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Abstract The 26S proteasome (26SP), the central prote-
ase of the ubiquitin-dependent proteolysis pathway, con-
trols the regulated proteolysis of functional proteins and the
removal of misfolded and damaged proteins. In Arabid-
opsis, cellular and stress response phenotypes of a number
of mutants with partially impaired 26SP function have been
reported. Here, we describe the responses of proteasome
mutants to protein synthesis inhibitors. We show that the
rpt2a-3, rpnl0-1 and rpnl2a-1 mutants are hypersensitive
to the antibiotic hygromycin B, and tolerant to the trans-
lation inhibitor cycloheximide (CHX) and herbicide L-
phosphinothricin (PPT). In addition to the novel mecha-
nism for herbicide tolerance, our data suggests that the
combination of hygromycin B, CHX and PPT growth-
response assays could be used as a facile diagnostic tool to
detect altered 26SP function in plant mutants and trans-
genic lines.

Keywords Arabidopsis thaliana - Cycloheximide -
Herbicide tolerance - Hygromycin B - L-Phosphinothricin -
Proteolysis

Introduction

The ubiquitin-proteasome system (UPS) regulates the
degradation of most cellular proteins. It controls the
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proteolysis of key components of numerous signaling
pathways, and thus regulates many—if not all—cellular
processes (Smalle and Vierstra 2004; Vierstra 2009). The
UPS is also essential for the removal of misfolded proteins
that are generated either by mutations, translational errors
or by the actions of cellular stressors (Goldberg 2003).
These non-functional proteins need to be removed from the
cell before they become proteotoxic, i.e., before they
accumulate, aggregate and induce cell death. The main
components of the UPS are ubiquitin (Ub), the enzymes
that catalyze the attachment of Ub chains to target proteins,
the enzymes that catalyze the hydrolysis of Ub chains from
target proteins and finally, the 26S proteasome, a multi-
subunit, multicatalytic protease that degrades the poly-
ubiquitinated protein targets (Smalle and Vierstra 2004;
Vierstra 2009). The 26S proteasome (26SP) is composed of
two subcomplexes: the proteolytically active 20S protea-
some (20SP) and the regulatory particle (RP) that recog-
nizes, unfolds and channels most of the UPS targets into
the 20SP for degradation (Kurepa and Smalle 2008).
Protein synthesis and protein degradation by the 26SP are
the two main phases in the life cycle of many proteins, and
they are networked at a number of levels (Chuang et al.
2005; Guerrero et al. 2008; Reits et al. 2000; Schubert et al.
2000). On the genomic level, we see a footprint of the link
between translation and degradation in the structure of genes
encoding Ub itself (Finley et al. 1989). In Arabidopsis for
instance, from 14 Ub genes, five encode a single Ub peptide
fused to a ribosomal subunit (Callis et al. 1995, 1990).
Another link between translation and the UPS is inferred
from the ubiquitination of many components of the trans-
lation machinery such as ribosomal subunits, ribosome
associated proteins, and several translational initiation and
elongation factors (Saracco et al. 2009; Strunk and Karbstein
2009). Proteasome-mediated co-translational proteolysis is
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another example of the complex cross-talk between trans-
lation and degradation. In co-translational proteolysis, pro-
teins that are translated erroneously are labeled with Ub
while emerging from the ribosomes, and are immediately
degraded by the 26SP. This is a continuous process, and it
has been estimated that it degrades up to 50% of newly
synthesized proteins (Chuang et al. 2005; Guerrero et al.
2008; Reits et al. 2000; Schubert et al. 2000).

The first studies to reveal the link between translation
and 26SP-dependent proteolysis at the organismal level
described the isolation and mapping of S. cerevisiae
cycloheximide resistant cr/ mutants (Gerlinger et al. 1997;
McCusker and Haber 1988). The crl mutants, which are
resistant to a minimum inhibitory concentration of the
translation inhibitor cycloheximide (CHX) (McCusker and
Haber 1988), carry mutations in 20SP and RP subunit
genes (Gerlinger et al. 1997). The authors proposed that
cells have a hypothetical protein-synthesis-rate sensor that
is constitutively degraded by the proteasome. Protein
synthesis inhibition would cause the level of this sensor to
decrease below a critical threshold, resulting in growth
arrest. In proteasome mutants, this critical threshold would
be reached more slowly compared to the wild type, and that
would lead to an improved CHX tolerance. Hanna et al.
(2003) suggested that the hypothetical translation-rate
sensor might be Ub. These authors showed that overex-
pression of Ub leads to an increase in CHX tolerance.
Furthermore, treatment with a high dose of CHX, which
was designed to maximally suppress protein synthesis,
revealed a reduced depletion rate of the Ub monomer in a
proteasome mutant background (Hanna et al. 2003). This
study also showed that Ub overexpression leads to
increased tolerance to the protein synthesis inhibitor hy-
gromycin B (Hyg). Yeast proteasome mutants, on the other
hand, have been shown to be Hyg hypersensitive
(McCusker and Haber 1988). Hyg, similarly to other
aminoglycoside antibiotics, induces misreading of amino-
acyl-tRNA by distorting the ribosomal A site but also leads
to the aberrant translocation of mRNAs (Cabafas et al.
1978a, b). Therefore, Hyg also increases the rate of trans-
lational misreading and thus, increases the production of
misfolded proteins (Borovinskaya et al. 2008; McCusker
and Haber 1988). A likely explanation for the hypersensi-
tivity of crl mutants is that the potential positive effects of
the protein stabilization caused by the reduced proteasome
activity are counteracted by the reduced degradation rates
of misfolded proteins in a proteasome mutant background.

To date, budding yeast is the only eukaryote in which
the responses of proteasome mutants to protein synthesis
inhibitors have been tested. To determine if the described
responses are specific to budding yeast, we have analyzed
the protein synthesis inhibitor tolerance of the Arabidopsis
proteasome mutants rpt2a-3, rpnl0-1 and rpnl2a-1 that
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carry loss of function mutations in the genes encoding RP
AAA ATPase subunit 2a (RPT2a), RP non-ATPase 10
(RPN10) and 12a (RPN12a), respectively (Kurepa et al.
2008, 2009; Smalle et al. 2002, 2003). Proteasome activity
in these mutants is only partially suppressed, and the plants
are viable and fertile and can be readily used in growth-
response assays (Kurepa et al. 2008, 2009). An additional
advantage of using this mutant set is that they carry defects
in different subunits of the RP (Kurepa and Smalle 2008).
Consequently, any phenotype that is in common to all three
mutants can be safely associated with RP function in
general. Similar to budding yeast, Arabidopsis RP mutants
show increased resistance to the toxic effects of CHX and
hypersensitivity to Hyg. In addition, these mutants have
increased tolerance to L-phosphinothricin (PPT), the active
compound of many non-selective systemic herbicides,
which suppresses protein synthesis rates by inhibiting
glutamine synthase (De Block et al. 1987; Vasil 1997).

Materials and methods

Plant materials, growth conditions and analyses
of growth parameters

The rpt2a-3 and the rpnl0-1 and rpnl2a-1 mutant lines in
the Col-0 ecotype background were described previously
(Kurepa et al. 2008, 2009; Sonoda et al. 2009). The
transgenic lines expressing the bar-encoded PPT acetylase
were generated using the pEarlyGatelO0 binary vector
(Earley et al. 20006). pEarlyGate100 was introduced in the
Agrobacterium tumefaciens strain C58CI1Rif, and used to
transform Col-0 plants using the floral dip method (Clough
and Bent 1998). Primary transgenic plants were selected on
MS/2 media (half-strength Murashige and Skoog (MS)
basal salt mixture powder (Sigma), 1% sucrose, and 0.8%
agar) containing 5 pg/ml PPT, and their progeny was tested
for the number of T-DNA inserts. Homozygous T3 plants
carrying one T-DNA insert were used in this study.

Cycloheximide (CHX), rL-phosphinothricin (PPT) and
hygromycin B (Hyg) were purchased from Sigma (St.
Louis, MO, USA), Gold BioTechnology (St. Louis, MO,
USA) and Roche Applied Science (Indianapolis, IN, USA),
respectively. For tolerance assays, seeds were sown on
control and CHX-, PPT- and Hyg-containing plates, kept in
the dark at 4°C for 4 days, and then transferred to a con-
trolled environment growth chamber (CU-36L4, Percival
Scientific, Inc.) set at 22°C and continuous light of
140 pmol photons m > s~'. Although the mechanism is
still unknown, the previously described differences in
growth rates of in vitro grown proteasome mutants (Kurepa
et al. 2008, 2009) were less pronounced when seedlings
were grown in continuous light of higher intensity.
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Anthocyanin extraction was done for 16 h at 4°C in
acid—-methanol as previously described (Kubasek et al.
1992), and the anthocyanin content was presented as rel-
ative absorption at 530 nm per mg leaf fresh weight.

Plants were photographed with an Olympus SZX12
microscope equipped with a DP12 camera or with a Nikon
D40 camera. For fresh weight measurements, pools of 5 or
10 seedlings have been analyzed because most of the
treatments lead to a severe reduction of plant size.
Descriptive statistics, plotting and hypothesis testing was
done using Prism 5.0a software (GraphPad Software Inc.,
El Camino Real, CA, USA).

Protein extraction and immunoblotting analyses

Plants grown in liquid MS/2 media for 5 days were
transferred to fresh liquid MS/2 medium containing either
100 pM CHX, 100 pM MG132 (Enzo Life Sciences,
Plymouth Meeting, PA, USA), 100 uM Hyg or 100 uM
PPT. The treatments were done for 14 h, and the protein
extraction and immunoblotting analyses were done as
previously described (Kurepa et al. 2008; Smalle et al.
2003). In brief, plants were weighed, frozen in liquid
nitrogen, and ground with sand and two volumes of 2X
SDS-PAGE loading buffer. Samples were boiled, and
20 pl was loaded per lane on a 10 cm x 10 cm-large
SDS-PAGE gel. Proteins were transferred to nitrocellu-
lose membranes. Anti-Ub antibodies were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA),
anti-PBA1 antisera was obtained from Enzo Life Sci-
ences, and the global glutamine synthase antibody that
recognizes both cytoplasmatic (40 kDa) and chloroplastic
(45 kDa) glutamine synthase (GS) was from Agrisera AB
(Vénnas, Sweden). Secondary antibodies were purchased
from Santa Cruz Biotechnology, Inc. Analyses of signal
intensities of immunoreactive proteins was done either by
densitometric analyses using ImageJ software or by
ChemiDoc XRS signal acquisition followed by analyses
using Quantity One software (Bio-Rad, Hercules, CA,
USA).

Results
Cycloheximide tolerance of RP mutants

It has been previously shown that high concentrations of
CHX inhibit seed germination (Thomas et al. 2000). We
tested a range of CHX doses that allow germination of the
Col-0 wild type, and compared their effects on the growth
of Col-0 and proteasome mutant seedlings (Fig. 1). After
10 days of growth on MS/2 media supplemented with
CHX, the survival of plants of all tested lines (i.e., Col-0
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Fig. 1 Cycloheximide (CHX) tolerance of proteasome mutants. a The
percentage of cotyledon emergence was calculated after 10 days of
growth in continuous light at 22°C on MS/2 media supplemented with
the denoted doses of CHX. Data are presented as mean = SEM
(n > 50). Significance was assessed by a two-way ANOVA with
Tukey’s post test. Stars represent the significance of the difference
between Col-0 and the RP mutants within the same treatment category.
**p < 0.01, ***p < 0.001. b Seedlings were germinated and grown for
2 weeks on control medium or medium containing 0.4 pM CHX. Scale
bar 6 mm. ¢ Relative fresh weight of 2-week-old seedlings grown on
CHX-supplemented media. Because the average fresh weights (FW) of
the wild type and proteasome mutants grown on control media differ, the
average FW of the untreated plants for each line was assigned a value of
1. Data are presented as mean = SEM (n > 6 pools of 5 seedlings). Stars
represent the significance of the difference between Col-0 and the RP
mutants treated with the same CHX dose. *** p < 0.001

wild type and RP mutants rpr2a-3, rpnl0-1, and rpni2a-1)

was quantified as the number of seedlings with expanded
green or purple cotyledons. The sensitive seedlings were
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arrested, and had yellow or light-brown cotyledons. The
rpt2a-3 and rpni2a-1 mutants were significantly more
tolerant to CHX than Col-0 in this assay (Fig. 1a). Because
the rpnl0-1 mutation has been shown to reduce seed ger-
mination (Smalle et al. 2003), the percentage of cotyledon
emergence cannot be used to accurately quantify the CHX
tolerance levels of this line. We therefore measured the
fresh weight of seedlings grown for 2 weeks on MS/2
media with CHX. Indeed, those rpni0-1 seeds that ger-
minated on CHX media developed into seedlings that were
larger than the wild type (Fig. 1b, c), confirming that all
proteasome mutants were CHX tolerant.

In yeast, there was a strong positive correlation between
CHX resistance levels and the reduction in proteasome-
dependent degradation of test substrates (Gerlinger et al.
1997). The 26SP activity assays and the analyses of
accumulated polyubiquitinated proteins have shown that
the strongest Arabidopsis mutant in our test series was
rpnl0-1 followed by rpni2a-1, and finally rpt2a-3 (Kurepa
et al. 2008). Fresh weight analyses of the CHX treated
plants revealed that while rpr2a-3 indeed had the lowest
CHX tolerance level, the tolerance levels of the rpnl0-1
and rpnl2a-1 mutants were higher, but not statistically
different from each other (Fig. 1c). Therefore, the CHX
tolerance level in Arabidopsis cannot be used as an indi-
cator of the strength of the 26SP defect. Nevertheless,
because all RP mutants had increased CHX tolerance, this
phenotype is the likely result of a general alteration in RP
function.

The CHX tolerance of yeast proteasome mutants has
been attributed to the reduced degradation of a protein that
functions both as a sensor of protein synthesis rate and as a
regulator of cellular growth arrest (Gerlinger et al. 1997).
A later study suggested that the hypothetical translation-
rate sensor might be Ub itself (Hanna et al. 2003). This
study showed that when yeast cells were treated with a
dose of CHX chosen to maximally suppress protein syn-
thesis, the Ub depletion rate was reduced in a proteasome
mutant background (Hanna et al. 2003). To test whether Ub
is also involved in the CHX tolerance of Arabidopsis, we
treated 5-day-old wild type and mutant plants with a high
dose of CHX for 14 h, and analyzed the levels of poly-
ubiquitinated proteins and free Ub using immunoblotting
analyses (Fig. 2). We chose 100 uM CHX for these assays,
because it has been shown previously that this concentra-
tion allows to monitor the decay rate of proteasome target
proteins in Arabidopsis (Guo and Ecker 2003). As previ-
ously reported, polyubiquitinated proteins and free Ub
accumulate in the rpnl0-1, but not in the rpt2a-3 mutant
(Fig. 2a, b; Kurepa et al. 2008; Smalle et al. 2002, 2003).
In older rpni2a-1 seedlings, the polyubiquitinaed protein
levels and free Ub levels were comparable to that of the
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Fig. 2 CHX treatment reduces the abundance of polyubiquitinated
proteins and the Ub monomer. a Plants germinated and grown in
liquid MS/2 media for 5 days were treated with 100 pM CHX for
14 h. Total protein extracts were separated on 12% acrylamide gels,
and transferred onto nitrocellulose membranes. After a 15 min-long
treatment at 121°C, membranes were probed with anti-Ub antibodies.
Representative immunoblot and a plots comparing the relative
amounts of polyubiugitinated proteins (Ub,,) with molecular weights
from 55 to 95 kDa are shown. Relative Ub, levels are compared to the
amount of Ub, in control (C) Col-0 plants which were assigned a
value of 1. Values are means of two or more independent
experiments, and the error bars represent the SEM. Significance
was assessed by a two-way ANOVA with Tukey’s post test. Stars
represent the significance of the difference between Col-0 and the RP
mutants within the same treatment category. **p < 0.01,
##%p < 0.001. b Representative immunoblot and relative signal
intensities for the Ub monomer (Ub). Treatments, protein extracts,
immunoblots and data analyses were done as outlined in a. ¢
Immunoblot probed with antibodies against the proteasome f§ subunit
1 (PBA1l) and a region of the Ponceau S-stained membrane
encompasing the Rubisco Large Subunit (LSU) are shown as loading
controls
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wild type (Kurepa et al. 2008; Smalle et al. 2002). In young
rpni2a-1 seedlings however, we detected an increase in the
accumulation of polyubiquitinated proteins, while the free
Ub level was not significantly different from the wild type
(Fig. 2a, b). The CHX treatment led to a marked decrease
in Ub monomer, and consequently, a decrease in the
abundance of polyubiquitinated proteins in all tested lines
(Fig. 2a, b). In contrast, the CHX treatment did not sup-
press the accumulation of proteasome f subunit 1 (PBAIL,
Fig. 2¢), which is known to be more abundant in the RP
mutants due to a feedback up-regulation of the proteasome
subunit gene set (Kurepa et al. 2008; Yang et al. 2004). The
CHX also did not lead to a significant decrease in total
protein levels per mg fresh weight as evidenced by the
Ponceau S staining of the membranes used for immuno-
blotting analyses (Fig. 2c). Therefore, the Ub pool in
plants, like the Ub pool in yeast, was a sensitive indicator
of the CHX-induced translational inhibition, which should
be the first characteristic of a protein-synthesis-rate sensor
protein. However, the quantification of the signal strengths
revealed that for all tested lines, CHX reduced the level of
the Ub monomer to ~60% (60 £+ 7, 63 &+ 10, 57 + 10
and 59 &+ 5% for Col-0, rpt2a-2, rpnl0-1 and rpnil2a-1,
respectively), and that, with the exception of the rpnl0-1
mutant, the free Ub and polyubiquitinated protein levels
did not significantly differ between the CHX-treated wild
type and CHX-treated mutants. Thus, Ub depletion in
Arabidopsis may be one of the mediators of CHX toxicity,
but by itself, it does not adequately explain the CHX tol-
erance of RP mutants. Either additional, unknown protein-
synthesis-rate sensors are stabilized in the RP mutants or
the CHX tolerance phenotype is the result of a general
protein-sparing characteristic of mutants with reduced
proteolysis rates.

Hygromycin B hypersensitivity of RP mutants

Hyg, an aminoglycoside antibiotic produced by Strepto-
myces hygroscopicus, inhibits the translocation of mRNA
and tRNAs on the ribosome in both bacteria and eukaryotes
and affects decoding fidelity (Borovinskaya et al. 2008).
Therefore, treatments with sublethal Hyg doses will not
only reduce protein synthesis rates in plants, but those
nuclear, mitochondrial and chloroplastic proteins that are
synthesized are likely to be mistranslated and thus mis-
folded. Because the action of Hyg combines protein syn-
thesis inhibition with protein misfolding stress, the effects
of Hyg on the growth of RP mutants are expected to be
different from the effects of CHX and may be similar to
those of amino acid analogues such as L-canavanine to
which all Arabidopsis RP mutants have been shown to be
hypersensitive (Kurepa et al. 2008; Wang et al. 2009). The

growth-response assays revealed that all tested RP mutants
were indeed hypersensitive to Hyg (Fig. 3a). For example,
treatment with 1.25 pg/ml Hyg reduced fresh weight to
~60 and ~40% of the untreated controls in Col-0 and RP
mutants, respectively (Fig. 3a). Anthocyanin biosynthesis
has been shown to be up-regulated by many stresses
(Winkel-Shirley 2002). To test whether Hyg treatments
also induce anthocyanin accumulation and whether the
Hyg hypersensitivity of RP mutants can be detected using
this assay, we isolated anthocyanins from 2-week-old
seedlings. Indeed, the anthocyanin levels were increased in
all Hyg-treated plants, and the RP mutant seedlings ger-
minated and grown on Hyg-supplemented media accumu-
lated more anthocyanin than the wild type (Fig. 3b).
Prolonged growth on Hyg-containing media, which retar-
ded growth of the wild type, caused seedling death in all
RP mutants (Fig. 3c). Therefore, similar to the CHX
responses of RP mutants, the Hyg hypersensitivity can be
considered the result of a general defect in 26SP function
making the Hyg growth assay a useful diagnostic tool for
detecting 26SP defects in Arabidopsis mutants and trans-
genic lines.

Next, we analyzed the free Ub and polyubiquitinated
protein levels in Hyg-treated plants (Fig. 4). In contrast to
CHX, and similarly to other stresses that lead to protein
misfolding, Hyg treatments induced a statistically signifi-
cant increase in polyubiquitinated protein levels in all
tested lines (Fig. 4a). Furthermore, and again in contrast to
CHX, Hyg treatments did not significantly affect the
abundance of the Ub monomer (Fig. 4b). Because the
effects of Hyg were opposite to the CHX effects, and based
on the previously reported role of Hyg in promoting the
formation of misfolded proteins, we propose that the Hyg
hypersensitivity of RP mutants is caused by their impaired
ability to remove misfolded proteins, which accumulate
and cause proteotoxicity.

Phosphinothricin tolerance of RP mutants

To test the tolerance of RP mutants to a protein synthesis
inhibitor that does not cause protein misfolding and that
is chemically and functionally different than CHX, we
tested the tolerance of the RP mutant set to PPT. PPT is
a tripeptide of L-glutamic acid and two alanine residues,
and it inhibits glutamine synthase (GS) (Vasil 1997). GS,
which catalyzes the condensation of L-glutamate and
ammonia to form L-glutamine, plays a key role in amino
acid synthesis and in nitrogen utilization, and its inhibi-
tion causes the depletion of amino acid pools, leading to
a reduction in protein synthesis rates (Bernard and
Habash 2009; D’Halluin et al. 1992; De Block et al.
1987).
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Fig. 3 Proteasome mutants are hypersensitive to hygromycin B P
(Hyg). a Relative fresh weight (FW) of seedlings germinated and
grown for 2 weeks on control medium or medium containing the
denoted doses of Hyg. FW was measured for pools of 5 seedlings, and
the average FW + SEM (n > 10) for the control treatment of each
line was assigned the value of 1. Significance was assessed with
Tukey’s multiple comparison test, and the stars represent the
significance of the difference between the treated Col-O and the
treated RP mutant plants. ***p< 0.001. b Relative anthocyanin
content was calculated from the average AS530 of acid—methanol
extracts of seedling pools (n > 2, 5 plants per pool). The anthocyanin
content of untreated seedlings for each line was assigned the value of
1. Data is presented as mean + SEM, and the data was analyzed as in
a. ¢ Representative seedlings grown on media with denoted doses of
Hyg for 18 days. Scale bar 5 mm

Dose-response assays revealed that all RP mutants have
increased tolerance to PPT (Fig. 5). However, in contrast to
the CHX tolerance which was the highest in the rpnl0-1
and rpni2a-1 mutants (Fig. 1), PPT tolerance was the
highest in rpt2a-3 (Fig. 5a, b). The increased tolerance of
rpt2a-3 was especially apparent at 2.5 pg/ml PTT, a dose
which caused chlorosis and growth inhibition in the other
lines (Fig. 5). The RP mutants can, however, not be con-
sidered PPT resistant: doses higher than 2.5 pg/ml clearly
inhibited the growth of all mutants, while the growth of
transgenic plants expressing the bar gene, which encodes a
PPT detoxifying enzyme (D’Halluin et al. 1992; De Block
et al. 1987), was not affected even by 20 pg/ml PPT
(Fig. 5¢).

To investigate the molecular bases of the PPT toler-
ance, we first tested the levels of Ub and polyubiquiti-
nated proteins in PPT-treated Col-O plants and in the
strongest PPT tolerant mutants, rpt2a-3 and rpnl2a-1. In
contrast to CHX, treatment with a high PPT dose did not
lead to a significant decrease in polyubiquitinated proteins
and free Ub levels (Fig. 6a, b). Curiously, the overall
level of high molecular weight Ub conjugates was even
increased in PPT-treated rpr2a-3 seedlings (Fig. 6a).
Because rpr2a-3 tolerance levels were significantly higher
than those of the other RP mutants (Fig. 5b), the accu-
mulation of polyubiquitinated proteins in this line sug-
gests the existence of a specific PPT-tolerance
mechanism. It has been shown that increased PPT toler-
ance could be acquired by elevating the abundance of
cytosolic GS (Donn et al. 1984; Eckes et al. 1989). To
test whether the unexpectedly high tolerance of the rpf2a-
3 line was due to a specific stabilization of cytosolic GS,
we tested whether GS is a 26SP target and whether it is
more abundant in rpt2a-3 plants (Fig. 7). Immunoblotting
analyses showed that a 14 h-long treatment with 100 uM
CHX did not affect the abundance of either cytosolic or
chloroplastic GS in either Col-0 plants or in any of the RP
mutants (Fig. 7a, b). Treatments with the proteasome

@ Springer

a El Col-0
0.6 4 Il rpi2a-3
B pn10-1
Axk B rpn12a-1
= 041
[1}]
=
©
[}]
& 0.2
1.25 uM Hyg 2.5 uM Hyg
b dedkk
8 1 B col-0 f 1
Il pt2a-3

B pn10-1
B rpni2a-1

Relative anthocyanin
content
=S

0 =125 uM Hyg 2.5 uM Hyg
¢ Hyg (pg/ml)
Control 3 6 12.5
Col-0
pt2a-3
rpn10-1
pn12a-1

inhibitor MG132 and analyses of the GS levels in RP
mutants showed that GS was not degraded by the 26SP
and was not stabilized in the rpt2a-3 mutant (Fig. 7a, b).
Furthermore, a 14 h-long PPT treatment also did not lead
to any changes in GS levels in either the wild type or the
RP mutants indicating that the inhibition of this enzyme
did not affect its synthesis or degradation rates (Fig. 7c).
Although, the molecular mechanism of PPT tolerance has
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Fig. 4 Hyg treatment increases polyubiquitinated protein levels. a
Plants were germinated and grown in liquid MS/2 media for 5 days
and then treated for 14 h with 100 uM Hyg. Representative immu-
noblot and a plot comparing the relative amounts of polyubiugitinated
proteins (Ub,) with molecular weights from 55 to 95 kDa are shown.
Relative Ub,, levels are compared to the amount of Ub,, in control (C)
Col-0 plants which were assigned a value of 1. Values are means of
two or more independent experiments, and the error bars represent the
SEM. Significance was assessed by a two-way ANOVA with Tukey’s
post test. Stars represent the significance of the difference between
Col-0 and the RP mutants within the same treatment category.
**p < 0.01, ***p < 0.001. b Representative immunoblot and a plot
of relative signal intensities for the Ub monomer (Ub). Relative Ub
levels are compared to the amount of Ub in Col-O control plants
which were assigned a value of 1. Data analyses were done as
outlined in a. ¢ Immunoblot probed with antibodies PBAl and a
region of the Ponceau S-stained membrane encompasing the Rubisco
Large Subunit (LSU) are shown as loading controls

not been resolved, the finding that all tested RP mutants
were PPT tolerant implies that the increased tolerance
reflects a general decrease in 26SP function.
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©
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c PPT (pg/ml)
Control 25 5 10 20

Col-0

mpt2a-3

pn12a-1

35S::bar

Fig. 5 Proteasome mutants have increased tolerance to L-phosph-
inothricin (PPT). a Two-week-old seedlings grown on low PPT
doses. Except for 5 pg/ml, the denoted range of PPT doses are
below those that are traditionally used for the selection of
transgenic plants transformed with the 35S::bar transgene. Scale
bar 5 mm. b Fresh weight (FW) of 2-week-old seedlings grown on
media with the denoted doses of PPT was determined for pools of
5 seedlings. The average FW of the untreated control for each line
was assigned a value of 1, and the data are presented as
mean = SEM (n > 6). The stars represent the significance of the
difference between the Col-0 and RP mutants treated with the same
PPT dose. ***p < 0.001. ¢ Representative ten-day-old seedlings
grown on a range of PPT doses commonly used for the selection
of plants transformed with the 35S::bar transgene (5 pg/ml). Scale
bar 5 mm
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Fig. 6 Effects of PPT treatments on the levels of Ub and of
polyubiquitinated proteins. a and b Immunoblotting analyses of total
protein extracts of 5-day-old plants treated for 14 h with 100 uM
PPT. The polyubiquitinated protein (Ub,) and mono-Ub (Ub) levels
are shown on panels A and B respectively. Bar graphs illustrate the
relative amounts of Ub,, with molecular masses from 55 to 95 kDa (a)
and of the Ub monomer (b). The relative intensities were calculated
from densitometric scans of two or more independent immunoblots,
and the absolute signal intensity measured for the untreated Col-0
samples was assigned a value of 1. Stars represent the significance of
the difference between the control (C) and the PPT-treated plants
within the same line. **p < 0.01. ¢ The same protein extracts shown
in a and b were tested with anti-PBA1 antibodies. Region of a
Ponceau S-stained membrane with the LSU is shown as a loading
control

Discussion

The main function of the 26SP in eukaryotes is to degrade
proteins that have been covalently modified with a

@ Springer

polyubiquitin chain. Consequently, strong defects in 26SP
function lead to the accumulation of Ub—protein conjugates
that can be visualized by immunoblotting with anti-Ub
antisera. To date, a number of Arabidopsis proteasome
mutants have been isolated, and most of them have altered
growth and development, implying that the 26SP activities
in these lines are suboptimal (Book et al. 2009; Brenner
et al. 2009; Gallois et al. 2009; Huang et al. 2006; Smalle
et al. 2002; Smalle et al. 2003; Sonoda et al. 2009; Sung
et al. 2009; Ueda et al. 2004; Wang et al. 2009). However,
only two partial loss-of-function mutants (namely, rpnl0
and rpn5a) were shown to accumulate high molecular
weight Ub—protein conjugates at all developmental stages
(Book et al. 2009; Smalle et al. 2003). This finding led to
the characterization of other 26SP mutants as weak (Book
et al. 2009; Brenner et al. 2009; Gallois et al. 2009; Huang
et al. 2006; Kurepa and Smalle 2008; Smalle et al. 2002,
2003; Sung et al. 2009; Ueda et al. 2004; Wang et al.
2009). Here we show that even these weak mutants carry a
sufficient defect in 26SP function to have increased toler-
ance to the translation inhibitor CHX. CHX treatment of
Arabidopsis, similar to yeast, leads to depletion of the Ub
pool, indicating that plant cells also consume a substantial
fraction of the free Ub during 26SP-dependent proteolysis.
From the three tested Arabidopsis RP mutants, only rpnl0-
1 contained more Ub monomer both before and after CHX
treatment. No statistically significant differences in Ub
levels were observed between the wild type and the
rpnl2a-1 and rpt2a-3 mutants, although we cannot exclude
the possibility that the single-time point CHX treatment
might not have revealed possible differences in steady-state
Ub levels resulting from mutant-specific Ub degradation
rates. In contrast to the yeast studies, we did not find a
strong correlation between the strength of the proteasome
defect and the CHX tolerance level, suggesting that the
increase in CHX tolerance cannot be used as an accurate
quantitative measure of the loss of 26SP activity in plants.
For example, while rpr2a-3, the weakest of the three RP
mutants, indeed had the lowest tolerance level, the CHX
tolerance of the rpnl2a-1 and rpnl0-1 mutants did not
correlate with the strength of their proteasome defects. A
similar observation was made for the RP mutants’
responses to Hyg: while all three mutants were clearly
hypersensitive, there was no clear correlation between the
degree in Hyg hypersensitivity and the strength of the 26SP
defect. Therefore, we propose that in plants, similar to S.
cerevisiae, CHX and Hyg can be used as diagnostic tools
for the detection of 26SP defects. However, no quantitative
conclusions about the 26SP activity levels should be drawn
from the changes in tolerance levels to these translation
inhibitors.

We also investigated the responses of RP mutants to
PPT that impacts protein synthesis indirectly by inhibiting
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Fig. 7 Glutamine synthase (GS) levels were not affected by CHX,
proteasome activity inhibition and PPT treatments. a Immunoblotting
analyses of total protein extracts from 5-day-old seedlings treated
with 100 pM CHX or 100 uM of the proteasome inhibitor MG132 for
14 h. The global anti-GS antisera recognizes both the cytosolic (GS1)
and chloroplastic (GS2) isoforms of GS. The asterisk above the PBA1

GS. Cytosolic GS plays a key role in the assimilation of
ammonium either taken up from soil or supplied by internal
nitrogen recycling, and therefore the inhibition of this
enzyme leads to a reduction of protein and nucleic acids
synthesis rates (Bernard and Habash 2009). Although the
Arabidopsis RP mutants were tolerant to PPT, the yet
unidentified mechanisms involved are likely to differ from
those leading to the CHX tolerance. On the organismal
level, this was reflected by the ranking of proteasome
mutants according to their degree in tolerance. CHX tol-
erance was the strongest in the rpni2a-1 and rpnl0-1
mutants that carry more severe defects in 26SP-dependent
proteolysis compared to rpt2a-3. In contrast, PPT tolerance
was the strongest in rpr2a-3, followed by rpni2a-1, rpnl0-
1. This suggests that PPT tolerance mechanism(s) do not
simply depend on the stabilization of a particular protein,
because this would lead to a stronger tolerance phenotype
in the stronger proteasome mutants (rpnl0-1 and rpnl2a-
1). Indeed, the most likely candidate protein whose sta-
bilization would lead to PPT tolerance, the cytosolic GS,
did not accumulate in the RP mutants. The tolerance
mechanism is probably not caused by any advantages
associated with a decrease in global 26SP-dependent pro-
teolysis rates (i. e., protein sparing), because this would
also lead to a stronger tolerance in the rpnl0-1 and rpnli2a-
1 mutants. The unexpectedly strong tolerance of rpt2a-3 to
PPT also suggests a qualitative difference between the
tested RP mutants. Thus, in addition to a general defect in
proteasome activity, loss of RPT2a function may influence
particular processes that are not affected by the rpni2a-1
and rpnl0-1 mutations.

Cedu

band in MG132 treated seedlings indicates the pro-PBA1 peptide
(Yang et al. 2004). Ponceau S-stained membrane is shown as a
loading control. b Extracts of CHX-treated seedlings (Fig. 2) were
separated on a 10% acrylamide gel, blotted and probed with the
global GS antibody. ¢ Extracts of PPT-treated seedlings (Fig. 6) were
used for analyses with the global GS antibody

In conclusion, we have shown that partial loss of 26SP
function leads to changes in Arabidopsis sensitivity to
CHX, Hyg and PPT. While the molecular basis of the PPT
tolerance remains unknown, we suggest that the molecular
mechanisms underlying the CHX tolerance and Hyg
hypersensitivity are based on a general protein sparing
effect and proteasome overload with misfolded proteins
respectively. Our findings have three applied implications.
First, PPT is the active ingredient of a number of widely
used herbicides. To date, three types of mechanisms have
been identified that can lead to increased PPT tolerance: (1)
mutations in GS that lower the sensitivity of the enzyme to
the herbicide, (2) increased capacity to detoxify PPT, and
(3) decreased PPT uptake. Here, we show that PPT toler-
ance can also be a result of reduced 26SP activity. Second,
both PPT and Hyg are often used for the selection of
transgenic plants. Our data suggest that Hyg is a better
selection marker for the isolation of transgenic lines in
proteasome mutant backgrounds. If binary vectors with
PPT resistance genes are used for the transformation of
proteasome mutants without a prior determination of the
mutant PPT tolerance levels, the percentage of false posi-
tives can be significant (data not shown). Finally, because
the structure and function of the 26SP is highly conserved,
we can postulate that the CHX and PPT tolerance as well as
the Hyg hypersensitivity will characterize proteasome
mutants of any plant species. Therefore, the combination of
CHX, Hyg and PPT tolerance assays may develop into a
valuable diagnostic tool for the detection of altered 26SP
activity in mutants, transgenic lines, cultivars and
germplasms.
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