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Kinetics of reduction of the stable radical cation derived from 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid (ABTS) in reaction with the anti-rheumatic drug bucillamine (BUC) and two reference thiols - cysteine (Cys)
and glutathione (GSH) was followed spectrophotometrically in acidic medium with 10-fold molar excess of the
reductant. Decay of the radical is governed by pseudo-first order kinetics with small deviation in the case of GSH.
H* ions displayed second order inhibition of the reaction with all the studied compounds. The reaction of BUC
exhibits zero order kinetics to the radical at lower acidities with a moderate acceleration of the reaction rate
by H™ ions. A significant catalytic effect of Cu>* ions on the reactions with all the reductants was observed.
The most sensitive to Cu?*-catalysis was the reaction of BUC with the radical cation, while Cu?* ions showed
much lower effect on the reaction with GSH. The presence of EDTA strongly inhibited the reactions and equalized
the reaction rates for all the reductants. A Cu(I) selective chelator bathocuproine disulfonate reduced the reaction
rate with Cys, but accelerated the reaction with BUC at the lower acidities. The experimental results were ratio-
nalized in the framework of the mechanism of reductive chelation. The conclusions may have important conse-
quences for interpretation of antioxidant capacity assays, such as TEAC, utilizing the ABTS derived radical cation.
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1. Introduction

Thiol-type antioxidants, constituting a class of organic sulfur deriva-
tives having sulfhydryl functional groups, play a crucial role in
protecting cells from oxidative damage by interacting with the
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electrophilic groups of reactive oxygen species (ROS) as a first and
major member of physiological antioxidative defense system [1]. De-
creased levels of thiol compounds in the organism have been shown
to cause various disorders. Biologically derived thiols such as glutathi-
one (GSH), cysteine (Cys), and homocysteine are often called biothiols.
The side chain functional group —CH,—SH of cysteinyl residues serves
as an active site for most biologically important thiols. The integrity of
the —SH groups of intracellular and plasma membrane proteins and
soluble thiols are essential to a large number of biological functions.
Low molecular weight nonprotein thiols have been shown to have a
protective effect against free radical-, radiation- and chemically reactive
metabolite-induced toxicity [2].

Bucillamine, N-(2-mercapto-2-methylpropionyl)-L-cysteine (Fig. 1a),
is a cysteine derivative with two thiol (sulfhydryl) groups per molecule
and is known as an efficient anti-rheumatic drug [3] with immunological
effects [4]. The exact mechanism of bucillamine action is unknown, but
many studies to date suggest that it is an immunomodulator [2,5].
Bucillamine (BUC), also referred to as SA96, is rapidly metabolized to
SA981 which is a disulfide compound formed by intramolecular binding
of two sulfhydryl groups (Fig. 1b). The disulfide structure of bucillamine
metabolites plays a critical role in the pharmacological action of the drug
[5]. Most likely, the two sulfhydryl groups which are predisposed to close
a stable ring underlie to a different pharmacological action of bucillamine
in comparison with p-penicillamine, another substituted cysteinyl anti-
rheumatic drug [5].

Bucillamine is capable of replenishing the thiol group in glutathione,
thereby assisting defense against oxidant injury [6]. BUC as the effective
thiol donor has potential to attenuate or prevent damage during myo-
cardial infarction, cardiac surgery and organ transplantation [6,7]. On
the other hand, the drug has been reported to act as an inducer of apo-
ptosis via generation of ROS in the presence of copper ions [8]. Kladna
et al. [9] showed that BUC can directly scavenge ROS or inhibit reactions
generating them. However, the drug may have pro-oxidant activity
under some conditions [9].

In studies of antioxidant properties of various compounds with re-
spect to their radical scavenging capacity, a radical cation derived
from 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid), ABTS
(Fig. 2),is frequently used [10]. ABTS'" has been suggested [11] as a use-
ful reference free radical for studies of reactions of organic radicals with
sulfhydryl compounds. The aim of this contribution was to examine the
reaction of BUC and two reference sulfhydryl compounds (Cys and GSH)
with ABTS™ " as potential models for more precise kinetic and mechanis-
tic studies of reactions of cysteine-derived drugs with free radicals. Par-
ticular attention was given to effect of cupric ions as the catalytic action
of copper on oxidation reactions of Cys [12] and its derivatives including
BUC [8] is well-known. Despite the amount of experimental data that
have been collected so far, detailed mechanisms of these reactions are
not fully understood.

2. Materials and methods

Bucillamine was provided by Santen Pharmaceutical Co., Osaka,
Japan and was used without purification as well as L-cysteine (97%,
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Fig. 2. Structure of 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid), ABTS.

Aldrich), glutathione (puriss, Fluka), ABTS diammonium salt (purum,
>99%, Fluka), K»S,0g (p.a., 99%, Merck), perchloric acid (p.a., 70-72%,
Merck), disodium ethylenediaminetetraacetate dihydrate (complexon
11, p.a., Lachema), bathocuproine disulfonate (Na,BCS-xH,0, Aldrich),
and CuSO4-5H,0 (p.a., Lachema).

ABTS" was pre-formed by addition of 18.3 mg of ABTS(NH,), into an
aqueous solution of K,S,0s (3.3 mg in 5 ml H,0). The resulting mixture
was stored overnight in the dark below 0 °C. This way a primary stock so-
lution of the radical (approximately of 4.7 mmol dm~>) was prepared
which was defrosted before an experiment and used to prepare a work-
ing stock solution of the required concentration. Remaining primary
stock solution may be frozen back and stored for a repeat use. The prima-
ry stock solution of ABTS™* prepared by this procedure contains about
25 molar¥% of unreacted ABTS which supports stability of the radical [13].

UV-vis spectra were recorded on a Lambda 25 Perkin-Elmer UV/VIS
spectrophotometer and an Agilent 8453 diode-array spectrophotome-
ter. Both spectrophotometers were used also for kinetic measurements
performed at the temperature of 20 °C. The temperature was regulated
by water circulation using a Julabo F12 thermostat when the Lambda 25
spectrophotometer was used, while the diode-array spectrophotometer
was equipped with an Agilent 89090A temperature controller based on
the Peltier effect. Measurements were carried out in a 10 mm QS stop-
pered cuvette. Kinetic runs were recorded on the Lambda 25 spectro-
photometer immediately after rapid mixing of the reactants in the
cuvette by following the absorbance at 734 nm without a stirring of
the reaction solution during the measurement. Alternatively, or in par-
allel, kinetics were followed using the diode-array spectrophotometer
and recording full spectra 190-1100 nm, usually with 0.5-2 s cycle
time. In this case, the reaction solution was continuously stirred at
600 rpm by 7 mm teflon-coated stirring bar. The time dependences of
absorbance at 734 and 340 nm were selected from the acquired data
for kinetic analysis. These wavelengths correspond to the absorption
maxima of ABTS'™ and ABTS, respectively. Although, the reported
values for the absorption maximum of the radical cation in this region
slightly vary from 725 nm [14] to 734 nm [10], the plateau is relatively
wide and a value for the molar absorptivity of the radical 7,3 =
1.50 x 10* mol~! dm® cm~" [15] can be accurately used for estimation
of concentration of ABTS™" in aqueous solutions.

Stock solutions of BUC, Cys, and GSH were prepared by weight. A
stock solution of perchloric acid was standardized by titration with a so-
lution of sodium hydroxide (p.a., Centralchem, Slovakia) using a Titrino
automatic titrator (type 785 DMP, Metrohm). The volumetric NaOH so-
lution was standardized by titration of a weighted amount of potassium
hydrogen phthalate (p.a., Merck).
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Fig. 1. Structure of bucillamine (a) and SA981 (b).
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The recorded absorbance vs. time data were fitted to an exponential
function y = ae™™ + ¢ via the parameters a, b, c, where the parameter b
corresponds to the pseudo-first order rate constant k,ps. Fitting was per-
formed by the nonlinear least squares regression using an interactive
plotting program Gnuplot — version 4.6 (T. Williams & C. Kelley) or
Matlab — version R2008a (Mathworks).

The data sets of spectra changing during progress of the reaction ob-
tained by the diode-array spectrophotometer were subjected to the
chemometric analysis [16]. The original data was adapted by adjusting
the baseline offset and the principal component analysis (PCA) and
multivariate curve resolution (MCR) were performed using a software
Unscrambler X — version 10.3 (Camo).

For needs to study reaction progress in the absence of oxygen, a
reaction solution without a final reactant (usually the thiol-
compound) was bubbled by N, for 4-5 min in the cuvette. After
that, the reaction was started by addition of the final reactant from
its stock solution, that was bubbled separately before by N, for 5-
6 min, to the cuvette.

The total volume of the reaction solution was usually 1.8 ml.

3. Results
3.1. Stoichiometry

Stoichiometric ratios ABTS*/BUC and ABTS'*/Cys were estimated
in excess of the radical by measuring a decrease in the absorbance at
734 nm (A734) after 3-4 additions of BUC or Cys. The reactions
proceeded in 9.0 x 1074 mol dm~3 HCIO, in the presence of
10~ mol dm™~3 Cu? ™. The initial concentration of ABTS* was approx-
imately 62 pmol dm~> and 8 umol dm ™3 of BUC was repeatedly added.
Completion of the reaction was followed by monitoring A734. To assess
the ABTS */Cys stoichiometric ratio, ~55 pmol dm~> of ABTS'* was
allowed to react with several additions of Cys in concentration of
20 pumol dm 3. The stoichiometric ratios were estimated from molar ra-
tios of the consumed radical, calculated from AA34, to the amount of
added BUC or Cys. The results suggest that 2 moles of ABTS™" react
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with 1 mole of BUC and 1 mole of the ABTS'™ reacts with 1 mole of
Cys. These ratios are consistent with the presumed equations:

2 ABTS™ + BUC—2 ABTS + SA981+2 H" (1)
2 ABTS™ + 2 Cys—2 ABTS + CySS + 2 H' (2)

where CySS stands for cystine.
3.2. Chemometrics

To justify validity and accuracy of the UV/vis spectrophotometry
to monitor kinetics of ABTS* to ABTS conversion, the measured
time series of spectra (an example is shown in Fig. 3a) were proc-
essed using the multivariate curve resolution. The analysis proved
that ABTS™" and ABTS can be considered as the only two components
of the reaction system which are detectable in UV/vis spectra. Pro-
viding that the sum of the component concentrations may be esti-
mated from the weighted amount of ABTS used for the radical
cation preparation, spectra of the components can be converted to
the molar absorptivity coefficient (&) vs. wavelength dependence
(Fig. 3b). Wavelengths of absorption maxima (subscripts in nm)
with the corresponding values of ¢ (in mol~' dm?® cm™!) assessed
from the component spectra: &£7.9(ABTS'") = 1.6 x 10%
£415(ABTS™™) = 4.0 x 10%, £335(ABTS) = 3.6 x 10* agree with the
published data: [15] &725(ABTS™") = 1.50 x 104, £417(ABTS'") =
3.47 x 10%, £540(ABTS) = 3.66 x 10%. Also, a measured spectrum of
pure ABTS (not shown) compares very well with the spectrum of
the second component.

The time courses of the component concentrations (Fig. 3c) can
be perfectly fitted to the exponential function, suggesting pseudo-
first order kinetics under the used reaction conditions. The values
of the pseudo-first order rate constants for both components match
very well (1.72 x 1072 s~ ! for ABTS"" and 1.74 x 1072 s~ ! for
ABTS) and they agree with values obtained from the A;34(t) and
Asz40(t) recordings. The sum of the component concentrations pre-
serves a constant value during the reaction, confirming that no
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Fig. 3. UV/vis spectrophotometric monitoring of the reaction of ABTS™ (~9 pmol dm~3) with cysteine (100 umol dm™?) in 900 umol dm~3 perchloric acid at 20 °C. (a) Selected spectra
with time interval of 20 s. (b) Spectra of two components obtained by MCR analysis of all spectra (measured with the cycle of 0.5 s). (¢) Time courses of the concentrations of components
during progress of the reaction. The gray lines illustrate experimental data and the black lines represent the exponential fits. The top line corresponds to the sum of the component

concentrations.
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ABTS derived intermediates can accumulate in a significant amount
during the reaction. In addition, the constant [ABTS "] + [ABTS]
level indicates good stability of the radical cation for the followed pe-
riod. Similar results were obtained by the MCR analysis of the reac-
tion of ABTS'* with BUC, but the resulting molar absorptivities are
slightly underestimated in this case (supplementary information,
Figure S1).

3.3. Kinetics

3.3.1. Effect of H™ ions

Hydrogen ions show inhibitory effect on the reaction of ABTS ™ with
all of the studied thiol compounds. However, more complex effect of H
ions was observed in the case of bucillamine. For examined concentra-
tions of [HT] <2 x 1072 mol dm ™3 decay of ABTS™ in reaction with
BUC is linear with time for most of the reaction progress, indicating
zero order kinetics to ABTS'* (Fig. 4a). Interestingly, hydrogen ions
moderately increase rate of the reaction under those conditions as it
can be detected from the slopes of A734 vs. time traces. On the contrary,
at examined concentrations [H*] > 1072 mol dm ™3 the reaction ex-
hibits pseudo-first order kinetics with strong inhibition by hydrogen
ions (Fig. 4b). The values of the pseudo-first order rate constants kps
suggest second order for H inhibition.

Effect of H" ions on kinetics of the reaction of ABTS™" with Cys was
examined for H" concentrations ranging from 9.0 x 10~% mol dm~3 to
2.25 x 1072 mol dm ™2 under similar conditions as described above for
BUC. The reaction exhibits perfect pseudo-first order kinetics under
these conditions with second order inhibition by H™ ions. Similar be-
havior was observed also for the reaction of ABTS ™ with GSH, however,
the recorded absorbance vs. time traces showed small deviations from
pseudo-first order kinetics.

3.3.2. Effect of O

Effects of dissolved atmospheric oxygen, normally present in reac-
tion solutions, on kinetics of the studied reactions was tested by com-
paring time courses measured in the presence and absence of oxygen
(see Materials and methods). Oxygen shows a moderate retardation ef-
fect on the reaction of ABTS'" (~10 pmol dm~3) with bucillamine
(100 umol dm~3) measured in 0.011 mol dm~> perchloric acid
as well as with cysteine (100 pumol dm™3, in perchloric acid of
900 umol dm~3). The observed pseudo-first order rate constant in-
creased by a factor of ~1.5 upon removing O, from the reaction solution.
No significant effect of oxygen on the reaction of ABTS ™ with glutathi-
one was observed under the same conditions.

3.3.3. Effect of a nonspecific chelator
In order to inspect whether kinetics of the studied reactions is influ-
enced by traces of metal ions present as impurities in the used
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chemicals and water, we performed a kinetic measurement with an ad-
dition of complexon III (disodium salt of EDTA). The obtained results are
summarized in Fig. 5. Even a low concentration of the chelator
(50 umol dm™3) showed a significant effect on the reactions of
ABTS™* with BUC and Cys in 900 umol dm™~3 HCIO,. In the case of BUC
the linear zero order course (Fig. 4a, line 2) was changed to an exponen-
tial one with a substantial decrease of the reaction rate (Fig. 5). Similar-
ly, a significant retardation of the reaction kinetics by complexon III can
be observed in the case of cysteine, whereas it showed a negligible effect
on the reaction of ABTS'* with GSH. Interestingly, the kinetics of all the
three thiol compounds is closely comparable in the presence of the che-
lator. Of note are also moderate deviations from exponential course that
are obvious in Fig. 5. In contrast with GSH, cysteine exhibits perfect
pseudo-first order kinetics in the absence of complexon III at the given
acidity as well as BUC does at higher acidities (see Fig. 4b).

3.34. Effect of Cu?* ions

Significant effect of the chelator on kinetics of the studied reactions
suggests catalysis by metal ions. We examined effect of Cu?™, Zn?™,
Mn2*+, Ni2 ", Co?*, Cd?*, and Fe** on the reactions of ABTS™™ with all
the three thiols. Only Cu?>* and Fe* ™ showed marked influence on the
reaction rate. The effect of cupric ions on the reaction of ABTS'* with
BUC is documented in Fig. 6. The reaction was retarded by the use of
higher concentration of H" ions and additions of Cu?>* at micromolar
level induced a dramatic acceleration of the reaction. The Cu-catalyzed
reaction exhibits pure pseudo-first order kinetics with values of the
rate constants proportional to the amount of added Cu?* (see the leg-
end of Fig. 6). In the absence of the second reactant (thiol) no reaction
between ABTS+ and Cu?* was observed.

A significant effect of Cu? ™ ions was observed also in the reaction of
ABTS™* with cysteine. We compared kinetics of the reaction under study
with cysteine from various sources and from stock solutions of a differ-
ent storage time with and without addition of Cu®™. Cys or Cys. HCI
from several different suppliers displayed the pseudo-first order rate
constants in the range of 0.55-2.7 min~ ! under conditions of ~-
10 umol dm ™2 ABTS™ with 100 umol dm™3 Cys in 900 umol dm ™3
HClO, without additional Cu?*. Such a wide range of the ko values is
most likely due to a various content of copper impurities in different
chemical products. If the level of Cu?* is controlled by addition of a de-
fined amount of Cu?*, the kinetics becomes better reproducible and in-
dependent of the origin of cysteine as it is illustrated in Fig. 7 which
shows data measured in 0.011 mol dm~2 perchloric acid. At lower acid-
ities, such as 900 pmol dm™3 HClO,, the Cu-catalyzed reaction between
ABTS™* and Cys is very fast, proceeding to completion immediately
after the addition of 10 umol dm™2 Cu?™ even in the presence of
100 umol dm 3 of complexon IL.

Glutathione is substantially less susceptible to Cu? "-catalysis in the
reaction with ABTS'" than bucillamine and cysteine. Addition of Cu?™"
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Fig. 4. Effect of hydrogen ions on kinetics of reaction of ABTS™* (~10 umol dm™~3) with bucillamine (100 pmol dm~3) in perchloric acid at 20 °C. (a) Reaction progress at lower H*
concentrations: [H"] = 4.5 x 10~* mol dm~>, line 1, slope 1.40 x 1073 s~ '; [H"] = 9.0 x 10~* mol dm 3, line 2, slope 1.51 x 1073 s~ '; [H*] = 1.8 x 1073 mol dm 3, line 3, slope
1.97 x 1073 s~ 1. (b) Reaction progress at higher H* concentrations: [H™] = 1.1 x 1072 mol dm ™3, line 1, kops = 7.63 x 10~ min™!; [HT] = 2.25 x 10™2 mol dm 3, line 2, kops =
146 x 10~ " min~"; [H*] = 4.5 x 10~2 mol dm 3, line 3, ks = 4.29 x 10~2 min~". The gray lines are measured records and the black lines correspond to the linear and exponential fits.
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Fig. 5. Absorbance at 734 nm vs. time records of reactions of ABTS'" with bucillamine
(label ‘BUC’), cysteine (‘Cys’), and glutathione (‘GSH’). Initial conditions: ~10 umol dm—3
ABTS™™, 100 umol dm ™2 thiol, 900 pmol dm~3 HClO,, 50 umol dm > complexon III;
20 °C. The black lines represent exponential fits of the measured time traces (grey lines)
with the following pseudo-first order rate constants (in min~'): kgyc = 6.5 x 1072,
Keys = 6.5 x 1072, kgsn = 8.4 x 1072,

ions in the final concentration of 20 umol dm™? to a reaction solution of
ABTS* (~10 pmol dm~3) and GSH (100 pmol dm™3) in
0.045 mol dm ™3 HClO, exhibits no change of the reaction rate. Small ac-
celeration of the reaction was observed in 3.6 mmol dm~> HClO, upon
addition of 10 umol dm™3 Cu?™ yielding kops = 6.5 x 1072 min ™!
(20 °C). At lower acidity of 900 pmol dm~> HCIO, in the presence of
500 umol dm ™2 complexon IIl and 40 pmol dm~3 Cu?*, ABTS ™ and
GSH in the above-mentioned concentrations reacted showing pseudo-
first order kinetics with the rate constant of approximately 0.14 min !
at 20 °C. This value is less than two times higher than the corresponding
rate constant, 0.08 min !, obtained in the absence of Cu?*. It should be
noted that, in contrast with BUC and Cys, kinetics of ABTS ™ and GSH re-
action subtly deviate from a perfect exponential course under the used
conditions in the presence as well as in the absence of Cu?™ ions.
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Fig. 6. Effect of additions of Cu?* ions to the reaction of ABTS™* (~10 umol dm™—3) with
bucillamine (100 umol dm™3) in perchloric acid (0.12 mol dm~3) at 20 °C. At the
indicated moments (arrows) various amounts of Cu?* (labels in pmol dm~3) were
added to the reaction solution. The black lines represent exponential fits of the
experimental records (grey lines) with the following pseudo-first order rate constants
(in min~1): (10) 0.474, (15) 0.691, (20) 0.914. Stirring rate was 600 rpm.

0.16 T T T T

o141 | |
012} l

2
o1}

0.08 |; cu*

Az34
w

0.06 | l R
0.04 | E

0.02 | E

0 5 10 15 20 25
Time [min]

Fig. 7. Effect of additions of Cu?>* ions to the reaction of ABTS™* (~10 umol dm~3) with
cysteine (100 umol dm™?) in perchloric acid (0.011 mol dm™~2) at 20 °C. At the indicated
moments (arrows) 10 umol dm > of Cu? ™ was added to the reaction solution. Labels are
assigned to various cysteine products with the corresponding pseudo-first order rate
constants (in min~") as follows: (1 - Cys-Aldrich) 0.326, (2 - Cys-HCl-Lachema) 0318,
(3 - Cys-HCl-Sigma) 0.350.

3.3.5. Effect of Fe> " ions

Effect of ferric ions was examined only on the reaction of ABTS™*
(10 pmol dm™3) with cysteine (100 pmol dm™3) in HClO4
(0.011 mol dm~3). An addition of Fe3>* ions in concentration of
10 pumol dm™2 was able to reverse temporarily consumption of
ABTS' ™ in the reaction system. Production of ABTS'* radical was proved
by the measured UV-vis spectra. The transient rise of ABTS'* con-
centration evoked by the Fe3* addition was then followed by slow,
linear in time, decay of ABTS'*. Next addition of the same amount of
Fe*>™ brought about a similar effect repeatedly. When Cu?* ions
(10 umol dm~3) were finally added into the reaction mixture, the reac-
tion rate was significantly accelerated and the course of the reaction
was turned to the pseudo-first order kinetics as reported above for
the Cu-catalysis. However, the observed rate constant was lower in
dependence on the amount of Fe*> ™ added than that measured for the
Cu-catalysis without addition of Fe. A record of the experiment can be
found in the Supplementary data (Figure S2).

3.3.6. Effect of a Cu™-specific chelator

In order to confirm catalytic action of copper ions and to get an addi-
tional experimental evidence useful for mechanistic analysis, for exam-
ple, with respect to the oxidation state of copper, we examined effect of
Cu-specific chelators on the reactions of ABTS ™ with cysteine and
bucillamine. We used a Cu? *-chelator cuprizone and Cu*-chelators
neocuproine and bathocuproine disulfonate (BCS) which are commonly
used in trace analysis and biological research [17,18]. Cuprizone has ap-
peared to be inappropriate for usage in the studied systems due to its re-
activity with ABTS™ and the pH necessary for the complexation with
Cu?*. More information on this issue is given in the Supplementary
data. However, the presence of BCS in the reaction solution with the
concentration of 100-150 umol dm ™2 showed significant effects on
both the ABTS *-Cys and ABTS *-BUC systems as it can be seen in
Fig. 8. Interestingly, BCS inhibits the reaction with cysteine (Fig. 8a),
while the reaction with BUC in the zero order kinetic mode is substan-
tially accelerated by the Cu™-chelator (Fig. 8b). The effect of BCS was
less profound at higher acidities probably due to protonization of BCS.
Negligible effect of BCS on the ABTS "-Cys reaction was observed in
800 umol dm~3 HClO,4. On the other hand, the effect of BCS on the
ABTS "-BUC reaction in 700 pmol dm~> HCIO,4 (supplementary infor-
mation, Figure S5) was comparable (or even higher) to that observed
in 400 pmol dm ™3 HClO,.
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Fig. 8. Effect of bathocuproine disulfonate (BCS) on kinetics of reaction of ABTS' with cysteine (a) and bucillamine (b) in perchloric acid at 20 °C. Initial concentrations (in pmol dm—3):
ABTS™* ~10, thiol 100, HClO, 700 (a) and 400 (b), BCS 100 (a) and 150 (b). The gray lines are measured records and the black lines correspond to the exponential (a) and linear (b) fits. The
obtained rate constants and slopes (in s~ '): 2.82 x 10~ 2 - reference, 5.57 x 10> - with BCS (a) and 9.69 x 10~ - reference, 2.57 x 10~> - with BCS (b).

4. Discussion
4.1. Stoichiometry

Measured molar ratios of consumed ABTS ™ radical cation to reacted
cysteine and bucillamine agree with the stoichiometric Egs. (1), (2). The
proposed equations assume one-electron reduction of ABTS™ to ABTS
and formation of a disulfide bridge, either intermolecular, producing
cystine, or intramolecular that leads to the oxidized form of BUC
(SA981). It can be deduced that ABTS™" is a mild oxidizing agent
avoiding oxidation of thiols to higher oxidation products under the
used conditions even at excess of ABTS . However, it may not be the
case for media of a lower acidity. Aliaga and Lissi [19] reported
ABTS */Cys stoichiometric ratio 1.8:1 with an excess of the radical cat-
ion for pH = 5 or higher. Formation of disulfides and equimolar oxi-
dant/thiol stoichiometric ratio in excess of a thiol was reported by
Kapoor et al. [20] for reaction of ferricyanide with thioglycolic acid as
well as by Mishra et al. [21] for Cu®* catalyzed oxidation of cysteine,
2-mercaptoethanol, and thioglycolic acid by a superoxide-cobalt
complex.

4.2. Kinetics and mechanism
4.2.1. Copper catalysis

4.2.1.1. Cysteine. The observed significant effect of Cu? ™ ions on the rate
of ABTS™* decay in reaction with all the three substrates studied here is
a main feature outlining mechanistic considerations. Strong catalytic ef-
fect of copper and iron on “autoxidation” of cysteine by atmospheric ox-
ygen is known for a long time [12,22,23] suggesting an intermediate
complex of cysteine with the metal ions or a metal oxide. More recent
studies [24,25] offer a deeper insight to the mechanism of cysteine oxi-
dation associated with the copper complexation by the thiol compound.
Pecci et al. [25] suggested the reductive chelation [26] of Cu'' as a first
step of the oxidation process with formation of a Cu' complex with
two cysteine molecules. The complex is oxidized by O, or other electron
acceptor in a subsequent step producing a transiently bound thiyl radi-
cal to the metal which remains in the reduced form. The catalytic com-
plex is recovered by rapid substitution of the thiyl radical by cysteine.
The thiyl radicals may directly combine to form the final product cystine
or, perhaps more probably, be scavenged by thiolate anion producing
cystine in a following reaction with the electron acceptor.

We suppose that a similar mechanism as proposed by Pecci et al.
[25] for copper catalyzed oxidation of cysteine by O,, ferricytochrome
¢, and nitro blue tetrazolium accounts also for the presented reaction
of cysteine with ABTS " radical cation as the electron acceptor. This is
supported by the observed reciprocal second order kinetics with respect

to hydrogen ions and the observed inhibitory effect of BCS on the
ABTS "-Cys reaction. The following scheme can be suggested:

RSH=RS™ + H' 3)
Cu?* +RS™ = Cu"—SR* 4)
Cu" — SR* +RS™—>RS — Cu"SR (5)
RS — Cu'"SR + RS™—RS — Cu' — SR™ +RS’ (6)
RS — Cu' — SR™ + ABTS"* RS — Cu"SR + ABTS (7)
RS 4+ RS™—>RSSR™~ (8)
RSSR"~ + ABTS"* -RSSR + ABTS 9)

where RSH denotes cysteine.! Decay of ABTS'* according to first order
kinetics and the effect of the Cu(I)-selective chelator suggest the reac-
tion (7) to be the rate-determining step.

4.2.1.2. Bucillamine. It can be assumed that an analogous mechanism as
that described above for Cys may be applicable also for the reaction of
bucillamine with ABTS . The reciprocal second order kinetics with re-
spect to hydrogen ions suggests that either one molecule of BUC with
both SH-groups ionized binds to cupric ion, or two BUC molecules
form a complex with copper with one of the two SH-groups in each
BUC molecule remaining protonized. Our preliminary kinetic measure-
ments revealed a second order dependence of the reaction rate on the
concentration of bucillamine in the presence of Cu>* which favors 1:2
complexation of Cu®> ™ with BUC. However, additional comprehensive
kinetic studies resulting in a complete rate law valid for wide ranges
of concentrations of the reactants, hydrogen and cupric/cuprous ions,
and possibly of other effectors are necessary to resolve the mechanistic
details. Also, a direct characterization of the structure and stability of the
Cu?™/1T-BUC complex could bring another valuable knowledge for
deeper understanding of the properties and therapeutic effects of BUC.

The observed switch of ABTS™ decay kinetics from zero to first order
in dependence on the hydrogen ion concentration deserves further in-
vestigation. Although coexistence of zero and first order kinetics is
rare, shifting between linear and exponential kinetic profiles under var-
ious conditions has been reported for copper catalyzed oxidation of
thiols [24,27,28]. This phenomenon points to variation in rate-limiting

! We used the common abbreviation ABTS ™ for the ABTS derived radical cation in the
scheme and throughout all the text, although the two sulfonic groups are usually ionized
in aqueous solutions. Therefore a more correct denotation would be ABTS ™. Similarly,
ABTS, or rather ABTS? ™, is protonated at one of the nitrogen atoms below pH 3 [15], hence
HABTS™ should stand for ABTS reflecting better the conditions used in our experiments.
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step upon changes in reaction conditions. The observed linear decay
of ABTS'" at lower acidities (Fig. 4a) suggests that the rate-limiting
process occurs in earlier stages of the reaction sequence than (7),
perhaps in the reductive chelation step (5). However, moderate cat-
alytic effect of hydrogen ions on this reaction pattern, which is in
dramatic contrast with the second order H-inhibition observed
for the exponential ABTS' " decay, together with the surprising accel-
eration of the reaction by BCS (Fig. 8b) indicate a higher complexity
of the whole process than that rendered by the simplified scheme
(3-9). Therefore, finding precisely defined reaction conditions for
zero order kinetics with in-depth mechanistic analysis of this phe-
nomenon is challenging.

4.2.1.3. Glutathione. The reaction of glutathione with ABTS'* radical cat-
ion exhibits the lowest catalytic effect of cupric ions in comparison with
the reactions of the other two thiols investigated in this study. For ex-
ample, the pseudo-first order rate constant measured for 100 umol dm >
concentration of GSH and 10 pmol dm~3 Cu?* has the value of
~6.5 x 1072 min~ ! in 3.6 mmol dm > HClO,, while the same concen-
trations of BUC and Cu?™ yield the ko value approximately eight
times higher, but in HCIO, more than 35-times concentrated
(0.13 mol dm™3). Observed differences in the rates of copper catalyzed
reaction of the studied thiols may arise from several factors. First, it is
the pK, value of the -SH-group and affinity of the thiol/thiolate ligand
to Cu? ™" ion. The second important factor is stability of the Cu'-SR com-
plex formed by the reductive chelation. It is known that a stable com-
plex is formed between Cu™ and GSH, whereas the complex between
Cu™ and cysteine is much less stable [29]. On the other hand, high sta-
bility of the Cu'-SR complex may correlate with lower readiness for elec-
tron transfer to the oxidant. The process of reoxidation of the
complexed Cu' is often the rate limiting step of the reaction with the
rate dependent on the R-group of the thiol [30]. Thus the relatively
lower rate of the copper catalyzed reaction of GSH with ABTS™* could
be explained in terms of hindered rate-limiting electron transfer due
to higher stabilization of the Cu'-GSH complex. However, as we men-
tioned above for Cys, some authors [25] mean that copper remains in
the reduced form during the oxidation suggesting sulfur as the electron
donor. In that case, stability of the intermediate thiyl radical, alone or in
a Cu'-complex, could be the most important factor.

4.2.2. Effect of F® " and 0,

Catalytic effect of iron on oxidation of cysteine has been previously
described [12,24,31-33]. Under certain conditions, iron ions can cause
inhibition of the copper-catalyzed cysteine oxidation [24,33], even at a
very low concentration of Fe ions. However, the rise of ABTS'* concen-
tration after the Fe>* addition observed in this study can be most prob-
ably explained simply by a direct reaction of reduced ABTS with Fe3*
producing ABTS . According to Scott et al. [15], ferric ions are capable
of reversible oxidation of ABTS to ABTS™* with the rate constant for
the forward reaction of 1.3 x 10%> mol™! dm® s~! at 25 °C in
1 mol dm~2 perchloric acid. Also, the observed retardation of the Cu-
catalyzed ABTS *-Cys reaction can be ascribed to continual regenera-
tion of ABTS'™ from producing ABTS by the reaction with Fe**. The in-
vestigated ABTS *-Cys system could be useful as a model for study of
the interesting issue of combined effect of Cu and Fe ions on cysteine ox-
idation, providing that appropriate conditions are found for elimination
of the direct ABTS-Fe3 ™ reaction.

The observed inhibition of the reactions ABTS "-Cys and ABTS *-BUC
by oxygen (the rates increase approximately 1.5-times upon removing
atmospheric O, from the reaction solution) can be attributed to compe-
tition of O, as another electron acceptor with ABTS ™ in the reaction
with the complex RS-Cu'-SR™ (step 7). Produced superoxide anion radi-
cal is most probably scavenged by a direct reaction with the thiol present
in excess.

4.2.3. Uncatalyzed reactions

Addition of a chelating agent such as EDTA which forms a stable
complex with a variety of metal ions enables to study uncatalyzed reac-
tions of the selected thiols with ABTS'* radical cation. Interestingly,
BUC, Cys, and GSH show very similar reaction rates in the presence of
EDTA implying that the structure of the cysteine surrounding plays a
minor role in reactivity of the cysteine -SH-group of the examined
thiols. In addition, similar reaction rate of BUC possessing two sulfhydryl
groups with that of Cys and GSH points to preference reactivity of one of
the -SH-groups in the rate-limiting step. The observed comparability of
the reactivity of all the three Cys-derived thiols implies that the cysteine
thiol group is the key target for the ABTS'* radical also in the case of
bucillamine.

The observed deviations of the uncatalyzed reactions from pure
pseudo-first order kinetics may originate from several causes. One ex-
planation offers a possible autocatalysis of the studied reactions by the
producing disulfide. Dixon and Tunnicliffe [34] noticed the autocatalytic
nature of the aerobic and anaerobic oxidation of glutathione, cysteine,
and thioglycollic acid and showed that the disulfide group accelerates
the rate of oxidation.

4.3. Implications and perspectives

The presented results demonstrate by means of kinetic data impor-
tant effect of copper ions on reactions of some thiol antioxidants with
ABTS™* radical cation. Although the catalytic effect of copper on oxida-
tion of various thiols is generally known, such effect has not, to our
knowledge, been noticed with respect to ABTS ™ radical cation scaveng-
ing. However, this phenomenon requires a special attention particularly
in this case, since ABTS'* is utilized for quantification of antioxidant ca-
pacity of pure compounds or mixtures in various matrices. For example,
the Trolox equivalent antioxidant capacity (TEAC) assay [10,35] repre-
sents a standard procedure broadly applied in assaying food samples
[36]. Forasmuch as the operational protocol of the TEAC assay usually
does not include an assay or a control of trace metals such as copper
or iron, the obtained results may be seriously affected by the adventi-
tious presence of such ions in the sample. Additionally, the metal ion ca-
talysis of ABTS'* scavenging may not be restricted to reactions with
thiols, since, for example, oxidation of a wide-spread antioxidant ascor-
bic acid shows copper catalysis as well [37,38]. Thus the TEAC results
may be misinterpreted and may lead to erroneous conclusions. This
way a surprisingly weak correlation between the measured TEAC values
of various antioxidants and their chemical structures [36] could be ex-
plained. Moreover, TEAC assay results for pure antioxidant compounds
should be interpreted with respect to mechanisms of their reactions
with ABTS'" that are not generally known, however. For illustration,
Walker and Everette [39] in their comparative study of twenty antioxi-
dants including several thiols (with Cys and GSH among them) pointed
to different kinetic patterns in reactions with ABTS'*, where most of the
studied species showed biphasic kinetics in contrast with simple first
order kinetics displayed by merely three compounds. So it can be con-
cluded that more information on kinetics and mechanism of reactions
of a wide ensemble of antioxidants with ABTS " radical cation is needed
to better understand the relation between the structure and antioxidant
capacity, in particular with respect to action of metal ions.

Formation of complexes of antioxidants with metal ions and their ef-
fect on biological systems deserves a special attention. It is known that
copper(Il) complexes of many anti-inflammatory compounds exhibit
enhanced therapeutic activity, relative to the parent ligands, in selected
model systems [40]. It may come out that biological activity of many an-
tioxidants relays on a specific complexation with metal ions, though
present in very low concentrations, rather than on their direct reactions
with the target species such as ROS.

We believe that the reaction system of ABTS " radical cation with
some thiols as described above, and possibly other structurally diverse
antioxidants, can serve as an appropriate model for precise studies of
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kinetics and mechanism of biologically relevant reactions with the aim
to reveal or clarify mechanisms of biological activity of the surveyed
compounds.
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