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The SCF

 

TIR1

 

 complex is a central regulator of the auxin response pathway in Arabidopsis. This complex functions as a ubiq-
uitin protein ligase that targets members of the auxin/indoleacetic acid (Aux/IAA) family of transcriptional regulators for
ubiquitin-mediated degradation in response to auxin. In an attempt to identify additional factors required for SCF

 

TIR1

 

 activ-
ity, we conducted a genetic screen to isolate enhancers of the auxin response defect conferred by the 

 

tir1-1

 

 mutation. Here,
we report the identification and characterization of the 

 

eta3

 

 mutant. The 

 

eta3

 

 mutation interacts synergistically with 

 

tir1-1

 

to strongly enhance all aspects of the 

 

tir1

 

 mutant phenotype, including auxin inhibition of root growth, lateral root develop-
ment, hypocotyl elongation at high temperature, and apical dominance. We isolated the 

 

ETA3

 

 gene using a map-based
cloning strategy and determined that 

 

ETA3

 

 encodes SGT1b. SGT1b was identified recently as a factor involved in plant dis-
ease resistance signaling, and SGT1 from barley and tobacco extracts was shown to interact with SCF ubiquitin ligases. We
conclude that ETA3/SGT1b is required for the SCF

 

TIR1

 

-mediated degradation of Aux/IAA proteins.

INTRODUCTION

 

The hormone auxin regulates many aspects of plant growth
and development. Some of the best-characterized examples
include stem elongation, lateral branching of roots and shoots,
establishment of embryonic polarity, and vascular development
(Davies, 1995). Despite the fundamental importance of this hor-
mone, relatively few details of the molecular mechanisms of
auxin action are understood.

Previous genetic and molecular studies in Arabidopsis have
defined the SCF

 

TIR1

 

 complex as a positive regulator of the auxin
response pathway (Gray and Estelle, 2000). Mutations in the

 

TIR1

 

 gene confer reduced auxin response (Ruegger et al.,
1998). 

 

TIR1

 

 encodes an F-box protein that interacts with the
cullin AtCUL1, the RING-H2 protein RBX1, and a SKP1-like
protein (ASK1 or ASK2) to form an SCF ubiquitin ligase (Gray et
al., 1999, 2002). F-box proteins act as recognition factors that
recruit specific substrates to the SCF for ubiquitination. The
SCF

 

TIR1

 

 complex is believed to control auxin response by tar-
geting negative regulators of the pathway for ubiquitin-medi-
ated degradation in response to an auxin stimulus. Although
SCF

 

TIR1

 

 was the first such complex identified in plants, this
mode of regulation is likely to be highly prevalent, because the
Arabidopsis genome encodes nearly 700 F-box proteins (Gagne
et al., 2002).

The recent demonstration that auxin targets at least certain
members of the auxin/indoleacetic acid (Aux/IAA) family of

transcriptional regulators to the SCF

 

TIR1

 

 complex, which then
facilitates ubiquitin-mediated degradation of the Aux/IAA pro-
teins, provides strong support for this model (Gray et al., 2001;
Zenser et al., 2001). Dominant gain-of-function mutations that
confer reduced auxin response have been isolated in several

 

Aux/IAA

 

 genes (Rouse et al., 1998; Tian and Reed, 1999; Nagpal
et al., 2000; Rogg et al., 2001). All of these mutations affect a
highly conserved motif termed domain II, which acts as a deg-
radation signal that targets the Aux/IAA protein to the SCF

 

TIR1

 

ubiquitin ligase (Ramos et al., 2001). As a result, the dominant
Aux/IAA derivatives fail to interact with the SCF

 

TIR1

 

 complex
and thus exhibit increased stability compared with their wild-
type counterparts (Gray et al., 2001; Ouellet et al., 2001). The
molecular mechanisms involved in the auxin-dependent target-
ing of Aux/IAA proteins to the SCF

 

TIR1

 

 complex are unknown.
Molecular analysis of the 

 

AXR1

 

 gene product further impli-
cates the SCF

 

TIR1

 

 complex as an important regulator of auxin
signaling. 

 

axr1

 

 mutants exhibit a severe reduction in auxin re-
sponse (Lincoln et al., 1990). The 

 

AXR1

 

 gene encodes an en-
zyme required for the covalent modification of AtCUL1 with the
RUB1 ubiquitin-like protein (Leyser et al., 1993; del Pozo and
Estelle, 1999). Although the precise function of this modifica-
tion is unclear, studies of SCF

 

TIR1

 

 as well as several yeast and
mammalian SCF complexes indicate that the RUB1 modification
of the cullin SCF subunit is required for proper ubiquitin-ligase
activity (Lammer et al., 1998; del Pozo and Estelle, 1999; Podust
et al., 2000; Kawakami et al., 2001).

In an effort to identify additional genes required for the
SCF

 

TIR1

 

-mediated auxin response, we have isolated several
novel mutations that enhance the relatively weak auxin re-
sponse defect conferred by the 

 

tir1-1

 

 mutation. Here, we report
our identification and analysis of one of these mutants, 

 

eta3

 

1
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(

 

enhancer of tir1-1 auxin resistance

 

). We have determined that

 

eta3

 

 is an allele of the 

 

SGT1b

 

 gene. In budding yeast, 

 

SGT1

 

was isolated as a high-copy suppressor of the G2 cell cycle ar-
rest phenotype conferred by the 

 

skp1-4

 

 mutation and has been
shown to interact with the Skp1p-containing kinetochore and
SCF protein complexes (Kitagawa et al., 1999). The yeast 

 

SGT1

 

gene is essential for viability, and temperature-sensitive 

 

sgt1

 

 al-
leles confer defects in kinetochore complex assembly and
SCF-mediated ubiquitination. Recently, the Arabidopsis 

 

SGT1b

 

gene was found to be a positive regulator of 

 

R

 

 gene–mediated
defense against certain pathogens, raising the possibility that
disease resistance signaling may involve an SCF component
(Austin et al., 2002; Tör et al., 2002). However, an SCF ubiquitin
ligase required for disease resistance has yet to be identified.
Our genetic analysis of the 

 

eta3

 

 mutant, together with molecu-
lar studies examining SCF

 

TIR1

 

 activity, indicate that SGT1b is
required for SCF function in Arabidopsis.

 

RESULTS

Identification of the 

 

eta3

 

 Mutant

 

To identify additional genes required for SCF

 

TIR1

 

 function, we
mutagenized 

 

tir1-1

 

 seeds with ethyl methanesulfonate and
screened for mutations that enhance the relatively weak 

 

tir1-1

 

auxin-resistant-root phenotype. We reasoned that the 

 

tir1-1

 

mutation might sensitize the auxin response pathway, such
that further perturbations of the pathway would result in severe
auxin response defects. Seedlings were screened on nutrient
medium containing 0.25 

 

�

 

M 2,4-D, a synthetic auxin. At this
concentration of auxin, root elongation was inhibited com-
pletely in 

 

tir1-1

 

 seedlings. This screen identified 28 

 

eta

 

 mutants.
Complementation and allelism tests against known auxin resis-
tance mutants revealed that several of the 

 

eta

 

 mutations affect
previously identified loci, including 

 

AUX1

 

, 

 

AXR1

 

, 

 

AXR3

 

, and

 

AXR6

 

. The remaining 

 

eta

 

 mutants comprise at least seven
complementation groups that define novel loci required for nor-
mal auxin response. One of these complementation groups
consisted of a single allele of the 

 

eta3

 

 gene. In addition to en-
hancing the 

 

tir1-1

 

 auxin-resistant root phenotype, the 

 

eta3 tir1-1

 

double mutants displayed a slight reduction of apical domi-
nance, consistent with a further reduction in auxin response
(Figure 1). Genetic analysis of the F2 progeny of 

 

eta3 tir1-1

 

backcrossed with 

 

tir1-1

 

 plants indicated that 

 

eta3

 

 affected a
single locus and was recessive, because 58 of 239 F2 seed-
lings were resistant to 0.25 

 

�

 

M 2,4-D.

 

Analysis of the 

 

eta3

 

 Mutant Phenotype

 

The 

 

eta3 tir1-1

 

 mutant was crossed to wild-type plants to iden-
tify 

 

eta3 TIR1

 

�

 

 segregants. Thirty of 505 F2 progeny exhibited
resistance to 0.25 

 

�

 

M auxin, demonstrating that both the 

 

tir1-1

 

and 

 

eta3

 

 mutations are required for resistance at this concen-
tration (15:1; P 

 

�

 

 0.01). When assayed on 0.075 

 

�

 

M 2,4-D, 236
of 555 F2 seedlings displayed auxin-resistant root growth, sug-
gesting that the 

 

eta3

 

 mutation confers a weak auxin resistance
phenotype independent of 

 

tir1-1

 

. This possibility was confirmed

 

when several resistant segregants were scored as 

 

TIR1

 

�

 

/TIR1

 

�

 

using a cleaved amplified polymorphic sequence marker spe-
cific for the 

 

tir1-1

 

 mutation.
A dose–response assay was conducted to examine more

precisely the extent of the 

 

eta3

 

 auxin response defect (Figure
2A). Like 

 

tir1-1

 

, the 

 

eta3

 

 mutation conferred auxin-resistant root
growth on low concentrations of auxin, with concentrations of

 

�

 

0.07 

 

�

 

M 2,4-D causing 50% inhibition of root growth. By
contrast, 

 

�

 

0.2 

 

�

 

M 2,4-D was needed to produce 50% inhibi-
tion in 

 

eta3 tir1-1

 

 seedlings. This concentration of auxin con-
ferred nearly complete inhibition of root elongation in both sin-
gle mutant lines.

These findings suggest that 

 

eta3

 

 and 

 

tir1-1

 

 interact synergis-
tically in the auxin response pathway. This possibility was in-
vestigated further by examining additional auxin-regulated
growth responses, including lateral root development and tem-
perature-induced hypocotyl elongation (Gray et al., 1998).
Whereas the 

 

eta3

 

 and 

 

tir1-1

 

 single mutants exhibited little or
no apparent reduction in these auxin-dependent growth pro-
cesses, the 

 

eta3 tir1-1

 

 double mutant was impaired severely in

Figure 1. Identification of the eta3 Mutant.

(A) tir1-1 and eta3 tir1-1 seedlings were grown on unsupplemented nu-
trient medium for 4 days and then transferred to medium containing
0.25 �M 2,4-D and grown for an additional 4 days. Asterisks indicate
the position of the root tip at the time of transfer.
(B) tir1-1 and eta3 tir1-1 adult plants. Bars � 5 cm.



 

1312 The Plant Cell

 

both lateral root development (Figure 2B) and high-tempera-
ture-induced hypocotyl elongation (Figure 2C).

 

eta3

 

 Is an Allele of 

 

SGT1b

 

A map-based cloning strategy was used to isolate the 

 

ETA3

 

gene. The 

 

eta3

 

 mutation was mapped initially between markers
nga8 and g4539 on chromosome 4. Additional mapping nar-
rowed the location of 

 

ETA3

 

 to an 

 

�

 

67-kb interval that spanned
BACs T22B4 and F8L21. Inspection of the candidate loci within
this interval revealed the presence of the recently identified

 

SGT1b

 

 gene. Given the recent findings that SGT1 in both yeast
and plants interacts with SCF ubiquitin ligases, we sequenced
the 

 

SGT1b

 

 gene in our 

 

eta3

 

 mutant. Sequence analysis de-

tected a 1-bp change in the last intron near the splice accep-
tor site. RNA gel blot analysis failed to detect a difference in
SGT1b mRNA levels between wild-type and 

 

eta3

 

 seedlings
(data not shown). However, sequence analysis of a reverse
transcriptase–mediated PCR product amplified from 

 

eta3

 

seedlings revealed that the mutation in the intron creates a
false splice acceptor site that results in a premature stop
codon (Figure 3A). Protein gel blot analysis with an SGT1b-
specific antibody detected a truncated form of SGT1b in 

 

eta3

 

seedling extracts (Figure 3B). The mobility of this band was
consistent with the 36–amino acid truncation predicted by the
sequence analysis.

To investigate further the possibility that 

 

eta3

 

 is allelic to

 

SGT1b

 

, we compared the phenotypes of 

 

eta3 and the sgt1b-1

Figure 2. eta3 Enhances the tir1-1 Auxin Response Defect.

(A) Inhibition of root elongation by increasing concentrations of the synthetic auxin 2,4-D. Data points are averages from 12 seedlings, and standard
deviations for all data points were �10% of the mean.
(B) Lateral root (LR) initiation was assessed in 10-day-old seedlings grown on unsupplemented ATS nutrient medium (n � 12).
(C) Hypocotyl length of 8-day-old seedlings grown at 20 or 28�C (n � 12).
Error bars indicate standard deviations from the mean. Col, Columbia.
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allele, which was isolated previously in a screen for disease re-
sistance components (Austin et al., 2002). Like sgt1b-1 plants,
eta3 mutants displayed increased susceptibility to the downy
mildew pathogen Peronospora parasitica (data not shown).
Likewise, sgt1b-1 mutant seedlings exhibited auxin-resistant
root growth (Figure 3C) and reduced lateral root development
compared with Landsberg erecta control seedlings. Genetic
analysis confirmed that eta3 is allelic to sgt1b-1 (data not
shown).

Molecular analysis in barley cell extracts indicates that SGT1
exists in two distinct pools, one containing RAR1 and a second
containing SCF ubiquitin-ligase subunits (Azevedo et al., 2002).
We examined whether RAR1 is required for auxin response us-
ing root growth assays comparing wild-type, sgt1b-1, rar1-10,
and rar1-10 sgt1b-1 seedlings. rar1-10 seedlings displayed
wild-type auxin response. Furthermore, the rar1-10 mutation
did not confer an increase in the auxin resistance resulting from
the sgt1b-1 mutation (Figure 3C).

eta3 Mutants Exhibit Reduced Aux/IAA Protein Degradation

We next examined whether the eta3 mutation affected SCFTIR1

ubiquitin-ligase activity. SCFTIR1 was shown recently to target
Aux/IAA proteins for ubiquitin-mediated degradation. We ex-

amined Aux/IAA protein stability indirectly using a heat-shock-
regulated AXR3/IAA17–�-gluronidase (GUS) reporter construct
(HS::AXR3NT-GUS) and directly using AXR2/IAA17 pulse-
chase assays with seedlings labeled metabolically with 35S-Met
(Gray et al., 2001). Wild-type and eta3 seedlings carrying the
HS::AXR3NT-GUS construct were heat shocked for 2 h to in-
duce expression of the transgene. Seedlings were incubated
subsequently at room temperature in the presence or absence
of auxin and then stained to detect GUS activity. In the ab-
sence of applied auxin, the wild-type and eta3 seedlings exhib-
ited similar levels of AXR3NT-GUS staining after a 20-min incu-
bation at room temperature (Figures 4A and 4E). By 40 min, a
modest difference was apparent, with the eta3 seedlings dis-
playing slightly more staining (Figures 4B and 4F). This differ-
ence was enhanced dramatically when seedlings were treated
with 5 �M IAA (Figures 4C, 4D, 4G, and 4H). Auxin has been
shown previously to target the AXR3 protein for SCFTIR1-medi-
ated ubiquitination (Gray et al., 2001). Our findings suggest that
ETA3/SGT1b is required for the SCFTIR1-targeted ubiquitin-
mediated degradation of the AXR3NT-GUS fusion protein.

AXR2/IAA7 stability was examined by immunoprecipitating
the AXR2 protein from metabolically labeled seedlings in a
pulse-chase assay. AXR2 stability was increased modestly in
the eta3 tir1-1 double mutant (Figure 4I). The average AXR2

Figure 3. Positional Cloning of the ETA3 Locus.

(A) Sequencing of a reverse transcriptase–mediated PCR product revealed that the eta3 mutation causes a G→A substitution (asterisk) near the splice
acceptor site of the final exon. This substitution creates a false splice acceptor site and the inclusion of the intron sequence AGGTTTGACAG in the
eta3 mRNA, resulting in a premature termination codon. Lowercase and uppercase letters indicate intron and exon sequences, respectively.
(B) Protein gel blot analysis of the ETA3/SGT1b protein. The position of the truncated eta3 protein is marked with the asterisk in lane 2. The bottom-
most band represents an unknown cross-reacting protein.
(C) Root growth assay with Landsberg erecta (Ler), sgt1b-1, rar1-10, and sgt1b-1 rar1-10 seedlings. Error bars indicate standard deviations from the
mean.
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half-life was 21.5 	 1.2 min in eta tir1-1 seedlings compared
with 11.0 	 0.6 min in wild-type seedlings. Neither the tir1-1
nor the eta3 mutation alone conferred a significant change in
AXR2 half-life in this assay.

ETA3/SGT1b Is Not Required for SCFTIR1 Assembly or
Aux/IAA Binding

SGT1 has been shown to interact with both yeast and barley
SCF ubiquitin ligases (Kitagawa et al., 1999; Azevedo et al.,
2002). We were unable to detect an interaction between SGT1b
and the SCFTIR1 complex specifically by both immunoprecipita-
tion and glutathione S-transferase (GST)–SGT1b pull-down ex-
periments with crude plant extracts. This may simply be a de-
tection problem, because SGT1 in yeast interacts with SCF
complexes at substoichiometric levels (Kitagawa et al., 1999).
Studies with yeast indicate that SGT1 is required for SCF-medi-
ated ubiquitination. However, the precise role of SGT1 in this

process is unclear (Kitagawa et al., 1999). We examined the ef-
fect of the eta3 mutation on SCFTIR1 complex assembly and
substrate binding. First, the SCFTIR1 complex was immunopre-
cipitated using the c-myc antibody and extracts prepared from
wild-type and eta3 seedlings expressing a TIR1-myc fusion
protein. Subsequent protein gel blot analysis detected similar
levels of the AtCUL1 and ASK1 subunits in both sets of immu-
noprecipitates (Figure 5A). This analysis also indicated that
RUB modification of AtCUL1 (del Pozo and Estelle, 1999) is not
affected by the eta3 mutation. Second, substrate binding was
examined using a GST-AXR3 pull-down assay. Recombinant
GST-AXR3 fusion protein was incubated with extracts pre-
pared from wild-type and eta3 seedlings expressing c-myc–
tagged TIR1. After repurification of the fusion protein, samples
were immunoblotted to detect interaction with TIR1-myc. As
has been described previously (Gray et al., 2001), auxin was
found to stimulate the interaction between GST-AXR3 and
TIR1-myc. This interaction appeared to be unaffected by the

Figure 4. eta3 Mutants Exhibit Increased AXR3NT-GUS Stability.

(A) to (H) Wild-type (WT; [A] to [D]) and eta3 ([E] to [H]) seedlings carrying the HS::AXR3NT-GUS reporter construct were heat shocked for 2 h and
stained for �-glucuronidase activity after 20- or 40-min incubations at room temperature. IAA (5 �M) was added to the room-temperature incubation
where indicated.
(I) AXR2 protein was immunoprecipitated from Columbia (Col), eta3 tir1, eta3, and tir1-1 seedlings labeled with 35S-Met. Precipitations were per-
formed immediately after labeling (t � 0) or after a 15-min chase with medium containing 1 mM Met and 100 �g/mL cycloheximide (t � 15).
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eta3 mutation, suggesting that SGT1b is not required for
SCFTIR1 binding to its Aux/IAA substrates (Figure 5B).

SGT1b Overexpression Partially Suppresses the tir1-1 
Auxin Response Defect

To explore further the role of ETA3/SGT1b in the auxin re-
sponse, we introduced a 35S-SGT1b construct into wild-type,
tir1-1, and eta3 plants. T1 plants were screened by protein gel
blot analysis with SGT1b antiserum to identify overexpressing
lines (Figure 6A). Plants that expressed high levels of SGT1b
exhibited no obvious developmental phenotype, with the ex-
ception that overexpression in the eta3 and tir1-1 backgrounds
rescued the weak apical dominance defects normally seen in
these mutants. Auxin response was assayed in homozygous
lines by examining the auxin inhibition of root elongation. Ex-
pression of the 35S-SGT1b construct completely restored the
wild-type auxin response to the eta3 mutant. Furthermore,
overexpression of SGT1b partially suppressed the auxin re-
sponse defect conferred by the tir1-1 mutation but did not alter
the sensitivity of wild-type plants (Figure 6B). Analysis of TIR1-
myc immunoprecipitates from 35S-SGT1b seedlings revealed
no change in the interactions with the core SCF subunits ASK1
and AtCUL1 (data not shown).

The eta3 Mutation Confers Reduced Jasmonate Sensitivity

To determine whether SGT1b functions in other SCF-regulated
pathways, we examined the sensitivity of the eta3 mutant to the
phytohormone methyl jasmonate (MeJA). The MeJA response
pathway has been shown to require the SCFCOI1 ubiquitin-ligase
complex (Xu et al., 2002). eta3 seedlings were slightly more re-
sistant than wild-type seedlings to the inhibition of root growth
resulting from MeJA (Figure 7). axr1-3, which was found pre-
viously to exhibit a reduced MeJA response (Tiryaki and
Staswick, 2002), presumably as a result of a reduction in the

RUB modification of the AtCUL1 subunit of SCFCOI1, was in-
cluded as a positive control.

DISCUSSION

ETA3/SGT1b Is Required for Auxin Response

The SCFTIR1 ubiquitin ligase plays a central role in the auxin re-
sponse pathway by targeting members of the Aux/IAA family of
transcriptional regulators for ubiquitin-mediated degradation in
response to auxin. To identify additional factors required for
auxin response, we screened for mutations that enhance the
weak auxin response defect conferred by the tir1-1 mutation.
This analysis identified several novel auxin response genes, in-
cluding ETA3, which is described in this report.

We used map-based cloning and genetic strategies to deter-
mine that eta3 is an allele of the SGT1b gene. SGT1 interacts
with SCF ubiquitin-ligase complexes in yeast and in barley and
tobacco extracts (Kitagawa et al., 1999; Azevedo et al., 2002;
Liu et al., 2002b). Furthermore, sgt1 mutants in yeast exhibit re-
duced SCF-mediated ubiquitination (Kitagawa et al., 1999). The
strong genetic interactions we observed between the eta3 and
tir1-1 mutations suggest that SGT1b also is required for SCF
function in Arabidopsis. Consistent with this possibility, we
found that the eta3 mutant exhibited a reduction in the auxin-
induced degradation of the AXR3NT-GUS fusion protein. We
also found that AXR2 stability was increased in eta3 tir1-1 dou-
ble mutants, although we detected no significant effect on AXR2
stability in eta3 single mutant seedlings. The reason for the differ-
ent findings between these two assays for measuring Aux/IAA sta-
bility is unclear. One possibility is that the HS::AXR3NT-GUS
construct overexpresses its SCFTIR1 substrate, making these
plants more sensitive to perturbation of the SCFTIR1 complex. As
in the eta3 mutant, we detect increased Aux/IAA stability in tir1-1
seedlings with the AXR3NT-GUS reporter (Gray et al., 2001) but
not with the AXR2 pulse-chase assay.

Recently, mutational screens identified Arabidopsis SGT1b

Figure 5. The eta3 Mutation Does Not Alter SCFTIR1 Assembly or Substrate Binding.

(A) Anti-c-myc antibody was used to immunoprecipitate the SCFTIR1 complex from extracts prepared from tir1-1 and eta3 seedlings expressing a
TIR1-myc fusion gene. Immunoprecipitates (IP) were immunoblotted with anti-ASK1 and anti-AtCUL1 antibodies as described previously (Gray et al., 1999).
(B) Recombinant GST-AXR3 protein was used to pull down the SCFTIR1 complex from tir1-1[TIR1-myc] and eta3[TIR1-myc] seedling extracts. Pull
downs were immunoblotted with anti-c-myc antibody to detect the presence of the TIR1-myc fusion protein.
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as a regulator of R gene–mediated defenses against the downy
mildew pathogen P. parasitica (Austin et al., 2002; Tör et al.,
2002). Gene-silencing experiments in barley and tobacco also
revealed a role for SGT1 in R gene–mediated and nonhost
pathogen resistance (Azevedo et al., 2002; Peart et al., 2002;
Liu et al., 2002b). The RAR1 gene product is required by some
of these R gene–regulated pathways (Austin et al., 2002; Liu et
al., 2002a; Muskett et al., 2002). Molecular analysis in barley
cell extracts indicates that SGT1 exists in two distinct pools,
one containing RAR1 and a second containing SCF subunits
(Azevedo et al., 2002). We examined the possibility that RAR1
is required for the auxin response but observed no effect of
rar1 mutations on the auxin response pathway in either the
SGT1b or the sgt1b-1 background. These findings are consis-
tent with the notion that SGT1b regulates the auxin response
through the SCFTIR1 complex.

Function of SGT1b in SCF-Mediated Ubiquitination

Studies in yeast, and now Arabidopsis, indicate that SGT1 is
required for SCF-mediated ubiquitination. However, the findings
that SGT1 associates with SCF complexes at substoichiomet-
ric levels and apparently is dispensable for SCF ubiquitin-ligase
activity in vitro (Kitagawa et al., 1999) make the role of SGT1 in
this process unclear. A number of recent studies noted a re-
semblance between the SGT1 N-terminal tetratricopeptide re-
peat and central CHORD-containing proteins and SGT1 do-
mains with the three-dimensional folds of the Hop and p23
families of Hsp70 and Hsp90 cochaperones, respectively (Dubacq
et al., 2002; Garcia-Ranea et al., 2002; Stemmann et al., 2002).
Thus, one hypothesis is that SGT1 facilitates SCF assembly.
However, SCFTIR1 assembly appeared unaffected in our studies

with the eta3 mutant (Figure 5) and 35S-SGT1b plants (data not
shown). Likewise, the ability of the SCFTIR1 complex to bind its
Aux/IAA substrates in an in vitro assay was not affected by the
eta3 mutation or SGT1b overexpression. These data suggest
that SGT1b may operate at another level of SCF function, pos-
sibly by assisting the ubiquitination process once the substrate
is bound. Analysis of the SCFTIR1–Aux/IAA interaction in vivo, as
well as the development of an in vitro Aux/IAA ubiquitination
assay, will be helpful in elucidating the role of SGT1b in SCF
function. This analysis is complicated by the fact that the Arabi-
dopsis genome contains a second SGT1 homolog, SGT1a, that
displays �87% amino acid identity with SGT1b (Austin et al.,
2002). This high degree of similarity, along with the fact that
both SGT1a and SGT1b can complement yeast sgt1 mutations,
suggests that the two Arabidopsis proteins likely exhibit some
degree of functional redundancy (Azevedo et al., 2002). The
identification and analysis of sgt1a mutants should be helpful in
clarifying this issue.

We also found that overexpression of ETA3/SGT1b partially
suppressed the auxin response defect conferred by the tir1-1
mutation. Because SGT1b overexpression did not result in
heightened auxin response in a wild-type background, it seems
unlikely that SGT1b is a limiting factor for SCFTIR1 activity.
Rather, suppression of the tir1-1 phenotype may be the result
of an SGT1b-mediated increase in the activity or assembly of
the crippled SCF complex containing the mutant tir1-1 protein.
Alternatively, it should be noted that Arabidopsis encodes three
TIR1-like proteins that exhibit 60 to 69% identity to TIR1 (Ruegger
et al., 1998; M. Estelle, unpublished data). Overexpression of
SGT1b may compensate for the reduction in SCFTIR1 activity re-
sulting from the tir1-1 mutation by increasing the activity of
these related SCF complexes.

Figure 6. Analysis of ETA3/SGT1b Overexpression.

(A) Protein gel blot analysis with anti-SGT1b antiserum of crude extracts prepared from single rosette leaves of control and 35S-SGT1b T1 plants.
Letters above the lanes indicate specific transgenic lines. Col, Columbia.
(B) Dose–response assay of auxin response in control and homozygous 35S-SGT1b lines. All data points are averages of 12 seedlings, and all stan-
dard deviations are �10% of the mean.
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The SGT1-Specific Domain Is Required for SGT1b Function

The eta3 mutation causes errant splicing of the SGT1b mRNA,
resulting in a 36–amino acid truncation. All of the previously
identified mutations in sgt1b apparently are null alleles (Austin
et al., 2002; Tör et al., 2002). Our analysis of the eta3 allele indi-
cates that the highly conserved C terminus of SGT1b, previ-
ously designated the SGT1-specific domain (Azevedo et al.,
2002), is required for SGT1b function. Genetic and molecular
analysis of sgt1/git7 mutant strains of Saccharomyces cerevi-
siae and Schizosaccharomyces pombe reveal that SGT1 is an
activator of cAMP signaling through association between the
SGT1-specific domain of SGT1 and the C-terminal Leu-rich re-
peats of adenylyl cyclase CYR1/CDC35 (Dubacq et al., 2002;
Schadick et al., 2002). It is possible that SGT1b interacts tran-
siently with the Leu-rich repeats of TIR1 as a conformational
activator in the ubiquitination process. However, because
SGT1 is required for the degradation of multiple SCF sub-
strates, it seems more likely that SGT1 functions through one of
the core SCF subunits.

The demonstration that SGT1b is required for the auxin re-
sponse is an important step forward in our understanding of
SGT1 function in plants. Interpretation of the role of SGT1b in
previous studies of plant disease resistance has been clouded
by the fact that an SCF complex required for R gene–mediated
disease resistance has not been identified. SGT1b may regu-
late R gene–mediated signaling via an SCF ubiquitin ligase; this
hypothesis is supported by our preliminary findings indicating
that mutations that affect core SCF subunits confer increased
susceptibility to P. parasitica (data not shown). Confirmation of
this possibility awaits the identification of a specific SCF com-
plex. Our finding that SGT1b functions in the SCFTIR1-mediated
ubiquitination of Aux/IAA proteins provides convincing support
for the hypothesis that SGT1b is required for SCF activity in

plants. Furthermore, we observed that the eta3 mutant exhib-
ited a reduced response to jasmonic acid. Because MeJA re-
sponse is regulated by the SCFCOI1 ubiquitin ligase (Xu et al.,
2002), SGT1b is likely a key component of multiple SCF-regu-
lated pathways.

METHODS

Plant Material and Growth Conditions

All Arabidopsis thaliana lines used in this study are in the Columbia (Col)
ecotype with the exception of the sgt1b-1 and rar1-10 lines, which are in
the Landsberg erecta (Ler) background. The tir1-1 line used for the eta
enhancer screen contains a Gly→Glu substitution at amino acid 147 of
the TIR1 protein (Ruegger et al., 1998). Seedlings were grown under
sterile conditions on vertically oriented ATS nutrient medium (Lincoln et
al., 1990). For hypocotyl elongation studies, seedlings were germinated
and grown for 8 days under constant light (60 �mol·m
2·s
1) at 20 or
28�C. Adult plants were grown in soil under long-day conditions. 35S-
SGT1b plants were generated by Agrobacterium tumefaciens–mediated
transformation with the SGT1b cDNA cloned into the plant transforma-
tion vector pROKII.

Ethyl Methanesulfonate Mutagenesis and Mutant Screen

Approximately 10,000 tir1-1 gl seeds were mutagenized with ethyl meth-
anesulfonate as described previously (Timpte et al., 1994). M2 seeds
were germinated in ATS nutrient medium, and 4- to 6-day-old seedlings
were transferred to ATS plates containing 0.25 �M 2,4-D. Resistant
seedlings were potted as putative enhancers of tir1-1 auxin resistance
(eta) mutants, and their progeny were subjected to additional physiolog-
ical and genetic analysis. All eta3 lines used in this study were back-
crossed to tir1-1 or Col a minimum of three times.

eta3 Mapping Analysis

A total of 436 auxin-resistant F2 seedlings from a cross between eta3
(ecotype Col) and Ler were identified and used to prepare DNA for PCR-
based mapping with codominant cleaved amplified polymorphic se-
quence and simple sequence length polymorphism markers. We initially
mapped the eta3 mutation to an interval between markers nga8 and
g4539 described in TAIR (The Arabidopsis Information Resource; http://
www.arabidopsis.org). For fine mapping, we generated several addi-
tional markers in this interval using the Cereon Arabidopsis Polymor-
phism Collection (Jander et al., 2002). Simple sequence length poly-
morphism markers defining our final mapping interval were CER466317
(5�-GAGTTACTTCGAGAAACTTAC-3� and 5�-TTGTGTGGCTCACCCATC-
3�), which amplifies products of 179 bp (Col) and 164 bp (Ler), and
CER466322 (5�-GGATAAATCTTATCACTCCTC-3� and 5�-GATACATCA-
ACATGCTGTAG-3�), which yields products of 291 bp (Col) and 265 bp
(Ler). These and additional markers are available upon request.

�-Glucuronidase Histochemical Staining

The HS::AXR3NT–�-glucuronidase transgene (Gray et al., 2001) was
crossed into the eta3 mutant. Six-day-old Col and eta3 seedlings ho-
mozygous for the reporter construct were heat shocked for 2 h at 37�C
to induce expression of the transgene. Seedlings then were transferred to
20�C medium and incubated for 20 or 40 min before staining for �-gluc-
uronidase activity (Stomp, 1991). Indoleacetic acid (5 �M) was added to
the 20�C medium where indicated (Figure 4).

Figure 7. The eta3 Mutation Confers a Reduced MeJA Response.

Wild-type Columbia (Col), eta3, and axr1-3 seedlings were grown for 10
days on nutrient medium supplemented with MeJA. Error bars indicate
standard deviations from the mean.
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Antibodies, Coimmunoprecipitation, and Protein Gel Blot Analysis

All antibodies used in this study have been described previously (Gray et
al., 1999; Austin et al., 2002). Protein gel blot, glutathione S-transferase
pull-down, AXR2 pulse-chase, and coimmunoprecipitation analyses
were performed as described by Gray et al. (2002).

Upon request, all novel materials described in this article will be made
available in a timely manner for noncommercial research purposes.
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