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Abstract

The kinetics and mechanisms of copper(ll)-catalyzed GSH oxidation are examined in the
light of its biological importance and in the use of blood and/or saliva sample for GSH
monitoring. The rates of ‘free thiol” consumption were measured spectrophotometrically via
reaction with DTNB, showing that GSH is not auto-oxidized by oxygen in the absence of a
catalyst. In the presence of Cu?*, reactions with two timescales were observed. The first step
(short timescale) involves the fast formation of a copper-glutathione complex via the cysteine
thiol. The second step (longer timescale) is the overall oxidation of GSH to GSSG catalyzed
by copper(ll). When the initial concentrations of GSH are at least three-fold in excess of
Cu?*, the rate law is deduced to be —d[thiol]/dt = k[copper—glutathione complex][02]*5[H,02] 5.
The order of reaction with respect to O, of 0.5" reveals a pre-equilibrium prior to the rate-
determining step of GSSG formation. In contrast to [Cu?"] and [O2], the rate of reactions
decreases with increasing concentrations of GSH. This inverse relationship is proposed to be
a result of competing formation of an inactive form of copper-glutathione complex (binding
to glutamic and/or glycine moieties).
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1 Introduction

Glutathione is the most abundant thiol compound in animals and plants. Its reduced form
functions as a cellular antioxidant, preventing oxidative damage caused by xenobiotic and
endogenous reactive oxygen and nitrogen species. For this purpose, the level of reduced
glutathione in biological subjects must be maintained, for example, at ca. 1.0 mM and 15 uM
in human blood and saliva respectively.! Changes in reduced glutathione (GSH)
concentrations in biological fluids are auxiliary diagnostic of health status as well as various
diseases. The stability of GSH concentrations in the samples collected is thus highly
important for the accuracy of blood and non-invasive saliva sensing technology.

There are several parameters which can affect the levels of reduced glutathione in biological
systems. One of the influential factors, and the focus of this paper, is the consumption of
reduced glutathione via reactions, both stoichiometric and catalytic, with copper(Il) ions. This
reaction is of direct physiological relevance for certain diseases such as Wilson's disease,
where the amount of copper(ll) in blood is present in excess.?l In such cases, haemolytic
anemia may be induced by the decreased level of reduced glutathione. From the above
reports, it may be proposed that the toxicity of copper is a consequence of glutathione and
copper(ll) reaction. However, the co-existence of glutathione and copper can inhibit the
formation of reactive radicals by the stabilization of copper(l) with reduced glutathione.!
The presence of GSH has also been used as an anti-oxidant in the prevention of copper-
dependent DNA damage.™!

All of these properties are consequences of the formation of copper-glutathione complex and
the depletion of reduced glutathione by oxidation reaction to its oxidized form, GSSG.
Despite the biological importance, the mechanistic details of these processes have been
unclear for decades. The previously suggested mechanisms include the simple redox process
of Cu?* and GSH to Cu* and GSSG.®! The more complex mechanisms proposed involve
detailed studies of the formation of different possible radical species due to much interest in
the radical reactivity within the biological systems.[®! Studies based on GSSG formation and
O, consumption have also been reported.”l However, the stoichiometry as well as the
kinetics of the reaction is unknown. Therefore, the re-evaluation of the fundamental
mechanisms of GSH oxidation catalyzed by Cu(ll) is required.

In this paper, we consider exclusively the situation where GSH is in excess to focus on the
‘catalytic’ behaviour of copper(Il) and to mimic physiological conditions where GSH is
usually in large excess. The copper-glutathione complex formation is monitored by UV-Vis
spectrophotometry at a number of different times during the reaction. The concentrations of
free thiols, including free GSH and GSH bound to copper(ll) via the non-thiol sites, are
determined by reactions with DTNB to form a coloured TNB species (€1=412 nm = 14,150
cm).B1 The change in absorbance values at 412 nm with experimental time is studied and
the rate of consumption of free thiols assessed. The variation in rates as a function of
different experimental parameters is analyzed to yield the kinetics of the reaction.

The order of reaction with respect to the concentration of oxygen is determined and a pre-
equilibrium step prior to the production of GSSG revealed. We further observed the
intriguing apparent inverse relationship of the reaction rate with GSH concentrations.
Consequently, this provides an insight into the formation and further rearrangement of
copper-glutathione complexes. As a result, we propose the mechanisms of copper(ll)-
catalyzed GSH oxidation which will help to gain better understandings of the role of GSH as
well as copper(ll) in biological systems.



2  Experimental

2.1 Chemical Reagents and Instrumentation

All reagents were purchased from Sigma-Aldrich and were used as supplied without further
purification; reduced L-glutathione (GSH, >98.0%), copper(ll) nitrate trihydrate
(CuNO3-3H20, puriss. p.a., 99-104%), 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB, >98%),
sodium phosphate dibasic (NazHPO4, >99.0%) and sodium phosphate monobasic dihydrate
(NaH2P0O4-2H20, >99.0%). Solutions were prepared using deionised water (Millipore) with a
resistivity of 18.2 MQ c¢m at 25 °C.

All measurements were performed with a Shimadzu UV-1800 UV-Vis spectrophotometer
using a temperature controlled cell holder. All reaction mixtures were thermostated at 25 °C.

2.2 Methods

Copper-glutathione complex formation was monitored as a function of time using UV-Vis
spectrophotometry in the range of wavelengths of 250 nm to 1,000 nm.

The concentrations of reduced glutathione (GSH) were determined by the reaction with
Ellman’s reagent (DTNB) producing a coloured product, TNB, which has a strong
absorbance at 412 nm; refer to egn. 1. The UV-Vis spectra were recorded over the course of
the experiment and the absorbance values at 412 nm plotted against time.

DTNB + GSH — GS-TNB + TNB (g12412nm = 14,150 cm-?) & )

All the reactions involving glutathione and copper(ll) took place in aqueous solution without
the presence of other possible interferences such as buffers, which could potentially form a
complex with copper. Nonetheless, the measurement of free thiol concentration requires the
presence of (phosphate) buffer for the thermodynamically-driven reaction of thiols with
DTNB.P! Hence, solutions of the reaction mixture (unbuffered) and DTNB (in phosphate
buffer pH 7) were used and allowed to mix for 2 min prior to the measurements for
absorbance at 412 nm to reach its stable value; see Supporting Information.

3 Results and Discussions

In this study, aqueous solutions of excess GSH and Cu?* were allowed to mix in the absence
or presence of O. The rates of the reactions were then determined by monitoring of either the
changes in GSH concentrations or the copper-glutathione complex formation as a function of
time. The kinetics of the reactions was investigated by analyzing the dependence of the rates
of GSH oxidation on the concentrations of Cu?*, O, and GSH.

For the monitoring of GSH concentrations, the DTNB measurement method was first
validated. Variable concentrations of standard GSH solutions (0.5 - 60 uM) were mixed with
excess DTNB (87 uM) in phosphate buffer (pH 7). The UV-Vis spectra of the reaction
mixtures and the linear calibration plot of absorbance values at 412 nm (As12) as a function of
GSH concentration are given in the Supporting Information. However, DTNB is not specific
to GSH. The concentration of the species measured from Asi2 thus will be referred to as that
of “free thiols’ or ‘~SH’ throughout this paper.

Using the validated DTNB method, buffered DTNB was added to aliquots of the reaction
mixtures every 4 or 8 min to assess the levels of —SH in three different sets of experiments.



First is the study of GSH auto-oxidation; that is the oxidation of GSH in the presence of O>
but in the absence of Cu?*. Second, the reaction between GSH and Cu?* is investigated in the
absence of O,. Third, the oxidation of GSH is studied in the presence of both Cu?* and O».

All the three situations above give rise to different patterns of reactivity and will be discussed
next. In the following experiments performed in the presence of copper(ll) catalyst, the
kinetic data reveal two distinct timescales for the reactions. In the absence of O, the reaction
occurring at a short timescale is referred to as step ‘x," while that occurring at a long timescale
is called step “y.” In the presence of O, steps ‘X’ and ‘Y’ designate the reactions occurring at
short and long timescales respectively.

3.1 GSH oxidation in the presence of O, but in the absence of Cu?

The concentration of reduced glutathione in aqueous solution in the presence of atmospheric
oxygen (0.27 mM O2)*% was measured as a function of time. The results showed that the
GSH concentration is extremely stable in the absence of added metal catalysts, with the rate
of GSH consumption as low as 6.6 nM min- for the starting GSH concentration of 56 M.

However, we note that there is a <0.01 uM trace impurity of copper present in the solution
(calculated from <0.0005% copper stated by Sigma-Aldrich). It was therefore further
investigated if the slow oxidation of GSH observed in the absence of ‘added’ catalyst is a
result of catalytic activity of the trace amount of copper(ll) present. For this purpose, Cu?*
impurities in the GSH solution were removed by the addition of excess EDTA. The
concentration of GSH in the reaction mixtures of 1.0 mM EDTA and 56 uM GSH was then
measured at different times. At these concentrations, over 99.99% of Cu?* are bound to
EDTA (from the value of stability constant of the Cu(Il)-EDTA complex formation of
10*880) 111 and hence no longer available to participate in reactions with GSH. The result
shows that the concentration of GSH is constant for the three hours studied with the
experimental errors of less than £2%. It thus can be deduced that a metal catalyst is required
for GSH to be oxidized by oxygen at noticeable rates and that *auto-oxidation’ is unlikely, as
reported previously by Warburg.*? Furthermore, it is noted that the rate of GSH oxidation of
6.6 nM min~! for the 56 pM GSH solution (as presented at the beginning of this section)
corresponds to sub-ten nanomolar concentration of Cu?*, as estimated from the results that
will be demonstrated later in Section 3.3a. The estimated concentration of Cu?* is in good
agreement with the manufacturer suggested concentration of the copper(ll) impurities in
solution.

3.2 GSH oxidation in the presence of Cu?*, but in the absence of O;

The concentrations of —SH were measured at different experimental times (every 4 or 8 min)
after the deoxygenated solutions of Cu?* and GSH were mixed in the absence of O.. The
experiments using 95 uM GSH and varied concentrations of Cu?* (2.5 uM, 12.5 uM and
17.5 uM) were performed to study the stoichiometric ratio of Cu:GSH. Meanwhile, the fixed
Cu?* concentration of 5 pM and varied concentrations of GSH (56 uM, 85 uM and 110 uM)
were used in the study of the effect of GSH concentrations on the rates of changes in —SH
concentration.

The kinetic studies revealed two-step reactions (i.e. reactions with two different timescales).
The first step, labelled as step “x” in Figure 1, showed a fast decrease in free thiols or —SH
concentration when Cu?* were added to the solution of GSH by the amount that is equal to
one equivalent of Cu?* used; please refer to Figure 1a.



Following the fast drop in —SH, there is a slow increase in —SH as time progresses, the
process of which is referred to as “step y.” The rate of —SH released from the Cu-SG complex
in step y is dependent on the concentration of GSH; refer to Figure 1b.
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Figure 1: The concentrations of free thiols (-SH) at different experimental times for a) deoxygenated,

95 uM GSH, varied concentrations of Cu?": 2.5 uM (black), 12.5 uM (red) and 17.5 uM (blue); b)
deoxygenated, 5 pM Cu?", varied concentrations of GSH: 56 uM (black); 85 uM (red); 110 uM (blue)

The decrease in —SH concentration observed in step x may be a result of either the fast
oxidation of GSH to GSSG catalyzed by Cu?* or the formation of copper-glutathione
complex via the thiol group; both processes of which would result in the loss of “free’ thiols.
In order to elucidate this process further, the UV-Vis spectra of different copper-glutathione
complexes without the inclusion of DTNB were studied and are described next.

The UV-Vis spectra of the species involved in the reaction were recorded and are displayed
in Figure 2. Cu®* and GSH showed no observable absorption in the wavelength range of
interest, 250 - 350 nm.[¥1 GSSG exhibited a strong absorption at wavelengths below
~270 nm. The addition of Cu?* to the solution of GSSG results in the reduction of absorbance
in that region. This is possibly a result of the formation of Cu?*- GSSG complex, which does
not have strong absorption in this long-wavelength UV region. Proposed structures of
Cu**~GSSG complexes have been reported. 4 Meanwhile, the strong absorption observed at
297 nm in the spectra of Cu?* and GSH mixtures is ascribed as relating to the formation of
copper-reduced glutathione complex,*? the structure of which is unconfirmed and
discrepancy exists in the literature. [*°]



From the rapid increase in absorption at 297 nm when Cu?* is added to the GSH solution and
the stoichiometry between Cu?* and GSH of 1:1 determined earlier, the fast drop in —SH
concentration in step x is concluded to be a result of the formation of 1:1 Cu-SG complex via
the cysteine moiety (eqgn. 2).
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Figure 2: UV-Vis spectra of 60 uM Cu?* (red); 600 uM GSH (aq) (dashed blue); 300 uM GSSG (aq)
(dashed black); 300 uM GSSG and 60 uM Cu?* (aq) (solid black; remain unchanged with time);
600 uM GSH and 60 uM Cu?* (aq) after mixing for 30 sec (dotted green) and 40 min (solid green)

An increase in free —SH concentration with time was observed in step y reaction (Figure 1b).
This implies that there is a release of the thiol group initially bound to copper. We therefore
propose the rearrangement of copper-glutathione complex from thiol-bound to
glutamic/glycine-bound as the mechanism contributing to this phenomenon. The other routes
such as the loss of Cu?* availability in solutions have also been considered and were
eliminated due to opposing evidences. Specifically, the alternate mechanisms were
demonstrated to play a very minor role or not to be thermodynamically favourable. We will
return to these alternate mechanistic pathways towards the end of the text.

The rate of freeing the thiol groups depends on the concentration of GSH (step y, figure 1b),
suggesting the involvement of GSH and not simply the loss of Cu?*. More importantly, this
dependence on the GSH concentration indicates that the process proceeds via an
intermolecular rather than intramolecular mechanism. Consequently, the copper-sulfur bond
of the Cu-SG complex is concluded to be dissociated before the slow, thermodynamically
favourable re-combination of Cu with GSH through the glutamic and/or glycine moieties
takes place (eqn. 3).

fast

Cu®* + GSH Cu?*- S(H)G (2)
slow

Cu®* + GSH — Cu**- GSH (3)

The existence of the rearrangement pathway for the copper-glutathione complex is further
corroborated by the following observation made in the literature. It has been reported that
GSH is a versatile ligand that can bind to GSH to glutamic moiety as well as the thiolate
sulfur. [*® There is also a report on the complex formation between copper(ll) and glutamic
acid. 1 The versatility of GSH ligand is further demonstrated by the fast rate of exchange of
GSH with Cu-SG which was reported to be 13 s 8 Furthermore, the rates of thiol
oxidation processes catalyzed by copper(ll) are significantly different for different thiols such



as glutathione and cysteine. ¥ This indicates the involvement of the glutamic and/or glycine
moieties in the formation of complex of copper(ll).

3.3 GSH oxidation in the presence of both Cu?" and O

Solutions of Cu? and GSH were mixed under different reaction conditions (detailed in
separate sections below) in the presence of atmospheric (0.27 mM)(% or saturated
(1.24 mM)[2% oxygen. The concentrations of free —~SH were monitored as a function of time.
The results revealed two-step reactions (i.e. reactions with two different timescales)
designated as X and Y (Figure 3), described next.

Step X: short timescale reactions

Solutions of fixed GSH concentration and varied concentrations of Cu?* were mixed in the
presence of atmospheric O: to yield the final concentrations of 56 uM GSH and 0 pM, 2 puM,
5 uM and 10 pM Cu?*. Similar experiments were performed for a high GSH concentration
(600 uM) with 0 uM, 60 uM, 150 uM and 300 uM Cu?*. The concentrations of free —SH
were monitored for 40 min after the solutions were mixed.

The plots of —SH against time in Figure 3 show that in the first step (“step X”) there is a fast
drop in concentration of —SH analogous to that observed earlier. However, the stoichiometry
of Cu:GSH is now 1:2 (Figure 3), in contrast to the 1:1 observed in the absence of O>
(Figure 1a).

The dependency of the stoichiometry on oxygen implies that GSH first forms a 1:1 Cu:SG
complex via the thiol group of glutathione in a very fast timescale. The binding of the second
GSH molecule to copper via the thiol group requires the presence of oxygen, suggesting that
the 1:2 Cu:SG complex is relatively unstable without electron transfer with oxygen; refer to
eqgn. 4 and 5. The electron transfer results in the formation of one of the oxidized forms of the
1:2 Cu:SG complex. For the moment, we call this complex ‘A,” the identity of which is
proposed and presented later on in the text (Figure 8).

Cu¥-S(H)G + GSH — G(H)S - Cu?*- S(H)G (4)

fast
G(H)S-Cu*-S(H)G + %0, ——=— A+ % H0; (5)

Step Y: long timescale reactions

In this section, we will focus on the second step (“step Y”) of the results obtained from the
experiments performed in the previous section (refer to Figure 3). During step Y, there is a
linear decrease in —SH concentration with time, suggesting the overall reaction is zeroth
order. To investigate the kinetics of the slower step Y reaction, the concentrations of Cu?*, O,
and GSH were varied to evaluate how the rate depends on the concentration of each species.
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Figure 3: The concentrations of free thiols (-SH) at different experimental times; a) 56 uM GSH,
atmospheric O, varied concentrations of Cu?*: 0 uM (cross); 2 uM (red); 5 uM (bluge); 10 uM (pink);
b) 600 uM GSH, atmospheric O, varied concentrations of Cu?*: 0 uM (cross); 60 uM (blue); 150 pM
(red); 300 uM (black). For presentational purposes, only four of the Cu?* concentrations studied are
shown in each case.

a) Effect of [Cu?']

The rates of step Y were determined for a range of Cu?* concentrations (0 nM, 25 nM, 50
nM, 2 uM, 5 uM, 10 uM and 15 uM) in the presence of 56 uM GSH under atmospheric
oxygen. The plot of concentrations of —SH against time for some of the Cu?* concentrations
studied is given in Figure 3a. The rate of —SH depletion (-d[-SH]/dt) in step Y is plotted
against Cu?* concentrations as displayed in Figure 4. The result shows that the rate of GSH
(—copper complex) oxidation increases with Cu?" concentrations. Similar studies were
performed for 100 uM GSH in the presence of atmospheric oxygen. It was also observed that
the rate increases as the concentration of Cu?* increases. However, the extents to which the
rates increase with [Cu?*] are different for the different GSH concentrations studied. Hence,
the order of reaction with respect to concentration of Cu?* cannot be readily determined. This
likely arises due to involvement of Cu?* in more than one reaction routes, as will be discussed
later.
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Figure 4: The rates of —SH depletion (-d[-SH]/dt) during step Y as a function of Cu?* concentrations
studied in the solutions containing 56 pM GSH and varied concentrations of Cu?*: 0 nM, 25 nM, 50
nM, 2 uM, 5 uM, 10 uM and 15 uM, in the presence of atmospheric (0.27 mM) Oa.

b) Effect of [O2]

Two different concentrations of O, atmospheric (0.27 mM) and saturated (1.24 mM), were
used to study its effect on the rate of step Y. The results for the reaction mixtures of 56 uM
GSH and 7.5 uM Cu?* are shown in Figure 5. The rates of step Y reactions are 0.312 + 0.008
uM min~t and 0.718 £ 0.021 uM min~* for atmospheric and saturated oxygen respectively. At
the same time, similar experiments were performed for 100 uyM GSH and 7.5 pM Cu?*
mixtures to give the step Y rates of 0.211 + 0.006 uM min~* and 0.464 + 0.023 uM mint in
the presence of atmospheric and saturated oxygen respectively. The results studied in both
GSH concentrations indicate that the rate of step Y reaction is (0.53 + 0.04)" order with
respect to the Oz concentration.
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Figure 5: The concentration of free thiols (-SH) at different experimental times for the solution
mixtures of 56 uM GSH, 7.5 uM Cu?* and varied concentrations of O,: atmospheric (0.27 mM) O
(red); saturated (1.24 mM) O, (black)

The results of kinetic studies suggest the clear positive dependence of the rate of GSH
oxidation on both [Cu?*] and [O2]. This indicates the involvements of these two species in or
prior to the rate-determining step (RDS).



More specifically, the kinetic studies showed that the rate of step Y reaction is proportional to
the square root of O, concentration (—d[-SH]/dt o [02]%°). This relationship is consistent
with a pre-equilibrium step involving the copper-glutathione complex (‘A’) and Oz in the
stoichiometric ratio of 2:1 to form another different complex with one less electron, ‘B’
(egn. 6). This may be followed by the rate-determining conversion of ‘B’ to the final product
of GSH oxidation, which has been reported to be GSSG ¥ (eqn. 7). The derived rate law is
given in eqn. 10.

A+ %0 _K‘ B + %2 H02 (6),
B —k> Cu?* + GSSG (7,
K = % ®),
v =k'[B] 9),

= LG (10),

where [i] denotes the concentration of species i. K is the equilibrium constant of the oxidation
of ‘A’ to ‘B’ by O. v and k' are the rate of reaction and rate constant for the conversion of
‘B’ to Cu?* and GSSG respectively. [A] is the concentration of the 1:2 Cu-SG complex
formed in excess of GSH, [A] is thus equivalent or proportional to the concentration of Cu?*.
The suggested mechanism for step Y reaction is therefore consistent with the dependence of
the rate of GSH oxidation on Cu?* concentration.

C) Effect of [GSH]

The rates of the step Y reactions were investigated for varied concentrations of GSH in
solutions containing 10 uM Cu?* under atmospheric O2. The rates of free thiol consumption
(—=d[-SH]/dt) are plotted against GSH concentration, as shown in Figure 6. The results show a
decreasing rate of reaction as the concentration of GSH increases.
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Figure 6: The rates of —SH depletion (-d[-SH]/dt) during step Y as a function of GSH concentrations
studied in the solutions containing 10 uM Cu?* and varied concentrations of GSH: 39 uM, 64 uM, 70
uM, 103 pM, 179 uM, 300 uM and 600 uM, in the presence of atmospheric (0.27 mM) O..
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In contrast to the response to [Cu?] and [O:], the rate of step Y reaction decreases with
increasing concentration of GSH. The unusual behaviour suggests the existence of a
competing, parallel reaction which becomes more favourable as the GSH concentration
increases and outweighs the oxidation of GSH to GSSG at sufficiently high level of GSH.
Note that the lower consumption of —SH measured via DTNB reaction at high [GSH]
suggests that the competing reaction results in the formation of a stable, inactive species with
unbound thiol groups. This result is consistent with the rearrangement mechanism proposed
for step y reaction.

In fact, there are at least two pathways which can potentially lead to the decrease in step Y
reaction rate as the concentration of GSH increases. One is the rearrangement of copper-
glutathione complex into a different form which is inactive to the catalytic oxidation of GSH,
as proposed. The other is the reduction in Cu?* concentration.

The availability of Cu?" can be lost from the system via different means. First is the
formation of copper complex with the product, GSSG. To investigate this process, the kinetic
studies on the copper-glutathione complex formation were performed, as detailed with
following. The changes in UV-Vis spectra as a function of time were investigated for three
different cases: GSSG + Cu?*, GSH + Cu?* (with and without O2) and GSSG + GSH + Cu?*,
which unless stated otherwise studied under atmospheric oxygen.

The spectra of the 300 uM GSSG and 60 uM Cu?* solution mixtures remained unchanged
over the 40 min course of study. In contrast, the spectra of 600 uM GSH and 60 pM Cu?"
showed increasing absorbance at 297 nm as a function of time, refer to Figure 7. There is a
small but insignificant difference in the rates in the absence and presence of O, (< 1%). The
formation of this complex is thus predominantly independent of the O2 concentration.

Addition of 300 pM GSSG to the 600 uM GSH and 60 pM Cu?* mixtures results in ca. 15%
reduction in Cu-GSH complex formation rates. Note that for the initial GSH concentration of
600 uM, the highest possible concentration of GSSG formed is 300 uM, the concentration of
which is unlikely to be reached due to the equilibrium state and the loss of GSH in the
formation of complexes. The small decrease in the rates of Cu-GSH complex formation even
with the large amount of GSSG added implies that GSSG is not the dominant factor that
causes the reduction in GSH oxidation rates as the concentration of GSH increases. This
indicates that although Cu?* can form complexes with GSSG, in the presence of both GSH
and GSSG, Cu?" favourably binds to GSH. There is therefore a minor effect from
Cu?*—GSSG complex if formed. Additional evidence that GSSG has no observable effect on
the rate of GSH oxidation was confirmed by the studies of the rate of the decrease in —SH
concentration measured by DTNB. This result is included in the Supporting Information.
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Figure 7: The values of absorbance at 297 nm as a function of experimental time. 600 uM GSH and
60 uM Cu?* in the absence of O, (blue); 600 uM GSH and 60 uM Cu?* in the presence of atmospheric
O (black); 600 uM GSH, 300 uM GSSG and 60 uM Cu?" in the presence of atmospheric O (red).

The second possible route for the loss of Cu?* in solution is the reactions of Cu?* with other
species in the solution such as H>O (very low concentration i.e. not detectable via DTNB, as
evidenced in the Supporting Information) and the solvent, H>O, to form copper oxides. This
is however endergonic under the reaction conditions employed (calculated from the values of
standard potentials of the half-reactions involved).[?? Therefore, there is no mechanisms, to
the authors’ best knowledge, which can be responsible for the decreasing rates of GSH
oxidation at higher GSH concentrations other than the rearrangement of the copper-
glutathione complex (cysteine thiol-bound) to its inactive form (glutamic/glycine-bound).

Following all the above information together with that obtained from the variation of GSH
oxidation rates as a function of various experimental parameters, we propose a step-wise
mechanism shown in Figure 8.
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Figure 8: The proposed mechanisms for the oxidation of GSH catalyzed by copper(ll) and the
proposed structures of the intermediate complexes ‘A’ and ‘B.’

It has been reported that when the molar ratio of GSH:Cu?* is equal to or greater than 3:1,
corresponding to conditions in all of the experiments studied in this paper, a GS-Cu(l)-SG
complex is swiftly formed.[*® 21 However, as discussed before in Section 3.3b that a pre-
equilibrium step is required prior to the rate-determining formation of GSSG. We therefore
tentatively propose the structure of ‘A’ as presented in Figure 8. Note that our proposed
structure of ‘A’ has the same overall oxidation state as the GS-Cu(1)-SG complex previously
reported.l'® 211 The only difference is how the electrons might be distributed between copper
and sulfur in the Cu-S bond. Following ‘A,” the proposed structure of the intermediate
oxidation product ‘B,” is given in Figure 8.
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4 Conclusions

The kinetics of glutathione oxidation reaction catalyzed by copper(ll) have been investigated
and step-by-step mechanisms proposed. The results emphasize that GSH is not auto-oxidized
by oxygen in the absence of a catalyst. In the presence of Cu?*, two-step reactions were
observed in both the absence and presence of O.. The first steps (x and X) involve the
formation of copper-glutathione complexes. In the absence of O, the stoichiometry of
Cu:GSH complex is 1:1. With O present, the 1:2 Cu:GSH complex is formed. The second
step () is the overall oxidation of GSH to GSSG catalyzed by copper(ll). The rates of GSH
oxidation in the second step increase with increasing concentrations of the oxidizing agent,
02, and the catalyst, Cu?*, but decrease when the concentration of GSH itself is increased.
This inverse relationship is suggested to be a result of competing formation of an inactive
form of copper-glutathione complex.

In this paper, we have thus provided insights into the mechanistic details of the copper(ll)-
catalyzed oxidation of GSH. The understanding of this process will be beneficial towards the
studies of the roles of copper and glutathione in biological systems as well as the
development of sample preparation procedures for bioanalysis. Among human biological
specimens, it has been reported that plasma GSH levels decrease quickly with the half-life of
less than 20 min.[Z¥] Meanwhile, saliva samples show more promising performance in terms
of the stability of GSH.!?I The variation in GSH stability in biological samples may be
attributed to the different concentrations and activity of copper(Il) as well as other metal and
biological catalysts in different samples, the work of which requires further studies.
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Graphical abstract

Copper-Glutathione mystery solved: Copper(ll) alters the concentration of an antioxidant
GSH by forming a metal complex and catalyzes GSH oxidation. The self-inhibiting nature
and the rate law of the process deduced in this work allow the understanding of the copper-
related consumption of GSH in human body and further contribute to the development of

biosensors.
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