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Summary. The oxidation of cysteine (RSH) has been studied by using O,,
ferricytochrome ¢ (Cyt ¢) and nitro blue tetrazolium (NBT) as electron accep-
tors. The addition of 200uM Cu'' to a solution of 2mM cysteine, pH 7.4,
produces an absorbance with a peak at 260nm and a shoulder at 300nm.
Generation of a cuprous bis-cysteine complex (RS~Cu'"SR) is responsible for
this absorbance. In the absence of O, the absorbance is stable for long time
while in the presence of air it vanishes slowly only when the cysteine excess is
consumed. The neocuproine assay and the EPR analysis show that the metal
remains reduced in the course of the oxidation of cysteine returning to the
oxidised form at the end of reaction when all RSH has been oxidised to RSSR.
Addition of Cu" enhances the reduction rate of Cyt ¢ and of NBT by cysteine
also under anaerobiosis indicating the occurrence of a direct reduction of the
acceptor by the complex. It is concluded that the cuprous bis-cysteine complex
(RS-Cu!"SR) is the catalytic species involved in the oxidation of cysteine. The
novel finding of the stability of the complex together with the metal remaining
in the reduced form during the oxidation suggest sulfur as the electron donor
in the place of the metal ion.

Keywords: Amino acids — Cysteine — Copper catalysis — Cuprous complex

Abbreviations: RSH: cysteine; RS™: cysteine in the thiolate form; RS*: thiyl
radical of cysteine; RSSR: cystine; Cyt c¢: cytochrome c¢; SOD: superoxide
dismutase; NBT: nitro blue tetrazolium; NBF: nitro blue formazan; DTNB:
5,5'-dithiobis-2-nitrobenzoic acid; DTPA: diethylenetriaminepentaacetic acid

Introduction

The oxidation of cysteine (RSH), glutathione and other biological thiols,
catalysed by transition metal ions (essentially Cu'' and Fe'), has been the

*Dedicated to Prof. A. Ballio on the occasion of his 75th birthday.
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subject of extensive investigation in the past. Even though transition metals
are present in biological material in highest percentage firmly bound in pro-
teins or in well defined organic structures, the free metal ion catalysis of thiol
oxidation stimulated interest as a representative model of biological oxidation
and as a producer of sulfur, carbon and oxygen free radicals. Taking cysteine
as the main representative of biological thiols, it has been shown (Cavallini et
al., 1968, 1969) that the oxidation catalysed by Cu' in 0.1 N NaOH proceeds
with two molecules of cysteine in a complex characterised by the absorbance
at 330nm unchanged in the course of the oxidation. Another relevant point
was the finding that in alkaline conditions the metal remains complexed in the
cupric form, being reduced very slowly when O, is removed. At that time
cysteine oxidation was studied in 0.1 N NaOH where the 330 chromophore is
stable and where luminol could be used to excite a flash of light illustrating
some details of the final reaction. In the present note we reinvestigate the
copper catalysed oxidation of cysteine at physiological pH 7.4. The relevant
point that in the course of this catalysis the metal remains complexed in the
reduced form appears a novel finding worthy to be emphasized.

Materials and methods

SOD, catalase, cytochrome ¢ (Cyt ¢) and nitro blue tetrazolium (NBT) were from Sigma
Co. All other reagents were of the best commercial source and used without further
purification. Deionised water was used throughout. Sulfhydryl groups were determined
with Ellman’s reagent (DTNB) as described (Riddles et al., 1983). Modification of the
procedure according to Suzuki et al. (1990) gave the same results. Reduction of cystine
was carried out by the Reduce-Imm. reducing kit (Pierce), used according the producer
instructions. Cuprous chloride was dissolved in N,-saturated acetonitrile immediately
before use. As a general rule, the copper solution was always added last to the experi-
ment. Cu' was measured spectrophotometrically at 454nm (¢= 7,950 M~ cm™') by the
neocuproine assay (Smith et al., 1952) performed in 0.1M acetate buffer, pH 4.
Spectrophotometric analyses were carried out with UVIKON 940 (Kontron) equipped
with a thermostated cell compartment and with a magnetic stirrer. O, consumption was
monitored using a Clark-type oxygen electrode (Gilson oxygraph).

Low-temperature X-band EPR spectra were recorded on a Varian E9 spectrometer
equipped with a Stelar temperature controller and interfaced with a Stelar Prometheus
Data Acquisition system for analysis and handling of the data. Paramagnetic copper
content was calculated with 1.81 mM Cu-EDTA as standard.

To secure constant aerobiosis, the reacting mixtures were stirred magnetically at the
desired temperature all along the experiments. Anaerobiosis was obtained by bubbling
the reacting solutions with extra-pure nitrogen for at least 10min, maintaining the solu-
tions under the flush of water-saturated N, during the experiment.

Results
Formation of the cuprous complex

As illustrated in Fig. 1, the addition of ten molar excess of cysteine to 200uM
Cu(l, in phosphate buffer pH 7.4 produces the absorbance with a peak at
260nm and a shoulder at 300nm. The same absorbance is obtained when the
solutions have been previously flushed with N, for 10min or when CuCl, is
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Fig. 1. Absorption spectra of a solution of 2mM cysteine in 50mM phosphate buffer, pH

7.4, before (curve 1) and after the addition of 200uM CuCl, (curve 2: as soon as CuCl, is

added; curve 3: after 20min at room temperature under stirring). Insert: absorbance at
260 and 300nm as a function of CuCl, concentration. Cysteine concentration 2mM

A at 260 nm

05 -

RS/ Copper

Fig.2. Absorbance changes at 260nm as a function of the cysteine to copper ratio. 200uM
CuCl, (full circles ) or CuCl (open circles) was added, under anaerobic conditions, to
different cysteine solutions (0.2-2mM) in 50mM phosphate buffer, pH 7.4

replaced by CuCl. Under aerobic conditions the compound responsible of the
260nm absorbance decays after a defined length of time (Fig. 1, curve 3). In
the presence of cysteine excess the 260, 300nm absorbance is proportional to
the CuCl, added (Fig. 1 insert). By reacting under N, different concentrations
of cysteine (0.2-1mM) with a fixed amount of CuCl, (200u4M), the maximal
absorbance at 260nm is reached when the ratio cysteine/Cu” is 3 (Fig. 2).
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When the same assay is done with reduced copper the same absorbance is
obtained with a ratio of 2 (Fig. 2). Because in both the experiments the
neocuproine assay indicates that all the copper is in the reduced form it is
concluded that in the case of CuCl, one mole of cysteine has been used to
reduce the metal and that the complex of two cysteine with a reduced copper
(RS"Cu'"SR) is responsible of the 260, 300nm absorbance. Sulthydryls
titration with DTNB indicates that of the two cysteine bound to Cu' in the
complex, one is not reactive with the reagent (not shown). Figure 3 shows that
the 260nm absorbance remains fully intact in the course of the oxidation of
the thiol and that it starts to decrease when approximately 80 per cent of
cysteine has been consumed. The neocuproine assay shows that the metal
remains in the reduced form in the course of the oxidation, decreasing slowly
and not completely at the end of the oxidative reaction. Fig. 3 (insert) shows
also that when the same experiment is done under anaerobic conditions, the
260, 300 nm absorbance is unchanged and copper remains in the reduced state
as long as the anaerobiosis is maintained. All the data illustrated above are
consistent with the bis-cysteine cuprous complex being the intermediate spe-
cies involved in the catalytic oxidation of cysteine and with its continuous
regeneration during the catalysis. In accord with this interpretation, the time
length preceding the decay of the complex (followed by the absorbance at
260nm) is strictly related to the cysteine excess (Fig. 4).

Reaction products

Thiols can be oxidized to form disulfide, sulfinate and sulfonate (Wefer et al.,
1983; Misra, 1974; Saez et al., 1982; Harmann et al., 1984), therefore the
products of cysteine oxidation in the conditions of Fig. 1 were determined
after 20 min reaction time. More than 95% of the oxidized thiol was recovered
by reduction with an immobilized thiol reductant, indicating that cysteine had
been oxidized mainly to the disulfide. This agrees with the spectral curve
recorded at the end of oxidation (Fig. 1, curve 3) which is similar to that
obtained by adding 1 mM cystine with 200 4M CuCl, (not shown). The forma-
tion of cysteine sulfinic acid and cysteic acid, determined by the amino acid
analyzer, were together in the amount of only 2% of the initial cysteine (not
shown). H,0O, has been detected as a product of the copper catalysed oxida-
tion of thiols (Harmann et al., 1984). The amount of H,O, produced has been
calculated by measuring O, in the absence and in the presence of catalase. As
seen in Fig. 5, when catalase is added at the end of cysteine oxidation, O, is
released accounting for the H,O, produced. When the oxidation is run in the
presence of catalase, added at zero time, the consumption of O, appears
halved because of the regeneration of O, from the produced H,O,. From these
results the formation of 0.32mol of H,O, per mol of RSH oxidised could be
calculated.

As seen in Fig. 3, copper is partially present in its cuprous form also at the
end of oxidation. This result is explained with the presence of the accumulated
cystine, known to be reduced by Cu' (Rossouw et al., 1935) producing an
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Fig. 3. Time course of cysteine oxidation. The reacting mixture contained 2mM cysteine

and 200uM CuCl, in 50mM phosphate buffer, pH 7.4. The reaction was started by the

addition of CuCl, and was allowed to occur at room temperature under stirring. At

appropriate time intervals, aliquots were withdrawn and analysed for the absorbance at

260 (W) and 300nm (=), for the disappearance of sulfhydryl groups (@) and for reduction
of copper (A). Insert: the same experiment under anaerobic conditions
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Fig. 4. Time course of the absorbance at 260nm as a function of the cysteine to

copper ratio. The reacting mixtures contained 200uM CuCl, and cysteine in 50mM

phosphate buffer, pH 7.4, at room temperature under stirring. Cysteine concentration:

0.6mM (line 1), 1mM (line 2), 1.4mM (line 3) and 2mM (line 4). Copper addition to start
the reaction

equilibrium (Kolthof et al., 1951), slowing down the terminal oxidation of Cul.
In accord with this, we found that when a solution of 400uM cystine in 50mM
phosphate buffer, pH 7.4, is added with 200uM CuCl, the amount of copper in
the reduced form is still 25% of the original one after 20min incubation
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Fig. 5. Oxygen consumption time profile of 200uM cysteine in 50 mM phosphate buffer,
pH 7.4, at 30°C, following the addition of 2uM CuCl, (A) with subsequent addition of
S50u g/ml catalase. B The same as A with catalase added at zero time
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Fig. 6. EPR spectra of a frozen solution of 1mM cysteine and 200uM CuCl, in 50mM

phosphate buffer, pH 7.4, incubated for 1min (upper curve) and for 20min (lower

curve) at room temperature under stirring). Experimental settings: microwave power,

20mW, modulation amplitude, 1mT, frequency, 9.075 Ghz, temperature, 100K. Spectra
are averages of 9 scans

(neocuproine assay). A solution of CuCl in the same buffer autoxidises com-
pletely to Cu' (assay with neocuproine negative) in less than Smin.

EPR analysis

The reduced form of the copper in the complex, indicated by the neocuproine
assay, is confirmed by the EPR analysis. As seen in Fig. 6, no signal from
paramagnetic cupric copper is observed upon addition of cysteine to CuCl,.
On the other hand, at the end of oxidation, when the thiol is no more
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present, a signal with an intensity accounting for 75% of that expected for
fully oxidized copper appears. Computerized analysis of the spectrum
lineshape suggests that the signal arises from two different species, with
magnetic parameters (A j= 18.5mT, g y/= 2.25 and A j= 15.1mT, g j= 2.30)
consistent with 2N-20 and 1N-30 metal coordinations, respectively (Peisach et
al., 1974). It is likely that the signals belong to different complexes of Cu!' with
cystine.

Reduction of Cyt ¢

Cyt ¢ is known to be reduced by thiols (Saez et al., 1982; Butler et al., 1982).
The reaction occurs in the presence of air and is thought to be mediated by the
O, produced by trace metal catalysed oxidation of the thiol by O,. Table 1
collects the results obtained under our experimental conditions. Cyt c is
reduced by cysteine also in the absence of O, indicating the occurrence of a
reduction independent of the O, intermediacy. The importance of contami-
nating metals is evident by the inhibitory effect of DTPA and of CN- (line 2,
3) on the reduction rate and also of neocuproine (line 4), the latter suggesting
that the main contaminant is presumably copper ion. The last conclusion is
emphasised by the strong activation obtained by the addition of 2uM Cu!
either in aerobiosis and in anaerobiosis (line 6). Enhanced reduction of Cyt ¢
by added Cu" under anaerobiosis indicates the occurrence of direct reduction
of Cyt ¢ by the cuprous bis-cysteine complex. The favourable effect of the
addition of SOD (line 5) has been explained (Saez et al., 1982) by the in-
creased H,O, production as a result of superoxide dismutation. However in

Table 1. Reduction of ferricytochrome ¢ by cysteine. Effect of Cu'! and other factors.

Control system: cysteine 1mM, Cyt ¢ 44uM, 50mM phosphate buffer, pH 7.4 at

25°C. Cysteine added last. Values in AAs/min. Average of at least 3 values of separate
experiments with S.D. less than 10 per cent

Additions Aerobiosis Anaerobiosis
1 Control 0.110 0.090
2 DTPA 20mM 0.025 0.025
3 CN- 10mM 0.026
4 Neocuproine 0.3mM 0.035 0.035
5 SOD 50ug/ml 0.170
6 CuCl, 2uM 0.387 0.196
7 CuCl, 2uM

+ SOD 50ug/ml 0.374

8 H,0, 0.25mM 0.109
9 CuClL 2uM

+ H,0,0.25mM 0.566

10 Mannitol 10mM 0.104

11 CuCl, 2uM
+ H,0, 0.25mM
+ Mannitol 10mM 0.570
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Fig. 7. Reduction of NBT by the cysteine-copper complex. Reaction mixture contained

500uM NBT in 50mM phosphate buffer, pH 7.4, at 25°C under stirring. Additional

components and conditions were: 150uM cysteine plus 50uM CuCl, (line 1); 250 uM

cysteine plus S0uM CuCl, (line 2); 150uM cysteine plus S0uM CuCl, under anaerobic

conditions (line 3); 250uM cysteine plus 50 uM CuCl, under anaerobic conditions (line 4).
In all cases CuCl, was added last

our conditions H,O, is found to have an evident stimulatory effect only when
added together with Cu" (line 9). Addition of mannitol, a known hydroxyl
radical scavenger, has no effect on the reduction rate (line 10, 11) indicating
that this radical has not an essential role as an inter mediate.

Reduction of NBT

When NBT is reacted with cysteine (up to 1 mM) in the conditions reported in
Fig. 7, no reduction of the dye to the 560 nm absorbing formazan (NBF) takes
place. The addition of CuCl, produces the reduction of NBT after an initial lag
phase. The unreactive phase is prolonged and the production of NBF is
increased by increasing the cysteine concentration. In the absence of O,
(solutions flushed with N, for 10min) the extent of NBT reduction is higher
than in aerobiosis (Fig. 7). The reported data are consistent with the assump-
tion of a direct reduction of NBT by the cuprous bis-cysteine complex and
with the occurrence, in the presence of O,, of reactions competing with NBT
reduction. Using the molar extinction of 1.6 X 10*M ' cm™~! for NBT reduc-
tion at pH 7.4 (Bielski et al., 1980) we calculated that under anaerobic condi-
tions about 0.34 mol of NBF per mol of cysteine is produced at the end of the
reaction. This value is close to that expected (0.5mol/mol RSH) considering
the complete univalent reduction of NBT by cysteine.

Discussion

The course of the Cu"! catalysed oxidation of cysteine in phosphate buffer pH
7.4 may be divided in three parts.
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(A) Reductive chelation and formation of the complex

The first reaction upon the addition of Cu'' with cysteine is characterised by
the production of the 260,300nm chromophore assigned to the complex of
two cysteine with one reduced Cu. This reaction has been termed reductive
chelation (Vortisch et al., 1976), and we maintain such appropriate definition.
A two five-membered rings structure united by a copper ion has been pro-
posed for such complex (Cavallini et al., 1968; Vortisch et al., 1976; Davis et
al., 1983). In the absence of supporting evidence for this structure we prefer to
use the simplified formulation RS~Cu'"SR for the bis-cysteine cuprous com-
plex, without suggesting any particular geometry. Reductive chelation (pro-
duction of the 260nm absorbance) occurs also in the absence of O, and the
following simplified reactions are appropriate:

2 RS + 2 Cu" - 2 RS* Cu! (1)
2 RS* Cu' +4RS™ — RSSR + 2 RS Cu' SR )
6 RS + 2 Cu" — RSSR + 2 RS Cu' SR 3)

(B) The intermediate path of cysteine oxidation

This follows the reductive chelation and is done by the transfer of electrons to
anyone of the acceptors studied (O,, Cyt ¢, NBT). Cyt ¢ and NBT are reduced
by the complex also in the absence of O, indicating the occurrence of a direct
reduction independent of the O,* intermediacy (Table. 1, Fig. 7). A minor
part of the Cyt ¢ reduction is possibly due to a non-metal dependent reduction
as shown by the incomplete inhibition in the presence of DTPA, CN~ and
neocuproine (Table 1, lines 2-4) and also as reported for other thiols (Dikalov
et al., 1996). Even though thiyls and O, radicals are known to be produced
in the course of metal catalysed oxidation of thiols (Misra, 1974; Saez et al.,
1982; Dupre et al., 1975) it is not clear where the site of the redox cycle is
allocated. The data reported here indicate that the species involved in the
redox shuttle is the cysteine-copper complex with the thiolate sulfur function-
ing as the electron donor to the acceptor tested, producing a transiently bound
thiyl radical, and with the metal remaining in the reduced form. The following
formulations are therefore proposed:

RS-Cu'"SR + O, > RS Cu'*SR + O, (4)
RS-Cu' SR + Cyt c — RS-Cu! "SR + Cyt ¢, (5)
RS-Cu'"SR + NBT — RS Cu!*SR + 1/2 NBF (6)

In the presence of air, Cyt ¢ and NBT are reduced also by O, coming from
the simultaneous reaction of the complex with O, (4) according to :

O, + Cytc =5 0O, + Cyt ¢, (7)
(k = 2.6 X 10° M's!; Butler et al., 1982)
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O,” + NBT — O, +1/2 NBF (8)
(k = 6 X 10* M~tsec™; Bielski et al., 1977)

The superoxide radical also reacts with RSH:
2RSH + 2 O,*" = RSSR + 2 H,0, 9)

Reaction (9) is an oversimplification of a complex, not yet totally understood,
series of reactions (Winterbourn et al., 1994), running with a rate constant of
2 X 10°M ! sec! (reported for glutathione, Dikalov et al., 1996). The lower
extent of NBT reduction in the presence of O, compared to that in
anaerobiosis is explained by the simultaneous occurrence of the reaction of
the complex with O, (4) and with NBT (6) and by the competition of reaction
(9) with (8). The spontaneous dismutation of O, (k = 2 X 10°M~! sec™;
Bielski et al., 1977):

20, +2H" > 0, + H,0, (10)

is an additional competing reaction.

Reactions (4-6) generate thiyl radical (RS*) which is reported to have low
affinity for complexed copper (Graf et al., 1964). and is expected to be
replaced by a new RS~ from the excess thus regenerating the cuprous
bis-cysteine complex:

RS-Cu' *SR + RS~ — RS~ Cu! "SR + RS* (11)

The fate of the thiyl radical is to dimerize with rate constant of 10°°M~ sec™!
(Butler et al., 1982):

2 RS* - RSSR (12)

or interact with a thiolate anion with k = 1.2 X 10°M~! sec™! (Hoffman et al.,
1972):

RS* + RS- — RSSR*" (13)

or interact with O, with k = 8.1 X 10°M ' sec™! (Zhao et al., 1994):
RS* + O, - RSOO* (14)

The electron transfer from RSSR* to O, withk =5 X 10°M 'sec™!, reported
for glutathione (Micic et al., 1978):

RSSR*~ + O, — RSSR + O, (15)

is an additional source of O,*~. RSSR*~ is a strong reductant and is expected
to reduce Cyt ¢ and NBT with production of RSSR. The reversible reaction
(14) generates the peroxysulfenyl radical RSOO* as an intermediate to yield
sulfinate and sulfonate as final stable products (Davis et al., 1983; Ross et al.,
1985). Under our experimental conditions, reaction (14) should occur at low
level because cysteine sulfinic acid and cysteic acid were detected as minor
products.
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(C)The final decay of the complex

In the oxidation system, with O, as single electron acceptor, the complex
decays slowly only at the end when no more free cysteine is present (Fig. 3 and
4). Thiyls in this case should be removed according to:

RS Cu'*SR — 1/2 RSSR + RS Cu! (16)
thus making free the cuprous mercaptide which undergoes the final oxidation:
RS Cu'+0O, + 2 H* -1/2 RSSR + H,0, + Cu" (17)

In the experimental conditions of the present work, H,O, produced in reac-
tion (17) together with that accumulated in reaction (9) and (10) appears as
final product in the amount of 0.32mol per mol of cysteine oxidised (Fig. 5).
Considering the overall process of cysteine oxidation as:

2 RSH + O, &, RSSR + H,0, (18)

a ratio of 0.5mol H,O,/mol RSH oxidised should be obtained. The difference
from the expected stoichiometry suggests the involvement of H,O, in other
reactions. Among the various possible reactions the one between the cuprous
mercaptide and H,O, (Hanna et al., 1992; Spear et al., 1995) is of interest
because could account for the formation of the hydroxyl radical which has
been reported as a final product of RSH oxidation (Saez et al., 1982).

Concluding remarks

As a conclusion it appears that in the oxidation of cysteine the metal plays the
role of producing the reactive complex more than the element primarely
involved in the redox cycle. In the present work it is shown that the copper
remains in the reduced form bound with two cysteine all along the oxidation
of the RSH excess while in the previous work, done in 0.1 N NaOH, it was
found to remain in the oxidised form (Cavallini et al., 1968, 1969). Scheme 1
is therefore proposed to illustrate the central main reaction of the copper
catalysed oxidation of cysteine at pH 7.4. Presented in this way the cuprous
mercaptide (RS-Cu!) assumes the role of the formal catalyst, able to bind
the substrate-like second RS- molecule, and the bis-cysteine complex
(RS~Cu'"SR) exhibits the resemblance of a Michaelis-Menten complex with
the substrate. In the formulations reported above the oxidation of the com-
plex has been presented to occur at the level of sulfur. This is in accord with

02
RSSR+- —>p RSSR + Oy

RS~ RS'CuI‘§RS'
( RS"Cul 'SR + QOp°-
RS"Cul"SR /<02

Scheme 1. Main reactions of the intermediate path of copper catalysed cysteine oxidation
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the finding of the metal remaining in the reduced form in the course of the
oxidation and is in accord with other reports where sulfur is proposed as
the electron donor in the case of the oxidation of copper complexes
with penicillamine (Younes et al., 1977) and with the cysteine-rich
metallothioneins (Deters et al., 1994).
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