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The kinetics of copper-catalyzed autoxidation of cys- 
teine and its derivatives were investigated using 
oxygen consumption, spectroscopy and hydroxyl radi- 
cal detection by fluorescence of a coumarin probe. The 
process has complex two-phase kinetics. During the 
first phase a stoichiometric amount of oxygen (0.25 
moles per mole of thiol) is consumed without produc- 
tion of hydroxyl radicals. In the second reaction phase 
excess oxygen is consumed in a hydrogen peroxide- 
mediated process with significant "OH production. 
The reaction rate in the second phase is decreased 
for cysteine derivatives with a free aminogroup and 
increased for compounds with a modified aminogroup. 
The kinetic data suggest the catalytic action of copper in 
the form of a cysteine complex. The reaction mechanism 
consists of two simultaneous reactions (superoxide- 
dependent and peroxide-dependent) in the first phase, 
and peroxide-dependent in the second phase. The 
second reaction phase begins after oxidation of free 
thiol. This consists of a Fenton-type reaction between 
cuprous-cysteinyl complex and following oxidation of 
cysteinyl radical to sulfonate with the consumption 
of excessive oxygen and significant production of 
hydroxyl radicals. 

Keywords: Cysteine, copper, hydroxyl radical, 
hydrogen peroxide 

INTRODUCTION 

Cysteine reacts with molecular oxygen in neutral 
and alkaline solutions forming cystine. Various 
aspects of the mechanism of this reaction (autox- 
idation) were discussed in numerous papers, t>sl 
Cysteine autoxidation is catalyzed by transition 
metals (copper and iron) and leads to generation of 
several reactive intermediates: superoxide anion 
O~-,m hydrogen peroxide H20~ E21 hydroxyl radi- 
cal *OH [3] and cysteinyl radical CysS'. t41 The role 
of transition metal ion is generally considered in 
two main aspects. It acts as an electron carrier from 
thiol to oxygen and the catalyst o f 'OH generation 
in Haber-Weiss reaction between superoxide and 
peroxide. However, cysteine is a chelator of iron [3] 
and copper. [41 This chelation suggests that the 
reaction catalyst is not the free metal ion, but its 
complex with cysteine. The location of catalyst and 
reactant in the same molecule suggests a possible 
involvement of metal ion not only in the initiation 
of reaction, but also in other steps of the process. 

* Corresponding author. Tel.: (215) 898 0072. Fax: (215) 898 0090. E-mail: kachur@mail.med.upenn.edu. 
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Considering the chelation of copper we char- 
acterized the biphasic mechanisms of copper- 
catalyzed autoxidation of dithiothreitol I6] and 
glutathione, t71 The autoxidation of glutathione 
consists of two phases. The first one includes a 
classical stoichiometric oxidation of glutathione 
to glutathione disulfide by two simultaneous 
mechanisms (superoxide-dependent and per- 
oxide-dependent). In the second reaction phase 
we detected the consumption of excessive oxygen 
and significant "OH production in the peroxide- 
dependent process. We consider that the mechan- 
ism of copper-catalyzed cysteine autoxidation 
also has to be reexamined concerning the interac- 
tion between catalyst and reagent. 

In this work we investigated the copper-cata- 
lyzed autoxidation of cysteine and its derivatives. 
This reaction may have a practical application due 
to recent findings of high cysteine concentration 
in tumor ceils, t81 It also can be related to neuro- 
toxicity of cysteine, which may be mediated by 
products of its oxidation. [9] 

The oxidation of cysteine derivatives also has to 
be considered in their application as radioprotec- 
tors. [21 To investigate the reaction kinetics and 
mechanism, we used the methods of fluorescence 
and oxygen consumption. Hydroxyl radical was 
detected by coumarin fluorescent probe. Super- 
oxide dismutase (SOD) and catalase were used to 
determine the involvement of superoxide and 
hydrogen peroxide in the reaction. To characterize 
the role of cysteine functional groups in the 
process, we tested the compounds with blocked 
aminogroup (N-acetylcysteine), carboxygroup 
(cysteine ethyl ester) and absent carboxygroup 
(cysteamine). Considering the experimental re- 
sults, we proposed the mechanism of copper- 
catalyzed autoxidation of cysteine derivatives. 

MATERIALS A N D  M E T H O D S  

All reagents were purchased from Aldrich 
Chemical Co. (Milwaukee, WI, USA) or Sigma 
Chemical Co. (St. Louis, MO, USA) and were 

used without additional purification, except 
CuSO4.5H20, which was recrystallized before 
use. Buffer solutions were prepared using MiUi-Q 
water (18Mf2cm) using 99.999% Na2HPO4- 
7H20 and 99.999% H3PO4. 

The reactions were performed at 37°C in 
sodium phosphate buffer, pH = 7.40. We used 
high 40 mM buffer concentration to prevent pH 
instability, because the oxidation of thiol is 
strongly pH-dependent, t2] Our preliminary ex- 
periments show, that in the presence of thiols 
this buffer does not precipitate copper at used 
concentration less then 100 pM. Since the concen- 
tration of buffer did not affect the reaction kinet- 
ics, our results can be applied to the physiological 
5-10 mM phosphate concentration. 

The rate of the reaction was measured by the 
consumption of oxygen. This method is prefer- 
able in comparison with spectroscopic detec- 
tion by DTNB, since copper affects the results of 
thiol measurements, t6] Oxygen consumption was 
measured using a Clark oxygen electrode with 
amplifier system from YSI, Inc. (Yellow Springs, 
Ohio). Since this apparatus contains plastics, 
which could carry over trace metal impurities, 
key observations were repeated using an all glass 
and ceramic measuring system from Oxygen 
Sensors Inc. (Norristown, PA). 

Production of "OH was estimated by the 
fluorescent probe coumarin-3-carboxylic acid 
(CCA). This method is based on the detection of 
the fluorescence (excitation at 400 nm and emis- 
sion at 450nm) of 7-hydroxycoumarin-3-car- 
boxylic acid (7-OHCCA), which is one of the 
products of the reaction between CCA and "OH.[9] 
The method can be used for the detection of 
copper-mediated hydroxyl free radicals. I1°] The 
advantages of the method are selectivity, high 
sensitivity and measurement of real-time kinetics 
of "OH production. Fluorescence measurements 
were accomplished using an SPF-500 spectro- 
fluorometer (SLM Instrument Co, Urbana, IL, 
USA). The absorption spectra were detected using 
a DW-2000 spectrophotometer (SLM Instru- 
ment Co, Urbana, IL, USA). The absorbance at 
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COPPER-CATALYZED CYSTEINE AUTOXIDATION 25 

400-450 nm before and after the experiment did 
not exceed 0.05 for all the samples, which allowed 
us to avoid an inner filter effect. 

The role of other reactive oxygen species 
(superoxide anion and hydrogen peroxide) in 
the reaction was determined using specific en- 
zymes. SOD and catalase effects on the reaction 
kinetics were determined at high enzyme con- 
centrations (up to 100 U/mL) due to competition 
between the enzyme and transition metals in 
the reaction with superoxide and peroxide at 
neutral pH. [~11 This enzyme concentration, how- 
ever, was low as compared with copper, allowing 
to prevent effect of metal binding. 

R E S U L T S  

The kinetics of copper-catalyzed autoxidation of 
cysteine and glutathione [7] are similar. In both 
cases it consists of two phases with different 
characteristics of oxygen consumption and "OH 
production. During the first phase oxygen is 
consumed with constant rate. The total oxygen 
consumption during this phase is in agreement 

with the stoichiometry of reaction 

4CysSH + 02 = 2(CysS) 2 + 2H20 (1) 

The production of "OH radicals during the first 
reaction phase is low (Figure 1). 

In the second reaction phase excess of oxygen 
over the quantity required by reaction (1) is 
consumed with decreased rate. It is accompanied 
by significant "OH production (Figure 1). The 
amount of excess oxygen consumption for 0.1 mM 
cysteine is about 60% as required by reaction (1). 

To find the conditions under which the second 
reaction phase begins, we performed the reac- 
tion at comparable concentrations of reagents 
(0.1-0.2 mM cysteine and 0.05 mM Cu2+). As it is 
shown on Figure 2, the consumption of oxygen 
during the first phase depends on copper concen- 
tration. The quantity of consumed oxygen is equal 
to ¼ of the excess of cysteine over copper. Sub- 
sequently, the second phase begins after oxidation 
of the free cysteine by Equation (1) at equal con- 
centrations of unoxidized cysteine and copper. 

The reaction rates in both phases were 
determined from the linear part of the oxygen 

O O R  i J - ' - -  . . . . . . . .  I . . . .  I . . . .  I . . . . . . . .  

:i 0 2 2  0 0 7  g 
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O) " I~ ~___~,% / ~ '  i 0 " 0 3  ~ ' O" 
x >" 0 . 1 9  • : ' .  
o ~ ~ "" 

" i / " ' " ' " "  ..... O x y g e n  c ° n s u m p t i ° n  i 0 " 0 2  
• Q. : %. 

,be ~* i m '- 0.18 - ,"  : . . . . . . .  . 0 . 0 1 : 3  
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Time, s e c  

FIGURE 1 Kinetics of oxygen consumption and "OH production by 0.1mM cysteine at 37°C in 40raM phosphate buffer 
(pH = 7.40) catalyzed by 10 gM Cu 2+. 
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FIGURE 2 Effect of cysteine concentration on the oxygen consumption during the first reaction phase in the presence of 
50 pM Cu 2+. The oxygen consumed during the first reaction phase oxidizes the excess of cysteine over copper with stoichio- 
metry RSH: 02 = 4. 

consumption curve. They depend on the concen- 
tration of cysteine and copper. The initial reaction 
rate in the first phase (V1) in the presence of 5 ~ 4  
Cu 2+ is described by the equation 

V~ = 1.6.10-6[Cys]/(8.8 • 10 -4 + [Cys]) (2) 

The reaction rate in the second phase V2 at 50 ~VI 
Cu 2+ is equal: 

V2 = 7.9-10-7[Cys]/(9 • 10 -4 + [Cys]) (3) 

At a fixed cysteine concentration (0.1 mM), the 
effect of copper on the initial reaction rate is 
described by 

1/1 = 1.51-10-6[Cu]/(5.12 • 10 -6 + [Cu D (4) 

for the first phase, and 

V2 = 3.5.10-7[Cu]/(5.2 • 10 -6 + [Cu]) (5) 

for the second phase. Figure 3 shows an example 
of the concentration dependence of the reaction 
rate in inverted coordinates, which was used 

TABLE I Kinetic parameters of autoxidation of cysteine 
derivatives 

Compound K1, M K2, M kl, s -1 k2, s -1 

Cysteine 5.1.10 -6 8.8-10 --4 0.32 0.075 
Cysteine ethyl ester 6.7.10 -5 2.8-10 -4 0.37 0.12 
Cysteamine 1.7-10 -6 2.5.10 -4 0.13 0.072 
N-Acetylcysteine 1.8.10 -s  2.6.10 -4 0.013 0.14 

for the calculation of the coefficients in Equations 
(2)-(5). Equations (2)-(5) are typical for reactions 
with generation of intermediate compounds. The 
equation coefficients were used for the calculation 
of kinetic parameters, which are specified in the 
discussion and presented in Table I. 

The biphasic mechanism of cysteine autoxi- 
dation is similar to the reaction of oxygen with 
other thiols and infers the chelation of catalyst by 
the molecule of reagent. [6"7] To consider the pos- 
sible involvement of carboxyl and aminogroup 
in the chelation of copper, we investigated the 
oxidation of the cysteine derivatives with mod- 
ified aminogroup (N-acetylcysteine), modified 
carboxygroup (cysteine ethyl ester) and absent 
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Dependence of the rate of oxygen consumption by 0.1 mM cysteine on the concentration of Cu 2+. 
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FIGURE 4 Oxygen consumption and "OH production by 0.1 mM N-acetylcysteine at different Cu 2+ concentrations. Notice 
the beginning of the second reaction phase for Cu2+ :N-acetylcysteine 1:2. The effect addition of 100 U/mL catalase after the 
reaction is shown for 10p.M Cu 2+. 

carboxygroup (cysteamine). All these compounds  
had biphasic kinetics of the oxidation which 
were similar to these described above. Figure 4 
represents an example of the kinetics of oxygen 
consumption and "OH production by the cysteine 
derivative N-acetylcysteine. The excess oxygen 

consumption was not changed after modification 
of the cysteine molecule (ef. Figures I and 4). The 
reaction rates for the cysteine derivatives were 
described by equations similar to (2)-(5). The 
kinetic parameters of oxidation of the cysteine 
derivatives are presented in Table I. 
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FIGURE 5 Effect of catalase on the oxygen consumption by 0.1 mM cysteine, catalyzed by 5 wM Cu 2+. 

Compounds with the free aminogroup (cys- 
teine, cysteamine and cysteine ethyl ester) have a 
slower rate of oxygen consumption during the 
second phase in comparison with the first phase. 
The blockage of cysteine aminogroup in N- 
acetylcysteine significantly decreases the rate of 
oxygen consumption during the first phase, but 
does not affect the second reaction phase. It causes 
an acceleration of the oxygen consumption rate 
during the second reaction period (Figure 4). This 
type of kinetics was described earlier for auto- 
xidation of glutathione. [71 Another major differ- 
ence between cysteine and its derivatives is the 
concentration of the reagents required for the 
beginning of the second phase. The second reac- 
tion phase for cysteine derivatives begins when 
the concentration of unoxidized thiol is two-fold 
higher than copper in contrast with equimolar 
concentrations for cysteine. Figure 4 shows as an 
example this effect for N-acetylcysteine. 

Effects of catalase and SOD during the first 
reaction phase were similar for cysteine and 
glutathione. Addition of SOD caused a 20% 
decrease of the reaction rate. Catalase decelerated 

the reaction about 30%. Because the oxidation of 
cysteine is significantly faster in comparison with 
glutathione, these effects can be dear ly detected 
only at high enzyme concentration (Figure 5). We 
also characterized the effect of catalase on the 
reaction rate in the second phase. Low concentra- 
tion of catalase (less than 30U/mL) decreased 
the amount of excess oxygen consumption and 
caused a return of the oxygen into the system 
after the reaction (Figure 5). High catalase con- 
centration (100U/mL) completely prevented 
the excess oxygen consumption. Addition of cata- 
lase after the reaction completion caused a prod- 
uction of the part of excess oxygen (Figure 4). 
These results show, that hydrogen peroxide is one 
of the reaction products and plays an important 
role in the existence of the second reaction phase. 

DISCUSSION 

The mechanism of copper-catalyzed autoxida- 
tion of cysteine derivatives has common features 
with the process described for glutathione. [7] 
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COPPER-CATALYZED CYSTEINE AUTOXIDATION 29 

In the current work we performed a more detailed 
kinetic investigation and specified the role of 
hydrogen peroxide in the reaction mechanism. 

We consider, that the reaction catalyst is a 
copper-thiol complex 1 : 2. The formation of this 
complex and its participation in copper-catalyzed 
cysteine oxidation was described by Cavallini 
et al. I5! The generation of the complex and 
intramolecular electron transfer are the rate-limit- 
ing steps of the process. 

Two reactions are involved in the complex 
generation: 

C u  2+ + CysS- *-* Cu2+CysS - (6) 

Cu2+CysS - + CysS-  ~ Cu2+(CysS-)2  (7) 

with equilibrium constants of complex dissocia- 
tion: 

K1 = [Cu2+][CysS-] 
[Cu2+CysS_] (8) 

K= = [Cu=+CysS-][CysS-] 
[Cu2+(CysS_)2 ] (9) 

We presume that the rate-limiting step is the 
electron transfer from sulfur to copper, as it occurs 
during glutathione oxidation. I71 Because sulfur 
loses its negative charge and ability to bind 
copper, this reaction is irreversible: 

Cu2+(CysS-)2  -'* Cu+CysS°CysS  - (10) 

The initial reaction rate in the first phase is 
determined by reaction (10): 

Vl = kl [Cu2+(CysS-)2] (11) 

Total concentration of copper in the solution can 
be determined as 

The concentration of free copper [Cu2+]f can be 
found from (8): 

K1 [Cu2+CysS -] (13) 
[Cu2% = [CysS-] 

After the substitution of (13) in Equation (12), the 
value [Cu2+CysS -] can be excluded from (9). It 
gives the reaction rate as 

k, [Cu 2+] [CysS-] (14) 
V1 = K2(1 + K1/[CysS-]) + [CysS-] 

At high cysteine concentration K1/[CysS-] << 1 
can be neglected. Comparison of (14) and (2) gives 
the values K2 = 8.8.10-4M and kl = 3.2.10 -1 s -1. 
Analogous calculations with exclusion of cysteine 
concentration in Equation (9) give a value 
K1 = 5.1.10 -6 M from Equation (4). Comparison 
of these results with literature data shows, that 
constants of cupric--cysteine complex dissociation 
are lower than published values for cupric-am- 
monia I121 K1=4.9-10 -s and K2=2.1 "10 -4. The 
stronger chelation of copper by cysteine molecule 
suggests a possible involvement of sulfur atom 
and carboxyl group in the complex formation. 

In the second reaction phase, the values of 
constants K~ and/(2  remain the same [cf. Equa- 
tions (2) with (3) and (4) with (5)1. The rate- 
limiting constant in the second phase is about 
4-fold lower [cL Equations (4) and (5)]. The 
initiation of the second phase at equal concentra- 
tion of cysteine and copper (Figure 2) suggests 
that the limiting step is the transfer of the electron 
in the complex with equal concentrations of cop- 
per and thiol. The same values of K2 for both 
phases [Equations (2) and (3)1 show that the stabi- 
lity of this complex is similar to copper--cysteine 
1 : 2. Most probably, the copper atom is bound to 
cysteine and another ligand with similar binding 
constant, apparently cystine. In this presumption,  
the rate-limiting step in the second phase is the 
reaction 

[cu 2+] = [Cu2%+[Cu2+CysS - ] + [Cu2+(CysS-)2] 

(12) 

Cu2+CysS-(CysS2) --, Cu+CysS°(CysS2) (15) 

with the constant k2 = 7.5.10 -2 s -1. 
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Analogous calculations were used for the 
determination of the equilibrium and rate con- 
stants for the derivatives of cysteine. The values of 
the constants are included in Table I. The results 
show the significance of both amino- and carboxy- 
group for the binding of the first thiol molecule to 
copper. Blocking or exclusion of one of these 
groups makes the complex less stable (cf. higher 
values of K1 for cysteine ethyl ester and cyste- 
amine in comparison with cysteine). The chemical 
structure of the cysteine derivative is not signifi- 
cant for the binding of the second thiol molecule 
(cf. K2 values). It suggests the binding of second 
ligand through the thiol group. 

The most important is the correlation between 
the rate-limiting constant of the first phase kl and 
the chemical structure of the compound. The 
blockage of free aminogroup in N-acetylcysteine 
significantly (25-fold) decreases the rate of its 
oxidation in comparison with cysteine. This effect 
shows that the close location of free aminogroup 
and thiol group is crucial for the thiol autoxida- 
tion. The aminogroup in the vicinity of the thiol 
group considerably increases the rate of thiol 
oxidation by site-specific binding of copper ion. 
In the absence of this aminogroup thiol molecules 
are stable to autoxidation, as it is seen for gluta- 
thione, I71 N-acetylcysteine and dithiothreitol, t61 

The constant rate of the second phase k2 does 
not correlate with the structure of cysteine deri- 
vatives, suggesting the independent action of 
the thiol group in electron transfer to copper. It 
provides an unusual effect of the acceleration of 
oxygen consumption in the second phase for the 
compounds with blocked cysteine aminogroup, 
N-acetylcysteine and glutathione. On the other 
hand, k2 correlates with the constant of complex 
dissociation K1, showing the lower rate of the 
second phase for the compounds with more stable 
complexes (cysteine and cysteamine). 

Effects of catalase and SOD allow us to clarify 
the mechanism of excessive oxygen consump- 
tion and "OH production in the second reaction 
phase. The enzyme effects in the first reaction 
phase are similar to glutathione oxidation, sug- 

gesting the same mechanisms of oxygen con- 
sumption. According to our earlier studies,/71 the 
reaction is initiated by intramolecular electron 
transfer, described by the reaction (10). About 40 % 
of oxygen is converted into superoxide anion in 
thiol-mediated reaction: 

Cu+ (RS-) (RS ") + KS- = Cu+(RS-)(RSSR "-) 
Cu + (RS-) (RSSR'-) + 02 

= Cu+(RS -) + RSSR + O~- 

(16) 

Superoxide is reduced by cuprous-thiol complex 
by two-electron mechanism without production 
of hydrogen peroxide and hydroxyl radical, t71 

The remaining 60% of oxygen is converted into 
hydrogen peroxide by two-electron reduction. 
This process is described by equation 

C u + ( R S - ) ( R S  ") q- 02  n t" 2H + 
= Cu 2+ + RSSR + H202 (17) 

Hydrogen peroxide can be reduced by two 
molecules of free thiol without hydroxyl radical 
production: 

H202  + RS- -- RSOH + OH- 
RSOH + RS- = RSSR + OH- (18) 

Reactions (16)-(18) describe the mechanism of 
thiol oxidation in the first reaction phase. The 
mechanism of the second phase was explained as 
the reaction of thiol radicals with oxygen in the 
absence of free thiol in solution. [7] This is accom- 
panied by consumption of excessive oxygen and 
production of hydrogen peroxide by the sequence 
of the reactions, described previously: tT'~a'141 

CysS" + 02 - ,  C y s s o O " ,  CysSO  

CysSO~ + 02 ~ CysSO2OO" 

CysSO2OO" + H + + e- * CysSO2OOH 

CysSO3H + H=O2 

(19) 

The results of current investigation support the 
assumption that the absence of free thiol is the 
condition for initiation of the second reaction 
phase and production of hydroxyl radicals. Dur- 
ing the cysteine autoxidation, the second phase 
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begins at equal concentrations of free cysteine and 
copper (Figure 2). The second phase for cysteine 
derivatives begins at two-fold excess of unox- 
idized thiol (Figure 4). This difference between 
cysteine and its derivatives can be explained from 
the ligand structure. As shown above, the cysteine 
molecule has three binding sites (thiol, amine and 
carboxyl). Binding of cysteine to four-coordinat- 
ing copper ion necessarily involves the chelation 
of thiol group for an equimolar complex, but this 
group can be unbound for the second cysteine 
molecule. Subsequently, free thiol is absent in the 
solution only for the equimolar copper--cysteine 
complex. In the case of cysteine derivatives one of 
the groups (amine or carboxyl) is blocked, and the 
molecules have two binding sites. Binding of two 
ligand molecules to copper ion essentially in- 
volves the interaction through both thiol group. 
According to this, free thiol is absent in the 
solution for the complex of copper with two 
molecules of cysteine derivatives. 

According to the mechanism of the first phase, 
free thiol is involved in reactions (16) and (18). An 
absence of free thiol in solution blocks the super- 
oxide generation by reaction (16) and hydrogen 
peroxide utilization by reaction (18). However, the 
generation of hydrogen peroxide in reaction (17) 
does not require free thiol. Subsequently, an 
absence of free thio] in the second reaction phase 
should cause the accumulation of hydrogen 
peroxide in solution. Our current results support 
this presumption. Addition of catalase after the 
reaction completion causes production of oxygen 
(Figure 4), showing the generation of hydrogen 
peroxide after the second reaction phase. Addition 
of catalase in the middle of the first phase caused 
the decreasing of the reaction rate without oxygen 
production, suggesting the action of H202 only as 
an intermediate compound in the first phase. A 
high concentration of catalase completely blocks 
the second phase of the reaction (Figure 5). These 
data show the H202 generation in the second 
reaction phase. The prevention of second reaction 
phase by H202 elimination suggests hydrogen 
peroxide as a precursor of hydroxyl radical. 

Effects of catalase (Figures 4 and 5) and cysteine 
concentration (Figure 2) suggest that the second 
phase is initiated by the reaction between hydro- 
gen peroxide and cuprous-cysteinyl complex: 

Cu+(CysS °) -F H202 (20) 
= Cu 2+ + "OH + OH- + CysS" 

For the cysteine derivatives the second phase 
begins at 2-fold excess of thiol over copper 
(Figure 4). In this case the product of this reaction 
is eqlfimolar complex: 

Cu+(RS-)(RS °) + H202 (21) 
= Cu2+(RS -) + "OH + OH- + RS" 

which can reenter the reaction (20) after the 
intramolecular electron transfer by reaction (15). 

The reaction (20), (21) can be considered as the 
Fenton-type reaction between thiol-chelated cu- 
prous and hydrogen peroxide. This process is the 
mechanism of °OH production in the second 
reaction phase (Figures 1 and 4). It also causes a 
significant production of cysteinyl radical after 
the oxidation of free thiol. Cysteinyl radical con- 
sumes an additional amount of oxygen, produc- 
ing cysteine sulfonic acid by the sequence of the 
reactions (19) and reproducing the same amount 
of hydrogen peroxide. 

Slow decomposition of the hydrogen peroxide 
after the reaction causes the residual production of 
"OH after the completion of oxygen consumption 
in the second phase, as it is seen in Figure 4. High 
concentrations of catalase totally prevent reaction 
(17) and excludes the second reaction phase, exces- 
sive oxygen consumption and "OH production. 

The proposed reaction mechanism allows the 
calculation of the amount of excess oxygen con- 
sumption and peroxide production. Oxidation of 
0.1 mM of thiol in the first phase requires 0.025 mM 
02. The production of hydrogen peroxide by 
reaction (17) is equal to 60% of consumed oxygen, 
or 0.015 mM H202. Reaction (20) generates the 
same amount of cysteinyl radical. For complete 
conversion into cysteine sulfonic acid by reactions 
(19), cysteinyl radical requires 1.5 molecule of 
oxygen, or 0.0225mM 02. It suggests 1.9-fold 
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excess of oxygen consumption during the 
whole process. Copper-catalyzed autoxidation of 
0.1 mM thiol gives 1.6 oxygen excess (see Figures 
1, 2, 4, 5) due to partial involvement of hydrogen 
peroxide into reaction (18). The amount of hydro- 
gen peroxide after the reaction completion should 
remain constant. Addition of catalase after the 
reaction causes the production of 6.5 ~M oxygen 
(Figure 4), indicating the residual 0.013mM of 
H202. 

The amount of excessive oxygen consumption 
is determined by production of hydrogen per- 
oxide and does not depend on the type of thiol 
and copper concentration. Because of this, all the 
examined cysteine derivatives consume the same 
amount of oxygen, despite the different rates of 
oxidation during the first and second reaction 
phases. An increase of copper concentration does 

not affect total oxygen consumption, although it 
changes both the rate and amount of oxygen 
consumption during the first phase. 

The reaction mechanism also explains the 
independence of the second phase rate constant 
k2 from the thiol structure and its correlation with 
Kv The structure of the organic part of the radical 
has a low effect on the reactivity of thiol radical 
with oxygen. However, higher stability of com- 
plex (lower K1) favors the annihilation of hydroxyl 
and thiol radical immediately after their genera- 
tion in reaction (20). It decreases the rate of thiol 
radical-driven second phase for cysteine and cys- 
teamine in comparison with cysteine derivatives. 

Reactions (20),(21) are the explanation of the 
existence and particularities of the second reac- 
tion phase. It is the main adjustment of the 
mechanism of copper-catalyzed autoxidation of 

 Rs-ll 
RS-Cu2+ 

no RS- 

(RS')2Cu2+ fPhaseRS'Cu+RS ° ]  ~ %O2 

(RS2) 02 °" ~ H202 ..... 7----~ °OH + Cu 2+ + RS ° .~ +RS- / 

+R~S~-K. ~ Cu2+' (RS2)~+RS" /." ,+02 
Cu2+ "" Cu+RS - RSOO" 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  P h a s e  |1 RSO2* 
+02 

V 
RSO2OO = 

! 
! 

RSO2OOH 
! 
! 

V 
RSO3H + H202 

Mechanism of copper-catalyzed cysteLne autoxidafion; 1st phase - solid ]~tes, 2nd phase - broken lines. FIGURE 6 
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no RS- 

s a s  . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . .  "~ 
! 

" ~  RS'Cu+RS" - -  02 i 

, - /  \ F  ! . . 
V ,-;" . . . .  ~" RS'Cu 2+ + OH + RS 

~| P h a s e ,  A , ," "-,'; . . . . .  , "  
• Rs- |~ .Rs-/ \  ,." ,'" i 

40%/ ",,.6o% , , /  ~.," ! 
• • | 

,s-c:+ (%) +,s-°2": J" H202. .Cu+,S i 
v . ~ - ~  c:* ,  (RS2)~*RS- " ' . .  , ,  i 

+Rs~"~ c : +  ~ "-;----~- c : +  +'OH ..._S.: . . . .  .02 

Phase II 

RSOO ° 

I 
I 

RSO2 ° 

I +O2 
V 

RSO2OO ° 

! 
! 

V 
RSO2OOH 

! 
! 

V 
RSO3H + H202 

FIGURE 7 Mechanism of copper-catalyzed autoxidation of cysteine derivatives; 1st phase - s o l i d  lines, 2nd p h a s e  - broken 
lines. 

cysteine derivatives, proposed in our earlier 
work. I7] The scheme of the reaction mechanism 
for cysteine autoxidation is shown in Figure 6. The 
autoxidation of cysteine derivatives has different 
conditions of the second phase initiation, which is 
shown in Figure 7. 

CONCLUSION 

The kinetics of copper-catalyzed autoxidation of 
cysteine derivatives is a two-phase process with 
involvement of several reactions. Such a complex- 
ity emerges due to the interaction between 
catalyst and reagent during the reaction. The pos- 
sibility of such interaction has to be considered 

at the investigation of various biological thiol 
redox processes, including radiation-related radi- 
cal processes and the action of radioprotectors. 
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