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ABSTRACT

Methylglyoxal (MG) is a byproduct of glycolysis that
functions in diverse mammalian developmental pro-
cesses and diseases and in plant responses to var-
ious stresses, including salt stress. However, it is
unknown whether MG-regulated gene expression is
associated with an epigenetic modification. Here
we report that MG methylglyoxalates H3 including
H3K4 and increases chromatin accessibility, consis-
tent with the result that H3 methylglyoxalation pos-
itively correlates with gene expression. Salt stress
also increases H3 methylglyoxalation at salt stress
responsive genes correlated to their higher expres-
sion. Following exposure to salt stress, salt stress
responsive genes were expressed at higher levels in
the Arabidopsis glyl2 mutant than in wild-type plants,
but at lower levels in 35S::GLYI2 35S::GLYII4 plants,
consistent with the higher and lower MG accumu-
lation and H3 methylglyoxalation of target genes in
glyl2 and 35S::GLYI2 35S::GLYII4, respectively. Fur-
ther, ABI3 and MYC2, regulators of salt stress respon-
sive genes, affect the distribution of H3 methylglyox-
alation at salt stress responsive genes. Thus, MG
functions as a histone-modifying group associated
with gene expression that links glucose metabolism
and epigenetic regulation.

INTRODUCTION

Salt stress is a major environmental factor limiting plant
growth and agricultural production; over 800 million
hectares of land worldwide and ~20% of irrigated land
are affected by soil salinity (1). When a plant is subjected
to salt stress, the Salt Overly Sensitive (SOS) system ex-
trudes Na*, while abscisic acid (ABA)-dependent and -
independent pathways improve plant stress tolerance by
promoting the expression of salt stress responsive genes (2).
Recent reports indicate that salt stress interrupts biological
metabolic processes such as glycolysis, thereby changing the

distribution of metabolites (1,3). For example, salt stress in-
creases the accumulation of methylglyoxal (MG), a byprod-
uct of the highly conserved glycolysis pathway in animals
and plants; however, how MG acts is unknown (4).

MG is ubiquitous in cells and can be degraded through
the glyoxalase I/I1 (GLY I/11)-mediated pathway. While
GLY 1 catalyzes the formation of S-D-lactoylglutathione
using MG and glutathione (GSH) as substrates, GLY II
splits S-D-lactoylglutathione into D-lactate and GSH, thus
degrading MG as D-lactate (5). In Arabidopsis, eleven GLY
I and five GLY II genes have been identified and express in
different development stages, tissues, and stress conditions
according to bioinformatics analysis (6). While the over-
expression of GLYI2, GLYI3, GLYI6 or GLYII4 confers
plant salt stress tolerance, and mutation of GLYI2 results
in reduced salt stress tolerance (7-9). In addition, GLYI4
mutation enhances plant resistance against necrotrophic
pathogen (10). MG functions in diverse developmental pro-
cesses and diseases in mammals (11,12). MG may play its
roles through its modification of target proteins because
many proteins such as catalase, glyceraldehyde-3-phosphate
dehydrogenase, histones, heat shock proteins, superoxide
dismutase, myoglobin, and Nay1.8 can be methylglyox-
alated as shown in previous reports although these studies
have not related the methylglyoxalation of these proteins ex-
cept Na, 1.8 to any biological process and disease (13,14).
MG also functions with unknown mechanisms in plant
growth and environmental responses (15). A GeneChip mi-
croarray analysis suggested that MG elicits changes in gene
expression in plants, although the underlying mechanism is
unclear (16).

Histones are easily modified because of their high pro-
portion of both lysine and arginine residues. Histone post-
translational modifications affect gene expression by alter-
ing chromatin structure and recruiting a variety of spe-
cific binding proteins, and thus play a crucial role in var-
ious physiological processes, including cell differentiation,
tissue development, cancer induction, and environmen-
tal responses (17-19). Histone methylation and acetyla-
tion studied since the 1960s in both mammals and plants,
participate in diverse physiological processes by regulat-
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ing gene expression. For example, histone methylation si-
lences stem/memory genes involved in mammalian immu-
nity and FLC functioning in plant flowering, respectively
(20,21). Histone acetylation acts in mammalian spermato-
genesis and plant innate immunity by modulating gene ex-
pression (22,23).

Metaboloepigenetics has recently emerged to charac-
terize the significance of interactions between epigenet-
ics and metabolism (24-27). Many metabolites, includ-
ing acetyl-CoA, S-adenosylmethionine, nicotinamide ade-
nine dinucleotide and a-ketoglutarate, act as cofactors for
chromatin-modifying enzymes, such as methyltransferases
and deacetylases, and thereby determine epigenetic mod-
ifications and regulate gene expression (28-31). However,
whether and how a particular metabolite can serve as a
histone-modifying group to affect gene expression is largely
unknown.

In this study, we report that MG, which accumulates in
salt-stressed plants, modifies histone H3 associated with
the expression of salt stress responsive genes. Following ex-
posure to salt stress, the expression of salt stress respon-
sive genes is higher in Arabidopsis glyl2 mutant, which
accumulates more MG than the wild type and has in-
creased H3 methylglyoxalation, but lower in 35S::GLYI2
35S::GLYII4 plants, which have reduced MG accumula-
tion and H3 methylglyoxalation. In addition, we reveal that
ABI3 and MYC2 change the distribution of H3 methylgly-
oxalation at salt stress responsive genes. Thus, we show that
MG, a glycolysis metabolite, acts as a novel epigenetic mod-
ifier to affect gene expression in plants subjected to abiotic
stress.

MATERIALS AND METHODS
Plant materials and growth conditions

Arabidopsis (Arabidopsis thaliana) ecotypes Columbia
(Col), Landsberg erecta (Ler) and Wassilewskija (Ws) were
used in this study, including mutant lines abi3—4 (CS6130,
Ler) (32), abi4—1 (CS8104, Col) (33), abi5—1 (CS8105,
Ws) (34), ein3—1 (CS8052, Col) (35), glyl2 (Salk_131547,
Col) (8), jinl-9 (Salk_017005, Col) (36), and wrky33—1
(Salk_006603, Col) (37). The arebl mutant (Salk_138853,
Col) was obtained from the Arabidopsis Biological Re-
source Center and confirmed by PCR. Arabidopsis seeds
were surface sterilized with 5% (w/v) bleach for 5 min,
washed three times with sterile water, placed at 4°C for
3 days and then placed on agar medium containing 1/2
strength MS medium (supplemented with 0.8% (w/v) agar
and 1% (w/v) sucrose, pH 5.8) at 23°C and 100 pmol m
s~! illumination under 16 h light/ 8 h dark conditions.

To generate 35S::GLYI2 35S::GLYII4 transgenic plants,
the coding sequences of GLYI2 (AT1G08110) and GLY1I4
(AT2G43430) were amplified by PCR from cDNA of
wild type (Col) Arabidopsis and cloned into pBARN
and pCAMBIA1300S, respectively. The two constructs
were successively transformed into Arabidopsis (Col) using
Agrobacterium tumefaciens strain pGV3101 and the floral
dip method. Primer sequences are listed in Supplementary
Table S5.
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Quantification of MG levels by HPLC

Endogenous MG levels were quantified by HPLC as pre-
viously described (38). Fresh Arabidopsis seedlings (0.5 g)
were ground in liquid nitrogen, and the powder was ho-
mogenized in 1 ml PBS with 0.5 M HCIO4 and 5% (w/v)
insoluble polyvinylpyrrolidone. The homogenate was cen-
trifuged at 12 000 g for 10 min, and the supernatant was in-
cubated with 10 mM 1,2-diaminobenzene for 12 h at room
temperature. The reaction product 2-methylquinoxaline (2-
MQ) was purified using a Cg cartridge (Waters Sep-Pak)
and detected at 315 nm using an Agilent 1100 HPLC sys-
tem equipped with a C;g reversed-phase column (Hyper-
sil ODS2, 5 pm, 4.6 mm x 250 mm, Elite-E2813968). 5-
Methylquinoxaline (5-MQ) was used as an internal stan-
dard.

RNA extraction and RT-qPCR

As previously described (39), total RNA was extracted us-
ing TRIzol reagent (Invitrogen) according to the manu-
facturer’s instructions and treated with RQ1 RNase-free
DNase I (Promega) to remove contaminating DNA. Re-
verse transcription was carried out using ReverTra Ace
(TOYOBO). gPCR was performed in 96-well plates on a
Bio-Rad CFX96 apparatus with SYBR Green I dye (Invit-
rogen) under the following conditions: 3 min incubation at
95°C for complete denaturation, followed by 40 cycles of
95°C for 15 s and 60°C for 45 s. Protein Phosphatase 2A
Subunit A3 (AT1G13320) and Eukaryotic Translation Ini-
tiation Factor 441 (AT3G13920) were chosen as the best
reference genes based on analysis with geNorm software.
All experiments included three independent biological repli-
cates and three technical repetitions. Primer sequences are
listed in Supplementary Table S5.

RNA-seq analysis

Five-day-old seedlings grown on medium containing 1/2
strength MS, 0.8% (w/v) agar and 1% (w/v) sucrose were
transferred to agar medium containing 100 mM NaCl or
200 oM MG for 12 h. An RNA-seq assay was performed
on a BGISEQ-500 by the Beijing Genomic Institution (http:
/Iwww.genomics.org.cn, BGI, Shenzhen, China) with the A.
thaliana genome from Tairl0 (http://www.arabidopsis.org/)
as reference. Data were normalized for variation in se-
quencing depth and gene length using the FPKM method,
and differential expression analysis was performed using
the DESeq2 R package (40). FDR < 0.05 and llog; (fold
change)l > 1 defined the threshold for significant differen-
tial expression. MapMan software was used for hierarchical
cluster analysis of gene expression patterns. RNA-seq ex-
periments included three independent biological replicates.

Preparation of monoclonal antibodies

Monoclonal antibodies against MG-modified proteins were
prepared according to a previously described protocol (41).
Briefly, female mice were immunized with MG-treated key-
hole limpet hemocyanin (Sigma) and the hybridomas were
screened using an enzyme-linked immunosorbent assay
(ELISA) with MG-treated BSA and native BSA as antigens.
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To obtain monoclonal antibodies against MG-modified
histone H3, female mice were immunized with an MG-
treated 40 amino acid peptide of the N-terminal of his-
tone H3 (N>~ ARTKQTARKSTGGKAPRKQLATKAAR
KSAPATGGVKKPHR) and hybridomas were screened
using ELISA with MG-treated BSA, native BSA, MG-
treated peptide and native histone H3 N-terminal peptide
as antigens.

Identification of MG-modified proteins

To identify endogenous MG-modified proteins, 5 g Ara-
bidopsis seedlings treated or not with 200 .M MG was
ground in liquid nitrogen and the powder was homogenized
in two volumes of extraction buffer (50 mM Tris—HCI, pH
7.5, 150 mM NaCl, 10% (v/v) glycerol, 0.1% (v/v) Non-
idet P-40, 1 mM PMSF and 1x complete protease inhibitor
cocktail, Sigma). The homogenate was filtered through four
layers of cheesecloth and centrifuged at 12 000 g for 10 min.
Homogeneous protein G-agarose suspension (20 wl) was
added to the supernatant and incubated for 4 h at 4°C on
a rocking platform. After centrifuging at 12 000 g for 20 s
to remove pelleted agarose beads, 20 wl 1 mg/ml specific
antibody was added to the supernatant and incubated for
2 h at 4°C on a rocking platform. Homogeneous protein
G-agarose suspension (100 wl) was then added and incu-
bated for 4 h at 4°C on a rocking platform. After centrifug-
ing at 2000 g for 60 s, agarose—antibody—antigen complexes
were collected and washed twice with washing buffer 1 (50
mM Tris—-HCI, pH 7.5, 150 mM NaCl, 1% (v/v) Nonidet
P-40, 0.5% (w/v) sodium deoxycholate, 1x complete pro-
tease inhibitor cocktail, Sigma), twice with washing buffer
2 (50 mM Tris—HCI, pH 7.5, 500 mM NacCl, 0.1% (v/v)
Nonidet P-40, 0.05% (w/v) sodium deoxycholate) and once
with washing buffer 3 (50 mM Tris-HCI, pH 7.5, 0.1%
(v/v) Nonidet P-40, 0.05% (w/v) sodium deoxycholate).
The agarose pellet was resuspended in 50 wl gel-loading
buffer and heated to 100°C for 5 min. Proteins were iden-
tified by LC-MS/MS analysis from three independent bio-
logical replicates.

Preparation of histones from Arabidopsis

Arabidopsis seedlings were ground in liquid nitrogen, and
the powder was homogenized in a solution containing 0.4
M sucrose, 10 mM Tris—HCI, pH 8.0, 10 mM MgCl,, 5
mM B-mercaptoethanol and 5 mM sodium butyrate. The
homogenate was filtered through four layers of cheesecloth
and two layers of Miracloth (Millipore). The filtrate was
centrifuged at 12 000 g for 10 min, and the pellet was sus-
pended in 0.25 M sucrose, 10 mM Tris—-HCI, pH 8.0, 10 mM
MgCly, 1% (v/v) Triton X-100, 5 mM B-mercaptoethanol
and 5 mM sodium butyrate. This centrifugation—suspension
step was repeated, with the pellet finally homogenized in a
medium containing 1.7 M sucrose, 10 mM Tris-HCI, pH
8.0, 2 mM MgCly, 0.15% (v/v) Triton X-100, 5 mM f-
mercaptoethanol and 5 mM sodium butyrate. The homog-
enized chromatin was layered over an equal volume of this
buffer and centrifuged at 27 000 g for 60 min. The nuclei
pellet was resuspended in 0.2 M H,SO4 overnight at 4°C.
After centrifuging at 12 000 g for 10 min, histones in the

supernatant were precipitated by the addition of 20% (w/v)
trichloroacetic acid (TCA) and incubated at —20°C for 4 h.
The precipitated histones were centrifuged at 12 000 g for
10 min, and the pellet was washed once with acidified ace-
tone (0.1%, v/v, HCI) and twice with ice-cold acetone. After
drying at room temperature, the pellet was dissolved in PBS
(pH 7.4).

MNase chromatin-accessibility assays

MNase chromatin-accessibility assays were performed as
described (42). Briefly, 2 g Arabidopsis seedlings treated or
not with 200 wM MG was ground in liquid nitrogen, and
the nuclei were obtained as described above. Nuclei were
resuspended in buffer A (20 mM Tris—HCI, pH 7.5, 1.5
mM MgCl,, 340 mM sucrose, 10% (v/v) glycerol) with 5
mM CaCl,, 100 wg/ml BSA and digested with 20 gel units
MNase (New England Biolabs) for 0, 2, 5, 10, 15 min. Re-
actions were terminated by adding 50 mM Tris—HCI, pH
8.0, 1% (w/v) SDS, 40 mM EDTA and 200 mM NacCl. Re-
actions were digested with 100 pwg/ml RNase A and 200
wg/ml Proteinase K at 50°C for 1 h before DNA was ex-
tracted with phenol/chloroform.

Peptide synthesis

The peptides poly-L-lysine, poly-L-arginine, H3-40, H3-40-
R2A, H3-40-K4A, P1, P2, P3, P4, H3-40-K4mel, H3-40-
K4me2, H3-40-K4me3 and H3-40-K4ac were synthesized
by the GenScript Corporation (Nanjing, China). Peptide se-
quences are listed in Supplementary Table S5.

Western blotting with competition assay

Histone proteins were extracted from 5-day-old wild-type
seedlings treated or not with 200 uM MG for 12 h, then,
500 ng of histone protein extracts were resolved in SDS-
PAGE. H3-40 peptide used for competition assay was in-
cubated with or without 200 puM MG at 37°C for 6 h. To
remove the excess MG, H3-40 peptide was precipitated by
ice-cold acetone and incubated at —20°C for 4 h, the pre-
cipitated H3-40 peptide was centrifuged at 12 000 g for 10
min, and the pellet was washed twice with ice-cold acetone.
After drying at room temperature, the pellet was dissolved
to 100 wg/ml in PBS (pH 7.4). The competition assay was
carried out by using the antibodies (2 wg), which were incu-
bated with indicated peptides (4 pg) for 2 h.

Chromatin immunoprecipitation (ChIP) analysis

Nuclei were obtained as described above, and appropri-
ately sized chromatin fragments were prepared by MNase
(New England BioLabs) digestion as previously described
(43). ChIP was performed with anti-MMP, anti-H3K4MG,
anti-H3K4mel (Abcam ab8895), anti-H3K4me2 (Abcam
ab7766) or anti-H3K4me3 (Abcam ab8580) antibodies ac-
cording to the protocol described (44).

ChIP DNA samples were sequenced using Illumina
HiSeq2000 by the Beijing Genomic Institution (http:/
www.genomics.org.cn, BGI, Shenzhen, China) with the A.
thaliana genome from Tairl0 (http://www.arabidopsis.org/)
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as reference. ChIP-seq tag-enriched regions were identified
by SICER with a window size of 200 bp and gap size of 600
bp. A sub-module of the SICER program was further used
to predict genomic regions showing significant changes in
chromatin accessibility using ChIP-seq data under stringent
parameters (FDR < 0.01; fold change > 1). Peak annota-
tion was performed using the R package ChIPsecker (45).
ChIP-seq enrichment across TSS, gene body, and TES re-
gions was calculated using deepTools (46). ChIP-seq data
of histone marks were downloaded from Gene Expression
Omnibus (GEO) (GSE112443: H3, H3K4me2, H3K4me3;
GSE128434: H3K4mel).

For ChIP-qPCR, three batches of seedlings grown under
identical conditions were mixed for one chromatin sample
used for qPCR analysis, and qPCR analysis was repeated
three times with ACTIN7 (AT5G09810) and PP2AA3
(AT1G13320) as the negative control. The above experi-
ments were repeated three times as three biological repli-
cates. Primer sequences are listed in Supplementary Table
Ss.

RESULTS
MG regulates salt stress responsive gene expression

Wild-type Arabidopsis plants have less MG and are less sen-
sitive to salt stress than is glyl2 mutant, in which GLYI2?
is mutated by T-DNA insertion and verified by comple-
mentary experiments (8). We showed that, similar to salt
stress, exogenous MG treatment promoted the accumula-
tion of endogenous MG (Figure 1A). Furthermore, MG
accumulated to higher levels in the glyl2 mutant than in
wild-type plants subjected to either salt stress or MG ap-
plication (Figure 1A), suggesting that the GLY is required
for salt-induced MG accumulation. Since the degradation
of MG is a two-step enzyme-catalyzed reaction comprising
GLY I and GLY 1II, and GLYI2 and GLYII4 are involved
in plant salt stress response, we generated the 35S::GLYI2
358.::GLYIIH4 lines overexpressing both GLYI2 and GLY1I4
(Supplementary Figure S1). Indeed, the higher MG accu-
mulation seen in wild-type and glyI2 plants was repressed
in358::GLYI2 35S::GLYII4 transgenic plants when treated
with either salt stress or exogenous MG (Figure 1A).

MG may participate in the plant salt stress response by
regulating gene expression. We thus analyzed genome-wide
transcription using RNA sequencing (RNA-seq). While 715
genes were upregulated and 473 genes were downregulated
by >2-fold in salt-treated wild-type seedlings (Supplemen-
tary Table SIA and B), MG treatment resulted in upregula-
tion of 994 genes and downregulation of 801 genes (Supple-
mentary Table SIC and D). A total of 217 upregulated and
188 downregulated transcripts were common between NaCl
and MG treatments (Figure 1B and Supplementary Table
S1E and F) and 30 genes (15 upregulated by NaCl treat-
ment but downregulated by MG treatment, 15 downregu-
lated by NaCl treatment but upregulated by MG treatment)
were reversely regulated by NaCl and MG treatments (Fig-
ure 1B and Supplementary Table S1G and H). A wide range
of functional categories were simultaneously affected by
salt stress and MG application, including stress, hormone
metabolism, development, and signaling (Supplementary
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Figure S2), implying that MG may function by modulating
gene expression in stressed plants.

This notion was further reinforced by our RNA-seq anal-
ysis of the g/yI2 mutant and 35S::GLYI12 35S.::GLYII4 lines.
When wild-type plants were challenged with salt stress, 1183
genes were differentially expressed compared with the un-
treated control, and these were clustered into six groups
by hierarchical clustering based on gene expression profiles
(Supplementary Figure S3 and Supplementary Table S2A).
When subjected to salt stress, 35S::GLYI2 35S::GLYII4
transgenic plants showed lower fold expression changes of
genes in all six clusters than wild-type seedlings, correlated
with less MG accumulation in 35S::GLYI2 35S::GLYII4
plants compared with wild-type plants (Figure 1C). Consis-
tently, the g/yI2 mutant with higher MG accumulation had
higher or similar fold changes in expression of cluster I, IV
and II genes (Figure 1C). However, the fold changes in ex-
pression of cluster 111, V, and VI genes were lower in glyl2
than in the wild type (Figure 1C). This was probably due
to excessive MG accumulation in glyl2, which may affect
the expression of genes in these clusters. Thus, we subjected
MG-treated wild-type, glyl2, and 35S::GLYI2 35S::GLYII4
plants to RNA-seq analysis. Gene expression patterns were
similar in plants treated with MG or salt stress (Figure 1D,
Supplementary Figure S4 and Supplementary Table S2B).

Finally, we assayed the expression of salt stress respon-
sive genes, including LEA14, ATAF1, UGT74E2, CORI5 A,
MYB2, NCED3, CAX3, ABCG6, KINI and RD29B, by
reverse-transcription quantitative PCR (RT-qPCR), since
changes in the expression of these genes by either overex-
pression or mutation results in increased or reduced plant
salt stress tolerance, respectively. Similar to our RNA-seq
data, expression of all these genes was induced in wild-
type and glyI2 plants, but this induction was suppressed in
35S8::GLYI2 35S::GLYII4 plants challenged with salt stress
(Figure 1E and F), confirming the reliability of our RNA-
seq data. These data suggest that MG mediates salt stress
responsive gene expression.

MG modifies histone H3

MG participates in disease responses in mammals by mod-
ifying its target proteins to regulate their activity (13).
To explore whether MG also functions in the plant salt
stress response by modifying proteins, we generated two
monoclonal antibodies (Ab2F8 and Ab8B6) against MG-
modified keyhole limpet hemocyanin. These two anti-
bodies recognized MG-modified but not native BSA and
glyceraldehyde-3-phosphate dehydrogenase C subunit 1
(GAPC1) (Figure 2A and B). Furthermore, while both an-
tibodies cannot react with the peptides composed of 20 L-
arginine or L-lysine residues, Ab2F8 recognized only MG-
modified lysine and Ab8B6 only MG-modified arginine,
respectively (Figure 2C). Thus, Ab2F8 was renamed anti-
MGK (specific for proteins having MG-modified lysine
residue(s)) and Ab8B6 as anti-MGR (specific for proteins
having MG-modified arginine). We mixed these two anti-
bodies at equal antibody titers as anti-MMP (M G-modified
proteins) for subsequent experiments.

Using anti-MMP and liquid chromatography—mass spec-
trometry (LC-MS)/MS analysis, we identified 71 potential
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Figure 1. MG regulates salt stress responsive gene expression. (A) MG content in 5-day-old wild-type, glyl2, and 35S::GLY12 35S:: GLYII4 seedlings treated
or not with 100 mM NaCl or 200 uM MG for 12 h. Data are means + SD of three independent biological replicates. Different letters indicate significant
differences between the annotated columns (P < 0.05 by Tukey’s test). FW, fresh weight. (B) Venn diagrams representing the numbers of transcripts
upregulated or downregulated by more than 2-fold, with genes shared between treatments overlapping. RNA-seq analysis of 5-day-old wild-type (WT)
seedlings treated or not with 100 mM NaCl or 200 pM MG for 12 h. WT-NaCl/WT (NaCl-treated WT relative to WT), WT-MG/WT (MG-treated WT
relative to WT). Significant level for the elements in common determined by Fisher’s exact test: *P < 0.05; ***P < 0.001. (C and D) Hierarchical clustering
of transcripts up- or down-regulated 2-fold or more in wild-type plants under NaCl (C) and MG (D) treatment, and fold changes of these transcripts
in glyl2 and 35S::GLYI2 35S::GLYII4 plants. NaCl/Mock (NaCl-treated plants relative to untreated plants), MG/Mock (MG-treated plants relative to
untreated plants). (E and F) Expression levels of salt stress responsive genes assayed by RNA-seq (E) and RT-qPCR (F) in 5-day-old wild-type, g/yI2 and
35S::GLYI2 35S::GLYII4 seedlings treated or not with 100 mM NacCl for 12 h. FC (fold change of gene expression in NaCl-treated plants relative to
untreated plants). Data are means £+ SD of three independent biological replicates. Asterisks indicate significant differences in comparison with the wild
type (Student’s r-test): *P < 0.05; **P < 0.01; ***P < 0.001.



Nucleic Acids Research, 2021, Vol. 49, No. 4 1891

A BSA C Poly-L-Lysine  Poly-L-Arginine
-M MG -MG MG
-MG  +MG ¢ - -
10 ng -
S | AD2F8(anti-MGK)
50 ng o Ab2F8(anti-MGK)
S | /h3B6(anti-MGR) 100 ng ®
50 ng ® | Ab8B6(anti-MGR)
100 ng
B GAPC1 -
-MG +MG
@ | /b2F8(anti-MGK) E
S | /\H3B6(anti-MGR)
Competition H3-40 MG modified H3-40
Loading Control - -MG +*MG -MG +*MG
20— %
15— - * Anti-MMP
D H3 from E. coli .
-MG  +MG 10— . &

S Anti-MMP

[ . e e ANH3

Loading Control

F
|ARTKQTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRFRPGTVALRE]

2 4 89 14 23 26 40

[IRKYQKSTELLIRKLPFQRLVREIAQDFKTDLRFQSSAVAALQEAAEAYL
56 6364 69 72

VGLFEDTNLCAIHAKRVTIMPKDIQLARRIRGERA
116 122
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MG-modified proteins (Supplementary Table S3) involved
in glycolysis, the tricarboxylic acid cycle, fat metabolism,
photosynthesis, and biotic and abiotic stress responses. In
subsequent analyses, we focused on histone H3, one of
these modified proteins, because histone modification such
as methylation and acetylation is known to regulate gene
expression.

To further verify MG modification of histone H3, we
assessed methylglyoxalation of plant histone H3 heterolo-
gously expressed and purified from Escherichia coli. Anti-
MMP reacted with MG-treated but not untreated histone
H3 (Figure 2D). Further, endogenous plant histone H3 was
MG-modified and this methylglyoxalation was promoted if
the seedlings were treated with MG (Figure 2E). In addi-
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tion, the signal could be efficiently competed away by a MG-
modified histone H3 peptide (H3-40), but not an unmod-
ified peptide (Figure 2E), further proving that anti-MMP
do not cross react with unmodified histone H3. Combined
with the above observation that MG treatment increases
MG accumulation (Figure 1A), these data reveal that in-
creased MG accumulation promotes H3 methylglyoxala-
tion. Finally, we assayed methylglyoxalation sites of anti-
MMP-enriched plant histone H3 using LC-MS/MS anal-
ysis. Fifteen H3 methylglyoxalation sites including K4 were
identified (Figure 2F and Supplementary Figure S5). Simi-
lar to histone methylation and acetylation, histone methyl-
glyoxalation occurred not only in the N-terminal tail do-
main, but also in the core domain of histone H3 (Figure
2F).

H3 methylglyoxalation positively correlates with gene expres-
sion

The above data showed that MG can modify histone H3
and regulate gene expression, we thus performed micrococ-
cal nuclease (MNase) chromatin-sensitivity assays to ex-
plore the effects of MG on chromatin accessibility, an es-
sential component of gene regulation (47). Chromatin from
wild-type seedlings treated with MG appeared less con-
densed, as evidenced by the generation of more mono-,
di-, and trinucleosomes than untreated control (Figure
3A). Consistently, we treated the nuclei directly with MG,
and found that MG-treated nuclei were more sensitive to
MNase digestion (Figure 3B). These results indicated that
MG treatment increased chromatin accessibility. To as-
sess whether methylglyoxalation is involved in regulating
gene expression, we performed chromatin immunoprecipi-
tation followed by sequencing (ChIP-seq) using anti-MMP
with MG-treated wild-type seedlings (Figure 4). Our exper-
iments identified 8074 peaks (7812 ‘decorated’ genes) us-
ing SICER software (48) (Supplementary Table S4A), with
peaks mostly in promoters (positioned —1 kb to 0; tran-
scription start sites [TSS] designated as 0), 3’ untranslated
regions (UTRs), and exon regions (Figure 5A). Further
analyses of methylglyoxalation deposition relative to TSS
and transcription end sites (TES) revealed that methylglyox-
alation was enriched at gene bodies and peaked at ~200 bp
downstream of TSS (Figure 5B). To investigate the correla-
tion between methylglyoxalation and gene expression level,
we divided the 17 215 expressed genes (fragments per kilo-
base of transcript per million mapped reads [FPKM] > 1)
in wild-type seedlings treated with MG into five equal-sized
groups according to their expression level. Methylglyoxala-
tion around TSS and TES was found to be positively cor-
related with gene expression level, with the most highly ex-
pressed genes showing the highest level of modification and
the least expressed genes showing the lowest level of mod-
ification (Figure 5C), suggesting a positive role for methyl-
glyoxalation in regulating gene expression.

To further explore the role of site-specific methylglyox-
alation of histone H3, we obtained a monoclonal antibody
(Ab4A2) against MG-modified histone H3 peptide (H3—
40). Immunoprecipitation analysis using native and MG-
modified BSA, GAPCI and histone H3 as antigens demon-
strated that Ab4A?2 recognized only MG-modified histone

H3 (Figure 5D). To identify which MG-modified lysine or
arginine residue was recognized by Ab4A2, we divided the
40 N-terminal amino acids of histone H3 into four over-
lapping segments (P1-P4) (Supplementary Figure S6A).
ADb4A2 recognized MG-modified P1 but not P2-P4 (Sup-
plementary Figure S6B), revealing H3R2 or H3K4 as the
possible recognition site of Ab4A2. Then we synthesized
histone H3 peptides in which R2 and K4 were individu-
ally replaced with an alanine residue (H3-40-R2A and H3-
40-K4A) and the antibody reacted with MG-modified H3-
40-R2A but not H3-40-K4A (Figure 5E), indicating that
ADb4A2 specifically recognizes the methylglyoxalated K4
of H3 (hence Ab4A2 was renamed anti-H3K4MG). Anti-
H3K4MG reacted with methylglyoxalated H3 but not un-
modified histone H3 expressed in E. coli (Figure SF). When
histones extracted from wild-type seedlings treated or not
with MG were used, anti-H3K4MG detected more histone
H3 from MG-treated plants than untreated control, but did
not detect any histone H3 when the MG-modified H3-40
peptide is present, demonstrating that this antibody can rec-
ognize MG-modified plant histone H3 (Figure 5G).

Then, this anti-H3K4MG was used in our ChIP-seq anal-
yses (Figure 4). Similar to ChIP-seq data using anti-MMP,
the 5339 peaks identified using anti-H3K4MG (5239 target
genes) were mostly in promoters, 3’ UTRs, and exon regions
(Figure 5A and Supplementary Table S4B). H3K4 methyl-
glyoxalation was enriched at gene bodies, peaking ~200 bp
downstream of TSS (Figure 5B), and was positively cor-
related with gene expression levels (Figure SH). Moreover,
65% of the H3K4 methylglyoxalation target genes identi-
fied with anti-H3K4MG co-localized with methylglyoxala-
tion target genes detected with anti-MMP (Figure 51). The
above results suggested that H3K4 methylglyoxalation was
representative of H3 methylglyoxalation.

Since methylation and acetylation generally occur at
H3K4, we also tested whether our anti-MMP and anti-
H3K4MG antibodies promiscuously recognized methy-
lated or acetylated H3K4. Thus we synthesized H3-40-
K4mel, H3-40-K4me2, H3-40-K4me3, and H3-40-K4ac
peptides. Our experiments showed that these two antibod-
ies recognized MG-modified H3-40 but not native H3-40,
H3-40-K4mel, H3-40-K4me2, H3-40-K4me3 and H3-40-
K4ac peptides (Supplementary Figure S7A). As expected,
anti-H3K4MG did not react with MG-treated H3-40-
K4mel, H3-40-K4me2, H3-40-K4me3 and H3-40-K4ac
since H3K4 of these peptides was modified by methy-
lation or acetylation respectively (Supplementary Figure
S7B). Additionally, anti-MMP recognized M G-treated H3—
40, H3-40-K4mel, H3-40-K4me2, H3-40-K4me3 and H3-
40-K4ac but not untreated H3-40 (Supplementary Figure
S7B), consistent with the above result that K4 is not the
only methylglyoxalation site on histone H3 (Figure 2F).
Taken together, our data indicated that anti-MMP and
anti-H3K4MG antibodies do not recognize methylated or
acetylated H3K4. Methylation of H3K4 is a well-known
component of epigenetic regulation, which drives us to
compare our ChIP-seq data with the reported H3K4mel,
H3K4me2 and H3K4me3 data. The results showed that
the distribution of H3K4 methylglyoxaltion was closer to
H3K4mel than to H3K4me2 or H3K4me3 (Figure 4), but
the deposition relative to TSS and TES of H3K4 methylgly-
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Figure 3. MG increases chromatin accessibility. (A) Chromatin-sensitivity assays were performed with nuclei from 5-day-old wild-type seedlings treated or
not with 200 uM MG for 12 h. (B) Chromatin-sensitivity assays were performed with nuclei from 5-day-old wild-type seedlings. The nuclei were incubated
with or without 200 uM MG at 37°C for 2 h. Digestions with MNase were performed for 0, 2, 5, 10 and 15 min. Mono-, di- and trinucleosomes are marked.

oxaltion was more similar to H3K4me2 than to H3K4mel
or H3K4me3 (Figure 5B), revealing that the characteris-
tics of H3K4 methylglyoxaltion are different from H3K4
methylation.

H3 methylglyoxalation correlates with salt stress responsive
gene expression

To explore whether H3 and H3K4 methylglyoxalation is in-
volved in plant salt stress response, we subjected isolated hi-
stones from salt-stressed wild-type, glyI2 and 35S::GLYI2
358::GLYII4 plants to immunoblot analysis using anti-
MMP and anti-H3K4MG. H3 and H3K4 methylglyoxala-
tion was increased under salt stress in wild-type plants,
and this increase was further promoted in the glyl2 mu-
tant, which had higher MG level than the wild type, but re-
duced in 35S::GLYI2 35S:: GLYII4 transgenic plants, which
had lower MG level (Figure 6A), indicating that salt stress
enhances H3 and H3K4 methylglyoxalation by increasing
MG.

Then we carried out ChIP-qPCR to analyze the salt stress
responsive genes such as ABCG6, ATAFI, NCED3 and
RD29B, which were also assayed by our ChIP-seq with
anti-MMP and anti-H3K4MG (Supplementary Figure S8
and Supplementary Table S4). Our results showed that H3

methylglyoxalation was distributed at two or three of the
six selected sequence regions within each gene locus (Fig-
ure 6B-F and Supplementary Figure S9). Thus, we chose
the regions with high enrichment (4BCG6-P3, ATAFI-
P2, NCED3-P6 and RD29B-PI) for ChIP-qPCR in wild-
type, glyl2, and 35S::GLYI2 35S::GLYII4 plants under salt
stress. We found that salt stress promoted H3 methylgly-
oxalation at these salt stress responsive genes compared
with untreated controls (Figure 6G-J and Supplementary
Figure S10). Further, consistent with expression levels of
salt stress responsive genes in the glyl2 and 35S::GLYI2
35S::GLYII4 lines (Figure 1E and F), enrichment of H3
methylglyoxalation at these genes was higher in glyl2 but
lower in 35S::GLYI2 35S::GLY114 plants than in wild-type
seedlings when challenged with salt stress (Figure 6G-J and
Supplementary Figure S10). Taken together, our results re-
veal the positive correlation between H3 methylglyoxala-
tion and MG-mediated expression of salt stress responsive
genes.

To investigate whether total H3K4 methylation levels are
affected in glyI2 mutant or 35S::GLYI2 35S::GLYII4 lines.
We analyzed the changes of H3K4 methylation, and found
that both glyl2 and 35S::GLYI2 35S::GLYII4 plants had
similar H3K4mel, H3K4me2 and H3K4me3 levels as wild-
type plants under stressed or unstressed conditions, respec-
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and downstream of genes. All expressed genes (FPKM >1) in wild-type seedlings treated with MG are sorted into five equal-size groups according to
their mRNA expression values (FPKM). Top20% stands for the highest expressed genes; 20-40%, 40-60%, and 60-80% are the medium expressed genes;
80-100% represents the lowest expressed genes. (D and E) Immunodetection of H3K4 methylglyoxalation in BSA, GAPC1, histone H3 peptide (H3-40)
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a native or MG-modified H3-40 peptide (G), asterisk indicates the bands of histone H3. (I) Venn diagram representing the number of target genes shared
between anti-MMP and anti-H3K4MG. Significant level for the elements in common determined by Fisher’s exact test: ***P < 0.001.

tively (Supplementary Figure S11), suggesting that MG
does not affect total H3K4 methylation levels under salt
stress. Then, the distributions of H3K4mel, H3K4me2 and
H3K4me3 at salt stress responsive genes were detected.
The data revealed that the most distribution regions of
H3 methylglyoxalation and methylation were different (Fig-
ure 6C-F and Supplementary Figure S9), suggesting that
H3 methylglyoxalation and methylation may mainly oc-
cur at different nucleosomes. We also noticed that few dis-
tributions of histone methylglyoxalation and methylation
(ATAFI-P2, NCED3-P6,and RD29B-P1) were overlapped.
To these overlapped regions, we carried out ChIP-qPCR
of H3K4 methylation in wild-type, glyl2, and 35S::GLYI2?
358::GLYII4 plants under salt stress. We found that the en-
richment of H3K4 methylation at most assayed regions in
glyI2 and 35S::GLYI2 35S::GLYII4 plants was similar to
that in wild-type plants (Supplementary Figure S12). Taken
together, these results suggest that MG-regulated expres-
sion of salt stress responsive genes is highly correlated to
histone methylglyoxalation but not or less related to histone
methylation.

Transcription factors ABI3 and MYC?2 affect the specific dis-
tribution of H3 methylglyoxalation at salt stress responsive
genes

Like nitric oxide-mediated protein S-nitrosylation both in
vitro and in vivo (49), MG can also methylglyoxalate his-
tone H3 (Figure 2D-F). But, while recent reports have iden-
tified several enzymes required for protein S-nitrosylation
by nitric oxide in vivo (50,51), whether some factors are
involved in H3 methylglyoxalation in vivo remains to be
verified. Sequence-specific, DNA-binding transcription fac-
tors (TFs) can interact with and direct epigenetic factors
to specific genomic target loci for histone modification in
both mammals and plants (52-54). We therefore examined
H3 methylglyoxalation at salt stress responsive genes in
seedlings harboring mutations of genes encoding TFs in-
volved in plant salt stress responses, including 4 BI3, ABI4,
ABI5, AREBI, EIN3, MYC2 and WRKY33. ChIP-qPCR
analysis revealed that while abi4—1, abi5—I, arebl, ein3—
1 and wrky33—1 mutants had similar levels of H3 methylgly-
oxalation at all tested genes (ABCG6, ATAFI, NCED3 and
RD29B) (Supplementary Figure S13), H3 methylglyoxala-
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tion at ATAFI, NCED3 and RD29B was repressed under ity are upregulated in plants grown in saline soil. Over-
salt stress in jin/-9 (harboring a M YC2 mutation) and abi3— expression of salt stress responsive genes such as ATAFI
4 compared with wild-type plants (Figure 7A-D and Sup- and UGT74E?2 confers tolerance to salt stress (55,56), and
plementary Figure S14), suggesting that ABI3 and MYC2 mutation of salt stress responsive genes, including 4 BCG6
affect the specific distribution of H3 methylglyoxalation at and CAX3, reduces plant salt stress tolerance (57,58). Salt

salt stress responsive genes. stress increases the accumulation of MG (4), and exoge-
These results, together with our observations that both nous MG application modulates gene expression (16). In
jinl-9 and abi3—4 mutants had similar or higher MG ac- this study, we showed that salt stress upregulates the expres-
cumulation but reduced expression of salt stress responsive sion of the salt stress responsive genes via a mechanism that
genes compared with wild-type plants when subjected to relies on MG accumulation. Under salt stress conditions,
salt stress (Figure 7E and Supplementary Figure S15), fur- the expression of these genes was repressed in 35S::GLY12
ther support the notion that H3 methylglyoxalation corre- 358::GLYII4 overexpression lines, which accumulate less
lates with MG-mediated expression of salt stress responsive MG than the wild type, but elevated in the glyl2 mutant,
genes in stressed plants. which accumulates more MG than the wild type.
MG participates in diverse biological processes and dis-
DISCUSSION eases in mammals. For example, clinical studies show that

MG is increased 5- to 6-fold and 3- to 4-fold in blood sam-
Soil salinity seriously hinders plant growth and develop- ples of patients with type 1 and type 2 diabetes mellitus,
ment. Many genes that improve survival under high salin- respectively (59), and overexpression of glyoxalase I im-
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were repeated three times with similar results. Data shown represented one biological replicate, and data for the other two biological replicates were shown
in Supplementary Figure S14. Error bars indicate £SE of three technical replicates. Asterisks indicate significant differences in comparison with the wild
type (Student’s 7-test): *P < 0.05; **P < 0.01; ***P < 0.001. (E) MG content in 5-day-old Col, Ler, abi3—4, and jinl-9 seedlings treated or not with 100
mM NacCl for 12 h. Data are means + SD of three independent biological replicates. Different letters indicate significant differences between the annotated

columns (P < 0.05 by Tukey’s test).

proves diabetes-induced impairment of vasorelaxation and
prevents damages of endothelial dysfunction in diabetic rats
(60). MG may function by modifying its target proteins; for
instance, methylglyoxalation of voltage-gated sodium chan-
nel Na, 1.8 functions in diabetic hyperalgesia (i.c., exagger-
ated responses to painful stimuli) (13). MG also functions in
various plant development processes and stress responses,
but MG-modified proteins have not yet been identified in
plants. In this study, we identified 71 potentially methyl-
glyoxalated plant proteins involved in glycolysis, the tricar-
boxylic acid cycle, fat metabolism, photosynthesis, respira-
tion, and biotic and abiotic stress responses. Thus, MG may
act as a key node of sugar metabolism and other biological
processes. One of these proteins is histone H3, which can be
methylglyoxalated in vivo. Salt stress enhanced H3 methyl-
glyoxalation at the salt stress responsive genes and the ex-
pression. Furthermore, the expression of these genes was
elevated in glyl2 mutant plants with increased MG accu-
mulation, but repressed in 35S::GLYI2 35S.:GLYII4 plants
having reduced MG accumulation, compared with salt-
challenged wild-type plants, suggesting that MG functions

as a histone epigenetic modifier to affect the expression of
salt stress responsive genes. This greatly enhances our un-
derstanding of metaboloepigenetics; in addition to acting as
cofactors for chromatin-modifying enzymes (29,30), certain
metabolites may also modify histones and thereby regulate
gene expression. Moreover, as histones, MG, and glycolysis
are conserved in plants and mammals, we predict that MG
may regulate gene expression through histone modification
in mammals and contribute to the progression of various
diseases.

Sequence-specific DNA-binding factors trigger specific
histone modifications by recruiting epigenetic factors in
both mammals and plants. For example, the Arabidop-
sis transcription factor VALI1 targets Polycomb repressive
complex 2 to a region of FLC for trimethylation of H3K27,
which represses FLC transcription (54). Thus, transcription
factors involved in plant salt stress responses may also mod-
ulate H3 methylglyoxalation at salt stress responsive genes
in stressed plants. Indeed, our results show that ABI3 and
MYC?2 affect the distribution of methylglyoxalated H3 at
salt stress responsive genes, possibly by recruiting currently
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unidentified MG modifier(s) through their direct or indirect
interaction.
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