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Lysine crotonylation (Kcr) is a newly discovered post-
translational modification (PTM) existing in mammals.
A global crotonylome analysis was undertaken in rice
(Oryza sativa L. japonica) using high accuracy nano-LC-
MS/MS in combination with crotonylated peptide enrich-
ment. A total of 1,265 lysine crotonylation sites were
identified on 690 proteins in rice seedlings. Subcellular
localization analysis revealed that 51% of the crotony-
lated proteins identified were localized in chloroplasts.
The photosynthesis-associated proteins were also mostly
enriched in total crotonylated proteins. In addition, a
genomic localization analysis of histone Kcr by ChiP-seq
was performed to assess the relevance between histone
Kcr and the genome. Of the 10,923 identified peak re-
gions, the majority (86.7%) of the enriched peaks were
located in gene body, especially exons. Furthermore, the
degree of histone Kcr modification was positively corre-
lated with gene expression in genic regions. Compared
with other published histone modification data, the Kcr
was co-located with the active histone modifications. In-
terestingly, histone Kcr-facilitated expression of genes
with existing active histone modifications. In addition,
77% of histone Kcr modifications overlapped with DNase
hypersensitive sites (DHSs) in intergenic regions of the
rice genome and might mark other cis-regulatory DNA
elements that are different from IPA1, a transcription ac-
tivator in rice seedlings. Overall, our results provide a
comprehensive understanding of the biological functions
of the crotonylome and new active histone modification in
transcriptional regulation in plants. Molecular & Cellular
Proteomics 17: 1922-1936, 2018. DOI: 10.1074/mcp.
RA118.000640.

Precursor proteins are typically inactive and could be con-
verted into mature functional proteins through a series of

posttranslational modifications (PTMs), which modulate di-
verse protein properties and functions (1). PTMs have been
associated with almost all known metabolic processes and
cellular pathways in various ways (2, 3). The major form of
PTMs is covalent addition of functional chemical groups to
one or more amino acids. PTMs can greatly increase the
complexity of the proteome based on the presence of multiple
modification sites within a protein, each with different types.
Due to specific chemical reactivity, lysine (K) is one of the
most common residues that is subject to PTMs (4), such as
acetylation (Kac) (5, 6), methylation (Kme) (7, 8), malonylation
(Kma) (9, 10), propionylation (Kpro) (11, 12), butyrylation (Kbu)
(12, 13), and succinylation (Ksucc) (10, 14). With the develop-
ment of high-specific antibodies and high-resolution MS tech-
niques, increasing numbers of lysine modifications of both
histone and non-histone proteins have been identified in the
proteome. These modifications include Kac (15-18), Ksucc
(14, 19), Kme (20), and Kma (9).

Among the lysine modifications of the proteome, histone
lysine modifications are essential for the control of gene ex-
pression by complex interactions of transcription factors
binding to regulatory DNA elements, including promoters,
enhancers, insulators, and silencers (21, 22). Specific histone
modifications of the chromatin activate or repress regulatory
DNA elements, thus playing an important role in transcrip-
tional regulation (23). For example, H3K9ac, H3K4me3, and
H3K4me2 mark active promoters, whereas repressed genes
are marked by H3K27me3 or H3K9me2, and enhancers are
commonly marked by H3K27ac and H3K4me1/2 (24, 25).

Lysine crotonylation (Kcr)' is a newly discovered PTM that
exists in mammals (26, 27). This histone modification has
been identified in evolutionary distant eukaryotic organisms,
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such as yeast (Saccharomyces. cerevisiae) and invertebrate
species including Caenorhabditis. elegans and Drosophila, as
well as in mice and humans, suggesting that this modification
is widely conserved (26). Crotonylation is a histone modifica-
tion, involving a four-carbon length in the planar orientation
(28). This modification neutralizes the positive charge of the
e-amino group of lysine, leading to the possibility of charge-
based cis-effects on the chromatin fiber, where the increased
bulk and rigidity of the crotonyl group may result in an en-
hanced effect (23). Therefore, histone Kcr is generally en-
riched in the regions of active promoters and potential
enhancers in mammalian cells (26). In addition, Kcr has been
shown to clearly mark autosomal testis-specific genes, which
are activated in postmeiotic round spermatids (29). Recently,
the global profiling of crotonylation on non-histone proteins
has been reported in mammals and tobacco (28, 30, 31).
Crotonylation of non-histone proteins is involved in different
signaling pathways and cellular functions. To our knowledge,
crotonylation of non-histone and histone proteins has rarely
been reported in monocots.

Rice (Oryza sativa) is one of the most important cereal crops
in the world and represents a valuable model plant for the
investigation of monocots in functional genome research (32).
Since crotonylated proteins have not yet been identified in
rice, we initiated a systematic study to identify and investigate
functional roles of the crotonylated proteins in Nipponbare,
which is the first rice variety with a complete genomic se-
quence published (33). In this study, we obtained the croto-
nylome of Nipponbare using high accuracy LC-MS/MS in
combination with the enrichment of crotonylated peptides
from digested cell lysates and subsequent peptide identifica-
tion. In total, 1,265 crotonylated sites were identified in 690
proteins in Nipponbare. In addition, we conducted a genome-
wide study of histone Kcr by ChlP-seq analysis with the
pan anti-Kcr and H3K14cr antibodies. This information will
broaden our understanding of the biological functions influ-
enced by histone Kcr. In short, our findings provide significant
insights into the range of functions regulated by lysine croto-
nylation in rice.

EXPERIMENTAL PROCEDURES

Materials—O. sativa variety “Nipponbare” seeds were germinated
at ambient temperature for 72 h. The germinated seeds were then
sown and grown in water under greenhouse conditions (12 h light at
28 °C/12 h dark at 25 °C) with 70% humidity. Leaves of the two-

" The abbreviations used are: Kcr, lysine crotonylation; PTM, post-
translational modification; nano-LC-MS/MS, nanoscale liquid chro-
matography coupled to tandem mass spectrometry; ChIP, chromatin
immunoprecipitation; DHSs, DNase hypersensitive sites; IPA1, ideal
plant architecture1; Kac, lysine acetylation; Kme, lysine methylation;
Kma, lysine malonylation; Kpro, lysine propionylation; Kbu, lysine
butyrylation; Ksucc, lysine succinylation; WB, Western blotting; GO,
gene ontology; MACS, model-based analysis of ChlP-Seq; KEGG,
Kyoto Encyclopedia of Genes and Genomes; PPls, protein-protein
interaction; gPCR, quantitative polymerase chain reaction.

week-old rice seedling were sampled for protein and ChIP-DNA
isolation.

Green seedlings and albino seedlings derived from another culture
of Nipponbare were grown in Murashige and Skoog plates containing
0.5% naphthylacetic acid, 3% sucrose, and 0.5% agar.

Protein Extraction, Trypsin Digestion, and HPLC Fractionation—
Protein extraction, trypsin digestion and HPLC fractionation were
conducted using a procedure described by Xue et al. (34). Leaf
samples were ground under liquid nitrogen and sonicated three times
on ice using a high intensity ultrasonic processor (Scientz) in lysis
buffer (8 m urea, 1% Triton-100, 65 mm DTT, and 0.1% Protease
Inhibitor Mixture). The remaining debris was removed by centrifuga-
tion (20,000 g, 4 °C, 10 min). Finally, the protein was precipitated with
cold 15% TCA for 2 h at —20 °C. After centrifugation (12,000 g, 4 °C,
10 min), the supernatant was discarded. The remaining precipitate
was washed three times with cold acetone. The protein was redis-
solved in buffer (8 M urea, 100 mm NH,COg, pH 8.0). For digestion, the
protein solution was reduced with 10 mm DTT for 1 h at 37 °C and
alkylated with 20 mm iodoacetamide for 45 min at room temperature
in darkness. For trypsin digestion, the protein samples were diluted
by adding 100 mm NH,CO; to reduce the urea concentration to below
2 M. The protein concentration was determined with BCA kit
(PO011-1, Beyotime Biotechnology, Shanghai, China) according to
the manufacturer’s instructions. Finally, trypsin was added at 1:50
trypsin-to-protein mass ratio for an overnight digestion, followed by
an addition of 1:100 trypsin-to-protein mass ratio for another 4-h
digestion. The samples were then separated into 80 fractions by high
pH reverse-phase HPLC using Agilent 300Extend C18 column (5 um
particles, 4.6 mm inner diameter, 250 mm length). Briefly, peptides
were first separated with a gradient of 2% to 60% acetonitrile in 10
mM ammonium bicarbonate with a pH of 10 over 80 min. The
peptides were then combined into eight fractions and dried by
vacuum centrifugation.

Affinity Enrichment of Kcr Peptides and Enrichment of Lysine Pep-
tides and LC-MS/MS Analysis—To enrich Kcr peptides, tryptic pep-
tides dissolved in NETN buffer (100 mm NaCl, 1 mm EDTA, 50 mm
Tris-HCI, 0.5% NP-40, pH 8.0) were incubated with prewashed anti-
body beads (PTM BioLabs, HangZhou, China PTM-501) at 4 °C over-
night with gentle shaking. 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% TFA. The eluted fractions were combined
and vacuum-dried. The resulting peptides were cleaned with C18
ZipTips (Millipore) according to the manufacturer’s instructions prior
to LC-MS/MS analysis. Enrichment of lysine peptides were analyzed
using LC-MS/MS as described by Xue et al. (34). Briefly, peptides
were dissolved in 0.1% formic acid and directly loaded onto a re-
versed-phase precolumn (Acclaim PepMap 100, Thermo Scientific).
Peptide separation was performed using a reversed-phase analytical
column (Acclaim PepMap RSLC, Thermo Scientific). The gradient was
as follows: 6% to 22% solvent B (0.1% formic acid in 98% acetoni-
trile) for 24 min, 22% to 35% for 8 min then increased to 80% over 5
min and held at 80% for 3 min. The gradient was generated at a
constant flow rate of 300 nl/min on an EASY-nLC 1000 UPLC system.
The resulting peptides were analyzed by Q Exactive™ hybrid qua-
drupole-Orbitrap mass spectrometer (ThermoFisher Scientific). The
peptides were subjected to a nano electrospray ionization source
followed by tandem mass spectrometry (MS/MS) using Q Exactive™
(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 a normalized collision energy setting of 28; ion frag-
ments 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 2e4 in the MS survey scan with
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10.0-s dynamic exclusion. The electrospray voltage applied was 2.0
kV. Automatic gain control was used to prevent overfilling of the ion
trap; 5e4 ions were accumulated for generation of MS/MS spectra.
The MS scans were performed over the range of 350 to 1,800 m/z.

Database Search—The resulting tandem MS data were processed
using the MaxQuant with integrated Andromeda search engine
(v.1.4.1.2) described by Zhou et al. (35) according to a method de-
scribed by He et al. (36). Tandem mass spectra were searched
against the UniProt_Oryza sativa database (UniProt Oryza sativa
subsp. japonica) concatenated with the reverse decoy database. The
search database consisted of the UniProt Oryza sativa subsp. japon-
ica proteome set (including 63,195 protein sequences) downloaded
from UniProtKB (http://www.uniprot.org) in July 2014. Trypsin/P was
specified as the cleavage enzyme with allowances set for up to four
missing cleavages, five modifications per peptide and five charges.
Mass error was set to 10 ppm for precursor ions and 0.02 Da for
fragment ions. Carbamidomethylation of Cys was specified as a fixed
modification. Oxidation of Met, crotonylation of lysine, and acetylation
on protein N-terminal were specified as variable modifications. False
discovery rate thresholds for proteins, peptides, and modification
sites were set at 1%. Minimum peptide length was set at 7. All the
other MaxQuant parameters were set to default values and the site
localization probability was set at >0.75.

The phylogenetic tree was constructed using the neighbor-joining
method with MEGA Version 6.0 (37) (gaps/missing data treatment:
pairwise deletion, bootstrap: 1,000). Human and mouse p300 genes
were used as an outgroup. All p300 protein sequences were aligned
using T-coffee (38) with default options.

Bioinformatics Analysis

Analysis of Sequences Around Crotonylated Site—The analysis of
sequences around the Kcr site was performed based on Shen et al.
(89). For all proteins, Motif-X was used to analyze the model of
sequences constituted by amino acids in specific positions of mod-
ifier 21-mers (10 amino acids upstream and downstream of the site).
And all the database protein sequences were used as background
database parameters, while other parameters were set to the default.
All the crotonylation substrate categories obtained after enrichment
were collated along with their p values and then filtered for those
categories that were enriched in at least one of the clusters with p
value <0.05. This filtered p value matrix was transformed by the x =
—log10 (p value). The results were visualized in a heat map generated
using “heatmap.2.”

Functional Annotation of Proteins—Gene ontology (GO) annotation
of the proteome was achieved with reference to the UniProt-gene
ontology annotation (GOA) database (www. http://www.ebi.ac.uk/
GOA/) using a procedure described by Xue et al. (34). Proteins were
classified by GO annotation based on three categories: biological
process, cellular component, and molecular function.

Functional Enrichment Analysis—The Encyclopedia of Genes and
Genomes (KEGG) database was used to identify enriched pathways
using the Functional Annotation Tool of database for annotation,
visualization and integrated discovery (DAVID) against the back-
ground of Nipponbare, following a detailed procedure described by
Xue et al. (34). GO annotation and enriched pathways with a corrected
p value <0.05 were considered to be statistically significant.

Protein-protein Interaction Analysis—Protein-protein interaction
(PPI) analysis of identified crotonylated proteins was performed using
Cytoscape software (Version 3.3.0). PPI networks were obtained us-
ing the search tool for the retrieval of interacting genes/proteins
(STRING) database, which uses a metric known as the “confidence
score” to define interaction confidence. We fetched all interactions
with a confidence score =0.9 (high confidence) (40). The posttrans-
lational protein was analyzed for densely connected regions with a

theoretical cluster graph generated using the molecular complex
detection algorithm, which is part of the plug-in tool kit of the network
analysis and visualization software Cytoscape. The highest-ranking
modules containing modification sites were selected for further anal-
ysis and rendering.

Whole Protein and Histone Extraction

Whole Protein Extraction—Leaves collected from rice seedling (0.2
g) were first ground under liquid nitrogen. The tissue was then trans-
ferred to a 1.5-ml centrifuge tube in lysis buffer (50 mm Tris-HCI, pH
8.0, 150 mm NaCl, 0.05% 2-hydroxy-1-ethanethiol, 2% SDS, 65 mm
DTT, and 1 mm Protease Inhibitor Mixture). The tissue suspension was
mixed for 3 h on ice. The remaining debris was removed by centrifu-
gation (13,000 g, 4 °C, 10 min).

Histone Extraction—Two-week-old rice seedling leaves (4 g) were
first ground under liquid nitrogen. The tissue was then transferred to
a 50-ml centrifuge tube containing extraction buffer A (0.4 M sucrose,
10 mM Tris-HCI, pH 8.0, 10 mm MgCl,, 1% Triton-100, 5 mm 2-hy-
droxy-1-ethanethiol, 100 mm Protease Inhibitor Mixture). The remain-
ing debris was collected by centrifugation (13,000 rpom 16,000 g, 4 °C,
10 min). The tissue suspension was sonicated (10 s on/10 s off, 30%
power) in nuclei lysis buffer (50 mm Tris-HCI, pH 8.0, 10 mm EGTA, 1%
SDS, 10 mm Protease Inhibitor Mixture) for 10 min on ice and then
mixed with extraction buffer B (0.2 m HCI) for 30 min on ice. The
protein was precipitated with cold 100% TCA for 10 min at —20 °C.
After centrifugation at 13,000 g at 4 °C for 30 min, the supernatant
was discarded. The remaining precipitate was washed three times
with cold acetone. The protein was redissolved in milli-Q water.

Western Blotting and Immunofluorescence Analyses—Western
blotting (WB) was performed based on a previously described method
(41). Briefly, total proteins and histone proteins were extracted from
two-week-old rice seedling leaves and separated by gradient (5-12%)
sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) prior to detection with rabbit pan anti-Kcr antibody (1:3,000;
PTM BiolLabs, PTM-501), rabbit anti-H3 antibody (1:3,000; PTM Bi-
oLabs, PTM-1001), and rabbit anti-H3K14cr antibody (1:3,000; PTM
BioLabs, PTM-535). Antigen-antibody complexes were detected by
Fluor Chem E and AlphaView SA. Immunofluorescence analysis of
mitotic chromosomes was performed using a procedure described by
Gong et al. (42). Histone modifications were identified with rabbit pan
anti-Kcr antibodies (PTM BioLabs, PTM-501) and rabbit anti-H3K14cr
antibody (1:3,000; PTM BioLabs, PTM-535), and the goat secondary
antibody (Alexa 488-conjugated anti-rabbit; Invitrogen, A11008).
Chromosomes were counterstained with DAPI using Vectashield
(Vector Laboratories, H-1200).

Dot Blotting—Samples (2 pl) were spotted slowly onto a dry nitro-
cellulose membrane at the center of a predrawn grid to minimize the
area that the solution penetrates. Nonspecific sites were blocked by
soaking in 5% BSA in TBS-T (20 mm Tris-HCI, 150 mm NaCl, 0.05%
Tween20) for 30—60 min at room temperature. The membrane was
incubated with rabbit pan anti-Kcr antibody (1:3,000; PTM BioLabs,
PTM-501) dissolved in BSA/TBS-T for 30 min at room temperature
and washed three times with TBS-T (3 X 5 min). The membrane was
then incubated with secondary antibody conjugated with HRP (di-
luted according to the manufacturer’s recommendation) for 30 min at
room temperature. The membrane was washed three times with
TBS-T (15 min X 1 and 5 min X 2) and once with TBS (20 mm
Tris-HCI, 150 mm NaCl, pH 7.5) for 5 min. For visualization of the dots,
the membrane was then incubated with ECL reagent for 1 min,
covered with Saran-wrap, and exposed to X-ray film in the dark.

ChIP, ChIP-seq, and gPCR—ChIP experiments were performed
using a pan anti-Kcr antibody (PTM BioLabs, PTM-501) and H3K14cr
antibody (PTM BiolLabs, PTM-535) following a published protocol
(43), including methods for nuclei extraction and cleaning, chromatin
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digestion, precleaning of digested chromatin, and evaluation of di-
gested chromatin. Mock treatment using normal rabbit serum served
as a negative control. The DNAs identified in ChIP experiments were
then used for library construction according to the protocol provided
by lllumina and were sequenced using the HiSeq 2500 platform. The
reads from the HiSeq analysis were mapped to the rice reference
genome Tigr 7 (44) using the Bowtie program (45). Only the reads
mapped to unique positions in the genome were retained to identify
histone Kcr-enriched regions using model-based analysis of ChlP-
Seq (MACS) with p value <1e-5 (46). The DNAs identified in ChIP
experiments were also used to perform real-time quantitative PCR
(9gPCR) analysis according to the procedure described by Mukhopad-
hyay et al. (47). Input-DNA was set as the control and the following
thermocycling conditions were used: initial denaturation at 95 °C for
600s, three-step amplification comprising 40 cycles of 95 °C for 10 s
to 55 °C for 10 s to 72 °C for 20s. All data for published histone
modifications (H3K9ac, H4K12ac, H3K4me2, H3K36me3, H3K27me3)
were downloaded from the Gene Expression Omnibus at the National
Center for Biotechnology Information (NCBI GEO) (48, 49). The gene
expression data from RNA-seq were also published (49).

Experimental Design and Statistical Rationale— Crotonylation of O.
sativa was investigated by WB and immunofluorescence analyses
using two-week-old rice leaves. Crotonylated peptides were then
enriched using immunoaffinity enrichment strategies and analyzed by
high accuracy nanoflow LC-MS/MS. False discovery rate thresholds
for proteins, peptides, and modification sites were set at 1%. Mini-
mum peptide length was set at 7. All the other parameters in Max-
Quant (v.1.4.1.2) were set to default values. The site localization
probability was set at >0.75. Proteins were classified by GO anno-
tation into three categories. GO enrichment was performed by DAVID
(41) using hypergeometric tests with corresponding p values <0.05
(hypergeometric test) considered to be statistically significant. Soft
Motif-X was used to analyze the model of sequences constituted by
amino acids in specific positions of modifier-21-mers (10 amino
acids upstream and downstream of the site) in all protein se-
quences. In the histone Kcr biological function study, ChIP-DNA,
which was enriched by anti-Kcr and H3K14cr antibodies, was used
for library construction and sequenced using the HiSeq 2500 plat-
form. The reads that mapped to unique positions in the genome
were retained to identify histone Kcr-enriched regions using MACS
with p value <1e-5.

RESULTS

The Lysine Crotonylome Map of Rice is Represented by
1,265 Kcr Sites in 690 Proteins—To characterize the global
lysine crotonylation (Kcr) distribution in rice, an overview of
Ker modifications was obtained by immunofluorescence and
WB analyses using a pan anti-Kcr antibody. Results using
immunofluorescence revealed obvious distribution of lysine
crotonylation in the nuclei and cytoplasm (Fig. 1A). The results
from WB also showed that all proteins in the leaves of rice
seedlings were widely crotonylated (Fig. 1B). Furthermore, the
signals of Kcr in histone H3 (~15 kDa) and H4 (~11 kDa) were
detected by histone WB analysis (Fig. 1C).

The preliminary analysis indicated an extensive existence
of Kcr in rice. A combination of Kcr antibodies and HPLC-
MS/MS was used to characterize the Kcr distribution in the
crotonylome of rice. To validate the MS data, we first checked
the mass error of the identified peptides. The distribution of
mass error of all the identified peptides was extremely close
to zero, and most were less than 0.02 Da, indicating the

accuracy of the MS data (supplemental Fig. 1A). The length of
most peptides was distributed between 7 and 18 residues
(supplemental Fig. 1B), implying the high quality of sample
preparation. Tandem mass spectra were searched against the
UniProt Oryza sativa database concatenated with a reverse
decoy database. By dataset search, 3,250 crotonylated PSMs
and 751 noncrotonylated PSMs were identified. The raw data
for all crotonylated peptides have been uploaded to the
ProteomeXchange Consortium (dataset identifier PXD008716).
Using a false discovery rate threshold <1% for peptides, we
identified 1,265 crotonylation sites with high confidence in
690 rice proteins (supplemental Table 1). Also, we searched
the data with K butyrylation as a variable modification, and no
butylated peptide was identified. Moreover, out of the 690 Kcr
protein substrates, ~62.8%, 19.1%, 7.8%,, and 4.6% con-
tained one, two, three, or four Kcr sites, respectively. There
were five proteins with a high crotonylation intensity contain-
ing 11 or more Kcr sites (supplemental Fig. 1C).

To validate the crotonylated proteins identified by the MS
data, five crotonylated proteins, including three non-histones
and two histones, were randomly selected (Fig. 1D and sup-
plemental Fig. 2). According to sequences of the five croto-
nylated proteins, we compounded the crotonylated peptides
and performed dot-spot assay analysis. The results showed
that the polyclonal rabbit anti-crotonyl lysine antibody reacted
only with the crotonylated peptides but not with the corre-
sponding unmodified peptides (Fig. 1E). This confirmed the
specificity of the polyclonal rabbit anti-crotonyl lysine anti-
body and verified the credibility of the crotonylated proteins
identified by the MS data.

Identification of Kcr Sites Reveals Specific Motifs in Rice—
To understand the properties of Kcr and to identify specific
amino acids adjacent to Kcr sites, we examined the amino
acid sequences flanking Kcr sites by generating a heat map
(Fig. 2A). Substantial bias in amino acid distribution was ob-
served from the —6 to +6 positions around Kcr sites in rice.
Seven amino acid residues, aspartic acid (D), glutamine (E),
isoleucine (l), lysine (K), leucine (L), arginine (R), and valine (V),
were overrepresented in regions surrounding Kcr sites. To
identify a possible consensus sequence motif around Kcr
sites, we identified the sequence motifs in all of the identified
Ker sites using the Motif-X program. A total of six obviously
conserved motifs (Fig. 2B), KcrxV, Kerxl, KerxL, KecrxD,
DXxKcr, and EXKcr, were identified with different abundances
(Fig. 2C), where Kcr and X indicate the crotonylated lysine
and a random amino acid residue, respectively. These motifs
were divided into two types according to the position of these
residues around the Kcr, with one type containing a residue
with aliphatic groups (V, I, or L) at the +2 position, while the
second type contained a residue with acidic groups (D or E) at
the —1 or +1 position.

Gene Ontology Functional Annotation and Enrichment
Analysis of the Crotonylated Proteins—In terms of subcellular
location, most of the crotonylated proteins identified were
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predicted to be located in the chloroplast (51%), while few
proteins were predicted to be associated with the cytoskele-
ton (1%), the endoplasmic reticulum (1%), or extracellularly
located (2%) (Fig. 3A). The overall trend in subcellular location
of the crotonylated proteins indicated the functional associa-
tion with photosynthesis in rice seedlings. To further under-
stand the potential roles of the lysine crotonylation in rice, we
performed GO functional classification of all identified croto-
nylated proteins based on their biological processes, molec-
ular functions and cellular components (Fig. 3). Among the
690 crotonylated proteins, we identified, 563 crotonyl-pro-
teins were annotated for their biological processes (Fig. 3B),
564 for their molecular functions (Fig. 3C), and 568 for their
cellular components (Fig. 3D), indicating that crotonylated
proteins are involved in various processes with different
biological functions. The GO annotations of Kcr sites in the
biological processes, molecular function, and cellular compo-
nents categories showed that Kcr modifications were signifi-
cantly enriched in photosynthesis and its associated process
(supplemental Fig. 3 and supplemental Table 2). According to

the KEGG pathway analysis, the proteins involved in photo-
synthesis were also predominantly crotonylated (supplemen-
tal Fig. 3D). Therefore, crotonylation may be important for
photosynthesis. WB analysis to verify this hypothesis revealed
that the albino seedlings differed from the green seedlings
derived from another culture of O. sativa variety Nipponbare
(supplemental Fig. 4A). The results from WB showed a
significantly lower lever of lysine crotonylation in albino
seedlings (supplemental Fig. 4B). Overall, these findings
indicated that photosynthesis in rice seedlings is strictly
regulated by crotonylation.

Crotonylation of Enzymes Involved in the Calvin Cycle and
Photosynthesis—Photosynthesis is a very important biologi-
cal process in plants. The numerous proteins and enzymes
involved in the photosynthetic process are regulated by a
variety of modifications, such as succinylation (50, 51) and
acetylation (34, 52, 53). We mapped crotonylated proteins to
components of the photosynthesis and carbon fixation path-
ways and identified the crotonylation of metabolic enzymes in
C38 plants. Of all the enzymes involved in Calvin cycle and
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photosynthesis, a large proportion of metabolic enzymes
were found to be crotonylated in rice (Fig. 4). Light-harvesting
complex acts as a more efficient light-collecting unit than
would be captured by the photosynthetic reaction center
alone in higher plants. In rice, five subunits of light-harvesting
complex (Lhca1/3/4 and Lhcb4/6) were identified to be cro-
tonylated proteins by MS analysis (supplemental Table 1).
Light-harvesting complex b-binding proteins form the major
antenna protein complex of photosystem Il in green plants,
which transfers light energy to a chlorophyll A molecule at the
reaction center of photosystems. The cytochrome b6f com-
plex, which is located in the thylakoid membrane in chloro-
plasts, catalyzes the transfer of electrons between the two
reaction complexes from photosystem Il to photosystem I.
LC-MS/MS analysis indicated that three subunits of the cyto-
chrome b6f complex (Pet A/B/D), eight subunits of photosys-
tem Il (Psb B/C/O/P/Q/R/S/27), and nine subunits of photo-
system | (Psa A/B/C/D/E/G/K/L/N) were crotonylated (Fig. 4
and supplemental Table 1). Based on these data, we deduced
that lysine crotonylation may play a regulatory role in carbon
metabolic pathways and photosynthetic organisms.
Interactive Network Among Crotonylated Proteins in Rice—
To further understand the regulatory role of crotonylation in
photosynthesis, we analyzed PPl among the 690 crotonylated
proteins identified using Cytoscape software (54). In the rice
PPI network, 414 crotonylated proteins were identified as

nodes, connected by 3,126 interactions identified using the
STRING database (STRING database Version 10.0) (supple-
mental Table 3). The complete crotonylated PPI network for
rice, which is shown in supplemental Fig. 5, is presented as
the interactive network among crotonylated proteins in eu-
karyotic cells.

We retrieved 19 clusters of Kcr proteins from the compli-
cated interaction network. The most enriched interaction clus-
ter (Cluster |) was identified as ribosome-associated proteins,
consisting of 57 ribosome-associated proteins with 88 Kcr
sites (Fig. 5A). Cluster Il consisted of 22 photosynthesis as-
sociated proteins with 67 Kcr sites (Fig. 5B), of which, 15
contained more than one Kcr site. Cluster Ill comprised pro-
teins involved in glycolysis/gluconeogenesis (Fig. 5C). The PPI
information suggested that lysine crotonylation in rice is in-
volved in multiple biological processes, especially in ribo-
somes and photosynthesis.

Histone Kcr Sites in Rice Cells—Kcr is a conserved histone
marker that has been reported in yeast and animals (26, 55).
To identify histone Kcr sites in rice, we focused on crotony-
lated peptides derived from histones. In total, we detected
seven histone Kcr sites consisting of one Kcr site in histone
H2B (K32), four Kcr sites in histone H3 (K14/K56/K79/K122),
and two Kcr sites in histone H4 (K31/K79) (supplemental
Table 4), thus indicating that histone Kcr also exists in rice
cells. Nevertheless, we found four histone Kcr sites (including
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H3K14/K79, H4K31/K79) in rice cells that have not yet been
reported in humans, implying functional divergence of histone
Kcr between plants and animals (Fig. 6). In addition, H3K14cr,
one site of histone crotonylation identified by the MS data,
was selected and identified in rice seedlings by immunofluo-
rescence and WB analyses using its specific antibody (sup-
plemental Fig. 6). The results further confirmed existence of
histone Kcr in the rice genome.

Genome-wide Mapping of Histone Kcr in Rice Cells—We
next explored the in vivo function of histone Kcr in plants. We
performed ChIP-seq analysis with the pan anti-Kcr antibody
to determine the genomic distribution of histone Kcr in the rice
seedling tissue consisting mainly of leaves with a small pro-
portion of stem tissues. Two biological replicates of the ChIP-
seq libraries were constructed and then sequenced using the
HiSeq 2500 platform with the paired-end method. In total,
~25 million read-pairs were obtained from the two replicate
libraries (supplemental Table 5), ~90% of which were
mapped to the rice reference genome (Tigr 7). We found that
88% of enriched regions were shared between the replicates
in the rice genome, indicating a high reproducibility of the
ChlP-seq data experiments. The shared regions (10,923) were
then subjected to further analysis as histone Kcr-enriched
regions (supplemental Table 6).

Real-time quantitative PCR (QPCR) was conducted to verify
the identified Kcr-enriched regions. We randomly selected 14
peak sites and 14 nonpeak sites to examine the difference in
threshold cycles (ACt) between ChIP-DNA and Input-DNA. Of
the peak sites, 13 out of 14 peak sites showed significant Kcr

enrichment by showing more than one cycle for the ChIP-DNA
samples compared with the Input-DNA, which was consistent
with the ChIP-seq results (supplemental Table 7). Only two of
the 14 nonpeak sites had a ACt of more than one cycle. Thus,
the gPCR results confirmed the validity of the ChIP-seq data
for use in further analysis.

To further validate the whole genome histone Kcr data, we
selected another antibody specific for H3K14cr to perform
ChlP-seq analysis with two biological replicates (supplemen-
tal Table 5). With high reproducibility between the two repli-
cates (87%), we retained 18,813 H3K14cr-enriched regions
shared between the two replicates (supplemental Table 6). In
total, 64.9% of Kcr-enriched regions (6,983 of 10,923, using
the pan-antibody) overlapped with the H3K14cr regions (using
the H3K14cr antibody). In addition, there was a clear pattern
of histone Kcr co-localization with H3K14cr (Figs. 7A, 8A-8C),
indicating the reliability of the ChIP data obtained using the
histone Kcr pan-antibody.

Histone Kcr is Positively Correlated with Gene Expression in
Rice—To elucidate the biological function of histone Kcr in
rice, the genomic distribution of histone Kcr-enriched regions
was determined. Histone Kcr sites were found mainly in ex-
pressed genes (Figs. 7A and 8D). The rice genome was char-
acterized mainly as promoters (1-kb regions upstream of the
gene transcription start site), intergenic regions, and genic
regions, comprising exons and introns. We found that the
majority (86.7%) of the histone Kcr regions overlapped with
the genic regions, with 76.6% of peak summits of Kcr regions
contained within the exon and intron regions. Strikingly,
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58.2% of peak summits of the Kcr regions were located in the
exon regions, while only 18.4% were found in the intron
regions (Fig. 7B). The majority of Kcr regions in exons were
located in the coding sequence (45.2% of 10,923 Kcr regions)
and the 5’ untranslated region (UTR) (20.7% of 10,923 Kcr
regions), while only 1.5% were located in the 3'UTR. Unlike
humans, in which the histone Kcr peaks tend to be associated
with intergenic regions and promoters (26), only 17.8% and
5.6% of the histone Kcr peaks in the rice genome were
located in intergenic regions and promoters, respectively.
Similarly, the majority (62.7%) of H3K14cr-antibody-specific
regions were contained within the exonic (45.6%) and intronic
(17.1%) regions, while 28.3 and 9% of the H3K14cr peaks
were located in intergenic regions and promoters, respec-
tively (supplemental Fig. 7A). Overall, the histone Kcr density
peaked at +1 nucleosome behind the transcription start sites
(TSS) and declined toward the end of the gene (Fig. 7C). In

addition, we found a high correlation between gene expres-
sion and histone Kcr in genic regions, with generally higher
expression levels associated with higher histone Kcr density
(Fig. 7C), as well as H3K14cr (supplemental Fig. 7B). Interest-
ingly, histone Kcr facilitated expression of genes with existing
active histone modifications such as H3K9ac, H4K12ac,
H3K4me2, and H3K36me3 (Fig. 7D and supplemental Fig. 8),
suggesting an important biological role of histone Kcr in tran-
scriptional regulation.

Co-occupancy Among Histone Kcr, Other Histone Modifi-
cations, and Regulatory Regions—In the rice genome, histone
Kac and Kme1/2/3 play important roles in regulating gene
transcription (48, 49, 56). To explore the relationship between
histone Kcr and other histone modifications, we investigated
co-occupancy between histone Kcr and the data for five
other published histone modifications (H3K9ac, H4K12ac,
H3K4me2, H3K36me3, and H3K27me3) (48, 49). With the
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Fic. 6. The Kcr sites identified in human histones and rice histones (H3, H4 in this study). In humans, seven H3 Kcr PTM sites
(H3K4/K9/K18/K23/K27/K56/K122) and three H4 Kcr PTM sites (H4K5/K8/K122) were identified. In rice, four H3 Kcr PTM sites (H3K14/K56/K79/
K122) and two H4 Kcr PTM sites (H4K31/K79) were identified. The data for human Kcr sites were used from Suzuki et al. (55) and Tan et al. (26).

single nucleosome resolution of the histone modification data,
we found that histone Kcr tended to co-locate with histone
modifications associated with active genes, such as H3K9ac,
H3K12ac, H3K4me2, and H3K36me3 (Figs. 8A and 8B).

Accordingly, 95%, 87%, 87%, and 69% of histone Kcr
regions overlapped with the active histone modifications
H3K9ac, H3K12ac, H3K4me2, and H3K36me3, respectively
(Fig. 8C). As expected, histone Kcr was not co-located with
H3K27me3, which is a repressive marker of gene expression
(Figs. 8A and 8B). Only 8% of histone Kcr regions overlapped
with H3K27me3 regions (Fig. 8C). These results indicated a
tendency for co-occupancy among Kcr and histone modifi-
cations related to active genes.

In human genomes, 68% of histone Kcr markers are active
promoters and enhancers (26). Although we found a clear
tendency of histone Kcr to be located in genic regions in rice,
we focused on intergenic regions (17.8%) associated with
histone Kcr to determine the potential of these regions as
markers of enhancer functions. We explored the histone Kcr
frequency in the binding regions of the transcription activator
ideal plant architecture1 (IPA1), as a representative of a cat-
egory of active enhancers in rice seedlings (57). Previous
studies have indicated that 88% of IPA1-binding regions show
DNase | hypersensitivity sites (DHSs), which mark cis-regulatory
DNA elements (58). Interestingly, we found 77% of histone Kcr
regions overlapped with DHSs in intergenic regions of the rice

genome, while only 6% overlapped with IPA1-binding regions
(Fig. 8D). These results showed that histone Kcr in intergenic
regions of rice genome mark cis-regulatory DNA elements,
which are not contained within the IPA1-binding regions.
Enriched Biological Functions of Genes Associated with
Histone Kcr—As mentioned previously, we found that histone
Ker co-located with the four histone modifications associated
with active genes. In particular, there was a 95% overlap in
Ker and H3K9ac regions. However, there were only about
10,000 histone Kcr regions (~14.67 Mb), which is far fewer
than the 26,693 H3K9ac regions (~26.2Mb) in the rice genome.
Based on these observations, we hypothesized that histone Kcr
marks genes with specific functions in the rice genome. To test
this hypothesis, we conducted GO analysis to identify the bio-
logical functions of genes with significantly Kcr-enriched re-
gions. Our analysis indicated that the genes with histone Kcr
were associated with macromolecule metabolism or biosynthe-
sis processes, particularly translation (supplemental Table 8).
Accordingly, we found that these genes trended to be ex-
pressed in the nucleolus, Golgi apparatus, and plant lumen.
These data indicate that histone Kcr mediates epigenetic regu-
lation of the expression of genes involved in protein synthesis.

DISCUSSION

Lysine Crotonylation Exists Widely in Dicots and Mono-
cots—To date, non-histone Kcr has been identified in humans
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Fic. 7. The genomic distribution of histone Kcr-enriched regions. (A) Visualization of the Kcr seq locus on Chr1:407100-409600. (B)
Genome-wide distribution of histone Kcr in the rice genome. The promoter was defined as the 1 kb sequence upstream of the gene
transcription start site. (C) Distribution of Kcr density around differentially expressed genes. The Kcr modification was calculated by the number
of reads per kilobase of the mapped genomic region. The arrow indicates the direction of transcription from the transcription start site. The rice
genes were divided into five categories based the expression level from the top 20% to the bottom 20% based on published RNA-seq data
from same rice seedlings at the same stage of development (49). (D) Expression comparisons of genes associated with different combinations
of histone modifications. The nontranscription element gene expression values (FPKM) of each combination are indicated by box plots. All: all

rice genes. Kcr: genes with Ker modification. H3K9ac+Kcr: genes with both H3K9ac and Kcr. H3K9ac-Kcr: Genes with H3K9ac but not Kcr;
the rest may be deduced by analogy. *** indicates significant differences between the two combinations (p < 2.2e-16, Kolmogorov-Smirnov

test).

and tobacco (28, 30, 31), whereas this modification in the
proteome is rarely reported in monocots. In this study, using
Kcr peptide enrichment coupled with high accuracy LC-MS/
MS, we obtained extensive data on the lysine crotonylome in
rice seedlings. The present study identified a total of 1,265
Ker sites from 690 proteins that belong to diverse functional
groups and are localized in multiple cellular compartments.
These data suggest that lysine crotonylation plays an impor-
tant role in regulating numerous cellular processes in mono-
cots. In dicots, 2,044 Kcr sites on 637 crotonylated proteins
were identified in tobacco (31), with the majority of proteins
containing two or more Kcr sites; however, 565 (81.9%) pro-
teins identified in our study contained only one or two croto-
nylation sites.

In general, the specific amino acids adjacent to lysine acy-
lation sites are highly conserved. Comparative analysis be-
tween tobacco and rice revealed that three conserved motifs
identified (KD, DK, and EK) were consistent, which also exist
in the crotonylated proteins of mammals (31). In addition, the
major categories of biological processes and molecular func-
tions in the GO functional classification of all rice Kcr proteins
were similar to those of tobacco. In terms of subcellular
localization, 51% of Kcr proteins in rice were localized to the
chloroplast, which is higher than the proportion in tobacco.
The KEGG pathway enrichment analysis revealed that the Kcr
proteins in rice were significantly enriched in processes as-
sociated with photosynthesis, which is similar to tobacco. The
rice PPl networks, including ribosome, oxidative phosphory-
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Fic. 8. Association of histone Kcr and gene transcription in rice genome. (A) A representative region showing histone modifications (Kcr,
H3K14cr, H3K9ac, H4K12ac, H3K4me2, H3K36me3, and H3K27me3) in the rice genome. The gray blocks indicate the Kcr-enriched genomic
regions. Y indicates H3K14cr-enriched regions, while X indicates H3K14cr nonenriched regions in the gray block. (B) Heat map of histone Kcr
and five histone modifications in generic regions and intergenic regions. The regions 1 kb upstream and downstream of the transcription start
site (indicated by an arrow, for the generic regions) and the middle of Kcr regions (for the intergenic regions) were clustered based on density
of corresponding histone modifications. Density was calculated by the number of reads per kilobase region per million mapped reads. (C) The
percentage of histone Kcr-enriched regions overlapping with regions enriched with other histone modifications (H3K4me3, H3K4me2, H3K9ac,
H3K36me3, H3K27me3, and H3K14cr). (D) The percentage of histone Kcr-enriched regions overlapping with regions enriched with functional
regions (DNase | hypersensitive sites (DHSs), and IPA1-binding regions). The promoter was defined as the 1 kb sequence upstream of the
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lation, and proteasome, were also found in tobacco. However,
the PPI networks in rice which are involved in photosynthesis
and glycolysis were not previously found in tobacco (28).
These results suggested that the major function of non-his-
tone lysine crotonylation is evolutionarily conserved in plants,
while the functions of some Kcr proteins are specific to rice.

Lysine Crotonylation Plays an Important Role in the Regu-
lation of Cellular Physiology, Which is Similar to Lysine Acety-
lation—Protein lysine acetylation is another major PTM that is
involved in the regulation of many metabolic pathways (59).
Recently, numerous acetylation modifications of non-histone
proteins have been identified in different plants, such as soy-
bean (60), grape (61), Arabidopsis (62, 63), rice (34, 64), and
wheat (53). Interestingly, in GO analysis of the rice acetylome,
metabolic process-associated proteins, proteins with binding
activity, and cellular process-associated proteins have been
found to represent the largest group of biological process,
molecular function, and cellular components, respectively (34,
64). The other important categories of biological processes
are cellular process proteins, responses to stimuli, and single-
organism processes. Proteins with catalytic activity are the
second largest group of molecules (34, 64). The organelles,
the membrane, and the macromolecular cellular components
also accounted for a large proportion of the proteins. These
results in the present study are strikingly similar to those
previous findings. GO analysis of the rice crotonylome dem-
onstrated the location of crotonylated proteins in diverse cel-
lular compartments, with different molecular functions, and
the involvement of various processes. These phenomena sug-
gest that crotonylation and acetylation have some common
connections in rice.

Subcellular localization analysis revealed that most acety-
lated proteins in rice are located in the chloroplast (34, 64),
while in wheat, most are located in the cytosol (41%) and the
chloroplast (36%) (53). Our data revealed that 51% of croto-
nylated proteins were localized in the chloroplast in rice, sug-
gesting that these proteins are involved in photosynthesis. GO
enrichment analysis of the crotonylation data showed that the
biological process and molecular functions of the crotony-
lated proteins were significantly related to chloroplasts and
photosynthesis, respectively. Many cellular components as-
sociated with photosynthesis also showed an increased tend-
ency to be crotonylated. In accordance with these observa-
tions, the photosynthesis-associated proteins identified in the
KEGG pathway analysis were also enriched. All these findings
indicate that lysine crotonylation plays a key role in the regu-
lation of photosynthesis. The PPI information suggests that
rice lysine crotonylation is involved in multiple biological pro-
cesses, especially in association with the ribosome and pho-
tosynthesis. Interestingly, the network of lysine acetylation
also contains a subnetwork involved in photosynthesis (52). In
this study, 28 crotonylated proteins were identified among the
63 proteins involved in photosynthesis (photosystem | sub-
units, photosystem Il subunits, photosynthetic electron trans-

port, cyt b6f complex, and ATP synthase). Compared with
previous studies (64), in which 21 acetylated proteins were
identified, 16 overlapping proteins were both crotonylated
and acetylated. Therefore, we speculate that Kcr and Kac may
play important roles in photosynthesis.

Differentiation of Histone Kcr in Mammalian and Rice Cells—
In humans, seven H3 Kcr PTM sites (H3K4/K9/K18/K23/K27/
K56/K122) and three H4 Kcr PTM sites (H4K5/K8/H3K12)
have been identified (26, 55). Four histone Kcr sites (H3K14,
H3K79, H4K31, and H4K79) identified in rice cells in this study
have not been reported in humans, and only two (H3K56/
K122) are similar to the human sites, indicating the existence
of functional divergence in histone Kcr between plants and
animals. Furthermore, genome-wide mapping of histone Kcr
modification in mammalian genomes by ChlIP-seq analyses
revealed histone Kcr enrichment of active gene promoters
and potential enhancer regions. In promoters, the strongest
enrichment of histone Kcr was identified in regions flanking
the transcription start sites (26, 27). Nevertheless, a genome-
wide examination of histone Kcr in rice seedlings performed
by ChIP-seq in this study showed that the histone Kcr mod-
ification was located predominantly within genic regions of
nontranscription element genes and enriched around gene
bodies, especially in exons; however, this was not the case in
humans. Furthermore, Kcr is a specific marker of active sex-
chromosome-linked genes in postmeiotic male germ cells in
mammals (26, 29). In this study, histone Kcr was distributed
evenly on the 12 chromosomes of rice without any obvious
chromosome preferences (supplemental Fig. 9).

DHSs are markers of regulatory DNA and span all classes of
cis-regulatory elements, including promoters, enhancers, and
insulators (49, 58, 65). In the present study, we found 77% of
histone Kcr regions overlapped with DHSs in intergenic re-
gions of the rice genome, implying that histone Kcr is asso-
ciated with cis-regulatory DNA elements in the rice genome.
Nevertheless, we found that only 6% of histone Kcr regions
overlapped with enhancer regions bound by transcription ac-
tivator IPA1, which represents another difference in the char-
acteristics of histone Kcr between mammals and rice (26).
Although we did not investigate other types of enhancer,
these results indicate that there is a possibility that histone
Ker does not mark enhancer regions in the rice genome.

Histone Kcr May Play an Active Role in Regulating Gene
Transcription in the Rice Genome—The genome-wide exam-
ination of histone Kcr in rice (O. sativa L. japonica) seedlings in
the present study revealed that the histone Kcr appeared
mainly in genic regions, especially in exons. Integration
with public H3K9ac, H4K12ac, H3K4me2, K3K36me3, and
H3K27me3 data (48, 49) revealed that the distribution pat-
terns of histone Kcr are similar to the histone modifications
associated with active genes, implying the histone Kcr shares
similar genome-wide distributions with H4K12ac, H3K4me2,
K3K36me3, H3K27me3, and especially with H3K9ac. This
global characterization of histone Kcr will improve our under-
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standing of epigenetic regulation in plants and enrich our
knowledge of the types of plant histone modifications.

The identification and characterization of the enzyme sys-
tem that catalyzes covalent modification in specific target
lysine residues is key to understand how histone modifica-
tions are regulated. The p300 protein is a histone acetyltrans-
ferase (66) catalyzing histone crotonylation in humans as well.
For specific target residues, p300-catalyzed histone Kcr di-
rectly stimulates transcription to a greater degree than histone
Kac in humans (23). In this study, we show that histone Kcr
tends to co-localize with several histone modifications, in-
cluding Kac and Kme, which raises many interesting ques-
tions. Based on the high degree of p300 conservation, we
identified three homologous genes by phylogenetic trees
analysis of the rice genome (supplemental Fig. 10). However,
whether p300 catalyzes histone Kcr in rice and, if so, how
acetylation and crotonylation is regulated in rice remain to be
elucidated. Additionally, the role of histone Kcr in the regula-
tion of histone structure and function in rice requires further
investigation.
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