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Copper-zinc superoxide dismutase
(CuZnSOD; CSD) is an impor-

tant antioxidant enzyme for oxidative
stress protection. To date, two activation
pathways have been identified in many
species. One requiring the CCS, Cu
chaperone for SOD, to insert Cu and
activate CSD (referred to as CCS-
dependent pathway), and the other works
independently of CCS (referred to as
CCS-independent pathway). In our pre-
vious study, we suggest an unidentified
factor will work with glutathione (GSH)
for CSD activation in the absence of the
CCS. Here, two models of the CCS-
independent mechanism are proposed.
The role of the unidentified factor may
work as a scaffold protein, which provides
a platform for the CSD protein and Cu-
GSH to interact, or as a Cu carrier, which
itself can bind Cu and interact with CSD
proteins. We also suggest that the CSD
protein conformation at C-terminal is
important in providing a docking site for
unidentified factor to access.

Superoxide dismutases (SODs) can defend
against free radical species by dispropor-
tionation O2

2 into H2O2 and O2 mole-
cules,1,2 which are classified as Cu-Zn
SOD (CuZnSOD), Fe SOD (FeSOD),
Mn SOD (MnSOD) or Ni SOD
(NiSOD).3,4 In Arabidopsis thaliana, there
are three CuZnSOD (CSD) isoforms:
CSD1 in the cytoplasm, CSD2 in chloro-
plasts, and CSD3 in peroxisomes.3,5 It is
known that CSD activation involves two
pathways.6,7 The CCS-dependent pathway
has been well studied, which requires the
CCS (Cu chaperone of SOD).8 An alter-
native pathway, which acts in the absence

of CCS, is observed in mice, nematode
and Arabidopsis,7,9-12 with its mechanism
unclear. Depending on an organism’s
lifestyle and complexity, it is very likely
that different eukaryotes may have evolved
to favor one pathway over the other.

In our previous study,7 the three
Arabidopsis CSD isomers show different
favor for the two activation pathways,
which is due to cellular environments they
localized but not their protein structures
(Fig. 1): cytoplasmic CSD1 is activated
mainly depending on CCS (64%) and
partially by the CCS-independent pathway
(36%); chloroplastic CSD2 activation
depends completely on CCS (100%);
and peroxisomal CSD3 activated mainly
by the CCS-independent pathway
(100%). The extremely different pre-
ference of three CSD present in a single
cell makes Arabidopsis a good species for
the investigation of the CuZnSOD activa-
tion preference.

Two Models of
How the Unidentified Factor

Involves In the CCS-Independent
Pathway

Based on our previous study, an uniden-
tified factor is participated in the CCS-
independent pathway and may cooperate
with glutathione (GSH) to activate CSD.7

Here, we propose two models for CSD
activation in the absence of the CCS
(Fig. 2). In the first model, the Cu co-
factor is transferred from Cu-GSH com-
plexes to CSD, but interaction between
the Cu-GSH and CSD proteins requires
the assistance of an unidentified factor
(model A). The role of the unidentified
factor is a scaffold protein, which provides
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a platform for the CSD protein and Cu-
GSH to interact. In the second model, Cu
is first transferred from Cu-GSH to the
unidentified factor and then transferred to
a CSD protein (model B). Here, the role
of the unidentified factor could be as a Cu
carrier, which itself can bind Cu and
interact with CSD proteins. Nevertheless,
the interaction between CSD and the
unidentified factor is essential in either
model. Of note, the importance of proline
144 on the carboxyl terminus of human
CSD (hSOD1) has been noted as a
potential Cu-GSH docking site of CSD
protein,10 which implies the approach of
Cu-GSH to the CSD protein (model A),
for a more convincing model.

C-Terminal of CSD Protein
May Determines Its Activation

by CCS or the Unidentified Factor

An important difference between CCS-
dependent and -independent pathways
concerns the status of the CSD disulfide
bond.6 CCS can activate only disulfide-
reduced CSD proteins, because the inter-
action between CCS and CSD involves
formation of an intermolecular disulfide
bond (Fig. 3A).13 Thus, intramolecular
disulfide-oxidized CSD would preclude
the interaction (Fig. 3B). In contrast, both
disulfide-reduced and -oxidized CSD can
be activated by the CCS-independent
pathway.6 This observation led us to
suggest that the interaction of CSD and
the unidentified factor differs from that
of CSD and CCS, which does not require
the formation of the intermolecular dis-
ulfide bond (Fig. 3D), so the disulfide-
oxidized CSD can still interact with the
unidentified factor (Fig. 3E).

As mentioned previously, the presence
of proline at position 144 of yeast CSD
(ySOD1) prevents activation by the
CCS-independent pathway.10,12 The most
recent model indicates that this proline
results in a conformational restriction that
prevents disulfide bond formation within
CSD in the absence of the CCS.6 This
restriction on disulfide bond formation
can be overcome by the action of CCS
but not the CCS-independent mechanism
(Fig. 3C and F, respectively). Here, we
suggest another reason for an essential
unidentified factor in CCS-independent

Figure 1. Variable levels of CCS-dependent and -independent activation of three Arabidopsis CSDs
localized in different cellular compartments. Assuming that the total activity of each CSD in the WT is
100%, the fraction activated by AtCCS (CCS) is in green and that activated through the CCS-
independent (CI) pathway is in orange. Solid arrows represent the activation that was demonstrated
experimentally, and the dashed arrows indicate activation levels that were undetectable in our system.

Figure 2. Two possible models for CCS-independent activation of CSD. (A) The unidentified factor
(unknown), acting as a scaffold protein, first interacts with both GSH and the CSD protein, and
the GSH-bound Cu cofactor is then transferred to CSD. (B) The Cu cofactor is first transferred from
GSH to the unidentified factor and then transferred to a CSD protein. In this model, the unidentified
factor functions as a Cu carrier.
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pathway interacting with the disulfide-
oxidized CSD. In this model, the mole-
cular conformation adopted by CSD
containing proline 144 may prevent

interaction of the unidentified factor with
the CSD protein. This situation would
explain why proline 144 blocked only
CCS-independent activity but not that

conferred by CCS. Further investigation
is required to characterize the uniden-
tified factor and elucidate the complete
mechanism.
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Figure 3. CSD interacts with the CCS vs. the unidentified factor. (A–C) The CCS interacts with disulfide-reduced CSD and CSDPP but not disulfide-oxidized
CSD. (D–F), The unidentified factor (unknown) interacts with disulfide-reduced and -oxidized CSD but not CSDPP.
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