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Summary

� Plants, being sessile, are prone to genotoxin-induced macromolecule damage. Among the

inevitable damaging agents are reactive carbonyls that induce glycation of DNA, RNA and

proteins to result in the build-up of advanced glycated end-products. However, it is unclear

how plants repair glycated macromolecules. DJ-1/PARK7 members are a highly conserved

family of moonlighting proteins having double domains in higher plants and single domains in

other phyla.
� Here we show that Arabidopsis DJ-1D offers robust tolerance to endogenous and exoge-

nous stresses through its ability to repair glycated DNA, RNA and proteins. DJ-1D also

reduced the formation of reactive carbonyls through its efficient methylglyoxalase activity.

Strikingly, full-length double domain-containing DJ-1D suppressed the formation of advanced

glycated end-products in yeast and plants.
� DJ-1D also efficiently repaired glycated nucleic acids and nucleotides in vitro and mitochon-

drial DNA in vivo under stress, indicating the existence of a new DNA repair pathway in

plants.
� We propose that multi-stress responding plant DJ-1 members, often present in multiple

copies among plants, probably contributed to the adaptation to a variety of endogenous and

exogenous stresses.

Introduction

Genomes of all organisms are routinely challenged by endoge-
nous or exogenous genotoxins such as ionizing radiation, ultravi-
olet (UV) rays and various chemicals (Cannan &
Pederson, 2016; Chatterjee & Walker, 2017). The inevitable
errors induced by these factors lead to modifications of nucleo-
tides, intra- or interstrand cross-links, and breaks in phosphodi-
ester bonds. Organisms have ready mechanisms to repair DNA
to avoid complications in DNA organization, replication or tran-
scription (Chatterjee & Walker, 2017). Being sessile, plants are
more vulnerable to DNA-damaging factors. Nevertheless, they
have evolved a complex network of flexible mechanisms of DNA
damage detection and repair, ensuring genomic stability. Such
mechanisms include the removal of DNA lesions and reconstitu-
tion of the original genetic information.

A major source of endogenous DNA lesions arises from intra-
cellular metabolism which generates free radicals. Plants and
algae are prone to photo-oxidative stress as a result of the build-
up of reactive oxygen species (ROS) generated during

photosynthesis. Several types of ROS are generated at various
sites, especially in the chloroplast and mitochondria, with influ-
encing factors such as light, temperature, drought, nutrient defi-
ciencies and biotic factors. Reactive oxygen species can damage
many cellular constituents, including lipids, proteins, pigments
and DNA (Xie et al., 2019). When ROS reacts with DNA, the
most frequently generated lesion is 7,8-dihydro-8-oxoguanine (8-
oxo-G), which is highly mutagenic (Atamna et al., 2000).
Another equally important lesion is the glycation of DNA, when
reactive carbonyls such as glyoxal (GO) and methylglyoxal (MG)
react with DNA to produce aminocarbinols and advanced gly-
cated end-products (AGEs) such as cyclic imidazopurinones
(Thornalley et al., 2010). These reactive carbonyls are by-
products of glycolysis generated in all living cells, often specifi-
cally glycating guanosines (G) and deoxyguanosines (dG) in
nucleic acids. Thornalley (2008) measured cellular concentra-
tions of 8-oxo-G and glycated dG and found that they accumu-
late at similar concentrations, indicating the significance of
glycation in DNA damage.

Common downstream effects of DNA glycation are not very
different from those of 8-oxo-G, which includes increased muta-
tions, strand breaks, cytotoxicity and tumorigenesis as observed*These authors contributed equally to this work.
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in animals (Richarme et al., 2017). In all studied organisms, oxi-
dized DNA or nucleotides are repaired through a well-known
guanine oxidation repair system; however, a dedicated system for
the repair of glycated DNA was reported only recently. Richarme
et al. (2017) identified a family of deglycases called DJ-1 family
Maillard deglycases as major repair systems in bacteria and ani-
mals. Moreover, the deglycase activity of human DJ-1 (hDJ-1/
PARK7) was harnessed to alter the epigenetic landscape and to
disaggregate glycated proteins (Sharma et al., 2019; Zheng
et al., 2019). Besides hDJ-1 and bacterial DJ-1, Plasmodium falci-
parum DJ-1 (Pf DJ-1) was also shown to possess deglycase activ-
ity (Nair et al., 2018). Human PARK7 and yeast Hsp31 are well-
characterized DJ-1 homologs that detoxify MG and protect cells
from various stresses (Davie, 2008; Bankapalli et al., 2015). In
addition, several DJ-1 members have been implicated in diverse
cellular processes, such as transcriptional regulation, quenching
ROS, regulation of signal transduction pathways, protein folding
and modulation of glucose concentrations (Miller-Fleming
et al., 2014; Cao et al., 2015; Tsai et al., 2015).

As a high rate of photosynthesis in optimal conditions can pro-
duce huge amounts of reactive carbonyls in plants, they are par-
ticularly prone to glycation damage (Shimakawa et al., 2014).
Although plants have robust methylglyoxalase activities to
remove the reactive carbonyls, it is not known how plants cope
with glycated DNA and proteins.

Here we show that a plant DJ-1 member is able to remove
build-up of MG as well as act as a repair hub for glycated DNA,
RNA and protein macromolecules. In yeast, plant DJ-1D com-
plemented Glyoxalase I (Δglo1) deleted strain under MG stress,
indicating its methylglyoxalase activity. Purified and transgeni-
cally expressed DJ-1D offered stress tolerance by efficiently degly-
cating proteins and nucleic acids to inhibit the formation of
AGEs. DJ-1D was relocalized into the mitochondria to prevent
and actively repair damage to DNA under stress. In summary,
our data highlight the presence of double domains in plant DJ-
1D, which enables a superior response to neutralize various stres-
ses and to avoid build-up of toxic by-products of unavoidable
glycolysis as compared with single-domain orthologs.

Materials and Methods

Plant materials, growth conditions and plant
transformation

Wild-type (WT) Arabidopsis thaliana (L.) Heynh. plants of
Columbia (Col-0) ecotype plants were grown at 16 h : 8 h,
light : dark (22°C) and a photon flux density of 150–
170 lEm�2 s�1, at 70% humidity. Nicotiana tabacum L. cv Wis-
consin 38 plants were raised on agar-solidified Murashige &
Skoog (MS) medium (Murashige & Skoog, 1962) containing
30 g l�1 sucrose. Tobacco plants were maintained in the tissue
culture room with 200 mmol photons m�2 s�1. Transformation
of tobacco was performed as described previously (Shivaprasad
et al., 2006). Transgenic plants were regenerated from
kanamycin-resistant calli. Transgenic Arabidopsis were generated
through the floral dip method (Zhang et al., 2006).

Sequence alignment and phylogenetic analysis

Multiple sequence alignment (MSA) was performed using CLUS-

TALW, after which MSA files were manually edited and visualized
by ESPRIPT 3.0. The phylogenetic analysis was carried out using a
maximum likelihood algorithm and a phylogenetic tree was con-
structed with MEGA using 100 bootstrap replications.

Plasmid constructs, yeast strains and genetic analysis

The haploid yeast BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0
ura3Δ0) used here was obtained from Open Biosystems (Hunts-
ville, AL, USA). Haploid Δhsp31 strain was generated by homolo-
gous recombination as previously described (Bankapalli
et al., 2015). Δglo1 and Δsod1 strains were generated by homologous
recombination using a PCR product containing hphNT1 cassette
and flanking sequences of glyoxalase1 and superoxide dismutase 1
(SOD1) loci, respectively. Arabidopsis thaliana DJ-1D was cloned
into pRS415 using BamHI and Sal I sites. m1 and m2 were cloned
separately in pRS415 vector under translational elongation factor
(TEF) and glyceraldehyde-3-phosphate dehydrogenase (GPD) pro-
moters with an N-terminal hemagglutinin (HA)-tag using primers
listed in Supporting Information Table S1. Mutations in DJ-1D
and SOD1 were generated by PCR-based site-directed mutagenesis
using suitable primers (Table S1). For protein purification, DJ-1D
and its mutants were cloned into pRSF-duet vector. However, m1
and m2 were cloned in the pRSET-C vector. SOD1 H46R mutant
was cloned into pRS426 under a GDP promoter.

For plant transformation, binary plasmid pBIN-HSP31 (Melvin
et al., 2017) was replaced with DJ-1D or its mutants. For the prepa-
ration of DJ-1D_eGFP fusion construct, DJ-1D was cloned next to
eGFP (pBIN-ScHsp31-eGFP; Melvin et al., 2017; Table S1). Other
mutations in DJ-1D (m3, m4, m5, m7) were generated by PCR-
based site-directed mutagenesis using the Quick-Change method
(Stratagene, San Diego, CA, USA). Products were cloned into
pRS415 vector and mutations were confirmed by sequencing.

Phenotypic analysis

Yeast strains were grown overnight in synthetic dropout media har-
vested at the mid-log phase (A600 ~ 0.6). For oxidative stress, cells
were resuspended in sterile water and treated with 1.5mM H2O2

followed by incubation at 30°C for 2 h. Subsequently, cells were
washed with sterile water, serially diluted with 10-fold difference
and spotted on synthetic dropout media. Plates were incubated at
30°C. For methylglyoxal stress, cells were pelleted down at the
mid-log phase and spotted on synthetic dropout media with or
without 0.5 mM methylglyoxal (M0252; Sigma). Δsod1 strains
expressing the hSOD1 H46R mutant and DJ-1D were grown until
the mid-log phase and spotted on synthetic dropout media. The
plates were incubated at different temperatures.

Leaf disk Chl retention assay

Leaf disk assay was performed as described previously (Veena
et al., 1999). Briefly, leaves were floated in ½MS medium
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supplemented with or without an appropriate concentration of stress
inducers (all concentrations were previously calibrated). These exper-
iments were repeated three times with three biological replicates.

Estimation of MG and MDA measurements

Accumulation of MG and MDA were quantified according to
the methods described in Melvin et al. (2017).

In vitro deglycation assay

For the protein deglycation assay, SOD1 (1.5 lg) and lysozyme
(1.5 lg) were incubated with 2 mM MG in 50 mM sodium
phosphate buffer at 37°C for 2 h after which DJ-1D proteins
(5 lg) were added to the reaction mixture and incubated for 4 h.
Subsequently, the samples were separated using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
western analysis was performed using Anti-MAGE antibody
(ab243074; Abcam, Cambridge, UK), which is specific for arg-
pyrimidine (Intermediate for methylglyoxal modification).

For the DNA deglycation assay, c. 500 lM of GTP or dGTP
was incubated at 37°C in 50mM sodium phosphate buffer
(pH 7.0), without or with 5mM MG for 15 h, and afterwards DJ-
1D proteins were added to the reaction mixture. The samples were
analyzed by reversed-phase high-performance liquid chromatogra-
phy (RP-HPLC) on a C18 RP-HPLC Symmetry Column (5 lm
Spherical Silica, 4.6mm9 150mm, Shimadzu Prominence-i,
Kyoto, Japan) equilibrated in 100mM potassium phosphate buffer
(pH 5.5) at 22°C, and eluted with the same buffer.

For the PCR-based DNA assay, forward and reverse PCR pri-
mers (8 lM each) of tobacco NADH dehydrogenase (forward,
TTGCGGATCCATGATACTTTCTGTTTTGTCG; reverse,
TTTCGAGCTCTTAATAGCATTTATCGATGC) or ATP
synthase (forward, TTGCGGATCCATGTTTCGACGTATAT
TTTTATTTG; reverse, TTTCGAGCTCTTGATGAAGATTT
ATAGCATC) were incubated at 37°C for 2 h in 50mM sodium
phosphate (pH 7.0) buffer containing 5mM MG. Afterwards,
purified DJ-1D and its mutant proteins (5 lg) were added to the
glycation mixture. Treated primers were separated from MG using
QIAquick nucleotide removal kit (Qiagen) and subjected to PCR.

In vitro disaggregation assay

Bovine liver rhodanese (Sigma) was used as a model substrate to
analyze the aggregation prevention activity of DJ-1D using an
established protocol (Goswami et al., 2010). Rhodanese was
denatured in 6M guanidine hydrochloride and diluted in reac-
tion buffer. Aggregation of rhodanese (0.46 lM) in the presence
or absence of DJ-1D (4.6 lM) was monitored against the change
of absorbance with different time intervals at 320 nm. Bovine
serum albumin (BSA) was used as a negative control.

Fluorescence analysis of glycated RNA

RNA deglycation activity assays were performed as previously
described (Richarme et al., 2017) with modifications. Total RNA

(5 lg) prepared from Sacharomyces cerevisea was incubated for
12 h at 37°C in 50 mM sodium phosphate buffer (pH 7.0) con-
taining 5 mM MG. Subsequently, DJ-1D and m7 were added to
the reaction mixture and further incubated for 6 h. Fluorescence
was measured between 400 and 500 nm using a Jasco FP 6300
spectrofluorometer (Tokyo, Japan).

Purification of mitochondria

The leaves from transgenic DJ-1D-overexpressed plants were
treated with or without 5 mM H2O2 and subjected to mitochon-
drial isolation. Leaves were ground in grinding buffer (0.3 M
sucrose; 2 mM EDTA; 10 mM KH2PO4; 25 mM tetrasodium
pyrophosphate; 1% polyvinylpyrrolidone (PVP-40); 1% BSA;
20 mM ascorbate, pH 7.5) into a homogenous suspension and
filtered through four layers of gauze. Later, the extract was cen-
trifuged at 2400 g for 5 min at 4°C to remove cell debris and
other organelles. The supernatant was centrifuged at 17 000 g for
20 min at 4°C to pellet down mitochondria and thylakoids. The
pellet was resuspended in washing buffer (0.3 M sucrose; 10 mM
N-Tris(hydroxymethyl)methyl-2-aminoethane sulphuric acid
pH 7.5; 0.1% BSA) and centrifuged at 2400 g for 5 min at 4°C
to remove any remaining chloroplasts. The supernatant was cen-
trifuged at 17 400 g for 20 min at 4°C to pellet down mitochon-
dria and then resuspended in washing buffer. Subsequently, it
was loaded onto PVP-40 gradients (0–4.4% PVP in 28% Percoll
in washing buffer) and centrifuged at 40 000 g for 40 min at 4°C
without brake. The mitochondria obtained were washed in wash-
ing buffer and pelleted at 31 000 g for 15 min at 4°C.

Isolation of nuclei

Isolation of nuclei was performed by using an established proto-
col as previously described (Song et al., 2016).

Analysis of mitochondrial genes

Total DNA was isolated from tobacco using cetyltrimethyl
ammonium bromide (Xin & Chen, 2012), which was used as a
template to amplify NtNDH2, NtCOX1, NtMRP and NtDPH
using appropriate primers (Table S2). PCR products were gel
eluted and purified using the QIAquick Gel Extraction Kit (Qia-
gen) and libraries were prepared using the Nextera XT DNA
Library Prep Kit (Illumina) and sequenced in a 19 50 bp run on
HiSeq 2500. The obtained reads were trimmed for low quality
and adapters. The filtered reads were aligned to the mitochon-
drial genes from each sample using BOWTIE (v.1) with zero mis-
matches. The DNA mutation was calculated as the total number
of nucleotides with mismatch threshold > 10% corresponding to
the reference gene sequence divided by the total length of the
gene.

Quantification and statistical analysis

Band intensity quantification was performed using IMAGEJ. Statis-
tical analyses were performed using GRAPHPAD PRISM 6.0. Error
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bars represent SE and are derived from a minimum of three repli-
cates. For significance testing by one-way ANOVA, Dunnett’s
multiple comparison post-test was used. Asterisks represent the
following significance values: *, P ≤ 0.05; **, P ≤ 0.01; ***,
P ≤ 0.001; ****, P ≤ 0.0001.

Refer to Methods S1–S6 for details on the RNA extraction
and quantitative reverse transcription polymerase chain reaction
(qRT-PCR) analysis, protein purification and immunoblotting,
methylglyoxalase activity assay, DAB staining for H2O2, transient
expression and subcellular localization of DJ-1D and measure-
ment of ROS concentrations.

Results

Arabidopsis DJ-1D is a novel methylglyoxalase with
functionally redundant duplicate domains

Human PARK7 and yeast Hsp31 are well-characterized DJ-1
homologs that detoxify MG and protect cells from various stres-
ses (Davie, 2008; Bankapalli et al., 2015). DJ-1 members are also
implicated in diverse cellular processes, such as transcriptional
regulation, quenching ROS, regulation of signal transduction
pathways, protein folding and modulation of glucose concentra-
tions (Cao et al., 2015). Intriguingly, plant homologs of DJ-1 are
unlike those of animals, yeast and bacteria, often twice their size,
sharing few homologies with their animal counterparts (Fig. S1).
Surprisingly, domain fusion in plant homologs might have arisen
among ancestors of algae, as some algae have single domains as in
bacteria and animals, whereas few others have double domains
(Figs S1a,b, S2). Plants also have multiple copies of DJ-1 mem-
bers, unlike animals, where they are usually single-copy genes.
Copies of DJ-1 proteins in monocots (ranging between 6 and 21)
are higher than among dicots (3–11; Table S3). Double domains

in plant DJ-1 homologs probably arose as a result of a gene
duplication-fusion event which is often recognized as a powerful
source of genetic novelty, morphological diversity and speciation
(Panchy et al., 2016). It is interesting as to why exactly DJ-1 pro-
teins have undergone such changes. Six isoforms of DJ-1 proteins
(DJ-1A, DJ-1B, DJ-1C, DJ-1D, DJ-1E and DJ-1F) have been
identified in the model plant Arabidopsis (Kwon et al., 2013).
Among these, DJ-1D, DJ-1E and DJ-1F formed a separate clade
with individual domains having conserved cysteine (Cys) and his-
tidine (his) residues similar to yeast Hsp31 and E. coli YhbO
(YhbO/PfpI clade), whereas the remaining DJ-1 members clus-
tered separately (Figs 1a, S2). Plant DJ-1 members had two
almost identical domains and twice the size of bacterial, yeast and
human DJ-1 members (Figs 1b, S1a,b, S3a). We analyzed the
expression profiles of Arabidopsis DJ-1 homologs in various tis-
sues and observed that DJ-1A, DJ-1B and DJ-1D are expressed
abundantly across all the tested tissue samples (Fig. S3b; Methods
S1). Arabidopsis DJ-1 members have varying degrees of methyl-
glyoxalase activities in vitro (Kwon et al., 2013), and they are
associated with chloroplast development (Lin et al., 2011) and
cell death (Xu et al., 2010); however, specific functions of plant
DJ-1 isoforms are unknown.

DJ-1D forms a subclade (Fig. 1a) with two domains which
shares homology with Saccharomyces cerevisiae Hsp31 and human
PARK7 (Fig. S3a,c). In PARK7 and Hsp31, conserved Cys resi-
dues in the catalytic triad are required for protecting cells from
metabolic stresses (Subedi et al., 2011; Lee et al., 2012; Banka-
palli et al., 2015), and such motifs are duplicated in DJ-1D as a
result of the presence of a double domain (Lin et al., 2011). We
generated Cys and His residue mutants in both N- and
C-terminal ends, as well as truncated versions with either the
N- or C-terminal bits with one DJ-1 domain alone for functional
analysis (Fig. 1b). To investigate the functional significance of
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Fig. 1 Arabidopsis DJ-1D is a novel
methylglyoxalase with functionally
redundant duplicate domains. (a)
Phylogenetic tree showing close relatives of
Arabidopsis DJ-1. CLUSTALW alignments were
used for a maximum-likelihood tree with 100
bootstrap replications. Bootstrap values are
shown in red. (b) Domain structure of DJ-1D.
N- and C-terminal pfpI/DJ-1 domains are
marked in different colors, and positions of
mutations are indicated. A, alanine; C,
cysteine; H, histidine. (c) In vitro

measurement of methylglyoxalase activity at
24°C. ScHsp31 served as a positive control.
Data from three representative experiments
are shown (mean� SE; one-way ANOVA: *,
P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****,
P ≤ 0.0001; ns, not significant, in comparison
to the wild-type (WT)). (d) Growth
phenotype analysis of DJ-1DWT and its
mutants in Saccharomyces cerevisiae
BY4741. Spot analysis was carried out with
10-fold dilution on SD Leu� medium with
0.5mMmethylglyoxal (MG). Images were
captured after 36 h of growth at 30°C.
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DJ-1D in plants, we initially purified histidine-tagged DJ-1D
and its mutants using Ni2+NTA affinity chromatography from
E. coli (Fig. S4a; Methods S2) and subjected them to a methylgly-
oxalase activity assay as previously described (Bankapalli
et al., 2015). The activity shown by the DJ-1D protein was mod-
erately greater than that of its ortholog, S. cerevisiae Hsp31
(Figs 1c, S4b; Methods S3). Further, the N-terminal domain
(m1) and C-terminal domain (m2) alone also exhibited methyl-
glyoxalase activities, but to a lesser extent than DJ-1DWT at
24°C. However, the C-terminal domain (DJ-1Dm2) showed a
cessation of its methylglyoxalase activity as compared with the
WT and DJ-1Dm1 at higher temperatures (Fig. S4c–e). This dif-
ference might be a result of a better protein stability of the trun-
cated domain at lower temperatures. Point mutations in Cys and
His residues that abolish or reduce activities of Hsp31 or PARK7
did not abolish methylglyoxalase activities in full-length DJ-1D
in either N- (m3, m4) or C-terminal (m5 and m6) versions. Con-
versely, the double mutant that carries mutation in both the
domains (DJ-1Dm7) showed a complete abrogation in its
methylglyoxalase activity at all the tested temperatures. This find-
ing shows that both domains are functional; however, the full-
length double domain has greater stability and higher activity.

Based on these findings, we further tested the role of plant
DJ-1D and its mutants in combating MG toxicity in vivo, using
the S. cerevisiae model system. We deleted glo1 which encodes
glyoxalase-I, a key enzyme responsible for detoxification of glyox-
als in BY4741 background. DJ-1D and its mutants were
expressed under the TEF promoter in the Δglo1 strain and sub-
jected to growth phenotype analysis. Not surprisingly, the Δglo1
strain displayed severe growth sensitivity when grown in agar
media containing 0.5 mM MG, in comparison to the WT
(Fig. 1d). On the other hand, owing to their robust in vitro
methylglyoxalase activity, overexpression of DJ-1D, m3, m5
complemented the growth of Δglo1 on MG-containing media.
However, m7, which lacks detectable methylglyoxalase activity,
was unable to restore the growth phenotype of the Δglo1 strain
(Fig. 1d). To rule out the possibility that the observed growth
phenotype was not a result of expression levels of DJ-1 members,
we analyzed the steady-state abundance of the proteins using
anti-HA antibody and confirmed that the expression of all
mutants was at WT DJ-1D levels (Fig. S4f; Methods S2).
Together, our results indicate the indispensability of both the
domains in DJ-1D in protecting cells against MG stress, which is
higher than single domain-containing deletion mutants or
ScHsp31.

DJ-1D attenuates the formation of advanced glycation
end-products

Elevated concentrations of methylglyoxal are associated with
enhanced protein glycation, hampering their ability to function
in vivo (Ahmed et al., 2003). As DJ-1D exhibited methylglyox-
alase activity, it was imperative for us to evaluate whether DJ-1D
can reduce AGE levels in vivo. To test this, WT (BY4741),
Δglo1, Δglo1/DJ-1D and Δglo1/m7 yeast strains were grown until
the mid-log phase and subjected to 2 mM MG stress.

Subsequently, the cell lysates were subjected to western analysis
using anti-AGE and anti-MAGE (MG-induced AGEs) antibod-
ies. As expected, the Δglo1 strain had enhanced AGE formation
in comparison to the WT as a result of increased concentrations
of MG (Fig. 2a,b). Interestingly, the expression of DJ-1D in
Δglo1 significantly suppressed AGE levels. By contrast, the
expression of m7 was defective in lowering the formation of
AGEs (Fig. 2a,b). In agreement with these observations, concen-
trations of MG-induced AGEs were also reduced in cells express-
ing DJ-1D as seen upon probing with anti-MAGE antibody
(Fig. 2b). Reduced accumulation of AGEs might be a result of
reduced MG concentrations. Recent studies have shown that DJ-
1 proteins from bacteria and humans perform protein deglyca-
tion by removing sugars from cysteine, arginine and lysine resi-
dues of proteins (Richarme et al., 2015; Abdallah et al., 2016). As
protein deglycase functions of plant homologs are unknown, we
explored whether Arabidopsis DJ-1D has deglycase activity. Two
protein substrates, namely, SOD1 and lysozyme, were incubated
with 2 mM MG in individual reactions. After the modification
of substrates with MG, the DJ-1D and mutants were added to
the reaction mixture in equimolar concentrations. The glycation
and deglycation statuses of the substrates were determined by per-
forming western analysis using Anti-MAGE antibody. The addi-
tion of DJ-1D, m3 and m5 to the reactions showed a significant
reduction in the glycated bands of SOD1 and lysozyme (Fig. 2c,d).
However, in agreement with the previous observations in vivo,
addition of m7 was unable to reduce MG-induced AGE forma-
tion. According to a previous study, hDJ-1 was shown to perform
deglycation by its chaperoning activity to allow binding and to
gain access to glycated macromolecules (Richarme et al., 2015).
In a similar line, we examined the chaperone activity of DJ-1D
in vivo by utilizing a well-reported mutant of SOD1, which is
known to aggregate and induce amyotrophic lateral sclerosis
(ALS) in humans. The overexpression of hSOD1 H46R in S.
cerevisiae (Δsod1 strain) at different temperatures displayed
growth sensitivity (Fig. 2e). At the same time, the viability was
significantly enhanced in the presence of DJ-1D, presumably by
lowering SOD1-mediated toxicity through its chaperoning func-
tion (Fig. 2e). To measure chaperone activity quantitatively
in vitro, we performed in vitro rhodanese disaggregation assay.
The rhodanese, alone or in the presence of BSA (control),
showed robust aggregation as monitored by time-dependent
changes in the absorbance at 320 nm (Fig. 2f). However,
addition of DJ-1D (1 : 10 ratio) showed significant protection
against aggregation of rhodanese, thus highlighting the disag-
gregase chaperoning activity of the DJ-1D protein, consistent
with our in vivo observations. In conclusion, our in vivo and
in vitro results highlight the role of DJ-1D in preventing the
formation of AGEs by repairing glycated proteins through its
robust chaperoning activity.

DJ-1D repairs MG-induced DNA glycation

PARK7 and bacterial DJ-1 are recently discovered novel deglycases
that repair the DNA damage induced by MG (Richarme
et al., 2017). Guanine (G) residue reacts with MG and forms
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aminocarbinol, cyclic imidazopurinones and carboxyethyl-
deoxyguanosine derivatives. Glycated DNA is not recognized by
polymerases, resulting in error-prone replication that indicates the
extent of damage to DNA. To assess whether DJ-1D can attenu-
ate the formation of nucleotide AGEs (nAGEs), we incubated
nucleotides (ATP, dATP, CTP, dCTP, dTTP, GTP, or dGTP)
with MG for 15 h and analyzed products using RP-HPLC. As
expected, MG did not react with nucleotides such as ATP, dATP,
CTP, dCTP or dTTP and the products were eluted as single
peaks (Fig. S5a–e; Table S4). However, incubation of MG with G
(dGTP or GTP) formed glycated guanosine adducts, separating
into six elution peaks for dGTP (Fig. 3a; Table S5) and five for
GTP (Fig. 3b). These results matched observations made previously
with animal DJ-1 proteins (Richarme et al., 2017). Strikingly, in
the presence of DJ-1D or its mutants m1, m3, m4 or m5, MG-

were not detected, indicating active deglycation (Figs 3a,b, S5f).
DJ-1Dm7 did not rescue the glycation of dGTP or GTP, forming
multiple peaks similar to BSA control (Figs 3a,b, S5g). To verify if
DJ-1D is indeed a deglycase rather than acting as a strong methyl-
glyoxalase to remove MG during the glycation reaction, we added
reaction components sequentially. We first incubated dGTP or
GTP with MG for 12 h, and subsequently supplemented DJ-1D.
Remarkably, adduct formation decreased over time, indicating
active deglycation (Fig. 3c,d).

To further ascertain deglycation mediated by DJ-1D, forward
and reverse primers of N. tabacum NADH dehydrogenase
(NADH) and ATPase (ATP) genes were treated first with MG
for 2 h and subsequently incubated with purified DJ-1D proteins
before subjecting them to PCR amplification. In the absence of
MG, both the genes were efficiently amplified. On the other
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Fig. 2 DJ-1D attenuates advanced glycated end-product (AGE) formation and exhibits protein deglycase activity. (a, b) Cells from different yeast strains
were treated with 1mMmethylglyoxal (MG) for 3 h. Lysates were separated on sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
and detected by western blotting using anti-AGE (a) and anti-MG glycated AGE (MAGE) (b) antibody. Data from three representative experiments are
shown (mean� SE; one-way ANOVA: *, P ≤ 0.05; **, P ≤ 0.01; ns, not significant). Coomassie blue-stained gel served as loading control. (c, d) SOD1 and
lysozyme were incubated separately with MG at 37°C for a brief period, and afterwards DJ-1DWT and mutants were added to the reaction mixture and
western analysis was done with anti-MAGE antibody. Analysis of chaperone activity of DJ-1D. (e) DJ-1D rescues from hSOD1 mutant-mediated toxicity in
yeast cells. SOD1 was deleted from the wild-type (WT, BY4741) strain of Saccharomyces cerevisiae and human SOD1 H46R mutant was overexpressed in
pRS-425GPD. Further, DJ-1DWT was overexpressed in Δsod1/hsod1H46R strain and all the strains were subjected to phenotypic analysis. Plates were incu-
bated at different temperatures (30, 34 and 37°C) and images were captured at 36 h. (f) DJ-1D prevents in vitro aggregation of rhodanese. Rhodanese
was denatured in 6M guanidine hydrochloride and diluted in reaction buffer. Absorbance change at 320 nm was used to monitor rhodanese (0.46 lM)
aggregation with or without DJ-1D (4.6 lM) at different time intervals.
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hand, the addition of MG resulted in glycation of primers, lead-
ing to low amplification of PCR products (Fig. 3e, compare lanes
1 and 2). At the same time, the addition of DJ-1D (WT), m3,
m4 and m5 to glycated primers was able to deglycate DNA effi-
ciently, leading to amplification of both the genes to a similar
level compared with the control treatment (Fig. 3e, compare
lanes 1 with 3–5). However, the m7 mutant had low amplifica-
tion to a similar level as the BSA-negative control (Fig. 3e, com-
pare lanes 2 with 6–7). To test whether DJ-1D can also repair
glycated RNA, we extracted total RNA from S. cerevisiae and
treated it with MG for 16 h. RNA exhibits more fluorescence at
400–500 nm after glycation modifications than untreated con-
trols (Fig. 3f). The addition of DJ-1D significantly reduced fluo-
rescence intensity as a result of deglycation of RNA. On the other
hand, the mutant m7 was incapabale of deglycating the RNA,
thus retaining fluorescence similar to glycated RNA concentra-
tions (Fig. 3f). These results highlight the fact that DJ-1D is a
novel nucleic acid deglycase that can revert glycated DNA and
RNA products into their native functional forms.

Expression of DJ-1D suppresses the oxidative stress
phenotype in Δhsp31

The elevated concentrations of MG are associated with increased
oxidative stress; hence, we evaluated the role of DJ-1D in the
maintenance of cellular redox homeostasis as observed for other
DJ-1 members (Skoneczna et al., 2007; Bankapalli et al., 2015;
Oh & Mouradian, 2018). To test this hypothesis, we utilized the
Δhsp31 yeast strain which exhibits compromised growth pheno-
type under oxidative stress (Bankapalli et al., 2015). Growth phe-
notype analysis was performed using the Δhsp31 strain
transformed with DJ-1D and its mutants. Upon treatment with
1.5 mM H2O2, DJ-1D-transformed cells showed a significant
growth restoration of Δhsp31 to the WT level (Fig. 4a). By con-
trast, m1 and m2 failed to suppress the growth sensitivity under
H2O2 stress (Fig. S6a). The inability of m1 and m2 to restore the
growth attributed to lower steady-state protein levels when
expressed under the TEF promoter as compared with the WT as
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Fig. 3 DJ-1D repairs methylglyoxal (MG)-
induced nucleic acid glycation. (a–d)
Reversed-phase high-performance liquid
chromatography (RP-HPLC) analysis of
glycated nucleotides. (a) Approximately
500 lM of dGTP incubated with or without
MG (5mM) at 37°C in 50mM sodium
phosphate buffer (pH 7.0) for 12–16 h in the
absence or presence of DJ-1D, m7 or bovine
serum albumin (BSA) protein in the glycation
mixture. (b) Approximately 500 lM of GTP
incubated with or without MG (5mM) at
37°C in 50mM sodium phosphate buffer
(pH 7.0) for 12–16 h in the absence or
presence of DJ-1D protein. Samples were
collected after 12 h and analyzed by RP-
HPLC on a C18 RP-HPLC. (c, d)
Approximately 500 lM dGTP (c) and GTP (d)
were incubated at 37°C with or without
5 mMMG for 3, 6 and 9 h, and purified DJ-
1D was subsequently added to the reaction
mixture and samples were analyzed by RP-
HPLC on a C18 RP-HPLC. Data are from
three independent experiments. (e) PCR-
based analysis of DNA deglycation activity of
DJ-1D. Primers were incubated at 37°C for
2 h in 5 mMMG followed by the addition of
5 lM each of purified DJ-1D and its mutant
proteins. Treated primers were purified and
used for the PCR reaction. (f) RNA
deglycation. Approximately 5 lg of total
RNA was incubated with MG for 12 h, and
afterwards DJ-1D, m7 and BSA were added
to the reaction mixture. RNA glycation was
analyzed by measuring its fluorescence
between 400 and 500 nm.

� 2022 The Authors

New Phytologist� 2022 New Phytologist Foundation.

New Phytologist (2022) 236: 1061–1074
www.newphytologist.com

New
Phytologist Research 1067

 14698137, 2022, 3, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18414, W

iley O
nline L

ibrary on [23/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



seen in expression analysis using the anti-HA antibody (Fig. S6b).
However, expression of m1 and m2 under stronger GPD pro-
moter suppressed the growth sensitivity against H2O2 stress
(Fig. 4b). Conversely, the complementation of m7, which is defi-
cient in its methylglyoxalase activity, was unable to rescue the
growth, unlike the DJ-1D and other mutants under the equal
level of protein expression (Fig. 4a,b).

To further confirm these redox-sensing activities of DJ-1D, we
measured the cytosolic concentrations of free radicals using H2-
DCFDA and dihydroxyethidium dye staining which aid in mea-
suring total cellular ROS and cellular superoxide concentrations,
respectively. In agreement with the activities described earlier,
flow cytometry measurements revealed restoration of redox
homeostasis by DJ-1D and its mutants (m1, m2, m3 and m5) in
Δhsp31 background, similar to the levels seen with ScHsp31
(Fig. 4c; Methods S4). This was further supported by the total
cellular ROS measurements using microscopy, in which fluores-
cence of the Δhsp31 strain was significantly suppressed upon
expression of DJ-1D or its mutants (Fig. 4d (compare DCFDA
panels 2 with 3–7); Methods S4). Similarly, DJ-1D and its
mutants significantly reduced cellular superoxide concentrations
in the Δhsp31 strain (Fig. 4e). However, in contrast, m7 mutant
was unable to restore both the total cellular ROS and superoxide
concentrations in Δhsp31 cells (Figs 4c,d (last panel), 4e), thus
demonstrating the role of conserved cysteine of DJ-1 family

members in ROS homeostasis. In summary, these results provide
compelling evidence for the critical nature of DJ-1D and its indi-
vidual domains in regulating redox homeostasis.

Transgenic plants expressing DJ-1D provide tolerance to
abiotic stresses

To investigate the physiological implications of DJ-1D in planta,
we generated Arabidopsis transgenic plants overexpressing DJ-1D
(DJ-1D_OE) driven by constitutive CaMV 35S promoter
(Fig. S7a). We obtained multiple independent DJ-1D_OE trans-
genic plants (Fig. S7a) with high expression of transgene, both at
the RNA (Fig. S7b; Methods S1) and protein levels (Fig. S7c).
We observed that DJ-1D_OE plants have significantly higher
expression of DJ-1D (three- to five-fold) compared with the con-
trol Col-0 plants (Fig. S7d). Interestingly, the DJ-1D_OE plants
showed robust growth phenotype (Figs 5a, S7a,e), including
broad and longer leaves when compared with the control
(Figs 5b, S7f). We further explored whether DJ-1D-expressing
transgenic plants have high stress tolerance similar to that of yeast
Hsp31-overexpressing transgenic plants, as we observed previ-
ously (Melvin et al., 2017). Under MG stress, 6-wk-old trans-
genic plants had reduced accumulation of MG-induced AGEs in
DJ-1D_OE plants compared with control plants (Fig. 5c). To
determine whether methylglyoxalase activity was responsible
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Fig. 4 Expression of DJ-1D suppresses
oxidative stress phenotype of yeast Δhsp31.
(a) Growth phenotype analysis showing DJ-
1D provides H2O2 tolerance. Yeast cells from
wild-type (WT), Δhsp31- and Δhsp31-
overexpressing DJ-1D and its mutants were
subjected to spot analysis in the absence
(left) and presence of 1.5 mM H2O2 (right)
on SD Leu� media. The growth rescue was
monitored up to 42 h. (b) Western blot
analysis showing the expression of DJ-1D
and its mutants (upper panel).
Immunodecoration with YDJ-1 specific
antibody served as internal loading control
(lower panel). (c) Assessment of cytosolic
peroxide concentrations by flow cytometry
analysis. Equivalent amounts of cells from
each strain were subjected to 1.5mM H2O2

treatment and stained with H2DCFDA
followed by flow cytometry. Data from three
representative experiments are shown
(mean� SE; one-way ANOVA: **, P ≤ 0.01;
****, P ≤ 0.0001; ns, not significant). (d)
Fluorescence imaging analysis showing
H2DCFDA-stained cells from the WT and
Dhsp31, Dhsp31/ DJ-1D and Dhsp31/ DJ-1D
mutant strains after treatment with 1mM
H2O2 by Delta Vision Elite microscope using
a 9100 objective lens. Bar, 10 lm. The cells
in all the panels were imaged at identical
exposures to compare the fluorescence
intensities. (e) Assessment of cytosolic
superoxide concentrations by flow cytometry
analysis using dihydroxyethidium dye.
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for the reduction in AGE accumulation, we measured methylgly-
oxalase activity in the tissue extracts derived from DJ-1D_OE
and control plants. As expected, DJ-1D_OE-derived extract had
enhanced methylglyoxalase activity as compared with Col-0
(Fig. 5d; Methods S3). Enhanced growth and stress tolerance cor-
related with reduced accumulation of ROS in DJ-1D_OE plants
(Fig. 5e). These results show that overexpression of DJ-1D sup-
presses MG-induced cellular damage, leading to robust growth
and tolerance to stress. Repeated attempts to generate Arabidopsis
knockdown plants of DJ-1D were not successful, indicating the
importance of this gene in plant growth and development.

To test if the presence of the double DJ-1 domain in DJ-1D is
beneficial in mediating stress tolerance, we generated binary vec-
tor constructs (Figs 1b, S8) to express either full-length or trun-
cated or mutated versions of DJ-1D. All these constructs had DJ-
1D or its variants driven by the CaMV 35S promoter. Transgenic

plants were generated using the tobacco model system which is
amenable to various transient and stress assays. Multiple trans-
genic plants expressing high levels of DJ-1D or its deletion and
mutant versions were obtained (Fig. S9a), among which highly
and uniformly expressing transgenes were selected for further
analysis (Fig. S9b). We observed a slightly higher accumulation
of total Chl content in the transgenic plants expressing DJ-1D
and its mutants (m1, m2, m3, m4, m5) which were comparable
to the transgenic plants expressing yeast Hsp31 included as a pos-
itive control (Melvin et al., 2017). However, the Chl content in
plants expressing m7 was similar to that in nontransgenic plants
(Fig. S9c). To further assess the functional relevance of DJ-1D in
mediating abiotic stress tolerance, we challenged leaves with vari-
ous stresses (such as 10 mM MG, 10 mM H2O2, 300 mM NaCl,
250 lM CuSO4 or 40% polyethylene glycol). The tobacco leaf
disks expressing 35S:GFP served as control (VC). After 4 d of

m4
m5
m7
ScHsp31WT

ScHsp31m1

pBIN-GFP

DJ-1D
m1

m2
m3

#1         #2        #3        #1         #2         #3  

Col-0                  DJ-1D_OE    

#1      #2     #3                #1        #2       #3  

Col-0                     DJ-1D_OE    

Col-0     
#1     #1       #2       #3  

DJ-1D_OE      

2

0

4

6

R
el

at
iv

e 
m

et
hy

lg
ly

ox
al

as
e 

ac
tiv

ity

Col-0 DJ-1D_OE

pBIN-GFP

DJ-1D

m1

m2

m3

m4

m5

m7

ScHsp31WT

ScHsp31m1

Day 4

300

200

100

0
Mock 10 mM MG 10 mM H2O2

M
et

hy
lg

ly
ox

al
 c

on
te

nt
( μ

m
ol

 g
–1

 ti
ss

ue
)

****
****

ns ns

ns ns

pBIN-GFP DJ-1D m1 m2 m3

m4 m5 m7 Hsp31WT Hsp31m1

Ponceau S

α - AGE

5 mM MG - +    - +

α-AGE

CBB

α-MAGE

CBB

P
ro

te
in

 g
ly

ca
tio

n 
le

ve
ls

0

1

2

3

** **

0

1

2

3

P
ro

te
in

 g
ly

ca
tio

n 
le

ve
ls

0

1

2

3

** **

(a)

(c)

(g)

(f)

(h)

(i)

(d)

(e)

(b)

Fig. 5 DJ-1D offers stress tolerance in
transgenic plants. (a) Phenotypic features of
Arabidopsis wild-type (Col-0) and
transformants expressing DJ-1D_eGFP
(DJ-1D_OE); representative shoots of mature
plants (6 wk old). Bar, 5 cm. (b)
Representative leaves of Arabidopsis wild-
type (Col-0) and transformants expressing
DJ-1D_eGFP plants (6 wk old). Bar, 1 cm.
(c) DJ-1D reduces formation of advanced
glycated end-products (AGE). Total protein
was isolated from mock and MG-stressed
(5mM) 6-wk-old Arabidopsis Col-0 and
DJ-1D_OE-expressing plants, and
immunoblot was carried with anti-AGE
antibody. (d) Methylglyoxalase activity of
the 6-wk-old Arabidopsis Col-0 and DJ-
1D_OE-expressing plants. (e) Reactive
oxygen species (ROS) accumulation in
Arabidopsis Col-0 and DJ-1D_OE-expressing
plants (6 wk old) exposed to 5mMMG and
10mM H2O2 by DAB staining. (f) DJ-1D
overexpression in transgenic tobacco offers
stress tolerance. Leaf disks from transgenic
tobacco plants were incubated for 4 d with
stress inducers (10mMMG, 10mM H2O2,

300mM NaCl and 250 lMCuSO4).
(g) Reactive oxygen species accumulation in
transgenic plants exposed to 300mM NaCl
by DAB staining. (h) MG content in tobacco
plants under MG and H2O2 stress.
(i) Determination of AGE and MG-induced
AGE (MAGE) from transgenic tobacco plants
by probing with anti-AGE and anti-MAGE
antibody. CBB was used as loading control.
Graphs represents the protein glycation levels
in the respective transgenic tobacco plants
(error bars are means� SE; one-way
ANOVA: **, P ≤ 0.01; ***, P ≤ 0.001; ****,
P ≤ 0.0001; ns, not significant).
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treatment with stress inducers, we observed that leaf disks derived
from plants expressing DJ-1D, m1, m2, m3, m4 and m5 showed
tolerance against all the tested stresses as compared with the VC
(Figs 5f, S10a–f). Unlike the results described earler, no distin-
guishable difference in tolerance was observed among m1, m2,
m3, m4 and m5. Interestingly, we observed that plants expressing
m7 exhibited susceptibility to a degree seen in VC or Hsp31m1
(Fig. 5f). These results were validated by quantifying changes in
the Chl content (Fig. S10b,f). By contrast, VC and m7 plants dis-
played a pale yellow appearance as a result of damage induced by
stresses (Figs 5f, S10a–d). Quantitative DW measurements pro-
vided further support for these observations (Fig. S10a,e).

To explore how exactly DJ-1D mediated stress tolerance in
plants, we evaluated the activity of DJ-1D in reducing or alleviat-
ing the stress-induced harmful effects. To check the extent of cel-
lular injury during abiotic stress conditions, the accumulation of
toxic MG, MDA and ROS concentrations was measured in
stress-exposed VC and DJ-1D-expressing plants. Accumulation
of toxic MG, MDA and ROS in MG- and H2O2-exposed trans-
genic plants indicated high MG and lipid peroxidation and
stronger DAB staining in m7 than in plants expressing DJ-1D
and mutants m1, m2, m3, m4 or m5 (Figs 5g,h, S10c; Methods
S5), indicating that DJ-1D probably prevents formation of these
molecules. We also measured endogenous levels of different genes
coding for antioxidant and defense genes such as cytochrome oxi-
dase (COX6), catalase (CAT1), ascorbate peroxidase (APX6),
superoxide dismutase (CSD1) and peroxidase (PER12) in trans-
genic lines subjected to different abiotic stresses (such as 10 mM
MG and 10 mM H2O2; Fig. S10g; Table S2; Methods S1). The
normalized levels of antioxidant responsive genes (COX6,
CAT1, CSD1, PER12 and PR1) were higher (more than two-
fold) in plants expressing DJ-1D WT than in the VC. Plants
expressing m7 had similar RNA levels to those of the VC. How-
ever, we did not observe significant changes in the expression of
APX6. The activities of CSD1, COX6, CAT1, PER12 and PR1
increased rapidly in stress-treated DJ-1D transgenic plants as
compared with VC or m7 plants (Fig. S10g). These enzymes are
essential for the rapid scavenging of cell-damaging ROS mole-
cules. Moreover, under MG stress, DJ-1D transgenic plants had
reduced accumulation of AGEs and MAGEs compared with con-
trol and DJ-1D m7 transgenic plants (Fig. 5i).

DJ-1D localizes to mitochondria under stress and repairs
MG-induced DNA lesions

DJ-1 proteins are known to translocate to mitochondria during
stress conditions in humans and yeast (Canet-Avil�es et al., 2004;
Bankapalli et al., 2015). ScHsp31 also translocated to mitochon-
dria(mt) under stress in transgenic plants (Melvin et al., 2017). In
transgenic leaves, green fluorescent protein (GFP)-tagged DJ-1D
was localized in both mitochondria and cytoplasm; however, we
also observed its localization in the cell periphery. Upon induc-
tion of stress, there was an increase in localization of DJ-
1D_eGFP in mitochondria and nucleus in three independent
experiments (Fig. S11a–c; Methods S6). To further support this
observation, we performed immunoblot analysis of the

purified mitochondria, derived from transgenic DJ-1D_eGFP-
overexpressing plants treated with 5 mM H2O2. We observed a
significant enrichment of DJ-1D in mitochondria during oxida-
tive stress as compared with controls (Fig. 6a). ATP synthase
(ATPb) was used as a positive control. The absence of other mar-
ker proteins, such as histone H4 (nuclear) and actin (cytosol),
was used to ascertain the purity of the mitochondria (Fig. 6a;
Methods S2). In parallel, we also isolated nuclei from control
and 5 mM H2O2-treated DJ-1D_eGFP transgenic plants and
observed enhanced DJ-1D protein levels in nuclei fractions
derived from treated plants (Fig. 6b). Similar to yeast Hsp31
(Melvin et al., 2017), the qRT-PCR analysis showed significant
induction in the expression of mt-encoded genes such as COX1,
MRP, DPH and NADH dehydrogenase in stressed DJ-1D trans-
genic plants (Fig. 6c).

As DJ-1D is capable of repairing glycated DNA, we speculated
that it might rescue mutations in mitochondrial (mt) DNA
under stress. Murata-Kamiya et al. (2000) showed that MG
induced G:C to C:G and G:C to T:A transversions in the mam-
malian supF gene. It is also well known that glyoxals can induce
spontaneous mutations (Kawanishi et al., 2014). Amplification
and analysis of COX1, MRP, DPH and NDH2 genes through
Illumina next-generation sequencing indicated higher mutations
under MG stress that are rescued by the expression of WT DJ-
1D but not its mutant m7 (Figs 6d, S12a–d). Specifically, higher
rates of G:C to A:T and G:C to T:A transversions were observed
in mt genes (Figs 6d–f, S12a–d). Similar results were observed in
yeast cells expressing DJ-1D. Yeast cells lacking glo1 and the glo1
complemented with m7 showed mutations in the COX2 gene
under MG stress. Such mutations in DJ-1D-complemented
Dglo1 yeast cells were not observed (Fig. S13a). Together these
results indicate the importance of DJ-1D in macromolecular pro-
tection in general, and DNA repair in particular, against toxicity
induced by reactive carbonyls.

Discussion

The plant genome evolves at a higher frequency than other
eukaryotes as a result of constant environmental challenges,
resulting in higher genome diversity (Murat et al., 2012). A pri-
mary mechanism of genome diversity is attributed to a gene
duplication event, which generates multiple copies of pre-existing
genes (Flagel & Wendel, 2009). Such a phenomenon has a broad
application in adaptive evolution, particularly in combating
diverse stress conditions.

Our comprehensive survey of DJ-1 members in a wide range
of taxonomically diverse species suggests a high copy number of
DJ-1 paralogs in Plantae compared with other prokaryotic and
eukaryotic species. Interestingly, evolutionary studies indicate
that about 65% of plant genes have paralogs mainly involved in
signal transduction, stress response and transcriptional regulation
(Panchy et al., 2016), which explains the presence of multiple
DJ-1 paralogs in the plant kingdom. Our phylogenetic analysis
also highlights a greater abundance of DJ-1 paralogs in angios-
perms (monocots and dicots), which might have contributed to
speciation and diversification of angiosperms. The A. thaliana
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model plant possesses six DJ-1 members with varying sequence
diversity and expression among different plant parts. We show
that AtDJ-1D has the highest expression among the paralogs in
the tissues tested. Such differential expression of paralogs has also
been reported in Oryza sativa, where OsDJ-1C and OsDJ-1E exist
in high transcript abundance (Ghosh et al., 2016), probably as a
result of strong positive selection pressure and functional alloca-
tion owing to sequence divergence.

Besides having multiple gene copies, the majority of the plant
DJ-1 proteins contain two DJ-1 domains tandemly arranged
within a single polypeptide backbone, making a pseudo-dimeric
protein. The domain fusion property of DJ-1 members is
observed in a few species of green algae and found in the rest of
the plant kingdom (Fig. S1). This striking observation could
result from a change in habitat from aquatic to terrestrial, along
with altered environmental conditions. Arabidopsis DJ-1

members also display double domain nature, particularly AtDJ-
1D, which contains overlapping sequences with ScHsp31 and
hDJ-1, further amplifying its physiological role. The fusion of
both domains provided significantly higher methylglyoxalase
activity to AtDJ-1D than to hDJ-1 and ScHsp31, and this func-
tion is physiologically advantageous to the plants (Lee
et al., 2012; Kwon et al., 2013; Bankapalli et al., 2015). Notably,
the individual domains of DJ-1D (m1 and m2) and their cys-
teine/histidine mutants (m3–m6) also efficiently scavenged MG.
However, mutations in both domains (m7) altogether abolished
the activity, suggesting that one catalytically active functional
domain is sufficient for survival.

The endogenous concentrations of MG are highly influenced
by various environmental factors such as daylight to dark growth
cycle and diurnal period, resulting in aberrant glycation of vital
biomolecules (Bechtold et al., 2009). Glycation at a higher rate
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Fig. 6 DJ-1D repairs methylglyoxal (MG)-
induced mitochondrial DNA lesions. (a, b)
Localization of DJ-1D_eGFP was tested in
purified mitochondria (a) and nuclei (b) from
control (untreated) and 5mM H2O2-treated
transgenic tobacco plants by immunoblotting
with anti-GFP antibody. ATPb and histone
H4 were used as mitochondrial and nucleus
controls, respectively. Actin was used as
cytosolic control. (c) Quantitative real-time
PCR analysis of mitochondria-specific genes
in vector control, DJ-1DWT and m7 under
MG and H2O2 stress. Values are normalized
to GAPDH expression. Schematic
representation of the position of mutations
induced by MG in COX1, DPH, MRP and
NDH2 genes is shown. The values are
means� SD from three independent
experiments (error bars represent
means� SE; one-way ANOVA: *, P ≤ 0.05;
**, P ≤ 0.01; ns, not significant). (d)
Mutations in COX1, NDH2, DPH and MRP
genes in plants expressing DJ-1D or its
mutants under MG stress. (e) Schematic
representation of the position of mutations in
the NDH2 (NADH dehydrogenase) gene in
stress-induced tobacco plants. (f) Types of
mutation in COX1, NDH2, DPH and MRP
genes.
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leads to compromised plant vitality and early senescence, affect-
ing the gross yield of crops. The detoxification of MG in plants is
primarily driven by the glyoxalase system (GLOI and II) by uti-
lizing glutathione (GSH) as a cofactor. However, under stress
conditions, the concentrations of GSH are compromised. There-
fore, despite a stringent glyoxalase system, we observed enhanced
glycation of macromolecules along with a spectrum of mutations
in several genes. This is primarily a result of the limitation of the
GSH pool, making the glyoxalase system (GLOI and II) ineffi-
cient to scavenge excess carbonyls. By contrast, having DJ-1D
(glyoxalase III) is highly beneficial to the system as it efficiently
detoxifies MG without utilizing GSH (Fig. 7). At the same time,
the DJ-1D also alleviates the proteome glycation and mutation
frequency while maintaining the GSH homeostasis (Bankapalli
et al., 2015). Besides maintaining carbonyl homeostasis, DJ-1D
also repairs the glycation adducts of nucleic acids and proteins
(Fig. 7), further emphasizing the critical requirement of DJ-1D
during dicarbonyl stress. Interestingly, a mutation in either single
domain does not affect the deglycase activity of DJ-1D, unlike
mutations in both the domains, suggesting the pivotal role of cat-
alytic cysteines for overall function.

Our findings further support the deglycase activity of DJ-1
superfamily proteins reported earlier, which are involved in a
novel glycation repair pathway in plants to restore and maintain
integrity of genomes and proteomes. Various environmental
stresses elicit misfolding and aggregation of proteins, leading to
proteotoxic stress, which is significantly attenuated through a
complex network of molecular chaperones, including DJ-1 mem-
bers (Shendelman et al., 2004; Aslam & Hazbun, 2016). Our
in vitro and in vivo studies in S. cerevisiae demonstrate that AtDJ-
1D is a robust chaperone that prevents amyloid formation
induced by various substrates (rhodanese and hSOD1 H46R)
and functions in regulating proteostasis. Glycation of proteins
has been reported to promote protein aggregation and amyloid

formation. Mechanistically, the deglycase property of DJ-1D
could involve the chaperone activity that allows binding or gain-
ing access to glycated macromolecules, as proposed earlier
(Richarme et al., 2015).

Lower threshold concentrations of MG trigger ROS, calcium
signaling and abscisic acid phytohormone accumulation. At the
same time, the elevation of MG is invariably associated with
altered redox homeostasis and oxidative damage (Hoque
et al., 2016). The leaves of Arabidopsis- and Nicotiana-
overexpressing DJ-1D and its mutants provided higher Chl
retention and enhanced tolerance towards oxidative stress. Addi-
tionally, plants exposed to various abiotic stresses such as metals,
salinity and osmotic stress led to the production of MG (Hossain
et al., 2009) and H2O2, whose deleterious effects may result in
chlorosis, necrosis, stunting and senescence. Our comprehensive
study using transgenic plants overexpressing DJ-1D and its
mutants provided multi-stress tolerance, probably by scavenging
MG and H2O2 (Fig. 7). Importantly, DJ-1D localized into mito-
chondria and nucleus to provide enhanced organellar protection
during various abiotic stresses, enabling plants to survive in
harsher environmental conditions.

In conclusion, this study explains how a gene-fusion event
mediates tolerance to multiple stresses in plants. Here, we report
a novel glycation repair pathway in plants that enables the main-
tenance and repair of macromolecules during dicarbonyl stress.
As we also observed a superior growth of transgenic plants along
with broader leaves in the presence of DJ-1D, it is an exciting
candidate for engineering in yield improvement and stress toler-
ance. Deciphering the physiological role of DJ-1 members in var-
ious plants can provide better insights into the adaptation and
fitness of plants.
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