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ABSTRACT: Lysine acetylation (K*), a reversible PTM, plays an

essential role in various biological processes, including those %o ﬁoﬂ °§ o Blo;::;:asnc

involving metabolic pathways, pathogen resistance, and tran-

scription, in both prokaryotes and eukaryotes. TMV, the major ™ Extracation & K miz o

factor that causes the poor quality of Solanaceae crops worldwide, inoculation Digestion ~ Enrichment  LC/MS/MS analysis

directly alters many metabolic processes in tobacco. However, the @
1

extent and function of K* during TMV infection have not been
determined. The validation test to detect K level and viral
expression after TMV infection and Nicotinamide (NAM)
treatment clarified that acetylation was involved in TMV infection. Furthermore, we comprehensively analyzed the changes in
the proteome and acetylome of TMV-infected tobacco (Nicotiana benthamiana) seedlings via LC—MS/MS in conjunction with
highly sensitive immune-affinity purification. In total, 2082 lysine-acetylated sites on 1319 proteins differentially expressed in
response to TMYV infection were identified. Extensive bioinformatic studies disclosed changes in acetylation of proteins engaged in
cellular metabolism and biological processes. The vital influence of K** in fatty acid degradation and alpha-linolenic acid metabolism
was also revealed in TMV-infected seedlings. This study first revealed K* information in N. benthamiana under TMV infection and
expanded upon the existing landscape of acetylation in pathogen infection.

Western blot PRM

Bl INTRODUCTION of acetylome studies in plants is lower.”® Especially in the field
of plant pathology, few studies on the acetylome of plant
resistance”” " and in response to pathogenic microbes” ~*
and biocontrol microbes’* ™" have been reported. How
pathogens adjust host plants to respond to infection is a
major concern in biology. It has been shown that the
acetylation level of plant protein changes significantly after
infection by the pathogen. For example, the acetylation level of
Paulownia tomentosa changes significantly in response to
phytoplasma infection.*’ Citrus sinensis histone modification
genes show obvious alterations in their expression levels during
the Penicillium digitatum infection."' Fungal pathogens
promote the susceptibility in soybean and maize through
altering protein acetylation.”” The regulation of the acetylation
level or disease resistance in plants after pathogen infection is
also different. In soybean, the cytoplasmic effector PsAvh23
generated by Phytophthora sojae works as a modulator of
histone acetyltransferase (HAT), which suppresses H3K9
acetylation and enhances plant susceptibility.”” Similarly,

Post-translational modifications (PTMs) play crucial roles
during the growth of eukaryotes and prokaryotes." More than
450 PTMs” have been reported to be associated with many
biological processes, such as transcriptional regulation, protein
degradation, metabolism, stress responses, and plant disease
resistance.”~” As a highly conserved PTM, lysine acetylation
(K*) shows great potential for functional regulation.”” Two
forms of K* have been identified: N alpha acetylation and N ¢
acetylation. The former occurs on the alpha-amino group at
the N-terminus of the protein, the modification of which is
usually irreversible and common among eukaryotes. The latter
occurs on the g-amino group on the side chain of lysine, which
is dynamic and convertible in both eukaryotes and
prokaryotes.'”'" K* is catalyzed by lysine acetyltransferases
(KATs) and reversed by lysine deacetylases (KDACs)."
According to extensive studies on the influence of
acetylation on gene transcription,'” this modification regulates
numerous biological processes, such as those involving

metabolic pathways,"*~'¢ pathogen responses,'” stress re-
sponses,'® *° protein interactions,”’ enzymatic activity,”*** Received:  June 26, 2022
and protein stability.”* Due to the rapid development of liquid Accepted:  August 23, 2022

chromatography—mass spectrometry (LC—MS/MS) and Published: September 1, 2022

affinity purification, numerous analyses of the lysine acetylome
have been reported.”'"'»*> Compared with the massive
number of K* studies in microbes and mammals, the number
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HC-toxin (HCT), a histone deacetylase inhibitor (HDACI),
produced by the fungal pathogen Cochliobolus carbonum race 1,
leads to an ineffective defense reaction in maize via changing
protein acetylation.” Additionally, some studies find a relation-
ship between gene expression of acetylation enzymes and
pathogen infection. For example, Ding et al.** report that the
expression level of plant-specific HD2 subfamily of histone
deacetylases (HDAC:sS) in rice alters as a result of infection by
the fungal pathogen Magnaporthe oryzae. Xing et al.*’
demonstrate that the expression of four SiHATs (HAT
genes) is changed after infection with Sclerospora graminicola.
These studies demonstrate that acetylation is involved in the
process of pathogen infection and plant reaction. However, the
characteristics of acetylation in host plants after viral infections
have rarely been reported. Therefore, research on the
acetylome of host plants during disease resistance may be
important in illuminating the functional characteristics of
acetylated proteins for phytopathology.

In this work, we used tobacco (Nicotiana benthamiana) as a
material, which is a model plant species widely used in
molecular biological research. The validation test revealed that
TMV infection resulted in altered acetylation levels and that
K*“ may contribute to viral infection. Large-scale analysis of the
acetylome of N. benthamiana seedlings was performed via high-
resolution liquid chromatography—tandem mass spectrometry
(LC—MS/MS) combined with anti-acetyl lysine antibody-
based immune-affinity enrichment and intensive bioinformatic
tools. Altogether, 2082 acetylation sites distributed across 1319
proteins took part in multiple cellular compartments, including
peroxisomes, microbodies, the chloroplast envelope, and the
plastid envelope; these proteins mostly participated in the fatty
acid metabolic process and the alpha-linolenic acid metabolic
process. Therefore, the elucidation of acetylation levels after
TMV infection in N. benthamiana could provide an abundance
of data for recognizing the prospective role of this modification
in virus resistance. The results not only greatly broaden the
existing field of K** research but also clarify the importance of
acetylome in plant pathology.

B EXPERIMENTAL SECTION

Sample Preparation. Tobacco (N. benthamiana) plants
were cultivated in a greenhouse with a 16/8 h (light/dark)
photoperiod at 25 °C. After 4 weeks of growth, the leaves of
three replicate tobacco seedlings were collected for subsequent
experiments. We used a previous method** to prepare TMV
solution. Tobacco leaves were gathered at 2, 4, 6, and 8 days
post-inoculation (dpi). We used PBS-treated tobacco seedlings
as controls. Each biological sample was prepared and assessed
in triplicate.

Nicotinamide (NAM) Treatment. After the N. benthami-
ana seedlings had grown for 4 weeks, consistent growth was
observed, and NAM and the control reagent dimethyl sulfoxide
(DMSO) were diluted to the same concentrations. The abaxial
side of the leaves was infiltrated with the solutions with a
needleless syringe, and the same position of the leaves for each
treatment was used. Three biological replicates were included
for each treatment. Inoculation with TMV solution was
performed 2 h later, and samples were taken 24 and 48 h
after inoculation and then stored at —80 °C for later use.

Western Blotting Analysis. Proteins were isolated from
samples that had been inoculated with PBS and TMV solutions
at different time points. We used a commercial antibody
against acetylation on Western blot analysis as previously

reported.”®* The proteins were isolated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) and
then transferred to a polyvinylidene fluoride (PVDF)
membrane (Immobilon-P, Merck Millipore, United States).
The TMV coat protein (cp) antibody (Agdia, Elkhart, United
States), anti-rabbit secondary antibody (CWBIO, Beijing,
China), and beta-actin (CWBIO, Beijing, China) antibody
were used for the analysis. Anti-acetyl-lysine was used as a
primary antibody (Micron Bio, Hangzhou, China) and the
anti-mouse secondary antibody conjugated to HRP (CWBIO,
Beijing, China). The Western blot results were analyzed using
Image] (v.1.52a, NIH, Bethesda, USA).

Protein Extraction, Trypsin Digestion, and TMT
Labeling. Tobacco samples were ground and resuspended
in lysis buffer comprising 10 mM dithiothreitol (DTT), 1%
Triton X-100, 8 M urea, and 1% protease inhibitor cocktail.
Next, the extracts were sonicated three times on ice, and the
debris was centrifuged at 20,000g at 4 °C for 10 min. Finally,
the proteins were precipitated with cold 20% trifluoroacetic
acid (TCA) for 2 h at —20 °C. The supernatant was removed
after centrifugation at 4 °C and 12,000g for 10 min, and the
remaining protein precipitate was subsequently rinsed with
cold acetone three times. The protein content in the
supernatant was measured using a 2-D Quant Kit (GE
Healthcare, Pittsburgh, USA) following the manufacturer’s
protocol.

The protein solution was reduced using 5 mM DTT for 45
min at 30 °C and then alkylated with 30 mM iodoacetamide
(IAA) for 1 h in darkness. The sample was then diluted by the
addition of 0.1 M triethylammonium bicarbonate (TEAB)
such that the urea concentration was adjusted to less than 2 M.
Finally, trypsin (1/25 protein mass) was used for primary
digestion for 12 h at 37 °C; the reaction was ended with 1%
trifluoroacetic acid (TFA).

Then, the samples were desalted with a Strata X C18 SPE
column (Phenomenex, Torrance, USA) and dried in vacuum.
The peptides were reconstituted in 0.5 M TEAB following the
producer’s protocol for a six-plex TMT kit (Thermo, Waltham,
USA). One unit of TMT reagent (the amount of reagent
needed to label 5 mg of protein) was thawed and reconstituted
in 420 puL of acetonitrile (ACN). The samples and four TMT
reagents (126, 127, 128, 129, 130, and 131) were mixed
separately, incubated for 2 h, pooled together, desalted, and
dried by vacuum centrifugation. Finally, the labeled samples
were resuspended in water and mixed for acetylation
enrichment and proteomic analysis.

High-Performance Liquid Chromatography (HPLC)
Fractionation and Affinity Enrichment. The samples were
fractionated by high-pH reversed-phase HPLC using an
XBridge Shield C18 RP column (Waters, Milford, USA) and
an LC20AD HPLC system (Shimadzu, Kyoto, Japan). Briefly,
the peptides were first separated through a gradient of 5—80%
ACN in 5 mM ammonium hydroxide (pH 10) for more than
98 min into 98 fractions. The peptides were combined into 7
fractions for acetylation enrichment and 15 fractions for
proteomic analysis and then dried by vacuum centrifugation
for affinity enrichment.

To enrich K* peptides, tryptic peptides were dissolved in
NETN buffer (0.5% NP-40, 50 mM Tris-HCl, 100 mM NaCl,
1 mM EDTA, pH 8.0) and incubated with prewashed antibody
beads (Micrometer Biotech, Hangzhou, China) at 4 °C
overnight under slow shaking. The beads were subsequently
washed four times by NETN buffer and twice by ddH,0. We
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used 0.1% TFA to elute the bound peptides from the beads.
Then, the eluted fractions were combined and dried in
vacuum. The resulting peptides were cleaned with C18
ZipTips (Millipore, Billerica, USA), after which they were
subjected to LC—MS/MS analysis.

LC—MS/MS Analysis. The peptides were dissolved in 0.1%
formic acid (solvent A) and loaded onto a reversed-phase
precolumn (Acclaim PepMap 100 C18 trap column, Thermo,
Waltham, USA) connected to a reversed-phase analytical
column (Acclaim PepMap RSLC C18, Thermo, Waltham,
USA). The peptides were separated with a linear gradient of
0.1% formic acid (FA) and 80% ACN (solvent B) at a flow rate
of 300 nL/min on an Easy-nLC 1000 ultra-high-performance
liquid chromatography (UPLC) system (Thermo, Waltham,
USA). The gradient was as follows: 0—6 min, 2—10% solvent
B; 6—51 min, 10—20% solvent B; 51—53 min, 20—80% solvent
B; 53—57 min, 80% solvent B; 57—58 min, 20—80% solvent B;
and 58—65 min, solvent B at 2%. The peptides were analyzed
via MS/MS with a system coupled to a Q Exactive HFX
(Thermo, Waltham, USA) coupled to a UPLC system. MS
spectra were acquired with the Orbitrap analyzer with a
resolution set at 70,000, and the m/z scan range was set at
350—1500. The electrospray voltage was 2.2 kV. A data-
dependent procedure that alternated between one MS scan,
followed by 20 (proteome) or 15 (acetylome) MS/MS scans,
was executed for the top N precursor ions above a threshold of
5 X 10* or 2.5 X 10 with a 15 s dynamic exclusion. An NCE
setting of 28% was used for MS/MS analysis. Ion fragments
were checked in Orbitrap at a resolution of 17,500. Automatic
gain control (AGC) was applicated to prevent overfilling of
Orbitrap. 3 X 10° ions accumulated to generate the MS
spectra, and 5 X 10* ions accumulated to generate the MS/MS
spectra. The maximum injection time was 250 ms for the MS
scan and 200 ms for the MS/MS scan.

Database Analysis. Proteome Database Search. The
resulting raw data were analyzed with the MaxQuant search
engine (v.1.5.2.8). The MS/MS data were queried against the
protein database of N. benthamiana. The mass tolerance was
set at 10 ppm for precursor ions; the mass tolerance for
fragment ions was set at 0.02 Da. Trypsin was selected for
enzyme specificity, and two missed cleavages were allowed.
The fixed modifications were carbamidomethyl on Cys and
TMT-6-plex tags on Lys and peptide N-terminal regions,
respectively. Oxidation of Met and TMT-6-plex tags on Tyr
was specified as a variable modification. The decoy (reverse)
database was used to predict the false discovery rate (FDR).
Peptide—spectrum matches (PSMs), for which the p value was
<0.05 and the e-value was <0.0S, were considered highly
acceptable.

Acetylome Database Search. The resulting raw data were
managed using the MaxQuant search engine (v.1.5.2.8). We
used the reverse Decoy database to search tandem mass
spectra against the same database concatenated. The maximal
missed cleavage of trypsin/P was 4. For precursor ions, the
mass tolerance was set at 10 ppm, and the mass tolerance for
fragment ions was set at 0.02 Da. The fixed modifications were
carbamidomethyl on Cys and oxidation of Met. The variable
modification was acetylation of lysine. The FDR threshold
values for proteins, peptides, and modification sites were set to
1%. The minimal peptide length was seven amino acids (aa),
and the site localization probability was set to >0.75. TMT-6-
plex was selected for quantification; the other parameters in
the MaxQuant analysis were set to their default values.

Bioinformatic Analysis. Gene ontology (GO) classifica-
tion information was obtained from the UniProt-GOA
database (http://www.ebi.acuk/GOA/), which resulted in
the classification of lysine-acetylated proteins into biological
processes, cellular components, and molecular functions.*®
Functional domains were interpreted using the InterProScan
online service tool (http://www.ebi.ac.uk/interpro/). The
Kyoto Encyclopedia of Genes and Genomes (KEGG) database
was applied to annotate the protein pathways with the KEGG
Automatic Annotation Server (KAAS), and the results were
mapped using a KEGG Mapper.”” We used WoLF PORT
software (http://wolfpsort.org/) to analyze subcellular local-
izations."® Motif-X software (http://motif-x.med.harvard.edu/
) was used to analyze the sequences constituted with amino
acids at specific positions of modifying 21-mers (10 aa
upstream and downstream of the acetylation site). All protein
sequences were used as background parameters.”” The
“heatmap.2” function in the “gplot2” R package (v.2.0.3) was
used to represent the cluster memberships in a heatmap
format. NetSurfP software was used to determine the
secondary structures of the proteins.”” The involved functions
and pathways of the modified proteins were subjected to
functional enrichment analyses. GO functional enrichment,
KEGG pathway, and protein domain analyses were conducted
using the DAVID v.6.7 bioinformatic resources.”’ Two-tailed
Fisher’s exact test was utilized to test the enrichment of the
differentially expressed proteins against all acetylated proteins.
Any term with an adjusted p value of <0.05 in any cluster was
considered significant. For TMT quantification, a comparison
of protein expression was conducted by two-sample, two-sided
t tests. The threshold values of differentially expressed
modified and unmodified proteins were selected as a fold
change >1.30 or <£0.77 and p < 0.0S. A protein—protein
interaction (PPI) network of the determined proteins was
described using STRING software (http://string-db.org/). We
use Cytoscape (v.3.7.0) software (http://www.cytoscape.org/)
to visualize the PPI network map.’>*® Densely connected
regions were analyzed with molecular complex detection
(MCODE).”* PAIL (v.1.0) software (http://bdmpail.
biocuckoo.org/prediction.php) was used to predict the
acetylation on internal lysines.

PRM Analysis. Peptide samples were prepared using the
acetylomic analysis methodology described above. The
equivalent digested peptide sample was initially run through
a Thermo Q Exactive HFX (Thermo, Waltham, USA), which
was connected to the UPLC with the identical gradient for
subsequent PRM detection. According to the results of
preliminary experiments, a total of eight peptides were chosen
for analysis in the PRM assay. The peptide sample was injected
onto a reversed-phase C18 column (75 gm X 25 cm, Thermo,
Waltham, USA) and separated using an Easy-nLC 1200 UPLC
system (Thermo, Waltham, USA). The UPLC gradient was 6%
solvent B (0.1% formic acid in 80% ACN) for 1 min, 6—28%
solvent B for 75 min, 28—60% solvent B for 3 min, 60—90%
solvent B for 2 min, and 90% solvent B for 9 min, with a flow
rate of 250 nL/min. A full mass spectrum was performed via
the Orbitrap at a resolution of 60,000 (the maximum injection
time was 20 ms; the AGC target was set at 3 X 105 and the m/
z range was 350—1800), followed by 20 MS/MS scans on the
Orbitrap at a resolution of 30,000 (AGC target was S X 104,
and the maximum injection time was 200 ms) in a data-
independent mode. The isolation window for MS/MS was set
to 1.4 m/z, and the NCE was 25% with HCD. The raw data
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were subsequently analyzed using Proteome Discoverer
software v.2.2 (Thermo, Waltham, USA). The FDR was set
to 0.01 for peptides. Three biological replicates were analyzed.
Skyline (v.3.6) software was used for quantitative data
processing and acetylomic analysis.

B RESULTS

Validation Test of K* Levels under TMV Infection.
The correlation between TMYV inoculation and tobacco
acetylation was examined by Western blotting. Protein samples
were collected at 2, 4, 6, and 8 days post-inoculation (dpi).
The expression of TMV CP showed an increasing tendency
over time, with the highest expression at 8 dpi (Figure 1a). No

A Mock ™V

2dpi 4dpi 6dpi 8dpi 2dpi 4dpi 6dpi 8dpi

ce | e e

Mock T™MV

2dpi 4dpi 6dpi 8dpi 2dpi 4dpi 6dpi 8dpi

Cc
Ac 25 kDa
.| 14 kDa
Actin 40 kDa

Figure 1. Validation test of K* participated in TMV infection. (a)
Expression of TMV CP was detected at 2, 4, 6, and 8 dpi. N.
benthamiana leaves inoculated with PBS were used as a mock. (b)
Detection of K* in TMV-infected N. benthamiana leaves at a protein
level. N. benthamiana leaves inoculated with PBS were used as a mock.
(¢) K* level and TMV CP expression of TMV-infected N.
benthamiana treated with the deacetylase inhibitor NAM at 24 and
48 h. N. benthamiana leaves inoculated with DMSO were used as a
mock.

changes were observed in the mock samples. In addition, the
result showed that TMV infection could induce changes in
acetylation levels; a strong immunoblot signal was observed at
8 dpi (Figure 1b). The upward trend between the TMV
replication expression in N. benthamiana and the acetylation
level was similar. Therefore, we chose the eighth day as the
quantitative analysis time point for acetylation. We also
analyzed the K** level of TMV-infected N. benthamiana treated
with Nicotinamide (NAM), which is an inhibitor of SIRT
family deacetylases (Figure 1c). Using the specific antibody of
acetylation and TMV CP, we detected the acetylation level and
TMV expression in the NAM-treated samples, respectively.
The results showed that the level of acetylation in NAM-
treated plants was upregulated, and the expression of TMV was

also higher than that of the control group (Figure 1c). These
results suggest that K** can be triggered by TMV infection and
provide a hypothesis that acetylation of the host is involved in
and may contribute to viral infection.

Basic Analysis on the Quantitative Proteome. A
comprehensive proteomic analysis was conducted to identify
proteins whose abundance differed between the control
samples and TMV-infected samples. The results reflected the
high reproducibility of the MS data (Supporting Information
Figure Sla). The distribution of mass error was close to zero
(Supporting Information Figure S1b), which means the data
were accurate for use in subsequent experiments. The length of
most K* peptides ranged from 7 to 28 amino acids
(Supporting Information Figure Slc). We identified 8828
acetylated proteins, of which 7218 were quantified (Supporting
Information Table S1).

TMV Infection Alters Protein Expression Levels in N.
benthamiana. To thoroughly understand the characteristics
of the quantified proteins in N. benthamiana infected by TMV,
subcellular localization, GO classification, and protein
annotation information were analyzed. The proteome results
indicated that TMV infection influenced the whole proteome
of N. benthamiana. Differentially expressed proteins in different
comparison groups are shown in Supporting Information
Table S2. In total, 1339 proteins were associated with the
inoculation of TMV. Among them, 703 proteins were
upregulated, while 636 proteins were downregulated.

A GO functional classification was performed to obtain a
holistic view of the proteins related to TMV (Supporting
Information Figure S2a-c). The analysis of the biological
process indicated that most of the differentially expressed
proteins were involved with cellular processes (557; 23%),
metabolic processes (479; 20%), responses to stimuli (378;
16%), and biological regulations (224; 9%). The majority of
proteins in the cellular component category were related to
cells, intracellular components, and protein-containing com-
plexes. According to the molecular function classification, 53
and 30% of the differentially expressed proteins were related to
catalytic activity and binding, respectively. Subcellular local-
ization analysis (Supporting Information Figure S2d) indicated
that most of these proteins were allocated in the chloroplast
(38%), cytoplasm (24%), nucleus (15%), and plasma
membrane (8%). The results suggested that TMV infection
affects various biological processes in N. benthamiana.

Functional enrichment of the differentially expressed
proteins was performed through GO functional enrichment,
KEGG pathway, and protein domainanalyses. Biological
process enrichment demonstrated that the differentially
expressed proteins were mainly related to the isoprenoid
metabolic process, toxin catabolic process, isoprenoid bio-
synthetic process, and terpenoid metabolic process (Figure 2a,
blue bars). Most differentially expressed proteins in the
molecular function enrichment category were related to
auxin efflux transmembrane transporter activity, efflux trans-
membrane transporter activity, and auxin transmembrane
transporter activity (Figure 2a, yellow bars). The enrichment
results revealed that proteins associated with the organellar
ribosome, organellar large ribosomal subunit, extracellular
region, plastid large ribosomal subunit, and magnesium
chelatase complex were most likely to be impacted by TMV
(Figure 2a, red bars). In addition, KEGG pathway enrichment
analysis revealed that a majority of differentially expressed
proteins participated in alpha-linolenic acid metabolism,
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Figure 2. Enrichment analysis of differentially expressed proteins responded to TMV infection. (a) Enrichment analysis based on GO analysis. (b)
Enrichment analysis based on the KEGG pathway. (c) Enrichment analysis based on the protein domain. The numbers on the X axes represent
significant values.
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porphyrin and chlorophyll metabolism, fatty acid degradation,
terpenoid backbone biosynthesis, and phenylpropanoid bio-
synthesis (Figure 2b). Moreover, the result of protein domain
enrichment indicated that these TMV-related proteins mainly
contained the following parts: “protein of unknown function,
DUF642”, “glutathione S-transferase, C-terminal domain”,
“glutathione S-transferase, N-terminal domain”, and “Thauma-
tin family” domains (Figure 2c).

Analysis of Acetylated Proteins in Response to TMV
in N. benthamiana. Previous studies have revealed that
acetylation can affect various metabolism- and biological
process-related proteins. Recent research studies have verified
that K** plays a vital role in cellular metabolism and regulation
in plants, animals, bacteria, and humans.”**>°¢ In this study,
we used HPLC—MS/MS along with enrichment analysis to
identify K* peptides in N. benthamiana, which is recognized as
a model plant species for molecular biology research. The MS
data revealed 3176 acetylation sites on 1887 proteins, of which
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2082 acetylation sites on 1319 proteins were totally quantified
in control plants and TMV-infected plants (Supporting
Information Table S3). Acetylated proteins were expected to
be upregulated if the fold change was greater than 1.3
compared with that of the control and downregulated if it was
less than 0.77. Based on this deduction, there were 163
upregulated proteins and 93 downregulated proteins in
response to TMV (Supporting Information Table S4).
Among them, 201 acetylation sites resulted in upregulation,
and 124 acetylation sites resulted in downregulation
(Supporting Information Figure S3a). The distribution of
acetylation sites throughout the N. benthamiana acetylome
revealed that 81% of lysine-acetylated proteins had one
acetylation site, 13% had two sites, 4% had three sites, and
the others had four or more sites (Supporting Information
Figure S3b).

Motif Analyses and Secondary Structures of K¢
Proteins Differentially Expressed in Response to TMV
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Figure 4. GO analysis and subcellular localization of lysine-acetylated proteins that are differentially expressed in response to TMV infection. (a)
GO analysis of differentially expressed lysine-acetylated proteins in response to TMV infection. The red columns represent differentially
upregulated (DUR) proteins, and the green columns represent differentially downregulated (DDR) proteins. (b) Subcellular localization of
differentially expressed lysine-acetylated proteins in response to TMV infection.

Infection. To represent the features of K* sites of proteins in
N. benthamiana in response to TMV, the sequence motifs
around the acetylated sites were analyzed using Motif-X
software. A total of 20 conserved K™ site motifs were
significantly enriched, including A_,/ | K*K,;, K_g/_-K*R,,,
E—3K3CK+1! KaCA+1K+2! KaCK+1/+2/+3! K—4Kacl KaCR+1/+2/+3)
K*S,;, K*N,,, K*T,;, K*H,,;, K*F,;, K*D,, and K*E,
(Figure 3a and Supporting Information Table S5-1). These
motifs represent three different types: nonpolar types, for
example, alanine (A) and phenylalanine (F); polar types that
contain an uncharged residue, such as serine (S), asparagine
(N), or threonine (T); and polar types that contain a charged
residue, such as lysine (K), histidine (H), glutamic acid (E),
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arginine (R), or aspartic acid (D). The majority of conserved
residues were located at the +1 or +2 positions of the K* sites,
which has also been reported in humans, microbes, and
plants.””*’7” In addition, these motifs were present in
different amounts, with the K*K,,, K*R,;,, K*K,, and
K*R,, motifs being the most frequent and accounting for
14.3, 13.8, 11.7, and 9.4% of the acetylated peptides,
respectively (Figure 3b and Supporting Information Table
§5-1). According to Table SS-2, the positions of K ranged from
—10 to —6 and from +1 to +10, especially at the —10 to —6,
+1, +2, and +S$ positions, and R was enriched at the —9 to —6
and +1 to +3 positions. Moreover, residues of N at +1 and T at
—1 exhibited a higher frequency around the K*" sites in N.
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Figure 5. GO-based enrichment analysis of acetylated proteins that were differentially expressed in response to TMV. (a) Analysis of upregulated
proteins in terms of biological processes, molecular functions, and cellular components. (b) Analysis of downregulated proteins in terms of

biological processes, molecular functions, and cellular components.

benthamiana proteins (Figure 6b). As shown in Figure 3c,
31.2% of the acetylated sites were located in alpha-helices, and
6.1% were located in beta-strands. There were 62.7% of the
acetylated sites distributed in unstructured regions of the
proteins. This indicated that there was no tendency with
respect to K* in N. benthamiana leaves between modified and
nonmodified K. In addition, the surface accessibility results
indicated a minor decrease in the accessibility of acetylated
lysine residues compared with non-acetylated lysine residues
(Figure 3d). Therefore, K* had little effect on the surface
properties of proteins.

Functional Annotation and Cellular Localization of
Acetylated Proteins. To comprehensively understand the
acetylomics in N. benthamiana, GO functional annotation of
differentially expressed lysine-acetylated proteins in response
to infection by TMV was performed (Figure 4). The biological
process results showed that 71, 60, and 52 upregulated lysine-
acetylated proteins and 45, 47, and 25 downregulated lysine-
acetylated proteins were classified as being associated with
cellular processes, metabolic processes, and responses to
stimuli, respectively, followed by biological regulation, multi-
organism processes, multicellular organismal processes, and
developmental processes. As for the cellular component
category, lysine-acetylated proteins were distributed within
the cell, intracellular, and in protein-containing complexes. The
molecular function classification results showed that most of
the modified proteins were connected with catalytic activity,
binding function, and transporter activity (Figure 4a). The
result of subcellular localization analysis indicated that the
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expression of 58 cytoplasmic lysine-acetylated proteins, 43
chloroplast lysine-acetylated proteins, 35 nuclear lysine-
acetylated proteins, 4 cytoskeletal lysine-acetylated proteins,
and 4 plasma membrane lysine-acetylated proteins was
differentially upregulated, and that of 21, S8, 6, 3, and 3 of
these proteins was differentially downregulated, respectively
(Figure 4b). GO functional classification analysis suggested
that the differentially expressed acetylated proteins are
involved in a wide range of various important biological
processes in N. benthamiana.

Functional Enrichment Analysis. For the purpose of
better understanding the preferred targets for K*, functional
enrichment of lysine-acetylated proteins was studied by GO
functional enrichment, KEGG pathway, and protein domain
analyses (Figures S and 6). GO enrichment analysis
(Supporting Information Table S6-1) based on the biological
process category revealed that upregulated differentially
expressed proteins (Figure Sa) were mainly related to the
cellular lipid catabolic process, lipid oxidation, and lipid
modification, while downregulated differentially expressed
proteins (Figure Sb) were mainly associated with the
phospholipid biosynthetic process, the phospholipid metabolic
process, and the peptide biosynthetic process. Most of the
upregulated differentially expressed proteins in the molecular
function category were related to dodecanoyl-coenzyme A
(CoA) delta-isomerase activity, 3-hydroxyacyl-CoA dehydra-
tase activity, 3-hydroxybutyryl-CoA epimerase activity, and 3-
hydroxyacyl-CoA dehydrogenase activity, and the down-
regulated differentially expressed proteins were associated
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Figure 6. KEGG pathway-based analysis and protein domain enrichment analysis of acetylated proteins that were differentially expressed in
response to TMV. (a) KEGG pathway-based enrichment analysis. (b) Protein domain enrichment analysis.

with methyltransferase activity, poly-pyrimidine tract binding,
and poly-(U) RNA binding. The analysis of the cellular
component category suggested that the expression of proteins
located in peroxisomes and microbodies was mostly DUR, and
a majority of the downregulated differentially expressed
proteins were related to the chloroplast envelope and plastid
envelope.

We conducted KEGG enrichment analysis to determine the
functions of acetylated proteins in N. benthamiana (Figure 6a
and Supporting Information Table S6-2). The expression of

most of the acetylated proteins was DUR, and these proteins
were involved in alpha-linolenic acid metabolism, fatty acid
degradation, and tryptophan metabolism. Protein domain
enrichment results showed that the upregulated differentially
expressed proteins contained enoyl-CoA hydratase/isomerase
family, C-terminal, 3-hydroxyacyl-CoA dehydrogenase, and
NAD-binding domains and that the downregulated differ-
entially expressed proteins contained S1 RNA binding and
short-chain dehydrogenase domains (Figure 6b and Support-
ing Information Table S6-3). Acetylated proteins with these
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Figure 7. Lysine-acetylated proteins involved in fatty acid degradation. The red columns represent upregulated differentially expressed proteins.
The yellow columns represent proteins whose expression could be DUR and DDR.

functional domains played an essential role in metabolic
pathways.

Analysis of Acetylated Proteins Involved in Metabol-
ic Pathways. Previous reports of acetylation have indicated
that acetylated proteins play essential regulatory parts in
multiple organisms."®’ The results of the GO functional,
KEGG pathway, and protein domain enrichment analyses
suggest that K* may be important in fatty acid degradation.
Several lysine-acetylated proteins were identified as being
involved in fatty acid degradation (Figure 7). LC—MS/MS
analysis showed that eight fatty acid metabolism-associated
enzymes were acetylated, namely, acyl-CoA oxidase, 3-
hydroxyacyl-CoA dehydrogenase, long-chain 3-hydroxyacyl-
CoA dehydrogenase, enoyl-CoA hydratase, acetyl-CoA acyl-
transferase, acetyl-CoA C-acetyltransferase, enoyl-CoA isomer-
ase, and aldehyde dehydrogenase (NAD+).

In plants, fatty acids are widely distributed, exist in various
forms, are abundant, and have important physiological
functions. Fatty acids are composed of carboxylic acids
attached to hydrocarbon chains®' and are both the main

32505

components of cellular membranes and an essential source of
energy. Fatty acids are also used as signal transduction
mediators. In higher plants, fatty acid degradation occurs in
the peroxisome, which is a distinct subcellular compartment.®*
According to the results of GO enrichment analysis, most of
the upregulated differentially expressed proteins were located
in peroxisomes and microbodies (Figure Sa). In fact, fatty acid
degradation is an oxidative process, which includes alpha-
oxidation, beta-oxidation, in-chain oxidation, and w-oxidation.
Fatty acid degradation occurs when fatty acids are catabolized
to generate energy.

The enzymes associated with fatty acid degradation in higher
plants are present in the peroxisome; these enzymes catalyze
the basic reactions of beta-oxidation. Eight acetylated enzymes
were involved in fatty acid degradation (Figure 7). Among
these enzymes, five were associated with beta-oxidation,®
which is one of the most frequently used pathways for fatty
acid degradation: enoyl-CoA hydratase [EC: 4.2.1.17], acyl-
CoA oxidase [EC: 1.3.3.6], acetyl-CoA acyltransferase [EC:
2.3.1.16], 3-hydroxyacyl-CoA dehydrogenase [EC: 1.1.1.35],
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Figure 8. PPI network of newly identified acetylated proteins in N. benthamiana. The K** proteins were grouped using the PPI network via
Cytoscape software and the STRING database. The black line represents the interaction relationship, and the circle represents the distinct

biological or metabolic process.

and enoyl-CoA isomerase [EC: 5.3.3.8]. We also found four
acetylated enzymes that are involved in alpha-linolenic acid
metabolism (Supporting Information Figure S4): allene oxide
cyclase [EC: 5.3.99.6], acyl-CoA oxidase (ACX) [EC: 1.3.3.6],
enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase
(MFP2) [EC: 4.2.1.17, 1.1.1.35, 1.1.1.211], and acetyl-CoA
acyltransferase [EC: 2.3.1.16]. Acyl-CoA oxidase catalyzes the

oxidation of acyl-CoA to 2-trans-enoyl-CoA, which is the first
step of the peroxisomal beta-oxidation reaction.’® Plant acyl-
CoA oxidase is considered to be a flavin adenine dinucleotide
(FAD)-containing protein. FAD-containing proteins, nicotina-
mide adenine dinucleotide (NADH), and adenosine triphos-
phate (ATP) are involved in many biological processes.”* The
second step in fatty acid beta-oxidation is catalyzed by enoyl-
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CoA hydratase.”> 3-Hydroxyacyl-CoA dehydrogenase is
considered as an oxidoreductase; this enzyme catalyzes the
third step of beta-oxidation.® Acetyl-CoA acyltransferase,
which is found in both eukaryotes and prokaryotes, acts on 3-
oxoacyl-CoA to generate acetyl-CoA and an acyl-CoA
shortened by two carbon atoms.”” Enoyl-CoA isomerase
catalyzes the conversion of cis or trans double bonds of
CoA-bound fatty acids at the gamma-carbon to trans double
bonds at the beta-carbon; it is important in the metabolism of
unsaturated fatty acids in beta-oxidation.”*®” The core process
of energy production involves the oxidation of acetyl-CoA to
CO, through the tricarboxylic acid cycle,” so acetylation of N.
benthamiana plays an important role in energy metabolism. 12-
Oxo-phytodienoic acid (12-OPDA) is catalyzed by OPDA
reductase (OPR) to produce OPC8. OPC8-CoA is formed
under the action of OPC-CoA ligase on OPC8. Through three
beta-oxidation reactions, OPC8 is ultimately oxidized to
jasmonic acid (JA). In summary, these results indicate that
K* affects important enzymes involved in fatty acid
degradation and alpha-linolenic acid metabolic pathways in
N. benthamiana.

PPl Network Analysis. To further understand how
acetylation regulates the cellular and metabolic processes of
N. benthamiana in response to TMV stress, we constructed a
PPI network using Cytoscape software and the STRING
database. The results from the MCODE plug-in toolkit
mapped a total of 88 acetylated proteins (Figure 8 and
Supporting Information Table S7), which stands for a
comprehensive sight of how acetylated proteins perform
multiple functions in N. benthamiana. The top three clusters
were ‘ribosome”, “carbon metabolism”, and “fatty acid
metabolism”. The complex interaction among acetylated
proteins indicates the possibility of their coordination in
response to TMV stress.

PRM-Based Validation and Software Prediction. A
PRM assay was conducted to verify acetylome results.
Depending on the above analysis, we selected eight peptides
to evaluate their involvement in important physiological
processes, and the ratio of acetylation abundance varied
widely. The results of five peptide PRMs and label-free
quantification were essentially consistent, indicating that the
whole-cell proteome results were robust (Supporting Informa-
tion Table S8). According to the fold change (TMV/PBS) in
Supporting Information Table S8, we chose peroxisomal acyl-
CoA oxidase 1 and 3-ketoacyl-CoA thiolase for additional
verification. PAIL (v.1.0) software was used to predict the
acetylated sites in these proteins. The result showed that there
were 15 and 20 acetylation sites on 3-ketoacyl-CoA thiolase
and peroxisomal acyl-coenzyme A oxidase 1, respectively.
Among them, the acetylation site at K44 on 3-ketoacyl-CoA
thiolase and the acetylation site at K449 on peroxisomal acyl-
coenzyme A oxidase 1 (Supporting Information Table S9)
were consistent with the result of differentially expressed
lysine-acetylated proteins (Supporting Information Table S4).

B DISCUSSION

K* is a dynamic and reversible PTM of proteins that widely
occurs in prokaryotes and eukaryotes. Recently, an increasing
number of plant acetylomes have been reported, including
those of Arabidopsis thaliana, Oryza sativa, Triticum aestivum,
Zea mays, Glycine max, Solanum tuberosum, Vitis vinifera, and P.
1,7,8,17,25,26,71,72 . .
tomentosa. According to molecular experiments,
we found that TMV infection could induce alterations in

acetylation levels. The changes in TMYV replication expression
in N. benthamiana and acetylation levels had the same
tendency. We also found that the level of TMV replication
expression and acetylation in NAM-treated plants was
upregulated. According to previous research reports, pathogen
infection can change the acetylation level of host plants and
favor pathogen infection. For example, fungal pathogens
promote susceptibility in soybean and maize through altering
protein acetylation.”” In cauliflower mosaic virus (CaMV)
infection plants, the global levels of histone acetylation are
increased, and the infection of CAMV is promoted.”
However, to date, changes in acetylation levels after TMV
infection have seldom been reported. The acetylated proteins
identified in our putative study may be involved in the
pathogenic process of viral infection. To validate this
hypothesis, we combined proteomic and acetylomic studies
of K* in N. benthamiana and provided global views into the
functions of proteins in different processes following treatment
with TMV. We identified that 256 regulated proteins were
screened based on the fold-change threshold, which were
responding to viral infection in this study (Supporting
Information Figure $4b).

Some motifs of N. benthamiana proteins have been reported
in other species, such as K*H,, and K*R,, in humans;>’
K*H,, and K*F,, in strawberry, common wheat, and O.
sativa; "¢ and K*S,,, K*R,,/,, K*H,,, K“N,,, K*“K,,/.,,
K*D,, K*E,,, K*T,,, and E_ ;K*K,, in Trichinella spiralis and
tea.*>*® These results indicated that K* is also a kind of
conserved PTM between N. benthamiana and various species.
As a type of PTM, K* exhibits an important capability in
regulating protein functions,'* such as regulating energy
metabolism and crucial metabolic pathways that react to biotic
and abiotic stresses.”””* In P. tomentosa, researchers revealed
several acetylation sites on ribulose bisphosphate carboxylase
oxygenase and protochlorophyllide after phytoplasma infec-
tion, which play prominent roles in starch and chlorophyll
synthesis.*” We revealed that 101 and 79 acetylated proteins
were localized in the chloroplast and cytoplasm, respectively, in
N. benthamiana (Figure 7b), and many of them are involved in
carbon metabolism and fatty acid metabolism.

Fatty acids are significant and essential elements of plant
cells that can provide structural integrity, metabolic energy,
and signal transduction functionality.” More and more studies
have indicated that fatty acids and their derivatives modulate
normal and disease-related physiology in plants, which means
that fatty acid metabolism is one of the most vital metabolic
processes. Increasing amounts of research also indicate that
fatty acids and their derivatives can act as signaling molecules
that modulate normal and disease-related physiology in plants.
For example, oleic acid and linoleic acid induce the activation
of NADPH oxidase, which participates in the production of
reactive oxygen species (ROS).” Among phytohormones,
salicylic acid (SA) and JA are related to the regulation of plant
defense. It has also been shown that methyl jasmonate (MeJA)
and methyl salicylate (MeSA) are necessary for the systemic
resistance response against TMV.”” In particular, JA is derived
from alpha-linolenic acid.”® JA is involved in both induced
system resistance (ISR) and systemic acquired resistance
(SAR), and the signaling mediated by JA is vital in plant
defense against biotic and abiotic stresses.”® JA and its volatile
methyl ester (MeJA) are widespread within the plant kingdom.
Prior research has reported that JA and MeJA can regulate SA
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and MeSA production, respectively; these four metabolites
take part in the systemic resistance response against T™V.”
In this study, eight proteins were involved in fatty acid
degradation pathways, and four proteins were associated with
alpha-linolenic acid metabolic pathways (Supporting Informa-
tion Table S6). The acetylation level of these proteins
increased, and PRM verification indicated the presence of
modification sites related to fatty acid degradation and alpha-
linolenic acid metabolism. Because alpha-linolenic acid is also a
type of fatty acid, it is suggested that changes in the acetylation
levels of proteins in fatty acid metabolism may be associated
with the immune response to TMV in N. benthamiana. There
are few reports on the relationship between fatty acids and
antivirals in plants. However, the fatty acid synthesis pathway is
the key factor for syndrome coronavirus 2 (SARS-CoV-2)
rapid replication in mouse cells. Fatty acid synthesis inhibitors
have broad-spectrum antiviral activity against SARS-CoV-2.”’
In ovarian granulosa cells of polycystic ovary syndrome,
differentially acetylated proteins were significantly enriched in
the metabolic pathways of glycolysis, fatty acid degradation,
TCA cycle, and other metabolic processes.”” Based on the
above research, we speculate that the key proteins in the fatty
acid degradation pathway are acetylated in response to TMV
infection, which affects the normal metabolic process of fatty
acids in N. benthamiana and then affects the production of
antiviral active substances, thus promoting the replication and
infection of the virus. However, further studies are needed to
validate the function of acetylated proteins and their
interactions with plant proteins. According to the prediction
results of protein acetylation sites combined with acetylation
modification omics data, we will select peroxisomal acyl-CoA
oxidase 1 and 3-ketoacyl-CoA thiolase for additional
verification and carry out additional in-depth research.

B CONCLUSIONS

In this study, validation assays showed that TMV infection
resulted in altered K* levels and that K may contribute to
viral infection. We utilized proteomic and acetylomic methods
to investigate modifications in protein abundance and K* in
TMV-infected N. benthamiana seedlings. We identified 2082
acetylation sites on 1319 proteins from seedling leaves.
Characterization of the acetylated proteins shows that
acetylation plays a crucial role in numerous cellular processes,
especially fatty acid degradation and alpha-linolenic acid
metabolic pathways, which are involved in energy metabolism
and plant disease resistance. PRM confirmed the presence of
acetylation sites. Together, our analysis provides a compre-
hensive view of K* in TMV-infected N. benthamiana seedlings.
These results might offer a beneficial reference for future
studies on the essential role of K* in N. benthamiana and other
plant species in response to TMV infection or other
pathogenic infections.
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