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ABSTRACT: Cysteine-to-serine mutants of a maltose binding protein fusion with the human copper chaperone
for superoxide dismutase (hCCS) were studied with respect to (i) their ability to transfer Cu to E,Zn
superoxide dismutase (SOD) and (ii) their Zn and Cu binding and X-ray absorption spectroscopic (XAS)
properties. Previous work has established that Cu(I) binds to four cysteine residues, two of which, C22
and C25, reside within an Atox1-like N-terminal domain (DI) and two of which, C244 and C246, reside
in a short unstructured polypeptide chain at the C-terminus (DIII). The wild-type (WT) protein shows an
extended X-ray absorption fine structure (EXAFS) spectrum characteristic of cluster formation, but it is
not known how such a cluster is formed. Cys to Ser mutagenesis was used to investigate the Cu binding
in more detail. Single Cys to Ser mutations, as represented by C22S and C244S, did little to affect the
metal binding ratios of hCCS. Both mutants still showed approximately 2 Cu(I) ions and 1 Zn ion per
protein. The double mutants C22/24S and C244/246S, on the other hand, showed Cu binding stoichiometries
close to 1:1. The Zn-EXAFS of WT CCS showed a 3-4 histidine ligand environment that is consistent
with Zn binding in the SOD-like domain II of CCS. The Zn environment remained unchanged between
wild type and all of the mutant CCS proteins. Single Cys to Ser mutations displayed lower activity than
WT protein, although close to full activity could be rescued by increasing the CCS:SOD ratios to 8:1 in
the assay mixture. The structure of the Cu centers of the single mutants as revealed by EXAFS was also
similar to that of WT protein, with clear indications of a Cu cluster. On the other hand, the double mutants
showed a greater degree of perturbation. The DI C22/25S mutant was 70% active and formed a cluster
with a more intense Cu-Cu interaction. The DIII C244/246S mutant retained only a fraction (16%) of
activity and did not form a cluster. The results suggest the formation of a DIII-DIII cluster within a
dimeric or tetrameric protein and further suggest that this cluster may be an important element of the
copper transfer machinery.

Copper chaperones are a class of proteins that sequester
and deliver copper to specific target enzymes that utilize
copper in their active sites. In the cell, free Cu(I) is oxidized
to Cu(II) and can undergo Fenton-like reactions, which can
generate radicals that may react with and oxidize larger
biopolymers and membrane lipids (1). Whereas cells must
maintain sufficient levels of total cytosolic copper, free
uncomplexed copper is very low, estimated to be less than
one copper atom per cell (2, 3). Copper chaperones provide
a dual function, ensuring adequate copper supply to their

target proteins from the pool of complexed cytosolic copper
and also protecting the cell from the possible toxic effects
of free copper ions. Many copper chaperones have been
discovered in the human cell, including the chaperone for
Wilson and Menkes disease proteins, Atox1 (4-9), the
copper chaperones for cytochromec oxidase, SCO1 (10-
12), COX11 (13-15), and COX17 (16-19), and the copper
chaperone for superoxide dismutase, CCS1 (20-24).

Cu,Zn superoxide dismutase (SOD) is the target enzyme
of CCS. SOD is a 32 kDa homodimeric protein that contains
a redox-active Cu site and a structural Zn site (25, 26). SOD
catalyzes the disproportionation of the superoxide anion (27),
a toxic byproduct of oxygen chemistry. The Cu(II) ion in
SOD is bound to four histidines and one solvent molecule,
while the zinc ion is bound to three histidines and one
aspartate residue. On reduction the Cu(I) center becomes
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3-coordinate, losing a water and the bridging imidazolate
ligand (28). One of the unusual features of Cu,Zn SOD is
its strong dimer interface. The dimerization of SOD has been
shown to resist temperatures of up to 100°C, 8 M urea, and
1% SDS (29).

Unlike its target, CCS is a three-domain protein (Figure
1) (21-23, 30). Domain I (DI, residues 1-85) is homologous
to Atox1, the chaperone for Wilson and Menkes disease
proteins, and contains the metal binding motif MXCXXC
(MTCQSC in hCCS), common among copper chaperones.
DI is thought to sequester copper under metal starvation
conditions. Domain II (DII, residues 86-234) is the SOD-
like domain and has been hypothesized to play a role in SOD
recognition. With the exception of mammalian species, SOD
metal-binding sites are not conserved in the DII region of
most known forms of CCS. Domain III (DIII, residues 235-
274) is a short C-terminal tail that contains the metal-binding
motif CXC (CSC in hCCS) and is thought to be the structural
element that delivers copper to SOD (23, 30).

Previous work on the yeast CCS showed that apo-yCCS
is a monomer while Cu-yCCS exists in a monomer/dimer
equilibrium (30). A crystal structure of yCCS showed a
homodimer, with a dimer interface in DII similar to that of
the SOD dimer interface (31). Unfortunately, this structure
was uninformative as to the coordination of bound copper
ions, since the DI metal-binding motif was present as a
disulfide, while DIII was disordered. Further work with
yCCS and H48F ySOD, a mutant that is unable to bind
copper, showed that the yCCS and the mutant SOD formed
a 48 kDa species upon gel filtration, which is the mass
expected for the heterodimer (24). Crystallization of the

yCCS-H48FSOD complex showed a heterodimer associated
via the same residues used to form the dimer interfaces of
the individual homodimers of SOD and DII of the CCS, but
again, no metal ions were bound in the structure (32). The
structure also showed a disulfide bond between yCCS
Cys229 (Cys244 in hCCS) and SOD Cys57. In wild-type
SOD, Cys57 forms a disulfide bond in the metal-binding
loop of the Cu and Zn site, and it has been further suggested
that CCS may catalyze the formation of this critical disulfide
bond in SOD (33-35).

Unlike many other species, human CCS (hCCS) retains
most of the SOD metal-binding residues in DII with the
exception of one of the copper-binding histidines (H120 in
SOD) which has changed to an aspartate residue (D201) in
CCS. A truncated form of the protein containing domain II
only has been studied by X-ray crystallography, and shows
a homodimer with one zinc bound by the conserved metal
ligands in each monomer (36). Notwithstanding, the absence
of copper bound in any of the structures emphasizes how
little is known about the coordination of the Cu(I) metal sites
of the protein. Our previously reported X-ray absorption
spectroscopic (XAS) data of fully reduced hCCS suggested
the presence of a copper cluster, where each copper was
coordinated by three cysteinyl S scatterers at 2.24 Å with a
prominent Cu-Cu interaction at 2.73 Å (37). We proposed
a Cu(I) binding site composed of a dinuclearµ2-cysteinyl-
bridged cluster formed between the metal-binding cysteines
in DI and DIII. The ability of DI and DIII to interact in this
way was reinforced by a study of Co(II) binding to tomato
CCS suggesting that Co(II) bound in a distorted tetrahedral
environment to the cysteine ligands of both domains (38).

To continue our work on hCCS, we report here Zn-EXAFS
of the wild-type protein as well as Cu-EXAFS on a variety
of mutants of hCCS (C22S, C244S, C22/25S, and C244/
246S). Also, we measured the ability of WT hCCS and its
mutants to transfer copper to hSOD. This work showed that
while zinc binding remained unchanged from wild type to
mutant, the copper binding changed dramatically in the
double mutants. The changes in the copper environment
suggested that the two copper ions are bound to two different
sites within the hCCS protein. Site-directed mutagenesis of
the DI and DIII cysteine residues suggests that one Cu(I) is
bound to DI in a three-coordinate geometry composed of
two cysteines and one exogenous ligand, while a second
copper forms an intermolecular cluster between DIII of two
different hCCS monomers.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of hCCS and rSOD.
hCCS cDNA was PCR-amplified from a human fetal brain
cDNA library by use of primers at the 5′ and 3′ terminus
(5′-GGCCTACCGCGGTATGGCGACGAAGG-3′ and 5′-
CCAAGGGAATGTTCCATGGGCGATC-3′). The cDNA
was cloned into the pMAL-c2X expression vector (New
England Biolabs) by use of restriction sitesEcoRI and
HindIII introduced in the 5′ and 3′ PCR primers, respectively
(39). Mutagenesis was carried out by an overlap extension
approach. Primers were designed to substitute single cys-
teines with serines. Each single amino acid substitution was
cloned into the pMAL-c2X vector and expressed as above.
Additionally, two double serine mutants were also con-

FIGURE 1: Domain structure of CCS. The figure shows a ribbon
diagram of the crystal structure of yCCS (PDB file 1QUP) with
domain I (DI) shown in magenta and domain II (DII) shown in
blue. Domain III (DIII), which is disordered in the crystal structure,
is represented by the green arrow. The sequence of human CCS
corresponding to the three domains is shown below with the same
color code. The metal-binding cysteine motifs are underlined.
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structed and expressed. All expression constructs were
confirmed by automated DNA sequence analysis.

The fusion protein contained an N-terminal maltose
binding protein (MBP) tag (for purification on an amylose
resin) of 48 kDa containing no metal binding sites, connected
to the 29 kDa hCCS construct by a 3 kDa arginine-rich linker
legion. The expression was designed to start at the ATG start
codon in MBP and stop at the TGA stop codon after the
C-terminus of hCCS. The full expression is 666 amino acids
long.

The maltose binding protein-hCCS fusion protein (MBP-
hCCS) was expressed in theEscherichia colistrain BL21
(DE3) (Novagen) (BL21) after induction with isopropyl thio-
â-D-galactoside (IPTG) in the presence of 500µM CuSO4

and 500µM ZnSO4. The cells were lysed with a French
pressure cell press (SLM-Aminco). The MBP-CCS fusion
protein was purified from the soluble portion on an amylose
column. The amylose resin (New England Biolabs) was
packed into an XK 16/20 column with an AK 16 adaptor
(Amersham Pharmacia Biotech). Buffer flow into the column
was controlled with a peristaltic pump, and the hCCS fraction
leaving the column was monitored with a UV-1 single-path
monitor (Amersham Pharmacia Biotech). When necessary,
the protein was concentrated with an Amicon Centricon
ultrafiltration cell.

Recombinant human SOD (rSOD) was cloned as aSapI-
NdeI fragment generated by PCR amplification of a cDNA
clone obtained from Genome Systems (GB Accession
Number AA702004). PCR primers that contained the restric-
tion sitesSapI (5′) andNdeI (3′) were used to amplify SOD
cDNA. This PCR fragment was cloned into the intein
pTXB-1 vector from New England Biolabs.

Recombinant human SOD was expressed in theE. coli
strain ER2566 (Novagen) after induction with IPTG in the
presence of 500µM ZnSO4. The cells were lysed with a
French pressure cell press. Recombinant human SOD was
purified from the soluble portion with a chitin column. The
chitin beads (New England Biolabs) were packed into an
XK 16/20 column with an AK 16 adaptor and washed with
10 volumes of 50 mM sodium phosphate buffer and 500
mM sodium chloride, pH 7.2 (column buffer). The soluble
portion was diluted three times with column buffer and run
over the chitin column. The column was washed with another
10 volumes of column buffer followed by 3 volumes of
column buffer plus 5 mM 2-mercaptoethanesulfonate (cleav-
age buffer). One volume of cleavage buffer was then added
to the column and allowed to sit overnight. The cleavage
buffer was removed from the column as the first fraction
and another 3 volumes of cleavage buffer were added to the
column. All of the fractions were saved and combined. When
necessary, the protein was concentrated with an Amicon
Centricon ultrafiltration cell. The purified protein contained
one Zn ion per monomer, and was presumed to be the E,Zn
form. Fully metal-loaded Cu,Zn-SOD was obtained by
adding excess CuSO4 to the E,Zn-SOD followed by exhaus-
tive dialysis against Cu-free column buffer.

Protein and Metal Analysis. Protein concentration was
measured by Bradford and bicinchoninic acid-based assays
(Sigma). The accuracy of the Bradford assay was tested by
comparison to amino acid concentration analysis performed
by the AAA Service Laboratory, Boring, OR. It was found
that a correction factor of 1.05 was necessary when protein

was determined by the Bradford method with bovine serum
albumin as standard. Copper was measured by bicinchoninic
acid-based assay (Sigma) or by atomic absorption/emission
spectrophotometry on a Varian-Techron AA-5 atomic ab-
sorption spectrophotometer or on a Perkin-Elmer Optima
2000 DV inductively coupled plasma optical emission
spectrophotometer (ICP OES). The oxidation state of the
copper was determined by electron paramagnetic resonance
spectroscopy (EPR) versus a Cu(II)-ethylenediaminetet-
raacetic acid (EDTA) standard on a Bruker Elexys 500 EPR
spectrometer. The zinc concentration was measured by
atomic absorption spectroscopy and ICP OES spectroscopy.

SOD Reconstitution Assays. The ability of CCS to transfer
copper to SOD was investigated by incubation of CCS with
E,Zn-SOD for 15 min at 37°C in a buffer of 50 mM sodium
phosphate containing 10µM bathocuproin sulfonate and 10
µM EDTA at pH 7.8. The activity of the SOD was then
measured by its ability to inhibit the reduction of cytochrome
c by superoxide generated by the xanthine/xanthine oxidase
reaction (27).

XAS Data Collection and Analysis.Cu K-edge (8.9 keV)
and Zn K-edge (9.6 keV) extended X-ray absorption fine
structure (EXAFS) and X-ray absorption near edge structure
(XANES) data for the hCCS and the hCCS mutants were
collected at the Stanford Synchrotron Radiation Laboratory
operating at 3 GeV with currents between 100 and 50 mA.
All samples were measured on beam line 9-3 by use of a
Si[220] monochromator and a Rh-coated mirror upstream
of the monochromator with a 13 keV energy cutoff to reject
harmonics. A second Rh mirror downstream of the mono-
chromator was used to focus the beam. Data were collected
in fluorescence mode on a high-count-rate Canberra 30-
element Ge array detector with maximum count rates below
120 kHz. A 6µ Z-1 metal oxide (Ni, Cu) filter and Soller
slit assembly were placed in front of the detector to reduce
the elastic scatter peak. Nine scans of a sample containing
only sample buffer (20 mM NaPO4 and 500 mM NaCl, pH
7.0) were collected at each absorption edge, averaged, and
subtracted from the averaged data for the protein samples
to remove Z-1 Kâ fluorescence and produce a flat pre-edge
baseline. This procedure allowed data with an excellent
signal-to-noise ratio to be collected down to 100µM total
copper in the sample. The samples (70µL) were measured
as aqueous glasses (>20% ethylene glycol) at 15 K. Energy
calibration was achieved by reference to the first inflection
point of a copper foil (8980.3 eV) for Cu K-edges and a
zinc foil (9660.0 eV) for Zn K-edges, placed between the
second and third ionization chamber. Data reduction and
background subtraction were performed with the program
modules of EXAFSPAK (40). Data from each detector
channel were inspected for glitches or drop-outs before
inclusion in the final average. Spectral simulation was carried
out with the program EXCURVE 9.2 (41-44) as previously
described (37, 45) or with the OPT module of EXAFSPAK
with the theoretical phase shifts and amplitude functions
calculated by FEFF 8.0 (46). Both programs gave equivalent
results.

RESULTS

Human CCS was expressed as a maltose binding protein
fusion. Wild-type hCCS and four mutant proteins carrying
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Cys to Ser mutations on the putative metal-binding cysteine
residue of the DI CXXC and DIII CXC motifs were purified
on amylose affinity columns in yields between 15 and 30
mg/L of culture. The presence of the N-terminal maltose
binding protein purification tag did not affect either the
activity or spectroscopic properties of the WT protein, since
an untagged hCCS construct expressed in an intein vector
displayed identical properties (data not shown).

Metal Binding.WT hCCS expressed in the presence of
500µM CuSO4 and 500µM ZnSO4 purified with 1.85 Cu(I)
and 0.91 Zn atoms/protein (Table 1). This was compared to
previous methods of expression (37) where zinc was not
included during induction and the protein purified with>3
copper ions, a significant amount of which was in the Cu(II)
form. In these earlier studies, reduction with dithionite
followed by exhaustive dialysis was necessary to remove
the “adventitious” cupric ions, after which the protein bound
2 Cu(I) ions/protein molecule. In the present study, addition
of zinc to the induction medium eliminated the need for any
postpurification reduction and produced a protein that
purified with 2 coppers/hCCS (see Table 1).

The single mutants, C22S and C244S, were found to have
similar metal-binding capacities to the WT protein when
expressed under the same conditions. C22S purified with 1.60
Cu and 0.72 Zn, while C244S contained 1.66 Cu and 0.87
Zn/protein. The most noticeable difference was observed with
the double mutants, C22/25S and C244/246S. In both of these
mutants zinc binding remained unchanged but copper binding
dropped to 1 Cu/protein. C22/25S had 0.91 Cu and 0.86 Zn/
protein, and C244/246S contained 0.92 Cu and 0.95 Zn/
protein.

ActiVity. The activity of CCS is expressed as the increase
in SOD activity (relative to E,Zn-SOD) after incubation of
SOD with hCCS at 37°C for 15 min, where a unit of SOD
is defined as the amount of SOD needed to reduce by 50%
the rate of reduction of cytochromec by xanthine/xanthine
oxidase under standard conditions (27). To test the effect
on activity of varying the CCS:SOD ratio, the ratio of hCCS
to SOD in the incubation mixture was increased from 0 to
3.0 CCS:SOD in 10 aliquots. The activity maximum was
reached at a ratio of 1 hCCS:1 SOD (data not shown). At
this ratio, WT CCS was able to restore 1276 units/mg to
E,Zn-SOD (Table 1). When E,Zn-SOD was dialyzed against
free cupric ion as described under Experimental Procedures,
1400 units of activity were recovered. Thus incubation with
CCS was able to restore 91% of SOD activity. When the
time of incubation of hCCS with SOD was varied, SOD
reached its maximum activity in less than 5 min (the time
necessary to complete the assay measurement).

When the DI single mutant C22S was incubated with
E,Zn-SOD under standard conditions it gave an activity 33%

of WT CCS, at a concentration ratio of 1:1 CCS:SOD and
an incubation time of 15 min. Increasing the concentration
of C22S CCS increased the activity until a maximum was
reached at an 8:1 ratio of C22S CCS to E,Zn-SOD. Under
these conditions, incubation for 15 min gave an SOD activity
of 1056 units/mg, 83% of WT activity. Keeping the ratio of
C22S CCS and E,Zn-SOD at 1:1 and increasing the incuba-
tion time had no effect on maximum activity.

When the DIII single mutant C244S was incubated with
E,Zn-SOD under standard conditions, it showed an activity
31% that of WT hCCS. Increased incubation time had little
effect on the activity of C244S CCS, but increasing the
concentration ratio of the C244S mutant 8 times in the
incubation mixture increased the activity of SOD to about
87% that of wild type (1110 units/mg).

The DI double mutant, C22/25S, reduced the SOD activity
to 76% that of wild-type CCS with an activity of 964 units/
mg. Both increasing time and concentration had little effect
on the activity of this mutant. On the other hand, the DIII
double mutant, C244/246S, was only able to restore 16% of
the activity of the wild-type protein. Neither increased
concentration nor increased incubation time could rescue the
activity of this DIII mutant.

Zn K-Edge XAS.Figure 2 shows experimental and
simulated Zn-EXAFS of the Zn center in WT hCCS. The
data fit well to a 4 O/N shell at 1.983 Å with histidine
multiple scattering from 3( 1 histidines (Table 2, fit A).
The fit is improved by including an additional lowZ scatterer,
suggesting that in contrast to the SOD homologue, the Zn
center of CCS may recruit an additional ligand. The improved
fit (Table 2, fit B) has a more reasonable Debye-Waller (DW)
value for the nonhistidine shell. The data are similar to
spectra reported previously for the Zn center in Cu/Zn-SOD
(28, 47, 48) and most likely represent a three histidine/one
aspartate coordination environment as expected from the
crystal structures of hCCS DII (36).

Cu K-Edge XAS.The Cu XAS of the WT protein (Figure
3) has an edge jump at 8980.2 eV with an edge feature at
8983.3 eV. The position of the edge jump is typical of Cu(I)
species (confirmed by the absence of EPR signal). The
energy of the edge jump and the 8983 eV edge feature is
invariant from the WT protein to the mutants, but some
variation in the intensity of the 8983 eV transition was

Table 1: Metal Binding Properties and Metal Transfer Activities of
hCCS and Its Mutants

Cu/P Na Zn/P Na % activityb Na

wild type 1.85( 0.10 12 0.91( 0.08 9 91.1( 5.3 12
C22S 1.60( 0.28 5 0.72( 0.13 5 82.8( 3.4 5
C244S 1.66( 0.10 5 0.87( 0.04 5 87.0( 6.1 5
C22/25S 0.91( 0.12 4 0.86( 0.07 4 75.5( 4.4 4
C244/246S 0.92( 0.10 5 0.95( 0.08 5 15.9( 4.0 2

a N represents the number of determinations of the parameter to the
left in the table.b Percent maximum activity as compared to Cu,Zn-SOD.

FIGURE 2: Experimental (s) and simulated (---) Fourier transform
and EXAFS (inset) for the Zn K-XAS of wild-type hCCS.
Parameters used for the simulation are listed in Table 2.
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observed (decreasing in the order WT> C22/25S> C22S
> C244S> C244/246S).

Previous EXAFS studies on the Cu sites of CCS (37)
isolated from cells grown without added zinc showed a mixed
environment with both copper-sulfur and copper-histidine
coordination. Reduction with either sodium dithionite or
dithiothreitol followed by dialysis to remove the reductant
resulted in loss of the copper-histidine component and a
decrease in Cu:CCS stoichiometry from 3.5 to 2 coppers/
protein. We interpreted these observations as evidence that
copper could bind to histidine residues in DII, at either of

the sites that resembled the copper and zinc sites of SOD.
In the present study, growing the cells in the presence of
500 µM Zn2+ produced a protein with 1 Zn and 2 Cu ions/
CCS. Figure 3 shows the Cu K-EXAFS of the two-copper
protein. The characteristic beat patterns of imidazole in the
k ) 3-5 Å-1 (45) are absent, and the spectrum is dominated
by intense scattering from Cu-S interactions. Simulation of
the data by curve-fitting protocols was carried out with the
two-shell model obtained previously, viz., 3 Cu-S at∼2.26
Å and 1 Cu-Cu at∼2.7 Å. Good fits were obtained with
the first shell as a sulfur scatterer at 2.256 Å and the second
shell consisting of a copper at 2.712 Å (Table 2, fit A).

Despite the mutation, the Cu-EXAFS of the single mutants
remained comparable to that of the wild-type protein. Figure
4a compares the experimental (phase-corrected) Fourier
transforms of WT protein and the two single mutants. In
the C22S mutant, an excellent fit to the EXAFS was obtained
with parameters almost identical to WT (Table 2, fit B). It
was also possible to achieve a comparable fit by reducing
the sulfur shell toN ) 2.5 and adding 0.5 oxygen at 2.043
Å (Table 2, fit C). The C244S mutant Cu-EXAFS was almost
identical to that of the C22S mutant. No significant changes
were observed in the Cu environment from that of WT, and
the C244S data could be adequately simulated with param-
eters identical to those obtained for the WT simulation within
experimental error (Table 2, fit E). Again, a slightly better
fit was obtained when 0.5 O scatterer was included at 2.052
Å and the Cu-S shell occupancy was reduced to 2.5 (Table
2, fit F). It should be noted that the Cu-O and Cu-S
contributions to the EXAFS are almost perfectly in phase
over a significant part of the data range, such that the Cu-O
and Cu-S shell occupancy is highly correlated. For this
reason, the data do not easily distinguish between fits that

Table 2: Fits Obtained to the Zn-EXAFS of the Cu(I)-Loaded
hCCS by Curve-Fitting with the Program EXCURV 9.2

Zn-Hisa Zn-O/N

no.b Rc (Å) DWd (Å2) no.b Rc (Å) DWd (Å2) E0

Fit A, F ) 0.702e

3 NR 1.983 0.0025 1 2.011 0.0005 -5.83
3 Câ 2.81 0.0060
3 Câ 2.99 0.0060
3 Nγ 4.18 0.0060
3 Cγ 4.22 0.0060

Fit B, F ) 0.549e

3 NR 1.958 0.0030 2 2.027 0.0015 -6.10
3 Câ 3.00 0.0050
3 Câ 2.85 0.0050
3 Nγ 4.19 0.0075
3 Cγ 4.22 0.0075

a Fits modeled histidine coordination by an imidazole ring, which
included all single and multiple scattering contributions from the first
shell (N1) NR), second shell (C2/C5) Câ) and third shell (C3/N4)
Cγ/Nγ) atoms, respectively. The histidine ligands were modeled by use
of idealized imidazole ring geometry with Zn-N1-C2/C5 angles)
(127° and Zn-N1-C3/N4 angles) (163°. b Coordination numbers
are generally considered accurate to(25%. c In any one fit, the
statistical error in first-shell bond lengths is(0.005 Å. (For outer-
shell bond lengths the error is larger,(0.05 and 0.2 Å for the Câ and
Cγ/Nγ shells respectively.) When errors due to imperfect background
subtraction, phase-shift calculations, and noise in the data are com-
pounded, the actual error in first-shell distances is probably closer to
(0.02 Å. d The DW factors are listed asσ2 values rather than the 2σ2

values output by the EXCURVE program.e F is a least-squares fitting
parameter defined asF2 ) (1/N) ∑i)1

N k6 (data- model)2.

FIGURE 3: Experimental (s) and simulated (---) Fourier transform
and EXAFS (top inset) for the Cu K-XAS of wild-type hCCS.
Parameters used for the simulation are listed in Table 3, fit A.
Bottom inset: XANES region of the XAS spectrum.

FIGURE 4: Comparison of the experimental Fourier transforms of
single and double mutants of hCCS. (a) Wild type (s), C22S (---),
and C244S (‚‚‚); (b) wild type (s), C22/25S (---), and C244/246S
(‚‚‚).
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include Cu-O contributions from those containing only
Cu-S scatterers.

The DI double mutant (C22/25S) was also found to have
a large second-shell feature. A good fit was obtained for its
Cu-EXAFS with a first shell of three sulfur atoms at 2.259
Å and a second shell of a copper at 2.712 Å. Experimental
and simulated EXAFS and Fourier transforms for this mutant
are shown in Figure 5a. The largest difference between the
wild type and C22/25S Cu-EXAFS was a significant increase
in the intensity of the Cu-Cu peak, which was simulated
by a decrease in the DW (σ2) factor of the Cu-Cu shell
from 0.0045 Å2 to 0.0025 Å2 (Table 2, fit I). The near 50%
decrease in the Cu-Cu DW prompted us to explore fits that
included two Cu scatterers at the 2.7 Å distance. For the
C22/C25S double mutant, two copper scatterers fitted better
than one, leading to a decrease in F from 0.475 to 0.382
(Table 3, fit J) with a Cu-Cu DW which now matched that
observed for the WT protein. It was also found that the C22S
and C244S single mutant data could be fit with more than

one Cu scatterer at 2.7 Å (Table 3, fits D and G), but in
these cases, no improvement inF was observed. This may
signal that the cluster which gives rise to the second-shell
Cu-Cu interaction in the C22/C25S DI double mutant may
involve a nuclearity greater than 2.

The DIII double mutant C244/246S was the only mutant
to show a loss of the second-shell feature. The Fourier
transform of C244/246S (Figure 4b) shows a single peak
centered around 2.2 Å with a reduced intensity relative to
WT, and a small shift in the peak maximum to lowerR.
These changes could represent either a lower coordination
number [due to Cu(I) binding to the two Cys residues of DI
only] or the presence of a lowZ scatterer accompanying
Cu-S ligation. The similarity in the intensity of the 8983
eV 1sf 4p transition to WT and to the C22/C25S mutant
(Figures 3 and 5a) indicates that the C244/C246S is most
likely 3-coordinate, since 2-coordinate sites give rise to more
intense 8983 transitions (49-52). The EXAFS spectrum is
well fit by two sulfur scatterers at 2.259 Å and one oxygen
at 2.012 Å (Table 2, fit L, and Figure 5b). A comparable fit
was obtained with three sulfur scatterers at 2.229 Å (Table
3, fit K), but this fit required a higher Cu-S DW factor than
for any other mutant and showed a decreased Cu-S distance.
Although a decreased Cu-S distance would be consistent
with 2-coordination, fits to the EXAFS data with just two
Cu-S interactions were unacceptable. Therefore, it seems
probable that the C244/246S DIII double mutant contains a
single Cu(I) coordinated to the Cys residues of the CXXC
DI motif with a further interaction with an exogenous O/N
(solvent) ligand.

DISCUSSION

In the present paper, we present new results on copper
binding, metal transfer activity, and spectroscopic charac-
terization of site-directed mutants of the copper chaperone
for superoxide dismutase. Since the published crystal struc-
tures do not contain bound copper, information in the
literature on the copper coordination has relied on EXAFS
spectroscopy (37) or been inferred indirectly from UV/vis
studies on Co(II)-bound forms of CCS (38). These studies
have suggested that pairs of Cys residuessC22 and C25 in
domain I and C244 and C246 in domain IIIsact as ligands
to Cu(I) in the copper-loaded WT CCS. To provide a more
detailed picture of the copper coordination in hCCS, we
embarked on studies of two Cys to Ser single mutants, C22S
and C244S, where a single Cys residue in each of the putative
Cu(I) binding sites was mutated. We also studied two double
mutants, C22/25S and C244/246S, in which both Cys
residues at each site were mutated to Ser. All of the mutants
were studied by X-ray absorption spectroscopy at the copper
and zinc K-edges, and the structures were compared with
those of the Cu and Zn centers in the WT protein.

In our earlier studies, in which hCCS was expressed
without supplementation of the medium with zinc, we
observed copper binding ratios in excess of 3 Cu/protein, a
proportion of which was shown by EPR to be oxidized Cu(II)
(37). Since the hCCS protein contains vestigial SOD-like
metal binding sites in DII and has been shown by crystal-
lography to bind Zn (36), we postulated that the extra copper
was bound within the DII metal binding sites. Dialysis
against either sodium dithionite or DTT decreased the copper

FIGURE 5: Curve fitting of the EXAFS of double mutants C22/
25S and C244/246S. Experimental (s) and simulated (---) Fourier
transform and EXAFS (top inset) for (a) C22/25S hCCS and (b)
C244/246S hCCS are shown. Parameters used for the simulation
are listed in Table 3, fits J and L, respectively. Bottom insets show
the XANES region of the spectra.
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to protein stoichiometry to 2:1 and resulted in all the copper
bound in the Cu(I) state. In the present study, we have shown
that simple addition of 500µM zinc + 500 µM copper as
divalent metal salts to the growth medium is sufficient to
populate the Zn site in DII and produces a WT protein with
1 Zn and 2 Cu atoms/monomer. This contrasts with other
work (23) where 1 mM CuSO4 supplementation of the
medium led to protein with copper binding stoichiometries
in the range 1-1.2.

Single Cys to Ser mutations, as represented by C22S and
C244S, did little to affect the metal binding ratios of hCCS.
Both mutants still showed approximately 2 Cu(I) ions and 1
Zn ion/protein. The double mutants C22/25S and C244/246S,
on the other hand, showed copper binding stoichiometries
close to 1:1. Therefore, to perturb the metal binding of hCCS,
both Cys residues of the domain I or domain III metal
binding sites had to be eliminated.

EXAFS data at the Zn edge is consistent with the presence
of a single Zn bound to hCCS. Simulations imply a Zn site
composed of low-Z (O/N) scatterers, with 3-4 histidine
residues, and are fully consistent with Zn binding at the SOD-
like metal binding site in domain II. This finding is in
agreement with the crystal structure of the DII-truncation
hCCS (36). The number of bound Zn atoms changes little
between WT and the mutants. The Zn-EXAFS of the mutants
also show that the zinc is most likely bound in the conserved
SOD binding site and is insensitive to mutation of the copper
binding ligands. The role of Zn in the structure and
mechanism of hCCS was not further explored in this study.

The in vivo copper loading protocol developed in this
study allowed us to examine the Cu EXAFS of hCCS with
2:1 stoichiometry without the need for reductive removal of
metal bound to domain II. The XANES of the WT protein
was typical of trigonal copper(I)-thiolate species (51, 52),
and the absence of an EPR signal also supports the Cu(I)
assignment. No 8979 eV feature due to the quadrupole-
allowed 1sf 3d transition was observed. All of the spectra
showed an edge feature at 8983 eV, which is characteristic

of a Cu(I) species and has been assigned to a 1sf 4p
transition (49-52). EXAFS analysis of the WT protein gave
metrical parameters closely similar to those reported previ-
ously. The FT showed a strong outer-shell feature that we
and others have attributed to a Cu-Cu interaction within a
copper cluster. The simulations gave appropriate distances
for both the Cu-S and the Cu-Cu shells (51, 52).

In our previous study of the WT protein, we suggested
that the copper cluster was intramolecular and was formed
from a pair of trigonal Cu(I) centers in both DI and DIII,
with one terminal and two bridging cysteines on each copper.
EXAFS analysis of the mutant proteins has shed further light
on the copper coordination in each domain and the identity
of the copper cluster. Cu K-edge EXAFS data for the DI
and DIII single mutants (C22S and C244S) were similar to
those for the WT, and the parameters deduced for the WT
gave a very good fit to both single mutant spectra. This shows
that the single mutation of a Cys to Ser is not enough to
disrupt the copper-thiolate cluster, as observed previously
by Winge and co-workers in studies of the COX17 copper
chaperone (18). The data appear consistent with O from
serine replacing one or more S scatterers in the cluster, as
entirely equivalent fits were obtained if one S was replaced
by O (see Table 2). Thus, the Cys to Ser single mutants are
uninformative with respect to interpreting the coordination
chemistry.

The double mutants, on the other hand, showed much more
interesting behavior. Removal of the DI binding sites, as in
the C22/25S mutant, showed an EXAFS spectrum exactly
as expected for a fully trigonal copper-thiolate cluster. This
result argues that, in this mutant at least, the cluster cannot
be intramolecular but must be formed between two DIII CXC
binding sites within an hCCS dimer. Further, the only mutant
to show a loss of the cluster was the DIII double mutant,
C244/246S. This showed a much simplified EXAFS and
Fourier transform that lacked the outer-shell Cu-Cu feature
and could be fit by a simple 3-coordinate site with two sulfur
and one oxygen scatterers. Here the fit was improved by

Table 3: Fits Obtained to the Cu-EXAFS of Wild-Type Cu(I) hCCS and Its Cys to Ser Mutants with the Program EXCURV 9.2

Cu-S Cu-O Cu-Cu

fit Fa no.b Rc (Å) DWd (Å2) no.b Rc (Å) DWd (Å2) no.b Rc (Å) DWd (Å2) E0

Wild Type
A 0.332 3 2.256 0.0054 1 2.712 0.0045 -4.78

C22S
B 0.524 3 2.260 0.0050 1 2.704 0.0035 -3.92
C 0.510 2.5 2.270 0.0044 0.5 2.043 0.0020 1 2.712 0.0035 -5.96
D 0.480 2.5 2.270 0.0040 0.5 2.035 0.0020 2 2.716 0.0080 -5.98

C244S
E 0.548 3 2.251 0.0050 1 2.706 0.0048 -3.77
F 0.548 2.5 2.260 0.0047 0.5 2.052 0.0020 1 2.713 0.0035 -5.84
G 0.456 2.5 2.260 0.0043 0.5 2.045 0.0020 2 2.717 0.0080 -6.00

C22/25S
H 0.475 3 2.259 0.0049 1 2.712 0.0025 -4.48
J 0.382 3 2.260 0.0040 2 2.716 0.0055 -4.75

C244/246S
K 0.574 3 2.229 0.0074
L 0.568 2 2.259 0.0056 1 2.012 0.0035

a F is a least-squares fitting parameter defined asF2 ) (1/N) ∑i)1
N k6 (data- model)2. b Coordination numbers are generally considered accurate

to (25%. c In any one fit, the statistical error in bond lengths is(0.005 Å. However, when errors due to imperfect background subtraction, phase-
shift calculations, and noise in the data are compounded, the actual error is probably closer to(0.02 Å. d The DW factors are listed asσ2 values
rather than the 2σ2 values output by the EXCURVE program.
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the addition of one oxygen to the first shell, as would be
expected for an isolated 3-coordinate DI Cu(I) center with
two Cys residues and one solvent as ligands. The Cu-S
distances of 2.259 Å agree with previous data on trigonal
copper complexes. Taken together, these data strongly
suggest that the C22/C25S double mutant binds Cu(I) in a
structure composed of an hCCS dimeric or tetrameric
structure in which a cluster forms at the interface of two
DIII polypeptides, leaving the two DI metal sites monomeric.
The data do not inform as to whether the WT and single C
f S mutants bind Cu(I) in a similar intermolecular cluster,
in an intramolecular DI-DIII cluster as proposed previously,
or in an equilibrium between both.

EXAFS analysis gives a number of important clues to the
structural identity of cuprous thiolate clusters (51, 52). Cu-S
bond length and 8983 eV peak intensity are useful indicators
of coordination number, while the Cu-Cu distance and
intensity provide information on cluster nuclearity. Our data
provide strong support for trigonal Cu(I) centers, with one
or more Cu-Cu interactions within the cluster. Possible
cluster models are shown in Figure 6. The simplest case is
the dinuclear cluster shown in Figure 6a, with each Cu(I)
bound by one terminal and two bridging cysteine ligands,
previously suggested by us in WT CCS and by others in
Cox 11 (14, 15). However, a search of the Cambridge
database reveals no examples of a dinuclear trigonal Cu(I)
cluster in the inorganic literature [all such clusters have
4-coordinate Cu(I) geometry], and examples with other
metals (Fe, Zn) have longer M-M bond lengths (3.1-4.0
Å). Cu(I)-Cu(I) interactions of 2.7 Å are exhibited typically
in clusters such as those depicted in Figure 6b,c, which are
built from Cu3S3 fused rings. Our finding that the DIII-
DIII cluster fits better to nuclearities greater than 1 may
provide evidence for a more complex cluster geometry.
Further work will be required to investigate this possibility.

The WT protein was fully capable of activating SOD as
previously reported (23). When SOD was titrated with hCCS,
maximum activity was observed when the ratio of hCCS to
SOD was 1:1. If both coppers from CCS were transferring

to SOD, the expected ratio would be 1 hCCS:2 SOD since
there are two coppers per hCCS monomer but only one
copper per SOD monomer. This implies that although CCS
binds two coppers, it only transfers one of those coppers to
SOD. The only mutant to lose activity was the DIII double
mutant, C244/246S, which agrees well with other reports in
the literature that DIII is the site of transfer of copper to
SOD (23, 30, 35). The DI double mutant, C22/25S, retained
activity but at reduced levels and was not rescued with
increased time of incubation or an increase of hCCS to SOD
ratio. It is possible that DI acts to sequester copper from
other protein partners or from the intracellular matrix and is
not directly involved in transfer to SOD. Alternatively, it
could play some important structural or regulatory role.

The most puzzling results are those of the single mutants,
C22S and C244S, which show very similar activity profiles
to one another, even though they contain mutations in
different domains. Recent studies have suggested a new and
intriguing functional role for the CCS chaperone: Brown et
al. (34) showed that activation of SOD by hCCS required
the presence of either O2 or superoxide, while Furukawa et
al. (35) demonstrated a clear role for yCCS in the formation
of the essential ySOD disulfide. These studies have led to a
novel mechanism for O2-dependent posttranslational modi-
fication of SOD by CCS involving initial oxidative disulfide
formation within a heterodimeric CCS-SOD complex, in
which thiol and Cu(I) oxidation proceed at the CCS DIII
SOD interface. It is suggested that the products of the initial
CCS-SOD interaction undergo further processing, involving
copper transfer as Cu(II) and disulfide isomerization to
generate the SOD disulfide.

The crystallographically observed heterodisulfide between
yCCS C229 and SOD C57 offered powerful supporting
evidence in favor of this new mechanism (32). However, in
the present study, mutation of the homologous cysteine
(C244) to serine did not eliminate activity; rather it induced
an altered activity profile that could be fully rescued by
increasing the CCS concentration. This result suggests that
the mechanism must be more complex than simple oxidative
heterodisulfide formation, which is expected to be turned
off if one of the participating thiols is replaced by OH. It is
possible that another cysteine residue (C246 or possibly C144
in DII) could replace C244 in this step, but that seems
unlikely unless the docking between the two proteins is
conformationally mobile. Given the evidence for cluster
formation between two DIII segments of isolated CCS, it is
interesting to speculate that a similar cluster might form
between the cysteines of the CCS DIII and the SOD thiols
destined for disulfide formation. Indeed, such clusters appear
to be increasingly common in copper chaperone systems and
have been proposed as intermolecular cross-links in the
dimeric form of the cytochromec oxidase assembly protein
COX11 (14, 15).

The altered activity of the CCS single mutants could be
explained by other mechanisms. Our EXAFS data are
consistent with the possibility that hCCS can form two types
of clusters, an inactive intramolecular complex between DI
and DIII and an active intermolecular complex between two
DIII metal-binding regions. If the Cys to Ser single mutants
were unable to convert any DI-DIII complex into a DIII-
DIII complex, then only the percentage of the population of
hCCS that was in the DIII-DIII complex form would be

FIGURE 6: Possible cluster structures for the DIII-DIII interaction
in hCCS. (a) Bis-cysteine bridged dinuclear cluster. (b) Trinuclear
cluster based on a Cu3S3 hexagonal ring with one additional bridging
cysteine. (c) Cu4S6 tetranuclear cluster composed of three fused
Cu3S3 hexagonal rings.
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active. The part of the population stuck in the unproductive
DI-DIII form would be inactive. The only way to rescue
the activity would be to increase the concentration of hCCS
until the concentration of the hCCS in the DIII-DIII form
was equal to that of the concentration of SOD.

Although the interpretation of the Cys to Ser single
mutations is still unclear, our results point to a clear role for
the DIII Cu(I) complex in SOD activation. Present data also
support cluster formation in the active CCS-SOD complex,
since a monomeric Cu(I) DIII complex is unlikely to be
stabilized by a single Cys residue. Further work is underway
to probe these and other aspects of the CCS-SOD mecha-
nism.
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