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ABSTRACT: Advanced glycation end-products (AGEs) are
irreversible protein modifications that are strongly associated
with aging and disease. Recently, the Parkinsonism-associated
protein DJ-1 has been reported to exhibit deglycase activity that
erases early glycation intermediates and stable AGEs from proteins.
In this work, we use mass spectrometry and western blot to
demonstrate that DJ-1 is not a deglycase and cannot remove AGEs
from protein or peptide substrates. Instead, our studies revealed
that DJ-1 antagonizes glycation through glyoxalase activity that
detoxifies the potent glycating agent methylglyoxal (MGO) to
lactate. We further show that attenuated glycation in the presence
of DJ-1 can be attributed solely to its ability to decrease the
available concentration of MGO. Our studies also provide evidence
that DJ-1 is allosterically activated by glutathione. Together, this work reveals that although DJ-1 is not a genuine deglycase, it still
harbors the ability to prevent AGE formation and can be used as a valuable tool to investigate metabolic stress.

■ INTRODUCTION
Many protein post-translational modifications (PTMs) are part
of signaling networks in which the modification itself enables
information to be communicated within the cell.1 In general,
these dynamic and responsive networks, like phosphorylation
or glycosylation, are maintained by proteins that install (write),
recognize (read), or remove (erase) the modification.2,3

However, this paradigm does not fit all PTMs, particularly
those that occur without an enzyme and therefore have no
“writer”. Glycation is one such PTM in which amino and
guanidino groups are covalently modified by sugars and sugar-
derived metabolites to generate advanced glycation end-
products (AGEs) (Figure 1A).4,5 For instance, methylglyoxal
(MGO) is a highly prevalent and reactive glycating agent that
preferentially modifies arginine residues to form the MGO-
derived hydroimidazolone isomers (MGH-1, -2, and -3), a
dihydroxyimidazolidine (MGH-DH), carboxyethylarginine
(CEA), tetrahydropyrimidine (THP), and argpyrimidine
(APY), just to name a few (Figure 1B).4,6,7 AGE formation
can lead to protein cross-linking, aggregation, functional
impairment, and is correlated with aging and disease.8−13

Because it occurs spontaneously, glycation has no writer and
has historically been thought of as random cellular damage that
occurs over time and/or through disrupted metabolism.
Accordingly, most of the signaling that has been attributed
to AGEs occurs through the only known glycation “reader”, the
nonspecific cell surface receptor for AGEs (RAGE). In
addition to AGE-modified proteins, RAGE broadly recognizes
polyanionic species in the extracellular milieu, all of which

activate a well-defined signaling cascade leading to immune cell
activation, inflammation, and cell division.14−16 However,
recent work points to the significance of glycation as a
functional PTM that can impact gene expression and turn on
the antioxidant response.17−19

The innate chemical diversity of AGEs presents a challenge
for potential glycation “erasers”, or deglycase proteins. Thus,
the discovery that the Parkinson-associated protein DJ-1 could
remove glycation from a range of AGE-modified proteins and
nucleotides has garnered major interest.17,18,20−22 DJ-1 was
first discovered to be a novel glutathione-independent
glyoxalase and has since been reported to remove a wide
range of AGE-modified substrates.23,24 These proposed DJ-1
substrates include early glycation intermediates and, more
recently, intact stable AGEs from chromatin and proteins like
histone 3 and α-synuclein.18,20,23−25 Despite these prior
reports, however, whether DJ-1 exhibits genuine deglycase
activity remains an open question that has been hotly
contested in the literature.26−29

Here, we provide a rigorous evaluation of DJ-1 activity and
find that DJ-1 cannot be considered an AGE eraser. Instead,
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DJ-1 functions as a glycation antagonist. Using mass
spectrometry and western-blotting-based deglycation assays,
we demonstrate that DJ-1 is unable to remove stable AGEs
from protein and peptide substrates glycated with MGO. We
further demonstrate that DJ-1 cannot remove even early-stage
AGEs, like the bis-hemiaminal dihydroxyimidazolidine (MGH-
DH) from these substrates. However, concurrent incubation
with DJ-1 and MGO did reduce levels of overall glycation.
Time course studies revealed that this reduction could be
attributed to DJ-1’s glyoxalase activity, which decreases the
concentration of glycating agent and antagonizes AGE
formation. Though DJ-1 does not possess true deglycase
activity, it still plays an important role by minimizing the
overall glycation burden and mitigating the impact of glycolytic
and metabolic stress.

■ MATERIALS AND METHODS
General. All chemical reagents were of analytical grade,

obtained from commercial suppliers, and used without further
purification unless otherwise noted. Methylglyoxal (40% w/v)
was purchased from Sigma-Aldrich. Water used in biological
procedures was distilled and deionized using an Atrium Pro
purification system (Sartorius). All statistical analysis was
conducted using Prism GraphPad.
DJ-1 Expression and Purification. The pET3a-His-DJ-1

plasmid was a gift from the Michael J Fox Foundation MJFF
(Addgene plasmid #51488). The C106A mutant was generated

using Agilent QuikChange Site-Directed Mutagenesis with the
pET3a-His-DJ-1 plasmid as a template and the following
reported primers, as previously reported:17

5′-GCCGCCATTGCCGCAGGCCCGACCGC-3′
5′-AATCAGGCCTTTGCGGTTCTCCTGCTCTTT-

CAGG-3′
Both DJ-1WT and DJ-1C106A proteins were expressed in

BL21(DE3) E. coli (Agilent). Cultures were grown to an OD600
value of 0.6 at 37 °C and induced overnight at 18 °C using
IPTG. Cells were then pelleted and frozen. Frozen pellets were
thawed and then lysed with 50 mM Tris-HCl pH 7.0, 500 mM
NaCl, 1 mM MgCl, 40 μM Benzonase (Millipore Sigma), and
0.4 mM PMSF via sonication on ice for 3.5 min. Lysates were
loaded onto a Ni-NTA column (Cytiva) with 20 mM PBS pH
7.4, 20 mM imidazole, and 500 mM NaCl. His-tagged protein
was eluted using 20 mM PBS pH 7.4, 500 mM imidazole, and
500 mM NaCl before being buffer-exchanged into 20 mM PBS
pH 7.4 using a Nap25 column (Cytiva). Protein concen-
trations were determined using a Thermo Fisher Pierce BCA
Protein Assay Kit and a Tecan 10M microplate reader.
Peptide Synthesis. Rink Amide MBHA resin (100−200

mesh, Novabiochem) was used for solid-phase peptide
synthesis (0.5 mmol/g scale) in a 4 mL fritted syringe.
Fmoc-deprotection was completed using 20% piperidine in
DMF and washes were completed with DMF. Amino acid
coupling was completed by adding 5 equivalences of amino
acid to O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium
hexafluorophosphate (HBTU) and N,N-diisopropylethyll-
amine (DIPEA) in DMF. All amino acids were purchased
from ChemPep, Inc. or Advanced ChemTech, Inc. N-Terminal
acetylation was accomplished using acetic anhydride and DIEA
(both 3 equiv.) for 2 h in 3 mL of DMF. After completing
synthesis and acetylation, resin was washed and dried using
dichloromethane. Amidated peptides were then cleaved from
resin using 95% trifluoroacetic acid (TFA), 2.5% triisopro-
pylsilane (TIPS), and 2.5% water. The resulting crude peptide
was dried under air flow and then dissolved in a mixture of
water/acetonitrile based on solubility before purification.
Peptide Purification. After synthesis, peptide was purified

using an Agilent 1260 LC system equipped with an Agilent
ZORBAX SB-C18 column (9.4 × 250 mm2), 5 μm particle size
employing water (A) and acetonitrile (B) mobile phase with
0.1% TFA. Crude peptide was eluted using the following
method with a flow rate of 3.0 mL/min: gradient from 5% B to
45% B over 20 min. Absorbance at 215 and 280 nm was used
to observe desired peptide peaks, and these peaks were eluted
and collected using an automated fraction collector. The purity
of the collected fractions was determined using matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry (Bruker). Fractions deemed pure were combined
and then lyophilized. Peptide stock solutions were prepared at
20 mM concentrations in DMF.
Protein Glycation Assays. Purchased purified HA-tagged

ubiquitin (R&D Systems) or lyophilized RNase A or aldolase
(Millipore Sigma) dissolved in water were used for protein
glycation experiments. Reactions were conducted in Eppendorf
tubes at a final volume of 100 μL containing 50 μM protein, 20
mM PBS pH 7.3, and 200 μM MGO. DJ-1WT or DJ-1C106A

were added at a 10:1 ratio of protein:enzyme, as previously
described.17 For “concurrent” conditions, a final concentration
of 5 μM DJ-1WT or DJ-1C106A was used. Reactions were then
incubated at 37 °C for 24 h and quenched with 3 μL of 500
mM Tris pH 7.3 (final concentration 15 mM Tris). For

Figure 1. DJ-1 is reported to be a glycation eraser. (A) Glycation is a
nonenzymatic post-translational modification (PTM) that occurs
preferentially at Arg or Lys residues. Unlike most PTMs, glycation
occurs spontaneously and has no writer. There is significant interest in
enzymes, like the Parkinsonism-associated protein DJ-1, that have the
potential to erase glycation events. (B) Reaction of Arg with
methylglyoxal (MGO), one of the most potent and prevalent cellular
glycating agents, can produce numerous advanced glycation end-
products (AGEs). These include the methylglyoxal-derived hydro-
imidazolone isomers (MGH-1, -2, -3), the dihydroxyimidazolidine
(MGH-DH), carboxyethylarginine (CEA), argpyrimidine (APY), and
tetrahydropyrimidine (THP).
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“subsequent” conditions, 5 μM DJ-1WT or DJ-1C106A was added
after quenching, either with Tris (final concentration 15 mM
Tris) or by buffer exchange into 20 mM PBS using a Nap5
column (Cytiva), and incubated again at 37 °C for an
additional 24 h. Samples were diluted using ultrapure water
before being analyzed by LC-MS or western blot.
Peptide Glycation Assays. For peptide glycation experi-

ments, reactions were conducted in Eppendorf tubes at a final
volume of 50 μL with final concentrations of 1 mM peptide, 20
mM PBS pH7.3, and 1 mM MGO. DJ-1WT or DJ-1C106A were
added at a 10:1 ratio of peptide:enzyme. For concurrent
conditions, a final concentration of 100 μM DJ-1WT or DJ-
1C106A was used. Reactions were then incubated at 37 °C for 3
h and then quenched with 3 μL of 500 mM Tris pH 7.3 (final
concentration, 28.3 mM Tris). For subsequent conditions,
either 100 μM DJ-1WT or DJ-1C106A was added after quenching
the 50 μL reaction initially with 3 μL of 500 mM Tris (final
concentration 28.3 mM Tris) and then incubated again at 37
°C for 3 h. To evaluate the impact of free thiols on glycation
reactions, the same reaction conditions were used in the
presence of either 1 mM dithiothreitol (DTT) or glutathione
(GSH). At the conclusion of the reaction, samples were diluted
with ultrapure water and analyzed by LC-MS.
Liquid Chromatography Mass Spectrometry (LC-MS).

Reversed-phase liquid chromatography and mass spectrometry
were conducted using an Agilent 1260 LC system connected in
line to an Agilent 6530 Accurate Mass Q-TOF employing a
mobile phase of water (A) and acetonitrile (B) with 0.1%
formic acid.
Protein glycation reactions using intact proteins were

injected onto a Zorbax RRHD 300 Å StableBond C8 (2.1 ×
100 mm2, 1.8 μm, Agilent) column with the following method
with a flow rate of 0.4 mL/min: isocratic at 5% B for 1.75 min,
a gradient change from 5% B to 80% B over 24.25 min,
gradient change from 80% B to 100% B over 0.5 min, isocratic
column washing at 100% B for 7.50 min, and reequilibration at
5% B for 7 min. Intact protein deconvolutions were generated
using Agilent MassHunter BioConfirm Qualitative Analysis
software.
Peptide glycation reactions were injected onto an

AdvanceBio Peptide 2.7 μm column (2.1 × 150 mm2, Agilent)
with the following method with a flow rate of 0.4 mL/min:
isocratic at 5% B for 1.75 min, gradient change from 5% B to
40% B over 14.25 min, gradient change from 40% B to 100% B
over 4 min, isocratic column washing at 100% B for 3 min, and
reequilibration at 5% B for 7 min. Peptide data were quantified
using peak volumes determined by Agilent MassHunter
Qualitative Analysis and the MassHunter Molecular Feature
Extractor.
Percent glycation was determined by the formula below.

= ×% glycation
volume of modified peptide

volume of total peptide
100

(1)

SDS-PAGE. Protein glycation reactions were treated with
6X SDS loading dye containing dithiothreitol (DTT) and
boiled at 95 °C for 5 min. A precast protein gel (8−16%, mini-
PROTEAN TGX, Bio-Rad) was used for SDS-PAGE, and the
gel was run using a Tris/glycine/SDS running buffer at 226
mV for 18 to 24 min. Gels were stained using Coomassie dye
(40% methanol, 40% acetic acid, 20% water, 0.05% Coomassie
Brilliant Blue R-250 w/v) for 15 min after briefly heating. The
gels were then destained 3× in 15 min intervals using a destain

solution (25% methanol, 10% acetic acid, 65% water). The gels
were imaged on a Bio-Rad ChemiDoc XRS+.
Western Blotting. Transfer onto PVDF membranes was

accomplished with the iBlot 2 dry blotting system
(Invitrogen). After transfer, the membrane was blocked in
1× TBST (20 mM Tris, 150 mM NaCl, and 0.1% Tween) with
5% (w/v) skim milk powder for an hour. Primary antibody
mouse α-MGO (Cell BioLabs, STA-011) or mouse α-His tag
(Cell Signaling Technology, 27E8) was added (1:1000) after
blocking and incubated at 4 °C overnight while shaken.
Membrane was washed three times with 1× TBST for 5 min
each before adding HRP-linked secondary antibody (Cell
Signaling Technology, 7076S) diluted into 5% milk and 1×
TBST (1:2000). The membrane was incubated for 1 h with
secondary antibody at room temperature before washing three
times with 1× TBST for 5 min. Signal was developed using
Clarity Western ECL Substrate (Bio-Rad) and imaged on a
Bio-Rad ChemiDoc XRS+.
Lactate Detection Using a Luminescence Assay. To

confirm DJ-1 glyoxalase activity, 1 μM DJ-1WT was incubated
with 200 μM MGO for 0−30 min at 37 °C. The commercially
available Lactate-Glo kit (Promega) was purchased, and
manufacturer instructions were followed with the following
modifications: 10 μM DJ-1C106A was added to the lactate
standard reaction mix for more accurate determination of the
standard curve. Reactions were initiated within a flat clear-
bottom white 96-well plate (Corning) with the bottoms
covered in white tape to minimize luminescence crosstalk
between wells. Luminescence readings were recorded using a
Tecan 10 M microplate reader with a 1 s integration time.

To detect both L- and D-lactate, lyophilized L- and D-lactate
dehydrogenase (LDH) enzymes were purchased from Sigma-
Aldrich and used in place of the provided enzyme from the
Lactate-Glo kit. To confirm the specificity of purchased LDH
enzymes, either L- or D-lactate (Sigma) was dissolved in water
at concentrations from 0 to 200 μM and incubated with L- or
D-LDH in the lactate standard reaction mix.

Evaluation of L- and D-lactate production by 10 μM DJ-1WT

was conducted by incubating 1 mM MGO alone, or with
reduced L-glutathione (GSH) or peptide 1 for 30 min at 37 °C.
The latter two conditions can be used to model hemithioacetal
or hemiaminal substrates. Following previously described
methods,20,29 stock solutions of either 10 mM MGO and 10
mM GSH or 20 mM MGO and 20 mM peptide 1 were first
incubated at room temperature for 1 h to allow for
equilibration of the hemithioacetal or hemiaminal in solution
before being treated with DJ-1 for a final substrate
concentration of 1 mM. For the hemiaminal peptide 1
samples, 1 mM peptide stock solution was also added to
lactate standard reaction mix to account for the presence of
∼5% DMF in experimental samples that would influence the
luminescence measurement.
Methylglyoxal Quantification by HPLC. A standard

curve was first generated where known MGO concentrations
were determined by adding 100 μL of a 20 mM stock of 3,4-
diaminobenzophenone (DABP) dissolved in DMF to 100 μL
of MGO solutions (at 0, 0.05, 0.25, 1, 5, 7.5, or 10 mM) in 20
mM PBS and incubated for 30 min at 37 °C. Reversed-phase
analytical high-performance liquid chromatography was
performed using an Agilent Infinity LC system employing a
mobile phase of water (A) and acetonitrile (B) with 0.1% TFA.
Samples were injected (0.70 μL) onto an AdvanceBio Peptide
2.7 μm column (2.1 × 150 mm2, Agilent) with the following
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method using a flow rate of 0.400 mL/min: isocratic 5% B for
1 min, isocratic pumping at 30% B for 1 min, a gradient change
from 30% B to 80% B over 1 min, a gradient change from 80%
B to 100% B over 1 min, isocratic column washing at 100% B
for 1.5 min, and ending with a gradient change back to 5% B
for 2 min. Absorbance at a wavelength of 260 nm was used to
detect both unreacted DABP and the addition product
between MGO and DABP. The peak corresponding to the
MGO-DABP addition product was integrated to generate a
standard curve.
For samples with unknown MGO concentrations, 50 μL of

the MGO-containing solution in 20 mM PBS was mixed with
50 μL of 20 mM DABP in DMF and incubated for 30 min at
37 °C. After analysis by HPLC, the product peaks were
integrated and used to determine the concentration of MGO
based on the standard curve.
Time Course Studies. For time course studies, 100 μM

DJ-1WT was incubated with either 1 or 10 mM substrate
concentrations in 20 mM PBS pH 7.3. Substrates include
MGO alone, the modeled GSH hemithioacetal (equimolar
GSH and MGO at 1 or 10 mM), and the modeled peptide
hemiaminal (equimolar peptide 1 and MGO at 1 mM or 10
mM), as previously described. At predetermined timepoints, a
15 μL aliquot of the reaction mixture was removed and
incubated with 15 μL of 20 mM DABP in DMF and incubated
for 37 °C before being subjected to the previously described
MGO quantification method.
Glutathione Titration. To determine if DJ-1WT is

allosterically modulated by GSH, 100 μM DJ-1WT was
incubated with 10 mM MGO and predetermined concen-
trations ranging from 0 to 10 mM GSH in 20 mM PBS at a
final volume of 25 μL. Reactions were incubated at 37 °C for
30 min before being quenched with 25 μL of 20 mM DABP
solution and incubated again at 37 °C for 30 min. The same
steps were followed using BME in place of GSH with a
concentration range of 0−2 mM BME. Samples were then
subjected to the previously described MGO quantification
method. To determine the extent of hemithioacetal formation,
a range of glutathione (GSH) or β-mercaptoethanol (BME)
concentrations (0−2 mM) were incubated with 10 mM MGO
in 20 mM PBS pH 7.4 at 37 °C for 30 min in a 96-well plate.
Absorbance measurements were then taken at 288 nm using a
Tecan 10 M microplate reader.
Pretreatment Assays. To pretreat MGO with DJ-1, 10

mM MGO and 100 μM DJ-1WT or DJ-1C106A were co-
incubated at a volume of 100 μL in 20 mM PBS pH 7.4 at 37
°C for 2.5 h. Separately, 25 μL of HisPur Ni-NTA Resin
(Thermo Scientific) was spun down, and liquid from the slurry
was pipetted out to reduce dilution upon addition to the
pretreatment reaction. Next, the entirety of the 100 μL
reaction was pipetted onto the resin, and the mixture was
gently agitated and then spun on a rotisserie shaker for an
additional 30 min at room temperature. Afterward, the slurry
was transferred into a spin column and centrifuged at 13,000
rpm for 2 min; supernatant flowthrough was collected in
microcentrifuge collection tubes (Pierce). Using the methods
described above, the collected supernatant was used for
peptide glycation reactions and LC-MS analysis. The super-
natant was also quantified for MGO concentrations using the
methods described above.

■ RESULTS AND DISCUSSION
DJ-1 Is Unable to Remove Stable AGEs from Proteins.

Although most of the available DJ-1 studies focus on its ability
to reverse hemiaminal or hemithioacetal adducts, a few recent
reports have suggested that DJ-1 is able to erase stable, late-
stage AGEs like MGH-1 and carboxyethyllysine from
proteins.17,18,21 Thus, our studies initiated with the goal of
understanding which of the many possible AGEs could be
removed by DJ-1. Our lab has previously evaluated protein
glycation by MGO in vitro and found that the small protein
ubiquitin (Ub) was among the most heavily glycated, making it
an ideal substrate for these studies.30 To evaluate the ability of
DJ-1 to remove AGEs, we subjected full-length ubiquitin (Ub)
to our established glycation protocols. After glycation, the
excess MGO was quenched using Tris (Figure S2). Next, the
resulting AGE-modified Ub was treated with either wild-type
DJ-1 (DJ-1WT) or a catalytically inactive variant (DJ-1C106A)
(Figure 2A).17 Using western blot and mass spectrometry, we
found that glycation levels remained unchanged even when DJ-
1WT was incubated with AGE-modified Ub for 24 h (Figure
2B,C). We further confirmed that the DJ-1WT remained unable
to remove AGEs from proteins when glycation reactions were
quenched using buffer exchange into phosphate buffer, rather
than sequestering by Tris (Figure S3).

Although DJ-1WT was unable to remove previously
generated AGEs, we found that DJ-1WT led to a major
reduction in glycation when it was incubated concurrently with
Ub during the 24 h MGO treatment (Figure 2A). As observed
by both western blot and mass spectrometry, this reduction in
glycation only occurred for DJ-1WT, not DJ-1C106A. This
indicates that the decrease in glycation can be attributed to DJ-
1WT activity (Figure 2B,C). This was also true for other
glycated protein substrates including ribonuclease A and
aldolase (Figures S4 and S5). In all cases, a reduction in
AGE formation was only observed in conditions where DJ-1WT

and MGO were concurrently incubated with the protein.
While these results suggest that DJ-1 is unlikely to remove fully
formed AGEs from proteins, they also confirm that DJ-1
possesses some activity that impedes glycation.
DJ-1 Does Not Erase Early AGEs from Peptides. Our

past work has shown that many AGE adducts are isomeric and
therefore difficult to discern on intact proteins. However, using
peptide substrates that possess just a single Arg residue, it is
straightforward to distinguish discrete AGEs. Thus, to further
evaluate the ability of DJ-1 to remove specific AGEs, we used a
glycated peptide substrate (peptide 1, Ac-LESRHYA) that our
lab has studied extensively.7 Our past work has confirmed that
the dihydroxyimidazolidine, MGH-DH, is the predominant
adduct for peptide 1 after 3 h incubation with MGO.7 Based
on the proposed mechanism for DJ-1 deglycase activity, this
bis-hemiaminal adduct would be expected to be a substrate for
DJ-1.20 After 3 h of MGO treatment, we subjected glycated
peptide 1 to an additional 3 h incubation with DJ-1WT (Figure
3A). We found that this led to no change in overall glycation
levels, as assessed by LC-MS (Figure 3B,C). Although we
observed no change in the overall extent of glycation, we found
that greater proportional levels of the [M + 54] adduct (MGH-
1) were observed after DJ-1WT treatment. However, we
confirmed that this was due to the spontaneous conversion
of MGH-DH to MGH-1 that occurs during an additional 3 h
of incubation in buffer, regardless of whether DJ-1WT was
present (Figure 3C).7 We further established that the DJ-1WT
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does not affect the conversion of MGH-DH to MGH-1 using
protocols previously developed in our lab (Figure S6).7

These data demonstrate that DJ-1WT is unable to remove
previously generated AGEs, even early adducts like MGH-DH.
However, when DJ-1WT and MGO were incubated con-
currently with peptide 1, the extent of glycation was reduced to
10.7 ± 3.6%, compared to 28.3 ± 3.8% with no enzyme, or
28.8 ± 1.1% with DJ-1C106A (Figure 3B,C). Together, these
results suggest that DJ-1’s protective effects against glycation
cannot be attributed to genuine deglycase activity, but rather

indicate that DJ-1 uses a different mechanism to compete with
AGE formation.
Free Thiols Antagonize Glycation Independent of DJ-

1 Activity. Most prior work has focused on DJ-1 activity in
the presence of additional thiols, either as substrates (in the
form of hemithioacetals) or to ensure that Cys 106, the key DJ-
1 catalytic residue, remains reduced. Our initial studies were
performed without any reducing agents present, and we
confirmed that there was negligible DJ-1 oxidation using LC-
MS and SDS-PAGE, even when stored in PBS (Figure S7).
Nonetheless, we sought to determine if DJ-1 activity would be
affected by the addition of thiols, like dithiothreitol (DTT).
We first subjected peptide 1 to 3 h of MGO incubation and
followed this treatment with either DJ-1WT, DTT, or DJ-1WT

with DTT. Using LC-MS, we observed no change in glycation
levels with any of these treatments, suggesting that additional
thiol does not alter DJ-1 activity and is not sufficient for DJ-1
to remove preexisting AGEs (Figure S8). Next, we
concurrently treated peptide 1 with MGO and DTT, with
DJ-1WT, or with both DTT and DJ-1WT. Notably, we observed
a significant reduction in glycation even when just DTT was
co-incubated with peptide 1 and MGO (16.0 ± 2.6% glycation,
compared to 34.7 ± 1.8% with MGO alone). Additionally,

Figure 2. DJ-1 cannot remove stable AGEs from proteins. (A) To
assess the potential deglycase activity of DJ-1, two sets of conditions
were evaluated. In the concurrent treatment, DJ-1 was co-incubated
with both ubiquitin (Ub) and MGO for 24 h at 37 °C in 20 mM PBS
at pH 7.3. In the subsequent treatment, Ub was first glycated by
MGO for 24 h at 37 °C in 20 mM PBS at pH 7.3, at which point the
excess MGO was quenched with Tris buffer (see also Figure S2).
Afterward, DJ-1 was incubated with the glycated protein for an
additional 24 h at 37 °C in 20 mM PBS and 15 mM Tris at pH 7.3.
(B) Using SDS-PAGE and western blotting against MGO, it was
possible to observe a decrease in glycation from concurrent
treatments with wild-type DJ-1 (DJ-1WT), but not a catalytically
inactive DJ-1 variant (DJ-1C106A). (C) These same findings were
obtained using intact protein mass spectrometry following subsequent
or concurrent DJ-1 treatments, as observed in the representative
deconvoluted mass spectra.

Figure 3. DJ-1 cannot remove early AGEs from peptides. (A) Purified
synthetic peptide Ac-LESRHYA, (peptide 1) was allowed to react
with equimolar MGO (1 mM) in 20 mM PBS at pH 7.3 for 3 h at 37
°C, and was then analyzed by LC-MS after subsequent or concurrent
treatment with DJ-1. (B) Representative combined mass spectra
(8.5−10 min) show a reduction in glycation only for concurrent
treatments with DJ-1WT. (C) Distribution of glycation products
observed by LC-MS after DJ-1 treatment. Stacked bar graphs are
plotted as mean ± standard deviation for each mass adduct. A
nondirectional (two-tailed) one-way ANOVA using Dunnett’s
multiple comparison test was used to determine statistically significant
differences in total glycation compared to peptide 1 treated with
MGO, p < 0.0001(****).
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when peptide 1 was concurrently incubated with both DJ-1WT

and DTT along with MGO, there were low levels of glycation
(3.0 ± 2.0%).
Because DTT has two thiols that can each form hemi-

thioacetals with MGO, we also evaluated peptide glycation in
the presence of glutathione (GSH), which has only one thiol.
We subjected peptide 1 to 3 h of MGO incubation and
followed this treatment with either DJ-1WT, GSH, or DJ-1WT

with GSH. Using LC-MS, we found that under these
subsequent conditions, there were no differences in the extent
of glycation after any of these treatments (Figure 4B). Next, we

concurrently treated peptide 1 with MGO and GSH, with DJ-
1WT, or with both GSH and DJ-1WT. We observed a significant
reduction in glycation when just GSH was co-incubated with
peptide 1 and MGO (23.3 ± 1.1% glycation, compared to 34.7
± 1.8% with MGO alone). We also observed low levels of
glycation when peptide 1 was concurrently incubated with
both DJ-1WT and GSH along with MGO (4.1 ± 0.5%
glycation) (Figure 4C). This behavior was similar to that what
was observed when peptide 1 was co-incubated with MGO,

DTT, and DJ-1WT. This suggests that there is an additive effect
whereby thiols and DJ-1 minimize glycation through two
different mechanisms. Further, these data are consistent with a
model in which any compound that reacts with MGO will
compete with AGE formation.
DJ-1 Has Glyoxalase Activity. DJ-1 has previously been

reported to be a glyoxalase that detoxifies MGO to lactate.23

Because we observed a reduction in glycation only when DJ-1
co-incubated with MGO, we hypothesized that this glyoxalase
activity could be the source of the protective effect against
glycation, as has been previously proposed.27,29 Despite these
two notable exceptions,27,29 most past efforts to evaluate DJ-1’s
putative deglycase activity have largely ignored its glyoxalase
function because of a handful of reports stating that it is
inefficient.20,31 Nonetheless, using a commercially available
enzyme-linked luminescence assay, we found that DJ-1WT

generated considerable levels of L-lactate from MGO after
short (30 min) exposures (Figure S9). We also adapted our
luminescence assay for use with either L- or D-lactate
dehydrogenase (LDH) (Figure S10). Using this approach,
we found that both L- and D-lactate were generated, with 45%
enantiomeric excess (ee) of L-lactate (Figure 5A,B). We also
evaluated stereospecificity for DJ-1-mediated conversion of
MGO to lactate in the presence of glutathione (GSH) or
peptide 1. In this case, GSH or peptide 1 was co-incubated
with MGO for 1 h at room temperature prior to DJ-1WT

treatment, allowing hemithioacetals or hemiaminals with MGO
to form. In both cases, we found that similar overall levels of
lactate were produced (Figure 5B). However, the presence of
GSH led to 80% ee, while the presence of peptide 1 produced
49% ee. The latter of these was similar to the 45% ee observed
with MGO alone. These results reveal that DJ-1 glyoxalase
activity is not stereospecific, as has been previously reported
for MGO treated with DJ-1WT, even without peptide or GSH
present.24

Because DJ-1WT produces varying amounts of L- and D-
lactate in the presence of peptide 1 or GSH, we chose to
monitor its glyoxalase activity by tracking the consumption of
MGO with 3,4-diaminobenzophenone (DABP) in a quantita-
tive HPLC-based assay (Figures 5A and S11). While several
prior studies have determined kinetic parameters for DJ-1 with
or without GSH, they have not all been directly comparable.
For this reason, we chose instead to perform time course
studies that would allow us to directly compare DJ-1 glyoxalase
activity in the presence and absence of GSH or peptide at high
(10 mM) and low (1 mM) MGO concentrations These
concentrations were selected either to be well above (10 mM)
or close to (1 mM) the reported Km values, which range from
0.3 to 0.9 mM.17,18,20,26

At low MGO concentrations, we found that DJ-1WT

catalyzed the complete consumption of MGO after 1 h,
regardless of whether GSH or peptide 1 was present. However,
when equimolar (1 mM) GSH was present, there was
noticeably more MGO consumed after 30 min (Figure 5C,
top). At high MGO concentrations, this effect was substantially
amplified, with greater than a 5-fold increase in the initial rate
of MGO consumption in the presence of equimolar (10 mM)
GSH (0.026 ± 0.003 mM/min for MGO only; 0.147 ± 0.020
mM/min with GSH) (Figure 5C, bottom). We also found that
there was a modest increase in the rate of MGO consumption
in the presence of peptide 1 (0.083 ± 0.013 mM/min).
However, most of this difference could be attributed to the
glycation of peptide 1, which we could account for by

Figure 4. Glutathione interferes with AGE formation even in the
absence of DJ-1. (A) To determine the influence of free thiols on
glycation reactions, 1 mM peptide 1 (Ac-LESRHYA) was allowed to
react with 1 mM MGO and was then analyzed by LC-MS after
subsequent or concurrent treatment with DJ-1WT and/or glutathione
(GSH) in 20 mM phosphate buffer at pH 7.3 for 3 h at 37 °C.
Distribution of glycation adducts observed by LC-MS after (B)
subsequent or (C) concurrent DJ-1 and/or GSH treatment.
Decreases in glycation were only observed in concurrent, not
subsequent, conditions. While the addition of either GSH or DJ-
1WT was able to reduce glycation during concurrent incubations, there
was also an additive effect where even greater reductions in glycation
were observed in the presence of both GSH and DJ-1WT. Stacked bar
graphs are plotted as mean ± standard deviation for each mass adduct.
A nondirectional (two-tailed) one-way ANOVA using Dunnett’s
multiple comparison test was used to determine statistically significant
differences in total glycation, p < 0.0001(****) and p < 0.001(***).
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monitoring the loss of MGO over time in the presence of
peptide 1 and DJ-1C106A.
Although the GSH-MGO hemithioacetal was originally

proposed to be the ideal DJ-1 substrate, recent work has
provided compelling data to the contrary, demonstrating that
the hemithioacetal spontaneously decomposes due to the

shifting equilibrium as DJ-1 decreases MGO concentrations.27

Nonetheless, our time course studies revealed a clear increase
in DJ-1 glyoxalase activity in the presence of GSH. To
reconcile these results, we postulated that glutathione could be
an allosteric activator of DJ-1, rather than a co-substrate.

To evaluate this possibility, we monitored the extent of
MGO consumption after 30 min of treatment with 100 μM
DJ-1 across a range of GSH concentrations, using high (10
mM) initial concentrations of MGO. Using this approach, we
confirmed that DJ-1WT activity increases, and then plateaus,
with increasing concentrations of GSH, up to 10 mM GSH
(Figure 5D, left). At lower GSH concentrations, between 0 and
1 mM, there was a sigmoidal relationship between the reaction
velocity and GSH concentration (Figure 5D, right). This
suggests that DJ-1 could be allosterically activated by GSH.

To further test this hypothesis, we compared the perform-
ance of GSH to another molecule containing a single thiol, β-
mercaptoethanol (BME) (Figure S12A). First, we monitored
the extent of hemithioacetal formation (λmax = 288 nm) when
either GSH or BME (0−2 mM) was co-incubated with 10 mM
MGO. We found that both thiols resulted in similar levels of
hemithioacetal over this concentration range (Figure S12B).
Next, we monitored the extent of MGO consumption after 30
min of treatment with 100 μM DJ-1WT across this same range
of GSH or BME concentrations. For GSH, we once again
observed a sigmoidal relationship between the V0 and GSH
concentration (Figure S12C, left). Intriguingly, while V0
remains nearly constant between 1 and 2 mM GSH, the
amount of hemithioacetal is doubled. Because there is not a
concomitant increase in V0 as hemithioacetal levels rise, we can
conclude that the GSH hemithioacetal is unlikely to be a
significantly better substrate than MGO alone. Additionally, for
BME, we observed virtually no change in V0 across the entire
concentration range evaluated, even as BME hemithioacetal
levels rise (Figure S12C, right). Thus, the observed increase in
DJ-1 glyoxalase activity in the presence of GSH can be
attributed to cooperativity between DJ-1 and GSH, rather than
preferential deglycation of hemithioacetals.
DJ-1 Antagonizes Glycation through MGO Detox-

ification. Having established that DJ-1 functions as an
effective glyoxalase, we next sought to determine if this activity
alone could account for the observed protection against
glycation. To test this hypothesis, we designed an experiment
that would allow us to first treat MGO with DJ-1, next remove
DJ-1, and finally, use the pretreated MGO to perform peptide
glycation reactions (Figure 6A,B). Accordingly, 10 mM MGO
was treated with 100 μM His-tagged DJ-1WT or DJ-1C106A for 3
h. At this point, the His-tagged DJ-1 was removed using Ni-
NTA resin. We confirmed that this protocol resulted in
undetectable levels of DJ-1 in the resulting supernatant (Figure
S13), which could then be used to perform peptide glycation
reactions. Using this approach, we found that similar levels of
glycation were obtained for supernatants that had been
previously exposed to DJ-1C106A or no enzyme at all (Figure
6C, left). There was an overall decrease in total glycation
compared to our standard glycation protocols (Figure 3C),
which we attribute to the nonspecific sequestering of MGO by
the resin and spin columns used to collect the supernatant. We
also observed a significant decrease in glycation for super-
natants that were previously exposed to DJ-1WT, similar to the
concurrent peptide glycation treatment condition that was
observed previously.

Figure 5. DJ-1 is a glyoxalase that is allosterically activated by
glutathione. (A) DJ-1 glyoxalase activity was measured in two ways:
either by monitoring lactate production with a commercially available
enzyme-linked luminescence assay or by monitoring the consumption
of MGO in a quantitative HPLC chemical derivatization assay. (B)
Using the luminescence assay, both D- and L-lactate were detected
when 10 μM DJ-1WT was incubated for 30 min at 37 °C in 20 mM
PBS at pH 7.3 with 1 mM MGO alone, 1 mM MGO and 1 mM GSH,
or 1 mM MGO and 1 mM peptide 1. (C) Using the HPLC assay,
time course studies were conducted using 100 μM DJ-1WT incubated
with (top) 1 mM MGO, with or without equimolar GSH or peptide
1, or (bottom) 10 mM MGO, with or without equimolar GSH or
peptide 1. Samples were incubated at 37 °C in 20 mM PBS at pH 7.3,
and the resulting loss in MGO was monitored over 1 h. While DJ-1
exhibited modest differences in activity at low MGO (1 mM)
concentrations, there was a major increase in activity when GSH was
present at high (10 mM) MGO concentrations. (D) To evaluate if
GSH could be an allosteric activator of DJ-1, we used the HPLC assay
to monitor the reaction velocity (V0 = −d[MGO]/dt) over 30 min of
treatment with 100 μM DJ-1WT and MGO (10 mM initial
concentration), while titrating the GSH concentrations, up to 10
mM GSH (left). At low MGO concentrations (right), there was a
sigmoidal relationship between GSH concentration and V0, suggesting
that DJ-1 is allosterically activated by GSH. An unpaired Student’s t-
test was used to determine statistically significant differences between
V0 at 0 mM and either 1 mM or 2 mM GSH, p < 0.01(**), p <
0.05(*).
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To further confirm that DJ-1 decreases MGO levels, we
quantified the amount of MGO remaining in the supernatant
(PT-MGO stock) after the removal of DJ-1. Using the
previously described quantitative HPLC-based assay, we found
that the MGO concentration in supernatants in which no
enzymes were added, but the 10 mM MGO solution was
exposed to Ni-NTA resin led to supernatants with 8.29 ±
0.264 mM MGO, a 17.1% decrease from the original 10 mM
stock. There was a somewhat larger loss of MGO (7.51 ±
0.240 mM, 24.9% decrease) after pretreatment with DJ-1C106A,
likely due to the added influence of reversible nonspecific
binding and/or glycation at some or all of the 25 possible
glycation sites on DJ-1C106A itself. However, there was a
dramatic reduction in MGO concentrations for supernatants
that were previously treated with DJ-1WT (0.933 ± 0.256 mM,
90.7% decrease) (Figure 6C, middle).
Our next goal was to determine if the reduced MGO levels

after DJ-1 treatment could be solely responsible for the

observed decreases in glycation. To assess this, we prepared
new stock solutions of MGO at the indicated concentrations,
determined using the HPLC assay. We then performed peptide
glycation reactions using these new MGO stocks. We found
that these reactions produced identical levels of glycation
compared to the ones performed using the pretreated
supernatants (Figure 6C, right). This level of glycation was
even less than what was observed during our original
concurrent treatment condition (Figure 3C). This difference
is likely because, during concurrent treatment with MGO and
DJ-1, glycation competes with lactate formation during the
reaction period. Taken together, these results demonstrate that
DJ-1 glyoxalase, not deglycase, activity is solely responsible for
decreasing glycation levels.

■ CONCLUSIONS
Here, we have demonstrated that DJ-1 is not a deglycase that
erases AGEs from proteins. Instead, DJ-1 is a glyoxalase that
prevents glycation by reducing MGO levels. While our
conclusions differ from most studies that have evaluated DJ-
1 as a potential deglycase, our findings are straightforward to
reconcile with this prior work. Most prior studies have used
conditions that match closely with our concurrent proto-
col.17,18,20−22,25,27−29,32−34 These include examples where the
glycation reaction is started at an earlier time than the DJ-1
incubation, but free MGO remains unquenched when DJ-1 is
added.17,20,21,27−29,34 Because MGO is a substrate for DJ-1, any
attempt to measure “deglycase” activity without quenching free
MGO will result in less glycation simply because there is less
MGO available to react. In contrast, our work carefully
included steps to remove excess, unbound MGO and quench
glycation reactions prior to adding DJ-1. This allowed us to
differentiate between a model in which DJ-1 could remove
AGEs versus one in which it antagonizes AGE formation. Only
one other report has described a subsequent DJ-1 treatment
protocol similar to ours, which produced results consistent
with our findings.32 Two other reports used buffer exchange
via spin concentration to remove excess MGO, but
subsequently evaluated only lactate formation33 or MGO
consumption21�not protein or peptide glycation�in the
presence of DJ-1. Based on the experimental details provided,
which involved very high initial concentrations of MGO (5
mM33 or 100 mM21), it is likely that the observed lactate
formation (measured by HPLC)33 or MGO consumption
(measured by DNPH absorbance),21 was due to carryover free
MGO and/or a spontaneous AGE reversal process that
released free MGO (see Figure S6) and reproduced conditions
more similar to our concurrent protocol.

Additionally, most prior studies of DJ-1 have been
conducted in the presence of thiol-reducing agents that can
amplify the apparent decreases in glycation by competing with
AGE formation through an independent mechanism. In
contrast, our work separately assessed the ability of thiols,
like GSH or DTT, to interfere with glycation. As a result, our
work clearly demonstrates that DJ-1 is not an AGE eraser and
cannot reasonably be considered a deglycase. Despite this, it
remains classified as such in most major databases. To avoid
any confusion and aid in the correct interpretation of
meaningful experimental results in the future, we echo previous
calls20,27−29 to correct this misclassification.

Previous work has suggested that DJ-1 uses distinct
mechanisms for its “deglycase” and glyoxalase activities.
Many prior reports focus on a putative Cannizzaro-like

Figure 6. DJ-1 mitigates glycation by decreasing MGO concentration.
(A) 10 mM MGO was pretreated with 100 μM His-tagged DJ-1 for
2.5 h at 37 °C in pH 7.3 20 mM PBS before addition of Ni-NTA resin
for 30 min at room temperature to bind the His-tagged DJ-1. The
resulting supernatant (PT-MGO stock) was then collected using spin
columns and (B) used in peptide glycation reactions. These glycation
reactions were conducted using 1 mM peptide 1 and a 1:10 dilution
of the PT-MGO stock and were incubated for 3 h at 37 °C in 20 mM
PBS at pH 7.3 before being analyzed by LC-MS. (C) Left:
Distribution of glycation products observed by LC-MS using PT-
MGO stocks obtained after incubation of MGO with no enzyme, DJ-
1WT, or DJ-1C106A; middle: determined concentrations of MGO in the
PT-MGO stocks, as measured by a quantitative HPLC assay; right:
distribution of glycation products observed by LC-MS using new
MGO stocks prepared at the previously determined concentrations. A
nondirectional (two-tailed) one-way ANOVA using Dunnett’s
multiple comparison test was used to determine statistically significant
differences in total glycation concentrations, p < 0.0001(****).
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glyoxalase mechanism involving a hydride shift that is
postulated to occur stereospecifically and without any
cofactors.20,26,34 However, there has been no experimental
evidence obtained in support of this mechanism, and, to our
knowledge, this type of transformation has not been observed
in enzymes.35−39 While hydride transfers are frequently
observed, these transformations required specialized cofactors
like NADH.36−39 Instead, there is strong evidence that DJ-1
engages in a deprotonation/re-protonation mechanism that
uses an enediol intermediate shared by all known glyox-
alases.40,41 The observed stereoselectivity is easily reconciled
by the presence of a planar enediol intermediate that is
preferentially, but not exclusively, protonated on the re face.24

Furthermore, a conformational change associated with a
more active form of the enzyme could enhance the observed
stereoselectivity. Indeed, that is what we observed in the
presence of glutathione, which we demonstrated to be an
allosteric activator of DJ-1. Many prior studies have evaluated
DJ-1 activity in the presence of glutathione;20,25,27−29,33 our
results herein suggest that these may need to be reinterpreted
in light of the finding that GSH augments DJ-1 activity. In
particular, past kinetic studies may need to be revisited as
allosteric enzymes do not obey traditional Michaelis−Menten
kinetics and past work has typically co-varied equimolar
concentrations of MGO and GSH.20,27,29 Additionally, recent
work has suggested that DJ-1 has a distinct, but related, activity
that protects metabolites and proteins from damage by 1,3-
bisphoshoglycerate.42 It has also been reported to exhibit
protease and esterase activities.43,44 Future studies that take
these multiple activities into account will be helpful for
understanding DJ-1’s biology.
Although DJ-1 is not a generalized AGE eraser, it still plays a

valuable cellular role, helping mitigate glycolytic and metabolic
stress in tandem with the glyoxalase system. Accordingly, DJ-1
activity can be up- or downregulated to protect functional
proteins from glycation or to increase glycation-derived cellular
damage in dysfunctional cells, similarly to Glo1.45 As a result,
DJ-1 activity can be harnessed as a tool to study dysregulated
metabolism and offer critical insight into how a nonenzymatic
PTM, like glycation, can regulate cellular processes.
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