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Abstract

The rapid rise ifTmultidrugresistantNeisseria gonorrhoeaesolates has caused
major public concernfor the treatment of its sexually transmitted disease,
gonorrhoea. Previously easily treatable, gonorrhoea is how spreading at alarming
rates due to the bact gamitsemdrenmentwithduti t y t o
regulation With approximately 106 million new cases annually, thorough
investigations into novel gonococcal pathways that can be targetiahit its
survival and spreadre crucial.One possible target the disruption ofits DNA

repair systers) whichinclude ligases thatealbreaks in DNAandwould greatly
discourage bacterial growtnterestingly in addition to its replicative ligaséy.
gonorrhoeae=xpresses a minimal ATéeependent ligasd,jgase E Lig E), which
contains a signal peptide thaticatesa likely periplasmic locatioas opposed to

the cytosolic location of genomic DNAence| hypothesise that Lig E working

on repairing fragmented extracellular DNwhich has a role inboth biofilm
formation andoacterial competencepth of which would bgreatlybeneficial for
thepersistence anacquisition of antibiotic resistance genedingonorrhoeae

In this thesis| focussedon characterising Lig E fromd. gonorrhoeaéNgo-Lig E)

to determine itscontribution to gonococcgthenotypeas well as itsstructure,
function and cellular location. To analyse i®logical role severalngolig E
mutantswerecreatedn vivo and their growth, stress responbefilm formation

as well agnfection and adhesion to a human cell Mmere studiedl showedthat
Ngo-Lig E is not essential for normglanktonic N. gonorrhoeaegrowth and
survival howeverit is important for its biofilm formation and subsequent adhesion
onto human cells. Following this further investigated the potential role of Ngo
Lig E on biofilm formation by looking at its morphology via scanning electron
microscopy and confocal laser scanning microscopy after growing them under
constant shear forces with continual supply of fresh media. Data from this
suppoted earlierindicatiors that NgeLig E is important forN. gonorrhoeaan
biofilm formation as well asthe extent of damagdné bacterium camcause to
human tissue. Taking its natural competence into accbaigp investigated the
potential role of Ngd_ig E inthe ptake of fragmented DNAuring transformation
and found alecreasedbility of N. gonorrhoea¢o repair and take up nicked DNA

whenngo-lig E was absentinvestigations into the potential location of Ngig E



showedthat it is likely transported intboththe periplasmic and extracellular space
in N. gonorrhoeagwhere it may perfornthe aforementionedualrole in biofilm
formation and DNA uptake. Finally, solved thethreedimensionalstructure of
Ngo-Lig E, highlighting its minimalarchitectureand lack of complete encirclement

around its substrate DNA.

The work presented in this thegivides the first report of a solved structure of
Lig E from a human pathogen, the first reportirofvivo characterisation of this
enzyme, as well as the first report of attempting to characterise its role and location.
Collectively, this thesis has alloweéor the establisiment of important
characteristics of Nghig E that were previously unknowmlthough further
research into thienzyme isnecessarythe resultgpresentedierebring to light a
potentialnovel pathway that may be targeted by futureggdlevelopments to tackle

the emerging threadf multidrugresistaniN. gonorrhoeaén our community.
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1 Chapter One

| ntroducti on

The rapidrise and spreadf multidrugresistant (MDR) strains oNeisseria
gonorrhoeag the causative agent for the sexually transmittédction (STI)
gonorrhoeagalls for urgent investigations into new pathways that can be targeted
against it. Although this bacterium affects both men and women, symptoms vary
greatly, with the potential dr dissemination into the upper reproductive tract in
females, causing complications like pelvic inflammatory disease (PID) and ectopic
pregnancy(Morse & Knapp, 1992; Miller, 2006)Previously easily treatablé|.
gonorrhoeaéhas now become resistant to almost all classes of antibiotics that have
been used against it, and is now classified as agnghity pathogen by the World
Health Orgargation (WHO)(Tapsall, 2005)One of the features that allow it to
develop resistance so quickly isutsregulatedhatural competence, or its ability to
take up pieces of deoxyribose nucleic acid (DNA) fiteenvironmenat all stages

of growth including novel antibiotic resistance gerfelamilton & Dillard, 2006)
However, these pieces of extracellular DNA (exDNA) are most likely heavily
fragmented due to theslatively oxidative nature of the reproductive tract which
they inhabit. Thud, predict that there must be a DNA repair mechanism in place to
ensure the integrity of these pieces of exDNA before recombination into the

genome.

N. gonorrhoeaeexpressesa minimal adenosine triphosphate (Ad8pendent
ligase, Ligase E Lig E), in addition to its essential nicotinamide adenine
dinucleotide (NAD)-dependent ligase, the latter of which is responsible for
housekeeping DNA repair, replication and recombination processes.DARAa
ligase, Lig E seals breaks in dousteanded DNA (dsDNA). Interestingly, it has
anamino (N)-terminal signal peptide that indicates a likely periplasmic location as
opposed to the cytosolic location of genoMiNA (Magnet & Blanchard, 2004)
Furthermore, Lig E is found in many other naturally competent human pathogens
like Campylobacter jejuni Haemophilus influenzaeand Vibrio cholerae
(Williamsonet al, 2016) To my knowledge at the inception of this PhD research
noin vivowork had been conducted on this enzyme, and its biological function and

cellular locationwere still uncharacterised.hypothesisé that Lig E may have a



role in competence by sealing breaks in fragmented DNA before homologous
recombinationpermittingthe bacterium to acquire new resistance genes with high
efficacies. Furthermoré predicedthat Lig E may also be working on fragmented
exDNA to create higher molecular weight DNA that would be beneficial to
exDNA-dependent biofilm formatiorallowing the bacterium to persist effectively

in its environment.

The aim of this doctoral research thesis was thus to understaraotbgical
function of theenigmatic enzyme Lig E fromN. gonorrhoeaéherein referred to as
Ngo-Lig E) and focuses on the work thatdiaeen conducted to characterise this
protein. As part of this workl, have createdlifferent ngolig E mutantsin N.
gonorrhoeaeto study its function and locatian vivo, as well as expressd and
purifiedrecombinant Ngd.ig E from Escherichia colto solve its structuri vitro.

This thesis starts with literature review that is presented in two parts; the first part
includes a general introduction to the project and thelNgd enzyme, while the
second part is presented as a review article manuscript on exiepgndent
biofilms inNeisseriaspp.(one of the predicted functions of N@i@g E) thatis ready

for submission

Pan, J, & Williamson, A. (205%). The role of extracellular DNA iNeisseria
biofilms. (To be submitted

Results arepresented in this doctoral thesis in three separate chafieapter
Three ChapteFourandChapterfFive. These chapters are presented as manuscripts,
with one having been publishe@Hlapter Threewhich focuses on the phenotype
and structure of Ngbig E), one that has been submitt€ch@pterFour, which
focuses on its potential function in biofilm formation) and one in preparation
(ChapterFive, which looks at its potential function in DNA uptake, and its likely
cellular location). A summary of the findings and future work are presented in the

final chapter(ChaptelSix).

1.1 Researchobjectives

To characterise the enzyme Ngig E in N. gonorrhoeagthe following objectives

were explored in this thesis:



Objective One:

To determine the phenotigpmplicationsof deletingngo-lig E in N. gonorrhoeae
by studying itsleletion mutanin vivoand hence if it is essential fdt gonorrhoeae

growth and survival

Obijective Two:

To determine the structure and activity of Ngg E by X-ray crystallography and

in vitro activity assays.

Objective Three:

To determingthe role andimpactof Ngo-Lig E on extracellular process&s N.

gonorrhoeaencludingcompetence anbliofilm formation

Objective Four:

To determine the cellular location of Ng@g E in N. gonorrhoeae

Results fronDbjectivesOne andTwo are presented together@hapter Threas
a final peeireviewedpublicationthat focusd on the phenotype and structure of
Ngo-Lig E:

Pan, J, Singh, A., Hanning, K., Hicks, J., & Williamson, A. (2024). A role for
the ATRdependent DNA ligaskig E of Neisseria gonorrhoeai@ biofilm
formation.BMC Microbiology, 241), 29.

Resultsfrom Objective Three are presented i@hapter-ouras a manuscript that

has been submitted for publicatiand is awaiting review

Pan, J, Albarrak, A.,Hicks, J., Williams, D.& Williamson, A. (20%). Influence
of the ATRdependent DNA ligase, Lig E, dfeisseria gonorrhoeasicrocolony

and biofilm formation. $ubmittegl

Results fromObjectives Three and Four are presented ilChapterFive as a

manuscript in preparation for submission:



Pan, J, Singh, A.,Hicks, J..& Williamson, A. (205). DNA uptake during
natural competence? A proposed location and role of thed€pendent DNA
ligase, Lig E, inNeisseria gonorrhoea@n preparatior).

Note: Any changes made to the original manuscripts are highlightéddam this
thesis. These changes were made to ensure consistency between manuscripts in

terms of nomenclature, and to add extra information relevant to this thesis.
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2 Chapter Two

Li t erRetvu reav

2.1 Preface

This chapter is divided into two parts; The first section focusds. gonorrhoeae
andthe enzyme Lig E fronN. gonorrhoea€Ngo-Lig E), whichis the focal point

of this thesis. The second section is presentedrasi@v manuscriptready for
submissionand covers thémportanceof exDNA in Neisseriabiofilms, which|
predict NgeLig E may beactingon and is thus relevant in this section. Due to the
nature and structure of the manuscript in Reot | acknowledge that there may be
some overlap in information provided in terms of the introductionNto
gonorrhoea&and its characteristicezhich would have been provided in Pame to

provide context to the work.

2.2 Part one: Background

2.2.1 Neisseriagonorrhoeae

Neisseriagonorrhoeaeis a Gramnegative diplococcus, responsible for the STI
gonorrhoea. With an estimate@@lmillion new cases each ye#t, gonorrhoeaés
continually spreading, especially in developed countries, although it is possible that
numbers are underreported elsewhere dua tariety offactors like different
socioeconomic statu@ apsall, 2005) This obligate human pathogen infects the
mucosal cells of the urogenital tract, causing urethritis in men (pain with urination)
and cervicitis in women (vaginal pain and abnormal bleediBgjchet al, 1997;
Tapsall, 2005; Dilloret al, 2015) FurthermoreN. gonorrhoeaénfections may
ascend up the female reproductive tract, caysatgic inflammatory diseas®(D)

that presents as persistent severe pain, and may cause ectopic pregfeatility
andfirst-trimester abortiongTapsall, 2005) These infections may also be passed
onto the newborn duringassagehrough the birth canal, causing conjunctivitis or
blindness of the bab{Burchet al, 1997; Tapsall, 2005; Dilloet al, 2015) In
addition to this, extragenital infections may occur in the pharynx and rectum of both
sexeqgEdwards & Apicella, 2004)N. gonorrhoeaenfections also exacerbate the

transmission of the human immunodeficiency virus (HI\jjqlel increase) due to



the bodyds inflammatory mdusipgmeusophil t owar d:
infiltration which may harbour the vir{/€ohen, 1998; Tapsall, 2005)

However, a majority of gonococcal infections are asymptomatic (>50% in women,
but only <10% in men), especially for extragenital cases, leading to late or no
treatment and the underreporting of cases, facilitating furinedetected
transmission in the communif{Barbee, 2014, Dillort al, 2015) Thisdampened
immune responsems soci ated with the bacteriumbs
carry out anaerobic respiration whiahowsit to break dowrhostproduced nitrous
products during nitrite reduction, leading to weaker host inflammatory resgponse
and hence the progression of symptdRasetteet al, 2009) Clinical diagnosis of
gonorrhoea typically begins with the detection of the bacterium in
polymorphonuclear leukocytes from patient urine samples, or via nucleic acid
amplification tests (NAATsfUnemo & Shafer, 2014)

Due to its panmictic nature, no vaccines have been developed to treat gonorrhoea.
Instead, treatment focuses on prevention, surveillance and control via antibiotics.
However,N. gonorrhoeadas quickly gained resistance to all classes of antibiotics
that have been used againgioitdate making it difficult to treaf{SuayGarcia &
PérezGracia, 2017)For example, the bacterium quickly became resistaoh¢o

of the earliest classes of antibiotics usmdreatmentsulphonamidesvhichwere

first introduced in the 1930and by the 194080% of strainsvereresistan{Suay

Garcia & Péretsracia, 2017)In 1943, penicillin became the standard treatment,
however, this was stopped in the 1980s dfleictamasecontaining plasmids were
found in some strainghich providel resistance against betctam antibiotics like
penicillin (SuayGarcia & Péretracia, 2017) In the 1960s, tetracyclines and
aminoglycosides were introduced, although these were rendered ineffective when
tetM plasmids that provided resistance to these drugs aareiredin the 1980s
(SuayGarcia & Péretsracia, 2017)Third-generation fluoroquinolones including
ciproflaxin were later introduced in the 1980s and resistance to these were detected
in the 1990s, reaching more than 50% in the Western Pacific Region by 2005
(Tapsall, 2005; Suaggarcia & Pérefsracia, 2017) The currently used
medications again®d. gonorrhoeaenclude azithromycin (macrolides, a category

Il drug), as well as ceftriaxone and cefixime (third generation extesjplectrum
cephalosporins (ESCs); category | drygee et al, 2017) The former was
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introduced in the 1980s, with resistance developing in the 1990s, while the latter
two were first used in the 1990s, with resistance developing in the PD&8sall,

2005; Dillonet al, 2015; SuayGarcia & Pérexsracia, 2017)These quickorming
resistances led to the classificatiohN. gonorrhoeaes a superbug in 2012, as

well as a high priority pathogen by the WHO in 2017.

Currently, duattherapy with both cephalosporin and azithromycin is the most
common strategy used agaifst gonorrhoeag as is currentlythe prescribed
combinationin New ZealandBarbee, 2014; Sua@arcia & Péretsracia, 2018)
However, in 2015, eXtremely Drug Resistant (XDR) straindNofjonorrhoeae
resistant to two or more antibiotics (resistance to at least two category | and three
category Il drugs) emerged around the globe, rendérgagment withthis duai
therapy unsuccessful in many cagedlon et al, 2015; Leeet al, 2017) In fact,

the 20172018 World Health Orgamation global antimicrobial resistance
surveillance found complete resistance to azithromycin and ciprofloxacin in 51%
and 100% of countries respectively, and decreased susceptibility or resistance to
ceftriaxone and cefixime in 31% and 47% of countriepeesvely(Unemoet al,

2021) More specifically, a 2022015 New ZealandN. gonorrhoeagyopulation

study demonstrated decreasing susceptibilitiNofonorrhoeaasolates towards

the currently used ESCs, while ceftriaxenesistant strains have been identified in
Japan and Argentina, painting a vempninouspicture of the possible future of
untreatable gonorrhoea across the gl@ienishiet al, 2011; Gianecinet al, 2016;

Leeet al, 2017)

2.2.1.1 Antigenic and phase variation

One of the characteristics Nf. gonorrhoeaghat allows it to so effectively evade

the host immune system is its ability to undergo antigenic and phase variation,
creating a highly heterogenous population in the hostile human host environment
(Makinoetal,1991) Anti genic variation refers to
surface proteins important for infection via changes in its alleles that occur during
DNA recombination, creating different forms ofs surface proteins, and
subsequently allowing it to remain undetected by the host immune s{Bteah

et al, 1997; Hamilton & Dillard, 2006; Cahoon & Seifert, 200@)N. gonorrhoeag
antigenic variatioroccurs frequently with the Pilglin protein, the major subunit

of the Type 4 pili (T4P) system which is responsible for the attachmeNnt of
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gonorrhoeado human mucosal cells and its subsequent internalig@tammeyet
al., 1987) The pilin is encoded by an expression logil§, and multiple copies of
the silent storage locugilS, which do not have a promoter for expresgiboomey

et al, 1987; Hill & Davies, 2009)Unidirectional intragenic gene conversion often
occurs from the silenpilS to pilE via homologous recombination in a RecA
dependent manner, creating unique pilin vas#mt influence the assembly of the
T4P systemand hence the piliation state and extent of infectioth@host cells,
allowing the bacterium to continuously evade the host immune system after cellular
internalisation [Figure2.1) (Hagblomet al, 1985; Koomeyet al, 1987; Makincet
al., 1991; Klineet al, 2003; Crisst al, 2005; Cahoon & Seifert, 2009; Hill &
Davies, 2009; Zollineet al, 2017) This process is dependent on a-aming
guanine quadruplex (G4) mot® (STGsTTGsTGz) upstream opilE that forms a
four-stranded structure which RecA bindg@ahoon & Seifert, 2009; Kuryavei
al., 2012; Zdllneret al, 2017; Pristeet al, 2020) In fact, this particular example
of pilin gene conversion iN. gonorrhoeaeccurs at the highest frequency when
compared to other pathogerntigenic variatios that have been observigriss

et al, 2005)
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Figure 2.1 Antigenic variation in Neisseria gonorrhoeagia unidirectional intragenic
gene conversion betweepilS and pilE. This process creates different variants of the
pilin protein and affects the piliation status of N. gonorrhoeaeand its ability to attach
to mucosal cellsFigure obtained from Zdliner et al, 2017.

N. gonorrhoeaés also able to switch the expression of the pili on or off via RecA
independent phase variatifidagblomet al, 1985; Koomeyet al, 1987; Longet

al., 1998) There are multiple ways thghase variatiomnay occur including non
revertible recombination which leads to deletion, or reversible missense or
frameshift mutation via redundagtianinecytosine (GC) base pai{&oomey et

al., 1987) Perhaps the most common exampl@ludse variatiomowever, occurs

with surfaceopacity Op3g proteins that affect the opacity of the bacterium and are
important for adhesion onto and invasion of host ¢&iayer, 1982) Opa protein
phase variationccussvia changes in the-C (thymine}C-T-T repeats which affect

the open reading frame (ORF) of the gene, leading to the frequent polymorphic

nature of gonococcal commuiets (Sternet al, 1986; Makincet al, 1991)



2.2.1.2 Competenceand natural transformation

Another feature that enablils gonorrhoeado persist so well in the human host is

its unregulated natural competence, or its ability to take up DNA and incorporate it
into its genome at all phases of growth, especially during its lag and early
exponential phaseéSparling, 1966; Biswa®t al, 1977; Seifertet al, 1988;
Hamilton & Dillard, 2006) This is in contrast to other pathogens lHa@emophilus
influenza which is only competent during the stationary phase when nutrition is
low (Sparling, 1966; Biswast al, 1977; Seiferet al, 1988; Hamilton & Dillard,
2006) Competence is a natural process in at least 40 other bacterial species and is
one of the methods used for DNA exchange in bacteria (the other two being
conjugation and transduction)ntérestingly, t does not require other genetic
elementdike bacteriophageand only relies on the competent state of the acceptor
cell (Koomey, 1998; Chen & Dubnau, 2004; Hamilton & Dillard, 2006; Seitz &
Blokesch, 2013; Veening & Blokesch, 201There are multiple theories ftine

role of DNA uptakein bacteria, the three main ones being to obtain DNA for food,
DNA for repairof DNA damageor DNA to increasegenetic diversity(Chen &
Dubnau, 2004; Hamilton & Dillard, 2006)

Regardless of its role, thgeneralprocess of DNA transformatias quite similar
between bacterial speciekhe most significant differaxe howeveexist between
Grampositive bacteria compared to Gramagative bacteria as exDNAthe latter
mustcross two membranes and the periplasspace as opposed to just a single
cell membrane in Graspositive bacteria. There are three main steps to natural
transformation inN. gonorrhoeae 1) Donation of DNA, 2) DNA binding and
uptake, and 3) DNA processing andniologous recombination into the genome
(Figure2.2).
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Figure 2.2 The current model for the DNA uptake processin Neisseriagonorrhoeae
occurs in three separate stepd) Donation of DNA through autolysis or the Type IV
secretion system?2) Binding of DNA onto the type IV pili system (made up of PIil
proteins E, V, Q, C, T, D, F, G) anduptake of the DNA into the periplasmic space or
peptidoglycan layer via Com E. 3) Processing of DNA into single strands in the
periplasm and homologous recombination into the genome. Figure obtained from
Hamilton & Dillard, 2006. OM i outer membrane, IM T inner membrane, PG
peptidoglycan.

The first step of transformation M. gonorrhoeads the donation phase, where
donor DNA is deposited into the environment. These may originate from dead
gonococcal cells that have undergone autotsisng thestationary phase, @NA

that isspecifically secreted by other gonococci via their Type IV secretion system
(T4SS)(Seifertet al, 1988; Klineet al, 2003; Hamilton & Dillard, 2006)The
T4SS is encoded angonococcal genetic island (GG¥hich ispresent in ~80% of

N. gonorrhoeaeisolates and allowdor the secretion of singkstranded DNA
(ssDNA)that isalso important fomitiating biofilm formation(Hamilton & Dillard,

2006 Zweiget al, 2014)

Specifically, N. gonorrhoeagakes up DNA from its environment with a very

defnred1 0 bp DNA upt ake-GEE€GETC d®AcAe3 6(, DUh)i,c h5 & s
common in the gonococcal gengnoecurringevery 1096 bp in the FA1090 strain

(Graveset al, 1982; Goodman & Scocca, 1988; Klieeal, 2003; Hamilton &
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Dillard, 2006; Amburet al, 2007) The DUS is believed to act as a transcriptional
terminator ast occurs a inverted repeats between genad hence aids with the
formation of hairpin structure&raveset al, 1982; Goodman & Scocca, 1988;

Kline et al, 2003; Hamilton & Dillard, 2006; Ambuwat al, 2007) The presence of

the DUSallows the bacterium to differentiate speespecific donor DNA from

other pieces of exDNA that may bind to its surf@Geaveset al, 1982; Goodman

& Scocca, 1988; Hamilton & Dillard, 2006 fact, it is believed that some of the
gonococcal chromosomatquired antibiotic resistance may have originated from

some commensaNeisseriaspp. (e.g. from commensaNeisseria meningitidis

straing that cohabit the pharynx and also contain these DUS in its geg(Barizee,

2014) In the laboratory, the presence of DUS in exDNA increbisg®norrhoeae
transformation efficacy by 2fbld in the FA1090 strain, and 156Id in the MS11

strain, although DU$acking constructs are still able to be transforpateitwith

very low frequenciefDuffin & Seifert, 2010) It is alsohypothesised that the DUS

may protect exDNA from cytoplasmic and periplasmic nucleases, both of which

are more active in the MS11 strain than the FA1090 strain, the latter of which lacks

the GGI and hence the T4%Buffin & Seifert, 2010) Furthermore, recent work

has identified two nucleotides (AddenineJT) at the 56 end of the
i ncreases transf or matATGACG AT GAAc3adc)y, (wi.teh
a majority of the DUS sequences (76%) being extended in this mgkmbeur et

al., 2007; Duffin & Seifert, 2010)A similar donor DNA discrimination process is
observed iH. influenzamas wel | , whi ch rAAGdG@AGEG3-es a sp
30 uptake si gn@bdmane&deoeca d988)( USS)

The secondbinding and uptake step of gonococBNA transformation strongly

relies on the T4Pnachinery with DNA exchange increasing by 10@ld if the
bacterium is piliatedBiswaset al, 1977; Seiferet al, 1988; Koomey, 1998; Chen

& Gotschlich, 2001; Duffin & Seifert, 2010)After binding to the gonococcal
surface, DNA has to be transported across the outer membrane (via the PilQ secretin
channel), followed by the periplasm andrtlieeinner membranéChen & Dubnau,

2004) Much is still unknown about thexactmechanisms involvedh this step
including the recognition of the DUS and binding of DNA to the cell surface.
However, it is has been established that both Opa and ComP proteins are important
for the nonspecific binding of exDNA to the gonococcal surface, with the latter
recoquising the DUS sequen¢Blamilton & Dillard, 2006) Another protein that is
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important for DNA uptake itN. gonorrhoeaés the ComE protein, lmomologue of
theComEA receptor protein froacillus subtilis which binds, stabilises and pulls

the DNA through the channéChen & Gotschlich, 2001)Rather than being an
integral membrane protein however, ComE possesses a predicted signal peptide and
is predicted to be translocated across the inner membrane into the periplasm where
it may nonspecifically protect pieces of exDNA from nuclease degrad@Chen

& Gotschlich, 2001; Hamilton & Dillard, 2006)

Before genomic recombination, dsDNA is subjected to restriction in the periplasm
and subsequently forms ssDNamilton & Dillard, 2006; Duffin & Seifert, 2010)

This singlestrand passes through the ComA channel in the inner membrane and
undergoes homologous recombination with the genome via the RecBCD pathway
(Duffin & Seifert, 2010) However, it is also believed that some ssDNA may bypass
this pathway and bind directly to RecA for homologous recombinatisiead
(Hamilton & Dillard, 2006; Duffin & Seifert, 2010)Due to the highly oxidising
environment of the human body, the pool of exDNA fdr gonorrhoeae
transformation is likely nicked or otherwise damaged. Hence, we hypothesise that
there mustbe an extra step during or before the processing and homologous
recombination phasavhere pieces oéxDNA arerepairedin the periplasm by a
DNA ligase (for examplelLig E), the process of which would enhance the integrity

of DNA before recombination into the genome.

2.2.2 DNA ligases

DNA ligases are enzymes responsible for sealing breaks in DNA via the formation
of phosphodi estéydbonrys (-phedgphatea éHend8sd
during DNA repair, replication and recombinatigdimmermanet al, 1967;
Shuman, 2009)These enzymes are part of the nucleotidyl transferase superfamily,
which also encompasses ribonucleic acid (RNA) ligases and messenger RNA
(mRNA) capping enzymes, all of which require a nucleotide cofactor to function
(Tomkinsonet al, 2006) At a minimum DNA ligases consist of two conserved
core domainsand many isoforms have additional domains involved in DNA
binding and other processes. Of the conserved core domaifegireadenylation

(AD) or nucleotidyl transferase (NTase) domas) connected to themaller
oligonucleotide binding (OB) domaby a flexible linker that facilitates movement

between open and closed confirmatiofshe enzyme¢Tomkinsonet al, 2006)
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The Nterminal AD domain is the site of ligatiaand binds the adenylate donor
which provides energy for catalysiShis domainincludesfive conserved motifs
which are found across the nucleotidyl transferase superfafiguré 2.3)
(Shuman, 2009)Motif 1 (Lys (lysine)}x-Asp (aspartic acidiGly (glycine)x-Arg
(arginine)) contains the catalytic lysine that attacks the cofactor during ligation,
initiating the ligation procesgSubramanyaet al, 1996; Wilkinsonet al, 2001;
Shuman, 2009)n contrast, thearboxy C)-terminal OB domain consists of a five
stranded antiparallel beta barrel and an alpha hvelilgch are@mportant for binding

and positioning the DNA substrate which sits in the positively charged concave
surface of the domaigEhuman, 2009; Williamson & Leiros, 2020)

I ] llla IV \Y
Efa KIDGLA | |VEVRGECY | |LNTFLYTVA| |DGIVI | [AIAYKFPPEE
T KVDGLS | |LEVRGEVY | |LRATFYALG| |DGVVV | |ALAYKFPAEE
Rnl2 |KIHGTN | |YQVFGEFA | |DKDFYFDII| |EGYVL | |[AIKCKNSKFS
T7 KYDGVR | |FMLDGELV | |LHIKLYAIL| [EGLIV | [WWKMKPENEA
Chv KIDGIR | |EGSDGEIS | |FSYYWFDYV| |EGMVI | |LLKMKQFKDA
Chv KTDGIR | |SIFDGELC | |FAFVLFDAV| |DGLII | |[LFKLKPGTHH
Cal KTDGLR | |TLLDGELV | |LRYVIFDAL| |DGLIY | [LLKWKPAEEN
oPO, Ribose Ribose Purine Purine  yaPO,
Metal

Figure 2.3 The five conserved motifs found in theN-terminal adenylation domain of
nucleotidyl transferase enzymes. Contacts made with the nucleotide cofactor are
indicated below the motifs black arrows) and the conserved amino acids are
highlighted in red (lysine (K), glutamic acid (E), tyrosine (Y), phenylalanine (F),
aspartic acid (D)). Sequenceinclude NAD*-dependent ligases fromEnterococcus
faecalis (Efa) and Tiedemannia filiformis (Tfi), ATP -dependent ligases from the T4
RNA ligase 2 (Rnl2), the T7 bacteriopage (T7) andthe Chlorella virus (ChV), and
GTP-dependent capping enzymes from ChV andCandida albicans(Cal). Figure
obtained from Shuman & Lima, 2004

DNA € © angadtoonmedhanisnakigudrg?.¥) iLghman,

1974; Rosskt al, 1997; Cherepanost al, 2008;Shuman, 2009Williamson &
Leiros, 2020) In the first step, the amino group of the conserved lysine (motif 1)
nucl e®@bfan adenylate tofaetar (either NADt h e

or ATP). This forms a phosphoamide covalent bond between the ligase and the

| i gati on

performs a

14

(@)}



cofactor, releasing either nicotinamide mononucleotide (NMN) or pyrophosphate
(PPi) and forming a ligasadenylate intermediateehman, 1974; Wilkinsost al,

2001; Tomkinsoret al, 2006; Shuman, 2009pburing this step, the ligase shifts
from an open conformation to a closed one, followed by subsequent reopening to
release the leaving groups. Specifically, motif VI of the OB domain orients the PPi
leaving group where ATP is involved, whereas the N iteshia domain orients the

NMN leaving group when NADis used and the residues of motif IV are in contact
with the cofactoXWilliamson & Leiros, 202Q)This first step is also assisted by a
single metal ion for NAD-dependent ligases, and more than one metal ion for ATP
dependent ligases. Téemetal iors lower the acid dissociation constant (pKa) of

the lysine which stabilises the intermediate structure, and also helps orient the beta
and gamma phosphates of ATP specificAlifilliamson & Leiros, 202Q)
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Figure 2.4 DNA ligation occurs in three pingpong-like steps. In the first step, the

catalytic lysine (ys) of the ligase is adenylated by an adenylate donor (ATP in this

example), forming a ligaseadenylate intermediate. In the second step, the adenyl

groupist r ansf er r e ¢ghosphate(PO.} emckof thebnick, forming a DNA

adenyl ate intermediate. -FOnendcei rtaerta ettt pwi tth
hydroxy (360OH) end of the nick, forming a phosphodiester bond, which is followed

by the release othe adenylate byproduct. Figure obtained from Shuman, 2009

I n the second step o4#PObfthgamenylybgnoupattabke o xy ge
t h ePQbedd of the nicked DNA to form a DNAdenylate intermediate with a
pyrophosphate/phosphoanhydride bond, leaving the lysine b@tehdchan, 1974;

Wilkinson et al, 2001; Tomkinsoret al, 2006; Shuman, 2009puring this step,

the nicked DNA stranis bound acrosthe AD domain, while the complemeist

engaged byhe OB domainwhich sits within the minor groove of the DNA

(Williamson & Leiros, 202Q)Together, these two domaiftsm a Gshaped clamp
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structure distorting the duplex and facilitatingpei nt er act tOdlendoff t he 3
the nick withthe adenylatety/sine (Williamson & Leiros, 202Q)

In the final step of ligation, the alpha phosphate of APthe case of ATP

dependent ligasesgorients almost F0about the diphosphate bond to be in close

proxi mi t-QHtend hef 3tbhe DNA, -RQitdaitacktheg t he a
3 -®H end which creates a phosphodiester bond and leaves AMP as a leaving group
(Lehman, 1974; Wilkinsoat al,, 2001; Shuman, 2009; Williamson & Leiros, 2020)

2.2.2.1 NAD*-dependent ligase

In all bacteria, NAD-dependent ligases (NDLs), also ternhgghse A (ig A), are
essential and carry out the housekeepumgtions ofDNA repair, replication and
recombination processasich assealing Okazaki fragments in the lagging strand
during DNA replication(Williamson et al, 2016) NDLs are also found in some
eukaryotic viruses, bacteriophages and archaea, but not in eukg§btesan,
2009) The structures of NDLs are highly conserved and consist oftannhNnal

la domain(Pfam database domain architecti®&2274% which engages with the
NAD™" cofactor, the AD (PF01653) and OB (PF03120) domains, and three C
terminal modules including a heltarn-helix (HtH) motif (PFR2826 interacts with

both DNA strands across the minor groove for stabilisation around the DNA bend),
a zinc finger motif (PF03119; has a structural role of bridging the OB domain and
the HhH motif) and the BRCA1 @&rminal (BRCT) domain (PF0053; has a
potential role in nicksensing and stabilisation of the protein compig&Human,
2009; Williamson & Leiros, 2020 hesethree additional domains aid in complete
encirclement and engagement with the substrate DNA for effective ligation activity
(Nandakumaet al, 2007)

2.2.2.2 ATP-dependent ligase

ATP-dependent ligases (ADLSs) are found in all eukaryotes and archaearaostin
eukaryotic virusesand bacteriophages where they carry out the essential
housekeeping DNA ligation processd®mkinsonet al, 2006; Shuman, 2009)
Unlike NDLs, ADLs have very diverse structur@¥illiamson & Leiros, 202Q)
Furthermore, the OB domain of ADLiecludesan additional motif (motif 1V)
which interacts with the PPi leaving group and hesnet found in NDLgShuman,
2009)
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In eukaryotes, three families of ADLs have been identified; DNA ligase | (Okazaki
fragment sealing, long patch base excision rejgdtiR)) and DNA ligase IV (non
homology end joining (NHEJ) of doubktranded breaks (DSBs)oth of which

are found in all eukaryotes, as well as DNA ligase Il (short pBER, single
stranded breaks (SSBs) and mitochondrial DNA repair) which are only found in
vertebrategWilkinson et al, 2001; Ellenberger & Tomkinson, 2008; Williamson

& Leiros, 2020) These all contain an additionattBirminal DNA binding domain

in addition to the two core domains, making their structural architecture very similar
to that of archaeal ADLE&EIllenberger & Tomkinson, 2008; Chambers & Patrick,
2015)

In addition to their essential NDLs, some bacteria also express additional ADLs
denoted.ig B, C, D and Hafter the NAD-d e p e n d e n (FiguteR.5).grhesed )
vary greatly in terms of their sizes and activities, including the presence of
additional domains that may aid in complete encirclement of the DNA substrate
(Doherty & Wigley, 1999) The presence of ADLs in bacterial genomes is
widespread but not ubiquitous and hetiwy arebelieved to only act as accessory
enzymes. For example, some species possess more than one bacteriat ADL (b
ADL), while some express none, and manrfiLs seem to caccur with each
other, although exceptions do expgfilliamsonet al, 2016) These PADLs have

been deleted from several bacterial species without impacting viability, and as
described below, a numbef themhave been implicated in stationary phase repair

processes.
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Figure 2.5 Pfam databasedomain architectures of bacterial ATR-dependent ligases
(Lig B, C, D and E). Red (PF01068) illustrates the adenylation domain, and both blue
(PF0O5679; PF14743) and whiterepresent the oligonucleotidebinding domains.
Additional domains are illustrated in green (PF04675), yellow (PF01896) and purple
(PF13298). Figure fromWilliamson et al, 2016

22221 LigB

The architecture of the Lig B ligase in bacteria is akin to thardfaeal and
eukaryotic ADLs due to the presence of a large DNA binding domaiits N
terminug(PF04675) Eigure2.5), and it has high nickealing activity in the absence

of any accessory enzym@#/ilkinson et al, 2001; Williamson & Pedersen, 2014;
Williamson & Leiros, 202Q) Much is still unknown about its specific repair
pathwayin vivo, however, it occurs in a gene cluster with an Lhr helicase, a
binuclear metallophosphoesterase and a putative exonuddbiamson &
Leiros, 2020)Lig B is believed to be working in concert with these enzymes, where
the helicase would unwind the DNA duplex, the metallophosphoesterase would
cleave any stem and loop structures, and the exonuclease would work on any

interstrand crosslinkg€Songet al, 2004; Williamson & Leiros, 2020)

2.2.2.2.2 LigC

Lig C is involved in thébase excision repaaf DNA lesions during the stationary
phaseof bacterihgrowth( P § o cef allER0R7) This enzymenly possessabe

two core domains, and has poor Rggaling activity on DNAvithout any binding
partners(Zhu & Shuman, 2007; Williamsoet al, 2016) It is found with a
PrimPolC DNA polymerase, the DNA glycosylases NTH, IPG, MPG, and the
nucleases EndolV, Exolll and XthAvhich are all important for lesion processing

(Williamson & Leiros, 202Q) After removal of nucleotides in an abasic site or
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lesion to form a gapped substrate, PrimPolC fills the gap with ribonucleotides,
making a nicked ds DNA-tesninbisdor lrigaG t@actomi t h  an
(Williamson & Leiros, 202Q) Lig C is commonly found in bacteria prone to
desiccation and dormancy, including bothkhecobacteriunandBacillusspecies,

andit often ceoccurs with Lig B(Williamsonet al, 2016; Williamson & Leiros,

2020)

2.2.2.2.3 Ligh

In addition to its core domains, Lig D alsmcludes a PrimPol (DNA
primase/polymerasednzymaticdomain (PF01896) and a PE (phosphoesterase)
enzymatiddomain (PF13298), although the placement of these in relation to the AD
and OB domains differ between species (Lig®)1Figure2.5) (Weller & Doherty,
2001; Welleret al, 2002) Lig D is responsible fanon-homologous end joining of
doublestranekd breaks(DSBs) during the stationary phase, where its PE domain
removes basdsom 3 phosphate ends f 6 d i r hefpré thebadditiankosnew
nucl eotides via i t-OH)Rndithefhalligatidnovimthecore ( at t F
domains of the enzyn{eewis & Resnick, 2000; Zhu & Shuman, 2007; Williamson

& Leiros, 2020)Lig D is found alongside a Ku homologwéhich isan end binding
protein that creates synapses atdbablestranad breaksite (Weller & Doherty,
2001; Williamson & Leiros, 2020).ike Lig C, Lig D is found in bacteria prone to
desiccation and radiation damage wHegBsare commor{Williamson & Leiros,
2020) Lig D2 often ceoccurs with Lig B and Lig C, although it is interesting to
note that the Lig D3 architecture occurs alone in most genfMégamsonet al,
2016)

22224 LigE

Similar to Lig C, Lig E has a minimal structure, consisting only of the core AD and
OB domains with no additional accessory domains, making it very small and
compact (20.82.5 kDa)(Magnet & Blanchard, 2004; Williamsagt al, 2016)
However, its OB domain (PF14743) differs slightly from the OB domain of other
b-ADLs, as it has fewer helical structures, similar to the OB domain from the T7
bacteriophage an@hlorella virus (Chv) ligases, making it the most minimal b
ADL (Subramanyat al, 1996; Odellet al, 2000; Shuman, 2009; Williamsan

al., 2014) Despite being the first ADL characterised in 1997 (frol. influenzag
much is still unknown about the function of LigrEvivo (Cheng & Shuman, 1997)
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As of now, Lig E fromseveral bacteria includirtg. influenzagHin-Lig E) (Cheng

& Shuman, 1997)N. meningitidis(Nme-Lig E) (Magnet & Blanchard, 2004)
Aliivibrio salmonicida(Vib-Lig E) (Williamson & Pedersen, 2014sychromonas
sp.(PsyLig E) (Williamsonet al, 2014)andAlteromonas mediterrang&me-Lig

E) (Williamsonet al, 2018)have been recombinantly expressat all showhigh
levels of independent single niclealing ativities with some able to work on
cohesive, blunended, mismatched and gapped DSB substrates, alttmadgsser
degree Solved dructuresof Psy-Lig E (partially open and fully open) and Arhéy

E (DNA-bound structure) show that due to the absence of additional domains, Lig
E is unable to achieve complete encirclement of the DNA subgEigpere 2.6)
(Williamsonet al, 2014) Insteadit formsa Gshaped clamp around the DNA with
the nick sitting above the AMP binding pocket aeltkson strong positive charges
from basic residues from both domains to interact with the negative sudiace
DNA via chargepair interaction§Magnet & Blanchard, 2004Villiamsonet al,

2014; Williamsoret al, 2018) Althoughits OB domain closely resembles that of
the Chv ligase, it lacks the lysimeh betahairpin loop latch between thd' @nd

10" beta sheet of the Chv ligase OB domain that allows for DNA encirclement
(Figure 2.6) (Odell et al,, 2000; Nairet al, 2007; Shuman, 2009)nstead, Lig E

has a GlyLys-Gly-Lys-Aromatic motif with two lysines that interact with the
nicked strand, leading to tighter enzyBBIA interactions (Shuman, 2009;
Williamson et al, 2018) Unlike the Chv ligase that undergoes an increase in
secondary structuring when DNA is bound, there is also a lack of organisation of
any unstructured regions when DNA binds to Lig E, indicating that the surface of
Lig E is likely preorganised for bindingefore ligation occur§Odell et al,, 2000;
Shuman, 2009; Williamsoet al, 2018) Structural analysesf Lig E from different
bacteriaalso predict disulphide bonds forming for Hirg, Nme-Lig and CjeLig

(Lig E in C. jejuni), with the latter predicted to form an additional disulphide bond
during the DNAbound statéPanet al, 2021)
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Ame-Lig []
Chiv-Lig []

Figure 2.6 Superimposition of Lig E from Alteromonas mediterranegAme-Lig) with

other ligases highlighting the lack of complete encirclement of DNA by Lig EThe
ligase from Chlorella virus ligase teferred to here asdChlV -Lig9 is shown at the top,
while the Human Ligase 1 (HulLigl) is shown at the bottom DNA is shown in dark
blue for Ame-Lig, green for the Chlorella virus ligaseand pink for Hu-Lig 1. Figure

obtained from Williamson et al,, 2018.

Analyds of the genomic context of Lig E found sgntenyin the nature of the
adjacent genes between Ligekpressing bacterial species, although a majority of
them encode a homologue of the ComEA DNA receptor protein necessary for DNA
uptake(Williamson et al, 2016; Williamson & Leiros, 2020; Past al, 2021)
Specifically, Lig E is found in many naturally transformable Grasgative
proteobacteria  including human  pathogens likéN. gonorrhoeae
(betaproteobacteria),H. influenzae (gammaproteobacterial) andC. jejuni
(epsilonproteobacteria), as well as bacteria that live in aqueous marine
environmentgPanet al, 2021) Phylogenetic analys place Lig E as a separate
group from other ¥ADLs with a potential bacteriophage origifrigure 2.7)
(Williamsonet al, 2016) Meanwhile, igases Lig B, Lig C and Lig @re believed

to have been inherited together from a common ancestor of possible archaeal
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origins due to their structural similarities and frequenbcourrencdn different
bacterial specie@Villiamsonet al, 2016; Paret al, 2021) Further analyis of the
16s ribosomal RNA (RNA) of Lig E-expressing bacteriauggestsa relatively
recent horizontal gene transfeHoinfluenzaalue to the absence of Lig E in other
Haemophilusspp.like Haemophilugducreyi and howH. influenzaeclusters close
to other betaproteobacteria despite it being a gammaproteob@¢vdlimmson et
al., 2016) Furthermore, Lig E does not-cacur with other PADLSs.

OB domain: PF04679

Lig D1 }f
Wit Al S
Lia D2 g % % ‘ g Fl 5 Ql"" s
ig " %2% %‘ K;' i i %jié;f\yi;,’:@oj@m
SN g
Mh» \ i o"“"‘\’
A.,,.,k:::, ‘ F o™ o
Asrobacte,; f e
Sradyrblzablons ;:::':"ﬁ J’:;Q.\n"’ o
W-—."‘"““ «’/‘:\" 4
o -
o ’.»“& Streptomyces_coelicolor
ag PR &"""'f-:
“d‘* f" ...... J"""ﬂ&
“:\1 ~~~~~~~~~~~~
R/
p"‘“& &“‘ ‘e’ ;
o & F ,
«° ; ;’ ' 7 3

% E %3 OBdomah PF14743

Figure 2.7 Phylogenetic tree of bacterial ATRdependent ligases based on their
domain arrangements and biochemical characteristics, retrieved frorVilliamson et
al., 2016 Lig E (circled) forms a different clade from the other ATR-dependent ligases.
The threeleft branches in the Lig E clade (uncircled) are no longer classified as Lig E
due to the presence of additional DNA binding domainthat have been identifiedsince
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2.2.2.2.5 Predicted role oLig E in human pathogens

Perhaps the most enigmatic element of Lig E is thé@8Bmino acid signal peptide

on its Nterminus, which when removed increases its ligation activity and stability,
supporting its role as a localising sequence outside th@\idlamson & Pedersen,
2014) This is an interesting feature for a ligase to containkasiac t e genatiand s
materialis contained within the cytosol. Thus, we hypothesise that Lig E may be
working in the periplasmic or extracellular space to seal nicks in exDNA,
potentially during competence and uptake, increasing their inforn@iment and
making them ideal for homologous recombination into the genéigerge 2.8A)
(Chaussee & Hill, 1998We believe that this process occurs before the formation
of ssDNA and its translocation into the cytoplasm. This is particularly relevant
considering its occurrence in many naturally competent human pathogens where
the acquisition of antibiotic resistam@ens is important for their survival, and
where the highly oxidative environment of the human body wealsdse much
exDNA to be nicked orragmented, and hence in need of ligaaod repaibefore

incorporationinto the genome
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Figure 2.8 Proposed functions of Lig E in Gramnegative bacteria (Williamson, 2021,
unpublished). (A) Role in DNA uptake: Lig E may repair nicked doublestranded
DNA in the periplasm before generation of singlestrands, which increases its
integrity for subsequent homologous recombination into the genoméB) Role in
biofilm formation: Lig E may work on fragmented extracellular DNA, creating higher
molecular weight substrates that better contribute to the structure and stability of

bacterial biofilms as well as itsmitiation .
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We postulate thah a mixed population of bacteneherea subset of bacterial cells
have acquired antibiotic resistance, an event like oxidative stress or neutrophil
consumption in the human host may kill most of the population but spare some,
albeit with some damage to their genomic DNA. The fragmented DNA from lysed
bacteria containingantibiotic resistance genes may then be taken up by the
surviving, but damaged bacteria. Lig E nfayction toseal the breaks in these
antibiotic resistanceontaining fragments, allowing integration and acquisition of
these genes into the genome. Thypothesisedole d Lig E is supported by the
discovery of extracellular ATP thabuld potentiallyact as a cofactor for Lig E
activity in the periplasnas well aghe presence of homologues of the competence
protein, ComEA, in Lig Eexpressing bacteria, which hints at their transformability
(Mempinet al, 2013; Abbasiamet al, 2019) However, Lig Econtaining bacteria

are not the only naturally competent bacterial species, indicating that if Lig E is
important in the DNA uptake process, it works to enhanc®Mw transformation
procesgather than be essential fibrIn addition to this, we alsoredict that Lig E

may be working on exDNA present in bacterial biofilms, increasing tegths

and enhancing their ability to contribute to biofilm stability and structeigufe

2.8B), allowing them to persist effectively in their habitat (more detaiSantion

2.3.

Considering the number of human pathogens that express Lig E incldding
influenzae, N. meningitidis, N. gonorrhoeae, V. choleraed C. jejuni the
characterisation of this enzyme would have important implications as a therapeutic
target in clinical settingé it is involved intheirsurvival, resistance or pathogenesis
(Williamson et al, 2018) However, to date, nm vivo experiments have been
conducted to confirm either its potential extracellular or periplasmic locatids,
potential role of sealing exDNA during DNA competence and biofilm formation.
In particular, studying this minimal enzyme in the potential superiig,
gonorrhoeaegis not only important for gaining a better understanding of horizontal
gene transfer across different organisms, but is also critical for finding new targets

against the bactenm before it becomes an untreatable epidemic across the globe
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2.3 Part two: Review 1 The role of extracellular DNA in

Neisseriabiofilms

2.3.1 Preface

In this section| present an wdepth review on the presence of exDNANeisseria
biofilms, which constitutes tlreprimary polymeric component, unlike many other
bacterial biofilms. This review provides a detailed analysis on the potential sources
and roles of exDNA irNeisseriaspp.biofilms, with comparisons made to other
bacteria that also form exDN#&ependent biofilms. In particular, it highlights the
consistent gap in knowledge in commenN&isseriaresearch and stresses the
importance of fully understanding their interactions with pathogdaisseriaspp.

We also discuss Ngbig E and how this ligase may contribute to exDNA
dependent biofilm formation iN. gonorrhoeaén addition to its potential role in
DNA uptake, with references made to the findings present€tapter Thre€eThis

manuscript is ready for submission:

Pan, J, & Williamson, A. (205%). The role of extracellular DNA iNeisseria
biofilms. (To besubmitted.

2.3.1.1 Author contributions

The collation of literature, figure making and manuscript writing of all sections
were conducted by myself, with editing and feedback provided by my Chief
Supervisor, Adele Williamson. The -@uthorship form for this manuscript can be

found inAppendix D.
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Review: The role of extracellular DNA inNeisseria

biofilms

Jolyn Pah, Adele Williamson

1School of Science, University of Waikd#tamilton, New Zealand

2.3.2 Abstract

The Neisseriais agenus of Granmegative bacteria that includes two pathogenic
species,Neisseria gonorrhoeaeand Neisseria meningitidisas well as other
commensal species that also inhabit the human host. One of the features that aid
with host colonisation ifNeisseriais biofilm formation, which allows the bacteria

to persist and evade the human immune system. Extracellular DNA (exDNA) forms
a major component dfeisseriabiofilms and contributes to the initial step in their
formation, as well as the structure and stabiif the extracellular matrix. In this
review, we focus on the potential roles and sources of exDMisseriabiofilms

and its relevance to both pathogenic and commeésiaiseriaspp. We highlight

the paucity in research on biofilm formation by commeNsa$seriaand hope that

this review will stimulate interest in the role of exDNA in AoathogenidNeisseria

particularly regarding biofilm formation and colonisation of the human host.

2.3.3 Introduction

Named after Albert Ludwig Neisser who first isolatégisseria gonorrhoeaieom
patientderived neutrophils in 1879, the genhgisseriais a group of Gram

n e g a t-proteebacteria that colonises different mucosal surfaces in animals,
including humans(Neisser, 1879; Eliaset al, 2015) These bacteria are
characterised by their distinctive lack of flagella and diplococci morphology,
although exceptions do exist (i.e. singular cocci during conditions of stress, or the
rod-shape oNeisseria elongala(Wolfganget al, 2011; Eliaset al, 2015) Of the

38 species identified and listed on the List of Prokaryotic names with Standing in

Nomenclature (LPSN) databaséntips://Ipsn.dsmz.de/search?word=neis}geria

approximately 17 species can be isolated from humans, of which only two,
Neisseria meningitidisand N. gonorrhoeag are classified as pathogenic. The
remainder are classified as commensal, forming part of the normal human

microbiota. Much is yet to be discovered about these remaigisgeriaspp, with
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most research to date having been focused on the two pathogenic strains. In addition,
species categorisation dfeisseriais constantly being updated as new genome
focused methodologies apeingutilised to study members of this ger{@ennett

et al, 2012)

Members of theNeisseriaspp.are naturally and constitutively competent, which
means that they are able to undergo genetic transformation at any stage of growth
(Biswaset al, 1977; Hamilton & Dillard, 2006)This natural competence is highly
beneficial for pathogeni®leisseria,particularly by enablingacquisition of new
antibiotic resistance genes to survive antibiotic treatment in the human host, as well
as facilitating adaptation to stressors in the environment for comnideisseria

spp. In fact, the amount of genetic exchange that occurs amongst differesdria

spp.is thought to bguiteextensive, as evidenced thenumber of virulence genes
found in commensalleisseriaof pathogenidNeisseriaorigin (Marri et al, 2010)
Another feature common téeisserias their ability to form biofilms. Interestingly,
Neisseriaspp lack the genes necessary to produce exopolysaccharides (EPS), a
material common in the extracellular matrix (ECM) of many bacterial biofilms
(Ferrettiet al, 1997; Steichewet al, 2011) While rare, this lack of EPS genes is

not unique td\eisseria for example, somb®lycobacteriaspp. also lack this ability

and instead rely on lipids such as mycolic acids and lipopeptides for biofilm
stability and structuré&Zambrano & Kolter, 2005; Ros al, 2015) Similarly, the
biofilms of Neisseriaconsist of other substrates like outer membrane vesicles and
extracellular DNA (exDNA) insteadSteichenet al, 2011) In this report, we
review the evidence of a functional role of exDNANRisseriabiofilms with a

focus on its potential origin(s) and incorporation. We also highlight the lack of
research on biofilm formation by commenBhdisseriaand indicate that this area

of researchiequiresmore study.

2.3.4 The genusNeisseria
2.3.4.1 PathogenicNeisseriaspp.

The two most widely studied species Néisseriaare the human pathogehs
meningitidisand N. gonorrhoeaeBoth species caandergo extensive phase and
antigenic variation, whichllow themto evade the host immune respoftsagblom

34



et al, 1985; Zélineret al, 2017) The resultant heterogeneity from both processes

makes it difficult to design effective vaccines against both species.

N. meningitidisis an opportunistic facultative human pathogen that invades the
nasopharyngeal tract of the human host, where it attaches to the microvilli of
mucosal cells before its engulfment and subsequent transversion across the
epithelial layer(Stephenst al, 1983; Rosensteipt al, 2001) N. meningitidis
typically spreads via aerosols or secretions with very high ranges of transmission
by carriers (~80%) (Neil & Apicella, 2009; Eliaset al, 2015) Despite this, a
majority of meningococcal colonisations are asymptomatic, with approximately 10%
of healthy individuals predicted wwarry the bactenm (Yazdankhah & Caugant,
2004) However, whensymptomatic (0.55 cases per 100,000 annually for
meningococcal disease), infections are severe with high mortalitythatesesult

from bacterial meningitisvhere the meninges anembranes lining the brain and
spinal cordare inflamed,causing symptoms like fever and naugeappann &

Vogel, 2010) Cases are most common in childeerd f left untreated, infectios

may lead to paralysis, seizures and developmental impairment, as well as other
conditions like pneumonia, urethritis and arthrifiBzeng & Stephens, 2000;
Fergusoret al, 2002; Yazdankhah & Caugant, 200Byirthermore, the bacterium

may cross into the bloodstream resulting in meningococcal septicaemia, which if
left untreated, may block blood vessels, leadinghtloss of limbs(Tzeng &
Stephens, 2000; Fergusenal, 2002)

N. meningitidigsolates can be categorised into different clonal complexes based on
their genetic lineage, with healthy individuals harbouring more genetically diverse
isolates compared to those with the disease phen(@jaeset al, 2005; Brehony

et al, 2007) Strains that constitutively express a polysaccharide capsule are more
invasive due to the protective role of the capsular layer against external stressors
like desiccation or the host immune respoffa®schet al, 1989; Spinosat al,

2007; Stephens, 20Q7)n fact, isolates obtained from patients with invasive
meningococcal disease are often encapsulated, while those isolated from carriers
are often unencapsulaté¢dohswichet al, 2012) Based on the different genes
important for capsule biosynthesis, modification, transport and immunologic
reactivity, N. meningitidiscan be divided into 13 different serogroups, with
serogroups A, B, C, W, X andbhtingmost commonly found in casesth invasive
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meningococcal diseag€zeng & Stephens, 2000; Rosensttimal, 2001; Spinosa

et al, 2007) Several vaccines have already been developed against these
polysaccharide capsuleiowever, N. meningitidis is capable of switching
serogroups vighase variation ggenetic exchang@rosensteiret al, 2001; Vogel

& Claus, 2011) Interestingly, this capsulation as a virulence factor is not seen in

commensaNeisseriaspp or N. gonorrhoeae

N. gonorrhoeads an obligate human pathogen that infects the mucosal cells of the
reproductive tract, causing the sexually transmitted infection (STI), gonorittioea.
gonorrhoeaeinfection rates are relatively high, with an estimated 106 million
people being newly infected each year according to the World Health Organisation
(WHO) (World Health Organization, 2024¥naking it the second most common
STl globally, after chlamydia. Due to the nature of the reproductive tract, infections
differ between females and males, with symptoms often presenting as urethritis or
epididymitis in men, and cervicitis or vaginal ptus in women(Miller, 2006;
Haeseet al, 2021) FurthermoreN. gonorrhoeaeénfections in women can often
ascend up the reproductive tract, causing disseminated upper genital tract infections
like pelvic inflammatory disease that presents as severe pain (prese+fQfroldf
female infections), infertility or even ectopic pregnaiiorse & Knapp, 1992;
Miller, 2006). Despite this,N. gonorrhoeaeinfections in females most often
produce little or no cytokine production, and hence effects minimal inflammatory
response, leading to a considerable proportion of infections in females being
asymptomatic (~4®0%)(Hedge<t al, 1998; van Duynhoven, 1999 onversely,
infections in men are more céfivasive, leading to a robust inflammatory response,
culminating in symptomatic infections (~89%) (Steichenet al, 2008; Falsetta

et al, 2011) N. gonorrhoeaamay also colonise the oropharyngeal tract and the
rectum, although these infections are commonly asymptomatic with low prevalence
(Chanet al, 2016)

Currently, no vaccines have been successfully developed abaigsnorrhoeae

due to its highly panmictic nature and lack of capsulgtitaesest al, 2021) This
means that the current line of defence agaihgfonorrhoeaeelies on antibiotics.
However,N. gonorrhoeaehas quickly become resistant to almost all antibiotic
therapies that have been used against it, making treatment increasingly difficult
(Unemo & Shafer, 2011, 2014)he rapid emergence of both multi dmggistant
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(MDR) and eXtensive drugesistant (XDR) strains dfl. gonorrhoeaéas led to
the declaration of the bacterium as a hgiority pathogen by the WHO, stressing
the importance of further research into new ways to tackle this bactdreemet
al., 2017)

2.3.4.2 CommensalNeisseriaspp.

Despite the extensive attention being given to the two patholyermsseriaspp.,a
majority of the humaitolonising members of the genus are commensal or non
pathogenic. The majority of them share a similar habitat in the oro
nasopharyngeal regiaf the human hoghighlighted inTable2.1) and make up a
very small percentage of the human microbig¢g@euraet al,, 2009; Kahler, 2021)
Some may be associated with disease in immunocompromised individuals;
however, virulence is low, and these are normally identified and presented as case
studieg(Liu et al, 2015; Walstet al, 2023) Due to the lack of serious symptoms,
less research has been undertaken on these species; however, they are likely
important for maintaining healthy interactions with other beneficial microbes.
Furthermore, they may also be important in supressing patlodyeisseria.For
example, randomised controlled trials with human volunteers showed that
individuals inoculated witiNeisseria lactamichad lower meningococcal carriage
rates, likely becausH. lactamicaprevented\. meningitidisfrom colonising the
naopharyngeal tract by competing for nutrients and space, subsequently limiting
their colony sizes and motiliti€ki et al, 2006; Deasyt al, 2015; Custodiet al,

2020) This effect may not only be due to physical suppression however, as a
clinical trial using a vaccine based on the outer membrane vesidledaatamica
showed induction of a weak, but broad immune response againséningitidis
(Gorringe et al, 2009) Neisseria mucosaas also been reported to produce a
secondary metabolite that inhibiNs gonorrhoeagrowthin vitro (Aho et al, 2020)

although other results in literature are conflict{ddpdellati et al, 2022)
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Table 2.1 Characterised commensalNeisseriaspp. that colonise human mucosal

surfaces
Species Habitat Characteristics and potential
infections
Neisseria cinerea  Oropharynx Reports of neonatal conjunctivitis

(Knappet al, 1984)

Neisseria elongata

(Bgvre & Holten, oropharynx
1970)
Neisseria lactamica Nasopharynx

(Hollis et al, 1969)

Neisseria mucosa
(Veronet al, 1959)

(incl. previously

oropharynx

classifiedNeisseria
sicca(Bennettet al,
2012)

Neisseria
polysaccharedRiou oropharynx
& Guibourdenche,

1987)

Genitourinary tract

Nasopharynx and

Nasopharynx and

Nasopharynx and

obtained from the mothébDolter
et al, 1998; Fioritoet al, 2019)

Rodshaped. Associated with
endocarditis and infected lung
bulla(Youssefet al, 2019; Moriya
et al, 2022)

Same habitat and similar traits as
N. meningitidis potentially
protective againdtl. meningitidis
Common in children and neonate
but infection rates decrease with

age.

May be opportunistic in
immunocompromised patients (i..
endocarditisySommersteiret al,
2013; Altdorferet al, 2021; Ren
et al, 2023) Is the nost
commonly reported invasive
commensaNeisseriaspp.(Walsh
et al, 2023)

Able to produce extracellular
polysaccharides from sucrose. N
reports of diseas@Valshet al,
2023)
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Neisseria subflava Upper respiratory May be opportunistic in

(Bensoret al, 1928) tract and Immunocompromised patients (i.
(incl. previously genitourinary tract endocarditis, meningitis,
classifiedNeisseria septicaemia) but these are rare
perflavaand (Chonget al, 1975; Pollaclet al,
Neisseria flavescens 1984; Sinave & Ratzan, 1987)

(Bennettet al,
2012)

In addition to this, there is evidence that commeNsa$seriaspeciescan inhibit
pathogenicNeisseriagrowth via DNA uptake, due to the different methylation
patterns on its DNA. Using a mouse model of lower genital tract infections, Kim
and colleagues demonstrated tRagonorrhoeaés able to take up pieces of DNA
released by commensdl elongataUptake of this DNA with a foreign methylation
patternresulted in chromosomal damage and cell death. @onorrhoeagwhich

led to its clearance from the mouse vagidan et al, 2019) This phenomenon
was also shown to occur witd. meningitidisin a liquidassay, and is now a
patented strategy, clearly showing the importance of these lesser Keisaeria
spp.that infect human&im et al, 2019)

2.3.5 Biofilm formation of Neisseriaspp.

A common featuracrossall Neisseriaspeciess their ability to form biofilms; these

are communities of bacteria that are held together in aggregates byeodelfed
ECM. Implicated in ~ 80% of all chronic bacterial infections in humans, including
on medical devices, biofilms often form in stfeé€nvironments where they aid

in the survival and persistence of the bactésiickler, 2008; Rathest al., 2021)
There are four major steps involved in biofilm formatiéig(re2.9). In the first
step, contact is made between the bacterigtandurface of interestesulting in a
monolayer of cells on the surfa@@'Tooleet al, 2000; Watnick & Kolter, 2000;
Saueret al, 2022) This attachment is reversible and the bacteria are able to return
to their planktonic state if disturbed by external factors like shear f@temndki

et al, 2011) In thesecond step, establishment of a monolayer is followed by the
production of an ECM, making the attachment irreversible, and allofeintpe
formation of multilayered microcolonies. In the third step, the bacteria grow and
divide into mature thredimensional biofilmgO'Tooleet al, 2000; Watnick &
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Kolter, 2000; Chandket al, 2011) This is followed by the final stage, where cells
disperse from the biofilm, releasing individual bacteria into the environment
(Watnick & Kolter, 2000; Sauest al, 2022)

(1) (2) *® *

Attachment Growth

Dispersal Maturation

Figure 2.9 Steps ingeneralbacterial biofilm formation . (1) Formation of a monolayer
on the surface of interest(2) Cell division and production of an extracellular matrix.
(3) Maturation into a three-dimensional structure. (4) Dispersal and detachment of
individual cells. Created in https://BioRender.com

Biofilms offer a myriad of benefits to the bacteria they enclose. By increasing the
spatial proximity of individual bacteria within the microcolony, biofiims are
effective at facilitating communication and substrate exchangetween
neighbouring cells(Jefferson, 2004) This includes the possible transfer and
exchange of new antibiotic resistance genes, further facilitating its spread
throughout the populatiofCvitkovitch et al, 2003; Aliane & Meliani, 2021)In
fact,N. gonorrhoeaexhibits high rates of gene transfer during early and permeable
biofilms as opposed to older and denser biofi(iksuzel et al, 2015) Biofilms

also create physical barriebetween the cells and their environment which shields
cells at the centre of the biofilm from environmental stressors (i.e. oxidative stress,
dehydration, shear forces, UV radiation), host stressors such as the immune

response, and external agents likéinaicrobials (Jefferson, 2004; Colviet al,
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2011; Aliane & Meliani, 2021)For exampleN. meningitidisnside a biofilm has

been shown to be more resistant to penicillin than its planktonic counterparts,
potentially due to the physical barrier and depth that the antibiotic has to traverse
to reach the centre of the biofilfhappanret al, 2006) Furthermore, aggregation

in N. gonorrhoeaéhas also been linked to the upregulation of genes involved in
antibiotic tolerance and the subsequent observed tolerance to ciprofl(Xasiert

et al, 2023; KrausRomeret al, 2025) This physical barrier also translates to the
creation of separatketerogenous physiochemical microenvironmenithin the
biofilm with unique gradients of conditions (i.e. substrates, nutrients, pH) that make
it more difficult for the host to specifically target due to the different resultant
phenotypes, behaviours and metabolic respook#ise bacterigSteichenet al,

2008; Neil & Apicella, 2009; Aliane & Meliani, 2021Finally, biofilm formation

aids in the physicahttachment of pathogenic bacteria to their target host, cells
which increases their chances of infection and invasion, and hence contributes to

their pathogenicity and virulen¢¥estbyet al, 2020)

2.3.5.1 Role of biofilms in Neisseriapathogenesis

The importance of biofilm formation in pathogenieisseria was initially
demonstrated when some clinical straindNofmeningitidiswere shown to form
biofilms in vitro (~30% of carriage isolates and 12.5% of invasive disease isolates)
which allowed them to be resistaagainst penicillin(Lappannet al, 2006) The
biofilm-forming abilities of N. meningitidis in vivowvere then demonstrated in
clinical samples of removed tonsillar tissue using immunolabelling, where
microcolonies were formed just below the epithelial mucosal sur{&ieset al,
2000) Initially, only unencapsulated strainsdf meningitidisvereshownto form
biofilms; howeversomecapsulated strains isolated from patient samples have since
been shown to generate biofilms on airway epithelial aeNétro (Yi et al, 2004;
Lappanret al, 2006; Neilet al, 2009; Lappann & Vogel, 2010y he finding that
unencapsulated strains Nf meningitidiswere more likely to form biofilms was
further supported byranscriptomic analysjsvhich showed adownregulation of
capsule synthesis gendaring biofilm formation(O'Dwyer et al, 2009) This is

likely due to thestrongrepulsion between hydrophilic abiotstibstratesand the
hydrophobiccellular capsular surfaces which would not be conducive for initial
attachment and biofilm formation in capsulated stré@Bwyeret al, 2009) This

is interesting, as capsulatld meningitidisstrains are typically more invasive and
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oftenleadto disease; however, it was also shown that some meningococcal strains
that do express capsule synthesis genes would later lose their capsulation via phase
variation, potentially due to their ability to better associate and attach to surfaces
without thehydrophobic capsular layéweberet al, 2006) Hence, modulation of
capsule expression and subsequent biofilm formatids. imeningitidisis reliant

on environmental cues to ensure efficient attachment and colonisation before

invasion into the host cells.

Similarly, biofilm formation byN. gonorrhoeaéas also been demonstrabedhoth

flow chambers and on primary urethral epithelial and cervical cells, where it can
persist for up to eight days without substantial damage to the (Ssei@eret al,

2005) Theseébiofilms werealsoobserved in cervical biopsy samples from patients,
highlighting the importance of biofilms M. gonorrhoeag@athogenesis in women
(Steicheret al,, 2008) N. gonorrhoeadas also been shown to colonise intrauterine
contraceptive devices where it exists as a minor part of a mixed biofilm (~2%) with
other organisms lik&taphylococcus aurewsd Candida albicangPruthi et al,

2003) Interestingly, there is a lack of evidence fdr gonorrhoeaebiofilm
formation in male patients, which, as a majority of male infections are symptomatic,
may indicate a role for biofilm formation to evade the host immune response during
cases of gonococcal infections in woméRalsettaet al, 2011) In fact,
transcrippmic and proteomic profiling of gonococcal biofilms showed an
upregulation of genes important for stress response and anaerobic respiration such
as the nitric oxide reductaseyrB, and the cytochrome c peroxidasep, especially

by cells in the biofilm base layefBalsetteet al, 2009; Phillipset al, 2012; Kraus
Romer et al, 2025) Disruption of these genes M. gonorrhoeaenegatively
affected biofilm biomass and thickness, suggesting that anaerobic respiration
occurs inN. gonorrhoeadiofilms (Falsetteet al, 2009)

More specifically, dring these oxygefimiting conditions,N. gonorrhoeaaises
partial denitrification to reduce nitrite to nitrous oxide, a pathway of which has also
been demonstrated to occuMinmeningitidigRock & Moir, 2005; Falsettat al,
2009) Through this nitrite reduction in biofilm3$\. gonorrhoeads capable of
breaking down anfostproduced nitrous producte/hich subsequentlglampes

the host inflammatory and immune responsesl results inasymptomatic

infections that are extremely common in female pati@tdatsetteet al, 2009) The
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formation of biofilms byN. gonorrhoeaeas a means to survive against oxidative
and disulfide stressors is further supported by the inability of mutants deficient in
some redoxelated genes such as the oxidative stress regulatory ptgR and
theglutathionereductasegor, to form biofilms(Seibet al, 2007; Potteet al, 2009;
KrausRomeret al, 2025)

2.3.5.2 Role of biofilms in commensaNeisseriasurvival and colonisation

Despite our increased understanding of the role of biofilms in pathdgeisiseria
spp.,less is known about their prevalence and function in comméreateria

Due to their similarities both in genes and habitat how@uaiff & Stern, 1995;
Marri et al, 2010; Baerentseet al, 2022) it is likely that commensalleisseria

are able to form biofilms in a similar way to their pathogenic counterparts. In fact,
commensal and pathogenieisseriaoften form mixed biofilms together. For
exampleN. lactamicaandN. meningitidighat coexist in the nasopharyngeal tract
have been shown to interact together to form msgekies biofilns (PérezOrtega

et al, 2017) Other evidence for biofilm formation in commenNaisseriancludes

the formation of microcolonies &f. cinereaon human epithelial cel(€ustodioet

al., 2020) as well as the formation of biofilms kY. subflavawith a unique
dispersal pattern that points in the direction of higher temperatures on petri dishes
(Kaplan & Fine, 2002)Rather than having a primary role in invasion and infection
however, it is more likely that these commenBaisseriabiofiims aid in the
colonisation and survival against other competitors in their specific niche (e.qg.
physical competition betwedh meningitidisandN. lactamica and would thus be

heavily influenced by their surrounding microbiota.

2.3.5.3 Structure and composition ofNeisseriabiofilms

The ECM makes up a large component of bacterial biofilms-8gP5) compared

to the cells themselves (~R%%) (Ratheret al, 2021) In most bacteria, self
produced exopolysaccharide (EPS) is the primary ECM constituert9(%0of

the biofilm) where they aid in cetlell and celsurface adhesion, as well e
protection of cell§Flemminget al, 2000; Limoliet al, 2015) The classic biofilm
model organisnP. aeruginosdor exampleproduces three different types of EPS;
Psl, Pel and alginate, the latter of which is often implicated in cystic fibrosis
infections(Govan & Deretic, 1996; Friedman & Kolter, 2004)
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Neisseriaby contrast lack the genegcessary foEPSproduction(Greineret al,

2005) Insteadneisserial biofilms rely oomuter membrane vesidédhat pinch off

the outer membrane which shdpe matrix and stabilise the biofil(@reineret al,

2005; Steicheret al, 2008) Mutation of the msbBgene that leads to decreased
membrandlebbing reduces the ability df. gonorrhoea¢o form biofilms in flow

cells (Steichenet al, 2008) The membranous biofilm matrix d. gonorrhoeae

also contains multiple water channels and pores that facilitate nutrient and substrate
exchangéGreineret al, 2005) On the other hand, tleructure obiofilms formed

by N. meningitidisare very strairdependent with some exhibiting very well
defined connection channels, while others seem to show no evidence of any defined
connectiongArenas & Tommassen, 2017)

The most notable feature of aktisseriabiofilms howeveris the large quantity of
exDNA present in the ECM which comprises significantly more than 1#&o 1
found in most other bacteligpecies.

2.3.6 Extracellular DNA as a component of biofilms

2.3.6.1 Extracellular DNA in other bacterial biofilms

Initially the exDNA observed in many bacterial biofilms was considered to be an
artefact of processes like cell lysis, and it was not until the demonstration that early
biofilms in P. aeruginosawere inhibited by the addition of a general nuclease,
DNasel, that the concept of an essential role for exDNA in bisfijained traction
(Whitchurch et al, 2002; Flemminget al, 2007; Sarkar, 2020)Further
development of this notioh which included characterisatisof the structure of
matureP. aeruginosabiofilms (Klausenet al, 2003; AlleserHolm et al, 2006)

and a wider understanding of how patient cells contribute to sputum vistosity
gave rise to an aerosolised formulation of recombinant human DNasel, which is
now administered as a therapeutic PulmoAfuornase alfa) for cystic fibrosis
patients(Bakker & Tiddens, 2007; Konstan & Ratjen, 2012; Terletzal,, 2022)

The resultsobtained from theP. aeruginosastudes then prompted wider
consideration fothe role of exDNA in early biofilm formation of other bacteria
including Campylobacter jejuniHaemophilus influenzad&nterococcus faecalis,
Saphylococcus aureusand Streptococcus mutanswith many reports

demonstrating that DNase could either disperse early biofilms or prevent new
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biofilms from forming Table2.2), suggesting an important role of exDNA during
the initial steps of bacterial biofilm formatiqiianget al, 2013; Schlafeet al,
2017) The evidence for exDNA in the ECM is not restricted to singspacies
biofilms however, as it has also been identified in the vicinity of cells that form

mixed natural oral biofilms in dental plagu&ostamiet al, 2017)
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Table 2.2 Examples of other studies looking into the importance oéxtracellular DNA (exDNA) in the extracellular matrix of different

bacterial biofilms.

Organism

Medical implications of

biofilm formation

Main findings/observations

Gram-negative bacteria

Acinobacter baumanii

Burkholderia pseudomallei

Campylobacter jejuni

Pneumonia and catheter

infections

Melioidosis

Gastroenteritis
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Addition of exDNA led to biofilm augmentation of up to
224.64%, while addition of DNasel dispersed preformed
biofilms by 59.41%(Sahuet al, 2012)

Positive correlation found between biofilm biomass and tl
amount of exDNA present. DNasel significantly decrease
attachment during early biofilm developmert2® h-old),
but not in mature biofilms (45-bld) (Pakkulnaret al,

2019)

Constant living:dead cell ratios throughout growth sugges
exDNA likely sourced from living cell@Pakkulnaret al,
2019)

Biofilms sensitive to DNas€Bvenssoret al, 2009)
ExDNA-mediated biofilm formation induced in response t
aerobic and starvation stress, which allowed the bacteriu
persist for twice as long as that of planktonic c@tsnget
al., 2016)



Haemophilus influenzae

Vibrio cholerae

Otitis media, pneumonia

Cholera

EXDNA closely associated with bacterial lyff®enget al,
2018)

DNasel inhibited biofilm formation after 6 h, which was nc
observed when the biofilms were similarly treated with

Proteinase Klzanoet al, 2009)

DNase disrupted 24-ald biofilms, but not 72 ‘old biofilms
(Seperet al, 2011)

Gram-positive bacteria

Enterococcus faecalis

Mycobacterium avium

hominissuis

Endocarditis enteritis

Lung/respiratory tract

infection
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DNasel decreased adhesion of cells to dentin and increa:

biofilm susceptibility to chlorhexidind.i et al, 2012)

ExXDNA important for high biofilmproducing strains.
DNasel reduced the biomass of biofilms as it formed, as"
as that of established biofilms on abiotic surfaces and on
human pharyngeal epithelial ce{Roseet al, 2015)
DNasetreated biofilms more susceptible to moxifloxacin ¢
clarithromycin(Roseet al, 2015)

Source of exDNA likely from cell lysis as random amplifie
polymorphic DNA (RAPD) analysis indicated likely
genomic origingRoseet al, 2015)



Staphylococcus aureus Forms on medical device
and chronic wound

infections

Staphylococcus epidermidis  Forms on medical device

Streptococcus mutans Dental caries and

endocarditis

ExXDNA is the most common component in most strains
(Sugimotoeet al, 2018)andis important for intercellular
adhesion polymeindependent biofilmg§lzanoet al, 2008)
DNasel inhibiednew biofilm formationand detached
preformed biofilms, which increased their sensitivity to
detergentglzanoet al, 2008)

EXDNA likely from lysed cells that release genomic DNA
(Riceet al, 2007)

DNase affected early biofilms (6did), but not older
biofilms (12 kold) (Qin et al, 2007)

ExDNA production in 5and 24h biofilm increased by >3
and >1.6fold respectively compared to planktonic cells, ai
addition of DNasel significantly reduced biofilm formation
(Liao et al, 2014)

ExDNA produced via lysindependent membrane vesicle:
(Liao et al, 2014)
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Despite this, the organisation of exDNA in the ECM may differ, with some groups
describing them as a 6fuzzy clo@@ahg t hat
et al, 2013) In P. aeruginosathe exDNA arranges itself in a giiiéte structure on

the surfac€AllesenHolm et al, 2006) while that of the nottypeableH. influenzae
organises itself within a heavily interwoven mdigle arrangement, which was later
observed to form a crucifortike structure with the arms of four doukd&randed
DNA joined together(Jurcisek & Bakaletz, 2007; Devarat al, 2019)
Localisation of exDNA onto filamentous structures seem to be a common
organisational pattern, as observedEnfaecalis(Barneset al, 2012)and S.
epidermidis(Zatorskaet al, 2017) as well asthe nanofibrdike structures in
Streptococcus mutan@d.iao et al, 2014) The clear organisational pattern of
exXDNA highlights its critical role in maintaining the structural integrity of the ECM

in bacterial biofilms, potentially including those formedNbgisseriaspp.

2.3.6.2 Extracellular DNA in pathogenicNeisseriabiofilms

EXDNA has also been shown to lmaportantin early biofilm formation for
pathogenic clonal complexesf meningitidisalthough less so forveprevalence

or commensal strain@appannet al, 2010) More specifically, meningococcal
exDNA interactswith specific DNA binding proteins such # heparinbinding
protein, N hpeptide ofdahe thA prdtease Mdcated on the cell surface;
these prote#DNA interactions are critical for maintainimgy meningitididiofilms

as proteinfree DNA extracts were unable to restbremeningitididiofilms to the
same extenn the laboratorfLappannret al, 2010; Arenagt al, 2013; Arenas &
Tommassen, 2017)n fact, it is hypothesised that exDNA may play a eoé in

the ECM at different stages of meningococcal biofilm formation; the first being the
support of initial attachment of the bacteria to the substratum during early biofilm
stages when the levaté exDNA are still relatively low, and the second being the
maintenance of mechanical integrity during late stages when the levels of exDNA

are highe(Lappanret al, 2010)

As mentioned earlier, the importance of exDNA fdr meningitidisbiofilm
formation differs between strains; this difference has given rise to the

O0settl er/ spreader 6 HBndepdndehttionatl codnpldxesvoh e r e

-

C

e

O0spreadersdo, form unstable, fragile biof

but have hgher transmission rates between different hosts due to their ease of
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detachmenfLappanret al,, 2010; PéreDrtegaet al,, 2017) Conversely, exDNA
dependent clonal complexesr O0settl ersé, form stronger,
are quickly established and allow for more stable interactions andtéamg

colonisations of the human host to ocfuappannet al, 2010) The combination

of both O0settlerdé and 6s pr Bandmngitlisgohenot vy |
effectively colonise and spread among different hosts over long periods of time,
promoting its virulence and pathogenidfbyappann & Vogel2010)

Similar to the experimentsith P. aeruginosaDNaseinhibition of N. gonorrhoeae
biofilm formation was crucial in establishing exDNA as a major component of
gonococcal biofiimgFalsettaet al, 2011; Steichert al, 2011) In fact, single
stranded DNAis important for initial biofilm formationn N. gonorrhoeagwhile
doublestranded DNA makes ughe majority of exDNA in maturgonococcal
biofilms (Zweig et al, 2014) Furthermore, wrk by the Maielgroup showed that
the length of exDNAyoverns its mobility within gonococcal colonies drehcets
subsequentetention and incorporationtmthe ECM (Benderet al, 2022) This,
coupled with the lack of ER&ncoding genes greatly support a major role of

exDNA in N. gonorrhoeadiofilms.

2.3.6.3 Extracellular DNA in commensal Neisseriabiofilms

Considering the scarcity of reports on biofilm formation of commeNs#&seria

spp.,it is not surprising that little is known about the presence of exDNA in their
ECM. Nevertheless, as both pathogenic and commensal species occupy similar
habitats and share high genetic similarities (including the lack of genes necessary
to produce EPS) & predict that exDNA plays an equivalent role in commensal
Neisseriabiofilms as well(Wolff & Stern, 1995; Marret al, 2010; Baerentsegt

al., 2022) Recently, Shaikh and colleagues have shown that the synthetic drug
molecule Ebselen is capable of disperdihgnucosaiofilms by degrading pieces

of exDNA and attenuating their quorum sensimguced urease and protease
activitiesagainst host proteir(Shaikhet al, 2022) Considering the mixedpecies
biofilms formed betweerN. meningitidisand N. lactamica we predict that the
composition of their biofilms are likely very similar. More specifically, due to their
spatial proximity, they are likely to share the same ECM as they release exDNA
and other materials into the same extracellular environment irathe Bcation,

benefiting both species equally. Howevtr,our knowledge this has notbeen
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verified yet We are hopeful that this gayll be filled soon as more evidence of

the importance of commengddeisseriaspp.comes to light.

2.3.7 Potential functions of extracellular DNA in Neisseria
biofilms

2.3.7.1 Adhesion, structure, stability and antimicrobial protection

One of the ways that exDNA plays a critical role in the establishment of neisserial
biofilms is by bridging and overcoming the weak repulsive interactions that exist
between the bacteria and the surfaces of interest. More specifically, attachment of
cells to a surface involves both attractive leramge Liftshitzvan der Waal
interactions and weak repulsive interactions that arise from the mutual net negative
charges that existn most cellular and abiotic surfacgkshevsky & Meyer, 2015;
Maier, 2021) Despite this, exDNA is able to facilitate closer range interactions by
adsorbing to and extending out of cellular surfaces in long loop struckigesg

2.10). These structures are then able to interact with any acidic (elextcepting)

or basic (electrowlonating) groups via closange aciebase interactiond.appann

et al, 2010; Dat al, 2011a; Dat al, 2011b; Okshevsky & Meyer, 2013 ot
surprisingly, the strengths and distances of the initial-fange repulsive forces
determine the potentiality of these shahge aciebase interactions that occur
between neighbourinieisseriacells. Hence, the higher the molecular weight of
exDNA that extends out, the more likely it is able to penetrate the repulsive barrier
and allow for positive interactions to occur between neighbouring cells and surfaces
(Figure2.10) (Regineet al, 2014; Okshevsky & Meyer, 2015Jhis initial bacterial

attachment forms the monolayer that Meisseriabiofilm grows from.
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Figure 2.10 Role of extracellular DNA in bridging repulsive forces during biofilm
formation initiation in Neisseria (1) Weak repulsive forces exist between the bacteria
and surfaceof interest. (2) High molecular weight extracellular DNA extend out and
bridgesthe repulsive forces, facilitating closeange interactions between the bacteria
and surface (3) Reversible formation of a monolayenf cellson the surfaceof interest
(4) Cell replication and extracellular matrix production with extracellular DNA (not
shown) leads tothe formation of mature, multilayered three-dimensional biofilms.
Created in https://BioRender.com

Perhaps the best recognised role of exDNA in biofilms however, is its role in
maintaining the structure and stability of the biofilm matrix. After the formation of
the monolayer on surfaces, the division Néisseriacells is accompanied by
different interactions between neighbouring cells that allow them to be maintained
as threaedimensional microcolonies. Here, the negative exDNA likely acts as an
adhesive net by interacting electrostatically with any positicblyged surface
exposed matrix proteins afeighbouring cell{Dengleret al, 2015; Arenas &
Tommassen, 2017; Serrageal, 2021) Interestingly, exDNA also contributes to
the organisation and motility of cells in othzacterial biofilmdike P. aeruginosa

by organisingfurrows or pathways focoordinatedbacterial migratiorto occur
(Gloaget al, 2013) However, no direct link betwe@teisserianobility in biofilms

and exDNA has beeglucidatedas of yet.

It has been well established that biofilms physically hinder diffusion of
antimicrobial agents into the centre of bacterial colonies. However, the negatively

charged exDNA may alsmontribute toantimicrobial restanceitself by chelating

52


https://biorender.com/

positively-charged antibiotics and antimicrobial peptides produced by the host
iImmune systemor by binding critical cations aratidifying the ECM, which in

turn induceghe expression of different genes that offer protecsigainst these
agentgMulcahy et al, 2008; Johnsoast al, 2013; Wiltonet al, 2016) Although

this chelation has not be€irectly proven inNeisseriaspp. yet, thigesistancéas

been observed in other bacteria that form exBidépendent biofilms likenon
typable Haemophilus influenzaagainst h u ma seferisin3, ampicillin and
ciprofloxacin(Joneset al, 2013; Cavalieret al, 2014) as well as theestoration

of aminoglycoside resistance by the addition of exogenous DNRA @aeruginosa
(Mulcahyet al, 2008; Chianget al, 2013)

2.3.7.2 A pool of DNA for nutrients, DNA repair and recombination into the

genome
The large quantity of exDNA ilNeisseriabiofilms provides a pool of available
DNA that may be used for other procestfed irclude the three main theories for
the role of competence in bacteria; ODNA
ODNA for evolutiond. DNA represents a si
andcarbon, and recycling exDNAecreases thenergy requirements fale novo
nucleotide syntras under stressful conditionfRedfield, 2001; Jakubovics &
Burgess, 2015)Although not yebbservedn Neisseriaspp., the recent discovery
that exDNA is produced during biofilm establishmenBarcillus subtilisbefore its
global degradation in a spatiotemporatlyordinated pulse has letb the
conclusionthae x DNA acts as a O6metabolic reservc
when nutrient availability decreases in later stageander et al, 2024)
Alternaively, it is possible that competeNeisseriamay incorporate these exDNA
for genomic DNA repair processes. This theory is supported by the observation that
only exDNA with a specific DNA uptake sequence is internalisedéigseriaspp.,
guaranteeing that only closelglated DNA suitable for homologouscombination
and repaiis internalised Seitz & Blokesch, 2013)Finally, exDNA inNeisseria
biofilms offers potential for acquisition of novel genes from neighbouring cells
including new antibiotic resistance genes that may increase the overall fithess and
survival of the colony(Veening & Blokesch, 2017)Considering the natural
competence oNeisseriaat all stages of growth, the use of exDNA for repair and

horizontal gene acquisition is highly likely.
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Recent studies using fluorescentiypelled DNA suggest an interplay between
genetic transformation and biofilm formatiorNimngonorrhoeadased on the length
of exDNA presen{Benderet al, 2022) Here, small fragments of DNA of around
300 bp are able to diffuse freely throuyh gonorrhoeaeolonies and will likely
be taken up by the cells, whereas those exceeding 3000 bp face hindered diffusion
and are more likely to be slowly incorporated into the ECM of biof{(ldmizel et
al., 2015; Bendeet al, 2022) This is supported by the observation that DNA
transformation and acquisition of mudtrug resistance iN. gonorrhoeaés highly
efficient during early biofilm formation (<24 h), which is where exDNA is
predicted to contribute thleisseriabiofilm formation the most, but was strongly
reduced after 24 h, independent of biofilm dengKypuzel et al, 2015) This
feature is not specific tdeisserighowever, asigher transformation or conjugation
rates have also been observe&atherichia colbiofilms compared to planktonic
cells(Hausner & Wuertz, 1999in mixed biofilms from dental plaqu@&obertset
al., 1999) and inS. mutansipon activation of proteins involved in compete(ide

et al, 2002; Peterseat al, 2004; Nagasawat al, 2020) Taken together, these
observations indicatthat biofilms arehighly important at facilitating horizontal

gene transfein general(Okshevsky & Meyer, 2015)

2.3.8 Sources of extracellular DNA inNeisseriabiofilms

2.3.8.1 Cell lysis and release of genomic DNA

Perhaps he most widelyrecognised source of exDNA iNeisseriabiofiims is
genomic DNA released through autolystsgure2.11) (Hebeler & Young, 1975;
Elmroset al, 1976; Rouphael & Stephens, 201@)N. gonorrhoeagautolysis is
associated with a prolonged cell division process and is most common when growth
stops due to a depletion of energy or environmental stressors such as low pH and
temperature which negatively affeatechanical stabilitfHebeler & Young, 1975;
Elmroset al, 1976) On the other handy. meningitidisundergoes autolysis to a
lesser extenwhich predominantly occurs in pathogemneningococcastrainsand

may be more tuned for endotoxin release and other virulence phen(Eypess

et al, 1976; Lappaneet al, 2010; Rouphael & Stephens, 2012hese pathogenic

N. meningitidis clonal complexes utilise a cytoplasmic-adetylmuramyL-
alanineamidase AmiC, anda lytic transglycosylaseLtgA, to hydrolyse the cell

wall for exDNA releaseaduring early biofilm formation, as well as the autolytic
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activity of the outer membrane phospholipase A to release exidwork
againstmechanical forces in mature biofilnfsappannet al, 2010; Lappann &
Vogel, 2010; Sigurlasdottet al, 2019)

(3) OuterQ}

membrane vesicles

(2) Type IV e
secretion system

Figure 2.11 Potential sources ofelf-derived extracellular DNA in Neisseriabiofilms.

(1) Autolysis releasing genomic DNA(2) Secretion of singlestranded DNA via the
Type IV secretion system(3) Release of doublestranded DNA via outer membrane
vesiclesCreated in https://BioRender.com

On the other hand, commens&isseriaexhibit autolysis to a lesser extent, where

it likely contributes more to the recycling of nutrients for the benefit of their survival.
While very early work orNeisseria pharyngignow reclassified a®l. sicca/N.
mutan$ did not detect autolysiE€lmroset al, 1976) more recent findings hint at

the ability of commensaNeisseriato undergo similar autolytic processes to
pathogenic species. For example, all commeNsalserishave orthologs of AmiC

and LtgA implicated in meningococcal autoly§izarcia & Dillard, 2006; Kohler

et al, 2007; Rouphael & Stephens, 2012imilarly, the discovery thaM. elongata

is capable of killing bottN. meningitidisandN. gonorrhoeaén a DNA-dependent
manner based on DNA uptake and DNA methylation meant that the release
mechani sm of the o6killerd DNA is |ikely a
(Kim et al, 2019) Regardless, autolysis seems to be a method by which all
Neisseriaspp. can use to release exDNA, which positively contributes to the

maintenance of their biofilms.
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2.3.8.2 Active DNA secretion

Another method for DNA release into the ECM is active secretion, which may have
evolved as a source of exDNA release that does not trigger the host immune system
to the same extent as autoly&slgadePabonret al, 2007) The bestharacterised
example of this can be observedNingonorrhoeagwhich secretes singktranded
chromosomal DNA directly into the extracellular space using its Type IV secretion
system (T4SS)Rigure2.11) (Dillard & Seifert, 2001; Hamiltoret al, 2005) This
complex is encoded on a 57 kb gonococcal genetic island (GGI) and was the first
genetic locus responsible for DNA secretion to be charactdiiskard & Seifert,

2001; Hamiltonet al, 2005) The singlestranded DNA released via the T4SS
complex is heavily methyl ated and has
end is susceptible to degradation hpgge-strandedDNA-specific nucleases
(Hamilton et al, 2005; Salgad®abonet al, 2007) Although shown to be
important during early biofilm formation, this singg&randed DNA is not retained

in mature gonococcal biofilm#lamiltonet al, 2005; Salgad®abonret al, 2007,

Zweig et al, 2014) Two proteins have been identified to be important Nor
gonorrhoead 4SS exDNA releaséhe lytic transglycogdase AtlA , which is likely
involved in hydrolysing the peptidoglycan layer without inducing lysis, thed
partitioning proteinParB which likely guides the DNAo-be-secreted to the T4SS
complex, both of which are also encoded on the (@ilard & Seifert, 2001;
Kohleret al, 2007; Ramsegt al, 2011)

The GGI encoding the T4SS is integrated into the chromosomal replication
terminus of the gonococcal chromosome, with half of it encoding genes related to
the T4SS machinery, while the other half encode hypothetical proteins, some of
which are DNAbinding @ DNA-processing relatedCallaghanet al, 2017)
Interestingly only ~ 80% ofN. gonorrhoeaeclinical isolates carry the GGI
(Callaghanet al, 2017) A notable exception is FA1090, a commonly used
gonorrhoeaestrain in the laboratory, which lacks this GGI but is still capable of
forming biofilms (Greiner et al, 2005; Zolaet al, 2010) It would thus be
interesting to study the ratio of singl@nd doublestranded DNA in GGlacking
gonococci such as FA1090 to elucidate how these strains release or obtain single
stranded DNA that is typicallpsed to initiate biofilm formation, or whether
doublestranded DNAacts as a substitutastead. Perhaps this active secretion has

evolved to compensate for the low amount of cell lysis that occurs during early
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growth and biofilm formation and hence is not required at later stages due to the
high frequency of autolysis, drmaybe umecessary in strains that undergo high
rates of autolysis at all stages of growlweig et al, 2014) It would also be
interesing to compare the thickness and stapibf the biofilms formed between
these GGilontaining and GGlacking strains ofN. gonorrhoeado detect any
differences in the formation rates biofilm morphologies or the resultant
pathogenicities of both types of gonococci and their correlation to asymptomatic

gonorrhoea infections.

In contrast, only ~18 % di. meningitidislinical isolates carry the GGI and where

this is present, genes encoding the T4SS are disrupted by insertions and deletions
which likely rendes it nonfunctional and unlikely to be the source of exDNA
(Woodhamset al, 2012) Although the GGI has also been found in the genome of
the commensdleisseria bacilliformisnone of the 15 commensakisseriaspp.
(includingN. cinereaN. lactamicaandN. mucosg encode thatlA or parB genes
needed for singlstranatd DNA release(Pachulecet al, 2014) Therefore it
appears that the wiekpread singlstrancdtd DNA secretion is specific tdN.
gonorrhoeaeas an adaptation to its niche in the reproductive tract, and not a
common feature of othé&teisseriaspp.(Dillard & Seifert, 2001)

2.3.8.3 Outer membrane vesicles

Extracellular DNA inNeisseriaspp. may also bexported via outer membrane
vesicles, a process closely associated with active secretion, albeit less tightly
regulated Figure2.11) (Dorward & Garon, 1990)These outer membrane vesicles

or Oouter membrane bl ebsd were found to
DNA-binding proteins inN. gonorrhoeaebiofiims (Dorward & Garon, 1989;
Dorward et al, 1989) Outer membrane vesicles are also abundaniN.in
meningitidisand other commenshleisseridike N. cinerea suggesting a universal
mode of exDNA transport across theisseriagenus(Lappanret al, 2013b; Piliou

et al, 2023) This mode of transport has been observed in a variety of other bacteria
as well includingA. baumanniiH. pylori andP. aeruginosathe latter of which
seems to package its vesicles during the exponential phase of Renttliet al,

2004; Sahet al, 2012; Grandet al, 2015) Investigations into the nature of DNA
associated with these vesicles in other bacteria show strong similarity to genomic

DNA with high scattering around the ECM and arrangement in a structured network
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(Liao et al, 2014; Xuet al, 2022) The packaging of DNA into these vesicles is
proposed to occur either as a spontaneousesdfdet or consequence of cell lysis,
or as a result of cell divisio(Marinacciet al, 2023) Questions into the type of

DNA transportedn these outer membrane vesicesl the stage of growth they are

activated are still outstanding for members of the g&laisseria

2.3.8.4 Other potential sources or interplay of extracellular DNA release

There are perhaps many other wéysexDNA to be released into the ECM that
are unexplored. Considering the pathogenic nature ofMotheningitidisandN.
gonorrhoeae it is possible that some of the exDNA in their biofilm matrix
originates from the human host. In particular, neutrophil extracellular traps (NETS)
released by neutrophils as a defence mechanism consist of fibres or strings of DNA
or chromatin, as well agroteins that are capable of binding and engulfing the
targeted pathoger{Brinkmannet al, 2004) It is possible that the release of DNA
from these NETs may also contributeNeisseriabiofilm exDNA, as has been
implicated in other infections likE. aeruginosaelatedcystic fibrosis(Lethemet

al., 1990; Vitkovet al, 2009; Chianget al, 2013) Although lacking evidence in
publications we predict that this is also a likebpurce of exDNA folNeisseria
biofilms, especially as botN. meningitidisandN. gonorrhoeaare able to induce

the formation of and interact with NETs via nucleases that degrade them and
potentially release their DNA into the environm@raippanret al, 2013a; Juneau

et al, 2015)

Furthermore, multiple mechanisms of exDNA release may occur in a single
Neisseriaspecies at a given time, which may depend on the environmental
conditions or the metabolic activity of the subpopulation. For example, cells inside
a neisserial colony that are metabolically inactive may undergo cell lysis, whereas
those at the surface maisplay the more structured outer membrane vesicle
mediated releasgarkar, 2020)Alternatively, there may be an interplay between
quorum sensinglependant and quorum sensingdependent mechanisms of
exDNA release, with the quorum sensingependent mechanism being
responsible for maintaining a basal level of DNA in the extraceliikeu (Daset

al., 2013) Many factors would obviously be at play, and it is clear that this is an
important area of research to pinpoint the exact sources of exDNA that contribute

to Neisseriabiofilm formation during specificonditions of growth
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2.3.9 Proteins important for extracellular DNA -mediated biofilms
in Neisseriaspp.

2.3.9.1 Type IV pilus

The Type IV pilus (T4P) is a surfaexposed structure that exhibits dynamic
twitching mobility which aids with the motility, adhesion, competence,
microcolony formation, protein secretion and virulence of many ba¢t&triem &
Lory, 1993; Craig & Li, 2008)In Neisseria this retractable T4P is involved in
DNA uptake and provides a channel for DNA to cross the cell mem{gvarsehiol

et al, 2015) In addition, the T4P aids in biofilm formation by facilitating eeH
surface interactions which are essential for biofilm initiaties well asenabling
cell-cell interactios which promote cellular aggregation and microcolony
formation(Pohlschroder & Esquivel, 2015)his T4P-reliant celtcell contactmay
either beexplained by a cell attachment model, whigs®T4P binds with surface
proteins of other cells to form a web that prevents individual cells from moving
independently, or a pilus binding model, where individual T4P from different cells
interact directly with each other to form bundles that inherdiglthem together
(Kirn et al, 2000; Piepenbrink & Sundberg, 2016; Maier, 2021; Elletcal, 2022)

In both models, the T4P interactecontrolthe rate, timing, number and location
of cell-cell interactionghat occurandare conduciveto the eventual formation of

multicellularthreedimensionabiofilms.

Posttranslational modifications of the T4 N. gonorrhoeaevia phaseand
antigenic variatiomnay alsaaffecttherupture forcemecessary tmterrupt celicell
interactiongOldewurtelet al, 2015; Zélineet al, 2017; Maier, 2021)Thisin turn
triggersbacterial cell sorting or spatial reorganisatimaio clusters in early biofilms

as cellgend tomove in the direction dhehighest rupture force whetlkeeycan be
pulled the stronge¢Oldewurtelet al, 2015; Maier, 2021; Ronig#t al, 2022) The
differential attraction, pulling, contact and retractaggiveforces generated by the
heterogenous gene expression or modificatiorthef T4P are responsible for
generating a mechanical force whighatialy sors theNeisseriacells, leading to

the defined architectuie themixed mcrocolony(Bonazziet al, 2018; Ponisclet

al., 2018; dos Santos Souea al, 2020; Maier, 2021)In fact, nonpiliated N.
gonorrhoeaewith a low rupture force tend to move toward the expanding front or
the boundary of an expanding colony, whiéneould havea stronger competitive
advantage (i.e. optimal space and nutrient availability), as well as a higher chance
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of dispersal to a new biofilm attachment ¢{@ddewurtelet al, 2015; Z6élineket al,

2017; Maier, 2021)Over time, the cells in a specific region of the biofilm will start

to interact with neighbouring cells with differential pulling and subsequent sorting
depending on their surface structures, and hence move in a direction where the

rupture force is theighest(Oldewurtelet al, 2015)

Similarly, microcolony formation ifN. meningitidishas been shown to be reliant

on the T4P (PilXdmediatedtwitching motility, which if disrupted, leads to flat,
unstructured biofilms that are less viscous and more -Bkéd and unable to
colonise vascular networks as efficienfl/intherLarsenet al, 2001; Yiet al,

2004; Lappanret al, 2006; Lappann & Vogel, 2010k is of note however, that

the role of T4P in meningococdabfilms is not directly related to its organisation,
and that those that lack thigitching motionare still able to form biofilms. Rather,

it is the microcolony formation and bacterial aggregation and hence formation of a
threedimensional architecture that will be impac{¥det al, 2004; Lappanet al,

2006) Furthermore, it has been elegantly demonstrated by manipulation of the
mean number of exposed pili, that different levels of piliation are required for
different processes iN. meningitidis with DNA uptake only requiring ~20%
piliation (i.e. ~1 pilus per cell), other cellular processes like endothelial plasma cell
membrane reorganisation requiring >70% piliation (i.€d Bili per cell), and
aggregation and adhesion for biofilm formation reqgir#0% piliation (i.e. 2 pili

per cell)(Imhaus & Duménil, 2014)stressing the importance of the T4P for the
structure and organisation Nkisseriabiofilms.

2.3.9.2 Extracellular thermonucleases

Another group of protesthathave beemmplicated in many bacterial biofilms are
extracellular thermonucleases, which are enzymes that degrade DNA and may in
turn modulate the structure of these exDii#&pendent biofilms. These nucleases
have been identified in a variety of bacteria includta@ureusV. choleraeandB.
subtiliswhere its disruption often leads to the formation of thicker biofilms with
higher levels of matrbassociatechigher molecular weighexDNA, as well as
larger cell aggregates witower rates of detachme(itanget al, 2008; Lauderdale

et al, 2009; Manret al, 2009; Kiedrowsket al, 2011; Sepeet al, 2011; Tanget

al., 2011; Kaplan & Horswill, 2024; Landest al, 2024) These extracellular

nucleases appear to possess a-thlal in remodelling the thredimensional
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structure of biofilms via exDNA manipulation, as well tee dispersal and
detachment of mature biofilms, leading to the availability of exDNA for other
processes like nutrient recycling.

A similar nuclease homologous to the secreted thermonucleas& framneusas
been identified and implicated in the developmentNofgonorrhoeaebiofilms
(Steicheret al, 2011) Deletion of this thermonuclegd€uc,led tothe formation

of significantly thicker and larger gonococcal biofilm biomass, which was directly
attributed to an increased level of exDNA via microscgtgicheret al, 2011) It

Is suggestedhat ths thermonucleasmay be working on exDNA in the periplasm
beforeits release into the ECM as a method to control DNA release, rather than to
degrade exDNA already present in the ECM it¢8teichenet al, 2011) Apart
from directly digesting and interacting with exDNA, tiNsic thermonuclease is
also capable of degrading NETsNngonorrhoeagwhich then leads to NET DNA
release into the ECMpotentially balancing its negative implications on biofilm
formation via exDNA digestiorfJuneauet al, 2015) Although little is known
about the presence of external nucleases in dilesseriaspp., preliminary
analysis by our grouphowsthat a similar nuclease is present in the genoni of
meningitidisand many commens&leisserialike N. lactamicaand N. cinerea

highlighting its potentiatole in biofilm formation across theisseriagenus.

2.3.9.3 Other DNA-interacting proteins

The observation that crude chromosomal DNA, but not purified prétnDNA,

can promote biofilm formation iMN. meningitidisand other bacteriagtrongly
suggests that other DNiteracting proteins also play essential roles in biofilm
formation (Harmsenet al, 2010; Lappanret al, 2010) For example, inN.
meningitidis the DNAbinding lipoprotein antigenNhbA, and the IgA protease
appear to be involved in exDNiediated biofilm formatiofArenaset al, 2013)
These proteins are expressed on the surface of cells and are cleaved by the
autotransporter protease, NalP, which releases postitalsged peptides into the
matrix that limits exDNAbinding and exDNAdependent biofilms from forming
(Arenaset al, 2013) Furthermore, the autotransporter A protein, AutA, is capable
of both selinteraction and bindingto DNA which promotes subsequent
aggregation irN. meningitidis(Arenaset al, 2015) However, it is worth noting

that this gene is disrupted in ~75%0Mfmeningitidisstrains, and that the reliance
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on exDNA binding for meningococcalautcaggregation is straidependent
(Arenaset al, 2015)

In addition to this, ougroup hagecentlyshown thathe disruption ofthe ATP-
dependent DNA ligase Lig En N. gonorrhoeaereduces biofilm formation,
providing further evidence that DNA, the substrate for DNA ligases, is important
for biofilm formation(Panet al, 2024) Lig E isalsofound in many other bacteria
whereexDNA seems to play@ntralrole in biofilm formationincludingC. jejuni,

H. influenzageN. meningitidisandV. cholerag(Panet al, 2021) Considering the
presence of an extracellular localisation signal peptide on-tieenNnus of Lig E,

we hypothesise that this ligase worksetthance the amount of high molecular
weight exDNA potentially counteracting the effects of the thermonuclease. As
exDNA is also predicted to be situated the lattice of membrane proteins in the
outer membrane blebs Nf gonorrhoeaéDorward & Garon, 1989; Phillipst al,
2012) we further postulate that Lig E may be working on exDMAhe periplasm

or in the membranous blebs to rematiehd ensure the integrity of the biofilhm

fact, we believe that the ligase Lig ®orks in favour of the aforementioned
concentration gradierdf exDNA in the interplay between genetic transformation
and biofilm formation irfN. gonorrhoeaéKouzelet al, 2015; Bendeet al, 2022)
increasing the lengths of fragmented pieces of exPMAch would be more likely

to beincorporated into the biofilm.

In addition to this, a number of other DNAteracting proteins that have a role in
biofilm formation in other bacteria have been identifi€dkle2.3). We postulate

that it is worth investigating and searching for homologues or proteins with similar
functions in different species dfeisseriato gain a better understanding of other
exDNA-protein interactions that promaieisseriabiofilm formation.

62



Table 2.3 List of some examples oDNA-interacting proteins identified from other bacteria that have been implicated in biofilm formation.

Protein

Bacteria and

reference

Summary

b-toxin enzyme

Amyloids

DNABII family of
DNA-binding proteins;
integration host factor
(IHF) and the histone
like protein (HU)

Staphylococcus aureu:

(Husebyet al, 2010)

Staphylococcus aureu:

(Schwartz & Boles,
2013; Schwartet al,
2016)

Escherichia coli
(Goodmaret al, 2011)
Haemophilus
influenzae
(Brandstetteet al,
2013; Jurciselet al,
2017)

Forms covalent selfrosslinks by binding exDNA and forms insoluble
nucl eoprotein complexes via it
Resultant conformation change increases resistance to detergents

allows structuring of exDNA for stable biofilm matrix formation

Protein aggregates that arise due to protein misfolding, implicated i
biofilm formation

Made up of small phenol soluble modulin peptides that are cationic
capable of interacting with exDNA, leading to their polymerisation, :

acquisition of a proteagesistant biofilm matrix

Ubiquitous among all eubacteria, disruption rapidly disrupts biofilm
matrix

Stabilises DNA by binding at the vertices of crossed exDNA strand:
a Holiday junctiorlike configuration

Bends DNA upon binding, with higher binding affinities with bent
DNA over unbent DNA, stabilising the threlemensional structure of
the biofilm (Goodman & Bakaletz, 2022)

Option for targeting to disrupt biofilms in cystic fibrosis patients
(Gustaveet al, 2013)
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GAPDH and enolase Staphylococcus aureu:

(Foulstonet al, 2014,
Dengleret al, 2015)

Lipoproteins i.e SaeP Staphylococcus aureu:

(Kavanaugtet al,
2019)

Predicted to be released via autolysis during the stationary phase
When pH is low, they acquire a net positive charge, allowing them
interact strongly with the negativegharged DNA and protecting then
from matrixdegrading enzymes

OMoonlightingd effect in biofi

Leads to increased retentionfofih molecular weighexDNA on
cellular surfaces and subsequent enhancement of exdEgAndent
biofilms, as well as reduced nuclease production

Believed to stabilise the negatively charged DNA via their positive
charges in the cytoplasm before export to allow for favourable
electrostatic interaction to occur with negatively charged surfaces
Deletion has minimal impacts on biofilm formation itself, but increas

biofilm porosities
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2.3.10Therapeutic implications of extracellular DNA in Neisseria

biofilms
It is now clear that many human pathogens form Bi¢A biofilms as a way to
survive andinvade the human hosthis makesexDNA an appealing target to
disperse these biofilmgia DNase enzymes that have compatibiemperature
optimato bacterial growth conditionf_aukovéaet al, 2020) This approach has
been successful as the aforementioRetmozymé& (dornase alfajreatment for
cystic fibrosis patients and may be applicable to obemterial pathogens and
associated diseas@auchset al, 1994; Konstan & Ratjen, 2012; Fistetral,, 2021;
Terlizzi et al, 2022) The use of DNast disperse youngleisseriabiofilms, in
conjunction with antibioticsmay be an alternative therapeutic strategy against
pathogenicNeisseriathat are becoming increasingly resistant to new antibiotic
therapies However, DNas@lependent therapies come with a few limitations
including their relatively short haHife (~3-4 h) and potential inhibition by

protease vivoor action against the host DN&tammet al, 2024)

Alternatively, it may be possible to targether proteins or matricomponents
essential to the neisserial biofilor the DNAsecretiorprocess itself (i.e. the4SS
secretiorsystem)Much attention has been placed on targeting the exibAing
integration host factor (IHF)I@able2.3) in other bacteria, which often leads to the
collapse of the biofilm and the release of individual bacteria that are more
susceptible to antimicrobial agerftSoodmanet al, 2011; Novotnyet al, 2013;
Brocksonet al, 2014) In contrast to the efficacy of DNase only in early biofilms,
ant-DNABII disruption was shown to be effective for mature biofilms that were up
to two weeks oldBrocksonet al, 2014; Goodman & Bakaletz, 202®ith limited
off-target effects in humarfRogerset al, 2022) Phase 2a trials of the monoclonal
antibody CMTX101 against members of the DNABII family began in late 2024
for cystic fibrosis patients, with results expected in 2(R&gerset al, 2022) It

has to be considered however, that these protéesmsa key componewf normal
humangut microbiota biofilms that may also be affected if used as a drug therapy,
and hence may affect commen$&isseriaif used as a treatment against their

pathogenic counterparts.
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Further difficulties arise in choosing the delivery mechanisms of these potential
therapeutics againdteisseriabiofiims. As highlighted bylakubovics & Burgess
(2015, various aspects need to be considered including: a) their safety in humans,
b) the compatibility and stability of the enzyme with the delivery system
components, c) the ability of the delivery system to reach the biofilm of interest, d)
the ability of theenzyme to be activated when in contact with the biofilm, and e)
the overall stability of the delivery mechanism. Although the delivery of
Pulmozymé& (dornase alfa) via aerosols provides a direct route to the lungs and
hence clearance of the biofilmsjghs not applicable for other infections liké
gonorrhoeaewhich colonises the reproductive tract, or other infections in hard to
reach areas likl. meningitigpast theblood-brainbarrier. Current delivery options

of DNasel include surface coating@wvartjeset al, 2013) intravenous infusiaof
DNaseZlcoated melaniike nanosphere@arket al, 2020) as well as neutrophil
mediated delivery to sites of inflammation which would have reduced immune
responsg€Chu et al, 2015) Cost is another issue as mammalian DNase requires
glycosylation after translation and hence require mammalian cells for production
(Okshevskyet al, 2015) A cheaper option may be the use of bacterial nucleases
that can be expressed in prokaryotes, although care has to be taken to minimise
eliciting an immune response in the human host against a foreign protein
(Okshevskyet al, 2015)

The targeting of DNA in biofilms may have important implications in many areas
where biofilms play an important role including treatment of dental plaques,
prevention of biofilms on medical devices or even in environmental applications. It
is tempting to ay that these techniques are easily applicablNeizseriaspp.
However, variability amongst different bacterial biofilms and exDNA release
creates complications and the need to tailor the strateghsigeeriaspecifically
(Petersonet al, 2013; Okshevskyet al, 2015) Further investigatios into
commensaNeisseriabiofilm and their reliance on exDNA woukllso open more
pathwayson targeting pathogenilleisseriaby potentially utilising commensal
Neisseria exDNA as a therapeutic strategggainst N. gonorrhoeaeand N.

meningitidisinstead
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2.3.11Conclusions

The discovery of the importance of exDNANh meningitidisandN. gonorrhoeae

that arise from a variety of sources including cell lysis and active secretion have
opened up new avenues for targeting these persistent pathogens that are becoming
increasingly resistant. In particular, it offers a potential pathway to target the
persistace ofN. meningitidis( 6 set t | er / spreader &6 phenotyp
spread of asymptomatN. gonorrhoeaenfections.However it is clear that there

is a big gap in the nowledge of how commens#eisseriabiofilms work.
Considering the localisation of these commenhiasserian the same habitat, it is
possible that there is an interplay between their biofilms and that of their pathogenic
counterparts, which may be utilised to keep the pathodégigseriaat bay. More
research into this area is necessary to bridge the gaps in research that often exist
between pathogenic and commenigeaisseriato gain a better understanding of the

inner workings of the genus as a whole. Timay eventually lead to alternative
cheaper pathways that can be utilised against increasingly resgsthioigenic

Neisseriain the future.
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3 Chapter Three

Charact ePhiesnnontgy pteheacntdur e
Ng-bi g Hot eARbi @l for t he

Dependent gbbdlda MNeigs £€enoif a

gonor riBoe &Irmat i on

3.1 Preface

Despite being the first-BDL to be characterisedelativelylittle is known about
the characteristics and function of Lig B0 our knowledge, ntil the publication

of the manuscript belowjo in vivo characterisation liabeen reported on this
enzyme. In this chaptek,provide the first example oh vivo characterisation of
Lig E from N. gonorrhoeagtermedNgo-Lig E. In particular,| focus on the
importance of Ngd.ig E for the survival behaviour and pathogenes$ N.
gonorrhoeaeincluding its growth, biofilm formation, DNA uptake, DNA
damaging stress response, and host cell adhesion and infection. Furthermore, as
stated incChapter Twoalthough twd_ig E structures from different organisms have
been solved, none has bedggterminedirom human pathogenshich computer
modelling predicts include disulfide bon@anet al, 202]). In this chapter)
present the first solved structure of Lig E from a human pathdgeyonorrhoeae

| also performed a variety of activity assays using the recombinari_i§ga

protein that provided insight into the mechanisms of Lig E ligation.

The work in this chapter gresented as a manuscript that has been published in the
peerreviewed journal, BMC Microbiology This manuscript describes the
characterisation ohgolig E in vivg as well as the structure and activity of
recombinant Ngd.ig E via X-ray crystallographyand addresse&3bjectives One

and Two (seeChapterOné. Although thepublishedt i t | e O6A rel e f

o

(
A

r

dependent DNA ligase Lig E dfleisseria gonorrhoeae n bi of i | m f or ma

implies that the paper focuses on the potential role of-INgoE in biofilm
formation specifically] note that this was based on a crude crystal violet assay

performed on thengolig E mutants as part of itggeneral phenotyjc
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characterisation and was not the focal point of this paper. Rétiseeformed the
basis for further experiments presentedCimapterFour. Hene the title of this
chapter has beenrefined to better encapsulate the experiments conducted.

Supplementary material associated with this work can be found in Appendix A:

Pan, J, Singh, A., Hanning, K., Hicks, J., & Williamson, A. (2024). A role for
the ATRdependent DNA ligaskig E of Neisseria gonorrhoeai@ biofilm
formation.BMC Microbiology, 241), 29.

Any changes made to the paper presented here are highlighied (ne. changes

in nomenclature to ensure consistency between chapters).

3.1.1 Author contributions and acknowledgements

As first author, | led the experimental work including construction and
characterisation of thd. gonorrhoeaenutants and recombinant Ndig E, as well
ascrystallisation and solving of the Ndag E structure. Adele Williamson assisted
with the crystallisation and solving of the protein structasewell as writing and
editing of the manuscript. Avi Singh helped carry out DNA extraction and
sequencing ofN. gonorrhoeaanutants while | was away at Cardiff University,
while Kyrin Hanning analysed the semcing data. The study and experimental
design of the work was conceptualised by me, mgugmervisor Joanna Hicks, and
my Chiefsupervisor Adele Williamson. The-@uthorship form for this manuscript
can be found iM\ppendix D

This research was undertaken in part usingriheromolecular crystallography 2

MX2 beamline at the Australian Synchrotron, pardadl st r al i ads Nucl ear
and Technology OrganisatioANSTO), and made use of the Australian Cancer

Research Foundation (ACRF) detector.
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A role for the ATP-dependent DNA ligase.ig E of

Neisseria gonorrhoea@ biofilm formation

Jolyn Pah, Avi Singht, Kyrin Hanning, Joanna Hicks Adele Willamsoh

1School of Science, University of Waikd#tamilton, New Zealand

2School of HealthUniversity of Waikato, Hamilton, New Zealand

3.2 Abstract

Background
The ATRdependent DNA ligase.ig E, is present as an accessory DNA ligase in

numerous proteobacterial genomes, including many diseasing species. Here
we have constructed a genonii¢ E knock-out in the obligate human pathogen

Neisseria gonorrhoeaagnd characterised its growth and infectdrenotype

Results

Resultsdemonstrate thdl. gonorrhoead.ig E (Ngo-Lig E) is a noressential
protein,and its deletion does not cause defects in replication or survival of DNA
damaging stressors. Knackit strains were partially defective in biofilm formation
on an artificial surface as well as adhesion to epithelial cells. In additiarvieo
characterisation, we have recombinantly expressed and assayédy E and
determined the crystatructure of theenzymeadenylate engaged witia DNA

substrate in an open naatalytic conformation

Conclusions
These findings, coupled with the predicted extracellular/periplasmic location of Lig
E indicates a role in extracellular DNA joining as well as providing insight into the

binding dynamics of these minimal DNA ligases.

3.3 Introduction

The DNA ligase Lig E is the mostcently delineatetbrm of the diverse bacterial
ATP-dependent DNA ligasesdDLs) which are found in the genomes of many
bacterial species in addition to their replicative NAd2pendent DNA ligase. The
b-ADLs characterised to date are auxiliary enzymes which join DNA breaks as part
of stationary phase DN#epair pathways. These structurally diverse enzymes are
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categorised by both the composition of their appending domains, some of which
have autonomous catalytic functions, and their operonic arrangement with other
pathway enzymes. The bestidied bADLs, Lig C and Lig D, function in
stationaryphase base excsi repair and nahomologous end joining respectively

and are found adjacent to other genes that carry out earlier nucleolytic, polymerase
or DNA endbinding stepgShuman & Glickman, 2007; Zhu & Shuman, 2010;

P § o c et@s2017) Likewise, the cdocalisation of the Lig B class ofADLs

with a conserved Lhhelicase and pair of nucleases implies a role in genomic
DNA repair(Ejaz & Shuman, 2018; Eja al, 2019)

In contrast to these-ADLsS, Lig E does not exhibit syntenic conservation with any
repairassociated genes and its biological function remains unddfiddichmson

et al, 2016; Paret al, 2021) Lig E is distinguished by having a minimal structure
lacking typical globular DNA binding domains or loop regions. Despite ihis,
vitro characterisations of recombinant Lig E enzymes from a range of bacteria have
demonstrated that they are fuflynctional ATRdependent ligases with preferential
activity on singlynicked DNA and some, albeit weaker, activity on cohesive ends
(Williamson & Pedersen, 2014; Williamset al, 2014; Williamsoret al, 2018;
Berget al, 2019) Structures of Lig E bound to adenylated nicked DNAas the
enzymeadenylate without DNAshow that it engages this substrate through highly
conserved basic residues in the oligonucleotide binding (OB) domain and the inter
domain linker (Williamson et al, 2014; Williamsonet al, 2018) The most
intriguing structural aspect of Lig E however, is théekminal leader sequence
which is predicted to direct its localisation to the periplasm. Removal of this
sequence increases both the stability and activity of the enzyme, and both Lig E
structures as well as mosn vitro characterisatios) have been undertaken on the
mature leadeless form(Williamson & Pedersen, 2014)

Examination of the phylogenetic distribution of Lig E indicdbtesit is widespread
among, but restricted to proteobacteria, and is typically the eARlbfound in a
particul ar dqWilkamsoeet al, 2016)nNotabdy, Lig E has been
annotated in the genomes of several naturally competent, biofiimng
pathogenic bacteria, several of which have acquired antibiotic resistance traits and
present potential multidrugesistance threa{®anet al, 2021) An example is the
obligate human pathogeNeisseria gonorrhoeaevhich colonises and infects
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mucosal cells of the male and female reproductive tracts and is the causative agent
of the sexually transmitted infection (STI), gonorrhoea. One of the most concerning
features ofN. gonorrhoeaés its ability to gain antibiotic resistance due to its
natural competence. Its propensity to take up conspecific DNA is enhaniced 20
100-fold by the presence of a bp DNA uptake sequence (DUS) which is common

in the gonococcal genome and allows the acteto differentiate speciespecific

DNA from other DNA inthe environmen{Unemo & Shafer, 2014; Cehovin &
Lewis, 2017) Gonorrhoea infection may cause urethritis in men, cervicitis or pelvic
inflammatory disease in women and neonatal conjunctivitis if contracted during
birth; however, a high proportion of infections are asymptomatic (approximately
50% in females) leadint its undetected spread and delayed treatgumgmoet

al., 2019; MartinSanchezt al, 2020) N. gonorrhoeageadily forms a biofilm on
epithelial cells during infection which likely contributes to this ability to evade the
host immune system through the help of a heterogeneous physical barrier or the
potential subsequent induction of oxidative stress defencehanestns, and
additionally can modulate the spread of antibiotic resistance by horizontal gene
transfer(Greineret al, 2005; Steichemt al, 2008; Falsettat al, 2011; Kouzekt

al., 2015) Extracellular DNA ¢éxDNA) comprises a large fraction of gonococcal
biofilms and is produced by active DNA secretion as well as the contribution of
genomic DNA from lysed gonococcal ce{lSteichenet al, 2011; Phillipset al,

2012; Zweiget al, 2014)

Despite extensivm vitro characterisation of Lig E from a range of pathogenic and
environmental bacteria, the biological function of Lig E remains unknown.
However, the probable extracellular location of Lig E, coupled with its presence in
the genomes of bacteria known to be cetept forexDNA uptake and which can
form exDNA-rich biofilms suggesthe involvement of this DNA ligase in one or
both of these processes. Here we report theaingt’o study of the function of Lig

E via generation of a knoebut inN. gonorrhoeaeAlthough no impact was
observed on planktonic growth rates, the deletion mutant was partially defective in
biofilm formation and adhesion to epithelial cebs well as exhibiting aberrant
growth rates in the presence of DMlAmaging antibiotics. In addition, we have
characterised recombinantly produdédgonorrhoead.ig E (Ngo-Lig E) in vitro

and determined the structure of the enzyadenylate in an open DNAngaged

conformation.
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3.4 Methods

3.4.1 N. gonorrhoeaestrains and cultivation

All N. gonorrhoeaeised in this study were generated from the MS11 strain (ATCC:
BAA-183F ). Gonococci were grown at 3T and 5% CQeither on gonococcal
base (GCB) agar (Difdd) or in gonococcal base liquid (GCBL) media (/&
proteose peptone #3, 40, KoHPQy, 1.09/L, KH2PQy, 1.0g/L NaCl), both
supplemented with 1% e | | supgeinent (22.22 mM glucose, 0.68 mM
glutamine, 0.45 mM cocarboxylase, 1.23 mM FegNJDillard, 2011)

3.4.2 N. gonorrhoeaemutant construction

To generate different variants, constructs were designed to introduce insertions
and/or deletions into the MS11 genome (GenBank: CP003909.1) by homologous
recombination of flanking sequences. Briefly, the dig E““" mutant contained a
disruption of theigolig Egene NGFG RS11310, discontinued locus tag:
NGFG_0184) via a kanamycin resistance cassette, whilentiwig E-his"
mutant had a-histidine His)-tag at the @erminus of the intaatgolig E gene as

well as an additional kanamycin resistagassette behind the gefe Popas-ngo-

lig E-his® mutant was generated ah intergenic site betweethe previously
labelledopen reading framd@$GFG_RS14495 and NGFG_RS13185is site has

since been updated as a new locus tag encompassing thieas8l&airl§p) region
(NGFG_RS15145)a s an uncharact er Heseg @ codomh a g e
optimisedngolig Egene was used to avoid aberrant recombination with the
nativengolig E copy while still encoding the same amino acid sequence. This was
inserted behind the constitutiepaBpromoter(Popas) and included a-&lis-tag at

the Gterminus and a kanamycin resistance cassette for selection. All DNA
constructs were ordered as gene fragments or clonal demresirftegrated DNA

TechnologiegIDT) or Twist Biosciences).

Strains were generated via spot transformgfinthard, 2011; Callaghan & Dillard,

2019) Briefly, colonies determined to be piliated by observation under a dissecting
microscope were streaked through 10 ng spots of the DNA constructs on GCB agar
(Dillard, 2011) After a 24h incubation, colonies growing at the spotted locations
were restreaked onto GCB plates with kanamycin B0@mL) for selection. These

mutants were verified vigolymerase chain reactiolPCR and sequencing
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analyses using primers detailedTiable A.1. To ensure only the desired changes

were introduced, theon ¢lig E®"andwild-type fwt) genomes were fsequenced

using Oxford Nanopore technology (Oxford Nanopore technologies, Oxford, UK).
Genomic DNA was extracted using the Thermo Scientific GeneJet Genomic DNA
Purification kit (ThermoFisher Scientific) and libraries were prepared usig th

Native Barcoding Kit 24 V14 (SQIBD114.24, Oxford Nanopore technologies,
Oxford, UK) following the manufactureros
the Oxford Nanopore MinlON using the R10.4.1 flow cell compatibté Wit 14

chemistry, and basecalling and multiplexing were carried out using Dorado V0.40

(https://github.com/nanoporetech/dorpdResulting reads were assembled via a

long-read consensus approach using Tricy@l¢ick et al, 2021)and compared in

the Geneiou®rime2021.1.1software(http://www.geneious.cohVia the Mauve

plugin (Wick et al, 2021) Sequencing data have been deposited with the identifier
PRJINA105117@https://www.ncbi.nlm.nih.gov/bioproject/PRINA10511)70/

3.4.3 Statistical methods for phenotypes and assays
Statistical analyses of phenotypic characterisation experiments and enzyme assays
were  performed using the  GraphPad Prism.4.08 softwae

(https://www.graphpad.com/ Oneway analysis of variance (ANOVA) with

Tukeyds multiple comparisons test was USE

andpval ues < 0.05 were deemed statistical/l

3.4.4 Growth experiments in liquid culture

Piliated gonococci from a 24 streak were lawned for I6before resuspension in
GCBL media. Suspensions with an §&of 0.05 were prepared and aliquoted into
12-well plates (1 mL per well, 3 replicates each), where eaclwell plate
representedne time point. Gonococcal cells were harvested ah infervals by
scrapingthecells from the bottom of the weland vortexing vigorously for giin.
Growth was monitored by measuring the 4Jof the cell resuspensions before
serially diluting and plating do GCB agar. The number of colonies on the agar

plates were counted after Ao obtain colony forming units (CFUS).
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3.4.5 H20: oxidative stress assay

Oxidative stress assays were carried out as described previ@agigonet al,

2011) Piliated gonococci from a 2% streak were lawned for 16 before
resuspension in GCBL media. Suspensions witldBsoo 0f 0.05 were prepared

and aliquoted into separate wells in-@2ll plates. After % of growth, the
gonococci were subjected to 0, 2, 5, 10, 25 or 50 mybrogen peroxideH>0>)
treatment for 20nin. Cells were then scraped from the bottom of the wells, pelleted
and washed with 300 uL GCBL to remove exces®iithen resuspended in 1 mL
GCBL before being serially diluted and plated onto GCB agar. CFU readings were

obtained by counting the number of colonies formed aftér. 48

3.4.6 UV survival assay

Piliated gonococci from a 24 streak were lawned for X6before resuspension in
GCBL media. Suspensions with an &&suspension of 0.6 were prepared and
serially diluted before plating onto GCB agar. The agar plates were subjected to
ultraviolet UV) irradiation at 8QJ for 0, 5, 7.5 and 1®in using a BLX254
crosslinker(Stohl & Seifert, 2001)The plates were then incubated forhdBefore

counting to obtain CFU readings.

3.4.7 Nalidixic acid treatment assay

Piliated gonococci from a 24 streak were lawned for X6before resuspension in
GCBL media. Suspensions with an §&6of 0.6 were prepared and serially diluted
before plating onto GCB agar with 1.8%/L nalidixic acid (Nalacid) (Stohl &
Seifert, 2001) The plates were incubated for B&efore counting to obtain CFU

readings.

3.4.8 Cell infection and adhesion assays

The ME180 (HTB-33™) endocervical cell line was used for the host association
assaysandasmai nt ai ned AmediaNGbCa) sugpemented with 10%
foetal bovine serum (FBS). Based on previously described Wéokkenberry
Alysonet al, 2016) ME-180 cells were seeded in-#&Il plates 4& prior to use

to achieve 80100% confluency on the day of the experiment. Piliated, Opa
negative (Opg gonococci from a 24 streak were lawned for 16 before
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resuspension in GCBL media. The §&of the resuspensions were measured and
backcalculated to give units of CFU/mL. The suspensions were then used to infect
theME180 cell s at a multiplicityAwth i nfect

10% FBS for h. All experiments were done in triplieat

For planktonic measurements, the supernatants were aspirated and the wells were
washed three times with 1 mL GCBL. The pooled supernatant and washes were
vortexed (2min), serially diluted and plated onto GCB agar. To measure adhered
cells, the remainingadl monolayers were subjected to 0.5% saponin treatment (1
mL in GCBL) for 20min, then scrapped and vortexed vigorously fonia before

serial dilution and plating onto GCB agar. The number of colonies on the agar were
counted after 48 to obtain CFU radings for planktonic and adhered cells
respectively. Gonococcal adherence and planktonic growth were calculated as the

proportions of total CFUs and expressed as percentages.

For invasion measurements, the media was aspirated before treatment of infected
ME-180 cells with 5qug/mL gentamicin for h. The wells were washed three times

with 1 mL GCBL before being subjected to 0.5% saponin (1 mL in GCBL) for
20 min. The cells werthen scraped and vortexed vigorously foni before serial
dilution and plating onto GCB agar. The number of colonies on the agar were
counted after 48 to obtain CFU readings for cells that had invaded the cervical
cell monolayer. The extent of invasi was calculated as a proportion of the total

number of cells.

3.4.9 Biofilm microtiter assays

Piliated gonococci from a 24 streak were lawned for I6before resuspension in
GCBL media. Suspensions with an §&of 0.05 were prepared and aliquoted into
separate wells in 9%ell plates (100 pL per plate, 8 replicates each). Afteh,24
the wells were washed three times with sterile water before staining with 125 pL
0.8% crystal violet for 1Bnin. The wells were threwashed four times with sterile
water before aidrying overnight. The dye was resolubilised in 125 uL 30% acetic
acid and the solubgied crystal violet solutions were transferred to a new®&6
plate. The extent of biofilm formed was determined by the absorbance ain560
aspreviouslydescribedO'Toole, 2011)
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3.4.10RNA extraction and RT-gPCR

RNA was isolated fromvt gonococci and the three variant strains under planktonic
and biofilm conditions. Piliated gonococci from al24treak were lawned for 16
before resuspension in GCBL media. Suspensions with ago©D0.05 were
prepared and aliquoted into separate wells hwR plates. After 24, the cells
were either harvested without scraping (planktonic fraction) or harvested with
scrapingof the wells (biofilm fraction). Total RNA was isolated using the Direct
zol RNA Miniprep Kit (Zymo Research). RNA concentoat and quality were
measured using the DeNovix EI3 spectrophotometer and the Denovix RNA
guantification assay kit. Reverse transcription was performed on 18 ng/uL RNA
(162 ng total) to obtainamplementary DNA (ONA) using the SuperScriptlll
FirstStrand Synthesis System (InvitrogeRgverse transcriptiequantitative PCR
(RT-gPCR was performed on a Mic qPCR cycler using the Hot Fire Pol DNA
polymerase kit (Solis Biodyne) with specific probes and primers fondbeig E

gene and the Boribosomal RNA(rRNA) housekeeping gene as listedliable A.

2. Relative quantification of gene transcription was performed using the
comparative Ct methofchmittgen & Livak, 2008after normalising to the 16s
rRNA gene.

3.4.11Subcellular fractionation

Subcellular fractionation was performed on gonococcal cells to separate
cytoplasmic, cellmembrane, periplasmic and extracellular protéRemse)et al,

2014) Piliated gonococci from a 24 streak were lawned for 16 before
resuspension in GCBL media. 30 mL cultures with ardo@f 0.05 were prepared
with GCBL media and cultivated overnight before harvesting by centrifugation
(5000 xg, 15min) to separate the pellet and supernatant. Extracellular proteins were
recovered from the supernatant by precipitation with 20% trichlor@aeetd,
incubation for 1h on ice and collection by centrifugation at 20,000 xg. The
resultant pellet was washed with4celd 90%acetone three times before air drying
and resuspension in 10 mM Tris (pH 8.0). The periplasmic fraction was isolated
from the pelleted cells by addition of 1 mL of buffer 1 (M2ris (pH 8.0), 0.1M
EDTA, 20% sucrose) before incubation on ice 1f@if) and centrifugation (20,000

Xg 15min, 4°C). The pellet was resuspended in 1 mL buffer B (10 mM Tris, 5 mM
MgSQs, 0.2% SDS, 1% Triton X100) before incubation on ice r(20) and
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centrifugation (20,000 xg, 1%®in, 4°C). The resultant supernatant was the
periplasmic portion. To isolate cytoplasmic fraction proteins, the remaining pellet
was treated with 1 mL Bug Buster (SigiAldrich) and agitated for 2thin before
centrifugation £0,000rpm, 10min, 4°C). The supernatant was recentrifuged at
maximum speed (fh) and the resultant supernatant was isolated as the cytoplasmic
portion. To isolate the membrane fraction isolation, the remaining pellet was
resuspended in 0.M Tris (pH 8, spun and the resultant pellet was isolated as the

membrane portion.

3.4.12His-tagged protein detection

To enrich for Histagged proteins, each subcellular fraction was incubated with pre
washed Ni Sepharose High Performance nickel resin beads (Cytiva) moinl15
After this time, the beads wesedimented by centrifugation, washed twice with
lysis buffer (50 mM Tris pH 8.0, 750 mM NacCl, 1 mM MgC%% glycerol) and
electrophoresed on 12%sodium dodecyl sulphajgolyacrylamide gel
electrophoresis SDSPAGE) gels. Western blotting was performed with
nitrocellulose membranes. After protein transfer, membranes were blocked for
with 5% milk in Tris buffered salindween 20 (TBST). The membrane was
probed with 1:500 antHis-tag mouse monoclonal (HIS.H8), sc57598 igG2b
antibody (Santa Cruz Biotechnology; i§/mL) overnight, and 1:1000 goat anti
mouse polyclonal IgG antibody conjugated to horseradish peroxidase ab97023
(Abcam; 1mg/mL) for 1h. The membranes were incubated with the SuperSiynal
West Femto Maimum Sensitivity Substrate forrbin before imaging using the

iBright Imaging Systenfinvitrogen)

3.4.13Recombinant expression of Ngd.ig E

The position of the Nghig E N-terminal leader sequence was predicted using
SignalP5.0 (Peterseret al, 2011) Precloned constructs encoding mature native
and Gterminally Histagged Nge.ig E in the pDONR221 plasmid were
synthesised from Twist BioScience with codon opgation forE. coli. Constructs
were sukcloned into the pDEST17 and pHMGWA vectors using the Gateway
system and recombinant Ndgdg E was expressed and purified from
BL21(DE3)pLysS at 18C as described for other Lig E proteins previously
(Williamson & Pedersen, 2014)
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Briefly, native mature Ngdig E expressed from pDEST17 with ant&minal
His-tag was purified with a primary immobilised metal affinity chromatography
(IMAC) step on a 5 mL His trap HP column with buffer A (50 mM Tris pH 8, 750
mM NacCl, 10 mM imidazole, 5% glycerol) and eluted with buffer B (50 mM Tris
pH 8, 750 mM NacCl, 500 mM irdazole, 5% glycerol). After exchange into TEV
proteasecleavage buffer C (50 mM Tris pH 8, 100 mM NacCl, 5% glycerol, 1 mM
DTT), the Nterminal Histag was cleaved overnight witlieV protease (0.ing/ml)

and the ddgagged protein was recovered by a revék4aC step. A final size
exclusion chromatography (SEC) was carried out using a Hi Load 16/600 Superdex
75 column. Native mature Ngdg E and Gterminally tagged mature Negag E
expressed with Nerminal Hismaltose binding proteirMBP) tags were purified

in the same way, but an additional chromatographic step was included after size
exclusion to separasmyresidual HisMBP tag that had carried over after cleavage.
Pooled NgeLig E/Ngo-Lig E-His were loaded onto an MBPTrap HP column in
MBP binding buffer (20 mM Tris pH 7.4, 200 mM NaCl, 1 mM EDTA, 1 mM DTT)
and eluted using a linear gradient of MBP elution buffer (20 mM Tris pH 7.4, 200
mM Nad, 1 mM EDTA, 1 mM DTT, 10 mMnaltose). All proteins were evaluated

as being purified to homogeneity by the appearance of a single band d/SEES

gels

3.4.14DNA ligation assays

Gelbased endpoint assays were used to measure ligation activity as described
previously (Sharmaet al, 2020; Panret al, 2021) Standard assay conditions
included 80 nM of fluorescentliabelled nicked substrate, 1.0 mM ATP, 10 mM
MgClz, 10 mM DTT, 50 mM NaCl and 50 mM Tris pH8.0. N E or NgoLig
E-His (0.1 pM) were incubated at 2& for 30min before quenching with 95%
formamide stop buffer. Products were electrophoresed on 209P @& gels and
fluorescence was detected using tiBright imaging systen{lnvitrogen) and
quantified using Image(@Schneideret al, 2012) The assay was repeated with
variations in the pH (Tris buffer for pH 7#9.0; MES buffer for pH 5i5%6.2) and
amount of ATP used in the reaction buffas well as different combinations of
substrate oligonucleotides to generate different ligatable DNA brdaide( A.
3and Table A.4). Incubation conditions for the different DNA substrates were
25°C, 30min for single nick, overhang and mismatched substrates, af@ 15

overnight forbluntendedand gapped substrates.
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3.4.15Crystalli sation and structure determination of the NgoLig
Ei DNA complex

Doublestranded nicked DNA for eorystallisation was assembled as described
previously(Williamsonet al, 2018; Paret al, 2021 )usinghigh-performance liquid
chromatographyHPLC)-purified oligos purchased from IDT with the sequences
CAC TAT CGG AA ( Qs strand); ATT GCGACC (3 @H strand) and TTC
CGA TAG TGG GGT CGC AAT (complementary strand). #hgged Nge_ig E
(478.7 uM) was incubated with a 1.2 molar excess of the nicked duplex DA an
additional 5 mMethylenediaminetetraacetic aqEDTA) for 1 h on ice prior to
commencing crystaation screening. Crystals with a plate morphology were
grown by hanging drop diffusion at € in 0.5M potassium thiocyanatand
0.1M Bis Tris Propane pH 8,&nd were mounted in cryoloops and directly flash
frozen in liquid nitrogen dr data collection. Diffraction data to 2.44 A was
measured at the Australian Synchrotron MX2 beam(iragaoet al, 2018)and
integrated, scaled and merged usingXDS and AimlesgprogrammegKabsch,
2010; Winnet al, 2011) A model of NgeLig E was built using AlphaFold via the
ColLab server(Jumperet al, 2021)and processed using the Process Predicted
Model utility in the Phenix suitAdamset al, 2010) The processed NTase and
OB domains were used as search models for molecular replacement inN@Raser
(McCoyet al, 2007)together with iterativehtruncated portions of doubkranded
DNA from the AmeLig co-crystal (65DR). The initial model was improved by
iterative rounds of refinement using Phenix.refi@donine et al, 2012) and
manual rebuilding in COO{Emsleyet al, 2010) Data collection and statistics are
listed inTable3.1 and the structure was deposited to the Protein Data dDiR)
with the identifier 8U6X.

Table 3.1 Data collection and refinement statistics. Statistics for the highesesolution
shell are shown in parentheses

Ngo-Lig E (8U6X)

Wavelength 0.9537

Resolution range 43672 .44 (2.527 1
Space group P21212

Unit cell 39.398 167.68 51.159 90 90 90
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Total reflections

Unique reflections
Multiplicity
Completeness (%)

Mean I/sigma(l)

Wilson B-factor

R-merge

R-meas

R-pim

CC1/2

CCr

Reflections used in refinement
Reflections used for fRee
R-work

R-free

CC(work)

CC(free)

Number of norhydrogen atoms
macromolecules

ligands

solvent

Protein residues
RMS(bonds)

RMS(angles)

115,570 (11,213)
13,286 (1269)
8.7 (8.8)

99.86 (99.61)
11.88 (1.64)
53.04

0.1076 (1.08)
0.1144 (1.146)
0.03774 (0.3757)
0.997 (0.694)
0.999 (0.905)
13,273 (1266)
1329 (127)
0.2301 (0.3423)
0.2809(0.3688)
0.937 (0.764)
0.891 (0.577)
2295

2222

43

42

247

0.003

0.51
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Ramachandran favored (%) 95.92

Ramachandran allowed (%o) 4.08
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 2.96
Clashscore 3.21
Average Bfactor 61.64
macromolecules 58.78
ligands 66.12
solvent 44.75
3.5 Results

3.5.1 Ngo-Lig E is not essential for gonococcal growth and

survival
To evaluate themportance of Ngd.ig E for N. gonorrhoeaeiability, physiology
and stress survival, we constructed a krogkof thengo-lig E gene (pn glig E<@")
by interruption of thengolig E open reading frame with a kanamycin resistance
cassettekan®) which removed a stretch of 795 nucleotides from the centre of the
gene(Figure3.1A). A second construct was generated which appendédis-tag
to the Gterminus of native Ngd.ig E and inserted kanR cassette behind theyo-
lig E gene (go-lig E-his“®). The purpose of this was to provide an immunogenic
handle on nativelproduced Nge_ig E, and this construct additionally served as a
control for the knoclout with both strains containing equivaléan® insertions in
their genomes. A third construd®fasngolig E-his®) generated a constitutive
high-expression genotype, by inserting a second copy oftdgdigedngo-lig
E under the control of the strong constitutivg.s promoterat a separate location
in the genoméNGFG_RS1514p
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Figure 3.1 Growth of Neisseriagonorrhoeaevariants. (A) Schematic of the genetic
constructs for His-taggedngo-lig E (ngo-lig E-his*®"), the ngo-lig E deletion mutant
(cpn glig E“" and constitutively upregulatedngo-lig E (Popas-ngo-lig E-his®?). (B)
Growth curve of N. gonorrhoeaevariants monitored by ODsgo. (C) Number of viable
N. gonorrhoeaecellsmonitored by colony forming unit (CFU) counts for each culture.
Points are the mean of triplicate measurements and error bars represent the standard
error of the mean.

The resulting clones were sequenced to confirm the correct genotypes. gPCR
indicated a 89old upregulation ohgaolig E transcripts from th@opas-ngo-lig E-
his®"strain and confirmed thaigolig E gene expression was eliminated from
theopn dgig E" strain Table A.5 and Figure 3.2A). Growth in liquid culture
measured by both Qbyand CFU counts showed no significant difference
growth betweenwt N. gonorrhoeagmpn gig EX?", ngo-lig E-his“®" andPopas-ngo-

lig E-his“®which suggests thaiyolig E is neither an essential gene, nor is its
overexpression deleterious to cell survival in planktonic cultEigure3.1B and

C). Attempts were made to visusiNgoLig E-His expression by Western blot
against the @is-tag in bothngolig E-his“®andPopas-ngolig E-his®"during
different growth stages; howevetespite evidence of gene expression by qPCR,

neither strain showed detectable immunologic signal by this mefhguaré A.2).
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Figure 3.2 Comparisons ofngo-lig E gene expression with normalisation to the 16S
rRNA gene. (A) Fold changes afigo-lig E expression forngo-lig E-his“" and Popas-
ngo-lig E-his®" compared to wt Neisseriagonorrhoeaeunder either planktonic or
biofilm conditions. (B) Fold changes oihgo-lig E expression forwt, ngo-lig E-his"®",
and Popas-ngo-lig E-his®" under biofilm conditions compared to planktonic conditions.
Points are the mean of triplicate measurements and error bars represent the standard
error of the mean. Significance values are given as pf Q05; **p @O1.

Comparisons which showed no significant differencep(>

0.

05)

ar e

3.5.2 Response to oxidative and DNAlamaging stressors

Given therole of DNA ligases in genomic DNA repair and replication, we asked

not

whether NgeLig E plays a role in surviving DNA damage or oxidative stresé.in

gonorrhoeaddy subjectingthe qpn gio E" ngolig E-his®", Popas-ngolig E-

his“® andwt strainsto genotoxic stressors. No significant differences in survival

were seen between either thgo-Lig E deficientopn gig E<*" strain, or théPopas-

ngolig E-his®®" overexpressowhen exposed to increasing concentrations 63.H

or UV dosagesHigure3.3A and B). As HOz and UV are both expected to damage

chromosomal DNA, the absence of higher mortality in either of these strains
suggests that Ngbig E does not play a significant role in repair of chromosomal

DNA damage. A significant increase in survival was observethépn gig E<"

mutant when treated with nalidixic acid, with almost twice as many cells surviving

at a concentration of 1.2Bg/L relative to thevt (Figure 3.3C). Nalidixic acid

induces doublestranded breaks in chromosomal DNA, suggesting that although

Ngo-Lig E may not be involved directly in intracellular DNA repair processes, it is

still able to interact with chromosomal DNA.
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Figure 3.3 Damage and oxidative stress assays wileisseriagonorrhoeaestrains. (A)
Survival after treatment with hydrogen peroxide. (B) Survival after irradiation with
UV light. (C) Survival after treatment with nalidixic acid. Points are the mean of
triplicate measurements and error bars represent the standard error of the mean.
Significance values are given aspp @05. Comparisons which showed no significant
difference(p> 0. 05) are not indicated

3.5.3 Ngo-Lig E deletion impacts biofilm formation and cell
adhesion
Due to its predicted periplasmic location, we considered whethei_ge could
influence biofilm formation. Crystal violet quantification of strains cultivated for
24h in 96well plates indicated that deletion ofolig E decreased the extent of
biofilm produced bypn dgig EX*" however, upregulating the expression of Ngo
Lig E did not increase biofilm production above that of the ayjok Figure3.4A).
gPCR indicated that transcription mjo-lig E was not upregulated it during
biofilm formation relative to liquid culture which suggests that although deletion of
Ngo-Lig E diminishes biofilng, it is not necessary to upregulate expression to
produce biofilns (Figure3.2B).
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Figure 3.4 Characterisation of Neisseria gonorrhoeaebiofilm formation and
interactions with human cells (A) Biofilm formation in liquid culture by N.
gonorrhoeaestrains. (B) Proportion of ngo-lig E mutants adhering to epithelial cells
(C) Proportion of ngo-lig E mutants remaining in the nortradhered (planktonic) state
when cacultured with ME-180 epithelial cells (D) Proportion of ngo-lig E mutants
invading ME -180epithelial cells relative to the totalN. gonorrhoeaecells (planktonic
and adhered). Points are the mean of triplicate measurements and error bars
represent the standard error of the mean. Significance values are given ag * Q05;
** p @01; *** p @001. Comparisons which showed no significant difference
(p> 0. 05) are not indicated

Given this result, we further asked whether the absence ofLNg& could
influence the adhesion behaviour mfectivity of N. gonorrhoea¢o human
epithelial cells. Comparison of adhesion on endocervical cells indicates that o
lig EX"is impaired in its ability to attach to the eukaryotic cell surface, with a
significantly greater portion ofigolig E knockout cells remaining in the

planktonic fractionFigure3.4B and C); however, increased production of Niggp

E did not enhance cell adhesion. Conversely, the decreased adhesion of-the Ngo
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Lig E-deficient strain did not translate into defects in infectivity, howdterstrain
overexpressingNgo-Lig E had increased rates of cell invasidfigire 3.4D).

There were no significant differences in the behaviour of theaddigedgo-lig E-

his“®" strain compared to thet for cell infection, adhesion or biofilm formation.

To ensure only thegolig E gene was disrupted and no unintended changes had
occurred during mutant construction, both ¢the ¢io E*" andwt genomes were
re-sequenced. Alignment of the consensus sequences confirmed the presence of the
desiredngolig E interruption Figure A. 1) andthat there were no significant
differences between the two genomes outside of this region. Particular attention
was given to the 64 phase variable genes which have been implicated in phenotypic
differences betweeN. gonorrhoeaetrains(Jordaret al, 2005) All were found to

be more than 99% identical between our deletionwahstrains,and none had
evidence of recombination, rearrangements or other significant insertion and

deletions.

3.5.4 ATP-dependent nicksealing activity andstructure of Ngo-
Lig E

To compare the substrate specificity of Ngg E to that of other previously

characterised species, and to examine whether th@glisnpacts activity, mature

Ngo-Lig E without the predicted ferminal periplasmic leader sequence was

recombinantly expregd and purifiedn vitroa s s a y s 6-carbaxyfluofestein

(FAM)-labelled substrates demonstrated that NgoE has highest activity on

singly-nicked DNA. It is also able to join doubstranded breaks with 4 bp cohesive

overhangs and has detectabtévaty on substrates with mismatchedasepair at

t h eOH3edd of the break-{gure3.5A and B). Maximal activity was observed at

pH 7.1 and while significant joining was seen at higher pH, little to no activity was

observed below this maximurRigure3.5C). Inclusion of a @erminal Histag had

no deleterious effect on Ngdg E activity with nicked DNA substrategnd

actually appeared to enhance ligation efficierfdig(re A.3).
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Figure 3.5 Activity of recombinant Ngo-Lig E. (A) Schematic of FAM-labelled DNA
substrates with ligatable breaks (B) Specific activity of NgoeLig E on different
double-stranded breaks. (C) pH dependence of Ngbig E specific activity on singly-
nicked DNA. Values represent the percentage of totaubstrate ligated quantified
from band intensities and are the mean of three replicates. Errobars representthe
standard error of the mean

To enable structural comparison with other Lig E proteins, -NgoE was
crystalised in the presence of a Bf piece of DNA with a centrally placed
phosphorylated nick. The resulting structure sédwgo-Lig E in an open
conformation bound to the DNA via interactions with its OB domain drilgure
3.6A). Covalent adenylation dysine (Lys) 22 is present in the NTase domain,
indicating that we have captured a-gtep 2 state before complete encirclement of
the DNA which would position the nick in the active sitedure3.6B). Analysis

of the NgeLig E structure confirms the presence of the disulphide bond between
cysteine Cys) 176 and Cys 197 in the OB domawhich was previously predicted

by computational modelling{gure 3.6C andFigure A.5A) (Panet al, 2021)
Examination of the linker region reveals a network of polar and electrostatic
interactions that stabilise the open conformation of the domains including Lys 176
andserine §el) 170 from the linker witlglutamic acid Glu) 141 from the NTase
domain;tyrosine {Tyr) 172, Tyr 179 and His 201 from the OB domain with Lys
165, Glu 8 and Lys 10 of the NTase domaing glutamine@lIn) 171 of the linker

with arginine Arg) 230 of the OB domairHjgure3.6D).

103



|| NTase domain NV, &2l

.| OB domain

" Y/ R205< )~ RZIS}/
LR “ " v
Il ii. Ve e

; S
15208

Figure 3.6 Structure of Ngo-Lig E. (A) Overall structure of DNA -engaged NgeLig E

coloured by domain shown as &) cartoon or (ii) as a surface(B) View of the NTase

domain active site including the adenylated catalytic lysinéK) residue (C) Position

of thedisulphide bond in the oligonucleotidebinding domain. (D) Inter-domain

interactions surrounding the linker. Electrostatic and polar interactions less than 5A

are indicated by dashed yellow lineqE) (i) Interaction of Ngo-Lig E with the DNA
duplex, (i) specf i ¢ i nteractions between conserved r
strand of the duplex (iii) specific interactions between residues of the OB domain and

the equivalent of the O6nickedd strand where
bound ligase structures
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Despite the use of a 2her DNA fragment in the crystadition condition, only 6

bpswere visible in the final structure. Examination of crystal packifigure A.4)

shows that the DNA forms a continuous filament throughout the crystal with protein
subunits arranged along it. We suspect that in the absence of the specific
interactions imparted by nieinding from the NTase domain, the Nogm E

subunits have assenal nonspecifically along the DNA filament; thus thebf

fragment in our structure represents a sample of the entirmeRlpiece. Key

interactions with the DNA primarily involve basic residues from the OB domain

and linker including Lys 239, Arg 205, L85, Arg 215, Lys 211 and Arg 187.

These residues contact the backbone phos|
IS basepaired opposite the nicked strand in other ligaBBA structures Figure

36E i1 .). There are fewer interactions wi
being Lys 239, GIn 171 and Ser 20&dure 3.6E iii.). The electron density is

continuous in this region of the phosphodiester backbone which is consistent with

the ligase engaging an unbroken section of the DNA in aspenific manner

(Figure A.5 B). The nucleobases that are modelled in the structure represent the 6

mer combination giving the lowest-fiRee value during refinement and are in a

region of the original 2mer substrate before the nick; however, the density
between base pairs is more symnuatiy-distributed than would be expected for a
well-ordered puringoyrimidine pair, again supporting our suggestion that we have

sampled an average of the-2ier sequence in the present structbigyre A.1 C).
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Figure 3.7 Comparisonsof Ngo-Lig E to other solved structures ofLig E. (A) Sequence
alignment of other Lig E proteins that have been structurally characterised from
Alteromonas mediterraneéAme-Lig E) and Psychromonasp. SP041 (Psy.ig E). (B)
Ngo-Lig E and Ame-Lig E structures superimposed by alignment of the OB domains.
(C) Ngo-Lig E and PsyLig E structures superimposed by alignment of the OB
domains. DNA shown is from the NgeLig E structure.

Comparison of the Ngbig E structure with Lig E fronAlteromonas
mediterranegd Ame-Lig E) in a DNAbound closed conformation shows the same
conserved ORlomain residues are involved in DNA binding, despite the
differences in overall conformatiofigure3.7A and B). Meanwhile superposition
of Ngo-Lig E with Lig E fromPsychromonasp. SP041 (Psytig E) which was
crystalised in the opestate showshat the domains of both proteins are in an

identical configuration, despite the absence of DNA in the |&igufe3.7C).

3.6 Discussion

Despite extensivm vitro characterisation of Lig E from a range of pathogenic and
environmental Grammegative bacterigdCheng & Shuman, 1997; Magnet &
Blanchard, 2004; Williamson & Pedersen, 2014; Williamsen al, 2014;
Williamson et al, 2016; Williamsonet al, 2018; Berget al, 2019) and the
availability of structures of Lig E in both DNBound and DNAfree states

(Williamson et al, 2014; Williamsonet al, 2018) little is known about its
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biological function. Here we have examined the effect of knockindig&t in N.
gonorrhoeagor ngo-lig E, as well as the impact of inserting a second copyof

lig E underthe control of the strong constitutivEopae promoter. Our results
demonstrate that neither deletion nor upregulationnoflig E impactsN.
gonorrhoeaesurvival in liquid culture, or its planktonic growth rate. The
dispensability of Ngd.ig E under these conditions is counter to earlier studies
which ascribed the inability to ger¢e a viable deletionn Haemophilus
influenzado lig E being an essential ge(€heng & Shuman, 1997Although the
reason for this discrepancy is not clear, all bacterial genomes identified as
possessindig E also include the canonical NARIependenlig A DNA ligase
responsible for chromosomal replication and most higblyserved DNA repair

pathwaysarguing for a noressential function fdig E (Williamsonet al, 2016)

Similarly, NgoLig E does not appear to mitigate the effects of oxidative stress and
UV irradiation, both of which are anticipated to damage chromosomal DNA.
Hydrogen peroxide treatment is a physiologicaéiievant stressor as reactive
oxygen species arproduced during the host inflammatory response and by
commensaNeisseriain the urogenital trac{Seib et al, 2006) Although UV
exposure is not a natural source of damage in the urogenital mucous membranes
thatN. gonorrhoeaénhabits, this serves as a convenient proxy for generic DNA
damage. The lack of its participation in DMamage survival is consistent with
the predicted periplasmic location of Ng@ E based on its Merminal leader
sequence, indicating that its primasybstrate is not breaks or damages in
chromosomal DNA. The enhanced survival oftigelig E knock-out to treatment

with nalidixic acid relatre to the wildtype is somewhat counterintuitive; however,
an equivalent but even starker example of this has been reported withduteck

of thephrB deoxyribodipyrimidine photolyasertholog which modulates DNA
supercoilingCahooret al, 2011) There, the striking 7,00f®ld increased survival

of nalidixic acid treatment was ascribed to {regulation of DNA topology by
functional PhrB in the presence of DNA breaks caused by the treatment. In the case
of thengolig E deletion, we propose that improper recruitment of functional Ngo
Lig E to nalidixic acidinduced DNA breaks may interfere withe resolution of

this damage by canonical repair mechanisms. Previougtro studies have
demonstrated that Lig E has a high affinity for nicked dosbiended DNA and

we anticipatehat Ngo-Lig E will bind tightly to the doublynicked chromosomal
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DNA caused by nalidixic acigoisoning of the gyrase B protgWilliamsonet al,

2018) The difference in the effect of nalidixic acid compared with UV HpQ-

may be due to their modes of action. UV &h- typically impact the nitrogenous
bases by oxidation or generation of dimerised photoproducts, but do not directly
cause breaks in the phosphodiester backbone and therefore would not provide high
affinity binding sites for Lig E prior to initiation of repapathways(Cadet &
Wagner, 2013)

Appending a @His-tag to the @erminus of native Ngdig E in the N.
gonorrhoeaechromosome had essentially no impact ittngrowth or survival
characteristics, suggesting that neither lthis-tag nor the kanamycin selection
cassette were deleterious to the strains. The slightly elevated levels-séalirig
activity in the recombinant Hisagged enzyme relative to its untagged counterpart
may be due to the increased positive charge in ftegr@inal OB domain enhancing
the enzymeds i DNAsubstrate, or vtom mimar differericds én the
purification protocol. It is not entirely clear why the H#ggedNgo-Lig E
expressed undeétopas was unable to be detected immunologically in gonococcal
cells despite being transcribed at elevated levels as demonstrated by gPCR. Other
groups have cited similar difficulties in detectioh extracellular/periplasmic
gonococcal proteins using immunological and enzymatic metl8idsheret al,

2011) which they ascribed potentially being due to dispersion of the enzyme into
the culture supernatant. It is possible that ourtBiggedNgo-Lig E is likewise
diluted to undetectable levels in the culture supernatant.

On the basis of Ngbi g Eb6s predicted periplasmicl/
investigated its impact on biofilm formation. ExXDNA is an important structural
component of gonococcal biofisn and is derived from the N.
gonorrhoeaechromosomeeither secreted through the T4SS system or released by
autolysis(Greineret al, 2005; Falsettat al, 2011) The role of the extracellular
thermonucleaseNuc, is well established in modulating the properties of
gonococcal biofilrs, with deletion of this gene resulting in thickend higher
biofilm biomassas well asthe inability to escape chromatimch neutrophil
extracellular traps (NETEBteicheret al, 2011; Juneast al, 2015) Our results
which indicate thathengo-lig E knock-out producsless biofilm suggesthat Nge

Lig E acts in opposition to Nuc, potentially linking dousteanded segments of
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DNA. Although NgoLig E is incapable of joining blusénd doublestranded
breaks, it demonstrated robust cohesive end joining as well as some activity on
mismatched breaks, indicatinghat it could potentially link regions of
microhomology.In addition to decreased biofilm production, our results indicate
that the ngo-lig E knockout is less effective at adhering to epithelial cells, although
it is not impaired in cell invasion. Theell adhesion process oN.
gonorrhoeaenvolves microcolony attachmenttioe host cell surface via the Type

IV pilus, followed by interactioabetweerN. gonorrhoea®pacity (Opa) proteins
epithelial receptors and other surface molec®&ntherLarsenet al, 2001;
Higashiet al, 2007; LeVaret al, 2012; Quillin & Seifert, 2018; Walkest al,

2023) Although the rationale for Ngbig E impacting cell adhesion is not clear,
this could also be related to defects in biofilm formation as biofilm is suggested to

play a role in celsurface colonisatiofGreineret al, 2005; Falsettat al, 2011)

An emerging area foresearch inN. gonorrhoeaés the impact ofbiofilm
architecture on dissemination of antibiotic resistance genes. In particular, the age
and density of biofilm modulates the horizontal transfer of genes with more rapid
spread observed in early biofilm and decreased dispersal in mature b{silozz|

et al, 2015) Biofilms arealso considered tact aspotentialexDNA reservois as

the mobility of DNA fragments through this matrix is hindered by increasing DNA
length andthe presence of DUS, leading to accumulatiorNofgonorrhoeae
specificexDNA (Benderet al, 2022) In light of this, the potential dfigo-Lig E to

modify the mobility of transformablexDNA by modulating biofilm properties, or
potentially by acting on the transformation substrate itself by increasing its length
or rejoining nicks resulting from nuclease or oxidative damage, is of considerable
interest. One of the earliest studies of recombinLig E fromNeisseria
meningitidissuggested a possible function in competence for Lig E based on its
periplasmic localisation signal and it has been notedthigamajority of Lig E
possessing bacteria are known to be competent in natural transformation and/or
encode essential competence genes in their gendviaemet & Blanchard, 2004,
Williamson et al, 2016) Immunological detection in the present study via an
introduced Histag was insufficient to define the extracellular or periplasmic
distribution, however it is feasible that doulskeanded DNA could serve as a
substrate for periplasmicatlpcalised NgeLig E prior to import across the plasma

membrane.
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Finally, our DNA-engaged openonformation structure of Ngbig E reveals the
specific interactions made between the OB domain and the DNA backbone, which
are independent of sequence or phosphodibsiekbone continuity. Ngbig E,

like other members ohts group of DNA ligasesacks any additional DNA binding
domains or 61l atchdo rGhgrellavirstypgeligaseswhish t hos e
allow the enzyme to encircle the DNA duplex. Instead, Lig E ligases rely on the
well-structured positivehcharged surface of the OB domain for affinity. The
conformation of the Ngdig E enzymeadenylate is consistent with the scanning
mechanism previously proposed for locating breaks in the dplexeret al,

2017) Here, norspecific interactions rapidly interrogate the substrate, and upon
encountering a discontinuity in the dupléxe ligaseadenylate rerients its core
domains about the linker region to position the active site for subsequent catalysis.
The NgoLig E structure suggests that in these minimal ligases, the OB domain is
responsible for localising the enzyme to DNAlaronformational scanning, prior

to productive binding.

3.7 Conclusions

Lig E is widely distributed among BetaEpsilon and Gammaproteobacteria
including some of the most prevalent human and agricultural pathegsesal of
which are considered higbriority due to their emerging muléintibiotic resistance.

Our demonstration of a physiological role for Lig ENngonorrhoeadiofilm
formation and cell adhesion recommends this enzyme for further study to
understand its impact on virulence and pathogenicity, as well as potential roles
among commensal and environmental ppbseeteria. Future directions will include
more detailed phenotypic studies of the impachgdlig E deletionon biofilm
architecture and its interplay with other biofiimodulating enzymes and processes.
There is also the outstanding issue of the specific extracellular location dfiflgo

E, as well as exploration of a potential roletle uptake and transformation of
exDNA which we anticipate will provide a more extensive picture of the biological

function of this enigmatic DNA ligase protein.
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3.8 Data availability
Sequencing data have been deposited with the identifier PRINA1051170. Structure

coordinates for the Nghig E proteinDNA complex have been deposited to the
PDB with the identifier 8U6X.

3.9 Supplementary

Supplementary tables and figures supporting this manuscript can be found in

Appendix A
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4 Chapter Four
| nf | ue nc eDeopfe ntdheerLtAGrarsl A ,
Li g BHeiemeri aMacmocohoaye

Bl ofRolrmnat i on

4.1 Preface

In the manuscript presented i@hapter Three | reported on phenotypic
characterisations dd. gonorrhoeastrains wherago-lig E was deleted, whicled

to the discovery oNgo-L i g inpdrtance in biofilm formationa feature that is
often implicated in disease caused by many human pathogens. However, this
phenotypewnvas determined via i@latively crude enepoint crystal violet assay. In
ChapterFour, | further explorethe likely involvement of NgeLig E in biofilm
formation via confocal lasescanningmicroscopy (CLSM)andscanning electron
microscopy $EM). This involved growing the bacteria under constant shear forces
and fresh media in CDC Biofilm React8iig the laboratory of our collaborators at
the Cardiff University School of Dentistry, which was followed by visualisation via
CLSM at the Cardiff University School of Biosciencésfection of reconstituted
threedimensional human vaginal epithelial cells wiitle gonococcal variants was
alsoconductedo determine if any defects in biafil formation would affect the
infectivity and pathogenicity dfl. gonorrhoeae

The research in this chapteupportsmy prior findings and is presented as a
manuscript that has been submitted in a-jpe@ewed journa(Biofilm, manuscript
number: BIOFLMD-25-00039 and isawaiting review.This manuscript explores
the potential role of Ngtig E in biofilm formation inN. gonorrhoea@and hence
addresse®bjective Three (seeChapterOne. A preprint of this manuscript has
alsobeen deposited dpioRxiv (doi: https://doi.org/10.1101/2025.02.17.638).24
Supplementary material associated with this work can be found in Appendix B:

Pan, J, Albarrak, A., Hicks, J., Williams, D& Williamson, A. (20%). Influence
of the ATRdependent DNA ligase, Lig E, dyeisseria gonorrhoeamicrocolony
and biofilm formation. $ubmittegl
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4.2 Abstract

Background
Neisseria gonorrhoeadhe causative agent for the sexually transmitted infection,

gonorrhoea, is known to form biofilms rich in extracellular DNA on human cervical
cells. Biofilm formation is conducive to increased antimicrobial resistance and
evasion of the host immune systepotentially causing asymptomatic infections.
Using platebased assaysve have previously shown th#te disruption of a
potential extracellular DNA ligaseéig E, in N. gonorrhoeaéNgo-Lig E) impacts
biofilm formation. In this resarch, we further explored this phenotype using
confocal and scanning electron microscopy to directly visualise the morphology of
microcolonesand biofilm formation. Biofilm growth on artificial surfaces and on
threedimensionahuman vaginal epithelial tissue was evaluated for strains where

ngo-lig E was either disrupted or overexpressed.

Results

Results demonstrated that Ngig E is important for the formation of robust,
compactN. gonorrhoeaenicrocolonies, as well as extensive biofilms on artificial
surfaces. Thagolig E deletion strairalsohadthe highesttendencyto be retained
on the surface of epithelial tissy@sth decreased invasion and damagth&host

cell layers.

Conclusions
These findings support a role for Ng@ E to be secreted froiN. gonorrhoeae

cellsfor the purpose of intecell adhesion and biofilm formation. We suggest that
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Ngo-Lig E strengthens the extracellular matrix and hence microcolony and biofilm

formation ofN. gonorrhoeady ligation of extracellular DNA.

4.3 Introduction

Neisseriagonorrhoeads a Gramnegative diplococcubacteriumresponsible for

the sexually transmittedhfection (STI), gonorrhoea. With the World Health
Organkation estimating 106 million new cases each year, gonorrhoea is the second

most common STI in the worldUnemo & Shafer, 2014; World Health
Organization, 2024)Infections occur in the mucosal epithelial cells of the
urogenital tract, causing inflammation that presents as pain with urination in men
(urethritis) and abnormal bleeding and pain in women (cervidiisvards &

Apicella, 2004; Tapsall, 2005Additionally, infections in women may spread to

the upper reproductive tract, causing pelvic inflammatory disease, as well as ectopic
pregnancy or infertilitfMcCormack, 1981)f left untreated, infections in pregnant

women may also lead to neonatal conjunctivitis and blindness imetwbdorn
(McCormack, 1981; Dillard, 2011)In females, a high proportion oN.

gonorrhoeaé nf ecti ons are asymptomatic (O50%),
undetectedn the communityMcCormack, 1981; Unemo & Shafer, 201%his

trait is often attributed to fwhighabacteri
in oxidative stress survival, attachmenot surfacesand evasion from the host

immune systenfGreineret al, 2005; Falsettat al, 2009)

Interestingly, N. gonorrhoeae lacks the genes necessary to produce
exopolysaccharides that contribute to biofilm architecture in other bacterial species
(Greineret al, 2005) InsteadN. gonorrhoeaeitilisesextracellular DNA (exDNA)

asits major matrix componentwhich provides structural integrity to the biofilm
(Steicheret al, 2011) This exDNA may originate from the frequent autolysis that
occurs inN. gonorrhoeagorfrom active secretion of DNA via the type IV secretion
system (T4SSMorse & Bartenstein, 1974; Hebeler & Young, 1975; Elnaioal,

1976; Zoleet al, 2010; Zweiget al, 2014) In addition, the membranous extensions

or blebs of the outer membrane that are extruded during gonococcal biofilm
formation often harbour DNADorwardet al, 1989; Greineet al, 2005; Steichen

et al, 2008) The abundance of exDNA in the biofilm has the potential to act as a

pool for gene exchange and acquisition of new antibiotic resistance (ffenzl
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et al, 2015) howeverthe extent of DNA diffusion through established gonococcal
biofilm is modulated by its maturity and densityhich may limit horizontal gene
transfer by this mechanis(iouzelet al, 2015; Bendeet al, 2022)

The DNA component of gonococcal biof#nis enzymatically remodelled by a
secreted thermonuclease, Nuc, that degrades exDNA in the biofilm matrix, as well
neutrophil extracellular traps (NETshe lattemiding in bacterial escape from NET
killing (Steichenet al, 2011; Juneaet al, 2015) However in addition to this
nucleasel. gonorrhoea@lso encodes a minimal ATdRependent DNA ligase, Lig

E, which like Nugpossesses anférminal signal peptide that is predicted to direct

its extracellular secretion. Removal of this signal sequence has been shown to
increase both stability and activity of recombinargtipressed Lig E, which
promotes the view that it ithe cleaved isofornthat representthe biologically
relevant mature protein. Lig E is encoded in the genomes of many-ii&gative
bacteria without angyrenic organisation or consistent-tacalisation with other
genegWilliamsonet al, 2016; Paret al, 2021) This, together with the presence

of the Nterminal signal sequenceuggestsa function of Lig E other than
chromosomal DNA repair antthatit may acton exDNA (Magnet & Blanchard,
2004; Williamsoret al, 2014) Consistent with thiss the fact thatig E is found

in many biofilmforming and competent proteobacteria likk gonorrhoeae
(Williamson et al, 2016) Recently we reported that deletion dfy E from N.
gonorrhoeadngo-lig E) negatively impacted the extent of biofilm formation when
measured via an indirect crystal violet assay, as well as impattiggnorrhoeae
adhesion to host human cervical céPanet al, 2024)(Chapter Threg

In the present study, we further explore this phenotymealising the biofilms
formed byngolig E deletion and overexpressing straind\ofgonorrhoeaeising
microscopy We provide the firsteporteduse of the Centre for Disease Control
(CDC) Biofilm Reactof (BioSurface Technologies) to generate constant shear
forcesduring growth oNN. gonorrhoeadiofilms in conjunction with confocal laser
scanning microscopy(CLSM). We also usel commercially availablethree
dimensional (&) reconstructed human vaginal epithelium (rHVE) (SkinEthic
Laboratories) in lieu of traditiondalvo-dimensional (2D) cell lines for hostell
assays Such reconstructed epithelial modelccount for different cell

morphologies, tissue architecture and differentiation that occur during normal
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microbial infection in vivo (Malfa et al, 2023) Use of these approaches
demonstrated the potential importance of Ngp E on N. gonorrhoeae
microcolony and biofilm formationand allowed us to @untify the damage

conducted by the bacteriumtorhuman tissue.

4.4 Methods

4.4.1 Neisseria gonorrhoeaenanipulation

All N. gonorrhoeaeused in this study were of the MS11 straf@efBank:
CP003909.1 Gonococci were grown at 37°C with 5% &£é€ther on gonococcal
base (GCB) agar (Difcd) or in gonococcal base liquid (GCBL) (15 g/L Bdéto
Protease Peptone No. 3, 4 g/l.HPOs, 1g/L KHPO4, 1 g/L NaCl), both
supplemented with 1% e | | osgpglément (22.22 mM glucose,68. mM
glutamine, 0.45 mM cocarboxylase, 1.23 mM FegNO(Dillard, 2011) Liquid
growth was supplemented with sodium bicarbonate (0.042%), while solid growth
was maintainedn a 5% CQ atmospherePiliation status was determinday

morphology under a dissecting microscope astheof each experiment.

Then fanutant(Table4.1) was generatedia spot transformatioim the same
manner as the previoustiescribed mutants used in this stByllard, 2011; Pan

et al, 2024) Briefly, the transforming DNA constructas ordered asa gene
fragment from Twist Biosciences with flanking sequences surroundingutiste

to facilitate homologous recombination. Piliated, Opa negative -jQudonies

were streaked through 10 ng spots of the DNA construct. Mutants were selected on

GCB agar with 50 ug/mL kanamycin before verificatioa PCR and sequencing.

The generation of other strains used in this st{ichble 4.1) has beenreported
previously(Panet al, 2024) As described, theon dgig EX¥"andwt genomes were
previously resequenced to confirm that there were no significant differences

between the twgenomes apart from the disruptionngfo-lig E (Panet al, 2024)
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Table 4.1 List of NeisseriagonorrhoeaeMS11 mutants used in thisstudy (GenBank: CP003909.1)

Mutant

Insertion Purpose Source

qmgo-lig Bk

Kanamycin resistance cassette disruptir ngo-lig E knock-out mutant (Panet al, 2024)
thengolig E gene NGFG_RS11310)

ngolig E-his®®"

6-His-tag and a kanamycin resistance  Control for the insertion of the (Panet al, 2024)
cassette inserted at thet€minus ofngo  kanamycin resistance cassette in th
lig E. qmgo-Lig B mutant, with the His

tag serving as an epitope tag

Popa-ngo-lig E-
higkan

Codonoptimisedngo-lig E gene under the ngolig E under a strong constitutive (Panet al, 2024)
constitutiveopaBpromoter inserted in a promoter in a neutral site in the

neutral site in the genome genome to observe the effects of

(NGFG_RS15145, annotated as a phag overexpression of Nghig E.

protein)

mn P

Kanamycin resistance cassette interrupt Positive control for increased biofilm This work, based oa

thenuc(thernmonuclease) gene, formation inN. gonorrhoeador previous publication
NGFG_RS05400as outlined bysteichen scanning electron microscapy (Steicheret al, 2011)
et al, 2011
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4.4.2 Biofilm formation in CDC Biofilm Reactors ®

To facilitate imaging via confocal microscopyt N. gonorrhoeaend thengo-lig

E mutants(Table 4.1) were each transformed with the pEG2 cryptic plasmid
(Christodoulideset al, 2000) which was kindly gifted to us by the Radcliff
laboratory (University of Auckland). The pEG2asmidcontairs an sStGFP gene
under aporA promoter and was introduced to the MS11 variants via spot
transformation with selection via erythromycin (10 pg/mLjuccessful
transformatswere verifiedby fluorescence of the sSfGFP under blue light, and the
plasmids were continuously maintained M gonorrhoeaeby addition of

erythromycin tahe culture media.

The pEG2 transformants of thie gonorrhoeagariants were streaked and cultured

for 24 h on GCB plates with erythromycin. Piliated bacteria were then lawned and
cultured for 16 h on chocolate agar before resuspension in GCBL. For each mutant,
a 1 mL suspension of an @gof 0.05 was used to inoculate media for growth in
CBR 90 Standard CDC Biofilm ReacBi(Biosurface Technologies) whichene
assembled as per t h(eiguredlh Briefly, palycarbenaté s pr ot
coupons (diameter: 12.7 mm; thickness: 3.8 mm) were fitted into vertical
polypropylene rods in the biofilm reactor. The 1 mL inoculum was introduced via
the inlet port into the vessel containing GCBL with erythromycin and sodium
bicabonate (333 mL). Batch growth with stirring was performed for 6 h before
continuous flow with sterile GCBL at 0.6 mL per min for-16 h. The coupons

were then extracted from the rods and rinsed twice in water before CLSM.
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Figure 4.1. Schematic of the set uused to generateNeisseriagonorrhoeaebiofilms
using CBR 90 Standard CDC Biofilm Reactos® (Biosurface Technologies)Created
in https://BioRender.com

4.4.3 Infection of reconstructed human vaginal epithelium (rtHVE)
SkinEthic™M HVE tissue(0.5 cnt, age day 5; HVE/S/Syere ordered from Episkin
(Lyon, Francg These are vulval epidermoid carcinoma A431 cells seedecd
polycarbonate filter in inserts and maintained at théquird interface Figure4.2).
Uponreceipt cells were equilibrated with the SkinEtHfcMaintenance Medium
(Episkin (Lyon, France)jor 4 h in 12well plates in a humidified chamber (37°C,
5% CQ), before replacement with fresh media (1 mN).gonorrhoeagpEG2
cultures prepared in the same maedi(100 uL) were inoculated onto thissueat

1x10 CFU per criand left for 1617 h in a humidified chamber (37°C, 5% £0

The supernatant under each tissue insert was recovered and used for lactase
dehydrogenase (LDH) activity assays, while tbkkinserts were washed twice with
phosphatéuffered saline (PBS). The tissue and their membranes were then

isolated from the inserts for microscopic imaging.
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Figure 4.2. Schematic of the infection workflow with the SkinEthic™ HVE tissue
model obtained from Episkin (Lyon, France). Created in hitps://BioRender.com
Image of HVE cells obtained from https://www.episkin.com/HVE-Vaginal-

Epithelium.

4.4.4 Histological techniques

The isolated cells and membranes were individualigppedin Surgipatf? Bio-
Wraps™ (Leica Biosystems) and placed in cassettes before soaking in Reagecon
Formal Buffered Saline for 3 h. Dehydration was performed using the
LeicaASP300S Fully Enclosed Tissue Processor (90% v/v etliampl 95% v/v
ethanol(1 h), 100% v/v ethano(4x1 h, xylene (3x1 h)). The cassettes were
embedded in Surgip@tF or mul a 6 R6 paraffin wax (Leic
Leica EG1150 Modular Tissue Embedding Center. Transvessiosing was
performedatthe Biolmaging Hub at the School of Biosciences at Cardiff University

to obtain 20 um sections on microscope slides. Wax was removed with xylene (5
min) before washes with 70% v/v ethanol (5 min) and 100% v/v ethanol (5 min),
followed by rehydration in wat (5 min). VECTASHIELL® Antifade Mounting
Medium with DAPI (H120010, Vector Laboratoriegs20 uL) was added onto the

sections before visualisation using CLSM.
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4.4.5 Confocal laser scanning microscopy (CLSM)

CLSM was conducted at the Cardiff University Bioimaging Hub Core Facility
(RRID:SCR_022556). Biofilms grown on polycarbonate coupons were visualised
using the Zeiss Cell Discoverer 7 microscoped&t magnification using the suGFP
channel (laser excitation (exc) wavelength: 480 nm, laser emission wavelength (em):
505 nm) toimagethe sfGFPexpressing gonococcal cells. Infected rHVE tissues
were visualised using the Zeiss LSM 880 with Airyscan microscope6at
magnification rHVE nuclei were visualised ugjirthe DAPI channel (exc: 405 nm,

em: 449 nm) and sfGF&pressind\N. gonorrhoeaeavere visualised using the GFP
channel (exc: 488 nm, em: 519 nri)ve random fieldsof-view (zstacks) were

obtained for each slide/coupon.

Images were analysed usiPMSTAT 2.1(Heydornet al, 2000; Vorregaard,
2008)in an OMETIFF format (Otsu thresholdinguantified parameters included
biovolume/biomasgvolume over area, pfum?), average thickness (biomass)
(height distribution of biomassontaining columns, pm), average thickness (entire
area) (height distribution of the biofilm for the entire observed area including empty
columns, pm), maximum thickness (highest point of thodilln ignoring empty
voxels, um), surface to biovolume ratio of the biofilms (total surface facing the void
over biovolume, urfium® and dimensionless roughness coefficieny,

(variability in biofiim height; 'Y -B : _ * where 9 = number of

measurements) = idh individual thickness measurement and= average
thickness)YNowicki, 1985; Murgeet al, 1995; Heydorret al, 2000; Vorregaard,
2008)

To ensure consistency in acquisitiohparameters, all confocal imagesing the
Zeiss LSM 880 with Airyscan microscopeere acquired at the same zoom setting
(zoom setting 3)which inthe infectionexperiments, focused on the biofilm layer

at the surface of theHVE tissue As describd below, differencesn tissue
thickness were observed after inoculation with different strains, meaning that the
lower membrane was not visible in some fietdssiew. To account for this
difference, the depth dfl. gonorhoeaeinvasion was normalised relative to the

depth of remaining tissue in the same fiefdriew.
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4.4.6 Scanning electron microscopy (SEM)

N. gonorrhoea&ariants were lawnedn GCB agafor 16 h before resuspension in
GCBL. The bacteria were seeded intowell plates with a starting Qdgy of 0.05

and onto 0.2 uM pore size filter papers. After 9 h (exponential phase, based on
growth experiment from Pagt al, 2024) the medimwas removed and the bacteria
werefixed overnight in 2.5% glutaraldehyde. The bacteria were wasid¢d 0.1

M sodium cacodylate and distilled water before successive dehydration with 50%
ethanol (1 h), 75% ethanol (1 h), 95% ethanol and four rinses with 100% ethanol.
The critical point drying process and coating with platinum (5 nm) was performed
by the Eletron Microscope Facility at the University of Waikato. Images were
obtained via the Hitachi SU8230 microscope (3 kV acceleration). Three-éields
view were taken for each sample. The area of microcolonies formet) (yas
quantified via Image@Schneideet al, 2012)

4.4.7 Lactase dehydrogenase (LDH) activity assay

LDH quantification was performed on the isolated rHVE supernatant fter
gonorrhoeaénfection using the CyQUAN™ LDH Cytotoxicity Assay kit as per

the manufacturerdds instructions. Absorba

and the background absorbance at 680 nm was subtracted from that at 490 nm.

4.4.8 Statistical methods

Statistical analyses were preformed using the GraphPad Prism 9.4.0 software
(https://www.graphpad.con/ Oneway analysis of variance (ANOVA) with

Tukeyds multiple comparisons test was USE

andpval ues < 0.05 were deemed statistical/l

4.5 Results

4.5.1 Adhesion and biofilm formation of Neisseria gonorrhoeaen

polycarbonate surfaces is dependent on Ngdg E
To determine if NgeLig E impacted the ability dN. gonorrhoea¢o adhere to and
to form biofilms onabiotic surfaces, their growth on polycarbonate coupons after
16-17 h cultivation in CDC Biofilm Reactdfsunder constant shear forces was
studied. Confocal images of the coup@rigure4.3 andFigure B.1) indicated that
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N. gonorrhoeaehad relatively low adherence to the polycarbonate surfaces
comparedo other organisms that we have studied using a similaugsetuch as

Candida albicanandEnterococcus faecalidNassaet al, 2023)

Despite this, CLSM images of the coupons after growth sdavelear decrease in
the ability of theqmgo-lig E¥®"mutant to attach to surfaces and to form extensive or
continuous biofilms compared tat N. gonorrhoeadFigure4.3A andFigure B.1).
Conversely, biofilms formed whemgolig E was overexpresse®dpas-ngo-lig E-
his®®") were more extensive across the surface, witindngo-lig E-his®®"seened

to extend similarly to each other. Quantification via COMSTAT analysis showed
no significant differences in the total biomam®ong the different gonococcal
variants(volume per aredigure4.3B). However, there was a significant reduction
in both the thickness of the entire area of growth (indicative of spatial size of the
biofilm across the entire aredigure 4.3C)) and the thickness of the biomass
(thickness distribution of only biomassntaining columnsFigure 4.3D) when
ngolig E was disrupted compared tot and ngolig E-his@". Although the
overexpressindPopas-nNgo-lig E-his® mutant had a significantly higher average
biomass thickness compared to the other three varigigisré€ 4.3D), its average
thickness or spatial spread over the entire area was similar to thet &f
gonorrhoeadFigure4.3C), while also displaying higher overall maximum biofilm
thickness (highest point of the biofilfrigure4.3E) and lower surface:biovolume
ratio (ratio of total surface facing the void over biovolufagure 4.3F) than the
other variants. Furthermore, the dimensionless roughness coefficient iddicate
slightly higher roughness or variability in the height of the biofilms formed by the
Popas-nNgorlig E-his® mutant compared to the oth&t. gonorrhoeaevariants
(Figure4.3G).
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Figure 4.3. Biofilm formation and adhesion of Neisseria gonorrhoeae pEG2
(expressing sfGFP) on polycarbonate coupons in CDC Biofilm Reactéts (A)
Representative CLSM zstack images %40 objective magnification, em: 480 nm, exc:
505 nm). Five fieldsof-view were imaged for each of the three biological replicates.
Additional supporting images can be found irFigure B. 1. (B) Biomasgbiovolume.(C)
Surface to biovolume ratia (D) Dimensionless roughness coefficien{E) Average
thickness (entire area) (F) Average thickness (biomass)(G) Maximum thickness.
Parameters were calculated using the COMSTAT 2.1 softwar@leydorn et al, 2000;
Vorregaard, 2008) Points in the bar graphs are the mean of values from five fields
of-view of three biological replicates and error bars represent the standard error of
the mean. Significance values are given asp00.05; ** p00.01; *** p00.001;

**+* n00.0001. Comparisons which showed no significant difference ¥ 0.05) are
not indicated.
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4.5.2 Ngo-Lig E increases the damage and migration dleisseria
gonorrhoeaeinto reconstructed human vaginal epithelium
(rHVE) tissue

To further explore the impact of this sparse biofilm phenotype of Nhe
gonorrhoeae ngolig E deletion strain on pathogenicity and virulence, we
investigated its ability to form biofilms on a3 SkinEthic™ HVE tissue model.

The intended experiments involved allowing the gonorrhoeagpEG2 cells to
establish biofilms on the polycarbonate coupons in CDC Biofilm Re&dbefsre
placing these in direct contact with the rHVE tissues. However, as extensive
biofilms were not formed on the coupons, we ino&datultures of theN.
gonorrhoea@EG2 strains directly onto the rHVE cells to allow them to form stable
biofilms on a more biologically relevant surface. Confocal imagiighese
infections(Figure4.4A andFigure B.2) showed increased depths of invasiomof

N. gonorrhoeagthe His-tagged mutantngo-lig E-his®") and the overexpressor
(Popas-ngo-lig E-his®) into the tissue model, whilgmgolig EX®" remained on the
upper surface of the tissue. Furthermore, tissues infected wittmtyelig E<&"
mutant appeared more intact after inoculation, while those infected by thé\other
gonorrhoeaevariantsappeareanore damaged or were perforatéte final zstack
images obtained for quantification via COMSTAT were focused and zoomed onto
the surface of the rHVE cells whédxe gonorrhoeaavas predicted to form biofilms
(zoom setting 3). This was an optimal setting#ibN. gonorrhoeagtheHis-tagged
mutant(ngo-lig E-his®®") and the overexpress®opas-ngo-lig E-his@" as it showed

the extent of the damage caused by the bacteria to the host cells which decreased
tissue thickness and hence the bottom membrane was visible for most. However, as
a majority of theqgmgo-lig EX¥“infected tissue were more intact, the membsane

wereonly visible on a lower zoom settingigure B.3).
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Figure 4.4. Infection and invasion of SkinEthic™ HVE tissue by Neisseria
gonorrhoeae (A) CLSM z-stack images Xx63 objective magnification, zoom setting 3)
of the N. gonorrhoeaeinfected HVE cells (20 um) with N. gonorrhoeae pEG2
(expressing sfGFP) shown in green (exc: 488 nm, em: 519 nm) and the nuclei of the
HVE cells in blue (exc: 405 nm, em: 449 nm). Additional supporting images can be
found in Figure B. 2. (B) Biomasgbiovolume of N. gonorrhoeaggrowth (green channel)
guantified using the COMSTAT 2.1 software (Heydorn et al, 2000; Vorregaard,
2008) (C) Quantification of the depth of N. gonorrhoeaénfection on the yaxis (green
channel) relative to the depth ofemaining HVE cells on the yaxis (blue) in the same
field-of-view. Points in the bar graphs are the mean of values from five fielels-view

of three biological replicates, with two 20 um sections each (30 fietd-viewsin total).
Error bars represent the standard error of the mean. Significance values are given as
* p00.01; ** p1D0.001; *** p00.0001. Comparisons which showed no sidicant
difference (p>0.05) are not indicated.
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COMSTAT quantification of the biofilms formed Y. gonorrhoea®n the rHVE

cells shoveda slightly lower biomass famgo-lig E¥®"andthe overexpress®opas-

ngolig E-his® compared tovt on the host tissue cell§iure 4.4B). However,

this did not take into account the extent of tissue damage induced by the bacteria.
To measure this, the rangeNdf gonorrhoeaénfection (highest to lowest point on
they-axis), relative to the height of remaining HVE in that particular fcdlgtiew

was calculatedFigure 4.4C). Results showed that botingo-lig EX®" and Popas-

ngo-lig E-his®" had significantly lower invasion rates thahandngo-lig E-his@",

the latter two strains having similar depth ratios.

To further quantify the extent of epithelial cell damage, the amount of LDH released
in the supernatant after biofilm establishment was measured as a proxy for epithelial
membrane disruption. LDH levels were significantly lower éprgolig E<e
infectedrHVE cells relative to infection with thert strain(Figure4.5), mirroring

the trend observed when the invasion depth was calculated frddh 8 images
(Figure4.4C). Interestingly, although the amount of LDH released by cells infected
with the overexpressdtopas-ngo-lig E-his@was also significantly lower than that

of wt, this decrease was not as large as that caused tmdbéig E<“"mutant.
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Figure 4.5. Quantification of lactase dehydrogenase (LDH) release in the supernatant
after Neisseriagonorrhoeaeinfection of rHVE tissue. Relative LDH activity was
obtained via absorbance at 490 nm relative to the absorbance of blank media and
corrected for by the background absorbance at 680 nnPoints are the mean of values
from three technical replicates of each biological replicate and error bars represent
the standard error of the mean. Significance values are given a$¥0.05; ** p 00.01;
*x 1 (00.001; **** p00.0001 Comparisons which showed no significant difference
(p>0.05) are not indicated.

4.5.3 Ngo-Lig E is important for microcolony formation in

Neisseria gonorrhoeae
To determine if the observed differences in biofilm morphology were attributable
to altered microcolony formation, SEM microscopy onkhejonorrhoeasstrains
during the exponentialphaseof growth was performed. These images show that
pn dig EX"formedmarkedly fewer and smaller microcolonies comparesitis.
gonorrhoeag(Figure 4.6A and Figure B.4), and that these cowt significantly
lower surface area&igure4.6B). Furthermore, the microcolonies formed ryo-
ig E“®"were slightly more dispersed and
microcolonies formed by thet strain. Meanwhile thenicrocolonies of théHis-
tagged controlrgo-lig E-his®®") covered a similar total surface areanto(Figure
4.6B). To evaluatethe impact of increased exDNA on microcolony formation,
microcolonies formed by theuc deletion straindon % were imaged. Deletion
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of nuc had previously beendemonstrated to increase biofilm formation Nn
gonorrhoeae(Steichenet al, 2011) and here, we show that the microcolonies
formed by this mutant were similar in size to that formedalyalbeit slightly
denser and more compaEigure4.6A). Furthermore, thepn (#cells also adhered
to one another more closelly what appears to be a thicker extracellular matrix
(ECM).

Images at a higher magnification (x30,000) showed piliation filaments that seemed
to tether individual bacteria to each other in the microcoloniesddroyboththe

wt andthe His-tagged contro{ngo-lig E-his®") (Figure4.6A, indicated via orange
arrows). Although also presentdpn gig E<®", these piliation filamenteere not

as extensive whengo-lig E was disrupted. Interestingly, the extensions observed
projecting between cells in tlgpn Fanutant were thicker than the pili filaments
observed in the other variantsigure4.6A, indicated by the green arrow), which

could be due to a covering of ECM.
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Figure 4.6. Neisseriagonorrhoeaemicrocolony formation. (A) Representative SEM
images ofN. gonorrhoeaemicrocolonies formed on 0.2 um pore size filter papear
during the exponential phase of growth (9 h). The approximate outline of
microcolonies in the fieldof-view are shown in red and were annotated manually after
image collection. Orange arrows indicate pili filaments, while the greearrow points
at a similar extended filamentous structure. Additional supporting fieldsof-view can
be found in Figure B. 4. (B) Quantification of the average total area covered by the
microcolonies in each fieldof-view via ImageJ(Schneideret al, 2012) Points are the
mean of values of the total surface area covered in each fiebdl view and error bars
represent the standard error of the mean. Significance values are given ap ©0.05.
Comparisons which showed no significant differencep> 0.05) are not indicated.
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4.6 Discussion

4.6.1 Ngo-Lig E and its potential role in biofilm formation in

Neisseria gonorrhoeae
In a previous study, we showed via an -@aiht crystal violet assay that the
disruption of the DNA ligase Nghig E negatively affected biofilm formatioof
N. gonorrhoeagPanet al, 2024) Here, we have expanded on this finding by
culturing the same mutants under constant shear forces and in continuoas medi
flow in CDC Biofilm Reactor8. The morpholoigs of the resulting biofilmsvere
assessed and demonstrated a marked reduction in colonisation and biofilm
formationof N. gonorrhoeaen artificial surfaces whengolig E was disrupted
compared tavt and thengo-lig E-his®mutant. The latter strain served as a control
for the insertion of the kanamycin resistance marker which was ussshstruct
the deletion and overexpressing strains, and indicated that the resistance cassette
was not responsible for the observed phenotgimversely, overexpression of
ngolig E (Popas-lig E-his®" formed denser and thickbiofilms which were more
compact relative tavt. We previously demonstrated a-0d upregulation ohgo-
lig E expression in this strain, indicating that Ngg E activity contributed
positively to biofilm formation(Panet al, 2024 Chapter Three Our previous
work (Panet al, 2024)also revealed no differences in growth rates between any of
the ngolig E variants andwt N. gonorrhoeag and since the inocula were
normalised before each experiment, the observed differences in biofilm formation

were not due to differences in initial cell densitygrowth rates

Consistent with the phenotype on artificial surfadhs,ngolig E deletion also
cause defects inN. gonorrhoeaeattachment to human cells and invasion into
humantissue. Previous results from our group showed decreased adhesion of the
qmgo-lig EX*"mutant oo a monolayer of MEL80 human cervical cel({®anet al,

2024) Here, we also shadthe reduced capabilities of the same mutant to invade
and migrate into reconstituteeCBHVE tissue, which in turn equates to less cellular
damage by the deletion mutant relativevtdN. gonorrhoeaelnsteadgmgo-lig E<&"
accumulated on the upper surfaoéthe tissue, which appeared healthier and less
perforated than thet-infected sectionslhisreduced invasion deptias important
implications on the extent dfi. gonorrhoeaéanfection in the human host &é.

gonorrhoeaeinvasian and transcytosis into tissues may lead to disseminated
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infections after crossing the subepithelial sp@edwards & Apicella, 2004)
Althoughthe overexpressdopas-ngo-lig E-his®" appeared to follow this trend as
well, we note that most of the bacteria were closer to the membaadewe
speculate that this could be indicative of deeper invasion past the membrane into
the supernatant. We predict that due to the decreased abitiygoflig E*" to

attach to the surfaces of cellsistbtrain is less able to invade huneatls and cause
damageHowever as we were only able to obtain epdint images after t&7 h

of infection, we did not capture tretepby-step process of internalisation and
transcytosis of the other mutants into the host cells as it occmgdia time

lapsemicroscopy).

Our observations of the consequencesguflig E deletion on biofilm morphology

are consistent with our hypothesis that this ligase acts on exDNA to form high
molecular weight substrates that better contribute to initial biofilm formation by
overcoming any repulsive forces between the ECM and the s\iiater, 2021)
Unlike many other bacterial biofilms, exDNA is likely the primary structural
biopolymer of gonococcal biofilms, with dsDNA being a critical component of
matureN. gonorrhoeadiofilms (Zweiget al, 2014; Kouzekt al, 2015) Work by
Benderet al hasdemonstratedhat for N. gonorrhoeadarger piecesof DNA
(>3000 bp) are more likely to havéniggh concentration gradient outside the colony
and integraténto the biofilm(Benderet al, 2022)

We hypothesise that extracellular Ngig E is important for repairing breaks in
free exDNA fragments, increasing their lersgimd integrity allowing them to be
retained outside the colonies and therefore contribute to the pool of exDNA that
stabilises the extracellular biofilm matrix df. gonorrhoeaeThis action would
counteract the activity of the extracellular Nuc, which remodels gonococcal
biofilms through its cleavage and degradation of ex[¥S#icheret al, 2011)and
suggests that some level of interplay or regulatory control between these two
opposing activities is likely. Here, we show that the deletion strain formed
microcolonies of similar sizgo wt N. gonorrhoeaghowever, these microcolonies
appeared more globular, with filamentous extensions that seemed to indicate thicker
ECM. It is possible that this observed morphology was due to the inaifilibe

nuc deletion to regulate exDNA conterand suggests that in thet strain Nuc

works in conjunction with Ngdig E to manipulate exDNA, and thus optinsse
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and modulatethe architecture of the biofilmMiVe also question if the increase in
exDNA length and integrity performed by N¢iag E allows the exDNA to interact
with other DNA binding proteins, which may assemble to create a more stable

framework for the biofilm to build on.

Here, we have shown that Ng@y E affects biofilm formation, potentially via its
activity on exDNA, which in turn affects the adhesiomNofgyonorrhoea¢o human

cells and their subsequent invasion and damage. Based on these observations, we
consider extracellular Ngbig E to be important for the pathogenicity and
virulence ofN. gonorrhoeagmaking it an appealing target for future drug design
against this incredibly resistant bacterium. Despite this, many questions abeut Ngo
Lig E remain, including itspecific cellular location, its regulatipand its direct
consequences for the exDNA fraction. The presence oftannal signal peptide
indicates that Ngd.ig E is transported to the periplasmic space, howeveray

be further transported to the extracellular milieu via membranous blebs that
contribute to the ECM ofN. gonorrhoeaebiofiims (Dorward & Garon, 1989;
Dorwardet al, 1989; Steichert al, 2008) Additionally, it remains unknown if
Ngo-Lig E is required for biofilm maintenance, or if it is more important during
early biofilm formation when exDNA is most criticgZweig et al, 2014)
Answering this specific question would requirgquantifying the amount and
arrangement of exDNA in the ECM whegolig E is disrupted (i.e via exDNA
staining); this was attempted in the present study, however we encountered
difficulties in its visualisation after growth in the Biofilm Reactors, potentially due
to the constant stirring that may damage the exDNA. A final@riderest is how
Ngo-Lig E activity, and especially a potential influence on DNA simay affect

gene transfer which is more frezqu in early biofilmgKouzelet al, 2015) This
would involve studying biofilm formation by the different gonococcal mutants at

different timepoints.

4.6.2 New tools and methods for understanding Neisseria

gonorrhoeaebiofilm and pathogenicity

Previously, our group had used a crystal violet assay to demonstrate the importance
of Ngo-Lig E on biofilm formation, which although rapid and convenient, was an
indirect method that assessed static biofil(Ran et al, 2024) Other more
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advanced techniques that have been used to Btugignorrhoeadiofilms include

the growth of the bactenm on glass or patterned siliconeverslips (the latter to
studythe effects of surface topography) in continuous flow chambers or cells, or
even static growth on glass dish@reineret al, 2005; Falsettaet al, 2009;
Falsetteet al, 2011; Steichent al, 2011; Kwiatelet al, 2014; Kouzekt al, 2015;
Oldewurtel et al, 2015; Pd alc20k9) Whild stich methods have
greatly increased our understanding of gonococcal biofilm formation, they often
require bespoke laboratory equipment and can be sabject technical
complications such as bubble formation in the flow channels that disrupt cellular

adhesion

Here, we report the first use of a commerciaailable CDC Biofilm React8rto

study N. gonorrhoeaebiofilms, involving the continuous flow of fresh medi
controlled via a periplasmic pump into a growth chamber filled with retrievable
coupons that the bactam can adhere to, while maintaining a constant shear force
across the surfac€Kocot et al, 2021) Adhesion of N. gonorrhoeaeto
polycarbonate coupons was not as extensive as we had anticipated, however we
attribute this to the polycarbonate material used. This was readily available in our
laboratory, but has not been widely usedMoigonorrhoeadiofilm studies, with

glass being the preferred substrateNorgonorrhoeaesurface adhesion for other
reports(Greineret al, 2005; Falsettat al, 2009; Falsettat al, 2011; Steicheet

al.,, 2011; Kwiatelketal, 2014 ; Pefjah 2049 in addition, the constant
stirring ofthe bacterial culturmay have damaged exDNA, which since it is a major
constituent oN. gonorrhoeadiofilms, would also affect the adhesion and biofilm
formation in this setting. Despite this, we believe that with further optimisation
CDC Biofilm Reactor8 offer great promise for further studies of biofilm formation

in N. gonorrhoeagespecially if a glass surface and slower shear forces are used.

We also showed the importance of é&D3model for studying bacteridlost
interactions, which allowed us to examine the effects of-DNgoE on N.
gonorrhoeaemigration into host tissues phenotype not observable in a cell
monolayer. Common techniques employed by other groups involve the use of a
primary cell line or biopsy samples which can be directly coated onto glass
coverslips for easy microscofreineret al, 2005; Pdj al.c2010)i e wi ¢ z
The search for appropriateC8 models forN. gonorrhoeaestudy is of increasing
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interest, with one particular group developing a model for this purpose using
porcine small intestinal submucosa as a scaffslelydarianet al, 2019) Until
models like this are readily available however, the SkinEthic W\Esue model
used herdrom Episkin (Lyon, Franceprovides a good substitute as it is easy to
obtain, reproducibleand provides a more biologicallglevant model with

different tissue cell types and morphologies.

4.7 Conclusions

The DNA ligase, Lig E, is present in many bacteria Nkegonorrhoeaghat form
exDNA-dependent biofilms. Here we show that Lig E friiingonorrhoeaéNgo-

Lig E) influences the formation of gonococcal biofiims and microcolonies on
artificial surfaces, as well as the invasion into and damag®at8onstituted HVE
tissue. We propose that Ngiig E may be acting on fragmented exDNA in the
extracellular space ofN. gonorrhoeage which is conducive for microcolony
formation and protdiofilm interactions to occur. Future directions include
studying the role of Ngtig E at different stages of gonococcal biofilm formation,
as well agnvestigatons into the potentialinterplay betweemgo-Lig E and Nuc

on exDNAmediated biofilm remodelling. Regardless, the results presented in this
report highlight the importance of Ndag E on the virulence and pathogenicity of
N. gonorrhoeaeWe predict that this magpen up new avenues and pathways for
targeting not onl\N. gonorrhoeagbutalsoother human pathogens that express this
minimal ligase potentially finding a way to target extensive biofilm formation in

many clinical settings.
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5 Chapter Five

DNAJpt aDue iNag uCoampet ence?
Propooedt i nl ahné&T P
Dependent g&®8aAa, Nleiig skE,r iian

gonorr hoeae

5.1 Preface

Perhaps the most interesting characteristic of Lig E is the presence of a signal
peptide on its Nerminus that indicateBkely export outside the celDespite
experiments with recombinant protein indicating that the leaderless Lig E is the
mature form, there is to dgtno direct evidence for extracellular localisation or the
exactdestinatiorof Lig E (i.e periplasm, membrane or extracellular environment)

| have previously attempted to traclconstitutively expressing Ngdig E via
immunoblotting, althaugh this wasmet with difficulties due to poor detection
(Chapter Three In the currentchapter,| usal a different approach to track the
localisation of a superfoldeyreen fluorescentrotein (sfGFP)fused tothe signal
peptide sequence of Ndgag E via fluorescence and immunoblottirfgrom this,|
obtained preliminary results indicating Ngo-L i g liEefy docalisation in the
periplasmic and extracellular spagEN. gonorrhoeagwhere itmay performits
biological function on pieces of exDNA. Work presentedCimapter Threeand
ChapterFour show that this localisation may be related to its role in biofilm
formation.However,as noted in the introductiohjg E-expressing bacterialso
encodecompetenceaelated genesvhich has led m#® hypothesise thadgo-Lig E

may also play a role ithe natural transformation of DNA.

In this chapter| explore the potential role of Ngdg E in DNA uptakeof both
nicked and intact DNAn N. gonorrhoeagan activity that may aid inits rapid
acquisition of antibiotic resistance genes and any other genes thatpvooidte
its survival and persistence in the human hdstis was conducted using a

fluorescent reporteconstructgenerated byGolden Gate assemblgZloning and
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characterisationof two fluorescent reporter constructsene conducted bya

Mastefs student, Avi Singhyndermy supervision and guidance.

The research in this chapter is presented as a manuscript that is in preparation for
submission. This manuscript explores both the likeljularlocalisation of Nge

Lig E, as well as its potential role iN. gonorrhoeaeDNA uptake and hence
addresse®bjectivesThree andFour (seeChapteiOng. | acknowledge that other
experiments still need to be conducted before this manuscript is ready for
submission, which have outlined irChapterSix; these experimentae currently

in progressl also note that there are some discrepancies in the methodology of this
manuscript compared to those presentedCiapter Threeand Chapter Four
including the use of Of3ovs ODsooto measur®. gonorrhoea®ptical density or

the use of different mutants for different expegints (e.ggngolig EX®" vs qngo-

lig E*™). While conducting the results presented in this chapter, our laboratory had
changedseveramethodologesfor N. gonorrhoeaenanipulation to ones thatere

more optimisedunder theguidanceof our collaboratordlaria Rendon Katherine
Rhodes and Magdalene Soom The University of Arizona.Furthermore,
constructiorof DNA uptake constructsivolved theuseof a kanamycin resistance
cassetteand hence a different antibiotic resistance gene (erythromycin resistance)

had to be used fahe N. gonorrhoead&nock-out strainfor these experiments.

Supplementary material associated with this work can be found in Appéndix

Pan, J, Singh, A.,Hicks, J.,.& Williamson, A. (205). DNA uptake during
natural competence? A proposed location and role of thed€pendent DNA

ligase, Lig E inNeisseria gonorrhoeadin preparation for submissign

5.1.1 Author contributions

As first author, | led the experimental work including the design and claxfing
constructsDNA uptake assays, RNA isolation and sequencing angasisell as

N. gonorrhoeasubcellular fractionation and immunoblotting. Avi Singh optimised
the Golden Gate cloning protocol and construction of two constructs under my
supervision and assistance. The study and experimental design of the work was
conceptualised by me, my -soipervsor Joanna Hicks, and n@hief supervisor

Adele Williamson, who also providediglance with the research and support with
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data analysis. The eauthorship form for this manuscript can be foundppendix
D.
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DNA uptake during natural competence? A
proposed location and roleof the ATP-dependent

DNA ligase, Lig E, inNeisseria gonorrhoeae

Jolyn Pat, Avi Singht, Joanna Hicks Adele Willamsoh

1School of Science, University of Waikd#amilton, New Zealand

2School of Health, University of Waikato, Hamilton, New Zealand

5.2 Abstract

Background
The DNA ligase Lig E is a periplasmiargeted ATRdependent isoform found in

many Gramnegative bacteria includingeisseria gonorrhoeaavhere it has been
shown to have a role in biofilm formation. Interestingly, many LigdSsessing
bacteria are also naturally competent, suggesting a second possible function in
DNA uptake. Here, we investigate this potential eodéd of Lig E from N.
gonorrhoeagNgo-Lig E) by measuring the ability of Lig E mutant strains to be

transformed by damaged DNA encoding flesrent and antibiotic reporters.

Results

We demonstratkthat NgoLig E is important for the uptake of nicked double
stranded DNA for genomic integration M gonorrhoeagand that this function is
dependent on the provision of extracellular AT also investigated tha vivo
location of NgeLig E by fusion of its Nterminal sequence elements with a
fluorescent reporter designed via Goldgate cloning. Results from this show that
the mature Ngd.ig E is located in both the periplasm and the extracellular milieu

of N. gonorrhoeae

Conclusions

These findings highlight the potential locations and roles of-NgcE in both
natural competence and biofilm formation in the periplasm and extracellular space
of N. gonorrhoeagemphasising its likely importance in its survival and persistence
and recommending it as a potential drug target against this incredibly antibiotic

resistant bacterium.
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5.3 Introduction

Ligases are enzymes that seal breaks in the phosphodiester backbones of DNA and

RNA during repair, replication and recombinat{@mmermaret al, 1967) These

enzymesare made up of two core domains, an adenylation @yTasedomain

that binds an adenylate doneither ATP or NAD, and an oligonucleotidbinding

(OB) domain that engages the nucleic acid subs{@ubramanyaet al, 1996;

Doherty & Wigley, 1999) All bacteria express an NABlependent DNA ligase

thatjoins Okazaki fragments during DNFeplicationand most repaiprocesses.

However, some alsencodeadditionalbacterialATP-dependent ligase®-ADLS)

that vary in structure and functig@ubramanyat al, 1996; Welleret al, 2002;

Gonget al, 2004 ; Wil liamson & etRike 8047 Shesn , 20114
includes Lig Ea minimatstructureb-ADL with only the two core domainsvhich

displays autonomous DNfining activity that does not require the participation

of other subunit{Subramanyaet al, 1996; Odellet al, 2000; Williamson &

Pedersen, 2014; Williamsat al, 2014; Williamsoret al, 2016; Paret al, 2021;

Panet al, 2024) The majority of other accessoryADLs have been demonstrated

to be involved in stationary phase DNA damage responses, often forming
complexes with operonic or docalised gene products to effect rephiewis &
Resnick, 2000; Zhu &tablROta7mwiliamsog & IGeivos, Pgoc i ¢
2020)

However, the biological function of Lig E has remained something of an enigma.
Furthermore, Lig E, which is found only in Gramegative proteobacteria, seems to
form a distinct clade from other DN#epair BADLs and it lacks the syntenic
organisation obseed with the other4ADLs (Pergolizziet al, 2016; Williamson

et al, 2016; Paret al, 2021) Most intriguingly, it has a 2840 amino acidong
periplasmic localisatiosignal peptide on its fferminus, which whemuleletedin

vitro, increase#s activity and stabilityMagnet & Blanchard, 2004; Williamsaat

al., 2014) This potential extracellular export of a DNA ligase is unexpected
considering the cytosolic location of bacterial genomic DNa&sdl orits predicted
cellular locationwepostulatehat Lig E is working on extracellular DNA (exDNA)

in the periplasmic space of Ligé&xpressing bacteria. Further supporting this is the
presence of Lig E in organisms that express a homologue of the competence factor,

ComEA, suggesting that they are atiletake up pieces of exDNA as paftthe
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DNA transformation process. This includes the obligate human pathéeisseria
gonorrhoeadChen & Gotschlich, 2001)

N. gonorrhoeaés abiofilm-forming obligate human pathogeasponsible for the
second most common sexually transmitted infection (STI) in the world, gonorrhoea
(Unemo & Shafer, 2014; World Health Organization, 202) gonorrhoeaéas
naturally competent and is able to take up pieces of exDNA itoemvironment

at every stage of its growth using its type IV pili (T4P), provided that they include
a specific DNA uptake sequence (DU8B)swaset al, 1977; Hamilton & Dillard,
2006) The high frequency of natural transformatiomMNirgonorrhoeaereates high
structural and antigenic diversity, leading to a panmictic population, and has
allowed it to become resistant to almost all classes of antibiotics that have been used
for its disease treatmentHamilton & Dillard, 2006) The precise molecular
mechanisms involved in the DNA uptake process.igonorrhoeagre still being
studied, however, it is known that recognition of the DUS on the cellular surface
triggers the movement of DNA across the cell membrane in its dstraleded

form into a DNaseesistant state with potential protection against nucleasésevia
periplasmic competence factor, Confliswas & Sparling, 1981; Faciu al,

1996; Chen & Gotschlich, 2001; Aasal, 2002; Hamilton & Dillard, 2006)Some

of the doublestranded DNA (dsDNA) ishenbelieved to be converted to single
stranded DNA (ssDNA) in the periplasm, while plasmid DNA is often subjected to
restriction(Biswaset al, 1986; Steiret al, 1988; Chaussee & Hill, 1998; Chen &
Dubnau, 2004Hamilton & Dillard, 2006) Considering the oxidative nature of the
human reproductive environment, especially during infections, it is likely that these
pieces of exDNA derived from the extracellular environment are fragmented or
otherwise damaged, and that a system is in plaegesiore the integrity of the DNA
before integration into the genomeNf gonorrhoeagwhich we hypothesise may

involve Lig E.

Previous studies have implicated Lig ENn gonorrhoeadiofilm formation and
attachment to host cells, with ablation of tigeE gene causing a decrease in both
the extent and volume of biofilformedon artificial surfaces and reconstructed
human epithelial sections, while compromising its ability to adhere to and invade
reconstructed tissu@anet al, 2024 Panet al, 2029 (Chapter Four However,

as noted previously, there is a high correlation between the presence of Lig E and
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demonstrated natural competence of the bacteria, as well as the presence of known
competence genes in their genorf@slliamsonet al, 2016) For example, many
well-studied species that have been model organisms for DNA uptake systems
encode Lig E, including important human and agricultural pathogens where natural
competence presents an antimicrobial resistance risk. We hypothesise that Lig E
may have arole outside the cytosol, where it acts on pieces of exDNA. In the present
work, we test the impact of Lig E deletion on DNA transformationNin
gonorrhoeaewith both intact and nucleasestricted DNA using a newdy
establishedN. gonorrhoeaeeporter systegrwhich demonstrateits important role

in this processWe also probe the localisation of Lig E frat gonorrhoeae
(hereby referred to as Ngag E) using a superfolder GFP (sfGFP) reporter protein
under the periplasmic leader sequence of-NigoE in vivo, showingthe potential
translocationof the proteininto the periplasmic and extracellular spaceNof

gonorrhoeae

5.4 Methods

5.4.1 Neisseria gonorrhoeae manipulation and mutant

construction

All N. gonorrhoeaaised in this study were of the MS11 stra@onococci were

grown at 37°C with 5% Cg&either on gonococcal base (GCB) agar (Diftyoor in
gonococcal base liquid (GCBL) (15 g/L BatYoProtease Peptone No. 3, 4 g/L
KoHPQy, 1g/L KHoPQ4, 1 g/L NaCl), both supplemented with 1Be | | o0gg 6 s
supplement (22.22 mM glucose, 0.68 mM glutamine, 0.45 mM cocarboxylase, 1.23
mM Fe(NQ)3) (Dillard, 2011) Piliation status was determined vizorphology

under a dissecting microscope at the beginning of each experiment.

To generate different variants, constructs were designed to introduce insertions
and/or deletions into thH. gonorrhoeadViS11 genome (GenBank: CP003909.1)

by homologous recombination of flanking sequenassdescribed previously
(Dillard, 2011) Briefly, thegon dig E*™ mutantcontained a disruption of thgo-

lig E gene (NGFG_01849)y an erythromycin resistance cassettdofaz-ngo-lig

E-his®" mutant was generated previougBanet al, 2024)at a neutral site in the
genome (NGFG_RS1514%jth acodonoptimisedngolig E geneinserted behind

the constitutiveopaBpromoter(Popag), as well aboth a6-His-tagand akanamycin
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resistance cassetiéthe Gterminus The same insertion was generatedoin di@
E®™ giving angolig E overexpressing complemerp( gi@ ES™, Popas-ngo-lig
E-his@"). All DNA constructs were ordered as gene fragments or clonal gieoes (

Integrated DNA Technologig$DT) or Twist Biosciences).

Strains were generated via spot transformgfibthard, 2011; Callaghan & Dillard,
2019) Briefly, piliated, Opa negative (Opeacolonies were streaked through 10 ng
spots of the DNA constructs. Mutants were selefidedia selection on GCB agar
with the antibiotic of interest(50 pg/mL kanamycin, 10 pg/mL erythromycin)

before verification via PCR and sequencing.

5.4.2 Extracellular DNA uptake assay

5.4.2.1 Rifampicin resistance generpoB) construct

A rifampicin resistaniN. gonorrhoeaeMS11 strain with a mutation in thgpoB

gene (NGFG_RS1025%pchaefferet al, 2022)was kindly giftedto usby the So

laboratory (University of Arizona). This strain contained& @utation at position

1657 of the gene, changing residue 553 from a histidine to a tyrosine. The genomic

DNA of the strain was extracted using the GeneJET Genomic DNA Purification Kit

(Thermo Scientifit™) accor di ng t o t he mbeforef act ur e
amplification of thepoB gene via PCR using the primdistedin Table C.1.

5.4.2.2 Construction of a fluorescent reporter gene toolbox
The Geneiou$rime 2021.1.1software (http://www.geneious.corpivas used to
analyse thé\. gonorrhoeadMS11genome (GenBank: CP003909.1) to sellete

neutralsites for integratiorof fluorescent reporters fNA uptake Criteria for

selection were that adjacent genes did not have an essential function and that coding
regions would not be disrupted. In addition, consideration was plaa@tsureno

disturbance of any gene promoters, terminators or operonic groups, indeing

presence oany favourable DUS sequences or restrictiors$de gene insertion,

and avoiding large differencesGC content, as well as any repeat regions that may
affect homol ogous recombination. Eventua
assays based on the relative transformation efficiencies of a kanamycin resistance

cassetténto each site
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The differentinsertion parts of theoolboxwere designed individuallgTable5.1)

and were ordered as gene blocks, whil

and 30 flanks homol ogous to the insert.i

as a plasmid, all from Twist Biosciences. Egantwasdesigned withrecognition
sitesfor the TypellS restriction enzyme, Bsal, to cresgiecificoverhangs to ensure
the correcorder for insertion into the vector backbone during cloning (promoter
reporter genantibiotic resistance gene). Constructs were assembled from
individual parts using Golde@ate cloning(Engleret al, 2009)to create different
combinations of completduorescent reporter plasmider expressionBriefly,
desired parts wereombined in one reaction at 18°C overnight at a 3:1 molar ratio
of each insert:backbong) combination withBsaltHFv2 (30 units) and T4 DNA
ligase (1000 units). The react®were terminated at 60°C for 5 minutes before
transformation intcchemically competend H 5 El. coli cells. Positive colonies
were selectedor via the loss of thel a cgeréin the vector backbonehich
presented aslite colonies (instead of blue) in the presence-gbK The plasmids

of interest vere isolated using E.Z.NAEndoFree Plasmid DNA Midi Kit for later

integration intoN. gonorrhoeaeia spot transformation

Table 5.1 Different inserts used to construct fluorescent reporter genes via Golden
Gate cloning. Individual sequences are provided iflyperlink C. 1.

Part Feature

Promoter

Ppile ConstitutivepilE promoter
Popas ConstitutiveopaBpromoter

Reporter genes

sfGFP Superfolder GFP (excitation wavelength (exc): 48t
nm, emission wavelength (em): 510 nm)

mCherry mCherry (exc: 587 nm, em: 610 nm)

Antibiotic resistance gene

kar® Kanamycin resistance cassette for selection

The fluorescencéantensiies of the generatedconstructsin both E. coli and N.

gonorrhoeaeveredetermined vianicroscopy and spectroscopy to determhmar
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suitability as reportar for DNA uptake assaysBriefly, the fluorescence of
resuspended lawns (5 pL on microscope slides) were visualised using the Zeiss
Axiostarplustransmitted light microscope vike blue éxc: 456490 nm, dichroic
(beam splitter): 510 nm, long pass filter (ed)}5 nm) and green (exc: 546/12,
dichroic (beam splitter): 580 nm, long pass filter (em): 590 nm) light filter sets
(wavelengths) at40 magnification Prepared lawns were also serially diluted and
the fluorescence intensities were quantified ugiiegSpectraMak M4 Microplate
Reader(exc: 485 nm, em: 525 nfor sfGFP fluorescence; exc: 587 nm, em: 610

nm for mCherry fluorescence).

5.4.2.3 Transformation assay forthe uptake of extracellular DNA

N. gonorrhoeadiquid transformation assays were performed as outlindiltard,

2011 Briefly, piliated gonococci from a 24 h streak were lawned for 7.5 h. Cultures
with a starting Olsso of 0.07 were prepared from the lawn and were left shaking
overnight withsodium bicarbonate (0.042%30°C, 50 rpm). 5 mL cultures with a
starting OBRsoof 0.3 were then generated and left shaking for 1.5 h (37°C, 250 rpm),
before adjusting the Ofshto 0.6.

The respective DNA constructs of interest (4000 ng) were warmed in 200 pL of
GCBL media supplemented with Mge(® mM) in 12well plates for 15 min at
37°C. Prepared gonococci that had settled for 5 min (40 pL from the bottom of the
inoculum, ORs500.6) were added to the DNA mix and incubated for 30 min at 37°C.
GCBL (2 mL) was added to the transformation mix before incubation at 37°C for
2 h. The gonococci wetthenscrapped from the wells and serially diluted before
plating onto GCB agar with the desiradtibiotics (50 pg/mL kanamycin or 40
pg/mL rifampicin). The number of colonies on the agar plates were counted after
48 h to obtain colony forming unit (CFU) measurements. Colonies transformed
with the sfGFP construct were verified via fluorescence under blue light.
Transformation efficiencies were calculated as the CFU of transformants (on

kanamycin plates) over total CFU (nealected).

To introduce nuclease damage to the exDNA, fluorescent reporter constructs were
treated with restriction enzymes. This included dowhlended breaks (DSBS) in

the form of overhangs (Ncol) and singliganded breaks (SSBs) in the form of
nicks (Nb.Btsl) New England Biolady. Briefly, 10,000 ng of DNA was digested
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according to the manufactureroés instruct.i
was performed at 37°C for 2 h, followed by inactivation at 65°C for 10 min, while
Nb.Btsl digestion was performed at 37°C for 1 h, followed by inactivation at 80°C
for 20min. The restriction digest mixtures were used directly in the transformation

assays without further purification.

For experiments to test the effect of exogenous ATPNA uptake 1 mM ATP
was added along with the DNA of interest. For transformatiorder oxidative
stress,transformationswere conducted as above with gonococci that had been
exposed to kD> (25 mM) for 20 min. Untreated controls were included in parallel

for each treatment condition/experiment for direct comparison.

5.4.2.4 Evaluation of piliation status by immunoblotting against PilE

To ensure piliation status did not differ between strains, the levels of PIlE
expression were quantified via immunoblotting after each DNA uptake assay. The
remaining cultures from the DNA uptake assays were isolated and-freszed

five times to lyse tl cells and were later run d2% sodium dodecyl sulphate
polyacrylamide gel electrophoresiSESPAGE) gels. Western blotting was
performed with nitrocellulose membranes. After protein transfer, membranes were
blocked for an hour with 5% milk in Tris beffed salineTween 20 (TBST). The
membrane was probedernightwith a primary antibody against the EYLLN motif

on the conserved f&&rminus domain othe T4P major pilin, PIlE (SML, 1:1000)

(Virji et al, 1989) which was kindly gifted to us by the So Laboratory (University

of Arizona). This was used in combination with a goat-arduse polyclonal IgG
antibody conjugated to horseradish peroxidase ab97023 (Abcam, 1:5000) for 1 h.
The membranes were incubated with the SuperS¥jnalest Femto Maximum
Sensitivity Substrate for @in before imaging using the iBright Imaging System

(Invitrogen)

5.4.2.5 RNA isolation and sequencing

Remaining scrapped cells from the DNA uptake assare pelleted and snap

frozen after resuspension in 800 pL TRI Reagent (Zymo Research) to preserve

RNA. Total RNA was isolated from two separate assays using the R2oERNA

Mi ni prep Kit (Zymo Research) accda ding t«

RNA integrity and concentration were determined using the DeNovix RNA Assay
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kit and the Agilent High Sensitivity RNA ScreenTape on the Agilent TapeStation
4150. Sequence library preparation using the TruSeq Stranded Total RNA Library
Prep Gold kit and whole transcriptome sequencing using the Illlumina NovaSeqgX
system was performetly Macrogen Oceania with 151 bp pakend reads.
Macrogen Oceania also performed data processing via Trimmomatic (version 0.38)
(Bolgeret al, 2014) genome alignment to the reference genoA®M15685v2

NCBI RefSeq assemhl{sCF_000156855)2/ia Bowtie (version 1.12) angmead

et al, 2009)and gene expression quantification via HTSeq version O(Abders

et al, 2015) The DESeq2 packagg@ove et al, 2014)was used to perform
differential geneexpression in R version 4.2(R Core Team, 2022)ith the
parametersdjustedp-value pad) O 0. 05 faonldd | cahdpanggieemedl

as differentially expressewvhich was later expandedpadjO 0. 05 falchd | og 2
c h a n @.5to id@ntify genes with more sub#pression differenceSunctional
annotation oN. gonorrhoeadiS11 is poorly annotated and hence gene ontology
(GO) annotations were obtained from the National Center for Biotechnology
Information (NCBI) database of already characterised proteins, or of identical

proteins in the database.

5.4.3 Location tracking

5.4.3.1 Location tracking construct generation

GoldenGate cloningvas usedo generate two DNA constructs for location tracking
as outlined above. THest construct (Location Construct Eigure C.1) included

the same destination vector backbone mentioned earlier, the Sp@angromoter

and the kanamycin resistance cassette with a modifi@éBP gene which had the
signal peptide ohgolig E and 11 linker amino acidattached to its Nerminus
(MIKKIIGGIIPIFTAVFIPASAGA ADLMLAQEYKG), as well asa 6His-tag on

its G-terminus Figure C.1). Attempts were also made to generate a recombination

construct where the fulength Ngo-Lig E was fused to the sfGFP reporter
(Location Construct Zrigure C.1); however difficulties were encountered with

generating the full plasmid iB. coli.

N. gonorrhoeaenutants were generatedth Location Construct 1 using the spot

transformation protocol outlined above.
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5.4.3.2 Subcellular fractionation and sfGFP-His protein detection

Piliated gonococci transformed with Location Construct 1 were laonedjar and

left for 16 h. The lawns were resuspended in GCBL and left to grow with sodium
bicarbonate(0.042%) for 2 h (37°C, 250 rpm). Subcellular fractionation was
performed as outlined previous(fPanet al, 2024)to isolate the extracellular,
periplasmic, cytoplasmic and membranous fractions. The location of the-$flSFP
protein was tracked in the fractions via fluorescence under blueTiglenrich for
His-tagged proteins, an equal amount of each fraction (140 pg) was incubated with

Ni Sepharose High Performance nickel resin beads (Cytiva) for 15 min. The

volumes loaded onto the beads were normalised to the total protein concentration.

Thebeads were centrifuged and washed twice with lysis buffer (50 mM Tr& pH
750 mM NaCl, 1 mM MgG, 5% glycerol) before running them on 12% SDS
PAGE gels to separate the proteins by size.

Western blaing was performed on the samples obtained from subcellular
fractionation as outlined above using an anti-tdg mouse monoclonal (HIS.H8):
sc57598 igG2b antibody (Santa Cruz Biotechnology; 1:500) and a goai@rge
polyclonal IgG antibody conjugated torseradish peroxidase ab97023 (Abcam,
1:1000). The membranes were incubated with the SuperSignal West Femto
Maximum Sensitivity Substrate for 5 min before imaging using the iBright Imaging

System (Invitrogen).

5.4.4 Statistical methods

Statistical analyses were preformed using the GraphPad Prism 9.4.0 software

(https://www.graphpad.com/ Oneway analysis of variance (ANOVA) with

Tukeyds multiple comparisons test was

andp values< 0.05 were deemed statistically significant.

5.5 Results

5.5.1 Homologous recombination involving a single nucleotide

changein Neisseria gonorrhoeaes dependent on Nged.ig E

Given the evidence of a likely periplasmic location of Ngg E, we investigated

the potential function of Ngaig E on gonococcal transformation with exDNA. To
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test this, we performed DNA uptake assays withutatedrpoB gene segment that

had a single nucleotide mutation, changing residue 553 from a histidine to a tyrosine.
Thi s gene wsubunibaf he RNAIpaymérase which is the target of
rifampicin, while the mutation prevents proper binding of rifampicin eoRINA
polymerase causing resistar{&haefferet al, 2022) As N. gonorrhoeaealready

has a nativepoB gene, the mutated gene would offer a selective advantage when
rifampicin is present. ResultBigure5.1) show a significant decrease in the ability

of the bacterium to take up and integrate the provigeB gene block via
homologous recombination whemgolig E was disrupted compared tat.
Interestingly, this phenotype did not seem to be restored by the complement with a
constitutively expressinggolig E (gngolig E®™, Popagngolig E-his@). The
constitutively expressinggolig E control without the nativago-lig E disrupted

(Popas-ngo-lig E-his® also displayed similar low transformation efficiencies to the
complement.

S
— S
S 1.5+
) S
c
Q
= 104 T
©
S
2 T
g 0.54
- —l_ —
o
(7]
T
= 0.0 T T T T
R
O @
© &K
§Q° 0,‘\9 ©
N Y
QOQ’O OQ’O'
S
%
o'.\\q
$
&

Figure 5.1 Transformation efficiencies of Neisseriagonorrhoeaewith an rpoB gene
block with a single nucleotide substitution (C>T), where mutants were selected for via
rifampicin resistance. Transformation efficiendes were calculated as a percentage
over total colony forming units. Points are the mean values of triplicates while error
bars represent the standard error of the meanSignificance values are given as
*pJ10.06; ** pJ10.01 Comparisons which showed no significant differencep> 0.05)
are not indicated
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N. gonorrhoeagegularly undergoes antigenic and phase variations that affect its
piliation status, which in turn could affect transformation efficiency. To ensure that
the differences in transformation efficiencies observed were not due to any
differences in PIlE expre®on (the major pilin subunit), the levels of PIlE
expression were quantified via immunoblotting after eBdA uptake assay,
which showed equal amounts of PIilE expression for the diffé&egbnorrhoeae
mutants of interesfgure C.2). This was also confirmed visually via microscopy
(Figure C.3).

5.5.2 Development offluorescent reports to measure DNA uptake

As N. gonorrhoeaalready has a nativpoB gene, transformation with the mutated
rpoB construct would only require homologous recombination of a very small insert
to incorporate the single nucleotide change that confers antibiotic resistance. We
were also interested in determining if Ngiy E is similarly involved in the
acquisition of noel genes not present in the gonococcal genome. To determine this,
we developed a DNA toolkit that would allow us to vary the lengths of DNA
constructs and investigateetiuptake of multiple genes that could be subjected to
damage. This involves having multiple promstereportes (with DUS) and
antibiotic resistance gene parts that can be assembled in different combinations via
Type IIS restriction or Golde@ate cloning[Engleret al, 2009)(Figure5.2).
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Neutral construct integration site selection
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Figure 5.2 Workflow of the development of fluorescent reporter constructs to
measure extracellular DNA repair via Golden Gateassembly. Constructs 13 were
successfully cloned with version 1 (v1) parts, while construct 4 was created with
version 2 (v2) parts.The individual parts were designed with specific recognition sites
for the restriction enzyme Bsal.Genbank sequences of the individual parts and the
final constructs can be found inAppendix C (Hyperlink C. 1).
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The vector backbone contai nedombldgeus 56 and
to the site of insertion at a neutral sitehe genome (NGFG_RS15145, previously

| abell ed as an intergenic region, now as
uptake assay were chosen based on the criteria outlined in the M&tlotidsand

with the intention of utilising the site for gene complementation in the future. Based

on this, constructs for three candidate sites were sel&ited (NGFG_RS15145;

Site 2. betveen NGFG_RS05780 and NGFG_RSO057&Bte 3: between
NGFG_RS11455 andGFG_RS11460). Transformation trials of these sites with a
kanamycirresistance geneassettén betweerb 6 and 36 500 odbp fl ank
eachlocationshowed greater transformation rates with the NGFG_ RS Iretyian

(data not included)which was the finadite chosen for the DNA uptake assays (Site

1). We note that attempts weralso made to utilise other published
complementation neutral sites (itgpB-iga andaspClctP) (Ramseyet al, 2012)

However, we experienced difficulties ireliably generating mutants in these

locations. Furthermore, we were worried about the implications of interrupting the
genome close to an essentil gonorrhoeaegene {ga) when we hd already

compromised the genome by disruptmgp-lig E (Remmeleet al, 2014)

TheopaBandpilE promoters were chosen as they are strong constitutive promoters

and would drive the expression of both the reporter and antibiotic resistance genes

(Fyfe et al, 1995; Bellancet al, 1997; Ramsegt al, 2012 Benderet al, 2029.

All four reporter constructs were generated successfullyward confirmedvia

Sanger sequencing. To enable future compatibility with other toalbeglopment

initiatives in our teanjFlemminget al, in preparationand in an attempt to improve

assembly efficiencies, a secegédneration (2) backbone was designed which

differedto the first version (vl) onlinthe4dbp over hangs wused to .l
of thepromotero | ock and the 36 end of tiWé resist
insertswereused to generat€onstructs 13 (Ppie-sSfGFRkarR, Popag-S{GFR-kam

and Ppie-mCherrykarf), while v2 inserts weraised tocreate theourth construct

(Popas-mCherrykar) which was unsuccessful with..

All four constructs showed expression of the reporter genek. iroli via
fluorescence Rigure 5.3A) with visibly stronger expression of both sfGFP and
mCherry undePpie comparedto Popae Transformation of the constructstonN.
gonorrhoeaeMS11 alsoshowed stronger expression and fluorescence@FP
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under Ppie than Popas (Figure 5.3B and C) as well as somd&uorescence and
expression ofmCherry under Ppie (Figure 5.3B and D). No fluorescence was
detectable from mCherry und@®opas (Figure 5.3B). Based on the strength of
expression, we concluded that DNDdnstruct 1 Ppie-sfGFR-karf) was ideabs a
reporterfor DNA uptake of novel gerseln principle, this construct would allow us

to measur&doth unselected transformations via sfGFP fluorescence (uptake of gene
cassette in the absence of antibiotic selection) as well as selected transformations
via kanamycin resistance (after plating with kanamycin). However, due to the
generally low transfanation efficiencies of new genes intb gonorrhoeagwe

found that thevt background wasohigh in the absence ahtibiotic selection that
transformants were not detectable unless selection via kanamycin was included at

the same time.
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Figure 5.3 Expression of fluorescent DNA uptake reporter constructs generated via
Golden Gate cloning. Expression in (A) Escherichiacoli D H 5 &hd (B) Neisseria
gonorrhoeaeMS11 cells visualised via microscopy (x40 objective magnificatiorgixc:
485 nm, em: 525 nnfor stGFP fluorescence under blue light; exc: 587 nm, em: 610
nm for mCherry fluorescence under green light. Quantified fluorescence of thal.
gonorrhoeaemutants measured via spectroscopy using the (C) GFP channel (exc: 485
nm; em: 525 nm) and (D) mCherrychannel (exc: 587 nm; em: 610 nm). Points are the
mean values of triplicate measurements with error bars representing the standard
error of the mean.
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Ngo-Lig E is important for the repair and uptake of novel

extracellular DNA in Neisseria gonorrhoeae

Using Construct 1 fronfFigure 5.2 (Ppie-sfGFPRkarfY), we investigated whether
Ngo-Lig E aids with the uptake and integration of novel genes into the genome of
N. gonorrhoeaddy providing the construct to the cells in an undigested circular
form. Results show a significant decrease in the ability ofgtge-lig E*™ mutant

to take up the new piece of uncut circular DNA and integrate it into its genome
compared tavt N. gonorrhoeadFigure5.4). We also investigated whether Ngo

Lig E has a role in the repair of digested exDNA before integration into the genome
by supplying the sameonstruct afterestriction enzyme treatmetd generate
either singlestraneédd nicks or doublestranded overhangsResults of these
transformationshowthat qpn dig E*™ is impaired in its abilityto take up and
integrateDNA with both kinds of damage relative tot N. gonorrhoeadFigure

5.4) which echoes the results with intact DNA. For batharnd con gig E*™
transformatios were significantly higher for the nicked DNA than the overhang
substrate. Notablygngolig E*™ was only ~6070% as efficient at taking up the
nicked DNA compared to its uptake of intact DNA, providing some evidence of
repair of the breaks by this enzyntg@gure5.4), althoughwt was almost 100% as
efficient at taking up nicked DNA aswas with intact DNA On the other hand,
transformation efficiencies with the overhang damage were considerablyftower
all strains supporting our previous results where recombinantiNgd preferred

a nicked substrat@anet al,, 2024)(Chapter Threg Specifically, thewt strain was

only 1% as efficient at taking up constructs witB&B compared to intact DNA,
while ngolig E*™was only ~ 0.5% asfficient in incorporating the same damaged
construct compared to its intact counterp#igqre 5.4, Table C.2), although

differencesbetween the two variantgere notstatisticallysignificant
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Figure 5.4 Transformation efficiencies of Neisseria gonorrhoeaewith uncut and
damaged (nick and overhangPpie-sfGFP-kan® constructs. Successful transformants
were selectedfor via fluorescence and kanamycin resistance. Transformation
efficiendes were calculated as apercentage over totalcolony forming units and
averagevalues can be found inrable C. 2 (for reference for the low overhang damage
values) Assays were conducted in triplicates and error bars represent the standard
error of the mean with significance values given as *p 00.01; *** p 00.007 **** p

O 0001 Comparisons which showed no significant differencep( 0.05) are not
indicated.

To determine whether Ngloig E is utilising exogenous ATP as a cofactor during
exDNA joining, we repeated the DNA transformation experiments with the addition
of 1. mM ATP alongside the exDNA. Resu{igure5.5A) showed no significant
changes in the uptake efficieesof uncut DNA for eithemt N. gonorrhoeaer
gngolig EX™ with ATP supplementation. However, addition of ATP significantly
increased the transformation efficiencies of the nicked DNAvid&. gonorrhoeae

to almost double the frequenaythout supplementatio(Figure5.5B), while the

transformation ratewerenot improved for themgo-lig E*™ mutant.
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Figure 5.5 Effect of ATP supplementation(1 mM) on the transformation efficiencies
of Neisseriagonorrhoeaewith the Ppie-sSfGFP-kan® construct. (A) Uncut construct

control. (B) Nicked construct. Transformation efficiendes were calculated as a
percentageof total CFU. Successful transformants wer&etectedvia fluorescence and
kanamycin resistance. Assays were conductéaltriplicates. Error bars represent the

standard error of the mean with significance values given asp 00.05; ** p 00.01;

** 1 00.001.Comparisons which showed no significant differencep(> 0.05) are not
indicated.

5.5.3 Ngo-Lig E-related DNA uptake in Neisseria gonorrhoeaés

not linked to oxidative stressors in the environment

To test whether oxidative stress stimulabgb-Lig E-mediated transformatien

the uptake of intact and nick&jie-sfGFRkar was measured in the presence of
H20.. No effect of HOz on transformation efficienciesas observed for eithevt

or gngo-lig E*"™with uncu (Figure5.6A) or nicked DNA (Figure5.6B), suggesting

that any NgelLig E-related DNA uptake is not a response of oxidative stress.
Results from this experiment did not reveal major changes in gonococcal numbers
immediately after KO treatment, or after the 2 h recovery period following
transformation (data not included). Immintmtting (Figure C.2) indicated that

PilE was similarlyexpressedetween the two variants.
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Figure 5.6 Effect of H.O2 (25 mM) on the transformation efficiencies ofNeisseria
gonorrhoeaewith the Pyie-sfGFP-kan® construct. (A) Uncut construct control. (B)
Nicked construct. Successful transformants were selectddr via fluorescence and
kanamycin resistance Assays were conducted in triplicates. Error bars represent the
standard error of the mean with significance values given as 1 00.01;*** pJ]0.001;

***%* nJ10.0001. Comparisons which showed no significant difference ¥ 0.05) are
not indicated.

5.5.4 Differential gene expression is observed ilN. gonorrhoeae
whenngo-lig E is disrupted

RNA sequencing analysis showed no differentially expressed genes betiMden
gonorrhoeaeduring periods of DNA uptake under both normal conditions and
hydrogen peroxide treatment, or during DNA uptakeittieruncut or damaged
exDNA. However, three genes were differentially expressed betwisamdoqngo

lig E*™(padjO 0. 05 famldd | colpéRablp®2). Spedcifically there was
undetectable expression 9@-fold decrease of the ngolig E gene
(NGFG_RS1131) an approximately 3%old decrease irthe expression of a
hypothetical pilin geneNGFG_RS1147h and an approximatelyfdld increase in
theexpression of a pilin gen&GFG_RS14890in gngolig E*™ compared tawt.
Manual reannotation of these genes by comparison to identical protein sequences
from other strains indicated that the downreguldt€eFG RS11475n ngolig

E®™ is pilEuss2 which is a unique silent copy @ilE just dowrstream ofpilE
(Rotmanet al, 2016) Meanwhile NGFG_RS14890 is located withirpdS locus.
Despite these differentially expressed pilin genes, immunoblotiiguie C.2)

and visual confirmation under a dissecting microscéjgufe C.3) indicatal that

both variants were similarly piliated and that this should not affect the results

obtained during the DNA uptake assays.
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NGFG_RS11310 DNA ligase
-5.73845 4.26e10

NGFG_RS11475 HypotheticalPilin
-4.72958 8.46e5

NGFG_RS14890 Pilin 1.529562 0.005084

We also evaluated the data with more permissible cpatimeterspadjiO 0. 05
andlog2f ol d c¢ h htoideatify @enés wih more subtle expression changes.
This identified seven additional genes that were al2k.fold more expressed in
gngolig E*"compared tavt (Table C.3). These genes included products involved

in energy production and conversion, inorganic ion transport, amino acid transport
and metabolism and replication, recombination and relpaivever,n all cases the

log2 fold change values of these genes were relatively low.

5.5.5 The signal peptide of NgeLig E directs export of proteins to
both the periplasmic and extracellular space of N.

gonorrhoeae
Based on the presence of a predicted sigeptide on its Nerminus it is likely
that NgoLig E is trafficked outside the cytosolic spade identify the likely
destination of mature Lig E, we constructed a fusion between sfGFP and the N
terminal sequence of Ngtig E (Location Construct 1Figure C. 4). This
comprised the predicted periplasaécgeted Nge.ig E leader peptide and 11
residues of the unstructured section after the predicted cleavagelsik were
joined directly to the Nerminusof the sfGFP. In addition, a Htag was included
at the Gterminus ofthe sfGFPto allow for enrichmentvia nickel affinity. This
construct was placed under the control of Bgg promoterand inserted into the
neutral site locus (Site Eigure 5.2). The resulting construaisplayedvisible
fluorescence in bottE. coli and N. gonorrhoeag allowing us to track the
localisation of sSfGFn different subcellular fractions ofN. gonorrhoeae
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Strong fluorescence was detected at approximately 28 kDa ofP8GE& in the

crude periplasmic fractigrwhich wasclose to the predicted size of the cleaved
protein(27.6 kDa) Figure5.7A). This was further enhanced after enrichmaat

nickel pulkdown against the @rminal Histag Figure5.7A). No other fluorescent

band corresponding to the uncleaved protein product was detected (estimated 32.3
kDa). Furthermore, Ngtig E is predicted to be transported via the Sec pathway
(Figure C.4), which typically occurs in an unfolded and hence its inactive state

before cleavage of the signal peptide.
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Figure 5.7 Tracking of sfGFP under the signal peptide of Ngd.ig E (schematic of

construct used shown in theop panel) (A) 12% SDSPAGE gel of the unconcentrated

subcellular fractions directly after extraction of the signatpeptide-sfGFP Neisseria
gonorrhoeaevariant, visualised via fluorescence using the green fluorescent protein

fluorescence channel (exc455485 nm, em: 508657 nm) on the iBright Imaging

System (left) and via Coomassie staining of the same gel (right). The sizes of the bands

visualised via fluorescence were estimated by marking the gel (denoted by the green

line) and aligning the images éaf er Coomassi eNisG@G as ni hg. péPiepi a
fraction after a nicketaffinity enrichment via the His-tag. Note, protein

concentrations were not normalised before loading (same volume of each fraction

loaded). (B) Western blot against the Histag of the subcellular fractions obtained

from the signal peptidesfGFP-His mutant in N. gonorrhoeaeafter enrichment by

nickel pull-down. The sizes of the purified recombinant protein control mix (Ngd.ig

E-His) are 29.2 kDa and 73.9 kDa for the MBRagged version. The blue arrow shows

the predicted uncleaved leadesfGFP protein (32.3 kDa) while the pink arrow shows

the predicted cleaved sfGFPpr oduc t (27.6 kbDa). 6L6 in bot
Protein Precision PlusM All Blue Prestained Protein Standards (BieRad) ladder

used.

To further support these results, we performed a Western blot againstethmeial

His-tag of protein after a nickel puldown (igure 5.7B). Interestingly, only an
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approximately 28 kDa band was detected in the periplasmic and extracellular space,
with a stronger signal in the periplasmic space. Two bands were detectable in the
cytoplasmic fraction, the smaller approximately 28 kDa band, and a slightly larger
band (>® kDa), the latter of which was predicted to be the uncleaved protein
(estimated: 32.3 kDa).

5.6 Discussion

5.6.1 Potential role of NgceLig E on DNA uptake during natural

transformation in Neisseria gonorrhoeae
In this work, we have further investigated the biological function of the minimal
ligase, Ngo-Lig E, which is an accessory DNA ligase encodedthe N.
gonorrhoeaeggenome in addition to its replicative NAfdlependenligase,Lig A.
We have previously demonstrated a role for Lig E fiéngonorrhoea€Ngo-Lig
E) in gonococcal biofilm formatio(Panet al, 2024)(Chapter Fout However, as
many Lig Eexpressing bacteria likbl. gonorrhoeaealso encode competence
related genes, they are likely able to take up pieces of exDNA which are stored in
the periplasmic space during translocati@angel et al, 2014) providing a
potential substrate for Nglog E activity. Here, we first demonstrated that Ngo
Lig E is important for transformation with DNA containing single nucleotide
mutations in a gene that provides a survival advantage (i.e. rifampicin resistance)

and that uptake decreases wmgo-lig E is deleted.

It has to be noted however, that overexpression, as well as deletigo-lid E,

had a negative effect on DNA uptake, indicated by the decreased ability of the
overexpressing varianPpas-ngo-lig E-his) to be transformed by the rifampicin
resistanceencoding DNA This likely explains why complementation of thgo-

lig E deletion did not restore DNA uptakewa levels. Previously, we have shown
that constitutively expressinggo-lig E does not affedi. gonorrhoeagrowth and
stress responsalthough i significantly enhances invasion into human cells and
biofilm formation(Panet al, 2024; Paret al, 2025) (Chapter Three We predict

that the overexpression of Ndigag E in this work may come at an energy cost to
the bacterium, especially considering its ATP requirements, causing it to lower its
DNA uptake or repair frequencies to compensate for this overproductionldbis a

possible thahgolig E overexpression interferes with the recombination process
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itself, as it was previously shown that deletion of the gene increased survival of
DNA-damaging antibiotics which was ascribed to the tendency of mistrafficked
Ngo-Lig E to bind tightly to nicked DNA intracellularl§Panet al, 2024)

We thenasked if NgeLig E is important for the uptake of larger DNA fragments.
Initially, this was attemptedby incorporatinga novel b-lactamasegene which

would provide resistance to ampicillin (data not shown). However, despite being
abl e t o elactpmasesafer intrbdecing it into the MS11 chromosome and
showing it provided the appropriate resistance, this construct gave too few
selecaible transformants when used in DRA uptakeassayg to be suitable as a
reporter construct. To combat thise developed a mulpart toolbox based on
Golden Gate assembly that allowed us to create a range of novel fluorescent reporter
genes under different promoters for incorporation into the gonococcal genome.
Results from this show that Ndog Eisalsoimpot ant f or the wuptak
novel genes inN. gonorrhoeae Transformation efficiencies with the novel
fluorescent construct were lower than that with the mutgieB gene block, the

latter of which displayed an almost -8id higher efficiency. Thisis likely
attributable to the incorporation of two large novel gest8KPandkarf) relative

to the singe nucleotide change in theB gene.

Next, we demonstrated that Nga E is important, albeit not essential, for the
uptake of damaged dsDNA with singdganded breaks iN. gonorrhoeaePrior
experiments with recombinant Ndaeg E showed its preference to ligate singly
nicked dsDNA (SSBs) with ~ 35% more efficiency than overhang substrates (DSBSs)
(Panet al, 2024) We thus created both damages orPe-sfGFRkarR construct

via restriction enzyme digestion, with the nicks and overhangs occurring in either
the sfGFP gene or the kanamycin resistance cass&tgh variants displayed
considerably lower efficiencies with the overhang damageever,wt was still

twice as efficient at incorporating the construct compared to \wheiig E was
disrupted, strongly suggesting that the Adépendent Ngd.ig E is responsible for
sealing damagan exDNA in N. gonorrhoeaeWe then showed thahe addition

of external ATP significantly enhances transformatiorwbiN. gonorrhoeady
nicked DNA to levels that actually exceeded those of thedigested construct
meanwhile, transformatiorof nicked DNA by the ngolig E deletion strain

remained low both with and without supplementary ATRis result provides
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extremely strong evidence that Ng@ E is participating in exDNAigation of
nicked construg} and is utilising the supplied extracellulafP to doso. In light

of this, it interesting to note that there was also lower transformation with the uncut
construct whemgolig E was disrupted, both in the presence and absence of
additional ATP, and that supplementation of ATP enhanced the uptake of uncut
substrates imvt N. gonorrhoeae We postul ate that the pro
may have been damagedsheared before uptake, either during the preparation of
the plasmid construct in the laboratory, or by any external nucleases in the culture.
Furthermore the Pyie-sfGFRkarR construct used for the assay was in a circular
state, which would be subjected to restrictamit enters the ce(Biswaset al,

1977; Soxet al, 1979; Steinet al, 1988) This explains the very similar

transformation efficiencies of both nicked and intact DNAWbN. gonorrhoeae

Considering the oxidative nature of the reproductive tract and the constant presence
of oxidative stressors from neutrophils which may damage exDNA, we also
predicted that Ngdig E may aid in DNA repair and uptake during periods of
oxidative stresgSeibet al, 2006; Stohl & Seifert, 2006)Previous datérom our
groupshowed no significant differences between the survivai df. gonorrhoeae

and apn ¢gig E mutant when exposed tE; (Panet al, 2024) However, other
groups have demonstrated that DNA repair is enhanced during periods of oxidative
stress inN. gonorrhoeagwhich is common due to the constant threat from
neutrophil extracellular traps that induce oxidative st(8sshl & Seifert, 2006)
These oxidative stressors would also damage exDNA outside theTtelks. we
predicted that Nghig E-dependent exDNA repair may be enhanced in these
conditions due to the increased DNA damag¢ tiegessitates increased genomic
repair.To test this hypothesis, we repeated the transformation assay wihighe
sfGFRkart construct after treatment of the bacterium with 25 mi@HHowever,

we showed that this Ngbig E-dependant DNA uptake and repair is not influenced

by oxidative stress, with no sigimént differences imgo-lig E expression during

DNA uptake aftea 2 h recovery period when exposedgDs.

RNA sequencing showed rgignificant differences in gene expressionwt N.
gonorrhoeaeduring DNA uptake during conditions of stress, as well as during
uptake of nicked vs uncut DNA. Howeveihere was markdyl decreased

expression of a silemilE copy whemgo-lig E was disrupted. Despite this, regular
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immunoblotting of PIlE and verification of morphology via microscopy before each
experiment showed no visible changes in piliation status for any aetlsve are
henceforth confident that this differential expression did not affect the DNA uptake

phenotype observed.

5.6.2 Potential cellular location of NgceLig E in Neisseria

gonorrhoeae
Previously, we have hypothesised that Lig E is being transported into the
periplasmic space of Gramegative bacteria based on the predicted signal peptide
on its Niterminus, as well as the potential for disulphide bond in its OB domain
which would form inthe oxidising environment of the periplagRanet al, 2024)
Lig E also displays higher ligation activity when its signal peptide is absent,
suggesting that this is its active fofiMagnet & Blanchard, 2004; Williamson &
Pedersen, 2014However,to date, the sulor extracellular location of Lig E has
not been confirmeth vivo. Previous attemptsy our grougo visually tracka Ngo
Lig E-GFP fusion in its native location ifN. gonorrhoeaewvere unsuccessful,
potentially due to the relatively weak expressionNgjo-Lig E from its native
promoter(data not publishedyWe have also found it difficult to track the location
of a Gterminally Histagged Ngel_ig E under the constitutivepaBpromoter via
the Histag in a neutral genomic locatigPanet al, 2024)(Chapter Three Other
groups have experienced similar difficulties with the extracellular thermonuclease,
Nuc, which also possesses antdiminal signal peptide iN. gonorrhoeag
highlighting the difficultesin tracking potentially periplasmic gonococcal proteins
(Steicheret al, 2011)

To overcome these setbacks, wermped to generata construct expressing Ngo
Lig E-sfGFP under the constitutiie promoter(Location Construct,Figure C.
1); however this was alsainsuccessful with no transformants being obtaindsl in
coli after multiple attempts at Golden Gate cloning, indicatingNigatLig E may
be slightly toxic inE. coli. Therefore as an alternaftstrategywe instead generated
a fusion constructof sfGFRHis with the first 35 amino acids oNgo-Lig E
(including its signal peptide) on its-términus(Location Construct JFigure C.1)
which we have cloned int8ite 1in theN. gonorrhoeaehromosome. This enaldle

duatt r acki ng of t he proteinds | ocat.i
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immunologically via detection of the Hiag. sfGFRwvas specifically chosen as it
is able to fold properly without mixed disulfide@ked oligomers and hence still
fluoresce in oxidative environments like the periplagBinh & Bernhardt, 2011)

Our signal peptidsfGFP fusion showed that the signal peptide of -NgoE
directs the transport of proteins to both the periplasmic and extracellulara$pace
N. gonorrhoeagwith some proteiralso being retained in the cytoplasm. The
presence of a slightly higher band only in the cytoplasmic fraction strongly
indicates that the signal peptide is likely cleaved off during export, and that the
mature protein is directed across the inner membrane itite
extracellular/periplasmic space M. gonorrhoeae Distinction between the two
locations is difficult however, as the subcellular fractionation procedure can be
prone to crossontamination of proteins between fractions. To overcome this, our
group is currently working on tracking the exportation of Nigy E directly via
super resolution microscopy. Furthermore, nanobodies specific td.iyde are
currently being developed in our laboratory which would have superior specificity
to the targeproteinthan the antHis antibodies usedrhiswill be used forfuture

Ngo-Lig E tracking experiments.

5.6.3 A proposed model for Lig E in periplasmic repair of

damaged DNA andbiofilm formation

Consistent with our experimental findings, we propose that-INgoE is
transported to the periplasmic space where it has a role in natural transformation
and repair of nicked DNA imN. gonorrhoeae Although the general steps of
gonococcal natural transformation have been outtmedare believed to be similar

to those of other proteobacteria suciVémio cholera(Hamilton & Dillard, 2006)

much is still unknown about the exact mechanisms involved, and hence it is difficult
to place where Ngaig E may fit in this process. It has been postulated however,
that after linear dsDNA crosses the cell membrane into the periplasmic space of
Gramnegative bacteria, it is separated into single strands to prevent endonuclease
restriction, with one strand crossing into the cytoplasm for homologous
recombination, while theother is degraded into nucleotides in the periplasm
(Chaussee & Hill, 1998; Chen & Dubnau, 2008)milarly, small circular DNA

(<11.5 kb) is often nowpecifically cleaved or processed into its linear double
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stranded form as it crosses the outer membrane without undergoing further
restriction via endonucleases in the peripléBmwaset al, 1977; Soxet al, 1979;
Steinet al, 1988) AlthoughN. gonorrhoea¢akes up both linear and circular DNA
with the same efficiency, it displays higher transformation efficiencies with circular
DNA, which is believed to be integrated into the genome afteircalarisation
(Biswaset al, 1986) Therefore, rather than being critical for the translocation of
DNA into the cell or its genomic integration, we believe thatNgpE enhances

the rate and frequep®of DNA transformation irfN. gonorrhoeady augmenting

the amount of available intact DNA for recombination, especially when it offers a
selective advantage (i.e. antibiotic/rifampicin resistance). We propose two major

routes for this:

1. Sealing nicks or breaks in linear dsDNA obtained from the environment (e.g.
damagedextracellularly due to the highly oxidative human environment),
increasing the likelihood that either singteand of the duplex are available
as templates for homologous recombination in the cytoplasm, and hence

enhancing transformation rajes-

2. Sealing nicks or breaks in circular dsDNA that occurs as it crosses the outer
membrane, either restoring its circular topology in the periplasm or
repairing the nicks that may have randomly occurred in pretedoding

genes

In addition to a role in the periplasm, we believe that-NigoE is also transported

to the extracellular space, potentially via outer membrane blebs, which are common
in N. gonorrhoeadiofilms (Dorwardet al, 1989; Greineet al, 2005; Steichept

al., 2008) As the blebs pinch off the membrane, the periplastontentsare
envelopedcarrying DNA, lipidsandproteins which maylsoinclude periplasmic
Ngo-Lig E. These all contribute to the biofilm matrix, which we predict is where
extracellular NgeLig E works onmaintaining biofilm stabilityor initiating biofilm
formation (Panet al, 2029. The interplay between biofilm formation and DNA
transformation ifN. gonorrhoeadas beestudied by other researchensth DNA
transformation being most efficient during early biofilm formatiiouzelet al,
2015) We propose thatsalarger pieces of DNA tend to be retained outside
gonococcal colonies and be incorporated in biofilinep | e a k 4i§ E iNtheo
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extracellular milieu may be working on repairing breaks in exDNA for biofilm
initiation, whereas periplasmic Ndog E maywork on repairing breaks in DNA

to enhance homologous recombination efficien@ender et al, 2022) A
fascinating nexstep in this research would be to further probe the interplay

between these two processes and the raNgofLig E in each.

5.7 Conclusiors and future work

The elucidation of the potential location of Lig ENh gonorrhoeaéNgo-Lig E)

has allowed us to discern its potential function in relation to its cellular location.
Here we show that Nghbig E is likely exported to the periplasmMf gonorrhoeae
where it may be important for sealing nicks in linear dsDNA destined for
homologous recombination, enhancing the probability of successful integration into
the genome, as well as sealing nicks in circular DNA as it enters the periplasm. This
has importanimplications for its ability to take up long contiguous pieces of DNA
and hence its rapid acquisition of novel antibiotic resistance genessu\Mgropose

that NgoLig E is transported to the extracellular spaceNofgonorrhoeaevia
membranous blebs, whichaywork on fragmented exDNA that contribute to their

retention and incorporation into biofilms.

One outstanding question that remains is the source of the ATP cofactor used by
Lig E enzymes for ligation. We predict that the Ngg E, which is transported
outside the cytoplasm, is utilising ATP in the extracellular environment for
enhanced ligationra repair, such as that provided during the supplementation
experiment. Given the evidence of growth pheegulated extracellular ATP in
some Grarmegative bacteria and the possibilitydifgonorrhoeaeccessing host

ATP as it invades human cells, it p@ssible that Nghig E is activated with
external ATP outside the cytoplasm when the gonococcus is in its native
environmen{Mempinet al, 2013; Spari & Beldi, 2020However, we cannot rule

out that the increased activity with the addition of ATP may be due to the uptake of
ATP into the cells rather than being used in the periplasmic space. Our group is
currently developing a method to quantify the amount of ATRénpteriplasmic
space ofN. gonorrhoeagboth during its normal growth and durititge uptake of
nicked DNA. We also acknowledge the lack of a complement for the assays

conductedwith the Pyie-sfGFPR-karR® construct due to difficulties working with
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other antibiotics ifN. gonorrhoeaghowever, this is also currently in development
with our strains. We likewise note the differential expression in the two silent pilin
genes in themgolig E°™ mutant.N. gonorrhoeaés capable of undergoing pilin
antigenic variation via nereciprocal recombination from transcriptionally silent
pilS copies ont@ilE, generating bacteria with different piliation status, the process
of which is dependent on the guanine quadruplex (G4) motif upstregihi ¢Hill

& Davies, 2009; Wachteat al, 2015; Wieleret al, 2023) However, DNA uptake

and natural transformation M. gonorrhoeaas dependent on the T4P machinery
(Hamilton & Dillard, 2006) Hence, we are also working ¢
variants of all our mutants where the G4 motif is disrupted, based on work that has
been conducted by Maier and colleag(#&iineret al, 2017; Bendeet al, 2022)

By preventing this pilus antigenic variation from occurring, weamsure that the
differentially expressed silent pilin genes do not affect the resdisrved with our

transformation assay

Although further experiments will need to be conducted to investigate the interplay
between the two proposed roles and locations ofINgde, the results presented

in this report highlight the importance of Nga E on the virulence and
pathogenicity oN. gonorrhoeagWe anticipate that this will open up new avenues
and pathways for targeting not oriy gonorrhoeagbut other human pathogens
that express this ligase as well, avoiding a potential future plagued by endlessly

resistant Osuperbugsbo.
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6 Chapter Six

Concl us FnuthPe easnmlect i ves

6.1 Thesis summary

The presence of the accessory Adépendent ligasd,igase E Lig E), in some
Gramnegative proteobacteria is a fascinating phenomenon considering #s non
operonic organisation, and the lack of common gene synteny between different Lig
E-expressing bacteria. Despite being the firsAlL characterisedCheng &
Shuman, 1997)little has been elucidated about the biological role of this very
minimal enzyme. Why then, would some bacteria expend the energy to express an
enzyme that also requires a highergy cofactor (ATP) if it does not benefit them?
Perhaps the most intriguirfgature about this enzyme however, is the presence of

a 2040 amino acid Nerminal signal peptide that indicates likely transportation of
the protein outside the cell, which is opposed to the cytosolic location of genomic
DNA. And so, several major quems are outstanding in regards to this localisation
tag. Does this feature point to a likely external source of DNA that requires ligation
and repair? And if so, how would this exDNA benefit the bacterium that expresses
this ligase? In fact, the narrowlsset of bacteria that express Lig E includes bacteria
that inhabit aqgueous marine environments, as well as human pathogens that express
a homologue of the competence gene, ComEA, which may hint at the need to take
up pieces of exDNA to their advanta@Williamsonet al, 2016) One of the Lig
E-expressing human pathogens of nothl.igjonorrhoeagthe causative agent for
gonorrhoea, which has a reputation of effectively acquiring new antibiotic
resistance genes at a fast rate due to its unregulated natural competence, making it
incredibly difficult to treat. In this context, our group hypothestbad perhaps Lig

E is working on repairing fragmented exDNA in the periplasm, enhancing their
integrity and likelihood that they would be successfully integrated into the bacterial

gerome during homologous recombination.

Therein omesmy doctoral thesis, with the primary aim of characterising Lig E
from N. gonorrhoeagor NgoLig E, to elucidate its phenotype, structure, location
and function. To do so, | have created sevegallig E mutants inN. gonorrhoeae

and studied their phenotypes in terms of their growth rates and behaviour. Results
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from this were presented as a published manuscriphapter Threandindicate

that NgoLig E is not essential for growth M. gonorrhoeagand has no significant
impact onN. gonorrhoeadJV and HO. DNA damage response. Interestingly, |
also showed that when Ngbig E was absentN. gonorrhoeaealisplayedsome
defects in the formation of biofilms, as well as adhesion onto a monolayer-of ME
180 cervical epithelial cells. Although this was not part of the original hypothesis,
it led me to wonder if this phenotype may be related to its potential function: Is
Ngo-Lig E important for biofilm formation ifN. gonorrhoeaas well? Andfi so,

is this related to its original hypothesised role in DNA transformation

This observation fronthe phenotypic study shapedy approach in investigating
the potential function of Ngaig E. Instead of a linear approadhnvestigated its
potential roldrom two angles that each involdexDNA repair; a biofilm approach
presented as a manuscript @hapterFour, as well asa DNA transformation
approach discussed @hapterFive. Through a collaboration with the Williams
laboratory at the School of Dentistry at Cardiff Universitppbserved that when
subjected to constant shear fordésgonorrhoeastrugglel to form microcolonies

and stable biofilms on artificial surfaces. Unlike many other bacterial biofilms,
exDNA is likely the primary substrate of gonococcal biofilms, with dsDNA being
a critical component of late biofilms M. gonorrhoeaéZweiget al, 2014; Kouzel

et al, 2015) In fact, work byother research teaniBenderet al, 2022)showed

that higher molecular weighbDNA (>3000 bp) are more likely to have a large
concentration gradient outside the colaayd integratanto the biofilns of N.
gonorrhoeaeHence,l hypothesisé that NgeLig E may be working on repairing
breaks in fragmented fréating exDNA in early biofilms to ligate and create
larger substratethat are more likely to be retained on the outside of colonies and
be incorporated into the biofilm ECM. There, tasger DNAwould extend further

out and work better at bridging repulsive leragnge van der Waals forces to enable
shortrange aciebase chk-surface interactions that are necessary for
gonorrhoeaeto form a monolayer on surfaces, and hence result in subsequent
microcolony and biofilm formationDas et al, 2013; Reginaet al, 2014;
Okshevsky & Meyer, 2015; Okshevslet al, 2015) Not only is this biofilm
formation important for its survival in the human host (i.e. antibiotic resistance or
protection against the host immune system), it also witls its infection and
pathogenicity. More specifically, showed that when Ngbig E was absentN.
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gonorrhoeaestrugglel to attach to the host epithelial tissue, potentially due to the
low biofilm attachment, which subsequently decrdase likelihood of cellular
invasion and damage aménce subsequemtflammatory response in the human
host. From this perspective, it seems as though-INgde indirectly affects the
extent ofN. gonorrhoeaéost cell damage and the severity of gonorrivetated
symptoms in humans via its role in early biofilm formatidhis predicted function

of Ngo-Lig E is in contast to the potentially extracellular Nuc, which remodels
gonococcal biofilms through its cleavage and degradation of ex(3tichenet

al., 2011) | thusspeculate thaigo-Lig E may be workingn conjunction with Nuc

to optimise and modulate the architecture of biofilmN.igonorrhoea&ia exDNA
manipulation.l also postulate thathe increase in exDNA length and integrity
performed by Ngd.ig E allows the exDNA to interact with other DNA binding
proteins, which arrange themselves to create a more stable framework for the

biofilm to build on.

As highlighted in the review ihapter Twahowever, the exDNA present M.
gonorrhoeaeiofilms have other possible functions, including to serve as a pool of
DNA for DNA transformation. As Lig Eexpressing bacteria express a ComEA
homologue that indicates likely natural competemh@dso looked at the potential

role of NgoLig E in the repair and uptake of exDNA N gonorrhoeaeln this
context,l consistently observed lower transformation efficiencies with intact and
nicked plasmid DNA when Nghig E was absent, the constructs of which were
designed using the Golden Gate assembly tooldlough the plasmid DNA was
uncut in this context, ivould have beesubjecedto restriction after crossing the
outer membrane df. gonorrhoeaéBiswaset al, 1986; Steiret al,, 1988) It may

be thatthere is a system in place that decides which sistgéand gets transported
across the inner membrane for recombination, and which gets degraded for other
processes, in which case, the damaged strand would be more likely to be targeted
by nucleases for deadation to increase the likelihood of successful integration. If
so, | predict that any repair, and hence stabilisabbrdamage in the double
stranded substrate before separation into single sttanddigasevould increase

the likelihood that bothisgle strands would cross the inner membrane, increasing
the chancegof successful homologous recombination. Furthermaakso reported

an increase in the transformation efficisof nicked DNA when exogenous ATP

was added. These findings presentecChmapterFive stronglyindicate that Ngo
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Lig E is likely involved in the repair of nicked DNA in the periplasm before the
formation of singlestrands and its transportation across the inner membrane for
genomic integration. Thus, Ngdag E may be important in the rapid transfer of
genes betweenalteria that increase their fithess and survival and potentially the

rapid acquisition of antibiotic resistance in the community.

Both hypothesised functions of Ngag E listed above relies on the transportation

of the ligase out of the cytosolic space, which is consistent with the presence of the
signal peptide on its ferminus, the removal of which enhances its stability
(Williamson & Pedersen, 2014)Attempts to track the transportation of
constitutively expressed Ngag E under anopaB promoter were met with
difficulties, potentially due to low expression in the cell under normal conditions.
Through various optimisati@and expression trial$, have identified a stronger
constitutivepilE promoter that allowed us to track the transportation of sSfGIRP in
gonorrhoeaeunder the direction of the-erminal signal peptide of Ngoig E,
highlighted in the manuscript @hapterFive. From this| found expression of the
cleaved sfGFP protein in both extracellular and periplasmic fractions that supports
the likely transportation of Nghig E into these locatio Thus,| put forward the
following hypothesis for the duable and location of Nghig E (Figure 6.1):
Perhaps, Ngdig E is transported to the periplasmic space where it repairs nicks in
DNA fated for genomic integration iN. gonorrhoeaeHowever, outer membrane
blebs or vesicles that also contribute to the biofilms.ajonorrhoeaevould pinch

off parts of the periplasmic material as they fotrbelieve that this may include
periplasmic NgelLig E, thus transporting and incorporating it into the ECM where

it aids in the formation of high molecular weight DNA substrates that form a strong

framework and bridging substrate for initial biofilm fornwetifor N. gonorrhoeae
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Figure 6.1 Proposed dual role and location of the ATRlependent ligase, Lig Ein
Neisseriagonorrhoeae(Ngo-Lig E) involving the repair of nicked extracellular DNA
in the periplasm, contributing to DNA uptake (hypothesised role 1) and the repair of
extracellular DNA for biofilm initiation and stability (hypothesised role 2).

In addition to this) have alsaletermind the structure of recombinant Ng@ E

in an open confirmation with the OB domain engaging its substrate DNA via its
well-structured positivekcharged surface, whidrhave presented in the published
manuscript in Chapter Three This structure demonstrated thabmplete
encirclement is unnecessary for ligation to occur sincelNgd& has no additional
domains. Furthermord, also showd evidence of a disulphide bond in the OB
domain which| previously predicted via computational analysis, potentially
supporting its likely maturation in the oxidative periplasmic space agReflet

al., 2021) This structure serves as the first solved structure of Lig E fatmmman
pathogen and has been deposited in the ProteinBaatia (8U6X). Data from this
structure is currently being used in our laboratory to design conformational

inhibitors againsNgo-Lig E andother BADLSs.

Thus, | have identified a potential duale and location of Nghig E in DNA
uptake and biofilm formation in the periplasmic and extracellular spadé in
gonorrhoeagewhich in turn highly influences its pathogenicity and virulence. The
manuscripts presented in this thesis are crucial in filling theaaqut this enzyme

that hal been left unanswered for so long. From not knowing anything abont its
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vivo characteristics, we now have significant information on the phenotype,
potential cellular location as well as the potential funatiohLig E. Structural
studies from this thesisavealso helped us better understand hos &mzyme
works and allow us to make informed predictions on how it interacts with its
substrate. It is clear, that despite its unassuming appearance, there is more to this
small enzyme that one would expect. In fact, it could potentially be key to tackling
the evemersistent anéverresistaniN. gonorrhoeaghat we have been searching

for all along.

6.2 Future directions

6.2.1 Elucidating the functional context of NgoLig E, or its

interactions with other proteins
The discovery that Nghig E may have a role in biofilm formation ii.
gonorrhoeaeis greatly reminiscent of the previously mentioned endogenous
nucleaseNuc,which also possesses aré&tminal signal peptide and controls the
incorporation of DNA in gonococcal biofilms, although in an oppasigmnerto
Ngo-Lig E (Steicheret al, 2011) It would thus be interesting to determine if there
is an interplay between the two likely exported proteins in manipulating the length
of exDNA that is incorporated into gonococcal biofilms during different stages of
growth or different conditions of &ss. This would in turn affect the subsequent
biofilm biomass or thickness. More specificalygo-Lig E may be working at
creating higher molecular weight exDNA substrates that strengthen and stabilise
the biofilm while the nuclease may work antagonidijcto refine the amount of

incorporated exDNA for biofilm remodelling.

Bothin vivoandin vitro work have been planned to study this potential interaction.
As stated inChapterFour, | have generateseparatemuc®” and agngo-lig E&™
mutants in N. gonorrhoeaewhich exhibit different microcolonyormation
behaviourswith that ofqmgo-lig E®™being more dispersed while that gpiuc®”

were more globular. In addition to this)ave generated a doulgpuc® andgngo-

lig E°*"™mutant inN. gonorrhoeaavhich | have visualised via SEMF{gure6.2).
These SEM images show similar microcolony architecture of the double mutant to
that formed by themuc® mutant, potentially indicating that Ngdg E is not as

substantial at remodelling gonococcal biofilmsthe nuclease. Othdn vivo
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experiments need to be performed to further investigate this potential interaction
including a comparison of growth rates, biofilm formation on artificial surfaces as
well as the ability of the mutants to infect and adhere to epithelial cells.

X1

Figure 6.2 SEM images of microcolonies formed by epn *tandpn glig E¥*™double
mutant in Neisseria gonorrhoeaeon 0.2 pum pore size filter papes during the
exponential phase of growth ().

In addition to this] plan to recombinantly eexpress both Nuc and Ngag E to
study their interactions vitro to gain a better insight into any -tegulationand
complex formationthat may occur between the two proteins. Furthermore,
preliminary analysisvia AlphaFold 3 (Abramsonet al, 2024) show potential
interactiors betweerNgo-Lig E and several copies of the competence factor, ComE,
that may interact with the substrate DNA at the same tiffigule 6.3).
Characterisingthe potential interactian between these two proteins iN.
gonorrhoeaemay offer further insight into the potential role of Nbig E in
competence and DNA uptake. It is also possible to perform-alpwih assay using

affinity chromatography or coimmunoprecipitation to determine what other
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proteins NgeLig E interacts with, and hence gain a better picture of its functional

context and regulation.

Figure 6.3 Top-down view (top) and side view (bottom) of ar\IphaFold 3 (Abramson
et al., 2024) prediction of NgeLig E (AD domain in pink, OB domain in purple) and
three copies of ComE (three shades of yellow)from Neisseria gonorrhoeaeawith
substrate DNA. The sequences of Ngdg E and ComE were entered without their
predicted signal peptide determined via SignalP 6.0 (Teufel et al., 2022he DNA
sequences entered were the sequences used for the crystallisation of-NigoE in
Chapter Three.

187



6.2.2 Gaining further insight into the DNA substrates of NgoLig

E

As established in this thesis, exDNA is the likely substrate ofiNg&. | amthus
interested in further exploring the exact type of substratelMg& interacts with
which would allow us to infer the exact role of this ligase during biofilm formation
and DNA uptake. Due to time constrairitgasunable to optimise the visualisation
of N. gonorrhoeaeexDNA during biofilm formation via confocal microscopy.
Future work in this area includes staining the exDNA in these biofilms with
propidium iodide to gantify any differencein the amount of exDNA incorporated

in the ECM when Ngd.ig E is absent. This can be followed up by exDNA
quantification ofN. gonorrhoeaeat different stages of growth. Activity assays
reported inChapter Threand the solved structure of N¢iag E highly suggest that
dsDNA is the primary substrate of Ngoy E. However, it may be worth
investigating if NgeLig E works on ssDNA as well, especially considering the
predicted separation of dsDNA into singlrandsin the periplasm before it
transverses the inner membraaad the important role of sSSDNA during initial
biofilm formation in N. gonorrhoeae(Zweig et al., 2014) Furthermore, |
hypothesise that the interplay of exDNA length and its likely fate in a gonococcal
colony, which was established by the Maeir laboratory, may be modulated by Ngo
Lig E (Benderet al, 2022) | plan to investigate thishypothesisby supplying
fluorescent exogenous DNA of differing lengths tokhgonorrhoeaenutants and
comparing the rateof both DNA uptake and biofilniormationduring this assay
similar to previous work by othgroups(Benderet al, 2022)

6.2.3 Confirming the localisation of NgoLig E

Despite the promising results @hapterFive on the potential expodf Ngo-Lig E

into the periplasmic spaad# N. gonorrhoeagone has to note that this was based
on the tracking of sSfGFP under the signal peptide of-NgcE in a neutral site of

the genomerather than the tracking of the native protein itselm hoping to
confirm this localisation by tracking the transportation of NigpE itself from its
native site. Our group is currently in the process of engineering nanobodies with
high specificity to Ngel_ig E thatl can use for immunoblotting after subcellular
fractionation ofwt N. gonorrhoeagathe than relying on commercialné-His

antibodies that may exhibit broad d#rget activities. Furthermorkeam proposing
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to visually track the protein transportation via siAgielecule superesolution
microscopyour col | abor at or 0 s UdivarsitpirAastradia y at t
This could be done via the ais-tag in thengo-lig E-his®®" andPopas-ngo-lig E-

his®" mutants, followed by microscopy. Other future work in this dnetude
investigatiors into the transportation mechanisms of Ngg E andits potential
extracellular transport via outer membrane blebs. Quantification ofLMp& in

the extracellular and periplasmic space iN.agonorrhoeaemutant that exhibits

reduced membrane blebbing (via arfering with the MsbB aceyltransferase

involved in LOS biosynthesis) compared Wit could offer insight into the
mechanicsof Ngb. i g E &6 s | oc al (btesichanat a.,200B)Restlth e c el |
from these experimentgll be added onto the manuscript presente@hapteiFive

to provide a more welloundedunderstanding

6.2.4 Creation of locked pilus models of the mutants, as well as

true complements inN. gonorrhoeae
RNA sequencing data from the manuscrigfmapter~ive showsa downregulation
in the expression of a unique silent coppitE whenngo-lig E was disrupted. This
in turn may affect any piliation antigenic variation that may occur in the mutant. As
piliation status and the T4P is important for DNA uptake and competence, it is
important that ensure that this differential expressiad dot affect the phenotype
observed. Hencel pl an on <creating a Ol ot&ked pi
gonorrhoeaevariants by interfering with the G4 motif which is important for RecA
dependent pilirantigenic variationThis is based on work thaas been conducted
by the Maier grougZdlineret al, 2017; Bendeet al, 2022)who has kindly gifted
us with the genomic DNA of theivt mutant, whicH will use to create our mutants.
After doing so] will repeat the experiments highlighted@iapterive to ensure
that this differential expressiorhad no effed on the lower transformation

efficiendesobserve by the gngo-lig ES"Mmutant

Furthermore] am currently working on creating a true complemengofjo-lig

E®™ Rather than inserting a copy fo-lig E in a neutral site of the genome of
gngolig E*™, | plan on replacing the erythromycin resistance cassette with a copy
of ngolig E in its native genomic environment. Repeating the DNA uptake assays

with wt, gmgo-lig E*™ and this complement will allometo be confident that the

189



observed phenotypgas due to the absencemjolig E and not any other factors
related to the spatansformation process. These results algdbbe included in the
manuscript irChapterFive to support the data presented.

6.2.5 Understanding Lig E as a whole

This doctoral thesis serves as the first exampie wilvo characterisations of Lig E

from any bacteria, as well as the first solved structure of Lig E from a human
pathogen. Despite this, there may be some differences between Lig E from different
organisms depending on the environment they inhabit. For exanguteyuter
modelling of Lig E fromC. jejunipredictdtwo disulphide bonds in its OB domain,
while those from the aqueous mediterraneaor Psychromonasp. have none
(Williamson & Pedersen, 2014; Williamsoet al, 2014; Panet al, 2021)
Characterisatiomof Lig E from other organisms will offer us insight into any
unique functions of Lig E pertaining to the differdacterialenvironmers, and
corroborate the results presented above. In fact, our laboratory has recently obtained
access td/ibrio natriegens a fastgrowing Lig Eexpressing marine bacteria that
would allow us to manipulate and study Lig E at a faster ratemly strong belief,

that by expanding the plethora of characterised Lig E from different bacteria, we
will gain abetter understanding of the purpose and role of this small but significant

enzyme.
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Ap p exn dA

Suppl enmdanttearriyal f or Chapter
Table A. 1 Primers for mutant confirmation and sequencing
Primer name Sequence (50 to 30) Purpose

Primer_1 KO_FD
Primer_2_Rev
Primer_4 His_FD
Primer_seq_LigE_Fd
Primer_seq_LigE_Rev
NS10 Construct_Fd
NS10_Construct_Rev
NS10 External Fd

NS10_ External Rev

CGGGGAGAATTT CGTAAC GT

CACTTTTTGCAGTGCGGCA

CACCACCACCACCACCACT

CAA ATC AGGGTGCAGTTT TGGCGGAA

GCCCCGCCCATC ACGGGCAGGAGCA

GTCCGCAAT GCGCCGAAT

GCCTGT CCGCGTCTGAAA

GTAACGGTTTTCAAT GCC

GAT ATG CGCGGA CAT TAT

ngo-lig E forward primer

ngo-lig E reverse primer

ngo-lig E forward primer

ngo-lig E forward sequencing primer
ngolig E reverse sequencing primer
Neutral siteforward primer

Neutral sitereverse primer

Neutral siteforward sequencing primer

Neutral sitereverse sequencing primer
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Table A. 2 gPCR primers and probes

Oligonucleotide name Sequence (506 to 306) Purpose

Lig E primer Fd CGTATT GGGACG GAA AGCA ngolig E gene forward primer
Lig E primer Rev AAT CTGCTCGAA CTGACCAC ngolig E gene reverse primer
Lig E probe CAA AGGCTTTAC CGCGCAGTTTCC ngolig E gene probe

16s primer~d CTGGGATAA CACTGACGTTCAT 16S rRNAgene forward primer
16s primer Rev GCAATC AAG TTG CCCAAC AG 16S rRNAgene reverse primer
16s probe AGT CCACGCCCTAAA CGATGT CAA 16S rRNAgene probe

| dent i E— —————
7,942 2,078,192 2,078,442 2,078,692 2,078,942 2,079,356 2,079,357 2,079,616 2,079,866 2,0
W| _[ g p sy MBL fold metallo-hydrolase... DNA ligase CDS

_ I
7,833 2,078,083 2,078,333 2,078,604 2,07:8,605 2,078,940 2,079,190 2,07II9,440 2,079,690 2,079,940 2,0

m g-b i W ’ Doxanthineguanine pe.
| |

Kanamycin disrupt:.

Figure A. 1 Mauve alignment of qgmgo-lig E*®" and wild -type Neisseriagonorrhoeaehighlighting the disruption of ngo-lig E (annotated as
ODNA | igaseb6) .
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Table A. 3 Oligonucleotide sequences for generating ligatable doubfgranded DNA substrates. Combinations used for different ligatable

breaks are givenin Table A. 4.

Oligonucleotide

Composition

L1

L2

L3

L6

L7

L8

L9

L10

L11

5 -@6-carboxyfluorescein) AGE&CATGGCTGATA TCGCA-3 6

5 §phosphate) TAGGCATTC GAGCTCCGTCG-3 6

5 OCGA CGGAGC TCGAAT GCCTAT GCGATA TCGGCCATG GCCT-3 6
5 £GACGGAGC TCGAAT GCCTA-3 6

5 -gphosphate) TGGAT ATC AGC CAT GGCCT-3 6

5 -gphosphate) ATATCA GCCATG GCCT-3 8

5 &€GACGGAGC TCGAAT GCCTAT GCG3 6

5 &€€GACGGAGC TCGAAT GCCTAC GCGATA TCAGCCATG GCCT-3 6

5 €£GACGGAGC TCGAAT GCCTAG TGCGAT ATC AGC CAT GGCCT-3 o
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Table A. 4 Oligonucleotide combinations used to generate different doubistranded
ligatable substrates. Sequences are givanTable A. 3

Substrates Ligatable strand Complementary strand
Single nick L1, L2 L3

Blunt ended L1, L2 L6, L7

Overhang L1, L2 L8, L9

Mismatch L1, L2 L10

Gapped L1, L2 L11

Table A.5 Table of gene expression measured by gPCR and expressed as fold changes
between mutants in biofilm and planktonic cultures. Data were collected in duplicate,
and errorsrepresent the standard error of the mean

Planktonic Biofilm
qngo-lig E<@" ND ND
ngo-lig E-his@" 1.022 ¢ 0.061) 1.081 ¢ 0.008)
Popas-Ngo-lig E-his<@” 88.62 ¢ 1.282) 120.423 { 22.244)
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Extracellular Periplasmic Membrane Recombinant
p washes washes Ngo-Lig E-His ™
mt:ellular . - Periplasm Cytoplasm Membrane
LEHis CLE His CLE His CLEHis CLE His CLE His CLE His
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Figure A. 2 Western blots of different cellular fractions of Neisseriagonorrhoeae
MS11 using an antiHis antibody. (A) Comparison of the different fractions from the
His-tagged constitutively upregulated NgelLig E mutant (Pop.z-ngo-lig E-his@™;
CLE§ and the Histagged NgeLig E mutant (ngo-lig E-his®"; Hisd mutants. (B)
Comparisons of fractionsfrom wild -type N. gonorrhoeag(0NT § and ngo-lig E-his*®"
( HisO as well as the respective nickel puliowns of each fraction (Ni-WT 6and ANi-
HisoOrespectively) Ladders are indicated inkilodalton (kDa). Sizes of the recombinant
protein controls were 32 kDa for recombinant Ngo-Lig E-His, 44 kDa for the MBP
tag and 76 kDa for MBP-Ngo-Lig E-His.
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Figure A. 3 (A) Ligase activity on singlynicked DNA substrates for various
recombinantly-produced NgecLig E constructs including mature Ngo-Lig E purified

from an N-terminal His-tagged fusion (pDEST17) with the tag removed 6 NldgdE

( p DEST1 7Ngébig Egourifled from an N-terminal MBP -fusion (P HMGWA)

with and without the tag removed( 6 Nlgiog E ( p HMGWALI§ E-Hi;msd 6 Ngo
( p HMGWA(B)&YP optimum of Ngo-Lig E ligation. Measurements were made in

triplicate . Error bars represert the standarderror of the mean.

NTase domain
OB domain

Figure A. 4 Symmetry-related molecules in the Nged.ig E crystal. Symmetry-related
mates within 4 A are shown generating theontinuous DNA filament.
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Figure A. 5 Observed electron density map (2Fdé-c) surrounding key features of the
Ngo-Lig E structure including: (A) The disulphide bond, displayed at the 1.8 level.

(B) The DNA strand that is equivalent to thenick in other DNA ligase-DNA structures,
showing continuous density in the present structure. Map is displayed at the 04

level.(C) Comparisons of density surrounding centrally-placed basepairs in the Ngo-

Lig E structure and the equivalent basepair in the Ame-Lig E structure (6GDR).
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