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ABSTRACT: We report the semisynthesis of a selenocysteine (Sec) derivative of the human copper chaperone
for superoxide dismutase, substituted with Sec at the C-terminal C246 residue. Measurements of hCCS-
induced SOD1 activation were used to show that the C-terminal CXC sequence is both necessary and
sufficient for EZn-SOD maturation. Therefore, an active CAU variant carrying Sec as the terminal amino
acid was prepared by expressed protein ligation of a single selenocysteine amino acid to a 243-CA
truncation. This reaction proceeded in high yield and generated the desired 243-CAX (X = C or U)
protein with the expected mass. Se-edge XAS of the apoprotein indicated that both Se—S and Se—Se
interactions were present in a 0.3:0.7 ratio, indicating an equilibrium between species with either a
selenosulfide or a diselenide cross-link. After reduction on immobilized TCEP, the ligated Cys and Sec
apoproteins bound up to 2.5 Cu(I) ions per hCCS monomer with both Cu and Se as constituent atoms of
the cluster which forms at the domain 3 interface of a hCCS dimer. Merging of XAS data at the Cu and
Se K-absorption edges provided additional details of the cluster composition, specifically the fact that
both Se atoms occupied bridging positions between two Cu(I) atoms. Further, the requirement for identical
Cu—Se bond lengths and Debye—Waller factors at each absorption edge allowed us to rule out simple
models for the cluster composition such as a bis-Cys(Sec)-bridged dinuclear cluster and was indicative of

a more complex cluster with a nuclearity of =3.

The human copper chaperone for Cu,Zn-superoxide dis-
mutase (hCCS),' the largest of the identified copper metal-
lochaperones, is a 27 kDa three-domain protein which
functions in the maturation of its target, Cu,Zn-superoxide
dismutase(SOD1)(/—4). Biochemical (5, 6) and crystallographic (7—10)
studies have provided important details about the structural
and functional properties of the individual domains of hCCS
as shown in Figure 1. Like other copper metallochaperones,
CCS domain 1 (D1, residues 1-85) contains the Cu(I)-
binding MXCXXC motif. The function of this domain is
unclear, and while studies in yeast suggest that it is only
functionally important under limiting copper conditions (6),
it appears to be essential in mammalian species (/7). Domain
2 (D2, residues 86-234) of CCS is similar to SODI,
containing six of the seven amino acids necessary for binding
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of Cu and Zn. Due to substitution of a His residue with Asp,
D2 is not able to bind Cu, but a gain of SOD1 activity is
observed when the Asp is mutated to a His (/2). Crystal
structures of yeast CCS (yCCS) and human (hCCS) proteins
reveal that the apoprotein dimerizes along a SOD-like
D2—D2 dimer interface (7, 9, 10) and that this interface is
also involved in recognition and binding of the SODI
partner (5, §). Domain 3 (D3, residues 235-274) contains a
CXC Cu(I)-binding motif which is absolutely required for
the metal transfer activity of the protein (5, 6, 13, 14). The
D3 polypeptide is disordered in the yCCS structure but
becomes visible in the yeast heterodimeric complex formed
between yCCS and the H48F variant of ySODI (8).

The original mechanism introduced by Rae et al. (15)
suggested that the transfer process occurs via formation of
a heterodimer of CCS and SODI. It was suggested that a
copper complex formed at the CXC D3 site became
intercalated into the empty SOD1 catalytic (Cu) site and that
transfer proceeded via ligand exchange. A crystal structure
of SOD1 H48F in complex with yCCS revealed that SOD1
interacted with the CCS metallochaperone to form a complex
comprising one monomer of each protein (8). The function-
ally essential D3 C-terminus of yCCS was shown to be well-
positioned to play a key role in the metal ion transfer
mechanism and surprisingly was linked to SODI by an
intermolecular disulfide bond. Further investigations sug-
gested that SOD1 activation by CCS was a redox process
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FIGURE 1: Domain structure of CCS. Ribbon diagram of the crystal
structure of yCCS (taken from Protein Data Bank entry 1JK9 for
the yCCS—SOD heterodimer showing domain 3 as ordered).
Domain 1 (D1) is colored pink, domain 2 (D2) blue, and domain
3 (D3) green. The sequence of hCCS up to residue 252 corre-
sponding to the three domains is shown above, color-coded as
follows: D1 in pink, D2 in blue, and D3 in green. The metal binding
cysteine motifs are underlined.

dependent on the presence of O, and that in vivo, CCS
converted the reduced E,Zn%" form to the mature Cu,Zn5—5
active enzyme (/6, 17). Thus, SOD1 maturation occurred
by a disulfide isomerase activity of CCS, most likely
proceeding via the intermediacy of the mixed CCS—SODI1
disulfide between SOD1 C57 and yCCS C229 which is
observed in the CCS—SOD1 H48F heterodimer crystal
structure. However, the absence of bound copper in any of
the crystal structures on which this mechanistic model was
built prevented the role of copper in the process from being
further delineated.

In a number of studies from our laboratory, we have used
X-ray absorption spectroscopy (XAS) to probe the binding
of copper to hCCS and to investigate the relationship between
Cu coordination and metal transfer activity. Copper binding
and XAS studies have been carried out on WT hCCS (I8)
and Cys to Ser single and double mutants of the D1 CXXC
and D3 CXC motifs in a maltose binding protein fusion (/3).
Analogous experiments have also been pursued in an
untagged hCCS isolated using an intein self-cleaving vector
(14), this time using Cys to Ala mutations. These studies
identified the coordination chemistry at each of the D1 and
D3 Cu(I) binding sites, specifically that Cu(l) forms a
monomeric three-coordinate CuS,X (X = exogenous thiol
or solvent) complex at the MTCQSC site in D1 but forms a
multinuclear cluster at the interface of two D3 polypeptides.

Biochemistry, Vol. 47, No. 17, 2008 4917

Analysis of the intensity of the Cu—Cu cluster interaction
in the Cys to Ala variants suggested that the nuclearity of
the cluster was greater than 2 and was most consistent with
a CusS¢ adamantane-type species. The XAS data in conjunc-
tion with studies of oligomerization equilibrium as a function
of copper loading led to an alternative model for hCCS
function in which Cu(I) binding converts the apo dimer with
a D2—D2 interface to a new dimer connected by cluster
formation at two D3 CSC motifs. The predominance of dimer
over tetramer in the cluster-containing species strongly
suggested that the D2 dimer interface remains open and
available for sequestering a SOD1 monomer. The work
implicated the copper cluster in the reactive form but fell
short of providing any mechanistic detail about the reactivity
of the cluster in the redox-driven copper/thiol—disulfide
exchange between hCCS and its SOD1 partner.

If SOD activation is correlated with cluster formation, then
it follows that the chemistry of the activation process is likely
to depend critically on the cluster composition and geometry.
To date, Cu K XAS is the only spectroscopic technique to
reveal the existence of the Cu(I) cluster, yet even here, the
details of cluster nuclearity and structure remain sketchy.
Ligand-directed XAS probes (such as Se) can provide
important additional information about metal coordination (19, 20).
In previous work, we reported a Sec-substituted azurin
derivative, where Se EXAFS was used in conjunction with
the Cu EXAFS to provide important new information about
the cupredoxin site (27). In this work, we extend this
approach and report the semisynthesis of hCCS substituted
with selenocysteine to produce a CXU motif in D3. The
protein binds Cu(I) to produce the first example of a
multinuclear Cu(I) cluster containing a Cu—Se bond in a
protein. We further demonstrate the utility of the ligand-
directed approach via merging Cu and Se EXAFS data to
produce additional structural detail on the cluster. Addition-
ally. the Se-substituted CCS variant will provide a powerful
new tool for studying metal transfer from hCCS to its partner
SOD, via Se-XAS observation of the loss of copper from
the Se environment of CCS.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of hCCS Mutants
and hSOD]. Full-length-sequence-containing plasmids were
produced as follows. hCCS cDNA was PCR-amplified from
a human fetal brain cDNA library by use of primers at the
5 and 3’ termini (5’-GGCCTACCGCGGTATGGCGAC-
GAAGG-3 and 5-CCAAGGGAATGTTCCATGGGCGATC-
3’). The cDNA was cloned into the pTXB-3 expression
vector (New England Biolabs) by use of restriction sites Ncol
and Sapl introduced into the 5" and 3" primers, respectively.
Truncated hCCS was PCR-amplified from this construct by
use of primers at the 5" and 3’ termini [5-ACCATGGCT-
TCGGATTCGGG-3" and 5-AGATGGTGGCTCTTCCG-
CAAGCGCAGATCTG-3'(CCS-245),5"-CCAGATGGCTCT-
TCCGCAGCAAGCGCAGATCT-3" (CCS-246), 5-TCC-
TCCCAGGCTCTTCGGCAATCGCAAGCGCA-3" (CCS-
247), or 5-GATGGGCCGGGCTCTTCCGCACCAGATG-
GTGA-3" (CCS-252)]. The ¢cDNA was cloned into the
pTXB-3 plasmid (New England Biolabs) by use of restriction
sites Ncol and Sapl introduced into the 5" and 3" primers,
respectively. Truncated C22A/C25A hCCS was PCR-ampli-
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fied by use of primers at the 5" and 3’ termini [5’-ACCAT-
GGCTTCGGATTCGGG-3" and 5-AGATGGTGGCTCT-
TCCGCAAGCGCAGATCTG-3" (CCS245) or 5-CCA-
GATGGCTCTTCCGCAGCAAGCGCAGATCT-3' (CCS246)].
The ¢cDNA was cloned into the pTXB-3 plasmid (New
England Biolabs) by use of restriction sites Ncol and Sapl
introduced into the 5" and 3’ primers, respectively. All
expression constructs were confirmed by automated DNA
sequence analysis.

The fusion protein contained a C-terminal intein and chitin-
binding domain tag for purification on a chitin resin. This
tag is cleaved upon purification. The expression was designed
to start at the ATG start codon in CCS and stop at the TGA
stop codon after the C-terminus of the chitin binding domain.
The full expression before purification is 523 or 524 amino
acids for CCS245 or CCS246, respectively.

The fusion proteins were expressed in Escherichia coli
strain ER2566 (Novagen) after induction with isopropy! thio-
p-p-galactoside (IPTG) in the presence of 500 uM ZnSOs.
The cells were lysed with a French pressure cell press (SLM-
Aminco). The fusion proteins were purified from the soluble
portion on a chitin column. The chitin beads (New England
Biolabs) were packed into a column 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 an
additional 10 volumes of column buffer followed by 3
volumes of column buffer with 50 mM 2-mercaptoethane-
sulfonate (MESNA) (cleavage 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 followed by three separate 1
column volume elutions. All of the fractions were saved,
checked for the presence of hCCS, and, where appropriate,
combined. The protein was concentrated with an Amicon
Centricon ultrafiltration cell.

Recombinant human SOD (hSOD1) was cloned as a
Ndel—Sapl fragment generated by PCR amplification of a
cDNA clone obtained from Genome Systems (GenBank
accession number AA702004). PCR primers that contained
restriction sites Ndel (5”) and Sapl (3”) were used to amplify
SOD1 cDNA. This fragment was cloned into the intein
pTXB-1 vector from New England Biolabs. Recombinant
human SOD was expressed in E. coli strain ER2566
(Novagen) after induction with IPTG in the presence of 500
UM ZnSOy. The cells were lysed with a French pressure cell
press. Recombinant hSOD1 was purified from the soluble
portion by methods exactly analogous to those used for the
hCCS proteins. 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 CuSOy, to the E,Zn-
SOD followed by exhaustive dialysis against Cu-free column
buffer.

Cysteine and Selenocysteine Ligation, and Cu Reconstitu-
tion. The hCCS truncation mutant ending at amino acid 245
(CCS-245) was brought into the anaerobic chamber for
selenocysteine ligation. We prepared 10 mM seleno-DL-
cystine (Sigma) by dissolving it in a minimum volume of 6
M HCI, and then it was diluted to the correct volume brought
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with 50 mM sodium phosphate buffer (pH 7.2). The
selenocystine was reduced with 20 mM tris(carboxyeth-
yDphosphine (TCEP) anaerobically. This solution was
added to the hCCS mutant at a final concentration of 1 mM
and incubated for 4 days in the anaerobic chamber with
gentle shaking followed by exhaustive dialysis against
Sec-free 50 mM sodium phosphate buffer (pH 7.2).
Fully metal loaded Cys- or Sec-ligated proteins (245-Cys or
245-Sec) were obtained by reducing the ligated proteins
over an immobilized TCEP disulfide reducing gel (Pierce
Biotechnology, Inc.) and immediately adding a known
amount of tetrakis(acetonitrile)copper(I) hexafluoro-
phosphate [Cu(MeCN)4PFs] (Aldrich) dissolved in acetoni-
trile (MeCN) to the protein equilibrated in the same buffer
containing 10% MeCN. The protein and Cu(I)/acetonitrile
solution were left to sit for 1 h. This was followed by
successive exhaustive dialyses against 5 and 0% MeCN in
buffer to remove any free Cu(I) or MeCN. 245-Sec-ligated
C22AC25A variants were prepared by analogous methods.

Protein and Metal Analysis. The protein concentration was
measured by the Bradford assay. Copper was measured by
inductively coupled plasma optical emission spectrometry
(ICPOES) on a Perkin-Elmer Optima 2000 DV spectrometer.
The oxidation state of the copper was determined by electron
paramagnetic resonance spectroscopy (EPR) versus a Cu(Il)-
ethylenediaminetetraacetic acid (EDTA) standard on a Bruker
Elexys 500 EPR spectrometer. The zinc concentration was
measured by ICPOES spectrometry.

SOD1 Reconstitution Assays. The ability of hCCS to
transfer copper to SOD1 was investigated by incubation of
hCCS with E,Zn-SOD1 for variable times at 37 °C in a buffer
of 50 mM sodium phosphate containing 10 4M bathocu-
proine sulfonate (BCS) and 10 uM EDTA at pH 7.8. The
activity of the SODI1 was then measured by its ability to
inhibit the reduction of cytochrome ¢ by superoxide gener-
ated by the xanthine—xanthine oxidase reaction (22). An
incubation time of 15 min was used unless otherwise stated.

XAS Data Collection and Analysis. Cu K-edge (8.980 keV)
and Se K-edge (12.658 keV) extended X-ray absorption fine
structure (EXAFS) data for the hCCS mutants were collected
at the Stanford Synchrotron Radiation Laboratory operating
at 3 GeV with currents between 100 and 75 mA. All samples
were measured on beamline 9-3 by use of a Si[220]
monochromator and a Rh-coated mirror upstream of the
monochromator with a 13 keV (Cu) or 15 keV (Se) energy
cutoff to reject harmonics. A second Rh mirror downstream
of the monochromator 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 6 um Z-1 metal oxide (Ni, As) filter
and Soller slit assembly were placed in front of the detector
to reduce the elastic scatter peak. Four to six scans of a
sample containing only sample buffer [SO0 mM NaPO, (pH
7.2)] were collected at each absorption edge, averaged, and
subtracted from the averaged data for the protein samples
to remove Z-1 Kz fluorescence and produce a flat pre-edge
baseline. This procedure allowed data with an excellent
signal-to-noise ratio to be collected down to 100 uM total
Cu or Se in the sample. The samples (80 uL) were measured
as aqueous glasses (>20% ethylene glycol) at 10-15 K.
Energy calibration was achieved by reference to the first
inflection point of a copper metal foil (8980.3 eV) for Cu
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K-edges and an elemental selenium foil (12658.0 eV) for
Se K-edges, placed between the second and third ionization
chamber. Data reduction and background subtraction were
performed with the program modules of EXAFSPAK (23).
Data from each detector channel were inspected for glitches
or drop-outs before inclusion in the final average. Spectral
simulation was carried out with EXCURVE 9.2 (24-27) as
previously described (13, 18, 28, 29).

Mass Spectral Analysis. Protein masses were determined
by electrospray ionization mass spectrometry. Proteins were
injected onto a 0.3 mm x 10 mm C4 column (214MS53.10;
Vydac), and masses were determined online using an ion
trap (model LCQ Deca XP plus by Thermo Finnigan). The
flow rate was 9 uL./min with a linear gradient from 2 to 75%
MeCN over 55 min in a mobile phase containing 0.1%
formic acid. Samples were injected using the Surveyor
autosampler (Thermo Finnigan) and concentrated and/or
purified using a protein micro trap cartridge (Michrom
BioResources). Mass spectra of proteins eluted from the C-4
column were deconvoluted using BioWorks Browser (Themo
Finnigan). A mass accuracy of better than 0.02% was
confirmed using horse myoglobin.

RESULTS

Previous studies from our laboratory had established the
presence of a Cu(I) cluster formed at the interface of two
domain 3 polypeptides of the hCCS metallochaperone, with
C244 and C246 of the D3 CXC motif as ligands to Cu(I)
(14). Careful analysis of the XAS of WT protein and Cys to
Ala mutants suggested that this cluster was multinuclear.
Understanding the functional significance of this cluster in
metal transfer and SOD1 maturation requires a more detailed
knowledge of its composition. To this end, we set out to
develop strategies for incorporation of selenium-containing
amino acids into the cluster with the goal of using the Se
XAS signal as a further probe of structure. Since the protein-
derived ligands are Cys residues, our primary goal was to
substitute selenocysteine (U) for cysteine and generate 243-
UAC and 243-CAU sequences at positions 244-246. We
chose the method of expressed protein ligation (30-32) which
we had used with success previously to substitute Sec and
Sem (selenomethionine) into azurin (27, 33). In the azurin
case, U was incorporated into an 11-mer oligopeptide which
was ligated to a truncated C-terminus, thereby generating a
functional protein with native spectroscopic features. In the
case presented here, the strategy would involve ligation of
an oligopeptide with either C(U)244 or C(U)246 as the
N-terminal residue. In our previous studies on WT hCCS,
we had used a fully active construct missing the last five
amino acids and terminating at residue 268. Semisynthesis
of this protein by expressed protein ligation would require
coupling of a 25-mer Sec-containing synthetic peptide to the
CCS-243 truncation. Since the peptide synthesis and ligation
yield both become increasingly challenging with increasing
lengths of oligopeptides, our first step was to discover the
shortest C-terminus that would allow retention of metal
transfer activity.

Nomenclature. hCCS variants are named as follows.
Truncated proteins are represented by CCS-n, where n is
the residue number of the C-terminal residue. Cys- and Sec-
ligated proteins are designated 245-Cys and 245-Sec, re-
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Table 1: Metal Transfer Activities of hCCS C-Terminal Truncation
Mutants and the CCS245Cys and CCS245Sec Variants Prepared by
Expressed Protein Ligation of Cys or Sec to the CCS245 Truncation

sample activity” (units)
Cu,Zn-SOD1 2000
hCCS 1500
CCS246 1282
CCS247 1326
CCS252 1238
CCS245Cys 1042
CCS245Sec 1006

“ Copper transfer activity was measured as the ability of hCCS to
activate apo-SOD1 as determined from the inhibition by SODI of the
xanthine—xanthine oxidase coupled reduction of cytochrome c. The
assay was normalized by setting the activity of SODI1 reconstituted by
CuSO4 to an arbitrary value of 2000 units. All hCCS activities are
standardized to this value.

spectively, which correspond to ligation of Cys and Sec to
the truncation terminating at residue 245. The C-terminal
sequences for these ligated proteins were C***AC?* and
C2MAU, respectively.”

Plasmid-Based Expression of Truncated Proteins. We
created truncated versions of hCCS after Cys246, Asp247,
and Tryp252 (CCS-246, CCS-247, and CCS-252, respec-
tively) by PCR amplification of wild-type hCCS and
measured their activity. DNA sequences were ligated into
the pTXB-3 intein-containing plasmid and overexpressed in
E. coli ER2566 with IPTG and zinc addition. After purifica-
tion on chitin beads and intein cleavage, the truncation
mutants were analyzed for activity and metal content by
ICPOES. Typically, all of the proteins bound one Zn per
mole of protein such that copper binding stoichiometries
could be determined from the Zn:Cu ratios. Copper recon-
stitution was performed anaerobically by addition of a 3-fold
excess of Cu(MeCN),* followed by dialysis to remove
remaining free copper and acetonitrile. CCS-246 bound 2.3
Cu/Zn, CCS-247 2.7 Cu/Zn, and CCS-252 2.4 Cu/Zn per
monomer. Activity was assayed by measuring the ability of
the truncation mutants to transfer copper to apo-SOD1, and
the results are listed in Table 1 and Figure 2. As reported
previously (/3), the amount of SODI activity recovered by
reconstitution of E,Zn-SOD with hCCS (1500 units) is
smaller than the amount of E,Zn-SOD reconstituted with
inorganic cupric ions (2000 units). However, the activities
of the 246, 247, and 252 truncation mutants were the same
within experimental error, and ~90% of the WT hCCS
activity. Further analysis of the time course of SODI
activation (Figure 2) suggested that activity levels close to
that of the Cu?*-reconstituted SOD could be achieved by
increasing the time of incubation. Therefore, while the CXC
motif is essential for inducing SOD activation, the additional
C-terminal sequence is not required but may accelerate the
metal transfer.

Semisynthesis of 245-Cys and 245-Sec. Since the CXC
motif was both necessary and sufficient for SOD maturation,
we chose initially to create a CAU motif as the C-terminal
sequence since this could be achieved by ligating a single
selenocysteine onto the CCS-245 truncation mutant. Thus,
a 2% Ala truncation mutant, where Ser245 was mutated to an
Ala for more efficient ligation, was created by PCR

2 Residue 245 was mutated from the native serine to alanine for
more efficient ligation (vide infra).
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FIGURE 2: (a) Activities of hCCS 245-Cys and 245-Sec as a function
of CCS:SODI ratio. (b) Time course of SODI activation by CCS-
246 (O) and 245-Sec (a). The horizontal dashed line represents
the activity of the CuSOs-reconstituted SOD1, and the horizontal
solid line represents the activity of full-length (residues 2-269) WT
hCCS.

amplification of hCCS. The CCS-245 truncation was then
expressed in E. coli ER2566 and purified on a chitin column
with intein cleavage by mercaptoethanesulfonic acid (ME-
SNA). Single-amino acid ligation of selenocysteine or
cysteine (as a control) to the truncated protein was performed
anaerobically. Seleno-DL-cystine was first reduced with TCEP
and then added in a 1:10 ratio (protein:Sec) to the truncated
protein. After anaerobic incubation for 4 days, free seleno-
cysteine and TCEP were removed by dialysis. Successful
ligation was confirmed by ICP analysis of zinc and selenium
concentrations and by mass spectrometry analysis. Cys
ligation was performed in a similar fashion.

Copper Reconstitution. Reconstitution of the newly syn-
thesized protein with Cu(I) posed a challenge. 245-Sec was
extremely sensitive to diselenide formation even under
anaerobic conditions, thereby preventing binding of Cu(I)
to the CAU motif. To circumvent the tendency toward
oxidation, it was necessary to reduce the diselenide with
tricarboxyethylphosphine (TCEP) followed by rapid addition
of the Cu(I) under anaerobic conditions. This was most
conveniently achieved by use of an immobilized TCEP
reducing column, where immobilization of the phosphine
reductant precluded its presence in a soluble form which
could coordinate to Cu(I) (29). Protein was added to the
TCEP-bound agarose in a column and left to reduce for 1 h.
After elution with 2 volumes of buffer, 3 molar equiv of
Cu(I)(MeCN)," in acetonitrile was immediately added to the
protein. Reconstituted proteins were then dialyzed against
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decreasing amounts of acetonitrile in 50 mM phosphate
buffer to remove free copper and acetonitrile. Metal analysis
by ICPOES (Table 2) showed that the concentrations of Cu,
Zn, and Se in hCCS 245-Sec were 900, 400, and 409 uM,
respectively. Thus, the 245-Sec protein bound one Se per
Zn, indicating efficient Sec ligation, and 2.2 Cu per Zn and
Se.

Ligation Efficiency. Mass spectral data give an independent
estimate of the efficiency of the ligation process. Figure 3
shows the mass spectral data for Cys and Sec ligations. The
mass for the Cys-ligated (m/z 25837) protein is the expected
mass for 245-Cys with two disulfide cross-links and the
N-terminal methionine residue cleaved (m/z calcd 25837).
The two disulfides probably correspond to the C141—C227
disulfide observed in the hCCS D2 crystal structure and a
C22—C25 disulfide which is seen in the apo-yCCS structure.
The Sec-ligated protein exhibits an intense peak at m/z 25880.
The mass corresponding to the analogous Sec-substituted
protein with Metl cleaved and two disulfides is m/z 28884.
This suggests that at least one additional S—S or Se—S bond
exists in the Sec protein and is consistent with formation of
a S—Se bond between C244 and U246 of the D3 CXU motif.
Peaks representing the unligated protein in the Sec-ligated
spectrum appear to be absent, although they may be present
at low levels.®> The low-intensity peak in the Cys-ligated
spectrum at m/z 25663 does not correspond to unligated CCS-
245 truncation (m/z calcd 25737, +MESNA m/z 26248) but
could represent a truncated protein terminating at C244 with
the Ala*® cleaved (m/z calcd 25662). The absence of any
species with a mass representative of the CCS-245 truncated
starting material suggests close to 100% efficiency of the
ligation process.

SODI Activation by Semisynthetic 245-Cys and 245-Sec.
Both ligation constructs were assayed for activity by measur-
ing their ability to transfer copper with a 30 min incubation
time to apo-E,Zn-SOD1 at a hCCS:SOD1 ratio of 1:1 (Table
1). Both Cys and Sec-ligated proteins had the same transfer
activity within experimental error but appeared to have a
slightly lower activity than the plasmid-expressed controls.
The cysteine-ligated hCCS retained 81% of its activity,
whereas the selenocysteine-ligated protein retained 78%
compared to plasmid-expressed CCS-246. The slightly
decreased activity of the ligation mutants could be due to
(a) <100% ligation efficiency or (b) slower transfer kinetics.
Since the Se:Zn ratio was unity, and mass spectrometric
analysis indicated no observable unligated CCS-245 truncated
precursor, the former explanation seems unlikely. Panels a
and b of Figure 2 show the effect on activity of (a) increasing
the CCS:SOD1 ratio and (b) increasing the reaction time.
Both lead to increased transfer activity, suggesting that slower
transfer kinetics are the likely origin of the decreased activity
of the 245-Cys/Sec ligated proteins. It is clear, however, that
substitution of Se for S has no effect on the SOD1 maturation
activity.

Spectral Characterization of Apo-245-Sec. With seleno-
cysteine covalently attached to hCCS as the C-terminal
residue, it was possible to probe the speciation of the Se by

3 For example, a minor component of unligated protein (<10%) with
a cross-link between C244 and a free selenocysteine amino acid would
probably be undetectable in the mass spectrum yet would still be assesed
as having one Se per monomer.
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Table 2: Metrical Details Derived from Cu and Se EXAFS of the Cu(I)-Loaded CCS245Cys and CCS245Sec Variants Prepared by Expressed Protein

Ligation of Cys or Sec to a CCS245 Truncation®

metal content® first shell second shell
sample F? [metal] (uM) [M/[P] no.? R (A) DW (A?) no.? R (A DW (A?) —Ef
Cu-XAS
CCS246 0.380 [Cu] = 1070, [Zn] = 485 2.2 3.0S 2.24 0.007 1.0 Cu 2.69 0.021 4.24
CCS245Cys 0.372 [Cu] = 1100, [Zn] = 574 1.9 3.0S 2.24 0.006 1.0 Cu 2.71 0.011 4.12
CCS245Sec 0.241 [Cu] =900, [Zn] = 400, 2.2 208 2.23 0.005 1.4 Cu 2.70 0.013 3.06
[Se] = 409 0.8 Se 2.40 0.007
C22AC25A- 0.359 [Cu] = 1000, [Zn] = 550, 1.8 208 2.22 0.005 2.9 Cu 2.70 0.012 2.34
245Sec [Se] = 550 1.1 Se 2.41 0.007
Se-XAS
CCS245Sec 0.340 [Zn] = 860, [Se] = 900 1.0 1.0C 1.99 0.006 0.26 S 2.21 0.006 6.28
PreTCEP 0.74 Se 2.32 0.006
CCS245Sec 0.242 [Cu] =900, [Zn] = 400, 1.0 1.0C 1.99 0.005 2.0 Cu 2.38 0.007 4.66
[Se] = 409
C22AC25A- 0.272 [Cu] = 1000, [Zn] = 550, 1.0 1.0C 1.99 0.005 2.0 Cu 2.38 0.007 1.18
245Sec [Se] = 550

“Fits were obtained by curve fitting using EXCURV version 9.2. ” F is a least-squares fitting parameter defined in ref /4. < [M]/[P] represents the

metal to protein ratio of the absorption edge being analyzed. Cu and Se to

protein ratios are calculated assuming hCCS binds one Zn per monomer.

4 Coordination numbers are generally considered accurate to +25%. ¢ In any one fit, the statistical error in bond lengths is £0.005 A. 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 A./Ey is a small correction to the experimental energy threshold (k =

0) which was set to 8985 eV for Cu EXAFS and 12663 for Se EXAFS.
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FIGURE 3: Electrospray ionization mass spectrum of (a) hCCS 245-Cys and (b) hCCS 245-Sec.
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FIGURE 4: Fourier transform and EXAFS (inset) at the Se K-edge
for hCCS 245-Sec immediately after ligation, prior to reduction
by TCEP. Black lines show experimental data, and red lines show
simulated data. Parameters used in the fit are listed in Table 2.

Se K-edge EXAFS. A number of structural environments
were possible. First, the Se could be present as a reduced
selenol or selenide which would result in predominant Se—C
first-shell scattering. Alternatively, as suggested by the mass
spectral data, oxidation could lead to a selenylsulfide (S—Se),
in which case a Se—S bond would accompany the Se—C
interactions in the first shell. Finally, a Se—Se interaction
might occur if CAU motifs from two domain 3 polypeptides
could cross-link. This latter situation would be reminiscent
of the Cu(I) cluster formation that we have shown to occur
at a domain 3—domain 3 dimer interface (13, 14). EXAFS
spectra for apo-245-Sec prior to TCEP reduction are shown
in Figure 4. Fits using either a Se—C bond or a mixed Se—C/
Se—S bond were unable to reproduce the increase in
amplitude of the EXAFS oscillations maximizing at a k of
~9 A~l. This pattern of EXAFS amplitude envelope is
typical of scattering from heavy atoms such as transition
metals and heavier chalcogenides. Therefore, we also
considered fits with Se—Se interactions arising from domain
3 dimerization. The best fit was found to be a mixture of
both Se—S (0.3) and Se—Se (0.7) bonds with an F value of
0.340 (Table 2). This shows that as isolated, the ligated
protein appears to be oxidized and exists as an equilibrium
mixture of monomers with Se—S distances of 2.21 A and
dimers with Se—Se distances of 2.32 A. These results
emphasized the need for reduction of the ligated proteins
on the immobilized TCEP column prior to reconstitution with
Cu(I). Se EXAFS was also used to probe the Se oxidation
state after this TCEP reduction step, but the data could not
be interpreted in terms of a simple model such as a single
Se—C shell as expected for a reduced selenol. The reasons
for the complexity of the Se EXAFS after reduction are
unclear (since all steps were performed anaerobically), but
it is possible that further reaction and/or oxidation might have
occurred during the time taken to concentrate the samples
for XAS analysis. This aspect of apo-245-Sec chemistry was
not explored further.

X-ray Absorption of Cu(l)-Bound 245-Cys and 245-Sec
Proteins. 245-Cys (CAC) Cu Edge. Cu K-edge EXAFS of
the Cys-ligated hCCS are shown in Figure 5. As expected
the 245-Cys protein is very similar to the previously reported
XAS of the WT protein (untagged, residues 1-268, (14)).
Two shells of scatterers are observed at ~2.2 and 2.7 A,
corresponding to Cu—S and Cu—Cu respectively. Curve
fitting analysis leads to a best fit with 3 Cu—S interactions

Barry and Blackburn

Fourier Transform
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FIGURE 5: Fourier transform and EXAFS (inset) at the Cu K edge
for hCCS 245-Cys. Black lines are experimental data, red lines are
simulated data. Parameters used in the fit are listed in Table 2.

(R, 20%) at 2.24 A (0.006 A2) and 1 Cu—Cu at 2.71 A (0.011
A2). From previous work on the C22AC25A double mutant
constructed in the full length (untagged) protein, it was
concluded that a multinuclear Cu(I) cluster was formed at
the interface of two D3 polypeptides, with a characteristic
DW of 0.012 A2 for the Cu—Cu interaction (/4). Since both
D1 and D3 Cu binding sites are presumed to be occupied in
a 1:1 ratio, this would equate to 2 Cu—Cu interactions per
Cu center in the D3 cluster, or a nuclearity >3.

245-Sec (CAU) Se Edge. For the Sec-ligated protein, the
Se edge data were analyzed first, as Se is present only in
D3, and hence, Se XAS would report only on the D3 cluster
without any contribution from the D1 site. The Se EXAFS
should contain contributions from one Se—C bond and a
number of Se—Cu interactions, depending on the structural
composition of the cluster. As expected, the data show strong
contributions from a heavy atom scatterer maximizing at a
k of ~9 A~1. Simulations were attempted with one Se—C
bond and an adjustable number of Se—Cu interactions. A
single Se—Cu interaction gave an F value of 0.507 with
Se—C and Se—Cu bond lengths [R(20?)] of 2.01 A (0.002
A?) and 2.38 A (0.001 A?), respectively. In this fit, the
EXAFS amplitude was not adequately fit even with the
extremely low Se—Cu DW factor. A much improved fit,
where F = 0.242 (Figure 6, bottom trace), was obtained with
one Se—C and two Se—Cu interactions with an R(20?)sc—c
of 1.99 A (0.005 A2) and an R(20%)se_cu of 2.38 A (0.007
A?). When the Se—Cu occupation number and DW were
allowed to float freely, the Se—Cu coordination number
refined to 1.9 (202 = 0.006 A2).* These simulations suggest
that each Se is bound by two Cu atoms at 2.38 A in the D3
cluster. The small doublet at k = 2-3 was best fit by
including a Se—S shell at 3.98 A and may represent
interactions with more distant S atoms within the multi-
nuclear cluster. (Because of the high uncertainty associated
with these outer shell interactions, their metrical details have
been excluded from Table 2.)

245-Sec (CAU) Cu EXAFS. The analysis of the Cu EXAFS
is more complex, as it represents the average of the Cu
binding to the D1 mononuclear site and the D3 multinuclear
site. However, the Se—Cu metrical data extracted from the

“# The shell occupation number and DW factor are highly correlated,
and consequently, this procedure does not necessarily lead to the “best
fit”. However, it is a useful way of validating the conclusions of more
stringent fitting protocols which generate minima under conditions
where only noncorrelated variables float.
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FIGURE 6: Fourier transform and EXAFS (inset) for hCCS 245-
Sec: top trace, Cu K-edge data; bottom trace, Se K-edge data. Black
lines show experimental data, and red lines show simulated data.
Parameters used in the fit are listed in Table 2.

Se EXAFS analysis provide an accurate (£0.02 A) Se—Cu
distance and DW factor as an input to the analysis of the Cu
EXAFS, and (as before) we can set the Cu—Cu DW to 0.012
A2. These “hard” input parameters allowed other Cu—ligand
interactions to be more accurately determined. With Cu
bound at D1 in a predominately Cu—S environment and the
expected coordination of C244 from each D3 polypeptide,
analysis of the Cu EXAFS was carried out with Cu—S,
Cu—Se, and Cu—Cau shells. The best fit (Figure 6), top trace
using a Cu—Se distance of 2.38 £ 0.02 A and a 20%(Cu—Cu)
of 0.012 A2 gave 2.2 Cu—S bonds at 2.24 A (0.010 A?),
0.7 Cu—Se bond at 2.40 A (0.007 A2), and 1.4 Cu—Cu bonds
at 271 A (0.012 10%2). These parameters lead to full
consistency of metrical parameters at both Cu and Se
absorption edges.

C22AC25A CCS-245-Sec. The presence of Cu bound to
domain 1 complicates the interpretation of the Cu XAS data
since the EXAFS represents the average of Cu—ligand
scattering at both the D1 and D3 sites. To overcome this
difficulty, we synthesized the 245-Sec derivative in the
C22AC25A double mutant variant. As noted above, previous
studies on this variant in a nontruncated form (terminating
at residue 268), with residue 246 being a cysteine (/4),
suggested a multinuclear cluster linking two D3 polypeptides,
with no contributions from any other Cu center. Careful
analysis of the magnitude of the Cu—Cu Debye—Waller
factors in this and other published Cu,S, clusters led to the
conclusion that a CusS¢ adamantane-type cluster was most
consistent with the data. It should be straightforward to test
the structural model, by assessing the effect of substitution
of two Se atoms for S to generate a CusSsSe; cluster.
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FIGURE 7: Fourier transform and EXAFS (inset) for hCCS
C22AC25A 245-Sec: top trace, Cu K-edge data; bottom trace, Se
K-edge data. Black lines show experimental data, and red lines
show simulated data. Parameters used in the fit are listed in Table 2.

C22AC25A CCS-245-Sec was prepared by ligation of
selenocysteine to the C22AC25A CCS-245 truncation by
methods analogous to those used for the WT protein. Mass
spectrometry identified a peak at m/z 25817. The calculated
mass with Metl cleaved and the two native disulfides is m/z
25819. This suggests that like the WT Sec-substituted protein,
one additional S—S or Se—S bond exists in the monomeric
protein and is again consistent with formation of a seleno-
sulfide bond between C244 and U246 of the D3 motif.
EXAFS studies on the apo-Sec-ligated double mutant (data
not shown) confirmed the presence of an equilibrium mixture
of Se—S (0.4, 2.21 A) and Se—Se (0.6, 2.32 A) interactions.
After concentration for XAS, the Cu, Zn, and Se concentra-
tions were found to be 1000, 550, and 550 uM, respectively,
corresponding to a Cu:Se ratio of 1.8:1. The absence of
significant peaks due to unligated 245 truncation and the 1:1
Se:Zn ratio suggested ligation efficiencies close to 100%.

Figure 7 (bottom) shows the Se and Cu EXAFS for
C22AC25A CCS-245-Sec. The Se EXAFS is qualitatively
and quantitatively identical to that of the WT CCS-245-Sec
derivative, yielding values of one Se—C bond at 1.985 A
and two Se—Cu bonds at 2.381 A. As for the WT data, the
small doublet at k = 2-3 was best fit by including a Se—S
shell at 3.98 A and may represent interactions with more
distant S atoms within the multinuclear cluster.

Figure 7 (top) shows the analogous Cu EXAFS for the
C22AC25A CCS-245-Sec protein. Previous analysis of
C22AC25A CCS-268, for which only Cu XAS data were
available, used the average (0.012 AZ) DW factors from eight
multinuclear Cu(I) clusters to predict a cluster nuclearity
between 3 and 4 (/4). Applying the same analysis to the
data presented here (including restraints that Cu—Se bond
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lengths and DW factors must be the same within experi-
mental error) leads to a best fit with metrical parameters [R
(20%)] of 2.0 Cu—S bonds at 2.22 A (0.005 A?), 1.1 Cu—Se
bonds at 2.41 A (0.007 10\2), and 2.9 Cu—Cu interactions at
2.70 A (0.012 A?).

Alternative Fits. The apoprotein prior to reduction con-
tained S—Se and Se—Se cross-links, and our efforts to
demonstrate the presence of the selenol after reduction were
unsuccessful. Specifically, EXAFS data at the Se edge on
concentrated samples of the TCEP-reduced apoprotein still
showed the presence of Se—Se interactions. Since it took a
significant period of time to concentrate the samples, we
suggested that the samples reoxidized during concentration.
By contrast, Cu(I) reconstitution was performed immediately
after the apoprotein sample emerged from the TCEP reducing
column and was thus expected to lead to optimal amounts
of selenolate—Cu(I) coordination. Notwithstanding, we can-
not eliminate the possibility that some Se—Se cross-linked
hCCS molecules coexist with the Cu(I)-bound selenolato-
CCS. The situation is compounded by the fact that Se—Cu
and Se—Se interactions are potentially hard to distinguish
by EXAFS simulation, since Cu and Se are separated by
only four elements in the third row of the periodic table.

To address this question, we carried out simulations of
the Cu and Se EXAFS spectra of the C22A25A 245-Sec
derivative in which both Se—Se and Se—Cu interactions were
included. Fitting the Se EXAFS data with one Se—C and
one Se—Se cross-link, the situation expected if all of the
245Sec protein were present as a diselenide-bridged dimer
with no Cu(I) coordination, gave a poor fit (F = 0.89 vs the
best fit value for two Cu—Se interactions of 0.27) and was
inconsistent with the Cu:protein binding ratio of two Cu
atoms per Se and the Cu EXAFS which, as demonstrated
above, showed the presence of a multinuclear cluster. Fits
to the Se data which allowed for the presence of both Se—Se
and Se—Cu interactions were more successful. We searched
parameter space for acceptable fits to the Se EXAFS data
by floating the occupation numbers of the Se—Cu and Se—Se
EXAFS components for a series of pairs of Se—Cu and
Se—Se distances. The Debye—Waller terms for the Se—Cu
and Se—Se shells were fixed at appropriate values of 0.007
and 0.006 A2, respectively.’ A further constraint was
imposed; the maximum Se—Se occupation number could not
exceed 1, corresponding to a Se—Se interaction between Se
atoms in each of two polypeptide chains. For each pair of
distances, a three-dimensional map of the surface was
constructed by plotting Nse—cy and Nse—¢y as x- and y-
coordinates, respectively, and F (or 1/F) as the z-coordinate.
The results of this analysis are listed in Table S1 of the
Supporting Information. Two minima with acceptable F

3 Since occupation numbers and DW factors are highly correlated,
it was necessary to fix the Debye~Waller factors to obtain meaningful
results. The value of 0.007 A2 for the Se—Cu Debye—Waller factor
(20?%) was chosen from the value obtained in fits to the Se EXAFS of
Cu(I)-reconstituted CCS245Sec with two Se—Cu interactions and no
Se—Se interactions (Table 2). This value is reasonable as it lies within
the range (0.003-0.015 Az) of Se—Cu DW factors found for Sec112
azurin (44) and selenomethionine Cuy (57) with Se—Cu distances of
2.31 and 2.55 A, respectively, and is also close to that observed in a
selenomethionine derivative of CusF (unpublished work). The value
of 0.006 A2 for the Se—Cu Debye—Waller factor (20%) was chosen from
the value obtained from the Se—Se interaction in fits to the Se EXAFS
of apo CCS 245Sec.
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FIGURE 8: Two acceptable minima of the least-squares residual F'
in a search of parameter space of the Se EXAFS of C22AC25A
CCS245Sec. The minima in F are illustrated by three-dimensional
contour maps of the minimization surface constructed by plotting
Nse—cu and Nge—cy as x- and y-coordinates, respectively, and 1/F as
the z-coordinate such that the best fits appear as maxima in the
plots: (a) surface obtained with no Se—Se component and (b)
surface showing the unique minimum at two Cu—Se bonds at 2.36
A and 0.7 Se—Se bond at 2.40 A. The analysis was carried out by
floating the occupatlon numbers of the Se—Cu and Se—Se EXAFS
components for a series of pairs of Se—Cu (2.34-2.44 A) and
Se—Se (2.30-2.44 A) distances. The Debye—Waller terms for the
Se—Cu and Se—Se shells were fixed at approprlate values of 0.007
and 0.006 A2, respectlvely (see footnote °). A further constraint
was imposed; the maximum Se—Se occupation number could not
exceed 1, corresponding to a Se—Se interaction between Se atoms
in each of two polypeptide chains.

values (F < 0.4; 1/F > 2.5) were discovered and are shown
as contour maps in Figure 8. These correspond to the fit
described above with two Cu—Se bonds at 2.38 A with no
Se—Se interaction and an additional model with 2 + 0.5
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FIGURE 9: Se K-absorption edges for selenocysteine—protein
complexes: black trace, apo hCCS-245-Sec as isolated prior to
TCEP reduction (containing Se—S and Se—S interactions); red
trace, Cu(I)-reconstituted WT CCS-245-Sec; blue trace, Cu(l)-
reconstituted C22AC25A CCS-245-Sec; and green trace, Cu(l)-
112Sec azurin from ref 27. Edge intensities are normalized at 12670
eV.

Cu—Se bonds at 2.36 A, and 0.7 &= 0.1 Se—Se bond at 2.40
A. The latter scenario would model the situation in which a
fraction of the protein remained as the oxidized diselenide
form [unavailable for Cu(I) coordination] while the remainder
participated in cluster formation. Alternatively, Se—Se bonds
could exist within the multinuclear cluster.

Figure 9 shows Se K-absorption edges for apo CCS-
245Sec, and the Cu(I)-reconstituted 245-Sec of the WT and
C22AC25A variant. The edge profile of the apoprotein
contains a pair of peaks at 12660.5 and 12666.5 eV with an
intensity ratio of 1.3. These peaks closely resemble the
profiles for oxidized selenocysteine containing either Se—S
or Se—Se bonds as reported by Pickering and co-workers
(34) and are fully consistent with our assignment as mixtures
of selenosulfide and diselenide isoforms. Cluster formation
by Cu(I) metalation leads to changes in the edge profiles.
The edges of the WT and C22AC25A variants are similar
(as expected) and exhibit a broad unresolved feature maxi-
mizing between 12662.5 and 12665 eV. This band most
likely can be assigned to the same transitions as for the
apoprotein (1s — o* for Se—S/Se, and 1s — o* for Se—C),
but with modified energies and intensities due to the effects
of mixing with Cu(I) 4s and 4p levels. Also shown is a
comparison with the Se K-edge of the Cu(I) derivative of
Sec112 azurin which contains a mononuclear Cu(I)—selenolate
bond (27). The azurin spectrum exhibits peaks at the same
energies as for Cu(I)-CCS-245Sec, but with different
intensity ratios, implying that the multinuclear cluster has a
unique electronic structure. The presence of two Cu—Se
bonds and/or the lengthening of the Cu—Se bond from 2.31
A in Sec112 azurin to 2.38 A in Sec-CCS is the likely origin
of this effect. Copper edges were not notable, being entirely
typical of three-coordinate Cu(I), and were changed little
from those reported earlier for the WT and C22AC25A
cysteine-containing proteins. The Cu edges of the CCS-
245Sec and its C22AC25A variant are given in Figure S1
of the Supporting Information.

DISCUSSION

We have reported the semisynthesis of a selenocysteine
derivative of the human copper chaperone for superoxide
dismutase, substituted with Sec at the C-terminal C246
residue. Measurements of hCCS-induced SODI activation
have shown that this sequence is both necessary and sufficient
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for E,Zn-SOD maturation such that the formation of the Sec
derivative could be achieved by expressed protein ligation
of a single selenocysteine amino acid to a CCS-245 trunca-
tion. This reaction proceeded in high yield and generated
the desired 245-X (X = C or U) protein of the expected
mass, using both Cys and Sec. On the basis of previous
findings, the CAU sequence should contribute to the multi-
nuclear Cu(I) cluster which forms at the domain 3 interface
of a hCCS dimer. Thus, the Sec-ligated protein contains both
Cu and Se as constituent atoms of the cluster and should
provide additional details about the cluster structure through
merging of XAS data at the Cu and Se K-absorption edges.

Although Sec has been discovered in an increasing number
of proteins as the “21st” amino acid, biological Sec incor-
poration is a complex and highly specialized process (35, 36).
In eukaryotes, a special mRNA stem—loop sequence (SECIS)
is inserted into the 3’-untranslated region which directs UGA
to be interpreted as Sec rather than STOP and requires the
presence of a number of accessory proteins. In prokaryotic
systems, however, the SECIS element is found immediately
downstream of the UGA codon and is part of the open
reading frame. This severely restricts the utility of SECIS
elements in the overexpression of Sec-containing protein
variants, unless the Cys to Sec mutation is at or very close
to the C-terminus since the SECIS element is translated. The
necessity of simultaneously overexpressing the accessory
proteins adds further complexity. Using this approach,
successful incorporation of a Sec-substituted thioredoxin was
reported by Arner and co-workers (37), but only 50% Sec
incorporation was obtained, which necessitated the develop-
ment of affinity methods for separating Sec from Cys variants
39).

Greater success has been achieved using the technique of
expressed protein ligation (EPL) (30-32), where synthetic
peptides with C-terminal Cys residues react with peptides
carrying a thioester moiety at a C-terminal truncation to
generate a native peptide bond. EPL-mediated Sec derivatives
were successfully prepared inribonuclease (39), azurin (21, 40),
and thioredoxin reductase (47). In related studies, native
pepide ligation was used to generate Sec derivatives of
bovine pancreatic trypsin inhibitor (42) and a C-terminal 17-
mer fragment of ribonucleotide reductase (43). A more
complex approach was used to synthesize Sec-substituted
glutaredoxin using two synthetic oligopeptides, an N-terminal
37-mer substituting Sec for each Cys of the CXXC motif
and a C-terminal 44-mer carrying an engineered Cys residue
at its N-terminus for coupling (44) .

The Sec-substituted hCCS synthesized in this work was
found to be present in forms containing both Se—S and
Se—Se cross-links. The Se—S selenylsulfido form could
represent either intramolecular cross-linking between C244
and U246 or intermolecular dimerization. Given the prece-
dentforintramolecular Se—S formationin selenoenzymes (45—47),
we propose that the former scenario is more likely. However,
the Se—Se interaction clearly identified in the Se-EXAFS
of the apoprotein can arise only from an intermolecular
diselenide formed via dimerization of the domain 3 polypep-
tide. This feature of Sec-hCCS is of great interest since it
mimics the formation of the D3—D3 dimer induced by Cu(I)
cluster formation and, thus, suggests that D3 dimerization
involves favorable protein—protein interactions. On the other
hand, comparisons of the redox potential of disulfides,
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selenylsulfides, and diselenides clearly show a decrease in
potential throughout the series, providing an alternative
driving force for the D3—D3 diselenide cross-link. For
disulfides, the potentials span a range from —124 V for the
bacterial protein-folding factor DsbA to —270 mV in
thioredoxin (48). Data for selenylsulfides and diselenides are
less abundant, but a recent study of Sec-substituted glutare-
doxin-3 reports values of —260, —275, and —309 mV for
the C11U, C14U, and C11U/C14U variants, respectively,
compared with a value of —194 mV for the native CXXC
protein (44). Similarly, the redox potential of a selenylsulfide
measured in a synthetic octapeptide (—326 mV) is ~60 mV
more positive than that of its diselenide derivative (ap-
proximately —390 mV) (49). The newly discovered seleno-
protein Sepl5 contains a CXU motif in mammalian isoforms
and, thus, most closely resembles the CXU motif of Sec-
hCCS (50). These studies emphasize the stronger tendency
toward diselenide formation in selenoproteins and their
catalytic intermediates.

Sec-substituted hCCS binds 2—2.5 molar equiv of Cu(I)
and has activity in SOD1 activation equivalent to that of its
S-containing homologue. The consistent increase in Cu:CCS
monomer ratios above 2.0 suggests that the D3—D3 cluster
has a nuclearity greater than 2. X-ray absorption measure-
ments at the Cu and Se K-edges have been analyzed to
provide metrical details of the coordination environments of
the Cu and Se atoms, and by necessity, Cu—Se and Se—Cu
interactions determined from the Cu and Se data sets must
have identical coordination numbers, bond lengths, and DW
factors. This introduces constraints into the fitting analysis
which should produce a more accurate picture of the
multinuclear Cu(I) cluster, and the positions of the Se atoms
(and hence residue 246) within the cluster. Although the
presence of Cu(l) bound in the CXXC motif of domain 1
degrades the information available at the copper edge of the
WT 245-Sec protein since it represents the average of D1
and D3 interactions, the data allow a number of new features
of the cluster to be clearly identified. The Se—Cu interaction
extracted from the Se edge data shows two Se—Cu interac-
tions at 2.40 A. Fits using lower Se—Cu coordination
numbers produce higher least-squares residuals and, more
importantly, lead to unacceptable fits to the Cu-edge data.
This model predicts that each Se sees two Cu atoms
in its first shell and therefore must occupy a bridging position
in the cluster. In previous papers, we have argued that the
simple model of a bis-cysteinyl bridged diCu(I) cluster
with two bridging and one terminal Cys per Cu(I) (Figure
10A) cannot be correct as the Cu—Cu DW factors were
inconsistent with this model (13, 14). From these data, the
simple dinuclear cluster with two bridging Se atoms would
require each Cu to be coordinated to two Se atoms
and one S. Attempts to fit the Cu-edge data to this model,
using the Cu—Se distances and DW factors extracted
from the Se-edge, were routinely unsuccessful, leading to
inconsistent analyses at the Cu- and Se-edges, respect-
ively. However, when higher cluster nuclearity was
introduced such as the structures shown in panels B and C
of Figure 10, the Cu- and Se-edge data could be simulated
with parameters which were consistent at both edges. In
particular, the Cu EXAFS of the C22AC25A CCS-245Sec
protein, which contains only the multinuclear cluster,
yielded two Cu—S, one Cu—Se, and three Cu—Cu interac-
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FIGURE 10: Simplified structural models for the hCCS cluster of
increasing complexity and nuclearity.

tions, exactly matching the average distribution of scatterers
per Cu absorber predicted for the CusSe,Sy cluster (Figure
10C).

Mindful of the fact that M—M interactions between heavy
atom scatters can be difficult to distinguish, we also searched
for fits to the data which included both Se—Cu and Se—Se
components. An alternative minimum was discovered with
two Se—Cu bonds at 2.36 A and 0.7 Se—Se bond at 2.40 A.
Given the fact that the apoproteins exist partially in the
diselenide form, it is possible that this solution represents a
fraction of the sample which is still present as a diselenide
even after TCEP reduction and is thus unable to coordinate
Cu(l) at the D3—D3 interface. However, for this to be the
case, only one-third of the total Se present in the sample
would be available for coordination to Cu, and since this
residual Se sees an average of two Se—Cu interactions, each
Se in the Cu cluster would necessarily be coordinated by
six Cu ions Although us-selenido-bridged copper clusters
have been identified (57), this seems to be an unlikely
component of our cluster and is inconsistent with the Cu
EXAFS data. Alternatively, the Se—Se component could be
present within the copper cluster.

The chemistry of Cu(I)—selenolate systems is not exten-
sive, butboth terminal (52) and bridging (53-55) Cu(I)—selenolate
interactions are well-documented. Bond lengths for both
types are in the range of 2.30-2.45 A and thus fully support
the 2.38 & 0.2 A average Cu—Se interaction found in both
solutions found for the Se EXAFS of the D1 mutant. In many
cases, the simpler CusSx adamantane-type clusters which are
common in Cu(I)—sulfur chemistry give way to multiatom
cages of Se and Cu interlocking to form complex oligomeric
and polymeric structures (56, 57). An interesting exception
is a recent structure of a ferrocenyldiselenolate-stabilized
Cu,Se; cluster exhibiting a bis-selenolate bridged di-Cu(I)
core in which each Cu(l) is three-coordinate with two
bridging selenolates and one terminal phosphine ligand (53).
The Cu—Se and Cu—Cu bond lengths are 2.40 and 2.62 A,
respectively, close to the metrical parameters observed for
the CCS cluster. Notably absent, even in the supramolecular
cage structures, are examples of complexes where Cu—Se
and Se—Se bonds in the range of 2.3—2.45 A coexist in a
single cluster. On the basis of these comparisons, we
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conclude that while it is not possible to accurately predict
the structure of the Cu—Se-containing structure, it is unlikely
that Se—Cu and Se—Se bonds are constituents of the same
cluster, and we favor the interpretation in which each Se is
bonded solely to two Cu(I) atoms.

In summary, we have successfully prepared Sec-substituted
hCCS derivatives which accurately reproduce the activity
and structural attributes of the native Cys-containing proteins.
Merging of data from the Cu and Se EXAFS spectra is most
consistent with the formation of a multinuclear Cu(I) cluster
best formulated as CusSe,S,s. We believe this to be the first
Se-containing Cu(I) cluster reported in a protein environment.
This system is likely to have great utility in studying the
mechanism of metal transfer between CCS and SOD as it
provides an XAS probe of Cu binding to the CCS protein
and can thus be used to monitor transfer of Cu out of the
CCS-specific Se environment into its partner SOD. Further
work is underway to fully exploit the mechanistic opportuni-
ties provided by this system.
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