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Abstract

Auxin-regulated gene expression is mediated by two families of transcription factors. The ARF proteins bind
to a conserved DNA sequence called the AuxRE and activate transcription. The Aux/IAA proteins repress ARF
function, presumably by forming dimers with ARF proteins. Recent genetic studies in Arabidopsis indicate that
auxin regulates this system by promoting the ubiquitin-mediated degradation of the Aux/IAA proteins, thus per-
mitting ARF function. Mutations in components of SCFTIR1, a ubiquitin protein ligase (E3) result in stabilization
of Aux/IAA proteins and decreased auxin response. Further, recent biochemical experiments indicate that the
Aux/IAA proteins bind SCFTIR1 in an auxin-dependent manner.

Introduction

Auxin plays a crucial role in diverse aspects of plant
growth and development including tropic responses,
apical dominance in the shoot, lateral root formation
and differentiation of the vascular system. To under-
stand the molecular basis of auxin action, two major
approaches have been used. The first approach is to
identify mutants that lack normal auxin responses,
and to determine the genetic basis for these defects
(Hobbie et al., 1994). The second is to take a direct
molecular approach to identify genes and proteins that
are regulated by the auxin signal (Abel and Theologis,
1994; Guilfoyle et al., 1998). Both of these approaches
have provided significant insights into auxin signaling.
One of the most exciting developments of the past
few years, at least from our perspective, is the con-
vergence of the two approaches. In this review we will
focus on recent results that indicate auxin response de-
pends on the regulated degradation of a large family of
transcriptional regulators, the Aux/IAA proteins.

Ubiquitin proteasome pathway

Ubiquitin is a small conserved protein that is cova-
lently attached to diverse proteins, usually targeting

them for degradation by 26S proteasome (Hershko
and Ciechanover, 1998). The involvement of regu-
lated protein degradation by the ubiquitin-proteasome
pathway has been demonstrated in a wide variety of
cellular processes (Hershko and Ciechanover, 1998).
The ubiquitin conjugation pathway begins by the
ATP-dependent activation of ubiquitin by a ubiquitin-
activating (E1) enzyme. All E1 enzymes have a con-
served cysteine residue that forms a thiol ester linkage
with the C-terminal glycine of ubiquitin. Usually, E1
enzymes are encoded by a single gene or a small
family of related genes (Hershko and Ciechanover,
1998). The activated ubiquitin molecule is then trans-
ferred onto the second component of the pathway, a
ubiquitin-conjugating (E2) enzyme, again forming a
thiol ester linkage between the terminal glycine of
ubiquitin and a conserved cysteine on the E2 enzyme.
The E2 enzymes are encoded by a large gene family.
In yeast, there are 11 related E2 enzymes while in Ara-
bidopsis there are at least 36 Arabidopsis E2 isoforms
belonging to 12 groups (Hershko and Ciechanover,
1998; R. Vierstra, personal communication). The third
step in the ubiquitination reaction is the transfer of
ubiquitin onto the substrate protein. This step is as-
sisted by an E3 ubiquitin ligase that confers substrate
specificity to the pathway. The ubiquitinated protein is
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then degraded by the 26S proteasome, a large complex
that comprises over 30 subunits, arranged in two sub-
complexes of 19S and 20S (Hershko and Ciechanover,
1998; Vierstra and Callis, 1999). The 19S subcom-
plex is responsible for recognizing the tagged protein,
while the lumen of the 20S subcomplex degrades the
protein.

Compared to the E1 and E2 enzymes, E3 lig-
ases are very diverse and complex. So far, four types
of E3 ligases have been characterized. These are;
HECT (homology to E6-AP carboxyl terminus) do-
main containing, Ubr1p (ubiquitin amino-end recog-
nizing protein 1), APC/C (anaphase-promoting com-
plex/cyclosome), and SCF (Skp1-cullin-F-box/RING-
H2) E3 ligases. All four types have been identified in
plants (Callis and Vierstra, 2000).

SCF E3 ligases

The SCF family of E3 ligases has been well charac-
terized in plants, animals and yeast, both structurally
and functionally (Patton et al., 1998). The name of
the complex comes from the first three subunits iden-
tified in yeast, Skp1, Cdc53 (or cullin) and the F-box
protein. Recently, a fourth subunit, a RING-H2 motif
containing protein (Rbx1/Hrt1/Roc1) was recognized
as an essential component of the complex (Tyers and
Willems, 1999). The architecture of the SCF complex
derived from protein interaction studies and structural
analyses, suggests a common protein core consisting
of Cullin, Rbx1 and Skp1. This core recruits differ-
ent F-box proteins to form functionally distinct SCFs
(Patton et al., 1998; Tyers and Willems, 1999). There
is only a single Skp1 protein identified so far in man,
but there are 18 Skp1-related genes present in the
Arabidopsis genome (called ASKs) (Crosby, personal
communication). Cullins also belong to gene families.
For example, there are at least six cullins in man and
five in Arabidopsis. The F-box proteins function in
substrate recognition and are the most diverse and spe-
cific components of the complex. Genome sequencing
projects in Arabidopsis and Caenorhabditis elegans
have identified over 300 F-box-containing proteins in
each organism. Some of these F-box proteins may
function in non-SCF complexes (Kipreos and Pagano,
2000; Galan et al., 2001). Nonetheless, the large
number of F-box-containing protein encoding genes
underscores the potential importance of SCF com-
plexes and regulated protein degradation in various
cellular processes.

Among the best-known SCF complexes in yeast
is SCFCdc4. This E3 facilitates degradation of Sic1
(an inhibitor of Cdc28/cyclinB), and promotes G1/S
transition of the cell cycle. Yeast SCFGrr1 promotes
degradation of the G1 cyclins, Cln1 and Cln2, and
SCFMet30 is involved in sulfur metabolism (Patton
et al., 1998). In mammalian cells, SCFSkp2 regulates
the destruction of P27 kip1, an inhibitor of cyclin-
dependent kinase Cdk2 (Carrano et al., 1999). In
Arabidopsis, F-box proteins regulate jasmonic acid re-
sponse (Coi1), floral development (UFO), circadian
rhythm (ZTL and FKF1) (Xie et al., 1998; Samach
et al., 1999; Nelson et al., 2000; Somers et al., 2000),
and phytochrome-dependent light signaling (Dieterle
et al., 2001). The SCFTIR1 complex is required for
auxin response, and will be discussed in detail below
(Gray et al., 1999).

The ubiquitin-like proteins

In addition to ubiquitin, several families of ubiquitin
like proteins (Ubls) have been described (Vierstra and
Callis, 1999; Hochstrasser, 2000; Yeh et al., 2000). As
early as 1987, UCRP/ISG15, a ubiquitin-like protein
modifier, was identified in animals followed by the
SUMO/Sentrin family and the NEDD8/RUB family
(Yeh et al., 2000). Ubls are activated and conjugated
to the substrate in a mechanism similar to that of ubiq-
uitin. However, a single Ubl polypeptide is attached
at the site of conjugation rather than a chain as for
ubiquitin. In addition, Ubls do not target the modified
substrate for degradation. Rather, the modification ap-
pears to have a number of functions depending on the
substrate. In some cases the modification is important
for cellular localization while in others, the modified
protein is stabilized. Members of both the SUMO and
RUB families have been identified in plants (Vierstra
and Callis, 1999).

Auxin-response mutants in Arabidopsis

By utilizing the effects of applied auxin on root elon-
gation, a large number of auxin response mutants
have been identified in Arabidopsis (Hobbie et al.,
1994). Two general classes of mutants have been re-
covered. One class is composed of the recessive loss-
of-function mutations axr1, axr4, and tir1. The axr1
mutants were the first to be characterized in this group
(Lincoln et al., 1990). Axr1 plants display a number
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of severe auxin-related growth defects including re-
duced apical dominance, reduced cell elongation and
reduced tropic responses. The tir1 (transport inhibitor
response 1) mutants were initially isolated in a screen
for resistance to auxin transport inhibitors, and later
identified as defective in auxin response rather than
auxin transport (Ruegger et al., 1998). Mature tir1
plants are similar to wild-type plants in appearance.
However, many auxin responses, including auxin in-
hibition of root growth, lateral root formation and
auxin dependent hypocotyl elongation in seedlings
are diminished in these mutants. The axr4 mutants
also show defects in many aspects of auxin response
(Hobbie and Estelle, 1995). The tir1 and axr4 muta-
tions both act synergistically with axr1 suggesting that
these genes act in the same or overlapping pathways
(Hobbie and Estelle, 1995; Ruegger et al., 1998).

The second class of mutations confer a dominant
gain-of-function. These mutants include axr2, axr3,
and iaa28 (Rouse et al., 1998; Nagpal et al., 2000;
Rogg et al., 2001). The related mutants shy2 and msg2
also belong to this class (Tian and Reed, 1999). In gen-
eral, these mutations confer reduced auxin response
and result in a variety of growth defects.

The TIR1 protein, an SCF connection

The TIR1 protein encodes a 594 amino acid pro-
tein that contains an F-box domain and 16 degenerate
leucine rich repeats (LRR) (Ruegger et al., 1998).
The F-box motif is located at the N-terminus, and
is required for the assembly of the F-box protein
onto the core of the SCF complex (cullin, Rbx1 and
Skp1) through binding to Skp1 (Patton et al., 1998).
In a yeast two-hybrid screen, TIR1 interacted with
two highly related genes, ASK1 (Arabidopsis Skp1-
like1) and ASK2 (Gray et al., 1999). Additionally,
extracts from transgenic plants carrying c-myc-TIR1
co-immunoprecipitated both ASK1 and ASK2, further
confirming the in vivo interactions between TIR1 and
ASK proteins (Gray et al., 1999; Gray and Estelle,
2000). The two-hybrid interaction between TIR1 and
ASK1/ASK2 was completely abolished when the F-
box motif was mutated. Interestingly, this point muta-
tion did not interfere with co-immunoprecipitation of
ASK proteins with TIR1 suggesting that other regions
on the protein contribute to stability of the complex.
Recent experiments have linked ASK1 with auxin
response. Knockout ask1-1 mutants are male sterile
and show auxin-resistant root elongation (Gray et al.,

1999; Yang et al., 1999). The Arabidopsis genome
encodes at least 18 ASK proteins (Crosby, personal
communication). Because the yeast two-hybrid analy-
sis recovered only two of these, it is likely that indi-
vidual ASK proteins are specialized for specific SCF
complexes. There are 6 known cullin proteins in Ara-
bidopsis. So far only AtCul1 is known to function in
SCFTIR1 (Gray et al., 1999).

Leucine-rich repeats are found in many F-box pro-
teins and are thought to interact with substrates, con-
ferring specificity to the SCF complex (Patton et al.,
1998). Since the tir1 mutants are loss-of-function mu-
tants, at least some TIR1 substrates must be negative
regulators of auxin response. The levels of TIR1 ap-
pear to be important for auxin response, since plants
that are heterozygous for tir1 have an intermediate
level of auxin resistance. In fact, over-expression of
TIR1 confers increased auxin response (Gray et al.,
1999).

Auxin response and the RUB conjugation pathway

Recessive mutations in the AXR1 gene confer an ar-
ray of auxin-related phenotypes, placing AXR1 in
a central position in auxin response (Lincoln et al.,
1990; Hobbie et al., 1994). Molecular cloning of
the AXR1 gene demonstrated that the protein is re-
lated to the N-terminus of ubiquitin activating (E1)
enzyme (Leyser et al., 1993). AXR1-related proteins
were later identified in other organisms including man
and yeasts (Hochstrasser, 2000). These enzymes were
shown to activate various ubiquitin-like proteins with
the co-operation of a second subunit related to the
C-terminus of E1. The second subunit carries the
active-site cysteine.

The AXR1 orthologùe in budding yeast is ENR2
(E1 amino terminus-related 2). Genetic studies in-
dicated that ENR2 is essential for modification of
Cdc53 with Rub1. Although not essential for viabil-
ity, this modification is required for normal function
of SCFCDC4 in the degradation of the CDK inhibitor
Sic1 (Lammer et al., 1998). These results demon-
strated for the first time that members of the cullin
family are modified by RUB1, and that this modifi-
cation is important for SCF function. In Arabidopsis,
AXR1 functions together with ECR1 (E1 C-terminus-
related) to activate RUB1 and form a thiol ester link-
age between RUB1 and a conserved cysteine on ECR1
in vitro (del Pozo et al., 1998). Mutation of this cys-
teine (C215A) completely abolishes the activity of
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the enzyme. The RCE1 (RUB1-conjugating enzyme1)
gene was subsequently identified because of its simi-
larity to yeast Ubc12. In the presence of AXR1, ECR1
and ATP, RCE1 can form a thiol ester linkage with
RUB1 confirming that this protein is a RUB E2 (del
Pozo and Estelle, 1999).

Based on the yeast studies, we proposed that the
Arabidopsis cullin AtCul1 may be modified by RUB1.
This has now been confirmed in vitro and in vivo (del
Pozo and Estelle, 1999; del Pozo and Estelle, 2002). In
addition, our recent studies confirm that RUB1 mod-
ification of CUL1 is dependent upon both AXR1 and
ECR1 (del Pozo et al., 2002). These results are con-
sistent with our earlier genetic studies demonstrating
an interaction between the axr1 and tir1 mutations
(Ruegger et al., 1998). It now appears very likely that
the primary function of AXR1 in auxin response is
through RUB1 modification of CUL1 (Figure 1).

It is noteworthy that there are at least 3
RUB/NEDD8 family proteins in Arabidopsis (Rao-
Naik et al., 1998). RUB1 and RUB2 differ from
each other by a single amino acid, while RUB3 is
about 78% identical to the other two (Rao-Naik et al.,
1998). Whether RUB2 and RUB3 proteins can mod-
ify cullin proteins is currently unknown, and worth
investigating. The presence of another AXR1-like pro-
tein (AXL1), another RCE1-like protein (RCE2), and
four additional cullins (AtCul2-5) in the Arabidop-
sis proteome may suggest combinatorial regulation
of additional SCF complexes employing different F-
box proteins and potential targets in a tissue-specific
manner. In fact, double mutants between axr1 and
axl1 display severe auxin-related morphological de-
fects suggesting a role for AXL1 in the same or a
redundant pathway in auxin response (N. Dharmasiri
and M. Estelle, unpublished results). There are also
3 other F-box proteins (LRF1, LRF2, and LRF3)
with significant sequence similarity to TIR1 along the
entire length of the protein encoded in the Arabidop-
sis genome (Dharmasiri et al., unpublished results).
These proteins may also function in auxin response, a
possibility that is consistent with the relatively weak
phenotype of the tir1 mutants.

Regulation of SCFTIR1 complex

Why is RUB1 modification of CUL1 important for
function of SCFTIR1? At this point the answer to this
question is not clear. In one study the modification
appeared to be important for centrosomal localization

of CUL1 (Freed et al., 1999). The RUB conjugation
pathway is present in the nucleus of both plant and
animal cells and it is possible that the modification
helps to retain the SCF in the nucleus or target it to
a specific structure within the nucleus (del Pozo et al.,
1998; Yeh et al., 2000). A number of other studies
indicate that the modification increases SCF activity in
vitro (Morimoto et al., 2000; Podust et al., 2000; Read
et al., 2000; Wu et al., 2000; Tanaka et al., 2001).
At present there is no information on how this might
happen. Some of the obvious possibilities have been
excluded. For example, the modification does not ap-
pear to affect assembly or stability of the SCF (Yeh
et al., 2000). Neither does it seem to influence the
interaction between the SCF and substrates.

Recently some important clues to this puzzle have
emerged from genetic studies in Arabidopsis and the
yeast Schizosaccharomyces pombe (Lyapina et al.,
2001; Schwechheimer et al., 2001). Two groups have
shown in these species, that the COP9 signalosome
(CSN) possess an activity that removes RUB/NEDD8
from cullin. The CSN is a large multisubunit complex
related to the 19S lid subcomplex of the proteasome
(Wei and Deng, 1999). The complex was first iden-
tified in Arabidopsis as a negative regulator of pho-
tomorphogenesis (Wei and Deng, 1999). The CSN is
found in plants, animals, fission yeast, but not budding
yeast. In Arabidopsis, the complete absence of the
complex results in early seedling lethality. However,
Schwechheimer et al. (2001) generated transgenic
lines with reduced levels of the CSN5 protein, a sub-
unit of the complex. These plants had an increased
level of modified CUL1 compared to wild type sug-
gesting that the CSN is responsible for removing RUB
from the cullin. Strong support for this idea comes
from the companion paper in which purified mam-
malian CSN was shown to remove Nedd8 from the
fission yeast cullin Pcu1 in vitro. Strikingly, the CSN5
line is also resistant to auxin and has a morphology
that is quite similar to that of axr1 plants. Furthermore,
the rate of degradation of PSIAA6, a potential target of
SCF complex (see below), was reduced in the CSN5
transgenic lines. Thus an increase in RUB-modified
cullin has the same effect on auxin response as a de-
crease in the amount of modified cullin (axr1 plants).
A very similar story emerges from a series of experi-
ments involving the RBX1 protein. This subunit of the
SCF is known to be essential for RUB-modification
of the cullin (Kamura et al., 1999). In Arabidopsis
plants that over-express RBX1, there is a dramatic in-
crease in the relative amount of modified cullin (Gray
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Figure 1. Model for the RUB1 conjugation / deconjugation pathway. RUB1 is activated by AXR1-ECR1 heterodimer (E1), and conjugated
to CUL1 via the action of RUB1 conjugating enzyme, RCE1 (E2). The COP9 signalosome (CSN) regulates the deconjugation of RUB1 from
CUL1. Activity of SCFTIR1 E3 ligase complex appears to be regulated by RUB1 conjugation and deconjugation of CUL1 for normal auxin
response.

and Estelle, unpublished). This change is associated
with a reduction in auxin response and a similar suite
of growth defects as is observed in the axr1 and the
CSN5 transgenic lines. Taken together, these results
suggest that cullin modification and RUB-removal are
regulated and dynamic processes. Perhaps RUB con-
jugation and removal are each required at specific
moments in the SCF catalytic cycle.

Targets of the SCFTIR1 complex

Considering the prominent role of SCFTIR1 in auxin
response, one of the most important and interest-
ing questions is the identity of its substrates. One
group of likely candidates are the AUX/IAA proteins
(Abel et al., 1994; Gray and Estelle, 2000; Worley
et al., 2000). These proteins are short-lived nuclear
localized proteins that have been implicated in auxin
response. There are 24 Aux/IAA genes in the Ara-
bidopsis genome, many of which are auxin regulated.
The Aux/IAA proteins all have a characteristic struc-
ture with four conserved domains (I–IV). Domains III

and IV are involved in homo- and hetero-dimerization
within the family or with members of the ARF protein
family (auxin-response factor)(Abel and Theologis,
1996; Guilfoyle et al., 1998). The ARF proteins share
domains III and IV with the Aux/IAA proteins and
also have a B1 DNA binding domain that is required
for binding to a DNA sequence called the auxin-
response element (AuxRe) (Guilfoyle et al., 1998).
ARF proteins can act as either transcriptional activa-
tors or repressors (Ulmasov et al., 1999). In at least
some cases, Aux/IAA proteins inhibit ARF-mediated
transcriptional regulation (Ulmasov et al., 1997). Al-
though not yet proven, these results suggest that the
Aux/IAA proteins inhibit ARF function through for-
mation of an Aux/IAA-ARF heterodimer (Guilfoyle
et al., 1998). Since the ARFs can have either positive
or negative effects on transcription, this implies that
the AUX/IAA proteins can act as either positive or
negative regulators of auxin response.

A growing number of Aux/IAA genes have
been identified through genetic studies including
AXR2/IAA7, AXR3/IAA17, SHY2/IAA3, and IAA28
(Morimoto et al., 2000; Read et al., 2000; Rogg
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Figure 2. Model for the function of SCFTIR1 complex during auxin response. In this model we suggest that under un-induced conditions,
AUX/IAA proteins remain bound to ARFs (auxin-response factors) and prevent their function. Auxin may induce the ubiquitin proteasome
pathway-mediated degradation of AUX/IAA proteins, releasing ARFs. Dimerized ARFs then bind to AuxRE (auxin-response elements) in
auxin-response gene promoters. It is not yet clear if an auxin-induced kinase cascade is directly involved in phosphorylation of AUX/IAA
proteins or a factor associated with AUX/IAAs.

et al., 2001; Tanaka et al., 2001) (see Liscum and
Reed, 2002). Gain-of-function mutations in each of
these genes resulted in defects in auxin response and
auxin-regulated growth processes. Molecular analysis
of the mutant genes revealed that in every case, the
phenotype was caused by an amino acid substitution
within domain II of the protein. In fact, subsequent
studies showed that domain II includes an instability
determinant and the gain-of-function mutations result
in stabilization of the affected protein (Worley et al.,
2000).

All of these results suggest that the Aux/IAA pro-
teins might be substrates for SCFTIR1. This has now
been confirmed using genetic and biochemical ap-

proaches. An AXR3-GUS fusion protein is unstable
in a wild-type line and further destabilized by auxin
(Gray et al., 2001). However, the fusion is more
stable in both the tir1 and axr1 mutants suggesting
that SCFTIR1 is required for normal degradation of
the protein. Similar results were obtained with an
AXR2-GUS fusion protein.

Most strikingly, recent studies show that both re-
combinant AXR2 and AXR3 interact with SCFTIR1

when added to plant extracts (Gray et al., 2001). Fur-
ther, this interaction was stimulated by auxin pretreat-
ment of the seedlings used to prepare the extract. This
result suggests that the interaction between SCFTIR1

and the Aux/IAA proteins is auxin regulated. Finally,
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the domain II mutant proteins corresponding to the
gain-of-function forms of AXR2 and AXR3 did not
interact with the SCF indicating that stabilization of
mutant protein is caused by the failure to interact with
the SCF (Gray et al., 2001).

Auxin regulation of Aux/IAA degradation

A model describing our current view of SCFTIR1 reg-
ulation of auxin response is outlined in Figure 2. The
results described above largely confirm many aspects
of this model. However, a major outstanding question
concerns auxin regulation of the pathway. The genes
in the RUB conjugation pathway (AXR1, ECR1, and
RCE1) are not rapidly induced by auxin treatment and
auxin does not appear to affect the level of RUB-CUL1
(del Pozo et al., 2002). Similarly, expression of TIR1
is not rapidly auxin-regulated (Gray et al., 1999). In-
stead, all of these genes are expressed in meristems,
organ primordia and other growing cells suggesting
that auxin regulation of the pathway occurs by some
other mechanism (Gray et al., 1999; del Pozo et al.,
unpublished results). As mentioned above, one possi-
bility is through regulation of the interaction between
SCFTIR1 and the Aux/IAA proteins. In most cases,
SCF-substrate recognition requires phosphorylation of
the substrate (Hershko and Ciechanover, 1998). Auxin
may act to phosphorylate either the Aux/IAA proteins
or an unknown adapter protein, thereby promoting in-
teraction with the SCF. It is interesting to note that
phytochrome A has recently been shown to phos-
phorylate Aux/IAA proteins in vitro (Colon-Carmona
et al., 2000). At this point, the physiological signif-
icance of this activity is unclear, but it is certainly
possible to imagine that PHYA acts to regulate degra-
dation of these proteins. This would be consistent with
growing evidence for a close relationship between
light and hormone signaling.

Conclusions and future prospects

This review and the others in this issue demonstrate
how far we have progressed in the past several years.
At the same time, our recent progress has led us to
a fuller understanding of the complexity of the auxin
regulatory system. The recent completion of the Ara-
bidopsis genome clearly illustrates the challenge. Ac-
cording to the latest annotation information there are
24 Aux/IAA genes, 23 ARF genes, and 3 genes closely

related to TIR1. The other well-known auxin-regulated
genes, GH3 and SAUR, are also represented by very
large families in the Arabidopsis genome. There is also
extraordinary complexity in the ubiquitin pathway. In
addition to the CUL and ASK gene families, there
are over 350 different F-box proteins in the proteome
and similar numbers of other families of E3 ubiquitin
ligases. To understand this complexity we will need
to utilize all of the resources of the post-genomic era
including forward and reverse genetic procedures, ex-
pression profiling, metabolic profiling and advanced
proteomics. Of equal importance, an unprecedented
level of cooperation and collaboration will be required
for this effort. This volume was inspired by a meeting
devoted to auxin biology that took place in Corsica
in May, 2000. Judging by the collegial and convivial
atmosphere of that meeting, the auxin community is
up to this challenge.
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