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ABSTRACT 

The disease gonorrhoea is caused by the sexually transmitted pathogen Neisseria gonorrhoeae. This bacterium is an obligate 

human pathogen that can survive intracellularly through the expression of specific pathogenicity determinants. Protein post‐ 

translational modifications have been shown to be involved in the regulation of gene transcription and metabolism. Here, we 

studied the role of non‐enzymatic acetylation by acetyl‐phosphate in N. gonorrhoeae. This was achieved through the deletion of 

pta and ackA genes from the phosphotransacetylase‐acetate kinase pathway (PTA‐AKA) that modulate the level of acetyl‐ 

phosphate in the cell. As predicted, more protein acetylation was observed in the ΔackA strain. Using immunoaffinity puri-

fication of acetylated peptides and LC‐MS/MS we demonstrated that 88% of the detectable N. gonorrhoeae proteome (1343 

proteins) is acetylated. With many of the acetylated proteins involved in central metabolism especially in pyruvate utilisation. 

Growth studies showed that the ΔackA strain was unable to utilise pyruvate as a carbon source, whereas it could grow on 

glucose as well as the wild‐type. Furthermore, a deacetylase enzyme was identified and its gene mutated (Δhdac), this allowed 

the identification of a number of putative targets for HDAC, including phosphotransacetylase. We found that gonococcal 

pathogenicity was changed by acetyl‐phosphate concentration, with the ΔackA strain killing the wax moth larvae faster than 

the wild‐type, whereas the Δpta strain was non‐pathogenic in this model. The data obtained suggest that non‐enzymatic protein 

acetylation in N. gonorrhoeae plays an important role in the central metabolism, carbon source utilisation, and virulence of this 

bacterium.   

1 | Introduction 

Neisseria gonorrhoeae is one of the most common sexually 

transmitted bacteria in the United Kingdom and is the causative 

agent of gonorrhoea. In men, the disease presents as an acute 

urethritis, however, in women the infection is often asympto-
matic but can give rise to Pelvic Inflammatory Disease (PID) 

leading to serious complications such as ectopic pregnancy, 

tubal infertility, and chronic pelvic pain. Gonorrhoeal infections 

are increasing worldwide, in England in 2022 there was an 

increase of 50.3% on the previous year (UK Health Security 

Agency 2023). Currently, we are experiencing the largest 

number of new gonorrhoea cases diagnosed since the 1970s 

(Public Health England 2018). Worldwide, there are thought to 

be 82.4 million new gonococcal infections per year (Unemo 
et al. 2019). Over time, N. gonorrhoeae has gained resistance to 

many of the antibiotics used for the treatment of gonococcal 

disease, and there has been an increase in the isolation of 
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multidrug‐resistant strains. The current first‐line treatment of 

gonococcal infection is the injectable cephalosporin, ceftriaxone 

(Fifer et al. 2020). However, resistance to ceftriaxone is 

increasing (Fifer et al. 2020). The World Health Organisation 

has highlighted the need for improved and continued anti-

microbial resistance (AMR) surveillance for N. gonorrhoeae, 
describing it as a high‐priority pathogen (Fifer et al. 2020). 

Currently, there are no vaccines available for N. gonorrhoeae, 

therefore, improved therapy for gonococcal disease will require 
enhanced knowledge of the organisms physiology for the 

development and discovery of new therapeutics for its treat-

ment. N. gonorrhoeae colonises and infects diverse sites within 

the human host, these represent unique niches with varying 

nutrients and environmental factors (Green et al. 2022). The 

pathogenic Neisseria are fastidious organisms that are only able 

to grow on glucose, lactate, and pyruvate as primary carbon 
sources. Our previous work on the virulence of the pathogenic 

Neisseria has shown the importance of lactate in pathogenicity 

and the significance of studying the physiology of these orga-

nisms (Exley, Goodwin, et al. 2005; Exley, Shaw, et al. 2005; 

Exley et al. 2007). Neisserial growth on lactate has been dem-

onstrated to stimulate growth, with a more rapid emergence 
from lag‐phase and increases in LOS‐sialylation (Exley et al 

2005; Parsons et al. 1996). Mutation of the neisserial lactate 

transporter, LctP, resulted in attenuation of the meningococcus 

in a rat septicaemia model and reduced colonization of human 

nasopharyngeal explants (Exley, Goodwin, et al. 2005; Exley, 

Shaw, et al. 2005). Whereas, an LctP mutation in N. gonorrhoeae 

caused a reduced colonisation of the murine genital tract (Exley 
et al. 2007). We have previously observed that neisserial utili-

sation of lactate results in the excretion of acetate from the 

bacterial cell, this can be seen both during growth in chemically 

defined media and in human cerebrospinal fluid (CSF) (Exley, 

Shaw, et al. 2005; Leighton et al. 2001). 

Once transported into the neisserial cell, the lactate 

dehydrogenase (Ldh) enzymes convert lactate to pyruvate and 

then to acetyl‐CoA by pyruvate dehydrogenase (Pdh). In Neisseria, 

much of the carbon flux from lactate is metabolised via acetyl‐ 
CoA and, rather than entering the TCA cycle, is consumed in a 

mixed acid fermentation step. This results in acetate excretion via 

an acetyl‐phosphate intermediate with the production of ATP 

(Exley, Shaw, et al. 2005; Leighton et al. 2001). The two key 

enzymes in this pathway are phophotransacetylase (Pta) that 

converts acetyl‐CoA to acetyl‐phosphate and acetate kinase 

(AckA) that converts acetyl‐phosphate to acetate with the release 
of ATP (Figure 1A). Previously, we observed in the pathogenic 

Neisseria, the specific activity of Pta is much higher than that of 

AckA (Leighton et al. 2001), suggesting an increase in the acetyl‐ 

phosphate pool of the cell. Acetyl‐phosphate can act as a direct 

phosphoryl donor to two‐component sensor‐regulator systems 

(TCS) and therefore may be a modulator of gene expression 
(McCleary et al. 1993). However, acetyl‐phosphate has been 

shown to have a global regulatory role by acting as a general 

acetyl donor in the non‐enzymatic acetylation of Nε‐lysines on 

proteins and thereby modulating their activity (Weinert 

et al. 2013; Wolfe 2016). In bacteria this non‐enzymic acetyl‐ 

phosphate‐dependent acetylation is specific, with only a number 

of specific lysines being acetylated, this process accounts for most 
of the global protein acetylation versus enzyme‐dependent protein 

acetylation (Wolfe 2016). 

Previously, Post and co‐workers (2017) have demonstrated the 

presence of 2686 acetyl phosphate‐dependent acetylation sites 

on the proteins of N. gonorrhoeae utilising an acetate kinase 

mutant (ackA). In this study we have utilised both gonococcal 

ΔackA and Δpta mutants to further investigate the neisserial 

acetylome, thereby improving the repertoire of gonococcal 
acetylated proteins. We have also identified a deacetylase en-

zyme HDAC and through an Δhdac mutant identified its target 

proteins in N. gonorrhoeae acetylome. Furthermore, we have 

demonstrated for the first time a role for the PTA‐AK pathway 

in gonococcal virulence utilising the Galleria mellonella infec-

tion model. 

2 | Materials and Methods 

2.1 | Bacterial Strains and Media 

N. gonorrhoeae MS11 was the wild‐type parental strain for the 

creation of mutants of the phosphotransacetylase acetate kinase 
(PTA‐AK) pathway (Table 1). Stocks of N. gonorrhoeae MS11 

were stored at −80°C and routinely grown on chocolate agar 

(CHO) or Gonococcus agar (GC) (Oxoid) with 1% Kellogg's 

supplements at 37°C and 5% CO2 atmosphere. Mutant strains of 

the N. gonorrhoeae were grown on a GC agar with 80 μg/mL 

kanamycin under the same growth conditions. For liquid 
growth, brain heart infusion broth (Oxoid) supplemented with 

0.5% yeast extract (Oxoid) (BHI‐Y) and 10 mM NaHCO3 was 

used. Broth cultures were incubated at 37°C with shaking at 

120 rpm. 

For carbon source utilisation, a chemically defined medium for 

N. gonorrhoeae (CDM‐GC) was used (Morse and Bartenstein 1980). 

2.2 | Construction and Characterisation of ackA, 
hdac, and pta Mutants 

N. gonorrhoeae MS11 ΔackA (NGFG00758, NGO0977, HT085_ 

RS05270) and Δpta (NGFG00350, NGO0214, HT085_RS01430) 

mutants were created as follows: genomic DNA (gDNA) was ex-

tracted from previously created N. meningitidis MC58 ΔackA::kanr 

and N. meningitidis MC58 Δpta::kanr mutants (Catenazzi 

et al. 2014). The meningococcal mutants had an internal part of the 

gene of interest deleted and a kanamycin resistance cartridge (nptII) 
inserted into the deletion. This kanamycin cartridge that contains 

an outward reading promoter that drives the transcription of 

downstream genes when inserted in the correct orientation to 

reduce polar effects. The mutant meningococcal gDNA was 

amplified by PCR with Q5 high‐fidelity DNA Polymerase (New 

England Biolabs) and primers for ackA 

(F 5´‐TCCCAAAAATTGATCTTGG; R 5´‐GTGGGCAATCATCA 

GCTCTT) and pta (F 5´‐GTCGCCGCTTAAAAAGA; R 5´‐ATT 

TCCGCCGTCCTCCAT). 

The hdac gene (NGFG00325, NGO0187, HT085_RS01305) of the 

N. gonorrhoeae was mutated through the insertion of a kanamy-

cin resistance gene (kanr) by annealing PCR, inserting the 

resistance marker at the nucleotide position 468 using primers 
hdac1‐F (5′‐TGAAACTCTACGCCCTGTTG), hadc1‐R (5′‐TCAT 

TTTAGCCATAACGTTGTTCAGCAG), hdac2‐F (5′‐ TGAATTGT 

TTTAGTGTTTGAAACCGACCTTTT), and hdac2R (5′‐ TTCAG 

ACGGCATTTATATCG). The underlined sequence in italics 
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corresponds to the overlapping sequence between the hdac 

and the kanamycin resistance cassette amplified using primers 

kanF (5′‐CTGAACAACGTTATGGCTAAAATGAGAATATCAC) 

and kanR (5′ TCGGTTTCAAACACTAAAACAATTCATCCAGT 

AAAA). To complete the DNA uptake sequence (DUS), one base 

pair was added to the hdac2‐R primer. 

Agar spot transformation was done as described by Dillard 

(2011). Overnight colonies of N. gonorrhoeae MS11 grown on 

chocolate agar were streaked on the dried DNA spots and 
incubated for 48 h. Then colonies grown on the spot were 

streaked on GC agar supplemented with 80 μg/mL kanamycin 

and incubated for selection. Sequencing was performed to 

confirm the mutant construction. 

Several attempts were made to complement the mutations, 

however, all attempts were unsuccessful. A similar finding was 

also reported by Post and co‐workers (2017), who were also 

unable to complement similar genes. 

2.3 | Carbon Utilisation 

The neisserial strains were grown in liquid cultures of CDM‐GC 
supplemented with either 10 mM glucose or 20 mM lactate 

(Felix Diaz Parga 2021; Morse and Bartenstein 1980). Growth 

was measured by spectrophotometer at OD 600 nm. For initia-

tion of the growth curves, the culture was adjusted to an OD600 

of 0.05 and the change in absorbance measured over time as the 

tubes were incubated at 37°C with shaking at 120 rpm. 

2.4 | Protein Electrophoresis and Western 
Blotting 

Bacterial cell lysates were prepared from samples of MS11‐ 

derived strains that had been grown on different carbon 

sources. Protein concentrations of cell‐free extracts were mea-

sured by BCA assay (Pierce) and analysed by western blot. 

Sample concentrations were normalised to 20 μg per lane and 

electrophoresed proteins were transferred to nitrocellulose and 

blocked in PBST (PBS with 0.1% Tween® 20 (v/v)) with 5% 

skimmed milk (w/v) for 1 h. The blot was incubated overnight 
at 4°C with the anti‐acetyl‐lysine polyclonal rabbit antibody 

(Cell Signaling Technology) diluted 1:1000 in PBST with 5% 

(w/v) skimmed milk followed by a horseradish peroxidase‐ 

conjugated goat anti‐rabbit secondary antibody (Cell Signaling 

Technology) was diluted 1:5000 in PBST with 5% (w/v) skim-

med milk at room temperature for 1 h. The blot was developed 

using a chemiluminescence substrate (ECL™ GE Healthcare 
Life Science). 

2.5 | Acetyl‐Phosphate (AcP) Quantification 

The concentration of AcP in the bacterial cell was determined 

from the release of ATP following the conversion of AcP to 

acetate performed by acetate kinase (Weinert et al. 2013). 

Briefly, strains were grown for 10 h and extracted by the 

addition of 100 µL 3 M HClO4 (perchloric acid). The bacterial 
suspension were centrifuged and neutralised with 100 µL 

saturated KHCO3. Lysates were then filter sterilised. For AcP 

measurement the reaction mixture contained 50 µL lysate, 

2 µL 100 mM MgCl2, 4 µL 300 mM ADP, and 4 µL 0.4 U/µL 

acetate kinase. ATP was determined by mixing 50 µL of 

the reaction with 50 µL CellTiter‐Glo® reagent (Promega, 
Madison, WI, USA). 

2.6 | Cell Free Extract 

Neisserial cultures were grown in CDM‐GC supplemented 

with 10 mM glucose for 7 h. The bacteria were centrifuged 

FIGURE 1 | PTA‐AK pathway controls the concentration of acetyl‐phosphate. (A) The phosphotransacetylase acetate kinase pathway, showing 

acetyl‐phosphate (AcP) as an intermediate. AcP can be used as an acetyl group donor for the acetylation of proteins, or a phosphate donor to sensor 

kinase proteins of two‐component systems (TCS). (B) The AcP concentration was quantified from cell‐free extracts obtained from each strain of 

Neisseria 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, Δpta, and ΔackA strains with values of 0.332, 0.170, and 0.244, respectively. Mea-

surements were performed by triplicate. ΔackA strain showed a significant higher concentration of AcP and Δpta a significant lower concentration, 

both compared to the WT, with biological replicates n = 3. (C) SDS‐PAGE loading control and representative image of an immunoblot for acetylated 

proteins using an anti‐acetyllysine antibody. Strains of N. gonorrhoeae MS11 were grown in BHI‐Y for 24 h.  

TABLE 1 | Bacterial strains and constructs used in this study.    

Strain Description and genotype Source  

N. gonorrhoeae MS11 Wild type, isolated from uncomplicated gonorrhoea, contains 

gonococcal genetic island. 

Swanson (1972) 

N. gonorrhoeae MS11 
ΔackA::kanr 

MS11 with disrupted genomic copy of ackA by insertion of kanamycin 
resistance gene. 

This study 

N. gonorrhoeae MS11 

Δpta::kanr 
MS11 with disrupted genomic copy of pta by insertion of kanamycin 

resistance gene. 

This study 

N. gonorrhoeae MS11 

Δhdac::kanr 
MS11 with disrupted genomic copy of hdac by insertion of kanamycin 

resistance gene. 

This study 

Escherichia coli DH5α F– endA1 glnV44 thi‐1 recA1 relA1 gyrA96 deoR nupG purB20 

φ80dlacZΔM15 Δ(lacZYA‐argF)U169, hsdR17(rk
–mk

+), λ– 
New England 

Biolabs   

4 of 16 MicrobiologyOpen, 2026 

 2
0
4
5
8
8
2
7
, 2

0
2
6
, 2

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/m

b
o
3
.7

0
2
3
1
 b

y
 O

p
en

 A
ccess S

h
effield

 - U
N

IV
E

R
S

IT
Y

 O
F

 S
H

E
F

F
IE

L
D

 , W
iley

 O
n

lin
e L

ib
rary

 o
n

 [0
3

/0
3

/2
0

2
6

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d
-co

n
d

itio
n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n
s L

icen
se



and the pellet was re‐suspended with 2.5 mL denaturation 

buffer and sonicated on ice 10 times at ~20 A for 30 s. Protein 

concentrations were quantified using the Pierce BCA protein 

assay kit. 

2.7 | LC‐MS/MS Sample Preparation 

N. gonorrhoeae strains were grown in CDM‐GC and cell‐ 

free extracts (CFE) created. The cell‐free extract samples 

were reduced in 10 mM tris‐2(‐carboxyethyl)‐phosphine 

(TCEP) and in alkylated in 20 mM iodoacetamide in dark-
ness. Samples were diluted in 50 mM ammonium 

bicarbonate and digested with trypsin‐TPCK (Cell Signaling 

Technology). The samples were then acidified with TFA (tri‐ 

fluoroacetic acid). Sep‐Pak C18 columns (Waters) were 

washed with 100% acetonitrile (ACN) followed by 50% ACN 

and then 0.1% TFA. The Sep‐Pak C18 column was equili-

brated with 0.1% TFA. Cell‐free extract samples were added 
to the column and washed with 0.1% TFA, samples were 

eluted with 50% ACN. Peptide samples were dried in a 

SpeedVac concentrator and re‐suspended in immunoaffinity 

purification buffer (Cell Signalling Technology). Anti‐ 

acetyl‐lysine antibodies coupled to beads were used to im-

munoaffinity purify any acetylated peptides according to the 
manufacturer's instructions (Cell Signalling Technology). 

Eluted peptides from the immunoaffinity purifications were 

desalted and washed with 0.1% TFA/50% ACN followed by 

0.1% TFA. Subsequently, followed by 3 more washes with 

0.1% TFA, peptides were eluted with TFA/50% ACN. 

Finally, the peptides were vacuum‐dried and dissolved in 

0.5% formic acid. 

2.8 | Mass Spectrometry Analysis 

The peptide samples were investigated by nanoflow LC‐MS/MS 

using the methodology previously described (English 
et al. 2024). 

2.9 | Mass Spectrometry Data Analysis 

Raw mass spectrometry data were analysed as described before 

(English et al. 2024) using MaxQuant version 1.6.5 against a 
N. gonorrhoeae UniProt reference. Data from mass spectrometry 

were deposited in the PRIDE partner repository via the 

ProteomeXchange Consortium with the dataset identifier 

(PXD060162). 

2.10 | Motif Analysis, Enrichment Analysis, and 
Network Interactions 

Potential motifs for acetylation were investigated 5 amino acids 

upstream and downstream of the site of acetylation and for 

analysis of enrichment using the DAVID Bioinformatic 

Resource 6.7 (Huang et al. 2007), using the settings of Yu et al. 
(2008). A corrected p < 0.05 was considered significant for all 

the enrichment analyses. For networks, the enrichplot package 

was used. 

2.11 | G. mellonella Infection Assay 

A modified protocol of larvae killing assay of Wand et al. (2011) 

was used to determine if N. gonorrhoeae was able to infect wax 

moth larvae. The N. gonorrhoeae WT was grown to mid‐log phase 

before centrifugation and resuspension in sterile PBS. Bacterial 
suspensions were adjusted to approximately 4 × 108 CFU/mL. 

Then serial dilutions in PBS were prepared. 10 µL bacterial sus-

pension dilutions (102, 103, 104, 105, 106, 107, 108) were injected 

into the haemocoel via the hindmost left proleg of the larva. 

Groups of 20 larvae were used for each neisserial strain as well as 

control groups that were injected with 10 µL of PBS or 10 µL of 
heat‐killed bacteria. The different larval infection groups were 

incubated separately at 37°C in a CO2 incubator and monitored 

every 6 h for larval death. 

2.12 | Nanopore Sequencing 

Wild‐type and N. gonorrhoeae Δpta::kanr and ΔackA::kanr 

mutants were confirmed and analysed using long‐read Nano-

pore sequencing. Oxford Nanopore Technologies (ONT) Native 

Barcoding Kit 96 V14 (SQK‐LSK114.96) was used to prepare the 

three DNA libraries and a blank negative control as per man-
facturer's protocols. Libraries were loaded on to R10.4.1 flow 

cells and sequenced for 24 h on the ONT GridION. Trace files 

were basecalled using ONT Dorado (version 7.11.2) and high‐ 

accuracy basecalling settings. The resulting reads were as-

sembled using Flye with three polish steps (version 2.9.6) and 

annotated using Prokka (version 1.14.6). Alignments of pilE 

were carried out using Clustal Omega. 

2.13 | Infection Assays 

Infection assays were performed as previously described (Green 
et al. 2023). Briefly, HEC‐1B human endometrial cells were 

grown in MEM supplemented with 10% fetal calf serum (FCS). 

Approximately 1.5 × 105 cells were placed onto glass coverslips 

in 24‐well plates and grown overnight. The bacterial WT or 

mutant strains at a multiplicity of infection (MOI) of 50 were 

used to infect the host cells for 1 h. Infected cells were fixed, 

washed, and stained with Giemsa stain before mounting and 
counting by light microscopy. Fields of view were chosen at 

random to enumerate a hundred cells and scored for the 

number of infected cells and infecting organisms. 

2.14 | Statistics 

Statistical analysis was performed using GraphPad Prism ver-

sion 10.2.2 (GraphPad Software Inc., USA). All data represents 

at least three independent experiments and significance was 

established at p ≤ 0.05. Statistical considerations and specific 

analyses are described separately within each section. * specify 
significance to the untreated control unless otherwise specified; 

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 

3 | Results 

To investigate acetyl‐phosphate in non‐enzymatic neisserial 

protein acetylation, the phosphotransacetylase‐acetate kinase 
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(PTA‐AK) pathway (Figure 1A) was interrupted by con-

struction of isogenic mutants, N. gonorrhoeae Δpta::kanr and 

ΔackA::kanr, one predicted to lower the acetyl‐phosphate 

concentration and the other to increase it, respectively 

(Verdin and Ott 2013). These mutations do not have polar 

effects as the cellular protein levels encoded by the genes 
immediately downstream of these mutations (hisH and dsbD) 

are not significantly different to those of the wild‐type 

(Supporting table 1) and the whole‐genome sequencing 

demonstrated no differences in flanking genes or intergenic 

regions. 

The pta gene (NGFG00350, NGO0214) encodes a protein that 

produces acetyl‐phosphate from acetyl‐CoA. Mutation of pta 

inhibits production of acetyl‐phosphate resulting in a decrease 

in the intracellular concentration. Whereas the mutant ΔackA 

(NGFG00758, NGO0977) that encodes the enzyme that utilises 
acetyl‐phosphate and produces acetate, this mutation causes an 

increase of the intracellular acetyl‐phosphate concentration 

(Figure 1A). 

The enzymatic activity of phosphotransacetylase (Pta) and 

acetate kinase (AckA), and the determination of the intra-

cellular concentration of acetyl‐phosphate (AcP) was done 

as an initial characterisation. This was to show that deletion 

of the pta and ackA genes gave the expected biological effect 

on the enzymatic activity and acetyl‐phosphate concentra-
tion. When the genes were deleted the respective strains 

showed no enzymatic activity (Table 2). However, the AckA 

activity of the Δpta mutant decreased by 45% in comparison 

with the WT, while the Pta activity of the ΔackA mutant was 

reduced by 78% in relation to the WT strain (Table 2). As the 

activity of the enzymes was null in the respective mutants, a 

change in AcP production was expected so the intracellular 
concentration of AcP was quantified for the WT and 

Δpta and ΔackA mutants. As expected, a significant reduc-

tion in the intracellular concentration of AcP was seen 

in the Δpta mutant compared to the WT strain, but a 

significant increase was seen in the ΔackA mutant 

(Figure 1B). 

As the two mutant strains showed differences in their AcP 

concentration a western blot using anti‐acetyllysine antibody 

was performed. A different pattern of protein acetylation was 
expected as AcP is involved in the non‐enzymatic protein 

acetylation (Klein et al. 2007; Wolfe 2016). A 12% acrylamide gel 

was loaded with 20 μg of cell‐free extract per lane from the wild‐ 

type and mutant strains and transferred to nitrocellulose and 

immunoblotted for the presence of acetylated proteins 

(Figure 1C). The blot showed that the ΔackA mutant had a 

greater intensity of acetylated bands compared to the WT, 
whereas the Δpta mutant showed a lower band intensity 

(Figure 1C) demonstrating that these mutants provide the ex-

pected acetylation pattern. 

3.1 | Acetylome of N. gonorrhoeae MS11  
Wild‐Type Strain 

After demonstrating that N. gonorrhoeae undergoes AcP‐ 

dependent protein acetylation, the acetylome and proteome of 

the wild‐type strain MS11 was characterised using quantitative 
mass spectrometry (MS). LC‐MS/MS analysis of cell‐free ex-

tracts identified 1249 proteins at a 1% FDR (Table S1). Im-

munoaffinity enrichment of acetylated peptides from the same 

digested cell‐free extracts was performed and LC‐MS/MS anal-

ysis identified 4245 class I acetylation sites in 1088 proteins 

(Table S2) which is the most comprehensive N. gonorrhoeae 

acetylome generated to date (Table S3). Class I acetylation sites 

were defined by a localisation probability of 0.75 and a proba-

bility localisation score difference greater than or equal to 5 as 

defined by Olsen et al. 2006). In total, 1343 proteins were 

identified from the proteome and acetylome profiling data 

combined, representing 63.6% coverage of the N. gonorrhoeae 

proteome, of which 81% was acetylated (Figure 2). 

Acetylated proteins were analysed using the DAVID bio-

informatics tool to determine cellular localisation and associ-

ated processes of the proteins. Analysis of the enrichment 
showed that the post‐translational modification (PTM) acety-

lation was prevalent in a number of metabolic processes 

(Figure S1). The most significantly enriched proteins were in 55 

biological processes. Metabolic processes were associated with 

the highest number of acetylated proteins (503 proteins) but the 

specific areas with the highest enrichment scores were in 
translation (80 proteins) and metabolic processes related to 

pyruvate (18), pyrimidines (16), and aspartic acid (18). 39 

molecular function annotation terms were enriched with 28 of 

them related to binding, the highest was associated with rRNA 

binding. 17 terms were enriched for cellular components with 

the three highest enrichment scores associated with the ribo-

some containing more than 50 proteins each (Figure S1). 

3.2 | Quantitative Analysis of Acetylome Changes 
in ackA, pta, and hdac Mutant Strains 

The N. gonorrhoeae MS11 WT, ΔackA, and Δpta mutant strains 
were used to identify acetyl‐phosphate‐dependent acetylation 

sites. The potential deacetylase encoded by hdac (NGFG00325, 

NGO0187) was mutated to determine the sites of deacetylation 

on gonococcal proteins (Zughaier et al. 2020). The N. gonor-

rhoeae, WT, ΔackA, Δhdac, and Δpta, were grown until mid‐ 

logarithmic phase was reached in CDM‐GC supplemented with 

10 mM glucose. Before 4 independent CFEs for each strain were 
enriched with the anti‐acetyl‐lysine antibody, the proteome of 

the samples were analysed to determine protein abundance 

changes (Table S1). The 16 replicates were evaluated by a 

Pearson correlation analysis and all samples had a correlation 

TABLE 2 | Pta and AckA activity of Neisseria gonorrhoeae WT, Δpta, and ΔackA.    

Strain Pta (nmol−1min−1mg−1) AckA (nmol−1min−1mg−1)  

MS11 WT 1789.43 ± 267.38 9.78 ± 5.64 

Δpta 0 5.41 ± 3.86 

ΔackA 396.56 ± 87.94 0 

Note: n = 3.  
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value greater than 0.75 (Figure S2). Filtering of the data for site 

quantification based on a minimum of 3 biological replicates 
per group resulted in the identification of 3752 class I acetyla-

tion sites across 1017 proteins. 

Statistical analysis of the quantitative differences in acetylation 
in ΔackA, Δpta, and Δhdac mutant strains compared to WT was 

performed and large differences were observed (Table S2 and 

Figure 3A). To rule out that these differences were due to dif-

ferential abundance of acetylated proteins, the same statistical 

analysis was performed on proteome profiling data obtained 

from the same set of samples and minimal overlap was found. 

Only 1.3% of significant altered acetylation sites between the 
mutant strains and WT mapped to proteins with significantly 

altered protein abundance (Tables S1 and S2). 

Acetylation sites dependent on AcP that were determined as 
unique were found in both ΔackA and Δpta. These sites showed 

a significant (p < 0.05) increase or decrease of fold change, 

respectively, in at least three of the four biological replicates. 

The mean fold change in protein acetylation sites was 2.02 and 

−2.23 in ΔackA and Δpta, respectively and 409 acetylated pro-

teins and 424 acetylation sites were identified (Figure 3B). 

Acetyl‐phosphate‐dependent acetylation sites were determined 
by analysing the increase and decrease from acetylation sites 

from the ΔackA and Δpta mutants, respectively. 117 unique 

acetylation sites were found in 102 proteins (Figure 3B) where 

88 proteins showed one acetyl‐phosphate‐dependent acetylation 

site and 14 two sites. 

Gene ontology analysis determined the term with the highest 

number of proteins with acetyl‐phosphate dependent sites was 

ATP binding (38 proteins). KEGG pathway analysis showed 

pyruvate metabolism and methane metabolism with the highest 
number of acetylated proteins with 7 each. Glycolysis and 

gluconeogenesis had five acetylated proteins each. Most acety-

lated proteins were found in the cytoplasm (34) while 11 were 

integral membrane components (Figure 4). Translation had 

more than 5 proteins acetylated. 

An enrichment analysis of AcP‐dependent sites was performed, 

the highest enrichment score was related to tRNA 

aminoacylation and the other highest score was in metabolic 

processes. Most molecular function (65%) were related to 
binding (Figure 4). 

3.3 | Determination of Targets for the 
Gonococcal Histone Deacetylase‐Like Protein 

HDAC are Histone deacetylase‐like proteins, a family of en-

zymes that remove the acetyl group from the N‐ε‐lysine residue 

and were first discovered in eukaryotic cells (Grabiec and 
Potempa 2018). Recently, several HDAC‐like proteins have 

been found in bacteria and that the gonococcal HDAC 

NGO0187 plays a role in the regulation of host gene expression 

(Jiang et al. 2017; Zughaier et al. 2020). To identify the possible 

targets of the gonococcal HDAC (NGO0187), the hdac gene was 

mutated and all the acetylation sites with a significant fold 
change from the WT were classified. 

The role of HDAC is to deacetylate proteins, therefore, the 

possible targets for this enzyme were classified acetylation 
sites that showed a significant increase in the Δhdac mutant 

strain. Thirty‐four proteins with 34 unique acetylation 

sites were identified with this criterion (Figure 5). Three of 

these were tRNA ligases involved in translation and both 

ribosomal large subunits (50S and 30S) showed one target 

site each. Moreover, phosphotransacetylase (Pta) showed 

higher acetylation of K450, as well as PorB, a protein 
involved in the pathogenicity of N. gonorrhoeae, also showed 

one site. 

Gene ontology analysis showed a diversity of functions; with the 
term translation as the only biological process with two proteins 

the others only one (Figure 5). ATP binding with 11 proteins 

followed by zinc ion binding, tRNA binding and magnesium ion 

binding were the highest molecular functions. While the 

metabolism of purine and pyrimidine showed 3 proteins. En-

richment analysis of the molecular functions demonstrated that 
all were binding related with the exception ATPase activity. 

tRNA binding had the highest enrichment score, with most 

proteins found in the cytoplasm (Figure 5). 

FIGURE 2 | Number of identified proteins of Neisseria gonorrhoeae MS11 by mass spectrometry. Total proteins identified by LC‐MS/MS from 

N. gonorrhoeae MS11 proteome versus proteins identified after enrichment with the anti‐acetyl lysine antibody (acetylome). 1343 proteins were 

identified from the proteome and acetylome profiling data combined, of which 81% (1088) of proteins identified were acetylated. 4245 class I 

acetylation sites in 1088 proteins were identified at a 1% false discovery rate.  
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FIGURE 3 | Volcano plot for acetylation sites and Identification of unique acetyl‐phosphate‐dependent acetylation sites in Neisseria gonorrhoeae 

MS11. (A) The plot shows the acetylation sites that are significantly decreased (left side) or increased (right side), of the various mutants ΔackA, Δpta, 

and Δhdac compared individually 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 n = 4. (B) Venn 

diagrams of proteins and acetylation sites from the strains ΔackA and Δpta. (i) 409 unique proteins were shared between both strains, and (ii) 424 

acetylation. (iii) Acetylation sites were divided into increased and decreased depending on the fold difference. The overlapping acetylation sites from 

ΔackA with an increased fold difference and the decreased from Δpta are the highly regulated acetyl‐phosphate‐dependent sites. A total of 117 

unique acetylation sites were found in 102 proteins.  

FIGURE 4 | Acetyl‐phosphate‐dependent sites. (A) Boxplot showing the fold change of each acetylation site. An ANOVA test shows a significant 

difference between the fold changes in both strains. (B) 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). (C) 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. ANOVA, analysis of variance.  
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FIGURE 5 | Identification of the possible targets of HDAC. (A) The acetylation sites found in the three isogenic mutant strains ΔackA, Δpta, and 

Δhdac were classified according to the fold change difference. From the 2451 acetylation sites (blue), 34 (green) were unique for Δhdac. (B) List of the 

possible deacetylation sites of the protein HDAC in Neisseria gonorrhoeae MS11. The list shows the protein name and the gene name. The tiles are 

filled according the fold change difference and the deacetylation position site is found inside of the tile.  
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3.4 | The ΔackA and Δpta Mutants Affect the 
Ability to Utilise Different Carbon Sources 

Investigation of the acetylome demonstrated changes in the 

acetylation state of many of the enzymes involved in the central 

metabolic processes of N. gonorrhoeae. Therefore, the ability of 

the WT and mutant strains to grow in chemically defined media 

with different primary carbon sources was investigated. All 

strains were able to grow on glucose as a primary carbon 
source, resulting in similar doubling times and yields 

(Figure 6A). When lactate was used as primary carbon sources, 

both the WT and Δhdac mutant strain had similar growth rates 

and yields whereas the ΔackA and Δpta strain grew much more 

slowly (Figure 6A). This reduction in growth rate was more 

obvious when grown on pyruvate as the primary carbon source, 
the Δpta strain had a much more restricted growth rate and the 

ΔackA strain was unable to grow on this carbon source at all 

(Figure 6A). Whereas the wild‐type and Δhdac grew equally as 

well on pyruvate. 

Previously, we have shown when the pathogenic Neisseria are 

grown on lactate they seem to prefer to utilise the PTA‐AK 

pathway, as the specific activity of both of these enzymes is 

higher than when grown on glucose and more acetate, the end 

product of this pathway, is secreted into the media (Leighton 

et al. 2001; Exley, Shaw, et al. 2005). Therefore, we investigated 
the acetylation of proteins of the WT and mutants when grown 

on either glucose or lactate as the primary carbon source. Most 

protein acetylation was seen in the ΔackA mutant strain when 

grown on both carbon sources (Figure 6B). However, the acet-

ylated protein bands were much more intense when grown on 

lactate compared to those grown in glucose. 

3.5 | The ΔackA and Δpta Mutants Affect 
Adherence and Survival in Galleria 

Previous work has suggested a potential role for the PTA‐AK 

pathway and AcP in neisserial pathogenesis (Zughaier 

et al. 2020; Exley et al. 2007). Therefore, the proteome of the 

ΔackA and Δpta mutants were investigated and compared to 
the wild‐type N. gonorrhoeae MS11 as shown in the volcano plot 

(Figure 7). 

We observed that proteins involved in type IV pili synthesis or 
pilus components were expressed significantly differently in the 

ΔackA and Δpta strains. The ΔackA strain showed a significant 

increase of the pilin protein (NGO_11165), whereas, the Δpta 

FIGURE 6 | Growth curves of Neisseria gonorrhoeae MS11 strains in glucose, lactate, and pyruvate and acetylation of proteins in N. gonorrhoeae 

MS11 in different carbon sources. Strains of N. gonorrhoeae MS11 were grown for 10 h at 37°C with shaking in a chemically defined medium 

supplemented with a carbon source. Samples were taken every hour and read in a spectrophotometer. (A) Growth curves of the 4 strains growing on 

the three different carbon sources. The plot shows the standard deviation of the curves. Samples of bacteria growing at 37°C in a chemically defined 

medium supplemented with 10 mM glucose or 20 mM lactate was taken for protein extraction. (B) 100 µg of proteins was loaded on a SDS‐PAGE for 

western blot using an anti‐acetyllysine antibody to detect acetylated proteins.  
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strain demonstrated a significant decrease of the pilus assembly 

protein PilC (NGO_0055). The protein fimbrial protein pilin 
PilS2c1 (NGO_10980) decreased in both strains (Figure 7). 

Furthermore, a significantly lower expression of the MafA ad-

hesin (NGO_0229) was observed in the ΔackA mutant. Whole 

genome sequencing demonstrated differences between pilE al-

leles between the wild‐type, ΔackA and Δpta strains with the 

most significant change a 80 bp deletion of the central part of 

the pilE gene of the mutants compared to the wild‐type 
(Figure S3). 

Due to the decrease in a number of potential adhesins observed 

in the proteomic data for both the ΔackA and Δpta mutant 
strains. Adherence of the WT and mutants was tested to the 

human endometrial cell line HEC‐1B (Figure 8A). Both mu-

tants had a significant reduction in adherence when compared 

to the WT strain, with the Δpta mutant demonstrating an 

approximate 33% reduction in adhesion and the ΔackA mutant 

showing an approximate 51% reduction in adherence 
(Figure 8A). 

The greater wax moth larvae, G. mellonella have recently been 

used as an in vivo model for N. gonorrhoeae (Dijokaite 
et al. 2021) as it models the human innate immune response, is 

relatively high throughput and cost‐effective. Therefore, this 

in vivo model was selected to test if the acetylation of proteins 

was involved in gonococcal pathogenesis. The pathogenicity of 

the three gonococcal strains were compared (Figure 8B). During 

the infection none of the infection‐groups showed 100% sur-

vival, however, larvae infected with WT bacteria demonstrated 
survival of only 40% over 6 days. However, ΔackA mutant in-

fected larvae died 3 times faster than the WT and with a similar 

percentage of survival of 27%. While, Δpta strain showed a 

survival percentage of 87% after 6 days post‐infection that was 

similar to the group infected with PBS alone (Figure 8B). 

4 | Discussion 

In this study, the acetylome of the wild‐type strain and three 

mutants of N. gonorrhoeae were investigated. The number of 

FIGURE 7 | Volcano plot of the proteome of Neisseria gonorrhoeae. (A) Protein extracts of the isogenic strains were analysed by mass spec-

trometry and the expression was analysed. In red and blue are the non‐significant and significant different proteins for the isogenic strains ΔackA and 

Δpta. The significant different proteins are labelled with the name and abbreviation. (B) Significant different expressed proteins identified from mass 

spectrometry. The gene name or locus is shown next to the protein name. Experiment with 4 biological replicates.  
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identified proteins and acetylation sites was greater than that of 

the previous study in N. gonorrhoeae (Post et al. 2017) thereby 

expanding the acetylome. This increased the total coverage of 

identified proteins increased to 55% and 40% for acetylation 
sites. A total of 444 proteins and 1345 acetylation sites were 

shared between the two studies while 327 proteins and 689 

acetylation sites differed between these studies. We further add 

to this data by analysing Δpta, ΔackA and Δhdac mutants. By 

analysing data from the most recent studies on bacterial acet-

ylomes, that utilised immunoaffinity enrichment and mass 

spectrometry, we demonstrated that this study showed the 

highest coverage (Table S1). This was most probably due to the 

higher number of biological replicates, growth in CDM‐GC 

compared to rich GC‐broth and the number of strains analysed, 
wild type and mutants. 

A number of proteins with over 20 acetylation sites with iden-

tified, including DNA‐directed RNA polymerase subunit beta 
(RpoB), pyruvate dehydrogenase E1 component (AceE), chap-

erone protein ClpB (ClpB), 60 kDa chaperonin (GroEL), chap-

erone protein DnaK (DnaK) and DNA‐directed RNA 

polymerase subunit beta (RpoC). Several of these proteins have 

been identified previously with a high number of acetylation 

sites (Yu et al. 2008; Kuhn et al. 2014; Post et al. 2017) and the 

two chaperones DnaK and GroEL have been shown to be reg-
ulated by levels of acetyl phosphate. 

Enrichment analysis of the gonococcal acetylome was similar to 

previous bacterial studies. The highest enrichment score bio-
logical processes was for metabolic routes for pyruvate, pyrim-

idine and aspartate followed by translation. These first two 

terms were also enriched in Salmonella (Li et al. 2018). 

Whereas, in Vibrio cholerae translation had the highest en-

richment score (Jers et al. 2018). 

In this study, acetylation was shown to have an important role in 

the central metabolism of the N. gonorrhoeae. KEGG pathway 

analysis demonstrated numerous pathways associated with the 

central metabolism. Proteins involved in the TCA cycle, glycoly-

sis, and pyruvate metabolism were identified in the acetylome of 
the N. gonorrhoeae. In other bacteria acetylation has been shown 

to control metabolic flux and in S. enterica and Escherichia coli 

acetylation of the enzymes of the central metabolism has been 

shown to regulate their activity (Wang et al. 2010; Zhang 

et al. 2013; Pisithkul et al. 2015). We observed that disrupting the 

PTA‐AK pathway in N. gonorrhoeae affected the ability of the 
strains to grow on lactate or pyruvate but not glucose (Figure 6). 

We also demonstrated that a number of the enzymes involved in 

pyruvate metabolism are acetylated such as one of the compo-

nents of pyruvate dehydrogenase E2 and phopsphotransacetylase. 

Furthermore, we showed that in an environment with a high 

intracellular concentration of acetyl‐phosphate (ΔackA) the spe-
cific activity of phopsphotransacetylase was reduced by 78% 

(Table 2). This high acetylation of enzymes involved in pyruvate 

metabolism maybe the reason why the ΔackA strain was unable 

to grow on pyruvate as a sole carbon source. 

Several bacterial acetylomes have shown that many of their 

molecular function terms were related to the binding of mole-

cules, as was shown here (Liu et al. 2016, 2018; Jers et al. 2018). 

Acetylation has been shown to be involved in the regulation of 

gene expression through the inhibition of binding of the tran-

scriptional regulator to their target genes (Ren et al. 2016; Koo 
et al. 2020). 

We identified 34 unique sites with increased acetylation in the 

Δhdac strain. Analysis of these sites demonstrated an enrich-
ment of enzymes involved in tRNA binding suggesting that 

these proteins are regulated by Hdac. Similarly, in E. coli it was 

found that Ac‐P acetylation of leucyl‐, arginyl‐, tyrosyl‐, and 

threonyl‐tRNA reduced their activity and that the deacetylase 

CobB that removed the acetyl group activated these tRNAs 

FIGURE 8 | Adherence assay of Neisseria gonorrhoeae to human 

endometrial cells and killing assay of Galleria mellonella infected with 

N. gonorrhoeae. (A) Adherence of N. gonorrhoeae strains to HEC‐1B 

cells. The total number of bacteria adhering to the cell lines were cal-

culated and the assays carried out on three separate occasions. The 

mean number of bacteria are shown with standard error. Significance 

was calculated using one way ANOVA with Dunnett's multiple com-

parison test (p < 0.005). (B) Survival graph showing the percentage of 

survival for 6 days of experiment recording results every 24 h. Groups of 

20 larvae were infected each with 10 µL of different N. gonorrhoeae 

concentration. Two groups were used as controls; one injected with 

PBS; and one group non‐infected. The larvae were infected with the 

WT, Δpta, and ΔackA strains. The group inoculated with Δpta showed a 

higher survival than WT, similar to the control group infected with PBS. 

In contrast, ΔackA was the strain with the lowest survival. The t‐test 

shows a significant difference of the survival between larvae infected 

with ΔackA and WT.  
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(Ye et al. 2017; Venkat et al. 2017; Chen et al. 2019). We 

demonstrated an increase in acetylation in the Δhdac strain of 

the glutamate, alanine, and valine‐tRNA ligase. Other relevant 

proteins that were suggested to be deacetylated by Hdac were 

phosphotransacetylase (PTA), 2‐oxoglutarate dehydrogenase, 

and biotin carboxylase, enzymes involved in acetyl‐CoA 
metabolism, tricarboxylic acid cycle (TCA) and the PTA‐AK 

pathway. The CobB deacetylase was shown to positively 

regulate Isocitrate lyase in Mycobacterium tuberculosis 

(Bi et al. 2017). Furthermore, in E. coli, enzymes of the TCA 

cycle, isocitrate dehydrogenase and malate dehydrogenase were 

shown to have an increase of activity when deacetylated by 
CobB (Venkat et al. 2017, 2018). The gonococcal phospho-

transacetylase (Pta), the enzyme that produces acetyl‐ 

phosphate, showed an increase of acetylation of K450 in the 

isogenic strain Δhdac. As this modification is found within the 

active site of the protein and we observed a PTA activity 

reduction within the ΔackA mutant this suggests that acetyla-

tion/deacetylation maybe a way to modulate PTA activity and 
direct carbon flux in N. gonorrhoeae. 

The type IV pili of N. gonorrhoeae are important virulence de-

terminants that help with the colonisation of the host. Within 
the mutant strains generated in this study, we found differences 

in pili‐related protein expression. The levels of PilE and PilC 

were found to significantly increase and decrease in ΔackA and 

Δpta, respectively. Both have been demonstrated to be impor-

tant for pilus biogenesis and epithelial adherence which could 

explain the observed differences in gonococcal virulence (Rudel 

et al. 1992; Rotman et al. 2016). However, these proteins are 
subject to antigenic and phase variation, respectively (Swanson 

et al. 1987; Green et al. 2019), which may vary expression 

between our replicates. Indeed, whole genome sequencing of 

the revealed differences in the pilE nucleotide sequence 

between the wild‐type and mutants resulting in different anti-

genic variants that could explain the observations. However, 
there are several non‐variable pilus‐associated proteins that are 

also affected in our study, including PilP, which showed a sig-

nificant increase in acetylation in the ΔackA strain. This could 

alter pilin biogenesis and therefore decrease adherence and 

invasion compared to the Δpta mutant. Previous studies have 

shown that acetylation of PilT can change the viability of N. 

gonorrhoeae (Hockenberry et al. 2018). We did not observe any 

differences in PilT between strains. When assayed for adher-

ence we observed a reduction in adherence for both the ΔackA 

and Δpta mutants versus the wild‐type. 

We investigated the role of the PTA‐AK pathway in N. gonor-

rhoeae pathogenesis utilising the recently published gonococcal 

infection model for G. mellonella (Dijokaite et al. 2021). The 

gonococcal ΔackA mutant killed faster than the WT and with a 

similar survival percentage, while the Δpta resulted in a ≈90% 

survival. Interestingly, mice infected with a S. enterica Typhi-
murium Pta mutant showed a significantly longer survival com-

pared to a WT strain (Kim et al. 2006), further suggesting that 

Ac‐P or acetylation can drive bacterial virulence. A study with 

E. coli mutated in the two‐component system (TCS) Cpx envelope 

stress regulator (CpxR) demonstrated a loss of lethality in 

G. mellonella (Leuko and Raivio 2012). In the N. gonorrhoeae 

MisRS are homologues of the Cpx system (Mitrophanov and 
Groisman 2008). MisRS are involved in the regulation of gono-

coccal virulence factor expression and have been associated with 

resistance to cationic antimicrobial peptides and some antibiotics 

(Kandler et al. 2016). In agreement with the study of Post et al. 

(2017) we also observed an increase in acetylation of MisR in the 

ΔackA mutant. A putative control of MisRS by acetyl‐phosphate 

coupled with changes in gonococcal virulence within a Galleria 

larval killing assay dependent on acetylation state suggest an 
intriguing link between these two pathways. 

In this study, we have shown that 88% of the detectable gono-

coccal proteome is acetylated. Many of these acetylated proteins 
are involved in central metabolism and pyruvate utilisation 

including phosphotransacetylase. Changes in the acetylation 

state affected the ability to utilise particular carbon sources, 

especially pyruvate. We demonstrated that the enzymes of 

PTA‐AK pathway are important for gonococcal adherence and 

survival in the wax moth model. Therefore, protein acetylation 

in N. gonorrhoeae plays an important role in carbon source 
utilisation, central metabolism, and pathogenicity.  
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