Bioorganic & Medicinal Chemistry 16 (2008) 9795-9803

Bicorganic & Medicinal
Chemistry

Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry

journal homepage: www.elsevier.com/locate/bmc

Double edge redox-implications for the interaction between endogenous
thiols and copper ions: In vitro studies

Catalina Carrasco-Pozo *P* Margarita E. Aliaga?, Claudio Olea-AzarP®, Hernan Speisky *°

2 Micronutrients Unit, Nutrition and Food Technology Institute, University of Chile, Macul 5540, Macul, PO Box 138-11, Santiago, Chile
b Faculty of Chemical and Pharmaceutical Sciences, University of Chile, Olivos 1007, Independencia, Santiago, Chile

ARTICLE INFO ABSTRACT

Article history:

Received 9 July 2008

Revised 24 September 2008
Accepted 26 September 2008
Available online 1 October 2008

The present study investigated the redox-consequences of the interaction between various endogenous
thiols (RSH)-glutathione, cysteine, homocysteine, y-glutamyl-cysteine, and cysteinyl-glycine- and Cu?*
ions, in terms of their free radical-scavenging, ascorbate-oxidizing and O,~-generating properties of
the resulting mixtures. Upon a brief incubation (3-30 min) with Cu?*, the free radical-scavenging prop-
erties (towards ABTS™ and DPPH') and thiol-titrateable groups of the RSH added to the mixtures
decreased significantly. Remarkably, both effects were only partial, even in the presence of a large molar
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Glutathione the RSH/Cu~" mixtures led to the formation of (EPR paramagnetic) Cu(Il)-complexes that were time-sta-
Cysteine ble and ascorbate-reducible, but redox-inactive towards oxygen. In turn, at a slight molar thiol-excess

(3:1), the mixtures resulted in the formation of time-stable Cu(I)-complexes (EPR silent) that were unre-
active towards ascorbate and oxygen. The only exception was seen for the thiol, glutathione, whose mix-
ture with Cu®* mixture displayed a O, -generating capacity (cytochrome c- and lucigenin-reduction).
The data indicate that, depending on their molar ratio, the interaction between Cu?* and the tested thiols
would give place to mixtures containing either: (i) time-stable and ascorbate-reducible Cu(Il)-complexes
which display free radical-scavenging properties, or (ii) time-stable but redox-inactive towards oxygen
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1. Introduction

Endogenous thiols contribute to the intracellular antioxidant
defence system through the dynamic redox thiol equilibrium that
exists between their reduced and oxidized form. The tripeptide
glutathione (GSH), vr-y-glutamyl-i-cysteinyl-glycine, represents
the major low-molecular-mass non-protein thiol compound.
Other small molecular weight thiols which contribute to the intra-
cellular thiol pool are: as precursors for the synthesis of GSH, the
aminoacids homocysteine and cysteine, and the dipeptide y-glut-
amyl-cysteine, and as first product of GSH degradation, the dipep-
tide cysteinyl-glycine? (Fig. 1). A common feature of these
compounds is the presence of a sulfhydryl group in their structure.
The latter endows these thiols with the capacity to scavenge free
radicals, exerting their antioxidative properties.> On the other
hand; however, the same moiety endows them with the ability
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to reduce free transition metals (i.e., copper ions). Since the latter
are capable of catalyzing the formation of superoxide from molec-
ular oxygen, thiols should also be considered for their potential to
contribute towards oxidative stress generation.*> Several studies
have addressed the effects that the interaction between endoge-
nous thiols and copper ions may have on the oxidation of various
biological targets. For instance, the co-occurrence of copper and
thiols such as GSH,%’ homocysteine,1° or cysteine'®"'* is recog-
nized to promote, a greater degree of oxidative damage than that
induced by copper ions alone. However, there are as well evidences
indicating that an association between copper and thiols, such as
the GSH,'>~'7 or homocysteine,'>'81° can either ameliorate or even
prevent the oxidative damage induced by the metal. Thus, taken as
a whole, the evidences suggest that in the presence of copper ions,
some thiols may have a metal-dependent double-edge redox
behavior. Yet, in addition to the redox-implications (antioxidant
vs pro-oxidant consequences) resulting from the association be-
tween copper ions and some thiols, the interaction between the
latter species appears to be also of significance as a mechanism
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Figure 1. This picture resummarizes the structures of the tested thiols.

by which incoming copper ions can be handled by the cell. The lat-
ter would be particularly important in the case of glutathione, cys-
teine, and homocysteine, since various studies point out not only
to the formation of a complex between these thiols and cop-
per,*29-23 but also indicate that, by ‘sequestering copper ions’ some
of the resulting complexes could play a cell-protecting effect
against the otherwise indiscriminate binding of the metal to essen-
tial macromolecules.!>162425

In addition to its ability to form a complex with GSH, copper
ions can also strongly bind cysteine forming a polymeric complex
which bridges Cu(l) through a thiolate sulfur.?? Likewise, homo-
cysteine has been shown to interact with Cu?* ions forming com-
plexes which appear to exhibit some potential physiological
actions.?> Recently, we also observed that upon its reaction with
copper, homocysteine generates complexes that, depending on
the molar ratio of the interaction, could or not display redox-
activity.2®

Considering that the above-referred complexes may underlie
some of the, as yet controversial, antioxidant versus pro-oxidant
actions associated with the thiol-copper interaction, in the present
study we have addressed the redox-implications of such interac-
tion. Towards that end, we investigated the ability of various
endogenous thiols to either generate or to scavenge free radicals
in the presence of molecular oxygen and copper ions.
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2. Results

2.1. Free radical-scavenging capacity of the thiols: effects of
Cu?* ions

The free radical-scavenging capacity of the thiols—glutathione, cys-
teine (Cys), homocysteine (Hcys), y-glutamyl-cysteine (y-GC), and cys-
teinyl-glycine  (CG)—was evaluated using two different
spectrophotometric assays: the bleaching of the ABTS radical cation
and the decolorization of the DPPH radical. The ABTS™" assay represents
an extremely simple and direct method to assess the free radical-scav-
enging properties of a variety of compounds.?” Here, we have used such
methodology to address the ability of the above thiols to scavenge
ABTS" radicals, both before and after their interaction with Cu?* ions.
Figure 2A shows that, in absence of added metals, the five tested thiols
(RSH) bleach ABTS™ in a concentration dependent manner. They differ
slightly from each other in their order of reactivity, as follows: -
GC > Hcys > GSH > Cys > CG. When assessed through the DPPH*-scav-
enging assay, such order was fully conserved, supporting the ranking
order seen previously in their reaction with ABTS™* (Fig. 2B).

Figure 3A and B depicts the results from experiments addressing
the effects of the interaction between these thiols and Cu®* ions on
the scavenging capacity (SC) of the former. The pre-incubation of
each of the tested thiols with a fixed concentration of Cu?* (molar
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Figure 2. (A) Concentration-dependence of the bleaching of ABTS™ induced by various endogenous thiols. Increasing concentrations of RSH (1-6 uM) were added to a
solution containing ABTS". The scavenging capacity (AOD734nm) Of the thiols was estimated as the difference between the OD at 734 nm at time zero and that seen 3 min after
their addition (longer times, up to 30 min, gave identical results). B GSH (y = 0.036x — 0.001, > = 0.997)°; ® y-GC (y = 0.043x + 0.003, r* = 0.991)%; a CG (y = 0.029x + 0.002,
?=0.992)% A Cys (y = 0.034x + 0.001, r? = 0.990)>; O Hcys (y = 0.041x + 0.005, r* = 0.993). Curves with unlike superscript letters were significantly different (p < 0.05). (B)
Concentration-dependence of the bleaching of DPPH' induced by various endogenous thiols. Increasing concentrations of RSH (6-60 uM) were added to a solution containing
DPPH'. The scavenging capacity (AODs7,m) of the thiols was estimated as the difference between the OD at 517 nm at time zero and that seen 40 min after their addition. B
GSH (y = 0.0047x + 0.009, r* = 0.995)*; ® y-GC (y = 0.0056x + 0.0173, 1* = 0.991)°; 4 CG (y = 0.0039x + 0.0138, 12 = 0.989)%; A Cys (y = 0.0043x +0.0127, r* = 0.993)%; O Hcys
(y =0.0050x + 0.0138, 12 = 0.989)°. Curves with unlike superscript letters were significantly different (p < 0.05).
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Figure 3. (A) Effects of copper ions on the ABTS™*-bleaching capacity of endogenous thiols. The scavenging capacity (SC) of pre-incubated (f: 3 min; M: 30 min) mixtures of
the thiols (4 uM) with Cu?* (12 uM) was assayed, and compared with the SC displayed by the thiols alone (().'SC values obtained at 3 and 30 min of pre-incubation were
significantly different (p < 0.05) only for the y-GC/Cu?* and CG/Cu?* mixtures. In all cases, the SC values were identical when assayed 3 or 10 min after the addition of the
mixtures to the ABTS*-containing solution. (B) Effects of copper ions on the DPPH radical-scavenging activity of endogenous thiols. The DPPH radical-scavenging activity of
pre-incubated (f: 3 min; M: 30 min) mixtures of the thiols (36 pM) with Cu?* (108 pM) was assayed, and compared with the SC displayed by the thiols alone (0J). In all cases,
the ODsy7,m Were registered 40 min after the addition of the mixtures to the DPPH-containing solution.

ratio RSH/Cu?* 1:3) led to a significant but only partial decrease of
the SC seen in absence of the metal (Fig. 3A and B). Identical
results were seen when Cu?* ions were added at a concentration
6-fold higher than that of the thiol (data not shown). Figure 3A
and B show that the highest SC-decreasing effect of Cu?* ions was
exerted on the y-GC molecule, which dropped its initial SC by 70%
(in the ABTS™* assay) and by 54% (in the DPPH" assay), respectively.
As shown in Figure 3A, which depicts the results from using ABTS™
as assay, the molecule least affected by the presence of copper ions
was GSH (whose SC dropped by 45%); Figure 3B, reveals that when
DPPH' was used as assay for the SC, Cys was the least affected thiol
(drop by 8%). Notably, for most of the thiols, the SC-decreasing ef-
fects of Cu?* did not differ (statistically) when these were pre-incu-
bated with Cu?* ions during 30 min instead of 3 min (Fig. 3A and B);
the only exceptions being the y-GC and CG molecules, which upon
extending the pre-incubation time underwent a further decrease in
their SC (Fig. 3A). Prolonging further the pre-incubation time to
60 min resulted in no additional drop in the SC of none of the stud-
ied RSH/Cu?* mixtures (data not shown).

2.2. Thiols determination: effects of Cu®** ions

With the aim of getting information about the capacity of the
thiols to reduce DTNB (referred as thiol-titrateable groups-TTG)
or an iodine solution, each one of them was evaluated. In both
assays, the order of reactivity obtained was: Cys > GSH > Hcys >

CG > y-GC (Fig. 4A and B). To assess whether the decrease in the
SC resulting from the interaction between the tested RSH and
Cu?* ions leads to a copper-dependent change in the determination
of thiols present in the mixtures, the reactivity of the latter to-
wards DTNB or iodine solution was measured. We found that the
results from applying these two assays correlate closely. As seen
in Figure 4 C and D, the pre-incubation of a fixed concentration
of each thiol with copper ions (in a molar ratio RSH/Cu?* 1:3) led
to a swift and marked decrease in their TTG and their capacity to
reduce iodine. Identical results were obtained using a molar ratio
RSH/Cu?* 1:6 (data not shown). While Hcys and GSH were the thi-
ols least affected after their interaction with Cu®*, dropping its ori-
ginal TTG by 60% (Fig. 4C) and its reducing capacity toward iodine
by 30% (Fig. 4D), CG was the most affected one, leading after
60 min of pre-incubation, in both assays. Extending further the
pre-incubation time to 120 min resulted in no additional drop in
the reducing capacity toward iodine of the CG/Cu?* mixtures (data
not shown). In the case of the thiols GSH, Cys, and Hcys, the
decreasing thiol determination effect of Cu** was already maximal
after 3 min of pre-incubation.

Table 1 compares, the percentage of remaining thiols (reducing
capacity) in RSH/Cu?* mixtures pre-incubated during 30 min, with
the percentage of SC against ABTS™ and DPPH' that remains in the
same mixtures. In all cases, the percentage of remaining thiols by
the mixtures were lower than those seen for their SC; the sole
exception was for the Hcys/Cu?* mixture, whose percentage of
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Figure 4. (A) Thiol-tritateable groups of the different thiols. Each thiol (20 pM) was assayed for its reactivity towards DTNB. The OD412,m Was measured after the addition the
pre-incubated samples to a solution containing the Ellman‘s reactive. Results are expressed as AOD4q2nm explained in Section 5. Curves with unlike subscript letters were
significantly different (p < 0.005). (B) Thiol groups determination by iodine titration. This method establishes the thiol (0.25 mM) concentration in a solution by a redox
titration using iodine. At the end point of the titration, the volume consumed of each thiol was recorded. The result was expressed as the volume consumed of tested thiols.
Curves with unlike subscript letters were significantly different (p < 0.005). (C) Effects of copper ions on the thiol-tritateable groups of the RSH/Cu?* mixtures. Each thiol
(20 uM) was pre-incubated in the presence of Cu?* ions (60 uM) during various times (from 0, 3, 30, 45, or 60 min) and subsequently assayed for its reactivity towards DTNB.
The OD412n,m Was measured after the addition the pre-incubated samples to a solution containing the Ellman’s reactive. Identical results were seen when the DTNB assay was
run for 3 or 30 min. M GSH/Cu?*; ® y-GC/Cu?*; A CG/Cu?*; A Cys/Cu®*; O Hcys/Cu?". Results are expressed as % of TTG as explained in Section 5. Curves with unlike subscript
letters were significantly different (p < 0.005). (D) Effects of copper ions on the thiol groups determination of the RSH/Cu?* mixtures. Each thiol (0.25 mM) was pre-incubated
in the presence of Cu®* ions (0.75 mM) during various times (from 0, 3, 30, 45, or 60 min) and subsequently assayed for iodine titration. At the end point of the titration, the
volume consumed of the mixture RSH/Cu?* was recorded. M GSH/Cu?*; ® y-GC/Cu®*; a CG/Cu?*; A Cys/Cu®*; O Hcys/Cu?*. The result was expressed as the percentage of

remained thiol as reducing agent, as explained in Section 5. Curves with unlike subscript letters were significantly different (p < 0.005).

TTG was higher than that seen for its SC against ABTS™. In the case
of CG plus Cu?*, the mixture still conserved about 21% of its reduc-
ing capacity toward iodine, despite undergoing a complete loss of
reducing capacity toward DTNB. Moreover, such mixture main-
tained about 88% of its SC against ABTS, and about 33% of its SC
against DPPH".

2.3. EPR studies on the RSH/Cu?* mixtures

Compared to a typical EPR spectrum of Cu?* ions (Fig. 5A), mix-
tures of any of the tested thiols with Cu?* (pre-incubated during

Table 1

Comparison of the percentage of remaining thiols (reducing capacity) in RSH/Cu?*
mixtures pre-incubated during 30 min, with the percentage of SC against ABTS™ and
DPPH' that remains in the same mixtures

RSH/Cu?* Reducing capacity (%) Scavenging capacity (%)
DTNB lIodine solution ABTS™ DPPH'
GSH/Cu?* 36 31 55 76
v-GC/Cu?* 26 24 29 54
CG/Cu?* 0 20 33 88
Cys/Cu®* 24 23 44 92
Hcys/Cu?* 40 30 31 72

The percentage of scavenging capacity was estimated from multiplying by 100 the
ratio of the SC shown by each thiol in the presence versus absence of Cu?* ions (SC
data from Figure 3A and B were used). The percentage of the reducing capacity
toward DTNB and iodine solution corresponds to the data shown in Figure 4B and D,
respectively.

30 min at an equimolar ratio) resulted in the formation of EPR sig-
nals which are typically associated with the occurrence of para-
magnetic Cu(Il)-complexes.?® The latter is exemplified in Figure
5B, which shows an EPR spectrum obtained after pre-incubating
during 30 min a mixture of Hcys with Cu?*.2% This spectrum is rep-
resentative of the spectra obtained when each of the tested thiols
was pre-incubated with copper ions (in a molar ratio of 1:1). An
spectrum identical to that shown in Figure 5B was observed when
mixtures (1:1) of each of the tested thiols was pre-incubated with
copper during 24 h instead of 30 min (not shown). An identical
paramagnetic signal of Cu(ll)-complexes was also seen when the
thiols were pre-incubated in the presence of a copper molar excess
(3:1). The paramagnetic spectra were no longer seen, however,
when any of the thiols was pre-incubated in a 3:1 molar excess re-
spect to Cu?" (not shown).

2.4. Effects of thiols on Cu?**-dependent oxidation of ascorbate

Cu?* jons are capable of inducing the oxidation of ascorbic acid
(AA), (Re1).2°

2Cu*" + AA — 2Cu” + DHA + 2H" (R, 1)

In order to understand the redox properties of the Cu(Il)-con-
taining complexes, putatively formed during the above-referred
pre-incubation, the effect of each thiol on the ability of Cu?* to cat-
alyze AA oxidation was studied. Table 2 shows the percentage of
AA oxidation induced by both, a non-pre-incubated mixture of
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Figure 5. EPR spectra of Cu?* ions in the absence or in the presence of thiol. (A) Typical EPR spectrum of Cu?* ions (5 mM). (B) Spectrum resulting from the incubation

(during 30 min) of Cu?" with Hcys (5 mM).

RSH/Cu?* (assessed at time zero, namely, upon the direct addition
of the mixture to an AA solution), and a similar mixture that had
been pre-incubated during various times (up to 300 min). At equi-
molar concentrations of RSH and Cu?* ions (1:1), the magnitude of
AA oxidation was considerably higher when mixtures were pre-
incubated; the highest AA-oxidizing activity of the thiols was ob-
served with pre-incubated mixtures of Cu?* plus the dipeptides
v-GC and CG. In the case of mixtures prepared with an excess of
thiol (3:1), the addition of pre-incubated mixtures has, either a
slightly stimulating (CG), a slightly inhibitory (GSH and Hcys), or
simply no effect (y-GC and Cys) on the extent of AA oxidation.
The effect of these RSH/Cu?* mixtures on AA oxidation was largely
unaffected when the time of pre-incubation was extended from 3
to 300 min (Table 2).

2.5. Evaluation of a superoxide-generating activity in RSH/Cu?*
mixtures through the cytochrome c reduction assay

Based on the ability of Cu” ions to generate superoxide radicals
during their interaction with oxygen, the ability of pre-incubated
RSH/Cu?" mixtures to either promote or inhibit 0, -dependent
Cyt c reduction was evaluated.

Figure 6A and B depicts the effect of the addition of mixtures of
the thiols GSH, y-GC, CG, or Hcys with Cu?* on the reduction of Cyt
c. As shown in Figure 6A, all these thiols were effective in promot-
ing the reduction of Cyt ¢ when added directly (namely, without
pre-incubation) with Cu®*. These effects were markedly increased
(by over 3-fold) when the concentration of the thiols was raised
from 10 to 30 uM (Fig. 6A). Yet, neither the equimolar nor the
3:1 molar ratio mixtures of these thiols with Cu?* ions was able
to promote Cyt c reduction when added as pre-incubated mixtures
(Fig. 6B), excepting for GSH. In fact, the pre-incubated GSH/Cu?*

Table 2
Percentage of AA oxidation induced by both, a non pre-incubated mixture of RSH/
Cu?*and a similar mixture that had been pre-incubated during various times

RSH/Cu?* Pre-incubation time (min) Molar ratio (M)
0 3 30 60 300
Oxidation of ascorbic acid (%)
GSH/Cu?* 49 12 813 832 842 85 4 20:20 60:20
v-GC/Cu?* 58 8 814 87 4 896 97 6 20:20 60:20
CG/Cu® 49 15 79 8 92 28 94 31 94 33 20:20 60:20
Cys/Cu®* 65 36 74 35 77 34 80 35 80 36 20:20 60:20
Hcys/Cu?* 378 811 841 861 853 20:20 60:20

The oxidation of ascorbic acid was induced by the addition of RSH/Cu?* mixtures
that were either non pre-incubated (time 0) or pre-incubated during a 3-300 min
period. The mixtures were prepared as to provide final |j, M ratios of either 20:20 or
60:20. The percentage of ascorbic acid oxidation was estimated as described in
Section 5.

mixtures (3:1) were found to be highly effective in promoting
the reduction of Cyt c; the addition of 250 U/mL of SOD to the assay
prevented by over 90% such reduction (Fig. 6B).

2.6. Evaluation of a superoxide-generating activity in RSH/Cu?*
mixtures through a chemiluminescence assay

In addition to using the Cyt c reduction assay, the ability of pre-
incubated RSH/Cu?* mixtures to generate O, was also evaluated
using the chemiluminescence-based lucigenin reduction assay.
GSH, v-GC, CG, and Hcys, were effective in reducing lucigenin
when added directly with Cu?* (at equimolar concentrations;
Fig. 7A). The lucigenin-reducing effect of these non pre-incubated
mixtures was markedly increased when the concentration of the
thiols tripled that of copper (Fig. 7A). On the other hand, when
these thiols were pre-incubated with Cu?* ions (whether at added
at equimolar concentrations or as a 3:1 molar excess) no reducing
effect of these mixtures on lucigenin was seen. An exception to the
latter was seen when a Cu?* plus an excess of GSH were pre-incu-
bated and added to the chemiluminescent probe, as this mixture
was able to reduce lucigenin in a reaction which was almost totally
prevented by SOD (added at 250 U/well; Fig. 7B). Catalase had no
effect on the ability of the pre-incubated GSH plus Cu?* (3:1) mix-
ture to reduce lucigenin (data not shown).

3. Discussion

The present study addressed the ability of five endogenous thi-
ols (GSH, y-GC, CG, Cys, and Hcys) to scavenge ABTS™ and DPPH
radicals, and evaluated the effect that the interaction between such
thiols and Cu?* ions has on the free radical-scavenging properties
of the former. The results show that, although each of the tested
thiols is able to react with ABTS and DPPH', these differ from each
other in terms of the extent to which they scavenge these radicals.
v-GC, followed by Hcys showed the greatest scavenging capacity.
The higher scavenging capacity of y-GC relative to that of GSH sug-
gests that binding of Gly to Cys would negatively affect the scav-
enging capacity of the tripeptide. In line with this interpretation,
CG was found to exhibit a lower scavenging capacity than Cys.
On the other hand, since y-GC was more active than Cys, it would
appear that the y-binding of Glu to Cys acts favorably. The same
reasoning applies for the greater scavenging capacity of GSH re-
spect to that of CG. Finally, the slightly greater SC of Hcys relative
to Cys would suggests that the presence of a methylene group on
the structure of the former favors its ability to scavenge ABTS™
and DPPH'. The scavenging capacity of each thiol might be directly
related to the pK; for the sulfhydryl group in the thiols (pK, = CG
6.4; Cys 8.3; GSH 8.83; Hcys 10; pK, for y-GC has not been re-
ported).3°-32 At a pH of 7.4, those thiols which exhibit a higher
pK, value would be expected to exhibit a greater proportion of
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was tested by a chemiluminescence assay. (A) The direct addition of each thiol (10 uM: M or 30 uM: [0) and Cu?* (10 uM) to a solution containing lucigenin (15 uM): (B)
depicts pre-incubated (30 min) mixtures of the thiols 10 uM (M) or 30 pM (OJ) with Cu?*, and the mixtures GSH/CU?" in the presence of 250 U of SOD (E)

their sulfhydryl group under a protonated form. Results indicate
that those thiols in which the protonated form predominates
(thiol) were found to be more reactive. According to the latter, it
is suggested that the ability of these thiols to scavenge the ABTS™
and DPPH radicals would involve primarily a hydrogen atom trans-
fer (HAT) mechanism.> However, it appears that together with the
pK;, value of the sulfhydryl moiety, the oxidation potential of the
thiol might also be important to understand their reactivity. Hcys
and GSH are known to have oxidation potentials that are more po-
sitive than that of Cys.>*3 Thus, Cys, which was expected to be a
better reducing agent, was found to be more effective than Hcys
and GSH in reducing DTNB and iodine.

As stated previously, the scavenging capacity of all tested thiols
decreased upon their prior incubation with Cu?* ions. In the ABTS™*
assay, such decrease was only partial and meant conserving
around 30-55% of the SC displayed by the thiols alone. However,
when the effect of pre-incubating the thiols with Cu?* was assessed
through the DPPH" assay, the mixtures were found to almost totally
conserved (from 72% to 92%) their SC. The only exception was that
for the mixture containing y-GC, which retained about 54% of the
original SC. From these results, it seems reasonable to assume that
the differences in SC between both assays would be related to the
mechanisms by which each type of free radical is scavenged. While
the HAT and the SPLET (sequential proton loss electron transfer)
mechanisms, both appears to be involved in the scavenging of
DPPH radicals,*>3¢ only the former mechanism is believed to be

involved in the scavenging of ABTS™ radicals.?” Since the SC of
the RSH plus Cu?* mixtures was higher when assessed in the DPPH:
assay, we suggest that a SPLET-type would be the primary mecha-
nism underlying the SC of such mixtures.

Although the current study does not allow us to unveil the exact
mechanism underlying the partial conservation of the SC of the
RSH/Cu?* mixtures, the results obtained are consistent with the
possibility that the pre-incubation allows the formation of certain
copper-containing complexes SC.2'?® For instance, our observing
that the decrease in the SC of the mixtures was not further incre-
mented when the concentration of Cu?" ions was doubled, or when
the time of pre-incubation was increased by 10-fold, is coherent
with the interpretation that time-stable complexes, which are also
stable to the presence of a large copper-excess are formed. Simi-
larly, we observed that the RSH/Cu?" mixtures conserved part of
their reducing capacity despite extending the time of pre-incuba-
tion of the mixtures and increasing the concentration of copper
ions as to exceed by 6-fold that of the thiols (data not shown).
Although the latter may suggest that the existence of thiols in
the pre-incubated mixtures be relevant towards the maintenance
of the SC by the postulated complexes, our results from Table 1 re-
veal that such relationship would be only weakly sustainable. For
instance, data show that there is not correlation between reducing
capacity and SC. For example, the mixtures of CG with Cu®* pre-
sents the highest SC toward DPPH:, without exhibiting any TTG.
It suggests that the thiol groups present in most of the pre-incu-
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bated RSH/Cu?* mixtures would not be related to their ABTS™*- and
DPPH'-scavenging properties. Moreover, it is possible that under
the assaying conditions, thiols groups are not always titrateable
by DTNB (e.g., due to low accessibility or low reactivity), not dis-
carding their absence in the mixtures, due to they still conserve
reducing capacity toward iodine solution. Results seem to suggest
that the capacity of the mixtures to induce the reduction of DTNB
or iodine would be inversely proportional to the pKj of the free thi-
ols. In fact, the mixtures containing the thiol CG exhibits the lowest
pK; value and presents the lowest reducing capacity toward iodine,
even such mixtures have not TTG. Mixtures containing Hcys show
the highest pK, value were associated with one of the highest
reducing capacity.

Support for the interpretation that the postulated complexes in-
deed are formed, stemmed also from the EPR data showing that a
paramagnetic signal, typically associated with tetrahedric copper-
containing complexes is formed.?® Such a signal was observed
when equimolar concentrations of the tested RSH plus Cu®* ions
are mixed, or when the thiols are pre-incubated with an excess
of the metal; the EPR signal thus observed, was found to disappear
upon addition of a molar excess of thiol (3:1). The absence of a
paramagnetic signal in the latter RSH/Cu?* mixtures is, certainly,
no evidence for the formation of Cu(I)-containing complexes (since
these are EPR silent). However, the fact that even after 24 h of pre-
incubation, the 3:1 RSH/Cu?* mixtures showed no paramagnetic
signal (neither that of the Cu(ll)-complexes nor that of free Cu®*
ions), could indicate that under thiol-excess conditions, time-sta-
ble Cu(I)-containing complexes are formed, as previously sug-
gested by us??% and other authors.!>2923

Consistent also with the EPR results showing the presence of
Cu(Il)-containing complexes in the equimolar RSH/Cu?* mixtures,
we observed that such mixtures are able to promote ascorbic acid
oxidation. Compared to the AA-oxidizing effect of the direct addi-
tion of RSH plus Cu?" (1:1), the pre-incubated 1:1 mixtures were
found to be substantially more effective. Since the pre-incubation
leads to the formation of Cu(Il)-containing complexes, and consid-
ering that the magnitude of the oxidation induced by the 1:1 pre-
incubated mixtures approached 100%, it would seem reasonable to
suggest that the postulated Cu(Il)-containing complexes fully con-
serve the AA-oxidizing properties displayed by Cu?" ions alone.?®
Presumably, when the thiols are added directly, the probability
of forming such complexes is minimal. Under such conditions,
the thiols would act mainly as Cu?*-reducing molecules (R,2), spar-
ing thereby AA from undergoing oxidation.

2Cu** 4 2RSH — 2Cu* + RSSR + 2H*  (R,2)

The fact that the oxidation of AA induced by the 1:1 RSH/Cu?*
mixtures did not increase despite increasing by a 100-fold the pre-
incubation time (from 3 to 300 min), suggests that the Cu(Il)-com-
plexes contained in such mixtures form swiftly and remain stable
along time. On the other hand, the probability that in the mixtures
containing thiol-excess (namely, 3:1 RSH/Cu?*), Cu(l)-complexes,
rather than Cu(ll), are formed is coherent with the very limited
capacity shown by such mixtures to induce AA oxidation. The fact
that such oxidation was marginal at early times (e.g., 3 min) and
remained constant along the 300 min of pre-incubation, is also
coherent with the interpretation that time- and ascorbic acid-stable
Cu(I)-complexes are being formed in the thiol-excess containing
mixtures. Regarding the effect of the direct addition of the thiols
and Cu?*ions (3:1) to a solution containing AA, the markedly low ex-
tent of AA oxidation could be attributed to the high AA-sparing
capacity given by the molar excess of thiol (Ry2).

Since the pre-incubations were conducted in an air-containing
atmosphere, the apparent time-stability of the 1:1 and 3:1 RSH/
Cu?" mixtures, inferred from the above-discussed EPR and AA
oxidation data, could be construed as evidence that the corre-

sponding complexes are redox-inactive towards oxygen. In fact,
the 1:1 and the 3:1 pre-incubated RSH/Cu?* mixtures, expected
to form Cu(Il)- and Cu(l)-complexes, respectively, totally failed to
reduce Cyt c and lucigenin. These results reveal that neither of such
complexes would be able to generate superoxide anions, and
therefore suggest that they would lack redox-activity towards oxy-
gen. In contrast, an important reduction of Cyt ¢ and lucigenin was
evident when the thiols and Cu?* ions were added directly,
whether at equimolar concentrations (1:1) or under thiol-excess
conditions (3:1). Under the latter conditions, the postulated com-
plexes are unlikely to be formed, and therefore, the added thiols
are left to act mainly as Cu®*-reducing molecules (R,2), generating
Cu” which, in turn, would rapidly react with molecular oxygen to
form superoxide anions (R,3).

Cut +0; — Cu’" +05;  (R3)

Though all tested thiols could be expected to form Cu(I)-com-
plexes when mixed with Cu?" (in a 3:1 molar ratio), none of these
mixtures was able to reduce Cyt c or lucigenin. The only exception
to the latter was that of the GSH plus Cu?* mixture. The interaction
ofthe latter specie leads to the formation of a Cu(I)-glutathione com-
plex, which would continually react with the molecular oxygen
present in the pre-incubated solution, to generate superoxide an-
ions.>® Supporting the latter, the presence of 250 U SOD totally
inhibited the capacity of Cu(I)-glutathione complex to reduce Cyt ¢
and lucigenin. Since the effect of SOD was not altered by the co-addi-
tion of catalase, we suggest that the lost ability of the SOD-added
pre-incubated GSH/Cu?* mixture to reduce both probes would not
be attributable to an accumulation of hydrogen peroxide.

4. Conclusions

The five endogenous thiols tested in the present study (GSH, y-
GC, CG, Cys, and Hcys) were found to display ABTS™- and DPPH"-
scavenging properties. When pre-incubated in the presence of an
excess of copper, the scavenging capacity of the tested thiols was
lost but to an extent that depended on both, the structure of the
thiol and the nature of the applied assay. In general, the loss was
only partial when assessed through the ABTS™ assay and almost
null on the DPPH' assay. The mixtures resulting from pre-incubat-
ing RSH plus Cu?* excess (molar ratio 1:3) were found to (i) retain
part of their TTG, being able to reduce DTNB and an iodine solu-
tion; and (ii) scavenge the ABTS™ and DPPH: free radicals; a SPLET
mechanism is proposed to underlie the ability of the RSH/Cu?* mix-
tures to scavenge both type of radicals. EPR evidence supports the
occurrence of time-stable Cu(Il)-complexes in pre-incubated RSH/
Cu?* mixtures, both at a 1:1 and 1:3 molar ratio. For all thiols,
the equimolar mixtures were found to be ascorbate-reducible,
but redox-inactive towards oxygen. In turn, in the presence of a
molar excess of thiol (3:1), the mixtures appear to give place to
time-stable Cu(l)-complexes which were unreactive towards
ascorbate and oxygen. The only exception to the latter was that
of the 3:1 GSH/Cu?* mixture, which displayed an O, -generating
capacity, as evidenced through their ability to reduce Cyt c as well
as lucigenin. We conclude that depending on the molar ratio of the
interaction, thiols and Cu?* jons react to form mixtures containing
Cu(I)- or Cu(ll)-complexes which, given their redox-activity, may
promote either an antioxidant or a pro-oxidant action.

5. Materials and methods
5.1. Chemicals and reagents

2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diam-
monium salt (ABTS), cupric chloride (CuCl,-2H,0), cytochrome
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¢ (Cyt c; bovine heart), reduced glutathione, y-glutamyl-cysteine,
cysteinyl-glycine, cysteine, homocysteine, L-ascorbic acid (AA),
2,2-diphenyl-1-picrylhydrazyl (DPPH'), methanol, lucigenin (bis-
N-methylacridinium nitrate), 5,5'-dithiobis (2-nitrobenzoic acid)
(DTNB), L(—) histidine (His), catalase (CAT; EC 1.11.1.6 from bovine
liver), superoxide dismutase (SOD; EC 1.15.1.1 from bovine
erythrocytes) were all purchased from Sigma-Aldrich. 2,2’-Azo-
bis (2-amidinopropane dihydrochloride) (AAPH) was obtained
from Wako Pure Chemicals Industries Ltd, Osaka, Japan. lodine
and potassium iodide were obtained from Merck; and starch
from ].T. Baker. Unless indicated otherwise, all solutions employed
in this study were prepared in Chelex-100-treated sodium
phosphate buffer (10 mM; pH 7.4), and mayor experiments were
conducted at 22 °C. DPPH' and lucigenin assay were conducted at
30 °C.

5.2. Radical-scavenging assays

5.2.1. ABTS" bleaching assay

The stable chromo-active free radical ABTS™ was generated by
incubation (45 °C, 55 min) of ABTS (75 uM) with the azo-derivative
AAPH (2 mM). The latter compound (thermo-unstable) generates
peroxyl radicals which upon interaction with ABTS give place to
a green and stable colored ABTS™ solution (OD734nm). The OD734nm
of the colored solution remained constant for at least 4 h (22 °C as
working conditions).?! Changes in the OD734nm resulting from the
addition of each thiol alone (GSH, y-GC, CG, Cys, or Hcys) at a con-
centration of 4 uM, or a pre-incubated (during 3 or 30 min) mix-
ture of each thiol with Cu®* (12 uM), were monitored
spectrophotometrically (Unicam Helios-o. England). The addition
of Cu?" or the copper chelator, histidine, to a cuvette containing
ABTS™ had no effect on the OD734nm 2! The bleaching capacity
was estimated and expressed as the difference in OD (AOD734nm)
of an ABTS™ containing solution seen at time zero (initial OD value
was 0.28) and 3 min after the addition of the thiols.

5.2.2. Antiradical activity against DPPH

The scavenging capacity against the stable free radical DPPH"
was measured by a modified DPPH' method.>® DPPH: is a stable or-
ganic nitrogen radical, which bears a deep purple color. The assay
is based on the measurement of the reducing ability of the thiols
toward DPPH:, and such ability can be evaluated by measuring
the decrease of absorbance (ODs;7,,). The changes in color were
monitored at 30 °C with a Multi-Mode Microplate Reader (Synergy™
HT) and results were expressed as changes in the optical density
(AOD). Each thiol (36 uM) alone or pre-incubated (during 3 or
30 min) with Cu?* (108 uM) were added to a solution containing
DPPH: (30 uM, prepared in methanol 80%). After 40 min of reaction
the OD was registered. The solution of DPPH" was prepared daily
and was kept in the dark before using.

5.3. Thiol content determination by reducing capacity assays

5.3.1. DTNB reduction (thiol-titrateable groups-TTG)

Solutions containing any of the following thiols: GSH, y-GC, CG,
Cys, or Hcys (20 uM), or mixtures of these with Cu®* ions (60 uM),
were pre-incubated during 0-60 min, and subsequently added to a
cuvette containing a mixture of DTNB (0.3 mM) with histidine
(1 mM). Histidine was included to prevent Cu®* from catalyzing
the re-oxidation of the 5-thio-2-nitrobenzoic acid generated dur-
ing the titration, and as such was found not to affect the ability
of thiols/Cu®* to bleach ABTS*.26 The OD4;2nm Of the resulting solu-
tions was read against blanks containing no thiol. Thiols alone re-
sults are expressed as AODg412nm. Mixture results are expressed as
the percentage of thiol-titrateable groups (TTG). These were esti-
mated from multiplying by 100 the ratio of DTNB-titrateable thiols

assayed in the presence versus absence of Cu?* ions. The sole addi-
tion of Cu®* jons to the Ellman’s reactive had no effect on the
0D412nm~

5.3.2. lodine reduction

The degree of oxidation of thiols group was analyzed by iodine
titration. In the presence of starch an intensely blue compound
with free iodine is formed. The color disappears suddenly when
the last trace of iodine has been reduced. At the end point of the
titration, the volume consumed of each thiol or of the mixture
RSH/Cu?* was recorded.

An iodine stock solution 0.1 M was prepared by dissolving
25mg of I, and 77 mg of KI in 1 mL of deionised water,*® and
was diluted 100 times. Starch was prepared by dissolving 300 mg
in 50 mL of deionised water. The oxidation reaction was obtained
by adding 1 mL of lodine diluted solution and 1 mL of starch solu-
tion to a final volume of 20 mL. A thiol solution 0.25 mM alone or
pre-incubated with Cu?* 0.75 mM (during 3-60 min) was added to
the referred oxidation reaction solution. The result was expressed
as the percentage of remained thiol as reducing agent. These were
estimated from dividing by 100 the ratio of the volume consumed
by the thiol assayed in the presence versus absence of Cu®* ions.

5.4. Electron paramagnetic resonance studies

To explore the possible formation of paramagnetic complexes
between the tested thiols and Cu?* ions (5 mM), EPR-dependent
signal was studied. Spectra were recorded in a Bruker ECS 106
spectrometer, using an X band (9.85 GHz), a rectangular cavity
and 50 kHz field modulation at 22 °C, under the following condi-
tions: frequency, 9.79 GHz; center field, 3180 gauss; amplitude
modulation, 0.9 G; microwave power 25 mW; time constant
20 ms, time scan 40 s.

5.5. Copper-dependent ascorbate oxidation assay

Ascorbate oxidation was assessed by measuring the loss of
OD4gsnm that follows the addition of Cu?* (20 uM) to an ascorbate
(50 uM) solution. To assess the effect of the thiols on copper-in-
duced ascorbate oxidation, mixtures of each thiol with Cu®>* were
pre-incubated during 3 and up to 300 min, and subsequently
added to the ascorbate solution. The % of ascorbic acid oxidation
was estimated multiplying by 100 the ratio of AA oxidation in-
duced by copper ions in the presence and absence of thiols, as
follows:

% AA oxidation
(OD of AA — OD of AA after addition of RSH/Cu?")

= x 100
(OD of AA — OD of AA after addition of Cu®>"20 uM)

The OD values were registered 4 min after adding Cu®* ions
alone or mixtures of RSH/Cu?* to a solution containing 50 uM of
AA. When added directly, the thiol was always added before the
metal to the AA-containing solution. The sole addition of the thiols
to an ascorbate-containing solution had no effect on the ODygs5,m.

5.6. Assays for superoxide radical detection

5.6.1. Cytochrome c reduction assay

The superoxide-dependent reduction of Cyt ¢ was assessed by
monitoring the increase in ODssony (during 2 min) that follows
the addition of mixtures of Cu?* (10 pM) with each of the tested
thiols (pre-incubated during 30 min) to a solution containing Cyt
¢ (50 uM).2® Superoxide-dependent (SOD-inhibitable) reduction
of Cyt ¢ was assessed by adding 250 U/mL of SOD activity to the
testing cuvette. Neither the thiols nor Cu?* ions, each added alone,
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had an effect on Cyt c reduction, except for cysteine (Cys), which
was excluded from these results.

5.6.2. Lucigenin chemiluminescence assay

The reduction of lucigenin induced by superoxide was moni-
tored with a Multi-Mode Microplate Reader (Synergy™ HT) at 30 °C,
after the addition of mixtures of Cu®* (10 uM) with each of the
tested thiols (30 uM) to a solution containing lucigenin (15 pM).
Counts were obtained every 22 s intervals and the results ex-
pressed as the area under curve (AAUC) for a counting period of
112541 The thiols, each added alone, had no significant effects
on the chemiluminescence, excepting for Cys, which under the
experimental conditions used in the present study, was able to in-
duce lucigenin reduction at a significant rate. The latter made it not
possible using this assay to reliably evaluate the capacity of Cys to
generate superoxide.

5.7. Data expression and analysis

Data points in figures and values in tables represent the means
of at least three independent experiments, each conducted in qua-
druplicate. The SD of such data is not included as these generally
represented less than 10% of the means. When appropriate, data
were processed by an analysis of variance (ANOVA), and statistical
significance was evaluated using the Student’s ¢ test. Differences at
p <0.05 were considered to be significant. GraphPad Prism 4 was
used as statistical software.
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