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Summary 

N. gonorrhoeae is the aetiological agent of the sexually transmitted disease gonorrhoea. 

The bacteria has adapted to be an obligate human pathogen and it possesses the ability to 

survive intracellularly by the expression of virulence factors. Post-translational 

modifications are found in all organisms, and are involved in the regulation of the 

metabolism and gene transcription. In this study we investigated the acetylation by acetyl-

phosphate in N. gonorrhoeae by deleting genes from the phosphotransacetylase-acetate 

kinase pathway to control acetyl-phosphate production. We found that the metabolism 

and virulence was altered by the change of acetyl-phosphate concentration, molecule 

responsible for the acetylation of proteins. Furthermore, we proposed a regulatory 

pathway for the PTA-AK pathway which involved the histone-like family deacetylase 

(HDAC). Finally, the data obtained suggests that the enzyme Pta is essential for the 

pathogenesis of N. gonorrhoeae. 
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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 that approximately 

one billion bacterial species exist worldwide and that the environment is a crucial factor 

for the bacterial diversity (Dykhuizen, 2005). Microorganisms have been able to adapt 

and survive in different niches depending on the nutrients available, however, only a small 

number of bacteria are able to survive within the human body. Due to the existence of 

different microenvironments across the 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; Eisenreich et al., 2010). 

Around 1,000 species of bacteria are living in our body contributing to the appropriate 

functioning of our metabolism (Munoz-Elias 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). These bacteria have developed different 

virulence factors to invade and colonise different cells (i.e. epithelial cells, macrophages) 

but specifically, they have adapted to 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 metabolites required for replication 

(table 1.1) (Brown, Palmer and Whiteley, 2008; Ray et al., 2009; Shibutani and 

Yoshimori, 2014) 
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Table 1.1 Carbon source for the pathogenesis of intracellular bacteria 

Bacteria Location 
Intracellular 

niche 

Carbon 

substrate 

Virulence 

impact 

Listeria 

monocytogenes1 
Bloodstream 

Cytosol of 

macrophages 

Hexose 

phosphates, 

lipoate 

Persistence 

and growth 

Shigella 

flexneri 1, 2 
Colon 

Cytosol of 

epithelial cells 
Pyruvate 

Growth and 

intracellular 

invasion 

Neisseria 

meningitidis 3 

Nasopharynx, 

bloodstream, 

cerebrospinal 

fluid 

Phagosome Lactate 

Molecular 

mimicry 

and growth 

Mycobacterium 

tuberculosis 3 
Lung Phagosome Cholesterol 

Virulent 

lipids 

Neisseria 

gonorrhoeae 

4,5,6 

Urogenital 

epithelium, 

macrophages 

Endosome, 

phagosome 
Lactate 

Molecular 

mimicry 

and growth 

1 Ray et al., 2009; 2 Waligora et al., 2014; 3 Brown, Palmer and Whiteley, 2008; 4 Parsons 

et al., 1996; 5 Château and Seifert, 2016; 6 Harvey et al., 2001.  

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

phagosomes is Neisseria gonorrhoeae (gonococcus), a Gram-negative gonococcus and 

the etiological agent of the sexually transmitted infection gonorrhoea. It was first thought 

that N. gonorrhoeae solely grew in glucose, pyruvate, and lactate (Stephen A Morse, Stein 

and Hines, 1974). However, genomic sequencing and enzymatic assays revealed that 

gonococcus possesses enzymes capable to utilise amino acids as carbon source (Baart et 

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



 
4 

 

the human body at high concentrations, especially in the niches where Neisseria 

gonorrhoeae colonises (i.e. human serum, leukocytes, female genital tract, ejaculate) 

(Gao et al., 1998; Atack et al., 2014). This three-carbon 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 metabolised by the phosphotransacetylase-acetate kinase (PTA-AK) pathway 

(Britigan et al., 1988; Mcgee and Rest, 1996; Parsons et al., 1996; Gao et 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 the post-translational 

modification of proteins involved in the pathogenesis of bacterial infections (Wagner and 

Payne, 2013; Kuhn et al., 2014). Acetyl-phosphate (AcP) is a high energy 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 

nonenzymatically the Ů-amino group of lysine residues (NŮ-lysine), this post-translational 

modification has shown to be relevant for the activation of some virulence genes in 

bacteria (Barak and Eisenbach, 2001; Starai and Escalante-Semerena, 2004; Verdin and 

Ott, 2013). Moreover, a recent study demonstrated the presence of NŮ-lysine acetylation 

in Neisseria gonorrhoeae and the relation it has with virulent factors (Post et al., 2017). 

The study of the role of intracellular 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 (CMP) includes the pathways, glycolysis, pentose 

phosphate, pyruvate metabolism, and tricarboxylic acid cycle (TCA). Glucose is the 

molecule that is consumed by glycolysis or Entner-Doudoroff (ED), depending on the 
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encoded enzymes in the bacteria. N. gonorrhoeae metabolises glucose through the ED 

pathway since it does not encode the gene phosphofructokinase, key enzyme for 

glycolysis that phosphorylates fructose-6-phosphate to fructose-1, 6-bisphosphate. The 

final product of both glycolysis and ED is pyruvate (Wolfe, 2005; Baart et al., 2007, 

2010).  

Pyruvate is metabolised by the pyruvate dehydrogenase complex (PDC). This complex is 

formed by pyruvate dehydrogenase E1, dihydrolipoamide acetyltransferase E2, and 

dihydrolipoamide dehydrogenase. A series of reactions catalyses the conversion of 

pyruvate to acetyl-coenzyme A (acetyl-CoA). The latter molecule is the final product of 

different metabolic pathways including, amino acids and fatty acids metabolism (Sauer 

and Eikmanns, 2005; Patel et al., 2014).  

Acetyl-CoA has two paths two follow, enter either the TCA or the phosphotransacetylase-

acetate kinase pathway (PTA-AK). When acetyl-CoA is metabolised through TCA 

energy is synthesised for the growth of the bacteria. In the PTA-AK pathway the acetyl-

CoA is transformed first to acetyl-phosphate (AcP) by the enzyme phosphotransacetylase 

(Pta) and then AcP is converted to acetate.  

During bacterial growth in medium where glucose is the sole carbon source acetate is 

excreted extracellularly at high concentrations due to saturation of the CMP. This 

phenomenon is known as carbon overflow. The saturation of the TCA promotes the path 

of acetyl-CoA to the PTA-AK pathway which it is used as an escape valve of carbon 

overflow. An interesting effect was described in E. coli as acetate switch where acetate is 

now used as carbon source (Schilling et al., 2015; Bernal, Castaño-Cerezo and Cánovas, 

2016). As consequence of this switch, the biomass production is decreased and the 

bacterial growth is abolished. 
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Acetate is metabolised by two enzymes to convert is to acetyl-CoA, acetate kinase 

(AckA) and acetyl-coenzyme A synthetase (Acs). At low and high concentration, acetate 

is mainly metabolised by Acs and AckA, respectively (Brinsmade and Escalante-

Semerena, 2007; Campos-Bermudez et al., 2010). However, a recent study in E. coli 

demonstrated that acetate metabolism was significantly reduced in a ȹackA than in a ȹacs 

isogenic strain. Proving that ackA is the responsible enzyme to metabolise acetate during 

acetate overflow (Enjalbert et al., 2017). This study provided evidence of the importance 

of the PTA-AK pathway for the acetate metabolism. Moreover, the intermediate acetyl-

phosphate produced in this pathway has given attention to researchers due to the role it 

possesses in post-translational modifications of proteins. 

1.2 Phosphotransacetylase-acetate kinase pathway 

Acetyl-coenzyme A (acetyl-CoA) is final product of several pathways and this molecule 

is then metabolised via TCA. However, when the cycle is limited due to carbon overflow, 

acetyl-CoA is metabolised through the PTA-AK pathway, releasing acetate as a final 

product and obtaining a molecule of ATP. This pathway is composed by the two enzymes 

named after this metabolic route (fig. 1.1) (Wolfe, 2005; Sadykov et al., 2013). 

 

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

phosphotransacetylase (PTA) and the enzyme acetate kinase (AK) converts AcP to acetate, both 
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reactions are reversible. AcP is the responsible molecule for the non-enzymatically acetylation 

and it is also a substrate for the phosphorylation of proteins. Pi, orthophosphate; CoA-SH, 

coenzyme A; ADP, adenosine diphosphate; ATP, adenosine triphosphate (Verdin and Ott, 2013). 

Several studies have highlighted the importance of PTA-AK in bacterial metabolism 

during carbon overflow. The depletion of this pathway has shown decrease in biomass 

yield, reduce in bacterial fitness to survive, and lack to growth in medium with acetate. 

Moreover, the deletion of this pathway in bacteria such as Staphylococcus aureus has 

caused cell death (Chang et al., 1999; Somerville et al., 2003; Ramos-Montañez et al., 

2010; Sadykov et al., 2013; Won et al., 2021).  

Moreover the intermediate acetyl-phosphate has gained recent interest in bacteria due to 

its dual role to donate acetyl and phosphoryl groups to enzymes, causing enzymatic 

regulation and altering the metabolism of organism. 

 Phosphotransacetylase 

Phosphotransacetylase (Pta) is a dimeric enzyme which converts acetyl-CoA to acetyl-

phosphate (AcP) through a transferase reaction between the acetyl group of acetyl-CoA 

and an inorganic phosphate (Brinsmade and Escalante-Semerena, 2007).   

Two different classes of Pta have been discovered possessing each other almost twice 

length of amino acids. The Pta class I (Pta I) has a length of approximately 350 aa while 

the Pta class II (Pta II) is ~700 aa length. The homology of sequences between from both 

classes is the same from the C-terminus side. Different studies have crystallised Pta I and 

determined that the active site is located in the homologous sequences between Pta I and 

Pta II, however, different attempts to crystallised complete Pta II have not been 

successful. Different studies have suggested that the BioD-like N-terminal domain 

located in the N-terminus of Pta II is used as an allosteric place for the regulation of the 
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enzymatic activity of Pta. The molecules that found a decrease in the activity were ATP, 

ADP and NADH. Interestingly, N. gonorrhoeae possesses a Pta II (NGO0214) and 

neither its structure or function of the BioD-like N-terminal domain have been studied 

(Chittori, Savithri and Murthy, 2012; Yoshida et al., 2019). 

The reaction between acetyl-CoA to AcP is reversible. Pta is eight-fold more active in the 

synthesis of acetyl-CoA, however, pyruvate and phosphoenolpyruvate inhibit this 

reaction and favours the conversion of acetyl-CoA to AcP. Hence, the reaction towards 

synthesis to AcP is favoured at normal physiological concentration of pyruvate (Campos-

Bermudez et al., 2010). In fact, it was observed in a study in E. coli that the intracellular 

concentration of acetyl-CoA was increased during carbon overflow compared to growth 

in glucose (Bennett et al., 2009). This effect is not only due to the reversible enzymatic 

activity of Pta towards acetyl-CoA during carbon overflow but also due to the action of 

the second enzyme of the PTA-AK pathway. 

 Acetate kinase 

The last reaction of the PTA-AK pathway is responsible for the conversion of acetyl-

phosphate (AcP) to acetate. As mention previously, acetate kinase (AckA) is important 

during carbon overflow. This enzyme is responsible to metabolise acetate during carbon 

overflow to compensate the carbon flux. Enjalbert et al., 2017, found in E. coli that AckA 

is responsible for acetate consumption instead of the previous thought enzyme acetate 

synthetase Acs. This was concluded after measuring the flux of carbon molecules 

extracellularly. Interestingly, it was firstly thought that the PTA-AK pathway was 

exclusive of bacteria, however, blast analysis of different organism genomes have 

revealed the genomic presence of the gene that encodes for AckA. These unicellular 
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eukaryotic organisms have incorporated the enzyme as part as other pathways (Ingram-

Smith, Martin and Smith, 2006) 

Structural analysis of AckA crystals from S. enterica serovar Typhimurium and 

Porphyromonas gingivalis showed that AckA showed a dimer conformation of the 

enzyme during native state. Studies have also shown that AckA requires Mg2+ or Mn2+ 

for catalytic activity, and molecules of sulphate and ADP in the active site (Gorrell, 

Lawrence and Ferry, 2005; Chittori, Savithri and Murthy, 2012; Yoshida et al., 2019). 

Several bacteria have shown several copies of AckA in their genomes (Ingram-Smith, 

Martin and Smith, 2006; Chan et al., 2014). N. gonorrhoeae possesses two different 

acetate kinase NGO1521 and NGO0977. Although these two enzymes have not been 

studied, a study in Lactobacillus lactis and Neisseria meningitidis agree that AckAI is 

synthesised at higher concentration than AckAII, and its catalytic activity is favoured to 

produce acetate. While AckAII has a higher affinity to acetate, and in N. meningitidis was 

shown to be more affined to propionate (Catenazzi et al., 2014; Chan et al., 2014). 

1.3 Lysine acetylation  

Lysine acetylation is a post-translational modification (PTM) that involves the acetylation 

of the NŮ-lysine 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 reaction mediated by the enzyme lysine acetyltransferase (KAT) and 

deacetylases (KDAC) respectively (Yang and Seto, 2008). Then it was observed that 

acetyl-CoA present in mitochondria at high concentrations could acetylate proteins non-

enzymatically (Wagner and Payne, 2013). Initially thought that lysine acetylation was 

exclusive of eukaryotic cells, it was then discovered that bacteria possessed acetylated 

proteins. In the same way as eukaryotic cells, acetyltransferases were found in S. enterica 
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and E. coli. Later it was shown that lysine acetylation was also performed non-

enzymatically, concluding that acetylation occurs enzymatically and non-enzymatically. 

 Enzymatic lysine acetylation 

Three families of acetyltransferases have been described. The Gcn5-related 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 each other, hence, 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 resistance, regulation of metabolism and gene 

expression (Thao and Escalante-Semerena, 2011; David G Christensen et al., 2019; 

Burckhardt and Escalante-Semerena, 2020).  

GNATs are formed from the N-terminus by two antiparallel ɓ-strands, two Ŭ-helices, 

three antiparallel ɓ-strands, followed by a highly variant central Ŭ-helix, a fifth ɓ-strand, 

a fourth Ŭ-helix, and a final sixth ɓ-strand. The acetyl-CoA binds between ɓ4 and ɓ5 

strand where the pantothenate interacts with the C-terminal of ɓ4. The enzyme transfer 

the acetyl group by an acid/base mechanism, where a glutamate or aspartate are the base 

to subtract the proton from the amine group (Vetting et al., 2005; Thao and Escalante-

Semerena, 2011; David G Christensen et al., 2019; Burckhardt and Escalante-Semerena, 

2020) 

First discovered in Salmonella enterica, the acetyltransferase (PTA) enzyme showed to 

deactivate the function of the acetyl-CoA synthetase (Acs), an enzyme that catalyses the 

conversion of acetate to acetyl-CoA (CoA), by acetylating the ATP binding region. 

Escherichia coli synthesises more than 20 lysine acetyltransferases, however, only one 
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has been assigned to have acetyltransferase activity (Starai et al., 2002; Starai and 

Escalante-Semerena, 2004).  

 Non-enzymatic lysine acetylation 

Interestingly, in 2013, Wagner and Payne found the novelty that lysine acetylation occurs 

non-enzymatically in mitochondria. Isolated liver mitochondria were heated for protein 

denaturation to inhibit the activity of any acetyltransferase. Later incubation with CoA at 

physiological concentration (0.1 to 1.5 mM), which is 3-50 times higher than other 

compartments, showed acetylation of proteins. This proved that at high concentrations of 

CoA, the PTM lysine acetylation occurs non-enzymatically. Although it was thought that 

the process was exclusive of eukaryotic cells, Kuhn et al., (2014), demonstrated that a 

similar process occurs in bacteria. 

In a previous study, it was observed that the acetylation of a RNA transcriptional factor 

in E. coli was altered when the acetate kinase gene was mutated (ȹackA). The enzyme 

AckA catalyses the reaction to convert acetyl-phosphate (AcP) to acetate in the PTA-AK 

pathway. Therefore, the mutation 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 spectrometry to identify lysine acetylation, as expected, 

showed an increase of acetylated proteins in ȹackA compared to the wild type (WT). This 

work concluded that the molecule responsible for non-enzymatically lysine acetylation in 

bacteria is AcP. Indeed, further studies have proved that this evolutionary conserved PTM 

is present in several bacteria including Neisseria gonorrhoeae (Kim et al., 2013; Kuhn et 

al., 2014; Kosono et al., 2015; Mizuno et al., 2016; Post et al., 2017).  
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 Acetyl-phosphate: the novel regulatory molecule in bacteria 

Acetyl-phosphate (AcP) is the intermediate metabolite of the PTA-AK pathway (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 virulence factors, and regulation of 

transcription factors (Barak and Eisenbach, 2001; Gueriri et al., 2008; Lima et al., 2011; 

Verdin and Ott, 2013; CastañoȤCerezo et al., 2014; Liu et al., 2016).  

A study conducted in E.coli showed 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 PTA-AK enzymes and non-enzymatically acetylation is not discussed. The results 

showed that acetylation, which nowadays is well known to be modulated by AcP, 

regulated the transcription of virulence factors (CastañoȤCerezo et al., 2014). Moreover, 

AcP has also shown to regulate motility in Listeria monocytogenes, and in Bacillus 

amyloliquefaciens regulates the synthesis of antibiotics (Gueriri et al., 2008; Liu et al., 

2016). Recently, it was demonstrated that lysine acetylation is present in Neisseria 

gonorrhoeae. The results obtained by mass spectrometry from a ȹackA, indicate that the 

biosynthesis of the pilus, proteins involved in iron acquisition and several regulatory 

proteins possess regulated sites for acetylation. Furthermore, the gonococcus was unable 

to generate a biofilm and general metabolism was altered (Post et 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, acetyl-CoA is accumulated and it is metabolised by the PTA-AK 

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

PTM (Schilling et 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 in E. coli (McCleary and Stock, 1994). It was 

later found that, indeed, the concentration present of acetyl phosphate is sufficient for the 

direct phosphorylation of the transcription factor RcsB (Klein et al., 2007). Recently, the 

dual role of AcP was shown in a study in the enterobacteria E. coli. By using site-directed 

mutagenesis, the transcription factor cpxR 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 PTA-AK 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 sexually transmitted infection (STI). In 

2019, the World Health Organisation (WHO) estimated approximately 376 million new 

cases of bacterial STI. In 2016, 86.9 million resided with the disease caused by Neisseria 

gonorrhoeae (Rowley et al., 2019; WHO, 2019b). In England, the 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 26% (Wise, 2020). The isolation of gonococcus strains 

resistant to the current dual treatment, extended-spectrum cephalosporin (ESC) 

ceftriaxone and azithromycin, has arisen and different international organisations classify 

Neisseria gonorrhoeae as a global threat (Fifer, Natarajan and Unemo, 2016). Therefore 

the WHO has designated as high priority, within the classification of the emergent 
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resistant pathogens, the creation of new antibiotics against the gonococcus (Tacconelli 

and Magrini, 2017). The aim of this strategy is to decrease 90% the global incidence of 

gonorrhoea by 2030 (WHO, 2016). 

 

Figure 1.2 Diagnostic rate of gonorrhoea in England from 2012 to 2019. The line shows 

the diagnostic rate of gonorrhoea per 100,000 population. The number next to each point is the 

percentage difference compared to the previous year (Public Health England, 2021). 

Neisseria gonorrhoeae is 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 in women (50-80%) whilst in men, 90% of the cases present the 

characteristic purulent discharge (Unemo and Jensen, 2017). Occasionally, 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 gonococcus possesses distinct mechanisms for the colonisation 

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

The microenvironment of Neisseria gonorrhoeae for the development of the infection is 

the urogenital tract. Although the primary site 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).  

 Internalisation into epithelial cells enhances innate immune 

system 

Bacterial colonisation commences by the attachment of the type IV pili to the urogenital 

epithelial cells, where it acts a retractile motor for the motility of the bacteria and as a 

transporter of extracellular DNA (Winther-Larsen et al., 2001; Ramsey, Woodhams and 

Dillard, 2011). This tight gonococcus-cell contact permits the recognition of membrane 

molecules (fig. 1.3). For instance, the gonococcus lipooligosaccharide (LOS), and porins, 

an immunogenic protein that transport water, are recognised by the toll-like receptor 2 

(TLR-2), which lead the release of chemokines 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 men (Massari et al., 2002; Fisette et al., 2003; Edwards and 

Apicella, 2004). 

Once the epithelial cells have triggered the inflammatory response, Neisseria 

gonorrhoeae, in order to survive, internalises into the epithelial cells and PMN. The 

recognition of LOS leads to the 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 (CR3) binds 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 re-arrangement and ruffling of the plasmatic membrane, and as a 

consequence, bacteria are engulfed by the epithelial cell and internalised within the 

cytosol, this process is named macropinocytosis (Harvey et al., 2001; Edwards and 

Apicella, 2002; Lim and Gleeson, 2011).  

Neisseria gonorrhoeae within the epithelial cells stimulates the innate immune system. 

The microorganism produces phospholipase D within the macropinosome in cervical 

cells. This enzyme causes the displacement of the CR3 in the apical epithelial cells which 

lead to the internalisation of more gonococci, increasing invasion (Edwards, Entz and 

Apicella, 2003). Moreover, gonococci begin to grow releasing fragments of 

peptidoglycan, the main component of bacterial wall. This sugar-peptide polymer is 

recognised by NOD-like 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 mediators (Kanneganti, Lamkanfi and 

Núñez, 2007; Mavrogiorgos et 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 internalisation of Neisseria gonorrhoeae in 

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 opacity-associated 

protein (Opa), to toll-like receptor 2 (TLR-2). 2) The binding triggers a molecular cascade that 

activates the transcription factor NF-əB for the synthesis of cytokines. 3) The endocytosis of 

gonococcus is mediated by the recognition of an asialoglycoprotein receptor (ASPG-R) to LOS 

in urethral epithelial cells and in cervical epithelial cells, by the binding between type IV pili, 

porin, and inactivated complement 3 (iC3b), to complement receptor 3 (CR3). 4) In urethral 

epithelial cells, Neisseria gonorrhoeae is internalised and surrounded by clathrin molecules, a 

protein that is involved in the formation of coated vesicles, coupled to ASPG-R. The disruption 

of the clathrin-coated vesicle is led by the decreased of pH, triggering the recycling of clathrin 

and ASPG-R to the apical membrane of the cell. In cervical epithelial cells, the endocytosis is 

clathrin-independent. 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 bacteria. 5) Neisseria gonorrhoeae, start growing within the cytoplasm 

causing the release of peptidoglycan (Pgn) which is recognised by NOD-like receptors (NLR). 

The receptor activates NF-əB and proinflammatory cytokines are synthesised (i.e. IL-1, IL-6, IL-

8). 6-8) Cytokines recruit polymorphonuclear cells (PMN) migrating from the vascular system to 

the lumen of the urethra or cervix recognising the opacity-associated protein (Opa) of gonococci 

by carcinoembryonic antigen cellular adhesion molecules (CEACAM). 

 

PMN are the first line cells of the innate immune response. The recognition of the cells is 

via opsonisation or non-opsonisation. Neisseria gonorrhoeae is opsonised by either 

immunoglobulins G (IgG) and IgA1, or complement proteins. However, higher rates of 

antigenic variation have been observed in the surface molecules of gonococci (i.e. type 

IV pili, LOS and opacity-associated (Opa) proteins) resulting in a low response of the 

adaptive immune system (Haas and Meyer, 1986; Stern et al., 1986; Hedges et al., 1999). 

Therefore, the phagocytosis of gonococci is mainly mediated by non-opsonised 

molecules.  

Gonococcal Opa, is a transmembrane protein of eight ɓ-barrels, and is responsible for the 

internalisation into PMN. This highly genetically variable protein is recognised by 

carcinoembryonic antigen-related 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 

CEACAM3, a receptor that characterises from the others by the presence of the 

cytoplasmic immunoreceptor tyrosine-based activation motif (ITAM), leads to the 

activation of signalling pathways involved in the synthesis of pro-inflammatory cytokines 
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which are fundamental for the recruitment of PMN, causing an exacerbation of the 

inflammatory response (Sintsova et al., 2014). 

Although Opa is the most efficient molecule for non-opsonised phagocytosis, PMN 

possess other ways to engulf the gonococcus. 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 not been identified (Virji, 2009; Johnson and Criss, 

2011; Criss and Seifert, 2012; Sintsova et al., 2015). These series of molecular 

recognitions lead to the phagocytosis of the gonococcal bacteria. 

 Survival of gonococcus inside PMN  

The internalisation of bacteria through phagosomes is a process that generally causes the 

death of bacteria. However, Neisseria gonorrhoeae has 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 oxygen-dependent mechanism involves the generation of ROS (reactive oxygen 

species) by the NOX2 NADPH-oxidase (nicotinamide adenine dinucleotide phosphate-

oxidase). The enzyme transports electrons from the cytoplasm of the PMN into the 

phagosome causing the production of ROS, such as hydroxyl radical (ÅOH), hydrogen 

peroxide (H2O2), and superoxide anion (O2
-) (Flannagan, Cosío and Grinstein, 2009; 

Johnson and Criss, 2011). The production of these toxic molecules for bacteria causes an 

augmentation in oxygen consumption by the neutrophil in a process known as oxidative 

burst (El-Benna et al., 2016). Interestingly, it was found that species of Lactobacillus  
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isolated from the vagina, produce high concentrations of hydrogen peroxide, giving a 

protection to women against vaginosis (Eschenbach et al., 1989). However, OôHanlon et 

al. (2010), observed that cervicovaginal fluid and semen inhibit the activity of hydrogen 

peroxide. Although this study proved the ROS produced by lactobacilli bacteria is not 

critical for the control of vaginal infections, a recent study shows that, indeed, 

Lactobacillus inhibits the growth of pathogenic bacteria, such as Neisseria gonorrhoeae, 

but by decreasing pH through the production of lactic acid (Foschi et al., 2017). 

 Neisseria gonorrhoeae averts the oxidative burst by two mechanisms; converting ROS 

into molecules of oxygen and water; and consuming oxygen in presence of lactate. The 

conversion to non-toxic molecules is mediated by peroxidases, such as superoxide 

dismutase (SodB) and cytochrome c peroxidase, 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 died (Johnson et al., 1993; Johnson and Criss, 2011). 

Another mechanism to survive from the oxidative burst is the increase of respiration. 

Neisseria gonorrhoeae only metabolises glucose, pyruvate and lactate, the latter the 

carbon source that increases the 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 by Neisseria gonorrhoeae (Britigan et al., 1988; Smith, Tang and Exley, 2007; 

Johnson and Criss, 2011). Although the oxidative burst is essential in the response against 

microorganisms in macrophages, Criss, Katz and Seifert (2009), showed that the main 

mechanism of gonococcal survival is resistance against non-oxidative killing. By testing 

mutants deficient in enzymes previously detected to participate in the protection against 

hydrogen peroxide, fluorescent microscopy showed a similar percentage of intracellular 
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survival in PMN of Neisseria gonorrhoeae between wild type and mutants. This finding 

showed that resistance against ROS is non-essential for the survival of gonococcus within 

PMN.  

The non-oxidative killing in PMN is mediated by three 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 against N. gonorrhoeae are cathepsin G protease and 

permeability-increasing protein (hCAP57) contained in the azurophilic and secondary 

granules, respectively (Johnson and Criss, 2011). The 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 biosynthesis of peptidoglycan (Shafer et al., 

1990). In contrast, hCAP57 is converted by a protein present in azurophilic granules into 

the active form, LL-37. The 37 amino acid residues antimicrobial peptide, is the only 

cathelicidin presents in humans and its role is to disrupt the membrane by forming pores, 

it also functions as a regulator of the immune response (Bucki et al., 2010). It is found in 

PMN and epithelial cells. Interestingly, it was observed a reduction of LL-37 expression 

in cervical cells using immunostaining when infected with N. gonorrhoeae (Bergman et 

al., 2005).  

Neisseria gonorrhoeae counteract the effect of non-oxidative killing using distinct 

mechanisms. The outer membrane proteins type IV pili and porins halt degranulation of 

primary and secondary granules (Bjerknes et al., 1995; Lorenzen et al., 2000). 

Furthermore, enhanced by the presence of lactate, the modification of LOS, by the 

sialylation or substitution of the oligosaccharide, inhibits the binding of cathepsin G 

(Johnson and Criss, 2011; Matthias and Rest, 2014). Another 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 by trimeric proteins which transport antibiotic and 

host antimicrobials from the cytoplasm to the environment. The pump is composed by 

three genes located within the mtrCDE operon, and it is regulated by a transcriptional 

activator and repressor, MtrA and MtrR, respectively (Zalucki, Dhulipala and Shafer, 

2012; Rouquette-Loughlin et al., 2017a).  Although N. gonorrhoeae has elucidated a 

variety of mechanism to resist the immune response, it has been recently proved that the 

gonococcus has evolved not only to survive but to regulate the immune response. 

 PMN: the route for gonococcal dispersion  

The ability of N. gonorrhoeae to 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 PMN (Chen and Seifert, 

2011; Zhu et al., 2012; Château and Seifert, 2016). Therefore, gonococci are transported 

through the vessels allowing 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 an immune response to executing cells when an infection or 

damage occur (Buchakjian and Kornbluth, 2010; Tait and Green, 2010; Hongmei, 2012). 

Neisseria gonorrhoeae has shown to be involved in the inhibition of apoptosis, although 

the regulation of apoptosis has also been observed in Mycobacterium tuberculosis, the 

mechanism explained subsequently is exclusively from gonococci (Velmurugan et al., 

2007; Chen and Seifert, 2011; Château and Seifert, 2016).  
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Neisserial porin (PorB) prevents apoptosis of PMN and epithelial cells. It was 

demonstrated that purified PorB from Neisseria meningitidis prevented apoptosis in HeLa 

cells (Faherty and Maurelli, 2008). Although a discrepancy was found when N. 

gonorrhoeae was used (Müller et al., 2000). The team that initially reported the anti-

apoptotic mechanism repeated the experiments made by Müller et al. but using their 

protocol and the results found in meningococcus were found in N. gonorrhoeae, 

confirming the inhibition of apoptosis. PorB migrates to the mitochondrial membrane 

preventing the release of cytochrome c, and it also halts caspase-3 activation, both 

required factors for the initiation of apoptosis. Interestingly, this mechanism works even 

if the bacteria is dead (Massari et al., 2003). Chen and Seifert, (2011), studied the 

apoptosis in HL-60 cells, a myeloid leukaemia cell line, and apoptosis in primary PMN. 

Cells were pre-incubated with N. gonorrhoeae and 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 time that Neisseria gonorrhoeae inhibits apoptosis in primary cell culture. 

Indeed, the results were confirmed in another work conducted in primary macrophages 

and a differentiated THP-1 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 only pro-inflammatory cytokines (IL-6, IL-8) but 

immunosuppressive (IL-10). Furthermore, PD-L1 (Programmed Death Ligand 1), a 

molecule which acts in the suppression of the immune system, was found upregulated in 

macrophages infected with Neisseria gonorrhoeae. However, the role that these 

immunosuppressive molecules play during infection needs further studies. In both 

studies, IL-10 was quantified at 10 h and 24 h respectively, and PD-L1 at 24 h. The 
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expression of the molecules at earlier times will indicate the function of the upregulation 

in the macrophages (Ortiz et al., 2015; Château and 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 inhibiting cellular death, moreover, 

the upregulation of immunosuppressive cytokines derive in the mobilisation of Neisseria 

gonorrhoeae through the vessels to colonise new tissues. However, all these events could 

not be possible without the requirement of energy. The gonococcus 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 that Neisseria gonorrhoeae metabolises. 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. The production of lactate is inversely 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 enzyme lactate dehydrogenase (LDH) whose reaction leads the oxidation 

of NADH+H+ (nicotinamide adenine dinucleotide reduced) to NAD+ and in a high 

concentration of lactate, the reaction is reversible. In normal conditions, lactate is found 

in blood at 2.0 to 2.5 mmol/L and the concentration is increased in stress conditions (i.e. 

exercise, bacterial infection, after surgery) (Andersen et al., 2013; Bakker, Nijsten and 

Jansen, 2013; Todd, 2014).  
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As it was mentioned previously, Neisseria gonorrhoeae utilises glucose, pyruvate, and 

lactate, to obtain energy (Stephen A Morse, Stein and Hines, 1974). However, a variety 

of studies have postulated the effects of lactate, in the metabolism of gonococcus and the 

role it has in pathogenesis (Yates et al., 2000; Smith et al., 2001; Exley et al., 2007; Atack 

et al., 2014). The gonococcus metabolises the L-lactate isoform, which is the most 

abundant in the body, by translocating lactate through a lactate permease (LctP). L-lactate 

is then converted to pyruvate by LldD (respiratory L-LDH), thus, the cytosolic LdhA 

(NAD+-linked D-LDH) converts pyruvate into D-lactate and it is converted back to 

pyruvate by LdhD (respiratory D-LDH). The activity of the three LDH results in an 

accumulation of pyruvate (Atack 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 complement-mediated killing when 

exposed to serum. The molecule that was found to be involved in the protection of the 

bacteria against the innate immune response was cytidine 5ǋ-monophosphate-N-

acetylneuraminic acid (CMP-NANA). Sialylation is catalysed by the enzyme 

sialyltransferase (Lst) which incorporates the sialyl group on the terminal Galɓ1-

4GlcNAc of LOS. The incorporation of 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; Parsons et al., 1996; Regan et 

al., 1999). The synthesis of Lst was thought to be mediated in the presence of lactate 

(Mcgee and Rest, 1996). Nevertheless, 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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sialylation but the molecule that enhances gonococcus metabolism. Therefore, in 

presence of lactate LOS is synthesised at higher rates resulting in a higher sialylation 

(Parsons et al., 1996; Regan et 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, 

Neisseria gonorrhoeae binds 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 conformed of Lactobacillus sp., produce high 

concentrations of this enzyme (Edwards and Apicella, 2004; Ketterer et al., 2016).  

The concentration of lactate in normal conditions is lower than glucose, however, sites of 

gonococcus colonisation present 2-10 times higher threshold of lactate concentration. In 

stress conditions, 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 

phosphorylation is decreased by the depletion of oxygen (Gao et al., 1998; Bakker, 

Nijsten and Jansen, 2013; Atack et al., 2014). In PMN this phenomenon is observed 

during infection and it is activated during bacterial infection. The 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 producing lactate, this process is 

known as Warburg effect (fig. 1.4) (Kelly and OôNeill, 2015). 
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Figure 1.4. Warburg effect stimulates gonococcal metabolism. PMN 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 consequence, the 

concentration of lactate is increased and it is metabolised by Neisseria gonorrhoeae. Lactate is 

transported through a lactate permease (LctP) and it is metabolised by the phosphotransacetylase-

acetate kinase (PTA-AK) pathway. The high concentration of lactate enhances bacterial growth, 

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

acetyl-phosphate; LDH, lactate dehydrogenase; PDH, pyruvate dehydrogenase.  

Although this effect has not been described in gonococcal infection, it is known that 

bacteria that survive within PMN  promotes the production of lactate (i.e. Listeria 

monocytogenes, Mycobacterium tuberculosis) (Kelly and OôNeill, 2015; Shi et al., 2015). 

However, it is likely that gonococcus stimulates the Warburg effect. Britigan et al., 

(1988), observed that the concentration of oxygen was depleted in HL-60 cells when 

infected with Neisseria gonorrhoeae and it was a consequence of lactate metabolism. 
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The possession of three LDHs in Neisseria gonorrhoeae lead to an accumulation of 

pyruvate which is then converted to acetyl-coenzyme A. The conversion of acetyl-CoA 

to acetate through the phosphotransacetylase-acetate kinase (PTA-AK) pathway has 

shown to be a promising route, relevant for the global metabolism of the gonococcus due 

to the versatile intermediate metabolite, acetyl-phosphate.
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1.6 Aims of the study 

The initial aims of this study was to disrupt the PTA-AK pathway of N. gonorrhoeae to 

observe an alteration in the levels of acetyl-phosphate. This was achieved by constructing 

two isogenic mutants ȹackA and ȹpta. However, it was then decided that a strain lacking 

the histone deacetylase-like 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 isogenic mutants are novel ȹpta and ȹhdac for N. gonorrhoeae. 

These strains were analysed to characterise them phenotypically by growing hem in 

different carbon sources to determine how PTA-AK is involved in the metabolism. Thus, 

the proteome and acetylome of the four strains 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 strain ȹpta showed less virulence 

than the WT and therefore, it was decided to crystallise the enzyme phosphotransacetylase 

since it is a Pta class II and no structure of this enzyme has been obtained.
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2 Material s and methods 

2.1 Bacterial strains and plasmid constructs 

In this study, twelve strains were used (table 2.1). N. gonorrhoeae MS11 was used to 

create strains with a kanamycin insertion in three different enzymes involved in either 

acetylation or deacetylation. Escherichia coli DH5Ŭ, E.coli XL-1 blue and E. coli BL21-

DE3 were used to construct an E. coli strain that overexpresses the protein Pta.  

Table 2.1 Strains of bacteria used and plasmid constructs in this study 

Strain Description and genotype Source 

N. gonorrhoeae MS11 

Wild type, isolated from uncomplicated 

gonorrhoeae, contains gonococcal genetic 

island and it possesses a higher rate 

transformation than N. gonorrhoeae FA1090 

(Jordan, Snyder and Saunders, 2005; Duffin 

and Seifert, 2010). 

J. Sayers 

N. gonorrhoeae MS11 

ȹackA::kanr 

MS11 with disrupted genomic copy of ackA 

by insertion of kanamycin resistance gene. 

Felix-Diaz 

Parga, 

2017 

N. gonorrhoeae MS11 

ȹpta::kanr 

MS11 with disrupted genomic copy of pta by 

insertion of kanamycin resistance gene. 

Felix Diaz 

Parga, 

2017 

N. gonorrhoeae MS11 

ȹhdac::kanr 

MS11 with disrupted genomic copy of hdac 

by insertion of kanamycin resistance gene. 
This study 

Escherichia coli DH5Ŭ 

Fï endA1 glnV44 thi-1 recA1 relA1 gyrA96 

deoR nupG purB20 ű80dlacZȹM15 

ȹ(lacZYA-argF)U169, hsdR17(rk
ïmk

+), ɚï 

Competent bacterium with high 

transformation rate. Deletion of lacZŬ gene. 

Hanahan, 

1983 
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Escherichia coli DH5Ŭ 

pBHR1-GFP 

E. coli DH5Ŭ transformed with a PBHR1 

plasmid, which possesses kanamycin 

resistance and the insert of gfp that encodes 

the green fluorescent protein. 

This work 

Escherichia coli DH5Ŭ 

pLES2 

E. coli DH5Ŭ transformed with the pLES2 

plasmid, which contains the lacZŬ gene, and 

ampicillin resistance (ampr) gene. 

This work 

Escherichia coli DH5Ŭ 

pLES2-GFP 

E. coli DH5Ŭ transformed with the pLES2 

plasmid containing the gfp gene. 
This work 

Escherichia coli XL1-

blue 

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 

relA1 lac [Fǋ proAB lacIqZȹM15 Tn10 

(Tetr)]  

High transformation rate and tetracycline 

resistant. 

Bullock, 

Fernandez 

and Short, 

1987 

Escherichia coli XL1-

blue pET28a-pta-his 

E. coli XL1-blue transformed with the 

expression vector pET28a containing the 

insert to express, pta-his.  

This work 

Escherichia coli BL21-

DE3 

Fï ompT gal dcm lon hsdSB(rB
ïmB

ï) ɚ(DE3 

[lacI lacUV5-T7p07 ind1 sam7 nin5]) 

[malB+]K-12(ɚ
S) 

Also known as E. coli str. B, contains a ɚ 

prophage carrying the T7 RNA polymerase 

and the lactose operon repressor lacIq.  

Studier and 

Moffatt, 

1986 

Escherichia coli BL21-

DE3 pET28a-pta-his 

E. coli str. B transformed with the expression 

vector pET28a containing the insert pta-his. 
This study 

 



 
33 

 

2.2 Media and growth conditions 

 Neisseria gonorrhoeae 

Gonococcus is a fastidious bacterium that requires special nutrients for growing. 

Therefore, four different media were used and each medium was employed for a specific 

aim. 

2.2.1.1 Solid medium 

Stocks of N. gonorrhoeae stored at -80 °C were routinely grown on chocolate agar (CHO) 

(E & O Laboratories Limited, Scotland) or Gonococcus agar (GC) (Oxoid, UK) with 1% 

Kelloggôs supplement (glucose, 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 CO2 incubator model MCO-15AC (Sanyo, Osaka, 

Japan). The isogenic mutant strains of the gonococcus were growth on a GC agar 

supplemented with 80 µg/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 with 0.5% yeast extract (Oxoid, UK) (BHI-Y). 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 (New Brunswick Scientific, NJ, USA), 10 mM NaHCO3 was added to 

create a CO2 atmosphere.  
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A chemically defined medium for N. gonorrhoeae (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 

Solutions and reagents  
Amount  

(weight or volume) 

Solution I 
  

 

Sodium chloride 
  

58.45 g 

Potassium sulphate (K2SO4) 
  

10.00 g 

Magnesium chloride (MgCl2) 
  

2.18 g 

Ammonium chloride 
  

2.20 g 

EDTA 
  

0.03 g 

H2O 
  

250 mL 

 

Solution II  

   

Potassium phosphate dibasic 

(K2HPO4) 

  
17.42 g 

Potassium phosphate monobasic 

(KH2PO4) 

  
13.61 g 

H2O (Total volume) 
  

100 mL  

 

Solution III  

   

L-aspartic acid 
  

2.00 g 

L-glutamic acid 
  

5.20 g 
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L-arginine HCl 
  

0.60 g 

Glycine 
  

0.10 g 

L-Serine 
  

0.20 g 

L-leucine 
  

0.364 g 

L-isoleucine 
  

0.12 g 

L-valine 
  

0.24 g 

L-tyrosine 
  

0.284 g 

L-cysteine 
  

0.22 g 

L-cysteine (dissolved in 1M HCl) 
  

0.144 g 

L-alanine 
  

0.40 g 

L-lysine 
  

0.197 g 

L-proline 
  

0.198 g 

L-tryptophan 
  

0.32 g 

L-threonine 
  

0.20 g 

L-phenylalanine 
  

0.10 g 

L-asparagine H2O 
  

0.104 g 

L-glutamine 
  

0.20 g 

L-histidine 
  

0.096 g 

L-methionine 
  

0.06 g 

Glutathione (reduced form) 
  

0.184 g 

H2O 
  

1000 mL 
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Solution IV 
   

Thiamine HCl 
  

0.02 g 

Calcium pantothenate 
  

0.019 g 

Cocarboxilase (Thiamine pyrophosphate chloride) 
  

0.0048 g 

H2O 
  

100 mL 

 

Solution V 

   

Biotin 
  

0.015 g 

50% ethanol 
  

50 mL 

 

Solution VI 

   

Calcium chloride dihydrate 
  

0.37 g 

Ferric nitrate 
  

0.04 g 

H2O 
  

10 mL 

 

Other solutions 

Hypoxanthine 

   

Hypoxanthine 
  

0.25 g 

0.1 M NaOH 
  

50 mL 

 

Phenol red 0.001%  

   

Phenol red 
  

0.001 g 

H2O 
  

100 mL 
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Sodium hydrogen carbonate (NaHCO3) 1 M  

   

NaHCO3 

  
8.4 g 

H2O 
  

100 mL 

 

Glucose 1 M  

   

Glucose 
  

18.00 g 

H2O 
  

100 mL 

 

Lactate 1 M  

   

Lactate 
  

9.00 g 

H2O 
  

100 mL 

 

Pyruvate 1 M  

   

Pyruvate 
  

8.80 g 

H2O 
  

100 mL 

Preparation of 100 mL CDM-GC 

Solution 

  
 

Volume 

(mL)  

Solution I 
  

2.50 

Solution II 
  

2.00 

Solution III 
  

25.00 

Solution IV 
  

1.00 

Solution V 
  

1.00 
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Solution VI 
  

0.10 

Hypoxanthine 
  

1.00 

Phenol red 0.001% 
  

1.00 

Glucose 1 M    1.00 

H2O  
  

64.40 

or 

Lactate or pyruvate 1 M    2.00 

H2O   63.40 

NaHCO3 1 M (Freshly made and added before 

bacteria inoculation) 

  1.00 

Adjust to a pH of 7.0 with 5 M NaOH    

 

Media were autoclaved at 121 °C and 15 PSI for 20 min, except for the CDM, which all 

solutions were filter sterilised with a sterile and endotoxin free 0.2 µm PES filter 

PuradiscTM (GE Healthcare, UK). 

 Escherichia coli 

2.2.2.1 Solid medium 

E. coli DH5Ŭ was grown in Luria-Bertani (LB) agar (tryptone, 10.0 g; yeast extract, 5.0 

g; NaCl, 10.0 g; bacteriological agar, 15 g; H2O, 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 sections. 

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 medium was used as a base for 

other experiments that required specific growing conditions for either selection or protein 

expression. 

2.3 Competent cells preparation 

The transformation of the different E. coli strains (E. coli DH5Ŭ, E. coli XL1-blue and E. 

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. coli strains were grown overnight on LB agar plates. Colonies 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 density (OD600) 

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

at 4 °C in an AllegraÊ X-22R centrifuge (Beckman-Coulter, Krefeld, Germany). The 

bacterial pellet was re-suspended in 16.65 mL RF1 solution (table 2.3), a 1/3 of the 

original volume, and incubated on ice for 15 min. The bacterium was centrifuged again 

at the same conditions and the pellet was re-suspended with 4 mL RF2 solution (table 

2.4), a 1/12.5 of the original volume, and incubated on ice for 15 min. 200 µL aliquots 

were added into 1.5 mL microcentrifuge tubes and stored 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 (KCl) 100 mM 0.75 g 

Manganese (II) chloride (MnCl2 ) 50 mM 0.99 g 

Potassium acetate (CH3CO2K) 30 mM 0.29 g 

Calcium chloride dehydrate 

(CaCl2-2H2O) 
10 mM 0.15 g 

Glycerol 15% (v/v) 15.00 mL 

H2O  85.00 mL 

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

rinsed 0.22 micron membrane. 

  

Table 2.4. Composition and preparation of 100 mL RF2 solution 

Component Final concentration Amount 

MOPS (3-(N-morpholino) 

propanesulfonic acid)  

pH 6.8  

10 mM 0.21 g 

Potassium chloride (KCl)  10 mM 0.074 g 

Calcium chloride dehydrate 

(CaCl2-2H2O)  
75 mM 1.1 g 

Glycerol 15 % (v/v) 15.00 mL 

H2O  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 BHI-Y and LB for N. gonorrhoeae and E. coli, respectively, were 

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

In a 1.0 mL cryogenic tube (Thermo ScientificÊ NalgeneÊ, Waltham, MA, USA) 500 

µL of culture was mixed with the same volume of 20% glycerol (v/v) and stored in an 

ultra-low-temperature freezer at -80 °C. 

2.5 Mutant construction 

 Neisseria gonorrhoeae MS11  

2.5.1.1 Genomic DNA (gDNA) extraction 

N. gonorrhoeae MS11 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 12,000 x g for 2 min and re-suspended in 1 mL PBS.  The 

extraction was performed following the protocol of GenEluteÊ Bacterial genomic DNA 

kit (Sigma® 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 µL. The quality and concentration of the gDNA were quantified using a NanoDrop® 

ND-1000 spectrophotometer (Thermo Fisher ScientificÊ, Waltham, MA, USA). The 

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

2.5.1.2 Annealing PCR 

Annealing PCR is a technique to construct 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 N. gonorrhoeae MS11 ȹhdac::kanr two fragments of the hdac 

gene (NGFG_00325) and the kanamycin resistant gene (kan) were amplified by PCR. 

The primers were designed to possess the complementary sequence of the adjacent 

fragments, in order to obtain the sequence of the gene hdac with the insertion of the 

kanamycin resistant gene (table 2.5). 
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Table 2.5. Primers for the construction of N. gonorrhoeae MS11 ȹhdac::kanr 

*Underlined sequences in italics are complementary to the other fragments for the annealing PCR. 

 

 

 

Strain 

constructed 
Gene Fragment Length Name Primer sequence (5ô Ÿ 3ô) 

Nucleotide 

position 

N. gonorrhoeae 

MS11 

ȹhdac::kanr 

hdac* 

1 467 bp 

hdac1-F TGAAACTCTACGCCCTGTTG 23-42 

hdac1-R TCATTTTAGCCATAACGTTGTTCAGCAG 453-467 

3 501 bp 

hdac2-F TGAATTGTTTTAGTGTTTGAAACCGACCTTTT 620-638 

hdac2-R TTCAGACGGCATTTATATCG 1101-1120 

kan* 2 795 bp 

kan-F CTGAACAACGTTATGGCTAAAATGAGAATATCAC  1-22 

kan-R TCGGTTTCAAACACTAAAACAATTCATCCAGTAAAA  773-795 
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All PCRs were performed using the Q5® High-Fidelity DNA Polymerase ((New England 

BioLabs®, MA, USA)) and a T100Ê thermal cycler (Bio-Rad Laboratories, Hercules, 

CA, USA). The parameters for the amplification for each of the three fragment are shown 

in the table 2.6. 

Table 2.6. Reagents and volumes for PCR mix 

Reagent Volume (µL) 
Final 

concentration 

5x Q5® reaction buffer 10.0 1x 

10 mM dNTPs 1.0 200 µM 

10 µM Forward primer 2.0 0.4 µM 

10 µM Reverse primer 2.0 0.4 µM 

Template DNA Variable < 1,000 ng 

5x Q5® high GC enhancer 10 1x 

Q5® High-Fidelity DNA 

polymerase 
0.5 0.02 U/µL 

Nuclease-free water To 50 µL - 

 

Table 2.7. PCR conditions for the amplification of the flanking sequences of hdac 

and the kanamycin resistant gene 

Step Temperature Time 

Initial denaturation  98 °C 30 s 

Denaturation 
30 

cycles 

98 °C 10 s 

Annealing 50.8 °C 30 s 

Extension 72 °C 1:10 min 

Final extension 72 °C 3:00 min 

Hold 4 °C Ð 
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Finally, the three fragments were used for the PCR (table 2.8) as templates for the final 

construct (hdac1-kan-hdac2) following the PCR conditions shown in the table 2.9. This 

fragment was used to transform the strain of N. gonorrhoeae MS11. 

Table 2.8. PCR mix for the construction of hdac::kan 

Reagent Volume (µL) 
Final 

concentration 

5x Q5® reaction buffer 10.0 1x 

10 mM dNTPs 1.0 200 µM 

10 µM primer (hdac1-F) 2.0 0.4 µM 

10 µM primer (hdac2-R) 2.0 0.4 µM 

Template DNA hdac1 1.0 < 1,000 ng 

Template DNA hdac2 1.0 < 1,000 ng 

Template DNA kan 1.0 < 1,000 ng 

5x Q5® high GC enhancer 10 1x 

Q5® High-Fidelity DNA 

polymerase 
0.5 0.02 U/µL 

Nuclease-free water 21.5 - 

 

Table 2.9. Thermal cycler settings for the construction of hdac::kan 

Step Temperature Time 

Initial denaturation  98 °C 1:00 min 

Denaturation 

30 cycles 

98 °C 10 s 

1st annealing 60 °C 30 s 

2nd annealing 52 °C 30 s 

Extension 72 °C 2:30 min 

Final extension 72 °C 6:00 min 

Hold 4 °C Ð 
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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 min using a PowerPacÊ 300 power supply (Bio-Rad Laboratories, CA, USA). The 

DNA product was then purified from the electrophoresis gel following the protocol of 

Monarch® DNA gel extraction kit (New England BioLabs®, MA, USA). The DNA was 

quantified in a NanoDrop 1000 spectrophotometer (Thermo ScientificÊ, Waltham, MA, 

USA). If the concentration of the sample was low (<40 ng/µL), thus was concentrated 

using a concentrator 5301 (Eppendorf, Hamburg, Germany) and re-suspended in nuclease 

free water to obtain a minimum DNA concentration of 100 ng/µL 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 µL of PCR product (å 2 Õg DNA) r were 

added on 2 different locations of the plate were the bacteria growth is medium and thin. 

Colonies of N. gonorrhoeae MS11 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 µg/mL 

kanamycin and grew overnight as described in section 2.2.1.1. After 48 h the grown 

colonies were inoculated in liquid medium for PCR, sequencing and cryogenic 

conservation. The colonies that showed the correct sequencing were stored at -80 °C and 

only one colony was used during the whole project. 
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 Neisseria gonorrhoeae with GFP 

N. gonorrhoeae possesses the ability to survive within macrophages (Château and Seifert, 

2016). Therefore, the construction of N. gonorrhoeae with 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 carrying the gfp gene of Aequoria 

victoria able to be transformed into N. gonorrhoeae was constructed. pLES2 is a plasmid 

that has shown to transform strains of both E. coli and N. gonorrhoeae (Stein et al., 1983).  

2.5.2.1 Transformation and plasmid pBHR1-GFP purification  

A vial with 200 µL of competent E. coli DH5Ŭ was taken from the -80 °C and thawed on 

ice. 2 µL of pBHR1-GFP 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 µL LB broth were added and the tube was incubated for 1 h at 37 °C with shaking at 

180 rpm. 100 µL of culture were plated on LB agar with 100 µg/mL kanamycin (LB-

Kan100) plate and incubated as described above (section 4.2.1). Colonies grown on the 

agar were streaked on LB-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.A.® Plasmid Mini Kit I (Omega Bio-tek, 

GA, USA) and a 0.6% agarose gel was run at 110 V for 70 min to verified the size of the 

vector.  A set of primers were designed to amplify the gfp 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 pBHR1-GFP 

 

** Underlined sequence corresponds to the BamHI restriction site. 

 

Table 2.11 PCR mix for amplification of gfp 

Reagent Volume (µL) 
Final 

concentration  

 5x Q5® reaction buffer 10.0 1x 

10 mM dNTPs 1.0 200 µM 

10 µM Forward primer 2.0 0.4 µM 

10 µM Reverse primer 2.0 0.4 µM 

Template DNA Variable < 1,000 ng 

5x Q5® high GC enhancer 10 1x 

Q5® High-Fidelity DNA 

polymerase 
0.5 0.02 U/µL 

Nuclease-free water To 50 µL - 

 Table 2.12. Thermal cycler settings for gfp amplification  

Step Temperature Time 

Initial denaturation  98 °C 30 s 

Denaturation 

30 

cycles 

98 °C 10 s 

Annealing 48 °C 30 s 

Extension 72 °C 1:10 min 

Final extension 72 °C 3:00 min 

Hold 4 °C Ð 

Strain 

constructed 
Gene Length Feature Orientation  Primer sequence (5ô Ÿ 3ô) 

Nucleotide 

position 

Escherichia coli 

DH5Ŭ pLES2-

GFP 

gfp 1194 bp 

BamHI**  F GGTCAGGGATCCCTCCCTTTTGGTGTCC 1-18 

BamHI**  R GGTCAGGGATCCATTACTGAGTATCTATTTGTATAGTTCATCC 1175-1194 
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A PCR for gfp amplification was performed with the Q5® High-Fidelity DNA 

Polymerase (table 2.11) using a T100Ê thermal cycler (Bio-Rad Laboratories, Hercules, 

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

The PCR sample was run in an agarose gel and the band corresponding to gfp (~ 1.2 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. coli DH5Ŭ was transformed with pLES2 as described above, however, for the selection 

of the transformed colonies LB agar with IPTG/X-Gal and 100 µg/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. pLES2 and gfp 

PCR product were digested with BamHI enzyme (New England BioLabs®, MA, USA) 

using 600-1500 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 the gfp PCR product were then ligated with a T4 ligase (Thermo 

ScientificÊ, Waltham, MA, USA) using a DNA to vector ratio of 3:1. The reaction was 

incubated at 22 °C for 15 min and 10 µL of the suspension were dispersed on a LB agar 

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

overnight and white colonies were re-cultured on same agar plates. To prove the 

construction of pLES2-GFP, plasmid extraction was made as described above and a 0.6% 

agarose gel was run.  

E. coli DH5Ŭ was then transformed with pLES2-GFP following the protocol mentioned 

above and the bacteria was cultured on LB agar with IPTG/X-Gal and 100 µg/mL 



 
50 

 

ampicillin. The plasmid was extracted and it was stored at -20 °C until used for the 

transformation of N. gonorrhoeae. 

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

 Construction of E. coli BL21 for Pta overexpression  

In this study, as later will be explained, the enzyme phosphotransacetylase (NGFG00350) 

from N. gonorrhoeae MS11 is proposed as a good target for an antimicrobial molecule. 

However, there is no structure of the enzyme and a crystal was needed. Therefore, the 

enzyme was overexpressed in E. coli BL21. 

2.5.3.1 PCR of pta with polyhistidine tag (pta-his) 

The system his-tag was used to purify the enzyme. This mechanism works through the 

addition of 6 histidine at the N- terminus or C-terminus 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 from N. gonorrhoeae MS11 as DNA template. The 

primers (table 2.13) were designed to contain the his-tag, and two different restriction 

sites. The first restriction sequence corresponded to NcoI, this restriction enzyme was 

selected because it codifies for a methionine, amino acid required for the open reading 

frame. The second restriction enzyme was BamHI. The two restrictions sites are present 

in the plasmid pET28 where the pta-his was transformed.  

The amplification of pta-his was performed following the PCR conditions showed in table 

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

 

 

Table 2.14 Thermal cycler settings for pta-his amplification 

Step Temperature Time 

Initial denaturation  98 °C 1:00 min 

Denaturation 

34 

cycles 

98 °C 10 s 

Annealing 63 °C 30 s 

Extension 72 °C 1:00 min 

Final extension 72 °C 2:00 min 

Hold 4 °C Ð 

 

Strain constructed Gene Length Feature Orientation  Primer sequence (5ô Ÿ 3ô) 
Nucleotide 

position 

Escherichia coli 

XL1-blue pET28a-

pta-his 

pta 1541 bp 

NcoI**  F CTGAGTCCATGGCAAAAGTACTCGTCGTAC 1-31 

BamHI** and 

6x his tag 
R CTGACCGGATCCTCAGTGGTGGTGGTGGTGGTGGCCTTCCATTTGTTTTGCCTG 1488-1541 
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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 Ŭ pET28 was grown overnight on an LB agar supplemented with 50 µg/mL 

kanamycin (LB-Kan50) at 37 °C and then in a liquid medium of LB-Kan50 overnight 

with shaking at 37 °C. The plasmid was extracted following the protocol of the E.Z.N.A.® 

Plasmid Mini Kit I (Omega Bio-tek, 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 NanoDrop® 

ND-1000 spectrophotometer (Thermo Fisher ScientificÊ, Waltham, MA, USA). The 

extraction was validated with a 260/280 ratio value of ~1.8 and a concentration higher 

than 100 ng/µL. 

1.1.3.2.2. Restriction enzyme digestion 

For the restriction, 2 µg of plasmid pET28 and pta-his amplicon were enzymatically 

digested with NcoI and BamHI (New England BioLabs®, MA, USA) for 2 h at 37 °C in 

50 µL volume. Each sample was run in a 1.4% agarose gel at 100 V for 80 min using a 

PowerPacÊ 300 power supply (Bio-Rad Laboratories, CA, USA) to prove the efficacy of 

the digestion. 

1.1.3.2.3. Ligation and transformation  

In order to construct the pET28-pta-his the PCR product was ligated to the pET28 vector 

using the T4 ligase (Thermo Fisher ScientificÊ, Waltham, MA, USA). It was used an 

insert-plasmid 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 
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described in section 2.2.6.1 in a strain of E. coli XL-1 blue and the plasmid was then 

extracted for the transformation of E. coli BL21-D3. 

To validate and confirm the correct ligation of the pta-his insert 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 (5ô Ÿ 3ô) 

T7 

polymerase 

F TAATACGACTCACTATAGGG 

R TATGCTAGTTATTGCTCAG 

 

Table 2.16 Thermal cycler settings for T7 polymerase amplification with pta-his 

insert 

Step Temperature Time 

Initial denaturation  98 °C 2:00 min 

Denaturation 

34 

cycles 

98 °C 10 s 

Annealing 55 °C 30 s 

Extension 72 °C 1:15 min 

Final extension 72 °C 3:00 min 

Hold 4 °C Ð 

 

2.5.3.3 Construction of E. coli BL21-DE3 pET28a-pta-his 

E. coli Bl21-D3 is a strain that is widely used in laboratories for the overexpression of 

proteins due to the presence of T7 RNA polymerase and the lactose operon repressor 

lacIq, repressing the expression of the recombinant protein until the addition of IPTG to 

the medium. 
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E. coli BL21-D3 was transformed with the pET28 pta-his vector following the protocol 

of section 2.2.6.1. The bacteria was grown overnight at 37 °C on LB-Kan50 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 

preserved 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/µL, 100 

ng/µL, and 1 pmol/µL in a final volume of 10 µL 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 strains of N. gonorrhoeae MS11 lack of enzymatic 

activity on the mutated genes ackA and pta, an enzymatic assay was assessed for each 

enzyme. 

 Cell free extract (CFE) 

CFE was obtained from the three strains of N. gonorrhoeae, WT, ȹackA and ȹpta. Liquid 

cultures of each strains were grown in 30 mL BHI-Y at 37 °C overnight at 180 rpm. The 

culture was transferred to a 500 mL capped flask containing 450 mL BHI-Y and incubated 

overnight at 37 °C at 120 rpm. The culture was centrifuged at 12,000 x g for 15 min in an 

Avanti J-26XP high-speed centrifuge (Beckman-Coulter, Krefeld, Germany) using a Jla 

16.250 Rotor.  
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The supernatant was discarded and the pellet was re-suspended in 20 mL 10 mM Tris/HCl 

buffer (pH 8.0) in a 50 mL tube and it was centrifuged at 12,000 x g for 15 min using a 

Jla 25.50 rotor. The pellet was re-suspended in 2 mL 10 mM Tris/HCl 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 tubes on ice during sonication. The suspension was transferred to a 1.5 

mL microcentrifuge tubes and centrifuged at 13,000 x g for 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 protein concentration was quantified at a 280 

nm wavelength using a NanoDrop 1000 spectrophotometer (Thermo ScientificÊ, 

Waltham, MA, USA) and stored at -20 °C until use. 

 Acetate kinase (AckA) activity assay 

The quantification of AckA activity was determined using a modified version of a couple 

reaction protocol (Allen 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 lactate dehydrogenase (fig 4.1). To the 

reaction was added P1, P5-Di(adenosine-5')pentaphosphate (Ap5A) 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 4.5) was added into quartz SUPRASIL® 

cuvette with a 10 mm light path (Hellma® Analytics, Müllheim, Germany). The cuvette 

was inserted into the spectrophotometer and the reaction was started by the addition of 

the CFE. 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 m. All the reactions were standardised with the same 

amount of protein and a reaction mix containing no CFE was used as blank. 
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Table 2.17 Reaction mix for the AckA activity 

Reagent 
Final 

concentration 
Volume (µL) 

1.5 M Tris/HCl buffer (pH 8.0) 100 mM 66.7 

0.1 M MgCl2 
. H2O 2 mM 20 

0.1 M Phosphoenolpyruvate (PEP) 2 mM 20 

5 mM NADH 0.1 mM 20 

3 U/µL Pyruvate kinase 9 U 3 

7 U/µL malate dehydrogenase 26 U 3.7 

10 mM Ap5A 0.2 mM 20 

100 mM Acetate 2 mM 20 

75 mM ATP 1.5 mM 20 

CFE 8-15 mg/mL  Variable 

H2O  to 1 mL 

 

Lactate Pyruvate

NAD+ NADH + H+

LDH
ATP

ADP

PEP

PK AK

Acetyl-phosphate

Acetate

 

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 acetate kinase (AK). PEP, phosphoenolpyruvate. (Adapted from: Allen 

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

The determination of Pta activity was performed using a modified couple reaction 

protocol (Pickett, Williamson and Kelly, 1994). Pta activity was traced by coupling three 

reactions which are involved in the acetyl-CoA dependent synthesis of citrate. NADH 

formation was measured at 340 nm whereas its formation by malate dehydrogenase is 

negligible in the absence of acetyl-CoA (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 (Hellma® Analytics, Müllheim, 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 the reactions 

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 

Reagent 
Final 

concentration 
Volume (µL) 

1.5 M Tris/HCl buffer (pH 8.0) 100 mM 66.7 

0.1 M MgCl2 
. H2O 2 mM 20 

50 mM NAD+ 1 mM 20 

5 mM CoA-SH 0.2 mM 40 

250 mM D/L malic acid 5 mM 20 

6 U/µL malate dehydrogenase 12 U 2 

3 U/µL citrate synthase 25 U 8 

CFE 4-5 mg/mL  Variable 
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H2O  to 1 mL 

200 mM AcP 10 mM 50 

 

Malate Oxaloacetate

NAD+ NADH + H+ Acetyl-CoA
CoA-SH

Citrate

Acetyl-phosphate

CoA-SH

Pi

Malate 

dehydrogenase

Citrate

synthase

PTA

 

Figure 2.2. Coupled reactions for the determination of Pta activity. Pta activity was 

determined by tracing the formation of acetyl-CoA reaction coupled to citrate synthase and malate 

dehydrogenase that produces NADH which can be measure at 340 nm (Adapted from: Whiteley 

and Pelroy, 1972). 

 

The enzymatic activity was calculated using the Beerôs formula: 

Ἣ
ɝ!

ʀÄ
 

Where the enzyme activity (ȹc) is derived from the change in absorbance per minute 

(ȹA), divided by the mM absorptivity of the product (Ů) which is NADH (6.22 mM-1 cm-

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

The activity is expressed in nano moles of product synthesise per minute per mg of protein 

(nmol-1 min-1 mg protein-1). 
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2.8 Acetyl-phosphate (AcP) quantification 

The different strains of N. gonorrhoeae MS11 were thought to have varying 

concentrations of 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 previously (Ramos-Montañez et al., 2010; Weinert et 

al., 2013) with the following modifications. 

35 mL of BHI-Y cultured were grown for 10 h from an initial OD 600 0.5. The culture was 

centrifuged at 3,500 rpm x g for 20 min at 4 °C in an AllegraÊ X-22R centrifuge 

(Beckman-Coulter, Krefeld, Germany). The pellet was washed twice with 500 µL ice-

cold assay buffer (10 mM sodium phosphate [Na3PO4] pH 7.5; 10 mM MgCl2; 1 mM 

EDTA) and centrifuge at 13,000 x g for 2 min in 5415 D centrifuge (Eppendorf, Hamburg, 

Germany). 20 µL were set aside for protein quantification reading the sample at OD280. 

Protein concentration was used to normalise AcP measurements. Cell suspensions were 

extracted by addition of 100 µL 3 M HClO4 (perchloric acid) and incubated on ice for 30 

min. The suspensions were clarified by centrifugation at 10,000 x g for 2 min at 4 °C and 

the supernatant neutralised with 100 µL saturated KHCO3 (potassium bicarbonate). The 

samples were then clarified by the same centrifugation conditions and the supernatant 

was transferred to a new 1.5 mL microcentrifuge tube with 30 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 µm PES filter PuradiscTM (GE Healthcare, 

UK). 

The lysates were divided in three groups; ATP conversion assays for AcP measurements; 

control reactions without acetate kinase and ATP measurement for efficiency of ATP 

removal. The reaction mix for AcP measurement contained 50 µL lysate, 2 µL 100 mM 



 
60 

 

MgCl2, 4 µL 300 mM ADP, and 4 µL 0.4 U/µL acetate kinase. The assay was performed 

in triplicates and the control reaction contained the same reagents except ice-cold buffer 

was used instead of the enzyme, the control assay was performed in duplicates. The tubes 

were mixed and incubated at 37 °C for 90 min. ATP was determined by mixing 50 µL of 

the reaction with 50 µL CellTiter-Glo® 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 oxyluciferin with the release of light. ATP 

measurement was performed to determine the level of ATP contamination of the sample 

by mixing 50 µL of the filtrated lysate with 50 µL CellTiter-Glo® reagent.  

To validate the results, a control for the recovery of AcP was performed. This control was 

done by adding known samples of AcP (1, 5, 10, 25, and 50 µM) 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 curve (1, 5, 10, 25, and 50 µM). 

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 standard curve, were mixed 1:1 

with the CellTiter-Glo® reagent in triplicates.  

The samples were read on a VarioskanÊ Flash multimode reader (Thermo ScientificÊ 

NalgeneÊ, Waltham, MA, USA), instrument that can detect luminescence released by 

the luciferase. The samples were loaded on a Microfluor® 1 black 96-well microplate with 

flat bottom (Thermo ScientificÊ, Waltham, MA, USA). The concentration of AcP and 

ATP was determined by interpolating the result to the standard curve of both molecules. 
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2.9 Carbon source utilisation 

N. gonorrhoeae can only metabolise three molecules as carbon and energy sources 

(Mcgee and Rest, 1996). The four different strains of gonococci were grown on the CDM-

GC supplemented with glucose, lactate or pyruvate, in order to determine if the mutations 

in the ackA, pta, and hdac genes affected the metabolism of these three carbon sources.  

 Growth conditions 

The four strains of N. gonorrhoeae MS11, WT, ȹhdac, ȹackA and ȹpta, were grown on 

CHO agar for 18 h as described in section 2.2.1.1. Colonies were taken from the agar 

plates and inoculated each strain in two 25 mL capped tubes (Sarstedt, Nümbrecht, 

Germany) containing 10 mL CDM-GC 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 x g for 10 min, and the pellets were re-suspended with 10 mL CDM-

GC with the carbon source to test, either lactate or pyruvate. The growth was measured 

using an Ultrospec III spectrophotometer (Pharmacia, Sweden) at 600 nm in disposable 

1.5 mL polystyrene cuvettes with a 10 mm light path (Sarstedt, Nümbrecht, Germany). 

The culture was adjusted to a final 0.05 OD600 with the bacterial culture and the CDM-

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

adjustment of optical density was calculated using the formula: 

6ÏÌÕÍÅ ÏÆ ÃÕÌÔÕÒÅ
πȢχυ

/$  ÏÆ ÓÔÏÃË ÃÕÌÔÕÒÅ
 

An initial OD600 was measured and the tubes were incubated at 37 °C with shaking at 180 

rpm. OD600 measures were read every hour for 10 h.  
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2.10 Detection 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 of N. gonorrhoeae MS11, an anti-acetyllysine antibody was used to screen 

the acetylated proteins. 

 Sample preparation 

Samples collected from the growth curves (section 4.8) were thawed and centrifuged at 

13,000 x g for 3 min in a 5415 D centrifuge (Eppendorf, Hamburg, Germany). Then the 

pellet was re-suspended in 100 µL modified Laemmli buffer (240 mM Tris-HCl 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 a NanoDrop 1000 spectrophotometer (Thermo 

ScientificÊ, Waltham, MA, USA). The samples were stored at -20 °C until use. 

 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis 

(SDS-PAGE) 

The SDS-PAGE gel was prepared as described in table 2.19. The samples were loaded at 

a normalised concentration in two different gels, used for Coomassie staining and western 

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

40% glycerol (v/v), 10% ɓ-mercapto ethanol (v/v), 0.04% bromophenol blue (w/v)). The 

gels were run in a denaturing buffer (0.25 M Tris, 1.9 M glycine, 0.03 M SDS) at 100 V 

for 45 min and then at 150 V for 1.5 h using a PowerPacÊ 300 power supply (Bio-Rad 

Laboratories, Hercules, CA, USA).  
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Table 2.19. Preparation of 12% SDS-PAGE 

Reagent Resolving gel Stacking gel 

Acrylamide 3 mL 0.63 mL 

H2O 4.3 mL 3.2 mL 

10% APS 100 µL 50 µL 

10% SDS 100 µL 50 µL 

Tris-HCl 1.5 M pH 8.8 2.5 mL - 

Stacking buffer - 0.63 mL 

TEMED 10 µL 4 µL 

 

For the observation of total proteins, one of the gels was stained during 3 h in Coomassie 

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)). 

 Western immunoblot 

To detect the lysine acetylated proteins, a western blot was performed using SDS-PAGE 

gel. The proteins were transferred to an AmershamÊ ProtranÊ nitrocellulose blotting 

membrane (GE Healthcare Life Science®, Piscataway, NJ, USA) in a transfer buffer (25 

mM Tris, 190 mM glycine, 20% (v/v) methanol) at 120 V for 2 h using a PowerPacÊ 300 

power supply (Bio-Rad Laboratories, Hercules, CA, USA). The blot was then blocked in 

PBST (PBS with 0.1% Tween® 20 (v/v)) with 5% skimmed milk (w/v) for 1 h. The blot 

was located into a 50 mL falcon tube (Sarstedt, Nümbrecht, Germany) containing 10 mL 

PBST with 5% skimmed milk. An anti-acetyllysine monoclonal rabbit antibody (9441 

Cell Signaling Technology®, MA, USA) was added (1:1,000) and the tube was incubated 

at 4 °C on a shaker overnight. The blot was washed three times with PBST with shaking 

for 5 min each wash and a horseradish peroxidase-conjugated goat anti-rabbit secondary 
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antibody (Cell Signaling Technology®, 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 chemiluminescence substrate (AmershamÊ ECLÊ GE Healthcare Life Science®, 

Piscataway, NJ, USA) were added and a ChemiDocÊ XRS+ System imager (Bio-Rad 

Laboratories, Hercules, CA, USA) was used to image the bands. The software was set to 

take images every 3 min during 15 min. 

2.11 Acetylome 

The acetylome is the study of all the protein lysine acetylation sites of an organism. In 

this study, we used a sensitive immune-affinity purification and high-resolution LC-

MS/MS to identify all the acetylation sites of the four different strains of N. gonorrhoeae 

MS11. 

 Cell free extract (CFE) 

The four strains of N. gonorrhoeae MS11, WT, ȹhdac, ȹackA and ȹpta, were 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  CHO agar at 37 °C for 18 h. 

Capped tubes of 25 mL (Sarstedt, Nümbrecht, Germany) containing 15 mL CDM-GC 

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 Brunswick Scientific, NJ, 

USA) for 18 h. The growth was measured using an Ultrospec 2100 pro spectrophotometer 

(Biochrom, Cambridge, UK). Falcon tubes of 50 mL (Sarstedt, Nümbrecht, Germany) 

were inoculated and adjusted to an OD600 0.05 with the growth and CDM-GC with 

glucose in a final volume of 40 mL. The tubes were then incubated at 37 °C and with 

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

OD600 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 bottles (Thermo 

ScientificÊ FiberliteÊ, Waltham, MA, USA) and centrifuged at 15,500 x g for 40 min 

at 4 °C in a Sorvall Lynx 6000 ultracentrifuge (Thermo ScientificÊ, Waltham, MA, 

USA). The pellet was then re-suspended with 19 mL PBS, previously filtered with an 

endotoxin free 0.2 µm PES filter PuradiscTM (GE Healthcare, UK) and transferred to a 25 

mL capped tube. The tube was centrifuged at 4 °C and 3,900 x g for 35 min in an AllegraÊ 

X-22R centrifuge (Beckman-Coulter, 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, Danbury, CT, USA) at ~20 A for 30 s. The sample was transferred to 1.5 mL 

microcentrifuge tubes and centrifuged at 30,000 x g for 20 min at 4 °C in a Mikro 220R 

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

mL microcentrifuge tube and stored at ï 20 °C. A 50 µL aliquot was taken for protein 

quantification using the Pierce BCA protein assay kit (Thermo ScientificÊ, Rockford, 

IL, USA) and a VarioskanÊ Flash multimode reader (Thermo ScientificÊ NalgeneÊ, 

Waltham, MA, USA) to 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. 

 Sample preparation for LC-MS/MS 

The preparation of the sample comprises reduction, alkylation, peptide digestion, 

desalting, and immunoaffinity purification. This protocol was performed in the Biological 

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

The proteins prior to analysis have to be in a denaturalised conformation. 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 

(Müller and Winter, 2017). 

The samples were reduced using 0.5 M tris-2(-carboxyethyl)-phosphine (TCEP) to a final 

concentration of 10 mM and incubated at 37 °C for 15 min. Then it was alkylated with 

0.5 M iodoacetamide to 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 M to 1 M. 

2.11.2.2 Trypsin digestion 

Trypsin is a serine protease that 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 Technology®, MA, USA) was diluted in 0.1% 

trifluoroacetic acid (TFA) and 300 µg were added to the sample and incubated overnight 

at 37 °C and shaking at 150 rpm. 

2.11.2.3 Desalting 

The next step of the sample preparation is the depletion of salts that could affect the 

electrospray ionisation (ESI). This is achieved by using 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 molecules (Kim, 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 reached measuring with pH strips. The sample was centrifuged at room 

temperature at 4,150 x g for 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 sample, the column was connected to a 20 mL syringe. Using a 

PreppyÊ 12-Port vacuum 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 cartridge was 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 Sep-Pak® C18 column (Waters, Ireland). The cartridge was then washed with 10 

mL of 0.1% TFA and it was slowly eluted 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 was re-suspended with 

1.4 mL of 1X immunoaffinity purification buffer (PTMScan® IAP buffer 10X, 9993 Cell 

Signaling Technology®, MA, USA). 

2.11.2.4  Immunoaffinity 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 acetyl residues. A kit from Cell 

signalling containing beads covered with anti-acetyllysine antibodies was used to purify 

the acetylated peptides from the solution. 

The beads were washed with 1 mL of PBS and centrifuged at 4 °C for 30 s at 2,000 x g, 

this step was repeated four times. Afterwards, the beads were re-suspended in 40 µL 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 4 °C for 2 h on a rotor. The tube was then centrifuged at 2,000 g for 30 s at 

4 °C and the supernatant was transferred to a new tube and saved at -20 °C. The 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 2,000 x g for 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 

centrifuged at 2,000 x g for 30s. The last two steps were repeated two more times. The 

remained water was removed using a gel loading tip. Then 55 µL of 0.15% TFA were 

added to the beads and incubated at room temperature for 10 min with shaking at 800 

rpm. The supernatant was transferred to a microcentrifuge tube and the beads were 

washed once again with 50 µL of 0.15% TFA and centrifuged as previously described. 

2.11.2.5 Concentration and purification of peptides for LC-MS/MS  

A last purification was performed using 200 µL C18 stage tips (Thermo ScientificÊ, 

Waltham, MA, USA).  The stage tip was washed with 100 µL of 0.1% TFA/50% ACN 

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

and it was then washed 3 times with 100 µL of 0.1% TFA. The sample as then slowly 

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

concentrator and re-suspended in 20 µL of HPLC water. 

2.12 LC-MS/MS 

The samples were processed by the bIOMICS facility in the University of Sheffield. The 

samples were loaded in a Orbitrap EliteÊ Hybrid Ion Trap-Orbitrap (Thermo 

ScientificÊ , Waltham, MA, USA) coupled to a Dionex Ultimate 3000 HPLC system 

(Dionex, Sunnyvale, CA, USA) for upstream separation of molecules and utilises an 
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EASY-SprayÊ Ion Source (Thermo ScientificÊ , Waltham, MA, USA) for ease of 

sample delivery and improved sensitivity through nanolitre flow rates. 

 Data analysis of MS 

Raw data was analysed using MaxQuant software version 1.6.5.0 (Tyanova, Temu and 

Cox, 2016). The peptides were analysed against N. gonorrhoeae FA1090 proteomic 

database. Trypsin 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 N-term) 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 (t-test adjusted for multiple testing using permutation-based FDR). Data 

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 

quantification 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. 

2.13 Killing larvae assay 

Galleria mellonella (greater wax moth) larvae have been used as an in vivo model for the 

study of bacterial virulence (i.e. Escherichia coli, Pseudomonas aeruginosa, 

Staphylococcus aureus) due to the similarities in the innate immune system with 

mammals and the ability to grow at 37 °C. G. mellonella possesses at least 8 different 

types of hemocytes, the innate immune cells of insects, each playing a specific role in the 

innate immune system. However, one of the hemocytes has the ability to phagocytose as 

human neutrophils. These cells recognise bacteria by Toll-like receptors and produce 
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ROS (i.e. O2ī, H2O2, NOī) (Jander, Rahme and Frederick, 2000; Peleg et al., 2009; 

Browne, Heelan and Kavanagh, 2013; Tsai, Loh and Proft, 2016). Therefore, this in vivo 

model was selected to test if larvae could be infected and killed by N. gonorrhoeae MS11 

and to observe if the acetylation of proteins is involved in the virulence of the bacteria.  

In order to determine if the gonococcus infects larvae a modified protocol of killing larvae 

assay was performed (Wand et al., 2011). N. gonorrhoeae MS11 WT was cultured on 

CHO agar overnight. 15 mL BHI-Y broth were inoculated and incubated overnight as 

described above (section 2.2.1.2). 5 mL BHI-Y were inoculated with the overnight culture 

and adjusted to an OD600 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 culture was centrifuged at 3,900 x 

g for 10 min in an AllegraÊ X-22R centrifuge (Beckman-Coulter, Krefeld, Germany). 

The pellet was re-suspended with 2 mL sterile PBS and the suspension was adjusted to 

an OD600 of 0.5 equating to approximately 4x108 CFU/mL. Eight 10-fold 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 µL of the dilutions (102, 103, 

104, 105, 106, 107, 108) each using a semi-automatically PB-600-1 repeating dispenser 

(Hamilton®, NV, USA) affixed to a to a Gastight 500ɛl Hamilton syringe (Model 1750 

RN large hub SYR, with a 22 gauge, large hub RN NDL, 2 inch, point style 2 needle). 

Control groups were injected with 10 µL sterile PBS, or 10 µL 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 CO2 incubator. Larvae were check at different 

time points and the number of dead/alive larvae was recorded.  
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Figure 2.3. Inoculation of G. mellonella with N. gonorrhoeae. The larvae was inoculated 

with N. gonorrhoeae into 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 ɛL of each dilution were spotted by triplicates onto a 

CHO agar and the plates 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 WT, ȹackA and ȹpta strains of N. gonorrhoeae, it 

was followed the protocol as mentioned above with minor alterations. 15 larvae per strain 

were infected with the dilution 105 to 108. The dead/alive number of larvae were 

monitored at different time points. 

2.14 Macrophage killing assay 

This assay was performed to observe the capacity of intracellular survival of the four 

different strains of N. gonorrhoeae.  

 Blood samples 

The blood samples were obtained from volunteers after informed consent. The study was 

approved by the South Sheffield Research Ethics Committee with number 07-Q2305/7.  

 Monocyte-derived macrophage (MDM) differentiation  

Human monocytes were obtained from normal blood donor buffy coats by two-step 

gradient centrifugation. The monocytes differentiate after 14 days seeded in a 24 wells 

cell culture plate, tissue culture treated (Corning® Costar®, Kennebunk, ME, USA) with 

5 mm 
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1 mL of RPMI 1640 supplemented with 10% of heated inactivated foetal bovine serum 

(HIFBS) and 2 mM L-glutamine to a final cell number of 2x105 cells/mL. The media 

culture was changed every 4 days and the cells were incubated at 37 °C in a 5% CO2 

atmosphere.  

 Killing assay 

The four strains of N. gonorrhoeae were cultured in 15 mL of BHI-Y for 18 h at 37 °C 

with shaking at 180 rpm. The OD was read on an Ultrospec 2100 pro spectrophotometer 

(Biochrom, Cambridge, UK) at 600 nm and 15 mL of BHI-Y were inoculated with 

bacteria to a final OD600 of 0.05 and incubated as previously mentioned for 4 h to reach 

the exponential phase. The tubes were centrifuged at 3,900 x g for 8 min at room 

temperature. The pellet was re-suspended with 1 mL of filtered PBS and transferred to a 

1.7 mL microcentrifuge tube for centrifugation at 12,000 x g for 2 min at room 

temperature the pellet was washed and centrifuged again. The pellet was re-suspended in 

2 mL of RPMI 1640 supplemented with 10% of HIFBS and 2 mM L-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 GC agar 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 

control. The plates were centrifuged at 150 x g and 4 °C for 5 min. The two plates were 

incubated at 37 °C and 5% CO2 for 2 and 3 h. After incubation 100 µL of each well was 

taken and dilutions 1:10 were made with sterile PBS up to 10-4. On GC agar plates 10 µL 
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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 cold sterile PBS. Then 1.5 mL of RPMI medium 

with 100 µg/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 CO2 

incubator. 

The wells were washed twice with 2 mL of ice cold sterile PBS and 250 µL of 1.5% 

saponin was added and the plates were incubated at 37 °C for 15 min in a CO2 incubator. 

Using 1 mL tips the wells were scrapped and the wells were washed with 750 µL of sterile 

PBS and the suspension was mixed with the pipette. Miles-Misra technique was 

performed as previously mentioned using the 100 and 10-1 to inoculate 10 µL on GC agar 

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

2.15 Microscopy for in vitro killing assay 

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

with an environmental chamber maintained at 37°C and equipped with a gas mixer for 

the supply of CO2. 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 pictures taken from three different 

wells for each strain.  

 Cell and bacteria staining 

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

of NucBlueÊ Live ReadyProbesÊ Reagent (Thermo Fisher ScientificÊ, Waltham, MA, 

USA) 30 minutes before infection with the different isogenic strains of N. gonorrhoeae. 

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 3,900 x g for 8 min and re-
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suspended with 1.6 mL PBS. The suspension was transferred and centrifuged at 12,000 x 

g for 2 min and re-suspended with 500 µL PBS. 200 µL of bacterial suspension were 

transferred to a microcentrifuge tube and 0.5 µL of pHrodo red succinimidyl ester 

(Thermo Fisher Scientific) was added. The tube was vortexed and incubated for 30 min 

and 37 °C on a shaker. The suspension was re-suspended in 1 mL Tris (2.5 mM; pH 8.4) 

and incubated for 1 min in dark. The tube was centrifuged at 12,000 x g and re-suspended 

with 1mL PBS. The OD was read in a spectrophotometre and the suspension was adjusted 

to a final OD600 of 0.005 in 1 mL RPMI. The MDMs were inoculated with a MOI of 5 

with the bacterial suspension.  

 Image 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 quantify the number 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 finally, processed 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 analysis 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 MDM. a) The image is 

loaded to the software; b) then a threshold is set to determine the best values to identify only the 

cells; c) the image is converted to mask; d) to be processed for the analysis of particles that 

quantifies the number of cells, size, area and total area. At the bottom right is a 50 µm bar scale. 

2.16 Gene expression quantification by RT-qPCR 

Several genes involved in the virulence of N. gonorrhoeae were analysed using RT-

qPCR. This technique quantifies the mRNA present within bacteria.  

 RNA extraction 

The four strain of N. gonorrhoeae were grown in 15 mL of BHI-Y medium for 18 h with 

shaking at 180 rpm. The OD600 was measured using a spectrophotometer 15 mL of BHI-

Y were inoculated with the bacterial suspension and adjusted to an OD600 of 0.1. The 

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

molecular grade water and transferred to a microcentrifuge tube. The tube was centrifuge 

at 12,000 x g for 2 min at room temperature. The RNA was extracted using the Monarch® 

total RNA miniprep kit (New England BioLabs®, MA, 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 µL of water. The RNA 

concentration was quantified with a NanoDrop® ND-1000 spectrophotometer (Thermo 

Fisher ScientificÊ, Waltham, MA, USA). The sample required a 280/260 ratio higher 

than 1.8 and a concentration higher than 50 ng/µL. 

 Genes 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 designed with Primer Blast website having as 

parameters; a product size between 140 and 180 bp; a primer melting temperature (Tm) 

between 60 and 62 °C; and a primer GC content of between 48 and 51%. This parameter 

were chosen in order to do the qPCR using the same settings for all the genes. Previous 

RT-qPCR the primers were validated by PCR of the gDNA of N. gonorrhoeae. 

Table 2.20 Genes and primer used for RT-qPCR 

Gene Primer (5' Ÿ3') Length Blast TM  
Product 

size (bp) 

16S rRNA 
AATTCCGATTAACGCTCGCACC 22 61.87 

149 
AAGGCCTTCGGGTTGTAAAGGA 22 61.89 

ackA  
GATCTTGGTTTTGAACTGCGGC 22 60.92 

162 
GCGGACAGATCGACTTTGTGTT 22 61.43 

hdac 
GGTTTGGAGGTGCTGCCAAATA 22 61.41 

180 
TTCCTGAAACTCTACGCCCTGT 22 61.35 

aceE E2 
GGAGATTTTGTCGCCGACTTTG 22 60.41 

154 
CGACATCATCGCCGTAGAAGTT 22 60.79 

fnr  
GGATGGCAAAGAGCGAGGTAAA 22 60.94 

153 
CTTCCTGTTCTTTGCGGGAACT 22 61.07 

hemO 
ATCAACCGCTTTGTGGAACACG 22 62.20 

160 
CGAAAACCAAGCCCTGACGTTT 22 62.15 
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hmbR 
CACCAAGTCTTTGTTGTCGCGT 22 62.13 

179 
GCAGTATTTTCGGCAATCCGGT 22 61.83 

katA 
GTTGCCGACAATCAAAACAGCC 22 61.43 

160 
TTACGGTAAACGTACCGAACGC 22 61.23 

lst 
TCAGCACCACATAAAACCGCTC 22 61.45 

162 
TAAATCAGGGGGAAAGGAACGC 22 60.62 

misR 
ATCCAAGCCGTTCATTTTGGGC 22 62.31 

149 
TGACCGAACTGCTGACCGAATA 22 61.72 

misS 
AGACGGGGCTGTTTTTCCATTC 22 61.40 

156 
CTTTTTGGCTGGTGCAGAACAC 22 61.05 

mtrC 
TTGTTTACTGATGGCATCGGCG 22 61.82 

148 
GCTGTATCAGATCGACAGTTCCAC 24 61.26 

mtrD 
CAAACCTTCCACGCCGTTCATA 22 61.45 

165 
GCGGCAGGTATTTTCGGCATTA 22 61.89 

mtrE 
GTGCGATGTCGATCAGCTTTTG 22 60.79 

178 
GTTGCAGCAGCCTTTGCATT 20 60.60 

mtrR 
TGCCGCCTTGGAAACCTTTT 20 61.05 

142 
ACGTTGGAACAACGCGTCAA 20 61.36 

narL 
GTCAGCATAATGACTGCCTGCT 22 61.00 

140 
GGACTCTCGGGCATCAAAATGA 22 60.68 

narX 
GGATGGCATCGCTTTGGGAAAT 22 61.86 

173 
TTCTTTCCGCCTGGAAAATGCC 22 61.98 

ntrX 
CAGCAGCTTTTGCAGGGAAATC 22 60.93 

165 
GATTGCGACGGTATCACCCTTT 22 61.00 

ntrY 
GGAAATGCCGAACAGGAACAAG 22 60.35 

179 
GGATAGTCTCGTTCAGCGCAAT 22 60.80 

pilE 
TCCGCAGAACCATTTTACCGAAC 23 61.66 

169 
CGTGGCATCCGCTTCAAAAATC 22 61.29 

pilQ 
GGTTTGTTCAAAGTCCAAGGCG 22 60.80 

151 
GGCATCGGCAGGAAACATTACA 22 61.52 

pilS2 
GTCCGCAGAACCATTTTACCGA 22 61.19 

160 
CCCACCGACATCAAAGGCAAAT 22 61.73 

pta 
TCGAACCAGTCGTCGCTTTT 20 60.25 

151 
CAAAAGTACTCGTCGTACCCGT 22 60.35 

tbpA 
AGGGTGTTGAATCGAGCTGGTA 22 61.41 

156 
ACTTTGCGTATGGACAGCCAAC 22 61.71 

 

 RT-qPCR 

The RNA from the four strains of N. gonorrhoeae MS11 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 Technologies Corp., Carlsbad, CA, USA) with a 

final volume of 10 µL. The Luna® Universal One-Step TR-qPCR Kit (Monarch, New 

England BioLabs®, 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-qPCR 

Reagent Volume (µL) Final concentration 

Luna Universal One-Step 

Reaction Mix (2X) 
5.0 1x 

Luna WarmStart® RT 

Enzyme Mix (20X) 
0.5 200 µM 

10 µM Forward primer 0.4 0.4 µM 

10 µM Reverse primer 0.4 0.4 µM 

Template RNA Variable 0.1 ng 

Nuclease-free water to 10 µL - 

 

The reaction was performed in a QuantStudio 5 Real-Time PCR Systems (Applied 

Biosystems, Life Technologies Corp., Carlsbad, CA, USA). The settings for the RT-

qPCR are shown in table 2.22. 

Table 2.22 Settings for RT-qPCR 

Step Temperature Time 

RT 55 °C 10:00 min 

Initial denaturation  95 °C 1:00 min 

Denaturation 
40 

cycles 

95 °C 10 s 

Annealing, extension 

and read 
61.5 °C 1:15 min 

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. 

2.17 Protein overexpression, purification and crystallisation 

 Growth and CFE  

The protein Pta from N. gonorrhoeae MS11 was overexpressed using the strain 

constructed in section 2.5.3. Escherichia coli BL21-DE3 pET28a-pta-his was grown 

overnight on LB agar plates with 50 µg/mL of kanamycin (LB-Kan50) overnight at 37 
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°C. Six 50 mL falcon tubes with 30 mL of LB-Kan50 were inoculated with the bacteria 

and incubated at 37 °C with shaking at 180 rpm for 18 h. The OD600 was read and five 

2.5 L flasks with 600 mL of LB were inoculated with the culture and adjusted to an OD600 

of 0.03. The flasks were incubated at 37 °C and shaking at 260 rpm for 2:30 h or until an 

OD600 of between 0.8 and 1.0 was reached. 1 M of IPTG (Isopropyl-ɓ-D-thiogalactoside) 

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

rpm for 20 h. The cultured was transferred to 1 L bottles (Thermo ScientificÊ FiberliteÊ, 

Waltham, MA, USA) and centrifuged at 15,000 x g and 4 °C for 35 min in a Sorvall Lynx 

6000 ultracentrifuge (Thermo ScientificÊ, Waltham, MA, USA). The pellet was re-

suspended with 100 mL sterile PBS and the suspension was centrifuge in a 250 mL bottle 

(Thermo ScientificÊ FiberliteÊ, Waltham, MA, USA) at 15,000 x g and 4 °C for 20 

min. The pellet was re-suspended in 30 mL of binding buffer (50 mM phosphate buffer, 

0.5 M NaCl, 30 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 it was centrifuged at 30,000 x g and 4 °C for 25 min. The supernatant was 

collected and stored at 4 °C until purification. 

 His-Trap column 

Columns of 5 mL with nickel sepharoseTM were used as first step for the purification of 

the protein. The protein binds to 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 buffer. 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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 Buffer exchange for gel filtration 

The sample was concentrated in a 10,000 MW cut off tube (Amicon®, Millipore, Billerica, 

MA, USA) by centrifugation at 3,900 x g and 4 °C for 20 min. The column was washed 

two times with gel filtration buffer (25 mM Tris-HCl; 200 mM NaCl; pH 7.6) and 

centrifuged as described previously. The sample was re-suspended with 1.5 mL of gel 

filtration buffer. 

 Gel 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. Fast-protein liquid 

chromatography (FPLC) was performed using an ÄKTA-Purifier 10 FPLC (GE 

Healthcare Life bioscience) and Superdex High-performance 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 mL/min and it was then loaded with gel 

filtration buffer until a stable was observed in the plot. The sample was loaded in a 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 then run in a SDS-PAGE gel as 

mentioned in section 2.10.2. The samples was then concentrated using a 10,000 MW cut 

off tube and centrifuged at 3,900 x g and 4 °C for 20 min and the sample was then re-

suspended with 40 µL gel filtration. 

 Crystallisation 

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 molecule, precipitant, and seeding; and 

organic molecule, precipitant, seeding, and silver bullet screening portfolio (table 2.23).
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Table 2.23 Conditions for sitting drop crystallisation of Pta 

Condition 
Buffer/Organic molecule Salt Precipitant Silver 

bullet 
Seeding pH 

[M]  Molecule [M]  Molecule [%]  Molecule 

1 0.1 Sodium cacodylate 1-4  Ammonium sulfate - - No No 5.5-8.0 

2 0.2 Ammonium tartrate dibasic - - 12-18 PEG 3350 No No 5.5-8.0 

3 0.1 HEPES 0.1-0.4  Magnesium chloride hexahydrate 16-22 PEG 6000 No No 5.5-8.0 

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 5.5-8.0 

6 0.2 Ammonium tartrate dibasic - - 12-18 PEG 3350 No No 5.5-8.0 

7 0.1 -0.5 Malic acid - - 18-22 PEG 3350 No No 5.5-8.0 

8 0.1 -0.5 Malic acid - - 18-22 PEG 3350 Yes Yes 5.5-8.0 
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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.  

 

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 solution. a) Preparation of buffer with organic molecule 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 three different wells. One well of 150 µL 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).  

 

Figure 2.6 Diagram of sitting drop crystallisation plate. The 96 well plate contains a 

reservoir of 150 µL and a sitting drop for 10 nL - 5 µL. 

 

The plates were set with 50 µL of the buffer in the reservoir and using the liquid handler 

Mosquito® 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-phosphate-dependent acetylation 

and histone deacetylase family enzyme 

in Neisseria gonorrhoeae MS11 
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3 Acetylome of Neisseria gonorrhoeae MS11 

3.1 Introduction  

N. gonorrhoeae MS11 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 strain N. gonorrhoeae FA 1090 genome (Jordan, Snyder and 

Saunders, 2005). 

In order to understand the role of acetyl-phosphate in protein acetylation, the 

phosphotransacetylase-acetate kinase (PTA-AK) pathway was disrupted. As a 

consequence, two mutant strains were constructed, N. gonorrhoeae MS11 ȹpta::kanr and 

N. gonorrhoeae ȹackA::kanr, one with a lower acetyl-phosphate concentration and 

another with a higher concentration, respectively.  

The pta gene (NGFG00350, NGO0214) catalyses the reversible reaction of acetyl-CoA 

to acetyl-phosphate. By mutating this gene, the synthesis of acetyl-phosphate is inhibited 

and the intracellular concentration decreases. Contrary, the mutant ȹackA (NGFG00758, 

NGO1521) causes an increase of the intracellular acetyl-phosphate concentration since 

this enzyme catalyses the reversible reaction of acetyl-phosphate to acetate (Verdin and 

Ott, 2013). 

Acetylation is a reversible post-translational modification, and deacetylation is either 

non-enzymatic or enzymatic. The first deacetylases were found in eukaryotic cells 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). In 

bacteria, the classification is the same, histone-family like deacetylases (HDAC) and 

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

it regulates the activity of metabolic enzymes and transcriptional regulators (Pisithkul, 
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Patel and Amador-Noguez, 2015; Ren et al., 2016; Macek et al., 2019; Parks and 

Escalante-Semerena, 2020; Wang et al., 2020). In this study, I studied the role of the not 

explored HDAC and analysed for the first time the acetylome of an isogenic strain ȹhdac. 

A gonococcus mutant of the histone deacetylase-like (hdac) gene (NGFG00325, 

NGO0187) was constructed. This enzyme reverses acetylation by removing the acetyl 

group, and has shown to be important in the bacterial virulence and pathogenesis due to 

epigenetic modifications of the host cells (Grabiec and Potempa, 2018; Zughaier, 

Rouquette-Loughlin and Shafer, 2020). 

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

(kanr). PCR and DNA sequencing were performed to prove the mutant construction. 

The N. gonorrhoeae MS11 ȹpta::kanr and N. gonorrhoeae ȹackA::kanr 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 acetylome of N. 

gonorrhoeae MS11 ȹackA, however, the acetylome coverage showed in the study was 

lower compared to ours (Post et al., 2017). Moreover, this was the first study in N. 

gonorrhoeae where ȹpta and ȹhdac mutants were constructed and their acetylome 

analysed.
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3.2 Results 

 Characterisation of N. gonorrhoeae MS11 ȹpta and ȹackA 

The characterisation of the three strains of N. gonorrhoeae MS11 was conducted by 

assessing the enzymatic activity of phosphotransacetylase (Pta) and acetate kinase 

(AckA), and by determining the concentration of acetyl-phosphate (AcP). This was done 

in order to prove that the mutation on the pta and ackA genes provoked biological effect 

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

concentration. 

The mutated strains showed no enzymatic activity with respect to their mutated proteins. 

The AckA activity of the ȹpta strain decreased 45% than the WT, while the Pta activity 

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

Table 3.1 Pta and AckA activity of the three strains of N. gonorrhoeae MS11 

Strain 
Pta 

(nmol-1min -1mg-1) 

AckA  

(nmol-1min -1mg-1) 

N. gonorrhoeae MS11 WT 1789.43 ± 267.38 9.78 ± 5.64 

N. gonorrhoeae MS11 ȹpta 0 5.41 ± 3.86 

N. gonorrhoeae MS11 ȹackA 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 quantified as mention in section 2.8. N. 

gonorrhoeae MS11 ȹpta showed a significant 0.7 fold decrease, while the ȹackA strain 

resulted in a significant 1.3 fold increase (fig. 3.1). Even though, the concentration of AcP 

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

of the assay 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 acetyl-phosphate. The 

concentration was quantified from cell free extracts obtained from each strain of N. gonorrhoeae 

MS11 grown on BHI broth for 10 h. A standard curve of AcP was used to calculate the 

concentration of AcP in pmoles per cell. The number of cells was measured by the OD600 of the 

WT, ȹpta, and ȹackA strains with values of 0.332, 0.170 and 0.244, respectively, being an OD600 

of 1.0 equal to 8x108 cells/ml. Measurements were performed by triplicate. ȹackA strain showed 

a significant higher concentration of AcP and ȹpta a significant lower concentration, both 

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 involved in the non-

enzymatically acetylation (Klein 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 the ȹackA had an increase of 16.5 fold in the intensity of 

the bands compare to the WT and the ȹpta showed a decreased of band intensity of 0.9 

fold (fig 3.2c). 
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Figure 3.2 Immunoblot for acetylated proteins using an anti-acetyllysine antibody. 

Strains of N. gonorrhoeae MS11 were grown in BHI-Y for 24 h and protein extract was quantified 

and loaded on SDS-PAGE gels. a) SDS-PAGE with 10 µg of proteins; b) immunoblot with 45 

µg of protein. The bands correspond to the acetylated proteins screened with the antibody; c) the 

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, 

ȹackA, ȹpta), respectively.  
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These three experiments confirmed that the two mutants led to a change in the levels of 

acetyl-phosphate and the level of protein lysine acetylation. Hence, the strains were 

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

 Construction of Neisseria gonorrhoeae MS11 ȹhdac::kanr  

The gene hdac (NGFG00325, NGO0187) of the gonococcus was mutated by inserting 

the kanamycin resistance gene (kanr) by annealing PCR, inserting the resistance marker 

at the nucleotide position 468. The primers were designed to overlap 25 and 26 bp 

between the hdac segments and kanr. Additionally, once base pair was added to the hdac2-

R primer in order to complete the DNA uptake sequence (DUS). In total, hdac possesses 

two of these sequences, however, the second DUS has one base pair that is out of the 

translating sequence (fig. 3.3). The homologous recombination frequency following 

transformation of the bacteria is increased with the presence of complete a DUS 

(Hamilton and Dillard, 2006; Duffin and Seifert, 2010; Spencer-Smith et al., 2016).  

The three fragments were gel purified due to the amplification of other amplicons (fig. 

3.3b). The fragments were then used for the annealing PCR. This amplicon was further 

gel purified in order to avoid any unspecific amplicons, sequenced and then used for the 

transformation of N. gonorrhoeae MS11. 

Several mutants were obtained after the agar spot transformation but only five colonies 

were selected 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 of N. gonorrhoeae MS11 ȹhdac::kanr. a) The hdac 

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 and 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, were designed with 

overlapping sequences to obtain the construct.  At the bottom of the mutant gene diagram are 

shown the location of the two DUS in blue colour. b) 1.5% agarose gel loaded with the three 

segments. c) 1% agarose gel loaded with the hdac and ȹhdac::kanr amplicons showing a band 

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

of the overlapping and non-overlapping primers at 60 and 52° C, respectively.  
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 Acetylome of Neisseria gonorrhoeae MS11 

The acetylome of the wild type strain was analysed first before the determination of the 

acetyl-phosphate dependant acetylation sites. The acetylome of N. gonorrhoeae MS11 

was determined by LC-MS/MS. Using mass spectrometry 1,254 proteins were identified, 

representing the 59% coverage of the proteome that possesses 2,106 proteins, higher than 

the average coverage of 21% calculated from 9 studies. From the identified proteins, 

3,752 acetylation sites were identified in 1,017 proteins corresponding to the 48.3% of 

the proteome (fig. 3.4). 

Figure 3.4 Number of identified proteins of N. gonorrhoeae MS11 by mass 

spectrometry. Protein extracts enriched with anti-acetyl lysine antibodies were analysed in 

quadruplicates by LC-MS/MS. The spectra of N. gonorrhoeae MS11 was analysed with the 

software MaxQuant using the proteome database downloaded from UniProt and 1,254 proteins 

were identified. The parameters of the software Perseus to localise class I acetylation sites were 

set to a localisation probability of > 0.75 and a score difference >5, identifying 3,752 class I 

acetylation sites in 1,017 proteins. 

The 50% of acetylated proteins had a length of 186-436 amino acids and possessed 

between 1 to 5 acetylation sites (fig. 3.4a). The median size of the proteins increased to 

857
40.5%

1,017
81.1%

237
19.9%

1,254
59.5%

Proteins not identified Acetylated proteins Proteins not acetylated



 
93 

 

the number of acetylation sites (fig. 3.4b). However, the fitness of the correlation between 

the length and number of acetylation sites was low (fig. 3c). 

 

Figure 3.5 Distribution of acetylated proteins.  a) Distribution of acetylated proteins 

according to the number of acetylation sites. b) Distribution of proteins with 1 to 10 acetylation 

sites. Lines within the plot show the median size of the proteins. c) Correlation between the length 

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

linear regression 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 

between the lengths of protein and number of acetylation sites, surprisingly showed no 
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correlation. In order to analyse this, a correlation between acetylated lysines, number of 

total lysines and protein length showed an R2 of 0.007 (fig. 3.5b). 

 

 

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 using the UniProt entry to download the protein 

sequences by data mining. b) Correlation between 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 acetylation 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 C-terminus of the protein (fig. 3.6).  

a) b) 



 
95 

 

 

Figure 3.7 Relative location of acetylation sites. The 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 the N-terminus (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 to the C-terminus (right), 

where the highest density is 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 lines intercept the 

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 the position 0 

and the analysis of the 4 amino acids flanking the acetylated lysine on each side, showed 

that the most probable amino acids to flank the acetylation site are leucine and glutamic 

acid, both at the position -1 (fig. 3.6a-b).  

Interestingly, the probability to find more negative charged amino acids for the first 4 

amino acids downstream is higher than upstream, contrary to upstream, where the 
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probability is higher for the positive charged amino acids. Downstream the probability 

for negative and positive charged amino acids is 0.1695 and 0.072. Upstream the 

probability for negative and positive charged amino acids is 0.1095 and 0.1775 (fig 3.7b). 

 

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 the 4 amino acids flanking the acetylated 

lysine. The sequence motif was generated with the ggseqlogo package of R. b) Probability of each 

amino acid for each position flanking the acetylated lysine. The minus side showed a higher 

probability of negative charged amino acid while in the plus side was of positive charged amino 

acids. 

a) 

b) 
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3.2.3.1 Enrichment analysis 

All of the proteins that were identified with an acetylation site were analysed for 

enrichment of pathways using the DAVID bioinformatics tool. The enrichment analysis 

showed that the PTM acetylation was found in several metabolic processes (fig 3.9).  

A figure of 55 biological processes were identified as significantly enriched. The areas 

with the highest enrichment scores were metabolic processes related to pyruvate, 

pyrimidines, aspartic acid, and translation. These processes contained 18, 16, 18, and 80 

proteins, respectively. The area with the highest number of proteins was metabolic 

processes with 503. 

For the molecular function annotations, 39 terms were enriched and interestingly, 28 of 

them were related to binding functions. rRNA binding was the term with the highest 

enrichment score.  

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

enrichment score were ribosome-related containing more than 50 proteins each. 
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Figure 3.9 Enrichment of gene ontology annotations of N. gonorrhoeae MS11 acetylome. The enrichment was performed using the Database for Annotation, 

Visualization and Integrated Discovery (DAVID) v6.8. From the 1,017 protein entries, 591, 426 and 730 were found for biological process (BP), molecular function (MF) and cellular 

component. The plots show the enrichment score for terms with a significance difference (p value <0.05) and the size of each point correspond to the number of genes found in each 

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 interestingly, pili 

biosynthesis labelled as flagellar assembly by the software (fig 3.10). 

Figure 3.10 KEGG pathways network of the N. gonorrhoeae MS11 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 pathways that are not sharing 

proteins. Each pathway is coloured depending on the p value 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 pathway when proteins are shared and the thickness 

increases with the number of shared proteins. 

Number of proteins 
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Acetylation has shown to modify the activity of some enzymes and their conformational 

structure (Xiong and Guan, 2012; Ġoġtariĺ et al., 2018). Therefore, proteins with 10 or 

more acetylation sites were filtered from the data set to observe to which pathways they 

correspond. In fig. 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 pathways that contain 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, DNA-directed RNA polymerase 

subunit beta, 60 kDa chaperonin, alanine t-RNA ligase and 2-oxoglutarate dehydrogenase 

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

Interestingly, 5 different t-RNA ligases possessed high number of acetylation involved 

aminoacyl-tRNA biosynthesis. In addition, the other pathways that shown proteins with 

high acetylation sites were the ones in carbon metabolism (TCA cycle, 

glycolysis/gluconeogenesis and pyruvate metabolism), and nucleotide metabolism 

(purine and pyrimidine). 

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

participate are shown in the supplement table 8.1. 

Once the acetylome was analysed in the WT, the next step was to analyse the different 

constructed mutants to see the role of acetyl-phosphate and the histone deacetylase family 

protein in the acetylation of N. gonorrhoeae. 
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Figure 3.11 Correlation between proteins with high acetylation sites number and pathways in N. gonorrhoeae MS11. Proteins with 10 or more 

acetylation sites are sorted in descending order according to the number of KEGG pathways they are involved and the pathways are sorted in descending order 

according to the number of enzymes. The tiles are coloured respective to the number of acetylation sites the protein possesses.  
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 Acetylome of isogenic mutants of N. gonorrhoeae MS11 

In this section the validation of the mass spectrometry and the analysis of the acetylome 

of the three isogenic mutant strains of the gonococcus is described. N. gonorrhoeae MS11 

ȹackA and ȹpta were used to identify the acetyl-phosphate-dependent acetylation sites 

and the strain of N. gonorrhoeae MS11 ȹhdac was studied to determine possible targets 

of this deacetylase enzyme. As mention previously, this study involved the investigation 

of two novel mutant constructs of N. gonorrhoeae, ȹpta and ȹhdac the two latter strains 

were constructed for the first time for this study 

3.2.4.1 Validation of mass spectrometry experiment 

The four strains of N. gonorrhoeae MS11, WT, ȹhdac, ȹackA and ȹpta, were grown in 

chemical defined medium supplemented with 10 mM glucose until mid-logarithmic phase 

was reached. Four independent replicate cell free extracts (CFE) were obtained for each 

strain, counting the WT strain as well, 16 CFE were analysed 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 evaluated by 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 value higher than 

0.75. The samples that showed the lowest correlation value were the replicates 1 from the 

isogenic strains ȹpta and ȹhdac. 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 4 N. gonorrhoeae strains were processed for mass spectrometry to determine the acetylome. 

Before the enrichment of acetylated peptides, aliquots were 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 arranged in diagonal are the distributions of the proteins on each sample and on the 

right side are the Pearson correlation coefficients. 

 

 



 
104 

 

3.2.4.2 Descriptive analysis of the acetylome 

The samples after validation were analysed to determine the acetylome. The CFE were 

enriched using anti-acetyllysine antibodies that identify the acetylated peptides. The 

intensity given for each acetylation site for the 16 samples were analysed with the 

Student´s t-test. This is a two-tailed test that compares the means between samples taking 

the WT strain as the reference value to determine if the acetylated peptide was 

significantly increased or decreased. To discard type I errors, a t-test adjusted for multiple 

sample comparison was calculated using a permutation-based FDR of 1%. Applying this 

FDR we filtered potential false positive acetylation sites. 

A volcano plot in figure 3.13 shows the 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. 

 
Figure 3.13 Volcano plot for acetylation sites in N. gonorrhoeae MS11. The plot shows 

the acetylation sites that are significantly decreased (left side) or increased (right side) compared 

to the WT strain determined by the two-tailed Student´s test. The S0 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 non-significant.  
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In table 3.2 are shown the number of proteins that showed significant different acetylation 

sites compared to the common acetylation profile of the WT strain that considers the 

abundance of proteins. This acetylation sites were classified by the number of proteins 

which showed significant increased and decreased acetylation sites. The total number of 

significant acetylation sites was 3,752. From these sites, we observed sites with 

significant increase and decrease in acetylation. As expected, the isogenic strain ȹackA 

showed a higher number of significant increased acetylation sites as in the ȹhdac strain, 

and in the ȹpta strain more acetylation sites were found significantly decreased. The table 

with the proteins with two or more significant different acetylation sites are found on the 

supplement table 8.2. 

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

analysis and determination of the sites potentially regulated by acetyl-phosphate. 

Table 3.2 Number of significant proteins and acetylation sites in the isogenic mutant 

strains of N. gonorrhoeae MS11. The percentage next to the total number of proteins and 

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

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

Strain 

Significant proteins Significant acetylation sites 

Total 

(n=1,017) 
Increased Decreased 

Total 

(n=3,752) 
Increased Decreased 

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

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

ȹhdac 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 is 2.24, -1.09 

and 2.07 in ȹackA, ȹpta and ȹhdac, respectively (fig. 3.14b). However, when the 
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acetylation sites are divided into the type of fold change (increased or decreased) the 

median values are similar among the strains (fig. 3.14c). 

 

Figure 3.14 Distribution and median of acetylation sites in the isogenic mutant 

strains of N. gonorrhoeae MS11. a) Distribution of the acetylation sites according to the fold 

change. b) Boxplot of all the significant sites from the three isogenic mutant strains. ȹackA and 

ȹhdac have a median of fold change on the positive side, while ȹpta on the negative side. c) The 

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 higher than 0 and decreased when lower than 

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

In order to analyse the location of acetylation in the protein. The site of acetylation was 

calculated relatively to the length of the protein, being 0 the N-terminus and 1 the C-

terminus (fig. 3.15). The location of acetylation between strains showed a different pattern 

of acetylation compared to the WT (fig. 3.7). Suggesting that acetylation by acetyl-

phosphate occurs in surface expose lysines. 
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The ȹackA isogenic strain 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 (0.73-1.0) showed the highest region of density with the highest 

density of 1.23. Analysis of the sequence motifs of the three sections, showed that in all 

the sections, the two amino acids that had the highest probability at position -1 were 

leucine (L) and glutamic acid (E), a hydrophobic and a negative charged amino acid, 

respectively. Overall, the probability of the arginine increases the closer to the C-terminus 

of the protein (fig. 3.15). 

Contrary to ȹackA, the two lowest points in ȹpta were at a similar location to the WT 

strain, however, the densities were different. In the middle section, the highest density in 

the decreased acetylation of ȹpta was 1.30 and in the increased was 1.24. The sequence 

motifs in the decreased acetylation of ȹpta, opposite to ȹackA, showed that the two amino 

acids at position -1 with the highest probability were E and L in three sections. On the 

increased acetylation of ȹpta, the sequence motifs changed on the three sections and the 

amino acids with the highest probability at postion-1 were arginine, leucine and alanine. 

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

The density of increased acetylation sites in ȹhdac showed the highest density in the N-

terminus of 1.23. In the middle section a peak is observed however is lower that the first 

section with a density of 1.08. As in the first two cases the two most probable amino acids 

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

the amino acid arginine is found as the first option in several positions (fig 3.15). 
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Figure 3.15 Analysis of the sequence motifs for the acetylation sites in the three isogenic strains of N. gonorrhoeae MS11. The plot shows the 

density of the significant acetylation sites in the relative location to the protein length. The plots are divided in three regions as in the WT. The values were 

obtained by dividing the position of the acetylation site 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 lines intercept the two sites with the lowest density. The significant different acetylation sites are 

shown at the bottom of the plot. The sequence motifs were generated with the ggseqlogo package of R by filtering the data to select the sequence windows of 

section of the density plot. The size of each amino acid correspond to the probability of the amino acid to be at the position surrounding the acetylation site. 
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 Acetyl-phosphate dependent acetylation in N. gonorrhoeae MS11 

In nature, two types of acetylation occur as post-translational modifications on protein. 

The first is enzymatically, by the action of acetyltransferases an acetyl group binds to the 

NŮ-lysine residue using acetyl-CoA as donor. The second is non-enzymatically, the acetyl 

group is donated by the high energy molecule acetyl-phosphate (Verdin and Ott, 2013; 

Ouidir, Kentache and Hardouin, 2016; Wolfe, 2016). In this section, utilising the data 

obtained from the acetylome of the isogenic mutant ȹackA and ȹpta, we determined the 

acetylation sites dependent of acetyl-phosphate. 

In this study, the acetyl-phosphate dependent acetylation sites were defined as the unique 

acetylation sites found in both ȹackA and ȹpta that showed a significant (p value <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 analysed by a Venn diagram, 

identifying 409 and 424, respectively (fig. 3.16a-b). The selection of highly regulated 

acetylation sites by acetyl-phosphate was determined by analysing the increased and 

decreased acetylation sites from ȹackA and ȹpta, respectively. From this classification, 

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

N. gonorrhoeae MS11. Venn diagrams of proteins and acetylation sites from the strains ȹackA 

and ȹpta. a) 409 unique proteins were shared between both strains, and b) 424 acetylation. c) 

Acetylation sites were divided in increased and decreased depending on the fold difference. The 

overlapping acetylation sites from ȹackA with an increased fold difference and the decreased 

from ȹpta are the highly regulated acetyl-phosphate dependent sites. A total of 117 unique 

acetylation sites were found in 102 proteins. 

The sequence windows from the 117 acetylation sites were analysed to determine the 

sequence motif. This sequence motif shows the amino acids that are flanking the acetyl-

phosphate dependent acetylation site.  

At the position -1, the amino acid with the highest probability was glutamic 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 multiple acetylation sites (fig. 3.17a-b). 
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Figure 3.17 Sequence motif of acetyl-phosphate dependent acetylation sites. a) 

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

sites. The sequence motif shows the first 4 amino acids flanking the acetylation site and the size 

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

ggseqlogo package of R. b) Probability of each amino acid for the positions flanking the 

acetylation sites.  
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From 102 proteins, 88 showed one acetyl-phosphate dependent sites and 14 two. The 

mean fold change was 2.02 and -2.23, and the median was 1.52 and -1.99, in ȹackA and 

ȹpta, respectively (fig. 3.18a-b).  

The analysis of gene ontologies showed that the molecular function term with the highest 

number of proteins with acetyl-phosphate 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 gluconeogenesis. Thirty four of the proteins 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 table 8.3. 

An enrichment analysis of the identified proteins with an AcP-dependent site was 

performed. The biological process with the highest enrichment score were processes 

related to tRNA aminoacylation. Five of the terms were related to metabolic processes. 

For the molecular function we found that 65% of the terms were related to binding 

function. The cellular components of these proteins were found in the cytoplasm (fig. 

3.19) 
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Figure 3.18 Acetyl-phosphate dependent sites. a) Proteins classified as acetyl-phosphate 

dependent for acetylation. The same acetylation site was found on both strains with a significant 

difference of the fold change. b) Boxplot showing the fold change of each acetylation site. An 

ANOVA test shows a significant difference between the fold changes in both strains. c) Gene 

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 acetyl-phosphate- dependent sites. The analysis was performed 

using the DAVID website which identifies the annotations and perform a statistical 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 deacetylase-like 

protein 

Histone deacetylase-like proteins (HDAC) are a family of enzymes that removes the 

acetyl group from the N-Ů-lysine residue. These enzymes were first discovered in 

eukaryotic cells and classified in different classes (Grabiec and Potempa, 2018). Their 

main target are histones to block the transcription of genes. Recently, several HDACs 

have been found in prokaryotes and a 2020 study in N. gonorrhoeae, found that the 

gonococcal HDAC NGO0187, same gene that was used in this study, plays a role in the 

regulation of the host gene expression (Jiang et al., 2017; Zughaier, Rouquette-Loughlin 

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 or 

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 increase in the 

isogenic mutant strain ȹhdac. 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 HDAC. The acetylation sites found 

in the three isogenic mutant strains ȹackA, ȹpta, and ȹhdac were classified according to the fold 

change difference. From the 2,451 acetylation sites (blue), 34 (green) were unique for ȹhdac. 

The sequence windows of the 34 acetylation sites showed a similar sequence motif as the 

acetyl-phosphate dependent sites. At the position -1 the amino acid with the highest 

probability was glutamic acid with 0.28 and at position +1 was isoleucine with 0.24 

probability. Different to the acetyl-phosphate dependent sites, the HDAC targets 

sequence motifs also present a negative charge amino acid at position -2. The amino 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 the first 4 amino acids 

flanking the acetylation site and the size correspond to the probability to be in that position. The 

sequence motif was generated using the ggseqlogo package of R. b) Probability of each amino 

acid for the positions flanking the acetylation sites. 

From the 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 higher 

acetylation in K450, furthermore, the porin B, a protein involved in the virulence of the 

gonococcus, showed one site. 


















































































































































































































































































































































































































