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ABSTRACT

Increasing evidence demonstrates that lysine acetylation is involved in Mycobacterium
tuberculosis (Mtb) virulence and pathogenesis. However, previous investigations in Mtb have
only monitored acetylation at lysine residues using selected reference strains. We analyzed the
global N- and O-acetylation of 3 Mtb isolates; 2 lineage 7 clinical isolates and the lineage 4
H37Rv reference strain. Quantitative acetylome analysis resulted in identification of 2490
class-1 acetylation sites, among them 2349 O-acetylation and 141 Ne-acetylation sites, derived
from 953 unique proteins. Mtb O-acetylation was thereby significantly more abundant than
Ne-acetylation. The acetylated proteins were found to be involved in central metabolism,
translation, stress responses and antimicrobial drug resistance. Notably, 261 acetylation sites
on 165 proteins were differentially regulated between lineage 7 and lineage 4 strains. A total
of 257 acetylation sites on 160 proteins were hypoacetylated in lineage 7 strains. These
proteins are involved in Mtb growth, virulence, bioenergetics, host-pathogen interaction and
stress responses. This study provides the first global analysis of O-acetylated proteins in Mtb.
This guantitative acetylome data expand the current understanding regarding the nature and
diversity of acetylated proteins in Mtb, and opens a new avenue of research for exploring the

role of protein acetylation in Mtb physiology.

Keywords: Mycobacterium tuberculosis; lineage 7; post-translational modifications;

acetylome; N¢-acetylation; O-acetylation.
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INTRODUCTION

Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis (TB) in humans.
TB is one of the top ten causes of mortality worldwide and the leading cause of deaths from
an infectious disease, leading to 1.8 million deaths and 10.4 million new cases in 2015 *. Due
to the increasing prevalence of antimicrobial drug resistance (AMR) and challenges in
vaccine development, it is crucial to understand fundamental aspects of Mtb biology to
achieve future elimination of this disease.

Ne-acetylation, which is acetylation at the e-amine of lysine (K) residues, is an abundant
and evolutionarily conserved post-translational modification (PTM) that regulates a broad
range of functions in bacteria, including motility and chemotaxis, transcription, metabolism,
DNA metabolism, siderophore biosynthesis, and stress responses 2°. Increasing evidence

supports the presence and role of lysine acetylation in mycobacteria ©*2

. In Mtb, lysine
acetylation presumably confers protein stability and compartmentalization, thereby
modulating diverse cellular processes =**°. Acetylation of Mtb histone-like nucleoid protein
MtHU modulates DNA binding and genome organization °. It has also been shown that
reversible lysine acetylation regulates fatty acid metabolism in Mtb, and acetate and
propionate metabolism in M. smegmatis (Msm) ® 8. Furthermore, Liu et al. have demonstrated
the regulatory role of lysine acetylation in the immunogenicity of the secreted protein HspX
in Mtb ",

Lysine acetylation is modulated via both enzymatic and non-enzymatic mechanisms
(reviewed in °). The enzymatic mechanism is regulated by the opposing actions of
acetyltransferases and deacetylases. Transfer of an acetyl group from acetyl-CoA (AcCoA) to
an Ne-lysine has been thought to occur enzymatically through lysine acetyltransferases,

generating acetylated K. Although a plethora of Mtb acetyltransferases and deacetylases are

predicted to be encoded by the Mtb genome *8, only a few of them are characterized to date.
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Recently, Lee et al. assigned acetyltransferase activity to the Mtb Rv2170 protein that
acetylates lysine residues in isocitrate dehydrogenase, leading to a reduction in its enzymatic
activity *°. Other characterized K acetyltransferases in Mtb includeds Rv0998 and Rv3423.1,
which acetylate different target proteins 1> %. However, studies have demonstrated that lysine
acetylation can also occur non-enzymatically in bacteria and mitochondria, with the
secondary metabolite acetyl-phosphate (AcP) and AcCoA serving as the acetyl group donor
2124 Non-enzymatic acetylation has been shown to occur via direct interaction of the target
protein and AcCoA, which is favored by high pH and high AcCoA concentrations such as
those in mitochondria 2>2°. Protein deacetylases in Mtb includes Rv1151c, the Mtb
homologue of cobB, which has been shown to deacetylate and regulate the activity of Mtb
acetyl-CoA synthase (ACS) #"'’. Deletion of deacetylases affects Mtb colony morphology
and biofilm formation, as well as stress responses *".

Mukherjee at al. discovered that YopJ, a secreted virulence factor from Yersinia pestis,
acetylates and inhibits kinase activation in the host by blocking phosphorylation #’. This is the
first report regarding the presence and function of O-acetylation, which is acetylation at the —
OH group of serine (S) and threonine (T) by a bacterial acetyltransferase. The function of
YopJ within Y. pestis itself is not known. However, there is no YopJ ortholog in Mth. Protein
acetylation by itself is known to have a regulatory effect. Current evidence suggests that O-
acetylation becomes more important when acetylation takes place on kinase substrates, which
is known to regulate myriads of signaling pathways in Mth %. The transfer of an acetyl
group to the —OH group of serine ** and glycoconjugates (peptidoglycans) **? has also been
reported.

Despite phenotypic variability between strains of Mtbh, most of the PTM studies
performed to date have used the reference laboratory strain H37Rv as a model organism *>*"

%3 Furthermore, bacterial acetylome studies have been limited to the analysis of lysine
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residues. O-acetylation of proteins has been shown to be involved in regulating key functions
in eukaryotes 2’. The delineation of such regulatory mechanisms will not only lead to a better
understanding of Mtb basic biology and the discovery of potential new drug targets, but may
also facilitate the development of new vaccines and diagnostic tools.

In this study, we analysed the global N.. and O-acetylome of two Mtb lineage 7
clinical isolates and the lineage 4 reference strain H37Rv using nanoscale liquid
chromatography coupled to tandem mass spectrometry (nano LC-MS / MS). The aim of this
study is to define the global N.. and O-acetylome profile of Mtb and to predict its possible
contribution to the fitness and survival of Mtb using lineage 7 and lineage 4 strains as relevant
model organisms.

EXPERIMENTAL PROCEDURES
Mycobacterial Strains and Growth Conditions

Mtb lineage 7 strains (L7-35 and L7-28) and lineage 4 reference strain (H37Rv), were
inoculated onto Middlebrook 7H10 plates in triplicates and incubated in a humidified 37 °C,
5% CO, incubator. After 32 days, the cells were harvested and transferred to 50 mL Falcon®
tubes. The cell pellets were resuspended in 30 mL Phosphate-buffered saline (PBS)
containing, 10 mM PO4%*, 137 mM NaCl, and 2.7 mM KClI, pH 7.4, and centrifuged at 3900
rpm for 20 min at 4 °C. The cell pellets were resuspended in 1 mL PBS, transferred into 2 mL
screw capped tubes (Sarstedt, Nimbrecht, Germany) and heat-inactivated at 80 °C for 90 min.
Culturing and processing of the Mth samples prior to heat-inactivation were conducted in a
biosafety level 3 facility at Oslo University Hospital, Norway. The heat-inactivated Mtb
samples were stored at -20 °C until preparation for MS analysis.

Preparation of Mtb Cell Lysate
The inactivated cell pellets in lysis buffer containing 2% SDS, 10mM Tris-HCI (pH

7.5), 10 mM DTT, EDTA free protease inhibitor cocktail (Roche) and PhosStop (Roche),
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were transferred into Lysing Matrix B tubes (Roche, US) and disrupted mechanically by bead
beating with MagNa Lyser for 90 seconds, speed 6.0 (Roche, US). The lysis procedure was
repeated six times with 1 min cooling on ice between each bead beating. The lysate was
clarified by centrifugation (15,000 x g for 15 min) at 21 °C, and the supernatant containing
the whole cell lysate proteins was transferred in to new 2 mL screw capped micro tubes
(Sarstedt, Germany). Protein concentration was measured by direct detect infrared
spectrometer (DirectDetect, Millipore).
In-gel Trypsin Digestion

One hundred pg of protein dissolved in NUPAGE LDS sample buffer (1x) and
NuPAGE Sample Reducing Agent (1X) (Life Technologies) was incubated for 10 min at 70
°C and pre-fractionated by 1.0 mm, 4%-12% NuPAGE Novex Bis-Tris gel (Life
Technologies), at 80 V for 5 min followed by 20 min at 200 V. SDS-PAGE gels were
Coomassie stained using a Colloidal Blue Staining kit for NUPAGE according to the
manufacturer’s instructions. After staining, each gel lane was divided into 6 fractions, and
each fraction was subjected to in-gel reduction, alkylation, and tryptic digestion **. Proteins
were reduced using 10 mM DTT for 1 hour at 56 °C and alkylated with 55 mM
iodoacetamide for 1 hour at room temperature. The reduced and alkylated peptides were
digested with sequence grade trypsin (Promega, 1:100; w/w) for 16 hours at 37 °C in 50 mM
NH4HCO;. The trypsin digested protein samples were extracted from the gel using
acetonitrile (ACN) (50% and 100%), dried by SpeedVac concentrator (Eppendorf,
concentrator 5301) and re-suspended using 0.05% trifluoroacetic acid (TFA). The digested
protein samples were loaded on to C18 zip-tips activated and equilibrated with 95%
ACN/0.1% FA and 0.1 % formic acid (FA), respectively. The loaded samples were washed

with 0.05% TFA and eluted with 95% ACN/0.1% FA. The eluent was dried using SpeedVac
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concentrator, re-suspended in 0.1% FA, transferred to auto-sampler nano LC vials for LC-
MS/MS analysis and stored at -20 °C until injected in to LC-MS/MS.
LC-MS/MS Analysis

Peptide characterization and quantitation were performed by nano LC-MS / MS using
a Q Exactive hybrid quadropole-orbitrap mass spectrometer interfaced with an EASY1000-
nano-electrospray ion source (both from Thermo Scientific).

Peptides were injected in triplicates on to a pre-column (Acclaim PepMap 100, 75 pm
X 2 cm, nanoviper, C18, 3 um, 100A, Thermo Scientific) and separated on an analytical
column (PepMap RSLC, C18, 2um, 100A, 50um x 15cm, Thermo Scientific) at 75 min
solvent gradient and flow rate of 0.3 pl/min. Gradients from 2% to 30% solvent B for 30 min
followed by 30% to 75% solvent B from 30 to 35 min and 75% to 90% solvent B from 35 to
70 min were used. Thereafter, the gradient was kept at 90% solvent B from 70 to 75 min,
using 0.1% FA in 3% ACN as solvent A and 0.1% FA in 97% ACN as solvent B (FA: LC-
MS grade, Fluka; ACN: LC-MS grade, Merck). The column was operated at 60 °C. The mass
spectrometer was operated in data-dependent acquisition mode with automatic switching
between MS and MS/MS scans.

The full MS scans were acquired at 70K resolution, with automatic gain control target
of 1 x 10° ions, maximum injection time of 200 ms and the scan range was 300-1800 m/z for
MS scans. Higher energy collision dissociation (HCD) was used for peptide fragmentation
with normalized collision energy set to 28. The MS/MS scans were performed using a data-
dependent top10 method at a resolution of 17.5K with an automatic gain control target of 5 x
10* ions at maximum injection time of 100 ms and isolation window of 2.0 m/z units. An
underfill ratio of 10% and dynamic exclusion duration of 30 s was applied.

Protein and PTM identification
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Protein and PTM site identification from the raw MS data was performed by using the
MaxQuant software with an integrated Andromeda search engine (version 1.5.7.4) *3. The
raw mass spectral data were searched against the Uniprot Mtb protein database (downloaded

from  http://www.uniprot.org/ on Jan 15, 2017, uniprot ID: UP000001584,

Organism/Taxonomy ID: 83332 and with 3993 protein sequences) concatenated to reverse
decoy database and protein sequences for common contaminants.

Trypsin/P was specified as a cleavage enzyme allowing up to two missed cleavages.
The “re-quantify” and “match between runs” options were utilized with a retention time
alignment window of 3 min. Dependent peptide search, second peptide, LFQ and iBAQ
were enabled. Carbamidomethylation on cysteine was set as the fixed modification and
acetylation on protein N-terminal, conversion of N-terminal glutamine and glutamic acid to
pyroglutamic acid and oxidation on methionine were set as the variable modifications. For the
PTM analysis, acetyl (KSTY) was set as the variable modification. Unique and razor
peptides were used for the quantification of modified peptides (PTM abundance).

Only peptides with a minimum length of seven amino acids and detected in at least
one or more of the replicates were considered for identification. For protein identification, a
minimum of two peptides, of which at least one was unique, was required per protein group.
The threshold of protein identifications were determined by false discovery rate (FDR) of
0.01. All other parameters in MaxQuant were set to default values.

All modified peptide spectra were validated by applying stringent site localization
probability of > 0.75 and PEP of < 0.01 prior to further analysis. PTM site identifications with
localization probability < 0.75 and PEP > 0.01, protein groups with matches to proteins from
the reversed database, and contaminant protein sequences were removed from the analysis.

Modified peptides with quantifiable values in at least five of nine biological replicates in the
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three strains were considered for label-free relative quantification. Acetylated peptide
intensities were used for quantification of PTM abundance.
BIOINFORMATICS ANALYSIS
Statistical Analysis

Bioinformatics analysis was performed using the Perseus software (version 1.5.6.0) as
previously described *. The protein group output from MaxQuant was used as the basis for
all the subsequent statistical and Gene Ontology (GO) enrichment analysis. Following protein
identification by a MaxQuant database search, validation for multiple comparisons was
corrected using the Benjamini-Hochberg correction *. For identification of significantly
changed acetylation sites between the two Mtb lineages, a two tailed unpaired student’s T-test
with FDR < 0.05 and S0=2 was applied.
GO and Pathway Enrichment Analysis of Acetylated Proteins

The GO annotation of identified modified proteins was derived from the DAVID
Bioinformatics Resources 6.7 and Gene Ontology Consortium bioinformatics databases **°.
The proteins were classified by GO annotation based on three terms; molecular function

(MF), biological process (BP) and cellular component (CC). Acetylated proteins were

classified based on their functional category wusing TubercuList Mtb database

(http://tuberculist.epfl.ch/) ***2. The Kyoto Encyclopedia of Genes and Genomes (KEGG)
was utilized to annotate the pathways **. The enriched GO terms and KEGG pathways
provided corresponding information on p-value, count, percentage and fold enrichment. Any
pathway, biological process or molecular function with a p-value < 0.05 was considered as

significantly enriched. The ScanProsite web-based tool (http://prosite.expasy.org) and

GenomeNet Database Resources (http://www.genome.jp/tools/motif/) were used to identify

PROSITE signature profiles and active site motifs that match the sequence of identified

acetylated peptides **.
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PTM Motif Analysis

Motif-X software version 1.2 *° (http://motif-x.med.harvard.edu/motif-x.html) was

used to analyze the enrichment of amino acid sequence motifs at specific positions of acetyl-
31-mers (15 amino acids upstream and downstream of the site) in all peptide sequences. All
protein sequences in the database were used as the background database parameter and other
parameters were set at default.
Protein-Protein Interaction Network Analysis

Protein-protein interaction (PPI) networks were generated and analyzed using

STRING database version 10 (http:/string-db.org/) “*° with a high confidence threshold of 0.7.

Highly connected clusters were identified using MCODE plug-in toolkit and the interaction

network was visualized using the Cytoscape software (http://www.cytoscape.org) (version

3.5.0) .
Ethical Approval

The study obtained ethical approval from the Regional Committee for Medical
Research Ethics in Eastern Norway (REK @st) and Ethiopian Science and Technology
Ministry in Addis Ababa, Ethiopia. Sample collection was conducted after obtaining written
informed consent.
RESULTS AND DISCUSSION
The First Combined N.- and O- Acetylome Map of Mtb

In this study we analyzed the N,- and O-acetylome profile of two Mtb clinical isolates
from lineage 7 strain and the lineage 4 reference strain H37Rv. A total of 2490 class-I
acetylation sites, 2200 and 2198 acetylation sites in lineage 7 and lineage 4 |,
respectively(Figure 1A, 1B, Tables 1, SI 1, SI 2 and SI 3). These sites matched to 1568
proteins (953 unique proteins) (Table Sl4). A representative spectra of two acetylated

peptides from heparin-binding hemagglutinin (HbhA) and conserved hypothetical protein

10
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(Rv2020c) are shown in Figure SI 1 (Figure SI 1). Notably, 2310 (92.77%) of the totally
identified acetylome was shared between lineage 7 and H37Rv, highlighting the acetylome
conservation and consistency of the acetylome data (Figure 2A). Among the 953 unique
proteins, 44.28% of the proteins were singly acetylated while the remaining 55.82% of the
proteins were acetylated at two or more sites (Figure 2C). The most heavily acetylated
proteins included the 60 kDa chaperonin 2 GroEL2, mycolipanoate synthase Msl3, polyketide
synthase PKS13, ATP synthase subunit beta AtpD, chaperone protein DnaK and catalase-
peroxidase KatG (Figure 2C, Table Sl 4). These heavily acetylated proteins are known to be
involved in stress responses, corroborating previous data indicating a role for protein
acetylation in stress adaptation in Mtb and other bacteria *" %¢#°,

O-Acetylation at Serine, Threonine or Tyrosine Represents 94.34 % of the Sites
Identified on 88.56 % of the Acetylated Proteins

Out of a total of 2490 acetylation sites identified, 2349 sites on 844 proteins were
found to be O-acetylated. The abundance of acetylation was highest on T residues (39.32%),
followed by S (36.39%), Y (18.80%) and K residues (5.66%) (Figure 2B, Table 1). The
proportion of O-acetylated residues in Mtb is similar to the phosphorylation profile on the
three residues, S, T and Y °°. The acetylated proteins identified accounted for 23.87% of the
total proteins annotated in Mtb, which may indicate that applying an enrichment-based
method would provide an even higher number of O-acetylated proteins than what has been
reported for the N,.acetylation .

N..acetylation is the most commonly studied acetylation both in eukaryotes and
prokaryotes *. A recent study on the Mtb acetylome, using an anti-acetyllysine antibody
enriched sample, reported a total of 1128 lysine acetylation sites on 658 proteins *°. Although
there is no former evidence for the presence of protein O-acetylation in prokaryotes, it is

known that O-acetylation is a common modification of bacterial peptidoglycan and other

11
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glycoconjugates **%2. Serine O-acetyltransferase in plants and bacteria plays a role in the
biosynthesis of cysteine from serine ** °!. The O-acetyltransferase, N-hydroxyarylamine O-
acetyltransferase (NhoA), has been shown to have an O-acetyltransferase activity in
Salmonella typhimurium 2. Based on the evidences discussed so far, including the YopJ O-
acetyltransferase, we propose that the mechanism of O-acetylation and deacetylationon S, T
and Y residues in Mtb probably follows a similar pattern as the N..acetylation involving both
enzymatic and non-enzymatic mechanisms and AcCoA as acetyl group donor. Further

investigation is needed to elucidate the responsible mechanisms.

(A) Lineage 7 Lineage 4 (B) Acetyl (Y
(n=2200) (n=2198) (ii‘i’aé)’
Acetyl (S)
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Figure 1 | (A) Overall difference and overlap in acetylated sites between Mycobacterium
tuberculosis strains of lineage 7 and lineage 4 (H37Rv). (B) Overall difference and overlap in
acetylated proteins between the four residues, S, T, Y and K. “n” in (A) and (B) stand for
number of acetylation sites. (C) Distribution of acetylated proteins based on the number of
acetylated siteses per protein (Table SI 1,2,3).
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Table 1 | Number of acetylation sites per residue in Mycobacterium tuberculosis proteins and
the number and percentage of unique proteins acetylated.

Acetylated residues Number of sites Unique proteins Percent (%)
Acetyl (Lysine, K) 141 109 5.66
Acetyl (Serine, S) 902 568 36.22
Acetyl (Threonine, T) 979 557 39.32
Acetyl ( Tyrosine, Y) 468 334 18.80
Overall unique elements 2490 953 23.87

Bioinformatics analysis showed that these proteins share similar functions with N..
acetylated proteins, as evident from previous reports on lysine acetylation *>*”. Even though
there was a relatively low coverage of acetylated proteins in this enrichment-free method, a
separate enrichment analysis for 109 lysine acetylated proteins and 840 exclusively O-
acetylated proteins provided a distinct profile of biological processes and KEGG pathways
associated to a particular acetylation. Exclusively O-acetylated proteins were involved in a
broad range of KEGG pathway and biological processes, including fatty acid and carbon
metabolism, translation, biosynthesis of secondary metabolites and antibiotics, amino acid
metabolism, glyoxylate and dicarboxylate metabolism and microbial metabolism in diverse
environments (Figure 2A). In contrast, proteins acetylated at K residues were found to be
involved in limited KEGG pathways and biological processes, primarily translation and the
citrate cycle (TCA cycle) (Figure 2B).

These data may indicate that the stoichiometry of O-acetylation is more plentiful than
N..acetylation. This may support the assumption that O-acetylation is involved in regulating a
myriad of biological processes beyond that of N..acetylation. Furthermore, the number of O-
acetylated peptides significantly outweighs the N.acetylated peptides. These frequent
occurrences together with their competitive inhibition of phosphorylation may broaden the

role of O-acetylated proteins in regulating bacterial physiology ** **. Further enrichment-
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dependent methods for each of the four residues is necessary to complete the catalogue of N,

and O-acetylated proteins and their respective enriched KEGG pathways.

(A) cell redox homeostasis (B) protein secretion by the type VII
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Figure 2 | GO enrichment analysis for biological process and KEGG pathways in exclusively
O-acetylated Mycobacterium tuberculosis proteins (A) and in Ng.acetylated Mtb proteins (B).

Acetylated Peptides were Identified Inside or Near PROSITE Signature Motifs
MS-derived sequence windows data was used to search the PROSITE signature motifs,
active sites, and domain profiles. Some of the acetylated peptides identified were found near
or inside enzyme active site domains (Table SI 5-1, Table SI 5-2). The polar residues histidine,
cysteine, aspartate, glutamate, arginine, lysine, tyrosine, serine, threonine, asparagine,
glutamine and tryptophan are the most frequent catalytic amino acid residues >**. S, T and Y
are the major substrates for protein kinases that are hubs for complex regulatory networks,
and are involved in blocking phagosome-lysosome fusion, the hallmark of Mtb pathogenesis

28-29

(reviewed in ). The interplay between acetylation and phosphorylation of the same
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residues may have implications in the fine-tuning of certain cellular processes including Mtb
pathogenesis. As a result, acetylation of major active site residues, including K, S, T and Y
may affect protein activity 2" °°.

Acetylation of K residues found within an enzyme active site neutralizes the positive
charge on lysine residues, which results in concomitant alteration in protein activity *
protein-protein and protein-DNA interactions >, local protein conformation !, and protein
localization %23, Protein acetylation increases the net negative charge > % on DNA binding
proteins that might inhibit their binding capacity of the positively charged lysine residues with
the negatively charged phosphate groups on DNA as reviewed by Carabetta et al. °. The
inhibitory effect of acetylation on K residues found in the active sites of enzymes ACS, NhoA,
adenosylmethionine synthase (MAT), and MbtA is highlighted in this review.

In our study we found that the pyruvate kinase active site signature (Pyk) was one of
the prosite motifs identified to be acetylated at position K221 (Table Sl 5-2). The lysine
residue in the Pyk active site seems to be the acid/base catalyst responsible for the
interconversion of pyruvate and enolpyruvate. In accordance with our finding, mutagenesis of
the active site K221 of the pyruvate kinase was shown to reduce the activity of this enzyme
by a factor of 10* to 10° in Bacillus stearothermophilus ®. Even though the effect of O-
acetylation on bacterial enzyme activity has not been investigated to date, it is possible that
direct acetylation of such active site residues may modulate, abolish or induce the enzyme
activity * or interfere with the phosphorylation event *,

The Positively Charged Lysine and Arginine Residues are Enriched Towards the N-
Terminus of the Acetylation Sites
It is highly likely that acetylation events follow conserved linear protein sequence

motifs similar to the motifs observed in protein phosphorylation. Two conserved putative
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motifs were identified for acetylated peptides on K residues, namely RKac and R*Kac at
different abundances (Figure 3A, 3B).

The acetylation motifs identified in both N.. and O-acetylated residues were
consistent, having the positively charged K and/or arginine (R) residues between -1 and -6
positions to the N-terminus of the acetylated residues and L at -1 or -3 positions in some of

the acetylated S and T residues (Figure 3A, 3B).

(A) (e

Acetylation motifs

0 20 40 60 80 100 120 140 160 180

Number of peptides

Figure 3 | (A) Mycobacterium tuberculosis protein acetylation motifs and conservation of
acetylation sites. (B) Number of identified peptides contained in each conserved motifs for the
four residues.

Previous studies on lysine acylation showed that the positively charged K and R
residues were significantly enriched residues at the C-terminus ** ®, N- and C-terminus ®” and
N-terminus *° of the acylation sites. This variation may be attributed to the difference in the
methods used in the different studies, for example in antibodies used for immunoaffinity

enrichment °. These motifs may serve as a recognition signature for putative bacterial
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395 acetyltransferases and deacetylases as observed in eukaryotes, or could be part of an
396 autocatalytic mechanism that facilitates the non-enzymatic acetylation process, thereby
397  regulating substrate specificity, enhancing acetyltransferase activity, and restricting access to
398  non-target proteins > .

399  Acetylated Peptides Identified are Involved in Diverse Cellular Processes

400 Among the 953 acetylated Mtb-proteins identified, 78.5% were annotated for KEGG
401  pathways, 92.0% for biological processes and 94.3% for molecular functions, while only 35.1%
402  were annotated for cellular components.

403 The predicted subcellular location of the acetylated proteins showed that most of the
404  acetylated proteins identified were related to the cytoplasm (60%), while a few proteins were
405  predicted to be membrane associated (20%), in macromolecular complexes (10%), associated
406  to organelles (8%), or located in the extracellular region (2%) (Figure 4A). The GO analysis
407  of biological processes and molecular functions shows that large numbers of acetylated
408  proteins are enzymes (73%) involved in metabolism (60%), respectively (Figure 4B, 4C).
409 Binding proteins are the second largest acetylated protein group in terms of molecular
410  function, accounting for 15% of the total number of acetylated proteins identified (Figure 4B).
411  Proteins associated with cellular processes represented the second largest protein group in
412  terms of biological process covering 24% of all annotated proteins (Figure 4C).

413 The acetylated proteins identified were grouped based on TubercuList functional

414  categories (http://tuberculist.epfl.ch/). The percentage was calculated by dividing the number

415  of acetylated proteins in each group by the total number proteins known to function in a
416  particular category (Figure 4D) **. Proteins involved in information pathways had the most
417  abundant acetylation (105/241, 43.57%), followed by proteins involved in lipid metabolism
418  (106/247, 42.91%) and intermediary metabolism and respiration (373/923, 40.41%).

419
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Figure 4 | Gene Ontology functional classification of the Mycobacterium tuberculosis
acetylated proteins identified. (A) Subcellular localization of the acetylated proteins. (B)
Classification of the acetylated proteins based on molecular function. (C) Classification of the
acetylated proteins based on biological process. (D) Percentage of acetylated proteins within
their respective functional category.

The GO enrichment analysis and protein-protein interaction analysis (PPI) showed that
proteins involved in translation and the structural constituents of ribosomes are the most
abundant among the significantly enriched acetylated proteins in terms of biological processes

and molecular function, respectively (Figure 5, Table SI 6-1, Figure SI 2 ). Despite the

18



444  variations in the methods used and the acetylated residues analysed, this finding was in

445  agreement with a previous study on lysine acetylation and succinylation *> "4,

446
Proton-transporting ATPase activity,..
447 Succinate dehydrogenase activity
Carbon-nitrogen ligase activity, with..
448 Translation factor activity, nucleic acid..
Intramolecular transferase activity, ..
449 Hydro-lyase activity
Enoyl-CoA hydratase activity
450 Coenzyme binding
Oxidoreductase activity, acting on the..
451 tRNA bmdmg
Aminoacyl-tRNA ligase activity
452 rRNA binding
Structural constituent of ribosome
453 Oxidative phosphorylation
tRNA metabolic process
454 z Lipid biosynthetic process
= Dicarboxylic acid metabolic process
z Fatty acid metabolic process
455 8 Acetyl-CoA catabolic process
Cellular respiration
456 Energy derivation by oxidation of organic.. .
tRNA aminoacylation for protein translation Biolt
457 Glucose metabolic process
Monosaccharide catabolic process
458 Oxidation reduction
Cellular amino acid biosynthetic process
459 Carboxylic acid biosynthetic process
Glycolysis
460 Generation of precursor metabolites and..
Translation
461 Pyruvate metabolism
Fructose and mannose metabolism
462 Pentose phosphate pathway
Glyoxylate and dicarboxylate metabolism
463 Nitrogen metabolism
Glycolysis / Gluconeogenesis
464 . Citrate cycle (TCA cyclc;)
Aminoacyl-tRNA biosynthesis
465 Two-component system
Oxidative phosphorylation
466 Propanoate metabolism
Fatty acid metabolism
Ribosome
467
0 3 6 9 12 15 18 21 24 27
468

Figure 5 | Gene Ontology enrichment analysis of identified acetylated Mycobacterium
tuberculosis proteins based on molecular function, KEGG pathways and biological process.
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It has been shown that lysine acetylation regulates cellular metabolism via different
mechanisms such as enzymatic activation or inhibition, and by influencing protein stability "

69 71 and two

6970 We identified eight acetylated enzymes involved in the TCA cycle
enzymes, isocitrate lyase (ICL) and malate synthase G (GlcB), involved in the glyoxylate
pathway. Both copies of the ICL genes encoding AceaA and AceaB are essential for survival
of Mtb in vivo ">™*. In E. coli, it has been shown that His356 is one of the catalytic active site
residues in ICL ". Furthermore, Wang et al. have shown that acetylation of AceA with
protein acetyltransferase (Pat) or acetylation-mimicking mutations has led to reduction in
AceA activity and its activity was restored by deacetylation via CobB ®°. We found that AceA
and Aceb were acetylated at 2 and 5 sites, respectively. AceAb was acetylated at S355, near
the catalytic residue H356, indicating that acetylation of this residue may lead to a
conformational change in the protein and therefore affect its enzymatic activity. GlcB is also a
virulence factor involved in Mtb adherence to lung epithelial cells’®

ACS is another acetylated protein involved in the synthesis of AcCoA, a key
intermediate in energy metabolism and an acetyl group donor in protein acetylation. ACS was
the first enzyme in Mtb shown to be regulated by reversible post-translational acetylation via
cAMP-dependent protein acetyltransferase ***2. The acetylation status of ACS determines the
activity that might influence the availability of the acetyl donor, AcCoA, and the metabolic
state of the cell .

The glyoxylate cycle is another pathway enriched by acetylated proteins. When the
TCA cycle is down-regulated upon oxygen and nutrient/glucose depletion, replenishment of
TCA cycle intermediates is achieved via the glyoxylate cycle using the AcCoA from fatty
acid B-oxidation as a carbon source for subsequent metabolic pathways in the synthesis of
biomolecules (glucose, amino acids, DNA, and RNA) "®®. Protein acetylation has been

shown to regulate the activity of enzymes controlling the direction of glycolysis versus
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gluconeogenesis and the branching between TCA cycle and glyoxylate cycle by Pat and
deacetylase *°.

Fatty acid metabolism was one of the pathways identified by KEGG pathway
enrichment analysis in this study. In addition to being a source of AcCoA, fatty acids are an
integral component of the Mtb cell wall and known to be related to Mtb pathogenicity .. It
has been shown that reversible protein acetylation can regulate the activity of a number of
fatty-acid-CoA ligases in Mtb ® . These findings suggest that acetylation may play a role in
the regulation of various cellular processes in Mth. Additional functional studies are needed to
validate these claims.

Very few Mtb Proteins Involved in Genome Maintenance are Acetylated

Most components involved in DNA repair, recombination and replication (3R
components) were not acetylated even though they are located in the cytosol among core
metabolic enzymes. The only 3R components found to be acetylated were DNA gyrases
TopA, GyrA and GyrB, single-stranded binding protein SSB, nucleotide excision repair DNA
damage sensor UvrA, and recombination factors RecB and RecF. Ku ligase and DnaA were
by Ne-lysine acetylation enrichment previously found to be acetylated in Msm and E. coli,
respectively 8%, Thus, along with all surface components, most 3R enzymes were found to
be constituents of the non-acetylated complement of Mtb cells (Table Sl 4).

Proteins involved in Antimicrobial Drug Resistance are Acetylated in Mtb

Several bacterial species, including Mtb, alter their proteins involved in drug

resistance or drug targets, which in turn decreases or blocks the affinity for drug binding

without affecting normal activity .

PTMs may alter the net charge on the protein,
conformation, interaction and activity, thereby modulating the bacterial response to drugs.
Acetylation of kinase substrates might alter the signaling pathways that lead to drug

resistance/sensitivity. Seven Mtb proteins associated with isoniazide (INH) resistance,
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including KatG, InhA, NdhA KasA, AhpC, FadE24, and AcpM, were acetylated (Table SlI 4)
9.8 KatG, a catalase-peroxidase enzyme, is responsible for peroxidative activation of the
prodrug INH and acts as a virulence factor to protect against oxidative stress 3. Mutations at
KatG positions S315T and R463L have been shown to diminishe its capacity to activate INH
and confer INH resistance to Mtb ®. An acylation study showed that succinylation of KatG at
K310 near the S315T mutation assists the enzyme in retaining its native antioxidant activity,
while the INH activating property was reduced by almost 30% and the minimum inhibitory
concentration of bacteria increased up to 200-fold “°. Among the 8 differentially acetylated
sites on KatG, S465 was found near the natural mutation R463L. Acetylation of this residue
may lead to a conformational change in the protein and therefore affect its activity.

Serine/threonine protein kinases (STPKs) and two-component signal transduction
systems are key regulators of metabolic processes, including transcription, cell development,
stress response, virulence, host-pathogen interactions and drug resistance %%, Four of the
eleven Mtb STPKSs, PknD, PknK, PknG and PknH, were acetylated at various residues. OpcA
and Wag31, have been shown to be up-regulated in INH-resistant Mtb strains ** ®°; OpcA and
Wag31 are involved in peptidoglycan biosynthesis and oxidative stress responses %',
Another protein, PpiA, is involved in cationic antimicrobial peptide (CAMP) resistance *.
MurF is a protein involved in cell wall synthesis and implicated in vancomycin resistance in
Mtb . Thus, acetylation of a protein in an active site residue or anywhere in the protein
sequence may alter the protein function in various modes.

InhA, NADH-dependent enoyl-ACP reductase, is a major enzyme involved in the
biosynthesis of mycolic acids. Mutation at InhA 174T has been associated with resistance
to ethambutol (EMB), INH, rifampicin (RMP), and streptomycin (SM) **. We identified an

acetylation site on InhA at position T79 which is only five amino acids away from the natural
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mutation 174T. Other acetylated proteins with a role in resistance to first-line anti-TB drugs
include RpoB, EmbR, PhoP, FabG1 and RpsL 34 %.

Mutations in the genes encoding DNA gyrase subunits, gyrA and gyrB, are the most
common mechanisms for acquiring fluoroquinolone (FQ) resistance in Mtb ®. The most
frequent FQ resistance-associated mutations, termed the quinolone resistance-determining
region, resides between codons 74 to 113 in gyrA and between 461 to 538 in gyrB %%, wWe
found two acetylation sites at T500 and S473, which are located within the quinolone
resistance-determining region of GyrB, and may play a role in drug resistance, DNA
replication, and Mtb survival. Another acetylated proteins involved in drug resistance is
enhanced intracellular survival (Eis), an acetyltransferase, that confers resistance to
kanamycin by modifying the drug %%,

Proteins Associated to Virulence, Growth and Stress Responses are Differentially
Acetylated Between Lineage 7 and Lineage 4 Strains

From a total of 2490 acetylation sites identified on 953 proteins, 1085 sites on 506
proteins were eligible for quantification. We found that 261 acetylation sites on 165 proteins
were differentially acetylated between lineage 7 and lineage 4 at Sp=2 and FDR < 0.05
(Figure 6A, 6B). Interestingly, 257 sites on 160 proteins involved in Mtb growth and
virulence were hypoacetylated in lineage 7 with fold changes between 4.2 and 628.4. Only
four sites on four proteins were significantly hyperacetylated in lineage 7 strains. Lineage 7 is
a recently identified lineage of Mth, characterized by slow-growth and reduced virulence
phenotypes 1921% The GO enrichment analysis of 160 proteins hypoacetylated in lineage 7
revealed that pathogenesis, growth, glycolysis, response to iron ion, response to nitrosative
stress and protein folding were among the significantly enriched biological processes (Figure

7A, 7B). Carbon metabolism, TCA cycle, oxidative phosphorylation and microbial
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metabolism in diverse environments were some of the significantly enriched pathways from

these hypoacetylated proteins (Figure 7B, Table SI 6-2).
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Figure 6 | (A) Hierarchical clustering of differentially acetylated proteins between lineage 7
and lineage 4 strains of Mycobacterium tuberculosis (Mtb). (B) Volcano plot of differentially
acetylated proteins between lineage 7 and H37Rv (So=2, FDR < 0.05; -Log Student's T-test p-
value in Y-axis and Student's T-test Difference in X-axis ). Red: hyperacetylation and Green:
hypoacetylation.

Log, fold change (Lineage 7 versus Lineage 4)

A number of enzymes involved in carbon metabolism, fatty acid metabolism, stress
response, growth, virulence and the Esx-3 secretion system were hypoacetylated in lineage 7
(Figure 7A, 7B, Table 2, Table SI 7). The dihydrolipoyllysine-residue acetyltransferase
component of the pyruvate dehydrogenase complex (DIaT) and aconitate hydratase A (AcnA)
are two proteins involved in the TCA cycle. Both enzymes were found to be hyperacetylated
at lysine residues in lineage 4 strains. AcnA was acetylated at K273 position with fold change
of 7.83, whereas DIaT was acetylated at two positions, K273 and K287, with fold changes of
8.27 and 6.66, respectively. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and

enolase (Eno) are two hypoacetylated enzymes involved in glycolytic pathway. Eno was
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acetylated at 5 sites with fold changes between -8.14 to 15.59 , while GAPDH was acetylated
at position S259 with a fold change of 7.03 (Table 2, Table SI 7).

Energy metabolism is associated to growth and virulence in intracellular bacteria,
including Mtb %% Central carbon metabolism uses different carbon sources to generate the
building blocks, cofactors, and energy for cell growth. Wang et al. have shown that enzymes
involved in Salmonella enterica central carbon metabolism are regulated by reversible lysine
acetylation, involving protein acetyltransferase (Pat) and deacetylases (CobB) ®°. In S.
enterica, acetylation of GAPDH has been shown to favor the glycolytic pathway while
inhibiting gluconeogenesis by more than 30% while deacetylation of GAPDH by the sirtiun
CobB stimulates gluconeogenesis and inhibits glycolytic pathway ®. Furthermore, it has been
shown that S. enterica deficient in cobB (with high acetylation) grew faster than the wild-type
cells in minimal glucose medium but grew slower than the wild type in minimal citrate
medium. This indicates the importance of protein acetylation in regulating bacterial growth ®°.
The detailed mechanism of the regulation needs to be investigated. The activity of pyruvate
dehydrogenase, one of the hypoacetylated enzymes involved in the TCA cycle, is reduced by

lysine acetylation in eukaryotes 10>

, and this might also be true in bacteria. ACS was found
to be hypoacetylated in lineage 7 strains with a fold change of 5.44. AcCoA is the substrate
for the glyoxylate cycle . The glyoxylate cycle has been shown to be up-regulated during
Mtb growth arrest and involved in Mtb persistence % Moreover, previous works indicated
the possible role of ACS in controlling the expression and/or activity of the glyoxylate cycle
in E. coli %!, Therefore, the acetylation status of Mtb ACS might have a role in modulating
Mtb physiology and persistence . Mtb utilizes lactate as a potential carbon and energy

source inside macrophages **2. L-lactate dehydrogenases (LIdD), an enzyme involved in the

oxidation of lactate, was hypoacetylated in lineage 7 with fold change of -258.83.
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AcCoA can be generated from different substrates, including glucose, fatty acids,
amino acids and citrate. Once generated, it is used in ATP synthesis via TCA cycle, synthesis
of fatty acids, amino acids and other metabolites (reviewed in ’*). In addition, AcCoA is an
acetyl group donor for protein acetylation. Thus, acetylation of enzymes involved in AcCoA
synthesis, ACS, may also modulate all the processes involving AcCoA. These processes also
consume AcCoA and thereby alter the availability of AcCoA in the cell and metabolic state of
the cell.

In addition to the enzymes involved in TCA and glyoxylate cycles, a number of long-
chain-fatty-acid-CoA ligases associated with fatty acid metabolism were hypoacetylated in
Mtb lineage 7 strains with fold changes ranging from 4.54 to 14.35 (Figure 7A, Table 2, Table
SI 5). Enzymes involved in fatty acid p-oxidation were hypoacetylated in lineage 7 (Tables 2
and Sl 7). Fatty acid metabolism, both synthesis and catabolism, is an important cellular
process for Mtb fitness and survival. More importantly, fatty acids and their derivatives are an
integral component of the cell wall complex and implicated in Mtb pathogenicity, fitness and
survival 1813 Mtb utilizes fatty acids as principal source of energy during dormancy and
reactivation’® **. Survival of Mtb inside the phagolysosome depends on the pathogen’s
ability to synthesize virulence factors (proteins) and other biomolecules in a glucose-limited
stress environment 2. Reversible acetylation has been shown to modulate the activity of
several fatty-acid-CoA ligases '°. Polyketide synthase (PKS13) was hypoacetylated in lineage
7 at 6 sites with fold changes ranging from -3.89 to -5.98. PKS13 is an enzyme involved in
the final steps of mycolic acid biosynthesis. Mycolic acids are an integral component of Mtb
cell wall and known to be related to its pathogenicity ®'.

ESX-3 secretion system components were found to be highly acetylated in H37Rv.
Esx-3 is implicated in essential physiologic processes and metal homeostasis and crucial for

Mtb growth in vivo and in vitro **°. The phosphate-binding protein PstS 1 is involved in
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641  inorganic phosphate uptake and its disruption has been shown to be associated to decreased
642  virulence and attenuated growth **°. PstS 1 was hypoacetylated at 6 sites in lineage 7 with
643  fold changes between -388.45 and -27.53.

Table 2 | List of proteins hypoacetylated in Mycobacterium tuberculosis lineage 7 strains.

Protein name Gene ID  Acetylation Fold change
Alkyl hydroperoxide reductase AhpD Rv2159c T285 -628.43
Alkyl hydroperoxide reductase AhpD Rv2159c T57 -450.62
Phosphate-binding protein PstS 1 pstS1 S347 -388.45
Putative L-lactate dehydrogenase lldD Y55 -258.83
Alkyl hydroperoxide reductase AhpD Rv2159c T165 -246.35
Serine/threonine-protein kinase PknD pknD S2 -179.07
Catalase-peroxidase katG S465 -153.46
Phosphate-binding protein PstS 1 pstS1 S186 -130.58
Alkyl hydroperoxide reductase AhpD Rv2159c S302 -89.98
Phosphate-binding protein PstS 1 pstS1 T160 -78.49
Phosphate-binding protein PstS 1 pstS1 S365 -68.62
ESX-3 secretion system protein ECCA3 eccA3 S533 -49.83
ESAT-6-like protein EsxO esxO T2 -46.69
ESX-3 secretion system protein EccC3 eccC3 T891 -45.42
Isoniazid-induced protein IniB iniB S20 -42.15
Mycolipanoate synthase msl3 Y1279 -30.14
Phosphate-binding protein PstS 1 pstS1 T328 -28.94
Probable CDP-diacylglycerol pyrophosphatase cdh Y84 -28.23
Phosphate-binding protein PstS 1 pstS1 K324 -27.53
Chaperone protein DnaK dnaK Y106 -24.68
Nitrate reductase alpha subunit narG T2 -23.58
Ferritin BfrB bfrB Y49 -18.81
Probable thiol peroxidase tpx T13 -18.61
Cytochrome BD ubiquinol oxidase subunit | cydA S307 -18.27
ESAT-6-like protein EsxO esxO Y65 -18.09
Alpha-crystallin hspX T101 -18.03
ESX-3 secretion system protein EccC3 eccC3 T726 -17.80
Mycolipanoate synthase msl3 S2016 -16.50
ESX-3 secretion system protein EccC3 eccC3 T176 -16.15
Enolase eno K335 -15.59
ESX-3 secretion system protein ECCA3 eccA3 T433 -15.40
Mycolipanoate synthase msl3 T1259 -14.74
ESX-3 secretion system protein EccC3 eccC3 S125 -14.54
Long-chain-fatty-acid--CoA ligase FadD15 fadD15 T160 -14.35
Enolase eno S39 -14.15
Probable thiol peroxidase tpx T98 -13.50
Enolase eno S198 -13.30
Alpha-crystallin hspX S91 -13.27
644 Other groups of differentially acetylated proteins involved in stress response, virulence

645  and pathogenesis includes chaperon proteins (DnaK, HspX), oxidoreductases (AhpD, Tpx and
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KatG), ESX-1 secretion-associated proteins (EsxB, Espl, EspR and EspF), mammalian cell
entry proteins (McelB, McelF and McelC) and STPKs (PknD and PknH), drug resistance-
associated proteins (RpoB, RpoC and IniB) (Table 2, Table SI 7). These proteins are
indispensable for Mtb in signal transduction mechanisms that lead to bacterial adaptation to

its environment *, detoxification and drug resistance % **/

, or involved in entry and survival
of the pathogen inside macrophages ‘8. Although the exact mechanism remains unknown,
acetylation of enzymes involved in Mtb fitness and survival may lead to a change in the net
charge of the protein, alter stability and compartmentalization, brings a conformational
change and/or block kinase substrates and may thus modulate activity.

The protein-protein interaction (PPI) network was established to investigate the
physical and functional interactions among the 261 differentially acetylated proteins. Eight
interconnected protein clusters were identified using the MCODE plug-in toolkit, and the PPI
network was visualized using the Cytoscape software. The clusters include proteins involved
in ESX-3 secretion (cluster 1), host-pathogen interactions (cluster 2), glycolysis (cluster 3),

TCA cycle (cluster 4), fatty acid metabolism (cluster 5), stress response (cluster 6),

transcription and translation (cluster 7) and ATP synthase (cluster 8) (Figure 7A).
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Figure 7 | (A) Protein-protein interaction network of differentially acetylated protein groups
involved in; 1: ESX-3 secretion, 2: host-pathogen interaction, 3: glycolysis, 4: TCA cycle,5:

fatty acid metabolism, 6: stress response, 7: transcription and translation and, 8: ATP

synthase. (B) GO enrichment analysis of proteins hypoacetylated in lineage 7.
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A total of 71 acetylated sites on 69 proteins and 109 acetylated sites on 93 proteins
were exclusively identified in Mtb lineage 7 and lineage 4, respectively. GO enrichment
analysis of the exclusively identified acetylated proteins showed a strain-specific enrichment
of biological processes. Carbon and fatty acid metabolism were enriched in lineage 7 (Figure
SI 3), while translation and amino acid metabolism were enriched in lineage 4 (H37Rv)
(Figure Sl 3). Enrichment of carbon and fatty acid metabolism in proteins exclusively
identified in lineage 7 might be considered as a compensatory mechanism for energy
generation.

CONCLUSIONS

This study generated the first extensive data on O-acetylation in Mth. We identified a total
of 2490 acetylation sites on 953 Mtb unique proteins involved in a wide variety of
fundamental cellular processes. These acetylated proteins are involved in Mtb core metabolic
processes, bioenergetics, virulence and drug resistance. Our findings provide novel insight
into a range of functions predicted to be regulated by N.-and O-acetylation in Mth. The
stoichiometry of Mth O-acetylation is significantly higher than that of Ne-acetylation. This
fact may in turn support the assumption that O-acetylation is involved in a broader range of
processes than the Ne-acetylated counterparts. Due to the limited number of functional studies
on the impact of acetylation conducted to date, the contribution of lysine acetylation in Mtb
drug resistance is not fully understood. This study provides new knowledge on acetylated
proteins and acetylation sites found near naturally occurring mutations that are known to be
involved in Mtb drug resistance, and may be used as a basis for further functional studies.
Differentially acetylated proteins involved in Mtb virulence, energy metabolism/growth and
stress responses were uniformly biased towards being hypoacetylated in lineage 7 strains.

This may lead to a metabolic state that makes one strain better fitted to a certain environment
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compared to the other. The real impact (inhibition/activation) of acetylation on protein

activity needs to be further investigated through functional studies.

This MS-based prediction focusing on the nature and role of protein acetylation in Mth

should be verified by using both in vivo and in vitro functional studies, which can provide the

proof of concept for the role of acetylation in Mtb physiology. This investigation relied on

two methods, deletion of acetyltransferases/deacetylases and substitution. Deletion of either

the acetyltransferases or deacetylases can be used to unveil the role of these enzymes in the

acetylation process, while point mutations are used to assess the functional role of a specific

acetylation site. Finally, the use of immunoaffinity-enriched samples for nanoLC-MS/MS

analysis may enable the identification of large numbers of acetylated proteins to establish the

complete Mtb O-acetylome.
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