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INTRODUCTION

 

Signaling pathways are rarely straightforward, and auxin
signal transduction is no exception. The diverse events in
which auxin is involved tell of the daunting complexity be-
hind the plant’s response to auxin. This one molecule can
cause changes in rates of cell division and cell elongation,
alter ion fluxes across membranes, cue changes in pattern-
ing and differentiation, and affect the expression of hun-
dreds of genes (Davies, 1995; Berleth and Sachs, 2001).
Does auxin act through multiple pathways to these diverse
ends, or is there a single pathway that is dependent on the
spatial, temporal, and environmental context in which auxin
is received? Or is it both? Although the answers to these
and other broad questions of auxin biology remain unclear,
we are now in a position to connect at least some areas of
research on auxin signal transduction into a more cohesive
whole. Recent advances in our understanding of the appar-
ent hub of auxin signaling, between perception and down-
stream auxin-induced gene expression, has developed from
the mutational and molecular analysis of three main groups
of proteins: the auxin/indoleacetic acids (Aux/IAAs), the auxin
response factors, and components of the ubiquitin-mediated
proteolytic pathway. It seems that regulated protein degra-
dation is central to most aspects of the auxin response.

 

THE UBIQUITIN PATHWAY

 

Ubiquitin-mediated proteolysis has emerged as being as
fundamentally important as phosphorylation in terms of its
involvement in diverse cellular events. Target proteins are
condemned to degradation in the 26S proteasome by the
addition of a polyubiquitin chain in what is essentially a
three-step process (Figure 1) (Voges et al., 1999; Jackson et
al., 2000; reviewed by Pickart, 2001). First, ubiquitin is acti-
vated by the ATP-dependent formation of a thiolester bond
with a conserved Cys residue of a ubiquitin-activating en-

zyme, E1. Activated ubiquitin then is passed to one of a
family of E2 ubiquitin-conjugating enzymes, from which it is
conjugated to a Lys residue of the target protein, often with
the assistance of an E3 enzyme, ubiquitin protein ligase.
This process is reiterated such that one or two additional
ubiquitins are polymerized upon the first ubiquitin molecule.
Target proteins marked with less than four ubiquitins are
poor substrates of the 26S proteasome and often escape
degradation. In some cases, an additional step ensures effi-
cient proteolysis by extending the ubiquitin chain, a process
that requires a multiubiquitin chain assembly factor, or E4
(Koegl et al., 1999; Azevedo et al., 2001).

Of course, ubiquitination must be directed against spe-
cific targets, and it is the E3 enzyme that mediates the criti-
cal step of substrate recognition, a fact reflected in the
hundreds of E3s of various classes that are encoded by the
eukaryotic genomes sequenced to date (Deshaies, 1999;
Voges et al., 1999; Xiao and Jang, 2000; Pickart, 2001).
Prominent among these, and certainly most relevant here,
are the SCF ubiquitin protein ligases (for Skp1p, Cdc53p/
cullin, and F-box protein in yeast and mammals) (reviewed
by Deshaies, 1999; Xiao and Jang, 2000). SCF complexes
are multimeric enzymes of at least four subunits built around
a member of the cullin family of proteins (Mathias et al.,
1996). In conjunction with a second subunit, RBX1 (also
known as ROC1 or HRT1), the cullin catalyzes polyubiquitin
chain formation by interacting with the E2 enzyme (Seol et
al., 1999). The cullin also binds to a member of the SKP1
protein family, which, in turn, binds to an F-box protein, so
called because it contains an N-terminal F-box motif re-
quired for its interaction with SKP1 (Skowyra et al., 1997;
Kishi and Yamao, 1998; Patton et al., 1998). The C terminus
of the F-box protein consists of any one of a number of pro-
tein–protein interaction domains that bind the relevant tar-
get protein, making it accessible to the E2-SCF complex
(Kishi and Yamao, 1998; Patton et al., 1998).

Our knowledge of the SCF system is derived mainly from
extensive work in yeast and mammals (Patton et al., 1998;
Deshaies, 1999; Gray and Estelle, 2000; Jackson et al.,
2000). There is an ever-growing number of examples of SCF
activity in signal transduction, from the derepression of Glc
transporter genes in response to Glc in 

 

Saccharomyces cer-
evisiae

 

 (Bernard and Andre, 2001) to the control of NF-

 

�

 

B
activity in response to infection in mice (reviewed by Karin
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and Ben-Neriah, 2000). This work has established a para-
digm for the involvement of the SCF in the regulation of
gene expression that is as relevant to auxin signaling in
plants as to Glc and amino acid signaling in budding yeast.

 

SCF-MEDIATED UBIQUITINATION MEDIATES THE 
AUXIN RESPONSE

 

The crucial evidence for the involvement of SCF-mediated
protein degradation in auxin signaling came through the
characterization of the 

 

tir1

 

 mutants of Arabidopsis (Table 1)
(Ruegger et al., 1998). Although the 

 

tir1

 

 alleles were identi-
fied in a screen for resistance to inhibitors of auxin trans-
port, the mutants were more markedly resistant to inhibitory
concentrations of auxin, suggesting a defect in auxin re-
sponse rather than transport (Ruegger et al., 1998). 

 

TIR1

 

was found to encode an F-box protein (Ruegger et al., 1998)
and subsequently was shown to interact with either of the
Arabidopsis Skp1-like proteins, ASK1 or ASK2, and the cul-
lin AtCUL1 to form the functional SCF

 

TIR1

 

 (Gray et al., 1999,
2001). The idea that regulated protein degradation via
SCF

 

TIR1

 

 is required for proper auxin signaling was strength-
ened by the analysis of mutation in 

 

ASK1

 

 (Table 1). 

 

ask1-1

 

shows reduced auxin response, being slightly more auxin

resistant than 

 

tir1-1

 

 (Gray et al., 1999). This may reflect the
fact that TIR1 has several close homologs in Arabidopsis,
indicating the potential for redundancy in TIR1 function
(Gray et al., 1999). The C-terminal domain of TIR1 and its
homologs consists of Leu-rich repeats, which presumably
are involved in target selection (Ruegger et al., 1998; Hsiung
et al., 2001). What, then, are the targets for SCF

 

TIR1

 

? In the
search for candidates, the Aux/IAA family of transcription
factors are likely suspects.

 

REGULATED Aux/IAA STABILITY IS CRITICAL FOR 
AUXIN SIGNALING

 

The Aux/IAAs are a family of extremely short-lived nuclear
proteins (reviewed by Abel and Theologis, 1996). 

 

Aux/IAA

 

genes are induced rapidly by auxin and are found through-
out the higher plants. Their importance in auxin signal trans-
duction is manifest in the severe auxin-related phenotypes
arising from semidominant mutations in several of these
genes, including 

 

AXR2/IAA7

 

, 

 

AXR3/IAA17

 

, 

 

SHY2/IAA3

 

,

 

BODENLOS/IAA12

 

, 

 

SLR1/IAA14

 

, 

 

MSG2/IAA19

 

, and 

 

IAA28

 

(Table 1) (Rouse et al., 1998; Tian and Reed, 1999; Nagpal
et al., 2000; Rogg et al., 2001; reviewed by Reed, 2001).
Aux/IAA proteins share a typical four-domain structure (Fig-

Figure 1. Auxin Regulates the Ubiquitination of Target Proteins, Marking Them for Degradation by the 26S Proteasome.

Key components of this pathway are shown. Target proteins are recruited to the E3 SCF ligase by the F-box protein. Auxin-regulated modifica-
tion of targets, which include the Aux/IAA proteins, is likely to be required before recognition by the F-box protein. Ubiquitin (Ub) is activated (via
an E1 enzyme) and conjugated to the target (via E2–E3 interaction), a process that is reiterated to form a polyubiquitin chain. The ubiquitination
activity of the SCF is enhanced by modification of the cullin subunit with the ubiquitin-like protein RUB1. RUB1 is activated by AXR1/ECR1, an
E1-like enzyme. The COP9 signalosome regulates the deconjugation of RUB1 (dotted arrow) and possibly other processes relating to the effi-
cient degradation of SCF targets.
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ure 2), and what is striking about these semidominant muta-
tions is that they occur only within the highly conserved
domain II, centered on a core GWPPV motif. The spectacular
auxin-related phenotypic effects of these single–amino acid
substitutions illustrate the critical importance of domain II to
Aux/IAA function (Rouse et al., 1998; Tian and Reed, 1999;
Nagpal et al., 2000; Rogg et al., 2001). Domain II is the site of
the destabilization signal that confers instability on Aux/IAA
members; measured half-lives range from as little as 6 min to

 

�

 

80 min (Abel et al., 1994; Ouellet et al., 2001).
Translational fusions of Aux/IAA N-terminal regions con-

taining domain II with reporter proteins such as 

 

�

 

-glucuroni-
dase (GUS) or luciferase have shown that this lability can be
conferred on otherwise stable proteins (Worley et al., 2000;
Gray et al., 2001). The transferable destabilization signal
within Aux/IAAs has been finely mapped to a 13–amino acid
region (or so-called degron) around the core GWPPV resi-
dues in domain II. Although this 13–amino acid degron
fused to luciferase excludes an essential bipartite nuclear
localization signal spanning domain II, the use of a heterolo-
gous nuclear localization signal has shown that in the cor-
rect subcellular context, these 13 amino acids are sufficient

to confer instability (Ramos et al., 2001). Further direct and
indirect measurements of Aux/IAA stability have shown that
the phenotypic consequences of mutations in domain II may
be the result of stabilization of the respective IAA proteins
without affecting their nuclear localization (Worley et al.,
2000; Gray et al., 2001; Ouellet et al., 2001). For example,
the 

 

axr3-1

 

 mutation, a Pro-to-Leu substitution in domain II,
causes an almost sevenfold increase in protein half-life
(Ouellet et al., 2001). Among many auxin-related pheno-
types (Table 1), this mutation causes increased apical domi-
nance, adventitious rooting, and complete agravitropism in
roots (Leyser et al., 1996). Collectively, these data stress the
importance of Aux/IAAs and their instability to auxin re-
sponse. So, to reverse an earlier question, what are the reg-
ulators of Aux/IAA stability?

 

Aux/IAA PROTEINS ARE TARGETS OF SCF

 

TIR1

 

Evidence of the involvement of SCF

 

TIR1

 

 in Aux/IAA degra-
dation came from the analysis of AXR3/IAA17 reporter

 

Table 1.

 

Phenotypic Summary of Auxin Signaling Mutants

Mutant/Gene Protein Mutant Phenotype Reference

 

axr2-1/IAA7

 

Aux/IAA Reduced stature, short hypocotyl and expanded leaves in the dark,
wavy leaves, agravitropic roots and shoots, reduced adventitious 
rooting, no root hairs

Timpte et al., 1994;
Wilson et al., 1990;
Nagpal et al., 2000

 

axr3-1/IAA17
axr3-3

 

Aux/IAA Reduced stature, increased shoot apical dominance, short hypocotyl 
and expanded leaves in the dark, curled leaves, agravitropic roots, 
increased adventitious rooting, no root hairs

Leyser et al., 1996;
Rouse et al., 1998

 

bdl/IAA12

 

Aux/IAA Reduced stature, reduced shoot apical dominance, curled leaves,
no embryonic root

Hamann et al., 1999

 

iaa28-1/IAA28

 

Aux/IAA Reduced shoot apical dominance, reduced lateral rooting Rogg et al., 2001

 

msg2-1/IAA19
msg2-2
msg2-3
msg2-4

 

Aux/IAA Agravitropic and aphototropic hypocotyl, reduced lateral rooting Reed, 2001

 

shy2-2/IAA3

 

Aux/IAA Reduced stature, short hypocotyl and expanded leaves in the dark, 
curled leaves, long root hairs

Kim et al., 1996;
Reed et al., 1998;
Tian and Reed, 1999;
Knox, K., Kepinski, S.,
Leyser, O., unpublished data

 

slr1-1/IAA14

 

Aux/IAA Agravitropic hypocotyl and root, no lateral roots, few root hairs Reed, 2001

 

mp/ARF5

 

ARF Defects in root meristem initiation in the early embryo, reduced auxin 
transport

Berleth and Jürgens, 1993;
Hardtke and Berleth, 1998;
Mattsson et al., 1999

 

nph4/ARF7

 

ARF Aphototropic hypocotyl with reduced gravitropic response, reduced 
auxin-inducible gene expression

Harper et al., 2000

 

axr1-12/AXR1
axr1-3

 

E1 RUB1-
activating 
enzyme

Auxin resistant, reduced stature, reduced shoot apical dominance, 
crinkled leaves, abnormal flowers, reduced lateral rooting, reduced 
auxin-inducible gene expression

Estelle and Sommerville, 1987;
Lincoln et al., 1990;
Timpte et al., 1995

 

tir1-1/TIR1
tir1-3

 

F-box protein Auxin resistant, reduced auxin-induced hypocotyl elongation,
reduced lateral rooting

Ruegger et al., 1998

 

ask1-1/ASK1

 

SKP protein Auxin resistant, abnormal flowers, reduced lateral rooting Gray et al., 1999;
Zhao et al., 2001
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fusion proteins in the 

 

tir1

 

 mutant background (Gray et al.,
2001). This fusion protein consists of N-terminal domains I
and II of AXR3, including the bipartite nuclear localization
signal, fused translationally to GUS and expressed under
the control of a heat-inducible promoter in transgenic Arabi-
dopsis. After heat induction in a wild-type background, the
fusion protein accumulates to relatively low levels and is de-
pleted rapidly over time compared with controls. However,
the stability of the same fusion protein was increased sig-
nificantly when the construct was crossed into the 

 

tir1

 

background, indicating that TIR1 was required for the de-
stabilization of AXR3 in planta (Gray et al., 2001). That TIR1
activity ultimately might result in AXR3 degradation in the
26S proteasome was supported by the finding that specific
proteasome inhibitors stabilize AXR2-, AXR3-, and other
Aux/IAA-reporter fusion proteins (Gray et al., 2001; Ramos
et al., 2001).

The final step in defining a mechanistic link between Aux/
IAA proteins and the SCF

 

TIR1

 

 ubiquitin ligase complex came
with the direct demonstration of the interaction of AXR2 and
AXR3 with SCF

 

TIR1

 

 in plant extracts. The use of glutathione

 

S

 

-transferase (GST)–tagged AXR2 or AXR3 in pulldown
assays with extracts from plants expressing a 

 

c-myc

 

 epitope-
tagged TIR1 yielded the entire SCF

 

TIR1

 

 complex, as identi-
fied by immunoblotting with c-myc, AtCUL1, and ASK2 anti-
bodies (Gray et al., 2001). Further proof that this represents
a biologically relevant interaction is indicated by the fact that
when mutant GST–axr2-1 or GST–axr3-1 proteins were

used in an identical pulldown assay, the interaction with
SCF

 

TIR1

 

 was abolished or reduced severely (Gray et al.,
2001). The latter data are in complete accord with the mea-
sured effect of the mutations on the stability of the axr2-1
and axr3-1 proteins in planta.

 

AUXIN FURTHER DESTABILIZES Aux/IAA PROTEINS

 

Genetic data have established the importance of regulating
the stability of Aux/IAA proteins, suggesting that the plant
might respond to auxin by regulating the turnover of Aux/
IAAs. Although previous analysis had suggested that this
was not the case (Abel et al., 1994), recent work examining
the stability of Aux/IAA-reporter fusion proteins expressed
from non-auxin-responsive promoters and using different
time frames has reached different conclusions. These stud-
ies were able to uncouple any auxin-induced Aux/IAA
protein destabilization from auxin-induced 

 

Aux/IAA

 

 gene
expression to reveal a significant increase in the degrada-
tion of the Aux/IAA-reporter proteins in response to exoge-
nously applied auxin (Gray et al., 2001; Zenser et al., 2001).
This effect of auxin is dose dependent and extremely rapid,
causing a considerable decrease in protein levels within 5
min (Gray et al., 2001; Zenser et al., 2001). In fact, it is possi-
ble that auxin might be absolutely required for Aux/IAA deg-
radation, and if cells could be rid of basal levels of auxin,
Aux/IAA proteins might be rendered extremely stable.

Perfectly consistent with the in planta measures of Aux/
IAA stability, the in vitro pulldown assay with GST-AXR2 and
GST-AXR3 showed an auxin-induced increase in the recov-
ery of SCF

 

TIR1

 

, which also occurred in a dose-dependent
manner (Gray et al., 2001). Indeed, the dose-response
curves for the reduction in Aux/IAA stability and the increase
in Aux/IAA–SCF

 

TIR1

 

 interaction are remarkably similar. Given
the highly conserved nature of domain II across the Aux/
IAAs, it is likely that many, if not all, members of the family
will be susceptible to auxin-induced destabilization to some
extent. Together, these observations convincingly support
the idea that auxin stimulates the rapid degradation of Aux/
IAAs by increasing their interaction with SCF

 

TIR1

 

 in some way.

 

REGULATION OF THE SCF

 

TIR1

 

–Aux/IAA INTERACTION 
BY AUXIN

 

The mechanism by which auxin influences SCF

 

TIR1

 

-medi-
ated Aux/IAA turnover is not understood. However, clues to
what might be happening may be gleaned from the many
characterized examples of SCF-mediated signaling path-
ways in yeast and mammals. SCF-mediated ubiquitination
usually is preceded by substrate modification. These changes
turn stable proteins into susceptible targets of the SCF,
and by far the most common modification is phosphorylation

Figure 2. Protein Structures of Aux/IAAs and ARFs.

Aux/IAAs and ARFs share homology in their C-terminal domains III
and IV, which mediate homodimerization and heterodimerization.
Domain III contains a ��� motif that is important for dimerization.
Domain II of Aux/IAAs is required for the auxin-regulated destabiliza-
tion of the protein. The 13 amino acids that are sufficient to confer
instability are shown, and those conserved across the Aux/IAA fam-
ily are highlighted. ARFs have an N-terminal DNA binding domain
(DBD) that binds to TGTCNC-type AuxREs of auxin-regulated
genes. The amino acid composition of the middle region (MR) of
ARFs affects their ability to activate transcription.
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(Deshaies, 1999). A good example is that of NF-

 

�

 

B activa-
tion in mammals. NF-

 

�

 

B normally is sequestered in the cy-
toplasm, because its nuclear localization signal is masked
by the I

 

�

 

B family of inhibitors. In response to inflammation
and other stress stimuli, I

 

�

 

B is phosphorylated quickly,
ubiquitinated by SCF E3RS

 

I

 

�

 

B/

 

�

 

-TrCP

 

, and ultimately de-
graded, freeing NF-

 

�

 

B to translocate to the nucleus to regu-
late gene expression (Karin and Ben-Neriah, 2000). Similarly,
auxin might increase the affinity of Aux/IAAs for SCF

 

TIR1

 

 by
stimulating their phosphorylation.

There is certainly an increasing body of biochemical and
genetic evidence supporting a role for kinases in auxin sig-
naling. A recent interesting example is the identification
of an auxin-stimulated mitogen-activated protein kinase
(MAPK) in Arabidopsis roots (Mockaitis and Howell, 2000).
Because the auxin induction of the MAPK activity occurs
over a time frame very similar to that of the auxin-induced
destabilization of AXR3, these activities might be related.
Furthermore, specific inhibitors of MAPKs abolish expres-
sion from the auxin-responsive BA3 promoter in the root
elongation zone (Mockaitis and Howell, 2000). Although, in
other systems, MAPKs tend not to be involved in phosphor-
ylation before ubiquitination, these data indicate that MAPK
activity can impinge on auxin signaling in some way. An-
other particularly relevant study has demonstrated that the
N-terminal half of some Aux/IAA proteins is phosphorylated
by phytochrome A in vitro (Colon-Carmona et al., 2000).
Stabilizing gain-of-function mutations in several Aux/IAAs
causes photomorphogenic development in the dark (Tian
and Reed, 1999; Nagpal et al., 2000). The simple and per-
haps naïve prediction would be that light-activated, phyto-
chrome-mediated phosphorylation would contribute to a
stabilizing rather than a destabilizing effect on Aux/IAA pro-
teins. Although this is entirely possible, it is more likely that
the phosphorylation(s) has other effects on Aux/IAA activity
(see below). A third auxin-related kinase activity also has
been described. Mutations in the PINOID Ser/Thr kinase
cause a range of defects in auxin response (Christensen et
al., 2000). Although the involvement of kinases in auxin sig-
nal transduction is not unexpected, their potential role in
regulating the stability of Aux/IAAs is far from certain. This is
because the 13–amino acid degron of domain II that is suffi-
cient to confer auxin-inducible destabilization on a reporter
protein does not contain any essential phosphorylation sites
(Ramos et al., 2001). This means that the regulation of Aux/
IAA stability is unorthodox, and if phosphorylation is a pre-
requisite of interaction with SCF

 

TIR1

 

, it must involve some
kind of adaptor protein.

Examples of non-phosphorylation-dependent regulation
of substrate–SCF interactions are beginning to emerge. One
such case concerns the degradation of the human tran-
scription factor, hypoxia-inducible factor (HIF

 

�

 

), by an SCF-
related E3 in which substrate selection is mediated by the
von Hippel–Lindau tumor-suppressor protein (VHL) (reviewed
by Jackson et al., 2000). HIF

 

�

 

 is required for the activation
of a variety of responses to hypoxia that are repressed,

when the oxygen supply is adequate, by the rapid destruc-
tion of HIF

 

�

 

 via VHL-mediated ubiquitination. The interac-
tion of HIF

 

�

 

 with VHL was shown recently to be regulated
through the hydroxylation of a HIF

 

�

 

 Pro residue, a reaction
that requires molecular oxygen (Ivan et al., 2001; Jaakkola
et al., 2001). This modification of Pro may be relevant to the
regulation of Aux/IAA–SCF

 

TIR1

 

 interaction, because the most
striking feature of the consensus domain II degron is two
highly conserved tandem Pro residues. These residues
clearly are required for Aux/IAA instability, because their
substitution is the most common cause of the dominant
Aux/IAA-stabilizing mutations found in such alleles as 

 

axr3-1

 

and 

 

axr2-1

 

 (Rouse et al., 1998; Tian and Reed, 1999; Nagpal
et al., 2000; Rogg et al., 2001). The HIF

 

�

 

 example of a diver-
gence from the phosphorylation norm may tempt us to think
of other novel modes of regulating the Aux/IAA–SCF

 

TIR1

 

 in-
teraction. Perhaps the most exciting possibility is the sim-
plest one, that auxin itself can be bound or conjugated
within the degron, rendering the substrate susceptible to
degradation by SCF

 

TIR1

 

. This may seem far-fetched, but it is
a tantalizing prospect. Plant proteins can be modified in this
way (Napier, 1995; Walz et al., 2002), and the example of
HIF

 

�

 

 regulation shows that the signal transduction chain
can be very short, so that the environmental conditions lim-
iting substrate modification and stability are the same con-
ditions that demand a response.

Although without precedent elsewhere, a final possibility
is that the interaction between Aux/IAAs and SCF

 

TIR1

 

 in-
creases in response to auxin because of modification (per-
haps phosphorylation) of the TIR1 protein.

 

REGULATION OF SCF

 

TIR1

 

 ACTIVITY

 

Another point at which the regulation of Aux/IAA ubiquitina-
tion could conceivably take place is at the level of SCF
abundance, assembly, or activity. This suggestion comes
from studies on SCF

 

Grr1

 

 of yeast, which is involved in cell cy-
cle progression and Glc and amino acid signaling (reviewed
by Johnston, 1999). The F-box protein Grr1 is structurally
similar to TIR1, both containing C-terminal Leu-rich repeats.
In yeast two-hybrid studies, it has been shown that the in-
teraction between Grr1 and Skp1, part of the process of
SCF

 

Grr1

 

 assembly, is enhanced significantly in response to
Glc (Li and Johnston, 1997). Although this would seem to
set a precedent for SCF assembly in response to environ-
mental stimuli that might be extended to SCF

 

TIR1

 

, recent
data have suggested other possible explanations. It has
since been shown that F-box proteins are inherently un-
stable (Galan and Peter, 1999; Mathias et al., 1999). This
instability has been shown to be the result of the autoubiq-
uitination of the F-box protein while assembled in an SCF
(Galan and Peter, 1999), and it seems that SCF substrate
binding may confer protection on the F-box protein (Deshaies,
1999; Galan and Peter, 1999). Thus, the apparent increased
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interaction of Grr1 and Skp1 in response to Glc may reflect
increased Grr1 stability as a result of a Glc-induced increase
in the susceptibility of SCF

 

Grr1

 

 targets. Similarly, the stability
and abundance of TIR1 might be important for normal auxin
sensitivity, because overexpression of 

 

TIR1

 

 in transgenic
plants results in increased auxin response (Gray et al., 1999).
These phenotypes are dependent on additional TIR1 partici-
pating in an SCF complex, because overexpression of a

 

TIR1

 

 variant in which the F-box had been mutated does not
result in auxin response phenotypes (Gray et al., 1999). Fur-
thermore, loss-of-function 

 

tir1

 

 alleles appear to be semi-
dominant, suggesting haploinsufficiency (Ruegger et al.,
1998). Therefore, auxin responses could be brought about
by changes in the abundance of TIR1. This explanation
could account for some of the difference in auxin respon-
siveness observed between tissues, because 

 

TIR1

 

 is not ex-
pressed uniformly throughout the plant (Gray et al., 1999).

Another important event affecting the activity, rather than
the assembly, of SCF

 

TIR1

 

 has been shown to be crucial for
normal auxin signaling. It involves the modification of the
cullin subunit of the SCF by its conjugation with a ubiquitin-
like protein called RUB1 (NEDD8 in humans and fission
yeast) that is important for optimal SCF function (del Pozo et
al., 1998). This modification with RUB1 (rubinylation) requires

 

AXR1

 

, one of the first mutationally defined auxin response
genes. The 

 

axr1

 

 mutants exhibit pleiotropic auxin-related
phenotypes indicative of wide-ranging auxin resistance,
which is more severe than that displayed by the 

 

tir1

 

 alleles
(Table 1) (Lincoln et al., 1990; Timpte et al., 1995; Gray et al.,
1998; Ruegger et al., 1998; Stirnberg et al., 1999). Impor-
tantly, Aux/IAA-reporter protein fusions are stabilized in an

 

axr1

 

 background (Gray et al., 2001), and 

 

axr1

 

 

 

tir1

 

 double
mutants have a synergistic phenotype, indicating the AXR1
and TIR1 act in an overlapping pathway to destabilize Aux/
IAA proteins (Ruegger et al., 1998).

 

AXR1

 

 encodes an enzymatic subunit that dimerizes with a
protein called ECR1 to form a RUB1-activating enzyme that
is structurally and functionally homologous with the E1 ubiq-
uitin-activating enzyme (Leyser et al., 1993; del Pozo and
Estelle, 1999; del Pozo et al., 2002). Rubinylation involves
the AXR1/ECR1 dimer and an E2-like protein, RCE1. Rubi-
nylation proceeds in a manner analogous to the enzyme
cascade that activates and conjugates ubiquitin to SCF tar-
gets, except that rubinylation does not seem to require an
E3 ligase (del Pozo and Estelle, 1999). Thus, 

 

axr1

 

 alleles
show reduced conjugation of RUB1 to the AtCUL1 subunit
of SCF

 

TIR1

 

, and this is the molecular basis of the stabilization
of Aux/IAAs and auxin resistance in these mutants (del Pozo
and Estelle, 1999; Gray et al., 2001). The small amount of
RUB1 conjugation that does occur in 

 

axr1

 

 mutants is likely
to be through the activity of another Arabidopsis gene,

 

AXL1

 

, which is closely homologous with 

 

AXR1

 

 (del Pozo et
al., 2002). Most organisms that support the modification of
cullins with ubiquitin-like proteins do so with only one or two
RUB1/NEDD8-activating enzymes (Deshaies, 1999); there-
fore, it seems likely that in addition to being essential for

normal auxin response, AXR1-mediated rubinylation will
have a role in the degradation of diverse substrates in nu-
merous other signaling pathways.

Recent results suggest that the removal of RUB1 from
SCF

 

TIR1

 

 also is important for auxin signaling (Schwechheimer
et al., 2001) and that this activity might be mediated by the
COP9 signalosome (CSN) (Lyapina et al., 2001). The COP9
signalosome is a multiprotein complex that seems to be the
enzymatic equivalent of a Swiss army knife, with attributed
activities including phosphorylation, nucleocytoplasmic par-
titioning, interaction with the 26S proteasome, and now
derubinylation/deneddylation (Kwok et al., 1999; Tomoda et
al., 1999; Bech-Otschir et al., 2001; Schwechheimer et al.,
2001; reviewed by Wei et al., 1998; Wei and Deng, 1999;
Schwechheimer and Deng, 2001). Indeed, in the past 2
years of published research, the COP9 complex has gone
from being only tangentially involved to being seemingly in-
dispensable in the function of several E3-mediated degra-
dation systems.

The COP9 signalosome was originally identified in screens
for light signaling mutants in Arabidopsis (Chamovitz et
al., 1996). Mutation in any one of its eight subunits leads to
the loss of the entire complex and results in photomorpho-
genesis regardless of the presence or absence of light sig-
nals. In addition to this phenotype, null mutations in the
COP9 subunits also result in seedling lethality. Using an an-
tisense approach directed against the CSN5/JAB1 subunit,
it has been possible to impose a less severe loss of COP9
function so that plants develop to adulthood despite re-
duced COP9 levels (Schwechheimer et al., 2001). Unex-
pectedly, the adult phenotype of these plants is similar to
the 

 

axr1

 

 mutant phenotype and includes auxin-resistant root
elongation, reduced root branching, and increased shoot
branching (Schwechheimer et al., 2001). When the anti-
sense CSN5 construct was crossed into the 

 

axr1-3

 

 back-
ground, a synergistic phenotype was observed, suggesting
that the COP9 complex and AXR1 act in overlapping path-
ways (Schwechheimer et al., 2001).

Consistent with this idea, the stability of an Aux/IAA-lucifer-
ase fusion protein was increased in the CSN5 antisense back-
ground (Schwechheimer et al., 2001). Furthermore, the COP9
signalosome was found to coimmunoprecipitate with
SCF

 

TIR1

 

, and AtCUL1 was shown to interact with the CSN2
subunit in a yeast two-hybrid assay (Schwechheimer et al.,
2001). Despite the similar phenotypes resulting from AXR1
loss of function and COP9 partial loss of function, paradoxi-
cally, COP9 signalosome mutants accumulate AtCUL1-
RUB1 conjugates, unlike 

 

axr1

 

 mutants (Schwechheimer et
al., 2001). This finding suggests that the removal of RUB1
from AtCUL1 and its addition is required for SCF

 

TIR1

 

-medi-
ated ubiquitination and subsequent degradation by the 26S
proteasome. Interestingly, each of the eight subunits of the
COP9 signalosome is related to one of the eight subunits of
the lid of the 26S proteasome, part of the 19S particle that
feeds substrates to the proteolytic core of the complex. Per-
haps, then, COP9 recognizes RUB1/NEDD8 in the same
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way that the lid of the 26S proteasome recognizes ubiquitin.
RUB1/NEDD8 deconjugation by COP9 may be analogous to
the deubiquitination activity of subunits of the 19S regula-
tory particle. Alternatively, COP9 may simply recognize the
ubiquitinated target protein and possess an associated ac-
tivity against RUB1/NEDD8.

So what is the function of RUB1/NEDD8 conjugation to
cullin and the significance of its subsequent removal? It has
been shown that NEDD8 modification of cullins promotes SCF
ubiquitin ligase activity (Furukawa et al., 2000; Morimoto et
al., 2000; Podust et al., 2000; Wu et al., 2000; Lyapina et al.,
2001). Furthermore, it was demonstrated recently that NEDD8
is required for the efficient interaction of E2 ubiquitin with the
SCF complex (Kawakami et al., 2001). As mentioned above,
polyubiquitin chains of more than four ubiquitins are re-
quired for efficient proteolysis. Perhaps cycles of RUB1/NEDD8
conjugation and deconjugation are required to sequentially
attract E2 ubiquitin, thereby promoting polyubiquitin chain
formation. Alternatively, RUB1/NEDD8 deconjugation could
be required to release oligoubiquitinated substrates (two to
three ubiquitins) from the E2-SCF complex so that they can
be polyubiquitinated efficiently by E4 multiubiquitin-promot-
ing enzymes.

Although these are formal possibilities, the effects of CSN
deficiency in fission yeast suggest that a reduction in the
ubiquitin ligase activity of SCF

 

TIR1

 

 may not explain the in-
creased stability of the Aux/IAA-reporter fusion protein
and the auxin-related phenotypes in COP9-deficient back-
grounds. Similar to the accumulation of RUB1-AtCUL1 con-
jugates in COP9-deficient Arabidopsis, CSN-deficient yeast
accumulate NEDD8-modified cullin, but the effect is to in-
crease rather than decrease SCF ubiquitin ligase activity
(Lyapina et al., 2001). Because these data suggest that
COP9-mediated RUB1/NEDD8 deconjugation affects a step
between the initial ubiquitination of the target and its degra-
dation, another possibility is that COP9 affects the delivery
of ubiquitinated substrates to the 26S proteasome. Indeed,
it has been shown that the export of the COP9 subunit
CSN5 from the nucleus to the cytoplasm is associated with
the destruction of p27

 

kip1

 

, a mammalian cyclin-dependent
kinase inhibitor. p27

 

kip1

 

 is phosphorylated and ubiquitinated
in the nucleus, but its degradation is dependent on it being
escorted to the cytoplasm by CSN5/JAB1 (Tomoda et al.,
1999; Podust et al., 2000), where it is likely surrendered to
cytoplasmic proteasomes. Thus, the stabilization of Aux/IAA
proteins in a CSN5-deficient background may be attribut-
able to their poor delivery to the 26S proteasome rather than
to their reduced polyubiquitination. Taking the proteasome de-
livery idea one step further, Schwechheimer and Deng (2001)
recently proposed that COP9 could pass ubiquitinated sub-
strates to the proteolytic core of the proteasome directly,
supplanting its bona fide lid and thereby ensuring the effi-
cient delivery of target proteins.

Studies in CSN5-deficient fission yeast have suggested
that if COP9 does have a role in the nucleocytoplasmic par-
titioning of ubiquitinated substrates, this is not accompa-

nied by any large change in the subcellular distribution of
cullins (Lyapina et al., 2001). So, if ubiquitinated substrates
are moved in this way but are not accompanied by an intact
SCF, what would be the function of the RUB1/NEDD8 de-
conjugation of cullins? There are two possibilities. First, the
RUB1/NEDD8 deconjugation may allow the release of the
ubiquitinated substrate, possibly by prompting the disas-
sembly of the SCF. Second, it is possible that COP9 medi-
ates two functionally distinct events after ubiquitination:
derubinylation/deneddylation and delivery of substrates to
the proteasome. Recent data indicate that RUB1/NEDD8
modification is preceded by SCF assembly and possibly
binding of the substrate by the F-box protein (Kawakami et
al., 2001). Thus, the RUB1/NEDD8 deconjugation function
of COP9 might be entirely unrelated to its substrate delivery
function, acting to prevent the unnecessary interaction of
ubiquitin-laden E2 with cullin, which was not part of a com-
plete and ready SCF.

The activity of the RUB1 conjugation pathway in Arabi-
dopsis apparently is unaffected by the addition of auxin, in-
dicating that it is not a direct route for auxin signal
transduction (del Pozo et al., 2002). Nevertheless, 

 

AXR1

 

clearly is crucial for normal auxin response, but is it impor-
tant only in auxin response? Because it appears that all
SCFs are subject to RUB1 modification, defects other than
those relating to the auxin response might be expected, but
these are not apparent in 

 

axr1

 

 mutants. It is possible that

 

axr1

 

 mutants are so crippled by their defective auxin signal-
ing that other phenotypes are masked. However, mutations
in the F-box protein UFO, part of the putative SCF

 

UFO

 

, cause
abnormal flower development that is not observed in an 

 

axr1

 

background (Samach et al., 1999; del Pozo et al., 2002).
This reflects either a differential sensitivity for RUB1 modifi-
cation in the UFO pathway or a greater dependence on rubi-
nylation via the AXR1 homolog AXL1 (del Pozo et al., 2002).
Although there is a differential requirement for RUB modifi-
cation among SCFs in budding yeast (Lammer et al., 1998;
Liakopoulos et al., 1998), it seems to be required more gen-
erally by SCFs in other eukaryotes (del Pozo and Estelle,
1999; Furukawa et al., 2000; Osaka et al., 2000; Gray et al.,
2001). Analysis of the loss of AXL1 function should shed
light on the extent to which RUB1 modification affects the
responses mediated by diverse SCFs in Arabidopsis.

 

Aux/IAA PROTEIN FUNCTION

The defects in auxin signaling caused by mutations in Aux/
IAAs and ubiquitin pathway components demonstrate the
consequences of failing to regulate the stability of Aux/IAAs.
But what is the function of the strict regulation of Aux/IAA
abundance?

Aux/IAAs are nuclear proteins, and their activities as tran-
scriptional regulators appear to be based on their ability
to form a variety of dimers. First, individual Aux/IAAs are
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able to both homodimerize and heterodimerize with other
members of the Aux/IAA family (Kim et al., 1997). These in-
teractions require domains III and IV, and for some ho-
modimerization events, domain I (Figure 2) (Kim et al., 1997;
Ouellet et al., 2001). Although the function of Aux/IAA dimer-
ization is not clear, evidence of its importance may be in-
ferred from the fact that intragenic revertant mutations that
suppress the axr3-1 phenotype (Table 1) compromise the
ability of the protein to form dimers (Ouellet et al., 2001). Do-
main III contains a predicted ��� motif, which is character-
istic of prokaryotic repressors that bind DNA as tetramers
(Abel et al., 1994; Morgan et al., 1999). Indeed, in isolation,
AXR3 domain III polypeptides were able to form dimers, tri-
mers, and tetramers (Ouellet et al., 2001), indicating the
possibility that full-length Aux/IAA proteins also may be able
to form higher order multimers. Therefore, although the role
of the domain III ��� motif may be only in the efficient for-
mation of dimers/multimers, it is possible that Aux/IAAs can
bind DNA directly and perhaps modulate transcription.

Aux/IAAs INTERACT WITH AUXIN RESPONSE
FACTOR PROTEINS

Aux/IAAs can also heterodimerize with members of the
auxin response factor (ARF) family of transcription factors
(Kim et al., 1997; Ulmasov et al., 1997a, 1997b). ARFs share
considerable homology in their C termini with the Aux/IAAs,
possessing the conserved domains III and IV (Figure 2)
(Ulmasov et al., 1997a). Interaction via these ARF domains
allows dimerization with Aux/IAAs and also the formation of
homodimers and heterodimers with other ARFs (Kim et al.,
1997). Unlike Aux/IAAs, ARFs have been shown to bind
DNA directly by virtue of a large B3-type DNA binding do-
main toward their N termini (Ulmasov et al., 1997a, 1999b).
For the ARFs characterized to date, this binding is directed
specifically to auxin response elements (AuxREs) containing
TGTCNC motif(s) (typically TGTCTC) in various contexts that
often involve coupling elements (Ulmasov et al., 1997a;
Guilfoyle et al., 1998). Synthetic palindromic or direct re-
peats of these six nucleotides are sufficient to bind ARFs
and confer auxin regulation on the transcription of a reporter
gene (Ulmasov et al., 1997b, 1999a, 1999b). Hence, ARFs
appear to mediate auxin-regulated gene expression through
binding to AuxREs, and Aux/IAAs have the potential to alter
the transcription of auxin-inducible genes by interacting
with ARFs.

The number of interactions within and between Aux/IAAs
and ARFs is potentially vast. Both the Aux/IAAs and ARFs
constitute large families in Arabidopsis, with �25 Aux/IAA
members and �20 ARFs (Reed, 2001). Tissue-specific and
developmental variations in the expression of both families
suggest that some of these proteins, although capable of
dimerizing, will be separated spatially and temporally in the
growing plant (Abel et al., 1995; Hardtke and Berleth, 1998).

Nevertheless, the interactions are likely to be complex, re-
flecting the need for fine control of auxin induction of nu-
merous genes.

Our understanding of the interactions of ARFs and Aux/
IAAs that regulate transcription from auxin-inducible pro-
moters is based largely on work with carrot cell suspension
cultures, in which TGTCTC-containing AuxRE promoter–
reporter fusions were used to monitor the effects of the co-
expression of various ARF- and Aux/IAA-derived genes
(Ulmasov et al., 1997b, 1999a). These experiments have
shown that ARFs can act as both repressors and activators
of transcription depending on qualitative differences in their
middle regions between the N-terminal DNA binding domain
and C-terminal domains III and IV (Figure 2) (Ulmasov et al.,
1999a). ARF1, for example, which is P/S/T rich in its middle
region, suppresses both basal and auxin-inducible expres-
sion from AuxRE-containing promoters. In contrast, expres-
sion of ARF5, ARF6, ARF7, or ARF8, which are Q rich in their
middle regions, increases both basal and auxin-inducible
expression from the AuxRE-containing promoters; on the
other hand, expression of ARF2, ARF3, ARF4, or ARF9 has
no effect. These regulatory characteristics were shown to be
independent of AuxRE binding, because essentially identical
results were obtained when the ARF DNA binding domain
was replaced with the DNA binding domain from the budding
yeast GAL4 gene and simultaneously the AuxRE–reporter
gene fusion was replaced with a GAL4 binding element–
reporter gene fusion (Ulmasov et al., 1999a). These data
suggest that the auxin inducibility of AuxRE-containing pro-
moters depends on the middle and C-terminal regions of the
ARFs, because a Q-rich middle region with a C-terminal
Aux/IAA-like dimerization domain is sufficient to confer auxin
inducibility on a GAL4 DNA binding domain promoter ele-
ment system.

When the DNA binding domain was removed from the
various ARFs and these truncated versions were introduced
into carrot protoplasts with an AuxRE-reporter construct,
truncated ARFs with Q-rich middle regions still were able to
activate transcription (Ulmasov et al., 1999a). These effects
were abolished if the dimerization domains were removed
as well. Because the localization of the truncated ARFs to
the vicinity of the AuxRE likely is required, one explanation
for these results is that ARFs can dimerize with endogenous
ARFs that occupy the AuxREs through their DNA binding
domains, and subsequently, their middle regions can regu-
late transcription (Ulmasov et al., 1999a). Because the over-
expression of these truncated ARFs increases the basal
level of reporter gene transcription, these data further indi-
cate that the endogenous ARF with which they might inter-
act is bound to the TGTCTC-AuxRE in the absence of
additional auxin.

In contrast to the activating ARFs, ARF1 lost its ability to
repress transcription when it was expressed without its DNA
binding domain, suggesting that part of the repression is
through the occupation of AuxREs (Ulmasov et al., 1999a).
Domain-swapping experiments with truncated ARF1 and
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ARF7 provide further clues to the mechanism of ARF1 re-
pression. The expression of the AFR1 middle region with
ARF7 dimerization domains resulted in slight repression
(Ulmasov et al., 1999a). This repression is likely the result of
the chimeric protein titrating out endogenous activating
components rather than possessing a repressing quality per
se, reflecting a difference in the ability to interact with
AuxRE-bound factors conferred by ARF1 and ARF7 dimer-
ization domains.

Dimerization through their C-terminal domains clearly is
important to the activities of ARFs on auxin-inducible pro-
moters. Because Aux/IAAs are able to dimerize with ARFs,
their potential to influence ARF-mediated transcription has
also been examined in the carrot protoplast system (Ulmasov
et al., 1997b). Four different Aux/IAAs were tested, and all
were found to repress transcription from TGTCTC-contain-
ing AuxREs. This finding is consistent with the idea that
Aux/IAA interaction with AuxRE-bound ARFs can reduce the
ability of ARFs to activate transcription in response to auxin.
An attractive hypothesis is that this occurs by Aux/IAAs
competing with ARFs for dimerization through domains III
and IV (Ulmasov et al., 1997b). However, the presence of
endogenous ARFs on the AuxREs in this system has not
been proven, and at present there is no direct evidence to
show ARF-Aux/IAA association on a promoter.

A BASIC MODEL FOR AUXIN-INDUCED
GENE EXPRESSION

Combined with the data on the effect of auxin on Aux/IAA
abundance, these observations have led to a model of
auxin-regulated transcription from TGTCTC-containing
AuxREs (Figure 3). At basal levels of auxin, Aux/IAAs are rel-
atively stable and dimerize with ARF proteins on AuxREs,
reducing transcription by preventing the recruitment of acti-
vating ARFs. Increasing auxin levels cause an increasing
proportion of Aux/IAAs to be degraded, allowing the forma-
tion of a greater number of ARF-ARF dimers on AuxREs,
and hence higher levels of transcription of auxin-responsive
genes. Although this model lacks details, such as the level
of multimerization of the interacting Aux/IAAs and ARFs, it
seems a reasonable place to start: a point from which the
unquestioned complexity can be built in.

How far does this model go toward explaining the existing
genetic and molecular data on auxin-induced gene expres-
sion? Mutations in two of the Q-rich ARFs, MP/ARF5 and
NPH4/ARF7 (Table 1), confer a range of auxin-related phe-
notypes, including reduced expression from TGTCTC-type
AuxRE-containing auxin-inducible promoters (Hardtke and
Berleth, 1998; Harper et al., 2000). This finding is consistent
with the idea that Q-rich ARFs are required to activate the
expression of auxin-inducible genes in vivo. There also is
good evidence that transcription from TGTCTC AuxRE-reg-
ulated genes usually is kept inactive by very unstable auxin-

inactivated repressor proteins, because transcription from
AuxRE-containing promoters can be activated not only by
auxin but also by inhibitors of protein synthesis such as cy-
cloheximide (Koshiba et al., 1995). The possibility that these
unstable transcriptional inhibitors are Aux/IAA proteins is
supported by the observation that the dominant, stabilizing
mutations in domain II of the Aux/IAA proteins often result in
the constitutive repression of transcription from auxin-induc-
ible AuxRE-containing promoters (Abel et al., 1995; Oono et
al., 1998; Nagpal et al., 2000; Rogg et al., 2001).

Although these observations fit the general principle of
the model, at first glance, other data do not. Aux/IAA genes
were defined originally by their auxin inducibility, and most
contain TGTCNC-type AuxREs in their promoters (reviewed
by Abel and Theologis, 1996; Guilfoyle et al., 1998). Hence,
at the same time that their protein levels are being depleted
by auxin-induced SCFTIR1-mediated destabilization, they are
being replenished by increased transcript accumulation.
The auxin-induced increases in Aux/IAA transcript levels of-
ten persist for many hours and outlast more modest in-
creases in Aux/IAA protein levels (Abel et al., 1995; Oeller
and Theologis, 1995). This is not the pattern of message and
protein accumulation that would be expected if Aux/IAA
proteins repress their own transcription. On the contrary, if

Figure 3. Model for Aux/IAA Action.

Aux/IAAs form a variety of dimers with both ARFs and other Aux/
IAAs. The equilibrium of these dimerization events has the potential
to alter gene expression from TGTCNC-containing AuxREs in auxin-
responsive promoters. Auxin regulates both the degradation of Aux/
IAA proteins and the transcription of Aux/IAA genes. Given that the
diverse patterns of degradation and expression with the large Aux/
IAA family would lead to considerable temporal variation in the rela-
tive abundance of different Aux/IAAs, the interactions are likely to be
very complex.
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this were the case, then Aux/IAA mRNA levels should de-
crease as Aux/IAA protein levels increase.

One explanation might be that the model is based on
transcriptional activation from TGTCTC-type AuxREs and
does not include the contributions of other elements that af-
fect the auxin induction of some Aux/IAAs (Ballas et al.,
1995) and other auxin-responsive genes (Guilfoyle et al.,
1998). These other elements may act as enhancers (Ballas
et al., 1995) or may require other activating factors that have
not been identified. If other factors are involved, the regula-
tion of their activity would seem to require the involvement
of the AXR1 pathway, because axr1 mutants are defective in
virtually every measurable aspect of auxin signaling (Table
1). Therefore, although unproven, the possibility still exists
that the ��� motifs of Aux/IAAs and ARFs might allow direct
DNA binding. Because the important regulatory step of
TGTCTC AuxRE induction seems to be the recruitment of
activating ARFs with Q-rich middle regions (Ulmasov et al.,
1999a), unorthodox ARF binding to other sites, possibly in
cooperation with Aux/IAAs, also might bring about tran-
scription. In any case, it is possible that other elements
could contribute to longer term induction after the very rapid
induction from TGTCTC-type AuxREs.

The Aux/IAAs are a large and diverse family; therefore, a
second possibility is that in addition to the negative effect of
some Aux/IAAs, others might indirectly have a positive ef-
fect on ARF-mediated gene expression. In the period after
an auxin pulse, the balance of dimerization events could be
biased toward allowing activating ARFs to interact on
AuxREs. For example, newly synthesized individual Aux/
IAAs that normally would block activating ARF dimers might
themselves be sequestered and titrated out by other Aux/
IAAs, which usually are at very low abundance when auxin
levels are low. Similarly, nonactivating and repressing ARFs
might be prevented from interfering with activating ARF
dimerization at the AuxRE. This possibility would require
significant temporal variation in the relative abundance of
different Aux/IAAs.

Such variation is indeed reflected in the data. There are
�25 different Aux/IAAs with varying temporal and dose re-
sponses (Abel et al., 1995). For example, some Aux/IAAs are
induced very rapidly by auxin: SHY2/IAA3 message reaches
almost maximal levels within 10 min, whereas the induc-
tion of AXR2/IAA7 is much slower, taking several hours to
approach similar levels (Abel et al., 1995). Furthermore, the
induction of IAA7 and IAA8 is insensitive to cycloheximide,
suggesting that they form part of a secondary response to
the auxin stimulus. Also, the limited data on Aux/IAA turn-
over show large differences in the stability of Aux/IAAs, the
half-life of IAA7 being much shorter (�11 min) than that of
AXR3/IAA17 (�80 min) (Gray et al., 2001; Ouellet et al.,
2001). It also seems likely that there will be variation in the
auxin-induced destabilization dynamics of Aux/IAAs (Gray
et al., 2001).

Coupled with the possibility of different binding affinities
among the interacting components, the functional signifi-

cance of these differences may be to swing the balance of
dimerization events between ARFs and Aux/IAAs initially to-
ward, and then eventually away from, promoting the interac-
tion of activating ARFs at the AuxRE. The idea that different
Aux/IAAs do different things at different times in response to
auxin certainly is supported by the genetic data. The similar
stabilizing mutations of Aux/IAAs confer quite different and
even opposite phenotypes. For example, the axr3-1 mutant
has increased adventitious rooting, whereas the axr2-1 mu-
tant has fewer adventitious roots than the wild type (Table 1)
(Leyser et al., 1996; Nagpal et al., 2000).

It is possible that in the period after auxin stimulation, the
activity of newly synthesized Aux/IAAs is affected by post-
translational modifications that contribute to a prolonged
response in the face of accumulating Aux/IAA protein. For
example, phosphorylation of Aux/IAAs might alter their
dimerization preferences to effect a bias toward the activa-
tion of AuxREs or even allow the direct stabilization and en-
hancement of activating ARF binding at the AuxRE. Indeed,
if the phosphorylating activities of the auxin-induced MAPK,
phytochrome A, or PINOID kinase act in any way through
Aux/IAAs, it might be in modulating their activity in this man-
ner. In these scenarios, there are parallels with the previ-
ously described activation and repression of the mammalian
transcription factor NF-�B. Under normal stress conditions,
the ubiquitin-mediated degradation of its inhibitors allows
NF-�B to activate both the genes required to respond to
stress and the expression of its own inhibitor, I�B�, ending
the response (Karin and Ben-Neriah, 2000). However, in re-
sponse to severe stress stimuli, such as Human immunode-
ficiency virus infection, for example, NF-�B activation is
extended despite the accumulation of its inhibitors (DeLuca
et al., 1999). This is because a hypophosphorylated version
of another of its inhibitors, I�B�, no longer inhibits but pro-
tects the binding of NF-�B to its DNA targets and prevents
inhibition by I�B� (DeLuca et al., 1999).

AUXIN PERCEPTION

Clearly, auxin stimulation sets off a momentous chain of
events in the nucleus, leading to the differential expression
of hundreds of genes. However, despite valiant efforts, the
mechanism by which the auxin signal is perceived is poorly
understood. Several lines of evidence suggest the possibil-
ity of several modes of perception. Naturally, the search for
auxin receptors has focused on proteins that are able to
bind auxin (reviewed by Venis and Napier, 1995). In recent
years, much attention has been directed toward the auxin
binding protein ABP1 (reviewed by Napier, 1995). ABP1 binds
auxin with high specificity and affinity, possessing a dissoci-
ation constant for the synthetic auxin naphthalene-1-acetic
acid of 5 � 10�8 M (Napier, 1995). Although it shows no ho-
mology with any other known receptor family, ABP1 does
seem to mediate several cellular responses to applied auxin,
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including tobacco mesophyll protoplast hyperpolarization
(Leblanc et al., 1999a, 1999b), the expansion of tobacco
and maize cells in culture (Jones et al., 1998; Chen et al.,
2001), tobacco mesophyll protoplast division (Fellner et
al., 1996), and stomatal closure (Gehring et al., 1998). It is
clear that ABP1 acts at the cell surface to mediate these re-
sponses, because the exogenous addition of anti-ABP1 an-
tibodies, which are unable to enter the cell, can interfere
with the ability of auxin to bring about the responses. Para-
doxically, the majority of ABP1 in the cell is retained in the
endoplasmic reticulum, where the pH is too high for strong
auxin binding (Tian et al., 1995; Henderson et al., 1997).
Transgenic approaches to alter ABP1 levels have resulted in
relatively modest phenotypes that in general seem to affect
the balance between cell division and cell expansion (Jones
et al., 1998; Bauly et al., 2000). Recently, however, an inser-
tional mutant in Arabidopsis ABP1 conferring complete loss
of ABP1 function resulting in embryo lethality has demon-
strated an essential role for ABP1 in plant development
(Chen et al., 2001).

Although ABP1 seems to act at the cell surface, evidence
is accumulating for the intracellular perception of auxin. This
is based largely on comparison of the effects of auxins that
differ in their transport properties into and out of cells
(Claussen et al., 1996). This idea has been strengthened by
the characterization of Arabidopsis mutants that differ in
their ability to transport auxins. For example, loss of function
in the proposed auxin uptake carrier AUX1, a member of the
amino acid permease family, results in a variety of pheno-
types, including auxin-resistant root elongation and reduced
root gravitropism (Pickett et al., 1990; Bennett et al., 1996;
Marchant et al., 1999). The roots of aux1 are resistant to
membrane-impermeable auxins such as 2,4-D but respond
normally to the membrane-permeable auxin naphthylacetic
acid, showing recovery of graviresponse (Yamamoto and
Yamamoto, 1998; Marchant et al., 1999), suggesting that in-
tracellular auxin is important for root growth inhibition. Intra-
cellular auxin binding proteins that might mediate such
responses have been identified in rice (Kim et al., 1998). One
example is of a rice 57-kD soluble auxin binding protein that
appears to interact directly with the plasma membrane pro-
ton-pumping ATPase, suggesting a very short signaling chain
from auxin to increased proton pumping, cell wall acidifica-
tion, and hence cell elongation (Kim et al., 2000, 2001).

In addition to the possible role of these auxin binding pro-
teins, it has been proposed that proteins involved in auxin
transport might be able to perceive auxin levels by monitor-
ing the flux of auxin through transporters (Palme and
Gälweiler, 1999). In Arabidopsis, there are four members in
the auxin influx carrier family, typified by the amino acid per-
mease-like AUX1 (Bennett et al., 1996), and eight members
in the auxin efflux carrier family, including PIN1 and PIN2/
EIR1/AGR1/WAV6 (reviewed by Palme and Gälweiler, 1999).
It is possible that some of these auxin influx/efflux carriers
might possess a specialized receptor function in addition to,
or instead of, their transport activity. There are precedents

here in the sensing of amino acids and Glc in the budding
yeast S. cerevisiae. The perception of both amino acids and
Glc has been shown to involve membrane proteins distinct
from but highly homologous with amino acid or Glc trans-
porters. For example, the amino acid permease-like sensor
Ssy1 is structurally similar to amino acid transporters ex-
cept that it contains a large N-terminal cytosolic tail that
is essential for amino acid sensing (Didion et al., 1998;
Iraqui et al., 1999). Similarly, the Glc transporter ho-
mologs Snf3 and Rgt2 are distinguished from normal
transporters by their long C-terminal cytosolic tails, which
are required for Glc perception (Özcan et al., 1998). Inter-
estingly, the downstream signaling pathways of Ssy1 and
Snf3/Rgt2 both require the involvement of SCFGrr1, the E3
ligase containing the F-box protein Grr1 that shows con-
siderable homology with TIR1 (Li and Johnston, 1997;
Ruegger et al., 1998; Bernard and Andre, 2001). Given the
similarity of IAA to Trp, an attractive hypothesis is that
auxin signaling may have evolved from an amino acid sig-
naling pathway.

CONCLUSIONS

Undoubtedly, there is much left to learn about the plant’s re-
sponse to auxin. Although the model for auxin-induced
gene expression provides a framework that allows the activ-
ities of SCFTIR1 and other SCFs, Aux/IAAs, and ARFs to be
conceptualized, more details are required. Specifically, we
need to understand the events that link auxin to changes in
the stability of Aux/IAAs. We also need a better character-
ization of the consequences of the resulting fluctuations in
Aux/IAA abundance for the balance of dimerization events
between Aux/IAAs and ARFs. This will require an apprecia-
tion of the extent of functional diversity/redundancy among
members of both families. It is relatively straightforward to
compare spatial and temporal patterns of ARF and Aux/IAA
induction and patterns of Aux/IAA instability. Addressing the
extent, if any, of the differential binding preferences among
the ARFs and Aux/IAAs in vivo is much more difficult. Large-
scale ARF and Aux/IAA knockout programs and transcrip-
tomic analyses are under way at present. These approaches
should help us determine the activities of ARFs and Aux/
IAAs that lead to the differential expression of hundreds of
genes and coordinated developmental changes in response
to auxin.
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