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Abstract. The ubiquitin–proteasome pathway (UPP) coordinates a myriad of physiological processes in higher
plants, including abiotic stress responses, but it is less well characterized in algal species. In this study, the green
alga Chlamydomonas reinhardtii was used to gain insights into the role of the UPP during moderate and severe selenite
stress at three different time points. The data indicate that activity of the UPP in response to selenium (Se) stress was
both time and dose dependent. Moderate selenite stress increased proteasome activity, protein ubiquitination and the
proteasomal removal of malformed selenoproteins. However, severe Se stress caused by prolonged selenite treatment
or high selenite concentration decreased proteasome activity, inhibited protein ubiquitination and prevented the pro-
teasomal removal of selenoproteins. The UPP impairment during severe Se stress was associated with the observed
accumulation of reactive oxygen species (ROS), including mitochondrial superoxide. Additionally, proteasomal inhib-
ition decreased the concentration of chlorophyll in cultures challenged with Se. Therefore, although the UPP protects
Chlamydomonas against Se stress, severe oxidative stress induced by selenite toxicity likely hinders the UPP’s capacity
to mediate a stress response. The possibility that stress tolerance in plants is dependent upon optimal UPP activity and
maintenance is discussed.

Keywords: Chlamydomonas; malformed selenoprotein; mitochondrial superoxide; proteasome; reactive oxygen
species; selenium; ubiquitin.

Introduction
Plants are sessile organisms that inevitably must confront
various types of stress in their environment. A signature of
abiotic stress in plants is the accumulation of reactive
oxygen species (ROS), which have the capacity to induce
lipid peroxidation, break or mutagenize DNA and damage
proteins (Apel and Hirt 2004). Reactive oxygen species

can directly damage proteins by oxidizing amino acid re-
sidues or promoting protein unfolding (Buchberger et al.
2010). Minimizing the accumulation of oxidized and mis-
folded proteins during abiotic stress is essential in order
to prevent the accumulation of protein aggregates that
would otherwise result in impaired cellular homoeostasis
and ultimately necrosis. This can be achieved by either
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repairing damaged proteins via chaperone-mediated
processes or targeting irreparable proteins for proteolysis
via the lysosome or the ubiquitin–proteasome pathway
(UPP) (Liu and Howell 2010).

The UPP functions by selecting ubiquitinated proteins
for proteasomal degradation (Coux et al. 1996). The UPP
contains the 26S proteasome, a large protein complex
that is highly conserved in the cytosol and nucleus of eu-
karyotic organisms; the 26S proteasome is composed of a
20S proteolytic core that is bound by either one or two
ATP-dependent 19S regulatory particles (Fujinami et al.
1994; Yang et al. 2004). Proteins delivered to the 26S
proteasome are tagged with the small protein ubiquitin.
Protein ubiquitination is dependent upon ubiquitin-
activating enzymes (E1), ubiquitin-conjugating enzymes
(E2) and ubiquitin ligases (E3) that transfer the ubiquitin
onto the target protein (Smalle and Vierstra 2004). Prote-
olysis of ubiquitinated proteins in the 26S proteasome oc-
curs in the 20S catalytic core. Moderate abiotic stressors
can activate the UPP, which is associated with improved
tolerance in plants (Lyzenga and Stone 2012). However,
in mammalian cells it is well recognized that severe stress
inhibits the UPP (Wang et al. 2010; Shang and Taylor
2011). In human cells, E1 and E2 enzymes are inhibited
by superoxide accumulation (Jahngen-Hodge et al.
1997). Additionally, ROS can impair the 19S regulatory
particles and promote 26S disassembly (Huang et al.
2013). In contrast to the 26S proteasome, the 20S prote-
asome contains the central 20S catalytic core, and func-
tions by removing oxidized proteins in an ATP- and
ubiquitin-independent manner (Davies 2001). Because
the 20S proteasome lacks the 19S regulatory particles
that are sensitive to oxidative stress, it is considered
more resistant to oxidative stress compared with the
26S ubiquitin-dependent proteasome (Reinheckel et al.
1998; Kurepa et al. 2008).

The UPP governs nearly all facets of vascular plant
development and physiology, including cell division
(del Pozo et al. 2006), nutrient acquisition (Yates and
Sadanandom 2013), hormone concentrations (Santner
and Estelle 2010) and responses to a multitude of abiotic
stressors, including heavy metals (Lyzenga and Stone
2012). The effect of heavy metals on proteasomal activity
in higher plants is conflicting, which could reflect the dif-
ferent activities of the 20S and 26S proteasomes during
oxidative stress, or concentration of the xenobiotic. For
example, isolated 20S proteasomes from Arabidopsis
had increased activity upon exposure to 50 mM cadmium
(Polge et al. 2009), supporting the notion that the 20S pro-
teasome is resistant to oxidative stress (Kurepa et al.
2008). However, total proteasome activity decreased in
a crude extract from sunflower leaves exposed to 100–
300 mM cadmium for 4 days (Pena et al. 2008). Similarly,

proteasome activity decreased .2-fold in beans treated
with 200 mM copper for 9 days (Karmous et al. 2014). Cad-
mium and copper are pro-oxidants that induce ROS, and
the decrease in proteasome activity could reflect general
impairment of the 26S proteasome caused by the con-
centration and long-term exposure of the heavy metals.
Determining whether proteasomal activity in plants dur-
ing heavy metal exposure is dose- and time-dependent
warrants further study.

Although the UPP in higher plants is well characterized,
it remains poorly understood in algae despite their eco-
logical importance as primary producers. In the green
alga Chlamydomonas, the UPP is known to have a role
in flagella development (Huang et al. 2009) and the deg-
radation of sulfate transporters (Pootakham et al. 2010),
but its function in mitigating abiotic stress has not been
fully investigated and only indirectly implicated. For ex-
ample, chilling and heat stress increased the transcript
abundance of ubiquitin in Chlamydomonas (von Kampen
et al. 1995). Methyl viologen treatment generates super-
oxide accompanied with the accumulation of ubiquiti-
nated proteins in Chlamydomonas (Shimogawara and
Muto 1991); this likely suggests that the varied types of
abiotic stress that induce superoxide would likewise in-
crease the level of ubiquitinated proteins in Chlamydomo-
nas. More recently, proteomic approaches have identified
an accumulation of 20S core complex subunits in re-
sponse to arsenate (Walliwalagedara et al. 2012) and
cold stress in Chlamydomonas (Valledor et al. 2013). How-
ever, these previous studies did not determine whether
the stressors increased proteasome activity, and there-
fore only partially implicate the UPP in mediating an abi-
otic stress response in Chlamydomonas.

This study characterized the involvement of the
Chlamydomonas UPP in response to selenite stress. Selen-
ium (Se) stress in plants is unique because it appears to
have two distinct modes of toxicity (Van Hoewyk 2013).
The speciation of available Se in soil solution and fresh-
water is predominantly selenate or selenite, both of
which can act as pro-oxidants when transported into
plants by depleting the glutathione pool (Van Hoewyk
et al. 2008; Grant et al. 2011) and causing the accumula-
tion of superoxide (Mroczek-Zdyrska and Wójcik 2012)
and hydrogen peroxide in Arabidopsis (Lehotai et al.
2012) and the green algae Ulva sp. (Schiavon et al.
2012). In addition to Se inducing oxidative stress, it can
also be toxic if it randomly replaces sulfur in proteins.
This occurs when inorganic Se is assimilated into seleno-
cysteine and selenomethionine, which can compete
with tRNAcys and tRNAmet, respectively, and replace
cysteine and methionine in proteins (Zhu et al. 2009).
Given cysteine’s role in catalysis and the formation of
disulfide bonds that help stabilize protein structure, the
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replacement of cysteine by selenocysteine in proteins is
likely to be particularly toxic (Stadtman 1990), because
it can create malformed selenoproteins that potentially
do not fold correctly. Therefore, Se stress can result in
both oxidized proteins and malformed selenoproteins,
both of which can induce a UPP response. The UPP
was recently implicated in a Se response in Stanleya
pinnata (Sabbagh and Van Hoewyk 2012), a rare Se-
hyperaccumulating plant that was able to selectively re-
move ubiquitinated selenoproteins. Whether or not the
proteasome’s ability to remove malformed selenopro-
teins represents a unique adaptation found exclusively
in S. pinnata is not known.

In this study, the effect of moderate and severe oxida-
tive stress on the UPP was investigated in selenite-treated
Chlamydomonas, an algal species that is Se-sensitive and
unicellular. Thus, it was feasible to determine how the
concentration of Se affected both ROS production and
the UPP on a cellular level. The data demonstrate that
the UPP protected Chlamydomonas against the toxic ef-
fects of Se, and could alleviate Se toxicity by removing
malformed selenoproteins. However, proteasome activity
and the accumulation of ubiquitinated proteins in re-
sponse to Se treatment were both time and dose depend-
ent, and were associated with levels of ROS. To our
knowledge, this study is the first to measure proteasome
activity in Chlamydomonas, and provides a more compre-
hensive understanding of the effects of ROS accumula-
tion on the UPP in lower plants.

Methods
Growth conditions
Chlamydomonas reinhardtii (wild-type strain CC-1690)
was obtained from the Chlamydomonas Resource Center
(University of Minnesota, MN, USA) and cultured axenically
with or without sodium selenite in tris-acetate-phosphate
(TAP) media under constant illumination (100 mE) and
shaking (150 rpm) at 24 8C. Cultures were initially inocu-
lated in 50 mL of sterile TAP media containing
1000 cells mL21; cell counts were performed with a
haemocytometer. During this time, the pH was checked
and adjusted if necessary to pH 7–7.2.

Chlorophyll from 1 mL of culture was extracted in
N,N-dimethylformamide and measured spectrophoto-
metrically at an absorbance of 652 nm and subtracted
for turbidity at 750 nm (Arnon 1949). The effect of prote-
asome inhibition in cells treated with 0, 50 and 200 mM
was determined by measuring chlorophyll content as de-
scribed above, except that 5 mL cultures were treated
with either 0.1 % (v/v) dimethyl sulfoxide (DMSO) (control)
or 10 mM of MG132 dissolved in 0.1 % DMSO; the chloro-
phyll content was measured every 24 h for 96 h to

gauge the effect of proteasome inhibition during growth
at logarithmic and stationary phases.

Protein electrophoresis
To estimate the effects of selenite on protein oxidation,
cells were grown to an OD0.5 in TAP media with or without
sodium selenite. Cells were harvested (50 mL) by centrifu-
gation at 1500 g at various time points (0, 3, 8 and 28 h).
Proteins were extracted in a protein extraction buffer
(100 mM NaCl, 50 mM Tris, pH 7.5, 0.5 % (v/v) TritonX-100,
1 mM dithiothreitol and 1 mM phenylmethanesulfonyl-
fluoride) using three repeated freeze–thaw cycles. Pro-
tein concentrations were determined as described
(Bradford 1976). Oxidized proteins were detected using
the OxyBlot Protein Oxidation Detection Kit (Millipore
Company). Briefly, 10 mg of protein were derivatized
with 2,4-dinitrophenylhydrazine (DNP) and separated by
10 % sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis. Proteins were transferred onto PVDF mem-
branes by electroblotting and detected with anti-DNP
primary antibody. The immunoreactive proteins were de-
tected using an anti-rabbit secondary antibody conju-
gated to alkaline phosphatase. For comparison, and to
ensure equal loading, 10 mg of protein were separated
on another 10 % SDS gel and the large subunit of Rubisco
was detected with antiserum raised in rabbits (Agrisera).

The accumulation of ubiquitinated proteins was deter-
mined in cells treated with 0, 50 or 200 mM selenite for
various lengths of time (0, 3, 8 and 28h) in the presence
of 10 mM MG132 in 0.1 % DMSO; this time course was se-
lected because it was previously demonstrated that levels
of ubiquitinated proteins can rapidly accumulate in cul-
tures of Arabidopsis cells challenged with oxidative stress
(Nishizawa-Yokoi et al. 2010). Briefly, 50 mg of protein (ex-
tracted as stated above) were separated on an 8 % SDS
gel; high-molecular-weight poly-ubiquitinated proteins
were detected using ubiquitin antiserum raised in mouse
as previously described (Sabbagh and Van Hoewyk 2012).
On a separate gel, 20 mg of protein were separated on a
10 % SDS gel and stained with Coomassie blue to ensure
equal loading of proteins.

To determine the intactness of the 20S and 26S protea-
somes, Arabidopsis plants were grown on agar plates
containing Hoagland’s media for 10 days before being
transferred to sterile flasks containing 50 mL of Hoag-
land’s media. After 24 h of constant shaking, plants
were treated with or without 50 mM selenite and sampled
at various time points (0, 8, 24 and 72 h). Leaves were
ground in liquid nitrogen and non-denatured proteins
were extracted in a proteasome extraction buffer
(50 mM potassium-phosphate buffer—pH 7.4, 5 % (v/v)
glycerol, 10 mM ATP, 5 mM b-mercaptoethanol). Non-
denatured proteins (50 mg) were separated for 4 h at
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4 8C on a 6 % non-denaturing gel containing 2 mM ATP to
ensure the intactness of the ATP-dependent 26S prote-
asome (Yang et al. 2004). The Pba1 antiserum (Santa
Cruz Biotechnology) used in this study reacted against
the 20S catalytic core in Arabidopsis, but not Chlamydo-
monas. Immunoreactive proteins transferred onto PVDF
were detected as described above.

Proteasome activity
Chlamydomonas in an exponential phase (OD0.5) were
cultured and then treated with or without 50 and
200 mM sodium selenite. Proteins from harvested cells
treated for 0, 3, 8 and 28 h were extracted under non-
denaturing conditions in a proteasome extraction buffer
using repeated freeze–thaw cycles. Protein extract con-
centrations were determined using the Bradford method.
The chymotrypsin activity of the proteasome was mea-
sured essentially as described (Yang et al. 2004). Briefly,
the activity from three separate cultures was measured
fluorometrically in a 96-well plate (Ex360/Em410) contain-
ing 10 mL of protein extract and 90 mL of reaction buffer
(50 mM potassium-phosphate buffer, 2 mM MgCl2, 1 mM
ATP, 5 mM b-mercaptoethanol) with 50 mM of the fluoro-
genic peptide Suc-LLVY-AMC dissolved in DMSO. The re-
leased fluorescence signals were recorded every 5 min
under PHERA star (BMG Labtech). For each time point
(cell culture treated with or without Se for 0, 3, 8 and
28 h), proteasome activity was determined after 1 h as
the difference in increased fluorescence in reactions
with or without MG132 (50 mM) to account for non-
proteasomal release of AMC. Therefore, the proteasome
activity is expressed as the net changes of fluorescence
(RFU min21 mg protein21) in the presence and absence
of the proteasome inhibitor MG132. The proteasome ac-
tivity in Se-treated cultures was expressed as fold change
relative to untreated cultures at each time point.

Elemental analysis of proteins
In order to maximize biomass, cells were grown to an
OD0.8 in 800 mL of TAP media (n ! 4 separate cultures)
containing either 50 or 200 mM sodium selenite with or
without 10 mM MG132 in 0.1 % DMSO for 8 h, and then
harvested by centrifugation at 1500 g. Proteins were ex-
tracted as described above and extract concentrations
were determined using the Bradford method. Proteins
were precipitated with trichloroacetic acid (TCA, final con-
centration 10 %), as previously described (Grant et al.
2011). Protein pellets were digested in 0.5 mL of nitric
acid at 95 8C overnight, and brought to 5 mL using 18
mega Ohm DI water. Samples were then filtered
(0.45 mm) and analysed using inductively coupled
plasma-mass spectroscopy (ICP-MS) at North Carolina
State University, USA.

ROS measurements and microscopy
The cell permeable fluorescent probe 2!,7!-dichlorodihy-
drofluorescein diacetate (H2DCFDA) was used to visualize
ROS in Chlamydomonas. Additionally, the probe MitoSox
Red (Molecular Probes, Invitrogen) that selectively fluor-
esces in the presence of mitochondrial superoxide was
used in separate experiments to determine if Se toxicity
induces mitochondrial superoxide. A 3 mL culture of
algae (OD0.5) treated with or without 50 mM selenite for
0, 1, 3, 8 and 28 h was harvested by centrifugation at
1500 g and resuspended in 1 mL of TAP media containing
10 mM H2DCFDA or 5 mM of MitoSox Red dissolved in
DMSO; the 1-h time-point was added to determine if Se
rapidly induces ROS. Cells were incubated on a rotating
platform in the dark for 20 min and then washed three
times with TAP media to remove the residual H2DCFDA
or MitoSox Red to avoid background fluorescence. The
relative fluorescence units of H2DCFDA (ex 492/em 525) and
Mitosox(ex 510/em 580) were determined using a FITC and
TRITC filter set, respectively, on a spectrofluorometer.
The fluorescent values were corrected by determining
the autofluorescence of samples without H2DCFDA
or MitiSox. Localization of H2DCFDA and Mitosox was
visualized using an Olympus FV1200 confocal laser micro-
scope. Autofluorescence of Chlamydomonas’ single cup-
shaped chloroplast was artificially depicted as blue
fluorescence to distinguish it from the red fluorescence of
MitoSox. Fluorescence of H2DCFDA and MitoSox Red was
determined at Ex492/Em525 and Ex510/Em580, respectively.

Cell viability was determined by estimating the intact-
ness of the cell membrane by using the fluorescent probe
fluorescein diacetate (FDA) according to Prado et al.
(2011). Briefly, cells treated with or without selenite
were incubated with FDA for 15 min in the dark and
then washed three times with TAP media. Viable cells
with intact membranes retained the fluorescent probe
and were visualized using a FITC filter set. The percentage
of viable cells was estimated by dividing the number of
fluorescent cells by the number of total cells viewed
under visible light.

Statistical analysis
For measuring cell viability, proteasome activity and
chlorophyll contents in cells treated with or without
selenite, a parametric one-way analysis of variance
(ANOVA) was used. If ANOVA analysis was significant
(P , 0.05), multiple comparisons were made using
Tukey’s post-hoc test. The effect of proteasome inhibition
on the elemental composition of proteins was deter-
mined by Student’s t-test at the 0.05 probability level.
Values are expressed as mean+ SEM. Both ANOVA and
Student’s t-test as well as data plotting were performed
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using the KaleidaGraph software program (Synergy
Software).

Results
The effects of Se on the UPP
In preliminary experiments, C. reinhardtii were grown in
TAP media and supplemented with 0, 10, 50, 100 and
200 mM selenite for 96 h. The toxicity of selenite was
dose dependent in Chlamydomonas [see Supporting
Information], as previously reported (Morlon et al.
2005). Two selenite concentrations of 50 mM, which is
just below the reported IC50, and 200 mM were used in
subsequent experiments to investigate how moderate
and severe selenite stress affects the UPP.

To determine whether or not moderate and severe sel-
enite stress induces the UPP, Chlamydomonas cells were
grown to an OD0.5 and treated with or without 50 and
200 mM selenite. Compared with untreated cells, 50 mM
selenite increased proteasome activity after 3, 8 and
28 h (Fig. 1A). Proteasome activity peaked in cells treated
with selenite after 8 h, at which point activity was 1.8-fold
higher compared with untreated cells. Curiously, how-
ever, the proteasome activity in 50 mM selenite-treated
cells decreased at 28 h compared with 8 h, but activity
was still 1.3-fold higher compared with untreated cells
at the same time point. Severe Se stress caused by
200 mM selenite also increased proteasome activity
after 3 h, but decreased 1.5- and 3-fold after 8 and
28 h, respectively, compared with untreated cells at the
same time point. Cell viability was investigated to deter-
mine if the decreased proteasome activity caused by
200 mM selenite was a consequence of cell death. There
was no difference in cell viability among the different
treatments at 3 and 8 h (Fig. 1B). Compared with untreated
cells at 28 h, viability decreased from 92 to 76% in
cultures treated with 200 mM selenite. However, this
decrease in viability does not coincide with the 3-fold
decrease in proteasome activity after 28 h.

As noted above, proteasome activity during Se treat-
ment was both time and dose dependent. We deemed
it worthwhile to determine if levels of ubiquitinated pro-
teins were also affected by duration and concentration of
Se treatment. During moderate stress induced by 50 mM
selenite, high-molecular-weight ubiquitinated proteins
were most abundant after 3 and 8 h, but decreased
after 28 h of Se-treatment (Fig. 2). Compared with
50 mM selenite, accumulation of ubiquitinated proteins
notably declined during severe stress caused by 200 mM
selenite after 3 and 8 h, and were absent at 28 h. Coomas-
sie staining of a separate gel confirmed that there was not
a significant difference in protein banding between the
samples, except for the appearance of high-molecular

weight proteins near the top of the gel, presumed to be
ubiquitinated proteins (Fig. 2). Together, these data indi-
cate that the accumulation of ubiquitinated proteins
induced by selenite is both time and dose dependent, per-
haps suggesting that the severity of selenite-induced
oxidative stress impairs the ubiquitination of substrate
proteins.

The UPP removal of malformed selenoproteins
Selenite can be assimilated into organic seleno-amino
acids in land plants (Zhu et al. 2009) and green algae, in-
cluding Scenedesmus (Umysová et al. 2009). The mal-
formed selenoprotein hypothesis predicts that the
random replacement of cysteine with selenocysteine

Figure 1. Proteasome activity in Chlamydomonas treated with sel-
enite. (A) Values for proteasome activity represent fold change in ac-
tivity of selenite-treated cells relative to untreated cells at each time
interval. (B) Percentage of viable cells in cultures with the indicated
treatments. Data are the mean of three biological replicates and
standard deviation. Lowercase letters represent a significant differ-
ence in relative activity at each time point (P , 0.05). Standard errors
were too small to plot.
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produces diselenide bonds that potentially results in ab-
errant and misfolded selenoproteins (Brown and Shrift
1982; Van Hoewyk 2013). In support of this theory, treat-
ment with selenocysteine increased both proteasome ac-
tivity and levels of ubiquitinated proteins [see Supporting
Information]. Although proteasomal removal of seleno-
proteins is facilitated by ubiquitin (Sabbagh and Van
Hoewyk 2012), we reasoned that because 200 mM selen-
ite decreased the abundance of ubiquitinated proteins,
the impaired UPP might not be able to remove malformed
selenoproteins for proteolysis. To determine if the prote-
asome in Chlamydomonas has the capacity to potentially
remove non-specific selenoproteins, the elemental con-
tent of proteins was determined from cells treated with
50 and 200 mM selenite for 8 h in the presence or absence
of the proteasome inhibitor MG132. If the proteasome
functions to remove malformed selenoproteins, then in-
hibition of the proteasome would be expected to increase
the amount of Se in proteins. Proteasome inhibition in
cells treated with 50 mM selenite increased the concen-
tration of Se in protein 2-fold compared with control
cells without MG132 (Fig. 3A), indicating that a function-
ing UPP removes malformed selenoproteins. However,
the concentrations of copper, iron and sulfur did not differ

in cells treated with MG132 or DMSO. As expected, Se in
protein increased in cells treated with 200 mM selenite
compared with 50 mM selenite. However, at this selenite
concentration, levels of Se in protein were not affected
by MG132 (Fig. 3B). This suggests that the proteasome’s
ability to remove malformed selenoproteins is dose-
dependent, and it is impaired during severe Se stress.
This is consistent with the observation that ubiquitinated
proteins do not accumulate at 200 mM selenite, as they
did at 50 mM selenite.

UPP protects Chlamydomonas from Se stress
The role of the proteasome in alleviating selenite toxicity
was examined by treating cells with or without MG132 for
96 h. Proteasome inhibition did not affect the chlorophyll
content in cells cultured without selenite. In contrast, the
chlorophyll content of cells grown with 50 and 200 mM
selenite decreased in cells treated with MG132 (Fig. 4),
indicating that the functioning proteasome protects
Chlamydomonas against Se stress. Notably, the protect-
ive benefits of the proteasome during Se stress was
more apparent at 50 mM compared with 200 mM selenite,
which is likely due to UPP impairment at the higher selen-
ite concentration.

Selenite-induced ROS production
As elaborated above, the UPP response during Se stress is
both dose and time dependent. We deemed it is neces-
sary to determine whether the decreased proteasome ac-
tivity and ubiquitinated proteins during severe Se stress
were a consequence of the proteasome alleviating and
removing the Se-induced stress, or rather if severe
Se stress might impair the UPP. Since severe oxidative
stress can impair 26S proteasome activity (Shang and
Taylor 2011), it was desirable to determine whether
selenite-treated Chlamydomonas exhibited signs of oxi-
dative stress, which could possibly explain why prote-
asome activity decreased during severe Se stress.
Reactive oxygen species are produced primarily in the
mitochondria and chloroplast during stress; recently, it
was reported that cadmium-treated Arabidopsis accumu-
late ROS in mitochondria prior to being observed in plas-
tids (Bi et al. 2009). Therefore, the fluorescent probes
2!,7!-dichlorofluorescein diacetate (H2DCFDA) and Mito-
Sox were used to determine the accumulation of ROS in
selenite-treated cells. H2DCFDA fluorescence is not spe-
cific to the type of ROS or cellular compartment whereas
MitoSox specifically fluoresces in the presence of mito-
chondrial superoxide.

The results showed that fluorescence of H2DCFDA
and MitoSox increased in Se-treated cells in a time- and
dose-dependent manner (Fig. 5A). After treating cells
with 50 mM selenite for 28 h, H2DCFDA and MitoSox

Figure 2. The accumulation of high-molecular-weight ubiquitinated
proteins in Chlamydomonas treated with or without selenite at dif-
ferent time points. (A) 50 mg of protein were separated on an 8 %
SDS gel and ubiquitinated proteins were detected using anti-
ubiquitin antiserum. The immunoblot is representative of two
other replicate gels. (B) 20 mg of protein were separated on a 10 %
SDS gel and stained with Coomassie to ensure equal loading be-
tween lanes. The arrow points to suspected high-molecular-weight
ubiquitinated proteins. L, ladder.
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fluorescence increased 1.6- and 2.1-fold (fluorescence of
treated/untreated cells) respectively. Treatment with
200 mM selenite increased H2DCFDA and MitoSox fluores-
cence 9- and 12-fold, respectively, compared with

untreated cells. Collectively, these data indicate that sel-
enite continuously induced the formation of ROS, and in
particular mitochondrial superoxide, which leads us to
believe that the decreased proteasome activity was not
a consequence of alleviating the Se-induced stress.

The accumulation of mitochondrial superoxide as de-
termined by MitoSox has not been previously reported
in Chlamydomonas as it has for other organisms including
Arabidopsis (Cvetkovska and Vanlerberghe 2012). Thus, it
was essential to rule out that the MitoSox was not loca-
lized to the chloroplast or diffused into the cytosol. Con-
focal microscopy was used to gauge the localization of
MitoSox in cells treated with 200 mM selenite for 8 h
(Fig. 5B). The results showed that while H2DCFDA fluores-
cence was visible in the chloroplasts of both control and
treated cells, it was also only apparent in bright regions
outside the chloroplast in Se-treated cells. MitoSox fluor-
escence appeared predominantly in Se-treated cells.
Although it was not possible to confirm that MitoSox
was indeed strictly localized to the mitochondria, the cur-
rent observation suggests that the fluorescent probe did
not diffuse into the cytosol or cross the chloroplastic
membranes.

Given that selenite-treated Chlamydomonas accumu-
lated ROS, we sought to determine if Se increased the
amount of oxidized proteins, which potentially could be
delivered to the proteasome for removal. Compared
with untreated cells, selenite induced the formation of
oxidized proteins at all time points in cells treated with

Figure 3. The effect of proteasome inhibition on the elemental composition of proteins. The concentrations of Se, copper, iron and sulfur in
proteins from cells treated with 50 mM selenite (A) and 200 mM selenite (B) were analysed. Proteins were precipitated from Chlamydomonas
after 8 h of Se treatment with or without MG132, and then analysed by ICP-MS. Shown are the mean and standard error (n ! 4 protein samples
from separately grown cultures). The asterisk above the scale bars represents a significant difference between treatments (P , 0.05).

Figure 4. The effects of proteasome inhibition on selenite toxicity.
Algae were inoculated with 1000 cells mL21 and cultured for 96 h
containing 0, 50 and 200 mM selenite with or without MG132. Chloro-
phyll content was analysed every 24 h. Data shown are the mean
(n ! 4 separate cultures). Lowercase letters represent significant dif-
ference at 96 h (P , 0.05).
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50 and 200 mM selenite (Fig. 6). However, the accumula-
tion of the oxidized proteins was not associated with le-
vels of Se-induced ROS. For example, at 200 mM selenite,
levels of oxidized proteins were highest after 3 h, even
though ROS were most abundant at 28 h.

Severe oxidative stress in yeast and human cells can
also result in the disassembly of the 19S regulatory par-
ticle from the 20S catalytic core (Wang et al. 2010;
Huang et al. 2013). The intactness and accumulation
of the 20S and 26S proteasomes during prolonged
Se-treatment were investigated using an antibody that
reacts against the Arabidopsis Pba1, a subunit of the
20S core particle. However, the antibody did not react
against the Chlamydomonas proteasome. Yet in Arabi-
dopsis, the abundance of the 26S proteasome decreased
3 days after Se-treatment [see Supporting Information].

Discussion
The UPP protects algae from Se toxicity
Photosynthetic organisms display a wide range of toler-
ance to Se. The UPP in S. pinnata was recently implicated
in a Se-stress response (Sabbagh and Van Hoewyk 2012).
The Se-tolerant plant S. pinnata has a preference for Se,
and has evolved mechanisms that allow it to accumulate
Se without the detrimental effects that would be ob-
served in most plants (Freeman et al. 2010). Thus, the dis-
parity between S. pinnata and Chlamydomonas cannot be
overlooked. Chlamydomonas, which is at the other end of
the spectrum of Se tolerance compared with S. pinnata, is
now also known to invoke the UPP during moderate
Se stress.

Using both molecular and physiological approaches,
four lines of evidence suggest that the UPP is implicated
when Chlamydomonas were treated with 50 mM selenite.
First, proteasome activity increased nearly 2-fold after 8 h
of Se-treatment in Chlamydomonas. The increased pro-
teasomal activity was also associated with an accumula-
tion of ubiquitinated protein in cells treated with Se for 3

Figure 6. The effect of selenite on oxidized proteins in Chlamydomo-
nas. 10 mg of protein were derivatized with 2,4-DNP and separated
on a 10 % SDS gel. Oxidized proteins were detected with DNP anti-
bodies. The immunoblot is representative of two other gels. Shown
below on a separate gel are levels of the large subunit of Rubisco
from 20 mg of protein separated on a 10 % SDS gel.

Figure 5. The effect of selenite on the accumulation of ROS in
Chlamydomonas. (A) Values represent relative fold change of
H2DCFDA and MitoSox fluorescence compared with untreated cells
at each time point and are corrected for autofluorescence. Shown
are the mean (n ! 5 separate cultures) at 0, 3, 8 and 28 h. (B) Con-
focal microscopy reveals DCF and MitoSox fluorescence in cells un-
treated and treated with 200 mM selenite for 8 h, and was used to
confirm that MitoSox was not localized to the chloroplast or cytosol.
Arrow points to MitoSox fluorescence in the untreated cell.
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and 8 h. Additionally, inhibition of the proteasome in-
creased the amount of Se in protein during moderate Se
stress, suggesting that a functional UPP acts to remove
malformed and misfolded selenoproteins. Lastly, prote-
asome inhibition decreased the chlorophyll content of
selenite-treated cells after 96 h, indicating that the prote-
asome protects Chlamydomonas from the toxic effects of
selenite. Inhibition of the proteasome during Se stress
proved to be more toxic to Chlamydomonas due to the
inefficient removal of damaged proteins, including mal-
formed selenoproteins, which likely led to an accumula-
tion of protein aggregates in the cytosol. Thus, the
protective benefits of a UPP during Se stress in Chlamydo-
monas likely extend to other types of plants, possibly in-
cluding crops.

Although it remains to be demonstrated, it is proposed
that the UPP can function by removing non-specific sele-
noproteins in all domains of life, including Chlamydomo-
nas, humans and other organisms that require Se to
make specific and essential selenoproteins (Novoselov
et al. 2002). In support of this argument, recently it was
shown that human cells treated with selenocystine dis-
play an unfolded protein response, including increased
protein ubiquitination and ER stress (Wallenberg et al.
2014). Similarly, Chlamydomonas treated with selenocys-
tine also have increased levels of ubiquitinated proteins
and proteasome activity.

Mitochondrial superoxide impairs the UPP in algae
Although moderate stress caused by 50 mM selenite was
associated with increased UPP involvement, severe
oxidative stress impaired the UPP. At a concentration of
200 mM selenite, an increased accumulation of ROS was
associated with a concomitant decrease in proteasomal
activity. This study demonstrated that Se induces mito-
chondrial superoxide, which may impair the UPP in
lower plants. In mammalian cells, selenite also induces
mitochondrial superoxide (Wallenberg et al. 2010). A re-
cent study in human cells noted that mitochondrial
superoxide impaired stability and activity of the 26S pro-
teasome (Huang et al. 2013). It is likely that the assembly
of the 26S proteasome in Chlamydomonas is also im-
paired during severe or prolonged Se exposure, but this
could not be experimentally determined as it was for
Arabidopsis. The Rpn2 (Zmijewski et al. 2009) and S6 AT-
Pase subunits of the 19S regulatory particle (Ishii et al.
2005) are among the most easily oxidized proteins of
the 26S proteasome and damage to these subunits is ac-
companied by decreased proteasome activity. It is pos-
sible that mitochondrial superoxide similarly oxidized
subunits of the 19S regulatory particle in Chlamydomo-
nas, which led to the observed decrease in proteasome
activity at an increased selenite concentration or

exposure. Alternatively, because ATP depletion has been
shown to affect 26S proteasome stability in Arabidopsis
(Yang et al. 2004), it is also feasible that impairment of
UPP in Chlamydomonas could be explained by a decrease
in ATP levels caused by altered mitochondrial processes
that were affected by mitochondrial superoxide; however,
this remains to be experimentally demonstrated in
Chlamydomonas.

Inhibition of the UPP is also manifested by the absence
of ubiquitinated proteins in cells treated with 200 mM sel-
enite, as well as in cells treated with 50 mM selenite for
28 h compared with 3 and 8 h. The apparent dose- and
time-dependent effects of selenite on the accumulation
of ubiquitinated proteins in Chlamydomonas are strikingly
similar to a study using human cells treated with cad-
mium; Figueiredo-Pereira et al. (1998) report that the ac-
cumulation of ubiquitinated proteins decreased if cells
were treated with increasing concentrations of cadmium
or exposed to the heavy metal for longer periods of time.
Severe oxidative stress, including mitochondrial super-
oxide generation, can impair the UPP by directly inhibiting
mammalian E1 ubiquitin-activating and E2-conjugating
enzymes (Jahngen-Hodge et al. 1997; Huang et al.
2013). The observed absence of ubiquitinated proteins
during severe Se-induced oxidative stress (Fig. 2) might
similarly be caused by E1 and E2 impairment, although
this hypothesis remains to be experimentally validated
in plants. Additionally, compared with 50 mM selenite,
proteasome inhibition in cells treated with a 200 mM
selenite did not increase the amount of Se in proteins
(Fig. 3B). The proteasomal removal of malformed seleno-
proteins is likely to be dependent upon ubiquitin
(Sabbagh and Van Hoewyk 2012), which implicates the
26S proteasome. During severe Se stress, the decreased
ability to ubiquitinate proteins likely prevented the
removal of malformed selenoproteins, supporting the
hypothesis that the UPP was damaged.

Conclusions
The role of the UPP in mediating an abiotic stress re-
sponse in higher plants is well characterized, but is less
defined in algae. The aim of this study is to better under-
stand the short-term effects of selenite-induced oxida-
tive stress on the UPP. The data indicate that mild
selenite stress in Chlamydomonas invokes the UPP, and
to our knowledge, this is the first study to report increased
proteasomal activity in an algal species in response to
stress. In contrast to mild stress, severe Se stress impaired
the UPP, which was associated with ROS accumulation,
including mitochondrial superoxide. Therefore, this
study provided the insight that the UPP in plants is
affected by ROS, which were shown to increase in a
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time- and dose-dependent manner during Se treatment.
Clearly the mounting evidence indicates the importance
of the UPP in plant stress physiology. However, because
the UPP is sensitive to oxidative stress, the extent of an
organism’s capacity to quench ROS likely dictates UPP
activity and its role in abating stress.

Sources of Funding
This work was supported by the United States National
Science Foundation (MCB-1244009 awarded to D.V.H.).

Contributions by Authors
C.-Y.H., J.X. and D.V.H. conceived and designed the experi-
ments. P.V., C.-Y.H. and D.V.H. performed the experiments
and analysed the data. D.V.H. created the figures. D.V.H.,
C.-Y.H. and J.X. wrote and prepared the manuscript.

Conflicts of Interest Statement
None declared.

Acknowledgements
The authors thank Kim Hutchison for her assistance in
analysing the elemental concentration of precipitated
proteins. They also thank Coastal Carolina University
undergraduate students Alexsander Dimjovikj and Madi-
son Dahle for measuring proteasome activity in cells trea-
ted with selenocysteine and cell viability, respectively,
and Rob Peterson for assistance in ROS imaging on the
laser confocal microscope. D.V.H. also thanks Graham
Peers for initially providing assistance in Chlamydomonas
culturing techniques and sharing Chlamydomonas
protocols.

Supporting Information
The following Supporting Information is available in the
online version of this article –

Figure S1. The effect of selenite on cell density.
Figure S2. The effect of selenocystine on the UPP.
Figure S3. The effect of selenite on the abundance of

the Arabidopsis 20S and 26S proteasomes.

Literature Cited
Apel K, Hirt H. 2004. Reactive oxygen species: metabolism, oxidative

stress, and signal transduction. Annual Review of Plant Biology
55:373–399.

Arnon D. 1949. Copper enzymes in isolated chloroplasts. Polypheno-
loxidase in Beta vulgaris. Plant Physiology 24:1–15.

Bi Y, Chen W, Zhang W, Zhou Q, Yun L, Xing D. 2009. Production of
reactive oxygen species, impairment of photosynthetic function
and dynamic changes in mitochondria are early events in

cadmium-induced cell death in Arabidopsis thaliana. Biology of
the Cell 101:629–643.

Bradford MM. 1976. A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of
protein-dye binding. Analytical Biochemistry 72:248–254.

Brown TA, Shrift A. 1982. Selenium: toxicity and tolerance in higher
plants. Biological Reviews 57:59–84.

Buchberger A, Bukau B, Sommer T. 2010. Protein quality control in
the cytosol and the endoplasmic reticulum: brothers in arms.
Molecular Cell 40:238–252.

Coux O, Tanaka K, Goldberg AL. 1996. Structure and functions of the
20S and 26S proteasomes. Annual Review of Biochemistry 65:
801–847.

Cvetkovska M, Vanlerberghe GC. 2012. Alternative oxidase modu-
lates leaf mitochondrial concentrations of superoxide and nitric
oxide. New Phytologist 195:32–39.

Davies KJ. 2001. Degradation of oxidized proteins by the 20S prote-
asome. Biochimie 83:301–310.

del Pozo JC, Diaz-Trivino S, Cisneros N, Gutierrez C. 2006. The balance
between cell division and endoreplication depends on E2FC-DPB,
transcription factors regulated by the ubiquitin-SCFSKP2A path-
way in Arabidopsis. The Plant Cell 18:2224–2235.

Figueiredo-Pereira ME, Yakushin S, Cohen G. 1998. Disruption
of the intracellular sulfhydryl homeostasis by cadmium-induced
oxidative stress leads to protein thiolation and ubiquitina-
tion in neuronal cells. Journal of Biological Chemistry 273:
12703–12709.

Freeman JL, Tamaoki M, Stushnoff C, Quinn CF, Cappa JJ,
Devonshire J, Fakra SC, Marcus MA, McGrath SP, Van Hoewyk D,
Pilon-Smits EA. 2010. Molecular mechanisms of selenium toler-
ance and hyperaccumulation in Stanleya pinnata. Plant Physi-
ology 153:1630–1652.

Fujinami K, Tanahashi N, Tanaka K, Ichihara A, Cejka Z, Baumeister W,
Miyawaki M, Sato T, Nakagawa H. 1994. Purification and charac-
terization of the 26S proteasome from spinach leaves. Journal of
Biological Chemistry 269:25905–25910.

Grant K, Carey NM, Mendoza M, Schulze J, Pilon M, Pilon-Smits EA, van
Hoewyk D. 2011. Adenosine 5!-phosphosulfate reductase (APR2)
mutation in Arabidopsis implicates glutathione deficiency in sel-
enate toxicity. Biochemical Journal 438:325–335.

Huang K, Diener DR, Rosenbaum JL. 2009. The ubiquitin conjugation
system is involved in the disassembly of cilia and flagella. Journal
of Cell Biology 186:601–613.

Huang Q, Wang H, Perry SW, Figueiredo-Pereira ME. 2013. Negative
regulation of 26S proteasome stability via calpain-mediated
cleavage of Rpn10 subunit upon mitochondrial dysfunction in
neurons. Journal of Biological Chemistry 288:12161–12174.

Ishii T, Sakurai T, Usami H, Uchida K. 2005. Oxidative modification of
proteasome: identification of an oxidation-sensitive subunit in
26S proteasome. Biochemistry 44:13893–13901.

Jahngen-Hodge J, Obin MS, Gong X, Shang F, Nowell TR, Gong J,
Abasi H, Blumberg J, Taylor A. 1997. Regulation of ubiquitin-
conjugating enzymes by glutathione following oxidative stress.
Journal of Biological Chemistry 272:28218–28226.

Karmous I, Chaoui A, Jaouani K, Sheehan D, El Ferjani E, Scoccianti V,
Crinelli R. 2014. Role of the ubiquitin–proteasome pathway
and some peptidases during seed germination and copper
stress in bean cotyledons. Plant Physiology and Biochemistry
76:77–85.

10 AoB PLANTS www.aobplants.oxfordjournals.org & The Authors 2014

Vallentine et al. — Selenite induces a ubiquitin–proteasome pathway response in Chlamydomonas
 at C

oastal C
arolina U

niversity on N
ovem

ber 14, 2014
http://aobpla.oxfordjournals.org/

D
ow

nloaded from
 

http://aobpla.oxfordjournals.org/


Kurepa J, Tohe A, Smalle JA. 2008. 26S proteasome regulatory par-
ticle mutants have increased oxidative stress tolerance. The Plant
Journal 53:102–114.
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