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ABSTRACT

Many aspects of plant biology depend on the ubiquitin proteasome system for degradation of regulatory
proteins. Ubiquitin E3 ligases confer substrate specificity in this pathway, and SCF-type ligases comprise a
major class of E3s. SCF ligases have four subunits: SKP1, CUL1, RBX1, and an F-box protein for substrate
recognition. The Aux/IAAs are a well-characterized family of SCF substrates in plants. Here, we report
characterization of a mutant isolated from a genetic screen in Arabidopsis thaliana designed to identify
plants defective in degradation of an Aux/IAA fusion protein, Aux/IAAl-luciferase (IAA1-LUC). This
mutant exhibited fourfold slower IAA1-LUC degradation compared with the progenitor line, and
seedlings displayed altered auxin responses. Experiments identified the mutant as an allele of CULI,
named cull-7. The cull-7 mutation affects the C terminus of the protein, results in reduced cull-7 levels,
and interferes with RBX1 interaction. cull-7 seedlings are defective in degradation of an endogenous SCF
substrate, Repressor of gal-3 (RGA), and have altered responses to gibberellins. cull-7 seedlings exhibit
slower degradation of the lightlabile red/far-red photoreceptor phytochrome A and are photomorpho-
genic in the dark. This mutation represents the first reported allele of CULI to directly affect subunit

interactions at the CULI C terminus.

HE ubiquitin pathway catalyzes the post-translational
modification of substrate proteins with the small
protein ubiquitin, and it includes the enzymes catabo-
lizing ubiquitylated proteins and additional proteins
regulating the process. Conjugation of ubiquitin to
proteins in the cytosol and nucleus of eukaryotes has
diverse biological consequencesandisinvolved in almost
every aspect of eukaryotic biology (WEISSMAN 2001;
DRrREHER and CAvLLIs 2007; SCHWECHHEIMER et al. 2009).
Ubiquitination is catalyzed by a series of enzymes con-
sisting of an El (ubiquitin activating enzyme), an E2
(ubiquitin conjugating enzyme), and an E3 (ubiquitin
ligase). Ubiquitin is ultimately transferred to a lysyl
residue within a substrate protein or to one or more lysyl
residues of a previously attached ubiquitin, forming a
polyubiquitin chain. One fate of polyubiquitylated pro-
teins is hydrolysis by the 26S proteasome, a megadalton
barrel protease complex (reviewed in SMALLE and VIERSTRA
2004). The specificity and regulation of ubiquitylation
remains a major focus of research.
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Ubiquitin ligases constitute the largest enzyme class
in the ubiquitin pathway and in most cases confer
substrate specificity. They are responsible for interact-
ing with both the substrate and the E2 carrying activated
ubiquitin. One major class of E3s is the multisubunit
SCF type. Each member of the SCF family contains a
scaffolding CULLIN1 (CUL1) subunit that binds sub-
strate-recognizing subunits at its N terminus and the
RING-finger protein RBX1 (Ring-box1) atits C terminus
(CArRDOZO and PAacano 2004; Bosu and Kipreos 2008;
HotTton and CarLis 2008). The RING domain of RBX1
recruits the ubiquitin-charged E2 and brings it into
proximity of the substrate. The substrate recognition
subunits of the SCF are the adaptor SKP1-like protein
(ASK1 in plants) and a substrate binding F-box protein
(reviewed in CARDOZzO and Pacano 2004). The F-box
protein is the variable subunit of the complex and
interacts directly with the substrate. Over 700 different
F-box proteins have been postulated in Arabidopsis and
rice (GAGNE et al. 2002; JAIN et al. 2007). Substrate
specificity appears to be determined in large part by the
nature of the F-box protein present. Thus, the assembly
and regulation of SCF activity is of considerable interest.

SCF activity in animals, fission yeast, and plants is max-
imally active after the CULI subunit is covalently modified
by a ubiquitin-like protein called Neural-Precursor-Cell-
Expressed, Developmentally Downregulated 8 (NEDDS)
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in metazoa and fission yeast and Related to Ubiquitin
(RUB) in plants and budding yeast (LAMMER et al. 1998;
DEL Pozo and ESTELLE 1999; OHH et al. 2002; DHARMASIRI
et al. 2003; BosTICK et al. 2004). This attachment follows
an enzymatic cascade similar to that of ubiquitin, be-
ginning with RUB1/2 activation by a heterodimeric E1,
then transfer to the RUB1/2 E2, and finally transfer to
CULI using RBX1 as part of the RUB1/2 E3 (DeL Pozo
et al. 1998, 2002; KAMURA ¢t al. 1999; GrAY et al. 2002;
BosTIcK et al. 2004; LARSEN and CANCEL 2004; Woob-
WARD el al. 2007). One of the original auxin resistant
mutants, axrl, is an allele of the N-terminal half of the
RUB1/2 E1 heterodimer (LEYSER et al. 1993; DL Pozo
et al. 1998).

Just as RUB conjugation to CULI is required for
proper function, so is its removal by the protease activity
of the COP9 signalosome (reviewed in CoPE and DESHAIES
2003; Wer and DENG 2003). This cycle of conjugation—
deconjugation is, in part, regulated by CANDI (Cullin-
Associated-Neddylation-Disassociated 1) (L1u et al. 2002;
ZHENG et al. 2002a; OSHIKAWA et al. 2003; GOLDENBERG
et al. 2004; MIN et al. 2005; BORNSTEIN ef al. 2006; Lo
and HANNINK 2006; CHEw and HaceNx 2007). Many
outstanding questions remain regarding regulation of
SCF ligases. The identification of Defective-In-Cullin-
Neddylation 1 (DCN1) as a scaffold-type E3 for NEDDS,
as opposed to RBX1 alone, has added a new dimension
to this complexity (Kurz et al. 2005, 2008; Biswas et al.
2007; YANG et al. 2007). Work is also needed to sort out
how RBX1 discriminates between the RUB E2 and the
UBQ E2.

Much evidence has implicated SCF ligases in plant
hormonal signaling mechanisms (THOMANN et al. 2005).
The first discoveries linked auxin signaling to a specific
SCF, SCF™' (GRrAY et al. 1999) and subsequently to
a small family of related F-box proteins, the AFBs
(DHARMASIRI ¢t al. 2005b) . These proteins are also auxin
receptors, binding both auxin and Awuxin/Mhdole-3-
Acetic Acid (Aux/IAA) proteins (DHARMASIRI ¢! al.
2005a,b; Kepinskl and LEySeErR 2005). Auxin binds at
the base of a pocketin a region of the TIR1 leucine-rich-
repeat domain, facilitating binding of the core Aux/IAA
sequences in the same pocket (TaNet al. 2007) . Aux/IAA
proteins are the substrates of SCF™" and they function
in auxin signaling as short-lived transcriptional regula-
tors (reviewed in QUINT and GrAY 2006). High levels of
exogenous auxin stimulate rapid ubiquitin-mediated
degradation of some Aux/IAA proteins (GRAY el al.
2001; TrwARt et al. 2001; ZENSER et al. 2001). Auxin-
responsive degradation of the Aux/IAAs requires a core
sequence of GWPPL/V/I within a region conserved in
many Aux/IAAs called domain II, identified by using
Aux/IAA-luciferase (IAA-LUC) fusion proteins, and deg-
radation is slowed when these residues are substituted
(Ramos et al. 2001).

In addition, forward genetic screens searching for
Arabidopsis thaliana plants with altered responses to

auxin as well as for developmental responses not
necessarily directly linked to auxin-identified semidom-
inant mutations with substitutions in the Aux/IAA core
sequence (above), suggest defects in degradation. In
many cases, slowed degradation of the mutant protein
was experimentally verified (TIMPTE et al. 1994; LEYSER
et al. 1996; ROUSE et al. 1998; NaGPAL ef al. 2000; T1aN
et al. 2002; TATEMATSU et al. 2004; YANG et al. 2004).
Other auxin response mutants include plants with
defective subunits of the SCF ubiquitin E3 ligase or
mutations that cause misregulation of SCF activity/
assembly (RUEGGER et al. 1998; GrAY et al. 2003;
HeLLMANN et al. 2003; CHENG et al. 2004; CHUANG
et al. 2004; FENG et al. 2004; DHARMASIRI ¢f al. 2005b;
QUINT et al. 2005; ALONSO-PERAL et al. 2006; WALSH el al.
2006; MooN et al. 2007; WOODWARD et al. 2007).

SCF ubiquitin ligases are also required for other plant
hormonal signaling pathways, including jasmonic acid
(JA), ethylene, and gibberellic acid (GA) (reviewed in
THOMANN et al. 2005). SCF“°" functions to target for
degradation a group of transcriptional repressors called
Jasmonate ZIM-Domain (JAZ) proteins, and remarkably
has been identified as a receptor for jasmonic acid and
its derivatives (CHINT el al. 2007; THINES el al. 2007;
KaTsIR et al. 2008). Ethylene signaling requires stabili-
zation of EIN3, which is constitutively targeted for deg-
radation by SCF**'/? (GAGNE el al. 2004) and may
require phosphorylation prior to ubiquitylation (Yoo
et al. 2008). DELLA proteins, which are negative reg-
ulators of the GA signaling pathway, are rapidly de-
graded in response to the hormone (FLEET and SunN
2005). In Arabidopsis, the DELLA, Repressor of gal-3
(RGA) degradation requires the SCF™' E3 ubiquitin
ligase (McGINNIS el al. 2003; DILL et al. 2004).

SCF ligases have a defined role in cell cycle control in
various eukaryotes (reviewed in PETROSKI and DESHAIES
2005). Recent progress in this area has also demon-
strated the importance of the F-box protein SKP2A in
regulating cell division in Arabidopsis by contributing to
KRP1 degradation, and SKP2A degradation itself is reg-
ulated by auxin (JURADO et al. 2008; REN et al. 2008).
Aside from their roles in hormonal signaling and cell
cycle control, SCF ubiquitin ligases are important for
flower development, circadian rhythms, phosphate star-
vation, and myriad other processes, as suggested by the
abundance of F-box proteins in Arabidopsis (LECHNER
et al. 2006).

Homozygous null mutations in CULI are embryonic
lethal and exhibit various defects when heterozygous
due to haplo-insufficiency (SHEN et al. 2002; HELLMANN
et al. 2003). Missense CULI mutants have also been
characterized. Two semidominant alleles of CULI,
namely axr6-1 and axr6-2 cause substitutions at the same
N-terminal residue. Corresponding mutant proteins,
consequently, are affected in their interaction with ASK1
(HELLMANN et al. 2003). axr6-3, a recessive allele, has a
mutation at the N terminus of the protein as well and
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affects ASKI1 binding, but is a temperature-sensitive
allele (QUINT et al. 2005). The substitution in a fourth
missense mutation, which is also recessive, cull-6, is only
four amino acids away from the substitutions in axr6-1
and axr6-2 and affects CAND1 binding, but not ASKI1
interaction (MOON et al. 2007).

Here, we report the identification and characteriza-
tion of a novel, missense, recessive allele of CULI (called
cull-7) identified from a screen designed to isolate
mutants defective in the degradation of an IAA1-LUC
fusion protein. cull-7is the only recessive allele to affect
function at the C terminus of CULIL. Because of its
unique biochemical phenotype and its strong photomor-
phogenic phenotype at 28°, cull-7will be a useful tool in
understanding regulation of SCF function and in sorting
out the role of SCF-ligases in photomorphogenesis.

MATERIALS AND METHODS

Plant materials and growth conditions: All plants were A.
thaliana, ecotype Columbia (Col-0). Phenotypic studies of
homozygous cull-7 used in this study were F3 plants from the
third backcross to CULI with the exception of cull-7 axrI-30,
which was created by crossing pollen from a cull-7 Ms plant
onto an axrl-30 pistil. Transgenic complementation lines were
created using the floral dip method (CLouGH and BENT 1998),
and all lines were either homozygous Ts or T, generation.
Growth media (GM) consisted of 4.3 g/liter Murashige and
Skoog (MS) basal salts (Sigma-Aldrich), 1% sucrose, 2.5 mm
MES, 1X B vitamins (0.5 pg/ml nicotinic acid, 1.0 pwg/ml
thiamine-HCI, 0.5 pg/ml pyroxidine-Cl, 0.1 ng/ml myo-
inositol), 8 g/liter BactoAgar (Becton, Dickinson and Com-
pany), pH 5.7 unless otherwise noted. Plants grown on soil
were first started on GM then transferred to soil and grown as
described. All seeds were surface sterilized prior to use in any
experiment.

Genetic screen: T, seeds of a plant line harboring a
UBQI10:IAAI-LUC expression cassette (referred to here as
CULI), (WORLEY et al. 2000) were mutagenized with 0.2%
ethyl methanesulfonate (EMS) for 24 hr and prepared for
planting on soil using standard protocols. Seeds were collected
from 7475 M; plants and initially screened for high LUC
activity by plating 200 seeds on a GM plate, growing for 1 week,
adding 1 ml Imwm luciferin and incubating in the dark for 1 hr.
Plates were then visualized using a CCD camera (Princeton
Instruments model NTE/CCD-TKD D12990) using WinView/
32 version 2.4 software (Roper Scientific, Trenton, NJ). Seed-
lings with higher LUC activity were transferred to soil, and Mg
seeds collected for IAAI-LUC degradation analysis. The IAA1-
LUC coding region was sequenced from higher light emitting
plants and found to be identical to that introduced into the
progenitor line.

Genetic mapping: To create a mapping population, the
mutant was crossed to Ler and a total of 99 Fs individuals
displaying the mutant phenotype were obtained. Bulked
segregant analysis linked the mutation to ciwb (http:/www.
arabidopsis.org), an SSLP marker on chromosome IV. Geno-
typing Fy mapping individuals for ciwb, GAl.1, and nga8,
placed the mutation between ciwb and GAl.1 (http:/www.
arabidopsis.org). CULI was a good candidate gene within this
interval; therefore, 825 bp upstream of the translational start
to 224 bp downstream of the translational stop in genomic
DNA prepared from the mutant was sequenced.

Auxin and GA sensitivity tests: For auxin sensitivity experi-
ments, seedlings were grown on GM for 5 days, transferred to
vertical plates containing the indicated concentration of 2,4-D
(Sigma) or the corresponding amount of 0.1 M KOH solvent.
The length of the primary root was marked. Plants were grown
vertically for 7 additional days, and primary root length was
determined. The percentage of inhibition for a given concen-
tration is the average of that calculated from three indepen-
dent experiments for 5-12 roots for each plate. Percentage of
root growth inhibition was calculated by the following for-
mula: percent inhibition = (1 — growth on 2,4-D/growth on
KOH) X 100. For GA sensitivity experiments, seeds were cold
stratified overnight in water, and plated directly on GM plates
with 10 um paclobutrazol (PAC) (Riedel-de Haén) containing
1,10, or 100 wm GAs (Sigma). Plates were wrapped in foil, and
grown for 5 days at 20° or 28°. Hypocotyl length was measured
from the point of cotyledon attachment to the point of root
hair emergence. National Institutes of Health Image J 1.36b
was used to measure roots and hypocotyls.

Protein degradation experiments: For single-seedling deg-
radation assays, seeds were plated in individual wells of white
polystyrene flat-bottom 96-well plates (Whatman, Clifton, NJ)
that contained 100 pl of GM. The plates were sealed to prevent
desiccation with microplate adhesive film (USA Scientific),
cold stratified overnight, and placed at 22° under constant
light for 6 days. On day 7, 50 wl of 1 mm D-luciferin potassium
salt (Gold Bio Technology) dissolved in liquid GM was added
to the seedlings in the plates, and the plates were incubated in
the dark for 1 hr. Cycloheximide (Sigma-Aldrich) dissolved in
GM was then added to a final concentration of 200 pg/ml.
Light emission from each seedling was then monitored every
15 min over a 60-min time course using a MicroLumat LB 96 P
luminometer (EG&G Berthold Instruments). For data analy-
sis, the relative light unit (RLU) initial readings from seedlings
of the same genotype were averaged, and then the readings
from the time course, including the initial for each individual,
were normalized (divided) by that average. To linearize the
data, the natural log of the normalized RLU for each seedling
at each time point was calculated. The average In(normalized
RLU) for each time point with its corresponding standard
deviation was plotted on the y-axis against time on the x-axis.
To calculate the half-life, In(0.5) was divided by the slope
of degradation line. Pooled-seedling IAA1-LUC degradation
experiments were performed as described in DREHER et al.
(2006).

For RGA degradation experiments, CULI and cull-7 seeds
imbibed in water in the dark at 4° for 3 days. Seeds were then
plated on 1X MS, 1.2% agar in 100 X 15 mm Petri dishes,
and incubated under constant light at 22°. On day 5, 3 ml of a
100 pm PAC solution in GM was added to the plates and the
plates were incubated for 4 more days. The remaining PAC
solution was then removed, and an 8ml GM solution,
containing 200 pwg/ml cycloheximide, 100 pm PAC * 20 nM
GA4, was added to the plates. Samples collected at each time
point were immediately frozen in liquid nitrogen. Protein
extraction and immunoblot analysis using affinity-purified
RGA polyclonal antibodies were performed as described
previously (SILVERSTONE et al. 2001). Half-life estimates were
based on densitometry and comparison to the values for
dilutions of the “0” time point.

For phytochrome A degradation experiments, seeds (~2 mg
in 1 ml liquid GM) were aliquoted into 60 X 15 mm plates.
Plates were sealed, wrapped in foil, and cold stratified at 4° for
2 days. Seedlings were dark grown for 7 days at 22°. On the day
of the experiment, plates were opened under dim green light;
“dark” samples were immediately collected, and frozen in
liquid nitrogen. The solution was removed from the remain-
ing plates and replaced with 1 ml of 200 pg/ml cycloheximide
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dissolved in GM and then placed under 20 wmol m* s™' red
light for the indicated time, then flash frozen in liquid
nitrogen. Protein extracts were prepared as described below.

Genotyping: Because the mutation in cull-7 does not create
a CAPS marker, we used dCAPS (MicHAELS and AMASINO
1998; NEFF et al. 1998) to follow the allele. Using dCAPS Finder
2.0 (http:/helix.wustl.edu/dcaps/dcaps.html), we designed a
forward primer (5'-GATTGACTTGACCGTCACTGTTGATA-3")
that has two mismatches, which in combination with the
mutation in cull-7, creates an EcoRV site in the PCR product;
the site is missing in the PCR product produced from CULI
with the same primer. With the reverse primer (5-CTG
TGTTTCGTTTTCGTTTCA-3") the fulllength product is
220 bp and becomes 194 bp after EcoRV digestion. Fragments
were resolved on 4% agarose gels. To genotype the CULI-
FLAG cull-7 complementation lines, a 1.3-kb genomic frag-
ment specific to the endogenous locus using the forward
primer 5'-GTGACAGGTGACGGATTTGA-3" and the reverse
primer 5'- CATTAAGGCCATTTCTCCATCT-3' were used as a
template for the dCAPS PCR.

A similar approach using dCAPS was used for genotyping
axr6-3. The forward primer (5'-GTTCTTCTGTCAGGTTGA
TCTA-3") was designed with two mismatches, resulting in an
Xbal site in the fragment produced from CULI, which is not
present in axr6-3. The full-length fragment produced with the
reverse primer (5-CACGAGTCATGCCTTCAACA-3") is 229 bp,
210 bp after digestion with Xbal.

Western blots and antibodies: All plant extracts for Western
blot analysis were prepared by grinding frozen samples in 150—
200 pl extraction buffer [560 mm Tris-HCI pH 8.0, 150 mm
NaCl, 20 mm EDTA pH 8.0, 1% glycerol, 0.15% NP-40, 1 mm
PMSF, 1 tablet/10 ml Complete Mini protease inhibitor pill
(Roche)] unless noted otherwise. Samples were cleared by
centrifugation at 16,000 X g for 20 min. Protein concentration
was determined by Bradford assay (Bio-Rad). Protein was
transferred to Immobilon-P membrane (Millipore) and pre-
pared for probing with antibodies using standard techniques.
Protein on membrane was visualized using an Amersham ECL
Plus detection kit (GE Healthcare). All blocking and in-
cubation of antibodies with membrane was done in Blotto
(IX TBS, 0.1% Tween-20, 5% powdered nonfat dry milk).
Rabbit primary antibodies against PhyA, CUL1, and RGA have
been previously described (EricH and LAGARIAS 1987; GRAY
et al. 1999; SILVERSTONE et al. 2001). Other antibodies were
goat anti-rabbit IgG-horseradish peroxidase secondary antibodies
(Jackson ImmunoResearch), mouse anti-FLAG primary anti-
bodies (Sigma), rabbit anti-GST polyclonal antibodies (Santa
Cruz Biotechnology, catalog no. sc-459), goat anti-mouse IgG-
horseradish peroxidase secondary antibodies (Kirkegaard and
Perry Laboratories), and a rabbit anti-ROCI polyclonal anti-
body (AHO0402, Invitrogen) previously demonstrated to be
immunoreactive with AtRBX1 (Xu et al. 2002).

Protein expression and immunoprecipitations: A cDNA of
AtRBX1 was cloned into pDestl5 using Gateway Technology
(Invitrogen) for expression of GST-RBX1 in Escherichia coli as
described in STONE et al. (2005). This construct was trans-
formed into BL21 arabinose-inducible E. coli (Invitrogen).
Cultures were grown to an ODggg of 0.6 and induced with 0.2%
arabinose at 37° for 3 hr. Cells were harvested by centrifuga-
tion at 16,000 X g for 10 min and lysed using standard
techniques in GST lysis buffer (25 mm Tris-HCI pH 7.5, 500 mm
NaCl, 0.1% Triton X-100). Lysate was cleared by centrifugation
at 16,000 X gfor 20 min; GST-RBX1 was affinity purified from
the supernatant using 1 ml of glutathione-sepharose beads
(GE Healthcare). Beads were washed three times for 20 min in
GSTwash buffer (25 mwm Tris-HCl pH 7.5, 300 mm NaCl, 0.01%
Triton X-100), then mixed with 1 ml GST elution buffer (25 mm
Tris-HCI pH 7.5, 150 mm NaCl, 0.01% Triton X-100, 50 mm

reduced glutathione) overnight to elute GST-RBXI. Eluted
GST-RBX1 was buffer exchanged at a 1:3840 dilution into
25 mm Tris-HCI pH 7.5, 25 mm NaCl using a 10,000 NMWL
Amicon Ultra-4 centrifugal filter device (Millipore). GST-
RBX1 was then concentrated to ~250 ng/pl using an Ultra-
free-0.5 centrifugal filter device (Millipore). GST was ex-
pressed from the pGEX2T construct (GE Healthcare) in
BL21 pLysS E. coli by inducing 1 liter of cells (ODgg9) with
1.0 mm IPTG for 2 hr at 37°. GST was purified and
concentrated as described above for GST-RBX1.

The CULI coding sequence in the pUNI51 (YAMADA et al.
2003) backbone (clone U09998, The Arabidopsis Resource
Center) was changed to the cull-7 sequence by site-directed
mutagenesis using the forward primer 5'-GACTTGACCGTC
ACTGTTCTTATCACTGGTTTCTGGCC-3" and its reverse
complement as the reverse primer. The CULI and cull-7
coding sequences were then moved into pDONR201 (Invi-
trogen) using Gateway Technology, sequence verified, and
subsequently recombined into pEXPI-DEST (Invitrogen).
The resulting HISs-EXP-CUL1 and HISg-EXP-cull-7 expres-
sion vectors were added to a TnT T7 Coupled Reticulocyte
Lysate System (Promega). The translation mixes included
14 ng plasmid template per pl translation and 0.1 wCi/pl *H-
leucine (PerkinElmer) and were incubated for 2 hr at 30°.

For in vitro pull-down experiments, 100-pl translation
reactions for HIS-EXP-CUL1 and HISg-EXP-cull-7 were
supplemented with ~500 ng of purified GST-RBX1 or GST
(prepared as described above) and incubated for 2 hr at 30°.
Input fractions were removed and the remaining reactions
were diluted with 1 ml GST wash buffer. Glutathione-sepharose
beads (20 pl) were then added and incubated with mixing
overnight at 4°. Beads were collected by centrifugation and
washed three times for 30 min in 1 ml GST wash buffer. After
the last wash, beads were boiled in 40 pl of 5X Laemmeli
sample buffer (LSB). Proteins were separated by SDS-PAGE,
and °*H labeled HIS4-EXP-CULI and HISg-EXP-cul-7 were
visualized by autoradiography and GST-RBX by Western blot.

For RBXI-CULI co-immunoprecipitation experiments,
1-week-old seedlings grown in liquid GM were flash frozen
and ground in 1 pl/mg fresh weight in IP buffer [50 mm Tris
pH 7.5, 150 mm NaCl, 0.5% NP-40, 1 mm PMSF, 1 tablet/10 ml
Complete Mini protease inhibitor pill (Roche), 50 pum MG132
(Peptides International) ]. Extracts were cleared by centrifu-
gation at 16,000 X gfor 20 min at 4°. Protein concentration
was determined by Bradford assay, and immunoprecipitations
were performed using 5-10 mg total protein from each
genotype. Extracts were precleared for 2 hr at 4° with 50 pl
1:1 v:v Protein A agarose slurry (Sigma, P-1406) per 5 mg total
protein. To immunoprecipitate RBX1, 4 g of anti-ROCI1
antibody (Invitrogen) per 1 mg total protein were added to the
extract. After 2 hr of rocking at 4°, 10 pl of Protein A agarose
slurry per 1 mg total protein were added and samples allowed
to incubate overnight with gentle rocking. Immunocomplexes
were collected by centrifugation at 2,000 X gand washed four
times in 1ml IP buffer for 20 min. Remaining wash buffer was
aspirated and protein was eluted from the Protein A agarose
into 40 pl of 100 mm glycine pH 1.9 by vortexing gently for 1 hr
at room temperature. Eluant was neutralized with 1 M NaOH,
SDS sample buffer added, and boiled for 5 min. Equal volumes
were loaded onto 8 and 15% polyacrylamide gels for sub-
sequent anti-CULI and anti-RBX1 Western blots, respectively.

CULI-FLAG was immunoprecipitated from 12-day-old light-
grown complementation lines with anti-FLAG M2 agarose
beads (Sigma, A2220). Extracts were prepared in IP buffer with-
out MG132, and 4 mg total protein from each genotype were
mixed with 30 pl anti-FLAG beads overnight at 4°. Beads were
collected by centrifugation, washed three times for 20 min in
1 ml1IP buffer, boiled in 20 wl LSB, and separated by SDS-PAGE.
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RESULTS

A screen for mutants defective in IAAI-LUC
degradation identifies a new allele of CULI: To identify
genes important for regulating Aux/IAA protein degra-
dation, a genetic screen based on an increase in LUC
activity from plants expressing an Aux/IAA-LUC fusion
protein from a transgene in A. thaliana (Col) was per-
formed. In vivo LUC activity from individual 7- to 10-
day-old Ms seedlings expressing full-length TAA1-LUC
(Ramos et al. 2001; ZENSER et al. 2001, 2003; DREHER et al.
2006) was measured. The substrate luciferin was added
tointact seedlings, and light emission, a product of LUC
activity, from each seedling was measured. Seedlings
emitting >50% more light than the progenitorline were
propagated. To determine if increases in light emission
result from slowed IAA-LUC degradation, an assay to
measure protein degradation directly in intact single
seedlings was designed. Single M, or control seeds were
sown directly into individual wells of a 96-well plate and
after 7 days, luciferin and cycloheximide, a protein
synthesis inhibitor, were added. The amount of light
emitted was monitored over a 60-min time course.

Using this screen, we identified one line that ex-
hibited slower IAAI-LUC degradation (Figure 1A, dotted
line). The half-life of IAA1-LUC in the mutant seedlings
(designated cull-7, see below) was ~50 min, ~3.5 times
slower than the ~15-min half-life for IAAI-LUC in the
nonmutagenized seedlings. (Figure 1A, shaded line,
designated CULI). The halflife of IAAI-LUC in cullI-7
was similar to that of LUC (~70 min), which lacks the
IAAT degron (Figure 1A, solid line). This measurable
loss of activity from plants expressing LUC alone has
been observed previously and ascribed to increased
degradation when luciferin is added to intact cells (N.
ZENSER and ]. CALL1s, unpublished data). The increased
rate of loss of LUC alone from in vivo addition of its
substrate prevents using this specific in vivo degradation
assay to measure the halflives of LUC fusion proteins if
the fusion protein half-life is slower than that observed
for LUC alone, which is ~70 min.

To confirm the half-life differences observed using the
screening method and single-seedling degradation assay
and to more accurately measure the IAAI-LUC degra-
dation rate in cull-7, we determined degradation rates in
these same lines using our traditional pooled-seedling
degradation assay (WORLEY et al. 2000; DREHER et al.
2006) (Figure 1B). In this case, only cycloheximide is
added to the intact seedlings and LUC activity is de-
termined in extracts prepared at various times after
addition. In these assays, LUC alone shows no loss of
activity in the time course (Figure 1B, solid line), con-
sistent with previous results (WORLEY et al. 2000; Ramos
etal. 2001; DREHER et al. 2006) . The half-life of IAAI-LUC
was ~80 and 21 min in mutant and wild-type seedlings,
respectively, confirming that the mutant shows altered
rates of JAAI-LUC degradation (Figure 1B, dashed and
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FIGURE 1.—Degradation of IAAI-LUC in cull-7. (A) Single-
seedling degradation assay. Experiment performed on 7-day-
old seedlings. Zero represents the initial luciferase activity of
seedlings in the initial plate reading. Values represent aver-
ages = 1 SD from a total of at least 56 seedlings from two in-
dependent experiments. T; /o (IAA1-LUC) = 15 and 53 min,
respectively, for CULI and cull-7. Ty,o (LUC) = 70 min in
CULI. (B) Pooled-seedling degradation assay. Values repre-
sent averages = SD from a total of 9 replicates, from three in-
dependent experiments. T} o (IAA1-LUC) = 21 and 83 min,
respectively, for CULI and cull-7. Loss of LUC in CULI is not
detected.

shaded lines, respectively). This ~80-min half-life was
consistent between generations and in homozygous
seedlings after several backcrosses to the nonmutagen-
ized transgenic line (data not shown).

Bulked segregant analysis (MICHELMORE et al. 1991;
Lukowrrz et al. 2000) placed the mutation on the short
arm of chromosome IV. Using a series of SSLP and CAPS
markers spanning the short arm of chromosome IV, the
mutation was located within a genetic interval that in-
cluded the CULLINI (CULI) gene, which encodes the
cullin subunit of SCF-type ubiquitin ligases (GRAY et al.
1999). We sequenced the CULI coding region from the
mutant line and found one difference from wild type—a
C-to-T transition in exon 16 of CULI resulting ina T5101I
substitution (Figure 2A). We called this allele culI-7. The
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A
DNA SEQUENCE

AMINO ACID SEQUENCE

AMINO ACID SEQUENCE ALIGNMENT

GACCGTCACTGTTCTTACCACTGGTTTCTGGCCAAGTTACAAATCATTTGACATAAATCT 3120 CULI
GACCGTCACTGTTCTTATCACTGGTTTCTGGCCAAGTTACAAATCATTTGACATAAATCT 3120 cull-7

ARENQNSFEDYLGSNPAANPGIDLTVTVLTTGFWPSYKSFDINLPSEMIKCVEVFKGFYE 540 CULI
ARENQNSFEDYLGSNPAANPGIDLTVTVLITGFWPSYKSFDINLPSEMIKCVEVFKGFYE 540 cull-7

SNPAANPGIDLTVTVLTTGFWPSYKSFDINLPSEMIKCVEVFKGFYETKTKHRKLTWIYS 553 At
NS--EPLDLDFSIQVLSSGSWPFQOSCTFALPSELERSYQRFTAFYASRHSGRKLTWLYQ 584 Hs

Ficure  2.—Identifica-
tion and molecular model-
ing of cull-7 allele. (A)
DNA and amino acid
sequence comparison of
cull-7 and CULI, and
amino acid sequence align-
ment of A(CUL1 with
HsCULI. The positions af-
fected by the cull-7 are
highlighted in red. Se-
quence alignments were

HsCUl.1
AfCULA1

performed using standard
parameters of ClustalW
(http://www.ebi.ac.uk/
clustalw/). (B) Structural
overlay of AtCULI (pink)
and HsCUL1 (green). The
structure of A(CULL was
predicted using SWISS-
MODEL protein modeling
server (http:/swissmodel.
expasy.org), and the over-
lay was generated using
Coot software. (C) Crys-
tal structure of HsCULI
(green) with HsRBXI1
(blue). The PDB file for
this  structure  (ZHENG
et al. 2002b) was down-
loaded from the Research
Collaboratory for Struc-
tural Bioinformatics Pro-
tein Data Bank (http:/
www.rcsb.org/pdb/home/
home.do) and manipu-
lated using PyMol molecu-
lar graphics system (http://
www.pymol.org). Serb4l
of HsCUL1, which aligns
with Thr510 of A(CULI,
is highlighted in red.
Lys720, site of RUB modifi-
cation, is highlighted in
purple. (D and E) Model-

ing of cull-7in HsCULL. (D) Close-up view of HsCULI (green), Ser541 with HsRBX1 (blue). (E) HsCUL1 Serb41Ile with HsRBX1.

Residue 541 is highlighted in red.

threonine residue in wild-type CULI is conserved
among other cullin family members; AtCUL1, AtCUL2,
AtCUL3a, AtCUL3b, and AtCUL4. Additionally, amino
acid sequence alignment revealed that Thr510 of
AtCUL1 aligns with Ser541 of HsCULI, suggesting a
functional conservation of this residue between the
species (Figure 2A).

We modeled the sequence of AtCUL1 with the known
crystal structure of human CUL1 (HsCULL) in complex
with HsRBX1 (ZHENG et al. 2002b), and Thrb510 of
AtCUL1 overlapped with Ser541 of HsCULI as sug-
gested by the primary sequence alignment (Figure 2B).
Serb41 is at the end of an HsCULI1 B-strand near the
beginning of a loop in HsCULI. This HsCULI B-strand
interacts with a B-strand of HsRBX1 (Figure 2, Cand D).
While the hydroxyl group of HsCULI Ser541 does not

participate in hydrogen bonding with any residues of
HsRBXI1, it is within hydrogen bonding distance of
Aspb10 of HsCULI, which is conserved as Asp477 in
AtCULI. Moreover, the backbone nitrogen of Leu540 is
within hydrogen bonding distance of the backbone
carbonyl of Ala31 of HsRBX1, and these residues are
conserved in the corresponding Arabidopsis homologs.
There is insufficient room for the side group of iso-
leucine (the amino acid in cull-7) in the crystal structure
when substituted for Serb41 in silico (Figure 2E), and
such asubstitution could potentially affect the described
interaction with RBXI in this region.

cull-7 is recessive and plants display pleiotropic
developmental defects similar to other CULI alleles:
To assess the recessivity of the cull-7allele, we performed
single-seedling degradation assays (as described in
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FIGURE 3.—Morphologi-
cal phenotypes of cull-7 in
comparison to wild type
and axr6-3. (A and B) Ae-
rial phenotype of cull-7.
(A) One week-old cull-7
(left) and the progenitor
line CULI (right) seedlings
grown on GM were trans-
ferred to soil and grown
4 weeks more under a 16-hr
photoperiod. (B) Close up
of cull-7 phenotype in A.
oult-7 Bars, 1 cm. (C) Allelism test
of cull-7 with axr6-3. cull-7
was crossed to axr6-3, and
the resulting F, progeny
were grown 2 weeks at 22°
under constant light on

1 axré- cull-7
G CUL 6-3 l
seedling i

phenotype --_:;_"m ——— —
adult

phenotype

Figure 1A) on a segregating Fy population derived from
the self of a backcross of cull-7 with the progenitor
transgenic line. The defect in JAAI-LUC degradation
segregated 3:1 (x* = 0.68, P = 0.410, d.f. =1, n=49),
indicating that the trait was recessive. The cull-7 allele
cosegregated with the mutant phenotype after three back-
crosses (data not shown), suggesting that the mutation
in cull-7 is responsible for the observed phenotypic
differences.

cull-7 plants display pleiotropic phenotypes at almost
all stages of development (Figures 3-5). Adult cull-7
plants are dwarfed, exhibit a reduction in apical dom-
inance, and have numerous curly leaves (Figure 3, A and
B). We more directly determined that the lesion in cull-7
was responsible for the observed phenotypes by per-
forming an allelism test with axr6-3, a recessive, temper-
ature-sensitive allele of CULI that contains a missense
mutation near the N terminus (QUINT et al. 2005). We
used a dCAPS-based method to distinguish the mutant
alleles from wild type (MicHAELS and AMASINO 1998;
NEFF et al. 1998) and to verify the genotypes of in-

GM plates, genotyped, then
transferred to soil for an
additional 6 weeks.

dividuals from crosses (see MATERIALS AND METHODS
and supplemental Figure 1). The phenotypes of the cull-
7/ axr6-3 heteroallelic F; plants are equivalent to cull-7
homozygotes (Figure 3C), indicating that the lesion in
cull-7is likely responsible for the observed phenotypes.

cull-7 can be partially complemented by expression
of CUL1-FLAG: We attempted to complement the cull-
7 phenotype by expressing epitope-tagged CULI under
its own 5’ flanking region. We used an expression
cassette containing a 5221-bp genomic fragment from
the CULI locus that includes 1103 bp of sequence
upstream of the translational start site and the entire
coding region with the addition of in-frame codons for
the FLAG epitope before a stop codon (REN et al. 2005).
CULI-FLAG expression can be detected in transgenic
Columbia plants containing this construct, and CULI-
FLAG was additionally shown to interact with COIl,
ASKI, and RBXI1 in co-immunoprecipitation experi-
ments (REN et al. 2005).

Because cull-7 plants are difficult to transform, we
transformed CULI1/ cull-7 heterozygotes and obtained



952

J. Gilkerson et al.

F1GUrE 4.—Genetic complementation of cull-

7with CULI-FLAG. (A) Seedling and adult phe-
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98 T, individuals, of which 25 genotyped as CUL1/ cull-7
(data not shown). Seventeen of the 25 independent T,
lines were carried forward to the Ty generation. None of
the Ty plants that genotyped as homozygous cull-7
looked wild type, but had phenotypes resembling partial
complementation. Six homozygous cull-7 T lines were
carried to the Ts generation, and individuals homozy-

notypes of CULI, cull-7, CULI CULI-FLAG, and
cull-7 CULI-FLAG lines. Complementation lines
were homozygous Tg generation and expressing
CULI-FLAG from the same genetic locus. (B)
Degradation of IAA1-LUC in cull-7 complemen-
tation lines. Single-seedling degradation assays,
as described in Figure 1A, were performed on
2-week-old seedlings. Values represent averages =
1 SD from a total of at least 50 seedlings from
six individual 96-well plates. T} o for IAA1-LUC =
11 min for CULI and CULI CULI-FLAG, 14 min
for cull-7 CULI-FLAG, and 44 min for cull-7.
(C) CULI-FLAG expression in complementation
lines. CUL1-FLAG was immunoprecipitated us-
ing anti-FLAG agarose from 4 mg total protein
from the genotypes described in A and B. Plants
used were 12-day-old light-grown seedlings. For
inputs, 40 pg and 100 pg total protein were
loaded for anti-CUL1 and anti-FLAG blots, re-
spectively. For the immunoprecipitation, 90%
of the volume was loaded for anti-CULI blot
and 10% loaded for the anti-FLAG blot. Numbers
on the left represent migration of molecular
weight markers, in kilodaltons (kDa). Arrowheads
represent the location of CUL1 and CUL1-FLAG
bands. The CULIRV® band is starred, and an as-
terisk denotes a nonspecific anti-FLAG immuno-
reactive species.

5
cuL1
=72

CUL1-FLAG

gous for CULI-FLAG expressing transgene were iden-
tified (called cull-7 CULI-FLAG). We were also able to
obtain the corresponding homozygous wild-type CULI
CULI-FLAG siblings for two of these lines from the
segregating Ty family. The seedling and adult pheno-
types for one of these pairs (T5 generation) are shown in
Figure 4A. Expressing CULI-FLAG in CULI does not
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A 110 B 9 FIGURE 5.—cull-7 con-
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< 101 at 20° are y = 0.5164In(x) +
® .l 3.7477, B = 0.9549; y =
3 0.2403In(x) + 1.7205, R? =
% 6 1 0.9925; y = 0.5999In(x) +
8 4 2.4086, R* = 0.9929; y =
I& 0.302In(x) + 1.722, R =
. 0.9986 for Columbia, cull-

0 7, axr6-3, and cull-6, respec-

Col axr6-3 cull-6 cult-7 tively. The equations for

Genotype P linear regression at 28°

cull-7

cul1-6 are y = 0.4934In(x) +

5.4062, R = 0.9928; y =

0.0146In(x) + 1.0826, R* = 0.1331; y = 0.139In(x) + 2.1705, R* = 0.9643 for Columbia, cull-7, and axr6-3, respectively. (C) Quan-
tification of hypocotyl lengths from 5-day-old etiolated Columbia (Col), cull-7, axr6-3, and cull-6 seedlings grown at two temper-
atures. Seedlings were grown 5 days in the dark on GM plates without GA or PAC at either 20° or 28°, then transferred to a plastic
sheet protector and imaged using a flat bed scanner. Values represent averages from at least 19 seedlings = SE. (D) Etiolated
phenotypes of Col, cull-7, axr6-3, and cull-6 seedlings from experiments in B and C. Grids represent 13 X 13 mm. Seedlings
of each genotype were arranged from left to right—GM, 1, 10, 100 pm GAs.

cause any observable phenotypic difference from Co-
lumbia wild type in either of the two lines (Figure 4A
and data not shown), consistent with a previous report
(REN et al. 2005).

Expression of CULI-FLAG in cull-7 partially comple-
ments the mutant aerial phenotype. Compared with
cull-7, cull-7 CULI-FLAG seedlings have larger true
leaves and are less dwarfed (Figure 4A, top). As adults,
some of the apical dominance is restored in cull-7 CULI-
FLAG as evidenced by a reduction in the number of
inflorescences and reduced dwarfism compared with
cull-7 plants (Figure 4A, bottom). Surprisingly, the
IAA1-LUC halflife in cull-7 CULI-FLAG was threefold
different from that in cull-7, ~14 and ~44 min, re-
spectively. The half-lives in CULI and CULI CULI-FLAG
were equivalent, indicating that expression of CULI-
FLAG does not change the IAAI-LUC degradation rate
(Figure 4B).

CULI-FLAG can be detected in both cull-7 CULI-
FLAG and CUL CULI-FLAG plants and results in in-
creased total CULI levels. Immunoblot analysis using
anti-FLAG antibodies on total protein extracts from
these two genotypes shows a FLAG immunoreactive

species (Figure 4C, bottom, lanes 3 and 4) that is
missing in CULI and cull-7 extracts (Figure 4C, bottom,
lanes 1 and 2), indicating that these plants are express-
ing CULI-FLAG. Immunoblot analysis of the same
extracts using anti-CULI antibodies revealed that the
level of CULLI protein is much higher in both CULI-
ILAG lines with both CULI and cull-7, presumably
because of the presence of CULI-FLAG migrating at
the same size as the endogenous CULI in these gels
(Figure 4C, top, compare lanes 1 and 2 with 3 and 4).
This was confirmed by performing a FLAG-IP using anti-
FLAG beads with protein extracts prepared from the
same four genotypes and immunoblotting with anti-
CULI or anti-FLAG antibodies. Only CUL1-FLAG ex-
pressing plants enriched for a CUL] immunoreactive
protein (Figure 4C, compare lanes 5 and 6 with 7 and 8).
Protein pulled down by anti-FLAG beads from cull-7
CULI-FLAG and CULI CULI-FLAG extracts comigrates
with endogenous CULI from CULI and cull-7 extracts
(Figure 4C, top, compare lanes 1 and 2 with 7 and 8). In
addition, slower migrating anti-CULI reactive forms
were also visualized in the anti-FLAG pull-down. Thus,
CULI-FLAG is present in both cull-7 and CULI back-
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grounds and CULI levels (composed of CUL1 + CULI-
FLAG) in the cull-7 CULI-FLAG and CULI CULI-FLAG
lines are greater than seen in CULI and culI-7 plants.

Auxin and GA responses are altered and skotomor-
phogenesis is affected in cull-7: We hypothesized that
the phenotypic differences between cull-7 and CULI
plants result from altered degradation of endogenous
SCF substrates. Due to its extremely low abundance, we
were not able to detect endogenous IAA3 protein from
total cull-7 protein extracts using IAA3 anti-serum
(CorLoN-CARMONA et al. 2000). Instead, we used another
indicator of defective degradation of endogenous Aux/
IAA proteolysis. Plants with defects in Aux/IAA degra-
dation have altered auxin responses. Mutations that
result in substitutions in the Aux/IAA core degron se-
quence, or mutations that affect SCF function have been
shown to confer auxin-resistant phenotypes (ROUSE
et al. 1998; RUEGGER et al. 1998; TiaN and ReEEp 1999;
HoBBsIE et al. 2000; NAGPAL et al. 2000; SCHWECHHEIMER
et al. 2001; TrwaARi et al. 2001; GrAY et al. 2002, 2003;
PARK et al. 2002; HELLMANN et al. 2003; BOSTICK et al.
2004; CHUANG et al. 2004; FENG et al. 2004; TATEMATSU
et al. 2004; YANG et al. 2004; DHARMASIRI el al. 2005b;
QUINT et al. 2005; ALONSO-PERAL et al. 2006; WALSH et al.
2006; MoON et al. 2007; WOODWARD el al. 2007).

We measured inhibition of primary root elongation
conferred by exogenous auxin in cull-7 as a measure of
auxin response (Figure 5A). CULI was very sensitive to
2,4-D, a synthetic auxin, reaching a nearly complete
inhibition on concentrations >0.2 wM, consistent
with Columbia wild-type response previously reported
(EsTELLE and SOMERVILLE 1987). The dose response for
cull-7 was very similar to that of axrl-30 and axr6-3, two
previously characterized auxin-resistant mutants. axrl-
30is a T-DNA insertional allele of AXRI characterized in
our laboratory. This allele is phenotypically identical to
published axrl null alleles (M. BosTICK, unpublished
data). All three mutants appear ~25% less sensitive than
CULI on high concentrations of 2,4-D. These results are
consistent with longer Aux/IAA halflives in cull-7
compared with CULI (Figure 1).

As CULI is a core subunit of all SCF complexes,
proteolysis of other SCF substrates should be affected in
cull-7. Similar to auxin, GA signaling depends on the
degradation of negative regulators called DELLA pro-
teins, and in Arabidopsis, SCF*""' is required for their
ubiquitylation (SILVERSTONE ef al. 1998, 2001; DILL et al.
2001, 2004; WEN and CHANG 2002; McGINNIS et al.
2003). Like the Aux/IAAs, DELLA proteins are rapidly
reduced in abundance in response to GA (FLEET and
Sun 2005). We therefore hypothesized that cull-7 plants
should have increased longevity of DELLA proteins and
consequently, be less sensitive to GA.

As a test of GA sensitivity, the response of dark-grown
hypocotyls to exogenous GAg was measured in plants
carrying the two previously published recessive alleles of
CULI, axr6-3 (QUINT et al. 2005) and cull-6 (MOON et al.

2007) and in cull-7 (this report) and Columbia (Col)
under the same growth conditions. It is well established
that GA promotes stem elongation, and GA signaling
mutants have a dampened response (reviewed in SUN
and GUBLER 2004). Because auxin signaling directly
influences GA levels (WoLBANG and Ross 2001; O’NEILL
and Ross 2002; WOLBANG et al. 2004; FRIGERIO ef al.
2006), and since all cull plants have altered auxin
responses (Figure 5A), 10 um paclobutrazol (PAC), a
GA biosynthesis inhibitor, was added to eliminate differ-
ences in the endogenous GA content between Col and
the cull alleles. We conducted the experiment at 20°
and 28° to compare the responses to axr6-3, which has a
temperature-sensitive phenotype (QUINT et al. 2005).
We were unable to perform the GA experiment with
cull-6 at 28°, because the seeds had very poor germina-
tion. Results are quantified in Figure 5B and represen-
tative seedlings are shown in Figure 5D. For Col, the
slopes of the response curve at these two temperatures
are equivalent, indicating that temperature does not
affect GA sensitivity (Figure 5B). axr6-3 responds similarly
to Col at 20°, but is ~3.5-fold less sensitive to GAg at 28°.
At 20°, both cull-6 and cull-7 are approximately twofold
less sensitive to GA than Columbia. Surprisingly, cull-7
was completely insensitive to GA at 28°, demonstrating a
more extreme temperature sensitivity than axr6-3in this
response.

To further explore the effects of cull on development,
we compared the dark-grown phenotype of cull mu-
tants. Additionally, because of the temperature-sensitive
GA response of axr6-3 and cull-7 (Figure 5B), we com-
pared dark-grown seedlings at the same two temperatures.
At 20°, etiolated axr6-3, cull-6, and cull-7seedlings have
an apical hook and closed cotyledons only differing
from wild type in hypocotyl length (Figure 5, C and D).
At 28°, all genotypes, including wild type, are unhooked;
however, cull-7 is strongly photomorphogenic with
open cotyledons and a dramatically shortened hypo-
cotyl (Figure 5D). All three cull alleles are statistically
shorter than Col at both temperatures and each geno-
type is statistically different from itself at the two tem-
peratures as determined by a Student’s ttest with a
Bonferroni correction for testing multiple hypotheses
(a=0.005, P=0.001). At 28°, both Col and cull-6 have
longer hypocotyls than at 20°, while axr6-3 and cull-7
have shorter hypocotyls, suggesting that both of these
alleles are temperature sensitive (Figure 5C).

Degradation of a negative regulator of GA responses
is slowed in cull-72 We tested directly whether the
degradation rate of the DELLA protein RGA is affected
in cull-7. Similar to the physiological test, to minimize
the effect of endogenous GA and the effect that reduced
auxin responsiveness has on endogenous GA levels,
CULI and cull-7 seedlings were preincubated with PAC
for 4 days and then treated with cycloheximide in the
presence or absence of 20 nM GA4. Immunoblot analysis
indicates that RGA half-life in cull-7 is longer than in
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CULI (Figure 6). Without GA application (in the pres-
ence of PAC), RGA half-life is ~2 hrin CULI (Figure 6A)
and ~8 hr in cull-7 (Figure 6B). In the presence of 20
nM GA,4, RGA has a much shorter half-life, ~2 min in
CULI. RGA degradation in cull-7 is also faster in the
presence of GA, but its half-life of ~30 min is still longer
than in CULI. These changes in RGA degradation rate
are consistent with the physiological data in Figure 5B
and represent the first examination of RGA half-life
in plants that consider the effect of endogenous
gibberellins.

Phytochrome A degradation requires CULI: Phyto-
chrome A degradation has been shown to be essential
for proper photomorphogenesis. A long-lived red light-
absorbing form of PhyA, termed P,, exists in the cyto-
plasm of dark-grown cells. Upon illumination with red
light, P, undergoes a conformational change to the ac-
tive far-red light-absorbing form (Pg), translocates to the
nucleus, and is subsequently degraded by the ubiquitin-
proteasome system (SHANKLIN et al. 1987). COP1 is
thought to be the major E3 ligase contributing to PhyA
ubiquitylation (SEo et al. 2004); however, evidence is
emerging that SCF-type ligases are also required. An F-
box protein, EID1, was identified that specifically acts in
the PhyA signaling pathway (DIETERLE ef al. 2001).
Second, the two reported recessive alleles of CULI have
altered PhyA degradation kinetics (QUINT et al. 2005;
MooN et al. 2007); therefore, we measured PhyA deg-
radation rate in cull-7 to see if PhyA degradation was
similarly affected (Figure 7). Etiolated seedlings were

treated with cycloheximide and then transferred from
dark to 20 wmol m*s~' red light for the indicated time.
Total protein was extracted, separated by SDS-PAGE,
and analyzed for PhyA protein by Western blot with anti-
PhyA anti-serum (ELicH and LAGARIAs 1987). Over the
2-hr time course, PhyA protein rapidly disappears in
CUL1, but is not appreciably lost in a cull-7 background
(Figure 7A). Densitometry of PhyA reveals the t;,9 of
PhyA in CULI to be ~100 min (Figure 7B); however, in
cull-7 PhyA does not appear to change abundance
during this time course. Thus, a degradation rate cannot
be calculated in culI-7.

cull-7 disrupts SCF regulation at the C terminus of
CULI: A modification that is important for full SCF
activity is the attachment of the ubiquitin-like protein,
RUB, to a lysyl residue of CULL. To determine whether
the mutation in cull-7 affects the ability of the protein to
be RUB modified, we performed a Western blot analysis
on total protein prepared from 9-day-old seedlings
grown on GM plates. The amount of RUB-modified
CULLI appears unaffected by the mutation, as cull-7 has
the same amount of modified protein as axrl-30 [as pre-
viously observed in axrl-12 (DHARMASIRI el al. 2003)],
the Columbia ecotype control and the transgenic IAA1-
LUC progenitor line, CULI (Figure 8A). Surprisingly,
the amount of unmodified protein in cull-7is drastically
reduced compared with wild type, accounting for a 43%
reduction of total CULI protein in the mutant. This
reduction increases the ratio of modified-to-unmodified
CUL1 from ~0.2-0.27 in wild type to ~1.0 in cull-7. In
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FIGURE 7.—cull-7 stabilizes phytochrome A protein. (A)
PhyA degradation in cull-7. Protein extracts were made,
40 pg total protein were separated by SDS-PAGE, and PhyA
levels determined by immunoblotting with an anti-PhyA anti-
body. A cross-reactive band was included as a loading control.
(B) Quantification of PhyA degradation in cull-7. Image-
Quant 1.0 software (Molecular Dynamics) was used to quan-
tify relative PhyA levels from the Western blot analyses
described in A. Values represent averages = SD from a total
of atleast three Western blots from three independent experi-
ments. T} o = 96 min in CULI. PhyA is not degraded appre-
ciably in cull-7.

contrast, in axrl-30, where the RUB-conjugation path-
way is compromised, the total amount of CUL1 increases
~45% from wild-type levels. Thus, the modified-to-
unmodified ratio is reduced further than wild type,
strikingly different from cull-7 (Figure 8A).

A previously described cull allele, axr6-3, demon-
strated strong genetic interaction with axrl (QUINT
etal. 2005). To determine whether cull-7shows a genetic
interaction with axrl, we crossed cull-7 with axrI-30.
Genotypes were confirmed by PCR analysis (data not
shown). Double axrl-30 cull-7mutants were consistently
much more strongly affected than either single mutant
(Figure 8B). axrl-30 cull-7 seedlings accumulated an-
thocyanin at the cotyledon margin and no seedling de-
veloped more than two to six leaves. Some failed to
develop hypocotyls or roots, producing only one or two
cotyledons, while others lacked hypocotyls and roots but
did go on to produce two true leaves (Figure 8B). Less
severe double mutants developed normal cotyledons
and a hypocotyl but no roots. The most severe double-
mutant phenotype resembles that of homozygous axr6-1
and axr6-2, semidominant alleles of CULI that disrupt
ASKI interaction (HOBBIE et al. 2000; HELLMANN et al.
2003). These double-mutant phenotypes are also con-
sistent with double-mutant phenotypes of axrI-12 axr6-3

A Col CULT  cul1-7  axr1-30

*
a-CUL1

Loadin b '

contror h — — —
Total  1.13 1.00 0.57 1.45
Mod/Unm 0.20 0.27 1.00 0.16

axr1-30 cul1-7

FiGure 8. —Unmodified CULLI levels are reduced in cull-7.
(A) CULI1 immunoblot analysis. Western blot analysis using
anti-CULI antisera (GRrAY et al. 1999) was done on total pro-
tein extracts separated by SDS-PAGE. Each lane represents
12.5 pg total protein from 9-day-old light-grown seedlings.
Levels were quantified as in Figure 7, using local background
correction. Total levels were normalized to CULI, while the
modified-to-unmodified ratio (Mod/Unm) represents the
amount of CULI®"®(*) to CULI within a given genotype.
(B) One-week-old cull-7, axrl-30, and cull-7 axrl-30 seedlings
grown on GM. cull-7was crossed to axrl-30 and the resulting
F3 double homozygotes were obtained from both CULI1/ cull-
7 axrl-30 and cull-7 AXRI1/ axrl-30 Fy parents. Bars, 1 mm.

plants (QUINT et al. 2005). This strong genetic interac-
tion with loss of AXRI is consistent with the mutation in
cull-7 being responsible for the observed phenotypes.

On the basis of the location of the amino acid change
in cull-7 (Figure 2), cull-7 could have impaired in-
teraction with RBX1. To determine whether cull-7 is af-
fected in RBX1 binding, we synthesized epitope-tagged
versions of wild-type and mutant CULI, HISg-EXP-
CUL1, and HIS4,-EXP-cull-7, respectively, in a rabbit
reticulocyte lysate system, which has the ability to
conjugate NEDDS8 to CUL1 (Furukawa et al. 2000). In
plants overexpressing RBX1, the majority of CULI is in
the RUB-modified form (GRray et al. 2002), suggesting
that RBX1 interaction is limiting CULI modification.
We hypothesized that the addition of recombinant RBX1
(here as GST-RBX1) to the in vitro translation reaction
could increase production of Nedd8-modified CULI,
but not equivalently NEDD8-modified cull-7 if the
substitution in cull-7 impairs RBX1 interaction. GST-
RBX1 and GST were added at the initiation of trans-
lation so that the proteins are translated in the presence
of RBX1, which gives maximal neddylation. Addition of
GST-RBXI1 resulted in increased levels of Nedd8-modified
CULI, more easily visualized in a long exposure (bot-
tom), compared with addition of GST alone (Figure 9A,
lanes 1 and 3). Addition of GST-RBX1 to the translation
reaction synthesizing cull-7 did not promote equivalent
neddylation (Figure 9A, lane 4). These results are consis-
tent with cull-7 having reduced RBX1 interaction.
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FiGure 9.—RBXI1 interaction with cull-7 is impaired and
cul-7 destabilizes CUL1 protein. (A) In vitro translations of
HIS4,-EXP-CULL and HISg-EXP-cull-7 in the presence of
GST-RBX1. Proteins were translated in vitro and radiolabeled
with *H —Leu. Reactions were supplemented with ~125 ng
either GST or GST-RBX1. Stars were placed to the left of
CUL1Y% bands. (B) Pull-down of in wvitro translated HISg,-
EXP-CUL1 and HISg-EXP-cull-7 with GST-RBX1. HISg,-
EXP-CUL1 and HIS4,-EXP-cull-7 proteins were translated
in reactions supplemented with ~500 ng of GST or GST-

To demonstrate more directly a difference in RBX1
interaction between CULI and cull-7, we pulled down
GST-RBX1 or GST from in vitro translation reactions
with glutathione sepharose and determined the amount
of the HIS4-EXP-CULL1 or HIS4,-EXP-cull-7 present in
the pull-down fraction (Figure 9B). GST and GST-RBX1
translation master mixes were prepared and added to
HIS4,-EXP-CULI and HISg-EXP-cull-7 DNA templates.
The amounts of CULI and cull-7 produced in these
reactions are nearly identical (Figure 9B, INPUT lanes
and quantified below). As observed before, CULI trans-
lation reactions with added GST-RBX1 had increased
levels of a slower migrating band, CUL1¥*® compared
with GST-containing reactions. After the pull-down with
glutathione beads from the GST-RBX1-containing reac-
tions, much more CUL1 was present than cull-7, ap-
proximately threefold after normalization to respective
input (Figure 9B, compare lane 6 with lane 8). The
enhancement of NEDD8 modification by RBXI, to-
gether with the reduced recovery of cull-7 in RBX1
pull-down assays, indicate that cull-7 has impaired in-
teraction with RBXI.

To determine whether interaction with RBXI is
affected in vivo, we immunoprecipitated RBX1 from
total protein extracts and immunoblotted for CULI.

RBXI1. Translations were incubated with glutathione-sepharose
beads to collect GST-RBX1 complexes. Input represents 1%
of the total for the autoradiogram and 4% for the anti-GST
blot. Beads represents 75% of the total pull-down for the au-
toradiogram and 25% for the anti-GST blot. Inputs were nor-
malized to either the amount of HISg-EXP-CULI1 translated
with GST for the autoradiograph or the amount of GST-RBX1
in HIS,-EXP-CULI translation for the anti-GST blot, and the
amount in the pull downs were normalized to their respective
inputs. The asterisk represents a nonspecific, cross-reactive
band. A GST cleavage product that copurified with GST-
RBXI1 is also detectable in the GST-RBX1 lanes. (C) RBX1 im-
munoblot analysis. Western blot analysis using anti-ROC1
antisera was performed on total protein extracts. Each lane
represents 120 pg total protein from week-old light-grown
seedlings. (D) Co-immunoprecipitation of CULI and RBX1
from CULI and cull-7 plant extracts. RBX1 was immunopre-
cipitated using 40 pg anti-ROCI antibody from 5 and 10 mg
total protein from CULI and cull-7, respectively, to allow for
more equal CUL1 input. Immunocomplexes were eluted
from Protein A agarose and equal amounts were resolved
by SDS-PAGE for Western blotting. Input represents 1%
and 2% of the total for the anti-CULI and anti-ROC1 blots,
respectively. cull-7 input was normalized to CULI input,
and the amount of co-immunoprecipitated cull-7 was normal-
ized to the amount of co-immunoprecipitated CUL1 as de-
noted by numbers at the bottom of the blot. (E) CULI and
cull-7 degradation. CUL1 protein degradation was examined
in the7-day-old progenitor and cull-7 lines. The zero time
point represents a mock cycloheximide sample. Each lane
represents 20 pg and 40 ug total protein for CULI and
cull-7, respectively. CUL1 levels and image quantification
were determined as in Figure 7. Quantification denotes the
amount of total CULLI relative to 0 time point for the given
genotype. Migration of molecular weight markers (sizes in
kDa) is marked in A and C.
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CULI and cull-7plants have roughly equivalent amounts
of RBX1 (Figure 9C), indicating that the mutation in
cull-7 does not indirectly affect RBX1 levels. When
RBX1 was immunoprecipitated from equal amounts of
total protein from wild-type and mutant extracts, CUL1
could be visualized from wild-type extracts, butno cull-7
protein was detected from mutant extracts (data not
shown). Because extracts from cull-7 have less cull-7
protein compared with wild-type extracts on a total
protein basis (Figure 8A), we performed the experiment
controlling for CULI input by immunoprecipitating
from twice as much total protein from cull-7 extracts
than from wild-type extracts. The CULI inputis roughly
equivalent, with slightly more CUL1 than cull-7 accord-
ing to densitometry measurements (Figure 9D and data
not shown). Under these conditions, cull-7 is visible in
the RBX1 immunoprecipitation; however, there is less
(~40%) than in IPs from CULI plants. This difference
cannotsimply be due to input (as there is only ~20% less
cull-7 input), indicating that cull-7 interaction with
RBX1 is also impaired in vivo.

RBX1 levels appear equal in the two genotypes
(Figure 9C), indicating that the differences in CULI
levels are not due to reduced RBX1 levels. Several anti-
CULI immunoreactive species with molecular weights
greater than CULI appeared to co-IP with RBX1, from
both mutant and wild-type extracts. The identity of these
species is not known, and they were notimmunoreactive
with anti-ubiquitin antibodies (data not shown). The
species that appeared just above 95 kDa, also appeared
in the anti-FLAG IP from the complementation lines
(Figure 4C), adding to the validity that species could
represent modified species of CULI.

On the basis of the results of Figure 8A and evidence
that RBX1 abundance affects total CULI protein levels
(GRAY et al. 2002; LECHNER et al. 2002), we hypothesized
that unmodified cull-7 is less stable in vivo than CULL.
We performed a cycloheximide degradation assay over a
12-hr time course for CULI and cull-7 and determined
CULLI levels as described above. Because there is ap-
proximately twice as much CULI in wild type asin cull-7,
twice the amount of total protein was loaded in cull-7
lanes. The amount of total CULI does not significantly
change over this time course; however, half of the total
cull-7 protein is degraded in 12 hr (Figure 9E). We did
not analyze the stability of either CUL1 or CULI®"®
singly in these experiments, but rather total CULI1, be-
cause CULI could enter the CUL1*"® pool and vice versa
during the course of the experiment thereby confound-
ing the interpretation.

DISCUSSION

SCF ligases are of special significance in plants. The
large number of potential F-box proteins (~700 in
Arabidopsis and ~700 in rice) (GAGNE et al. 2002; JAIN
et al. 2007) suggests broad roles for SCFs throughout the

life of the organism. Genetic screens have revealed that
mutations in specific F-box protein-encoding genes play
critical roles in multiple hormone signaling pathways, in
cell division, and in developmental processes not yet
linked to a specific hormonal pathway. For example,
branching, flowering, and pathogen response are de-
pendent on the F-box proteins MAX2, UFO, and SON1,
respectively (SAMACH et al. 1999; ZHAO et al. 1999; Kim
and DELANEY 2002; STIRNBERG el al. 2002). Signifi-
cantly, hormone perception and proteolysis in several
cases, such as in auxin and JA signaling pathways, are
directly linked, in that hormone binding to the F-box
protein regulates substrate ubiquitylation (NAPIER
2005; CHINT et al. 2007; THINES el al. 2007). Finally,
mutations in proteins that regulate SCF function have
pleiotropic phenotypes that severely affect plant de-
velopment, such as the ¢sn mutants, which are defective
in the ability to remove RUB/Nedd8 from CULI and
are seedling lethal (HotrToN and CaLLis 2008), again
demonstrating the importance of SCF function.

Mutations in various SCF components and factors
regulating SCF activity have phenotypic differences that
have not been reconciled, suggesting that we do not
understand completely the regulation of SCF activity
in plants. Thus, the isolation and characterization of
multiple viable, partial loss-of-function alleles affecting
SCF function will greatly facilitate studies on determin-
ing the scope of processes that regulate SCF ligases.

Toward this goal of understanding SCF function, we
report here a new recessive allele of CULI that causes
misregulation of SCF complexes at the CULI C termi-
nus. The lesion in cull-7 results in a T510I change near
the C terminus, and T510 is predicted to be in a region
of CULLI that binds RBX1. An allelism test indicates that
this mutation is responsible for the observed pheno-
types, and partial complementation with CULI-FLAG
also supports this conclusion.

Several alleles of CULI in Arabidopsis have been re-
ported previously, and in contrast to cull-7, their changes
map to the N-terminal region: two point mutations with
semidominant phenotypes, axr6-1 and axr6-2, that dis-
rupt interaction with ASK1 and are homozygous lethal
(HELLMANN et al. 2003); a recessive, viable temperature-
sensitive allele, axr6-3, that also disrupts ASKI binding
(QUINT et al. 2005); cull-6, a recessive viable allele that
affects CAND1 interaction (MooN et al. 2007); and cull-1
to cull-4, four T-DNA insertional alleles that are homo-
zygous embryo lethal and display phenotypes as hetero-
zygotes (SHEN et al. 2002; HELLMANN et al. 2003).

Responses to several hormones known to require SCF
function were assayed in all three viable cull mutant
backgrounds to directly compare their responses. Like
the other alleles, cull-7 has altered responses to auxin
and slowed Aux/IAA degradation. Aux/IAA degrada-
tion rates are similarly affected in cull-7 and axr6-3
(QUINT et al. 2005), with four- to fivefold longer half-
lives. This difference is also comparable to that seen in
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axr]l mutant backgrounds, where the RUB conjugation
pathway is compromised (ZENSER et al. 2003). In axr6-1/+
and axr6-2/+ seedlings, Aux/IAA degradation rates
were more mildly affected (HELLMANN et al. 2003). In
contrast to auxin responses, GA responses were pre-
viously reported to be unaffected in axr6-3 (QUINT et al.
2005) and not determined for cull-6 (MoOON et al. 2007).
Here, we compare the GA response for all three cull
alleles and show that all have reduced responses to GA.
As expected for a temperature-sensitive allele, axr6-3 is
similar to wild type at 20°, but less sensitive to GA at 28°.
Surprisingly, cull-7 also shows a strong temperature
dependency, and in contrast to the other cull alleles, GA
had no effect on hypocotyl length at 28°.

While cull-7 was isolated because of slower degrada-
tion of an IAAI-LUC fusion protein expressed from a
transgene, we confirmed the prediction that the degra-
dation of endogenous SCF substrates distinct from
Aux/IAA proteins would also be affected, given that
the CULI subunit is shared among SCF ligases. The
degradation rate of an endogenous SCF substrate, RGA,
a DELLA protein, was slowed in cull-7seedlings. In wild-
type seedlings, RGA is short lived and has a much
shorter half-ife in the presence of exogenous GA
(WILLIGE et al. 2007). To understand how RGA is
degraded in the cull-7 mutant and to avoid the
consequences of auxin’s influence on GA metabolism,
which would be altered in cull-7, we examined RGA
degradation in seedlings that had been pretreated with
paclobutrazol (PAC), a GA biosynthesis inhibitor. In
wild-type seedlings, RGA degradation still occurs, but is
much slower in the presence of PAC. Whether RGA is
degraded in the absence of GA is not known. The slow,
but measurable, degradation observed here could be
the result of PAC’s inability to completely eliminate
endogenous GA and/or result from a GA-independent
degradation mechanism. When exogenous GA is added
to PAC-treated CULI seedlings, the degradation rate of
RGA increases dramatically. In culI-7, RGA degradation
rate is also affected by GA application (in the presence
of PAC), but with or without added GA it is still slower
than wild type. This demonstrates that degradation of a
known endogenous substrate of an SCF E3 ligase is
slowed in cull-7.

In addition, we demonstrate that red lightinduced
degradation of PhyA depends on CUL1. COP1 has been
shown to ubiquitylate PhyA in vitro, and in copl-6 and
cop1-4, PhyA protein is stabilized (Sko et al. 2004). How-
ever, in axr6-3 and cull-6 PhyA degradation is slowed, so
we asked whether cull-7 similarly affects PhyA degrada-
tion and sought to quantitatively measure PhyA degra-
dation rate. In cull-7, PhyA was not detectably degraded
over a 180-min time course compared to an ~100-min
halflife in CULI. This result is comparable to the re-
ported 130-min halflife of oat PhyA protein when
seedlings are given a pulse of red light at the beginning
of the time course before transfer to darkness (SHAN-

KLIN et al. 1987), but contrary to the reported half-life of
30 min for Arabidopsis PhyA when seedlings are kept in
continuous red light up to the time of sample collection
(HENNIG et al. 1999). Two F-box proteins, EID1 and AFR,
have been shown to be required for farred light sig-
naling, suggesting that SCF ligases are important medi-
ators of far-red response (DIETERLE et al. 2001; HARMON
and Kay 2003; Marrocco et al. 2006), although the
substrates of these ligases are not known. While our
results and those of others demonstrate a strong de-
pendency of PhyA degradation on CULI, they do not
establish a direct connection. Thus, it is still uncertain if
there are ligases in addition to COP1 that catalyze PhyA
ubiquitylation in vivo.

cull-7 and the other cull alleles differ dramatically in
their dark-grown seedling phenotype and response to
added GA. When grown at 28° in the dark, cull-7
seedlings are photomorphogenic with a greatly reduced
hypocotyllength compared with 20°, are unhooked with
open cotyledons, and addition of GA has no effect on
hypocotyl elongation. In contrast, axr6-3 hypocotyls are
only slightly shorter at 28° than at 20°, and GA treatment
is effective in further increasing hypocotyl length. cull-6
is longer at 28° than at 20° like wild type. Several recent
reports have shown that GA represses photomorpho-
genesis in the dark and that this response depends on
degradation of DELLA proteins (ALABADI el al. 2004,
2008; ACHARD et al. 2007). Our data also support this
model. The cull-7 dark-grown phenotype suggests that
hyperaccumulation of DELLA proteins in the dark
promotes photomorphogenesis, and exogenous GA is
unable to accelerate sufficient degradation to block the
photomorphogenic program promoted by the DELLA
proteins. Thus, the cull-7 allele specifically is a valuable
allele for dissecting the role of SCF in light signaling
because of its unique phenotype in the dark.

To begin to understand the molecular mechanism
responsible for reduced SCF function in cull-7, we de-
termined cull-7 protein levels, degradation rate, extent
of RUB modification, and ability to interact with RBX1.
Allreported alleles seem to affect the abundance of total
CULI protein. Despite all mutant backgrounds slowing
degradation of tested substrates, axr6-1 and axr6-2 have
an increase in abundance of both unmodified and RUB-
modified CUL1 (HELLMANN et al. 2003), cull-6 has an
increase in unmodified cull-6, but not modified (MoonN
et al. 2007), while axr6-3 and cull-7 have reduced levels
of only unmodified cull (QUINT ef al. 2005 and this
work). The semidominant phenotype of the insertional
alleles, cull-3 and cull-4, suggests haplo-insufficiency at
the CULI locus (SHEN et al. 2002; DHARMASIRI et al.
2003), and thus the reduction of CULI levels in axr6-3
and cull-7 could contribute to the overall defect in these
mutants. However, together these studies indicate that
there is no simple relationship in vivo between steady
state CUL1 levels, extent of RUB modification, and SCF
activity.
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We explored how the mutation in cull-7 affects cull-7
abundance and found that cull-7 was significantly less
stable than wild type, accounting for its lower accumu-
lation than wild type. We also demonstrated that cull-7is
defective in RBX1 binding. Previous studies have linked
RBX1 and CULI levels. In RBX1 dsRNA lines (LECHNER
et al. 2002), CULI levels are severely reduced. In
35S:RBX1 overexpressing lines, CULI levels increased
with nearly all in the RUB-modified form (Gray et al.
2002). Taken together, these results suggesta model that
RBX1-CULI interaction plays a role in regulating CUL1
abundance and that CULI-RBX1 is a stable subcomplex
of the SCF.

Multiple alleles of CULI are useful in dissecting SCF
function in vivo. The cull-7allele is a valuable addition to
the collection of cull alleles by being the only one
reported to directly affect subunit interactions at the
CULLI C terminus. Thus, the molecular consequences
in the cull-7 background may be different than in the
other viable cull mutants, axr6-3 and cull-6, which are
different from each other. In support of thisidea, cull-7
plants have phenotypic differences from previously
described cull mutants. The diversity of phenotypes
from the few reported cull alleles demonstrates the
complexity of SCF function in plants and indicates that
analyses of SCF substrates should include multiple cull
alleles to approach a more accurate estimate of SCF
contribution. Further analyses of SCF function in plants
could likely benefit from isolation and characterization
of even more mutant cull alleles than are currently
available.
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