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Abstract

Developmental programmes within multicellular organisms originate from a single cell
that proliferates into numerous cells ultimately differentiating to make up specialized
tissues and organs. Tight temporal and spatial regulation of the genes involved in
these processes is essential for proper development of the organism. In plants, the
hormone auxin controls almost all aspects of plant development through the gene
regulatory properties of Auxin Response Factors (ARFs). Plant hormone signalling is
most commonly based on de-repression via degradation of transcriptional repressors.
Recently, a non-canonical signalling mechanism for the plant hormone auxin in organ
development was uncovered in which the auxin has a direct effect on the activity of a
transcription factor complex towards its downstream targets. In this pathway, ETTIN
(ETT/ARF3) is a pivotal component. This thesis reports that ETT binds auxin directly
and acts as a receptor in non-canonical auxin signalling to modulate gene expression,
independently of the canonical auxin signalling machinery. Due to this direct auxin-
effect on ETT, this pathway is reminiscent of animal hormonal pathways that often
involve direct transcription factor-hormone interactions that modulate gene
expression. In addition, this thesis identified that auxin has a direct and ETT-
dependent effect on the chromatin environment of ETT-target genes. This is another
feature reminiscent of hormonal signalling in animals and in agreement with ETT
physically interacting with several chromatin modifying complexes in an auxin-
sensitive manner. Above all this thesis identified that binding of the auxin molecule
leads to ETTIN dissociating from co-repressor proteins of the TOPLESS/TOPLESS-
RELATED family followed by histone acetylation and induction of target gene
expression. Finally, using targeted mutations of ETT-binding cis-regulatory elements,
| dissected the importance of these elements for the spatio-temporal regulation of
ETT-target genes. Together, unlike canonical auxin signalling, this non-canonical
auxin signalling provides an instantly reversible expression switch required for precise

polarity establishment during gynoecium development.
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Chapter 1

Plants and animals occur in a wide variety of shapes and forms containing numerous
specialised tissues and organs that originate from a single cell. Understanding how
developmental programmes co-ordinate morphogenesis of complex organisms from
single cells has fascinated developmental biologists for over a century. Differences in
morphology and behaviour between different species are determined by the cells that
make their tissues and organs. Yet, all cells within an organism do not differ in the
genetic material they contain but in the set of genes which are expressed. Throughout
development, mobile signals called morphogens control changes in gene expression

that coordinate cell differentiation, tissue formation and organogenesis.

Angiosperms - flowering plants - have evolved an enormous variety of morphologies
that enable them to occupy a wide range of different habitats, lifestyles and symbioses
with other organisms. The term angiosperm derives from the Greek words “angeion”
which means “vessel” and the word “sperma” meaning “seed” describing the evolution
of the gynoecium. The gynoecium is an organ enclosing the ovules - the future
offspring - of the plant and distinguishes angiosperms from all other phyla of the plant
kingdom (Scutt et al., 2006). Gynoecia exist in countless shapes and forms across
species and develop specialised structures which aid pollinator selection, fertilisation
and seed dispersal (Langowski et al., 2016; Scutt et al., 2006; Seymour et al., 2013).
This diversification and adaptation of the gynoecium manifested the angiosperms
evolutionary success. Upon fertilisation, ovules develop into seeds and gynoecia
develop into fruits. Both seed and fruit properties, such as size or fleshiness, affect
the seed dispersal strategy of the individual species. Many angiosperm species rely
on animals for their dispersal and vice versa; many animals rely on fruits as a major

source of nutrition (Seymour et al., 2013).

Humans have depended on fruits as a nutritional food for 100,000s of years. During
the Neolithic Revolution about 10,000s years ago, humans began to domesticate and

modify the size and shape of fruits and seeds of wild plants species, breeding our
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modern crops. Technological advances and the immediate need to increase
agricultural production worldwide led to the so-called Green Revolution of the
twentieth century. Although the Green Revolution, at the beginning was driven by
innovations in agricultural technology, chemistry, breeding and farming practises
(Borlaug, 1983; Brummer et al., 2011), it coincided with ground-breaking progress in
various fields of biology with advances in the field of genetics such as the (re-)
discovery of the Mendelian principles of inheritance (Bateson, 1903), chromosomes
and their role in inheritance (Morgan, 1911) and chromosome recombination
(Creighton and McClintock, 1931). Additionally, the emerging field of molecular
biology led to the discovery of DNA as the carrier of genetic information (Avery et al.,
1944; Hershey and Chase, 1952), the structure of the DNA-double helix (Watson and
Crick, 1953) and other observations that were collectively summarised in the “central
dogma of molecular biology” (Crick, 1970). The combination of genetics and
molecular biology have had tremendous impact on both developmental biology and

plant breeding.

In the first half of the twentieth century, physiological studies identified some plant-
borne chemical compounds, known as phytohormones, that can alter both plant
morphogenesis and plant responses to different stimuli (Went, 1937; Wetmore and
Wardlaw, 1951). Since then, plant developmental biologists demonstrated that the
phytohormone auxin controls most aspects of plant development using a combination
of plant physiology and molecular genetics (Benjamins and Scheres, 2008; Vanneste

and Friml, 2009).

Meanwhile, conventional breeding aimed towards maximising vyield through
phenotypic selection was conducted and has more recently been complemented by
molecular tools. By selecting for desirable characteristics based on phenotype,
breeders were selecting genotypes that partitioned more of their biomass into

harvestable plant products. An example for that is the achievement of higher grain
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yield in wheat by selecting dwarfed genotypes that invest less in biomass into the
stem (Hedden, 2003). Although conventional breeding efforts have doubled yields of
most staple crops over the last 50 year, there has been no substantial yield
improvement since the beginning of the twenty-first century (Long et al., 2015).
However, due to a growing population and the challenges of climate change, this
situation is unsustainable for providing food security in the future (Long et al., 2015).
Among the many reasons that led to the yield plateau, one may be that even modern
breeding methods are based on cycles of observation and selection, whereas the
genes behind the traits and pathways that regulate them remain largely unknown.
Additionally, most economically important traits such as yield, taste, and growth are
determined by many genes that each have a small additive effect, and modern
breeding methods are highly inefficient in selecting for these small effects (Cabrera-
Bosquet et al., 2012). Consequently, there is an increasing interest in gathering basic
knowledge on plant growth and organ morphogenesis to understand the mechanisms
underlying plant development and their regulation (Rodriguez-Leal et al., 2017; Soyk
et al., 2017; Vanhaeren et al., 2016; Zhu et al., 2018). Therefore, understanding
regulation of fruit development in detail will not only improve the basic knowledge of

plant development but may also contribute to future advances in crop improvement.

The hormonal and genetic basis of gynoecium development has been studied in detail
in the model species Arabidopsis thaliana. It is evident that the phytohormone auxin
has an essential role in gynoecium initiation and patterning throughout its
development (Deb et al., 2018; Moubayidin and @stergaard, 2017). An AUXIN
RESPONSE FACTOR (ARF) transcription factor (TF) called ETTIN (ETT) is critical in
orchestrating the developmental programs during the formation of gynoecia via the
translation of auxin signals into differential gene expression (Nemhauser et al., 2000;
Sessions et al., 1997; Sessions, 1995). The signalling pathway by which ARFs

mediate auxin signals is well known as a typical plant hormone-signalling pathway
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that it is based on the de-repression of target genes via the degradation of
transcriptional repressors (Kelley and Estelle, 2012). Recently, an alternative auxin
signalling mechanism has been uncovered that appears fundamentally different. ETT
is a pivotal component of this pathway that appears to be crucial to establish
gynoecium polarity (Simonini et al., 2016). However, the molecular mechanism

remains elusive.

Using the Arabidopsis gynoecium as the model, this thesis aims to shed light on the
molecular mechanism by which this alternative auxin-signalling pathway perceives

and transduces auxin stimuli to generate a transcriptional output.

The following sections will review the relevant literature concerning regulation of

transcription and organ formation before addressing the scope of this thesis.

Gene regulation in multicellular organisms

Multicellular organisms originate from a single cell (i.e. a fertilised oocyte) that
proliferates into numerous cells ultimately differentiating to make up specialised
tissues and organs required to successfully complete the organism’s life cycle. The
information for the underlying developmental programs is encoded by the organism’s
genome. Thus, the genome is the blueprint containing the instructions for an
organism’s development. However, these instructions must be translated into specific
functions that allows the formation of a functional organism with the ability to grow, to
respond to the environment, and to differentiate specialist cells and tissues. Hence,
selecting the right genes at the right time and in the right cells is critical for organisms
to respond adequately to the demand of their development and environment. In
multicellular organisms, mis-regulation of developmentally or physiologically
important genes have dramatic phenotypic effects that can impair the function,

location and/or shape of organs (Berleth and Jurgens, 1993; Nusslein-Volhard and



Chapter 1

Wieschaus, 1980; Sessions, 1995) or can be the driving force for morphological

innovations during evolution (Sato et al., 2012; Soyk et al., 2017; Wang et al., 1999).

The central dogma of molecular biology tells us that: “DNA makes RNA and RNA
makes protein” (Crick 1970). Transcription is the process of making RNA from DNA
and is the first step of gene regulation. At the molecular level, transcription can be
carried out by one out of four distinct RNA polymerases of which RNA Polymerase Il
(Pol 1) transcribes protein-coding genes. Pol Il is an enzyme that reads DNA and
transcribes the information into RNA, but it can neither recognise specific DNA
sequences (cis- elements) nor initiate transcription at a specific genomic locus. To
identify transcriptional start sites, Pol Il physically interacts with other proteins called
transcription factors. Transcription factors can be general or specific depending on
their role in transcriptional regulation. In eukaryotes General Transcription Factors
(GTFs) recognise core promoter sequences close to the transcription start site, such
as the TATA box, that dictate assembly and orientation of the transcription
preinitiation complex (PIC) (Thomas and Chiang, 2006). Several PIC subunits can
directly interact with specific transcription factors (Thomas and Chiang, 2006) while
others interact with co-factor complexes such as the Mediator complex that can
facilitate interaction between specific DNA-binding transcription factors and the

general transcription machinery (Wu et al., 2003).

Similar to general transcription factors, specific transcription factors (TFs) bind to
DNA-sequences of their target genes. Since transcription of genes involved in
developmental programs requires precise temporal and spatial regulation to ensure
proper growth and development, the presence of a specific DNA-sequence (cis-
element) that allows a stable interaction between the transcription factor's DNA

binding domain is a first step towards achieving specific gene regulation.

In eukaryotes cis-elements are typically 6 bp, which means it could occur every 4,096
bp (4°) purely by chance and several thousand times depending on the size of the

7
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genome (Lieberman-Lazarovich et al., 2019; Wunderlich and Mirny, 2009).
Consequently, this means that any transcription factor will have many unspecific
binding sites within the genome that will not lead to transcription initiation. This
indicates that gene regulation may require additional levels of DNA-TF recognition.
Even though the mechanisms that truly provide target-specificity of transcription
factors have not been fully uncovered, there is increasing evidence of multiple
strategies that ensure specific binding of transcription factors to their target genes.
Cis-elements often occur in repeats or clusters which increases specificity through
the requirement for co-operative binding. This leads to higher transcription factor
occupancy at these clusters and synergistic events between transcription factors
(Olsen et al., 2005; Singh, 1998; Xu et al., 2006). Thus, combinations of different cis-
elements in gene regulatory regions bring about another layer of specificity and
enable to distinguish between different cis-regulatory clusters. Clustering of
regulatory elements increases the complexity implying that transcription factors need
to form protein complexes to be able to effectively bind regulatory elements of target
genes (Wunderlich and Mirny, 2009). Therefore, protein-protein interactions provide
an additional layer that controls specificity in gene regulation. Protein-protein
interactions can occur between transcription factors of the same (homo) or of different
transcription factor families (hetero). However, such interactions may also occur with
other proteins that regulate the activity of the transcription factor as they can interact

with proteins that inhibit their activity (Tiwari et al., 2003).

Eukaryotic genomes are organised in chromosomes in which DNA associates with
proteins to form chromatin. The main proteins that associate with DNA are the four
core histones H2A, H2B, H3 and H4 that form an octameric structure known as a
nucleosome, around which DNA is wrapped (Kornberg and Lorch, 1999; Luger et al.,
1997). This tight interaction between histones and DNA impedes the accessibility of

DNA to other factors. Consequently, the location of histones relative to important
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regulatory DNA sequences and the strength of histone-DNA contacts can either hide
or expose genes providing yet another layer of gene regulation. In chromatin, both
histones and DNA can be chemically modified (Schibeler, 2015; Zhou et al., 2010).
Depending on the physical properties of the modification, the chromatin state can
either prevent or enhance the transcription of the underlying genes by making them
available to the transcriptional machinery only at specific moments or specific cell
types. The mechanisms by which post-translational modification of histones is
regulated remains widely elusive, however, it is well known that transcription factors
can interact with chromatin re-modellers and histone modifying complexes
(Kouzarides, 2007; Questa et al., 2016; Wu et al., 2015).

In summary, ensuring that a gene is transcribed in a certain cell at a certain time
requires the following: 1) that the local chromatin environment exposes the gene to
allow TF binding, 2) the correct combination of proteins must be present to allow
binding and 3) the cis-elements must allow stable interaction with the specific

transcription factors.

Principles of morphogen signalling in animals and plants

Multicellular development requires tight spatio-temporal control of key regulatory
genes to make sure that the correct genes are switched on or off at the right
developmental stage. These changes in gene expression are controlled by mobile
signals, so called morphogens that co-ordinate cellular decisions in time and space
by means of cell-cell communication. Throughout development morphogens form
patterns through diffusion, thereby controlling the formation of specific cell types. So
called “Reaction-diffusion processes” or “Turing patterns”, describe this kind of
morphogen based patterning that is spontaneous and self-regulated (Turing, 1952).
During development “Turing patterns” have been shown to regulate the emergence
of pigmentation patterns in plants and animals (Bradley et al., 2017; Kondo and Miura,
2010; Nakamasu et al., 2009). Morphogen diffusion also forms concentration

9
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gradients providing spatial information that subdivides a tissue in different domains
relative to the source of the morphogen by regulating the expression of a different set
of target genes at distinct concentration thresholds. Consequently, cells far from the
morphogen source will receive low levels of morphogen and only express target
genes that have a low threshold whereas cells close to the source will receive high
levels of morphogen and will express both low and high threshold target genes.
Distinct cell types differentiate as a result of a different combination of expressed
genes across the gradient. This concept of morphogen patterning is called the

“French-flag model” (Wolpert, 1969).

Experimentally, morphogen patterning and action is best studied in Drosophila
melanogaster embryogenesis. During the first thirteen cell divisions early Drosophila
embryos form a syncytium, a single cell in which numerous nuclei are evenly
distributed. In syncytia, homeobox transcription factors such as Bicoid, that plays an
important role in anterior-posterior axis formation, can diffuse between nuclei to
produce smooth gradients of concentration (Driever and Nusslein-Volhard, 1988;
Johnston and Nisslein-Volhard, 1992). After cellularisation, membranes have formed
between the nuclei of the embryo and morphogen signals can no longer diffuse freely
between nuclei. At this stage, morphogens generally encompass secreted signalling
peptides or small molecules that bind to extracellular domains of transmembrane
receptors (Gurdon and Bourillot, 2001). This mechanism is prevalent in most animal
developmental systems including human embryos since these embryos do not form
syncytia. Upon ligand binding transmembrane receptors induce a cytoplasmic
signalling cascade to communicate the morphogen signal to the nucleus. In the
nucleus, morphogen signal cascades usually target transcription factors by
modulating their activity towards morphogen responsive target genes in a manner
that reflects the morphogen concentration at the cell surface (Gurdon and Bourillot,

2001). A well-studied example for this type of signalling in animals is the wingless/Int-

10
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1(Wnt)/B-catenin signalling pathway. Originally characterised for its segmentation
defects in Drosophila embryogenesis, Wnt/B-catenin has been demonstrated to
control various embryonic processes including body axis patterning, cell
differentiation, cell proliferation and cell migration (Cadigan and Nusse, 1997
Nusslein-Volhard and Wieschaus, 1980). The pathway has also been implemented
in various diseases including breast and prostate cancer (Logan and Nusse, 2004).
During Wnt/B-catenin signalling, Wnt proteins bind to the Frizzled (Fz)
transmembrane receptor inducing a signalling cascade that prevents the
ubiquitination and degradation of B-catenin proteins in the cytoplasm. This allows (-
catenin to accumulate in the cytoplasm and translocate to the nucleus. Nuclear (-
catenin binds transcription factors such as T-Cell Factor (TCF) transcription factors.
Interaction between TCF and B-catenin leads to a displacement of co-repressors such
as Groucho/TLE (Gro/TLE) that interact with TCF under low Wnt concentrations to
repress Whnt-responsive target genes. Binding of B-catenin and displacement of
Gro/TLE allows TCF to recruit transcriptional co-activators and chromatin remodelers
to subsequently induce target-gene expression (for comprehensive review see

Gammons and Bienz 2018).

Plants differ from animals in that their embryos are relatively simple structures
consisting of only a few cell types, encompassing the plant stem cells that are
organised in meristems at the shoot and root tips. These meristems remain active
throughout a plants life span and give rise to all the post-embryonic tissues that make
the mature plant (Weigel and Jirgens, 2002). Unlike animal cells, plant cells are
surrounded by a rigid cell wall and consequently cannot migrate during development.
Hence, oriented cell division and directional expansion plays an important role in
morphogenesis during development (Scheres, 2007; Scheres et al., 1994). Despite
these differences, the same concepts of morphogen patterning can be applied to both

plant and animal development (Abley et al., 2013).

11



Introduction

Like animal embryogenesis, plant embryogenesis and postembryonic development
requires morphogens to mediate the coordinated acquisition of cell types and the
development of new tissues. Plant morphogens, also referred to as phytohormones,
comprise a diverse group of structurally unrelated molecules that are important to
integrate the plant’s developmental program with spatial and temporal information
and environmental cues. The molecular diversity of plant hormones, ranging from
polypeptides to small organic molecules such as ethylene, is also reflected in the
number of different signal transduction mechanisms and the components involved in

them.

Peptide morphogens are the predominant type of patterning molecules during animal
embryogenesis. In contrast, most plant hormones are small non-peptide molecules.
Nonetheless, signalling peptides are involved in the regulation of various
developmental processes in plants. A well-known example of a plant peptide
regulated developmental process is shoot apical meristem (SAM) size by the plant
peptide hormone CLAVATAS (CLV3) that restricts the expression of WUSCHEL
(WUS), a stem cell-promoting gene (Brand et al., 2000; Clark et al., 1997; Schoof et
al., 2000). Action and perception of these peptide hormones is highly similar to animal
morphogen action in that it involves peptide ligands binding to transmembrane
receptors that induces a cytoplasmic signal transduction cascade mediating the
signal to the nucleus where a transcriptional output is generated (Oh et al., 2018).
Some non-peptide phytohormones, such as cytokinins and brassinosteroids, also
bind to transmembrane receptors. Signal transduction of these hormones appears
reminiscent of peptide signal transduction in plants and animals (Kieber and Schaller,

2018; Vukasinovic and Russinova, 2018).

In contrast, most other plant hormones use a fundamentally different signal
transduction mechanism. A reoccurring theme in plant-hormone signalling is

hormone-induced ubiquitination and proteasome-dependent degradation of
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repressive components of the signalling pathway. The ubiquitin—proteasome pathway
has evolved in different variations and is the most prevalent among plant hormones
(for detailed review see Kelley and Estelle, 2012). Consequently, the signalling
pathways of the structurally unrelated hormones auxin, gibberellic acid (GA) and
jasmonic acid (JA) resemble each other mechanistically. In all three pathways, the
hormone receptor is part of Skpl/Cullin/F-box (SCF) ubiquitin ligase complexes or
regulates their activity. When nuclear hormone levels are low, transcription factors
that regulate the expression of hormone responsive target genes bind a specific
repressor protein (Aux/IAAs for auxin, DELLAs for GA and JAZ for JA). When nuclear
hormone levels rise, hormones bind their receptors (TIR1/AFBs for auxin, GID1 for
GA and COI1 for JA). Hormone binding to their receptors stabilizes interaction
between repressor proteins and receptors. Receptor-bound repressors are
ubiquitinated by the SCF complex and degraded by the 26S proteasome.
Consequently, repressor degradation enables the previously repressed transcription
factors to induce transcription of hormone-responsive target genes (Kelley and

Estelle 2012).

Auxin acts like morphogen throughout plant development

In plants, the phytohormone auxin has been established as a key regulator during
organ patterning and growth. The most abundant active auxin found naturally in plants
is the tryptophan-derived Indole 3-Acetic Acid (IAA) and will be referred to as ‘auxin’
throughout the thesis unless stated otherwise. Throughout plant development auxin
has morphogenic action since auxin-concentration gradients provide spatial
information that subdivides a tissue in different domains relative to the source of the
morphogen by regulating the expression of a different set of target genes at distinct
concentration thresholds. Moreover, it appears that auxin is self-regulating through
feedback loops (Benjamins and Scheres, 2008). This auxin patterning is crucial for

the development of almost all developmental processes in plants including
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embryogenesis, vascular development, root growth, lateral root formation, leaf and
flower initiation (Vanneste and Friml, 2009). Despite the differences in the ultimate
function and processes they are involved in, the initiation of a new growth axis from
a specific spot and the differentiation of new specialised tissues are a common theme
underlying the development of each of these organs and requires the generation of
distinct auxin concentrations such as auxin maxima or minima across plant tissues.
Therefore, to achieve pattern formation, auxin needs to be locally produced and
redistributed.

Auxin biosynthesis and transport

Auxin biosynthesis from tryptophan occurs in specific cells in a two-step synthesis
pathway (Figure 1.1). In the first step tryptophan is converted to indole-3-pyruvate
(IPA) by TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS 1 (TAA1) and
its homologs TRYPTOPHAN AMINOTRANSFERASE REALATED 1,2 (TARL,2)
(Stepanova et al., 2008; Tao et al., 2008). In the second step, members of the YUCCA
(YUC) family flavin monooxygenases catalyse the oxidative decarboxylation for IPA
to produce IAA (Cheng et al., 2006; Mashiguchi et al., 2011; Zhao, 2010). Since auxin
is only synthesised by some cells and is unable to exit the cell via passive diffusion,
it requires directional transport to form gradients to reach target cells. Auxin efflux
carrier proteins of the PIN-FORMED (PIN) family are transmembrane proteins that
localise in a polar fashion at the cells plasma membrane to facilitate auxin export from
the cell for polar auxin transport. The polar membrane localisation of PIN proteins is
the result of a continuous exocytosis/endocytosis cycle (Adamowski and Friml, 2015;
Benkova et al., 2003; Friml et al., 2002a; Friml et al., 2002b; Miller et al., 1998;
Petrasek et al., 2006). Polar auxin transport and its regulation are the main drivers of
pattern formation during plant development (Caragea and Berleth, 2016; ten Hove et
al., 2015). The serine-threonine kinase, PINOID (PID) and PROTEIN
PHOSPHATASE 2A (PP2A) antagonistically regulate the phosphorylation status of
PIN proteins (Figure 1.1). Phosphorylation targets PINs to the apical plasma
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membrane, while dephosphorylated PINs are targets to the basal plasma membrane

(Benjamins et al., 2001; Friml et al., 2004; Michniewicz et al., 2007).

OO
EC Aux/

LAX
<

_ | A PID/PP2A _
LAX (Localization)
S
Trp —»IPA—» IAA -~ TIRI/AFB "=
/, J_ \\
AU)(/ 'l AUX/|AA \“ AUX/ B
T Lax ‘N 4 i LAX
\ ARF i
\\\ ¢ ’,
Aux/ ~eenes - /
Aux,
LAX LAX

Figure 1. 1: Auxin biosynthesis, transport and signalling pathways. TAA and YUC enzymes
synthesise IAA from Tryptophan, intracellular (IC) auxin can either be transported to the
extracellular space (EC) or initiate the signalling cascade inside the nucleus (N). Auxin efflux
is facilitated by PIN proteins. PID and PP2A regulate the localisation of PINs by
phosphorylating and dephosphorylating PINs, respectively. Therefore, PID and PP2A regulate
polar auxin transport. In contrast, AUX1/LAX influx carriers, which transport extracellular auxin
inside the cell, localise in an apolar fashion.

To trigger a cellular response auxin needs to enter the cell. However, the acidic
environment of the apoplast hinders the diffusion of auxin across the plasma
membrane (Raven, 1975). AUX1/LAX auxin influx carriers facilitate the major auxin
influx into cells (Figure 1.1). Due to their even distribution over the plasma membrane,
AUX1/LAX influx carriers are expected to import auxin to the cells in an apolar fashion
(Bennett et al., 1996; Péret et al., 2012; Swarup et al., 2008). Auxin accumulation
leads to high cellular auxin levels that trigger a cascade of events that will ultimately
lead to changes in gene regulation of developmentally important genes in the nuclear

auxin-signalling pathway (Figure 1.1 and Figure 1.2).
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The nuclear auxin-signalling pathway and its components

After auxin biosynthesis and transport, hormone accumulation triggers transcriptional
changes to affect cell division and identity appropriate for the developmental context.
The transcriptional output of auxin signalling is mainly determined by three protein
families that act as three key components of the signal transduction pathway: AUXIN
RESPONSE FACTOR (ARF) transcription factors, AUXIN/INDOLE-3-ACETIC ACID
(Aux/IAA) transcriptional co-repressor proteins and TRANSPORT INHIBITOR
RESISTANT1/ AUXIN SIGNALING F-BOX (TIR1/AFB) F-box auxin receptor proteins,
which are a subunit of the SKP1/CULLIN1/F-BOX (SCF)"RVAFE  ARFs bind so-called
Auxin Responsive Element (AuxRE) cis-regulatory sequences in promoters of their
target genes to positively or negatively regulate gene expression (Boer et al., 2014;
Lieberman-Lazarovich et al., 2019; Ulmasov et al., 1997a; Ulmasov et al., 1999a;
Ulmasov et al., 1999b). In the absence of auxin, Aux/IAA proteins physically interact
with ARFs (Tiwari et al., 2003; Ulmasov et al., 1997b). Aux/IAAs inhibit ARF activity
towards target genes by recruiting the co-repressor TOPLESS (TPL) to repress auxin-
dependent gene expression (Long et al., 2006; Szemenyei et al., 2008). TPL/TPRs
mediate their repressive effect by attracting histone deacetylases (HDACS) to
promote chromatin condensation (Krogan et al., 2012; Zhu et al., 2010) (Figure 1.2

a).

Auxin binds to both the SCFRYAFE receptor complex and the Aux/IAA protein,
increasing the binding affinity between them. Aux/IAAs and TIR1/AFBs form the auxin
co-receptor complex together with one of the SCF™'RVA™E E3 ubiquitin ligases. These
ligases can poly-ubiquitinate Aux/IAAs marking them for degradation in the 26S
proteasome (Dharmasiri et al., 2005; Gray et al., 2001; Kepinski and Leyser, 2005).
Upon degradation of Aux/IAAs, ARFs are released from inhibition to regulate the gene

expression of their target genes (Figure 1.2 b).
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Figure 1. 2: The nuclear auxin-signalling pathway. (a) When auxin levels are low Aux/IAA
transcriptional repressors form dimers with Auxin Response Factors (ARFs) and bring about
a repressed state at target loci by recruiting TPL and HDA19. (b) In contrast, high auxin levels
enhance dimerisation between Aux/IAAs and TIR1/AFB auxin receptors. This leads to
Aux/IAA polyubiquitination (ub) and degradation by the 26S proteasome. Thus, ARFs that bind
AuxREs (TGTCTC) are relieved from repression and initiate transcription of ARF-targeted loci.

Each of the protein families involved in the nuclear auxin-signalling pathway has
multiple members in most land plant species (Mutte et al., 2018). Most ARFs and
Aux/IAAs have unique and distinct expression patterns (Rademacher et al., 2011).
Additionally, members of the three protein families interact among each other with
different affinities (Calderon Villalobos et al., 2012; Vernoux et al., 2011). Together,
these properties allow for different combinations of protein complexes in different cells

and may contribute to different responses to the same hormonal signal.

Repressor proteins: The Aux/IAA family

The Arabidopsis thaliana genome encodes for 29 Aux/IAA proteins that share four
distinct domains. The N-terminal domain, also known as domain |, carries an
Ethylene-responsive element binding factor-associated Amphiphilic Repression
(EAR) motif that mediates the interaction with TPL (Causier et al., 2012; Martin-
Arevalillo et al., 2017; Szemenyei et al., 2008). Domain Il contains the degron motif
that mediates the interaction of Aux/IAAs with the SCFTRYAFE receptor complex
(Dharmasiri et al., 2005; Kepinski and Leyser, 2005). A subclade of Aux/IAAs

containing IAA20, IAA30 and IAA31 lacks the degron domain. The function of these
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Aux/IAAs is unclear. However, over expression of the subclade results in auxin-
related phenotypes indicating that these Aux/IAAs have function in auxin signalling
(Sato and Yamamoto, 2008). Domain Il and IV at the C-terminus form a Phox/Bem1
(PB1) domain that is essential for the protein-protein interaction with ARFs (Tiwari et

al., 2003).

Interestingly, a recent study has shown that two canonical Aux/IAAs, IAA32 and
IAA34, seem to regulate auxin response in an alternative signalling mechanism (Cao
et al., 2019). This mechanism involves the extracellular detection of auxin by
TRANSMEMBRANE KINASE 1 (TMK1). Auxin detection leads to cleavage of the
cytoplasmic C-terminal kinase domain of TMK1 that specifically phosphorylates
IAA32 and IAA34. Phosphorylation stabilises IAA32 and IAA34 and prevents their
degradation. Hence, auxin-mediated cleavage of the TMK1 kinase domain leads to
destabilisation of IAA32 and IAA34 and presumably depression of their target ARFs
(Cao et al., 2019). It remains unclear which role this mechanism or other post-
translational modifications play for the regulation of auxin response by other

Aux/IAAS.

Auxin receptors: the TIRL/AFB family

A family of six F-box proteins called TIR1/AFB are substrate receptors of the
SCFTRVAFB E3 ligase complex that target Aux/IAAs for ubiquitination (Dharmasiri et
al., 2005; Gray et al., 2001; Kepinski and Leyser, 2004; Kepinski and Leyser, 2005).
Although all family members act as auxin receptors they differ in their biochemical
properties and biological functions (Parry et al., 2009). Recognition of Aux/IAAs by
SCF TRVAFE complexes only occurs if auxin is directly bound by the TIR1/AFB F-box
protein. Structural analysis of TIR1 and the Aux/IAA degron domain revealed that the
C-terminal 18 Leucin-Rich-Repeats (LRRs) forms the auxin-binding pocket and
mediates the binding of Aux/IAAs (Calderon-Villalobos et al., 2010; Tan et al., 2007).

Further analysis has shown that TIR1/AFBs and Aux/IAAs are both required and
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sufficient for auxin binding. Given that there are 29 Aux/IAAs and 6 TIR1/AFBs, there
are many possible co-receptor pairs (6x29=174 theoretical combinations). Protein-
protein interaction assays showed that this is indeed the case. Moreover, biochemical
assays suggest that different co-receptor pairs have different auxin affinity (Calderon
Villalobos et al., 2012). The formation of TIR1/AFB-auxin-Aux/IAA complexes is
critical for Aux/IAA degradation and de-repression of ARFs. Hence, differences
among TIR1/AFB-Aux/IAA co-receptors in terms of auxin affinity may therefore be

one aspect controlling differential concentration-dependent auxin responses.

Transcription factors: The Auxin Response Factor Family

High levels of auxin trigger the degradation of Aux/IAAs and release the ARFs to
regulate gene expression in response to auxin. In Arabidopsis there are 23 ARF
transcription factors providing in theory 667 (29 Aux/IAAs x 23 ARFs) possible
combinations of Aux/IAA-ARF pairs potentially increasing both the diversity and
complexity of the auxin-signalling pathway. However, ARF genes are expressed in
dynamic and different patterns during development and control distinct
developmental processes (Rademacher et al.,, 2012; Rademacher et al., 2011,
Weijers et al., 2005; Weijers et al., 2006). Additionally, promoter-swap experiments
demonstrated that ARFs cannot compensate for each other (Finet et al., 2013;
Rademacher et al., 2011; Weijers et al., 2005) and may even act antagonistically
(Rademacher et al., 2012). Thus, differences between ARFs are partly due to
differences in protein sequence. Despite years of research, it remains an open

guestion how ARFs achieve target specificity.

ARFs consists of three protein domains, an N-terminal B3 DNA-binding domain
(DBD), a Middle Region and C-terminal PB1 domain. Using their B3-DBD, ARFs
directly bind to cis regulatory elements, called Auxin Responsive Elements (AuxREs,
TGTCTC or TGTCNN), within the regulatory regions of their target genes to positively

or negatively regulate gene expression (Boer et al., 2014; Lieberman-Lazarovich et
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al., 2019; Ulmasov et al., 1997a; Ulmasov et al., 1999a; Ulmasov et al., 1999b). The
DBD is flanked by dimerisation domains, which mediate homo- and hetero-
dimerisation among ARFs, and an ancillary domain, which supports the protein
structure (Boer et al., 2014). Intuitively, one would expect target specificity of ARFs
to be determined by differences in binding affinity or binding preference of ARF DBDs
to certain versions of the TGTCNN AuxRE cis-regulatory element. A protein-binding
microarray examining the binding preference of two distantly related ARFs, ARF5 and
ARF1, found little difference in specificity and intrinsic binding preference between
the two (Boer et al., 2014), whilst a cistrome analysis by DAP-seq revealed that ARF5
and ARF2 share only 9% of their binding sites in the genome (O'Malley et al., 2016).
Structural analysis of ARF1 and ARF5 DBDs showed the potential of ARFs to form
homo- and possibly hetero-dimers. It has been argued that the spacing tolerated
between binding sites differs among different ARF-ARF dimers (Boer et al., 2014).
However, synthetic auxin-response circuits in yeast using a range of spacings
between two AuxREs show that inter-motif spacing cannot sufficiently account for

specificity in DNA binding (Pierre-Jerome et al., 2016).

The Middle Region is highly variable between ARFs and has been proposed to
determine the transcription factor activity. Based on the composition of the Middle
Region (MR), ARFs can be classified into three phylogenetically distinct clades, A, B
and C (Finet et al., 2013). Class-A ARFs (ARF5-8,19) contain a glutamine-rich middle
region, whilst the MR of class-B (ARF1-4,9,11-15,20-23) and of class-C ARFs
(ARF10,16,17) is generally serine-rich (Finet et al., 2013; Mutte et al., 2018). Class-
B and class-C ARFs can be distinguished based on their different modes of post-
transcriptional regulation. Most class-B ARFs are targeted by the TAS3 trans-acting
siRNA (tasiRNA) (Allen et al., 2005; Axtell et al., 2007; Marin et al., 2010; Tsuzuki et
al., 2016) while class-C ARFs can be targeted by the microRNA160 (miR160) (Axtell

et al., 2007; Mallory et al.,, 2005). Both modes of regulation are evolutionarily
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conserved and are thought to increase robustness and sensitivity in the auxin

response (Plavskin et al., 2016).

Trans-activation assays on an auxin-responsive model gene have demonstrated that
class-A ARFs function as transcriptional activators and class-B ARFs as repressors
(Ulmasov et al., 1999a). Although not supported experimentally, class C ARFs have
traditionally been classified as transcriptional repressors (Finet et al., 2013; Finet et
al., 2010; Guilfoyle and Hagen, 2007). However, the role of class C ARFs in auxin
response is under debate as recent studies imply that they do not function in auxin-

responsive gene regulation (Mutte et al., 2018).

At the C-terminus, most ARFs contain a C-terminal PB1 domain that facilitates the
interaction between ARFs and Aux/IAAs (Guilfoyle and Hagen, 2007). It has been
proposed that interaction between Aux/IAAs and ARFs through their PB1-domain
contributes most to specificity and sensitivity in auxin signalling (Vernoux et al., 2011).
Interestingly, three of the 23 ARFs in Arabidopsis (ARF3/ETTIN (ETT), ARF13,
ARF17) lack a PB1-domain, and these ARFs are not exceptions, as 30% of the Zea
mays ARFs and more than 50% of the ARFs in Medicago trancula and Malus
domestica lack the PB1 domain (Chandler, 2016; Guilfoyle and Hagen, 2007).
Recently, it has been shown that loss of the PB1 domain has occurred independently
several times throughout evolution, mainly among class-B and class-C ARFs (Mutte
et al.,, 2018). Furthermore, several assays demonstrated that class-A ARFs could
interact with almost all Aux/IAAs whilst most class-B and class-C ARFs interact with
few or no Aux/IAAs (Piya et al., 2014; Vernoux et al., 2011). Intriguingly, these studies
indicate that the well-established nuclear auxin-signalling pathway is insufficient to
explain auxin-dependent gene regulation through class-B and class-C ARFs. Some
of the class-B ARFs contain an EAR motif and have been shown to interact with TPL

co-repressors (Causier et al., 2012). It has therefore been argued that class-B and
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class-C ARFs are involved in auxin-independent regulation of target genes (Causier

et al., 2012; Kato et al., 2018).

Recently, an alternative auxin-signalling mechanism was identified whereby auxin
directly affects the activity of a transcription factor (TF) complex towards its
downstream targets (Simonini et al., 2017; Simonini et al., 2016). This mechanism
involves the class-B ARF ETTIN (ETT/ARF3) as a pivotal component and mediates
precise polarity switches during organ initiation and patterning. ETT lacks the PB1
domain (Sessions et al., 1997) and is incapable of interacting with Aux/IAAs (Vernoux
et al., 2011). It is therefore likely that ETT mediates auxin signalling via an alternative

pathway.

ETT can interact with a diverse set of TFs and these interactions are sensitive to the
naturally occurring auxin, indole 3-acetic acid (IAA). The region responsible for auxin-
sensitivity is situated within the C-terminal part of ETT, known as the ETT-Specific
(ES) domain (Simonini et al., 2016). The sensitivity of ETT-TF interactions to auxin
suggests a direct effect of the auxin molecule on the ETT protein. However, the
molecular mechanism and biochemical basis of this auxin sensitivity remains elusive.
ETT has been implicated in a wide array of developmental processes (Garcia et al.,
2006; Kelley et al., 2012; Marin et al., 2010; Pekker et al., 2005), however, the most
dramatic phenotypes of ett loss-of-function mutants are observed during gynoecium
development (Nemhauser et al., 2000; Sessions et al., 1997; Sessions, 1995;

Sessions, 1997).

Gynoecium morphology

A gynoecium is made of several distinct tissues that fulfil specialised functions during
fruit development, maturation and seed dispersal. Morphologically, the Arabidopsis
gynoecium is formed by the fusion of two carpels that arise from a single primordium.

After fertilisation, the gynoecium develops into a silique-type fruit which dries and
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dehisces when mature to release the seeds. Gynoecia - and subsequently the fruit -
can be morphologically divided into four different regions: the stigma, style, ovary and

gynophore (Figure 1.3) (Bowman et al., 1999; Smyth et al., 1990).

Apical

Stigma

Style

Valves (V)

Ovary
Lateral

Replum (R)
Abaxial

Valve Margin

Gynophore

Figure 1. 3: Morphology of the Arabidopsis gynoecium. The gynoecium has three axes of
polarity: apical-basal, adaxial-abaxial and medio-lateral. Along the apical basal axis, the
gynoecium can be divided into stigma, style, ovary and gynophore. A transverse section
displays the tissues of the ovary. These tissues exhibit an adaxial-abaxial and medio-lateral
polarity. The gynoecium has two lateral valves (V) and two medial repla (R) that are connected
by valve margins (blue). Inside the gynoecium, the two repla are connected by a septum (S).
The transmitting tract locates at the centre of the gynoecium (yellow). The ovules (grey)
connect laterally with the septum. The black bar at the middle of the fruit to the left indicates
the approximate location of the transverse section.

Along the apical-basal axis the stigma is located at the apex of the gynoecium. It is
formed by a single layer of elongated papilla cells. It plays an important role in pollen
collection, germination and mediation of pollen tube growth (Sessions et al., 1997).
Basal to the stigma is the style, a cylindrical tissue surrounding the central transmitting
tract. Pollen tubes grow through this structure to reach the ovary that is located
immediately below the style. The ovary forms the largest part of Arabidopsis gynoecia
and is formed by several distinct tissues: the valves, replum, valve margins, ovules
and the septum. Valves are located at the lateral sides of the ovary protecting the

developing seeds. The two repla separate the valves from each other and are located
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on the medial sides of the fruit. Inside the ovary, a septum connects the two repla
(Figure 1.3). A placenta that gives rise to the ovules is connected to the surface of
the septum. Valves and repla are connected by the valve margin, a narrow tissue
that when the fruit is mature is important for fruit opening (dehiscence). The base of
the fruit is formed by the gynophore a short stalk that connects the fruit with the rest

of the plant.

In contrast to wild type gynoecia, in ett mutant gynoecia the medial and apical tissues
over-proliferate and the gynoecium fails to close. Additionally, the gynophore is
enlarged at the expense of ovary size. Interestingly, wild type gynoecia treated with
auxin transport inhibitors phenocopy ett-mutants highlighting that ETT is an essential
integrator of auxin patterns during gynoecium development (Nemhauser et al., 2000;
Sessions et al., 1997). Additionally, the sensitivity of the gynoecium to perturbation
in auxin dynamics makes it a great model for studying the role of auxin signalling in

organogenesis.

Auxin patterns gynoecium development at all stages

Throughout a plant’s lifecycle new organs are formed from only a few stem cells within
organ primordia. These cells will divide and spatially coordinate the acquisition of
different cell identities. Plant hormones pattern this cell growth and differentiation in
a spatio-temporal manner, through local hormone production and hormone
redistribution. The formation of the gynoecium in flowering plants is no exception to

this rule.

All cell and tissue types of the mature fruit are derived from the gynoecium which in
turn originates from a few cells within a floral primordium. Flower primordia are formed
by the shoot apical meristem (SAM) when the plant commits to flowering. How a
flower primordium is specified and how the few cells of a flower primordium define

the different floral organs within the four floral whorls has been intensely studied (and
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reviewed) for the last decades (Alvarez-Buylla et al., 2010; Bowman et al., 1989;
Bowman et al.,, 2012; Coen and Meyerowitz, 1991). According to developmental
events flower and fruit development have been divided into twenty individual stages
(Figure 1.4) (Roeder and Yanofsky, 2006; Smyth et al., 1990) most of these stages
are under tight hormonal and genetic control, and numerous studies have underlined
the importance of auxin patterning in various aspects of the developmental program
(Arnaud et al., 2010; Larsson et al., 2013; Larsson et al., 2014; Moubayidin and
Ostergaard, 2014; Nemhauser et al., 2000; Sessions et al., 1997; Sorefan et al.,

2009).

Stage: 1-12

Figure 1. 4: Developmental stages of flower and gynoecium development. (a) Scanning
Electron Microscope (SEM) images presenting early developmental stages (scale bar 20 um).
(b) Light microscopy images presenting fruit phenotypes from early developmental stages to
full maturity (scalebar 5 mm). The images presented here were kindly provided by Dr. tukasz
tangowski.
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Within the first five stages of flower development (Figure 1.4 a), floral primordia are
formed and the outer three floral organs, sepals, petals and stamens, are initiated. In
these early stages of gynoecium development, ETT is expressed in flower primordia
where it represses the expression of the meristem identify genes WUS and STM

which leads to meristem termination (Chung et al., 2019; Liu et al., 2014).

When sepals enclose the bud in late stage five, the carpel primordia are initiated. At
stage six, two fused carpels start to grow as a hollow tube. At stage 7, an auxin
maximum appears as two lateral foci at the apex and on the inner surface of
gynoecium two medial ridges become visible, which will give rise to the inner tissues,
style and stigma at later developmental stages (Reyes-Olalde et al., 2013). At stage
8 and 9, two additional medial auxin foci appear at the apex that fuse with the lateral
foci to form an auxin ring at stage 10. The formation of this auxin ring at the apical
part of the gynoecium is essential for closure of the gynoecium and subsequently
style and stigma development. Two basic helix-loop-helix (bHLH) transcription factors
SPATULA (SPT) and INDEHISCENT (IND) regulate the apolar auxin redistribution

through direct repression of PINOID (PID) (Moubayidin and Ostergaard 2014).

As development proceeds (Figure 1.4 a), stigmatic papillae cover the stigma at stage
eleven, closing the gynoecium while the style starts to form. The style and transmitting
tract differentiate at stage twelve, and the gynoecium becomes ready for pollination.
At the same time valves and repla develop and an auxin minimum defines the valve

margin (Sorefan et al., 2009).

At stage 13 the flower opens (Figure 1.4 b), anthesis occurs and the gynoecium
becomes self-pollinated. After fertilization the gynoecium differentiates into a fruit. In
the following stages fruit ripen and the gynoecium elongates as the seeds mature
within the ovary (stage 15-17). At stage 17 repla and valves become lignified, and the

fruit is mature enough to dry (stage 18-20), dehisce and eventually disperse seed at
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stage 20. Further detailed description of each stage with SEM images as well as cross

sections can be found in Roeder and Yanofsky (2006).

Regulation of fruit development in Arabidopsis and beyond

Fruits are an essential part of the human diet therefore understanding the mechanism
that controls the development and maturation of fruits is therefore vital for crop
improvement. Fruit types can range from dry dehiscent fruits such as found in
rapeseed (Brassica napus) to fleshy fruits such as found in tomato (Solanum

lycopersicum).

In Arabidopsis, which has dry dehiscent fruits, a regulatory networks of transcription
factors controlling fruit development has been revealed in much detail (Deb et al.,
2018; Moubayidin and Ostergaard, 2017) while studies in tomato, a model for fleshy
fruits, have mainly focussed on post-fertilization processes controlling fruit ripening
and shape (Quinet et al., 2019). Interestingly, the role of the orthologs of Arabidopsis
genes that are involved in gynoecium patterning are not well understood in other

species including tomato.

However, it has become evident that the CLV-WUS meristem identity pathway is
crucial for the regulation of meristem size in both Arabidopsis and tomato (Fletcher et
al., 1999; Mufos et al., 2011). In both species, mis-regulation of this pathway results
in a fasciated stem tissue and an increased number of carpels exhibit an increased
number of seed compartments (locules). In tomato, mutations affecting the CLV-WUS
pathway were key selection targets in the domestication of wild progenitors
(Rodriguez et al., 2011; van der Knaap et al., 2014). Two natural mutations in tomato,
fasciated (fas) and locule number (Ic), were mapped to the promoters of SICLV3 and
SIWUS respectively (Mufios et al.,, 2011). fas and Ic synergistically delay the
downregulation of WUS leading to an increase in fruit size and locule number (Mufios

et al., 2011; Rodriguez et al., 2011).
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In Arabidopsis a network of differentially expressed specific transcription factors is
required to regulate the establishment of different tissues that make the fruit (see
previous section). Valve margin identity is established by SHATTERPROOF 1 and 2
(SHP1/2), two redundantly functioning MADS box transcription factors. SHP1/2
promote the expression of IND and ALCATRAZ (ALC), a close homolog of SPT
(Liliegren et al., 2000; Liljegren et al., 2004; Rajani and Sundaresan, 2001). In the
ovary, REPLUMLESS (RPL), a homeodomain protein expressed in the replum and
FRUITFULL (FUL), a MADS box protein expressed in the valves limit SHP1/2 and

IND expression to the valve margin (Ferrandiz et al., 2000; Gu et al., 1998).

Upstream of this network, JAGGED (JAG), FILAMENTOUS FLOWER (FIL) and
YABBY3 (YAB3) (Chen et al.,, 1999; Ohno et al., 2004; Siegfried et al., 1999;
Watanabe and Okada, 2003) genes are expressed in the lateral regions and specify
valve and valve margin identity by redundantly promoting the expression of FUL and
SHP1/2 (Kumaran et al., 2002). In the replum, JAG, FIL and YAB3 are repressed by

RPL.

Whereas the genetic networks regulating gynoecium and fruit development appears
highly conserved among the different Brassicaceae species (Eldridge et al., 2016;
Langowski et al., 2016), it remains elusive whether it is the same genetic networks

that are responsible for controlling tissue development in fleshy fruits.

Upon fertilisation, the gynoecium grows into a fruit. This growth is controlled by the
phytohormones auxin, cytokinin and gibberellin that after fertilization initiate cell
division in the growing fruit tissues. After this initial phase of cell division, cells
undergo enlargement primarily via elongation (Langowski et al., 2016; Ripoll et al.,
2019). In Brassicaceae, the FUL gene is pivotal for the regulation of this post-
fertilization fruit elongation (Eldridge et al., 2016). Interestingly, the FUL homologs in
tomato, SIFUL1 and SIFUL2, play a role in controlling the fruit ripening via interactions

with another MADS box protein, RIPENING INHIBOTOR (RIN) (Bemer et al., 2012;
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Shima et al., 2013). In contrast, a role for FUL in fruit patterning and expansion has

not been found in tomato.

Instead, SUN, an 1QD family protein that is thought to affect hormone homeostasis
impacts fruit shape following fertilisation. Although the mechanism of how SUN
controls cell division patterns is unknown, overexpression studies imply a role for
auxin (Wu et al., 2011). Notably, a homolog of SUN was found to control shape
variation in cucumber supporting a role for SUN-like genes in fruit shape in other

species (Monforte et al., 2014; Pan et al., 2017).

In Arabidopsis, the CYP450-78A gene KLUH regulates organ size (Anastasiou et al.,
2007). Interestingly, in tomato, melon and pepper KLUH controls fruit size and
ripening whereby the increase in fruit size results from an increased number of cell
layers in the pericarp of the developing fruit after fertilization while the delay in
ripening may be the result of the extension of the cell proliferation stage (Chakrabarti
et al.,, 2013; Monforte et al., 2014). Remarkably, KLUH has also been found to
regulate seed size in maize, wheat and soybean (Ma et al., 2015; Sun et al., 2017;
XU et al., 2015; Zhao et al., 2016). The mechanism by which KLUH regulates growth
has not fully been elucidated, however, it has been hypothesized that KLUH
generates a mobile growth-promoting signal different from the known phytohormones

(Adamski et al., 2009; Anastasiou et al., 2007).

In the developing gynoecium and fruit, transition from the cell division to cell
expansion phase and maintenance of cell enlargement is crucial for its proper
development. Although some studies suggest that a potential link between auxin and
cytokinin signalling may be critical for this transition, the mechanistic aspects of the

process are not well understood at the molecular level (Mu et al., 2017).

This thesis aims to elucidate the molecular mechanism underlying non-canonical

auxin signalling, rather than post-fertilization fruit growth. Therefore, the Arabidopsis
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gynoecium is used as a suitable model organ due to ETT’s pivotal role in both non-

canonical auxin signalling and the regulation of gynoecium development.

Scope of this thesis

The phytohormone auxin is involved in the regulation of almost all aspects of plant
development. A signalling pathway and its components (TIR1/AFBs, Aux/IAAs and
ARFs) that translate auxin signals into cell-type specific transcriptional outputs has
been established more than a decade ago. Recently, an alternative auxin-signalling
mechanism was identified whereby auxin directly affects the activity of a transcription
factor complex towards its downstream targets. ETT is a pivotal component of this

mechanism that mediates precise polarity switches during gynoecium development.

The work presented in this thesis aims to shed light on the molecular mechanism by
which this alternative ETT-mediated auxin-signalling pathway perceives and

transduces auxin stimuli to generate a transcriptional output.

Chapter 2 addresses to what extent the alternative auxin-signalling pathway is
independent of the established TIR/AFB-mediated pathway. The examination of two
ETT-target genes HECATE1 (HEC1) and PINOID (PID) in various auxin receptor
mutants demonstrated that the auxin-responsive regulation of both genes in the
gynoecium is independent of the canonical TIR1/AFB auxin receptors. Prior studies
showed auxin sensitivity of ETT-TF interactions suggesting a direct effect of auxin on
the ETT protein. Analysing a potential ETT-auxin interaction using heteronuclear
single quantum coherence (HSQC) nuclear magnetic resonance (NMR) and
isothermal titration calorimetry (ITC) confirmed that ETT indeed binds auxin directly.
This suggests that ETT itself may act as an auxin receptor that exhibits features
reminiscent of animal hormonal signalling pathways. Upon hormone binding by the

TF, these pathways usually involve extensive chromatin remodelling at their target
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loci. Examining the effect of auxin on the local chromatin environment at the HEC1
and PID gene indicates that alternative auxin signalling also involves chromatin

remodelling.

To find out which other proteins collaborate with ETT to mediate the effects of auxin
on the chromatin, Chapter 3 reports the result of a yeast-two-hybrid library screen
that found potential candidates that link auxin signalling with chromatin regulation.
Challenging these interactions with auxin identified a few interactions that were auxin
sensitive. Two of these proteins, DEK-DOMAIN CONTAINING PROTEIN 3 (DEK3)
and REDUCED VERNALIZATION 2 (VRNZ2), were evaluated in more detail for their
role in gynoecium development. DEKS3 has been implemented in various mechanisms
involved in chromatin architecture and gene regulation while VRNZ2 is part of the
polycomb complex 2 (PRC2) which is involved in gene silencing. dek3 dek4 double
mutant gynoecia resemble ett mutant gynoecia suggesting biological relevance of the
ETT-DEKS interaction. Ectopic expression of the ETT-target gene PID in dek3 dek4
mutants supports this hypothesis. In contrast, vrn2 mutant gynoecia neither exhibit
any developmental defects nor mis-regulation of PID. These results imply that the
ETT-VRN2 interaction may not play a role in gynoecium development. Finally, the

screen identified that the co-repressor TOPLESS (TPL) directly interacts with ETT.

Chapter 4 explores the mechanism by which ETT interacts with TPL and two TPL
homologs (TOPLESS RELATED (TPR) 2 and TPR 4) in an auxin-sensitive manner.
The results of this chapter show that a conserved repressor motif at the C-terminus
of ETT and a conserved region within the WD40 domain of TPL mediates interaction
between the two proteins. Testing representative ARFs from each clade shows that
TPL can interact with class-B but not with class-A and class-C ARFs. Mutant analysis
shows that tpl tpr2 double mutants show polarity defects at the gynoecium apex
indicating a biological role in gynoecium development. TPL/TPRs recruit HISTONE

DEACETYLASE 19 (HDA19) to mediate deacetylation of histones and thereby form
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a ‘closed’ (repressive) chromatin state at the target genes. Analysis of hdal9 mutants
also identified polarity defects at the gynoecium apex. ChIP analysis demonstrated
that ETT-TPL and HDA19 cooperatively bind ETT-target loci. In support of such a
cooperative role, ETT, TPL and HDA19 binding correlate with both histone acetylation
and target gene expression. Collectively, the data presented in this chapter provides
molecular insight into the mechanism of the alternative auxin-signalling pathway. This
pathway might not be exclusive to the ETT and TPL pair but may play a more general

role in class-B ARF-mediated auxin signalling.

While previous chapters address the mechanistic and biochemical basis of complex
formation in alternative auxin signalling focusing mainly on the role of trans-factors in
gene regulation, Chapter 5 evaluates the importance of cis-regulatory elements in
the regulation of auxin-responsive genes. For this purpose, the PID gene was used
as a model to investigate the importance of two ETT-binding AuxREs for the gene’s
regulation during gynoecium development. Results demonstrate that the regulation
of PID is robust since even constructs mutated in both AuxREs were able to rescue
the fruit phenotype when introduced into the pid-8 mutant. However, more detailed
analysis showed that mutating the AuxREs increases the style length of gynoecia of
transformed lines. In agreement with this, the promoter activity in mutant lines was
increased. ETT regulates PID expression in collaboration with IND in an auxin-
sensitive manner. Evaluation of promoter binding in planta shows that ETT promoter
binding of PID is independent of auxin while IND binds the PID promoter only in
absence of auxin. Collectively, the data suggest that binding of ETT to the PID
promoter via the two examined AuxREs is important for the fine tuning of PID
expression during style elongation but not during style establishment. Additionally, it
supports previous data that ETT-IND interaction is important to repress PID in

absence of auxin.
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Finally, Chapter 6, summarises and discusses all main findings, states the
conclusions that can be made from the work presented in this thesis and gives

directions for future research.
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Introduction

Plants are multicellular organisms that originate from a single cell, a fertilised oocyte,
which ultimately differentiates into tissues and organs comprised of numerous cells.
The genes involved in these developmental processes are under tight temporal and
spatial regulation. Changes in gene expression are often controlled by mobile signals
that translate positional information into cell-type specific transcriptional outputs
(Hironaka and Morishita, 2012). In plants, this co-ordination can be facilitated by
phytohormones, such as auxin, which controls processes throughout plant
development (Vanneste and Friml, 2009). Canonical auxin signalling involves binding
of the auxin molecule to TIR1/AFB auxin co-receptors stabilising their interaction with
Aux/IAA transcriptional repressors (Dharmasiri et al., 2005; Kepinski and Leyser,
2005). TIR1/AFBs are part of the SCFTRVAFE ybiquitin-ligase complex. Hence, the
auxin mediated enhancement of TIR1-Aux/IAA interaction leads to Aux/IAA
polyubiquitination and degradation by the 26S proteasome. Degradation of Aux/IAA
proteins relieves the repression of Auxin Response Factors (ARFs), which target
auxin-responsive genes. When auxin levels are low, ARFs dimerise with Aux/IAAs,

which leads to the recruitment of chromatin-modifying enzymes (Leyser, 2018).

As discussed in the Introduction, ARFs can be classified into three phylogenetically
distinct clades, A, B and C (Finet et al., 2013). Class-A ARFs have been shown to act
as transcriptional activators and class-B ARFs are repressors of transcription
(Ulmasov et al., 1999a). The role of class C ARFs in the auxin response is not clear
(Mutte et al., 2018). Interestingly, while all class-A ARFs interact with Aux/IAAs, most
class-B ARFs cannot (Piya et al., 2014; Vernoux et al., 2011), which makes it difficult
to explain how auxin responsive transcription is regulated by class-B ARFs via the

canonical auxin signalling pathway.

Recently, an alternative auxin-signalling mechanism was identified whereby auxin
directly affects the activity of a transcription factor (TF) complex towards its
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downstream targets (Simonini et al.,, 2016). This mechanism mediates precise
polarity switches during organ initiation and patterning and includes the ARF, ETTIN
(ETT/ARF3) as a pivotal component. However, ETT is an unusual ARF which lacks
the Aux/IAA-interacting Phox/Bem1 (PB1) domain an essential component of the
canonical auxin signalling pathway. It is therefore likely that ETT would mediate auxin
signalling via a non-canonical pathway (Simonini et al., 2017; Simonini et al., 2016;
Simonini et al., 2018a; Simonini et al., 2018b). ETT interacts with a diverse set of TFs,
most of which key regulators of different aspects of gynoecium development. These
interactions are sensitive to the naturally occurring auxin, indole 3-acetic acid (IAA)
(Simonini et al., 2016). The region responsible for IAA-sensitivity is situated within the
C-terminal part of ETT, known as the ETT-Specific (ES) domain (Simonini et al., 2016;
Simonini et al., 2018a). Sensitivity of ETT-TF interactions to IAA suggests a direct
effect of the IAA molecule on the ETT protein and ETT itself may therefore act as an
auxin receptor. Direct transcription factor-hormone binding is common in animal
hormonal signalling pathways such as the steroid and thyroid hormone signalling
pathways (King et al., 2012; Tsai and O'Malley, 1994). Steroid hormone receptors
(SHR) and thyroid hormone receptors (THR) are transcription factors that - depending
on their class - localize either to the cytoplasm or the nucleus when hormone levels
are low. In the case of cytoplasmic SHRs and THRs, hormone binding triggers
translocation to the nucleus where SHRs and THRs bind their target genes. In
contrast nuclear SHRs and THRs bind target loci independently of the hormone
concentration. When hormone levels are low DNA-bound SHRs and THRs repress
their target genes by means of co-repressor recruitment, and thus maintain the
chromatin in a repressed state. Upon hormone binding (and DNA-binding), SHRs and
THRs undergo conformational changes that enable them to form complexes with co-
activators and histone modifiers, leading to extensive chromatin remodelling and
activation of gene expression at their target loci (King et al., 2012; Tsai and O'Malley,
1994).
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Thus, one could speculate that direct auxin binding by ETT regulates target gene

expression in response to auxin using a similar mechanism.

This chapter aims to answer several critical questions regarding non-canonical auxin
signalling and the role of ETT as a central component of it. Firstly, prior to this project
a genomic approach was taken to identify target genes of the alternative auxin-
signalling mechanism during gynoecium development (Simonini et al., 2017). Using
this resource, | identified a subset of genes that are robustly auxin-responsive and
under direct control of ETT, which will be used as model genes throughout this thesis

to further study the non-canonical auxin-signalling pathway.

Secondly, ETT lacks a PB1-domain and is therefore unlikely to mediate auxin signals
via the canonical pathway. Through mutant analysis and pharmacological treatments,
| elucidate to which extent the alternative auxin signalling pathway is independent of

the canonical TIR/AFB-mediated pathway.

Thirdly, the auxin sensitivity of ETT-TF interactions suggests a direct effect of auxin
on the ETT protein. Here, | provide biochemical evidence that ETT acts as an auxin
receptor that exhibits features reminiscent of components of animal hormonal
signalling pathways. Since these pathways typically involve extensive and hormone-
dependent chromatin remodelling at their target loci, | examined the effect of auxin

on the local chromatin environment at two ETT-target genes.

Results

HEC1 and PID are regulated by ETT and auxin responsive

Prior to the start of the project presented in this thesis, a genomic approach was taken
to identify which genes are regulated by the ETT-mediated alternative auxin-
signalling mechanism during gynoecium development. By combining data from

chromatin immunoprecipitation coupled with sequencing (ChlP-seq in a pETT:ETT-
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GFP line) with analysis of the auxin-responsive transcriptome (RNA-seq) of an ett
mutant compared to wild type (Simonini et al., 2016), genes under the control of ETT
were identified. The results show that ETT can bind cis-elements of several hundred
genes, and that a subset of these genes is regulated by ETT in an auxin-responsive
manner (Simonini et al., 2017). Here, these genomic resources are used to identify
genes that can be used as a model to gain mechanistic insight into how alternative
auxin signalling regulates the expression of its target genes. There are several
requirements for a gene to be a suitable model to understand this mechanism, 1) the
gene must be up-regulated in response to auxin in wild-type gynoecia, 2) the genes
must be mis-regulated in ett-mutant gynoecia and 3) the gene must be directly

regulated by ETT.

By re-analysing the RNA-seq and ChiIP-seq data sets, 15 genes were identified that
meet these criteria (Figure 2.1 b and Appendix | Table 1). Four genes were selected
and their auxin-responsive expression in wild type and ett-3 mutant gynoecia was
validated using quantitative real time PCR (qPCR). The selected genes were
HECATE1 (HEC1), MEMBRANE-ASSOCIATED KINASE REGULATOR 6 (MAKR6),
PIN-FORMED 3 (PIN3) and PIN7. PINOID (PID), a direct target of ETT identified
previously (Simonini et al., 2016), and Aux/IAA19 (IAA19), a gene that is regulated
independently of ETT were included in this analysis as a positive and negative control
respectively. As expected, the results show that IAA19 expression is upregulated in
response to auxin in wild type and ett-mutant gynoecia but is not mis-regulated in
untreated ett-mutants. Contrary to the results of the RNA-seq, MAKR6 and PIN3
follow the same trend as IAA19 in this experiment, suggesting that they are not under
the direct control of ETT, while PIN7 was unresponsive to auxin in both the wild type
and ett-3 mutant. One explanation for the inconsistencies between the gPCR and
RNA-seq data sets is that g°PCR was performed on cDNA of dissected gynoecia while

the RNA-seq was conducted on tissue from whole inflorescences (Simonini et al.,
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2017). However, for HEC1 and PID gPCR confirmed that the expression of both
genes is upregulated in gynoecia tissues from the ett-3 mutant compared to wild type.
Moreover, the expression of both genes is induced by auxin, and this effect is

abolished in the ett-3 mutant background (Figure 2.1a).
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Figure 2. 1: HEC1 and PID can be used as model genes to study non-canonical auxin
signalling. (a) expression of candidate genes in gynoecium tissue + 100 uM IAA treatment;
HEC1 and PID are up-regulated by auxin and under direct ETT-control. IAA19 serves as a
negative control, while the results for MAKR6 and PIN3 suggest ETT-independent auxin-
responsiveness. PIN7 did not respond to auxin treatment. a p <0.001; b p <0.05; Shown are
mean + standard deviation of three biological replicates. (b) analysis of RNA-seq and ChiP-
seq data sets identified 15 candidate genes that are direct targets of ETT and that are up-
regulated ett-3 mutants and in wild type (Col-0) after auxin treatment. (c) ChlPqpcr confirmed
direct ETT binding to the HEC1-promoter, an ETT binding region in the PID-promoter was
used as a positive control while a region within the WUS-promoter was used as a negative
control. ***p <0.0001; Shown are mean * standard deviation of three biological replicates.
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While the ETT binding site within the PID promoter has previously been identified
(Simonini et al., 2016), ChlP-seq identified four distinct binding sites within the HEC1
promoter. Using the same pETT:ETT-GFP line from the ChlP-seq study, ETT binding
to two regions (-1500 and -200) of the HEC1 promoter was confirmed by ChlIPgpcr
(Figure 2.1c). The well-established ETT binding region within the PID promoter was
used as a positive control and a region within the WUS promoter was used as a
negative control as described previously (Liu et al., 2014; Simonini et al., 2016). The
ChlIPgpcr results highlight the importance of validating TF binding peaks obtained from

ChliP-seq.

Collectively, the data presented here establish and validate that HEC1 and PID are
regulated by ETT in an auxin-responsive manner. HEC1 and PID are two genes that
play important role in gynoecium development. HEC1, redundantly with its homologs
HEC2, HEC3 regulate the synthesis and transport of auxin in the medial tissues
through the activation of YUC4 and PIN1 and PIN3 (Gremski et al., 2007; Schuster
et al.,, 2015), while PID as regulates polar auxin transport via regulation of PIN
localisation and activity (Benjamins et al., 2001; Friml et al., 2004; Michniewicz et al.,
2007). Both genes can be considered as suitable models for the characterization of

the alternative auxin signalling pathway.

Non-canonical auxin signalling is independent of TIR1L/AFB

The data obtained so far suggest that ETT can regulate gene expression of direct
target genes in response to auxin, however, it is unclear to what extent this pathway
is independent of the established TIR/AFB-mediated pathway. Since ETT lacks the
Aux/IAA interacting PB1 domain it is likely that ETT mediates auxin signalling via a
TIR1/AFB independent pathway. To test this, the expression and auxin-
responsiveness of the ETT-targets HEC1 and PID were examined in gynoecia from
tirl-1 afb2-3, and tirl-1 afb2-3 afb3-4 auxin-receptor mutants, while IAA19 served as

a control gene for TIR1/AFB mediated regulation (Figure 2.2 a-c). The results show
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that the auxin dependent regulation of ETT targets does not require a functional
TIR1/AFB, since the auxin-mediated induction of PID and HEC1 can still be observed
in TIRL/AFB higher order mutants, whereas the auxin sensitive induction of IAA19 is
completely abolished in these lines. In support of this, tirl afb2 afb3 triple mutant
gynoecia where phenotypically examined using scanning electron microscopy (SEM).
The auxin receptor triple mutants show no abnormalities in gynoecium development

(Figure 2.2 d).

Recently, an engineered auxin-TIR1 system was developed (Uchida et al., 2018) in
which the engineered auxin-binding cavity of TIR1 (concave TIR1, ccvTIR1) binds
specifically to a modified bulky version of IAA (convex IAA, cvxlAA). By expressing
the ccvTIR1 in atirl afb2 mutant background, the canonical pathway will only respond
to the addition of cvxIAA and not IAA (Figure 2.2 e). To further assess the TIR1/AFB
independence of the ETT-mediated auxin signalling pathway, this synthetic auxin
receptor system was exploited. gPCR was performed on cDNA from ccvTIR1
gynoecia treated +cvxIAA and *IAA, as well as on control plants with the same
treatments. Like in the previous experiment, IAA19 served as a control for being under
TIR1/AFB mediated regulation and was accordingly upregulated by cvxIAA, but not
IAA in the ccvTIR1 background. In contrast, PID and HEC1 expression was largely
unaffected by cvxIAA, and instead remained responsive to IAA in the ccvTIR1 line
(Figure 2.2 f). Together, these data demonstrate that ETT-mediated non-canonical
auxin signalling occurs independently of the canonical TIR1/AFB signalling

machinery.
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Figure 2. 2. ETT regulates target-gene expression independently of TIR1/AFB auxin
receptors. (a-c) Expression of the auxin responsive IAA19 gene (a) and the ETT-target genes
HEC1 (b) and PID (c) in mock-treated or 100 uM IAA-treated gynoecia assayed using qPCR.
(a) IAA19 expression is up-regulated in response to auxin in wild type gynoecia (Col-0) but
not in tirl/afb double and triple mutants. The ETT-target genes HEC1 and PID are up-
regulated in response to auxin in both wild type and auxin receptor mutants (b, c). This
suggests a TIR1/AFB-independent regulation of these genes. (d) Gynoecium phenotypes of
wild type, ett-3, tirl-1 afb2-3 afb3-4. Scale bar = 100 ym. (e) Schematic visualisation of the
principle of the engineered cvxIAA-ccvTIR1 pair. (f) Expression of IAA19, HEC1 and PID in
response to treatment with 100 pM IAA and 100 pM cvxIAA in wild type (Col-0) and
pTIR1:ccvTIR1 gynoecia (ccvTIR1). The data confirm TIR1/AFB independent regulation of
HEC1 and PID in the gynoecium. ***p <0.0001; Shown are mean * standard deviation of three
biological replicates.
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The ETT-protein can directly bind indole 3-acetic acid (IAA)

ETT can interact with a diverse set of TFs from different families such as
INDEHISCENT (IND) and REPLUMLESS (RPL) - two important regulators of
gynoecium development - in an auxin-sensitive manner (Girin et al., 2011; Liljegren
et al., 2004; Roeder et al., 2003; Simonini et al., 2017; Simonini et al., 2016; Simonini
et al., 2018b; Sorefan et al., 2009). The region responsible for auxin-sensitivity is
situated within the C-terminal part of ETT, known as the ETT-Specific (ES) domain

(Simonini et al., 2016; Simonini et al., 2018a; Figure 2.3 a).
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Figure 2. 3: ETT is an intrinsically disordered protein that directly binds auxin (IAA). (&) ETT
interacts with IND and RPL in an auxin-sensitive manner. Empty indicates the empty vector
control. -W-L indicates that the growth medium lacks Tryptophan (W) and Leucine (L) to select
for positive transformation. -W-L-A-H indicates that the growth medium lacks Tryptophan (W),
Leucine (L) Adenine (A) and Histidine (H) to test for interaction. — indicates no auxin
supplemented to the growth medium, + indicates 100 uM IAA supplemented to the growth
medium. The results show that IAA affects the protein-protein interactions but does not inhibit
the growth of yeast cells. (b) CD analysis of the ES 388-594 protein showing a characteristic
spectrum of an intrinsically disordered protein. (¢) HSQC-NMR performed with ES388-594
protein either alone (black), with indole-3-acetic acid (IAA, orange) or benzoic acid (BA, blue).
(d) zoom-in of the indicated rectangular region in (c). Changes in chemical shifts are indicated
by arrows from control to IAA treatment in panels (c) and (d). The HSQC-NMR experiment
shown in (c) and (d) were performed by Dr. Sigurd Ramans Harborough (University of Leeds).

A protein fragment containing 207 amino acids of the ES domain, ES3%-°% that is

sufficient for mediating IAA-sensitivity in ETT-protein interactions, was produced
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recombinantly in Escherichia coli. Analysis of the protein properties by Circular
Dichroism (CD) spectroscopy shows that ES3#-5% contains some degree of folding
but is intrinsically disordered (Figure 2.3 b; Simonini et al., 2018a). To test whether
ETT binds IAA a collaboration with Dr. Stefan Kepinski at University of Leeds was
established. Together, we conducted heteronuclear single quantum coherence
(HSQC) nuclear magnetic resonance (NMR) experiments using nitrogen-15 (**N)
isotope-labelled ES385% protein that was recombinantly produced in E. coli. HSQC
NMR is a highly sensitive 2D-NMR method that is commonly used in structural biology
to study protein structure, protein-protein interactions and protein-ligand binding. The
method is based on the transfer of magnetization from a proton to a second atomic
nucleus, in this case °N. After a delay, the magnetization is transferred back to the
proton and the signal is recorded. To obtain the HSQC spectrum, a series of
experiments is recorded where the time delay is incremented (Meyer and Peters,

2003).

Each residue in the protein has an amide proton attached to a nitrogen atom in the
peptide bond. The HSQC correlates between the nitrogen and amide proton, and
each amide yields a peak in the HSQC spectrum. Each *N-labelled residue can
therefore produce an observable peak in the spectrum (Meyer and Peters, 2003). In
addition to the backbone amide resonances, sidechains with nitrogen-bound protons
will also produce peaks. By comparing the HSQC of the free protein with the one
bound to the ligand, changes in the chemical shifts of some peaks can be observed,

and these peaks are likely to lie on the binding surface.

In our experiment, the HSQC spectrum was recorded at 5°C and shows a prominent
signal-dense region (Figure 2.3 c, d). Consistent with previous observations, the
location of this region on the spectrum suggests that the protein is largely intrinsically
disordered. Interestingly, the spectrum also shows peaks flanking the signal-dense

region, indicating that there is some propensity to form secondary structure,
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particularly those with a helical character (Figure 2.3 c¢). These observations match
the data obtained using CD. In addition to an overview of ETT structure, the HSQC
NMR probes chemical shifts of protein amide-NH bonds in response to ligand (Meyer
and Peters, 2003). We found that a number of residues shifted their position in the
spectrum in response to the addition of I1AA, whereas the addition of the chemically
related Benzoic Acid (BA), which was used as a negative control, had no effect
(Figure 2.3 c, d). Due to the low resolution of the HSQC spectrum produced, we were
unable to assign specific peaks to the corresponding amino acid within the protein.
Thus, we did not identify the exact amino acids that experience chemical shifts, and
that are likely to be responsible for ETT-auxin interaction. The exception to this is a
tryptophan at position 505 (W505), which is located in the bottom left corner of the
15N spectrum (Figure 2.3 c), which experienced a remarkable shift upon the addition

of IAA.

The dissociation constant (Kp) of the ligand-protein interactions can be determined
by Water-Ligand Observed via Gradient Spectroscopy (WaterLOGSY) NMR.
WaterLOGSY-NMR exploits the intrinsic properties of water in the presence of a
ligand and its interactor. Water molecules surrounding free ligand molecules transfer
magnetization differently from water molecules surrounding ligand which has formed
a complex. Water molecules stabilise protein-ligand interactions due to the hydrogen
bonds that form at binding sites between ligand and protein atoms via water.
Consequently, the resonances of free ligand tend to be weaker than those of the

stabilized ligand (Dalvit et al., 2001).

We determined the Kp of the ES385%4-|AA interaction by WaterLOGSY-NMR using a
range of different auxin concentration. This gave a Kp of 1.1 mM (Appendix | Figure

1) indicating a low affinity between auxin and the ES®*&5% domain.

An alternative method to determine the dissociation constant is isothermal titration

calorimetry (ITC) (Figure 2.4 a-c). ITC characterises binding affinity of ligands for
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proteins by determining the thermodynamic parameters of the interaction. ITC detects
the addition of ligand due to temperature increases in the sample cell upon the binding
of ligand to its target (in an exothermic reaction) while the temperature in the
reference cell stays constant. The power needed to maintain reference and the
sample cell at the same temperature is plotted against time, giving the total heat
exchanged per injection. The pattern of these heat effects as a function of the molar
ratio [ligand]/[protein] can then be analysed to give the thermodynamic parameters of

ligand-protein interaction.
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Figure 2. 4: Quantification of binding affinities by ITC assays. (a) negative control; 2mM IAA
was titrated into buffer. (b) 2mM IAA was titrated into 50 uM ES388-5%94 (c) negative control;
buffer was titrated into 50 pM ES388-594, The binding constants (Kd values # fitting errors) are
indicated. ND, no detectable binding.

Analysis of ITC data showed that ES%5% binds to IAA weakly (K¢=338.6 uM), while
titrating 1AA into buffer alone, or titrating buffer alone into the ES®*#-5% sample clearly
showed no heat exchange (i.e. no binding of a ligand) (Figure 2.4 a-c). Notably, the
findings from the control experiments confirm that the heat exchange observed is due
to a real biophysical interaction between ES®%-°% and auxin, and not due to other
buffer components. It remains unclear whether auxin is bound by ES®%#5% at one or
multiple binding sites. | was unable to assess this due to difficulties in determining

equivalence points of the titrations, presumably due to the weak ES-IAA interaction.
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Likewise, the experiment was not saturated with IAA at the end and was therefore
more prone to background noise. It is also possible that ETT forms different species
of oligomers some of which may be active, while others may form due to aggregation.
At this point it is impossible to make any further prediction about auxin binding sites
due to uncertainty about the exact stoichiometry of ETT. Calibrated gel filtration could
be used to determine the ability of ETT to form oligomers and may shed light on ETT’s
stoichiometry. ETT multimers elute earlier from the column than ETT monomers.
Once monomers and oligomers are separated, auxin binding could be studied by
repeating the ITC experiment as described above using exclusively monomeric ETT.
If purified monomers do not aggregate or form oligomers after purification, this

experiment will elucidate whether ETT has one or multiple auxin binding sites.

Despite the high dissociation constants (and hence weak interactions) observed by
both ITC and WaterLOGSY-NMR, the data demonstrate that ETT can directly bind
IAA, which may then affect the interaction between ETT and its TF partners. Together
with the TIR1/AFB-independence of the non-canonical auxin signalling pathway, this
suggests a direct effect of auxin on the ETT protein and implies that auxin-perception
is an intrinsic property of the ETT protein. Direct binding of a (hormone) ligand by a
transcription factor is a feature, which is reminiscent of animal hormonal signalling
pathways such as the steroid and thyroid hormone and Wnt/3-catenin pathways.
These pathways involve extensive chromatin remodelling at their target loci

(Gammons and Bienz, 2018; King et al., 2012; Tsai and O'Malley, 1994).

Chromatin dynamics in response to auxin treatment can be observed at ETT-
target loci

Histones can be modified in many ways and, although all histone modifications are
thought to regulate the chromatin structure and DNA packing, the effect of most of
the modifications on chromatin organisation and gene expression remains elusive.

Proving gene regulatory causality of a modification involves showing that the catalytic
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activity of the enzyme that mediates the modification is required for the biological
response. However, many histone-modifying enzymes occur in big gene families that
act redundantly and are often not specific to histones. Thus, implementation of
histone modifications in a biological context has mostly been correlative rather than
causative (Hon et al., 2009; Kouzarides, 2007). However, some histone modifications
have been implemented in the regulation of differential gene expression in numerous
developmental contexts in plants and animals (Gammons and Bienz, 2018; Mozgova
and Hennig, 2015; Whittaker and Dean, 2017; Xiao and Wagner, 2015). The
regulation of gene expression requires the recruitment of chromatin-modifying
enzymes to the locus being regulated. Following a developmental or environmental
stimulus, transcription factors are recruited to the promoter and this initiates a
cascade of chromatin-remodelling events resulting in the promotion or repression of

transcription.

Histone modifications can be divided into those that correlate with activation and
those that correlate with repression of gene expression. While acetylation of Histone
3 lysine 9 (H3K9ac) and Histone 3 lysine 27 (H3K27ac) and the tri-methylation of
Histone 3 lysine 4 (H3K4me3) have been implicated in active transcription, Histone 3
lysine 27 tri-methylation (H3K27me3) is associated with repression. H3K27me3 also
plays an important role in epigenetic gene silencing in plants and animals (Mallo and
Alonso, 2013; Mozgova and Hennig, 2015; Mdller et al., 2002). However, it has
become increasingly evident that the role of histone methylation is highly context
specific and goes far beyond transcriptional repression. An example is the tri-
methylation of Histone 3 lysine 36 (H3K36me3) which promotes transcription when
found in gene bodies and represses transcription when it occurs in the promoter
(Vakoc et al., 2006; Yang et al., 2017; Yang et al., 2014). Notably, in some epigenetic
memory systems H3K27me3 and H3K36me3 antagonise one another and represent

two stable states (Berry et al., 2015; Yang et al., 2017; Yang et al., 2014).
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The effect of auxin on ETT-TF interactions is reminiscent of hormone signalling
pathways in animals that involve chromatin modelling (Gammons and Bienz, 2018;
King et al., 2012; Tsai and O'Malley, 1994), and it can therefore be speculated that
non-canonical auxin-signalling may regulate gene expression by mediating auxin

sensitive chromatin modifications.

To test this hypothesis, the effect of auxin on H3K27me3, H3K36me3 and H3K27ac
modification within the local chromatin environment at the HEC1 and PID loci were
tested in young gynoecia using ChlPgcr. First, the enrichment of repressive histone
H3K27me3 marks were evaluated (Figure 2.5 a, b). H3K27me3 accumulated across
the HEC1 gene body in untreated wild-type gynoecia, peaking at the transcription
start site (TSS) while chromatin marks were depleted in ett-3 mutant gynoecia (Figure
2.5 a). Although only significant at the TSS, H3K27me3 levels were reduced across

the whole coding region in wild type gynoecia treated with auxin.

The regulation of the PID locus involves APOLO; a gene encoding a long non-coding
RNA neighbouring the PID gene and that modulates PID expression upon auxin
treatment (Ariel et al., 2014). APOLO and PID are co-regulated. Under low auxin
levels, both APOLO and PID are repressed whereas auxin induces the expression of
both APOLO and PID. APOLO transcript accumulation leads to RNA-directed DNA
methylation of the locus and repression of both APOLO and PID expression.
H3K27me3 has been implemented in this pathway since H3K27me3 levels are
reduced at APOLO and the PID-promoter upon auxin treatment (Ariel et al., 2014).
The examination of H3K27me3 levels across the PID locus show that H3K27me3
accumulates within the promoter region at APOLO (-5.5kb from the TSS), within the
PID-promoter (-3kb from TSS) and towards the end of the last exon of the gene (1.6kb
from TSS) in young wild-type gynoecia. A reduction of H3K27me3 levels can be
observed in auxin-treated wild type gynoecia (Figure 2.5 b). These data broadly agree

with what was previously published (Ariel et al., 2014). In a similar manner to HEC1,
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H3K27me3 chromatin marks were depleted at the PID-locus in ett-mutant gynoecia
(Figure 2.5 b). Together, the data imply that the H3K27me3 levels of both ETT-target
genes are regulated auxin-dependently. Moreover, depletion in ett-mutants indicate

that H3K27me3 deposition also depends at least partially on ETT.
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Figure 2. 5: Histone modifications at HEC1 and PID in wild type (Col-0) and ett-3 in response
to auxin treatment (100 uM IAA). H3K27me3 (a, b), H3K36me3 (c, d), H3K27Ac (e, f) profiles
across the HEC1 locus (a, ¢, €) and PID locus (b, d, f). HEC1 or PID loci structures are shown
schematically at the bottom of the graphs (a-f); A indicates position of the APOLO gene (b, d).
Data were presented as the ratio of (HEC1 or PID/H3) to (reference gene/H3). STM was used
as the reference gene for H3K27me3 and ACT was used for H3K36me3 and H3K27Ac.

Accumulation of repressive histone modifications across the gene body, such as

those observed at the HECL1 locus, are a common feature of epigenetically-silenced
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genes such as FLOWERING LOCUS C (FLC). FLC is a key regulator of flowering
time that is epigenetically silenced in response to cold during vernalisation (Whittaker
and Dean, 2017). The silenced chromatin state is epigenetically memorised and
inherited through cell division (Angel et al., 2011; Berry et al., 2015). Recently, studies
have shown that this epigenetic memory system is bi-stable consisting of two mutually
exclusive and self-sustaining states (Berry et al., 2015; Yang et al., 2017; Yang et al.,
2014). Whilst the H3K27me3 histone modification represents the repressive state of
this bi-stable memory, the active state is characterised by the accumulation of

H3K36me3 modifications.

In order to elucidate whether epigenetic silencing and bi-stable memory are features
also involved in HEC1 and PID regulation, levels of H3K36me3 modifications were
evaluated in these two genes. If epigenetic memory in response to auxin plays a role
in the regulation of HEC1 and PID, the profiles of H3K27me3 and H3K36me3 at these
loci should exhibit opposite patterns in wild type gynoecia treated with exogenous
auxin when compared to those which are untreated. The results show that H3K36me3
levels neither change significantly upon auxin treatment wildtype nor in ett-mutant
gynoecia at the HEC1 locus and the PID locus (Figure 2.5 c, d) with exception of the
last exon of the PID gene (1.6kb from TSS). The chromatin modification profiles
indicate that local chromatin at HEC1 and PID is not controlled by bi-stable epigenetic
memory. Furthermore, the presented results for H3K36me3 suggest that this histone

moadification is not regulated by auxin and is independent of ETT.

Histone acetylation levels typically enrich across actively transcribed gene loci. In
contrast to histone methylation, the working mechanism of acetylation is biophysically
well understood. Due to its chemical properties, acetylation neutralises the basic
charge of the modified lysine. This unfolds the chromatin and presents the underlying
DNA to the transcription machinery (Eberharter and Becker, 2002; Pradeepa et al.,

2016; Shogren-Knaak et al., 2006). Here, H3K27 acetylation (H3K27ac) was assayed
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at the HEC1 and PID loci. H3K27ac levels at both loci are low in untreated wild type
gynoecia but significantly increase across both loci after auxin treatment. Moreover,
the level of this histone modification increases in the absence of ETT and upon
treatment with auxin. In both cases, upon auxin treatment and in ett-mutant gynoecia
the increase of histone acetylation is especially strong in the promoter region around
the ETT promoter binding sites identified earlier (-1.5kb for HEC1 and -0.45 kb for
PID). This suggests a role of ETT in deacetylation of its target genes and hence

repression of target-gene expression in the absence of auxin (Figure 5e, f).

Discussion

This chapter provides the groundwork needed to elucidate how auxin levels are
translated into changes in gene expression of ETT target genes. | identified and
established HEC1 and PID as model genes to study non-canonical auxin signalling
in more detail. Intriguingly, plants mis-expressing either PID or HEC1 exhibit strong
gynoecium defects (Benjamins et al., 2001; Gremski et al., 2007; Schuster et al.,
2015) suggesting that tight regulation of their expression is required for proper
gynoecium formation. While the up-regulation of HEC1 and PID by auxin in wild type
gynoecia is in agreement with the literature (Simonini et al., 2016, Schuster et al.,
2015), the constitutive auxin-independent up-regulation in ett-3 gynoecia suggests a
central role of an ETT-mediated non-canonical auxin signalling mechanism in the
regulation of HEC1 and PID. To address to what extent this auxin-signalling pathway
is independent of the established TIR1/AFB-mediated pathway, examination of HEC1
and PID expression in various higher order TIR1/AFB auxin receptor mutants and a
synthetic auxin receptor line demonstrated that the auxin-responsive regulation of
both genes in the gynoecium appears independent of the known auxin receptors. In
summary, these genetic and pharmacological experiments suggest a direct effect of

auxin on the ETT protein and are supported by prior studies (Simonini et al., 2016).
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ETT directly binds auxin

In collaboration with the group of Dr. Stefan Kepinski at the University of Leeds, the
auxin binding capabilities of ETT were analysed by HSQC-NMR using a 207 amino
acid long ETT fragment (ES385%) that has previously been shown to be responsible
for auxin sensitivity (Simonini et al., 2018a). In the HSQC spectra, we found that
several residues shifted their position in response to the addition of IAA. 1N HSQC
spectra can be used to identify residues that interact with the ligand by assigning each
peak to a residue in the protein. However, in case of the spectrum acquired for the
ETT-fragment there is a large cluster of overlapped peaks around the middle of the
spectrum indicating the presence of intrinsically disordered elements in the protein.
In such cases the assignment of resonances in the spectra is unfeasible and requires
other experiments such as multi-dimensional NMR methods with N and **C-labelled
proteins that provide sequential connectivity between residues, enabling sequential
assignment (Meyer and Peters, 2003). Unfortunately, due to time limitations and the
requirement for additional expert advice, these experiments have not yet been carried
out. Nevertheless, the observed shifts show that certain residues are experiencing a
changed chemical environment because of IAA-binding and this may include the

conformational change of a structural motif within the ETT protein.

ETT shares no sequence homology with either TIR/AFB receptors nor with AUXIN
BINDING PROTEIN 1 (ABP1) (Simonini et al., 2016; Simonini et al., 2018a). ABP1
was the first auxin-binding protein identified and long thought to play an important role
as an auxin receptor in various aspects of auxin signalling in plant development (Chen
et al., 2014; Napier, 1995; Napier et al., 2002; Robert et al., 2010; Tromas et al., 2013;
Xu et al., 2014). Whilst the auxin-binding capacity is firmly established, the role of
ABP1 in auxin signalling and plant development is currently highly controversial (Gao
et al., 2015; Michalko et al., 2015). The lack of sequence homology does not rule out

structural similarity between the auxin binding site in ETT and the binding sites in
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ABP1 or TIR1/AFB proteins. However, structural comparisons are not possible until
the structure of ETT has been revealed. In the first instance, it will be more feasible
to solve the structure of the auxin binding ES%-5%4 by multi-dimensional NMR. As ETT
is an intrinsically disordered protein it would be challenging to obtain the structure by
x-ray crystallography unless a condition is identified in which the ES domain folds into

a defined structure, such as through interaction with a protein partner.

We were unable to elucidate the residues of the ETT protein that are involved in IAA
binding from the HSQC-NMR spectrum except for a tryptophan at position 505
(W505) that experienced a strong chemical shift upon the addition of auxin.
Interestingly, a tryptophan residue was found to be an integral part of the auxin
binding site of ABP1 fulfilling the role of the hydrophobic platform required for the
auxin interaction (Napier, 2004; Woo et al., 2002). It would be interesting to mutate
the W505 residue in ES®8-5% to test whether this residue is important for the ETT-

auxin interaction.

Using WaterLOGSY-NMR and ITC we obtained values for the dissociation constant
(Kp) of the ETT-auxin interaction. The experiments gave a Kp of 1.1 mM in
WaterLOGSY-NMR and a Kp of 338.6 uM in ITC. One reason for the difference
between the Kp values obtained by the two methods is that the signals obtained from
measurements are quite weak, which is not uncommon in studies that analyse protein
binding to small ligands. Nonetheless, both experiments agree that the ETT-fragment
tested binds IAA with low affinity. Whilst Y2H experiments also required high auxin
concentrations to dissociate ETT-TF interactions (Simonini et al., 2016), treatments
were generally between 50 uM and 100 uM IAA indicating a tenfold higher affinity of
these ETT-TF complexes compared to ES3#8°%-|AA binding. Together this may
reflect that other domains in the full-length ETT protein contribute to auxin binding.
Alternatively, it is possible that the ETT-auxin interaction is stabilised by additional

factors, thereby increasing the affinity. For example, these co-factors could be metal
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ions required to stabilise ETT-auxin interaction. Analogously, ABP1 requires zinc ions
for efficient auxin binding (Woo et al., 2002; Napier, 2004). Another possibility is that
certain proteins interact with ETT to stabilise auxin binding thereby increasing the
affinity. Stabilising proteins can be context-specific transcriptional regulators, such as
IND or RPL or context-independent proteins such as heat-shock proteins (HSPs).
Besides their well-known role as chaperone proteins that support protein folding and
their role in stress responses in many biological systems, HSPs play an important
role in steroid hormone signalling in mammals (Echeverria and Picard, 2010). For
instance, physical interaction of HSP90 proteins with steroid hormone receptors
(SHR) stabilises the conformation of the SHR to enable efficient hormone binding
(Echeverria and Picard, 2010). Due to their high conservation across kingdoms one
could imagine a similar function of HSP90s in plants. The Arabidopsis genome
encodes seven HSP90-proteins four of which localise to the nucleus. Arabidopsis
HSP90s have mainly been implemented in stress responses and plant plasticity
(Sangster et al., 2007; Sangster and Queitsch, 2005). HSP90 single mutants have a
wild type appearance, however, RNA-interference (RNAI) lines targeting all four
nuclear HSP90s identified a range of different developmental defects (Sangster and
Queitsch, 2005). Although its exact role remains unknown, HSP90 proteins were
recently shown to play a role in canonical auxin, gibberellic and jasmonic acid
signalling under stress conditions, where they affect receptor protein stability (Wang
et al., 2016; Zhang et al., 2015). It would be interesting to test if ETT can physically
interact with HSP90s and whether ETT-HSP90 interaction can increase auxin-binding
efficiency. This should be done by recombinantly producing both proteins in E. coli

and assessing auxin-binding affinity using ITC.

Collectively, these data suggest that ETT binds IAA directly thus revealing a key
molecular aspect of the alternative auxin-signalling pathway. Direct auxin binding by

ETT is a feature that is reminiscent of animal hormonal signalling pathways such as
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steroid hormone signalling (King et al., 2012; Tsai and O'Malley, 1994). Upon
hormone binding by the TF, these pathways characteristically involve extensive

chromatin remodelling at their target loci.

Non-canonical auxin signalling involves chromatin remodelling
Examining the effect of auxin on the local chromatin environment at the HEC1 and
PID loci indicates that alternative auxin signalling also involves regulation of at least

H3K27me3 and H3K27ac chromatin modification.

Although not conclusive, the results suggest that H3K27me3 levels at HEC1 and PID
are at least partially regulated in response to auxin. Furthermore, these data show
that the chromatin state is mis-regulated in ett-3 mutants, and therefore support
previous findings that ETT represses PID at the gynoecium apex during early stages
of development, prior to the formation of the ring-shaped auxin maximum that triggers
radialization and leads to style formation (Moubayidin and Ostergaard, 2014;
Simonini et al., 2016). Accumulation of repressive histone modifications across the
gene body, such as those observed at the HEC1 locus, are a common feature of
epigenetically silenced genes. In animals, epigenetic silencing plays an important role
in the regulation of the developmentally important HOX genes (Mallo and Alonso,
2013). In plants, FLOWERING LOCUS C (FLC) is a key regulator of flowering time
and the FLC locus is epigenetically silenced in response to cold during vernalisation
(Whittaker and Dean, 2017). During vernalisation H3K27me3 accumulates locally at
a nucleation region within the FLC gene and spreads across the gene when the
temperature increases, leading to silencing of the locus. After its propagation the
silenced chromatin state is epigenetically memorised and inherited through cell

division (Angel et al., 2011; Berry et al., 2015).

Recent studies have shown that this epigenetic memory system consists of two stable
states that are mutually exclusive and self-sustaining (Berry et al., 2015; Yang et al.,

2017; Yang et al., 2014). Whilst the H3K27me3 histone modification represents the
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repressive state of this bi-stable memory, the active state is characterised by the
accumulation of H3K36me3 modifications. These two histone modifications show
antagonising profiles during vernalisation (Yang et al.,, 2017; Yang et al., 2014).
Testing the opposing behaviour of these two chromatin modifications at HEC1 and
PID loci showed that that only H3K27me3 levels but not H3K36me3 levels were auxin

responsive and ETT dependent.

The deposition of H3K27me3 modifications is mediated by the polycomb repressive
complex 2 (PRC2), a protein complex that is highly conserved in eukaryotes, and
whose subunits have diverged in plants. The Arabidopsis genome encodes three
copies of this complex. Although PRC2 is well-known for its role in epigenetic
silencing, many PRC2 target genes are under the control of gene regulatory networks,
and do not therefore require PRC2-mediated maintenance of epigenetic memory.
This raises questions about the role of PRC2 in the regulation of these genes. It has
been proposed, that PRC2 proteins collaborate with specific transcription factors in
the repression of target genes, rather than being a purely epigenetic regulator
(Ringrose, 2007). Furthermore, it has been shown that PRC2 filters transcriptional
noise and may therefore act to regulate short-term rather than long-term memory in
gene regulatory networks, thereby increasing robustness through this chromatin-

based noise filtering (Stoeger et al., 2016).

Recently a model has been proposed that integrates bi-stable cis-acting epigenetic
memory and trans-acting gene regulation in a chromatin environment (Berry et al.,
2017; Steffen and Ringrose, 2014). The fundamental difference between these two
regulatory modes is that the cis-regulation is digital, thus either active or repressive,
whereas trans-regulators act in an analogue fashion, where the transcriptional output
depends continuously on the concentration of the regulator. Cis-acting regulation
includes binding motifs encoded on the DNA, DNA methylation and the chromatin

environment, while trans-regulators are proteins e.g. transcription factors or
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chromatin-modifying enzymes, such as histone methylases/demethylases or

acetylases/deacetylases (Berry et al., 2017).

Based on these models, it was proposed that targets of PRC2 are controlled by the
digital chromatin state and can be fine-tuned continuously by the activity of trans-
regulators. The extent of gene expression can be influenced depending on trans-
regulator activity. Thus, there is an upper threshold of trans-activator activity above
which chromatin-based repression cannot be established, a lower threshold below
which gene repression is guaranteed, and an intermediate level of trans-regulator
activity at which the chromatin state contributes to determining gene expression.
Following this model, epigenetically silenced genes such as FLC experience low
trans-activator activity after vernalisation, and the silenced state is maintained by
PRC2 activity (Berry et al., 2017). In contrast, genes regulated by gene regulatory
networks are in an intermediate state of trans-activation. This means that activating
modifications compete with repressive modifications, like a tug of war, working in cis,
but can be fine-tuned by local trans-regulator abundance and composition. Together
data presented in this chapter suggest that expression of HEC1 and PID and likely
most auxin-responsive genes are controlled by gene regulatory networks rather than
epigenetic gene silencing. Moreover, it appears that ETT plays an active role in

regulation of H3K27me3 status.

Levels of H3K27 acetylation, a histone modification associated with active
transcription, increased in wild type gynoecia upon treatment with auxin and were
constitutively high in ett-mutant gynoecia. This occurred in the regions of the PID and
HEC1 promoters where ETT directly associates (as shown in ChlIP experiments). This
indicates that ETT may mediate histone deacetylation when auxin concentrations are
low, and that the deacetylase activity is lost under high auxin conditions. The
observation that there were no further increases in acetylation in the ett-3 mutant

upon treatment with auxin implies that histone deacetylation of HEC1 and PID
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depends on ETT. Finally, by correlating gene expression data from PID and HECL1 in
young wild type and ett-3 gynoecia with the levels of repressing and activating
chromatin modifications, | have shown that both HEC1 and PID are significantly up-
regulated by auxin in wild type gynoecia and constitutively up-regulated in ett-3,

suggesting that chromatin dynamics are translated into transcriptional outputs.

Concluding remarks

The results presented in this chapter support the hypothesis that the non-canonical
auxin signalling pathway is fundamentally different from the canonical TIR1/AFB-
mediated auxin-signalling pathway as biochemical data show that ETT itself likely
acts as an auxin receptor. Thus, non-canonical auxin signalling is independent of the
canonical auxin recognition machinery. Direct hormone-ligand binding by a
transcription factor is a feature that is reminiscent of animal hormone-signalling
pathways such as Steroid/Thyroid Hormone and Wnt/3-catenin pathways (Gammons
and Bienz, 2018; King et al., 2012; Tsai and O'Malley, 1994). Despite identifying auxin
binding, due to low resolution it was not possible to determine which residues of ETT

interact with auxin using the data obtained in this study.

Future work will focus on understanding different aspects concerning the structural
basis of the ETT-auxin interaction. This involves understanding the mechanistic and
structural similarities between non-canonical auxin signalling and animal hormone
signalling, requires knowledge about the kinetics of the ETT-auxin interaction, and
further information on how the conformation of ETT is affected by auxin binding.
These aspects will be studied using multi-dimensional NMR and X-ray
crystallography to identify the auxin-binding residues and reveal the structural
dynamics upon auxin binding. Mutant analysis using HSQC-NMR and ITC will then

determine the contribution of each residue to auxin binding.
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Additionally, future work should also focus on the potential of additional factors such
as interacting transcription factors or chaperone proteins in stabilising the ETT-auxin
interaction, and thereby increasing the affinity. ETT-protein interactions and their
effect on auxin affinity can be studied initially by ITC or Surface Plasmon Resonance
(SPR) and should ultimately provide near-atomic insight using NMR and

crystallography.

Due to the limitations described above in terms of the disordered nature of the ETT
protein, a more detailed analysis of auxin binding by ETT and the further elucidation
of ETT-auxin structural dynamics are beyond the scope of this thesis. In the following
chapters | will instead focus on a different aspect of non-canonical auxin signalling.
The results presented in this chapter underline a role of ETT in the regulation of auxin-
sensitive gene expression through the mediation of chromatin modification. However,
it remains unclear how ETT can facilitate these effects since ETT has not been shown
to have any direct enzymatic activity to modify histones. In Chapter 3 and Chapter 4,
| will evaluate the capacity of ETT to interact with multi-protein complexes to recruit
chromatin regulators to its target loci. | will examine the direct effect of these
interactions on the expression of HEC1 and PID, and where appropriate the local
chromatin environment. Using mutant analysis, | will elucidate whether the interacting

proteins have a role in gynoecium development.

In conclusion, the results presented in this chapter are a starting point to gain detailed
understanding of non-canonical auxin signalling. While this thesis will focus on
elucidating the mechanisms that link chromatin dynamics, auxin signalling, and gene
regulation mediated by an alternative auxin-signalling pathway, the results presented
here also open the avenue for a detailed structural analysis of ETT’s role as a

potential auxin receptor.
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Materials and Methods

Plant materials, treatments and growth conditions

Seeds were surface sterilised, sown on MS media plates with 0.8% agar and 1%
sucrose, and stratified at 4°C in the dark for 2 days. Plants were pre-grown for 7 days
under long-day conditions (16h light/8h dark) at 22°C. After 7 days plants were
transferred to soil (John Innes Centre in-house compost “Arabidopsis F2 mix with
insecticide”) and grown in a controlled environment room under long day conditions
(16h light/8h dark; 22°C). All mutations were in the Col-0 background. Mutant alleles
and transgenic lines described before include ett-3 (Sessions et al.,, 1997),
PETT:ETT-GFP in ett-3 (Simonini et al., 2016), pTIR1:ccvTIR1 in tirl-1 afb2-3 (Uchida

et al., 2018), tirl-1 afb2-3 and tirl-1 afb2-3 afb3-4 (Parry et al., 2009).

For both expression and ChIP analysis, auxin treatments were applied by spraying
bolting inflorescences with a solution containing 100 uM IAA (Sigma) or cvxIAA and
0.015% Silwet L-77 (De Sangosse Ltd.). Treated samples were returned to the growth
room and incubated for two hours. Prof. Keiko Torii (Department of Biology, University
of Washington, USA) and Prof. Shinya Hagihara (Department of Chemistry, Nagoya

University, Japan) kindly provided the pTIR1:ccvTIR1 line and cvxIAA ligand.

RNA extraction and cDNA synthesis

RNA was extracted from 100 mg young gynoecia using the RNeasy plant mini kit
(Qiagen) according to the manufacturer’s instructions. To remove genomic DNA, the
on-column RNase free DNase kit (Qiagen) was used according to the manufacturer's
instructions. RNA was eluted in 30 uyL RNase-free water. Using the SuperScript™ [V
First-Strand Synthesis kit (ThermoFisher), cDNA was synthesised from 1 ug of total

RNA according to the manufacturer’s instructions.
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Quantitative Real Time PCR (qPCR)

Before use all gPCR primers were tested for their efficiency and specificity. The
amplification efficiency of primers was tested using a cDNA dilution series (1/4 to
1/65536). The specificity of primers was confirmed by analysing the melting curves
(65°C to 95°C). For the quantification of transcript levels, gPCRs were set up in 96-
well or 384-well plates and were performed using a CFX96 or LC480 thermal cycler
(Bio-Rad). Final reaction volumes were 10 pyL (5 L SYBR Green JumpStart Taq
ReadyMix (Sigma) 0.25 ul primer mix (containing 10 uM forward primer and 10 uM
reverse primer), 4 pl 1:20 diluted cDNA). The gPCR programs used the following
conditions: 95 °C for 2 min followed by 40 cycles at 95°C for 10 s, 60 °C for 10 s and
72 °C for 30 s. Relative expression values were determined using the 222t method
(Livak and Schmittgen, 2001). Data were normalised to POLYUBIQUITIN 10
(UBQ10/AT4G05320) expression. The primers used for gPCR in this chapter can be

found in Appendix | Table 2.

Scanning Electron Microscopy

Inflorescences were collected, vacuum infiltrated in fixative (3.7% formaldehyde, 3%
acetic acid and 50% ethanol) for 10 min and fixed for 16h at room temperature on a
rocking platform. After removing the fixative, tissue was then washed three times for
30 min in 70% ethanol, and subsequently dehydrated using a series of washes in
70%, 80%, 90%, 95% and 100% ethanol, incubating each ethanol concentration for
30 min on a rocking platform. Next, samples were washed three times in 100% dry
ethanol and critical point dried using a Leica CPD300. Gynoecia were dissected,
coated with gold, using an Agar high resolution sputter coater, and imaged using a
Zeiss Supra 55VP Field Emission Scanning Electron Microscope (3kV acceleration

voltage).
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Yeast two-hybrid interaction assay

The constructs containing the ES (pGBKT7), IND (pGADT7) and RPL (pGADT?7)
proteins were published previously (Simonini et al., 2016; Simonini et al., 2018a).
Using the co-transformation method (Egea-Cortines et al., 1999) the generated
constructs were transformed into the AH109 strain (Clontech). Transformations were
selected on YSD medium lacking Tryptophan (W) and Leucine (L) at 28°C for 3-4
days. Transformed yeast cells were serially diluted (10°, 10%, 10? and 10°%) and dotted
on YSD medium lacking Tryptophan (W), Leucine (L), Adenine (A) and Histidine (H)
to test for interaction. To test for auxin sensitivity, 100 uM was supplemented to the

growth medium.

Protein production

The ES domain, ES%85%%4 protein was isotopically labelled in preparation for NMR
analysis. The ES domain was expressed as a fusion protein with a 6x Histidine tag
(Simonini et al., 2018a) in minimal medium with **N ammonium chloride. The *N
isotope labelling of the expressed protein involved a 125-fold dilution of cell culture in
enriched growth medium into minimal medium with **N ammonium chloride and
grown for 16 hours (37 °C /200 rpm), followed by a further 40-fold dilution into minimal
medium for the final period of cell growth and protein expression (induced with L-
arabinose 0.2 % w/v / 18 °C / 200 rpm and grown for a further 12 hours). Cells were
harvested by centrifugation (11,000 g for 20 min at 4 °C) and the pellet frozen at =70
°C. The wet cell pellet was resuspended in lysis buffer (50 mM Tris-HCI, pH 8.0; 10
mM EDTA; 5% (v/v) Glycerol; 1mM DTT; 50 mM NaCl; 1x protease inhibitor (Roche);
0.2% (w/v) Sodium deoxycholate (NaDOC); 200 pg/mL lysozyme) and lysed by
sonication (10 microns, 30 seconds on, 30 seconds off, 3 cycles). The sonicated cell
suspension was centrifuged (11,000 g for 20 min at 4 °C). The fusion protein was
isolated from soluble cell lysate by Co-NTA affinity chromatography with two His-Trap

1 mL TALON Crude columns (GE Healthcare Life Sciences, 28953766).
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Chromatography buffers contained sodium phosphate 20 mM pH 8.0, NaCl 500 mM
and either no-imidazole (Buffer A) or 500 mM imidazole (Elution Buffer) for wash and
elution buffers respectively. Most of the non-specifically bound protein was removed
by passing 20 mL of Buffer A through the columns. The protein eluted on a gradient
of increasing imidazole concentration of up to 30% Elution Buffer over 20 mL and
concentrated to 2mL using Amicon Ultra -15 centrifugal filters with a 10kDa cut-off
(Millipore (UK) Ltd.).

For ITC, the fusion protein was purified from inclusion bodies. The ES385% protein
was grown in LB medium, cells harvested and lysed as described above. After
centrifugation of the sonicated cell suspension, the pellet was resuspended and
washed in Wash Buffer (50 mM Tris-HCI, pH 8.0; 0.1 mM EDTA,; 5% (v/v) Glycerol;
0.1 mM DTT; 50 mM NaCl; 2% (w/v) NaDOC) for 1 hour at 4°C followed by
centrifugation (11,000 g for 20 min at 4 °C). The resulting pellet was again washed in
Wash Buffer and centrifuged as described previously. The pellet was resuspended in
20mL of Solubilisation Buffer (50 mM Tris-HCI, pH 8.0; 0.1 mM EDTA; 5% (v/v)
Glycerol; 0.1 mM DTT; 50 mM NacCl; 0.25% Sarkosyl (N-Lauroyl sarcosine) and
stirred at 4°C for 1h. Subsequently the resuspension was dialysed overnight in 2L
Dialysis Buffer (50 mM Tris-HCI, pH 8.0; 0.1 mM EDTA; 5% (v/v) Glycerol; 0.1 mM
DTT,; 50 mM NacCl). The Dialysis Buffer was exchanged for fresh Dialysis Buffer after
at least 2 hours of dialysis. After dialysis the lysate was centrifuged (11,000 g for 20
min at 4 °C). The resulting supernatant contained the required protein which was
concentrated to 2 mL using Amicon Ultra -15 centrifugal filters with a 10kDa cut-off
(Millipore (UK) Ltd.) and further purified using size exclusion chromatography. The

protein was eluted in Buffer A and concentrated to 2 mL as previously described.

Circular Dichroism Spectroscopy (CD)
CD was carried out on a Chirascan Plus Spectrophotometer (Applied Photophysics)
which uses a Xenon light source. The far-UV CD spectrum (from 190 nm to 260 nm)
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of the ES3#-5% protein (10 uM) in a 10 mM Sodium Phosphate buffer was scanned
ten times at 20 °C in a 1 mm path-length cuvette for two independent replicates
(independent purifications). The baseline was subtracted and the values were plotted

(expressed in millidegrees).

NMR methods

NMR experiments were carried out at the NMR facility in the Astbury Centre (Faculty
of Biological Sciences, University of Leeds, UK) using the 950 MHz and 600 MHz
spectrometers (Bruker Ascend Aeon). The ES domain, ES3#-°% protein was
analysed by NMR at 5°C under reducing conditions (DTT 10 mM), buffered at pH 8.0
(Tris 20 mM). The *H-N HSQC and WaterLOGSY (Dalvit et al., 2001) experiments
were performed following the parameters described in Table 1. The WaterLOGSY
experiment used a 15 ms 5% truncated Gaussian inversion pulse at a mixing time of
1.5 s and was carried out by Dr. Sigurd Ramans Harborough (Kepinski Group, Centre

for Plant Sciences, Faculty of Biological Sciences, University of Leeds, Leeds, UK).

Table 2. 1: Parameters for the NMR experiments. HSQC experiments to study the ES388-594-
auxin interaction were performed at 5°C and 950 MHz, 3mm TCI probe, Bruker. WaterLOGSY
experiments were performed at 5°C and 600 MHz, QCI-P quadruple resonance probe, Bruker.

Recvelin Number of
Experiment YCINY  gcans  Nuclei Spectral width (Hz) complex
Delays (S) .
points
t1 2 t1 t2 tl t2
HSQC 1 56 5N H 2888.6 15243.9 256 2048
waterLOGSY 2.5 512 H 9578.544 16384

Isothermal titration calorimetry (ITC)

ITC was carried out on a MicroCal PEAQ-ITC (Malvern) at 25 °C in a Buffer A (sodium
phosphate 20 mM, pH 8.0; NaCl 500 mM). Ligand (2 mM IAA) was injected (19 x 4.0
pl) at 150-s intervals into the stirred (500 rpm) calorimeter cell (volume 270 pl)

containing 50 uM ES38%% protein. Titration of Buffer A into 50 pM ES38-%%4 protein
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and IAA (2 mM) into Buffer A served as negative controls. Measurements of the
binding affinity of all the titration data were analysed using the MicroCal Software

(Malvern).

Chromatin Immunoprecipitation (ChlP) gPCR
All ChIP experiments were carried out in triplicate on inflorescence tissue as
described previously described (Yang et al., 2014; Questa et al., 2016) with minor

modifications:

Inflorescence tissue was vacuum infiltrated in PBS with 1% formaldehyde for 3 times
10 min, to cross-link protein-DNA interactions. Formaldehyde was quenched by
adding glycine to a final concentration of 125 mM and vacuum was applied for another
5 min. Plants were then rinsed with water and ground in liquid nitrogen. To extract the
nuclei, samples were resuspended in 25 mL Honda Buffer (20 mM HEPES-KOH pH
7.4, 0.44 M sucrose, 1.25% (w/v) Ficoll, 2.5% (w/v) Dextran T40, 10 mM MgCl., 0.5%
Triton X-100, 5 mM DTT, cOmplete protease inhibitor cocktail (Roche)) , filtered
through two layers of Miracloth, and centrifuged at 3000 x g for 7 min (4°C) . Nuclear
pellets were washed three times with 1 mL of Honda buffer, with a 3 min spin at 3000
X g after each wash.

Nuclear pellets were resuspended in nuclei lysis buffer (50 mM Tris-HCI pH 8.0, 10
mM EDTA, 1.0% SDS, cOmplete protease inhibitor cocktail (Roche)) and sonicated
for 3 times 5 min on medium strength using a Bioruptor water bath sonicator
(Diagenode) using a 30 sec ON/OFF cycle, to fragment the chromatin. Lysates were
cleared by centrifugation at 16 000 x g for 10 minutes (4°C). To reduce the
concentration of SDS, the supernatant was diluted 10-fold with ChIP dilution buffer
(1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI pH 8.0, 167 mM NacCl). A 50
pL aliquot of each sample was taken as an input sample.

All following incubations and washes were performed at 4°C on a rotating mixer in 2

mL DNA LoBind tubes (Eppendorf). For IP, the appropriate antibody was conjugated
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to pre-washed Pierce Protein G magnetic beads (ThermoFisher, 88847, Lot:
S1253639), for 1 hour and antibody-bead complexes were washed for 3 times 5 min
in low salt ChlP wash buffer (20 mM Tris-HCI pH 8.0, 2 mM EDTA, 150 mM NacCl,
0.1% (w/v) SDS, 1.0% (w/v) Triton X-100). Samples were then incubated with
antibody conjugated beads overnight and then washed sequentially 3 times for 5 min
in low salt ChIP wash buffer, 3 times for 5 min high salt ChIP wash buffer (20 mM
Tris-HCI pH 8.0, 2 mM EDTA, 500 mM NacCl, 0.1% (w/v) SDS, 1.0% Triton X-100)
and 3 times for 5 min TE ChIP wash buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA,
1.0% NP-40, 1.0% (w/v) sodium deoxycholate).

The final wash was 1 time 5 min in TE buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA)
containing 0.02% Triton X-100. After removing all residual buffer 100 uL of freshly-
prepared 10% (w/v) Chelex resin (Bio-Rad) was added to the beads. The cross-
linking of protein and DNA was reversed by incubating on shaker (1400rpm) at 65°C
for at least 4 hours for all samples (including the input samples). Following reverse
cross-linking, proteins were digested with 40 ug of proteinase K (Roche) for 1 hour at
45°C. Proteinase K was inactivated at 95°C for 10 min. Next, DNA was extracted from
the samples were extracted using phenol/chloroform/isoamyl alcohol pH 8.0 (25:24:1,
Sigma) and ethanol precipitated. DNA pellets were air-dried and resuspended in 100
pL amount of RNase free water (Qiagen).

ChIP performed on the pETT:ETT:GFP line using 5 g (fresh weight) of inflorescence
tissue. IP was conducted using the anti-GFP antibody (Roche, 11814460001, Lot:
19958500) and Pierce Protein G magnetic beads (ThermoFisher, 88847, Lot:
S1253639) were used for IP.

Histone methylation and acetylation ChIP experiments were carried out using 3 g
auxin-treated or untreated Col-0 or ett-3 inflorescence tissue. The antibodies used for
IP were anti-H3K27me3 (Millipore, 07-449, Lot: 2736613, anti-H3K36me3 (Abcam,

ab9050, Lot: GR310541-1), anti-H3K27ac antibodies (Abcam, ab4729, Lot:
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GR3231937-1) and anti-H3 (Abcam, ab1791, Lot: GR310541-1). All antibodies were

validated by the manufacturers.

In all ChIP experiments, DNA enrichment was quantified using quantitative PCR
(gPCR) with the appropriate primers (Appendix ITable 2) as described above with
minor changes: Final reaction volumes were 10 pL (5 yL SYBR Green JumpStart Taq
ReadyMix (Sigma) 0.25 pul primer mix (containing 10 uyM forward primer and 10 yM
reverse primer), 4 ul 1:20 diluted ChIP-DNA). The gPCR programs used the following
conditions: 95 °C for 2 min followed by 60 cycles at 95°C for 10 s, 60 °C for 10 s and

72 °C for 30 s.

For ChIP performed on the pETT:ETT:GFP line data were normalised to the input
sample as described previously (Schiessl et al., 2014). For histone methylation and
acetylation ChIP experiments, the results were presented as described elsewhere
(Yang et al., 2014; Questa et al., 2016). In case of H3K27ac and H3K36me3, ACTIN
was used as an internal control and the data represented as ratio of (H3K27ac or
H3K36me3 at HECL1 or PID divided by H3 at HEC1or PID) to H3K27ac or H3K36me3
at ACT divided by H3 at ACT), while in case of H3K27me3, SHOOT MERISTEMLESS
(STM) was used as an internal control and the data represented as ratio of
(H3K27me3 at HEC1 or PID divided by H3 at HEClor PID) to H3K27me3 at STM

divided by H3 at STM).

Statistical analyses and replication

In all graphs, error bars represent the standard deviation of the mean for all numerical
values. gPCR and ChIP experiments have been carried out at least in triplicate. The
data presented here show an average of three replicates. For qPCR data were
analysed using one-way ANOVA with post-hoc Tukey multiple comparison test.
ChlPgpcr data were analysed using two-way ANOVA with post hoc Bonferroni multiple
comparison test. Statistical tests were carried out using GraphPad Prism Version 5.04

(La Jolla California USA, www.graphpad.com).
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The ETT-interactome reveals interaction with

chromatin modifying complexes
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Introduction

In the previous chapter, | showed that non-canonical auxin signalling involves direct
binding of auxin to an Auxin Response Factor, called ETTIN (ETT, ARF3). This
pathway, therefore, appears reminiscent of animal hormone signalling in that it affects
the activity of the hormone-sensitive unit towards regulation of target genes. While
the work presented in Chapter 2 also found that auxin affects the chromatin
environment at ETT-target genes and that this depends on ETT, it remains unclear
how ETT can facilitate these effects. In this chapter, | will evaluate the capacity of

ETT to interact with other proteins to bring chromatin regulators to its target loci.

Throughout an organism’s life cycle, the temporal and spatial regulation of gene
expression through activation or repression is essential for development, survival and
reproduction. Despite tremendous efforts towards understanding how developmental
programs are coordinated within cells and across tissues, the exact mechanisms
determining spatial and temporal regulation of key developmental genes is yet to be
elucidated. This spatial-temporal control of gene expression depends on external
cues (e.g. temperature, nutrients, pests), intrinsic signals (e.g. hormones or age) or a
combination of several intrinsic and external signals. Gene expression also depends
on the local chromatin environment at each locus. Histone modifications shape the
chromatin environment at genetic loci. Numerous different histone modifications have
been identified but generally the composition of histone modifications determines
whether the nucleosome occupancy at a certain locus is high or low. High
nucleosome occupancy represses underlying genes by decreasing the accessibility
of cis-regulatory elements for transcription factors (Kouzarides, 2007; Li et al., 2007).
Although, the essential role of local chromatin environment in gene expression
regulation is well-known, a critical question is how the deposition of histone

modifications is regulated.
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In plants, the composition and regulation of the local chromatin environment has been
well-studied for a gene called FLOWERING LOCUS C (FLC). FLC encodes for a
regulator of flowering time and has been established as a model gene to understand
the mechanisms by which an (environmental) signal can be integrated into a gene
expression output. Within the regulatory pathways of flowering, FLC acts as a
repressor that regulates the vegetative to floral transition in response to prolonged
cold exposure (also called vernalization). Vernalization induces expression of FLC
antisense transcripts (called COOLAIR), that act as long noncoding RNAs (IncRNAS),
and VERNALIZATION INSENSITIVE 3 (VIN3), a plant homeodomain protein.
COOLAIR facilitates the transcriptional repression of FLC while VIN3 associates with
Polycomb Repressive Complex 2 (PRC2) to epigenetically silence the FLC locus
(Angel et al., 2011, Bastow et al., 2004; Csorba et al., 2014; De Lucia et al., 2008).
PRC2 silences genes by depositing H3K27me3 histone modifications at the
nucleosomes of the target locus (Gendall et al., 2001). In the context of FLC silencing,
PRC2 is recruited to a region within the first intron of the FLC gene, to a so-called
nucleation region where H3K27me3 initially accumulates, and subsequently enforces
a positive feedback loop to spread H3K27me3 across the whole gene locus (Angel et
al., 2011; Yang et al., 2017). The mechanism by which PRC2 is recruited to this
nucleation region has recently been elucidated. Central to this mechanism is a pair of
RY cis-elements (TGCATG) within the region that facilitates the binding of the B3-
transcription factor VIVIPAROUS1/ABI3-LIKE 1 (VAL1). By binding the RY-elements,
VALL1 acts as an interaction platform to bring various histone modifying complexes to
FLC. These complexes include histone deacetylases to shut down transcription and
PRC2 to epigenetically silence the locus (Questa et al., 2016). Together, the studies
on FLC highlight the many layers of regulation that are necessary for the correct
integration of signals to produce an appropriate gene expression output. Most
importantly, this example shows how the individual components; cis-elements,
chromatin regulators, histone modifications and transcription factors; do not act in
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isolation but collaborate with each other and affect each other's activity and

abundance to regulate target loci.

Analogous to cold, the signal during vernalization, auxin is the signal in almost every
aspect of plant development. Like cold affecting chromatin environment at the FLC
locus, auxin affects the accumulation of the repressing and activating histone
modifications (H3K27me3 and H3K27Ac respectively) at the genomic loci of two auxin
responsive genes, HECATE1 (HEC1) and PINOID (PID) (Chapter 2). Previously,
these two genes have been identified as direct targets of ETT (Chapter 2; Simonini
et al., 2016; Simonini et al., 2017). Since ETT does not have chromatin modifying
activity itself, | hypothesise that during auxin responsive regulation ETT may act as
an interaction platform to bring the activity of various histone modifying complexes to
its target sites. Consequently, it is crucial to evaluate ETT’s potential for physical
interaction with histone modifying complexes. The post-translational modification of
histones is an enzymatic process that in isolation cannot confer spatio-temporal
information or locus specificity, yet the chromatin environment is crucial for the proper
regulation of gene expression. This spatial-temporal as well as the genome-locus
specificity is expected to be provided by transcription factors such as VAL1 at FLC
during vernalisation. Based on the resemblance of VAL1 and ETT (both B3-type TFs),
| therefore hypothesise that there will be a substantial overlap between the chromatin
modifying complexes that interact with ETT during auxin responses, and those that

interact with VAL1 during vernalization.

Several screens for protein-protein interactions between ARFs and partner proteins
have been carried out, however, most studies tried to tackle specific developmental
questions and therefore focused on ARF-TF interactions (Oh et al., 2014; Shin et al.,
2007; Simonini et al., 2017; Simonini et al., 2016; Varaud et al., 2011). Few protein-
protein interaction screens have been carried out to find TFs that interact with

chromatin modifiers (Causier et al., 2012; Causier et al., 2014; Efroni et al., 2013; Wu
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et al., 2015). Even though ETT was not identified in these screens, several other
ARFs have been shown to interact with TOPLESS, a co-repressor that forms
complexes with Histone deacetylases (HDACs), and the SWITCH/SUCROSE
NONFERMENTING (SWI/SNF) family of chromatin remodellers (Causier et al., 2012;
Wu et al., 2015). Moreover, the interaction of MONOPTEROS (MP/ARFS5) with
SWI/SNF complexes was implemented in flower primordium cell fate acquisition (Wu
et al.,, 2015). Nevertheless, there is a substantial gap in knowledge concerning
protein-protein interactions across ARFs in general, and particularly concerning ARF-

chromatin modifier interactions.

In this chapter, | aim to overcome this knowledge gap by screening a Yeast-two-
Hybrid (Y2H) library that represents the complete Arabidopsis inflorescence
proteome to identify proteins that interact with ETT (Costa et al., 2013). | have shown
that this auxin-sensitivity is independent of the known auxin receptors and that ETT
senses auxin through direct auxin-binding. | hypothesise that auxin binding leads to
a conformational change of the ETT protein disrupting protein-protein interactions.
Therefore, after an initial screen, candidates were short listed based on their known
roles in hormone signalling and chromatin regulation. After the validation of
interactions by Y2H, their significance for the ETT-mediated non-canonical auxin
signalling mechanism was evaluated by systematically testing the auxin sensitivity of
each interaction. Using expression and mutant analysis, the candidate’s roles in
gynoecium development and the regulation of HEC1 and PID was further examined.
Here, | present the results of this Y2H library screen and the subsequent evaluation.
These results provide a stepping stone for more systematic in-depth analysis of the

link between auxin signalling and its effect on the local chromatin environment.
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Results

A yeast-two-hybrid library screen revealed that ETT can interact with
components of chromatin modifying complexes

ETT contributes to the regulation of chromatin dynamics (Chapter 2). It is therefore
likely that ETT recruits’ components of chromatin-modifying protein complexes by
means of protein-protein interaction to ETT-target genes. To test this, an unbiased
Y2H library representing the proteome of Arabidopsis inflorescence tissue was
screened using ETT as bait (Costa et al., 2013). After selection, 355 colonies
representing candidate proteins for ETT interaction were identified by sequencing
(Appendix Il Table 1). Due to ETT’s nuclear localisation as a transcription factor, 60
candidates annotated as nuclear proteins were studied in more detail. After a pre-
selection process that involved a literature study identifying proteins involved in
chromosome organisation, chromatin modification, gene regulation, transcriptional
regulation or hormone signalling, a total of 19 proteins were selected as candidate
interactors (Table 3.1). These candidates were cloned from cDNA into pGBKT7, and
their interaction with ETT was confirmed by Y2H using co-transformation. It appeared
that ten of the pre-selected candidates indeed interact with ETT while five were
identified as false positives and four were found to be auto-activating (Figure 3.1).
Among confirmed ETT interactors, four proteins were transcription factors while
seven proteins were otherwise associated with different aspects of transcriptional

regulation.

TEOSINTE BRANCHED, CYCLOIDEA AND PCF 14 (TCP14) and POPCORN (PCN)
are two bHLH transcription factors that interact with ETT. Both proteins have
previously been described for their role in auxin homeostasis and plant development
(Kieffer et al., 2011; Xiang et al., 2011). Another ETT-interacting protein is DWARF

AND DELAYED FLOWERING (DDF1), a member of the DREB subfamily A-1 of
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ERF/AP2 transcription factor family. DDF1 has been reported to regulate GA

biosynthesis in response to abiotic stresses (Magome et al., 2008).

Table 3. 1: Comprehensive summary of candidate ETT interactors and their functions.

Gene Description

ARGONAUTE 1; involved in microRNA and siRNA-mediated DNA-
AGO1 methylation (Baumberger and Baulcombe, 2005)

ARGONAUTE 4; involved in siRNA mediated gene silencing (Zilberman
AGO4 et al., 2004)

APELATA 2; transcription factor; floral homeotic gene (Drews et al.,
AP2 1991)

BRAHMA; ATPase subunit of the multiprotein SWI/SNF complex that

acts in nucleosome; controls shoot development and flowering.
BRM Activates flower homeotic genes (Han et al., 2015)

CYTOKININ HYPERSENSITIVE 1; One of two copies of the TBP-
CKH1 associated factor TAF12; Cytokinin hypersensitive (Kubo et al., 2011)

CONSTANTS LIKE 5;Transcription factor of unknown function involved
CcOoL5 in flowering time and flower development (Robson et al., 2001)

DWARF AND DELAYED FOLWERING 1; transcription factor; involved
DDF1 in GA-biosynthesis and perception (Magome et al., 2008)

DEK-DOMAIN CONTAINING PROTEIN 3; binds histones H3 and H4

and contributes to modulation of chromatin structure and function
DEK3 (Waidmann et al., 2014)

HOMEOBOX-LEUCINE ZIPPER PROTEIN3; transcription factor;

involved in leaf development, modulation of hormone response and
HAT3 shade avoidance (Bou-Torrent et al., 2012)
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JOASMONATE INSENSITIVE 1; transcription factor; involved in
jasmonic acid (JA) signalling in plant development and defence

JAIL (Dombrecht et al., 2007)

non-catalytic subunit of nuclear DNA-dependent RNA polymerases |l

NRPBeB | @nd V (Ream etal., 2009)

PLANT-SPECIFIC TFIIB-RELATED PROTEIN; plant-specific homolog

PBRP of the general transcription factor TFIIB (Cavel et al., 2011)

POPCORN; transcription factor; involved in auxin signalling and

PCN SAM/RAM maintenance (Xiang et al., 2011)

RELATED TO AP2 12; transcription factor; involved in root development
and ethylene signalling, response to hypoxia and auxin (Eysholdt-

RAP2.12 Derzs6 and Sauter, 2017)

SIN3 ASSOCIATED PROTEIN 18; part if SIN3 containing complexes,
involved in transcriptional repression through recruitment of HDA19

SAP18 (zhang et al., 1997)

TBP-associated factor TAF6; part of the basal transcription machinery

TAF6 (Lago et al., 2005)

TEOSINTE BRANCHED, CYCLOIDEA AND PCF 14; transcription
factor; involved in gynoecium development and auxin-cytokinin

TCP14 homeostasis (Kieffer et al., 2011)

TOPLESS; Together with the TOPLESS-RELATED PROTEINS
(TPRs), it is thought to be involved in transcriptional repression (Long

TPL et al., 2006)

REDUCED VERNALIZATION RESPONSE 2, Histone

VRN2 methyltransferase, member of PRC2 complexes (Gendall et al., 2001)
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Since the aim of the Y2H library screen was to identify interactions between ETT and
proteins that are associated with chromatin modifying complexes, the transcription-

factor interactions were not analysed any further throughout this study.

In contrast, the other six proteins identified were associated with the general
transcriptional machinery (TAF6), chromosome architecture (DEK3) or were directly
associated with chromatin dynamics and gene expression regulation (BRM, SAP18,
TPL and VRN2).

WL 3AT (mM) WL 3AT (mM)
9 w AH 25 5 10 9 w AH 25 5 10

il | @ veeecs [ [ I ) B
AGO4 .D PBRP DGDD
a2 MO0 010 Pen DBE
BRM -DDDRAPZ.HDDDDDD
CHK1 DDDDDG SAP18 -DD DD
cob !D TAF6 DDE]'
DDF D TCP14 HD DDD
DEK3 .D DDTPL .DDDDD
HAT3 -D VRN2 DD
MYC2 'D

Figure 3. 1: Y2H co-transformation validates interaction of ETT with numerous candidates. @
indicates the empty vector control (growth on the & plates indicates autoactivation). WL
indicates that the grow medium lacks Tryptophan (W) and Leucin (L) to select for positive
transformation. WLAH indicates that the growth medium lacks Tryptophan (W), Leucine (L)
Adenine (A) and Histidine (H) to test for interaction. To examine interaction strength 3-amino-
1, 2, 4-triazole (3AT) was added at different concentration to WLAH medium.

BRM is an ATPase subunit of the chromatin remodelling SWITCH/SUCROSE
NONFERMENTING (SWI/SNF) complex. SWI/SNF complexes were first discovered
in yeast for their capability to alter the positioning of nucleosomes along DNA
(Whitehouse et al., 1999) and are evolutionarily conserved from yeast to humans and
in plants (Flaus et al., 2006; Han et al., 2015; Kadoch and Crabtree, 2015). studies in
plants have been key in understanding the biological roles of chromatin re-modellers
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in growth, development and stress responses (Efroni et al., 2013; Vercruyssen et al.,

2014; Wu et al., 2012; Wu et al., 2015).
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Figure 3. 2: SWI/SNF complexes form interactions with transcription factors including ARFs
to shape plant development. (a) Interaction analysis using Cytoscape shows that SWI/SNF
family members (red boxes) are chromatin re-modellers that can physically interact with
various transcription factors including ARFs (blue boxes). (b) SWI/SNF family members form
interaction between each other. BRM and SYD and SWI3B and SWI3C have redundant
function. (c) ETT interacts with BRM but not with any other component of SWI/SNF
complexes.

SWI/SNF was implemented in the auxin-responsive regulation of homeotic genes
during flower primordia initiation (Wu et al., 2015). In this process, MP interacts with
several subunits of the SWI/SNF complex to increase accessibility of the DNA for key
floral regulators. Besides MP, numerous developmentally important transcription
factors, including ARF1, 6 and 18, have been reported to interact with SWI/SNF
complexes (Efroni et al., 2013 and Figure 3.2 a). Most identified ARFs can interact
with BRM and two other subunits of the complex, BUSHY (BSH) and SPLAYED
(SYD). In addition to BRM, BSH and SYD, SWI/SNF complexes have three other
subunits called SWITCH/SUCROSE NONFERMENTING 3A (SWI3A), SWI3B and
SWI3C. Cooperatively, these subunits form SWI/SNF complexes by interacting with
each other in different ways. Hereby, BRM and SYD have redundant functions.

Likewise, SWI3B and SWI3C are redundant (Figure 3.2 b). To test, whether ETT can
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also interact with several components of the complex, | screened all SWI/SNF
subunits for interaction with ETT (Figure 3.2 c). The results show, that ETT interacts

exclusively with BRM but not with any other component of SWI/SNF complexes.

Prior studies have shown that ETT can interact with other proteins in an auxin-
sensitive manner (Simonini et al., 2017; Simonini et al., 2016; Simonini et al., 2018a;
Simonini et al.,, 2018b). To test the auxin sensitivity of ETT interactions with the
identified candidates, auxin (Indole-3-acetic acid or IAA) was added to the yeast
selective medium. Colonies co-transformed with ETT and BRM, NRPB6B or SAP18
still grew on the auxin supplemented plates, while yeast colonies transformed with
ETT and DEKS3, TPL or VRN2 did not grow on auxin-supplemented medium (Figure
3.3 a). Together this suggests that BRM, NRPB6B and SAP18 proteins do not interact
with ETT in an auxin-sensitive manner and were not considered for further analysis.
In contrast, interactions between ETT and DEKS3, TPL or VRN2 were further validated

using a quantitative ONPG-assay.

ONPG-assays are Y2H-based assays that are commonly used to determine the
strength of interaction between two proteins. This assay makes use of the fact that
co-transformed yeast can only produce B-galactosidase when the two introduced
proteins interact. B-galactosidase metabolises ONPG to produce a yellow end-
product that can be quantified and subsequently used to calculate the galactosidase
activity. Here, | used the previously described auxin-sensitive interaction between
ETT and IND as a positive control and the established auxin-insensitive interaction
between SPT and IND as a negative control. Additionally, the ETT-BRM interaction
was assayed as an additional negative control. [(-galactosidase activity of yeast
expressing ETT -DEK3, ETT-TPL or ETT-VRN2 was significantly reduced when the
growth medium was supplemented with auxin, indicating that these interactions are

indeed auxin sensitive (Figure 3.3 b).

82



Chapter 3

a W-LAH
s = >
-W-Lg & & 35 -
o o o mOuM IAA H 100puM IAA
— o~
SPT-IND >3
3
- 225 -
e JEEIN
% 20 A
o QOLUE § '
8 15 -
oo I | :
Tﬂ 10 T EEd *
Q
o QEE
e QUOL -
pom N\ Q Q ) N Qv
ETT-TPL D B . &S 9513v & & &
= A2 DAY é\ < é\
oo () (0 BN I
Input i
C d p Elution
ETT-FLAG + +
Q
N <®  DEK3-Myc - + - +

K

+ - + }
ETT-FLAG “ VRN2-Myc

TPL-HA
IB: Anti-Myc
Bania ' r ’—

Figure 3. 3: Certain protein-protein interactions can be abolished by auxin. (a) Auxin (0 uM,
100 uM or 200 uM) supplement to the yeast growth medium abolishes the interaction between
ETT and DEK3, TPL and VRN2. (b) ONPG-assays confirm the results presented in (a). *** p-
values <0.0001. Mean + standard deviation for three replicates are shown. In both (a) and (b)
the SPT-IND interaction was used as a negative control due to its auxin insensitivity, while the
ETT-IND interaction was used as a positive control for auxin sensitivity. (c) and (d) Co-IP
experiments using transiently expressed protein in N. benthamiana leaves show that ETT can
interact with TPL (c), DEK3 and VRNZ2. (* indicates the specific VRN2 band)
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Finally, to assess protein-protein interactions in planta, the interacting proteins were
transiently expressed in Nicotiana benthamiana and interaction assessed using co-
immunoprecipitation followed by western blot. The results confirmed interaction of

ETT with DEKS3, TPL and VRN2 (Figure 3.3 c, d).
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In the following sections, the results of detailed analyses of DEK3 and VRN2 are
presented while a more systematic study on the auxin sensitivity of the ETT-TPL

interaction will be presented in Chapter 4.

ETT interacts with DEK3 — a multifunctional chromatin associated protein that
contributes to polarity establishment in gynoecium development

In the previous section, DEK3 was identified as a protein that interacts with ETT in an
auxin sensitive manner. Here, | want to understand the importance of this interaction
in auxin-mediated gene regulation. ETT is a master regulator controlling polarity and
tissue differentiation in gynoecium development. In line with this, | evaluated the role
of DEK3 in the tightly controlled process of gynoecium development, aiming to
elucidate the biological relevance of the ETT-DEK3 interaction regarding auxin-
mediated gene regulation. Furthermore, the identification of a physical interaction
between DEK3 and ETT allows us to study how auxin signals can be translated into

changes in gene expression through chromatin regulation.

DEKS is a member of the DEK-containing protein family found in all eukaryotes.
Animal genomes generally carry a single gene copy the DEK gene, while DEK genes
in plants form multiple-copy gene families. Four DEK genes (DEK1, DEK2, DEKS,
DEK4) are encoded by the Arabidopsis genome (Pendle et al., 2005). The function of
DEK genes has been studied in much greater detail in animal systems than in plants.
In animals, DEK proteins have been implicated in important chromatin-related
processes such as heterochromatin integrity (Kappes et al., 2011), DNA-replication
(Alexiadis et al., 2000), DNA double-strand break repair (Kavanaugh et al., 2011),
MRNA splicing (Le Hir et al., 2001; Le Hir et al., 2000; McGarvey et al., 2000; Soares
et al., 2006) and transcriptional regulation (Campillos et al., 2003; Gamble and Fisher,
2007; Kappes et al., 2011; Sammons et al., 2006). Even though, the functions of
these DEK plant homologs are less well understood, studies indicate that DEKs have

similar functions in plants and animals (del Olmo et al., 2016; Waidmann et al., 2014).
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Interaction studies have shown that DEK3 forms homodimers, and heterodimers with
DEKA4. Therefore, it has been proposed, that DEK3 and DEK4 might have redundant
functions. In agreement with that, expression analysis has shown that DEK3 and
DEK4 but not DEK1 and DEK2 are expressed in floral tissues (Waidmann et al.,

2014).

Since functional redundancy has been proposed, | tested whether DEK3 and DEK4
are both co-expressed with ETT at the style region of the developing gynoecium. |
constructed transcriptional reporter lines using 3-kb promoter regions to drive a [3-
glucuronidase (GUS) reporter gene. Even though DEK3 expression is stronger, both
genes, DEK3 and DEK4, were exclusively detected within the style and stigmatic
tissue where their expression overlaps with ETT (Figure 3.4 a-c). Next, | wondered
whether DEK3 contributes to the establishment of style and stigmatic tissue.
Examination of dek3-2 and dek4-1 single mutant gynoecia using scanning electron
microscopy did not show any style or stigmatic tissue phenotypes (Figure 3.4 d-g).
Since the results so far imply redundancy between DEK3 and DEK4, | generated
dek3-2 dek4-1 double mutants. Strikingly, dek3-2 dek4-1 double mutant gynoecia
showed a strong defect in the style region resembling an ett-3 mutant gynoecium
phenotype (Figure 3.4 d-h). The gynoecium phenotype in ett-3 mutants has been
associated with mis-regulation of PID (Simonini et al., 2016). Intriguingly, PID
expression was also significantly up-regulated in dek3-2 dek4-1 double similarly to
the ett-3 mutant, whilst PID expression in single mutant gynoecia resembled the wild

type (Figure 3.4 i).
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Figure 3. 4: ETT and DEK-proteins co-operatively regulate gene expression to facilitate style
development. Promoter GUS expression analysis of pETT:GUS (a), pDEK3:GUS (b) and
pDEK4:GUS (c) revealed that ETT, DEK3 and DEK4 are co-expressed in the Arabidopsis
gynoecium. Scale bar = 300 um. Gynoecium phenotypes of wild type (d), ett-3 (e) dek3-2 (f),
dek4-1 (g) and dek3-2 dek4-1 (h). Scale bar = 1mm. (i) PID is constitutively mis-regulated in
ett-3, and dek3-2 dek4-1 gynoecia. Mean + standard deviation of three biological replicates
are shown. a and b indicate significance based on one-way ANOVA with TUKEY multiple
comparison.

Collectively, these results support the hypothesis of a role for DEK3 in the regulation
of gene expression. Moreover, our results suggest that DEK3 and DEK4 are

redundantly involved in the auxin-mediated gene regulation at the gynoecium apex
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and at least partly (direct or indirectly) through the regulation of the auxin transport

regulator PID.

ETT interacts with a component of the PRC2 complex

VRN2 was another protein identified as a protein-protein interactor with ETT. VRN2
is part of the VERNALIZATION (VRN) PRC2 and is required for the developmental
switch to flowering through epigenetic silencing of the floral repressor FLC. PRC2
was originally identified in Drosophila melanogaster, where the complex is involved
in the spatial restriction of homeotic selector gene expression. This is a crucial
process in Drosophila development, and PRC2 covalently modifies Histone 3 (H3) at
Lysine 27 (K27) with a trimethyl group (H3K27me3), silencing the expression of the
underlying gene (Francis and Kingston, 2001; Lewis, 1978; Mallo and Alonso, 2013).
Drosophila PRC2 is a complex of four components, Ez, ESC, N55 and Su(z) 12; in
Arabidopsis three PRC2 complexes (EMF, VRN, FIS) have been identified and
classified based on their Su(z)12 subunit. This subdivision enables each PRC2
complex to repress unique subsets of target genes and to act at different

developmental stages (Bemer and Grossniklaus, 2012; Mozgova and Hennig, 2015).

Interestingly, PRC2 activity also plays a role in the modulation of the auxin pathway.
Genome-wide studies of H3K27me3 profiles of different tissues revealed that PRC2
complexes directly repress auxin biosynthesis and signalling (He et al., 2014). In line
with these findings, PRC2 complexes have been identified to repress lateral root
formation by preventing auxin maxima formation through silencing of the auxin
transporter PIN1 (Gu et al.,, 2014). PRC2 has also been implicated in the auxin
sensitive regulation of PID in roots (Ariel et al., 2014). Hereby, APOLO, a long
noncoding RNA neighbouring the PID gene, modulates PID expression upon auxin
treatment. APOLO and PID are co-regulated. Under low auxin conditions, both
APOLO and PID are repressed via formation of a chromatin loop in the intergenic

region between them. Auxin induces the opening of the loop, and the expression of
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both APOLO and PID. APOLO transcripts accumulate and are processed by
AGONAUTE 4 (AGO4) into siRNAs, leading to DNA methylation across the locus.
Additionally, PRC2 restores the chromatin loop leading to a repression of both
APOLO and PID expression (Ariel et al., 2014). However, a direct role for the VRN2-
PRC2 complex has not yet been found in any of the described processes other than

vernalization.
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Figure 3. 5 The role of the ETT-VRN2 interaction in gynoecium development remains unclear.
(a-b) Examination of pETT:ETT:.GFP (a) and pVRN2:VRN2:Venus (b) revealed that ETT and
VRN2 co-localise in the Arabidopsis gynoecium at stage 11. Scale bar = 100 ym. (c),
Gynoecium phenotypes at stage 11 of wild type (d), ett-3 and vrn2-1. Scale bar = 1mm. (d-e)
APOLO (d) and PID (e) are constitutively mis-regulated in ett-3 but unaffected in vrn2-1
gynoecia. Shown are mean + standard deviation of three biological replicates. a and b indicate
significance base on one-way ANOVA with TUKEY multiple comparison. Treatment with 100
UM 1AA. ***p-Values<0.0001; Mean + standard deviation of three biological replicates are
shown.

In Chapter 2, results have shown that auxin affects the dynamics of H3K27me3
histone marks along the PID-locus. Although at different scales, the H3K27me3
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profiles obtained in gynoecia are in agreement with the published profiles at the same
locus in roots (Ariel et al., 2014). Interestingly, we found that H3K27me3 accumulation
is altered in ett-3 mutants suggesting that ETT is a key factor that regulates chromatin
dynamics at PID in gynoecia. Hence, it is possible that ETT interaction with VRN2

might be meaningful for regulation of these dynamics.

To find out if ETT and VRN2 protein exist in the same tissues within the gynoecium,
| examined expression pattern of pETT:ETT:GFP and pVRN2:VRN2:Venus rescue
lines (Simonini et al., 2016). The results show that ETT and VRN2 are indeed
expressed in the same tissues (Figure 3.5 a, b). Nevertheless, vrn2-1 mutant
gynoecia did not exhibit any developmental defect when examined using SEM (Figure
3.5 ¢), which may be due to redundant activities with other PRC2 protein complexes.
Next, | tested the expression of APOLO and PID in wild type, ett-3 and vrn2-1. APOLO
and PID are indeed co-regulated in an auxin-dependent manner as previously
described (Ariel et al., 2014). However, in vrn2-1 mutants, expression of both genes
was not significantly different compared to wild type (Figure 3.5 d, e). Based on the
presented results, it is evident that VRN2 alone is insufficient to affect the chromatin
environment of PID. Therefore, | did not assess the H3K27me3 modifications within
the vrn2-1 mutant. In Arabidopsis, PRC2 complexes underwent a triplication of the
Su(z2)12 subunit (VRN2, FIS2 and EMF2), thus there is potential redundancy between
PRC2-complexes (Mozgova and Hennig, 2015). If VRN2 and its homologs FIS2 and
EMF2 indeed act redundantly in the regulation of ETT-target genes it is likely that they
also interact with ETT. Therefore, it would be useful to first evaluate these protein-
protein interactions using Y2H. Furthermore, examining gynoecia from double and
triple mutant combinations of VRN2, FIS2 and EMF2 would provide further evidence

for redundant function during gynoecium development.
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Discussion

In the previous chapter, | have shown that the class-B ARF, ETT, regulates its target
genes in an auxin-responsive manner. This regulation is independent of the known
TIR1/AFB auxin receptors and is likely to involve auxin-responsive chromatin
remodelling. | have identified differential accumulation of repressive H3K27me3 and
active H3K27ac histone modifications at two ETT-target genes, HEC1 and PID. This
differential accumulation of histone modifications is auxin responsive and appears to
depend on ETT. In the present chapter, | have attempted to answer the question how
ETT mediates these changes in response to auxin. | have used a Y2H approach to
identify proteins that can interact with ETT and that have been described in the
literature for their association with chromatin. | was able to identify several proteins
that met these criteria. Moreover, some of these proteins have been directly

associated with the regulation of chromatin dynamics and were studied in more detalil.

| propose that there is some degree of analogy between the regulation of FLC during
vernalization and auxin responsive gene regulation in terms of the protein complexes
that directly modify the chromatin environment. Interestingly, it appears that ETT and
VAL1 indeed interact with similar proteins and complexes in terms of their function.
Both ETT and VAL1 interact with proteins, such as SAP18, DEK3 and TPL, that can
bring HDAC activity to the locus and PRC2 that is essential for repression (Prof. C.
Dean and Dr. J. Questa, personal communication; Questa et al., 2016). This implies
that specific recruitment of these complexes to TF-target loci upon a developmental
or environmental signal is not specific to vernalization or auxin signalling but likely a

common theme during transcriptional signal integration.

DEKS3, one of the ETT-interacting proteins, is one of four DEK-domain containing
proteins that are encoded in the Arabidopsis genome (Pendle et al., 2005). The role

of DEK proteins in plants has not been characterised in detail and therefore remains
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elusive. Nevertheless, recent evidence suggests they may play a similar role as
animal DEK proteins in chromosome organisation, DNA replication and the regulation
of gene expression (del Olmo et al.,, 2016; Waidmann et al., 2014). DEK3 can
physically interact with histone deacetylases (HDACs) and regulatory components of
the cohesion complex that is essential for chromosome architecture and chromatin
looping. Thus, DEK3 can directly shape the chromatin environment at its target genes
(Waidmann et al., 2014). Since DEK proteins do not have DNA-binding activity, they
rely on the DNA-binding ability of their interacting partners for target gene recruitment.
The physical and auxin-sensitive interaction between DEK3 and ETT demonstrated
here suggests that plant DEK proteins might fulfil their task in collaboration with
specific transcription factors in higher-order complexes. Moreover, it implies that
these complexes can be dissociated by changes in the chemical environment and are
therefore conditional. In line with this hypothesis, DEK3 has been implemented in salt-
stress tolerance (Waidmann et al., 2014). In the same study, redundancy between
DEKS3 and its closest homolog DEK4 was suggested. When evaluating gynoecium
development, | was unable to detect any developmental defect in dek3-2 single-
mutant gynoecia. However, dek3-2 dek4-1 double-mutant gynoecia exhibited strong
defects reminiscent to the ett-3 mutant phenotype. This phenotype is partially caused
by disturbances of the auxin homeostasis during development presumably caused by
mis-regulation of the protein kinase gene, PID, which encodes a polar auxin transport
regulator (Nemhauser et al., 2000; Simonini et al., 2016). Similarly, | found that PID
is also mis-regulated in dek3-2 dek4-1 mutant gynoecia. In plants and animals DEK
proteins have been implemented in three-dimensional chromatin organisation,
particularly, through their role in the formation and maintenance of chromatin loops
(Greenwald et al., 2019; Kadauke and Blobel, 2009; Waidmann et al., 2014; Zheng
and Liu, 2019). Intriguingly, a chromatin loop has been implemented in the auxin-

responsive regulation of PID (Ariel et al., 2014). Taken together, this shows that DEK
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proteins indeed have a role in gynoecium development, likely through the regulation

of auxin-responsive genes.

In conclusion the experiments described in this chapter show that DEK proteins
contribute to auxin-responsive gene regulation on at least two different levels. Firstly,
on a global level by regulating auxin-responsive genes by via chromatin structure
modulation. DEK-proteins have been implemented in chromatin loop formation and
maintenance, which is an important factor in the regulation of PID. Secondly, DEK
proteins are likely to shape the chromatin environment of their target genes directly
through histone deacetylation in response to auxin. In the previous chapter | have
found that auxin can influence the histone acetylation of auxin-responsive genes. It is
therefore possible that when nuclear auxin concentrations are low, DEK3 interacts
with ETT and brings in histone deacetylation at ETT-target loci to repress gene
expression. In contrast, high auxin concentrations may instead lead to a disruption of
ETT-DEK3-HDAC complexes, leading to a reduction of deacetylation and de-

repression of the target locus.

Another interesting protein identified as an ETT-interacting partner is the H3K27
methyltransferase  VRN2 which is a Su(z)12 subunit of the POLYCOMB
REPRESSIVE COMPLEX 2 (PRC2). The PRC2 complex was first characterised
during Drosophila development where it has a role in the regulation of HOX genes
and other key developmental genes (Francis and Kingston, 2001; Mallo and Alonso,

2013; Simon and Tamkun, 2002).

In plants, PRC2 is best known for its role in flowering-time regulation. Hereby, PRC2
is essential for epigenetic silencing of the flowering repressor FLC during the
developmental switch to flowering in a process called vernalization. Historically,
PRC2 has been associated with epigenetic silencing. However, it has become
increasingly evident that PRC2 also controls genes that are under the control of a

transcriptional regulatory network rather than gene silencing, and ETT-target genes
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appear to be under the control of such a network (Chapter 2; Simonini et al., 2017).
PRC2 could have a role integrating chemical and environmental cues in collaboration
with specific transcription factors in the repression of target genes, rather than being
a purely epigenetic regulator (Ariel et al., 2014; Ringrose, 2007; Steffen and Ringrose,
2014). In the previous chapter, ETT-dependent differences were observed in the
accumulation of H3K27me3 at the ETT-target genes, HEC1 and PID, in response to
auxin treatment supporting this hypothesis. The data presented here show that VRN2
can interact with ETT in an auxin-sensitive manner. This suggests that ETT can form
complexes with PRC2 and can recruit PRC2 activity to its target genes in low auxin
concentrations, while high auxin concentrations abolish PRC2 recruitment.
Unfortunately, the results presented here are insufficient to reveal the function of
PRC2 in the auxin-responsive regulation of ETT-target genes. The most likely reason
for this is that there is redundancy between the three PRC2 complexes in Arabidopsis.
Therefore, to understand the function of PRC2 in the context of auxin-responsive
gene regulation, it is critical to evaluate whether the two VRN2 homologs can also
interact with ETT. If this is the case, then all further experiments would need to be

conducted in higher order mutants to overcome redundancy.

In addition to the candidates that met the criterium of auxin-sensitivity, | found another
interesting candidate, BRAHMA (BRM), that interacts with ETT in an auxin-
independent manner. BRM is part of the SWI/SNF chromatin remodelling complex.
BRM interacts with MP and has previously been identified as a component of auxin-
signalling during flower primordium initiation (Wu et al., 2015). The auxin-sensitivity
of the MP-BRM interaction was not tested, but it is likely that the MP-BRM interaction
is also auxin independent. The study argues that MP interacts with the Aux/IAA
BODENLOS (BDL) when auxin levels are low. Under these conditions, BDL blocks
the interaction interface required for BRM recruitment, while auxin-mediated

degradation of BDL in a high-auxin environment releases MP and enables BRM
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recruitment. Similarly, it is possible that ETT interacts with proteins that repress
transcription such as VRN2, DEK3 or TPL under low auxin conditions preventing ETT
from recruiting BRM. Whereas, under high auxin concentrations ETT binds auxin
leading to a disruption of these repressive interactions and enable ETT to recruit

BRM.

Remarkably, the BRM homolog in Drosophila interacts with UTX, a H3K27-
demethylase. The BRM-UTX-containing complex interacts with a histone
acetyltransferase that targets H3K27. Thereby, generating an open chromatin
environment that counteracts PRC2-mediated silencing (Tie et al.,, 2012). In
Arabidopsis an interaction between BRM and the UTX-homolog REF6 has been
found recently, suggesting an evolutionary conservation of the underlying gene-
regulatory mechanism (Cui et al., 2016; Li et al., 2016). In Chapter 2, | found that
auxin induces a reduction in H3K27me3 and an increase in H3K27Ac enrichment at
HEC1 and PID loci, implying that this mechanism might also play a role in auxin-
responsive gene regulation. Future work will show whether this auxin-induced change

in chromatin environment is indeed dependent on BRM.

Concluding remarks

The analysis carried out in this chapter is a stepping stone towards a more detailed
understanding of the mechanisms that link chromatin dynamics, auxin signalling, and
gene regulation mediated by an alternative auxin-signalling pathway. Several
candidate proteins that can act in this pathway in co-operation with ETT have been
identified, and an initial evaluation has been carried out. Unfortunately, a more
detailed analysis of all candidates and how they work together to mediate the auxin
signal is beyond the scope of this thesis. However, in the following section | will
present some suggestions for future work that can further our understanding of the

candidates’ role in auxin-responsive gene regulation.
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DEKS3 was an interesting candidate identified in the Y2H library screen. The results
presented here show that DEK3 can interact with ETT in an auxin-sensitive manner.
Mutant analysis has further shown that DEK3 and DEK4 act redundantly during
gynoecium development. Future work needs to evaluate this by investigating the
ability of DEK4 to interact with ETT. The results presented here imply two hypotheses
about how DEK-proteins can affect auxin-responsive gene regulation. Firstly, DEK3
may affect chromatin structure on a global level at auxin-responsive loci through
chromatin looping. Secondly, DEK-proteins may shape the chromatin environment of
their target genes directly through histone deacetylation in response to auxin. Future
analysis using ChlPgecr Will show whether DEK3 co-localises with ETT at binding
sites within the PID promoter. Examining the expression of target genes and H3Ac
dynamics at target sites in dek3-2 dek4-1 mutants, and in the presence and absence
of auxin, will provide insight into the importance of chromatin modifications by DEKS3-

containing complexes for the transcription of genes in response to auxin.

The second interesting candidate that was identified here is VRN2. Unfortunately,
from the results presented in this chapter, the role of VRN2 in the auxin-responsive
regulation of ETT target genes remains elusive. The most likely reason for this is
redundancy between VRN2 and its homologs FIS2 and EMF2. Consequently, future
work first needs to clarify whether FIS2 and EMF2 can also interact with ETT, and
whether or not they do so in an auxin-sensitive manner. To fully understand the role
of PRC2 in the auxin responsive regulation of ETT target genes, such as HEC1 and
PID, the binding of VRN2 and homologs to these loci needs to be evaluated using
ChlIPgecr. The co-localisation of PCR2 and ARFs at binding sites of auxin responsive
loci would indicate that they work together as a complex. Finally, the assessment of
H3K27me3 dynamics at the PID locus in VRN2, FIS2 and EMF2 double and triple
mutants would provide further evidence to support a role for VRNZ2 in the auxin-

responsive regulation of chromatin dynamics. In summary, data presented here and
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by others (Ariel et al., 2014) indicate a role of PRC2 in the regulation of the auxin-
responsive gene, PID. The suggested experiments will contribute to the general
understanding of PRC2 in the regulation of both auxin-responsive genes, and the

regulation of genes which are not regulated by epigenetic silencing.

The third promising candidate that | identified in this chapter is the co-repressor
protein TOPLESS (TPL). In Chapter 4, | will focus on the role of the ETT-TPL
interaction at the molecular level, focussing on its auxin-sensing properties and the

effect on chromatin dynamics in more detail.

Materials and Methods

Yeast two-hybrid library screening and candidate gene selection.

To generate the bait construct, the full-length coding sequence of ETT was cloned
into the pGBKT7 vector using the Gateway method (Thermo Fisher Scientific) and
introduced into the a-Y187 strain of yeast. The bait strain was mated with a
normalized Arabidopsis thaliana total protein library which was generated by cloning
Arabidopsis total cDNA into the pGADrec vector and introducing it into the a-AH109
yeast strain (Costa et al,. 2013). Transformations were spread on four types of
selective media. All media contained Yeast Selection Medium (YSD; Melford
Laboratory Ltd., UK) supplemented amino acid dropout (Sigma) lacking either
Tryptophan (W), Leucin (L) (-W-L; transformation control), Tryptophan (W), Leucine
(L) and Adenine (A) (-W-L-A; weak selection), Tryptophan (W), Leucine (L) and
Histidine (H) (-W-L-H; medium selection) or Tryptophan (W), Leucine (L), Adenine
(A) and Histidine (H) (-W-L-A-H; strong selection). Positive colonies were selected
over a range of 10 days, the pGADrec plasmids were recovered, and cDNA insert s
were amplified by PCR using the AK199 and AK200 primers (Table S2).

Subsequently, the PCR product was sequenced to identify the underlying putative
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candidate genes (Mix-2-seq; Eurofins) using the AK199 primer. Sequences were
annotated using the TAIR blast tool (version 2.2.8) on https://www.arabidopsis.org/

(TAIR10).

Yeast two-hybrid interaction assay

For Yeast-two-Hybrid (Y2H) assays coding sequences of putative interactors were
cloned into pDONR207 and recombined into the pGBKT7 vector (Clontech), while
ETT was cloned into the pGADT7 and pDEST32 vectors. Using the co-transformation
method (Egea-Cortines et al., 1999) the generated constructs were transformed into
the AH109 strain (Clontech). Transformations were selected on YSD medium lacking
Tryptophan (W) and Leucine (L) at 28°C for 3-4 days. Transformed yeast cells were
serially diluted (10°, 10, 102 and 10%) and dotted on YSD medium lacking Tryptophan
(W), Leucine (L), Adenine (A) and Histidine (H) to test for interaction. To examine
interaction strength, 3-Amino-1,2,4-Triazole (3-AT; Sigma) was supplemented to the
YSD (-W-L-A-H) medium at different concentrations (0, 5, 10mM). To determine the
effects of auxin on the protein-protein interactions, IAA (Sigma) was dissolved in
ethanol and added directly to the medium at the desired concentration (100 uM).
Pictures were taken after 3 days of growth at 28°C. The Y2H plasmids containing the
SWI/SNF family proteins (BRM, BSH, SWI3A, SWI3B, SWI3C and SYD) were in
pDEST22 kindly provided by Prof. Doris Wagner (University of Pennsylvania,

Philadelphia, USA).

For the B-Galactosidase assay transgenic yeast was grown in liquid YSD (-W-L)
medium supplemented with/without 100 pM IAA, to an ODego of 0.5 the cells were
then harvested and lysed using 150 pL Buffer Z with B-mercaptoethanol (100 mM
Phosphate buffer pH 7, 10 mM KCI, 1mM Mg2S04, B-mercaptoethanol 50 mM), 50
pL Chloroform and 20 pL of 0.1% SDS. After lysis, the sample was incubated with
700 pL pre-warmed ONPG solution (1mg/mL ONPG (o-Nitrophenyl-3-D-

Galactopyranoside, Sigma) prepared in Buffer Z without B-mercaptoethanol at 28°C
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until a yellow colour developed in the samples without auxin treatment. After stopping
all reactions (using 500 pL NaxCOs) the supernatant was collected and ODasos
determined. The [(-Galactosidase activity was calculated as follows:

(A405*1000)/(A600*min*mL)

All primers used for cloning can be found in Appendix Il Table 2.

Plant material and Growth conditions

Plants were grown as described in Chapter 2. All mutants and reporter lines used in
the current chapter were in a Col-0 background. The dek3-2 and dek4-1 mutants were
kindly provided by Prof. Claudia Jonack (Austrian Institute of Technology, Vienna,
Austria) and the vrn2-1 mutant was provided by Prof. Caroline Dean (John Innes
Centre, Norwich, UK). The pETT:ETT:GFP reporter line was previously published

(Simonini et al., 2016).

Genotyping of insertion lines

Genomic DNA was extracted form young leaves using a previously described protocol
(Edwards et al., 1991) with minor modifications: One leaf per plant was collected in
1.5mL tubes and ground using a pestle. Next, 300 yL of DNA extraction buffer (200
mM Tris HCI pH7.5, 250 mM NacCl, 25 mM EDTA, 0.5% SDS) was added, mixed by
inverting the tube and centrifuged at 10,000 x g for 5 minutes. The supernatant
(typically 200 uL) was transferred to a fresh 1.5 mL tube and mixed with an equal
volume of isopropanol (typically 200 uL), mixed by inverting the tube and incubated
for 2 minutes. Following centrifugation at 10,000 xg for 5 minutes, the supernatant
was discarded, and the pellet washed in 70% ethanol. After a second round of
centrifugation (10,000 xg for 5 minutes), the pellet was air dried and dissolved in 100

ML of water. The extracted DNA samples were immediately used or stored at -20°C.

For all T-DNA insertion lines, genotyping primers were retrieved from SALK primer

design website (http://signal.salk.edu/tdnaprimers.2.html)
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For genotyping by PCR, two reactions were set up; one reaction with genotyping
primers (LP and RP) within the wild type gene and one reaction with one primer
specific to the T-DNA insertion (LBb1.3) and another within the mutated gene (RP).
A 25 uL PCR mix was set up containing 0.1 yl GoTaq polymerase (Promega), 5 uL 5
x buffer, 1 yl dNTP mix, 2.4 yL MgCI2, 1 pL forward primer (10 uM,) 1 uL reverse
primer (10 uM), 1 yL genomic DNA, and 11.5 uL water. Genotyping PCRs were
carried out with the following cycling conditions: 95 °C for 3 min followed by 30 cycles
at 95 °C for 30 s, 56 °C for 30 s and 72 °C for 1 min, with a final extension step of 3

min at 72 °C. The PCR product was analysed by gel electrophoresis on a 1 % agarose

gel.

Expression analysis
RNA extraction, cDNA synthesis and qPCR were carried out for expression analysis

as described in Chapter 2. All primers used can be found in Appendix Il Table 2.

Generation of transgenic plants
The pCAMBIA1300 carrying pVRN2:VRN2-Venus was kindly provided by Dr.

Hongchun Yang (Dean Group, John Innes Centre, Norwich, UK).

All other constructs were generated using the Golden Gate method as described
before (Engler et al., 2014) using Golden Gate standard parts obtained from TSL
SynBio (http:/synbio.tsl.ac.uk/). To design level 0 modules, DNA sequences were
retrieved from the TAIR database (www.arabidopsis.org). To design level 0 modules,
all DNA-fragments were PCR-amplified from genomic DNA using Q5 High-Fidelity
DNA polymerase (New England Biolabs) according to the manufacturer's
instructions. PCR-products were analysed by gel electrophoresis on a 1 % agarose
gel and purified using the Nucleospin Extract kit (Macherey-Nagel). Level 0 Golden
Gate reactions were performed in 15 pL final volume (100 ng LO backbone plasmid,
100 ng of insert, 1.5 yL 10 x BSA (1 mg/mL), 1.5 pL 10 x T4 buffer, 1 pL Bpil (New

England Biolabs), 1 yL T4 DNA ligase (New England Biolabs) and water). For
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digestion and ligation of the DNA components were incubated for 25 cycles of 3 min
at 37 °C and 4 min at 16°C, followed by 5 min at 50°C. To generate level 1 plasmids
Golden Gate reactions were performed in 15 pL final volume (100 ng L1 acceptor
backbone plasmid, 100 ng of each LO plasmid, 1.5 pL 10 x BSA (1 mg/mL), 1.5 uL 10
x T4 buffer, 1 yL Bsal (New England Biolabs), 1 yL T4 DNA ligase (New England
Biolabs) and water). For digestion and ligation, the reaction mixes were incubated
using the same conditions as for LO reactions. To generate level 2 vectors, a 15 L
reaction mix was set up (100 ng of each level 1 plasmid, 100 ng of the L2 binary
vector, 1.5 uL 10 x BSA (1 mg/mL), 1 uL Bpil (New England Biolabs), 1.5 uL 10 x T4
buffer, 1 uL T4 DNA ligase (New England Biolabs) and water). For digestion and
ligation, the reaction mixes were incubated using the same conditions as for LO

reactions

All plasmids were sub-cloned into E.coli DH5a (Thermo Fisher Scientific) following
the manufacturer’s instructions and selected overnight (37 °C ) on LB solid medium
supplemented with the appropriate antibiotics (Appendix Il Table 4). Two surviving
colonies per construct were selected and re-grown overnight (37 °C, 250rpm) in liquid
LB medium supplemented with the appropriate antibiotics. The plasmids were
extracted using the Nucleospin Plasmid kit (Machery-Nagel) and sequenced using
the Euronfins Mix2Seq sequencing kit (Eurofins Genomics) according to the

manufacturer’s instructions.

The final constructs were introduced into Agrobacterium tumefaciens strain GV3101
carrying the pSoup plasmid (Rifamipcin and Gentamycin resistance) and grown on
plates containing LB medium supplemented with the appropriate antibiotics
(Rifampicin at 100 mg/L and Gentamycin at 10 mg/L). Bacteria transformed with
pCAMBIA1301 and Golden Gate L2 transcriptional fusions were also supplemented
with Kanamycin (50 mg/L) and for Golden Gate L1 Co-IP constructs were

supplemented with Carbenicilin (100 mg/L). Arabidopsis plants were transformed
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using the floral dip method (Clough and Bent, 1998). Plant transformants were
selected on plates containing MS medium supplemented with the appropriate
herbicide (Hygromycin (40 mg/L) for pCAMBIA1300 and pCAMBIA1301 and
Phosphinothricin (PPT/BASTA; 15 mg/L) for all other constructs). Survivors were
transferred to soil after 10 days. All primers and plasmids used for cloning can be

found in Appendix Il Table 3 and Appendix Il Table 4, respectively.

GUS histochemical assay

GUS assays were performed using 1mg/mL X-gluc substrate (5-bromo-4-chloro-3-
indolyl glucuronide, MELFORD laboratory) dissolved in DMSO. Inflorescences were
pre-treated with ice cold acetone for 1h at -20°C and subsequently washed twice for
5 min in 100mM sodium phosphate buffer and washed for 30 min in 200mM sodium
phosphate buffer containing 1mM Kz and K4 at room temperature. Samples were then
stained in staining solution for 2-16 hours at 37°C in the dark. Staining was checked
every 2 hours during the first 6 hours. After staining the samples were washed twice
with water and incubated in 70% ethanol at room temperature until all chlorophyll was
removed from the samples. Finally, gynoecia were dissected, mounted in chloral

hydrate solution (Sigma), and imaged using a Leica DM6000 light microscope.

Scanning Electron Microscopy

SEM samples were prepared, and SEM was performed as described in Chapter 2.

Confocal Microscopy

All confocal images were taken in 8-bit format using a Leica SP5 confocal microscope
(equipped with an Argon krypton laser and two HyD detectors (Leica Microsystems))
with 20x numerical aperture (NA) water-immersion objective. The pinhole was
equivalent to 1x airy disk diameter. GFP was excited at 488nm and Venus at 515nm.
GFP emissions were detected between 497 and 551 nm and Venus emissions were

detected between 525 and 600nm.
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Co-Immunoprecipitation

For co-immunoprecipitation, ETT-FLAG was generated using Golden Gate cloning by
recombining a previously described LO clone for ETT (Simonini et al., 2016) with a
35S promoter (AddGene #50266), a C-terminal 3XFLAG epitope (AddGene #50308)
and a Nos-terminator (AddGene #50266) into a L1 vector (AddGene #48000). DEK3
and VRN2 coding sequences were clones using the Golden Gate methods into LO
(AddGene #47996) and combined with a 35S promoter (AddGene #50266), a C-
terminal 4xMyC epitope (AddGene #50310) and a Nos-terminator (AddGene #50266)
into a L1 vector (AddGene #48000). The pGWB14 TPL-HA construct was provided
by Prof. Salomé Prat (Centro Nacional de Biotecnologia-CSIC, Madrid, Spain). The
epitope-tagged proteins were transiently expressed in four-week-old N. benthamiana
leaves for two days. Co-immunoprecipitation was performed as described previously
(Chung et al., 2019). Briefly, 1g of fresh leaf tissue was harvested and ground in liquid
nitrogen. The powder was homogenized for 30 min in two volumes of extraction buffer
(10% glycerol, 25mM Tris-HCI pH 7.5, 1mM EDTA, 150mM NacCl, 0.15% NP-40, 1mM
PMSF, 10mM DTT, 2% Polyvinylpyrrolidone, 1x cOmplete Mini tablets EDTA-free
Protease Inhibitor Cocktail (Roche)). The homogenized samples were cleared by
centrifugation at 14,000 x g for 10 min, and cleared lysates were incubated for 2 hours
with 20 pl anti-FLAG M2 magnetic beads (SIGMA-ALDRICH, M8823; lot: SLB2419).
The beads were washed five times with IP buffer (10% glycerol, 25mM Tris-HCI pH
7.5, 1ImM EDTA, 150mM NacCl, 0.15% NP-40, 1ImM PMSF, 1mM DTT, 1x cOmplete
Mini tablets EDTA-free Protease Inhibitor Cocktail (Roche)) and proteins were eluted
by adding 80 pl 2x SDS loading buffer followed by an incubation at 95 °C for 10 min.
The eluates were analysed by western blot using an anti-FLAG antibody (M2, Abcam,
ab49763, Lot: GR3207401-3), an anti-MyC antibody (9E10, Abcam, ab62928, Lot:
GR3208762-2) or an anti-HA antibody (Abcam, ab173826, Lot: GR3255539-1). All
antibodies were used as 1:10000 dilutions. The antibodies were validated by the
manufacturer.
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Statistical analyses and replication

In all graphs, error bars represent the standard deviation of the mean for all numerical
values. gPCR experiments have been carried out at least in triplicate. The data
presented here show an average of three replicates. Data were analysed using one-
way ANOVA with post-hoc Tukey multiple comparison test. Statistical tests were
carried out using GraphPad Prism Version 5.04 (La Jolla California USA,

www.graphpad.com).

103


http://www.graphpad.com/

The ETT-interactome reveals interaction with chromatin modifying complexes

104



Chapter 4

ETTIN regulates transcription via auxin-
sensitive interactions with TOPLESS co-
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Introduction

In the previous chapters, | have shown that ETT-mediated auxin signalling has a
central role in regulating the local chromatin environment (Chapter 2 and Chapter 3).
During gynoecium development the specific histone modifications that dictate
chromatin state depend on ETT. Seemingly, ETT acts as an interaction platform to
bring various chromatin-modifying complexes to its target loci (Chapter 2 and Chapter
3). Chapter 3 identified TPL as an interacting partner of ETT. Moreover, the
interaction between ETT and TPL was auxin-sensitive raising several questions about
how the two proteins interact and how they co-operatively mediate auxin signalling
and modulate the local chromatin environment. This chapter explores the mechanism
by which ETT and TPL interact and the consequences of this interaction on the
regulation of ETT-target genes. | hypothesise that low levels of auxin maintain ETT
associations with TPL at target loci to repress gene expression, whereas, when
nuclear auxin levels are high, TPL disassociates from ETT, leading to de-repression
of ETT-target genes. The mechanism presented here may not be exclusive to the

ETT and TPL pair but may play a more general role in non-canonical auxin signalling.

Differential gene expression is essential for organisms to respond adequately to their
surroundings and underpins the accurate execution of developmental programs. It is
becoming increasingly evident that most genes are subject to context-dependent
regulation and switch between active and repressed states (Kagale and
Rozwadowski, 2011; Krogan et al., 2012). Hence, transcriptional repression is a
critical mechanism regulating many eukaryotic developmental pathways. To
effectively repress transcription at a gene locus, co-repressors, which are incapable
of direct DNA binding, are recruited by DNA-binding transcription factors. Numerous
eukaryotic co-repressors have been identified including Tupl in yeast, and
Groucho/TLE in Drosophila and humans respectively (Buscarlet and Stifani, 2007).

The Arabidopsis genome encodes several Groucho/TLE-like gene families including
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the TOPLESS/TOPLESS RELATED (TPL/TPR) family that consists of TOPLESS
(TPL) and its four homologs TOPLESS RELATED 1-4 (TPR1-4) (Kagale et al., 2010;
Kagale and Rozwadowski, 2011). TPL/TPR proteins achieve transcriptional
repression of gene expression through complex formation with HISTONE
DEACETYLASE 19 (HDA19) (Krogan et al., 2012; Zhu et al., 2010). Across kingdoms
Groucho/TLE-like co-repressors have been identified as protein-protein interaction
hubs that bring together several proteins to form repressor complexes (Buscarlet and
Stifani, 2007; Mosimann et al., 2009). These complexes can contain diverse classes
of proteins but the recruitment of histone deacetylases (HDACS) is a common feature
for all organisms in which Groucho/TLE-like proteins were studied (Buscarlet and
Stifani, 2007; Jennings and Ish-Horowicz, 2008; Kagale and Rozwadowski, 2011;
Sekiya and Zaret, 2007). Groucho/TLE homologs in animals act as important
regulators of several signalling mechanisms and are best understood for their role in
the Wingless/Wnt signalling pathway. Wnt is an essential morphogen in animal
embryonic development (Gammons and Bienz, 2018; van Amerongen and Nusse,
2009). Wnt signalling occurs when a Wnt protein ligand binds a plasma-membrane
bound receptor. Binding of Wnt to its receptor mediates translocation of the cytosolic
[3-catenin protein to the nucleus, where it binds the TCF transcription factor to activate
target genes. Binding of 3-catenin to TCF displaces chromatin-repressive factors,
including Groucho/TLE. Moreover, the binding of 3-catenin to TCF leads to the
activation of chromatin reconfiguring factors that overcome repression
(Chodaparambil et al., 2014; Gammons and Bienz, 2018; Mieszczanek et al., 2008;

Mosimann et al., 2009; van Tienen et al., 2017).

Despite limited sequence homology, Groucho/TLE co-repressors in all eukaryotes
contain shared evolutionarily conserved structural features (Buscarlet and Stifani,
2007; Martin-Arevalillo et al., 2017). Accordingly, the N-terminal GIn-rich (Q) domain

and the C-terminal Trp-Asp-repeats (WD40) are present in all eukaryotic
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Groucho/TLEs including TPL/TPRs. These domains are essential for interaction with
a variety of proteins, including transcription factors and HDACs. Furthermore, the N-
terminal Q-rich domain mediates the formation of tetrameric Groucho/TLE
complexes, the active form of Groucho/TLE co-repressors (Chambers et al., 2017,
Chodaparambil et al., 2014; Jennings and Ish-Horowicz, 2008; Jennings et al., 2006;
Jennings et al., 2008; Sekiya and Zaret, 2007). Plant Groucho/TLE-like proteins also
share an N-terminal LisH (for Lis1-homologous) domain, as well as a “C-terminal to
LisH” (CTLH) domain and a CT11-RanBPM (CRA) domain. These domains promote
protein-protein interaction (Cerna and Wilson, 2005; Jennings and Ish-Horowicz,

2008; Martin-Arevalillo et al., 2017).

TPL/TPR co-repressors were originally identified as key factors involved in setting up
the apical-basal growth axis during embryo development (Long et al., 2006;
Szemenyei et al., 2008). Several studies suggest that the five Arabidopsis TPL/TPRs
are redundantly involved in the repression genes in nearly all plant hormone signalling
pathways, and consequently have roles throughout plant development (Akiko et al.,
2012; Causier et al., 2012; Espinosa-Ruiz et al., 2017; Krogan et al., 2012; Kwon et
al., 2012; Long et al., 2006; Pauwels et al., 2010; Pi et al., 2015; Szemenyei et al.,
2008; Zhu et al., 2010). Recent crystallization studies have identified that the
Ethylene-responsive element binding factor-associated Amphiphilic Repression
(EAR) motif (LxLxL), present in many transcriptional regulators physically interacts
with the N-terminal CTLH domain of TPL (Ke et al., 2015; Martin-Arevalillo et al.,

2017).

It is well established that Aux/IAA transcriptional repressors form complexes with
TPL/TPR co-repressors through their N-terminal EAR-motif (Ke et al., 2015; Martin-
Arevalillo et al., 2017). Aux/IAA proteins are central components of canonical auxin
signalling, and act as transcriptional repressors of auxin responsive genes by binding

to Auxin Response Factors (ARFs) when auxin levels are low (Kato et al., 2018;
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Kelley and Estelle, 2012; Leyser, 2018). Increasing levels of auxin enhance the
interaction of Aux/IAA proteins with TIR1/AFB auxin co-receptors. Interaction with
TIR1/AFB-proteins leads to Aux/IAA ubiquitination and subsequent degradation, thus
relieving the repression of ARF-target loci (Kelley and Estelle, 2012). Interestingly,
some ARFs can interact with TPL/TPR proteins directly through EAR-motifs within
their protein sequence, suggesting that TPL/TPRs can modulate auxin response
repression in two distinct manners. It was suggested that direct TPL/TPR-ARF
interactions can attenuate auxin signalling independently of auxin levels (Causier et
al., 2012; Choi et al., 2018). However, this is speculative since the effect of auxin on
TPL/TPR-ARF interactions has not yet been evaluated, and the capacity of ARFs to
interact directly with TPL/TPR-co-repressors remains to be determined

systematically.

In the previous chapter, | found that the non-canonical ARF, ETT, can interact with
TPL directly. Moreover, the application of auxin disrupts the TPL-ETT interaction. It
is not yet known if ETT can interact with other members of the TPL/TPR family, and
the residues responsible for ETT-TPL/TPR interactions remain elusive. ETT is not
among the list of ARFs which are known to contain an EAR-motif, and therefore ETT
possibly interacts with TPL via an alternative peptide motif. Since the mechanism of
interaction remains unknown, it would be interesting to evaluate which region of the
TPL protein mediates the ETT-TPL interaction. Chapter 2 found that auxin increases
histone acetylation at the HEC1 and PID loci, which correlates with the up-regulation
of these genes. Since TPL/TPRs have been implemented in histone deacetylation
and transcriptional repression, the auxin-sensitive interaction of ETT with TPL
suggests that these two proteins are key components of the non-canonical auxin
signalling pathway. This leads to the hypothesis that low levels of auxin maintain ETT
associations with TPL at target loci to repress gene expression via histone

deacetylation. As auxin levels increase, TPL disassociates from ETT and histone
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deacetylase activity is lost, leading to de-repression of ETT-target genes. In such a
mechanism ETT and TPL would act as an auxin co-receptor pair mechanistically

reminiscent to the components of Wnt signalling.

This chapter attempts to test this hypothesis, and to shed light on how ETT and TPL
function as key components of the non-canonical auxin signalling pathway to regulate

auxin responsive gene expression in the context of gynoecium development.

Results

ETT interacts with several TPL/TPR family members via a C-terminal
repressive motif

Using the Geneious software, a phylogenetic analysis of ETT protein sequences
across the angiosperm phylum was carried out to understand how ETT interacts with
TPL/TPRs. This analysis identified several regions that are highly conserved (Figure
4.1 a). Unsurprisingly, the N-terminal DNA-binding domain characteristic of B3-type
TFs, such as ARF proteins, was conserved in ETT across all species. Towards the C
terminus of the ES domain an RLFGF-motif with a particularly high level of
conservation was identified (Figure 4.1 a). RLFGF-motifs have been described as
repressive motifs that - like EAR-motifs - can facilitate interactions with co-repressors
such as TPL (Causier et al., 2012). The classical EAR-motif (LxLxL) can be found in
Aux/IAAs and some ARFs (e.g. ARF2; Causier et al., 2012; Choi et al., 2018).
Interactions between Aux/IAAs and members of the TOPLESS and TOPLESS-
RELATED (TPL/TPR) family of co-repressors occurs via this motif (Szemenyei et al.,
2008). TPL/TPRs mediate their repressive effect by attracting histone deacetylases

(HDACs; Krogan and Long, 2012).
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Figure 4. 1: ETT interacts with members of the TPL/TPR co-repressor family via a conserved
repressive motif. (a) Alignment of ETT protein sequences of 22 species identified a conserved
repressive motif (RLFGF) at its C-terminal domain. (b) ETT interacts with several members of
the TPL/TPR co-repressor family in Y2H. The repressive motif mediates the interaction as
mutating the motif disrupts complex formation (negative controls can be found in Appendix IlI
Figure 1).

Since ETT functions independently of the canonical auxin signalling pathway, it is
possible that its effect on the local chromatin environment occurs via direct interaction
with TPL/TPRs via the RLFGF-motif. The previous chapter found that ETT interacts
with TPL in an auxin sensitive manner. It is well-known that the five members of
TPL/TPR family act redundantly. To test whether ETT also interacts with other family
members, | carried out Yeast 2-Hybrid (Y2H) assays screening for interaction
between ETT and all five TPL/TPRs. In this screen ETT was found to interact with

TPL, TPR2 and TPR4 (Fig. 4.1 b). Next, two highly conserved residues within the
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repressive motif were mutated (RLEGF to RSSGF). Mutating these residues
abolished the interactions demonstrating its requirement for the ETT-TPL/TPR

interaction (Figure 4.1 b and Appendix |1l Figure 1).

The repressive motif and the capability to interact with TPL/TPR family
members is conserved across class B ARFs but not class A and C ARFs

ETT interacts with TPL/TPR co-repressors via an RLFGF motif that is conserved
among ETT proteins across the angiosperm phylum. An interesting question is
whether this RLFGF motif is specific to ETT or whether it is a general feature of ARF
proteins.

Phylogenetically, ARF proteins are classified into three distinct clades, A, B and C
(Finet et al., 2013; Finet et al., 2010; Mutte et al., 2018). Transactivation assays have
demonstrated that class A and class B ARFs may function as transcriptional
activators and repressors, respectively (Ulmasov et al.,, 1999a). Although not
supported experimentally, class C ARFs have traditionally been classified as
transcriptional repressors. However, the role of class C ARFs in auxin response is
under debate as recent studies imply that they do not function in auxin responsive
gene regulation (Mutte et al., 2018). In canonical auxin signalling, ARFs interact with
Aux/IAA repressor proteins which in turn recruit TPL/TPRs to carry out the repressive
function under low nuclear auxin concentrations. Thus, this pathway relies on the
physical interactions of AUX/IAAs with ARFs through the PB1 domain to recruit TPL-
containing repressive complexes to ARF target sites. However, interaction studies
showed that not all ARFs can interact with Aux/IAAs. Moreover, it is mainly the class
A ARFs that can interact with almost all Aux/IAAs while class B ARFs interact with
none or a limited number of Aux/IAAs (Piya et al., 2014; Vernoux et al., 2011). Some
ARFs have been shown to directly interact with TPL without the aid of Aux/IAAs
(Causier et al., 2012; Causier et al., 2014). Whilst some ARFs contain an EAR-motif

that facilitates the interaction with TPL (Causier et al., 2012; Choi et al., 2018), the
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mode of interaction for other ARFs is yet to be understood. To evaluate how common
the RLFGF-motif that is required for interaction between ETT and TPL is among
ARFs, | compared all 23 ARFs in Arabidopsis by protein sequence alignment
generated using the MEGA 7 software. The alignment was used to generate the ARF
gene tree. As expected, class A, B and C ARFs formed three distinct clades (Figure
4.2 a). While an LFG-core motif was conserved among almost all ARFs, the flanking
amino acids differed considerably. The full RLFGF-motif was only found in several
class B ARFs. Interestingly, some class B ARFs have variants of this motif in which
the first Arginine (R) was substituted with a Lysine (K), or the Phenylalanine (F) at the
fifth position was substituted for a Valine (V) or Isoleucine (I). To test whether the
LFG-core motif is sufficient for ARF-TPL interaction, representative ARFs
(ETT/ARF3, ARF4, MONOPTEROS (MP)/ARF5, ARF6 and ARF16) that vary in the
amino acids flanking the core LFG were screened by Y2H against the TPL/TPR
family. Remarkably, only the class B ARFs ETT (RLFGF) and ARF4 (KLFGV) were
able to interact with TPL/TPR family proteins (TPL, TPR2, TPR4) while neither class
A ARFs, MP (CLFGN), ARF6 (LLFGV) nor the class C ARF, ARF16 (VLFGK) showed
interaction (Figure 4.2 b). The ARFs tested all share the LFG-core motif but vary in
their amino acid composition at the first and fifth position of the motif. Variation on the
fifth position is shared between the three classes, making it impossible to distinguish
between them at this position. In contrast, class B ARFs have a positively charged
amino acid at the first position while positively charged residues are not present in
the corresponding position of other ARFs. This leads to the hypothesis that a
positively charged amino acid in position one of the motif, such as the Arginine (R) or
Lysine (K) found in class B ARFs, is required for TPL/TPR interaction. To test this,
the Arginine (R) in ETT was mutated to a Leucine (L) and the mutated version was
screened for interaction with TPL/TPRs by Y2H (Figure 4.2 ¢ and Appendix Il Figure
2). Surprisingly, the interaction between TPL/TPRs and the mutated ETT version was
not abolished, but strongly reduced, suggesting that a positively charged amino acid
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at the first position of the motif stabilises the interaction but is not required for it.
Moreover, the results suggest that in addition to the R/KLFGF/V/I-motif other residues
in the protein may support or interfere with ARF-TPL complex formation.

Together, the results imply that interaction with TPL/TPR is not specific to ETT but a

general feature of class B ARFs that might be important for auxin responsive gene

regulation.
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Figure 4. 2: Only Class B ARFs interact with members of the TPL/TPR co-repressor family via
a conserved repressive motif. (a) the phylogenetic tree of all 23 Arabidopsis ARF protein
sequences identified that the core of the repressive motif (LFG) is conserved among all ARF
classes. However, the complete motif is only present in class B ARFs. Motifs are highlighted
with sequence logos. (b) Representative ARFs of each class (indicated by * in a) were tested
for interaction with members of the TPL/TPR co-repressor family in Y2H. Only class B ARFs
can interact with several TPL/TPR family members. (c) a positively charged amino acid at the
first position of the motif contributes to interaction strength. Mutating this position, however,
does not disrupt the interaction but reduces interaction strength (supporting panels can be
found in Appendix Il Figure 2).

TPL interacts with the RLFGF-motif via its C-terminal region
In the previous sections, ETT was found to interact with TPL, TPR2 and TPRA4.
Moreover, mutating residues in the evolutionarily conserved RLFGF-motif abolished

the interactions, demonstrating its requirement for the ETT-TPL/TPR interaction.
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Several studies have established that the N-terminal CTLH domain of TPL/TPR
proteins (Figure 4.3 a) is responsible for interaction with the EAR-motif (Ke et al.,
2015; Martin-Arevalillo et al., 2017). By contrast, no domain mapping has been
carried out for interaction with RLFGF-motifs. Given the structural differences
between the LxLxL (EAR) motif and the RLFGF motif, | hypothesise that they may
interact with different regions of TPL. To test this hypothesis, TPL was truncated into
three different regions, two for the N-terminal part and one for the C-terminal part,
and the ability of the fragments to interact with full length ETT, the ES domain alone,
or the ES domain carrying the mutated RLFGF motif (ES.>s; r->s) Was tested using
Y2H. The N-terminal truncations, TPLi.1gs and TPLi202 are identical to the TPL
fragments that were previously used to solve the crystallographic structure of the
Arabidopsis TPL N-terminal region (Martin-Arevalillo et al.,, 2017). This region
contains the LisH and CTLH domains which are important for TPL tetramerization
and interaction with EAR-motifs respectively. The third fragment includes the entire
C-terminal region of TPL (TPL1ss.1131). As expected, ETT and the wildtype ES domain
were able to interact with the full length TPL, whilst ES|ss. r>s could not (Figure 4.3
b). In contrast, ETT and the wildtype ES domain did not interact with the two N-
terminal TPL fragments but could interact with the C-terminal TPL1gs-1131 region, whilst
ES.->s; r>s did not interact with any TPL fragments, indicating that interaction between

the TPL C-terminal fragment and ETT is mediated by the RLFGF motif (Figure 4.3 b).

The C-terminal region of TPL consists of 15 WD40 repeats. To further fine-map the
RLFGF-interaction domain a series of truncations of the TPL C-terminal region were
generated. Each construct encoded 6 WD40 repeats in such a way that constructs
overlapped one another by at least one WD40 repeat (TPL1ss.634, TPLsgs-014, TPLg7a-
1131). Testing the interaction between the C-terminal fragments and the three ETT

fragments showed that only TPL1ss.634 Can interact with ETT and ES, but not with ES,.
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>s;F->s. This suggests that the TPL1ss.634 region is responsible for RLFGF-motif binding

in TPL-ETT interactions (Figure 4.3 b).
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Figure 4. 3: ETT interacts with TPL via a region in the C-terminal part of the protein. (a)
Schematic representation of the TPL protein highlighting the proteins domains and their
position. (b) TPL interacts with ETT via a C-terminal region TPLisse3s but not with the
previously described CTLH domain that mediates interaction with EAR-motifs. ETT interacts
with the C-terminal region of TPL via a RLFGF-motif within the ETTIN specific (ES) domain.

Remarkably, the results presented here for TPL binding to the RLFGF motif of ETT
are in agreement with the results of a study that characterised the interaction of REL2
(Liu et al., 2019). RELZ2 is a member of the TOPLESS family in maize (Zea mays) that
interacts with RLFGV- and DLN-type motifs (Gallavotti et al., 2010; Liu et al., 2019).
Like the RLFGF-TPL interaction in Arabidopsis, RLFGV- and DLN-type motifs in
maize interact with the C-terminal WD40 domain of RELZ2 rather than the N terminus.
By screening the REL2 mutant germplasm Liu and co-workers were able to identify
an allele that carried a Glycine (G) to Aspartate (D) substitution at position 368
(G368D). Y2H and Co-IP showed that the mutation of this G368 residue was sufficient
to abolish REL2-RLFGV and REL2-DLN interaction. Interestingly, the G368 residue
is highly conserved between ZmREL2 and AtTPL/TPRs (Appendix Il Figure 3).
Structural homology modelling showed that the loop region containing the G368

residue lies in the B-propeller 1 region of Groucho/TLE co-repressors which most
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commonly mediate protein interactions in WD40 proteins (Buscarlet and Stifani, 2007;

Jennings and Ish-Horowicz, 2008; Liu et al., 2019).

Altogether, the finding that TPL interacts with the RLFGF-motif in ETT via its C-
terminal WD40 domains is analogous to the binding of its homolog in maize REL2 to
RLFGV-motifs. Moreover, it is highly analogous to the TF motif binding by the WD40
domain of Groucho/TLE corepressors in animals, implying an even deeper level of
mechanistic convergence (Buscarlet and Stifani, 2007; Jennings and Ish-Horowicz,

2008; Liu et al., 2019).

ETT-TPL/TPR interactions are specifically sensitive to IAA and not to other
auxins

Chapter 3 showed that ETT-TPL interactions are sensitive to IAA in Y2H. This auxin-
sensitivity has previously been described for other ETT-protein interactions as
specific to the naturally occurring auxin, Indole-3-acetic acid (IAA) (Simonini et al.,
2016). To test whether this is also the case for the ETT-TPL interaction, the effect of
three auxinic compounds, IAA, 1-Naphthaleneacetic acid (NAA), and 24-
Dichlorophenoxyacetic acid (2,4-D) were tested. Benzoic acid (BA), which is
chemically related to auxin was used as a negative control. Y2H assays showed that
2,4-D and BA did not affect the interaction, while IAA completely abolished it (Figure
4.4 a). Interestingly, NAA appeared to reduce the interaction to an intermediate level.
However, testing IAA and NAA in ONPG assays showed that only the effect of IAA,
but not of NAA, was significant compared to a mock treatment (Figure 4.4 a, b). Thus,
in agreement with previous results for other ETT-protein interactions, the sensitivity
of the ETT-TPL interaction was specific to IAA as other auxinic compounds tested did

not show this effect. Henceforth, ‘auxin’ will refer to IAA unless stated otherwise.

Supplementing yeast medium with 100 uM auxin completely abolishes the interaction
between ETT and TPL. However, it is not clear whether lower auxin concentrations

affect the interaction. To evaluate this, the ETT-TPL interaction was treated with auxin
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concentrations ranging from 0 uM to 100 uM in Y2H assays. Unsurprisingly, the ETT-
TPL interaction was completely abolished at 100 puM auxin but interestingly, a mild
reduction was already observed at 25 uM IAA (Figure 4.4 c). Generally, interactions
were reduced with increasing IAA concentrations. Even though supplementing auxin
to the yeast growth medium is a suitable method to quickly screen the effects of auxin
on an interaction, it does not reflect the in planta situation and has two main issues.
Firstly, it is unclear how much auxin is taken up by the yeast cell. Secondly, yeast
needs to be incubated at 28°C for several days to observe growth and it is unknown
how much active auxin is still present in the growth medium after days of incubation
due to chemical decay. Both issues may lead to an overestimation of the auxin
concentration needed to disrupt auxin-sensitive interactions. To overcome these
problems, co-immunoprecipitation (Co-IP) experiments, like those described in
Chapter 3, were carried out with the addition of auxin to the IP and washing buffers
in concentrations ranging from O0- 50 uM. Strikingly, the ETT-TPL interaction was
reduced with increasing IAA concentrations, and is almost completely abolished at 25
UM auxin, and higher auxin concentrations have no further effect (Figure 4.4 d). To
ensure that the dissociation was due to the addition of IAA, a similar experiment using
NAA was performed as a negative control. As expected, none of the NAA

concentrations tested affected the ETT-TPL interaction (Figure 4.4 e).
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Figure 4. 4: Interaction between ETT and TPL, TPR2 and TPR4 is auxin-sensitive and specific
to IAA. (a) Y2H to test specificity of auxin-sensitivity using BA, 1AA, NAA, and 2,4D in a yeast
growth assay. The data suggest that the auxin-sensitivity observed is 1AA-specific. (b) Y2H
based ONPG assay measuring the (-galactosidase activity as a measure of interaction
strength showing that the interaction between ETT and TPL is insensitive to NAA. ***p
<0.0001; Shown are mean * standard deviation of three biological replicates. (¢) In Y2H
increasing concentrations of IAA lead to reduction of yeast growth abolishing the interaction
between ETT and its partners. The interactions are, therefore, auxin-sensitive. (d) Co-IP
revealed that ETT interacts with TPL in an auxin-sensitive manner. Increasing concentrations
of IAA weaken the interaction. (e) Co-IP confirms that NAA has no effect in the ETT-TPL
interaction strength.
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In summary, like other ETT-protein interactions, the auxin-sensitivity of ETT-TPL
interactions is specific to IAA as other auxinic compounds did not affect the
interaction. In both Y2H and in Co-IP experiments, the interactions were reduced with
increasing IAA concentrations (Figure 4.4). These results indicate that in conditions
with low auxin levels, ETT can interact with TPL/TPR proteins to repress the
expression of target genes. An increase in cellular auxin levels causes ETT to bind
auxin (as described in Chapter 2) thereby undergoing a conformational change that

abolishes interaction with TPL/TPR co-repressors.

ETT and TPL co-operatively recruit HDA19 to regulate gene expression during
gynoecium development

TPL was originally identified as a key factor involved in setting up the apical-basal
growth axis during embryo development (Long et al., 2006; Smith and Long, 2010).
Large-scale interaction studies suggest that the five Arabidopsis TPL/TPRs have
roles throughout plant development (Causier et al., 2012; Krogan et al., 2012). Whilst
ETT has been implicated in a wide array of developmental processes (Garcia et al.,
2006; Kelley et al., 2012; Marin et al., 2010; Pekker et al., 2005), the most dramatic
phenotypes of ett loss-of-function mutants are observed during gynoecium
development (Nemhauser et al., 2000; Sessions et al., 1997; Sessions, 1995). In
support of this, ETT is highly expressed in the gynoecium (Figure 4.4 a). To test if
their expression domains overlap with ETT expression in the gynoecium, reporter
lines of TPL, TPR2 and TPR4 promoters fused to the GUS reporter gene were
generated. Both pTPL:GUS and pTPR2:GUS exhibited strong expression in the
apical part of the gynoecium where ETT is also expressed, while no pTPR4:GUS
expression was observed (Figure 4.5 a-d). Next, expression of all TPL/TPR family
members was examined using gPCR to confirm their expression. The result showed
that TPL and TPR2 but not TPR1, TPR3 and TPR4 are indeed expressed in the
gynoecium (Figure 4.5 e).
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This indicates that TPL and TPR2 are the primary members of the TPL/TPR2 family
present during gynoecium development. A loss-of-function analysis would shed more
light on this, and T-DNA insertion lines in the TPL and TPR2 genes were obtained
and genotyped (Alonso et al., 2003). The SALK 034518 line carried a homozygous
T-DNA insertion in the twelfth exon of the TPL gene and will be referred to as the tpl
mutant. T-DNA insertion lines that were received for insertion within the TPR2 turned

out not to contain any insertions and were therefore not suitable for analysis.
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Figure 4. 5: ETT, TPL and TPR2 but not TPR4 are expressed in the style of the developing
gynoecium. (a-d) Expression analysis of pETT:GUS (a), pTPL:GUS (b), pTPR2:GUS (c) and
pTPR4:GUS (d) revealed that ETT, TPL and TPR2 but not TPR4 are expressed in the
Arabidopsis style. Scale bar = 300 ym. (e) Expression analysis using qPCR in wild type
gynoecia revealed that TPL and TPR2 are more strongly expressed than TPR1, 3 and 4. In
panel e, a and b indicate significant difference p-Value <0.0001; Shown are mean + standard
deviation of three biological replicates.

To obtain a tpr2 mutant allele, | decided to use CRISPR/cas9 genome editing in Col-
0 and tpl backgrounds to obtain single and double mutants. As a result, one single

and one double mutant allele was produced (Figure 4.6 a, b). The mutant alleles were
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named tpr2°5! and tpr2°?, where “GE” stands for “genome edited”. The tpr2¢t?!
allele contains a 611 bp deletion leading to a premature stop codon after 160 amino

acids (Figure 4.6 a).
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Figure 4. 6: TPR2 mutant alleles generated using CRISPR/Cas9 in wild type and tpl
background. (a) the tpr26&1 allele shows a 611 bp deletion spanning across exon 5 and 6
generating a premature stop codon at the beginning of exon 7 (purple). The location of the
guideRNAs within the TPR2 gene are indicated in red. tpr2®&-1 shows reduced plant height
when compared to wild type (Col-0). Scale bar = 10 cm. (b) the tpr2©&-2 allele shows a 1 bp
insertion in exon 5 generating a premature stop codon in the same exon (purple). The location
of the guideRNAs within the TPR2 gene are indicated in red. tpl tpr2¢&2 shows reduced plant
height when compared to wild type (Col-0). Scale bar = 10 cm.

In contrast, tpr252 was generated in the tpl background and is a tpl tpr2 double
mutant. The tpr2°c2 allele has a single bp insertion in exon 5 that leads to a frame
shift and subsequently to a premature stop codon after 186 amino acids (Figure 4.6
b). The location of the premature stop codon makes both mutant alleles especially

useful for studying their role in gynoecium development because they only encode
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the N-terminal LisH and CTLH domains but not the C-terminal region that is essential

for interaction with ETT.

Phenotypically, tpr2°E* and tpl tpr2°E2 exhibit reduced plant height compared to wild
type indicating that TPL/TPR proteins may not be fully redundant but might have

specific functions in certain developmental contexts (Figure 4.7).

Despite having a slightly reduced plant height when compared to wildtype or ett
mutant (Figure 4.7 a), single loss-of-function mutants in TPL and TPR2 do not show
any abnormal phenotypes during gynoecium development (Figure 4.7 b-d). However,
the tpl tpr2°52 double mutant has defects in the development of the apical gynoecium

similar to ett mutants (Figure 4.7 e, f).

TPL and homologs have been shown to recruit the histone deacetylase, HDA19,
during early Arabidopsis flower development to keep chromatin in a repressed state
(Krogan et al., 2012). HDA19 is seemingly also required for gynoecium development
as the hdal19-4 mutant has strong style defects (Figure 4.7 g). In agreement with this,
the HDA19 gene was highly expressed in gynoecium tissue, whereas another
member of the HDA gene family that has previously been implemented in flower
development, HDAG, was not expressed (Figure 4.7 h). HDA19 recruitment likely
involves ETT, since expression of the ETT target genes, PID and HEC1, are

increased in ett-3, tpl tpr2©&2

and hdal9-4 mutants compared to wildtype, with auxin
treatment failing to further induce expression in these mutants (Figure 4.7 i, j).
Together with the protein interaction data, these observations suggest that ETT,

TPL/TPR2 and HDA19 function cooperatively to promote gynoecium development.
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Figure 4. 7: ETT, TPL/TPR2 and HDA19 co-operatively regulate gene expression to facilitate
gynoecium development. (a) tpl, tpr26E1 and tpl tpr26&2 show reduced plant height when
compared to wild type (Col-0) and ett-3. Scale bar = 10 cm. (b-g) Gynoecium phenotypes of
wild type (b), tpl (c) tpr2GE1 (d), tpl tpr2G&2 (e), ett-3 (f) and hdal9-4 (g). Scale bar = 100 ym.
(h) Expression analysis using gPCR in wild-type gynoecia showed that HDA19 exhibits higher
expression compared to HDAG. (i-j) HEC1 (i) and PID (j) are constitutively mis-regulated in
ett-3, tpl tpr2¢E- and hdal9-4 gynoecia. This mis-regulation is unaffected by treatment with
100 pM IAA. **p-Values<0.01; ***p-Values<0.0001 ; Shown are mean * standard deviation of
three biological replicates.

To test the direct interaction of ETT, TPL and HDA19 on chromatin, GFP-tagged

translational reporter lines were obtained for all three proteins. Protein enrichment at
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ETT binding sites within the HEC1 and PID loci was evaluated using Chromatin-

Immunoprecipitation (ChiP).
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Figure 4. 8: ETT, TPL and HDA19 co-operatively regulate HEC1 and PID by modulation of
chromatin acetylation. (a) Chromatin immunoprecipitation (ChlP) shows ETT, TPL and HDA19
binding to conserved regions of HEC1 and PID loci. WUSCHEL served as negative control
(NC). (b, c) H3K27ac accumulation (from ChIP analysis) along the HEC1 (b) and PID (c) loci
in wild type (Col-0) and ett-3 plants * treatment with 100 uM IAA. Numbers on the x axes
indicate distance to the Transcription Start Site (TSS). The schematics of the loci are shown
below each panel. Dashed boxes represent ETT binding regions (identical with regions
presented in (a). The data presented in (b and c) have also been presented in Chapter 2
Figure 2.5 (e, f) and are shown here for convenience.

Although only ETT has a DNA-binding domain (DBD) and is, therefore, the only
protein expected to bind DNA, ChlPgpcr revealed that all three proteins associate with
DNA elements (Fig. 4.8 a). Moreover, they associate to the same regions of the
promoters of PID and HEC1 that have been identified as ETT binding regions
previously (Chapter 2; Simonini et al., 2017; Simonini et al., 2016). This result
supports a model in which ETT recruits TPL/TPR2 and HDA19 to ETT target loci to
keep chromatin in a condensed state through histone deacetylation. When auxin
levels increase, the ETT-TPL/TPR2 interaction dissociates, presumably preventing

HDA19 recruitment leading to local loss of histone deacetylation. In Chapter 2, |
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assayed H3K27 acetylation at HEC1 and PID. The results show an increase in this
histone modification in the ett-mutant and upon treatment with auxin. Remarkably, if
comparing ETT, TPL and HDA19 occupancy with H3K27 acetylation across the
examined loci it becomes apparent that the strongest increase of H3K27 acetylation
occurred in the same regions of the PID and HEC1 promoters where the proteins
were otherwise found to associate (Figure 4.8 b, c). There was no further increase of
acetylation in the ett-3 mutant upon treatment with auxin (Figure 4.8 b, c and Chapter
2 Figure 2.5 e, f) supporting the hypothesis that ETT is mediating the association of

TPL/TPR and HDA19 with these regions.

Discussion
The data presented in this chapter provide molecular insights into how TPL and ETT
interact to co-operatively transduce auxin signals into changes in the local chromatin

environment, and subsequently regulate the expression of ETT target genes.

ETT interacts with TPL/TPR via a conserved repressive domain

The Yeast 2-Hybrid (Y2H) library screen presented in Chapter 3 identified TPL as a
protein that can interact with ETT in an auxin-sensitive manner. In Arabidopsis, the
TPL/TPR family has five members of which three members, TPL, TPR2 and TPR4
can interact with ETT. To find out how ETT interacts with TPL/TPR proteins a
phylogenetic analysis of ETT protein sequences across the angiosperm phylum was
carried out identifying a RLFGF motif at the C-terminus of the ES domain with a high
level of conservation. Similar to EAR-motifs, RLFGF sequences are repressive motifs,
which are common in plant transcription regulators. EAR motifs are also found in
Aux/IAA proteins and interactions between Aux/IAAs and members of the TOPLESS
and TOPLESS-RELATED (TPL/TPR) family of co-repressors occur via this motif
(Martin-Arevalillo et al., 2017). Mutating residues at the second and third position (L

to S; F to S) in the RLFGF motif of ETT abolished the interactions with TPL/TPRs
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demonstrating its requirement for this interaction. A phylogenetic analysis revealed
that ETT, which is an atypical ARF lacking the PBl-domain, appears after the
divergence of gymnosperms and angiosperms. ETT is therefore a specific ARF in
flowering plants (Finet et al., 2013). In agreement with this, the most dramatic
phenotypes of ett loss-of-function mutants are observed during gynoecium
development. To test if TPL-ARF interactions through the RLFGF-motif is specific to
ETT or could be a general feature of ARFs, all 23 Arabidopsis ARF protein sequences
were compared. Interestingly, a core LFG-motif was conserved in most ARFs,
however, class A and class C ARFs differed considerably in the flanking amino acids,
whilst the RLFGF motif was completely conserved in most class B ARFs with minor
synonymous amino acid changes. Y2H assays testing representative ARFs of each
class that differ in their LFG-containing motifs found that only class B ARFs interact
with TPL/TPRs. In this class of ARFs, a positively charged amino acid (R or K) is
conserved at the first position of the motif and is found in neither class A nor class C
ARFs. Rather than abolishing the interactions, mutation of the R/K residue only
reduced the strength of the interactions, suggesting a role for this amino acid in the
stabilization of ARF-TPL complexes. Finally, testing the auxin-sensitivity of ETT-
TPL/TPR interactions showed that interactions were reduced with increasing 1AA
concentrations. Moreover, as described previously for other ETT-protein interactions,
the sensitivity was specific to IAA as opposed to other auxinic compounds, which did

not show this effect when tested.

ETT interacts with aregion of the C-terminal WD40 domain in TPL

Canonical auxin signalling relies on binding of the auxin molecule to F-box proteins
of the TIR1/AFB family (Dharmasiri et al., 2005; Kepinski and Leyser, 2005). This
facilitates interaction with Aux/IAA transcriptional repressors, which become
ubiquitinylated and subsequently degraded by the 26S proteasome (Leyser, 2018).

When auxin levels are low, Aux/IAAs dimerise with ARFs to repress expression of
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ARF target genes via the recruitment of chromatin-modifying enzymes (Kelley and
Estelle, 2012; Leyser, 2018). Increased auxin levels therefore lead to the de-
repression of ARF-targeted loci by mediating the degradation of the Aux/IAA
repressors (Leyser, 2018). While this mechanism makes sense for activating ARFs
belonging to class A, it is not clear why repression would be required for repressive
ARFs. It cannot be assumed that repression of a repressor leads to activation since
the co-repressor proteins such as TPL that are recruited by Aux/IAAs have a
repressive effect in the local chromatin. Indeed, it is becoming increasingly evident,
that protein-protein interactions between ARFs and Aux/IAAs are limited to class-A
ARFs (Piya et al., 2014; Vernoux et al., 2011). Moreover, in class B ARFs the PB1
domain has been lost independently in various species during evolution of land plants
(Chandler, 2016). ARF proteins lacking a PB1 domain presumably act independent
from Aux/IAA repressors. Truncated versions of the class A ARFs MP, ARF7 and
ARF19 that artificially lack the PB1 domain were shown to confer gain-of-function
phenotypes and de-repressed auxin responsive genes, leading to the hypothesis that
ARFs that cannot interact with Aux/IAA regulate downstream genes in an auxin-
independent manner (Cho et al., 2013; Krogan et al., 2012). However, the ARFs used
in these studies are not capable of interacting with TPL/TPRs directly. In contrast to
that, class B ARFs, despite their inability to interact with Aux/IAAs, have been shown
to regulate genes in an auxin responsive manner (Chung et al., 2019; Finet et al.,
2013; Mutte et al., 2018; Simonini et al., 2017; Simonini et al., 2016). Consequently,
the canonical auxin signalling pathway fails to explain how these ARFs regulate their
downstream targets in response to auxin. Direct auxin-sensitive interactions between
class B ARFs and TPL/TPR-type co-repressors support the existence of a non-

canonical, Aux/IAA and TIR1/AFB independent auxin signalling pathway.

While several studies have established that the N-terminal CTLH domain of TPL/TPR

proteins mediates interaction with EAR peptides (Ke et al., 2015; Ma et al., 2017;
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Martin- Arevalillo et al., 2017), little is known about the domain required for interaction
with RLFG-motifs. A series of truncated TPL fragments were tested for interaction
with ETT. The results identified a region C-terminal of the EAR-interacting CTLH
domain that was sufficient to mediate interaction with the RLFG-motif. Interestingly,
the discovered region shows high conservation with a region that has recently been
characterised as an RLFG-interacting domain in REL2 (the TPL orthologue in Maize)
(Liu et al., 2019). In this study, Liu et al. identified a glycine residue (G368) that is
responsible for the interaction with RLFG-motifs. REL2 and TPL/TPRs belong to a
group of evolutionarily conserved Groucho/TLE co-repressors. Intriguingly, the G368
residue lies in the WD40 domain that forms the B-propeller 1 structure of
Groucho/TLE co-repressors, which is often found to mediate protein interactions and,
which is highly conserved among eukaryotes (Buscarlet and Stifani, 2007; Jennings
et al., 2008; Liu et al., 2019). Collectively, the several lines of evidence, presented
here and by others, indicate that TPL and homologs bind RLFG-motifs via a C-
terminal WD40 domain. This mode of interaction is highly analogous to the binding of
LxIxIL-motifs by WD40 domains of Groucho/TLE co-repressors in animals (Jennings
and Ish-Horowicz, 2008; Jennings et al.,, 2008) revealing a deeper level of
mechanistic convergence. Finally, the identification of an interaction domain at the C-
terminal region in addition to the known CTLH and LisH domains provides further
evidence to support the hypothesis that Groucho/TLE co-repressors provide a hub

for interaction with numerous proteins to form large protein complexes.

TPL/TPR and HDA19 are required for gynoecium development

Interaction between several members of the TPL/TPR family and ETT suggests a role
for these proteins in gynoecium development. Both pTPL:GUS and pTPR2:GUS
exhibited strong expression in the apical part of the gynoecium where ETT is also
expressed. Presumably due to redundancy, single loss-of-function mutants in TPL

and TPR2 did not show any obvious abnormal phenotypes during gynoecium
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development. However, the tpl tpr2 double mutant has defects in the development of
the apical gynoecium similar to ett mutants. GROUCHO/TLE co-repressors recruit
histone deacetylases and regulate the local chromatin environment of target genes
across all kingdoms. TPL interacts with HDA19 which has previously been shown to
keep chromatin in a repressed state during early Arabidopsis flower development
(Krogan et al., 2012). Seemingly, HDA19 is also required for gynoecium development
as the hda19-4 mutant has strong style defects. Together with the protein interaction
data, these observations suggest that ETT, TPL/TPR2 and HDA19 function

cooperatively to promote gynoecium development.
TPL and HDA19 interact with PID and HECL1 loci at same locations as ETT

ChIP followed by gPCR revealed that TPL and HDA19 associate with DNA elements
in the same regions of the PID and HEC1 promoters that are bound by ETT. This
observation supports a model in which ETT recruits TPL/TPR2 and HDA19 to its
target loci to keep chromatin in a condensed state through histone deacetylation when
auxin levels are low. When auxin levels increase, the ETT-TPL/TPR2 interaction is
lost, presumably preventing HDA19 from deacetylating histones (Figure 9). In
Chapter 2, H3K27 acetylation, which is a substrate for HDA19, was assayed at the
HEC1 and PID locus. H3K27 acetylation increased in the absence of ETT and upon
treatment with auxin. The strongest increase occurred in the same regions of the PID
and HEC1 promoters where the proteins were otherwise found to associate. In
agreement with ETT mediating the association of TPL/TPR and HDA19 at these
regions, there was no further increase of acetylation in the ett-3 mutant upon

treatment with auxin.
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Figure 4. 9: Schematic model illustrating non-canonical auxin signalling. Under low auxin
conditions an ETT-TPL-HDA19 complex binds to ETT-target genes keeping their chromatin
environments repressed, through de-acetylation. High nuclear auxin concentrations abolish
the ETT-TPL-HDA19 complex through direct ETT auxin interaction. This leads to an
accumulation of histone acetylation and up-regulation of ETT-target genes.

Collectively, these data provide molecular insights into how auxin levels are translated
into changes in gene expression at ETT target loci. The model depicted in Figure 4.9
agrees with previous data showing auxin dynamics at the gynoecium apex, where
PID expression is repressed during the early stages of gynoecium development to
mediate radialization of the style, and subsequently de-repressed as auxin levels rise
to facilitate polar auxin transport (Moubayidin and Ostergaard, 2014; Simonini et al.,
2016). Finally, the results in this chapter also support a role for co-repressors in the
recruitment of HDA19 during the repression of STM by ETT and ARF4, a hypothesis

which was suggested in a recent study (Chung et al., 2019).

Concluding remarks
The direct effect of auxin on ETT-TPL/TPR interactions is central to the non-canonical
auxin signalling pathway. This pathway is fundamentally different from the canonical

TIR1/AFB-mediated auxin signalling pathway as it does not require the degradation
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of its core components. Moreover, the auxin molecule does not affect whether ETT is
bound to DNA (Simonini et al.,, 2016). The effect of auxin is therefore instantly
reversible, making it possible to switch between activating and repressive states
immediately in response to changes in auxin levels. This feature is reminiscent of
animal hormonal signalling pathways such as the Thyroid Hormone and Wnt/3-
catenin pathways (Gammons and Bienz, 2018; Tsai and O'Malley, 1994) and may be
particularly important in controlling changes in tissue polarity during plant
organogenesis. It is possible that auxin functions like the Thyroid Hormone and [3-
catenin in Wnt signalling (see Introduction) by inducing a conformational change in
the ETT protein, which then triggers the dissociation of ETT-TPL/TPR complexes and
mediates a repression-to-activation switch of the ETT-containing regulatory complex

at ETT target genes.

Future work will focus on understanding different aspects concerning the structural
basis of the ETT and TPL interaction. This involves understanding the mechanistic
and structural similarities between non-canonical auxin signalling and animal
signalling and requires knowledge about the kinetics of the ETT-TPL interaction and
how this interaction is affected by auxin. The identification of the region within the TPL
protein that is responsible for interaction with the RLFGF-motif in ETT, and a version
of ETT that cannot bind to auxin will be crucial to experimentally answer the questions
raised above. Both the ETT-TPL interaction and the effect of auxin on the interaction
can be initially studied by Isothermal Titration Calorimetry (ITC) or Surface Plasmon
Resonance (SPR) and should ultimately provide near-atomic insight using Nuclear
Magnetic Resonance (NMR) and crystallography. Furthermore, future work
evaluating the auxin sensitivity of the interaction between TPL and other class B ARFs
will show whether non-canonical auxin signalling is specific to ETT or a common

alternative pathway of auxin signalling among class B ARFs.
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Finally, the identification of the auxin-sensitive interaction between ETT and
Groucho/TLE-type co-repressors in plants could help to explain how those ARFs
which cannot interact with components of the canonical pathway integrate auxin
signals in diverse processes throughout plant development. Furthermore, it suggests
that other transcription factors may also bind auxin and that the direct regulation of
transcription factor interactions by hormones and other small molecular regulators

could be a more general feature of plant biology.

Materials and Methods

Plant materials and treatments

Plants were grown as described in Chapter 2. All mutations were in the Col-0
background. For both expression and ChIP analysis, auxin treatments were applied
by spraying, as described in Chapter 2. Mutant alleles described before include ett-3
(Sessions, 1995; Simonini et al., 2016), hdal9-4 (SALK_139443) (Kim et al., 2008),
PETT:ETT-GFP in ett-3 (Simonini et al., 2016), pTPL:TPL:GFP (Pi et al., 2015) and
p35S:HDA19:GFP (Pi et al., 2015).The tpl mutant (SALK 034518C) was obtained
from the Nottingham Arabidopsis Stock Centre (NASC). The hdal9-4 mutant was
kindly provided by Dr. Julia Questa (Dean Group, John Innes Centre, Norwich, UK)
and the pTPL:TPL:GFP and p35S:HDA19:GFP seeds were kindly shared by Prof.
Thomas Laux (BIOSS Centre for Biological Signalling Studies/Universitat Freiburg,

Freiburg im Breisgau, Germany).

Genotyping of insertion lines
All plant lines were genotyped as described in Chapter 3 using the appropriate

primers (Appendix Il Table 1).
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ETT protein analysis by alignment

Published ETT sequences of 22 angiosperm species were retrieved from Phytozome
version 12 (Rokhsar et al., 2011). Nucleotide sequences were translated and aligned
using MUSCLE in Geneious version 6.1.8 (Kearse et al., 2012). The RLFG-domain

was extracted as a sequence logo.

For the protein sequence analysis of the 23 Arabidopsis ARFs, sequences were
retrieved from TAIR (https://www.arabidopsis.org/) and aligned using MUSCLE in
MEGA version 7.0 (Kumar et al., 2016). The gene tree was generated in MEGA using

the Maximum Likelihood method.

Protein interaction
Yeast 2-Hybrid (Y2H) and co-immunoprecipitation cloning and assays were carried
out as described in Chapter 3. All primers used for cloning can be found in Appendix

[l Table 1.

Co-IP experiments were carried out as described in Chapter 3. To examine auxin
sensitivity by Co-IP, 4 g of fresh leaf tissue was collected, ground in liquid nitrogen
and protein was extracted. The lysate was then divided according to the number of
treatments. The desired concentration of IAA or NAA was added to each of the
cleared lysates prior to the addition of the anti-FLAG M2 magnetic beads. IAA or NAA
at the desired concentration was also supplemented to the IP buffer during the

washes. The eluates were analysed by western blot as described in Chapter 3.

TPL, TPR2 and TPR4 reporter lines

For the construction of the promoter:GUS reporter plasmids of TPL, TPR2 and TPR4,
2.5 kb of promoter sequences were isolated from genomic DNA and inserted
upstream of the R-glucoronidase gene of pCambial301 vectors using the In-Fusion
Cloning Recombinase kit (Clontech) following the manufacturer’s instructions. The

constructs were transformed into Agrobacterium tumefaciens strain GV3101 by
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electroporation, followed by plant transformation by floral dip as described in Chapter

3. GUS histochemical assays were also performed as described in Chapter 3.

Phenotypic analysis
Photos of whole plants were taken by Phil Robinson (Bioimaging, John Innes Centre,
Norwich, UK) and Scanning Electron Microscopy was carried out as described in

Chapter 2.

Expression analysis
RNA was extracted from 100mg dissected stage 12-14 gynoecia as described in
Chapter 2. cDNA synthesis and gPCR were carried out for expression analysis as

described in Chapter 2 using the appropriate primers (Appendix Il Table 1).

Generation of the tpl tpr2 CRISPR mutant

The tpr2°Ftand tpl tpr2°F2 mutant was generated using CRISPR/Cas9 technology by
a method previously described (Castel et al., 2019). Briefly, for the construction of the
RNA-guided genome-editing plasmid, DNA sequences encoding the gRNA adjacent
to the PAM sequences were designed to target two specific sites in TPR2
(AT3G16830). DNA-oligonucleotides (Appendix Ill Table S1) containing the specific
gRNA sequence were synthesised and used to amplify the full gRNA from a template
plasmid (AddGene #46966). Using Golden Gate cloning (see Chapter 3; Engler et al.,
2014) each gRNA was then recombined in an L1 vector downstream of the U6
promoter (Castel et al., 2019). Finally, the resulting gRNA plasmids were then
recombined with a L1 construct containing pYAQO:Cas9_ 3:E9t (kindly provided by
Prof. Jonathan Jones, The Sainsbury Laboratory, Norwich, UK) and a L1 construct
containing Fast-Red selection marker (AddGene #117499) into a L2 binary vector

(AddGene #112207).

The construct was transformed into Agrobacterium tumefaciens strain GV3101 by

electroporation, followed by plant transformation by floral dip into the tpl single mutant
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(Clough and Bent, 1998). Transgenic TO seeds appear red under UV light and were
selected under a Leica M205FA stereo microscope. TO plants were genotyped using
PCR (as described above) and the TPR2 locus sequenced using the Euronfins
Mix2Seq sequencing Kit (Eurofins Genomics) according to the manufacturer’s
instructions (Primers: Appendix Il Table 1). Genome-edited plants were selected,
and the next generation grown (T1). Seeds of this generation were segregating in a
3:1 ratio for the transgene. Transgene negative plants were selected and grown on
soil. To find homozygous mutations T1 plants were genotyped again. The T2
generation was re-checked for the absence of the transgene by selecting for seeds
that do not appear red under UV light and were selected under a Leica M205FA stereo

microscope.

Chromatin Immunoprecipitation (ChIP) gPCR

ChIP was performed in triplicate on the pETT:ETT:GFP, pTPL:TPL:GFP and
p35S:HDA19-GFP lines using 5 g (fresh weight) inflorescence tissue as described in
Chapter 2. Histone acetylation ChIP data for Col-0 tauxin treatment and untreated
ett-3 have previously been presented in Chapter 2. H3K27 acetylation ChIP for

treated ett-3 was carried out analysed using the same protocol.

In all ChlP experiments, DNA enrichment was quantified using quantitative PCR
(gPCR) with the appropriate primers (Table S1) and the data were analysed as

described in Chapter 2.

Statistical analyses and replication

In all graphs, error bars represent the standard deviation of the mean for all numerical
values. gPCR and ChIP experiments have been carried out at least in triplicate. The
data presented here show an average of three replicates. For qPCR data were
analysed using one-way ANOVA with post-hoc Tukey multiple comparison test.

ChlPgpcr data were analysed using two-way ANOVA with post hoc Bonferroni multiple
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comparison test. Statistical tests were carried out using GraphPad Prism Version 5.04

(La Jolla California USA, www.graphpad.com).
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Two cis-regulatory elements fine-tune PINOID

expression during gynoecium development
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Introduction

In previous chapters | explored the mechanistic and biochemical basis of complex
formation in alternative auxin signalling. While these chapters focussed mainly on the
role of trans-factors in gene regulation, Chapter 5 will focus on the importance of cis-
regulatory elements in the regulation of auxin responsive genes. To do this, |
investigated the importance of cis-regulatory elements in gynoecium development

using the PINOID (PID) gene as model.

Great efforts have been made in understanding how eukaryotic transcription factors
can specifically recognize the genes that they are regulating (Furey, 2012; Godoy et
al., 2011; Jolma et al., 2010). Eukaryaotic transcription factors recognise small specific
DNA sequences present in regulatory regions of their target genes. These regulatory
DNA sequences are called cis-regulatory elements. Loss or mutation of these cis-
regulatory elements can dramatically impact an organism’s lifestyle and development
(Questa et al., 2016; Yamaguchi et al., 2013). Thus, the first element that provides
specificity to transcription factor- DNA interactions is the DNA sequence itself.
Specific binding to these sequences depends on protein sequence and structure of
the transcription factor and the range of biophysical interactions that the transcription
factor properties permit (Boer et al., 2014). In many cases members of transcription
factor families, such as the ARF family, share affinity for the same DNA motif, yet
regulate different genes (Boer et al., 2014; Franco-Zorrilla et al., 2014; Merika and
Orkin, 1993). The mechanisms that truly provide target-specificity in these
transcription factor families are widely unknown. Since a typical cis-element is 6 bp,
a specific DNA sequence would occur 1,000s of times in most eukaryotic genomes
purely by chance (1 in 4,096bp for a 6-bp element). This indicates that specific DNA
binding may require additional levels of control to ensure regulation of target genes
complies with developmental needs. As discussed previously in Chapter 2, chromatin

structure and DNA accessibility can be considered as another element specifying
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gene regulation and DNA binding by transcription factors. The third element to further
fine-tune specific DNA binding is the ability of the transcription factor to interact and
cooperate with other DNA binding proteins. In this thesis, complex formation has been
discussed in more detail in Chapter 3 and Chapter 4. Regardless of whether a
transcription factor complex is homo- or heterotypic the conformation of the complex
increases the number of cis-regulatory elements needed for specific binding. In the
case that a transcription factor complex is heterotypic and thus consists of
transcription factors from different families the number as well as the sequence of cis
elements matters for binding specificity (Olsen et al., 2005; Singh, 1998; Wunderlich

and Mirny, 2009; Xu et al., 2006).

Auxin Response Factors (ARFs) are transcription factors that are responsible for
regulating numerous developmental processes during a plant’s lifespan in response
to the plant hormone auxin (indole-3-acetic acid or IAA). Impaired response to auxin
can lead to severe flower defects and low fertility, as in case of arf6/8 and arf3 (ett)
mutants or even plant death, as in case of the arf5 mutants, which cannot form a root
(Berleth and Jurgens, 1993; Sessions et al., 1997; Tabata et al., 2009). Through their
B3 DNA-binding domain (DBD), ARF proteins bind to cis-regulatory elements
composed of six base pairs that are called Auxin Responsive Elements (AuxRES).
The AuxRE motif has the sequence TGTCNN and was first discovered and
characterised in the late 1990’s in the promoter of the soybean GH3 auxin responsive
gene (Ulmasov et al., 1997a). Since then it has been characterised in more detalil
concerning its biophysical and regulatory properties (Boer et al., 2014; Liao et al.,
2015; O'Malley et al., 2016; Omelyanchuk et al., 2017; Stigliani et al., 2018; Ulmasov
et al., 1999a; Ulmasov et al., 1999b). Systematically mutating AuxREs in the auxin-
responsive gene LEAFY confirmed the physiological importance of AuxREs for auxin

response (Boer et al., 2014; Yamaguchi et al., 2013).
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In recent years structural and genetic studies have identified two different modes of
ARF-ARF complex formation each of which is expected to impact upon the DNA
binding specificity (Boer et al., 2014). Firstly, it was shown that the C-terminal PB1
domain found in most ARFs can mediate head-to-tail multimerization (Korasick et al.,
2014). Secondly, ARFs appear to dimerise through their DBD that would facilitate
high-affinity binding to inverted repeat AuxREs (Boer et al.,2014, Heather McLaughlin
personal communication). Intriguingly, in a natural variant of Brassica rapa with
abnormal seed size, the effect was shown to be caused by a mutation that affected
ARF18 DBD dimerization, which suggests that this property may be generally
important for ARF function (Liu et al., 2015). Finally, there is increasing evidence that
ARF DNA-binding specificity depends on orientation and spacing between AuxRE
repeats. It seems that different ARFs prefer different binding site arrangements and
that such arrangements rather than AuxRE sequence determine ARF-binding
specificity (O'Malley et al., 2016; Stigliani et al., 2018). Despite these studies, complex
DNA-binding sites and transcription factor-DNA binding have not been studied
systematically for the ARF family. The main reason for that is the lack of high-quality
data on validated target sites (e.g. through ChlP-seq) and protein-protein interaction
studies (e.g. through IP MS/MS). This may be due to a low abundance of ARF

proteins and rapid protein turn-over that make studies increasingly difficult.

The ETT protein is an ARF that has been implemented in several key developmental
processes including gynoecium and fruit development (Sessions et al., 1997). Recent
studies on protein-protein interactions identified a diverse range of proteins that
directly interacts with ETT (Simonini et al., 2016; Simonini et al., 2017; this thesis).
These proteins include several transcription factors from different families (Simonini
et al., 2017; Simonini et al., 2016). One of the identified interacting partners of ETT is
the bHLH transcription factor INDEHISCENT (IND). IND is required for the formation

of the valve margins; a tissue that allows the Arabidopsis fruit to open and disperse
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the seeds upon maturation (Liljegren et al., 2004). Additionally, IND was implemented
in the control of polarity and symmetry transition at the apex of the gynoecium during
development. Hereby, IND cooperates with the bHLH transcription factor SPATULA
(SPT, Girin et al., 2011; Moubayidin and Ostergaard 2014). In both processes, IND
mediates its function at least in part by controlling auxin distribution (Girin et al., 2011,
Moubayidin and Ostergaard, 2014; Sorefan et al., 2009). IND coordinates directional
auxin flux by direct repression of the PINOID (PID) gene, which encodes a serine—
threonine kinase that is fundamental for proper symmetry establishment (Moubayidin
and Ostergaard, 2014; Sorefan et al., 2009). PID phosphorylates PIN-FORMED (PIN)
auxin efflux carriers their localisation and activity and thereby mediates polar auxin

transport (Benjamins et al., 2001; Friml et al., 2004; Lee and Cho, 2006).

Detailed characterisation of the ETT-IND interaction has shown that these two
proteins control polarity at the gynoecium apex by direct regulation of PID gene
expression. Two AuxREs in position -429 and -447 with respect to the start codon
were identified as ETT-binding sites using chromatin immunoprecipitation (ChlIP)
using an ETT-GFP transgenic line and an antibody against GFP (Simonini et al.,
2016). This inverted AuxRE repeat lies firstly, within a region that is evolutionarily
conserved among PID promoters in the Brassicaceae family (Figure 5.1 a), secondly,
in close proximity of two G-Boxes and one an E-Box which are putative SPT and IND
binding sites, respectively (Figure 5.1 b). Together, this makes the locus a complex
regulatory patch within the PID promoter. Prior experiments showed that the loss of
either ETT or both ETT and IND function leads to mis-regulation of PID. In addition,
in vitro studies using yeast-one-hybrid (Y1H) experiments showed that mutating the
identified AuxRE inverted repeat leads to loss of ETT binding (Simonini et al., 2016).
Together, this suggests an important role for the two AuxREs in planta. SPT and IND
binding to the G- and E-boxes close to the AuxRE repeat have only been studied by

Y1H (Sorefan et al., 2009; Girin et al., 2011). This prior knowledge on the regulation
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of the PID locus makes it a suitable model for in planta studies of cis-regulatory
elements and their biological relevance in the context of complex regulatory regions

within promoters.
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Figure 5. 1: Several different cis-regulatory elements can be found within a conserved region
of the PID promoter. (a) Phylogenetic shadowing using mVISTA of the PID locus with pairwise
alignments of Arabidopsis thaliana with Arabidopsis lyrata, Capsella rubella, Capsella
grandiflora and Brassica oleracea. The box highlights the complex regulatory region. (b)
Schematic representation of the arrangement of AuxREs, G-boxes and E-box (purple) within
the complex regulatory region. Notice the G-boxes (green) overlap with the AuxREs (blue).

In this chapter, | address the biological importance of these two specific AuxREs for
the regulation of the PID gene in vivo. Furthermore, | address the question whether
IND can bind the previously identified E-box within the PID promoter in planta.
Together, | aim to examine the requirement of complex AuxREs for the regulation of

ARF target genes using the PID promoter as a model.
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Results

Mutation of cis-regulatory AuxREs within the PID promoter affects style

length

To elucidate the relevance of the identified two AuxRE sites for the regulation of PID
different constructs were generated and introduced into the pid-8 mutant. Each of
these constructs carries 5 kb of the PID promoter region upstream of the PID genomic
sequence fused to GFP. The 5-kb promoter region either carries a wild-type form of
the two previously discussed AuxREs or mutated versions of this region. Hereby, the
G at the second positions of the AuxRE was mutated into a T to prevent ARF promoter
binding as previously described (Boer et al., 2014, Simonini et al., 2016). Using this
approach, single mutants in the first (-434) and second (-447) AuxRE as well as a
double mutant for both sites were generated (named 1M, 2M and 1+2M, respectively).
In addition, the construct also carries a nuclear-localised mCherry gene under control
of a constitutive ACTIN2 (ACT2) promoter. This part of the construct enables
guantitative studies of gene expression because it can be used to normalise

expression for genome localisation of the integrated construct.

The pid-8 mutant phenotype shows a dramatic reduction in fruit size and a reduction
of the valves (Moubayidin and Ostergaard, 2014). Interestingly, all four constructs
could rescue the pid-8 phenotype regarding the defects in valve development and
silique length (Figure 5.2 a-c). However, it seemed that the style of the fruits was
enlarged in different mutants. Therefore, we measured the style length and compared
it to wild-type (Col-0). Over ten independent lines we measured five styles per line in
all four promoter mutants and the wild type (Col-0) and found that indeed style length

differs between them (Figure 5.2 d & e).
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Figure 5. 2: All four promoter variants can
lines differ significantly in style length. Scal
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rescue the pid-8 fruit phenotype. However, rescue
e bar = 10mm (a) Representative siliques for each

promoter variant construct. (b) Silique length describes the length of the fruit from the lower
edge of the valves to the tip of the stigmatic tissue. (c) Silique length measurements show that
all promoter variants can rescue the pid-8 fruit length phenotype and none of the rescue lines
differs significantly from the wild-type (N=50). (d) Style length describes the length of the style
from the upper edge of the valves to the tip of the stigmatic tissue. (e) Style length
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measurements show that styles of rescue lines carrying a mutation in either of the two AuxREs
differ significantly from the wild type style (N=50).

The result showed that the construct carrying the wild type promoter allele is sufficient
to fully rescue the pid-8 phenotype regarding both silique length and style length.
There is no significant difference between fruits of pPIDw+-lines and wild type (Col-0)
fruits. Interestingly, while mutating the first AuxRE (-434) in the PID promoter did not
change the silique length significantly it had a moderate yet significant effect on the
style length. In these lines the style is generally longer, and the increase in length is
significant when compared to Col-0 or mutants rescued with the wild type promoter
construct. Mutating the second AuxRE (-447) again leads to an increase of style
length. Like pPIDiv, pPID2u-styles are significantly longer compared to Col-0 and
lines rescued with the wild type promoter. However, pPID2v styles length is not
significantly changed compared to pPIDiwv lines. The longest style was found in the
double AuxRE mutant the style length of these lines was significantly longer than Col-
0 and mutants rescued with the wild type promoter. Moreover, pPID1+2m rescue lines
had significantly longer styles then pPIDiy and pPID2y lines. This indicates that both
AuxRE in the examined region affect style length in an additive manner. The data
also suggest that the second AuxRE may have a higher but not significant contribution
to style length in contrast to the first AUXRE. Finally, the results imply that the two
AuxRE are indeed biologically important for the correct regulation of PID gene

expression during style development.

Higher PID protein abundance at the style apex during gynoecium development
correlates with increase in style length

Next, | decided to examine the expression and the localization of the PID protein in
the rescue lines. As expected PID localized to the plasma membrane at the tip of the
developing gynoecium in all examined lines (Figure 5.3 a-h). The PID protein localises
to the membranes in an apolar fashion as described previously (Michniewicz et al.,

2007).
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It was hypothesised that changes in the transcription factor binding site lead to
changes in gene expression. Subsequently, this would also most likely be reflected
in protein abundance. Following this logic, | quantified and compared the PID-GFP
abundance at the plasma membrane between the four different constructs. This was
done by determining the corrected total cell fluorescence (CTCF) of individual cells
within the gynoecium. To rule out that the measurements are affected by the genomic
insertion position of the construct | normalised the CTCF values obtained for PID-
GFP with the ones obtained for the nuclear localised mCherry control (ratio
CTCFgrp/CTCFmcherry) (Figure 5.3 i-k). Measurements were taken from gynoecia

apices of stage 9 and stage 12 gynoecia.

Stage 9 and stage 12 represent two important developmental stages in style
establishment and elongation. During gynoecium development, style formation is
tightly controlled by the distribution of auxin in a spatial and temporal fashion. At stage
7, auxin accumulates in two lateral foci at the apex of developing gynoecia. At stage
8, two medial auxin foci emerge. These foci fuse to form an apical auxin ring at stage
9/10 that triggers a bilateral-to-radial symmetry switch establishing the development
of the radial style (Moubayidin and Ostergaard, 2014). The generation of this apical
auxin accumulation pattern relies on transcriptional repression of PID. After the
bilateral-to-radial symmetry switch, PID becomes up-regulated and the apical auxin
maximum disappears at stage 12 and is absent throughout style elongation

(Moubayidin and Ostergaard, 2014; Simonini et al., 2016).
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Figure 5. 3: All four promoter variants express functional PID-GFP that localises to the plasma
membrane. (a-d) Representative confocal images of stage 9 gynoecia and (e-h) the style
region of stage 12 for the respective promoter variant rescue lines Scale bars = 20 pyM. (a &
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e) unmutated wild-type rescue line, (b & f) rescue line with the first AUXRE mutated, (c & g)
rescue line with the second AuxRE mutated and (d & h) rescue line with both AUXRE mutated.
(i) Fluorescence quantification shows that only pPIDwt and pPID1M have significantly higher
PID abundance at stage 9 compared to stage 12 (N=5 lines). *p-Values<0.05. (j) Fluorescence
quantification shows that pPIDwt and pPID1M recue lines have significantly higher PID
abundance at stage 9 when compared to pPID2M and pPID1+2M rescue lines (N=5 lines). (k)
Fluorescence quantification shows that no significant differences can be detected between
the promoter variants in stage 12 (N=5 lines). a; ab; b indicate significant differences according
to multiple comparison. ns means not significant.

In line with these previous observations, | would expect to observe significant
differences when comparing the two different stages. Moreover, | would expect to see
higher PID abundance in stage 12 styles compared to stage 9 styles. Examining the
PID-GFP abundance, | observed significant differences in PID abundance between
the two examined developmental stages for pPIDw: and pP1D1mlines while pPID2uw and
pPID1+2m lines exhibited no significant differences (Figure 5.3 i). Surprisingly, it seems
that the PID-GFP abundance was slightly higher at stage 9 than stage 12 in all lines
tested and for pPIDw: and pPIDimlines in particular. This might be due to a well-known
artefact of the quantification method used. Values taken from a small cell appear
higher than values taken from a large cell due to its smaller size concentrating the
staining in a smaller space when in reality both cells have a similar level of
fluorescence (Burgess et al., 2010; McCloy et al., 2014). Additionally, a low signal to
noise ratio that may have been caused by normalising the GFP signal at the plasma
membrane with the mCherry signal in the nucleus. An approach like that may lead to
highly variable and faulty measurements that make the result hard to interpret. To
improve the data, one could substitute the nuclear mCherry marker with a plasma

membrane marker such as PIP2A, BOR1 or NIP5;1 (Liao and Weijers, 2018).

Next, | compared the PID-GFP abundance within the examined stages to answer the
question about the importance of the two conserved AuxREs within the PID promoter
and how mutating them affects PID abundance. In stage 9 gynoecia there was higher
abundance of PID-GFP in pPIDy: and pPID1m lines compared to pPID2y and pPID1+2um
lines (Figure 5.3 j). The difference in normalised GFP intensity was only significantly

different between pPIDw and pPID2v and pPIDi+2v but not pPIDiu. Interestingly,
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pPIDiv values appear as an intermediate between pPIDw and pPIDav, pPID1+om.
Observed values for pPIDim lines are neither significantly different from pPIDw: nor
pPID2v and pPID1+2mlines. This suggests that mutating any of the two AuxRE triggers
repression of the PID gene at stage 9. By contrast no significant differences in PID-
GFP abundance between any of the four promoter variants was observed in
examined stage 12 gynoecia (Figure 5.3 k). However, it seems that the average PID-
GFP abundance is strongest in pPID1.+2m lines and weakest in pPIDw: lines with pPID1m
and pPID2u lines exhibiting intermediate levels of abundance. As mentioned before,
normalising the GFP signal at the plasma membrane with the mCherry signal in the
nucleus may have caused a low signal to noise ratio. That makes it difficult to pick up
subtle changes in PID-GFP abundance. Nevertheless, the PID-GFP intensity data
follow at least generally, the trend observed in the phenotypic analysis of the style
length. Despite high noise | was able to identify significantly higher PID-GFP

abundance in pPIDw: compare to the other three promoter variants.

Altogether, the results showed that rescue lines that are mutated in any of the two
AuxREs have a decreased normalised PID-GFP signal when compared to wild type
promoter rescue lines. This observation negatively correlates with the increase in
style length observed in these lines previously (Appendix IV Figure 1 a, R?=0.868).
Interestingly, mutating the first AuxRE (-434) only has a mild effect on PID-GFP
abundance at stage 9 while mutating the second AuxRE (-447) has a strong effect on
both style length and PID-GFP abundance. This implies that mutating the second but
to a lesser extent the first AuxRE (-434) might trigger early repression and mis-
regulation of the PID gene at stage 9. Moreover, this indicates that ectopic repression
of PID at stage 9 at least partially leads to an increase in style length. At stage 12,
no significant differences between any of the four promoter variants implying that the

examined AuxREs do not affect PID abundance at this stage. Even though no
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significance was found, a weak positive correlation between PID abundance and style

length was identified (Appendix IV Figure 1 b, R?=0.834).

Mutating ETT-binding AuxRE positively affects PID promoter activity at stage
12

Phenotypic analysis of style length suggests an additive effect of the two AuxRE sites
for gene regulation while measuring the protein abundance at the plasma membranes
suggests that PID is mainly regulated through the second AuxRE at stage 9 of
gynoecium development. Moreover, the data imply that the two examined AuxRE do
not affect PID regulation in stage 12. However, the previously used approach might
have generated a low signal to noise ratio by normalising a GFP signal at the plasma
membrane with a nuclear mCherry signal. Therefore, subtle changes in PID
abundance might have been missed. Next, | decided to evaluate the regulation of PID
in the style region of elongating stage 12 gynoecia. Loss of function mutants of ETT
show ectopic up-regulation of PID at stage 12 of gynoecium development (Chapter
2; Simonini et al., 2016). Therefore, | hypothesise that PID will be de-repressed in

lines in which either one or both AuxREs are mutated.

This hypothesis could be tested by quantitative PCR or in situ hybridisation. However,
since | am interested in differential expression between the lines and promoter
variants in the style region this would require handling many samples at a time. In

case of gPCR it would require isolating the style region of developing gynoecia.

Dissecting the style region from the rest of the gynoecium would require methods
such as fluorescence activated cell sorting (FACS) or isolation of nuclei tagged in
specific cell types (INTACT) that are technically very difficult and require the

generation of style-specific promoter reporter lines.
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Figure 5. 4. Mutating AuxREs affects the PID-promoter activity in the style region. (a-d)
Representative confocal images of the style region of stage 12 for the respective promoter
variant reporter lines. Scale bars = 50 uM (e) Fluorescence quantification shows that mutating
AuxREs leads to a gradual de-repression of the PID gene. The data indicate that the two
AuxREs have an additive effect (N=40). a,b,c indicate significant differences according to

multiple comparison.
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To overcome these constrains, | chose to generate a different set of reporter
constructs. Like the rescue lines these constructs carried the 5-kb PID promoter
containing the same mutations as described previously. However, in these lines the
promoter variants are controlling the expression of a nuclear GFP. Additionally, these
constructs carry a nuclear mCherry controlled by a constitutive ACTIN2 (ACT2)
promoter. The constructs were transformed into Col-0 plants. Using these reporter
lines, the promoter activity of the different variants was examined in stage 12
gynoecia (Figure 5.4 a-d) as described in the previous section of this chapter.
Consequently, the ratio of CTCF of GFP and mCherry can be used as a measure of
promoter activity and gene expression. Expressing a nuclear localised GFP under
control of the four promoter variants helped to overcome the problem of high

variability that previously made the data hard to interpret.

The results show significant differences between lines of different promoter variants
(Figure 5.4 e). Normalised GFP-fluorescence (CTCFgrp/CTCFmchery) Was weakest in
lines carrying the wild type promoter variant while fluorescence in lines with the
promoter mutated in the first AuxRE were moderately but not significantly stronger.
Like fluorescence in the rescue lines, GFP fluorescence in lines mutated in the
second AuxRE was significantly increased compared to wild type but not compared
to the single mutant in the first AuxRE. The highest fluorescence was quantified for
the double mutated promoter lines. For these lines the expression was significantly

higher compared to all other lines.

In contrast to the previous results, these data suggest that both the first and the
second AuxRE affect PID promoter activity. Even though, activity pPIDimlines do not
differ significantly from wild type promoter or pPID2v promoter activity and appears as
intermediate between the two it seems that combining mutations in the first and the
second AuxRE has an additive effect on PID promoter activity. This suggests that

both AuxRE are regulatory elements important for the repression of the PID gene.
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Comparing the PID promoter activity with the phenotypic style-length data it becomes
evident that high promoter activity at stage 12 correlates positively with longer styles
(Appendix IV Figure 1 ¢, R>=0.978). This implies that higher PID expression promotes

style elongation at this stage.

Complex transcription factor interactions regulate PID expression during style
development

The presented data indicate that the two examined AuxREs affect PID promoter
activity during style formation in two fashions. Firstly, mutations of the second AuxRE
affects promoter activity in a temporal manner because PID is ectopically repressed
at gynoecium apices at stage 9 in pPID2v and pPID1:2m mutated lines. Secondly,
mutations in both AuxREs affect promoter activity in a dosage-dependent manner
because mutating any of the AuxRESs increases the promoter activity significantly at
stage 12. Besides ETT, two other transcription factors, SPT and IND, are crucial for
regulating PID during style formation (Girin et al., 2011; Moubayidin and Ostergaard,
2014). Like ETT, SPT physically interacts with IND and PID is ectopically expressed
in mutants and double mutants in combination with IND (Moubayidin and Ostergaard,
2014). However, in contrast to the ETT-IND interaction, SPT-IND interactions cannot
be disrupted by auxin (Chapter 2; Chapter 3; Chapter 4; Simonini et al., 2016).
Intriguingly, two repeated G-boxes which are putative SPT binding sites partially
overlap with the examined ETT-binding AuxRE repeat. Additionally, a putative IND
binding E-box lays 57bp downstream of the AuxRE-G-box patch (Figure 5.5 a).
Previous in vitro protein-DNA binding studies suggest that SPT and IND can bind
these identified cis-elements in planta (Girin et al., 2011; Sorefan et al., 2009). To
evaluate whether this is indeed the case | decided to examine in planta binding in the

gynoecium by means ChlPgpcr.

ChlPgcr was carried out in collaboration with Billy Tasker-Brown using reporter

mutant rescue lines (pIND:IND:YFP) in the presence and absence of an auxin
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treatment. A previous study has shown that ETT AuxRE binding at the examined
region is insensitive to auxin. This means that ETT can bind its binding site under
both high and low auxin conditions (Simonini et al., 2016). We repeated this
experiment and found our data in agreement with the literature (Figure 5.5 b).
Evaluation of binding profiles showed that IND enriches within the examined
described regulatory patch around 0.4-kb up-stream of the transcription start site
(TSS) (Figure 5.5 c). Strikingly, we were able to observe a significant reduction in IND
enrichment after auxin treatment. This implies that IND binds its target DNA sequence

in an auxin-sensitive manner.

1kB -0.45 -0.36 0
b 0.06 PETT:ETT:GFP c 0.03 PIND:IND:YFP
%‘ <
Z 0.05 2
= 5
g 0.04 2 0.02
I o
o 0.03 E
5 _ 5 *%%  @ENO auxin
% 0.02 Hno auxin 2 0.01 mauxin
%‘ 0.01 Hauxin g
o~ o~

0.00 0.00

PID NC PID NC

Figure 5. 5: The transcription factors ETT and IND can bind to the complex regulatory patch
within the PID-promoter. (a) Schematic representation of the regulatory region. The black bar
above the zoomed region indicates the amplicon used in gPCR reactions. (b) ETT can bind to
the regulatory patch. Its binding is unaffected by auxin. (c) IND can bind to the regulatory
patch. Auxin reduces IND binding to PID-promoter. ***p-Values<0.0001; Shown are mean *
standard deviation of three biological replicates.

The auxin-sensitive E-box binding behaviour of IND at the PID promoter adds an
additional layer of complexity to the regulation of the PID gene. Even though, in the

ChIP experiment plants have been treated with auxin by spraying high auxin
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concentrations, it is likely that a similar binding behaviour can be observed during
development in cells that naturally accumulate high auxin. During gynoecium
development such a situation can be found at the gynoecium apex at stage 9
(Moubayidin and Ostergaard, 2014). It can therefore be assumed that in cells of these
high auxin domains, IND is unable to bind the E-box within the PID promoter whilst

binding occurs under low auxin conditions (e.g. before stage 9 and after stage 11).

Discussion

Spatial and temporal control of gene expression is key for the regulation of most
developmental processes. However, key regulatory genes are often subject to
complex regulation that involves multiple transcription factors forming various protein
complexes interacting with various cis-regulatory elements at a complex regulatory
region. Often the composition of these complexes and their mode of action depends
on the biological context and can differ within the same cell in different developmental
stages or under different environmental conditions. For this reason, there is still little
known about the contribution of specific cis-regulatory elements to the regulation of a

gene in a specific developmental context.

This study has attempted to uncover the importance of two previously characterised
ETT-binding AuxRE sites within the promoter for PID gene expression during
gynoecium development. PID has been identified as a main driver of this apical auxin
accumulation due to its role in directing auxin transport by regulating PIN activity and
localisation. By doing so, PID has been implemented as a main regulator of auxin
dynamics during style establishment and elongation (Moubayidin and Ostergaard,
2014). During style establishment PID is repressed at early stages (stage 7-10). This
leads to auxin accumulation at the gynoecium apex triggering a bilateral-to-radial
symmetry switch to establish the radial style. At later stages, during style elongation,

auxin levels decrease and PID is expressed (e.g. stage 12).
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The presented data show that both examined AuxRESs play a role in the regulation of
the PID promoter activity during style establishment and elongation. Phenotypic
analysis showed that the PID gene under control of any of the four examined promoter
variants was able rescue the pid-8 fruit length and valve phenotype. This suggests
that the examined AuxREs do not play a major role in development of this phenotype.
Further phenotypic examination, however, showed significant differences in style
length between different promoter variants indicating a role of the two AuxREs in the
regulation of style length. Remarkably, examining promoter activity in two
developmentally important stages (stage 9 and stage 12) showed two different modes
cis-element regulation of PID. Firstly, mutating of the second AuxRE leads to a
stronger repression of promoter activity at stage 9 gynoecium apices indicating that
this AuxRE temporally controls PID expression. Secondly, mutations in both AuxREs
increases the promoter activity significantly at stage 12 in a dosage dependent
manner. Hereby, the second AuxRE appears to have the major contribution while the
first AuxRE enhances repression. Hence mutating the AuxREs leads to a de-

repression of PID at developmental stage 12.

It is well-established that, besides ETT, two bHLH transcription factors SPT and IND
are essential regulators for PID expression during gynoecium development
(Moubayidin and Ostergaard 2014). SPT single mutants fail to develop a radial style
and the gynoecium apex remains unfused (Heisler et al., 2001). In spt ind double
mutants this phenotype is exaggerated (Moubayidin and Ostergaard 2014). In spt
mutants, the PID gene was ectopically expressed at the apex of developing gynoecia
in early stages indicating that SPT acts as a repressor of PID expression. Similarly,
PID is also ectopically expressed in ETT mutant gynoecia. In ett ind double mutants
this ectopic expression is enhanced (Simonini et al., 2016) indicating that ETT and
IND can also repress PID expression. Interestingly, while spt and spt ind mutants

exhibit severe split style phenotypes styles in ett and ett ind show less strong style
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phenotypes (Moubayidin and Ostergaard, 2014; Simonini et al., 2016). Sequence
analysis has identified the presence of a putative IND-binding E-box and two SPT-
binding G-boxes in close proximity to the evaluated AuxREs. Moreover, the G-boxes
appear as a repeat and overlap partially with the examined AuxRE repeat.
Additionally, previous studies have identified that both ETT and SPT can form
complexes with IND (Girin et al., 2011). However, while high auxin concentrations

can disrupt ETT-IND interactions this is not the case for SPT-IND interactions.

Evaluation of in planta promoter binding of IND to a previously identified cis-regulatory
E-box showed that IND can bind the PID promoter. Intriguingly, auxin treatment leads
to a disruption of this TF-DNA interaction. The mechanism by which auxin affects IND
binding to its cis-element is not yet understood. Nonetheless, such a binding
behaviour might have biological relevance for the regulation of PID. The binding of
SPT to the identified G-boxes was not evaluated in planta. ETT and IND are
expressed at the gynoecium apex and style from early stages throughout
development (Simonini et al., 2016; Sorefan et al., 2009; Girin et al., 2011) while SPT
is predominantly expressed until stage 11 but absent from stage 12 (Girin et al., 2011;
Schuster et al.,, 2015). Therefore, one might not expect SPT to play a role in

regulating PID at this stage.

The presented results suggest the following model for regulating PID expression
during style establishment and elongation (Figure 5.6): During early stages (stage
718) of style establishment low concentrations of auxin are present at the gynoecium
apex. Under these conditions, IND binds its corresponding cis-element within the PID
promoter and can physically interact with both SPT and ETT. Ectopic PID expression
occurs when either ett or spt mutants are combined with ind mutants implying that
ETT and SPT alone might be less efficient in binding to the PID promoter. Thus, it is
possible that in this situation IND is actively recruiting ETT and SPT through protein-

protein interaction to the PID locus. It remains unclear whether IND can interact with
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SPT and ETT at the same time or whether it can only interact with either protein at a
time. Using a Y3H experiment this could be addressed in the future. Either way, SPT
and ETT binding leads to the repression of PID expression. Consequently, it initiates
apolar localisation of PIN auxin transporter and an increase in auxin concentration at

the gynoecium apex.

| Stage7/8 i Stage9/10 Stage 12 |
i IND E IND |
L |
i ETT SPT E ETT SPT BT —— @ |
PID E PID PID
T - | S J

Figure 5. 6: Model describing the regulation of PID during style development. The colour bar
indicates the auxin concentration throughout development; green indicates low auxin while
red indicates high auxin concentrations.

Once the auxin concentrations are high enough (stage 9/10), IND is unable to bind
its promoter element through a mechanism that is not yet understood. One could
imagine a role of ETT in this process since the interaction between ETT and IND can
be disrupted by auxin (Figure 5.6). Likewise, high auxin concentrations lead to an
activity switch of the ETT protein from repression to activation. The role of SPT at this
stage is not clear and requires further investigation. However, one could imagine at
least two different possibilities. Firstly, the SPT-IND interaction is not affected by
auxin. Therefore, it is possible that the release of IND from its binding site leads to a
destabilisation of SPT promoter binding. This would subsequently release SPT from
its G-boxes, thereby releasing repression. In the second possibility SPT promoter
binding is unaffected by auxin and the release of IND from the PID-locus. In this

scenario SPT will still act as a repressor as there is no evidence for an auxin-induced
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activity switch. At the PID promoter, SPT-binding G-boxes overlap with ETT-binding
AuxREs. Overlapping or neighbouring transcription factor binding sites suggests
either co-operative binding or competition for binding. Since it is well-known that SPT
and ETT cannot physically interact (Simonini et al., 2016) and the fact that SPT and
ETT have opposing modes of action in high auxin concentrations, this makes co-
operative DNA binding of SPT and ETT unlikely. Therefore, one could imagine a
situation in which these two transcription factors compete for available G-boxes or
AuUxRE respectively in high auxin conditions. This would lead to a tug-of-war situation
balancing activation and repression of PID expression. Strikingly, the experimental
data show that mutating the second AuxRE (-447) or the first and the second AuxRE
(-434 and -447) lead to lower PID-GFP abundance and therefore a down-regulation
of PID at stage 9 when compared to lines carrying the wild-type promoter. This
indicates that in these lines the equilibrium has been shifted towards repression
supporting the tug-of-war hypothesis. The hypothesis could further be tested by
systematically mutating the G-boxes in the same way as | have demonstrated for the
AuxREs here. An alternative method could involve in vitro transactivation assays
using systematically mutated promoter elements. These assays use transient protein
expression and will also allow evaluation of differences in proteins abundancies.

Together this will increase our understanding of their role in PID regulation.

Recently, it has been shown that SPT expression within the developing style
decreases from stage 10 and disappears from the style at stage 12 (Girin et al., 2011;
Schuster et al., 2015). Following the logic of the tug-of-war hypothesis decreasing
levels of SPT lead to a decrease of repression and therefore shifts the balance
towards gene activation. Remarkably, an increase in PID expression has indeed been
described at these stages of gynoecium development further supporting the

hypothesis (Girin et al., 2011; Simonini et al., 2016; Sorefan et al., 2009).
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Nevertheless, the actual dynamics of SPT-promoter binding and the effect of auxin

on it will need to be addressed in the future for instance using ChlPgpcr.

At stage 12, the style identity has fully been established and will continue to elongate.
SPT is not expressed anymore (Schuster et al., 2015). Furthermore, in previous
stages, PID has been up-regulated through a negative auxin-induced feedback loop
(Girin et al., 2011; Simonini et al., 2016) leading to decreasing auxin levels in the style
at this stage. It is expected that both decreasing auxin levels and the absence of SPT
will have immediate consequences for the regulation of PID expression. Firstly,
decreasing auxin concentrations enable IND to restore binding to the PID promoter
and its interaction with ETT. Secondly, auxin concentrations under a yet unknown
threshold also affect ETT’s mode-of-action so that ETT protein will be predominantly
in a repressive state. In the experiment, | observed that mutations in both AuxREs
lead to de-repression of the PID promoter. Moreover, this seems to happen in a
dosage-dependent manner because mutating both AuxREs had a larger effect than
mutating them individually. One AuxRE has a bigger effect on promoter de-repression
than the other. Intriguingly, the AuxRE that has the minor contribution is in closer
proximity to the IND-binding site (at position -434). To date, not much is known about
dynamic DNA-protein interactions and their kinetics in developmental processes due
to their complexity. Therefore, interpretation of the presented data remains largely
speculative. It has been proposed that TF-TF interactions can provide robustness to
their cis-binding properties (Jolma et al., 2015). If IND is required to recruit ETT to the
PID locus, one could speculate that this recruitment might affect ETT binding
specificity and allow mis-matches in the ETT-AuxRE interaction. Thus, in pPIDiq and
pPID1+2ow @ small proportion of ETT might still be able to bind the mutated cis-element
with reduced affinity and thereby milden the de-repression effect on PID expression.
By contrast, in the case of mutations in the second AuxRE this softening does not

occur. A possible reason for this could be that this cis-element requires a clearer
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sequence presentation. ETT can form dimers with itself and other ARFs (Heather
McLaughlin personal communication). Therefore, ETT binding the second AuxRE
might recruit ETT binding to the first AuxRE or vice versa. It is also possible that other
transcription factors affect the regulation of PID as well as the binding kinetics of the
examined transcription factors adding another layer of regulatory binding complexity.
Nevertheless, PID promoter activity at stage 12 correlates strongly and positively with
increased style length suggesting a dependency between style elongation and PID

expression.

Organ growth can occur either through cell elongation or cell proliferation or a
combination of both processes. In the presented experiments | have not addressed
whether the increase in style length is the result of cell proliferation or cell division.
However, in the future this could be addressed by determining the cell number and
cell length within styles of the four promoter rescue lines using scanning electron
microscopy. Both processes, cell division and cell elongation are under tight hormonal
control predominantly through antagonistic action of auxin and cytokinins. Both
hormones have a crucial role controlling the balance between cell elongation and cell
division. While auxin generally inhibits cell proliferation, cytokinins promote cell
proliferation in the shoot (Kieber and Schaller, 2018). Homeostasis between auxin
and cytokinins plays an important role for the regulation of gynoecium development
and organ growth. Pharmacological studies showed that disturbing this homeostasis
by allocating high concentrations of cytokinin triggers ectopic cell proliferation
throughout the length of the gynoecium (Marsch-Martinez et al., 2012; Schuster et
al., 2015). Local application of moderate cytokinin concentrations trigger an increased
placenta length (Cucinotta et al., 2016). The role of auxin-cytokinin homeostasis in
the context of style elongation has not yet been addressed. However, one could
imagine a mechanism in which disturbing the balance by shifting the equilibrium

towards cytokinin might also trigger an increase in style length similarly to what has
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been observed for placenta length. The presented data show that mutating PID-
regulating AuxREs leads to ectopic up-regulation of PID in stage 12. This mis-
regulation correlates highly with increase in style length (R?=0.978). An increase in
PID expression would increase polar auxin transport for the style, thereby, reducing
local auxin concentrations. One could speculate that this leads to a higher cytokinin
to auxin ratio that promotes cell proliferation. In the future, the role of cytokinin in style
elongation could be assessed by overexpression of cytokinin biosynthesis and
degradation genes specifically in the style region. If high cytokinin promotes style
length this should be measurable. One would expect longer styles when biosynthesis
genes are overexpressed while overexpression of degradation genes would lead to

shorter styles.

Concluding remarks

In this chapter | present an approach to test the contribution of two ETT-binding
AuxREs in the promoter of an auxin responsive gene (PID) in the developmental
context of gynoecium development. This work shows that targeted mutations of cis-
regulatory elements can be used to dissect the importance of cis-regulation within
complex regulatory regions in planta. However, it also shows the challenges as gene
regulation is highly robust and mutations within gene regulatory regions may display
subtle phenotypes. To conclude, this study provides a starting point for a more in-
depth study understanding cis-regulation of auxin responsive genes as the data still
do not permit full elucidation of the mechanism by which ETT regulates PID
expression. For example, it remains an open question how ETT is recruited to its cis-
binding sites and whether ETT binds as a monomer, homo- or heterodimer. In line
with this, it is yet to be addressed whether IND is indeed required to recruit other TFs
to the PID-locus and also the role of SPT is yet to be elucidated. Nonetheless, this
work indicates that cis-elements are likely to affect the complex formation at target

loci as well as their regulation. Furthermore, it shows the benefits of studying cis-
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regulation in planta using a specific developmental process. Finally, this work opens
the avenue for more comprehensive studies systematically dissecting the role of cis-

elements in the regulation of developmentally important genes.

Materials and Methods

Plant materials and treatments
Plants were grown as described in Chapter 2. All transgenic plant lines and the pid-8
were in Columbia (Col-0) background. The pETT:ETT:GFP and pIND:IND:YFP lines

were previously published (Simonini et al., 2016).

Generation of transgenic lines

The transgenic rescue and reporter lines were generated using the Golden Gate
method (Engler et al., 2014) and transformed into Arabidopis as described in Chapter
3. Rescue constructs were transformed into pid-8 mutants while reporter lines were
transformed into Col-0. Transgenic lines were generated together with Bethany
Runciman as part of her MSc project. Primers and plasmids used for cloning can be

found in Appendix IV Table 1 and Appendix IV Table 2.

Phenotypic analysis

For the silique and style length measurements siliques were sampled from plants
when they were mature. For wild-type ten siliques from five plants (n=50 siliques)
were collected while for transgenics ten siliques from five independent lines per
construct were collected and photographed. Silique and style length were then
measured using ImageJ 1.48 (Schneider et al., 2012). The results were statistically
analysed by one-way ANOVA followed by Tukey’s multiple comparison test using

GraphPad Prism Version 5.04 (La Jolla California USA, www.graphpad.com).

Confocal microscopy and corrected total cell fluorescence quantification
Confocal images were taken from stage 9 and stage 12 gynoecium using a Leica SP5
(HyD detector) confocal microscope (Laser 20%, Smart Gain 30%, 200hz, 8x Line
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Average and a pinhole equivalent to 1.0x the Airy disk diameter) using a 40X oil
emersion lens. Excitation and detection of fluorophores were configured as follows:
GFP was excited at 488 nm and detected at 498-530 nm; mCherry was excited at
561 nm and detected at 571-630 nm. For comparability the acquisition settings were
set on the brightest sample and kept constant. All confocal images of the rescue lines
were taken by Bethany Runciman as part of her MSc project. Analysis was conducted
in ImageJ 1.48 (Schneider et al., 2012) using the corrected total cell fluorescence
method (McCloy et al., 2014) to quantify GFP and mCherry expression at the
gynoecium apex. CTCFgerp-t0-CTCFmcheny ratios were calculated and statistically
analysed using two-tailed t-test to compare between stages or using one-way ANOVA
followed by Tukey’s multiple comparison test using GraphPad Prism Version 5.04 (La

Jolla California USA, www.graphpad.com).

Chromatin Immunoprecipitation (ChIP) gPCR

ChIPgecr was performed using pETT:ETT:GFP and pIND:IND:YFP plants as
described in Chapter 2. ChlIP experiments using pIND:IND:YFP plants were
performed together with Billy Tasker-Brown. ChlPgpcr data were analysed using one-
way ANOVA followed by Tukey’s multiple comparison test using GraphPad Prism

Version 5.04 (La Jolla California USA, www.graphpad.com).
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Understanding how developmental programmes coordinate morphogenesis of
complex organisms has been a fascinating and longstanding question in
developmental biology. Through studies on model organisms such as Drosophila
melanogaster and Arabidopsis thaliana, it has become evident that morphogen
patterning and signalling is a fundamental requirement for the coordination of organ
development (Cadigan and Nusse, 1997; Gurdon and Bourillot, 2001; Kondo and
Miura, 2010; Sablowski, 2015). In plants, the phytohormone auxin, a chemically
simple tryptophan-derived molecule, fulfils a primary morphogenic role in almost
every aspect of plant development (Vanneste and Friml, 2009). Although it remains
unclear how auxin can regulate so many different responses, it has become apparent
that the specificity of hormone action between organs is not an intrinsic property of
the hormone itself but depends on the proteins responding to it in the different cells.
As discussed in the Introduction, a mechanism by which an auxin signal can generate
a transcriptional output, referred to as the “nuclear auxin signalling pathway” or
“canonical auxin signalling pathway”, has been discovered. Like many other
phytohormone signalling pathways, the canonical auxin signalling pathway includes
the hormone induced degradation of a repressor protein by the ubiquitin-proteasome
pathway, thereby, releasing the repression of auxin responsive target genes.

Prior to the start of this project, an alternative/non-canonical auxin-signalling
mechanism whereby auxin directly affects the activity of a transcription factor (TF)
complex towards its downstream targets (Simonini et al., 2016; Simonini et al., 2017;
Simonini et al., 2018a; Simonini et al., 2018b), was discovered. This mechanism
mediates precise polarity switches during gynoecium development and includes the
class-B ARF ETTIN (ETT/ARF3) as a pivotal component. However, the exact
molecular mechanism remains elusive. The aim of this thesis is to shed light onto the
molecular mechanism by which this non-canonical auxin-signalling pathway

perceives and transduces auxin stimuli to generate a transcriptional output.
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Non-canonical auxin signalling is independent of TIR1/AFB auxin receptors
ETT is an unusual ARF lacking the Aux/IAA-interacting Phox/Bem1 (PB1) domain
(Sessions et al., 1997; Simonini et al., 2016). Consequently, ETT cannot interact with
Aux/IAAs which are a central component of canonical auxin signalling mechanism. It
was therefore proposed that ETT might transduce the auxin signal through an
alternative auxin-signalling pathway, however, it is unclear to what extent this
pathway is independent of the established TIR/AFB-mediated pathway. Expression
analysis of HEC1 and PID, two auxin-responsive genes under direct control of ETT
in both higher order tirl/afb receptor mutants and a recently-developed synthetic
auxin-TIR1 pair (Uchida et al., 2018) revealed that the ETT-dependent regulation of
HEC1 and PID does not require a functional TIR1/AFB machinery and is therefore
TIR1/AFB independent (Chapter 2). Nevertheless, one cannot exclude the possibility
that this TIR1/AFB independent pathway interacts with the canonical auxin signalling
pathway in some instances. Such crosstalk between the two pathways could occur at
gene loci where ETT and class A ARF dimerise via their DBD domains. Although the
ARF heterodimerisation and the potential crosstalk between canonical and non-
canonical auxin signalling pathways has not yet been studied, future work will focus
on elucidating the importance of these two aspects for the regulation of auxin
responsive gene expression.

ETT is an auxin binding protein and may act as an auxin receptor

ETT interacts with a diverse set of TFs an auxin-sensitive manner through the C-
terminal part of ETT, known as the ETT-Specific (ES) domain (Simonini et al., 2016).
Systematic truncation of the ETT-protein found a fragment containing 207 amino
acids of the ES domain, ES®85%% that appears to be sufficient to mediate auxin-
sensitivity in ETT-protein interactions (Simonini et al., 2018a). The sensitivity of ETT-
TF interactions to IAA suggests a direct effect of the auxin molecule on the ETT
protein. An obvious question became whether ETT could act as an auxin receptor by
direct auxin binding. The biochemical and biophysical examination of the auxin
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binding potential of the ES3#-5% protein presented in Chapter 2, shows that ETT binds

naturally occurring auxin (IAA) directly.

However, the interactions observed were weak, which may reflect that other domains
in the full-length ETT protein contribute to auxin binding. Alternatively, it is possible
that the ETT-auxin interaction needs to be stabilised by additional factors, thereby
increasing the affinity. For instance, metal ions are common co-factors that stabilise
interactions between proteins and their ligands. Analogously, ABP1 requires zinc ions
for efficient auxin binding (Woo et al., 2002; Napier, 2004). Another possibility is that
certain proteins interact with ETT to stabilise auxin binding thereby increasing the
affinity in planta. Stabilising proteins can be context-specific transcriptional regulators,
such as IND, RPL or TPL, or context-independent proteins such as heat-shock
proteins (HSPs). Besides their well-known role as chaperone proteins that support
protein folding and their role in stress responses in many biological systems, HSP90s
play an important role in steroid hormone signalling in mammals where they physically
interact with the receptor and are required for efficient hormone binding (Echeverria
and Picard, 2010). It would be intriguing to see whether HSP90s play a similar role in

non-canonical auxin signalling.

Unfortunately, it was not possible to determine which residues of ETT interact with
auxin using the data obtained in this study. Therefore, future work should focus on
understanding different aspects concerning the structural basis of the ETT-auxin
interaction. This involves understanding the mechanistic and structural similarities
between non-canonical auxin signalling and animal hormone signalling, requires
knowledge about the kinetics of the ETT-auxin interaction, further information on
which ETT-residues bind auxin and how the conformation of ETT is affected by auxin
binding. These aspects will be studied using multi-dimensional NMR and X-ray

crystallography to identify the auxin-binding residues and reveal the structural
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dynamics upon auxin binding. Mutant analysis using HSQC-NMR and ITC will then

determine the contribution of each residue to auxin binding.

Nevertheless, the results suggest that ETT binds IAA directly thus revealing a key
molecular aspect of the non-canonical auxin-signalling pathway that suggests that
this pathway is fundamentally different to canonical auxin signalling. Moreover, direct
binding of a small hormone such as auxin by a transcription factor is an uncommon
phenomenon in plant signalling since most phytohormone pathways use either signal
transduction cascades using extracellular receptors (e.g. BR and peptide signalling)
or the ubiquitin-proteasome pathway (e.g. canonical auxin signalling or GA signalling)

(Kelley and Estelle, 2012; Oh et al., 2018; Vukasinovic and Russinova, 2018).

In contrast, signalling pathways in animals often involve either direct binding of a
hormone-ligand (steroid and thyroid signalling) or an effector protein (Wnt/B-catenin
signalling) by a transcription factor (Gammons and Bienz, 2018; King et al., 2012;
Tsai and O'Malley, 1994). Nuclear SHRs, THRs and TCF bind target loci
independently of the ligand concentration, a DNA-binding behaviour that can also be
observed for ETT (Chapter 5; Simonini et al., 2016). Despite the differences in the
ligands and the proteins involved in their perception, all three animal signalling
pathways use analogous mechanisms involve direct ligand-binding and an activity
switch of the transcription factor, both of which are features that are reminiscent of

auxin binding by ETT.

Non-canonical auxin signalling affects the local chromatin environment of its
target genes

Upon hormone binding by the receptor, animal hormone-signalling pathways involve
extensive chromatin remodelling at their target loci (Gammons and Benz, 2018; King
et al., 2012; Tsai and O'Malley, 1994). Due to its reminiscence with these pathways

in terms of direct hormone binding, a critical question to answer is whether non-
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canonical auxin signalling affects the chromatin environment at its target genes in

response to auxin.

The effect of auxin treatment on three distinct histone modifications (H3K27me3,
H3K27Ac and H3K36me3) at HEC1 and PID loci revealed that repressive H3K27me3
and activating H3K27ac marks indeed respond to auxin treatment in wild type
gynoecia, while H3K36me3 levels appears neither to be auxin-responsive nor
dependent on ETT at the loci examined. The levels of repressive (H3K27me3) and
activating (H3K27Ac) histone modifications correlated with the level of HEC1 and PID
expression. Similar to the gene expression response, the effect of auxin on histone
modifications was lost in the ett-mutant, suggesting that ETT plays an essential role
in regulating the expression of HEC1 and PID by modulating the levels of activating

and repressive histone modifications.

Although it has been shown that ARFs can control the local chromatin environment
of their target genes, those observations are based on experiments in arf mutants or
histone-modifying enzyme mutants, rather than on wild type plants with auxin
treatments (Chung et al., 2019; Weiste and Droege-Laser, 2014; Wu et al., 2015).
Thus, results from these studies show that chromatin state and gene expression data
correlate with protein-protein interactions between components of the canonical auxin
signalling machinery and protein complexes that regulate the chromatin environment
but not changes in auxin levels itself. In contrast, the experiments presented in
Chapter 2 assay changes in chromatin state upon auxin treatment in both wild type
and ett-3 mutant. The combination of wild type and mutant data allows to draw
conclusions about the requirement of both auxin and ETT for the auxin-effect on the
chromatin environment and the auxin responsive regulation of its target genes. In the
future it would be interesting to see whether such direct causality can also be found
for other ARFs. Furthermore, it would be interesting to assay the effect of auxin on

the chromatin environment on a whole genome scale. Combining these with the RNA-
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seq and ChlP-seq data sets for ETT would elucidate which genes are under control
of ETT in an auxin responsive manner. Moreover, these data may help to obtain

insight into the many different ways in which chromatin is involve in gene regulation.

ETT recruits chromatin-modifiers to mediate auxin dependent chromatin
remodelling

ETT does not have chromatin-modifying activity itself but interacts with proteins that
mediate histone modifications (Chapter 3). Some of these proteins, including DEK3,
TPL and VRN2, interact with ETT in an auxin-sensitive manner. These three
interactions were analysed in further detail to find out how they can modulate the local
chromatin environment at ETT-target genes in response to auxin and in cooperation

with ETT.

The results lead to two hypotheses about how DEK-proteins can affect auxin-

responsive gene regulation:

Firstly, DEK3 may affect chromatin structure on a global level at auxin-responsive loci
through chromatin looping, which is supported by mutant analysis, which has further
shown that DEK3 and its close homolog, DEK4, redundantly regulate the polar auxin
transport regulator PID during gynoecium development (Chapter 3). In plants and
animals DEK proteins have been implemented in three-dimensional chromatin
organisation, particularly, through their role in the formation and maintenance of
chromatin loops (Greenwald et al., 2019; Kadauke and Blobel, 2009; Waidmann et
al., 2014; Zheng and Liu, 2019). In agreement with this, a chromatin loop has been
implemented in the auxin-responsive regulation of PID (Ariel et al., 2014). Future work

will evaluate this by investigating the ability of DEK4 to interact with ETT.

Secondly, DEK3 can directly interact with histone deacetylases (Waidmann et al.,
2014). Consequently, DEK proteins may shape the chromatin environment of their

target genes directly through histone deacetylation in response to auxin. This
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hypothesis agrees with the auxin effect on histone acetylation of auxin-responsive
genes presented in Chapter 2. It is therefore possible that when nuclear auxin
concentrations are low, DEK3 interacts with ETT and brings in histone deacetylation
at ETT-target loci to repress gene expression. In contrast, high auxin concentrations
may instead lead to a disruption of ETT-DEK3-HDAC complexes, leading to a
reduction of deacetylation and de-repression of the target locus. Future analysis using
ChIPgpcr Will show whether DEK3 co-localises with ETT at binding sites within the
PID promoter. Examining the expression of target genes and H3K27Ac dynamics at
target sites in dek3-2 dek4-1 mutants, and in the presence and absence of auxin, will
provide insight into the importance of chromatin modifications by DEK3-containing

complexes for the transcription of genes in response to auxin.

The second ETT-interacting protein examined in more detail was VRN2, which is a
Su(z)12 subunit of the POLYCOMB REPRESSIVE COMPLEX 2 (PRC2). Although
PRC2 is most prominent for its role in epigenetic silencing and memory through
H3K27me3 deposition at its target genes, PRC2 has also been implemented in the
regulation of genes subjected to regulation by gene regulatory networks (Ringrose,
2007). In plants, the antagonistic action of H3K27me3 and H3K36me3 appears
characteristic for epigenetic silencing and memory (Berry et al., 2015; Berry et al.,
2017; Yang et al.,, 2014; Yang et al.,, 2017). The examination H3K27me3 and
H3K36me3 levels suggest that HEC1 and PID (and likely, most ETT-target genes)
are not regulated through epigenetic memory but rather by gene regulatory networks

(Chapter 2).

The further examination of VRN2 remained inconclusive concerning its role in the
auxin-responsive regulation of ETT-target genes, which may be due to redundancy
between VRN2 and its homologs FIS2 and EMF2. Since it appears that ETT plays an
active role in regulation of H3K27me3 status, one could speculate that ETT directly

recruits PRC2 action to its target genes. Therefore, future work first needs to clarify
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whether FIS2 and EMF2 can also interact with ETT, and whether they do so in an
auxin-sensitive manner. To fully understand the role of PRC2 in the auxin responsive
regulation of ETT target genes, such as HEC1 and PID, the binding of VRN2 and
homologs to these loci needs to be evaluated using ChlPqecr. The co-localisation of
PCR2 and ARFs at binding sites of auxin-responsive loci would indicate that they
work together as a complex. Finally, the assessment of H3K27me3 dynamics at the
PID locus in VRN2, FIS2 and EMF2 double and triple mutants would provide further
evidence to support a role for VRN2 in the auxin-responsive regulation of chromatin
dynamics. Nevertheless, results presented in Chapter 2, Chapter 3 and by others
(Ariel et al., 2014) indicate a role of PRC2 in the regulation of the auxin-responsive
gene, PID and possibly also HEC1. The suggested experiments will contribute to the
general understanding of PRC2 in the regulation of both auxin-responsive genes, and

the regulation of genes which are not regulated by epigenetic silencing.

The third ETT-interacting candidate that was identified in Chapter 3 is the
Groucho/TLE-type co-repressor protein TOPLESS (TPL). The interaction between
ETT and TPL was auxin sensitive raising several questions about how the two
proteins interact and how they co-operatively mediate auxin signalling and modulate
the local chromatin environment. Chapter 4 explores the mechanism by which ETT
and TPL interact and the consequences of this interaction on the regulation of ETT-
target genes. The results show that ETT interacts with several TPL/TPR family
members in an auxin-sensitive manner through a conserved motif (RLFGF) in its C-
terminal ES domain. Further analysis showed that a core LFG-motif is conserved
among all ARFs. However, only class-B ARFs encode for the full motif and can
interact with TPL/TPRs (Chapter 4; Causier et al., 2012; Liu et al., 2019). Since most
class-B ARFs cannot interact with Aux/IAA proteins and regulation of their target
genes can therefore not be explained through the canonical auxin-signalling pathway

(Vernoux et al., 2011), it would be intriguing for future investigation to examine
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whether non-canonical auxin signalling is a general feature of class-B ARFs rather
than an ETT-specific phenomenon. This would suggest that class-B ARFs can directly
recruit TPL to ARF-target genes instead of the indirect Aux/IAA-mediated recruitment
of TPL by class-A ARFs. It would also imply a much wider significance of non-
canonical auxin signalling in plant development. Phylogenetically, ETT has diverged
relatively recently and can only be found in angiosperms (Finet et al., 2013; Mutte et
al., 2018). In order to elucidate whether non-canonical auxin signalling is a recent
ETT-specific innovation or whether it has evolved in parallel to canonical auxin
signalling, it would be interesting to assay auxin-sensitivity of other class-B ARF-TPL
interactions. Ideally, this would be done within Arabidopsis and other model plant
species (e.g. Marchantia polymorpha (liverwort), Physcomitrella patens (moss)).
Covering the whole evolutionary linage of land plants, could reveal the origin of non-

canonical auxin signalling.

In agreement with what was recently shown for REL2, a homolog of TPL in maize
(Liu et al., 2019), | show that interaction between ETT and TPL is mediated through
the C-terminal region of TPL containing two WDA40 repeats rather than through the N-
terminal CTLH domain that facilitates interaction with the EAR-motif (LxLxL) of
Aux/IAA proteins (Ke et al.,, 2015; Martin-Arevalillo et al., 2017). Interestingly,
Groucho/TLE co-repressors interact with TFs through their WD40 domains in
animals, suggesting an even deeper level of mechanistic convergence (Buscarlet and

Stifani, 2007; Jennings and Ish-Horowicz, 2008; Liu et al., 2019).

Across kingdoms, Groucho/TLE-type co-repressors recruit histone deacetylases and
regulate the local chromatin environment of target genes (Buscarlet and Stifani,
2007). In agreement with this, TPL interacts with HDA19 to repress target genes
during flower development (Krogan et al., 2012). The results presented in Chapter 4
revealed that this is also the case in gynoecium development. Moreover, | found that

ETT directly recruits TPL and HDA19 to its target loci. All three proteins associate
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with DNA elements in the same regions of the promoters of PID and HEC1 supporting
a model in which ETT recruits TPL/TPR2 and HDA19 to ETT target loci. In Chapter
2, | show H3K27 acetylation increased in the absence of ETT and upon treatment
with auxin. In the ett-3 mutant there was no further increase of acetylation upon
treatment with auxin suggesting that ETT mediates the association of TPL/TPR and
HDA19 with these loci. This leads to a model in which low levels of auxin maintain
ETT associations with TPL/TPR2 to repress gene expression via H3K27
deacetylation, whereas increasing auxin levels, disassociate TPL/TPR2 (and hence
HDA19) from ETT, promoting H3K27 acetylation. Analogously to the auxin effect on
the ETT-TPL-HDA19 interaction, [-catenin-induced dissociation of the TCF-
Groucho/TLE interaction and target locus acetylation is pivotal to Wnt/3-catenin

signalling during animal development (Gammons and Bienz, 2018).

Moreover, the proposed model agrees with previous data showing auxin dynamics at
the gynoecium apex where PID expression is repressed at early stages of
development to mediate radialization, but subsequently de-repressed as auxin levels
rise to facilitate polar auxin transport (Simonini et al., 2016; Moubayidin and
Ostergaard 2014). These data also support a hypothesis raised in a recent study in
which a role for co-repressors in the recruitment of HDA19 during the repression of

STM by ETT and ARF4 was suggested (Chung et al., 2019).

Low auxin binding affinity of ETT could be functionally relevant

The auxin concentrations required to dissociate the ETT-TPL interaction are relatively
high compared to the auxin concentrations that promote Aux/IAA-TIR1/AFB
interactions in the canonical pathway (Calderon Villalobos et al., 2012; Kepinski and
Leyser, 2005). It can be speculated that the relatively high concentrations of auxin
required for the auxin-effect in non-canonical pathway, are functionally relevant in a
model in which the non-canonical pathway crosstalks with the canonical pathway

(Figure 6.1).
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Figure 6. 1: Model describing potential crosstalk between canonical and non-canonical auxin
signalling pathways. Canonically regulated class-A ARFs (A-ARF) are quickly relieved from
repression due to the high auxin binding affinity of the TIR1/AFB receptors (a, b), while non-
canonically regulated class-B ARFs (B-ARF) are de-repressed slowly at under high auxin
levels (b, ¢). In contrast, non-canonically regulated ARFs can be repressed under higher auxin
levels (b,c) then canonically regulated ARFs (a, b). If a gene is regulated by several canonical
and non-canonical ARFs, then the ratio between the two types of ARF determines the auxin
concentration threshold at which the gene is transcribed (b). ON indicates the full upregulation
of the target gene while of indicates full repression of the target gene; green indicates low
auxin while red indicates high auxin concentrations

In this model promoter bound canonically regulated class-A ARFs (i.e. Aux/IAA
binding ARFs) are quickly relieved from repression when auxin levels increase due
to the relatively high affinity of TIR1/AFBs to auxin (Figure 6.1 a, b). In contrast,
promoter bound non-canonically regulated class-B ARFs (i.e. auxin binding ARFs
such as ETT) are de-repressed at higher auxin levels due to the low auxin binding
affinity of class-B ARFs (Figure 6.1 b, c). However, when auxin levels decrease,

repression of non-canonically regulated ARFs could be restored at higher residual
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auxin concentration, because their mode of regulation allows direct switching
independent of the abundance of Aux/IAAs (Figure 6.1 b, ¢). Consequently, in such
model non-canonically regulated ARFs act as a break on transcription due to their
slow de-repression and fast repression. If a gene is regulated by several canonical
and non-canonical ARFs, then the ratio between the two types of ARF determines
the auxin concentration threshold at which the gene is transcribed (Figure 6.1 b).
Since physical ARF-ARF interactions are likely, and AuxREs are often arranged as
repeats it would be interesting to investigate such a mode of ARF-target gene
regulation in more detail (Boer et al., 2014; Cherenkov et al., 2018; Korasick et al.,

2014).

Two ETT-binding cis-regulatory elements within the PID-promoter are

required for PID regulation during style development.

Throughout this thesis it is evident that auxin controls plant development through the
gene-regulatory properties of Auxin Response Factors (ARFs). It is well-established
that ARFs bind cis-regulatory elements, so-called Auxin Responsive Elements
(AuxRES) in regulatory regions of their target genes (Boer et al., 2014; O’Malley et
al., 2016). However, because all ARFs bind to this element, it is remains unclear how
target-gene specificity of ARFs is achieved. A common hypothesis is that ARFs
interact and cooperate with other transcription factors (TFs) to bind to complex DNA-
binding sites harbouring cis-elements for several TFs (Kato et al., 2018; O'Malley et
al., 2016; Weiste and Droege-Laser, 2014). Complex DNA-binding sites have not
been studied systematically for ARF-target genes. In Chapter 5, | evaluate the
importance of cis-regulatory elements in the regulation of auxin-responsive genes
using PID as a model. PID is a gene involved in regulating polar auxin transport
throughout plant development and also plays an important role during gynoecium
apical development (style development). PID expression is directly regulated by ETT

and its interacting partner INDEHISCENT (IND). In addition, PID is also directly
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regulated by SPT, another TF that can interact with IND. Within the PID-promoter,
ETT, IND and SPT binding sites are located close to each other forming a complex
regulatory patch (Chapter 5; Girin et al., 2011; Simonini et al., 2016; Sorefan et al.,
2009). To address the question of how relevant ETT binding to PID is for the
regulation of gynoecium development, | mutated two ETT-binding AuxREs within the
regulatory patch and observed increased style length in gynoecia of plants carrying
mutated promoter variants. Furthermore, mutating the AuxREs led to ectopic
repression of PID in one developmental context while leading to ectopically up-
regulated PID expression at another stage. The data also show that IND associates
with the PID promoter in an auxin-sensitive manner, while ETT binding to the
promoter is insensitive to auxin. Altogether, the results demonstrate that targeted
mutations of cis-regulatory elements can be used to dissect the importance of single
cis-regulatory elements within complex regulatory regions, supporting the importance
of the ETT-IND interaction for PID regulation. Although supporting the hypothesis that
ARFs cooperate with other TFs to regulate target genes, this work also highlights the
challenges of such studies as gene regulation is highly robust and mutations within

gene regulatory regions may display subtle phenotypes.

Conclusion

The proper development of fruits is not only crucial for the successful completion of a
plants life cycle. Fruits and the seeds enclosed in them are also a major source of
nutrition for animals including humans and livestock. Over the last two decades, the
hormonal and genetic basis of gynoecium development has been studied in detail in
the model species Arabidopsis thaliana. It became evident that the phytohormone
auxin has an essential role in gynoecium initiation and patterning throughout its
development (Deb et al., 2018; Moubayidin and @stergaard, 2017). Moreover, ETT
was found to be critical in orchestrating the developmental programs during the

formation of gynoecia via the translation of auxin signals into differential gene
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expression via an alternative auxin-signalling pathway in which auxin affects the
activity of ETT-containing transcription factor complexes towards their target genes

(Simonini et al., 2016; Simonini et al., 2017; Simonini et al., 2018b).

The work described in this thesis is aimed at elucidating this molecular mechanism
and reveal how the ETT-mediated auxin-signalling pathway perceives and
transduces auxin stimuli to generate a transcriptional output. | found that non-
canonical auxin signalling is fundamentally different from and independent of the
canonical TIR1/AFB-mediated auxin signalling pathway as it does not require protein
degradation of its core components. Moreover, auxin has a direct effect on ETT
suggesting that ETT acts as an auxin receptor. Direct auxin binding to ETT is a feature
which is reminiscent of animal hormone-signalling pathways such as the
Steroid/Thyroid Hormone and Whnt/R-catenin signalling pathways. Moreover, auxin
does not affect whether ETT is bound to DNA, which is another parallel to animal
signalling mechanisms. These observations together with the lack of protein
degradation makes the non-canonical auxin-signalling pathway instantly reversible,
which could make it particularly suitable for controlling changes in tissue polarity

during organogenesis.

In this study, | provide evidence that regulation of target genes through maodification
of local chromatin environment is a central aspect of the non-canonical auxin
signalling. In agreement with that, ETT directly interacts with proteins that are parts
of chromatin-modifying complexes under low auxin levels while high auxin levels
dissociate these interactions. The work presented in this thesis shows that co-
repressors of the TPL/TPR family as well as the HDA19 histone deacetylase are
required for proper gynoecium development and molecular data suggest that ETT
recruits these factors to its target genes under low auxin levels to mediate formation
of a repressive chromatin state. My results and those of others have shown that other

class-B ARFs can also interact directly with TPL, raising the possibility that this
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mechanism may not be exclusive to ETT but may also play a role in controlling auxin-
responsive gene expression through other class-B ARFs. This could suggest a much
deeper significance of non-canonical auxin signalling in plant development (Chapter
2; Causier et al., 2012; Liu et al., 2019). Remarkably, the direct and ligand-dependent
dissociation of a Groucho/TPL-HDAC module by transcription factors seems to be
highly conserved in signalling mechanisms across eukaryotes (Buscarlet and Stifani,

2007; Chambers et al., 2017; Turki-Judeh and Courey, 2012).

In conclusion, this thesis describes the efforts taken to shed light onto the mechanism
behind non-canonical auxin signalling. The identification of ETT as an auxin receptor
which adds an additional layer of complexity to auxin biology, could help to explain
how auxin imparts its effect on highly diverse processes throughout plant
development. Furthermore, it raises the possibility that other transcription factors may
also bind auxin and raises the exciting possibility that direct regulation of transcription
factor interactions by other hormones and small molecules is a more general feature

in plant biology.
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Appendix | - Supplemental Figures and Tables for Chapter 2

Appendix | Table 1: List of ETT regulated target genes based on re-analysing the results
published in Simonini et al., 2017.

Gene ID Name Iogzcgtlj_l(;jflgaAnge) log2 (fc;lt(tj_é:hange)
AT5G67060 HEC1 1.6278 1.65224
AT5G52900 MAKR6 1.49142 1.37113
AT4G34760 SAURS50 1.19271 0.69973
AT1G70940 PIN3 0.94715 0.526049
AT2G36430 DUF247 0.65153 0.602134
AT2G21210 SAUR6 0.6336 0.560865
AT1G19050 ARR7 0.55704 0.432073
AT1G69780 ATHB13 0.36989 0.332443
AT2G45310 GAE4 0.36469 0.286333
AT2G30520 RPT2 0.36183 0.25828
AT3G60400 SHOT1 0.35908 0.407656
AT4G26540 RGI3 0.35812 0.391366
AT1G23080 PIN7 0.33233 0.319203
AT5G23280 TCP7 0.24671 0.573688
AT3G23050 I1AA7 0.20174 0.427759

Appendix | Table 2: Oligonucleotides used in Chapter 2.

ID Orientation | Amplicon Sequence Purpose
AK203 | Sense UBQ10 AGAACTCTTGCTGACTACAATATCCAG gPCR
AK204 | Antisense UBQ10 ATAGTTTTCCCAGTCAACGTCTTAAC gPCR
AK205 | Sense PID ATTTACACTCTCTCCGTCATAGACAAC gPCR
AK206 | Antisense PID ACATGTGTAGATATTCTAACGCCACTA gPCR
AK295 | Sense IAA19 GAGCATGGATGGTGTGCCTTAT gPCR
AK296 | Antisense IAA19 TTCGCAGTTGTCACCATCTTTC gPCR
AK348 | Sense HEC1 TGCATCAGATGGAGAAGCTTC gqPCR
AK349 | Antisense HEC1 ACCTGGTTCGTTGGTCATTG gPCR
AK287 | Sense PIN3 GCGTCAATAAAAACCCGAAAG gPCR
AK288 | Antisense PIN3 GAAGCTCCTTGGCGTCATG gPCR
AK289 | Sense PIN7 TATTGGATTACGTGGAGACCTATTG gPCR
AK290 | Antisense PIN7 CAAGATTGCGGGATGAACATTATAC gPCR
AK291 | Sense MAKR6 CCATTGTGTAAGAGATTAAGGAGATGTAGA | gPCR
AK292 | Antisense MAKR6 GTCACAAGACCTTCTCCAATAATAATCA gPCR
AK356 | Sense HEC1 ACAGTGAGAGCTTGTGGTGT ChIP
-2000
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AK357 | Antisense HEC1 ACCGTAAACAAGAAGCAGCA ChiP
AK358 | Sense I-%I(E)g(i TATCGGGTTGTCAGATGCAG ChlP
AK359 | Antisense I—}Eg(i ACTGACTTTCCTTCTGGCGA ChiP
AK360 | Sense |-|1I§(C):(i -800 | TGTTGTGCTTGTGAGACGAC ChiP
AK361 | Antisense HEC1 -800 | CGCATTTATCGACCGTCCAG ChiP
AK362 | Sense HEC1 -200 | CCGAATGACCGAATGCATGT ChlP
AK363 | Antisense HEC1 -200 | ATAGCAACTTGTGGCCCATC ChiP
AK348 | Sense HEC1 0 TGCATCAGATGGAGAAGCTTC ChiP
AK349 | Antisense HEC1 0 ACCTGGTTCGTTGGTCATTG ChiP
AK350 | Sense HEC1 300 | ACGGTTCCGGTTTACTCACT ChiP
AK351 | Antisense HEC1 300 | CTGCCATGTTCGTGCCATTA ChiP
AK354 | Sense HEC1 700 | ACTCATCAGATGGTGGGCAA ChiP
AK355 | Antisense HEC1 700 | cttggcttccctctccagaa ChiP
AK096 | Sense PID ACTAAACGTCGCCGATTTCA ChiP
AKO097 | Antisense PID ACTAAAAGACTTGGGTCACG ChiP
AK098 | Sense PID TGGTTCTAAAGTCTGAACCT ChiP
AKO099 | Antisense PID CTCTCTCTATGCTCCGACTC ChiP
AK100 | Sense PID GTCAATGCATGTAACTATAA ChiP
AK101 | Antisense PID CCCTCTCTTCCGCCAGGTAA ChiP
AK102 | Sense PID TGAGGCGAAAATCTCGGAAG ChlP
AK103 | Antisense PID TCAGCCGGTTATCATTCGAC ChlP
AK104 | Sense PID CTAGAGAACTCATGGTCACGG ChiP
AK105 | Antisense PID ATATAGGTTGGGTCCCTTCCAG ChiP
AK106 | Sense PID TTTACGTGGCTCCACTCCAC ChiP
AK107 | Antisense PID TGACCGAACCAATTCTAGCA ChiP
AK108 | Sense PID GTGGCTTCCATAGCGCCGGA ChiP
AK109 | Antisense PID CTAGCAACAGAGACCAACCC ChiP
AK110 | Sense PID GAACTCTTCTATGTAAGGTA ChiP
AK111 | Antisense PID TTTTAAACACAACATCTCGT ChlP
AK112 | Sense PID GTGGTAAACCCTATAACGGT ChiP
AK113 | Antisense PID CTACATGATGCGCCAAAGAT ChiP
AK114 | Sense PID TTCATTCCGTTTATCCGCTT ChiP
AK115 | Antisense PID GAAATTTTGTGTTTCTTCCG ChiP
AK116 | Sense PID AATTAGAAATATTCATCTCA ChiP
AK117 | Antisense PID TTGTTTTCAACATAAAAATC ChiP
AK104 | Sense PID CTAGAGAACTCATGGTCACGG ChlP
AK105 | Antisense PID ATATAGGTTGGGTCCCTTCCAG ChiP
AK377 | Sense PID gaatcactagtccaatatttctcc ChiIP
AK378 | Antisense PID cagtaaaaagacgttacagagacc ChiP
AK215 | Sense PID TCTCACCGTCTGATTCTCGT ChiIP
AK216 | Antisense PID ccctgtectgtttcatctcetg ChiP
AK213 | Sense PID CTCAGCGTAAAGAGTCGGC ChiP
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AK214 | Antisense PID GGAGACGAAGAAGAGAGCCG ChiP
AK211 | Sense PID ACTAGAACTTCGGCGGCATA ChIP
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AKQ098 | Sense PID TGGTTCTAAAGTCTGAACCT ChIP
AKO099 | Antisense PID CTCTCTCTATGCTCCGACTC ChiP
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Appendix | Figure 1: WaterLOGSY NMR showing the binding of IAA to ES388-594 protein.
Signal intensity for IAA was recorded over a concentration range (x-axis) in the presence
(square) and absence (triangle) of ES388-594 protein. These values were compared to give the
difference in signal intensity and binding curve (diamond). The Ko was calculated using the
formula and values indicated. The WaterLOGSY NMR experiment was performed by Dr.
Sigurd Ramans Harborough (University of Leeds).
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Appendix Il - Supplemental Figures and Tables for Chapter 3

Appendix Il Table 1: List of candidates identified by Y2H library screen

Gene ID Gene name Localization Condition
AT1G01550 BPS1, BYPASS 1 Chloroplast, WLH
plasma
membrane

AT1G02140 | HAP1, HAPLESS 1, MAGO, MAGO Chloroplast WLAH
NASHI,

AT1G02205 CER1, CER22, ECERIFERUM 1, ER WLA
ECERIFERUM 22

AT1G03900 @ ABCI18, ATNAP4 Cytosol WLAH

AT1G04420 NAD(P)-linked oxidoreductase Chloroplast WLA
superfamily protein

AT1G04950 | ATTAF6 Nucleus WLH

AT1G06040 B-BOX DOMAIN PROTEIN 24, Nucleus WLA
BBX24

AT1G06680 | OE23, OEE2, OXYGEN EVOLVING Chloroplast WLAH
COMPLEX SUBUNIT 23 KDA

AT1G06760 @ winged-helix DNA-binding Nucleus WLH
transcription factor family protein

AT1G07080 @ Thioredoxin superfamily protein Vacuole WLA

AT1G08190 ATVAM2, ATVPS41 Vacuole WLH

AT1G09590 | Translation protein SH3-like family Cytosol WLAH
protein

AT1G09970 LRR XI-23, RECEPTOR-LIKE plasma WLA
KINASE 7, RLK7 membrane

AT1G10350 | DNAJ heat shock family protein Cytoplasm WLAH

AT1G12050 FUMARYLACETOACETATE Cytosol WLA
HYDROLASE

AT1G12610 | DWARF AND DELAYED Nucleus WLH
FLOWERING 1, DDF1

AT1G13210 ACA.L, AUTOINHIBITED Golgi WLA
CA2+/ATPASE Il

AT1G15125 @ S-adenosyl-L-methionine-dependent Nucleus WLA
methyltransferases

AT1G15500 ATNTT2 ‘ Chloroplast WLH

AT1G15730 | unknown protein Chloroplast WLA

AT1G15750 TOPLESS, TPL ‘ Nucleus WLAH

AT1G15820 | CP24, LHCBS6, LIGHT HARVESTING | Chloroplast WLA
COMPLEX PHOTOSYSTEM Il
SUBUNIT 6

AT1G16250 Galactose oxidase/kelch repeat Cytosol WLH
superfamily protein

AT1G17440 | CKH1, CYTOKININ- Nucleus WLAH
HYPERSENSITIVE 1

AT1G18330 EARLY-PHYTOCHROME- Nucleus WLA
RESPONSIVEL, EPR1, REVEILLE 7,
RVE7

AT1G20020 | ATLFNR2, FERREDOXIN-NADP(+)- | Chloroplast WLH
OXIDOREDUCTASE 2

AT1G20340 DNA-DAMAGE- Nucleus WLH
REPAIR/TOLERATION PROTEIN
112, DRT112

AT1G20620 | ATCAT3, CAT3, CATALASE 3 Apoplast WLH

AT1G25230 Calcineurin-like metallo- Apoplast WLA
phosphoesterase superfamily protein

AT1G25550 | myb-like transcription factor family Nucleus WLH
protein

AT1G27400 Ribosomal protein L22p/L17e family Cytosol WLA

protein
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AT1G29310 | SecY protein transport family protein Chloroplast WLA

AT1G29930 @ AB140, CAB1, CAB140, Chloroplast WLA
CHLOROPHYLL A/B BINDING
PROTEIN 1

AT1G30360 @ EARLY-RESPONSIVE TO Chloroplast WLA
DEHYDRATION 4, ERD4

AT1G30400 ABCC1 plasma WLH

membrane

AT1G30520 | AAE14, ACYL-ACTIVATING Chloroplast WLA
ENZYME 14

AT1G31330 | PHOTOSYSTEM | SUBUNIT F, Chloroplast WLH
PSAF

AT1G31350 | KAR-UP F-BOX 1, KUF1 Nucleus WLA

AT1G32130 | ARABIDOPSIS THALIANA IWS1 Nucleus WLA
(FROM YEAST INTERACTS WITH
SPT6)

AT1G32640 | ATMYC2, JAI1, JASMONATE Nucleus WLH
INSENSITIVE 1

AT1G32930 @ GALT31A, Golgi WLAH
GLYCOSYLTRANSFERASE OF
CAZY FAMILY GT31A

AT1G33055 | unknown protein Mitochondrion WLH

AT1G43170 ARP1, EMB2207, EMBRYO Ribosome WLA
DEFECTIVE 2207, RIBOSOMAL
PROTEIN 1, RP1, RPL3A

AT1G43890 | ARABIDOPSIS RAB GTPASE Cell Membrane WLH
HOMOLOG B18, ARABIDOPSIS
RAB GTPASE HOMOLOG C1,

AT1G48410 AGO1, ARGONAUTE 1, ATAGO1, Nucleus WLAH
ICU9

AT1G48598 | CONSERVED PEPTIDE UPSTREAM WLA
OPEN READING FRAME 31

AT1G49970 | CLP PROTEASE PROTEOLYTIC Chloroplast WLH
SUBUNIT 1, CLPR1

AT1G50970 | Membrane trafficking VPS53 family Golgi WLA
protein

AT1G51590 | ALPHA-MANNOSIDASE 1, ALPHA- golgi WLH
MANNOSIDASE IB, MANIB, MNS1

AT1G52400 | A. THALIANA BETA-GLUCOSIDASE | ER WLH
1, ATBG1

AT1G53000 @ATCKS, CKS, CMP-KDO Mitochondrion WLAH
SYNTHETASE, KDSB

AT1G53910 | RAP2.12, RELATED TO AP2 12 Nucleus WLH

AT1G54080 OLIGOURIDYLATE-BINDING Nucleus WLA
PROTEIN 1A, UBP1A

AT1G61120 | TPS4 Chloroplast WLH

AT1G61790 | OLIGOSACCHARYLTRANSFERASE | Chloroplast WLH
SUBUNIT 3/6, OST3/6

AT1G65900 | unknown protein WLAH

AT1G65930 | CICDH \ Apoplast WLA

AT1G67090 | RBCS1A, RIBULOSE Apoplast WLH
BISPHOSPHATE CARBOXYLASE
SMALL CHAIN 1A

AT1G67360 @ Rubber elongation factor protein ‘ Cytoplasm WLH

AT1G67630 A DNA POLYMERASE ALPHA 2, Mitochondrion WLH
EMB2814, EMBRYO DEFECTIVE
2814, POLA2

AT1G67750 | Pectate lyase ‘ Cytosol WLA

AT1G68560 | ALPHA-XYLOSIDASE 1, ALTERED Apoplast WLH
XYLOGLUCAN 3, ATXYL1

AT1G69040 = ACR4, ACT DOMAIN REPEAT 4 ‘ Cytosol WLAH

AT1G70160 | unknown protein Nucleus WLAH

AT1G70370 PG2, POLYGALACTURONASE 2 ‘ Apoplast WLA
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AT1G71695 | Peroxidase superfamily Cell Wall WLH
AT1G72440 EDA25, EMBRYO SAC Nucleus WLH
DEVELOPMENT ARREST 25, SLOW
WALKER2, SWA2
AT1G72520 | ARABIDOPSIS THALIANA Chloroplast WLH
LIPOXYGENASE 4, ATLOX4,
LIPOXYGENASE 4, LOX4
AT1G73885 @ unknown protein WLA
AT1G74040 | 2-ISOPROPYLMALATE SYNTHASE | Chloroplast WLAH
1
AT1G74470 multifunctional protein with ‘ Chloroplast WLH
geranylgeranyl reductase activity
AT1G74790 | unknown protein WLA
AT1G75940 BETA GLUCOSIDASE 20 ‘ ER WLH
AT1G76160 & SKS5, SKU5 SIMILAR 5 Apoplast WLH
AT1G76810 elF2, EUKARYOTIC TRANSLATION | Cytosol WLA
INITIATION FACTOR 2
AT1G79380 | RGLG4, RING DOMAIN LIGASE 4 Cell Membrane WLA
AT1G80070 ABNORMAL SUSPENSOR 2, SUS2 ‘ Nucleus WLA
AT2G01010 | 18SrRNA Ribosome WLH
AT2G01600 | ENTH/ANTH/VHS superfamily protein ‘ Golgi WLA
AT2G01630 @ O-Glycosyl hydrolases family 17 Plasmamembrane = WLH
protein
AT2G02148 @ unknown protein WLA
AT2G02870 | Galactose oxidase/kelch repeat Chloroplast WLAH
superfamily protein
AT2G04630 NRPB6B, NRPE6B ‘ Nucleus WLH
AT2G05520 | GLYCINE RICH PROTEIN 3, Cell Wall WLH
ATGRP-3, ATGRP3
AT2G06950 | Retrotransposon WLH
AT2G07706 | unknown protein Chloroplast WLH
AT2G15580 | RING/U-box superfamily protein ‘ Mitochondrion WLA
AT2G16600 | ROC3 Golgi WLA
AT2G17990 unknown protein WLH
AT2G20790 | clathrin adaptor complexes medium Nucleus WLH
subunit family protein
AT2G21270 UBIQUITIN FUSION DEGRADATION ‘ Chloroplast WLAH
1, UFD1
AT2G21660 | "COLD, CIRCADIAN RHYTHM, AND | Apoplast WLA
RNA BINDING 2", ATGRP7, CCR2,
AT2G23450 | Protein kinase superfamily protein ‘ Golgi WLH
AT2G24500 | FZF, REI1-LIKE 2, REIL2 Cytosol WLA
AT2G26770 SCAB1, STOMATAL CLOSURE- Cytoplasm WLAH
RELATED ACTIN BINDING
PROTEIN 1
AT2G27600 | ATSKD1, SKD1, SUPPRESSOR OF | Cytoplasm WLAH
K+ TRANSPORT GROWTH
DEFECT1, VACUOLAR PROTEIN
SORTING 4, VPS4
AT2G28830 ATPUB12, PLANT U-BOX 12, PUB12 | Nucleus WLA
AT2G30040 | MAPKKK14, MITOGEN-ACTIVATED Cytoplasm WLH
PROTEIN KINASE 14
AT2G30570 PHOTOSYSTEM Il REACTION Chloroplast WLH
CENTER W, PSBW
AT2G30870 | ARABIDOPSIS THALIANA Apoplast WLA
GLUTATHIONE S-TRANSFERASE
PHI 10, ATGSTF10, ATGSTF4
AT2G35020 GLCNA.UT2, GLCNAC1PUT2, N- Cytosol WLA

ACETYLGLUCOSAMINE-1-
PHOSPHATE
URIDYLYLTRANSFERASE 2

193



Appendix

AT2G36170 | 60S RIBOSOMAL PROTEIN L40 A, ribosome WLA
RPL40A, UBIQUITIN EXTENSION
PROTEIN 2, UBQ2
AT2G36460 @ FBA6, FRUCTOSE-BISPHOSPHATE | Cytoplasm WLAH
ALDOLASEG6
AT2G37520 @ Acyl-CoA N-acyltransferase with Nucleus WLA
RING/FYVE/PHD-type zinc finger
domain
AT2G38700 A ATMVD1, MEVALONATE Cytosol WLA
DIPHOSPHATE DECARBOXYLASE
1, MVD1
AT2G39700 | ATEXP4, ATEXPA4, ATHEXP Cytosol WLA
ALPHA 1.6, EXPA4, EXPANSIN A4
AT2G41340 "RNA POLYMERASE Il FIFTH Nucleus WLH
LARGEST SUBUNIT, D", RPB5D
AT2G42500 | PP2A-3, PROTEIN PHOSPHATASE Cytosol WLH
2A-3
AT2G42840 PDF1, PROTODERMAL FACTOR 1 ‘ Apoplast WLH
AT2G44200 | CBFl-interacting co-repressor CIR Nucleus WLH
AT2G46020 BRAHMA, BRM, CHROMATIN Nucleus WLAH
REMODELING 2
AT2G47490 | NAD+ TRANSPORTER Chloroplast WLH
AT2G47940 | DEG2 Protease ‘ Chloroplast WLAH
AT3G01500 | ATBCAL, ATSABP3 Chloroplast WLH
AT3G03630 @ Cysteine synthase 26 ‘ Chloroplast WLA
AT3G05280 | Integral membrane Yipl family Cell Membrane WLA
protein
AT3G05350 | Metallopeptidase M24 family protein ‘ Chloroplast WLA
AT3G06483 A PYRUVATE DEHYDROGENASE Mitochondrion WLA
KINASE
AT3G08580 | mitochondrial ADP/ATP carrier ‘ Golgi WLA
AT3G09030 | BTB/POZ domain-containing protein Cell Membrane WLA
AT3G09200 & Ribosomal protein L10 family protein ‘ Apoplast WLAH
AT3G09300 ORP3B Cytosol WLA
AT3G10360 @ APUM4, PUM4, PUMILIO 4 ‘ Cytoplasm WLH
AT3G11800 | unknown protein WLA
AT3G11830 = TCP-1/cpn60 chaperonin ‘ Cytosol WLA
AT3G12120 | ATFAD2, FAD2, FATTY ACID ER WLH
DESATURASE 2
AT3G12270 A ARABIDOPSIS THALIANA PROTEIN | Cytoplasm WLAH
ARGININE METHYLTRANSFERASE
3, ATPRMT3
AT3G12760 | unknown protein Nucleus WLA
AT3G13060 @ ECT5, EVOLUTIONARILY Cytoplasm WLAH
CONSERVED C-TERMINAL
REGION 5
AT3G14100 | RNA-binding (RRM/RBD/RNP motifs) | Nucleus WLA
family protein
AT3G15730 | PHOSPHOLIPASE D ALPHA 1, PLD ‘ Chloroplast WLAH
AT3G15950 | NAI2 ER WLH
AT3G16950 @ LIPOAMIDE DEHYDROGENASE 1, Cytosol WLAH
LPD1, PTLPD1
AT3G17680 | Kinase interacting (KIP1-like) family WLAH
protein
AT3G17900 & unknown protein ‘ Chloroplast WLH
AT3G19860 | BASIC HELIX-LOOP-HELIX 121, Nucleus WLAH
BHLH121
AT3G21070 | ATNADK-1, NAD KINASE 1, NADK1 ‘ Cytosol WLAH
AT3G22440 | FRIGIDA-like protein Nucleus WLA
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AT3G23410 ARABIDOPSIS FATTY ALCOHOL Cell Membrane WLA
OXIDASE 3, ATFAO3, FAO3, FATTY
ALCOHOL OXIDASE 3
AT3G24530 | AAA-type ATPase family protein / Chloroplast WLAH
ankyrin repeat family protein
AT3G26085 | CAAX amino terminal protease ‘ Chloroplast WLA
AT3G27350 | unknown protein Nucleus WLH
AT3G41768 18SrRNA ‘ Cytoplasm WLH
AT3G47290 @ ATPLCS, plasma WLA
PHOSPHATIDYLINOSITOL- membrane
SPECIWC PHOSPHOLIPASE C8,
PLC8
AT3G47620 ATTCP14, TCP14, TEOSINTE Nucleus WLH
BRANCHED, CYCLOIDEA AND PCF
(TCP) 14
AT3G48000 ALDEHYDE DEHYDROGENASE 2 Chloroplast WLAH
AT3G48560 ACETOHYDROXY ACID Chloroplast WLA
SYNTHASE, ACETOLACTATE
SYNTHASE, AHAS
AT3G49010 | 40S RIBOSOMAL PROTEIN, Golgi WLH
ATBBC1, BBC1, BREAST BASIC
CONSERVED 1, RSU2
AT3G50820 OEC33, OXYGEN EVOLVING Chloroplast WLAH
COMPLEX SUBUNIT 33 KDA,
PHOTOSYSTEM Il SUBUNIT O-2,
PSBO-2, PSBO2
AT3G51550 | FER, FERONIA Apoplast WLA
AT3G51580 | unknown protein ‘ golgi WLA
AT3G51740 | IMK2, INFLORESCENCE Cell Wall WLH
MERISTEM RECEPTOR-LIKE
KINASE 2
AT3G52590 UBIQUITIN EXTENSION PROTEIN ‘ Nucleus WLA
1, UBQ1
AT3G53120 | VPS37-1 Nucleus WLH
AT3G54100 @ O-fucosyltransferase family protein ‘ Golgi WLH
AT3G54890 | LHCA1, PHOTOSYSTEM I LIGHT Chloroplast WLAH
HARVESTING COMPLEX GENE 1
AT3G55110 ABCG18, ATP-BINDING CASSETTE | plasma WLH
G18 membrane
AT3G55330 | PPL1, PSBP-LIKE PROTEIN 1 Chloroplast WLAH
AT3G55710 @ UDP-Glycosyltransferase superfamily | Golgi WLAH
protein
AT3G55980 | ATSZF1, SALT-INDUCIBLE ZINC Nucleus WLH
FINGER 1, SZF1
AT3G57550 AGK2, GK-2, GUANYLATE KINAS 2, | Cytoplasm WLA
GUANYLATE KINASE
AT3G57870 | SCE1, SCE1A, SUMO Cytosol WLA
CONJUGATING ENZYME 1A, SUMO
CONJUGATION ENZYME 1
AT3G58600 = Adaptin ear-binding coat-associated Cytoplasm WLA
protein 1
AT3G60340 | alpha/beta-Hydrolases superfamily Vacuole WLA
protein
AT3G60390 HAT3, HOMEOBOX-LEUCINE Nucleus WLA
ZIPPER PROTEIN 3
AT3G61010 @ Ferritin/ribonucleotide reductase Chloroplast WLAH
AT3G61240 DEA(D/H)-box RNA helicase ‘ Cytoplasm WLA
AT3G61440 | ARATH;BSASS;1, ATCYSC1, BETA- Mitochondrion WLAH
SUBSTITUTED ALA SYNTHASE 3;1,
CYSC1, CYSTEINE SYNTHASE C1
AT3G62300 ABAP1-I NTERACTING PROTEIN 1, | Nucleus WLH

AIP1, ATDUF7, DOMAIN OF
UNKNOWN FUNCTION 724 7, DUF7
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AT3G62580 | Late embryogenesis abundant protein | Chloroplast WLH
(LEA) family protein
AT4G00100 | ATRPS13A Chloroplast WLA
AT4G00238 @ DNA-binding storekeeper protein- Nucleus WLH
related transcriptional regulator
AT4G01850 | ATSAM2, MAT2, S- Cytosol WLA
ADENOSYLMETHIONINE
SYNTHETASE 2, SAM-2, SAM2
AT4G02330 = ATPME41, ATPMEPCRB, PECTIN Cell Wall WLA
METHYLESTERASE 41, PME41
AT4G02940 @ oxidoreductase, 20G-Fe(ll) WLH
oxygenase family protein
AT4G04970 | ATGSLO1, ATGSL1, GLUCAN Cell Wall WLA
SYNTHASE LIKE 1, GLUCAN
SYNTHASE LIKE-1, GLUCAN
SYNTHASE-LIKE 1, GSLO01, GSL1
AT4G07410 PCN, POPCORN Nucleus WLH
AT4G08870 | ARGAH2, ARGININE Mitochondrion WLA
AMIDOHYDROLASE 2
AT4G11420 | ATEIF3A-1, ATTIF3AL, EIF3A, Cytosol WLH
EIF3A-1, EUKARYOTIC
TRANSLATION INITIATION FACTOR
3A, TIF3A1
AT4G12800 | PHOTOSYSTEM | SUBUNIT L, PSAL | Chloroplast WLH
AT4G13285 = unknown protein ‘ WLAH
AT4G13850 | ATGRP2, GLYCINE RICH PROTEIN | Mitochondrion WLAH
2
AT4G16590 | ATCSLAO1, ATCSLAL, CELLULOSE @ Golgi WLA
SYNTHASE-LIKE A01, CELLULOSE
SYNTHASE-LIKE A1, CSLAO1
AT4G16770 | 2-oxoglutarate (20G) and Fe(ll)- Cytoplasm WLA
dependent oxygenase superfamily
protein
AT4G16845 REDUCED VERNALIZATION Nucleus WLA
RESPONSE 2, VRN2
AT4G16870 | copia-like retrotransposon family WLA
AT4G18440 @ L-Aspartase-like family protein ‘ Chloroplast WLA
AT4G20670 | Domain of unknown function (DUF26) = Apoplast WLAH
AT4G21960 | PRXR1 ‘ Cell Wall WLH
AT4G22310 | unknown protein Mitochondrion WLH
AT4G25550 @ Cleavage/polyadenylation specificity Nucleus WLA
factor
AT4G26630 | DEK-DOMAIN CONTAINING Nucleus WLA
PROTEIN 3, DEK3
AT4G26690 = GDPDL3, Cell Wall WLAH
GLYCEROPHOSPHODIESTER
PHOSPHODIESTERASE (GDPD)
LIKE 3
AT4G27020 | unknown protein WLAH
ATA4G27520 A ATENODL2, EARLY NODULIN-LIKE | Chloroplast WLAH
PROTEIN 2, ENODL2
AT4G30190 @ AHA2, H(+)-ATPASE 2, HA2, golgi WLH
PLASMA MEMBRANE PROTON
ATPASE 2, PMA2
AT4G30950 | FAD6 ‘ Chloroplast WLH
AT4G31700 | RPS6 ribosome WLA
AT4G32260 | PDE334, PIGMENT DEFECTIVE 334 ‘ Chloroplast WLH
AT4G32410 @ ANISOTROPY1 Golgi WLH
AT4G33680 = ABERRANT GROWTH AND DEATH | Cytosol WLAH
2, AGD2
ATA4G34890 | ATXDH1, XANTHINE Cytosol WLH

DEHYDROGENASE 1, XDH1
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AT4G35090 CAT2, CATALASE 2 Chloroplast WLA
AT4G35310 | ATCPK5, CALMODULIN-DOMAIN Cytosol WLA
PROTEIN KINASE 5, CPK5
AT4G35420 DIHYDROFLAVONOL 4- ER WLA
REDUCTASE-LIKEL, DRL1,
TETRAKETIDE ALPHA-PYRONE
REDUCTASE 1, TKPR1
AT4G35630 | PHOSPHOSERINE Chloroplast WLH
AMINOTRANSFERASE 1, PSAT1
AT4G35780 = ACT-like protein tyrosine kinase Cytosol WLH
AT4G36105 | unknown protein Nucleus WLA
AT4G36650 ATPBRP, PBRP, PLANT-SPECIFIC Nucleus WLH
TFIIB-RELATED PROTEIN
AT4G36920 | AP2, APETALA 2, ATAP2, FL1, Nucleus WLH
FLO2, FLORAL MUTANT 2,
FLOWER 1
AT4G39280 @ phenylalanyl-tRNA synthetase ‘ Cytosol WLH
AT4G39550 | Galactose oxidase/kelch repeat Nucleus WLA
superfamily protein
AT4G40040 H3.3, HISTONE 3.3 ‘ Nucleus WLA
AT5G01650 | Tautomerase/MIF superfamily protein | Chloroplast WLA
AT5G02500 ARABIDOPSIS THALIANA HEAT Cytoplasm WLAH
SHOCK COGNATE PROTEIN 70-1,
AT-HSC70-1, ATHSP70-1
AT5G02970 | alpha/beta-Hydrolases superfamily Cytoplasm WLH
protein
AT5G03520 ARABIDOPSIS RAB HOMOLOG Golgi WLA
E1D, ATRAB-E1D
AT5G03850 | Nucleic acid-binding, OB-fold-like Golgi, Cytosol WLH
protein
AT5G04060 @ -adenosyl-L-methionine-dependent Golgi WLA
methyltransferases superfamily
protein
AT5G07030 | aspartyl protease family protein Cell Wall WLA
AT5G08640 ATFLS1, FLAVONOL SYNTHASE, Cytoplasm WLH
FLAVONOL SYNTHASE 1, FLS,
FLS1
AT5G08680 @ mitochondrial ATP synthase Mitochondrion WLA
AT5G08770  unknown protein ‘ WLH
AT5G09760 | Plant invertase/pectin methylesterase | Cell Wall WLH
inhibitor superfamily
AT5G09810 ACT7, ACTIN 7, ATACT7 ‘ Cytoplasm WLA
AT5G11170 | HOMOLOG OF HUMAN UAP56 A Nucleus WLA
AT5G11490 @ adaptin family protein ‘ Golgi WLA
AT5G11720 @ Glycosyl hydrolases family Cytosol WLA
AT5G13450 ATP5, DELTA SUBUNIT OF MT ATP | Mitochondrion WLH
SYNTHASE
AT5G13530 | KEG Cytosol WLA
AT5G13630 ABA-BINDING PROTEIN, ABAR ‘ Chloroplast WLH
AT5G13650 | SUPPRESSOR OF VARIEGATION 3, | Chloroplast WLH
SVR3
AT5G14040 MITOCHONDRIAL PHOSPHATE Mitochondrion WLAH
TRANSPORTER 3
AT5G14420 | RGLG2, RING DOMAIN LIGASE?2 Nucleus WLAH
AT5G14540 | unknown protein \ WLH
AT5G14590 | Isocitrate/isopropylmalate Chloroplast WLA
dehydrogenase family protein
AT5G16715 EMB2247, EMBRYO DEFECTIVE ‘ Chloroplast WLAH
2247
AT5G17230 | PHYTOENE SYNTHASE, PSY Chloroplast WLA
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AT5G17920 | ATCIMS, ATMETS, ATMS1, Apoplast WLAH
COBALAMIN-INDEPENDENT
METHIONINE SYNTHASE,
METHIONINE SYNTHESIS 1

AT5G18040 | HEAT-INDUCED TAS1 TARGET 2, Mitochondrion WLA
HTT2

AT5G18570 @ ATOBGC, ATOBGL, Chloroplast WLH
CHLOROPLASTIC SAR1

AT5G20300 | TOC90 Chloroplast WLAH

AT5G21326 | CALCINEURIN B-LIKE PROTEIN Cytosol WLH
(CBL)-INTERACTING PROTEIN
KINASE 26, CIPK26

AT5G23090 | NUCLEAR FACTOR Y, SUBUNIT Nucleus WLAH
B13

AT5G24490 @30S ribosomal protein ‘ ribosome WLA

AT5G24620 @ Pathogenesis-related thaumatin Apoplast WLAH
superfamily protein

AT5G24770 | ATVSP2, VEGETATIVE STORAGE ‘ Chloroplast WLAH
PROTEIN 2, VSP2

AT5G25980 | BETA GLUCOSIDASE 37, BGLU37, Apoplast WLA
GLUCOSIDE GLUCOHYDROLASE
2, TGG2

AT5G27380 = ATGSH2, GLUTATHIONE ‘ Chloroplast WLAH
SYNTHETASE 2, GSH2, GSHB

AT5G27520 | ATPNC2, PEROXISOMAL ADENINE | Mitochondrion WLH
NUCLEOTIDE CARRIER 2, PNC2

AT5G27560 = Domain of unknown function ‘ Chloroplast WLH
DUF1995

AT5G27630 | ACBP5, ACYL-COA BINDING Cytoplasm WLAH
PROTEIN 5, ATACBP5

AT5G35670 @ IQ-DOMAIN 33, IQD33 ‘ Nucleus WLAH

AT5G35790 | G6PD1, GLUCOSE-6-PHOSPHATE Chloroplast WLAH
DEHYDROGENASE 1

AT5G38170 | Bifunctional inhibitor/lipid-transfer Cell Wall WLAH
protein/seed storage 2S albumin
superfamily protein

AT5G38410 | RBCS3B, RUBISCO SMALL Apoplast WLA
SUBUNIT 3B

AT5G38420 | RBCS2B, RUBISCO SMALL Apoplast WLAH
SUBUNIT 2B

AT5G40580 | 20S PROTEASOME BETA SUBUNIT | Cytoplasm, WLH
PBB2, PBB2 Nucleus

AT5G44060 @ unknown protein Mitochondrion WLA

AT5G44070 | ARA8, ARABIDOPSIS THALIANA Chloroplast WLA
PHYTOCHELATIN SYNTHASE 1

AT5G47200 | ARABIDOPSIS RAB GTPASE Cytosol WLH
HOMOLOG D2B, ATRABIA,
ATRABD2B, RAB GTPASE
HOMOLOG 1A, RAB1A

AT5G47480 | MAG5, MAIGO 5 Golgi WLA

AT5G48485 | DEFECTIVE IN INDUCED Apoplast, ER WLH
RESISTANCE 1, DIR1

AT5G49030 | OVA2, OVULE ABORTION 2 Chloroplast WLA

AT5G49510 @ PFD3, PREFOLDIN 3 ‘ Cytosol WLA

AT5G50180 | Protein kinase superfamily protein WLA

AT5G50920 | HEAT SHOCK PROTEIN 93-V, ‘ Chloroplast WLH
HSP93-V

AT5G52970 | thylakoid lumen 15.0 kDa protein Chloroplast WLH

AT5G54310 = ARF-GAP DOMAIN 5 ‘ Cytosol WLH

AT5G54600 | PLASTID RIBOSOMAL PROTEIN Chloroplast WLH

L24, RPL24, SUPPRESSOR OF
VARIEGATION 8, SVR8
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AT5G54770 THI1, THI4, THIAMINE4, THIAZOLE ‘ Chloroplast WLA
REQUIRING, TZ

AT5G55250 | ATIAMTL, IAA Nucleus WLA
CARBOXYLMETHYLTRANSFERASE
1, IAMT1

AT5G56010 ATHSP90-3, ATHSP90.3, HEAT ‘ Golgi WLA
SHOCK PROTEIN 81-3

AT5G56290 | PEROXIN 5 Peroxisome WLH

AT5G56670 | Ribosomal protein S30 family protein ‘ ribosome WLAH

AT5G57660 | ATCOLS5, B-BOX DOMAIN PROTEIN | Nucleus WLH
6, BBX6, COL5, CONSTANS-LIKE 5

AT5G57800 | CER3, ECERIFERUM 3, FACELESS | ER WLAH
POLLEN 1, FLP1, WAX2, YRE

AT5G58330 | NADP-DEPENDENT MALATE Apoplast WLAH
DEHYDROGENASE, NADP-MDH

AT5G58340 myb-like HTH transcriptional regulator = Nucleus WLA
family protein

AT5G58590 | RAN BINDING PROTEIN 1, RANBP1 | Nucleus WLA

AT5G60390 GTP binding Elongation factor Tu Golgi WLH
family protein

AT5G62530 | ALDEHYDE DEHYDROGENASE Chloroplast WLAH
12A1, ALDH12A1

AT5G64070 PHOSPHATIDYLINOSITOL 4-OH Golgi WLH
KINASE BETAL, PI-4KBETAL,
PI4KBETA1

AT5G64350 | FK506-BINDING PROTEIN 12, Chloroplast WLA
FKBP12, FKP12

AT5G64740 CELLULOSE SYNTHASE 6, CESA6, @ Golgi WLH
E112, ISOXABEN RESISTANT 2,
IXR2, PRC1, PROCUSTE 1

AT5G64816 | unknown protein WLH

AT5G65760 @ Serine carboxypeptidase S28 family Chloroplast WLAH
protein

ATCGO00780 | RIBOSOMAL PROTEIN L14, RPL14 Chloroplast WLH

Appendix Il Table 2: List of primers used Y2H (Gateway cloning)

ID Description Sequence 5’-3’
AK199 Library ‘ CTGGTTGGACGGACCAAACTG
Screen
AK200 Library GATCAGAGGTTACATGGCCAAG
Screen

AKO035 AGO1 F ‘ GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGTGAGAAAGAGAAGAACG

AKO036 AGO1R GGGGACCACTTTGTACAGAAAGCTGGGTATCAGCAGTAGAACATGACACG

AK118 AGO4 F ‘ GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGATTCAACAAATGGTAACG
G

AK119 AGO4 R GGGGACCACTTTGTACAGAAAGCTGGGTATTAACAGAAGAACATGGAGTTGGC

AKO031 AP2 F ‘ GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGTGGGATCTAAACGACGCAC

AKO032 AP2 R GGGGACCACTTTGTACAGAAAGCTGGGTATCAAGAAGGTCTCATGAGAGGAG

AK120 BRM F ‘ GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGCAATCTGGAGGCAGTGG

AK121 BRM R GGGGACCACTTTGTACAGAAAGCTGGGTACTATAAATGGCTAGGCCGTC

AKO025 CKH1 F ‘ GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGCGGAACCGATTCCCTCAT
C

AKO026 CKH1R GGGGACCACTTTGTACAGAAAGCTGGGTATTAGTATCGTGTCATGTGTTGTAA
TATG

AKO070 COL5 F ‘ GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGGATTCGGCTTAGAGAG

AKO71 COL5R GGGGACCACTTTGTACAGAAAGCTGGGTATCAGAACGTTGGTACGACAC

AKO068 DDF1 F ‘ GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGAATAATGATGATATTATTCT
GG

AKO069 DDF1 R GGGGACCACTTTGTACAGAAAGCTGGGTATTAATATCTGTAACTCCACAATG
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AKO029 DEK3 F GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGGGGAAGATACAAAGGC
AKO030 DEK3 R GGGGACCACTTTGTACAGAAAGCTGGGTATTAGGCTTTCACCTCCTCACC
AKO062 HAT3 F GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGAGTGAAAGAGATGATGGAT
TG
AKO063 HAT3 R GGGGACCACTTTGTACAGAAAGCTGGGTACTAATGAGAACCAGCAGCAGG
AKO076 MYC2 F GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGACTGATTACCGGCTACAAC
AKO77 MYC2 R GGGGACCACTTTGTACAGAAAGCTGGGTATTAACCGATTTTTGAAATCAAAC
AK122 NRPB6B F GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGCTGACGACGATTACAATG
AK123 NRPB6B R GGGGACCACTTTGTACAGAAAGCTGGGTATCAATCACCACCGACTTGACG
AKO078 PBRP F GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGAAGTGTCCGTACTGTTCAT
CG
AKO079 PBRP R GGGGACCACTTTGTACAGAAAGCTGGGTACTAGAAGTCTCCATGGGGATTATC
AKO037 PCN F GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGCTCGAGTACCGTTGCAGC
AKO038 PCNR GGGGACCACTTTGTACAGAAAGCTGGGTATCAAGTTCCAAAAATATGTCTGTC
AKO066 RAP2.12 F GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGTGTGGAGGAGCTATAATAT
CcC
AKO67 RAP2.12 R GGGGACCACTTTGTACAGAAAGCTGGGTATCAGAAGACTCCTCCAATCATG
AK151 SAP18 F GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGCTGAAGCAGCGAGAAG
AK152 SAP18 R GGGGACCACTTTGTACAGAAAGCTGGGTACTAGTAAATTGCCACATCCA
AKO027 TAF6 F GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGAGCATTGTACCTAAGGAAA
C
AKO028 TAF6 R GGGGACCACTTTGTACAGAAAGCTGGGTATTAGAGGAATACTGACATCTCTG
AKO041 TCP14 F GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGCAAAAGCCAACATCAAG
AKO042 TCP14 R GGGGACCACTTTGTACAGAAAGCTGGGTACTAATCTTGCTGATCCTCCTC
AK153 TPLF GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGTCTTCTCTTAGTAGAGAGCT
CG
AK154 TPLR GGGGACCACTTTGTACAGAAAGCTGGGTATCATCTCTGAGGCTGATCAGAT
AKO023 VRN2 F GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGTGTAGGCAGAATTGTCGCG
c
AKO024 VRN2 R GGGGACCACTTTGTACAGAAAGCTGGGTATTACTTGTCTCTGCTGTTATTGTCC

Appendix Il Table 3: List of primers used for cloning and genotyping

ID Description Sequence 5’-3’ Purpose
AK230 DEK3 promoter partl F TGAAGACTTGGAGACGGTACTTAAGCTACGTGGTC Cloning
AK231 DEKS3 promoter partl R TGAAGACTTCGATTCTTCGGAATCTCACCTC glltjjsn-ilélr;)e
AK232 DEKS3 promoter part2 F TGAAGACTTATCGTGCTTTAGAACCCTGTGG gllé)sn_ilgée
AK233 DEKS3 promoter part2 R TGAAGACTTCATTATTACAAACCAGTTCAGTAGATCC gllé)sn-illilr;;e
AK236 DEK4 promoter partl F TGAAGACTTGGAGTCCGAGCATACCCCAAACTC gll:)iilér;;e
AK237 DEK4 promoter partl R TGAAGACTTCGATTCTTTGGAATCTCACCTTC glltjjsn-ilélr;)e
AK238 DEK4 promoter part2 F TGAAGACTTATCGTCCTTTCGAGTCTCTTTGTAC gll:;ilggge
AK239 DEK4 promoter part2 R | TGAAGACTTCATTTGCTCACACCCAATGTTCAG gﬁ)srl}lélr;e
AK157 SALK_112581.46.05.x CGTAGCCTGCAGAAGAACAAC g:?\glt;ging
AK158 (Sdzllfi-_zl)l':258l.46.05.x ACTGTCCATCACTGGTCAACC Genotyping
AK261 (Sd/sllfi-_zl)OI;BBS.l(SJO.x CGTTGCTACTGAGGAAGATGC Genotyping
AK262 (Sdzllf;f]?OFZSSS.lﬁ.?O.x ACTTCAAAGCCATGGGAATTC Genotyping
AK195 ?:t§;§i§055.43.00.x ACAATCAACAACGTCCAGAGC Genotyping
vrn2-
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AK196 SALK_047055.43.00.x TCCTGTGAGTTTCAGCTAGCC Genotyping
AK203 Sgéag;? AGAACTCTTGCTGACTACAATATCCAG gPCR
AK204 UBQI10R ATAGTTTTCCCAGTCAACGTCTTAAC gPCR
AK205 ‘PH)F ATTTACACTCTCTCCGTCATAGACAAC gPCR
AK206 PIDR ACATGTGTAGATATTCTAACGCCACTA gPCR
AK108 ‘APOLOF GTGGCTTCCATAGCGCCGGA gPCR
AK109 APOLO R CTAGCAACAGAGACCAACCC gPCR

Appendix Il Table 4: List of plasmids used for cloning of Gus-reporter lines. The Plasmids are
available from TSL Synbio (http://synbio.tsl.ac.uk/)

ID Level Description AddGene Selection

pICH41295 LO Acceptor for Pro+5U modules AddGene Spectinomycin
#47997

pICH75111 LO Gus gene AddGene Spectinomycin
#50327

pAGM5331 LO Simian Virus 40 nuclear localisation signal AddGene Spectinomycin
#50294

pICH41421 LO Nos (nopaline synthase) terminator AddGene Spectinomycin
#50339

pICSL11017 L1 Position1 BASTA resistance cassette - Ampicilin

pICH47742 L1 Position 2 AddGene Ampicilin
#48001

pICH41744 L1 End-linker 2 for level 2 construction AddGene Spectinomycin
#48017

pAGM4723 L2 Binary vector - Kanamycin
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Appendix Ill - Supplemental Figures and Tables for Chapter 4
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Appendix Il Figure 1: Negative controls for Y2H Figure 4.1b.

202



Appendix

=1 =1
3 3
EE E E
100
— 101
=
102
103
100
~ 101
[a'4
a.
— 102
103
100
§ 101
~
102
103

OmM 3AT 5mM 3AT 10mM 3AT

-W-L-A-H

Appendix Il Figure 2: Additional panels supporting Figure 4.2.
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REL2 MSSLSRELVFLILOQFLDEEKFKETVHKLEQESGFYFNMKHFEDLVQGGEWDEVEKYLSGFE 60
TPL MSSLSRELVFLILOFLDEEKFKETVHKLEQESGFFEFNMKYFEDEVHNGNWDEVEKYLSGFE 60

KA KKAIAKA KA AR KA AR AARAKRAARAKNAANA N AN A XA R AR e khkh ke Kk Kk Ko kK e kkk Ak Ak Khk Kk kK%K

REL2 TKVEDNRYSMKIFFEIRKQKYLEALDRHDRAKAVEILVKDLKVFASFNEELFKEITQLLT 120
TPL TKVDDNRYSMKIFFEIRKQKYLEALDKHDRPKAVDILVKDLKVESTFNEELFKEITQLLT 120

kA Kk ek hkhhhkhhhhkhhkhhkhkhkhkhhkhkhkrkhehkhkh dhkoerhkhkhkhhkkhhke e khhhkrhkhhkhhkkhk

REL2 LENFRONEQLSKYGDTKSARNIMLLELKKLIEANPLEFRDKLNFPPFKASRLRTLINQSLN 180

TPL LENFRENEQLSKYGDTKSARAIMLVELKKLIEANPLFRDKLOQFPTLRNSRLRTLINQSLN 180
KA KKK s XK KKARKKKAIR KK AAK e kAAKKKAARKKAARK K s kK o0 AXKKKAXK KK AR

REL2 WOHQLCKNPRPNPDIKTLETDHSCAAPTNGARAPPPA-NGPLGSIPKSAGFPPMGAHAPEF 239

TPL WOHQLCKNPRPNPDIKTLEVDHSCGPPN-GARAPSPVNNPLLGGIPKAGGFPPLGAHGPF 239

KAk AkKRk Ak Ak Ak Ak kA Ak Kk, K*Khk% * k kK kK Kk * KKk KKK . kkhkKkk o kkk Kk

REL2 QPVVSPSPNATAGWMTNANPSLPHAAVAQGPPGLVQAPNTAAFLKHPRTPTSAPGIDYQS 299

TPL QPTASPVPTPLAGWMSSPS-SVPHPAVSAGAIA-LGGPSIPAALKHPRTPPTNASLDYPS 297
KK KK k| akkkke  kekk kK. k. Kk Kk kkkkAxK . LRk

REL2 ADSEHLMKRMRV-GQPDEV--------— SFSGA--SHPANMYTQEDLPKQVSRTLNQGSN 347

TPL ADSEHVSKRTRPMGISDEVNLGVNMLPMSFSGQAHGHSPAFKAPDDLPKTVARTLSQGSS 357
Kxkokke Kk Kk Kxk * ok kx L* ce s RKKK K kkok KAk

REL2 VMSLDFHPVQQTILLVGTNVGDIAVWEVGSRERIAHKTFKVWDIGSCTLPLQASLMKDAA 407

TPL PMSMDFHPIKQTLLLVGTNVGDIGLWEVGSRERLVQKTFKVWDLSKCSMPLQAALVKEPV 417
**:****::**:**********':********:.:*******:..*::****:*:*:

REL2 VSVNRCLWSPDGTILGVAFSKHIVQTYTFVPNGDLROQOAEIDAHIGGVNDIAFSHPNKTL 467

TPL VSVNRVIWSPDGSLFGVAYSRHIVQLYSYHGGEDMROHLEIDAHVGGVNDISESTPNKQL 477
* ok k kK :*****:::***:*:**** *:: . *:**: *****:******:** * Kk Kk K

REL2 SIITCGDDKLIKVWDAQTGQOKQYTFEGHEAPVYSVCPHYKESIQFIFSTAIDGKIKAWLY 527

TPL CVITCGDDKTIKVWDAATGVKRHTFEGHEAPVYSVCPHYKENIQFIFSTALDGKIKAWLY 537

ckhkkhk kA hkk KAhkhkkhkhkkhk hAhk ke oehhkkhkhkAhkhk kA kA hkAhhkhhkh Fhhkkhkhkhhkhkohkkhkhkhkhkktxk

REL2 DCLGSRVDYDAPGHWCTTMAYSADGTRLEFSCGTSKEGDSHLVEWNETEGAIKRTYNGFRK 587
TPL DNMGSRVDYDAPGRWCTTMAYSADGTRLFSCGTSKDGESFIVEWNESEGAVKRTYQGFHK 597

* ekkkhkAhkkhhkhkhkhk ok khkhkhkhhkhkhrhkhkhkkhkkhkhhkhkhrhk ok oKk skk kA Kk oehkkk o kkkk o kk ok

REL2 RSLGVVQFDTTRNRFLAAGDEFLVKFWDMDNNNILTTTDCDGGLPASPRLREFNREGSLLA 647

TPL RSLGVVQFDTTKNRYLAAGDDFSIKFWDMDAVQLLTAIDGDGGLQASPRIRFNKEGSLLA 657
***********:**:*****:* :****** ::**: * ok k Kk *k ****:***:******

REL2 VTTSDNGIKILANTDGQRLLRMLESRAFEGSRGPPQQINTKPPIVALGPVSNVSSPIAVN 707

TPL VSGNENVIKIMANSDGLRLLHTFENISSESSKPAINSIAA-———————— AA---AAAATS 705
Kook KRRk pkkgokk kkkr ok X K HIN - .l A

REL2 AERPDRILPAVSTSGLAPMDASRTPDVKPRITDE-SEKVKTWKLADIVDNGHLRALHLTD 766

TPL AGHADRSANVVSIQGMN-GDSRNMVDVKPVITEESNDKSKIWKLTEVSEPSQCRSLRLPE 764
* H * * .** .*: *: . * Kk Kk Kk **:* ':* * ***::: . L *:*:*

REL2 TDTNPSKIVRLLYTNNGVALLALGSNAVHKLWKWQRSDRNPSGKSTASVAPHLWQPANGI 826

TPL N-LRVAKISRLIFTNSGNAILALASNATIHLLWKWQRNERNATGKATASLPPQQWQPASGI 823

ekk kk e ekk ok kekkhkhk hkhkkoek hAhkhkkhkhkhk oxkk ek kekhkkhke ke khkkhkk kK

REL2 LMTNDTNDGNPEEATACIALSKNDSYVMSASGGKVSLFNMMTFKVMTTFMAPPPAATFLA 886
TPL LMTNDVAETNPEEAVPCFALSKNDSYVMSASGGKISLENMMTFKTMATFMPPPPAATFLA 883

* Kk Kk kK . * Kk Kk Kk Kk Ke kA kA AAkAhkAdAhhAhkAk ke khkAkhAAhAkhAk Ak *okkk *hkrkkhkkkk%k

Appendix Il Figure 3: Alignment indicating the high degree of conservation between AtTPL
and ZmREL2. The G368 residue that is essential for interaction is highlighted in red.
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Appendix

ID Orientation Amplicon Sequence Purpose
AK420 Sense ETT GGGGACAAGTTTGTACA | Gateway
AAAAAGCAGGCTTTATG Cloning
GGTGGTTTAATCGATCTG
AACG
AK340 Antisense ETT GGGGACCACTTTGTACA | Gateway
AGAAAGCTGGGTACTAG | Cloning
AGAGCAATGTCTAGCAA
CATG
AK330 Sense ETTiss2s: rss3s | ATGCAGGTCTTCTGGTTT | Gateway
CcC Cloning
AK331 | Antisense ETTisses: rssss | GGAAACCAGAAGACCTG | Gateway
CAT Cloning
AK418 Sense ETTr>L ATGCCTGCTGTTTGGTTT | Gateway
C Cloning
AK419 | Antisense ETTr->L GAAACCAAACAGCAGGC | Gateway
AT Cloning
AK281 Sense TPL GGGGACAAGTTTGTACA | Gateway
AAAAAGCAGGCTTTATGT | Cloning
CTTCTCTTAGTAGAGAGC
TCG
AK282 | Antisense TPL GGGGACCACTTTGTACA | Gateway
GAAAGCTGGGTATCATC | Cloning
TCTGAGGCTGATCAGAT
AK379 Sense TPL1-184/202 GGGGACAAGTTTGTACA | Gateway
AAAAAGCAGGCTTTATGT | Cloning
CTTCTCTTAGTAGAGAG
AK380 | Antisense TPL1-202 GGGGACCACTTTGTACA | Gateway
AGAAAGCTGGGTACTAG | Cloning
TGATCCACAAAAAGAGT
C
AK381 | Antisense TPL-184 GGGGACCACTTTGTACA | Gateway
AGAAAGCTGGGTACTAC | Cloning
TGGTGTTGCCAATTTAAG
AK401 Sense TPL 185-END GGGGACAAGTTTGTACA | Gateway
AAAAAGCAGGCTTTCTTT | Cloning
GTAAAAATCCAAGGC
AK402 | Antisense TPL 185-634 GGGGACCACTTTGTACA | Gateway
AGAAAGCTGGGTACTAA | Cloning
TGGCAGTTAAAAGCTGTA
CA
AK403 Sense TPL WDE6 - GGGGACAAGTTTGTACA | Gateway
WD11 AAAAAGCAGGCTTTCAC Cloning
AAGCGTTCTCTAGGTGT
AK404 Antisense TPL WD6- GGGGACCACTTTGTACA | Gateway
WD11 AGAAAGCTGGGTACTAA Cloning
GCTTACTCTTCACCTCAT
AK405 Sense TPL WD11- GGGGACAAGTTTGTACA | Gateway
wWD15 AAAAAGCAGGCTTTCCA | Cloning
CCACCGGCTGCTACTT
AK406 | Antisense TPL -END GGGGACCACTTTGTACA | Gateway
AGAAAGCTGGGTACTAT | Cloning
CTCTGAGGCTGATCAGA
T
AK383 Sense CRISPR TPR2 | agGGAAAATGAGCAACTG | Genotyping
Guide 1 TCG
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AK384 | Antisense CRISPR TPR2 | TCTTGCTCACCATCAAAC | Genotyping
Guide 2 GG
AK385 Sense CRISPR TPR2 | TTGGATGTTTGTGCAGAC | Genotyping
Guide 3 CG
AK386 | Antisense CRISPR TPR2 | TCGAGGTGTTGACGTAG | Genotyping
Guide 4 GTC
AK255 Sense SALK_034518 | GCTATGCTGTTTATTGCA | Genotyping
C GGC
AK256 Antisense SALK 034518 | GTTCTGAATTGCAGGAG | Genotyping
C TTGC
AK325 Sense SALK_139443 | ACTCTCTTCCTTGTCTGC | Genotyping
GTG
AK326 Antisense SALK 139443 | ACCAGACAATGAATCAG | Genotyping
CACC
AK364 | Sense CRISPR TPR2 | TGTGGTCTCAATTGGCTA | GoldenGate
Guide 1 GCTTCTCTCGAAACAGG
TTTAAGAGCTATGCTGGA
A
AK365 | Sense CRISPR TPR2 | TGTGGTCTCAATTGGACT | GoldenGate
Guide 2 CCACCATGCACTCCAAG
GTTTAAGAGCTATGCTG
GAA
AK366 Sense CRISPR TPR2 | TGTGGTCTCAATTGGAG | GoldenGate
Guide 3 AGAGTTAGACGGTGCCC
GGTTTAAGAGCTATGCT
GGAA
AK367 | Sense CRISPR TPR2 | TGTGGTCTCAATTGGCTC | GoldenGate
Guide 4 CATGCTACACGAGTGAG
TTTAAGAGCTATGCTGGA
A
AK299 Sense pTPL CCTCTAGAGTCGACCTG | infusion
CAGAAATGGTTTGAACG | cloning
CTTCGT
AK300 Antisense pTPL CTCAGATCTACCATGGG | infusion
TTTTCTCTCACTTCCTTA | cloning
AAAGAC
AK301 Sense pTPR2 CCTCTAGAGTCGACCTG | infusion
CAGCGGTGGTATGCAAC | cloning
AGAAAA
AK302 Antisense pTPR2 CTCAGATCTACCATGGTT | infusion
TTTCCTAAAACTCTCAGA | cloning
AGAAG
AK303 Sense pTPR4 CCTCTAGAGTCGACCTG | infusion
CAGACGCTTTGTCTGGA | cloning
GAAGGT
AK304 | Antisense pTPR4 CTCAGATCTACCATGGAT | infusion
CCTCTTCTTATTGCTCGC | cloning
TC
AK399 Sense HDA19 CGCTCACTACGGTCTCC | gPCR
TTC
AK400 Antisense HDA19 GGTAATGCTGCGGAGAA | qPCR
AAG
AK397 Sense HDAG6 ATTCGCCGGAGTATGTT | gPCR
GAC
AK398 Antisense HDAG6 AAGGATCGCCCATAGAT | gPCR
TCC
AK348 Sense HEC1 TGCATCAGATGGAGAAG | gPCR
CTTC
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AK349 Antisense HEC1 ACCTGGTTCGTTGGTCAT | gPCR
TG

AK205 Sense PID ATTTACACTCTCTCCGTC | gPCR
ATAGACAAC

AK206 | Antisense PID ACATGTGTAGATATTCTA | gPCR
ACGCCACTA

AK387 Sense TPL CTCGAGGCTTTGGATAA | gPCR
GCATG

AK388 | Antisense TPL ACACTTTCAAATCCTTCA | gPCR
CTAGTATATCCAC

AK389 Sense TPR1 ATTGGCATCAAATGCTAT | gPCR
TCATCTG

AK390 | Antisense TPR1 AGTTGCATTACGGTCATT | gPCR
TCGC

AK391 Sense TPR2 CAGCTGCTTACTCTGGA | gPCR
GAATTTTAGG

AK392 Antisense TPR2 AGATTTAGTATCACCATA | gPCR
TTTCGACAGTTG

AK393 Sense TPR3 ACTCTATTCACAGACCAC | gPCR
ACTTGCAC

AK394 | Antisense TPR3 AACAGGCTGATTGACTG | gPCR
CTGAAG

AK395 Sense TPR4 TGATACACGTGAGGGAA | gPCR
ACAAAGAG

AK396 | Antisense TPR4 TGACATAAGAATCATTTT | qPCR
TTGAGAGTGC

AK203 Sense UBQ10 AGAACTCTTGCTGACTAC | gPCR
AATATCCAG

AK204 | Antisense UBQ10 ATAGTTTTCCCAGTCAAC | gPCR
GTCTTAAC
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Appendix IV - Supplemental Figures and Tables for Chapter 5
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Appendix IV Figure 1: Correlation between style length and PID-GFP abundance in stage 9
(a) and stage 12 (b) and correlation between PID promoter activity and style length (c) in
different AuxRE mutant lines. Shown are means +* standard deviation

Appendix IV Table 1: Oligonucleotides used in Chapter 5.

ID Orientation Description Sequence 5’-3’

AK173 | Sense Promoter TGAAGACTTGGAGCGTGTAGACCAAATCCAGGG
AK174 | Antisense Promoter 1GAAGACTTCATTCGCCGGGAAAATCGAAGTTA
AK175 | Antisense Promoter 1M TGAAGACTTTGAGACGTTATCACGTGCCTGAAA
AK176 | Sense Promoter 2M TGAAGACTTCTCACACGTGTCATATATCTTACG
AK177 | Sense Promoter 1M TGAAGACTTCTCACACGTATCATATATCTTACG
AK178 | Antisense Promoter 2M TGAAGACTTTGAGACGTTGTCACGTGCCTGAAA
AK179 | Sense Gene partl TGAAGACTTAATGTTACGAGAATCAGACGGTGAG

A

208




Appendix

AK180 | Antisense Gene partl TGAAGACTTGCCTCCTGATCTCTGCGTAAGCGA
AK181 | Sense Gene part2 TGAAGACTTAGGCGAAAAAAACAAGGCCTAACC
AK182 | Antisense Gene part2 TGAAGACTTATGACGAGGAAGATTCAACGGCTG
AK183 | Sense Gene part3 TGAAGACTTTCATCGCCGGAGAATCAACAACTC
AK184 | Antisense Gene part3 EGAAGACTTCGAAGATCCAAAGTAATCGAACGCC

Appendix IV Table 2: List of plasmids used for cloning. The Plasmids are available from TSL
Synbio (http://synbio.tsl.ac.uk/)

ID Level Description AddGene Selection
pICH41295 LO Acceptor for Pro+5U modules AddGene Spectinomycin
#47997
opICSL01005 LO Acceptor for CDS no stop (ns) AddGene Spectinomycin
modules #47996
pICSL50008 LO Green Fluorescent Protein AddGene Spectinomycin
(GFP) for C-terminal fusion #50314
pICSL80013 LO GFP with Simian Virus 40 - Spectinomycin
nuclear localisation signal
pICH50581 LO ACTIN 2 Constitutive promoter — = AddGene Spectinomycin
plants #50256
pAGM5331 LO Simian Virus 40 nuclear AddGene Spectinomycin
localisation signal #50294
plICSL80007 LO mCherry Fluorescent protein AddGene Spectinomycin
#50321
pICH41421 LO Nos (nopaline synthase) AddGene Spectinomycin
terminator #50339
pICSL11017 L1 Position1 BASTA resistance - Ampicilin
cassette
pICH47742 L1 Position 2 AddGene Ampicilin
#48001
pICH47751 L1 Position 3 AddGene Ampicilin
#48002
pICH41766 L1 End-linker 3 for level 2 AddGene Ampicilin
construction #48018
pAGM4723 L2 Binary vector - Kanamycin
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List of Abbreviations

Abbreviation

Full Name

13C

15N
2,4-D
3AT

2D
ABP1
ACT2
AGO4
ALC
ANOVA
APOLO
ARF

At
Aux/IAA
Aux/LAX
AuxRE
BA

BDL

bHLH
BP

bp

BRM
BSH
ccvTIR1
CD
cDNA
ChlPgpcr

ChlP-seq

CK
CLV3
Ccol1
Col-0
CRISPR

CTCF
C-terminal
CTLH
CVXIAA
DBD
DDF1
DEK3
DNA

E. coli

carbon-13 isotope

nitrogen-15 isotope

2,4-Dichlorophenoxyacetic acid
3-Amino-1,2,4-triazole

2 Dimensional

AUXIN BINDING PROTEIN 1

ACTIN2

AGONAUTE 4

ALCATRAZ

Analysis of variance

AUXIN REGULATED PROMOTER LOOP RNA
Auxin Response Factor

Arabidopsis thaliana

AUXIN/INDOLE-3-ACETIC ACID

AUXIN RESISTANT 1/ LIKE AUXIN RESISTENT 1
Auxin Responsive Element

Benzoic Acid

BODENLOS; INDOLE-3-ACETIC ACID INDUCIBLE
12 (IAA12)

helix-loop-helix

BREVIPEDICELLUS

base pairs

BRAHMA

BUSHY

concave TIR1

Circular Dichroism Spectroscopy

complementary DNA

chromatin immunoprecipitation followed by gPCR

chromatin immunoprecipitation followed by
sequencing

cytokinin

CLAVATA 3

CORONATINE INSENSITIVE 1
Columbia-0

Clustered Regularly Interspaced Short Palindromic
Repeats
corrected total cell fluorescence

carboxy-terminal

C-terminal to LisH

convex IAA

DNA binding domain

DWARD AND DELAYED FLOWERING
DEK-DOMAIN CONTAINING PROTEIN 3
deoxyribonucleic acid

Escherichia coli
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EAR motif

EC

EMF

ES domain
ETT
FACS

FIS

FLC

Fz

GA

GE

GFP

GID1
Gro/TLE
GTF

GUS

H2A

H2B

H3
H3K27ac
H3K27me3
H3K36me3
H3K4me3
H3K9ac
H4

HDA19
HDACs
HD-Zip
HEC1, 2, 3
HOX genes
HSP
HSQC
IAA

IC

IND
INTACT
IP MS/MS
IPA

ITC

JA

JAZ

Kb

LB medium
LisH
InNcRNA
LRR
MAKR6

Abbreviations

Ethylene-responsive element binding factor-
associated Amphiphilic Repression motif
extracellular space

EMBRYONIC FLOWER

ETT-Specific domain

ETTIN

fluorescence activated cell sorting
FERTILIZATION INDEPENDENT SEED
FOWERING LOCUS C

Frizzled

Gibberelic Acid

genome edited

Green Fluorescent Protein

GA RECEPTOR RING E3 UBIQUITIN LIGASE
Groucho/T

general transcription factor
3-glucoronidase

Histone 2A

Histone 2B

Histone 3

Histone 3 lysine 27 Acetylation

Histone 3 lysine 27 tri-methylation
Histone 3 lysine 36 tri-methylation
Histone 3 lysine 4 tri-methylation
Histone 3 lysine 9 Acetylation

Histone 4

HISTONE DEACETYLASE 19

histone deacetylases
homeodomain-leucin zipper
HECTATEL, 2, 3

Homeobox genes

heat-shock protein

heteronuclear single quantum coherence
Indole 3-Acetic Acid

intracellular space

INDEHISCENT

isolation of nuclei tagged in specific cell types
Immunoprecipitation Mass Spectormetry
indole-3-pyruvate

isothermal titration calorimetry

Jasmonic Acid

JASMONATE ZIM-DOMAIN PROTEIN
dissociation constant

Lysogeny broth medium

Lis1-homologous

noncoding RNA

Leucin-Rich-Repeat

MEMBRANE-ASSOCIATED KINASE REGULATOR
6
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Abbreviations

MP

MS medium
NAA

NMR

NPA
N-terminal
ONPG

PB1 domain
PCN

PCR

PIC

PID

PIN

Pol Il

PP2A
PPT/BASTA
PRC2
gqPCR
REF6

REL2

RNA

RNAI
RNA-seq
RPL

SAM
SAP18
SCF

SEM

SHR

SPR

SPT

STM
SWI/SNF
SWI3A, B, C
SYD

TAA1L

TAR
TCF
TCP14
TF

THR
TIR1/AFB

TMK1
TPL
TPR
TSS
UBQ10

MONOPTEROS/ARF5

Murashige and Skoog medium
1-Naphthaleneacetic acid

nuclear magnetic resonance
N-1-naphthylphthalamic acid
amino-terminal
o-Nitrophenyl-B-D-Galactopyranoside
Phox and Bem1 domain

POPCORN

Polymerase chain reaction
preinitiation complex

PID

PIN-FORMED

RNA Polymerase Il

PROTEIN PHOSPHATASE 2A
Phosphinothricin

Polycomb Repressive Complex 2
quantitative real time PCR
RELATIVE OF EARLY FLOWERING 6
RAMOSA 1 ENHANCER LOCUS 2
ribonucleic acid

RNA-interference

RNA-sequencing

REPLUMLESS

Shoot Apical Meristem
SIN3-ASSOCIATED PROTEIN 18
Skpl/Cullin/F-box

scanning electron microscopy

steroid hormone receptors

Surface Plasmon Resonance
SPATULA

SHOOT MERISTEMLESS
SWITCH/SUCROSE NONFERMENTING
SWITCH/SUCROSE NONFERMENTING 3A, B, C
SPLAYED

TRYPTOPHAN AMINOTRANSFERASE OF
ARABIDOPSIS 1
TRYPTOPHAN AMINOTRANSFERASE REALATED

T-Cell Factor

TEOSINTE BRANCHED, CYCLOIDEA AND PCF 14
transcription factor

thyroid hormone receptors

TRANSPORT INHIBITOR RESPONSE 1/AUXIN

SIGNALING F-BOX
TRANSMEMBRANE KINASE 1

TOPLESS

TOPLESS RELATED
transcription start site
POLYUBIQUITIN 10
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Abbreviations

VAL1 VIVIPAROUS1/ABI3-LIKE 1

VIN3 VERNALIZATION INSENSITIVE 3
VRN2 REDUCED VERNALIZATION 2
WaterLOGSY Water-Ligand Observed via Gradient SpectroscopY
WD40 Tryptophane-Aspartic acid-repeats
wnt wingless/Int-1

WT Wild type

WUS WUSCHEL

X-gluc 5-bromo-4-chloro-3-indolyl glucuronide
Y1H Yeast-one-Hybrid

Y2H Y east-two-Hybrid

Y3H Yeast-three-Hybrid

YFP Yellow Fluorescent Protein

Zm Zea maize
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