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Auxin signaling regulates growth and developmental processes in plants. The core of nuclear
auxin signaling relies on just three components: TIR1/AFBs, Aux/IAAs, and ARFs. Each com-
ponent is itself made up of several domains, all of which contribute to the regulation of auxin
signaling. Studies of the structural aspects of these three core signaling components have
deepened our understanding of auxin signaling dynamics and regulation. In addition to the
structured domains of these components, intrinsically disordered regions within the proteins
also impactauxin signaling outcomes. New research is beginning to uncover the role intrinsic
disorder plays in auxin-regulated degradation and subcellular localization. Structured and
intrinsically disordered domains affect auxin perception, protein degradation dynamics, and
DNA binding. Taken together, subtle differences within the domains and motifs of each class
of auxin signaling component affect signaling outcomes and specificity.

ver the past three decades, scientists have
Oelucidated the molecular and genetic
mechanisms that underlie major aspects of nu-
clear auxin signaling. The auxin molecule has
many functions, but the most well studied is
its role in regulating transcription. Initial genetic
studies of auxin-resistant plants uncovered the
major players involved in auxin transcriptional
control. In all members of the plant lineage,
three protein families make up this nuclear
auxin signaling pathway that affects the tran-
scription of up to a third of all genes in the an-
giosperm Arabidopsis thaliana (Mutte et al. 2018;
Powers et al. 2019). The F-box protein TRANS-
PORT INHIBITOR RESPONSE 1 (TIR1) and its
AUXIN SIGNALING F-BOX (AFB) paralogs

are auxin receptors and are responsible for reg-
ulating the abundance of the Auxin/INDOLE-
3-ACETIC-ACID proteins (Aux/IAAs). The
Aux/IAAs are a family of transcriptional co-
repressors that interact with the third family,
the AUXIN RESPONSE FACTORS (ARFs).
The ARFs are transcription factors with diverse
functions (Fig. 1).

These three components form the core of
the nuclear auxin signaling pathway. Their in-
teractions with one another, themselves, and
other proteins influence nearly every aspect of
plant growth and development. Genetic studies
of each family have yielded insights into the
mechanisms of nuclear auxin signaling; howev-
er, genetic redundancy has prevented a com-
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Figure 1. The canonical nuclear auxin signaling pathway. The core nuclear auxin signaling pathway is made up of
three components: TIR1/AFBs, AUX/IAAs, and ARFs. (A) High auxin levels; (B) Low/no auxin. Under low auxin
conditions, the AUX/IAAs interact with ARFs via the carboxy-terminal PB1 domain found in both protein
families and prevent transcription of auxin-responsive genes. As auxin levels increase, the F-box protein and
auxin-receptor TIR1 binds the molecule, which stabilizes interactions with its target, the AUX/IAAs. The AUX/
IAAs are polyubiquitinated and degraded by the 26S proteasome, relieving the ARFs of repression and allowing

auxin-responsive transcription to occur. (DBD) DNA-binding domain.

plete understanding of the function of each
member. Recent work on the biochemical and
structural aspects of auxin signaling has resulted
in an increased understanding of the complexi-
ties of this signaling module. Here, we will dis-
cuss what is known about the structured and
unstructured domains found in each family,
and how these domains contribute to auxin sig-
naling outcomes. We will also discuss new ques-
tions raised by our structural understanding of
the nuclear auxin signaling pathway.

TIR1/AFBs
The Auxin Signaling F-Box Protein

The TIRI gene was originally identified in a mu-
tant screen for plants with altered growth in the
presence of the auxin transport inhibitor NPA
(Ruegger et al. 1997, 1998). Unlike other genes
identified in the initial screen, tir] mutants were
also resistant to exogenous auxin (Ruegger et al.
1998). Genetic studies placed TIRI in the same
pathway as other auxin signaling components,
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such as AXRI and AXR6, an upstream regulator
and component of the ubiquitin ligase complex-
es, respectively (Lincoln et al. 1990; Leyser et al.
1993; del Pozo et al. 2002; Hellmann et al. 2003).
Consistent with the function of AXR1 and
AXR6, sequence analysis of TIR1 suggested
that it is an F-box protein that links ubiquitin
conjugation directly to auxin signaling (Ruegger
et al. 1998; Gray et al. 1999). Like other F-box
proteins, TIRI interacts with the Arabidopsis
SKP1 orthologs ASK1 and ASK2, via its ami-
no-terminal F-box domain (Fig. 2A,B; Ruegger
et al. 1998; Gray et al. 1999; Dharmasiri et al.
2005a,b; Kepinski and Leyser 2005; Tan et al.
2007). In addition to its F-box domain, TIR1

A  F-box domain

Structural Aspects of Auxin Signaling

has several leucine-rich repeats (LRRs) (Ruegger
et al. 1998; Gray et al. 1999; Tan et al. 2007).
TIR1 is a member of a small sub-clade of
F-box proteins that includes COI1, involved in
jasmonic acid (JA) signaling, as well as the AFBs
(Dharmasiri et al. 2005b; Mutte et al. 2018).
Increasingly higher-order knockout mutants of
the TIR1/AFB family display increasing severity
of developmental defects, suggesting that TIR1
and the AFBs act redundantly to regulate auxin
signaling (Dharmasiri et al. 2005b; Parry et al.
2009; Prigge et al. 2020).

Initial protein stability studies suggested
that TIR1 directly regulates Aux/IAA levels
(discussed below) by polyubiquitinating the

ASK1

Auxin

Figure 2. TIR1 is the auxin receptor. (A) The TIR1 protein encodes a 48-amino-acid F-box domain at its amino-
terminus that is required for interactions with the SCF complex. (B) The TIRI crystal structure (tan) in complex
with the SCF adaptor component ASK1 (cyan) was resolved by Tan et al. (2007). The F-box domain (magenta)
contacts the helices of ASK1 at several points and disturbing this interaction results in a dominant-negative form
of TIR1. (C) Critical residues in the auxin-binding pocket of TIR1 are required for its function. This region was
targeted to generate the synthetic ccvIIR1 form. (D) Upon auxin (green) binding, TIR1 (tan) can strongly
interact with the degron (DII) of the AUX/IAA (pale blue) that seals in the auxin molecule.

Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a039883 3


http://cshperspectives.cshlp.org/

Downloaded from http://cshperspectives.cshlp.org/ at DUKE MEDICAL LIBRARY on June 24, 2021 - Published by Cold Spring

g’gﬁ?% Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo™

www.cshperspectives.org

Harbor Laboratory Press

N. Morffy and L.C. Strader

Aux/IAAs in the presence of increased auxin.
However, the mechanism of auxin perception
was still unknown (Gray et al. 2001; Zenser
et al. 2001, 2003; Tian et al. 2003; Kepinski and
Leyser 2004; Yang et al. 2004). Studies of other F-
box proteins raised the possibility that modifi-
cation of either TIR1 or the substrate Aux/TAA
in the presence of auxin promoted their direc-
tion interaction. However, subsequent biochem-
ical and structural studies of TIR1 and the
Aux/TAAs showed that TIR1 is the auxin receptor
itself (Fig. 2C). Two studies published simultane-
ously showed that radiolabeled auxin interacts
directly with both TIR1 and an Aux/IAA (Dhar-
masiri et al. 2005a; Kepinski and Leyser 2005).
In addition, TIR1-Aux/IAA interactions occur
in a cell-free system in the presence of auxin,
suggesting that no further modification of either
TIR1 or Aux/IAA is required for auxin-induced
interaction (Dharmasiri et al. 2003, 2005a; Tan
etal. 2007). Taken together, this work resulted in
a model whereby auxin acts as a “molecular glue”
directly interacting with both the E3 complex and
its substrate (Fig. 2D; Tan et al. 2007).

Under low auxin conditions, TIR1/AFBs
display low affinity for the Aux/IAA corepres-
sors (Fig. 1; Kepinski and Leyser 2004, 2005;
Yang et al. 2004; Dharmasiri et al. 2005a,b;
Dreher et al. 2006; Tan et al. 2007; Maraschin
Fdos et al. 2009; Calderdn Villalobos et al. 2012).
As auxin levels increase, the molecule binds in a
pocket of the TIR1/AFB (Fig. 2C; Tan et al. 2007;
Lee et al. 2014). When TIR1/AFBs bind the aux-
in molecule, the affinity for the Aux/IAAs in-
creases, stabilizing the interaction between the
F-box and the corepressor that results in poly-
ubiquitination of the Aux/IAAs and their deg-
radation (Tian et al. 2003; Kepinski and Leyser
2004, 2005; Yang et al. 2004; Dharmasiri et al.
2005a,b; Dreher et al. 2006; Tan et al. 2007; Ma-
raschin Fdos et al. 2009; Calderén Villalobos
etal. 2012). Auxin contacts both the TIR1-bind-
ing pocket and the Aux/IAA degron (DII, see
below) to generate a coreceptor complex (Fig.
2D; Kepinski and Leyser 2004, 2005; Yang et
al. 2004; Dharmasiri et al. 2005a,b; Dreher et
al. 2006; Tan et al. 2007; Maraschin Fdos et al.
2009; Calderon Villalobos et al. 2012). Changes
to either the auxin-binding surface, or the inter-

action surfaces between TIR1 and the Aux/TAA,
result in stabilization of the Aux/IAA (Rouse
et al. 1998; Nagpal et al. 2000; Worley et al.
2000; Gray et al. 2001; Tiwari et al. 2001; Dhar-
masiri et al. 2003, 2005a,b; Zenser et al. 2003;
Kepinski and Leyser 2004, 2005; Tan et al. 2007;
Maraschin Fdos et al. 2009; Calderén Villalobos
etal. 2012; Uzunova et al. 2016). This coreceptor
complex is the core of the nuclear auxin response
pathway. The dynamics of auxin perception
by TIRI necessarily dictate the steady state of
Aux/IAAs in the system, which in turn modu-
lates auxin responses.

Consistent with other components of auxin
signaling, the TIR1/AFB family is larger in an-
giosperms (six in Arabidopsis) than in bryo-
phytes (one in Marchantia polymorpha and
four in Physcomitrella patens) (Dharmasiri
et al. 2005b; Parry et al. 2009; Flores-Sandoval
et al. 2015; Mutte et al. 2018). The expansion of
TIR1/AFBs in the flowering plants suggests sub-
functionalization (Parry et al. 2009). Indeed, re-
cent studies indicate that TIR1/AFBs from both
within and between species have distinct auxin-
binding affinities and different affinities for the
Aux/IAAs (Calderdn Villalobos et al. 2012; Ha-
vens et al. 2012; Pierre-Jerome et al. 2013; Lee
etal. 2014; Moss et al. 2015; Uzunova et al. 2016;
Béez et al. 2020). These small differences act as
points of tunability in the auxin response. Mu-
tating residues in the auxin-binding pocket or
the interaction surface of TIR1/AFBs impairs
the ability of the F-box to interact with Aux/
IAAs without affecting the ability of TIR1/
AFBs to interact with the SCF complex. Initial
observations show that TIRI binds full-length
Aux/TAA with a higher affinity than a peptide
encompassing the degron (see below) (Worley
et al. 2000; Gray et al. 2001; Ramos et al. 2001;
Kepinski and Leyser 2004, 2005; Yang et al.
2004; Dharmasiri et al. 2005a; Tan et al. 2007;
Calderén Villalobos et al. 2012). Similar results
were obtained using purified proteins and also
in the yeast synthetic auxin signaling system
(Havens et al. 2012; Pierre-Jerome et al. 2014;
Moss et al. 2015). Maize TIR1/AFBs show dif-
fering degradation dynamics depending on the
Aux/TAA tested (Baez et al. 2020). Binding
pocket size and electrostatic potential affect
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TIR1/AFB-binding affinities and specificities
for different active auxins (Lee et al. 2014; Uzu-
nova et al. 2016). Further studies are required to
see how different auxins impact the ability of
low- and high-affinity TIR1/AFB interactions
to proceed in vivo.

Mutations in either the F-box domain or the
auxin-binding pocket affect TIR1 function.
However, the relative contributions of each do-
main to TIR1/AFB function result in differing
phenotypes. If the F-box domain is perturbed, a
dominant-negative form of TIR1 or AFBs is
generated (Yu et al. 2015). It is hypothesized
that signal transduction fails to occur because
the Aux/IAAs are not polyubiquitinated and de-
graded (Yu et al. 2015). Consistent with that
hypothesis, these mutations result in pheno-
types similar to dominant gain-of-function
Aux/TAA mutations (Rouse et al. 1998; Nagpal
etal. 2000; Worley et al. 2000; Tiwari et al. 2001;
Fukaki et al. 2002; Yu et al. 2015). The TIRI-
auxin-Aux/IAA coreceptor is stabilized and
protected from endogenous, functioning TIR1
and AFBs. Mutations in the ligand-binding
pocket only affect the ability of TIR1 to interact
with Aux/IAAs (Yu et al. 2013).

The vast majority of TIR1/AFBs are broad-
ly expressed and show overlapping biological
functions (Dharmasiri et al. 2005b; Parry et al.
2009; Lavy et al. 2016; Prigge et al. 2020). Con-
sistent with its role in regulating nuclear auxin
signaling, the TIR1/AFBs are nuclear localized
proteins with the exception of AFB1, which is
found primarily in the cytoplasm (Prigge et al.
2020). Like the other TIR1/AFBs, AFBI can in-
teract with Aux/IAAs in an auxin-dependent
manner; however, it has lower affinity for the
SCF complex than other members of the family.
This suggests that AFBI1 regulates auxin re-
sponses in a distinct manner. The biochemical
basis for nuclear or cytoplasmic localization of
the TIR1/AFB family is not understood.

Synthetic Auxin Signaling

Studies of the TIR1-auxin-Aux/IAA coreceptor
module have resulted in synthetic biology ap-
proaches in several different organisms. The yeast
synthetic auxin signaling system has led to new

Structural Aspects of Auxin Signaling

insights into auxin signaling kinetics (Pierre-
Jerome et al. 2014; Baez et al. 2020). In addition,
the TIR1-auxin-Aux/IAA coreceptor module has
been used to modulate protein stability in other
organisms. The auxin-induced degron (AID)
system relies on an Aux/IAA degron fused to a
protein of interest and coexpressed with TIR1
(Nishimura et al. 2009). Upon auxin application,
the target protein is degraded by TIR1 resulting
in controlled protein degradation and depletion.
The AID system has been used in a number of
different study systems from yeast to mammalian
tissue culture (Kanke et al. 2011; Holland et al.
2012; Trost et al. 2016).

Synthetic approaches have also been used to
generate orthogonal auxin signaling systems in
Arabidopsis. Knowledge of the structural basis
for auxin perception and signaling in the nucle-
ar auxin-response pathway was used to develop
a novel TIR1 variant (ccvIIR1) and synthetic
auxin (cvxIAA) pair (Uchida et al. 2018). The
auxin-binding pocket in ccvTIR1 has been en-
larged and binds endogenous auxin molecules
poorly, but still perceives the synthetic auxin
analog, cvxIAA. This molecule has a large aro-
matic ring and has no bioactivity in the absence
of ccvIIR1. When cvxIAA is applied, ccvTIR1
functions normally (Uchida et al. 2018; Mazur
et al. 2020). Early studies relying on this system
have elucidated new aspects of auxin signaling
by increasing the control researchers have over
their study system and allowing for examination
of TIR1-mediated auxin responses. For exam-
ple, a role for TIRI in PIN repolarization was
interrogated using this synthetic auxin signaling
system (Mazur et al. 2020). One could imagine
higher order combinations of ccvIIR1 and
ccvAFBs to better identify the contributions of
different TIR1/AFBs to specific aspects of auxin
signaling.

AUX/IAAs

The Aux/TAA family (34 members in Arabidop-
sis) is the other major class of transcription
factor involved in auxin signaling. Originally
identified in screens for auxin-resistant mutants,
these highly structured proteins, along with the
class A ARFs, provide much of our understand-
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ing of auxin-responsive transcription (Fig. 1; for
review, see Powers and Strader 2020). The Aux/
IAAs are smaller than the ARFs and lack a DNA-
binding domain (DBD) (Fig. 3A). Aux/IAA pro-
teins have three major domains, DI that encodes
the repressive domain, DII that encodes the Aux/
IAA degron, and a type I/II Phox and Beml
(PB1) domain that was previously termed DIII/
DIV (Fig. 3A; Han et al. 2014; Korasick et al.
2014; Nanao et al. 2014).

The Aux/TAA PB1 domain mediates inter-
actions between Aux/IAAs and between
Aux/IAAs and the ARFs (Fig. 1). Under low
auxin conditions, this interaction results in re-
pression of auxin-responsive transcription via
an amino-terminal ethylene-responsive ele-
ment-binding factor-associated amphiphilic re-
pression (EAR) motif (DI) (reviewed in Kagale
and Rozwadowski 2011 and Powers and Strader
2020).

A EAR motif Degron PB1 domain

() (D)

(formerly DIII/IV)

PslAA4
B
Positively - Negatively
charged 180 charged
residue residue
PslIAA4 positive face PslAA4 negative face
Cc Aux/IAA

TIR1

Aux/IAA

Figure 3. The AUX/IAAs are modular proteins with only a single structured domain. (A) An idealized motif and
domain structure based on the Pisum sativum IAA4 protein. The only globular domain is the carboxy-terminal
PB1 domain that mediates interactions with other AUX/IAAs and the ARFs. Both the degron (DII) and the EAR
motif (DI) are short linear motifs that mediate interactions with TIR1 and the TPL corepressor family, respec-
tively. (B) The atomic structure of the PsSTAA4 PB1 domain here, resolved by Dinesh et al. (2015), shows that each
face of the PB1 domain is enriched for either positively (blue) or negatively (red) charged residues that facilitate
head-to-tail interactions with one another. (C) The current model for TIR1I-AUX/IAA interactions now incor-
porates the intrinsically disordered regions that flank the degron. Key residues on both TIR1 and the AUX/TAA
help stabilize the degron-mediated interaction and ensure downstream degradation and auxin signaling as shown

in Niemeyer et al. (2020).
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The amino-terminal DI region encodes a ca-
nonical EAR motif in the Aux/IAAs (Fig. 3; Ul-
masov et al. 1997b; Tiwari et al. 2004). This
motif is necessary to repress transcription of
auxin-responsive genes in the absence of auxin
(Szemenyei et al. 2008). Like other canonical
EAR motifs, the Aux/IAA EAR domain recruits
TOPLESS (TPL) and TPL-RELATED (TPR) co-
repressors to loci. TPL and TPR in turn recruit
histone deacetylases, which remove marks of
active transcription from histones (Long et al.
2006; Szemenyei et al. 2008). Dominant mu-
tants of Aux/IAAs were suppressed in the
absence of functional TPL and TPR proteins
(Szemenyei et al. 2008). The Aux/IAAs repress
transcription of auxin-responsive genes via their
interactions with the ARFs (see below).

Domain Il

Of the 34 Aux/TAAs found in Arabidopsis, 29
have a conserved degron in the DII region of the
protein. DII is the most well-studied motif in the
Aux/IAAs. The discovery and characterization
of DII not only helped push the field of auxin
signaling forward by explaining one of the core
mechanisms (Worley et al. 2000; Gray et al.
2001; Ramos et al. 2001; Tiwari et al. 2001; Zen-
ser et al. 2001), but it is also used to generate
reporters that measure auxin abundance and
signaling activity (Brunoud et al. 2012).

In the presence of auxin, DII interacts with
both the auxin molecule and the TIR1/AFB sur-
face, and is ultimately polyubiquitinated and
degraded via the ubiquitin-proteasome pathway
(Fig. 2D; Dreher et al. 2006; Tan et al. 2007;
Calderén Villalobos et al. 2012). The Aux/
IAAs are traditionally considered to be rapidly
degrading proteins even in the absence of auxin
(Abel et al. 1994). The interaction between dif-
ferent Aux/TAA DII motifs and members of the
TIR1/AFB family affects the rate of Aux/TAA
degradation and therefore auxin sensitivity in
different cell types (Ouellet et al. 2001; Calderén
Villalobos et al. 2012; Havens et al. 2012; Pierre-
Jerome et al. 2014; Moss et al. 2015; Béez et al.
2020; Niemeyer et al. 2020).

Structural Aspects of Auxin Signaling

Initial characterization of the Aux/IAAs was
primarily through dominant mutations in the
DII domain, stabilizing the Aux/IAAs and re-
sulting in an auxin-resistant phenotype (Worley
et al. 2000; Gray et al. 2001; Tiwari et al. 2001;
Zenser et al. 2001). Since those initial observa-
tions, DII mutations have been used to investi-
gate differences between Aux/IAA function and
circumvent genetic redundancy.

The PB1 Domain

Like ARFs, Aux/IAA proteins have a carboxy-
terminal type-I/Il PB1 domain (Fig. 3A,B).
Originally, this region was classified as two dis-
tinct conserved domains, termed domains III
and IV (DIII/IV). Recent structural analyses
show DIII/DIV assumes a single globular do-
main that shares many of the hallmarks of a
type-I/II PB1 domain, including a negative and
positive face with conserved lysine and aspartic
acid residues, respectively (Han et al. 2014; Di-
nesh etal. 2015), as originally proposed by Guil-
foyle and Hagen (2012) (Fig. 3B).

Amino acid substitutions in the positive face
oftheIAA16 PB1 domain that affect its ability to
multimerize can suppress dominant DII muta-
tions, suggesting that these interactions are nec-
essary for Aux/IAA function in vivo (Korasick
et al. 2014). In addition, mutations that disrupt
IAA17 or IAA19 PB1 domain oligomerization
increase the magnitude of auxin response in
protoplast experiments, suggesting they are
less effective repressors (Nanao et al. 2014).
Conversely, mutations that disrupt IAA14 PB1
domain oligomerization fail to suppress the
dominant DII mutation in vivo (Pierre-Jerome
et al. 2016), suggesting that oligomerization is
not required for IAA14 function. Taken togeth-
er, these data suggest that some Aux/IAAs, like
IAA16, may require oligomerization for full re-
pressive activity. Alternatively, IAA16 may in-
teract with its target ARFs along a single PB1
face, and, thus, disrupting this face of the PB1
domain abrogates its ability to bind targets in
addition to disrupting oligomerization. Other
Aux/IAAs, like IAA14, may interact with target
ARFs along either face, which would be consis-
tent with no single-face mutation resulting in

Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a039883 7


http://cshperspectives.cshlp.org/

Downloaded from http://cshperspectives.cshlp.org/ at DUKE MEDICAL LIBRARY on June 24, 2021 - Published by Cold Spring

fco;ﬁ?% Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo™

www.cshperspectives.org

Harbor Laboratory Press

N. Morffy and L.C. Strader

decreased IAA14 repressive activity. Further
work is necessary to determine whether
Aux/IAA oligomerization is necessary for its
function in planta. Further, these results raise
the possibility that auxin signaling outcomes
are regulated in part by Aux/IAA affinity for
ARFs in a PB1 domain face-specific manner.

PB1 domain interactions between ARFs and
Aux/IAAs display higher affinity than either
ARF-ARF or Aux/TAA-Aux/IAA interactions
(Han et al. 2014; Nanao et al. 2014). Thus, low
levels of Aux/IAA proteins may efficiently bind
members of the ARF family and repress tran-
scription, whereas Aux/IAA-Aux/IAA interac-
tions are less stable. Rapid turnover of the
Aux/IAAs and the weak self-interactions via
the PB1 domain may act to tune the thresholds
required for specific auxin signaling events to
occur. These weaker self-interactions may also
prevent complete repression of ARF targets, in-
cluding the Aux/TAAs themselves, likely main-
taining auxin sensitivity in a physiologically rel-
evant range and ensuring appropriate negative
feedback regulation on the auxin signaling
module.

Not all Aux/IAA-ARF interactions are
equal. For example, ARF PB1 domains are not
interchangeable in the Marchantia auxin signal-
ing pathway. Additional structural modeling
data suggests some ARF PB1 domains prevent
Aux/TAA PB1 domain oligomerization, stop-
ping both strong Aux/IAA transcriptional re-
pression and sequestration of otherwise func-
tional Aux/IAAs (Kato et al. 2020). In this
model, the negatively charged face of the ARF
PB1 domain interacts with the positively
charged lysine face of the Aux/TAA PB1 domain
in a manner that obscures the surface of the
OPCA face of the Aux/TAA PB1 domain, pre-
venting further interactions. Biochemical and
structural analysis of TPL and TPR function
suggests that tetramers are the active form of
the TPL corepressor complex (Ke et al. 2015).
The Aux/TAA PB1 domain, in addition to me-
diating interactions with the ARFs, may also
provide a scaffold for higher order TPL and
TPR interactions to occur through Aux/IAA
multimerization. Indeed, Aux/IAA with mu-
tated PB1 domains are less effective repressors

(Korasick et al. 2014; Nanao et al. 2014; Dinesh
et al. 2015). Further work is required to deter-
mine the actual interaction affinities and oligo-
meric state of different Aux/IAA and ARF PB1
domains for one another and each other.

The Aux/TAA PB1 domain regulates a num-
ber of biological functions either directly via
protein—protein interactions, or indirectly via
functional complex formation. Further studies
that attempt to disentangle the contribution of
Aux/TAA oligomerization from Aux/[AA-ARF
interaction, as well as studies investigating inter-
action specificity, will be critical to understand-
ing how the large Aux/IAA family contributes to
so many distinct auxin signaling outcomes. The
contribution of each face of the PB1 domain
to any or all of these functions also remains a

mystery.

Disorder in the Aux/IAAs

In addition to their ordered regions, the
Aux/IAAs also have regions of intrinsic disorder
(Niemeyer et al. 2020). These intrinsically dis-
ordered regions (IDRs) contribute to Aux/IAA-
auxin-TIR1 interaction specificity and stability.
The role of intrinsic disorder in protein and
biological function in auxin signaling is only
just beginning to be understood (see ARF intrin-
sic disorder below). Unlike ordered protein re-
gions, disordered regions adopt a broad range of
possible conformations. Ordered protein re-
gions maintain a stable secondary and tertiary
structure, whereas proteins with regions of in-
trinsic disorder lack a stable secondary struc-
ture. Protein conformation studies can present
an ensemble of possible conformations, and the
lack of strong predictive modeling due to the
complex multifaceted nature of disordered re-
gions makes hypothesis generation difficult
(for review, see Holehouse 2019 and Uversky
2019). IDR analysis relies more on general ami-
no acid composition and spacing than specific
amino acid sequence. However, the biological
and molecular functions of disordered regions
can be studied via traditional genetic means.
Many Aux/IAA proteins in Arabidopsis
have IDRs that span the region between the
EAR motif (DI) and the PB1 domain (Niemeyer
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et al. 2020). Initial studies of the Aux/IAA de-
gron (DII) suggested that regions flanking the
conserved domain contribute to auxin signal
transduction, but the mechanism was not un-
derstood (Calderdn Villalobos et al. 2012; Moss
et al. 2015). These flanking regions are intrinsi-
cally disordered and they contribute, along with
the PB1 domain, to the interaction surface be-
tween Aux/IAAs and TIR1/AFBs (Fig. 3C; Nie-
meyer et al. 2020).

A model has emerged where the two IDR
flanking DII contribute to the stability of the
Aux/TAA-auxin-TIR1 interaction (Fig. 3C;
Niemeyer et al. 2020). The regions act to clamp
DII into the binding pocket on TIR1 and ensure
the interaction lasts long enough to transfer
ubiquitin to Aux/TAA, marking it for degrada-
tion. Interestingly, the DII flanking regions ap-
pear to be evolutionarily constrained; however,
not all Aux/IAAs in Arabidopsis show similar
amino acid compositions.

AUXIN-RESPONSE FACTORS

The ARF transcription factors are represented
by large gene families in many plant species
(Mutte et al. 2018). Mutant plants lacking func-
tional ARFs have diverse developmental and
growth phenotypes consistent with their roles
in auxin signaling. However, in many cases, mu-
tation of a single ARF does not result in a mutant
phenotype (Sessions et al. 1997; Harper et al.
2000; Hardtke et al. 2004; Li et al. 2004; Tian
et al. 2004; Ellis et al. 2005; Okushima et al.
2005; Wilmoth et al. 2005), suggesting overlap-
ping functions. The ARFs fall into three ancient
clades and have a conserved domain structure
(Fig. 4A; Mutte et al. 2018). At the amino termi-
nus lies a B3 DBD flanked by dimerization do-
mains (Fig. 4B). A carboxy-terminal type-I/II
PB1 domain promotes interactions between
ARFs and the Aux/IAAs as well as between the
ARFs themselves (Fig. 4C,D). The region that
lies in between the amino-terminal DBD and
the carboxy-terminal PB1 domain is known
as the middle region (Fig. 4A). Class A ARFs,
originally called activator ARFs, are defined by
glutamine-rich middle regions, whereas class B
and C ARFs, classically defined as repressor

Structural Aspects of Auxin Signaling

ARFs, are recognized by serine-rich middle re-
gions (Ulmasov et al. 1997a, 1999a,b; Mutte et al.
2018). The middle regions of all ARFs contain
varying degrees of intrinsic disorder and are im-
plicated in transcriptional activity, subcellular
localization, and protein condensation.

The ARF DNA-Binding Domain

The ARF DBD is made up of a canonical B3
DBD (Ulmasov et al. 1997a, 1999b; Boer et al.
2014; Mutte et al. 2018). Flanking the B3 DBD
lie two regions that make up a dimerization do-
main, which contributes to ARF homodimeri-
zation and stabilizes DNA binding (Fig. 4B;
Boer et al. 2014). Conserved amino acid residues
along the dimerization surface and DNA-bind-
ing surface are necessary for ARF function (Boer
et al. 2014; Pierre-Jerome et al. 2016; Lanctot
et al. 2020). These results suggest that dimeriza-
tion of ARF DBDs may dictate some aspects of
AREF signaling specificity.

All studied ARFs bind to the same consen-
sus sequence, the auxin response element
(AuxRE) (Ulmasov et al. 1995, 1997a,b, 1999a,
b; Boer et al. 2014; Pierre-Jerome et al. 2016;
Lanctot et al. 2020). Synthetic AuxREs, like
DRS5, have served as auxin signaling reporters
for over two decades (Ulmasov et al. 1997b).
Naturally occurring AuxREs share the same
core sequence TGTC followed by two variable
positions. DNA affinity purification sequencing
(DAP-seq) experiments have confirmed these
findings for multiple Arabidopsis and maize
ARFs (O’Malley et al. 2016; Galli et al. 2018).
The initial biochemical characterization of the
AREF DBD resulted in a caliper model in which
ARF dimers bound DNA with differing AuxRE
topologies or grammar, thus driving ARF DNA-
binding specificity (Boer et al. 2014). ARF1
shows preferences for everted repeats with seven
or eight base pair spacing, whereas ARF5 can
bind everted repeats with five to nine base pair
spacing. Similar conclusions were drawn from
global binding patterns of maize and Arabidop-
sis ARFs by DAP experiments, and the yeast
synthetic auxin signaling system (Boer et al.
2014; Pierre-Jerome et al. 2016; Lanctot et al.
2020). In all published studies, class A and B
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A DNA-binding domain PB1 domain

T
AtARF7

B Dimerization contact points

DNA-

binding
domain
180°

DNA

ARF7 PB1-negative face

Figure 4. The ARFs are defined by three major domains. (A) The ARFs are defined by two globular domains, the
amino-terminal DNA-binding domain (DBD) and the carboxy-terminal PB1 domain, and an intrinsically
disordered middle region that lies between them, based on the Arabidopsis ARF7 protein model. (B) The crystal
structure of the class B ARF1 DBD binding an ER7 AuxRE, resolved by Boer et al. (2014), shows dimerization
contact points (yellow) that stabilize the interactions with TGTCTC consensus sequence (purple) in an anti-
parallel manner. (C) The ARF7 PB1 domain crystal structure resolved by Korasick et al. (2014), like the
AUX/IAA PB1 domain, has both a positively and negatively charged face. (D) These faces interact in a head-
to-tail fashion to generate strings of PB1 domains in the crystal structure. The lysine residue on the positive face
interacts with the aspartic and glutamic acid residues on the negative face similar to a bar magnet. Perturbing
these residues results in the loss of PB1 domain interactions along that face.
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ARFs show distinct preferences for AuxRE
grammar. These observations raise the possibil-
ity that the ARF DBD dictates signaling specif-
icity by reducing binding affinity for loci with
suboptimal AuxRE grammar. Further studies of
class A and B ARF DNA binding suggests that
inverted AuxRE repeats with eight-base-pair
spacing (IR8) can recruit both classes of ARFs,
whereas DR5-binding sites only recruit the class
A ARFs (Freire-Rios et al. 2020). Consistent
with this finding, meta-analysis of auxin tran-
scriptional response data sets shows that IR8
motifs are found upstream of genes that show
both repression and induction upon auxin sig-
naling and DR5 motifs are only found upstream
of genes with auxin-induced expression (Freire-
Rios et al. 2020). Taken together, this suggests
that some auxin-responsive targets can be
bound by both class A and class B ARFs and
others can only be bound by class A ARFs.
ARF DBD swap experiments in the nonvascular
plants Physcomitrella and Marchantia also sug-
gest that ARFs compete for similar genomic tar-
gets (Lavy et al. 2016; Kato et al. 2020).
Marchantia has a single member from each
ancestral class of ARF (Flores-Sandoval et al.
2015; Kato et al. 2020). Domain swap experi-
ments showed that for MpARF1 and MpARF2,
the class A and class B ARFs, respectively, the
DBDs were interchangeable. Thus, replacement
of the MpARF1 DBD with the same domain
from MpARF?2 resulted in a functional protein
and could rescue the Mparfl loss of function
mutation (Kato et al. 2020). Replacing the
MpARF1 DBD with the MpAREF3, the class C
ARF, DBD was unable to rescue Mparfl. These
data suggest a model in which class A and class B
ARFs compete for genomic targets and class C
AREFs participate in separate processes.
Differences in AuxRE-binding affinities pre-
sent an appealing model for ARF DNA-binding
specificity. However, experiments in the yeast
synthetic auxin signaling system suggest that
some ARFs may activate transcription on a sin-
gle AuxRE, but dimerization between the ARFs
is necessary for transcription to occur (Lanctot
et al. 2020). Consistent with the yeast synthetic
signaling system, enrichment for single AuxREs
upstream of auxin-responsive genes is also de-

Structural Aspects of Auxin Signaling

tectable (Freire-Rios et al. 2020). The biochem-
ical basis for differences in DNA-binding spe-
cificity to single AuxRE binding sites is not yet
known.

The ARF PB1 Domain

The DBD is not the only ARF interaction do-
main, however. The carboxy-terminus of most
ARFs contain a type-I/II PB1 domain (Mutte
et al. 2018). This class of PB1 domain has two
faces: a positively charged, basic face and a neg-
atively charged, acidic face (Fig. 4C). The ARF
PB1 domain, previously referred to as domains
III and IV, is shared with Aux/IAAs (Guilfoyle
and Hagen 2012). Like other type-I/II PB1 do-
mains, the ARF PB1 domains allow for head-to-
tail oligomerization where the positive face of a
single PB1 domain will interact with the nega-
tive face of another PB1 domain (Fig. 4D; Ko-
rasick et al. 2014, 2015; Nanao et al. 2014).
Oligomerization was observed both in size ex-
clusion chromatography and protein crystalliza-
tion experiments in the ARFs (Han et al. 2014;
Korasick et al. 2014; Nanao et al. 2014).

The positive face is characterized by an in-
variant lysine residue that interacts with an array
of conserved aspartic and glutamic acids (Fig.
4C). Mutations in the lysine residue disrupt in-
teractions with the negative face preventing olig-
omerization (Han et al. 2014; Korasick et al.
2014; Nanao et al. 2014; Powers et al. 2019).
The PB1 domain likely contributes to ARF func-
tion in a number of ways, including interactions
between ARFs and Aux/IAAs, which is required
for appropriate auxin signal transduction (Ver-
noux et al. 2011; Han et al. 2014; Nanao et al.
2014). In Arabidopsis, a transgenic copy of
ARF19 with a mutation on the positive face
that ablates oligomerization showed increases
in transcription of both auxin-responsive genes
and novel targets in the absence of auxin
(Powers et al. 2019). This result suggests that
the ARF19 PB1 mutant is acting as a constitutive
auxin signaling factor likely due to its lack of
interaction with its transcriptional corepressor,
the Aux/IAAs. Interestingly, in vivo oligomeri-
zation data suggests that the ARF19 PB1 mutant
fails to dimerize in the nucleus (Powers et al.
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2019). This observation raises the possibility
that the ARF PB1 domain, and not the DBD,
primarily contributes to ARF homodimeriza-
tion. Indeed, PB1 mutants showed reduced
transcriptional activity in the yeast-synthetic
auxin signaling system compared to wild-type
ARFs (Pierre-Jerome et al. 2016; Lanctot et al.
2020).

Unlike the DBD, class A and class B PB1
domains seem to have differing functions in
Marchantia. Domain swap experiments show
that only the MpARF1 PB1 domain can rescue
the Mparfl mutant (Kato et al. 2020). When the
MpARF1 PBI domain was replaced with either
the MpARF2 or MpARF3 PB1 domain, the
plant showed severe developmental defects and
a loss of auxin responsiveness. Differences in
charge distribution along the PB1 interaction
surfaces may explain the differences in function;
however, this has not been tested empirically.
This data raises the possibility that PB1-medi-
ated interactions, both between different ARFs
and between ARFs and Aux/IAAs, drive signal-
ing specificity by tuning auxin responsiveness.

In addition to differential Aux/IAA ARF
interactions, the ARF PBI is necessary for tran-
scriptional control. In the synthetic yeast auxin
signaling system, mutations impairing PB1
domain interactions negatively affected some,
but not all, of the reporters tested (Pierre-Jerome
et al. 2016; Lanctot et al. 2020). ARF19 with a
mutant PB1 domain that prevents dimerization
failed to activate transcription on single AuxRE
targets, but is able to function on paired AuxRE
targets. Unlike the PB1 domain, DBD dimeriza-
tion was necessary in all cases. This data raises
the possibility that the ARF PB1 domain mod-
ulates the ability of the ARFs to activate
transcription on some AuxREs and serves to
stabilize ARF dimerization under less ideal
AuxRE grammar. All experiments testing the
contribution of the ARF PB1 domain to tran-
scriptional activity have relied on ideal AuxRE
grammar with short spacing (DR5). The multi-
meric nature of the ARF PB1 domain also raises
the possibility that AuxREs located thousands
of base pairs apart from one another can be
spanned by multimeric complexes of the
ARFs. Further work is necessary to determine

whether ARFs can span large genomic dis-
tances, and whether those multimeric complex-
es are biologically relevant.

Taken together, a more complex model of
ARF-mediated auxin responsiveness emerges
(Fig. 5B; Lavy et al. 2016; Kato et al. 2020). In
tissues where class A ARF nuclear abundance is
high, and therefore ARF-Aux/IAA interactions
are prevalent, auxin responsiveness is high. In
tissues where class B ARF abundance is high,
and therefore lacking ARF-Aux/IAA interac-
tions, auxin responsiveness is inhibited. This
gradient of auxin responsiveness requires that
class A and B ARFs share transcriptional targets
and that Aux/IAA interact only with class A
ARFs. Many of the observations of ARF func-
tion and activity are consistent between angio-
sperms and nonvascular plants. However, it re-
mains to be seen whether plants with larger ARF
gene families are governed by the same general
principles seen in Physcomitrella and Marchan-
tia (Lavy et al. 2016).

The ARF Middle Region

Whereas structural domains in the ARFs have
been well characterized, the unstructured mid-
dle region is less understood. Initial reports on
ARF function identified the middle region,
making up approximately one-half of the total
protein length in most ARFs, as containing ac-
tivation and repressive domains in carrot proto-
plast experiments (Ulmasov et al. 1999a; Tiwari
etal. 2003). Class A ARFs act generally as auxin-
inducible activators, whereas the class B ARFs
act as repressors. Interestingly, activation and
repressive activity can be decoupled from auxin
induction by expressing the middle region alone
in a synthetic transcription factor assay in carrot
protoplasts (Tiwari et al. 2003).

A conserved TPL-binding motif (RLFGV)
in Arabidopsis class B ARFs acts as a repressor
domain in vivo (Choi et al. 2018). Interestingly,
some class B ARFs also encode a canonical EAR
motif in addition to the RLFGV motif. In the
case of ARF2, for example, both the conserved
RLFGV motif and the additional EAR motif are
required for ARF2 to function as a transcrip-
tional corepressor; however, only the RLFGV
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Figure 5. Auxin signaling relies on abundant, nuclear class A ARFs. (A) Powers et al. (2019) show that auxin
signaling is absent in tissues in which ARF19 has moved out of the nucleus into cytoplasmic condensates. This
effect can be eliminated if ARF19 remains nuclear. (B) As data in Kato et al. (2020) show, auxin signaling is
present in the tissues that express class A ARF1 in Marchantia and absent in the tissues that express class B ARF2.
Taken together, these two studies present a model in which high abundance of nuclear localized class A ARFs
define auxin-responsive tissues, whereas tissues lacking class A ARFs entirely or from the nucleus are generally

auxin insensitive.

motif is required for TPL interactions in yeast
two-hybrid experiments (Choi et al. 2018).
Taken together with data from Marchantia, it
suggests that class B ARFs act as auxin-insen-
sitive negative regulators of auxin-responsive
genes (Fig. 5B).

Unlike ARF repressor domains, the ARF ac-
tivation domain remains unknown. This is likely
due in part to the intrinsic disorder found in the
class A ARF middle region. Most activation do-
mains are defined not by sequence similarity or
identity, but by sequence features such as hydro-
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phobicity and negative charge (Ravarani et al.
2018; Staller et al. 2018; Erijman et al. 2020).
Further, whether class B ARFs can act as tran-
scriptional activators at certain loci or in the
presence of other unknown cofactors remains
unknown.

In addition to direct activation of transcrip-
tion, class A ARFs may induce transcription in-
directly by recruiting the SWITCH/SUCROSE
NONFERMENTING (SWI/SNF) chromatin-
remodeling complex (reviewed in Clapier and
Cairns 2009). The ARF5 middle region can re-
cruit the SWI/SWF complex through interac-
tions with BRAHMA and SPLAYED (Wu
et al. 2015). These interactions are improved in
the presence of auxin and increase chromatin
accessibility at ARF5-binding sites (Wu et al.
2015). These results suggest a model in which
ARF5, and possibly additional class A ARFs,
alter nucleosome positioning to make more
transcription factor-binding sites accessible
(Wu et al. 2015; Weijers and Wagner 2016).

The intrinsic disorder found in the middle
region of class A ARFs, and to a lesser degree in
class B and C ARFs, does not dictate transcrip-
tion potential alone. The middle regions of two
class A ARFs that regulate lateral root develop-
ment, ARF7 and ARF19, are necessary for sub-
cellular localization (Fig. 5A; Powers et al. 2019).
ARF19 displays differential cellular localization
based on tissue type, with ARF19 localized to the
nucleus in young, dividing root tissue and in
the cytoplasm in mature root tissue. Mutating
the PB1 domain alters this localization pattern,
driving more ARF19 into the nucleus in mature
roots compared to wild-type ARF19. The PB1
domain is necessary for this behavior but insuf-
ficient. The ARF middle region, cooperatively
with the PB1 domain, drives differences in lo-
calization through protein condensation (see
below). The ARF19 middle region and PB1 do-
main are required for protein condensation and
cytoplasmic localization of ARF19 in the mature
regions of the Arabidopsis root. If either the PB1
domain or middle region is perturbed, ARF19
localizes to the nucleus in these tissues. Interest-
ingly, the mature zone of the root showed re-
duced or absent auxin-induced expression of
the DR5 GUS reporter (Fig. 5A). However,

plants expressing ARF19 with a mutated PB1
domain show expansion of DR5 GUS expres-
sion into these mature tissues, consistent with
increased nuclear localization of ARF19. This
data is supported by increased transcript abun-
dance of both novel and known auxin-respon-
sive genes (Powers et al. 2019). The PB1 domain
likely increases the local concentration of
ARF19 and that the intrinsic disorder of the
middle region contributes to phase separation
and protein condensation (for review, see Hole-
house 2019 and Powers and Strader 2020). The
relationship between ARF localization and tran-
scriptional activity provides another possible
route of regulation for the auxin signaling cas-
cade (for review, see Lanctot and Nemhauser
2020). Understanding the mechanisms that
drive ARF condensation, and the degree to
which other ARFs participate in similar process-
es, will be crucial for our understanding of auxin
signaling specificity.

Posttranslational modifications (for review,
see Powers and Strader 2020) and alternative
splicing of the ARFs (for review, see Lanctot
and Nemhauser 2020) also contribute to ARF
function. Understanding the contribution of
different ARF posttranscriptional and post-
translational modifications to ARF function
may further explain how a single, albeit large,
transcription factor family can impact so many
distinct processes.

CONCLUDING REMARKS

The structural aspects of nuclear auxin signaling
have shed light on one of the main questions in
auxin biology. The roles of protein—protein and
protein-DNA interaction specificity, protein
degradation dynamics, and subcellular localiza-
tion all provide insights into how a module
made up of only three components can result
in such diverse signaling outcomes. Further-
more, the disordered regions of the ARFs and
Aux/IAAs are opening new avenues for under-
standing how these proteins function in vivo.
More work is required to fully understand how
the ensemble of structures, modifications, and
interactions in these disordered regions contrib-
ute to auxin signaling specificity and outcomes.
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In addition to intrinsic disorder, there is an
emerging role for protein subcellular localiza-
tion in our understanding of auxin signaling
potential. The ARFs appear to potentiate activ-
ity in different cell types based on nuclear
and cytoplasmic localization patterns and are
regulated by both posttranscriptional and post-
translational mechanisms. Uncovering the
mechanisms that regulate ARF localization pat-
terns may provide new insights into hormone
cross talk as well as how plants integrate envi-
ronmental and developmental signals.
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