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Iron-superoxide dismutase (FeSOD) and copper/zinc-superoxide dismutase (Cu/ZnSOD) are evolutionarily
conserved proteins in higher plant chloroplasts. These enzymes are responsible for the efficient removal of the
superoxide formedduringphotosynthetic electron transport and function in reactive oxygen speciesmetabolism.
The availability of copper is a major determinant of Cu/ZnSOD and FeSOD expression. Analysis of the phenotypes
of plants that over-express superoxide dismutases in chloroplasts has given support for the proposed roles of
these enzymes in reactive oxygen species scavenging. However, over-production of chloroplast superoxide
dismutase gives only limited protection to environmental stress and does not result in greatly improved whole
plant performance. Surprisingly, plant lines that lack themost abundant Cu/ZnSODor FeSOD activities performas
well as the wild-type undermost conditions tested, indicating that these superoxide dismutases are not limiting
to photoprotection or the prevention of oxidative damage. In contrast, a strong defect in chloroplast gene
expression and development was seen in plants that lack the two minor FeSOD isoforms, which are expressed
predominantly in seedlings and that associate closely with the chloroplast genome. These findings implicate
reactive oxygen species metabolism in signaling and emphasize the critical role of sub-cellular superoxide
dismutase location. This article is part of a Special Issue entitled: Regulation of Electron Transport in Chloroplasts.
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1. Introduction

The reactive oxygen species superoxide (O2
−) is formed by

reduction of dioxygen by a single electron [1]. Several processes can
lead to superoxide formation but respiratory and photosynthetic
electron transport chains are major sources of this anionic oxygen
radical; for reviews see [1] and [2]. The enzyme superoxide dismutase
(SOD) catalyzes the fast dismutation of superoxide to hydrogen
peroxide [3] and is thought to be ubiquitous in organisms that live in
the presence of oxygen. For reviews see [4,5]. The overall dismutation
reaction can be written as follows:

2O
−
2 þ 2H

þ
⟷ H2O2 andO2: ð1Þ

The spontaneous forward reaction is readily observed in vitro at high
rates [6] but at lower substrate concentrations the second order
kinetics cause this reaction to become much slower. In living cells
however, superoxide dismutase makes the reaction effectively
diffusion limited because these enzymes have extremely high
turnover numbers [4]. The complete enzymatic reaction cycle
involves the binding of two superoxide ions and the temporary
storage of electrons and therefore requires two redox-active metal
ions as cofactors in the active center for catalysis [4,5]. Indeed,
superoxide dismutases function as dimers with a catalytic metal ion in
each monomer [4]. We first discuss the SOD isoforms that occur in
plants and then focus on the biogenesis, regulation of expression and
function of SODs that play a role related to photosynthesis.

2. Isoforms of superoxide dismutase

2.1. Occurrence and cellular locations of superoxide dismutases

The four types of superoxide dismutase that are described in the
literature are FeSOD (iron cofactor), MnSOD (manganese cofactor),
Cu/ZnSOD (copper and zinc as cofactors where copper is the redox
active catalytic metal) and NiSOD (nickel cofactor) [4,5]. NiSOD is not
found in plants [7–9] and therefore it is not further discussed here.

MnSOD is found in several prokaryotes including cyanobacteria
[5,7]. In eukaryotes, including plants, MnSOD is found in the matrix of
the mitochondria [5,7]. In the eukaryotic alga Chlamydomonas
rheinhardtii MnSOD is also reported to be in the chloroplast [10] but
it is not found in the plastids of higher plants. This suggests that in
plants the MnSOD of cyanobacterial origin was lost during evolution
[7,8]. FeSOD is found in most prokaryotes and is especially abundant
in cyanobacteria [7]. C. rheinhardtii also contains FeSOD in its
chloroplast [10]. In plants, FeSOD is most frequently reported to be
active in the plastids [8,9]. However recent reports have suggested a
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cytosolic location for some FeSOD isoforms [11,12]. Cu/ZnSOD occurs
in some bacteria and in the cytosol of eukaryotes including yeast,
mammals and plants. In plants, Cu/ZnSOD also occurs in the
peroxisomes [9] and plastids [9,13]. Cu/ZnSOD is not found in more
primitive photosynthetic eukaryotes such as C. rheinhardtii [14] and
the moss Barbula unguiculata [15].

2.2. Structure and evolution of superoxide dismutases

Protein primary structures and phylogenetic relationships of
superoxide dismutases have been extensively studied [7,8,16]. Fig. 1
gives the schematic domain structures for the three FeSODs and the
two most abundant Cu/ZnSOD enzymes that occur in Arabidopsis
thaliana. FeSOD is likely the most ancient superoxide dismutase [17].
MnSOD is structurally related to FeSOD fromwhich it probably evolved
[8]. Detailed 3-dimensional structures are available which reveal that
FeSOD andMnSOD enzymes have a very similar fold and use conserved
residues for metal binding [4,5]. In contrast, Cu/ZnSOD, which was the
first SOD to be described [3] is not related in structure to the other SOD
isoforms and can be viewed as an evolutionary novelty [8]. Cu/ZnSOD
probably evolved in response to the rise in oxygen in the biosphere; an
event that would have caused iron to become much less bio-available
and that seems to have driven the use of Cu as a cofactor in biology [18].
Phylogenetic analyses of plant sequences show that all chloroplast Cu/
ZnSODs are more related to each other than to cytosolic Cu/ZnSODs,
which also form their own sub-group [16]. This suggests that selective
pressures, that caused divergence of these two enzymes, acted early in
the evolution of higher plants.

2.3. Superoxide dismutases in the model plant Arabidopsis

The genome of themodel plant Arabidopsis encodes for seven SODs
[9]. The proposed subcellular locations and the developmental
expression patterns of SOD isoforms in Arabidopsis are indicated in
Fig. 2. The manganese SOD (MSD1) had been predicted to be
mitochondrial [9] and was indeed found to be active there [19].

There are three FeSOD isoforms in Arabidopsis called FSD1, FSD2
and FSD3. In rosette leaves of mature plants grown on soil, FSD1 is the
most abundantly expressed FeSOD [9]. Notably, FSD1 mRNA expres-
Fig. 1. Schematic primary structures of Arabidopsis superoxide dismutases. Canonical
mitochondrial (mTP) or chloroplast transit peptides (cTP) are indicated. The position of
the conserved histidine (H) and aspartic acid (D) residues involved in metal-binding as
well as the cysteine (C) residues involved in intra-molecular disulfide bridging (S–S) is
presented.

Fig. 2. Location of SODs in plants and their expression during plant development. Panel
A: Subcellular location of SODs in Arabidopsis. Panel B: Expression of SOD genes during
Arabidopsis thaliana development. mRNA expression levels are presented in arbitrary
units (AU) during different stages of rosette and fruit development. The data set used to
create the in silico transcriptional profiling was obtained from Genevestigator (https://
www.genevestigator.com; [73]). The three Cu/ZnSOD isoforms are encoded by CSD1–3.
The three FeSOD isoforms are encoded by FSD1–3. MSD1 encodes for the MnSOD.
sion is strongly affected by Cu levels and the gene is especially
expressed when plants are grown on media with low Cu content [20].
FeSOD activity is only detected in chloroplasts that were isolated from
Arabidopsis plants grown on low Cu, which suggests that isolated
chloroplasts contain FSD1 [20]. An antibody raised against FSD1
detected FeSOD in the chloroplast fraction [9]. In addition, a proteomic
analysis by Zybailov et al. detected FSD1 in the chloroplast stroma
[21]. Together, these observations strongly suggest that FSD1 protein
is active in plastids. The location of FeSOD in plastids of higher plants
would also agree with the cyanobacterial origin of higher plant

image of Fig.�2
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chloroplasts [7,8]. However, FSD1 lacks a canonical transit sequence
and fusions of FSD1 to the Green Fluorescent Protein (GFP) were
localized to the cytosol [11,12]. Furthermore, FSD1 that was produced
by in vitro translation was also not imported into isolated pea
chloroplasts [12]. The cellular location of FSD1, the most abundant
FeSOD in Arabidopsis, is therefore still not fully resolved.

FSD2 and FSD3 on the other hand are synthesized with canonical
chloroplast transit sequences and their plastid location has been
confirmed using GFP fusions [11]. The observed lack of complementation
of fsd2/3 mutants by the abundantly expressed FSD1 speaks for a
sub-cellular location of FSD1protein that differs fromFSD2and FSD3 [11].

The three isoforms of Cu/ZnSOD in Arabidopsis have different
sub-cellular locations. In vegetative tissues the two abundant Cu/ZnSODs
are CSD1 and CSD2. CSD1 is predicted to be cytosolic and is absent from
plastids [9]. CSD2 has a chloroplast transit sequence and its location in
chloroplasts has been confirmed experimentally [9,20,22]. CSD3 has a
C-terminal Ala-Lys-Leu motif that is most likely a peroxisomal targeting
sequence. The CSD3 gene is abundantly expressed in flowers, which are
enriched in peroxisomes [23].

3. The biogenesis and maturation of superoxide dismutase

3.1. Chloroplast uptake of SOD isoforms

All plant superoxide dismutases are encoded in the nuclear
genome. The transcripts are therefore translated on 80S ribosomes
and to reach the chloroplast the proteins must be imported. As
mentioned, the location of FSD1 is not yet fully resolved but it is clear
that it does not have a typical chloroplast transit sequence. CSD2,
FSD2, and FSD3 however do have predicted cleavable chloroplast
transit sequences that would allow the transport of these proteins to
the stroma via the TOC/TIC protein import machinery in the envelope,
followed by cleavage of the transit sequence by the stromal transit
sequence peptidase. It is believed that the chloroplast import
machinery has a strong unfolding capacity and precursors would be
imported in an unfolded state [24]. Therefore, folding and cofactor
assembly to activate the proteins must happen within the stroma.

3.2. Maturation

How FeSOD acquires its Fe cofactor is not yet clear. However, the
maturation of Cu/ZnSOD is extensively studied; for a review see [38].
The PAA1 Cu transporter functions in the delivery of the Cu cofactor to
the chloroplast stroma and is required for CSD2 activity [20,25]. In the
stroma Cu is inserted into CSD2 with the aid of a metallo-chaperone.
In yeast a metallo-chaperone called CCS (for the Chaperone for Cu/Zn
Superoxide dismutase) was found to be required for the activation of
Cu/ZnSOD in the cytoplasm [26]. CCS seems to have at least two
functions: it delivers the Cu cofactor and it assists in the formation of
an intra-molecular disulfide bridge required for the full activation of
Cu/ZnSOD [26]. CCS has three functional domains. The protein has an
amino-terminal ATX-like metallo-chaperone domain containing a
Cys-X-X-Cys motif that likely is a Cu binding site. The second domain
is a central region with similarity to its target SOD that is thought to
mediate interaction with the target apo-protein. Finally, a C-terminal
domain containing possiblemetal binding Cys residues is present [26].
All three regions seem to be required for full CCS function [26].

Homologues of yeast CCS are found in plants [27–30]. The Arabidopsis
CCS can functionally complement a yeast loss of function mutant, which
indicates that the protein function is conserved [93]. In Arabidopsis there
are three Cu/ZnSOD enzymes at three different locations in the cell but
only one gene for CCS [30]. The one gene copy of CCS is however required
for the efficient maturation of all three Cu/ZnSOD isoforms [23]. The
Arabidopsis CCS gene encodes a possible precursor with a predicted and
functional N-terminal chloroplast targeting sequence [23,93]. In
Arabidopsis, CCS transcripts of different lengths can be detected; a longer
transcript allows translation initiation at an AUG start codon that
produces a chloroplast-targeted precursor. A slightly shorter transcript
version lacks this first initiation codon and as a consequence translation
would start at a downstream AUG initiation site. This produces a mature
enzyme lacking the transit sequence which therefore remains cytosolic
[22]. Expression of CCS without the transit sequence in a CCS T-DNA
insertion line complements only the maturation of CSD1 (cytosol) and
CSD3 (peroxisome) [23]. Expression of a full-length CCS transcript
allowed for thematuration of all Cu/ZnSOD isoforms [23]. It is likely that
cofactor assembly and maturation of CSD3 occurs in the cytosol because
unlike chloroplasts, peroxisomes can take up fully folded enzymes. In
addition, CSD3 has a canonical C-terminal peroxisomal targeting
sequence whereas this is not evident for plant CCS.

4. Regulation of SOD expression

4.1. Factors that affect SOD expression

The expression pattern of superoxide dismutases and an examination
of the factors that affect the expression of these enzymes can give clues
about SOD function and are therefore worth examining. We will first
consider the developmental regulation and then look at the effects of
various environmental factors such as abiotic stress and nutrition.

4.1.1. The patterns of SOD isoform expression during development
Publicly availablemRNA expression data allow a comparison of the

expression patterns of all superoxide dismutases in Arabidopsis grown
on soil over the entire life cycle from seed to seed (see Fig. 2B). The
data show that FSD1, CSD1 and CSD2 encode the major SOD isoforms,
which agrees with the report by Kliebenstein et al. [9]. FSD1 is highly
expressed in younger plants; then at the onset of flowering the
expression of FSD1 is reduced (Fig. 2B). The expression of cytosolic
CSD1 and chloroplast CSD2 seem to be co-regulated and are initially
expressed at somewhat lower levels but their expression is increased
after the onset of flowering (Fig. 2B). At that point, vegetative
development would have peaked. Thus, expression of FSD1 on one
hand and CSD1/CSD2 on the other hand seems reciprocal. Among the
FeSODs with a confirmed chloroplast location, FSD2 and FSD3 have a
low basal expression level. However, FSD2 and FSD3 expression is
slightly elevated in young developing seedlings (Fig. 2B). Similar
expression data were reported by Myouga et al. [11]. It is clear that a
significant expression level of chloroplast SOD activity is maintained
at all stages, which suggests an important role for these enzymes.

The mitochondrial MSD1 is constitutively expressed at a stable
level (Fig. 2B). This gene was also not affected by treatments of plants
reported to affect the expression of Cu/ZnSOD or FeSOD isoforms [9].
Finally, CSD3 is expressed at much lower levels and only increases
during flowering (Fig. 2B), consistent with the observation that the
peroxisomal CSD3 is the dominant SOD activity in flowers [23].

4.1.2. Effects of various stress treatments on expression of major SOD
isoforms

The effects of various treatments on Cu/ZnSOD and FeSOD
expression in plants reported in the literature are summarized in
Table 1. SODs are regulated on the transcriptional and translational
level in multiple ways [9,20,36,74–92]. Most treatments affect the
expression of cytosolic and chloroplastic Cu/ZnSOD in the same way.
The exceptions are exposure to ozone and UV-B which up-regulate
cytosolic Cu/ZnSOD and down-regulate chloroplast Cu/ZnSOD
(Table 1). Most stress treatments lead to simultaneous up-regulation
of both Cu/ZnSODs (Table 1). Drought, osmotic stress, and abscisic acid
(ABA) all induce stromal closure, which causes a lack of CO2 to feed
into the Calvin cycle. This could result in over-reduction of the stroma
in the light, which in turnmay cause increased superoxide production.
High light and the herbicide paraquat (methyl viologen, MV) also
promote increased superoxide formation in the chloroplast; see also



Table 1
Differential regulation of SODs in response to various treatments.
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[31]. The reported up-regulation of Cu/ZnSOD under these conditions
in most plants (Table 1) makes sense in the context of a superoxide
scavenging role. However, it was found in Arabidopsis that the effects
of high light andMV on the expression of CSD1 and CSD2were small in
comparison with the much more evident up-regulation of ferritin and
the ascorbate peroxidase APX1 [32]. The effects of abiotic stresses on
FeSOD expression are not always as clear. For instance, in Nicotiana
plumbaginifolia treatment with MV was reported to cause reduced
FeSOD expression in one case and up-regulation in another case (see
Table 1). In a recent study, Myouga et al. [11] reported that in
Arabidopsis the transcripts for the minor FeSOD isoforms FSD2 and
FSD3 are up-regulated by MV treatment.
4.1.3. The effect of copper and sucrose on SOD expression
The availability of copper is by far the most important factor that

controls CSD1, CSD2 and FSD1 expression. Copper is absolutely
required for expression of CSD1, CSD2 [20] and for the Cu chaperone
CCS [22], and at elevated levels it suppresses FSD1 expression almost
completely [20]. We consider it possible that the increased expression
of Cu/ZnSOD and decreased expression of FSD1 after the onset of
flowering in Arabidopsis (Fig. 2B) are also attributable to Cu. At that
point vegetative development and thus consumption of Cu by
cytochrome-c oxidase and plastocyanin in developing mitochondria
and chloroplasts has gone past its peak, allowing more Cu to become
available for Cu/ZnSOD. Themechanism for the regulation by Cu is now
well understood and involves the conserved transcription factor SPL7
(see Fig. 3). SPL7 is a Cu-responsive transcription factor in plants [33]
that is homologous to Chlamydomonas Crr1 [34]. In Chlamydomonas,
Crr1 regulates the expression of genes such as cytochrome-c6 which is
up-regulated in response to low Cu availability [34]. The Crr1 targets
have a cis-acting Cu-responsive element (CuRE) that contains the DNA
sequence motif GTAC [34]. SPL7 has a number of targets in Arabidopsis
that all display the GTAC motif and one of these is FSD1 [33]. FeSOD is
also a target of an SPL7 homologue in the moss B. unguiculata [15].
Several microRNAs, which are collectively called the Cu microRNAs,
because they all negatively regulate transcripts that encode for Cu
enzymes [38], are up-regulated via SPL7 on low Cu [32,33,35]. Among
the Cu microRNAs is miR398, which targets the mRNAs of CSD1, CSD2
and CCS [22,36,37]. Thus if Cu is limiting, SPL7mediates up-regulation of
FSD1 and down-regulation of CSD1 and CSD2 (see Fig. 3). Additional
targets of SPL7 include Cu transporters and putative Cu chaperones that
are thought to be involved in the assimilation of Cu [33]. An spl7 loss-of-
function mutant is sensitive to low Cu [33]. Because SPL7 has so many
targets it is not yet clear which critical function is lost to explain this
phenotype, but we anticipate that the lack of Cu assimilation capacity is
a major problem in spl7 mutants.

The presence of sucrose was reported to affect miR398 and thus
CSD1 and CSD2 expression independently of Cu [37]. Dugas and Bartel
[37] report that the addition of sucrose to plant agar culture media
promotesmiR398 expression and therefore causes down-regulation of
CSD1 and CSD2 in Arabidopsis. Interestingly, FeSOD protein levels were
hardly affected [37] suggesting that sucrose does not assert its effect
on miR398 via SPL7. Sunkar et al. [36] and Dugas and Bartel [37] also
investigated the effect of altering themiR398 recognition sites in CSD1
and CSD2 mRNA. These mutated mRNAs did accumulate as expected,
even in conditions when miR398 expression was high. However, the
protein levels of CSD1 and CSD2 were still affected by low Cu. This
Notes to Table 1:
Shown are significant effects of various treatments on the mRNA expression, protein
abundance or enzymatic activity of the cytosolic (Cyt) and plastidial (Pl) Cu/ZnSOD as
well as FeSOD in multiple plant species. The different box colors indicate up-regulation
(red), down-regulation (green) or no effect on SOD expression (white). A question
mark indicates that the effects of a treatment on a specific SOD were not investigated.
*The FeSOD (FSD1) mRNA increases and decreases with the rhythm of the circadian
clock.



Fig. 3. SPL7-mediated regulation of SOD expression. A. In low-Cu conditions and in response to sucrose, SPL7 initiates transcription of miRNA398 which targets and down-regulates
CCS, CSD1 and CSD2. In the same conditions, FSD1 is up-regulated by SPL7. B. At high Cu concentrations and other biotic or abiotic stresses, FSD1 expression is repressed and CCS,
CSD1 and CSD2 abundance increases. Abbreviations: CCS, copper chaperone for superoxide dismutase; CSD1, cytosolic Cu/Zn SOD; CSD2, chloroplastic Cu/Zn SOD; FSD1, FeSOD;
SPL7, SQUAMOSA promoter binding protein-like7.
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observation led to the suggestion that miRNA398 not only affects
transcript stability but that it can also down-regulate CSD1 and CSD2
expression by inhibiting translation [37]. However, an alternative
explanation could be that CSD1 and CSD2 protein accumulation
requires the stabilizing Cu cofactor, which is delivered by the CCS
protein that is also controlled by Cu levels via miR398.

4.2. Implications of regulation of Cu/ZnSOD and FeSOD

It was proposed that a major function of the Cu microRNA-
mediated regulation is to economize the use of Cu so that critical Cu
proteins such as plastocyanin and cytochrome-c oxidase can remain
active during impending deficiency [38]. Indeed, Cu/ZnSOD is
abundant in plant chloroplasts [13] and there is evidence that PC
and CSD1 compete for the same Cu pool in Arabidopsis [39]. In the
context of Cu nutrition we can interpret the up-regulation of FSD1
expression as a sign of stress or impending stress. Ultimately, a lack of
Cu could lead to a defect in plastocyanin function and thus impaired
photosynthesis. Why sucrose would cause down-regulation of CSD1
and CSD2 is harder to rationalize.

Because Cu seems to have such a large effect on the expression of
SODs, its concentration in media and availability to plants needs to be
very tightly controlled in experiments that investigate other factors.
This can be challenging, especially on soil. Therefore it cannot be
excluded that some of the observations on SOD expression (see
Table 1) could be explained by differences in soil composition or
fertilizer treatments that affected Cu levels or Cu availability. This idea
would certainly explain some of the seemingly contradicting reports.

Another possible problemwith the expression analysis approach is
that sometimes the treatments have been extremely harsh on the
plants, which may have caused unspecific secondary effects. It would
be of interest to investigate if the various treatments that affect SOD
mRNA levels exert their effect via the same or via different pathways.
In this respect it is interesting that some of the effects of treatments
such as high light and MV on Cu/ZnSOD expression have been
ascribed to a reduction of miR398 expression [36].

It is remarkable that FeSOD and Cu/ZnSOD expression is found to be
reciprocal in response to Cu as well as in response to a large number of
stress treatments (Table 1). FSD1 compared to CSD1/CSD2 expression
was also reciprocal when examining development in Arabidopsis
(Fig. 2B). If FSD1 is indeed chloroplastic, then a basal SOD activity
level would always be maintained in the chloroplast. Such a regulatory
mechanism would underscore the importance of SOD in the chloro-
plast. The function of SOD is examined in the next section.
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5. Possible FeSOD and Cu/ZnSOD functions in plastids

5.1. Overview of possible functions

Mehler first described that PSI can donate electrons to molecular
oxygen forming superoxide [2,40]. Superoxide formation may also be
possible through reduction of oxygen by PSII or plastoquinone [31].
The SOD substrate superoxide and hydrogen peroxide, the product of
SOD, are both reactive oxygen species (ROS) [1]. Several functions
have been postulated for SOD in chloroplasts: protection to oxidative
stress, photoprotection, regulation of electron transport and signaling.
We will first discuss these possible functions in the context of
chloroplast biochemistry and the properties of SODs and associated
enzyme systems. We will then scrutinize these models by examina-
tion of the phenotypes that result from the manipulation of SOD
activity levels in planta.

5.2. ROS scavenging

5.2.1. Superoxide and ROS production
The function of SOD is frequently associated with tolerance to

abiotic stress [8]. This view is supported by the observation that
microorganisms such as yeast and cyanobacteria become more
sensitive to ROS when they lack SOD [41,42]. The phenotype of
yeast mutants deficient in cytosolic SOD function is informative. These
mutants are lysine and leucine auxotrophs during aerobic growth
because they lack sufficient activity of the enzymes homoaconitase
(Lys4p) and isopropylmalate dehydratase (Leu1p) which are 4Fe–4S
cluster proteins with similarity to aconitase [41]. The genes are
expressed but the proteins are not active most likely because the Fe–S
clusters are highly sensitive to superoxide. This situation suggests a
scavenging function for SOD in yeast, necessary to protect ROS-
sensitive cellular enzymes that would otherwise become limiting to
growth. Chloroplasts have over twenty Fe–S proteins. Several of these
have a function in the electron transport chain but there are also
4Fe–4S cluster proteins that are active in the stroma [43].

Superoxide can be damaging to Fe cofactors of proteins but
compared to other reactive oxygen species it is not considered to be
very reactive by itself [1]. Nevertheless, the presence of superoxide
can lead to the formation of hydrogen peroxide (H2O2) and the
hydroxyl radical (OH•). The latter is a reactive oxygen species that
cannot be removed enzymatically. It is highly reactive and considered
to be especially damaging to membrane lipids and macromolecules
including nucleic acids [1]. Free redox-active metal ions such as Fe2+

promote the formation of the very reactive hydroxyl radical in the
Fenton reaction [1]:

Fe
2þ þ H2O2→Fe

3þ þ OH• þ OH
−
:

The presence of an electron donor such as ascorbate leads to a cycle
which further increases the damage to biologicalmolecules. Superoxide
can also serve as a reductant that can drive the so-called Haber–Weiss
cycle, which consists of the following two reactions:

H2O2 þ OH•→H2O þ O
−
2 þ H

þ
and H2O2 þ O

−
2 →O2 þ OH

− þ OH•

The second reaction has a negligible rate constant but it is believed that
Fe3+ complexes catalyze this reaction [1]. In this case Fe3+ is first
reduced by superoxide, followed by the oxidation by hydrogen
peroxide. There are several reasons why organisms need to control
these cycles. Reactive oxygen species can cause damage to electron
transport chainswhichalso could lead to the release of redox-active iron
atoms. Iron in turn promotes theHaber–Weiss cycle and Fenton reaction
which promote the production of the highly toxic hydroxyl radical [1].
Defects in electron transport chains could again lead to over-reduction of
upstream components possibly causing more superoxide formation. If
ROS and free metal ions are “partners in crime” then there are two
obvious remedies required to control such a destructive negative spiral:
prevent ROS accumulation and avoid accumulation of free metal ions.

5.2.2. Control of superoxide and hydrogen peroxide in the water–water
cycle

In the context of oxidative stress protection chloroplast SOD can be
viewed as part of a reactive oxygen species scavenging system,working
in synergy with either peroxidase or peroxiredoxin (see Fig. 4).
Peroxidase and peroxiredoxin can eliminate the peroxide produced by
SOD in the so called water–water cycle [2]. In the water–water cycle
electrons that originate from water at PSII and that are lost from the
electron transport chain react with molecular oxygen, forming
superoxide. This process may be promoted by high light intensities,
low temperature, drought or inhibition of the Calvin cycle. Superoxide is
then converted to hydrogen peroxide by SOD. Hydrogen peroxide is
removed and water is again formed by ascorbate peroxidase at the
expense of ascorbate, which becomes oxidized. Reduced ascorbate is
regenerated with electrons coming from ferredoxin. Alternative
pathways for the removal of H2O2 in the stroma are described in Fig. 4.

Scavengingwould bemost efficient if SOD is close to the sitewhere it
is produced and close to an enzyme that can consume H2O2 because
hydroxyl radical formationmust be prevented. The arrangement of SOD
in the stroma close to the thylakoid membrane surface, where it can
work together with ascorbate peroxidase, would contribute to the
efficiency of the water–water cycle (see Fig. 4). Within the chloroplast,
FeSOD and Cu/ZnSOD are both found in the stroma [9,20], but within
this aqueous compartment the enzymes may have specific locations. It
was found using immuno-gold labeling electron microscopy that the
majority of plastid Cu/ZnSOD is closely associatedwith the outer surface
of the thylakoids and itwould therefore be close to PSI,which is thought
to be a major source of superoxide production. [13]. What would keep
Cu/ZnSOD in thismembrane-associated location is not clear but perhaps
weak ionic interactions play a role. The membrane association is
apparently easily lost since Cu/ZnSOD behaves like a soluble enzyme
which is recovered in stromal fractions after lysis and fractionation of
Arabidopsis chloroplasts [22]. Similarly, Van Camp et al. concluded that
FeSOD co-fractionated preferentially with the chloroplast membrane
fraction in centrifugation experiments [44]. Thus, the biochemical
properties of SODs which are highly efficient in the removal of
superoxide and the suggested location of chloroplast SOD close to PSI
and to thylakoid-bound ascorbate peroxidase suggests that these
enzymes would work as ROS scavengers.

FSD1 and CSD2 expression are reciprocal in Arabidopsis as discussed
earlier. However, it is not yet clear if FeSOD and Cu/ZnSOD would
interact with the same proteins on the thylakoids. Although both types
of enzymes are highly efficient catalysts, it is not yet clear if FeSOD and
Cu/ZnSOD are truly interchangeable because they may have different
locations and therefore different interacting partners.Not all chloroplast
SOD isoforms are preferentiallymembrane associated. Arabidopsis FSD2
and FSD3 were shown to form a functional hetero-dimer that was
co-localized with the plastid nucleoid, the area of the stroma that holds
the plastid DNA genome [11].

5.2.3. Control of free redox-active metals
A second important measure to prevent hydroxyl radical formation

is the sequestration of redox-active metal ions especially Fe and Cu.
Uptakeanddistributionof thesemetal ions is tightly controlled. The task
is delicate because the chloroplast has a high demand for Cu, Fe andMn.
In this context itmakes sense that expression of ferritin,which forms an
Fe sequestering protein complex, is up-regulated in the presence of
H2O2 or elevated Fe [45,46]. It had been postulated that ferritin could
serve to provide a storage pool of Fe to be used for cofactor assembly.
However, based on the study of ferritin knock-out mutants in



Fig. 4. The water–water cycle and detoxification of superoxide in the chloroplast stroma. Hydrogen peroxide produced by SOD can be removed via four possible pathways labeled
1–4. Abbreviations: sAPX, stromal ascorbate peroxidase; tAPX, thylakoid-bound ascorbate peroxidase; ETC, electron transport chain; Fd, ferredoxin; FTR, Fd-Trx-reductase; GPX,
glutathione peroxidase; GR, glutathione reductase; GSH, reduced glutathione; GSSG, oxidized glutathione; MDA, monodehydroascorbate; MDAR, MDA reductase; PRX,
peroxiredoxin; PSI, photosystem I; PSII, photosystem II; TRX, thioredoxin.
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Arabidopsis it is now clear that the main function of ferritin is in
protection against oxidative stress [47]. Ferritin sequesters Fe and as
such prevents ROS metabolism from spinning out of control. It is
noticeable that FeSOD and Cu/ZnSOD also bind and therefore sequester
redox-active metal ions. The up-regulation of Cu/ZnSOD expression in
response to Cu seems to make sense in view of the need to bind excess
Cu in order to prevent Fenton chemistry.

5.3. Photo-protection and regulation of electron transport

Plants are sessile andmust acclimate to ambient light conditions in
the short term. PSII can be damaged by excess excitation, which
causes photoinhibition. Several mechanisms give photoprotection by
venting off excess excitation energy [48].

However, the water–water cycle is quantitatively not a significant
pathway to vent off excess excitation energy during high light or low
CO2 availability; see also Foyer [31]. In comparison, non-photochemical
quenching and photorespiration are probably much more effective
shunts [48–50].

Non-photochemical quenching (NPQ) involves the loss of excitation
energy at PSII in the form of heat and requires a low pH in the thylakoid
lumen [48]. As such, NPQ is only active after a steep ΔpH is established
due to electron transport activity. Alternative electron pathways such as
the water–water cycle and cyclic electron transport could contribute to
formation of a steeper pH gradient compared to what is possible by
linear flow. However, whether the water–water cycle contributes
enough electron transport to make a significant difference for the
induction of NPQ is highly debated because it is difficult tomeasure flow
of electrons to oxygen separately from other electron transport
pathways. The water–water cycle is generally estimated to contribute
less than 10% of total electron transport in steady state conditions in the
light [31]. Ruusza et al. [49] found the rate of thewater–water cycle tobe
even lower. In contrast, Makino et al. [50] suggested that oxygen-
dependent electron transport in the water–water cycle can be higher.
Both reports used plants with reduced RuBisCO expression to eliminate
contributions of the Calvin cycle and photorespiration [49,50]. It is not
impossible that the water–water cycle could have significant
contributions to electron flow under fluctuating light conditions and
dark–light transitions [50]. The water–water cycle can also be a
mechanism that helps tune the correct ratio of ATP/NADPH coenzyme
charging. However, Foyer and Noctor [31] argued that any electron
transport activity will be highly restricted at the acceptor site of the
cytochrome-b6/f complex if ATP production is not consuming the
trans-thylakoid proton gradient. Therefore, all electron flow will be very
low when the Calvin cycle is inactive. SOD probably does not limit the
water–water cycle [31] and compared to mutants defective in cyclic
electron flow, which show drastic phenotypes [51], the phenotypes of
plants with reduced CSD2 or FSD1 protein accumulation are very mild
(see later).

6. Plants with altered SOD levels

6.1. Studies that employ over-expression and loss of function mutants

SOD function can be studied by altering its expression level and
examination of phenotypes. A very large number of studies have been
done that examine the effects of SOD over-expression in chloroplasts
in transgenic plants [11,36,37,44,52–66]. MnSOD was fused to a
chloroplast targeting sequence to obtain expression in plastids
[55,56]. In other studies FeSOD or Cu/ZnSOD was over-expressed.
Although in most cases benefits were reported under stress conditions,
these studies did not indicate greatly improved whole-plant
performance as a consequence of just SOD over-expression. However,
careful analyses have allowed interesting conclusions about the role of
SOD in thewater–water cycle and the level of protection that SODsmay
offer. An FeSOD cDNA from Arabidopsis which lacked a part of the 5′
region was fused to a chloroplast transit sequence and expressed in
tobacco [44], maize [62] and poplar [58]. Over-expression of this
chloroplast targeted FeSOD resulted in increased flux through the
water–water cycle that was especially apparent at high light and low

image of Fig.�4
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temperature [58]. In tobacco and maize, FeSOD over-expression in
plastids resulted in improved protection from photoinhibition and
decreased leakiness of the plasmalemma in response to MV treatment
[44,62]. The latter effect was also seen when MnSOD was expressed in
chloroplasts but this did not protect from photoinhibition [44]. This
observation suggests that the location of FeSOD, which could be close to
the thylakoids [44] is required to protect the photosynthetic machinery
in these membranes. In contrast, a stromal location of SOD may only
suffice to protect against secondary effects of superoxide production.
Over-expression of FSD2/FSD3 in Arabidopsis resulted in improved
resistance to MV [11].

One study has indicated noticeably enhanced photo-protective
benefits from chloroplast Cu/ZnSOD based on analyses of Cu/ZnSOD
over-expression [66]. In a very elegant approach Sunkar et al. [36]
expressed a CSD2 mRNA that was modified to become microRNA398
resistant which causes elevated expression of CSD2. These authors did
observe improved stress tolerance from enhanced CSD2 expression in
response to high light, excess metal ions and MV. However in some of
the treatments the differences betweenwild-type lines and transgenics
were seen onlywith very harsh treatments [36]. If stress is so severe that
all plants suffer dramatically one may question the physiological
relevance. Other studies reported that over-expression of SOD in the
chloroplast does not by itself result in increased oxidative stress
tolerance [37,52,53,56]. Although FeSOD expression did not improve
photosynthetic performance under oxidative stress, it did result in
improved winter survival in alfalfa [61].

In conclusion, SOD over-expression has resulted in only limited
benefits to plant performance under stress. However, increased
tolerance to MV or photooxidative stress was observed by over-
expressing Cu/ZnSOD together with ascorbate peroxidase in various
plant species [67–69].

6.2. Phenotypes associated with loss of SOD function

The most direct evidence about SOD function comes from the
study of loss-of-function mutants in Arabidopsis. Loss-of-function
mutants are reported for FSD1, FSD2, FSD3 [11] and CCS [22]. These
mutants are discussed later. In addition, a knock-down mutant for
CSD2 with a T-DNA insertion in the promoter region was originally
reported to show severe light sensitivity and a strong growth
phenotype [70]. However, the plant line used in the latter report
also carried an unrelated T-DNA insert that perhaps could account for
the reported phenotype [22]. Furthermore, it was found that the
T-DNA insertion at the CSD2 promoter did not affect CSD2 protein
accumulation [22].

6.2.1. Reduction of Cu/ZnSOD function
CSD2 activity requires activation by CCS [23]. A T-DNA insertion

mutant in CCS was shown to have less than 2% of the wild-type SOD
activity in its chloroplasts when grown on media with sufficient Cu
[22]. Since FSD1 expression is absent at sufficient Cu levels the CCS-KO
line has virtually no SOD activity in the cytosol or chloroplasts in this
growth condition [22]. Nevertheless, these plants show surprisingly
normal phenotypes. The CCS-KO line grows and develops the same as
wild-type plants, it has the same rate of seed production and seeds are
as viable. Even high light and MV treatments did not show significant
differences in performance between the wild-type and KO lines [22].
Only the feeding of selenate, which could interfere with sulfur
assimilation and glutathione production, caused a mild growth
inhibition in the KO lines when compared to wild-type plants [22].
These findings suggest that the chloroplast has a large redundancy in
its anti-oxidant and ROS scavenging systems, at least under the
growth conditions that have been tested [22]. A drawback of this
study is that low levels of SOD activity could have persisted in the
chloroplasts because some Cu/ZnSOD activity may be retained
without CCS present [23]. Furthermore, FSD1 activity could have
been present although it was not detected. In the study by Cohu et al.
[22] the levels of FSD2 and FSD3 were not affected but the expression
of these enzymes is very low during vegetative growth (see Fig. 2B).
No SOD activities were detected in the ccs mutant under conditions
that still allowed the detection CSD2 activity in an extract of the
wild-type that was diluted 50-fold [22]. Apparently, a dramatic
reduction of chloroplast SOD activity can be tolerated under the tested
growth conditions.

6.2.2. Loss of FeSOD activity
FSD1 is one of the abundant SODs in Arabidopsis with a possible

location in chloroplasts. Surprisingly, a knock-out of FSD1 showed no
change in phenotype [11]. In contrast, mutants in chloroplast
localized FSD2 and FSD3 and especially a fsd2/3 double mutant
showed severely changed phenotypes [11]. The plants were dwarfed
and showed clear developmental defects. Particularly the chloroplasts
were under-developed which could be ascribed to a lack of
transcription in the chloroplast. The expression of the chloroplast
genes psaA, psbA and petB, which depend on the plastid-encoded RNA
polymerase, was reduced [11]. Since FSD2/3 were localized close to
the chloroplast genome it could be that FeSOD function is required for
locally elevated hydrogen peroxide levels [11]. Hydrogen peroxide
could therefore act as a signaling factor that affects chloroplast gene
expression by the plastid-encoded RNA polymerase. The mechanism
could be important to coordinate the expression of nuclear and
chloroplast-encoded components of the photosynthetic machinery. In
this scenario, superoxide produced by photosynthetic electron
transport could be an entry point of a positive feedback loop which
signals that conditions are favorable for photosynthetic electron
transport, and as such promotes expression of the plastid genome. The
fsd2/3 mutant plants were also more sensitive to treatments that
cause photooxidative stress, but in view of the large defects in
chloroplast biogenesis and morphology such sensitivity could be a
secondary effect [11].

7. Conclusions and outlook

Superoxide dismutases are conserved in evolution, which suggests
important functions for these proteins. Therefore, the observation that
loss of activity of FSD1, the major FeSOD, and of the cytosolic and
plastidic Cu/ZnSODs in Arabidopsis plants causes no changes in
phenotype [11,22] was a large surprise. The reciprocal pattern for
the expression of FSD1 and CSD1/CSD2 in response to Cu and other
treatments suggests that FeSOD and Cu/ZnSOD functions are
interchangeable. One topic that clearly needs to be addressed is the
location of FSD1, the major FeSOD. Is FSD1 located in the chloroplast
(as we believe), or is it cytosolic after all? CSD1 and CSD2 can be shut
off by Cu limitation [38]. If FSD1 protein is not chloroplastic, this
regulation would imply that chloroplasts can lose most of their SOD
activity without much consequence. If FSD1 turns out to be plastidic
then it is still not clear whether FSD1 and CSD2 have comparable
biochemical functions in terms of enzyme kinetics and association
with other proteins at specific locations in the plastids. An interesting
approach would be to analyze a fsd1/ccs double mutant in order to
determine plant phenotypes after both FSD1 and CSD2 protein
functions are lost.

Superoxide dismutases in chloroplasts can be involved in several
processes: ROS scavenging, regulation of electron transport,
photoprotection and signaling. These roles are certainly not mutually
exclusive. Studies that used SOD over-expression and SOD loss of
function lines have generated support for each possible role. However,
SODs perhaps have only minor roles to play in ROS scavenging and
photoprotection because these processes are not drastically affected by
loss of the majority of SOD activity in the plastids. This situation
contrasts with findings in Synechococcus where loss of FeSOD causes
sensitivity to photooxidative stress and MV [42]. Chloroplasts probably
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have other redundant mechanisms to detoxify ROS. In this context APX
may play a more important role than SOD. The water–water cycle may
be more significant at moments when the demand for ATP or NADPH
changes, for instance during dark–light transitions. Therefore it will be
interesting to investigate the phenotypes of CCS and FSD1 mutants
under variable light conditions. CSD2 and FSD1 are also expressed in
roots [Pilon et al. unpublished observations]. Since roots do not have
chlorophyll, this observation suggests that these SODproteins also serve
roles that are unrelated to photosynthesis.

Hydrogen peroxide and other ROS have also been implicated in
signaling [71,72]. Thus, signaling or regulation of chloroplast
biochemistry must be considered another possible function of SOD.
The involvement in chloroplast development of FSD2 and FSD3 which
are isoforms with a low expression level is inferred from the
phenotypes of fsd2, fsd3 and fsd2/3 double mutants. These plant
lines were defective in the expression of chloroplast genes that are
transcribed by the plastid-encoded RNA polymerase [11]. These
observations support a signaling role of hydrogen peroxide which is a
product of SOD. Apparently, this signal needs to be generated in a very
specific location. Maybe this explains why FSD1, which is more
abundantly expressed than FSD2 and FSD3, cannot take over this
function in the fsd2/3 knock-out. The charged superoxide is not
membrane permeable. However the uncharged product of SOD,
hydrogen peroxide, can pass membranes and could therefore diffuse
over the envelope. The question thus arises whether chloroplast SOD
activity could also affect signaling pathways outside of the
chloroplast.

Careful analysis of the phenotypes of plant lines that carry single
mutations in SOD genes and combinations of such mutants will prove
to be fruitful in generating better insight into the biological roles of
these enzymes. This analysis should be performed for a variety
of growth conditions and results should be considered with the
sub-cellular location and expression patterns of these enzymes in
mind. SODs are fascinating enzymes and as we proceed to further
reveal the secrets of their functions in plants we may be in for a few
more surprises.
Acknowledgements

Work in the authors' laboratory is supported by the US National
Science Foundation (grant # IOS-0847442 and MCB 0950726) and by a
grant from the Colorado Center for Bio-refining and Bio-fuels (C2B2).
We thank E.A.H. Pilon-Smits for critical reading of the manuscript.
References

[1] B. Halliwell, J.M. Gutteridge, Oxygen toxicity, oxygen radicals, transition metals
and disease, Biochem. J. 219 (1984) 1–14.

[2] K. Asada, Production and scavenging of reactive oxygen species in chloroplasts
and their functions, Plant Physiol. 141 (2006) 391–396.

[3] J.M. McCord, I. Fridovich, Superoxide dismutase. An enzymatic function for
erthyrocuprein (hemocuprein), J. Biol. Chem. 244 (1969) 6049–6055.

[4] I.A. Abreu, D.E. Cabelli, Superoxide dismutases — a review of the metal-associated
mechanistic variations, Biochim. Biophys. Acta 1804 (2010) 263–274.

[5] J.J.P. Perry, D.S. Shin, E.D. Getzoff, J.A. Tainer, The structural biochemistry of the
superoxide dismutases, Biochim. Biophys. Acta 1804 (2010) 245–262.

[6] S. Marklund, Spectrophotometric study of spontaneous disproportionation of
superoxide anion radical and sensitive direct assay for superoxide dismutase,
J. Biol. Chem. 251 (1976) 7504–7507.

[7] F. Wolfe-Simon, D. Grzebyk, O. Schofield, P.G. Falkowski, The role and evolution of
superoxide dismutase in algae, J. Phycol. 41 (2005) 453–465.

[8] C. Bowler, W. van Camp, M. vanMontagu, D. Inze, Superoxide dismutase in plants,
Crit. Rev. Plant Sci. USA 13 (1994) 199.

[9] D.J. Kliebenstein, R.A. Monde, R.L. Last, Superoxide dismutase in Arabidopsis: an
eclectic enzyme family with disparate regulation and protein localization, Plant
Physiol. 118 (1998) 637–650.

[10] M.D. Allen, J. Kropat, S. Tottey, J.A. del Campo, S.S. Merchant, Manganese
deficiency in Chlamydomonas results in loss of photosystem II and MnSOD
function, sensitivity to peroxides, and secondary phosphorous and iron
deficiency, Plant Physiol. 143 (2007) 263–277.
[11] F. Myouga, C. Hosoda, T. Umezawa, H. Iizumi, T. Kuromori, R. Motohashi, Y. Shono,
N. Nagata, M. Ikeuchi, K.A. Shinozaki, Heterocomplex of iron superoxide
dismutases defends chloroplast nucleoids against oxidative stress and is essential
for chloroplast development in Arabidopsis, Plant Cell 20 (2008) 3148–3162.

[12] U. Armbruster, A. Hertle, E. Makarenko, J. Zuhlke, M. Pribil, A. Dietzmann, I.
Schliebner, E. Aseeva, E. Fenino, M. Scharfenberg, C. Voigt, D. Leister, Chloroplast
proteins without cleavable transit peptides: rare exceptions or a major
constituent of the chloroplast proteome? Mol. Plant 2 (2009) 1325–1335.

[13] K. Ogawa, S. Kanematsu, K. Tabake, K. Asada, Attachment of CuZn-superoxide
dismutase to thylakoid membranes at the site of superoxide generation (PSI) in
spinach chloroplasts: detection by immuno-gold labeling after rapid freezing and
substitution method, Plant Cell Physiol. 36 (1995) 565–573.

[14] S.S. Merchant, M.D. Allen, J. Kropat, J.L. Moseley, J.C. Long, S. Tottey, A.M. Terauchi,
Between a rock and a hard place: trace element nutrition in Chlamydomonas,
Biochim. Biophys. Acta — Mol Cell Res. 1763 (2006) 578–594.

[15] M. Nagae, M. Nakata, Y. Takahashi, Identification of negative cis-acting elements
in response to copper in the chloroplastic iron superoxide dismutase gene of the
moss Barbula unguiculata, Plant Physiol. 146 (2008) 1687–1696.

[16] R.C. Fink, J.G. Scandalios, Molecular evolution and structure–function relation-
ships of the superoxide dismutase gene families in angiosperms and their
relationship to other eukaryotic and prokaryotic superoxide dismutases, Arch.
Biochem. Biophys. 399 (2002) 19–36.

[17] W.H. Bannister, J.V. Bannister, D. Barra, J. Bond, F. Bossa, Evolutionary aspects of
superoxide dismutase: the copper/zinc enzyme, Free Radic. Res. Commun. 12–13
(1991) 349–361.

[18] P.G. Ridge, Y. Zhang, V.N. Gladyshev, Comparative genomic analyses of copper
transporters and cuproproteomes reveal evolutionary dynamics of copper
utilization and its link to oxygen, PLoS ONE 3 (2008) e1378.

[19] M.J. Morgan, M. Lehmann, M. Schwarzlander, C.J. Baxter, A. Sienkiewicz-Porzucek,
T.C. Williams, N. Schauer, A.R. Fernie, M.D. Fricker, R.G. Ratcliffe, L.J. Sweetlove, I.
Finkemeier, Decrease in manganese superoxide dismutase leads to reduced root
growth and affects tricarboxylic acid cycle flux and mitochondrial redox
homeostasis, Plant Physiol. 147 (2008) 101–114.

[20] S.E. Abdel-Ghany, P. Müller-Moulé, K.K. Niyogi, M. Pilon, T. Shikanai, Two P-type
ATPases are required for copper delivery in Arabidopsis thaliana chloroplasts,
Plant Cell 17 (2005) 1233–1251.

[21] B. Zybailov, H. Rutschow, G. Friso, A. Rudella, O. Emanuelsson, Q. Sun, K.J. van
Wijk, Sorting signals, N-terminal modifications and abundance of the chloroplast
proteome, PLoS ONE 3 (2008) e1994.

[22] C.M. Cohu, S.E. Abdel-Ghany, K.A. Gogolin Reynolds, A.M. Onofrio, J.R. Bodecker, J.A.
Kimbrel, K.K. Niyogi, M. Pilon, Copper delivery by the copper chaperone for
chloroplast and cytosolic copper/zinc-superoxide dismutases: regulation and
unexpected phenotypes in an Arabidopsis mutant, Mol. Plant 2 (2009) 1336–1350.

[23] C.C. Chu, W.C. Lee, W.Y. Guo, S.M. Pan, L.J. Chen, H.M. Li, T.L. Jinn, A copper
chaperone for superoxide dismutase that confers three types of copper/zinc
superoxide dismutase activity in Arabidopsis, Plant Physiol. 139 (2005) 425–436.

[24] P. Jarvis, Targeting of nucleus-encoded proteins to chloroplasts in plants, New
Phytol. 179 (2008) 257–285.

[25] T. Shikanai, P. Muller-Moule, Y. Munekage, K.K. Nyogi, M. Pilon, PAA1, a P-type
ATPase of Arabidopsis, functions in copper transport in chloroplasts, Plant Cell 15
(2003) 1333–1346.

[26] V.C. Culotta, M. Yang, T.V. O'Halloran, Activation of superoxide dismutases:
putting the metal to the petal, Biochim. Biophys. Acta 1763 (2006) 747–758.

[27] H. Zhu, E. Shipp, R.J. Sanchez, A. Liba, J.E. Stine, P.J. Hart, E.B. Gralla, A.M. Nersissian,
J.S. Valentine, Cobalt(2+) binding to human and tomato copper chaperone for
superoxide dismutase: implications for the metal ion transfer mechanism,
Biochemistry 9 (2000) 5413–5421.

[28] L.M. Trindade, B.M. Horvath, M.J. Bergervoet, R.G. Visser, Isolation of a gene
encoding a copper chaperone for the copper/zinc superoxide dismutase and
characterization of its promoter in potato, Plant Physiol. 133 (2003) 618–629.

[29] S.M. Ruzsa, J.G. Scandalios, Altered Cumetabolism and differential transcription of
Cu/ZnSod genes in a Cu/ZnSOD-deficient mutant of maize: evidence for a Cu-
responsive transcription factor, Biochemistry 18 (2003) 1508–1516.

[30] H. Wintz, C. Vulpe, Plant copper chaperones, Biochem. Soc. Trans. 30 (2002)
732–735.

[31] C.H. Foyer, G. Noctor, Oxygen processing in photosynthesis: regulation and
signaling, New Phytol. 146 (2000) 359–388.

[32] H. Yamasaki, S.E. Abdel-Ghany, C.M. Cohu, Y. Kobayashi, T. Shikanai, M. Pilon,
Regulation of copper homeostasis by micro-RNA in Arabidopsis, J. Biol. Chem. 282
(2007) 16369–16378.

[33] H. Yamasaki, M. Hayashi, M. Fukazawa, Y. Kobayashi, T. Shikanai, SQUAMOSA
promoter binding protein-like7 is a central regulator for copper homeostasis in
Arabidopsis, Plant Cell 21 (2009) 347–361.

[34] J. Kropat, S. Tottey, R.P. Birkenbihl, N. Depege, P. Huijser, S. Merchant, A regulator
of nutritional copper signaling in Chlamydomonas is an SBP domain protein that
recognizes the GTAC core of copper response element, Proc. Natl. Acad. Sci. USA
102 (2005) 18730–18735.

[35] S.E. Abdel-Ghany, M. Pilon, MicroRNA-mediated systemic down-regulation of
copper protein expression in response to low copper availability in Arabidopsis,
J. Biol. Chem. 283 (2008) 15932–15945.

[36] R. Sunkar, A. Kapoor, J.K. Zhu, Posttranscriptional induction of two Cu/Zn
superoxide dismutase genes in Arabidopsis is mediated by downregulation of
miR398 and important for oxidative stress tolerance, Plant Cell 18 (2006)
2051–2065.

[37] D.V. Dugas, B. Bartel, Sucrose induction of Arabidopsis miR398 represses two Cu/
Zn superoxide dismutases, Plant Mol. Biol. 67 (2008) 403–417.



998 M. Pilon et al. / Biochimica et Biophysica Acta 1807 (2011) 989–998
[38] J.L. Burkhead, K.A. Reynolds, S.E. Abdel-Ghany, C.M. Cohu, M. Pilon, Copper
homeostasis, New Phytol. 182 (2009) 799–816.

[39] S.E. Abdel-Ghany, Contribution of plastocyanin isoforms to photosynthesis and
copper homeostasis in Arabidopsis thaliana grown at different copper regimes,
Planta 229 (2009) 767–779.

[40] A.H. Mehler, Studies on reactivities of illuminated chloroplasts. I. Mechanism of
the reduction of oxygen and other Hill reagents, Arch. Biochem. Biophys. 33
(1951) 65–77.

[41] M.A.Wallace, L.L. Liou, J. Martins, M.H. Clement, S. Bailey, V.D. Longo, J. Selverstone
Valentine, E. Butler-Gralla, Superoxide inhibits 4Fe–4S cluster enzymes involved in
amino acid biosynthesis, J. Biol. Chem. 279 (2004) 32055–32062.

[42] D.J. Thomas, T.J. Avenson, J.B. Thomas, S.K. Herbert, A cyanobacterium lacking iron
superoxide dismutase is sensitized to oxidative stress induced with methylviolo-
gen but is not sensitized to oxidative stress induced with norflurazon, Plant
Physiol. 116 (1998) 1593–1602.

[43] H. Ye, M. Pilon, E.A.H. Pilon-Smits, CpNifS-dependent iron–sulfur cluster
biogenesis in chloroplasts, New Phytol. 171 (2006) 285–292.

[44] W. van Camp, K. Capiau, M. van Montagu, D. Inze, L. Slooten, Enhancement of
oxidative stress tolerance in transgenic tobacco plants overproducing Fe-
superoxide dismutase in chloroplasts, Plant Physiol. 112 (1996) 1703–1714.

[45] J.M. Petit, J.F. Briat, S. Lobreaux, Structure and differential expression of the four
members of the Arabidopsis thaliana gene family, Biochem. J. 359 (2001) 575–582.

[46] N. Arnaud, I. Murgia, J. Boucherez, J.F. Briat, F. Cellier, F. Gaymard, An iron-induced
nitric oxide burst precedes ubiquitin-dependent protein degradation for
Arabidopsis AtFer1 gene expression, J. Biol. Chem. 281 (2006) 23579–23588.

[47] K. Ravet, B. Touraine, J. Boucherez, J.F. Briat, F. Gaymard, F. Cellier, Ferritins control
interaction between iron homeostasis and oxidative stress in Arabidopsis, Plant J.
57 (2009) 400–412.

[48] K.K. Niyogi, Safety valves for photosynthesis, Curr. Opin. Plant Biol. 3 (2000)
455–460.

[49] S.A. Ruuska, M.R. Badger, T.J. Andrews, S. von Caemmerer, Photosynthetic electron
sinks in transgenic tobacco with reduced amounts of Rubisco: little evidence for
significant Mehler reaction, J. Exp. Bot. 51 (2000) 357–368.

[50] A. Makino, C. Miyake, A. Yokota, Physiological functions of the water–water cycle
(Mehler's reaction) and the cyclic electron flow around PSl in rice leaves, Plant
Cell Physiol. 43 (2002) 1017–1026.

[51] Y. Munekage, M. Hishimoto, C. Miyake, K.I. Tomizawa, T. Endo, M. Tasaka, T.
Shikanai, Cyclic electron flow around photosystem I is essential for photosyn-
thesis, Nature 429 (2004) 579–582.

[52] J.M. Tepperman, P. Dunsmuir, Transformed plants with elevated level of
chloroplastic SOD are not more resistant to superoxide toxicity, Plant Mol. Biol.
14 (1990) 501–510.

[53] L.H. Pitcher, E. Brennan, A. Hurley, P. Dunsmuir, J.M. Tepperman, B.A. Zilinskas,
Overproduction of petunia chloroplastic copper/zinc superoxide dismutase does not
confer ozone tolerance in transgenic tobacco, Plant Physiol. 97 (1991) 452–455.

[54] A. Perl, R. Perl-Treves, S. Galili, D. Aviv, E. Shalgi, S. Malkin, E. Galun, Enhanced
oxidative-stress defense in transgenic potato expressing tomato Cu,Zn superoxide
dismutases, Theory Appl. Genet. (1993) 85568–85576.

[55] L. Slooten, K. Capiau, W. van Camp, M. van Montagu, C. Sybesma, D. Inze, Factors
affecting the enhancement of oxidative stress tolerance in transgenic tobacco
overexpressing manganese superoxide dismutase in the chloroplasts, Plant
Physiol. 107 (1995) 737–750.

[56] P. Payton, R.D. Allen, N. Trolinder, A.S. Holaday, Over-expression of chloroplast-
targeted Mn superoxide dismutase in cotton does not alter the reduction of
photosynthesis after short exposures to low temperature and high light intensity,
Photosynth. Res. 52 (1997) 233–244.

[57] P. Payton, R. Webb, D. Kornyeyev, R. Allen, A.S. Holaday, Protecting cotton
photosynthesis during moderate chilling at high light intensity by increasing
chloroplastic antioxidant enzyme activity, J. Exp. Bot. 52 (2001) 2345–2354.

[58] A.C. Arisi, G. Cornic, L. Jouanin, C.H. Foyer, Over-expression of iron superoxide
dismutase in transformed poplar modifies the regulation of photosynthesis at low
CO2 partial pressures or following exposure to the pro-oxidant herbicide
methylviologen, Plant Physiol. 117 (1998) 565–574.

[59] B.D. McKersie, S.R. Bowley, K.S. Jones, Winter survival of transgenic Alfalfa
overexpressing superoxide dismutase, Plant Physiol. 119 (1999) 839–848.

[60] E. Tyystjarvi, M. Riikonen, A.C. Arisi, R. Kettunen, L. Jouanin, C.H. Foyer,
Photoinhibition of photosystem II in tobacco plants overexpressing glutathione
reductase and poplars overexpressing superoxide dismutase, Physiol. Plant. 105
(1999) 409–416.

[61] B.D. McKersie, J. Murnaghan, K.S. Jones, S.R. Bowley, Iron-superoxide dismutase
expression in transgenic Alfalfa increases winter survival without a detectable
increase in photosynthetic oxidative stress tolerance, Plant Physiol. 122 (2000)
1427–1438.

[62] F. van Breusegem, L. Slooten, J.M. Stassart, T. Moens, J. Botterman, M. van
Montagu, D. Inze, Overproduction of Arabidopsis thaliana FeSOD confers oxidative
stress tolerance to transgenic maize, Plant Cell Physiol. 40 (1999) 515–523.

[63] K. Samis, S. Bowley, B. McKersie, Pyramiding Mn-superoxide dismutase
transgenes to improve persistence and biomass production in Alfalfa, J. Exp.
Bot. 53 (2002) 1343–1350.

[64] Y. Yabuta, T. Motoki, K. Yoshimura, T. Takeda, T. Ishikawa, S. Shigeoka, Thylakoid
membrane-bound ascorbate peroxidase is a limiting factor of antioxidative
systems under photo-oxidative stress, Plant J. 32 (2002) 915–925.

[65] S.H. Lee, N. Ahsan, K.W. Lee, D.H. Kim, D.G. Lee, S.S. Kwak, S.Y. Kwon, T.H. Kim, B.H.
Lee, Simultaneous overexpression of both CuZn superoxide dismutase and
ascorbate peroxidase in transgenic tall fescue plants confers increased tolerance
to a wide range of abiotic stresses, J. Plant Physiol. 164 (2007) 1626–1638.

[66] A.S. Gupta, J.L. Heinen, A.S. Holaday, J.J. Burke, R.D. Allen, Increased resistance to
oxidative stress in transgenic plants that overexpress chloroplastic Cu/Zn
superoxide dismutase, Proc. Natl. Acad. Sci. USA 90 (1993) 1629–1633.

[67] S. Lim, Y.H. Kim, S.H. Kim, S.Y. Kwon, H.S. Lee, J.S. Kim, K.Y. Cho, K.Y. Paek, S.S.
Kwak, Enhanced tolerance of transgenic sweetpotato plants that express both
CuZnSOD and APX in chloroplasts to methylviologen-mediated oxidative stress
and chilling, Mol. Breed. 19 (2007) 227–239.

[68] Y.P. Lee, S.H. Kim, J.W. Bang, H.-S. Lee, S.S. Kwak, S.Y. Kwon, Enhanced tolerance to
oxidative stress in transgenic tobacco plants expressing three antioxidant
enzymes in chloroplasts, Plant Cell Rep. 26 (2007) 591–598.

[69] Y.P. Lee, K.H. Baek, H.S. Lee, S.S. Kwak, J.W. Bang, S.Y. Kwon, Tobacco seeds
simultaneously over-expressing Cu/Zn superoxide dismutase and ascorbate
peroxidase display enhanced seed longevity and germination rates under stress
conditions, J. Exp. Bot. 61 (2010) 2499–2506.

[70] L. Rizhsky, H. Liang, R. Mittler, The water–water cycle is essential for chloroplast
protection in the absence of stress, J. Biol. Chem. 278 (2003) 38921–38925.

[71] R. Mittler, S. Vanderauwera, M. Gollery, F. van Breusegem, Reactive oxygen gene
network of plants, Trends Plant Sci. 9 (2004) 490–498.

[72] K. Apel, H. Hirt, Reactive oxygen species: metabolism, oxidative stress, and signal
transduction, Annu. Rev. Plant. Biol. 55 (2004) 373–399.

[73] P. Zimmermann, M. Hirsch-Hoffmann, L. Hennig, W. Gruissem, Genevestigator.
Arabidopsis microarray database and analysis toolbox, Plant Phys. 136 (2004)
2621–2632.

[74] J. Kurepa, M. van Montagu, D. Inze, Expression of sodCp and sodB genes in
Nicotiana tabacum: effects of light and copper excess, J. Exp. Bot. 48 (1997)
2007–2014.

[75] K. Murao, M. Takamiya, K. Ono, H. Takano, S. Takio, Copper deficiency induced
expression of Fe-superoxide dismutase in Matteuccia struthiopteris, Plant Physiol.
Biochem. 42 (2004) 143–148.

[76] K. Kampfenkel, M. van Montagu, D. Inze, Effects of iron excess on Nicotiana
plumbaginifolia plants: implications to oxidative stress, Plant Physiol. 107 (1995)
725–735.

[77] J.M. Abercrombie, M.D. Halfhill, P. Ranjan, M.R. Rao, A.M. Saxton, J.S. Yuan, C.N.
Stewart, Transcriptional responses of Arabidopsis thaliana plants to As (V) stress,
BMC Plant Biol. 8 (2008) 87.

[78] M. Kawachi, Y. Kobae, H. Mori, A mutant strain Arabidopsis thaliana that lacks
vacuolar membrane zinc transporter MTP1 revealed the latent tolerance to
excessive zinc, Plant Cell Physiol. 50 (2009) 1156–1170.

[79] E.W. Tsang, C. Bowler, D. Herouart, W. Van Camp, R. Villarroel, C. Genetello, M. van
Montagu, D. Inze, Differential regulation of superoxide dismutases in plants
exposed to environmental stress, Plant Cell 3 (1991) 783–792.

[80] B.K. Phee, J.H. Cho, S. Park, Y.H. Lee, J.S. Jeon, S.H. Bhoo, T.R. Hahn, Proteomic
analysis of the response of Arabidopsis chloroplast proteins to high light stress,
Proteomics 4 (2004) 3560–3568.

[81] H. Kaminaka, S. Morita, M. Tokumoto, T. Masumura, K. Tanaka, Differential gene
expressions of rice superoxide dismutase isoforms to oxidative and environmen-
tal stress, Free Radic. Res. 31 (1999) 219–225.

[82] A. Strid, W.S. Chow, J.M. Anderson, UV-B damage and protection at the molecular
level in plants, Photosynth. Res. 39 (1994) 475–489.

[83] R. Perl-Treves, E. Galun, The tomato Cu, Zn superoxide dismutase genes are
developmentally regulated and respond to light and stress, Plant Mol. Biol. 17
(1991) 745–760.

[84] J. Kurepa, D. Herouart, M. van Montagu, D. Inze, Differential expression of CuZn-
and Fe-superoxide dismutase genes of tobacco during development, oxidative
stress, and hormonal treatments, Plant Cell Physiol. 38 (1997) 463–470.

[85] G. Jagadeeswaran, A. Saini, R. Sunkar, Biotic and abiotic stress down-regulate
miR398 expression in Arabidopsis, Planta 229 (2009) 1009–1014.

[86] G. Wu, R.W. Wilen, A.J. Robertson, L.V. Gusta, Isolation, chromosal localization,
and differential expression of mitochondrial manganese superoxide dismutase
and chloroplastic copper/zinc superoxide dismutase genes in wheat, Plant
Physiol. 120 (1999) 513–520.

[87] A.J. Soitamo, M. Piippo, Y. Allahverdiyeva, N. Battchikova, E.M. Aro, Light has
specific role in modulating Arabidopsis gene expression at low temperature, BMC
Plant Biol. 8 (2008) 1–20.

[88] WangB. , LuttgeU. , RatajczakR. , Specific regulation of SOD isoforms by NaCl and
osmotic stress in leaves of the C3 halophyte Suaeda salsa L, J. Plant. Physiol. 161
(2004) 285–293.

[89] X. Jia, W.X. Wang, L. Ren, Q.J. Chen, V. Mendu, B. Willcut, R. Dinkins, X.T. Tang, G.
Tang, Differential and dynamic regulation of miR398 in response to ABA and
salt stress in Populus tremula and Arabidopsis thaliana, Plant Mol. Biol. 71 (2009)
51–59.

[90] N. Sreenivasulu, B. Grimm, U. Wobus, W. Weschke, Differential response of
antioxidant compounds to salinity stress in salt-tolerant and salt-sensitive
seedlings of foxtail millet (Setaria italica), Physiol. Plant. 109 (2000) 435–442.

[91] L. Guan, J.G. Scandalios, Two structurally similar maize cytosolic superoxide
dismutase genes, Sod4 and Sod4A, respond differentially to abscisic acid and high
osmoticum, Plant Physiol. 117 (1998) 217–224.

[92] D.N. Crowell, R.M. Amasino, Induction of specific mRNAs in cultured soybean cells
during cytokinin or auxin starvation, Plant Physiol. 95 (1991) 711–715.

[93] S.E. Abdel-Ghany, J.L. Burkhead, K.A. Gogolin, N. Andres-Colas, J.R. Bodecker, S.
Puig, L. Penarrubia, M. Pilon, AtCCS is a functional homolog of the yeast copper
chaperone Ccs1/Lys7, FEBS Lett. 579 (2005) 2307–2312.


	The biogenesis and physiological function of chloroplast superoxide dismutases
	Introduction
	Isoforms of superoxide dismutase
	Occurrence and cellular locations of superoxide dismutases
	Structure and evolution of superoxide dismutases
	Superoxide dismutases in the model plant Arabidopsis

	The biogenesis and maturation of superoxide dismutase
	Chloroplast uptake of SOD isoforms
	Maturation

	Regulation of SOD expression
	Factors that affect SOD expression
	The patterns of SOD isoform expression during development
	Effects of various stress treatments on expression of major SOD isoforms
	The effect of copper and sucrose on SOD expression

	Implications of regulation of Cu/ZnSOD and FeSOD

	Possible FeSOD and Cu/ZnSOD functions in plastids
	Overview of possible functions
	ROS scavenging
	Superoxide and ROS production
	Control of superoxide and hydrogen peroxide in the water–water cycle
	Control of free redox-active metals

	Photo-protection and regulation of electron transport

	Plants with altered SOD levels
	Studies that employ over-expression and loss of function mutants
	Phenotypes associated with loss of SOD function
	Reduction of Cu/ZnSOD function
	Loss of FeSOD activity


	Conclusions and outlook
	Acknowledgements
	References


