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Ubiquitination and proteasome-mediated degradation of
proteins are crucial for eukaryotic physiology and development.
The largest class of E3 ubiquitin ligases is made up of the cullin-
RING ligases (CRLs), which themselves are positively regulated
through conjugation of the ubiquitin-like peptide RUB/NEDD8
to cullins. RUBmodification is antagonized by the COP9 signa-
losome (CSN), an evolutionarily conserved eight-subunit com-
plex that is essential in most eukaryotes and cleaves RUB from
cullins. The CSN behaves genetically as an activator of CRLs,
although it abolishes CRL activity in vitro. This apparent para-
dox was recently reconciled in different organisms, as the CSN
was shown to prevent autocatalytic degradation of several CRL
substrate adaptors. We tested for such a mechanism in the
model plant Arabidopsis by measuring the impact of a newly
identified viable csn2 mutant on the activity and stability of
SCFTIR1, a receptor to the phytohormone auxin and probably
the best characterized plant CRL. Our analysis reveals that not
only the F-box protein TIR1 but also relevant cullins are desta-
bilized in csn2 and otherArabidopsis csnmutants. These results
provide an explanation for the auxin resistance of csnmutants.
We further observed in vivo a post-translationalmodification of
TIR1 dependent on the proteasome inhibitor MG-132 and pro-
vide evidence for proteasome-mediated degradation of TIR1,
CUL1, and ASK1 (Arabidopsis SKP1 homolog). These results
are consistent with CSN-dependent protection of Arabidopsis
CRLs from autocatalytic degradation, as observed in other
eukaryotes, and provide evidence for antagonist roles of the
CSN and 26S proteasome in modulating accumulation of the
plant CRL SCFTIR1.

Post-translational control of protein turnover by ubiquitina-
tion and degradation by the 26S proteasome is a highly regu-

lated process essential for all eukaryotes. In plants, it regulates
many developmental and physiological responses such as hor-
mone signaling, cell division, floral development, and mainte-
nance of circadian rhythm (1, 2). Ubiquitin is a small peptide
that can be covalently transferred to specific target proteins
through dedicated enzymatic machinery. Polyubiquitinated
substrates are then normally targeted for proteasome-depend-
ent degradation (3). E3 ubiquitin ligases confer substrate spec-
ificity to the ubiquitination machinery and are subdivided into
different groups based on their mechanistic and structural
characteristics (4). Cullin-RING (really interesting new gene)
E3 ligases (CRLs)3 are composed of a cullin subunit, a RING
protein (RBX1/Hrt1/Roc1), which recruits the E2 ubiquitin-
conjugating enzymes, and a substrate receptor that specifically
binds proteins to be ubiquitinated. Arabidopsis expresses four
functionally relevant cullins giving rise to three distinct classes
of CRLs. The functionally redundant cullins CUL3A and
CUL3B associate with BTB/POZ (Bric-a-brac, Tramtrack, and
broad complex/Pox virus and zinc finger) domain-containing
substrate adaptors (5–7). CUL4 associates with a subgroup of
WD40 repeat-containing proteins called DWDproteins via the
DDB1 adaptor (8, 9). The best characterized SCF (SKP1-cullin-
F-box)-type CRLs incorporate CUL1 (10). Substrate specificity
of SCF complexes is conferred by F-box proteins, which asso-
ciate with CUL1 via a SKP1 adaptor protein. Although these
different classes of CRLs are important for development inAra-
bidopsis (6, 11–14), our knowledge of the precise functions and
substrates of individual CRLs is limited. A CUL3-ETO1 com-
plex is involved in ethylene biosynthesis (15), and CUL4-based
complexes are important for development and photomorpho-
genesis (9, 13, 14). By contrast, the activities and substrates of
several SCFs are known. The best characterized SCFs are the
SCFTIR1/AFB complexes, which function as receptors for the
plant hormone auxin (16, 17).
Auxins regulate many aspects of plant growth and develop-

ment (18) and have been shown to directly bind to the F-box
protein TIR1 (transport inhibitor response) and the homolo-
gousAFB1–3 proteins inside the cell (16, 17, 19). Auxin binding
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increases the affinity of SCFTIR1/AFB for its substrates, the Aux/
IAA proteins, leading to their increased ubiquitination and
turnover. As a result, auxin response factors (ARFs), in which
activities are normally repressed through dimerization with
Aux/IAAs, are liberated and can thus function as transcrip-
tional regulators of auxin responsive genes (18). Suppression of
ARF5-dependent transcription by IAA12 was recently shown
to depend on the co-repressor TPL (TOPLESS), which binds to
IAA12 (20), and the repressor function of other Aux/IAA pro-
teins might also depend on other TPL-related co-factors (21).
Mutations affecting SCFTIR1/AFB activity result in the stabiliza-
tion of Aux/IAA proteins, decreased induction of auxin-regu-
lated genes, and reduced sensitivity to exogenous auxin. The
latter phenotype was used extensively for genetic screens lead-
ing to the identification of SCF components and regulators.
Several auxin-resistant mutants are defective in the conjuga-
tion of the ubiquitin-like protein RUB/NEDD8 (related to ubiq-
uitin/neural precursor cell expressed, developmentally down-
regulated 8) to cullins. Although the molecular role of RUB
modification is not fully understood, it is essential for CRL
activity and promotes E3 ligase function both in vivo and in
vitro (reviewed in Ref. 22).
The COP9 signalosome (CSN) cleaves RUB/NEDD8 from

cullins (23, 24) and is biochemically antagonist to the RUB con-
jugation machinery. The CSN is conserved in eukaryotes, is
structurally related to the 19S lid complex of the 26S protea-
some, and is composed of six PCI (proteasome, COP9, eIF3;
CSN1–4 and CSN7–8) and two MPN (Mov34, Pad1 N-termi-
nal; CSN5 and CSN6) domain-containing subunits (25).
Although the derubylation activity of CSN resides in the JAMM
domain of CSN5 (24), Arabidopsis mutants deficient in any
subunit share a common derubylation defect, reflected in the
accumulation of RUB-modified cullins, and show the severe
cop/det/fus phenotype of constitutive photomorphogenesis
(cop/det) and accumulation of anthocyanins (fusca), culminat-
ing in early seedling lethality (26, 27). This common phenotype
is explained by the dissociation of the holocomplex in all csn
mutants, accompanied by partial or complete destabilization of
all other subunits with the exception of CSN5 (27). Although
loss of CSN function is tolerated in some fungi (28–30), CSN is
essential for all animal and plant systems studied thus far.
Because RUB conjugation promotes E3 ligase activity, RUB
cleavage by the CSN is expected to act as a negative regulator of
CRL activity. Although this holds true in vitro, genetic studies
show that the CSN acts as a promoter of E3 ligase activity in
vivo. This apparent paradoxwas first reconciled in fission yeast,
as CSN was shown to protect CRL substrate adaptors from
autocatalytic degradation through both its derubylation activ-
ity and aCSN-associated deubiquitinating enzyme (31). Similar
observations were subsequently made in other systems (29,
32–34). Additionally, destabilization of cullins upon reduction
of CSN function has been reported in some but not all model
systems (29, 35, 36). Thus, fundamental differences may occur
as manifested by the differential impact of CSN on cullin
stability in yeast and Drosophila (31, 35). In Arabidopsis, the
characterization of csn mutants has been limited by their
early seedling lethality. Using a viable/partial csnmutant, we

have provided novel insights into CRL assembly and recy-
cling in plant cells.

EXPERIMENTAL PROCEDURES

Plant Material and Growth Conditions—Wild-type Arabi-
dopsis thaliana accessions used were Columbia (Col-0) and
Landsberg erecta (Ler). The Ler sgt1b-3 (37), Ler csn2fus12 (line
U228 (38)), Col-0 tir1-1 (39), Col-0 csn5a-1 (40), and Col-0
sgt1beta3 (41) mutants are published.
Plants were grown with a light intensity of �200 �M

photons�m�2�s�1 (16 h light/8 h darkness) at 24 °C/21 °C (light/
dark) in soil or sterile conditions: solid 1/10 Murashige and
Skoog basal medium (MSmedium, Sigma) complemented with
Gamborgs vitamins, 0.8% agar, and 0.5% sucrose or liquid MS
medium complemented with 1% sucrose and Gamborgs vita-
mins under shaking. Seeds were stratified for 48 h at 4 °C prior
to transfer to growth chambers.
Ethyl Methane Sulfonate Mutagenesis and the eba Mutant

Screen—Ler sgt1b-3 seeds were mutagenized as described (42).
3100 individual M2 families were harvested and tested in the
root growth inhibition assay on 0.2 �M 2,4-dichlorphenoxyace-
tic acid (2,4-D; Sigma) as described below. Candidate mutant
lines were back-crossed at least three times prior to physiolog-
ical analyses.
Hormone Treatments and Photomorphogenesis Test—Root

growth inhibition assays were performed with methyl jas-
monate (Duchefa) or 2,4-D as described (43). For ethylene tests,
seeds were grown in darkness for 5 days on horizontal MS
plates with 1% sucrose containing 1-aminocyclopropane-1-
carboxylic acid as described (44). For photomorphogenesis
tests, seeds sown onMS/10 without sucrose were first exposed
to light for 6 h and subsequently grown horizontally in darkness
or light. All experiments were performed at least in triplicates.
Root elongation and hypocotyl length were measured on pho-
tographs using NIH ImageJ software.
HS::AXR3NT-GUS Experiments—The relevant genotypes

were isolated in the F2 progeny of a cross between a Col-0
HS::AXR3NT-GUS transgenic plant (45) and a Ler sgt1b-3
csn2-5 plant. At least two independent lines per genotype were
analyzed. Plants were grown for 6–7 days in liquidMSmedium
in 6-well microtiter plates. To induce expression of AXR3NT-
GUS (�-glucuronidase), the plates were placed in a 37 °C water
bath for 2 h. GUS staining was performed overnight at 37 °C as
described (46).
Map-based Cloning of csn2-5 Mutation—A Ler sgt1b-3

csn2-5 cross to Col sgt1beta3 was used as mapping population.
Bulk segregant analysis of �100 polymorphic AFLP (amplified
fragment length polymorphism) markers was performed on
pooled DNAs of 10 resistant or sensitive F2 families selected on
0.2 �M 2,4-D using SacI/TaqI adaptors as described (47). Three
linkedmarkerswere excised, reamplified, sequenced, and local-
ized to chromosome 2 (see supplemental Fig. 1). Mapping was
refined using CAPS, dCAPS, andmicrosatellite markers (prim-
ers available upon request) on �1300 DNAs from resistant F2
plants selected from the mapping population. Coding regions
of genes from the final 46-kb genetic interval containing csn2-5
were amplified by PCR and treated with SURVEYOR nuclease
as described by the manufacturer (Transgenomic).
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RT-PCR Analysis—RNA isolated from 6-day-old seedlings
grown under sterile conditions was reverse-transcribed using
SuperScript reverse transcriptase (Invitrogen) and oligo(dT)
primers following the manufacturer’s instructions. Relative
mRNA accumulation was determined in three independent
biological samples under nonsaturating PCR conditions
(primer sequences available upon request).
Generation of 35S::CSN2-HAStrep Transgenic Lines—The

coding region of CSN2 without stop codon was amplified by
PCR from total Col-0 cDNA and cloned into pENTR/D as rec-
ommended (Invitrogen) giving pE-CSN2. The csn2-5mutation
was introduced by site-directed mutagenesis resulting in
pE-csn2-5. The sequences coding for CSN2 and csn2-5 were
recombined into pXCSG-HAStrep giving pXCSG-CSN2-HAS-
trep and pXCSG-csn2-5-HAStrep. To generate pXCSG-HAS-
trep, the EcoRV gateway rfB cassette was cloned into pXCS-
HAStrep SmaI site (48).
Generation of HA-Strep-tagged TIR1—The genomic Col-0

TIR1 region covering the 1.7-kb promoter, complete 5�-un-
translated region, and coding region without stop codon was
amplified by PCR and cloned into pExtag-HAStrep, giving
pXC-np::TIR1-HAStrep.
Plant Transformations—Stable transformation of Arabidop-

sis, selection, and genetic analysis was performed as described
(43).
MG-132, Cycloheximide, and 2,4-D Treatments—Seedlings

were grown in 6-well plates using liquid MS in the presence/
absence of 100�Mcycloheximide (Sigma), 50�MMG-132 (Cal-
biochem), and 5 �M 2,4-D.
StrepII Affinity Purification—StrepII affinity purifications

were performed as described (48). For purification of CSN2-
HAStrep, 2 g of tissue from 7-day-old seedlings grown on solid
MS/10mediumwereused. ForTIR1ubiquitinationanalysis, seed-
lings were grown in liquid MS medium with or without a 6-h
MG-132 and/or 2,4-D treatment. 1 g of tissue was used for purifi-
cation, and bound proteins were eluted in Laemmli buffer.
Gel Filtration Analysis—Soluble protein extracts were pre-

pared from 7-day-old in vitro grown seedlings essentially as
described (40). A 100-�l sample was loaded on a Superdex 200
HR 10/30 column (Amersham Biosciences) at 0.2 ml/min flow
with extraction buffer. 0.7-ml fractions were sampled, precipi-
tated with 10% trichloroacetic acid, and analyzed by SDS-
PAGE. Column calibration was performed as described (43).
SDS-PAGE and Immunoblotting—Total soluble protein ex-

tracts were prepared from entire seedlings and separated by
SDS-PAGE as described (48). Immunoblots with the Strep-
Tactin alkaline phosphatase conjugate (IBAGmbH, Göttingen,
Germany) were performed as described (48). The following
antibodies were used: mouse anti-LexA (Santa Cruz Biotech-
nology), rabbit anti-CUL1 (11), rabbit anti-CUL3A (5), rabbit
anti-CUL4 (13), rabbit anti-CSN2 (25), rabbit anti-CSN5 (38),
rabbit anti-CSN6 (49), rabbit anti-HSC70 (SPA-795, Stressgen)
(rat anti-HA, 1867423; Roche Applied Science), mouse anti-
ubiquitin antibody (NB300-130; Novus Biologicals), mouse
anti-c-Myc (Santa Cruz Biotechnology). Secondary antibodies
were purchased from Sigma (alkaline phosphatase conjugates)
and Santa Cruz Biotechnology (horseradish peroxidase conju-
gates). Alkaline phosphatase and horseradish peroxidase activ-

ity was detected with p-nitro blue tetrazolium and enhanced
chemiluminescence (SuperSignal West Femto chemilumines-
cent substrate, Pierce), respectively. To quantify immunoblot
results, membranes or films derived from three independent
biological sampleswere scanned and analyzedwith ImageJ soft-
ware. Background values were measured above and below the
specific signal and used for corrections. Measurements were
repeated at least twice, and measurement errors were �5%.
Average values and standard deviations for three biological rep-
licates were calculated.
Schizosaccharomyces pombe Experiments—AGateway clon-

ing cassette was introduced into pREP3X expression vector giv-
ing pREP3XG (details available upon request). The genomic
sequence coding for SpCSN2 was amplified by PCR from yeast
strain 501 (50) and cloned into pENTR/D giving pE-SpCSN2.
The csn2-5 mutation was introduced into pE-SpCSN2 by site-
directed mutagenesis, giving pE-Spcsn2-5. Sequences coding
for AtCSN2, SpCSN2, and Spcsn2-5 were recombined into
pREP3XG. The resulting plasmids were transformed in strain
pcu1-MYC csn2-d (28). For UV sensitivity tests, three parallel
dilution series were prepared from overnight liquid cultures for
each genotype. Dilutions plated on Petri dishes were given a
single dose of UV-C (254 nm; 0–100 kJ/m2; without lid) using a
Stratalinker 2400 (Stratagene, La Jolla, CA). Colony-forming
units were determined in the appropriate dilutions after 4 days
at 28 °C. Two independent experiments were performed. Total
protein extracts were prepared under denaturing conditions as
described (51).
Structure Prediction of CSN2—One PSI-BLAST iteration of

theA. thalianaCSN2 query sequence on theNCBI nr Database
was performed and only sequences with identity higher than
30% were kept (52). A multiple sequence alignment was built
from the 27 retrieved CSN2-like sequences using MUSCLE
(53). Secondary structure predictions were performed using
PsiPred on this alignment (54). HMM-HMMcomparison using
theHHpred server on the ProteinData Bank data basewas used
to search for structural templates suitable for comparative
modeling (55). From the results, a structural model of CSN2
A. thaliana could be built from several templates detected with
high confidence. Residues 40–321matched, with highest prob-
abilities, the HEAT repeat from theDanio rerio �-SNAP (prob-
ability � 98.9%, E-value � 2.8e-09, sequence ID � 16%) and
the Saccharomyces cerevisiae SEC17 (probability � 98.22%,
E-value � 1.1e-05, sequence ID � 11%, Protein Data Bank
codes 2ifu and 1qqe, respectively); residues 285–388matched a
region spanning the HAM (HEAT analogous motif) and the
WH (winged helix) domain of theHomo sapiens eIF3k subunit
(probability � 95.02%, E-value � 0.13, sequence ID � 10%,
Protein Data Bank code 1rz4); residues 348 -417 matched the
WHC-terminal domain of theMusmusculusCSN4COP9 sub-
unit (probability � 98.88%, E-value � 1.4e-11, sequence ID �
21%, Protein Data Bank code 1ufm). The four templates were
combined into a single alignment together with theA. thaliana
CSN2 sequence. The alignment was optimized locally by hand
so that secondary structures in the template would be least
disrupted. 20models of CSN2A. thalianawere generated using
Modeler v. 8.1 (56), and the model exhibiting the best consen-
sus between Verify3D (57) and Prosa2003 (58) evaluation func-
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tions was selected for analysis. Fig. 2B was done using PyMOL
(Delano Scientific).

RESULTS

Isolation of a Novel csn2 Mutant Resistant to Exogenous
Auxin—Weperformed a genetic screen to identify loci contrib-
uting to auxin signaling and/or regulators of SCF complexes.
The weakly auxin-resistant Ler sgt1b-3 mutant was used as a
sensitized genetic background in an auxin resistance screen.
SGT1 (suppressor of G2/M allele of skp1) is an essential eukary-
otic protein that functions as a co-chaperone of the molecular
chaperones HSP70 (heat shock proteins, 70 kDa (43) and
HSP90 (59). SGT1 is also needed for optimal activity of several
SCFs including SCFTIR1 in Arabidopsis (41), although its exact
mode of action on SCFs remains unclear. 3100 individual M2
families originating from ethane methyl sulfonate-mu-
tagenized Ler sgt1b-3 mutant seeds were first germinated on
auxin-free medium and then screened for enhanced auxin
resistance in a root growth inhibition assay using 0.2 �M syn-
thetic auxin 2,4-D. Under these conditions, root elongation of
sgt1b-3 seedlings was fully inhibited (Fig. 1A). The screen iden-
tified 13 eba (enhancer of sgt1b-3 on auxin) mutants showing
significant and heritable root growth on 0.2 �M 2,4-D. One
recessive ebamutation was mapped to a 45-kb region on chro-
mosome II encompassing the CSN2 locus (At2g26990; supple-
mental Fig. 1). CSN2 is an essential gene coding for CSN sub-
unit 2. Because auxin resistance had been reported previously for
partial csnmutants (40,60),wesequencedCSN2 inourebamutant
and could detect a single base pair exchange (GGT237GAT) caus-
ing apredictedG237Daminoacid substitutionmutation inCSN2.
Themutant is hereafter named csn2-5.

To test the dependence of the csn2-5 auxin resistance on the
sgt1b-3 background, the double mutant was out-crossed to Ler
wild-type plants and the csn2-5 single mutant selected.
Although sgt1b-3 clearly enhanced csn2-5 auxin resistance, the
csn2-5 mutation alone conferred auxin resistance in root
growth inhibition assays (Fig. 1A): Root growth of the csn2-5
single mutant was inhibited by 50% at a concentration of �0,1
�M 2,4-D, whereas the originally isolated double mutant was
inhibited by 50% at 0,2 �M 2,4-D. These results point toward a
genetic interaction between the csn2-5 and sgt1b-3 mutations
in auxin response.
The best characterized biochemical activity of the CSN is in

cleavage of RUB/Nedd8 from cullins (23, 61) and mutations in
CSN lead to the increased accumulation of rubylated cullins.
We therefore determined the consequences of the csn2-5muta-
tion on CUL1 modification on immunoblots (Fig. 1B). We
detected a redistribution of CUL1 toward the higher molecular
weight band corresponding to CUL1-RUB in the csn2-5 single
mutant, consistent with identification of a novel CSN2 allele.
csn2-5 is most likely hypomorphic as its defects in CUL1
derubylation were less severe than for a csn2 null allele,
csn2fus12-U228 (25, 62). In agreement with this observation, the
csn2-5mutant is viable and fertile as a homozygote, contrasting
with the severe cop/det/fus phenotypes and seedling lethality of
null csnmutants (25, 27). To demonstrate unambiguously that
the identifiedmutation inCSN2 is responsible for the increased
auxin resistance of the csn2-5mutant, we conducted an allelism

FIGURE 1. Isolation and characterization of a hypomorphic csn2 mutant.
A, inhibition of root elongation by increasing concentrations of synthetic auxin
2,4-D. Data points are averages of at least 10 seedlings, and standard deviations
were less than 10%. Measurements of root elongation were performed on 8-day-
old seedlings 3 days after transfer on auxin-containing medium. One represent-
ative experiment of four repetitions is shown. B, immunoblot analysis of total
protein extracts with anti-CUL1 and anti-HSC70 antibodies. Immunodetection of
cytosolic/nuclear HSC70 is used as loading control. Open and filled arrowheads
correspond to unmodified and RUB-modified CUL1, respectively. � and �,
indicate the presence and absence of sgt1b-3 and csn2-5 mutations, respectively.
C, allelism test between Ler csn2-5 and Ler csn2fus12 mutants. Plants heterozygous
for csn2fus12 were crossed to a homozygous csn2-5 mutant. F1 progeny were ana-
lyzed in the root growth inhibition assay on 0.1 �M 2,4-D as described in A. The
dashed line indicates the position of the root tip immediately after transfer. F1
seedling genotypes at the CSN2 locus are indicated as determined using allele-
specific PCR markers.
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test with the recessive csn2fus12 allele. Because csn2fus12 confers
early seedling lethality, heterozygous Ler csn2fus12 was crossed
to homozygous Ler csn2-5. A 1:1 segregation of the auxin re-
sistance phenotype was observed among F1 plants (Fig. 1C).
Genotyping of individual F1 plants using molecular markers
confirmed that heterozygous csn2-5/fus12 seedlings show aux-
in-resistant root growth. Thus, the csn2-5 mutation causing
auxin-resistant root growth is a new csn2mutant allele.
csn2-5 Is Mutated in an Evolutionarily Conserved Loop of the

N-terminal HEAT Domain of CSN2 Important for CSN
Accumulation—To address the molecular consequence of the
G237D amino acid substitution, we built a structural model of
CSN2 exploiting its similarities to several subunits of the 19S
proteasome, eukaryotic initiation factor 3 (eIF3) and the COP9
signalosome (63). Sequence analyses revealed that CSN2 is
composed of anN-terminalHEAT repeat domain (Huntingtin-
EF3-PP2A-TOR1; residues 40–321) followed by aWH domain
(winged helix, residues 327–432) at its C terminus (Fig. 2A).
The PCI domain (residues 305–409), defined from multiple
sequence alignments in the Pfam data base, actually comprises

the last helical hairpin of the HEAT
repeat and part of the WH domain
(63). Gly237 mutated in CSN2-5 is
located in a highly conserved part
of the HEAT repeat domain that
is strictly conserved in CSN2
homologs but absent from the
homologous subunit of the protea-
some lid complex (Fig. 2A; data not
shown). In our structural model of
Arabidopsis CSN2 (Fig. 2B; see
“Experimental Procedures”), the
mutation G237D is located in a loop
connecting helices 9 and 10. The
predicted secondary structures sug-
gest that the loop may adopt an
extended hairpin-like structure.
This loop is among the most con-
served regions of CSN2, suggesting
an important functional role (data
not shown). To test this hypothesis,
we determined the impact of the
csn2-5 mutation in fission yeast.
S. pombe�csn2mutants areUV and
�-ray hypersensitive and accumu-
late RUB-modified cullins (28). We
generated a construct coding for
SpCSN2 carrying a G243D sub-
stitution, equivalent to G237D in
AtCSN2. Complementation of UV
hypersensitivity and altered RUB
modification profile through ex-
pression of SpCSN2 or Spcsn2-5was
tested in a �csn2 strain expressing
Pcu1p-13MYC (28). Although
SpCSN2 complemented the UV
hypersensitivity and accumulation
of SpCUL1-RUB, Spcsn2-5 failed to

complement these two phenotypes. Despite a high degree of
conservation of plant and yeast CSN2 subunits (44% amino acid
identity, 62% similarity), AtCSN2 failed to complement the
S. pombe �csn2 mutant phenotypes (data not shown). These
results show that Gly243/Gly237 is important for CSN function
in both S. pombe and Arabidopsis.
Nonetheless, the normal development of the csn2-5 mutant

suggests that csn2-5 protein is still produced and assembled
into at least a partially functional CSN complex. In plant
extracts, csn2-5 steady-state levels quantified on immunoblots
were 50% lower than wild-type CSN2 levels (Fig. 3A). In the
same extracts, accumulation of theMPN subunit CSN5was not
altered. To test for CSN2 assembly into the large CSN complex
(�500 kDa), gel filtration experiments were performed. The
CSN complex containing the CSN2 and CSN5 proteins eluted
in the same molecular mass fractions (320–700 kDa, Fig. 3B;
data not shown) from wild type, sgt1b-3, and sgt1b-3 csn2-5
mutant, indicating that the csn2-5 mutant protein becomes
incorporated into CSN. In contrast to CSN5, which is also
detectable in its monomeric form (31–70-kDa fractions), no

FIGURE 2. The csn2-5 mutation modifies an evolutionarily conserved loop of CSN2. A, schematic represen-
tation of the CSN2 structural domains: N-terminal (N) HEAT repeat (residues 40 –321) and C-terminal (C) winged
helix (WH) domain (residues 327– 432). The position and nature of the amino acid substitution found in csn2-5
mutant protein is shown. Below, an alignment of CSN2 proteins from Arabidopsis (Q8W207; residues 207–266),
Drosophila (Q94899; residues 212–271), human (P61201; residues 211–270) and fission yeast (Q9HFR0; resi-
dues 213–272) around Arabidopsis Gly237 is shown. Residues boxed in red are highly conserved and belong to a
predicted hairpin-like loop structure (framed in B). B, structural model of Arabidopsis CSN2 (residues 40 – 439)
represented as ribbons and colored from the N to the C terminus in blue to red, respectively. Gly237 is high-
lighted as a pink sphere. C, the csn2-5 mutation abolishes CSN function in S. pombe as assessed by survival after
UV-C exposure (50 kJ�m�2�s�1) relative to control. Wild-type CSN2 and mutant �csn2 strains expressing wild-
type or mutant SpCSN2 were analyzed for complementation of the �csn2 UV hypersensitivity. Errors bars
represent S.D. between three biological replicates. One representative experiment of two is shown. The level of
RUB modification of c-Myc-tagged CUL1 (Pcu1p) expressed in the yeast strains was analyzed by immunoblot of
total protein extracts using anti-c-Myc antibody. The open and filled arrowheads correspond to unmodified and
RUB-modified cullins, respectively. EV, empty vector.
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free CSN2 or csn2-5 protein was detected. Additionally, the
CSN complex was affinity-purified from sgt1b-3 csn2-5
transgenic lines expressing wild-type CSN2-HAStrep or
mutant csn2-5-HAStrep under control of the constitutive
35S promoter (Fig. 3C). CSN2-HAStrep and csn2-5-HAS-
trep accumulated in similar amounts, and CSN5 and CSN6
could be co-purified with equal efficiency. Although it has
been reported that AtCSN2 mediates the interaction of CSN
with AtCUL1 and AtCUL3 (25, 60), we failed to detect CUL1
and CUL3 co-purification with CSN (data not shown) and
therefore could not test whether the csn2-5mutation affects
CSN-cullin interactions. Together, these results show that
the csn2-5 mutant protein integrates into the CSN but
affects CSN accumulation.
csn Mutants Have Reduced Steady-state Levels of Cullins—

We examined cullin modification and accumulation patterns in
csn mutants affected in PCI (csn2-5 and csn2fus12) and MPN
(csn5a-1) subunits by immunoblotting. Compared with corre-
sponding wild-type extracts, a larger fraction of each cullin could
be detected in the RUB-conjugated form in each csn mutant
extract, as expected (27, 40). Additionally, we observed a
significant decrease in the total amount of at least CUL1 and
CUL3 in all tested csn mutants compared with the wild type
(�50% for CUL1 and CUL3A, Fig. 4, A and B). This indicates
that CSN is needed for maintenance of cullin steady-state
levels, as reported in several other model organisms (27, 29,
33, 35, 36). Because of such a stabilizing function, the CSN
would be expected to exert a positive role not only on activ-

ities of CUL1-based SCF ubiquitin ligases but also on CUL3-
and CUL4-based CRLs.
CSN Reduction in the csn2-5 Mutant Has Minor Phenotypic

Consequences—Considering the defects in cullin modification
and accumulation detected for the csn2-5mutant together with
the phenotypes of previously reported partial or null csn
mutants, strong physiological consequences would be antici-
pated. To our surprise, the csn2-5mutant did not displaymajor
developmental phenotypes other than amild dwarfism. In con-
trast, the csn5a-1mutant, which carries a null mutation in one
of two genes encoding theMPN subunit 5 of the CSN complex,

FIGURE 3. CSN2 accumulation and CSN stability in the csn2-5 mutant.
A, steady-state levels of CSN2 and CSN5 proteins were determined in total
protein extracts by immunoblot with anti-CSN2 and anti-CSN5 antibodies,
respectively. wt, wild type. B, total protein extracts from seedlings were
separated by size exclusion chromatography. The collected fractions were
analyzed on immunoblots with anti-CSN5 and anti-CSN2 antibodies.
Molecular mass range of the fractions is indicated in kDa based on the
column calibration. C, total protein extracts (Input) were prepared from
untransformed sgt1b-3 csn2-5 plants or plants expressing CSN2-HAStrep
or csn2-5-HAStrep and subjected to StrepII affinity purification. Input and
elution fractions from the purification (Strep IP) were analyzed on immu-
noblots with anti-HA, anti-CSN2, anti-CSN5, and anti-CSN6 antibodies.
Open and filled circles correspond to CSN2 and CSN2-HAStrep/csn2-5-
HAStrep, respectively.

FIGURE 4. Cullin modification and accumulation in csn mutants. A, total
protein extracts from 7-day-old seedlings were analyzed by immunoblotting
with anti-CUL1, anti-CUL3A, anti-CUL4 and anti-HSC70 antibodies. Immuno-
detection of cytosolic/nuclear HSC70 was used as the loading control. Open
and filled arrowheads correspond to unmodified and RUB-modified cullins,
respectively. One representative experiment is shown. wt, wild type.
B and C, densitometric analysis was performed on anti-CUL1 and anti-CUL3A
immunoblots to determine the relative proportion of RUB-modified cullin (B)
and total cullin steady-state levels (C) (unmodified plus RUB-modified) for
CUL1 or CUL3A protein. Error bars indicate S.D. between three independent
biological replicates.
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is a severe dwarf (40) and displays similar defects in auxin sig-
naling, cullin accumulation, and RUB modification as the
csn2-5 mutant (supplemental Fig. 2, A and B). The typical csn
mutant phenotypes cop/det (open cotyledons, short hypocotyl
and absence of apical hook in darkness) and fusca (accumula-
tion of anthocyanins) were also tested in csn2-5. No obvious
fusca phenotype was observed (data not shown). Relative hypo-
cotyl elongation (dark versus light) was similar in wild-type and
mutant seedlings (supplemental Fig. 2, C and D), although
mutant seedlingswere smaller. Puzzled by the absence of a clear
cop phenotype, we quantified cotyledon opening after 4 days of
darkness (supplemental Fig. 2, C and E). Approximately 50% of
csn2-5 seedling had opened cotyledons compared with �15%
ofwild-type and 100% of csn2fus12 nullmutant. Thus, the csn2-5
mutant displays a very weak photomorphogenic phenotype.
CRL-regulated responses toUV light,�-rays, and the phytohor-
mones ethylene and jasmonic acid were also not affected in the
csn2-5 mutant (data not shown). Such observations highlight
the notion that a strict correlation between cullin abundance/
RUBmodification and development/physiological responses to
environmental cues cannot be assumed.
Reduction of Auxin Receptor SCFTIR1 Activity and Accumu-

lation in the csn2-5 Mutant—The observed reduction of CUL1
levels might explain the auxin phenotypes of the csn2-5 and
other csn mutants. We therefore tested whether the csn2-5
mutation affects Aux/IAA degradation mediated by
SCFTIR1/AFB ubiquitin ligase activity using a nonfunctional heat
shock-regulated AXR3/IAA17-GUS reporter fusion (HS::
AXR3NT-GUS (45)). Wild-type and csn2-5 seedlings carrying
the HS::AXR3NT-GUS construct were heat shocked for 2 h to
induce reporter expression and subsequently stained for GUS
activity. No difference in GUS staining between wild type and
csn2-5mutantwas observed (Fig. 5A). As auxin stimulatesAux/
IAAubiquitination by SCFTIR1/AFB (forAXR3NT-GUS, seeRef.
45), seedlings were incubated for 1 h with 5 �M 2,4-D prior to
GUS staining. AXR3NT-GUS activity almost completely disap-
peared in the elongation/differentiation zones of wild-type
roots but remained visible in csn2-5 roots (Fig. 5A). The csn2-5
mutation also caused a similar stabilization of AXR3NT-GUS
in the sgt1b-3 mutant background (data not shown). The
impaired degradation of AXR3NT-GUS suggests that a
decreased SCFTIR1/AFB ligase activity in csn2-5 leads to stabili-
zation of Aux/IAAs, in line with previous analyses of partial csn
mutants (40, 60).
Recently, the CSN was shown to stabilize substrate adaptor

proteins from cullin-based E3s in S. pombe (31), Neurospora
crassa (29), human cells (32, 33), and Caenorhabditis elegans
(34). To analyze whether CSN is similarly important for sub-
strate adaptor accumulation in Arabidopsis, we expressed
TIR1-HAStrep under the control of its native promoter in
transgenic Arabidopsis. TIR1-HAStrep functionality was dem-
onstrated by complementation of the Col tir1-1 mutant (sup-
plemental Fig. 3A). The TIR1-HAStrep transgene derived from
a single transformation event in Lerwas crossed into the sgt1b-3
and sgt1b-3 csn2-5 backgrounds to evaluate the impact of these
mutations on TIR1 stability. sgt1b-3 did not affect TIR1-HAS-
trep accumulation, as TIR1 steady-state levels remained
unchanged compared with the wild-type control (Fig. 5, B and

C). In contrast, TIR1-HAStrep signal strength was reduced by
60% in the sgt1b-3 csn2-5 background. This reduced abundance
of the auxin receptor TIR1 in the csn2-5 mutant could at least
partially explain the auxin resistance phenotype of csn2-5
plants. Consistent with this notion, overexpression of TIR1
(endogenous gene plus transgene) in the TIR1-HAStrep trans-
genic line partially complemented the csn2-5 auxin resistance
phenotype (supplemental Fig. 3B). Finally, accumulation of
ASK1 (oneArabidopsis SKP1 homolog) was not affected by the
csn2-5mutation (Fig. 5E). To explain the reduced abundance of
TIR1 andCUL1, we analyzed their transcript levels by RT-PCR.
TIR1 and CUL1 expression remained unchanged in the differ-
ent genotypes (Fig. 5D). These results indicate that the CSN
directly or indirectly regulates the abundance of SCFTIR1 com-
ponents (TIR1 and CUL1) by a post-translational mechanism.
This activity could at least partially explain the auxin resistance
of the csn2-5mutant.

α-HSC70

FIGURE 5. Activity and stability of the SCFTIR1 auxin receptor in the csn2-5
mutant. A, HS::AXR3NT-GUS reporter (Col-0) was crossed into the Ler and Ler
csn2-5 background. F3 plants homozygous for HS::AXR3NT-GUS and either the
csn2-5 mutation or wild-type CSN2 (wt) were heat-shocked for 2 h to induce
reporter gene expression and stained for �-glucuronidase activity following a
60-min incubation at room temperature. 5 �M 2,4-D was added where indi-
cated at the beginning of the room temperature incubation. One represent-
ative experiment of three repetitions is shown; three different F3 families
were tested for each genotype. B, np::TIR1-HAStrep transgene was initially
transformed into Ler and sequentially introgressed into Ler sgt1b-3 and Ler
sgt1b-3 csn2-5. TIR1-HAStrep steady-state levels were determined in total sol-
uble protein extracts from seedlings by immunoblot analysis using anti-HA
antibody. Immunodetection of cytosolic/nuclear HSC70 with anti-HSC70
antibodies is provided as loading control. C, densitometric analysis of TIR1-
HAStrep levels detected by immunoblot analysis in three independent exper-
iments. Error bars indicate S.D. Statistical significance of difference between
csn2-5 and controls was evaluated using Student’s t test; *, p � 0.001.
D, RT-PCR analysis of TIR1 and CUL1 mRNA steady-state levels in wild-type Ler,
sgt1b-3, and sgt1b-3 csn2-5 mutants. RT-PCR amplicons were resolved by elec-
trophoresis and visualized by ethidium bromide staining. TIR1 primers ampli-
fied both TIR1 endogene and transgene. The ACTIN2 gene was used as con-
stitutive control. E, ASK1 cellular levels were determined on an immunoblot
using anti-ASK1 antibody. One representative experiment of three repeti-
tions is shown. The loading control can be found in the first two lanes of the
bottom panel of Fig. 4A (anti-HSC70 immunoblot).
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Evidence for SCFTIR1 Ubiquitination and Modulation by the
26S Proteasome—Several recent studies report the degradation
of F-box proteins by autoubiquitination and subsequent
proteasome-dependent proteolysis (29, 31, 33). To test whether
such a mechanism could regulate TIR1, we first measured the
impact of the proteasome inhibitor MG-132 on TIR1 protein
accumulation. Incubation of wild-type and csn2-5 seedlings
expressing TIR1-HAStrep with 50 �M MG-132 for 6 h prior to
protein extraction caused an 80% increase in TIR1 accumula-
tion and an �40% increase in CUL1 and ASK1 steady-state
levels (Fig. 6, A and B; data not shown). These findings show
that accumulation of the three SCFTIR1 core components is
likely regulated by the 26S proteasome activity in both wild-
type and csn2-5 plants.
Potential ubiquitination of TIR1 was tested in vivo by

affinity purification of TIR1-HAStrep fromMG-132-treated
seedlings, as this treatment would be expected to slow down
the proteasome-dependent degradation of polyubiquinated

proteins, thereby allowing increased accumulation and
detection. Seedlings were treated for 6 h with auxin (5 �M)
and/or MG-132 (50 �M). A discrete set of bands (with �9–10-
kDa increments) of highermolecularmass than TIR1-HAStrep
was detected in MG-132-treated samples by HA antibody (Fig.
6C). Consistentwith increased persistence of polyubiquitinated
TIR1, these signals were markedly weaker in non-MG-132-
treated samples. The highermolecular weight bands also cross-
reacted with a monoclonal anti-ubiquitin antibody suggesting
they may be TIR1-HAStrep-(Ubq)n. These data suggest that a
proportion of TIR1 is polyubiquitinated and targeted for deg-
radation by the proteasome under normal physiological condi-
tions in wild-type plants.
The above observations raised the question of TIR1 turnover

in plants, as F-box proteins have been shown to possess diverse
half-lives ranging from 5 to 30min in S. cerevisiae to more than
6 h inN. crassa and human cells (29, 33, 64). We wanted to test
TIR1-HAStrep turnover by applying cycloheximide (CHX), an
inhibitor of de novo protein synthesis. CHX was first added to
control seedlings carryingHS::AXR3NT-GUS before induction
of transgene expression by heat shock. Although strong GUS
activity was detected in untreated samples after heat shock, no
GUS staining was observed in the presence of CHX (data not
shown), indicating that translation blockage by CHXwas effec-
tive. Under the same conditions, TIR1-HAStrep remained
clearly detectable at 9 h after CHX treatment in wild-type and
sgt1b-3 csn2-5mutant backgrounds, and its levels were not sig-
nificantly altered in the presence of auxin (supplemental Fig. 3;
data not shown). We concluded that TIR1 is a long-lived F-box
protein under our experimental conditions.

DISCUSSION

In this study, we investigated the post-translational regula-
tion of CRL ubiquitin ligases in both wild-type plants and csn
mutants, focusing on the auxin receptor SCFTIR1.We show that
the CSN is needed for the stabilization of cullins and other CRL
subunits in Arabidopsis and that SCF components, including
the substrate adaptor TIR1, are degraded by the ubiquitin/pro-
teasome machinery even in wild-type plants.
The CSN Is Needed for SCFTIR1 Accumulation: A Molecular

Explanation for the CSN Paradox in Arabidopsis—Arabidopsis
mutants partially defective in either the RUB/Nedd8 conjuga-
tion machinery or the antagonizing CSN are resistant to auxin.
Because the CSN acts as a repressor of CRL activity in vitro,
these observations were not fully understood formerly. We
show here that CSN is important for the stabilization of the
substrate receptor TIR1 and CUL1 (Fig. 5). Auxin sensitivity
correlates with auxin receptor abundance, as illustrated by the
haploinsufficiency of TIR1 (39), the additivity of mutations in
TIR1 and AFB1–3 (19), and the increased auxin sensitivity of
plants expressing TIR1-HAStrep compared with parental lines
(supplemental Fig. 3). Thus destabilization ofTIR1 andpossibly
the related AFB proteins could explain the defects in auxin sig-
naling observed for csnmutants. As CUL1 is similarly haploin-
sufficient (65), decreased CUL1 abundance also likely contrib-
utes to auxin signaling defects in the csn2-5 mutant and other
csnmutants. Although opposing results have been reported for
the stability of AtCUL1 (27, 40), both the destabilization of

FIGURE 6. Post-translational regulation of SCFTIR1 accumulation in wild-
type plants. Ler np::TIR1-HAStrep seedlings were grown in liquid MS for 7
days. A, seedlings were incubated for 6 h with the proteasome inhibitor
MG-132 (50 �M (�) or with DMSO (�)). Total protein extracts were analyzed
on immunoblots with anti-HA, anti-ASK, anti-CUL1, and anti-HSC70 antibod-
ies. Immunodetection of cytosolic/nuclear HSC70 is used to evaluate relative
loading of the samples. The open and filled arrowheads correspond to unmod-
ified and RUB-modified CUL1, respectively. B, densitometric analysis of TIR1-
HAStrep, ASK1, and total CUL1 levels (unmodified plus RUB-modified)
detected by immunoblots of samples with and without MG-132 treatment
was performed on three independent experiments. Error bars indicate S.D.
Differences between untreated control and MG-132-treated samples were
evaluated for statistical significance using Student’s t test; *, p � 0.001.
C, TIR1-HAStrep was affinity-purified on StrepTactin-Sepharose 6 h after
application of auxin (5 �M 2,4-D) and/or MG-132 (50 �M). Protein extracts
were analyzed on immunoblots using the anti-HA and anti-ubiquitin anti-
bodies. The filled dot indicates unmodified TIR1-HAStrep, and the open arrow-
heads indicate modified TIR1-HAStrep.
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cullins and CRL substrate adaptors in csn mutants are in line
with reports fromvarious systems (29, 31, 32, 34–36). In a study
analyzing the stability of various F-box proteins in human cells
silenced for Csn5/Jab1, the abundance of five of seven tested
proteins was significantly reduced upon Csn5 silencing (33). It
will therefore be interesting to analyze the dependence of fur-
ther Arabidopsis substrate receptors on CSN. In this respect,
thewild-type phenotypes of the csn2-5 and the csn5a-1mutants
for jasmonic acid- or ethylene-dependent responses (data not
shown) suggest that accumulation of the corresponding CRLs
might be less dependent on CSN activity than TIR1.
CSN-dependent Protection of SCFTIR1 from Ubiquitination

and Degradation—The proteasome inhibitor MG-132 in-
creased accumulation of TIR1, CUL1, and ASK1 (Fig. 6) sug-
gesting that levels of one or more SCFTIR1 components are
controlled by ubiquitination and proteasome-dependent deg-
radation in wild-type plants. Although there is, to our knowl-
edge, no evidence for ASK1 (SKP1) post-translational modifi-
cation, the polyubiquitination and proteasome-dependent
degradation of CUL1 has previously been shown in human cells
(66). One possible RUB function might thus be the protection
of CUL1 from erroneous ubiquitination and degradation by
blocking a potential ubiquitination site, although this is unlikely
because neddylation of human CUL1 is required for CUL1 in
vitro autoubiquitination (66). InArabidopsis, CUL1monoubiq-
uitination was reported only recently (67). However, this mod-
ification did not induce CUL1 degradation under the tested
conditions.
Targeting of the entire SCF to the proteasome through

ubiquitination of the single TIR1 subunit seems unlikely,
because proteins have to unfold to enter the catalytic core,
which implies complex dissociation. Ubiquitination of indi-
vidual SCF/CRL subunits, possibly including RBX1, through
unspecific E3 ligase activity appears more likely, although
direct evidence is yet missing. Autoubiquitination and
degradation of substrate adaptors has been reported in
S. pombe, human cells, Neurospora, and C. elegans (31, 33,
34, 68). In fission yeast, CSN was shown to counteract adap-
tor degradation through both its derubylating activity and a
CSN-associated deubiquitinating activity mediated by
Ubp12p, apparently reversing erroneous autoubiquitination
of substrate adaptors (31). In csn mutants such as csn2-5, at
least one of these activities is diminished, thus enhancing
substrate receptor ubiquitination and degradation. Because
accumulation of SCF subunits upon MG-132 treatment was
also visible in wild-type seedlings, the turnover of SCF com-
plexes is apparently part of their normal post-translational
regulation. Despite the presence of a large family of deubiq-
uitinases encoded by the Arabidopsis genome (69), an Ara-
bidopsis Ubp12 orthologue involved in CSN-dependent sta-
bilization of CRL substrate adaptors has yet to be identified.
An Updated Model for CRL Regulation in Plants—The con-

flicting in vitro and genetic data forCSN impact onCRL activity
led to the formulation of a cycling model with cycles of cullin
modification and RUB cleavage necessary for CRL activity
(70, 71). Although all experimental results strongly support
dynamic CRL assembly and activity, more recent analyses sug-
gest that CSN is needed rather for themaintenance of substrate

adaptor or CRL stability (e.g. see Refs. 29 and 31), whereas
cycling is not needed for CRL activity per se (reviewed in Ref.
71). We therefore display our current view of the post-transla-
tional regulation of CRLs exemplified by SCFTIR1 as a sequence
of reversible reactions (supplemental Fig. 4). This illustrates
that each step forms an unstable equilibrium that can be per-
turbed using pharmacological and/or genetic tools. Initially,
unmodified CUL1 is associated with CAND1 and RBX1. The
TIR1-ASK1 substrate receptor module, possibly with bound
auxin and substrate-loaded, can dissociateCAND1 fromCUL1.
Competition of the substrate receptor module and CAND1
for CUL1 binding has been described in vitro (72, 73) and is
indicated by the phenotypical complementation of mutations
in CUL1 affecting ASK1 binding (axr6-1/-2) through a muta-
tion in CAND1 (74). Substrate receptor binding and CAND1
dissociation exposes the RUB modification site allowing ruby-
lation (75, 76). Irrespective of the precise function of rubylation
at this point, active SCFTIR1 can ubiquitinate its Aux/IAA sub-
strate proteins, triggering their proteasome-dependent deg-
radation. Eventually, SCFTIR1 is inactivated through the
cleavage of RUB from CUL1 by CSN, allowing recycling of
the SCF subunits. At a low frequency, at least TIR1 might
itself become ubiquitinated under normal physiological con-
ditions. Ultimately, SCFTIR1 is degraded by the proteasome.
Although metabolically costly, this may represent a natural
process for SCF inactivation/recycling in vivo, as excessive
amounts of CUL1 are apparently also deleterious for plants
(11). In the case of a partial or complete loss of CSN activity,
assembled SCFs are neither sufficiently protected from degra-
dation by a putative CSN-associated deubiquinating activity
nor recycled by RUB cleavage. Consequently, ubiquitinated
SCF complexes accumulate and their proteasome-dependent
degradation is unimpeded. In this case, de novo protein synthe-
sis would not be sufficient to compensate for degradation,
resulting in reduced SCFTIR1 abundance and CRL activity. This
model predicts that CUL1-substrate adaptor module interac-
tion should trigger the destabilization of all SCF subunits.
Consistent with this notion, mutant CUL1 proteins affected
in interactions to ASK1, as inferred from crystal structure
analyses (77), were found to accumulate in cells (65, 78).4
When tested, the respective CUL1 mutations also caused an
increase in RBX1 (65) and ASK1 (78) steady-state levels.
Therefore, destabilization of the SCF subunits appears to
depend on the assembly of a functional SCF complex. Future
experiments should tell us whether such a working model
holds true for further SCFs and other cullin-based ubiquitin
ligases in Arabidopsis.
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