kb=ngo0206

Figure 3.8. Pacl and Sacll double-digested plasmid DNA isolated from 12
selected E. coli JM109 transformant clones confirms the successful ligation
of ngo0206 into either (A) pMR32 or (B) pMR33.

The agarose gel image in panel (A) depicts the restriction profile of six
independent clones harbouring the ngo0206::pMR32 construct. Lanes 1-6 show
a 4.7 kb band corresponding to the pMR32 vector, but lane 1 contains an
additional band of 1.1 kb corresponding to ngo0206. Panel (B) displays the
corresponding analysis for six ngo0206::pMR33 clones. Lane 1-6 shows a 6.1
kb band corresponding to pMR33. Lane 5 shows an additional 1.1 kb band
corresponding to ngo0206. In both gels, Lane M: 1 kb DNA ladder marker was
used to indicate the size of the DNA fragments.
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Following confirmation, the plasmids were renamed as pAA1 (ngo0206 within
the iga-trpB intergenic region under the P,y promoter) and pAA3 (ngo0206

within the iga-trpB intergenic region under the /acPOPO promoter), respectively.

For further illustration, as shown in Figure 3.9, schematic diagrams of the pAA1

and pAA3 constructs were generated during this study.
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Figure 3.9. Schematic diagrams of ngo0206 cloned into pMR32 or pMR33

vector to yield pAA1 (A) or pAA3 (B), respectively. Maps generated using
SnapGene.
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3.2.2.2. Natural Transformation of FA1090Ango0206 with pAA1 and pAA3

As previously, Nhel-linearised pAA1 and pAA3 plasmid DNA were spotted
onto a fresh Ango0206 strain grown on an agar plate containing kanamycin.
Subsequently, the agar plates were incubated for 18 h at 37°C in a humidified
atmosphere with 5% (v/v) COx.

Subsequently, the agar plates were incubated for 18 h at 37°C in a humidified
atmosphere with 5% (v/v) CO. The following day, the growth was removed and
streaked onto agar plates containing kanamycin and erythromycin for selection.
Single colonies were subsequently sub-cultured, and chromosomal DNA was
extracted for PCR analysis. To demonstrate the correct insertion of the gene
(with promoter) and ermC between the #pB and the iga genes, primers trpB-
forward and iga-forward were again utilised - both of which anneal to the region
of trpB (or iga) present in the FA1090 chromosome, but outside the regions
contained in pMR32/pMR33. These primers were used together or in
combination with the ngo0206-specific primer to confirm successful
recombination (Figures 3.10 and 3.11). However, when using the t7pB forward
primer and the NGOO0206R reverse primer, a 3 kb band was obtained from
colonies successfully transformed with pAA1, while a 4.5 kb band was obtained
from transformants using pAA3 DNA (Figure 3.10). As expected, no band was
obtained using the chromosomal DNA of Ango0206 because the ngo0206 gene
is not present downstream of #pB. The absence of a band in the negative control

assay (no DNA template) indicated that the PCR mix was not contaminated.

Using trpB-forward and iga-forward primers, a 4 kb band was obtained from the
Ango0206 strain transformed with pAA1 DNA, and a 5.9 kb band was observed
in the Ango0206 strain transformed with pAA3. As expected, a 1.4 kb band was
detected in the parental Ango0206 strain (Figure 3.11). Consequently, these
strains were renamed as MR320206 (Ango0206 complemented with ngo0206
under Popap at iga-trpB) and MR330206 (Ango0206 complemented with
ngo0206 under lacPOPO at iga-trpB), respectively.
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Figure 3.10. PCR products obtained using the #rpB-forward and
NGOO0206R3 reverse primers confirm the insertion of ngo0206 (with opaB
or lacPOPO) promoter and ermC downstream of trpB in FA1090Ango0206.
Lane M: 1 kb DNA ladder marker. Lane 1: shows a band of 3 kb obtained from
a colony of Ango0206 transformed with pAA1. Lane 2: shows a band of 4.5 kb
obtained from a colony of Ango0206 transformed with pAA3 DNA. Lane 3:
Ango0206, the absence of a band in the mutant strain results from the absence
of ngo0206 at the trpB—iga locus. Lane N.C: Negative control (no DNA
template).

Figure 3.11. PCR products were obtained using the rpB forward and iga
forward primers, which confirmed the insertion of ngo0206, promoter and
ermC between trpB and iga after transforming Ango0206 with pAA1l or
PAA3.

Lane M: 1 kb DNA ladder marker. Lane 1: showing a 4 kb band was obtained
from a colony of Ango0206 transformed with pAA1. Lane 2: showing a band of
5.9 kb obtained from a colony of Ango0206 transformed with pAA3. Lane 3:
shows a band at 1.4 kb, as expected, from the parental Ango0206 strain. Lane
N.C: Negative control (no DNA template).
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3.2.3. Detection of NGO1152 and NGO0206 using rabbit polyclonal

antibodies

As previously mentioned, work undertaken in our laboratory has led to the
generation of purified recombinant 6xHis-tagged NGO1152 and NGO0206,
respectively, which were used to produce rabbit anti-NGO0206 and anti-
NGOI1152 polyclonal antibodies, respectively. Here, for the first time, these
antisera were employed to examine the expression of the two SBPs (NGO1152
and NGO0206) in N. gonorrhoeae FA1090, as well as in the corresponding

mutant and complemented strains.

3.2.3.1. Immunoblot detection of NGO1152 expression in FA1090 and

derived strains

To investigate the expression of NGO1152 in gonococcal strains under different
promoters. Whole cell lysates were prepared from WT-FA1090, Angol152
mutant, and two complemented strains, MR321152 (ngol152 expressed under
the constitutive opaB promoter) and MR331152 (ngol152 expressed under the
inducible /acPOPO promoter), all of which were grown in BHI-V. For
MR331152, which carries ngol/152 under the lacPOPO promoter, protein
expression was induced with 0.5 mM IPTG. Samples were collected at the time
of induction (0 h) and subsequently at 1, 2, 3, and 4 h post-induction. These
samples were compared to those from the uninduced control to assess the effects
of induction over time. Subsequently, whole cell lysates were separated by SDS-
PAGE and then either stained with SimplyBlue Safe stain to confirm equal
sample loading, as shown in Figure 3.12A or probed with rabbit anti-NGO1152
polyclonal antibody (1:1000 dilution) to detect NGO1152 expression in Figure
3.12B. Following SDS-PAGE, the stained gel with SimplyBlue Safe stain
demonstrated approximately equal loading of protein profile across all lanes,
allowing subsequent comparisons of reactive band intensities detected by

immunoblotting to be undertaken.

Intriguingly, the immunoblot analysis demonstrated a strong reactive band at ca.
30 kDa, which was present in the WT-FA1090, but absent in the Angoll52
mutant and present faintly in MR321152 (ngol152 under opaB constitutive
promoter). Additionally, the reactive band at ca. 30 kDa appeared with low
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intensity at TO in MR331152 but became stronger at 1, 2, 3 and 4 h post-IPTG
induction. The immunoblot analysis also demonstrated an additional non-
specific reactive band at ca. 46 kDa, which was present at equal intensity in all
lanes. Overall, the immunoblot analysis confirmed that NGO1152 is expressed
by the WT-FA1090, but not in the Angol152 mutant. Contrary to expectations,
the MR331152 strain harbouring the opaB promoter exhibited low-level
expression of NGO1152, whereas the MR331152 strain demonstrated rapid
induction of NGO1152 expression following IPTG induction.
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Figure 3.12. 10% SDS-PAGE gel electrophoresis stained with SimplyBlue
Stain (A) and immunoblot analysis of whole cell lysates using 1:1000-diluted
rabbit anti-NGO1152 (B), to investigate NGO1152 expression in WT-
FA1090, Angol1152 and their complemented derivatives.

Whole cell lysates were prepared from gonococci grown in BHI-V, with samples
collected from an IPTG-induced culture of MR331152 at 0 (uninduced), 1, 2, 3
and 4 h post-induction. In both panels, Lane 1: WT-FA1090; Lane 2: Angol152;
Lane 3: MR321152; Lane 4: MR331152, no IPTG-induction. Lanes 5 to 9
MR331152 induced for 0, 1, 2, 3 and 4 h with 0.5 mM IPTG. (A) SDS-PAGE
analysis demonstrated equal loading of protein across all lanes. (B) The
immunoblot analysis demonstrated a strongly reactive band at ca. 30 kDa, which
was present in the WT-FA1090, absent in the Ango//52 mutant and appeared
again faintly in the MR321152 strain (opaB promoter). However, the reactive
band at ca. 30 kDa appeared with low intensity at TO of 0.5 mM IPTG-induced
MR331152 (lane 5) and became stronger in lanes 6, 7, 8 and 9 at 1, 2, 3, and 4
h post-IPTG induction. An additional band at ca. 46 kDa in all lanes was judged
to be a non-specific reaction. Lanes M in both panels; 10-250 kDa protein marker.
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3.2.3.2. Immunoblot detection of NGO0206 in FA1090 and derived strains

Using an identical approach, SDS-PAGE and immunoblotting were used to
confirm the presence or absence of NGO0206 in WT-FA1090, Ango0206 mutant
and complemented strains. As established in prior experiments, whole cell
lysates were prepared from WT-FA1090, Ango0206 mutant, and two
complemented strains, MR320206 (ngo0206 expressed under the constitutive
opaB promoter) and MR330206 (ngo0206 expressed under the inducible
lacPOPO promoter), all of which were grown in BHI-V.

As established in prior experiments, for MR330206 (ngo0206 under lacPOPO
promoter), the strain was either uninduced or induced by IPTG for 0, 1, 2, 3, and
4 h post-induction. Subsequently, whole cell lysate samples were separated by
SDS-PAGE and either stained with SimplyBlue stain or probed with rabbit anti-
NGOO0206 polyclonal antibody (diluted 1:1000). Protein staining confirmed
equal sample loading, assisting in the interpretation of NGO0206 expression

levels across different strains and/or induction conditions (Figure 3.13A).

Immunoblotting analysis with rabbit anti-NGO0206 antibody (Figure 3.13B)
revealed a strongly reactive ~46 kDa band, consistent with NGO0206 (predicted
molecular weight: ~41 kDa), in WT-FA1090 and IPTG-induced MR330206
lysates. This band was absent in the Ango0206 mutant strain, the MR320206
strain (expressing ngo0206 under the constitutive opaB promoter), and the
uninduced MR330206 complemented strain. Additional weakly reactive bands
at ca. 30 kDa and ca. 72 kDa were present in all lanes and were judged to be

non-specific reactions.

The immunoblot analysis confirmed that NGO0206 is expressed by WT-FA1090,
and that the mutant did not express NGO0206. Unexpectedly, the MR320206
complemented strain (ngo0206 under the control of the constitutive opaB
promoter) demonstrated no evidence of NGO0206 expression. In contrast, the
MR330206 complemented strain (ngo0206 under the control of an IPTG-
inducible promoter) showed rapid induction of NGO0206 expression, especially
considering that the TO sample was taken immediately following the addition of

IPTG to the culture.

99



Chapter 3: Results

B. -
. — <+«—72
—_— - — ~ — _ <—ca 46 kDa = NG0O0206
Bt et | .5 LU R ~  <4—ca. 30kDa

Figure 3.13. A 10% SDS-PAGE gel electrophoresis stained with SimplyBlue
stain (A) and immunoblot analysis of whole cell lysates using 1:1000-diluted
rabbit anti-NGO0O0206 (B) to investigate NGO0206 expression in WT-
FA1090, Ango0206, and complemented derivatives.

Whole cell lysates were prepared from gonococci grown in BHI-V. Additional
samples were collected from an IPTG-induced culture of MR330206 at 0, 1, 2,
3 and 4 h post-induction. In both panels, Lane 1: WT-FA1090; Lane 2:
Ango0206; Lane 3: MR320206; Lane 4: MR330206; no IPTG-induction. Lanes
5 to 9; MR330206 induced for 0, 1, 2, 3 and 4 h with IPTG. Lanes M in both
panels; 10-250 kDa protein marker. The SDS-PAGE analysis demonstrated
equal loading of protein across all lanes of the gonococcal whole cell lysates.
Immunoblotting with rabbit anti-NGO0206 demonstrated a reactive band at ca.
46 kDa, which was present in the WT-FA1090 and IPTG-induced MR330206
strain but absent in the Ango0206 mutant and MR320206 and uninduced
MR330206 complemented strains.
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3.2.4. Immunoblot optimisation and investigation of possible cross-

reactivity between NGO1152 and NG0O0206 antibodies

A striking observation from the immunoblots shown in Figures 3.12 and 3.13
was that both antisera detected bands at ca. 30 kDa and ca. 46 kDa, consistent

with the reactive bands being NGO1152 and NGO0206, respectively.

To investigate this further, the anti-NGO1152 antisera at 1:1000 dilution was
used to probe whole cell lysates from homogeneous strains of WT-FA1090,
Angoll52, MR321152 (Popas), and MR331152 (lacPOPO) at 4 h post-IPTG
induction. As well, heterologous strains of Ango0206, MR320206 (Popas), and
MR330206 (lacPOPO) at 4 h post-IPTG induction.

As expected, the immunoblot analysis demonstrated a strong reactive band with
an apparent molecular weight of ca. 30 kDa corresponding to NGO1152 in all
strains expected to express NGO1152. However, a faint 46 kDa reactive band
was detected in all strains except the Ango0206 mutant and the MR320206 strain,
confirming its identification as NGO0206. Additional weakly reactive bands at

ca. 72 kDa were considered to be non-specific (Figure 3.14A).

Nevertheless, subsequent increasing the dilution of the anti-NGO1152 primary
antibody to 1:100,000 eliminated all non-specific reactivity, resulting in a single
reactive band at approximately 30 kDa corresponding to NGO1152 in strains
known to express this protein (Figure 3.14B).
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Figure 3.14. Immunoblot analysis of whole cell gonococcal lysates probed
with anti-NGO1152 at 1:1000 dilution (A) or 1:100,000 dilution (B) to
investigate the cross-reactive binding of anti-NGO1152 to NG0O0206.

The membranes were probed with 1:1000 or 1:100,000 diluted rabbit anti-
NGO1152 against gonococcal strains of WT-FA1090, Angol152, MR321152
(PopaB), MR331152 (lacPOPO) induced by IPTG at 4 h, in addition, Ango0206,
MR320206 (Popa), and MR331152 (lacPOPO) strain induced by IPTG for 4 h.
Anti-NGO1152 antibodies at (1:1000 dilution) recognised small faint bands with
a molecular weight of ca. 46 kDa corresponded to NGO0206 in all lanes except
Ango0206 and MR320206. A band at ca. 30 kDa appeared in all lanes except
Angoll152. The anti-NGO1152 antibodies at 1:100,000 dilution identified a ca.
30 kDa band in all strains except Angol152 and MR321152 with minimal cross-
reactivity to other proteins. Lanes M in both panels; 10-250 kDa protein marker.
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In a complementary experiment, rabbit anti-NGO0206 polyclonal antibodies
were used to probe whole cell lysates from the same strain set to determine
whether the ca. 30 kDa non-specific reactive band identified using rabbit anti-

NGOO0206 at 1:1000 dilution was in fact NGO1152.

As expected, the immunoblot analysis utilised anti-NGO0206 at a 1:1000
dilution demonstrated a strong reactive band with an apparent molecular weight
of ca. 46 kDa corresponding to the NGO0206 in the WT-FA1090 and
MR330206 post-IPTG induction samples, but these bands were much less
abundant in Ango0206 and MR320206. As implied, these bands were also
strongly present in the NGO1152-related strains (Figure 3.15A). An apparent
weakly reactive band at ca. 30 kDa, consistent with NGO1152, was detected in
all samples except Angol152 and MR321152. Additional weakly reactive bands
at ca. 72 kDa were detected in all strains and were considered to be non-specific
bands (Figure 3.15A). In contrast, better results were achieved after increasing
the dilution of the anti-NGO0206 antibody to 1:100,000. All non-specific
reactivity was eliminated, leaving only a single band reactive at ca. 46 kDa,
equivalent to NGOO0026, detected in all strains known to express this protein

(Figure 3.15B).

In summary, the use of the antisera at 1:100,000 dilution in immunoblots enables
the specific detection of either NGO1152 or NGOO0206, respectively, in

gonococcal strains.

103



Chapter 3: Results

a4 N
3 o 3 N o
A SHFy SO
NG T N &
Fodg, F88¢
& ’
kDa M & 9 X M A v XD
72—> = | e
55—» :'
43— - = == ums " e W e —Ca. 46 kDa NGO0206
34— <« ca. 30 kDa NGO1152
° © ‘c’vZQ Q o w’g?
S & & S & L8
B ~ @ S N NS
Fee g e8¢
“ ’
kbDa M & & I8 &
72 —>»
55—
43— = e e <«— ca. 46 kDa NGO0206
34 —»

Figure 3.15. Immunoblot analysis of whole cell gonococcal lysates probed
with anti-NG00206 at 1:1000 dilution (A) or 1:100,000 dilution (B) to
investigate the cross-reactive binding of anti-NG00206 to NGO1152.
Strains utilised were WT-FA1090, Ango0206, MR320206 (Popus), and
MR330206 (lacPOPO) induced by IPTG for 4 h. In addition, Angoll52,
MR321152 (Popas), and MR331152 (lacPOPO) induced by IPTG for 4 h were
also included. Lanes M in both panels; 10-250 kDa protein marker. The anti-
NGOO0206 antibodies at 1:1000 dilution detected reactive bands in all lanes at
ca. 46 kDa, equivalent to NGO0206; however, the same band appeared with
much-reduced intensity in Ango0206 and MR320206. Additional reactive bands
at ca. 30 kDa corresponding to NGO1152 were detected in all strains except
Angoll52 and MR321152. The band at ca. 72 kDa in all lanes was considered
non-specific. The anti-NGO0206 antibodies at 1:100,000 dilution recognised the
ca. 46 kDa band (NGOO0206) in all strains except Ango0206 and MR320206
with no cross-reactivity evident.
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3.2.5. Determining the influence of NGO1152 and NGO0206 on gonococcal

growth in vitro

To gain insights into the impact of NGO1152 and NGO0206 on gonococcal
physiology, in vitro growth profiles were assessed for NGO1152-related strains:
[WT-FA1090, Angol152, MR321152 (Popas), and MR331152 (lacPOPO) non-
induced or induced by IPTG at 4 h]. As well as NGO0206-related strains [WT-
FA1090, Ango0206, MR320206 (Pspas), and MR330206 (lacPOPO), non-
induced or induced by IPTG at 4 h. All strains were grown overnight in BHI-V
at 37°C for 16 h with shaking at 250 rpm. Following growth, cultures of all
gonococcal strains were diluted and equilibrated in fresh pre-warmed BHI-V

media to achieve an ODgoo of 0.2 in fresh pre-warmed BHI-V media.

Thereafter, protein expression of (NGO1152 or NGO0206) was induced at TO
by adding IPTG to a final concentration of 0.5 mM, followed by incubation with
shaking at 250 rpm at 37°C. The growth rate of the gonococcal strains was

evaluated by measuring the ODgoo of the cultures at hourly intervals for 8 h.

Notably, both sets of experiments were performed in five independent replicates,
on different occasions, and statistical analysis was performed by comparing the

mean OD of each test strain at each time point with that of WT-FA1090.

No statistically significant differences were observed in Figures 3.16 and 3.17,
indicating that NGO1152 and NGOO0206 are not required for optimal growth

under the conditions used.
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Figure 3.16. In vitro growth profiles of WT-FA1090, Ango1152, MR321152
(opaB promoter) and MR331152 (lacPOPO 1PTG-inducible promoter)
uninduced or induced with 0.5 mM IPTG.

All gonococcal strains were grown in BHI-V media and equilibrated to an ODseoo
of 0.2. Strains were then induced (or not) with 0.5 mM IPTG at T0O, and growth
was monitored every hour for 8§ h by measuring the ODsoo. Mean values from
five independent experiments are shown. Error bars indicate the mean + standard
deviation of a sample tested in quintuplicate. No significant differences in OD
values at any time point were determined in comparison to the WT-FA1090
using two-way ANOVA.
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Figure 3.17. In vitro growth profiles of WT-FA1090, Ango0206, MR320206
(opaB promoter) and MR330206 (lacPOPO IPTG-inducible promoter)
uninduced or induced with 0.5 mM IPTG.

All gonococcal strains were grown in BHI-V media and equilibrated to an ODeoo
of 0.2. Strains were then induced (or not) with 0.5 mM IPTG at TO, and growth
was monitored every hour for 8 h by measuring the ODsoo. Mean values from
five independent experiments are shown. Error bars indicate the mean + standard
deviation of a sample tested in quintuplicate. No significant differences in OD
values at any time point were determined in comparison to the WT-FA1090
using two-way ANOVA.
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3.3. Discussion

In prior studies in our lab, the genes ngo/152 and ngo0206 were knocked out
and replaced with kanamycin resistance cassettes, resulting in N. gonorrhoea
FA1090 mutant strains, Angoll52 and Ango0206. Likewise, rabbit anti-
NGOI1152 and anti-NGO0206 polyclonal antisera were generated. The works
described in this chapter focused on constructing complemented strains
harbouring genes of interest under either strong constitutive or inducible
promoters (via plasmids pMR32 and pMR33), and on optimising the application
of these antisera in immunoblotting experiments. Additionally, evaluate the

effects of gene deletions and their complementation on bacterial phenotype.

Hence, ngol152 or ngo0206 genes were amplified and successfully ligated into
the pMR32 vector, which contains the P,,.z promoter for strong constitutive
expression in the N. gonorrhoeae strain FA1090. This resulted in the generation
of the complemented constructs pAA2 and pAAl, respectively. As well, the
respective amplicons were successfully ligated into the IPTG-inducible tandem
lac promoter/operator (lacPOPQO) from pMR33, along with the lac repressor
(lacl?) from pKH37 (Kohler ef al., 2007), generating complemented constructs
of pAA4 and pAA3, respectively. This system can enhance transcript levels by
123-fold compared to wild-type N. gonorrhoeae (Long et al., 2001).

This chapter aimed to assess the functionality of the complementation strategy
and determine whether rabbit anti-NGO1152 and anti-NGO0206 antibodies
successfully detected the expected expression of NGO1152 and NGO0206.
Specifically, it assessed whether the constitutive (Popas) and IPTG-inducible
(lacPOPO) promoters could restore protein expression to WT-FA1090 levels

under in vitro conditions.

To assess NGO1152 expression from the complementation constructs, whole-
cell lysates of WT-FA1090, Angoll52, and complemented strains were
subjected to SDS-PAGE and stained with SimplyBlue Safe stain (Figure 3.12A).
The stained gel revealed consistent protein separation and uniform loading
across all samples, indicating that the deletion and complementation did not
disrupt protein expression. NGO1152 expression was assessed by immunoblot

using rabbit anti-NGO1152 polyclonal antibodies (1:1000 dilution). The lysates
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included WT-FA1090, Angoll52, and complemented strains MR321152
(constitutive Popqs promoter) at 0 h, and MR331152 (IPTG-inducible /acPOPO
promoter). However, the MR331152 strain was assessed both uninduced and
following IPTG induction at 0, 1, 2, 3, and 4 h to examine NGO1152 expression
kinetics. Monitoring these intervals was essential to track the synthesis
progression of protein synthesis and to identify any induction delays or

inconsistencies that could affect experimental reliability.

Interestingly, the immunoblot analysis confirmed that anti-NGO1152 antibodies
specifically detected a ca. 30 kDa band in WT-FA1090, consistent with
NGO1152 size. This band was absent in the Angol/52 mutant, validating the

knockout and confirming that NGO1152 expression was eliminated as intended.

Unexpectedly, the MR321152 strain showed only a faint ca. 30 kDa band for
NGO1152, raising concerns about its expression (Figure 3.12B). This
inconsistency, despite the typically strong opaB promoter, may reflect genetic
variation, altered transcriptional regulation, or interference from other elements.
This discrepancy indicates potential issues with the expression system,
demanding further investigation. The unexpected failure of the Popus promoter
in MR321152 contrasts with Ramsey et al. (2012), who reported that
N. gonorrhoeae MS11 strains expressing TraWSS::'PhoA under P,z at the iga-
trpB site (MR546) exhibited nearly threefold higher alkaline phosphatase
activity than strains with /acPO promoter constructs (MR544, MR547) (Ramsey
et al., 2012). This confirmed the strong constitutive expression by Popus, which

was not recapitulated in MR321152 in this study.

Following an in-depth investigation, the failure to detect robust NGO1152
expression by immunoblotting in strain MR321152 was due to the absence of a
100 bp upstream RNA transcriptional region in the ngoll52 amplification
primers (NGO1152F3 and NGO1152R3). As this region was critical for
transcription initiation, it likely contained essential promoter-proximal elements

necessary for effective RNA polymerase binding and transcriptional activation.

When it was absent, the P,z promoter’s capacity to drive robust ngol1152

expression was impaired.
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According to Ramsey et al. (2012), the P,paz promoter was established as a
strong constitutive element (Ramsey et al., 2012). However, their study did not
emphasise the critical requirement to include upstream regulatory sequences
during the design of sequences used for amplification of the gene of interest.
This omission represents a key technical oversight in the current construct

design.

Nevertheless, the uninduced MR331152 strain exhibited results comparable to
those of the Angol152 mutant strain, with no protein band detected at ca. 30
kDa, indicating a lack of detectable NGO1152 expression. This strain was
tightly regulated by the /ac? of the IPTG-inducible lacPOPO promoter, which
effectively suppresses basal transcription in the absence of IPTG. The generation
of a complemented locked ngol/l52 in the uninduced MR331152 strain
confirmed that no leakage or expression of NGO1152 occurred without IPTG

induction.

Upon IPTG induction, the MR331152 strain distinctly exhibited a band at 30
kDa, corresponding to the expected size of NGO1152, with a time-dependent
increase in expression. The intensity of this 30 kDa band steadily increased over
0, 1,2, 3, and 4 h post-IPTG induction. It is noteworthy that, despite lacking the
RNA upstream transcription region, the MR331152 strain was still able to
achieve strong expression levels comparable to those of the WT-FA1090 strain
after 2 h of IPTG induction. In the MR331152 strain, expression was driven
post-IPTG induction by the tandem lac promoter/operator (lacPOPO) from
pMR33, alongside the lacl? repressor provided by pKH37. This system can
increase transcript levels up to 123-fold compared to wild-type N. gonorrhoeae
(Kohler et al., 2007; Long et al., 2001), which here significantly enhanced
transcript levels of protein expression even in the absence of the 100 bp upstream
region. In contrast, the efficacy of the P,z promoter is markedly reduced
without this upstream sequence, as it lacks an alternative regulatory mechanism
to support transcriptional initiation. Remarkably, the immunoblot analysis using
anti-NGO1152 antiserum revealed additional immune cross-reactivity,
demonstrated by a consistent non-specific band at ca. 46 kDa in all lanes of all
tested strains (Figure 3.12). This band corresponds to the anticipated molecular

weight of NGOO0206. This finding suggests potential cross-reactivity between
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anti-NGO1152 antibodies and NGO0206, highlighting the need to optimise

antibody conditions to reduce cross-reactivity and achieve more specific results.

Furthermore, to assess NGO0206 expression, immunoblotting was performed
using rabbit anti-NGO0206 polyclonal antibodies (1:1000 dilution). Whole-cell
lysates included WT-FA 1090, Ango0206, and complemented strains MR320206
(constitutive Pypap promoter at 0 h) and MR330206 (lacPOPO promoter).
However, the MR330206 strain was assessed both uninduced and following
IPTG induction at 0, 1, 2, 3, and 4 h to examine NGO0206 expression. Prior to
immunoblotting, SDS-PAGE analysis (Figure 3.13A) confirmed consistent
protein separation and uniform loading, validating the suitability of samples for

immunodetection.

Immunoblotting analysis using rabbit anti-NGO0206 polyclonal antibodies
detected a prominent band at ca. 46 kDa in WT-FA1090 (Figure 3.13B), despite
the predicted molecular weight of ~41 kDa. This band was absent in the
Ango0206 mutant, confirming its identity as NGO0206. However, in the
complemented strain MR320206, where ngo(0206 expression was driven by the
strong constitutive Pypaz  promoter, NGO0206 was not detected by
immunoblotting, contrasting with the clear presence observed in WT-FA1090.
This unexpected absence likely results from the omission of a critical 100 bp
upstream RNA transcriptional region in the NGO0206F4 and NGO0206R3
primers used for ngo0206 amplification during complementation construct
generation, as previously noted with MR321152. Although the opaB promoter
typically drives strong constitutive expression, the absence of essential
regulatory sequences in this study likely impaired transcription initiation,
resulting in severely reduced transcript levels or complete transcriptional failure.
This explains the undetectable NGO0206 protein expression in MR320206,
which contrasts with the expression profile typically conferred by the opaB
promoter. As predicted, the uninduced MR330206 strain did not express
NGO0206, demonstrating the effectiveness of the lacPOPO promoter in tightly
regulating gene expression and preventing leaky transcription. In the absence of
IPTG, the lacl? repressor remained bound to the operator. This binding prevented

transcription from the lacPOPO promoter. The result confirmed that gene
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expression was tightly repressed under non-inducing conditions (Ramsey et al.,

2012).

Nonetheless, upon IPTG induction at 0, 1, 2, 3, and 4 h, the MR330206 strain
displayed a time-dependent increase in NGOO0206 expression, with a band
appearing at ca. 46 kDa, corresponding to NGO0206. Expression levels
progressively increased over time, with band intensity reaching WT-FA1090
levels by 2 h post-induction. These results highlight the responsiveness and
utility of the lacPOPO system for dynamic and tightly controlled gene
expression studies (Ramsey et al., 2012). However, immunoblotting with anti-
NGOO0206 antibodies (1:1000 dilution) consistently revealed additional faint
bands at ca. 30 kDa and 72 kDa across all samples, including WT-FA1090,
Ango0206, and complemented strains. The ca. 30 kDa band more likely reflects
cross-reactivity with NGO1152, while the ca. 72 kDa band is attributed to non-
specific binding. These findings suggest that further antibody titration is

essential to reduce background and improve immunoblotting specificity.

Unlike the present study, where the Popus promoter failed to drive expression in
MR321152 and MR320206. Juarez Rodriguez et al. (2024) successfully used
the same promoter from pMR32 (Ramsey ef al., 2012) to generate a
bioluminescent N. gonorrhoeae FA1090 strain for growth analysis (Juarez
Rodriguez et al., 2024). This bioluminescence-based approach has proven to be
a reliable method for quantitatively assessing bacterial growth under various
conditions, including during cellular infections (Brodl ef al., 2018; Waidmann
et al., 2011). By measuring the light emitted from bioluminescent bacteria,
researchers can analyse growth kinetics with both high throughput and high
temporal resolution (Ondari et al., 2023). Since light production is ATP-
dependent, bioluminescence also serves as an effective indicator of bacterial

metabolic activity and viability (Gregor et al., 2018).

Judrez Rodriguez et al. (2024) successfully engineered a bioluminescent
N. gonorrhoeae strain (FA1090-LuxR) by using the constitutive opaB promoter
(Popa) from pMR32. This was accomplished by inserting the luxCDABE operon
from Photorhabdus luminescens into the intergenic region of the N. gonorrhoeae
FA1090 chromosome at the iga-trpB locus via allelic exchange, placing it under

the control of the P,y.5 promoter (Ramsey et al., 2012). The N. gonorrhoeae iga-
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trpB locus has been used frequently for chromosomal complementation studies
since the insertion of genetic elements does not affect bacterial replication
(Juérez Rodriguez et al., 2024). The bioluminescent output of the Ng FA1090-
LuxR strain at various cell densities showed a strong correlation with other
quantitative approaches, such as CFU counts and OD measurement, exhibiting
a linear dynamic range spanning at least two orders of magnitude (Judrez

Rodriguez et al., 2024).

Primary immunoblotting analyses revealed that both antisera detected bands at
approximately 30 kDa and 46 kDa, corresponding to the predicted sizes of
NGO1152 and NGOO0206, respectively. This overlap suggests potential cross-

reactivity between the two antibodies and their respective antigens.

To address this, additional immunoblot analyses were conducted to optimise the
specificity of the rabbit anti-NGO1152 polyclonal antibodies and minimise
cross-reactivity. Whole-cell lysates from WT-FA1090, Angol152, MR321152
(PopaB), and MR331152 (lacPOPO) were collected at 4 h post-IPTG induction.
Furthermore, to determine whether the ca. 46 kDa band detected by the anti-
NGOI1152 antibodies corresponded to NGO0206, lysates from Ango0206,
MR320206 (Popas), and MR330206 (lacPOPO) were examined under the same

conditions.

Lysates were probed with anti-NGO1152 antibodies at dilutions of 1:1,000 and
1:100,000 (Figure 3.14A and B). At the 1:1,000 dilution, a strong band at ca. 30
kDa, corresponding to NGO1152, was detected in WT-FA1090 and MR331152
but was absent in the Angol152 strain, confirming the antibody’s specificity. An
additional weaker ca. 30 kDa band observed in MR321152 indicated reduced
NGO1152 expression in this strain. However, a ca. 46 kDa band consistent with
the molecular weight of NGO0206 was detected in WT-FA1090 and MR331152,
but not in Ango0206 or MR320206, suggesting cross-reactivity of anti-
NGO1152 with NGOO0206. This cross-reactive band was also observed in
MR330206, further supporting its identity as NGO0206 (Figure 3.14A). When
the antibody dilution was increased to 1:100,000, these non-specific bands were
eliminated, retaining only the band specifically corresponding to NGO1152 in
relevant strains (Figure 3.14B), indicating improved specificity at higher

dilution.
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Parallel immunoblotting analyses using rabbit anti-NG0O0206 at 1:1,000 and
1:100,000 were conducted on lysates from WT-FA1090, Ango0206, MR320206
(Popa), and MR330206 (lacPOPO) to evaluate potential cross-reactivity of anti-
NGO0206 with NGO1152 (Figure 3.15A and B). Lysates from Angoll52,
MR321152 (Popas), and MR331152 (lacPOPO) were also examined under
identical conditions. At 1:1,000 dilution, a strong ca. 46 kDa band was observed
in WT-FA1090 and MR330206, with reduced intensity in Ango0206 and
MR320206. Additionally, a faint ca. 30 kDa band was observed in all strains
except Angol152 and MR321152, suggesting cross-reactivity with NGO1152. A
consistent ca.72 kDa band detected across all strains was interpreted as non-
specific background immunoreactivity (Figure 3.15A). However, at 1:100,000
dilution, anti-NGO0206 specifically detected only the ca. 46 kDa band
corresponding to NGO0206 in expected strains, including WT-FA1090 and
MR330206, with successful elimination of non-specific binding (Figure 3.15B).
These results confirm the high specificity of anti-NGO1152 and anti-NG0O0206
antibodies at the 1:100,000 dilution for their respective targets. They also
highlight the importance of optimising antibody concentration to minimise

cross-reactivity, particularly among structurally related SBPs.

To investigate how deletions of ngo/152 and ngo0206, as well as their genetic
complementation, affect the in vitro growth and viability of N. gonorrhoeae
FA1090 strains. The in vitro growth characteristics of NGO1152-related strains
[WT-FA1090, Ango0206, MR320206 (Popas), and MR330206 (lacPOPO)], as
well as NGO1152-related strains [WT-FA1090, Angol152, MR321152 (Popas),
and MR331152 (lacPOPO)] and complemented strains, with or without IPTG,
showed no significant differences compared to the WT-FA1090. This raises
questions regarding the hypothesised essential roles of ngol/52 and ngo0206,
suggesting that their functional significance might not directly influence general
growth under laboratory conditions. Hence, further investigation under diverse

or stress-related conditions may be necessary to fully understand their roles.

In conclusion, complemented mutant strains were successfully constructed by
reintroducing ngo 1152 or ngo0206 into the iga-trpB intergenic region of pMR32
and pMR33, before reintroducing the ngol152 or ngo0206 gene back into the

Angol152 or Ango0206 mutant chromosomes at the iga-trpB intergenic region,
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under the control of either the Pypup or lacPOPO promoter. Genotypic
confirmation of the complemented strains was achieved via PCR, followed by
immunoblot analysis to verify protein expression. Immunoblot results
confirmed that NGO1152 (or NGO0206) was not expressed in MR321152 and
MR320206 strains using the strong constitutive Pop.s promoter, likely due to
defects in the upstream RNA transcription region. Consequently, the current
study focuses on using inducible expression systems in subsequent chapters

instead of relying on complemented mutants with the P,pqs promoter.

The immunoblot analysis confirmed the expression of NGO1152 (or NGO0206)
in the WT-FA1090 and complemented derivatives, but only in MR331152 and
MR330206 strains using the IPTG-inducible /acPOPO promoter to drive
expression. IPTG induction successfully restored NGO1152 (or NGO0206)
protein expression to wild-type levels within 2 h of induction. Finally, in vitro,
growth characteristics of WT-FA1090, Angol152 or Ango0206 mutants and
their complemented strains, with or without IPTG, showed no significant

differences compared to the WT-FA1090.

The next chapter will evaluate the expression of NGO1152 and NGO0206 across
a panel of clinical gonococcal isolates using immunoblotting. Additionally,
bioinformatics analyses will be utilised to examine the presence and
conservation of NGO1152 and NGO0206-encoding sequences across thousands

of N. gonorrhoeae strains with whole genome sequences deposited in the

PubMLST database.
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Chapter 4: Conservation and expression of NGO1152 and
NGO0206 in clinical isolates of N. gonorrhoeae

4.1. Introduction

Investigating vaccine candidate proteins across diverse clinical isolates of
N. gonorrhoeae is essential to ensure that proposed antigens are broadly
conserved, consistently expressed, and representative of circulating strains

(Noori Goodarzi et al., 2025).

N. gonorrhoeae is a highly adaptable pathogen whose extensive genomic
variability and antigenic diversity pose major challenges to vaccine development
(Unemo et al., 2019). Immune targets that are variably expressed or strain-
specific often confer only limited or geographically restricted protection. For
example, analysing clinical isolates from geographically and temporally distinct
sources, researchers can assess the prevalence and expression levels of candidate
OMPs to determine their potential as universal vaccine components (Zielke et
al., 2016). Techniques such as immunoblotting enable direct detection of these
proteins in bacterial lysates or membrane fractions, allowing evaluation of their
expression patterns and immunoreactivity across isolates (Sikora et al.,
2020). This approach strengthens antigen selection by prioritising proteins that
are both immunogenic and stably expressed under physiologically relevant
conditions, thereby increasing the likelihood of broad and durable vaccine

efficacy (Semchenko et al., 2020).

Advances in genomics, proteomics, and bioinformatics have significantly
expanded the repertoire of potential N. gonorrhoeae vaccine candidates and
accelerated antigen discovery (Baarda et al., 2019; Lyu et al., 2024; Zhu et al.,
2019). For instance, quantitative proteomic and immunoproteomic analyses
have identified over 20 novel vaccine candidates. These proteins were
consistently detected in the cell envelopes of 19 genetically diverse isolates,
including the 2016 WHO reference strains, as well as in native OMVs derived
from four widely used laboratory strains: FA1090, F62, MS11, and 1291 (El-
Rami et al., 2019; Zielke et al., 2016). Moreover, high-throughput proteomic
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profiling demonstrated their expression under host-relevant conditions such as

iron limitation, anaerobiosis, and exposure to human serum (Zielke et al., 2018).

In parallel, bioinformatic analyses have enabled the in-silico evaluation of
antigen conservation across global populations of N. gonorrhoeae. Genomic
mining of PubMLST entries allows the identification of conserved protein
sequences and polymorphic variants among clinical isolates worldwide
(Dijokaite-Guraliuc et al., 2023). For example, Baarda et al. (2019) employed
this approach to characterise the sequence variation, allelic distribution, and
amino acid polymorphisms of multiple candidate antigens across diverse strains

(Baarda et al., 2019).

Assessing the expression and prevalence of NGO1152 and NGO0206 in clinical
isolates represents a key step toward validating their potential as vaccine
antigens. This can be effectively achieved using immunoblotting analysis of
whole-cell lysates derived from a geographically and genetically diverse panel
of N. gonorrhoeae strains. Such experimental validation complements omics
and bioinformatic approaches, providing critical insight into the practical

feasibility of antigen inclusion in a broadly protective gonococcal vaccine.

Additionally, the conservation and prevalence of these proteins can be examined
on a global scale by leveraging genomic data available through the PubMLST
database. Bioinformatic mining of all N. gonorrhoeae isolates deposited in
PubMLST enables the identification of conserved protein sequences by
comparing genetic data across a wide range of isolates (Dijokaite-Guraliuc et al.,
2023). For example, bioinformatics mining of all N. gonorrhoeae isolates
deposited into the PubMLST database involved searching through genomic
databases to identify alleles and single-nucleotide/amino-acid polymorphisms of
the model antigens (Baarda et al., 2019). This process utilised DNA/protein

sequences of complete N. gonorrhoeae isolates that were deposited into the

The PubMLST database was used to identify model antigens, such as B-barrel
assembly machinery A (BamA) and Multiple transferable resistance efflux pump
protein E (MtrE), coupled with structural mapping, phylogenetic analysis, and
crystal structure Studies (Baarda et al., 2019).
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Furthermore, PubMLST is a curated database that contains data on multi-locus
sequence typing (MLST), information isolation, and a progressive increase in
the number of whole genome sequences for various microorganisms, for
instance, N. meningitidis and N. gonorrhoeae (Jolley et al., 2004; Jolley and
Maiden, 2010). Over 2500 loci, including the core Neisseria genome, have
accessible allelic variation data (Jolley et al., 2018). The fact that gene and
genome sequences are deposited from research that might have intrinsic
sampling biases is one of the database limitations. As a result, the frequency of
a specific variant in the database does not always indicate that the variant is
distributed globally. However, identifying allelic variations of protein antigens
to design broadly protective vaccines could be supported by the PubMLST
database, which is the largest available source of Neisseria genetic and genomic
data information. This extensive resource could play a vital role in enabling

rational vaccine formulation (Baarda et al., 2019).

Nevertheless, the selection of highly conserved genes is vital for identifying
long-term genetic variations, which is particularly significant in evolutionary
studies. Typing systems based on multiple loci are generally superior to single-
locus techniques due to the high frequency of recombination in N. gonorrhoeae,
which can obscure the true genetic background when only one locus is analysed
(ECDC, 2012). For example, among the various sequence-based typing
approaches described for N. gonorrhoeae, PorB sequence analysis is the most
widely employed. Distinguish strains by variations within the entire PorB gene
or specific hypervariable regions. Analyses of both full-length and partial PorB
sequences provide a level of discrimination that is comparable to the multi-
antigen sequence typing (NG-MAST) for N. gonorrhoeae (Binepal et al., 2024;
Heymans et al., 2012; Ilina et al., 2010). Further differentiation can be achieved
by integrating these techniques (Unemo et al., 2007). PorB sequencing has been
utilised to classify gonococcal types in a specific geographic region (Ilina ef al.,
2010; Unemo et al., 2007) and to examine sexual networks (Unemo et al., 2002;
Viscidi et al., 2000) and therapy failures (Unemo et al., 2011; Unemo et al.,
2012).

Assessing results across studies remains challenging due to inconsistencies in

sequence length and the lack of a centralised database for type definition. Multi-
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locus Sequence Typing (MLST) addresses that issue by assessing variation in
the sequences of seven or more relatively conserved, gradually evolving genes,
typically encoding housekeeping enzymes distributed throughout the genome.
Each allele at these loci is assigned a specific number, and the combination of
locus numbers defines an MLST type, which is both clear and transferable
between research laboratories. This method is particularly suited for long-term
and global epidemiological studies and for examining the dynamics of
gonococcal populations, as MLST tracks slowly evolving loci.

Currently, there is no standard MLST scheme for N. gonorrhoeae. Nonetheless,
some studies have employed an MLST scheme based on the same loci (abcZ,
adk, aroE, fumC, gdh, pdhC, and pgm) used for N. meningitidis (Bennett et al.,
2007; Ilina et al., 2010; Mavroidi et al., 2011) while others have used additional
loci (abcZ, adk, aroE, fumC, gdh, ginA, gnd, pdhC, pgm, pilA, ppk, pyrD, and
serC) for greater discrimination (Pérez-Losada et al., 2005). Although MLST
has been utilised to study long-term epidemiology and the structure of
gonococcal populations, the effectiveness of the current schemes for these

purposes still requires extensive validation.

This chapter aimed to employ rabbit anti-NGO1152 and anti-NGO0206
polyclonal antisera in immunoblot analyses to investigate the prevalence and
expression of NGO1152 and NGO0206 across 28 whole-cell lysates derived
from genetically diverse N. gonorrhoeae clinical isolates collected in the UK.
Bioinformatic analyses were conducted to assess the distribution, conservation,
and variation of NGO1152 and NGOO0206 across 7,327 N. gonorrhoeae isolates
in the PubMLST Neisseria database. These isolates were collected worldwide
between 2014 and 12" August 2022, and their genomic data were analysed to
evaluate the prevalence, genetic variability, and potential of these loci as vaccine
targets. However, these analyses were limited to isolates within this time frame
due to a current restriction in the PubMLST BLAST tool, which permits

interrogation of up to 10,000 isolate records at a time.
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4.2. Results

4.2.1. Immunoblot analysis of NGO1152 and NGO0206 expression across a

panel of clinical isolates.

To evaluate the expression profiles of NGO1152 and NGO0206 in
N. gonorrhoeae, whole-cell lysates were prepared from 28 isolates, including 26
clinical strains designated 17N0001 to 17N0026. These clinical isolates were
collected between 2017 and 2018 from both male and female patients attending
Nottingham University Hospitals NHS Trust (UK). The samples were obtained
from a range of anatomical sites, cervical, urethral, high vaginal, and rectal, to
encompass potential variation in gene expression associated with site-specific or
strain-specific differences. The use of diverse clinical isolates ensured both the
clinical relevance of the findings and the representativeness of the study

population.

In addition to the clinical isolates, whole-cell lysates were also prepared from
three well-characterised N. gonorrhoeae reference strains to serve as
comparative controls. These included: N. gonorrhoeae FA1090, a wild-type
strain isolated in 1983 from a male patient with DGI; N. gonorrhoeae DGI-18,
a wild-type strain isolated in 1983 from a patient with DGI; and N. gonorrhoeae
MSI11, a wild-type strain isolated in 1960 from a patient with uncomplicated
gonococcal infection. Among the 28 gonococcal isolates, strains DGI-18 and
MSI11 were included for their well-characterised genetic backgrounds. These
strains had previously been whole-genome sequenced using next-generation
sequencing techniques by Dr. Neil Oldfield at UoN, UK. In contrast, the
genomic sequences of the clinical isolates 17N0001-17N00027 remain
uncharacterised. Including these reference strains enabled comparison of gene
expression with clinical isolates, highlighting the need for vaccine candidates to

show consistent expression across diverse strains.

To evaluate the expression of NGO1152 and NGOO0206 across this isolate set,
immunoblotting was performed using whole-cell lysates probed with rabbit anti-
NGO1152 and/or anti-NGO0206 antibodies. Interestingly, the immunoblotting
results confirmed that both NGO1152 and NGO0206 proteins were expressed in
all tested isolates, showing bands at ca. 30 kDa and 46 kDa, respectively. These
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molecular weights corresponded to the expected sizes of NGO1152 and
NGOO0206 and align with the bands observed in the WT-FA1090 strain. In
contrast, these protein bands were absent in the mutant strains Ango/152 and
Ango0206, which confirms the specificity of the antisera for their respective

antigens, as illustrated in Figures 4.1 and 4.2.

Nevertheless, this analysis confirmed that all isolates harboured the ngol152
and ngo0206 genes and expressed functional proteins that were effectively
recognised by the corresponding antisera, indicating successful expression and

antigenic conservation when compared to the WT-FA1090 strain.
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Figure 4.1. Immunoblot utilised anti-NGO1152 (1:100,000) analysis of
whole cell lysates from various gonococcal clinical strains to determine the
expression of NGO1152.

Whole cell lysates (equivalent to a final ODsgo at 0.2) of clinical strains were
separated by electrophoresis on 10% SDS-PAGE gels, then transferred to
nitrocellulose and probed with rabbit anti-NGO1152 polyclonal antibody at a
1:100,000 dilution. The immunoblot analysis showed a strong reactive band at
ca. 30 kDa corresponding to NGO1152, which was observed in all clinical
isolates panels in (A) DGI-18 to 17N0005). (B) 17N0007 to 17N00013. (C)
17N00014 to 17N00020). (D) 17N00021 to 17N00027). Lane M: (10-250 kDa)
protein marker. This confirmed the expression of the NGO1152 in the WT-
FA1090 as a positive control and the absence of the band of NGO1152 in the
FA1090Ango1152 as a negative control in all panels.
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Figure 4.2. Immunoblot utilised anti-NG00206 (1:100,000) analysis of
whole cell lysate of several gonococci clinical strains to determine the
expression of the NG0O0206.

Whole cell lysates (equivalent to a final ODsoo at 0.2) of clinical strains were
subjected to electrophoresis on 10% SDS-PAGE gels and then transferred to
nitrocellulose membranes and probed with rabbit anti-NGO1152 polyclonal
antibody at a 1:100,000 dilution. Immunoblot analysis showed a strong reactive
band at ca. 46 kDa, corresponding to the NGO0206 in clinical isolates in panels
(A) DGI-18 to 17N0005. (B) 17N0007 to 17N00013. (C) 17N00014 to
17N00020. (D) 17N00021 to 17N00027. Lane M: (10-250 kDa) protein marker.
This confirmed the expression of the NGO0206 in WT-FA1090 as a positive
control and its absence in the FA1090Ango0206 used as a negative control in all
panels.
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4.2.2. Composition and diversity of the gonococcal isolate set extracted

from PubMLST

The search terms utilised identified 7327 N. gonorrhoeae isolates with
associated whole genome sequence records for bioinformatics analysis. As a
prelude to the bioinformatics analysis, the metadata associated with the records

were examined to gain insights into the panel of isolates.

4.2.2.1. Country of isolation

Examination of the isolate records determined that the 7327 N. gonorrhoeae
isolates were sourced from 24 countries, as illustrated in Figure 4.3. Most
isolates were collected in the UK (recorded either as UK, UK [England], UK
[Wales], UK [Northern Ireland] or UK [Scotland]. Additional isolates were
obtained from Sweden, the USA, Norway, New Zealand, the Netherlands, Japan,
Portugal, Germany, Vietnam, Argentina, Spain, Australia, Kenya, Ghana,
Ireland, Canada, Italy, Brazil, South Africa, the Philippines, China, France, and
Malaysia. Overall, 4744 (64.5%) were isolated in European countries, 1181
(16.1%) were isolated in North America, 764 (10.4%) were isolated in countries
in Oceania, with 432 (5.9%), 380 (5.2%) and 115 isolates (1.6%), respectively,
isolated in South American, Asian, or African countries. Overall, this analysis
illustrates that although the isolate panel predominantly comprises European
(and mostly UK) isolates, it nonetheless contains representative isolates from all
regions of the world. However, this distribution does not fully reflect the global
epidemiological landscape of N. gonorrhoeae infections, though it still provides

a valuable and diverse dataset for comparative and surveillance studies.
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Figure 4.3. Continent-level distribution of 7,327 N. gonorrhoeae isolates
extracted from the PubMLST database, used to assess the global prevalence
and conservation of the ngo0206 and ngol152 genes.

The highest numbers of isolates were reported from the UK (n = 1,479), Sweden
(n = 1,279), and the US (n = 1,146). Additional isolates were recorded from
Norway (n = 932), New Zealand (n = 697), the Netherlands (n = 547), Japan (n
= 234), Portugal (n = 189), Germany (n = 132), Vietnam (n = 121), Argentina
(n=110), Spain (n = 105), Australia (n = 67), Kenya (n = 48), Ghana (n = 47),
Ireland (n = 46), Canada (n = 35), Italy (n = 34), Brazil (n = 33), South Africa
(n = 20), the Philippines (n = 13), China (n = 11), France (n = 1), and Malaysia
(n=1).

126



Chapter 4: Results

4.2.2.2. Year of isolation

Isolate records from 2014 onwards were included in this analysis, and Figure
4.4 shows the total number of isolates per year. The highest number was isolated
in 2016 (n=2351), with far fewer numbers in some years (for example, 11
isolates in 2020, 7 isolates in 2021 and 6 isolates in 2022). Overall, the isolates
panel predominantly spans the years 2014-2019 (n=7303; 99.7%).

3000+
2500
2000

1500

Number of isolates

1000

500-

T T T
2014 2015 2016 2017 2018 2019 2020 2021 2022

Year

Figure 4.4. Year of isolation for 7,327 N. gonorrhoeae clinical isolates
extracted from the PubMLST database.

The highest number of isolates was isolated in 2016 (n=2351). In comparison,
the years 2014, 2015, 2017, 2018, and 2019 exhibited relatively high and
consistent numbers of isolates, ranging from 1,246 to 998 annually. A marked
decline was observed in subsequent years, with only 11 isolates in 2020, 7 in
2021, and 6 in 2022.
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4.2.2.3. Evaluating the gender sources of isolates

The metadata associated with 7327 gonococcal isolates was also interrogated for
the gender source of the isolates. As shown in Figure 4.5, 4582 (62.5%) of
isolates were isolated from males, and 772 (10.5%) were from females. However,
no gender source metadata was associated with 1973 (26.9%) of the isolate
records. Even if all the 1973 gonococci were, in fact, isolated from women, these
data may still reflect that gonococcal infections are more likely to be
symptomatic in men than women and, therefore, men are more likely to be tested

for infection(Jenks et al., 2022).
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Figure 4.5. Source of 7,327 N. gonorrhoeae isolates categorised by patient
gender, based on data extracted from the PubMLST database.

The data illustrate that 62.5% (n=4582) of isolates were isolated from men and
10.5% (n=772) from women. No gender source metadata was associated with
n=1973 (26.9%) of the isolate records.
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4.2.2.4. Determination of N. gonorrhoeae multi-sequence types (NG-STs)

A total of 450 distinct sequence types (Ledsgaard et al., 2018) were identified
among the 7327 isolates. However, the majority (n = 5227; 71.3%) belonged to
just 26 STs, with the most common being ST-9363, ST-1901, ST-7363, and ST-
8156. Collectively, these four STs accounted for 27.7% (n =2032) of the isolates,
as shown in Figure 4.6. No ST was recorded for 55 isolates (0.75%), and further

examination revealed that this was due to incomplete MLST allelic profiles.

In summary, while the isolate panel demonstrates some bias toward samples
from European countries, male subjects, and certain STs, it still encompasses a
wide range of isolates from multiple continents and countries. Consequently, it
serves as a valuable resource for examining recently circulating strains and for

exploring the prevalence and conservation of potential vaccine candidates.
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Figure 4.6. The prevalence of different STs amongst the 7327 gonococcal
isolates.

Only STs present in >55 isolates are shown for clarity. ST-9363 was the most
common (n=543). Other common STs (>300 isolates) included: ST-1901
(n=526), ST-7363 (n=515), and ST-8156 (n=448). Together, these four STs
encompassed 27.7% (n=2032) of all isolates. The total number of isolates
represented by the STs shown in the graph is 5,227, comprising 26 distinct STs.
ST information was not available in the metadata for 55 isolates (0.75%).
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4.2.3. Prevalence of the ngo0206 gene and amino acid conservation of the

NGOO0206 protein

BLAST was used to identify regions of similarity between biological sequences
by comparing a query sequence, in this case, the 378 amino acids of the
NGO0206 protein from N. gonorrhoeae FA1090, with sequence data from 7,327
gonococcal isolates (Table 4.1). The dataset comprised whole-genome sequence
data corresponding to these isolates, extracted from PubMLST. The output data,
summarised in Table 4.1, revealed that 44.6% (n = 3,269) of the gonococcal
isolates encode a protein substantially identical to FA1090-NGO0206 in terms

of both amino acid identity and alignment length.

Full-length proteins exhibiting less than 100% identity to the query sequence
were further analysed for amino acid mismatches and gaps. To accomplish this,
nucleotide sequences corresponding to the BLAST hits were first translated
using the ExPASy Translate tool. The resulting protein sequences were then
subjected to additional BLAST searches and alignment analyses. Subsequently,
the DNA sequences encoding NGO0206 from these isolates were translated and
aligned against the FA1090-NGOO0206 protein using multiple sequence
alignment (Figure 4.7). This alignment facilitated the identification of amino
acid mismatches, substitutions, and other sequence variations. For example, in
BLAST analysis, it was found that 2035 isolates had an insertion of an alanine
(Ala-A) residue at position 9 of the FA1090 protein, giving rise to a 379 amino
acid long primary sequence, but were otherwise identical to the NGO0206
sequence. Additional isolates also encoded this insertion in combination with

one or two other mismatches (Table 4.1 and Figure 4.7).

Examination of the DNA sequences from certain isolates explained the presence
of evidently truncated NGO0206 proteins. These truncations resulted either
from a single nucleotide change introducing a premature stop codon (e.g. id-
107268 and 1d-109152) or from a frameshift mutation near the start of the gene
coding sequence (id-118499). These isolates possessed the ngo0206 gene, but
they were predicted not to express a functional NGO0206 protein. Additionally,
in two isolates (1d-76338 and id-61813), the gene encoding NGO0206 was found

to span multiple contigs, preventing accurate reassembly of the intact locus.
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Consequently, these isolates were excluded from the analysis due to the inability

to confidently reconstruct the full gene sequence.

However, the remaining 886 isolates examined contained hits with a
considerably lower percentage identity (~60—65%) to the FA1090-NGO0206
query sequence. In these isolates, the DNA sequences encoding these hits were
demonstrated not to be ngo0206. Therefore, 886 out of 7,325 gonococcal isolates
(12.1%) were determined to lack the ngo0206 gene.

The results of this analysis revealed that the approximate prevalence of ngo0206
across gonococci is 87.9% (6439/7325), whereas the proportion of isolates that
would be predicted to express a functional NGO0206 protein is 87.8%
(6435/7325). Overall, whilst not universal, the ngo0206 gene is highly prevalent
and the NGO0206 amino acid sequence shows little variability across isolates.
Notably, this analysis was restricted to isolates within a defined time frame due
to a current limitation of the PubMLST BLAST tool, which permits sequence

comparison against a maximum of 10,000 isolate genomes (Jolley et al., 2018).
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Table 4.1. Summary table for the BLAST analysis of the prevalence of the ngo0206 and the conservation of the NG00206
primary sequence across 7325 gonococcal isolate records from PubMLST.

% Amino Number | Isolates % | Protein Mismatches | Gaps | Difference in protein sequence compared to Representative
acid identity of alignment FA1090-NGO0206 isolate (id)
isolates length
100 3269 44.6 378 0 0 None 39081
99.736 2035 27.7 379 1 Insertion of Ala at position 9 of the FA1090 41400
protein
99.735 370 5.05 378 1 0 Substitution of Ala for Pro at position 212 41397
15 0.20 378 1 0 Substitution of Pro for Ser at position 310 51668
4 0.05 378 1 0 Substitution of Val for Ala at position 6 75919
17 0.23 378 1 0 Substitution of Ala for Val at position 266 76370
2 0.027 378 1 0 Substitution of Ser for Phe at position 93 78929
2 0.027 378 1 0 Substitution of Ala for Thr at position 7 106740
2 0.027 158 0 220 Truncated due to a single nucleotide substitution 107268
leading to the introduction of a premature stop
codon
1 0.01 378 1 0 Substitution of Val for Ala at position 54 79283
1 0.01 378 1 0 Substitution of His for Arg at position 270 86904
1 0.01 377 1 1 Frameshift mutation at the start of the gene 118499
99.472 437 5.9 379 1 1 Insertion of Ala at position 9 and substitution of 39082
Phe for Ala at position 213
169 2.30 379 1 1 Insertion of Ala at position 9 and substitution of 47774
Ser for Phe at position 47
60 0.81 379 1 1 Insertion of Ala at position 9 and substitution of 86610
Arg for His at position 331
21 0.28 379 1 1 Insertion of Ala at position 9 and substitution of 52160
Thr for Ile at position 277
9 0.12 379 1 1 Insertion of Ala at position 9 and substitution of 46927
Arg for Cys at position 331
12 0.15 379 1 1 Insertion of Ala at position 9 and substitution of 86714

Arg for Trp at position 100
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0.20

379

Insertion of Ala at position 9 and substitution of
Ala for Thr at position 264

61797

0.01

379

Insertion of Ala at position 9 and substitution of
Ala for Val at position 376

76203

0.01

379

Insertion of Ala at position 9 and substitution of
Ala for Val at position 244

111458

0.01

379

Insertion of Ala at position 9 and substitution of
Ala for Val at position 342

116059

99.471

0.01

378

Substitution of Ala for Thr at position 91 and Phe
for Ala at position 212

76042

378

Substitution of Phe for Ala at position 212 and
substitution of Val for Ala at position 281

115896

0.01

158

220

Truncated due to a single nucleotide substitution
leading to the introduction of a premature stop
codon

109152

99.208

0.01

379

Insertion of Ala at position 9, substitution of Ser
for Asp at position 47, and Asp for Asn at
position 229

79224

99.206

0.04

378

Substitution of K for Asn at position 54, Ala for
Phe at position 59 and Ser for Q at position 183

111443

98.945

0.01

379

Insertion of Ala at position 9, substitution of Thr
for Ala at position 28, Met for Thr at position 66,
and K for Asn at position 175

111668

64.721

0.027

394

123

16

Hit not NGO0206, no significant similarity was
found in N. gonorrhoeae FA1090

56783

60.773

782

10.67

3788

139

Hit not NGO00206, but NGO1253 (polyamine
ABC transporter substrate-binding protein)

39619

60.773

102

1.39

381

139

Hit not NGO00206, but NGO1253 (polyamine
ABC transporter substrate-binding protein)

41391
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Characterisation of dominant NGOO0206 allelic variants to inform broad-
coverage gonococcal vaccine design. Analysis of 7,325 N. gonorrhoeae isolates
revealed that the NGOO0206 protein is highly conserved, with two dominant
allelic forms collectively present in approximately 72—75% of global circulating
strains. The primary allele, identical to the FA1090-NGO0206 reference

sequence (378 amino acids), was detected in 44.6% of isolates (n = 3,269).

A closely related variant, characterised by the insertion of an alanine (Ala-A) at
position 9, resulting in an extended protein of 379 amino acids, was observed in
27.7% of isolates (n = 2,035). These variant shares complete sequence identity
with the reference protein except for this single insertion. Additional minor
variants, each representing fewer than 6% of isolates, exhibited one or two
amino acid substitutions but retained over 98% sequence identity to the

reference, indicating limited diversity in NGO0206.

For vaccine development, it is advisable to prioritise the two dominant allelic
forms: the reference sequence and the alanine (Ala-A) insertion variant.
Together, these account for approximately 72—75% of global isolates, which
would maximise immunological coverage across roughly three-quarters of
circulating strains. Plus, inclusion of minor variants with minimal sequence
divergence may further enhance vaccine breadth, potentially extending coverage

to around 80% of gonococcal isolates.
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Despite the overall size of the dataset, this analysis focuses specifically on

multiple sequence alignments of 105 selected NGO0206 protein variants

compared to the FA1090-NGO0206 reference sequence. To facilitate clear

visual identification of sequence variation, all amino acid substitutions or

absence at each aligned position are highlighted in yellow, presented in bold

typeface, and enclosed within black boxes (Figure 4.7).
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FA1090 IDKDLLKMMEAVDPGNEYAVPYFWGINTLAINTRQVQKALGTDKLPENEWDLVFKPEYTA 179

41397 IDKDLLKMMEAVDPGNEYAVPYFWGINTLAINTRQVQKALGTDKLPENEWDLVEFKPEYTA 179
khkkhkkhkkhkhhkhhhhhkhhhhhhhhkhkhkhkhkkhkkhkhhkhhkhhkhhhhhhhhhhhk . kkk*

47774 KLKSCGISYFDSAIEQIPLALHYLGKDPNSENPEDIKAAVDMMKAVRGDVKRESSSGYID 240
86714 KLKSCGISYFDSAIEQIPLALHYLGKDPNSENPEDIKAAVDMMKAVRGDVKRESSSGYID 240
46927 KLKSCGISYFDSAIEQIPLALHYLGKDPNSENPEDIKAAVDMMKAVRGDVKRESSSGYID 240
52160 KLKSCGISYFDSAIEQIPLALHYLGKDPNSENPEDIKAAVDMMKAVRGDVKRESSSGYID 240
86610 KLKSCGISYFDSAIEQIPLALHYLGKDPNSENPEDIKAAVDMMKAVRGDVKRESSSGYID 240
41400 KLKSCGISYFDSAIEQIPLALHYLGKDPNSENPEDIKAAVDMMKAVRGDVKRESSSGYID 240
39082 KLKSCGISYFDSAIEQIPLALHYLGKDPNSEM@EDIKAAVDMMKAVRGDVKRFSSSGYID 240
111443 KLM@CGISYFDSAIEQIPLALHYLGKDPNSENPEDIKAAVDMMKAVRGDVKRFSSSGYID 239
106740 KLKSCGISYFDSAIEQIPLALHYLGKDPNSENPEDIKAAVDMMKAVRGDVKRESSSGYID 239
78929 KLKSCGISYFDSAIEQIPLALHYLGKDPNSENPEDIKAAVDMMKAVRGDVKRESSSGYID 239
76370 KLKSCGISYFDSAIEQIPLALHYLGKDPNSENPEDIKAAVDMMKAVRGDVKRESSSGYID 239
75919 KLKSCGISYFDSAIEQIPLALHYLGKDPNSENPEDIKAAVDMMKAVRGDVKREFSSSGYID 239
51668 KLKSCGISYFDSAIEQIPLALHYLGKDPNSENPEDIKAAVDMMKAVRGDVKRESSSGYID 239
39081 KLKSCGISYFDSAIEQIPLALHYLGKDPNSENPEDIKAAVDMMKAVRGDVKREFSSSGYID 239
FA1090 KLKSCGISYFDSAIEQIPLALHYLGKDPNSENPEDIKAAVDMMKAVRGDVKRESSSGYID 239
41397 KLKSCGISYFDSAIEQIPLALHYLGKDPNSEM@EDIKAAVDMMKAVRGDVKRFSSSGYID 239

dkkk dhkkkkkhkkhkkhkkhkkhkhkkhkhkhkhkkhkhkk khkkhkhkkhkhhkkhkhkkhkkkhkkkhkhkk

47774 DMAAGNLCAAIGYGGDLNIAKTRAEEAANGVEIKVLTPKTGVGVWVDSEFMI PRDAQNVAN 300
86714 DMAAGNLCAAIGYGGDLNIAKTRAEEAANGVEIKVLTPKTGVGVWVDSFMIPRDAQNVAN 300
46927 DMAAGNLCAAIGYGGDLNIAKTRAEEAANGVEIKVLTPKTGVGVWVDSEFMI PRDAQNVAN 300
52160 DMAAGNLCAAIGYGGDLNIAKTRAEEAANGVEIKVL!PKTGVGVWVDSFMIPRDAQNVAN 300
86610 DMAAGNLCAAIGYGGDLNIAKTRAEEAANGVEIKVLTPKTGVGVWVDSFMIPRDAQNVAN 300
41400 DMAAGNLCAAIGYGGDLNIAKTRAEEAANGVEIKVLTPKTGVGVWVDSEFMI PRDAQNVAN 300
39082 DMAAGNLCAAIGYGGDLNIAKTRAEEAANGVEIKVLTPKTGVGVWVDSFMIPRDAQNVAN 300
111443 DMAAGNLCAAIGYGGDLNIAKTRAEEAANGVEIKVLTPKTGVGVWVDSEFMI PRDAQNVAN 299
106740 DMAAGNLCAAIGYGGDLNIAKTRAEEAANGVEIKVLTPKTGVGVWVDSFMIPRDAQNVAN 299
78929 DMAAGNLCAAIGYGGDLNIAKTRAEEAANGVEIKVLTPKTGVGVWVDSEFMI PRDAQNVAN 299
76370 DMAAGNLCAAIGYGGDLNIAKTRAEEE@NGVEIKVLTPKTGVGVWVDSFMIPRDAQNVAN 299
75919 DMAAGNLCAAIGYGGDLNIAKTRAEEAANGVEIKVLTPKTGVGVWVDSFMIPRDAQNVAN 299
51668 DMAAGNLCAAIGYGGDLNIAKTRAEEAANGVEIKVLTPKTGVGVWVDSEFMI PRDAQNVAN 299
39081 DMAAGNLCAAIGYGGDLNIAKTRAEEAANGVEIKVLTPKTGVGVWVDSFMIPRDAQNVAN 299
FA1090 DMAAGNLCAAIGYGGDLNIAKTRAEEAANGVEIKVLTPKTGVGVWVDSFMIPRDAQNVAN 299
41397 DMAAGNLCAAIGYGGDLNIAKTRAEEAANGVEIKVLTPKTGVGVWVDSEFMI PRDAQNVAN 299

dkkkhkdkkhkhkdkkhkhhkkhkhhkkhhhkhkhhhkk dhhkkhkkkhkkhkk hkhkkhkhkkhkkkkhkkkkhkkkkkkk

47774 AHRYIDYTLRPEVAAKNGSFVTYAPASRPARELEDEKYTSDASIFPTKELMEKSFIVSPK 359
86714 AHRYIDYTLRPEVAAKNGSEFVTYAPASRPARELMDEKYTSDASIFPTKELMEKSFIVSPK 360
46927 AHRYIDYTLRPEVAAKNGSFVTYAPASRPA!ELMDEKYTSDASIFPTKELMEKSFIVSPK 360
52160 AHRYIDYTLRPEVAAKNGSEFVTYAPASRPARELMDEKYTSDASIFPTKELMEKSFIVSPK 360
86610 AHRYIDYTLRPEVAAKNGSFVTYAPASRPAHELMDEKYTSDASIFPTKELMEKSFIVSPK 360
41400 AHRYIDYTLRPEVAAKNGSEFVTYAPASRPARELMDEKYTSDASIFPTKELMEKSEFIVSPK 360
39082 AHRYIDYTLRPEVAAKNGSEFVTYAPASRPARELMDEKYTSDASIFPTKELMEKSFIVSPK 360
111443 AHRYIDYTLRPEVAAKNGSEFVTYAPASRPARELMDEKYTSDASIFPTKELMEKSEFIVSPK 359
106740 AHRYIDYTLRPEVAAKNGSEFVTYAPASRPARELMDEKYTSDASIFPTKELMEKSEFIVSPK 359
78929 AHRYIDYTLRPEVAAKNGSEFVTYAPASRPARELMDEKYTSDASIFPTKELMEKSFIVSPK 359
76370 AHRYIDYTLRPEVAAKNGSEFVTYAPASRPARELMDEKYTSDASIFPTKELMEKSEFIVSPK 359
75919 AHRYIDYTLRPEVAAKNGSEFVTYAPASRPARELMDEKYTSDASIFPTKELMEKSFIVSPK 359
51668 AHRYIDYTLREEVAAKNGSFVTYAPASRPARELMDEKYTSDASIFPTKELMEKSFIVSPK 359
39081 AHRYIDYTLRPEVAAKNGSEFVTYAPASRPARELMDEKYTSDASIFPTKELMEKSEFIVSPK 359
FA1090 AHRYIDYTLRPEVAAKNGSEFVTYAPASRPARELMDEKYTSDASIFPTKELMEKSFIVSPK 359
41397 AHRYIDYTLRPEVAAKNGSEFVTYAPASRPARELMDEKYTSDASIFPTKELMEKSEFIVSPK 359

khkhkkhkkhkkkk hhkkkkkkhkhkkhkkhkkhkhkkhkkk kk khkkkkkkkkkkkhkhkkkkkkkhkkkkkkk

47774 SAESVKLGVKLWQGLKAGK 378
86714 SAESVKLGVKLWQGLKAGK 379
46927 SAESVKLGVKLWQGLKAGK 379
52160 SAESVKLGVKLWQGLKAGK 379
86610 SAESVKLGVKLWQGLKAGK 379
41400 SAESVKLGVKLWQGLKAGK 379
39082 SAESVKLGVKLWQGLKAGK 379
111443 SAESVKLGVKLWQGLKAGK 378
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106740 SAESVKLGVKLWQGLKAGK 378
78929 SAESVKLGVKLWQGLKAGK 378
76370 SAESVKLGVKLWQGLKAGK 378
75919 SAESVKLGVKLWQGLKAGK 378
51668 SAESVKLGVKLWQGLKAGK 378
39081 SAESVKLGVKLWQGLKAGK 378
FA1090 SAESVKLGVKLWQGLKAGK 378
41397 SAESVKLGVKLWQGLKAGK 378

kkhkkkkkkkkkkkkkkkkkk

Figure 4.7. Multiple amino acid sequence alignment of 105 distinct
NGO0206 protein variants from different N. gonorrhoeae isolates,
compared to the FA1090-NGO0206 reference sequence. Alignment was
generated using Clustal Omega [https://www.ebi.ac.uk/Tools/msa/clustalo/].
Additionally, specific symbols are employed to denote the nature of the amino
acid changes, substitutions, or absence at each aligned position, thus providing
further resolution in interpreting the sequence variability. For example, an
asterisk (*) indicates positions which are identical across all aligned sequences.
A colon (:) indicates a change in the amino acid at that position to one with
highly similar biochemical properties (a conservative substitution). A decimal
point (.) indicates a change in the amino acid at that position to one with slightly
comparable properties (a semi-conservative substitution). A space (no symbol)
indicates a substitution for an amino acid with dissimilar properties. A gap (-) in
the alignment represents a missing amino acid residue at that position compared
to other sequences. Colours represent different residue properties: red
(AVFPMILW; small hydrophobic), blue (DE; acidic), magenta (RK; with basic-
H) and (STYHCNGQ); hydroxyl, sulfhydryl, amine, and G).
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4.2.3.1. Investigating gonococcal strains lacking ngo0206

In order to further understand why some isolates lacked the ngo0206, the STs of
these 886 isolates were examined and compared to the STs of strains containing
ngo0206. Only six STs accounted for the 886 isolates, including ST-13148 (n =2
isolates), ST-11999 (n =23 isolates), ST-11422 (n =37 isolates), ST-9362 (n = 63
isolates) ST-11428 (=219 isolates), and ST-9363 (n=543 isolates).
Importantly, no isolates from these six STs were present in the 6439 ngo0206-

positive isolates as previously described in Table 4.1.

Further examination of the MLST allelic profiles of the six STs of interest
showed that two of the seven MLST loci (adk and pgm) were identical across all
six STs (Table 4.2). For the remaining five MLST genes, ST-11422 and ST-9362
possessed one divergent allele compared to the most prevalent ST-9363, whilst
ST-13148, ST-11999 and ST-11428 possessed two divergent alleles compared to
ST-9363. Overall, these data may suggest that all six STs form a closely related
genetic lineage, which appears to have lost ngo0206 (and perhaps additional

genes in close proximity) during expansion from a common ancestor.

Table 4.2. Genetic diversity at MLST loci among six STs (encompassing 886
isolates) lacking ngo0206. Alleles differing from ST-9363 are highlighted in
bold/grey.

STs Number | Representative MLST allelic profile

of isolate ID

isolates abcZ | adk | aroE | fumC | gdh | pdhC | pgm
13148 | 2 56782 126 |39 | 170 | 238 | 839 | 153 133
11999 | 23 46886 126 |39 |67 111 148 | 783 | 133
11422 | 37 118126 109 |39 |67 238 | 148 | 153 133
9362 | 63 116503 126 |39 |67 238 | 147 | 153 133
11428 | 218 107000 126 |39 | 170 | 238 | 734 | 153 133
9363 | 543 47753 126 |39 | 67 238 | 148 | 153 133

N. gonorrhoeae, common housekeeping genes used in MLST include: abcZ -
ATP-binding cassette transporter, adk -Adenylate kinase, aroE — 5-
enolpyruvylshikimate-3-phosphate synthase, fumC — Fumarase C, gdh -
Glutamate dehydrogenase, pdhC - Pyruvate dehydrogenase complex component

and pgm — Phosphoglucomutase.
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4.2.4. Prevalence of the ngol152 gene and amino acid conservation of the

NGO1152 protein

An identical approach to that used for NGO0206 was taken to investigate the
prevalence of ngo/152 and conservation of the NGO1152 amino acid sequence
(268 protein alignment length) across 7326 gonococcal isolates using tools at

the PubMLST.org/Neisseria database.

Based on the summary in Table 4.3, one isolate (ID-76475) was excluded from
the analysis because ngol1152 spanned multiple contigs, preventing accurate
reassembly of the intact locus. Additionally, two isolates (ID-77388 and
ID-109097) contained truncated proteins caused by nucleotide changes that

introduced internal stop codons.

As shown in Table 4.3, 6107 (83%) of gonococcal isolates encoded the
NGO1152 protein with 100% identity to FA1090-NGO1152 in terms of amino
acid identity and alignment length. Additionally, 1219 isolates encoded
NGO1152 sequences that were highly similar, but not 100% identical to
FA1090-NGO1152. Among these, 149 isolates had a single mismatch, 352 had
two mismatches, 1 isolate had three mismatches, 4 isolates had four mismatches,
681 had five mismatches, 1 isolate had nine mismatches, and 23 isolates had

thirteen mismatches.

Ultimately, the estimated prevalence of ngo1152 across gonococci was 100%
(7326/7326), and the proportion of isolates that would be predicted to express a
functional NGO1152 protein is 99.97% (7324/7326). Therefore, NGO1152 is

predicted to be almost universally expressed in N. gonorrhoeae strains.
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Table 4.3. Summary table for the BLAST analysis of the prevalence of the ngo1152 and the conservation of the NGO1152
primary sequence across 7326 gonococcal isolate records from PubMLST.

% Amino | Number Percentage of Protein Mismatch | Gaps Difference in protein sequence compared to | Representative

acid of isolates | total isolates alignment FA1090-NGO1152 isolate (id)

identity length

100 6107 83.3 268 0 0 None 39081

99.6 44 0.60 268 1 0 Substitution Val for Ile (at position 99) 46286
22 0.30 268 1 0 Substitution Glu for Asp (at position 139) 51112
21 0.28 268 1 0 Substitution Asn for Ser (at position 145) 86536
16 0.21 268 1 0 Substitution Glu for Asp (at position 139) 39085
9 0.12 268 1 0 Substitution Asp for Asn (at position 231) 47806
7 0.09 268 1 0 Substitution Gly for Asp (at position 25) 46959
5 0.06 268 1 0 Substitution Asn for Ser (at position 175) 46853
5 0.06 268 1 0 Substitution Ala for Val (at position 15) 95818
4 0.05 268 1 0 Substitution Gly for Arg (at position 264) 107949
3 0.04 268 1 0 Substitution Ala for Thr (at position 33) 61848
2 0.02 268 1 0 Substitution Ile for Val (at position 127) 76158
2 0.02 268 1 0 Substitution Ala for Val (at position 207) 107919
1 0.01 268 1 0 Substitution Ala for Thr (at position 20) 61869
1 0.01 268 1 0 Substitution Cys for Gly (at position 13) 76483
1 0.01 268 1 0 Substitution His for Phe (at position 82) 46879
1 0.01 268 1 0 Substitution Ser for Asn (at position 195) 107274
1 0.01 268 1 0 Substitution Val for Ile (at position 192) 111605
1 0.01 268 1 0 Substitution Gly for Ser (at position 132) 115884
1 0.01 268 1 0 Substitution Ala for Val (at position 26) 118096
1 0.01 268 1 0 Substitution Ser for Asn (at position 117) 118627
1 0.01 268 1 0 Substitution Ser for Asn (at position 99) 119226

99.3 347 4.73 268 2 0 Substitution Val for Ile (at position 99) and Glu | 41387

for Asp (at position 139)
3 0.04 268 2 0 Substitution Asn for Ser (at position 175) and 60436
Asp for Asn (at position 231)
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2 0.02 268 2 0 Substitution Asn for Ser (at position 164) and 83962
Asn for Ser (at position 174)
98.9 1 0.01 268 3 0 Substitution Val for Ile (at position 99), Glu for | 56128

Asp (at position 139), and Asn for Ser (at
position 165)

2 0.02 268 3 0 Substitution Ile for Val (at position 99), Glu for | 111432
Asp (at position 139), and Asn for Ser (at
position 175)

1 0.01 268 3 0 Substitution Val for Ile (at position 99), Glu for | 111486
Asp (at position 139), and Ser for Ala (at
position 260)

1 0.01 268 3 0 Substitution Val for Ile (at position 99), E for 118019
Asp (at position 139) and His for Y (at position
153)

98.5 6 0.08 268 4 0 Substitution Glu for Asp (at position 139), His | 86649
for Y (at position 153), Asn for Ser (at position
165), and Asn for Ser (at position 175)
1 0.01 268 4 0 Substitution Val for Ile (at position 99), Glu for | 117968
Asp (at position 139), Asn for Gly (at position
165), and Asn for Ser at position 175)

98.1 680 9.28 268 5 0 Substitution Val for Ile (at position 99), Glu for | 41393
Asp (at position 139), His for Y (at position
153), Asn for Ser (at position 165), and Asn for
Ser (at position 175)

97.9 1 0.01 202 5 66 Frameshift mutation at the start of the gene 77388
97.4 1 0.01 168 4 100 Frameshift mutation at the start of the gene 109097
96.6 1 0.01 268 9 0 Substitution Gly for Asp (at position 36), Val 107773

for Ile (at position 99), Glu for Asp (at position
139), His for Y (at position 153), Asn for Ser
(at position 165), Asn for Ser (at position 175),
Glu for K (at position 243), Ala for Val (at
position 260) and Gly for Glu (at position 265)
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95.1 23 0.31 268 13 0 Substitution Leu for Ile (at position 11), Ala for | 48405
Tyr (at position 17), Gly for Ser (at position
25), Pro for Thr (at position 35), Asn for Asp
(at position 58), Ala for E (at position 73), Val
for Thr (at position 135), E for D (at position
139), Asn for Lys (at position 143), Tyr for His
(at position 153), Asn for Ser (at position 165)
and Asn for Ser (at position 175).
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For characterisation of dominant NGO1152 allelic variants to inform broad-
spectrum gonococcal vaccine design. The BLAST analysis of 7,325
N. gonorrhoeae isolates demonstrated that the NGO1152 protein is highly
conserved, with several allelic variants of relevance for vaccine development.
The primary allelic form, identical to the FA1090-NGO1152 reference sequence
across all 268 amino acids, was present in 83.3% of isolates (n = 6,107). A
minority of isolates (~0.6%, n = 44) exhibited a single amino acid substitution
(valine (Val-V) for isoleucine (Ile-I) at position 99), while other rare
substitutions, including glutamic acid (Glu-E) for aspartic acid (Asp-D) at
position 139, and asparagine (Asn-N) for serine (Ser-S) at positions 145 and 175
each accounted for less than 0.3% of isolates. Isolates harbouring two or more
substitutions comprised 4.73% (n = 347) of the dataset, frequently involving the
valine (Val-V) /isoleucine (Ile-I) substitution at position 99 combined with the
glutamic acid (Glu-E) /aspartic acid (Asp-D) substitution at position 139. More
complex variants with three or more substitutions were uncommon (<0.5%) and
included changes such as histidine (His-H) to tyrosine (Tyr-Y) at position 153
and asparagine (Asn-N) to serine (Ser-S) at positions 165 and 175. An
exceedingly small number (<0.1%) carried frameshift mutations near the gene
start, likely leading to truncated or non-functional NGO1152 proteins. To
identify the most suitable amino acid sequences for broad-spectrum vaccine

development, allelic analysis of NGO1152 was undertaken.

The findings indicate that inclusion of the predominant allelic form, which is
100% identical to the FA1090-NGO1152 reference sequence, alongside the
most common variant (differing by one or two conservative amino acid
substitutions) should be prioritised. Together, these two variants collectively
represent approximately 88% of global N. gonorrhoeae isolates, suggesting they
could confer broad immunological coverage of most circulating strains and

supporting their selection as rational antigen candidates.

144



Chapter 4: Results

Again, regardless of the size of the overall dataset, this analysis presents multiple

sequence alignments of a selected subset of 95 NGOI1152 protein variants

aligned against the FA1090-NGO1152 reference sequence. To aid clear visual

identification of mutations, all amino acid changes are highlighted in yellow,

displayed in bold, and enclosed within squares as shown in Figure 4.8.
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FEITQVVLVPKGKKVSSSDDLKKMNKVGVVTGY|TGDFSVSKLLGSDNPKIARFE|SVPLI T
FEITQVVLVPKGKKVSSSDDLKKMNKVGVVTGHTGDFSVSKLLGNDNPKIARFE[SVPLIT
FEITQVVLVPKGKKVSSSEDLKKMNKVGVVTGHTGDFSVSKLLGSDNPKIARFESVPLIT
FEITQVVLVPKGKKVSSSEDLKKMNKVGVVTGHTGDFSVSKLLGNDNPKIARFESVPLII
FEITQVVLVPKGKKVSSSODLKKMNKVGVVTGHTGDFSVSKLLGNDNPKIARFENVPLI I
FEITQVVLVPKGKKVSSSEDLKKMNKVGVVTGHTGDFSVSKLLGNDNPKIARFENVPLI I
FEITQVII]LVPKGKKVSSSEDLKKMNKVGVVTGHTGDFSVSKLLGNDNPKIARFENVPLI T
FEITQVVLVPKGKKVSSSEDLKKMNKVGVVTGHTGDFSVSKLLGNDNPKIARFENVPLI I
FEITQVVLVPKGKKVSSSEDLKKMNKVGVVTGHTGDFSVSKLLGNDNPKIARFENVPLI I
FEITQVVLVPKGKKVSSSEDLKKMNKVGVVTGHTGDFSVSKLLGNDNPKIARFENVPLI I
FEITQVVLVPKGKKVSSSEDLKKMNKVGVVTGHTGDFSVSKLLGNDNPKIARFESVPLIT
FEITQVVLVPKGKKVSSSEDLKKMNKVGVVTGHTGDFSVSKLLGNDNPKIARFENVPLI I
FEITQVVLVPKGKKVSSSEDLKKMNKVGVVTGHTGDFSVSKLLGNDNPKIARFENVPLI I
FEITQVVLVPKGKKVSSSEDLKKMSKVGVVTGHTGDFSVSKLLGNDNPKIARFENVPLIT
FEITQVVLVPKGKKVSSSDDLKKMNKVGVVTGHTGDFSVSKLLGNDNPKIARFENVPLIT
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39085 FEITQVVLVPKGKKVSSS@DLKKMNKVGVVTGHTGDFSVSKLLGNDNPKIARFENVPLII 180
39081 FEITQVVLVPKGKKVSSSEDLKKMNKVGVVTGHTGDFSVSKLLGNDNPKIARFENVPLIT 180
FA1090 FEITQVVLVPKGKKVSSSEDLKKMNKVGVVTGHTGDFSVSKLLGNDNPKIARFENVPLIT 180
46286 FEITQVVLVPKGKKVSSSEDLKKMNKVGVVTGHTGDFSVSKLLGNDNPKIARFENVPLIT 180

dkkhkdkk chdkkhhdkk  hhkk hhkk k hhkkkhk khkkhkhhhkhdhk hhkkkhkkkh *hkkkk

48405 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDEFTTEHYGIAVRKGDEATVKMLND 240
86649 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDFTTEHYGIAVRKGDEATVKMLND 240
111432 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDFTTEHYGIAVRKGDEATVKMLND 240
83962 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDFTTEHYGIAVRKGDEATVKMLND 240
60436 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDFTTEHYGIAVRKGHEATVKMLND 240
41387 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDEFTTEHYGIAVRKGDEATVKMLND 240
107919 KELENGGLDSVVSDSAVIANYVKNNP@KGMDFVTLPDFTTEHYGIAVRKGDEATVKMLND 240
76158 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDFTTEHYGIAVRKGDEATVKMLND 240
61848 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDEFTTEHYGIAVRKGDEATVKMLND 240
107949 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDEFTTEHYGIAVRKGDEATVKMLND 240
95818 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDFTTEHYGIAVRKGDEATVKMLND 240
46853 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDFTTEHYGIAVRKGDEATVKMLND 240
46959 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDFTTEHYGIAVRKGDEATVKMLND 240
47806 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDFTTEHYGIAVRKGEEATVKMLND 240
86536 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDFTTEHYGIAVRKGDEATVKMLND 240
51112 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDFTTEHYGIAVRKGDEATVKMLND 240
39085 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDFTTEHYGIAVRKGDEATVKMLND 240
39081 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDFTTEHYGIAVRKGDEATVKMLND 240
FA1090 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDFTTEHYGIAVRKGDEATVKMLND 240
46286 KELENGGLDSVVSDSAVIANYVKNNPAKGMDFVTLPDFTTEHYGIAVRKGDEATVKMLND 240

dkkkhkdkkhkhkdkkhkhhkkhhhkkhhhkhkhhhkk dhhkkhkkkhkhkkhhkkhhhkkhkkhhkkkh . kkkkkkkkk

48405 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
86649 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
111432 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
83962 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
60436 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
41387 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
107919 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
76158 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
61848 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
107949 ALEKVRESGEYDKIYAKYFAKEGRQAAK 268
95818 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
46853 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
46959 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
47806 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
86536 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
51112 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
39085 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
39081 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
FA1090 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268
46286 ALEKVRESGEYDKIYAKYFAKEGGQAAK 268

hhkhkkkkkhkkhkhkkhkkhkkhkhkkhkkhkkkkkkk

Figure 4.8. Multiple amino acid sequence alignment of 95 distinct NGO1152
protein variants from different N. gonorrhoeae isolates, compared to the
FA1090-NGO1152 reference sequence. Alignment was generated using
Clustal Omega [https://www.ebi.ac.uk/Tools/msa/clustalo/].

Additionally, specific symbols are employed to denote the nature of the amino
acid changes, substitutions, or absence at each aligned position, thus providing
further resolution in interpreting the sequence variability. For example, an
asterisk (*) indicates positions which are identical across all aligned sequences.
A colon (:) indicates a change in the amino acid at that position to one with
highly similar biochemical properties (a conservative substitution). A decimal
point (.) indicates a change in the amino acid at that position to one with slightly
comparable properties (a semi-conservative substitution). A space (no symbol)
indicates a substitution for an amino acid with dissimilar properties. Colours
represent different residue properties: red (AVFPMILW; small hydrophobic),
blue (DE; acidic), magenta (RK; with basic-H) and green (STYHCNGQ;
hydroxyl, sulthydryl, amine, and G).
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4.3. Amino acid conservation and divergence between NGO00206 and

NGO1152 and their immunological cross-reactivity

To evaluate the degree of sequence conservation between NGO0206 (378 amino
acids) and NGO1152 (268 amino acids), and to investigate the molecular basis
for the experimental cross-reactivity observed in immunoblotting assays
between antibodies targeting NGO1152 and NGO0206 (as detailed in Chapter
3), a pairwise alignment was conducted using EMBOSS Water. This tool applies
the Smith—Waterman algorithm for local sequence alignment. The alignment
was performed using the EBLOSUMG62 substitution matrix, with a gap opening
penalty of 10.0 and a gap extension penalty of 0.5 to optimise sensitivity and

accuracy.

The resulting alignment spanned 246 residues, corresponding to 65% of
NGO0206 and 92% of NGO1152, with high sequence coverage but low amino
acid identity (24%), as shown in Figure 4.9. The overall alignment score was
93.0, indicating limited sequence conservation between these lipoproteins and
suggesting that any homology is likely confined to a shared partial domain. The
EBLOSUMBS62 substitution matrix output revealed a low identity of 24.0% (59
out of 246 residues were identical) and a moderate similarity of 36.6% (90
residues with similar biochemical properties). The alignment also showed a high
proportion of gaps (32.9%, or 81 positions out of 246), reflecting numerous
insertions and deletions distributed primarily in the middle and C-terminal

regions.

In contrast to the divergent central and C-terminal regions, the N-terminal signal
peptide contains a conserved lipobox-like motif typical of bacterial lipoproteins.
This motif terminates at the invariant cysteine (NGO0206: MKKTLVAAIL--
SLALTACGG; NGO1152: MKKWIAAALACSALALSACGG), consistent
with signal peptidase II processing and membrane lipidation (Figure 4.9). This
conserved domain underpins membrane targeting, lipidation, and anchoring,
thereby facilitating correct localisation and contributing to immune recognition.
Additional conserved N-terminal motifs and short sequence elements (such as
YAVPYF/FSDPYF and GFDVDL/GKSGYD) likely support shared folding and
reciprocal  cross-reactivity in immunoblotting, highlighting common

immunological epitopes despite overall sequence divergence.
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Together, the conserved N-terminal region, including the signal peptide, lipobox,
and short motifs, not only supports a shared mechanism of membrane
localisation but also explains the presence of shared immunogenic determinants.
This provides a compelling molecular basis for the cross-reactive signals
observed in immunoblotting assays (as described in Chapter 3). Specifically,
anti-NGO0206 antibodies recognised both NGO0206 and NGO1152, and anti-
NGO1152 antibodies likewise bound both proteins, underscoring the

immunological importance of this conserved region.

Interestingly, the alignment analysis revealed that the mature sequence of
NGOO0206 begins at position 1, whereas NGO1152 starts at position 3,
suggesting that the first two amino acids of NGO1152 may be either unannotated
or removed through post-translational processing. Additionally, two deletions
near positions 11-12 in NGOO0206 suggest structural modifications in
NGO1152’s corresponding region. These observations support functional
conservation of the membrane-targeting machinery despite broader sequence
divergence. The conserved signal peptide suggests both proteins use similar
lipoprotein transport pathways involving signal peptide cleavage and lipid
modification for membrane insertion, though subtle sequence variations may
affect processing, trafficking, or maturation. The central regions of NGO1152
and NGOO0206 (residues 44-97 and 137-161) show pronounced divergence,
with NGO1152 exhibiting deletions and NGO0206 containing insertions or
domain expansions (residues 120—150). These alignment gaps likely reflect
evolutionary divergence in domain architecture and functional specialisation,

accounting for the observed size difference between the proteins.

Although some polar or charged residues are conserved, the alignment reveals
numerous mismatches, including both conservative and non-conservative
substitutions. For example, lysine (Lys-K) or alanine (Ala-A) residues in
NGOO0206 are often replaced by structurally distinct residues in NGO1152,
potentially affecting protein folding or ligand-binding capacity. The high density
of gaps and sequence variability in the middle region further supports functional
divergence, possibly reflecting differences in substrate specificity or interaction

partners.
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Despite overall variability, several short, conserved motifs are present. For
example, the segment 'YAVPYF' in NGOO0206 aligns with 'FSDPYF' in
NGO1152, where five out of six residues are identical or chemically similar,
indicating a conserved structural element. Likewise, the NGO1152 motif
'GFDVDL' aligns with the analogous but non-identical sequence 'GKSGYD' in
NGO0206, suggesting that both proteins may share B-sheet or loop structures
potentially important for stability or function. This structural conservation likely
underlies the shared immunological epitope recognition despite overall
sequence variability. In contrast, this region also displays multiple insertions and
deletions: NGO0206 contains long gaps where NGO1152 retains sequence and
vice versa, reflecting their distinct sequence lengths (378 vs. 268 amino acids).
Although both proteins are annotated as lipoproteins, their low sequence identity
and the presence of non-overlapping insertions and deletions suggest they have
undergone distinct evolutionary adaptations and are unlikely to be functionally
redundant. This structural divergence -carries important biological and
translational implications. The high frequency of alignment gaps and region-
specific variability, particularly in surface exposed areas, may underlie
differences in substrate specificity, immune accessibility, and protein—protein
interactions. Notably, variation within the signal peptide region can affect
membrane targeting, insertion, and post-translational modifications, for example,
lipidation and can ultimately shape their distinct cellular roles. However,
sequence comparisons reveal that NGO0206 contains multiple insertions
relative to NGOI1152, especially in the middle and C-terminal regions,

indicating domain expansions.

Importantly, the conserved N-terminal motifs in NGO0206 and NGO1152,
potentially including B-barrel or immunoglobulin-like fold elements, preserve
essential structural features that likely underpin cross-reactive antibody
recognition. Although these lipoproteins are structurally divergent and
functionally non-redundant, they share sufficient epitope similarity to support
broad vaccine potential. Simultaneously, their distinctive regions offer
opportunities for use as diagnostic or epidemiological markers, aiding strain-
level differentiation. Thus, understanding their conserved and divergent features

is essential for both immunological and translational applications.
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NG0O0206 1 - —-GSDT, QOTPSAKPEAEQSGKLNIYNWSD 47
NGO1152 3 I !LA“ QGKDL\h‘NP ————— GK——V!RVAS 43
NG0O0206 48 YVDPETWKETGIKMRSDYYDSNETLEAKVLTGKSGYDLTAPS IANV 97
woorise  as pe 1T A e A
NG0O0206 98 GRQIKAGAYQKIDKAQ----- TPHYGNIDKDLLKMMEAV=-—=———— DPGNE 136
wortse s i EEENTE FL-E I
NG0O0206 137 YAVPYF—f——— - ————— WGINTLAINTRQVQKALGT 161
NGO1152 116 FSDPYFEITQVVLVPKGKKVSSSEDLKKMNKVGVV!C';I:I'i'é]'DF"é!SgLEN 165
NG0O0206 162 DKLPENEWDLVFKPEYTAKLKSCGISYFDSAIEQIPLALHYLGKDP 207
woorrsz 16 Momeee: (HEEEE 0. LRl

Figure 4.9. Pairwise amino acid sequence alignment analysis between
FA1090-NGO0206 (378 amino acids) and FA1090-NGO1152 (268 amino
acids). Alignment was generated using EMBOSS Water [https://www.ebi.a
c.uk/jdispatcher/psa/emboss_water/].

The alignment reveals both conserved and divergent regions, with the following
annotation symbols: Identity (| green 24.0%), residues are identical, indicating
the amino acid at that position is exactly the same in both sequences. This
suggests strong evolutionary conservation and likely similar structure or
function. A colon (: yellow 36.6%) indicates a change in amino acid at that
position to one with highly similar biochemical properties (a conservative
substitution). A decimal point (. pink) indicates a change in amino acid at that
position to one with slightly similar properties (a semi-conservative substitution).
A gap (- black 32.9%) in the alignment represents a missing amino acid residue
at that position compared to other sequences. These gaps represent insertions or
deletions (indels) relative to the other sequence and may influence protein
structure or function. Conserved residues were primarily restricted to the N-
terminal region, with local identity observed in motifs such as MKK-AA—
SALAL-ACGG (highlighted in dark blue).
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4.3.1. Conservation of amino acid alignment between NGO1152 and its

orthologue NMB1612 from N. meningitidis MC58

Bioinformatics analysis identified NGO1152 as a putative ABC transporter
component in the N. gonorrhoeae FA1090 genome (accession number
YP 208231). The gene encodes a 268-amino-acid protein with a predicted
molecular weight of approximately 30 kDa. Functional predictions indicate that
NGOI1152 acts as SBP, likely involved in the periplasmic transport of amino
acids such as glutamine, glutamate, and aspartate. It is also hypothesised to
function as a histidine-binding protein, consistent with SBP subfamily
classifications. It has a close orthologue to arginine-binding SBP in
N. meningitidis strain MC58, known as NMB1612 (also referred to as
NMC1533), which is similarly predicted to encode a 268-amino acid protein
with a comparable function. Given the genetic and functional similarities
between Neisseria species, it was hypothesised that NGO1152 and NMB1612
are highly conserved orthologues performing equivalent roles in their respective
hosts. Establishing the degree of similarity between these proteins provides a
foundation for investigating their shared structural and functional characteristics,
while also offering insight into their evolutionary divergence within pathogenic

Neisseria lineages.

To evaluate the degree of sequence conservation between NGO1152 and
NMBI1612, a pairwise alignment was performed using EMBOSS water, which
uses the Smith-Waterman algorithm for optimal local sequence alignment.

The resulting alignment, which spanned the entire length of both proteins,
demonstrated a remarkably high sequence identity of 98.1% (263 of 268
residues identical) and 98.5% similarity when including conservative
substitutions. Importantly, the alignment contained no gaps, highlighting the
extensive conservation and indicating highly comparable structural and
functional characteristics between NGO1152 and its orthologue NMB1612. The
alignment achieved a high score of 1349.0, further reflecting their strong
sequence homology (Figure 4.10).

However, the alignment between NGO1152 and NMB1612 reveals five amino
acid differences across their 268-residue sequences. The specific substitutions

are as follows: at position 28, alanine (Ala-A) in NGO1152 is replaced by
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threonine (Thr-T) in NMB1612, representing a non-conservative substitution.
At position 36, glycine (Gly-G) is replaced by aspartic acid (Asp-D), also a non-
conservative change. At position 143, lysine (Lys-K) is substituted with
asparagine (Asn-N), a conservative substitution. At position 153, histidine (His-
H) is replaced by tyrosine (Tyr-Y), representing a semi-conservative change.
Finally, at position 263, glycine (Gly-G) is replaced by aspartic acid (Asp-D),
another non-conservative substitution. Despite these differences, the overall
sequence remains highly conserved, indicating a strong evolutionary

relationship.

Collectively, the exceptionally high sequence identity of 98.1% between
NGOI1152 from N. gonorrhoeae and NMB1612 from N. meningitidis strongly
supports their homology. This degree of conservation suggests that these
proteins likely perform equivalent biological roles within their respective
organisms, particularly as substrate-binding components of ABC transporters
involved in Neisseria physiology and pathogenicity. Although minor amino acid
differences, comprising only 1.9% of the sequence, may reflect strain-specific
adaptations or subtle functional modulations, they are unlikely to significantly
affect the protein’s core structural or functional properties. Consequently,
NGOI1152 retains strong potential as a conserved antigenic target, relevant for

both mechanistic studies and cross-species vaccine development strategies.
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NGO1152 1 MNMKKWIAAALACSALALSACGGQGKDIi i PAAN PIKVYRVASNAE FAPF 50
NMB1612 1 MNMKKWIAAALACSALALSACGGQGKDAPAANPDKVYRVASNAEFAPF 50
NGO1152 51 ESLDSKGNVEGFDVDLMNAMAKAGNFKIEFKHQPWDSLEPALNNGDADVV 100
LN NN RN RN R RN R RN RR R NN NN A NANN)
NMB1612 51 ESLDSKGNVEGFDVDLMNAMAKAGNFKIEFKHQPWDSLEPALNNGDADVV 100
NGO1152 101 MSGVTITDDRKQSMDFSDPYFEITQVVLVPKGKKVSSSEDLKEMNKVGVV 150
NN RN RN RN RR RN NN R RN
NMB1612 101 MSGVTITDDRKQSMDFSDPYFEITQVVLVPKGKKVSSSEDLKEMNKVGVV 150
NGO1152 151 TGHTGDFSVSKLLGNDNPKIARFENVPLIIKELENGGLDSVVSDSAVIAN 200
NMB1612 151 TGETGDFSVSKLLGNDNPKIARFENVPLIIKELENGGLDSVVSDSAVIAN 200
NGO1152 201 YVKNNPAKGMDFVTLPDFTTEHYGIAVRKGDEATVKMLNDALEKVRESGE 250
LN RN RN RN RN RN R RN AR R R NN NRRRRRNAAN
NMB1612 201 YVKNNPAKGMDFVTLPDFTTEHYGIAVRKGDEATVKMLNDALEKVRESGE 250

NGO1152 251 YDKIYAKYFAKEGQAAK 268

:

NMB1612 251 YDKIYAKYFAKE@GQAAK 268

Figure 4.10. Pairwise amino acid sequence alignment analysis between
NGO1152 from N. gonorrhoeae FA1090 and NMB1612 from
N. meningitidis MC58 was generated using EMBOSS Water [https://www
.ebi.ac.uk/jdispatcher/psa/emboss_water/|.

The alignment was performed using the EMBOSS Water tool with the
EBLOSUMSG62 substitution matrix. Residue conservation is indicated by
symbols: Residue identity, similarity, and variation are indicated by alignment
symbols enclosed within squares: Identity (|, green), residues are identical,
indicating the amino acid at that position is exactly the same in both sequences.
This suggests strong evolutionary conservation and likely similar structure or
function. A colon (: grey) indicates a change in the amino acid at that position
to one with highly similar biochemical properties (a conservative substitution).
A decimal point (. blue) indicates a change in the amino acid at that position to
one with slightly similar properties (a semi-conservative substitution). Colours
represent different residue properties: red (AVFPMILW; small hydrophobic),
and green (STYHCNGQ); hydroxyl, sulfhydryl, amine, and G).
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4.3.1.1. Evaluate the similarity of the multiple alignment sequence between

NGO0206, NGO1152, and NMB1612

Based on the finding in Figure 4.10, additional multiple sequence alignment was
performed using Clustal Omega (v1.2.4) to assess sequence conservation and
divergence among NGO0206 and NGO1152 from N. gonorrhoeae FA1090, and
NMB1612 from N. meningitidis MCS58.

The analysis revealed high sequence identity between NGO1152 and NMB1612,
both of which are 268 amino acids long. In contrast to NGO0206, which
exhibited notable divergence as illustrated in Figure S1 in Appendix-2.
Importantly, NGO0206 is markedly longer, comprising 378 amino acids,
compared to NGO1152 and NMB1612, which are both 268 residues. This length
difference coincides with a striking pattern of high sequence conservation
between NGO1152 and NMB1612, in contrast to the notable divergence
observed in NGO0206, suggesting potential functional specialisation associated

with its extended sequence.

NGO1152 and NMB1612 exhibit near-complete identity across the alignment,
including conservation of the N-terminal signal peptide (residues 1-50), which
contains a lipobox motif indicative of signal peptidase Il processing and
lipidation for periplasmic or membrane-associated localisation. Several
sequence motifs, including RVASNAEFA, FESL, GNVEGFDVDLMN, and
AMAKAGNFKIEFKHQPWD, are fully conserved between NGOI1152 and
NMBI1612 but divergent in NGO0206. In contrast, NGO0206 displays only
partial sequence similarity to NGO1152 and NMB1612, with the highest
conservation found in the N-terminal region, where a conserved lipoprotein
signal sequence suggests analogous subcellular targeting. Alignment of the N-
terminal sequences revealed that all three proteins shared a lipoprotein signal
motif, beginning with MKK and extending to the lipobox consensus sequence,

in NGO0206, NGO1152, and NMB1612.

Despite the conserved MKK in positions 3, 4 and 5, gaps are present at positions
1 and 2 in NGO0206; these positions correspond to Methionine (Met M) and
Asparagine (Asn, N) in NGO1152 and NMB1612. At position 6 in NGO0206,
Threonine (Thr-T) is substituted by Tryptophan (Trp-W) in the corresponding
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position of NGO1152 and NMBI1612. Additionally, gaps are observed at
positions 11 and 12 in NGO0206, whereas NGO1152 and NMB1612 contain
Leucine (Leu-L) and Alanine (Ala-A) at these positions. These variations in the
N-terminal region may influence signal peptide processing, membrane insertion,
and epitope accessibility. Within the lipobox region, NGO0206 carries the
sequence SLALTACG, whereas NGO1152 and NMB1612 share the closely
related sequence LALSACGG. Despite the substitution of threonine (Thr-T) at
position 19 in NGO0206 with serine (Ser, S) at the corresponding position in
NGO1152 and NMB1612, this is a conservative change between polar residues,
likely preserving the functional integrity of this motif.

Beyond this shared motif, NGO0206 exhibits substantial divergences. The
central segment (~residues 150-305) contains a series of insertions and variable
residues that are absent in the other two proteins. Additionally, NGO0206
possesses a unique C-terminal extension (residues 305-378) that further
distinguishes NGO0206 from these homologues. These insertions likely
represent additional secondary structural elements such as flexible loops or
extended domains that may modulate substrate specificity, facilitate interactions
with distinct molecular partners, or confer regulatory properties absent in
NGO1152 and NMB1612. Such structural variations could reflect functional
divergence, potentially associated with altered substrate preferences, modified
membrane interactions, or distinct roles in host—pathogen dynamics.
Conservation of the N-terminal signal peptide across all three proteins supports
a shared membrane-targeting mechanism. However, the unique insertions and
extended structure of NGO0206 point to functional divergence from NGO1152
and NMBI1612. Overall, NGO1152 and NMB1612 are highly conserved
orthologues, whereas NGO0206 is a structurally distinct paralogue retaining
membrane-targeting capacity but likely differing in substrate binding and
immune recognition. Conserved lipobox motifs suggest potential antibody
recognition and vaccine inclusion, but extensive surface exposed variation in
NGO0206 may limit broad cross-protection. Further structural, functional, and
epitope-mapping studies are required to clarify its immunological relevance and

vaccine potential.
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4.4. Discussion

This chapter evaluates the prevalence and conservation of NGO1152 and
NGOO0206 among clinical N. gonorrhoeae isolates using immunoblotting and
bioinformatic analyses. Demonstrating widespread expression and genetic
stability of these antigens is essential for their consideration as broadly
protective vaccine candidates, in line with reverse vaccinology guidelines that
prioritise surface accessibility and conservation among outbreak-associated

strains.

Immunoblotting of whole-cell lysates from 28 UK clinical isolates, alongside
the WT-FA1090 strain, revealed immunoreactive bands at 30 kDa and 46 kDa,
corresponding to NGO1152 and NGO0206, respectively. These bands were
absent in the FA1090Angol152 and FA1090Ango0206 deletion mutants,
confirming the specificity of the rabbit polyclonal antisera. The expression
profiles of these antigens are consistent with findings reported for NMB1612 in
N. meningitidis, where anti-rNMB1612 sera reacted with a ~27 kDa band across
all 13 meningococcal strains (Hung et al., 2015). This confirms that NGO1152
and NGOO0206 are highly conserved and ubiquitously expressed among
circulating N. gonorrhoeae strains, supporting their potential involvement in
pathogenesis or host interaction and their candidacy as therapeutic targets.
Nonetheless, their specific functional roles, in vivo accessibility, and
immunogenic potential remain uncharacterised. Targeted mutagenesis, host-
pathogen interaction assays, and immunoproteomic profiling are required to
assess their contribution to virulence and suitability for vaccine development

(Baarda et al., 2019; Jefferson et al., 2021).

Having confirmed expression and antigenicity in a local clinical set, it was
important to evaluate whether these patterns are representative across a broader,
global collection of N. gonorrhoeae isolates. In addition to immunoblotting,
bioinformatic analyses were conducted to evaluate the prevalence, antigenic
variability, and sequence conservation of NGO1152 and NGO0206 across 7,327
global N. gonorrhoeae isolates from PubMLST. Hence, only isolates collected
between 2014 and 12 August 2022 were included to ensure data recency and to
remain within the current BLAST tool limit of 10,000 isolates per analysis

(Jolley et al., 2018). Each of these isolates was linked to curated phenotypic and
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epidemiological metadata, including geographic origin, year of isolation, and

host gender, enabling a contextual analysis of sequence variation.

Geographic, temporal, and demographic evaluation of the dataset revealed that
most isolates originated from the UK, Sweden, the US, and Norway (Figure 4.3),
while isolates from 20 other countries were markedly underrepresented. This
imbalance likely reflects differences in national surveillance systems, reporting
practices, diagnostic capacity, and research funding for N. gonorrhoeae
infections (Whelan et al, 2021), and it does not accurately capture global
epidemiology, as many high-burden regions remain poorly represented. For
instance, within the WHO African Region, only five of 47 countries contributed
data to the Gonococcal Antimicrobial Resistance Surveillance Programme
(GASP) (WHO, 2023). Genomic studies from Africa remain scarce (Kakooza et
al.,2023), leaving regional diversity and AMR patterns poorly characterised and

limiting the generalisability of current findings for global control efforts.

Analysis of year-of-isolation data (Figure 4.4) revealed that 2016 experienced
the highest epidemiological increase in N. gonorrhoeae isolates, with 2,351
cases recorded. This peak coincides with the first documented treatment failure
of dual therapy (ceftriaxone and azithromycin) for pharyngeal gonorrhoea (Fifer
et al., 2016). This suggests a link between rising infection rates and early
emergence of AMR, particularly in pharyngeal sites, which are difficult to treat
due to suboptimal antibiotic penetration and frequent asymptomatic presentation
(Adamson and Klausner, 2021). In comparison, data from 2014, 2015, and
2017-2019 show high and consistent isolate numbers: 1,246, 1,176, 1,057, 475,
and 998 cases, respectively, indicating stable surveillance and reporting during
these years. Conversely, 2020-2022 showed a sharp decline in reported cases,
with only 11, 8, and 6 recorded, respectively. This decrease likely reflects
disruptions in sexual health screening and surveillance during the COVID-19

pandemic rather than a true reduction in infection rates (Ivarsson et al., 2022).

Alongside these temporal trends, a pronounced gender inconsistency was
observed among the 7,327 isolates (Figure 4.5), with 62.5% (n = 4,582) from
male patients, 10.5% (n = 772) from female patients, and 26.9% (n = 1,973)
missing gender data. This likely reflects differences in symptom presentation, as

80-90% of infected men are symptomatic, whereas 50—-80% of infected women
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remain asymptomatic, resulting in underdiagnosis and underreporting
(Rodrigues et al., 2023). The high proportion of missing data underscores
variability in metadata quality across countries, though stricter documentation
in the UK enhances the reliability of PubMLST for AMR surveillance (UKHSA,
2024).

To assess the genetic relatedness of circulating N. gonorrhoeae isolates and
potential clonal transmission patterns, ST analysis was performed. Among 7,327
isolates, 450 distinct STs were identified, but 5,227 isolates (71.3%) were found
to be clustered within 26 dominant STs. Notably, four STs (ST-9363, ST-1901,
ST-7363, and ST-8156) were particularly prevalent, collectively representing
27.7% (n = 2,032) of isolates. This clustering suggests expansion of specific
clonal lineages driving transmission dynamics, consistent with prior reports
linking ST-1901 to AMR and widespread dissemination (Osnes et al., 2021).
Crucially, ST-9363, considered a significant lineage, emerged as the most
dominant in this study, emphasising its epidemiological importance. Previous
research has documented the global spread of N. gonorrhoeae strains with
reduced azithromycin susceptibility, with a particular focus on the ST-9363 core-
genogroup (Joseph et al., 2022). These isolates, linked to European and North
American lineages, likely came from a common ancestor around 1990 and later
expanded (Joseph et al., 2022). This evidence shows that N. gonorrhoeae
populations are not limited to specific regions but are clearly linked to genotype

and geographic distribution.

To identify sequence hits of NGO0206 among gonococcal isolates, BLAST
analysis of the 378-amino-acid NGO0206 protein from N. gonorrhoeae FA1090
against 7,327 gonococcal isolates in PubMLST revealed both conserved and
variable regions. The observed sequence heterogeneity among isolates with less
than 100% identity to the reference reflected variation in the position and
biochemical properties of minor amino acid substitutions. This suggests

potential for structural adaptation or functional tolerance within the protein.

However, despite this variability, a substantial proportion of isolates (44.6%, n
= 3,269) encoded a protein identical to FA1090-NGO0206, exhibiting 100%
amino acid identity and identical alignment length (Table 4.1). This finding
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confirms that complete conservation of this protein is retained in nearly half of

the circulating isolates.

Additionally, 2,035 isolates (27.7%) showed an alanine insertion at position 9 in
the FA1090-NGO0206 sequence, resulting in a 379-amino-acid-long primary
sequence but otherwise identical to NGO0206. These isolates exhibited an
overall 99.736% amino acid identity and occasionally carried one or two
additional substitutions, suggesting minor sequence variability that may
influence structural dynamics without abolishing overall NGO0206 protein

function (Table 4.1 and Figure 4.7).

Furthermore, three isolates were found to encode truncated variants of
NGO0206. Isolate id-107268, representing two clinical isolates with 99.735%
amino acid identity to FA1090-NGO0206, carried a single nucleotide
substitution introducing a premature stop codon at the start of the ngo0206
coding sequence. Similarly, isolate id-109152, corresponding to one clinical
isolate, contained a single nucleotide substitution resulting in a premature stop
codon. In contrast, isolate 1d-118499 harboured a frameshift mutation within the
NGOO0206 coding sequence at the start of the gene, leading to truncation.
Although these isolates possessed the ngo0206 gene, the mutations likely
disrupted protein functionality. Consequently, they were predicted not to express
a functional NGO0206 protein and were excluded from downstream analyses.
Two further isolates (id-76338 and id-61813), the gene encoding NGO0206 was
found to span/fragment across multiple contigs, thus precluding accurate
reassembly of the intact complete locus. As a result, these two isolates were also
excluded from the analysis due to the inability to accurately reconstruct the intact

gene sequence.

Analysis of selected 105 NGO0206 variants revealed high overall conservation,
consistent with functional constraint, with limited substitutions and indels
predominantly in signal peptide or surface exposed regions, potentially
reflecting immune-driven adaptation (Figure 4.7). Nonetheless, among the 7,325
isolates, 6,439 (87.9%) carried ngo0206, and 6,435 (87.8%) were predicted to
encode a functional protein. This prevalence, coupled with low amino acid
variability, indicates that ngo0206 likely plays a conserved yet still

uncharacterised role in N. gonorrhoeae biology.
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In contrast, 886 isolates (12.1%) exhibited considerably lower sequence identity
(~60-65%) to FA1090-NGO0206, demonstrating significant divergence from
the reference sequence. These DNA sequences were confirmed not to encode
ngo0206, indicating the complete absence of the gene. Notably, none of these
886 ngo0206-negative isolates overlapped with the ngo0206-positive group,
suggesting complete segregation (Table 4.1).

Building on this, further ST analysis revealed that only six STs, including ST-
13148 (n=2), ST-11999 (n=23), ST-11422 (n=37), ST-9362 (n=63), ST-11428
(n=219), and ST-9363 (n=543), accounted for all 886 ngo(206-negative isolates.
The absence of overlap between these STs and ngo0206-positive isolates can
support the hypothesis of a distinct, potentially clonally derived lineage (Table
4.2). Comparative MLST profiling revealed shared alleles at the adk and pgm
loci across these STs, with minor allelic variations in other loci suggesting
evolutionary divergence from a common ancestor, possibly accompanied by
gene loss events, including ngo0206. The absence of ngo0206 may coincide with
broader shifts in housekeeping genes, influencing ST classification and
highlighting inherent variability in N. gonorrhoeae populations. This is
consistent with prior observations on MLST limitations (Joshi et al., 2022).
These isolates define a distinct evolutionary lineage, potentially reflecting

adaptation to ecological niches, immune pressures, or other selective forces.

By contrast, NGO1152 was highly conserved and widely expressed. Of 7,326
isolates analysed, 6,107 (83%) encoded NGO1152, demonstrating 100%
identity to NGO1152-FA1090 reference. However, the remaining 1,219 isolates
(17%) displayed minor variations. Specifically, 149 isolates had one mismatch,
352 had two, 1 had three, 4 had four, 681 had five, 1 had nine, and 23 had thirteen
mismatches distributed throughout the sequence (Table 4.3). Among these, one
isolate (id-76475) was excluded due to fragmented locus assembly, as the
ngol 152 gene spanned multiple contigs, preventing accurate reconstruction of
the intact locus. Additionally, two isolates (id-77388 and id-109097) encoded
truncated proteins due to nucleotide alterations that introduced internal stop

codons.

Among the 7,326 isolates expressing NGO1152, 95 selected clinical isolates
showed minor amino acid differences compared to FA1090-NGO1152, with
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varying numbers of substitutions. For alignment, these 95 NGO1152 protein
variants were analysed (Figure 4.8). The variants exhibited only minor amino
acid differences, reflecting strong conservation across circulating
N. gonorrhoeae strains. This limited variability suggests NGO1152 is under
functional constraint, with substitutions likely tolerated without disrupting
overall structure or function. This high degree of conservation supports its

potential as a broadly effective vaccine target.

To evaluate sequence similarity and potential immune cross-reactivity between
NGO0206 and NGO1152, pairwise local alignment using EMBOSS Water
(Figure 4.9) was performed. The analysis revealed a partial overlap of 246
residues (~65% of NGO0206; ~92% of NGO1152) with an alignment score of
93.0. Despite low overall identity (24%; 59/246 residues identical) and moderate
similarity (36.6%; 90/246 residues with comparable biochemical properties), a
high gap frequency (32.9%; 81/246 positions) highlighted substantial sequence
divergence, particularly with numerous insertions in NGO0206 and deletions in
NGO1152 concentrated in the central and C-terminal regions. Such variation is
consistent with evolutionary divergence in lipoproteins, which often acquire
specialised roles in substrate binding, cell-wall metabolism, adhesion, and

signalling (Nguyen ef al., 2020).

In contrast, the N-terminal signal peptide and canonical lipobox motif
terminating at the invariant cysteine (NGO0206: MKKTLVAAIL--
SLALTACGG; NGOI1152: MKKWIAAALACSALALSACGG) are highly
conserved. This conservation is critical for signal peptidase II cleavage,
lipidation, outer membrane targeting, and immune recognition. It likely supports
similar folding and the exposure of common epitopes, providing a mechanistic
basis for the reciprocal cross-reactivity observed in immunoblotting (as
described in Chapter 3). Specifically, antibodies raised against NGO0206
recognised both NGO0206 and NGOI1152, and anti-NGO1152 antibodies
similarly bound both proteins. Additional conserved motifs, such as
YAVPYF/FSDPYF and GFDVDL/GKSGYD, further suggest retention of local
secondary-structure elements that could stabilise folding and expose shared

surface epitopes.
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Beyond the N-terminus, major sequence variation occurs in the central and C-
terminal regions, including deletions in NGO1152 (residues 44-97 and 137-
161), insertions in NGO0206 (residues 120—150), and multiple conservative and
non-conservative substitutions. Nevertheless, several short, conserved motifs,
such as ‘YAVPYF’ in NGO0206 aligning with ‘FSDPYF’ in NGO1152, and
‘GFDVDL’ in NGO1152 aligning with ‘GKSGYD’ in NGO0206, suggest
structurally preserved B-strand or loop elements that may contribute to folding
or stability, although their accessibility and functional relevance remain

speculative without structural or experimental validation.

This conservation of the signal peptide and lipobox motif ensures identical
lipidation and membrane targeting, providing a shared structural framework that
underpins antibody cross-reactivity. At the same time, divergence in the central
and C-terminal regions allows these proteins to retain distinct functional roles.
This combination of conserved membrane-targeting domains and variable
regions highlights NGO0206 and NGO1152 as promising candidates for broad-
epitope vaccine development, with conserved motifs mediating cross-reactivity

and variable regions offering potential discriminating markers.

Further pairwise alignment analyses revealed that NGO1152 and its
N. meningitidis MC58 orthologue, NMB1612, are nearly identical, sharing
98.1% sequence identity without gaps across their full length. This includes
complete conservation of the signal peptide and multiple SBP motifs (e.g.
RVASNAEFA, GNVEGFDVDLMN). They differ by only five semi-
conservative substitutions (1.9%), which likely reflect strain-specific
adaptations or subtle functional modulations but are unlikely to affect core
structural or functional properties. Collectively, these data demonstrate that
NGO1152 and NMB1612 are highly conserved, supporting their functional
equivalence as SBPs in ABC transporters central to Neisseria physiology and
pathogenicity. This high conservation not only points out their shared
physiological role but also identifies NGO1152 as a promising cross-species

antigenic target, warranting further mechanistic studies.

The evolutionary and functional linkage of NGO1152 to NMB1612 is further
supported by bioinformatic annotations. For example, NMB1612 has been
identified in at least 131 N. meningitidis strains by the NCBI as encoding ArtJ,
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a periplasmic SBP involved in L-arginine transport, based on ~41% sequence
similarity with the E. coli Art] component of the ArtPIQMJ complex (Hung et
al., 2015). Homology is also observed with Art] proteins from Geobacillus
stearothermophilus (~42% similarity; 106/231 residues), for which a crystal
structure exists (Vahedi-Faridi et al., 2008), as well as with Art] homologues
from C. trachomatis and C. pneumoniae (De Boer et al., 2019; Soriani et al.,
2010), both previously explored as vaccine candidates due to their surface
accessibility and immunogenic potential (Hung et al., 2015; Soriani et al., 2010;
Tsolakos et al., 2014). In supporting these findings, recent work by Dijokaite-
Guraliuc et al. (2023) identified NGO1152 in N. gonorrhoeae strain FA1090 as
encoding ArtJ, consistent with UniProtKB annotations classifying it as an

arginine-binding extracellular lipoprotein (Dijokaite-Guraliuc ef al., 2023).

To investigate evolutionary conservation and functional divergence among
Neisseria lipoproteins, NGO0206 and NGO1152 were aligned with NMB1612
from N. meningitidis MCS58. This analysis revealed near-complete sequence
identity between NGO1152 and NMB1612 (both 268 amino acids), including
full conservation of the N-terminal signal peptide (residues 1-50) with a
canonical lipobox motif, and conserved motifs such as RVASNAEFA, FESL,
GNVEGFDVDLMN, and AMAKAGNFKIEFKHQPWD. In contrast,
NGOO0206 shares only partial similarity with NGO1152 and NMB1612, with
conservation mainly in the N-terminal region, suggesting analogous membrane

targeting.

Alignment of the N-terminal sequences revealed that all three proteins contain a
lipoprotein signal motif beginning with MKK and extending to the lipobox
consensus. While NGO0206 carries SLALTACG, NGO1152 and NMB1612
share LALSACGG. Conservative substitutions, such as threonine (Thr) in
NGOO0206 for serine (Ser) in NGOI1152/NMBI1612, suggest retention of
functional integrity. However, gaps and additional substitutions in NGO0206
may influence signal peptide processing, membrane insertion, and epitope
accessibility. In this region, NGO0206 carries SLALTACG, whereas NGO1152
and NMB1612 share the closely related sequence LALSACGG. The substitution
of threonine (Thr, T) in NGOO0206 for serine (Ser, S) in NGO1152 and

NMB1612 represents a conservative change between polar residues, suggesting
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that the functional integrity of this motif is likely preserved. Despite
conservation of the MKK motif at positions 3—5, NGO0206 contains gaps at
positions 1 and 2, which correspond to methionine (Met, M) and asparagine
(Asn, N) in NGO1152 and NMB1612. At position 6, NGO0206 has threonine
(Thr, T) instead of tryptophan (Trp, W), and additional gaps occur at positions
11 and 12, where NGO1152 and NMB1612 carry leucine (Leu, L) and alanine
(Ala, A), respectively. Such substitutions and deletions in the N-terminal
segment may influence signal peptide processing, membrane insertion, and

epitope accessibility.

Beyond this conserved motif, NGO0206 diverges substantially. Its central
region (~residues 150-305) contains multiple insertions and variable residues
absent from NGOI1152 and NMB1612, and a unique C-terminal extension
(residues 305-378) further differentiates it. These regions may form flexible
loops or extended domains, potentially altering substrate specificity, molecular
interactions, or regulatory properties absent in NGO1152 and NMB1612.
Conserved short motifs, such as GFDVDL in NGO1152 aligning with
GKSGYD in NGOO0206, suggest retention of local secondary structures despite

divergence.

These observed patterns for NGO0206 and NGO1152 align with broader trends
in Neisseria lipoproteins, where sequence conservation preserves core functions,
while insertions, deletions, and motif divergence drive specialised roles in
substrate binding, OM processes, and host—pathogen interactions (Balasingham
et al., 2007; Bos et al., 2014). For example, Balasingham et al. (2007)
demonstrated that conserved lipoproteins such as PilP interact with secretion
systems via core sequence motifs (Balasingham et al., 2007). However, their
function is also modulated by subtle variations in the N-terminal regions, which
affect membrane localisation and the assembly of multi-protein complexes
essential for pathogenicity, paralleling the substitutions observed in NGO0206.
Similarly, Bos et al. (2014) showed that GNA2091 exhibits both evolutionary
conservation and species-specific specialisation, highlighting the role of
divergent domains in mediating distinct OM functions and host-pathogen
interactions (Bos et al., 2014). These studies collectively underscore how

sequence conservation maintains essential lipoprotein functions, while indels
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and motif diversification enable functional specialisation and adaptation within
Neisseria species. This broader framework helps explain why NGO1152
remains highly conserved across gonococcal and meningococcal strains, while
NGO0206 has undergone functional divergence reflecting a balance between

structural conservation and adaptive specialisation in Neisseria lipoproteins.

In conclusion, immunoblotting confirmed the expression of NGO1152 (~30
kDa) and NGO0206 (~46 kDa) in WT-FA1090 and across all 28 clinical N.
gonorrhoeae isolates, including NHS UK strains from 2017-2018, but both
proteins were absent in their respective deletion mutants. These results validate
the specificity of the antisera for NGO1152 and NGO0206 across diverse strain
backgrounds and support their potential as components of a broadly protective
vaccine. In support of the immunoblotting findings, complementary
bioinformatic analysis of 7,325 gonococcal genomes from the PubMLST
Neisseria spp. database. Demonstrates that ngo0206 is present in 87.9% of
isolates (6,439/7,325), with 87.8% (6,435/7,325) predicted to encode a
functional protein. Although not universal, ngo0206 is highly prevalent and
exhibits minimal sequence variability across isolates. However, the ngo0206
gene was absent in 886 of the 7,325 isolates, belonging exclusively to six STs
(ST-13148, ST-11999, ST-11422, ST-9362, ST-11428, and ST-9363). These STs
were completely absent in ngo0206-positive isolates, indicating a genetically
distinct lineage. Comparative allelic profiling of the MLST loci revealed that all
six STs shared identical alleles at two loci (adk and pgm), indicating a close
genetic relationship and a likely common ancestor that lost ngo0206 during
evolutionary divergence. In contrast, ngo//52 was universally present in all

7,326 isolates, with 99.97% predicted to encode a functional protein.

Nevertheless, pairwise alignment showed NGO0206 and NGO1152 share only
partial similarity, with a 246-residue overlap (~65% of NGO0206, ~92% of
NGO1152) but low identity (24%), moderate similarity (36.6%), and a high gap
rate (32.9%), indicating substantial divergence. Most variation occurs in the
central and C-terminal regions, where an extension in NGO0206 suggests
evolutionary divergence and possible functional specialisation. In contrast, the
N-terminal signal peptide and lipobox motif, terminating at the invariant

cysteine (NGO0206: MKKTLVAAIL--SLALTACGG; NGO1152:
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MKKWIAAALACSALALSACGGQG), are highly conserved, likely underpinning
the reciprocal cross-reactivity observed in immunoblotting (Chapter 3). Where
anti-NGO0206 antibodies recognised both NGO0206 and NGO1152, and anti-
NGOI1152 antibodies showed the same pattern. Additionally, conserved short
motifs (e.g. YAVPYF/FSDPYF, GFDVDL/GKSGYD) suggest shared structural
elements such as B-strands or loops, potentially supporting a common fold and
explaining the presence of shared immunological epitopes despite overall
sequence divergence. Whereas NGO1152 and NGOO0206 share only limited
conservation, NGO1152 and its meningococcal orthologue NMB1612 display
near-complete sequence identity. Pairwise alignment showed NGO1152 and
NMB1612 share 98.1% sequence identity with no gaps, differing by only five
semi-conservative residues. This high conservation highlights their homologous
roles as SBPs in ABC transporters and identifies NGO1152 as a promising,

cross-species antigenic target.

By contrast, multiple alignment of NGO0206, NGO1152 and NMB1612 from
N. meningitidis MC58 showed that NGO1152 and NMB1612 are near-identical
sequences, sharing the N-terminal signal peptide (residues 1-50) with a
canonical lipobox and full conservation of key motifs such as (RVASNAEFA,
FESL, GNVEGFDVDLMN, and AMAKAGNFKIEFKHQPWD). In contrast,
NGOO0206 exhibited notable divergence and shared only partial sequence
similarity with NGO1152 and NMB1612. The highest conservation was
confined to the N-terminal region, where a conserved lipoprotein signal
sequence suggests analogous subcellular targeting. Consistently, alignment of
the N-terminal sequences showed that all three proteins share a signal motif
beginning with MKK and extending to the lipobox consensus. Despite broader
sequence variability, several short, conserved motifs (e.g. YAVPYF/FSDPYF
and GFDVDL/GKSGYD) suggest preserved structural elements such as [3-
strands or loops. For instance, the motif ‘FSDPYF’ in NGOO0206 aligns with
‘YAVPYF’ in NGO1152, sharing five of six chemically similar residues, while
‘GFDVDL’ in NGO1152 corresponds to the analogous but distinct ‘GKSGYD’
in NGO0206. Overall, these findings demonstrate the high conservation and
widespread expression of NGO1152 and NGO0206, with NGO1152 showing
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strong homology to its meningococcal orthologue, supporting their potential

vaccine development.

The next chapter will examine the surface accessibility and localisation of
NGOI1152 and NGOO0206 in N. gonorrhoeae strains using immuno-dot blot
analysis. Subcellular localisation will be determined through cellular
fractionation of WT-FA1090, mutant strains, and their uninduced/induced
complemented mutant strains. Surface accessibility will be further assessed via
WC-ELISAs, measuring the binding efficiency of anti-NGO1152 and anti-
NGO0206 antibodies to gonococcal cell surfaces. This evaluation will extend to
a panel of clinical isolates to confirm antibody recognition of conserved protein
regions. Finally, the bactericidal activity mediated by these antibodies against
gonococcal strains will be investigated to assess their potential as candidates for

immunotherapy or vaccine development.
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Chapter 5: Evaluation of surface accessibility and
bactericidal activity of anti-NGO1152 and anti-
NGO0206 against N. gonorrhoeae

5.1. Introduction

N. gonorrhoeae infection is currently managed through antibiotic therapy;
however, the pathogen exhibits an exceptional capacity to develop resistance.
Alarmingly, clinical isolates resistant to all classes of antibiotics used for
gonorrhoea treatment have already been reported (Zhu et al., 2025). In this
context, vaccines represent the most promising and sustainable approach to
counteract the rise of antimicrobial resistance. Among the potential vaccine
targets are SBPs of ABC transporters, which are typically localised in the
periplasmic space of N. gonorrhoeae (Rice et al., 2014). Notably, although most
SBPs are not exposed on the bacterial surface, several exceptions have been
identified, where SBPs are surface exposed (Briles ef al., 2000; Otsuka et al.,
2016). These surface-localised SBPs may offer attractive targets for vaccine

development, owing to their accessibility to host immune responses.

However, there are many uncharacterised proteins localised to the gonococcal
cell envelope; some of these may have potential as novel therapeutic targets for
N. gonorrhoeae (Huang et al., 2020). In the context of N. gonorrhoeae, cell
fractionation can be employed to isolate and analyse different components of the
gonococcal cell envelope, including the outer membrane (OM), periplasmic
proteins (PPs), cytoplasmic membrane, and cytoplasmic fractions. This
approach aids in understanding the distribution and function of various proteins
and lipids within the bacterial OM (Zielke ef al., 2014). Thus, these components
play a critical role in establishing infections by enabling microbes to adhere to
and invade host cells, mediate host tissue destruction, assist in acquiring
nutrients, and cause immune response suppression (Chan et al., 2012).
Evaluating gonococcal vaccines remains difficult due to the lack of established
correlates of protection for natural mucosal infections in humans (Rice et al.,

2017).
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However, identifying proteins that can elicit antibodies with complement-
dependent bactericidal and/or opsonic activity against gonococci is still one
major goal for advancing progress in gonococcal vaccinology. The capacity of
antigens to induce such functional antibodies is considered critical for protective
immunity against gonococci infection and may serve as a surrogate marker for

vaccine efficacy (Zhu et al., 2025).

Potential protective mechanisms include antibody-dependent complement-
mediated killing, such as bactericidal activity and opsonophagocytic activity,
prevention by inhibition or blocking bacterial adhesion or invasion at
colonisation sites, and T-cell responses. It is important to note that while these
mechanisms are proposed, they have not all been fully confirmed in human
studies or definitively demonstrated in experimental mouse models of

gonococcal vaginal colonisation (Gottlieb and Johnston, 2017).

The SBA assay, widely used in meningococcal research, is increasingly applied
as a surrogate of protection in pre-clinical gonorrhoea vaccine studies (Zhu et
al.,2019). As an established in vitro method, SBA provides a functional measure
of vaccine-induced antibody efficacy (Girgis and Christodoulides, 2023;
Semchenko et al., 2022). The complement system is a key component of innate
immunity and serves as one of the first lines of defence against Gram-negative
pathogens. Beyond its direct bactericidal effects, complement activation
promotes phagocytosis and triggers pro-inflammatory signalling. Complement
activation occurs through three distinct pathways: alternative, classical, and
lectin, which converge at the terminal pathway, leading to assembly of the C5b-
9 complex, also known as Membrane Attack Complex (MAC) (Mutti et al.,
2018).

The alternative pathway (AP) is continuously activated on pathogen surfaces. In
contrast, the classical pathway (CP) and lectin pathway (LP) are triggered by
specific receptor-ligand interactions on target surfaces. The CP is initiated when
antigen-antibody complexes (immune complexes, ICs) bind to C1, a complex
comprising Clq, Clr, and Cls (Pryzdial et al., 2022). The LP, on the other hand,
is activated when lectins bind to specific sugar moieties on microbial surfaces,
leading to the activation of Mannose-Binding Lectin-Associated Serine

Proteases (MASPs) (Murphy and Weaver, 2016). Both CP and LP are tightly
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regulated by the C1 inhibitor (C1-INH), which prevents spontaneous activation
by sequestering and inhibiting Clr, Cls, and MASPs (Beinrohr et al., 2008). In
the absence of C1-INH, uncontrolled activation of C1 can occur. Activation of
complement components results in the formation of C5 convertase, an enzyme
that cleaves C5 into C5a and C5b. The C5b fragment binds to the target surface,
where it sequentially recruits C6, C7, and C8, ultimately promoting the
polymerisation of C9 monomers to form the MAC. This pore-forming complex
integrates into lipid membranes, including the OM of Gram-negative bacteria,

causing membrane disruption and cell lysis (Pryzdial et al., 2022).

The complement pathways interact dynamically, forming an intricate regulatory
network within the serum (Merle et al., 2015). This complexity is further
enhanced by the presence of additional serum bactericidal factors, which may
either synergise with complement activity or function independently against
invading pathogens (Merle et al., 2015). As a result, dissecting the individual
contributions of each pathway to serum bactericidal activity remains a challenge.
This is particularly relevant for studies using human serum as a complement
source, given the variability in pre-existing antibody repertoires and

complement activity against human pathogens (MclIntosh et al., 2015).

One of the primary surface components of N. gonorrhoeae 1s LOS, whose length
and composition are regulated by the /g7 (LOS glycosyltransferase) genes. These
genes undergo phase variation, leading to differences in the oligosaccharide
structures within a population of gonococci, including during infection (John et
al., 2023). Gonococci i1solated from uncomplicated urethral infections
predominantly produce LOS that is capable of being sialylated. Sialylation refers
to the addition of sialic acid to the terminal galactose of the LOS oligosaccharide
chains, a process catalysed by the LOS sialyltransferase (Lst) (Ram ez al., 2017).
Since N. gonorrhoeae cannot synthesise sialic acid, it scavenges cytidine-5'-
monophosphate-N-acetylneuraminic acid (CMP-NANA) from the host. Lst is
constitutively expressed (Lewis ef al., 2015) and is essential for efficient genital

tract infection, utilising various forms of CMP-sialic acid (Gulati et al., 2015).
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This chapter aimed to investigate the surface accessibility and subcellular
localisation of NGO1152 and NGOO0206 proteins in N. gonorrhoeae strains
using anti-NGO1152 and anti-NGO0206 antibodies. The underlying hypothesis
was that NGO1152 and NGOO0206 are surface exposed proteins whose
localisation can be detected using specific antibodies and that they may serve as
potential immune targets. To assess surface exposure, immuno-dot blot assays
were initially employed on intact WT-FA1090, MR331152, and MR330206
strains under both uninduced and IPTG-induced conditions, with Ango/152 and
Ango0206 mutants serving as negative controls. Subcellular localisation was
determined by performing cell fractionation on WT-FA1090, Angoll52,
Ango0206, and their complemented strains, followed by immunoblotting using
the respective antibodies. To further quantify surface exposure, WC-ELISA was
used to measure antibody binding to surface exposed antigens in WT-FA1090,
MR331152, and MR330206 under both expression conditions. In addition, a
panel of seven clinical N. gonorrhoeae isolates was included to evaluate whether
these antibodies could recognise conserved surface exposed regions across
diverse circulating strains. Finally, the potential functional relevance of these
proteins was assessed by testing whether anti-NGO1152 and anti-NG0O0206
antibodies could mediate human complement-dependent bactericidal activity

against N. gonorrhoeae FA1090.
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5.2. Results

5.2.1. Determine surface exposure of NGO1152 on the gonococcal cell

surface

Surface exposure is essential for antibody accessibility and subsequent immune-
mediated activity. An immuno-dot blot analysis was performed to assess the
surface exposure of NGO1152 on N. gonorrhoeae and evaluate the binding
specificity of anti-NGO1152 antibodies. Intact cells of WT-FA1090, Angol152,
uninduced MR331152 and MR331152 induced with IPTG for 7 h were grown
in BHI-V cultures and harvested once the ODsoo reached = 0.9. Intact gonococcal
cell suspensions were spotted onto nitrocellulose membranes, dried at 37°C to

fix the cells, and probed with anti-NGO1152 antibodies.

Preliminary immuno-dot blot analysis, as shown in Figure 5.1, revealed strong
cross-reactivity of anti-NGO1152 antibodies with intact cells of WT-FA1090
and MR331152 that had been IPTG-induced for 7 h, suggesting significant
surface exposure of NGO1152 on whole gonococcal cells. In contrast, minimal
or undetectable signals were observed for the Ango//52 mutant and uninduced
MR331152 strains, reflecting the absence of NGO1152 due to gene deletion or
the absence of IPTG induction.

WT-FA1090 Angoll52 MR331152 MR331152+IPTG

Figure 5.1. Immuno-dot blot confirming surface exposure and accessibility
of NGO1152 to anti-NGO1152 antibodies on intact N. gonorrhoeae cells.
The immuno-dot blot image demonstrates strong cross-reactivity of anti-
NGOI1152 antibodies with intact cells of WT-FA1090, confirming surface
exposure of NGO1152. In contrast, the Angol152 strain exhibited faint cross-
reactivity, consistent with the absence of NGO1152. The uninduced MR331152
strain displayed weak cross-reactivity, consistent with the absence of IPTG
induction. After 7 h of IPTG induction, the MR331152 strain showed strong dot-
blot signals indicating robust MR331152 expression.
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5.2.2. Evaluate surface exposure of NGO0206 on the gonococcal cell surface

Likewise, to evaluate the surface exposure and accessibility of NG0O0206 to
anti-NGO0206 on intact gonococcal cells, an immuno-dot blot analysis was
performed. Intact cells from WT-FA1090, Ango0206, uninduced MR330206,
and IPTG-induced MR330206 were harvested, spotted onto nitrocellulose
membranes, and subsequently probed with anti-NGO0206 antibodies.

The immuno-dot blot analysis revealed significant reactivity of anti-NG0O0206
antibodies with the surface of WT-FA1090 and induced MR330206 strains,
indicating strong surface exposure of NGO0206. In contrast, minimal or
undetectable signals were observed in the Ango0206 mutant and uninduced
MR330206 strains, reflecting the absence of surface exposed NGO0206 due to
gene deletion or low basal expression in the absence of IPTG induction, as
shown in Figure 5.2. Remarkably, the increased cross-reactivity in the IPTG-
induced MR330206 strain compared to WT-FA1090 highlights the successful
upregulation of NGO0206 expression under IPTG induction, resulting in a high

surface expression of the protein.

WT-FA1090 Ango0206 MR330206 MR330206+IPTG

Figure 5.2. Immuno-dot blot confirming surface exposure and accessibility
of NG0O0206 to anti-NGO0206 antibodies on intact N. gonorrhoeae cells.

The immuno-dot blot image shows strong cross-reactivity of anti-NG00206
antibodies with intact WT-FA1090 cells, confirming significant surface
exposure of NGOO0206. In contrast, the Ango0206 mutant and uninduced
MR330206 complemented mutant strains exhibited weak or undetectable
signals of NGO0206 expression. After 7 h of IPTG induction, the MR330206
strain showed strong dot-blot signals indicating robust NGO0206 expression.
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5.2.3. Subcellular localisation of NGO1152 in N. gonorrhoeae FA1090

To examine the subcellular localisation of NGO1152, cells from WT-FA1090,
Angol152, and MR331152 (both uninduced and induced with IPTG for 4 h or 7
h) were harvested during the mid-exponential phase. The cells were subjected to
subcellular fractionation to isolate various proteome fractions, including OM-
enriched and PP-enriched fractions (Dhital et al., 2022), CM-enriched and C-
enriched fractions (Nossal and Heppel, 1966). Gonococcal proteome fractions,
along with whole-cell lysate samples derived from the same strains, were
separated on 10% SDS-PAGE gels by electrophoresis.

Subsequently, SDS-PAGE gels were stained with Coomassie Brilliant Blue to
visualise protein profiles. Consistent protein loading was observed across all
extracted cell fractions and whole-cell lysates, as shown in Figures 5.3A, B, C
and D. The consistent protein loading across all fractions ensured the reliability
of subsequent comparisons of reactive band intensities in the immunoblotting

analysis, as presented in Figure 5.4.

OM fraction Whole cell lysates
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Whole cell lysates

PP fraction

Whole cell lysates

CM fraction

175



Chapter 5: Results

e
N e
SN IS
g8 8
N NI NI
9 SEVERERS
p SeLFESe F
TN NN XY S,
LRI Q'
& $o &
kDa

&
d
A,

C fraction Whole cell lysates

Figure 5.3. Analysis of protein profiles of subcellular fractions from
gonococcal cells separated by 10% SDS-PAGE and stained with Coomassie
Brilliant Blue to determine the localisation of NGO1152 (A to D).
Gonococcal strains, harvested during the mid-exponential phase, were subjected
to proteome extraction to isolate the OM, PP, CM, and C fractions. Subcellular
fractions from N. gonorrhoeae, as well as whole-cell lysates, were resolved
using 10% SDS-PAGE and stained with Coomassie brilliant blue to visualise the
protein profiles. The stained gels demonstrated consistent and equal protein
loading across all subcellular fractions. Panels correspond to the following: (A)
OM fraction, (B) PP fraction, (C) C, and (D) CM fraction. Each lane within the
respective fractions corresponds to the following strains: WT-FA1090,
Angoll52, and MR331152 under both non-induced and IPTG-induced
conditions (4 and 7 h). Additionally, whole cell lysates from WT-FA1090,
Angoll52, and MR331152 uninduced and induced for 4 h are included for
comparison. Lanes M in all panels: 10-250 kDa protein marker.
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To identify the localisation of NGOI1152, immunoblotting analysis was
conducted on the prepared subcellular fractions (OM, PP, CM, and C). Whole
cell lysates were included as positive controls for comparison. These fractions
were resolved on SDS-PAGE gels and subsequently probed with anti-NGO1152
rabbit polyclonal antibodies at a 1:100,000 dilution. As result, immunoblotting
analysis of subcellular fractions revealed a single band ca. 30 kDa,
corresponding to NGO1152, in the enriched OM, C, and CM fractions of both
WT-FA1090 and IPTG-induced MR331152 at 4 and 7 h, as well as in whole cell
lysates from these strains as shown in Figures 5.4A, B, C and D. The intensity
of this band increased at 7 h post-IPTG induction in the enriched C and CM
fractions, suggesting enhanced expression of NGO1152. In accordance with
expectations, no corresponding band was observed in the Angoll52 or non-
induced MR331152 strains. However, contrary to the hypothesis, the NGO1152
band was absent in the PP-enriched fractions in Figure 5.4B, challenging the
assumption that the protein is localised to this compartment. This analysis
confirmed that NGO1152 is a CM protein that can also be found localised to the

OM of gonococci.
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Figure 5.4. Determine Subcellular localisation of NGO1152 in gonococcal
cell fractions evaluated by immunoblotting using anti-NGO1152 antibodies
(A-D).

Gonococcal strains were subjected to proteome extraction to separate the OM,
PP, CM, and C fractions. These fractions were resolved by SDS-PAGE and
probed with anti-NGO1152 antibodies at a 1:100,000 dilution. Protein profiles
of the following subcellular fractions are shown: (A) OM, (B) PP, (C) CM, and
(D) C fractions. Each lane in the respective fractions corresponds to the
following strains: WT-FA1090, Angoll52, MR331152 uninduced, and
MR331152 induced for 4 or 7 h. Additionally, whole cell lysates from WT-
FA1090, Angol152, and MR331152 (uninduced and induced for 4 h) were
included as positive controls. Lanes (M) in all panels contain a 10-250 kDa
protein marker. The immunoblotting analysis revealed an immunodominant
band at ca. 30 kDa, corresponding to NGO1152 in all lanes of the following
samples: (A) OM, (C) CM, and (D) C for WT-FA1090, MR331152 induced for
4 and 7 h, as well as whole cell lysates of WT-FA1090 and the induced
MR331152 strain. No band was observed in any of the Ango/152 and uninduced
MR331152 samples. Additionally, no band was detected in the (B) PP fractions
from any of the strains.
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5.2.4. Subcellular localisation of NG00206 in N. gonorrhoeae FA1090

Likewise, to examine the subcellular localisation of the NGO0206 in WT-
FA1090, Ango0206, and MR330206 (non-induced or induced with IPTG at 4
and 7 h) were harvested during the mid-exponential phase and subjected to sub-
fractionation. Equal amounts of each cell fraction (OM, PP, CM, and C-
enriched), as well as whole cell lysates from the respective strains (with
MR330206 induced for 4 h), were separated by 10% SDS-PAGE. The gels were
subsequently stained with Coomassie Brilliant Blue, as shown in Figure 5.5 or
subjected to immunoblotting using anti-NGO0206 rabbit polyclonal antibodies,
as illustrated in Figure 5.6. As a result, all the stained gels displayed consistent
protein loading profiles across all extracted cell fractions and whole-cell lysates

Figures 5.5A, B, C, and D.
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Figure 5.5. Evaluate protein profiles of subcellular fractions from
gonococcal cells separated by 10% SDS-PAGE and stained with Coomassie
brilliant blue to determine the localisation of NGO0206 (A to D).

Protein profiles of the following subcellular fractions are shown: (A) OM, (B)
PP, (C) CM, and (D) C. Each lane in the corresponding cell fractions represents
the following strains: WT-FA1090, Ango0206, MR330206 (non-induced), and
MR330206 induced for 4 and 7 h. Additionally, whole cell lysates of WT-
FA1090, Ango0206, and MR330206 (uninduced and induced for 4 h) were used
as positive controls. All stained gels displayed equal protein loading profiles
across all cell fractions. Lanes (M) in all panels contain a 10-250 kDa protein
marker.
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Similarly, immunoblotting of subcellular fractions detected a single ~46 kDa
band corresponding to NGO0206. This band was present in the enriched OM, C,
and CM fractions of both WT-FA1090 and IPTG-induced MR330206 at 4 and
7 h, and in whole-cell lysates from these strains (Figures 5.6A, B, C and D). As
anticipated, this band was absent in the Ango(206 mutant and the non-induced
MR330206 complemented mutant strains across all tested samples. However,
contrary to expectations, no immunoreactive bands were detected in the PP-
enriched fractions across any of the strains, as shown in Figure 5.6B. This
analysis established that NGOO0206 is predominantly a CM protein, with

additional localisation observed at the OM of gonococci.
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Figure 5.6. Subcellular localisation of NGO0206 in gonococcal cell fractions
evaluated by immunoblotting using anti-NGO0206 antibodies (A-D).
Bacterial strains harvested during the mid-exponential phase were subjected to
proteome extraction to separate the OM, PP, CM, and C fractions and resolved
by SDS-PAGE and probed with anti-NGO0206 antibodies at a 1:100,000
dilution. Protein profiles of the following subcellular fractions are shown: (A)
OM, (B) PP, (C) CM, and (D) C fractions. Each lane in the respective fractions
corresponds to the following strains: WT-FA1090, Ango0206, MR330206
uninduced, and MR330206 induced for 4 and 7 h. Whole cell lysates from WT-
FA1090, Ango0206, and MR330206 (uninduced and induced for 4 h) were
included as positive controls. Lanes (M) in all panels contain a 10-250 kDa
protein marker. The analysis revealed that the anti-NGO0206 antibodies
detected a prominent immunodominant band at ca. 46 kDa, corresponding to the
NGOO0206 protein. This band was present in all lanes of the following samples:
(A) OM, (C) CM, and (D) C fractions for WT-FA1090, MR330206 induced for
4 and 7 h, as well as whole cell lysates of WT-FA1090 and induced MR330206.
No band was observed in the Ango0206 and uninduced MR330206 (lacPOPO)
samples. Additionally, no band was detected in the (B) PP fraction.
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5.2.5. NGO1152 is a surface exposed protein in N. gonorrhoeae FA1090

NGO1152 from N. gonorrhoeae FA1090 is bioinformatically predicted to
function as an SBP component of an ABC transporter, typically localised to the
periplasm. However, previous immunoblotting of subcellular fractions revealed
that while NGO1152 is primarily associated with the CM, a smaller portion is
present in the OM (Figure 5.4). Additionally, immuno-dot blot analysis (Figure
5.1) suggested that some epitopes of NGO1152 are accessible on the surface of

intact gonococcal cells.

To further investigate and quantify this potential surface exposure, a direct WC-
ELISA was performed to evaluate whether anti-NGO1152 antibodies could bind
to intact cells. Sterile 96-well microtiter plates were coated with intact bacterial
cell pellets from WT-FA1090, Angol152, and MR331152 (either non-induced
or induced with IPTG for 4 h) at an ODsoo of = 0.3 in carbonate buffer and probed
with anti-NGO1152 antibodies. Additionally, non-coated wells were utilised as
negative controls, and wells coated with intact cells of WT-FA1090 were probed
with rabbit anti-whole meningococcal PorA (cross-reacts with gonococcal PorB),
which served as positive controls (Figure 5.7). PorA is a surface exposed protein
found in N. meningitidis and is one of its major OMPs. In this context, PorA was
utilised as a positive control in this study because of the unavailability of
antibodies against specific N. gonorrhoeae OMP markers in our laboratory. Its
prominence as a well-characterised OMP makes it a reliable reference in
experiments where analogous markers for N. gonorrhoeae are not available (Zhu

et al., 2023).

The WC-ELISA results showed that rabbit anti-NGO1152 antibodies bound to
WT-FA1090 and the induced MR331152 strain. In contrast, significantly less
binding was observed with the Angol/52 mutant and the non-induced
MR331152 strain. The residual binding to the mutant and non-induced
complemented strain indicates background non-specific binding. Overall, these
results confirm that anti-NGO1152 is bound to the surface of intact gonococcal
cells, providing additional evidence for the surface exposure of some NGO1152

epitopes at the gonococcal cell surface under the tested conditions.
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Figure 5.7. WC-ELISA using rabbit polyclonal anti-NGO1152 antibodies
further confirms the surface exposure of NGO1152 in N. gonorrhoeae
FA1090.

The 96-well plates were coated with WT-FA1090, Angol152 and MR331152
(non-induced or induced with IPTG for 4 h) and probed with anti-NGO1152
primary antibody followed by goat anti-rabbit IgG-alkaline phosphatase
conjugate secondary antibody. Colour development was achieved by adding a
phosphatase substrate. The following controls were utilised: Negative control,
which consists of non-coated wells used to detect any background signal.
Positive Control: WT-FA1090 coated wells were probed with anti-whole
meningococcal PorA antibody, which served as an OM control. This antibody
cross-reacts with PorB from N. gonorrhoeae due to structural and epitope
similarities between PorA and PorB. The graph shows the mean absorbance OD
at 405 nm from four independent experiments (each experiment done in
quadruplicate wells). Error bars indicate the mean + standard deviation of a
sample tested in quadruplicate. The P-value was calculated from the four means
using two-way ANOVA tests to compare ODsoo values from the WT-FA1090 to
each of the other strains. P-value summary: A p-value of >0.05 was considered
non-significant (ns), and *** indicates P<0.001 (two-way ANOVA). Asterisks
represent statistically significant differences.
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5.2.6. NGO0206 is a surface exposed protein in N. gonorrhoeae FA1090

Likewise, FA1090-NGO0206 was proposed to be the SBP component of a
gonococcal ABC transporter and bioinformatically predicted to be localised to

the periplasmic space.

Nevertheless, prior cell fractionation experiments suggested this protein was
found predominantly in the CM rather than in the PP space, with some also
evident in the OM fraction. Likewise, the initial immuno-dot blot experiments
suggested that some epitopes of NGO0206 are accessible on the surface of intact

gonococcal cells.

To expand on this, the potential surface exposure of NGO0206 was further
explored using the same WC-ELISA approach that was utilised previously for
NGO1152. Sterile 96-well microtiter plates were coated with intact bacterial cell
pellets from WT-FA1090, Ango0206 and MR330206 (non-induced or IPTG
induced for 4 h) and probed with anti-NGO0206. Non-coated wells were utilised
as negative controls, and wells coated with intact cells of WT-FA1090 and
subsequently treated with rabbit anti-whole meningococcal PorA as a positive

control (Figure 5.8).

The findings demonstrated that rabbit anti-NG00206 bound to WT-FA1090 and
the IPTG-induced complemented strain MR330206, with statistically
significantly lower binding to the Ango0206 mutant and the non-induced
MR330206 complemented strain. The residual binding observed in the mutant
and non-induced complemented strain suggests background non-specific
binding. Collectively, these findings demonstrate that anti-NG0O0206 antibodies
bind to the surface of intact gonococcal cells, providing additional evidence for

the surface exposure of some NGO0206 epitopes at the gonococcal cell surface.
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Figure 5.8. WC-ELISA using rabbit polyclonal anti-NG0O0206 antibodies
further confirms the surface exposure of NGO0206 in N. gonorrhoeae
FA1090.

Sterile 96-well plates were coated with WT-FA1090, Ango0206 and MR330206
(non-induced or induced with IPTG for 4 h) and probed with anti-NG0O0206
primary antibody followed by goat anti-rabbit IgG-—alkaline phosphatase
conjugate secondary antibody. Colour development was achieved by adding a
phosphatase substrate. The following controls were utilised: positive control:
wells coated with intact WT-FA1090 cells were probed with anti-whole
meningococcal PorA antibody. This antibody cross-reacts with PorB from
N. gonorrhoeae due to structural and epitope similarities between PorA and
PorB. The graph illustrates the mean absorbance at OD4os nm from four
independent experiments (each experiment done in quadruplicate wells). Error
bars indicate the mean + standard deviation of a sample tested in quadruplicate.
The P-value was calculated from the four means using unpaired t-tests to
compare OD values from the WT-FA1090 to each of the other strains. P-value
summary: A p-value of >0.05 was considered non-significant (ns), *** indicates
P<0.001, and **** indicates P<0.0001 (two-way ANOVA). Asterisks represent
statistically significant differences.
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5.2.7. NGO1152 is surface exposed in V. gonorrhoeae clinical isolates

Previously, the presence of the ngo//52 gene was confirmed across a broad
range of gonococcal genome sequences. Furthermore, immunoblotting of
whole-cell lysates confirmed the expression of NGO1152 in a smaller subset of

recent clinical isolates, as detailed in Chapter 4.

Subsequent confirming surface exposure of NGOO01152 in N. gonorrhoeae
FA1090 strains in Figure 5.7. The surface exposure of NGO1152 was
investigated using WC-ELISA on a panel of strains, including MS-11, DGI-18,
17N0001, 17N0002, 17N0003, 17N0004, and 17N0005, with WT-FA1090 and
Angoll52 serving as positive and negative controls, respectively (Figure 5.9).
The analysis confirmed all the clinical isolates had statistically significant
increases in surface exposure reactivity compared to the Angoll52 strain,

indicating that NGO1152 was surface expressed in all clinical isolates.
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Figure 5.9. WC-ELISA using anti-NGO1152 antibodies demonstrates
surface exposure of NGO1152 across a panel of N. gonorrhoeae clinical
isolates.

Sterile 96-well plates were coated with WT-FA1090, Angol152, MS-11, DGI-
18, 17N0001, 17N0002, 17N0003, 17N0004 and 17N0005 and probed with anti-
NGOI1152 primary antibody followed by goat anti-rabbit IgG-alkaline
phosphatase conjugate secondary antibody. Colour development was achieved
by adding a phosphatase substrate. The results for the negative control (non-
coated wells) are also shown. The positive control contained WT-FA1090
probed with anti-whole meningococcal PorA-antibody. The graph shows the
mean absorbance at OD4os nm from four independent experiments (each
experiment done in quadruplicate wells). Error bars indicate standard deviation.
The P-value was calculated by two-way ANOVA to compare Angol152 versus
MS-11, DGI-18, 17N0001, 17N0002, 17N0003, 17N0004 and 17N0005. P
value summary: * indicates P<0.05, ** indicates P<0.01 and *** indicates
P<0.001 (two-way ANOVA). Asterisks represent statistically significant
differences.
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5.2.8. NGO0206 surface exposure in V. gonorrhoeae clinical isolates

Likewise, previous analysis confirmed the presence of the ngo0206 gene in a
large panel of gonococcal genome sequences, and immunoblots of whole cell
lysates confirmed the expression of NGO0206 in a smaller collection of recent
clinical isolates, as described in Chapter 4. After confirming the surface
exposure of NGO0206 cross N. gonorrhoea strains by WC-ELISA in Figure 5.8.
Here, a panel of strains, including MS-11, DGI-18, 17N0001, 17N0002,
17N0003, 17N0004 and 17N0005 strains, were used to examine the surface
exposure of NGOO0206 using WC-ELISA. Additionally, WT-FA1090 and
Ango0206 strains were used as positive and negative controls, respectively. The
WC-ELISA analysis demonstrated significantly increased reactivity in all
clinical isolates compared to the Ango0206 strain, suggesting consistent surface

expression of NGO0206 across these isolates, as shown in Figure 5.10.
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Figure 5.10. WC-ELISA using anti-NGO00206 antibodies demonstrates
surface exposure of NGO0206 across a panel of N. gonorrhoeae clinical
isolates.

Sterile 96-well plates were coated with WT-FA1090, Ango0206, MS-11, DGI-
18, 17N0001, 17N0002, 17N0003, 17N0004 and 17N0005 and probed with anti-
NGOO0206 primary antibody followed by goat anti-rabbit IgG-alkaline
phosphatase conjugate secondary antibody. The results for the negative control
(non-coated wells) are also shown. The positive control contained WT-FA1090
probed with anti-whole meningococcal PorA-antibody. The graph shows the
mean absorbance at ODsos nm from four independent experiments (each
experiment done in quadruplicate wells). Error bars indicate the mean + standard
deviation of a sample tested in quadruplicate. The P-value was calculated by
unpaired t-tests to compare Ango0206 versus MS-11, DGI-18, 17N0001,
17N0002, 17N0003, 17N0004 and 17N0005. P-values greater than 0.05 were
considered not statistically significant. P value summary: * indicates P<0.05,
** indicates P<0.01; *** indicates P<0.001 (two-way ANOVA). Asterisks
represent statistically significant differences.
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5.2.9. Bactericidal activity of the anti-NG00206 polyclonal antibodies

To evaluate whether anti-NGO0206 antibodies mediate human complement-
dependent killing of WT-FA1090 and show minimal activity against Ango0206
mutants, the SBA was performed. To better mimic in vivo N. gonorrhoeae
infection, IgG/IgM-depleted human complement (HC; Pel-Freez Biologicals,
USA) was employed to assess antibody-specific bactericidal activity while
minimising interference from endogenous immunoglobulins (Roe ef al., 2023).
Due to the absence of gonococcal-specific antibodies in our laboratory, rabbit
anti-FBA meningococcal polyclonal antibodies were used as positive controls,
hypothesised to cross-react with gonococcal outer membrane components and
mediate complement-dependent killing of WT-FA1090. Gonococci can exhibit
natural susceptibility or resistance to complement-mediated killing, which may
occur even in the absence of antibodies or in the presence of antibodies alone in
vitro. If the bacteria are excessively sensitive or resistant to complement activity,

the SBA assay may yield unreliable results (Toh et al., 2021).

To confirm that bactericidal activity was specifically attributable to NGO0206
as a surface exposed target rather than residual complement activity or antibody-
independent effects. For this reason, WT-FA1090 and Ango0206 at ~8 x 10*
CFU/mL were individually incubated with IgG/IgM-depleted complement (1:2),
decomplemented anti-NGO0206 antibodies (1:128), or anti-FBA antibodies
(1:10) alone. Bacteria alone at TO and T30 controls, representing the initial
colony count, served as a baseline for comparing CFU counts of both WT-
FA1090 and Ango0206 strains after being treated or untreated with anti-
NGOO0206. The bactericidal titre was defined as the reciprocal of the lowest
serum dilution that achieved >50% killing of gonococcal cells after 30 min,

relative to the CFUs/T0 count.

The SBA of anti-NGO0206 was then evaluated against WT-FA1090 and the
Ango0206 mutant by incubating ~8 % 10* CFU of each strain for 30 min with
serial antibody dilutions (1:128 to 1:8192) in the presence of IgG/IgM-depleted
pooled human complement in 96-well plates. After incubation, surviving
bacteria rates were quantified by CFU counts, which showed reduced survival

in treated samples relative to untreated controls at TO.
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The analysis demonstrated that anti-NGO0206 exhibited approximately a
twofold higher SBA against the WT-FA1090 strain compared to the Ango0206
mutant. Notably, the SBA titres for anti-NGO0206 ranged from 1:1024 (in three
replicates) to 1:2048 (in one replicate), as illustrated by the blue dots in Figure
5.11. Each dot represents an independent experiment performed on a separate

occasion, with minor variability observed across replicates.

Interaction of anti-NGO0206 with the Ango0206 mutant strain yielded a lower
bactericidal titre of 1:512 across four replicates, as demonstrated by the red dots
in Figure 5.11, indicating partial resistance. This reduced efficacy likely reflects
the absence of NGO0206 expression, resulting in diminished antibody binding
and weaker activation of the human complement cascade, leading to reduced

cell lysis.

Notably, a small amount of killing was still observed, which may result from
cross-reactivity of anti-NGO0206 antibodies with other gonococcal proteins. As
demonstrated by immunoblotting in Chapter 3, these antibodies recognise
NGO1152 at 30 kDa and an additional unidentified protein at 72 kDa. Such off-
target binding can trigger non-specific complement activation, contribute to
residual killing in the mutant, and reduce assay specificity. Consequently, the
true effect of NGO0206 deletion on susceptibility to complement-mediated lysis
may be partially masked by this antibody cross-reactivity.

The higher SBA titres strongly indicate that NGO0206 is surface expressed in
N. gonorrhoeae, enabling recognition by anti-NGO0206 antibodies. This
interaction promotes complement deposition and MAC formation, leading to
bacterial killing. The minor variability observed between replicates likely
reflects slight differences in experimental conditions or biological responses.
Although a twofold difference in complement-dependent killing was
consistently detected between WT-FA1090 and the Ango0206 mutant, this
effect is relatively modest and occurred against a background of high basal

activity.
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Figure 5.11. Ability of anti-NGO0206 antibodies to elicit SBA against WT-
FA1090 and Ango0206 strains.

The graph displays the bactericidal titres from n=4 independent experiments
conducted on separate occasions. Each data point represents the serum dilution
of anti-NGOO0206 antibodies that achieved >50% bacterial killing at 30 min
against both the WT-FA1090 and Ango0206 mutant strains. Various control
reactions were performed but are not presented in this figure, including negative
controls such as bacteria alone control (T0/T30); complement alone (T30);
antibody alone control (anti-NGO0206 at 1:128 dilution was incubated with
WT-FA1090 and Ango0206 strains with no complement). No bacterial killing
was observed in any of the negative control conditions. SBA-positive controls
included: rabbit anti-meningococcal FBA antiserum (T30), which demonstrated
100% killing at 1:10 dilution when incubated with WT-FA1090 or Ango0206
mutant strains.
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5.2.10. Bactericidal activity of anti-NGQO1152 polyclonal antibodies

Using the same SBA approach previously applied for anti-NG0O0206, it was
applied to evaluate the ability of anti-NGO1152 antibodies to mediate human

complement-dependent killing of N. gonorrhoeae.

The SBA results demonstrated that anti-NGO1152 serum effectively mediated
complement-dependent killing against WT-FA1090 after 30 min of incubation,
yielding a significantly higher bactericidal titre of 1:8192 across four replicates,

as shown by the blue dots in Figure 5.12.

The SBA results for anti-NGO1152 against the Angoll52 strain showed
significantly reduced titres, ranging from 1:512 (two replicates) to 1:2048 (two
replicates), as indicated by the red dots in Figure 5.12. These titres were lower
compared to the baseline CFU counts of Angol152 at T0, indicating partial but
not complete resistance to antibody-mediated killing in the absence of NGO1152.

However, a small amount of killing was still observed against the Angol152
strain, likely reflecting background activity from cross-reactive antibodies or
non-specific complement activation. This modest difference is consistent with
cross-reactivity of anti-NGO1152 antibodies with other N. gonorrhoeae proteins,
mirroring the pattern seen with anti-NGO0206. As shown by immunoblotting in
Chapter 3, the anti-NGO1152 antibodies recognise both NGO1152 at 30 kDa
and NGOO0206 at 47 kDa. This off-target recognition may trigger non-specific
complement activation, increase background killing, and reduce assay
specificity, potentially causing the true impact of NGOI1152 deletion on

susceptibility to complement-mediated lysis to be underestimated.

The reduced bactericidal titres against Angol152 indicate diminished antibody
effectiveness due to the absence of NGO1152, resulting in decreased activation
of the human complement cascade, impaired MAC formation, and reduced
bacterial lysis. Collectively, these findings support that surface exposed
NGO1152 is a key antigenic target for antibody binding and complement-

mediated bactericidal activity.
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Figure 5.12. Evaluation of SBA of anti-NGO1152 polyclonal antibodies
against WT-FA1090 and Angol152 strains.

The graph shows the bactericidal titres from at least n=4 independent
experiments. Each data point is presented as the SBA titre of anti-NGO1152
antibodies that resulted in >50% bacterial killing at T30. Various control
reactions were performed but are not presented, including negative controls such
as bacteria alone control (T0/T30); complement alone (T30); antibody alone
control (anti-NGO1152 at 1:128 dilution was incubated with WT-FA1090 and
Angol152 strains with no complement). No bacterial killing was observed in any
of the negative control conditions. SBA-positive controls included: Rabbit anti-
meningococcal FBA Antiserum (T30), which demonstrated 100% killing at 1:10
dilution when incubated with WT-FA1090 or A ngol152 mutant strains.
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5.3. Discussion

NGO1152 and NGO0206 were hypothesised to be promising vaccine candidates
based on several key criteria: (I) surface accessibility; (II) high conservation
across globally circulating strains with minimal phase or antigenic variation;
(III) broad prevalence as confirmed in the previous chapter; (IV) the ability to
elicit complement-dependent Dbactericidal activity; and (V) robust
immunogenicity. However, the functional importance of these proteins for
bacterial virulence or survival (criterion vi) was not evaluated in this study. To
characterise the surface exposure, subcellular localisation, and functional

relevance of NGO1152 and NGOO0206 in N. gonorrhoeae FA1090.

A combination of immuno-dot blot, WC-ELISA, and subcellular fractionation
approaches were implemented to determine protein distribution. Meanwhile,
SBA was used to assess the ability of anti-NGO1152 and anti-NGO0206
antibodies to mediate complement-dependent killing of WT-FA1090 without
CMP-NANA.

Protein distribution and abundance play a key role in membrane receptor
function and cellular processes, which are fundamental to bacterial activity,
disease development, and vaccine design (Callaghan er al., 2021).
N. gonorrhoeae exhibits phase variation, which alters surface protein expression
to evade the host immune response (Walker ef al., 2023). Identifying antigens
like NGO1152 and NGO0206, hypothesised to remain surface exposed despite
this variability, supports their potential as stable vaccine targets. The surface
accessibility of NGO1152 and NGO0206 was interrogated using immuno-dot
blot analysis (Figures 5.1 and 5.2), which confirmed their surface localisation in

line with the primary hypothesis.

An interesting finding was that anti-NGO1152 and anti-NGO0206 antibodies
cross-reacted with intact WT-FA1090 and IPTG-induced complemented strains
(MR331152 and MR330206), indicating that both proteins are surface accessible
and maintain their native conformations. This suggests their potential as targets
for antibody-mediated immunity, although further studies are needed to confirm
the functional significance of this binding. In contrast, no signal was observed

in the Ango 1152 and Ango(206 mutants or the uninduced complemented strains,
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demonstrating that surface expression of NGO1152 and NGO0206 is gene-
dependent and requires active promoter induction. These findings validate their
surface exposure and support their consideration as antigenic targets in vaccine

development.

Once surface exposure of NGO1152 and NGO0206 was confirmed, the focus
shifted to determining their localisation within the cellular compartments of
N. gonorrhoeae FA1090 strains. To investigate the proteomic impact and
subcellular localisation of NGO1152 and NGO0206, ODsoo-normalised
N. gonorrhoeae  WT-FA1090, Angoll52, Ango0206, and complemented
MR331152, MR330206 strains were analysed under uninduced (4 h) and IPTG-
induced (4 and 7 h) conditions. SDS-PAGE and Coomassie staining of OM-, PP-,
CM-, and C-enriched fractions, alongside whole-cell lysates, revealed consistent
protein profiles across all strains and timepoints (Figures 5.3A-D and 5.5A-D).
These findings indicate that deletion or complementation of either gene does not

broadly alter global protein expression or compartmental distribution.

To immunolocalise the NGO1152. Immunoblotting analysis detected a ca. 30
kDa band corresponding to NGO1152 in the OM-, CM-, and C-enriched
fractions of WT-FA1090 and IPTG-induced MR331152 strains at both 4 and 7
h. This band was also observed in their whole-cell lysates at 4 h and absent in
Angoll52 and uninduced MR331152 strains (Figures 5.4A, C and D). However,
this band was absent from the PP-enriched fractions (Figure 5.4B), contradicting
the initial hypothesis of its presence in the PP. NGO1152 is predicted to be an
SBP involved in ABC transporter systems, facilitating substrate capture and
delivery from the cell surface to the CM via ATP hydrolysis. Additionally,
NGOI1152 may play roles in cellular physiology, adhesion to host cells,
modulation of inflammatory responses, and delivery of virulence factors. Precise
localisation is critical for maintaining the functional integrity of lipoprotein
(Baarda et al., 2018). The proteome-derived vaccine candidates Bame, BamG,
SIiC, MetQ, and NGO2054 are newly characterised as N. gonorrhoeae
lipoproteins. NGO2111, for instance, is homologous to the N. meningitidis
surface lipoprotein assembly modulator Slam2, which facilitates the
translocation of the haemoglobin—haptoglobin utilisation protein to the cell

surface (Hooda et al., 2016).
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Likewise, the immunoblotting with anti-NGO0206 serum detected a ca. 46 kDa
band in OM-, CM-, and C-enriched fractions from WT-FA1090 and IPTG-
induced MR330206 strains, confirming induced expression and compartmental
accumulation of NGO0206 (Figures 5.6 A, C and D). However, NGO0206 was
not detected in PP-enriched fractions (Figure 5.6B). Additionally, no reactive
bands were observed in Ango0206 or uninduced MR330206 strains, confirming

antibody specificity to NGO0206.

Subcellular localisation of NGO1152 and NGO0206 was constrained by two
main factors. First, using a conventional centrifuge instead of an ultracentrifuge
might lead to suboptimal compartmental separation and an increased risk of
cross-contamination, which is a common issue in conventional fractionation
approaches. Secondly, the absence of orthogonal control sera hindered
validation of fraction purity (OM, PP, CM, and C), reducing confidence in
compartment-specific enrichment. Consequently, the detection of these proteins
across multiple fractions may reflect either true distribution or result from cross-
contamination. To address these challenges, future studies should incorporate
high-resolution centrifugation and validated markers, using specific antibodies

against well-characterised proteins specific to each subcellular compartment.

In comparison of cell fractionation findings for NGO1152 and NGO0206 with a
related study on lipid-modified cupredoxin azurin (Crosby and Salazar) in
N. gonorrhoeae (Crosby and Salazar, 2015) shows similar patterns. The
previous study used immunoblotting on C/PP, OM, OMYV, and (SS) with use
controls against the BAM complex against BAM complex components BamA
(Baarda et al., 2018), BamD (Sikora et al., 2018), and the cytoplasmic enzyme
Zwf (Wierzbicki et al., 2017). The study revealed that anti-Laz antiserum
primarily recognised Laz in the OM fractions, with some presence in the C/PP
and OMYV fractions at 25 KDa. BamA band at 75 KDa was mainly detected in
CE and OMV fractions, with minor amounts in C/P, reflecting the presence of
BamA polypeptide transport-associated domains residing in the periplasm
(Sikora et al., 2018). A distinct BamD band at 25 kDa was exclusively detected
in the CE and OMYV fractions, with no protein detected in the SS, highlighting
distinct protein localisation patterns across subcellular compartments (Baarda et

al., 2019).
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Further analysis by WC-ELISA demonstrated that anti-NGO1152 and anti-
NGOO0206 antisera consistently recognised and bound to NGO1152 and
NGOO0206 on the surface of intact cells of WT-FA1090, IPTG-induced
MR331152 and MR330206 strains, confirming that both proteins were surface

accessible on the cell surface of gonococcal (Figure 5.7 and Figure 5.8).

In contrast, both antisera exhibited significantly reduced binding to Angol152
and Ango0206, uninduced MR331152 and MR330206 strains, confirming

decreased immune recognition due to gene deletion or lack of induction.

To broaden the investigation of NGOI152 and NGOO0206 surface
immunolocalisation in other strains, 7 N. gonorrhoea clinical isolates were
selected from a pool of 28 genetically, geographically, and temporally diverse
strains. Expression of both proteins was previously confirmed across all 28
isolates by immunoblotting (as described in Chapter 4). The WC-ELISA data
(Figures 5.9 and 5.10) demonstrate that anti-NGO1152 and anti-NG0O0206
antibodies bind with high affinity to their respective surface antigens on intact
cells from MS-11, DGI-18, 17N0001, 17N0002, 17N0003, 17N0004, and
17N000S5 strains. This immune cross-reactivity binding was significantly higher
compared to the corresponding Angoll52 and Ango(0206 mutant strains.
Importantly, although all strains exhibited antigen accessibility and reactivity,

only minor variation in binding magnitude was observed.

These findings indicate that NGO1152 and NGO0206 exhibit conserved surface
exposed antigenic properties across genetically and geographically diverse
clinical isolates, supporting their potential as broadly protective vaccine targets.
WC-ELISA confirmed surface expression across strains and offers a cost-

effective, scalable method for large-scale antigen screening.

However, WC-ELISA lacks single-cell resolution and is limited by background
noise from non-specific binding, reducing its specificity compared to flow
cytometry (Plotkin, 2020). Flow cytometry enables high-resolution, quantitative
analysis of surface exposed antigens on individual bacterial cells, allowing
precise detection of cell-to-cell variability and identification of subpopulations
(Gray et al., 2023). While more accurate, its high cost often limits routine use.

This can be complemented by immunogold electron microscopy, which provides
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ultrastructural localisation of antigens (Nicholson et al., 2025), and by
quantitative mass spectrometry, which enables molecular-level analysis of

expression, localisation, and post-translational modifications.

SBA is an established correlate of protection for N. meningitidis, but its role in
N. gonorrhoeae immunity remains unclear. Nonetheless, it remains a useful tool
for evaluating functional antibody responses (Tzeng et al., 2024). SBA assay
varies across laboratories in several aspects, including the choice of assay
buffers (such as PBS or HBSS), incubation timepoints (30 or 45 min), bacterial
strains (F62 or FA1090), and complement sources (baby rabbit or human
complement) (Matthias ef al., 2025). Additionally, some laboratories simulate in
vivo conditions by inducing LOS sialylation by culture strains in the presence of
the sialic acid donor cytidine-5'-monophospho-N-acetylneuraminic acid (CMP-
NANA), which is incorporated into LOS by the Lst. This induction of LOS
sialylation in vitro mimics the physiological infectious state of N. gonorrhoeae

and increases serum resistance (Matthias et al., 2025).

It was hypothesised that NGO0206 and NGO1152 are surface exposed proteins
capable of inducing a complement-dependent bactericidal response. To explore
this, SBA were employed to evaluate whether anti-NGO0206 and anti-
NGOO0206 against these targets could selectively mediate complement-
dependent killing of WT-FA1090, with minimal or no effect on the respective
Ango0206 and Angol152 mutants.

Hence, bacteria can display natural susceptibility or resistance to complement-
mediated killing, even in the absence of specific antibodies. When a strain is
either highly sensitive or highly resistant to complement alone, the SBA assay
becomes unreliable for evaluating antibody-mediated killing (Toh et al., 2021).
Ideally, complement should be sourced from the same species as the host to
accurately reflect the immune environment during infection (Feavers and
Walker, 2010). Nonetheless, baby rabbit serum is often favoured over human
serum due to its natural lack of pre-existing antibodies, which minimises

background interference (Mclntosh et al., 2015; Santos et al., 2001).

To ensure that the bactericidal activity against gonococci observed in this study

was not due to intrinsic killing properties of the complement source,
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contaminating antimicrobial compounds, or antibody preparations. Exogenous
IgG/IgM-depleted pooled human complement and decomplemented polyclonal
antibodies against NG0O0206, NGO1152, and meningococcal FBA were each
evaluated individually against WT-FA1090, Ango0206, and Angol152 strains.
None of these elements showed intrinsic bactericidal activity. These findings
align with those of Matthias et al. (2025), who similarly reported no inherent
killing activity using the same complement preparation against N. gonorrhoeae

strains F62, MS11, and FA1090 (Matthias et al., 2025).

During preliminary optimisation of the SBA assay, an initial 1-h incubation of
anti-NGO0206 and anti-NGO1152 antibodies with bacteria in the presence of
complement resulted in complete bacterial killing, preventing effective
assessment of bactericidal activity. To circumvent this problem, the incubation
time was reduced to 30 min, which preserved the survival of viable bacteria and
demonstrated that shorter incubation was sufficient for complement-mediated

killing, thereby providing a more practical approach for assay evaluation.

Herewith, it is intriguing to note that the rabbit anti-NGO0206 antibody
exhibited variability in bactericidal titres, ranging from 1:1024 in three replicates

to 1:2048 in one replicate against the WT-FA1090 strain (Figure 5.11).

In contrast, the Ango0206 mutant strain showed a significantly reduced SBA
titre of 1:512 across four replicates following 30 min of incubation. This
pronounced reduction in bactericidal activity highlights the impaired efficacy of
the anti-NGO0206 antibody in the absence of its cognate antigen. Undoubtedly,
the absence of NGOO0206 expression in the Ango0206 strain significantly
reduced the binding of anti-NGO0206 antibodies. This impaired binding
weakens the initiation of the complement cascade, resulting in decreased MAC

assembly and reduced bacterial cell lysis.

Similarly, anti-NGO1152 serum effectively mediated complement-dependent
killing of WT-FA1090, yielding a significantly higher bactericidal titre of 1:8192.
This superior activity of anti-NGO1152 serum compared to anti-NGO0206
serum highlights its capability to robustly activate the complement cascade. This
enhanced bactericidal effect likely results from the binding of anti-NGO1152
immunoglobulin isotypes to a high density of NGOI1152 antigens on the
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bacterial surface, promoting complement deposition and MAC formation.
Consequently, complement-dependent lysis and bacterial killing in WT-FA1090
were substantially greater than in the Ango//52 mutant strain, accentuating the
critical role of surface antigen expression in antibody-mediated bactericidal
activity. In contrast, the anti-NGO1152 response against the Ango/152 mutant
strain, which lacks NGO1152 expression, exhibited a significant reduction in
bactericidal titre, ranging from 1:512 to 1:2048 (Figure 5.12). Although titres
against the Angol152 strain indicated residual immune recognition, they were
distinctly lower than those observed for the WT-FA1090 strain. This reduction
suggests diminished serum bactericidal activity of anti-NGO1152 antibodies,
likely due to the absence of NGO1152 surface expression. The lack of surface
antigen reduces MAC assembly, thereby decreasing bacterial cell lysis and

killing.

SBA is triggered when anti-NGO1152 and anti-NGO0206 antibodies bind in
sufficient density to their respective targets, NGO1152 and NGO0206, on the
gonococcal surface, enabling complement activation through multivalent
antigen recognition. This process requires the formation of high-density
antigen—antibody complexes, primarily involving IgM and IgG, which engage
complement components upon simultaneous binding to multiple surface
exposed antigens (Roe et al., 2023). Complement activation occurs via three
enzymatic cascades: the classical, mannan-binding lectin (MBL), and alternative
pathways. The classical pathway begins when antibodies bind bacterial surface
antigens, enabling C1 complex interaction with IgM or IgG Fc regions (Fantoni
et al., 2024). This triggers C3 convertase formation enzyme, which cleaves C3
into C3a and C3b. As Accumulated C3b on the surface, additional converts C3
convertase into C5 convertase, which cleaves C5 into C5a and C5b. C5b then
associates with C6, C7, and C8 to promote C9 polymerisation, forming the MAC
(Heesterbeek et al., 2018). The MAC forms a ring-shaped pore that disrupts
Gram-negative bacterial membranes by osmolysis, directly killing bacteria

independently without immune cells' involvement (Xie et al., 2020).

Importantly, immunoblotting results from Chapter 3 revealed notable cross-
reactivity between anti-NGO1152 and anti-NGO0206 sera. Anti-NGO1152 sera
(1:1000) bound not only to NGO1152 (~30 kDa) but also to NGO0206, indicated
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by a distinct band at ~46 kDa. Conversely, anti-NG0O0206 sera (1:1000) bound
strongly to NGO0206 (~46 kDa) and cross-reacted with NGO1152 (~30 kDa),
along with an additional, unidentified band at ~72 kDa. These findings suggest
the presence of a shared or heterologous epitope that may account for the

observed cross-reactivity.

This cross-reactivity likely contributed to the enhanced antigen recognition and
complement activation observed in SBA assays using both antisera. While this
led to increased bactericidal activity, it also elevated background activity,
complicating SBA interpretation. The identity of the 72 kDa band remains
unknown, and further characterisation via SDS-PAGE and mass spectrometry is

recommended to clarify its role.

Despite these complexities, both antisera produced strong SBA titres and
effectively mediated complement-dependent killing in vitro, supporting their
potential for immune clearance and highlighting their promise as protective
vaccine candidates. Another possible explanation for the increased SBA titres is
the absence of exogenous CMP-NANA in vitro, which may have enhanced
antibody-mediated killing. Under these conditions, both anti-NGO0206 and
anti-NGO1152 sera showed strong bactericidal activity against WT-FA1090,
with reduced killing of the Ango0206 and Ango1152 mutants.

This contrasts with findings by Almonacid-Mendoza ef al. (2018), who reported
that gonococcal sialylation inhibited bactericidal activity of antisera raised
against recombinant N. gonorrhoeae acyl carrier protein (rNg-ACP) and OM
preparations (Almonacid-Mendoza ef al., 2018). These findings are associated
with the broader observation that assumed sialylation can inhibit immune-
mediated bacterial killing. Although sialylation raises concerns regarding the
inclusion of rNg-ACP and other OM antigens in future gonococcal vaccine
designs. It remains noteworthy that antibodies capable of targeting unsialylated
gonococci, which are encountered during infection, may still hold considerable

promise for vaccine development (Almonacid-Mendoza et al., 2018).

In N. gonorrhoeae infections, LOS sialylation is a key mechanism of immune
evasion. Gonococci acquire CMP-NANA (cytidine monophosphate-N-

acetylneuraminic acid, a sialic acid donor) from the human urogenital tract and
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incorporate it into their LOS structure (Cardenas et al., 2024). This modification
increases serum resistance by reducing complement activation, thereby
hindering the immune system's ability to effectively combat the infection.
Sialylated LOS effectively masks the bacterial surface, reducing recognition by
the host immune system, particularly by complement and antibodies (Cardenas
et al., 2024). To better mimic the physiological infection conditions of
N. gonorrhoeae in humans in vitro, some laboratories culture gonococcal strains
in the presence of CMP-NANA enhances serum resistance (Matthias et al.,

2025).

Future research should evaluate the SBA of anti-NGO1152 and anti-NG0O0206
antibodies to determine their effectiveness against WHO reference strains and
multidrug-resistant N. gonorrhoeae isolates. It is also important to investigate
whether LOS sialylation influences antibody-mediated killing. Repeating SBA
assays in the presence of CMP-NANA could help assess its impact on the
bactericidal activity of both antisera. In addition to SBA, opsonophagocytic
killing assays (OPAs) could (Gray et al., 2023) be implemented to examine the
ability of anti-NGO1152 and anti-NGO0206 antibodies to promote antibody-
dependent phagocytosis and in vitro killing. This approach would involve
incubating N. gonorrhoeae with antibody-treated serum, followed by the
addition of human phagocytic cells such as polymorphonuclear leukocytes
(PMNs) or macrophage-like cells to evaluate antibody-mediated opsonisation

and bacterial clearance(Chen and Seifert, 2011).

Although N. gonorrhoeae is strictly a human pathogen, transient colonisation
can be established in hormonally treated female BALB/c mice. Immunising
these mice with anti-NGO1152 or anti-NG0O0206 antibodies could help assess
their protective capacity by evaluating reductions in colonisation duration or
bacterial clearance. Finally, the ability of these antibodies to inhibit
N. gonorrhoeae adherence and invasion should be explored, as blocking these
antigens during early infection may enhance bacterial clearance, reduce disease

severity, and offer a promising therapeutic strategy.

In conclusion, immuno-dot blot analysis provided evidence for the surface
exposure and antibody accessibility of NGO1152 and NGO0206 on the surface

of N. gonorrhoeae. Additionally, immuno-localisation further validated the
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specificity of the antibody interactions with subcellular fractions, confirming
that NGO1152 and NGOO0206 are localised in the CM, with additional
localisation observed at the OM of gonococci. The surface exposure of
NGO1152 and NGO0206 was further investigated through direct WC-ELISA,
which confirmed significant binding of anti-NGO1152 and anti-NGO0206
antibodies to the surface of FA1090 and a range of clinical isolates. The
bactericidal activity of these antibodies was assessed using IgG/IgM-depleted
pooled human complement as the active exogenous component. As a result, anti-
NGOO0206 antibodies exhibited SBA titres of 1:1024 to 1:2048 against WT-
FA1090, while titres decreased to 1:512 for the Ango0206 mutant. Similarly,
anti-NGO1152 antibodies achieved an SBA titre of 1:8192 against WT-FA1090
in comparison to SBA titres ranging from 1:512 to 1:2048 for the Angol152
mutant. These findings collectively demonstrate that NGO1152 and NGO0206
are surface exposed, immunogenic antigens capable of eliciting complement-
dependent bactericidal activity, highlighting their potential as promising

candidates for future gonococcal vaccine development.
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Chapter 6: General Discussion

N. gonorrhoeae causes gonorrhoea, an STI that has developed resistance to all
known treatments through the acquisition of chromosomal and plasmid
mutations (Unemo et al., 2024). Without effective intervention, gonorrhoea can
lead to serious complications, including epididymitis, endometritis, pelvic
inflammatory disease, and ectopic pregnancy (Pisano et al., 2024). Infection
rates are rising globally, with significant disparities in disease prevalence and
impact observed among different sexual, gender, racial, and ethnic groups,
particularly in populations with limited access to healthcare resources (Pisano et

al., 2024).

Three principal challenges continue to impede gonococcal vaccine
development: (i) high antigenic variability, (ii) lack of naturally acquired
protective immunity or defined immune correlates of protection, and (iii) the
restriction of N. gonorrhoeae to human hosts, limiting suitable animal models
(Russell et al., 2019). Despite these challenges, the success of vaccines against
the closely related N. meningitidis offers a promising model for N. gonorrhoeae
vaccine development (Petousis-Harris et al., 2017). Effective vaccines and/or
new antimicrobial treatments will be essential for controlling gonorrhoea

infections (Mtynarczyk-Bonikowska et al., 2020).

Efforts to develop a gonococcal vaccine have been hampered by the pathogen’s
extensive antigenic variability. N. gonorrhoeae employs both phase and
antigenic variation to alter its surface exposed epitopes, resulting in an ever-

changing OM that hinders consistent immune recognition (Aas et al., 2002).

Its cell envelope plays a central role in both pathogenesis and immune evasion,
with dynamic alterations contributing to population heterogeneity (Adamczyk-
Poplawska et al., 2022). Moreover, the bacterium evades immune detection by
residing intracellularly in epithelial cells, macrophages, and neutrophils, while

actively modulating host immune responses (Gao ef al., 2024; Russell, 2021).

Two OM proteins, PorB and Reduction Modifiable Protein M (RmpM), are key

mediators of this immune evasion. PorB, the most abundant OM protein
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(constituting approximately 60% of total OM proteins), is essential for bacterial
viability and facilitates ion exchange (Deo ef al., 2018). It possesses numerous
immunomodulatory functions, including inhibition of complement-mediated
killing, suppression of neutrophil and macrophage apoptosis, and modulation of
T-cell responses (Jones, Jerse, et al., 2024; Pisano et al., 2024). RmpM further
aids immune evasion by blocking antibody recognition of other surface antigens,

preventing bacterial killing (Deo et al., 2018).

The most promising subunit and OMV-based vaccines for N. gonorrhoeae
employ adjuvants that promote a Th1-biased immune response, such as CpG and
microencapsulated IL-12 (Sikora et al., 2020; Song et al., 2023).. Induction of a
Thl response is widely regarded as a critical determinant of gonococcal vaccine
efficacy, as demonstrated by the intravaginal administration of IL-12, which
accelerates clearance of gonococcal infection in murine models (Y. Liu et al.,
2013). In mice, a Thl response is defined by interferon-y (IFNy) production,
which drives expression of the immunoglobulin (Ig) G2a isotype. Conversely, a
Th2 response is characterised by interleukin-4 (IL-4) production and is

associated with IgG1 isotype expression (Snapper and Paul, 1987).

Two major antigens, PorB and RmpM, contribute to N. gonorrhoeae immune
evasion. PorB, the most abundant and essential OMP, constitutes ~60% of the
gonococcal OM and OMV proteomes (Deo et al., 2018). It suppresses host
immunity by recruiting complement regulators, inhibiting neutrophil,
macrophage, and T cell functions, and is highly variable across strains, making
it unsuitable as a vaccine antigen. RmpM is an immunosuppressive protein, with
its N-terminus binding trimeric PorB in the bacteria's OM and linking it to
peptidoglycan through its C-terminal domain complex (Maharjan et al., 2016).
Antibodies targeting RmpM have been reported to obstruct or block the
recognition of other surface antigens, thereby impairing immune-mediated

bacterial clearance (Rice et al., 1986).

Unlike other Neisseria species, N. meningitidis expresses two major porins,
PorA and PorB. Meningococcal PorB has strong immunostimulatory properties
and has been used as a vaccine adjuvant because it promotes antigen-specific B-

and T-cell responses (Wetzler, 2010). In contrast, N. gonorrhoeae PorB is largely
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immunosuppressive. The PorB proteins of the two species share 60-70% amino

acid sequence homology, depending on the strain (Song et al., 2023)

Recent advances in gonorrhoea vaccine development highlight both academic
innovation and the challenges of translating these approaches into clinically

effective platforms (Jones, Ramirez-Bencomo, et al., 2024).

The first notable effort from Oxford University has focused on modifying key
immunomodulatory proteins of N. gonorrhoeae: RmpM, which can elicit
blocking antibodies, and PorB, an OM porin that contributes to
immunosuppression. In this strategy, gonococcal PorB was replaced with the
immunostimulatory PorB from N. meningitidis, while RmpM was deleted to
enhance immunogenicity and vesicle production. Immunisation of mice with
OMVs from this modified strain elicited higher antibody titres against model
antigens compared to OMVs containing native PorB. Protein microarray
analysis further revealed broader IgG responses across diverse gonococcal
antigens, and the immune response was skewed toward a Thl profile, with
elevated serum IgG2a and IFNy production by splenocytes. This work
demonstrates that targeted modification of OMV components can overcome
gonococcal immune evasion and represents a promising next-generation
platform for vaccine development, although preclinical efficacy data in infection

models remain to be fully reported (Jones, Ramirez-Bencomo, ef al., 2024).

The MeNZB vaccine is no longer available. However, the meningococcal
serogroup-B vaccine, 4CMenB Bexsero, including the MeNZB OMVs derived
from the NZ-98/254 strain, plus three recombinant protein antigens: NadA
NadA-NMB1994, tHbp-GNA2091, and NHBA-GNA1030, is currently licensed
globally (Semchenko et al., 2019). In vitro studies have demonstrated that NadA,
fHbp, and NHBA are effective in inducing serum bactericidal antibodies against
various meningococcal strains, enhanced further by fusion with accessory
proteins such as GNA2091 (Bos ef al., 2014) and GNA1030 (Donnarumma et
al., 2015). Effectiveness estimates for OMV-based meningococcal vaccines
against N. gonorrhoeae range from 31% to 46% and can persist for up to three
years post-vaccination (Wang et al., 2023). Given that several Neisseria species

are capable of eliciting adaptive immune responses, it is unsurprising that
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meningococcal vaccines provide partial cross-protection against gonorrhoea

through shared antigens.

Encouragingly, several studies have shown that Bexsero-derived antigens elicit
cross-reactive antibody responses and provide modest protection against
N. gonorrhoeae in murine models (Craig et al., 2015; Leduc et al., 2020).
However, these effects have not consistently translated into significant serum
bactericidal activity in human studies (Beernink ez al., 2019). Comparative
genomic and bioinformatic analyses have demonstrated important differences in
the distribution of meningococcal vaccine antigens within N. gonorrhoeae

(Williams et al., 2024).

Notably, the gene encoding the NadA protein is absent in N. gonorrhoeae
(Muzzi et al., 2013). However, the gene encoding fHbp is present, but the protein
is not surface exposed on the cell surface. Likewise, orthologues of NHBA,
GNA2091, and GNA1030 genes were present (Muzzi et al., 2013), but their
specific functional and immunological characteristics remain uncharacterised.
Subsequent analyses confirmed the presence of NHBA in all 17/17 examined
strains of N. gonorrhoeae and exhibited an average similarity of 81.2% to the
NHBA-2 peptide found in Bexsero (Jongerius ef al., 2013). In a broader dataset
comparative sequence analysis using BLASTp against 438 gonococcal genomes
in GenBank, coupled with Clustal alignment in MEGA?7, revealed that
gonococcal NHBA displays partial conservation with meningococcal
homologues. Specifically, in 97 of 111 strains, N. gonorrhoeae NHBA exhibited
65.6% similarity to the non-vaccine NHBA-3 peptide of N. meningitidis MCS58,
showing components may be partly responsible for limited cross-protection

against gonorrhoea in Bexsero-related studies (Semchenko ef al., 2019).

Considering the genetic and antigenic overlap between N. gonorrhoeae and
N. meningitidis, with over 1,500 shared proteins (including 57 predicted to be
surface expressed/OM), cross-species vaccine strategies remain an attractive
prospect (Islam et al., 2025). Several gonococcal antigens with known roles in
nutrient acquisition and host adhesion, such as TdfF, TbpAB, LbpAB, MetQ,
and NHBA, are conserved across both species, suggesting a dual-pathogen

targeting strategy may be feasible (Fegan et al., 2019; Kammerman et al., 2020;
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Maurakis et al., 2019; Price et al., 2007; Schryvers, 2022; Semchenko et al.,
2022).

Recent developments in gonococcal vaccine research have been led by
GlaxoSmithKline plc (GSK), a global biopharmaceutical company
headquartered in the UK, focusing on the development of vaccines and therapies
for serious diseases. In June 2023, GSK announced its investigational
gonococcal vaccine candidate (NgG) and initiated a combined Phase I/II clinical
trial. The vaccine has also been approved in the US. FDA Fast Track designation
to expedite development and review. This reflects the urgent public health need
posed by gonorrhoea, the second most prevalent bacterial sexually transmitted
infection worldwide, with an estimated 82 million new cases annually and rising
antimicrobial resistance (GSK, 2023). The NgG vaccine was derived from
GSK’s $2.1 billion acquisition of Affinivax and employs a Generalised Modules
for Membrane Antigens (GMMA) platform, comprising genetically detoxified
OMVs from N. gonorrhoeae FA1090, designed to enhance immunogenicity
while minimising endotoxin activity (GSK, 2023). The Phase I/II trial evaluated
safety, reactogenicity, and preliminary efficacy in approximately 750 healthy
adult participants aged 18-50 at risk for gonorrhoea across multiple countries,
including the US, UK, France, Germany, Spain, Brazil, the Philippines, and
South Africa (GSK, 2023).

Despite these initial advancements, GSK subsequently discontinued the NgG
vaccine programme, citing unmet efficacy benchmarks and competitive
pressures. This decision highlights the scientific and commercial challenges
inherent in translating preclinical gonococcal vaccine research into viable
clinical candidates (AdisInsight, 2023). More broadly, it reflects the wider
landscape of gonorrhoea vaccine research: while industry efforts face significant
translational hurdles, academic groups, such as those at Oxford University,
continue to innovate at the preclinical level. This emphasises the ongoing need
for novel approaches to overcome the biological and logistical barriers in

developing effective vaccines against N. gonorrhoeae

In this context, our laboratory has identified NGO1152 and NGO0206 as SBP
of ABC transporter as novel vaccine antigen candidates against N. gonorrhoeae,

based on integrated bioinformatic, genetic, and immunological analyses.

213



Chapter 6: General Discussion

ABC transporter systems represent a protein family increasingly recognised as
attractive vaccine targets due to their high conservation, surface accessibility,

and critical roles in nutrient acquisition (Masselot-Joubert and Di Renzo, 2025).

NGO1152 is a 268-amino acid, ~30 kDa, putative periplasmic histidine-binding
lipoprotein component of an ABC transporter implicated in amino acid transport,

for example, glutamine, glutamate, or aspartate.

Interestingly, NGO1152 shows strong homology to its N. meningitidis MC58
orthologue, NMB1612/NMC1533, as documented in PubMLST by Professor
Myron Christodoulides (University of Southampton, UK), providing the basis
for its characterisation. Importantly, NMB1612 has been shown to elicit
bactericidal antibodies in animal models (Hung et al., 2015), suggesting that
NGO1152 may similarly serve as a stable cross-species vaccine target. Our
analysis further confirmed that NGO1152 is highly conserved with NMB1612,
sharing 98% nucleotide identity and differing by only five amino acid
substitutions, highlighting its functional equivalence and potential for cross-

species, broad-spectrum vaccine applicability.

By contrast, NGO0206, a ~40 kDa polyamine-binding protein within the system,
exhibits greater sequence divergence than NGO1152, but NGO0206 retains
conserved motifs with NGO1152 and predicted surface accessibility, supporting
its immunogenic potential. NGO0206 is a component of a polyamine transporter
system known as PotFGHI that contains three putative periplasmic polyamine
binding proteins encoded by potF'I (NGO0206), potF2 (NGO1253), and potF'3
(NGO1494) (Goytia and Shafer, 2010). Additionally, Zielke et al. (2014)
identified the NGOO0206 in membrane vesicles of different strains of
N. gonorrhoeae F62, MS11, and 1291, using the iTRAQ technique (Zielke et al.,
2014).

In earlier work conducted by Williams (2018), Smith (2019), and Patel (2019)
in our laboratory, led to the generation of Angol152 and Ango0206 mutants in
N. gonorrhoeae FA1090, as well as recombinant INGO1152 and rNGO0206,
which were used to generate anti-NGO1152 and anti-NGOO0206 polyclonal

antibodies in rabbits.
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In this research, complemented strains were generated using either a constitutive
opaB promoter (pMR32) (Ramsey et al., 2012) from N. gonorrhoeae strain
FA1090 (Popap) or an IPTG-inducible tandem /ac promoter/operator lacPOPO
from pMR33 (Ramsey et al., 2012), along with the /ac repressor (lacl?) from
pKH37 (Kohler et al., 2007). The lacPOPO system was used in this research
because it can increase transcript levels of ngol152 or ngo0206 up to 123-fold
compared to wild-type N. gonorrhoeae, which significantly enhanced transcript
levels of protein expression even in the absence of the 100 bp upstream region

in both genes.

Phenotypic characterisation by immunoblotting with rabbit anti-NGO1152 and
anti-NGO0206 polyclonal antibodies at 1:1000 dilution detected bands at 30
kDa for NGO1152 and 46 kDa for NGO0206 in WT-FA109, MR3311152, and
MR330206 induced complement strains under the lacPOPO promoter. However,
no bands were observed in uninduced complements or in the Angoll52 and
Ango0206 mutants. Upon IPTG induction, NGO1152 and NGO0206 expression
in MR3311152 and MR330206 was restored to WT-FA1090 levels within 2 h,
demonstrating the effectiveness of the promoter system in driving protein

expression.

Unexpectedly, MR3211152 and MR320206 strains complemented under the
Popas promoter failed to express either protein, most likely due to defects in the
upstream transcriptional region introduced during primer design, as ~100 bp of
the native RNA regulatory sequence was missing from the amplified fragment
used for complementation. At this dilution, anti-NGO0206 antibodies cross-
reacted with both NGO0206 (46 kDa) and NGO1152 (30 kDa), with additional
weak bands at 72 kDa considered non-specific. In contrast, anti-NGO1152
antibodies displayed the same cross-reactivity but without the 72 kDa signals.
Thereafter, increasing the dilution of both antibodies to 1:100,000 eliminated
non-specific bands, leaving a single clear band for NGO0206 or NGO1152,

confirming that these proteins are expressed and retain their antigenic integrity.

However, sequence alignment analyses later revealed that the conserved N-
terminal signal peptide, lipobox motif, and several short motifs in NGO0206 and
NGOI1152 likely maintain a shared fold and overlapping epitopes, providing a
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structural explanation for the reciprocal antibody cross-reactivity observed in

immunoblots.

To determine whether deletion or complementation of candidate antigen genes
affects bacterial fitness under laboratory conditions. /n vitro growth kinetics of
mutant and complemented strains, with or without IPTG induction, were
comparable to WT-FA1090, indicating that these genetic modifications do not
impair fitness in nutrient-rich conditions. However, in vitro assays do not capture
host-specific nutrient limitations, immune pressures, or microenvironmental
niches encountered during infection. Nevertheless, NGO1152 and NGO0206
may be dispensable in vitro but could perform specialised, context-dependent
roles during colonisation or pathogenesis that require in vivo or host-mimetic
models to reveal. For example, MetQ, an ABC transporter SBP in Neisseria, is
surface expressed and elicits bactericidal antibodies (Semchenko et al., 2017),
supporting SBPs as vaccine targets. Similarly, metal-binding lipoproteins such
as MntC in S. aureus and PsaA in S. pneumoniae have documented roles in

virulence not reflected by simple in vitro growth assays (Handke et al., 2018).

These models highlight the requirement for host-relevant models to fully assess
the functional importance and vaccine potential of NGO1152 and NGO0206.
Identifying highly conserved and surface accessible antigens remains a critical
challenge for gonococcal vaccine development, given the phase and antigenic

variability of N. gonorrhoeae surface proteins (Jefferson et al., 2021).

Immunoblotting confirmed that NGO1152 and NGO0206 are expressed in
whole-cell lysates from 28 clinical N. gonorrhoeae isolates but are absent in the
mutant, confirming antibody specificity and demonstrating their broad
conservation. Notably, this expression pattern closely parallels findings by Hung
et al. (2015), who reported expression of NMB1612 in N. meningitidis, where
anti-rNMB1612 sera consistently detected a ~27 kDa band across all 13
meningococcal strains (Hung ef al., 2015). Collectively, these data confirm that
NGO1152 and NGOO0206 are highly conserved and ubiquitously expressed
among circulating N. gonorrhoeae strains, with NGO1152 resembling

NMB1612 in both structure and conservation.
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In addition, comparable findings to our study were reported by Jen et al. (2019)
in their evaluation of MsrA/B as a vaccine candidate. Using immunoblotting,
MsrA/B was detected by anti-MsrA/B mouse antisera at 58 kDa in whole-cell
lysates of N. gonorrhoeae strain 1291, and 20 clinical isolates, but was absent in
the 1291msr::kan mutant, again confirming antibody specificity (Jen et al.,
2019). Furthermore, WC-ELISA demonstrated that MsrA/B is surface expressed
and immunogenic across diverse isolates (Jen et al., 2019). Together, these
studies underscore the potential of conserved, broadly expressed antigens such

as NGO1152, NGO0206, and MsrA/B for gonococcal vaccine development.

Supporting this at a broader scale, analysis of 7,327 N. gonorrhoeae isolates
from the PubMLST database demonstrated that NGO1152 and NGO0206 are
highly conserved, consistent with their predicted functional importance.
Specifically, NGO1152 was present in 100% of isolates, with 99.97% predicted
to encode a functional protein, whereas NGO0206 was detected in 87.9% of
isolates, with 87.8% predicted to be functional. This high prevalence and limited
sequence variability further highlight their potential as promising vaccine

candidates.

In comparison, our findings with a study reported by Handke ef al. (2018), who
demonstrated a large-scale analysis of 34 gonococcal antigens across >5,000
5,000 clinical isolates in the Neisseria PubMLST database. They identified eight
exceptionally conserved proteins, each represented by a single allele variant in
>80% of isolates, and an additional 18 candidates represented by <3 alleles in
>50% of isolates (Handke et al., 2018). Consistent with this, NGO1152 in our
study exhibits near-universal presence, aligning with the highest level of
conservation (similar to ACP, AniA, BamA, MtrE, NspA, and ZnuD), whereas
NGO0206, though slightly less ubiquitous, still falls within the range of broadly

distributed vaccine-relevant antigens.

To explore the implications of conservation among N. gonorrhoeae lipoproteins,
amino acid analyses of NGO0206 and NGO1152 were performed. Despite
partial sequence similarity between NGO0206 and NGOI1152, pairwise
alignment revealed substantial divergence, with only 24% identity, 36.6%

similarity, and a high gap rate of 32.9%. Most variation occurs in the central and
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C-terminal regions, where an extension in NGO0206 suggests evolutionary

divergence and potential functional specialisation.

In contrast, the N-terminal signal peptide and lipobox motif, terminating at the
conserved cysteine (NGO0206: MKKTLVAAIL--SLALTACGG; NGO1152:
MKKWIAAALACSALALSACGG, are highly preserved, likely underpinning
the cross-reactivity observed in immunoblotting: antibodies against NGO0206
recognised both proteins, and the same pattern was observed with anti-
NGOI1152 antibodies. Moreover, several short, conserved motifs such as
YAVPYF/FSDPYF and GFDVDL/GKSGYD suggest retention of key structural
elements such as B-strands or loops, supporting a shared fold and partially

overlapping antigenic epitopes.

Extending these findings, further analysis discovered that NGO1152 is nearly
identical to its N. meningitidis MC58 orthologue NMB1612, sharing 98.1%
sequence identity and complete conservation of the N-terminal signal peptide,
lipobox, and key motifs. This high degree of conservation highlights their
homologous function roles as SBPs of the ABC transporter and supports
NGOI1152 as a cross-species antigenic target for bactericidal antibody-based

vaccine development.

Integrating comparative multiple alignment sequence analyses of NGO0206,
NGO1152, and NMB1612 revealed that NGO1152 and NMB1612 are highly
conserved orthologues, whereas NGO0206 represents a structurally distinct
paralogue. Although NGOO0206 shares partial sequence similarity with
NGOI1152 and NMB1612, particularly within conserved N-terminal motifs
linked to membrane targeting. However, NGO0206 exhibits substantial
divergence in the central and C-terminal regions. It contains unique insertions
and an extended sequence. These differences suggest NGO0206 has specialised
functions and may vary in substrate binding from NGO1152 and NMB1612 or
immune recognition. While the broad conservation of NGO1152 supports its
candidacy as a cross-species antigenic target. Meanwhile, the structural
variability of NGO0206 may limit its universal applicability; nonetheless, the
preserved N-terminal motifs indicate it could retain some immunological

relevance.
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To wverify surface expression and antibody accessibility, NGO1152 and
NGOO0206 were assessed in intact N. gonorrhoeae FA1090 cells using immuno-
dot blotting. This demonstrated surface exposure of both proteins in WT-FA1090
and IPTG-induced complemented strains of MR331152 and MR330206,
whereas mutants and uninduced strains lacked detectable protein. Protein
expression in induced complemented strains was restored to WT-FA1090 levels,
validating antibody specificity and accessibility. These outcomes suggest that
NGOI1152 and NGO0206 could serve as potential targets to elicit bactericidal

activity, which is critical for vaccine development.

To further confirm immunolocalisation, subcellular fractionation combined with
immunoblotting was performed. Both proteins were detected in the OM, CM,
and C fractions of WT-FA1090 and induced complemented strains (MR331152
and MR330206) and were absent in the PP fraction. Importantly, IPTG induction
restored expression in complemented strains, whereas the proteins remained

absent in mutants and uninduced strains.

Nevertheless, the majority of SBPs of ABC transporters are located in the
periplasm of Gram-negative bacteria (Rice et al., 2014). However, several SBPs
have been reported to localise at the bacterial surface (Briles et al., 2000;
Kovacs-Simon et al., 2014; Otsuka et al., 2016). For instance, proteomic
analyses have detected MetQ in OMP and OMV preparations of both
N. gonorrhoeae (Zielke et al., 2016) and N. meningitidis (Lappann et al., 2013),
further supporting the notion that surface localisation of SBPs is not

unprecedented.

Further WC-ELISA analysis confirmed that antisera against NGO1152 and
NGOO0206 consistently recognised these proteins on the surface of the WT-
FA1090 strains, as well as in the induced complemented strains (MR331152 and
MR330206). In contrast, antibody binding was significantly reduced in Ang/152
and Ango0206 deletion mutants or uninduced strains, indicating that immune

recognition is directly dependent on protein expression.

To evaluate whether these findings extend beyond a single laboratory strain,
WC-ELISA examined seven genetically and geographically diverse clinical

isolates. Both anti-NGO1152 and anti-NGO0206 antibodies exhibited strong
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binding affinity to their respective antigens across all isolates tested, although
minor variations in binding were observed compared to WT-FA1090. These
clinical isolates were obtained from male and female patients at a range of
anatomical sites, including the cervix, urethra, high vaginal tract, rectum, and
additional locations. Further isolates were obtained from individuals diagnosed
with either uncomplicated or complicated DGI. Our findings confirmed that
NGO1152 and NGOO0206 are surface exposed antigens that possess broadly
accessible antigenic properties across multiple strains and are predicted to be

capable of eliciting bactericidal responses, as demonstrated below.

Importantly, these observations align with the findings of Zhu et al. (2019), who
reported the immune recognition of six additional antigens (NGO0690,
NGO1043, NGO0416, NGO0948, NGO1215, and NGO1701) across multiple
strains using both immunoblotting and WC-ELISA (Zhu ef al., 2019). While
some variability in protein expression and antibody binding was noted, the
overall recognition of these antigens across different isolates reinforces the
concept that certain gonococcal surface proteins possess conserved
immunogenic properties (Zhu et al., 2019). Taken together, both our study and
that of Zhu et al. (2019) strengthen the rationale for prioritising surface exposed
proteins as vaccine candidates with the potential to overcome strain-specific

limitations.

SBA is widely recognised as the gold standard in vitro method for evaluating the
complement-dependent bactericidal activity of antibodies, whether induced
through active immunisation (Mclntosh et al., 2015) or administered via passive
immunisation (Guachalla et al., 2017). In this assay, human or rabbit serum
serves as the complement source, while target bacteria are incubated with
specific antibodies or immune serum. Bacterial survival is then assessed by
comparing results with those obtained using a negative control antibody, non-
immune serum, or an inactivated complement source (Fantoni et al., 2024).
Rabbit serum is often preferred over human serum, as baby rabbit sera naturally
lack pre-existing antibodies, reducing potential interference (McIntosh et al.,
2015; Santos et al., 2001). Previous studies have explored methods to deplete
pre-existing antibodies from human serum using Protein G affinity purification.

However, this approach has significant limitations, including the unintended
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depletion of essential complement components such as C1q and C5 (Brookes et
al., 2013). Additionally, this method does not remove IgM or IgA, two antibody
isotypes that also contribute to complement activation (Murphy and Weaver,

2016).

Bacteria can exhibit natural susceptibility or resistance to complement-mediated
killing, even in the absence of antibodies. If a bacterial strain is either highly
sensitive or highly resistant to complement activity, the SBA assay becomes
unsuitable for evaluation (Toh et al., 2021). Ideally, the complement source
should originate from the same host species to accurately replicate the immune
response during infection (Feavers and Walker, 2010). Therefore, when
assessing bactericidal activity against human pathogens, human serum should
be used as the complement source. For example, in the case of N. meningitidis,
human complement derived from healthy donors may possess intrinsic
bactericidal activity against meningococci. However, obtaining large quantities
of complement with consistent haemolytic activity poses a challenge (Borrow et
al., 2020; Findlow et al., 2022). As a result, each complement source must be

validated for individual bacterial isolates to prevent assay interference.

A potential alternative is the use of a complement derived from a varied species
(Plotkin, 2020). Rabbit complement is the most widely utilised and has
consistently been shown to be a reliable and suitable source for serum
bactericidal assays (rSBA). While rSBA has been widely applied in evaluating
MenACWY vaccines, it is not suitable for MenB vaccine assessment, as rabbit
complement tends to produce higher SBA titres. Consequently, only human
complement (hSBA) is considered appropriate for evaluating the MenB vaccine

(Plotkin, 2020).

In general, the assay involves live gonococci, usually grown until the mid-
exponential phase, incubated with serially diluted sera, and an exogenous source
of IgG/IgM-depleted pooled human complement. SBA is initiated when
antibodies bind to specific antigens that are abundantly expressed on the
bacterial cell surface. Nevertheless, the threshold density of antigen-antibody
complexes needed to activate complement can also be achieved when antibodies

simultaneously bind to several surface exposed antigens (Ispasanie et al., 2023).
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The final hypothesis in this research was addressed by performing SBA for both
rabbit anti-NGO0206 and anti-NGO1152 polyclonal antibodies as a vital step in
vaccine development. Specifically, the anti-NGOO0206 antibody exhibited
variable bactericidal titres against the WT-FA1090 strain, ranging from 1:1024
to 1:2048, in the presence of exogenous IgG/IgM-depleted pooled human
complement. Conversely, the Ango(0206 mutant, lacking NGO0206, exhibited a
significantly reduced SBA titre of 1:512, indicating a diminished antibody
effectiveness. This suggests that the absence of NGO0206 impairs the binding
of anti-NGO0206 antibodies, thus hindering the initiation of the complement
cascade and subsequent bacterial cell destruction. In contrast, the anti-NGO1152
serum displayed a significantly higher bactericidal titre of 1:8192, suggesting
that it more effectively activates the complement system. This enhanced activity
likely results from the binding of anti-NGO1152 immunoglobulin isotypes to
abundant NGO1152 antigens on the bacterial surface, promoting complement
cascade deposition and leading to greater complement-dependent lysis,

particularly of the WT-FA1090 strain compared to the Angol152 mutant.

Nevertheless, the findings reported in this research indicate that the anti-
NGO0206 and anti-NGO1152 antibodies exhibit superior bactericidal capacity
against N. gonorrhoeae compared to NMB1612 from N. meningitidis (Hung et
al., 2015). However, for bacterial vaccines, the SBA assay relies on intricate
biological components, including live bacteria and specialised human
complement, making standardisation more complex compared to antibody-

binding assays (Feavers and Walker, 2010).

A recent study by Dijokaite-Guraliuc ef al. (2023) analysed sera collected from
patients with acute gonorrhoea or from sexual contacts of an index case at a
hospital in the South of England during 1980-1982 (Zak et al., 1984).
Importantly, no information was available regarding whether these individuals
had prior exposure to N. meningitidis, either symptomatically or
asymptomatically. If such exposure had occurred, their sera may have contained
antibodies against meningococcal homologs, potentially cross-reacting with
gonococcal proteins such as NGO1152. Using immunoproteomic approaches,
the authors identified antibodies recognising several gonococcal proteins with

meningococcal homologs, specifically the surface exposed OM proteins such as
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ZnuD, MIP, NalP, FbpA, ComP, and Art] (homologous to NGO1152 in
N. gonorrhoeae). Although these proteins were clearly immunoreactive, the sera
overall showed little or no significant complement-dependent SBA (Dijokaite-
Guraliuc ef al., 2023). Only two of thirteen patients demonstrated ~50% killing
of their homologous strain at a 1/4 serum dilution, while pooled sera achieved
~30% killing of the heterologous strain P9-17. This limited bactericidal effect
may reflect the influence of blocking antibodies against proteins such as Rmp
and H.8, which are known to inhibit SBA. Thus, while these surface exposed
proteins are immunogenic and elicit antibody responses during natural infection,
their ability to induce protective bactericidal activity was not demonstrated in
this study, highlighting the likely need for additional immune mechanisms or

tailored vaccine strategies (Dijokaite-Guraliuc ef al., 2023).

However, when compared to the SBA of anti-NGO1152 and anti-NG0O0206, the
trivalent vaccine antisera (Adenylate cyclase-associated protein App, NHBA,
and MetQ) tested by Lu et al. (2024) in mice showed weaker bactericidal activity.
In their study, stronger SBA responses were observed with titres ranging from
100 to 800 dilutions, particularly with the trivalent vaccine, when tested against
the N. gonorrhoeae strains FA1090 and FA19. Bactericidal activity was reduced
against sialylated gonococci when FA1090 was cultured with CMP-NANA, but
no significant differences in binding to sialylated versus non-sialylated

gonococci were detected in the ELISA (Lu et al., 2024).

In contrast to the findings of the SBA of anti-NGO0206 and anti-NGO1152
antibodies, another study by Bagwe et al. (2023) investigated the
immunogenicity of a whole-cell inactivated N. gonorrhoeae microparticle (Ge-
MP) vaccine delivered transdermally via dissolving microneedles (MN)
combined with adjuvant microparticles (Alhydrogel®-Alum MP and
AddaVax™ MP) (Bagwe et al., 2023).

Mice immunised with Gc-MP + Alum MP + AddaVax™ MP exhibited
significant increases in gonococcal-specific serum IgG, IgGl, IgG2a, and
vaginal mucosal IgA antibodies compared to control groups. The generated
antibodies demonstrated bactericidal activity against live N. gonorrhoeae
(Bagwe et al., 2023). Additionally, immunised mice showed an enhanced

clearance rate of gonococcal infection post-challenge, with complete clearance
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by day 9, whereas control groups began clearing the infection around day 10.
Furthermore, mice that received the full vaccine formulation displayed
upregulated expression of cellular immunity markers, including CD4 and CDS§
on T cells in the spleen and lymph nodes of immunised mice (Bagwe ef al.,

2023).

These findings suggest that using microneedle-based immunisation or delivery
of whole-cell inactivated gonococcal vaccines in the form of microparticles
offers the advantage of inducing robust humoral, cellular, and protective
immunity against gonococcal infection (Bagwe et al., 2023). However, whole-
cell vaccines have notable drawbacks, including potential reactogenicity due to
inactivated whole-cell preparations often containing residual endotoxins like
LOS, and a lack of antigen specificity, which can trigger strong inflammatory
responses toward non-protective targets and reduce tolerability. Moreover, the
lack of antigen specificity inherent to whole-cell vaccines means the immune
system may be directed toward immunodominant but non-protective antigens,

potentially compromising efficacy (Bagwe et al., 2023).

Batch-to-batch variability in inactivation and formulation processes may also
lead to inconsistent antigen presentation and pose challenges for quality control.
In addition, whole-cell platforms are less amenable to rational vaccine design
strategies, such as reverse vaccinology, which aim to selectively target
conserved, surface exposed, and functionally relevant epitopes. There is also a
theoretical risk of molecular mimicry, raising concerns about the potential for
autoimmunity. Finally, issues related to vaccine stability and the need for cold-
chain storage may hinder large-scale deployment, particularly in resource-
limited settings. However, innovative delivery systems help mitigate some of
these issues; whole-cell vaccines must be carefully evaluated against more

refined subunit or epitope-based approaches (Bagwe et al., 2023).

LOS sialylation is a well-established immune evasion mechanism in
N. gonorrhoeae via molecular mimicry with host glycans, but NGO1152 and
NGOO0206 are SBPs, and there is currently no evidence that they are directly
involved in LOS sialylation or glycan mimicry. Initially, sialylation was
identified for its role in providing "unstable" serum resistance in gonococci

recovered from urethral secretions, though this resistance did not persist
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following laboratory passage (Giardina et al., 2020). It has since been shown
that sialylation inhibits all three complement activation pathways by reducing
C1 engagement and C4b deposition while promoting factor H recruitment to the

gonococcal surface (Gulati et al., 2015).

Additionally, sialylated glycans allow the immune system to distinguish self
from non-self, partly through interaction with sialic acid-binding
immunoglobulin-like lectins (Siglecs) (Pillai et al., 2012). Siglecs, expressed by
various immune cells, including neutrophils - the primary immune cells involved
in gonococcal infections -play a role in recognising these sialylated glycans.
Siglec-5, -9, and -14 are found to be expressed on neutrophils. Both Siglec-5 and
Siglec-9 contain immunoreceptor tyrosine-based inhibitory motifs (ITIMs),
which recruit SH2 domain-containing phosphatases to inhibit cellular activation
(Delaveris et al., 2021). In contrast, Siglec-14 associates with the adapter protein
DAP12, which contains an immunoreceptor tyrosine-based activating motif
(ITAM). Upon phosphorylation, this motif recruits Syk kinase to initiate
downstream signalling (Angata et al., 2006). Siglec-5 and Siglec-14 genes are
adjacent and are considered paired receptors due to their highly similar binding
domains and glycan-binding preferences (Ali ef al., 2014). In certain racial and
ethnic populations, 10%—-70% of individuals carry a SIGLEC14/5 fusion gene,
where Siglec-14 expression is absent, but Siglec-5 remains present. Thus,
signalling through neutrophil Siglecs overall serves to dampen inflammatory
responses. Sialylated N. gonorrhoeae has been shown to interact with the
extracellular domains of these Siglecs, as observed with Fc chimeras proteins
(Landig et al., 2019). In addition to sialylation, N. gonorrhoeae expresses
various gene products that help protect the bacteria from neutrophil
antimicrobial activities (Palmer and Criss, 2018). The bacteria also modulate
their ability to interact with neutrophils through the phase-variable expression
of Opa proteins, which bind to one or more CEACAMs. Remarkably, binding
to the granulocyte-specific CEACAM3 induces phagocytosis, reactive oxygen

species production, and granule release (Ball and Criss, 2013).
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Proposed future work

The outcomes of this research suggest several intriguing directions for further
exploration. This research highlights several promising avenues for addressing
N. gonorrhoeae antimicrobial resistance. One innovative strategy involves using
nanocarriers in conjunction with ABC transporters to target NGO1152 and
NGOO0206 proteins. Nanocarriers, which are advanced nanoscale drug delivery
systems, can be functionalised with anti-NGO1152 and anti-NGO0206
antibodies to deliver therapeutic agents directly to specific bacterial receptors,
enabling controlled release and enhanced efficacy. Nanoparticles are
particularly noteworthy for their multifunctional mechanisms, including
disrupting bacterial cell walls, inhibiting protein synthesis, and altering cellular
signalling pathways (Amarnani et al., 2023). Their ability to increase bacterial
membrane permeability and generate free radicals makes them potent agents
against microbial resistance. Functionalising nanoparticles with anti-NGO1152
and anti-NGO0206 antibodies could further enhance their precision and lethality,
potentially improving outcomes in gonococcal infections. Research into novel
delivery methods, such as dissolving microneedles (MNs), also shows promise

as discussed above.

A bivalent vaccine comprising anti-NGO1152 and anti-NGO0206 may enhance
efficacy by targeting conserved, cross-reactive epitopes across N. gonorrhoeae
strains. This multi-antigen approach mitigates risks associated with isolates that
are deficient in either antigen or express non-cross-reactive variants, analogous
to the strategy employed in the Bexsero meningococcal vaccine. Moreover,
sustained immunogenicity is contingent upon optimal antigen accessibility to

antibodies and effective engagement of immune recognition mechanisms.

Typically, this research establishes a foundation for evaluating the in vivo
efficacy of anti-NGO1152 and anti-NGO0206 polyclonal antibodies against
N. gonorrhoeae strains, including FA1090, DGI-18, MS11, and other clinical
isolates, using a mouse vaginal colonisation model. Such a study would explore
how these antibodies mediate protection, facilitate bacterial clearance, and
compare the outcomes of pre- and post-infection immunisations. Adjuvants,

such as MF59 and CpG-ODNs, could be used to activate immune responses.
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Kim et al. (2020) showed that MF59 enhances antigen-specific CD8 T cell and
antibody production. While CpG-ODNs mimic bacterial DNA and activate
TLRY, boosting IgG responses critical for heterologous protection antibody
responses (Kim et al., 2020). CpG-ODNs are synthetic short single-stranded
DNA molecules that contain unmethylated CpG motifs (cytosine-phosphate-
guanine dinucleotides), which are common in bacterial and viral DNA but rare

and usually methylated in vertebrate DNA.

To establish an in vivo model, female BALB/c mice treated with 17-B-estradiol
and antibiotics would be used to simulate human-like gonococcal infection (Lu
etal.,2024). Groups of mice would be immunised via intranasal or subcutaneous
routes with N. gonorrhoeae. Subsequently, they would be immunised with either
anti-NGO0206 or anti-NGO1152 antibodies containing CpG-ODNs, or with a
bivalent formulation containing both, to evaluate antigen-specific antibody
responses to mediated clearance of N. gonorrhoeae. This combined approach
may enhance efficacy by targeting conserved epitopes across N. gonorrhoeae
strains, thereby reducing the risk of escape by non-cross-reactive variants. This
strategy is analogous to the Bexsero meningococcal vaccine. Additionally, a
separate group could first be immunised with either anti-NGO0206, anti-
NGOI1152, or the bivalent formulation, followed by infection with
N. gonorrhoeae, to assess the potential for antibody-mediated protection against
the pathogen. Further Future studies can employ NGO1152 and NGO0206,
either individually or as a bivalent vaccine, in controlled human infection
models (CHIMs), which could elucidate their ability to prevent disease in
humans. CHIMs, despite ethical constraints limiting them to short-term studies
in male volunteers, have significantly advanced our understanding of bacterial
behaviour, antigenic variation, and host immunity. Evaluating these proteins in
CHIMs may reveal critical insights for therapeutic development. Such research
would leverage CHIMs' unique capacity to bridge preclinical and clinical studies,

notwithstanding current limitations.

Upcoming research should focus on elucidating the specific biological roles of
NGOI1152 and NGOO0206 in N. gonorrhoeae, particularly their contributions to
adhesion and invasion of human cervical epithelial cells (ME-180) as well as

their broader roles in pathogenicity and antimicrobial resistance. This could be
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accomplished by comparing the Angol152 and Ango0206 mutant strains with
the WT-FA1090 strain. Such a comparison would help determine whether these
mutants show reduced adhesion and invasion capabilities of these strains.
Additionally, MR331152 and MR330206 complemented strains should be
evaluated to see if restoring NGO1152 and NGO0206 expression could bring
adhesion and invasion levels back to those seen in the WT-FA1090 strain. This
would provide compelling evidence supporting the role of these proteins in
mediating the attachment of N. gonorrhoeae to human cervical epithelial cells

in vitro and possibly facilitating invasion.

To further validate their role in adhesion, performing antibody adhesion
inhibition assays with anti-NGO1152 and anti-NGO0206 antisera is highly
recommended. In this experiment, pre-incubating N. gonorrhoeae strains with
varying concentrations of the antisera (for example, 1:20, 1:40, and 1:80) and
assessing their ability to adhere to ME-180 cells would reveal whether the
presence of these antibodies reduces adhesion in a concentration-dependent
manner. A decrease in adhesion, when compared to the untreated WT-FA1090
strain, would offer convincing evidence for the involvement of NGO1152 and

NGOO0206 in the bacterial adhesion process.

Additionally, the impact of mutations in ngol152 and ngo0206, as well as the
antisera treatment on N. gonorrhoeae colonisation, should be assessed using a
female mouse model of lower genital tract infection. Mice would be
intravaginally inoculated with equivalent numbers of WT-FA1090, Angol152,
Ango0206, MR331152, and MR330206 strains, alongside WT-FA1090 cells that
have been pre-incubated with a 1:20 dilution of heat-inactivated anti-NGO1152
and anti-NGO0206 antisera. Vaginal secretions would then be collected to
perform bacterial colony counts, allowing for a comparison of colonisation
efficiency between the different strains. It is expected that the Angol152 and
Ango0206 strains will show significantly reduced colonisation compared to the
WT-FA1090 strain. Furthermore, MR331152 and MR330206 are anticipated to
restore colonisation ability to near WT-FA1090 levels. Pretreatment with anti-
NGOI1152 and anti-NGOO0206 antisera is expected to notably inhibit the
colonisation of WT-FA1090 cells.
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Research summary: To date, no specific vaccine has been developed for
gonorrhoea, highlighting the need for continued research into potential vaccine
candidates. Therefore, developing or formulating vaccines targeting conserved
antigens such as NGO1152 and NGO0206 is essential. NGO1152 and NGO0206
were found to be: (i) highly conserved in circulating clinical isolates, (ii) surface
exposed antigens in N. gonorrhoeae and (iii) able to elicit potent complement-
dependent bactericidal activity. The study's findings contribute valuable insights
into the potential of NGO1152 and NGO0206 as vaccine candidates against
N. gonorrhoeae. The development of an effective and accessible N. gonorrhoeae
vaccine holds significant potential, offering a wide range of benefits including:
(1) reducing the burden of urogenital infections on individuals and healthcare
systems, (ii) improving outcomes in reproductive and neonatal health, and (iii)
reducing the use of antimicrobials, which in turn could mitigate the risk of

antimicrobial resistance.
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Appendices

Appendix-1: Solution and reagents

Agarose Gel Preparation: Agarose gel was prepared by dissolving 1 g of
agarose powder (Sigma-Aldrich, UK) in 100 mL of 1x TAE buffer and melting
the mixture. After complete dissolution, 10 uL of SYBR™ Safe DNA Gel Stain
(Invitrogen™) was added.10% SDS Solution: A 10% SDS solution was prepared
by dissolving 1 g of SDS in 100 mL of dH-O.

Lysogeny Broth (LB) and LB Agar: 18 g of LB powder (standard components:
tryptone 10 g/L, yeast extract 5g/L, NaCl 10 g/L) (Oxoid, Thermo Fisher
Scientific, UK) was dissolved in deionised water (dH-0). For LB broth, the
solution was autoclaved at 121 °C for 15 min, cooled to ~50-60 °C, and, if
required, kanamycin was added to a final concentration of 80 pg/mL before
inoculating FE. coli. For LB agar, agar (15g/L) was included, and after
autoclaving and cooling to ~50—60 °C, kanamycin (80 pg/mL, if required) was
added. The LB agar was poured into Petri dishes within a biosafety cabinet and

allowed to solidify. All media were stored at 4 °C until use.

Gonococci Agar Media: A 7.3% (w/v) solution was prepared by suspending
14.4 g of GC agar from Thayer Martin Medium Agar (Thermo Fisher, UK) in
196 mL of dH>0 and mixing thoroughly to ensure complete dissolution. The
mixture was sterilised by autoclaving at 121 °C for 15 min and allowed to cool
to 50-60 °C. At this temperature, 200 mL of soluble haemoglobin and 4 mL of
Vitox supplement were added. Antibiotics were included if required: kanamycin
(400 uL of an 80 pg/mL stock) or erythromycin (16 pL of a 50 pg/mL stock).
The agar mixture was then carefully poured into Petri dishes inside a biosafety
cabinet to minimise contamination. Once solidified, the plates were stored at

4 °C until use.

Soluble Haemoglobin Solution: A 2% (w/v) solution was prepared by
dissolving 4 g of soluble haemoglobin powder (Thermo Fisher, UK) in 200 mL
of warm distilled water, with continuous stirring using a magnetic stirrer on a
hot plate set to 70 °C. The mixture was heated and stirred for 1 h to ensure

complete solubilisation and was then sterilised by autoclaving.
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Vitox Supplement: Oxoid Vitox Supplement liquid (Catalogue number:
SRO090A, Oxoid, UK) was mixed with the powdered components according to
the manufacturer’s instructions. The prepared Vitox Supplement was stored at
—20 °C. Aseptically, 4 mL (1% v/v) of the Vitox Supplement was added to
400 mL of sterile BHI broth or to 200 mL of cooled GC agar containing 200 mL

of soluble haemoglobin.

Brain Heart Infusion (BHI) broth: This was prepared by dissolving 14.4 g of
BHI powder (Oxoid, Thermo Fisher Scientific, UK) in 400 mL of dH-O,
autoclaving at 121 °C for 15 min, and allowing it to cool to RT. The medium was
pre-warmed to 37 °C before inoculation with N. gonorrhoeae. At this stage,
4 mL of Vitox supplement (1% v/v) was added to enhance bacterial growth, and
IPTG was incorporated to a final concentration of 0.005% (v/v) when induction

of gene expression was required.

IPTG: A 1 M IPTG stock solution was prepared by dissolving 0.238 g of IPTG
(Isopropyl B-D-1-thiogalactopyranoside) in 1 mL of dH20O. The solution was
sterilised by filtration through a 0.22 pm filter and stored at —20 °C.

Table S1. Preparation of Antibiotic Stock Solutions

Antibiotic Stock Concentration (mg/mL) Solvent
Kanamycin 80 dH-0
Streptomycin | 200 dH-0
Erythromycin | 2 Ethanol

All antibiotics were purchased from Sigma-Aldrich, UK and prepared according
to the manufacturer’s instructions, sterilised through a 0.2 um filter and stored

at 4 °C until use.

Preparation of Sodium Dodecyl Sulfate (SDS) Buffers

Buffer A: This buffer was prepared by dissolving 181.7 g of Tris base and 40 mL
of 10% (w/v) SDS in 100 mL of dH20. The final volume was brought to 1 L with
dH20, and the pH was then adjusted to 8.8 by adding HCI dropwise while

stirring continuously with a magnetic stirrer.
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Buffer B: This buffer was prepared by dissolving 60.6 g of Tris base and 40 mL
of 10% (w/v) SDS in dH20, and the final volume of the buffer was brought to
1 L with dH20. The pH was adjusted to 6.8 by adding HCI dropwise,

10% Sodium Dodecyl Sulfate (SDS): 10g of SDS (NaCi:H2sS04, MW:
288.38 g/mol) was dissolved in 100 mL of dH-O. For the preparation of Buffer
A or Buffer B, 20 mL of this 10% SDS solution was added to achieve a final

concentration of 0.4%.

SDS-Running Buffer (10x): This buffer was prepared by dissolving 30.3 g
(w/v) of Tris base, 144 g (w/v) of glycine, and 10 g (w/v) of SDS in dH20, and

adjusting the final volume to 1 L.

Table S2. Preparation of mini gel (10%).

Component Resolving (separating) gel Stacking
(10% acrylamide) strength gel

Buffer A 2.5mL -

Buffer B - 1.3

Acrylamide (30%) 3.3 mL 1

dH>O 4.1 mL 2.7

10% Ammonium persulfate (APS) for | 45 pL 35 uL

polymerisation

Tetramethyl ethylenediamine 45 uL 35 uL

(TEMED)

Coomassie Blue stock: was prepared by mixing 250 mL of 50% methanol, 51

mL of acetic acid, and 10 mL of Coomassie Blue (1.2 g/L).

Destaining Solution: A destaining solution was prepared by adding 10 mL of

10% (v/v) methanol/acetic acid to 80 mL of dH-O.

TAE Buffer (50% Stock): This buffer was prepared by dissolving 242 g (w/v)
of Tris base (Life Technologies), 18.6 g (w/v) of EDTA, and adding 57.1 mL
(v/v) of glacial acetic acid (Fisher Chemicals) in dH2O to a final volume of 1 L.
The pH was adjusted to 8.0 by the dropwise addition of HCI while the solution

was continuously mixed using a magnetic stirrer.
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Table S3. 5x SDS-PAGE sample buffer.

Component Amount Details

2M Tris-HCI (pH 6.8) 7.8125 mL From a 2M stock solution
5% SDS 125¢g -

25% Glycerol 6.25 mL -

12.5% B-Mercaptoethanol 3.125 mL -
0.002% Bromophenol Blue A small spatula tip Adjust to 0.002% final
concentration

dHO 15.625 mL Adjust to 25 mL final
volume

Preparation of Western Blotting Buffers and Reagents

Western Transfer Buffer (WTB): WTB was prepared by dissolving 5.82 g of
Tris base and 2.9 g of glycine in 100 mL of dH20. Then, 3.75 mL of 10% (w/v)
SDS (sodium dodecyl sulfate) was added, followed by 200 mL of methanol (v/v).
Then, the solution was brought up to a final volume of 1 L with dH.O. The WTB

was used for the transfer of proteins during the Western blotting procedure.

Ammonium Persulfate (APS): A 10% (w/v) APS solution was prepared by
dissolving 1 g of APS in 10 mL of dH20. Subsequently, the solution was filtered
through a 0.22 um sterilised filter and stored at 4 °C. APS was used as an

accelerator for the polymerisation of acrylamide gels.

N,N,N',N'-Tetramethyl Ethylenediamine (TEMED): UltraPure™ pre-made
solutions (Sigma-Aldrich, UK) are commonly used as an accelerator for the
polymerisation of acrylamide gels. For preparation, 45 pL of TEMED was used
with Buffer A and 35 pL with Stack Buffer B.

SDS-PAGE Running Buffer (1 x): To prepare a 1X SDS-PAGE running buffer,
200 mL of the 10 x Thermo Scientific Tris-glycine-SDS running buffer (pH 8.3)
was added to 1800 mL of dH-O.

Protein Markers: 7 uL. of Colour-Plus Pre-stained Standard, Broad Range
P7719S (10-250 kDa) (NEB, UK), was loaded onto a 10-20 % SDS-PAGE gel.

Protein Transfer to the Nitrocellulose Membrane: Subsequent protein
samples were separated on 10% SDS-PAGE gels at 124 V and 400 mA until
complete protein separation in an Invitrogen Mini Gel Tank (Invitrogen™,

Fisher Scientific, UK). The transfer sandwich was prepared as follows: filter
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papers were soaked in Western Blot Transfer Buffer and placed on the flat
surface of the Trans-Blot® SD Semi-Dry Transfer Cell apparatus (Bio-Rad,
USA), and a laminating or rubber roller was used to press the filter papers or
membrane evenly. The nitrocellulose membrane (Amersham™ Protran™
0.2 um, Cytiva, USA) was equilibrated in transfer buffer and placed on top of
the first filter paper. The gel was then carefully positioned on the membrane,
followed by a second pre-soaked filter paper. The entire assembly was gently
rolled with a rubber roller to remove excess buffer and air bubbles, ensuring
uniform contact. The completed sandwich was placed into the Trans-Blot® SD
Semi-Dry Transfer Cell apparatus, maintaining the correct orientation from
cathode (-) to anode (+) as follows: pre-soaked filter paper — gel — membrane
— pre-soaked filter paper. Proteins were transferred using the Trans-Blot® SD
Semi-Dry Transfer Cell (Bio-Rad, USA) with the PowerPac™ HC High-Current
Power Supply (Bio-Rad, USA) set to 12 V and 400 mA for 12 min.

Phosphate Buffered Saline Solution (PBS): PBS was prepared by dissolving
one tablet of phosphate-buftered saline (Dulbecco A, Oxoid) in 100 mL of dH-O.
The solution was then sterilised by filtration through a 0.22 um membrane filter

and autoclaved.

Blocking Buffer Solution: The buffer was prepared as a 0.5% (w/v) solution by
dissolving 0.100 g of skimmed milk powder in 20 mL of PBS containing 0.05%
(v/v) Tween 20 and was used for blocking non-specific binding sites during

immunodetection procedures.

Washing Phosphate-Buffered Saline Solution with Tween 20 (PBS-T): The
PBS-T washing buffer was prepared by adding 250 uL. of Tween 20 (v/v) to
400 mL of sterilised and filtered PBS.

Primary Antibodies:

Anti-rabbit-NGO1152 and anti-rabbit-NGO0206 polyclone antibodies were
used at a 1:100,000 (v/v) dilution. Briefly, 2 uL of antibody was added to
198 uL of PBS-T, and then 20 pL of this dilution was added to 20 mL of

blocking buffer solution.

Secondary Antibodies:
Bio-Rad Blotting Guard Affinity-Purified Goat Anti-Rabbit IgG (H+L)-
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AP Conjugate: This antibody was used at a 1:10,000 (v/v) dilution by adding
2 uL of the secondary antibody to 20 mL of blocking buffer.

Goat Anti-Rabbit IgG (Conjugated) Alkaline Phosphatase: This antibody
was initially diluted 1:1,000 and then further diluted to 1:10,000 (v/v) in 20 mL
of blocking buffer (Sodium Dodecyl Sulfate; Sigma-Aldrich, USA)

BCIP®/NBT-Blue Liquid Substrate System for Membranes: This pre-made
alkaline phosphatase substrate system consists of 5-bromo-4-chloro-3-indolyl
phosphate (BCIP) and nitro blue tetrazolium (NBT) liquid substrate (Sigma,
USA). The BCIP stock solution was stored at 4 °C in a brown bottle to protect it
from light. For each assay, 2mL of the substrate solution was used for

immunoblotting detection.

Bactericidal activity assay:

Blocking Buffer: A blocking buffer containing 1-5% (w/v) bovine serum
albumin (BSA; Sigma-Aldrich, UK) was prepared by dissolving 1-5 g of BSA
in 100 mL of sterile PBS, followed by filtration through a 0.22 um membrane

filter for sterilisation.

Bactericidal Buffer: The bactericidal buffer was prepared by dissolving 0.5 g
of BSA-free immunoglobulin (IgG, A3059; Sigma-Aldrich, USA), free from
protease and globin, in 100 mL of pre-made Dulbecco’s Phosphate Buffered
Saline (1x DPBS, pH 7.4) to obtain a final concentration of 0.5% (w/v). The
buffer was supplemented with MgCl. and CaCl: (Sigma-Aldrich, UK), heated
at 56 °C for 15 min to inactivate any residual complement activity, then filtered

through a sterile 0.2 um membrane filter, and stored at —20 °C.
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Appendix-2: Multiple alignment sequences

Supplement 1. Evaluate the similarity of the multiple alignment sequence
between NG00206, NGO1152, and NMB1612 from N. meningitidis MCS8

NG00206 ——-MKKTLVAA--ILSLALTACGGGSDTAAQTPSAKPEAEQSGKLNIYNWSDYVDPETVAA 56
NGO1152 MNMKKWIAAALACSALALSACGGQGKDAAA-PAANPGKVY—-———-RVASNAEFA-————— P 49
NMB1612 MNMKKWIAAALACSALALSACGGQGKDTAA-PAANPDKVY-=—-RVASNAEFA-==——— P 49
*kk - kK shkk - kkkk 3 * ok k L s
NG0O0206 FEKETGIKMRSDYYDSNETLEAKVLTGKSGYDLTAPSIANVGRQIKAGAYQKI-==—— DK 111
NGO1152 FE S L DSK-—-GNVEGFDVDLMN-—=—— AMAKAGNFKIEFKHQPWD 86
NMB1612 FE S L DSK==GNVEGFDVDLMN=-===— AMAKAGNFKIEFKHQPWD 86
*x HE L P . *hk oo
NGO0206 AQIPHYGNIDKDLL----KMMEAVDPGNEYAVPYFWGINTLAINT-==========———— 152
NGO1152 SLEFPALNNGDADVVMSGVTITDDRKQSMDFSDPYFEITQVVLVPKGKKVSSSEDLKKMNK 146
NMB1612 SLEFPALNNGDADVVMSGVTITDDRKQSMDFSDPYFEITQVVLVPKGKKVSSSEDLKNMNK 146
HEEL IS A A A HI N
NG0O0206 ========—- ROVOKALGTDKLPENEWDLVFKPEYTAKLKSCGISYFDSAIEQIPLALHY 202
NGO1152 VGVVTGHTGDFSVSKLLGNDNPKIARFEN-=VPLIIKELENGGL---DSVVSDSAVIANY 201
NMB1612 VGVVTGYTGDFSVSKLLGNDNPKIARFEN-=VPLIIKELENGGL---DSVVSDSAVIANY 201
KUK kR Kk Lot * HL I *k 2. 1 ok
NGO0206 LGKD PN SEN Pttt EDIKAAVDMMKAVRGDVKRFSSSGYIDDMAAGN 245
NGO1152 VKNNPAKGMDEFVTLPDFTTEHYGIAVRKGDEATVKML-=--NDALEKVRESGEYDKIYA-- 256
NMB1612 VKNNPAKGMDEFVTLPDFTTEHYGIAVRKGDEATVKML-==-NDALEKVRESGEYDKIYA-- 256
HEEEAY L R T L L
NG0O0206 LCAAIGYGGDLNIAKTRAEEAANGVEIKVLTPKTGVGVWVDSFMIPRDAQNVANAHRYID 305
NGOL152 e K 257
NN B L 612 [ttt K 257
NG0O0206 YTLRPEVAAKNGSFVTYAPASRPARELMDEKYTSDASIFPTKELMEKSFIVSPKSAESVK 365
NGO1152 YFAKEG-———— GO A K —m—mmmm oo 268
NMB1612 YFAKED=—=—= GO A K A ——m oo o 268
* . *
NG0O0206 LGVKLWQGLKAGK 378
NGO1152 W  —=——=————————— 268
NMB1612 = —=——————————o 268

Figure S1. Multiple amino acid sequence alignment analysis between
FA1090-NGO0206 (378 amino acids), NGO1152-FA1090 (268 amino acids),
and NMB1612 (268 amino acids), as a putative amino acid-binding
lipoprotein transporter from N. meningitidis MCS8. Alignment was genera
ted using Clustal Omega [https://www.ebi.ac.uk/Tools/msa/clustalo/].
Additionally, specific symbols are employed to denote the nature of the amino
acid changes, substitutions, or absence at each aligned position, thus providing
further resolution in interpreting the sequence variability. For example, an
asterisk (*) indicates positions which are identical across all aligned sequences.
A colon (:) indicates a change in the amino acid at that position to one with
highly similar biochemical properties (a conservative substitution). A decimal
point (.) indicates a change in the amino acid at that position to one with slightly
comparable properties (a semi-conservative substitution). A gap (-) in the
alignment represents a missing amino acid residue at that position compared to
other sequences. A space (no symbol) indicates a substitution for an amino acid
with dissimilar properties. Colours represent different residue properties: red
(AVFPMILW; small hydrophobic), blue (DE; acidic), magenta (RK; with basic-
H) and green (STYHCNGQ; hydroxyl, sulthydryl, amine, and G).
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