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Abstract

Auxin is a key regulator of plant growth and development. Classical molecular and genetic 

techniques employed over the past 20 years identified the major players in auxin-mediated gene 

expression and suggest a canonical auxin response pathway. In recent years, structural and 

biophysical studies clarified the molecular details of auxin perception, the recognition of DNA by 

auxin transcription factors, and the interaction of auxin transcription factors with repressor 

proteins. These studies refine the auxin signal transduction model and raise new questions that 

increase the complexity of auxin signaling.

Graphical Abstract

Introduction

The phytohormone auxin (indole-3-acetic acid, IAA) is a master regulator of plant growth 

and development through control of cell division and expansion [1]. Because auxin potently 
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impacts growth and development, auxin regulation must be precise. A variety of auxin 

regulatory strategies, ranging from biosynthesis and metabolism control [2–4] to transport 

and localization within the plant [5, 6], influence plant growth and development. Ultimately, 

auxin sensing triggers the myriad of gene expression changes required for plant growth and 

development.

Nuclear auxin response pathway components were identified using molecular and genetic 

approaches to uncover three major families of proteins that intimately link hormone 

perception and gene expression. Discovery of these protein families - e.g. the auxin binding 

F-box proteins (TIR1; TRANSPORT INHIBITOR RESPONSE 1 and AFB1–5; AUXIN 

SIGNALING F-BOX PROTEINS 1–5), the AUXIN RESPONSE FACTOR (ARF) 

transcription factors, and AUXIN/INDOLE 3-ACETIC ACID INDUCIBLE (Aux/IAA) 

repressor proteins - employed a combination of screens and phylogenetics [7–11].

Integration of these proteins into a pathway from auxin perception to gene expression 

occurred through a series of creative studies. Protoplast and seedling-based assays, 

established the canonical 'domain' organization of the ARF transcription factors as an N-

terminal DNA-binding domain (DBD), a middle region (MR) conferring either activation or 

repression properties, and a C-terminal region containing two sequence motifs (III/IV) [12] 

(Fig. 1a). Subsequent studies determined that the III/IV motif of ARF and Aux/IAA proteins 

mediates ARF•ARF, Aux/IAA•Aux/IAA, and ARF•Aux/IAA interactions [8, 13]; that the 

Aux/IAA motif I facilitates interaction with TOPLESS (TPL) co-repressors [14]; and that 

the Aux/IAA motif II contains a degron that controls protein stability [15]. These 

investigations also established Aux/IAA proteins as ARF repressors [16] and defined two 

ARF subfamilies - positive and negative transcriptional regulators [12]. Further, molecular 

biology-focused studies suggested TIR1 as an auxin receptor [17, 18].

Various features of these three protein families led to a general model for plant auxin 

responses (Fig. 1b). Under low auxin, Aux/IAA proteins repress ARF-mediated auxin-

responsive gene transcription. Upon increased auxin, IAA binds an auxin-perceiving F-box 

protein, permitting Aux/IAA interaction. TIR1/AFB•auxin•Aux/IAA complex formation 

leads to Aux/IAA ubiquitylation and degradation and frees ARF proteins to regulate auxin-

responsive gene expression [19].

A series of recent structural biology studies revealed salient features that guide the 

molecular interplay between IAA and auxin signaling components. This review summarizes 

current structural biology contributions to the establishment, dissection, and refinement of 

the auxin response pathway.

Structural identification of auxin signal perception by SCFTIR1/AFB

The TIR1/AFB F-box protein family provides a mechanism for auxin perception and 

mediates Aux/IAA protein ubiquitylation for proteasomal degradation [11, 20, 21]. After 

initial studies identified TIR1 as an auxin receptor [17, 18], the landmark structural study by 

Tan et al. [22] introduced a new mechanism for auxin perception and Aux/IAA degradation 

(Fig. 2). The TIR1•auxin•Aux/IAA complex x-ray crystal structure revealed how auxin 

binds to TIR1 to mediate interaction with the IAA7 degron motif. Auxin binding to TIR1 
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forms the 'molecular glue' allowing formation of the TIR1•auxin•Aux/IAA complex, which 

mediates Aux/IAA ubiquitylation for degradation (Fig. 1b). Later, crystallographic analysis 

of the E3 proteins CORONATINE INSENSITIVE1 [23] and Cereblon [24] in complex with 

ligands and substrates extended this 'molecular glue' model to jasmonate repressor 

degradation in plants and to Ikaros and Aiolos degradation in humans, respectively.

Importantly, the TIR1•auxin•Aux/IAA complex [22] crystal structure provided insight into 

auxin perception in plants. The structural details of auxin binding to TIR1 aided the 

development of chemical probes to study auxin biology. In particular, biochemical studies 

following TIR1 crystallographic analysis allowed for assessment of the agonist and 

antagonist activity of different auxins and auxin derivatives [25], leading to the rational 

design of a potent auxin antagonist (auxinole; α-[2,4-dimethylphenylethyl-2-oxo]-IAA) for 

use as a chemical probe of auxin action [26].

TIR1 structural studies also paved the way for systematic examination of ligand and 

substrate specificity of the TIR1/AFB family. Each TIR1/AFB family member targets 

specific Aux/IAA proteins for degradation [20] and, interestingly, Aux/IAA protein regions 

in addition to the degron contribute to this binding [15]. Moreover, different natural and 

synthetic auxins provide differential binding affinities for cognate F-box•Aux/IAA pairs [15, 

27]. TIR1 structural information also guided subsequent studies of TIR1/AFB stability. 

TIR1 mutations in N-terminal α-helix residues abrogate CULLIN1 interaction and result in 

enhanced TIR1 stability [28], suggesting an autocatalytic mechanism of TIR1/AFB 

degradation. Understanding how this autocatalytic mechanism affects auxin signaling may 

provide important insight into TIR1/AFB roles in plant development. Further, integrating 

TIR1/AFB biochemical data with updated ARF and Aux/IAA expression profiling [29] and 

new studies involving additional auxins [15, 27] may provide important clues to further 

untangle the increasingly complex auxin signaling web.

Mechanistic clues of auxin responsive gene transcription through binding 

of AuxREs

ARF proteins are central players in the nuclear auxin response pathway. Initially discovered 

in a yeast one-hybrid screen for proteins that bind the canonical auxin response element 

(AuxRE) [7, 30], these proteins modulate auxin-responsive gene transcription. The 

Arabidopsis genome encodes 22 ARF proteins with a three-domain architecture (Fig. 1a), 

consisting of an N-terminal B3 type DBD, middle region, and interaction domain. B3 

domains are plant-specific DBD [31]. The ARF MR can be enriched in either glutamine or 

serine, which respectively correspond to activation and repression properties [12, 32]. The 

C-terminal III/IV motif, described later as a PB1 domain, provides a versatile protein-

protein interaction region [12, 33]. Recent structural studies reveal the mechanism of ARF 

recognition of the AuxRE [34].

The ARF1 and ARF5 DBD X-ray crystal structures reveal a large dimerization domain, 

which adopts a novel fold, flanking the B3 DBD [34] (Fig. 3). Mutational analysis and 

small-angle X-ray scattering (SAXS) experiments verify that ARF DBD dimerization occurs 

in solution and is important in planta for transcriptional activity [34], as previously 
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suggested [12]. Indeed, earlier domain deletion experiments are consistent with the dimeric 

ARF DBD structures [35–37].

Boer et al. [34] also delivered an in vitro mechanistic dissection of DNA recognition by 

ARF proteins. ARF DBDs preferentially bind a TGTCGG AuxRE [34] rather than the 

canonical TGTCTC [30]. Intriguingly, surface plasmon resonance experiments suggest that 

the ARF1 (repressing ARF) and ARF5 (activating ARF) DBD display similar AuxRE 

binding affinity; however, the preferred spacing between AuxRE elements differ for ARF1 

and ARF5 [34]. The authors hypothesize that this spacing confers specificity, and, combined 

with the dimerization requirement, reveals a new ‘molecular calipers’ mechanism of ARF 

DBD interaction, DNA binding, and transcriptional regulation [34] (Figs. 1b & 3).

Future work is required to determine whether ARF binding site preferences exist in planta to 

provide a mechanism for auxin response modulation. Because in planta studies are 

confounded by multiple ARF proteins, in vivo studies using a recently-developed yeast-

based system that recapitulates the auxin signaling pathway may be useful in probing the 

relationship between promoter architecture and ARF transcriptional control [38]. This 

technology could address new questions in ARF•DNA interaction and regulation. For 

instance, what are the implications of AuxRE degeneracy? Also, does the spacing of tandem 

AuxREs drive specific ARF interaction pairs? Gaining further insight will provide 

mechanistic insight into ARF DBD interactions modulate auxin signaling.

ARF and Aux/IAA PB1 domain structures introduce a multimerization 

option

ARF and Aux/IAA proteins interact through two C-terminal regions of sequence homology 

(i.e., sequence motifs III and IV) [8]. X-ray crystal structures of the C-terminal regions of 

Arabidopsis ARF7 [39] and ARF5 [40] demonstrate that region III/IV adopts a type I/II 

Phox/Bem1p (PB1) domain structure (Fig. 4a), as suggested by bioinformatic analysis [41]. 

Likewise, NMR structures of the PB1 domains of Arabidopsis IAA17 [42] and Pisum 

sativum IAA4 (PDB: 2M1M) confirm a similar architecture in these repressor proteins. 

Thus, the III/IV region of ARF and Aux/IAA proteins fold into canonical type I/II PB1 

domains.

Type I/II PB1 domain interactions are facilitated by opposing electrostatic faces provided by 

two conserved sequence motifs: a positively-charged invariant lysine and a cluster of 

negatively-charged residues, termed the OPCA motif [43]. These differential electrostatic 

faces allow for directional protein interaction (Fig. 4b) that may result in protein 

multimerization.

Biophysical characterization of PB1 domain interactions revealed a preference for the mixed 

ARF5•IAA17 (Kd = 0.073 µM) interaction [42] compared to the ARF5•ARF5 (Kd = 0.86 

µM) self-interaction [42], the ARF7•ARF7 (Kd = 0.18 µM) self-interaction [44], or the 

IAA17•IAA17 self-interaction (Kd = 6.6 µM) [42]. Mutagenesis and calorimetric analysis to 

map the ARF7 interaction interface further defines the role of two decentralized hot spots 

for these interactions [44]. These two electrostatic prongs (Fig. 4c) serve to stabilize ARF7 
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PB1 interaction and are highly conserved across the ARF and Aux/IAA [44]. Structural 

studies of the PB1 domains of ARF7 [39] and ARF5 [40] reveal how these domains self-

interact (Fig. 4d) and suggest the mixed ARF•Aux/IAA interaction uses the same interface 

(Fig. 4d). The versatility of the PB1 domain in ARF and Aux/IAA interactions derives from 

two features in the interface: 1) a core two-pronged interaction that provides the energetic 

driving force for binding and 2) co-variation of residues between the ARF and Aux/IAA 

proteins, which likely provide binding specificity.

Biochemical and structural studies indicate that ARF7 [39], ARF5 [40], and IAA17 [42] 

multimerize in vitro and that mutations in either face of the PB1 domain abrogates 

multimerization [39, 40]. PB1-mediated multimerization may play a role in auxin responses 

(Fig. 1b). For example, overexpression of a stabilized IAA16 variant bearing mutations in 

either the positive or negative PB1 domain face ameliorates IAA16 repressive activity, 

suggesting that ARF•Aux/IAA dimerization is insufficient for ARF repression [39]. Further, 

mutation of each ARF7 electrostatic face individually increased DR5 auxin reporter activity 

in the presence of auxin in protoplast assays, whereas mutating both ARF7 electrostatic 

faces lead to DR5 reporter activity in the absence of auxin [40], suggesting that these 

electrostatic faces are required for ARF repression by Aux/IAA proteins. Single electrostatic 

face IAA17 and IAA19 mutants only partially repressed auxin-responsive reporter activity 

in protoplasts [40], consistent with the possibility that Aux/IAA•ARF dimerization is 

insufficient to fully repress ARF activity. Together, these reports suggest that Aux/IAA 

oligomerization, rather than simple dimerization, may be important for ARF activity 

repression. Additionally, recent mathematical modeling supports the possibility that ARF 

multimerization may modulate auxin sensitivity [45]. A critical next step is to further 

investigate the existence, effect, and role of ARF and/or Aux/IAA multimerization in vivo.

The high affinity for ARF•ARF and ARF•Aux/IAA interactions suggests the need for 

regulating these interactions. In mammals, phosphorylation regulates PB1 interactions in 

p62/SQSTM1 signaling [46]. In plants, phosphorylation of the ARF MR regulates ARF2 

repression of transcription [47], ARF7 activation of transcription [48] and ARF19 activation 

of transcription [48]. Although in vivo phosphorylation of ARF or Aux/IAA PB1 domains 

has not been demonstrated, in vitro data suggest the threonine, which is a predicted 

phosphorylation site, near the invariant lysine of the ARF7 PB1 domain stabilizes 

ARF7•ARF7 interaction [44]. Understanding the control of PB1 interaction may lead to 

regulatory systems in auxin signaling.

Structural and functional studies of ARF and Aux/IAA PB1 domain interfaces [39, 40, 42, 

44] raise further questions regarding interaction specificity. Does the specificity of 

ARF•ARF, ARF•Aux/IAA, or Aux/IAA•Aux/IAA PB1 interactions play a functional role in 

auxin signaling? Can variation among key PB1 interaction residues guide inference of 

interaction partners? Do these proteins multimerize in vivo, and if so, does this 

multimerization play a role in auxin response regulation? Answers to these questions may 

provide further insight into the function of distinct ARF and Aux/IAA proteins.
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Conclusions

Structural biology provided new insights that define and refine the auxin response pathway. 

The first views of the TIR1•auxin•Aux/IAA complex established the ‘molecular glue’ 

mechanism for auxin perception; ARF DBD structural analyses revealed a molecular basis 

for AuxRE recognition; and ARF and Aux/IAA PB1 domain structures led to insight into 

how protein interactions attenuate auxin responses in plants and raises the possibility of 

ARF and/or Aux/IAA multimerization. Together, these studies have refined the auxin 

response pathway from what was known in 2005 to an updated view in 2015 (Fig. 1b). 

These studies provide molecular snapshots of the auxin response mechanism and reinforce 

the core pieces of the canonical pathway; however, they also suggest new directions for 

dissecting the complexity and diversity of the auxin web.

Biophysical research is critical to understanding and dissecting complex systems in plants, 

such as auxin signaling. Importantly, structural and biophysical analysis of TIR1/AFB1-5, 

ARF proteins, and Aux/IAA proteins provide a foundation for translation to in vivo studies. 

With structural data in hand, we can move forward with additional genetic and biochemical 

tests to validate and expand upon these results.
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Highlights

• Structural biology studies refined the auxin response pathway

• The TIR1 E3 ubiquitin ligase structure reveals the auxin perception mechanism

• ARF DNA binding domain structures establish the ‘molecular calipers’ 

mechanism

• ARF and Aux/IAA PB1 interaction domain structures increase pathway 

complexity
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Figure 1. Initial and refined auxin response models
(a) Schematic of homology motifs in Auxin Response Factor (ARF) and Aux/IAA proteins. 

The ARF DNA binding domain (DBD), middle region (MR), and III/IV interaction motif 

are indicated. The Aux/IAA sequence motifs I (TOPLESS interaction), II (degron), and 

III/IV (interaction motif) are shown. (b) The top panel depicts the auxin response model 

from the year 2005. Under low local auxin concentrations, Aux/IAA proteins interact with 

ARF proteins, thereby repressing their action. In the presence of auxin , TIR1/AFB 

perceives auxin, allowing for SCFTIR1/AFB interaction with Aux/IAA proteins. 

Subsequently, Aux/IAA repressors are degraded via the 26S proteasome to allow for ARF-

mediated gene expression changes. The bottom panel integrates structural biology 
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contributions to our understanding of auxin signaling, including the ‘molecular glue’ 

interaction of auxin with TIR1 that allows for interaction of SCFTIR1/AFB with Aux/IAA 

repressors (PDB: 2P1Q; [22]); the ARF5 DBD structure (PDB: 4LDU; [34]) providing the 

‘molecular calipers’ model of AuxRE recognition (PDB: 4LDX; [34]), and the possibility of 

PB1 domain multimerization in ARF (PDB: 4NJ6; [39]) and Aux/IAA (PDB: 2MUK; [42]) 

proteins to regulate auxin signaling. The cryo-EM proteasome structure is also shown for 

reference ([49]; PDB: 4CR2).
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Figure 2. Molecular glue mechanism of auxin perception and Aux/IAA recognition by 
SCFTIR1/AFB

The x-ray crystal structure of the SCFTIR1/AFB•auxin•IAA7 peptide complex (PDB: 2P1Q; 

[22]) revels the presence of an auxin binding pocket that mediates Aux/IAA protein 

interaction. The overall structure of the complex formed by AtTIR1 (gray), AtASK1 (light 

purple), IAA (green), and a peptide corresponding to the AtIAA7 degron (blue) is shown. 

The inset depicts the TIR1 auxin-binding pocket, in which auxin acts as a molecular glue to 

allow interaction with Aux/IAA protein degron motifs.

Korasick et al. Page 13

Curr Opin Plant Biol. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Recognition of auxin response elements (AuxRE) by the ARF DNA binding domain 
using a molecular calipers mechanism
The structure of the AtARF1 dimerized DNA binding domain bound to the ER7 everted 

repeat containing two AuxREs (PDB: 4LDX; [34]) is shown. One monomer is shown as a 

surface rendering and the other as a ribbon diagram. The dimerization domain allows for 

spacing of the B3 DNA binding domain into the major groove of the DNA to interact with 

the AuxRE (red), leading to a suggested molecular calipers mechanism of DNA recognition 

by ARF proteins [34].

Korasick et al. Page 14

Curr Opin Plant Biol. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Crystal structures of the ARF and Aux/IAA PB1 domains and the versatility of 
protein-protein interaction
(a) The X-ray crystal structures of the PB1 domains of AtARF7 (PDB: 4NJ6; [39]) and 

AtARF5 (PDB: 4CHK; [40]) and the NMR solution structures of AtIAA17 (PDB: 2MUK; 

[42]) and PsIAA4 (PDB: 2MIM) reveal a common fold. (b) The PB1 domain scaffold 

presents conserved residues on opposing positive (+) and negative (-) interaction surfaces. A 

mixed surface/ribbon view of the PB1 domains of AtARF7 [39] and AtIAA17 [42] are 

shown. (c) PB1-mediated interaction of ARF and/or Aux/IAA proteins use a two-pronged 

binding motif. Biophysical studies of the ARF7 PB1 domain (PDB: 4NJ6; [39]) revealed 

how conserved lysine and arginine residues on the positive-face interact with two 
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structurally distinct groups of acidic residues. (d) PB1 domains of ARF and Aux/IAA 

provide a versatile scaffold for protein interaction. Mixed surface/ribbon diagram showing 

the crystallographically-observed head-to-tail orientation of two AtARF7 PB1 domains 

(PDB: 4NJ6; [39]). Modeling of a hypothetical AtARF7•AtIAA17 complex, based on the 

AtARF7•AtARF7 structure, predicts the overall scaffold allowing for mixed-protein 

interaction.
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