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The human copper metallochaperone (CCS) for Cu,Zn-
superoxide dismutase (SOD1) has a similar Zn(II) site as that
in SOD1. Dimeric CCS converts to a monomer in the reduced
Zn(II)-depleted form and cannot interact with SOD1. This
form of CCS may be fibrillogenic and disease causing, as is
the case for demetallated and reduced monomeric SOD1.

Human Cu,Zn-superoxide dismutase (SOD1) is responsible for
the removal of a reactive oxygen species (ROS); molecules
linked to numerous diseases and ageing.' Mutations in SODI can
lead to misfolding and aggregation resulting in the
neurodegenerative  disorder familial amyotrophic lateral
sclerosis.” Furthermore, SOD1 has been found to play a vital role
in nutrient sensing giving it potential importance to many
cancers.” SOD1 is the most abundant cytosolic protein with an
essential disulphide, between Cys57 and Cys146, and is the only
enzyme known to acquire copper in this location. Copper
incorporation and disulfide bond formation, key steps in the
activation of SOD1,** can occur via two pathways, with the
dominant route utilising CCS, a copper metallochaperone.® CCS
has three domains with copper delivery and disulfide bond
formation performed by domains 1 and 3 (D1 and D3), while the
largest domain 2 (D2) facilitates the interaction with SOD1.”'
D2 of human CCS has high sequence (47%) and structural
homology to SOD1 (Figure S1, see Supplemental Information),
with an identical Zn(II) site in the same location, and a disulfide
between Cysl41 and Cys227 corresponding to that between
Cys57 and Cysl46 in SODI."” Numerous studies have
investigated the importance of zinc and copper binding, as well as
the disulfide, for SOD1.'2! Removal of both metals from the
active site results in structural disorder,”® and in the absence of
Zn(II) and the disulfide, dimeric SOD1 converts to a
monomer,'*'""? a form more prone to aggregation.’' The
acquisition of Zn(II) by SOD1 is thought to be the first step in the
activation process,S’14 occurs in the absence of CCS,** and does
not require a metallochaperone, even though Zn(II) binding at the
copper site, which can occur in vitro, is precluded.”%

Despite the proven importance of Zn(II) for SOD1, the role of
the homologous Zn(II) site in D2 of human CCS has not been
studied in vitro. CCS, like mature SODI1, is dimeric,'®'® with a
hetero-dimeric complex involved in activation.”'* To assess the
function of the Zn(II) site of CCS we have produced fully apo-
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Fig. 1 Analytical gel filtration chromatograms of Zn(II)-CCS (solid line)
and Zn(II)-free CCS (dashed line) at loaded concentrations of 10 (A) and
50 (B) uM in degassed and nitrogen-purged 20 mM Hepes pH 7.5
so containing 200 mM NaCl (the apparent molecular weights calculated
from elution volumes are listed in Table S1, see Supplemental

Information).

protein, i.e. with no Cu(I) or Zn(I) bound, using a procedure
ss including the reductant dithiothreitol (DTT) (see Supplemental
Information). The overall secondary structure of CCS is not
dramatically altered by Zn(II) removal (Figure S2, see
Supplemental Information). However, this form of CCS is
predominantly monomeric (Figure 1 and Table S1, see
o Supplemental Information), and has approximately two more free
thiols than the Zn(II)-protein (7.3 £ 1.1 compared to 5.1 + 0.6 per
monomer). These extra thiols most likely arise from Cys141 and
Cys227, as the Zn(Il)-free form of SOD1 with the Cys57-Cys146
disulfide reduced is also monomeric, and disulfide formation in
os the absence of Zn(Il) results in dimeric SOD1.'"® The Cys141-
Cys227 disulfide is more readily cleaved by reductants in Zn(II)-
free CCS, which is also the case for the corresponding disulfide
in Zn(I)-free SOD1,'™® although its reduction potential is
unaltered.”* Our observation that Zn(II) removal and D2 disulfide
70 cleavage greatly favours the monomeric form of human CCS is
also consistent with data showing that Saccharomyces cerevisiae
CCS, which lacks the Zn(II) site and the disulfide in D2 (Figure
S3, see Supplemental Information), is monomeric."** Incubation
of Zn(II)-free CCS with Zn(Il) under anaerobic conditions results
75 in relatively quick (> 50% in 5 min) dimer re-formation
(unaffected by the presence of DTT in the gel-filtration buffer).
Therefore, Zn(II)-binding alone would appear to stabilise the
dimeric form of CCS, as is the case for SOD1.¢
We have investigated how the removal of Zn(II) from human
so CCS influences its ability to bind Cu(I). A comparison of the

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1



o

S

o

S

s

o

RSC Advances

titration of Cu(I) into Zn(II)-free CCS in the presence of the high
affinity Cu(I) ligand bicinchoninic acid (BCA), with that of the
Zn(Il)-protein, is shown in Figure 2A. The Zn(Il)-free protein
binds an additional equivalent of Cu(I) via Cys residues (Figure
S4, see Supplemental Information) that out-competes BCA under
the conditions used (Figure 2A). The Cu(l) affinity of the tightest
site in Zn(II)-free CCS (Figure 2B) is almost identical to that of
Zn(I)-bound protein ((5.5 + 0.6) x 10" M™" at pH 7.5), which we
therefore assume binds to the D1 CXXC motif as in the Zn(II)-
protein."*'* The D3 CXC site has a Cu(l) affinity at least an order
of magnitude weaker than that in D1 (2.7 x 10" M™" at pH 7.5) in
the Zn(Il)-protein," and the affinity of the weakest site in Zn(II)-
free CCS appears to be very similar (Figure 2A), and is
presumably also in D3." The additional Cu(I) site most likely
involves Cys141 and Cys227 of the reduced disulfide in D2 of
Zn(ID)-free CCS, and maybe also Cys144 that is 5.3 and 4.2 A
respectively from these residues (Figure S1, see Supplemental
Information)."”® The binding of Cu(I) at this site is relatively tight
(~5%x10' M to 5x10'7 M at pH 7.5), and facilitates dimer
formation (Figure S5). Cu(I) binding to these Cys residues must
partially stabilise the structure of loop 4 on which Cys144 and the
Zn(Il) ligands are located and that contributes to the dimer
interface." This additional Cu(l) site would appear to have little
physiological relevance, and Cu(I) binding here may be a reaction
that needs to be prevented by maintaining low levels of weakly
bound copper in a cell.?® However, the Cys residues that form the
corresponding disulfide in SOD1 have been suggested to be
involved in the Cu(I) transfer mechanism from CCS.”” Our
studies indicate that Cu(I) binding at this site in SOD1 should
also be relatively tight.
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Fig. 2 (A) The titration of Cu(I) into Zn(II)-free CCS (solid circles)" and
Zn(I)-CCS (open circles) (both 10 pM) in the presence of BCA (500
pM) in 20 mM Hepes pH 7.5 containing 200 mM NaCl. (B) The titration
of BCS into Zn(II)-free CCS (10 pM) loaded with 0.5 equivalents of
Cu(l) in the same buffer. The line shows a fit of the data to equation I (see
Supplemental Information) giving a Cu(l) affinity (K, value) of (5.2 +
0.4)x 10" M.

To test if Zn(II) binding by CCS influences complex formation
with copper-free SOD1 (E,Zn-SOD1), we have undertaken
preliminary gel-filtration studies (proteins were reduced with
DTT, desalted, mixed under anaerobic conditions, and analysed
by gel-filtration chromatography using degassed and nitrogen-
purged buffer, see Supplemental Information). Mixtures of
Zn(I)-free CCS and E,Zn-SODI1 show no sign of the hetero-
complex, even at protein concentrations of 50 uM (when loaded
onto the column, Figure 3A, Figure S6A and Table S1, see
Supplemental Information). Chromatograms for Zn(II)-CCS
mixed with E,Zn-SOD1 are consistent with relatively tight
so complex formation (Figure 3B, Figure S6B and Table S1, see
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Supplemental Information). Very similar data were obtained
when the gel-filtration chromatography was performed in the
presence of 1 mM DTT. The removal of Zn(Il) from CCS
therefore not only destabilises the homo-dimer but also weakens
complex formation with SOD1.
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Fig. 3 Analytical gel-filtration chromatograms of a mixture of Zn(II)-free
CCS plus E,Zn-SOD1 (A) and Zn(II)-CCS plus E,Zn-SOD1 (B) with both
proteins at 50 pM and the chromatography performed in degassed and
nitrogen-purged 20 mM Hepes pH 7.5 containing 200 mM NaCl. In (A)
monomeric Zn(II)-free CCS and dimeric E,Zn-SODI co-elute due to very
similar molecular weights (Table S1, see Supplemental Information),
whereas in (B) the hetero-complex is present (elution volume of 10.4
mL), along with some dimeric Zn(II)-CCS at a lower elution volume
(higher apparent molecular weight, Table S1, see Supplemental
Information).

It has been shown that removal of single Zn(II) ligands in the
H147A and H164A mutants results in human CCS being unable
to activate SOD1 in vivo.”® Although the total levels of CCS are
unaffected, the soluble forms of these mutants decrease
dramatically.”® As we have shown, in the absence of Zn(II) and
the Cysl141-Cys227 disulfide human CCS will exist as a
monomer that cannot interact with SOD1. This form of CCS may
be fibrillogenic and disease causing, as is the case for
demetallated monomeric SOD]1 that also lacks the disulfide.'®*!
Additionally, some SODI! and CCS localise to the inter-
membrane space (IMS) of mitochondria helping to protect against
oxidative damage.?’ The import mechanism for human CCS into
the IMS differs to that of SODI1, yet immature protein (reduced
and unfolded), which will not have any Zn(II) bound, is the
preferred form of both proteins for uptake.**' Disulfide
formation during uptake helps trap CCS in the IMS.*' Based on
our observations the import of human CCS into mitochondria
must also be dependent upon Zn(II) binding.

Conclusions

In these studies we show that Zn(II) binding in D2 of human CCS
stabilises both its quaternary structure and the interaction with
SOD1. The Zn(II)-free monomeric form of CCS has an additional
tight binding site for Cu(I), presumably using the Cys residues
from the disulfide, which is more readily reduced in this form of
the protein. Zn(Il) binding and disulfide bond formation in D2 of
CCS are required prior to SOD1 activation and must also play a
role in the protein’s uptake into the IMS. These results further
highlight the importance of Zn(II) insertion into the correct sites
of proteins that are essential for maintaining health. The cellular
mechanisms which ensure that both human CCS and SODI1 bind
Zn(IT) at the correct site remain to be discovered.
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