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1. Intracellular binding of auxin
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in COI1 is related in sequence to that of TIR1 and, like 
the SCFTIR1 E3, the SCFCOI1 E3 complex requires both the 
LRR domain and the hormone (JA–Ile) to recognize its 
JAZ targets63,64. Taken together, these observations make 
it highly plausible that COI1 is the previously enigmatic 
JA receptor, with JA–Ile acting as the molecular glue that 
enhances JAZ protein recognition65.

Gibberellins trigger the UPS. As with the auxins and 
JA, perception of the gibberellin steroid hormones 
involves an E3 ligase, but in this case the activity of the 
ligase is controlled not directly by the hormone but 
indirectly through the action of the bona fide recep-
tor GA-INSENSITIVE DWARF 1 (GID1) (FIG. 2d). 
Gibberellin signalling is blocked by a family of Della 
repressor proteins (named after their signature Asp-
Glu-Leu-Leu-Ala motif ) that repress transcription 
of a suite of gibberellin-responsive genes. Gibberellin 
stimulates Della protein turnover by first docking with 
the GID1 receptor66,67. This interaction then promotes 
recognition and ubiquitylation of Della proteins by 
SCF E3 complexes assembled with the F-box proteins 
SLEEPY 1 and SNEEZY 1 in A. thaliana and GID2 in 
rice. Recently completed three-dimensional structures 
of the ternary gibberellin–GID1–Della complex pro-
vide glimpses as to how gibberellin is perceived68,69. 
The models suggest that GA binding allosterically 
alters the shape of GID1 to generate a ‘ubiquitylation 
chaperone’ that then binds to the Della motif in a way 
that enhances recognition of Della proteins by the  
SCFSLEEPY 1–SNEEZY 1/GID2 complexes.

The UPS controls multiple points in ethylene signalling. 
Emerging details of ethylene responses in A. thaliana 
reveal complex roles for the UPS in both the biosynthetic 
and the perception pathways (FIG. 3). The rate-limiting 
synthetic step involves the production of the imme-
diate precursor to ethylene, 1-aminocyclopropane-1-
carboxylic acid (ACC), by three types of ACC synthases 
(ACSs). Type 1 and type 2 ACSs are short-lived in the 
absence of ethylene but are stabilized by the hormone 
to further amplify its synthesis through positive feed-
back. The stabilities of both of these ACS types are 
also regulated through unique C-terminal motifs that 
are probably recognized by two distinct E3s70,71. For 
type 1 ACSs, this motif is phosphorylated on ethylene 
treatment, which presumably inhibits its binding to its  
cognate, as yet unknown, E3 (REF. 70). For type 2 ACSs 
such as A. thaliana ACS4, ACS5 and ACS9, ethylene 
blocks, possibly through phosphorylation, their recog-
nition by a family of BTB E3s, which are assembled with 
the related ETHYLENE-OVERPRODUCING 1 (ETO1) 
and ETO1-LIKE 1 (EOL1) or EOL2 BTB proteins  
using a common CUL3 scaffold72–74 (FIG. 3). BTBETO1 is 
the dominant E3 in type 2 ACS turnover; accordingly, 
eto1 mutants have elevated levels of ACS5, overproduce 
ethylene and display a constitutive ethylene response 
phenotype73. All of these effects are further accentuated 
in eto1;eol1;eol2 triple mutants, which indicates that the 
BTBEOL1 and BTBEOL2 E3s also participate74. It is not yet 
known if type 3 ACSs are under proteolytic control.

Figure 2 | Roles of specific E3s in hormone signalling and photoperiod measurement. 
a | Auxin signalling involves the ubiquitylation of the AUXIN (AUX) and INDOLE-3-ACETIC 
ACID (IAA) proteins by an S phase kinase-associated protein 1 (SKP1)–cullin 1 (CUL1)– 
F-box (SCF) E3 containing the TRANSPORT INHIBITOR-RESPONSE 1 (TIR1) F-box 
protein in complex with an auxin. b | Front and side views of the Leu-rich repeat (LRR) 
pocket in TIR1 filled with the auxin IAA, inositol hexaphosphate (InsP

6
) and the 

domain II peptide from IAA7. c | Jasmonic acid (JA) signalling involves the ubiquitylation 
of JA-ZIM domain (JAZ) proteins by an SCF E3 that contains the CORONATINE-
INSENSITIVE 1 (COI1) F-box that is predicted to associate with the bioactive JA-Ile 
conjugate. d | Gibberellic acid (GA) signalling involves the ubiquitylation of Della 
proteins that have a signature Asp-Glu-Leu-Leu-Ala motif by SCF E3s containing the 
SLEEPY 1 (SLY1) or SNEEZY 1 (SNE1) F-box proteins in conjunction with GA and the GA 
receptor GA-INSENSITIVE DWARF 1 (GID1). e | Control of abscisic acid (ABA) signalling 
through the ABA-INSENSITIVE 3 (ABI3) and ABI5 transcriptional regulators. Whereas 
ABA promotes the degradation of ABI3 by enhancing the synthesis of the RING E3 
ABA-interacting protein 2 (AIP2), ABA blocks degradation of ABI5, possibly by 
preventing its interaction with the KEEP ON GOING (KEG) RING E3. f | Photoperiodic 
control of CONSTANS expression by the photosensitive SCF E3 assembled with the 
F-box protein FKF1. Absorption of blue light by the flavin mononucleotide (FMN) 
chromophore bound to the light oxygen voltage (LOV) domain of FKF1 promotes the 
association of FKF1 with the GIGANTEA (GI) accessory protein and the target, the 
transcriptional repressor CYCLING DOF FACTOR 1 (CDF1). Degradation of CDF1 
derepresses CONSTANS expression. ASK1, Arabidopsis SKP1; RBX1, RING BOX 1.  
Part b is adapted, with permission, from Nature REF. 60 � (2007) Macmillan Publishers 
Ltd. All rights reserved.
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a regulatory function or a structural function,
although the abundance of InsP6 in plant cells
suggests the latter. Further studies are required
to establish a role of InsP6 in TIR1 function and
auxin signaling.

A FAMILY OF AUXIN RECEPTORS
IN PLANTS
The Arabidopsis genome encodes five F-box
proteins exhibiting 50–70% sequence identity
with TIR1. These proteins have been named
auxin signaling F-box protein 1 to 5 (AFB1–
AFB5) (Table 3). Genetic and biochemical
studies have implicated these proteins in auxin
signaling (Dharmasiri et al. 2005b, Walsh
et al. 2006; A. Santner, S. Mooney & M.
Estelle, unpublished). Moreover, binding of
radiolabeled IAA is diminished in extracts
from mutants lacking TIR1 and AFB1–3,
confirming that these proteins are very likely
to function as auxin receptors. As for the tir1
mutants, single afb loss-of-function mutations
do not cause dramatic developmental defects.

However, combining tir1 and afb1–3 mutations
leads to a severely reduced auxin response and a
variety of auxin-related developmental defects
(Dharmasiri et al. 2005b). The most severely
affected tir1afb2afb3 and tir1afb1afb2afb3
seedlings arrest as young seedlings, with a
phenotype strikingly similar to the phenotypes
of the mp/arf5 and bdl/iaa12 mutants described
above. This similarity is explained by the
fact that IAA12 accumulates in tir1afb2afb3
seedlings, presumably because these plants
are deficient in auxin-dependent degradation
of IAA12 early in embryogenesis (Dharmasiri
et al. 2005b). As with bdl, only a fraction of the
triple and quadruple afb mutant seedlings fail to
form roots. Compensatory mechanisms within
an auxin feedback loop or other aspects of the
developmental network may overcome the
embryonic arrest in the fraction of seedlings
that develop roots. These, however, continue
to display a broad array of auxin response
defects as they mature.

Although the available evidence suggests
that TIR1 and AFB1–3 have similar functions

Table 3 Auxin receptors in Arabidopsis thaliana

Gene Product Function

Genetic evidence for role
in auxin-mediated

development References
TIR1 Transport inhibitor

response 1, TIR1
F-box protein

Interacts with ASK1; interacts
with Aux/IAAs; auxin increases
Aux/IAA affinity; crystal
structure shows TIR1-auxin-
Aux/IAA complex

Loss-of-function mutations
reduce multiple auxin
responses

N. Dharmasiri et al. 2003,
Dharmasiri et al. 2005b,
Gray et al. 1999, Kepinski
& Leyser 2005, Ruegger
et al. 1998, Tan et al. 2007

AFB1 Auxin F-box protein
1 (AFB1)

Member of TIR1/AFB family;
auxin increases Aux/IAA
affinity

Loss of function with tir1,
afb2, afb3 dramatically
impairs development

Dharmasiri et al. 2005b

AFB2 Auxin F-box protein
2 (AFB2)

Member of TIR1/AFB family;
auxin increases Aux/IAA
affinity

Loss of function with tir1
reduces multiple auxin
responses

Dharmasiri et al. 2005b

AFB3 Auxin F-box protein
3 (AFB3)

Member of TIR1/AFB; auxin
increases Aux/IAA affinity

Loss of function with tir1 and
afb2 dramatically impairs
development

Dharmasiri et al. 2005b

AFB4 Auxin F-box protein
4 (AFB4)

Member of TIR1/AFB family Dharmasiri et al. 2005b

AFB5 Auxin F-box protein
5 (AFB5)

Member of TIR1/AFB family Loss-of-function mutation
confers resistance to auxin
analogs

Dharmasiri et al. 2005b,
Walsh et al. 2006

68 Mockaitis · Estelle
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Auxin receptors in Arabidopsis (6)
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in COI1 is related in sequence to that of TIR1 and, like 
the SCFTIR1 E3, the SCFCOI1 E3 complex requires both the 
LRR domain and the hormone (JA–Ile) to recognize its 
JAZ targets63,64. Taken together, these observations make 
it highly plausible that COI1 is the previously enigmatic 
JA receptor, with JA–Ile acting as the molecular glue that 
enhances JAZ protein recognition65.

Gibberellins trigger the UPS. As with the auxins and 
JA, perception of the gibberellin steroid hormones 
involves an E3 ligase, but in this case the activity of the 
ligase is controlled not directly by the hormone but 
indirectly through the action of the bona fide recep-
tor GA-INSENSITIVE DWARF 1 (GID1) (FIG. 2d). 
Gibberellin signalling is blocked by a family of Della 
repressor proteins (named after their signature Asp-
Glu-Leu-Leu-Ala motif ) that repress transcription 
of a suite of gibberellin-responsive genes. Gibberellin 
stimulates Della protein turnover by first docking with 
the GID1 receptor66,67. This interaction then promotes 
recognition and ubiquitylation of Della proteins by 
SCF E3 complexes assembled with the F-box proteins 
SLEEPY 1 and SNEEZY 1 in A. thaliana and GID2 in 
rice. Recently completed three-dimensional structures 
of the ternary gibberellin–GID1–Della complex pro-
vide glimpses as to how gibberellin is perceived68,69. 
The models suggest that GA binding allosterically 
alters the shape of GID1 to generate a ‘ubiquitylation 
chaperone’ that then binds to the Della motif in a way 
that enhances recognition of Della proteins by the  
SCFSLEEPY 1–SNEEZY 1/GID2 complexes.

The UPS controls multiple points in ethylene signalling. 
Emerging details of ethylene responses in A. thaliana 
reveal complex roles for the UPS in both the biosynthetic 
and the perception pathways (FIG. 3). The rate-limiting 
synthetic step involves the production of the imme-
diate precursor to ethylene, 1-aminocyclopropane-1-
carboxylic acid (ACC), by three types of ACC synthases 
(ACSs). Type 1 and type 2 ACSs are short-lived in the 
absence of ethylene but are stabilized by the hormone 
to further amplify its synthesis through positive feed-
back. The stabilities of both of these ACS types are 
also regulated through unique C-terminal motifs that 
are probably recognized by two distinct E3s70,71. For 
type 1 ACSs, this motif is phosphorylated on ethylene 
treatment, which presumably inhibits its binding to its  
cognate, as yet unknown, E3 (REF. 70). For type 2 ACSs 
such as A. thaliana ACS4, ACS5 and ACS9, ethylene 
blocks, possibly through phosphorylation, their recog-
nition by a family of BTB E3s, which are assembled with 
the related ETHYLENE-OVERPRODUCING 1 (ETO1) 
and ETO1-LIKE 1 (EOL1) or EOL2 BTB proteins  
using a common CUL3 scaffold72–74 (FIG. 3). BTBETO1 is 
the dominant E3 in type 2 ACS turnover; accordingly, 
eto1 mutants have elevated levels of ACS5, overproduce 
ethylene and display a constitutive ethylene response 
phenotype73. All of these effects are further accentuated 
in eto1;eol1;eol2 triple mutants, which indicates that the 
BTBEOL1 and BTBEOL2 E3s also participate74. It is not yet 
known if type 3 ACSs are under proteolytic control.

Figure 2 | Roles of specific E3s in hormone signalling and photoperiod measurement. 
a | Auxin signalling involves the ubiquitylation of the AUXIN (AUX) and INDOLE-3-ACETIC 
ACID (IAA) proteins by an S phase kinase-associated protein 1 (SKP1)–cullin 1 (CUL1)– 
F-box (SCF) E3 containing the TRANSPORT INHIBITOR-RESPONSE 1 (TIR1) F-box 
protein in complex with an auxin. b | Front and side views of the Leu-rich repeat (LRR) 
pocket in TIR1 filled with the auxin IAA, inositol hexaphosphate (InsP

6
) and the 

domain II peptide from IAA7. c | Jasmonic acid (JA) signalling involves the ubiquitylation 
of JA-ZIM domain (JAZ) proteins by an SCF E3 that contains the CORONATINE-
INSENSITIVE 1 (COI1) F-box that is predicted to associate with the bioactive JA-Ile 
conjugate. d | Gibberellic acid (GA) signalling involves the ubiquitylation of Della 
proteins that have a signature Asp-Glu-Leu-Leu-Ala motif by SCF E3s containing the 
SLEEPY 1 (SLY1) or SNEEZY 1 (SNE1) F-box proteins in conjunction with GA and the GA 
receptor GA-INSENSITIVE DWARF 1 (GID1). e | Control of abscisic acid (ABA) signalling 
through the ABA-INSENSITIVE 3 (ABI3) and ABI5 transcriptional regulators. Whereas 
ABA promotes the degradation of ABI3 by enhancing the synthesis of the RING E3 
ABA-interacting protein 2 (AIP2), ABA blocks degradation of ABI5, possibly by 
preventing its interaction with the KEEP ON GOING (KEG) RING E3. f | Photoperiodic 
control of CONSTANS expression by the photosensitive SCF E3 assembled with the 
F-box protein FKF1. Absorption of blue light by the flavin mononucleotide (FMN) 
chromophore bound to the light oxygen voltage (LOV) domain of FKF1 promotes the 
association of FKF1 with the GIGANTEA (GI) accessory protein and the target, the 
transcriptional repressor CYCLING DOF FACTOR 1 (CDF1). Degradation of CDF1 
derepresses CONSTANS expression. ASK1, Arabidopsis SKP1; RBX1, RING BOX 1.  
Part b is adapted, with permission, from Nature REF. 60 � (2007) Macmillan Publishers 
Ltd. All rights reserved.
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TIR1-mediated ubiquitination of AUX/IAA proteins





2. Targeted degradation of AUX/IAA repressors
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searches using conserved motifs from other organisms 
as queries13–21. With these compilations, it is now rela-
tively easy to identify core components in any other plant 
species18,22–24.

Based on their position in the UPS, E3s are clearly the 
key factors that define substrate specificity. To date, four 
main types of E3s are known in plants, and are classified 
by their mechanisms of action and subunit composition: 
HECT, RING, U-box and cullin–RING ligases (CRLs), 
with the CRLs further divided into four subtypes (BOX 2). 
The assembly, activity and specificity of individual E3s in 
each type are then defined by the combinatorial assembly 
of various modules, one of which recognizes the target. 
Phylogenetic analysis of the target receptor subunit of the 
bric-a-brac–tramtrack–broad complex (BTB) E3 family 
illustrates just how diverse these modules can be: this 
collection contains various protein–protein interaction 
motifs, all linked to a common BTB docking domain 
(FIG. 1a). As an extreme example, the E3 that regulates 
abscisic acid (ABA) signalling in A. thaliana, KEEP ON 
GOING (KEG), contains a RING domain that interacts 
with the ubiquitin–E2 intermediate, a Ser/Thr protein 
kinase domain and HECT and RCC1-like 2 (HERC2) 
and ankyrin repeats, with one or more of the ankyrin 
repeats probably binding the target25.

At least for the S phase kinase-associated protein 1 
(SKP1)–cullin 1 (CUL1)–F-box (SCF), BTB and DNA 
damage-binding (DDB) CRLs, assembly with targets and 
subsequent disassembly after ubiquitylation are highly 
dynamic and involve both the scaffold protein CULLIN-
ASSOCIATED AND NEDDYLATION-DISSOCIATED 1 
(CAND1) and reversible modification of the cullin 
subunit with another ubiquitin fold protein, RELATED 
TO UBIQUITIN 1 (RUB1; also known as NEDD8)26,27 . 
Release of bound RUB1 requires the developmentally 
essential but functionally enigmatic CONSTITUTIVE 
PHOTOMORPHOGENESIS 9 (COP9)–signalosome  
complex, which was discovered initially as a key regulator 
of plant photomorphogenesis28.

Protein breakdown by the 26S proteasome. Most ubi-
quitylated proteins, especially those modified with 
Lys48-linked polyubiquitin chains, become substrates 
for the 26S proteasome, a 2.5 MDa ATP-dependent 
protease complex that is present in both the cytoplasm 
and the nucleus29,30. In plants, as in other eukaryotes, this 
exquisite garbage disposal system contains a central core 
particle (CP) that houses the protease active sites in an 
internal chamber29,31. The opening to this chamber is suf-
ficiently narrow to restrict entry to only those substrates 
that are deliberately unfolded and threaded inside.

Appended to either or both ends of the CP is a regu-
latory particle (RP) that has various activities involved in 
ubiquitin–conjugate recognition, recycling the ubiquitin 
moieties, target unfolding, transporting the target into 
the CP chamber and presumably releasing breakdown 
products. More specifically, a ring of six RP triple A 
(AAA+) ATPases (RPTs 1–6) covers the opening to the 
CP and probably assists in target unfolding, the RP non-
ATPases (RPNs) 10 and 13 are ubiquitin receptors, and 
RPN11 is a deubiquitylating enzyme (DUB) that helps to 
release bound ubiquitins32–34. The functions of the other 
RP subunits remain largely unknown. Although most, 
if not all, RP subunits are essential in plants, analyses of 
weak mutant alleles for several RP subunits in A. thaliana 

Box 1 | Ubiquitin and the ubiquitin–26S proteasome system

In the initial ATP-consuming reaction, an E1 (or ubiquitin-activating enzyme) first 
activates the ubiquitin moiety by forming a high energy thioester bond between an E1 
Cys residue and the carboxy-terminal Gly of ubiquitin (see the figure, part a).  
This activated ubiquitin is then donated to a Cys on an E2 (or ubiquitin-conjugating 
enzyme) by trans-esterification. In most cases, the ubiquitin–E2 intermediate serves as 
the proximal ubiquitin donor, using an E3 (or ubiquitin ligase) to identify the target and 
catalyse ubiquitin transfer. The final product is a ubiquitin conjugate in which the 
C-terminal Gly carboxyl group of ubiquitin is linked through an isopeptide bond to an 
accessible amino group (typically a Lys ε-amino) in the target. By attaching ubiquitin in 
various ways, distinct target fates can be achieved. For example, by reiterative rounds of 
ubiquitylation, polymeric ubiquitin chains can be assembled using one of the seven 
ubiquitin Lys residues for concatenation (in the figure, part b, these Lys residues are 
highlighted in the front and back three-dimensional views of ubiquitin139; β-strands are in 
green, α-helices are in cyan and the C-terminal Gly76 used to ligate ubiquitin to other 
proteins is indicated). After formation, the ubiquitin conjugate can either be 
disassembled by deubiquitylating enzymes (DUBs) to release the target protein and 
ubiquitin molecules intact, or the target is broken down by the 26S proteasome, with the 
concomitant release of the bound ubiquitin molecules by DUBs. The numbers in 
parentheses indicate the predicted number of genes that encode each UPS component 
in Arabidopsis thaliana. 
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The ubiquitin–26S proteasome system for protein degradation in Arabidopsis
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Table 1 Aux/IAA proteins in Arabidopsis thaliana and evidence for their roles in auxin-mediated development

Gene Product Function

Genetic evidence for role
in auxin-mediated

development References
IAA1 IAA1 Auxin decreases protein half-life;

axr5-1 gain-of-function
mutation is in degron

axr5-1 degron mutation
reduces multiple auxin
responses

Abel et al. 1995; Park et al.
2002; Yang et al. 2004;
Zenser et al. 2001, 2003

IAA2 IAA2 Contains domain II degron Phylogenetic relationship Abel et al. 1995, Liscum &
Reed 2002

IAA3 SUPPRESSOR OF
HY2 or SHORT
HYPOCOTYL 2
(SHY2/IAA3)

shy2-1, -2, -3, -6 mutations are
in degron

shy2-1, -2, -3, -6 degron
mutations reduce multiple
auxin responses

Abel et al. 1995, Kim et al.
1996, Reed 2001, Reed
et al. 1998, Soh et al. 1999,
Tian & Reed 1999, 2003

IAA4 IAA4 Pea ortholog shows rapid
turnover in vivo

Phylogenetic relationship Abel et al. 1994, 1995;
Liscum & Reed 2002

IAA5 IAA5 Contains domain II degron Phylogenetic relationship Abel et al. 1995, Liscum &
Reed 2002

IAA6 SUPPRESSOR OF
HY1 (SHY1/IAA6)

Pea ortholog shows rapid
turnover in vivo; shy1-1
mutation is in degron

shy1-1-stabilizing mutation
reduces multiple auxin
responses

Abel et al. 1994, 1995; Kim
et al. 1996; Ramos et al.
2001; Reed 2001

IAA7 AUXIN
RESISTANT 2
(AXR2/IAA7)

Auxin decreases protein half-life;
protein can interact with TIR1;
axr2-1 mutation is in degron;
axr2-1 mutation abolishes
protein interaction with TIR1
and increases protein half-life

axr2-1-stabilizing mutations
reduce multiple auxin
responses

Abel et al. 1995,
N. Dharmasiri et al. 2003,
Gray et al. 2001, Nagpal
et al. 2000, Timpte et al.
1994

IAA8 IAA8 Protein shows rapid turnover in
vivo; contains domain II degron

Phylogenetic relationship Abel et al. 1995, Dreher et al.
2006, Liscum & Reed 2002

IAA9 IAA9 Protein shows rapid turnover in
vivo; contains domain II degron

RNAi-reduced levels in
tomato increase sensitivity
to auxin in multiple
developmental processes

Abel et al. 1995, Dreher
et al. 2006, Liscum & Reed
2002, Wang et al. 2005

IAA10 IAA10 Contains domain II degron Phylogenetic relationship Abel et al. 1995
IAA11 IAA11 Contains domain II degron Phylogenetic relationship Abel et al. 1995, Liscum &

Reed 2002
IAA12 BODENLOS

(BDL/IAA12)
bdl mutation is in degron bdl degron mutation reduces

multiple auxin responses
Abel et al. 1995; Hamann
et al. 1999, 2002; Liscum &
Reed 2002

IAA13 IAA13 Contains domain II degron Degron mutant transgene
impairs auxin-related
development

Abel et al. 1995, Weijers
et al. 2005

IAA14 SOLITARY ROOT
(SLR/IAA14)

slr-1 mutation is in degron slr-1 degron mutation
reduces multiple auxin
responses

Abel et al. 1995; Fukaki et al.
2002, 2005; Vanneste et al.
2005

IAA15 IAA15 Contains domain II degron Phylogenetic relationship Liscum & Reed 2002
IAA16 IAA16 Contains domain II degron Phylogenetic relationship Liscum & Reed 2002

(Continued )
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Table 1 (Continued )

Gene Product Function

Genetic evidence for
role in auxin-mediated

development References
IAA17 AUXIN RESISTANT 3

(AXR3/IAA17)
Auxin decreases protein half-life;
protein can interact with TIR1;
axr3 mutations are in degron and
increase protein half-life

axr3-1 and -3 degron
mutations reduce
multiple auxin responses

N. Dharmasiri et al. 2003,
Gray et al. 2001, Leyser
et al. 1996, Ouellet et al.
2001, Overvoorde et al.
2005, Rouse et al. 1998

IAA18 IAA18 iaa18-1 mutation is in degron iaa18-1 degron mutation
reduces multiple auxin
responses

Reed 2001

IAA19 MASSUGU 2
(MSG2/IAA19)

msg2-1 to -4 mutations are in
degron

msg2-1 to -4 degron
mutations reduce
multiple auxin responses

Liscum & Reed 2002,
Tatematsu et al. 2004

IAA26 Phytochrome
interacting protein 1
(PAP1/IAA26)

Contains domain II degron Phylogenetic relationship Liscum & Reed 2002

IAA27 Phytochrome
interacting protein 2
(PAP2/IAA27)

Contains domain II degron Phylogenetic relationship Liscum & Reed 2002

IAA28 IAA28 Auxin decreases protein half-life;
iaa28-1 mutation is in degron

iaa28-1 degron mutations
reduce multiple auxin
responses

Dreher et al. 2006,
Rogg et al. 2001

IAA29 IAA29 Contains domain II degron Phylogenetic relationship Liscum & Reed 2002
IAA31 IAA31 Auxin decreases protein half-life;

imperfect conservation of domain
II correlates with a half-life longer
than that of other Aux/IAAs in vivo

Phylogenetic relationship Dreher et al. 2006,
Liscum & Reed 2002

contribute to our understanding of auxin-
regulated transcription in development.
Selected examples are described below.
Similarities in the phenotypes conferred by
loss-of-function arf mutations and stabilizing
aux/iaa domain II mutations have led to recent
functional pairing of some Aux/IAA and ARF
proteins (Fukaki et al. 2006; Tatematsu et al.
2004; Weijers et al. 2005, 2006). In each
case, yeast two-hybrid or other interaction
assays have confirmed the potential for direct
protein-protein interactions.

AUX/IAA AND ARF PROTEINS
MEDIATE AUXIN ACTION IN
VASCULAR DEVELOPMENT
AND ORGANOGENESIS
Auxin plays a pivotal role in vascular tissue and
organ initiation. Studies of these processes pro-

vide the most detailed descriptions to date of
the role of auxin in development. During em-
bryogenesis auxin is required for normal or-
gan formation, as evidenced by early develop-
mental arrest in several auxin response mutants.
Loss of ARF5 function in the Arabidopsis mu-
tant monopteros (mp) completely prevents root
formation (Berleth & Jurgens 1993, Hardtke &
Berleth 1998, Weijers & Jurgens 2005). Identi-
cal effects are seen in the bodenlos (bdl ) mutant,
in which the Aux/IAA protein IAA12 is stabi-
lized by a mutation in domain II (Hamann et al.
1999, 2002; Weijers & Jurgens 2005). Lack of
root development in mp and bdl is due to im-
paired development of a single cell called the
hypophysis, the founder cell of the basal meris-
tem. In the apical portion of mp (and bdl ) em-
bryos, vascular tissue development is severely
reduced, reflecting a general loss of normal
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Arabidopsis

Rice

Physcomitrella

Marchantia

Green algae
(e.g., Spirogyra)

ARFAux/IAATIR1/AFB

? ? ?

Figure 7
The evolution of the auxin response pathway, showing the distribution of genes encoding TIR1/AFB,
Aux/IAA, and ARF proteins in published plant genomes for several plant species. These species represent
eudicots (Arabidopsis), monocots (rice), mosses (Physcomitrella), liverworts (Marchantia), and green algae
(Spirogyra, as an example of charophytes). The tree on the left-hand side indicates the divergence order but is
not drawn to scale. Protein abbreviations: ARF, AUXIN RESPONSE FACTOR; Aux/IAA,
AUXIN/INDOLE-3-ACETIC ACID; TIR1/AFB, TRANSPORT INHIBITOR RESISTANT 1/AUXIN
SIGNALING F-BOX.

directly represses ETT. ETT in turn directly represses WUS. The ETT-bound site at the WUS
promoter is close to a region occupied by AG, and ARF3 binding to WUS (but not to a previously
defined ETT target) was shown to be dependent on AG (110, 112). Hence, AG modulates the
activity of this repressive ARF.

Auxin Response During Gynoecium, Ovule, and Pollen Development
Local auxin maxima and auxin responses play important roles during the formation of the male
and female reproductive structures (reviewed in 83, 103, 163). The female reproductive structure,
the gynoecium, consists of multiple tissue layers with distinct functions, such as the gynophore at
the base, the two valves with the transmitting tract and ovules arising from the valve margins, the
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3. Selective activation of genes by ARF binding to auxin responsive promoters









PLOS Genetics | DOI:10.1371/journal.pgen.1005084 May 28, 2015  



Composite and simple auxin responsive elements (AREs) 



The protein structure of ARFs. 
DBD, DNA-binding domain; CTD, C-terminal dimerization domain; MR, 
middle region; RD, repression domain; AD, activation domain;





4. Recruitment of protein co-factors for maintenance of gene expression



topless (tpl) mutant



Recognition of composite AuxREs and recruitment of tetrameric TPL/TPR corepressors 

AuxRE

AuxRE

4x TPL/TPR corepressors

2x ARF
2x ARF

AUX/IAAs



Recruitment of Switch/Sucrose Non-Fermenting (SWI/SNF) and Histone 
Acetyl Transferase (HAT) complexes for remodelling chromatin





immunolocalisation and DR5 expression.(22) This maximum

has been attributed to PIN-mediated PAT.(22) However, the

known role of the YUC genes in auxin biosynthesis (Fig. 3D),

coupled with severe embryo and cotyledon defects in multiple

yucmutants,(44) unequivocally shows that embryonic pattern-

ing is also dependent on local auxin biosynthesis and not only

on PIN1-dependent redistribution. LEAFY COTYLEDON2

(LEC2) is a B3 domain transcription factor that has a central

role in early and later embryogenic development.(80,81) It has

recently been shown to induce auxin responses by binding

directly to the YUC4 promoter to positively regulate

transcription in embryos (Fig. 3D and Ref.(82)).

Gynoecium development

The regulation of apical-basal patterning of the developing

gynoecium has been explained by a model involving an auxin

concentration gradient, with highest levels at the tip, and

Figure 3. A summary of the developmental processes where local auxin biosynthesis and PAT both play a role. A: Floral development and B:
leaf vascularisation, where the combined function of several YUC genes and members of the TAA/TAR gene family in IAA synthesis and PATare
required for correct-organ initiation. SPL is a negative regulator of YUC2 and YUC6 . C: Local auxin synthesis via CYP79B2 and CYP79B3
together with PATcontributes to an auxinmaximumnecessary for lateral root initiation. D: Embryogenesis is dependent on PAT to create an auxin
maximum in the tips of the incipient cotyledons at the late globular stage, and to establish apical-basal polarity. The combined effect of YUC and
TAA/TAR family genes is necessary for correct hypophyseal specification and cotyledon outgrowth. YUC4 is positively regulated by LEC2. E:
YUC2 and YUC4, together with TAA1 and TAR2 contribute to local IAA production in developing gynoecia. PATcontributes to the auxin gradient
and STY1 positively regulates YUC4.

Review article J. W. Chandler
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Summary of the developmental processes where  auxin biosynthesis 
and polar auxin transport have been shown to be required



There are many AUX/IAA and ARF genes in Arabidopsis,

which explains why a ubiquitous plant growth regulator such

as auxin that affects almost all developmental processes can

have very specific spatial and temporal activity. The specificity

of response is partly determined by the complement of AUX/

IAA and ARF regulators expressed in a cell at a given time.(17)

Auxin gradients and maxima are important in plant

development, controlling such diverse developmental pro-

cesses as embryo apical-basal polarity,(18) leaf primordium

initiation,(19,20) wood grain formation,(21) root development(22)

and gynoecium development.(23) These auxin gradients and

resulting auxin maxima are established and maintained by

PAT. Although this can undoubtedly occur via PAT without a

contribution from local auxin production, as in roots,(24) there

has been a disproportionate neglect of the importance of the

auxin source, both in contributing to auxin gradients and to

local auxin homeostasis. Logically, auxin transport must be, at

least partially, dependent on a pool of active auxin to be

transported or re-distributed, and there is increasing evidence

that auxin also regulates its own transport via regulation of PIN

proteins.(20,25) Historically, one reason for the underestimation

of the role of local auxin biosynthesis has been the lack of

mutants for several biosynthetic steps and an inability to affect

development by manipulating local endogenous auxin levels.

However, recent progress has extended our understanding in

these areas and demonstrated the importance of local auxin

biosynthesis in developmental processes. This review high-

lights these advances and places them in the context of PAT.

Auxin biosynthetic pathways

The complex maze of auxin biosynthesis has been excellently

reviewed.(26–29) Most auxin synthesis is dependent on

tryptophan (Trp) as a precursor, but an alternative Trp-

independent pathway is postulated in Arabidopsis, anabolis-

ing IAA from a Trp precursor (Fig. 1),(29) as has been shown in

maize extracts.(30) The elucidation of auxin biosynthetic

pathways has mainly occurred through two routes; geneti-

cally, by isolating mutants in pathways and cloning genes

encoding biosynthetic enzymes, and biochemically, using

heavy isotope-labelled intermediates and the quantification of

Figure 1. Different auxin biosynthesis pathways, showing a: the postulated tryptophan (Trp)-independent pathway and the four main branches
of Trp-dependent synthesis via, b: indole-3-acetamide, c: IPA, d: tryptamine or e: indole-3-acetaldoxime. The positions of enzymes encoded by
genes that result in a phenotype when mutated are shown.

J. W. Chandler Review article

BioEssays 31:60–70, ! 2009 WILEY-VCH Verlag GmbH & Co. KGaA,Weinheim 61

Auxin biosynthesis pathways



labelled products via mass spectrometry.(31) In plants, the

predominant active auxin is IAA; other endogenous auxins

include 4-chloro-indole-3-acetic acid,(32) indole-3-butyric acid

(IBA) and phenylacetic acid (PAA).(33) In the Trp-dependent

pathway, IAA in plants is synthesised from indole precursors

via four accepted routes,(26,28) characterised by the inter-

mediates indole-3-pyruvic acid (IPA), tryptamine, indole-3-

acetaldoxime or indole-3-acetamide (Fig. 1). The pathways

are not always completely discrete and often converge, but an

important point is that parallel auxin synthesis pathways

provide a well-buffered system, potentially subject to many

points of regulation and modulation in different tissues and

in response to the environment. The positions of loci known

to confer developmental defects when mutated, including

those encoding YUCCA (YUC) flavin monooxygenases, Trp

aminotransferases (TAA) and cytochrome P450 79B2

and 79B3 (CYP79B2/CYP79B3) fromArabidopsis, are shown

in Fig. 1.

Auxin degradation and homeostasis

It is important not to viewauxin responses as being the result of

auxin synthesis alone. Development is dependent not only on

the sensitivity of a particular tissue to auxin, but also on the

active auxin pool available for biological activity in that tissue.

This pool results from the sum total of all pathways affecting

auxin homeostasis, including auxin transported into or away

from the tissue, release of IAA from conjugates, methylation,

interconversion to other auxins and, importantly, auxin

degradation. Auxin degradation has not been as well studied

as synthesis, although some information is available from

high-level auxin feeding and an analysis of the resulting

metabolites.(34) The main metabolic routes from IAA leading to

either storage or degradation are summarised in Fig. 2. The

main storage methods are to conjugate IAA to sugars, amino

acids or IBA, or via methylation, which are reversible reactions

and can release free IAA when needed (reviewed in Ref.(26)).

Irreversible degradation of IAA occurs by modification of the

indole ring and its side chains via IAA oxidases, which are plant

peroxidases,(35) to produce oxIAA, or by non-decarboxylative

oxidation of the indole ring, by various plant-specific methods

(reviewed in Ref.(29)). OxIAA can be further conjugated with

hexose.(34) Conjugation of IAA to amino acids via enzymes

encoded by the GH3 family of auxin-inducible genes is a way

to partition IAA to storage compounds or to commit them to

degradation. Conjugation to Asp or Glu appears to not be

reversible and therefore to be an IAA catabolic route(34) and

IAA-Asp is further metabolised to oxIAA-Asp. Auxin degrada-

tion pathways are themselves regulated by the amount of

auxin; the GH3 genes are auxin-inducible(36) and auxin

catabolism is promoted by elevated IAA levels (reviewed

in Ref.(26)).

Manipulating active auxin pools in
development

Physiological work on exogenous auxin application has

suffered from limitations of wounding, uncertainties about

uptake and redistribution and specificity of response. Genetic

approaches to address the role of auxin biosynthesis in

development have been hampered by the absence of a true

auxin-deficient mutant or a lack of individual mutants for all

biosynthetic steps, which reflects the redundant basis of auxin

production. Gain-of-function mutants with elevated auxin

levels exist, but not always with concomitant loss-of-function

mutants to aid interpretation of resulting phenotypes. A

summary of knockout mutants in auxin biosynthetic steps

that result in a phenotype is given in Table 1. Alternative

approaches to analyse the contribution of auxin synthesis to

developmental processes initially manipulated auxin levels

transgenically, by reducing IAA levels by stimulating its

constitutive conjugation to IAA-lysine in tobacco,(37) or by

raising IAA levels via constitutive overexpression of a bacterial

Trp monooxygenase in Arabidopsis.(38) Although these

experiments implicated auxin in post-embryonic develop-

ment, the role of local auxin production could not be dissected.

This has been addressed more recently, by manipulating

auxin levels via more selective synthesis of IAA by Trp

monooxygenase or conjugation by IAA-lysine synthetase(39)

in Arabidopsis embryos. Alteration of auxin homeostasis in

this way in domains determined by specific promoters in the

whole embryo, or only the apical protoderm, the embryonic

shoot apical meristem, central embryo domain or the

endosperm had no phenotypic consequences for embryonic

patterning, despite higher levels of auxin. Evidence sug-

Figure 2. A summary of the main storage and degradation path-
ways known for IAA.

Review article J. W. Chandler
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BODENLOS (IAA12) and MONOPTEROUS (ARF5) are required for the 
establishment of the root apical meristem during embryogenesis



2014). It first performs two rounds of longitudinal divisions at right
angles to one another to produce four cells of equal size. This is
followed by a transverse division that separates the two tiers,
generating the octant stage embryo (Fig. 1). At this stage, the upper
tier is slightly, but significantly, smaller than the lower tier (Yoshida
et al., 2014). All cells in both tiers then undergo a tangential division,
giving rise to eight inner cells and eight outer cells (dermatogen
stage). This division separates the protoderm (the precursor of the
epidermis) from the inner tissues (the precursors of the ground and
vascular tissues) (Fig. 1). Recent work shows that the outer cells of the
dermatogen stage embryo are more than twice the volume of the inner
cells, a feature that had been impossible to detect in 2D sections
(Yoshida et al., 2014). In the following stages, both the orientation of
cell division and volumetric asymmetry are very regular in the lower
half of the embryo, whereas they are less constrained in the upper half.
The next round of divisions that forms the early globular stage is a

central formative event. The outer, protodermal cells divide
anticlinally, only to extend the outer layer. By contrast, the inner
cells divide longitudinally. Here, the four basal cells form larger,
outer ground tissue precursors and smaller, inner vascular
precursors. At about the same time, the uppermost cell of the
suspensor is specified as the hypophysis and divides asymmetrically
to form a smaller lens-shaped cell that is the precursor of the
quiescent centre (QC) and a larger basal cell that is the precursor of
the distal stem cells of the root meristem (Fig. 1).
The specification of different cell identities during embryogenesis

is tightly controlled by specific molecular pathways and is often
marked by the onset of specific gene expression patterns. In the
following sections, we discuss our current understanding of the
cellular and molecular events that take place during the formation of
outer (protoderm) versus inner layers, the specification of vascular
and ground tissues, the determination of shoot and root domains, and
the establishment of the first stem cells.

The separation of inner and outer fates
At the octant stage, all cells of the embryo proper divide along a
tangential plane, aligned along the apical-basal axis, giving rise to
two cell populations with very different identities: the protoderm
and the inner cells (Fig. 1). What dictates this tangential division
plane is not clear. The WUSCHEL-RELATED HOMEOBOX
(WOX) transcription factors, together with auxin signalling
(Box 1), have been implicated in this process. Tangential division
is perturbed in wox2 mutants (Haecker et al., 2004, Breuninger

Upper tier
Lower tier

Embryonic
Extra-embryonic

Protoderm
Inner
Hypophysis

Vascular tissue
Ground tissue

QC
Columella

Initial
Daughter

Zygote Octant Dermatogen Globular
Early Late

HeartTransition
Late

2-cell 4-cell1-cell
Mid Early

Outer view

Cross-section

Seedling

Key

Fig. 1. Arabidopsis embryo development. Surface view and longitudinal cross-sections of a developing Arabidopsis embryo. Cells are coloured according to
their lineage, as indicated in the key. Based on data from Yoshida et al. (2014).

Box 1. Auxin: a versatile patterning molecule
Auxin is a versatile plant signalling molecule that plays a central role in
nearly all aspects of growth and development (Zhao, 2010). Auxin is
interpreted through a short nuclear signalling pathway. When auxin
levels are low, AUXIN RESPONSE FACTORs (ARFs), which are
transcription factors, are bound and inhibited by unstable, nuclear
AUX/IAA proteins (Reed, 2001; Guilfoyle and Hagen, 2007). When
levels increase, auxin binds to the SCFTIR1/AFB ubiquitin ligase complex
and increases the affinity of this enzyme for its substrates, the AUX/IAAs
(Gray et al., 2001; Dharmasiri et al., 2005; Kepinski and Leyser, 2005).
The ubiquitylation and subsequent degradation of AUX/IAAs by the 26S
proteasome releases ARFs from inhibition, thereby allowing them to
modulate the expression of their target genes, which in turn mediate
auxin-dependent growth and development.
The active form of auxin is indole-3-acetic acid (IAA), a tryptophan-like

molecule. An obvious question is how such a structurally simple
molecule can elicit such a wide variety of cellular responses. Part of
the answer probably lies in the large size of the TIR1/AFB receptor, AUX/
IAA and ARF families (Remington et al., 2004; Dharmasiri et al., 2005);
the mixing and matching of different members within these families
provides each cell with a unique response machinery, thus enabling a
tailored auxin response. In the embryo, for example, ARF expression
patterns are dynamic and divergent, forming a prepattern that enables
specific auxin responses in each cell type (Rademacher et al., 2011).
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Origin of the root apical meristem during embryogenesis



Immunolocalisation of PIN4 in Arabidopsis embryos

Immunolocalisation of PIN7 in Arabidopsis embryos



Auxin triggered gene expression during embryogenesis 

DR5::GFP





embryo development, from synthesis of the
hormone to the activation of transcription.

In the next sections, we discuss the two
auxin-dependent processes that have been stu-
died in most detail: Root meristem formation
and the specification of the shoot apical meris-
tem and cotyledons.

ROLE OF AUXIN RESPONSE IN ROOT
INITIATION

MP activity is required to specify the hypo-
physis, and a loss-of-function mp mutant
shows aberrant hypophysis division resulting
in a rootless phenotype (Fig. 2) (Berleth
and Jürgens 1993; Weijers et al. 2006). The
gain-of-function bdl/iaa12 mutant encoding a
stabilized version of BDL/IAA12 has the same

phenotype (Fig. 2) (Hamann et al. 1999;
Hamann et al. 2002). It was shown that BDL
binds to MP and inhibits its transcriptional
activity. In the early globular stage, embryo
MP and BDL proteins accumulate in all subepi-
dermal cells, but not in the hypophysis (Weijers
et al. 2006). Hence, MP acts non-autonomously
in hypophysis specification as MP activity is
required in the cells adjacent to the hypophysis
to specify this cell (Fig. 4). Interestingly, among
the nonautonomous signals that could mediate
MP-dependent cell communication in hypo-
physis specification is auxin itself. DR5 activity
in the hypophysis is lost in the mp mutant and
PIN1 levels are reduced in the mp mutant.
However, because exogenous auxin treatment
does not restore hypophysis specification in
mp or bdl mutant embryos, auxin alone does

IAA

IAA

Hypophysis
specification

IAA

IAA

TPL
BDL

MP

Aux/IAA

ARF

P
IN

1

S

S

Figure 4. Hypophysis specification in the globular-stage embryo. MP activity is required non-cell-autonomously
in the provascular cells (light blue) adjacent to the uppermost suspensor cell (pink) to specify this cell as
hypophysis. In the provascular cells, high auxin levels release MP from its inhibitor, the Aux/IAA protein
BDL, and the corepressor TPL. Subsequently, MP induces the expression of PIN1 in the provascular cells,
resulting in auxin transport to the uppermost suspensor cell. MP also promotes the transport of a
hypothetical signal (S) to the future hypophysis. Here, auxin releases another yet unidentified ARF from a so
far unknown Aux/IAA protein to elicit an auxin response that converges with S to specify hypophysis fate.
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Figure 5 | Dynamics of auxin responses. a | Shown on the left-hand side is a schematic of the auxin receptor 

complex SCFTIR1, which consists of the E3 ubiquitin-protein ligase RING-BOX PROTEIN 1 (RBX1), S PHASE 
KINASE-ASSOCIATED PROTEIN 1 (SKP1), CULLIN 1 (CUL1) and TRANSPORT INHIBITOR RESPONSE 1 (TIR1). On the 
right-hand side is a heterodimer formed of an auxin response factor (ARF) and an AUX/IAA protein. ARF and AUX/
IAA are shown in an inactive form (shown in grey) or an active form (coloured). b | Auxin enhances the association 

of AUX/IAA with the F-box protein TIR1 within the SCFTIR1 complex, which leads to degradation of AUX/IAA. This 
releases ARF proteins so that they can function as transcription activators or repressors. c | The response to simple 

activation of a single protein by a stimulus (auxin) is shown. Minor fluctuations in auxin concentrations will 

immediately cause a response (i) (downstream gene expression) that rapidly reaches a steady state (ii). d | When 

several proteins work as a complex, the input–output graph has a Hill function shape. If hormone levels are low as a 

result of natural features of the system but not necessarily as a consequence of a real stimulus, the response is 

minimal (i). Subsequently, when sufficient amounts of auxin have accumulated owing to a true signal, gene 

expression can rapidly reach a steady state (iii). A desired and well-known characteristic of hormonal signalling is 

that the fold change in input signal is amplified (ii). e | An ultrasensitive bistable (on and off (i and ii, respectively)) 

response occurs when repressive mechanisms sequester a protein and release it in response to a stimulus or when 

the Hill coefficient is very high. These models have been generated from non-plant systems, but the concepts are 

applicable in this context. Two postulated network motifs in auxin signalling are shown. f | Hypophysis determination 

during embryogenesis is shown. A schematic structure of an Arabidopsis thaliana embryo in the globular stage is 

shown (left-hand side). A postulated feedforward loop during hypophysis specification is shown (right-hand side). 

The dashed arrow represents the movement of TARGET OF MONOPTEROS 7 (TMO7) from its site of transcription 

and translation in the provascular cells to the adjacent pro-hypophysis. g | A negative feedback loop motif between 

the AUX/IAAs and the ARFs can stabilize a system; for example, when a constant level of gene expression is 
required in the root tip.
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Mechanism for auxin-mediated specification of the root apical meristem



Cell-cell communication during specification of the root apical meristem



1. Intracellular binding of auxin 

2. Targeted degradation of Aux/IAA repressors 

3. Selective activation of genes by ARF binding to 

auxin responsive promoter elements 

4. Recruitment of protein co-factors for 
maintenance of gene expression 

5. Cell-cell communication

Regulation of gene expression by auxin


