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ABSTRACT

Copper is involved in several biological processes. The static and labile copper pools are controlled by means of a network of influx and efflux transporters, storage
proteins, chaperones, transcription factors and small molecules as glutathione (GSH), which contributes to the cell reducing environment. To follow the fate of
intracellular copper labile pool, a variant of human apocarbonic anhydrase has been proposed as fluorescent probe to monitor cytoplasmic Cu®*. Aware that in this
cellular compartment copper ion is present as Cu*, electron spin resonance technique (ESR) was used to ascertain whether (bovine or human) carbonic anhydrase
(CA) was able to accommodate Cu™* in the same sites occupied by Cu®*, in the presence of naturally occurring reducing agents such as ascorbate and GSH. Our ESR
results on Cu®>* complexes with CA allow for a complete characterization of the two metal binding sites of the protein in solution. The use of the reported affinity
constants of zinc in the catalytic site and of Cu®™" in the peripheral and catalytic site, allow us to obtain the speciation of copper species mimicking the spectroscopic
study conditions. The different Cu>* coordination features in the catalytic and the peripheral (the N-terminus cleft mouth) binding sites influence the chemical
reduction effect of the two main naturally occurring reductants. Ascorbate reversibly reduces the Cu>* complex with CA, while glutathione irreversibly induces the
formation of Cu?™ complex with its oxidized form (GSSG). Our results questioned the use of CA as intracellular Cu?™ sensor. Furthermore, translating these findings

to intracellular environment, the conversion of GSH in GSSG can significantly alter the metallostasis.

1. Introduction

Copper is an essential metal ion for life [1,2]. This d-block metal ion
is largely present in enzymes and is involved in several biological
processes, including respiration, protection from oxidative stress,
homeostasis for the growth, brain functioning and signal transduction
[3-5]. Copper dyshomeostasis, therefore, could result in different dis-
eases, including neurodegeneration, cancer and diabetes [6-10].

To avoid copper distribution and homeostasis alteration, a cellular
network is employed to regulate both: i) the static pool, that comprises
the metal ion tightly bound to proteins and enzymes and ii) the labile
pool, that consists of weakly bound metal ion. These two copper pools
are controlled by means of influx and efflux transporters, storage pro-
teins, chaperones, transcription factors and small molecules as reduced
glutathione (GSH) that also contributes to the cell reducing environ-
ment [11]. GSH, which is present at millimolar concentrations in cells
[12,13], would also maintain copper in the reduced state; Cu*-GSH
complexes have been reported to be stable even in the presence of
oxygen for a short time [14], and act as exchangeable cytosolic copper
pool, transferring it to chaperones, metallothioneins and enzymes [15].

Selective fluorescent small-molecule probes and genetically en-
coded biosensors have been developed, allowing for the determination

of labile copper with spatial-temporal resolution. Due to the reducing
environment in eukaryotic cells, the majority of intracellular labile
copper exists as Cu™. Copper sensors for cell imaging are therefore
designed to target specifically Cu™ over Cu®*, in addition to the se-
lectivity against other common transition metals [16-19]. However,
small molecule one- and two-photon sensors for Cu?>* bioimaging and
genetically encoded copper probes have been described [19-23].
Among the genetically encoded protein-based sensors McCranor et al.
[24] used a variant of human apocarbonic anhydrase II (apohCA II),
which could monitor cellular copper(Il) ions via fluorescence lifetime
imaging microscopy (FLIM). The human C206S L198C Q92A CA II
variant exhibited 25-fold higher selectivity for Cu>* over Zn>* than the
wild type protein, overcoming Zn>" interference. The authors claimed
that: “In view of the rather different geometry of protein Cu(I) binding
sites compared with Cu(Il) sites, it seems unlikely that the Q92A variant
will bind Cu(I) with nearly the same affinity as Cu(Il), and Cu(l) is
unlikely to interfere.”

Carbonic anhydrase (holoenzyme CA) is a well-characterized zinc
metalloenzyme, which catalyzes the reversible conversion of water and
carbon dioxide to a bicarbonate ion and proton; the active site of this
enzyme, located at the bottom of a deep cleft [25], contains zinc(II) ion
bound to three histidines (His) and a water or hydroxide ion in a
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distorted tetrahedral geometry [26-28].

Many derivatives of bovine or human carbonic anhydrase II (ho-
loenzyme b/hCA II), in which the zinc(II) ion has been substituted with
other metal ions like Co®*, Ni**, Cu®?*, Ag™*, Hg?", etc. [29], have
been prepared and characterized. The metals have been found to re-
place Zn(II) in the active site. Differently from the others, Cu(II) binds
the enzyme in a 2:1 stoichiometric ratio, both in solution [30] and in
the solid state [31]. The X-ray structure of Cu,hCA II [31] shows a
copper(Il) ion binding site at the mouth of the active site cleft [32,33]
involving two histidines, His4 and His64 and four water molecules in a
pseudo-octahedral geometry. The copper(Il) ion in the active site of
hCA 11, conversely, experiences a pentacoordinated geometry involving
the binding of His94 in apical position and four ligands, His96, His119,
H,0 and O, essentially in a plane. The coordination environment at the
mouth of the active site cleft could favor digonal Cu* complex in a 2-
coordinated species [Cu(His),] * as reported for Cu* bound to human
serum albumin (HSA) [34]. Cu®*-HSA complex can be reduced to form
stable Cu*-HSA species under both anaerobic and aerobic conditions
[35,36]. Furthermore, the Cu™ affinity for HSA is more than two orders
of magnitude greater than that reported for Cu®** determined under
similar experimental conditions [34]. Analogous Cu* coordination
environment characterizes the -amyloid peptide (AB) and the prion
protein octarepeat [37,38]. Cu™ bound to two histidine residues in A
is not oxidized by the presence of O, [39,40].

This scenario prompted us to ascertain whether CA was able to
accommodate Cu™ in the same sites occupied by Cu®*, in the presence
of naturally occurring reducing agents such as ascorbic acid (Asc) and
GSH, having E® = 40.051V and E° = —0.228 V, respectively [41].

Since the early seventies, electron spin resonance (ESR) measure-
ments have been carried out to characterize the Cu®>* binding features
at the catalytic site, mainly to assign the number of the histidine re-
sidues involved in the metal coordination to bovine and human CAs
[42-46].

On the other hand, it is well known that the histidine residues are
present in the same sites of the N-terminus cleft domain in the two CA
isoforms [47].

Recently, ESR parameters for the copper(II) complexes with human
carbonic anhydrase II have been reported for the metal bound both to
catalytic and non-catalytic site by the use a recombinant protein
[32,33].

The different experimental conditions (pH, buffer, temperature,
metal to ligand ratios, starting protein, etc.) can explain some con-
trasting results. Therefore, ESR measurements were performed to de-
termine the magnetic parameters of the different copper(Il) complexes
with bovine and human CA in our experimental conditions. The g} and
A values allowed us to follow the fate of the metal species in the
presence of a large excess of reductants (Asc and GSH) at different
times.

The possible formation of Cu(I) complexes with h/bCA II in cell-free
conditions can open a new scenario about the use of protein-based
sensors of copper in cellular environment.

2. Experimental

In all experiments ultrapure water
18.2 MQ-cm ™ 1) was employed.

(Milli-Q H»O, 25°C,

2.1. Bovine copper(ID)-CA II

CuybCA II was prepared by adding more than one equivalent of
CuSOy to the apobCA II dissolved in 10 mM Tris (tris(hydroxymethyl)
aminomethane, Sigma-Aldrich) buffer (pH7.5 and 10 mM Na,SO4). A
concentration of 5.7 X 10~ %M of Cu,bCA II was evaluated by UV-Vis
spectroscopy (e7g0 = 138 M~ lem ™2, g755 = 151 M~ em ™).
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2.2. Human holoenzyme of CA II

Holoenzyme of human carbonic anhydrase (hCA II) was purchased
from Sigma-Aldrich (product code C6165, lot no. 078K6276, enzymatic
activity measured by Sigma-Aldrich in the certificate analysis: 5563
Wilbur-Anderson units/mg protein) and used without further purifica-
tion; it was dissolved in 10 mM Tris or MOPS (4-morpholinepropane-
sulfonic acid, Sigma) buffer at pH7.5. The hCA II was employed in a
concentration range of 1-6 X 107 *M.

2.3. Human Cu,CA II

Cu,hCA II was obtained by adding more than two equivalents of Cu
(NO3), to the human holoenzyme (1 x 10~*M) in Tris buffer (10 mM)
at pH7.5.

In order to ascertain the competitive coordination ability of the non-
innocent buffers used in the experiments, frozen ESR spectra were run
on solutions containing 63Cu(NO3) (0.5-0.63 mM) and Tris (10 mM or
50 mM).

2.4. Electron spin resonance

A Bruker Elexsys E500 CW-ESR spectrometer driven by a PC run-
ning XEpr program under Linux and equipped with a Super-X micro-
wave bridge operating at 9.3-9.5 GHz, and a SHQE probehead was used
throughout this work. All frozen solution ESR spectra of copper(Il)
complexes were recorded at 150 K by means of an ER4131VT variable
temperature apparatus. Copper protein samples were added of a small
amount of glycerol (up to 10%) in order to increase spectral resolution.
Parallel spin Hamiltonian parameters were taken directly from the ex-
perimental spectra, always calculating them from the 2nd and 3rd line
to get rid of errors coming from second order effects [48]. Naturally
occurring copper contains is a mixture of *3Cu and ®®Cu isotopes which
possess slightly different hyperfine constants [49]. An improved re-
solution of the ESR spectra [44] was obtained with the use of iso-
topically pure ®>Cu®™. In order to achieve a better determination of the
magnetic parameters, the experimental spectra were simulated by the
program Monoclin [50] (which is able to discriminate one or more
species). Instrumental settings of frozen solution ESR spectra were as
follow: number of scans 2-10; microwave frequency 9.344-9.376 GHz;
modulation frequency 100 kHz; modulation amplitude 0.7 mT; time
constant 327 ms; sweep time 2.8 min; microwave power 20 mW; re-
ceiver gain 60 dB.

2.5. UV-visible spectroscopic measurements

Optical absorption spectra in the UV-Vis region were recorded at
room temperature with a UV-Vis-NIR Jasco V-670 spectrophotometer.

2.6. Chemical reduction

Chemical reduction of the CuybCA II 0.57 mM by Asc 2mM and
CuzhCA 11 0.1 mM by GSH 2mM was monitored by the change in in-
tensity of the ESR signals with time. Immediately following addition of
the reductant, samples were transferred to a quartz tube and X-band
(9.45 GHz) continuous-wave ESR spectra were obtained at 150K at
different times. The Cu®" signal was quantified using the double in-
tegral of the spectrum intensity.

3. Results and discussion

The crystal structure of the Zn,Cu(II)-hCA II has been reported
showing that Cu®>* binds His64 and His4 at a distance of 2.1 A and
2.0 A respectively; two water molecules complete the coordination
sphere around the metal ion at a distance of 2.2 A. Two other water
molecules are at a distance of 2.5 and 2.8A from the Cu®* that
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Fig. 1. ESR spectra at 150K of human holoenzyme (1 x 10™*M) in buffer
solution (Tris 10 mM, pH 7.5) to which were added increased amounts of **Cu
(NO3), 1 mM, a) 0.9 eq Cu®*; b) 1.0 eq Cu®*; ¢) 2.0 eq Cu®*. Simulated spectra
are showed in dashed line.

experiences a distorted octahedral coordination geometry. In the active
site, a dioxygen molecule is coordinated to the zinc ion that completes
its tetrahedral coordination geometry by His94, His96 and His119
binding [51].

In order to have more details on copper(Il) binding in solution, we
added increasing amounts of °3Cu®* to the human holoenzyme. The
ESR spectrum recorded at pH 7.5 (Tris buffer, 10 mM) at sub-stoichio-
metric ratios indicates the formation of one species only; the
Hamiltonian parameters calculated for this species are g = 2.280 and
A =164 x 10" *cm ™! (Fig. 1a).

The spectrum remains practically unchanged roughly up to one
equivalent of copper (Fig. 1b). However, well beyond one equivalent
the addition of copper(II) causes a change in the ESR spectrum. The
addition of two equivalents results in the formation of a second species
that is readily detected in the ESR spectrum. The simulation of the
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Fig. 2. ESR spectra of Cu,bCA II system (5.7 X 10~ *M) in Tris (10 mM, pH 7.5)
(experimental spectrum, solid line; simulated spectrum, dashed line).

spectrum obtained with excess copper(Il) yields the following para-
meters for this second species: g = 2.303 and A)| = 152 X 10 *em ™!
(Table 1).

As previously mentioned, the structure of CuyhCA II has been solved
and the ligands involved in the two metal binding sites have been un-
veiled [31]. Therefore, ESR measurements of CuybCA II solutions ob-
tained by adding more than 1 equivalent of Cu®>" to the apoenzyme
were carried out; the experimental conditions were the same (buffer,
pH and temperature, but Cu®>" isotopic mixture) previously employed
titrating the human holoenzyme with increasing amount of Cu®*
(Fig. 2).

The two sets of Hamiltonian parameters of the two species that form
at the same percentage were calculated by simulation: g = 2.328 and
A =147 x 10 *cm ™! and g = 2.280 and A = 160 x 10" *em ™!
(Table 1).

Coleman et al. [42,44,46] studied the insertion of Cu?™ at sub-
stoichiometric ratio in human and bovine CA apoenzyme (Table 1) by
means of ESR measurements. The author stressed that, despite ex-
tensive dialysis, the presence of small amount of extraneous Cu®* af-
fected the spectrum resolution and the assignment of the number of the
histidine residues involved in metal binding. On the basis of the ana-
lysis of the superhyperfine lines, Cu?™ bound to two [43,44] or three
[42,46] imidazole groups has been indicated.

The values of the magnetic parameters attributed to human and
bovine copper CA in the catalytic site ranges from 2.289 to 2.320 for g
and from 138 to 161 x 10 *cm ™! for A}, (Table 1). The different g
and A|| values reported by the same research group [42-46] have been
justified invoking different temperatures, the use of pure or mixed

Table 1
Hamiltonian parameters of copper(Il) substituted CAs.
System® gl A Buffer Temperature Sample® Ref.
10* x em ™!
®3CubCA B (site) 2.305 140 Tris 25 mM, pH 8 77K apobCA B + ss ®Cu?™* [44]
63CubCA (site) 2.320 144 - (Water) 103 K® apobCA B + ss ®3Cu? [45]
$5CuhCA B (site) 2.295 161 Tris 25 mM, pH 8 112K apohCA B + ss ®°Cu®* [46]
®3CuhCA B (site) 2.295 152 Tris 25 mM, pH 8 112K apohCA B + ss *Cu* [44]
¢3CuhCA C (site) 2.305 138 Tris 25 mM, pH 8 112K apohCA C + ss *>Cu®* [44]
CuhCA B (site) 2.320 156 Tris 25 mM, pH 8 77 K apohCA B + ss Cu? [42]
%3CuhCA B (site) 2.289 150 Tris 25 mM, pH 8 112K apohCA B + ss %3Cu®* [43]
¢3CuhCA C (site) 2.289 154 Tris 25 mM, pH 8 112K apohCA C + ss ®3Cu®* [43]
CuyrhCA (site) 2.326 138 ACES 20 mM, pH7 21K aporhCA + ex cu?* [32]
CugrhCA (cleft) 2.190 201 ACES 20 mM, pH7 21K aporhCA + ex Zn?* + ss Cu?* [32]
Cu,bCA 11 (site) 2.328 (3) 147 (4) Tris 10 mM, pH7.5 150K apobCA II + st cu?* This work
Cu,bCA 11 (cleft) 2.280 (3) 160 (4) Tris 10mM, pH7.5 150K apobCA 1II + st cu?t This work
S3CuhCA 11 (site) 2.303 (3) 152 (4) Tris 10mM, pH7.5 150K hCA TI + ex %3Cu®* This work
%3CuhCA 11 (cleft) 2.280 (3) 164 (4) Tris 10mM, pH7.5 150K hCA I + ss %3Cu?™* This work

& b, bovine, h, human, r, recombinant. Site stands for Zn catalytic site and cleft for peripheral site.

> Hamiltonian parameters calculated from data extrapolated from Fig. 3 of reference [45].
ss — sub-stoichiometric; st — stoichiometric; ex — excess (more than one equivalent).
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Table 2
ESR parameters of copper(Il) complexes with Tris buffer at physiological pH.
System gl Ay, 10* x em ™ pH Note
Cu-Tris 2.231 192 Tris, pH7.5 Main species
2.235 188 Minor species

copper isotope and the simulation procedures.

Morpurgo et al. [45] reported the ESR spectra of 3CubCA in un-
buffered aqueous solution of the apoenzyme added of a slightly less
stoichiometric copper sulfate. The magnetic parameters (Table 1)
g)| = 2.320 and A = 144 x 10 *cm ™" are in good agreement with
those reported in this work and with g reported by Coleman et al. [42].
Also the Hamiltonian parameters obtained by the use of pure copper
isotope, ®3Cu®*, titrating the holoenzyme with more than two
equivalents are in good agreement with the data obtained by Coleman
et al. [44], adding copper(Il) ion to apoenzyme (Table 1). The slight
differences compared to our data can be attributed to both the different
pH and the effect of the temperature, as previously stressed [43,45].
Further support to this explanation was obtained by ESR measurements
carried out on solutions containing copper(Il) ion and Tris in the same
metal ion to buffer ratios employed by us. The recent accurate studies of
Bal et al. [52,53] helped us to assess the speciation of the copper(Il)
complexes formed by the buffer present in the ESR solution.

The magnetic parameters of the copper(Il) complexes with Tris
(Table 2) are significantly different from those assigned to the copper
(ID) insertion in CA, thus allowing us to exclude an alteration of our data
due a contribution of copper(Il) complexes with Tris.

The recent magnetic parameters of CurhCA II (rh indicates a re-
combinant human CA II) obtained by Emerson et al. [32] by subtracting
the Cu,ZnrhCA II data from the Cu,rhCA II spectrum further contributed
to the substantial agreement on the ESR parameters pertinent to the
copper CA with the metal ion present in the catalytic site (Table 1).
While there is reasonable agreement between our data and those re-
ported by Emerson et al. for copper(Il) ion present in the catalytic site
of enzyme by employing a copper isotope mixture, significant differ-
ences appear between the ESR parameters pertinent to copper(Il) ion in
the mouth of the cleft. On the other hand, it is true that the spectro-
scopic data have been obtained by the use of a recombinant protein that
is characterized by the presence of a methionine residue at position 1 of
the natural sequence [54,55]. The added amino acid residue could af-
fect the spectroscopic parameters.

Utilizing isothermal calorimetry (ITC) measurements, reliable in-
trinsic affinity constants have been reported concerning both the zinc
(ID) binding at the catalytic site [56] and of copper(II) at the catalytic
(C) or at the peripheral binding site (P) [32]. In keeping with the series
of Irving and Williams [57] the copper(Il) complex at the catalytic
binding site showed a higher value of the constant (9.5 x 10%) in
comparison with that of zinc (2.0 x 10%), both resulting lower than that
(4.9 x 10") of copper bound at mouth of the cleft (the peripheral
binding site). These constants were employed to obtain by means of
Hyss software [58] the amount of different species (Table 3) formed in
the experimental conditions used in the ESR experiments.

The speciation results of the computed titrations shows that the

Table 3
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copper(Il) ion added at sub-stoichiometric ratio interacts with the
binding donor atoms present at the mouth of the cleft alone, while the
catalytic site remains completely occupied by zinc (Table 3). Therefore,
the recorded ESR spectra refer to the copper complex species present at
peripheral site. This species remains the main species in the stoichio-
metric conditions, while a very small amount of copper(Il) ion is pre-
sent at the catalytic site that is essentially occupied by zinc(Il) ions.
Finally, at 2:1: Cu(II):hCA II ratio, the catalytic site is populated at 69%
by copper(II) complex species respect to 31% of zinc(II) complex.

3.1. Chemical reduction

The X-ray structures and the ESR parameters indicate different co-
ordination geometries between the two copper sites. In addiction they
differ also for the number of histidine ligands, all these aspects might
affect in a different manner their propensity to reduction in aqueous
solution.

In order to ascertain the ability of the CA to bind Cu™, the changes
of the ESR spectra of CuybCA II were followed by adding a three-fold
excess of a reducing agent such as ascorbic acid, whose concentration
varies from micromolar in plasma to millimolar in leukocytes [59].
Both copper(Il) ions in CuybCA II were rapidly reduced to Cu(l) ions
after the addition of ascorbic acid. The intensity of the ESR lines de-
creased of 52% (see Fig. 3), after 8 min from mixing.

This spectrum was simulated employing the same parameter sets of
the Cu,bCA II; the percentage of the species with copper(II) ion in the
catalytic site was slightly lower than that in which the metal ion oc-
cupied the cleft mouth site (40% vs. 60%). After 30 min the spectrum
remained practically the same. The metal ion appears more prone to
reduction in the catalytic site than in the N-terminus binding site, as
expected for Cu®™ that experiences a tetrahedrally distorted coordina-
tion environment [31,32,45] (N3O) in the catalytic site. This co-
ordination geometry can favorably accommodate the diamagnetic Cu™,
while in the peripheral site Cu®>* is bound to the imidazole nitrogens of
two histidine residues and two water molecules that complete a square
equatorial coordination plane reaching a pseudo-octahedral geometry
with two more distant water molecules. Thus, Cu™ following the as-
corbate action reaches a digonal coordination geometry typical of d'°
metal ions, but by an energy unfavoured coordination geometry re-
arrangement.

The reduction processes were reversible; after four days, the copper
(D) species were re-oxidized by the dioxygen and the ESR spectrum of
the Cu,bCA II resulted perfectly superimposable to the original.

As previously mentioned, glutathione is present in cells pre-
dominantly in its reduced form (GSH) at millimolar concentrations
[60]. To test the effect of this natural reducing agent on the two copper
sites of the protein, GSH (2 mM) was added at 0.1 mM solution of the
copper derivative. The ESR spectra (Fig. 4a) showed a prompt reduction
of the signal intensity due to reduction of the two cupric species, which
remained in the reduced state even 1 h after exposition to the dioxygen
(Fig. 4b,c). After one day, the Cu®>* ESR signal is fully recovered but
this new spectrum is characterized by the following Hamiltonian
parameters: g)| = 2.258 and A|| = 179 x 10~ *cm™'; these parameters
are different from those of the starting system (Fig. 4d,e).

Computed molar concentration (M) of different complex species formed by hCA II and Cu(II) mimicking the experimental conditions of ESR spectra.

Added Cu(I) amount [hCA 111" [Cu(ID],” [hCA 11].° [Cu(ID)-P].” [Cu(ID-C]"
Sub-stoichiometric 1.00 x 10™* 9.00 x 107° 9.98 x 107° 8.99 x 10°° 3.80 x 107°
Stoichiometric 1.00 x 10~* 1.00 x 10™* 9.96 x 107° 9.98 x 107° 1.71 x 1077
Cu(II):hCA 1I ratio 2:1 1.00 x 10~* 2.00 x 10™* 3.14x107° 1.00 x 10™4 6.86 x 107°

& [hCA II], = analytical concentration of holoenzyme; [Cu(I)], analytical concentration of Cu(II).
b [hCA 1], = equilibrium concentration of holoenzyme; [Cu(Il)-P]. = equilibrium concentration of Cu(II) complex species at peripheral site; Cu(Il)-

Cle = equilibrium concentration of Cu(II) complex species at catalytic site.
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Fig. 3. ESR spectra at 150 K of CuybCA II (5.7 X 10~*M) in Tris buffer (10 mM,
pH 7.5) both in the absence (blank) and in the presence of ascorbic acid (2 mM)
at different reaction times. Simulated spectra are showed in dashed line.

The ESR parameters of Cu-GSSG system (GSSG - oxidized glu-
tathione) have been reported with values, which are quite similar
[61-64] (g = 2.250 and A = 187 x 10~ *cm™") to those found after
the exposition to dioxygen. This similarity paves the way to a new
scenario where the Cu?" initially coordinated by the protein is reduced
to Cu(I) but upon re-oxidation the Cu(ll) is depleted from the protein
forming a stable Cu-GSSG complex.

To better characterize the origin of this last ESR spectrum, Cu®*
(natural isotopic abundance, 0.2 mM) was added to a solution of GSH
2mM in MOPS (10 mM, pH 7.5). This solution was left in contact with
air and after a week the obtained ESR spectrum was identical to that
reported in the literature, i.e. g = 2.251 and A;; = 187 x 10 *cm ™"
(Fig. 4f), thus supporting the hypothesis that GSH is able to deplete the
protein of the two metal ions.

4. Concluding remarks

The results of our ESR study on copper(Il) complexes with CA II
allow for a complete characterization of the two metal binding sites of
the protein in solution. The different copper(II) coordination features
between the catalytic and the cleft mouth influence the chemical re-
duction effect of the two main naturally occurring reductants.
Intriguing, the ascorbate induces the formation of the copper(I) com-
plex with CA II in a reversible mode, while the glutathione is able to
activate an irreversible redox process and to form a copper(II) complex
with GSSG. CA has been proposed as intracellular copper(II) sensor but
our results questioned the use of this protein for this aim [24]. Fur-
thermore, translating these findings to intracellular environment, the
oxidant process that involves the conversion of GSH in GSSG can sig-
nificantly alter the metallostasis [17,65]. To ensure redox homeostasis
and speciation, copper is transferred by means of GSH from a given
chaperone protein to a different protein having a higher affinity [66]; in
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Fig. 4. ESR spectra at 150K of hCA II (0.1 mM) in MOPS (10 mM, pH7.5)
loaded with 2eq of 53Cu(NO3), in the absence (a) and in the presence GSH
(2mM) at different reaction times: (b) 10 min; and in contact with air for (c)
1h; (d) 1day; (e) 4days. (f) ESR spectra at 150K of a Cu(NOz), solution
(0.5mM) in MOPS (10mM, pH7.5) in the presence of GSH (2mM) left in
contact with air for 7 days. Simulated spectra are drawn in red. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

addition the chaperone redox status is preserved by GSH (the most
abundant antioxidant) which, together with its partners, is believed to
maintain the redox potential in tissues, cells and individual compart-
ments [67-69]. When GSH is transformed into GSSG, copper chaperone
integrity is lost thus perturbing redox and speciation homeostasis [70].
In this scenario, it is imperative that the copper sensor does not alter the
status of metallostasis network.
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