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Abstract 

Bacteria employ a myriad of r egulator y mechanisms to adapt to the contin uousl y changing envir onments that they face. They can, 
for example, use post-translational modifications, such as N ε-lysine acetylation, to alter enzyme activity. Although a lot of pr ogr ess 
has been made, the extent and r ole of l ysine acetylation in many bacterial strains r emains uncharted. Her e, we applied sta b le isotope 
labeling by amino acids in cell culture (SILAC) in combination with the imm unopr ecipitation of acetylated peptides and LC-MS/MS to 
measure the first Pseudomonas aeruginosa PAO1 acetylome, r ev ealing 1076 unique acetylation sites in 508 proteins. Next, we assessed 

interstrain acetylome differences within P. aeruginosa by comparing our PAO1 acetylome with two pub licl y av aila b le PA14 acetylomes, 
and postulate that the overall acetylation patterns are not driven by strain-specific factors. In addition, the comparison of the P. aerug- 
inosa acetylome to 30 other bacterial acetylomes r ev ealed that a high percentage of transcription related proteins are acetylated in the 
majority of bacterial species. This conservation could help prioritize the c har acterization of functional consequences of individual 
acetylation sites. 

Ke yw ords: Pseudomonas aeruginosa ; PAO1; PA14; N ε-lysine acetylation; acetylome; interstrain analysis 

 

 

 

h  

l  

g  

2  

a  

p  

2  

a  

d  

a  

B  

b  

i  

i  

l  

o  

e  

c  

a  

e  

q  

v

Introduction 

In continuousl y c hanging envir onments, post-tr anslational mod- 
ifications (PTMs; i.e. alterations to proteins after their synthesis) 
provide cells with a po w erful and swift ada ptation str ategy. In- 
deed, while gener all y small, PTMs impact pr otein function, activ- 
ity, interactions, and/or localization (Macek et al. 2019 ). Moreover,
by modifying the pool of pre-existing proteins, PTMs outpace tran- 
scriptional and tr anslational r egulation that act through the time- 
and energy-consuming process of protein synthesis. 

A common bacterial PTM is N ε-lysine acetylation, which is 
the r e v ersible addition of an acetyl-group to the sidechain of ly- 
sine, elongating the residue and neutralizing its positive charge 
(Hentchel and Escalante-Semerena 2015 , Macek et al. 2019 ). This 
modification r esults fr om either nonenzymatic pr ocesses or en- 
zymatic reactions carried out by acetyltransferases (Lammers 
2021 ). While this PTM was originall y discov er ed in bacteria in 

1992 (Barak et al. 1992 ), proteome-wide analyses of bacterial 
acetylation sites were only charted from 2008 onw ar ds (Yu et 
al. 2008 ), following k e y technical developments. Indeed, due to 
the low stoichiometry of this PTM, thor ough enric hment pr oto- 
cols, high accuracy mass spectrometers and software advances 
pr ov ed criticall y important (Weinert et al. 2017 , Virág et al.
2020 ). 
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omes entails a wide diversity of species consisting of model or-
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013a , Castaño-Cerezo et al. 2014 , Meyer et al. 2016 , Weinert et
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Ho w e v er, it has come to light that interstr ain differ ences might
lso contribute to some strain-dependent phenotypic differences.
or example, Fang et al. ( 2022 ) sho w ed that the increased acety-
ation of pyruvate kinase contributed to the antibiotic resistance
f se v er al r esistant str ains. Similarl y, lar ge acetylome differ ences
ere found between an antibiotic resistant and sensitive Acti-
obacter baumannii strain by Kentache et al. ( 2016 ) and Liao et
l. ( 2017 ). In contrast, Birhanu et al. ( 2017 ) found extensive over-
ap between the acetylome of Lineage 7 and four M. tuberculo-
is strains, although admittedly, this publication also included O -
cetylation. Nonetheless, due to the small number of studies and
heir contr asting r esults, the significance of these interstr ain dif-
er ences r emains elusiv e. 

Pseudomonas aeruginosa is a Gr am-negativ e opportunistic hu-
an pathogen, c har acterized by its metabolic versatility and ex-

ensive genome plasticity. It is particularly difficult to eradicate,
ue to the presence of multiple drug resistance mechanisms, and
resents a major health hazard for infected patients (Qin et al.
022 ). The most commonly studied P. aeruginosa strains are PAO1
nd PA14. The latter is a virulent strain isolated from human pa-
ients and is known to possess two additional pathogenicity is-
ands (Mikkelsen et al. 2011 , Grace et al. 2022 ). The acetylome of
A14 has pr e viousl y been c harted (Ouidir et al. 2015 , Gaviard et
l. 2018 , 2019 ), and r e v ealed that man y of the pr oteins involv ed in
ranslation (Gaviard et al. 2018 ) and carbon metabolism (Ouidir
t al. 2015 , Gaviard et al. 2018 ) were acetylated. The strains PAO1
nd PA14 each represent one of the two largest groups in the five-
r oup population structur e of P. aeruginosa , whic h r epr esent the
ajority of all sequenced isolates to date (Fr esc hi et al. 2019 ). The

cetylome of the labor atory str ain PAO1 has not yet been stud-
ed and the interstrain acetylation differences within P. aeruginosa
emain unclear. In addition, it is unclear if bacterial acetylation
s widel y conserv ed between differ ent species or species-specific
cetylation pattern exist. 

To address this knowledge gap, we here present the first acety-
ome of P. aeruginosa strain PAO1, containing 1076 unique acetyla-
ion sites in 508 pr oteins. We compar e the interstr ain acetylome
ifferences between PAO1 and PA14 obtained by Ouidir et al. ( 2015 )
nd Gaviard et al. ( 2018 ), and postulate that the ov er all acetyla-
ion patterns are not driven by strain-specific factors. Additionally,
he comparison of the P. aeruginosa acetylome to 30 other bacte-
ial acetylomes r e v eals that high acetylation le v els for transcrip-
ion r elated pr oteins ar e shar ed acr oss bacterial species . T his con-
erved acetylome can help prioritize the characterization of func-
ional consequences of individual acetylation sites. 

aterials and methods 

cetylomics 

o analyse the acetylome of P. aeruginosa PAO1, a SILAC labeling
trategy was used together with immunoprecipitation and mass
pectr ometry. This labeling str ategy was used to quantify the rel-
tive acetylome changes upon overexpression of an unspecified
ene. Ho w e v er, in this study, we only focused on the nonov er ex-
ression condition. 

PAO1 condition 1 cells (no ov er expr ession) and PAO1 condition
 cells were grown overnight at 37 ◦C in MMP medium (30 mM
a2HPO4, 14 mM KH2PO4, 1 mM MgSO4, 20 mM NH4SO4, 20 mM
lucose, and 20 μM FeSO4) supplemented with 0.025% of ‘light’
 ysine (L ys0) and 0.025% of the ‘heavy’ L ysine (L ys4), r espectiv el y.
rom these overnight cultures, precultures were inoculated in the
ame medium, grown until an OD600 = 0.5 and used to inocu-
ate two flasks containing 500 ml of MMP medium supplemented
ith 0.025% Lys0 and 0.025% Lys4, r espectiv el y. At an OD600 =
.25, 1 mM IPTG was added to the flask containing Lys4. After
5 min of induction the cells were pelleted by centrifugation (15
in, 4600 rpm, 4 ◦C). Lysis of this pellet was ac hie v ed using the

-PERTM Yeast Pr otein Extr action Rea gent pr otocol (Thermo Sci-
ntific). Briefly, lysozyme was added to a final concentration of
0 μg/ml and 1800 μl Y-PER Reagent (Thermo Scientific) was added
er 500 mg of pellet. The mixture was agitated for 20 min at 37 ◦C,
onicated (30 s, 40%) and pelleted by centrifugation at 14 000 × g
or 30 min. 

Pr oteins wer e then extr acted fr om these cells using a c hlor o-
orm/methanol pr otein pr ecipitation as described befor e (Soufi
nd Macek 2014 ). The pr otein pr ecipitates wer e stor ed at −80 ◦C.
r oteins wer e r esolv ed in digestion buffer (6 M urea, 2 M thiourea,
0 mM Tris, and pH 8.0) and mixed (1:1 r atio according to pr o-
ein amounts). 14 mg of the mixture was digested in solution with
rypsin as described pr e viousl y (Borc hert et al. 2010 ). 

Lysine-acetylated peptides wer e enric hed by imm unopr ecipi-
ation using anti-AcK antibodies as described before by Choud-
ary et al. ( 2017 ), with slight modifications. Peptides were desalted
sing solid phase extraction and dissolved in IP buffer (50 mM
OPS pH 7.2, 10 mM sodium phosphate and 50 mM sodium chlo-

ide). P eptides w er e incubated ov ernight at 4 ◦C with a gar ose con-
ugated antiacetyllysine antibody (ImmuneChem) on a rotation
heel. The imm unopr ecipitates wer e washed four times with

P buffer and twice with water. Lysine-acetylated peptides were
luted three times with 0.1% TFA in water. Pooled peptides were
urified using stage tips (Rappsilber et al. 2007 ) and analysed on
n EasyLC nano-HPLC (Thermo Scientific) coupled to an LTQ Or-
itr a p Elite mass spectrometer (Thermo Scientific) as described
r e viousl y (Fr anz-Wac htel et al. 2012 ). The peptide mixture was

njected onto the column in HPLC solvent A (0.5% acetic acid) at
 flow rate of 500 nl/min and subsequently eluted with a 227 min
egmented gradient of 5%–33% to 50%–90% HPLC solvent B (80%
cetonitrile in 0.5% acetic acid). During peptide elution the flow
ate was k e pt constant at 200 nl/min. The mass spectrometer
as operated in the positive ion mode. Full scan was acquired

n the mass r ange fr om m/z 300–2000 at a resolution of 120 000
ollo w ed b y HCD fr a gmentation of the 15 most intense precur-
or ions. High-resolution HCD MS/MS spectra were acquired with
 resolution of 15 000. The target values for the MS scan and
S/MS fr a gmentation wer e 10 6 and 40 000 c har ges, r espectiv el y.

recursor ions were excluded from sequencing for 60 s after
S/MS. 
Acquir ed MS spectr a wer e pr ocessed with the MaxQuant soft-

ar e pac ka ge v ersion 1.2.2.9 (Cox and Mann 2008 ) with integrated
ndr omeda searc h engine (Cox et al. 2011 ). Database searc hes
ere performed against a target decoy (Elias and Gygi 2007 ) P.
eruginosa PAO1 database obtained fr om Unipr ot (on 23 June 2014)
The UniProt Consortium 2023 ), containing 16 883 protein entries
nd 248 commonl y observ ed contaminants. In database search,
ull tryptic specificity was r equir ed and up to two missed cleav-
 ges wer e allowed. Carbamidomethylation of cysteine was set as
xed modification; protein N-terminal acetylation, oxidation of
ethionine, and acetylation of lysine were set as variable modifi-

ations. Initial precursor mass tolerance was set to 6 ppm at the
recursor ion and 20 ppm at the fragment ion level. False discov-
ry r ates wer e set to 1% at peptide , acetylation site , and protein
r oup le v el. Subsequentl y, the acetylation sites identified in con-
ition 1 (intensity light > 0) were further filtered based on the site

ocalization probability ( > 0.75) and PEP ( < 0.05), similar to Birhanu
t al. ( 2017 ). 
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Bioinformatics and biostatistics analyses 

Enrichment analysis 
Once the data was obtained, an enrichment analysis for GO and 

KEGG terms (Ashburner et al. 2000 , Kanehisa and Goto 2000 , Kane- 
hisa et al. 2017 , 2021 , The Gene Ontology Consortium et al. 2021 ) 
was performed using the functional annotation tool of the DAVID 

Bioinformatics database v.2021 (Huang et al. 2009 , Sherman et al.
2022 ). This tool uses a modified version of the Fisher’s Exact test,
called the EASE score, to identify enriched terms . T he internal list 
of all P. aeruginosa PAO1 proteins was used as the background. The 
effect of multiple testing was corrected by using a false discovery 
r ate thr eshold of 0.05. 

Functional acetylation sites 
First, a list of potentially functional lysine acetylation sites in bac- 
teria was collated. This was accomplished by searching PubMed 

using the query ‘[ N - ε-lysine acetylation OR (lysine AND acetylat ∗)] 
AND (bacter ∗)’ on PubMed on 08 March 2023. Subsequently, the 
obtained r esearc h pa pers wer e scr eened for information concern- 
ing the effect of acetylation, the method used to c hec k the effect 
of lysine acetylation and the conditions under which it was tested.
Sites for which acetylation influenced the behavior of the protein 

and for which the effect of acetylation of the specific site was 
tested using mutational experiments, either via blocking or mim- 
icking the acetylation, or a genetic code expansion strategy were 
included in our list. 

Next, the collected sites were mapped to their respective sites 
in PAO1 homologs using the BLAST + software v2.15.0 + . Specifi- 
call y, the pr otein BLAST algorithm—with a w or d size of 5, a gap 

open cost of 11, and a gap extend cost of 1 (default values of the 
online BLAST tool)—was used to find homologs of the proteins 
containing functional acetylation site (r etrie v ed fr om UniPr ot on 

9 December 2023) in the PAO1 proteome (UP000002438, retrieved 

fr om UniPr ot on 23 December 2021). Pr oteins wer e onl y deemed 

homologs if they had an E-value smaller than 10 −5 , a query cover- 
a ge lar ger or equal to 70% and a percenta ge identity lar ger or equal 
to 35%. Afterw ar ds, the BLAST alignments w ere used to find the 
l ysine r esidues in the PAO1 homologs that corr espond with the 
functional lysine residues in the composed list. A misalignment 
of one amino acid was allowed between the lysine in the original 
and homologues protein. 

Bacterial acetylome datasets 
To compare our results to others, a list of acetylome datasets 
w as compiled b y sear ching the PubMed and Pr oteomeXc hange 
database (5 May 2022). The query terms used in this search can 

be found in Supplementary Table S13 . Only bacterial datasets that 
provided information on acetylated positions and for which a pro- 
teome was available [either defined in the publication or available 
on UniProt (The UniProt Consortium 2023 )] were retained. 

Subsequentl y, the pr otein identifiers and the position of the 
acetylated amino acids wer e extr acted. The acetylation sites were 
then processed by mapping the identifiers to UniProt identifiers 
(The UniProt Consortium 2023 ) (e.g. by searching for the protein ID 

that belongs with the gene ID provided in the paper in the UniProt 
proteome that was used in the same paper) and converting pep- 
tide positions to protein positions, depending on the dataset and 

the proteome that the creators of the dataset used. In the end,
a list of 30 datasets containing a total of 52 796 acetylation sites 
was obtained (Kim et al. 2013 , Lee et al. 2013 , Okanishi et al. 2013 ,
Castaño-Cerezo et al. 2014 , Pan et al. 2014 , Kosono et al. 2015 ,
Ouidir et al. 2015 , Xie et al. 2015 , Carabetta et al. 2016 , Chen et 
l. 2016 , 2017 , K entac he et al. 2016 , Birhanu et al. 2017 , Weinert et
l. 2017 , Ga viard et al. 2018 , J ers et al. 2018 , Liu et al. 2018 , Raviku-
ar et al. 2018 , Türko wsk y et al. 2018 , Xu et al. 2018 , 2020 , Yang

t al. 2018 , 2021 , Sun et al. 2019 , Wang et al. 2019 , Mar akasov a et
l. 2020 , Novak et al. 2020 , Lei et al. 2021 ). 

omparison of the acetylomes of P. aeruginosa strain PAO1 

nd PA14 

wo P. aeruginosa strain PA14 acetylome datasets wer e acquir ed us-
ng the pr e viousl y described pr ocess (Ouidir et al. 2015 , Gaviard et
l. 2018 ). These wer e subsequentl y compar ed to our PAO1 acety-
ome. To start, the site per protein distribution of these datasets
as analysed. 
Next, the ov erla p between the acetylated sites was assessed. To

nable this, the acetylation sites in PA14 proteins were mapped to
heir corresponding sites in PAO1 orthologs . T hese orthologs were
dentified using OrthoFinder v2.5.4 (Emms and K ell y 2019 ). Next,
he acetylation positions in the PAO1 orthologs were determined 

y aligning the PA14 proteins to their PAO1 counterparts using the
airwise alignment algorithm implemented in the Bio.Align pack- 
ge of biopython v1.78 (Cock et al. 2009 ). To be more precise, this
lgorithm was used in its ‘global’ mode with the BLOSUM62 ma-
rix as the substitution matrix. Additionally, a gap opening score
f 10 and extension score of 0.5 was used during the alignment
rocess, similar to Chaudhuri et al. ( 2015 ). For the remaining pa-
 ameters (e.g. the mismatc h scor e) the default v alues wer e used.
 lysine in a PAO1 ortholog was then considered a match with the
cetylated lysine in the PA14 protein, if it the lysine was either
ir ectl y aligned with the PA14 lysine or flanked the amino acid
ligned with the PA14 lysine. 

Finally, the pathwa y co verage by acetylation—calculated as 
he fraction of the genes in a pathway for which its protein
 as acetylated—w as compared betw een the three datasets for

ach KEGG pathwa y. T he pathwa y information needed for this
nalysis—meaning the genes of P. aeruginosa strain PAO1 (pae) and
train PA14 (pau), and the pathways to which they belong—was di-
 ectl y r etrie v ed fr om the KEGG database (Kanehisa and Goto 2000 ,
anehisa et al. 2017 , 2021 ) (release 104: 2022/10). The fraction
ould be calculated after the pathway information was linked to
he UniProt IDs . T his linking was accomplished using the UniProt

apping tool, as it allo w ed us to find the KEGG gene id for each
niPr ot pr otein ID (The UniPr ot Consortium 2023 ). 

omparison of the bacterial acetylomes 
imilar to the P AO1–P A14 comparison, the pathwa y co v er a ge was
nalysed for and compared between each actylomics dataset.
o w e v er, in contr ast to the pr e vious anal ysis, we looked at path-
a y co v er a ge fr om a ‘pathway gr oup’ le v el. Specificall y, the gr oups
efined in the KEGG P A THWA Y Database for the pathways in-
olved in metabolism, genetic information processing, environ- 
ental information processing and cellular processing (e.g. car- 

ohydrate metabolism) (Kanehisa and Goto 2000 , Kanehisa et al.
017 , 2021 ). 

esults 

etermination of the PAO1 acetylome reveals 

076 unique acetylation sites 

e analysed the acetylome of P. aeruginosa PAO1 using stable iso-
ope labeling by amino acids in cell culture (SILAC) in combina-
ion with LC-MS/MS. Next, we processed the raw MS files with
axQuant (1% FDR threshold) (Cox and Mann 2008 , Cox et al.

https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
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Figure 1. KEGG enrichment analysis of the identified acetylated proteins . T he numbers next to each pathway represent the number of acetylated 
proteins and total number of proteins in a pathway, r espectiv el y. To highlight similarities between the different enriched terms and the GO enrichment 
analyses in supplementary Figure S1 , terms related to the same process are displayed in the same colour. Overall, terms associated with translation, 
the carbohydrate and amino acid metabolism are enriched. 
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011 ), and sites with a site localization probability above 0.75 and
 posterior error probability (PEP) smaller than 0.05 were selected
Birhanu et al. 2017 ). These filtering steps resulted in a total of 1076
nique identified sites in 508 proteins ( Supplementary Table S1 ). 

Functional enric hment anal ysis of the acetylated pr oteins pr o-
ides a perspective on their biological relevance (Ashburner et
l. 2000 , Huang et al. 2009 , The Gene Ontology Consortium et
l. 2021 , Sherman et al. 2022 ) (Fig. 1 , Supplementary Figure S1 ,
upplementary Table S2 ). Here, the enrichment analysis results
n se v er al GO terms r elated to tr anslation—suc h as tRNA bind-
ng, ribosomal subunit, and ribosome binding—being ov err ep-
esented in the acetylome ( Supplementary Figure S1 ). In addi-
ion, we find proteins involved in two metabolic pathwa ys , the
itrate cycle (TCA) and glycolysis, in our list of acetylated pro-
eins ( Supplementary Figure S1 ). Analysis of enrichment of KEGG

etabolic pathways confirms that the TCA cycle and gl ycol ysis
r e enric hed (Fig. 1 ). Additional metabolic pathways include path-
ays related to fatty acid metabolism, amino acid metabolism,
nd the biosynthesis of secondary metabolites (e.g. monobactam).
v er all, these enric hment anal yses show that acetylated proteins
r e spr ead acr oss differ ent pathways and cellular pr ocesses, but
r e pr edominantl y found in pr oteins involv ed in tr anslation and
arbon metabolism. 

To assess whether the acetylation sites play a r egulatory r ole in
he afor ementioned pr ocesses, w e performed a tw o-step analysis.
irst, we compiled a list of experimentally confirmed acetylation
ites with a functional effect in other bacterial species (Ramakr-
shnan et al. 1998 , Crosby et al. 2010 , Thao et al. 2010 , Wang et
l. 2010 , Li et al. 2011 , 2017 , 2020a , b , 2021 , Liang et al. 2011 , Lima
t al. 2011 , 2012 , 2016 , Liang and Deutscher 2012 , Hu et al. 2013 ,
uc ker and Escalante-Semer ena 2013 , Ver gnolle et al. 2013 , Zhang
t al. 2013b , 2016 , 2020 , 2022 , Xu et al. 2014 , Fr aiber g et al. 2015 ,
u et al. 2015 , Xie et al. 2015 , Carabetta et al. 2016 , 2019 , Qin et al.
016 , Ren et al. 2016 , 2019 , Song et al. 2016 , Sun et al. 2016 , 2019 ,
ou et al. 2016 , Baron and Eisenbach 2017 , Chen et al. 2017 , Ishi-
aki et al. 2017 , Liao et al. 2017 , Nakayasu et al. 2017 , Sang et al.
017 , Wang et al. 2017 , Wei et al. 2017 , Ye et al. 2017 , Venkat et al.
017a , b , 2018 , 2019 , Bi et al. 2018 , Davis et al. 2018 , Hockenberry
t al. 2018 , Re v erdy et al. 2018 , Sakatos et al. 2018 , Umehara et al.
018 , VanDrisse and Escalante-Semerena 2018 , Yang et al. 2018 ,
ao et al. 2019 , Kim et al. 2020 , Komine-Abe et al. 2021 , Singh et
l. 2021 , Barlow and Tsai 2022 , Cai et al. 2022 , Fang et al. 2022 ,
uu et al. 2022 , Di et al. 2023 ) ( Supplementary Table S3 ). Second,
e mapped these sites to PAO1 homologs using pairwise sequence
lignments . T he mapping results in 12 sites for which acetyla-
ion was shown to have an impact (Table 1 ). Two functional sites
r e conserv ed at the r esidue le v el in pr oteins involv ed in tr ans-
ation; for the leucine–tRNA ligase LeuS residue K632 (EC 6.1.1.4)
nd arginine–tRNA ligase ArgS residue K131 (EC 6.1.1.19) (Ye et
l. 2017 ), three for a protein involved in S -adenosylmethonionine
iosynthesis; S -adenosylmethionine synthase MetK (K267, K285,
nd K386) (EC 2.5.1.6) (Sun et al. 2016 ), and one for a protein
rom the TCA cycle; isocitrate dehydrogenase Icd K57 (EC 1.1.1.42)
Venkat et al. 2018 ). Four additional sites—one in the RNA poly-

er ase pr otein RpoA K291 (EC 2.7.7.6) (Lima et al. 2016 ) and the
ther in the DNA-binding protein HU-beta HupB (K18, K86, and
86) (Barlow and Tsai 2022 ), were found to influence transcrip-

ion and are present in the corresponding PAO1 proteins as well.
v er all, m utational experiments on these acetylation sites in the
riginal bacterial species sho w ed mostl y negativ e effects—suc h
s decreased enzymatic activity and decreased DNA compaction
 Supplementary Table S3 ). Based on the conservation it is likely
hat the acetylation sites have the same effect on the P . aeruginosa
r oteins. Mor eov er, the conserv ation of both the acylation of the
rotein and the acetylated residue suggests an important func-
ion. Indeed, Lima et al. ( 2016 ) sho w ed that transcription in E. coli

https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
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Table 1. Acetylation sites with a functional effect also present in the P. aeruginosa PAO1 acetylome. 

Publication Organism Protein (Kac site) 
P. aeruginosa homolog 
(matched Kac site) 

P. aeruginosa protein 
description Gene name 

Lima et al. ( 2016 ) E. coli P0A7Z4 (K291) O52760 (K290) DN A-directed RN A pol ymer ase 
subunit alpha 

rpoA 

Singh et al. ( 2021 ) M. tuberculosis P9WGM7 (K207) Q9HW21 (K203) Probable two-component 
r esponse r egulator 

PA4381 

Ye et al. ( 2017 ) E. coli P07813 (K619) Q9HX33 (K632) Leucine–tRNA ligase leuS 
Ye et al. ( 2017 ) E. coli P11875 (K126) Q9HUC8 (K131) Arginine–tRNA ligase argS 
Barlow and Tsai ( 2022) E. coli P0ACF4 (K86) P05384 (K86) DNA-binding protein HU-beta hupB 
Luu et al. ( 2022 ) B. subtilis P08821 (K18, K80, 

and K86) 
P05384 (K18, K80, and K86) DNA-binding protein HU-beta hupB 

Venkat et al. ( 2018 ) E. coli P08200 (K55) Q9I0L5 (K57) Isocitr ate dehydr ogenase 
(NADP) 

icd 

Sun et al. ( 2016 ) E. coli A0A140N627 (K266, 
K284, and K373) 

Q9I5Z0 (K267, K285, and 
K386) 

S -adenosylmethionine synthase metK 

Carabetta et al. ( 2019 ) B. subtilis P08821 (K18, K80, 
and K86) 

P05384 (K18, K80, and K86) DNA-binding protein HU-beta hupB 

Note: A list of sites from 67 publications was compared to our PAO1 acetylome. Further details regarding the biological effect of the sites in this list, how they are 
acetylated and more can be found in supplementary Table S3 (Ramakrishnan, Schuster and Bourret 1998 ; Crosby et al. 2010 ; Thao et al. 2010 ; Wang et al. 2010 ; 
Liang, Malhotra and Deutscher 2011 ; Li et al. 2011 , 2017 , 2020a , 2020b , 2021 ; Lima et al. 2011 , 2012 , 2016 ; Liang and Deutscher 2012 ; Hu et al. 2013 ; Tucker and 
Escalante-Semer ena 2013 ; Ver gnolle, Xu and Blanc hard 2013 ; Zhang et al. 2013b , 2016 , 2020 , 2022 ; Xu et al. 2014 ; Fr aiber g et al. 2015 ; Tu et al. 2015 ; Xie et al. 2015 ; 
Carabetta et al. 2016 , 2019 ; Qin et al. 2016 ; Ren et al. 2016 , 2019 ; Song et al. 2016 ; Sun et al. 2016 , 2019 ; You et al. 2016 ; Baron and Eisenbach 2017 ; Chen et al. 2017 ; 
Ishigaki et al. 2017 ; Liao et al. 2017 ; Nakayasu et al. 2017 ; Sang et al. 2017 ; Venkat et al. 2017b , 2017a , 2018 , 2019 ; You et al 2016 ; Wei et al. 2017 ; Ye et al. 2017 ; Bi et 
al. 2018 ; Davis et al. 2018 ; Hockenberry et al. 2018 ; Re v erdy et al. 2018 ; Sakatos et al. 2018 ; Umehara et al. 2018 ; VanDrisse and Escalante-Semerena 2018 ; Yang et al. 
2018 ; Gao et al. 2019 ; Kim et al. 2020 ; Komine-Abe et al. 2021 ; Singh et al. 2021 ; Barlow and Tsai 2022 ; Cai et al. 2022 ; Fang et al. 2022 ; Luu et al. 2022 ; Di et al. 2023 ). 
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depends on RpoA acetylation, the conservation of this acetylation 

among distant species suggests that this is universal among bac- 
teria. 

Despite the substantial number of detected acetylation sites 
in ribosomal proteins, the potentially functional acetylation sites 
discov er ed by Zhang et al. ( 2020 )—which influence the c ha per one 
activity of S1 (protein P0AG67, K411, and K464), and potentially EF- 
TU recruitment and GTP hydr ol ysis (pr otein P0A7K2 and K66) in E.
coli—were not present in our acetylome ( Supplementary Table S3 ).
In total, the PAO1 acetylome contains 91 acetylation sites in 42 
out of 56 structural ribosomal proteins ( Supplementary Table S4 ).
Se v en of these sites are located r elativ el y close to these pr e viousl y
described sites (Fig. 2 ) (Leijonmarck et al. 1987 , Goddard et al. 2018 ,
Berman et al. 2000 , Jumper et al. 2021 , Pettersen et al. 2021 , Varadi 
et al. 2022 , Meng et al. 2023 ). Ho w e v er, upon closer inspection, we 
can observe that the acetylated sidechains are oriented a wa y from 

the sidechains of the sites described by Zhang et al. ( 2020 ). Ne v er- 
theless, due to their proximity, the detected acetylation sites could 

still play a regulatory role. 

Comparison of the PAO1 and PA14 acetylomes 

indicates protein- and site- but not 
pa thway-le vel differences 

We studied the interstrain acetylome variation in P. aeruginosa 
P AO1 and P A14, by comparing ov erla pping acetylated pr oteins and 

l ysine r esidues . T he number of acetylated proteins and sites be- 
tween the PAO1 acetylome studied here and Gaviard et al.’s ( 2018 ) 
PA14 acetylome are generally consistent. We identified 508 acety- 
lated proteins and 1076 sites, while Gaviard et al. ( 2018 ) found 522 
proteins and 1102 unique sites. Taking into account the smaller 
PAO1 proteome (5564 versus 5886 proteins; The UniProt Consor- 
tium 2023 ), the acetylomes ar e e v en mor e similar. Indeed, the 
PAO1 acetylome covers a slightly larger part of the str ain’s pr o- 
teome (9.1% of the pr oteins), compar ed to the PA14 acetylome 
(8.7%). Compared to Gaviard et al.’s ( 2018 ) acetylome, larger dif- 
ferences could be observed between our and Ouidir et al.’s ( 2015 ) 
acetylome. We identified 188 additional proteins and 646 addi- 
l  
ional acetylation sites in our study and consequently obtain a
igher fraction of acetylated proteins (9.1%) versus Ouidir et al.’s
tudy ( 2015 ) (5.4%). 

In addition to the acetylome size, the distribution of the num-
er of acetylated sites per protein are similar between the PAO1
cetylome and Gaviard et al.’s ( 2018 ) PA14 acetylome (Fig. 3 ).
ost proteins contain one acetylation site. Ho w e v er, some pos-

ess man y mor e . For example , Cha per one pr otein DnaK (Q02FR1)
isplayed 17 acetylation sites in the study by Gaviard et al. ( 2018 )
 Supplementary Table S5 ). In addition, it is of note that se v er al
f these proteins that possess multiple acetylation sites are ho-
ologs . For example , Cha per onin Gr oEL (P30718–EC 5.6.1.7) con-

ains 14 acetylation sites in our acetylome and 11 and 13 sites in
ts PA14 homolog (Q02H55) in Gaviard et al.’s ( 2018 ) and Ouidir et
l.’s ( 2015 ) acetylome, r espectiv el y ( Supplementary Table S5 ). This
rend of high numbers of acetylation sites in both strains—and
 v en between the two PA14 datasets—does not hold for the major-
ty of proteins. To illustrate, Cysteine desulfurase IscS (Q02RW8–
C 2.8.1.7) contains se v en acetylation sites in Gaviard et al.’s ( 2018 )
cetylome, none in Ouidir et al .’s ( 2015 ) dataset and only one in its
AO1 homolog in our acetylome ( Supplementary Table S5 ). Within
he context of these acetylome comparisons, it is important to
 ee p in mind that the acetylome of Ouidir et al. ( 2015 ) is markedly
maller. As such, these similarities with Gaviard’s acetylome and 

ifferences with Ouidir’s might be attributable by differences in 

he experimental setup of the studies in question. 
Due to the smaller PA14 acetylome measured by Ouidir et al.

 2015 ), most of the metabolic pathw ays sho w ed reduced acetyla-
ion le v els—defined as the fr action of genes involv ed in a KEGG
athway for which their corresponding proteins were found to 
e acetylated—compared to those for the two other P. aeruginosa 
cetylomes (Fig. 4 ). Despite the similarities regarding the num-
er of acetylated proteins and sites between the PAO1 and PA14
cetylome from Gaviard et al. ( 2018 ), the ov er all acetylation pat-
erns at the pathway le v el also display se v er al differ ences. In gen-
r al, acetylation e v ents ar e spr ead thr oughout the metabolic net-
ork. Only 15 of the 102 metabolic pathways lac ked an y acety-

ated proteins for all three acetylomes, six of which belong to the

https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
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(B)(A)

Figure 2. Lysine acetylation of the ribosomal proteins, Q9HWC8 and Q9HZ71, in P. aeruginosa surrounding two sites that were shown to have potential 
r egulatory r ole - via m utational studies — in E. coli by Zhang et al. ( 2020 ). In this figure, acetylation sites that wer e measur ed in this study ar e 
highlighted in green on the Pseudomonas AlphaFold structures (Jumper et al. 2021 , Varadi et al. 2022 ) (beige) using ChimeraX (Goddard et al. 2018 , 
Pettersen et al. 2021 , Meng et al. 2023 ). Two sites described by Zhang et al. ( 2020 ), K66 in protein P0A7K2 and K464 in protein P0AG67, are highlighted in 
c y an on the E. coli structures (pink). The P0A7K2 structure originates from the PDB database (1CTF) (Leijonmarck and Liljas 1987 , Berman et al. 2000 ) 
and P0AG67 from the AlphaFold database (Varadi et al. 2022 ). Seven of the measured acetylation sites are located relatively closely to these previously 
c har acterised sites, ther eby suggesting a possible r egulatory r ole of these sites as well. 
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pathway gr oup’, whic h is involv ed in xenobiotics biodegr adation
nd metabolism. The remaining unacetylated pathways are dis-
ributed across the other pathway groups, excluding the amino
cid, energy, nucleotide metabolism, and the global and ov ervie w
aps pathway groups. 
Inter estingl y, se v er al pathways with r elativ el y high acetylation

e v els ar e shar ed among the thr ee acetylomes (Fig. 4 ). The two
rime examples here are the glycolysis and TCA cycle pathways
f the carbohydrate metabolism. They display acetylation le v els
f between 30.1% (11/36) in Ouidir et al.’s ( 2015 ) acetylome and
2.8% (19/36) in PAO1, and between 53.6% (15/28) in Ouidir et al.’s
 2015 ) acetylome in PAO1 and 67.9% (19/28) in PAO1, r espectiv el y
 Supplementary Table S6 ). As mentioned pr e viousl y, these path-
ays are often found to be acetylated in acetylome studies (Ouidir

t al. 2015 , Nakayasu et al. 2017 , Gaviard et al. 2018 ). Notably, the
carbose and validamycin biosynthesis pathway show high acety-
ation le v els for all P. aeruginosa acetylomes (50%–100%). Ho w e v er,
his pathway only contains two protein coding genes. As such,
igh acetylation le v els can easily be reached. 

By contrast, not every pathway, which shows extensive acety-
ation in one dataset is highly acetylated in another. For exam-
le, the monobactam biosynthesis pathway only possesses a high
cetylation le v el in PAO1, wher eas the na phthalene degr adation
athway has extensive acetylation levels in the PA14 acetylomes.
e v ertheless, similar to the acarbose and validamycin pathway,
e must k ee p in mind that the monobactam and naphthalene
athways are small. Missing a single acetylated protein can dras-
ically affect the acetylation level. Ho w ever, there are some path-
a ys , which consist of more proteins that show differences in
cetylation le v els . For example , in PAO1 13 out of 34 proteins in-
olved in the pyrimidine metabolism ar e acetylated, wher eas onl y
hree and six out of the 36 proteins in the same pathway in the
aviard et al. ( 2018 ) and Ouidir et al. ( 2015 ) acetylomes are acety-

ated, r espectiv el y. 
Aside from the metabolic pathwa ys , the acetylation le v els of

he pathwa ys in volved in cellular processes , en vironmental in-
ormation processing, genetic information processing, and hu-
an diseases (that includes antimicrobial resistance) were in-
estigated as well. Here, the common highly acetylated pro-
esses are associated with the functioning of RNA pol ymer ase
nd RNA degradation (Fig. 5 ). In the former process, homologs
f all the proteins that are acetylated in PAO1 (3) are acetylated
n PA14, albeit not as many sites per protein. The fourth pro-
ein involved in this process according to KEGG, RpoZ (Q9HTM1–
C 2.7.7.6), is only acetylated in the Ouidir et al . ( 2015 ) acety-
ome. In the RNA degradation process, most proteins acety-
ated in PAO1 are also acetylated in one of the PA14 acety-
omes. Two proteins in particular—chaperonin GroEL (P30718) and
 ha per on pr otein DnaK (Q9HV43)—ar e highl y acetylated acr oss
ll three acetylomes (11–14 sites per protein) ( Supplementary
able S7 ). The onl y pr otein that is uniquely acetylated in the
AO1 acetylome is Q9 ×4P2, an RN A p yr ophosphohydr olase. In-
er estingl y, the ribosome pathway is mor e heavil y acetylated
n PAO1 than PA14. Here, 17 proteins are uniquely acetylated
n PAO1. Ho w e v er, her e too the most acetylated proteins are
cetylated in at least one of the PA14 acetylomes ( Supplementary
able S7 ). 

The distribution of acetylation e v ents in virulence-r elated pr o-
esses based on the VFDB database (Liu et al. 2022 ) r e v ealed that
9 and 22 virulence factors were acetylated in PAO1 and PA14, re-
pectiv el y ( Supplementary Table S8 ). Notabl y, ther e is little over-
ap between the specific proteins that were acetylated in these
wo str ains. Ne v ertheless, the acetylated pr oteins ar e involv ed in

ostly the same processes and subprocesses (e.g. biofilm forma-
ion, adherence, and so on), with exception of the virulence factors
elated to p y oc y anin. The proteins in the latter were only acety-
ated in PA14. 

Giv en the lac k of lar ge differ ences at the pathway le v el, the nat-
ral follow-up question was whether this trend continued at the
rotein and acetylation site le v el. To anal yse this, we ma pped the
A14 acetylation sites to their corresponding sites for their PAO1
rthologs. In this manner, orthologs could be found for respec-
iv el y 96.5% and 97.7% of the acetylated proteins extracted from
he publications of Ouidir et al. ( 2015 ) and Gaviard et al. ( 2018 ).

https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
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Figure 3. Site per protein distribution of the two available PA14 acetylomes by Ouidir et al. ( 2015 ) and Gaviard et al. ( 2018 ) and our PAO1 acetylome. A 

similar distribution can be observed between our and the Gaviard et al. dataset. Most acetylated proteins contain one acetylation site, howe v er, a fe w 

proteins possess many more. 
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This corresponds to respectively 7 and 12 proteins for which no 
orthologs could be found (Ouidir et al. 2015 , Gaviard et al. 2018 ).
Notabl y, onl y one of these, the CRISPR-associated protein Csy2 
(Q02MM0), plays a role in antiviral defense . T he sites themselves 
were also mapped with high efficiency. A matching lysine in a 
PAO1 ortholog was found for 96.5% of the extracted sites from 

the Ouidir et al. ( 2015 ) acetylome and 97.7% of the extracted sites 
fr om Gaviard r esearc h team acetylome. In the end, the mapping 
pr ocess r e v ealed a total of 880 proteins and 2107 sites across the 
three datasets (Fig. 6 ). In total, our PAO1 acetylome shared 52.8% 

of the proteins and 29.3% of the sites with the PA14 acetylome 
of Gaviard et al. ( 2018 ), and 25.2% of the proteins and 9.1% of 
the sites with the PA14 acetylome of Ouidir et al. ( 2015 ) Con- 
sequently, most of the acetylated proteins and sites are unique 
to one of the datasets. To be mor e pr ecise, 42.7% pr oteins and 

67.2% sites in the POA1 acetylome, 38.2% proteins and 65.1% sites 
in the PA14 acetylome of Gaviard et al. ( 2018 ), and 41.8% pro- 
teins and 63.6% sites in the PA14 acetylome of Ouidir et al. ( 2015 ) 
were unique in their respective acetylome. Based on the absolute 
number of ov erla pping acetylated proteins and sites, our PAO1 
acetylome appears to be more similar to the PA14 acetylome of 
aviard et al. ( 2018 ) than that of Ouidir et al. ( 2015 ), similar to
he pr e vious comparisons (number of pr oteins , sites , sites per pro-
ein distribution). Ho w e v er, if we inspect the fr actions of shar ed
roteins and sites, this view changes. For example, the Ouidir
cetylome shares 50.6% of all its proteins and 27.6% of all its
ites with the Gaviard acetylome. This is quite similar compared
o our acetylome, which shares 52.8% and 29.2% of its proteins
nd sites with Gaviard et al.’s ( 2018 ) acetylome, r espectiv el y. Ne v-
rtheless, we can conclude that clear differences exist between 

he Pseudomonas acetylomes (Ouidir et al. 2015 , Gaviard et al. 
018 ). 

Some conservation can also be observed; 105 proteins and 

0 sites are shared between the three acetylomes. Several of
hese shar ed pr oteins ar e part of earlier discussed pr ocesses, suc h
s the TC A cycle , RNA pol ymer ase r elated pr ocesses and RNA
egradation. The latter possesses the pr otein, whic h shar es the

argest number of sites (six) with the PA14 acetylomes, called
 ha per onin Gr oEL (P30718). Other pr ocesses that ar e featur ed in
his ov erla pping r egion ar e: ribosomal pr ocesses (e.g. small ri-
osomal subunit protein uS2 K128–O82850), glycolysis (e.g phos- 
hogl ycer ate kinase K120 –Q9I5Y4–EC 2.7.2.3), and reaction to
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Figure 4. Ov ervie w of acetylation le v els thr oughout a subsection of metabolic KEGG pathways in P. aeruginosa strain PAO1 and PA14. The colour of each 
cell in the heatmap corresponds to the fraction of genes involved in a KEGG pathway for which their corresponding proteins were found to be 
acetylated. This fraction is also referred to as the acetylation level of a pathway in this paper. Specifically, two acetylomes from P. aeruginosa strain 
PA14 were compared with our PAO1 acetylome (Ouidir et al. 2015 , Gaviard et al. 2018 ). Several pathways were highly acetylated in all three datasets 
(e .g. TC A cycle). On the other hand, for some pathways large differences could be observed, e.g. the naphthalene degradation and monobactam 

biosynthesis pathw ay. Ho w e v er, some of these differences may be caused by pathways containing a limited number of proteins. 
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 xidati v e str esses (e.g. super oxide dism utase K128–P53641–EC
.15.1.1). Notably, some of the potentially functional sites in our
AO1 acetylome (Table 1 ) were also found in the PA14 acety-
omes (e.g. HupB K67, S -adenosylmethionine synthase K35 and
285). This conservation further suggests that these acetylation
 v ents play a functional role in P . aeruginosa . Finally , one site in
 Cysteine–tRNA ligase (Q9I2U7 K73–EC 6.1.1.16) was present in
he three acetylomes. As acetylation events were shown to have
n effect in other tRNA ligases, this could be an interesting site to
tudy (Venkat et al. 2017a ). 

nterspecies comparison reveals high acetylation 

evels in proteins involved in transcription 

ince the publication of the first bacterial acetylome in 2008, sev-
ral bacterial acetylomes have been mapped and published (Yu et
l. 2008 ). The publications that passed our criteria (acetylation site
nformation and an av ailable UniPr ot (or other) pr oteome) wer e
elected for comparison with our PAO1 acetylome (see methods)
28/50 publications). In total, 30 acetylomes wer e found, cov ering
3 bacterial species (Kim et al. 2013 , Lee et al. 2013 , Okanishi et al.
013 , Castaño-Cerezo et al. 2014 , Pan et al. 2014 , Kosono et al. 2015 ,
uidir et al. 2015 , Xie et al. 2015 , Carabetta et al. 2016 , Chen et al.
016 , 2017 , K entac he et al. 2016 , Birhanu et al. 2017 , Weinert et al.
017 , Gaviard et al. 2018 , Jers et al. 2018 , Liu et al. 2018 , Raviku-
ar et al. 2018 , Türko wsk y et al. 2018 , Xu et al. 2018 , 2020 , Yang et

l. 2018 , 2021 , Sun et al. 2019 , Wang et al. 2019 , Mar akasov a et al.
020 , Novak et al. 2020 , Lei et al. 2021 ). After mapping all protein
dentifiers to their r espectiv e UniPr ot Accession numbers—these
cetylomes cov er ed between 0.8% and 80.5% of the proteomes of
hese bacterial species. Ho w e v er, the extensiv e cov er a ges (80.5%
nd 58.0%) were only measured for two genome-reduced bacteria,
ycoplasma pneumoniae and M. genitalium , in the same study (Chen

t al. 2016 ). The remaining acetylomes, including the P. aeruginosa
AO1 acetylome (9.1%), cov er ed less than 31% of the bacterial pro-
eomes ( Supplementary Table S9 ). 

Similar to the P AO1–P A14 comparison, we calculated the acety-
ation le v els in biological pr ocesses for the selected datasets.
o w e v er, instead of focusing on all the individual KEGG path-
a ys , we opted to r el y on the ‘pathway groups’ defined by KEGG

 Supplementary Table S10 ). Based on the hier arc hical clustering of
he acetylation patterns, the datasets were grouped in three main
lusters (Fig. 7 ), with cluster B and C having more similar acety-
ation le v els. Cluster A is comprised of two Mycoplasma species—
. pneumoniae and M. genitalium—which display high acetylation

e v els for all pathway groups (Fig. 7 , cluster A). The remaining two

https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
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Figure 5. Ov ervie w of acetylation le v els acr oss the KEGG pathwa ys — in volv ed in cellular pr ocesses , en vir onmental information pr ocessing, genetic 
information processing and human diseases - in P. aeruginosa . The colour of each cell in the heatmap corresponds to fraction of genes involved in a 
KEGG pathway for which their corresponding proteins were found to be acetylated. This fraction is also referred to as the acetylation level of a 
pathway in this pa per. Specificall y, two acetylomes from P. aeruginosa strain PA14 were compared with our PAO1 acetylome (Ouidir et al. 2015 , Gaviard 
et al. 2018 ). Tr anscription-r elated genes wer e highl y acetylated in all thr ee datasets (e .g. TC A c ycle). For some pathw a ys differences could be seen (e .g. 
ribosome). Ho w e v er, no clear separation of the acetylomes based on the strain to which they belong, could be seen. 

(A) (B)

Figur e 6. T he o v erla pping acetylated pr oteins (A) and sites (B) between our PAO1 acetylome and the publicl y av ailable PA14 acetylomes. To start, the 
gene IDs provided by the two PA14 publications were converted to UniProt IDs in order to know which proteins to align in a later phase. Unfortunately, 
not e v ery gene ID could be conv erted. As suc h, a fe w acetylated pr oteins wer e not included in this anal ysis. In total, 94.4% of Ouidir et al’s acetylated 
proteins and 94.9% of the sites were successfully mapped to P AO1. Moreover , 97.9% of Gaviard et al.’s acetylated proteins and 98.2% of their sites were 
successfull y ma pped to PAO1. Next, the ov erla p was determined after ma pping the PA14 sites to their corr esponding positions in PAO1 orthologs. 
Ov er all, we can see that many of the acetylated proteins and sites are unique to each dataset. 
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Figure 7. Distribution of acetylation e v ents thr oughout the KEGG ‘pathways gr oups’ acr oss 31 bacterial acetylomes . T he colour of each cell in the 
heatma p corr esponds to the fr action of genes involv ed in a KEGG pathway gr oup for whic h their corr esponding pr oteins wer e found to be acetylated. 
This fraction is also referred to as the acetylation level of the pathway group in this paper. Cells were coloured grey if no annotations were found in a 
particular species. If almost no annotations were available for any of the bacterial species in this comparison, the pathway group was left out of this 
figure. At the bottom, one row highlights the mapping success . T his gra yscale represents the fraction of acetylated proteins that were successfully 
mapped to UniProt identifiers from the original datasets . T he datasets are clustered in three main clusters (A, B, C). Cluster A contains both 
Mycoplasma species and is c har acterized by high acetylation le v els acr oss all pathway gr oups . T he r emaining acetylomes ar e cluster ed in B and C. 
Notably, high acetylation levels for the transcription pathway group can be observed. 
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clusters (clusters B and C) have lo w er ov er all acetylation le v els for 
the different pathway groups, with cluster B possessing on av er a ge 
lo w er acetylation le v els than gr oup C. One inter esting exception is 
the ‘transcription’ pathway group. Here, extensive acetylation lev- 
els can be seen for the majority of datasets contained in clusters 
B and C. 

Notably, the Pseudomonas datasets are all part of cluster B (red 

arro ws Fig. 7 ). Ho w ever, datasets pertaining to the same species 
were not always grouped together. For example, two M. tuberculo- 
sis acetylomes were grouped in cluster C, while another belongs 
to cluster B. This could be due to a myriad of factors , e .g. growth 

phase, carbon source (Christensen et al. 2017 , 2019 , Greiner-Haas 
et al. 2021 ), mass spectrometry search algorithms, or technologi- 
cal impr ov ements. The explanatory po w er of the par ameters r e- 
garding the clustering pattern was investigated ( Supplementary 
Table S11 ). Notably, the majority of acetylomes measured during 
the stationary phase are grouped in cluster B, whereas most acety- 
lomes measured in either the exponential growth phase or a mix 
of growth phases are grouped in cluster C. Nevertheless, a few 

datasets measured during the exponential phase are also present 
in group B and vice v ersa. As suc h, none of the factors were able 
to fully explain the grouping. Hence, other or a combination of 
factors must be at play. 

Discussion 

Over the past two decades, it has become more and more appar- 
ent that PTMs in bacteria, including N ε-lysine acetylation, play a 
vital role in responding to changes in the en vironment. Here , we 
present a snapshot of one potential regulatory layer in P. aerugi- 
nosa strain PAO1, the acetylome. We identified 1076 unique acety- 
lated lysine positions in 508 pr oteins. A further enric hment anal- 
ysis of the acetylated proteins revealed that many acetylated pro- 
teins ar e involv ed in tr anslation, and mor e specificall y the ribo- 
somes. In addition, GO and KEGG terms associated with the cen- 
tral carbon metabolism (e .g. TC A c ycle) w ere also identified. This 
corresponds to findings in other acetylome studies (Ashburner et 
al. 2000 , Kanehisa and Goto 2000 , Kanehisa et al. 2017 , 2021 , The 
Gene Ontology Consortium et al. 2021 ). Se v er al acetylation sites 
in these pathways were shown to be widely conserved (Ouidir et 
al. 2015 , Nakayasu et al. 2017 , Gaviard et al. 2018 ). Furthermore,
the functioning of multiple proteins involved in these pathways 
[TCA (Venkat et al. 2017b , 2018 , 2019 , Komine-Abe et al. 2021 ) and 

gl ycol ysis (Xu et al. 2014 , Fang et al. 2022 )] has been shown to be 
affected by acetylation, for example by modulation of enzymatic 
activity . Similarly , potentially functional sites have been found in 

aminoac yl-tRN A synthetases (Ye et al. 2017 , Venkat et al. 2017a ,
Umehara et al. 2018 ), an elongation factor (Zhang et al. 2020 ) and 

ribosomal proteins (e.g. ribosomal protein S1 in E. coli ) (Zhang et 
al. 2020 , Feid et al. 2022 ). In case of the latter, one study reported 

that acetylation slo w ed do wn translation (elongation) (Zhang et 
al. 2020 ), while another reported acetylation to influence subunit 
association (Feid et al. 2022 ). Notabl y, se v er al of these sites were 
found to be acetylated in PAO1 homologs in our acetylome. Alto- 
gether, this suggests that acetylation could play a functional and 

e v en a r egulatory r ole in P. aeruginosa PAO1 in the aforementioned 

processes. 
Ne v ertheless, the functionality of most of these identified sites 

in PAO1 remains unknown. Interestingly, the monobactam biosyn- 
thesis pathw ay w as also identified using the enric hment anal ysis.
Six out of nine proteins that have been assigned to this pathway in 

P. aeruginosa PAO1 in the KEGG database were acetylated (Kanehisa 
and Goto 2000 , Kanehisa et al. 2017 , 2021 ). Two of these genes, 4- 
a  
ydr oxy-tetr ahydr odipicolinate synthase (Q9I4W3–EC 4.3.3.7) and 

spartate-semialdeh yde deh ydr ogenase (Q51344–EC 1.2.1.11), ar e 
ssential for P. aeruginosa growth and have been put forw ar d as po-
ential drug targets (Moore et al. 2002 , Kaur et al. 2011 ) 

In the second part of this study, we compared our PAO1 acety-
ome to the available PA14 acetylomes (Ouidir et al. 2015 , Gaviard
t al. 2018 ). The initial comparisons at the le v el of acetylome size
nd site per protein distribution sho w ed extensive similarity be-
ween our PAO1 acetylome and the PA14 acetylome by Gaviard
t al. ( 2018 ). Ho w e v er, a mor e detailed anal ysis at the pathway
nd especially specific protein and acetylation site levels, revealed 

ar ge differ ences. Indeed, the majority of the sites identified in
ach P. aeruginosa acetylome ( > 63%) was unique to that acety-
ome. As mentioned in the introduction, this is consistent with the
tudy in A. baumannii , where only limited acetylome ov erla p was
ound between an antibiotic resistant and sensitive strain (Ken- 
ache et al. 2016 ). These interstrain differences likely contribute
o strain-specific attributes—similar to those found in E. coli, be-
ween an antibiotic sensitive and se v er al r esistant str ains (Fang et
l. 2022 ). Nonetheless , despite their differences , our PAO1 acety-
ome resembled the Gaviard et al. ( 2018 ) PA14 acetylome as m uc h
r e v en m uc h mor e closel y than the other PA14 acetylome (also at
he pathway le v el), depending on the perspective (e.g. fraction of
hared sites vs absolute number of ov erla pping sites) (Ouidir et al.
015 , Gaviar d et al. 2018 ). Ho w e v er, one should be cautious with
he inter pr etation of these r esults, as the effect of str ain-specific
actors could be masked by technical parameters that differ be-
ween the P. aeruginosa acetylome studies (e.g. type of antibodies
sed for peptide enric hment, gr owth phase, gr owth medium, and
earch engine) (Ouidir et al. 2015 , Christensen et al. 2017 , 2019 ,
aviard et al. 2018 , Greiner-Haas et al. 2021 ). Mor eov er, this study
etermined the acetylome during exponential growth in MMP 
edium, whereas the Gaviard acetylome measured acetylation 

ites after growth on four different media (citrate , glutamate , suc-
inate , and glucose). T his wider r ange of gr owth conditions may
av e incr eased the ov erla p between the two acetylomes (Chris-
ensen et al. 2017 , 2018 , Gaviard et al. 2018 , Greiner-Haas et al.
021 ). Notwithstanding these limitations, our results suggest that 
he ov er all acetylome patterns in P. aeruginosa are not primarily
riven by strain-specific factors. 

Finally, we placed our P. aeruginosa PAO1 acetylome in a broader
ontext by comparing it to 30 other acetylomes from 22 different
acterial species, extracted from literature. As such, comparison 

etween the different acetylomes pr ov ed mor e difficult, because
hey were determined using different MS techniques for differ- 
nt conditions. Further analysis was also confounded by the fact
hat the versions of proteomes used during the peptide identi-
ying step in these publications were often not clearly specified
led to the loss of some sites after extr action). Awar e of these
 estrictions, we criticall y compar ed the bacterial acetylomes. At
he pathway group level, the bacterial acetylomes split in three
lusters based on their acetylation patterns. Cluster A possessed 

igh acetylation le v els for all pathwa ys , in contrast to clusters B
nd C. These two clusters displayed slightly lower acetylation lev-
ls with the differences being the r elativ el y higher acetylation lev-
ls for cluster C in pathways related to carbohydrate metabolism,
nergy metabolism, and the biosynthesis of secondary metabo- 
ites. We attempted to explain this clustering taking into account
e v er al par ameters (mass spectr ometry searc h algorithms, car-
on sour ce, gro wth phase, and tec hnological impr ov ements), but
one could fully explain it. Similar to the P AO1-P A14 compari-
on, other factors—such as the type of antibody used—could have
n impact. One potential limitation of this analysis is the heavy

https://academic.oup.com/femsml/article-lookup/doi/10.1093/femsml/uqae018#supplementary-data
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eliance on the pathway definitions provided by KEGG. These are
uite lar ge compar ed to some other databases (e.g. EcoCyc) (Kar p
t al. 2021 ). As a result, finer nuances in acetylation patterns
ould be missed. Notably, high acetylation le v els for tr anscription-
 elated pr oteins wer e shar ed between most acetylomes . T he en-
ichment in this pathway could be due to the high le v el of pr otein
bundance of proteins belonging to transcription and translation.
e v er al acetylation sites that can impact transcription—for ex-
mple via influencing transcription factors (Thao et al. 2010 , Hu
t al. 2013 , Qin et al. 2016 , Ren et al. 2016 , Bi et al. 2018 , Koo et
l. 2020 , Li et al. 2021 , Singh et al. 2021 ), a sigma factor (Kim et
l. 2020 ), the RNA pol ymer ase (Lima et al. 2011 , 2012 , 2016 ), or
istone-like and nucleoid-associated proteins (Ghosh et al. 2016 ,
arlow and Tsai 2022 , Luu et al. 2022 )—have been identified in
acterial species outside P. aeruginosa . Ho w e v er, most acetylation
ites remain understudied. The conservation of acetylated path-
a ys , proteins and residues between strains and bacterial species,

an help prioritize the functional c har acterization of the tens of
housands of acetylation sites. 
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