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Abstract

DJ-1, a protein encoded by PARK7 plays a protective role against neurodegen-

eration. Since its glyoxalase III activity catalyzing methylglyoxal (MG) to lac-

tate was discovered, DJ-1 has been re-established as a deglycase decomposing

the MG-intermediates with amino acids and nucleotides (hemithioacetal and

hemiaminal) rather than MG itself, but it is still debatable. Here, we have clari-

fied that human DJ-1 directly recognizes MG, and not MG-intermediates, by

monitoring the detailed catalytic processes and enantiomeric lactate products.

The hemithioacetal intermediate between C106 of 15N-labeled DJ-1 (15NDJ-1)

and MG was also monitored by NMR. TRIS molecule formed stable diastereo-

topic complexes with MG (Kd, 1.57 ± 0.27 mM) by utilizing its three OH

groups, which likely disturbed the assay of deglycase activity. The low kcat of

DJ-1 for MG and its MG-induced structural perturbation may suggest that

DJ-1 has a regulatory function as an in vivo sensor of reactive carbonyl stress.
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1 | INTRODUCTION

Since human DJ-1 was first identified as a novel onco-
gene transforming NIH3T3 cells via a Ras-dependent sig-
nal transduction pathway (Nagakubo et al., 1997),
mutations in DJ-1 (DJ-1) are known to cause the early
onset of Parkinson disease (PD; Bonifati et al., 2003).
DJ-1 protects dopaminergic neurons from cell death in
PD, and its various functions, including as molecular
chaperone, protease, glyoxalase III, transcriptional regu-
lator, and molecular sensor of oxidative stress, have been
reported to date (Ariga et al., 2013; Chen et al., 2010;
Dolgacheva et al., 2019; Lee et al., 2003). To explain the
multiple roles of DJ-1, it was also reported that DJ-1 spe-
cifically binds and suppresses a set of mRNAs with
GG/CC-rich sequence including mitochondrial tran-
scripts, components of the PTEN/Akt pathway and genes
involved in glutathione (GSH) metabolism (van der Brug
et al., 2008). Although these pleiotropic functions of DJ-1
appear to be associated with the oxidized C106 residue
(sulfinic acid), the detailed molecular mechanisms
remain unknown (Ariga et al., 2013; Dolgacheva
et al., 2019). Nevertheless, it is clear that the presence of
the DJ-1 gene (PARK7) is important for protecting cells
from oxidative stress and maintaining mitochondrial
homeostasis in dopaminergic neurons (Canet-Aviles
et al., 2004; Guzman et al., 2010).

Oxidative stress is associated with increased sugar
metabolism in neuronal cells, which also produces highly
toxic by-products of glycolysis, namely reactive carbonyl
species (RCSs) of methylglyoxal (MG) and glyoxal (GO).
RCSs result in advanced glycation end products (AGEs)
of proteins and nucleic acids that are involved in aging-
related diseases, including cancer, neurodegenerative dis-
eases, and diabetes (Allaman et al., 2015). MG forms
reversible early glycation adducts, and the ultimate stable
AGEs result from subsequent and spontaneous chemical
rearrangements (Jun & Kool, 2020; Richarme
et al., 2015). Therefore, glyoxalase III activity is important
for maintaining cellular homeostasis under oxidative
stress, that is depletion of GSH, since the more active
glyoxalase I/II system utilizes GSH as a cofactor
(Allaman et al., 2015). The characterization of the DJ-1
glyoxalase III activity was initiated by an independent
study of Escherichia coli RbsD protein that was proven to
be a novel pyranase of D-ribose, one kind of mutarotase,
to accelerate the conversion between β-ribopyranose and
β-ribofuranose (Ryu et al., 2004). Shortly thereafter, the
accumulation of toxic RCSs of MG and GO caused by
overexpression of RbsD, which increases the metabolism
of D-ribose, was found to be the cause of E. coli death
(Kim et al., 2004). Subsequent fractionation and

proteomic studies based on the glyoxalase III activity
assay using the extract of E. coli K-12 revealed that
Hsp31, the hchA gene product, is glyoxalase III (Subedi
et al., 2011). As Hsp31 is a member of the DJ-1/ThiJ/PfpI
superfamily, and the structural studies also showed that
DJ-1 and Hsp31 share an evolutionarily conserved
domain (Lee et al., 2003), it has also been proven that
DJ-1 has glyoxalase III activity (Lee et al., 2012). How-
ever, DJ-1 has a wider active-site pocket and less con-
served active-site residues as compared to Arabidopsis
thaliana DJ-1d (atDJ-1d) and Hsp31; thus, its kcat value is
lower than those of atDJ-1d and Hsp31 (DJ-1: 0.0272 s�1;
atDJ-1d: 0.692 s�1; Hsp31: 1.47 s�1 for phenylglyoxal
[PG]) (Choi et al., 2014).

On the other hand, it was first reported that DJ-1 is
not glyoxalase III, but rather a deglycase to decompose
MG intermediate complexes with amino acids such as N-
acetyl Cys (NAC), N-acetyl Lys (NAK), and N-acetyl Arg
(NAR; Richarme et al., 2015). Later, it was also reported
that DJ-1 and its bacterial homologs (Hsp31, YhbO, and
YajL) specifically repair the reversible glycated guano-
sine 50-triphosphate (GTP aminocarbinol), but not its
delayed end-products, namely imidazopurinones and
carboxyethyl-deoxyguanosine (Richarme et al., 2017).
Nevertheless, there is still a debate regarding the degly-
case activity of DJ-1 including potential TRIS buffer arti-
facts and the D/L-stereochemistry of the lactate products
(Pfaff et al., 2017; Richarme, 2017). It was recently
reported that the apparent deglycase activity of DJ-1 is
the consequence of fast equilibrium between MG and
hemithioacetals, likely resulting in the misinterpretation
of glyoxalase III as deglycase (Andreeva et al., 2019; Gao
et al., 2023; Mazza et al., 2022). However, detailed
kinetic data of DJ-1 activities have not yet been reported
for GTP aminocarbinol, likely due to difficulty of UV
monitoring. The debates on DJ-1 enzyme activity regard-
ing its glyoxalase III versus deglycase activities have also
been clearly summarized in a recent review article
(Jun & Kool, 2020).

Here, we attempted to resolve two different activities
of DJ-1 (glyoxalase III and deglycase) in the same lineage
of enzymatic reactions via direct monitoring of the time-
dependent enzymatic reactions using isothermal titration
calorimetry (ITC) and NMR techniques. DJ-1 does not
seem to have deglycase activity, but only displayed glyox-
alase III activity both for hemithioacetal and hemiam-
inal. It was also confirmed that TRIS molecule formed
stable diastereotopic covalent complexes with
MG. Structural perturbation of the MG-hemithioacetal of
the DJ-1 C106 residue (MG-C106) was also analyzed
using 1H-15N heteronuclear single quantum coherence
(HSQC) spectra.
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2 | RESULTS

2.1 | Determination of the preliminary
parameters for detailed enzyme kinetics
experiments

First, the C106 active site residue of DJ-1 is highly suscep-
tible to oxidation because of its low pKa value (5.4 ± 0.1;
Witt et al., 2008), and the identical secondary structure of
the C106-sulfinic acid ( SO2) form with that of the native
one was also characterized by triple resonance NMR
experiments (Barbieri & Luchinat, 2019). We recently
established a column chromatography method to sepa-
rate native DJ-1 from oxidized one (Choi et al., 2022).
The exact concentration of the MG stock solution was
back-calculated from the MG-titration curves with the
fixed concentration of NAC (100 mM) using UV absorp-
tion at 288 nm (Figure S1). The determined extinction
coefficient (250 ± 11 M�1�cm�1) of the MG-hemiacetal of
NAC (MG-NAC) was much higher than the previously
reported value (98 ± 5 M�1�cm�1; Lo et al., 1994), but
was similar to the recently reported values of MG-NAC
(300 M�1�cm�1; Andreeva et al., 2019).

The equilibrium constants (Kd, =1/Keq) of the MG
intermediates (hemithioacetal and hemiaminal) were
first determined before detailed kinetic studies (Table 1).
The Kd values of the MG-hemiacetal of GSH (MG-GSH)
and MG-NAC were measured using both one-
dimensional (1D) 1H-NMR and UV absorption, but that
of the MG hemiaminal of guanosine 50-monophosphate
(MG-GMP) was determined only by 1D 1H-NMR (Table 1
and Figure S2). The Kd values of MG-GSH (NMR,
1.67 mM; UV, 1.92 mM) and MG-NAC (NMR, 1.70 mM;
UV, 1.89 mM) were similar to the previously reported
value of MG-GSH (1.96 mM; Andreeva et al., 2019). The
Kd value of MG-GMP was determined from the equilib-
rium NMR spectra (0.98 mM). The equilibrium constants
of the MG-hemiaminals of NAR (MG-NAR) and NAK
(MG-NAK) could not be determined because the reaction
between 10 mM MG and 3 mM NAR was slow (half time
to reach equilibrium �9 h), and the reaction between
MG and NAK was too slow to detect the 1D peaks of the
MG-NAK intermediate even after overnight incubation
(Figure S3). Therefore, MG-NAR and MG-NAK could not
be tested for detailed kinetic studies.

2.2 | ITC monitoring of the MG catalysis
by DJ-1 protein

Indirect detection of MG via a chemical reaction using
2,3-dinitrophenylhydrazine (Andreeva et al., 2019; Lee
et al., 2012) may cause difficulties in enzyme kinetics

TABLE 1 Equilibrium and kinetic parameters of the DJ-

1-mediated MG catalysis.

Kd (mM) By NMR By UV

MG-GSH 1.67 ± 0.14 1.92 ± 0.06

MG-NAC 1.70 ± 0.26 1.89 ± 0.14

MG-GMP 0.98 ± 0.27

MG-TRIS 1.57 ± 0.27

koff (s
�1, =k�4) MG-NAC MG-GMP

25�C 0.153 ± 0.030 0.00078 ± 0.00022

35�C 0.313 ± 0.042 0.00359 ± 0.00017

By ITCa Km (mM) kcat (s
�1)

20�C 0.157 ± 0.030 0.0758 ± 0.0046

25�C 0.284 ± 0.051 0.117 ± 0.001

30�C 0.388 ± 0.055 0.180 ± 0.004

35�C 0.463 ± 0.080 0.261 ± 0.002

Equilibrium between MG0 and MG00 at 25�C

k3 (s
�1)b 0.0107 ± 0.0002

k�3 (s
�1) 0.00667 ± 0.0001

Time-course 1D NMR for MG alone at 25�C

Km (mM) 0.387 ± 0.007

kcat (s
�1) 0.108 ± 0.001

k3 (s
�1) 0.01032 ± 0.00002

k�3 (s
�1) 0.00667c

Time-course 1D NMR for MG-NAC at 25�C

Km (mM) 0.432 ± 0.043

kcat (s
�1) 0.109 ± 0.004

k3 (s
�1) 0.0100 ± 0.0004

k�3 (s
�1) 0.00667c

k4
app (mM�1�s�1) 0.052 ± 0.001

k�4 (s
�1) 0.133c

Time-course 1D NMR for MG-GMP at 25�C

Km (mM) 0.475 ± 0.014

kcat (s
�1) 0.101 ± 0.002

k3 (s
�1) 0.0111 ± 0.0003

k�3 (s
�1) 0.00667c

k4
app (mM�1�s�1) 0.00126 ± 0.00001

k�4 (s
�1) 0.000840c

Abbreviations: ITC, isothermal titration calorimetry; MG, methylglyoxal;

MG-GMP, MG hemiaminal of guanosine 50-monophosphate; MG-NAC, MG-

hemiacetal of N-acetyl Cys.
aError value was obtained from two different analyses using the Michaelis–
Menten equation and the direct fitting of the whole ITC profile, otherwise

means a fitting error.
bThe k3 was calculated from the measured k�3 using the ratio of MG0

and MG00.
cThe k�3 and k�4 values were fixed to the experimental values during the

fitting with Equations (3–6), in which the k�4 values at 25�C were back-

calculated from the Arrhenius plots (Figure S4C).
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studies, which may also result in an unpredicted artifact.
Therefore, the presence of a direct method to measure
the MG catalysis would be necessary. UV absorption can
be used to monitor MG-NAC hemithioacetal, but is not
suitable for detecting MG-GMP hemiaminal. In our stud-
ies, ITC and 1D 1H-NMR methods were used to resolve
the debating enzyme activities. A single injection ITC
method was first used to monitor DJ-1-mediated MG
catalysis, in which the conversion of MG to lactate was
an exothermic reaction (Figure 1). It was previously
reported that DJ-1 forms filamentous aggregates in phos-
phate buffer (Cha et al., 2008). However, any decreasing
activity of DJ-1 was not detected in phosphate buffer as
compared to HEPES buffer at pH 7.0 (not shown), which
was likely due to different experimental conditions such
as a low concentration of DJ-1.

The Km and kcat values of DJ-1 at 35 �C were deter-
mined to be 0.520 mM and 0.263 s�1, respectively
(Table 1). To determine the deglycase activity of DJ-1 via
ITC experiments, MG was preincubated with NAC or
GMP, and then the same amount of DJ-1 protein was
injected. As the concentration of NAC increased, the exo-
thermic ITC curves were reduced and delayed
(Figure 1a). This phenomenon became more apparent
with increasing GMP concentration (Figure 1b). The
decreasing exotherm was due to heat compensation by
the endothermic reaction resulting from the dissociation
of MG-NAC hemithioacetal (not shown) and MG-GMP
hemiaminal (Figure S4b). However, the delayed reactions
were hardly explained by the deglycase activity of DJ-1,
which was assumed to preferentially decompose MG
intermediates rather than MG. We measured the

spontaneous dissociation rates (koff) of MG-NAC and
MG-GMP, which were monitored by UV spectroscopy at
288 nm and ITC, respectively (Figure S4a,b).

The rapid dissociation process of MG-NAC could not
be analyzed by ITC due to the limited time resolution of
the measurement. The k�4 value of MG-GMP
(0.00359 s�1) was much slower than that of MG-NAC
(0.313 s�1) at 35�C (Table 1). A more delayed reaction in
the presence of GMP, as compared to in the case of NAC,
could be possible when DJ-1 preferentially recognizes
MG as its substrate.

It was previously reported that deglycase activity
increases depending on the square of DJ-1 concentration
due to the intermolecular recognition of MG-modified
DJ-1 by different DJ-1 proteins (Richarme et al., 2015).
Therefore, the enzymatic reactions of MG were moni-
tored using ITC at different concentrations of DJ-1. Since
the reactivity of Arg and Lys residues to MG was very
low (Figure S3), 7 Arg and 16 Lys residues of DJ-1 hardly
influence the relatively short ITC measurements.
Although two Cys residues (C46 and C53) besides the cat-
alytic C106 might have contributed to the deglycase activ-
ity, the velocity of the MG catalysis linearly increased
with increasing concentrations of DJ-1 (Figure 1C).

2.3 | NMR monitoring of DJ-1-mediated
MG catalysis

We performed NMR kinetic experiments to resolve the
detailed mechanism of DJ-1-mediated MG catalysis at
25�C. To monitor the changes in all reaction components

FIGURE 1 Isothermal titration calorimetry (ITC)-monitoring the DJ-1-mediated methylglyoxal (MG) catalysis. The single-shot ITC

measurements using 15 μM DJ-1 protein were executed as increasing the concentrations of (a) N-acetyl Cys and (b) GMP, respectively.

(c) The ITC profiles of the MG catalysis were measured by varying the concentrations of DJ-1. The Vmax values were linearly increased as

increasing the concentrations of DJ-1 (inset).
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in real time, the time-course 1D NMR spectra were
acquired for three different DJ-1 reactions: (i) MG alone,
(ii) MG-NAC, and (iii) MG-GMP. MG mostly exists as
MG0 (monohydrated) and MG00 (dihydrated) in solution,
and its nonhydrated form was not identified in the 1D

NMR spectra (Figure 2a). To describe the detailed kinet-
ics NMR data based on glyoxalase III activity, DJ-
1-mediated MG catalysis was divided into three processes
(Figure 2b): (i) equilibrium among different MG species,
(ii) lactate (LAC) produced via DJ-1 enzyme activity

FIGURE 2 Time-coursed monitoring of the DJ-1-mediated methylglyoxal (MG) catalysis in the absence and presence of N-acetyl Cys

(NAC) and guanosine 50-monophosphate (GMP). (a) The 1D NMR spectra of MG alone, MG-hemiacetal of NAC (MG-NAC), and MG

hemiaminal of GMP (MG-GMP) were recorded using 700 MHz NMR spectrometer at 25�C. Two methyl peaks of MG are corresponded to

the monohydrated and dihydrated forms (MG0 and MG00), respectively; however, that of the nonhydrated form was not identified. The

nitrogen and sulfur atoms of GMP and NAC (red) form the covalent bond with the C2 atom of MG (red), resulting in MG-GMP and MG-

NAC, respectively. There is only one methyl peak corresponding to MG-NAC (or MG-GMP), which indicates no additional hydration to the

MG-intermediates. (b) The DJ-1-mediated MG-catalysis in the presence of GMP consists of (i) the equilibrium of MG species and GMP, and

(ii) the MG catalysis by DJ-1. In the case of MG-NAC, the term GMP is changed to NAC. Since the nonhydrated form of MG is not visible

due to a tiny amount in solution, the sum of [MG0] and [MG00] was used as the free MG concentration. The concentrations of the reaction

components were estimated by integrating each peak of the time-course 1D NMR spectra; (c) MG alone, (d) MG-NAC, and (e) MG-GMP.
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(vDJ1), and (iii) equilibrium between MG and GMP
(or NAC). The overall reaction patterns clearly show that
the delayed lactate production was likely due to the slow
dissociation of MG (DJ-1 substrate) from MG-NAC and
MG-GMP (Figures 2c–e, and S5). Since (i) the equilib-
rium among MG0, MG00, and MG was much faster than
the Vmax value of DJ-1-mediated MG catalysis, and
(ii) the dissociation rate (k�4) of MG-GMP (0.00078 s�1)
was much slower than that of MG-NAC (0.153 s�1) at
25�C (Table 1), the methyl peaks of both MG0 and MG00

were preferentially and simultaneously decreased, and
the decreasing methyl peaks of MG-GMP were appar-
ently retarded (Figure 2e).

Equations (3–6) in Section 5 summarize the time-
dependent concentration changes for each reaction com-
ponent. The time-course enzyme kinetic data of MG
alone, MG-NAC and MG-GMP were fitted to
Equations (3–6) (Figure 2c–e). Although the k3 and k�3

values at 37�C (0.051 and 0.021 s�1, respectively) were
previously reported (Rae et al., 1990), k3 and k�3 values
(0.0107 and 0.00667 s�1, respectively) were measured
again at 25�C using the saturation-transfer 1H-NMR tech-
nique (Table 1) (Robinson et al., 1984). Equation (5) and
the terms of [GMP] and [MG:GMP] in Equations (3) and
(4) were not used for the fitting of the kinetic data of MG
alone. The values of k�3 and k�4 (koff in Figure S4) were
fixed to the measured values during the fitting processes.
Although the Km little increased in the cases of MG-NAC
and MG-GMP compared to the case of MG alone, the fit
parameters of all cases were reasonably in agreement
with the expected values (Table 1). Overall, all time-
course data were well reproduced by fitting with the dif-
ferential equations derived from the assumption of glyox-
alase III activity (Figure 2c–e).

2.4 | DJ-1-mediated MG catalysis only
produces L-lactate

The differential production of D/L-lactates from MG
seems to be a critical indicator for discrimination
between glyoxalase III and deglycase activities (Jun &
Kool, 2020). First, the detailed molecular mechanism by
which DJ-1 produces only L-lactate was previously deter-
mined via x-ray crystallographic and molecular simula-
tion studies (Choi et al., 2014). However, it has also been
reported that DJ-1 produces D/L-lactate mixture
(33/67%) from MG-NAC and 100% L-lactate from MG-
NAR (Richarme et al., 2015). For an accurate measure-
ment of the enantiomeric D/L-lactate products, we first
estimated the real activities of D-lactate dehydrogenase
(LDH) and L-LDH for the same concentration (0.2 mM)
of D-lactate and L-lactate, respectively. Interestingly,

12 times higher amount of D-LDH was required for the
same activity of L-LDH at pH 9.5. Although the produc-
tion of D/L-lactates was evaluated for different substrates
(MG, MG-NAC, and MG-GMP), D-lactate was not
detected in any of the cases (Figure 3).

2.5 | The intermediate state of DJ-
1-mediated MG catalysis shows that DJ-1 is
not a deglycase

The simulation of the CSs using the NMR Predict pro-
gram (Castillo et al., 2011) for different chemical struc-
tures of MG-NAC molecules showed that MG-NAC likely
exists in a nonhydrated form, and thus the C2 of MG-
NAC could be accessible to the sulfur atom of C106
(Figure 4a). If DJ-1 preferentially recognizes the MG-
NAC, the sulfur atom of C106 is only accessible to C2 of
MG-NAC, and thus the HSQC spectra of the 15N-labeled
DJ-1 (15NDJ-1) complexed with MG and MG-NAC were
likely to be different. The very low kcat value of the catal-
ysis (0.117 s�1 at 25�C) made it possible to record the
HSQC spectra of the MG attached 15NDJ-1 protein. The
time-coursed HSQC spectra of 15NDJ-1 were recorded in

FIGURE 3 Analysis of the D/L-lactate products from the DJ-

1-mediated methylglyoxal (MG) catalysis. The lactate products were

generated from the complete reactions of 1 mM MG alone, MG-

hemiacetal of N-acetyl Cys, and MG hemiaminal of guanosine 50-
monophosphate in the presence of 20 μM DJ-1. The products were

5 times diluted for the enzymatic assay of D-lactate dehydrogenase

(LDH) and L-LDH. First, the relative activities of D-LDH and L-

LDH at pH 9.5 were adjusted to be the same using 0.2 mM D-

lactate and L-lactate, respectively, and then the same activity of D-

LDH and L-LDH were used for the assessment of the enantiomeric

lactate products. The production of D-lactate was not detected in all

the cases.

6 of 14 CHOI ET AL.



FIGURE 4 Complex state of DJ-1 and methylglyoxal (MG) in the absence and presence of 10 mM N-acetyl Cys (NAC). (a) The predicted

chemical shift (CS) values of MG-hemiacetal of NAC (MG-NAC) likely exists as nonhydrated form, and thus the sulfur atom of C106 is only

accessible to the C3 of MG and the C2 of MG-NAC. The predicted CSs of the MG-methyl protons in both hydrated and nonhydrated forms of

MG-NAC are shown. (b) The 1H-15N heteronuclear single quantum coherence (HSQC) spectra of 15NDJ-1 in the presence (MG-C106

hemiacetal) and absence of 15 mM MG are overlaid. (c) The HSQC spectra of 15NDJ-1 in the presence of 15 mM MG or MG-NAC are

overlaid. (d) The 1H-15N HSQC spectra of 15NDJ-1 in the presence and absence of 15 mM NAC are overlaid. (e) The chemical shift

perturbations (CSPs) of 15NDJ-1 induced by the MG covalent complex are shown as a bar plot. The residues for which the HSQC crosspeaks

were not shown in the free form are shown as negative bars. (f) The residues showing a strong, medium and weak CSPs are decorated in the

surface models of the DJ-1 dimer structure that was generated using the crystal symmetry of the previously reported PDB structure (1SOA).

Each ribbon model with the same orientation is also shown as an orientational reference (boxed).
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the presence of (i) 10 mM MG and (ii) 10 mM MG and
NAC (�80% MG-NAC), to obtain the HSQC spectra of
the hemithioacetal 15NDJ-1 complexes (MG-C106 hemi-
thioacetals). The HSQC spectrum of 15NDJ-1 in the pres-
ence of MG was initially different from that of free
15NDJ-1 (Figure 4b) and finally returned to that of free
15NDJ-1 (not shown). The HSQC spectra of 15NDJ-1 for
the two different substrates (MG vs. MG-NAC) were
almost identical (Figure 4C). The HSQC spectrum, in the
presence of 10 mM NAC, showed that the interaction
between NAC and 15NDJ-1 was very small (Figure 4d).
Interestingly, the covalent attachment of MG to C106
resulted in chemical shift perturbations (CSPs) not only
in the active site pocket but also in the dimeric interfaces
of DJ-1, including the middle of α1, β3–β4, and C-
terminal region (Figure 4e,f). Moreover, the CSPs of
15NDJ-1 induced by the attachment of MG are similar to
those previously reported for C106 oxidation (sulfinic
vs. thiol; Barbieri & Luchinat, 2019).

We also estimated the activation energies of DJ-
1-mediated catalysis (kcat) for MG and MG-GSH by vary-
ing the temperature of the ITC experiments from 20�C to
35�C. The activation energies were identical for the two
substrates (Figure 5), reflecting an identical transition
state. Therefore, DJ-1 is glyoxalase III, not a deglycase, in
terms of the MG-C106 complex structure and activation
energy. Another possibility that DJ-1 only has lower Km

value for MG-NAC and MG-GMP than for MG alone was

also invalid, since the presence of NAC or GMP slowed
down the lactate production by DJ-1 catalysis
(Figure 2b).

2.6 | MG forms the diastereomeric
complexes with TRIS molecule in solution

Although the in vitro Cys deglycase activity of DJ-1 has
been reported as an artifact of TRIS buffer (Pfaff
et al., 2017), the detailed mechanism of the TRIS effect
has not been determined. Since the amine of TRIS exists
in a charged form (NH3+) at neutral pH, we hypothe-
sized that the three OH groups of TRIS molecules could
be involved in a covalent complex with MG. The forma-
tion of the MG-TRIS complexes was investigated using
NMR. Indeed, TRIS was able to form stable complexes
with MG, and the Kd value (1.57 mM) was determined by
tracing the methyl peaks of MG0 and MG00 with increas-
ing TRIS concentrations (Figure 6a and Table 1).
Although eight diastereomeric configurations are possi-
ble for three de novo stereospecific carbon atoms of the
MG-TRIS complex, the natural abundance 1H-13C HSQC
spectra showed that the MG-TRIS complexes mainly
existed as three major diastereomers (Figure 6c). Most of
all peaks resulting from the MG-TRIS complexes (Adeva-
Andany et al., 2014; Allaman et al., 2015; Andreeva
et al., 2019) were assigned using 2D 1H-13C HSQC and
heteronuclear multiple bond correlation (HMBC), in
addition to 1D 1H NMR and distortionless enhancement
by polarization transfer (DEPT) NMR experiments
(Figure S6 and Table S1). The measured Kd value likely
supports the hypothesis that the presence of TRIS buffer
in the protein stock solution mimics the effect of MG
catalysis during the activity assay of deglycase.

2.7 | Estimation of the DJ-1 glyoxalase
III activity in the depletion of oxygen

DJ-1 has fewer conserved active-site residues than Hsp31,
and its kcat value for PG is 54 times smaller than that of
Hsp31. However, the Km value of DJ-1 is unexpectedly
22 times smaller than that of Hsp31 (Choi et al., 2014).
Since the C106 residue is readily oxidized, the dissolved
O2 may induce the labile intermediate state of
C106-sulfenic acid, which could be a reason for the
decreased Km of DJ-1. It has been reported that sulfenic
acid can react as both nucleophile and electrophile
according to two different tautomers (sulfenyl and sulfi-
nyl; Freeman, 2015; Kumar & Farmer, 2017). Since the
sulfenyl form of the C106-sulfenic acid might have a
higher affinity for MG, we measured the Km and kcat

FIGURE 5 Arrhenius plots of the DJ-1-mediated catalysis for

methylglyoxal (MG) and MG-hemiacetal of glutathione (MG-GSH).

The single-shot isothermal titration calorimetry experiments using

20 μM DJ-1 were done in the presence of MG alone (3 mM) or MG-

GSH (3 mM MG and 10 mM GSH). The temperature-dependent

Vmax values were calculated for the cases of MG alone and MG-

GSH, respectively. The activation energies of the DJ-1-mediated

MG catalysis are almost identical for both cases of MG alone and

MG-GSH.

8 of 14 CHOI ET AL.



values of DJ-1 for PG under O2-depleted conditions using
N2-purge. However, the measured values (Km, 11.8 ± 2.4
vs. 12.1 ± 2.2 μM; kcat, 0.0228 ± 0.0014 vs. 0.0234
± 0.0013 s�1) were almost identical for both cases in the
absence and presence of N2-purging (Figure S7), suggest-
ing that the glyoxalase III activity of DJ-1 is not depen-
dent on the C106-sulfenic acid form.

3 | DISCUSSION

3.1 | In vivo glyoxalase III activity of
DJ-1

The estimated concentration of MG in tissues (1–5 μM) is
much lower than that in plasma (0.1–400 μM) (Allaman
et al., 2015; Maessen et al., 2015). The consideration of
both attached and free MG molecules increases the effec-
tive concentration up to 310 μM in cultured CHO cells
(Chaplen et al., 1998). Therefore, glyoxalase activity is

likely essential for homeostasis in highly metabolic living
organisms. It has recently been reported that DJ-1 pre-
vents damages to proteins and metabolites caused by the
reactive glycolytic metabolite (1,3-bisphosphoglycerate;
Heremans et al., 2022). Although the catalytic activity of
DJ-1 is very low compared to that of glyoxalase I/II sys-
tem using GSH (Thornalley, 1990), it has been reported
that enzymes operating during secondary metabolism are
� 30 times less active on average than those during cen-
tral metabolism (Bar-Even et al., 2011). DJ-1 could be
effective as a secondary activity (glyoxalase III) when the
primary glyoxalase I/II system is impaired, likely because
of oxidative stress, which decreases the in vivo concentra-
tion of GSH.

Although the highly efficient glyoxalase I/II system
catalyzes MG only to D-lactate, the lactate enantiomers
of different glyoxalase III enzymes vary. Hsp31 and atDJ-
1d produce a mixture of D/L-lactate and only D-lactate,
respectively, but the specific active-site configuration of
DJ-1 only results in L-lactate production by

FIGURE 6 Characterization of the methylglyoxal (MG)-TRIS diastereomeric complex. The binding event between MG and TRIS

molecules is under the NMR time scale of slow exchange, and the concentration of free MG was determined by integrating the methyl peaks

of MG0 and MG00. (a) The Kd value between MG and TRIS molecule was determined from the TRIS-bound fraction of MG as increasing the

concentrations of TRIS. The MG-TRIS complex formation results in three de novo stereospecific carbon atoms (indicated with stars). (b) The

chemical structure of the MG-TRIS complex, in which three de novo diastereotopic carbon atoms are red-colored and indicated by stars.

(c) The natural abundance 1H-13C heteronuclear single quantum coherence (HSQC) spectra of MG alone (top), MG-TRIS (2:1) (middle), and

MG-TRIS (1:2) (bottom). The major MG-TRIS diastereomers (complex-1, complex-2, and complex-3) are indicated in the natural abundance
1H-13C HSQC spectra. The peak integral of the complex-3 was half that of the complex-1 and complex-2. Although additional sets of very

tiny peaks (<5% peak intensity compared with that of the major sets) were still not assigned likely due to the presence of impurities or

unidentified additional MG-TRIS covalent complexes, the major three sets of peaks are clearly assigned as different diastereotopic isomers of

the MG-TRIS complexes.
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compensating for absolute enzyme activity (Choi
et al., 2014). DJ-1 activity would be beneficial because L-
lactate is utilized as a major energy source in the brain,
and its oxidative conversion to pyruvate by L-LDH is also
accompanied by the production of NADH from NAD+

(Adeva-Andany et al., 2014).

3.2 | Correlation between the structural
perturbation and various in vivo
interactions of DJ-1

There have been many reports showing that DJ-1 regulates
various in vivo functions through the interaction with
other proteins including α-synuclein (Zondler et al., 2014),
p53 (Fan et al., 2008), PTEN, Ask1, BcL-XL, and so forth
(Dolgacheva et al., 2019). Interestingly, these relatively
strong in vivo interactions have yet to be reproduced by
the in vitro experiments clearly. Recent in vitro CSP NMR
experiments have shown that (i) H2O2-treated DJ-1 only
displays a weak interaction with 15N-labeled BcL-XL but
(ii) the C-terminal α-helical peptide of DJ-1 alone appre-
ciably binds to the hydrophobic pocket of BcL-XL, which
is not possible in the native DJ-1 structure (Lee
et al., 2018). The kcat value of DJ-1 for MG (0.263 s�1 at
35�C) seems to be very low, and it would be possible to
provide a different point of view based on (i) the very low
kcat value of DJ-1 and (ii) its interaction with BcL-XL. We
speculated that DJ-1 could initiate a certain process via a
protein–protein interaction that is dependent on a struc-
tural change induced by MG-C106 hemiacetal or C106 sul-
finic acid. The structural perturbation of DJ-1 by the MG
attachment or C106-oxidation in the regions of the dimeric
interface including the C-terminal helix might be related
to the unreproduced in vivo interactions of DJ-1 protein.

4 | CONCLUSIONS

DJ-1 is involved in the etiology of many aging-related dis-
eases including PD, and thus resolving the exact activity
(glyoxalase III vs. deglycase) is critical for interpreting the
actual in vivo functions and disease onset mechanism of
DJ-1. The previously reported deglycase activity of DJ-1,
which only works for the early glycated species, clearly
resorts to the reversibility of the early glycated products to
free MG and unmodified substrates (Andreeva et al., 2019).
Here, the kinetic studies of DJ-1-mediated MG catalysis
using ITC and NMR clarified that DJ-1 has only glyoxalase
III activity by resolving detailed time-dependent changes of
each reaction component and by characterizing a catalysis
intermediate. The stable diastereomeric complexes of MG
with TRIS can also be explained by the presence of its three

OH groups, since MG exists in hydrated forms (MG0 and
MG00) in aqueous solutions.

5 | MATERIALS AND METHODS

5.1 | Preparation of DJ-1 proteins and
chemical stock solutions

Pure native DJ-1 protein was prepared following a
recently reported column chromatography method (Choi
et al., 2022). The purified DJ-1 protein (�0.5 mM) in non-
buffered 50 mM NaCl solution was stored at �70�C
before use, and the concentration was determined by UV
absorption at 280 nm using the extinction coefficient
(4470 M�1�cm�1; Pace et al., 1995). The N2-purging dur-
ing chromatography purifications prevented the oxida-
tion of DJ-1, even in the absence of dithiothreitol. All
experiments, including NMR acquisitions, were con-
ducted in a buffer (pH 7.0, 50 mM Na-phosphate, and
50 mM NaCl), unless specifically mentioned.

All the materials including MG, NAC, GSH, GMP,
D/L-lactates, and D/L-LDH (D-LDH/L-LDH) were pur-
chased from Sigma-Aldrich. Since the concentrations of
NAC, GSH, and GMP were relatively high (up to
10 mM), the pH of the 0.2 M NAC, GSH, and GMP stock
solutions was first adjusted to near 7.0, to maintain the
pH of the experimental buffers. To measure the concen-
tration of MG stock solution (40%, Sigma-Aldrich), the
UV absorption at 288 nm was measured using a Nano-
drop 2000 (Thermo Scientific) by increasing the concen-
tration of MG at a fixed concentration of NAC (100 mM).
The UV absorption increased with an increase in the
ratio of MG to NAC, and the increasing slope changed
after the point of the equivalent molar ratio. The exact
concentration of the 40% MG stock solution (3.5 M) was
back-calculated based on 100 mM NAC.

5.2 | Kd measurements of the MG-
intermediates

The Kd values of the MG-hemiacetals (MG-GSH and MG-
NAC) were estimated using UV absorption (288 nm) at
room temperature with varying concentrations of titrants
and fixed concentrations of MG (3 mM). To estimate the Kd

value of the MG-NAC and the MG hemiaminal of GMP
(MG-GMP), the 1D NMR spectra of 3 mMMGwith different
concentrations of NAC or GMP were measured using a
700 MHz NMR spectrometer equipped with a TCI-cryoprobe
(Bruker) at 25�C after preincubation for 1.0 h. The Kd of the
MG-TRIS complex was also estimated using 1D NMR spec-
troscopy, in which the pH of the TRIS buffer was adjusted to
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7.0. The concentration of MG-GSH ([MG]bound) is expressed
as a function of the Kd value and the total concentrations of
MG and GSH ([MG]total and [GSH]total); [MG]bound =
(Q1/2 � [MG]total) � {([GSH]total + [MG]total + Kd) – SQRT
[([GSH]total + [MG]total + Kd)

2 – (4 � [GSH]total � Kd)]}.
The factor of Q1 is an additional fitting parameter to
normalize the measured values.

5.3 | ITC monitoring the MG-catalysis

Single-shot ITC experiments were performed using a
MicroCal Auto-iTC200 instrument (Malvern Instruments)
at 35�C. The concentration of DJ-1 and the reaction tem-
perature were increased to reduce the experiment time to
within the allowed acquisition time of a single shot. DJ-1
protein was completely stable at 35�C, since no spectral
changes were identified in the HSQC spectrum of 0.2 mM
15NDJ-1 at least for 1 day, and only a small amount of pre-
cipitated 13C/15N-labeled DJ-1 (13C/15NDJ-1) was identified
after several days of NMR experiments at 35�C (not
shown). The concentrated DJ-1 protein in the syringe was
injected into a mixing cell (20-fold dilution) containing
1 mM MG alone or 1 mM MG-mixtures of NAC or GMP
(1, 2, 4, and 8 mM). The heat changes induced by the
injection of the same volume of buffer were <5% of those
of DJ-1-mediated MG catalysis, and the effect of the blank
injection was no longer considered. The kinetic parame-
ters (Km and kcat) were determined by two different
methods for the single-shot ITC profiles: (i) The
Michaelis–Menten equation was used under the assump-
tion that the reaction rate and the total amount of MG are
proportional to the rate of heat change and the total
amount of heat production, respectively (Quinn &
Hansen, 2019). (ii) The kinetic parameters were derived by
the direct fitting of the whole ITC profiles using the Lam-
bert W(x) function (Golicnik, 2010) as the previously
reported method (Transtrum et al., 2015).

5.4 | 1H-15N HSQC experiments of
15NDJ-1 in the presence of MG and
MG-NAC

All HSQC spectra were recorded in 800 or 900 MHz
NMR spectroscopy equipped with a TCI-cryoprobe

(Bruker) at 25�C. The samples were prepared in buffer
(pH 7.0, 75 mM HEPES, 50 mM NaCl, and 5% D2O), in
which HEPES instead of phosphate was used for a better
signal-to-noise ratio of the cryoprobe at higher buffer
concentrations. The HSQC spectra of 0.2 mM 15NDJ-1 in
the absence and presence of 10 mM NAC were recorded
as references. The time-course HSQC spectra of 0.2 mM
15NDJ-1 in the presence of 10 mM MG or MG-NAC were
recorded until the spectra returned to that of free
15NDJ-1. The CSP values were calculated from the equa-
tion, square root of [(6 � ΔH)2 + ΔN2], as the average
distribution of the amide 15N chemical shifts (CSs) was
6-fold greater than that of 1H CSs (Lee et al., 2022).

5.5 | Kinetic analyses of MG catalysis by
1D NMR

DJ-1 (15 μM) was incubated with 5 mM MG, MG-NAC,
and MG-GMP in NMR tubes, and real-time changes in
the reaction components were traced using 1D NMR
spectra at 25�C. The original 1D NMR pulse sequence
(zgesgppe) was modified as a pseudo-2D version for time-
resolved experiments, and each 1D spectrum was
recorded at 3 min intervals with 5 s of experimental time
delay (d1). The time-resolved pseudo-2D data were pro-
cessed using the NMRPipe program (Delaglio
et al., 1995), and the kinetic parameters were determined
using the parameter fitting method of ordinary differen-
tial equations with the MATLAB software. MG exists as
monohydrated (MG0) and dihydrated (MG00) forms in
solution, the terms containing the nonhydrated form
(MG) could be ignored (Equation 1). Since the enzyme
kinetic parameters of DJ-1 (Km and kcat) were measured
for the overall MG amount ([MG]sum), not for a specific
MG0 or MG00, the fraction factors (Equation 2) were
applied to the differential equations of MG0 and MG00

(Equations 3 and 4). The time-dependent concentrations
of all components were fitted to the following differential
equations (Equations 3–6).

MG½ �sum ¼ MG½ �þ MG0½ �þ MG00½ � ffi MG0½ �þ MG00½ � ð1Þ

f MG0½ � ¼ 1� f MG00½ � ¼ MG0½ �= MG½ �tot ffi MG0½ �= MG0½ �þ MG00½ �ð Þ
ð2Þ

d MG0½ �=dtffi k3 MG00½ �� k�3þk2ð Þ MG0½ ��d LAC½ �
dt

� f MG0½ � þ k�4 MG :GMP½ �� kapp4 GMP½ � MG0½ �þ MG00½ �ð Þ
��
� f MG0½ � ð3Þ
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d GMP½ �=dt¼�d MG :GMP½ �=dt
ffi k�4 MG :GMP½ ��kapp4 GMP½ � MG0½ �þ MG00½ �ð Þ

ð5Þ

d LAC½ �=dtffi kcat � DJ1½ �0
� MG0½ �þ MG00½ �ð Þ= KMþ MG0½ �þ MG00½ �ð Þð Þ

ð6Þ

The k3 of the exchange between MG0 and MG00 was
estimated from the equation, ΔMz

MG0
= k3T1

satMz
MG0

, in
which ΔMz

MG0
is the difference of the steady-state mag-

netizations of MG0 CH3 in the presence and absence of
the saturation of the MG00 CH3 peak, and T1

sat [=T1
MG0

/
(1 + k3T1

MG0
)] is the T1 value of the MG0 CH3 peak esti-

mated during the saturation of the MG00 CH3 peak
(Robinson et al., 1984). Because [MG] (two ketone forms)
in solution is extremely small, the k3/k�3 value was
almost the same as the [MG0]/[MG00] value.

5.6 | Characterization of D/L-lactate
products

To measure the relative amounts of D-lactate and L-
lactate enantiomers in the DJ-1 catalyzed reactions of
MG, MG-NAC, and MG-GMP, the relative activity of D-
LDH and L-LDH was first estimated individually for each
0.2 mM D-lactate and L-lactate, respectively, in the LDH-
reaction buffer (pH 9.5, 50 mM glycine, 50 mM NaCl,
50 mM hydrazine, and 2 mM NAD+). Interestingly, the
activity of D-LDH was �12 times lower than that of L-
LDH. Therefore, the amount of D-LDH used was 12 times
higher than that of L-LDH during the enzymatic reac-
tions. First, 1 mM MG was mixed with the different con-
centrations of NAC or GMP, and then lactate production
was completed with 20 μM DJ-1 overnight. Each reactant
was diluted 5-fold with LDH-reaction buffer, and the
reactions with L-LDH and D-LDH were monitored at
340 nm using a UV-visible microplate reader (VersaMax).

5.7 | Characterization of the TRIS-MG
diastereomers by NMR

A mixture of 25 mM MG and 50 mM TRIS allowed most
MG molecules to form a complex with TRIS in buffer

(pH 7.0, 50 mM Na-phosphate, and 50 mM NaCl). The
pH of the TRIS stock solution (0.2 M) was adjusted to 7.0
before mixing with MG. We recorded the 1H-13C HSQC
and HMBC, 1H-1H correlated spectroscopy (COSY), and
rotating frame Overhauser effect spectroscopy (ROESY),
and 1D 13C DEPT using 700 MHz NMR equipped with a
TCI-cryoprobe at 25�C. All spectra were processed using
the NMRPipe program (Delaglio et al., 1995) and the
assignment of CSs was performed using the POKY soft-
ware (Lee et al., 2021).

5.8 | Enzyme assay of DJ-1 using PG
under oxygen-depleted condition

The PG catalysis mediated by DJ-1 was assessed follow-
ing a previously reported method (Choi et al., 2014),
except for N2-purging to deplete the dissolved oxygen.
The enzymatic reaction was executed with 2.5 μM DJ-1
in buffer (pH 7.5, 50 mM HEPES, 100 mM NaCl) by
varying the concentrations of PG (5, 10, 20, 30, 50, and
80 μM) at 35 �C. The reaction buffer was purged with N2

gas for 30 min, and then the subsequent dispenses of the
buffer and PG stock solution to six UV cuvettes were
performed in the N2 chamber, in which the oxygen con-
centration was 0.6%. The cuvettes were quickly moved
to the UV–visible spectrophotometer (Varian Cary
400 Bio), and then a small volume of the DJ-1 stock
solution (0.15 mM) was added to each cuvette. The
time-course UV absorption of all six cuvettes at 250 nm
was measured by applying N2-purging on the spectro-
photometer. The same control experiments were done
without N2-purging.
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