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Superoxide dismutases (SODs) are antioxidant enzymes in the 
first-line defense against reactive oxygen species (ROS) activ-
ity by converting O

2
- to O

2
 and H

2
O

2
, which requires a specific 

metal cofactor for activity.1,2 In Arabidopsis thaliana, CuZnSOD 
activation involves two pathways: the CCS-dependent pathway, 
which requires Cu chaperone of SOD (CCS), and an alternative 
pathway that acts in the absence of CCS.3-6

FeSODs are found in prokaryotes and plants but not in non-
photosynthetic bacteria and animals7,8 and have an important role 
in plants. For instance, products of three FeSOD genes (FSD1, 
2, 3) are found in Arabidopsis chloroplasts; FSD2 and FSD3 are 
essential for chloroplast development.9 FeSOD requires cofactor 
Fe for its activity; however, how it obtains the prerequisite Fe 
and becomes active is not known. Recent research discovered 
that co-chaperonin 20 (CPN20) can activate FeSOD activity 
in Arabidopsis.10 CPN20 is a chloroplastic co-chaperonin pro-
tein,11-15 but its function in FeSOD activation is independent of 
its chaperonin activity.10

CPN20 Binds Fe and Enhances Fe Incorporation  
into FeSOD

We analyzed the ability of Fe to bind CPN20 and the Fe load-
ing of Holo-FSD1 incubated with CPN20 by inductively cou-
pled plasma mass spectrometry (ICP-MS). The affinity-purified 
GST-CPN20 was tested as described.10 The molecular weight of 
both GST and CPN20 is ~26 kD, so the equal-amount input of 

Activation of Cu/Zn superoxide dismutases (CuZnSODs) is aided by Cu incorporation and disulfide isomerization by Cu 
chaperone of SOD (CCS). As well, an Fe-S cluster scaffold protein, ISU, might alter the incorporation of Fe or Mn into 
yeast MnSOD (ySOD2), thus leading to active or inactive ySOD2. However, metallochaperones involved in the activation 
of FeSODs are unknown. Recently, we found that a chloroplastic chaperonin cofactor, CPN20, could mediate FeSOD 
activity. To investigate whether Fe incorporation in FeSOD is affected by CPN20, we used inductively coupled plasma 
mass spectrometry to analyze the ability of CPN20 to bind Fe. CPN20 could bind Fe, and the Fe binding to FeSOD was 
increased with CPN20 incubation. Thus, CPN20 might be an Fe chaperone for FeSOD activation, a role independent of its 
well-known co-chaperonin activity.
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GST (26 kD) and GST-CPN20 (53 kD) used here represents the 
amount of Fe bound to GST-CPN20 was 2-fold greater than that 
to the equal loading of GST control (Fig. 1A); however, in molar 
terms, the amount of Fe bound to GST-CPN20 could be 4-fold 
higher than that to GST control. So CPN20 can itself bind Fe in 
vitro. Moreover, the Fe incorporation of Holo-FSD1 was signifi-
cantly increased (~1.7-fold) when incubated with GST-CPN20 
(Fig. 1B). Thus, CPN20 can bind Fe and facilitate Fe incorpora-
tion into Holo-FSD1 in vitro.

CPN20 Might act as a Fe Chaperone for FeSOD 
Activation

Apo-FSD1, with the lost cofactor Fe, became inactive with alka-
line denaturation of Holo-FSD1.16 Apo-FSD1 could not recover 
its activity with exogenous Fe unless CPN20 or cellular extract 
was present.10 In contrast, when Apo-FSD1 was incubated with 
CPN20, its activity was recovered even without exogenous Fe. 
CPN20 alone can also enhance Holo-FSD1 activity without exog-
enous Fe.10 Our finding that CPN20 binds Fe and the Fe incorpo-
ration of FSD1 was enhanced by CPN20 (Fig. 1A and B) implies 
that CPN20 might activate FSD1 by transferring its bound Fe into 
FSD1. For CuZnSOD activation, Cu-loaded CCS has been found 
to activate Apo-CuZnSOD without exogenous Cu.17 The current 
model underlying this phenomenon proposes that CCS transfers 
its bound Cu to Apo-CuZnSOD.18 Our results led to a similar con-
clusion: CPN20 binds Fe and transfers the bound Fe to FeSOD.
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reaction takes place. Interactions between CPN20 and FeSOD 
have been confirmed by yeast two-hybridization and fluorescence 
resonance energy transfer (FRET) analyses.10 However, results of 
both native-PAGE and gel filtration analyses indicated no major 
signal shift of FSD1 after incubation with CPN20, even though 
the same treatments enhanced FSD1 activity.10 Similarly, inter-
actions between CCS and CuZnSOD were found with yeast 
two-hybridization3,22 but not immunoprecipitation or native gel 
analysis.21,23 Thus, the interaction between CPN20 and FSD1 
could be transient, similar to with CCS and CuZnSODs, chap-
eronins and co-chaperonins.

Possible Models for the Role of CPN20 in FeSOD 
Activation

According to our observations, the novel role of CPN20 in 
FeSOD activation could be as an Fe chaperone for SOD (Fig. 2). 
We suggest two models for the role of CPN20 in FeSOD activa-
tion: Model 1, CPN20 binds Fe, interacts with FeSOD, transfers 
its bound Fe to FeSOD, and then releases the active FeSOD; or 
Model 2, CPN20 might facilitate Fe incorporation in FeSOD 
by certain conformation changes or modifications, which makes 
FeSOD more accessible for Fe to be incorporated properly in its 
reaction site.

Materials and Methods

Fe binding tests. To determine the amount of Fe bound by GST 
and GST-CPN20, 2 μM ferrous ammonium sulfate solution was 
incubated with 5 μg GST (6.4 μM) or GST-CPN20 (3.1 μM) at 
30°C for 3 min. To determine the amount of Fe bound by Holo-
FSD1, 5 μg Holo-FSD1 (7 μM) was added into the mixture as 
described above for 25 min incubation at 30°C. Each reaction 
mixture was supplied with 5 μM EDTA for incubation at room 
temperature for 1 min, followed by the addition of 1 mL Milli-Q 
water, and then subjected to Amicon Ultra-4 10K centrifugal fil-
ter device (Millipore). The concentrates were then washed with 
2 mL Milli-Q water, and 3 mL collected filtrates was boiled at 
100°C for 10 min with 2% HNO

3
, then subjected to ICP-MS 

Fe analysis.
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So far, the known cases of Fe chaperones are rare; only 
two Fe chaperones are known in mammals and yeast. One 
is frataxin, the mitochondrial Fe chaperone for Fe-S clusters 
and heme biosynthesis.19 Frataxin interacts with aconitase in a 
citrate-dependent manner to protect the Fe-S cluster of aconi-
tase against disassembly and to promote its reactivation. The 
other is human poly(rC)-binding protein 1 (PCBP1), which 
delivers cytosolic Fe to ferritin.20 Here, we propose that CPN20 
could be an Fe chaperone for FeSOD activation in chloroplasts. 
Among the three chaperones, CPN20 and frataxin both help 
in activating other proteins. PCBP1 has a dual function as an 
RNA-binding protein and an Fe chaperone for ferritin. Thus, 
both CPN20 and PCBP1 have a function other than their clas-
sic roles. Interestingly, these proteins all localize to different 
compartments: PCBP1 to the cytosol, frataxin to mitochondria 
and CPN20 to chloroplasts.

Interaction Between CPN20 and FSD1 Might  
be Transient

The binding and release of co-chaperonins to chaperonins is nec-
essary for the operation of the chaperonin system.15 Hence, for 
CPN20, a transient interaction with chaperonin 60 (CPN60) or 
FeSOD seems logical. For CCS and CuZnSOD, their interaction 
is transient.21 Yeast yCCS showed no interaction with wild-type 
ySOD1 but rather with ySOD1

H48F
, a mutant that cannot accept 

the Cu cofactor from yCCS normally. According to the current 
model, CuZnSOD is released from CCS and becomes active as a 
dimer after the Cu is transferred and the disulfide isomerization 

Figure 1. ICP-MS analysis of amount of Fe. (A) Fe binding of GST or 
GST-CPN20. Five μg GST or GST-CPN20 incubated with 2 μM ferrous am-
monium sulfate was tested. (B) Fe binding of Holo-FSD1 on incubation 
with GST or GST-CPN20. Five μg Holo-FSD1 incubated with 5 μg GST or 
GST-CPN20 in 2 μM ferrous ammonium sulfate solution was tested. Data 
are relative to the GST control (mean ± SD, n = 5). *, p < 0.05 (two-tailed 
Student’s t-test).
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