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Cu2+ entering the composition of multicomponent metal-containing xenobiotic in vitro initia-
ted free radical oxidation of human serum albumin and L-tyrosine dipeptide. Oxidative
modification was accompanied by the formation of derivatives of amino acids tyrosine and
tryptophan and structural changes in human serum albumin.
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Cu2+ compounds are the most hazardous and wide-
spread environmental contaminants [5]. Cu2+ excess in
the body above physiological levels is accompanied by
a toxic effect. Toxicity of Cu2+ is associated with its
ability to catalyze Fenton’s reaction with generation of
reaction oxygen species (ROS) [5,11]. ROS induce
oxidation of lipids, proteins, and DNA [1].

Biological consequences of free radical processes
initiated by Cu2+ depend on oxidative modification of
protein molecules. Oxidative degradation is followed
by inactivation of various enzymes, including glutathio-
ne peroxidase, hexokinase, lactate dehydrogenase, tryp-
sin, superoxide dismutase, carboxypeptidase, and alcohol
dehydrogenase [3,6,7]. Protein oxidation is accompa-
nied by aggregation, fragmentation of protein mole-
cules, and modification of amino acid residues [6,7].

Our previous experiments on rats showed that
intoxication with technogenic xenobiotics containing
considerable amounts of Cu2+ led to accumulation of
oxidative protein degradation products (carbonyl deri-
vatives of amino acids; and derivatives of tryptophan
and dityrosine) [3]. It should be emphasized that the
test preparations include compounds of Cd2+ and Zn2+

in low concentrations. The presence of these elements
probably contributes to toxic activity of Cu2+. To test
this hypothesis, we compared in vitro oxidation of
human serum albumin (HSA) and L-tyrosine dipeptide
(Tyr-Tyr) in the presence of CuSO4 and complex main-
ly consisting of Cu2+ compounds and trace amounts of
Zn2+ and Cd2+ compounds.

MATERIALS AND METHODS

Experiments were performed with a copper-containing
solution (CCS) including water-soluble complexes of
Cu2+ and ammonia. Atomic absorption spectroscopy
was performed on an AAS Vario 6 atomic absorption
spectrophotometer (Analytik Jena AG). Cu2+, Zn2+, and
Cd2+ were shown to be the major constituents of CCS
(105.4, 0.178, and 0.038 g/liter, respectively). CCS was
obtained during conversion of Cu2+-containing galvanic
waste into fungicides and plant-protecting preparations.

We used purified lyophilized HSA and Tyr-Tyr
(Sigma). HSA and Tyr-Tyr were oxidized for 1 h in a
medium containing CuSO4 or CCS in various concen-
trations. The concentration of CuSO4 and CCS varied
from 25 to 250 µM (by Cu2+ concentration). The con-
centration of HSA and Tyr-Tyr in control and treated
samples was 1 mg/ml. The incubation medium inclu-
ded ascorbic acid and H2O2 in final concentrations of
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2 and 100 mM, respectively. The reagents were dissol-
ved in 0.01 M Tris-HCl/0.15 M NaCl buffer (pH 7.4).

Oxidative modification of HSA was recorded by
accumulation of dityrosine and decrease in fluores-
cence of tryptophan residues. Oxidative transforma-
tion of Tyr-Tyr was evaluated by the formation of
dityrosine. Fluorescence of dityrosine was measured at
the excitation and emission wavelengths of 325 and 16
nm, respectively. Fluorescence of tryptophan was mea-
sured at excitation and emission wavelengths of 297
and 336 nm, respectively [2].

Structural changes in HSA were studied using 1-ani-
lino-8-naphthalene sulfate ammonium salt (ANS, Fluka)
in a concentration of 5 µM. Fluorescence spectra of ANS
were recorded at an excitation wavelength of 380 nm.

Fluorescence was measured on a SFM 25 spectro-
fluorometer (Kontron). Emission spectra of ANS were
recorded using a SM 2203 spectrofluorometer (Solar).

Experimental data are expressed as the means of
4 independent measurements.

RESULTS

Addition of CuSO4 and CCS in minimum concentra-
tion (25 µM Cu2+) to the incubation medium sharply
decreased fluorescence of HSA tryptophanyl (by 60-
70%, Fig. 1). Tryptophanyl fluorescence progressively
decreased with increasing the concentration of pre-
parations in the protein solution. Tryptophanyl fluor-
escence reached minimum (~25% of the control level)
in the presence of CuSO4 and CCS at a concentration
equivalent to 250 µM Cu2+.

Addition of CuSO4 and CCS in a concentration
equivalent to 25-75 µM Cu2+ was followed by an in-
crease in the concentration of dityrosine (by 133 and

118%, respectively, compared to the control) in the so-
lution of HSA. Further increase in Cu2+ concentration in
HSA solution led to a decrease in the amount of dityro-
sine. After treatment with CuSO4 and CCS in a concen-
tration equivalent to 250 µM Cu2+ the content of dity-
rosine exceeded the control by 27 and 43%, respectively.

Incubation of Tyr-Tyr with CCS and CuSO4 was
accompanied by a dose-dependent increase in the con-
centration of dityrosine. Addition of CuSO4 and CCS
in maximum concentration increased dityrosine fluor-
escence by 230 and 285%, respectively, compared to
the control (Fig. 2).

Recording of the ANS emission spectrum showed
that CCS and CuSO4 cause structural modification of
HSA (Fig. 3). Oxidation of HSA affected different
spectral characteristics of ANS (e.g., intensity and
position of the fluorescence maximum). The test sub-
stances in a concentration of 50 µM (Cu2+) sharply
decreased ANS fluorescence and shifted fluorescence
maximum by 60 nm toward a long-wavelength range.
A 2-fold increase in Cu2+ concentration in the solution
of HSA produced further decrease in the intensity of
ANS fluorescence.

Previous studies [10] of the mechanisms for pro-
tein oxidation in the presence of transition metals (Fe2+

and Cu2+) showed that metal-catalyzed oxidation of
proteins is a site-specific process. This process starts
from fixation of the transition metal ion to a metal—
binding protein surface. The metal—protein complex
generates HO• in the presence of reducing agents. HO•

causes oxidative modification of amino acid residues
at the metal-binding protein site. Products of amino
acid residue oxidation are formed in several consecu-
tive reactions. Free radical attack on the polypeptide
backbone is initiated by HO•-dependent release of hyd-

Fig 1. Oxidation of tryptophan (a) and tyrosine residues (b) of human serum albumin as a function of concentrations of CuSO4 (1) and
copper-containing solution (2). Here and in Fig. 2: abscissa, concentrations of CuSO4 and copper-containing solution (by Cu2+).
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rogen from the α-carbon atom, which leads to the
formation of alkyl radicals. Alkyl radical interacts
with oxygen, which results in the formation of alkyl
peroxyl, alkyl peroxide, and alkoxyl radicals and hydro-
xyl protein derivatives [6].

Free radical oxidation of HSA in the presence of
ascorbic acid and Cu2+ is accompanied by cleavage of
amino acid backbone and formation of typical protein
fragments (50, 47, 22, 18, and 3 kDa). Destruction of
HSA is also accompanied by a decrease in tryptopha-
nyl fluorescence [8].

Nearly all amino acid residues of proteins are
oxidized with ROS. For example, tryptophan under-
goes conversion to 5-hydroxytryptophan, 7-hydroxy-
tryptophan, kynurenine, 3-hydroxykynurenine, and
formylkynurenine. Oxidation of tyrosine is followed
by the formation of dityrosine. This covalent biphenol
is formed after transformation of tyrosine radicals [6,
7,10]. Our results are consistent with published data
[7,10] that oxidation of proteins is accompanied by a
decrease in tryptophan fluorescence and formation of
intra- and intermolecular dityrosine bonds. Dityrosine
formation can be blocked by the superoxide anion
radical, which reduces tyrosyl radical [7]. Reduction
of tyrosyl radical with aloxyl, alkoxyl, and alkyl per-
oxide radicals of amino acid residues probably con-
tributes to the decrease in dityrosine formation in HSA
solution during oxidation with CCS and CuSO4.

Long-wavelength shift in the ANS spectrum re-
flects spatial reconfiguration of HSA (e.g., changes in
the position of ANS-binding regions in the protein
polypeptide chain and polarity of the probe environ-
ment). Structural modification of HSA probably in-
creases probe accessibility to fluorescence-quenching
collisions with molecules of H2O2 and Cu2+.

Our results show that CCS strongly stimulates
oxidative modification of HSA and Tyr-Tyr. Similar
concentration dependences for dityrosine formation
and tryptophan oxidation were revealed in experiments
with CCS and CuSO4. Moreover, CCS and CuSO4

produced the same structural changes in HSA. These
data indicate that Cu2+ in vitro and in vivo plays a key
role in oxidative damage to proteins with CCS.
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Fig. 2. Dityrosine formation in the solution of dipeptide tyrosine at dif-
ferent concentrations of CuSO4 (1) and copper-containing solution (2).

Fig. 3. Florescence spectra for 1-anilino-naphthalene-8-sulfonate in
human serum albumin oxidized in the presence of CuSO4 (a) and
copper-containing solution (b). Native albumin (1 mg/ml, 1); CuSO4

and copper-containing solution (50 µM by Cu2+, 2); CuSO4 and
copper-containing solution (100 µM by Cu2+, 3).
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