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Effect of Cu content on the activity of Cu/ZnSOD1
in the Arabidopsis SUMO E3 ligase siz1T mutant
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In a previous study, we found copper (Cu) accumulated to a higher level in the aerial parts of soil-grown plants of the
SUMO E3 ligase sizT mutant than in those of the wild-type. Here, we found that all superoxide dismutase (SOD) isoforms,
such as FeSOD, MnSOD and different types of Cu/ZnSOD, were more active in the sizl mutant than in the wild type
under normal growth conditions. We further examined the expression and enzymatic activity of Cu/ZnSOD1 (CSD1) in
shoots of the sizl mutant under excess Cu. Shoot CSD1 protein level and activity were reduced in sizl with excess Cu
but induced in the wild type. SIZ1-dependent SUMOylation may be involved in maintaining CSD1 protein stability or

repelling a feedback regulation under Cu stress.

Introduction

The reversible conjugation of the small ubiquitin-like modifier
(SUMO) to protein substrates occurs as a post-translational
regulatory process in eukaryotic organisms. The compo-
nents of SUMO conjugation and deconjugation systems are
observed in many plant species, including algae, dicots and
monocots.'> SUMOylation is involved in many plant physi-
ological processes, such as controlling cell growth and develop-
ment, embryogenesis and flowering time regulation.® It is also
involved in actions of both biotic and abiotic stresses, includ-
ing phosphate starvation responses, salicylic acid-dependent
pathogen defense, freezing and cold tolerance, basal thermo-
tolerance and drought response.* Despite the existence of sev-
eral SUMO E3 ligases in Arabidopsis,”® many stress-responsive
SUMO conjugations are mainly mediated by the SUMO E3
ligase SIZ1.

We previously observed a phenotype of hypersensitivity to
excess Cu in the shoot of the siz/ mutant” Elemental profiling
revealed the siz] mutant with a high shoot-to-root ratio of Cu con-
centration. Exogenous Cu treatments can induce the expression
and activity of Cu/Zn superoxide dismutase (Cu/ZnSOD).* We
wondered whether high endogenous Cu accumulation could also
induce the expression and activity of Cu/ZnSOD. Arabidopsis
has three Cu/ZnSOD isoforms. In this study, we examined the
expression and activity of cytosolic Cu/ZnSODI (CSDI1) in the
siz] mutant with high endogenous Cu content.

Results and Discussion

At the cellular level, Cu is a redox-active metal able to facili-
tate the conversion of O, and H,O, to *OH via Fenton and
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Haber-Weiss reactions. The generated reactive oxygen species can
directly interact with the antioxidative defense system, disturbing
the cellular redox status and causing lipid peroxidation. Because
shoots of soil-grown sizI mutant plants accumulated more Cu
than those of the wild type, we suspected that the high Cu accu-
mulation would also trigger cellular oxidation. Hence, we exam-
ined SOD activities in shoots of plants by gel-stain assay. The
activities of all 3 SOD isozymes in Arabidopsis (Cu/ZnSOD,
FeSOD and MnSOD) were higher in the siz/ mutants than in
the wild type in the control state (Fig. 1A), which indicates that
the siz/ mutants were under more stress than was the wild type.
The Cu/ZnSOD activity was particularly increased, which sug-
gests an association with the elevated endogenous Cu content in
the mutant lines. Interestingly, the activity of Cu/ZnSOD could
be further induced by excess Cu in the wild type, whereas corre-
sponding activities in the sizI mutants seemed to have reached a
plateau or were slightly reduced. However, the activity of FeSOD
was reduced after excess Cu treatment in both siz/ and the wild
type, with the activity of MnSOD not changing much after
excess Cu treatment.

To examine whether the regulation of CSDI occurred at
the transcriptional or post-translational level, we examined the
mRNA expression of CSDI in shoot and root tissues by real-time
quantitative RT-PCR. The mRNA level of CSDI was higher in
the shoots of sizI mutant plants than in those of the wild type
(Fig. 1B), with no difference in root content between mutant and
wild-type plants. These results are consistent with the activity
data and suggest that the regulation takes place at the transcrip-
tional level and excess Cu induces CSD1 expression. Moreover,
the protein level of CSDI was increased with Cu treatment in
the wild type (Fig. 1C), which was consistent with the mRNA
expression. Interestingly, both the protein level and activity of
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Figure 1. Expression of superoxide dismutase (SOD) enzymes. (A) SOD isozyme activity. Activities of different SOD enzymes in leaves of the wild type
(WT) and SUMO E3 ligase mutant siz7 (siz1-2 and siz1-3) plants grown for 3 weeks and treated with 1/2 MS solution (C) or 1/2 MS + 25 pM CuSO, (Cu) for
5.5 h; SOD isoforms are indicated. Total proteins (50 j.g) were separated on 10% native polyacrylamide gels and stained for total SOD activity. (B) Quanti-
tative RT-PCR analysis of mRNA expression of Cu/ZnSOD1 (CSD1) in shoot and root tissues. Twelve-day-old WT and siz1-2 plants were treated with 25 uM
CuSO, for 1 d. Y-axis represents expression relative to that of ACT2. Means and error bars were calculated from 6 samples of two biological repeats. *p <
0.01 compared with 1/2 MS. (C) Protein gel blot analysis of CSD1 protein level in the wild type and siz1-2 (siz1) with or without Cu treatment.

CSD1 in siz! was slightly lower under excess Cu than under con-
trol treatment (Fig. 1A and C), which implies that SIZ1 may play
arole in maintaining the stability of CSD1 at the post-translation
level.

Recent reports indicated that ROS could function as a key
regulator of the SUMOylation-deSUMOylation equilibrium
by influencing the redox states of SUMO cascade enzymes and
SUMO protease.”"” Whether H,O, levels affect the expression
and activity of SODs via SIZ1-dependent SUMOylation as a
feedback regulation mechanism remains for further investigation.

In summary, an Arabidopsis Cu/ZnSOD isoform main-
tained high activity in the shoot of the SUMO E3 ligase mutant
siz] under normal culture conditions. The high accumulation
of endogenous Cu may trigger this antioxidation response.
Furthermore, the reduced CSD1 protein accumulation and
activity under excess Cu treatment suggests that Cu-induced
SUMOylation participates in the control of CSDI protein
stability.

Materials and Methods

Wild-type Arabidopsis thaliana (ecotype Columbia) and siz!
mutant plants were used. Seeds of the T-DNA insertion lines
sizl-2 (SALK_065397) and sizl-3 (SALK_034008) were
obtained from the Arabidopsis Biological Resource Center
(Ohio State University). Seeds were surface-sterilized, sowed,
treated with Cu, and sampled for quantitative real-time RT-PCR
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analysis as described in reference 7. Primers for CSD! were for-
ward 5-AGA CCC TGA TGA CCT CGG AAA-3' and reverse
5-ATG ATG CCG CAA GCA ACA C-3'. The expression of
Actin 2 (ACT2) was used as an internal control. Primers for
ACT2 were forward 5-AGG TCC AGG AAT CGT TCA CAG
A-3" and reverse 5-CCC CAG CTT TTT AAG CCT TTG
A-3'.

For SOD activity assay, rosette leaves of 3-week-old plants
were cut at the stem-root junction. The detached rosettes were
placed for 5.5 h in a Petri dish containing half-strength MS solu-
tion with or without 25 pM CuSO,. Treated detached rosettes
were ground in liquid nitrogen and resuspended in extrac-
tion buffer [50 mM TRIS-HCI, pH 7.6, 330 mM sucrose,
20 mM N-ethylmaleimide and one tablet of protease inhibitor
cocktail (Roche Applied Science, Mannheim, Germany) per
50 ml]. Samples were centrifuged at 12,000x g for 10 min at 4°C,
and protein concentrations were determined by the Bradford
method (Bio-Rad). Isolated proteins (50 wg) were separated on
10% native polyacrylamide gels. After electrophoresis, the gels
were soaked for 15 min in 15 ml of 0.2% NBT, washed with
water, and then soaked in the dark for 25 min in 30 ml phosphate
buffered saline containing 0.19% riboflavin and 100 pl TEMED.
Bands of SOD activity were observed after exposure to light for
20-30 min at room temperature. Protein gel blot analysis was
with anti-CSD1 antibody (dilution 1:10,000). The antibody
against CSD1 was prepared using full-length recombinant pro-
tein and rabbit immunization.

1429



Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

References

Colby T, Matthai A, Boeckelmann A, Stuible HP.
SUMO-conjugating and  SUMO-deconjugating
enzymes from Arabidopsis. Plant Physiol 2006;
142:318-32; PMID:16920872; DOI:10.1104/
pp-106.085415.

Wang Y, Ladunga I, Miller AR, Horken KM,
Plucinak T, Weeks DD, et al. The small ubiquitin-
like modifier (SUMO) and SUMO-conjugating sys-
tem of Chlamydomonas reinbardtii. Genetics 2008;
179:177-92; PMID:18493050; DOI:10.1534/genet-
ics.108.089128.

Park HC, Kim H, Koo SC, Park HJ, Cheong MS, Hong
M], et al. Functional characterization of the SIZ/PIAS-
type SUMO E3 ligases, OsSIZ1 and OsSIZ2 in rice.
Plant Cell Environ 2010; 33:1923-4; PMID:20561251;
DOI:10.1111/j.1365-3040.2010.02195 x.

1430

Acknowledgments

This work was supported by a grant from the National Science
Council (NSC 97-2311-B-001-008-MY3) and a postdoctoral fel-
lowship from Academia Sinica to C.C. Chen.

Miura K, Hasegawa PM. Sumoylation and other ubiq-
uitin-like post-translational modifications in plants.
Trends Cell Biol 2010; 20:223-32; PMID:20189809;
DOI:10.1016/j.tcb.2010.01.007.

Ishida T, Fujiwara S, Miura K, Stacey N, Yoshimura
M, Schneider K, et al. SUMO E3 ligase HIGH
PLOIDY2 regulates endocycle onset and meristem
maintenance in Arabidopsis. Plant Cell 2009; 21:2284-
97; PMID:19666737; DOI:10.1105/tpc.109.068072.
Lois LM. Diversity of the SUMOylation machin-
ery in plants. Biochem Soc Trans 2010; 38:60-4;
PMID:20074036; DOI:10.1042/BST0380060.

Chen CC, Chen YY, Tang IC, Liang HM, Lai CC,
Chiou JM, et al. Arabidopsis SUMO E3 ligase SIZ1
is involved in excess copper tolerance. Plant Physiol
20115 156:2225-34; PMID:21632972; DOI:10.1104/
pp-111.178996.

Plant Signaling & Behavior

8.

10.

Drazkiewicz M, Skorzynska-Polit E, Krupa Z.
Copper-induced oxidative stress and antioxidant
defence in Arabidopsis thaliana. Biometals 2004;
17:379-87;  PMID:15259358;  DOI:10.1023/
B:BIOM.0000029417.18154.22.

Bossis G, Melchior E Regulation of SUMOylation by
reversible oxidation of SUMO conjugating enzymes.
Mol Cell 2006; 21:349-57; PMID:16455490;
DOI:10.1016/j.molcel.2005.12.019.

Xu XM, Rose A, Muthuswamy S, Jeong SY,
Venkatakrishnan S, Zhao Q, et al. NUCLEAR PORE
ANCHOR, the Arabidopsis homolog of Tpr/Mlp1/
Mlp2/megator, is involved in mRNA export and
SUMO homeostasis and affects diverse aspects of
plant development. Plant Cell 2007; 19:1537-48;
PMID:17513499; DOI:10.1105/tpc.106.049239.

Volume 6 Issue 10



