N

N

Lysine Trimethylation in Planktonic and Pellicle Modes
of Growth in Acinetobacter baumannii

Nicolas Nalpas, Takfarinas Kentache, Emmanuelle Dé, Julie Hardouin

» To cite this version:

Nicolas Nalpas, Takfarinas Kentache, Emmanuelle Dé, Julie Hardouin. Lysine Trimethylation in
Planktonic and Pellicle Modes of Growth in Acinetobacter baumannii. Journal of Proteome Research,
2023, 22 (7), pp.2339-2351. 10.1021/acs.jproteome.3c00097 . hal-04499889

HAL Id: hal-04499889
https://hal.science/hal-04499889

Submitted on 11 Mar 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04499889
https://hal.archives-ouvertes.fr

Lysine trimethylation in planktonic and pellicle modes of growth in

Acinetobacter baumannii

Nicolas Nalpas®*, Takfarinas Kentache?*, Emmanuelle Dé' and Julie Hardouin2*

1. University of Rouen Normandie, INSA Rouen Normandie, CNRS, Polymers, Biopolymers,
Surfaces Laboratory UMR 6270, F-76000 Rouen, France

2. University of Rouen Normandie, INSERM US 51, CNRS UAR 2026, HeRacLeS-
PISSARO, Normandie Université, 76000 Rouen, France

# equal contribution

*Correspondence to:

Dr Julie Hardouin, Laboratoire Polymeres, Biopolymeres, Surfaces, UMR CNRS 6270,
Université de Rouen, 76821 Mont-Saint-Aignan cedex, France.

Tel: +33 (0)2 35 14 67 09

E-mail: julie.hardouin@univ-rouen.fr

Keywords: Lysine trimethylation, Acinetobacter baumannii, biofilm, proteomics, bacteria,

post-translational modifications.



26

27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

43

ABSTRACT

Over the past 30 years, Acinetobacter baumannii has been described as an important
nosocomial pathogen due to frequent ventilator-associated infections. Many biological
processes of A. baumannii remain elusive, such as the formation of an air-liquid biofilm
(pellicle). Several studies demonstrated the importance of post-translational modifications
(PTM) in A. baumannii physiology. Here, we investigated K-trimethylation in A. baumannii
ATCC 17978 in planktonic and pellicle modes using proteomic analysis.

To identify the most high-confidence K-trimethylated peptides, we compared different sample
preparation methods (i.e. Strong cation exchange, antibody-capture) and processing software
(i.e. different database search engines). We identified, for the first time, 84 K-trimethylated
proteins, many of which are involved in DNA and protein synthesis (HupB, RplK), transporters
(Ata, AdeB) or lipid metabolism processes (FadB, FadD). In comparison with previous studies,
several identical lysine residues were observed acetylated or trimethylated, indicating the
presence of proteoforms and potential PTM cross-talks. This is the first large-scale proteomic
study of trimethylation in A. baumannii and will be an important resource for the scientific

community (availability in Pride repository under accession PXD035239).
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INTRODUCTION

Acinetobacter baumannii is a nosocomial pathogen, member of the ESKAPE group of bacterial
pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, A.
baumannii, Pseudomonas aeruginosa and Enterobacter sp.) !, responsible for a majority of
hospital-acquired infections. It has become an important human pathogen owing to both an
increasing number of infections and an emergence of multidrug-resistant (MDR) strains 2. A.
baumannii infections occur mostly in intensive care units and cause severe nosocomial
infections including pneumonia, bacteremia, endocarditis, skin and soft tissue infections,
urinary tract infections or meningitis 3*°. A. baumannii is known for its long-time survival in
hospital settings due to its great ability to survive desiccation °, oxidative stress ’ or treatment
with disinfectants 2. This persistence is mostly linked to its capacity to form biofilms 8°. Indeed,
MDR clinical isolates showed a high ability to form biofilm, which was positively associated
with a capability to adhere to human bronchial epithelial cells 1®!. A. baumannii can easily
form biofilms at the air-liquid (A-L) interface, usually named pellicles. In a previous study, we
showed that the Acinetobacter species forming pellicles are those mainly involved in
nosocomial infections such as A. baumannii and A. nosocomialis *2,

One research avenue to understand A. baumannii resistance and to find new ways of treatment
is to study post-translational modifications (PTMs). PTMs play a central role in bacteria since
they regulate protein functions essential for bacterial physiology, cell signaling and
environmental adaptation 3. Furthermore, they enable increased protein versatility and allow
bacteria to respond rapidly to external signals.

Several proteomic studies have highlighted the diversity of modified proteins in A. baumannii.
O-linked protein-glycosylation can have a role in biofilm formation and virulence 4. Serine,
threonine, and tyrosine phosphoproteomic investigations suggested that phosphorylation seems
to be important in A. baumannii resistance '>¢. Recently, the phospho-secretomes of two A.
baumannii strains, the reference strain ATCC 17978 and the virulent multi-drug resistant strain
ABOQ057, highlighted a higher number of phosphoproteins in the biofilm mode of growth
compared to the planktonic growth *”. Moreover, five phosphosites were detected on the T6SS
tube protein Hep 7. After mutagenesis, specific phosphorylated residues were clearly shown to
be required for Hcp secretion and therefore T6SS activity. Lysine acetylation has also been
investigated in A. baumannii showing many acetylated proteins involved in various metabolic
processes, adaptation, virulence (iron acquisition pathways), biofilm formation, bacterial

virulence (i.e. in several iron acquisition pathways), or drug resistance 2.
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Trimethylation is an interesting PTM affecting lysine residues. It involves the successive
transfer of three methyl groups to the e-amine of lysine residues by protein K-
methyltransferases (PKMTs) 1920, This addition results in an increase in steric hindrance and in
the conservation of the positive charge of the lysine side chain ?%. Trimethylation can thus alter
protein-protein interactions and protein activity. As an example, a defect in histone
trimethylation regulation can lead to cancer in human 22, Despite their importance, few large-
scale proteomic studies have been carried out on protein trimethylation characterization in
bacteria. In E. coli, in a quantitative proteomic study, 14 K-trimethylated proteins were
identified 2. These proteins were mainly involved in the protein biosynthesis pathway. In
Rickettsia prowazekii, the virulence factor OmpB contains more trimethylated lysines in
virulent strains compared to avirulent strains 242,

Our interest, in the present work, focuses on the K-trimethyl proteome profiles in A. baumannii
in two growth modes (planktonic and pellicle). In this context, we tested different sample
preparation methods to identify the optimal approach for the identification of K-trimethylated
peptides. We compared the processing of MS data using four database search engines to
prioritize the identifications of high confidence. We investigated the biological roles of K-
trimethylated proteins to highlight overrepresented functions and pathways. Finally, we
mapped the modified residues, observed here as well as in other studies, onto the three-
dimensional protein structures to understand the impact of these PTMs on the protein functions.
Our findings significantly deepen our knowledge of A. baumannii species and provide, to our

knowledge, the first resource of K-trimethylation for this opportunistic pathogen.
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EXPERIMENTAL PROCEDURES

Planktonic and pellicle growth conditions

An overnight culture of A. baumannii strain ATCC 17978, performed in Mueller-Hinton Broth
(MHB, Difco), was used to inoculate 500 mL of MHB at a final concentration of 10 Colony
Forming Unit (CFU)/mL. For the planktonic growth, the culture was performed at 37°C under
a constant shaking for 24 h. Cells were harvested at the stationary phase of growth (i.e., ODeoo=
1.9), by centrifugation (2700 x g, 20 min, 4°C), and washed 3 times with deionized water. For
the pellicle formation, bacterial growth was performed in glass Erlenmeyer containing 500 mL
of MHB during 1-day or 4-days, without shaking, at 37 °C. Pellicles (1-day and 4-days) were
recovered from the surface of the culture, resuspended in 5 mL of a sterile phosphate buffered
saline solution (PBS, 10 mM, pH 7.4). Cell recovery from pellicles was performed by sonication
(twice during 15 min) and then by centrifugation (after each sonication at 4 000 x g, 15 min,

4°C). For each growth condition, the bacterial culture was performed in triplicate.

Protein extraction

Protein extraction from pellicle and planktonic samples were performed as described by Marti
et al. 2 and Ouidir et al. ’, respectively. Briefly, after centrifugation (2700 x g, 10 min, 4°C)
the resulting cell pellets were resuspended in 10 mL of Tris-HCI buffer (20 mM, pH 7.4).
Protease inhibitor cocktail (Protease Inhibitor Cocktail Set Ill, Sigma), and demethylase
inhibitors (1 mM of trans-2-Phenylcyclopropylamine, Sigma) were added. The mixtures were
sonicated twice, each for 3 min (Vibra Cell 75115, Bioblock Scientific). Unbroken cells were
eliminated by centrifugation (10 000 x g, 10 min, 4°C). An ultracentrifugation (60,000 x g, 45
min, 4°C) of supernatants allowed the isolation of cytoplasmic proteins. The protein

concentration was evaluated by the Bradford assay (Bio-Rad).

Enzymatic digestion of protein extracts

Twenty-five micrograms of proteins were mixed with SDS loading buffer (63 mM Tris—HCI,
pH 6.8, 10 mM DTT, 2% SDS, 0.02% bromophenol blue, 10% glycerol), then loaded onto a
SDS-PAGE stacking gel (7%). A short electrophoresis was performed (10 mA, 20 min) in order
to concentrate proteins. After migration, gels were stained with Coomassie Blue and destained
(50% ethanol, 10% acetic acid, 40% deionized water). The revealed protein band from each
fraction was excised, washed with water, and then immersed in a reductive medium (5 mM

DTT). Cysteines were irreversibly alkylated with 25 mM iodoacetamide in the dark. Following
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washing steps in water, gel bands were submitted to protein digestion with trypsin (2 ug per
band), overnight at 37 °C, in ammonium bicarbonate buffer (10 mM and pH 8). Peptide
extraction was performed with H20/CH3CN/TFA mixtures (49.5/49.5/1) and peptides were

then dried. Two technical replicates were carried out for each growth condition.

Strong cation exchange chromatography

Protein extract (3 mg) was solubilized in urea (6 M) and DTT (5 mM) during 30 min. Alkylation
of cysteines was performed with iodoacetamide (20 mM, 45 min). After a 4-fold dilution with
water, proteins were digested with trypsin (ammonium bicarbonate, pH 7.8, protein/trypsin
ratio: 1/100) overnight. FA 0.1% was added to the peptide sample to decrease the pH at 2.7.
Strong cation exchange chromatography was performed with a 1-ml Resource S column
(Amersham Biosciences). Peptides were separated with a linear gradient from 100% buffer A
(30% acetonitrile, 5 mM KzHPO4, pH 2.7) to 30% buffer B (30% acetonitrile, 5 mM K2HPOg4,
350 mM KClI, pH 2.7) at a flow rate of 1 ml/min. Fractions were collected each mL and desalted
on C18 tip column according to the manufactor’s instructions. The eluates were dried and

frozen at -20 °C until further analysis.

Sample preparation for enrichment of trimethyl-lysine peptides

Proteins (3 mg) were solubilized in urea (8 M) and DTT (15 mM) during 1 h. The reduced
proteins were alkylated with iodoacetamide (20 mM, 45 min). Proteins were precipitated with
ice-cold acetone (-20 °C, 2 h). The protein pellet was resuspended in 1 mL of deionized water
and digested with trypsin (ammonium bicarbonate, pH 7.8, enzyme/protein ratio: 1/50 (w/w))
overnight at 37 °C. Peptides were dried and stored at -20 °C.

Peptides enrichment was performed following the manufactor’s instruction (PTM Biolabs
PTM-609). Sixty uL of anti-trimethyl-lysine polyclonal antibody conjugated to protein A were
washed three times with ice-cold PBS. The tryptic digest was redissolved in NETN buffer (100
mM

NaCl, 1 mM EDTA, 50 mM Tris, and 0.5% Nonidet P-40, pH 8.0), mixed with the conjugated
beads, and gently shaken at 4 °C for overnight. After incubation, the beads were carefully
washed three times with NETN buffer, twice with ETN buffer (100 mM NaCl, 1 mM EDTA,
and 50 mM Tris, pH 8.0). After water washes, beads were precipitated (8 000 x g, 1 min).
Trimethylated peptides were eluted 3 times with TFA 0.1% and desalted on C18 tip column.

Peptides were dried and stored at -20°C until prior to mass spectrometry analysis.



167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199

Tandem mass spectrometry

All experiments were performed on a LTQ-Orbitrap Elite (Thermo Scientific) coupled to an
Easy nLC Il system (Thermo Scientific). One microliter of sample was injected onto an
enrichment column (C18 PepMap100, Thermo Scientific). The separation was performed with
an analytical column needle (NTCC-360/100-5-153, NikkyoTechnos, Japan). The mobile phase
consisted of H,0/0.1% formic acid (FA) (buffer A) and CH3CN/FA 0.1% (buffer B). Tryptic
peptides were eluted at a flow rate of 300 nL/min using a three-step linear gradient: from 2 to
40% B over 75 min, from 40 to 80% B in 4 min and 11 min at 80% B. The mass spectrometer
was operated in positive ionization mode with capillary voltage and source temperature set at
1.5 kV and 275 °C, respectively. The samples were analyzed using CID (collision induced
dissociation) method. The first scan (MS spectra) was recorded in the Orbitrap analyzer (R =
60,000) with the mass range m/z 400-1800. Then, the 20 most intense ions were selected for
MS? experiments. Singly charged species were excluded for MS? experiments. Dynamic
exclusion of already fragmented precursor ions was applied for 30 s, with a repeat count of 1,
a repeat duration of 30 s and an exclusion mass width of £ 5 ppm. Fragmentation occurred in
the linear ion trap analyzer with collision energy of 35 eV. All measurements in the Orbitrap
analyzer were performed with on-the-fly internal recalibration (lock mass) at m/z 445.12002
(polydimethylcyclosiloxane). The MS proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository 2 with the data set identifier
PXD035239.

Database searches

Raw data files were processed using four different processing software packages: Proteome
Discoverer v. 1.4 (Thermo Scientific) 2°, MaxQuant v. 2.1.4.0 *°, FragPipe v. 18.0 3! and
MetaMorpheus v. 0.0.320 2. The peak lists were respectively searched using the search
engines: MASCOT (Matrix Science), Andromeda, MSFragger and Morpheus. The database
Acinetobacter baumannii ATCC 17978, containing 4097 protein sequences (Reference
Sequences: NC _009085.1, NC_009083.1 and NC_009084.1), was downloaded from

http://www.genoscope.cns.fr * and used for these searches. As much as possible, database

search parameters were kept identical between software and notably the following: 2 missed
trypsin cleavage sites allowed; variable modifications: carbamidomethylation of cysteine,
oxidation of methionine, deamidation of asparagine, lysine trimethylation and lysine

acetylation. The parent ion and daughter ion tolerances were 5 ppm and 0.35 Da, respectively.
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False discovery rate (FDR) threshold for identifications was specified at 1% (for proteins and

peptides).

Validation of trimethylated sites

A number of filtering steps were implemented to strictly validate the trimethylated peptides
identified with the different processing software packages. Specifically, the threshold ion score
for PSM was >15 for Mascot, MetaMorpheus and FragPipe, while a score threshold of >50 was
used for MaxQuant. PSM with a posterior error probability below 0.05 were kept. Peptides with
trimethylation localized on the side chain of the last residue of the peptide sequence were
excluded (except if the modification occurred on the last residue of the protein sequence)
because trypsin cannot cleave after a modified lysine. Finally, all MS/MS mass spectra were
manually checked to ensure the quality of the peptide sequence and the modified site
annotation. In a few cases, annotation conflicts were observed (between software or similarly
ranked matches) and the following rules were implemented to decide: (1) the sequence
annotation with the least number of modifications was favored; (2) for conflict between
carbamidomethylation (C) and trimethylation (K) + oxidation (M), the sequence with
carbamidomethylated cysteine were privileged as it is usually considered a fixed modification;
(3) for conflict between acetylation (K) and trimethylation (K), the acetylated lysine were
retained as this modification is more frequent in bacteria; (4) the sequence annotation that was
identified by a maximum number of software was kept. The trimethylated peptides that did not

pass all above criteria were removed and are not discussed in this study.

Retrieval of protein functions

For each protein sequence, the reciprocal best hit method 3 was used to obtain the
corresponding unique accession identifier in different web resources, namely GenBank (i.e.
AlS_XXXX), UniProt (i.e. 6 or 10 alphanumerical characters), VFDB (i.e. VFCXXXX) and
CARD (i.e. ARO:XXXX). Notably, this allowed the retrieval of protein cellular localization
(http://www.genoscope.cns.fr), Gene Ontology functional categories (UniProt), canonical
pathways (KEGG), virulence (VFDB) and resistance (CARD) information.

The interproscan v. 5.55-88.0 software 3 was used for protein sequence analysis in order to
identify functional domains and conserved sites. The eggNOG-mapper v. 2.1.8 software 3¢ was
used on the protein entries from A. baumannii to retrieve functional annotation (COG

categories) based on orthology *'.
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To understand the context of trimethylated sites within secondary protein structures (coil, helix,
sheet), we predicted them using the NetSurfP-3.0 software 8. The trimethylated sites were then
summarized (e.g. count, proportion) based on their location within different protein surface

accessibility areas and secondary structures.

Bioinformatic analyses

The rmotifx R package * was employed to determine the presence of characteristic motifs
within trimethylated peptide windows (31 residues). Trimethylated sites were selected for the
overrepresentation analysis based on their central residue (i.e. K) and tested against a
background of all K-modified sites identified in this study (p-value < 0.01 and sites count > 5).
The clusterProfiler package “° based on hypergeometric distribution (adjusted p-value < 0.05)
was used to test for overrepresentation of functional categories within different protein set (sites
identified in pellicle, in planktonic, in common, etc).

The protein three-dimensional structures were also searched with the online software Alphafold
(https://alphafold.ebi.ac.uk/) ** or RCSB Protein Data Bank (https://www.rcsb.org) #2. When

the structure was not referenced, protein alignments were performed to check for

proteins/residues conservation with NCBI BLAST (https://blast.ncbi.nIm.nih.gov/Blast.cgi) *3.

The custom visualization of protein 3D structure was done with PyMOL (https://pymol.org/2/),

notably to display multiple PTMs per structure.
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RESULTS AND DISCUSSION

We investigated K-trimethylations in A. baumannii ATCC 17978 strain in planktonic and
pellicle modes of growth. The trimethylated peptides are present in sub-stoichiometric levels,
thus we implemented different sample preparation to detect these peptides. Notably, we
prepared for measurement standard digested samples, samples fractionated with strong cation
exchange (SCX) and samples treated with anti-trimethyl-lysine antibodies for affinity capture.
All MS analyses were performed on a high accuracy and high-resolution mass spectrometer
(Am <5 ppm) in order to differentiate between acetyl-lysine and trimethyl-lysine, which have
close masses (42.011 Da versus 42.047 Da, respectively). Subsequently, we used four different
search engines to identify the K-trimethylated peptides. We then compared the search results
and used stringent filtering parameters to maximize the quality of our identifications. We will
initially present the findings of the search engines comparison and then discuss the results of

the different sample preparation approaches.

Manual validation of MS/MS spectra is necessary for extended combination of
modifications

We used four database search engines, namely Proteome Discoverer 2°, MaxQuant ¥,
MetaMorpheus 2 and FragPipe 3! in order to identify the K-trimethylated peptides and
associated proteins. Based on the trimethylated sites, this strategy resulted in a very poor
identification overlap (1.1%) between all software packages. Indeed, 81.1% of trimethylation
were identified by a single software (Figure S1A). A majority of sites were also identified based
on a single peptide spectrum match (PSM) (Figure S1B). Together these results point to a
potentially high number of false positive hits, or at least hits of poor quality.

In this context, we manually verified the best MS/MS spectra of each trimethylated peptide that
passed our initial filtering quality criteria (n = 567). This manual assessment resulted in 98
trimethylated sites (corresponding to 84 trimethylated proteins) in the final list. Of which, 16,
13, 1 and 0 sites were uniquely identified by MaxQuant, Proteome Discoverer, FragPipe and
MetaMorpheus, respectively. Thus, the percentage of sites identified by a single software was
reduced to 30.6% and is indicative of an improved dataset (Figure 1A). For the sites that were
not retained, the majority were of low quality based on our manual review of MS/MS spectral
annotation (Figure 1B). For the rest of this study, we only considered the 98 sites that passed

our stringent filtering and thus combined the identifications from the different search engines.

10
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Figure 1: Combination of multiple search engines and filtering criteria to identify K-
trimethylated peptides. (A) Numbers of K-trimethylated sites identified using different
database search engines and after manual validation of MS/MS spectra. (B) Number of K-
trimethylated sites that passed (or not) the stringent filtering criteria.

SCX fractionation provides the most identification of K-trimethylated sites

The digested sample was, first, analyzed by nLC-MS/MS without any sample prefractionation
or enrichment approaches. With this approach, only 7 K-trimethylated sites were identified
irrespective of the mode of growth (Figure 2A, Table S1).

To improve trimethylated peptide characterization, we decided to use affinity chromatography
with anti-trimethyl-lysine antibodies. No proteomic studies of samples enriched via these
antibodies have been published to our knowledge. We only identified 5 sites through this
enrichment method (Figure 2A, Table S1), which demonstrates the poor efficiency of these
antibodies to capture K-trimethylated peptides.

The third approach tested consisted in pre-fractionation of peptides with SCX. In this context,
SCX was the best approach to identify K-trimethylated peptides. Indeed, 98 K-trimethylated
sites were identified via SCX, which included the sites found with the other two approaches
(Figures 2A, Tables S1).

We also checked whether the trimethylated sites were also identified in mono- and dimethylated
states as trimethylation is rarely thought to occur without lower methylation state among
eukaryotes. To do so, we searched the MS data with inclusion of these two additional variable
modifications. Our results showed that 36 trimethylated sites were also mono- or dimethylated
(Table S1). It should be noted that other global K-methylation studies obtained similar overlap
between methylation state at specific sites 4.

We then used the NetSurfP software to predict the proteins secondary structures and solvent

accessibility in order to check whether the trimethylated sites were located on accessible

11
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residues and thus can be enzymatically added. Here, the K-trimethylated residues are in their
majority (92.8%) localized within exposed regions of the protein secondary structure, with
median relative solvent accessibility (RSA) of 0.57 (Figure S2A-B). Similar results have been
reported in the context of phosphorylation “¢47 and provide an additional layer of confidence

regarding the modified sites reported here.

Conserved residues surrounding the trimethylated lysine for recognition by protein K-
methyltransferases

In the future, it will be important to understand which specific PKMTs and demethylases are
adding and removing methyl groups on specific protein substrates. However, few PKMTs are
known in A. baumannii or bacteria in general and it is not clear if they are responsible for
trimethylation addition. For example, PrmA (A1S 2184) and PrmB (AlS_1693) of A.
baumannii transfer methyl group on the 50S ribosomal subunit protein L11 and L3, respectively
20, The few other interesting bacterial PKMTSs include the protein EF-Tm which targets EF-Tu
as reported in P. aeruginosa “8, the protein FliB which catalyzes a [4Fe-4S] mediated methyl
transfer reaction on flagellin of Salmonella enterica “°. To our knowledge, there are no known
demethylases in bacteria.

One strategy to understand which substrate are recognized by PKMTs consists in finding
substrate sequence motifs. Here, we tested for amino acid sequence motif enrichment in the
surrounding of the trimethylated sites (Figure 2B). Two substrate motifs were significantly
enriched (p-value <0.01), even though there are few candidate sequences corresponding to each
motif. We highlighted the presence of Asparagine at position -4 (17.4% of all trimethylated
sequences) and Proline at position +11 (8.2%). These motifs fit with a previous study on the
parasite Plasmodium falciparum #°, which shows K-trimethylated sequence motif to be
overrepresented with Asparagine. To our knowledge, we propose here the first consensus motifs

for K-trimethylation in bacteria.

12
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Figure 2: The optimal laboratory approach to identify K-trimethylated peptides. (A)
Numbers of K-trimethylated sites identified based on different analytical approaches and
irrespective of the growth modes. (B) Over-represented sequence logos for the amino acid
window (£ 15 residues) around K-trimethylated sites (p-value < 0.01).

More K-trimethylated proteins were identified in A. baumannii during pellicle growth
mode

Together, these approaches allowed us to identify 84 K-trimethylated proteins. In our previous
study of K-acetylation in A. baumannii 8, we found that 6.8% of all proteins were acetylated,
which is significantly more than the 2.1% of trimethylated proteins identified here. The majority
of K-trimethylated proteins (87%) have only one modified site (Figure 3A). Three proteins were
found with three trimethylation sites: the protein 50S ribosomal protein L11 (RplK), the
electron transfer flavoprotein beta subunit protein (EtfB) and the potassium binding protein
Kbp. Another eight proteins harbored two modified lysine residues (Table S1), for example
DnaK, GroEL and EF-Ts.

The majority of the K-trimethylated proteins were of unknown (47.9%) or cytoplasmic (17.3%)
localization (Figure 3B). We then specifically examined trimethylated sites according to the
growth modes in which they were identified (Table S2). The numbers of modified sites were
similar between the three modes of growth (planktonic, pellicle 1 day and pellicle 4 days).
However, only 31 sites, corresponding to 26 proteins, were found in common (Figures 3C and
Table S2). Among these proteins were the 50S ribosomal protein L11 (RplK), the potassium
binding protein (Kbp), Cu(+) exporting P-type ATPase (CopA), the transcriptional activator
protein (AnoR), the electron transfer flavoprotein subunit beta (EtfB), an integrase (A1S_1175)

as well as the signal recognition particle receptor (FtsY). Five conserved proteins of unknown
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function were also common to all growth modes and worth investigating in the future
(A1S_2027, A1S 2230, A1S 3626, A1S 3013 and ABYAL1975). In this context, these
common trimethylation events are not specific to any growth mode and likely participate within
core biological mechanisms. Interestingly based on our previous study *°, we observed that
nearly half of the K-trimethylated proteins were also significantly changing in abundance

between the different growth modes (n = 41) (Figure S3).
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Figure 3: The repartition of K-trimethylated proteins in terms of cellular localization and
growth modes. (A) The number of proteins identified with a single or multiple K-trimethylated
sites. (B) The proportion of K-trimethylated proteins classified per cellular localization. (C)
Numbers of K-trimethylated sites identified based on the different growth modes: pellicle 1

day, pellicle 4 days and planktonic.

K-trimethylated proteins were distributed across all biological functions

The majority of proteins on which trimethylation was detected have an unknown function
(Figure S4A). Other highly represented functions were “Energy production and conversion”
and “Nucleotide metabolism and transport”. Interestingly, some functional categories displayed
an increased representation between planktonic and pellicle modes, such as “Coenzyme
metabolism”, “Translation” and “Post-translational modification, protein turnover, chaperone
functions” (Figure S4A).

We retrieved gene essentiality information from the OGEE database °*. Based on these data,
14.3% of the protein-coding genes (i.e. 599 genes) are essential in A. baumannii. This reveals
an over-representation in our dataset since 33% of the genes encoding for the K-trimethylated
proteins are essential (28 genes) (Figure 4A and S4B). We will now discuss some key proteins
for A. baumannii pathogenesis and metabolism, on which trimethylation was found (Figures
4A and 5).
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Figure 4: General overview of functionally important K-trimethylated proteins. (A) List
of K-trimethylated sites found on potentially relevant proteins as a heatmap. For these sites, the
presence of colored boxes indicate identification within specific bacterial growth mode (e.g.
planktonic) or membership within specific functional category (e.g. biofilm). (B-C)
Representation of modified sites position within the DNA-binding protein HU-beta (B) and the
50S ribosomal subunit protein L11 (C). Each PTM type (e.g. trimethylation, acetylation) is
colored based on the study where it was identified and its exact location within the amino acid
sequence is written. Along each protein sequence is displayed the predicted secondary structure

(e.g. helix) and functional domains.

DNA metabolism and transcription

Many proteins are involved in DNA metabolism, such as DNA replication, recombination and
repair or transcription. Several of them are trimethylated in planktonic and/or pellicle lifestyles.
In this study, we have identified the DNA-binding protein HU-beta (HupB) which belongs to
the HU family, functional homologues of eukaryotic histones 2. HU is involved in many DNA-

related processes (replication, repair, regulation of gene expression, etc.). It is conserved in all
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eubacteria and condenses DNA. Here, we identified HupB trimethylated on K38 (Figure 4B
and 5). In our previous study, it was acetylated on N-term (position 2) and on the five lysines
K3, K13, K23, K64 and K72 8, In Clostridium acetobutylicum, K38 of HU orthologue was also
acetylated >3, HU orthologues can be modified by different PTMs, as recently summarized °2.
These PTMs, such as the trimethylated K38, are located in predicted regions of direct
interactions with DNA at the top of the dimeric structure. The steric hindrance due to
trimethylation can therefore impact the protein/DNA interactions.

The transcriptional activator protein, AnoR (aka. AbaR) protein, is part of the LuxR family of
transcriptional regulators, although it is not clear whether it forms a dimer as observed for other
members of this family >*. This family plays a key role in bacterial quorum sensing. Notably,
Anol (Abal) is responsible for the synthesis of the quorum sensing signal N-(3-hydroxy-
dodecanoyl)-L-homoserine lactone (OH-dDHL), which binds to its receptor AnoR resulting in
its activation *°. AnoR is then able to regulate the expression of many genes (via recognition of
lux boxes) that are involved notably in motility and biofilm formation >*. This protein was
trimethylated on K225 that is situated within the DNA-binding domain, which allows
recognition of gene targets by AnoR.

The RNA polymerase subunit ' (RpoC) belongs to the RNA polymerase core enzyme, which
controls the transcription process. Specifically, the subunit B’ (together with subunit B) is
important for interaction with the ¢ factors (recognition of promoter) and DNA template *®. In
B. subtilis, a mutation in rpoC resulted in increased activity of ¢ factors and ultimately in the
resistance to cephalosporin °’. Here, this protein was trimethylated on K238 and K1259, which
are respectively within the RNA polymerase domain 1 and 5. In other published studies, it was
acetylated on K10, K55, K65 and K79 ® and phosphorylated on S37 1°. Interestingly, all
acetylated and phosphorylated residues are located within the clamp domain, which contribute

to the positioning of DNA and nascent RNA polymers.

Protein synthesis and folding

In addition to the proteins implicated in DNA metabolism, we identified many actors involved
in protein synthesis (i.e. RplK, EttA, EF-Ts, LepA) and folding (i.e. DnaK, GroEL, GroES,
FtsY) that were trimethylated (Figure 5).

L11 (RplK) is a conserved ribosomal protein and is situated at the base of the L7/L12 stalk of
the ribosome (50S subunit). It is required for the binding of several translational GTPases,

translational factors and the 23S rRNA. It plays a role during initiation, elongation and
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termination of protein synthesis 8. Here, RpIK was found trimethylated on K4, K17 and K40
in all growth modes (Figure 5). It was previously described as trimethylated in E. coli on K4
and K40 %% and in Thermus thermophilus, on K17 and K40 ®*. These modified sites are thus
likely conserved across bacteria. Importantly, the modified sites are located within the N-
terminal domain, which is implicated in direct ribosome-factor contacts, such as EF-G and EF-
Tu %2, and in the regulation of the activity of (p)ppGpp synthetase | (RelA), an important protein
for stringent response %34, This domain is also a partial target for the antibiotic thiostrepton,
which stimulates the biofilm formation as well as inhibits the growth of clinical isolates of P.
aeruginosa and A. baumannii ®.

The protein EttA is also important for the protein synthesis initiation. Indeed, in presence of
high concentration of ATP, EttA will allow the formation of the first peptide bond by the
ribosome, which can enter the elongation phase. However, in cells lacking energy (high ADP
concentration), the initiation of the elongation cycle cannot start . EttA was found
trimethylated on K180 within an AAA+ ATPase domain and just outside of an ABC
transporter-like conserved region (Figure 5). Based on the 3D structure prediction of this
protein, the lysine at position 180 (or K192 for AlphaFold AOAOE1PLS2 protein) is located
within a coil region and seems to interact with W139 (or W147 for AlphaFold AOAOE1PLS2
protein). Of note this tryptophan is the last amino acid of the second a-helix constituting the
conserved linker region, which participates in the tRNA interaction °’.

Upon entry in the elongation cycle, the protein chain elongation factor EF-Tu will transport
aminoacylated tRNAs to the ribosome. To do so, it will form a complex with EF-Ts (Tsf)
that specifically drives the exchange of GDP by GTP during the peptidyl transfer %°. During
pellicle growth, EF-Ts was trimethylated on lysines 25 and 52 (Figure 5 and S5). Interestingly,
both of these modified sites are situated in the UBA-like domain, which is known to be involved
in ubiquitin-binding and proteasomal degradation °. The two modifications could therefore
regulate the recognition of EF-Ts targets. Interestingly, EF-Ts was observed acetylated (N-term,
K213, K228) and phosphorylated (T2, T5, S7 and S211) in published studies 1°. Based on the
crystal structure of the EF-Tu/Ts complex in E. coli, the N-terminal region as well as residue
K52 (K51 in E. coli - POAG6P1) are critical for the interaction with EF-Tu . In addition, the
residues 180-228, as well as the tip of the helical hairpin (204-208), constitute the dimerization
domain between two EF-Ts.

Following the elongation step, EF-G will perform ribosome translocation so that the next codon
can be decoded. Unlike other elongation factors, LepA has the ability to back-translocate the

tRNASs on the ribosome. This function is carried out upon mistranslocation of the ribosome and
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will result in a second attempt for accurate translocation "*. LepA is conserved among bacteria
and allows accurate and efficient protein synthesis. This protein was trimethylated (K561) only
in pellicle growth. Previously, two lysine residues were also observed acetylated (K228 and
K231). Interestingly, the trimethylation is located within the LepA specific C-terminal domain,
which was proposed to be responsible for the presence of LepA in the periplasmic membrane.
Following protein synthesis, chaperones will fold newly synthesized proteins into their tertiary
structure. The protein DnaK (the bacterial equivalent of Hsp70) contributes to protein refolding
following stress incidents and captures protein aggregates forming upon antibiotic treatment.
Also, DnaK is known for its involvement in antibiotic resistance in A. baumannii '>73, DnakK
was found trimethylated on K252 and K269 (or K262 and K279 for AlphaFold AOAOE1Q1UO
protein) during pellicle growth (Figure 5). Both residues are located within the ATPase domain
and more specifically in the subdomain I1B. Importantly, several residues of this subdomain are
important for the recognition and binding of nucleotide exchange factors "*. In our previous
study, this protein was acetylated on K83, K165, K182, K303, K320, K351 and K533 18,

The GroEL-GroES complex plays a key role in protein folding ® and comprises two heptameric
rings of GroEL (forming a cavity) and a heptameric ring of GroES (acting as a lid). Unfolded
substrate proteins will be able to enter the cavity and upon ATP hydrolysis will be folded before
being released . Importantly, it has been shown that upon over-expression this complex
promotes tolerance to aminoglycoside antibiotics in E. coli 7" and A. baumannii '®. The
chaperonins GroEL and GroES were trimethylated on K142 and 207, and K35, respectively.
GroEL was found acetylated on K34, K117 and K528 in our previous study *® whereas GroES
is reported phosphorylated on S2, D9 and H8 in the dbPTM resource "°. The extensive
modifications of chaperones (i.e. DnaK and GroEL) have already been reported in bacteria (i.e.
Leptospirillum) .

FtsY allows the sorting of newly synthesized protein to the endoplasmic reticulum and plasma
membrane 8. This protein associates with the membrane and interacts with SecYEG (protein-
conducting channel) 8. This will result in the activation of FtsY, which will function as a
receptor for the SRP and ribosome-nascent chain 8. The ribosome-nascent chain is then
transferred to its final cellular localization. FtsY was reported acetylated (K69) and
phosphorylated (T23) within the SRP receptor domain in published works 68, Here, it was
trimethylated on K261, which is located within an a-helix of the AAA+ ATPase domain. This
lysine is predicted to interact with E304 from another a-helix. Due to its location within the
protein, the trimethylation may have an effect on steric hindrance and thus disrupts ATP binding

and hydrolysis.
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These trimethylation events may regulate the structural conformation, the interaction with

partners or the final localization of their respective proteins.

Drug efflux pumps, porins and transporters

Several protein families are embedded in the plasma or outer membranes of A. baumannii and
are of special importance in the context of virulence and antibiotics resistance, such as drug
efflux pumps or iron transporters 8 (Figure 5).

The DcaP-like protein (A1S_1380) has a porin domain and is located on the cell outer
membrane. It was shown in the AB307-0294 strain that DcaP was the most expressed diffusion
channel in the mouse model infected with this bacterium . In addition, this protein displayed
a reduced abundance in carbapenem-resistant A. baumannii &. For these reasons, this protein is
considered as a candidate for vaccine development in A. baumannii . DcaP forms a trimer and
allows the uptake of carboxylic acids. This specificity has been used for the import of
antibiotics, such as sulbactam 8 8, Here, K56 was trimethylated only in pellicle modes (Table
S1). Based on the structure of DcaP in A. baumannii (X-ray crystallography), the residue 56 is
located in the disordered region of the extended coiled-coil N-terminus domain. The latter likely
contributes to the stability of the trimeric channel 8. Another hypothesis is that the N-terminus
region of DcaP functions as a substrate selection gate, as observed for the CymA porin . In
this context, the trimethylation could either block or increase the interaction between monomers
or participate in substrate-selection.

Aerobactin siderophore receptor IutA (A1S_1655) harbors a TonB-dependent outer membrane
receptor domain. The action of this receptor is unclear, but it seems to be involved in iron uptake
8_ Previously, this protein was found significantly changing in abundance in pellicle 4-days **.
In experiments using Yersinia pseudotuberculosis, this protein was knocked-out and displayed
reduced virulence and biofilm formation 8. Interestingly, this protein has been evaluated for
the development of a vaccine, with 50% survival rate after immunization in mice model of
infection by A. baumannii %°. Here, this protein was trimethylated on K13. This residue is within
the N-termini as observed for DcaP and may have a similar functional effect.

We identified two proteins that were trimethylated and part of the ABC transporters family: the
glutamate/aspartate ABC transporter periplasmic binding protein Gltl (K286) and the putative
ABC transporter ATP-binding protein YbbA (K121). Gltl was identified with K-acetylation in
our previous study although on a different lysine residue (K165) 8. Interestingly, YbbA belongs
to MacB-like ABC transporters but does not form tripartite pumps and seems to be involved in
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lipoprotein export. MacB-like ABC transporters have been shown to be essential for drug
resistance in cyanobacterium °1. The trimethylated residue of YbbA is within the MacB-like
ATP-binding domain.

The multidrug RND efflux pump AdeB is a transporter belonging to the AdeABC efflux
system. The structure and role of this complex has been extensively described elsewhere °2.
This protein has been reported for its involvement in antibiotic resistance, notably its
overexpression confers resistance to tigecycline ®. The deletion of the gene adeB resulted in
reduced biofilm formation ®*. Here, we found this protein trimethylated on K776 (Figure 5 and
S5), which is located within an a-helix in the docking domain. As observed in a previous study,
the docking domain is rich in residues that are important for direct contact with AdeA 2. Due
to its localization, this modification may thus impact the interaction between AdeA and AdeB.
It is also possible that the trimethylation has an effect on interaction with the substrates, as the
deep binding pocket is in close proximity %.

The adhesin Ata is a trimeric autotransporter and a known virulence factor in A. baumannii.
This protein is required for adhesion and invasion of human endothelial and epithelial cells ™,
notably by being able to bind to host glycans, such as galactose and N-acetylglucosamine *. It
was also shown to induce apoptosis following infection of human umbilical vein endothelial
cells by A. baumannii WT versus Aata. This protein was found trimethylated on K1020 and
acetylated on K1607 in our previous study 8 (Figure 5). The trimethylated site is located in a
helix region of the protein, based on the SwissModel (but of low confidence). This lysine can
be in interaction with D1024. However, due to the lack of structural information it is unclear
where this residue is located in a trimeric organization and whether it could impact
oligomerization or recognition of host glycans.

Lipid transport and metabolism

Lipids are important components of the bacterial membrane. The biosynthesis and degradation
pathways of fatty acids are therefore constantly being triggered. In addition, the degradation of
fatty acids has been shown to protect A. baumannii against the antibacterial activity of host-
produced long-chain polyunsaturated fatty acids °’. In our dataset, five proteins involved in lipid
transport and metabolism were identified trimethylated: FadB, FadD, Cat, GecdH and a
conserved protein of unknown function (A1S_3626) (Figure 5).

The Succinyl-CoA:coenzyme A transferase (Cat) and Glutaryl-CoA dehydrogenase (GcdH)

were, respectively, trimethylated on K74 and K175. We will not expand further on these
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proteins since little has been reported in the literature, besides their potential involvement in 3-
oxidation pathway *8, FadD (inner membrane) and FadB (cytoplasm) allow the transport of long
chain fatty acids into the cytoplasm and the conversion of enoyl-CoA to 3-ketoacyl-CoA as part
of the p-oxidation cycle, respectively %. Here, the long-chain-fatty-acid-CoA ligase FadD and
the fatty acid oxidation complex subunit alpha FadB proteins were trimethylated on K493 and
K77, respectively (Table S1). K77 of FadB (or K244 of B212J9 — UniProt) is found within the
ClpP/crotonase—like domain, which controls enolate and oxyanion reactivity %, Interestingly,
FadB was found acetylated on K77 and on 3 others lysines (K52, K203 and K430) as well as
phosphorylated (S363) in other published works (Figure S5) 168, With the exception of K52,
all other modified residues are localized on coiled regions that face the central binding site of
FadB. This trimethylation, together with the other modifications, are likely important for the
mechanism of action of FadB. In the case of FadD, the residue K493 can interact with the
residue Q526 (AOALE3MB8RS - UniProt). Trimethylation could change the steric hindrance and

therefore cancel these interactions and the maintenance of the structure.
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Figure 5. K-trimethylated proteins were distributed across the whole range of biological
functions. This graph displays proteins involved in DNA metabolism (shades of green), protein
synthesis (shades of blue), protein folding (shades of yellow), drug efflux pumps or porins

(shades of purple) and lipid metabolism (shades of gray). The different PTMs are also
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represented, with trimethylation (in blue), acetylation (in red) and phosphorylation (in green).
For multimeric proteins, the observed PTMs were only shown on a single monomer (e.g.
GroEL, GroES). Created with BioRender.com.

Multi-modified proteins reveal putative inter-PTMs cross-talks

In a previous study, we characterized Na- and Ne-acetylations in A. baumannii strain ATCC
17978 in planktonic mode of growth 8, Among the trimethylated proteins, eight were acetylated
on their N-terminus, such as Tig (A1S_0475), HupB (A1S_1637), GlcB (A1S_1601) and EF-
Ts (A1S_2322). Thirty-eight of the trimethylated proteins were previously observed acetylated
on lysine residues (Table S2). Of these, six have the same modified K residue (Table S2),
including ArgB (A1S_0888), Efp (A1S_2419), FadB (ABYALO0331) and Kbp (A1S_0820).
Phosphorylation on serine, threonine and tyrosine has been previously studied in A. baumannii
ATCC 17978 16 or other strains °. Among our trimethylated proteins, 20 have been described
to be phosphorylated, such as SucA (A1S_2715), SucB (AlS_2716), HupB, RplK, EF-Ts, or
FadB (Table S2). Surprisingly, all of them were also described as acetylated, with the exception
of the ribonucleoside-diphosphate reductase (A1S 0746), ObgE (A1S 2498), GroS
(A1S_2665), RplK and an unknown protein (A1S_2543).

Many of these proteins were discussed above. Here, we can focus on the potassium binding
protein Kbp. It was found trimethylated, acetylated and phosphorylated and it was proposed to
be a sensor of cytoplasmic potassium enabling adaptation to these environments. The
importance of K* uptake has been shown previously and when this mechanism is impaired, it
results in a growth defect for A. baumannii 1%, Here, Kbp was detected with three trimethylated
lysines (K13, K38, and K138). In our previous study, K138 was also observed acetylated. This
residue is localized within the LysM domain and is required to stabilize the BON domain, where
potassium binding occurs and then cause conformational change of the BON domain %2, This
modified site could impact either the stabilization of these different domains or the
conformational changes due to K* binding.

The observation of different chemical groups on the same lysine as well as phosphorylation on
serine, threonine or tyrosine reveals the presence of several proteoforms for the same protein.
PTMs can modulate protein-protein or DNA-protein interactions, change the 3D structure and
thus regulate the function of a protein. We recently showed that 3 lysines on major virulence
factors in P. aeruginosa can be modified by at least 9 different chemical groups. This highlights
the need for further investigation of PTMs diversity and cross-talks in A. baumannii and notably

their modulation of virulence and resistance 3.
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CONCLUSION

We performed the first large-scale proteomic study of lysine trimethylation in A. baumannii
strain ATCC 17978 in planktonic and pellicle modes. SCX appears to be the approach of choice
to characterize this PTM since in our hands the antibody capture performed poorly. However,
this characterization was a fastidious task as sample prefractionation by SCX generates a large
number of fractions and therefore a significant time-consuming nLC-MS/MS analysis and data
processing. Due to the lack of adequate enrichment strategy, the K-trimethylated peptides were
found in sub-stoichiometric quantities making their identification difficult or generally
unreliable. This was best highlighted by the poor overlap in identification when comparing the
processing results obtained by different database search engines (i.e. Proteome Discoverer,
MaxQuant, MetaMorpheus, FragPipe). To focus on the high confidence identifications, we then
implemented stringent quality filtering and manually validated all MS/MS spectra of K-
trimethylated peptides.

Using such a workflow, we were able to identify 84 K-trimethylated proteins. More
trimethylated proteins were observed in pellicle modes of growth, although it was not possible
to associate specific trimethylation events with distinct growth modes. A large proportion of K-
trimethylated proteins were involved in DNA and protein synthesis, membrane biogenesis,
transporters or lipid metabolism processes. Trimethylation could thus be an important
modification in bacteria to regulate the action of the proteins involved within these functions.
By comparing with previous proteomic studies on lysine acetylation, protein N-terminal
acetylation and phosphorylation of serine, threonine and tyrosine, we showed the diversity of
PTMs used by A. baumannii. Several identical lysine residues were observed acetylated or
trimethylated, indicating the presence of proteoforms and a potential role of these PTMs in
DNA/protein or protein/protein interaction, as suggested by the analysis of some 3D structures.
In terms of future work, we envision several avenues of research to improve the identification
and characterize the function of trimethylated sites. Notably, here we used CID fragmentation
but HCD fragmentation could improve identifications of trimethylated peptides via the presence
of diagnostic ions (m/z 130.09) 1. To investigate the functional role of the trimethylation
events, one characterization strategy developed to investigate the histone-code could be
applicable to other proteins %4, This approach allows mimicry of trimethylated lysine. This is
achieved via mutagenesis into cysteine followed by their alkylation with addition of (2-

bromoethyl)-trimethyl-ammonium bromide 1%,
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Figure S5: Localization of post-translational modifications within protein three-dimensional
structure (PDF).
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