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ABSTRACT

Lysine acetylation plays a crucial role in cellular processes and is found across
various evolutionary organisms. Recent advancements in proteomic techniques
revealed the presence of acetylation in thousands of non-histone proteins. Here,
we conducted extensive meta-analysis of 48 acetylomes spanning diverse
organisms, including archaea, bacteria, fungi, protozoa, worms, plants, insects,
crustacea, fish, and mammals. Our analyzes revealed a predominance of a single
acetylation site in a protein detected in all studied organisms, and proteins heavily
acetylated, with >5-10 acetylated-sites, were represented by Hsp70, histone or
transcription GTP-biding domain. Moreover, using gene enrichment approaches
we found that ATP metabolic processes, glycolysis, aminoacyl-tRNA synthetase
pathways and oxidative stress response are among the most acetylated cellular
processes. Finally, to better explore the regulatory function of acetylation in
glycolysis and oxidative stress we used aldolase and superoxide dismutase A
(SODA) enzymes as model. For aldolase, we found that K147 acetylation,
responsible to regulate human enzyme, conserved in all phylogenic clade,
suggesting that this acetylation might play the same role in other species; while
for SODA, we identified many lysine residues in different species present in the
tunnel region, which was demonstrated for human and Trypanosoma cruzi, as
negative regulator, also suggesting a conserved regulatory mechanism. In
conclusion, this study provides insights into the conservation and functional
significance of lysine acetylation in different organisms emphasizing its roles in
cellular processes, metabolic pathways, and molecular regulation, shedding light

in the extensive function of non-histone lysine acetylation.
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INTRODUCTION

The ability of cells to detect and respond appropriately to their surrounding
environment is essential for the functioning of every living organism. Cells are
constantly exposed to a range of different stimuli; they can adapt to each new
situation due to the existence of intracellular signaling pathways. Cellular
processes that allow cells to adapt to these situations can be regulated through
reversible post-translational modifications of lipids, nucleic acids, and proteins.
Hundreds of protein post-translational modifications have been described, such
as methylation, phosphorylation, crotonylation, and acetylation [1-3].

Protein acetylation was first described in 1963 in the N-terminal region of
histone [4]. For decades, research focused on lysine acetylation in histone
proteins, particularly how this modification impacts chromatin structure and gene
expression. However, the development of more accurate and sensitive proteomic
techniques has enabled the identification of thousands of acetylated non-histone
proteins across various prokaryotic and eukaryotic species [5-7].

The set of lysine-acetylated proteins of an organism is known as acetylome.
The first acetylome, published in 2009 by Choudhary et al., [8] described the Kac
proteins of HelLa cells. Since then, researchers have characterized the
acetylomes of various organisms including Saccharomyces cerevisiae,
Escherichia coli, Drosophila melanogaster, Toxoplasma gondii, Plasmodium
falciparum, Schistosoma japonicum, and Homo sapiens [6, 9-14]. These global
proteomic analyses revealed a vast array of proteins acetylated across diverse
cellular compartments, suggesting their involvement in a multitude of cellular
functions, including metabolism, translation, response to oxidative stress, and

gene expression regulation [6, 7].
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Lysine acetylation, which can occur enzymatically or spontaneously,
neutralizes the positive charge of the lysine, potentially affecting enzymatic
activity, protein-protein interactions, and subcellular localization [5, 7]. This
highlights the importance of lysine acetylation in regulating cellular processes,
emerging as a key player alongside phosphorylation in this vital role.

While a significant number of acetylomes have been published, a gap
remains in our understanding of the specific regulatory roles of lysine acetylation
across diverse organisms. To address this, we performed extensive analyses of
50 acetylomes spanning bacteria, fungi, protozoa, worms, plants insects, fish,
and mammals. Our findings suggest a potential for conserved roles of lysine
acetylation in specific protein groups, particularly heat-shock proteins,
glycolysis/TCA cycle enzymes, and antioxidant enzymes. This work sheds light
on the potential mechanisms of protein acetylation and its impact on core cellular

processes across different kingdoms.

RESULTS
Prokaryotes and eukaryotes exhibit extensive lysine acetylation in non-
histone proteins

To gauge the extent of our knowledge of non-histone protein acetylation,
we conducted a comprehensive literature search for published studies describing
prokaryotic and eukaryotic acetylomes from 2009 (following the first published
acetylome) to 2022. This search identified approximately 128 articles (Figure 1A)
spanning diverse organisms, including archaea, bacteria, fungi, protozoa, worms,

plants, insects, crustacea, fish, and mammals (Figure 1B). Notably, bacteria
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dominated the research landscape, likely due to a single study characterizing the
acetylome of 48 bacterial species [15].

To ensure data consistency for further analysis, we selected only studies
employing lysine-acetylated peptide enrichment prior to mass spectrometry.
Additionally, we excluded crustaceans due to the lack of a published genome for
Alvinocaris longirostris (deep sea shrimp), the only species with a described
acetylome during our search period. This resulted in a dataset encompassing 48
acetylomes from 37 species distributed across various taxa: Archaea (1),
Bacteria (6), Fungi (15), Protozoa (8), Worms (6), Plants (5), Insects (2), Fish (1),

and Mammals (4) (Table S1, Figure S1).
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Figure 1. Lysine acetylation is widely detected in different groups of organisms. A. Number
of articles published describing acetylomes from 2009-2022. B. Distribution of published
acetylomes based on groups of organisms (archaea, bacteria, fungi, protozoa, worms, plants,
insects, crustacea, fish and mammals). C. Percentage of total lysine-acetylated sites found based
on total lysine residues of each proteome and total lysine-acetylated detected in each acetylome.
D. Percentage of total acetylated proteins found based on proteome size and lysine-acetylated
protein identified per acetylome. Each bar represents the acetylome of a specific species and for
more details about each specie see Figure Sup 1.
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Based on the selected acetylomes and the number of lysine residues and
proteins within each species' proteome, we calculated the percentage of both
total lysine-acetylated residues (Kac sites) and total acetylated proteins (Kac
proteins) for each species. Overall, the percentage of Kac sites ranged from
0.15% to 5.99%, with an average of around 2.5% (Figures 1C and S2). Vibrio
cholerae displayed the highest percentage of Kac sites, while Arabidopsis
thaliana exhibited the lowest (~0.2%) (Figure 1C and S2). Similarly, we observed
an average range of 10-15% across all groups for the percentage of Kac proteins,
representing the portion of the entire acetylated proteome (Figure 1D and S2).
As with Kac sites, V. cholerae had the highest percentage (32.7%), followed by
the protozoan Trypanosoma brucei (24.95%) and the fungus Aspergillus
fumigatus (22.4%) (Figure S2).

Our observations revealed variations in the percentage of lysine acetylation
(Kac) sites and Kac proteins across species. However, it is important to
acknowledge limitations. Data normalization attempts to account for proteome
size, but differences in methodologies and facilities between laboratories can
contribute to observed variations that may not fully reflect biological reality. For
example, the Rattus norvergicus acetylome identified a higher number of Kac
sites (15,474) and Kac proteins (4,541) compared to other species. However, due
to its larger proteome, the percentages of total Kac sites and proteins are lower
in R. norvegicus. Interestingly, notable significant differences persist even within
similar taxonomic groups and proteome size ranges (e.g., mammals, bacteria,
and fungi). This suggests factors beyond proteome size likely influence Kac

abundance.
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Most Kac proteins harbor only a single Kac site

To assess the distribution of lysine acetylation events per protein, we
quantified the number of proteins in each acetylome containing 1, 2, 3-5, >5-10,
and >10 Kac sites. Combining data across all acetylomes, we found that over
50% of identified Kac proteins have just one detectable Kac site (Figure 2A). The
proportion of proteins with 2 or 3-5 Kac sites is around 20%, while those with >5-
10 or >10 Kac sites comprise only 6.8% and 1.98%, respectively (Figure 2A).

This trend is also true when analyzing individual organism groups (bacteria,
protozoa, plants, fish, fungi, worms, insects, and mammals) (Figure 2B). Fish
displayed the highest percentage of proteins with a single Kac site, while protozoa
exhibited the highest percentage of proteins with over 10 Kac sites (Figure 2B).
Notably, proteins with varying degrees of lysine acetylation (1, 2, 3-5, >5-10, and
>10 Kac sites) were identified in all examined species (refer to Figure S3 for

detailed information on Kac site distribution per protein in each species).
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Figure 2. Distribution of Kac sites per protein across the different groups. A. Distribution of
Kac proteins of all acetylomes analyzed based on the number of Kac sites detected. Most proteins
have only one Kac site (50.45 %), while less than 10% of proteins have >5-10 or >10 Kac sites.
B. Similar results were observed when we analyzed the acetylomes of specific groups (bacteria,
fungi, protozoa, plants, worms, fish, insects and mammals) separately.
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To explore the potential functions of proteins with high lysine acetylation (5,
>5-10, and >10 Kac sites), we selected all such proteins from all acetylomes and
analyzed their most common protein domains. Notably, those containing the heat
shock protein 70 family domain (IPR013126) were present in all three groups
(Figure 3). This included 69 proteins from 22 species with 5 Kac sites, 48 proteins
from 20 species with >5-10 Kac sites, and 24 proteins from 11 species with over
10 Kac sites. Two additional domain classes were also identified across all
groups: transcription factor GTP-binding domain (IPR000795) and transcription
elongation factor EFTu-like domain 2 (IPR004161) (Figure 3A). As anticipated,
proteins containing histone H2A/H2B/H3 domains were well-represented within
the groups harboring 5 or >5-10 Kac sites. These groups accounted for 63 and
58 proteins from 24 species, respectively (Figure 3A).

We investigated whether the high number of Kac sites observed in Hsp70,
EFTu, and H4 proteins correlated with protein size or total lysine residues. We
selected representative proteins from various organisms (H. sapiens, T. brucei,
S. japonicum, D. melanogaster, A. fumigatus, E. coli, A. thaliana, and D. rerio) for
analysis. Interestingly, while Hsp70 exhibited the highest number of Kac sites and
the largest size compared to the medium-sized EFTu and the smaller H4, the
overall acetylation percentage of Hsp70 was not as significant as that of H4
(Figure 3B and C). This finding suggests that protein size and total lysine number

are not sole determinants of protein acetylation levels.

Lysine acetylation modifies proteins across various cellular compartments,

impacting biological processes and molecular pathways
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To gain deeper insights into the role of lysine acetylation in cellular
regulation, we combined data from all 48 acetylomes and performed gene
enrichment analyses based on Gene Ontology (GO) for cellular components,

biological processes, and KEGG pathways.
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Figure 3. Protein domains associated with high levels of acetylation A. Protein domains
enriched with 5 or more Kac Sites. We analyzed the most common protein domains found in
proteins identified with 5, >5-10, or >10 Kac sites across all species in the study. Blue bars
represent the number of proteins with a specific domain, while orange bars represent the number
of species containing that domain within the assessed acetylomes. B. Schematic representation
of protein size (Hsp70, EFTu, H4) across species. This panel depicts the relative sizes of Hsp70,
EFTu, and H4 proteins from different species. C. Acetylation levels of Hsp70, EFTu, and H4
proteins across species. Comparison of the percentage of Kac sites in heat shock protein 70
(Hsp70), EFTu, and histone H4 proteins revealed no significant correlation between protein size,
total lysine residues, and acetylation level. Blue bars represent the total number of lysine residues,
while pink bars represent the percentage of Kac sites found in each protein. Species
abbreviations: Hs (H. sapiens); Tb (T. brucei); Sj (S. japonicum); Dm (D. melanogaster); Af (A.
fumigatus); Ec (E. coli); At (A. thaliana); Dr (D. rerio).
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The cellular component categories with the highest fold enrichment were
the proteasome core complex, nucleosome, and mitochondrial F(o) complex
(coupling factor for ATP synthase) (Figure 4A). These findings align with the most
highly acetylated biological processes, including the ATP metabolic process,
tRNA aminoacylation, proton transmembrane transport, proteolysis involved in
protein catabolism, and the glycolytic process (Figure 4B). Finally, the most
enriched KEGG pathways were related to metabolism, with the top three being
the citrate cycle (TCA cycle), propanoate metabolism, and glycolysis (Figure 4C).
Details about the enriched GO cellular components, biological processes and
KEGG pathways of each specific group of organisms is presented in the Figures
S4, S5 and S6.

These findings suggest a potentially broad regulatory role for protein
acetylation. To investigate further this mechanism, we selected some of these
cellular processes for in-depth assessment. These processes will be discussed

in greater detail in the following sections.

Heat-shock protein 70 acetylation

Our analysis of domains present enriched in the highly acetylated proteins
(containing 5, >5-10, or >10 Kac sites) revealed the presence of heat shock
protein 70 (Hsp70) domain-containing proteins in all categories (Figure 3). Hsp70
was originally identified due to its induction by heat stress, and it's now known to
play a crucial role in maintaining cellular homeostasis and promoting cell survival

under adverse conditions [16].

10
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enrichment. This panel depicts the KEGG pathways exhibiting the highest enrichment within the

entire group of acetylomes.

To explore the connection between lysine acetylation and Hsp70 proteins,
we selected representative species from each group of acetylomes (T. brucei, S.
Japonicum, D. melanogaster, E. coli, A. thaliana, O. sativa, S. cerevisiae, A.
fumigatus, and D. rerio) for further investigation. As expected, phylogenetic

analyses grouped the Hsp70 proteins into distinct clusters (Figure 5A). Amino
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acid identity comparisons revealed a high degree of sequence similarity among
all species, with D. rerio (Dr) exhibiting over 80% identity with the human protein
(Figure 5B).

Interestingly, despite the significant diversity among the chosen organisms,
an Hsp70 protein region with high conservation across all species was identified
(KRLIGERKFGDP motif, Figure 5D). This region has been shown to be a
functionally important regulatory domain in the human protein [17],
encompassing the K77 residue, known to be acetylated and involved in the
regulation of human Hsp70 (Figure 5C). This residue is conserved in most
analyzed species (Figures 5C and D), except for E. coli, P. aeruginosa, A.
thaliana, and O. sativa, where an arginine replaces the lysine residue (Figure 5C).
Importantly, this is a conservative amino acid substitution, since both arginine
and lysine are positively charged, sharing structural similarities, which does not
rule out the potential regulatory role of that conserved motif for Hsp70 in the

different species assessed herein.
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Figure 5. Conservation of the lysine residue regulating Heat Shock Protein 70 activity
across species. A. Phylogenetic tree of Hsp70 proteins. This panel depicts a phylogenetic tree
constructed using heat shock protein 70 (Hsp70) sequences from representative species within
each organism group analyzed in this study. B. Hsp70 sequence conservation. This panel shows
the degree of conservation between the Hsp70 protein sequences of T. brucei (Tb), S. japonicum
(Sj), D. melanogaster (Dm), E. coli (Ec), A. thaliana (At), O. sativa (Os), S. cerevisiae (Sc), A.
fumigatus (Af), and D. rerio (Dr) compared to the H. sapiens protein. C. Amino acid alignment of
K77 region. This panel displays an amino acid alignment of the K77 residue and flanking regions
from the Hsp70 proteins of H. sapiens and its orthologs, highlighting the conserved nature of this
segment. D. Protein structural analysis. This panel presents a comparison of the protein
structures for the H. sapiens heat shock protein 70 with those of T. brucei, S. japonicum, D.
melanogaster, E. coli, A. thaliana, O. sativa, S. cerevisiae, A. fumigatus, and D. rerio.

Impact of protein acetylation on the glycolysis

Considering that lysine acetylation has been implicated as a major
regulatory cellular mechanism of glucose metabolism [18—-21], we decided to
determine the glycolytic enzymes identified as acetylated in all acetylomes
selected for this study. For this analysis, we used some core glycolytic enzymes:
hexokinase (HK), glucose phosphate isomerase (PGl); phosphofructokinase
(PFK); fructose-1,6-bisphosphate aldolase (ALD); glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), triose-phosphate isomerase (TIM); phosphoglycerate
kinase (PGK); phosphoglycerate mutase (PGM); enolase (ENO); pyruvate kinase
(PK). Initially, we determined the presence of acetylation in each of the enzymes,
considering all the species in each group, and found that at least one glycolytic
enzyme is acetylated (an enzyme was considered acetylated regardless the
number of Kac sites detected) in at least one of the at least one of the organism’s
groups (Figure 6A). We also identified enzymes that were not acetylated, such
as PFKand PGK in fish and insects (Figure 6A). Moreover, we identified enzymes
within the same group in which acetylation was absent depending on the species,
such as TIM in H. mediterranei (Figure 6A).

A detailed analysis shows that the least acetylated enzymes among the

groups were HK, PGI and PFK, while the most acetylated enzyme was ALDO

13
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(Figure 11A). Almost no glycolytic enzymes were found acetylated in D. rerio,
likely due to the low number of only 189 Kac proteins detected in the acetylome
of this organism (see Table S1).

To further investigate the acetylation of glycolytic enzymes, we measured
Kac levels by determining the percentage of lysine (K) residues acetylated
relative to the total number of lysine residues within each enzyme across all
species (Figure S7). Figure 6B presents three representative enzymes, enolase
(ENO), aldolase (ALDO), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), which were identified as acetylated in a wider range of species. By
selecting a representative species from each group, we observed that the
protozoan T. brucei exhibited the highest overall acetylation percentage for all

three enzymes compared to the other species.
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Figure 6. Widespread acetylation of glycolytic enzymes across diverse organisms. A. This
panel displays the prevalence of acetylation across various glycolytic enzymes within all organism
groups analyzed in this study. Each group is represented by a circle below the specific enzyme,
with slices within each circle signifying individual species belonging to that group. Color coding is
used to differentiate between bacteria (dark green), fungi (orange), protozoa (dark blue), worms
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(yellow), plants (red), insects (light green), fish (light blue), and mammals (brown). Enzymes were
considered acetylated even if only a single Kac site was identified in the specific acetylome. HK
(hexokinase), GPI (glucose phosphate isomerase), PFK (phosphofructokinase), ALD (fructose-
1,6-bisphosphate aldolase), GAPDH (glyceraldehyde-3-phosphate dehydrogenase), TIM (triose-
phosphate isomerase), PGK (phosphoglycerate kinase), PGM (phosphoglycerate mutase), ENO
(enolase), PK (pyruvate kinase). B. Acetylation levels of representative glycolytic enzymes. This
panel presents the percentage of acetylation observed for ALDO, ENO, and GAPDH proteins in
representative species from each organism group. Notably, T. brucei exhibited the highest level
of acetylation for all three enzymes.

Lysine acetylation impacts the aldolase catalytic site structure

Fructose-1,6-bisphosphate aldolase (aldolase) is a key glycolytic enzyme.
It catalyzes the reversible cleavage of fructose-1,6-bisphosphate into
dihydroxyacetone phosphate (DHAP) and glyceraldehyde-3-phosphate (G3P)
[22]. The regulatory effect of lysine acetylation on the aldolase activity has been
demonstrated for human and T. brucei enzymes. It was observed that acetylation
at K147 (human enzyme) or K157 (T. brucei enzyme) residues abolished the
enzyme activity [18, 23], suggesting an evolutionary conserved regulatory
mechanism.

To explore the potential regulation of aldolase by acetylation, we selected
aldolase enzymes from representative species across various organism groups
(D. melanogaster, D. rerio, T. brucei, T. cruzi, A. thaliana, T. spiralis, and H.
sapiens). We then analyzed their protein structure and acetylation patterns,
focusing on the lysine residue known to regulate enzymatic activity in mammals
(K147, as described by [18]. Structural comparisons of the predicted enzyme
structures from the six species revealed a high degree of conservation in their
structures (Figure 7A). Similarly, analysis of both K147 and K230 residues (H.
sapiens), and surrounding residues involved in enzymatic activity showed that
they were conserved (Figure 7B). In this broader analysis, we included

sequences from additional species within each organism group.
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To gain insight into the regulatory effect of K147 residue acetylation, we
performed Molecular Dynamics (MD) simulations to evaluate the impact of this
modification in the catalytic site volume, using the native aldolase protein of D.
rerio, A. thaliana, T. spiralis, D. melanogaster, H. sapiens and T. cruzi, and its
acetylated version at the corresponding K147 residue. Alterations in the catalytic
site volume could affect the enzyme-substrate interaction, suggesting an
explaination for the inhibitory phenotype observed in human and T. brucei
aldolase. In general, the acetylated aldolases showed a subtle increase in
volume, from ~950 to 1050 A3, except for A. thaliana, which showed and average
volume of 1129.88 (132,52 SD) and 1104 (121.32 SD) A3, respectively (Figure
7C). The largest variation was observed for human aldose, which showed a
change in the volume from 924.322 (113.54 SD) (native) to 1060.34 (291.80 SD)

(acetylated) (Figure 7C).
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Figure 7. Acetylation of the main lysine residue for aldolase activity affects catalytic site
volume and is conserved among different species. A. Protein structural comparison of aldose
from A. thaliana (red), D. melanogaster (light green), D. rerio (light blue), T. cruzi (dark blue) and
H. sapiens (brown) shows a high degree of structural conservation. B. Comparative amino acid
alignment of residues belonging to the catalytic site of aldolase from different species. The K147
and K230 residues from H. sapiens enzyme involved in the substrate binding are highly conserved
among all organisms. Yellow squares indicate the K residues detected acetylated in the
corresponding acetylomes. C. Effect of acetylation in the aldolase catalytic site volume. The
aldolase in its native and acetylated state at the key catalytic lysine residue from H. sapiens
(K147), A. thaliana (K185), D. rerio (K147), T. spiralis (K162), D. melanogaster (K147) and T.
cruzi (K157), were submitted to molecular dynamic analyses to measure the effect of acetylation
on enzyme catalytic site volume. Acetylation increases catalytic site volume in all analyzed
species, suggesting a possible impact on enzyme activity as observed for H. sapiens. At (A.
thaliana); Dr (D. rerio); Dm (D. melanogaster); Hs (H. sapiens); Ts (T. spiralis) and Tc (T. cruzi).
D. H. sapiens aldolase structure, native and K147ac, highlighting the K147 interacting residues
involved in substrate binding and enzyme activity.

Aiming at determining structural aspects related to aldolase acetylation, we
measured the distance of the constituent residues to neighbors of the active site
(K147) in the human protein. We observed that acetylated K147 (acK147) was

projected into a small hydrophobic cavity to interact with 130, A32, and G303
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residues, while engaging interactions polar contacts between the carbonyl group
in the acetylation and the side chain of the S301 residue (Figure 7D).
Altogether, these results indicate that the post-translational regulatory
mechanism of glycolytic enzyme activities might be mainly by altering key
catalytic lysine residues, inducing conformational changes in neighbors’ residues
and further modulating the enzyme’s function. Also, it is likely that this mechanism
has been maintained throughout evolution and potentially plays a role in

regulating other glycolytic enzymes activities.

TCA cycle enzymes are acetylated across species

We also decided to evaluate the presence of acetylation in another crucial
pathway for cellular metabolism, the tricarboxylic acid (TCA) cycle, or Krebs
cycle. The TCA cycle takes place inside the mitochondria and involves the
participation of eight main proteins: citrate synthase (CS), aconitate (ACO),
isocitrate dehydrogenase (IDH), a-ketoglutarate (ODH), succinyl-CoA synthetase
(SCS), succinate dehydrogenase (SDH), fumarate hydratase (FH) and malate
dehydrogenase (MDH) [19, 24]. All the TCA enzymes were found to be acetylated
in at least one species of each group, with some variation in the number of
species in specific groups (Figure 13). Apart from the group of insects, plants and
fish, which had seven and six of the eight enzymes detected acetylated,
respectively, the other groups showed acetylation for all eight enzymes (Figure
8). The acetylated proteins found in most species within the groups were CS
(acetylated in 28 species from 7 groups), IDH (acetylated in 32 species from 8
groups), and MDH (acetylated in 35 species of 8 groups) (Figure 13 and Sup

Table 3). By quantifying the percentage of acetylation of each enzyme per
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species studied, we found that CS, ACO, SDH, FH and MDH show higher levels
of acetylation in mammals; ODH and SCL in bacterial species and bacteria

species and IDH in fungi (Figure S5).
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Figure 8. TCA cycle enzymes are highly acetylated in all groups of organisms. Most of the
enzymes were detected as acetylated in this study. Each group of organisms is represented by a
circle below the specific TCA cycle enzyme and in each circle the slices represent a specie
belonging to that group. The groups are represented by different colors as follows: mammals
(brown); protozoan (blue); worms (yellow); bacteria (green); fungi (gold); plants (red); insects (light
green); fish (cyan). Each enzyme was considered acetylated even if only one Kac site had been
identified in the specific acetylome. Citrate synthase (CS), Aconitate (ACO), Isocitrate
dehydrogenase (IDH), a-Ketoglutarate (ODH), Succinyl-CoA synthetase (SCL), Succinate
dehydrogenase (SDH), Fumarate Hydratase (FH), Malate dehydrogenase (MDH).

Acetylation in the oxidative stress response

Another cellular process detected in our analysis was oxidation-reduction,
represented by different antioxidant enzymes. One such enzyme, superoxide
dismutase A (SODA), belongs to a class that detoxifies superoxide into oxygen
and hydrogen peroxide. Catalasis ultimately converts hydrogen peroxide into
oxygen and water [25].

Previous studies have demonstrated that lysine acetylation regulates SODA
activity in human and T. cruzi enzymes. Specifically, acetylation of K68 and K97

negatively affects enzyme activity in these organisms, respectively [26, 27]. To

19



430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

investigate whether this regulatory mechanism is conserved throughout
evolution, we analyzed SODAs from A. fumigatus, D. melanogaster, D. rerio, T.
cruzi, T. brucei, A. thaliana, and H. sapiens. We focused on structural
conservation and the presence of potential regulatory lysine residues.

Comparative structural alignment of predicted SODA protein structures from
these species revealed a high degree of similarity across all enzymes (Figure 9A
and Figure S9). Notably, all SODAs possess a conserved "funnel” region that
plays a crucial role in directing the substrate towards the enzyme's active site.
This region is typically enriched with positively charged lysine residues, creating
a pathway for negatively charged superoxide to reach the catalytic site [26, 27].
Consequently, acetylation of any lysine residue within this region could alter
substrate direction due to the neutralization of positive charges [26, 27].

We quantified the total number of lysine and identified acetylated lysine for
each SODA, further determining how many of these acetylated residues were
located within the "funnel" region. Human SODA exhibited the highest overall
number of acetylated lysines, followed by enzymes from E. coli, D. melanogaster,
and A. fumigatus (Figure 9B). Interestingly, when analyzing only the acetylated
lysines within the "funnel" region, human SODA again displayed the highest
number, but this time followed by T. brucei and D. melanogaster enzymes (Figure
9C). These findings suggest that, across different species, SODA acetylation

within the "funnel" region might play a regulatory role in enzyme activity.
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Figure 9. Lysine acetylation of the superoxide dismutase protein in different species. A.
Comparative analyses of the predicted structures of SODA from H. sapiens (Hs); T. brucei (Tb);
T. spiralis (Ts); D. melanogaster (Dm); A. fumigatus (Af); E. coli (Ec); A. thaliana (At) and D. rerio
(Dr), showed a high degree of conservation. B. Total percentage of acetylation of each SODA
enzyme from the different species. Total lysine residues found in the SODA (TK); Total acetylated-
lysine residues found in the SODA. C. Number of lysine and acetylated lysine sites present in the
regions comprising the funnel that directs the substrate to the enzyme's catalytic site, suggesting
a conserved regulatory mechanism. Lysine residues found acetylated in each SODA (FKac);
Total lysine residues (FK).

DISCUSSION

Lysine acetylation, a conserved post-translational modification (PTM) found
across diverse organisms, has recently garnered significant interest due to its
potential functional roles. Advancements in proteomics and the exploration of
metabolic signaling pathways have significantly expanded our understanding of
non-histone protein acetylation [6, 7]. This study leverages bioinformatic analysis
of published studies, from 2009-2022, describing acetylomes (Figure 1A),
highlighting the growing research focus in this field. Notably, a substantial portion
of these studies have addressed bacterial acetylation (Figure 1B). The relative
ease of studying bacteria in controlled laboratory environments might explain this
preference.

This work reveals the significance of acetylation across diverse evolutionary
lineages, highlighting notable variability in the proportion of acetylated sites
relative to total proteins across several species (Figure S1). Interestingly, bacteria

displayed the highest number of acetylation sites, followed by fungi and protozoa
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(Figure 1C). Vibrio cholerae, a bacterium associated with cholera, emerged as
the species with the highest acetylation rate (Figure S2). Fungi also displayed a
noteworthy percentage of acetylated proteins (Figure 1D). Here it is important to
noted that some differences in the acetylation range among the species could
also be due to technical differences during the analyses of each work we have
selected but could also reflect the physiological states found for each specie in
their natural environmental.

Our analysis indicates a relationship between the number of acetylation
sites (Kac sites) and their corresponding proteins revealed interesting insights
into potential functional implications. Notably, proteins with a single acetylation
site dominated across all studied organisms, accounting for approximately
51.45% of the total (Figure 2A). Fish exhibited the highest proportion of single
acetylation site detected, followed by insects, plants, and bacteria (Figure 2B).
These observations suggest that different organisms might have unique
requirements for acetylation, potentially reflecting distinct regulatory mechanisms
within their biological processes [7, 8, 28]. Furthermore, the size of proteomes
and genomes significantly impacted observed acetylation levels. Mammals, with
larger genomes, displayed comparatively lower overall acetylation levels
compared to organisms with smaller genomes (Figure S1). Conversely, protozoa,
characterized by reduced genomic complexity, exhibited higher acetylation
levels, suggesting a potentially compensatory role for acetylation in organisms
with smaller genomes.

We further found that the presence of few acetylation sites (2-3) is similar
between the groups analyzed (Figure 2B). In addition, proteins from mammalian

species presents considerably more acetylation sites, suggesting a potential
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functional significance of extensive acetylation in mammals, particularly in
complex cellular processes and regulatory networks.

HSP70 domains emerged as the most frequently acetylated across species,
according to our results (Figure 3). HSP70 proteins are critical for protein folding
and unfolding processes, prevention of stress-induced protein aggregation,
protein degradation and chaperone-mediated autophagy [29-31]. Evidence
accumulated in the last years have shown that Hsp70s are heavily modified at
the post-translational level, and that these modifications (phosphorylation,
acetylation, methylation, ubiquitination, SUMOylation) fine-tune chaperone
function, altering chaperone activity, localization, and selectivity [32-34]. Lysine
acetylation was detected in more than 40 sites in Hsp70 from H. sapiens and S.
cerevisiae [35] and our findings demonstrating the strong presence of acetylation,
even in species with significant evolutionary and molecular diverge, suggest that
acetylation of these domains might directly or indirectly regulate protein activity.

Another finding of our work related to Hsp70 proteins was the conservation
of the KRLIGERKFGDP motif (Figure 5D) that bears the K77 residue. The
acetylation of K77 by ARD1 acetyltransferase allows Hsp70 to bind to Hop and
allowing refolding of denatured proteins [17]. After longer periods of stress, Hsp70
becomes deacetylated, promoting interaction with CHIP to degrade damaged
proteins. This switch from protein refolding to degradation is required for the
maintenance of protein homoeostasis and protects the cells from stress- induced
cell death [17]. We found the K77 present in 7 of 11 species that we analyzed
(Figure 5D), suggesting that the regulatory function of acetylation in conserved
across the kingdoms. In E. coli, P. aeruginosa, A. thaliana, and O. sativa where

K77 was replaced by an arginine, that resembles a non-acetylated lysine, it is
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interesting to speculate that this naturally occurring mutation makes Hsp70
immediately prepared for action to degraded damaged proteins.

As expected, histones, well-known players in epigenetic modifications, were
also identified among the most acetylated protein groups (Figure 3). Specifically,
H2A, H2B, and H3 histones displayed high levels of acetylation, particularly in
proteins with five to ten acetylation sites. However, the detection of histones with
more than ten acetylation sites was limited. This might be due to their size or the
abundance of lysine and arginine residues, which can be cleaved by trypsin
during sample preparation, generating smaller peptides that are difficult to detect
by mass spectrometry. The observed abundance of acetylated histones aligns
with their established role in post-translational modifications and their crucial
function in gene regulation and chromatin remodeling [1, 36, 37].

Our work also indicates the functional significance of lysine acetylation in
modulating metabolic processes and molecular pathways. Interestingly, ATP
metabolism emerged as the most acetylated process, despite the relatively low
number of genes associated with it (Figure 4). This finding highlights the potential
importance of acetylation in regulating key cellular functions, as ATP serves as
the primary energy source for various processes like signaling, DNA/RNA
synthesis, and translation. Similarly, the aminoacyl-tRNA synthetase (aaRS)
pathway, crucial for gene expression and protein synthesis, displayed significant
acetylation, suggesting a regulatory role for acetylation in this essential process
(Figure 4) [19]. Furthermore, oxyreduction, a process intricately linked to glucose
degradation and cellular energy generation, exhibited many acetylated genes
(Figure 4). This observation further emphasizes the importance of acetylation in

regulating core metabolic pathways.
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Our analysis focused on metabolic pathways revealed a notable enrichment
of acetylation within sugar metabolism pathways, including the tricarboxylic acid
(TCA) cycle, propanoate metabolism, and glycolysis (Figure 4B). These
pathways are fundamental for energy production and cellular function,
highlighting the potential regulatory role of acetylation in metabolic processes[19].
Glucose metabolism has been a major focus in understanding the impact of
protein acetylation. Enzymes involved in glucose metabolism, such as those in
glycolysis, the TCA cycle, glycogen synthesis, and the irreversible steps of
gluconeogenesis, exhibit a high prevalence of acetylation sites [18-20, 23].

Consistent with prior studies, our analysis revealed acetylation of all
glycolytic enzymes, with aldolase (ALDO) exhibiting the highest degree of
acetylation. Notably, the protein structure and the specific lysine residue (K147 in
humans) regulating activity were conserved across analyzed species. This
conservation supports the hypothesis that lysine acetylation serves as a general
regulator of aldolase activity among diverse evolutionary organisms [18, 23, 28].
These findings suggest that glycolysis is a process regulated by lysine
acetylation, regardless of the studied organism's evolutionary complexity. While
further research is necessary, the observed conservation of specific lysine
residues within catalytic regions of proteins like aldolase suggests that many
other species may also utilize this mechanism for potential enzyme activity
regulation [23, 38].

Analysis of the mitochondrial tricarboxylic acid (TCA) cycle, a key cellular
process for energy production, also revealed significant levels of acetylation
(Figure 8). This cycle comprises eight core proteins, and all were found to be

acetylated in at least one group of organisms. Notably, hyperacetylation of the
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citrate synthase/pyruvate dehydrogenase complex has been shown to negatively
regulate the innate immune response in macrophages, thereby impairing the
entire TCA cycle function [39]. Furthermore, studies have identified numerous
acetylation sites within TCA cycle proteins. These modifications can influence
protein activity, with some experiencing increased activity and others
experiencing decreased activity [19, 40, 41]. For example, acetylation of A.
thaliana malate dehydrogenase at K169, K170, and K334 decreases its
oxoacetate reduction activity [42], while acetylation of E. coli and H. sapiens at
K99/K140 and K307, respectively, increases its enzymatic activity [43]. These
findings highlight the diverse regulatory roles that lysine acetylation can play
depending on the specific protein target.

In addition, our findings also revealed the involvement of lysine acetylation
in the response to oxidative stress. In particular, the antioxidant enzyme SODA,
which has a distinctive funnel-like structure formed by a-helixes that "conduct"
the negatively charged superoxide molecule to the catalytic center of the SODA
enzymel[44, 45]. The presence of various residues of lysine and arginine at this
site propel the superoxide to the catalytic region of the enzyme, carrying out its
function of converting superoxide into hydrogen peroxide, reducing cellular
damage [25]. Supporting this, previous studies have shown that acetylation at
specific lysine residues negatively regulates its activity, such as K68 in humans
[27] and K97 in T. cruzi [26, 27]. These studies indicate that acetylation alters the
positive charge of lysines, which hinders the "conduction" of the superoxide to
the catalytic center of the SODA enzyme [26, 27].

Our combined analysis of acetylome data and relevant literature provides

strong evidence for the widespread occurrence of lysine acetylation across
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diverse evolutionary groups. This post-translational modification extends its
functional regulatory aspect to critical cellular processes, metabolic pathways,
and conserved protein domains. Notably, our findings highlight the importance of
protein acetylation in regulating both glucose metabolism, TCA cycle and the
oxidative stress response. Several studies indicate that acetylation of key lysine
residues in enzymes as aldolase (glycolysis) and superoxide dismutase
(antioxidant defense) can play a crucial role in cellular metabolic processes and
redox balance [8, 18, 19, 21, 23].

Despite our extensive review and meta-analysis of acetylomes, it is
important to bear in mind that the transient nature of acetylation makes it difficult
to precisely map acetylation profiles. Therefore, those species in which no protein
acetylation was identified are encouraged to be further investigated with more
sophisticated techniques [46]. Furthermore, extensive biochemical work is
required to validate the role of acetylation in regulating the activity of specific

enzymes and its consequently enzymes and consequently cellular processes.

MATERIALS AND METHODS
Data Collection and curation
To identify published acetylome data, we conducted a keyword search in

PubMed (www.pubmed.ncbi.nim.nih.gov) using the term "acetylome" and limited

the search to publications from 2009 to 2022. This timeframe reflects the
appearance of the first published acetylome in 2009. We downloaded all retrieved
articles and their supplementary materials containing lists of identified acetylated
proteins for further curation and analysis. From this initial search, we identified

128 acetylomes encompassing a broad range of species, including
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bacteria, fungi, protozoa, worms, plants, insects, crustaceans, fish, and
mammals.

To minimize potential variations within our analyses, we subsequently
filtered the collected acetylomes. This involved selecting only studies that
employed lysine-acetylated peptide enrichment techniques. Additionally, we
excluded bacterial data from[15] due to its extensive focus on 48 phylogenetically
diverse bacteria. Instead, we opted to include data from other bacterial species
within our study. Following these refinements, our final dataset comprised 48

acetylomes representing 37 species across 8 phylogenetic clades.

Data Organization and Initial Analysis

The collected data underwent initial organization to determine the number of
acetylated proteins (Kac proteins) and the number of lysine-acetylated sites (Kac
sites). Additionally, we retrieved proteome size information for all analyzed

species from either UniProt (htips://www.uniprot.org) or VEuPathDB

(https://veupathdb.org/veupathdb/app). To minimize bias arising from

experimental design variations across different acetylomes, we normalized the
Kac sites and Kac proteins identified. This normalization considered the total
number of lysine residues within each predicted proteome and the overall
proteome size (number of proteins) of each species.

We further categorized the Kac proteins based on the number of identified
Kac sites within each acetylome. This manual categorization grouped proteins
based on the following criteria 1, 2, 3-5, 5, >5-10 and >10 Kac sites. For each
species, the data was compiled into a table, including the UniProt ID for each

protein within each category (1, 2, 3-5, 5, >5-10 and >10 Kac sites). The data was
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then visualized using GraphPrism 9.5, and final figures were generated with

Adobe lllustrator.

Systematic assessment of Kac sites and Kac-containing proteins’
functional enrichment analyses

Ad-hoc bash commands were designed for counting sites and retrieving
IDs, in a systematic fashion, of all Kac-containing proteins/genes from
supplementary tables of articles reporting acetylomes from all organisms studied
herein (Table S1). GO-basic.obo and KEGG “htext” files were downloaded from

http://current.geneontology.org/ontology/go-basic.obo and

https://www.genome.jp/kegg-bin/get _htext?ko00001, respectively. PERL scripts

were written to automatically prepare 2x2 contingency tables

(https://qithub.com/eltonjrv/bioinfo.scripts/blob/master/GOcount4fisher.pl,

https://qgithub.com/eltonjrv/bioinfo.scripts/blob/master/KOcount4fisher.pl,

https://github.com/eltonjrv/bioinfo.scripts/blob/master/assign-GO2VGs.pl) to be

used as input for the gene enrichment analysis run in R through a Fisher Exact
Test execution

(https://github.com/eltonjrv/bioinfo.scripts/blob/master/fisher4d GOenrichment.R).

Significant GO terms and KEGG biochemical pathways (p < 0.01) were plotted
on either bar or bubble charts through ggplot2 or pathfinder (Ulgen 2019 - PMID:

31608109) R packages. R environment version 4.1 was used for such purpose.

Protein structural analyses
In the structural comparison assays, we initially obtained the protein

structures using the PDB data bank (https://www.rcsb.org), and for those proteins
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with no data available, the predicted protein structure was generated using the
AlphaFold Al tool [47]. The analyses were done using the software PyMOL and
the images generated were processed in Adobe lllustrator.

Molecular dynamic (MD) simulations of aldolase

The initial three-dimensional structures for each aldolase studied were
generated by molecular modeling (A. thaliana, 1ADO; D. rerio, 1ADO; T. spiralis,
1FDJ; and D. melanogaster, 1FBA) using SWISSMODEL [48] or obtained by
structures generated experimentally (H. sapiens, 5KYG6; and T. cruzi, 1F2J). For
each of them, the native and acetylated version was generated to the
corresponding amino acid residue 147 of human aldolase.

Twelve structures were generated, where each one was submitted to
Molecular Dynamics (MD) simulations, using the GROMACS software [49] under
the field of force Charmm36m [50]. The protonation state of each protein was
measured for the pH range equal to 7 using the PROPKA server, while the
acetylation was performed using the PyTM plugin [51]. Then, each structure was
placed in a dodecahedral box 12 A from the edge of the box to the farthest atom
on the XYZ axes. Each system was then solvated, neutralized and equilibrated
with 0.1 M NaCl. A minimization step was performed to reduce the system’s
energy below 1000 kJ/mol/nm?, using the Steepest Descent algorithm. Next, an
equilibration step was performed, controlling the temperature at 300 K using the
V-Rescale thermostat [52] for 1 ns, then another step of also 1 ns was performed
to monitore the pressure with the Berendsen barostat [53] at 1 bar. In the final
step, the thermostat and barostat were changed to Nose-Hoover [54, 55]. Three

independent replicas of 300 ns each were simulated, collecting frames every 20

ps.
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Structural measurements were employed to analyze the effect of acetylation
on each protein studied. The active site volume and distance from key residues
were measured using Epock software [56] and scripts implemented in VMD [57],
respectively. In the first, an 8 A sphere was positioned over the site cavity, to
cover the catalytic site residues, including the acetylated lysine of interest,
measuring the volume of each frame collected during MD simulations. In the last
one, the minimum distance between the residues was measured, using human

aldolase as a reference, D34, K108, K147, R149, E188, E190, K230 and S301.
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Supplementary Tables

Supplementary Table 1. List of selected acetylomes in this study.

Number | Number
Group Specie of Kac of Kac REF
sites proteins

Archaea Haloferax mediterranei 1017 643 Liu et al., 2018
Bacteria Bacillus subtilis 1355 629 Kosono et al., 2015
Bacteria Escherichia coli 2502 809 ggfzaﬁo-Cerezo et al.,
Bacteria Mycobacterium tuberculosis 1128 658 Xie et al., 2015
Bacteria Pseudomonas aeruginosa 1102 522 Gaviard et al 2018
Bacteria Thermus thermophilus 197 124 Okanish et al., 2013
Bacteria Vibrio cholerae 3402 1240 Jers et al., 2018
Fungi Aspergillus flavus 1383 652 Lvetal., 2017
Fungi Aspergillus fumigatus 5328 2312 Lietal., 2019
Fungi Beauveria bassiana 3421 1458 Cai et al., 2021
Fungi Botrytis cinerea 1582 954 Lvetal.,, 2016
Fungi Candida albicans 2048 926 Lietal., 2019
Fungi Cryptococcus neoformans 3535 1461 Lietal., 2019
Fungi Fusarium graminearium 517 364 Zhou et al., 2016
Fungi Histoplasma capsulatum 775 456 Xie et al., 2016
Fungi Magnaporthe oryzae _hyphae 2720 1269 Sun et al., 2017
Fungi Magnaporthe oryzae _mycelia 1551 704 Liang et al 2018
Fungi Phytophthora sojae 2197 1150 Lietal., 2016
Fungi Saccharomyces cerevisiae 4120 1321 Weinert et al., 2014
Fungi Trichophyton rubrum_conidia 386 285 Xu et al.,, 2018
Fungi Trichophyton rubrum_mycelia 5414 2335 Xu et al.,, 2018
Fungi Yarrowia lipolytica 3163 1428 Wang et al., 2017
Protozoan Plasmodium falciparum 2876 1146 Cobbold et al., 2016
Protozoan Toxoplasma gondii (extra) 571 386 Xue et al., 2013
Protozoan | Toxoplasma gondii (intra) 411 274 Jeffers et al., 2012
Protozoan Trypanosoma brucei (blood) Zhang et al., 2020
Protozoan Trypanosoma brucei (procyclic) 288 210 Moretti et al 2018
Protozoan Trypanosoma evansi Zhang et al., 2020
Protozoan Trypanosoma cruzi 389 235 Moretti et al 2018
Protozoan Giardia lamblia 2999 956 Zhu et al., 2021
Worms Schistosoma japonicum (adult) 2393 1109 Hong et al 2016
Worms Sclris;tosoma japonicum  (juvenile 102 71 Lietal., 2017

male
Worms Schistosoma  japonicum  (juvenile 231 162 Lietal., 2017

female)
Worms Schistosoma japonicum (adult male) 616 346 Lietal., 2017
Worms ]:Schistosoma japonicum  (adult 430 281 Lietal., 2017

emale)
Worms Trichinella spiralis 3872 1592 Yang et al., 2018
Plants Arabidopsis thaliana 2152 1022 Hartl et al., 2017
Plants Brachypodium distachyon 636 353 Zhen et al 2016
Plants Fragaria sp 1392 684 Fang et al 2015
Plants Oryza sativa 1353 866 Xue et al., 2020
Plants Triticum aestivum 416 277 Zhang et al., 2016
Insects Bombyx mori 667 342 Nie et al., 2015
Insects Drosophila melanogaster 1981 1013 Weinert et al 2011
Fish Danio rerio 377 189 Kwon et al., 2016
Mammals Hel A cells 3345 1440 Xu et al., 2016
Mammals U20S cells 3174 855 Sol et al., 2012
Mammals Human skeletal muscle tissue 2811 991 Lundby et al., 2012
Mammals tT;astLtjuei) norvegicus (16 different 15474 4541 Lundby et al., 2012
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Figure S1. Distribution of acetylomes selected for this work based on proteome size,
number of acetylated sizes and acetylated proteins. The acetylome descriptions of all species
for each group of organisms (bacteria, fungi, plants, worms, insects, mammals and protozoa)
were plotted to give a broad idea about the characteristics of each acetylome. Each plot contains
the size of the proteome, the number of acetylated-lysine sites (Kac sites) and acetylated proteins
(Kac proteins). Hm (Haloferax mediterranei); Bs (Bacillus subtilis); Ec (Escherichia coli); Mt
(Mycobacterium tuberculosis); Pa (Pseudomonas aeruginosa); Tt (Thermus thermophilus); Vc
(Vibrio colerae); Afl (Aspergillus flavus); Afu (Aspergillus fumigatus); Bb (Beauveria bassiana); Bc
(Botrytis cinerea); Ca (Candida albicans); Cn (Cryptococcus neoformans); Fg (Fusarium
graminearium); Hc (Histoplasma capsulatum); Mo (Magnaporthe oryzae); Ps (Phytophthora
sojae); Sc (Saccharomyces cerevisiae); Tr (Trichophyton rubrum); Y1 (Yarrowia lipolytica); At
(Arabdopsis thaliana); Os (Oryza sativa); Ta (Triticum aestivum); Bd (Brachypodium distachyon);
Vv (Vitis vinifera); Sj adult (Schistosoma japonicum adult); Sj-juv male (Schistosoma japonicum
juvenile male form); Sj-juv female (Schistosoma japonicum juvenile female form); Ts (Trichinella
spiralis); Bm (Bombyx mori); Dm (Drosophila melanogaster); Tc (Trypanosoma cruzi); Tg Taq
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Figure S2. Percentage of the lysine-acetylated sites and lysine-acetylated proteins found
in each group of organisms. The percentages of the lysine-acetylated sites and lysine-
acetylated proteins were calculated based on the total number of lysine residues found in each

proteome and the size of the proteome from each specie.
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Figure S3. Number of Kac sites detected in each protein in all acetylomes analyzed. The
number of proteins identified with 1, 2, 3-5, >5-10 and >10 Kac were quantified using the
acetylome data for each specie analyzed. Hm (Haloferax mediterranei); Bs (Bacillus subtilis); Ec
(Escherichia coli); Mt (Mycobacterium tuberculosis); Pa (Pseudomonas aeruginosa); Tt (Thermus
thermophilus); Vc (Vibrio colerae); Afl (Aspergillus flavus); Afu (Aspergillus fumigatus); Bb
(Beauveria bassiana); Bc (Botrytis cinerea); Ca (Candida albicans); Cn (Cryptococcus
neoformans); Fg (Fusarium graminearium); Hc (Histoplasma capsulatum); Mo (Magnaporthe
oryzae); Ps (Phytophthora sojae); Sc (Saccharomyces cerevisiae); Tr (Trichophyton rubrum); Y|
(Yarrowia lipolytica); At (Arabdopsis thaliana); Os (Oryza sativa); Ta (Triticum aestivum); Bd
(Brachypodium distachyon); Vv (Vitis vinifera); Sj adult (Schistosoma japonicum adult); Sj-juv
male (Schistosoma japonicum juvenile male form); Sj-juv female (Schistosoma japonicum
juvenile female form); Ts (Trichinella spiralis); Bm (Bombyx mori); Dm (Drosophila
melanogaster); Tc (Trypanosoma cruzi); Tg Taq (Toxoplasma gondii, tachyzoite form); Tg Brad
(Toxoplasma gondii, bradyzoite form); Tb PCF (Trypanosoma brucei procyclic form); Tb BSD
(Trypanosoma brucei bloodstream form); Pf (Plasmodium falciparum); Te (Trypanosoma evansi);

Gl (Giardia lamblia); Dr (Danio rerio); Rn (Rattus novergicus); Hs-sm (Homo sapiens skeletal
muscle).
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Figure S4. Cellular component enrichment across analyzed groups. Here we demonstrated
the cellular component categories enriched in at least two different species within each analyzed

group.
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Figure S5. Biological processes enrichment across analyzed groups. Here we demonstrated
the biological processes categories enriched in at least two different species within each analyzed

group.
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Figure S6. Biological processes enrichment across analyzed groups. Here we demonstrated

the KEGG categories enriched in at least two different species within each analyzed group.
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Figure S7. Glycolytic enzymes percentage of the lysine-acetylated and non-acetylated
found in each group of organisms of different species. Enzymes were considered acetylated
even if only one Kac site had been identified in the specific acetylome. Hexokinase (HK), glucose
phosphate isomerase (PGl); phosphofructokinase (PFK); fructose-1,6-bisphosphate aldolase
(ALD); glyceraldehyde-3-phosphate dehydrogenase (GAPDH), triose-phosphate isomerase
(TIM); phosphoglycerate kinase (PGK); phosphoglycerate mutase (PGM); enolase (ENO);
pyruvate kinase (PK). The groups are represented by different colors as follows: mammals
(brown); protozoan (blue); worms (yellow); bacteria (green); fungi (gold); plants (red); insects (light
green); fish (cyan). ldentified species: Hs (Homo sapiens); Rn (Rattus novergicus); Tb
(trypanosoma brucei); Tc (Trypanosoma cruzi); Tg (Toxoplasma gondii); Pf (Plasmodium
falciparum); Te (Trypanosoma evansi); Gl (Giardia lamblia); Hm (Haloferax mediterranei); Bs
(Bacillus subtilis); Ec (Escherichia coli); Mt (Mycobacterium tuberculosis); Pa (Pseudomonas
aeruginosa); Tt (Thermus thermophilus); Vc (Vibrio colerae); Afl (Aspergillus flavus); Afu
(Aspergillus fumigatus); Bb (Beauveria bassiana); Bc (Botrytis cinerea); Ca (Candida albicans);
Cn (Cryptococcus neoformans); Fg (Fusarium graminearium); Hc (Histoplasma capsulatum); Mo
(Magnaporthe oryzae); Ps (Phytophthora sojae); Sc (Saccharomyces cerevisiae); Tr
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(Trichophyton rubrum); Y| (Yarrowia lipolytica); At (Arabdopsis thaliana); Os (Oryza sativa); Ta
(Triticum aestivum); Bd (Brachypodium distachyon); Vv (Vitis vinifera); Sj (Schistosoma
japonicum); Ts (Trichinella spiralis); Bm (Bombyx mori); Dm (Drosophila melanogaster); Dr
(Danio rerio).
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Figure S8. TCA cycle enzymes percentage of the lysine-acetylated and non-acetylated
found in each group of organisms of different species. Enzymes were considered acetylated
even if only one Kac site had been identified in the specific acetylome. Citrate synthase (CS),
Aconitate (ACO), Isocitrate dehydrogenase (IDH), a-Ketoglutarate (ODH), Succinyl-CoA
synthetase (SCL), Succinate dehydrogenase (SDH), Fumarate Hydratase (FH), Malate
dehydrogenase (MDH). The groups are represented by different colors as follows: mammals
(brown); protozoan (blue); worms (yellow); bacteria (green); fungi (gold); plants (red); insects (light
green); fish (cyan). Identified species: Hs (Homo sapiens); Rn (Rattus novergicus); Tb
(trypanosoma brucei); Tc (Trypanosoma cruzi); Tg (Toxoplasma gondii); Pf (Plasmodium
falciparum); Te (Trypanosoma evansi); Gl (Giardia lamblia); Hm (Haloferax mediterranei); Bs
(Bacillus subtilis); Ec (Escherichia coli); Mt (Mycobacterium tuberculosis); Pa (Pseudomonas
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aeruginosa); Tt (Thermus thermophilus); Vc (Vibrio colerae); Afl (Aspergillus flavus); Afu
(Aspergillus fumigatus); Bb (Beauveria bassiana); Bc (Botrytis cinerea); Ca (Candida albicans);
Cn (Cryptococcus neoformans); Fg (Fusarium graminearium); Hc (Histoplasma capsulatum); Mo
(Magnaporthe oryzae); Ps (Phytophthora sojae); Sc (Saccharomyces cerevisiae); Tr
(Trichophyton rubrum); Y1 (Yarrowia lipolytica); At (Arabdopsis thaliana); Os (Oryza sativa); Ta
(Triticum aestivum); Bd (Brachypodium distachyon); Vv (Vitis vinifera); Sj (Schistosoma
japonicum); Ts (Trichinella spiralis); Bm (Bombyx mori); Dm (Drosophila melanogaster); Dr
(Danio rerio).

A. fumigatus E. coli A. thaliana D. rerio

Figure S9. Lysine acetylation of the superoxide dismutase A across different groups.
Highlighted within these structures are the lysine (K) residues identified as acetylated in their
corresponding acetylomes (blue). Notably, several of these acetylated residues are located within
the enzyme's funnel region, which plays a crucial role in directing substrates towards the catalytic
site. Blue: lysine residues found acetylated. Purple: lysine residues not yet detected acetylated.
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