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The presence of acrylamide in food is a worldwide concern because it is carcinogenic, reprotoxic and
neurotoxic. Acrylamide is generated in the Maillard reaction via condensation of reducing sugars and
glyoxals arising from their decomposition, with asparagine, the amino acid forming the backbone of the
acrylamide molecule. We reported recently the discovery of the Maillard deglycases (DJ-1/Park7 and its
prokaryotic homologs) which degrade Maillard adducts formed between glyoxals and lysine or arginine
amino groups, and prevent glycation damage in proteins. Here, we show that these deglycases prevent
acrylamide formation, likely by degrading asparagine/glyoxal Maillard adducts. We also report the dis-
covery of a deglycase from the hyperthermophilic archaea Pyrococcus furiosus, which prevents acryl-
amide formation at 100 °C. Thus, Maillard deglycases constitute a unique enzymatic method to prevent
acrylamide formation in food without depleting the components (asparagine and sugars) responsible for
its formation.

Asparagine

Glycation

Maillard reaction

Advanced glycation endproducts
AGEs

Cancer

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

In 2002, acrylamide was detected in food, especially in bakery
products, chips, grilled cereals, instant coffees, evaporated milk,
and baby food [1,2]. Since acrylamide is carcinogenic, reprotoxic
and neurotoxic, authorities recommended to maintain acrylamide
as low as reasonably achievable in food products [3,4]. Acrylamide
is formed at elevated temperatures (60—200 °C) from the reaction
of glucose, fructose, and glyoxals (R—CO—CHO) arising from their
decomposition, with the amino acid asparagine via the Maillard
reaction [5,6]. This reaction, discovered by Louis Camille Maillard in
1912 [7], involves the spontaneous formation of covalent adducts
(Maillard adducts) between carbonyl and amino groups. In addition
to its recently discovered role in acrylamide formation, the Maillard
reaction is responsible for covalent damage by reducing sugars and

Abbreviations: MGO, methylglyoxal; GO, glyoxal; AGE, advanced glycation end
product; AA, acrylamide; BSA, bovine serum albumin.
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glyoxals, of arginine and lysine side chains in proteins, and deox-
yguanine in DNA [8]. Maillard adducts undergo a series of de-
hydrations, oxidations and rearrangements that lead to the
formation of advanced glycation end-products (AGEs) [8], causing
irreversible damage to proteins and nucleic acids. The overall
process called glycation is responsible for aging, cancer, athero-
sclerosis, cataracts, neurovegetative disorders, and renal, autoim-
mune, and postdiabetic diseases [8]. Similar glycation reactions,
activated by elevated temperatures, also occur during food pro-
cessing, cooking, sterilization and storage, and dietary AGEs are
detrimental because they accelerate oxidative stress and inflam-
mation, especially in patients with diabetes or renal failure [3,4].
We discovered recently the Maillard deglycases, which belong
to the Pfpl/Hsp31/DJ-1 superfamily, include the parkinsonim-
associated protein DJ-1/Park7 and its prokaryotic homologs, and
prevent protein glycation by degrading Maillard adducts formed
between glyoxals and cysteine, arginine, and lysine side-chains
[9—11]. The ability of these deglycases to prevent protein glyca-
tion by degrading Maillard adducts suggested to us that they might
also prevent acrylamide formation. Actual methods to reduce
acrylamide levels in food are based on reducing levels of precursors
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(asparagine, sugars) or changing process parameters (temperature,
pH, ionic strength), and affect the quality parameters of foods or
even cause the formation of harmful products [12]. Here, we show
that DJ-1 and its prokaryotic homologs prevent acrylamide for-
mation in asparagine/glyoxal and asparagine/sugar mixtures.
Moreover, since acrylamide formation occurs at elevated temper-
atures, we discovered and used a novel deglycase from Pyrococcus
furiosus to prevent acrylamide formation at 100 °C.

2. Materials and methods
2.1. Purification of the deglycases

The deglycases DJ-1 and YhbO were purified as described pre-
viously [13,14]. We purified Pfpl from a P. furiosus protein extract by
heat treatment of the extract at 98 °C for 6 h in 50 mM sodium
phosphate (pH 7.5), 1 mM dithiothreitol, and 1% SDS [15]. After 6 h,
most proteins were hydrolyzed (autoproteolysis), and two major
bands (with estimated molecular masses of 132 and 66 kDa) could
be detected by Coomassie brilliant blue staining. These bands
represent the trimeric and hexameric forms of Pfpl (with a
monomeric molecular weight of 20 kDa) [15]. This SDS-resistant
Pfpl preparation is highly resistant to thermodenaturation and
displays an optimal activity at 105 °C (as judged by its peptidase
activity [15]). Pfpl was separated from low molecular weight
compounds by chromatography on a Bio-Gel P2 column (Bio-Rad)
equilibrated in Nj-gassed 50 mM sodium phosphate (pH 7.5),
treated with Bio-Beads SM2 (Bio-Rad) for 2 h to remove SDS, and
stored at —80 °C. We confirmed the peptidase activity of Pfpl by
measuring the degradation of the peptide AAF-amc [15], and we
checked that the purified protein was not contaminated by an
asparaginase.

2.2. Deglycation of thioredoxin

E. coli thioredoxin (30 pM) in 50 mM sodium phosphate (pH 7.0)
was incubated with 7 mM MGO (from Sigma Aldrich) at 70 °Cin the
absence or presence of YhbO or Pfpl (5 uM each), and activity was
measured by the insulin assay in the presence of NADPH and thi-
oredoxin reductase [16]. We confirmed that thioredoxin is stable at
70 °C (not shown). Glycation of thioredoxin (60 uM) by GO (2 mM)
in 50 mM sodium phosphate (pH 7.0), in the absence or presence of
5 uM Pfpl was assayed by immunoblotting with anti-AGEs anti-
bodies (Cell Biolabs Inc, STA-817) [9]. The results are representative
of three experiments.

2.3. Stimulation by BSA of the apparent glyoxalase activity of Pfpl

Pfpl (1.5 uM) in 50 mM HEPES (pH 7.0) was incubated at 85 °C
with 3 mM MGO in the absence or presence of 20 uM BSA and MGO
levels were measured using a dinitrophenylhydrazine assay [9].

2.4. Prevention of acrylamide formation in asparagine/glyoxals
mixtures

We incubated asparagine (2—6 mM) and either glyoxal or
methylglyoxal (2—6 mM) for 30 min in the presence of DJ-1 (5 uM)
at 55 °C, YhbO (5 uM) at 70 °C or Pfpl (5 pM) at 95 °C, in 200 mM
sodium phosphate pH 7.5, and 1% NH4HCOs. Acrylamide formation
was measured by analyzing the mixtures on a C18 reverse phase
HPLC column equilibrated in 20 mM K;HPOg4, and 100 mM NaCl or
on a Hypercarb HILIC column [17] (hydrophilic interaction liquid
chromatography, 100 mm x 4.6 mm id. 5 pum particle size).
Chemicals were detected by their absorbance at 206 nm. The re-
sults are representative of three experiments.

2.5. Prevention of acrylamide formation in asparagine/glucose or
asparagine/fructose mixtures

We incubated asparagine and glucose or fructose (25 mM each)
in the presence of Pfpl (5 uM), in 200 mM sodium phosphate pH
7.5, and 1% NH4HCOj3 for 0—130 min at 95 °C. Acrylamide forma-
tion was measured by analyzing mixtures on a Hypercarb HILIC
column (hydrophilic interaction liquid chromatography,
100 mm x 4.6 mm id., 5 um particle size). Chemicals were
detected by their absorbance at 206 nm. Acrylamide levels in
asparagine/glyoxal and asparagine/sugar mixtures were deter-
mined by comparing chromatograms with those obtained with
standard acrylamide solutions. The results are representative of
three experiments.

3. Results

3.1. Mechanism of acrylamide formation and prevention of its
formation by the DJ-1 family deglycases

Asparagine alone could in principle afford acrylamide by direct
decarboxylation and deamination, but the reaction is inefficient
with extremely low yields [18]. However, the Maillard adducts
between asparagine and reducing sugars or glyoxals furnish
acrylamide in the range of 1 mol% in model systems [18].

Proposed mechanism of acrylamide formation in asparagine/
methylglyoxal mixtures [5,6]:

NH,—CO—CH;—CH—(COOH)—NH;, + CHO—CO—CH3
(asparagine + methylglyoxal)

NH,—CO—CH;—CH—(COOH)—NH—CHOH—CO—CH3 (condensation
into an aminocarbinol)

NH;—CO—CHy—CH—(COOH )—~N=CH—CO—CHj3 (Schiff base
formation)

NH;—CO—CH;—CH;—N=CH—CO—CH3 (decarboxylation of the
Schiff base)

NH;—CO—CH;—CH—NH;, + CHO—CO—CH3 (hydrolysis into 3-
aminopropionamide and methylglyoxal)

NH,—CO—CH=CH; + CHO—CO—CH3 (deamination of 3-
aminopropionamide into acrylamide)

Spontaneous condensation of the o-NH; of asparagine with
methylglyoxal leads to formation of an aminocarbinol (Maillard
adduct) which dehydrates into a Schiff base. The Schiff base acti-
vates decarboxylation of its asparagine moiety, and its subsequent
hydrolysis leads to formation of methylglyoxal and 3-
aminopropionamide, which deaminates into acrylamide. Similar
reactions occur with glyoxal (CHO—CHO) or glucose (not shown).

Proposed mechanism for the prevention of acrylamide forma-
tion by the DJ-1 family deglycases:

NH,—CO—CH,—CH—(COOH)—NH, + CHO—CO—CH3
(asparagine + methylglyoxal)

NH;—CO—CH;—CH—(COOH)—NH—CHOH—CO—CH3 (condensation
into aminocarbinol)

NH,—CO—CH,—CH—(COOH)—NH—-CO—CHOH—CH3 (amide forma-
tion by catalyzed H migration)
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NH,—CO—CH,—CH—(COOH)—NH; + COOH—CHOH—CH3 (catalyzed
amidolysis to asparagine + lactate)

We propose a sequence of reactions similar to those involved in
lysine/arginine deglycation by DJ-1 [9]. The spontaneous conden-
sation of asparagine with methylglyoxal leads to formation of an
aminocarbinol, as above. The deglycase then converts (by catalyzed
H migration) the aminocarbinol into an amide, and subsequently
cleaves the amide into asparagine and lactate in a reaction remi-
niscent of its peptidase activity [19]. Similar reactions would occur
with glyoxal (CHO—CHO), leading to formation of asparagine and
glycolate (COOH—CH,0H).

3.2. The Pfpl peptidase from P. furiosus functions as a deglycase

Pfpl belongs to the Pfpl/Hsp31/DJ-1 superfamily, which com-
prises proteins involved in environmental stress resistance. Several
of these proteins were previously characterized as peptidases,
notably Pfpl [15], DJ-1 [19], and Hsp31 [20], but we recently char-
acterized the deglycase activities of DJ-1 [9] and Hsp31 [10], and we
show below that Pfpl displays deglycase activity.

We first assessed the peptidase activity of Pfpl, and found that it
degraded AAF-amc at 85 °C with a specific activity of 18 nmol/min/
mg protein (not shown). We then characterized the deglycase ac-
tivity of Pfpl by its ability to prevent glycation of thioredoxin. Thi-
oredoxin was stable at 70 °C (not shown), but was inactivated by
MGO at this temperature (Fig. 1A, empty circles). Thioredoxin
inactivation by MGO was prevented by the E. coli deglycase YhbO
(filled circles), and by Pfpl (diamonds). Thioredoxin inactivation at
85 °C was also prevented by Pfpl (not shown). As shown in Fig. 1B,
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in which thioredoxin was revealed with anti-AGEs antibodies, Pfpl
afforded full protection against glycation of thioredoxin by glyoxal.
We reported previously that deglycases display an apparent
glyoxalase activity (apparent degradation of methylglyoxal into
lactate) in the presence of a substrate protein (9—11), because the
latter is glycated by MGO and deglycated by the deglycase, resulting
in lactate formation. Accordingly, MGO depletion by PfplI at 85 °C
was stimulated 10-fold by bovine serum albumin (BSA) (BSA alone
was unable to degrade MGO (no shown)) (Fig. 1C). In this experi-
ment, Pfpl degraded MGO with a kcat of 1.2 s~ similar to those of
other Maillard deglycases (9—11).

3.3. Deglycases prevent acrylamide formation in asparagine/glyoxal
mixtures

Methylglyoxal and glyoxal form quickly from fructose and
glucose upon heating, especially in the presence of additives such as
the baking agent NH4HCO;3 [21]. They react 100—350-fold more
efficiently with asparagine than fructose or glucose, and are
responsible for most of the acrylamide formed in sugar/asparagine
mixtures [21]. We incubated asparagine and glyoxal (2—6 mM as
indicated in legend to Fig. 2) at 55 °Cin the presence of DJ-1, at 70 °C
in the presence of YhbO, and at 95 °C in the presence of Pfpl, and
measured acrylamide formation by analyzing the mixtures on a C18
reverse phase HPLC column or a Hypercarb HILIC column. Acryl-
amide formation in the glyoxal/asparagine mixture was reduced by
78%, 72%, and 98%, respectively, by YhbO, Pfpl, and DJ-1 (Fig. 2A—C)
(1.9 uM acrylamide was formed in the control glyoxal/asparagine
mixture (Fig. 2A), in accordance with results previously reported
[22]). Acrylamide formation in methylglyoxal/asparagine mixtures

C
100
T2 80
85
TG TGP ::g 60
g £ 40
3 S
=8 2| 3
0 1 1 1 1 1
0 20 40 60 80 100
Time (min)

Fig. 1. Deglycase activity of Pfpl. A) Thioredoxin was incubated with MGO in the absence (open circles) or presence of YhbO (filled circles) or Pfpl (diamonds), and its activity was
assayed at different times. B) Glycation of thioredoxin by GO was assayed by immunoblotting with anti-AGEs antibodies: Thioredoxin (T), thioredoxin glycated for 60 min at 70 °C
by glyoxal, in the absence (TG) or presence (TGP) of Pfpl. C) Pfpl was incubated with MGO alone (open circles) or with MGO and BSA (filled circles), and MGO levels were measured.

B 8

Control YhbO

Control DJ-1

AA
f

Control

g >

Ptpl

°
8

.".
|
I

|
W’\ﬁ \// Kﬁ‘"‘""rf[ e M"ﬂ'\nj\'ﬂw‘w "wl“‘m!

(arbitrary units)
(arbitrary units)

Absorbance at 206 nm

Absorbance at 206 nm

Absorbance at 206 nm _
(arbitrary units)

56 7 8 5 6 7 8 5 6 7 8 5 6 7 8 T8 97 & 9
Elution time (min) Elution time (min) Elution time (min)
Fig. 2. Prevention of acrylamide formation in asparagine/glyoxal mixtures. A, B) Asparagine and glyoxal (2 mM each) were incubated for 30 min in the absence or presence of

YhbO or Pfpl as indicated, and mixtures were analyzed on a C18 RP-HPLC column. C) Asparagine and glyoxal (6 mM each) were incubated for 30 min at 55 °C in the absence or
presence of DJ-1 as indicated, and mixtures were analyzed on a hydrophilic interaction chromatography Hypercarb column.
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was much lower than in glyoxal/asparagine mixtures, as reported
previously [21], and was reduced by 72% and 74%, respectively, by
YhbO and Pfpl at 70 °C (not shown). DJ-1 and YhbO were inactive at
95 °C, and subsequent experiments were performed with Pfpl.

3.4. Deglycases prevent acrylamide formation in asparagine/
glucose and asparagine/fructose mixtures

Glucose and fructose by themselves react poorly with aspara-
gine [21], and, as stated above, the glyoxals arising from their
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decomposition at high temperatures are responsible for most of the
acrylamide formed in sugar/asparagine mixtures. For this reason,
the DJ-1 family deglycases, whose substrates are glyoxal-containing
Maillard adducts, prevent acrylamide formation in asparagine/
sugar mixtures. We incubated asparagine and glucose (25 mM
each) in the presence of Pfpl (5 uM) for 0—130 min at 95 °C, and
measured acrylamide formation by analyzing the mixtures on a
Hypercarb HILIC column. Acrylamide formation in the glucose/
asparagine mixtures was reduced by 55—60% by Pfpl (Fig. 3A, B)
(38 uM acrylamide was formed in 90 min in the control asparagine/
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Fig. 3. Prevention of acrylamide formation in asparagine/sugar mixtures. A) Asparagine and glucose were incubated for 90 min at 95 °C in the absence or presence of Pfpl as
indicated, and the mixture was analyzed on a hydrophilic interaction chromatography Hypercarb column. B) Asparagine and glucose were incubated for different times at 95 °C in
the absence (grey) or presence (black) of Pfpl, and mixtures were analyzed a Hypercarb column for acrylamide determination. C, D) Asparagine and fructose were incubated for
80 min (C) or 130 min (D) at 95 °C in the absence or presence of Pfpl as indicated, and mixtures (35 pl in A and 25 pl in B) were analyzed on a Hypercarb column. E) Asparagine and
fructose were incubated for different times at 95 °C in the absence (grey) or presence of Pfpl (black), and mixtures were analyzed on a Hypercarb column to assess acrylamide
formation. F) Asparagine and fructose were incubated for 130 min at 95 °C in the presence of different concentrations of Pfpl, and mixtures were analyzed on a Hypercarb column to

assess acrylamide formation.
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glucose solution, in accordance with results previously reported
[21]). We then incubated asparagine and fructose (25 mM each) in
the presence of Pfpl (5 pM) for 0—130 min at 95 °C, and measured
acrylamide formation by analyzing mixtures on a Hypercarb col-
umn. Acrylamide formation in the fructose/asparagine mixtures
was reduced by 55—70% by Pfpl (Fig. 3C—E)), and Pfpl concentra-
tions of 0.2—2 uM were sufficient to prevent acrylamide formation
(Fig. 3F) (62 uM acrylamide was formed in 80 min in the control
asparagine/fructose solution (Fig. 3C), in accordance with results
previously reported [21]). The higher efficiency of deglycases in
asparagine/glyoxal mixture (70—100%) than in asparagine/sugar
mixtures (50—70%) can be explained by the fact that, in asparagine/
sugar mixtures, they are not likely to degrade Maillard adducts
formed between asparagine and sugars, whose contribution to
acrylamide formation represents approximately 25% of the whole
[22].

A scheme describing acrylamide formation from asparagine,
and the role of the Maillard deglycases in its prevention is pre-
sented (Fig. 4).

4. Discussion

The Maillard reaction is responsible for the formation of both
advanced glycation endproducts (AGEs) [8] and acrylamide [5,6].
DJ-1 family deglycases prevent acrylamide formation, likely by
degrading Maillard adducts formed between asparagine and
glyoxals in a manner reminiscent of their degradation of Maillard
adducts formed between lysine or arginine side chains and glyoxals
[9—11]. Their ability to degrade Maillard adducts composed of
different amino acids, linked to glyoxals via - or e-amino groups,
suggests that their specificity is principally directed towards the
glyoxal region of these adducts. Whereas DJ-1, Hsp31 and Pfpl
display peptidase activities [15,19,20], they also display deglycase
activities which recruit most of their previously reported functions
[9,10] (chaperone, peptidase, and glyoxalase). Since Maillard ad-
ducts are the substrates of the DJ-1 family deglycases, we propose
renaming them DJ-1 family Maillard deglycases.

Prevention of acrylamide formation represents a novel property
of these deglycases, which adds to protein repair [9—11]. This
suggests that, despite the number of functions proposed for DJ-1
and its homologs [19], their primary function is likely the degra-
dation of Maillard adducts and prevention of the formation of AGEs
and acrylamide [9—11, this work]. Since acrylamide formation

Glucose, fructose
and glyoxals (R-CO-CHO)
arising from their decomposition

Asparagine
NH2-CO-CH2-CH(NH2)-COOH

qoo Maillard adducts

w0 Asn-CHOH-CO-R

ded‘“. (0%
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Decarboxylation
deamination
negligible

Fig. 4. Scheme describing acrylamide formation from asparagine, and the role of
Maillard deglycases in its prevention. Asparagine alone could in principle afford
acrylamide by direct decarboxylation and deamination, but the reaction is inefficient
with extremely low yields. However, the Maillard adducts between asparagine and
reducing sugars or glyoxals furnish acrylamide in the range of 0.1-1 mol% in model
systems. The Maillard deglycases of the DJ-1 family prevent acrylamide formation,
likely by degrading Maillard adducts responsible for its formation.

occurs at high temperatures (60—200 °C), it would be of interest to
increase the thermal stability of Pfpl from 100 °C to 120—140 °C, by
protein engineering or immobilization on heterofunctional sup-
ports [23].

A variety of methods have been proposed to decrease the levels
of acrylamide in food, including changing the process parameters,
using microorganisms to decrease sugar content, incorporation of
asparaginase to decrease asparagine content, addition of amino-
acids to compete with asparagine, and introduction of multivalent
cations or an acidic pH to inhibit the Maillard reaction, as well as
genetic approaches to reduce asparagine and sugar levels in cereals
and potato plants [12]. However, several of these methods are
expensive, affect the quality parameters of foods, or even cause
formation of other harmful products [12]. Moreover, several of
these interventions result in only a moderate reduction in acryl-
amide formation, or require pre-incubation to decrease precursor
levels, thereby delaying the production process. Thus, the DJ-1
family deglycases could constitute a viable means to reduce acryl-
amide formation in food: In contrast with methods which lead to
depletion of sugars or asparagine, or which modify the pH or ionic
strength, the deglycases are not likely to affect the quality param-
eters of foods. Moreover, they can be used directly during the
thermal process, which avoids a time consuming pre-incubation
step. Consequently, many foods whose heating processes occur at
around 100 °C, such as baby foods, evaporated milk, dry soups and
prune juices could be clients of the deglycase method, and it should
be possible to raise its operating temperature by protein engi-
neering or immobilization on heterofunctional supports [23]. Thus,
the use of Maillard deglycases to decrease acrylamide levels rep-
resents a unique and original method, because it likely acts on
Maillard adducts involved in its formation, and avoids depletion of
asparagine and sugars, which constitute important nutritive
compounds.
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