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Summary

N. gonorrhoeass the aetiological agent of the sexually transmitted disease gonorrhoea.
The bacteria has adapted to Ipehligate human pathogen and it possesses the ability to
survive intracellularly by the expression of virulence factdPasttranslational
modifications are found in all organisms, and are involved in the regulation of the
metabolism and gene transcrgti In this study we investigated the acetylation by acetyl
phosphate iflN. gonorrhoeady deleting genes from the phosphotransacetydas¢ate
kinase pathway to control acefyhosphate production. We found that the metabolism
and virulence was alteredy lthe change of acetyhosphate concentration, molecule
responsible for the acetylation of proteins. Furthermore, we proposed a regulatory
pathway for the PTAAK pathway which involved the histodike family deacetylase
(HDAC). Finally, the data obtainesuggests that the enzyme Pta is essential for the

pathogenesis dfl. gonorrhoeae
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Chapter 1

Introduction




1 Introduction

Bacteria have existed on Earth for billions of years leading them to evolve and adapt to
their environment for the inheritance of their genome. It is considered thakapately

one billion bacterial species exist worldwide and that the environment is a crucial factor
for the bacterial diversityDykhuizen, 2005) Microorganisms have been able to adapt
and survive in different niches depending on the nutrients availadMesveronly a small
number of bacteria are able to survive within the human body. Due to the existence of
different microenvironments acroshe body, bacteria colonise specific niches that
provide for their metabolic requirements. More than a hundred molecules are accessible
as carbon sources for commensals and symbiotic bacteria for the generation of energy

and growth(Brown, Palmer and Whiteley, 2008; Eisenresttal, 2010)

Around 1,000 species of bacteria are living in our body contrigut the appropriate
functioning of our metabolisrfMunozElias and McKinney, 2006 However, evolution
determined that some species of bacteria possess genes that encode factors that can harm
human cells. Moreover, only a select group of prokaryotes have adapted to survive
intracellularly (de Barsy and Greub, 2013)hese bacteria have developed different
virulence factors to invade and colonise different cells (i.e. epithelial cells, macrophages)
but specifically, they have adagtto exploit the metabolites found in these niches. It has

been shown that intracellular bacteria only metabolise a few carbon sources, found within
host cells, necessary for the biosynthesis of different metedotquired for replication

(table 11) (Brown, Palmer and Whiteley, 2008; Rat al, 2009; Shibutani and

Yoshimori, 2014)




Table 1.1 Carbon source for the pathogenesis of intracellular bacteria

_ ) Intracellular Carbon Virulence
Bacteria Location . _
niche substrate impact
_ ) Hexose ]
Listeria Cytosol of Persistence
Bloodstream phosphates,
monocytogenés macrophages . and growth
lipoate
_ Growth and
Shigella Cytosol of .
_ Colon o Pyruvate intracellular
flexneri®:2 epithelial cells ) )
invasion
Nasopharynx,
) ) Molecular
Neisseria bloodstream, o
o ) Phagosome Lactate mimicry
meningitidis® cerebrospinal
. and growth
fluid
Mycobacterium Virulent
_ Lung Phagosome Cholesterol o
tuberculosis’ lipids
Neisseria Urogenital Molecular
o Endosome, o
gonorrhoeae epithelium, Lactate mimicry
phagosome
456 macrophages and growth

!Rayet al, 2009 *Waligoraet al, 2014 3Brown, Palmer and Whiteley, 2008Parsons

et al, 1996 °Chateau and Seifert, 2q1%Harveyet al, 2001

One of the facultative intracellular bacteria able to survive and reproduce within

phagosomes ibleisseria gonorrhoeaggonococcus), a Gramegative gonococcus and

the etiological agent of the sexually transmitted infection gonorrhioeas first thought

thatN. gonorrhoeasolely grew in glucose, pyruvate, and lac{&ephen A Morse, Stein

and Hines, 1974)However, genomic seencing and enzymatic assays revealed that

gonococcus possesses enzymes capable to utilise amino acids as carbqiBaattete

al., 2007, 2010; Catenazet al, 2014) Lactate is one of the molecules that is present in




the human body at high concentrations, especially in the niches Weisseria
gonorrhoeaecolonises (i.e. human serum, leukocytes, female genital tract, ejaculate)
(Gaoet al, 1998B; Atacket al, 2014) This threecarbon molecule has been shown to be
relevant for the pathogenesis of the gonococcus; it contributes to molecular mimicry;
decreases reactive oxygen intermediates; enhances general metabolism; and it appears to
be metaolised by the phosphotransacetytasetate kinase (PTFAK) pathway

(Britiganet al, 1988; Mcgee and Rest, 1996; Parseinal, 1996; Gacet al, 1998)

However, in recent years, a process thought to be only present in eukaryotic cells, has
been found in several microorganisms, possessing a role in thdrgusdational
modification of proteins involved in the pathogenesis of bacterial infecfwagner and
Payne, 2013; Kuhet al, 2014) Acetyl-phosphate (AcP) is a highnergy molecule found

as an intermediate metabolite in different pathways, being produced by gonococcus in the
PTA-AK pathway. The main role of this molecules is to acetylate enzymatically or
nonenzyma tammnagroupyof IysimeeesidUeSQNsine) this posttranslational
modification has shown to be relevant for the activation of some virulence genes in
bacteria(Barak and Eisenbach, 2001; Starai and Escafeteerena, 2004; Verdin and

Ott, 2013) Moreover, a recent study demonstdettee presence of 'fklysine acetylation

in Neisseria gonorrhoeaand the relation it has with virulent factdi®ostet al, 2017)

The study of the role of intracelad metabolites in gonococci, specifically AcP, is an

attractive field of research for the better understanding of its pathogenesis.

1.1 Acetate metabolism

The central metabolic pathway (CMm)cludes the pathways, glycolysipentose
phosphate, pyruvate metdism, and tricarboxylic acid cycle (TCA). Glucose is the

molecule hat is consumed by glycolysis or Entrigmudoroff (ED), depending on the




encoded enzymes in the bactefa.gonorrhoeaemetabolises glucose through the ED
pathway since it does not encotlee gene phosphofructokinase, key enzyme for
glycolysis that phosphorylates fructe@ghosphate to fructosk 6-bisphosphate. The
final product of both glycolysis and ED is pyruvdolfe, 2005; Baaret al, 2007,

2010)

Pyruvate is metabolised by the pyruvate dehydrogenase complex (PDC). This complex is
formed by pyruvate dehydrogenase [Edihydrolipoamide acetyltransferade2, and
dihydrolipoamide dehydrogenasé series of reactions catalyses the conversion of
pyruvate to acet-coenzyme A (acetyCoA). The lattemolecule is the final product of
different metabolic pathways including, amincids and fatty acids metabolis{Bauer

and Eikmanns, 2005; Patet al, 2014)

Acetyl-CoA has two paths two follow, enter either the TCA or the phatsphsacetylase
acetate kinase pathway (P3AK). When acetylCoA is metabolised through TCA
energy is synthesised for the growth of the bactérithe PTAAK pathway the acetyl
CoA is transformed first to acetphosphate (AcP) by the enzyme phosphotaet/lase

(Pta) and then AcP is converted to acetate.

During bacterial growthn medium where glucose is the sole carbon source acetate is
excretedextracellularly at high concentrations due to saturation of the CMP. This
phenomenon is known as carbon idaav. The saturation of the TCA promotes the path
of acetylCoA to the PTAAK pathway whichit is used as an eape valve of carbon
overflow. An interesting effect was describedEncolias acetate switch where acetate is
now used as carbon sour@&ehilling et al, 2015; Bernal, CastafBerezo and Canovas,
2016) As consequence of this switch, the biomass production is decreasethe

bacterial growth is abolished.




Acetate is metabolised by two enzymes to convetbisicetyilCoA, acetate kinase
(AckA) and acetycoenzyme A synthetasAgs).At low and high concendition, acetate

is mainly metabolised by Acs and AckA, respectivéBrinsmade and Escalante
Semerena, 2007; CampBsrmudezet al, 2010) However, a recent study iB. coli
demonstrated that acetate metabolism was significantly reduceghokathan in agacs
isogenic strain. Proving that ackA is the responsible enzyme to metabolise acetate during
acetate overflowEnjalbertet al, 2017) This study provided evidence of the importance

of thePTA-AK pathway for the acetate metaboliskoreover, the intermediateetyl
phosphate produced in this pathway has given attention to researchers due to the role it

possesses in pesanslationaimodifications of proteins.

1.2 Phosphotransacetylaseacetate knase pathway

Acetyl-coenzyme A (acetyCoA) is final product of several pathways and this molecule
is then metabolised via TCA. However, when the cycle is limited due to carbon overflow,
acetylCoA is metabolised through the PIAXK pathway releasing acate as a final
product and obtaining a molecule of ATFhis pathway is composed by the two enzymes

named after this metabolic royfeg. 1.1) (Wolfe, 2005; Sadykoet al, 2013)

Pi CoA-SH ADP ATP

Acetyl—CoAM@ 4;4’ Acetate
PTA ( AK )
Acetylation
Phosphorylation

Figure 1.1. PTA-AK pathway. Acetyl-CoA is converted to acetghosphate by the enzyme

phosphotransacetylase (PTA) and the enzyme acetate kinase (AK) converts AcP to acetate, both




reactions are reversible. AcP is the responsible molecule for thenzymatically acetylation
and it is also a substrate for the phosphorylation of proteins. Pi, orthophosphatS§HZoA

coenzyme A; ADP, adenosine diphosphate; ATP, adenosine tripho$gbeda and Ott, 2013)

Several studies haveighlightedthe importance of PTAK in bacterial metabolism
during carbon overflow. The depletion of this pathway hasvehdecrease in biomass
yield, reduce in bacterial fithess to swej andack to growth in medium with acetate.
Moreover, the deletion of this pathway in bacteria sucBtaphylococcus aureusas
caused cell deatfChanget al, 1999; Somervilleet al, 2003; Ramo$/ontaiiezet al,

2010; Sadykoet al, 2013; Woret al, 2021)

Moreover the intermediate acefhosphate has gained recent interest indogctiue to
its dual role to donate acetgid phosphoryl groups to enzymes, causing enzymatic

regulation and altering the metabolism of organism.

1.2.1 Phosphotransacetylase

Phosphotransacetylase (Pis)a dimeric enzyme whicbonverts acetyCoA to acety
phosphate (AcPthrougha transferase reaction between the acetyl group of aCe#yl

and an inorganic phosphgt&rinsmade and EscalarBemerena, 2007)

Two different clases of Pta have been discovered possessing each othet @lines

length of amino acids. The Pta class | (Pta I) has a length of approximately 350 aa while
the Pta class [[Pta Il)is ~700 aa length. The homology of sequences betfveanboth

classes is the same from théeZminusside. Different studies hawystallised Pta | and
determined that the active site is located in the homologous sequences between Pta | and
Pta I, however, different attempts to crystallised complete Pta Il have not been
successful.Different studies havesuggested that th8ioD-like N-terminal domain

located in the Nerminus of Pta Il is used as an allosteric place for the regulation of the




enzymatic activity of Pta. The molecules that found a decrease in the activity were ATP,
ADP and NADH Interestingly N. gonorrhoeaepossesses Pta 11 (NGO0214)and
neither its structure or function of the BidiRe N-terminal domain have been studied

(Chittori, Savithri and Murthy, 2012; o6hidaet al, 2019)

The reaction between acefybA to AcP is reversiblé’ta is eighffold more active in the
synthesis of acetyCoA, however, pyruvate and phosphoenolpyruvate inhibit this
reaction and favours the conversion of ac&glA to AcP. Hence, the reaction towards
synthesis to AcP is favoured at normal physiological concentration of py(Geaatgos
Bermudezt al, 2010) In fact, it was observed in a studykn colithat the intracellular
concentration of atyl-CoA was increased during carbon overflow compared to growth
in glucose(Bennettet al, 2009) This effect is not only due to the reversible enzymatic
activity of Pta towards acetffoA during carbon overflow but alstue to the action of

the second enzyme of the PTRK pathway.

1.2.2 Acetate kinase

The last reaction of the PTAK pathway is resporisle for the conversion of acéty
phosphate (AcP) to acetate. As mention previously, acetate kinase (AckA) is important
during cabon overflow. This enzyme is responsibdemetabolise acetate during carbon
overflow tocompensate the carbon fllgnjalbertet al, 2017 found inE. colithat AckKA

is responsible for acetate consumption instead of the previous thought enzyme acetate
synthetase #s This was concluded after measuring the flux of carbon molecules
extracellularly. Interestingly, it wadrstly thought that the PTAK pathway was
exclusve of bacteria, however, blast analysis of different organism genomes have

revealed the genomic presence of the gene that encodes for AckA. These unicellular




eukaryotic organisms have incorporated the enzyme as part as other pgthgays

Smith, Martin andSmith, 2006)

Structural analysis of AckA crystals fror8. entericaserovar Typhimurium and
Porphyromonas gingivalishowed that AckAshowed a dimer conformation of the
enzyme during native state. Studies have also shown that AckA requifé®mMgr?*
for catalytic activity, and molecules slulphateand ADP in the active sit€Gorrell,

Lawrence and Ferry, 2005; Chittori, Savithri and Murthy, 2012; Yostti@ddh, 2019)

Several bacteria have shown several copies of AckA in their gen@nggamSmith,
Martin and Smith, 2006; Chaat al, 2014) N. gonorrhoeagrossesses two different
acetate kinase NGO1521 and NGOOQ9ARkhough these two enzymes have not been
studied, a study ihactokacillus lactisand Neisseria meningitidisgree that AckAl is
synthesised at higher concentration than AckAll, andatalyticactivity is favoured to
produce acetate. While AckAll has a higher affinity to acetate, aNdnmeningitidiavas

shown to bemore affinedo propionat§Catenazzet al, 2014; Charet al, 2014)

1.3 Lysine acetylation

Lysine acetylation is a postanslationamodification (PTM) that involves the acetylation

of the I\P-Iysine residue in proteins. This PTM was firstly observed uniquely in eukaryotic
cells involved in the regulation of gene expression by the acetylation and deacetylation
of histones, the reactionadiated by the enzyme lysine acetyltransferase (KAT) and
deacetylases (KDAC) respectivefyang and Seto, 2008Yhen it was observed that
acetytCoA present in mitochondria at high concentrations could acetylate proteins non
enzymatically(Wagner and Payne, 2013hitially thought that lysine acetylation was
exclusive of eukaryotic cells, it was then discovered that bagpassessed acetylated

proteins. In the same way as eukaryotic cells, acetyltransferases were fS8uedterica




and E. coli. Later it was shown that lysine acetylation was also performed non

enzymatically, concluding that acetylation occurs enzymayieaitl norenzymatically.

1.3.1 Enzymatic lysine acetylation

Three families of acetyltransferasedhiave been described. The Geaebated N
acetyltransferases (GNAT) family, MYST family, and the p300/CBP family. However,
only the GNAT are only found in bacteria There are around 300,000 different
acetyltransferases and they are not homologous between eachhetie, the way to
classify and identify them is by comparing the core GNAT domain. The role of GNAT in
bacteria has been related to antibiotic restamegulation of metabolism and gene
expression(Thao and Escalant8emeren, 2011; David G Christensest al, 2019;

Burckhardt and Escalanféeemerena, 2020)

GNATs areformed from the Nerminus by two antiparalléd-strands, twol-helices,
three antiparalleb-strands, followed by a highly variant centcihelix, a fifth b-strand,
a fourth U-helix, and a final sixttb-strand. The acetCoA binds betweei4 andb5
strand where the pantothenatéeracts with the @erminal ofb4. The enzyme transfer
the acetyl group by an acid/base mechanism, where a glutamate or aspartiaecbase
to subtract the proton from the amine grq\fetting et al, 2005; Thao and Escalante
Semerena, 2011; David G Christens¢ml, 2019; Burckhardt and EscalarBemerena,

2020)

First discovered irBalmonella entericathe acetyltransferase (PTA) enzyme showed to
deactivate the function of the aceGbA synthetase (Acs), an enzyme tbatalyses the
conversion of acetate to ace@bA (CoA), by acetylating the ATP binding region.

Escherichia colisynthesises more than B&ine acetyltransferasesowever, only one
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has been assigned to have acetyltransferase acitigyaiet al, 2002; Starai ah

EscalanteSemerena, 2004)

1.3.2 Non-enzymaticlysine acetylation

Interestingly, in 2013Wagner and Payrfeund the novelty that lysine acetylation occurs
norrenzymatically in mitochondria. Isolated liver mitochondria were heated for protein
denaturabn to inhibit the activity of any acetyltransferase. Later incubation with CoA at
physiological concentration (0.1 to 1.5 mM), which 5@ times higher than other
compartments, showed acetylation of proteins. This proved that at high concentrations of
CoA, the PTM lysine acetylation occurs nenzymatically. Although it was thought that

the process was exclusive of eukaryotic cédishn et al, (2014) demonstrated that a

similar process occurs in bacteria.

In a previous study, it was obsed that the acetylation of a RNA transcriptional factor
iNnE.coiwas altered when the acadkhd.fTreelkkymease ge
AckA catalyses the reaction to convert acgtybsphate (AcP) to acetate in the PAK

pathway. Therefore, the muian of the enzyme results in an accumulation of AcP.
Nevertheless, in this study, they created two mutants that possess a contrasting
concentration of AcP by mutating the two enzymes, Pta and AckA. The analysis of cell

extract of both mutants by mass dpemetry to identify lysine acetylation, as expected,
showed an i ncr eas e aockAcomapareditothe sitd &y (WT). Ohise i ns i
work concluded that the molecule responsible for@onymatically lysine acetylation in

bacteria is AcP. Indeetyrther studies have proved that this evolutionary conserved PTM

is present in several bacteria includMegisseria gonorrhoeagim et al, 2013; Kuhret

al., 2014; Kosonet al, 2015; Mizuncet al, 2016; Poset al, 2017)
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1.3.3 Acetyl-phosphate: the novel regulatory molecule in bacteria

Acetyl-phosphate (AcP) is the intermediate metabolite of the-RKAathway (fig. 1.3).
Although, it was recently discovered to be involved in lysine acetylation, several studies
have shown the dual role it possesses in both acetylation and phosphorylation of proteins,
for the regulation of metabolism, synthesis of virulencetdis, and regulation of
transcription factor§Barak and Eisenbach, 2001; Gueeitial, 2008; Limaet al, 2011,

Verdin and Ott, 2013; Castafitcerezcet al, 2014; Liuet al,, 2016)

A study conducted i&.colishowed that the acetylation of the transcriptional factor RcsB
blocked the transcription of the proteins required for flagella biosynthesis, resulting in an
effect on motility. Although, the author mutated the acetyltransferase enzyme instead of
the PTAAK enzymes and neanzymatically acetylation is not discussed. The results
showed that acetylation, which nowadays is well known to be modulated by AcP,
regulated the transcription of virulence fact(@astand erezoet al, 2014) Moreover,

AcP has also shown to regulate motility lirssteria monocytogengsnd inBacillus
amyloliquefaciensegulates the synthesis of antibiot{€ueriri et al, 2008; Liuet al,

2016) Recently, it was demonstrated that lysine acetylation is preseNeisseria
gonorrhoeae The results obt ai ne dckh yndicatathasthes pect r c
biosynthesis of the pilus, proteins involvediion acquisition and several regulatory
proteins possess regulated sites for acetylation. Furthermore, the gonococcus was unable

to generate a biofilm and general metabolism was al(&estet al, 2017)

Lysine acetylation is increased in carbon overflow. Cells in presence of an augmentation
of carbon flux are exceeded in the obtainment of energy through the tricarboxylic cycle
(TCA), therefore,acetytCoA is accumulated and it is metabolised by the KA

pathway. Acetylation was observed to be induced in the presence of glucose or lactate in
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E. coliand the enzymes of the central metabolic pathways show to be regulated by the

PTM (Schillinget al, 2015)

AcP has shown to participate in the phosphorylation of proteins. Before the discovery of
acetylation, it was already described that the pool of AcP was involved in the
phosphorylation of transcription factors i coli (McCleary and Stock, 1994}t was

later found that, indeed, the concentration present of acetyl phosphate is sufficient for the
direct phosphorylation of the transcription factor R¢ERIn et al, 2007) Recently, the

dual role of AcP was shown in a study in the enterobadfeali. By using sitedirected
mutagenesis, the transcription factgpxR was mutated in the amino acid that is
phosphorylated. It was observed that AcP was required for the activation of CpxR.
Moreover, it was also found that RNA polymerase acetylation is also modulated by the

intermediate metabolite of the PTAK pathway(Lima et al, 2016)

1.4 Neisseria gonorrhoeae

In the last decade, gonorrhoea has gained more relevance worldwide because it has
positioned as the second most common bacterial sexualgnirded infection (STI). In

2019 the World Health Organisation (WHO) estimated approxim&égmillion new

cases of bacterial STI. In 2018%5.9million resided with the disease caused\®is®ria
gonorrhoeagRowleyet al, 2019; WHO, P19b) In Englandthe number of new cases

has increased yearly (fig. 1.2). The number increased from 56,232 in 2018 to 70,936 in
2019, this meant an increase of 2@#tise, 2020) The isolation of gonococcus strains
resistant to the current dual treatment, exterspettrum cephalosporin (ESC)
ceftriaxone and azithromycin, has arisen and different international organisations classify
Neis®ria gonorrhoeaeas a global thredFifer, Natarajan and Unemo, 2018herefore

the WHO has desited as high priority, within the classification of the emergent
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resistant pathogens, the creation of new antibiotics against the gono¢dacasnelli
and Magrini, 2017)The aim of this strategy is to decrease 90% the global incidence of

gonorrhoea by 2030/VHO, 2016)

Diagnostic rate of gonorrhoea in England

120

100

o]
o

-11.3

Rate/100,000 population

(o))
o

2012 2013 2014 2015 2016 2017 2018 2019
Year

Figure 1.2 Diagnostic rate of gonorrhoea in England from 2012 to 201The line shows
the diagnostic rate of gonorrhoea per 100,000 population. The number next to each peint is th

percentage differena@mpared to the previous year (Public Health England, 2021).

Neisseria gonorrbeaeis a pathogen that only infects humans. It colonises the urogenital
tract causing urethritis in male and cervicitis in the female, although the presence in
pharynx, conjunctiva and rectal mucosa are also observed. Generally, the STI is
asymptomatic inwomen (56880%) whilst in men, 90% of the cases present the
characteristic purulent discharggJnemo and Jensen, 2017pccasionally, the
gonococcus disseminates causing septic arthritis, bacteraemia or pustular skin lesion,
however, the percentage of disseminated gonococcal infection (DGI) from the total cases
is lower than 3%(Morgan and Decker, 2016) In order to infect such a specific
microenvironment, the gonococcusspesses distinct mechanisms for the colonisation

and internalisation within cells and evasion of the immune system.
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1.4.1 Pathogenesis

The microenvironment dfleisseria gonorrhoear the development of the infection is

the urogenital tract. Although the prinyagite of infection is the urogenital mucosae, the
gonococcus possesses several proteins for the internalisation within the urethral and
cervical epithelial cells, and polymorphonuclear cells (PMN) which lead to a systemic

infection (Edwards and Apicella, 2004)

1.4.2 Internalisation into epithelial cells enhances innate immune

system

Bacterial colonisation commences by the attachment of the type 1\ pileturogenital
epithelial cells, where it acts a retractile motor for the motility of the bacteria and as a
transporter of extracellular DNAVintherLarsenet al, 2001; Ramsey, Woodhams and
Dillard, 2011) This tight gonococcusell contactpermits the recognition of membrane
moleculeqfig. 1.3). For instance, the gonococcus lipooligosaccharide (LOS), and porins,
an immunogenic protein that transport water, are recognised by tHi&eakeceptor 2
(TLR-2), which lead the release of chemmds and cytokines, necessary for the
recruitment of PMN. Interestingly, it has been shown that the expression of this
stimulatory molecules is higher in males than females, explaining the higher rate of
symptomatic gonorrhoea in m@dassariet d., 2002; Fisettest al, 2003; Edwards and

Apicella, 2004)

Once the epithelial cells have triggered the inflammatory respoNsgsseria
gonorrhoeae,n order to survive, internalises into the epithelial cells and PMN. The
recognition of LOS leads tthe endocytosis of gonococci. However, the receptor is
different depending on the colonised epithelial cell. An asialoglycoprotein receptor

(ASGP-R) binds to LOS in urethral cells, and in cervical epithelial cells, the complement
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receptor 3 receptor (CR®)jnds to three bacterial proteins: type IV pili, porin and the
inactivated complement 3 protein (iC3b) which is bound to the lipid A a portion of LOS.
The binding causes the-aerangement and ruffling of the plasmatic membraneas a
consequence, baci@ are engulfed by the epithelial cell and internalised within the
cytosol, this process is named macropinocytgkiarvey et al, 2001; Edwards and

Apicella, 2002; Lim and Gleeson, 2011)

Neisseria gonorrhoeawithin the epithelial cells stimulates the innate immune system.
The microorganism produces phospholipase D within the macropinosome in cervical
cells. This enzyme causte displacement of the CR3 in the apical epithelial cells which
lead to the internalisation of more gonococci, increasing inva&dwards, Entz and
Apicella, 2003) Moreover, gonococci begin to grow releasing fragments of
peptidoglycan, the main component of bacterial wall. This spgptide polymer is
recognised by NOBike receptors (NLR), a family of cytoplasmic receptors that detect
conserved molecules of bacteria and once stimulated, the receptor triggers a signalling
cascade for the expression of proinflammatory medigtdamnnegati, Lamkanfi and
Nufiez, 2007; Mavrogiorgost al, 2014) The chemokines and cytokines released

activate neutrophils which then phagocytose the gonococcus.
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Figure 1.3 Mechanism of adhesion and internabation of Neisseria gonorrhoeaén
epithelial cells.1) The invasion commences with the attachment of type IV pili to the urogenital
epithelium, causing the binding between lipooligosaccharide (LOS), porin and epssxityiated
protein (Opa), to tollike receptor 2 (TLR2). 2) The binding triggers a moleculaascade that
activates the transcription factor NFB f or t he sy n B)Wleesendscytasit of cyt ok i n
gonococcus is mediated by the recognition of an asialoglycoprotein receptorRSBEOS

in urethral epithelial cells and in cervical epithkkalls, by the binding between type IV pili,
porin, and inactivated complement 3 (iC3b), to complement receptor 3 (@RIB).urethral
epithelial cells,Neisseria gonorrhoeass internalised and surrounded by clathrin molecules, a
protein that is involve in the formation of coated vesicles, coupled to ASPQhe disruption

of the clathrincoated vesicle is led by the decreased of pH, triggering the recycling of clathrin
and ASPGR to the apical membrane of the cell. In cervical epithelial cells, thecgtasbis is

clathrinrindependent. The gonococcus releases phospholipase D (PLD) mediating the
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mobilisation of CR3 to the membrane. In both cases, the recycling of receptors promotes the
internalisation of more bacteri&) Neisseria gonorrhoeasestart groving within the cytoplasm

causing the release of peptidoglycan (Pgn) which is recognised bylik®©ceptors (NLR).

The receptor activatesN-B and proi nfl ammatory clylb-® ki nes ar e
8). 6-8) Cytokines recruit polymorphonucleeells (PMN) migrating from the vascular system to

the lumen of the urethra or cervix recognising the opasgociated protein (Opa) of gonococci

by carcinoembryonic antigen cellular adhesion molecules (CEACAM).

PMN are the first line cells of the inleimmune response. The recognition of the cells is
via opsonisation or neapsonisation.Neisseria gonorrhoeaés opsonised by either
immunoglobulins G (IgG) and IgA1, or complement proteins. However, higher rates of
antigenic variation have been obserwedhe surface molecules of gonococci (i.e. type
IV pili, LOS and opacityassociated (Opa) proteins) resulting in a low response of the
adaptive immune syste(ilaas and Meyer, 1986; Steehal, 1986; Hedgest al, 1999)
Therefore, the pdgocytosis of gonococci is mainly mediated by -opsonised

molecules.

Gonococcal Opa, i1 s a t rbarmels and imtespensilde foptheot e i n
internalisation into PMN. This highly genetically variable protein is recognised by
carcinoembyonic antigerrelated cell adhesion molecule (CEACAM) receptors.
Recently, it was shown that the role of this receptor not only causes the clearance of the
bacteria but that it also contributes to the pathogenesis of gonorrhoea. The activation of
CEACAMS3, a receptor that characterises from the others by the presence of the
cytoplasmic immunoreceptor tyrosibased activation motif (ITAM), leads to the

activation of signalling pathways involved in the synthesis ofipilammatory cytokines
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which are fundmental for the recruitment of PMN, causing an exacerbation of the

inflammatory responsgsintsovaet al, 2014)

Although Opa is the most efficient molecule for Ampsonised phagocytosis, PMN
possess other ways to engulf tgenococcus. As was previously described, in the
attachment to epithelial cells, the complex of type IV pili, iC3b, and porin, bind to CR3
located on the PMN membrane. Even though LOS has been observed to promote
phagocytosis, the binding receptor has marbidentifiedVirji, 2009; Johnson and Criss,
2011; Criss and Seifert2012; Sintsovaet al, 2015) These series of molecular

recognitions lead to the phagocytosis of the gonococcal bacteria.

1.4.3 Survival of gonococcus inside PMN

The internalisation of bacteria through phagosomes is a process that generally causes the
deah of bacteria. HoweveNeisseria gonorrhoeaeas elucidated the way to escape from

the two phagocytic mechanisms that exist in PMN to kill bacteria, which are oxygen
dependent and independent, in order to survive and grow within the cells. Moreover, it
has been recently shown in gonococci a mechanism that extends the lifespan of PMN

(Johnson and Criss, 2011)

The oxygerdependent mechanism involves the generation of ROS (reactive oxygen
species) by the NOX2 NADPHXxidase (nicotinamide adenine dinucleotide phosphate
oxidase). The enzyme transports electrons from the cytoplasm d?Mie into the
phagosome causing the production of ROS, such as hydroxyl ratbéd), hydrogen
peroxide (HOz), and superoxide anion £ (Flannagan, Cosio and Grinstein, 2009;
Johnson and Criss, 201Mhe production of these toxic molecules for bacteria causes an
augmentation in oxygen consumption by the neutrophil in a process known as oxidative

burst (El-Bennaet al, 2016) Interestingly, it was found that specieslLaictobacillus

19



isolated from the vagina, produce high concentrations of hydrogen peroxide, giving a
protection to women against vaginodschenbackt al, 1989) HoweverO6 Ha ret o n
al. (2010) observed that cervicovaginal fluid and semen inhibit the activity of hydrogen
peroxide. Although thistudy proved the ROS produced by lactobacilli bacteria is not
critical for the control of vaginal infections, a recent study shows that, indeed,
Lactobacillusinhibits the growth of pathogenic bacteria, suchNasseria gonorrhoeae

but by decreasing pthrough the production of lactic agifloschiet al, 2017)

Neisseria gonorrhoeaaverts the oxidative burst by two mechanisms; converting ROS
into molecules of oxygen and water; and consuming oxygen in presence of lactate. The
conversion to nottoxic molecules is mediated by peroxidases, such as superoxide
dismutase (SodB) and cytochromgeroxidase, and a single cytoplasmic catalase (KatA)
which also possesses peroxidase activity. Its activity was discovered from a gonococcus
KatA™ strain isolated from a patient treated with penicillin which in the presence of
hydrogen peroxide the bacteria digibhnsonet al, 1993; Johnson and Criss, 2011)
Another mechanism to survive from the oxidative burst is the increase of respiration.
Neisseria gonorrhoeaenly metabolises glucose, pyruvate and lactate, the latter the
carbon source that increastb® metabolism of the bacteria. Macrophages in a stress
condition demonstrate a higher level of lactate which is used by gonococci for respiration.
Therefore, the level of oxygen which originally is used for the production of ROS is
decreased bMeisseriagonorrhoeagBritiganet al, 1988; Smith, Tang and Exley, 2007;
Johnson and Criss, 2018ithough the oxidative burst is essential in the response against
microorganisms in macrdyges,Criss, Katz and Seifert (200%haved that the main
mechanism of gonococcal survival is resistance againsbxidative killing. By testing
mutants deficient in enzymes previously detected to participate in the protection against

hydrogen peroxide, fluorescent microscopy showed a sipdlarentage of intracellular
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survival in PMN ofNeisseria gonorrhoeaketween wild type and mutants. This finding
showed that resistance against ROS is@ssential for the survival of gonococcus within

PMN.

The nonroxidative killing in PMN is mediated bthree types of granules: primary or
azurophilic, secondary or specific, and tertiary, each one possesses molecules that are
involved in the disruption of the plasma membrane of bacteria. The two main molecules
involved in the defence again$i. gonorrhoea are cathepsin G protease and
permeabilityincreasing protein (hCAP57) contained in the azurophilic and secondary
granules, respectiveljjohnson and Criss, 201The action mechanism of cathepsin G
was firstly thought to be proteolytic by cleaving proteins from the outer membrane.
However, its main function is to disrupt the $yathesis of peptidoglycaishaferet al,

1990) In contrast, hCAP57 is converted by a protein present in azurophilic granules into
the active form, LE37. The 37 amino acid residues antimicrobial peptide, is the only
cathelicidin presents in huans and its role is to disrupt the membrane by forming pores,

it also functions as a regulator of the immune resp@seki et al,, 2010) It is found in

PMN and epithelial cells. Interestingly, it was observed a reduction «#7Lé&xpression

in cervical lls using immunostaining when infected wiNh gonorrhoeagBergmanet

al., 2005)

Neisseria gonorrhoeaeounteract the effect of nawxidative killing usingdistinct
mechanisms. The outer membrane proteins type IV pili and porins halt degranulation of
primary and secondary granuléBjerknes et al, 1995; Lorenzenet al, 2000)
Furthermore, enhanced by the presence of lactate, the modificatib®Sf by the
sialylation or substitution of the oligosaccharide, inhibits the binding of cathepsin G
(Johnson and Criss, 2011; Matthias and Rest, 20Addther mechanism that the

gonococcus possesses is the presence of efflux pumps embedded in the inner membrane.
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This efflux mechanism is composed bymeric proteirs which transporantibiotic and

host antimicrobials from the cytoplasm to the environtmm&he pump is composed by

three genes located within timetrCDE operon, and it is regulated by a transcriptional
activator and repressor, MtrA and MtrR, respectiv@glucki, Dhulipala and Shafer,

2012; Rouquettdoughlin et al, 2017a) AlthoughN. gonorrhoeaehas elucidated a
variety of mechanism to resist the immune response, it has been recently proved that the

gonococcus has evolved not ondysurvive but to regulate the immune response.

1.4.4 PMN: the route for gonococcal dispersion

The ability of N. gonorrhoeaeto survive within PMN has been well documented.
However, recent studies showed that the adaptation of the bacteria to the host cells is
more complex. Once bacteria have been engulfed, a series of mechanisms not only for
escaping from the antimicrobial action but for the regulation and controlling of immune
system commence. The induction of immunosuppressive molecules and the regulation of
apoptosis lead to the increase of the bacterial lifespan within the @¥éh and Seifert,

2011; Zhuet al, 2012; Chateau and Seifert, 2018herefore, gonococci are transported

through the vessels alving the dissemination of the infection through the body.

Apoptosis, programmed cell death mechanism, is a highly regulated process present in
every single cell. The aim of this genetically encoded process is to maintain an
equilibrium in tissues and as anmune response to executing cells when an infection or
damage occuiBuchakjian and Kornbluth, 2010; Tait and Green, 2010; Hongmei, 2012)
Neisseria gonorrhoealeas shown to be involved in the inhibitiof apoptosis, although

the regulation of apoptosis has also been observétlyaobacterium tuberculosishe
mechanism explained subsequently is exclusively from gono¢@etmuruganet al,

2007; Chen and Seifert, 2011; Chateau and Seifert, 2016)
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Neisserial porin (PorB) prevents apoptosis of PMN and epithelial cells. It was
demonstrated that purified PorB froseisseria meningitidiprevented apoptosis in HeLa
cells (Faherty and Maurelli, 2008)Although a discrepancy was found whéh
gonorrhoeaewas usedMdller et al, 2000) The team that initially reported the anti
apoptotic mechanism repted the experiments made by Muléral but using their
protocol and the results found in meningococcus were foundl.irgonorrhoeae,
confirming the inhibition of apoptosis. PorB migrates to the mitochondrial membrane
preventing the release of cytochre c, and it also halts caspa8eactivation, both
required factors for the initiation of apoptosis. Interestingly, this mechanism works even
if the bacteria is dea@assariet al, 2003) Chen and Seifert, (2011¥tudied the
apoptosis in HE60 cells, a myeloid leukaemia cell line, and apoptosis in primary PMN.
Cells werepre-incubated withN. gonorrhoeaeand then apoptosis was stimulated using
staurosporine (STS). The infected PMN incubated with STS showed a decrease of DNA
fragmentation which corresponds to the last step of apoptosis. This study showed for the

first timethatNeisseria gonorrhoeaiahibits apoptosis in primary cell culture.

Indeed, the results were confirmed in another work conducted in primary macrophages
and a differentiated THR cell line. The findings proved that the gonococcal infection
prevents cells to die by measuring DNA fragmentation. Moreover, infection of primary
macrophages caused the release of not onlynleammatory cytokines (It6, IL-8) but
immunosuppressive (HLO). Furthermore, PIR1 (Programmed Death Ligand 1), a
molecule which acts in the suppression of the immune system, was found upregulated in
macrghages infected withNeisseria gonorrhoeaeHowever, the role that these
iImmunosuppressive molecules play during infection needs further studies. In both

studies, 1:10 was quantified at 10 h and 24 h respectively, and_P@&t 24 h. The

23



expression of thenolecules at earlier times will indicate the function of the upregulation

in the macrophagg®rtiz et al, 2015; Chateaand Seifert, 2016)

These findings prove the high adaptation that gonococci have developed to survive and
regulate the immune response mechanism. The regulation of apoptosis leads to the
possession of a niche which lifespan is expanded by inhibiéigl@r death, moreover,

the upregulation of immunosuppressive cytokines derive in the mobilisatideisgeria
gonorrhoeadhrough the vessels to colonise new tissues. However, all these events could
not be possible without the requirement of energy.gdmcoccus has evolved to benefit

from metabolites present when the body is under stress.

1.5 Lactate: The elect carbon source

Lactate is one of the metabolites that is found at high concentrations in the body and one
of the carbon sources thdeisseria goorrhoeaemetabolises. Lactate is found in all the
body, but especially muscles cells and astrocytes possess the ability to synthesise lactate
at higher levels. In women, lactobacilli are present in the vagina producing high
concentrations of lactate. Theroduction of lactate isnversely correlated to the
concentration of oxygen in the body, and glycolysis is the pathway that from one molecule
of glucose synthesises two molecules of lactate as a last metabolite. It is converted from
pyruvate by the enzymiactate dehydrogenase (LDH) whose reaction leads the oxidation
of NADH+H" (nicotinamide adenine dinucleotide reduced) to NAdhd in a high
concentration of lactate, the reaction is reversible. In normal conditions, lactate is found
in blood at 2.0 to 2.5amol/L and the concentration is increased in stress conditions (i.e.
exercise, bacterial infection, after surge(dhdersenet al, 2013; Bakker, Nijsten and

Jansen, 2013; Todd, 2014)
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As it was mentioned previouslieisseria gonorrhoeastilises glucose, pyruvate, and
lactate to obtain energyStephen A Morse, Stein and Hines, 19H9wever, a variety

of studies have postulated the effects of lactate, in the metabolism of gonococcus and the
role it has in pathogenegigateset al., 2000; Smittet al, 2001; Exleyet al, 2007; Atack

et al, 2014) The gonococcus metabolises theldctate isoform, which is the most
abundant in the body, by translocating lactate through a lactate permease (lat®jtd-

is then converted to pyruvate by LIdD (respiratorf.H), thus, the cytosolic LdhA
(NAD*-linked D-LDH) converts pyruvate into {Iactate and it is converted back to
pyruvate by LdhD (respiratory -DDH). The activity of the three LDH results in an

accumulation of pyruvatéAtack et al, 2014)

The gonococcus is well known for possessing molecular mimicry, this means that the
molecules present on the surface of the bacteria imitate the ones found in host cells.
Sialylation of LOS is the mechanism by which the gonococcus avert phagocytosis. It was

found that the bacteria presented resistance to complemezhated killing when

exposed to serum. The molecule that was found to be involved in the protection of the
bacteriaagai nst t he i nnat e i mmunmorophasghat@d-o n s e w a
acetylneuraminic acid (CMRANA). Sialylation is catalysed by the enzyme
sialyltransferase (Lst) whi ch i ncorporates
4GIcNAc of LOS. The incorporationf the host cell molecule results in a molecular

mimicry which includes the inhibition of complement deposition on the surface of the
gonococcus, the avoidance of phagocytosis but also it halts the internalisation into the
epithelial cells(Gill et al, 1996; Mcgee and Rest, 1996; Parsenal, 1996; Regaret

al., 1999) The synthesis of Lst was thought to be mediated in the presence of lactate
(Mcgee and Rest, 1996\evertheless, later studies, by comparing growth between the

three different carbon sources, showed that lactate is not the responsible for an increase
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sidylation but the molecule that enhances gonococcus metabolism. Therefore, in
presence of lactate LOS is synthesised at higher rates resulting in a higher sialylation

(Parson®t al, 1996; Regasmet al, 1999)

Interestingly, it was recently reported that desialylation of gonococcus in infected women
contributes to the dispersal of the STI in men. In order to internalise to urethral cells,
Neisseriagonorrhoeaebinds to the surface of the epithelial cells, however, sialylation
inhibits it. Sialidase is the enzyme that catalyses the desialylation of LOS and
cervicovaginal microbiome, especially conformedLaictobacillussp., produce high

concentratias of this enzymédwards and Apicella, 2004; Ketterer al, 2016)

The concentration of lactate in normal conditions is lower than glucose, however, sites of
gonococcus colonisation present@ times higher threshold of lactate concentration. In
stress coditions, the body metabolises high concentrations of oxygen generating a
hypoxic environment which promotes the anaerobic pathway. Pyruvate which normally
enters the tricarboxylic cycle (TCA) is converted instead to lactate because the oxidative
phosphoriation is decreased by the depletion of oxyg&ao et al, 1998; Bakker,
Nijsten and Jansen, 2013; Ataek al, 2014) In PMN this phenomenon is observed
during infection and it is activated during bacterial infectibime recognition of LOS by

PMN lead to the activation of oxidative burst which requires high concentrations of
oxygen and ATP, by switching the metabolism from oxidative phosphorylation to
anaerobic glycolysis, the cell obtains ATP faster by producingtéctiais procss is

known as Warburg effectif. 14)( Kel | y and .O6Nei Il |l , 2015)
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Figure 1.4. Warburg effect stimulates gonococcal metabolisnPMN in stress conditions

such as bacterial infection, the cell switches the metabolism to anaerobic respiration, and the
tricarboxylic cycle (TCA) and oxidative phosphorylation are inhibited. As consequdree,
concentration of lactate is increased and it is metabolisddeizseria gonorrhoead.actate is
transported through a lactate permease (LctP) and it is metabolised by the phosphotransacetylase
acetate kinase (PTFAK) pathway. The high concentratiofi lactate enhances bacterial growth,

thus, oxygen used by the PMN for the oxidative burst is depleted. CoA -acetyayme A; AcP,

acetytphosphate; LDH, lactate dehydrogenase; PDH, pyruvate dehydrogenase.

Although this effect has not been described amagoccal infection, it is known that
bacteria that survive within PMN promotes the production of lactate L{isteria
monocytogenes, Mycobacterium tuberculo@fell v and OO Neetal,2015) 2015 ;
However, it is likely that gonococcus stimulates thearburgeffect. Britiganet al,

(1988) observed that the concentratiohoxygen was depleted in H&O cells when

infected withNeisseria gonorrhoeaand it was a consequence of lactate metabolism.
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The possession of three LDHs MNeisseria gonorrhoeaéead to an accumulation of
pyruvate wirch is then conveed to acetycoenzyme AThe conversion oacetytCoA

to acetate through the phosphotransacetydastate iase (PTAAK) pathway has
shown to be a promising route, relevant for the global metabolism of the gonodaecus

to the versatile intermediate mbolite, acetypohosphate
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1.6 Aims of the study

The initial aims of this study was to disrupt the RPAK pathway ofN. gonorrhoeado
observean alteration in the levels of acepyhosphate. This was achieved by constructing
two isogenic mutantgackAandgpta. However, it was then decided that a strain lacking

the histone deacetylasige protein would be interesting to observe possible targets of
this enzyme, since no studies have been performed to analyse this study. In fact, two of

the created isogenicutants are novelpta andghdacfor N. gonorrhoeae

These strains were analysed to characterise them phenotypically by growing hem in
different carbon sources to determine how PARKis involved in the metabolism. Thus,
the proteome and acetylome of therfatrains was analyse to analyse the proteins that

suffer lysine acetylation.

The acetylome gave us important information of how this is involved in the metabolism
and virulence of the bacteria. Interestingly, the isogenic gjgati@mshowed less virulence
than the WT and therefore, it was decidedristallisethe enzyme phosphotransacetylase

since it is a Pta class Il and no structure of this enzyme has been obtained.
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2 Material sand methods
2.1 Bacterial strains and plasmid constructs

In this study, twelve strains were used (table 2\l)gonorrhoeaéMlS11 was used to
create strains with a kanamycin insertion in three different enzymes involved in either
acetylation or deacetylatiofEscheridia coliD H 5 B.coli XL-1 blue ancE. coliBL21-

DE3 were used to construct Bncoli strain that overexpresses the profetia.

Table 2.1 Strains of bacteria used andblasmid constructsin this study

Strain Description and genotype Source

wild type, isolated from uncomplicate
gonorrhoeae, contains gonococcal gen
island and it possesses a higher |

N. gonorrhoeadS11 _ J. Sayers
transformation thaN. gonorrhoea&A1090
(Jordan, Snyder and Saunders, 2005; Du

and Seifert, 200).

MS11 with disrupted genomic copy atkA Felix-Diaz
N. gonorrhoeadS11 _ ) ) _
by insertion of kanamycin resistance gent  Parga,

ckA:kar
" 2017
o _ Felix Diaz
N. gonorrhoeadiS11  MS11 with disrupted genomic copy atiaby 5
arga,
gpta:kart insertion of kanamycin resistance gene. J
2017
N. gonorrhoeadMS11 MS11 with disrupted genomic copy bflac _
. _ _ . This study
ghdac:kan by insertion of kanamycin resistance gent
F endAlglnv44 thi-1 recAl relAlgyrA96
deoR nupG purB20 ( 8 GacZ pM 1
: i Hanahan,
Escherichia colD H 5 { ®@lacZYAargF)u169, hsdR17¢mk") '
1983

Competent bacterium with hig

transformation rate. Deletion fcZUgene.
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Escherichia colDH5U
pBHR1-GFP

E.coiDH5U transfor me
plasmid, which possesseskanamycin ,

_ _ This work
resistance and the insert gfp thatencodes

the green fluoresceprotein.

EscherichiacolD H5

E.coiDH5U transfor me

plasmid, which contains tHe a cg&rlg, anc This work

PLES2 ampicillin resistanceamp) gene.
EscherichiacoDH5 UE ¢oliDH50 transf or me _
_ o This work
pLES2GFP plasmid containing thgfp gene.
recAl endAl gyrA96 tHi hsdR17 supE4
rel Al |ac [®MMps o Bullock
Escherichia coliXL1- (Tet)] Fernandez
blue and Short,
High transformation rate and tetracycli 1987
resistant.
o E. coli XL1-blue transformed with th
Escherichia coliXL1-

blue pET28gtahis

expression vectopET28a containing the This work

insert to express, plas.

F ompT gal dcm lon hsd@s'me’) o (
[lacl lacUV5T7p07 indl sam7 nifp

Studier and
Escherichia colBL21- [MalBTk12( &
DE3 Moffatt,
Also known asE. colist r . B, ( 1986
prophage carrying the T7 RNA polymera
and the lactose operon repredsaif.
Escherichia colBL21- E. colistr.B transformed with the expressic

DE3 pET28aptahis

o _ _ This study
vector pET28a containintpe insert ptanis.
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2.2 Media and growth conditions

2.2.1 Neisseria gonorrhoeae

Gonococcus is a fastidious bacterium that requires special nutrients for growing.
Therefore, four different mediaere used and each medium was employed for a specific

aim.
2.2.1.1 Solid medium

Stocks oiN. gonorrhoeastored at80 °C were routinely grown on chocolate agar (CHO)
(E & O Laboratories Limited, Scotland) or Gonococcus agar (GC) (Oxoid, UK) with 1%
Kel | og dgdénent (glucpsp, 40.0 g; glutamine, 0.5 g; ferric nitrate, 0.05 g;
cocarboxylase, 2.0 mg; dissolved in 100 mL distilled water) (Kellogg et al., 1963) at 37
°C and 5% CO2 atmosphere in a £@cubator model MCA5AC (Sanyo, Osaka,
Japan). The isogenic mutastrains of the gonococcus were growth on a GC agar
supplemented witt80 pg/mL kanamycin at the same growing conditions mentioned

previously.
2.2.1.2 Liquid medium

For growth in liquid culture, it was utilised brain heart infusion broth (Oxoid, UK)
supplemented ith 0.5% yeast extract (Oxoid, UK) (BH). The cultured was incubated

at 37 °C and with shaking, at 180 rpm for 25 mL tubes in a C25KC incubator shaker (New
Brunswick Scientific, NJ, USA) and 120 rpm for 500 mL flasks in an Excella E25
incubator shaker (&v Brunswick Scientific, NJ, USA), 10 mM NaHG®as added to

create a C@atmosphere.
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A chemically defined medium fdd. gonorrhoeag CDM-GC) was used to observe the
utilisation of three different carbon sources, glucose, lactate and pyruvate. This medium

contains all the necessary nutrients for the gonococcus growth (table 2.2).

Table 2.2 Composition and preparation of the chemically defined medium (CDM
GC) for the growth of N. gonorrhoeae

Amount

Solutions andreagents (weight or volume)

Solution |

Sodium chloride 58.45¢g
Potassium sulphate {BQy) 10.00 g
Magnesium chloride (MgCl2) 2.18¢
Ammonium chloride 2.20¢g
EDTA 0.03 g
H20 250 mL
Solution I

Potassium phosphate dibas 17.42 g
(K2HPGy)

Potassium phosphate monoba 13.61g
(KH2PQy)

H-0 (Total volume) 100 mL
Solution IlI

L-aspartic acid 2.00¢g
L-glutamic acid 5.20¢g

34



L-arginine HCI

Glycine

L-Serine

L-leucine

L-isoleucine

L-valine

L-tyrosine

L-cysteine

L-cysteine (dissolved in 1M HCI)
L-alanine

L-lysine

L-proline

L-tryptophan

L-threonine
L-phenylalanine
L-asparagine H20
L-glutamine

L-histidine

L-methionine

Glutathione (reduced form)

H-O

0.60 g
0.10g
0.20g
0.364 g
0.12¢g
0.24¢g
0.284 g
0.22 g
0.144 g
0.40g
0.197 ¢
0.198 ¢
0.32¢
0.20g
0.10g
0.104 g
0.20 g
0.096 g
0.06 g
0.184 g

1000 mL
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Solution IV

Thiamine HCI 0.02 g
Calcium pantothenate 0.019¢
Cocarboxilase (Thiamingyrophosphate chloride) 0.0048 g
H20 100 mL
Solution V

Biotin 0.015¢g
50% ethanol 50 mL
Solution VI

Calcium chloride dihydrate 0.37¢g
Ferric nitrate 0.04 ¢
H20 10 mL
Other solutions

Hypoxanthine

Hypoxanthine 0.25¢g
0.1 M NaOH 50 mL
Phenol red 0.001%

Phenol red 0.001 g
H20 100 mL
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Sodium hydrogen carbonate (NaHCQ) 1 M

NaHCO 849
H20 100 mL
Glucose 1 M
Glucose 18.00 g
H20 100 mL
Lactate 1 M
Lactate 9.00g
H20 100 mL
Pyruvate 1 M
Pyruvate 8.80¢
H20 100 mL
Preparation of 100 mL CDM-GC
Solution Volume
(mL)
Solution | 2.50
Solution I 2.00
Solution Il 25.00
Solution IV 1.00
Solution V 1.00
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Solution VI 0.10

Hypoxanthine 1.00
Phenolred 0.001% 1.00
Glucose 1 M 1.00
H20 64.40
or
Lactate or pyruvate 1 M 2.00
H20 63.40
NaHCQ 1 M (Freshly made and added befc 1.00

bacteria inoculation)

Adjust to a pH of 7.0 with 5 M NaOH

Media were autoclaved at 121 °C andPIH for 20 min, except for the CDM, which all
solutions were filter sterilised with a sterile and endotoxin free 0.2 um PES filter

PuradistM (GE Healthcare, UK).

2.2.2 Escherichia coli

2.2.2.1 Solid medium

E.coiDH5U was g r-Benani (liBnhagak (iryptoree, 10 g; yeast extract, 5.0
g, Nad, 10.0 g; bacteriological agar, 15 g;® 1000 mL). Several types of LB agar

were prepared by adding antibiotics depending on the strain to select in the transformation

experiments, which will be explained in the next sawi
2.2.2.2 Liquid medium

LB broth (same composition but without agar) broth was used to grow the different strains

of E.coli at 37 °C with rotation using incubator shakers mentioned in section (section
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2.2.1.2) depending on the volume to employ. This liquid omadivas used asbase for
other experiments that required specific growing conditions for either selection or protein

expression.

2.3 Competent cells preparation

The transformation of the differeBt colistrains E. coliD H5 B. coliXL1-blue ancE.
coli str. B) required that the bacteria were competent, this means that they were able to
uptake extracellular DNA. In order to obtain competent cells, the Hanahan method was

employed(Hanahan, 1983)

E. colistrains were grown overnight on LB agar plates. @Giel®were taken to inoculate

50 mL LB broth and incubated for 6 h at 37 °C and 180 rpm in a C25KC incubator shaker
(New Brunswick Scientific, NJ, USA) until the culture reached an optical densityOD

of 0.3. The growth was chilled on ice for 15 min aeatrifuged at 3,500 g for 20 min

at 4 °C in an AIIegr% X-22R centrifuge (Beckma@oulter, Krefeld, Germany). The
bacterial pellet was rsuspended in 16.65 mL RF1 solution (table 2.3), a 1/3 of the
original volume, and incubated on ice for 15 min. Daeterium was centrifuged again

at the same conditions and the pellet wasuspended with 4 mL RF2 solution (table
2.4), a 1/12.5 of the original volume, and incubated on ice for 15 min. 200 pL aliquots

were added into 1.5 mL microcentrifuge tubes andesl at-80 °C until use.
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Table 2.3. Composition and preparation of 100 mL RF1 solution

Component Final concentration Amount
Potassium chloride (KCI) 100 mM 0.75¢
Manganese (ll) chloride (Mng) 50 mM 0.99¢
Potassium acetate (GEIO:K) 30 mM 0.29¢
Calcium  chloride  dehydrat
(CaCh-2H0) 10 mM 0.15¢
Glycerol 15% (v/v) 15.00 mL
H20 85.00 mL

Adjust to a pH of 5.8 with 10% glacial acetic acid, and filter sterilise through-a

rinsed 0.22 micromembrane.

Table 2.4. Composition and preparation of 100 mL RF2 solution

Component Final concentration Amount
MOPS (3(N-morpholino)
propanesulfonic acid) 10 mM 0.21g
pH 6.8
Potassium chloride (KCI) 10mM 0.074 ¢
Calcium  chloride  dehydrat

75 mM 1l1g

(CaCbk-2H:0)
Glycerol 15 % (v/v) 15.00 mL
H20 85.00 mL

Adjust to a pH of 6.8 with 1 M NaOH and filter sterilise as with RF1.
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2.4 Cryogenic preservation

Liquid cultures of BHIY and LB for N. gonorrhoeaeand E. coli, respectively, were

grown overnight at 37 °C on a rotary shaker at 180 rpm overnight.

I n a 1.0 mL cryogenic tube (Thermo Scientif

uL of culture was mixed with the same volume of 20% glycerol (&hg stored in an

ultra-low-temperature freezer é€80 °C.

2.5 Mutant construction

2.5.1 Neisseria gonorrhoea®S11

2.5.1.1 Genomic DNA (gDNA) extraction

N. gonorrhoeaeMS11 was grown overnight on chocolate agar plate as described in
section 2.2.1.1 and then in 10 mL liquid medium as described in section 2.2.1.2. 1.5 mL
of culture was centrifuged at 12,00@xXor 2 min and resuspended in 1 mL PBSThe
extraction was péormed following the protocol of GenElfteBacterial genomic DNA

kit (SigméP Life Science, St. Louis, MO, USA). The steps include cell lysis, DNA binding

to a column, column washing and gDNA elution. The gDNA was eluted in a final volume
of 80 L. The qulty and concentration of the gDNA were quantified using a NanoBrop
ND-1000 spectrophotometer (Thermo Fi sher

extraction was validated with a 260/280 ratio value of ~1.8.
2.5.1.2 Annealing PCR

Annealing PCR is a technique to struct DNA fragments by designing primers with a
complementary sequence of the adjacent fragment of DNA. With this technique, a set of

3 to 4 DNA fragments are able to form a unique DNA sequence.
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For the construction of tHe. gonorrhoeaeMS11 ghdac:kan two fragments of thedac

gene (NGFG_00325) and the kanamycin resistant gaa® Wwere amplified by PCR.

The primers were designed to possess the complementary sequence of the adjacent
fragments, in order to obtain the sequence of the felae with the insertion of the

kanamycin resistant gene (table 2.5).
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Table 2.5. Primers for the construction ofN. gonorrhoeaeV S 1 lhdaqo:karn

consst':ﬁ:JIZted Gene Fragment Length Name Primer seYu&dxe (5 Nggls?t?gr?e
hdad-F TGAAACTCTACGCCCTGTTG 2342
1 467 bp
hdad-R TCATTTTAGCCAAACGTTGTTCAGCAG 453467
hdac*
hdac2-F TGAATTGTTTTAGGTTTGAAACCGACCTTTT 620638
N. g(lavrlwg:rLToeae 3 501 bp
qhdac:kar hda@-R TTCAGACGGCATTTATATCG 11031120
kanF CTGAACAACGTATGGCTAAAATGAGAATATCAC 1-22
kan* 2 795 bp
kanR TCGGTTTCAAACBTAAAACAATTCATCCAGTAAAA 773795

*Underlined sequences in italics are complementary to the other fragments for the annealing PCR.
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All PCRswere performed using the Q5® Higihdelity DNA Polymerase ((New England

BioLabs®>, MA, USA))
CA, USA). The parameters for th

in thetable 2.6.

and a T 1-RaflBboratdriess Hemdles,cycl er

e amplification for each of the three fragment are shown

Table 2.6. Reagents and volumes for PCR mix

Reagent Volume (uL) concFeiQt?lation
5x Q5°reaction buffer 10.0 1x
10 mM dNTPs 1.0 200 pM
10 uM Forward primer 2.0 0.4 uM
10 puM Reverse primer 2.0 0.4 uM
Template DNA Variable < 1,000 ng
5x Q5” high GC enhancer 10 1x
Q5® High-Fidelity DNA
bolymerase 0.5 0.02 U/uL
Nucleasdree water To 50 pL -

Table 2.7. PCR conditions for th

e amplification of the flanking sequences dfdac

and the kanamycin resistant gene

Step Temperature  Time
Initial denaturation 98 °C 30s
Denaturation 30 98 °C 10s
Annealing 50.8 °C 30s
cycles _
Extension 72 °C 1:10 min
Final extension 72 °C 3:00 min
Hold 4°C b
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Finally, the three fragments were used for the PCR (table 2.8) as templates for the final
construct (hdackanrhdac?2) following the PCR conditions shown in the table 2.9. This

fragment was used to transform the straiflogonorrhoeadVS11.

Table 2.8. PCR mix for the construction ofhdac::kan

Reagent Volume (uL) concFeiQt?lation
5x Q5°reaction buffer 10.0 1x
10 mM dNTPs 1.0 200 puM
10 uM primer pdacl-F) 2.0 0.4 uM
10 puM primer hda2-R) 2.0 0.4 uM
Template DNAhdacl 1.0 < 1,000 ng
Template DNAhda@ 1.0 < 1,000 ng
Template DNAkan 1.0 < 1,000 ng
5x Q5° high GC enhancel 10 1x
Q5® High-Fidelity DNA
polymerase 0.5 0.02 U/uL
Nucleaseree water 21.5 -

Table 2.9. Thermal cycler settings for the construction ohdac::kan

Step Temperature  Time
Initial denaturation 98 °C 1:00 min
Denaturation 98 °C 10s
1st annealing 60 °C 30s
2nd annealing 30 cycles 52 °C 30s
Extension 72 °C 2:30 min
Final extension 72 °C 6:00 min
Hold 4°C b
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2.5.1.3 DNA gel extraction

Amplicons from PCR were extracted from agarose gels whenever secondary amplicons
were detected by the transilluminator. Samples were run on a 0.6% agarose gel at 110 V
for 70 minusing a PowerP&c300 power supply (BirkadLaboratories, CA, USA). The

DNA product was then purified from the electrophoresis gel following the protocol of
MonarclP DNA gel extraction kit (New England BioLaBsMA, USA). The DNA was
guantified inaNanoDropl 000 spectrophot ometer (Ther mo
USA). If the concentration of the sample was low (<40 ng/uL), thus was concentrated
using a concentrator 5301 (Eppendorf, Hamburg, Germany) ssuspended in nuclease

free water to obtaia minimum DNA concentration of 100 ng/pL and a 260/280 ratio of

at least 1.8.
2.5.1.4 Agar spot transformation and mutant selection

The spot transformation on agar plates protocol was followed as described previously by
Dillard, 2011 On a chocolate agar plate, 12 uL of PCR proquét 2 OgweNA)
added on 2 different locations of the plate were the bacteria growth is medium and thin.
Colonies ofN. gonorrhoeadVS11 grown overnight on chocolate agar were streaked on
the DNA spots once they were dried. The plates were incubated as described in section

2.2.1.1 for 48 h.

Colonies that grew were streaked individually on GC agar supplemented with 80 pg/mL
kanamycin and grew overnight as describedention 2.2.1.1After 48 h the grown
colonies were inoculated in liquid medium for PCR, sequencing andgemo
conservation. The colonies that showed the correct sequencing were st8e8aand

only one colony was used during the whole project.
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2.5.2 Neisseria gonorrhoeawith GFP

N. gonorrhoea@ossesses the ability to survive within macrophages (Chate&edad,

2016). Therefore, the constructiondf gonorrhoeaavith GFP expression could show

us by microscopy if the acetylation affects the mechanisms that help gonococci to remain
within immune cells. In order to achieve this, a vector carryingthgene ofAequoria
victoria able to be transformed intd. gonorrhoeaavas constructed. pLESZ2 is a plasmid

that has shown to transform strains of detleoliandN. gonorrhoeadSteinet al,, 1983).
2.5.2.1 Transformation and plasmid pBHR1-GFP purification

A vial with 200 pL of competenE. coliDH5 U was t a-80€@and thawed ort h e
ice. 2 pL of pBHR1IGFP was added and incubated on ice for 1 h. Then the
microcentrifuge tube was hot shocked at 48 °C for 90 s and incubated on ice for 5 min.
800 pL LB broth vere added and the tube was incubated for 1 h at 37 °C with shaking at
180 rpm. 100 pL of culture were plated on LB agar with 100 pg/mL kanamycin (LB
Kan100) plate and incubated as described above (section 4.2.1). Colonies grown on the
agar were streaked diB-Kan and to verify that the strain was producing GFP the plate
was located onto a UV transilluminator to observe fluorescence. The plasmid was
extracted following the protocol of the E.Z.N®APlasmid Mini Kit | (Omega Bieek,

GA, USA) and a 0.6% agase gel was run at 110 V for 70 min to verified the size of the
vector. A set of primers were designed to amplify ¢ifig gene containing a BamHI

restriction site sequence for the ligation to the pLES2 plasmid (table 2.10).
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Table 2.10. Primers for the amplification of the gfp gene from pBHRX:GFP

trai . . . . Nucleoti
Strain Gene Length Feature Orientation Pri mer sequence (50 uc ?9 ide
constructed position
Escherichia coli BamHI** F GGTCAGGGATCCCTCCCTTTTGGTGTCC 1-18
DH5U pLI gfp 1194bp
GFP BamHI** R GGTCAGGGATCCATTACTGAGTATCTATTTGTATAGTTCATCC 11751194

** Underlined sequence corresponds to the BamHI restriction site.

Table 2.11 PCR mix for amplification of gfp

Reagent Volume (uL) E(I)T(l‘,lentration
5x Q5°reaction buffer 10.0 1x

10 mM dNTPs 1.0 200 pM
10 uM Forward primer 2.0 0.4 uM
10 uM Reverse primer 2.0 0.4 uM
Template DNA Variable < 1,000 ng
5x Q5”high GC enhance 10 1x
Si;';?g;ide"ty DNA 05 0.02 U/uL
Nucleasefree water To 50 pL -

Table 2.12. Thermal cycler settings forgfp amplification

Step Temperature Time
Initial denaturation 98 °C 30s
Denaturation 98 °C 10s
Annealing 30 48 °C 30s
cycles
Extension 72 °C 1:10 min
Final extension 72 °C 3:00 min
Hold 4°C b
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A PCR for gfp amplification wasperformed with the Q5® Higiridelity DNA
Pol ymerase (table 2. 11) tRadlLabagatodes Harculess t her n

CA, USA) set with the parameters of the table 2.12.

The PCR sample was run in an agarose gel and the band corresporgdpn@-tb.2 kb)
was extracted from the gel as mentioned previously. The purified product was then ligates

to the pLES2 plasmid.
2.5.2.2 pLES2-GFP construction

E.coiDH5U was transformed with pLES2 as descr
of the transformed cola@s LB agar with IPTG/XGal and 100 pg/mL ampicillin (section

4.3.2) was used, selecting the blue colonies. The plasmid was then extracted and a 0.6%
agarose gel was run as described above to confirm the plasmid extraction. pLE§® and

PCR product wereigested with BamHI enzyme (New England BioL&bKIA, USA)

using 6061500 ng of DNA. The digestion was at 37 °C for 1.5 h and the samples were

run on an agarose gel to check the restriction digestion.

pLES2 vector and thgfp PCR product were then ligatedtiva T4 ligase (Thermo
ScientificE, Waltham, MA, USA) wusing a DNA
incubated at 22 °C for 15 min and 10 pL of the suspension were dispersed on a LB agar

with IPTG/X-Gal and 100 pg/mL ampicillin. The plates were ibated at 37 °C

overnight and white colonies were-geltured on same agar plates. To prove the
construction of pLESZFP, plasmid extraction was made as described above and a 0.6%

agarose gel was run.

E.coiDH5U was then tr a@FPfoblowingéhd pratocd rhentipriedE S 2

above and the bacteria was cultured on LB agar with IPT&@Kand 100 pg/mL
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ampicillin. The plasmid was extracted and it was storee2@t°C until used for the

transformation ofN. gonorrhoeae.

All steps of the construction tiie plasmid were verified by DNA sequencing.

2.5.3 Construction of E. coli BL21 for Pta overexpression

In this study, as later will be explained, the enzyme phosphotransacetylase (NGFG00350)
from N. gonorrhoeadMS11 is proposed as a good target for an antobial molecule.
However, there is no structure of the enzyme and a crystal was needed. Therefore, the

enzyme was overexpresseddncoli BL21.
2.5.3.1 PCR of ptawith polyhistidine tag (pta-his)

The system hisag was used tpurify the enzyme. This mechanism rks through the
addition of 6 histidine at the-Nerminus or Germinus of the enzyme, in this study was

used the latter since the cleavage of the histidine tag is not necessary.

A PCR was performed using gDNA frol gonorrhoeadviS11 as DNA template. The
primers (table 2.3) were designed to contain thes-tag, and two different restriction
sites. The first restriction sequence corresgaitd Ncol, this restriction enzyme was
selected because it codifies for a methionarajno acidrequired for the open reading
frame. The second restriction enzyme was BamHI. The two restrictions sites are present

in the plasmid pET28 where the gis was transformed.

The amplification of pténis was performed following the PCR conditions showedlie

2.14.
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Table 2.13 Primers for the PCR of pta-his

Strain constructed  Gene  Length Feature Orientation Pri mer sequence (506 Y 3¢ Ngg;?t?:ge
o ] Ncol** F CTGAGTCCATGG CAAAAGTACTCGTCGTAC 1-31
Escherichia coli
XL1-blue pET28a pta 1541 bp
H *%
pta-his BaLHI. and R CTGACOGGATCCTCAGTGGTGGTGGTGGTGGTGCCTTCCATTTGTTTTGCCTG 14881541
6x his tag

Table 2.14 Thermal cycler settings forpta-his amplification

Step Temperature Time

Initial denaturation 98 °C 1:00 min
Denaturation 98 °C 10s
Annealing 34 63 °C 30s

cycles
Extension 72 °C 1:00 min
Final extension 72 °C 2:00 min
Hold 4°C b
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2.5.3.2 Construction of plasmid pET28-pta-his

The plasmid pET28 is used for the overexpression of proteins due to the presence of the

lac promoter that is activated by the addition IPTG in the medium.

1.1.3.2.1. Plasmid extraction

E. coli UpET28 was grown overnight on an LB agar supplemented with 50 pg/mL
kanamycin (LBKan50) at 37°C and then in a liquid medium of LBan50 overnight

with shaking aB7°C. The plasmid was extractéallowing the protocol of the E.Z.N.A.
Plasmid Mini Kit I(Omega Bietek, GA, USA) and the sample was run in a 0.6% agarose
gel to check the size and success of extraction. Then it was quantified using a N&noDrop
ND-1000 spectrophotometer (Ther mo Fi sher
extraction was validatewith a 260/280 ratio value of ~1.8 and a concentration higher

than 100 ngiL.

1.1.3.2.2.Restriction enzyme digestion

For the restriction, u1g of plasmid pET28 and pthis amplicon were enzymatically
digested with Ncol and BamHNew England BioLald§ MA, USA) for 2 h at 37°C in

50 pL volume. Each sample was run in a 1.4% agarose gel at 100 V for 80 mimusing
PowerPak 300 power supply (BirkadLaboratories, CA, USA) to prove the efficacy of

the digestion.

1.1.3.2.3.Ligation and transformation

In order to construct the pETZ8ahis the PCR product was ligated to the pET28 vector

Sci

using the T4 ligas¢ Ther mo Fi sher ScientificeE, Wal t hal

insertplasmid ratio of 3:1 and it was followed the protocol. Two different ligation
reactions were set a 16 and 22 °C for 15 min and 1 h, respectively. Then the T4 ligase

was heat inactivated at 70 °C for 5 min. Then the ligation product was transformed as

52



described in section 2.2.6.1 in a strainkofcoli XL-1 blue and the plasmid waseth

extracted for the transformation Bf coliBL21-D3.

To validate and confirm the correct ligation of the-pisiinsert into the pET28 vector, a

PCR (table 2.16) was performed using universal T7 polymerase primers (table 2.15).

Table 2.15 Primer for insert validation of the vector pET28

Gene Orientation Primer sequence%6 Y 36
7 F TAATACGACTCACTATAGGG
polymerase R TATGCTAGTTATTGCTCAG

Table 2.16 Thermal cycler settings for T7 polymerase amplification with ptahis

insert
Step Temperature Time
Initial denaturation 98 °C 2:00 min
Denaturation 98 °C 10s
Annealing 34 55 °C 30s
cycles
Extension 72 °C 1:15 min
Final extension 72 °C 3:00 min
Hold 4°C b

2.5.3.3 Construction of E. coli BL21-DE3 pET28apta-his

E. coli BI21-D3 is a strain that is widely used in laboratories for the overexpression of
proteins due to the presenceTof RNA polymerase and the lactose operon repressor
lacl9, repressing thexpression of the recombinant protein until the addition of IPTG to

the medium.
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E. coliBL21-D3 was transformed with the pETP8&-his vector following the protocol

of section 2.2.6.1. The bacteria was grown overnight at 37 °C ekdrB50 agar plates

for the selection of transformed colonies. A screening PCR, described in section 2.2.7.2.3
was performed to the grown colonies to confirm the successful transformation. The
amplicon was cleaned up and sent for sequencing. The selected colony was cryogenic

prerved as described in section 2.4.

2.6 DNA sequencing

DNA sequencing was used in order to check if the obtained colonies possessed the correct
DNA insert. Briefly, PCR products, plasmids, and primers were diluted to 50 ng/uL, 100
ng/uL, and 1 pmol/pL in a finavolume of 10 pL distilled water, respectively. All
sequencing were performed at the Genomics Core Facility, The Medical School,

University of Sheffield, UK.

2.7 Enzymatic assay

In order to prove that the mutant strainshof gonorrhoeaeMS11 lack of enzymat
activity on the mutated geneskAandpta, an enzymatic assay was assessed for each

enzyme.

2.7.1 Cell free extract (CFE)

CFE was obtained from the three strainBlo§onorrhoeagWT, gackAandgpta. Liquid
cultures of each strains were grown in 30 mL BHat 37°C overnight at 180 rpm. The
culture was transferred to a 500 mL capped flask containing 450 miYBidt incubated
overnight at 37 °C at 120 rpm. The culture was centrifuged at 12,§00r3.5 min in an
Avanti }26XP highspeed centrifuge (Beckma&oulter, Krefeld, Germany) using a Jla

16.250 Rotor.

54



The supernatant was discarded and the pellet wassfgended in 20 mL 10 mM Tris/HCI

buffer (pH 8.0) in a 50 mL tube and it was centrifuged 2,000 xg for 15 min using a

Ja 25.50 rotor. The pellet wassaspended in 2 mL 10 mM Tris/HCI buffer (pH 8.0) in

a 20 mL capped tube and it was sonicated 7 times during 30 s each at 20 amplitude
maintaining the tubesn ice during sonication. The spension was transferréol al.5

mL microcentrifuge tubes and centrifuged at 13,0@Pfar 25 min at 4 °C in a Mikro

220R centrifuge (Hettich, Tuttlingen, Germany). The supernatant was then transferred

into a 1.5 mL microcentrifuge tubes. The proteincantration was quantified at a 280

nm wavelength using &anoDrop1 000 spectrophotometer ( Th

Waltham, MA, USA) and stored &0 °C until use.

2.7.2 Acetate kinase (AckA) activity assay

The quantification of AckA activity was determined using@dified version of a couple
reaction protocofAllen et al, 1964) The activity was traced by detecting the formation
of ADP from ATP and acetate at 340 nm by coupling the reaction with the reduction of
NAD* with the enzymes pyruvate kinase and lactatkydrogenase (fig 4.1). To the
reaction was added P1,P#adenosines’)pentaphosphate (Af) to inhibit the activity

of adenylate kinase, an enzyme that is involved in the regulation of ATP, ADP and AMP.

A 1 mL final volume of the reaction mix (table #Was added into quartz SUPRASIL
cuvette with a 10 mm light path (Hellfh@nalytics, Miillneim, Germany). The cuvette

was inserted into the spectrophotometer and the reaction was started by the addition of
the CFE. A BioSpectrometer Kinect spectrophotom@ppendorf, Hamburg, Germany)

was used for the enzymatic assay and it was set to a 340 nm wavelength at 37 °C and
interval readings of 15 s during 60 m. All the reactions were standardised with the same

amount of protein and a reaction mix containingdikt was used as blank.
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Table 2.17 Reaction mix for the AckA activity

Reagent concFeizz'lation Volume (uL)

1.5 M Tris/HCI buffer (pH 8.0) 100 mM 66.7
0.1 M MgCbkbH20 2 mM 20
0.1 M Phosphoenolpyruva{fPEP) 2 mM 20

5 mM NADH 0.1 mM 20

3 U/uL Pyruvate kinase 9uU 3

7 U/uL malate dehydrogenase 26 U 3.7
10 mM ApsA 0.2 mM 20
100 mM Acetate 2 mM 20
75 mM ATP 1.5mM 20
CFE 8-15 mg/mL Variable
H20 to1 mL

NAD* NADH +H*
Lactate ‘_ Pyruvate Acetate

124

PEP Acetyl-phosphate
Figure 2.1. Couple reactions for the determination of AckA activity.The reaction was
linked with the activity of lactate dehydrogenase (LDH) and pyruvate kinase (PK) in order to
determine the activity of atate kinase (AK). PEP, phosphoenolpyruvate. (Adapted fAdian

et al, 1964.
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2.7.3 Phosphotransacetylase (Pta) activity assay

The determination of Pta activity was performed using a modified couple reaction
protocol(Pickett, Williamson and Kelly, 1994Pta activity was traced by coupling three
reactions whichare involvedin the acetyyfCoA dependent synthesis of citrate. NADH
formation was measured at 340 nm whereas its formation by malate dehydrogenase is

negligible in he absence of acet{oA (fig. 2.2).

A 1 mL final volume of the reaction mix (table 2.18) was added into quartz SUPRASIL
cuvette with a 10 mm light path (Hellfi@nalytics, Miillheim, Germany). The cuvette

was inserted into the spectrophotometer and when a baseline was observed, acetyl
phosphate was added to start the reaction. A BioSpectrometer Kinect spectrophotometer
(Eppendorf, Hamburg, Germany) was used for the enzymatic assay and it was set to a
340 nm wavelength at 37 °C and interval readings of 15 s during 60 min. All themnsacti
were standardised with the same amount of protein and a reaction mix containing no CFE

was used as blank.

Table 2.18. Reaction mix for the Pta activity

Final

Reagent concentration volume (uL)

1.5 M Tris/HCI buffer (pH 8.0) 100 mM 66.7
0.1 M MgChkH20 2mM 20

50 mM NAD' 1mM 20

5 mM CoA-SH 0.2 mM 40

250 mM D/L malic acid 5mM 20

6 U/pL malate dehydrogenase 12U 2

3 U/uL citrate synthase 25U 8

CFE 4-5 mg/mL Variable
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H>O to1l1mL

200 mM AcP 10 mM 50

Acetyl-phosphate
COA-SH
PTA
Pi
NAD* NADH+H'  Acetyl-CoA C9*SH

Malate Li“— Oxaloacetate¥.t41 Citrate

Malate Citrate
dehydrogenast synthase

Figure 2.2. Coupled reactions for the determination of Pta activity Pta activity was
determined by tracing the formation of aceB@A reaction coupled tatrate synthase and malate
dehydrogenase that produces NADH which can be measure at 340 nm (Adaptéd/hitetey
and Pelroy, 1972

The enzymatic activity was calculated using

3!

H _
R A

Where the enzyme aoimthe change in apsorpance per Mirutei v e d
(@A), divided by the mM absorptivilcy of the

1y and the path length of light through the sample which was 1 cm.

The activity is expressed in namoles of product synthesise peinute per mg of protein

(nmoft mint mg proteint).
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2.8 Acetyl-phosphate (AcP) quantification

The different strains ofN. gonorrhoeaeMS11 were thought to have varying
concentratioaof AcP. Therefore, it was used a method that quantifies the amount of AcP
by determining the ATP released in the reaction of AcP to acetate performed by acetate
kinase. The assay was followed as previo(RgmosMontafiezet al, 2010; Weineret

al., 2013) with the following modifications.

35 mL of BH}Y cultured were grown for 10 h from an initial @g0.5. The culture was
centrifuged at 3,500 rpm g for 20 min at 4 °C in an AIIegFa X-22R centrifuge
(BeckmanCoulter, Krefeld, Germany). The pellet wasshed twice with 500 pL ice

cold assay buffer (10 mM sodium phosphatesf&] pH 7.5; 10 mM MgCl; 1 mM

EDTA) and centrifuge at 13,000p¢or 2 min in 5415 D centrifuge (Eppendorf, Hamburg,
Germany). 20 pL were set aside for protein quantificationinggaithe sample at Ofgn.

Protein concentration was used to normalise AcP measurements. Cell suspensions were
extracted by addition of 100 pL 3 M HCl@erchloric acid) and incubated on ice for 30
min. The suspensions were clarified by centrifugation g@2Q®Mxg for 2 min at 4 °C and

the supernatant neutralised with 100 L saturated K&@6tassium bicarbonate). The
samples were then clarified by the same centrifugation conditions and the supernatant
was transferred to a new 1.5 mL microcentrifuge tulib 80 mg activated charcoal to
remove ATP. Lysates were incubated on ice for 15 min and then filtered to remove the
charcoal using a sterile and endotoxin free 0.2 um PES filter PUPAJBE Healthcare,

UK).

The lysates were divided in three groups; A’DRversion assays for AcCP measurements;
control reactions without acetate kinase and ATP measurement for efficiency of ATP

removal. The reaction mix for AcP measurement contained 50 pL lysate, 2 uL 100 mM
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MgClz, 4 uL 300 mM ADP, and 4 L 0.4 U/uL acetdmase. The assay was performed

in triplicates and the control reaction contained the same reagents exeagtibeaiffer

was used instead of the enzyme, the control assay was performed in duplicates. The tubes
were mixed and incubated at 37 °C for 90 MilP was determined by mixing 50 pL of

the reaction with 50 pL CellTiteGlo® reagent (Promega, Madison, WI, USA), which is

a luminescent viability assay that quantifies the amount of ATP by the reaction of
luciferase that converts luciferin to oxyluciferwith the release of light. ATP
measurement was performed to determine the level of ATP contamination of the sample

by mixing 50 pL of the filtrated lysate with 50 pL CellTit&lo® reagent.

To validate the results, a control for the recovery of AcPpeaformed. This control was
done by adding known samples of AcP (1, 5, 10, 25, and 50 pM) to the reaction mix
instead of the sample at the beginning of the procedure. ATP concentrations were
determined by comparing the results to an ATP standard curseXQ, 25, and 50 uM).
A specific concentration of ATP was added into the reaction and the procedure was
followed as described above but without the addition of charcoal and the posterior
filtering. As with the samples, the control and the ATP standamneecwere mixed 1:1

with the CellTiterGlo® reagent in triplicates.

The samples were read on a Varioskéhl ash mul ti mode reader (Tt
Nal geneE, Waltham, MA, USA) , I nstrument t hi
the luciferase. The sangs were loaded on a Microflfut black 96well microplate with

flat bottom (Thermo ScientificE, Waltham, |

ATP was determined by interpolating the result to the standard curve of both molecules.

60



2.9 Carbon source utilisation

N. gonorrhoeaecan only metabolise three molecules as carbon and energy sources
(Mcgee and Rest, 19960he four different strains of gonococci were grown on the €DM
GC supplemented with glucose, lactate or pyruvate, in order to determine if the nsutatio

in theackA,pta,andhdacgenes affected the metabolism of these three carbon sources.

2.9.1 Growth conditions

The four strains oN. gonorrhoeadVS11, WT,ghdag adkAa n dota, guere grown on

CHO agar for 18 h as described in section 2.2.1.1. Coloniestaleza from the agar
plates and inoculated each strain in two b capped tubes (Sarstedt, Numbrecht,
Germany) containing 10 mL CDMsC supplemented with glucose section 2.2.1.2. The
tubes were incubated at 37 °C with shaking at 180 rpm for 16 h. Then they were
centrifuged at 4,000 g for 10 min, and the pellets weresuspended with 10 mL CDM

GC with the carbon source to test, either lactate or pyruvate. The growth was measured
using an Ultrospec Il spectrophotometer (Pharmacia, Sweden) at 600 nm in disposable
1.5 mL polystyrene cuvettes with a 10 mm light path (@®dts Nimbrecht, Germany).

The culture was adjusted to a final 0.05 &ywith the bacterial culture and the CBDM

GC with the supplemented carbon source to test. The amount of culture to use for the

adjustment of optical density was calculated using thadda:

i & U
1 EZOTARE OOO0A

61 1 GiAOI ()C}%

An initial ODsgowas measured and the tubes were incubated at 37 °C with shaking at 180

rpm. ODso0 measures were read every hour for 10 h.
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2.10Detection of lysine acetylated proteins

The constructed mutants are involved in the production of acetyl phosphate and in the
deacetylation. In order to compare a difference in the acetylation of proteins between the
four strains ofN. gonorrhoeagMS11, an antacetyllysine antibody was used goreen

the acetylated proteins.

2.10.1Sample preparation

Samples collected from the growth curves (section 4.8) were thawed and centrifuged at
13,000 xg for 3 min in a 5415 D centrifuge (Eppendorf, Hamburg, Germany). Then the
pellet was resuspended in 100 pLadified Laemmli buffer (240 mM Tri¢iCl pH 6.8,

10% glycerol (v/v), 2% SDS (w/v)) and heated at 95 °C for 10 min. The concentration of
total proteins was quantified in &lanoDrop 1000 spectrophotometer (Thermo

ScientificE, Waltham, rebtdedaDS@Ayntiusd.he sampl es

2.10.2Sodium Dodecyl SulphatePolyacrylamide Gel Electrophoresis

(SDSPAGE)

The SDSPAGE gel was prepared as described in table 2.19. The samples were loaded at
a normalised concentration in two different gels, used for Coomaasigng and western

blot. The samples were loaded using 4x Laemmli buffer (1 MHGE 8% SDS (w/v),

40% glycerol (v/v), 10%-mercaptaethanol (v/v), 0.04% bromophenol blue (w/\)he

gels were run in a denaturing buffer (0.25 M Tris, 1.9 M glycing@3 64 SDS) atL00 V

for 45 min and then at 150 V for 1.5u8ing a PowerP&c300 power supplyRio-Rad

Laboratories, Hercules, CA, USA
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Table 2.19. Preparation of 12% SDSPAGE

Reagent Resolvinggel Stacking gel
Acrylamide 3mL 0.63 mL
H20 4.3 mL 3.2mL
10% APS 100 pL 50 pL
10% SDS 100 pL 50 pL
Tris-HCI 1.5 M pH 8.8 2.5 mL -
Stacking buffer - 0.63 mL
TEMED 10 pL 4 pL

For the observation of total proteins, one of the gels was stained duringCdbrrassie
blue solution (50% methanol (v/v), 10% glacial acetic acid (v/v), 0.25% Coomassie blue
(w/v)) and then detained until the protein bands were observed with a destaining solution

(40% methanol (v/v), 10% glacial acetic acid (v/v)).
2.10.3Western immunoblot

To detect the lysine acetylated proteins, a western blot was performed usiHRARIES

gel. The proteins were transferred to an Amersha@rotrarf nitrocellulose blotting
membrane (GE Healthcare Life ScieficRiscataway, NJ, USA) in a transfer buffeb (2

mM Tris, 190 mM glycine, 20% (v/v) methanol) at 120 V for 2 h usiRpaerPa 300
power supply Bio-RadLaboratories, Hercules, CA, USAThe blot was then blocked in
PBST (PBS with 0.1% Tweé&r20 (v/v)) with 5% skimmed milk (w/v) for 1 h. The blot
waslocated into a 50 mL falcon tul§€arstedt, Numbrecht, Germany) containing 10 mL
PBST with 5% skimmed milk. An ar#cetyllysine monoclonal rabbit antibody (9441
Cell Signaling Technolody MA, USA) was added (1:1,000) and the tube was incubated
at 4 °C m a shaker overnight. The blot was washed three times with PBST with shaking

for 5 min each wash and a horseradish peroxidasgigated goat antabbit secondary
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antibody (Cell Signaling Technolo§y Danvers, MA, USA) was used at a 1:5,000

dilution in PBST with 5% (w/v) skimmed milk for 1 h with gentle shaking at room
temperature. The membrane was washed as described above. To reveal the blot 4 mL of

the chemiluminescencesubstrate (Amersha‘imECLE GE Healthcare Life Scienée

Pi scataway, NJ, USA) were added anRhd a Chem
Laboratories, Hercules, CA, USA) was used to image the bands. The software was set to

take images every 3 min during 15 min.

2.11Acetylome

The acetylome ishe study of all the protein lysine acetylation sites of an organism. In
this study, we used a sensitive immeafénity purification and higkresolution LG
MS/MS to identify all the acetylation sites of the four different strair$.@fonorrhoeae

MS11.

2.11.1Cedll free extract (CFE)

The four strains oN. gonorrh@aeMS11, WT,gqhdac adiAa n dota, quere grown in
different steps to amplify the biomass to have a final culture of 1 L. For each strain, four
replicates were prepared. The strains were streaked on dgeOat37 °Cfor 18 h.
Capped tubes of 25 mL (Sarstedt, Nimbrecht, Germany) containing 15 mL-GDM
supplemented with glucose each were inoculated with the bacteria and incubated at 37 °C
with shaking at 180 rpm in a C25KC incubator shaker (New Bruns@oogntific, NJ,

USA) for 18 h. The growth was measured using an Ultrospec 2100 pro spectrophotometer
(Biochrom, Cambridge, UK)Falcon tubes of 50 m[Sarstedt, Nimbrecht, Germany)
were inoculated and adjusted @0 ODsoo 0.05 with the growth and CDMNBC with
glucose in a final volume of 40 mL. The tubes were then incubated at 37 “@itAnd

shaking at 180 rpm for 16 h. This growth was used to inoculate 1 L -GOM
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supplemented with glucose divided in 50 mL falcon tubes, adjusting the culture to an

ODsoo 0.1 The tubes were incubated as previously described for 7 h to reach the
logarithmic bacterial growth. The culture was transferred into two 1 L bdftlesrmo
ScientificE Fiber |l i andéentrifuge latb,h0a xgfor 40min  US A)
at4 °C in a Srvall Lynx 6000 ultracentrifug¢ Ther mo Sci enti fi cE, We
USA). The pellet was then 1®uspended with 19 mL PBS, previously filtered with an
endotoxin free 0.2 um PES filter Purad¥¢GE Healthcare, UK) and transferred to a 25

mL capped tube. Thtube was centrifuged4fC and 3,900 g for 35 min in an AIIegr%

X-22R centrifuge (Beckma@oulter, Krefeld, Germany). The pellet was then re
suspended with 2.5 mL denaturation buffer (denaturation buffer composition). The
sample was then sonicated on ice ten times using a Vibracell sonicator (Sonics &
Materials, Danbry, CT, USA) at~20 A for 30 s. The sample was transferred to 1.5 mL
microcentrifuge tubes and centrifuged at 30,0@or 20 min at 4 °C in a Mikro 220R

centrifuge (Hettich, Tuttlingen, Germany). The supernatant was transferred to a new 2.5

mL microcentifuge tube and stored at20 °C. A 50uL aliquot was taken for protein
quantification using the Pierce BCA protein assaykih(e r mo Sci enti fi c E,
IL,USA)andaVarioskarrF FIlash multimode reader (Ther mo
Waltham, MA, USA) o read the absorbance of the solution at 562 nm. Each sample was
expected to contain at least 10 mg of protein for a good resolution in the mass

spectrometry.

2.11.2Sample preparation for LC-MS/MS
The preparation of the sample comprises reduction, alkylatioptidee digestion,
desalting, and immunoaffinity purification. This protocol was performed in the Biological

Mass Spectrometry Facility of the University of Sheffield.
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2.11.2.Reduction and alkylation

The proteins prioto analysis have to be in a denaturalisedfaonation. Therefore, the
disulphide bonds are cleaved using an oxidising reagent, then the reduced sulphur groups
are alkylated in order to avoid the oxidation and re bonding of the disulphide bonds

(Mdaller and Winter, 2017)

The samples were reduced using 0.5 M2(isarboxyethylphosphine (TCEP) to a final
concentration of 10 mM and incubated at 37 °C for 15 min. Then it was alkylated with
0.5 M iodoacetamidé&o a final concentration of 20 mM, and incubated at 37 °C for 15
min, covering from light. The sample was then diluted eight folds with 50 mM ammonium

bicarbonate in order to dilute the urea from 8 Mto 1 M.
2.11.2.Z'rypsin digestion

Trypsin is a serine protead®t cleaves the carboxyl side of arginine and lysine residues.
This protease is used for acetylome analysis since lysine acetylated residues are not

cleaved by the enzyme.

Trypsin TPCK (Cell Signaling Technolo§y MA, USA) was diluted in 0.1%
trifluoroacdic acid (TFA) and 30Qug were added to the sample and incubated overnight

at 37 °C and shaking at 150 rpm.
2.11.2.Pesalting

The next step of the sample preparation is the depletion of salts that could affect the
electrospray ionisation (ESI). This is achievedusyng a column with a hydrophobic
material, this leads to the binding of the peptides and the elution of salts, DNA/RNA, and

proteins, as well as hydrophilic molecu({&m, Zhong and Pandey, 2016)
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The sample was first acidified, in order to remove fatty acids, with 100% TFA until a pH
3.0 was reehed measuring with pH strips. The sample was centrifuged at room
temperature at 4,150gd¢or 5 min, this to remove any precipitation as consequence of the

addition of TFA. The supernatant was transferred to a new 50 mL falcon tubes.

Before loading the saple, the column was connected to arl syringe. Using a

Pr e p p yPart vackum manifold (Sigma Aldrick, Oakville, Canada) the column was
first conditioned with 10 mL of 100% acetonitrile (ACN) followed by 5 mL of 50% ACN
and 0.1% TFA. Then the cartridgeas equilibrated with 10 mL of 0.1% TFA. The
acidified sample was slowly loaded three times on an empty syringe connected to a 360
mg silica SegPak®’ Ciscolumn (Waters, Ireland). The cartridge was then washed with 10
mL of 0.1% TFA and it was slowly eled with 4 mL of 50% ACN and collected in two

2 mL microcentrifuge tubes. The sample was dried down in a concentrator 5301
(Eppendorf, Hamburg, Germany), before fully dried the sample wagsgended with

1.4 mL of 1X immunoaffinity purification buffelRTMScarf IAP buffer 10X, 999%ell

Signaling Technologd, MA, USA).
2.11.2.4Aimmunoaffinity purification (IAP)

The purification of peptides with the PTM of acetylation requires the enrichment of this
type of peptides with an antibody that binds to lysine acegitives. A kit from Cell
signalling containing beads covered with eatetyllysine antibodies was usedptarify

the acetylated peptides from the solution.

The beads were washed with 1 mL of PBS and centrifuged at 4 °C for 30 s at 8,000 x
this step wasepeated four times. Afterwards, the beads weuspended in 4QL of
PBS. Before the addition of the samples, the pH was measured and adjusted with 1 M

Tris to a neutral pH. The sample was the transferred into the tube with the beads and
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incubated at 4C for 2 h on a rotor. The tube was then centrifuged at 206030 s at

4 °C and the supernatant was transferred to a new tube and s&@8GtThe following

steps were performed at 4 °C. 1 mL of IAP buffer was added and the tube was inverted
five times to mix the beads. Then it was centrifuged at 2,0@0for 30s and the
supernatant removed, the wash and centrifugation were repeated one more time. 1 mL of
HPLC water was added and mixed by inverting the tube five time. The tube was then
centrifuge at 2,000 >g for 30s. The last two steps were repeated two more times. The
remained water was removed using a gel loading tip. ThquL5F 0.15% TFA were

added to the beads and incubated at room temperature for 10 min with shaking at 800
rpm. The superatant was transferred to a microcentrifuge tube and the beads were

washed once again with 5@ of 0.15% TFA and centrifuged as previously described.
2.11.2.8Concentration and purification of peptides for LC-MS/MS

A last purification was performed using 2QQ Cig stage tip{ Ther mo Sci ent i f
Waltham, MA, USA). The stage tip was washed with 100 pL of 0.1% TFA/50% ACN

followed by 100 pL 0.1% TFA. The sample was passes through the stage tip three times

and it was then washed 3 times with 100 pL of 0.1% TFA. Jdraple as then slowly

eluted with 100 pL of 0.1% TFA/50% ACN. The sample was then dry in vacuum

concentrator and reuspended in 20 pL of HPLC water.

2.12LC-MS/MS

The samples were processed by the bIOMICS facility in the University of Sheffield. The
sampleswer e | oaded i n a Or bi t 1Oebitrap Eheimb e E Hy b
ScientificE |, Wa Ipleditaanbionei Bitimate) IDBEAPLCcsystem

(Dionex, Sunnyvale, CA, USA) for upstream separation of molecules and utilises an
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EASY-Spr ay E | o(fherBoSwcri eent i fi cE , Waltham, MA,

sample delivery and improved sensitivity through nanolitre flow rates.

2.12.1Data analysis of MS

Raw data was analysed using MaxQuant software version 1(&y@mfova, Temu and

Cox, 2016) The peptides weranalysedagainstN. gonorrhoeaeFA1090 proteomic
databaseTrypsin was set as the enzyme with a maximum of three missed cleavages. The
precursor ion tolerance was set to 20 ppm and the fragment ion tolerance was set to 0.5
Da. Carbamidomethylation in cysteine was set as a fixed modification, while oxidation
in methionine, acetyl (protein -dérm) and acetyl in lysine were used as variable
modifications. All peptides were used for quantification studies, but to find significantly
acetylated peptides only those found in two or more replicates and with a FDR < 0.05
were used (test adjusted for multiple testing using permutattased FDR). Da
filtering was carried out using the following parameters: Peptide false discovery rate
(FDR) was set to 1%; minimum peptide length was set to 8; peptides used for protein
guantification was set to razor and unique peptides. Further data processing was

performed using the Perseus tool (version 1.6.7.0) and R version 3.6.3.

2.13Killing larvae assay

Galleria mellonella(greater wax moth) larvae have been used &s @mo model for the

study of bacterial virulence (i.eEscherichia coli, Pseudomonas aeruginosa
Staphylococcus aureugdue to the similarities in the innate immune system with
mammals and the ability to grow at 37 G. mellonellapossesses at least 8 different
types of hemocytes, the innate immune cells of insects, each playing a specifi¢hele in
innate immune system. However, one of the hemocytes has the ability to phagocytose as

human neutrophils. These cells recognise bacteria bylikellreceptors and produce
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ROS (i.e. 02 H.O;, NO) (Jander, Rahme and Frederick, 2000; Pelegl, 2009
Browne, Heelan and Kavanagh, 2013; Tsai, Loh and Proft, 20h&)efore, thisn vivo
model was selected to test if larvae could be infected and killsid ggnorrhoead1S11

and to observe if the acetylation of proteins is involved in the virulente dfacteria.

In order to determine if the gonococcus infects larvae a modified protocol of killing larvae
assay was performg@lVandet al, 2011) N. gonorrhoeaegMS11 WT was cultured on

CHO agar overnight. 15 mL BHY broth were inoculated and incubatedernight as
described above (section 2.2.1.2). 5 mL BHlvere inoculated with the overnight culture

and adjusted to an QR 0.1. The tube was incubated at 37 °C for 4 h, time to reach mid
exponential phase, on a rotary shaker at 180 rpm. The cultureewiiguged at 3,900 x

g for 10 min in an Allegrd X-22R centrifuge (Beckma@oulter, Krefeld, Germany).

The pellet was rsuspended with 2 mL sterile PBS and the suspension was adjusted to
an ODyoo of 0.5 equating to approximately 4210FU/mL. Eight 16fold serial dilutions

were prepared using sterile PBS. Groups of 20 larvae were injected into the haemocoel
via the hindmost left proleg of the larva (fig. 2.3) with 10 pL of the dilutiong, A,

104 1@, 1, 10, 10%) each using aemiautomatically PB500-1 repeating dispenser
(Hamiltor®, NV, USA) affixed to a to a Gastight
RN large hub SYR, with a 22 gauge, large hub RN NDL, 2 inch, point style 2 needle).
Control groups were injected with 10 ptesle PBS, or 10 pL heat killed bacteria boiled

for 15 min at 95 °C. Another group was left untreated. The larvae were located in plastic
Petri dishes and incubated at 37 °C in a@@ubator. Larvae were check at different

time points and the number déad/alive larvae was recorded.
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Figure 2.3. Inoculation of G. mellonellawith N. gonorrhoeaeThe larvae was inoculated

with N. gonorrhoeaénto the haemocoel in the zone indicated with a black arrow.

To calculate the number of inoculated bacteria Miles and Misra method was followed
(Miles, Misra and Irwin, 1938)10¢L of each dilution were spotted by triplicates onto a
CHO agar and the ptles were incubated as described in section 4.2.1. The colonies grown

on the agar were counted and the CFU injected into larvae was calculated.

To compare the virulence between the WilickAa n dota sprains ofN. gonorrhoeagit
was followed the protocolkamentioned above with minor alterations. 15 larvae per strain
were infected with the dilution 2@o 1. The dead/alive number of larvae were

monitored at different time points.

2.14Macrophage killing assay

This assay was performed to observe the capaciigti@cellular survival of the four

different strains oN. gonorrhoeae

2.14.1Blood samples

The blood samples were obtained from volunteers after informed consestudiievas

approved by th&outh Sheffield Research Ethics Commitigth number07-Q2305/7

2.14.2Monocyte-derived macrophage (MDM) differentiation
Human monocytes were obtained from normal blood donor buffy coats bgtépo
gradient centrifugation. The monocytes differentiate after 14 days seeded in a 24 wells

cell culture plate, tissue culture ated (Cornin§ CostaPf, Kennebunk, ME, USA) with
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1 mL of RPMI 1640 supplemented with 10% of heated inactivated foetal bovine serum
(HIFBS) and 2 mM kglutamine to a final cell number of 2xA6ells/mL. The media
culture was changed every 4 days and thks eedre incubated at 37 °C in a 5% £0

atmosphere.

2.14.3Killing assay

The four strains oN. gonorrhoeaeavere cultured in 15 mL of BHY for 18 h at 37 °C

with shaking at 180 rpm. The OD was readaotJltrospec 2100 pro spectrophotometer
(Biochrom, CambridgelJK) at 600 nm and 15 mL of BHY were inoculated with
bacteria to a final O of 0.05 and incubated as previously mentioned for 4 h to reach
the exponential phase. The tubes were centrifuged at 3,3p@®mx 8 min at room
temperature. The pellet wassaspended with 1 mL of filtered PBS and transferred to a
1.7 mL microcentrifuge tube for centrifugation at 12,00@ Xor 2 min at room
temperature the pellet was washed and centrifuged again. The pelletsuapeaded in

2 mL of RPMI 1640 supplementedtiv 10% of HIFBS and 2 mM {glutamine and the

OD was read at 600 nm. 5 mL of RPMI were inoculated with the bacterial suspension at
an OD of 0.01 which equivalents to a MOI of 5 and incubated at 37 °C for 30 min. The
Miles-Misra method was performed on G@aa plates and incubated as mentioned in

section 2.2.1.

The medium from the plate with the MDM was removed and washed with 1 mL of cold
sterile PBS. The PBS was removed and the bacterial suspension was added in triplicates
for each strain. Three wells were inoculated only with the medium to be the negative
contol. The plates were centrifuged at 15 and 4 °C for 5 min. The two plates were
incubated at 37 °C and 5% efor 2 and 3 h. After incubation 1G4 of each well was

taken and dilutions 1:10 were made with sterile PBS up fo@@ GC agar plates 10
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of the last three dilutions were plated and incubated at 37 °C overnight to determine the
bacterial CFU in the medium. The medium from the wells was removed and the wells
were washed twice with 2 mL of ice ldosterile PBS. Then 1.5 mL &PMI medium

with 100 ug/mL of gentamicin were added to the wells. This step is too killed all the
bacteria that are extracellular. The plates were incubated for 50 min at 37 °C in a CO

incubator.

The wells were washed twice with 2 mL of ice cold sterile PBS andu256f 1.5%
saponin was added and the plates were incubated at 37 °C for 15 min inre@s@tor.
Using 1 mL tips the wells were scrapped and the wells were washed witlh. @56terile
PBS and the suspension was mixed with the pipette. #llssa techniquewas
performed as previously mentioned using thtak@l 10" to inoculate 1quL on GC agar

plates. The CFU colonies were counted after 48 h of incubation.

2.15Microscopy for in vitro killing assay

The microscopy was performed using a Leica AF6000LX inveriecbstope. It is fitted

with an environmental chamber maintained at 37°C and equipped with a gas mixer for
the supply of CQ The microscopy was set to take pictures every 5 min during 9 h. The
areas were chosen in the centre of the well with 10 pictakes from three different

wells for each strain.

2.15.1Cell and bacteria staining

The MDMs were obtained as mentioned in section 2.15 and dyed each well with 2 drops

of NucBlueE Live RéaekyProlFesheRe®gemmt( fickE
USA) 30 minutedefore infection with the different isogenic straind\bigonorrhoeae

Meanwhile the gonococcal strain were grown overnight at 37 °C in BHI medium as

mention in section 2.2.1.2. The tubes were centrifuged at 3,908 min and re
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suspended with 1.8L PBS. The suspension was transferred and centrifuged at 12,000 x

g for 2 min and resuspended with 500 pL PBS. 200 pL of bacterial suspension were
transferred to a microcentrifuge tube and 0.5 pL of pHrodo red succinimidyl ester
(Thermo Fisher Scientific) was added. The tube was vortexed and incubated for 30 min
and 37 € on a shaker. The suspension wasugpended in 1 mL Tris (2.5 mM; pH 8.4)

and incubated for 1 min in dark. The tube was centrifuged at 12 §@@cresuspended

with 1mL PBS. The OD was read in a spectrophotometre and the suspension was adjusted
to afinal ODggo Of 0.005 in 1 mL RPMI. The MDMs were inoculated with a MOI of 5

with the bacterial suspension.

2.15.2Image analysis

The image files were analysed in software ImageJ. The file was loaded in split channels
and the channel 1 and 2 were used to quathitéynumber of bacteria and cells present in

the image, respectively. The threshold to identify bacteria and cells was adjusted at a
minimum of 22 and 24, respectively and a maximum of 255 for both channels. Then the
images were converted to mask and finglrocessed for analysis of particles (fig. 2.4).

The measurements to analyse were number of bacteria or cells, area, total area and

average size. The data was then processed using R.
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Figure 2.4 Image andysis process in ImageJ.Images obtained from fluorescence
microscopy were analysed to quantify different parameters. In this figure is shown the process to
analyse the file from the channel 2 which corresponds to the nuclei of the E)0O0Me image is

loaded to the softwardg) then a threshold is set to determine the best values to identify only the
cells; ¢) the image is converted to masK; to be processed for the analysis of particles that

guantifies the number of cells, size, area and total argaeAtottom right is a 50 um bar scale.

2.16Gene expression gquantification by RTgPCR

Several genes involved in the virulenceMf gonorrhoeaavere analysed using RT

gPCR. This technique quantifies the mRNA present within bacteria.

2.16.1RNA extraction

The four strain oN. gonorrhoeaeavere grown in 15 mL of BHY medium for 18 h with
shaking at 180 rpm. The Q& was measured using a spectrophotometer 15 mL of BHI
Y were inoculated with the bacterial suspension and adjusted to ajp@D.1. The

tubeswere then incubated for 7 h to reach the exponential phase. The tubes were
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centrifuged at 3,900 g for 8 min at 4 °C and the pellet wassaespended with 1 mL of

molecular grade water and transferred to a microcentrifuge tube. The tube was centrifuge
at12,000 xg for 2 min at room temperature. The RNA was extracted using the M&harch

total RNA miniprep kit (New England BioLaBsMA, USA) with some modifications

the sample two times through the gDNA removal column, incubating the sample 30 min

with the DNase; washing thrice and eluting the sample with 80 pL of water. The RNA
concentration was quantified with a NanoD?¥dgD-1000 spectrophotometer (Thermo
Fisher ScientificE, Waltham, MA, USA). The

than 1.8 and a conceation higher than 50 ng/uL.

2.16.2Genes and primers

A total of 24 genes were analysed (table 2.20). Including genes involve in pili
biosynthesis, two component system, transcriptional regulator, iron acquisition genes and
metabolic genes. The primers were desdy with Primer Blast website having as
parameters; a product size between 140 and 180 bp; a primer melting tempergture (T
between 60 and 62 °C; and a primer GC content of between 48 and 51%. This parameter
were chosen in order to do the gPCR using #messettings for all the genes. Previous

RT-gPCR the primers were validated by PCR of the gDNAN.ajonorrhoeae

Table 2.20 Genes and primer used for RFqgPCR

. , .. Product
Gene Pri mer (5 Y 3 Length Blast Twm size(bp)
AATTCCGATTAACGCTCGCACC 22 61.87
165 rRNA AAGGCCTTCGGGTTGTAAAGGA 22 61.89 149
A GATCTTGGTTTTGAACTGCGGC 22 60.92 160
GCGGACAGATCGACTTTGTGTT 22 61.43
e GGTTTGGAGGTGCTGCCAAATA 22 61.41 180
TTCCTGAAACTCTACGCCCTGT 22 61.35
oo 2 GGAGATTTTGTCGCCGACTTTG 22 60.41 1oa
CGACATCATCGCCGTAGAAGTT 22 60.79
. GGATGGCAAAGAGCGAGGTAAA 22 60.94 15
CTTCCTGTTCTTTGCGGGAACT 22 61.07
S ATCAACCGCTTTGTGGAACACG 22 62.20 160
CGAAAACCAAGCCCTGACGTTT 22 62.15
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CACCAAGTCTTTGTTGTCGCGT 22 62.13

hmbR GCAGTATTTTCGGCAATCCGGT 22 61.83 179

A GTTGCCGACAATCAAAACAGCC 22 61.43 150
TTACGGTAAACGTACCGAACGC 22 61.23

o TCAGCACCACATAAAACCGCTC 22 61.45 L2
TAAATCAGGGGGAAAGGAACGC 22 60.62

e ATCCAAGCCGTTCATTTTGGGC 22 62.31 s
TGACCGAACTGCTGACCGAATA 22 61.72

e AGACGGGGCTGTTTTTCCATTC 22 61.40 156
CTTTTTGGCTGGTGCAGAACAC 22 61.05

e TTGTTTACTGATGGCATCGGCG 22 61.82 i
GCTGTATCAGATCGACAGTTCCAC 24 61.26

- CAAACCTTCCACGCCGTTCATA 22 61.45 .
GCGGCAGGTATTTTCGGCATTA 22 61.89

- GTGCGATGTCGATCAGCTTTTG 22 60.79 78
GTTGCAGCAGCCTTTGCATT 20 60.60

- TGCCGCCTTGGAAACCTTTT 20 61.05 >
ACGTTGGAACAACGCGTCAA 20 61.36

T GTCAGCATAATGACTGCCTGCT 22 61.00 "
GGACTCTCGGGCATCAAAATGA 22 60.68

o GGATGGCATCGCTTTGGGAAAT 22 61.86 17
TTCTTTCCGCCTGGAAAATGCC 22 61.98

e CAGCAGCTTTTGCAGGGAAATC 22 60.93 o
GATTGCGACGGTATCACCCTTT 22 61.00

o GGAAATGCCGAACAGGAACAAG 22 60.35 7o
GGATAGTCTCGTTCAGCGCAAT 22 60.80

i TCCGCAGAACCATTTTACCGAAC 23 61.66 168
CGTGGCATCCGCTTCAAAAATC 22 61.29

10 GGTTTGTTCAAAGTCCAAGGCG 22 60.80 o1
GGCATCGGCAGGAAACATTACA 22 61.52

s GTCCGCAGAACCATTTTACCGA 22 61.19 150
CCCACCGACATCAAAGGCAAAT 22 61.73

@ TCGAACCAGTCGTCGCTTTT 20 60.25 o1
CAAAAGTACTCGTCGTACCCGT 22 60.35

oA AGGGTGTTGAATCGAGCTGGTA 22 61.41 156
ACTTTGCGTATGGACAGCCAAC 22 61.71

2.16.3RT-qPCR

The RNA from the four strains ®f. gonorrhoeadS11 were analysed for the detection

of the genes previously mentioned. Three biological and three to five technical
experiments were performed for each gene. Triplicates of each gene were run on plates
of 96 wells (Applied Biosystems, Life Technologiesr@o Carlsbad, CA, USA) with a

final volume of 10uL. The Lun& Universal OneStep TRgPCR Kit (MonarchNew
England BioLab%, MA, USA) was used due to the efficiency in doing the reverse

transcription and quantitative PCR in the same reaction (table 2.21)
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Table 2.21 Reaction mix for RT-gPCR

Reagent Volume (pL) Final concentration

Luna Universal Oné&tep

Reaction Mix (2X) 5.0 1x

Luna WarmStart® RT

Enzyme Mix (20X) 0.5 200 M

10 uM Forward primer 0.4 0.4 uM

10 uM Reverse primer 0.4 0.4 uM
Template RNA Variable 0.1 ng
Nucleaseree water to 10 pL -

The reaction was performed in a QuantStudio 5 Heak PCR Systems (Applied
Biosystems, Life Technologies Corp., Carlsbad, CA, USA). The settings fdRThe
gPCR are shown in table 2.22.

Table 2.22 Settings for RT-gPCR

Step Temperature Time

RT 55 °C 10:00 min

Initial denaturation 95 °C 1:00 min

Denaturation 40 95 °C 10s

Annealing, extension ,
cycles 61.5°C 1:15 min

and read

Melt curve 95-60 °C 0.1°C/s

The gene expression was calculated by comparing the CT delta of each gene compared

to the CT of the 16S rRNA housekeeping gene.

2.17Protein overexpression, purification and crystallisation

2.17.1Growth and CFE
The proteinPta from N. gonorrhoeaeMS11 was overexpressed using the strain
constructed in section 2.5.&scherichia coliBL21-DE3 pET28aptahis was grown

overnight on LB agar plates with 50 pg/mL of kanamycin {K&n50) overnight at 37
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°C. Six 50 mL faton tubes with 30 mL of LBKan50 were inoculated with the bacteria
and incubated at 37 °C with shaking at 180 rpm for 18 h. The@d@as read and five

2.5 L flasks with 600 mL of LB were inoculated with the culture and adjusted to sja OD

of 0.03. The fhsks were incubated at 37 °C and shaking at 260 rpm for 2:30 h or until an
ODsoo0f between 0.8 and 1.0 was reached. 1 M of IPTG (IsopifoidAthiogalactoside)

was added to a final concentration of 250 mM and incubated at 18 °C and shaking at 260

rpm for20 h. The cultured was transferredto 1 LbotflsEh e r mo Sci ent i fi c E

Waltham, MA, USA)and centrifuged &lt5,000 xg and4 °C for 35 minin a Sorvall Lynx

6000 ultracentrifugd Ther mo Sci ent i f i ¢ EThe peHdet wah eem, MA,

suspendewith 100 mL sterile PBS and the suspension was centrifuge in a 250 mL bottle
(Thermo ScientificE Fiberl it gdhd4°GMarl2d0 h am,
min. The pellet was rsuspended in 30 mL of binding buffer (50 mM phosphate buffer,

0.5 M NaCl, ® mM imidazole). The suspension was divided in three tubes of 25 mL and
the suspension was sonicated on ice ten times at 20 A for 30 s each time waiting 30 s
between each sonication. The suspension from the three tubes was collected in a 50 mL
tube and itwas centrifuged at 30,000 and 4 °C for 25 min. The supernatant was

collected and stored at 4 °C until purification.

2.17.2His-Trap column

Columns of 5 mL with nickel sephard¥ewere used as first step for the purification of
the protein. The protein binds the column by immobilised metal ion affinity (IMAC).

The column was washed five column volumes (CV) with water and then five CV with
binding buffer previously mentioned. The samples was slowly loaded and the column
was washed ten CV with the binding kerff The sample was eluted with four CV of

elution buffer (50 mM phosphate buffer, 0.5 M NaCl, 150 mM imidazole).
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2.17.3Buffer exchange for gel filtration

The sample was concentrated in a 10,000 MW cut off tube (Afhjddiflipore, Billerica,
MA, USA) by centrifugation at 3,900 gand 4 °C for 20 min. The column was washed
two times with gel filtration buffer (25 mM TrBICI; 200 mM NaCl; pH 7.6) and
centrifuged as described previously. The sample wasispended witlh.5 mL of gel

filtration buffer.

2.17.4Gel filtration

A final purification step consisted in the separation of the pta protein from the rest by gel
filtration. This method allows the separation by size exclusion.-gfagtin liquid
chromatography (FPLC) was pemmed using an AKTAPurifier 10 FPLC (GE
Healthcare Life bioscience) and Superdex Hpginformance column (GE Healthcare
Life bioscience) with a bead volume of 120 mL. The column was washed overnight with
70% of ethanol overnight at a flowrate of 0.2 mldnand it was then loaded with gel
filtration buffer until a stable was observed in the plot. The sample was loaded ina 5 mL
loop with a flow rate of 0.4 mL/min and fractions of 2 mL were collected in
microcentrifuge tubes. The eluted fraction were than m a SDSPAGE gel as
mentioned in section 2.10.2. The samples was then concentrated using a 10,000 MW cut
off tube and centrifuged at 3,900gand 4 °C for 20 min and the sample was then re

suspended with 4L gel filtration.

2.17.5Crystallisation

The crystallisation of protein was performed by testing different conditions. Four
different were tested for the crystallisation. Using a buffer, a salt, and a precipitant; using
an organic molecule and a precipitant; organic moleculejptant, and seeding; and

organic molecule, precipitant, seeding, and silver bullet screening portfolio (table 2.23).

80



Table 2.23 Conditions for sitting drop crystallisation of Pta

Condition Buffer/Organic molecule Salt Precipitant Silver Seeding pH
M] Molecule M] Molecule [%] Molecule  bullet
1 0.1 Sodium cacodylate 1-4 Ammonium sulfate - - No No 5.58.0
2 0.2 Ammonium tartratelibasic - - 1218 PEG 3350 No No 5.58.0
3 0.1 HEPES 0.1-0.4  Magnesium chloride hexahydra 1622 PEG 6000 No No 5.58.0
4 0.1 Bis-Tris 0.1-0.4 Lithium sulfate 21-27 PEG 3350 No No 6.0-8.0
5 0.1 Bis-Tris 0.2 Lithium sulfate 12-:18 PEG 3350 No No 5.58.0
6 0.2 Ammonium tartrate dibasic - - 1218 PEG 3350 No No 5.58.0
7 0.1-0.5 Malic acid - - 1822 PEG 3350 No No 5.58.0
8 0.1-0.5 Malic acid - - 1822 PEG 3350 Yes Yes 5.58.0
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96 deep well plates were used for the preparation of the buffer as shown in the figure 2.5,

depending on the utilisation of the number of components of the buffer.

a) | 0.1 M organic molecule 0.4 M organic molecule |
pH 55 6 6.5 7 75 8 55 6 6.5 7 75 8
Vol 100ul 100pL 100wl 100plL 100uL 100ul | 400uL 400uL 400wl 400ul 400ulL 400 pulL
Rl I I TR
Vol 1 2 3 4 5 6 7 8 9 10 11 12
E 0> 900 uL H20 600 uL H20
2 360 pulL ---> Bl 540 L H20 240 uL H20
5. 400 plL ===> a 500 uL H20 200 pL H20
2 440l ===> 460 pul H20 160 uL H20
0---> g 800 uL H20 500 ul H20
360 ul ---> F 440 plL H20 140 pl H20
400pL ---> g 400 plL H20 100 pul H20
440pL —--> g 360 uL H20 60 uLH20
# ? % ? 2 B i 4 ? % v
200 JL 200pL 200pL 200pL 200pL 200ML | S00ML SOOML 500kl SOOWL S00ML SO0 ML
pH 55 6 6.5 7 75 8 5.5 6 6.5 7 75 8
| 0.2 M organic molecule 0.5 M organic molecule |
b) | 0.1 M buffer 0.1 M buffer |
pH 6 6.5 7 7.5 8 8.5 6 6.5 7 7.5 8 8.5
Vol 100 100 100 100 100 100 | 100 100 100 100 100 100
uL ul uL ul ul uL ul ul ul uL ul ul
\ ' ' ' ' ' ' ' ' . .
v 'v'v'v'v'v v 'v'v'v'v"'v'
% Vol 1 2 3 4 5 6 7 8 9 10 11 12
21 420puL ---> Al 430 uL H20 380 uL H20
23 460pL ---> g| 390pLH20 0.1 M salt 340 uL H20 0.2 M salt
E 25 500uL ---> d 350uLH20 SO L 300 puL H20 100 uL
2 127 saopL ---> p| 310upLH20 260 uL H20
E 21 420pL ---> g 330pLH20 280 pL H20
§ 23 460pL ---> F 290uLH20 0.3 M salt 240 uL H20 0.4 M salt
25  500ul —-> G| 250uLH20 150uL 200 uL H20 200uL
27 540pL ==-> ul 210uLH20 160 pL H20

Figure 2.5 Preparation of the buffers for the crystallisation of Pta.Volume used of each
component for the preparation of buffers in 96 deep well plates. The organic molecule volume
are considered for a 1 M stock soluti@). Preparation of buffer with organic melde and
precipitant.b) Preparation of plate with buffer, salt and precipitant. The buffer volume are

considered for a 1 M stock solution.

The buffer was then transfer to 96 wells plate used for sitting drop crystallisation. This

type of plates contain tke different wells. One well of 154 used as the reservoir for
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the buffer and two small wells for the addition of the concentrated protein and the buffer

(fig 2.6).
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Figure 2.6 Diagram of sitting drop crystallisation plate. The 96 well plate contains a
reservoir of 150 pL and a sitting drop for 10 n& pL.

The plates were set with 50 pL of the buffer in the reservoir and using the liquid handler
Mosquitd® crystal robot (TTP Labtech, Melbourne, UK), 150 nL of buffer and protein
were disposed on the sitting drop. For seeded plates 20 nL of the suspension of crystals
with buffer was added to the sitting drop. The plates were incubated at 17 °C until the

formation of crystals was observed with a microscope.
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Chapter 3

Acetyl-phosphatalependent acetylation
and histone deacetylase family enzyme

In Neisseria gonorrhoeaklS11
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3 Acetylome ofNeisseria gonorrhoea®S11
3.1 Introduction

N. gonorrhoeaeMS11 is a clinically isolated strain from an uncomplicated case of
gonorrhoea. This strain is used worldwide for its ability to uptake DNA and for the 96.5%
similarity to the reference straM. gonorrhoead-A 1090 genome (Jordan, Snyder and

Saunders, 2005).

In order to understand the role of acegifiosphate in protein acetylation, the
phosphotransacetylaseetate kinase (PTAK) pathway was disrupted. Asa
consequence, two mutant strains were construbtegipnorrhoeadS11qgpta:kar and
N. gonorrhoeaegmckA:kard, one with a lower acetyiphosphate concentration and

another witha higher concentration, respectively.

The pta gene (NGFG00350, NGO0214) catalyses the reversible reaction of-@o&tyl

to acetylphosphate. By mutating thiene, the synthesis of acepfiosphate is inhibited

and thantracellularc oncentrati on decr e ack®NGFGOOWB8,t r ar vy,
NGO1521) causes an increasetld intracellularacetylphosphate concentration since

this enzyme catalyses the resible reaction of acetyphosphate to acetafgerdin and

Ott, 2013)

Acetylation is a reversible poestanslational modification, and deacetylation is either
non-enzymatic or enzymatic. The first deacetylases were found in euiargds for the
deacetylation of histones and are divided in classes according to their cofactor molecule,
zinc or NAD (Grabiec and Potempa, 2018; Narita, Weinert and Choudhary, .2019)
bacteria, the classification is the same, histiamaily like deacetylases (HDACand

sirtuin CobB, respectively. Studies have preferred the study of CobB and have found that

it regulates the activity of metabolic enzymes and transcriptional regu(&isrhkul,
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Patel and AmadeNoguez, 2015; Remt al, 2016; Maceket al, 2019; Parks and
EscalanteSemerena, 2020; Wamg al, 2020) In this study, | studied the role of the not

explored HDAC and analysed for the first time the acetylomebfsrmo ge nihdacst r ai n

A gonococcus mutant of the histone deacetyl&kse (hdag gene (NGFG00325,
NGOO0187) was constructed. This enzyme reverses acetylation by removing the acetyl
group, and has shown to be important in the bacterial virulence and @a¢segydue to
epigenetic modifications of the host cell&rabec and Potempa, 2018; Zughaier,

Rouquetteloughlin and Shafer, 2020)

The mutants were constructed by disrupting the genes with a kanamycin resistance gene

(karf). PCR and DNA sequencing were performed tov@tbe mutant construction.

The N. gonorrhoea MS11 gpta:karf and N. gonorrhoeaeqackA:karn strains were
obtained as part of my MSc. Molecular Medicine project when the project was started

(Felix-Diaz Parga, 2017).

A previous study performed a similar approach by analysing the acetytdn.
gonorrhoeaeM S 1 lacképhowever, the acetylome coveragfeowed in the studwas
lower compared to ourg¢Postet al, 2017) Moreover, thiswas the first studyin N.
gonorrhoeaewhere gpta a n dhdagomutantswere constructed and their acetylome

analysed.
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3.2 Results

3.2.1 Characterisation of N. gonorrhoeaeM S 1 Iptagon dackéo

The characterisation of the three straindNofgonorrhoeaeMS11 was conducted by
assessing the enzymatic activity of phosphotransacetylase (Pta) and acetate kinase
(AckA), and by determining the concentration of acgtybgphate (AcP). This was done

in order to prove that the mutation on fita andackAgenes provoked biological effect

on the enzymatic activity and as consequence, a disruption of the-pivesyghate

concentration.

The mutated strains showed ezymaticadivity with respect to theimutated proteins.
The AckA activity of thegpta strain decreased 45% than the WT, while the Pta activity

of theqgmckAstrain decreased 78% compared to the WT strain (table 3.1).

Table 3.1 Pta and AckA activity of the three strains ofN. gonorrhoeaeéVS11

Strain Pt_a ACl.(A
(nmol*mintmg?)  (nmoltmintmg?)
N. gonorrhoeaéMS11 WT 1789.43+ 267.38 9.78+ 5.64
N. gonorrhoead S 1 Ipta o 0 5.41+ 3.86
N.gonorrhoeaeM S 1 lackép 396.56+ 87.94 0

n=3.

Since the activity of the enzymes was null, a change on the AcP production was expected.
Therefore, the concentration of AcP was quantifeesd mention in section 2.8\.
gonorrhoeaeM S 1 Ipta showed a significant 0.7 fold decrease, whilediaekAstrain
resulted in a significant 1.3 fold increase (fig. 3Bjen though, the concentration of AcP

was lower in theptait was not fully depleted, this could have been due to the sensitivity

of theassay that also detects ATP molecules and if the samples preparation is not fully

clean a signal of ATP could affect the result.
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Figure 3.1 PTA-AK pathway controls the concentration of acetylphosphate.The

concentration was quantified from cell free extracts obtained from each stiirmgohorrhoeae

MS11 grown on BHI broth for 10 h. A standard curve of AcP was used to calculate the
concentation of AcP in pmoles per cell. The number of cells was measured by thedihe

WT , ptagandgackAstrains with values of 0.332, 0.170 and 0.244, respectively, being & OD

of 1.0 equal to 8x¥cells/ml. Measurements were performed by triplicategipAstrain showed

a significant hi gher ptaagigoificant lowert dcorwentratm, bokhc P and

compared to the WT.

Due to the change of AcP concentration in the two strains, a western blot using anti
acetyllysine antibodies was performed. This antibody binds to the lysine residue of
proteins that are acetylated. Since AcP was described as the molecule involve@m the n
enzymatically acetylationKlein et al, 2007; Wolfe, 2016)a different pattern of
acetylation was expected. The immunoblot loaded with normalised concentrations of
proteins (fig 3.2b), showed that ti@ckAhad an increase of 16.5 fold in the mtey of

the bands compare to the WT and ¢f#a showed a decreag®f band intensity of 0.9

fold (fig 3.2c).
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Figure 3.2 Immunoblot for acetylated proteins using an antiacetyllysine antibody.

Strains ofN. gonorrhoea@&1S11 were grown in BHY for 24 h and protein extract was quantified

and loaded on SDBAGE gelsa) SDSPAGE with 10ug of proteinsp) immunoblot with 45

Kg of protein. The bands correspond to the acetylated proteins screened withotbedyac)ithe
immunoblot was analysed with the Image Lab software to calculate the number of bands and
intensity, each point correspond to a band on the immunoblot (7, 13, 1) for each strain (WT,

ma c k A), reqpaxtivaly.
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These three experiments confirdhéhat the two mutants led to a change in the levels of
acetylphosphate and the level of protein lysine acetylation. Hence, the strains were

analysed to identify the sites of the proteins that are acetylated by-pleesghate.

3.2.2 Construction of NeisseriagonorrhoeaeM S 1 1hdaqakan’

The genehdac (NGFG00325, NGO0187)f the gonococcus was mutated by inserting
the kanamycin resistance gekarf) by annealing PCR, inserting the resistance marker
at the nucleotideposition 468. The primers were designedoterlap 25 and 26 bp
between thladacsegments ankbn. Additionally, once base pair was added to the hdac2
R primer in order to complete the DNA uptake sequence (DUS). In ho@tpossesses
two of these sequences, however, the second DUS has onpdiaset is out of the
translating sequence (fig. 3.3). Thenmlogousrecombinationfrequency following
transformation of the bacteria is increased with the presence of conapletéS

(Hamilton and Dillard, 2006; Duffin and Seifert, 2010; Spef@erthet al, 2016)

The three fragments were gel purified due to the amplification of other amplicons (fig.
3.3b). The fragments were thased for the annealingdR. Thisamplicon wadurther
gel purified in order to avoid any unspecific amplicosesquencedndthenused for the

transformation oN. gonorrhoead/S11.

Several mutants were obtained after the agar spot transformation but only five colonies
wereselected for DNA sequencing, confirming the construction of the mutant isogenic

strain. In the next sections the possible targets of this enzyme will be described.
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Figure 3.3 Design and construction ofN. gonorrhoeae MS1ifhdac::kar'. a) Thehdac

gene was amplified in two different sections (yellow bars) of 467 and 501 bp, respectively. The
first segment starts at position 23 and ends at position 489, while the second segment starts in the
position 620 ad ends at position 1120. The kanamycin resistance gene (green bar) was amplified
from a gonococcus strain possessing the marker. The three amplicons were used as template for
the annealing PCR. Four primers from six used, shown in magenta colour, wigreedesith
overlapping sequences to obtain the construct. At the bottom of the mutant gene diagram are
shown the location of the two DUS in blue coloby.1.5% agarose gel loaded with the three
segmentsc) 1% agarose gel loaded with thdaca n dhdagokan amplicons showing a band

size of 1220 and 1763 bp, respectively. Two different temperatures were used for the annealing

of the overlapping and nesverlapping primers at 60 and 52° C, respectively.
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3.2.3 Acetylome ofNeisseria gonorrhoea®S11

The acetylome of the wild type strain was analysed first before the determination of the
acetylphosphate dependant acetylation sites. The acetylorie gbnorrhoeaeMS11

was determined by LMS/MS. Using mass spectrometry 1,254 proteins were identified,
representing the 59% coverage of the proteome that possesses 2,106, igtegnshan

the average coverage 81% calculated from 9 studieBrom the identified proteins,
3,752 acetylation sites were identified in 1,017 proteins corresponding to 8% 48.

the proteome (fig. 3).

1,017
81.1%

857 1,254
40.5% 59.5%

237
19.9%

Proteins not identified Acetylated proteins Proteins not acetylated

Figure 3.4 Number of identified proteins of N. gonorrhoeae MS11 by mass
spectrometry. Protein extracts enriched with afaitetyl lysine antibodies were analysed in
quadruplicates by LBAS/MS. The spectra di. gonorrhoeaeMS11 was analysed with the
software MaxQuant using the proteome database downloaded from UniProt and 1,254 proteins
wereidentified. The parameters of the software Perseus to localise class | acetylation sites were
set to a localisation probability of > 0.75 and a score difference >5, identifying 3,752 class |

acetylation sites in 1,017 proteins.

The 50% of acetylated prots had a length of 18836 amino acidsand possessed

between 1 to 5 acetylation sites (fig. 3.4a). The median size of the proteins increased to
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the number of acetylation sites (fig. 3.4b). However, the fitness of the correlation between

the length and nuber of acetylation sitesaslow (fig. 3c).
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Figure 3.5 Distribution of acetylated proteins. a) Distribution of acetylated proteins

according to the number of acetylation sitgsDistribution of proteins with 1 to 10 acetylation

sites. Lines within the plot show the median size of the pro®iorrelation between the length

of proteins and number of acetylation sites. The plot shows the distribution for each variable. A

linearregression model showed a fitness of 0.1612 and a correlation of 0.401.

The number of lysines/acetylation sites ratio showed that 21% of proteins are acetylated

in 10% of the total lysines (fig. 3.5a). Further analysis to determine the correlation

betweenthe lengths of protein and number of acetylation sites, surprisingly showed no




correlation. In order to analyse this, a correlation between acetylated lysines, number of

total lysines and protein length showed &oR0.007 (fig. 3.5b).
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Figure 3.6 Correlation of acetylation sites and protein length.a) Distribution of
acetylated lysines ratio. The ratio was calculated by dividing the number of acetylated lysines to
the number of total lysines. The data was obtained usingrirrotentry to download the protein
sequences by data minirg. Correlationbetween acetylated lysines/number of total lysines, and
number of lysines/protein length ratios. A linear regression model is shown in red line and the

distribution of both axis are shown. The correlation value was 0.083.

The distribution of the 3,752 agtdtion sites within the protein showed that the density
of acetylation occurs at a higher rate by the middle of the sequence with the highest peak

of acetylation at the ®rminus of the protein (fig. 3.6).
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Figure 3.7 Relative location of acetylation sitesThe plot shows the density of the
acetylation sites in the relative location to the protein length. The plot is divided in three regions
of highest density of acetylation. The first is in thédiminus(left) area from the relative location

of 0 to 0.38; the second, by the middle of the sequence from the relative location 0.38 to 0.73
where it shows a constant density; and the third region corresponding tete¢hmi@us(right),

where the highest demgiis observed. The values were obtained by dividing the position of
acetylation to the length of the protein. The parameters used for the analysis were a Gaussian
method for the kernel density estimate with and adjust value of 0.5. The dashed licepirier

two sites with the lowest density. The 3,752 sites are shown at the bottom of the plot.

The 3,752 sequence windows, which are the sequence of peptides detected by the mass
spectrometer flanking the acetylation sites on each side, were analysed to determine the
sequence motif of the acetylation sites. The acetylation site is considered ittwa s

and the analysis of theadnino acidglanking the acetylated lysine on each side, showed

that the most probabkmino acidgo flank the acetylation site are leucine and glutamic

acid, both at the positioi (fig. 3.6ab).

Interestingly, the probability to find more negative chargedno acidsor the first 4

amino acidsdownstream is higher than upstream, contrary to upstream, where the
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probability is higher for the positive chargachino acidsDownstream the probability
for negative and positive chargeanino acidsis 0.1695 and 0.072. Upstream the

probability for negative and positive chargedino acidss 0.1095 and 0.1775 (fig 3.7b).
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Figure 3.8 Flanking amino acids of the acetylation site.a) Sequence motif of the 3,752
acetylation sites. The logo shows the probability of treemino aciddlanking the acetylated
lysine. The sequence motif was generated with the ggseglogo packadg Bfébability of each
amino acidfor each position flanking the acetylated lysine. The minus side showed a higher
probability of negative chargeaimino acidwhile in the plus side was of positive chargedino

acids
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3.2.3.1 Enrichment analysis

All of the proteinsthat wereidentified with an acetylation site weranalysed for
enrichment of pathwayssing the DAVID bioinformatics tool. The enrichment analysis

showed that the PTM acetylatisrasfound in several metabolic processes (fig 3.9).

A figure of 55 biological processes were idi#ied as significantly enriched. Trereas

with the highest enrichment scores were metabolic processes related to pyruvate,
pyrimidines, aspartic acid, and translation. Theseessesontained 18, 16, 18, and 80
proteins, respectively. Thareawith the highest number of proteins was metabolic

processswith 503.

For the molecular function annotations, 39 terms were enriched and interestingly, 28 of
them wererelated to binding functiongRNA binding was theterm with thehighest

enrichment score

Finally, 17 terms were enriched for cellular components. The three terms with the highest

enrichment score were ribosoiredated containing more than 50 proteins each.
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Figure 3.9 Enrichment of gene ontology annotations ofN. gonorrhoeaeMS11 acetylome.The enrichment was performed using the Database for Annotatio
Visualizationand Integrated Discovery (DAVID/6.8. From the 1,017 protein entries, 591, 426 and 730 were foubidlmgical process (BP), molecular function (MF) and cellular
component. The plots show the enrichment score for terms with a significance diffgrealte2(<0.05) and the size of each point correspond to the number of genes found in

term.
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An interaction network of the KEGG pathways was analysed in order to observe clusters
where acetylation could be involved. The network shows a cluster that includes
glycolysis, TCA cycle and propanoate metabolism; and in the centre of the cluster is the
pyruvate metabolism pathway. Out of this cluster we found pathways involved in

translation, purine metabolism, pentose phosphate pathway and interesgitigly,

biosynthesis labelled alkgellar assembly by the softwafeg 3.10).
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Figure 3.10KEGG pathways network of theN. gonorrhoeaeMS11 acetylome At the

top of the network is shown a cluster composed by the central metabolic pathways whereas the
TCA cycle pyruvate metabolism, glycolysis/gluconeogenesis and carbon metabolism have the
highest number of edges. Surrounding the cluster are shown pathiagtyare not sharing
proteins. Each pathway is coloured depending onpthralue which shows the significance
according to the times the protein appears in the acetylome and the size correspond to the number
of proteins. The edges connect to each pathwhgn proteins are shared and the thickness

increases with the number of shared proteins.
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Acetylation has shown to modify the activity sdmeenzymes and their conformational
structure( Xi ong and Gu aatal, 2218) Ttkerefor§ prgteins with L0 or
more acetylation sites wefiftered from the data set to observe to which patsithey
correspond. Irfig. 3.11 are shown the 44 proteins that are involved in 45 different
pathways which correlate to the cluster observed in fig. 3.10. Showing that proteins in

common among these pataysthatcontain a high number of acetylation sites.

The enzymes with the highest number of acetylation sites were the chaperonin protein
DNA K, pyruvate dehydrogenase E1 component, BiNrected RNA polymerase
subunit beta, 60 kDa chaperonin, alaniRNA ligase and 2oxoglutarate dehydrogenase

with 32, 30, 23, 20, 19 and 18 acetylation sites, respectively.

Interestingly, 5 different-RNA ligases possessed high number of acetylation involved
aminoacyitRNA biosynthesisin addition,the other pathwayshat shown proteins with

high acetylation sites were the ones in carbon metaboliSi€A ( cycle
glycolysis/gluconeogenesis and pyruvate metabolism), and nucleotide metabolism

(purine and pyrimidine).

A table showing proteins with 5 or more acetylation siéesl the pathways they

participate are shown in the supplemizie 81.

Once the acetylome was analysed in the WT, the next step was to analyse the different
constructed mutants to see the role of aggliglsphate and the histone deacetylase family

protan in the acetylation oN. gonorrhoeae.
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Figure 3.11 Correlation between proteins with high acetylation sites number and pathways iN. gonorrhoeaeéVIS11.Proteins with 10 or more
acetylation #ges are sorted in descending order according to the number of KEGG pathways they are involved and the pathways atessenedhinorder

according to the number of enzymes. The tiles are coloured respective to the number of acetylation sitemthegsegses.
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3.2.4 Acetylome of isogenic mutants oN. gonorrhoeaeViS11

In this section the validation of the mass spectrometry and the analysis of the acetylome
of the three isogenic mutant strains of the gonocosaiesscribedN. gonorrhoea®1S11
gackAa n dptagere used to identify the acefghosphatelependent acetylation sites

and the strain dil. gonorrhoeadVS11 ghdacwas studied to determine possible targets

of this deacetylase enzyme. As menfoaviously, this study wolvedtheinvestigation

of two novel mutant construsbf N. gonorrhoeaegptaa n chdagbhe two latter strains

were constructed for the first tinfier this study
3.2.4.1 Validation of mass spectrometry experiment

The four strains oN. gonorrh@aeMS11, WT,gqhdac, adiAa n dota, guere grown in
chemical defined medium supplemented with 10 mM glucose untilogarithmic phase

was reached-ourindependenteplicatecell free extract (CFE) were obtained for each
strain, counting the WT strain as well, 16 CFE waralysed through mass spectrometry.

In order to validate the experiment, before the CFEs were enriched with the antibody, the
proteome of the samples were analysed to determine the expression of the proteins among

the 16 CFEs and identify any difference.

The 16 replicates were evaludtby doing a correlation of the values of intensity to
determine if any replicate had to be excluded. A correlation value lower than 0.75 was set
to exclude a sample. However, all the replicates showed a correlation \gthee thian

0.75 Thesamplsthat showed thiowestcorrelation value were the replicatéfrom the
isogenic straingpta andghdac The rest of the replicates showed a correlation value

above 0.89 (fig. 3.12).
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Figure 3.12 Correlation of CFE for sample validation. The CFE from the 4 replicates of

the 4N. gonorrhoeasstrains were processed for mass spectrometry to determine the acetylome.
Before the enrichment of acetylated peptides, aliqwete taken to determine the proteome and
compare the correlation between samples. The 16 samples were correlated by a Pearson
correlation analysis using the intensity values. On the left side of the plot are the correlation plots,
in the middle arrangechidiagonal are the distributions of the proteins on each sample and on the

right side are the Pearson correlation coefficients.
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3.2.4.2 Descriptive analysis of the acetylome

The samples after validatiomere analysed to determine the acetylome. The CFE were
enriched using amacetyllysine antibodies that identify the acetylated peptides. The
intensity given for each acetylation site for the 16 samples were analysed with the
Student’stest. This is a twaailed test that compares the means between sampleg takin
the WT strain as the reference value to determine if the acetylated peptide was
significantly increased or decreas&d.discard type | errors, aést adjusted for multiple
sample comparison was calculated using a permutbtisad FDR of 1%. Applyinthis

FDR we filtered potential false positive acetylation sites.

A volcano plot in figure 3.13 shathe significant different acetylation sites according
to the fold change difference to the WT. The plot correlates the negative logarithm of the

p -value and the fold change of acetylation.

Strains
AackA Apta Ahdac
-10 -5 0 5 -10 -5 0 5 -8 -4 0 4

Fold change
Significant FALSE TRUE

Figure 3.13Volcano plot for acetylation sites inN. gonorrhoeaeMS11. The plot shows
the acetylation sites that are significantly decreased (left side) or incfggbedide) compared
to the WT strain determined by the twailed Student’s test. The SO parameter was set to 0.1 and

the false discovery rate to 0.05. Acetylation sites that showed a significant difference are blue

coloured while the red are naignificant.
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In table3.2 are shown the number of proteins that showed signiftitiatentacetylation
sitescompared to the common acetylation profile of the WT strain that considers the
abundance of proteins. This acetylation sites wtassified by the nubver of proteins

which showed significant increased and decreased acetylation sites. The total number of
significant acetylation sites was 3,752. Froneshsites, we observed sites with

significant increas@nd decrease iacetylation. As expected, the ganic straingmackA

showed a higher number of si gniHdacstraimt i ncr e
and i ptastraim more@cetylation sites were found significantly decreased. The table

with the proteins with two or more significant diffetextetylation sites are found on the

supplementable8.2.

The significant different acetylation sites were used through the rest of the study for the

analysis and determination of the sipegentiallyregulated by acetyphosphate.

Table 3.2 Number of significant proteins and acetylation sites in the isogenic mutant
strains of N. gonorrhoeaeMS11. The percentage next to the total number of proteins and

acetylation sites is compared to the total number fanitide three strains. The percentage of the

other values are respective to the total number from each strain.

Significant proteins Significant acetylation sites

Strain
Total Increased Decreased Total Increased Decreased
(n=1,017) (n=3,752)

gqackA 638(62.7%) 531 (83.2%) 235 (36.8%) 1,369 (36.5%) 1369 (77.7%) 305 (22.3%)

gpta 527 (51.8%) 277 (52.6%) 330 (62.6%) 847 (22.6%) 387 (45.7%) 460 (53.3%)

gqhdac 184 (18.1%) 164 (89.1%) 26 (14.1%) 235 (6.3%) 209 (88.9%) 26 (11.1%)

The median fold change of acetylation in the three isogenic mutant strains is12024,

and 2.07 ingmackA ptegpa n dhdaq respectively (fig. 3.14b). However, when the
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Number of acetylation sites

acetylation sites ardivided into the type of fold change (increased or decredbked)

median values are similar among the strains (fig. 3.14c).
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Figure 3.14 Distribution and median of acetylation sites in the isogenic mutant
strains of N. gonorrhoeaeViS11. a) Distribution of the acetylation sites according to the fold

changeb) Boxplot of all the significant sites from the three isogenic mutant strgiatkA and

ghdachave a median of f ol d c lp@monghe negative sidegTheposi ti ve
distribution of the acetylation sites showed that the significant sites are divided in two by
increased and decreased acetylation. Therefore, the median size was calculated for each division
considering increased when the fold changed was highePfthad decreased when lower than

0. The median fold changes are shown for the three strains.

In order to analyséhe location of acetylation in the proteifhe site of acetylation was
calculatedrelatively to the length of the proteibeing O the Nerminus and 1 the €

terminug(fig. 3.15) The location of acetylatiobetween strainshowed a different pattern
of acetylation compared to the W(ig. 3.7). Suggesting that acetylation by acetyl

phosphate occurs in surface expose lysines.
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T h eack&isogenic grain showed a different pattern of distribution of the location. The
middle part corresponding from 0.385 to 0.73 showed lower density than the WT in that
area but the final section (0-230) showed the highest region of density with the highest
densityof 1.23. Analysis of the sequence motifs of the three sections, showed that in all
the sections, the twamino acidsthat had the highest probability at positidhwere
leucine (L) and glutamic acid (E), a hydrophobic and a negative chargew acid
respectively. Overall, the probability of the arginine increases the closer tetdren®us

of the protein (fig. 3.15).

Contr aackh\ ttohep t wo | @tawesetat aimilamldcaionitonthe §yT
strain, however, the densities were differenthie middle section, the highest density in

t he decr eas e gtaveas 130 gnd m the increasedfwasch.24. The sequence
motifs in the dema eappdxlddshower ihad theitvaminoo f @
acidsat position-1 with the highest probability were E and L in three sections. On the

i ncr eased aptaght sequartca nwtifs chahgedmn the three sections and the
amino acidswith the highest probability at postidnwere arginine, leucine andaaine.

However, at the third section arginine is the third most probable (fig 3.15).

The density of i ncrhdaashevdd tre bighesyderssityinthaN si t e s
terminus of 1.23. In the middle section a peak is observed however is lowelethettth

section with a density of 1.08. As in the first two cases the two most pra@balvie acids

at position-1 were L and E. However, in the second and third sections it is observed that

theamino acidarginine is found as the first option in severasifions (fig 3.15).
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Figure 3.15 Analysis of the sequence motifs for the acetylation sites in the three isogenic straindNofgonorrhoeaeMS11. The plot shows the

density of the significantctylation sites in the relative location to the protein length. The plots are divided in three regions as in the WTieSheeval
obtained by dividing the position of the acetylation site to the length of the protein. The parameters used for ithwaraby$aussian method for the kernel
density estimate with and adjust value of 0.5. The dashed lines intercept the two sites with the lowest density. Tdmat slifi@fent acetylation sites are
shown at the bottom of the plot. The sequence motf®wenerated with the ggseqglogo package of R by filtering the data to select the sequence windows of

section of the density plot. The size of eaadhino acidcorrespond to the probability of tlenino acido be at the position surrounding the acetylation site.
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3.2.5 Acetyl-phosphate dependent acetylation itN. gonorrhoeaeMS11

In nature, two types of acetylation occur as gmtslational modifications on protein.
The first is enzymatally, by the action of acetyltransferases an acetyl group binds to the
NUlysine residue using acet{loA as donor. The second is rRenzymatically, the acetyl
group is donated by the high energy molecule ag#tglsphatgVerdin and Ott, 2013;
Ouidir, Kentache and Hardouin, 2016; Wolfe, 2018)this setion, utilising the data
obtained from the acetylome of the isogenic mutgtkAa n dota, qpe determined the

acetylation sites dependent of acgifibsphate.

In this study, the acetydhosphate dependent acetylation sites were defined as the unique
acetybt i on si t e sackA® w dotd tipat showbdatsignificanp (alue <0.05)
increased and decreased of fold change, respectively, in at least three of the four

biological replicates.

The proteins and acetylation sites of both strains were analysedenn diagram,
identifying 409 and 424, respectively (fig. 3.46a The selection of highly regulated
acetylation sites by acetphosphate was determined by analysing the increased and
decreased acet ackAan idtaoesEectively. $-nm fthis olassifigation,

117 unique acetylation sites were found in 107 proteins (fig. 3.16 c).
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Acetylated proteins Acetylation sites
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Figure 3.16 Identification of unique acetyl-phosphatedependent acetylation sites in

N. gonorrhoeaeMS11.Venn diagrams of proteins and acetylation sites from the straicisA

a n dpta. @) 409 unigue proteins were shared between both straind))a#i2¥t acetylationc)
Acetylation sites were divided in increased and decreased depending on the fold diffmence.
overlapping acetylation sites frogmckAwith an increased fold difference and the decreased
f r o pta age the highly regulated acefyhosphate dependent sites. A total of 117 unique

acetylation sites were found in 102 proteins

The sequence windowisom the 117 acetylation sites were analysed to determine the
sequence motif. This sequence motif showsatinéno acidghat are flanking the acetyl

phosphate dependent acetylation site.

At the position-1, theamino acidwith the highest probability waglutamic acid with
0.198 and at position +1 was arginine with 0.178. At position +3 and +4, lysine has the

highest probability due to the presence of midtgcetylation sitefig. 3.17ab).
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Figure 3.17 Sequence motif of acetyphosphate dependent acetylation sitesa)

Sequence motif generated from the 117 unigque sequence windows of the classified acetylation

sites. The sequence motif shows the firaiino acidglanking the acetylation site and theesi

correspond to the probability to be in that position. The sequence motif was generated using the

ggseqglogo package of ) Probability of eachamino acidfor the positions flanking the

acetylation sites.
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From 102 proteins, 88 showed one acetypsplate dependent sites and 14 two. The
mean fold change was 2.02 ai223, and the median was 1.52 ah®9, ingackAand

gpta, respectively (fig. 3.184).

The analysis of gene ontologies showed that the molecular function term with the highest
number of proteins with acetphosphate dependent sites was ATP binding with 38
proteins. However, seven more terms were related to molecule binding function. The
KEGG pathways with the highest number of protein were pyruvate metabolism and
methane metabolism with 7 proteins each. Other carbon metabolism pathways with five
proteins were glycolysis and gluconeogenelisity four of theproteins are found in the
cytoplasm, 11 are integral components of membrane (fig. 3.18c). The only biological
process with more than 5 proteins was translation. A table with the terms with more than

two proteins is find in the supplement taBla.

An enrichment analysis of the identifieproteins with an Acllependent sitavas
performed The biological process with the highest enrichment seee processes
related to tRNA aminoacylation. Five the terms were related to metabolic processes.
For the molecular function we found that 658the termswere related tdinding
function. The cellular components of these proteins were found in the cytoplasm (fig.

3.19)

112



Enzyme

Strain
a b
) AackA  Apta )

10 kDa chaperonin -
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Potassium transporter -
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Figure 3.18 Acetyl-phosphate dependent sitesa) Proteins classified as acefyhosphate
dependent for acetylation. The same acetylation site was found on both strains with a significant
difference of the fold changé) Boxplot showing the fold change of each acetylation site. An
ANOVA test shows a sigjficant difference between the fold changes in both stra)nGene
ontology analysis showing the terms with more than five proteins in molecular function (MF),

KEGG pathways (KEGG), cellular component (CC), and biological process (BP).
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Figure 3.19 Enrichment analysis of the gene ontologies for the proteins with acetphosphate dependent sitesThe analysis was performed
using the DAVID website which identifies the annotations and peréostatistical analysis to identify the enriched terms. In the plot are shown the significant

terms p value <0.05) for biological process (BP), molecular function (MF) and cellular component (CC)
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3.2.5.1 Determination of targets for the gonococcal histone deacetylasi&e

protein

Histone deacetyladée proteins (HDAC) are a family of enzymes that removes the
acetyl group from the Nblysine residue. These enzymes were first discovered in
eukaryotic cells and classified in differenasteqGrabiec and Potempa, 2018heir

main target are histones to block the transcription of genes. Recently, several HDACs
have been found in prokaryotes and a 2020 study.igonorrhoeagfound that the
gonococcal HDAC NGOO0187, same gene that was used in this study, plays a role in the
regulation of the host gene expressidianget al, 2017; Zughaier, Rouquettemughlin

and Shafer, 2020)

For the identification of the possible targets of HDAC, all the acetylation sites with a
significant fold change were classified according to the difference, increased
decreased. Since the action of the HDAC is to deacetylate proteins, the possible targets
were classified as the unique acetylation sites that showed a significant incréase in
isogenic mutant straighdac Thirty four unique acetylation sites in 34 proteins were

classified with this criteria and therefore the possible targets of HDAC (fig. 3.20).
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Figure 3.20 Identification of the possible targets of HDACThe acetylation sites found
in the three isogenic mutant stramsckA,qpta,a n chdagwere classified according to the fold

change difference. From the 2,451 adaat.yl ati on

The sequence windows of the 34 acetylation sites showed a similar sequence motif as the
acetylphosphate dependent sites. At the positibrthe amino acidwith the highest
probability was glutamic acid with 0.28 and at position +1 was isoleucine with 0.24
probability. Different to the acetyghosphate dependent sites, the HDAC targets
sequence motifs also present a negative clargeo acidat position-2. Theamino acid

aspartic acid showed a probability of 0.20 (fig 3.21).
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Figure 3.21 Sequence motif and probability for the HDAC targets.a) Sequence motif
generated from 25 unique sequence windows. The sequence motif shows thanfinsd 4cids
flanking the acetylation site and the size correspond to the probability to be in that position. The
sequence motif was generated using the ggseglogo packagdpPRbability of eactamino

acidfor the positions flanking the acetylation sites.

From tre identified proteins with an acetylation site susceptible to HDAC (fig. 3.22a)
three tRNA ligases are involved in translation, both ribosomes (50S and 30S) showed one
target site in one subunit. Interestingly, the enzyme phosphotransacetylase showed highe
acetylation in K450, furthermore, the porin B, a protein involved in the virulence of the

gonococcus, showed one site.
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