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Charles and Francis Darwin’s 
experiments on signalling during 
plant phototropism
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Demonstration of auxin 
signaling in plant tissues



Auxin and apical-basal polarity:


Apical-basal polarity and the 
coordination of indeterminate 
growth and branching in plants 
is maintained by traffic of 
growth regulators.

These are not passive 
gradients, but are the product of 
active cellular transport.  



HA H+ A-

The pathway of auxin traffic through the plant is 
determined by the activities of influx and efflux carriers. 


Anionic trapping



Auxin influx carrier: 
AUX1

The aux1 mutant

confers resistance to

the herbicide 2,4-D, an 
auxin mimic 

WT WTaux1 aux1

2,4-D
1-NAA
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PIN1 auxin efflux carrier



(upper cell)

(lower cell)
(cell wall)

PIN1 is plasma membrane localised  
with a polar distribution within the cell



Feedback through regulated expression and localisation of PIN genes 



Asymmetric localisation of the PIN1 auxin efflux transporter is a 
dynamic process and requires the maintenance of polar secretion.

Brefeldin A treatment causes rapid loss of PIN1 localisation.

Brefeldin AX



Brefeldin Ax
xAuxin







How is auxin flux or accumulation 
converted to states of gene expression?



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 and chromatin remodelling

OVERVIEW:


Regulation of gene expression by auxin



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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TIR1-mediated mediated 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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TIR1-mediated ubiquitination of AUX/IAA proteins



2. Targeted degradation of AUX/IAA repressors
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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

www.annualreviews.org • Transcriptional Responses to the Auxin Hormone 21.21
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3. Selective activation of genes by ARF binding to auxin responsive promoters









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



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




