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Selenium assimilation in plants is facilitated by several enzymes that participate in the transport and
assimilation of sulfate. Manipulation of genes that function in sulfur metabolism dramatically affects
selenium toxicity and accumulation. However, it has been proposed that selenite is not reduced by sulfite
reductase. Instead, selenite can be non-enzymatically reduced by glutathione, generating selenodiglu-
tathione and superoxide. The damaging effects of superoxide on iron-sulfur clusters in cytosolic and
mitochondrial proteins are well known. However, it is unknown if superoxide damages chloroplastic
iron-sulfur proteins. The goals of this study were twofold: to determine whether decreased activity of

ﬁiﬁ/fl:?fir cluster sulfite reductase impacts selenium tolerance in Arabidopsis, and to determine if superoxide generated
Selenium from the glutathione-mediated reduction of selenite damages the iron-sulfur cluster of ferredoxin. Our
Oxidative stress data demonstrate that knockdown of sulfite reductase in Arabidopsis does not affect selenite tolerance or
Ferredoxin selenium accumulation. Additionally, we provide in vitro evidence that the non-enzymatic reduction of
Superoxide selenite damages the iron-sulfur cluster of ferredoxin, a plastidial protein that is an essential component

of the photosynthetic light reactions. Damage to ferredoxin’s iron-sulfur cluster was associated with
formation of apo-ferredoxin and impaired activity. We conclude that if superoxide damages iron-sulfur
clusters of ferredoxin in planta, then it might contribute to photosynthetic impairment often associated
with abiotic stress, including toxic levels of selenium.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction primarily through a plant-based diet (Rayman, 2000). Se is chem-

ically similar to sulfur (S), and the uptake and reduction of inor-

Plants can accumulate and metabolize selenium (Se), but do not
require it as a trace element, in contrast to some algae, many bac-
teria, and animals (Pilon-Smits and Quinn, 2010). Selenium meta-
bolism in plants has nutritional significance for consumers,
including humans, whose worldwide Se requirement is provided
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ganic Se is mediated by transporters and enzymes involved in the S
assimilation pathway, as reviewed elsewhere (Zhu et al., 2009).
Arabidopsis plants with mutations in sulfate transporters and
sulfur assimilatory enzymes have played a significant role in our
understanding of pathways involved in Se uptake and metabolism.
For example, mutation in the sulfate transporter (SULTRI;2)
increased tolerance to selenate 6-fold compared to wildtype (WT)
plants, which was explained by restricting the amount of selenate
transported into roots (El Kassis et al., 2007). Once selenate is
transported into plant cells, its reduction likely occurs predomi-
nantly in plastids where it is metabolized by S assimilatory en-
zymes. The rate-limiting step of selenate reduction is controlled by
ATP-sulfurylase, which hydrolyzes ATP and couples AMP to sulfate,
and presumably to selenate as well (Dilworth and Bandurski, 1977).
Overexpression of ATPS1 increased the reduction of selenate almost
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3-fold, resulting in increased selenate tolerance and Se accumula-
tion (Pilon-Smits et al., 1999; Sors et al., 2005). Furthermore, mu-
tation of APR2, the enzyme that catalyzes the formation of sulfite
from phosphorylated sulfate, decreased selenate tolerance 2.5-fold,
and coincided with increased levels of selenate and total Se
compared to WT plants (Grant et al.,, 2011). In summary, altered
expression of genes participating in sulfate uptake and reduction
results in concomitant changes in Se tolerance and accumulation.

Sulfite reductase (SiR)-the enzyme that catalyzes the reaction of
sulfite to sulfide-is a rate-limiting enzyme in the sulfate assimila-
tion pathway (Khan et al., 2010) and is capable of alleviating sulfite
toxicity (Yarmolinsky et al., 2013). It is not known whether altered
SiR expression affects Se tolerance and accumulation in plants.
While enzymes involved in sulfur metabolism are generally
assumed to metabolize Se analogs, SiR may not be important for
selenite reduction and detoxification. In a study that compared the
incorporation of radioactive sulfite and selenite into cysteine and
selenocysteine, respectively, two pieces of evidence emerged sug-
gesting that sulfite and selenite reduction occur via two indepen-
dent pathways (Ng and Anderson, 1979). Cyanide, a potent SiR
inhibitor, blocked sulfite’s incorporation into cysteine, but had no
effect on the incorporation of selenite into selenocysteine. This
suggests that plant SiR is not a selenite reductase, as similarly re-
ported for Escherichia coli SiR (Turner et al., 1998). Secondly, the in-
vitro incorporation of selenite into selenocysteine was dependent
upon the reductant glutathione (GSH).

Because of these findings, it has been proposed that selenite
reduction in plants and other organisms is mainly non-enzymatic
and mediated by GSH (Ng and Anderson, 1979; Kessi and
Hanselmann, 2004). Indeed, depletion of internal GSH in Rhodo-
bacter rubrum and Rhodobacter capsulatus decreased selenite
reduction (Kessi, 2006). In-vitro evidence demonstrated that non-
enzymatic reduction of selenite by GSH rapidly yields selenodi-
glutathione and superoxide (Seko et al., 1989; Kessi and
Hanselmann, 2004; Chen et al, 2007). Additionally, in vivo
studies using human cells (Wallenberg et al., 2010), Arabidopsis
(Grant et al., 2011), and the green alga Chlamydomonas reinhardti
(Vallentine et al., 2014) also demonstrate that selenite treatment
produces toxic levels of superoxide. Superoxide is a reactive oxygen
species (ROS) that can induce oxidative stress by oxidizing and
impairing protein structure. For example, iron-sulfur (Fe—S) clus-
ters present as cofactors in various Fe—S proteins (Balk and Pilon,
2011) are sensitive to superoxide, as reviewed elsewhere (Py
et al, 2011). In both plants and animals, ROS can damage the
Fe—S cluster of aconitase, an important participant of the tri-
carboxylic acid cycle (Verniquet et al., 1991; Gardner and
Fridovich, 1991). It was recently demonstrated that selenite-
induced superoxide decreased aconitase activity and levels of tri-
carboxylic acid cycle metabolites in Brassica napus (Dimkovikj
and Van Hoewyk, 2014). Additionally, the Fe—S cluster in iso-
propylmalate dehydratase, an Fe—S protein involved in branched-
chain amino acid metabolism, is also sensitive to copper-induced
oxidative stress (Macomber and Imlay, 2009).

The effects of superoxide on a chloroplastic Fe—S protein have
not been examined. Some chloroplastic Fe—S proteins mediate
electron transport during the light reactions (Balk and Pilon, 2011).
Fe—S clusters found in the cytochrome bgf complex, photosystem I,
and ferredoxin (Fd) are vital for plant development and photo-
synthesis (Van Hoewyk et al., 2007). Fd mediates the reduction of
NADP' to NADPH. Knockout of isoform Fd2 resulted in growth
impairment and ROS accumulation (Voss et al., 2008).

Numerous abiotic stressors result in superoxide accumulation
(Mittler, 2002). For example, inorganic Se induces ROS accumula-
tion and has been reported to decrease efficiency of photosystem II
in Arabidopsis (Grant et al., 2011), wheat (£.abanowska et al., 2012)

and Stanleya albescens (Freeman et al., 2010). The exact cellular
mechanism is not clear, but if superoxide also damages the chlo-
roplastic Fe—S clusters, this would likely diminish photosynthetic
capacity. We reasoned that since (i) selenate is likely reduced to
selenite in chloroplasts and if (ii) the non-enzymatic reduction of
selenite yields superoxide, then it would potentially damage
chloroplastic proteins that contain an Fe—S cluster. To test this
hypothesis, the integrity of the Fe—S cluster of Fd was analyzed in a
reaction containing selenite and GSH. We additionally examined if
Arabidopsis plants with a mutation in SiR had altered selenite
tolerance and selenium accumulation.

2. Methods
2.1. Plant selenium toxicity and elemental analysis

Seeds of SiR mutants plants used in this study were obtained as
SIR KD1T seeds (Yarmolinsky et al., 2013) and sir1-1 seeds (Khan
et al., 2010), and separately compared to Columbia ecotype in the
same genetic background. Plants were grown in a growth chamber
(150 pE, 16 h light/8 h dark cycle, 24 C) on agar plates containing 1%
sucrose and 0.5 strength Murashige and Skoog media consisting of
2.5 mM KNOs, 25 uM FeNa-EDTA, 1 mM KH;PO4, 1 mMKHPOy4,
1 mM Ca(N03)2.4H20, 35 uM H3BO3, 7 |.J.M MnClz. 0.25 ].J.M CU.SO4,
2 mM ZnS04, and 0.4 uM NayMoOg4-2H,0 (Murashige and Skoog,
1962). To test the effect of selenite, agar media plates contained
either O or 15 uM sodium selenite, a concentration known to induce
toxicity (Tamaoki et al., 2008). To confirm selenite toxicity at the
above-mentioned concentration, plants (n = 20—30) were grown
with and without selenite. Selenite tolerance was determined by
measuring root length in the WT and mutant plants after 14 days of
growth on vertical plates. To determine elemental content, plants
were grown for 21 d on horizontal agar plates; this longer time
point was selected in order to obtain enough for elemental analysis.
Four biological replicates per treatment consisting of several pooled
plants each were rinsed and dried, and then acid digested prior to
ICP-OES analysis. Elemental analysis was carried out as described
before (Van Hoewyk et al., 2007; Pilon Smits et al., 1999). This
included appropriate quality assurance and control, by means of
National Institute of Standards and Technology standards for all
elements, and a quality control checked every 15 samples. All sta-
tistical analyses (ANOVA and Student’s t tests) were performed
using the Kaleida-graph software package (Synergy Software).

2.2. Plant stress-induced phenotype measurements in sir1-1 plants

Total GSH content, including the pool of reduced and oxidized
glutathione (GSSG), was estimated spectrophotometrically at A4q
using Ellman’s Reagent, as previously described (Grant et al., 2011).
Reduced GSH was estimated as the difference between total GSH
and GSSG in five individual plants. The ratio of variable and
maximal Chlorophyll fluorescence (Fy/Fy), which represents the
maximum photochemical efficiency of photosystem II, was
measured in 25—30 dark-adapted plants using a hand-held chlo-
rophyll fluorimeter (Photon System Instruments; Bratislava, Czech
Republic) and calculated as described previously (Maxwell and
Johnson, 2000).

2.3. Selenite and superoxide measurements

Ten micrograms of Fd, purified as previously described (Pilon
et al,, 1992; Ye et al., 2005), was incubated in a 1 mL volume con-
taining 50 mM tricine/KOH buffer (pH 7.6), +/— 1 mM GSH, and+/—
0.1 mM sodium selenite, as described in Table 2. After a 2 h incu-
bation at room temperature, the sample was centrifuged and the
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supernatant was filtered through an Amicon Ultra-15 10 kDa
MWCO (molecular weight cut off) filter. Fd was trapped on the
filter, and the filtered fluid was used in subsequent analyses of
selenite, superoxide, and GSH.

Selenite was measured based on a modification of the procedure
according to Kessi et al. (1999). Twenty microliters of filtered fluid
were added to a glass tube containing 1 ml of 0.1 M HCl, 0.05 ml of
0.1 M EDTA, 0.05 ml of 0.1 M NaF, and 0.05 ml of 0.1 M disodium
oxalate. Afterwards, 0.25 ml of 0.1% 2,3-diaminonaphthalene in
0.1 M HCl was added. The solution was incubated at 40 °C for
40 min. Selenium—2,3-diaminonaphthalene was extracted with
0.6 ml of cyclohexane, vigorously mixed, and finally centrifuged for
10 min at 3000 x g. Levels of selenite are reported as the absor-
bance of the organic phase at 377 nm. Reduced GSH was measured
as described above, as is reported as the absorbance of samples at
412 nm.

The production of superoxide was estimated by the reduction of
nitroblue tetrazolium, which produces formazan and absorbs at
560 nm (Misra, 1974). In a 1 mL solution containing 100 mM Tris/
HCI (pH 9) and 0.1 mM nitroblue tetrazolium, 100 pL of the elutant
from the reactions above was mixed and incubated for 10 min at
room temperature. Samples were immediately vortexed before
analysis. Relative levels of superoxide were reported at Asgo.

2.4. Spectral analysis of Fd

Additional analysis of Fd was performed in the reaction
described above (+/—GSH and+/—selenite), except that the re-
actions were allowed to incubate for various time periods (0, 2, 4, 8,
and 16 h). Recovery of pure Fd from the 10 kDa MWCO filter
removed contaminants that potentially would interfere with the
spectral analysis of Fd. The recovery of Fd (94—97%) was confirmed
using the Bradford Assay. UV/Vis absorbance spectra (Ao to Agoo)
were measured using 5 pg of Fd. Integrity of Fd’s 2Fe—2S cluster Fd
was measured at each time point as the ratio of A430:Az60 as pre-
viously described (Yocum et al., 1975). The size of the Fe—S cluster
peak was measured as the difference between A0 and Asgs.

2.5. Activity assay and electrophoresis

Fd was incubated in reactions 1—4 (see Table 2) and then
recovered as described above. Activity was estimated based on its
ability to reduce cytochrome c using a modified procedure (Green
et al, 1991). In a 1 mL reaction containing 50 mM Tris/HCl (pH
7.6), 0.25 mM NADPH, 0.001 units of Fd-NADP reductase (Sigma
Aldrich), and 0.5 mM cytochrome c, 20 pg of Fd was added and
incubated for 5 min. Absorbance at 550 nm was recorded every
thirty seconds, and relative cytochrome c reduction was corrected
for controlled reactions performed in the absence of Fd-NADP
reductase.

After incubating for 16 h in reactions 1—4, 20 pg of Fd was
resolved under non-denaturing conditions on a 15% PAGE gel. Gels
were stained for total protein with Coomassie Brilliant Blue, and the
levels of apo-Fd were estimated using the software Image-] by
measuring the intensity of the bands running above holo-Fd.

3. Results
3.1. Knockdown of SiR does not affect Se toxicity or accumulation

To determine the importance of SiR for selenite tolerance, pre-
viously characterized Arabidopsis thaliana plants (SIR KD1T) with a
37% decrease in SiR activity were obtained (Yarmolinsky et al.,
2013), and compared to wildtype (WT) plants in the same genetic
background (ecotype Columbia). There was no difference between

the root lengths of WT and SIR KDT1 plants after 14 days of growth
on MS media plates lacking selenite (Fig. 1a), nor on the same
medium supplemented with 15 uM selenite (Fig. 1b). Compared to
control media, root length decreased nearly two-fold for both plant
genotypes when grown on media supplemented with 15 uM sele-
nite, demonstrating that this selenite concentration was toxic. Thus,
selenite tolerance was not different between WT and SIR KDT1
plants.

The elemental content of selenite-treated WT and SIR KDT1
plants was analyzed to determine whether impairment of SiR
altered the tissue concentration of Se or of essential nutrients. The
tissue levels of Se were not affected in the KDT1 mutants.
Furthermore, there were no differences between WT and SIR KDT1
in the concentration of macronutrients calcium, magnesium, and
sulfur or trace elements iron, copper, and manganese in plants
grown on media with or without selenite (Table 1). Thus, decreased
SiR activity does not affect Se accumulation in Arabidopsis.

In a second approach to test the importance of SiR for selenite
tolerance, another characterized SiR mutant (sir1-1) was obtained
(Khan et al., 2010) and separately studied. SiR activity in these
knockdown plants was reduced by almost 80%. WT and sirl-1
plants (Columbia ecotype) exhibited the same root length when
challenged with selenite (Fig. 2A), in agreement with SIR KDT1.
There were no visible signs of chlorosis when challenged with
selenite. However, when chlorophyll fluorescence was analyzed to
determine if the mutants had photosynthetic impairments, Fv/Fm
values, which represent the maximum capacity of photosystem Il in
dark-adapted plants, decreased when plants were grown on Se
compared to control media. The Fv/Fm values did not differ be-
tween WT and sirl-1 plants grown either with or without Se
(Fig. 2B). Thus, the SiR mutants did not show evidence of altered
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Fig. 1. Selenite tolerance in WT (white bars) and SiR KD1T (shaded bars) Arabidopsis
plants grown on MS media with or without 15 uM selenite for 14 days. Results shown
are the mean (n = 20—30 seedlings) and standard error. Different letters above bars
denote significant differences between treatment means (p < 0.05). WT-wildtype.



B. Fisher et al. / Plant Physiology and Biochemistry 106 (2016) 228—235

Table 1

Elemental content (mg kg~! FW) in WT and SiR KD1T Arabidopsis plants grown on
control media and media with selenite for 21 d. Results shown are the mean and
standard error of four independently pooled samples. Lowercase letters represent a
significant difference among plants between each treatment (p < 0.05). Gray rep-
resents a significant difference in elemental content in selenite-treated samples.
WT-wildtype. FW-fresh weight.
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in the mixture (Table 2), indicating that these two reactants were
quickly consumed in the reaction, as reported earlier (Kessi and
Hanselmann, 2004). The reaction of GSH and selenite produced
superoxide as expected, which did not accumulate in other mix-
tures: reaction number 1 (Fd); reaction number 2 (Fd + GSH); re-
action number 3 (Fd + selenite). Additional experiments focused on

WT SiR KDIT WT + selenite  SiR KD1T + selenite the consequences of superoxide generated in mixture 4 (reaction
a 6565 (2437 6303 (136)° — with both GSH and selenite) on the intactness of the Fe—S cluster in
cu 2(2.7) 6.8 (1.7) ab b Fd. The absorbance spectra of plant holoFd-including spinach Fd
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Fig. 2. Characterization of sir1-1 Arabidopsis plants grown on MS media with or without 15 uM selenite for 10 days. (A) Root length and (B) Fv/Fm values in WT (white bars) and
sir1-1 (shaded bars) plants. (C) Levels of reduced GSH and oxidized glutathione (GSSG) in WT and sir1-1 plants. Results shown are the mean and standard error. Different letters
above bars denote significantly different means (P < 0.05). GSH- reduced gluthatione, GSSG-oxidized glutathione, WT-wildtype.

selenite tolerance.

Lastly, we deemed it important to measure the concentration of
GSH, an anti-oxidant that also represents the majority of non-
protein thiols in plants. There was no difference in GSH between
WT and sir1-1 plants, either grown with selenite (Fig. 2C) or
without as previously reported (Khan et al., 2010). In summary,
there was no distinguishable phenotypic difference between sir1-1
and WT plants when grown on selenite.

3.2. Non-enzymatic reduction of selenite impairs Fd

If selenite reduction is not primarily mediated by SiR, and
instead happens non-enzymatically via GSH, the resulting products
are selenodiglutathione and superoxide (Kessi and Hanselmann,
2004). The effects of this superoxide produced as a result of sele-
nite reduction in chloroplasts deserved further investigation. Since
superoxide is known to damage the Fe—S clusters of mitochondrial
and cytosolic proteins, it likely can also damage the Fe—S cluster of
chloroplastic proteins. Therefore, further experimentation
addressed the question whether GSH-mediated selenite reduction
damages the Fe—S cluster of Fd and impairs its activity. Fd was
isolated from fresh spinach plants rather than Arabidopsis to in-
crease yield of the protein, and then used in subsequent in vitro
assays. Preliminary experiments verified that reaction mixture
number 4 (containing Fd, reduced GSH, and selenite) generated
superoxide after 2 h. Levels of selenite and reduced GSH decreased

between the Fe and the inorganic S in the 2Fe—2S cluster
(Morimoto et al., 2002). In a solution containing selenite and GSH,
Fd’s absorption spectra were visibly distinct after 16 h compared to
Fd in control reactions (Fig. 3A). Notably, there was increased
absorbance in the UV range, and loss of absorbance at A33g and A4z0,
indicating damage to the Fe—S cluster. Pure Fd in spinach has a
As0/Az76 ratio of 0.49—0.47 (Schiirmann et al., 1970; Yocum et al.,
1975). In the reaction with selenite and GSH, the purity of Fd
began to decrease after 2 h, and after 16 h the A420/A276 ratio was
nearly 40% lower compared to controls (Fig. 3B). The integrity of the
Fd’s Fe—S cluster was analyzed by monitoring the absorbance at
420 and 395 nm. After 12 h, the size of the peak at A4y¢ decreased
by 50% compared to control reactions, indicating damage to the
Fe—S cluster in the presence of selenite and GSH (Fig. 3C). Damage
to Fe—S clusters result in its removal from the holoprotein to yield
an apoprotein. To gauge the formation of apo-Fd resulting from its
incubation with GSH + selenite after 16 h, proteins were analyzed
via PAGE under non-denaturing conditions. Pure holo-Fd ran as a
single band with high mobility (Fig. 4). Fd that incubated with
selenite + GSH produced four or five spurious bands that represent
apo-Fd, which is known to migrate more slowly than holo-Fd on a
nondenaturing gel (Takahashi et al, 1986). These data further
confirm the loss of absorbance at 420 nm, indicating that GSH-
mediated reduction damages the Fe—S cluster of Fd. Intriguingly,
Fd that reacted with selenite also produced two bands that
migrated slower than holo-Fd. However, the intensity of the apo-Fd
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Table 2

Relative levels of reduced GSH, selenite, and superoxide in reactions 1—4 after 2 h. Reaction with GSH and selenite consumed reduced GSH and selenite, and produced su-
peroxide. Results shown are the absorbance of each sample, and represent 5—7 independently performed experiments. GSH-glutathione, Se-selenite, O — superoxide.

Lowercase letters represent a significant difference between reactions (p < 0.05).

Reaction Fd (10 pg) GSH (1 mM) Se (0.1 mM) GSH (A412nm) Selenite (As77 nm) 03 (Asgp nm)
1 + - 0 0.01 (0.01)? 0.03 (0.01)
2 + + - 0.41 (0.05) 0.05 (0.03)%® 0.02 (0.01)?
3 + + 0 0.57 (0.04)° 0.07 (0.02)°
4 + + + 0.11 (.02)° 0.07 (0.02)° 0.86 (0.1)°
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Fig. 3. Absorption spectra and properties of Fd in a reaction containing+/—1 mM GSH and+/—0.1 mM selenite. Fd incubated in four conditions described in Table 2 for 0, 2, 4, 8, and
16 h. (A) Absorption spectra after a 16 h incubation in reactions 1—4. (B) Purity of Fd as determined by the A4y0:A;76 ratio. (C) Integrity of the Fe—S cluster of Fd as determined by the
absorbance difference at Ay and Asgs. All data are representative representations for 5—7 independently performed experiments. Fd-ferredoxin, GSH- glutathione, Se-selenite.
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Fig. 4. Non-denaturing polyacrylamide gel electrophoresis (PAGE) showing ferredoxin
after 16 h in reactions 1—4 as described in Table 2. Ferredoxin was stained with Coo-
massie Brilliant Blue on a 15% gel, and is representative of three other independent
experiments. Numbers above lanes 3 and 4 correspond to band intensity relative to
lane 3. Fd-ferredoxin.

bands in the reaction treated with selenite + GSH was 3-fold more
than the sample treated with just selenite. Lastly, the effect of su-
peroxide on the activity of Fd was assayed by determining its ability
to reduce cytochrome c. After 8 and 16 h, there was a 12% and 41%
decrease in Fd activity in the GSH + selenite sample (Fig. 5). The
superoxide-induced decrease in activity coincides with impairment
of the Fe—S cluster and the protein’s denaturation, as judged by the
formation of apo-Fd.
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Fig. 5. Ferredoxin activity, as determined by its ability to reduce cytochrome c in a
reaction containing NADPH and ferredoxin-NADP reductase. Activity at the indicated
time points is reported as Asso in reactions 1—4 as described in Table 2. Data are
representative of five independent experiments.

4. Discussion

Arabidopsis plants with decreased SiR activity were previously
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shown to be susceptible to sulfite (Yarmolinsky et al., 2013) and
cadmium (Khan et al., 2010) toxicity. In contrast, these same plants
did not show any differences in growth, chlorophyll fluorescence or
Se accumulation when challenged with a toxic concentration of
selenite. This finding suggests that SiR is not a rate-limiting enzyme
for Se assimilation, or may not even be involved in this process
in vivo, and agree with a previous study suggesting that SiR does
not likely have selenite reductase activity (Ng and Anderson, 1979).

Although a plant-specific selenite reductase remains elusive,
studies in other organisms strongly suggest that selenite reduction
might be facilitated by a wide-range of alternative enzymes. For
example, selenite can be reduced in a NADPH-dependent manner
by thioredoxin in calf cells (Kumar et al., 1992) and E. coli (Hunter,
2014). Additionally, selenite reduction in human cells can occur via
at least two different glutaredoxins (Wallenberg et al., 2010). In
microbial organisms, selenite has also been reported to be a sub-
strate for various oxidoreductases, including nitrite reductase
(Basaglia et al., 2007), fumarate reductase (Li et al., 2014), and
glutathione reductase (Ni et al., 2015). Collectively, these data point
to the possibility that selenite reduction in plants can proceed
enzymatically, even if it does not involve SiR.

Additionally, selenite can be reduced non-enzymatically by GSH
to yield two products: selenodiglutathione and superoxide (Seko
et al., 1989; Spallholz, 1994; Kessi and Hanselmann, 2004; Chen
et al., 2007). In the presence of GSH reductase and NADPH, sele-
nodigluthatione is converted into selenide, and this product is
further metabolized into selenocysteine via cysteine synthase (Ng
and Anderson, 1979). The other product-superoxide- is a ROS.
Data presented in this study indicate that Fd is susceptible to
damage by superoxide generated from a reaction with 0.1 mM
selenite and 1 mM GSH, which is near the reported 1.2 mM con-
centration of GSH in the chloroplast (Koffler et al., 2011). UV/Vis
spectroscopy indicated a time-dependent impairment of the Fe—S
cluster of Fd, as determined by a decrease in the A4,0/A276 ratio.
Superoxide increased the absorbance of Fd at 276 nm, and had the
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opposite effect at 420 nm; these data are in agreement with
another study that investigated the unfolding of Fd
(Bandyopadhyay and Sonawat, 2000). Impairment of the Fe—S
cluster coincided with both decreased activity and the formation of
apo-Fd. Taken together, our data point to the ability of superoxide
to damage Fd by altering the integrity of its Fe—S cluster.

A variety of stressors are known to decrease protein levels of Fd
in plants (Ceccoli et al., 2011; Tognetti et al., 2006), which could be
explained by at least two different mechanisms. Supplementation
with the antioxidant GSH in Arabidopsis plants can overcome
oxidative stress during Fe deficiency and restore levels of Fd
(Rameriz et al., 2013); these data suggest that ROS are directly
impairing Fd, a conclusion that coincides with the observations
made in our study. Secondly, transfer of an Fe—S cluster to Fd can be
mediated by glutaredoxin and is GSH-dependent (Wang et al.,
2012). Glutathione levels often decrease during severe oxidative
stress (Mittler, 2002), and the depletion of GSH could directly
impede formation of holo-Fd.

Oxidatively-damaged Fe—S proteins in E. coli result in the
accumulation of free intracellular Fe (Keyer and Imlay, 1996; Touati,
2000). Although intracellular Fe was not measured in our study, the
total leaf concentration of Fe increased nearly 40% when plants
were grown on selenite; no other element increased when chal-
lenged with Se. In agreement with our observation, rice seedlings
treated with ROS-inducing methyl viologen also enhanced leaf Fe
concentration, and was associated with up-regulation of transcripts
involved in Fe—S cluster assembly; induction of these genes might
be a consequence of Fe—S damage (Liang et al., 2014). Thus, it is
possible that the increase in total Fe in plants experiencing oxida-
tive stress stems from damage to Fe—S clusters and the release of Fe
from proteins, triggering enhanced Fe uptake into the plants.
However, this has yet to be biochemically examined in planta.

The damaging effects of ROS on Fe—S clusters now include Fd,
and might be extended to other chloroplastic proteins that harbor
an Fe—S cluster. Under this scenario (Fig. 6), photosynthetic

selenate cytosol
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selenate ChlorOPIaSt and efficient
| antioxidant  Photochemistry
I quenching
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selenite 2534 e
repair
Fe-S cluster damage
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b6f PSI e- transport stress
Light Reactions

Fig. 6. Schematic diagram depicting how superoxide generated from the glutathione-mediated reduction of selenite might cause plant stress if a proper stress response (red
arrows) is not mounted. Selenate is reduced to selenite in plastids via the sulfate assimilation pathway (Zhu et al., 2009). Selenite is further reduced by GSH, which generates
superoxide as a byproduct (Kessi and Hanselmann, 2004). The superoxide in turn damages the Fe—S cluster and folding of ferredoxin (Fig. 3). The photosynthetic electron transport
chain is dependent upon Fe—S clusters, and its impairment decreases photochemistry and causes plant stress (Van Hoewyk et al., 2007). Dotted black lines represent steps in the
sulfate assimilation pathway. Dotted blue lines represent possible damage to other Fe—S proteins caused by superoxide, but this has yet to be experimentally determined. GS-Se-SG-
selenodiglutathione, SODs-superoxide dismutases. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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impairment would be anticipated, because the electron transport
chain is also dependent upon Fe—S proteins found in the cyto-
chrome bg/f complex and photosystem I (Balk and Pilon, 2011).
Superoxide’s damaging effect of Fe—S clusters is especially detri-
mental if the Fe—S proteins cannot be repaired or if the cells’
antioxidant capacity to quench free radicals is compromised or
over-whelmed, which frequently occurs during abiotic stress. For
example, an E. coli mutant with defects in superoxide dismutases
(SODs) are especially vulnerable to Fe—S cluster damage during
oxidative stress (Jang and Imlay, 2007). However, in plants, the role
of chloroplastic SODs in mitigating photoprotection during oxida-
tive stress is more ambiguous (Pilon et al., 2011); for example,
Arabidopsis plants with decreased levels of plastidal copper/zinc
SOD are not sensitive to high light or methyl viologen, but
intriguingly have reduced growth when treated with selenium
(Cohu et al., 2009). It should also be noted that toxic levels of Se
result in the accumulation of ROS, and can also decrease photo-
synthetic electron transport (Van Hoewyk, 2013). This raises the
question if Se-induced photochemical inhibition is partially
attributable to Fe—S cluster damage. In addition to Se, our data may
provide a mechanism to account for decreased photosynthesis that
often occurs during a variety of abiotic stresses.
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