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ABSTRACT

In order to gain insights into the interplay between Cu(I) and Cu(ll) in sulfur-rich protein environments, the
first preparation and characterization of copper-substituted forms of the wild-type rubredoxin (Rd) from
Desulfovibrio vulgaris Hildenborough are reported, as well as those of its variant C42A-Rd. The initial products
appear to be tetrahedral Cu'(S-Cys),, species for the wild type (n = 4) and the variant C42A (n = 3, with an
additional unidentified ligand). These species are unstable to aerial oxidation to products, whose properties
are consistent with square planar Cu'(S-Cys), species. These Cu(ll) intermediates are susceptible to
auto-reduction by ligand S-Cys to produce stable Cu(I) final products. The original Cu(I) center in the
wild-type system can be regenerated by reduction, suggesting that the active site can accommodate Cu'(S-
Cys), and Cys-S-S-Cys fragments in the final product. The absence of one S-Cys ligand prevents similar re-
generation in the C42A-Rd system. These results emphasize the redox instability of Cu"-(S-Cys),, centers.

EPR

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Copper is an essential element present in the structure of electron
transfer proteins, such as plastocyanin and azurin, and in redox
enzymes, such as cytochrome c oxidase, nitrite reductase, and superoxide
dismutase [1,2]. These proteins accomplish their functions using the
Cu(I)/Cu(I) couple with redox potentials in the range 0-1000 mV (vs
SHE, Standard Hydrogen Electrode). Most of the Cu(Il)/Cu(I) redox poten-
tials in proteins fall in the range 200-300 mV, rather different to that of
the aqua-Cu(II)/Cu(I) couple (159 mV), which, however, determines
that under aerobic conditions the copper ion in these proteins is pres-
ent mostly as Cu(Il). The higher redox potential found in proteins is de-
termined by factors, such as, the active site structure, hydrogen
bonding pattern around the active site, and the electrostatic environ-
ment [3]. Although copper is an essential element, it must be tightly
regulated, as the free ions can catalyze oxidative damage via radical
formation [4] or can induce cell damage by ligation to the coordinating
sulfur atoms in Fe-S clusters [5]. Such problems are avoided by the
presence of high affinity copper proteins, such as copper trafficking
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proteins and copper metallothioneins, that control the copper levels
[6-9]. In these proteins, copper is normally present as Cu(I) [10,11],
which indicates that these copper centers have high redox potentials,
likely related to the sulfur-rich environment of the copper ions. Many
trafficking proteins show a conserved CXXC motif that incorporates
one copper atom per molecule, in which S-cysteines are the copper li-
gands [12-14]. S-cysteines are also the ligands in metallothioneins,
which can incorporate up to 7 copper atoms per molecule [15]. Fe-S
clusters can also bind a copper atom yielding a stable product, demon-
strating the chemical feasibility of CuFeS clusters, which suggests that
this kind of clusters could exist naturally in biological systems [16]. Al-
though several crystallographic studies demonstrated the versatility of
Cu(I) coordinated by sulfur-rich environments [17-20], questions, such
as the chemical changes suffered by the proteins leading to the stabili-
zation of Cu(I) under aerobic conditions are, in our opinion, virtually
unstudied. Hence, the investigation of coordination chemistry of copper(I)
using appropriate systems featuring S-Cu interactions is relevant to a de-
tailed molecular understanding of copper sites in proteins.

Sulfur-rich metal coordination sites are found in iron-sulfur
centers (mono-, bi-, tri-, and tetranuclear iron sites and their structur-
al variations). Rubredoxins (Rd) are the simplest iron-sulfur proteins
(with a molecular mass of 5.6 kDa) and contain a single iron atom
tetrahedrally coordinated by the sulfur atoms of four cysteine residues
arranged in a - CgX,Co-X—C39X5C4p — motif [21]. The CXXC motif is
also found in most Atx1 homologues, which possess a ferredoxin-
like fold [8]. The iron atom in rubredoxin can be substituted by other
metal ions by acid precipitation of the protein and reconstitution
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in basic media under reducing conditions. Furthermore, variants of
rubredoxins where one of the four cysteines is replaced by a potential
ligand (serine) or a non-ligand (alanine) have been prepared pre-
viously by site-directed mutagenesis and characterized spectroscop-
ically [22-25]. Overall, metal-substituted rubredoxins containing
57Fe(1I), Co(1I), Ni(Il), Zn(1I), Cd(II), Hg(Il), Ga(lll) and In(lll) have
been prepared and characterized [21,26,27]. However, the preparation
of copper-substituted rubredoxins has remained elusive.

The above discussion suggests that copper-substituted rubredoxins
may constitute a useful model system to investigate copper (II/I) stability
in protein sulfur-rich coordination environments. In the present work, we
report the preparation and characterization of the copper-containing
forms of the wild-type Desulfovibrio (D.) vulgaris Hildenborough
rubredoxin and its C42A variant. Our results show that copper can be in-
corporated as copper(I) in these systems. The initial forms are unstable in
air and pass through copper(Il) intermediates prior to generation of stable
copper(I) species with properties different from the initial ones. The latter
can be converted back to the initial form for the wild-type protein but not
for the C42A variant.

2. Materials and methods
2.1. Reagents

CuCl,- 2H,0, FeCl,-4H,0, dithiothreitol (DTT), p-mercaptoethanol
and trichloroacetic acid (TCA) were purchased from Merck. Luria-
Bertani (LB) medium, neomycin, ampicillin and isopropyl-3-p-
thiogalactopyranoside (IPTG), were from Sigma. All buffers and re-
agents were of the highest commercially available grade. All solutions
were prepared in Milli-Q water.

2.2. Protein production

The expression vector for C42A rubredoxin was obtained by site
directed mutagenesis, using the “QuickChange Site-Directed Mutagenesis
Kit” (Stratagene). The expression vector pT7-7/RdDv was used as tem-
plate and the primers were designed according to the manufacturer's
instructions. In order to verify the incorporation of the mutation, the
mutated expression vector was sequenced. The heterologous produc-
tion of the wild-type and C42A D. vulgaris Hildenborough rubredoxin
followed the procedure described for D. vulgaris desulforedoxin [28]. In
short, competent Escherichia coli BL21(DE3) (Novagen) were transformed
with the expression vectors pT7-7/RdDv or pT7-7/RdDvC42A. The cells
were grown in an orbital shaker at 37 °C in LB medium, supplemented
with 0.1 mg/mL ampicillin and 0.1 M FeCl,-4H,0, until an absorbance
at 600 nm of 0.8. Protein production was induced with 1 mM IPTG, at
25 °C for 18 h. The cells were harvested by centrifugation at 2500 xg
for 15 min, and resuspended in 10 mM Tris-HCI, pH 7.6.

2.3. Isolation of the wild-type and C42A rubredoxin from
D. vulgaris Hildenborough

The soluble cell extract was obtained by 4 passages in a French
Pressure Cell at 15000 psi and centrifuged at 20000 xg for 90 min.
The supernatant was loaded onto a DEAE-52 (Sigma) anion exchange
column equilibrated with 10 mM Tris-HCl, pH 7.6. The proteins were
eluted with a gradient between 0 mM and 500 mM NaCl in 10 mM
Tris-HCl, pH 7.6. The fractions containing the wild-type or the mu-
tant rubredoxin were combined and concentrated. The second and
final chromatographic step involved a gel filtration chromatography,
using a Superdex 75 (GE HealthCare) equilibrated with 50 mM Tris—
HCI, pH 7.6, 150 mM NaCl. The fractions containing pure rubredoxin
were combined and concentrated. Throughout the purification the
purity of the wild-type and mutant rubredoxin fractions was assessed
by 15% polyacrylamide Tris-Tricine SDS-PAGE and UV-visible
spectroscopy.

2.4. Metal substitution

Iron containing C42A rubredoxin (Fe-C42A-Rd) was prepared
following the procedure of Moura et al. [29]. Copper-substituted
wild-type (Cu-Rd) and C42A (Cu-C42A-Rd) rubredoxins were pre-
pared from Fe-Rd and Fe-C42A-Rd, respectively, using an adapted
procedure of that method, in which the protein was precipitated at
50 °C with 5% TCA in the presence of 0.5 M 3-mercaptoethanol. The
protein precipitate was centrifuged at 6000 rpm and resuspended in
0.5 M Tris base and 60 mM [-mercaptoethanol. In order to minimize
iron contamination, this precipitation was repeated twice at room
temperature. The final protein precipitate was resuspended to a con-
centration of about 15 mg/mL in 0.5 M Tris base containing 60 mM
DTT, and incubated for 30 min under argon at room temperature.
Finally, one equivalent of CuCl,-2H,0 was added, and incubated for
10 min under argon followed by 1 h in air. The copper-substituted
rubredoxins were passed through a NAP-5 column (GE HealthCare)
equilibrated with 10 mM Tris-HCl, pH 7.6 to separate the protein
from any unbound metal. The samples were subjected to buffer ex-
change via centrifugation over a 3 kDa cut off centricon (Vivaspin,
Sartorius) to remove free metal ions. The same procedure performed
without the presence of DTT in the buffer showed the same level of
copper ion incorporation into the proteins.

2.5. Metal and protein determination

The total amount of copper, iron and zinc present in solution was
estimated using an inductively coupled plasma (ICP) atomic emission
spectrometer. Protein content was performed by the bicinchoninic
acid colorimetric assay (Sigma) or a modified version of the Folin-
Biuret method, using Desulfovibrio gigas rubredoxin as standard [30].

2.6. Spectroscopic measurements

UV-visible absorption data were collected on a Shimadzu UV-2101PC
split beam spectrophotometer using 1 cm optical path quarts cells. The
extinction coefficients of Cu-Rd and Cu-C42A-Rd were determined
based on the copper quantification. EPR-spectra were recorded on a
Bruker EMX spectrometer equipped with an Oxford Instruments helium
continuous-flow cryostat. EPR spectra were collected at temperatures
between 4 and 80 K at 9.65 GHz under non-saturating conditions. Spin
quantification of Cu-Rd and Cu-C42A-Rd signals was performed using
3 mM cupric EDTA as a standard. Computer simulations of the spectra
were performed using the program SIMPOWG [31].

3. Results and discussion
3.1. Fe-containing wild type and C42A variant proteins

The wild-type D. vulgaris Hildenborough rubredoxin and the single
point variant C42A-Rd (which lacks the iron ligand C42) were heterol-
ogously produced in E. coli BL21(DE3). The wild-type form (Fe-Rd) was
obtained as a mixture of the ruby Fe(Ill) form (93%) and the colorless
Zn(Il) form (7%). On the other hand, C42A-Rd purified essentially as
the colorless Zn(II) form (97%) with a small fraction of the Fe(III) form
(3%). These two proteins migrated in reducing and non-reducing
SDS-PAGE as 6 kDa proteins (data not shown), and its metal/protein
ratio gives no evidence for the presence of apo-protein. This result con-
trasts with that for the C42A mutant from Clostridium (C.) pasteurianum,
which was purified with a 2Fe-2S cluster [23,32], that could be
converted to a stable Fe(Ill) form (Fe—-C42A-Rd) by metal substitution
[23,32].

The UV-visible spectrum of Fe-Rd (Fig. 1A) is similar to that
reported for the protein purified from a soluble extract of the same
bacterium [33]. The EPR spectrum shows a resonance at g ~ 9.5 plus
a narrow signal at g ~ 4.3 superimposed on a broad signal in the
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Fig. 1. UV-visible spectra of Fe-Rd (A) and reconstituted Fe-C42A-Rd (B) in 10 mM
Tris-HCI, pH 7.6.

range g ~ 4.6-4.0 (Fig. 2). This spectrum, similar to those observed in
other bacterial rubredoxins, is typical of a high-spin Fe(Ill) center
possessing a large zero-field splitting and high rhombic distortion
(E/D =~ 1/3,D > 0) [34,35].

The UV-visible spectrum of the reconstituted Fe-C42A-Rd (Fig. 1B)
presents a shoulder at ~340 nm and two broad absorption bands at
425 nm (4600 M~ ! cm~') and 539 nm (3500 M~ ! cm™!). Compared
to that of Fe-Rd, this spectrum exhibits broader and less intense absorp-
tion maxima that are mostly shifted to higher energies. Such properties
are consistent with lower site symmetry and the presence of fewer than
four Cys ligands to Fe(III) [23]. The EPR spectrum exhibits absorptions at

g-factor
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Fig. 2. EPR spectra of Fe-Rd (upper) and Fe-C42A-Rd (lower) in 10 mM Tris-HCI,
pH 7.6. Experimental conditions: temperature, 4 K; microwave frequency, 9.65 GHz;
modulation amplitude, 5.0 G.

g ~ 7.8,5.5 and 4.3 (Fig. 2), similar to those reported for center I of the
C42A mutant rubredoxin from C. pasteurianum (g ~ 7.3, 5.7, and 4.3)
[23] and also to the g-values of center I in D. gigas desulforedoxin (res-
onances at g ~ 7.3, 5.7 and broad feature at g ~ 4) [36]. Following Cross
et al., these spectra correspond to Fe(lIl) sites with E/D < 0.1 where the
iron center is assigned to a tetrahedral Fe''(S-Cys);(OH) center [23].

3.2. Copper-substituted wild type and C42A variant proteins

Cu-Rd and Cu-C42A-Rd forms were prepared using a modification
of the methodology developed to substitute the Rd Fe-center for other
metals (Ni, Co, Cd) [29]. Copper was added as CuCl, to the apo-protein
in the presence of DTT as reducing agent (in a DTT-protein ratio of
10:1). The resulting solution was colorless, consistent with reduction
to Cu(I). The product proteins were desalted using size-exclusion chro-
matography (see the Materials and methods section). During the
elution, Cu-Rd changed color to reddish brown, while Cu-C42A-Rd
emerged as a light blue band. Elemental analysis indicated a
Cu-protein ratio of 0.9 4 0.1 for both Cu-Rd and Cu-C42A-Rd.

Upon standing, the colors of both proteins intensified, reaching a
maximum after approximately 1 h. This behavior suggested progres-
sive oxidation to Cu(IlI). However, these forms were also not stable
and lost color after several hours of exposure to air. A similar result
was obtained when CuCl, was added to wild-type apo-Rd in the ab-
sence of a reducing agent, indicating that copper can enter as Cu(I)
or Cu(II). The only difference between both processes is that the max-
imum of the color is reached earlier (~20 min of incubation), which is
reasonable since copper is incorporated as Cu(Il) directly.

After removing free copper (see Material and methods: Metal
substitution), elemental analysis confirmed that ~0.6 and ~0.7 equiv-
alents of the copper remained bound to the final products for Cu-Rd
and Cu-C42A-Rd, respectively.

SDS-PAGE performed under reducing conditions showed a single
band of apparent molecular mass of ~6 kDa for both proteins, in line
with the results obtained for Fe-Rd and Fe—-C42A-Rd. The same result
was obtained for Cu-Rd (6 kDa) under non-reducing conditions, while
for Cu-C42A-Rd, in addition to the band of 6 kDa, were observed
bands of higher molecular mass (with prevalence for one with
~12 kDa) (Supplementary Material, Fig. S2). This result can be explained
by the formation of intermolecular disulfide bridges in the mutant
Cu-C42A-Rd, which do not occur in the wild type Cu-Rd. Therefore,
this suggests that the wild-type does not have the propensity to aggre-
gate due to the formation of an intermolecular disulfide bridge (see
the discussion below).

The UV-visible spectra of the intermediate products when copper
is incorporated under reducing conditions were obtained after desalting
and exposure to air. Copper is almost completely as Cu(Il) in Cu-Rd and
Cu-C42A-Rd after ~1 and 1.5 h, respectively, of aerial oxidation, as
determined from EPR spin quantification (0.9 spin/molecule for both
proteins). The spectrum of Cu-Rd (Fig. 3A) exhibits three absorption
bands at 355 nm (1900 M~ ! cm™ '), 432 nm (1500 M~ ! cm™ '), and
739 nm (650 M~ ! cm™!), and a shoulder around 490 nm. In the case
of Cu-C42A-Rd, the spectrum presents an absorption band at 627 nm
(430 M~!' cm™!) and a shoulder at 422 nm (Fig. 3B). These spectra
are different to those observed for a solution of Cu(Il)/DTT in the
absence of protein [37], indicating that the observed bands are not asso-
ciated with exogenous thiols which could compete with the cys ligands
for Cu(lI) or Cu(I).

The lowest energy bands are more intense than normally encoun-
tered for d-d transitions in Cu(Il) (~50 M~! cm™!) but significantly
less intense than the S(Cys) to Cu(ll) LMCT bands with ¢-values ca.
3000-5000 M~ ' cm~! that are observed for blue copper proteins
[3]. Copper(Il) model complexes with predominantly thiol coordina-
tion are very scarce in the literature, presumably because the thiol
ligands are prone to be reduced by the copper(Il) ion. Macrocyclic
thioether ligands have been used to make a series of Cu(Il) and
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Fig. 3. UV-visible spectra of Cu-Rd (A) and Cu-C42A-Rd (B) in 10 mM Tris-HCl,
pH 7.6, after desalting and 60 min exposure to air. Left and right scales correspond
to the solid and dash lines, respectively.

Cu(I) complexes where the Cu ion is coordinated by 3-5 sulfur atoms
[38]. In the Cu(lI) state these complexes adopt a more square-planar
or octahedral geometry (with additional solvent molecules coordinat-
ing the copper atom), while in the Cu(I) state the geometry is more tet-
rahedral. The electronic spectra of these complexes had a band around
565-675 nm with e-values ca. 800-2000 M~ ! cm™! that was sug-
gested to be a S to Cu(Il) LMCT band, similar to what is observed for
blue copper proteins. In contrast, in a Cu(ll) complex with a N3S3
cryptand ligand, a band at 622 nm with & of 550 M~ ! cm™' was
assigned to three overlapping d-d transitions [39]. For the bands of
Cu-Rd and Cu-C42A-Rd, a S(Cys) to Cu(ll) LMCT band seems most
likely but d-d transitions cannot be completely ruled out. In the former
case, the low intensity could come from a less favorable geometry for
electronic overlap comparably to blue copper proteins.

The EPR spectra of Cu-Rd and Cu-C42A-Rd are presented in Fig. 4.
Both indicate nearly axial symmetry, with well-resolved hyperfine
structure in the g region arising from interactions with the copper
nucleus (I = 3/2). Spectral simulations for Cu-Rd were performed
assuming roughly axial g-tensors, rhombic anisotropic hyperfine
coupling constants and fractional strains in both g- and A-tensors
(EPR parameters are given in Table 1). Simulation of the Cu-C42A-Rd
spectrum assumed axial and rhombic g- and A-tensors, respectively,
without strain. A comparison of the EPR results to those of synthetic
Cu(Il) complexes and Cu(Il)-proteins using the Peisach and Blumberg
diagrams [40] suggests a sulfur-rich environment for both Cu-Rd
and Cu-C42A-Rd in square planar environments, consistent with the
UV-visible spectra. It is likely that the Cu(ll) ions are coordinated
to all available sulfur ligands, i.e. 4 Cys for Cu-Rd and 3 Cys for Cu-
C42A-Rd. Although the g-difference between Cu-Rd and Cu-C42A-
Rd is only of the order of 0.01, the larger g-value for Cu-C42A-Rd is
suggestive of a less rich sulfur environment. A Cu(S-Cys), environment
has been observed in the copper-containing Atox1 protein, in which
copper is found as Cu(I) [8]. The latter also suggests that a Cu"(S-Cys)4
environment is not stable, as discussed below.

g-factor

2.3 i 22 ' 2.1 . 2 . 1.9
Cu-Rd exp
sim

Cu-C42A-Rd
exp
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3000 3200 3400 3600
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Fig. 4. EPR spectra of Cu-Rd (upper) and Cu-C42A-Rd (lower) in 10 mM Tris-HCl,
pH 7.6. Experimental conditions: temperature, 10 K; microwave frequency, 9.65 GHz;
modulation amplitude, 5.0 G; exp - experimental; sim - simulation.

3.3. Reactivity and stability of the copper centers in Cu-Rd and
Cu-C42A-Rd

The Cu(ll) forms of Cu-Rd and Cu-C42A-Rd were generated by
aerial oxidation of the initial Cu(I) species generated under reducing
conditions. These forms are also unstable and convert completely to
colorless and EPR-silent species after exposure to air for 6 or more
hours (EPR spectra as a function of the time are given as Supplemen-
tary Material, Fig. S1). This process is slightly slower for Cu-Rd than
for Cu—C42A-Rd. The fact that the Cu(Il) species are not stable indi-
cates that they have a Cu(Il)/Cu(I) redox potential higher than that
of the solution under aerobic conditions, i.e. >200 mV, and also sug-
gests that the structure of the Cu(l) species obtained immediately
after copper incorporation is different from the Cu(I) species obtained
upon longer standing. Since the sequential conversion of unstable
Cu(I)-Rd — unstable Cu(Il)-Rd — stable Cu(I)-Rd was performed in
air, the redox chemistry involved in the second step must necessarily
arise from an internal redox process.

In order to obtain further information, DTT was added under
anaerobic conditions to the stable form of Cu(I)-Rd to return it to
the initial potential at which the metal was incorporated. After air ex-
posure, the reddish brown Cu(Il)-Rd was again formed, consistent
with the recovery of the initial unstable form of Cu(I)-Rd. In contrast,
the same procedure applied to stable Cu(I)-C42A-Rd did not generate
the light blue color characteristic of unstable Cu(II)-C42A-Rd. This sug-
gests that the sulfur atom from cysteine 42 is essential for cycling the
redox process.

Scheme 1 rationalizes the observations for the wild-type protein.
The tetrahedral site Cu'(S-Cys), is generated under reducing condi-
tions but is oxidized to a square planar or distorted square planar
site Cu'(S-Cys), in the presence of O,. This is unstable due to internal

Table 1
Parameters used in the simulation of the EPR spectra of Cu-Rd and Cu-C42A-Rd.
Cu-Rd Cu-C42A-Rd

g, 2.181 (15) Ag, = —0.039 2.190 (40)
8y 2.034 (13) Ag, = —0.025 2.051 (56)
8x 2.026 (20) Agy = 0.251 2.042 (21)
A, 117 AA, = 0432 104
Ay 5 AA, = —0.124 52
Ax 31 AAy = —0.364 7

A-values (for ®*Cu) and line widths are given in Gauss. Ag and AA represent the g and A
strains, respectively. Line widths are given in parentheses. Simulated with both 53Cu
(69.2%) and %°Cu (30.8%). A-values for ®>Cu are 1.071 times larger than for ®3Cu.



236 A. Thapper et al. / Journal of Inorganic Biochemistry 127 (2013) 232-237

S-Cys
Cys-S S-Cys
| O, cdh
oyss—CHi—s.0ys 20N
S- -CvyS
-Cys Cys-S S-Cy
X 0,
DTT
- S_
CyS S\ Cy S\ (X S'CyS
cu'  or cl!
‘L'CyS LCyS -Cys

Scheme 1. Proposed changes in Cu-coordination environment during the reversible in-
ternal redox process of Cu-Rd.

redox reactions, leading to two-coordinate Cu'(S-Cys), or three-
coordinate Cu!(S-Cys),X centers (X = an unidentified endogenous
ligand). This assumes generation of an internal disulfide bond, consis-
tent with the ability of reductant DTT to regenerate the original
Cu'(S-Cys), site. It should be noted, however, that the Cu content of
the Cu(ll) forms and final Cu(I) protein products was not stoichio-
metric. Consequently, at least one step in these processes features a
competing side-reaction leading to a state that has lost Cu. The lower
number of available Cys sidechains for the C42A system means that
greater mechanistic uncertainties hold for this system and no reaction
mechanism can be suggested with the present data.

The redox process of Cu-Rd resembles the copper-catalyzed oxi-
dation of the metal-coordinating cysteine sulfur observed in folding
studies of azurin and plastocyanin [41,42]. The redox reaction observed
in these cupredoxins was described by a reversible equilibrium be-
tween native and unfolded molecules followed by a step leading to irre-
versibly denatured molecules. The redox equilibrium Cu(II)/Cu(I) has
also been observed and studied in copper macrocycle complexes [43].
Although the exact nature of the mechanism conducting these internal
redox processes remains unclear, our study shows that complex reac-
tions involving reversible and irreversible redox reactions in copper
proteins are associated undoubtedly with changes in copper coordina-
tion environment.

4. Conclusions

The first preparation and characterization of copper-substituted
forms of wild-type rubredoxin and of its variant C42A-Rd are reported.
The initial products are Cu(I) forms of the proteins, proposed to be
tetrahedral Cu'(S-Cys),, species (n = 4 for Cu-Rd and n = 3 for Cu-
C42A-Rd). These initial Cu(I) forms are unstable to aerial oxidation of
the copper site. The oxidized products can be assigned as square planar
Cu"(S-Cys),, species. The Cu(ll) forms are in turn susceptible to auto-
reduction by ligand S-Cys to produce stable Cu(I) final products. The
original Cu(l) center in the wild-type system can be regenerated by
reduction, suggesting that the active site can accommodate Cu'(S-Cys),
and Cys-S-S-Cys fragments in the final product. The loss of one S-Cys
ligand in C42A-Rd prevents a similar regeneration for its final Cu(I)
form.

The overall situation appears to be similar to that seen in copper
trafficking proteins, where Cu(l) is stabilized in two- or three-
coordinate geometries featuring Cys ligands, imposing a high reduc-
tion potential on the metal site which indicates redox instability of
the oxidized Cu'(S-Cys), site.
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