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Abstract
Background: Lysine crotonylation is an important post-translational modi�cation (PTM) process. Most
research in this area has been carried out on mammals and yeast, but there has been no research
published on crotonylated proteins on peanut.

Results: In the current study, large-scale lysine crotonylation analysis was performed by a combination of
a�nity enrichment and high-resolution LC-MS/MS analysis. Altogether, 6051 lysine crotonylation sites
were identi�ed in 2508 protein groups. Bioinformatics analysis showed that lysine-crotonylated proteins
were involved in many biological processes, such as carbon �xation in photosynthetic organisms,
photosynthesis, biosynthesis of amino acids, ribosomes, etc. In particular, subcellular localization
analysis showed that 43% of the crotonylated proteins were located in the chloroplast and that there were
29 crotonylated proteins associated with photosynthesis. In addition, 26 crotonylated proteins were
identi�ed in photosynthesis network and 145 proteins were mapped to ribosome network, indicating the
diverse functions for lysine crotonylation in peanut.

Conclusion: These data show that crotonylated proteins play a major part in peanut biological functions
including carbon �xation in photosynthetic organisms, photosynthesis, biosynthesis of amino acids,
ribosomes, etc. A lot of proteins related to photosynthesis and ribosome suggest that lysine crotonylation
may play important regulatory roles in their structure and function. This dataset is the �rst
comprehensive proteomics analysis of lysine crotonylation in peanut and will serve as an important
resource with which to study the biosynthesis and function of lysine crotonylation in peanut and related
plants. Based on these results, further studies to expand on the lysine crotonylation analysis were
suggested. Data are available via ProteomeXchange with the identi�er PXD017675.

Background
Post-translational modi�cations (PTMs) are important methods for the regulation of gene expression,
and have a very important effect on protein function, including cell growth and differentiation,
metabolism, etc. Most important are the reversible PTMs, and lysine (K) is one of the most frequently
modi�ed amino acid residues [1, 2]. Such modi�cations include lysine acetylation, succinylation,
crotonylation, malonylation, 2-hydroxyisobutyrylation, and β-hydroxybutyrylation [3–8]. PTM is one of the
important targets for epigenetic studies, in which histone lysine modi�cation changes dynamically under
the action of regulatory enzymes. On one hand, such modi�cation is essential for the control of gene
expression by complex interactions of transcription factors binding to regulatory DNA elements. On the
other hand, it plays an important role in transcriptional regulation by modifying the chromatin
remodelling, and by activating or repressing regulatory DNA elements [1, 9]. Lysine-modi�ed histone
proteins contain important biological information, and their identi�cation is key to understanding their
function and understanding the mechanism of epigenetic effects.
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Lysine crotonylation was �rst reported as a PTM process in 2011, and is a robust indicator of active
promoters, which could be an important signal in the control of male germ cell differentiation. The
original paper reported 67 new histone modi�cation markers, with further structural and genomic
localization analysis con�rming histone lysine crotonylation (Kcr) to be evolutionarily highly conserved
and to have different biological functions from histone lysine acetylation (Kac) [3]. Crotonyl-CoA
catalyzes crotonylation by the transcriptional coactivator p300, which is also in�uenced by the
concentration of crotonyl-coA in cells. Therefore, both genetic and environmental factors can be used to
regulate histone crotonylation [10, 11]. Some writers, erasers, and readers of Kcr have been identi�ed [12].
Recently, a number of human proteins were identi�ed as being crotonylated [13–17]. Global pro�ling of
crotonylation has been reported in tobacco [18], zebra�sh [19], rice [20], yeast [21], and papaya [22], which
showed that crotonylation plays an important role in the regulation of various biological processes
across kingdoms.

Peanut (Arachis hypogaea L.) is one of the most important oil crops in the world, and the harvested seeds
have high concentrations of lipids and proteins. The peanut genome was sequenced in 2016, revealing
peanut to be a major source of candidate genes for fructi�cation, oil biosynthesis, and allergens,
providing considerable information on plant biology [23]. No research has been published on crotonylated
proteins on peanut. In the current study, using a combination of a�nity puri�cation and high-resolution
liquid chromatography–tandem mass spectrometry (LC–MS/MS) analysis, 6051 lysine crotonylation
sites were identi�ed in 2508 protein groups. Bioinformatics analysis showed that lysine crotonylated
proteins were involved in many biological processes, including carbon �xation in photosynthetic
organisms, photosynthesis, biosynthesis of amino acids, ribosomes, etc. This information is the �rst
comprehensive proteomics analysis of lysine crotonylation in peanut and will serve as an important
resource with which to study the biosynthesis and function of Kcr in peanut and related plants.

Methods
Plant material The peanut variety “Huayu 20” plants were arranged in a randomized complete block
design, and grown at 25 °C with a 12 h photoperiod. The leaves excised from four week old peanut plants
for protein extraction.

Protein Extraction Sample was sonicated three times on ice using a high intensity ultrasonic processor
(Scientz) in lysis buffer (8 M urea, 2 mM EDTA, 3 µM TSA, 50 mM NAM, 10 mM DTT and 1% Protease
Inhibitor Cocktail). The remaining debris was removed by centrifugation at 20,000 g at 4 °C for 10 min.
Finally, the protein was precipitated with cold 15% TCA for 2 h at -20 °C. After centrifugation at 4 °C for
10 min, the supernatant was discarded. The remaining precipitate was washed with cold acetone for
three times. The protein was redissolved in buffer (8 M urea, 100 mM NH4CO3, pH 8.0) and the protein
concentration was determined with 2-D Quant kit according to the manufacturer’s instructions.

Trypsin Digestion For digestion, the protein solution was reduced with 10 mM DTT for 1 h at 37 °C and
alkylated with 20 mM IAA for 45 min at room temperature in darkness. For trypsin digestion, the protein
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sample was diluted by adding 100 mM NH4CO3 to urea concentration less than 2M. Finally, trypsin was
added at 1:50 trypsin-to-protein mass ratio for the �rst digestion overnight and 1:100 trypsin-to-protein
mass ratio for a second 4 h-digestion.

HPLC Fractionation The sample was then fractionated into fractions by high pH reverse-phase HPLC
using Agilent 300Extend C18 column (5 µm particles, 4.6 mm ID, 250 mm length). Brie�y, peptides were
�rst separated with a gradient of 2–60% acetonitrile in 10 mM ammonium bicarbonate pH 10 over
80 min into 80 fractions, Then, the peptides were combined into 6 fractions and dried by vacuum
centrifuging.

A�nity Enrichment To enrich Kcro peptides, tryptic peptides dissolved in NETN buffer (100 mM NaCl,
1 mM EDTA, 50 mM Tris-HCl, 0.5% NP-40, pH 8.0) were incubated with pre-washed antibody beads (PTM
Biolabs) at 4 °C overnight with gentle shaking. The beads were washed four times with NETN buffer and
twice with ddH2O. The bound peptides were eluted from the beads with 0.1% TFA. The eluted fractions
were combined and vacuum-dried. The resulting peptides were cleaned with C18 ZipTips (Millipore)
according to the manufacturer’s instructions, followed by LC-MS/MS analysis.

LC-MS/MS Analysis The peptides were dissolved in 0.1% FA, directly loaded onto a reversed-phase pre-
column (Acclaim PepMap 100, Thermo Scienti�c). Peptide separation was performed using a reversed-
phase analytical column (Acclaim PepMap RSLC, Thermo Scienti�c). The gradient was comprised of an
increase from 6–22% solvent B (0.1% FA in 98% ACN) for 24 min, 22–40% for 8 min and climbing to 80%
in 5 min then holding at 80% for the last 3 min, all at a constant �ow rate of 300 nl/min on an EASY-nLC
1000 UPLC system, the resulting peptides were analyzed by Q Exactive™ Plus hybrid quadrupole-Orbitrap
mass spectrometer (ThermoFisher Scienti�c).

The peptides were subjected to NSI source followed by tandem mass spectrometry (MS/MS) in Q
Exactive™ plus (Thermo) coupled online to the UPLC. Intact peptides were detected in the Orbitrap at a
resolution of 70,000. Peptides were selected for MS/MS using NCE setting as 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 5E3 in the MS survey scan with 15.0 s dynamic exclusion. The electrospray voltage applied
was 2.0 kV. Automatic gain control (AGC) was used to prevent over�lling of the orbitrap; 5E4 ions were
accumulated for generation of MS/MS spectra. For MS scans, the m/z scan range was 350 to 1800.
Fixed �rst mass was set as 100 m/z.

Database Search The resulting MS/MS data was processed using MaxQuant with integrated Andromeda
search engine (v.1.5.2.8). Tandem mass spectra were searched against Arachis duranensis database
(from NCBI, 42660 entries) concatenated with reverse decoy database. Trypsin/P was speci�ed as
cleavage enzyme allowing up to 4 missing cleavages, 5 modi�cations per peptide and 5 charges. Mass
error was set to 10 ppm for precursor ions and 0.02 Da for fragment ions. Carbamidomethylation on Cys
was speci�ed as �xed modi�cation and oxidation on Met, crotonylation on Lys and acetylation on protein
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N-terminal were speci�ed as variable modi�cations. False discovery rate (FDR) thresholds for protein,
peptide and modi�cation site were speci�ed at 1%. Minimum peptide length was set at 7. All the other
parameters in MaxQuant were set to default values. The site localization probability was set as > 0.75.

Bioinformatics Methods Gene Ontology (GO) annotation proteome was derived from the UniProt-GOA
database (www. http://www.ebi.ac.uk/GOA/). Proteins were classi�ed by Gene Ontology
annotationbased on three categories: biological process, cellular component and molecular function.
Identi�ed proteins domain functional description were annotated by InterProScan (a sequence analysis
application) based on protein sequence alignment method, and the InterPro domain database was used.
InterPro (http://www.ebi.ac.uk/interpro/) is a database that integrates diverse information about protein
families, domains and functional sites. Kyoto Encyclopedia of Genes and Genomes (KEGG) database
was used to annotate protein pathway. Firstly, using KEGG online service tools KAAS to annotated
protein’s KEGG database description. Then mapping the annotation result on the KEGG pathway
database using KEGG online service tools KEGG mapper. There, we used wolfpsort a subcellular
localization predication soft to predict subcellular localization. Wolfpsort an updated version of
PSORT/PSORT II for the prediction of eukaryotic sequences. Soft motif-x was used to analysis the model
of sequences constituted with amino acids in speci�c positions of modify-21-mers (10 amino acids
upstream and downstream of the site) in all protein sequences. And all the database protein sequences
were used as background database parameter, other parameters with default. Cytoscape (version 3.0)
software was used to display the network [24].

Data Availability The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE [25] partner repository with the dataset identi�er PXD017675.

Results
Identi�cation and analysis of lysine crotonylation sites and crotonylated proteins in peanut leaves.

The experimental procedure is presented diagrammatically in Fig. 1a. In order to identify the crotonylated
proteins and crotonylation sites, we used sensitive immunoa�nity puri�cation and high-resolution LC–
MS/MS. Altogether, 6051 crotonylation sites were identi�ed in 2508 proteins. The statistics of the data
are presented in Additional �le 1: Table S1. Data are available via ProteomeXchange
(https://www.ebi.ac.uk/pride), with the identi�er PXD017675. Among the 2508 crotonylated proteins,
the majority of the proteins had fewer than three crotonylation sites, with only a few proteins having
seven or more crotonylation sites. The length of most of the peptides was between 8 and 28 residues,
which agrees with the size distribution of tryptic peptides (Fig. 1c), indicating that sample preparation
reached the standard required. The mass errors of the proteins was almost zero, meaning that the mass
spectrometry data met the required standard (Fig. 1b).

Analysis of crotonylation site motifs

https://www.ebi.ac.uk/pride/archive/
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To investigate any patterns of amino acids adjacent to the Kcr sites, we used the Motif-X program. A total
of six clearly conserved motifs (with a motif score >25) were identi�ed (Fig. 2a), namely EKcrG, AKcrE,
EKcrA, DKcrI, EKcrV and KcrE……K; a substantial bias in amino acid distribution was observed from the
-10 to +10 positions around the Kcr sites in peanut (Fig. 2b). As shown in Fig. 2a, the �rst �ve motifs
contained a residue with acidic groups (E, G, A, D, I or V) at the -1 or +1 position. The sixth motif contained
a residue with acidic groups (E or K) at the +1 or +5 position.

Structural analysis of all the crotonylated proteins

To understand the relationship between Kcr and protein structure, the structures of all the crotonylated
proteins were analyzed. A total of 46.5% of the crotonylated sites were located in α-helices, 10.6% of the
sites were in β-strands and the rest of the sites were in disordered coils. The distribution pattern between
the crotonylated lysines and all lysines was very similar (Fig. 2c). In addition, analysis of surface
accessibility of crotonylation sites of peanut proteins showed that Kcr may not affect the surface
properties of the modi�ed proteins, because the enrichment of crotonylated sites on the protein surface is
very similar to that of all lysine residues (Fig. 2d).

Functional annotation and cellular localization of crotonylated proteins in peanut

To obtain further information on the distribution and function of lysine crotonylated proteins identi�ed in
peanut, we summed the number of the proteins in each level 2 Gene Ontology (GO) term, namely
biological process, cellular component and  molecular function (Fig. 3, Additional �le 2: Table S2). The
GO analysis showed that the crotonylated proteins were involved in diverse biological processes, cellular
components and molecular functions. The identi�ed crotonylated proteins with respect to biological
process being related to metabolic process, cellular process, single-organism process, localization,
biological regulation, response to stimulus, cellular component organization and biogenesis and others,
accounting for 1106 (36%), 852 (28%), 671 (22%), 151 (5%), 110 (4%), 88 (3%), 69 (2%) and 28 (1%),
respectively (Fig 3a, Additional �le 3: Table S3). In the cellular component classi�cation, 443 (38%), 268
(23%), 254 (21%), 197 (17%) and 13 (1%) were associated with cell, macromolecular complex, organelle,
membrane and others, respectively (Fig. 3b, Additional �le 3: Table S3). In the molecular function
classi�cation, proteins related to binding, catalytic activity, structural molecule activity, transporter
activity, and others, accounted for 1088 (46%), 1015 (42%), 121 (5%), 78 (3%) and 88 (4%), respectively
(Fig. 3c, Additional �le 3: Table S3). These data indicated that crotonylated proteins take part in a range
of biological processes. According to subcellular location annotations of the crotonylated proteins, we
summed the number of proteins in each subcellular location. The crotonylated proteins identi�ed in
peanut leaf were located in the chloroplast (1068, 43%), cytosol (618, 25%) and nucleus (428, 17%), with
a further 116 (5%) proteins being located in the plasma membrane, with 112 (4%) proteins located in the
mitochondria, 53 (2%) proteins located to the extracellular space and 30 (1%) proteins located in the
cytoskeleton (Fig. 3d, Additional �le 4: Table S4).

Functional enrichment analysis of crotonylated proteins
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In order to identify the types of proteins that were involved in lysine crotonylation, we performed GO
enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. GO enrichment
analysis included biological process, cellular component and molecular function classi�cations (Fig. 4a,
Additional �le 5: Table S5). The enrichment analysis of the biological process grouping indicated that
crotonylated proteins were enriched with respect to biosynthetic processes and catabolic processes. In
the cellular component category, the crotonylated proteins were signi�cantly enriched with respect to the
cytoplasmic component. There were also many crotonylated proteins associated with thylakoids,
intracellular non-membrane-bounded organelles and the proteasome core complex. With respect to the
enrichment of the molecular function category, most crotonylated proteins were enriched with respect to
ligase activity, cofactor binding, structural constituents of ribosomes, oxidoreductase activity, and
isomerase activity (Fig. 4a, Additional �le 5: Table S5).

 The KEGG pathway indicated that Kcr was associated with many proteins involved in carbon �xation in
photosynthetic organisms, aminoacyl-tRNA biosynthesis, glutathione metabolism, the pentose phosphate
pathway, biosynthesis of amino acids, ribosomes, carbon metabolism, proteasomes, photosynthesis,
glyoxylate and dicarboxylate metabolism, oxidative phosphorylation, pyruvate metabolism,
glycolysis/gluconeogenesis, the citrate cycle (TCA cycle), photosynthesis-antenna proteins, and alanine,
aspartate, and glutamate metabolism (Fig. 4b, Additional �le 6: Table S6). These results imply that
crotonylated proteins play an important regulatory role in a wide range of important processes. In line
with these results, the ClpP/crotonase-like domain, Glutathione S-transferase, C-terminal-like and
Glutathione S-transferase N-terminal domains were clearly enriched in crotonylated proteins (Fig. 4c,
Additional �le 7: Table S7).

Crotonylated proteins involved in photosynthesis

Photosynthesis is a vital biological process in all plants, including peanut. A total of 29 crotonylated
proteins were involved in photosynthesis. LC–MS/MS analysis showed that many subunits of these
proteins were crotonylated (Fig. 5a): nine subunits of photosystem II (PsbC/B/O/P/Q/R/S/27/28 ), six
subunits of photosystem I (PsaD/E/F/G/H/N), one subunit of the cytochrome b6/f complex (PetC), two
subunits of photosynthetic electron transport (PetE/H) and three subunits of F-type ATPase (gamma,
delta, b). The data from the functional enrichment analysis showed that crotonylated proteins may play
an important role in photosynthesis. LC–MS/MS analysis also showed that a large number of subunits
were crotonylated in ribosomes (Fig. 5b).

Interactive networks among crotonylated proteins in peanut

To further investigate the regulatory role of crotonylation in photosynthesis and ribosomes, we used the
algorithm from the Cytoscape software to establish protein interaction networks (Fig. 6a, Additional �le 8:
Table S8). In the peanut photosynthesis network, 26 crotonylated proteins were identi�ed as nodes in the
protein interaction database. In the peanut ribosome network, 145 proteins were mapped to the protein
interaction database (Fig. 6b, Additional �le 9: Table S9). These maps provide a view of how crotonylated
proteins regulate photosynthetic and ribosome-associated biological processes.
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Discussion
Several recent reports have shown that crotonylation plays an important role in the regulation of various
biological processes in humans, animals [19], plants [18, 22] and microorganisms [21]. Crotonylation has
been reported in several plants, such as tobacco [18], rice [20], papaya [22] and tea [26], but there has
been no report of crotonylation in leguminous plants, such as peanut. In the present study, we used a
combination of immunoa�nity puri�cation and high-resolution LC–MS/MS analysis to identify 6051
lysine crotonylation sites in 2508 protein groups. Most of these proteins had fewer than three
crotonylation sites and involved diverse biological processes, cellular components, and molecular
functions. These data show that crotonylated proteins play a very important role in peanut biological
functions.

The Motif-X program showed that the conserved motif adjacent to the Kcr site is clearly conserved; the EK
and DK sites have also been associated with Kcr sites in tobacco, rice, and animals [18–20]. With respect
to the subcellular localization of crotonylated proteins, the distributions reported for rice, papaya, tea and
tobacco were identical, with the order of location frequencies, from high to low, being in the chloroplast,
cytosol, nuclear and mitochondrion. The pattern in peanut was very similar, with the �rst three locations
being the same as for the earlier-reported plants, but the fourth location on the list in peanut was the
plasma membrane, rather than the mitochondrion.

Photosynthesis is an essential biological process for plants, converting light energy into chemical energy
and storing it in the bonds of sugars, the process taking place in the structures of chloroplasts. Similar to
other plants, the highest frequency of crotonylated proteins in subcellular fractions of peanut leaves
(43%) was located in the chloroplast. These data implied that these crotonylated proteins play an
important part in the photosynthesis process. The subsequent GO enrichment analysis showed that
crotonylated proteins were associated with biosynthetic processes in the thylakoid parts of the cell. The
KEGG pathway-based enrichment analysis showed that many crotonylated proteins take part in
photosynthetic carbon �xation. In the peanut photosynthesis network, 29 crotonylated proteins were
identi�ed as nodes in the protein interaction database. These proteins were involved in photosystem II,
photosystem I, the cytochrome b6/f complex, photosynthetic electron transport, and F-type ATPase. The
KEGG pathway enrichment analysis and the network of Kcr also showed that many ribosomal proteins
were crotonylated. A similar phenomenon was reported in tobacco [18] and rice [20]. These �ndings
suggest that lysine crotonylation may play important regulatory roles in peanut photosynthesis and
ribosome structure and function.

There is considerable research interest in Kac, which has been reported in many plants, such as
Arabidopsis [27, 28], rice [29], wheat [27], and soybean [30]. A number of acetylated proteins have been
localized in the chloroplast and have been shown to take part in photosynthesis. Kcr and Kac can occur
on the same protein, but they may not have exactly the same substrate and modi�cation sites [14]. In rice,
there were 21 acetylated proteins and 16 overlapping proteins, which were both crotonylated and
acetylated [20, 29]. The intracellular Kcr could promote transcription; compared with acetylation,
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crotonylation has a greater ability to promote gene expression, and the balance between crotonylation
and acetylation (another PTM) has functional effects on gene expression [10]. Histone crotonylation
reprogrammed the function of the nucleosome, distinguishing it from histone acetylation, by interacting
with a speci�c set of chromatin modi�ers [23, 31–33]. These lysine modi�cations can be changed by
environmental (for instance, starvation or submergence) or metabolic cues, controlling the relative
proportions in histone-acylated plants, which, in turn, control the expression of responsive genes [34].

In animals, the relative proportions of mixed histone acylations have a functional association with
different physiological stages [10, 32, 35]. Kcr occurs at a large number of histone sites [3], where it may
affect the structure of chromatin [36]. Histone crotonylation is abundant in many human tissues, is linked
to regulation of gene expression and is highly dynamic, being regulated during the cell cycle [37]. It has
been reported that the crucial role of Kac and methylation in DNA-templated processes is likely to have
signi�cant consequences for chromatin structure and function [8]. In turn, chromatin structure affects
gene expression to a considerable extent [27]. More research needs to be carried out to determine whether
Kcr, Kac and other PTMs play important roles in peanut biological progresses.

PTMs impact a diverse array of cellular processes, and Kac is one of the main PTMs studied. It has been
reported that Kac plays a central role in the host–pathogen interaction [38]. Research into plant defense
signaling has established that modulation of histone acetylation is very important for immune responses
[39, 40]. Glutathione (GSH) is an important reducing substance commonly present in plant, which plays
an important role in the antioxidant defense against the oxidation of membrane lipids by free radicals.
The GSH-conjugating enzymes, glutathione S-transferases (GSTs), are present in different subcellular
compartments, and up-regulation appear to be an evolutionary response by cells for the protection
against chemical toxicity and oxidative stress [41–43]. Plant GST genes are expressed differently when
plants encounter biotic and abiotic stresses. The stress-induced plant growth regulator, nitric oxide (NO),
differentially affects the expression level of GSTs [44, 45]. Our research showed that there were 19 lysine-
crotonylated proteins involved in glutathione metabolism (Additional �le 10: Figure S1). Glutathione S-
transferase, C-terminal-like and Glutathione S-transferase N-terminal were obviously enriched in
crotonylated proteins. These results suggested that crotonylated proteins in GSH may play an important
role in plant response to biotic and abiotic stresses. There has been some research on Kcr involvement in
response to stress in different plant species [26, 34]. We need to narrow down the list of candidate
proteins of interest and then to perform functional studies on the target candidates.

Conclusion
In peanut leaves, we identi�ed 6051 lysine-crotonylation sites in 2508 protein groups. Bioinformatics
analysis showed that lysine crotonylated proteins were involved in many biological processes, including
carbon �xation in photosynthetic organisms, photosynthesis, biosynthesis of amino acids, ribosomes,
etc. We demonstrated that Kcr may play an important role in peanut growth and tolerance to adverse
environments. The status of peanut Kcr may represent a crucial role for this type of PTM, opening up new
research avenues in this area. Future work should expand on the results from bioinformatic analyses,



Page 11/22

selecting those markedly enriched proteins/clusters in particular pathways, processes, molecular
functions, localizations and protein complexes, etc. Our results provide the foundation for future studies
of the effects of crotonylation on performance of the important cash crop, the peanut plant.
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Figure 1

Technical route and the basic information of LC-MS/MS data. a The general technical route for lysine
crotonylation identifcation was showed. All crotonylated peptides were enriched by an antibody and
analyzed by LC-MS/MS. b Mass error distribution of all identi�ed peptides. c Peptide length distribution.
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Figure 2

Motif analysis of lysine crotonylation peptides. a Motif analysis showed crotonylated peptide motif and
conservasion of Kcr sites. The intensity map shows enrichment of amino acids in particular positions of
crotonylated lysine (10 amino acids upstream and downstream of the site). b Motif analysis of all the
identi�ed sites. Probability sequence motifs of crotonylation sites consisting of 10 residues surrounding
the targeted lysine residue using Motif-X. c Probabilities of lysine crotonylation in different protein



Page 18/22

secondary structures (alpha helix, beta-strand and coil). d Predicted surface accessibility of crotonylation
sites.

Figure 3

Functional classi�cation of crotonylated proteins. Functional classi�cation of the identi�ed crotonylated
proteins based on a biological processes. b cellular component. c molecular function. d subcellular
localization.
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Figure 4

Enrichment analysis of crotonylated proteins. a GO-based enrichment analysis of identi�ed proteins. b
KEGG pathway-based enrichment analysis. c Protein domain enrichment analysis of all identi�ed
proteins
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Figure 5

Crotonylated enzymes were involved in photosynthesis and ribosome. a Crotonylated enzymes were
involved in photosynthesis. b Crotonylated enzymes were involved in ribosome.
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Figure 6

Two clusters of highly interconnected lysine-crotonylated protein networks. The network of lysine-
crotonylated protein interactions (listed in protein accession number) was analyzed using the Cytoscape
software (version 3.3.0). a photosynthesis. b Ribosome. The size of the balls represents the numbers of
Kcr modi�cations in each �gure.
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