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Why Asparagine Needs Carbohydrates To Generate Acrylamide
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Structural considerations dictate that asparagine alone may be converted thermally into acrylamide
through decarboxylation and deamination reactions. However, the main product of the thermal
decomposition of asparagine was maleimide, mainly due to the fast intramolecular cyclization reaction
that prevents the formation of acrylamide. On the other hand, asparagine, in the presence of reducing
sugars, was able to generate acrylamide in addition to maleimide. Model reactions were performed
using FTIR analysis, and labeling studies were carried out using pyrolysis-GC/MS as an integrated
reaction, separation, and identification system to investigate the role of reducing sugars. The data
have indicated that a decarboxylated Amadori product of asparagine with reducing sugars is the key
precursor of acrylamide. Furthermore, the decarboxylated Amadori product can be formed under
mild conditions through the intramolecular cyclization of the initial Schiff base and formation of
oxazolidin-5-one. The low-energy decarboxylation of this intermediate makes it possible to bypass
the cyclization reaction, which is in competition with thermally induced decarboxylation, and hence
promote the formation of acrylamide in carbohydrate/asparagine mixtures. Although the decarboxylated
Amadori compound can be formed under mild conditions, it requires elevated temperatures to cleave
the carbon—nitrogen covalent bond and produce acrylamide.
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INTRODUCTION labeled reactants (5). Although under pyrolytic conditions a
higher number of products are formed compared with aqueous
reactions, most of the products identified in aqueous systems
are also formed under pyrolytic conditions, albeit in different

e ot e ot o oo e oo STOUPS. In Ao, expermertal evidence s provided
y y the position and label distribution in the common products

is temperature dependent and that only moderate levels were

detected in protein-rich foods, whereas carbohydrate-rich foodsObserved In the same model systems, between aqueous and
exhibited much higher Ievells of acrylamide. Recently, two pyrolytic reactions, are identicab); This indicates the similarity

studies (3,4) confirmed asparagine o be the amino acid of mechanisms of formation of the common products under both
’ : parag conditions. Consequently, mechanistic conclusions derived from
precursor of acrylamide. Furthermore, Stadler et 3).Have

. . . label incorporation in the products observed under pyrolytic
provided e.V'de'?CG th"."t the sugar asparagine aqwg!ycp- . conditions, which are common to both systems, have relevance
sylasparagine, is a direct precursor of acrylamide, indicating

the involvement of the Maillard reaction. To control the to the aqueous reactions. Using variousiy-labeled glucoses

formation of this potential carcinogen in food, detailed knowl- we hav_e also provided ewde_nce for the origin of n|acmam1de_

edge of its mechanism of formation is of criiical importance an |nd|cato_r for the formation Of. decarboxylated Amadori
: . . * compound in the glucose/asparagine model system.

In this paper, using pyrolysisgas chromatography/mass spec-

trometry (Py-GC/MS) &%) and Fourier transform infrared (FTIR)

analysis, we provide evidence that the ability of the open-chain MATERIALS AND METHODS

form of N-glycosyllalsp'araglne (the S.Chlff base) tlo.undergo All reagents and chemicals were purchased from Aldrich Chemical

!ntramolecular cyclization and formatlon_ of oxazolldln-5-one Co. (Milwaukee, WI) and used without further purification. The labeled

is the key step that allows decarboxylation of asparagine andgygars [1:C]glucose (99%), [3*C]glucose (99%), [4Clglucose

subsequent formation of acrylamide. Py-GC/MS is also a cost- (98%), and [6C]glucose (98%) were purchased from Cambridge

effective and convenient method to perform experiments with |sotope Laboratories (Andover, MA).

Py-GC/MS Analysis.A Varian CP-3800 gas chromatograph coupled

* Corresponding author [telephone (514) 398-7918; fax (514) 398-7977; t0 @ Saturn 2000 ion trap detector interfaced to a CDS Pyroprobe 2000
e-mail varoujan.yaylayan@mcgill.ca]. unit, through a valved interface (CDS 1500), was used for Py-GC/MS

Recent findings correlating acrylamide concentrations in
animal subjects to the intake of fried feet) have led to the
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Table 1. Formation Efficiency of Acrylamide Expressed as Gas HO HO

Chromatographic Peak Area per Mole of Starting Asparagine )\/\ -NH, )\/

Generated at 350 °C from Different Model Systems o NH—" o

g-alanine acrylic acid NH,
model system efficiency (area/mol) \.
asparagine aloneb | 8 NH, =Y
asparagine + sorbito . ﬂ NH 7[1 2
asparagine + 2,3-pentanedione trace [¢) ] : #
asgaragine + glucgse 49 x 101 N T WO 7 O)\(d
asparagine + glucose? 1.4 x 101 H }'1 acrylamidg
asparagine + glycolaldehyde? 2.8 x 1012 maleimide 3-aminosuccinimide
asparagine + fructose 6.6 x 1011 HO T I-Hzo [ -NH,
asparagine + glyceraldehyde 8.6 x 101 a2
asparagine + sucrose 18 x 101
HN  COOH NH H,N
a o
At 250 °C. N . o)\/\NHZ

analysis. In all experiments, asparagine model mixtures (2.0 mg, equi- [spaTieine

molar with sugars) were introduced inside the quartz tube (0.3 mm )

thickness), plugged with quartz wool, and inserted into the coil probe. reducing sugars ]L

The pyroprobe was set at the desired temperature at a heating rate of HN  COOH

50 °C ms* with a total heating time of 20 s. The pyroprobe interface R

temperature was set at 28G. The initial temperature of the column o N

was set at-5 °C for 12 min and then increased to 50 at a rate of Schiff oy

50 °C min™%; immediately the temperature was further increased to if R = glucose residuc

250°C at a rate of 8C min~* and kept at 250C for 5 min. A con- OH 1[

stant flow of 1.5 mL min® was used during analysis. Capillary direct HO%NH N,

MS interface temperature was 25C; ion source temperature was OH

180°C. The ionization voltage was 70 eV, and the electron multiplier HoOC O

was 2047 V. The mass range analyzed was 2% amu. The column N-glycosyl asparagine

was a fused silica DB-5 MS column (50 m length0.2 mm i.d. x
0.33um film thickness; J&W Scientific). The identity and purity of ~ Figure 1. Thermal decomposition products of asparagine and its reaction
the chromatographic peaks were determined using NIST AMDIS with reducing sugars based on products identified by Py-GC/MS.
version 2.1 software. The reported percent label incorporation values
(corrected for natural abundance and for percent enrichment) are thedeamination of this amino acid, in principle, can produce
average of duplicate analyses and are rounded off to the nearest multipleacrylamide and because such reactions are common thermally
of 5%. allowed reactions in food. However, the main degradation

FTIR Analysis. Saturated solutions were prepared by mixing product of asparagine, identified during Py-GC/MS analysis,
equimolar amounts of asparagine anq glyceraldehyde in methapol.was maleimide Figure 1 and Table 2). Evidently, intramo-
Sampl_es were analyzed after evaporaﬂ_on of methanol and formatlonlecular cyclization to form an imide is much faster compared
of a thin film on the surface of the cell window. Infrared spectra were . . .

with the decarboxylation reaction due to entropy fac®r (n

recorded on a MIDAC Prospect Fourier transform infrared spectrometer . : L L
purged with dry air and equipped with a deuterated triglycine sulfate theory, this reaction should reduce the toxicity of asparagine in

(DTGS) detector. The spectra were acquired on a,@aft without food by preventing its conversion into acrylamide. The inter-
spacer at room temperature unless otherwise specified. A total of 128 mediate 3-aminosuccinimidé-igure 1) was detected in the
scans at 4 crmt resolution were co-added. Processing of the FTIR data pyrogram of asparagine model systems along with maleimide.
were performed using Galactic GRAMS 32/Al. On the other hand, a fast deamination reaction can also prevent
FTIR Temperature Studies. Samples were placed in a Gagell intact asparagine from its conversion into acrylamide, because
without spacer. The temperature of the sample was regulated by plaCingdecarboxyIation of this intermediate is not favored due to the
the IR cell in atemperature-controlled cell holder. Infrared spectra were yagtapilization of the resulting negative charge at the proximity
recorded as described above. of the & electrons of the double bond. Whe¢halanine was
pyrolyzed under the same conditions as asparagine, only two
products were detected: acrylic acid and the product of its
Asparagine model systems containing either glucose, fructose,subsequent reaction with ammonia, acrylamide, indicating the
sucrose, sorbitol, glyceraldehyde, glycolaldehyde, or 2,3-pen- propensity of such moieties to deaminate rather than to
tanedione were reacted using Py-GC/MS as detailed underdecarboxylate.
Materials and Methods. All model systems generated acrylamide The role of reducing sugars in enabling the conversion of
at 250°C; however, the intensity of the acrylamide increased asparagine into acrylamide should be considered, therefore, in
at higher temperatures. Interestingly, at 280 the asparagine/  the light of the above findings. The first intermediate formed
glycolaldehyde model system was more efficient than the when reducing sugars react with asparagine is the so-called
asparagine/glucose system in generating acrylamide; howeverSchiff base (in equilibrium witiN-glycosylasparagine). This
at 350 °C asparagine/sucrose was more efficient than the intermediate stabilizes itself through an Amadori rearrangement
asparagine/glucose model system. The least efficient system inprocess (pathway A ifrigure 2), which leaves the carboxylic
generating acrylamide was that of asparagine/2,3-pentanedioneacid free to undergo intramolecular cyclization at elevated
which generated acrylamide in trace amounts at both temper-temperatures, similar to the free asparagine, and form an
atures (sedable 1). Amadori product with N-substituted succinimide. The main
A cursory look at the structures of naturally occurring amino residue generated from the amino acid moiety identified in the
acids in food would immediately pinpoint asparagine as a pyrolysates of asparagine model systems was succinimide
possible source of acrylamide, because decarboxylation and(Figure 3b andTable 2). This process, similar to that occurring

RESULTS AND DISCUSSION
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Table 2. Mass Spectrometric Data (10 Highest Peaks) of Compounds Identified in the Model Systems

compound m/z (relative intensity)
maleimide 98 (4.6), 97 (100), 70 (4.3), 69 (31.2), 54 (48.1), 53 (18.0), 52 (5.2), 43 (9.4), 42 (5.0), 40 (4.3)
maleimide? 98 (5.1), 97 (100), 70 (4.3), 69 (39.3), 54 (58.1), 53 (29.5), 52 (2.9), 43 (16.5), 42 (9.4), 40 (6.1)
succinimide 100 (4.7), 99 (100), 70 (9.0), 57 (2.0), 56 (11.0), 55 (10. 1) 54 (4.0), 44 (3. 9), 43(9.8), 42 (10.3)
succinimide? 100 (4.8), 99 (100), 70 (5.0), 57 (2.2), 56 (8.0), 55 (7.3), 54 (2.1), 44 (3.8), 43 (5.8), 42 (7.3)
3-aminosuccinimide 114 (9.2), 86 (37.8), 70 (7.8), 59 (5.2), 57 (3.2), 56 (1.1), 55 (6.3), 44 (6.2), 43 (100), 42 (66.8)
3-aminosuccinimide? 114 (7.4), 86 (32.0), 70 (6.2), 59 (4.1), 57 (1.1), 56 (1.5), 55 (2.3), 44 (5.8), 43 (1 00) 42 (77.1)
niacinamide 122 (100), 106 (54.9), 94 (6.3), 79 (8.9), 78 (78.4), 77 (8.0), 52 (14.4), 51 (33.8), 50 (17.8), 44 (11.6)
niacinamide?® 122 (100), 106 (57.6), 94 (4.3), 79 (7.9), 78 (75.6), 77 (7.2), 52 (17.4), 51 (45.4), 50 (19.9), 44 (12.3)
aNIST library.
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Figure 2. Mechanism of acrylamide formation from a decarboxylated
Amadori product of asparagine. R = H, [CH(OH)],CH2(OH); n = 0-3.
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Figure 3. Pyrograms of (a) sorbitol/asparagine and (b) glucose/asparagine
model systems. Peaks: 1, acrylamide; 2, maleimide; 3 succinimide.

in asparagine aloneF{gure 1), prevents the formation of

acrylamide. A competing mechanism, therefore, should exist

GLY

asparagine

NH, NH, o &
o o -2xH,0 *
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Figure 4. Mechanism of niacinamide formation in asparagine/glucose
model system and percent label incorporation. Carbon numbers represent
original glucose carbon atom locations. AP, Amadori product; Gly,
glyceraldehyde.

the carboxylate anior8( 9) and formation of oxazolidin-5-one
(8). Manini et al. 8) have observed the formation of such an
intermediate and its facile decarboxylation at room temper-
ature in ap-glucose/-DOPA model system. This facile decar-
boxylation of the oxazolidin-5-one intermediate at room tem-
perature affords a stable azomethine ylide (8), which after
tautomerization and protonation can generate decarboxylated
Amadori product (sedrigure 2). The existence of such a
pathway will allow some of the Amadori rearrangement product
to decarboxylate, thus preventing the formation of succinimide
moiety, and eventually allow the formation of acrylamide.
Although the decarboxylated intermediate can be formed under
mild conditions, it requires elevated temperatures to cleave the
strong carbor-nitrogen covalent bond and produce acrylamide
as shown inFigure 2.

Py-GC/MS Experiments with 13C-Labeled Glucose Evi-

that allows the Amadori product to decarboxylate before it can dence in favor of the formation of the decarboxylated Amadori
be trapped as the inactive succinimide moiety by intramolecular intermediate comes from identification of niacinamide (see

cyclization.

Table 2 and Figures 2 and4) in the reaction mixture of the

In addition to undergoing Amadori rearrangement, the Schiff asparagine/glucose model system. Niacinamide can be formed
form of N-glycosylasparagine can also stabilize itself through only from the decarboxylated Amadori product of asparagine

intramolecular cyclization (pathway B Figure 2) initiated by

with glyceraldehyde through cyclization and dehydration reac-
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Figure 5. Mass spectral fragmentation pattern of niacinamide. * represents
glucose carbon atoms.

Table 3. Percent Label Distribution in Selected Mass Spectral
Fragments? of Niacinamide Formed in Different Model Systems

m/z122 m/z123 m/iz106 m/z107 m/z78 m/z79

model system M M+1 M M+1 M M+1
D-glu/L-asn 100 0 100 0 100 0
D-[1-1¥C]glu/L-asn 60 40 60 40 60 40

D-[3-3C]glu/L-ash
D-[4-B3C]glu/L-asn
D-[6-1C]glu/L-asn

2 See Figure 5 for the structures of ions at m/z 122, 106, and 78; glu, glucose;
asn, asparagine.

tions (sedrigure 4). The Amadori product, on the other hand,
will quickly undergo intramolecular cyclization and form a
succinimide intermediate, which is unable to form niacinamide
due to its altered structure, as showrFigure 4. Furthermore,
Maillard model systems containing glucose are known to
produce free glyceraldehyde and glyceraldehyde Amadori
product (10) through retro-aldol reactiorfSidure 4). In fact,
when glyceraldehyde was pyrolyzed in the presence of aspar-
agine, both acrylamide and niacinamide were detected in higher
amounts relative to the glucose model system {s&de 1 for
acrylamide values). In addition, as illustratedsigure 4, when

the glucose Amadori product undergoes retro-aldol cleavage,
it produces a glyceraldehyde Amadori product that retains C-1,
C-2, and C-3 atoms of glucose and a free glyceraldehyde
molecule with the C-4, C-5, and C-6 remaining atoms of
glucose. Theoretically, the niacinamide molecule should be
formed containing either C-1C-2—C-3 or C-4-C-5—-C-6

unscrambled fragments as part of the aromatic ring carbon chain

as shown irFigure 4. The percent incorporation of these two
fragments into the niacinamide structure will depend on the
concentration of these two fragments in the reaction mixture.
FurthermoreFigure 5 indicates that these sugar carbon atoms
should be retained in the ion¥z 122 (molecular ion)m/z 106,

and m/z 78 during the electron impact induced fragmentation
of niacinamide (se&able 2). To confirm the above prediction,

Yaylayan et al.
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Figure 6. Overlaid infrared spectra (1400-1800 cm™) of (a) asparagine
(solid line), (b) asparagine/glyceraldehyde after 15 min of incubation at
room temperature (dotted line), and (c) asparagine/glyceraldehyde after
6 days of incubation at 40 °C (dash-dot line).

the latter is unable to form a Schiff base with asparagine, and
the resulting pyrograms were compardegure 3 clearly
indicates the presence of a significant peak due te @{@ase

in the case of the glucose model system and its complete absence
in the case of the sorbitol model system.

Additional evidence for the facile formation of a decarboxy-
lated asparagine Amadori product was obtained from infrared
spectral analysis of a mixture of asparagine and glyceraldehyde
in methanol. These studies have indicated that within 15 min
of incubation at room temperature, the Amadori product has
already started to form (pathway Ajgure 1) as indicated by
the appearance of the absorption band at 1737 cwhich was
assigned to the carbonyl bantil(12) of the Amadori product
(seeFigure 6b). This assignment was based on the fact that
the Amadori product is a derivative of dihydroxyacetofh#)(
Further incubation of the sample at 4C for 6 days caused
the disappearance of both symmetrical and antisymmetrical
stretching frequencies of the carboxylate bands at 1493 and 1580
cm! (seeFigure 6¢), indicating decarboxylation reaction and
formation of a decarboxylated Amadori product (pathway B,
Figure 2). The spectral properties of this mixture did not change
upon further incubation at 4@C; however, when the temperature
of the mixture was raised to 180 and the spectrum was
acquired, the data showed the disappearance of the amide |
(1674 cnmt) and amide Il (1615 cmt) absorption bands of the
amino acid, indicating cleavage of the asparagine moiety as
shown inFigure 2.

Furthermore, the cyclic form of the Schiff badéglycosyl-
asparagine, has already been confirn®dd be an intermediate
in the asparagine/glucose reaction, and the acrylamide yield from
the pyrolysis of synthetidl-glycosylasparagine was significant
and comparable to the yield from the asparagine/glucose model
system under the same conditioBs providing further evidence
for the intermediacy of a decarboxylated Amadori product as

asparagine was reacted with variously labeled glucoses (se¢he precursor of acrylamide.

Table 3) and the percent label incorporation in niacinamide was

calculated and is shown imable 3. According to this table

40% of niacinamide was formed with the G-C-2—C-3

fragment and 60% with the C-4C-5—C-6 fragment, confirming

the proposed mechanism of niacinamide formation.
Monitoring the Decarboxylation by FTIR Spectroscopy

and Py-GC/MS. To confirm that the ease of decarboxylation

of the asparagine moiety was due to the formation of a Schiff

base adduct, asparagine was reacted with glucose and sorbito

Similar to asparagine, a high-temperature-induced cyclization
reaction to form succinimide Amadori product (deigure 2)
is highly favored over the competing thermal decarboxylation
reaction required for the formation of acrylamide. However, the
low-energy pathway (pathway Brigure 2) provided for the
decarboxylation of th&-glycosylasparagine through the forma-
tion of oxazolidin-5-one makes it possible to bypass the
cyclization reaction and promote the formation of acrylamide
lin carbohydrate/asparagine mixtures.
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