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Mechanisms of auxin signaling
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ABSTRACT

The plant hormone auxin triggers complex growth and
developmental processes. Its underlying molecular mechanism of
action facilitates rapid switching between transcriptional repression
and gene activation through the auxin-dependent degradation of
transcriptional repressors. The nuclear auxin signaling pathway
consists of a small number of core components. However, in most
plants each component is represented by a large gene family. The
modular construction of the pathway can thus produce diverse
transcriptional outputs depending on the cellular and environmental
context. Here, and in the accompanying poster, we outline the
current model for TIR1/AFB-dependent auxin signaling with an
emphasis on recent studies.
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Introduction

Auxin is a plant hormone that has a role in most aspects of plant
growth and development. Four native auxins have been identified in
plants, with indole-3-acetic acid (IAA) being the most abundant
form. Auxin distribution within plant tissues is regulated by
biosynthesis, inactivation and transport pathways (Zazimalova
et al., 2010; Zhao, 2010). Upon perception in the nucleus, auxin
can trigger broad and specific transcriptional responses. The core
components of the auxin signaling machinery belong to three
protein families: the F-box TRANSPORT INHIBITOR RESPONSE
I/AUXIN SIGNALING F-BOX PROTEIN (TIRI/AFB) auxin
co-receptors, the Auxin/INDOLE-3-ACETIC ACID (Aux/IAA)
transcriptional repressors, and the AUXIN RESPONSE FACTOR
(ARF) transcription factors. Auxin promotes an interaction between
TIR1/AFB and Aux/IAA proteins, resulting in degradation of the
Aux/IAAs and the release of ARF repression (Wang and Estelle,
2014; Salehin et al., 2015).

Gene expression associated with ARF activation has
been implicated in diverse processes in land plants, including
tropic responses and the establishment of polarity, as well as
embryogenesis and organogenesis in flowering plants, and both
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gametophyte and sporophyte development in nonflowering plants
(De Smet and Jurgens, 2007; Banks, 2009; Moller and Weijers,
2009; Prigge et al., 2010; Vernoux et al., 2010; Bennett et al., 2014;
Flores-Sandoval et al., 2015; Kato et al., 2015). At the cellular level,
auxin affects all aspects of cellular growth, including cell elongation,
cell division and differentiation (Perrot-Rechenmann, 2010;
Takatsuka and Umeda, 2014).

The repression of auxin-induced genes

Auxin functions by triggering genome-wide transcriptional
responses via its effects on ARF activity. At low auxin levels,
Aux/IAA transcriptional repressors interact with ARFs and repress
their activity. However, in the presence of auxin the TIR1/AFB
proteins bind to Aux/IAA transcriptional repressors and mediate
their polyubiquitylation and subsequent proteasomal degradation.
Another important aspect of the pathway is the rapid induction of
auxin-responsive genes, including Aux/IAAs and the GH3 family
of auxin homeostasis modulators, triggering negative-feedback
loops (Benjamins and Scheres, 2008).

The Aux/IAA transcriptional repressors interact with proteins in the
auxin signaling pathway through a number of protein domains. In
general, the Aux/IAAs comprise three functional domains: a leucine
repeat EAR motif within domain I (Kagale and Rozwadowski, 2011),
an internal domain II that contains a GWPP-core degron motif, and a
C-terminal region that forms a type I/Il Phox and Bem1 (PB1) domain
(Guilfoyle, 2015). The PB1 domain facilitates interactions with ARF
proteins as well as self-dimerization (Vernoux et al., 2011), while the
degron motif is required for interaction with TIR1/AFB proteins and
therefore determines Aux/IAA stability. Domain I functions as a
repression motif by recruiting transcriptional co-repressors. Although
domain II is necessary for the interaction with TIR1/AFBs, other
sequences outside of domain II, including an N-terminal lysine-
arginine (KR) motif, contribute to TIR1/AFB binding and/or Aux/
TAA degradation (Dreheretal., 2006; Calderon Villalobos et al., 2012;
Moss et al., 2015).

Auxin perception

Polyubiquitylation of the Aux/IAA transcriptional repressors
requires an E3 ubiquitin ligase SCFTWAFB  complex. SCF
complexes consist of an F-box protein that provides substrate
recognition, an ARABIDOPSIS SKPI HOMOLOGI1 (ASK1)
adaptor (SKP1 in animals and fungi), the scaffold protein
CULLIN1 (CULI1), and RING-BOX PROTEIN1 (RBX1) that
promotes transfer of ubiquitin molecules to the substrate. The
SCFTIVAFB complex binds the Aux/IAA substrate in an auxin-
dependent manner through the TIR1 or AFB F-box protein
(Dharmasiri et al., 2005; Kepinski and Leyser, 2005). Biochemical
studies have revealed that both the TIR1I/AFB and the Aux/IAA
protein are required for high-affinity auxin binding, indicating that
the two proteins can be referred to as auxin co-receptors (Calderon
Villalobos et al., 2012). TIR1/AFB proteins are composed of
an F-box motif and a leucine-rich repeat (LRR) domain.
Crystallographic studies have demonstrated that an auxin molecule
is anchored to the bottom of a hydrophobic binding pocket in TIR1
formed by the LRR domain, providing a binding surface for an Aux/
TAA protein. In turn, the Aux/IAA protein binds to the upper part of
the auxin-binding pocket through its degron motif. Thus, auxin
functions as a molecular ‘glue’ that stabilizes the TIR1/AFB-Aux/
TAA interaction (Tan et al., 2007). This interaction is also facilitated
by other factors. For example, S-nitrosylation of conserved cysteine
residues in the LRR of TIRI can enhance the interaction between
TIR1 and Aux/IAA proteins (Terrile et al., 2012). In addition, the

cyclophilin LATERAL ROOTLESS2 (LRT2) was recently shown to
facilitate TIR1/AFB-Aux/IAA interaction in rice by allowing for
correct folding of the degron motif-containing domain (Jing et al.,
2015).

Flowering plants possess several related TIR1/AFB auxin co-
receptors, and the number of Aux/IAA family members is also
large. In vitro auxin binding assays have revealed that different
TIR1/AFB-Aux/IAA co-receptor pairs have different affinities for
auxin. Whereas the Arabidopsis proteins TIR1 and IAA7 bind the
natural auxin with high affinity, the TIR1-IAA12 complex has an
IAA affinity that is one order of magnitude lower (Calderon
Villalobos et al., 2012). In addition, in vivo experiments, as well as
studies using a reconstituted auxin response pathway in yeast, have
shown that different Aux/IA As have very different degradation rates
(Havens et al., 2012; Dreher et al., 2006). Notably, AFB5-IAA7 has
a similar affinity for IAA as TIR1-IAA7, but exhibits a much higher
affinity for the synthetic auxin picloram. These findings, together
with results from earlier genetic studies, indicate that the AFBS
protein is a major target of picloram and structurally related
herbicides (Walsh et al., 2006; Calderon Villalobos et al., 2012).
The existence of different co-receptor complexes with different
affinities for auxin in diverse tissues and developmental stages
might contribute to context-specific auxin responses.

TIR1/AFB levels are regulated by multiple post-transcriptional
and post-translational mechanisms, adding additional regulatory
layers to auxin receptor function. For example, the microRNA
miR393 targets TIRI, AFB2 and AFB3, and it can reduce their
transcript levels in response to different environmental cues,
including pathogens and abiotic stress (Windels and Vazquez,
2011; Iglesias et al., 2014). Recent studies show that post-
translational changes in the stability of TIR1 are associated with
its autocatalytic degradation as well as HSP90 activity. When
assembled into the SCF, TIRl is relatively unstable.
Correspondingly, mutations in the region encoding the F-box
domain of TIR1/AFB, as well as amino acid variations that untether
TIR1/AFB from CULI, result in increased stability of TIR1/AFBs
(Yu et al., 2015). TIR1 is also a client of the HEAT SHOCK
FACTOR 90 (HSP90)-SUPPRESSOR OF G2 ALLELE SKPI
(SGT1) co-chaperone complex. TIR1 interacts directly with both
HSP90 and SGT1, which in turn act to increase TIR1 stability. This
effect of the HSP90-SGT1 co-chaperone complex on TIR1 levels is
implicated in the environmental response to an increase in ambient
temperature (Wang et al., 2016).

Auxin-dependent regulation of transcription
Auxin perception by the auxin receptor complex and the subsequent
degradation of the Aux/IAAs allow ARF-mediated transcriptional
responses. ARF transcription factors bind to the promoters of auxin-
responsive genes through cis-regulatory auxin response elements
(AuxREs). The TGTCTC sequence was first identified in the
promoter of the soybean GH3 gene as a functional AuxRE and has
been commonly used in auxin-responsive reporters (Ulmasov et al.,
1995). However, whereas the TGTCTC canonical motif is not
present in every promoter of auxin-responsive genes, the core
element TGTC appears to be required for the recruitment of ARFs.
In addition, recent structural analyses have revealed that
Arabidopsis ARF1 and ARFS preferentially interact with a
TGTCCG motif (Boer et al., 2014), which led to the development
of a new set of genetic tools (Liao et al., 2015).

ARFs contain an N-terminal DNA-binding domain (DBD), a
variable middle region (MR) and, similar to Aux/IAAs, a
C-terminal type I/Il PB1 dimerization domain. Based on
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bioinformatic analyses of their MR domains and their behavior
in transient protoplast assays, ARFs can be characterized as
transcriptional activators or repressors (Ulmasov et al., 1999;
Tiwari et al., 2003). ARFs can dimerize through their PB1 domain,
as well as through an N-terminal motif formed by the flanking
regions of their designated DBDs, as was recently shown (Boer
et al., 2014). The same study further demonstrated that different
ARF monomers bind to similar elements, but that as homodimers,
as represented by ARF1 and ARFS, their preferred spacing between
AuxREs varies. This variability of ARF dimers forming on different
promoters can contribute to complex transcriptional responses.

Additional structural studies have indicated that the C-terminal
regions of both ARF and Aux/IAAs adopt a type I/Il PB1 domain
(Korasick et al., 2015), which is characterized by two opposing
electrostatic faces that allow for directional protein interactions and the
formation of high-order oligomers. Indeed, genetic studies verify that
the oligomerization of Aux/[AAs is important for the efficient
repression of ARF activity (Korasick et al., 2014). The PB1 domain
facilitates both ARF-ARF and Aux-Aux dimerization, as well as the
heterodimerization of ARF-Aux/IAA. Structural studies of ARFS and
TAA17 demonstrate that their heterodimerization is stronger than self-
interactions (Han et al., 2014). The formation of favored ARF-Aux/
IAA dimers may destabilize ARF interactions with DNA and
contribute to ARF repression in the absence of auxin. Furthermore,
the level of transcriptional repression could be tuned by the
composition of oligomers formed on promoters of auxin-responsive
genes. Interestingly, some ARFs and Aux/IA As were shown to interact
with other transcriptional regulators, suggesting additional layers of
transcriptional regulation (Wang and Estelle, 2014).

Auxin-regulated chromatin switches

The recruitment of Aux/IAAs to the promoters of auxin-responsive
genes by activating ARFs results in gene repression. This repression
mechanism involves chromatin modifications that result in
decreased accessibility of target genes. Aux/IAA proteins can
interact with the TOPLESS (TPL) and TPL-related (TPR) co-
repressor proteins through their EAR motif. In turn, TPL and TPRs
interact with histone deacetylases that catalyze the removal of acetyl
groups from histone proteins, leading to DNA condensation and
transcriptional repression (Szemenyei et al., 2008; Kagale and
Rozwadowski, 2011).

A new paradigm of an auxin-mediated chromatin switch has also
emerged. It was recently shown that, in flower primordia, ARFS
interacts with BRAHMA (BRM) and SPLAYED (SYD) (Wu et al.,
2015), both of which are chromatin-remodeling ATPase subunits of
the SWI/SNF complex (Wagner and Meyerowitz, 2002; Farrona
et al., 2004). Through their interaction with ARF5, BRM and SYD
are recruited to promoters of auxin-responsive genes involved in
flower formation. As a result, the accessibility of DNA to additional
transcription factors is increased, leading to induction of the
corresponding target genes. This study further showed that Aux/
IAAs prevent the association of BRM and SYD with gene
promoters. Thus, the switching between gene repression and gene
activation is enabled by auxin and Aux/IAA degradation. Although
the involvement of the SWI/SNF complex in other auxin-regulated
developmental processes has not yet been shown, it is possible that
ARFS5, as well as other ARFs, recruits BRM and SYD to additional
target genes.

Perspectives

The elucidation of a complete nuclear auxin signaling pathway has
provided the link between auxin perception and a transcriptional
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response. However, how the hormonal signal is differentially
interpreted, giving rise to complex and context-dependent
responses, is still not clear. Recent studies are beginning to
bridge the gap between the seemingly simple auxin signaling
pathway and the resulting complex responses. The answers
appear to lie, at least in part, in the size of the protein families
that function in auxin signaling, as well as in their ability to
oligomerize. Combinatorial interactions between members of the
TIR1/AFB and Aux/IAA co-receptor families may thus result in
a broad range of auxin sensitivity. Similarly, levels of gene
activation and repression can be tuned by the action of
different Aux/IAA and ARF oligomers. Additional recent
advances include the identification of new players affecting auxin
signaling, including chaperones and chromatin modifiers, placing
the auxin signal transduction pathway in a broader context of
cellular events. New structural and biochemical insights into the
complex interactions between core auxin signaling components
have also provided a framework for future studies of their biological
relevance. Such studies are likely to include a combination of
genetic and high-throughput approaches to facilitate correlations
between individual signaling complexes and the corresponding
specific outputs.

Auxin has been implicated in developmental switches as well as
in transient and dynamic cellular responses. Whether these two
distinctive roles differ mechanistically is unclear. The studies
described here imply that gene expression is regulated by
chromatin-remodeling factors, as well as by differential
interactions between transcription factors. Therefore, a better
understanding of how auxin-regulated transcriptional changes
reflect the chromatin state is a further interesting research goal.
Finally, the importance of additional factors and other pathways that
interact with the auxin signaling pathway is apparent. Gaining a
better understanding of how these interactions are regulated and
how they are affected by developmental and environmental signals
will be required. An increased understanding of the principles of
auxin signaling will clearly improve our ability to dissect complex
auxin response networks in different developmental contexts as well
as in different model and crop plants.
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