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Abstract

Protein lysine acetylation is a prevalent post-translational modification that plays pivotal roles
in various biological processes in both prokaryotes and eukaryotes. Aspergillus flavus, as an
aflatoxin-producing fungus, has attracted tremendous attention due to its health impact on
agricultural commodities. Here, we performed the first lysine-acetylome mapping in this fila-
mentous fungus using immune-affinity-based purification integrated with high-resolution mass
spectrometry. Overall, we identified 1383 lysine-acetylation sites in 652 acetylated proteins,
which account for 5.18% of the total proteins in A. flavus. According to bioinformatics analysis,
the acetylated proteins are involved in various cellular processes involving the ribosome, car-
bon metabolism, antibiotic biosynthesis, secondary metabolites, and the citrate cycle and are
distributed in diverse subcellular locations. Additionally, we demonstrated for the first time the
acetylation of fatty acid synthase a and 8 encoded by aflA and aflBinvolved in the aflatoxin-
biosynthesis pathway (cluster 54), as well as backbone enzymes from secondary metabolite
clusters 20 and 21 encoded by AFLA_062860 and AFLA_064240, suggesting important roles
for acetylation associated with these processes. Our findings illustrating abundant lysine acet-
ylation in A. flavus expand our understanding of the fungal acetylome and provided insight into
the regulatory roles of acetylation in secondary metabolism.

Introduction

Protein lysine acetylation (Kac) is a prevalent, dynamic, and reversible protein post-transla-
tional modification (PTM), important in the regulation of multiple cellular processes [1]. Kac
was first discovered on histone proteins regulated by histone acetyltransferases (HATs) or his-
tone deacetylases to affect chromatin remodeling and regulate gene expression [2,3]. However,
subsequent research showed that Kac in non-histone proteins was widely distributed in almost
every cellular compartment and involved in the regulation of transcription, translation, and
metabolism in both prokaryotic and eukaryotic cells [4-6].

In recent years, comprehensive acetylomes were extensively studied in many prokaryotic
and eukaryotic organisms, including Escherichia coli [5,7-9], Bacillus subtilis [10], Vibrio para-
hemolyticus [11], Saccharopolyspora erythraea [12], Streptomyces roseosporus [13], Mycobacte-
rium tuberculosis [14], Saccharomyces cerevisiae [15], Arabidopsis [16], and rice (Oryza sativa)
[17]. These results demonstrated that Kac occurs in numerous proteins that participate in
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central metabolism, protein synthesis, and secondary metabolism. For example, Kim et al. [10]
identified 2803 Kac sites in 782 proteins primarily involved in central metabolism and protein
synthesis. Liao et al. [13] identified 1143 Kac sites in 667 proteins from S. reseosporus, of which
a non-ribosomal peptide synthase (NRPS) involved in secondary metabolism was found to be
acetylated. In S. cerevisiae, acetylated proteins have been implicated in the regulation of chro-
matin organization, mitochondrial metabolism, and protein synthesis [15]. It is now widely
accepted that Kac is an evolutionarily conserved and widespread PTM observed across differ-
ent genera and families [18]. In Aspergillus, Kac is mainly focused on histone regulation in
Aspergillus nidulans, where histone-3 acetylation at Lys9 or Lys14 is involved in primary
metabolism [19], growth [20], and secondary metabolite production, including sterigmatocys-
tin, terrequinone, penicillin, and orsellinic acid [21, 22]. In Aspergillus flavus, recent studies
demonstrated that PTMs (histone methylation) are involved in morphology development and
aflatoxin synthesis [23-25]; however, to the best of our knowledge, no study of the lysine acety-
lome in A. flavus has been reported.

A. flavus, a mostly saprophytic soil fungus and a ubiquitous and notorious pathogen, is the
primary etiological agent for aflatoxin contamination of agricultural commodities, including
corn, cotton, tree nuts, and peanuts [26, 27]. Genomic analysis indicated that genes encoding
acetyltransferases exist in the A. flavus genome. Previous studies confirmed the importance of
conserved lysine acetylation in the regulation of chromatin dynamics, gene expression and sec-
ondary metabolite production [21]. Consequently, it is important to explore the connection
between lysine acetylation and aflatoxin biosynthesis in A. flavus. In comparison with the
number of identified lysine-acetylated proteins found in bacteria, plants, and animals, a num-
ber of lysine-acetylated proteins in A. flavus are expected to be identified with mechanisms
associated with aflatoxin biosynthesis. In this study, we presented the first systematic identifi-
cation of the lysine acetylome for the aflatoxin producer A. flavus using a combination of affin-
ity enrichment and high-resolution LC-MS/MS analysis and identified 1383 Kac sites in 652
acetylated proteins involved in various biological processes and distributed in diverse cellular
locations. Additionally, 14 conserved-motif sequences surrounding Kac sites were discovered
in the A. flavus acetylome. Protein-protein-interaction networks showed that Kac proteins
were mainly enriched in processes associated with the ribosome, proteasome, glycolysis/gluco-
neogenesis, aminoacyl-tRNA biosynthesis, and oxidative phosphorylation. Specifically, our
results indicated that Kac likely plays important roles in secondary metabolite biosynthesis,
given our findings that enzymes involved in aflatoxin biosynthesis and two secondary metabo-
lite clusters were found to be acetylated.

Materials and methods
Strain and culture conditions

A. flavus CA43, the S-strain isolates capable of producing numerous sclerotia and high concen-
trations of aflatoxin [28], was kindly provided by Professor Perng-Kuang Chang (Southern
Regional Research Center, Agricultural Research Service, U.S. Department of Agriculture,
Washington, D.C., USA). A. flavus sclerotia (1.5 x 10°) were inoculated onto potato dextrose
agar (PDA)-cellophane plates as described previously [29] and cultivated at 30°C in the dark.
The mycelia of A. flavus were harvested after 48 h cultivation for protein extraction and subse-
quent Kac analysis.

Protein extraction and western blot analysis

A. flavus mycelia were frozen by liquid nitrogen and ground into a powder, followed by transfer
to a 5-mL centrifuge tube and sonication three times on ice using a high-intensity ultrasonic
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processor (Scientz, Ningbo, China) in lysis buffer [8 M urea, 2 mM EDTA, 65 mM DTT, 30
mM nicotinamide, 3 uM trichostatin A, and 1% protease-inhibitor cocktail IV (Calbiochem;
Millipore, Billerica, MA, USA)]. The remaining debris was removed by centrifugation at
20,000xg at 4°C for 10 min. The protein was precipitated with cold 15% trichloroacetic acid
for 2 h at —20°C. After centrifugation at 20,000xg at 4°C for 10 min, the supernatant was dis-
carded, and the precipitate was washed three times with cold acetone. The protein was redis-
solved in buffer [8 M urea and 100 mM NH,CO; (pH 8.0)], and protein concentration was
determined using a 2D Quant kit (GE Healthcare, Little Chalfont, UK) according to manufac-
turer instructions.

Proteins were boiled in SDS loading buffer for 3 min, subjected to 12% SDS-PAGE, and
transferred to a polyvinylidene difluoride membrane. The membrane was blocked with 3%
BSA at room temperature for 1 h and incubated with anti-acetyl-lysine antibody (1:1000 dilu-
tion; catalog no. PTM-101; PTM Biolabs, Hangzhou, China) in TBST buffer [25 mM Tris-HCI
(pH 8.0), 125 mM NaCl, and 0.1% Tween 20] with 3% BSA. After washing three times with
TBST bulffer, the membrane was incubated with horseradish peroxidase-conjugated anti-rab-
bit antibody (1:5000 dilution) (Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at 37°C.
The membrane was then washed with TBST buffer and visualized with an enhanced chemilu-
minescence western blotting detection kit (Advansta, Menlo Park, CA, USA).

Trypsin digestion, HPLC fractionation, and affinity enrichment of lysine-
acetylated peptides

For trypsin digestion, the protein solution was reduced with 10 mM DTT for 1 h at 37°C, alkyl-
ated with 20 mM iodoacetamide for 45 min at room temperature in the dark, and then diluted
four times with 100 mM NH,CO;. Trypsin was added at a 1:50 trypsin-to-protein mass ratio
for the first digestion overnight and a 1:100 trypsin-to-protein mass ratio for the second 4-h
digestion. The sample was fractionated by high-pH, reverse-phase HPLC using an Agilent
300Extend C18 column (5-pm particles, 4.6-mm internal diameter, 250-mm length; Agilent,
Santa Clara, CA, USA). Briefly, peptides were first separated using a gradient of 2% to 60% ace-
tonitrile in 10 mM NH,CO; (pH 10) over 80 min into 80 fractions. The peptides were com-
bined into three fractions and dried by vacuum centrifugation.

To enrich lysine-acetylated peptides, 4 mg trypsinized peptides dissolved in NETN buffer
[100 mM NaCl, 1 mM EDTA, 50 mM Tris-HCI, and 0.5% NP-40 (pH 8.0)] were used for each
immunoprecipitation experiment. The dissolved peptides were incubated separately with 20pl
agarose beads coupled to anti-acetyl-lysine antibody PTM-104 (Jingjie PTM Bio, Hangzhou,
China) and ICP0388 (Immunechem Pharmaceuticals, Burnaby, Canada) at 4°C overnight
with gentle shaking. Then the flow-through of the two immunoprecipitation experiments was
then combined and subjected to immunoprecipitation with agarose beads coupled to PTM-
104 (20ul) and ICP0388 (20p1) together to obtain more fully enriched acetylated peptides.

The beads were washed four times with NETN buffer and twice with ddH,O. The bound
peptides were eluted from the beads with 0.1% trifluoroacetic acid, vacuum-dried, and the
obtained peptides were cleaned with C18 ZipTips (Millipore) according to manufacturer
instructions, followed by LC-MS/MS analysis.

LC-MS/MS analysis

Peptide separation was performed using a reversed-phase analytical column (Acclaim PepMap
100; Thermo Fisher Scientific, Raleigh, NC, USA). First, peptides were dissolved in 0.1% for-
mic acid and loaded onto a reversed-phase pre-column. A constant flow rate of 280 nL/min
was established with an EASY-nLC 1000 ultra-performance liquid chromatography (UPLC)
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system (Thermo Fisher Scientific), with a gradient consisting of increases from 6% to 23% sol-
vent B (0.1% FA in 98% acetonitrile) for 24 min, 22% to 35% solvent B for 8 min, and climbing
to 80% solvent B for 4 min before holding at 80% for the final 4 min.

Peptides were subjected to nanoelectrospray ionization, followed by MS/MS analysis using
a Q Exactive Plus system (Thermo Fisher Scientific) coupled online with the UPLC system.
Intact peptides were detected in the orbitrap at a resolution of 70,000 and selected for MS/MS
using a normalized collision-energy setting of 30. Ion fragments were detected in the orbitrap
at a resolution of 17,500. A data-dependent procedure that alternated between one MS scan,
followed by 20 MS/MS scans was applied for the top 20 precursor ions above a threshold ion
count of 1E4 in the MS-survey scan, with a 10-s dynamic exclusion. The electrospray voltage
applied was 2.0 kV, and automatic gain control was used to prevent overfilling of the ion trap,
resulting in 5E4 ions accumulated for generation of MS/MS spectra. For MS scans, the m/z
scan range was 350 to 1800. The mass spectrometry proteomics data from three immunopre-
cipitation experiments were deposited to the ProteomeXchange Consortium via the PRIDE
[30] partner repository with the dataset identifier PXD004802.

Database search

The resulting MS/MS data was processed using MaxQuant [31] with an integrated Andromeda
search engine (v.1.4.1.2; http://www.biochem.mpg.de/5111795/maxquant). MS/MS spectra
were searched against the Uniprot A. flavus database (v.2015.9.21; http://www.uniprot.org/)
concatenated with a reverse decoy database. Trypsin/P was specified as the cleavage enzyme,
and the search allowed for up to three missing cleavages, four modifications per peptide, and
five charges. Mass error was set to five ppm for precursor ions and 0.02 Da for fragment ions.
Carbamidomethylation on Cys was specified as a fixed modification, and oxidation on Met,
acetylation on Lys, and acetylation on protein N-termini were specified as variable modifica-
tions. All other parameters in MaxQuant were set to default values. False-discovery rate (FDR)
thresholds for proteins, peptides, and modification sites were specified at 1%. Minimum pep-
tide length was set at 7, and the site-localization probability was set at > 0.75. The score cut-off
that was used for modification of acetylated peptides was at > 40.

Bioinformatics analysis

Functional annotation and enrichment analysis of acetylated proteins. Gene Ontology
(GO; http://www.geneontology.org) annotation and Kyoto Encyclopedia of Genes and
Genomes (KEGG; http://www.genome.jp/kegg/pathway.html) analyses were performed
according to previously reported methods [32]. A domain annotation was performed using
InterProScan on the InterPro domain database (http://www.ebi.ac.uk/interpro/) via web-
based interfaces and services [33]. The subcellular localization was determined by Wolfpsort
(version of PSORT/PSORT II; http://psort.hgc.jp/).

GO, KEGG pathway, and protein domain-enrichment analyses were performed, and for
each category, a two-tailed Fisher’s exact test was employed to test the enrichment of the iden-
tified protein against all database proteins. Correction for multiple-hypothesis testing was per-
formed using standard FDR-control methods. The GO, KEGG pathway, and protein-domain
results with a corrected p < 0.05 were considered significant.

Motif discovery and clustering analysis. Soft motif-X [34] was used to analyze the mod-
els of sequences with amino acids in specific positions of modify-21-mers (10 amino acids
upstream and downstream of the site) for all protein sequences. All protein sequences from
databases were used as background-database parameters, while other parameters were set to
the defaults. All motifs with p < 0.05 were enriched in each subcellular compartment, and a
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matrix composed of enriched results was generated. The filtered matrix was transformed by
the function x = —log10 (p value), and the values were z-transformed for each category. Cluster
membership was visualized by a heat map using the “heatmap.2” function from the “gplots” R-
package.

Hierarchical clustering analysis of motifs and pathways. For hierarchical clustering
based on acetylation motifs and protein-pathway enrichment, motifs and proteins from the
categories were obtained following enrichment respectively and then the categories were fil-
tered to identify those that were enriched in at least one of the clusters with p-value < 0.05.
Cluster membership was visualized using a heat map via the “heatmap.2” function from
“gplots” R-package.

Protein-protein-interaction network analysis. The acetylated protein-protein-interac-
tion network was obtained from the STRING database (http://string.embl.de/), which defined
interaction confidence as > 0.7 (high confidence). The interaction networks of acetylated pro-
teins were visualized using Cytoscape software (http://www.cytoscape.org/) [35].

Results and discussion
Identification and analysis of lysine-acetylated proteins in A. flavus

To evaluate the extent of acetylation in the A. flavus proteome, protein extracts derived from
A. flavus CA43 grown on PDA medium were subjected to SDS-PAGE and western blot analy-
sis using an anti-acetyl-lysine antibody (Fig 1). As shown in Fig 1, proteins with different
molecular weights visualized by Coomassie staining demonstrated strong reactivity with the
anti-acetyl-lysine antibody, indicating that abundant Kac was present in diverse A. flavus
proteins.

To gain further insight into the large-scale dataset of acetylated proteins in this aflatoxin
producer, immuno-affinity enrichment and MS-based proteomics approaches using nano-LC
were employed to identify Kac in A. flavus CA43 (S1 Fig). The distribution of mass errors asso-
ciated with the most frequently identified peptides was < 0.02 Da, indicating that the mass
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Fig 1. Lysine acetylation status is analyzed by using SDS-PAGE and western blotting. (A) Confirmation of acetylated proteins present in A.
flavus. 15ug protein samples were loaded for SDS-PAGE analysis. Acetylated Lys antibody (PTM Biolabs) was used in a 1:1000 dilution. (B)
Distribution of lysine-acetylated peptides based on the number of acetylation sites.

https://doi.org/10.1371/journal.pone.0178603.g001
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accuracy of the MS data fit the requirement, and that the length of most peptides was between
8 and 20 residues, agreeing with properties of trypsinized peptides (S1 Fig) and implying that
the sample preparation met the quality threshold. Of the obtained 5233 reliable peptides
(score240), 1413 peptides were acetylated (Acetyl [K] site IDs in peptides are listed in S1
Table). Of the 3820 non-acetylated peptides, missed cleavages occurred in 449 (missed cleav-
ages in peptides are listed in S1 Table) accounting for 11.75% of the non-acetylated peptides. A
total of 1383 Kac sites in 652 proteins were identified based on the data of the three immuno-
precipitation experiments (S1 Table), indicating that at least 5.18% of the proteins in A. flavus
were acetylated under the analyzed conditions.

To investigate the distribution of the identified modification sites in the A. flavus proteins,
the number of Kac sites per protein was calculated (Fig 1). Our findings showed that 55.37% of
the proteins contained only one acetylation site, while 44.63% of the proteins were acetylated
at multiple lysines (Fig 1 and S1 Table). Of the Kac proteins, 52 contained five or more Kac
sites, and seven had at least 10 Kac sites. Mitochondrial aconitate hydratase (B8N211, also
named aconitase and involved in the citrate cycle) was the most intensively acetylated protein,
with 15 acetylation sites. Three examples of MS/MS spectra of acetylated peptides are shown in
S2 Fig. All the MS/MS data have been deposited on ProtomeXchange Consortium. These data
provided the first global survey of lysine acetylation in A. flavus.

Analysis of Kac sites in A. flavus

To elucidate the properties of amino acids surrounding identified acetylation sites in A. flavus
proteins, motif-X was employed to search for occurrences of amino acid motifs (10 amino
acids upstream and downstream of the acetylation site) in identified lysine-acetylated proteins
(Fig 2). Of all acetylated-lysine peptides, 1128 were matched to 13 conserved motifs, including
RKXXXKXRKKK KFTY R xxxxxxK, xXXXKXXKKK KITKFRXRKKKKK, KXXXKKXKKK

YK XX XXKKKKKKK , XXXXKXXKXXKKKIHX KX RKKKK , KXKXXKXK KK OXRKKKKKKKK,
XXXXKXXKXXKFKI KKK RKKKK , XKXXKXXXKXKKKKTOKYKKKKKKKK, XXKXXXKXKKFRK  xx
KXXKKXXXK,; RXXXKXKKKKLKKTOKKKKKKKKKK , KXXKKKKKKVEKKTCRKKKKKKKKK , KKKKK
XXRYRKIORK XK RKKKKK, XXXXXXXIXKKTORARKRKKKKK , RRIXKXKXKXKKT TSR
xxxx, and xxxxxxxxxxK*“xxxxRxxxxx (where K** indicates the acetylated lysine, and
‘X’ indicates a random amino acid residue), which constituted more conserved motifs than
those previously reported from other microorganisms (Fig 2A and S2 Table). A survey of these
motifs suggested that two types of residues were observed in areas surrounding the acetylated
lysines. The first was tyrosine (Y), isoleucine (I), phenylalanine (F), leucine (L), and valine (V)
upstream of Kac sites, and the second was tyrosine (Y), phenylalanine (F), histidine (H), and
arginine (R) downstream of Kac sites. According to the position of the residues in proximity
to the acetylated lysine, most of the conserved residues were located at the +1 or +2 positions
of the Kac sites (F, I, L, V, and Y), similar to patterns observed in O. sativa [6], except for the R
at the +5 position (Fig 2B). Interestingly, two acetylated-lysine motifs (K*“H and K*Y) were
observed in E. coli [36], the human pathogen M. tuberculosis [14], the secondary metabolite
producer S. erythraea [12], and S. roseosporus [13], O. sativa [6], the marine bacterium V. para-
haemolyticus [11], and human cells [37]. Our results also showed that F and Y were the most
conserved amino acids detected in both upstream and downstream regions from the acetylated
lysines (Fig 2A). The essential and conserved amino acid F, a precursor of several secondary
metabolites, was also enriched in O. sativa [6] and V. parahaemolyticus [11]. These results
were consistent with previous findings regarding conserved motifs and amino acids and

could indicate the importance of lysine acetylation in microorganisms, plants, and animals.
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Fig 2. Motif analysis of Kac peptides. (A) Acetylation motifs and conservation of acetylation sites. The height of each letter corresponds to the
frequency with which that amino acid residue is found at that position. (B) Heat map representing the amino acid composition of the Kac sites, showing
the frequency of the different types of amino acids surrounding Kac sites. (C) Cellular distribution of acetylated proteins and sites. (D) Sequence logo
plots of normalized amino acid frequencies +10 amino acids from the lysine acetylation site in cellular compartments. (E) Comparison analysis of
acetylation motifs between Aspergillus flavus, Phytophthora sojae, Botrytis cinerea, and Bacillus amyloliquefaciens.

https://doi.org/10.1371/journal.pone.0178603.9002

To better understand the characteristics of protein acetylation motifs in A. flavus, compari-
son of hierarchical clustering results with the recent published results from other organisms,
including filamentous fungi Phytophthora sojae [38] and Botrytis cinerea [39] and the antibi-
otic producer Bacillus amyloliquefaciens [40], was conducted (Fig 2E). The motif comparison
analysis indicated that two conserved motifs xxxxxxxxxxK* Y XXX XXXXXX and XXX X
xxxxxXK*Hxxxxxxxx X, discussed previously were also enriched in the other microorgan-
isms, suggesting the conservation of these motifs. In comparison with the other two filamen-
tous fungi, we observed three specific motifs xxxxxxxx KKK " XYXXKKKKKKK, XXXXXKX
®XLK?® XXXXKKXKKXX, and XxXXXXXXKKXK “xLxxxxxxxx in A. flavus. Interestingly,
these three motifs were also enriched in the secondary metabolite producer B. amyloliquefa-
ciens, which might suggest their specificity in secondary metabolite-producing strains,
although their detailed roles still need to be investigated.

The distribution of different motifs and the number of Kac sites in cellular compartments
was also assessed to profile the characterization of amino acids surrounding identified acetyla-
tion sites. Kac proteins and sites are thought to be predominantly distributed in nuclear and
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mitochondrial [41] and we also found a large number of Kac proteins in these compartments.
However, Kac proteins in cytosol were also highly represented in the acetylome (Fig 2C),
which was similar to that in S. cerevisiae [41]. The analysis of local sequence context around
the acetylation sites showed that L and Y were enriched in the -1 and +1 positions. Cytosol and
mitochondria acetylation motifs are similar, but different from nuclear motifs (Fig 2D). In
cytosol and mitochondria proteins, there was a preference for L in both —1 and -2 positions.
Glycine at —1 found in human cells [42] and S. cerevisiae [41] was not observed in specific pro-
teins here.

Functional annotation and subcellular localization of lysine-acetylated
proteins in A. flavus

To better understand the lysine acetylome in A. flavus, GO and subcellular-localization analy-
sis were performed (S3 Table). With respect to biological processes, 419 proteins were involved
in cellular processes, 378 in metabolic processes, 327 in single-organism processes, 130 in cel-
lular-component organization or biogenesis, 110 in biological regulation, and 100 in subcellu-
lar localization. According to molecular function, 380 acetylated proteins were involved in
catalytic activity and 300 in binding activities. As for cellular components, 434 proteins were
cell proteins, 363 were organelle proteins, 215 were macromolecular-complex proteins, and
100 were located in the membrane (Fig 3A). Within the classification of subcellular localiza-
tion, 41% of the identified lysine-acetylated proteins localized to the cytosol, 27% to chloro-
plasts, 13% to the nucleus, 10% to the mitochondria, 3% to the plasma membrane, and 2% to
the cytoskeleton (Fig 3B).

Additionally, we conducted KEGG-pathway, GO, and protein domain-enrichment analyses
(S3 Table). KEGG metabolic pathway enrichment demonstrated that acetylation occurred on
many proteins involved in functions associated with the ribosome, carbon metabolism, and
the biosynthesis of antibiotics, secondary metabolites, and amino acids, as well as the citrate
cycle and glycolysis/gluconeogenesis (Fig 3C). GO-enrichment analysis indicated that the acet-
ylated proteins were markedly enriched in structural molecular activity, functions associated
with the ribosome, and intracellular and metabolic processes (S3 Fig). Protein domain-enrich-
ment analyses showed that protein domains, including the N-termini of nucleophile aminohy-
drolases, translation protein SH3-like domains, and ribosomal protein L2-domain 2, were
mainly enriched. Additionally, ATPase, (F1/V1/A1 complex, o/p subunit) was also enriched,
consistent with results observed for O. sativa [6] (S3 Fig). These findings demonstrated that
Kac play important roles in the most fundamental cellular processes.

To better illustrate the characteristics of pathway enrichment in A. flavus, we conducted a
comparison of hierarchical clustering analysis with recently published findings (Fig 3D).
KEGG pathway analysis showed that the acetylated proteins enriched in species-specific path-
way of A.flavus were not observed. In the three kinds of filamentous fungi, Kac proteins mainly
participated in energy supply, carbon metabolism, glycolysis, the citrate cycle, the pentose
phosphate pathway, and metabolism of amino acids were enriched, which was consistent with
previous findings [43]. However, in comparison with filamentous fungi, the Kac proteins
enriched in glycolysis, gluconeogenesis and 2-oxocarboxylic acid metabolism in B. amylolique-
faciens were not significantly presented, with the reasons for this requiring further elucidation.

Protein-interaction network analysis

To understand the cellular processes regulated by acetylation in A. flavus, we generated a pro-
tein-interaction network for all acetylated proteins using Cytoscape. The results showed that
457 acetylated proteins were classified as network nodes connected by 3970 direct interactions
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(S4 Fig and S4 Table). Four sub-networks, including those describing glycolysis/gluconeogen-
esis, aminoacyl-tRNA biosynthesis, oxidative phosphorylation, proteasome activity, and ribo-
some activity, were especially enriched (S5 Fig). Our observation of sub-networks enriched for
ribosome activity, glycolysis/gluconeogenesis, and aminoacyl-tRNA biosynthesis was consis-
tent with previous reports, suggesting the conservation of Kac-related involvement in a wide
range of regulatory components in prokaryotes and eukaryotes [6, 11, 12, 41].

Involvement of Kac in different cellular processes

Protein Kac has emerged as a key PTM capable of regulating gene expression in different cellu-
lar metabolic parthways through modification of core histones to remodel the chromatin and
result in alternation of protein—protein, protein-DNA and protein-RNA interactions, as well
as through modification of proteins to alter their stability and activity [42]. In Aspergillus, chro-
matin structure and nucleosome modifications play vital roles in gene expression, with flexibil-
ity of the chromatin structure regulated by modifying specific histone residues with different
PTM:s [44,45]. In this study, we found that histones H1, H2A, H2B, H3, and H4 were acety-
lated, including six Lys residues in both histone H3 (B8N4Q2) and H4 (B8N4Q3) (S1 Table).
Covalent PTMs commonly occurred at histones H3 and H4 [44], which were inconsistent
with our data. Acetylation of core histones could loosen chromatin structure and correlate
with gene activation [42]. Additionally, similar to S. cerevisiae [41], the chromatin-remodeling
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complex (BSNPF4) was also found to be acetylated, which also might also be involved in chro-
matin alternation.

Transcription factors, together with RNA polymerase II, promote basal gene transcription.
Previous studies showed that transcription factor acetylation was involved in the regulation of
gene expression and metabolic homeostasis [46]. In mammalian cells, acetylation of RNA
polymerase II regulates growth-factor-induced gene transcription [47]. In A. flavus, the func-
tions associated with transcriptional factor acetylation have not been characterized. Our results
showed that 21 transcriptional factors, including 6 families, were acetylated (S1 Table) and
their function involving metabolic processes require further study. Additionally, we also
observed that RNA polymerase II subunit 7 (BSMXTO0) was acetylated, which is in agreement
with reports associated with S. roseosporus [13]. Furthermore, proteins involved in transla-
tional regulation, including translation-elongation factors, ribosomal proteins, and tRNA syn-
thetases, were lysine-acetylated, which is inconsistent with previous findings in E. coli [36].

Additionally, HATs (BSNNR7 and BSNOP8) responsible for histone Kac were also acety-
lated, which was consistent with results from S. cerevisiae [41]. In mammalian cells, transcrip-
tional coactivator p300 is a HAT, and its autoacetylation is a well-established example of
Lysine acetyltransferases (KAT) acetylation that regulates its own enzymatic activity [48]. Our
data demonstrated that extensive acetylation of KATs is a conserved and general property
ranging from microbiology to mammalian cells. Previous studies demonstrated that acetyla-
tion consistently occurred by enzyme-catalyzed reactions [49] or non-enzyme catalyzed reac-
tions [8]. Generally, the acetyltransferases participated in the enzyme-catalyzed reactions.
However, it remains unclear how many protein acetyltransferases are involved in these reac-
tions in A. flavus. An individual acetyltransferase can modify several substrates, and one pro-
tein can be acetylated by multiple acetyltransferases [12]. Hence, determination of which
protein acetyltransferases modify these various proteins remains to be investigated in future
studies. In addition to the enzyme-catalyzed acetylation, nonenzymatic acetylation can also
result in lysine modification [50], which plays different roles according to different species
[51,52]. In E. coli, recent study showed that levels of acetyl-phosphate (AcP), a high-energy
intermediate of the phosphotransacetylase-acetate kinase (Pta-AckA) pathway [53], are corre-
lated with acetylation levels, suggesting that AcP may acetylate proteins non-enzymatically [8].
Further study showed that acP-dependent acetylation is both non-enzymatic and specific, with
specificity determined by the accessibility, reactivity and three-dimensional microenviron-
ment of the target lysine [9]. However, the Pta-AckA pathway and AcP metabolism in Aspergil-
lus remain to be investigated. 14-3-3 proteins are widely expressed proteins that specifically
bind to phosphoserine or phosphothreonine, thereby regulating a diverse set of cellular pro-
cesses, such as signal transduction, cell cycle progression, and DNA damage repair [54]. In S.
cerevisiae, sitemutation analysis indicted that acetylation of 14-3-3 proteins impaired its phos-
phorylation-dependent interactions [41]. In A. flavus, two kinds of 14-3-3 family proteins,
including B8N2HS5 (Kac at 119,124) and BSNLM9 (Kac at 82, 117, and 105), were found to be
acetylated, which indicated that similar function might exist. In human cells, acetylation of
DNA damage repair protein p53 regulates its stability, modulates interactions with TATA-
box binder protein-associated factor, and regulates its transcriptional activity [55]. In S. cerevi-
siae, Ku70 and Ku80 involved in DNA damage repair are acetylated [41]. In our work, DNA
damage response protein (B8N1R8) was found to be acetylated, and its activity might be
affected.

S-adenosyl-methionine synthase (MAT; also called methionine adenosyltransferase) cata-
lyzes the formation of S-adenosyl-L-methionine (SAM) and is well-conserved from bacteria to
eukaryotes [56]. Previous studies showed that SAM is highly reactive and participates in
numerous metabolic pathways, including the methionine cycle, and polymine formation [57].
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Moreover, as a methyl donor in intracellular reactions, SAM transfers methyl group to various
acceptors, including nucleic acids, proteins, and lipids, as well as to precursor molecules, such
as catecholamines, guanidinoacetate, and other biogenic amines [58]. In mammals, the role of
MAT in the therapeutic application of diseases has been concentrated [59]. In E. coli, MATde-
ficient strains exhibited growth deficiencies and celldivision defects, and acetylation of MAT
leads to a decrease in enzymatic activity [60]. In A. flavus, enzymatic activity of SAM synthase
(B8NJU1) might be changed owing to the presence of four Kac sites; however, its function in
A. flavus remains to be elucidated.

In A. flavus, growth-related proteins, including hyphal growth and nutrition-absorption
factors, were also lysine acetylated. Tubulin heterodimers (o/B-tubulin) are the building block
of microtubules, which are major elements of the cytoskeleton. A previous study showed that
acetylation lysine 40 of o-tubulinis associated with stable microtubule structures such as axo-
nemes [61]; however, functions of B-tubulin remain to be investigated. In this study, acetyla-
tion of B-tubulin (B8NJQ2) at K75 might also affected microtubule structure. Additionally,
NmrA, a transcriptional regulator involved in PTM of the GATA-type transcription factor
AreA controlling nitrogen metabolite repression [62], was also lysine acetylated. The Rho
GTPase Rhol [63], G-protein y-subunit [64], and ubiquitin [65] in A. nidulans and all involved
in regulating cell growth were observed as having been lysine acetylated in A. flavus.

Several enzymes involved in central metabolic pathways were acetylated in A. flavus (Fig 4).
In the glycolysis pathway, ten glycolytic enzymes required for catalyzing key reactions in the
conversion of glucose to pyruvate were subjected to Kac, while seven enzymes involved in the
citric acid cycle were lysine acetylated in A. flavus (Fig 4). In mammalian samples, three
enzymes (fructose-bisphosphate aldolase, phosphoglycerate mutase, and enolase) involved in
glycolysis and five enzymes (aconitate hydratase, isocitrate dehydrogenase, o-ketoglutarate
dehydrogenase, fumarate hydratase, and malate dehydrogenase) involved in the citric acid
cycle were also found to be lysine acetylated [37]. In E. coli, seven enzymes (glucose-6-phos-
phate isomerase, fructose-bisphosphate aldolase, glyceraldehyde-3-phosphate dehydrogenase,
phosphoglycerate kinase, phosphoglycerate mutase, enolase, and pyruvate kinase) involved in
glycolysis and four proteins (citrate synthase, isocitrate dehydrogenase, o-ketoglutarate dehy-
drogenase, and succinate dehydrogenase) involved in the citric acid cycle were lysine acety-
lated [36]. In S. erythraea, five enzymes (fructose-bisphosphate aldolase, glyceraldehyde-
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3-phosphate dehydrogenase, phosphoglycerate mutase, enolase, and pyruvate kinase) involved
in glycolysis and six enzymes (citrate synthase, aconitate hydratase, isocitrate dehydrogenase,
succinyl-CoA synthetase, fumarate hydratase, and malate dehydrogenase) involved in the cit-
ric acid cycle [12] were detected as having been lysine acetylated. Additionally, pyruvate dehy-
drogenase, the enzyme responsible for converting pyruvate to acetyl-CoA and producing an
NADH molecule, was also lysine acetylated in A. flavus, mammalian cells [37], E. coli [36], and
S. erythraea [12]. The consistency observed in the acetylation of these enzymes across species
suggests potentially conserved functions related to modified regulation of metabolic flux in
prokaryotes and eukaryotes. However, acetylated hexokinase, phosphofructokinase, triosepho-
sphate isomerase, and phosphoenolpyruvate carboxykinase in A. flavus were not reported in
mammalian cells, E. coli, or S. erythraea.

Previous studies demonstrated that lysine acetylation is a prevalent modification in
enzymes that catalyze intermediate metabolism. In human liver cells, almost every enzyme in
glycolysis, gluconeogenesis, the tricarboxylic acid cycle, the urea cycle, fatty acid metabolism,
and glycogen metabolism was found to be acetylated and the concentration of metabolic fuels,
such as glucose, amino acids, and fatty acids, influenced the acetylation status of metabolic
enzymes [43]. Additionally, the Kac profile of the metabolic enzymes in S. enterica was modi-
fied in response to different carbon sources [66]. Furthermore, in S. enterica, activity of acetyl-
CoA synthetase (ACS) was controlled through reversible acetylation as an on-off switch [67].
In A. flavus, formation of the aflatoxin occurs in two phases beginning with the formation of a
hexanoyl starter unit catalyzed by fatty acid synthases using acetyl-CoA and malonyl-CoA as
precursors, followed by subsequent extension by a polyketide synthase [68]. Previous studies
showed that the activity of metabolic enzymes and thus the metabolic flux were modified
though lysine acetylation [43, 66, 67]. These results indicated that lysine acetylation of pyruvate
dehydrogenase might affect the activities of the enzymes involved in the precursor-supplied
pathways and regulate the metabolic flux for the biosynthesis during aflatoxin biosynthesis.
Additionally, the other acetylated enzymes involved in glycolysis and citric acid cycle might
also regulate metabolic flux, confirming that Kac is important in maintaining the energy bal-
ance in the cell [69].

Clusters of proteins involved in secondary metabolism

A. flavus is a saprophytic aerobic fungus notorious for carcinogenic mycotoxin and aflatoxin
production. Here, we assessed the effects of lysine acetylation in the regulation of secondary
metabolite production, particularly aflatoxin biosynthesis. Our results indicated that the first
two enzymes encoded by aflA and afIB, fatty acid synthase o (BSNL81) and fatty acid synthase
B (B8NL80) directly involved in aflatoxin biosynthesis, respectively, were acetylated (Table 1
and S6 Fig) at four Kac sites at Lys152, Lys882 (S2 Fig), Lys1285 (S6 Fig), and Lys1970 in
B8NLS80 and nine Kac sites at Lys64, Lys168, Lys343, Lys504 (S6 Fig), Lys758, Lys930, Lys1041,
Lys1066, and Lys1590 in B8NL81. In A. flavus, norsolorinic acid is the first stable precursor of
aflatoxin and can be converted into sterigmatocystin and aflatoxin by subsequent enzyme
catalysis [70]. In the aflatoxin pathway, biosynthesis of norsolorinic acid relies upon expression
of aflA (AFLA_089170) and afIB (AFLA_089160) [71]. Previous studies proposed that
enzymes, including nonribosomal peptide synthetases involved in antibiotic biosynthesis,
could be regulated by acetylation modification [72]. Such observations indicated that revers-
ible acetylation might have a direct regulatory role in aflatoxin biosynthesis in A. flavus.
Although the effect of Kac on the first two enzymes involved in the aflatoxin pathway remain
to be investigated, our findings implied that they might hold potential importance in the regu-
lation of aflatoxin biosynthesis.
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Table 1. Protein information involved in synthesis of aflatoxin in A. flavus.

Proteins Protein names UniProt Accession Gene Accession
aflA Fatty acid synthase alpha subunit FasA B8NL81 AFLA_089170
aflB Fatty acid synthase beta subunit B8NL80 AFLA_089160
aflC polyketide synthase B8NI04 AFLA_139410
aflD reductase B8NI02 AFLA_139390
aflE Norsolorinic acid reductase B8NHZ5 AFLA_139310
aflF dehydrogenase B8NI07 AFLA_139440
aflG cytochrome P450 monooxygenase B8NHZ0 AFLA_139260
aflH short chain alcohol dehydrogenase B8NHZ7 AFLA_139330
afll Averufin oxidase A B8NHY7 AFLA_139230
aflJ esterase B8NHZ6 AFLA_139320
aflk VERB synthase BBNHY3 AFLA_139190
aflL desaturase/ P450 monooxygenase B8NHY9 AFLA_139250
aflM dehydrogenase/ ketoreductase B8NHZz4 AFLA_139300
aflN monooxygenase B8NHZz2 AFLA_139280
afly monooxygenase/ oxidase BB8NHYO AFLA_139160
aflo Demethylsterigmatocystin 6-O-methyltransferase B8NHY6 AFLA_139220
aflP Sterigmatocystin 8-O-methyltransferase B8NHY5 AFLA_139210
aflQ Cytochrome P450 oxidoreductase OrdA-like B8N6X7 AFLA_017300

https://doi.org/10.1371/journal.pone.0178603.t001

In addition to lysine-acetylated proteins involved in the aflatoxin pathway, several proteins
involved in other secondary metabolite clusters were also found to be acetylated. In A. flavus,
55 secondary metabolite clusters were predicted by the web-based software Secondary Metab-
olite Unknown Region Finder (SMUREF; http://www.jcvi.org/smurf) [73], and to date, only
three clusters, including those associated with aflatoxin (cluster 54), cyclopiazonic acid (cluster
55), and aflatrem (cluster 32) production, have been characterized [74,75]. In this study, two
enzymes, BSNFF2 (PKS; backbone enzyme encoded by AFLA_062860) and BSNFE8 (encoded
by AFLA_062820) in cluster 20, were found to be acetylated at two Kac sites in each enzyme
(Lys494 and Lys897 in BSNFF2, and Lys2019 and Lys2423 in BSNFES8). Another backbone
enzyme in cluster 21 (NRPS; B8NI19 encoded by AFLA_064240) was acetylated at four sites
(Lys819, Lys985, Lys1714, and Lys1800) (S1 Table).

Proteins involved in pathogenicity and possible roles of Kac in A. flavus-
crop interaction

A. flavus is a saprophytic filamentous fungal pathogen of oil-rich seeds of various crop species
at pre- and post-harvest stages due to its production of aflatoxin [76]. As a serious contaminant
of crop production, genes in aflatoxin-specific biosynthetic pathways associated with pathoge-
nicity have been extensively studied [77, 78]. A recent study demonstrated that proteins
involved in epigenetic modification, transcription factors, signaling sensing and oxidative-
stress response might also affect A. flavus pathogenicity when colonizing crop seeds. Addition-
ally, the global epigenetic regulators laeA and veA can affect the production of lipase required
for host lipid depletion during cell penetration and seed colonization, thereby influencing
pathogenicity upon A. flavus infection of peanut and maize seeds [24]. Recent studies also
showed that histone modification, including the histone acetyltransferase AflGenE [79] and
the histone methyltransferase aflrmtA [80], affect the A. flavus pathogenicity during coloniza-
tion of maize and peanut seeds. Except for pathway-specific Zn(II),Cyse transcriptional regu-
lator afIR [78], Zhuang et al [81] indicated that the C,H, zinc finger transcription factor mtfA
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also governs A. flavus aflatoxin production and pathogenicity. Among molecules and genes
involved in signal sensing in A. flavus, the most important factors are oxylipins encoded by
dioxygenase genes (ppo genes). They possibly play a role in pathogenicity, given that loss of
oxylipin genes in A. flavus has been associated with altered pathogenicity on host seeds. Addi-
tionally, oxylipins might also potentially be involved in fungus-host cross-communication
[82], and there is accumulating evidence that oxylipins are sensed by G protein-coupled recep-
tors [83]. It was also demonstrated that oxidative stress plays the pivotal role in controlling the
regulation of morphological transitions and pathogenicity onset in Aspergillus sp. Further-
more, the biosynthesis of aflatoxin associated with pathogenecity can be affected by reactive
oxygen species regulated by transcription factors such as AtfB, MsnA and SrrA [84].

A. flavus colonization in crops causes significant economic losses due to destroyed/reduced
utilization of aflatoxin-contaminated grains [85]. Aflatoxin contamination, for example in pea-
nuts (Arachis hypogaea L.), is the results of a systemic interaction between host plant and A.
flavus. Previous research identified differentially expressed proteins and PTMs during the
plant-pathogen interaction process. Additionally, during A. flavus infection in peanuts,
several genes, proteins, and other regulators associated with A. flavus colonization and peanut
resistance to aflatoxin contamination have been identified [76, 86]. Proteomic analyses of
interactions between Fusarium graminearum and Triticum aestivum identify differentially
accumulated proteins from both F. graminearum and wheat, with eight proteins from F. grami-
nearum and functioning mainly in antioxidation (superoxide dismutase and flavin oxidore-
ductase) and carbon acquisition (fructose-1, 6-bisphosphate aldolase and glyceraldehyde
3-phosphate dehydrogenase) from wheat through glycolysis in a compatible interaction
between F. graminearum and wheat. Previous studies revealed that F. graminearum directly
interacts with wheat in two pathways: antioxidation and glycolysis. During these pathways, the
pathogen overcomes oxidative burst and obtains its nutrition supply from wheat [87]. In F.
graminearum, other proteins that might function in fungal-plant interactions include xylanse,
protease, cutinase, and cytochrome P450 [88]. Recent studies also revealed that in addition to
the quantity of protein synthesis, PTMs are also critical to pathogen invasion. In Arabidopsis,
pathogen infection is associated with histone deacetylase/ methylation [89], protein phosphor-
ylation also participates in the process of plant-pathogen interaction, and in rice (Oryza sativa
L.), differentially phosphorylated proteins were identified following Xanthomonas oryzae pv.
oryzae (Xoo) infection [90]. Our results revealed several proteins with different Kac sites and
involved in nutrient acquisition, including neutral protease (BSNJB2 with two Kac sites), alka-
line protease (B8N106 with three Kac sites), enzymes involved in glycolysis (discussed previ-
ously), and proteins associated with antioxidation, such as Cu,Zn-superoxide dismutase
(BSNUDS with two Kac sites), glutathione peroxidase (B8MY54 with three Kac sites), and cat-
alase (B8N244 with four Kac sites). These results might suggest that interactions between A.
flavus and crops both in the antioxidant and glycolysis pathways are similar to those between
F. graminearum and wheat. However, the function of Kac in A. flavus-crop interactions has
not been previously reported. As previously discussed, Kac at specific sites in proteins can alter
protein nature and ultimately provide modified protein with new functions related to enzyme
activity, substrate specificity, structure stability or intracellular localization [90]. Therefore, the
Kac might alter the activity of proteins involved in pathogenesis (enzymes in nutritional assim-
ilation, oxidative stress response, aflatoxin-specific pathways, epigenetic modifications, tran-
scription factors, and signaling proteins) and ultimately facilitate colonization and infection
process by A. flavus. Each of these proteins and their respective pathways require further inves-
tigation to elucidate the epigenetic mechanisms associated with A. flavus interactions. To com-
prehensively understand the function of Kac in A. flavus interactions with crops, quantitative
profiling of Kac during infection at different time points should be performed in future work.
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Additionally, understanding the role of Kac in the A. flavus-crop interactions involved in afla-
toxin contamination might provide potential targets for the prevention and control of crop
contamination by A. flavus.

Conclusion

In this study, Kac sites in the A. flavus proteome were identified using affinity enrichment and
LC-MS/MS analysis. We identified 1383 unique Kac sites in 652 acetylated proteins involved
in a broad range of cellular functions, including gene expression, secondary metabolite synthe-
sis, and cell growth, indicating that Kac might be vital in regulating A. flavus physiology. Addi-
tionally, this is the first report of enzymes directly involved in aflatoxin biosynthesis being
acetylated. The acetylated enzymes involved in central metabolism might affect the activities of
metabolic enzymes in the precursor-supplied pathways and regulate metabolic flux during
aflatoxin biosynthesis, whereas acetylated enzymes involved in the aflatoxin-biosynthetic path-
way might have a direct regulatory role in aflatoxin biosynthesis in A. flavus.

However, owing to the dynamics of Kac in response to various growthfactor stimulations
[91] and the occurrence of low occupancy acetylation as a byproduct of normal cellular metab-
olism, the function of Kac sites on proteins involved in metabolism required validation. Con-
sequently, quantitative profiling of Kac using SILAC [92], Label-free [93], or iTRAQ labeling
[91] needs to be performed in the future. Additionally, methods involving mutation of Kac
sites could also contribute to understanding the role of acetylation. For example, Kac sites can
be mutated to either glutamine (Q) to mimic acetylated K, or R to prevent acetylation [41]. In
A. flavus, determining the roles of lysine-acetylated enzymes in the production of secondary
metabolites, including aflatoxin, still requires further investigation to provide additional
insight into the regulatory mechanisms associated with aflatoxin biosynthesis.

A. flavus has been genetically engineered to generate non-aflatoxin producers used for bio-
control of aflatoxin-producing strains by inactivation of key enzymes in biosynthetic path-
ways. Understanding acetylation modification of metabolism enzymes involved in aflatoxin
production could provide a novel approach for highly efficient engineering of non-aflatoxin
producing strains. Additionally, uncovering the function of Kac in A. flavus-crop interactions
involved in aflatoxin contamination might provide potential targets for the prevention and
control of crop contamination by saprophytic filamentous fungal pathogen A. flavus. Our
results served as an important resource for functional analysis of Kac in A. flavus physiology
and secondary metabolites biosynthesis.

Supporting information

S1 Fig. (A) Overview of experimental procedures used in this study. (B) Mass error distribu-
tion of the identified peptides. (C) Peptide length distribution of the Kac peptides.
(TIF)

S2 Fig. Examples of representative MS/MS spectra for acetylated peptides. (A) Acetyl-pep-
tide _TNSVEK(ac)INALR_, with an acetylation site at Lys50 of pyruvate kinase (BSMWAO);
(B) acetyl-peptide _NIQK(ac)GIDFVK_, with an acetylation site at Lys408 of malate dehydro-
genase (B8MX84); (C) acetyl-peptide _GVLFWHEMDQK (ac)IFK_, with an acetylation site at
Lys882 of fatty acid synthase B subunit (BS8NL80).

(TIF)

$3 Fig. (A) GO, and (B) protein domain enrichment analysis of the Kac proteins.
(TIF)
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S4 Fig. Interaction network of Kac proteins.
(TIF)

S5 Fig. Interactions of Kac proteins involved in glycolysis/gluconeogenesis, aminoacyl-
tRNA biosynthesis, oxidative phosphorylation, proteasome activity, and ribosome activity.
(TIF)

S6 Fig. (A) Proteins involved in aflatoxin biosynthesis. The identified lysine-acetylated
enzymes and their identifiers are shown in red. (B) The acetylpeptide _IK(ac)EFYYR_, with
an acetylation site at Lys1285 of aflA (B8NL80). (C) The acetylpeptide _GNIGYK(ac)EVPR_,
with an acetylation site at Lys504 of afiB (BSNL81).

(TIF)

S1 Table. The identified acetylated proteins and transcriptional factors (TFs).
(XLS)

S2 Table. The conserved motifs surrounding the acetylated lysines.
(XLS)

§3 Table. Functional annotation and enrichment analysis of the acetylated proteins.
(XLS)

S4 Table. The acetylated proteins involved in protein-protein interaction networks.
(XLS)
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