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Summary

In plants, most developmental programs depend on auxin action. The best described model

of auxin signaling pathway that explains most, but not all, auxin transcriptional responses

relies on a derepression mechanism. Repressors called Aux/IAAs (Auxin/Indole-3-Acetic

Acid) interact with ARFs (Auxin Response Factors), the transcription factors of the auxin

signaling pathway, leading to a repression of ARF-controlled genes. Auxin induces Aux/IAA

degradation, releases ARFs and activates transcription. However, this elegant model is not

suitable for all ARFs. Indeed, in Arabidopsis thaliana which has 22 ARFs, only 5 of them fit

into the model since they are the ones able to interact with Aux/IAAs. The 17 left have a

limited capacity to interact with the repressors and their mechanism is still unclear.

ARF-Aux/IAA differential interaction is one of the many examples of ARFs biochemical and

structural diversification that affects ARFs action and therefore, auxin transcriptional

responses. A deeper understanding of the structural properties of ARFs is fundamental to

better explain the action of auxin in plants.

Key words

ARF, domain, interactions, Nuclear Auxin Pathway.

I- Introduction

Auxin is a key regulator of a myriad of processes involved in plant development. Many of its

functions are evident at the organ and plant level such as flower initiation, tropisms, or

lateral roots formation. However, the real action takes place at a much smaller scale, inside

plant cell nuclei, where auxin triggers transcriptional changes leading to the activation or

repression of the sets of genes implicated in the different auxin-controlled developmental

programs. These transcriptional changes are the result of the transduction of auxin signal

through a series of proteins that constitute the Nuclear Auxin Pathway (NAP) and that

ultimately ends in the main characters of this review, the Auxin Response Factors (ARFs).

Monopteros (MP) was the first protein to join the NAP family thanks to the observation of

the Arabidopsis thaliana mp mutant phenotype, shared by pin formed-1, a mutant impaired

in auxin transport (Przemeck et al., 1996). The later discovery of several ARF genes in A.
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thaliana revealed that one of them, ARF5, was related to mp phenotype establishing a clear

link between this family of proteins and auxin signaling (Hardtke, 1998; Ulmasov, 1997).

Further work identified the other protein families involved in auxin signaling. Nowadays we

know that the NAP is constituted by three core components: the Auxin/Indole-3-Acetic Acid

(Aux/IAA) repressors, the TRANSPORT INHIBITOR RESPONSE 1 (TIR1)/AUXIN-SIGNALING

F-BOX (AFB) receptors and the ARF Transcription Factors (TFs). TOPLESS/TOPLESS-related

(TPL/TPR) corepressors, although not specific to auxin signaling, are also involved in the NAP.

In the last decades we have gained huge insight into how these proteins modulate specific

auxin inputs into particular transcriptional outputs. Most of this knowledge comes from

studies done in the plant A. thaliana (note that further genes nomenclature will be mostly

referred to this plant as At) and has given rise to different models, the best known being the

one based on a de-repression mechanism: Aux/IAAs interact with ARFs, and recruit

co-repressor complexes that block ARF TFs. ARFs are released from this repression after

auxin-triggered Aux/IAA degradation.

Recent studies have proposed an evolutionary history of the NAP (Bowman et al., 2017;

Flores-Sandoval et al., 2018; Martin-Arevalillo et al., 2019; Mutte et al., 2018) rooting ARFs

origins to early-charophyte algae where a single proto-ARF gene existed. A first duplication

event led to proto-ARF diversification into two classes (A/B and C) in the late-divergent

charophytes. A second division of class A/B into classes A and B took place in the first land

plants giving the three evolutive classes described today: A, B, and C. Further duplications

happened within the 3 classes that enlarged and diversified ARFs family in higher land plants

(Mutte et al., 2018). No matter their class, ARFs are composed of three domains, a DNA

Binding Domain (DBD) followed by a Middle Region (MR) and a C-terminal Phox and Bem1

(PB1) domain (Korasick et al., 2014; Nanao et al., 2014) that assemble in a modular

structure, enabling them to work independently from one another (Fig. 1a). Despite their

high degree of conservation, ARF domains diversified along evolution, gaining different

capacities to bind DNA, to recruit partners or even different functions. We are only starting

to understand how these differences affect ARF behavior and mechanisms of action in the

control of auxin responses. In this review we will first describe the structural properties of

the different domains of the 3 ARF classes. Then we will link key properties to different ARFs’

involvement in the NAP in an auxin-dependent or independent context and in various
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developmental processes. Many questions have been answered but many more remain to

be answered.

II- Structure and function of ARF domains

II.A- The DNA binding domain

As with every TF, ARFs possess a domain that mediates interaction with DNA, the DNA

Binding Domain, DBD. The specificity of a TF for DNA determines which genes are bound and

thus, controlled by it. Therefore, ARF-DBDs and their DNA binding properties will be

fundamental in deciding which genes are regulated by auxin or not. ARF-DBD is located at

the N-terminus of the protein with a sequence of about 350 amino acids (Fig. 1a).

Interaction with DNA happens through a B3 subdomain unique to plants (Swaminathan et

al., 2008; Tim Ulmasov et al., 1999). B3 subdomains are also present in other plant TF

families as LAV (LEAFY COTYLEDON2 (LEC2)-ABSCISIC ACID INSENSITIVE-3 (ABI3)-VAL),

protein Related to ABI/VP1 (RAV) and REPRODUCTIVE MERISTEM (REM) (Swaminathan et

al., 2008) each with different DNA binding specificities (Yamasaki et al., 2013). ARF-B3s bind

sequences of 6 bp known as Auxin Response Elements (AuxRE) initially identified in

promoters of auxin responsive genes as a TGTCTC sequence (Liu et al., 1994). However,

studies of ARFs binding to DNA revealed that variations in the two last nucleotides of an

AuxRE were permitted and could play a role in ARFs affinity for DNA. Notably, AtARF1,3,5

have a higher affinity for TGTCGG than the classic TGTCTC (Boer et al., 2014; Franco-Zorrilla

et al., 2014). The increased affinity of ARFs for TGTCGG found its explanation in

crystallographic studies of AtARF1 showing stronger interaction of a histidine residue

(His136) with the last two G bases of the TGTCGG (Boer et al., 2014; Freire-Rios et al., 2020).

This opens the possibility that small changes in B3-DNA interface modify the strength of the

interactions modulating gene expression. Indeed, versions of the auxin transcriptional

reporter DR5 chaining together consecutive TGTGNN sequences with variations in the two

last nucleotides of the TGTCNN element present different patterns of expression in planta

(Liao et al., 2015; Lieberman-Lazarovich et al., 2019). Exhaustive studies of different ARF

affinities for different AuxREs could help understanding if and how the strength of these

interactions translates into different auxin transcriptomic responses.

4

https://www.zotero.org/google-docs/?ORySmP
https://www.zotero.org/google-docs/?ORySmP
https://www.zotero.org/google-docs/?3QGmD9
https://www.zotero.org/google-docs/?3QGmD9
https://www.zotero.org/google-docs/?SokrqV
https://www.zotero.org/google-docs/?Ob3s3c
https://www.zotero.org/google-docs/?62s6Gf
https://www.zotero.org/google-docs/?62s6Gf
https://www.zotero.org/google-docs/?e2OCf9
https://www.zotero.org/google-docs/?TRRlHo


5



Figure 1. ARFs specificities for DNA. a. ARFs contain 3 domains: the DBD , the MR and the
PB1 domain. The DBD contains two dimerisation domains (DD1 and DD2) flanking a B3
subdomain, and an ancillary domain (AD). b. Configuration of repeated AuxRE: IR, DR and ER
motifs. n indicates the number of bp between two AuxREs (TGTCNN) for each motif. c.
Summary of DAP-seq experiments done on A. thaliana (AtARF5 and AtARF2) and maize ARFs
(different class A (ZmARF4,16,18,27,29,34,35) and class B (ZmARF7,10,13-14,25,36,39))(from
Galli et al., 2018; O’Malley et al., 2016; Stigliani et al., 2019. For the clarity of the figure, the
spacing n has been limited here to 24. Light and dark colors represent preferred and highly
prefered motifs, respectively. d. Structure of AtARF1-DBD (class B) dimer in complex with IR7
(PDB code 4LDX) (two monomers in blue; B3 subdomain and DD2 are colored in dark blue in
one monomer) e. Superimposition of one monomer of AtARF5-DBD (class A) (yellow, PDB
code 4LDU) on AtARF1-DBD (blue). f. Superimposition of a model of one monomer of
AtARF10-DBD (class C) (orange with its DD2 in red) on AtARF1-DBD (blue). g-i. Structure
models of AtARF5-DBD dimer docked on IR7 (g), DR5 (h) and ER13 (i). Structures were made
using PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC. ER and IR
nomenclature corresponds to the new nomenclature used since 2020 (Freire-Rios et al.,
2020) (the old ER7 is now IR7; the old IR13 is now ER13; DR remains unchanged).
AtARF10-DBD model was generated by RoseTTaFold (Baek et al., 2021). Abbreviations used:
DBD (DNA Binding Domain), MR (Middle Region), PB1 (Phox and Bem1), DD (Dimerization
Domain), AD (Ancillary Domain), IRn (Inverted Repeat spaced by n nucleotides), ERn (Everted
Repeat spaced by n nucleotides), DRn (Direct Repeat spaced by n nucleotides).

Several studies suggested that ARFs bind repeated AuxREs (Freire-Rios et al., 2020; Guilfoyle

et al., 1998; Martin-Arevalillo et al., 2019; Tim Ulmasov et al., 1999; T. Ulmasov et al., 1999;

Ulmasov, 1997). However, knowledge on ARF interactions with double AuxREs was limited to

studies done using small, isolated DNA sequences tested in vitro for their binding to ARFs.

The recently developed DNA Affinity Purification and Sequencing (DAP-seq) technology

provided a genome-wide perspective to the understanding of ARF DNA binding (O’Malley et

al., 2016). DAP-seq uses recombinant TFs that are combined in vitro with a library of

fragmented genomic DNA permitting the identification of the genomic regions potentially

bound by the TF of interest. Contrary to TF-DNA interaction tests such as Electrophoretic

Mobility Shift Assays (EMSAs) or Yeast One-Hybrid assays (Y1H), where single DNA

sequences are used, DAP-seq allows identification of preferential binding sites in a genomic

context and of surrounding elements that might influence binding. DAP-seq was applied to

A. thaliana and maize genomes to determine the specificity of class A and B ARFs. Although

there are some differences between AtARFs and maize ARFs, binding rules have begun to

emerge (Galli et al., 2018; O’Malley et al., 2016; Stigliani et al., 2019). In the genomic regions

bound by ARFs three configurations of double AuxREs are enriched: Inverted Repeats (IR,
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double sites in which two AuxREs are oriented towards each other in different strands of

DNA), Direct Repeats (DR, two AuxREs following each other in the same DNA strand) and

Everted repeats (ER, two AuxREs oriented backwards each over in different strands of DNA)

(Fig. 1b) (Please note that different nomenclatures have been used to refer to the

orientation of double AuxREs; In this review we use the most recent one from Freire-Rios et

al., 2020). Class A ARFs bind all three configurations whereas class B binds mainly to IR sites,

indicating that the orientation of the two AuxREs is fundamental for the specificity of ARFs

binding to DNA (Fig. 1c). Another element determinant for the specificity of the binding is

the spacing between both sites. Very specific spacings were detected for each binding with a

wider permission again for class A ARFs (IR7-8 and IR18; DR 4-5, DR14-16 and DR25; and

ER3, ER13 and ER23) compared to the class B ARFs (IR7-8) (Fig. 1c).

ARFs available structural studies partially explain how orientation and spacing of two AuxREs

are main determinants of ARFs binding. Indeed, AtARF1-DBD structure revealed that regions

flanking the B3 subdomain fold into a Dimerization Domain (DD1 and DD2) enabling AtARF1

to form a dimer when binding to IR7 (Fig. 1d). In this structure, the DD functions as a caliper

placing two DBDs at a distance that allows ARF dimers to bind IR motifs spaced specifically

by 7 or 8 bases (IR7/8) whereas other spacings are less favored (Boer et al., 2014). The same

group also determined the structure of AtARF5 (class A) (Boer et al., 2014). Superimposition

of both structures (Fig. 1e) shows a high conservation between ARF-DBDs from A and B

classes, coherent with their similar preferences for IR motifs with a 7/8 nucleotides spacing.

DAP-seq has not been applied to class C ARFs yet but EMSA interaction tests suggest that

ARFs from this class present a different binding behavior. In contrast to class A and B ARFs,

AtARF10 (class C) binds IR motifs with relaxed spacing specificity (IR4-9) (Martin-Arevalillo et

al., 2019). Although the structure of the DBD of class C ARFs has not been determined,

structure models disclosed that class C DBDs possess an inserted disordered region within

the DD2 that could modify dimerization and explain their different behavior

(Martin-Arevalillo et al., 2019) (Fig. 1f).

Whereas enrichment in IR7/8 fits with precedent results and could be explained by the

caliper model, it is difficult to interpret the binding to DR and ER motifs with the same logic.

Indeed, structure modeling of AtARF5-DBD on DR5 or ER13 suggests that the known DD2

may not be involved in ARFs dimerization on DR and ER motifs (Fig. 1h,i). Given the
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similarity between class A and B ARF-DBD structures, it is unlikely that their differential

binding to ER and DR motifs comes from this domain and could rather rely on the MR or PB1

domains.

Interestingly, ARFs binding to DNA could be affected by other TFs. The DBD of the three ARF

classes (AtARF5,6 (class A), AtARF1,2 (class B) and AtARF16,17 (class C)) have been shown to

interact with G-box-binding factor-1/2 basic Leucine Zipper (GBF1/2 bZIP) TFs (Smit et al.,

2020). More specifically, enrichment of G-box motifs was observed in the vicinity of AtARF5

AuxRE motifs, which may modulate the interaction of GBF2 with AtARF5 to subsequently

control the activity of AtARF5 (Smit et al., 2020). Interactions involving the MR or PB1

domains can also lead to a modulation of ARF binding to DNA allowing a cross-talk between

different signaling pathways. This will be discussed into more details in section III.

Altogether, differences in B3 subdomains and dimerization interfaces are fundamental

structural features that determine ARFs specificities for DNA and therefore, that decide upon

which genes are regulated in response to auxin. For a better understanding of ARF-DNA

binding rules, DNA-binding tests at a genome scale, such as DAP-seq or ChIP-seq will be

fundamental in the future, especially for members of class C ARFs, for which we lack any

kind of information. Further structural work could be useful to identify ARFs binding modes

as dimers to various types of AuxRE configuration and could permit to better understand the

different DNA binding preferences from the three ARF classes. ARFs class A and B DBD

structure similarity and shared DD open the possibility of ARFs heterodimerization through

their DBD, an option that has not been explored yet. According to their structure we could

imagine that only certain heterodimerization modes are possible and again, this would be

motif dependent. Heterodimerization between DBD of class A and B ARFs via their DD seems

possible on IR 7/8 motifs due to their similar binding mode. However, heteromerization on

DR or ER motifs as well as heterodimerization between the DBD of a class A or B ARF with a

class C ARF having an insertion in its DD seems unlikely. It would be attractive in the future

to determine whether motif-dependent heterodimerization between class A and B ARFs

could contribute to the modulation between activation and repression of different

promoters.

II.B- The Middle Region
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In between the N-terminal DBD and the C-terminal domain, ARFs present a region of

variable length named the Middle Region (MR). Contrary to the high conservation observed

for the DBD, ARF-MR are very variable domains. Still, some general properties characterize

MR from different ARF classes. Class A ARF-MR are rich in glutamine residues and highly

disordered. Their Intrinsically Disordered Regions (IDR) are highly hydrophobic and predicted

to form Prion-Like Domains (PLD (Powers et al., 2019)). On the other hand, class B and C

MRs are marked by a high content of serine, proline and threonine (Guilfoyle et al., 1998;

Tim Ulmasov et al., 1999) and predictions suggest a lower degree of disorder compared to

class A (Roosjen et al., 2018) (Fig. 2).

Figure 2. Schematic organization of ARF-MR domains. a. Class A. b. Class B. c. Class C.
Intrinsic Disordered Region (IDR), Prion Like Domain (PLD), Amphiphilic Repression Motif
associated with the Ethylene-Responsive element binding factor (EAR), B3 Repression
Domain (BRD), insertion sequences, auxin binding sites and glutamine-rich regions (Poly Q
region) are indicated.
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While the DBD decides which genes are regulated, the MR is the one determining the way

they are regulated. Transient expression of different ARF-MR fused to Gal4-DBD in

protoplasts revealed that ARFs can either activate or repress transcription and that their

capacity to do either one or the other relies exclusively on their MR (Tiwari, 2003). ARFs are

therefore classified according to their function into activators and repressors. This

classification must be considered carefully. Activator ARFs belong all to the phylogenetic

class A and their capacity to activate has been extensively shown. This is not the case for the

rest of the ARFs. Classes B and C comprise the repressors. However, only certain members

within class B have actually been proven to act as such (Tiwari, 2003). As for class C ARFs,

certain publications pointed their role as repressors but more recent work puts under

question their implication in the auxin pathway (Flores-Sandoval et al., 2018; Kato et al.,

2020). If ARFs function is not clear, how they carry it out is even more of a mystery. The main

hypothesis is that the MR acts as an interaction domain for recruiting different types of

cofactors. Evidence for this are interactions described with chromatin remodelers.

The MR of the activator AtARF5 interacts with the chromatin remodelers SPLAYED (SYD) and

BRAHMA (BRM) that help chromatin opening and further activation of genes in response to

auxin (Wu et al., 2015). How this interaction happens and if other activator ARFs possess this

same property is yet to be studied. MR of the other class A ARFs (AtARF6-8,19) share a

longer stretch of glutamine residues in association with IDRs and PLDs compared to AtARF5

(Fig. 2a). Could this affect their binding to BRM or SYD? Interestingly, some class B ARFs

(AtARF3,18) seem also able to bind chromatin remodelers (Efroni et al., 2013) despite their

very different MR composition. The role of these interactions at the level of chromatin

remodeling has not been studied yet.

On the other hand, most of class B ARF-MRs contain repression domains (R/KLFG

sequences) within ordered sequences associated with the recruitment of the C-terminal part

of TPL/TPR co-repressors. R/KLFG sequences are also present on other B3

subdomain-containing proteins (RAV proteins) and for this reason have been referred to as

the B3 Repressor Domain (BRD) (Choi et al., 2018) (Fig. 2b). Class C ARFs possess a BRD-like

domain with a slightly different sequence (VLFG) (Fig. 2c). In addition, the MR of some class

B ARFs (AtARF2 or certain Physcomitrella patens ARFs for instance) also contains an

Amphiphilic Repression Motif associated with the Ethylene-Responsive element binding
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factor (EAR motif, sequence LxLxLx) (Causier et al., 2012; Causier et al., 2012; Choi et al.,

2018) identical to that found on Aux/IAAs and which allows interaction with the N-terminal

part of TPL/TPRs (Ke et al., 2015; Martin-Arevalillo et al., 2017) (Figs. 2,3). However,

interaction with TPL has only been detected for certain class B ARFs. Whether this property

is translatable to the whole class or shared by class C ARFs remains unexplored.

Apart from chromatin remodelers and corepressors, a large number of transcriptional

regulators have been identified as interactors of class A ARF-MR (BRASSINOSTEROID

INSENSITIVE 2 kinase (BIN2), PHYTOHORMONE-INTERACTING FACTOR 4 TF (PIF4),

BRASSINAZOLE-RESISTANT 1 TF (BZR1), BR-ENHANCED EXPRESSION 2 TF (BEE2), HOMOLOG

OF BEE2 INTERACTING WITH IBH1 TF (HBI1), DELLA repressor (Hu et al., 2018; Oh et al.,

2014) and class B ARF-MR (BIN2, Carica papaya ETHYLENE-INSENSITIVE3-like 1 (CpEIL1))

(Vert et al., 2008; Zhang et al., 2020) using Yeast-Two-Hybrid (Y2H) and pull-down

experiments suggesting a role of the MR as scaffold for signaling cross-talk. Additional

interactors have not been reported for class C MR.

Besides acting as a protein-protein interaction platform, recent studies suggest that PLDs

present in certain ARF-MRs could play a role in protein availability. Powers et al

demonstrated that AtARF7,19 ARF-MR (together with the PB1) is involved in the formation

of micron-sized protein assemblies that accumulate in the cytoplasm. Because of their size,

these assemblies may prevent the diffusion of proteins from the cytoplasm limiting TF

availability in the nucleus (Powers et al., 2019). Condensation of ARFs into liquid droplets

could also affect interactions between protein partners or DNA and thus have a role in

activating gene expression, as shown for other IDR-containing TFs (Boija et al., 2018).

A last and surprising role for ARF-MR has been recently described for ETTIN (AtARF3).

AtARF3 lacks the PB1 domain and its MR contains a C-terminal subdomain specific to this

protein, ES (ETT-specific). Recent experiments showed that AtARF3-ES binds auxin. Two close

regions mediate this binding: a serine patch in positions 523-529 and a Tryptophan residue

in position 505, both conserved in ARF3 homologs in other plant species (Kuhn et al., 2020;

Simonini et al., 2018a) (Fig. 2b). Auxin binding to AtARF3-MR modulates its interactions with

corepressors and over ten TFs as described below (Kuhn et al., 2020; Simonini et al., 2018a,

2017).
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Potential roles as hub for interactors, auxin perception, control of protein availability or

modulation of DNA binding have added up in the last years to the classic roles of the MR as

determinant of ARFs functions. However, while the identity of interactors and the role of

these interactions is well known for some ARFs, it remains completely unexplored for most

ARFs. The study of these domains is particularly difficult owing to their inherently disordered

nature and poor conservation. More exhaustive studies of protein-protein interactions and

identification of the specific regions involved in such interactions might help to clarify in the

future if mechanisms such as TPL/TPR or BRM/SYD recruitment are applicable or not to all

ARFs within a class or if interactions are ARF-specific. Moreover, interactions of some class B

ARF with the remodelers BRM and SYD bring up the possibility of class B ARFs having a dual

role as activators and repressors depending on the cofactor recruited. Understanding the

physiological importance of such interactions would be a first step to test this possibility.

II.C- The C-terminal domain PB1

Moving forward to the C-terminus of ARF proteins we find a small domain of 80-100 amino

acids, formerly referred as Domain III/IV (DIII/IV). DIII/IV are also present in Aux/IAA proteins

(Guilfoyle, 2015; Kim et al., 1997; Ouellet et al., 2001; Ulmasov et al., 1997). Resolution of

the 3D structures of ARFs and Aux/IAA DIII/IV (AtARF5 (Nanao et al., 2014); AtARF7 (Kim et

al., 2020; Korasick et al., 2014), AtAux/IAA17 (Han et al., 2014; Kim et al., 2020); Pisum

sativum Aux/IAA4 (Dinesh et al., 2015)) revealed that these two domains actually fold into

one single Phox and Bem1 (PB1) domain (Guilfoyle and Hagen, 2012; Nanao et al., 2014).

PB1 domains are also present in fungi, animals and amoeba and in several protein families in

plants.

ARFs and Aux/IAA-PB1 show a similar 3D structure with one negative and one positive face

that allow PB1-PB1 interactions in a head-to-tail manner through electrostatic interactions

and hydrogen bonds (Fig. 3a). ARF and Aux/IAA-PB1s interact according to a well-established

network (Piya et al., 2014; Vernoux et al., 2011). On one hand, most PB1s of class A ARFs

interact with most PB1s of class A ARFs and with Aux/IAAs. However, heterotypic

interactions are stronger than ARF or Aux/IAAs homotypic interactions. This is explained by a

higher number of electrostatic bonds between ARF and Aux/IAA-PB1s (Han et al., 2014; Kim

et al., 2020; Korasick et al., 2015; Parcy et al., 2016).
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On the other hand, Aux/IAAs and class B and C ARF-PB1 interactions are very limited. Only

some class B (AtARF1, 2, 4, 9, 12-15, 18, 20, 22) and C (AtARF10, 16) ARFs interact with a

small number of AtAux/IAAs (Li et al., 2011; Piya et al., 2014; Trigg et al., 2017; Vernoux et

al., 2011; Wang et al., 2013). No PB1 structure has been obtained for class B and C ARFs yet

but structural models show small differences in amino acids involved in hydrogen bonds or

hydrophobic contacts that could explain their lower capacity to interact with Aux/IAAs (Parcy

et al., 2016).

As the de-repression model proposes, ARFs-Aux/IAA heterotypic interaction is fundamental

for auxin signaling since it establishes the connection between ARFs and auxin. However,

ARF PB1-PB1 interactions are also important. They have been shown to be fundamental for

ARFs function in Marchantia polymorpha where class A and class B ARFs lacking their PB1

failed to complement arf mutants. Interestingly, chimeric ARFs where their PB1 was

substituted by the Sterile Alpha Motif (SAM) oligomerization domain of LEAFY TF (LFY)

partially rescued the mutants (Kato et al., 2020). These experiments suggest an important

role for PB1 oligomerization other than interactions with Aux/IAAs. Also, ARF PB1 mutants

affected in their capacity to homodimerize had a reduced capacity to bind DNA and to

activate gene expression in yeast (Pierre-Jerome et al., 2016). ARF PB1-PB1 interaction could

help the formation of alternative dimeric configurations that would allow interaction with

DR and ER motifs not explained by the DBD structure, as previously presented (Stigliani et

al., 2019); or promote ARFs oligomerization allowing their binding to multiple sites on DNA

as suggested for LFY SAM oligomerization Domain (Sayou et al., 2016).

PB1 described interactions with proteins outside the NAP are limited to a small number of

proteins (AtARF8 with the TF BIG PETALp (BPEp) (Varaud et al., 2011); AtARF1,7 and

Aux/IAA3,19 with the TF MYB77 (Shin et al., 2007)). However, it is easily imaginable that

these are not the only cases. In plants, many other PB1-containing proteins have been

identified, including NIN-LIKE PROTEIN TF (NLP) involved in nitrate signaling (Hsin et al.,

2021), protein kinases, OCTICOSAPEPTIDE /PHOX/BEMP1 (PB1) DOMAIN-CONTAINING

PROTEIN/TETRATRICOPEPTIDE REPEAT (TPR)-CONTAINING PROTEIN (PHOX), CBS

DOMAIN-CONTAINING PROTEIN (CBSCBSPB1), or NEXT TO BRCA1 GENE 1 (NBR1) (Mutte and

Weijers, 2020). It will be important to determine whether these proteins are also capable of

interacting with ARFs and/or Aux/IAAs PB1, thereby establishing points of crosstalk between
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pathways. Moreover, some class B PB1s (AtARF12-15, 20-22) contain a conserved EAR motif.

Although the functionality of this repression domain remains totally unexplored it opens the

possibility of TPL-recruitment both through the MR and PB1 domains.

ARF-PB1 consensus function is to establish interactions. Whether interactions happen with

Aux/IAAs, with other proteins outside the NAP or with itself seems to be specific to each

ARF class. The biochemical determinants of such specificity are yet to be discovered.

Structural information for ARF-PB1 from classes B and C could help to better understand

such specificities. PB1 role for classes B and C remains unexplained as only some members

interact with Aux/IAAs. Although the importance of such interactions remains to be

investigated, it suggests that some class B and C ARFs function similarly to class A ARFs. If

PB1 is not used to interact with Aux/IAA in most class B and C ARFs, one may wonder about

its role. Several class B ARFs lack this domain in flowering plants (Paponov et al., 2009),

raising the question of its importance for this class. This is the case for AtARF3, 17 (Fig. 2).

The effect of the lack of PB1 is not known for AtARF17. However, its absence in AtARF3 is

thought to disconnect it from the regulation of Aux/IAA degradation, retaining only

regulation related to direct auxin binding to its MR. Also, isoforms of ARFs usually

containing a PB1 can be produced without it by alternative splicing like AtARF13 (Okushima,

2005) and AtARF5 (Cucinotta et al., 2021) yielding a form insensitive to Aux/IAA repression.

Lastly, additional roles for this domain as binding to DNA are yet to be explored. DNA

binding studies with ARF mutants unable to homo-dimerize through their PB1 could provide

insight into this matter.

III- Role of the ARF domains mediated interactions in auxin signaling

In this section we will focus on how the previously explained diversity of ARF structural and

biochemical features drives ARFs different mechanisms in the context of the NAP. ARFs work

together with 3 other proteins: TIR1/AFB auxin receptors and Aux/IAA repressors, specific to

the auxin signaling pathway and TPL/TPR, a family of plant co-repressors implicated in many

other signaling pathways (Fig. 3). These families of proteins interact with each other in 4

modules of interactions (Aux/IAA-ARFs (Fig. 3a), Aux/IAA-TPL (Fig. 3b), TIR1-Aux/IAA (Fig. 3c)

and ARFs-DNA (Fig. 1b)) that perceive, transmit and translate auxin signal into a

transcriptional output (Fig. 3d). Several crystallographic works have allowed us to
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understand the structural details of these modules. Aux/IAAs are divided in three domains

DI (EAR motif), DII (degron) and PB1 that interact with TPL/TPR, TIR1/AFB and ARF,

respectively. Through its EAR motif and PB1, Aux/IAA bring TPL/TPR together with larger

co-repressor complexes to the vicinity of ARFs, repressing expression of ARF-regulated genes

(Hagen, 2015; Szemenyei et al., 2008). Increase of auxin levels inside a cell drives the

formation of a co-receptor complex between the TIR1/AFB receptor, auxin and Aux/IAA DII.

TIR1/AFB proteins belong to the SKP1-CUL1-F-box protein (SCF) E3 ubiquitin ligase complex

(Gray et al., 1999; Ruegger et al., 1997) that triggers ubiquitination and further degradation

of Aux/IAAs by the 26S proteasome. Aux/IAAs degradation leads to removal of TPL/TPR

co-repressor complexes allowing ARFs to activate the genes under their control (Gray et al.,

1999; Ruegger et al., 1997; Ulmasov et al., 1997).

Each of these protein families is composed of several members in high order plants (6

TIR1/AFB receptors, 5 TPL/TPR, 33 Aux/IAAs and 22 ARFs in A. thaliana). Numerous in vitro

experiments have shown that different combinations of these members could alter the

mechanism of the NAP as highlighted for the TIR1/AFB-Aux/IAA complexes. In vitro and Y2H

studies have shown that the amino acids composition of the DII and regions flanking it

influence their interaction with different TIR/AFB members, affecting Aux/IAAs degradation

rates and ultimately the dynamics of auxin response (Calderón Villalobos et al., 2012; Dreher

et al., 2006; Havens et al., 2012; Niemeyer et al., 2020; Pierre-Jerome et al., 2014; Ramos et

al., 2001; Winkler et al., 2017). Although other interactions are not that well characterized,

the ability of the various NAP members to interact will most certainly affect the final

response. Therefore, understanding them and integrating them into the context of the full

pathway is fundamental for a better comprehension of the auxin-triggered transcriptional

response. In the previous section we focused on the diverse biochemical and structural

features of the three ARF domains from different evolutive classes and within each class.

Along the next section we will link these properties to ARFs’ different mechanisms and roles

in auxin signaling pathway and in auxin controlled developmental processes.

15

https://www.zotero.org/google-docs/?k9wngi
https://www.zotero.org/google-docs/?39UIbq
https://www.zotero.org/google-docs/?BmNSSv
https://www.zotero.org/google-docs/?BmNSSv
https://www.zotero.org/google-docs/?enRlAW
https://www.zotero.org/google-docs/?enRlAW
https://www.zotero.org/google-docs/?enRlAW


Figure 3. Auxin signaling and modules of interaction. a. Structure of AtAux/IAA17 PB1 (red)
AtARF5 PB1 (yellow) complex (PDB codes 6L5KN and 4CHK). b. AtTPL N-terminus (orange) in
complex with AtAux/IAA27 EAR motif (red sticks)(PDB code 5NQV). c. AtTIR1 (green)-auxin
(green spheres)-AtAux/IAA7 degron (red sticks) complex (PDB code 2P1Q). d. De-repression
model of the Nuclear Auxin Pathway.

III.A- ARFs and auxin-dependent signaling

Probably the clearest example of how different ARF properties might determine their role in

the NAP is the differential capacity of the three ARF classes to interact with Aux/IAAs

through their PB1. As explained in section II.C, differences in ARF-PB1 determine that this

interaction involves mainly class A ARF, leaving out most ARFs from other classes. For this

reason, class A ARFs are considered to work in an auxin-dependent manner. Recent

publications have shown the relevance of class A ARFs-Aux/IAA interactions in different

developmental contexts and have revealed two possible mechanisms of transcriptional

induction dependent on such interactions.

The first one concerns changes in chromatin states in response to auxin, a mechanism

studied in the context of flower formation. MP has a fundamental role in flower
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development: in response to auxin, it regulates genes implicated in flower formation.

Chromatin immunoprecipitation experiments have revealed that MP, TPL and histone

deacetylase HDA19 co-localize on gene loci involved in flower formation. Exogenous auxin

treatment on inflorescences reduced TPL and HDA19 signals, events coinciding with

chromatin opening, deposition of acetylation marks and localization of BRM and SYD

chromatin remodelers on such loci. These findings led to a model according to which in the

absence of auxin, Aux/IAA bound to MP-PB1, recruits TPL/TPR and HDA19 but also prevents

BRM/SYD binding to MP acting as a physical impediment (Fig. 4a). Both events contribute to

chromatin closure at the promoters of MP-regulated genes as shown on the FILAMENTOUS

FLOWER (FIL) promoter. Auxin treatment triggers Aux/IAA degradation resulting in the

eviction of TPL/TPR and HDA19 and later recruitment of BRM/SYD, allowing chromatin

decompression and larger accessibility of transcription factors on the promoters of

AtARF5-regulated genes (Wu et al., 2015) (Fig. 4a). This change in chromatin state mediated

by both auxin and physical interactions of MP with Aux/IAA and BRM/SYD enables iterative

initiation of floral primordia and may orchestrate other auxin-dependent cell fate

reprogramming events (Weijers and Wagner, 2016; Wu et al., 2015).

The second mechanism involves RNA polymerase II (Pol II) recruitment through the mediator

multiprotein complex, discovered in the context of auxin-controlled lateral roots formation

(LRs) (Fig.4b). At low auxin concentration, AtARF7/19 interacts with the mediator complex

and with AtAux/IAA14 that recruits TPL which in turn interacts with CDK8, a dissociable part

of the mediator complex blocking Pol II enrollment (Ito et al., 2016; Leydon et al., 2021).

Increase in auxin concentrations degrades AtAux/IAA14 and removes TPL and CDK8

permitting ARF7/19-mediator complex to recruit Pol II and leads to transcriptional activation

of ARF7/19 regulated genes (Ito et al., 2016; Leydon et al., 2021) (Fig. 4b). Recently, it has

been proposed that this system could constitute a sort of promoter pausing, a mechanism

that has not been described in plants before (Morffy and Strader, 2021).
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Figure 4. ARFs mechanism of transcriptional regulation a. Auxin signaling involving
chromatin remodeling (AtARF5). b. Auxin signaling involving the Mediator complex
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(AtARF7,19). c. Non-canonical auxin signaling (AtARF3). d. Auxin-independent signaling
(AtARF2). For clarity of the figure, only one developmental mechanism is shown for each
ARF. However, as indicated in the text, each ARF can be involved in several developmental
processes.

These two mechanisms are not necessarily exclusive. We could imagine that they control

transcriptional programs at different speeds. Indeed, the promoter pausing system is only

dependent on Aux/IAA degradation and thus, compatible with the fast auxin-transcriptional

responses observed only a few min after auxin induction. On the contrary, ARF-chromatin

remodelers recruitment and chromatin changes could be associated to slower auxin

transcriptional responses. This scenario seems promising, but it is still missing a huge

amount of information: interactions with SYD/BRM have only been described for MP. They

involve ARF5-MR but the specific region mediating them has not been determined yet.

Similarly, interactions with the Mediator complex have only been shown for AtARF7/19 and

we do not know how they happen or the domain of the ARFs implicated in the interactions.

Are their MR also responsible for them? Could all class A ARF recruit both SYD/BRM and

Mediator complex and trigger both transcriptional induction programs? Or rather, would

different ARFs have the capacity to recruit either one or the other and decide upon which

mechanism of transcriptional activation will be launched and control in this way the kinetics

of the response? It will be of interest in the future to determine first, the specific regions

implicated in such interactions and second, to extend interaction studies to all class A ARFs

to determine if they share the same mechanism of transcriptional activation.

Both mechanisms lie on Aux/IAAs acting as a physical impediment that is removed after

auxin presence. Although the general rule establishes that only class A activators PB1

interact with Aux/IAAs, certain interactions have been detected for classes B and C ARFs PB1

with a limited number of Aux/IAAs. The importance of some of these interactions between

class B and C ARFs and Aux/IAAs has been demonstrated in vivo. AtARF9 is a class B ARF that

in Y2H was found to interact with many Aux/IAA proteins (Vernoux et al., 2011).

AtARF9-AtAux/IAA10 interaction was also observed in vivo and seems central to a

suspensor-specific auxin response mechanism mediating hypophysis specification and

preventing transformation to embryo identity (Rademacher et al., 2012). ARF10/16 class C

ARFs interact with AtAux/IAA5. Although this interaction is part of a non-canonical
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mechanism of auxin signaling (it will be further explained in Section III.C), it could establish

the missing link between ARF C and auxin signaling.

The relevance of the rest of the described class B and C interactions with Aux/IAA and what

PB1 features make them possible needs to be investigated since they open the door to an

auxin-dependent action of certain class B and C ARFs in developmental contexts or tissues

where their Aux/IAA partners are present.

Until a few years ago, auxin-dependent ARFs action was exclusively associated to their PB1

capacity to interact or not with Aux/IAAs. AtARF3 and its MR-ES domain changed this

scenario. AtARF3 has a non-canonical auxin mechanism based on its ES domain ability to

interact reversibly with auxin (Kuhn et al., 2020; Simonini et al., 2018a, 2018b, 2017, 2016)

(Fig. 4c). Auxin binding to AtARF3 modulates its interaction with proteins (PROBABLE

POLYOL TRANSPORTER 6 (PLT6)), TFs (KANADI 1 and 2 (KAN1,2), BABYBOOM (BBM), FIL,

INDEHISCENT (IND), KNOTTED1-LIKE TALE 1 and 3 (KNAT 1,3), REPLUMLESS (RPL), TARGET

UNDER ETTIN CONTROL (TEC1), TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL

FACTOR 4 TF (TCP4)) and corepressors (TPL/TPR, transcriptional corepressor SEUSS) involved

in a wide range of developmental processes such as gynoecium morphogenesis, lateral root

emergence, ovule development, and primary branch formation (Chung et al., 2019; Franks et

al., 2002; Kelley et al., 2012; Pfluger and Zambryski, 2004; Simonini et al., 2018a, 2018b,

2017, 2016). Direct AtARF3-auxin interactions dissociates AtARF3-TPL complex, enabling the

switch from a repressive chromatin state to a depressive state in a reversible way, an

important mechanism for gynoecium development and floral initiation (Chung et al., 2019;

Kuhn et al., 2020) (Fig. 4c). AtARF3 was also found to interact with BRM and SYD in Y2H

(Efroni et al., 2013). This suggests that AtARF3-driven chromatin changes could also happen

thanks to chromatin remodelers recruitment like MP activation mechanism. AtARF3 remains

the only ARF described to be able to bind auxin and it constitutes the first example of

DNA-binding hormone receptors in plants, characteristic of animal hormone signaling

mechanisms.

III.B- ARFs and auxin-independent signaling

Despite the few exceptions of interactions with Aux/IAA or the special case of AtARF3, class

B and C ARFs must have alternative and auxin-independent mechanisms of action. These
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ARFs are classed as repressors and several hypotheses attempt to explain how they do so.

These include TPL recruitment, competition with class A ARFs for DNA or sequestration of

class A ARFs.

TPL/TPR potential recruitment relies on ARF-MR. Repression through AtARF2-MR-TPL

interactions is fundamental for root hairs formation. AtARF2-MR contains both an EAR motif

and a BRD domain that allows binding to the N-terminal and C-terminal parts of TPL/TPR

(Choi et al., 2018) (Fig. 4d). Individual mutations in these two repressive domains weakly

affect AtARF2 inhibition of root hairs, whereas the double mutation strongly compromises it.

These two mutations also affect flowering time and seed size, two phenotypes characteristic

of arf2 mutants. These results suggest that the EAR motif and the BRD domain cooperate to

facilitate AtARF2 TPL/TPR recruitment to fulfill its repressive functions in different biological

contexts (Choi et al., 2018). Although other ARF-TPL interactions have been shown in vitro

the implications of such interactions and the domains involved in them remains to be

studied. BRD domains conservation on other class B and C ARFs suggests that they could

happen in the same way.

Secondly, ARFs could compete for binding to the same target gene, a mechanism dependent

on their DBD properties. Although this idea is not well supported by in vivo evidence yet,

class B and class A ARF-DBDs do share binding motifs and target genes (Boer et al., 2014;

Lavy and Estelle, 2016; O’Malley et al., 2016; Stigliani et al., 2019). For competition to

happen, both proteins should bind the shared target/motif within the same range of

affinities. Single-molecule FRET affinity assays showed that DBDs from class A and B ARFs

possess affinities for IR7/8 compatible with the theory of competition, with higher affinities

calculated for class A ARFs (Kd MpARF1 = 12 ± 3 nM, Kd AtARF5-DBD = 9 ± 4 nM) compared

to class B ARFs (kd MpARF2 = 62 ± 3 nM, Kd AtARF1 = 140 ± 80 nM) (Freire-Rios et al., 2020;

Kato et al., 2020). This suggests that at the same protein concentration, class A ARFs have a

binding advantage on IR motifs. The class B/class A ARFs stoichiometry would then

determine which of the two proteins binds to a shared target modulating its expression.

Both proteins show different patterns of accumulation in M. polymorpha thallus, delimiting

zones with different stoichiometries that could possess different sensitivities and

transcriptional responses to auxin (Kato et al., 2020). Such a competition mechanism is likely
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promoter dependent. Auxin-responsive genes with DR and ER promoter sites, preferably

bound by class A ARFs, could be less affected by class B ARF competition.

Some PB1-PB1 interactions have been found between ARFs from different classes (Kato et

al., 2015; Trigg et al., 2017; Vernoux et al., 2011). These interactions could sequester class A

activator ARFs repressing them or bring TPL co-repressor complexes close to class A similarly

to Aux/IAAs. Due to the similarity of their DBD structures, class A ARFs sequestering could

also happen through DBD heterodimerization. However, such a repressive mechanism

remains a hypothesis and we lack any biological evidence of it for now.

III.C- Modulation of auxin signaling

Post-transcriptional and post-translational modifications also alter ARFs’ intrinsic

biochemical properties. Although very few examples exist for such processes, the resulting

ARF variants have important effects in the modulation of the NAP.

Alternative spliced forms exist for several ARF genes involved in different developmental

contexts. MP transcript generates two isoforms: MP and MP11ir, that translates into a

protein lacking the PB1 domain. Interestingly, MP11ir partially complements mp mutant

suggesting that certain functions of MP bypass its interaction with Aux/IAAs and therefore,

could work in an auxin-independent manner (Cucinotta et al., 2021; Krogan et al., 2012) (Fig.

5a). MP11ir has an essential role in ovule development, activating genes (TARGET OF

MONOPTEROS 3 (TMO3), TMO5, CUP-SHAPED COTYLEDON 1 (CUC1) and 2 (CUC2)) in

different regions of the ovule characterized by low auxin concentrations (Cucinotta et al.,

2021). AtARF8 alternative splicing also generates isoforms that lack a part of their PB1,

ARF8.2 and ARF8.4. The latter contains an additional Leucine-rich sequence in its MR. These

two ARF8 isoforms are involved in anther development (Ghelli et al., 2018). A third example

is AtARF4 isoform ∆ARF4 that loses a Ser-rich region conserved between ARF4 orthologs.

The two AtARF4 transcripts possess different functions during carpel development (Finet et

al., 2013). Whether there are more splicing variants or the mechanisms underlying the

existent ones are still to be studied. PB1 loss could modulate transcriptional responses to

different auxin levels, as it seems to be the case for MP11r, whereas changes in ARFs MR

could affect protein-protein interactions.

22

https://www.zotero.org/google-docs/?eCRQZ4
https://www.zotero.org/google-docs/?eCRQZ4
https://www.zotero.org/google-docs/?V6x7iw
https://www.zotero.org/google-docs/?AteJJb
https://www.zotero.org/google-docs/?AteJJb
https://www.zotero.org/google-docs/?RahqqC
https://www.zotero.org/google-docs/?Mkodmt
https://www.zotero.org/google-docs/?Mkodmt


Three different kinds of post-translational modifications have been reported for ARFs:

phosphorylation, sumoylation and ubiquitination. While phosphorylation and sumoylation

affect Aux/IAA interactions and DNA binding (Fig 5b), ubiquitination induces protein

degradation. AtARF2 was found to be phosphorylated by BIN2 kinase or under low K

concentrations. In both cases, this modification leads to a decrease in DNA binding and

reduced repressor activity (Vert et al., 2008; Zhao, 2018). AtARF7 and AtARF19 MR

interaction with BIN2 leads also to their phosphorylation reducing their ability to interact

with AtAux/IAA14,19 whereas it enhances their binding to LATERAL ORGAN

BOUNDARIES-DOMAIN (LBD) LBD16 and LBD19 genes. Altogether this results in an

auxin-independent increase in the activation of LBD genes involved in lateral root formation

(Cho et al., 2014). In the same developmental context of LR formation, AtARF7 sumoylation

controls root branching in response to different water conditions, a process known as

hydropatterning (Orosa-Puente et al., 2018). Under dry conditions AtARF7 undergoes

sumoylation. AtARF7 sumoylated protein interacts with AtAux/IAA3 and has a reduced DNA

binding capacity. When the roots come in contact with water, AtARF7 is no longer

sumoylated, allowing its binding to DNA and preventing its interaction with AtAux/IAA3.

Through this modification AtARF7 induces an asymmetric expression of its target gene

LBD16 in lateral root founder cells in response to water conditions. This mechanism does not

replace the canonical auxin mechanism (AtAux/IAA3 is still able to interact with TPL/TPR and

TIR1/AFB), but rather modulates it. Finally, the clearest example of ARF ubiquitination has

been described for AtARF6. The mechanism is induced by abscisic acid and leads to the

degradation of the protein (Li et al., 2020).

Diversity within the other NAP protein families also modulates auxin signaling. A notable

example are non-canonical Aux/IAAs (AtAux/IAA32-34) that lack Domain II and therefore are

insensitive to auxin-dependent TIR1/AFB mediated degradation (Fig 5c). Certain ARFs

heterodimerize with non-canonical Aux/IAA; how can this interaction control their activity?

AtAux/IAAs 32 and 34 have a fundamental role in apical hook development (Cao et al.,

2019). This process requires auxin concentration gradients with maximum hormone levels at

the concave side of the hook that inhibit cell elongation generating differential growth and

curvature of the hook. At high auxin concentrations, cleaved TMK1 kinase phosphorylates

AtAux/IAA32,34 leading to their stabilization and accumulation. These non-degradable
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Aux/IAAs will maintain their interactor ARFs repressed inhibiting gene expression and

growth at the concave side. Lower auxin concentrations will trigger enough canonical auxin

responses to induce gene expression and growth on the convex side of the hook. The

combination of two auxin signaling mechanisms permits perception of different auxin

concentrations and corresponding modulation of the transcriptional response. Several ARFs

from different classes interact with AtAux/IAA32 and 34 and these interactions suppress

their activity either as repressor or activator (Cao et al., 2019).

In addition to the absence of Domain II, AtAux/IAA33 does not contain an EAR motif,

preventing its interaction with TPL/TPR. Modulation of auxin responses by this

non-degradable and non-repressor protein happens through competition with canonical

Aux/IAAs. This mechanism has been described for the control of stem cell identity in the

root. When auxin levels increase, MPK14 phosphorylates AtAux/IAA33. Like in the previous

example, this phosphorylation stabilizes the protein that accumulates. High AtAux/IAA33

levels will compete with AtAux/IAA5 for the interaction with ARF10/16, that control root

distal stem cell identity. At the same AtAux/IAA5 levels decrease because of its

auxin-dependent degradation (Lv et al., 2019).
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Figure 5. Modulation of auxin signaling a. RNA splicing. b. post-translational modifications. c.
competition with non-canonical Aux/IAAs.
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III.D- Crosstalk with other hormonal signaling pathways

Plant hormone signaling pathways are deeply interconnected to co-regulate plant

development. ARFs constitute one of the levels of cross-talk of auxin responses with other

phytohormones. Indeed, ARFs can establish direct cross-talk through interaction with

proteins from other signaling pathways. These interactions happen through the three ARF

domains and can alter their properties. The previously described interactions with BIN2 are

a good example of this (Fig. 5b). BIN2 is a component of brassinosteroids (BRs) signaling

pathway. Its interaction with different ARFs modulates their properties and constitutes a

point of cross talk between auxin and BRs hormones. Indirect or genetic cross-talk can

happen through ARFs regulating expression of genes involved in other hormonal pathways

or the other way round. Below we discuss some examples of protein/protein interactions

through ARFs that connect the auxin signaling pathway to different hormonal signaling

pathways for different development processes.

Auxin, BRs, gibberellins (GA) and ethylene control hypocotyl cell elongation. The

elongation of hypocotyl cells involves a crosstalk between auxin, BR, GA and external stimuli

such as light/temperature. Through direct interactions between AtARF6, BZR1 (BRs

response), PIF4 (light response) and RGA (GA response) the 4 signals converge on promoter

of genes that regulate the elongation of hypocotyl cells. Like auxin, GAs work through a

de-repression mechanism driving degradation of DELLA repressors. The RGA DELLA protein

interaction with ARF6 blocks its binding to DNA. In the presence of GA, RGA is degraded

allowing the AtARF6/BZR1/PIF4 complex to form, bind DNA, and cooperatively regulate

transcription (Oh et al., 2014)(Fig. 6a). Both ARF6 interactions involve its MR suggesting a

competition between RGA and BZR1/PIF4. Y2H experiments showed that AtARF8 can also

interact with BZR1 and PIF4 while AtARF1 and AtARF7 cannot. Moreover, class A AtARFs 7

and 8 can also interact with RGA while AtARF1 cannot. Such differences in interactions

suggest different roles of ARFs within the class A and between class A and B in the crosstalk

between auxin and these three signals.

ARF6/BZR complex is also regulated by ethylene in response to light. Light induces

translocation of ERF72 (ethylene response) to the nucleus where it will repress the
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ARF6/BZR complex and transcription of genes involved in hypocotyl elongation (Liu et al.,

2018).

Auxin and Jasmonate control petal growth. Jasmonate and auxin control the number and

size of petal cells through a variety of genetic and physical interactions (Brioudes et al., 2009;

Szécsi et al., 2006). Jasmonate induces the expression of the transcription factor BIGPETAL

(BPEp), that interacts with AtARF8-PB1 domain (Fig. 6b). At early stages of flower

development, AtARF8/BPEp complex co-represses genes involved in cell proliferation. At

later stages, physical interactions between AtARF8 and BPEp contribute to repress the

transcription of genes involved in cell expansion (Varaud et al., 2011). The competition

between Aux/IAA and BPEp for the binding to ARF8 was not discussed in this context.

Auxin and GA control fruit initiation in tomato. Solanum lycopersicum class A SlARF7

interacts through its MR with a DELLA protein. In the absence of auxin and GA,

SlARF7/SlAux/IAA9 and SlARF/SlDELLA complexes additively repress gene transcription. After

pollination, auxin and GA induce SlAux/IAA and SlDELLA degradation, enabling SlARF7 and

other class A ARFs to activate fruit growth-related gene (Hu et al., 2018) (Fig. 6c).
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Figure 6. Crosstalk between Auxin signaling and other hormonal signaling pathways. a.
Auxin, BR, GA, ethylene and light/temperature control hypocotyl cell elongation.b. Auxin
and jasmonate control petal cell division and petal cell expansion. c. Auxin and GA control
fruit initiation. d. Auxin and ethylene control fruit ripening.
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Auxin and ethylene control fruit ripening in papaya. Auxin-ethylene cross-talk in papaya

(Carica papaya) is mediated by interactions between CpARF2 and CpEIL1 (interaction

domains not determined), a transcription factor that controls ethylene biosynthesis and cell

wall modification-related genes. The interaction of CpARF2 with CpEIL1 weakens the

interaction of CpEIL1 with the F-box protein CpEBF1, preventing its ubiquitinylation and

26S-proteasome dependent degradation. Stabilization of CpEIL1 by CpARF2 on promoters of

genes related to ethylene biosynthesis and cell wall modification will result in their

activation and papaya fruit ripening (Zhang et al., 2020) (Fig. 6d).

These few examples show the importance of class A and class B ARFs in the cross-talk

between different hormonal signaling. They also highlight the complexity of these

mechanisms with the various roles that ARFs of the same class can play.

IV – Conclusion

The more we learn about ARF proteins the more we realize that their mechanisms of action

cannot be restricted to what we know about their most emblematic representant, MP, or to

an activator or repressor role. A wide variety of transcriptional regulatory mechanisms

appear to exist for the ARFs. Through this review, we have gone through the known diverse

properties of ARF-DBD, MR and PB1 domains and put forward the unknown aspects of ARFs

biochemical diversity and function. Important general questions remain to be answered: Are

all class A ARFs able to condensate in large protein assemblies and to interact with

chromatin remodelers or the mediator complex to induce transcription? Are all class B ARFs

repressors? Can some of them act in an auxin-dependent manner? What is the DNA

specificity and role of class C ARFs? What does seem clear is that ARF biochemical properties

are intimately linked to their function and that figuring out the firsts is fundamental for

unraveling the latter and ultimately understanding auxin signaling. Answers to those

questions will be fundamental pieces to complete the simplified de-repression model of

auxin signaling puzzle.
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Figure 7. A schematic representation of known ARF properties for each class (A, B and C) and
characterized protein domain (Phox/Bem1p (PB1), middle region (MR) and DNA binding domain
(DBD). Outstanding questions to be determined are indicated with a question mark.
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