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Oxidative Damage of Protein Induced by the Amadori

Compound-Copper Ion System

Shunro Kawakishi," Yoko Okawa, and Koji Uchida

Department of Food Science and Technology, Nagoya University, Nagoya 464-01, Japan

Generation of oxygen radicals from the browning solution of glucose and amino acids in the presence
of copper ion and their oxidative action on protein were investigated in detail. Reaction mixtures of
the browning solution, bovine serum albumin (BSA) and copper(Il), incubated for 24 h at 40 °C
under aerated conditions markedly accelerated the oxidative depolymerization of BSA and the oxi-
dative degradation of its histidine residue. Among the many amino acids used in these browning
solutions, 8-alanine, 4-aminobutyric acid, and 6-aminocaproic acid containing solutions exhibited very
high activities for oxidative degradation of N-benzoyl-L-histidine (Bz-His). The active product in the
browning solution of glucose and $-alanine was estimated to be an Amadori compound (AC), 1-deoxy-

1-8-alanino-p-fructose.

Amino-carbonyl reaction, e.g., the Maillard reaction,
between reducing sugars and amino acids or proteins pro-
duces the brown color and specific flavor in food process-
ing that contribute to the development of good qualities
in food. On the other hand, the formation of Amadori
compounds from glycated proteins in the human body is
thought to promote several diseases associated with dia-
betes and aging (Pongor et al., 1984; Brownlee et al., 1986;
Cerami et al., 1987). In the amino—carbonyl reaction, many
dicarbonyl compounds and keto amines are produced as
intermediates of the browning reaction (Feather, 1985),
and then these intermediates must be reversibly trans-
formed to enediols and enaminols, respectively, in the
reaction processes. Those compounds may easily form
complexes with metal ions. The formation of such com-
plexes under aerated conditions may cause one-electron
transfer from enediols and enaminols to an oxygen mol-
ecule through metal ions to give a superoxide anion
radical (Q,") (Fridovich, 1979). In general, a solution con-
taining ascorbic acid and metal ion is well-known as a
generating system for active oxygen, which means a series
of oxygen radicals formed by a one-electron reduction of
oxygen. The interaction of the ascorbic acid—metal ion
system and some biological substrates spontaneously pro-
duced the oxidation and oxidative changes in their mol-
ecules, that is, protein (Marx and Chevion, 1986; Gar-
land et al., 1986; Kano et al., 1987; Uchida and Kawak-
ishi, 1988b), enzymes (Shinar et al., 1983; Levine, 1983;
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Nakanishi et al., 1985), polysaccharides (Matsumura and
Pigman, 1965; Wong et al., 1981; Uchida and Kawakishi,
1986b, 1987), and DNA (Shinohara et al., 1983; Arono-
vitch et al., 1987).

The Amadori compound formed in glycated protein,
Nce-fructosyllysine, is oxidatively degraded in phosphate
buffer under aerated conditions to give N*-(carboxy-
methyl)lysine residue (Ahmed et al., 1986). Kashimura
et al. (1986) reported the cleavage of DNA strand and
virus inactivation by the action of some Amadori com-
pounds with copper ion.

With this background, it is considered that reaction
mixtures of glucose and amino acids may generate some
oxygen radicals by addition of metal ion and these radi-
cal species will oxidatively attack some biological and food
constituents, if they exist together with the radical-gen-
erating system. By using the ascorbic acid-copper ion
system as an oxygen radical generator, we have investi-
gated the oxidative depolymerization of polysaccharides
(Uchida and Kawakishi, 1986b, 1987) and protein (Uchida
and Kawakishi, 1988b) and the oxidative degradation of
oligosaccharides (Uchida and Kawakishi, 1988a) and his-
tidine residue in protein (Uchida and Kawakishi, 1986a).

In this paper, we report the generation of active oxy-
gen from the browning reaction mixture—copper ion sys-
tem and its oxidative damage to protein and also prove
the inducer of this oxidation to be mainly Amadori com-
pounds.
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Table 1I. Oxidative Degradation of Benzoylhistidine
Treated with Browning Solutions in the Absence and
Presence of Copper(II)

residual benzoylhistidine, %

browning system 0 mM copper(II) 0.1 mM copper(II)
Gle 100 100
Glec + Gly 100 75.0
Glc + Ala 100 74.0
Gle + 8-Ala 100 8.6
Glc + pL-a-Ala 100 79.1
Glc + Pro 100 92.7
Glc + Ser 100 78.0
Gle + Glu 100 37.1
Glc + Asp 100 714
Glc + Arg 100 74.0
Glc + His 100 100
Glc + Lys 100 58.5
Glc + GABA® 95.5 1.7
Glc + EACA® 94.9 2.3

2 4-Aminobutyric acid. ® 6-Aminocaproic acid.

change, except for a small decrease in lysine. From these
results, it was proven that these browning solution—cop-
per ion systems caused both oxidative depolymerization
of protein and selective degradation of its histidine res-
idue.

Oxidative Degradation of N-Benzoylhistidine. To
make clear the oxidative degradation of histidine resi-
due in BSA, the action of the browning solution of glu-
cose and amino acid—copper(1l) on Bz-His, which was a
suitable substrate for the reaction of active oxygens from
the ascorbic acid—copper(II) system (Uchida and Kawak-
ishi, 1986, 1988), was examined here. The browning solu-
tions with glucose were prepared from ten kinds of o-
amino acids and three kinds of other amino acids, i.e.,
B-alanine, 4-aminobutyric acid (GABA), and 6-aminoca-
proic acid (EACA). As shown in Table II, most of brown-
ing mixtures, besides proline- and histidine-containing
solutions, induced oxidative degradation of Bz-His in the
presence of copper ion. Especially, the oxidative degra-
dation was most remarkable in the case of §-alanine,
GABA, and EACA.

Effects on the Degradation of Benzoylhistidine
with the Glucose—8-Alanine-Copper(II) System and
Its Fractionated Components. From the above results,
it was evident that the 8-alanine-containing browning mix-
ture exhibited strong activity for oxidative damage of BSA
and Bz-His. Then, to characterize the active compo-
nent in the browning mixture, the browning solution from
glucose and 8-alanine was fractionated. The solution was
dialyzed, and the dialyzable materials were fractionated
by a Dowex 50X4 column into a nonadsorbed part and
an adsorbed part and eluted with 0.6 N ammonia. These
fractions were assayed by addition of copper(II) for their
degradation activities on Bz-His (Figure 2A). Among them,
the fraction eluting with ammonia, that is, the part
adsorbed on Dowex 50X4 resin, exhibited strong activ-
ity as well as the browning solution, and this fraction
contained mainly unreacted 8-alanine and Amadori com-
pound. This activity was then compared with that of a
typical Amadori compound, 1-deoxy-1-8-alanino-p-fruc-
tose, synthesized from p-glucose and 8-alanine. As shown
in Figure 2B, the activity for the oxidative degradation
of Bz-His with the glucose—8-alanine—copper(II) system
seemed to be almost identical with that of the Amadori
compound. The Amadori compound was produced as an
intermediate in the initial stage of amino-carbonyl reac-
tion through a Schiff-type base, and a relationship between
the formation of the Amadori compound and the oxida-
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Figure 2. Oxidative degradation of benzoylhistidine induced
by fractionated browning solutions of glucose and $-alanine in
the presence of copper(Il): (®) browning solution of glucose and
S-alanine; (O) nondialyzable fraction of browning solution; (A)
nonadsorbed part on Dowex 50X4 column of dialyzable frac-
tion in browning solution; (A) adsorbed part (eluted with 0.6 N
ammonia) on Dowex 50X4 column of dialyzable fraction in brown-
ing solution; (O) 1-deoxy-1-S-alanino-p-fructose (fructose—3-
alanine).
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Figure 3. Relationship between formation of Amadori com-
pound and oxidative degradation of benzoylhistidine in the glu-
cose—(-alanine—copper(II) system: (O) Amadori product; (®) ben-
zoylhistidine; (A) browning.

tive degradation of Bz-His in the presence of copper(II)
was investigated with glucose and $-alanine. The results
are shown in Figure 3. A clear relation was shown between
both these phenomena. In particular, the browning solu-
tion heated more than 3 h decomposed Bz-His nearly
completely. For the browning solution heated 6 h, the
yield of Amadori compound reached about 35% of the
amount of glucose consumed. Moreover, the formation
of fructose—B-alanine in the heating solution was propor-
tional to the development of browning. From these data,
it is concluded that the principal product relating to the
oxidative damage of protein and its histidine residue with
copper ion may be Amadori compound in the browning
solution. Histidine was degraded to some oxidative prod-
ucts not identified in this experiment; however, the oxi-
dative products of Bz-His by the ascorbate—copper(II)
system will be published in another place. Related to
those, Yong and Karel (1979) reported the oxidative deg-
radation of its imidazole ring by the associated lipid per-
oxidation.

Since these reactions might arise from some oxygen
radicals formed through the interaction between the Ama-
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p-fructose, 37721-43-0; 1-deoxy-1-p-toluidino-p-fructose, 5469-
72-7.
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