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Abstract

Class IV homeodomain leucine-zipper transcription factors (HD-Zip TFs) are master
regulators of cell-type differentiation in the plant epidermis. These transcription factors contain a
putative START (STeroidogenic Acute Regulatory (StAR)-related lipid Transfer) lipid/sterol-
binding domain that is hypothesized to link metabolism to gene expression in plant development.
This study is focused on two class IV family members that serve as models in many of the
experiments: GLABRA2 (GL2) is a key regulator of differentiation in hair cells called trichomes
as well as other epidermal cell types in various plant tissues. The second member addressed in
this study is PROTODERMAL FACTOR?2 (PDF2), which plays a crucial role in epidermal cell
specification in shoots. A leading hypothesis is that the START domain, by binding a ligand,
controls transcription factor function, analogously to nuclear receptors from mammals. Domain
swap experiments indicated that the START domain from both plants and mammals is a
conserved ligand-binding motif that is required for transcription factor activity. To further
address its function in ligand binding, mutational analysis of the START domain of GL2 was
performed. Several of the mutations remove charged residues in the predicted ligand-binding
pocket and resulted in loss-of-function phenotypes, suggesting that ligand binding is critical for
HD-Zip TF activity. Chromatin immunoprecipitation—based sequencing (ChIP-seq) revealed that
the START domain is dispensable for transcription factor binding to DNA. Using a high
throughput thermal shift assay to screen a library of pure natural compounds, specific secondary
metabolites were identified as putative START domain ligands for PDF2. Experiments in both
yeast and N. benthamiana demonstrated that the START domain is required for
homodimerization of GL2 through its Zip domain. It was also found that the START domains
physically interact with RHAMNOSE SYNTHASE I (RHM1). Further, this work provided
evidence for a previously elusive redundancy between GL2 and another class IV HD-Zip TF,
and unveils a positive feedback loop in the maintenance of the GL2 activity during trichome
differentiation. Taken together, these findings support the premise that START domains are
central players in metabolic regulatory networks that can modulate transcription factor activity

by binding ligands and mediating protein-protein interactions.
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Chapter 1 - Comprehensive analysis of the START domain
containing homeodomain-leucine zipper (HD-Zip) transcription

factors in plants

INTRODUCTION

Metabolites are defined as small organic molecules produced by a living organism as a
result of cellular and physiological metabolism. These molecules constitute significant fraction
of a cells dry weight, ranging from 17 to 27% in bacterial and mammalian cells respectively
(Charbonnier et al. 2008). They consist of a wide variety of small molecules with a vast chemical
diversity, including amino acids, nucleotides, sugars, and fatty acids that are central to all
metabolic pathways existing in the cell. Overall metabolites constitute the metabolome of a cell,
tissue or organism at a specific time and changes in metabolic profiles have enormous potential
to understand cellular function (Vinayavekhin et al. 2010). For example, lipids, in particular
signaling lipids such as phosphoinositides (PIs), but also eicosanoids, sphingolipids and fatty
acids are known to control critical cellular functions and the alteration of lipid mediated
pathways is known to contribute to the development of pathologies, such as chronic
inflammation, cancer, neurodegenerative, and metabolic diseases (Pendaries et al. 2003;
Wymann and Schneiter 2008; Skwarek and Boulianne 2009). It is becoming increasingly clear
that the interactions between lipid metabolites and proteins are highly dynamic in the cells of
living organisms. To date, the full extent and biological significance of such interactions remains
underexplored, especially in plants. This dissertation focuses on transcription factors that are
hypothesized to link metabolism to cell differentiation in plants.

Transcription factors (TFs) are key components underlying mechanisms that control gene
expression in all living organisms. They define phenotypic diversity and evolutionary adaptation
of organisms (Wang et al. 1999; Bustamante et al. 2005). TFs typically consist of at least two
major domains. The first is a DNA-binding domain (BD) that recognizes target DNA sequences
and the second is a transcriptional activation domain (AD) that initiates transcription by

interacting with general transcription factors (Ma and Ptashne 1987). Several TF families consist



of proteins containing a DNA-binding domain known as the homeodomain (HD). The first HD-
containing TF was identified in Drosophila melanogaster by Garber et al. (1983). The homeotic
gene encoding this TF was found to be responsible for the development of antennae at the
position of the second leg pair of Drosophila. Proteins with highly conserved HDs have been
found in other animals, fungi and plants, indicating that these TFs play an important role in
developmental pathways in species across different kingdoms (Gehring et al. 1994).

Class I1I and class IV Homeodomain leucine-zipper transcription factors (HD-Zip
TFs) from plants contain a putative START lipid/sterol binding domains (Ponting and
Aravind 1999; Schrick et al. 2004). Although Steriodogenic Acute Regulatory protein (StAR)-
related lipid transfer (START) domains are amplified in HD-Zip transcription factors (Figure
1.2), the mechanism underlying function of the plant domain in gene transcription is poorly
understood, nor has a biological ligand been characterized for any plant-derived START domain
to date. Since HD-Zip proteins are transcription factors, a leading hypothesis is that the START
domain, by binding a ligand (lipid/small metabolite), controls gene expression analogously to
nuclear receptors from the mammals. One advantage of the proposed mechanism is that the
metabolic state of a cell would be linked to cell type differentiation. In a broader perspective,
such a mechanism may hold true for many organisms that contain START domain proteins with
unknown functions. Additionally, two key pieces of evidence suggest a connection to lipid
metabolism. Previously, Ohashi and coworkers (Ohashi et al. 2003) have shown that the HD-Zip
transcription factor GL2 functions as a negative regulator of phospholipid signaling. The
connection between HD-Zip TF activity and lipid metabolism is further indicated by the finding
that transcriptional targets of maize OCLI include genes involved in lipid metabolism and

cuticle-related lipid synthesis and transport (Javelle et al. 2010).

START lipid/sterol binding domains

The Bet v 1-like superfamily (also known as the START superfamily) is a large and
ancient family of proteins present in eukaryotes and archaea (Radauer et al. 2008). It contains 11
subfamilies that are structurally related to Bet v I. The subfamily containing highest number of
structures is the Bet v 1 family followed by the START subfamily, named after the
Steroidogenic Acute Regulatory (StAR) protein-related lipid transfer (START) domain.

Members of this larger superfamily include the newly identified abscisic acid (ABA) receptors



from plants (Ma et al. 2009; Park et al. 2009). The PYR and PYL proteins belong to the
Polyketide Cyc2 subfamily that shares no sequence similarity per se, but shares structural
features with members of the START subfamily.

The START domain is an evolutionary conserved protein module that binds lipids
including sterols (Ponting and Aravind 1999; Schrick et al. 2004). START domains are
ubiquitous to plants and animals and also occur in some members of the bacteria and protista, but
are absent from archaebacteria. They were first characterized in the mammalian StAR-related
protein that binds and transfers cholesterol to the inner mitochondrial membrane for initiation of
steroidogenesis (Arakane et al. 1998). In multicellular organisms, START domains are often part
of multidomain proteins. They are fused to other signaling domains including pleckstrin
homology domain (PH), Rho-GAP domain, SAM/sterile alpha motif domain and the
homeodomain (Soccio 2003). Several reports have highlighted their role as a lipid exchange
and/or a lipid-sensing domain, and unlike general lipid transporters (Lee et al. 1998; Choinowski
et al. 2000) or lipid synthesis enzymes, which also bind lipid or sterols; many members are
implicated in activities beyond that of trafficking and metabolism of specific lipids to presumed

roles in cell signaling (Iyer et al. 2001; Soccio 2003).

START domains in humans

The mammalian START domain protein family is divided into six subfamilies based on
sequence similarities (reviewed in (Alpy and Tomasetto 2005; Alpy et al. 2009; Clark 2012) (see
Table 1.1). In total, there are 15 members of the mammalian START protein family. Members of
each subfamily share either similar ligand binding specificities or functional domains other than
the START domain, such as the cholesterol and oxysterol binding proteins of the STARD1/D3
and STARD4/D5/D6 subfamilies, the phospholipid and sphingolipid binding proteins of the
STARD2 (PCTP)/D7/D10/D11 subfamily, the multi-domain proteins containing either putative
Rho-GTPase signaling function of the STARDS/12/13 subfamily, thioesterase activity of the
STARD14/15 subfamily, or kinesin motor function for STARD?9.



Lessons learned from crystal structures of mammalian START domains

The crystal structures of § mammalian START domains have been solved thus far. These
include ligand-bound co-crystals for PCTP/STARD2 (Roderick et al. 2002) and
CERT/STARDI11 (Kudo et al. 2008; Kudo et al. 2010), free forms for MLN64/STARD3
(Tsuyjishita and Hurley 2000), STARD4 (Romanowski 2002), STARDI1, STARDS, DLC-
2/STARDI3, and ACOT11/STARD14 (Thorsell et al. 2011), and the nuclear magnetic
resonance (NMR) solution structure of STARDS in complex with the bile acids (Letourneau et
al. 2012; Letourneau et al. 2013). Most recently, the solution structure of apo-STARDG6 was also
solved (Protein Data Bank (2MOU), unpublished). All of the structures share the same a/B-helix-
grip-fold configuration, consisting of a nine-stranded twisted antiparallel  sheet gripped by
amino- and carboxy-terminal o helices (a1l and 04). The two Q loops are inserted between
strands B5 and B6 (Q21) and strands B7 and B8 (€22), creating a unique configuration and
hydrophobic pocket that is distinct from other classes of lipid binding proteins. Notably, the
curved [ sheet, three a-helices (02, a3, 04) and a loop (€21) form the walls of this hydrophobic
tunnel. The START domains from PCTP/STARD2 and CERT/STARDI11 were co-crystallized
with ligands, thereby exemplifying that the dimensions and geometry of this tunnel are
appropriate to accommodate a single ligand molecule. Additionally, the tunnel possesses two
narrow openings, which are too small to allow the entrance or exit of the ligand without major
structural rearrangement of the domain. Such major conformational change could involve the
carboxy-terminal a4 helix and possibly the Q1 loop (Roderick et al. 2002; Kudo et al. 2008;
Kudo et al. 2010). Kudo et al. (2010) reported the crystal structures of the CERT/STARD11
START domain in complex with (1R,3R)-N-(3-hydroxy-1-hydroxymethyl-3-phenylprpyl)
alkanamides (HPAs) of varying acyl chain lengths. HPA12, a synthesized analogue of ceramide,
is a selective inhibitor of CERT/STARD11-mediated ceramide trafficking. According to the co-
crystal structure data, the Q1 loop, previously suggested to function as a gate of the cavity,
adopts a different conformation when bound to HPA than when bound to ceramide. In the Q1
loop region, the position of amino acid residue W473 highlights a significant difference between
the HPA-bound and the apo-form or ceramide-bound structures. Furthermore, surface plasma
resonance experiments convincingly showed that W473 is important for interaction with
membranes. With these findings, the co-crystal structures have provided useful insights into not

only the molecular mechanism of inhibition by HPAs but also the possible mechanism of



ceramide transfer by CERT/STARDI 1. It is conceivable that such information may be valuable

for prediction of ligand contact points in homologous structural models.

Ligand binding specificity of mammalian START domain proteins

A wealth of knowledge has become available on the ligands for the START domain
proteins from mammals. These include sterols such as cholesterol (Tsujishita and Hurley 2000)
and 25-hydroxycholesterol (Rodriguez-Agudo et al. 2008), phosphatidylcholine (PC) (Roderick
et al. 2002; Horibata and Sugimoto 2009), phosphatidylethanolamine (Olayioye 2005),
ceramides (Hanada et al. 2003), bile acids (Letourneau et al. 2012), and steroid hormones
(Letourneau et al. 2015).

Ligand specificity appears to be largely conferred by the shape of the cavity and
formation of polar interactions with side chains of the residues lining the walls of the
hydrophobic cavity (Lavigne et al. 2010). The ligand occupies the centrally located amphiphillic
cavity and crystal structure and ligand-binding kinetics data support the idea that START
proteins exhibit 1:1 binding stoichiometry of protein and ligand. For example, the co-crystal of
PCTP/STARD?2 bound to PC identified 28 residues that contact the ligand, of which 15 are
aliphatic, 11 aromatic and 2 hydrophobic. The PC head group interacts with hydrophilic side
chains groups of Y72, N157 and R78, a feature that explains the striking specificity of
PCTP/STARD? for PC. Further, R78 interacts directly with the phosphoryl group and forms a
salt bridge with R82 (Roderick et al. 2002). In several reports on STARD1 and STARD3, the
presence of a conserved salt-bridge at the bottom of the cavity between an acidic residue
(N169/STARD1 and D332/STARD3) and a basic residue (R188/STARD1 and R351/STARD3)
was proposed to be a key determinant for cholesterol binding (Tsujishita and Hurley 2000;
Mathieu et al. 2002; Murcia et al. 2006). More precisely, the C3-hydroxyl group of cholesterol
could form a specific interaction with the guanidino group of the conserved arginine. The
importance of this salt bridge for specific cholesterol binding is further strengthened by the
characterization of a StAR/STARDI1 salt bridge double mutant E169M; R188M that exhibits
complete loss of its cholesterol binding capacity and lacks steroidogenic activity (Roostaee et al.
2009). The carboxy-terminal a4 also appears to be critical for ligand binding, since helix
mutations L271N and L275P result in a significant decline in binding affinity and steroidogenic

activity (Roostaee et al., 2009). The importance of the shape of ligand binding cavity is revealed



by yet another report, in which CERT/STARD11 was shown to specifically recognize natural D-
erythro ceramides having short acyl chain lengths (Ci4- Cy9), but not sphingosine,
sphingomyelin, cholesterol, or PC. It was observed that the dimensions and geometry of the
cavity are appropriate to accommodate one ceramide molecule with short amide-acyl chain
length (no longer than Cyy) (Kumagai et al. 2005; Kudo et al. 2008). Furthermore, it was found
that the molecular mechanisms underlying lipid specific recognition and length limits are
imparted by specific amino acid residues; R442 (a3), E446 (a3), Q467 (B5), N504 (B7), and
Y553 (B9) located at far end of the long amphiphillic cavity (Kudo et al. 2008), and the ceramide
head group forms a hydrogen bond network with these amino acid residues. Consistently, the
inner wall of the cavity is lined by many non-polar amino acids involved in hydrophobic
interactions with the two amphiphilic chains of ceramide.

It should be noted that the residues forming the cavity are by no means strictly
hydrophobic; many side chains with H-bond donors and acceptors line the cavity. For example,
in the co-crystal of STARD11 bound to ceramides; the polar head group of the ceramide within
STARDI1 is located at the bottom of the cavity where the cholesterol OH is proposed to be
buried in STARD1 and STARD?3 (Tsujishita and Hurley 2000; Mathieu et al. 2002; Murcia et al.
2006). Similarly, comparable interactions involving structurally conserved ion pairs and the
polar head group of PC are observed in PCTP/STARD2 (Roderick et al. 2002). Previously, Kudo
et al. (2010) demonstrated that although ceramides and PC have somewhat similar polar head
groups, the STARDI11 cavity is too small to accommodate a PC molecule (Kudo et al. 2010).
This reinforces the hypothesis that the ligand specificity displayed by START domains relies on
the shape of the cavity and on the formation of polar interactions with the side chains inside the

cavity.

Human pathologies involving START proteins

In humans, START proteins are linked to various pathologies including cancer, genetic
disorders, and autoimmune disease. Expression of several START proteins appears to be
perturbed in certain cancers. MLN64/STARD3 was found to be invariably co-amplified and co-
expressed with the epidermal growth factor receptor (ERBB2) gene in breast cancers (Alpy et al.
2003). Cai et al. (2010) provided evidence that MLN64 expression levels correlate with poor

prognosis and overall survival, and it contributes to the progression of breast cancer through cell



proliferation and impairment of cell-matrix adhesion via the integrin-mediated focal adhesion
kinase (FAK) signaling pathway. GTT1/STARD?7, a novel gestational trophoblastic gene, is
frequently up-regulated in many cancer-derived cell lines such as JEG-3, HT29 and HepG2,
indicative of its role in the phospholipid mediated tumor signaling (Durand et al. 2004).
Similarly, STARDI10 is co-expressed with ErbB2 and cooperates with the ErbB pathway in
malignant transformation in breast cancers. It is also over-expressed in significant proportion of
human colon carcinoma cells, implicating its role in tumorigenesis (Olayioye et al. 2004).

In contrast, genes encoding another class of START domain proteins were reported to be
down regulated in tumor cells. DLC-1/STARD12, DLC-2/STARDI13 and DLC-3/STARDS, the
members of Rho-GAP START family appear to act as tumor suppressor genes, since their
expression is frequently lower or absent in various human cancers. Conversely, elevated
CERT/STARDI11 expression was found to be associated with multi-drug resistance to various
cancer cytotoxics such as paclitaxel, doxorubicin and cisplatin (Swanton et al. 2007). Exon array
expression profiling revealed a significant representation of genes involved in the autophagy
pathway responsible for mediating paclitaxel sensitization following CERT/STARDI11 depletion
in breast and colorectal cancer cell lines. Thus, pharmacological targeting of CERT/STARDI11,
as a prognostic marker in breast cancer, may enhance drug response (Lee et al. 2012).

START proteins are also associated with pathologies such as genetic disorders and
autoimmune disease. Ectopic expression of StAR leads to increased pregnenolone production in
the absence of a stimulus (Lin et al. 1995; Sugawara et al. 1995), while mutations in the StAR
gene result in an autosomal recessive disease named lipoid congential adrenal hyperplasia
(CAH), characterized by accumulation of cholesterol in the adrenals and gonads coupled with
decreased steroid synthesis (Lin et al. 1995; Stocco 2002). Finally, there is evidence that
CERT/STARDI11 is involved in the autoimmune disease termed Goodpasture syndrome (Hanada

et al. 2003).

Homeodomain-leucine zipper (HD-Zip) transcription factors in Arabidopsis

In plants, the majority of START domain proteins are members of a plant-specific
homeodomain (HD) transcription factor family (HD-Zip family) that is conserved in the
flowering plants from Arabidopsis to rice (Schrick et al. 2004). HD-Zip genes are found in the
moss Physcomitrella patens (Sakakibara et al. 2001; Floyd et al. 2006; Prigge and Clark 2006;



Zalewski et al. 2013), suggesting that this plant specific configuration evolved in the earliest
ancestor of the land plant lineage. Homologs of HD-Zip genes have subsequently also been
identified in charophyte algae, indicating that an ancestral HD-Zip gene evolved in an algal
ancestor prior to the origin of land plants (Zalewski et al. 2013).

Class III and IV HD-Zip proteins are comprised of a homeodomain sequence-specific
DNA binding domain (HD), a dimerization leucine zipper motif adjacent to the C terminus of the
homeodomain (ZLZ), a START domain, and a conserved START-associated domain (SAD)
(Mukherjee and Burglin 2006). Little is known about functions of this domain. However, using
both EMSA and the yeast 2-hybrid (Y2H) assays, Zhang et al. (2010) demonstrated that
simultaneous presence of both the START and SAD domains of cotton class IV HD-Zip TF
GbML1 is required for binding to the C-terminal domain of GbMYB25, a key regulator of cotton
fiber initiation.

Members of the class III HD-Zip subfamily can be distinguished from class IV HD-Zip
subfamily members by an additional domain downstream from the SAD called the PAS-related
MEKHLA domain (Mukherjee and Burglin 2006). Different leucine zippers also characterize the
two divergent families of HD-Zip proteins in Arabidopsis (Figure 1.1). The larger family, known
as class IV HD-Zip, contains a leucine zipper with an internal loop, termed zipper-loop-zipper
(ZLZ), following the homeodomain (Schrick et al. 2004). Despite disruption of the leucine
zipper of the ZLZ motif by an inserted loop sequence, dimerization via this motif can still occur
(Di Cristina et al. 1996). Dimerization is a prerequisite for DNA binding by class IV HD-Zip
proteins and unlike other HD proteins, which can bind DNA as monomers, class IV HD-Zip TFs
can bind DNA efficiently only as either homo- or hetero-dimers (Palena et al. 2001). The smaller
group, known as class Il HD-Zip, contains a classic leucine zipper domain similar to bZIP and
BRLZ found in all eukaryotes (Landschulz et al. 1988; Oshea et al. 1989).

Within class IV HD-Zip proteins, the homeodomain consists of ~60 conserved residues
in a DNA binding helix-loop-helix-turn-helix structure (reviewed in Laughon, 1991), while the
class III HD-Zip homeodomain contains four amino acid changes in the primary sequence
between helix 2 and helix 3 (Mukherjee and Burglin 2006). Homeodomains are highly conserved
among eukaryotic transcription factors responsible for regulating cell differentiation and pattern
formation (Gehring et al. 1990). As both families share SAD domains, one possibility is that the
MEKHLA domain became attached to the carboxy terminus of the class IV HD-Zip TFs,



establishing the class III HD-Zip family (Mukherjee and Burglin 2006; Magnani and Barton
2011). Perhaps the class IV HD-Zip was ancestral gene that subsequently duplicated and
modified to produce a class III HD-Zip gene.

Extensive genetic and molecular analyses of the HD-Zip family members have
revealed their critical roles in plant development. The class III HD-Zip family includes five
Arabidopsis proteins implicated in vasculature, meristem initiation, and organ polarity (Prigge et
al. 2005; Turchi et al. 2015). By contrast, the larger class IV HD-Zip family includes 16
Arabidopsis members primarily involved in cell fate determination and epidermal development
in flowering plants (Nakamura et al. 2006).

The class III and IV HD-Zip proteins are among the largest TFs in plants and have a
complex domain structure. Unfortunately, attempts to understand function of these TFs through

structural studies have so far produced no data.

Towards an understanding of the function of the class IV HD-Zip proteins

The plant epidermis is a multifunctional tissue that serves as an interface of sessile land
plants with their environment. Beyond its role as a protective barrier against biotic and abiotic
stress, the epidermal cells allow exchange of gas, water, and nutrients with the outside world.
Also, some epidermal cells give rise to specialized cell types — hair cells (trichomes) or stomatal
guard cells on the aerial parts, root hairs in the root, and aleurone layer in the seed - which are
critical for defense, respiration, water and nutrient uptake, and starch degradation, respectively
(Glover 2000). In addition to its protective function, the epidermis plays roles in the regulation of
organ growth and shoot stem cell maintenance (Savaldi-Goldstein et al. 2007; Knauer et al.
2013; Nobusawa et al. 2013).

The differentiation and maintenance of epidermis involves members of the class IV HD-
Zip family, also known as HD-GL2 after its first identified gene, GLABRA2 (GL2) (Rerie et al.
1994; Di Cristina et al. 1996). The Arabidopsis genome contains 16 class [V HD-Zip proteins.
These include GLABRA?2 (GL2), redundant proteins ARABIDOPSIS THALIANA MERISTEM
LAYER1 (ATMLI1) and PROTODERMAL FACTOR2 (PDF2), ANTHOCYANNLESS2
(ANL2), and FWA. Additional characterized family members include HOMEODOMAIN
GLABROUSI1 (HDG1) through HDG12 (Nakamura et al. 2006). The pivotal role that class IV

HD-Zip transcription factors play in various aspects of plant growth and development is exerted



by a fine-tuned regulation of their expression and function operating at multiple levels (discussed
below). This dissertation focuses on three members of the class IV HD-Zip family: GLABRA2,
PDF2, and HDG11.

GLABRA 2 (GL2)

GLABRAZ2, also known as Athb-10 (Di Cristina et al. 1996), has been shown to promote
trichome formation in the shoot epidermis (Hulskamp et al. 1994; Rerie et al. 1994) and non-root
hair cell formation in root (Di Cristina et al. 1996; Masucci et al. 1996; van Hengel et al. 2004).
It also positively regulates seed mucilage synthesis, at least in part through positive control of the
MUM4/RHM?2, a thamnose synthase that is required to produce rhamnose (Western et al. 2004).
Consistently, the g/2 mutant is defective in trichome and seed coat mucilage formation, and has
ectopic root hairs in non-root hair cell files. A role of GL2 in seed oil accumulation was also
demonstrated by characterization of mutant Arabidopsis lines lacking GL2, which revealed a
significant increase in seed oil content (Shen et al. 2006). In addition, a recent study in
Arabidopsis has identified an activation-tagged gain-of-function mutant allele of GL2 with
reduced anthocyanins (Wang et al. 2015). Extensive molecular analyses revealed that this
phenotype is caused by an elevated expression of GL2, suggesting an additional role for GL2 in
regulating anthocyanin biosynthesis.

A large-scale gene expression analyses have revealed a large number genes regulated
downstream of GL2 during epidermal cell-fate determination (Lieckfeldt et al. 2008; Marks et al.
2009; Won et al. 2009; Bruex et al. 2012). However, thus far, only a handful of downstream
genes have been identified as direct targets of GL2. PLDC1, an Arabidopsis phospholipase D
(PLD) gene was the first identified GL2 target (Ohashi et al. 2003). In vitro protein-DNA-
binding analyses have identified an L1-box sequence TAAATGTT in the promoter region of
PLDCI as a GL2 binding sequence. Two polysaccharide-metabolizing genes, CELLULOSE
SYNTHASES (CESAS) and XYLOGLUCAN ENDOTRANSGLUCOSYLASE17 (XTH17)
have also been identified as direct targets of GL2 (Tominaga-Wada et al. 2009). Yeast one-
hybrid (Y 1H) analysis showed that GL2 binds to the L1-box sequence TAAATGTA present in
the CESAS and XTH17 promoters, while chromatin immunoprecipitation (ChIP) assay
demonstrated in vivo binding to the L1-box sequence in the MYB23 promoter (Khosla et al.
2014). More recently, evidence has been provided that some MYB-bHLH-WD40 (MBW)
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component genes, including MYB113, PAP2, and TT$ are direct targets of GL2 (Wang et al.
2015). MBW complex regulates the expression of downstream biosynthetic genes in the
flavonoid pathway, leading to the production of anthocyanins. Overall, GL2 is emerging as a

pivotal transcription factor for epidermal cell-type differentiation in diverse tissues.

ATMLI and PDF?2 are functionally redundant

The epidermis of shoot organs in plants develops from the outermost layer (L1) of the
shoot apical meristem and plays important roles to not only to protect plants from dehydration
and pathogens, but also to ensure their proper organogenesis and growth control (Takada and
Lida 2014). In the past decade, molecular genetic studies have uncovered transcription factors
that are master regulators of shoot epidermal cell fate. In particular, ATMLI and PDF2,
expressed specifically in outermost layer (1) of shoot apical meristems and the protoderm of
developing embryos (Lu et al. 1996), have been shown to play redundant but critical roles in
formation of the shoot epidermis. ATML1 was the first transcription factor whose expression
was shown to mark the outermost cell layer of the shoot (Sessions et al. 1999). While each loss-
of-function mutant of ATML1 and PDF2 displayed no discernible developmental abnormalities,
the strong mutant alleles of atmli;pdf2 showed embryo-lethal phenotypes (Ogawa et al. 2015).
Similar to GL2, both ATML1 and PDF2 were shown to bind in vitro to an 8 bp cis-element
called the L1 box (Abe et al. 2001; Abe et al. 2003). Because L1 box is often found in the
promoters of epidermis-specific genes such as ATMLI and PDF2, these TFs have been proposed
to positively regulate the expression of epidermis-specific genes, including their own expression
by positive auto regulation (Abe et al. 2001; Abe et al. 2003). Accordingly, both PDF1 (Abe et
al. 2003), a gene coding for Pro-rich protein and LIP1 (Rombola-Caldentey et al. 2014) encoding
GDSL lipase, are directly regulated by ATML1/PDF2 through the L1 box cis-element.

ANL?2 and FWA

In situ hybridization and/or gene-specific promoter-GUS fusions demonstrated that the
expression of nine of the 16 class IV HD-Zip genes is strongly enriched in the epidermis,
whereas expression of one family member is limited to the sub-epidermal layer (Nakamura et al.

2006; Kubo et al. 2008). ANL2 controls anthocyanin pigmentation of the leaf sub-epidermal
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layer and cellular organization of the primary root (Kubo et al. 1999). Plant anthocyanins are
pigments that are responsible for a range of colors such as red, blue and purple. The
accumulation of anthocyanins occurs during specific plant developmental stages and only in
certain plant tissues. The an/2 mutant has an abnormal radial root patterning and produces extra
cells known as intervening cells located between the cortical and epidermal layers (Kubo and
Hayashi 2011). It was proposed that ANL?2 is involved in the maintenance of sub-epidermal layer
identity during plant development and that it controls the process of anthocyanin accumulation in
sub-epidermal cells. Another member FWA is expressed exclusively in the endosperm
(Kinoshita et al. 2004; Kinoshita et al. 2007) and fwa mutant phenotypes display delayed

flowering due to ectopic overexpression of the gene in other tissues.

Functional redundancy among the class IV HD-Zip family members

As with the class III HD-Zip, functional overlaps and redundancy seem to be prominent
within the class IV HD-Zip family. Single T-DNA insertion mutants of HDGI-HDGI2 are
aphenotypic with the exception of 4dg! I-1, which has more branched trichomes (Nakamura et
al. 2006) and hdg? that has trichomes with abnormal cell walls (Marks et al. 2009) and displays
aberrant stomatal development (Peterson et al. 2013). A search for paralogs revealed seven
paralogous gene pairs between the class [V HD-Zip family members (Tavares et al. 2000).
Double mutants of paralogous gene pairs displayed distinct phenotypes. While
hdgl1 hdgl?2 double mutants displayed enhanced trichome branching phenotype (Nakamura et
al. 2006), double mutants of pdf2-1 with hdgi-1, hdg2-3, hdg5-1 and hdgl2-2 produced
abnormal flowers with sepaloid petals and carpelloid stamens in association with the reduced
expression of the petal and stamen identity gene APETALA 3 (AP3) (Kamata et al. 2013),
suggesting that PDF2 and these class IV HD-Zip genes are cooperatively involved in flower
development. Similarly, a study by Nakamura et al. (2006) revealed cotyledon defects for pdf2-1
hdg3-1 and atml-1 hdg3-1, suggesting the importance of the interplay in the epidermis between
PDF2, ATMLI, and HDG3 during cotyledon development. Several reports have highlighted
allele specific effects on the mutant phenotypes. In one study, the double mutant combinations
between another pdf2 allele, pdf2-2, and hdg alleles showed only a reduced number of stamens
without homeotic conversions of floral organs (Kamata et al. 2013). The mutant alleles, pdf2-1

and pdf2-2, have a T-DNA inserted in the midst of the START domain coding region, and in the
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exon for the more C-terminal part of the START domain, respectively, indicating the importance
of the START domain in proper function of the class IV HD-Zip proteins. While in the second
study, using two mutant alleles of ATML1 and four mutant alleles of PDF2, authors showed that
alteast one copy of these genes are essential for embryo development in Arabidopsis. The double
mutant combinations of a strong atml]-3 allele with each pdf2 allele were found to cause
embryonic arrest (Ogawa et al. 2015), whereas, double mutant combinations of a weak atm/1-

[ allele with each pdf2 allele germinated and showed phenotypes defective in shoot epidermal
cell differentiation (Abe et al. 2003; San-Bento et al. 2014).

Functional redundancy among nonparalogous members has also been demonstrated. For
instance, both HDG2 and ATML1 appear to function redundantly in promoting stomatal
differentiation, possibly by binding to common in vivo target sequences (Peterson et al. 2013).
Moreover, a recent study showed that GL2 and HDG11 act redundantly in driving trichome
morphogenesis (Khosla et al. 2014). In conclusion, these findings shed light on the cooperative
functions of the class IV HD-Zip family members in epidermis; however, due to the limitations
of the mutant alleles available for analysis, the reasons for the phenotypes observed in the mutant

combinations are still not fully understood.

Multiple mechanisms control the activity of the class IV HD-Zip transcription factors

Several lines of evidence suggest microRNAs play an important role in regulating
expression of genes that control pattern formation and cell differentiation in plants (Reinhart et
al. 2002). One of the well-characterized cases of miRNA regulation in plants is recognition of a
conserved region at the beginning of the START domain in the coding region of class III HD-Zip
by miR165/166 (Bowman 2004; Zhou et al. 2007; Du et al. 2015; Jia et al. 2015). Regulation of
the class IV HD-Zip genes by miRNAs is supported by the presence of a 17-nucleotide motif
located at in the 3'UTR region of the class IV HD-Zip genes. This sequence is conserved
throughout land plants and their ability to complementary base pair indicates that the formation
of stem-loop is required for function (Nakamura et al. 2006). Two possible functions attributed
to this conserved sequence are the generation of miRNAs and posttranscriptional regulation of
gene expression via the binding of regulatory proteins mediating translational repression, mRNA
stability, and mRNA localization. However, to date, there is no evidence for the production of

regulatory small RNAs from any of the Arabidopsis genes harboring the conserved 3’-UTR
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sequences (Gustafson et al. 2005). Recently, genetic analysis and GFP sensor experiments
demonstrated post-transcriptional regulation of maize class IV HD-Zip transcription factor
(OCL1) by RDR2 dependent small RNA (small 1), suggesting another level of regulation. It is
noteworthy that both the smalll binding site itself and the 19 nt region of the 3' UTR contribute
to OCL] translational repression (Klein-Cosson et al. 2015). Since these motifs are predicted to
form a stem-loop structure that is conserved, it is tempting to speculate that similar translational
repression mechanism exists for the class [V HD-Zip members from other plants.

The recent discovery of physical interactions between ATML1 and PDF2 with DELLA
proteins revealed a new layer of post-translational regulation of the class IV HD-Zip activity.
Both the proteins were shown to interact directly with DELLA proteins, which blocks gibberellin
signaling required for seed germination (Rombola-Caldentey et al. 2014). Thus, upon seed
imbibition, increased GA levels mediate the activation of downstream L1 box target genes by
releasing the two HD-Zip TFs from their inhibitory interaction with DELLA proteins. Consistent
with this, physical interactions between GhHOX3, an HD-Zip TF of cotton, and GhSLR1, a
functional orthologue of the Arabidopsis DELLA AtGAI, were reported and the domain deletion
assay demonstrated that the combination of leucine zipper (ZLZ) and the START domains was
required for the interaction (Shan et al. 2014). In this context, it will be of interest to determine
whether DELLAs interact with the remaining epidermal class IV HD-Zip proteins to regulate
additional plant developmental processes such as trichome differentiation and flower
development.

The presence of a putative lipid/sterol binding domain (START) and a dimerization
motif (ZLZ) implies regulation of the class IV HD-Zip activities by dimerization and binding of
lipid/sterol ligands. In this context, interaction between ATML1 and PDF2, likely by
heterodimerization (Rombola-Caldentey et al. 2014), together with our in planta data showing
heterodimerztion of GL2 with ATML1/PDF2, coupled with the requirement of START domain
for homodimerization, indicates a new layer of regulation of the class IV HD-Zip activity. In
related transcription factors from sunflower, DNA-binding was inhibited by oxidation of Cys
residues in the ZLZ motif, suggesting that redox signals are also involved in the regulation of the

class IV HD-Zip activity (Tron et al. 2002).
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Class 1V HD-Zip genes in Commercially Important Plant Species

Data obtained with Arabidopsis on the regulation of trichome development by class IV
HD-Zip genes, stimulated attempts to understand roles of these genes in agriculturally important
plants with the aim to apply the gained knowledge for plant improvement. Four distinct GL2
orthologues from B. napus, B. rapa (BnaA.GL2.a and BnaA.GL2.b) and B. oleracea
(BnaC.GL2.a and BnaC.GL2.b) were identified using an overlapping-PCR strategy (Chai et al.
2010). Suppression of BnaC.GL2.b drastically increased oil accumulation, suggesting that
BnaC.GL2.b protein can functionally substitute for GL2 to negatively regulate oil accumulation
in Arabidopsis seeds. Given that Brassica napus is the third largest oilseed crop in the world;
identification of genes involved in regulation of seed oil accumulation has important economic
significance for oilseed rape breeding.

Fu and coworkers (Fu et al. 2009) reported map-based cloning of the gene Yr36 (WKS1),
which confers partial resistance to Pst, a causative agent of wheat stripe rust disease. WHEAT
KINASE-START (WKS1I) gene includes a kinase domain followed by a putative START lipid-
binding domain and the most similar protein in Arabidopsis to the putative WKS1 START
domain is EDR2, a protein that negatively regulates plant defense to the powdery mildew
pathogen Golovinomyces cichoracearum (Tang et al. 2005; Vorwerk et al. 2007). Extending
these findings, Gou et al. (2015) proposed a working model for WKS1 resistance mechanism
highlighting the role of the START domain in conferring partial resistance to Pst in wheat.
Collectively, these data improve the understanding of the molecular mechanisms associated with
WKSI partial resistance to a devastating wheat pathogen and may have implications in the
utilization of this gene in agriculture.

A function of the class IV HD-Zip TFs has also been described in the context of
regulation of cotton fiber elongation. Cotton fibers, the most important natural material for
textile industry, are unusually long, single-celled epidermal seed trichomes. Comparison with the
Arabidopsis class IV HD-Zip proteins demonstrated that GaHOX1 from cotton is the closest
homolog of GL2, whereas GaHOX2 is more similar to ATML1 and PDF2 than to GL2 (Guan et
al. 2008). A recent report on GaHOX3 showed that silencing of the class IV HD-Zip gene
dramatically reduces fiber length, whereas its overexpression leads to longer fibers (Shan et al.
2014). Moreover, the study revealed a new molecular mechanism underlying the role of growth

hormone gibberellin (GA) in promoting cotton fiber development. These findings could play a
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crucial role in the future selective breeding of cotton plants, thereby impacting the billion-dollar
textile industry.

To conclude, these genes represent just a part of the class IV HD-Zip family, and we are
still far from a comprehensive understanding of the class IV HD-Zip family.

With the broad goal of defining and characterizing the molecular link between
metabolism and gene transcription in plants, this dissertation addresses the following objectives:
(1) Uncover the regulatory role of the START domain in modulating transcription factor activity,
(2) Determine function of the START domain in the class IV HD-Zip transcription factor
GLABRAZ2 (GL2), (3) Identify and characterize protein-metabolite interactions for the START
domains, and (4) Elucidate genetic interactions between GL2, HDG11, and MYB23 in the
maintenance of cell fate during trichome morphogenesis.

The second chapter of the dissertation describes the regulatory role of the START
domain in stimulating transcription factor activity. The data shows that the START domains are
versatile ligand-binding motifs that are used by both plants and mammals to modulate
transcription factor activity.

The third chapter of the dissertation illustrates functional characterization of the START
domain in GLABRAZ2. Mutational analysis in combination with experiments in yeast and plants
reveal a key role of the START domain in regulating HD-Zip transcription factor activity
through both ligand binding and via protein-protein interactions. This chapter also describes
results from the ChIP-seq experiment. The study was undertaken to identify novel transcriptional
targets of GL2 in an unbiased manner.

The fourth chapter uses parallel in vitro and in vivo approaches to identify the START
domain ligands from HD-Zip transcription factors. Using a high throughput differential scanning
fluorimetry assay and a small molecule pull down approach coupled to mass spectrometry,
evidence is provided for binding to fatty acids and plant secondary metabolites.

The fifth chapter discusses the interaction and functional redundancy among the class IV
HD-Zip family members in maintenance of the trichome cell fate. Evidence is provided for a
previously elusive redundancy between GL2 and HDG11, and unveils a positive feedback loop
in the maintenance of GL2 activity during trichome cell-type differentiation via MYB23.

This dissertation attempts to understand at the mechanistic level, how metabolism is

integrated to regulate gene transcription in plant development. These results not only improve the
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understanding of the START domains in general, but also provide novel insights into the
regulation of HD-Zip TFs via START domain. The class IV HD-Zip family of TFs in unique to
the plant kingdom and have been implicated as “master regulators” of epidermal development in
flowering plants (Javelle et al. 2011). It is believed that the class IV HD-Zip homologs were
instrumental in the evolution of epidermal adaptations required for life on land (Graham et al.
2000; Ligrone et al. 2012). Consistently, loss-of-function phenotype studies have revealed
critical roles in differentiation and maintenance of epidermis, regulation of lipid biosynthesis and
transport, seed oil content, and drought tolerance. One family member was recently shown to
drive fiber elongation in cotton. In addition, insights into the role of these proteins in cuticle-
related lipid synthesis and transport, and hence their possible involvement in plant protection
from pathogens and abiotic stresses has just started to emerge. Thus, gaining a better
understanding of the regulation of Arabidopsis class IV HD-Zip genes could have a significant

impact in biotechnology and improvement of agriculturally important traits.
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Figure 1.1 Phylogenetic tree of Arabidopsis HD-Zip START proteins from alignment
of START.

START domain sequences were aligned by the Clustal W2 program (Larkin et al. 2007).
The tree is drawn to scale, with branch lengths measured in the number of substitutions per site.
Molecular phylogenetic analysis by maximum likelihood method was conducted in MEGA6
(Tamura et al. 2013). Structures of the two types of HD-Zip START sequences (Class IV and
Class III HD-Zip transcription factors) having different leucine zippers. HD, homeodomain;
Z1.Z, leucine zipper loop zipper; ZIP, basic region leucine zipper; SAD, START adjacent
domain. Class III HD-Zip family contains a MEKHLA motif.
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Figure 1.2 Phylogenetic analysis of the START domain proteins in Arabidopsis.
START domains from 35 Arabidopsis START-containing proteins are classified into

seven subfamilies. The structure and domain organization for each protein or protein subfamily
is shown on the right, with START domains in red. HD, homeodomain (orange); ZLZ, leucine
zipper-loop-zipper (blue); ZIP, basic region leucine zipper (grey); PH, pleckstrin homology
(black), DUF1336, domain of unknown function (purple), MEKHLA (green). Sizes of the
corresponding proteins in amino acids (aa) are indicated to the right or below each

representation. Figure modified from Schrick et al. (2004).
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Table 1-1 Mammalian START domain family.

The START protein subfamily is indicated and each member is designated by protein name followed by other common names in

parenthesis. A schematic of the domain structure highlights that the START domain is the C-terminal domain

START START Domain Tissue Cellular Lipid Disease
Subfamily protein Structure Distribution location binding association
STARD1/D3 STARD1 (StAR) Mt-START Adrenal, ovary, Mitochondria Cholesterol Lipoid CAH, HCC
testis, brain, heart, NPC
STARDS (MLN64) | \iENTAL-START liver Transmembrane, | Cholesterol
Placenta, breast, late endosomes
macrophages
STARD2 STARD2/PCTP START Liver, lung ER/Golgi PC Insulin resistance
STARD7 ==START Liver Cytosolic, PC Ovarian, lung,
STARD10 -START— Liver, kidney, testis, | mitochondria colon, liver cancer
colon Cytosolic PC>PE Fatty liver
STARD11 (CERT) -PH——START
LA Liver ER/Golgi Ceramide
STARDS8/12/13 | STARDS8/DLC-3 —RhoGAP-START | Cancer Focal adhesions ?
STARD12/DLC-1 ——SAM-RhoGAP-START | Cancer Focal adhesions, ? liver cancer
STARD12/DLC-2 PM
—SAM-RhoGAP-START | Endothelial cells Focal adhesions Charged angiogenesis
lipid (?)
STARD9 STARD9 KM-FHA cc-START | ubiquitious nuclear ? mitosis
STARD14/15 STARD14/ACOT11 | Hotdog-Hotdog-START Brown adipose Cytosolic Fatty acid thermogenesis
tissue
STARD15/ACOT12 | -Hotdog-Hotdog-START R Cytosolic 2

PC, Phosphatidylcholine; PE, Phosphatidylethanolamine; NPC, Niemann Pick type C; CAH, congenital lipoid adrenal hyperplasia;PH,
Plekstrin Homology; FFAT, peptide EFFDAXE; DLC, Deleted in liver cancer; SAM, sterile o motif ; ACOT, acyl-coenzyme A thioesterase;

FHA, forkhead-associated phosphopeptide binding domain
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Chapter 2 - Shared functions of plant and mammalian StAR-related
lipid transfer (START) domains in modulating transcription factor

activity

ABSTRACT
Background

Steroidogenic acute regulatory protein (StAR)-related lipid transfer (START) domains
were first identified from mammalian proteins that bind lipid/sterol ligands via a hydrophobic
pocket. In plants, predicted START domains are predominantly found in homeodomain leucine
zipper (HD-Zip) transcription factors that are master regulators of cell-type differentiation in
development. Here we utilized studies of Arabidopsis in parallel with heterologous expression of
START domains in yeast to investigate the hypothesis that START domains are versatile ligand-

binding motifs that can modulate transcription factor activity.

Results

Our results show that deletion of the START domain from Arabidopsis GLABRA2
(GL2), a representative HD-Zip transcription factor involved in differentiation of the epidermis,
results in a complete loss-of-function phenotype, although the protein is correctly localized to the
nucleus. Despite low sequence similarly, the mammalian START domain from StAR can
functionally replace the HD-Zip-derived START domain. Embedding the START domain within
a synthetic transcription factor in yeast, we found that several mammalian START domains from
StAR, MLN64 and PCTP stimulated transcription factor activity, as did START domains from
two Arabidopsis HD-Zip transcription factors. Mutation of ligand-binding residues within StAR
START reduced this activity, consistent with the yeast assay monitoring ligand-binding. The
D182L missense mutation in StAR START was shown to affect GL2 transcription factor activity
in maintenance of the leaf trichome cell fate. Analysis of in vivo protein-metabolite interactions
by mass spectrometry provided direct evidence for analogous lipid-binding activity in

mammalian and plant START domains in the yeast system. Structural modeling predicted
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similar sized ligand-binding cavities of a subset of plant START domains in comparison to

mammalian counterparts.

Conclusions

The START domain is required for transcription factor activity in HD-Zip proteins from
plants, although it is not strictly necessary for the proteins nuclear localization. START domains
from both mammals and plants are modular in that they can bind lipid ligands to regulate
transcription factor function in a yeast system. The data provide evidence for an evolutionarily
conserved mechanism by which lipid metabolites can orchestrate transcription. We propose a
model in which the START domain is used by both plants and mammals to regulate transcription

factor activity.
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The results of the domain swap experiment and the effect of D182L missense mutation in
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INTRODUCTION

Steroidogenic acute regulatory protein (StAR)-related lipid transfer (START) is an
evolutionarily conserved module of approximately 200 amino acids implicated in lipid/sterol
binding (Ponting and Aravind 1999). The prototype for the START domain is found in
mammalian StAR proteins that bind cholesterol for the initiation of steroidogenesis (Lavigne et
al. 2010). The START domain subfamily belongs to an expansive clan of o/p helix-grip-fold
structures that is given the name ‘SRPBCC (START/RHO alpha C/PITP/Bet v1/CoxG/CalC)
superfamily’ in the NCBI Conserved Domains Database, named for six of its major subfamilies.
Another subfamily termed PYR/PYL/RCAR-like includes the newly identified abscisic acid
receptors from plants (Iyer et al. 2001; Radauer et al. 2008). Members of the SRPBCC
superfamily also referred to in the literature as the Bet v1-like (Ma et al. 2009) or START (Park
et al. 2009) superfamily, exhibit the common property of a deep hydrophobic ligand-binding
pocket. The focus of the present study is on proteins carrying domains of the START subfamily,
and we restrict the term ‘START’ to the subfamily of proteins that share significant sequence
similarity to mammalian StAR, as described in Schrick et al. (2004). START domains vary in
size and configuration and occur primarily in animals and plants as well as some species from
other taxa. While the StAR protein contains the START domain as the major motif, START
domains are modular in that they are found in combination with other functional domains.
Ligand-binding by the START domain in a multidomain protein may regulate the activities of
other domains such as Rho-GAP and thioesterase domains that occur in human START domain-
containing proteins.

Experimental evidence for START domains as ligand-binding motifs derives largely
from mammalian proteins (Alpy and Tomasetto 2005; Alpy et al. 2009). The human genome
encodes 15 START domain-containing proteins, several of which are implicated in disease
(Clark 2012). Human StAR/STARDI is associated with an inherited disorder known as
congenital lipoid adrenal hyperplasia (CAH) (Bhangoo et al. 2006). Identified ligands for
mammalian proteins include sterols such as cholesterol and hydroxycholesterol, and other lipids
such as phospholipids and sphingolipids. More recently bile acids were shown to bind human
STARDS (Letourneau et al. 2012), expanding the repertoire of possible interactors. Mammalian
START domain crystal structures are available, revealing central antiparallel B-sheets and a

carboxy-terminal a-helix forming a hydrophobic cavity to accommodate a single ligand
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(Tsujishita and Hurley 2000; Roderick et al. 2002; Romanowski et al. 2002; Kudo et al. 2008;
Thorsell et al. 2011). Ligand specificity is thought to be conferred by the configuration of amino
acids that form the inner lining of the cavity. Amino acid changes that perturb START domain
function were uncovered in defective StAR genes from CAH patients, and specific amino acid
residues are predicted to affect cholesterol binding (Tsujishita and Hurley 2000). The co-crystal
of phosphatidylcholine transfer protein (PCTP)/STARD2 bound to phosphatidylcholine (PtCho)
identified multiple residues that contact the ligand in the hydrophobic pocket (Roderick et al.
2002). The structures of CERT/STARDI1 in its apo-form and in complex with ceramides of
variable acyl chain lengths indicate contact points between amino acids and molecular features
of sphingolipids (Kudo et al. 2008).

START domain-containing proteins are abundant in the plant kingdom, where the
majority are members of a plant-specific homeodomain leucine zipper (HD-Zip) transcription
factor family (Schrick et al. 2004). Arabidopsis contains 21 HD-Zip START domain-containing
transcription factors of the class III and IV subfamilies. Genetic analysis indicates key roles in
cell differentiation and patterning in development, and several family members exhibit striking
mutant phenotypes. The class IIIl HD-Zip family contains five proteins implicated in vasculature,
meristem initiation and/or organ polarity (Prigge et al. 2005). The larger class IV HD-Zip family
comprises 16 members involved in cell fate determination (Nakamura et al. 2006), and includes
Arabidopsis MERISTEM LAYER 1 (ATML]1) and its close relative PROTODERMAL FACTOR 2
(PDF2), which are required for epidermal cell fate of the shoot (Lu et al. 1996; Abe et al. 2003),
and GLABRA?2 (GL2), which is required for the specification of epidermal cells in the shoot
(Rerie et al. 1994), root (Di Cristina et al. 1996) and seed (Western et al. 2001).

Although START domains are amplified in HD-Zip transcription factors, the function of
the plant domains in lipid/sterol binding has not been verified, nor has the crystal structure been
solved for any plant-derived START-subfamily domain to date. Since HD-Zip proteins are
transcription factors, one hypothesis is that the START domain, by binding lipid/sterol ligands,
controls transcription analogously to steroid hormone receptors in metazoans (Ponting and
Aravind 1999; Schrick et al. 2004). One advantage of the proposed mechanism is that the
metabolic state of a cell as reflected in lipid/sterol synthesis could dictate cell-type specific
mRNA expression. Such a mechanism would be of broad interest since many organisms contain

START domain proteins whose functions have not yet been uncovered.
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In this study, the overall aim was to investigate the role of the START domain in
transcription. We demonstrate that the START domain is required for transcription factor
activity of a representative HD-Zip protein, GL2, in Arabidopsis. A domain swap experiment
indicated that although START domains in mammals and plants exhibit marginal sequence
similarity, their function appears to be conserved. We utilized a yeast system to assess the roles
of START domains in the context of transcription, and to compare the behavior of known ligand-
binding START domains from mammals to ‘orphan” START domains from plants. With this
approach, ligand-binding activity for several mammalian domains with known ligands was
reproduced in yeast. START domains from both plants and mammals were shown to stimulate
transcription factor activity when placed in a yeast synthetic transcription factor.
Immunoisolation of the synthetic transcription factors followed by mass spectrometry indicated
that START domains from two HD-Zip transcription factors participate in protein-metabolite
interactions as do the mammalian counterparts. We provide experimental evidence for a model in
which ligand-binding to the START domain regulates transcription factor activity, linking

metabolism to gene expression.
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RESULTS
Deletion of the START domain from HD-Zip transcription factor GL2 results in loss of
activity

To probe the function of the START domain within HD-Zip transcription factors we
chose Arabidopsis GL2 for analysis. The GL2 gene product is dispensable for viability, but g/2
null mutants exhibit distinct phenotypes in differentiation of the epidermis, including defects in
leaf trichome development (Rerie et al. 1994) (Figure 2.1 A; Appendix Figure A-1), excessive
root hair formation (Di Cristina et al. 1996) (Figure 2.1 B) and lack of seed mucilage production
(Western et al. 2001) (Figure 2.1 C). The molecular nature of g/2 null activity allele, g/2-5 is
described in Chapter 5 (methods). We deleted the START domain from a GL2 construct in
which the cDNA sequence was translationally fused to the enhanced yellow fluorescent protein
(EYFP) tag at its amino-terminus (Figure 2.1 D), and transformed homozygous g/2 plants to
examine complementation of the mutant phenotypes. The EYFP:GL2 transgene was expressed
under the native GL2 promoter (ProGL2). Whereas the wild-type ProGL2:EYFP:GL2 construct
rescued all three mutant phenotypes in leaves, roots and seeds, the ProGL2:EYFP:gI2ASTART
construct resulted in null phenotypes indistinguishable from the g/2 loss-of-function mutant
(Figure 2.1 A,B,C,E). Despite the inability of the EYFP:gl2ASTART transgene to confer
phenotypic complementation, we observed nuclear localization in ovules and trichomes, similar

to that for the wild-type EYFP:GL2 transgene (Figure 2.2 A-E).

The START domain from mouse StAR functionally replaces the endogenous START
domain from GL2

The 209 amino acid START domain from the mouse StAR domain shares 33% similarity
and 13% identity with the 235 amino acid START domain from Arabidopsis GL2 (Figure 2.1 F).
We used a domain swap experiment to test the ability of this mammalian StAR START domain
to replace the Arabidopsis START domain functionally in the EYFP:GL2 protein cassette
(Figure 2.1 D). Among the EYFP:GL2-StAR-START T2 transformants of g/2, we characterized
several independent lines that exhibited partial rescue of the trichome defects and selected one of

these lines for detailed analysis. In addition to partial complementation of the trichome defects
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(Figure 2.1 A, E and Appendix Figure A-1), these lines also exhibited partial rescue of the root
hair patterning (Figure 2.1 B) and seed mucilage defects (Figure 2.1 C) of g/2 null mutants. The
results indicate that despite relatively low sequence similarity (33%), a mammalian START
domain is able to replace the plant START domain from GL2 functionally to a similar level as
that of a related class IV HD-Zip family member, ATML1 (Lu et al. 1996) (Figure 2.1 A-E and
Appendix Figure A-1). START domain swaps with mouse StAR or Arabidopsis ATMLI1 both
resulted in nuclear localization of the EYFP:GL2 protein (Figure 2.2 F,G). The function of the
START domain in GL2 was dependent on the encoded domain sequence, since replacement with
two additional Arabidopsis-derived START domains, namely from ENHANCED DISEASE
RESISTANCE 2 (EDR2) (Tang et al. 2005) and from class III HD-Zip member REVOLUTA
(REV) (Talbert et al. 1995) , were not found to rescue the g/2 mutant phenotype (Figure 2.1
A,B,C,E), nor did they display nuclear localization (Figure 2.2 H,I).

A yeast assay for START domain function in transcription

We developed an assay to monitor the activity of the START domain within a synthetic
transcription factor using heterologous expression in the yeast Saccharomyces cerevisiae. The
START domain-coding region from various proteins (Figure 2.3 A) was fused between an
amino-terminal GAL4 DNA binding domain (DBD) and a carboxy-terminal VP16 activation
domain (AD) (Figure 2.3 B). The GAL4-VP16 (GV) synthetic transcription factor is driven by
the MITOCHONDRIAL RIBOSOMAL PROTEIN 7 (MRP7) constitutive promoter, resulting in
very low background levels of reporter gene expression. Activities of GAL4-
DBD:START:VP16-AD (GSV) synthetic transcription factors were monitored by their ability to
activate the LacZ reporter (Figure 2.3 C). The yeast strain harbored an erg6 mutation to facilitate
permeability and uptake of small molecules. In a GAL4-DBD:hER:VP16-AD (GEV) construct
in which the human estrogen receptor steroid binding domain (hER) is placed between GAL4-
DBD and VP16-AD domains, the level of reporter activity, quantified in B-galactosidase (B-Gal)
units, was reduced to very low levels. However, these levels were increased ~25-fold by the
addition of estradiol (Figure 2.3 D), consistent with a previous report demonstrating that hER is
responsive to its biological ligand estradiol when expressed in a GEV transcription factor in

yeast (Gao and Pinkham 2000). A GV control construct in which the GAL4-DBD was fused
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directly to VP16-AD was tested and shown to display a ~6-fold lower level of activity (Figure
2.3 D).

START domains from mammalian proteins stimulate transcription factor activity in yeast

We studied the function of the START domain in the synthetic transcription factor with a
mammalian StAR protein that is known to bind cholesterol. When the START domain from
mouse StAR was placed between the GAL4-DBD and VP16-AD domains, we observed
significantly elevated levels of f-galactosidase activity in the GSV plasmid in comparison to
control plasmids, such as GV without the START domain (~3- and ~6-fold increase; Figure 2.3
D, E), and GEV-expressing yeast in the absence of estradiol (~10- and ~20-fold increase; Figure
23D, E).

To examine the generality of this ability to stimulate transcription factor function, we
tested the START domains from two other mammalian proteins, human metastatic lymph node
64 (MLN64/STARD3) and human PCTP. MLN64 is closely related to StAR and has been shown
to bind cholesterol (Alpy and Tomasetto 2006), while the more distantly related PCTP binds
PtCho (Roderick et al. 2002). Both MLN64 and PCTP behaved similarly to StAR in the ability to

stimulate transcription factor activity in the yeast assay (Figure 2.3 E).

START domains from several Arabidopsis proteins also boost transcription factor activity

Based on amino acid similarity to the mammalian counterparts, the Arabidopsis genome
encodes 21 HD-Zip transcription factors that contain START domains out of a total of 35
START domain-containing proteins (Schrick et al. 2004). Then 25 START domains from
Arabidopsis were tested in the yeast assay and compared with the reporter gene activities of three
mammalian START domains: StAR, MLN64 and PCTP (Figure 2.3 E). Although the majority of
the Arabidopsis START domains assayed resulted in little or no reporter activity, a group of five
START domains conferred enhanced transcription factor activity similar to that of the three
mammalian proteins tested.

The START domains from class IV HD-Zip transcription factors ATMLI1 and PDF2
exhibited similar levels of activity (4.4- and 3.1-fold over GV control, and 25- and 17-fold over

vector control, respectively; Figure 2.3 E). These proteins display a high degree of sequence
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conservation (90% and 95% amino acid identity and similarity, respectively) and have been
shown to be functionally redundant in vivo (Abe et al. 2003). Similarly, At5g07260, a HD-Zip-
related protein of unknown function that lacks the HD domain, exhibited activity. In addition,
two PCTP-like proteins, At4g14500 and At3g13062, displayed weak activities that were not
significantly different from the GV control but were increased over other plant-derived START

domains (Figure 2.3 E).

START domains do not behave as classical activation domains

One possible explanation for the increased transcription factor activity conferred by the
START domain is that it acts as a classical transcriptional AD. We examined whether the
START domain functions as an AD in combination with GAL4-DBD by deletion of VP16-AD
from several GSV constructs. The resulting GAL4-DBD:START (GS) constructs containing
mammalian START domains from StAR, MLN64, PCTP or Arabidopsis GL2, exhibited a lack
of reporter activity in the yeast assay, comparable to that of the empty vector pRS314, about 10-
fold lower than that of the GV control (Figure 2.3 C,F). Consistent with these data, when the
START domain from Arabidopsis PDF2 or GL2 was expressed as a GAL4-DBD fusions in a
yeast two-hybrid assay, there was no activation of reporter genes although expression of the
myc-tagged GS proteins were detected by Western blot (AK and KS, in preparation). We
conclude that the START domain is not a transcriptional activator in the classical sense, since it

was found to boost the activity of the transcription factor only when VP16-AD was also present.

Over-expression of positive regulator of sterol biosynthesis increases reporter activity of
GSYV constructs containing active START domains

One possible interpretation to explain the effect of the START domain on the synthetic
transcription factor is that endogenous levels of lipid/sterol metabolites in yeast act as ligands to
regulate levels of activity. Over-expression of the yeast transcriptional regulator Sterol Uptake 1
(SUTT) gene elevates sterol biosynthesis activity (Ness et al. 2001). High levels of SUT1 likely
result not only in an increase in sterols, but may also alter the expression profiles of other lipid
metabolites needed for membrane synthesis. We found that co-expression of this multi-copy

plasmid carrying the SUT! gene under control of the strong PMA1 promoter results in increased
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activity of the LacZ reporter (~2- to 12-fold) in GSV-expressing yeast (Figure 2.3 G). The
reporter activity is only increased for those constructs that contain a functional START domain
that exhibits activity in yeast, since constructs containing mutations in the START domain do not
yield significant levels of transcriptional activity (see below). These data suggest that SUT over-
expression acts directly or indirectly on START domains within the GSV proteins.

Over-expression of the SUTI gene has also been shown to enhance sterol uptake (Ness et
al. 1998). However, exogenous addition of cholesterol to the medium did not increase the
activity of the LacZ reporter in SUT over-expressing cells with GSV constructs containing the
START domain from StAR (Appendix Figure A-2). With SUT over-expressed, the reporter
activity for GSV-StAR did not change with a range of cholesterol concentrations from 0 uM to
50 uM, perhaps due to saturation of ligand-binding.

Site-directed mutagenesis of StAR indicates requirement for ligand binding

Functional analysis of specific amino acids within the START domain of the mammalian
StAR protein was carried out to test further the idea that the START domain is a ligand-binding
module within the GSV transcription factor. Using site-directed mutagenesis, missense mutants
were constructed on the basis of conservation and alignment with known binding sites in PCTP
(Figure 2.4 A). Among the eight mutants tested, two were double mutants. The M143R;N147D
double mutant has two amino acids altered that are conserved among the mammalian
cholesterol-binding START domains. Altering the M/N pair to R/D is predicted to change the
specificity of the StAR START domain from cholesterol-binding to zwitterion lipid-binding,
making it more similar to that of PCTP (Tsujishita and Hurley 2000). Similarly, the L270M
mutant is predicted to alter ligand specificity from cholesterol-binding to phospholipid-binding.
The other missense mutants remove or create additional charged residues within the hydrophobic
ligand-binding cavity. The L241R mutation disrupts a hydrophobic cluster within a PCTP
binding region in the 11th B-sheet (11) of the predicted structure. Likewise, the F266L. mutation
affects the charge of a residue that is both highly conserved and is a predicted ligand contact site.
R181L, a mutation that corresponds to a substitution in human patients exhibiting lipoid CAH,
affects the charge of a highly-conserved residue within 6 of the START domain that contains
other residues implicated in direct ligand contact. In the R181L;D182L double mutant affecting

the same region, two adjacent charged residues are changed to leucines. C223R, like R181L and
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D182L, affects the charge of the cavity, although this residue is also not predicted to be in direct
contact with the ligand (Roderick et al. 2002). However, an adjacent residue, Met at position
224, is mutated (M224T) in a subset of lipoid CAH patients (Tsujishita and Hurley 2000).

The activities of the mutants were compared to wild-type StAR (Figure 2.4 B). Although
most of the mutations in StAR reduce or completely abolish function, the R181L mutant, which
is predicted to affect lipid transfer but not binding (Murcia et al. 2006), displayed wild-type
levels of activity. The two mutants, L270M and M143R;N147D, that were predicted to affect
specificity, resulted in wild-type and partial activities, respectively.

To examine whether a mutant version of the StAR START domain affects transcription
factor activity of the HD-Zip GL2 protein in planta, a ProGL2:EYFP:GL2-StAR-START
transgene harboring the D182L missense mutation was constructed and transgenic lines were
analyzed in comparison to the wild-type counterpart. Among several independent lines for which
expression of the transgene was verified, fewer branched trichomes were observed compared to a
GL?2 transgene containing the wild-type StAR-START domain (Figure 2.4 C-F; Appendix Figure
A-3). Nuclear localization of the EYFP:GL2-StAR-D182L-START transcription factor indicated
that the mutant protein is expressed and properly localized (Figure 2.4 G-J). Quantification of
trichomes on first leaves revealed significantly reduced function for the GL2-StAR protein
containing the D182L mutation compared to the wild-type version (Figure 2.4 K). These results
indicate that a functional ligand-binding START domain is required for GL2 transcription factor

activity.

Protein levels of GSV transcription factors and the relation with activity levels

One possibility for explaining the ability of the START domain to stimulate transcription
factor activity is that it may stabilize protein levels when it is ligand-bound. We utilized the yeast
system to further probe the mechanism by which the START domain functions to enhance
transcription factor activity, by examining protein levels for a representative subset of the GSV
synthetic transcription factors. Because we were not successful in detecting the GSV proteins
with commercial antibodies against GAL4 or VP16, likely due to very low expression levels
from the MRP7 promoter, the GSV transcription factors were fused to the yeast-enhanced green
fluorescent protein (yEGFP3) in plasmid pUG35 (Cormack et al. 1997) (Appendix Figure A-4).

Green fluorescent protein (GFP) expression levels were quantified by flow cytometry (Appendix
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Figure A-4, see methods). Each of the GSV:yEGFP3 constructs exhibited a GFP level above the
negative control (Appendix Figure A-4), and the mean values of fluorescent signals were similar
to each other (mean range: 36 to 49) in contrast to that of the control (mean: 12) (Appendix
Figure A-4). These data indicate that each of the GSV:yEGFP fusion proteins is properly
expressed in yeast.

We assayed the GSV-yEGFP3 constructs for reporter gene activity in the yeast assay
(Appendix Figure A-4). Levels of expression, as monitored by % GFP, do not strictly correlate
with transcription factor activity levels, since START domains that lacked activity (StAR“**}
and StAR™%") displayed similar % GFP levels (0.12 and 0.10) as START domains that
displayed activity (ATML1 and PDF2) (0.11). However, the three GSV:yEYFP3 constructs that
displayed the lowest percentage (0.03) of GFP cells (Arabidopsis GL2, mouse StAR”'**" and

StAR"**'?) also displayed low levels of transcription factor activity. These results suggest that

the ligand-binding activity of a given START domain may result in increased protein stability.

Identification of metabolites bound to START domains in the yeast system

To investigate the molecular nature of the ligands underlying activation of the GSV
transcription factors, we used a modified version of a metabolite-protein isolation protocol that
was developed for yeast proteins (Li et al. 2010). For these experiments, we chose a subset of
GSV transcription factors carrying START domains from mouse StAR, human PCTP,
Arabidopsis HD-Zip transcription factors PDF2 and GL2, as well as an Arabidopsis PCTP-like
protein At3g13062, and tagged these GSV proteins with an immunoglobulin G (IgG)-binding
domain (Gelperin et al. 2005) (Figure 2.5 A). As negative controls, we included the D182L
mutant version of the START domain from mouse StAR that exhibits reduced activity in both
yeast and plants (Figure 2.4) and the GV fusion that lacks the START domain.

Small metabolites bound to the tagged proteins were identified by affinity protein
purification followed by mass spectrometry. We focused on the metabolites significantly
enriched in the GSV transcription factors relative to the GV control. A shortlist of candidate
masses were queried against the Human Metabolome Database (HMDB) and METLIN to
identify and assign a metabolite name to the enriched features at a high or low confidence level.
Purified proteins corresponding to each sample were examined by SDS-PAGE, which indicated

expression of GSV-IgG (and GV-IgG control) proteins of expected sizes (Figure 2.5 B). In
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parallel, the GSV-IgG constructs were tested for activity in the yeast assay (Figure 2.5 C), and
shown to behave in a similar manner as the original GSV constructs (Figures 2.3 E and 2.4 B).
While GSV transcription factors containing START domains from mammalian StAR and PCTP,
as well as Arabidopsis PDF2 and At3g13062 displayed activity levels that were increased over
the GV control, the START domains from the StAR”'**" mutant and Arabidopsis GL2 displayed
low levels of activity.

Hierarchical clustering of the mass spectrometry data revealed several distinct clusters of
protein-metabolite interactions (Figure 2.5 D). The horizontal dendrogram places the GSV-StAR
transcription factor in a separate cluster from the missense mutant StAR”'**", The enriched
metabolites of StARP'**", which clustered with the Arabidopsis At3g13062 START domain, are
distinguished by an abundance of several distinct species of diacylglycerols. The remaining
proteins are grouped by the horizontal clustering dendrogram such that both Arabidopsis PDF2
and GL2 START domains have more similar bound-metabolite preferences, with human PCTP
being more closely related to this group than the mouse StAR domain. In addition to several
metabolites that were shared with StAR (e.g. lanosterol, squalene, PtCho, diacylglycerol and
LysoPtCho), PCTP was shown to bind reproducibly to several types of lipids including
sphinganine, sphingosine, behenic acid and linoleamide. The vertical dendrogram reveals a
major metabolite cluster comprising StAR, PCTP, PDF2 and GL2 that contains an
overrepresentation of LysoPtCho. Metabolites common to PCTP, StAR and the mutant
StARP'*?" form a distinct cluster, which includes some phospholipids, such as PtCho and
LysoPtCho, as well as several sterols including four cholesterol esters (CEs). This cluster also
includes two major precursors of the cholesterol biosynthesis pathway, lanosterol and squalene.
The mutant StARP'®" is significantly less enriched for CE, PtCho, LysoPtCho, squalene and
lanosterol within this cluster.

Although the overall chemical nature of the bound metabolites are diverse in class,
glycerolipids and phospholipids together comprise the majority of interacting metabolites
identified. We generated a comprehensive protein-metabolite network (Appendix Figure A-5) for
all six START domains tested. To compare and contrast metabolite-binding preferences better,
we constructed sub-networks (Appendix Figure A-5 and Figure 2.6 A) from a more stringent

filtering, and included only high confidence and validated metabolites. The data support a
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hypothesis that the START domains from plant and mammalian origin can interact with a

common set of metabolic ligands (Figure 2.6).

Structural modeling of Arabidopsis START domain ligand-binding cavities

From their X-ray crystal structures, the ligand-binding cavity volumes of mammalian
START domains from MLN64 (848 + 107 A?) (Tsujishita and Hurley 2000) and PCTP (~ 882
A®) are highly similar although they bind different hydrophobic ligands. Cholesterol, the ligand
of MLNG64, occupies a 741 A* volume, while PtCho, the ligand of PCTP, occupies 797 A’. Based
on our domain swap experiments in Arabidopsis (Figures 2.1 and 2.2) and GSV transcription
factor activities in the yeast assay (Figure 2.3 E), and binding activities in the protein-metabolite
immunoisolations (Figure 2.5), Arabidopsis START domains from class IV HD-Zip transcription
factors are predicted to exhibit similar ligand-binding cavities as their mammalian counterparts.

Using available three-dimensional coordinates for crystal structures of mammalian
START domains and threading-based fold prediction, the closest structural homolog for each of
the Arabidopsis START domains tested in the yeast assay was determined to be the mouse
STARD4 domain (Figure 2.7 A). Three-dimensional homology models were constructed and the
corresponding hydrophobic tunnels were assessed for size, volume and identities of the cavity
lining residues. The modeling results indicated that the hydrophobic tunnels of the Arabidopsis
START domains fall into three categories of volume sizes. Plant START cavities were found to
be either small in size (Figure 2.7 B; volumes less than 400 A*), medium (Figure 2.7 C; volumes
between 400 and 700 A®) or large (Figure 2.7 D; volumes >700 A?). The five START domains
showing activity in the yeast assay fall into the large volume category. For example, START
domains from HD-Zip transcription factors ATML1 and PDF2, which exhibit activity in the
yeast assay, have predicted volumes of 770 and 720 A°, respectively. In contrast, START
domains from other HD-Zip transcription factors, such as GL2 and CORONA (CNA), which had
little or no activity in the yeast assay, fall into the small volume category with tunnels of 284 A’
and 320 A’, respectively. Among the plant START domains that exhibited a negative result,
three others are predicted to have similarly small cavities.

Detailed examination of the predicted cavity-lining amino acid residues in each of these
cases revealed that certain side-chain residues are oriented into the space within the original

tunnel, thereby blocking the passage and restricting the cavity size (Figure 2.7 E). Some frequent
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blocking positions correspond to N147, A178 and G200 (StAR numbering), all of which are
replaced by residues with much larger side chains in Arabidopsis START domains, such as Arg,
Trp/Tyr/Phe/GIn/Asn and Ile/Leu, respectively. Most of the domains that lack activity in the
yeast assay correspond to volumes that fall into the medium category, while two domains from
HD-Zip transcription factors (HDG2 and FWA/HDG6) have cavities of the large volume
category. In the START domain from HDG2, the opening of the tunnel is slightly shifted, such
that a potential ligand would be predicted to encounter steric hindrance in entering the
hydrophobic tunnel. Thus, steric factors may explain why some of the plant-derived START
domains fail to exhibit activity in the yeast assay. Alternatively, the specific ligands for these

START domain proteins may not be present in yeast.
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DISCUSSION
A role for the START domain in the regulation of the transcription

Here we chose GL2 to investigate the significance of the START domain in HD-Zip
transcription factors. Our results indicate that the START domain is required for transcription
factor activity (Figures 2.1 and 2.2). Strikingly, the GL2 START domain could be functionally
replaced by the mouse StAR START domain, a mammalian counterpart. The GL2 START
domain could similarly be replaced by the START domain from ATML1, a transcription factor
from the same class IV HD-Zip subfamily that shares a relatively high degree of amino acid
similarity, but other Arabidopsis START domains of lower similarity (EDR2 and REV; Figure
2.1 F) could not functionally replace the GL2 START domain, indicating that a specific
sequence or structural feature is critical.

The ability of the mouse StAR START domain to confer partial complementation may
reflect the presence of the appropriate ligand (i.e. cholesterol) in GL2-expressing cells, whereas
the ligands of EDR2 or REV START, which are unknown to date, are potentially not present in
these cells. The conclusion that the mouse StAR START domain participates in ligand-binding
in plant cells is further supported by our finding that the D182L mutation results in reduced GL2
activity (Figure 2.4). Alternatively, there is a function unrelated to ligand-binding that the
START domains of StAR and ATMLI1 can fulfill. Although our structural modeling data suggest
different cavity volumes for StAR and GL2 (as well as ATML1 and GL2), the protein-metabolite
immunoisolation data from yeast indicate an overlap in binding partners between GL2 and StAR,
as well as between GL2 and PDF2, the closest relative of ATMLI. It is noteworthy that the
EDR2 and REV START domain swaps are expressed but are not localized in nuclei (Figure 2.2
H, I). One possible explanation is that these START domains yield improperly folded
transcription factors, which interfere with transport to the nucleus. However, since the GL2
protein lacking the START domain is found in the nucleus, we conclude that the START domain

is not strictly required for correct subcellular localization.

START domains stimulate transcription factor activity via ligand-binding

It was hypothesized that HD-Zip transcription factors from plants are regulated via

lipid/sterol ligands that bind to their START domains (Ponting and Aravind 1999; Schrick et al.
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2004). The yeast assay described here tests the function and ligand-binding properties of START
domains within a synthetic transcription factor, and indicates that START domains of
mammalian or plant origin can regulate activity in a similar fashion (Figure 2.3). The START
domains do not behave as classical ADs in the absence of VP16 (Figure 2.3 F), and based on our
site-directed mutagenesis, protein-metabolite immunoisolation experiments, and structural
modeling, we conclude that the likely mode of action is via ligand-binding. Since several
START domain-containing proteins from humans have been found in the nucleus, our findings
support a possible role for the START domain in regulating gene expression in both plants and
animals.

Relevant to our results, mammalian PCTP was previously shown to interact physically
with HD transcription factor Pax3 and the two proteins are co-localized in the nuclei of mouse
embryos (Kanno et al. 2007) (Figure 2.6 B). The previous study showed that PCTP co-activated
the transcriptional activity of Pax3 in tissue culture cells, and it was postulated that the physical
interaction of PCTP with Pax3 positively regulates its transcriptional activity. Perhaps the
interaction between PCTP and Pax3 is analogous to the function of the START domain in plant
HD-Zip transcription factors (Figure 2.6 B). While the previous study examined the function of
the START domain in an interacting protein (Kanno et al. 2007), here we demonstrate the
regulatory role of the START domain as an integral part of the transcription factor.

We probed three mammalian START domains and 25 Arabidopsis START domains for
the ability to stimulate transcription factor activity in yeast (Figure 2.3 E). While all three
mammalian START domains exhibited activity in comparison to the control, only 5/25 of the
Arabidopsis START domains displayed similar levels of activity. Using protein-metabolite
immunoisolation experiments (Figures 2.5 and 2.6, and Appendix Figure A-5), we tested the idea
that lipids/sterols present in yeast bind the corresponding START domains, resulting in the
observed activity. We reasoned that START domains that lack activity might require plant-
specific metabolites not found in yeast. The Arabidopsis GL2-START domain, which displays
little or no activity in yeast, was found to bind to a large number of metabolites. The range of
metabolites bound to the START domains from Arabidopsis PDF2 (showing activity) and GL2
(lacking activity) were overlapping but not identical, leaving the possibility that those specific to
GL2 might behave as negative regulators. In general, protein-metabolite interactions may serve

to: (a) activate or negatively regulate proteins, (b) stabilize protein levels, (c) facilitate protein-
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protein interactions, and/or (d) affect protein sub-cellular localization. In addition to activating or
negatively regulating transcription factor function, our experiments with the yEGFP3 fusions
provide evidence that ligand-binding stabilizes protein levels of the GSV transcription factors
(Appendix Figure A-4). In addition, ligand-binding may also contribute to correct protein
folding. Site-directed mutagenesis of the START domain from mouse StAR was utilized in
conjunction with the yeast assay to characterize START domain function within the synthetic
transcription factor. Our results indicate that transcription factor activity correlates with predicted
ligand-binding capacity of the START domain (Figure 2.4). From the protein-metabolite
immunoisolation experiments, comparison of the wild-type START domain from StAR versus

the mutant StARP!#2-

reveals that many more metabolites (including CEs) bind to the wild-type
StAR, correlating high levels of activity with ligand-binding in the yeast assay. Consistent with
the interpretation that our yeast assay measures ligand-binding, the StAR®'*'" mutation, which
displays wild-type levels of activity, was reported not to affect ligand-binding affinity in vitro
(Baker et al. 2007). In transfected mammalian cells, this missense mutation has an adverse effect
on cholesterol transfer and the corresponding conserved Arg may be required for a
conformational change that allows release of bound ligand. The StAR mutants that are predicted
to change the specificity of ligand-binding had little (StAR"*"°®) or no affect (StARM!#R N147D)
on the activity of the START domain in the yeast assay. This finding was consistent with the
results from our protein-metabolite immunoisolation experiments, in which a range of lipid
metabolites including PtCho and sterol-related molecules were found associated with the tagged
GSV transcription factor containing the START domain from StAR (Figures 2.5 and 2.6 A). We
propose that interaction of START domains with accessory proteins, via tissue-specific
expression and proper subcellular compartmentalization, are likely to contribute to specificity in
binding of selected metabolite ligands during the lifespan of the protein within the cells of the

host organism.

Immunoisolation experiments reveal novel protein-metabolite interactions for START
domains

The GSV protein-metabolite immunoisolation experiments performed in yeast uncovered

potential lipid ligands for mammalian StAR and PCTP that had previously been shown to bind
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these START domains, namely cholesterol (CE) and PtCho, respectively (Figure 2.5 and
Appendix Figure A-5). In addition, novel metabolite-protein associations were found, including
known modulators of lipids and sterols in mammals, such as sphinganine, behenic acid and
LysoPtCho. Precursors and intermediates of the sterol biosynthesis pathway, including lanosterol
and squalene, were also significantly enriched for the START domain from StAR.

There is mounting evidence for a broad range of potential metabolite binding partners for
a given START domain. In a previous study, it was shown that StAR can stimulate the transfer
of both cholesterol and B-sitosterol, a plant sterol, from liposomes to mitochondria (Kallen et al.
1998). A structural study showed that in addition to ceramides, the START family member
CERT binds diacylglycerol (Kudo et al. 2008), another metabolite that was uncovered here. It is
noteworthy that key lipid metabolites in low-density lipoprotein (LDL) transport, namely CE and
LysoPtCho, which are converted from cholesterol and PtCho by lecithin-cholesterol acyl
transferase (LCAT), an enzymatic reaction that is critical for LDL transport in the cell, were
found to be associated with several START domains that we tested. The identified START
domain interactor sphinganine is a known cholesterol transport inhibitor that blocks LDL-
induced formation of CE, the product of LCAT activity. Behenic acid, which was found enriched
only in PCTP and not the other START domains, has been reported to increase cholesterol levels
in humans (Cater and Denke 2001). Taken together, our findings support the premise that

START domains are central players in metabolic regulatory networks in the cell.

CONCLUSIONS

The START domain has been characterized primarily as a lipid/sterol-binding domain in
mammals, but its function in plant HD-Zip transcription factors was previously not known. Here
we show that the START domain is required for transcription factor activity of GL2. We report
evidence that START domains from the plant kingdom can act as ligand-binding modules,
similar to their mammalian counterparts, and that they can modulate transcription factor activity.
The protein-metabolite immunoisolation experiments performed in yeast generated a list of small
molecules that are candidates for binding the Arabidopsis START domains from HD-Zip
transcription factors within the physiological context of plant growth and development. In
addition, the unexpected protein-metabolite interactions that were detected for the two

mammalian START domains tested, StAR and PCTP, may represent additional small molecule
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binding partners that regulate these START domains in human cells. In summary, the results
presented here provide new insights into the molecular mechanisms underlying START domain
function in eukaryotic cells, and reveal novel protein-metabolite interactions that may play

critical roles in modulating transcription factor activity in both animals and plants.
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MATERIALS AND METHODS
Plants, growth conditions, plant constructs and phenotypic assays

The wild-type Arabidopsis thaliana ecotype used was Columbia (Col). The g/2 null allele
was g/2-5 (Ohashi et al. 2002). Seeds were stratified at 4°C for 3 to 5 days and grown on soil
mix containing Supersoil (McLellan Co, Marysville, OH), vermiculite and perlite (McConkey
Co, Sumner, WA) in 4:3:2 ratio at 23°C under continuous light. The GL2 cDNA was sub-cloned
into pBluescript via Kpnl and Sall restriction sites to serve as a template for the deletion
construct. Phusion® Site-Directed Mutagenesis Kit (Thermo Fisher Scientific, Waltham, MA)
was used to generate the START domain deletion (amino acids 253-487), following the
manufacturer’s protocol. After sequence confirmation, the GL2 START deletion cassette was
restriction digested with Kpnl and Sa/l, and ligated into the binary vector SR54
(ProGL2:EYFP:GL2), which is derived from pCAMBIA1300. Construction of
ProGL2:EYFP:GL?2 is described in Chapter 2 (see methods). For domain swap constructs, the
START domain sequences were amplified using PCR from corresponding cDNA clones using
Phusion High-Fidelity DNA polymerase (Thermo Fisher Scientific, Waltham, MA). The REV
sequence contained mutations in the microRNA binding site as in (Emery et al. 2003). Gene-
specific primers with 15-bp extensions homologous to vector ends were used to amplify the
insert followed by In-Fusion HD cloning reactions (Clontech, Mountain View, CA) using a
PCR-amplified pBluescript plasmid harboring the GL2 cDNA with flanking homologous ends.
For the mutant version of GL2-StAR-START, site-directed mutagenesis was performed as
described below for the yeast constructs. The reconstructed GL2 ¢cDNAs were cloned into the
Sall/Kpnl sites of binary vector SR54 carrying ProGL2:EYFP:gl2-STARTA. The constructs were
transformed into g/2-5 plants by floral dip transformation using Agrobacterium strain GV3101
(pMP90) (Clough and Bent 1998). Transgenic plants were selected with 50 mg/ml hygromycin
B. Segregation patterns for EYFP expression were observed in T2 progeny of >30 independent
lines. T3 homozygous lines with stable EYFP expression were confirmed by PCR and assayed
for leaf trichomes, root hairs and seed coat mucilage. For mucilage analysis, seeds were stained
in a 0.25% aqueous solution of ruthenium red (Sigma, St. Louis, MO) for 2 h and replaced with
deionized water prior to observation. Seeds, rosettes and roots were imaged with a Leica M 125

fluorescence stereo microscope, and images were captured using a Leica DFC295 digital camera
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and Leica Application Suite software version 4.1. Ovules were excised from siliques, stained
with 1 pg/ml DAPI (Sigma, St. Louis, MO) and imaged with Zeiss LSM 510 meta and
chameleon modules with standard settings for visualization of yellow fluorescent protein and
DAPI fluorophores. Oligonucleotide sequences used to make DNA constructs are listed in

Appendix Table A-1.

Yeast strains and growth media

The genotype of the Saccharomyces cerevisiae wild-type strain was MATo leu2-3,112::
UASGALI10-lacZ-LEU2 his3A gal4A ura3-52. The genotype of erg6 mutant strain was: MATo
erg6-Al leu2-3,112::UASGALI10-lacZ-LEU?2 his3A gal4A ura3-52. These strains were
constructed from a cross between YGY 13 (Gao and Pinkham 2000) and CJY004 (Jackson and
Kepes 1994). For protein expression, Y258 (MATa pep4-3, his4-580, ura3-52, leu2-3,112) cells
were used. Y258 with an integrated URA3 gene from the pRS426 vector was a negative control
for ligand-binding studies (Li et al. 2010). Growth media were made according to standard
protocols. DNA constructs were introduced into yeast using a standard lithium acetate

transformation method (Gietz and Woods 2002).

Yeast plasmids and DNA constructs

For each GSV construct, the START domain sequence was amplified using PCR from
the corresponding cDNA clone or an Arabidopsis cDNA library (Grebe et al. 2000) and ligated
in-frame into the Kpnl/Sacl restriction sites of pGEV-HIS3 (Louvion et al. 1993; Gao and
Pinkham 2000). cDNA clones of the following genes were obtained from the RIKEN
Arabidopsis full-length clones collection (Seki et al. 2002): HDG2 (At1g05230), ANL2
(At4g00730), HDG1 (At3g61150), HDG12 (Atlgl7920), HDG11 (At1g73360), HDGS8
(At3g03260), At5g07260, PHB (At2g34710), CNA (At1g52150), ATHB-8 (At4g32880),
At5g35180, At5g45560, At2g28320, Atlg64720, At5g54170, Atdg14500 and At3g13062. When
cDNA inserts had internal Kpnl and/or Sacl sites, site-directed mutagenesis and primer extension
PCR modified from (Scott et al. 2002) were used to change the nucleotide sequences without
altering the amino acid. To construct GS translational fusions from GSV plasmids, VP16-AD

was removed by restriction digestion with Sacl, followed by ligation. The empty vector control
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was pRS314. The GV control construct lacking the START domain was made using site-directed
mutagenesis and primer extension PCR of the GSV-StAR plasmid to insert Nrul sites at the
junctions of its START domain followed by restriction digestion with Nrul, and re-
circularization. To construct the control vector for the SUTI over-expression experiments,
pSUTI (pNF1) (Ness et al. 2001) was restriction digested with NofI to remove the SUT! gene,
followed by ligation. To construct translational C-terminal fusions to the yEGFP3 (Cormack et
al. 1997), the coding regions for the GSV transcription factors were cloned into the pUG35
plasmid using BamHI/EcoRI restriction sites. Site-directed mutagenesis followed by primer
extension PCR was used to insert an ATG codon in the polylinker of pUG35 5’ to the BamHI
site. For protein expression in conjunction with the identification of in vivo ligands, the coding
regions for GSV transcription factors containing START domains from StAR, StARP'"¥* PCTP,
GL2, PDF2 and At3g13062, as well as the GV control were cloned into pENTRTM-D-TOPO®
(Life Technologies, Carlsbad, CA) and then moved into pBG1805 (Gelperin et al. 2005) by
Gateway” LR clonase II (Life Technologies, Carlsbad, CA). Oligonucleotides used for plasmid
construction, site-directed mutagenesis and sequence confirmation are listed in Appendix Table

A-1.

Quantitative p-galactosidase assay

Yeast cultures were grown to exponential phase in 24-well plates (2 ml minimal media
per well) at 30°C and 300 rpm using a thermoshaker. ODgop measurements were taken prior to
centrifugation. Cell pellets were washed and suspended in 100 pl Z-buffer (60 mM Na,HPOy4, 40
mM NaH,PO4, 10 mM KCI, 1 mM MgS0,.7H,0) followed by two freeze-thaw cycles, and
addition of 700 pl Z-buffer containing 50 uM B-mercaptoethanol. Then 160 pl ortho-
Nitrophenyl-f-galactoside (4 mg/l) was added to each sample sequentially at 15-s intervals,
followed by incubation in a 1,200 rpm thermoshaker at 30°C. Samples were monitored for the
development of a yellow color, after which the reaction was stopped by addition of 400 pl of 1 M
NaCOs. A4is measurements of the supernatants were taken and B-galactosidase activity was

calculated in Miller units (Scott et al. 2002).
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Site-directed mutagenesis of the START domain of StAR

START domains from ATMLI1, PDF2, GL2, MLN64/STARD3, StAR/STARD1 and
PCTP/STARD?2 were aligned using Clustal W (Chenna et al. 2003) and Jalview (Clamp et al.
2004). Site-directed mutagenesis of mStAR-GSV was performed using a one-step PCR-based
method (Scott et al. 2002). Reaction mixtures contained 25 ng template DNA, 135 ng of each
oligonucleotide, 1 pl of 10 mM deoxynucleotide triphosphates, 1 pl PfuUltra"™ High-Fidelity
DNA Polymerase (Agilent Technologies, Santa Clara, CA), 5 ul buffer supplied with the
polymerase, and H,O in 50 ul. PCR conditions were: 95°C denaturation for 1 min; 16 cycles of
95°C for 50 s, 60°C for 50 s, and 68°C for 1 min/kb; extension at 68°C for 7 min. PCR products
were digested with 30 U of Dpnl for 3 h at 37°C, followed by ethanol precipitation and
transformation of XL10-Gold® Ultracompetent Cells (Agilent Technologies, Santa Clara, CA).

Flow cytometry

GFP levels in live yeast cells were quantified by flow cytometry as in (Niedenthal et al.
1996). Yeast cells transformed with GSV:yEGFP3 constructs were grown to exponential phase
(ODg600 of ~0.500) in selection media containing low-flow fluorescence yeast nitrogen base

without riboflavin and folic acid (Sheff and Thorn 2004). GFP positive and negative controls
6

were pUG35 and pNF-1, respectively. For each sample, 2 x 10 cells were washed in 0.5 ml PBS,
resuspended in 0.1 ml PBS for sonication, and another 0.9 ml was added prior to sample
processing. Flow cytometry was performed using a BD Biosciences FACSAria Flow Cytometer
Cell Sorter. Illumination was with a 200 mW 488 nm argon laser. Emission was detected through

a 530/30 nm filter (FL1-H filter). 500,000 particles (yeast cells) were gated per sample.

Identification of in vivo ligands: affinity purification and metabolite extraction

Y258 ura3-52 yeast cultures expressing pBG1805 constructs were grown in raffinose
until they reached an ODggo of 0.5 to 1.0. The Y258 strain with an integrated URA3 selectable
marker that was not transformed with the tagged construct served as a minus protein control for
non-specific binding. Galactose was added to induce gene expression for 6 to 8 h at 30°C, and
cell pellets were collected from 300 ml cultures. Protein expression was monitored after

purification from lysates with IgG Sepharose 6 (GE Healthcare, Little Chalfont, United
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Kingdom) using SDS-PAGE. For the identification of protein-bound ligands, proteins were
isolated from lysates using rabbit I[gG-crosslinked M-270 epoxy Dynabeads (Life Technologies,
Carlsbad, CA) as described (Li et al. 2010) with some modifications. After 2 hr incubation at
4°C, the beads were washed in 500 mM NH4Ac followed by 50 mM NHyAc for 5 min each.
Using an improved metabolite extraction method (MB and MPS, unpublished data), Dynabeads
were briefly (1 min) incubated in 15 pl 95% methanol/5% H,0O with acetic acid added to give a
final pH of 4.5, then neutralized by 45 pl of 95% methanol/5% H,O with ammonium hydroxide
and incubated for 8 min at room temperature. The extract was aspirated, stored on ice, and 30 pl
fresh 100% methanol was added to the beads with incubation for 10 min at room temperature.
Extracts were combined prior to mass spectrometry. To examine protein levels, the beads were
boiled in 30 pl 2x SDS sample buffer for 10 min and 15 pl of the supernatant was analyzed by
SDS-PAGE.

Mass spectrometry and data analysis

A Thermo LTQ Orbitrap Velos mass spectrometer equipped with a heated electrospray or
atmospheric-pressure chemical ionization source was used for ionization and detection of the
samples following separation using ultra performance liquid chromatography. A phenyl column
was tested with cholesterol first and a gradient method was developed to screen in both positive
and negative ionization modes using heated electrospray ionization with optimized parameters in
a methanol/water 0.1% formic acid mobile phase system. Extracts were additionally screened
using the same chromatography method with an atmospheric-pressure chemical ionization source
and optimized parameters. For data analysis, raw files were converted, peaks centroided and
parameters optimized for peak identification in MZmine. The data, collected from three technical
replicates in each of four biological replicates (12 data points per peak), were median
normalized. A two-tailed #-test was performed relative to the Y258 URA3 control to filter out
non-essential features and noise. The normalized data representing each sample and GV control
were aligned by mass and retention time using the SIMA algorithm (Voss et al. 2011), and peak
intensities were adjusted by normalizing for different protein levels . Any peak not present in at
least 80% of all replicates and not enriched to greater than fourfold relative to the GV control
was excluded from further analysis. Both HMDB and METLIN databases were queried with the

remaining M/Z values to identify metabolites within a 2-ppm mass tolerance. Unknown features
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were removed. Features that yielded database hits were compared to the GV control to calculate
fold-change enrichment and to facilitate further filtering. Analysis of known chemical standards
permitted validation of metabolites identified initially by accurate mass, and of the 27 tested, all
27 matched. Of the 109 features that were significantly enriched, 65 had a high confidence
metabolite assignment based upon querying the determined mass against the HMDB and
METLIN databases. Hierarchical clustering was performed with Cluster 3.0 (de Hoon et al.
2004) and visualized with Treeview (Page 1996) . Cytoscape (Cline et al. 2007) was employed to
generate protein-metabolite networks using the edge-weighted force-directed layout based on
interaction weight. The high confidence and standard matched protein-metabolite interactions
were assigned the identifier EBI-9687416 and deposited to the IntAct database
[PMID:22121220] within the International Molecular Exchange (IMEx) Consortium. The IntAct
dataset represents a subset of the total interaction data with corresponding unique PubChem
identifiers, as liquid chromatography mass spectrometry was unable to distinguish certain

molecules, e.g. PC(20:4(5Z,82,117Z,147)/21:0) versus PC(21:0/20:4(5Z2,8Z,11Z,147)).

Three-dimensional structural data analysis

The closest structural homolog for each Arabidopsis START domain was identified by
fold recognition or threading based predictions using PSIPRED (Jones 1999; Bryson et al. 2005)
with ‘Fold Recognition’ as the prediction method (Jones 1999; McGuffin and Jones 2003).
Three-dimensional coordinates for available crystal structures of START domains, either
unbound (mouse STARD4 (Protein Database (PDB) 1JSS) and mouse MLN64 (PDB 1EM2)) or
ligand-bound (human PCTP (PDB 1LN1)) were obtained from Brookhaven Protein Structure
Database. To construct atomic-resolution models of Arabidopsis START domains, the closest
structural homologs identified by threading were used as templates for model building in
alignments using MODELLER 9v2 (Sali and Blundell 1993). Structure validation for homology
models was carried out with PROCHECK (Laskowski et al. 1993) and WHAT IF (Vriend 1990).
For the models that passed structure validation tests, tunnel architectures were examined using
VOIDOO (Kleywegt and Jones 1994) with a probe radius of 1.4 A. The remaining cavities were
rendered by MAPMAN (Bryson et al. 2005) and visualized in PyMOL Molecular Graphics
System V.1.3 (Schrodinger, LLC, New York, NY) on an Intel Dual Core iMAC installed with
OS X version 10.6.5 (2.4 GHz, 4 GB RAM). VOIDOO identified a large number of cavities, of
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which ambiguous and false positives were filtered out by manual visualization of cavities in the

context of predicted cavity lining residues.
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Figure 2.1 Function of the START domain in HD-Zip transcription factor GL2 from
Arabidopsis.

(A) Rosettes exhibiting leaf trichomes in wild-type (WT), and reduction of trichomes in
the g/2 null mutant. Scale bar: 2 mm. (B) Roots were germinated on 0.8% agar medium and
imaged after 3 to 5 days. g/2 mutant exhibits excessive root hairs in comparison to WT. Scale
bar: 200 um. (C) Mucilage of WT seeds was stained with ruthenium red after imbibition. g/2
mutants lack mucilage layer. Scale bar: 20 um. (A, B, C) EYFP:GL2 displays complete rescue of
the mutant phenotype while EYFP:GL2-StAR-START (pink) and EYFP:GL2-ATMLI1-START
exhibit partial rescue. The phenotypes of EYFP:gl2ASTART, EYFP:GL2-EDR2-START and
EYFP:GL2-REV-START are indistinguishable from g/2. (D) Schematic diagrams of the
EYFP:GL2 and EYFP:gl2ASTART proteins depicting enhanced yellow fluorescence protein
(EYFP), homeodomain (HD), Zip-Loop-Zipper (ZLZ) and START-adjacent domain (SAD). For
specific constructs, the START domain was deleted or replaced with a heterologous START
domain. (E) Trichomes were counted on the first leaves of 1-week-old plants grown on soil.
Error bars indicate standard deviations for n>=20. (F) Amino acid similarities and identities of
Arabidopsis ATML1, REV and EDR2 START domains (green) and mouse StAR START
domain (pink) in comparison to the Arabidopsis GL2 START domain. Amino acid sizes of
corresponding START domains are indicated in parentheses. aa, amino acid; ATMLI,
Arabidopsis thaliana Meristem Layer 1; EDR2, Enhanced Disease Resistance 2; EYFP,
enhanced yellow fluorescent protein; GL2, Glabra2; HD, homeodomain; REV, Revoluta; SAD,
START adjacent domain; StAR, steroidogenic acute regulatory protein; START, StAR-related
lipid transfer; WT, wild type.
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EYFP:GL2-REV-START

Figure 2.2 Nuclear localization of HD-Zip transcription factor GL2.
Confocal laser scanning images show Arabidopsis ovules expressing (A) wild-type

EYFP:GL2 and (B) EYFP:gI2ASTART proteins, indicating nuclear localization in immature
mucilage secretory cells. (C) Nuclear stain DAPI (blue), EYFP (yellow) and merge (green)
display nuclear localization of EYFP:gI2ASTART from (B). (A, B, C) Scale bar: 20 um. Live
imaging of leaf trichomes indicates nuclear localization of (D) EYFP:GL2 and (E)
EYFP:gl2ASTART, as well as EYFP:GL2-START domain swap proteins containing the (F)
mouse StAR (pink) or (G) ATML1 START domains. Domain swaps with (H) EDR2 or (I) REV
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START domains result in diffuse expression in trichomes. Light (left; green, chlorophyll) and
matching fluorescence (right; red, chlorophyll) images are shown for each construct. Scale bar:
100 um. ATMLI1, Arabidopsis thaliana Meristem Layer 1; DAPI, 4°,6-diamidino-2-
phenylindole; EDR2, Enhanced Disease Resistance 2; EYFP, enhanced yellow fluorescent
protein; GL2, Glabra2; REV, Revoluta; StAR, steroidogenic acute regulatory protein; START,
StAR-related lipid transfer; YFP, yellow fluorescent protein.
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Figure 2.3 The START domain stimulates transcription factor activity in yeast.
(A) Mammalian StAR and a plant-derived HD-Zip transcription factor. (B) GSV

synthetic transcription factor. (C) GAL4-DBD binding to UAS from GAL10 drives a LacZ
reporter. (D) The START domain stimulates activity of the GV transcription factor. A
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representative experiment is shown for the START domain derived from mouse StAR. When
hER is placed between GAL4-DBD and VP16-AD (GEV), treatment with estradiol (10 pg/ml)
leads to increased LacZ activity. START domain activity is unchanged by estradiol treatment.
START domain missense mutation (StARP'®*") (yellow star) results in loss of activity. Removal
of VP16-AD similarly results in loss of activity, and GV that lacks the START domain results in
a low level of B-galactosidase activity. (E) All three mammalian START domains (red) and at
least three Arabidopsis START domains (green) exhibit significant activity levels in comparison
to one or more controls: GV (yellow), GEV (grey) and the vector control (pRS314) (grey). (F)
The START domain is not a transcriptional AD. Removal of VP16-AD resulted in GS constructs
that lack activity. (G) Over-expression of SUT! results in elevated activity. START domains
from mouse StAR or Arabidopsis ATMLI exhibit an increase in GSV activity when co-
expressed with the pSUT (blue). Asterisks indicate a significant difference over control plasmid
(two-tailed z-test, P<0.0005). Other constructs that do not contain a functional START domain,
i.e. StARP'™" GEV and GV, do not display increased activity. In all graphs, error bars indicate
standard deviations for two independent transformants in four trials. AD, activation domain;
ATMLI1, Arabidopsis thaliana Meristem Layer 1; DBD, DNA binding domain; GEV, Gal4 DNA
binding domain:estrogen receptor: VP16 activation domain; GSV, Gal4 DNA binding domain:
START domain: VP16 activation domain; GV, GAL4 DNA binding domain: VP16 activation
domain; HD, homeodomain; hER, human estrogen receptor; LacZ, gene for B-galactosidase;
MRP7, Mitochondrial Ribosomal Protein 7; SAD, START adjacent domain; StAR, steroidogenic
acute regulatory protein; START, StAR-related lipid transfer; SUT1, Sterol Uptake 1; Zip,
leucine zipper; ZLZ, Zip-Loop-Zipper (a plant-specific leucine zipper); B -Gal, B-galactosidase.
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Figure 2.4 Mutational analysis of amino acids required for StAR START domain activity
in yeast assay.

(A) Structural alignment of START domains from MLN64, StAR, STARD4 and PCTP
with MLN64 as a reference. Consensus a-helices and -sheets are displayed with
ESPript/ENDscript. Amino acids targeted for site-directed mutagenesis of StAR START are
indicated in yellow. Ligand contact points (green), as derived from the PCTP-PtCho co-crystal
(Roderick et al. 2002), are shown for PCTP. (B) Site-directed mutagenesis of the START
domain from mammalian StAR. Activities are indicated for GSV constructs that contain
missense mutations in the START domain. The M143R;N147D and R181L mutants display
wild-type and slightly elevated activities, respectively. L270M renders partial activity, while the
other five mutants exhibit low or no activity. Un-induced GEV served as the control. Error bars
indicate standard deviations for two independent transformants in four trials. (C-F) Trichomes
are shown from second leaves of seedlings. Scale bar: 100 um. (C) Wild-type (WT), (D) g/2
mutant and g/2 lines transformed with (E) ProGL2:EYFP:GL2-StAR-START and (F)
ProGL2:EYFP:GL2-StAR-D182L-START, in which the START domain of StAR contains the
D182L missense mutation. Live imaging of leaf trichomes indicates nuclear localization of (H)
EYFP:GL2-StAR-START and (J) EYFP:GL2-StAR-D182L-START (white arrows). (G, I)
Light (green, chlorophyll) and (H, J) matching fluorescence (red, chlorophyll). Scale bar: 100
um. (K) Quantification of trichomes on first leaves. Error bars indicate standard deviations for
n>=20. The asterisk marks a significant difference between EYFP:GL2-StAR-START and
EYFP:GL2-StAR-D182L-START (two-tailed z-test, P<0.00001). EYFP, enhanced yellow
fluorescent protein; GEV, Gal4 DNA binding domain:estrogen receptor: VP16 activation domain;
GL2, Glabra2; MLN64, Metastatic Lymph Node 64; PCTP, phosphatidylcholine transfer protein;
PtCho, phosphatidylcholine; StAR, steroidogenic acute regulatory protein; START, StAR-
related lipid transfer; WT, wild type.
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Figure 2.5 Expression and activity of tagged GSV transcription factors and dendrogram
from protein-metabolite immunoisolation.

(A) GSV translational fusion to a triple tag (6x-HIS (white), HA-epitope (dark blue),
Protease 3C cleavage site (orange), and IgG binding domain ZZ (yellow)) in pBG1805 [33]. (B)
Immunoisolation of tagged proteins with IgG Sepharose beads followed by SDS-PAGE. One of

four biological replicates is shown. Y258 URA3+ (lane 1) served as the negative control, while
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GSV proteins are indicated by red asterisks. The GV fusion lacking the START domain is
marked by a black asterisk. Arrowheads indicate IgG heavy and light chains. (C) Tagged GSV
constructs were expressed in erg6 cells containing the LacZ reporter and transcriptional activity
was measured in B-galactosidase units. Double asterisks indicate a significant increase in activity
over the GV control (two-tailed ¢-test, P<0.03). Error bars indicate standard deviations for two
independent transformants in four trials. (D) Dendrogram from protein-metabolite
immunoisolation. Two-way hierarchical clustering was performed on the metabolite enrichment
data relative to the GV control with values expressed as the logarithm base 2 (ratio) of
normalized metabolite intensities. Horizontal clusters represent START domain clusters based
on protein-bound metabolite enrichment. Vertical clusters show groups of protein-bound
metabolites clustered by START domain. Metabolite names marked by asterisks (Alpha-
tocotrienol, phosphatidylcholine, lysophosphatidylcholine, lysophosphatidylethanolamine,
sphinomyelin, taurocholic acid, alpha-tocopherol, and protoporphyrin IX) were validated by
mass spectrometry, matching exact mass and retention time to a known standard analyzed with
the same experimental conditions. Due to the variety of e.g. CE or PtCho types, metabolites of
the same chemical subclass were grouped and given a superscript number to distinguish subclass
members that bear distinct masses and retention times due to differing chain lengths.

aa, amino acids; AD, activation domain; DBD, DNA binding domain; GL2, Glabra2; GSV, Gal4
DNA binding domain:START domain: VP16 activation domain; GV, GAL4 DNA binding
domain: VP16 activation domain; IgG, immunoglobulin G; PCTP, phosphatidylcholine transfer
protein; PDF2, Protodermal Factor 2; StAR, steroidogenic acute regulatory protein; START,
StAR-related lipid transfer.
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Figure 2.6 Protein metabolite interaction network of mammalian and Arabidopsis START
domains.

(A) Cytoscape was used to visualize the normalized protein-metabolite enrichment data
in an edge-weighted interaction network where metabolite interactions held in common by the
Arabidopsis START domains were grouped to produce a single node labeled “Plant”, and

common interactions for mouse and human proteins (StAR, StARP'**%*

and PCTP) were grouped
to produce a “Mammal” node. Distances between protein and metabolite nodes reflect the
interaction strengths based on the magnitude of the fold-change; the shorter the edge the more
enriched the metabolite. The network was filtered for interactions with a greater than tenfold
change in enrichment relative to the GV control and only high confidence metabolite
assignments were included. If a node had multiple interactions with the same chemical sub-class
of metabolite (e.g. PtCho) these interactions were combined and weighted to give one

interaction. Asterisks designate metabolites that were validated by mass spectrometry, matching

exact mass and retention time to a known standard. (B) Schematic illustrating how START
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domains may modulate transcription factor activity in plants and mammals. In plants, the
START domain is found in HD-Zip transcription factors that contain an HD DNA binding
domain. In mammals, the START domain and the DNA binding domains are in two separate
proteins. A physical interaction between the START protein PCTP and Pax3 transcription factor
comprising both paired box (PAX) and HD DNA binding domains was been reported (Kanno et
al. 2007). GV, GAL4 DNA binding domain: VP16 activation domain; HD, homeodomain;
PCTP, phosphatidylcholine transfer protein; PtCho, phosphatidylcholine; SAD, START adjacent
domain; StAR, steroidogenic acute regulatory protein; START, StAR-related lipid transfer; Zip,
leucine zipper; ZLZ, Zip-Loop-Zipper (a plant-specific leucine zipper).
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Figure 2.7 Comparative structural modeling of plant START domains.
Ribbon diagrams of three-dimensional models comprised B-sheets (yellow), a-helices

(red) and loops (green), showing three categories of cavity volume. The hydrophobic tunnels are
represented as a white mesh. (A) Crystal structure of the mammalian START domain from
STARDA4. (B, C, D) Examples of small, medium and large cavity volumes, respectively, from
modeled Arabidopsis START domains. (E) Superimposition of cavities from a mammalian
domain (red mesh) and a model of an Arabidopsis domain (green mesh) to illustrate the amino
acid residues that are predicted to change the dimensions of the cavity by blockage or expansion
in several plant START domains. A Trp residue (green, marked “block”) in the plant structure
corresponding to M224 (StAR numbering) results in shortening of the cavity length. In contrast,
the mammalian cavity is restricted by W187 (red, marked “expand”), which corresponds to a
smaller Val residue in the plant START domain, resulting in an increase in width at the center of

the cavity.
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Chapter 3 - Functional characterization of the START domain in

Class IV HD-Zip Transcription factor GL2

ABSTRACT

The steroidogenic acute regulatory protein (StAR) related lipid transfer (START) domain
is an evolutionary conserved module that is found in plant-specific class III and IV
homeodomain leucine-zipper (HD-Zip) transcription factors. Recent studies have shown that
START domains from both plants and mammals are versatile ligand binding motifs that can
stimulate transcription factor activity. One hypothesis is that the START domain by binding a
ligand, controls transcription factor function, analogously to nuclear receptors from mammals.
To further address its function in ligand binding, mutational analysis of the START domain of
GL2 was performed. Using the proGL2:EYFP:GL2 transgene as a template, missense mutants
were constructed in the predicted ligand-binding pocket based on sequence conservation with
known ligand binding sites in human START proteins. Several of the mutations remove charged
residues in the predicted ligand-binding pocket. Included among the mutants were E375G,
V391L, R392M, L480P, and E375G;R392M. While E375G and V391L mutations resulted in
little or no effect on GL2 function, the other missense mutations resulted in loss-of-function
despite nuclear localization, with exception of R392M, which displays cytoplasmic localization,
possibly due to protein misfolding. The study also uncovered g/2*", a novel semi-dominant
missense allele of GL2 having a small duplication in a predicted ligand-contact region of the
START domain. Transcriptional profiling of g/2*™ seedlings revealed that gene expression is
significantly altered in comparison to wild-type and the g/2 null mutant, suggesting aberrant
DNA-binding properties for transcription factor complexes containing gl2*™. To further dissect
the role of the START domain in mediating protein-protein interactions, experiments in both
yeast and N. benthamiana were carried out. The results suggest that Zip-mediated GL2
homodimerization requires a functional START domain, since neither the gl2ASTART nor
gl2™ proteins supported dimerization. Furthermore, yeast two-hybrid screen identified
Rhamnose synthase I (RHM1) as an in vivo interacting partner for both GL2 and PDF2 START
domains. ChIP-seq data reveal that gl2*™ and gl2ASTART display enhanced DNA binding
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activity, and indicate that the START domain is dispensable for transcription factor binding to
DNA. One possibility to explain this data is that deletion or mutation of the START domain
prevents DNA binding in homodimers but not in heterodimers. Enhanced DNA binding may
further be explained by a model in which the START domain is required for physical interaction
with transcriptional repressors. Possible candidates include DELLA proteins that are critical for
the gibberellin (GA) response pathway. Collectively, these results indicate that the START plays
a crucial role in controlling HD-Zip transcription factor activity through both ligand binding and

protein-protein interactions with one or more key co-regulators.

Contribution

The results of protein subcellular localization using confocal microscopy, phenotypic
assays for root hair density and seed coat mucilage, Y2H assay using START ligand binding
mutants, in vivo split GFP assays in N. benthamiana for verification of protein-protein
interactions, ChIP, and Gene Ontology analysis for microarray and ChIP-seq data are my

contribution to the publication: Aashima Khosla, Bala K.P. Venkata, Sumedha Gunewardena,

Erika M. Peters, Preston M. Stephens, Paige N. Cox, Daniel F. Stucky, and Kathrin Schrick.
Functional characterization of the START domain in class IV HD-Zip transcription factor
GLABRAZ2 (manuscript in preparation).

This chapter also includes my unpublished results on the yeast two-hybrid screen using
GL2/PDF2-START to identify interacting proteins, bimolecular fluorescence complementation
(BiFC) split GFP proteins N. benthamiana assays to validate interactions between the class IV
HD-Zip class TFs and RHAMNOSE SYNTHASE 1 (RHM1), and identification of novel direct
targets of GL2 using ChIP-seq.
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INTRODUCTION

The plant epidermis is a multifunctional tissue that serves as an interface of sessile land
plants with their environment. Beyond its role as a protective barrier against biotic and abiotic
stress, the epidermal cells allow the exchange of gas, water, and nutrients with the outside world.
Also, some epidermal cells give rise to specialized cell types — hair cells (trichomes) or stomatal
guard cells on the aerial parts, root hairs in the root, and aleurone layer in the seed - which are
critical for defense, respiration, water and nutrient uptake, and starch degradation, respectively
(Glover 2000). In addition to its protective function, the epidermis plays roles in the regulation of
organ growth and shoot stem cell maintenance (Savaldi-Goldstein et al. 2007; Knauer et al.
2013; Nobusawa et al. 2013). In the past decade, extensive genetic and molecular studies have
uncovered myriad transcription factors involved in epidermal differentiation. In particular,
members of the class IV homeodomain-leucine zipper (HD-Zip) family have been identified as
master regulators of epidermal cell fate specification (Ito et al. 2003; Javelle et al. 2011; Takada
and lida 2014). Class IV HD-Zip constitutes a large family of genes, composed of 16 members in
Arabidopsis that are involved in a number of vitally important plant development processes,
including the transcriptional control of epidermal and sub-epidermal cell fate within the layer
specific contexts, anthocyanin accumulation, cuticle deposition, and drought tolerance
(Nakamura et al. 2006; Wu et al. 2011; Yu et al. 2013). Furthermore, evolutionary studies have
identified class IV HD-Zip genes in lycophytes, mosses, and charophycean algae Coleochaete
and Spirogyra, indicating their origin in algal ancestor of land plants (Timme and Delwiche
2010; Zalewski et al. 2013).

Members of the class IV HD-Zip family are characterized by the presence of a plant-
specific leucine zipper with an internal loop (ZLZ), immediately downstream of DNA binding
homeodomain (HD). Although HD and zipper domain can be found in transcription factors
(TFs) from other eukaryotic kingdoms, their combination in a single protein is unique to plants
(Ruberti et al. 1991; Schena and Davis 1992). Downstream from HD-Zip, these proteins exhibit
an additional domain termed START followed by an adjacent conserved region of unknown
function called SAD (START-associated domain) (Ponting and Aravind 1999; Schrick et al.
2004; Mukherjee and Burglin 2006). The proteins belonging to this family have been named
HD-Zip GL2 or simply the GL2 family after its founding member, the Arabidopsis GLABRA?2
proteins (Nakamura et al. 2006).
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GLABRA?2, whose expression is confined to specialized epidermal cells in the embryo
(Lin and Schiefelbein 2001; Costa and Dolan 2003), regulates cell fate by suppressing root-hair
formation in the root (Di Cristina et al. 1996), while promoting trichome formation in the shoot
(Rerie et al. 1994), and synthesis of mucilage in imbibed seeds (Western et al. 2001). A role of
GL2 in seed oil accumulation was also demonstrated by characterization of mutant Arabidopsis
lines lacking GL2, which revealed a significant increase in seed oil content (Shen et al. 2006).
More recently, evidence has been provided that, in Arabidopsis, GL2 negatively regulates
anthocyanin biosynthesis by directly repressing the expression of some MYB-bHLH-WD40
(MBW) component genes (Wang et al. 2015). Importantly, GL2 function is dispensable for
growth, yet g/2 mutants exhibit a distinct phenotype that is easily visualized (Schrick et al.
2014). A second member of the class IV HD-Zip family that we address in this work is PDF2,
which acts redundantly with ATMLI in the proper differentiation of the epidermis in
Arabidopsis. While atmll and pdf2 single mutants show the wild-type phenotype, the atmli-1
pdf2-1 double mutant shows severe defects in the differentiation of shoot epidermal cells and is
embryo lethal (Abe et al. 2003).

The Bet v 1-like superfamily (also known as the START superfamily) is a large and
ancient family of proteins present in eukaryotes and archaea (Radauer et al. 2008). It contains 11
subfamilies that are structurally related to Bet v I, and the family containing highest number of
structures is the Bet v 1 family followed by the START family, named after the Steroidogenic
Acute Regulatory (StAR) protein-related lipid transfer (START) domain. It is noteworthy that
the members of this larger superfamily include the newly identified PYL/PYR group of abscisic
acid (ABA) receptors from plants (Ma et al. 2009; Park et al. 2009), thus indicating a role of
START proteins in ABA signaling. The START domain is an evolutionary conserved protein
module of ~210 amino acids that binds lipids including sterols and bile acids in animals (Ponting
and Aravind 1999; Letourneau et al. 2012). Although the START domains were first identified
in mammals, they are more prevalent in plant transcription factors, where the majority is found
in class IV HD-Zip TFs (21 out of 35).

Whereas many START-containing proteins found in the animal kingdom have been well
characterized and there is ample evidence for their role in trafficking and metabolism of lipids to
presumed roles in cell signaling (Alpy et al. 2005; Lavigne et al. 2010), the role of START

domains in plants remained elusive until recently. It has now been demonstrated that START
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domains can stimulate transcription factor activity in Arabidopsis HD-Zip proteins (Schrick et al.
2014). The deletion of the START domain from GL2 results in loss-of-function although the
protein displays nuclear localization (Schrick et al. 2014). Interestingly, a mouse START domain
can functionally replace the Arabidopsis START domain of GL2 in vivo, suggesting that a
specific ligand-binding sequence and not simply the ~200 amino acid size of the START domain
is important for its function (refer Chapter 2). Furthermore, immunoisolation experiments in
yeast identified several lipid metabolites that bound plant START domains, suggesting that
START domains from mammals and plants exhibit similar functions and that putative ligands of
the plant-derived START domains may also be similar (Schrick et al. 2014). In agreement with
their ability to bind lipid ligands, it has been recently shown that WHEAT KINASE START 1
has increased affinity for phosphatidic acid (PA) and several forms of phosphatidylinositol
phosphates (PIPs), and in vitro lipid binding assays indicated binding through START domain
(Gou et al. 2015). However, in planta ligand partners for plant START domains have not been
reported.

Unlike animal homeodomain proteins, HD-Zip proteins bind DNA as dimers in vitro,
where they bind a palindromic sequence (Sessa et al. 1997; Sessa et al. 1998). It is interesting to
note that the removal of the zipper domain absolutely abolishes the binding ability of the TFs,
indicating that the relative orientation of the monomers, driven by dimerization, is crucial for
efficient DNA recognition (Tron et al. 2004). While the zipper domain appears to be a critical
determinant of dimerization specificity, little is known about the regulation of dimerization of the
class IV HD-Zip proteins (Di Cristina et al. 1996). However, the predicted structure of these
proteins indicates that there are additional mechanisms of post-translational regulation. For
example, the recent discovery of the interaction between ATMLI1 and PDF2 with DELLA
proteins revealed a new layer of post-translational regulation of the class IV HD-Zip activity.
Both the proteins were shown to interact directly with DELLA proteins, which blocks gibberellin
signaling required for seed germination (Rombola-Caldentey et al. 2014). Thus, upon seed
imbibition, increased GA levels mediate the activation of downstream L1 box target genes by
releasing the two HD-Zip TFs from their inhibitory interaction with DELLA proteins. Consistent
with this, physical interactions between GhHOX3, an HD-Zip TF of cotton, and GhSLR1, a
functional orthologue of the Arabidopsis DELLA AtGAI, were reported and the domain deletion
assay demonstrated that both leucine zipper (ZLZ) and START domains were indispensable for
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the interaction (Shan et al. 2014). Recently, genetic analysis and GFP sensor experiments
demonstrated post-transcriptional regulation of maize class IV HD-Zip transcription factor
(OCL1) by RDR2 dependent small RNA (small 1), thus suggesting another level of regulation
(Klein-Cosson et al. 2015). Since these motifs are predicted to form a stem-loop structure that is
conserved between maize, Arabidopsis, and rice, it is tempting to speculate that similar
translational repression mechanism exists for the class [V HD-Zip members across species.

Regulatory specificity of TFs is not given only by their interaction with conserved DNA-
sequence motifs in the promoters of the genes that they control, but also by the interactions with
other factors, which may or may not bind the target promoters. Several reports indicate that class
IV HD-Zip TFs form heterodimers with each other, and physically interact with other types of
TFs. For example, there is evidence that both the START and SAD domains of the cotton HD-
Zip TF GbMLI are necessary for binding to the C-terminal domain of GbMYB25, a
transcription factor known to be a key regulator of cotton fiber initiation (Zhang et al. 2010). In
addition, Wu et al. (2011) showed that Arabidopsis CFL1 negatively regulates cuticle
development by affecting the function of HDG1, a class IV homeodomain-leucine zipper
transcription factor. Furthermore, ATML1 and PDF2 have been shown to heterodimerize and
also physically interact with DELLA proteins as part of a gibberellin (GA) signaling pathway in
the seed epidermis (Rombola-Caldentey et al. 2014). Additionally, the SWITCH complex protein
3C1 (ZmSWI3C1) from Zea Mays was identified and confirmed as an interacting partner of
maize HD-Zip IV outer cell layer 1 (ZmOCLT1) (Depege-Fargeix et al. 2011). Only one study so
far has shed light on the role of START as a protein-binding domain in humans. Using yeast-two
hybrid screen, Kanno et al. (2007) uncovered Pax3 homeodomain transcription factor and
thioesterase as potential interactors of PCTP.

In this work, complementary approaches were undertaken to characterize the role of the
START domain in ligand binding, dimerization, protein-protein interactions, and DNA binding
of the class IV HD-Zip transcription factors. Mutational studies indicate that the ligand binding
is critical to HD-Zip transcription factor activity. A dominant-negative allele of GL2, gl2*""7"*s
(g12°™) that exhibits a novel phenotype was uncovered. Both the experiments in yeast and
bimolecular fluorescence complementation (BiFC) assays in N. benthamiana demonstrate that a
functional START domain is necessary for ZLZ mediated GL2 homodimerization but not for

heterodimer assembly. Furthermore, using a yeast two-hybrid (Y2H) library screen, candidates
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for proteins that interact with the START domain of PDF2 and GL2 were identified, suggesting
its role in mediating protein-protein interactions involving HD-Zip TFs. Genome wide ChIP-seq
assays revealed novel direct targets of GL2 and indicated that START domain is dispensable for
DNA binding of HD-Zip transcription factor. Taken together, these data support the premise that
the START domain plays a crucial role in controlling HD-Zip transcription factor activity

through both ligand binding and protein-protein interactions with one or more key co-regulators.

82



RESULTS
Construction of missense mutations in the predicted ligand binding pocket of the GL2-
START domain

A recent study from our lab showed that START domains are versatile ligand binding
motifs that are used by both plants and mammals to stimulate transcription factor activity
(Schrick et al. 2014). To further address its function in ligand binding, we generated missense
mutants in the predicted ligand binding pocket of the START domain. For mutational analysis,
we chose Arabidopsis GL2, since g/2 null mutants are viable and display epidermal phenotypes
that are easily visualized, including defects in leaf trichome development, excessive root hair
formation, and lack of seed coat mucilage production (Schrick et al. 2014). The molecular nature
of g/2 null activity allele, g/2-5 is described in Chapter 5 (methods). Using site-directed
mutagenesis (Scott et al. 2002), and taking the proGL2:EYFP:GL2 transgene as a template,
missense mutants in the predicted ligand-binding pocket were constructed based on conservation
and similarity with the known ligand binding residues in the mammalian START domain
proteins: STARD1/StAR, STARD2, and STARD4 (Figure 3.1).

Argl88 residue is located in the cholesterol binding pocket of STARDI. It has been
shown that R188C, a mutation that corresponds to a substitution in human patients exhibiting
lipoid congential adrenal hyperplasia (LCAH) affects the charge of a highly-conserved residue
within 6 of the START domain. This region also contains other residues implicated in direct
ligand contact (Metherell et al. 2009; Sahakitrungruang et al. 2010). As shown in Figure 3.1, the
R392M substitution in GL2 affects the charge of the residue that is both highly conserved and is
a predicted ligand contact site. Furthermore, the presence of the conserved salt bridge at the
bottom of the cavity between an acidic residue Glu169 and a basic residue Argl88 was proposed
as a key determinant for cholesterol binding in STARD1 (Murcia et al. 2006). More precisely,
the C3-hydroxyl group of cholesterol could form a specific interaction with the guanidino group
of the conserved arginine (Tsujishita and Hurley 2000; Mathieu et al. 2002; Murcia et al. 2006).
Consequently, the salt bridge double mutant E169M; R188M (corresponding to E365G;R392M
in GL2) exhibited complete loss of its cholesterol binding capacity and lacked steroidogenic

activity (Roostaee et al. 2009).
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In addititon, there is evidence that carboxy-terminal a4-helix also appears to be critical
for ligand binding, since helix mutations L271N (L480P in GL2) and L275P result in significant
decline in cholesterol binding affinity and steroidogenic activity (Roostaee et al., 2009).
Likewise, clinical and functional studies suggest that LCAH is associated with V187M, a
mutation located in the cholesterol binding pocket (Baker et al. 2006; Metherell et al. 2009;
Sahakitrungruang et al. 2010). Thus, an analogous mutation (V391L) in the Arabidopsis START
domain is predicted to restrict the cavity size by replacing valine with a residue having a larger

side chain.

The START domain is required for GL2 activity

We compared the ability of the full-length GL2 to complement g/2 phenotypes with that
of GL2-START domain mutants mentioned above (Figure 3.2). Whereas the wild-type
ProGL2:EYFP:GL2 construct rescued mutant phenotypes in leaves, roots and seeds (Figures 3.2
B, B’ and Appendix Figure B.1 A’) as previously shown (Schrick et al. 2014), lines containing
the ProGL2:EYFP:gl2%" construct failed to complement and were indistinguishable from the
g/2 null mutant (Figures 3.2 H, H’). Therefore, the R392M substitution conferred loss-of-
function. Similarly the E375G;R392M bridge mutant revealed a phenotype reminiscent of that
previously observed for gl2ASTART (Figures 3.2 G, G’ and Appendix Figure B.1 E’). In
contrast, the L480P mutant demonstrated partial rescue of the trichome defect (Figure 3.2 F) and
partial complementation of seed mucilage and root phenotypes was observed (Figure 3.2 F’ and
Appendix Figure B.1 D’). In contrast to the loss-of-function mutations, the mutant phenotypes
were restored to nearly wild type levels in g/2 plants transformed with the EYFP:GL2 transgene
harboring E375G and V391L mutations in the START domain (Figures 3.2 E, E’, D, D’ and
Appendix Figures B.1 B’, C’). Quantitation of trichomes on first leaves indicated that g/2 plants
expressing ProGL2:EYFP:gl2%"% and ProGL2:EYFP:gl2"**'" have phenotypes that are
indistinguishable from the wild type GL2 (Figure 3.2 J and Table 3.1). For mutant lines
expressing ProGL2:EYFP:gI2%*™ and ProGL2:EYFP:gl2" 77 %®*Mtransgenes, ~9% of total
trichomes were branched, indicating the inability of these START domain mutations to confer
phenotypic complementation. Furthermore, in g/2 mutants transformed with

ProGL2:EYFP:gl2"**" transgene, an ~3 -fold increase in average trichome numbers and more
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branching (~ 51%) on first leaves was observed, but overall trichome formation was partial in
comparison with the wild type.

It was previously reported that the mutant GL2 protein lacking the START domain is
nonfunctional although the protein correctly localizes to the nucleus (Schrick et al. 2014). To
explore this further, the missense mutants were examined for their subcellular localization in the
g/2 mutant background. Most of the mutants displayed nuclear localization in ovules, roots and
trichomes (Figures 3.2 K-O, K’-O’, Q-U, Q’-U’ and Appendix Figures B.1 A-E), indicating that
the mutant protein is expressed and properly localized. An exception is the R392M mutant that
exhibited cytoplasmic localization of the EYFP:GL2 protein (Figures 3.2 P, P’, V, and V’).
Combined, these obervations imply that a functional ligand binding START domain is essential

for HD-Zip TF activity in plants.

The ngA'”" dominant-negative allele exhibits a novel phenotype

Thus far, all of the g/2 START domain mutants described have either no effect or result
in loss-of-function phenotypes in Arabidopsis. An exception is a novel mutation in the START
domain, which we have named g/2*"”?"*** (g12*"°) due to the abnormal morphology of
trichomes in the mutant. The molecular nature of the lesion in g/2”™ is that it has the
g2 missense mutations followed by an 11-amino acid duplication in a predicted ligand-
contact region (Figure 3.3 A). The g/2”™° phenotype is more severe than the g/2 null mutant,
since fewer trichomes are found at the margins of the leaves (Figures 3.3 B-C and F-K). Closer
examination of trichomes using scanning electron microscopy revealed that the trichomes are
grossly malformed or collapsed with cell walls that appeared very thin and fragile (Figures 3.3 L-
N). Supporting these observations, toluidine blue (TB) staining revealed cuticular defects in
trichomes of the g/2*" trangenic plants compared with wild-type and g/2 mutant plants (Figures
3.3 0 -T). We also observed seed mucilage defects (Figures 3.3 U-W) that differed from the null
mutant. The novel phenotype is dependent on two copies of the mutant transgene, and is semi-
dominant in presence of the wild-type GL2 allele (Figure 3.4). The subcellular localization of
EYFP:gI2*™ is nuclear (Figures 3.3 D, E, and Appendix Figure B.2).

Next, we conducted a microarray-based comparison of transgenic lines expressing

EYFP-tagged wild-type GL2, gl2*™, and wild-type Columbia ecotype (Col). Three biological
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replicates for each sample were collected. RNA was isolated from whole seedlings, processed
and labeled using standard protocols and hybridized to custom arrays (Wellmer et al. 2006).
Genome-wide expression analysis revealed mRNA expression patterns that are significantly
different from both wild-type and the g/2 null mutant, suggesting that a transcription factor
complex containing gl2*™ has altered DNA-binding and/or activation capacity. Using a four-
fold difference as a cut-off and passage of a Benjamini and Hochberg multiple testing correction
with a P<=0.01, we found 572 genes expressed only in the wild type, with 211 upregulated and
361 downregulated. Similarly, 956 genes were differentially expressed, with 380 upregulated and

2Am0

576 downregulated in gl . For the upregulated genes, the gene ontology (GO) classes that

were significantly overrepresented in wild type were metabolism, response to stimulus, and

2™ mutant, the functional classes

transcription factor activity (Appendix Figure B.3 A). In the gl
were more or less the same, with an exception of a small number of genes associated with lipid
transport and localization. Compared with the upregulated genes, many more genes were
downregulated (Appendix Figure B.3 B). Some of the significantly enriched GO categories
found only in gl2*™ corresponded to microtubule based movement (GO:0007018; p-value
6.6e—15), lipid transport and localization (GO:0008289; p-value 2.5¢—17), and cytoskeleton
protein binding (GO:0008092; p-value 2.1e—29), while genes involved in electron carrier
(GO:0009055; p-value 6.2e—08), antioxidant (GO:0016209; p-value 2.6e—27), and
oxidoreductase activity (GO:0016491; p-value 1.5e—17) were only enriched in the wild type.
There is ample evidence of the link of cuticular lipid composition on trichome development
(Gray et al. 2000; Wellesen et al. 2001; Kurdyukov et al. 2006; Wu et al. 2011). Additionally,
the roles of plant cytoskeleton (microtubules and microfilaments) and cell wall systems in
driving leaf trichome morphogenesis have been elucidated in several reports (Mathur et al. 1999;
Basu et al. 2005; Lu et al. 2005; Djakovic et al. 2006). In this study, downregulation of several
genes involved in these processes, in particular, Wall-associated kinase 2 (WAK2, AT1G21270,
6.1 fold), SCAR1 (AT2G34150, 6.7 fold), MYOS (AT2G31900, 8 fold), kinesin-like proteins
KICP-02 (AT3G50240, 4.8 fold), and ATK4 (AT5G27000, 4.6 fold) may contribute to the
collapsed trichome phenotype and might explain the lack of cuticle defects observed upon

toluidine staining.
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Characterization of HD (homeodomain), Zip ( Leucine zipper), and SAD (START
associated) domains

Our previous work revealed that the deletion of the START domain from GL2 results in
loss of activity (Schrick et al. 2014). To further understand the function of the START domain in
HD-Zip transcription factors, it was sought to determine the roles of the other domains with
respect to nuclear localization and ability to rescue g/2 mutant phenotypes in the epidermis.
Starting with the GL2pro: EYFP:GL2 transgene as a template, site-directed mutagenesis was used
to construct deletions of the class IV HD-Zip functional domains: gl2AHD, gl2AZip,
and gl2ASAD (Figure 3.5 A). To test functionality, transgenes for each construct were introduced
into the g/2 null mutant background. Similar to g/l2ASTART, none of these domain deletion
constructs were found to restore the g/2 null mutant phenotypes (Figures 3.5 E-H, E’-H’ and
Appendix Figures B.1 F’-H’). The gl2AZip protein displays nuclear localization similar to that
of gl2ASTART, except that it is much stronger (Figures 3.5 L, L’, P, P’ and Appendix Figure B.1
G). In contrast, the EYFP fusions to gl2AHD resulted in non-nuclear expression of the protein,
indicating that HD is required for nuclear localization. The protein exhibited cytoplasmic
expression with numerous bright punctate spots (Figures 3.5 K, K’, O, O’ and Appendix Figure
B.1 H). Interestingly, in silico prediction (using nNLS Mapper (Kosugi et al. 2009) suggested the
putative NLS, GTNKRKRKKYHRH (96-108), in the N-terminus of the protein. The predicted
NLS has a high proportion of positively charged amino acids. The underlined residues are part of
the HD sequence, consistent with requirement of the HD for nuclear targeting of GL2 (Appendix
Figure B.4 A). Punctate localization was further investigated by comparing it with red
fluorescent protein (Shaner et al. 2004) tagged markers (Nelson et al. 2007) for mitochondria
(yeast cytochrome oxidase subunit IV), Golgi complexes (soybean [Glycine max] o -1,2-
mannosidase I), or peroxisomes (peroxisome targeting sequence 1). EYFP-gI2AHD showed no
overlap with the Golgi and peroxisomal markers (Appendix Figures B.4 B, C). However, a
significant overlap with the mitchondrial marker was observed, suggesting that a subset of
gl2AHD protein localizes to mitochondria (Appendix Figure B.4 D). Interestingly, no
mitochondrial targeting sequence is predicted for GL2 (Small et al. 2004). No protein expression
was detected for EYFP fusions to gl2ASAD (data not shown). This may reflect the fact that the

transgenic lines used in the study did not express transgenes at high enough levels or that the
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mutant protein is unstable. Taken together, results of the domain deletion study further our

understanding of other functional domains within the class IV HD-Zip transcription factor GL2.

START domain plays a role in leucine zipper (ZLZ) mediated GL2 homodimerization

It was reported that GL2 can homodimerize through its ZLZ domain (Di Cristina et al.
1996). To explore this further, Y2H analysis was performed. To begin with, a representative set
of HD-Zip transcription factors from Arabidopsis was surveyed for hetero- and homodimer
formation using the ProQuest’™ Y2H System (Invitrogen). Six transcription factor cDNAs from
the class IV (GL2, HDG1, HDG4, HDG11, HDG12, PDF2) and two from the class III (ATHBS,
PHB) HD-Zip family were cloned into Bait and Prey vectors and assayed for physical interaction
in yeast. Autoactivation of Bait plasmids (indicating presence of an activation domain) was
confirmed for these transcription factors, with the exception of GL2 and HDG4 (Appendix
Figure B.5 A). In ONPG --galactosidase assay, GL2 interacted with itself (Appendix Figure
B.5 B). GL2 homodimerization was also confirmed by growth on selection plates (Figure 3.6 B-
see methods). To determine whether the START domain might play a role in regulating
dimerization, GL2 lacking the START domain (gl2ASTART) and GL2-START domain mutants
(g2 g12%7°F and gl2®**M) were tested. When the START domain was deleted, no
interaction above background could be detected (Figure 3.6 B). Similarily, gl2"**" and gl2®**"
mutants, previously shown to be required for GL2 activity, did not homodimerize. By contrast,
257 mutation that resulted in little or no effect on GL2 function, strongly homodimerized in
Y2H experiments (Figure 3.6 B). These observations support the idea that GL2
homodimerization requires a functional START domain.

To validate GL2 homodimerization in planta, Bimolecular Fluorescence
Complementation (BiFC) assays were carried out in transiently transformed Nicotiana
benthamiana leaves. In BiFC experiments, the N-terminal portion of GFP is fused to one of the
putative interaction partners and the C-terminal portion of GFP is fused to the other partner.
Interaction between the two partners brings the two proteins close enough together that the GFP
protein is reconstituted and can fluoresce (Hu et al. 2002). GL2 was able to bring the two halves
of GFP together, indicating dimerization. As shown in Figure 3.6 E, a strong fluorecent signal

was observed in the nuclei of N. benthamina cells. It is thought that homodimerization requires
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the Zip domain. To test this idea in vivo, gl2AZLZ was assayed for its ability to dimerize.
Consistent with the role for ZLZ in dimerization, it was found that the ability to homodimerize
was compromised in the GL2 proteins lacking the ZLZ domain (Figure 3.6 F). Also, as for the
Y2H data, deletion of the START domain resulted in signficantly decreased dimerization in vivo
(Figure 3.6 G, L). Moreover, analogous to the result in yeast, START domain mutations
g2 R M and g12*% reduced the ability of the mutant protein to interact with the wild-type
GL2 (Figures 3.6 I, J, L). Noticeable reduction in the abiltiy of gl2*™ to interact with GL2 was
also observed (Figure 3.6 H). Altogether, these findings further lend credence to the idea that
START plus ZLZ region is required and sufficient for GL2 homodimerization. No fluorescent
signal was observed when different combinations of transcription factors and /or empty vectors
were coexpressed (Appendix Figure B.6), thus confirming the specific nature of the interactions.
We further examined the ability of gl2ASTART and gl2*™ to self-associate. gl2"™ proteins only
weakly associate with each other (Figure 3.6 K). Likewise, gl2ASTART displayed significantly
reduced homodimerization (Figure 3.6 L). Based on these results, it was concluded that deletion
of the START domain as well as mutations in the START domain reduces the ability of GL2 to
form homodimers.

Further, the Y2H assay indicated that those constructs that include C-terminal half of
GL2 (aa 253-747 or START+SAD and aa 494-747 or SAD alone) were able to associate strongly
with itself (Figure 3.6 A). Proteins containing amino acids 1-231 (HD+ZLZ) homodimerized,
suggesting that these residues are minimally required to mediate this interaction. However, the
strength of binding is reduced, implying that flanking residues may contribute to GL2-GL2
interaction particularly those from the C-terminal amino acids 494-747 (Figure 3.6 C). By
contrast, the proteins including the START domain alone (aa 253-493) or ZLZ by itself (aa 157-
231) were unable to form homodimers, further reinforcing the hypothesis that both START and
Z1Z are required for GL2 dimerization (Figure 3.6 C ). A simple explanation for this result is
that GL2 adopts a conformation such that the START domain occupies space that promotes GL2
monomers to come in contact with one another. Another possibility is that ligand binding to the
START domain promotes dimer formation. The inability of putative START ligand binding
mutants to interact in our Y2H and BiFC experiments supports this hypothesis. It should be
noted that the GL2 protein containing the SAD alone showed substantial autoactivation when

used as a bait (Appendix Figure B.7). Consistent with this observation, the result demonstrating

&9



self association of SAD domain (aa 494-747) must be also interpreted with caution (Figure 3.6
C). To our surprise, protein encoding amino acids 1-493, which includes both ZLZ and START
domain, failed to form homodimers in yeast, suggesting that the SAD domain is also required for
interaction. Western blot analysis confirmed that all bait proteins were expressed and not
degraded in the Y2H assays showing no positive interactions (Appendix Figure B.8). Altogether,
Y2H data combined with BiFC analysis demonstrate that the START plus ZLZ region is

required and sufficient for GL2 homodimerization.

START domain is not required for GL2 heterodimerization

Recent studies have shown that class IV HD-Zip transcription factors can also form
heterodimers with other class IV family members. For example, ATML1 and PDF2, that play
redundant roles in shoot epidermal differentiation, heterodimerize through their zipper motifs in
planta (Rombola-Caldentey et al. 2014; San-Bento et al. 2014). Based on these results, it was
hypothesized that GL2 also forms heterodimers. To test this, GL2 was examined for its ability to
interact with other class IV HD-Zip family members, including HDG1, HDG4, HDG11, HDG12,
and PDF2. Two class IIIl HD-Zip family members (PHB and ATHBS) were also included for
comparison. Notably, GL2 exhibited heterodimerization in BiFC assays in planta but not in Y2H
experiments (Appendix Figure B.5). A strong fluorescent signal was observed in nuclei of N.
benthamiana cells with co-expression of N-YFP:GL2 with C-YFP:ATMLI or C-YFP:PDF2,
indicating the ability of GL2 to form heterodimers in vivo (Figure 3.7 A). No interaction was
detected with Y2H assay, possibly due to an indirect association of ATML1/PDF2 with GL2.
Another intriguing explanation for this result is that the START domain from GL2 binds a ligand
that promotes heterodimerization in planta. Such a ligand may either be absent or present in
relatively low concentrations in yeast cells. Additionally, quantification of fluorescence intensity
revealed that the BiFC signal of GL2/GL2 homodimer and heterodimers was significantly higher
than that observed for the negative controls (Figure 3.7 B). To unravel the role of START
domain in regulating heterodimerization, BiFC assays were performed with constructs in which
START domain was etiher deleted (gl2ASTART) or mutated (g12™). Similar to what was
observed with the full length GL2, proteins encoded by both constructs interacted with ATMLI,
indicating that the START domain is not required for heterodimerization (Figures 3.7 C, D).
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Negative control combinations gave no signal, thus confirming the specific nature of the
interactions (Figure 3.7 A and Appendix Figure B.6). This finding, together with the
homodimerization data, indicated a new role for the START domain in homodimer formation but

not in the heterodimer assembly of GL2 .

Yeast two hybrid library screen identifies novel interactors of START domains

To further address how START domain functions, a normalized Arabidopsis library for
was screend for interacting proteins. The Y2H library screen is a high-throughput method for
identifying interacting proteins. As employed in this chapter, the Y2H was used to identify
proteins that interacted with the PDF2-START and GL2-START domains. I performed PDF2-
START screening, while GL2-START domain screen was conducted by Kathrin Schrick. Table
3.3 summarizes the results of extensive sampling of Arabidopsis Y2H screen library with two
START domain bait proteins.

The expression of PDF2-START bait fusion in yeast was assesed via Western blotting
using anti-Myc antibody. The bait plasmid expressed the expected fusion protein (Figure 3.8 A).
Some proteins have the inherent ability to activate transcription in the Y2H system. Thus an
important step in conducting a Y2H assay is to ensure that the bait fusion proteins do not auto-
activate the reporter genes in the absence of an activation domain containing protein fusion
partner. Cells containing the bait constructs were independently plated on -Leu-Trp-His and -
Leu-Trp/Aureobasidin A/X-a-Gal and did not activate the reporters.

The yeast two-hybrid screen is prone to a variety of artifacts. Thus, one must evaluate
each initial positive for these well-known artifacts. In the following section, I have outlined the
results for the PDF2-START Y2H cDNA library screen and how I systematically eliminated
false positives. Three reporter genes, AURI-C, MEL-1, and HIS3 were used to detect protein
interactions. AURI-C is expressed in Y2HGold Yeast Strain in response to protein-protein
interactions that bring the GAL4 transcriptional activation (AD) and DNA binding domains (BD)
into close proximity. In Saccharomyces cerevisiae, its expression confers strong resistance
(AbA") to the otherwise highly toxic drug Aureobasidin A. This drug reporter is preferable to
nutritional reporters alone, due to lower background activity. For example, the use of this
reporter alone results in considerably less background than a histidine reporter alone. MEL-1

encodes a -galactosidase, an enzyme occurring naturally in many yeast strains. As a result of
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two-hybrid interactions, a-galactosidase (MEL]) is expressed and secreted by the yeast cells.
Yeast colonies that express MEL-1 turn blue in the presence of the chromagenic substrate X-a-
Gal. Recovery of histidine prototrophy was used at the end of the two-hybrid screen to confirm
interactions.

Screen using PDF2-START as bait resulted in 31 diploid colonies on lower stringency
DDO/X/A (-Leu-Trp Aba X-a-Gal) plates. For initial identification of false positives, the blue
colonies were patched onto higher stringency TDO/X/A (-Leu-Trp-His Aba X- a-Gal) plates.
The higher stringency screening reduced the potential binding partners from 31 to 7. All
TDO/X/A positive interactions were further analyzed to identify duplicates and to verfiy that the
interactions are genuine. The prey plasmids were rescued from yeast and sequenced to determine
their identity. Y2H 1, Y2H 2, Y2H 3, and Y2H 24 encoded the same protein corresponding to
At2g36530, a predicted 2-phospho-D-glycerate hydroylase. The second positive was plasmid
Y2H 17 that encoded a partial cDNA encoding At5g40830 (414 aa), a predicted but
uncharacterized SAM (S-adenosyl-L-methionine)-dependent methyltransferase related to
bacterial enzymes with substrate specificities to small molecules. The protein has a two domain
structure, the N-terminal putative methyltransferase domain (residues 268-364) and a C-terminal
DUF248 domain of unknown function (residues 338-414). The cDNA corresponding to
At5g40830 detected in the Y2H screen encoded ~187 amino acid residues, including the first 19
residues of the putative methyltransferase domain. Thus, the sequencing results identified two
unique prey plasmids. Putative interacting clone At2g36530, a predicted 2-phospho-D-glycerate
hydroylase, turned out be a false positive as it alone activated the GAL4-responsive reporters in
the absence of the bait (Figure 3.8 B).

Spontaneous suppressor mutations in yeast resulting in the activation of reporters are a
common cause of false positive interactions. In these false positives, a mutation in the yeast has
resulted in the transcription of one or more reporter genes independent of a protein interaction
induced reconstitution of the GAL4 transcriptional activator. To rule out suppressor mutations as
the cause of the positive growth phenotype, yeast cells were cotransformed with two unique prey
plasmids and a compatible haploid strain harboring the original bait construct (pGBKT7/PDF2-
START) and tested for activation of reporters genes. Recapitulation of the interactions for both

prey plasmids ruled out suppressor mutations as a source of reporter gene activation.
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Another source of false positive, artifactual restoration of prototrophic growth is the
situation in which the prey plasmid contains a cDNA clone that encodes a protein that has both
DNA binding and transcriptional activation activity independent of the bait construct. To identify
such artifactual “positives” it was necessary to cotranform haploid yeast containing each positive
prey plasmid with haploid yeast containing empty-BD (BD: pGBKT?7) to rule out intrinsic
autoactivation of reporter genes by the prey. Thus, diploid yeast capable of growing on selection
media independent of the bait protein were categorized as auto- activators and were not
investigated further. Putative interacting clone At2g36530, a predicted 2-phospho-D-glycerate
hydroylase, tuned out be a false positive as it alone activated the Gal4-responsive reporters in the
absence of the bait (Figure 3.8 B).

Collectively, the PDF2-START library screen uncovered one unique interactor
corresponding to At5g40830 (henceforth referred as SAM). Interaction between GL2-START
and SAM was also confirmed in yeast, albeit weaker than the PDF2-START interaction (Figure
3.8 C).The Arabidopsis Electronic Fluorescent Pictograph Browser (eFP Browser- (Winter,
2007) shows At5g40830 expression in shoot epidermis, overlapping the expression pattern of
PDF2. This would allow interaction between these two proteins. To confirm these interactions in
planta, BiFC experiments in N. benthamiana leaves were performed. No GFP fluorescence was
observed when full length SAM and PDF2-START proteins are present together (data not
shown). Thus, the in vivo experiment did not offer direct evidence for an association between
these two proteins, suggesting that the interaction observed in yeast may not be relevant in planta
(possibly the posttranslational modifications of SAM protein might hamper the interaction). Two
other possible mechanisms that could explain this result are — First, SAM is unstable or
expressed at low levels which precludes BiFC complex formation. Another possibility is that
presence of fusion tag at the N-terminus of SAM imposes topological constraints on BiFC
complex formation. It is estimated at BiFC can occur when VN (N-terminal fragment of YFP)
and VC (C-terminal fragment of YFP) are fused to positions that are separated by a distance no
greater than ~10nm (Hu et al. 2002). As SAM is tagged with VN at its N-terminal end, if the site
of interaction is located away from its N-terminus, the BiFC signal is unlikely to be detected for
the protein. One such study by Sung et al. (2013) provided direct evidence for the effects of
topological constraints on BiFC complex formation between SUMO and its target proteins.

Alternatively, enhanced DNA binding of PDF2 in planta could titrate it away from SAM.
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In a parallel experiment, the Y2H library screen was repeated using GL2-START protein
under reduced stringency conditions. 18 unique interactors were uncovered among 25 strong
interactors. After eliminating candidates that interact with the bait plasmid alone, the list was
narrowed down to 6 confirmed positive interactors (Table 3.4). One of these candidates,
Atlg78570 (RHM1), a rhamnose synthase, codes for predicted UDP-glucose 4,6-dehydratase
involved in the synthesis of rhamnose (Wang et al. 2009) and flavonoids (Y onekura-Sakakibara
et al. 2008). Flavonoids are a class of secondary metabolites that have been shown to play
preponderant roles in modulating plant growth and development (Mierziak et al. 2014;

Mouradov and Spangenberg 2014).

Atlg78570 (RHM1): Trifunctional UDP-glucose 4,6-dehydratase/UDP-4-keto-6-deoxy-
D-glucose 3,5-epimerase/UDP-4-keto-L-rhamnose-reductase enzyme is involved in UDP-B-L-
rhamnose biosynthesis. The dehydratase activity is contained in the N-terminal region while the
epimerase and reductase activities are in the C-terminal region (Figure 3.9 A). AtRHM!1 displays
high similarity to the other members of RHM family in Arabidopsis (RHM2, RHM3 and UER1)
and in other plant species such as rice and grape (Watt et al. 2004; Diet et al. 2006; Oka et al.
2007). In addition, the two conserved domains corresponding to the N-terminal dehydratase and
the C-terminal epimerase/reductase in AtRHM1 were also identified in the RHM1 homologs of
rice and grape, indicating that both protein architectures are conserved in plants (Wang et al.
2009). L-Rhamnose (Rha) is an important constituent of pectic polysaccharides, a major
component of the cell walls of Arabidopsis (Ridley et al. 2001). Importantly, UDP-rhamnose is
also used for flavonol rhamnosylation and RHM1 has been reported to play a major role in
supplying UDP-rhamnose for modification of flavonols (Ringli et al. 2008). Consistent with this,
rhm1 (or roll) mutants exhibit modifications in pectin structure (Diet et al. 2006). Also, rhm1
mutants display aberrant cell growth and development phenotypes caused by modified flavonol
glycosylation profile (Ringli et al. 2008). Furthermore, the 668 aa long RHM1 was shown to be
ubiquitously expressed, with strongest expression in roots and expanding primary leaves of the

Arabidopsis seedling (Wang et al. 2009).
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Interaction between RHM1 and Class IV HD-Zip TFs require START domain

Initially, the Y2H system was used to identify the HD-Zip domains involved in
interaction. A series of GL2 deletion variants and PDF2-START protein were used as baits and
analysis by selection on growth plates was done (Figure 3.9 B). As prey, RHM1 coding sequence
was fused to to the GAL4 activation domain (AD) and empty plasmid was used as the negative
control. Domain deletions revealed that RHM1 interacted strongly with the proteins containing
the START domain (GL2-START, GL2-START+SAD (S+S) and PDF2-START). The strongest
interaction was seen with the PDF2-START. Indeed, as shown in Figure 3.9 B , the GL2-START
protein interacts more strongly than the full length GL2. This suggests that the full length protein
may be present in a conformation that hinders interaction.

To validate the protein interactions in planta, BiFC studies using transient transfections
in N. benthamiana were performed. BiFC experiments indicate strong interactions between full-
length GL2 and RHM1 in planta (Figure 3.10 A), but deletion of the START domain in as well

as gl2"™

, which represents a mutant version of the START domain, result in loss of interaction
(Figure 3.10 B). These interactions accord with the results from the homodimerization tests
(Figure 3.6 B), suggesting that the formation of GL2 homodimers may favor the interactions
between GL2 with RHMI1. On the otherhand, the class IV HD-Zip family member HDG11 and
class III HD- Zip family member PHB failed to show interaction, but PDF2 exhibited weak
interaction (Figure 3.10 B). Strikingly, a strong fluorescent signal was observed in
N.benthamiana cells co-expressing the START domain of PDF2 and RHM1 (Figures 3.10 A).
GFP fluorescence could be seen in cytoplasm when interacting proteins are present together
(Figure 3.10), but in some samples showing interaction between GL2 and RHM1, the unexpected
appearance of punctate dots was observed (Figure 3.10 A). The background fluorescence signal
from the negative controls used is negligible (Figures 3.10 A). The available Arabidopsis
plasmodesmal proteome identified RHM1 as a novel potential plasmodesmal protein (Fernandez
calvino et al, 2011). Based on this finding, it is hypothesized that the punctate dots (Figure 3.10
A) may represent staining at plasmodesmata. Constructs showing weak or no interaction were
analyzed by western-blot to determine correct expression of the fusion proteins. While PHB was
expressed weakly, expression of HDG11 could not be detected. Together, these data show that
RHMI interacts specifically with GL2 and PDF2, members of the class IV HD-Zip transcription

factor family, and this interaction is mediated by the START domain.
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RHM1 is localized in the cytoplasm and base of trichomes

Available microarray data indicates co-expression of RHM1 with GL2 in trichomes
(Marks et al. 2009). In order for these proteins to interact with GL2, they must be present in the
same subcellular compartment as well. GFP fusion protein of RHM1 driven by the 35S promoter
was created and transient transfection into tobacco leaves was performed to examine subcellular
distribution. RHM1 was found in the cytoplasm. This is consistent with previous work that
showed cytoplasmic localization of RHM1 in the cotyledon epidermal cells of Arabidopsis (Diet
et al, 2006). Cytoplasmic localization of GL2 has been demonstrated based on
immunolocalization (Di Cristina et al., 1996) and work in our laboratory with GFP fusions
support this observation. Although RHMI1 is localized specifically to the cytoplasm in all tissues
analyzed to date (Diet et al. 2006), no data have been reported on their localization in the
trichomes. Interestingly, similar subcellular expression for 35S::RHM1-GFP and 35S::PDF?2
(START)-GFP fusions in trichomes was observed. RHM1 localizes to the base of the trichome
while PDF2 (START) localizes to the base of the trichome as well as the nucleus of the trichome
(KS, unpublished). Based on these observations, it is proposed that the interaction between
RHMI and the class IV HD-Zip proteins may be transient and most likely occurs outside the

nucleus.

ChIP with EYFP:GL?2 transgenic line

The current understanding of a cell-specific regulation of the class IV HD-Zip gene
expression is very limited. There is no global DNA-binding study reported for any class IV HD-
Zip family member to date. Using GL2 as a model class IV HD-Zip family member, Chromatin
Immunoprecipitation (ChIP) was performed followed by deep sequencing by ChIP-SEQ. In
addition to the wild-type GL2 that is driven by its own 2.1-kb promoter, proGL2:EYFP:GL2,
several mutant versions including g/2 null mutant (negative control), g/24Zip and START
domain mutants gI2ASTART, gI2®77%®**M and gi2*™ were used to determine the global DNA-
binding properties related to START domain function. As mentioned above, these mutants
exhibit nuclear expression of the protein, but result in either loss-of-function (g/24Zip,
gI2ASTART, gI2®7%™392My or gain-of-function (g/2*"°), making them particularly suitable to

study DNA binding profiles. With regards to g/2*", it is hypothesized that the mutant protein
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has an altered DNA-binding profile, given its dominant-negative phenotype. Consequently, a
genome-wide approach to addressing its DNA-binding function could be especially revealing.
Three biological replicates and one input of each sample were used to compare pre-ChIP DNA
with ChIP DNA. After ChIP, the recovered DNA was PCR-amplified and size-fractionated,
following the preparation protocol for an Illumina sequencing library. The goals for this
experiment were to (i) Delineate global in vivo binding sites of GL2, (ii) Identify novel
transcriptional targets in an unbiased manner, (iii) link these new candidates to biological
processes, and (iv) test whether the START domain is required for DNA binding of GL2.
Chromatin immunoprecipitation (ChIP) followed by ultrahigh-throughput Solexa (Illumina)
sequencing (ChIP-SEQ) has been shown to be a powerful tool to obtain genome-wide DNA-
binding patterns of transcription factors (Johnson et al. 2007; Robertson et al. 2007). The large
numbers of short individual sequence reads produced by novel instruments facilitate the digital
quantification of DNA sequences that are present in a sample.

Because of the anatomical differences between animal and plant cells, such as rigid
cell walls, high levels of cellulose and lignin, and large vacuoles in plant cells, several
modifications are needed to establish efficient ChIP protocols for plant systems (Gendrel et al.
2002; Saleh et al. 2008; Kaufmann et al. 2010). In this study, the published ChIP method for the
genome-wide identification of transcription factor binding sites in plants (Kaufmann et al. 2010)

was optimized and validated prior to Illumina sequencing.

Genome-wide mapping of regions bound by GL2 and mutant versions

DNA libraries were generated for each ChIP sample, followed by ultra-high-throughput
Solexa (Illumina) sequencing. From the ChIP-Seq data, 18 to 66 million reads (~50 bp per read)
were obtained, which were uniquely mapped to the Arabidopsis genome by adopting Model-
based Analysis of ChIP-Seq (MACS) software (Zhang et al. 2008). Although the input samples
mapped very well, the percentage of uniquely assigned loci were quite low for the ChIP samples.
However, merging replicates provided a reasonable number of uniquely mapped reads to proceed
with the analysis (Table 3.5). At FDR<0.1, 1284 significantly enriched regions distributed over
all five chromosomes was observed for the wild type-GL2 . While the binding profile of
gl2BPERIEM closely resembled GL2, both gl2*™ and gI2ASTART transcription factors
displayed enhanced binding in comparison with the wild type GL2 (Figure 3.11 A and Table
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3.6). Importantly, gl2AZip behaved similar to the g/2 null mutant, as binding of GL2 to DNA
appears abolished in ZLZ, indicating that the leucine zipper domain mediated dimerization of
GL2 is necessary for DNA binding in vivo. Dimerization is a prerequisite for DNA binding by
the class IV HD-Zip IV. Unlike other HD proteins, which can bind DNA as monomers, the class
IV HD-Zip TFs can bind DNA efficiently only as either homo- or hetero-dimers (Palena et al.
2001).

cis-Regulatory elements controlling gene expression are preferentially found in the
promoters of target genes. However, there are also numerous examples of important regulatory
sequences downstream of the transcription start site. When we examined the position of binding
sites relative to the nearest gene in the ChIP-Seq dataset, most in vivo binding sites were found in
the promoter or intergenic regions, which constitute bidirectional promoters (Figure 3.11 A).
This distribution pattern is consistent with the determined GL2 binding sites in the promoters of
CESA5, XTHI17 (Tominaga-Wada et al. 2009), PLDE1(Ohashi et al. 2003), MYB23 (Khosla et al.

2014) and with the molecular function of GL2 as a transcription factor.

Analysis of GL2 binding motifs in promoters, genic, and intergenic regions

In Arabidopsis, the class IV HD-Zip factors bind to the conserved cis-element, L1-box
sequence (5’-TAAATG(C/T) A-3’), in the promoter of the target genes (Abe et al. 2001; Abe et
al. 2003; Nakamura et al. 2006). It has been reported that L1-box region of PHOSHOLIPASE
DE1 (PLDEI, CELLULOSE SYNTHASE 5 (CESAS), XYLOGLUCAN
ENDOTRANSGLYCOSYLASE (XTH17), and MYB23 promoter is a direct target of GL2 (Ohashi
et al. 2003; Tominaga-Wada et al. 2009; Khosla et al. 2014). In addition to the asymmetric L1
box described above, a slightly longer palindromic L1-like box 5’-GCATTAAATGC-3" has
been defined as the consensus-binding site of the class [V HD-Zip IV HDG7, HDG9, and
ATMLI1 (Nakamura et al. 2006). Consistent with these reports, a moderate portion of the
identified GL2 direct target genes contain one or more typical L1 box motifs (Table 3.7). To
investigate whether there is any other potential GL2 binding motif, we used a motif searching
program, HOMER, to discover statistically overrepresented motifs in GL2 binding regions that
were assigned to genes. However, HOMER failed to identify any novel motif (data not shown).
The lack of identifiable binding motifs at some of the sites may be explained by the existence of

indirect interactions with DNA mediated by other proteins. Since the remaining GL2 direct target
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genes do not contain any L1 box, GL2 may bind to these regions through other motifs or it may
associate with DNA binding protein. Alternatively, the low alignment statistics did not allow us
to detect all L1 box target genes, thereby resulting in false negatives. Strikingly, for several
genes, we observed altered binding profile for gl2*™. In one such example, in comparison with
the wild type GL2, gl2*™ binds further upstream of the transcription start site (TSS) in the
intergenic region upstream of a—DOX2 gene. Example of binding region profile is shown

in Figure. 3.11 B. Together with the fact that deletion of the START domain leads to enhanced
DNA binding, our results imply that START domain is dispensable for DNA binding of
GLABRA2.

Functional classification of putative GL2 target genes

Gene Ontology (GO) classification system revealed overlapping functional classes of
genes bound by GL2. In terms of molecular function, genes encoding transferase activity
(GO:0016740; p-value 8e-09), kinase activity (GO:0016301, p-value 6.1e-07), and metal ion
binding (GO:0046872; p-value 4.5e-05) are statisitcally enriched compared with the whole
genome. When dissecting gene functions according to biological processes, there is a clear
enrichment for genes involved in cellular process (GO:0009987; p-value 4.8e-31) and
metabolism (GO:0008152; p-value 2.4e-42). Figure 3.11 C illustrates the eleven most enriched
specific GO terms. Notably, the frequency of genes associated with development, multicellular
organisimal process, and response to stimulus showed statistically higher occurence than that
found within the whole Arabidopsis genome, suggesting that these represent direct targets of

GL2.

Identification of GL2 targets

Out of over 800 significantly enriched genes, 45 were identified to contain at least one
perfect L-1 box in their promoters (Table 3.7), indicating that they could serve as direct targets
for GL2. Among them, the majority was classified into biological processes such as transcription
factor activity, metabolism, development, and response to hormone stimulus. Putative targets
included two lipid binding proteins, a-dioxygenase (0a-DOX2) and calcium-dependent lipid-
binding protein (AtCLB) containing a C2 domain, transcription factors MYB23, KNATI, and
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genes regulated by different hormones (eg., ARF19 and BSL3) To determine functional
relevance of GL2 binding sites to the transcriptional regulation, we queried the available
microarray data for differentially expressed genes in the root-hair vs non-root hair cell types
(Bruex et al. 2012). We also included the results from genome-wide expression analysis from our
lab, which examined gene expression changes using wild-type GL2, g/2*", and gi2 in seedlings
of the mutant plants.

Evidence for differential expression of the target genes in g/2 mutants was found for 14%
of the direct targets (Table 3.7). Interestingly, several targets are co-expressed or have down-
regulated expression relative to GL2 in either root or trichomes (see Table 3.7). Together, our
results suggest that GL2 may regulate the expression of these genes by directly binding to the L1
box motifs in their gene promoters. Because it is anticipated that the direct target genes of GL2
would tend to exhibit a similar expression pattern as GL2, this observed degree of enrichment of

the GL2 co-expressed genes substantiates this notion.

Transcriptional regulation of genes identified as putative direct targets

Next, we asked whether the expression of these candidate target genes is transcriptionally
regulated by GL2. Quantitative real-time PCR (qQRT-PCR) showed that the transcript levels of
CHALCONE ISOMERASE LIKE (CHIL), PATATIN-RELATED PHOSPHOLIPASE A (PLPY),
GLUTATHIONE REDUCTASE (GRXC2), and HYDROLASE (At3g23600) exhibit statistically
significant up-regulation in g/2 roots compared with the wild-type (Figure 3.12 B). Conversely,
the expression levels of MYB23 were sharply decreased in the shoots of the g/2 mutant,
consistent with a previous study (Figure 3.12) (Khosla et al. 2014). Strikingly, qRT-PCR
revealed a severe reduction (~35 fold) in DOX2 transcript levels in roots from g/2 mutant,
indicating negative regulation of DOX2 expression by GL2 (Figure 3.12 B).

Collectively these findings indicate that GL2 is involved in modulating target genes that
are involved in metabolism, thereby reinforcing the hypothesis that the class IV HD-Zip TFs
may play key roles in linking metabolism to gene transcription in plants. A detailed description

of the target genes will be discussed later in this chapter.
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DISCUSSION AND FUTURE PERSPECTIVES

In the last few decades, molecular genetic studies have revealed the class IV HD-Zip
transcription factors as key regulators of epidermal cell specification in flowering plants (Javelle
et al. 2011; Nadakuduti et al. 2012). Further, they are postulated to be instrumental in the
evolution of epidermal adaptations for successful colonization of land plants (Graham et al.
2000; Ligrone et al. 2012). In contrast to the class III HD-Zip class members; understanding of
the regulation of the class IV members is limited. The proteins bind L1 box motif in targets
genes, suggesting a regulatory role for the L1 layer —specific gene expression (Nakamura et al.
2006). Besides, there is evidence for auto regulation mediated by direct binding to the L1 box in
its promoter (Abe et al. 2003; Takada and Juergens 2007). Furthermore, regulation by redox
signals has been suggested for related TFs in sunflower (Tron et al. 2001). Most recently,
regulation by binding to DELLA inhibitory proteins was uncovered (Rombola-Caldentey et al.
2014; Shan et al. 2014).

It has been postulated that START domains serve as regulatory motifs; however, the
functions of this domain have not been extensively studied. A recent report provides compelling
evidence for the role of the START domains in stimulating transcription factor via ligand
binding (Schrick et al. 2014). Here, these studies are extended to gain further insight into the
regulatory function of the START domain in the class IV HD-Zip family members.

A role for the START domain in ligand binding

The ability of the START domain to bind ligands was assayed by testing several ligand
binding mutants for their ability to complement g/2 mutant phenotypes. Both R392M and
E375G; R392M bridge mutations failed to complement mutant phenotypes in the root, leaves,
and seeds (Figure 3.2). In agreement with this, the salt bridge between an acidic residue (Glul169/
STARDI and Asp332/STARD?3) and a basic residue (Argl88/STARD1 and Arg351/ STARD3)
was proposed to be a key determinant for cholesterol binding in human START domain proteins
(Tsujishita and Hurley 2000). L480 is a highly conserved residue in the C-terminal a-helix that
has been shown to interact with lipid membranes and regulate the accessibility of the lipid ligand
to the ligand-binding cavity in human START proteins (Alpy and Tomasetto 2014). In this study,

the substitution of leucine with proline, a potent a-helix breaker confers partial complementation
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of mutant phenotypes (Figure 3.2). One explanation for this result is that a-helix plays a
subsidiary role in structural rearrangements that are necessary to take up the ligand. The finding
that molecular dynamic simulations favor the sole involvement of Q1 loop in driving such
structural rearrangements supports this proposition (Murcia et al. 2006; Kudo et al. 2008). Of
note, all mutant constructs with the exception of R392M displayed nuclear localization, implying
that the protein is correctly folded.

According to the literature, antimorphic alleles, also termed “dominant-negative” alleles,
interfere with the wild-type function and are defined as dominant or semi-dominant alleles
(Wilkie 1994). Here, we report a novel semi-dominant mutant (g/2*"7"**“) that confers a severe
trichome-less phenotype and intermediate phenotypes (partial trichome formation) depending
upon the dosage of the transgene. This dominant negative allele is due to the g/2®7%%#3%7
missense mutation followed by an 11-amino acid duplication in a predicted ligand-contact region
(Figure 3.3).The mutant protein exhibited thin-walled trichomes that seem to lack epicuticular
wax, a phenotype not observed in the g/2 null allele. A plausible interpretation of this data is that
212%™ acts as a dominant negative allele of GL2 that interferes with some unknown factor(s) to
yield defective wax deposition phenotype —possibly by direct binding and then disabling their
function. Alternatively, the mutant protein binds to GL2 target genes but may fail to interact with
cofactors required for transcriptional regulation. Further studies, such as a Y2H screen with ™
could reveal additional components, and thus provide useful insights into the molecular
mechanism underlying the g/2*" phenotype.

Strikingly, the g/2*™ phenotype resembles the trichome-less phenotype recently
published for g/2 hdgi1 (Khosla et al. 2014) and g/2 myb23 (Kirik et al. 2005) double mutant
plants. Based on this finding, it is possible that antimorphic g/2*" interferes with activity of
HDG11 and possibly other functionally redundant HD-Zip family members by competing for the
same partner in the protein complex or competing for the same DNA binding sites. Given that
both MYB23 and HDG11 transcripts are downregulated in g/2°™ further supports this idea (data
not shown). Similar to g/2”™, there are many examples in the literature of semi-dominant or
dominant missense alleles that act to interfere with the function of redundant factors to exhibit a
stronger phenotype than the corresponding null. For instance, the Arabidopsis topless-1 (tpl-1)

mutation transforms the shoot pole into a second root pole, and #p//-1 is a dominant-negative
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mutation that interferes with the function of multiple TPL-related proteins in embryo
development (Long et al. 2006).

The microarray analysis reveals a gene expression profile different from both the wild-type
and g/2 null, suggesting that a transcription factor complex containing gI2"™ has altered
function. For example, genes encoding proteins involved in lipid transport and localization,
microtubule-based movement, and cytoskeleton protein binding were preferentially expressed in
g12"™ (Appendix Figure B.3). Finally, the enhanced DNA binding observed in our ChIP-seq
data lends further credence to the notion that gl2*™ mutant protein behaves differently from both
the wild-type and null mutant.

Similar to gl2ASTART, nuclear localization is observed upon deletion of the ZLZ
domain, suggesting that both START and ZLZ domains are dispensable for nuclear localization
of the HD-Zip protein (Figure 3.5). In contrast, deletion of the HD domain resulted in non-
nuclear expression of the protein. The higher cytoplasmic fluorescence could have been caused
by passive diffusion from the nucleus to the cytoplasm or by inefficient nuclear import. Relevant
to this, numerous studies have reported that homeobox-containing transcription factors contain a
nuclear localization signal (NLS) motif at either the N-terminus or C-terminus of their HD
(Ghaffari et al. 1997; Hessabi et al. 2000). Given that the NLS motif ('*RKKYHRH'") is
located in the N-terminus of the HD is consistent with the requirement of HD for nuclear
localization. Some homeobox proteins require an additional motif within the HD for complete
nuclear localization (Christophe-Hobertus et al. 1999). Thus, to exclude the possibility that C-
terminal part also contains determinants that enhance nuclear localization of GL2, it will be
interesting to determine the nuclear/cytoplasmic distribution of the deletion mutants lacking the
putative NLS motif. In addition, future work may include studies to determine whether direct
interactions between the NLS motif and nuclear pore complex components drive nuclear

localization.

The START domain plays a role in regulating GL2 dimerization

The HD-Zip class of proteins is unique to plants, and is characterized by the presence of a
leucine zipper domain (ZLZ) adjacent to HD, which is important for dimerization (Ariel et al.
2007). Unlike other known HD proteins that are able to bind DNA sequence as monomers, HD-

Zip TFs bind to DNA and consequently activate/repress downstream gene(s) only as dimers
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(Sessa et al. 1993; Sessa et al. 1997). The presence of leucine zipper means that the class IV HD-
Zip family members may potentially form homodimers or and heterodimers both between
themselves and with other family members, adding a further layer of complexity to their
regulatory role. The results form dimerization assays in yeast and plant cells (BiFC assays)
demonstrate that ZL.Z mediated dimerization requires the START domain. A point mutation in
the START domain of WHEAT KINASE START]1 protein (WKS1) significantly reduced the
ability WKS1.1 to homodimerize, further underscoring the importance of the START domain in
regulating dimerization (Gou et al. 2015).

Dimerization among the class IV HD-Zip members has previously been reported. For
example, homodimerization of PDF2 and heterodimerization of PDF2 with ATML1 has been
shown in planta (Rombola-Caldentey et al. 2014; San-Bento et al. 2014). Accordingly, we also
observed the interaction between GL2 and two other class IV HD-Zip family members, PDF2
and ATMLI in planta, albeit weaker than GL2-GL2 association (Figure 3.7). Based on previous
findings and data from this study, we have strong reasons to believe that START domain is a
functional ligand-binding module. One intriguing possibility is that dimerization is also ligand
dependent. There is evidence in both plants and animals that ligand binding could play a role in
dimerization and binding of DNA. For instance, the 9-cis-retinoic acid can increase binding of
RXR homodimers to DNA, which in turn leads to unavailability for heterodimer formation with
other proteins (Zhang et al. 1992). The observation that GL2 favors homodimerization over
heterodimerization accords with this finding. It is worth noting that mutation of putative ligand
binding residues in the START domain eliminated homodimerization, further supporting the role
of ligands in regulating dimerization directly or indirectly. The result that gl2*™ and
gl2ASTART proteins form nearly normal levels of heterodimers with ATML1/PDF?2 raises an
interesting question of why START is only required for homodimerization? One possibility is
that in absence of the START domain, GL2 monomer has a ZLZ domain conformation that
heterodimerizes in preference to forming homodimers. Alternatively, the homodimers formed are
ill defined or unstable, releasing gl2ASTART to interact with other proteins, such as ATML1 and
PDF2. At this time, we cannot exclude the possibility that factors besides ligands may explain
the differential role of the START domain in mediating homo vs. heterodimerization.

Based on these findings, a model is proposed for the ligand-induced homodimerization of

GL2. Upon ligand binding to the START domain (Figure 3.13 A), the conformation of the GL2
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is changed in such a way that the “hidden” ZLZ domain is exposed, leading to formation of
active GL2 monomer. The active monomer is translocated to the nucleus. Once in the nucleus,
forms stable homodimers and/or heterodimers capable of DNA binding and activating target
gene expression. However, in the absence of the ligand binding START domain (Figure 3.13 B),
forms ill-defined unstable homodimers. Instability of homodimers provides a thermodynamic
driving force for preferential stable heterodimer formation in the presence of either binding

partner (ATML1/PDF2).

GL2 regulates target genes involved in lipid and plant secondary metabolism

Comprehensive genome wide transcriptome data has identified a large number of genes
that appear to be regulated by GL2 (Lieckfeldt et al. 2008; Marks et al. 2009; Won et al. 2009;
Bruex et al. 2012), but so far only four direct targets of GL2 have been identified. These include
PLDEI (Ohashi et al. 2003), CESAS5 , XTH17 (Tominaga-Wada et al. 2009), and MYB23 (Khosla
et al. 2014) . The ChIP-seq analysis revealed 45 genes that contain at least one L1-box
(TAAATGTA or TAAATGTT) in their promoter, indicating they could serve as direct targets of
GL2 (Table 3.7). Putative targets included two genes involved in lipid metabolism, a-DOX2
(Bannenberg et al. 2009) and CALCIUM-DEPENDENT LIPID-BINDING PROTEIN (AtCLB)
(de Silva et al. 2011) . The genes encoding transcription factors among GL2 targets included
MYB23, WUSCHEL RELATED HOMEOBOX 9 (WOX9), KNATI, UNE16, SEPALLATA4, and
SPATULA (SPT) (Riechmann et al. 2000). The putative GL2 target genes also included plant
secondary metabolism enzymes (such as PAL2, SSL2, FAHI, 5-FCL ) (Wanner et al. 1995;
Fabbri et al. 2000; Pribat et al. 2011; Maruta et al. 2014).

Plant a-dioxygenases are FA-hydroperoxidases, which catalyze the oxygenation of
predominantly linoleic acid (18:2) and linolenic acid (18:3) into reactive hydroperoxides.
Oxygenated derivatives resulting from secondary transformation of these hydroperoxides include
the phytohormone jasmonic acid (JA) as well as reactive oxylipins (Vellosillo et al. 2007). The
importance of these oxygenated FA-derived lipid mediators in plant defense signaling in
response to different biotic and abiotic stresses is well documented (Seki et al. 2002; Izaguirre et
al. 2003; Koeduka et al. 2005; Tirajoh et al. 2005). The role of oxylipins in cell wall
modifications required for lateral root development in Arabidopsis has also been reported

(Vellosillo et al. 2007). Further support for the role of DOX genes in plant development is
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derived from results showing that in tomato, mutations of a-DOX2, also known as feebly or
divaricata (div) cause defects in plant development as well as accumulation of anthocyanins.
Also, transcription changes in such mutants showed up-regulation of genes playing roles in lipid
and phenylpropanoid metabolism (Bannenberg et al. 2009). The a-DOX proteins identified in
different plant species show high amino acid homologies. For example, the amino acid sequence
of N. tabacum a-DOX shares high amino acid similarities with the proteins in N. attenuata (95%
identity), C. annuum (85% identity), Solanum lycopersicum (84% identity), 4. thaliana (75%
identity), and O. sativa (63% identity) (Hamberg et al. 2002). A large-scale comparative
transcriptional profiling of root epidermis reported the preferential expression of DOX2 in
differentiating hair cells (Bruex et al. 2012), suggesting the idea that GL2 acts mostly as a
transcriptional repressor of DOX2. Fitting with this notion, the qRT-PCR data revealed a
significant reduction in DOX2 transcript levels in roots from g/2 mutants (Figure 3.12).

A second GL2 target that codes for phenylalanine ammonia lyase (PAL) is linked to plant
secondary metabolism. Phenylpropanoids represent a large group of polyphenolic compounds
that comprise an important class of secondary metabolites such as flavonoids, anthocyanin and
lignin in plants (Zhang and Liu 2015). Emergence of the phenylpropanoid pathway is among a
number of important adaptations that allowed land plants to survive under harsh terrestrial
environmental conditions, including desiccation, UV radiation, and microbial attack (Kenrick
and Crane 1997; Ferrer et al. 2008). PAL catalyzes the deamination of Phe to give cinnamic
acid, which is the first step in the phenylpropanoid pathway and an important regulation point
between primary and secondary metabolism (Huang et al. 2010). PAL is encoded by a small
gene family in plants with four members in Arabidopsis (Arabidopsis thaliana; PALI-PAL4
(Raes et al. 2003). MYB, LIM-domain containing proteins, and KNOX family of transcription
factors have been shown to regulate PAL expression (Tsiantis 2001; Zhou et al. 2009). However,
thus far, only LIM domain containing proteins are reported to regulate directly PAL expression
by binding to the AC-rich motif in its promoter (Kawaoka and Ebinuma 2001). To date, there is
no evidence for the regulation of flavonoid biosynthesis enzymes by the class [V HD-Zip
transcription factors. Recently, Wang et al. (2015) demonstrated that GL2 could negatively
regulate anthocyanin biosynthesis by directly repressing the expression of several R2ZR3 MYB
transcription factors, thus expanding the repertoire of already known direct targets of GL2.

Additionally, the available microarray data shows that the genes encoding PLP9 are
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preferentially expressed in the root hair cells and trichomes (Marks et al. 2009), consistent with
direct regulation by GL2. Moreover, a recent transcriptome data comparing root epidermis of
hairy vs. hairless mutants indicated preferential expression of PAL2 in differentiating hair cells
(Bruex et al. 2012). In agreement with these observations, our qRT-PCR data revealed
significantly up-regulated transcript levels in g/2 mutant plants in comparison with the wild type
Col, indicating negative regulation by GL2. The ChIP-seq data together with the enrichment of
L1 box motif in the PAL2 promoter suggests that PAL2 is a direct target of GL2. Further studies,
such as luciferase reporter assays (using wt and mutated L1 box) will be necessary to provide
evidence for direct transcriptional activation by GL2 through specific L1 box motifs.

Previous work has reported a possible link between the class IV HD-Zip TFs and lipid
metabolism. While the PLDE gene promoter contains an L1 box that is activated by GL2 in
Arabidopsis (Ohashi et al. 2003), ZmWBC1 la is transcriptionally activated by OCLI in the
maize kernel, and this transactivation is abolished by mutations in the L1 box (Javelle et al.
2011). In addition to ZmWBCI1a, OCL1 directly or indirectly regulates several other target
genes involved in lipid metabolism or transport. Besides, recent evolutionary and phylogenetic
analyses have convincingly argued that among all the known functions of these genes, a role in
lipid binding and transport is a promising candidate for an ancestral function, and it is highly
likely that the class IV HD-Zip gene in algal ancestor played a role in the origin of cuticle
(Zalewski et al. 2013). Our data provides further evidence for the hypothesis that the class IV
HD-Zip TFs play important regulatory roles in the differentiation or maintenance of the
epidermis in general and lipid and plant secondary metabolism in particular. In this framework,
the presence of the putative lipid/sterol-binding START domain leads to an attractive hypothesis
that activation of metabolic pathways may depend on the sensing of lipids or small metabolites

by the START domain.

GL2 is a transcriptional repressor

Opposite roles for GL2 in the regulation of epidermal development in flowering plants
has been previously described. For instance, GL2 positively regulates trichome formation, but
functions as a negative regulator of root hair formation (Rerie et al. 1994; Di Cristina et al. 1996;

Hung et al. 1998). While both CESAS5 and XTH17 are direct target genes of GL2, GL2 negatively
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regulates the expression of CESAS5 while acting as a positive regulator of X7H/7 (Tominaga-
Wada et al. 2009). In addition to GL2, an inhibitory role for two other class IV HD-Zip family
members has been demonstrated. Genetic and molecular studies confirmed that in contrast to the
published literature, both ATML1 and PDF2 negatively regulate both their own transcription and
the transcription of ACR4 (San-Bento et al. 2014). Recently, using Arabidopsis protoplast
transfection assays, it was shown that the recruitment of the DNA binding domain of GL2 (HD-
GL2) to the promoter of LexA-GAL4:GUS reporter results in a significant decrease in the
expression of the reporter gene (Wang et al. 2015). Collectively, these findings suggest an
inhibitory role for members of the class [V HD-Zip family of transcription factors. The qRT-
PCR data showed that 6 out of 7 target genes are up-regulated in roots from g/2 mutant plants,
indicating that GL2 acts a transcriptional repressor to repress the target genes in roots (Figure
3.15). Based on the microarray data available from the Arabidopsis eFP browser (Marks et al.
2009), the gene encoding MYB23 is expressed in the trichomes, similar to the expression
observed for GL2. It has been postulated that the repression function of GL2 may be due to the
presence of LxLxL motif adjacent to the homeodomain (Wang et al. 2015). The transcriptional
repression domain containing a conserved LxLxL motif is required for the repression function of
Aux/IAA and ERF transcription factors (Ohta et al. 2001; Tiwari et al. 2004), and the motif is
also present in the AtOFP1 protein (Wang et al. 2007). Future work is required to determine

whether LxLxL motif mediates the repressive function of GL2.

START domain is dispensable for DNA binding of the class IV HD-Zip proteins

Genome-wide analysis using ChIP-seq revealed enhanced DNA binding for gl2ASTART
and gI2*™, suggesting that START domain is not required for DNA binding by the HD-Zip
proteins (Figure 3.11). These data raise the question as to why the mutant proteins display
augmented binding in comparison with the wild-type protein. This might be explained by their
ability to form heterodimers. Possible mechanisms of enhanced binding of heterodimers have
been described elsewhere (Weltmeier et al. 2006), including increased affinity for binding target
sites and stabilization of dimer structure (as effective DNA binding forms) via equilibrium
displacement in dimer-monomer concentrations. Alternatively, improved DNA binding can be
explained by the absence of interaction with inhibitory proteins, such as DELLA. DELLA
proteins lack typical DNA-binding domain, and negatively regulate gibberellin (GA) signaling
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by suppressing activities of transcription factors through protein-protein interaction (Daviere and
Achard 2013). This hypothesis draws on from two recent findings. In one study, Arabidopsis
DELLA proteins were shown to sequester the class [V HD-Zip transcription factors from
activating downstream target genes, thereby blocking GA signaling in the epidermis (Rombola-
Caldentey et al. 2014). In the second study performed in cotton, Shan et al. (2014) suggested the
interaction between GhHOX3, a class IV HD-Zip TF and GhSLR1, a functional orthologue of
Arabidopsis DELLA requires a functional START domain. Experiments to test this hypothesis in
are currently in progress.

Multiple lines of evidence show enhanced DNA binding by heterodimers in comparison
with homodimers. For example, in gel shift assays, WRKY 18 and WRKY40 heterodimers bind
much stronger to W-box consensus sequence than the respective homodimers (Xu et al. 2006).
This finding has been extended by another report that showed activation of WRKY 60 promoter
by WRKY 18/WRKY40 heterodimers in reporter gene assay, whereas the homodimers had no
effect (Chen et al. 2010). In a second example, heterodimerization of AtbZIP53 and AtbZIP10 or
AtbZIP25 enhances DNA binding and synergistically increases target gene activation (Alonso et
al. 2009). In addition to enhanced binding, formation of heterodimers is of great functional
significance as it may integrate information from different signaling pathways thereby increasing

the repertoire of target genes.

RHM1 is a novel protein interacting partner of the START domain

A previous study showed that START+SAD domain of GbMLI, a class IV HD-Zip
family member from cotton could participate in protein interactions (Zhang et al. 2010).
Similarly, Y2H screen performed with PCTP, a human START protein, uncovered novel
interactions with the enzyme thioesterase and the Pax3 HD transcription factor (Kanno et al.
2007). Combined, these studies indicate the role of the START domain in mediating protein-
protein interactions. The yeast-two hybrid screen using START domain from GL2 and PDF2
revealed candidates for new interacting partners for the START domain. The work described
focused on RHM1, UDP-L-Rhamnose synthase involved in the biosynthesis of rhamnose, a
major monosaccharide component of pectin (Diet et al. 2006) and flavonoids (Ringli et al. 2008;
Y onekura-Sakakibara et al. 2008). In BiFC assays, strong fluorescent signals indicated that the

interaction between GL2 and RHM1 is direct and occurs in planta. Furthermore, the deletion of
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the START domain as well as gl2*™ resulted in the loss of interaction, suggesting that the
interaction is mediated by the START domain. Given that RHM1:GFP is localized in the
cytoplasm (Wang et al. 2009), we found that the interaction between RHM1 and HD-Zip TFs is
mostly cytoplasmic. One exception is the appearance of bright punctate dots in some samples
showing the interaction between GL2 and RHM1. Consistent with its putative interaction with
GL2, epidermal defects including a collapsed trichome phenotype reminiscent of g/2*" are
associated with ro//-2 mutants corresponding to this gene (Ringli et al. 2008). Moreover,
available microarray data reveals co-expression with GL2 in trichomes (Marks et al. 2009).
Genetic approaches to establish a link between GL2, RHM1, and epidermal cell-type
differentiation are currently underway. Collectively, these findings provide additional evidence

for the role of the START domain as a protein-binding motif in plants.
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MATERIALS AND METHODS
Plants Material and Growth Conditions

The wild-type Arabidopsis thaliana ecotype was Columbia (Col). The g/2 null allele was
g/2- 5 (Ohashi et al. 2002) . Seeds were stratified at 4°C for 3-5 days and grown on soil mix
containing plug and germination growing medium (PRO-MIX® PGX), vermiculite and perlite
(Therm-o-Rock West, Inc.) in 4:1:1 ratio, and 5-6 pellets of fertilizer osmocote 14-14-14 (Everris
US), at 23°C under continuous light. Seeds of N. benthamiana were germinated on wet filter
paper for 7d, and then the seedlings were planted on above described soil mix. Plants were
grown in a growth chamber at 22°C under 14-h-light/10-h-dark cycles. For each set of

experiments, we used 3-4 week-old plants that were typically at the five-leaf stage.

Molecular cloning and generation of transgenic plants

To construct the SR54 binary vector containing proGL2:EYFP:GL2, the EYFP coding
region was excised from pEYFP-C1 (Clontech) with Eco4711I/Sall and cloned into the Smal/Sall
site of the SR2 (proGL2;GL2) construct. SR2 was made by cloning the GL2 coding region from
a GL2pGEMT clone using Sall/Kpnl into C15, a modified p35S-CAMBIA 1300 binary vector that
contains the 2115 bp promoter region from the HindIII site upstream of GL2. The GL2 cDNA
was sub-cloned into pBluescript via Kpnl and Sal/l restriction sites to serve as a template for
making GL2 deletion variants and START domain mutants used in this study. Site-directed
mutagenesis was performed using a one-step PCR-based method modified from Scott et al.
(2002). The reaction mixture contained 25 ng template DNA, 135 ng of each oligonucleotide, 1
ul of 10 mM dNTPs solution, 1 pl PfuUltra™ II Fusion HS DNA polymerase (Agilent
Technologies), 5 pl of the buffer supplied with the polymerase, and H,0 in a total volume of
50 pl. PCR was performed under the following conditions: 95°C denaturation for 1 minute; 16
cycles of 95°C denaturation for 50 seconds, 60°C annealing for 50 seconds, and 68°C extension
for 1 min/kb; extension at 68°C for 7 minutes. PCR products were digested with 30U of Dpnl for
3 hours at 37°C for selective digestion of methylated or hemimethylated parental strands,
followed by ethanol precipitation and transformation into 50 pl of XL10-Gold® Ultracompetent
Cells (Stratagene, La Jolla, CA). After sequence confirmation, the GL2 deletion and mutation

versions were restriction digested with Kpnl and Sa/l, and ligated into the binary vector SR54.
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Following sequence verification, the constructs were transformed into g/2-5 plants by floral dip
transformation using Agrobacterium strain GV3101 (pMP90) (Clough and Bent 1998).
Transgenic plants were selected with 50 mg/ml hygromycin B. T3 homozygous lines with stable
EYFP expression were confirmed by PCR and used for phenotypic assays as described below.
See Table 3.8 for a list of plasmid constructs generated in this study and Table 3.9 for a list of

primer DNA sequences for molecular cloning.

Phenotypic analysis and microscopy

For mucilage analysis, seeds were stained in a 0.25% aqueous solution of ruthenium red
(Sigma) for 1 hour and replaced with deionized water prior to observation. Seeds and rosettes
were imaged with a Leica M 125 fluorescence stereomicroscope, and images were captured using
a Leica DFC295 digital camera and Leica Application Suite software version 4.1. Ovules were
excised from siliques and mounted in water under a coverslip for confocal microscopy. For
propidium iodide staining of root meristem cell walls, seeds were sown on 0.8% water agar
plates, stratified for 3 to 4 d at 4°C to obtain uniform germination, and then transferred to 23°C
with the plates in vertical orientation. At day 4 after germination, seedlings were removed and
placed in a well of microtiter plate with 1 ml of staining solution for 3 min at room temperature.
An aqueous 10 pg/ml solution of propidium iodide (Sigma) was used to stain the cell walls of the
Arabidopsis root meristem. Seedlings were rinsed once with distilled water and then mounted in
water under a coverslip for direct microscopic observation. Confocal images were collected on
Zeiss LSM-5 Pascal confocal microscope. GFP/YFP was excited with an argon laser (488 nm),
and emitted light was collected between 510 and 540 nm. mCherry and propidium iodide
fluorescence was imaged using an excitation wavelength of 543 nm with the emission
wavelength at 587-625 nm. Images were processed using LSM 5 Image Browser (Zeiss). The
mean pixel intensity of three different circular regions of interest (ROIs) was quantified by the
Image J (National Institutes of Health) software. In total, ten different images were analyzed for
each construct. Scanning electron microscopy was performed as described previously (Khosla et

al. 2014)
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Stable and transient expression in N.benthamiana

To generate constructs for split GFP, gateway compatible BiFC vectors 125-NXGW and
127-CXGW that carried either fragment of split GFP in N-terminus position were used for LR
recombination reaction (kindly provided by Adrienne Roeder). See Table 3.8 for construct
information. Agroinoculation of N. benthamiana was performed as described by Sparkes et al.
(2006). For transient expression of fluorescent protein, leaves of 3—4-week-old N. benthamiana
plants grown at 22°C under 12 h light/ 12 h dark were used for agroinfiltration. Plasmids were
electroporated into A. tumefaciens GV3101 and transformants were selected on agar plates
containing the required antibiotics. Transformation of N. benthamiana leaves was performed
with Agrobacterium taken directly from agar plates. Cultures were re-suspended in 10 mM
MgCl, (Fisher), 10 mM MES pH 5.6 (Sigma) and 150 uM acetosyringone (ACROS Oganics) to
an optical density of 0.2, and incubated for 2—4 h at 28°C in the dark. Leaves were infiltrated
with a needle-less syringe into the abaxial side of leaves of 3—4-week-old N. benthamiana plants
and examined 2—3 d later. Expression levels and duration were substantially improved by co-
expression of a virus-encoded suppressor of gene silencing, the p19 protein of tomato bushy
stunt virus (TBSV), which prevents post-transcriptional gene silencing (PTGS) in the infiltrated
tissues (Voinnet et al. 2003). For co-localization studies, mCherry-tagged peroxisomal (CD3-
984), Golgi (CD3-967), and mitochondrial (CD3-991) markers were obtained from TAIR
(Nelson et al. 2007) and were introduced into 4. tumefaciens GV3101.

Yeast media and growth conditions

Media used for yeast growth was prepared as described in the Yeast Protocols Handbook
(Clontech). Yeast Peptone Dextrose (YPD) and Yeast Peptone Dextrose Adenine (YPDA) were
used for growth of yeast under non-selecting conditions. Synthetic dropout (SD) minimal
medium was prepared with appropriate dropout solutions to obtain selection media. SD media
lacking tryptophan SD -Trp was used for selection of yeast containing plasmid pGBKT7 (BD).
SD lacking leucine, SD -Leu, was used for selection of yeast containing plasmid pGADT7 (AD).
SD -Leu-Trp or DDO (double dropout) was used for selection of mated yeast containing both
bait and prey plasmids. SD -Leu-Trp-His and SD -Leu-Trp/X-a-Gal/Aureobasidin A was used to

select for yeast in interaction screening assays. Liquid cultures were grown at 30°C and 250 rpm.
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Growth on solid media was done at 30°C. Library screens were allowed to grow 5 days after

plating and pair-wise screens were allowed to grow 3 days after plating.

Quantitative p-galactosidase assay

The relevant pENTR223.1 clones were recombined with pDEST22 and pDEST32
destination vectors that contained the GAL4 activation domain (AD) and DNA binding domain
(BD), respectively (ProQuest Two-Hybrid system; Invitrogen). These plasmids were transformed
into yeast strain MaV203 (Invitrogen): MATa, leu2-3,112; trp1-901; his3A200; ade2-101;
cyh2R; canlR; gla4A; gal8OA;GALI::lacZ; HIS3yasGari::HIS3LEU2; SPAL10yasGari::URA3
following the protocol published in the Invitrogen Life Technologies, and four independent
colonies from each transformation were selected to perform quantitative B-galactosidase liquid
assay as described (Schrick et al. 2014). See Tables 3.8 and 3.9 for plasmid construction and

primer DNA sequences.

Yeast two-hybrid assays

Table 3.8 contains a list of plasmids used for the yeast two-hybrid assay. The bait
constructs were prepared as GAL4-binding domain fusions in plasmid pGBKT?7 (Clontech,
Mountain View, CA) and transformed into haploid yeast strain Y2H Gold (MA7Ta, trpl-

901, leu2-3, 112, ura3-52, his3-200, gal44, gal804, LYS2:: GALIyss—Gall r414—His3, GAL2 45—
Gal2pyr4—Ade2, URA3:: MEL1yys—Mell 114, AURI-C MELI) using the LiAc method (Gietz and
Woods 2002). This strain contains the auxotrophic markers 7rp/ (required for tryptophan
biosynthesis) and Leu2 (required for leucine biosynthesis), as well as the reporter genes MEL!
(produces the enzyme a-galactosidase which can be detected by addition chromogenic substrate
X-a-gal), LacZ (produces the enzyme B-galactosidase which can be detected by addition
chromogenic substrate X-a-gal), AbA" (confers strong resistance to toxic drug Aureobosidin

A), HIS3 (required for histidine biosynthesis), and ADE?2 (required for adenine biosynthesis).
The resulting yeast strains, including an empty vector control, were selected on -Trp. The prey
constructs were prepared as GAL4-activation domain fusions in plasmid pGADT7 (Clontech,
Mountain View, CA) and transformed into yeast haploid strain Y187 (MATa, ura3-52, his3-
200, ade2-101, trp1-901, leu2-3, 112, gal44, gal804, met—, URA3:: GALIUAS-GalITATA-
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LacZ,MEL]I). This strain contains the auxotrophic markers 7rp/ and Leu2, as well as the
reporter genes MELI, LacZ, AbA’, HIS3, and ADE?. The resulting yeast strains, including an
empty vector control, were selected for on -Leu. All constructs were sequenced to confirm that
the binding domain or activation domain was fused N-terminally and inframe with the coding
region of the appropriate locus. As a negative control, empty vectors were co-transformed with
the desired construct. Bait constructs were tested for the ability to auto-activate reporter genes by
plating transformed yeast harboring the desired constructs on -Leu-Trp, -Leu-Trp-His, and -Leu-
Trp-His Aba X-a-Gal. Fusion protein expression was confirmed by immunoblotting with Hela-c-
Myc (9E10) polyclonal antibody (Gift from Stella Lee, 1:10 dilution). All pair-wise
combinations were investigated for protein-protein interaction by growing mated cultures in -
Leu-Trp to a density of ODgpo=1.0. Four serial dilutions at 10x each were prepared from the
normalized cultures and spotted onto -Leu-Trp-His, -Leu-Trp-His Aba, and -Leu-Trp-
His/Aba/X-a-Gal for detection of interaction and -Leu-Trp for detection of viability using a 48-
pin multiplex plating tool (‘Frogger’, Dankar, Inc.). Plates were incubated at 30°C for 3-5 days.

Yeast two-hybrid library screening

A custom Mate & Plate Library - Universal Arabidopsis (Normalized) was obtained from
Clontech using mRNA extracted from 11 Arabidopsis Colombia tissues chosen to represent a
broad range of expressed genes. The library was transformed into haploid yeast strain Y187
containing >5 x 10’ cfu/ml. The cDNA was normalized prior to library construction to reduce the
copy number of abundant cDNAs derived from highly represented mRNAs, thereby increasing
the representation of low copy number transcripts. The library was received in 1 ml aliquots and
stored at —80°C.

Library screens to identify proteins interacting with PDF2-START and GL2-START
were performed according to the Matchmaker Gold Yeast Two-Hybrid System handbook
(Clontech). In brief, the haploid yeast strain containing the desired bait construct was grown in
50 ml of -Trp media overnight, centrifuged to pellet and resuspended in the residual liquid. A 1
ml aliquot of the Arabidopsis mate and prey library was added to 4 ml of bait culture and grown
in approximately 50 ml 2x YPDA + Kanamycin (50 pug/ml) overnight at 30°C at 50 rpm for 20-
22 hours. This mating mixture was centrifuged at 3000 rpm for 15 minutes and the pellet was

resuspended in 10 ml 0.5x YPDA + Kan. From mating culture, four 10x serial dilutions were
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prepared and spread on -Leu, -Trp, and -Leu-Trp plates to calculate mating efficiency.
Remainder of the culture, 200 pl per 150 mm was plated on DDO/X/A (50-55 plates). Plates
were incubated at 30°C for 3-5 days.

Yeast colonies appearing on selection plates were streaked on DDO/X/A and colonies
isolated to ensure a reproducible growth phenotype. Plasmid rescue was performed by crude
yeast plasmid preps carried out by the method of Robzyk and Kassir with modifications (Robzyk
and Kassir 1992). Briefly, 1.5 ml yeast culture was grown overnight under selective conditions
and cells were harvested in a microfuge (13,000 rpm, 5 min). After re-suspending the pellet in
150 pl of STET (1 M Sorbitol, 0.1 mM EDTA, pH 7.5), 10 ul of 2.5 mg/ml zymolyase
(Seikagaku Biobusiness corporation, kind gift from Sandy Beeser) was added and cells were
incubated at 37°C with shaking for 30 minutes. Following centrifugation at 13,000 rpm for 1
min, supernatant was discarded and cells were resuspended in a mixture of 150 pl of 50 mM Tris
pH 7.5,20 mM EDTA and 15 pl of 10% SDS. Cells were mixed well by vortexing and mixture
was incubated at 65°C for 15 minutes. After 15 min, 60 pl of 5SM Potassium acetate was added
and mixture was incubated on ice for 15 minutes. Cells were then spun down at 13,000 rpm in a
cold microcentrifuge for 10 minutes. The supernatant was carefully transferred to a fresh
microfuge tube containing 200 ul of isopropanol, and DNA was recovered by centrifugation.
Supernatant was discarded and pellet was washed with 70% ethanol, dried overnight, and
resuspended in 50 pl of sterile water. To characterize the cDNA insert responsible for the
positive yeast growth, yeast plasmid preps were transformed into E. coli strain DH5a to obtain

enough plasmid for DNA sequencing and yeast transformation.

Western blotting

For analysis of BiFC constructs expressing N-terminal half of GFP, total proteins were
extracted in hot SDS-sample buffer (100 mM Tris-HCI, pH 6.8, 2% SDS, 20% glycerol, 100 mM
DTT, and 0.004% bromophenol blue, 0.48 g Urea per ml) and analyzed by immunoblotting using
a Penta-His HRP conjugate (Qiagen, Valencia, CA) at 1:500 dilution and the ECL Western

blotting system (GE Healthcare), according to the manufacturer’s instructions.
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Gene Ontology (GO) analysis for microarray data

To explore the functions of specifically expressed genes, we carried out GO enrichment
analysis using the online AgriGO with Fisher’s exact test (Du et al. 2010). GO terms having a
Fisher’s P-value<0.01 were considered to be enriched. As a background, Arabidopsis genome

locus from TAIR9 was used. P-values were corrected using the Bonferroni method.

RNA extraction, cDNA synthesis, and quantitative real-time PCR

Arabidopsis seeds were surface-sterilized and grown on 0.8% (plant tissue culture grade)
agar containing 1X Murashige and Skoog medium (Murashige and Skoog 1962), 1% Sucrose,
and 0.5% MES buffer at pH 5.8. Seeds were stratified for 3 d at 4°C and then transferred to 23°C
continuous light for 12 days. Total RNA was isolated using RNeasy Plant Mini Kit (Qiagen)
from the shoots of Col wild type, g/2-5, and g/2*"° mutant seedlings. The RNA was treated on-
column with RNase-Free DNase (Qiagen), and 0.5 g of RNA was used as a template for cDNA
synthesis. cDNA synthesis was performed using GoScript Reverse Transcriptase (Promega)
according to the manufacturer’s protocol. Real- time PCR was performed using IQ SYBR Green
Supermix with the CFX96 Touch Real-Time PCR Detection System (Bio-Rad). Primers were
designed to amplify 90- to 150-bp DNA fragments Each reaction contained 10 pl of 2x SYBR
Green Supermix, 1 pl of forward and reverse 10 mM gene-specific primers, and 5 pl of cDNA
(diluted 5-fold) in 20 pl. Standard curves were generated from 10-fold dilutions of amplicons for
each primer pair. ACT7 served as the reference gene. The details of oligonucleotides for PCR are

described in Table 3.9

ChIP-seq Assays

Transgenic seeds containing EYFP tagged GL2, gl2ASTART, gl2AZip, gI2*", gl2-5, and
gI2"9?MEITG were surface sterilized and grown on 0.8% (plant tissue culture grade) agar
containing 1X Murashige and Skoog medium (Murashige and Skoog 1962) and 1% Sucrose.
Seeds were stratified for 3 to 5 d at 4°C and then transferred to 23°C and continuous light for 10
days. Seedlings were harvested and cross-linked with 1% formaldehyde for 10 min in a vacuum.
Glycine was added to a final concentration of 0.125 M, and the reaction was terminated by

incubation for 5 min in a vacuum. Chromatin was fragmented using covaris S220 ultrasonicator
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(Duty Cycle: 10%; Intensity: 5; Cycles per Burst: 200) to produce <500 bp fragments. ChIP
experiment was performed as previously described (Khosla et al. 2014). Immunoprecipitated
DNA was sequenced using Illumina sequencing technology. ChIP DNA was processed, prepared
with 6-fold multiplexed Tru-Seq ChiP-seq libraries, and sequenced using short- read Illumina
technology at the Kansas University Medical Center (KUMC) Genome Sequencing Facility.
Libraries were sequenced (50 cycles) using the TruSeq Single Read Clustering Kit v3 and
TruSeq SBS-HS v3 sequencing chemistry with index read.

Bioinformatic Analysis

ChIP-Sequencing was performed in an illumina HiSeq 2500 sequencing machine
(Illumina, San Diego, CA) at a 50 base single read resolution. Read quality was assessed using
FastQC. Aligned read count statistics were obtained using the “flagstat” utility of the SAMtools
suite (Li et al. 2009). Sequences were mapped to the Arabidopsis thaliana genome (TAIR10.24)
using Bowtie2 (Langmead and Salzberg 2012); parameters: -q --phred33 --end-to-end --sensitive
-p 16 -t). Replicate aligned ChIP samples were merged (using “view” utility of the SAMtools
suite) for greater coverage and analyzed along with their corresponding input samples for
significant peaks using MACS (Zhang et al. 2008); parameters: -f BAM -g 0.135e9). Enriched
motifs around a 500bp region of significant peaks were detected using HOMER software suite
(Heinz et al. 2010); program: findMotifsGenome.pl; parameters: genome = tair10, size = 500).
The HOMER software suite was also used to perform peak annotations (program:

annotatePeaks.pl; parameters: genome = tair10).

Target Gene Ontology Analysis

AgriGO (Du et al. 2010) was employed to extract function annotations for genes whose
promoter or intergenic regions are bound by the transcription factors. In the present analysis the
tool SEA (Singular Enrichment Analysis) was used. SEA determines gene ontology (GO) term
enrichment in one group of genes by comparing it with a reference group of genes (Du et al.

2010). As a background, the Arabidopsis genome locus from TAIR9 was used. The analysis was
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done using Fisher’s exact test, and a P-value cut-off of 0.01. P-values were corrected using the

Bonferroni method.
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Figure 3.1 GL2 missense mutations in the START domain that are predicted to alter
ligand binding.
Sequence alignment of START domains from humans (Hs) and Arabidopsis (At).

Consensus secondary structure features are displayed with ESPript/ENDscript. GL2 residues
targeted for mutagenesis (green) include: E375, R386, E387, V391, R392, and L.480. Similar
residues are boxed in yellow, while conserved residues are boxed in red. Ligand contact points
(purple), as derived from the PCTP-PC co-crystal (Roderick et al. 2002), are shown for PCTP.
STARDI1StAR, STARD3/MLN64, and STARD2/PCTP represent mammalian START domain
proteins. GL2 and PDF2 are members of Class IV HD-Zip family. Class III HD-Zip family
member, REVOLUTA (REV) was also included for comparison.
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Figure 3.2 Phenotypes and subcellular localization of GL2-START domain mutants
in trichomes, seeds, and ovules.

(A-H) Rosettes exhibiting leaf trichomes. Scale bar = 2 mm. (A’-H”) Seeds were stained
with ruthenium red to detect mucilage release upon imbibition. Scale bar = 200 um. (A) Col
wild-type plants display trichomes covering leaf surfaces, (A’) Normal outer mucilage was
observed for Col wild-type seeds, (B, B’) EYFP:GL2, (D, D’) EYFP:gl2"**'* and (E, E’)
EYFP:gI2"7°% display complete rescue of the mutant phenotype while (F, F*) EYFP:gl2"*""
exhibits partial rescue. The phenotypes of (G, G*) EYFP:gl25 7 %M and (H, H”)
EYFP:gl2"®%™ are indistinguishable from g/2 null. (C,C’) g/2-5 plants appear glabrous and
seeds lack mucilage. (I) Schematic representation of the EYFP:GL2 protein depicting epicting
enhanced yellow fluorescence protein (EYFP), homeodomain (HD), Zip-Loop-Zipper (ZLZ),
START, and START-associated domain (SAD). (J) Number of trichomes on first leaves. Grey
bars show the number of branched trichomes and red bars indicate the number of unbranched
single-spiked trichomes. Error bars indicate standard deviations for n> 20 plants.

(K-P) and (K’-P’) Live imaging of leaf trichomes indicates nuclear localization of (K, K’)
EYFP:GL2 as well as GL2-START mutants (L, L’) EYFP:gl2"*'* (M, M) EYFP:gl2"7¢ (N,
N°) EYFP:gl2***""  and (0, O’) EYFP:g[25 779%™ (p, P*) START mutants with R392M
mutation exhibit diffuse expression in trichomes. Matching white light (top; green, chlorophyll)
and fluorescence (bottom; red, chlorophyll) images are shown for each construct. Scale bar = 100
um. (Q-V) Confocal laser scanning microscopy of g/2 ovules indicates nuclear localization of
(Q) EYFP:GL2, (R) EYFP: gi2"**'"  and (S) EYFP:gl2®7’% (T, U) EYFP:gl2***"" and
EYFP:g[2"77%1392M oy pression is nuclear but disperse compared with wild-type (V) EYFP
fusion to gl2®***™ displays non-nuclear expression of protein. Scale bar = 50 pm

(Q’-V’) Magnified view of localization patterns. Scale bar = 100 um
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Figure 3.3 Novel antimorphic allele of GL2.
(A) Molecular changes in g/2*". (B-C) Rosettes from (B) g/2-5 null allele and

(C) g2 antimorphic allele. While g/2-5 leaves exhibit trichomes at the leaf margins

(arrows), gl2*™ leaves appear to lack trichomes at the macroscopic level. (D, E) Matching white
light and fluorescence images indicate nuclear localization of EYFP:gI2*™. SEM images of first
leaves of (F,I) Col wild-type, (G,J,L) g/2-5 null allele, and (H,K,M,N) g/2*" dominant negative
allele. g/2-5 plants exhibit trichomes at leaf margins (arrows) while g/2*" plants do not.

(N) gI2*™ trichomes are thinner and more fragile than in g/2-5. Scale bars = 2 mm (B,C);

100 pm. (D, E); 1 mm (F-H); 500microm (I-K); 200 um (L.-M); and. (O-T) Toluidine blue
staining of (0) Col wild-type, (P,S) g/2-5, (Q,T) g/2*™, and (R) whc11-3, an allele of ABCGI1 .
Wild-type leaves and trichomes fail to take up the dye, while wbc! /-3 mutants that display a
defective cuticle turn blue in presence of the dye. The trichomes from g/2* but not from g/2-

5 take up the dye, suggesting a defect in cuticular lipids on the trichomes. Arrows mark selected
trichomes for comparison. (U-W) Seeds were stained with ruthenium red to detect mucilage
production upon imbibition. Scale bar =200 um. (W) g/2 mutants lack mucilage layer. By

contrast, (V) g/2*™ is partially defective in seed coat mucilage production.
g p
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EYFP.GL2

Figure 3.4 gI2*™ phenotype is sensitive to copy number of the transgene.
Rosettes expressing trichome phenotypes. (A) g/2 mutants expressing wild-type

EYFP:GL2 transgene display numerous trichomes. (B) The g/2 null mutant exhibits trichomes
mostly at leaf margins (arrows), while (C) two copies of g/2*" transgene results in a trichome-

less-phenotype. Dosage of the transgene is critical, as (D) one copy results in partial trichome
formation.
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Figure 3.5 Sub-cellular localization and complementation of g/2 mutant phenotypes
by class IV HD-Zip functional domains: gl2ASTART, gl2AHD, and gI2AZip.

(A) A schematic representation of GL2 domain deletion fragments depicting EYFP,
homeodomain (HD), Zipper-Loop-Zipper (ZLZ) and START-associated domain (SAD). (B-H)
Rosettes exhibiting leaf trichomes. Scale bar = 2 mm. (D’-H’) Seeds were stained with
ruthenium red to detect mucilage production upon imbibition. Scale bar =200 um. (D, D)
EYFP:GL?2 displays complete rescue of the mutant phenotype in trichomes and seeds. (E-H and
E’-H’) The phenotypes of EYFP:gl2AHD, EYFP:glI2AZLZ, EYFP:gI2ASTART, and
EYFP:gI2ASAD are similar to g/2 null mutant. (I) Quantification of trichomes on first leaves.
Grey bars indicate branched trichomes, while the red bars show the number of unbranched
single-spiked trichomes. Error bars indicate standard deviations for n> 20 plants. (J-M) g/2-5
ovules expressing indicated transgenes. Scale bar = 50 um. (J’-M’) Magnified view to more
clearly show localization patterns. Scale bar = 100 um. Confocal laser scanning microscopy
images indicate nuclear localization of (J, J°) EYFP:GL2. (K, K’) EYFP fusion to gl2AHD
displays non-nuclear expression of the protein with punctate dots. (L, L’) gl2AZip protein
displays nuclear localization similar to that of wild-type GL2, except that it is much stronger.
(M, M) EYFP:gl2ASTART displays weak nuclear localization. (N-Q, N’-Q”) Matching white

light and fluorescence images. Arrows indicate protein localization. Scale bar = 100 um.
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Figure 3.6 START and ZLZ domain are both required for GL2 homodimerization.
(A) A schematic representation of GL2 constructs used. The DNA binding homeodomain

(HD), leucine zipper dimerization (ZLZ), START, and START associated (SAD) domains are
indicated. (B) GL2 dimerization can support growth on —Leu-Trp-His and —Leu-Trp-His/
Aureobasidin A (Aba) /X-a-Gal media. Deletion and missense mutations in the START domain
disrupt homodimer formation. GL2, gl2ASTART and the indicated GL2-START missense
mutants were cloned into bait (pGBKT7) and prey (pGADT7) vectors. The constructs were co-
transformed into yeast strain Y2HGold. Each transformed yeast strain was assayed on the
indicated growth media. Empty prey and bait vectors in above shown combinations served as
negative controls. (C) Homodimerization of GL2 in Y2H assays using complete and partial
protein fragments. BD, pGBKT7; AD, pGADT?7. (D-K) BiFC assays in tobacco leaf abaxial
(lower) epidermal cells transiently transformed with the indicated constructs and the silencing
suppressor p19 (see methods). Interaction of full length GL2 tagged with split GFP at the N-
terminus (nGFP-GL2) with (D) vector, (E) full-length GL2, (F) GL2 with leucine zipper domain
(ZLZ) deletion, (G) GL2 with START domain deletion, and (H-J) START domain missense
mutants tagged with the split GFP at C-terminus (cGFP). (K) Detection of gl2™ self-
association. Nuclear expression is indicated by white arrows. Scale bar = 50 um. (L)
Quantitative analysis. Mean pixel intensities from 10 images are shown. Error bars indicate
standard deviations for two independent transformants in two trials. Asterisks indicate

statistically significant differences (*, P < 0.0001 by ¢ test).
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Figure 3.7 GL2 heterodimerizes with two class IV HD-Zip gene family members.
(A and C) GL2, ATMLI1, PDF2, gi2*™°, and gI2ASTART CDS were fused to the N-GFP

(N) or C-GFP (C) CDS and co-expressed in N. benthamiana epidermal cells as indicated.
Negative control = Empty vector. The documented interaction between basic helix-loop-helix
(bHLH) transcription factor FAMA proteins in a homodimer (Kanaoka et al. 2008) was used as a
positive control. White arrows indicate nuclei. Scale bar indicates 50 um. (B and D) Quantitative
analysis. Mean pixel intensities from 10 images are shown. Error bars indicate standard
deviations for two independent transformants in two trials. Asterisks indicate statistically

significant differences (*, P < 0.0001 by ¢ test).
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Figure 3.8 Pairwise yeast two-hybrid assay for the confirmation of interaction
between PDF2 (START) and selected proteins retrieved in a Y2H screen.

(A) Western blot of fusions of PDF2 (START) full-length to the GAL4 DNA Binding
Domain in the pGBK-T7 Bait vector. Asterisk indicates non-specific band. (B) Yeast
transformants harboring pGBKT7 (BD) and pGADT7 (AD) were grown on -Leu-Trp indicating
the presence of each plasmid as well as -Leu-Trp-His Aba indicating interaction between the
expressed proteins). Both of the tested proteins (At5g40830; SAM, At2g36530; 2-phospho-D-
glycerate hydrolase (PGH) appear to interact with PDF2-START. PGH also interacts with empty
bait plasmid (BD). (C) Yeast transformants harboring various combinations of bait and prey
plasmids as indicated on the left column were grown on -Leu-Trp, -Leu-Trp Aba X-a-Gal, and -
Leu-Trp-His Aba. Growth is observed for yeast harboring SAM and either PDF2-START or
GL2-START compared with the negative control yeast harboring the empty bait (BD) and prey

(AD) plasmid combinations.
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Figure 3.9 Interactions between RHM1 and class IV HD-Zip transcription factors in
yeast.

(A) Domain configurations of GL2, RHM1 and other rhamnose synthase family
members. The DNA binding homeodomain (HD), leucine zipper dimerization (ZLZ), START,
START-Adjacent (SAD), dTDP-glucose 4,6-dehydratase (TDP-GD) catalyzes the dehydration of
UDP-glucose to form UDP-4-dehydro-6-deoxy-D-glucose, and dTDP-4-dehydrorhamnose
reductase (TDP-HR-like) involved in epimerization of the C3' and CS5' positions of UDP-4-
dehydro-6-deoxy-D-glucose to form UDP-4-keto-beta-L-rhamnose and the reduction of UDP-4-
keto-beta-L-rhamnose to yield UDP-beta-L-rhamnose. (B) Y2H assay for the interaction
between RHM1 and indicated bait proteins. Yeast harboring GL2 (START+SAD)/RHM1, GL2
(START)/RHM1, and PDF2 (START)/RHM1 grow on selective plates as indicated.

132



>

cGFP-RHM1

CGFP-RHM!1 _Merge

nGFP-gI2ASTART W@

nGFP-GL2
nGFP-gl2"™

PDF2 (START)  nGFP-PDF2 nGFP-GL2
nGFP-PHB

GL2 (START)

(A) BiFC of GFP in transiently transformed N.benthamiana leaf epidermal cells, Left
column, GFP fluorescent signal detection by confocal microscopy; right column, merge of
fluorescent signal and differential interference contrast (DIC) microscopy. RHM1 fused to C-
terminal half of GFP (cGFP) is co-expressed with interaction partners fused to the N-terminal
part of GFP (nGFP). GL2/RHM!1 interaction marks cytoplasm and also shows punctate pattern of
GFP fluorescence (red arrowhead- see text for details). The negative control consisting of empty
vector (cGFP) with RHM1 fusion protein (nGFP-RHM1) shows negligible fluorescence. (B)
Representative confocal images of the BiFC analysis. Pairwise combinations of constructs, each
fused with a complementary, half-GFP molecule (left, nGFP fusion; top, cGFP fusion to RHM1).
Both DIC (left panel) and merged (right panel) images are shown. Scale bars = 50 pm.
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Figure 3.11 Deletion of START domain does not interfere with GL2 DNA binding in
vivo.

(A) Genomic distribution of the binding events for wild-type GL2 and its mutant versions
as indicated (FDR <0.1). The null mutant g/2-5 serves as a negative control. TTS, transcription
termination site; TSS, transcription start site; UTR, untranslated region. (B) Binding profile of

247 to a-DOX?2 genomic region was obtained using Arabdiposis genome browser available

gl
from Ensembl Plants database. (C) Functional classification of the transcription factor target
genes. The bar chart depicts over-represented GO terms obtained from the list of target genes
whose promoters are bound by wild-type GL2 and GL2-START mutants; g]l2ASTART, gI2*™,

PEIPGRIIM Thege genes were identified by ChIP-seq and classified based on their

and gl
molecular function and biological process. Note a given gene may be represented in more than
one category. Enrichment analysis was performed using AgriGO (Du et al. 2010). Percentage of
each category is compared with the Arabidopsis genome locus (TAIR9) background (blue).

Asterisks indicate significantly different categories (Fisher’s exact test, P < 0.0001).
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Figure 3.12 qRT-PCR showing expression of candidate GL2 target genes.
(A) qRT-PCR was performed on shoots from wild-type Col and g/2-5 plants grown under

continuous white light for 12 days. ACT7 was used as the reference gene. Error bars indicate SD
of triplicate experiments. Significant differences (*, P < 0.05 by unpaired ¢-test) from the wild
type (Col) are indicated by asterisks. (B) Real time qRT-PCR analysis on roots from 5 day old
grown plants. ACT7 was used as a quantitative control. Transcript levels of DOX2 were severely
attenuated in roots of the g/2-5 mutants compared with the wild-type Col plants and the scale of
Y-axis is presented in Log,Scale. Error bars represent SD of four biological replicates.
Significant differences (*, P < 0.0001 by #-test) from the wild type (Col) are indicated by

asterisks.
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Figure 3.13 Model for regulation of GL2 dimerization by the START domain.
(A) Upon ligand binding to the START domain, the conformation of the GL2 is changed in such

a way that the “hidden” ZLZ domain is exposed, leading to formation of active GL2 monomer.
(B) In the absence of the ligand binding START domain, GL2 forms ill-defined unstable
homodimers. Instability of homodimers provides a thermodynamic driving force for preferential
stable heterodimer formation in the presence of either binding partner (ATML1/PDF2). The star

shapes indicate different dimerization interfaces used for homodimerization (purple) and

heterodimerization (red).
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Table 3-1 Trichome quantification on the first two leaves. See figures for graphical
representations of the data. Standard deviations for n>20 plants are shown in parentheses.

Genotype Ave. # Ave. # Ave. #
trichomes trichomes total
1 branch 2-4 trichomes
branch
Col wild type 0 59.7 (10.4) 59.7
GL2 0 65.3(10.3) 65.3
gl2-5 42(36) 04(0.8) 46
gl2AZLZ 43(3.3) 14(1.7) 57
gl2ASTART 3.1(22) 06(0.8) 3.7
gl2AHD 46(3.0) 06(0.7) 52
gl2ASAD 6.7(26) 3.8(1.6) 105
gl2-*8op 6.6(26) 69(4.6) 135
gl2R3oM 44(31) 08(1) 5.2
gI2F37eGR3M 4 (2 5) 23(21) 6.3
gl2=37%e 0 57.2(16) 57.2
g2t 0 53.2 (15.5) 53.2
gl 05(1.1) 0 0.5
gI2R3BOLE3SIL 31.9(12) 31.9
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Table 3-2 Genes down-regulated in g/2*" organized by selected GO term classifications.

Lipid binding and transport

AT5G27630

AT2G45600

AT2G45880
AT5G46890
AT5G46900
AT4G22520

AT5G07560

AT2G30880

AT4G20260

AT5G58784

AT4G39180

AT1G79460

AT1G78960

AT4G15370

AT5G51810

AT5G16230

AT1G78970

ACBP5

GRP20

SWAP70

PCAP1

SEC14

GA2

LUP2

BARS1

GA200X2

S-ACP-DES3

LUP1

Microtubule based movement

AT3G44050

AT2G31900

AT5G60930

AT3G17360

MYO5

POKA1

Acyl-CoA Binding protein 5 involved in fatty acid transport

Phox (PX) domain-containing protein involved in
phosphatidylinositol binding

Bifunctional inhibitor/lipid-transfer protein/seed storage 2S
albumin superfamily protein

Glycine-rich protein 20 involved in lipid-binding oleosins

Pleckstrin homology (PH) domain-containing protein involved
in phosphoinositide binding

Plasma membrane-associated cation-binding protein 1
involved in intracellular signaling through interaction with
PtdInsPs and calmodulin (CaM)

Dehydrodolichyl diphosphate synthase 5

Phosphatidylinositol/phosphatidylcholine transfer protein.
Catalyzes the transfer of phosphatidylinositol and
phosphatidylcholine between membranes in vitro.

Ent-kaur-16-ene synthase
Catalyzes the conversion of ent-copalyl diphosphate to the
gibberellin precursor ent-kaur-16-ene

Amyrin synthase

Multifunctional enzyme that converts oxidosqualene to nine
different triterpenes

Baruol synthase

Converts oxidosqualene to baruol (90%) and 22 minor
products

Gibberellin 20 oxidase 2

Acyl-[acyl-carrier-protein] desaturase 3

Converts stearoyl-ACP to oleoyl-AC. Also able to convert
palmitoyl-ACP to palmitoleoyl-ACP at C9 position

Lupeol synthase 1

Multifunctional enzyme that converts oxidosqualene to lupeol
and 3,20-dihydroxylupane.

Kinesin-like protein
Myosin-12

Kinesin-like protein

PHRAGMOPLAST ORIENTING KINESIN 1, Involved in the
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AT5G06670
AT3G20150
AT2G21380
AT1G21730
AT2G22610
AT5G23910
AT3G50240

AT5G27000

MKRP1

KICP-02

ATK4 or
KINESIN4

Hydrolases and transferases

AT3G20860

AT1G10760

AT1G56120

AT5G10530

AT1G64300

AT5G57565

AT2G34180

AT2G27760

AT1G24420

AT4G26600

AT2G25850

AT5G28080

AT3G17420

AT2G19910

AT3G24715

NEKS5

GWD1, SEX1

LECRK-IX.1

CIPK13

IPT2

PAPS2

WNK9

GPK1

spatial control of cytokinesis by a proper phragmoplast
guidance

Kinesin-like protein

Kinesin-like protein

Di-glucose binding protein with Kinesin motor domain
ATP binding microtubule motor family protein
Kinesin-like protein

Kinesin-like protein that binds microtubules in an ATP-
dependent manner.

NIMA-RELATED KINASE 5, Encodes a member of the
NIMA-related serine/threonine kinases (Neks)

Putative serine/threonine protein kinase

STARCH EXCESS 1

Mediates the incorporation of phosphate into starch-like
alpha-glucan, mostly at the C-6 position of glucose units.

Leucine-rich repeat transmembrane protein kinase
L-TYPE LECTIN RECEPTOR KINASE 1X.1
Protein serine/threonine/tyrosine kinase activity
Protein serine/threonine/tyrosine kinase activity
CBL-INTERACTING PROTEIN KINASE 13
ISOPENTENYLTRANSFERASE 2

Involved in the cis-type cytokinin biosynthesis
HXXXD-type acyl-transferase family protein

S-adenosyl-L-methionine-dependent methyltransferases
superfamily protein

POLY(A) POLYMERASE 2, Nuclear poly(A) polymerase 2

Probable serine/threonine-protein kinase
Regulate flowering time by modulating the photoperiod
pathway

GLYOXYSOMAL PROTEIN KINASE 1
Serine/threonine protein kinase-like protein
RNA-dependent RNA polymerase family protein

Protein serine/threonine kinase activity
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AT2G19910
AT3G24715
AT1G71530

AT3G48260

AT5G12480

AT5G58784

AT1G51940

AT3G51740

AT5G59650

AT5G10720

AT5G57630

AT3G21340

AT1G78650

AT1G61460

AT1G21270

AT4G05210

AT3G59750

AT3G29320

AT5G59260

AT3G56960

AT1G76040

WNK3

CPK7

LYK3

IMK2

HK5

CIPK21

POLD3

WAK2

LPXD1

LECRK-V.8

PHS1

LECRK-II.1

PIP5K4

CPK29

Cytoskeleton protein binding

AT5G48460

AT4G17220

MAP70-5

RNA-dependent RNA polymerase family protein

Protein serine/threonine kinase activity

WITH NO LYSINE (K) KINASE 3

Probable serine/threonine-protein kinase

Regulate flowering time by modulating the photoperiod
pathway

CALMODULIN-DOMAIN PROTEIN KINASE 7

Role in signal transduction pathways that involve calcium as
a second messenger.

dehydrodolichyl diphosphate synthase activity

LYSM-CONTAINING RECEPTOR-LIKE KINASE 3
INFLORESCENCE MERISTEM RECEPTOR-LIKE KINASE 2
Putative leucine-rich repeat protein kinase

HISTIDINE KINASE 5

Negative regulator of the ETR1-dependent abscisic acid
(ABA) and ethylene signaling pathway that inhibits the root
elongation

CBL-INTERACTING PROTEIN KINASE 21,

CIPK serine-threonine protein kinases interact with CBL
proteins.

Receptor-like protein kinase

DNA polymerase delta 3
Putative S-locus protein kinase

WALL-ASSOCIATED KINASE 2

Functions as a signaling receptor of extracellular matrix
component.

Probable UDP-3-O-acylglucosamine N-acyltransferase

L-TYPE LECTIN RECEPTOR KINASE V.8

ALPHA-GLUCAN PHOSPHORYLASE 1
Encodes a plastidic alpha-glucan phosphorylase
L-TYPE LECTIN RECEPTOR KINASE II.1

PHOSPHATIDYL INOSITOL MONOPHOSPHATE 5 KINASE
4. Encodes a protein with phosphatidylinositol-4-phosphate
5-kinase activity that plays a role in pollen tip growth.
CALCIUM-DEPENDENT PROTEIN KINASE 29

Actin binding Calponin homology (CH) domain-containing
protein

MICROTUBULE-ASSOCIATED PROTEINS 70-5
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AT2G01910 MAP65-6 Microtubule-associated protein that mediates the formation of
a mesh-like stable and dense network formed by individual
microtubules (MT).

AT5G44610 PCAP2 Plasma membrane-associated cation-binding protein 2
Involved in intracellular signaling through interaction with
PtdInsPs and calmodulin (CaM);

AT2G34150 SCAR1 Involved in regulation of actin and microtubule organization.
Part of a WAVE complex that activates the Arp2/3 complex.
Regulates trichome branch positioning and expansion

142



Table 3-3 Overview of Y2H library screen.

Bait Protein Independent Initial Positives Confirmed Validated by
clones screened (# of screened) Interactions BiFc

PDF2 (START) 46x10° 31 1 0

GL2 (START) 5.8 x 10° 25 6 1
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Table 3-4 GL2-START unique interactors from Y2H screen.

Locus Name

At4g25230  E3 Ubiquitin Ligase (RIN2)

At29g22990 Sinapolyglucose:malate sinapolytransferase (SNG1)
At1g78570 Arabidopsis thaliana Rhamnose Biosynthesis 1 (AtRHM1)
At4g12060 Double Clp-N motif protein

At4g22240 Probable Plastid-lipid-associated protein 2 (PAP2)
At2g28180 Cation/H(+) antiporter 8 (CHX8)
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Table 3-5 Summary of sequencing and mapping.

Sample Total number of Number of Alignment rate
reads mapped (%)
reads
EYFP:GL2 Input 66,737,881 63,220,725 94.73
gl2-5 Input 58,011,305 52,306,384 90.17
EYFP:gl2AZLZ Input 68,008,697 66,051,137 97.12
EYFP:gI2ASTART  Input 21,978,672 20,594,497 93.7
EYFP:gl2"™ Input 37,612,990 35,698,137 94.91
EYFP:gI28375GR392M  1npyt 71,183,579 69,698805 97.91
EYFP:GL2 ChIP 99,681,965 19,652,687 19.71
gl2-5 ChIP 43,993,538 4,872,999 11.1
EYFP:gl2AZLZ ChIP 84,023,990 54,369,870 64.7 *
EYFP:gI2ASTART  ChIP 68,584,915 24,075,540 35.1
EYFP:gl2A™ ChIP 120,221,272 70,376,472 58.5
EYFP:gI2F37°GR392M  chip 115,810,973 29,386,624 25.3

* Number of reads (total and mapped) after merging 2-3 biological replicates
Reads were mapped to the Arabidopsis genome by adopting Model-based Analysis of ChIP-
Seq (MACS) software.

145



Table 3-6 Summary of GL2 Binding Sites in the Arabidopsis Genome.

Sample Intergenic Promoter Exon TTS Intron 5’- 3- Total
UTR UTR

Wild-type EYFP:GL2 306 246 122 160 83 7 1 925
EYFP:gIl2ASTART 1018 564 452 320 177 4 6 2541

Mutants | E YFP:gI2*™ 1298 782 668 502 262 10 11 3533
EYFP:gI2537°%R¥2M 419 344 186 195 128 10 2 1284
EYFP:gl2AZLZ 0 0 2 0 0 0 0 2
gl2-5 34 65 52 49 26 1 0 227

UTR, untranslated region
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Table 3-7 Putative GL2 target genes in which promoters contain atleast one perfect L1 box motif.

Leucine rich
repeat protein
kinase-like
protein

-556

17.49

101.36

Kinase activity

a-DOX2

-1000

40.43

Root hair cells

186.455

104.75

Lipid Metabolism

Hydroxyproline
rich like
glycoprotein

3240

28.35

71.82

Development

Putative
membrane
lipoprotein

-1043

15.1

90.8

Lipid Metabolism

Serine/threonine-
protein
phosphatase
BSL3

-807

29.36

92.7

Response to
hormone stimulus

Unfertilized
embryo sac 7

-1210

28.35

Root and
Trichomes

69.83

Development

F-box associated
ubiquitination
effector family
protein

-265

35.66

Root

71.41

AtCLB: Calcium-
dependent lipid-
binding (CaLB
domain) family

-212

42.53

Root and
Trichomes

91.1

Lipid metabolism
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protein

Strictosidine -281 63.79 Root 137.48 Plant secondary

synthase-like 2 metabolism

PP2C, Protein -2459 28.35 Root 72.99 Response to Abscisic

phosphatase 2C acid stimulus

B-glucosidase 31 | -2159 38.88 104.26 Hydrolase activity

FAH1, Ferulic 3385 28.72 98.19 Phenylpropanoid

acid 5- metabolism

hydroxylase 1

SR1, Calmodulin | -1613 10.13 95.46 68.39 79.03 Response to stimulus

binding

transcription

factor

AtCSLB5, -1434 22.37 Root 52.7 Cell wall and root hair

Cellulose elongation

synthase—like

protein B5

AtGATLA1, -2344 75.59 Root and 145.51 Carbohydrate

Putative Trichomes Metabolism

galactouronosyltr

asnferase-like 1

AtPRR1, -9 50.29 Root 112.61 Lignin Biosynthesis

Pinoresinol

reductase 1

MYB23 -2182 31.59 Root and 72.4 Transcription factor
Trichomes activity

UGT72E1, UDP- | -17 31.59 Root and 63.73 168.47 Metabolism

glucosyltransfera Trichomes

se 72E1

DRP5A, Dynamin | -805 35.1 62.35 Cytokinesis

related protein 5A

WOX9, -3090 41.99 98.83 Transcription factor

WUSCHEL

related homeobox

9

KNAT1, 4721 41.99 81.55 Transcription factor

homeobox protein
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knotted-1-like-1

UNE16, -960 50.39 98.83 Transcription factor

Unfertilized activity

embryo sac

ALDH10A9,aldeh | -276 30.25 Root and 85.61

yde Trichomes

dehydrogenase

10A9

SVL3, -43 25.93 100.8 Glycerophospholipid

glycerophosphodi Metabolism

ester

phoshodiesterase

-like protein

5-FCL, 5- -868 12.96 Root 53.79 Thiamin Metabolism

formotetrahydrofo

late cycloligase

GDSL -1017 5.46 113.3 214.68 Lipase activity

esterase/lipase

EXL3

PAL2, -708 22.38 Root 64.75 Flavonoid

phenylalanine metabolism

ammonia-lyase 2

CYP81F4, -1790 10.13 Root and 74.56 Development

Cytochrome P450 Trichomes

SEPALLATA 4 -1232 30.25 74.6 Transcription factor

activity

SPT, SPATULA -266 25.93 Root and Transcription factor
Trichomes 128.8 activity

TINYZ2, 2375 15.47 Trichomes Response to

dehydration- 58.31 stimulus

responsive

element-binding

protein 3

NIMIN1, NIM1- 112 15.98 Root Metabolism

INTERACTING 1 58.9

EXPA4, Expansin | -3921 21.61 Trichomes Cell wall

A4 60.29

EOL2 -106 31.8 Trichomes 97.41 Ethylene biosynthesis
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8

PGA4, -609 40.99 Root 104.75 Carbohydrate
polygalacturonas Metabolism
ed

RABS, RAB -10 151.99 Root and GTP binding
GTPase homolog Trichomes 40.99

* —10*Log;o P-values for genes with FDR < 0.05

Genes differentially expressed in publicly available microarray data are highlighted in red
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Table 3-8 List of plasmids made in this study and their description.

Construct Description Insert Vector Process
Plants
EYFP:GL2 GL2 cDNA in SR54 GL2 cDNAin SR54 PCR, ligation
pBluescript (proGL2::EYFP:GL2)
EYFP:gI2ASTART GL2-ASTART in SR54 GL2-STARTA in SR54 Site directed
pBluescript mutagenesis,
ligation
EYFP:gl2AZLZ GL2-ZLZA in SR54 GL2-ZLZA in SR54 Site directed
pBluescript mutagenesis,
ligation
EYFP:gl2AHD GL2-HDA in SR54 GL2-HDA in SR54 Site directed
pBluescript mutagenesis,
ligation
EYFP:gI2%*%" GL2-R392M in SR54 GL2-R392M in SR54 Site directed
pBluescript mutagenesis,
ligation
EYFP:gl253/°eRe9M GL2-E375G; R392M in SR54 GL2-E375G; R392M SR54 Site directed
in pBluescript mutagenesis,
ligation
EYFP:gl2-***" GL2-L480P in SR54 GL2-L480P in SR54 Site directed
pBluescript mutagenesis,
ligation
EYFP:gl25°°¢ GL2-E375G in SR54 GL2-E375G in SR54 Site directed
pBluescript mutagenesis,
ligation
EYFP:gl2/*" GL2-V391L in SR54 GL2-V391L in SR54 Site directed
pBluescript mutagenesis,
ligation
EYFP:gl2"™ GL2-Amo in SR54 GL2-Amo in SR54 Site directed
pBluescript mutagenesis,
ligation
35S::g12AHD-GFP GL2-HDA in pKTWGF2 GL2-HDA in pK7WGF2 TOPO cloning,
pENTR/D-TOPO Gateway LR
reaction
35S::RHM1-GFP RHM1 cDNA in RHM1 cDNA in pK7WGF2 TOPO cloning,
pK7WGF2 pENTR/D-TOPO Gateway LR
reaction
35S::PDF2 (START)- PDF2-START in PDF2 (START) in pK7WGF2 TOPO cloning,
GFP pK7WGF2 pENTR/D-TOPO Gateway LR
reaction
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Yeast Two-hybrid
GL2 (1-747): Bait

GL2 (1-747): Prey
gl2ASTART: Bait
gl2ASTART: Prey
gl2R392M: Prey
gl2L480P: Prey
gl2E375G: Prey
GL2 (1-231): Bait
GL2 (1-231): Prey
GL2 (157-231): Bait
GL2 (157-231): Prey
GL2 (1-493): Bait
GL2 (1-493): Prey

GL2 (253-493) or
GL2-START: Bait

GL2 (253-493) or
GL2-START: Prey

GL2 (253-747):
GL2 (253-747):
GL2 (494-747): Bait
GL2 (494-747):
PDF2-START: Bait

Bait
Prey

Prey

GL2 cDNA in pGBKT7
GL2 cDNA in pGADT?
GL2-STARTA in pGBKT7
GL2-STARTA in pGADT?
GL2-R392M in pGBKT7
GL2-L480P in pGADT?
GL2-E375G in pGADT7

GL2 (1-231 aa) in pGBKT7
GL2 (1-231 aa) in pGADT7
GL2 (157-231 aa ) in pGBKT7
GL2 (157-231 aa ) in pGADT7
GL2 (1-493 aa) in pGBKT7
GL2 (1-493 aa) in pGADT7
GL2 (253-493 aa) in pGBKT7

GL2 (253-493 aa) in pGADT7

GL2 (253-747 aa) in pGBKT7
GL2 (253-747 aa) in pGADT7
GL2 (494-747 aa) in pGBKT7
GL2 (494-747 aa) in pGADT7
PDF2-START in pGBKT7

GL2 cDNA
(At1g79840)
GL2 cDNA
(At1g79840)
GL2-STARTA in
pBluescript
GL2-STARTA in
pBluescript
GL2-R392M in
pBluescript
GL2-L480P in
pBluescript
GL2-E375G in
pBluescript
GL2 cDNA

GL2 cDNA
GL2 cDNA
GL2 cDNA
GL2 cDNA
GL2 cDNA
GL2 cDNA

GL2 cDNA

GL2 cDNA
GL2 cDNA
GL2 cDNA
GL2 cDNA

PDF2-START in
pNIC28-Bsa4

pGBKT7
pGADT7
pGBKT7
pGADT7
pGBKT7
pGADT7
pGADT7

pGBKT7
pGADT7
pGBKT7
pGADT7
pGBKT7
pGADT7
pGBKT7

pGADT7

pGBKT7
pGADT7
pGBKT7
pGADT7
pGBKT7

PCR, ligation
PCR, ligation
PCR, ligation
PCR, ligation
PCR, ligation
PCR, ligation
PCR, ligation
PCR, ligation
PCR, ligation
PCR, ligation
PCR, ligation
PCR, ligation
PCR, ligation
PCR, ligation

PCR, ligation

PCR, ligation
PCR, ligation
PCR, ligation
PCR, ligation
PCR, ligation
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PDF2-START: Prey

RHM1

Truncated SAM
(SAM1gp-187)

GL2 (1-747): Bait
GL2 (1-747): Prey

PDF2: Prey

HDG1: Prey
HDG11: Prey
HDG12: Prey
PHB: Prey
ATHBS: Prey

HDG4: Prey

nGFP-GL2
cGFP-GL2
nGFP-gI2ASTART

cGFP-gIl2ASTART
nGFP-gI2*™

cGFP-gl2"™

PDF2-START in pGADT7
RHM1 cDNA in pGBKT7

SAM 100-187 in pGADT7

Quantitative B-Galactosidase Assay

GL2 cDNA in pDEST32
GL2 cDNA in pDEST22

PDF2 cDNA in pDEST22

HDG1 cDNA in pDEST22
HDG11 cDNA in pDEST22
HDG12 cDNA in pDEST22
PHB cDNA in pDEST22
ATHB8 cDNA in pDEST22

HDG4 cDNA in pDEST22

Bimolecular Fluorescence complementation Assay (BiFC)

35S::GL2-nGFP in 125-NXGW

35S::GL2-cGFP in 127-CXGW

35S::ASTART-nGFP in 125-NXGW

35S::ASTART-cGFP in 127-CXGW
35S::GL2-Amo-nGFP in 125-NXGW

35S::GL2-Amo-nGFP in 127-CXGW

PDF2-START in
pNIC28-Bsa4
RHM1 cDNA
(At1g78570)

GL2 cDNA
(At1g79840)
GL2 cDNA
PDF2 cDNA in
pENTR2231-Sfi
(#U16775)
HDG1 cDNA
HDG11 cDNA
HDG12 cDNA
PHB cDNA
ATHBS cDNA

HDG4 cDNA in
pUNI51 (# 103238)

GL2 cDNA in pENTR/D-TOPO

GL2 cDNA in pENTR/D-TOPO

GL2-STARTA in pENTR/D-TOPO

GL2-STARTA in pENTR/D-TOPO
GL2-Amo in pENTR/D-TOPO

pGADT?
pGBKT7
pGADT7
pDEST32
pDEST22
pDEST22
pDEST22
pDEST22
pDEST22
pDEST22
pDEST22
pDEST22
125-NXGW
127-CXGW
125-NXGW
127-CXGW
125-NXGW
127-CXGW

GL2-Amo in pENTR/D-TOPO

PCR, ligation
PCR, ligation

PCR, ligation

Gateway LR
reaction
Gateway LR
reaction
Gateway LR
reaction

Gateway LR
reaction
Gateway LR
reaction
Gateway LR
reaction
Gateway LR
reaction
Gateway LR
reaction
Ligation,
Gateway LR
reaction

Gateway LR
reaction
Gateway LR
reaction
Gateway LR
reaction
Gateway LR

Gateway LR
reaction
Gateway LR
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cGFP-gl2AZLZ

cGFP-g2-%%%"

CGFP_g|2I:3/b(J‘;R392M

FAMA *
FAMA *
PDF2 *
PDF2 *
ATML1 *
ATML1 *
nGFP-RHM1
cGFP-RHM1
nGFP-PDF2
cGFP-PDF2

nGFP-PDF2
(START)

cGFP-PDF2 (START)

nGFP-GL2 (START)

cGFP-PHB

cGFP-HDG11

35S::GL2-AZLZ-cGFP in 127-
CXGW

35S::GL2-L480P-cGFP in 127-
CXGW

35S::GL2-RE-cGFP in 127-CXGW

35S::RHM1-nGFP in 125-NXGW
35S::RHM1-cGFP in 127-CXGW
35S::PDF2-nGFP in 125-NXGW
35S::PDF2-cGFP in 127-CXGW

35S::PDF2 (START)-nGFP in 125-
NXGW

35S::PDF2 (START)-cGFP in 127-
CXGW

356S::GL2 (START)-nGFP in 125-
NXGW

35S::PHB-cGFP in 127-CXGW

35S::HDG11-cGFP in 127-CXGW

GL2-ZLZA in pENTR/D-TOPO
GL2-L480P in pENTR/D-TOPO

GL2-E375G;R392M in pENTR/D-
TOPO

RHM1 cDNA in pENTR/D-TOPO
RHM1 cDNA in pENTR/D-TOPO

PDF2 cDNA in pENTR223.1-Sfi
(# U16775)

PDF2 cDNA in pENTR223.1-Sfi
(# U16775)

PDF2 (START) in pENTR/D-TOPO

PDF2 (START) in pENTR/D-TOPO
GL2-START in pENTR/D-TOPO
PHB cDNA in pENTR223.1-Sfi

(#U25105)
HDG11 cDNA in pENTR/D-TOPO

127-CXGW

127-CXGW

127-CXGW

125-NXGW

127-CXGW

125-NXGW

127-CXGW

125-NXGW

127-CXGW

125-NXGW

127-CXGW

127-CXGW

reaction

Gateway LR
reaction
Gateway LR
reaction
Gateway LR
reaction

Gateway LR
reaction
Gateway LR
reaction
Triparental
Mating
Triparental
Mating
Gateway LR
reaction

Gateway LR
reaction
Gateway LR
reaction
Triparental
Mating
Gateway LR
reaction

* Gifts from Adrienne Reoder at Weill Institute of Cell and Molecular Biology, Cornell University.
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Table 3-9 Oligonucleotide primers used in this study. Nucleotide bases shown in bold
denote restriction sites used for cloning or changed bases from site-directed mutagenesis.

I. Primers for site-directed mutagenesis of GLABRA2 (GL2)

Name 5’-3’ sequence
GL2_E375G_F CAG CTG ATG TTC GGA GGG ATG CAG CTG CTC ACT
GL2_E375G_R AGT GAG CAG CTG CAT CCC TCC GAA CAT CAG CTG
GL2_R386L_F TCCG GTC GTC CCC ACACTAGAAGTGTACTTCG
GL2_R386L_R C GAA GTA CAC TTC TAG TGT GGG GAC GAC CGG A
GL2_E387L_F TCCG GTC GTC CCC ACAAGACTAGTGTACTTCG
GL2_E387L_R C GAA GTA CAC TTC TCT TAG GGG GAC GAC CGG A

GL2_RB386L;E387L_F CCG GTC GTC CCC ACACTA CTAGTG TAC TTC GTG AGA AGC
GL2_RB386L;E387L_R GCT TCT CAC GAA GTA CAC TAG TAG TGT GGG GAC GAC CGG

GL2_V391L_F AGA GAA GTG TAC TTC CTG AGA AGC TGC CGG CAG C
GL2_V391L_R G CTG CCG GCA GCT TCT CAG GAAGTACACTTC TCT
GL2_R392M_F GAA GTG TAC TTC GTG ATG AGC TGC CGG CAG CTG
GL2_R392M_R CAG CTG CCG GCA GCT CAT CAC GAAGTACACTTC
GL2_L480P_F G GTC GCC ACC CCT CAGCTCCATTGC G

GL2_L480P_R C GCAATG GAG CTG AGG GGT GGC GAC C

Il. Primers for deletion constructs of GL2 (Primers were phosphorylated [Phos] at their
5’ ends.)

GL2 _HD_A_F [Phos] GAACGGCACGAGAACTCCCTGCTC

GL2 HD_A R [Phos] CTTATTAGTGCCCTTGTTTCCAGCTGCG

GL2 ZLZ A _F [Phos] TCATGCTCCGACGATCAAGAACACCG

GL2 7ZLZ A _R [Phos] TTGAATAGCCTTGATCTGTGTGCGGCG
GL2_START_A _F [Phos] GTC TTC TTC ATG GCT ACC AAC GTC CCC ACC
GL2_START_A R [Phos] GAG GGC AAA GAC GCC CGT GTA GAA ATC G
GL2_SAD_A F [Phos] CAAATCGAAGATTGCTGATGACAAGTCACAGC
GL2_SAD_A R [Phos] GGTAGCCATGAAGAAGACAAGGCGTTCG

lll. Sequencing primers for proGL2::EYFP:GL2 cassette
proGL2::EYFP:GL2_seq_B1 CAC AGG AAACAGCTATGACC
proGL2::EYFP:GL2_seq_B2 CGA TCG GTC AAT GCC TCT CGC
proGL2::EYFP:GL2_seq_B3 GAG TCC CAG TTT CCT ATAATCC
proGL2::EYFP:GL2_seq_B4 CCT TCC CCC CCT GTC TAC AG
proGL2::EYFP:GL2_seq_B5 GTATCATTG GAATTG TAG AGG C
proGL2::EYFP:GL2_seq_B6 CAA GGA CGACGG CAACTAC
proGL2::EYFP:GL2_seq_B7 GCC CTC TCT CTATCT CTC GC
proGL2::EYFP:GL2_seq_B8 GGC TAATTCCTCCTG CCCC
proGL2::EYFP:GL2_seq_B9 CGA TGT TAT CCG GCA AGG CG
proGL2::EYFP:GL2_seq_B10 GCT TCT ACC GCG CCATTG C
proGL2::EYFP:GL2_seq_B11 CGT CTA CAC AAGACG ACAG
proGL2::EYFP:GL2_seq_B12 GGG TTT GCC TCC AAC CCC

IV. Primers for cloning into yeast-two hybrid vectors

Name 5’-3’ sequence
GL2_747aa_EcoRI_F GAC AGG GAATTC ATG TCA ATG GCC GTC GAC ATG TCT TCC
GL2_747aa_BamHI_R TGCTGTGGATCCTCATCA GCA ATC TTC GAT TTG TAG AC
GL2_493aa_BamHI_R TTGGTGGATCCCTA GGT AGC CAT GAA GAA GAC AAG GCG
GL2_253aa_EcoRI_F GTCTTTGAATTC GAG AAG TCC CGT ATT GCC GAG ATT TC
GL2_494aa_EcoRI_F TTCATGGAATTC AAC GTC CCC ACC AAAGAC TCT CTC GG
GL2_157aa_EcoRI_F ACCGCCGCACAGAATTC AAG GCT ATT CAAGAACGG C
GL2_231aa_BamHI_R ATCGTCGGATCCTCA AGC CTG CAG GGG ATA GGG
PDF2_START_EcoRI_F GAGGTCAGAATTCATTCCTTCTGAGACTGATAAGCC
PDF2_START BamHI R GAAAGATCACCAGGAAGGATCCTGGCCATGG
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GL2_START _EcoRI_F GTCTTTGAATTCGAGAAGTCCCGTAT
GL2_START_BamHI_R ATCGTCGGATCCTCA AGC CTG CAG GGG ATA GGG
RHM1_669aa_ EcoRI_F

RHM1_669aa_ BamHI_R

SAM (At5g40830) Smal_F AGTATCCCGGGTGTATCGCTGAAGATTGGCG

SAM (At5g40830)_Xhol_R AACTCGAGATATCAATCAAATCCGGGCAGG
V. Primers for sequence verification of yeast-two hybrid constructs
BD_seq F AACCGAAGTGCGCCAAGTGTCTG

AD_seq_F TATAACGCGTTTGGAATCACT

BD & AD_seq_R AGCCGACAACCTTCATTGGAGAC

VL. Primers for cloning in pENTR™/D-TOPO (Start codons, italics; Stop codons, red)
GL2 TOPO F CACC ATG TCA ATG GCC GTC GAC ATG

GL2 _TOPO_R TCATTA GCAATC TTC GATTTG TAG ACT TC
RHM1_TOPO_F CACC ATG GCT TCG TAC ACT CCC AA
RHM1_TOPO_R CTCTTCAGGTTTTCTT GTT TGG CCCG
GL2_START_TOPO_F CACC ATG GAG AAGTCC CGTATT GC
GL2_START_TOPO_R GGG GAC CTA GGT AGC CAT GAA G
PDF2_START_TOPO_F CACC GAG ACT GAT AAG CCT ATAATC GTG
PDF2_START_TOPO_R TCA GGC CAT GGA GCT AGC AAG CC

SAM (At5g40830)_TOPO_F  CACC ATG GGC TCT GTA TCG CTG AAG
SAM (At5g40830) TOPO_R  TCA AAT CCG GGC AGG CTT TTG CAG

VII. Primers for sequence verification of Gateway constructs

GFP-NXGW_seq GACAAGCAGAAGAACGGCAT

pro35S_pK7WG2_seq GGTGGCACCTACAAATGCCATC

VIIl. Primers used for qRT-PCR

ACT7_PCR(94)_F TCGCACATGTACTCGTTTCGCTTTC (amplifies 94 bp)
ACT7_PCR(94) R TCGAGAAGCAGCGAGAGAGAAAGATAGA
GL2_PCR_F ATGAAGCTCGTCGGCATGAGTGGG (amplifies 106 bp)
GL2_PCR_R TGGATTGCCACTGAGTTGCCTCTG
HDG11_RT(125)_F TGGGGCTGATCGTTGGGTTACCA (amplifies 125 bp)
HDG11_RT(125) R TGCTTCTCTTCCCTTCCGGTGA

MYB23_RT(126)_F CATCAGACTCCACAAGCTCCTCGG (amplifies 126 bp)
MYB23_RT(126) R TCTCCGAGACCAAGTTTCTTGCTGAG
a-DOX2_RT(123)_F GGGTTGATCACTTAGAAGACAC (amplifies 123 bp)
a-DOX2_RT(123) R GTTCCCACCGATGATCACC

LTP4_RT(95)_F ATCCAAGTCTAGCCTCTGGC (amplifies 95 bp)
LTP4_RT(95) R ACTTCACTTGATGGTGGCGC

FLS2_RT(114)_F CGATCATTGGTTAGATGTCCAC (amplifies 114 bp)
FLS2 RT(114) R CCACTATCGCTCTATGCAACAC
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Chapter 4 - Characterization of protein-metabolite interactions for

the START domain

ABSTRACT

Steroidogenic acute regulatory protein (StAR)-related lipid transfer (START) domains
were first characterized in the mammalian StAR-related protein that binds and transfers
cholesterol to initiate steroidogenesis. Identified ligands for mammalian proteins include
sterols such as cholesterol and 25-hydroxycholesterol, phosphatidylcholine,
phosphatidylethanolamine, ceramides, bile acids, and steroid hormones. Although START
domains are abundant in the plant kingdom, specific ligands for plant-derived START domains
from HD-Zip transcription factors are not reported to date. In this chapter, parallel in vitro and
in vivo approaches were used to identify the START domain ligands from the class IV HD-Zip
transcription factors GL2 and PDF2. Using a fluorescence-based thermal shift assay, a library
of ~1000 pure natural compounds from plants and microbes was screened for PDF2 binding
compounds. The assay identified eight hits that thermally stabilized both the full-length PDF2
and PDF?2 protein containing the START+SAD domains. Among these, some stabilized the
protein in a concentration-dependent manner. Two compounds appear to enhance the soluble
expression of PDF2-START protein. When utilized as a culture additive in
an E.coli expression system, the flavonoids naringin and isoliquiritigenin increased the
proportion of recombinant protein expressed in soluble form. Further, [P-based pull down
interfaced with QTOF-MS using zipper domain deleted GL2 (gl2AZip) protein identified
masses consistent with fatty acids, including colnelenic acid as putative class IV HD-Zip TF
binders. Collectively, this work has led to the identification of several putative ligands for HD-

Zip derived START domains.

169



INTRODUCTION

Experimental evidence for START domains as a lipid/sterol ligand-binding motif
derives exclusively from mammals and the silkworm Bombyx mori. The ligands identified for
nine human START domains include sterols (4/9), phospholipids (3/9), a ceramide (1/9), bile
acids (1/9), and a carotenoid (1/9). STARD1 and MLN64/STARD3 have both been shown by
in vitro sterol binding assays to bind cholesterol (Tsujishita and Hurley 2000). In contrast to
selective cholesterol binding by STARD1 and STARD3, STARD4 also binds 7a-
hydroxycholesterol and 7-hydroperoxycholesterol (Rodriguez-Agudo et al. 2008), whereas
STARDS is also reported to bind 25-hydroxycholesterol (Rodriguez-Agudo et al. 2005).
Contradicting these observations, using CD, ITC, and NMR-based approach; Letourneau et al.
(2013) demonstrated that STARDS specifically binds bile acids rather than cholesterol. A
recent study reported preferential binding of STARDG to the steroid pregnenolone (Letourneau
et al. 2015). Ligand binding specificities for phospholipids have been found for all three
members of the PCTP group. Mammalian PCTP/STARD2 and STARD?7 both bind the
phospholipid PC (Roderick et al. 2002; Horibata and Sugimoto 2009), while the closely related
protein, STARD10, was shown to bind both phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) (Olayioye 2005). Moreover, CERT/STARDI11, a splice variant
of the Goodpasture antigen-binding protein specifically binds ceramide (Hanada et al. 2003).
Intriguingly, the carotenoid binding protein (CBP1), a silkworm ortholog of STARD3, was
demonstrated to bind carotenoid lutein, implying that START domain of STARD?3 can bind
different ligands. However, unlike STARD1 and STARD3, which possess a mitochondria- and
an endosome-targeting signal, respectively, CBP appears not to encode additional motifs
(Tabunoki et al. 2004).

Although START domains are amplified in plants (Schrick et al. 2004), the specific
ligands for the plant-derived START domains from HD-Zip TFs remain largely unknown. The
functional tests described in Chapter 3 suggest that ligand binding is critical to HD-Zip
transcription factor activity; however, without knowing the identity of the endogenous ligand,
it is not possible to rule out other explanations. This chapter describes parallel in vitro and in
vivo approaches aimed at the identification of the START domain ligands from HD-Zip

transcription factors.
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Differential scanning fluorimetry

Protein thermal stability testing, also known as thermofluor (TF) or differential
scanning fluorimetry (DSF) (Ericsson et al. 2006; Niesen et al. 2007), is based on the
measurement of the increase in the thermal stability of the protein induced by ligand binding.
The approach consists of applying gradually increasing the temperature on purified proteins, in
the presence and absence of a ligand. The protein melting temperature is defined as (Tm),
which is known as the midpoint of the protein unfolding position. The Tm value (the inflection
point of the transition curve, Figure 4.1), can be calculated using the following equation,

derived from the Boltzmann equation:

(UL-LL)
_____Tﬁfﬁ

y=LL+
1+exp( a

where “LL” and “UL” are the values of minimum and maximum
intensities, respectively, “a” denotes the slope of the curve within Tm , “y” and “x” denote the
fluorescence intensity and the temperature, respectively (Cummings et al. 2006a; Vedadi et al.
2006; Niesen et al. 2007). At lower limits of fluorescence (LL) the protein exists in its native
state and at the upper limit (UL) it becomes fully denatured; the difference in fluorescence
between the LL and UL should be high in order to clearly resolve protein unfolding and is
strongly dependent on the quantum yield of the employed dye. The inflection point of the
transition curve denotes the largest change in unfolding and is arbitrarily set as the melting
temperature (Ty,) of the protein. Therefore, the simplest way to calculate Ty, values is to
determine the minimum of the negative first derivative of the melt curve (-d(RFU)/dT, Figure
4.2).

In the DSF approach (Figure 4.3) an “environmentally sensitive” dye, which
specifically interacts with non- native protein, is used as an indicator to observe the amount of
unfolded protein in solution as a function of temperature (Cummings et al. 2006a; Mezzasalma
et al. 2007). This is achieved by measuring the fluorescence from the dye that results from the
changes in the dye’s emission properties upon interaction with unfolded protein (Vedadi et al.
2006). DSF can be done with various fluorescent dyes, which differ in their optical properties.
The dyes fluorescence is quenched in an aqueous solution, whereas, in the non-polar
environment, such as the hydrophobic sites on unfolded proteins, the fluorescence intensity
becomes significantly higher. With a high signal to noise ratio, SYPRO Orange, the molecular

structure of which is not disclosed is currently the dye with most favorable properties for this
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approach. It has a relatively high wavelength for excitation (near 500 nm) which reduces the
chances of any small molecule causing its fluorescence intensity to quench and, therefore,
interfering with its optical properties (Boivin et al. 2013). The emission wavelength of SYPRO
Orange is near 600 nm. Some proteins may show no unfolding transition when analyzed using
SYPRO Orange, in which case an alternative dye should be tested. Interestingly, the molecular
structure of SYPRO Orange is not disclosed.

Most ligands that bind specifically to the native protein will increase the Tp,, and a
temperature shift (ATn,) between the protein’s melting temperatures in the two conditions is
observed and measured. The extent of this shift is believed to be proportional to the ligand’s
binding affinity for the protein. Ligands that bind non-specifically are associated with
aggregation, which destabilizes the protein tertiary structure and do not test positively in DSF
(McMahon et al. 2013). The stability of a protein is related to its Gibbs free energy of
unfolding (AG,), which is temperature-dependent and in an idealistic model, the fluorescent
dye would exclusively bind to the unfolded parts of the protein (Bruylants et al. 2005). The
stability of most proteins decreases with increasing temperature and so the AG, will reach zero
at the equilibrium where the concentration of folded and unfolded protein are equal. This
temperature is considered as the melting temperature, Tp,, and if the protein unfolds in a
reversible two- state manner, the equilibrium thermodynamics model will apply. Therefore, a
compound that binds to the protein will contribute the free energy of binding (AGy) and usually
increase AG,, which may cause an increase in the melting temperature, ATy, It is well known
that the stabilizing effect of ligands is proportional to their in situ concentration and affinity for
the protein. Therefore, plotting AT, against concentration (titration curve, Figure 4.4) provides
information about the binding affinity of the compound.

Several articles have demonstrated the use of DSF in screening of small molecules to
discover ligands (Parks et al. 2005; Cummings et al. 2006b; Abad et al. 2008; Krishna et al.
2013) for purified protein targets. Most notable are the identification of known natural ligands
for estrogen receptor (ER-a and ER-f) from a library of molecules, demonstrating the utility of
this assay in characterizing natural ligands (DeSantis et al. 2012; Filgueira et al. 2014). DSF
was used to study the signaling events in binding of Abscisic acid (ABA) to receptors PYL1
and PYL2, ABA-induced complex formation of PYL-ABA—-PP2C and also to screen and
identify SnRK?2 inhibitors (Soon et al. 2012). PYL/PYR are members of START cyclase
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superfamily that are known to bind ABA endogenously (Park et al. 2009). While DSF provided
results that support published data such as PYL1 and PYL2 bind pyrabactin at a lower affinity
than the natural ligand ABA, it also provided new knowledge regarding the different thermal
stability statuses of SnRK2.2, SnRK2.3, and SnRK2.6. Moreover, the study demonstrated the
usefulness of this technique to detect and characterize very weak (Kp >50 uM) interactions
between receptors and physiological and synthetic agonists.

Chapter 4 demonstrates the utility of DSF assay in screening a natural library for

compounds that bind and stabilize PDF2, a representative class [V HD-Zip protein.

Immunoprecipitation based small molecule pull down assay

A number of different types of molecular interactions enable life. These include the
interactions between proteins, proteins and nucleic acids, and proteins and metabolites.
Elucidating these interactions and understanding how they control biology is an important
scientific goal. In recent years, a growing number of approaches have been developed to
identify protein-protein interactions (Gingras et al. 2007; Frei et al. 2012) and protein-nucleic
acid interactions (Ingolia et al. 2012). While many methods exist for the characterization of
biopolymer interactions, far fewer approaches exists to elucidate interactions between proteins
and small molecules. Understanding the interactions between small metabolites and proteins
can be approached from different perspectives and is important for the advancement of basic
science and drug development.

Affinity-based experiments using immobilized proteins are commonly used for
detection of protein-metabolite interactions (PMIs). Coupled to mass spectrometry, these
approaches allow for the screening of a larger pool of metabolites, including novel metabolites,
and can result in the unbiased identification of protein metabolite binding. Importantly, the use
of global metabolite profiling enabled the development of a novel, unbiased strategy for the
identification of endogenous PMIs (Tagore et al. 2008; Tagore et al. 2009). The method was
developed using three different lipid-binding proteins with known ligands: cytosolic retinoic
acid- binding protein 2, fatty acid-binding protein 2, and STARD3. The strategy successfully
identified specific PMIs for all three of these proteins and, in doing so, created a reliable

method to pull down protein metabolite interactions.
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The one disadvantage of these methods is the requirement of sufficient quantities of
recombinant protein that is immobilized on a solid support. In IP- based small molecule
approach, tagged proteins are purified from plant samples using affinity purification. The
bottleneck of having sufficient active protein is overcome by using Nicotiana benthamiana as
an expression system. In comparison with the commonly used heterologous E. coli systems, for
some proteins higher expression levels are obtained and more importantly, the eukaryotic post-
translational modifications are preserved in tobacco (Cunningham and Porter 1998).
Furthermore, N. benthamiana expression system has proven reliable for the production of
large-scale protein arrays (Giddings 2001; Hood 2002; Fischer et al. 2004; Li et al. 2004;
Varsani et al. 2006; Liu et al. 2007). Most importantly, no isotope or fluorescent labeling is
needed for the ligands, and this allows natural native ligand mixture screening. There are no
protein size limitations nor is immobilization on a surface needed. The QTOF-MS-based
detection method used in this study is sensitive, allowing detection of unknown bound ligands
with only a limited amount of purified protein. Here, this methodology was applied to detect

novel protein-interacting ligands for GLABRAZ2.

RESULTS
Purification of 6xHis-tagged PDF2 protein

Since previous attempts to purify GST-tagged PDF2-START proved problematic
(Appendix C), it was sought to examine the expression of recombinant PDF2 fused with a
rather smaller but very common 6x-His tag. pNIC28-Bsa4 vector, which includes a TEV
protease cleavage site following the N-terminal 6x-His tag, has been used successfully to
purify and crystallize mammalian START domains (Thorsell et al. 2011). For this reason, it
was chosen for PDF2 expression and purification. 6xHis-tagged full length PDF2 (85 kDa),
PDF2-START+SAD (59 kDa), PDF2-START (29 kDa), full-length GL2 (85 kDa), and GL2-
START+H+SAD (59 kDa) constructs were generated and subjected to expression testing in
E.coli. The expression scale chosen was 500 ml terrific broth (TB), and expression was
induced with 0.1 mM IPTG for 20 hours at 18°C. All three constructs were found to be
expressed at high levels (Figure 4.5 A). Lysates were obtained by sonication and subjected to

Talon metal affinity resin purification. The eluates were analyzed by SDS-PAGE. Compared
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with PDF2-START, both PDF2 and PDF2-START+SAD proteins demonstrated a high level of
soluble expression (Figure 4.5 B, C, D). The PDF2 and PDF2 (START+SAD) proteins were
eluted with 50 mM imidazole, in contrast to 500 mM imidazole required to elute PDF2-
START domain protein. The protein appeared to be relatively pure as judged by SDS-PAGE
with moderate yields (~1.5-2 mg purified protein from 0.5 L culture) as determined by the
Bradford Assay. The identity of the protein was confirmed by mass spectrometry (Figure 4.6).
The analysis revealed no significant matches to E.coli proteins, while a PDF2 only search gave
a high score (4015) with the N-terminal-most peptide detected at position 42 in the full
construct sequence (STSDN...), suggesting partial degradation. Additionally, the full-length
GL2 (85 kDa) and GL2-START+SAD (59 kDa) protein constructs were also examined. Unlike
PDF2, both the full length and START+SAD versions of GL2 appeared to be insoluble when
purification was attempted from E.coli BL21(DE3) pRARE cells (data not shown).

Optimization of differential scanning fluorimetry (DSF) assay conditions

Subsequent to purifying correctly folded PDF2 and PDF2-START+SAD proteins, a
thermal shift assay was used to identify potential ligands for the START domains. As
introduced above, DSF provides a robust, unbiased approach to rapidly identify putative
ligands.

Although the thermal stability protocol presented in the literature (Niesen et al. 2007) is
suitable for a large number of proteins, some fine-tuning is necessary to optimize the
signal/noise ratio and increase accuracy in the measurement of the Ty, for a specific protein.
Some parameters can be optimized such as the concentration of protein and SYPRO Orange
dye. Kean and coworkers tested a range of SYPRO Orange concentrations and found that the
amplitude of signal increases linearly with dye concentration. However, they also observed that
SYPRO Orange has a destabilizing effect at high concentrations (>20x) (Heinz et al. ; Kean et
al. 2008).

Here, four different SYPRO Orange dye concentrations were tested (2x, 5x, 10x, 20x)
to determine optimal conditions for the thermal denaturation assay, such as which protein/dye
ratio gives higher signal to noise ratio, sharper unfolding transition, and lower background
signal. The structural formula and exact concentration is not disclosed by the manufacturer.

The dye is supplied as a 5000x concentrated solution dissolved in 100% (v/v) DMSO, so it’s
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concentration should be kept as low as possible in order to prevent DMSO damage to the
protein. 10x dye was found to give a significant gain in fluorescence without damaging the
protein (Figure 4.7 A). The dye was diluted in a buffer prior to the addition of the protein to
prevent exposure of the protein to localized high concentrations of DMSO, in agreement with
the protocol in Niesen et al. (2007). After an appropriate dye concentration had been selected,
protein concentration was varied (1 pM, 5 uM, 10 uM) to identify a suitable compromise
between maximizing fluorescence gain and minimizing the amount of protein used. 1 uM
protein concentration was found to be sufficient to confer an increase in fluorescence intensity
to allow accurate determination of Ty, (Figure 4.7 B). Sorrell et al. (2010) showed that at high
DMSO concentrations the stability of the protein was affected, leading to a negative shift in the
Twm and a high initial fluorescence intensity reading, indicating that the protein is destabilized at
high DMSO concentrations, relative to the reference. Thus, it is recommended to keep the
DMSO concentration less than 2%. Here, 1.5% was used in the final assay. Since protein
unfolding is a cooperative process, the unfolding of a small protein region will induce the
immediate unfolding of the remaining protein core. Thus, an optimal protein stabilization
buffer should result in a sharp and fast thermal denaturation transition between folded and
unfolded states, detected through high transition slopes, in parallel with a higher Ty,. A sharp
melting transition, indicative of a high quality, stable protein preparation was observed for

PDF2 (Figure 4.8).

Validation of the DSF assay

For validation of the DSF protocol, an experiment from the literature that shows
binding of Pyrabactin to PYL2 receptor was successfully reproduced (Figure 4.8). Some
additional compounds, including lipids, hormones, and flavonoids were also checked for their
ability to bind and stabilize the PDF2 protein. Barring the two flavonoids; Kaempferol 3,7
dirhamnoside (f1) and Quercetin 3,7 dirhamnoside (f2), none of the compounds showed an
effect on protein stability (T,<2°C) (Figure 4.9). In comparison with f1, f2 displayed a higher
ATy, value. To study the effects of f2 concentration on the Ty, of PDF2, increasing amounts of
2 were added to the protein. Theoretical DSF dose-response curve showed a sigmoidal
dependence of ATy, on ligand concentration with a binding constant (Kp) of 12.5 uM (Figure
4.10)
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Figure 4.11 illustrates the responses from the three controls used in the DSF
experiments. Positive control protein (0.01 mg/ml lysozyme) gives a clear signal (blue curve)
in the range of 3000 ARFU and a Ty, value of 71 °C, consistent with a previous report
(Knubovets et al. 1999). The two negative controls (protein-only and dye-only) (red and green
respectively) returned flat curves as expected. These negative controls serve as a valuable

indicator for contaminated dye or PCR plates, naturally fluorescent proteins.

High-throughput screens of 1000 compounds against PDF2

After optimization of the conditions of the assay, 1000 compounds from the
AnalytiCon MEGx library were tested in a 96-well plate format for their ability to bind PDF2
at a single concentration of 300 uM. The average Ty, value in the four reference wells or
vehicle control (PDF2 protein + 1.5% DMSO) was approximately 41.7 °C.

Based on their effects on the protein thermostability, the compounds tested were
classified into four groups: protein stabilizers, destabilizers, denaturants and those, which show
no effect on protein stability (Table 4.1). The first group of compounds, which is of the most
interest, gave a positive thermal shift, indicating an increase in protein stability. This suggests
specific binding to PDF2, increasing the protein structural order and reducing its
conformational flexibility. With an initial hit cut-off value of ATy, >2°C, a total of 34 out of the
1000 compounds tested showed a positive thermal shift ranging from +2.2 °C to as high as 18
°C. Detection of 34 putative binders (Table 4.1) from the initial screen corresponded to 3.4%
primary hit rate.

For the second group of compounds, there was no apparent significant shift in Ty,
indicating no effect on the protein’s thermal stability, presumably due to lack of binding. An
example of the thermal shift of this second group is shown in Figure 4.12 (A). Compounds in
this category were therefore not selected as likely hits in the DSF screening stage.

The third group of compounds gave a negative (ATy,), indicating a decrease in protein
thermal stability. In total, 88 out of the 1000 compounds tested displayed a negative thermal
shift. This could be a sign of misfolding or might suggest that the protein structural changes
were induced towards a more disordered conformation, destabilizing the tertiary structure.
Non-specific binding i.e. away from protein binding sites is usually associated with such effect

(Cummings et al. 2006b; Ericsson et al. 2006). Non-specific binders have no direct effect on
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receptor activity, typically binding receptor surface regions, such as hydrophobic patches on
the protein surface (Lepre et al. 2004). Many non-specific binders have been found to be
promiscuous and act as aggregates. These aggregates were proposed to either adsorb or absorb
proteins (McGovern et al. 2002). Thus, these compounds do not form classical
inhibitor—enzyme complexes, which promote proteins stability, and results in an increase of
Tm. They rather induce the protein towards a more disordered conformation, through their
promiscuity and adsorption to hydrophobic patches on protein surfaces, thereby destabilizing
the protein. An example of the thermal shift of this third group is shown in Figure 4.12 (B).
Cryptopimaric acid (diterpenoid) and other compounds with a similar destabilizing effect on
PDF2 were excluded from the secondary screen as such an effect is highly likely to be
associated with the non-specific binding.

Some of the prominent features identified in the list of destabilizers include the
presence of additional elements such as nitrogen and sulfur in empirical formula, unusually
high molecular weight (>900 Da), members of diverse terpenoid family, long chain fatty acids,
and antibiotics derived from microorganisms. None of the positive hits displayed such
characteristics. The rest of the compounds did not appear to follow any particular pattern.

The fourth group of compounds gave no measurable transition (no peak observed). This
is an indication of the potential aggregation/complete denaturation of the protein or its possible
destabilization/ partial unfolding (Ericsson et al. 2006). An example of the thermal shift of this
fourth group is shown in Figure 4.12 (C) Glycerin Monoisomyristate and other compounds
with similar destabilizing effect on PDF2 were also excluded from the screen as such an effect
is highly likely to be associated with non-specific binding and does not aid or support future
structural studies.

Next, to eliminate false positives and improve confidence in the measured values, the
primary hits (34/1000) were retested in triplicate at 300 uM. Visualization of the melting
temperature shifts was plotted as observed in Figure 4.13. Of these 34 compounds, 8 were
discounted upon retesting as they displayed AT,,< 2.0°C or the compound exhibited
fluorescence values higher than buffer background when screened with dye at standard ligand
concentrations. ATy, values for the remaining 25 compounds (Figure 4.13, Table 4.2) were
calculated after subtracting ligand background fluorescence from the experimental

fluorescence values. The extent of the thermal shift (AT, = Ty, reference - T, compound) as
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calculated in GraphPad is believed to be proportional to the ligand’s binding affinity for the
protein (Cummings et al., 2006). Strikingly, the majority of the compounds (15/25) belong to
the flavonoid family, followed by stilbenes (2/25), curcuminoid (1/25), and benzyl benzoate
(2/25). Benzylated chalcone and pinoquercetin (Figure 4.18, Table 4.2) caused the largest
thermal shifts of the library, with remarkable ATy, values of + 18.2 °C and + 10.6 °C,
respectively.

To map the ligand-binding domain of PDF2, the positive hits were tested in triplicate
against the PDF2-START+SAD protein. Unfortunately, due to relatively low soluble protein
yields the assay could not be performed using the PDF2-START domain alone. Out of 25
compounds, 8 were found to induce a positive shift in the Ty, of both PDF2 and PDF2-
START+HSAD proteins, indicating formation of more stable complex that unfolds
cooperatively when subjected to thermal melting (Figure 4.14). Eight compounds exhibiting
ATy, values ranging from 2.35-16.1°C at 300 uM are listed in Table 4.3. Their chemical
structures are depicted in Figure 4.15, and representative normalized melting curves are shown
in Figure 4.16 A. All eight compounds belong to the flavonoid family. While addition of
isoliquiritigenin (2) and benzylated chalcone (3) to the protein yielded smooth single peak
profiles, a biphasic melting profile was observed for licochalcone B (1), pinoquercetin (4),
quercetin 4’-O-B-D-glucopyranoside (5), quercetin 3- f-D-mannopyranoside (6), and (2Z)-6-
Hydroxy-2-(4-hydroxy-3-methoxybenzylidene)-1-benzofuran-3(2H)-one (7). The two peaks
reflect the presence of more stable protein-ligand complex and excess of unbound ligand. As a
negative control for ligand binding studies, several positive hits were screened against the
PYL2 protein. While most of them induced no apparent significant shift in Ty, pinoquercetin
had a destabilizing effect on protein stability (Figure 4.16 B)

In the model plant Arabidopsis thaliana, at least 54 flavonoid molecules (35 flavonols,
11 anthocyanins, and eight proanthocyanidins) are reported (Mouradov and Spangenberg
2014). Scaffold structures of flavonoids in Arabidopsis are relatively simple that includes
kaempferol, quercetin and isorhamnetin for flavonols (Figure 4.17). The chemical diversity of
flavonoids has been shown to increase enormously by tailoring reactions, which modify these
scaffolds, including glycosylation, methylation, and acylation. Consistently, relatively simple
kaempferol and quercetin di-glycosides (di-rhamnosides or glucoside/rhamnoside in -3-O- and

-7-O- positions) and tri-glycosides (di-rhamnosides and monoglucoside in -3-O-, -2”’-O- and -

179



7-O- positions) are commonly distributed in all tissues of wild-type Arabidopsis. Since the top
ligand hits include flavonoid compounds, structural analogs that were readily available were
also tested.

All five compounds tested positive against PDF2 (START+SAD) protein while only
quercetin and quercetin 3-B-D-glucoside induced a positive shift in the Ty, of full-length PDF2
(Figure 4.18). No background fluorescence was observed for all five compounds. Ligand
binding data for butein, a structural analog of isoliquiritigenin could not be obtained, as

compound precipitated in analysis buffer at 300 uM test concentration.

Concentration-response curves

To further test the interactions, titration of the compound with increasing
concentrations from 1 to 300 uM was performed. It was of interest to determine whether the
stabilization of protein observed in the initial DSF screen was dependent on the compound
concentration. Notably, several types of behavior were observed (Figure 4.19). For some
compounds hits such as pinoquercetin, the stabilizing effect was saturable, that is, T, increased
with compound concentrations and reached a maximal value, indicating specific binding (Kp=
12 uM). Ty, increases were not detectable at 1:1 stoichiometric protein:pinoquercetin ratios, but
rather required high ligand concentration. Naringin showed a marked jump to a large ATy, at
high concentrations, but was barely or not at all stabilizing at lower concentrations, while
quercetin, isoliquiritigenin, and benzylated chalcone showed a linear response with increasing
ligand concentrations. One possibility is that this may represent weak binding that requires
very high ligand concentrations to reach saturation. However, limits on ligand solubility and
requirement to keep DMSO concentration to less than 2% precluded additional experiments
involving ligand concentrations higher than 300 uM. Alternatively, this could correspond to
non-specific binding. Among all compounds tested, the binding of benzylated chalcone was
strongest (Figure 4.19 B). However, contradicting our previous results, it is intriguing that both
licochalcone B and naringenin failed to bind and stabilize the protein, resulting in a flat curve.
Quercetin 3-B-D-glucoside, on the other hand, displayed weak non-specific binding (AT, at

highest ligand concentration was less than 2°C).
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Ligand supplementation as a method to validate putative ligands

There is a substantial literature that shows that addition of ligand during protein
expression can result in increased levels of protein expression and significantly increase the
proportion of recombinant protein expressed in the soluble form (reviewed in Hassell et al.
(2007); (Hozjan et al. 2008). This method was utilized to validate the putative ligands
identified by the DSF assay. As mentioned above, the heterologous production of Hise-tagged
PDF2-START protein is possible, but yields only small amounts of soluble protein (Figure
4.20 A). The effect of ligand supplementation on soluble protein expression of PDF2-START
was tested with 2 compounds. Naringin (#71162, Sigma-Aldrich) and isoliquiritigenin (AK
Scientific, Inc., Union City, CA) were selected as culture additives for the expression trials, for
the following reasons: First, these compounds are commercially available at a low cost and
secondly, we identified them as protein stabilizers in the thermal shift assay. The expression
scale chosen was 100 ml TB medium, to detect even low-expressing proteins (see Materials
and Methods). The experiment was performed twice; a representative SDS-PAGE result is
displayed in Figure 4.20 B. The yield of soluble PDF2-START improved markedly by the
inclusion of 100 uM Naringin during protein expression and purification. On the contrary,
including naringin dihydrochalcone (negative in DSF assay) had a negligible effect on soluble
expression, since almost the whole amount of the recombinant protein was insoluble. These
results clearly demonstrate that naringin can enhance soluble expression, most likely by
inducing a more stable and correctly folded state of the target protein that is less prone to

aggregation.

In vivo ligand pull-down assays from plants to discover natural START domain ligands
from HD-Zip transcription factors

To determine the in vivo binding partners, IP-based small molecule pull down approach
was utilized. As observed in Figure 4.21 A, this technique combines high-affinity protein
purification using an HA-tag from N. benthamiana Agrobacterium infiltrated leaves, with
small molecule pull-down and QTOF-MS detection. A protocol optimized from the
unpublished method developed in Sean Cutler’s lab was used. Briefly, the tagged protein is

introduced into tobacco leaves, resulting in the formation of a protein-metabolite complex
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between the protein and its natural binding partner. Following immunoprecipitation (IP) to
isolate a single protein-metabolite complex from the proteome, the bound metabolites are
eluted and analyzed by QTOF to identify bound ligands. Comparison of experimental samples
to pull downs from no protein negative control is used to reveal ligands specifically associated

with the protein of interest.

Small molecule pull down using HA tagged gl2AZip protein identifies fatty acids as
putative ligands

The gl2AZip protein N-terminally fused to an HA affinity purification tag was
transiently expressed in N.benthamiana leaves. Control infiltration of empty HA-tagged vector
was performed for the negative control. 10 g of leaf material were harvested, and HA-affinity
tag based purification was performed using anti-HA antibody bound to Dynabeads Protein G
(Invitrogen). Protein expression was confirmed by Western blot analysis. Bound metabolites
were extracted in Chloroform:Methanol:Water, and neutralized with ammonium acetate prior
to the analysis by Quadrupole-time of flight tandem mass spectrometer instrument (QTOF-
MS). The experiment was performed twice.

Samples were scanned for 10 min (~600 scans) in both positive and negative mode.
There was not much difference between control and experimental samples in positive mode.
However, in the negative mode, the experimental sample seemed to show an increase in a
291.1946, 293.2129, 277.2184, and 279.2137 peaks. These may correspond to
1) 291.1946; 18:4-0 fatty acid such as 12-oxo phytodienoic acid (OPDA) (theoretical m/z
~291.1966), 2) 293.2129; 18:3-0 fatty acid (theor m/z ~293.2137), 3) 277.2184; 18:3 linolenic
fatty acid, and 4) 279.2137; 18:2 linoleic fatty acid. To characterize each peak fully, four
precursor ion peaks were chosen for product ion scanning in tandem MS/MS mode, and the
mass spectrums are shown in Figure 4.22. For product ion scanning, it is ideal to fragment the
product ion down as much as possible to smaller fragments but still be able to see the product
ion. Increasing or decreasing the collision energy alters the fragmentation level. Due to the
limited sample amount, collision energy CE-30 was chosen for products of the 277 peak; as
higher collision energies removed the signals completely. This collision energy was then used

throughout. While 199 peaks in the product scans appeared to match the formula for 12:0 fatty
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acid, and the 171 peak matches 10:0, the other fragment ions could not be identified, thereby
precluding the confirmation of ions detected in the full scan mode. Since the negative ion
fragmentation spectra data is not publicly available for many fatty acids, product scans were
performed for fatty acid standards of m/z 291, 293, 277, and 279 (corresponding to OPDA, 13-
KOT, colnelenic acid, etherlonic acid, 13(S)-HPOT, 13(S)-HOT, 9(S)-HOT, and linolenic acid
respectively) using identical fragmentation conditions as before, 100 cycles and a collision
energy of -30, and compare with product ion mass spectra of our samples. Stearic acid, which
produces an (M - H)" parent ion of m/z 283.3 and palmitic acid, which produces an (M - H)’
parent ion of m/z 255.2 in negative ion mode served as negative controls. The product scans of
fatty acid standards did not exactly match the product ion mass spectra of the samples,
although the fragmentation pattern of colnelenic acid (m/z 291.26) seemed to show an increase
in 171.1039 peak, that resembled 171.1035 product ion peak of m/z 291.2. Thus, the ion at m/z
291.2 appeared to match to colnelenic acid, suggesting that the long chain fatty acid was bound

to the HA-tagged gl2AZip protein in the pull down experiment.

183



DISCUSSION AND FUTURE PERSPECTIVES

Structural analysis of the START domain from HD-Zip TFs

A recent survey of the protein data bank has revealed that the crystal structures of eight
mammalian START domains have been solved so far. These START domains are those of
STARD?2 (Roderick et al. 2002), D3 (MLN64, Tsujishita and Hurley (2000)), D4
(Romanowski et al. 2002), D11 (Kudo et al. 2008), and D1, D5, D13, and D14 (Thorsell et al.
2011). STARD3, D4 and D5 have specificity for cholesterol. STARD2/PCTP binds
phosphatidylcholine (PC), and STARDI11 (CERT) binds ceramides. The lipid specificity of
STARI13 (DCL-2) is not known as of yet.

Structural analyses of START domains from mammals have provided detailed insights
into how these proteins sequester specific lipids (summarized in Table 1.1). Apart from
deletion and insertions in loops, the structures of all the START domains are very similar. The
~210 residue globular START module is a curved B-sheet gripped by two a-helices, known as
o/P helix-grip-fold (Alpy and Tomasetto 2005). One striking and common feature of these
structures is the presence of an internal hydrophobic cavity large enough to fit one lipid
molecule.

Notably, in animals START domains are not found in transcription factors, whereas in
plants START is primarily associated with HD-Zip TFs (Schrick et al. 2004). To achieve
headway in understanding its function, the structure of the START domain needs to be solved,
and natural ligands identified. Indeed, using insights gleaned from high-resolution structures,
numerous studies have characterized ligand-binding pockets and shed light on the underlying
molecular mechanisms. For example, structural work by Kudo et al. (2010) led to a mechanism
by which CERT can distinguish ceramide from other lipids yet still recognize multiple species
of ceramides. Similarly, seminal studies on structure of PYR/PYL family of START proteins
provided breakthrough insights into previously elusive mechanism of Abscisic acid signaling
(Santiago et al. 2012).

In absence of structural data, homology modeling was used as a means to obtain a

reasonable 3D model as described in Chapter 2. This work predicted similar sized ligand-
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binding cavities of a subset of plant START domains in comparison to mammalian
counterparts.

The foremost step in crystal structure determination entails obtaining a highly purified
protein in sufficient quantities. In this study, two different E. coli fusion expression strategies
(the N-terminus GST- and the Hise-tagged expression) were applied under low temperature
conditions intending to increase their efficiency for producing soluble recombinant START
domain. Insolubility is a typical problem for recombinant proteins expressed in E. coli. The
reason for this is believed to be their non- native, aggregation-prone conformation and their
subsequent expression as inactive forms in inclusion bodies. Important parameters include the
interactions between the hydrophobic patches of newly synthesized unfolded polypeptides,
which are influenced by the rate of protein synthesis along with the cellular microenvironment
of expression. Therefore, factors to consider are usually related with the expression vector
used, the induction parameters, cultivation conditions, and fusion partner proteins (Sahdev et
al. 2008).

Selection of the appropriate tag for the fusion of the heterologous protein usually
depends on the desired method of chromatography and the experimental needs of the protein’s
utilization. On the other hand, protein solubility depends on the type of the fusion tag to be
used. Tags known for their contribution to solubility are the MBP, the NusA and the GST
(glutathione S- transferase) (Costa et al. 2014). However, expression of GST-tagged START
domains typically resulted in poor solubility (Appendix C). The START domain from PDF2
showed the most promising levels of protein in the soluble fraction. As shown in Appendix
Figure C.3, the efforts to upscale the purification led to sufficient quantities of the purified
GST:PDF2-START and analysis using ANS binding assay suggested that the protein is
correctly folded.

The removal of the fusion partner from the final protein is often necessary
because the tag can potentially interfere with the formation of crystals (Waugh 2005; Young et
al. 2012). In spite of being widely employed, the removal of fusion partners presents
difficulties. It has been shown that recognition of linear amino acid sequence (except for
SUMO protease) can result in unspecific cleavage (Butt et al. 2005). Following tag removal, it
is not uncommon to obtain low protein yields and poor recovery of active target proteins due to

protein precipitation and aggregation (Waugh 2011). Moreover, tag removal often involves
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high costs of proteases and tedious optimization of cleavage conditions (Smyth et al. 2003).
Consistent with these observations, removal of the GST tag substantially reduced yields of
PDF2-START, likely due to protein precipitation and aggregation (Figure 4.7). It was
previously shown that target proteins fused to GST can be successfully crystallized (Zhan et al.
2001). Thus, one possibility is to test whether the uncleaved GST:PDF2-START protein can be
purified to homogeneity to yield crystals.

Expression of the fused Hises-tagged PDF2:START resulted in poor solubility even at
low temperature culture conditions, rendering it unsuitable for purification (Figure 4.5). This is
not a surprising result since unlike GST; Hise is not a solubility enhancing tag. It is commonly
employed as an affinity tag and offers several advantages of its own (Li 2010). First, the
hexahistidine tag has a small size and charge that rarely interferes with protein function and
structure. Second, His tags can be used under both native and denaturing conditions. In
addition, oligohistidine-tagged proteins can be eluted under mild conditions by imidazole
competition or low pH. Several studies have reported successful crystallization of uncleaved
proteins (Carson et al. 2007; Kimple et al. 2013).

Production of soluble protein is not straightforward for START domain proteins since
aggregation was observed for most of the HD-Zip-derived START domain sequences using E.
coli expression. Even under optimal condition, it is unusual to generate active soluble protein
on the first attempt. Accordingly, it is important to have several alternative approaches. For
example, heterologous over-expression of eukaryotic proteins with chaperones and trigger
factor has been shown to improve the solubility of the overexpressed proteins in E.coli
(Voulgaridou et al. 2013). Multiple lines of evidence argue for an increase in protein solubility
by switching to an alternative tag (Hammarstrom et al. 2002). However, in selecting which tag
to use, one is confronted with a daunting number of choices. To compound this problem, in
addition to the commonly used fusion partners, new solubility enhancing tags are constantly
being developed (Costa et al. 2014). Another alternative is to refold the protein in vitro.
However, even the most robust protocols only refold a small fraction of the input protein, and
it is hard to purify the refolded fraction (Vincentelli et al. 2004). Finally, if the bacterial
expression is unsuccessful to this point, using other expression hosts could be a viable
alternative. Conventional eukaryotic expression systems include baculovirus system in insect

cells, the yeasts Pichia pastoris and Saccharomyces cerevisiae, human cells, or cell-free
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systems using prokaryotic or eukaryotic extracts (Graslund et al. 2008). Cell-free systems,
which have been used extensively to generate thousands of purified proteins for structural
studies, can be utilized to produce proteins that are toxic to E. coli. Although the list is

certainly not exhaustive, for future work, one or more of these approaches could provide a

breakthrough in solving the START domain structure.

The fluorescence-based thermal shift assay (DSF) is tractable for use with PDF2

Chapter 2 shows that the START domains are ligand-binding motifs that can modulate
transcription factor activity in both plants as well as mammals while genetic and mutant studies
described in Chapter 3 further underscore the importance of ligand binding for HD-Zip TF
activity. Together, these results set the stage for the identification of potential small-molecule
ligands for the START domain. Although START domains from mammals are reported to bind
lipids (Schrick et al. 2014), an unbiased approach could be the best strategy to detect novel
START domain ligands. To this end, the availability of soluble and correctly folded His-
tagged PDF2 and PDF2-START+SAD proteins enabled a DSF high throughput screen (HTS)
for potential START domain ligands (Figure 4.5 C, D).

DSF is a label-free high throughput screening methodology that foregoes the need to
develop assay materials or reporters specific for individual protein targets. It is a rapid and
cost-effective approach that requires relatively small amounts of partially purified protein
(Vedadi et al. 2006). Another advantage of DSF is that it is applicable to different stages of the
screening process, from primary screening to hit profiling. It can be a useful selection tool of
protein constructs for use in screening and X-ray crystallography (Cummings et al. 2006b). In
other cases, DSF aids in the expression and purification of proteins since it allows the detection
of a specific ligand that improves the protein stability and hence decreases its potency to unfold
and reduces the chances of its aggregation (Vedadi et al. 2006). Using naringin during protein
purification resulted in much higher levels of soluble PDF2-START expression, presumably by
stabilizing the folded protein (Figure 4.20)

It should be noted that protein unfolding can also be monitored using fairly simple
intrinsic fluorescence such as tryptophan or tyrosine residues, albeit in this study it was felt to
be advantageous to utilize an external probe. The 230 amino acid PDF2-START domain is

intrinsically fluorescent by virtue of 5 Trp residues. However, due to the presence of two many
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Trp residues, the small changes of one residue might get buried under the strong and broad
signal from the whole protein.

Not all proteins are amenable to DSF measurements. In particular, non-globular and
large multi-domain proteins tend not to exhibit distinct phase transitions during thermal
denaturation.

As seen in Figure 4.8, melting curve of PDF2 shows good thermal stability, but with a
weak denaturation transition (41.7°C). Thermal shift assays, unfortunately, do not always
generate single sigmoidal curves, and it is not unusual to observe a complex multiphasic curve
in the presence of a multi-domain protein. Occurrence of a single sigmoidal curve for the
multidomain PDF2 protein can be explained by the fact that many multidomain proteins have
domains that are sufficiently coupled energetically that they melt in a cooperative manner
resulting in a single melting transition state (Pantoliano et al. 2001). Further optimization
experiments indicated that 10x SYPRO Orange dye concentration and 5 uM protein were
suitable conditions to perform high throughput screening (Figure 4.7). Together, the
experiment established the assay’s tractability, as well as informed the conditions to perform

DSF experiments using potential small molecule ligands as discussed below.

PDF?2 binds flavonoids

The AnalytiCon MEGx library consists of 1000 pure natural compounds from plants
and microbes (plants- 792, microbes- 208). Out of 1000 compounds screened at a
concentration of 300 uM, only 25 stabilized while 88 induced a negative shift in Ty, of the
protein. Whereas 868 had no effect, 19 did not show any discernible peak to allow Ty,
calculation and were categorized as denaturants. It should be noted that compounds that
elicited AT, between 1-2°C shifts were disregarded. The majority of the hits were flavonoids, a
broad class of plant secondary metabolites. As illustrated in Figure 4.13, benzylated chalcone
and pinoquercetin displayed the highest thermal shift, with ATy, values of 10.8°C and 13.2°C,
respectively. In general, for 1:1 protein—ligand binding and a simple two-state approximation
of the unfolding transition, AT, correlates reasonably with both affinity and ligand
concentration (Brandts and Lin 1990). Accordingly, benzylated chalcone and pinoquercetin

most likely represent high-affinity protein binding ligands for PDF2.
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Flavonoids are widely distributed throughout the plant kingdom and are abundant in
many flowers, fruits and leaves. They are characterized by the presence of two benzene rings
(rings A and B) that are linked by a 3-carbon bridge to form chalcones or by a pyrane or
pyrone ring (ring C), Figure 4.17. On the basis of the position of and the modifications to the
A, B and C rings, the >4000 flavonoids discovered to date can be classified into several
classes, including flavonols, flavones, isoflavones and anthocyanin pigments (Figure 4.17).
While benzylated chalcone is a member of a class of chalcones that exhibits antibacterial,
antimalarial and antineoplastic activity, pinoquercetin is a C-methylated flavonol (Figure 4.15).
Flavonols have been the subject of intense research interest because of their diverse roles in
protection from oxidative damage and UV radiation, inhibition of auxin transport, control of
pollen function, and signaling to symbiotic organisms (Wasson et al. 2006; Buer et al. 2010).
In addition, dietary flavonols have also been implicated as being protective, regulatory, or
cytotoxic molecules in mammals (Williamson and Actis-Goretta 2010).

To further map the binding domain, all 25 compounds were retested using the PDF2-
START+HSAD protein. Among these, only eight were found to induce a positive shift in the Ty,
of both PDF2 and PDF2-START+SAD proteins. It is not immediately clear why fewer
compounds showed temperature shifts for PDF2-START+SAD as compared to PDF2. Perhaps
it is harder to identify stabilizing interactions in proteins with intrinsically higher stability. In
line with this idea, under similar purification conditions, more soluble expression was observed
for PDF2-START+SAD in comparison with PDF2.

Using a DSF assay, interactions between PDF2-START+SAD protein and various
commercially available natural flavonoids such as naringin. naringenin, quercetin, and
quercetin 3-B-D-glucoside were also observed. This is an important finding as it may facilitate
identification of high affinity ligands that can be obtained at a significantly lower cost and may

further enable secondary ligand validation assays requiring large quantities of compounds.

Dose response curves

In ligand titration experiments, lower ATy, values were observed for all compounds tested
(Figure 4.19). This inconsistency might be explained by batch-to-batch variation in purified
protein. Also, both licochalcone B and naringenin elicited ATm < 1°C, indicating a failure to

reproduce the previous results. While the change on T, may increase sharply as the protein is
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saturated by the ligand (particularly for tight binding) the increase of protein Ty, continues after
the protein is full saturated (Matulis et al. 2005; Cimmperman et al. 2008). The nonlinear Ty,
dependence on ligand concentrations observed for some strong carbonic acid inhibitors, such
as EZA and TFMSA supports this notion (Cimmperman et al. 2008). It may also explain the
linear variation exhibited by benzylated chalcone. However, the reason for expected linearity is
not fully understood. In fact, the saturation effect seen in some cases (e.g., pinoquercetin) is
probably due to ligand solubility issues, where the concentration of the ligand in solution
becomes a limiting effect, and in other cases due to ligand binding to the unfolded state of the
protein (Kervinen et al. 2006).

Paradoxically, the danger of ranking compounds by relying on Ty, alone is highlighted
in the literature (Matulis et al. 2005; Niesen et al. 2007; Cimmperman et al. 2008) and
determination of binding constants using DSF data is problematic. The binding constant cannot
be directly determined from a thermal shift assay since these affinities depend both on enthalpy
and entropy, which is not accurately assessed with DSF (Matulis et al. 2005). Further,
Cimmperman et al. (2008) postulated that if the ligand binds significantly to the unfolded state
of the protein as well as to the folded state, the binding constant may be underestimated, since
stabilizing the unfolded state shifts Ty, towards a lower temperature. Nevertheless, several
studies have successfully used DSF to calculate ligand association constants that are in good
agreement with isothermal titration calorimetry (ITC) measurements (Lo et al. 2004) as well as
radioactive competition and fluorescence polarization assays (Pantoliano et al. 2001). Vedadi
and coworkers (Vedadi et al. 2006) correlated inhibition data for a protein kinase and showed
that Ty, shifts larger than 4 °C translate into values for ICsp < 1 pM. For several compounds,
this correlation suggests that DSF assays adequately describe binding kinetics despite the
irreversible nature of the thermal protein melting (Brandts and Lin 1990; Schwarz et al. 1991).

In conclusion, all eight compounds, except lichochalcone and naringenin represent
promising candidates for further validation. It cannot be emphasized enough that applying a
combination of orthogonal methods provides the most robust and efficient way to identify a
bona fide ligand. For instance, while DSF offers a simple platform for rapid identification of
interacting ligands, the assay is mainly qualitative and not the best to assess binding specificity.
On the other hand, ITC is a gold standard for analyzing weak protein-ligand interacts.

However, the technique requires protein and ligand at very high concentrations, which often
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puts practical limits on the solubility of protein and ligand at very high Kp. An integrated
screening cascade starting from HTS, e.g., DSF or Fluorescence Polarization (FP) followed by
validation using NMR and/or SPR secondary screens, and ultimately using more material
intensive and information-rich techniques, e.g., ITC to characterize interactions is sensible
strategy for ligand screening. In the present study, a HTS assay provided a list of lead
compounds to follow up on. ITC experiments are currently underway to verify ligand hits and
more accurately estimate binding constants. It is hoped that compounds validated by both
assays will become sustainable leads that can be developed further. Finally, co-crystallization
experiments will be necessary to determine the binding position of each of the compounds to
the protein.

Flavonoids are synthesized via the phenylpropanoid and flavonoid pathways (Figure
4.17). Thus far, only two flavonoid-binding proteins have been identified in plants. These
include Arabidopsis glutathione S-transferase (GST) (Mueller et al. 2000) and Fra proteins
from strawberry (Casanal et al. 2013). Interestingly, Fra proteins belong to START
superfamily and similar to mammalian START domains these adopt a helix-grip-fold with an
internal cavity capable of binding hydrophobic ligands. Structural analysis of Fra bound to
catechin demonstrates conformational flexibility in loop regions surrounding the ligand-
binding cavity, suggesting that ligand-induced conformational changes are a conserved feature
in the START protein superfamily. Thus, it is conceivable that HD-Zip derived START
domains may undergo similar conformational changes upon flavonoid binding. What could be
the functional relevance of flavonoids as putative ligands for PDF2? Although the binding still
needs to validated, HD-Zip TFs may act as transporters binding to the flavonoid intermediates
and making them available to processing enzymes. The evidence has now been provided that at
least two of the enzymes of flavonoid metabolism (CHALCONE SYNTHASE [CHS] and
CHALCONE ISOMERASE [CHI]) are located not only in the cytoplasm but also in the nuclei
(Saslowsky et al. 2005). Another intriguing possibility is that they could play a role as
signaling components, monitoring the metabolic flux into the flavonol branch and influencing
transcriptional activity of regulatory genes coding for flavonoid enzymes. This hypothesis
draws on the flavonol dependent feedback repression of PAL, the gateway enzyme for the
synthesis of phenolic and flavonoid compounds. Notably, this inhibition is dependent on the

accumulation of aglycosylated flavonoids and can be restored by exogenous application of
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naringenin (Yin et al. 2012). The latter supposition is further supported by the ChIP-seq and
qRT-PCR data that suggests negative regulation of PHENYLALANINE AMMONIA-LYASE
(PAL) and CHALCONE ISOMERASE-LIKE (CHIL) gene by GL2 (Figure 3.15). The role of
CHALCONE ISOMERASE-LIKE (CHIL) remained elusive until recently. Genetic and
metabolic studies have now provided evidence for its role in flavonoid biosynthesis
downstream of CHS (Jiang et al. 2015). In summary, it is proposed that the flavonol
metabolome could be directly influenced through binding of flavonoids to HD-Zip IV TFs.
Whether GL2 also binds to flavonoids still needs to be demonstrated. The protein-metabolite
immunoisolation experiments performed in yeast indicate an overlap in binding partners

between GL2 and PDF2.

Ligand supplementation

Multiple lines of evidence argue that using ligands during protein purification can lead
to improvements in protein stability and solubility. For instance, co-expression with a high-
affinity ligand was a key to obtaining purified steroid nuclear receptor ligand-binding domain
(LBD) for structural studies (Sack et al. 2001). Likewise, addition of ligand during the cell
lysis step and throughout the entire purification process was the key to obtaining pure
monomeric kinase 1 (Hassell et al. 2007), while purification without a ligand resulted in a
mixture of proteins, lipids and DNA. This raises the question as to what causes increased
solubility upon ligand supplementation. A simple explanation is that inclusion of ligand
promotes and stabilizes the folded protein, leading to a stable and soluble protein-ligand
complex. Wu et al. (2007) found that upon ligand (Carbenoxolone) supplementation and
concomitant protein purification, the glucocorticoid-activating enzyme type 1 11p-
hydroxysteroid dehydrogenase (11B-HSD) had a ligand bound to its active site. Although less
likely, however, another possibility is an increase in RNA stability or reduction of toxic effects
on the expression of the host.

As noted previously, Hise-tagged PDF2-START displays extremely poor solubility.
One hypothesis is that using ligands as culture additives might improve stability and
subsequently increase the solubility of PDF2-START. Indeed, increase in levels of soluble
protein was observed in the presence of 100 uM naringin (Figure 4.20). Similarly, a higher

level of soluble protein expression was observed by including isoliquiritigenin as a culture
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additive (data not shown). These results provide further evidence for the postulate that one can
use ligands to stabilize nascently synthesized proteins to promote solubility and prevent
aggregation. By contrast, co-expression with naringin dihydrochalcone was not sufficient to
provide soluble protein. Structural studies with PDF2-START and naringin will be important
in defining the ligand-binding site, which may differ from mammalian START domain binding
site.

It should be mentioned that ligand supplementation experiments are very tricky and the
design and outcome of this approach is contingent upon several factors. These include the type
and potency of the ligand, toxicity in E.coli, cellular uptake, the solubility of the ligand, DMSO
concentration, interference with the host metabolism, and conversion of compound itself by
host. For example, expression studies with GR LBD demonstrated that combination of ligand
supplementation and F602S mutation had a dramatic effect on expression levels and was a key
to obtaining GR crystals and subsequent structure determination (Bledsoe et al. 2002).
Relevant to this, the addition of quercetin induced toxicity in E.coli (data not shown). While
only narignin, isoliquiritigenin, quercetin, and naringin dihydrochalcone are tested as culture
supplements in this study, the effect of other compounds — identified in the DSF screen -

remains to be addressed.

Fatty acids represent in vivo binding partners for HD-Zip TFs

To achieve full understanding of its function as a putative ligand-binding domain in
plants, natural ligands for the START domain need to be identified. An in vivo assay for
systematic identification of protein- metabolite interactions was developed for yeast proteins
(Li et al. 2010), and using this method, candidate ligands for START domains were identified
using GSV synthetic transcription factors expressed in yeast (Schrick et al. 2014). This method
was modified for immunoisolation of protein- metabolite complexes from plant tissues. The
identification of a natural ligand for GL2 helps characterize the START domain, identify a new
role for the ligand, and provide insights into physiological regulation of the START. As
observed in Figure 4.2°, pull down samples were analyzed by Q-TOF using an untargeted
metabolomics approach. In contrast to a targeted approach where only known metabolites of
interest are selected for monitoring and quantitation, an untargeted platform allows quantitation

of all ionizing metabolites simultaneously, measuring both known and structurally novel
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metabolites based on their m/z values. Moreover, TOF analyzer has high mass accuracy, which
allows molecular formulas to be determined for small molecules.

At least two pieces of evidence suggest that START domain can bind lipid ligands in
plants. First, Gou et al. (2015) reported that START domain from WKS1, wheat START
domain protein, has binding affinity for phosphatidic acid (PA) and phosphatidylinositol
phosphates (PIPs). A recent study identified PA and several phospholipids as potential ligand
binding partners for GL2 and PDF2 (Schrick et al. 2014).

Using gl2AZLZ in the metabolomics-based ligand-enrichment experiment, elevated
levels of four fatty acids corresponding to m/z = 291.2, 293.2, 277.2, and 279.2 were found in
comparison to the control. It was suggested that these peaks represent oxylipins and
unsaturated fatty acids including linoleic acid (C18:2) and linolenic acid (C18:3). Further
detailed analysis comparing the fragmentation data with the MS/MS product ion scans of
various standards, revealed colnelenic acid as a potential ligand for GL2-START domain.
Although the current data are suggestive, they are insufficient to conclude whether colnelenic
acid represents a true ligand. More detailed biochemical and biophysical studies (for example
ITC) need to be conducted in to determine binding stoichiometry of the GL2-colnelenic acid
interaction. Additionally, structural studies using NMR or X-ray diffraction will be pivotal in
defining the ligand-binding site.

One criticism of the assay is the use of transcription factor in which Zip dimerization
domain has been deleted. Zip domain deleted version of GL2 was chosen to enhance the
throughput. Although protein is defective in DNA binding (refer Chapter 3), it encodes a wild
type START domain and is expected to bind similar ligands as the full-length GL2. Also, there
is not data in which binding is mapped to the START domain. Further experiments using GL2-
START protein will be necessary to elucidate ligand binding to the START domain.

In Hsu and Turk (1999), the authors described distinct fragmentation spectra of
isomeric unsaturated fatty acids. Using low energy collisionally activated dissociation (CAD)
on a triple stage quadrupole instrument, they found that isomeric polyunsaturated fatty acids:
linolenic acid (9,12,15)-18:3 and gamma linolenic acid (6,9,12)-18:3 yield distinguishable
tandem spectra. While m/z 99, m/z 195 and m/z 235 reflect the most abundant ions in tandem
spectra of (9,12,15)-18:3, the ion spectra of (6,9,12)-18:3 includes members at m/z 193 and
m/z 153. These findings suggest that in addition to colnelenic acid, GL2 may bind to a yet
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unknown isomer of linoleic or linolenic acid. Since the fragmentation pattern of experimental
m/z peaks corresponding to 277.2 and 279.2 does not match that of pure linoleic acid standard
(m/z 277.2) used in this studys, it is likely that they represent isomeric forms having dissimilar
product ion spectra. Thus, whether linoleic and linolenic acid represents a true binding partner
for GL2, possibly via its START domain, is still an open question that awaits further
investigation.

Taken together, the results provide evidence for the GL2 transcription factor binding to
several fatty acids including linoleic, linolenic, and the colnelenic acid, which is an oxylipin
that functions in cell wall modifications required for lateral root development and for defense
against pathogens (Vellosillo et al. 2007). Results from the homology modeling of Arabidopsis
START domain ligand binding cavities using mouse STARD4 domain as template further
corroborate these findings (Schrick et al. 2014). The modeling studies indicated that the
hydrophobic tunnel of START domain from GL2 has a small cavity volume of 270 A’ (Yadav,
unpublished), which may indicate binding to fatty acids.
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MATERIALS AND METHODS
Nicotiana benthamiana Growth Conditions

Seeds of N.benthamiana were germinated on wet filter paper for 7d, and then the
seedlings were planted on soil mix containing plug and germination growing medium (PRO-
MIX® PGX), vermiculite and perlite (Therm-o-Rock West, Inc.) in 4:1:1 ratio, and 5-6 pellets
of fertilizer osmocote classic 14-14-14 (Everris US). Plants were grown in a growth chamber
at 22°C under 14-h-light/10-h-dark cycles. For each set of experiments, used 3-4 week-old

plants that were typically at the five-leaf stage were used.

Constructs and cloning

N-terminal GST fusion to START domain sequences from PROTODERMAL
FACTOR 2/PDF2%*# 'HOMEODOMAIN GLABROUS 11/HDG11"***"+¥,
HOMEODOMAIN GLABROUS12/HDG 12" ANTHOCYANINLESS 2/ANL2>*!7"34
PHABULOSA/PHB™' ™" GLABRA2/GL2">"*" and MERISTEM LAYER 1
JATML1"#*%2 were generated by cloning PCR products into acceptor pFN2A (GST) flexi
vector (Promega, #C8461). RIKEN Arabidopsis full-length (RAFL) cDNA clones (Seki et al,
2002): HDG11 (At1g73360), HDG12 (Atlg17920), ANL2 (At4g00730), PHB (At2g34710),
ATMLI1 (At4g21750), PDF2 (At4g04890), and GL2 (At1g79840) were used as template to
append Sgfl and Pmel sites onto the START domain using expand high fidelity PCR system
(Roche). Following purification, PCR products were digested with restriction enzymes Sgfl
and Pmel (NEB). The digested PCR products were subsequently ligated onto an acceptor
pFN2A (GST) flexi vector that was digested with Sgfl and Pmel. The plasmids were
introduced into E. coli strain DH50, the positive clones were selected on solid medium
containing 100 mg/ml ampicillin and the constructs were verified by sequencing.

Full length PDF2 (amino acids 1-743), PDF2 (amino acids 232-743) encoding the
START+SAD domains, PDF2 (amino acids 245-478) encoding the START domain, full length
GL2 (amino acids 1-747), and GL2 (amino acids 234-747) encoding the START+SAD
domains were subcloned into expression vector pNIC28-Bsa4 by ligation-independent cloning
(Dortay, et al, 2011). The resulting expression constructs contained a hexahistidine tag and a

TEV-protease cleavage sitt (MHHHHHHSSGVDLGTENLYFQS) at the N-terminus.
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Linearization of LIC expression vectors for LIC cloning

LIC expression vectors (5 pg) were digested with 25U Bsal in a 50 pl reaction volume
and purified from contaminating stuffer fragment and undigested vector by gel-extraction using
the NucleoSpin Extract II kit (Macherey & Nagel, Du'ten, Germany). To generate 5’ LIC
overhangs (15 and 16 nt, respectively) at both ends the purified vector backbone was treated
for 30 min (22°C) with T4 DNA polymerase in the presence of dCTP, using the following
reaction setup: 200 ng of purified vector backbone, 2 pl 10x buffer 2 (NEB), 2 ul dCTP (25
mM), 1 mM dithiothreitol (DTT, 100 mM), 2 pl 10x (10 mg/mL) bovine serum albumin (BSA;
NEB), 10U T4 DNA polymerase (NEB) in a volume of 20 pl (filled up with ddH,O). The

reaction mix was heat inactivated for 20 min at 75°C.

Primer design and preparation of PCR products for LIC cloning

For directional and in-frame cloning of PCR-amplified open reading frames into pNIC-
Bsa4 vector, sense primers starting with the following sequence were used:

5S’TACTTCCAATCC (ATG)-3’ (the ATG nucleotides in brackets indicate the gene’s start

codon). Antisense primers for cloning must start with the sequence 5’-

TATCCACCTTTACTGTTAXXX-3". Complementary LIC overhangs within the sense and

antisense primers are underlined (for full primer sequences see Table 2). The cDNAs encoding
for the Arabidopsis thaliana protein PDF2 and GL2 were amplified by high-

fidelity polymerase (Phusion DNA Polymerase; Thermo Scientific Inc., Lafayette, CO) using
cDNAs of PDF2 (At4g04890) and GL2 (Atl1g79840) as template. PCR products were treated
at 22°C for 30 min with T4 DNA polymerase in the presence of dCTP, using the following
reaction setup: 0.2 pmol purified PCR product, 2 ul 10x buffer 2 (NEB), 2 ul dCTP (25 mM), 1
mM DTT (100 mM), 2ul 10x BSA (10 mg/ml; NEB), 1U T4 DNA polymerase (NEB) in a
volume of 20 pl (filled up with ddH,O). The reaction mix was heat inactivated for 20 min at
75°C.

LIC cloning of target genes

0.02 pmol (1 pl) and 0.04 pmol (2 pl) of pre-treated LIC vectors and PCR products (see

above) were mixed and incubated for 5 min at 22°C. The reaction mix was supplemented with
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1 ml EDTA (25 mM), followed by incubation for 1 hr at 22°C and transformation of the whole
reaction mix into E. coli strain DH5a for plasmid amplification. Plasmid constructs were
verified by sequencing. Using a PCR-based site-directed mutagenesis method (Scott et al.,
2002) and 6xHis-PDF2 as template, 6xHis-pdf2"*’"* START domain mutant protein was
constructed and expressed in E. coli following the protocol as described below.

The GL2 cDNA was sub-cloned into pBluescript via Kpnl and Sall restriction sites to
serve as a template for the gl2AZip deletion construct. Phusion Site-Directed Mutagenesis Kit
(Thermo Scientific) was used to generate the Zip domain deletion, following the
manufacturer’s protocol. For TOPO cloning, gl2AZip cDNA was recombined into entry vector
pENTR/D-TOPO vector (Invitrogen, Carlsbad, CA). Entry clones containing g/l2AZip sequence
was transferred from the entry vector to the destination clone vector pEarleyGate 201 with HA
tag on N-terminal using the LR reaction (Earley et al, 2006). Oligonucleotides used in this
study are listed in Table 4.5.

Test expression in E.coli

Each N-terminus GST tagged expression construct was transformed into E. coli strain
BL21(DE3)pRARE (gift from Philip Gao, COBRE Protein Production Core Laboratory, KU
Lawrence). A single colony was used to inoculate 1 ml LB containing both kanamycin (50
mg/ml) and chloramphenicol (34 mg/ml). The culture was incubated at 37°C with shaking
overnight. For test expression, 3 ml of LB media containing kanamycin (50 mg/ml) was
inoculated with overnight culture. All cell cultures were grown at 37°C to an optical density at
600 nm (ODggp) of 0.6. Cultures were then induced with 0.1 mM IPTG and incubated at 18°C.
After incubation for 20 h, cells were harvested by centrifugation (Sorvall RC-5B refrigerated
superspeed cientrifuge, DuPont Instruments), 6000 rpm, 10 min at 4°C). Pelleted cells were
resuspended in Tris lysis buffer (50 mM Tris-HCI pH 7.5; 500 mM NacCl, 20% (w/v) glycerol,
2 mM DTT, 5SmM EDTA) at a ratio of 10 ml per gram of wet pellet. To this mixture, 1X
EDTA-free halt protease inhibitor cocktail (Thermo Scientific), 2mM PMSF (Sigma) and 1
mg/ml hen egg-white lysozyme (Sigma) was added, and the cells then lysed by sonication (10
Hz pulses for 15 sec at 30% amplification on an Ultrasonic homogenizer (BioLogics Inc.

Australia). Cell debris was removed by centrifugation (Eppendorff 5810R), 12,000rpm, 1 h,
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4°C). The total (crude lysate), soluble (supernatant), and insoluble (pellet) fractions were

analyzed by SDS-PAGE.

Large scale expression and purification of GST:PDF2-START

For large-scale protein production, 3 L cultures were used. GST:PDF2-START
expression construct was grown in culture as described above using 0.1 mM IPTG and moving
cultures from a 37°C incubator to a 18°C incubator after ODggo 0.5-0.6 was reached. The
soluble fraction was incubated with 2.0 ml of Glutathione sepharose 4B (GE Healthcare Life
Sciences) pre- equilibrated in Tris wash buffer (50 mM Tris-HCI pH 7.5) o/n at 4°C to bind the
GST-tagged PDF2-START. After overnight incubation, the beads were washed sequentially
with 10 bed volumes of Tris wash buffer (50 mM Tris- HCI pH 7.5; 500 mM NacCl, 20% (w/v)
glycerol, ImM EDTA) containing 1%, 0.1%, and 0.01% Triton X-100 and the protein was
eluted using Tris elution buffer (50 mM Tris- HCI pH 8.0; 150 mM NacCl, 20% (w/v) glycerol,
20mM Glutathione). The protein was liberated from the hexahistidine tag by incubation with
Hise-tagged TEV protease (gift from Karl Nichols, Center for Eukaryotic Structural Genomics)
over night at 4°C and subsequently incubated with glutathione resin to remove uncleaved
PDF2-GST fusion protein and GST only. After removal of TEV protease on TALON metal
affinity resin (Clontech), the protein was loaded onto 10/300 Superdex-75 column (GE
Healthcare). Gel filtration was performed in equilibration buffer (20 mM Tris-HCI pH 7.5, 300
mM NaCl, 10% glycerol). Fractions corresponding to a major and minor peak were pooled
based on gel filtration profiles and purity determined by SDS-PAGE and Coomassie staining.
FPLC gel filtration was performed in Jeroen Roelofs lab.

GST:PDF2-START binding assays with 8-anilino-1-naphthalenesulfonic acid (ANS)

The assay was performed as previously described (Downes et al., 2003) with
modifications. The GST tagged PDF2-START protein and ANS were prepared or diluted in
protein buffer (25 mM Tris, 500 mM NaCl, 10% glycerol, pH 8.0) to desired concentrations,
before they were mixed together in a 96-well fluorescence plate to the final volume of 150 pl
in each well. The final concentration of protein was held constant in each well at 68 uM (or no

protein for control), whereas that of ANS was varied across eight wells at 0, 25, 50, 100, 200,
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400, 600, 800 uM. The protein-ANS mixture was allowed to incubate at room temperature for
1 h. After that, the binding was monitored using a Victor 2V microplate reader (Perkin Elmer)
at excitation and emission wavelengths of 400 nm and 500 nm, respectively. The experiment

was performed in triplicate at each concentration of ANS.

In vitro ligand binding assay by mass spectrometry

An in vitro method described in Li et al (2010) was used for the binding assay using
equimolar (100 uM) amounts of protein and metabolite. After co-incubation of protein and
candidate ligand for 30 min at room temperature, size exclusion chromatography (Zeba spin
desalting column, Pierce) was used to remove unbound metabolite and other impurities from
the mixture. To extract the protein-bound metabolites, 100 pl of pure methanol was added to
the samples and incubated at RT for 15 min. The methanol extract was then immediately
transferred to a glass vial and analyzed by mass spectrometry in collaboration with Ruth Welti
(KSU). The dissolved metabolites were fragmented and detected by direct infusion ESI-
MS/MS (API 4000; Applied Biosystems) using a targeted approach, and quantified as
previously described (Devaiah et al., 2007; Lee et al., 2011).

Protein overexpression and purification

Each expression construct was transformed into E. coli strain BL21(DE3)pRARE. Cells
were grown in Terrific Broth supplemented with 8 g/l of glycerol at 37°C. At an ODgponm Of
between 1 and 2 the temperature was lowered to 18°C, recombinant protein production was
induced by addition of 0.1 mM isopropyl-p-d-thiogalactopyranoside (IPTG), and cell growth
was continued for 20 h. Cells were harvested by centrifugation and resuspended in 1.5 ml of
buffer 1 per gram of wet cells (50 mM Sodium phosphate pH 7.0, 500 mM NacCl, 10%
glycerol, 20 mM imidazole, 0.5 mM TCEP). Before lysis, 4 pl (25 kU) of Pierce Universal
Nuclease for Cell Lysis (Thermo Scientific), 1X EDTA-free halt protease inhibitor cocktail
(Thermo Scientific), and 1mg/ml hen egg-white lysozyme (Sigma) were added per 50 ml cell
suspension, and cells were lysed by sonication (10 Hz pulses for 15 sec at 30% amplification
on an Ultrasonic homogenizer (BioLogics Inc. Australia). Cell debris was removed by

centrifugation and the soluble fractions were filtered through a syringe filter (0.45 um pore
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size). Cleared cell lysates were added to TALON Metal Affinity Resin (Clontech) pre-
equilibrated with buffer 1 containing SmM imidazole and gently agitated at 4°C ice for 2 hr on
a platform shaker to allow the Hiss-tagged protein to bind the resin. Resin was then washed
sequentially with 20 bed volumes of buffer 1 and buffer 1 containing 5SmM. Bound protein was
eluted twice with 10 bed volumes of buffer 1 containing 50 mM imidazole (for PDF2, PDF-
START+SAD, GL2, GL2-START+SAD) or 500 mM imidazole for PDF2-START protein.

The Bradford protein assay was used to determine protein concentration.

Identification of the protein by Mass spectrometry

The identity of the protein was confirmed by mass spectrometry following the in-gel
trypsin digestion protocol. Each band was excised from the SDS-PAGE gel stained with
Coomassie blue. Peptides were extracted and dried down for LC-tandem MS. Each data file
was searched against E. coli protein database and a custom database with only the PDF2
coding sequence. The samples were processed at UMKC Proteomics and Mass Spectrometry

facility.

DSF optimization

DSF was carried out using a real-time PCR setup (CFX384 - Biorad Laboratories) fitted
with filter sets for measurement of FRET signal. Initially, the general protocol outlined by
Niesen et al, 2007 was followed. Conditions of the assay were then optimized for use with
PDF2 before high throughput screening (HTS) was carried out to identify ligands from MEGx
library (AnlytiCon). Parameters of the assay that were optimized included SYPRO orange dye
(Invitrogen) and protein concentration. Each parameter was tested in triplicate on a white, non-
skirted 96-well PCR plate (Thermo Scientific), sealed with transparent foil (Bio-rad). Three
different protein concentrations (1,5,10 pM) and four different dye concentrations (2x, 5x, 10x,
20x) were tested using the protocol described below. The controls are (1) Two negative
controls (protein only and dye only), and (2) a positive control (0.01 mg/ml lysozyme

dissolved in 10 mM Tris chloride pH 8, 1| mM EDTA).
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AnalytiCon MEGx library

A 1000 compound library at 0.2 umole each, in 96-well plates was purchased from
AnalytiCon Discovery GmbH (Germany). MEGXx is a library of pure natural product screening
compounds isolated from plants and microorganisms (plants- 792, microbes- 208). The powder

compounds were dissolved in 10 pl of DMSO to give stock solution concentrations of 20 mM.

DSF experimental setup for high throughput screening

Purified PDF2 was appropriately diluted in analysis buffer containing 50 mM Tris-Cl,
pH 8.0, 150 mM NaCl, 10% Glycerol. Protein-ligand solutions were dispensed into the wells
of white, unskirted 96-well PCR plates (Thermo Scientific, AB-0700/W). Each well contained
1 uM protein, 10x SYPRO orange (Invitrogen), and 300 uM library compound (ligand) in a
final volume of 20 ul. DMSO concentration was maintained at 1.5% for all assays. In each
plate there were 4 reference wells that did not contain any ligand. Since the compounds were in
100% DMSO, the corresponding volume of DMSO (3ul of 10% DMSO stock) was added to
the reference wells for accurate comparison (vehicle control). The PCR plates were sealed with
optical seal (Thermo Scientific, AB-0558), centrifuged, and incubated at 4°C for 30 min prior
to analysis. Thermal scanning (25 to 95°C at 0.5°C/ 15 sec) was performed using a real-time
PCR setup (CFX384 - Biorad Laboratories) and fluorescence intensity was measured after
every 10 seconds. The excitation/emission filter settings were according to the “FRET”
channel that is compatible to the SYPRO Orange fluorescence signal. The positive hits (AT,
shift >2°C) were retested in triplicates using both PDF2 and PDF2-START+SAD proteins
using the protocol described above. Each compound was also tested for background

fluorescence.

Analysis of DSF Data

Data analysis was performed according to the protocol described by Niesen et al, 2007.
For each well solution, the temperature midpoint for the protein unfolding transition, Ty,, was
determined. The fluorescence intensity is plotted as a function of temperature. This generates a
sigmoidal curve that can be described by a two-state transition. The inflection point of the

transition curve (Ty,) is calculated using the Boltzmann sigmoidal non-linear regression
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function in statistical software Graphpad Prism (GraphPad Software, San Diego, CA, USA).
Compounds, which do not have a measurable peak, are excluded. For compounds tested in
triplicates, relative fluorescence units were averaged and background fluorescence was
subtracted. For ease of comparison of thermal shift between wells, graphs are normalized

whereby the scale of the amplitude of each curve is between 0 and 1.

DSF titration

Using either 2 mM or 50 mM stock of compound in DMSO, dilutions of each hit
compound were made ranging from 1 to 300 uM in analysis buffer (1, 5, 10, 20, 50, 100, 200,
300). Samples (20 pl) were arrayed in white, unskirted 96-well PCR plates (Thermo Scientific)
containing 15 pl of 1 uM PDF2-START+SAD in analysis buffer supplemented with 10x
SYPRO Orange dye (Invitrogen) and 5 pl of each compound concentration. DSF was carried
out via the optimized procedure. AT, was plotted against the concentration of the ligand using
GraphPad, and a sigmoidal dose—response curve (variable slope) was fitted to the data to
calculate dissociation constant (Kp). Each compound concentration was repeated five times to

obtain the standard deviation.

Ligand supplementation to enhance soluble protein production

Hise-tagged PDF2-START proteins were expressed and purified as described above in
the presence or absence of the putative ligand, as culture supplement (50 ml culture volume).
100 uM naringin (Sigma, #N1376) and naringin dihydrochalcone (Sigma) were included

during protein expression, cell lysis, and downstream purification steps.

Agrobacterium- mediated transient expression in N. benthamiana leaves

Agrobacterium tumefaciens GV3101 containing the respective constructs and the p19
silencing suppressor were grown overnight at 30°C in Luria-Bertani medium (LB)
supplemented with the appropriate antibiotics. Cultures were pelleted and suspended in 10 mM
MES pH 5.5 (Sigma), 10 mM MgCl, (Fisher) and 150 uM acetosyringone (ACROS Organics)

at ODgpo = 0.2. The constructs and p19 cultures were mixed in a 1:1 ratio and used for
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infiltration of 4-5 leaf N. benthamiana plants. Samples were harvested 2 to 3 days after

inoculation.

Protein extraction and analysis

For protein extraction, all steps were carried out on ice or at 4°C. 10 g of leaf tissue
were ground in liquid N, and resuspended in 3 ml of ice-cold extraction buffer (10% glycerol,
50 mM Tris pH 7.5, 1 mM EDTA, 150 mM NaCl, 2% w/v PVPP, 10 mM DTT, 1X protease
inhibitor cocktail (Sigma), 0.5% NP40) per gram of tissue weight. Debris was removed from
the lysate by centrifugation at 10,000 xg, 25 min. The centrifuged supernatant was filtered
through four layers of Miracloth (Calbiochem, San Diego, CA, USA) and desalted using zeba
spin desalting columns (Thermo Scientific, Rockford, IL). The centrifuged supernatant was
incubated with 10 pg of rat monoclonal anti-HA high affinity antibody (Clone 3F10, Roche)
coupled to Dynabeads G beads (Invitrogen). The mixture was incubated end-over-end in batch
format o/n at 4°C. After binding, the beads in batch volume were washed three times with IP
buffer (10% glycerol, 50 mM Tris pH 7.5, 1 mM EDTA, 150 mM NaCl) supplemented with
0.5% NP-40 and three times with basal IP buffer (each wash volume = 10x volume of beads).
Small metabolites bound to the protein were eluted with 100 pl of
chloroform/methanol/water (300:665:17.5) and transferred to a 2ml polypropylene insert vial.
The experiment was performed two times. The pEarleyGate201 empty vector served as a
negative control.

Western blotting

For analysis of fusion protein expression, total proteins were extracted in hot SDS-
sample buffer (100 mM Tris-HCI, pH 6.8, 2% SDS, 20% glycerol, 100mM DTT, and 0.004%
bromo- phenol blue, 0.48g Urea per ml) and analyzed by immunoblotting using a standard
protocol with mouse anti-hemagglutinin (HA) antibody (Thermo Scientific) and the ECL

Western Blotting system (GE, Healthcare), according to the manufacturers instructions.

Q-TOF analysis

Spectra were acquired on an MDS SCIEX/Applied Biosystems QStar Elite hybrid
QTOF MS instrument (Applied Biosystems). Samples were introduced into the ESI source by
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continuous infusion at a rate of 30 uL/min using the integrated Harvard syringe pump, and the
instrument was calibrated daily using a lipid standard mixture. TOF scans of extracts, with no
fragmentation, were carried out in positive and negative ion modes, and spectra were examined
to identify unique peaks appearing in the experimental vs control samples. In positive mode,
the ion spray voltage was 5000 V, the source temperature was 150°C, the curtain gas was 25
(arbitrary units), the ion source gases were 20 and 30 (arbitrary units), the declustering
potential was 80 V, the declustering potential 2 was 15 V, the focusing potential was 300 V,
and the collision gas, nitrogen, was 3 (arbitrary units). In negative mode, the ion spray voltage
was -4500 V and the other listed parameters were the same as in positive mode, with negative
voltages. TOF data were collected with 300-600 cumulative scans during 5-10 min
acquisitions, over a range of m/z 100-2000.

For MS/MS product ion scans of experimental samples, acquisition parameters were
the same as listed above for negative mode, except the collision gas was set at 4, and the
collision energy was -30 V. Product ion data were collected with 100 cumulative scans during
1.7 min acquisitions, over a range of m/z 100-2000.

MS/MS product ion scans in negative ion mode were also performed on purchased fatty
acid standards for comparison with experimental sample scans. Standards used were 12-oxo-
10,15(Z)-phytodienoic acid (OPDA, C;sH»303, m/z 292.2, Larodan), 13-0x0-9(Z2),11(E),15(Z)-
octadecatrienoic acid (13-KOT, C;gH2303, m/z 292.2, Larodan), colnelenic acid (CigH2303, m/z
292.2, Larodan), and etherolenic acid (C;3H2303, m/z 292.2, Larodan), all of which produce an
[M - H] parent ion of m/z 291.2 in negative ion mode; 13(S)-hydroperoxy-9(Z),11(E),15(Z)-
octadecatrienoic acid (13(S)-HPOT, C,sH30O4, m/z 310.2, Larodan), which produces an [M - H
- H20] fragment ion of m/z 291.2 in negative ion mode; 13(S)-hydroxy-9(Z),11(E),15(Z)-
octadecatrienoic acid (13(S)-HOT, CsH3003 m/z 294.2, Larodan) and 9(S)-hydroxy-
10(E),12(Z),15(Z)-octadecatrienoic acid (9(S)-HOT, C,sH3003, m/z 294.2, Cayman Chemical
Co.), which produce [M - H] parent ions of m/z 293.2 in negative ion mode; linolenic acid
(CisH3002, m/z 278.2, Nu-Chek Prep), which produces an [M - H] parent ion of m/z 277.2 in
negative ion mode; stearic acid (CigH360,, m/z 284.3, Nu-Chek Prep), which produces an [M -
H] parent ion of m/z 283.3 in negative ion mode; and palmitic acid (C,cH320,, m/z 256.2, Nu-
Chek Prep), which produces an [M - H] parent ion of m/z 255.2 in negative ion mode. For

these MS/MS fatty acid standard scans, the collision gas was set at 4, the collision energy
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ranged from -30 to -45 V, and 100-300 cumulative scans were collected over 1.7-5 min, with a
range of m/z 50-550. All data were collected and processed using Analyst QS 2.0 software.

Accurate masses of the ions were determined to ten thousandths of a mass unit.
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FIGURES AND TABLES
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Figure 4.1 Typical DSF melt curve.

Fluorescence intensity plotted as a function of temperature for the unfolding of protein
(citrate synthase). The plot has a sigmoidal shape, which is illustrated by a two-state transition
depicted in this figure. The lower level (LL) and upper lever (UL) of the fluorescence intensity

defined by equation (1) are also demonstrated here. Figure modified from Niesen et al. (2007).
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Figure 4.2 Melting curve using the first derivative — (ARFU)/dT of the raw data.

The T, corresponds to the apex (Boivin et al. 2013).
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Figure 4.3 Increase in Ty, due to ligand binding.
The protein solution is heated in the presence of a hydrophobic dye (SYPRO Orange).

Upon denaturation, the dye binds to the internal hydrophobic protein core increasing
significantly the fluorescence (left Y axis). Maximal fluorescence intensity is obtained when
the protein unfolds completely, then SYPRO Orange signal decreases corresponding to dye-
protein dissociation. Usually the fluorescence signal is plotted as a function of temperature to
get a sigmoidal curve that shows the fraction of the unfolded protein. The inflection point
corresponds to the melting temperature (Ty,), at which 50% of the protein is unfolded. A ligand
bound to a protein, has the propensity to increase its thermal stability (and hence it’s Ty,’)
through newly formed ligand-protein interactions. This difference in melting temperature
(ATy,) of the protein and of the ligand-protein complex has been shown previously to correlate

to measures of the ligand's concentration and binding affinity. Figure modified from Seabrook

and Newman (2013)
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Figure 4.4 Example of DSF titration curve.
The curve represents an exponential fit to the ATy, values plotted against the compound

concentration.
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Figure 4.5 Protein purification of Hisc-tagged PDF2-START, PDF2-START+SAD,

and PDF2.

(A) SDS-PAGE pattern showing induction of proteins at 18°C (red). Samples were
subjected to SDS-PAGE and stained with Coomassie blue. Left lane for each construct is un-
induced fraction and right lane is the fraction collected 20 hr post-induction using 0.1 mM
IPTG. (B, C, D) SDS-PAGE analysis at various stages of purification of recombinant Hise-
tagged proteins using Talon-affinity chromatography (Coomassie blue staining). L: Total
protein lysate, S: Soluble fraction, E: Elution using 500 mM imidazole for PDF2-START (~29
kDa) (B) and 50 mM imidazole for PDF2-START+SAD (~59 kDa) and PDF2 (~85 kDa) (C,

D), respectively (red arrows).
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Figure 4.6 PDF2 MASCOT search results.

Each data file was searched against E. coli protein database and a custom database with

the PDF2 construct sequence. The protein sequence coverage is 32%. Matched peptides are

shown in bold red.
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Figure 4.7. DSF optimization for PDF2.
(A) Normalized SYPRO Orange fluorescence plotted as a function of temperature for

the unfolding of PDF2. Three different concentrations of protein (1, 5 and 10 uM) and four
different dye concentrations (2x, 5x, 10x, 20x) were tested. (B) Optimization grid for thermal
stability assay using SYPRO Orange. Thermofluor experimental conditions need to be

optimized for some proteins The conditions used in this study are colored in yellow.
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Figure 4.8 Relative SYPRO orange fluorescence plotted as a function of
temperature for the unfolding of PDF2.

The average Ty, value was 41.5 + 0.24°C (n=3).
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Figure 4.9 DSF assay showing increased thermal stability of PYL2 receptor by
pyrabactin.

(A) Purification of His ,-PYL2. SDS-PAGE gel showing the elution fraction of PYL2

during the purification stage. PYL2 (~25 kDa) (red arrowhead). (B) Melt curve of 5 uM PYL2
protein in the presence (green) and absence (blue) of 500 uM pyrabactin. The AT, value (as

calculated in GraphPad Prism) is indicated.
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Figure 4.10 Melt curves of PDF2 in the presence of six candidates.

Normalized SYPRO Orange fluorescence plotted as a function of temperature for the
unfolding of PDF2. Each graph belonging to the candidate tested (red), is plotted against the
DMSO vehicle control (blue). The AT, values (as calculated in GraphPad Prism) are indicated.

f1, Kaempferol 3-O-a-L-rhamnoside-7-O-a-L-rhamnoside; {2, Quercetin 3-O-a-L-rhamnoside-

7-O-0-L-rhamnoside.
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Figure 4.11 Quercetin 3-O-0-L-rhamnoside-7-O-a-L-rhamnoside (f2) induced
stabilization of PDF2.

Melt profile of (A) 5 uM PDF2 and (B) 1 uM PDF2 in the presence of f2. Shift in the
melt curve upon addition of 500 uM of f2 suggests a stabilization effect due to binding.
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Figure 4.12 Melt curves for the controls.
0.01 mg/ml lysozyme (blue), protein only (red curve), 10x SYPRO Orange dye only

(green curve)
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Figure 4.13 Relative SYPRO orange fluorescence plotted as a function of
temperature for the unfolding of PDF2.

(A) Pinoresinol resulted in no significant ATy, value (0.6°C), suggesting that this
compound had no effect on the protein’s thermal stability. (B) Cryptopimaric acid
(diterpenoid) resulted in a negative thermal shift (left shift). The ATy, value of this compound
as calculated is — 11°C which indicates a significant destabilization effect on PDF2. (C)
Glycerin Monoisomyristate. The unfolding profile in the presence of this compound shows

high initial fluorescence value decreasing with temperature.
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Figure 4.14 DSF assay to screen for natural compounds that increase the stability
of PDF2.
(A) SDS-PAGE showing the elution fraction of Hisec-tagged PDF?2 after purification. A

single band at an estimated molecular weight of 85 kDa is observed (red arrowhead). (B) DSF
identified 25 putative ligands from the AnalytiCon MEGx library of pure natural compounds
from plants and microbes. A graph of ATy, values of hits determined at compound
concentration of 300 uM and protein concentration of 1 uM. [1] DMSO vehicle control is
indicated. [10] benzylated chalcone and [13] pinoquercetin exhibit the largest thermal shifts out
of 1000 compounds screened (red). The ATy, values are listed in Table 4.3
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Figure 4.15 DSF assay using PDF2-START+SAD protein.
(A) SDS-PAGE gel showing the elution fraction of Hise-tagged PDF2-START+SAD

after purification. A band at an estimated molecular weight of 59 kDa is observed (red
arrowhead). (B) Comparison of binding profiles of PDF2 and PDF2-START+SAD proteins in
the presence of 25 putative ligands. Eight compounds tested positive for both of the proteins
(green asterisks, Refer Table 4.4).



(1) Licochalcone B (2) Isoliquiritigenin  (3) Benylated chalcone

HO
HO HO
(5) Quercetin 4'-O-3-D- (6) Quercetin 3-B-D- (7) Isoflavone (8) Flavonoid
glucopyranoside mannopyranoside

Figure 4.16 Structures of hits identified by screening the AnalytiCon MEGx
library using DSF.
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Figure 4.17 Normalized melt curves for PDF2 and PDF2-START+SAD proteins
(1 pM) in the presence of the top hits (300 pM) and vehicle control.

(A) The positions of uncomplexed, excess ligands are represented by arrows. The exact
ATy, values (as calculated in Graphpad) are listed in Table 4.3. [1] licochalcone B; [2]
quercetin 3-B-D-mannopyranoside; [3] benzylated chalcone 2; [4] pinoquercetin; [S] flavonoid;
[6] (2Z)-6-Hydroxy-2-(4-hydroxy-3-methoxybenzylidene)-1-benzofuran-3(2H)-one; [7]
quercetin-4’-O- B-D-glucopyranoside; and [8] isoliquiritigenin. (B) Binding of pinoquercetin

and benzylated chalcone to negative control protein (PYL2) is shown.
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Figure 4.18 The flavonoid biosynthetic pathway in Arabidopsis
(A) General biosynthetic pathway of phenylpropanoid and flavonoid skeletons.

The enzymes catalyzing each step are indicated in bold. CHS, chalcone synthase; CHI,
chalcone isomerase; F3H, flavanone 3-hydroxylase; F3’H, flavonoid 3’-hydroxylase; FLS,
flavonol synthase; DFR, dihydroflavonol 4-reductase (modified from Saito et al. (2013). (B)

Structures of the main classes of flavonoids. Flavonoids occur as aglycones, glycosides, and
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methylated derivatives. The numbering system of the flavonoid skeleton is indicated on the

basic flavonoid structure, which is aglycone.
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Figure 4.19 Binding of different flavonoid compounds by PDF2 and PDF2-
START+SAD proteins.

(A) A graph of AT,, values determined at compound concentration of 300 uM for
butein, quercetin-3-f-D-glucoside, quercetin, naringin, and naringenin. T, values were
measured by DSF, and the AT,, values were calculated. Both quercetin and naringin induced
highest thermal shift for the PDF2-START+SAD protein. (B) Structures of the hits are
depicted.
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Figure 4.20 Binding of the candidate ligands by PDF2-START+SAD.
(A) Concentration-dependent stabilization of PDF2-START+SAD by the ligands:

naringin, naringenin, quercetin, quercetin-3-B-D-glucoside, pinoquercetin, licochalcone B,
isoliquiritegnin, and (B) Benzylated chalcone ATy, was referenced to the Ty, value of a control
in which the protein was incubated with the corresponding concentration of DMSO. Each point
represents average of five measurements. Averages are shown for n=5 samples and error bars

indicates standard deviations. Some error bars are smaller than the size of the data point.
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Figure 4.21 Expression of PDF2-START protein analyzed by SDS-PAGE.
(A) Hise-tagged PDF2-START displays poor solubility. (B) Ligand supplementation

(100 uM during protein purification) leads to increased soluble expression of the PDF2-

START protein (asterisk). S, Soluble; P, Pellet; E, Eluted fraction using 500 pM imidazole.

(C) Structures of the compounds are depicted.
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Figure 4.22 Pull down assay for identification of potential START domain ligands.
Workflow for the identification of putative protein-metabolite interactors.
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Table 4-1 DSF screen results for full-length PDF2.
Results of initial DSF screening of the AnalytiCon MEGx library against PDF2

Type Effect # of compounds ATm (°C)

Protein stabilizers  Positive thermal shift indicating an 25 +2.28-18°C
increase in protein stability (>or= 2°C)

No effect on protein No apparent significant shift in AT, (<1°C) 868

stability

Destabilizers Decrease in protein thermal stability 88
(Negative AT,)

Denaturants No measurable transition (potential 19

aggregation/complete denaturation of
the protein) or destabilization/partial
unfolding
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Table 4-2 DSF data of 25 hits from the AnalytiCon MEGKx library.

# *NP# "CAS # Class of compounds AT, (°C)
2 016976 81905-14-8 Flavonoid Glycoside 5.4
3 012245 89946-11-2 Stilbenes 6.4
4 012489 58749-23-8 Chalcone 3.6
5 004204 NA Flavonoid 7.6
6 016356 10035-27-5 Lignans 7.6
7 001289 27208-80-6 Stilbene Glycoside 4.8
8 017432 197379-54-7  Flavonoid Glycoside 4.6
9 000759 3952-18-9 Biflavonol 7.2
10 000319 102056-84-8 Chalcones 18.2
11 005115 18942-26-2 Flavonoid 5.7
12 006331 NA Flavonoid 5.9
13 012356 491-49-6 Flavonol 10.6
14 003298 NA Flavonoid Glycoside 3.2
15 012592 NA Flavonoid 5.1
16 010620 480-16-0 Flavonoid 3.1
17 010061 32396-80-8 Flavonoid 4.1
18 016700 20229-56-5 Flavonoid Glycoside 2.0
19 017433 NA Benzyl Benzoate 2.2
20 017505 160824-52-2  Saponins 2.0
21 000318 120-51-4 Benzyl Benzoate 2.6
22 010021 NA Curcuminoid 25
23 014109 89702-01-2 Flavonoid Glycoside 2.8
24 012957 6920-38-3 Flavonoid Glycoside 22
25 017130 NA Flavonoid Glycoside 2.3
26 004577 13745-20-5 Chalcone 2.2

a Arbitrary natural product (NP) library number.

b CAS numbers are unique identifiers assigned by the "Chemical Abstracts Service" to describe every

chemical described in open access scientific literature.
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Table 4-3 DSF data for the eight top hits from AnalytiCon MEGx library.

Compound Compound XLogP3 TPSA Mw AT, at1 uM ATy, at 1 uM

ID PDF2 (°C) PDF2-START+SAD
Licochalcone B NP-012489 2.57 87 A2 286.279 3.6 5.05
Quercetin 3-p-D-mannopyranoside NP-003298 3.71 253 A”2 600.481 3.2 3.5
Benzylated chalcone 2 NP-000319 4.87 87 A2 376.402 18.2 16.1
Pinoquercetin NP-012356 2.54 127 AN2 316.202 10.6 10.9
5,13-Bis(3,4-dihydroxyphenyl)-7- NP-004204 1.38 320 A2 864.757 7.6 7.3

[2-(3,4-dihydroxyphenyl)-3,5,7-
trihydroxy-3,4-dihydro-2H-
chromen-8-yl]-4,12,14
trioxapentacyclo[11.7.1.0%"".0*2.0"
*®%henicosa-2,8,10,15,17,19-
hexaene-6,9,17,1 9,21-pentol

(22)-6-Hydroxy-2-(4-hydroxy-3- NP-010061 2.2 76 A2 284.263 4.1 2.6
methoxybenzylidene)-1-
benzofuran-3(2H)-one

Quercetin 4’-0-B-D- NP-016700 -0.38 207 A2 464.376 2 2
glucopyranoside
Isoliquiritigenin NP-004577 3.14 78 A2 256.273 2.2 2.35

XLogP3- The logarithm of the partition coefficient between n-octanol and water (immiscible phases). Measure of lipophilicity of a compound
TPSA (Topological Polar Surface Area.) - Estimate of the area (in A squared), which is polar. Measure of polarity and hydrophobicity
Compound ID- Arbitrary natural compound (NP) library number
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Table 4-4 Oligonucleotide primers used in this study.

I. Primers used for cloning genes into bacterial expression vectors for protein
expression and purification. Homologous sequences for in-fusion cloning into
pNIC28-Bsa4 are indicated in bold.

Name

5’-3’ sequence

Expression vector

PDF2 (START) Sgfl_F

GTTTCGGCGATCGCTGAGACTGATAA

PFN2A (GST) flexi

PDF2 (START) Pmel R

CACCAGGAGTTTAAACGGCCATGGAG

PFN2A (GST) flexi

HDG11 (START) Sgfl_F

CCTAACTTGGCGATCGCAGACATGGA

PFN2A (GST) flexi

HDG11 (START) Pmel R

GAGATCACGAGATGAAGTTTAAACTA

PFN2A (GST) flexi

HDG12 (START) Sgfl_F

CCAAACTTGGCGATCGCAATGGA

PFN2A (GST) flexi

HDG12 (START) Pme R

CAAGGGATGATGTTGCAGGTGTTTAA

PHB (START) Sgfl_F

GCATCAGCAACGTGCGATCGCCAAC

PFN2A (GST) flexi

PHB (START) Pmel R

CTGAACTTCTCCAGTTTAAACTTGTGC

PFN2A (GST) flexi

GL2 (START) Sgfl_F

GGGCGTCGCGATCGCCGAGAAGTCC

PFN2A (GST) flexi

GL2 (START) Pmel R

CTTTGGTGGTTTAAACGGTAGCCATG

(GST)
(GST)
(GST)
(GST)
pFN2A (GST) flexi
(GST)
(GST)
(GST)
(GST)

PFN2A (GST) flexi

ATML1 (START) Sgfl_F

GGTTTCGGCGATCGCTGAGGCTGATA

PFN2A (GST) flexi

ATML1 (START)_Pme_R GATCACAAGCCGGAGTTTAAACGGCC pNIC28-Bsa4

PDF2 (START+SAD)_F TACTTCCAATCCATGGGAACAGGGGACA pNIC28-Bsa4
TTTTGAGGTCAG

PDF2 (START+SAD)_R TATCCACCTTTAATGTTACTACGCTCCTC pNIC28-Bsa4
CTCCAACATCAC

PDF2 (1-743)_F TACTTCCAATCCATGTACCATCCAAACAT pNIC28-Bsa4
GTTTGAGAGC

PDF2 (1-743)_R TATCCACCTTTACTGTTACTACGCTCCTC pNIC28-Bsa4
CTCCAACATCAC

PDF2 (START)_F TACTTCCAATCCATGGAGACTGATAAGC pNIC28-Bsa4
CTATAATCGTG

PDF2 (START)_R TATCCACCTTTACTGTTACATGGAGCTAG | pNIC28-Bsa4
CAAGCCG

GL2 (1-747)_F TACTTCCAATCCATGTCAATGGCCGTCG pNIC28-Bsa4
ACATGTC

GL2 (1-747)_R TATCCACCTTTACTGTTACATCAGCAATC pNIC28-Bsa4
TTCGATTTGTAGAC

GL2 (START+SAD)_F TACTTCCAATCCATGGACGATCAAGAAC pNIC28-Bsa4
ACCGTCTCG

GL2 (START+SAD)_R TATCCACCTTTACTGTTACATCAGCAATC pNIC28-Bsa4
TTCTTCGATTTGTAGAC

Il. Primers for site directed mutagenesis of PDF2-START. Mutated residues are

shown in red

PDF2 L467P F

CGTTGGGTGGCTACACCAGAACGACAATGCGAG

PDF2_L467P_R

CTCGCATTGTCGTTCTGGTGTAGCCACCCAACG

lll. Primers for seque

nce verification

Name 5’-3’ sequence Purpose

pLIC_F TGTGAGCGGATAACAATTCC Sequencing Hisg-
tagged constructs

pLIC-R AGCAGCCAACTCAGCTTCC Sequencing Hisg-
tagged constructs

pFlexi_R AGCCGGATCAGCTTGCATGC Sequencing GST
tagged constructs

pro35S_seq CACGCTCGAGTATAAGAGCTC Sequencing gl2AZLZ-
201
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Chapter 5 - HD-Zip proteins GL2 and HDG11 have redundant
functions in Arabidopsis trichomes, and GL2 activates a positive

feedback loop via MYB23

ABSTRACT

The class IV homeodomain leucine zipper transcription factor GLABRA2 (GL2) acts in a
complex regulatory circuit that regulates the differentiation of trichomes in Arabidopsis thaliana.
We describe a genetic interaction with HOMEODOMAIN GLABROUSI11 (HDG11), previously
identified as a negative regulator of trichome branching. g/2 hdgl1 double mutants display
enhanced trichome cell-type differentiation defects. Transgenic expression of HDG1 ] using the
GL2 promoter partially suppresses g/2 trichome phenotypes. Vice versa, expression of GL2
under the control of its native promoter partially complements hdgl1 ectopic branching. Since
gl2 hdgl 1 and gl2 myb23 double mutants and the triple mutant display similar trichome
differentiation defects, we investigated a connection to the R2ZR3-MYB transcription factor
MYB23. We show that MYB23 transcript levels are significantly reduced in shoots from g/2
mutants and that GL2 can drive the expression of a MYB23-promoter fusion to green fluorescent
protein. Yeast one-hybrid, chromatin immunoprecipitation, and in planta reporter gene
experiments indicate that an L1-box in the MYB23 promoter acts as a GL2 binding site. Taken
together, our findings reveal a functional redundancy between GL2 and HDG11, two
homeodomain leucine zipper transcription factors previously thought to mediate opposing
functions in trichome morphogenesis. A model is proposed in which GL2 transcript levels are

maintained through a positive feedback loop involving GL2 activation of MYB23.

Contribution

DNA constructs and transgenic lines for GL2 and HDG11 overexpression experiments
and results of the yeast one-hybrid, ChIP, and transient expression in N. benthamiana included in
this chapter are my contribution to the publication: Khosla A, Paper J.M, Boehler AP, Bradley
AM, Neumann TR, Schrick K (2014). HD-Zip Proteins GL2 and HDG11 Have Redundant
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Functions in Arabidopsis Trichomes, and GL2 Activates a Positive Feedback Loop via MYB23.
Plant Cell 26: 2184-2200. The content of this chapter is copyrighted by the American Society

of Plant Biologists and is reprinted with permission.
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INTRODUCTION

In plants, the epidermis of leaves is derived from the outer L1 layer of the shoot apical
meristem. As leaf primordia develop, the epidermal cell layer differentiates to form an organized
pattern of distinct cell types, including pavement cells, stomata, and trichomes. In Arabidopsis
thaliana, mature leaf trichomes are characteristically large (300 to 500 pm) branched hair cells
whose nuclei have undergone multiple rounds of endoreduplication and are present on the leaf
surface in a nonrandom regular distribution (Hulskamp et al. 1994; Balkunde et al. 2010).
Among other plant species, leaf trichomes are highly variable and may be branched or
unbranched, single celled or multicellular, and may function as glandular organs. Proposed
functions of trichomes include protection from herbivores and shielding from abiotic
environmental factors such as frost, evaporation, and UV radiation (Balkunde et al. 2010; Yang
and Ye 2013).

Transcription factors of the class IV homeodomain leucine-zipper (HD-Zip) family play
central roles in the differentiation of the epidermis during both embryonic and postembryonic
development. This protein family is characterized by a homeodomain (HD) N terminal to a
plant-specific Leu zipper having an internal loop (zipper-loop-zipper [ZLZ]) (also called
truncated leucine zipper (Yang et al. 2002), followed by a steroidogenic acute regulatory
protein—related lipid transfer (START) domain (Schrick et al. 2004). The Arabidopsis genome
encodes a total of 16 class IV HD-Zip family members, several of which are known to be
involved in cell fate determination within layer-specific contexts (Nakamura et al. 2006).

The class IV HD-Zip transcription factor GLABRA2 (GL2) plays a pivotal role in
regulating the differentiation of the epidermis in numerous tissues, including the root (Di Cristina
et al. 1996) and seed coat(Western et al. 2001). Its role in trichomes is the major focus of this
article. g/2 mutants display aborted trichomes with thin cell walls that lack papillae, and some
trichomes aberrantly expand in the plane of the pavement cells(Koornneef et al. 1982; Rerie et
al. 1994). GL2 is highly expressed in mature trichomes(Marks et al. 2009), and late activity of
GL2 seems to be required for proper trichome development. While GL2 is required for the
differentiation and maintenance of trichome cell fate, it is dispensable for trichome initiation. In
a current model, GL2 acts as a downstream transcription factor in a regulatory circuit together
with the mitosis inhibitor SIM that is required for endoreduplication (Grebe 2012). The initiation

of trichome cell fate and transcriptional activation of GL2 and SIM involves an activator
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complex composed of a WD40 protein encoded by TRANSPARENT TESTA GLABRA1
(TTGI), an R2ZR3-MYB transcription factor encoded by GL1 and the partially redundant gene
MYB23, a basic helix-loop-helix (b HLH) protein encoded by two genes, GL3 and ENHANCER
OF GL3 (EGL3), and the possible addition of another component encoded by MYC1 (Grebe,
2012). This complex is counteracted by inhibitory R3 MYB transcription factors encoded by a
group of at least six genes, including CAPRICE and TRIPTYCHON, which diffuse between
cells, competing with the R2ZR3-MYB proteins for binding to the bHLH protein.

Based on mutant phenotypes and expression profiling, three other class IV HD-Zip
transcription factors in addition to GL2 are implicated in trichome cell-type differentiation.
HOMODOMAIN GLABROUS2 (HDG?2) is strongly expressed in mature trichomes, similar to
the level observed for GL2(Marks et al. 2009). While ~dg2 mutants display no obvious defects in
overall trichome cell morphology, their trichome surfaces appear more transparent and their cell
wall composition is abnormal(Marks et al. 2009). Based on mutant analysis, HDG11 and HDG12
play negative regulatory roles in trichome branching. hdg/ 1 mutants result in excess branching
of trichomes, a phenotype that is enhanced in combination with Adg/2(Nakamura et al. 2006).
While promoter—f-glucuronidase (GUS) reporter lines for both exhibit strong expression in
trichomes(Nakamura et al. 2006), transcript levels of HDG11 and HDG12 are low and not
detectable, respectively, in mature trichomes(Marks et al. 2009), consistent with expression
being mostly restricted to the branching phase of trichome development.

In this article, we uncover a genetic interaction and functional redundancy between the
class IV HD-Zip transcription factors GL2 and HDG11 in trichomes. The phenotype of g/2
hdgl1 double mutants led us to investigate a connection to the R2ZR3-MYB transcription factor
MYB23. Members of the expansive R2ZR3-MYB gene family play key roles in various plant-
specific processes, including the regulation of cell fate in development (Stracke et al. 2001;
Dubos et al. 2010). MYB23 had previously been found to act redundantly with GL1 in trichome
cell-type specification (Kirik et al. 2005). In the root, MYB23 had been shown to function in cell
fate determination and to bind its own promoter in a MYB23-mediated positive feedback loop
(Kang et al. 2009). Here, we provide evidence for an additional positive feedback mechanism
involving GL2 transcriptional activation of MYB23 in the maintenance of cell fate during

trichome morphogenesis.
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RESULTS
Sequence Analysis of GL2 and HDG11 Reveals Highly Related HDs

GL2 and HDG11 are linked loci on Arabidopsis chromosome 1. Phylogenetic analysis of
the 16 members of the class IV HD-Zip family does not reveal a high degree of relatedness
between GL2 and HDG11 in comparison with other family members (Nakamura et al., 2006). To
further probe sequence similarity between GL2 and HDG11, we divided their protein sequences
into four distinct conserved domains: (1) HD, (2) ZLZ, (3) START, and (4) START adjacent
domain (SAD) (Figures 5.1 A and B). The N-terminal HD implicated in DNA binding is
followed by the ZLZ plant-specific Leu zipper dimerization domain conserved among members
of the class IV family (Schrick et al., 2004). The START domain implicated in ligand binding
(Ponting and Aravind, 1999; Schrick et al., 2004) lies in the middle, followed by the SAD of
unknown function at the C terminus. We determined the percentage amino acid identities and
similarities between the four domains of the two proteins in pairwise alignments from protein—
protein BLAST (Figure 5.1 B) and found the HD domain to be most conserved, exhibiting 74
and 89% identity and similarity, respectively (Figure 5.1 C). Pairwise alignments were used to
compare the HD domain of GL2 with each of the 15 other members of the class IV HD-Zip
family (Appendix Table D-1). Ranking by amino acid identity to GL2, HDG11 placed first,
followed by HDG5 and PROTODERMAL FACTOR2 (PDF2). Among the other class IV
members whose mRNA transcripts are expressed in leaf trichomes (HDG2, HDG11, and
HDG12), HDG11 exhibits the highest degree of amino acid identity and similarity to GL2.

Double Mutants for g/2 and hdgl1 Display Enhanced Trichome Differentiation Defects

Crosses between g/2-5 and hdgl -1 plants of the Columbia (Col) ecotype were
performed to construct homozygous double mutants. In comparison with g/2-5 single mutants,
the double mutants exhibited enhanced trichome differentiation defects (Figure 5.2). Trichome
phenotypes were visualized on rosette leaves by stereomicroscopy (Figures 5.2 A to D). Leaf
trichome morphologies were observed under higher magnification using scanning electron
microscopy (Figures 5.2 E to T). While trichome initiation appears not to be altered in g/2-5
single and g/2-5 hdgl 1-1 double mutants, outgrowth and differentiation of the trichomes are

affected. Trichomes are generally aborted on leaves from g/2-5 mutants, whereas trichomes at
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the leaf margins are more differentiated and typically branched with two (or rarely three)
branches. Quantification of trichome outgrowth revealed a significant difference in the number
of branched trichomes at the leaf margins in g/2-5 mutants versus g/2-5 hdgl -1 double mutants
(Figure 5.2 U; Appendix Table D-2). We observed ectopic branching in sdg/ -1 mutants, as
reported previously (Nakamura et al. 2006). On first leaves, trichomes with five branches or

more were very rare in wild-type Col (~0.4%), while hdg1 -1 mutants exhibited ~13% of the

total trichomes with five or more branches. In contrast, in g/2-5 hdgl1-1 double mutants, there
was a complete absence of branched trichomes, while g/2-5 mutants displayed branched

trichomes among ~11% of the total trichomes on first leaves. Trichomes also form on the

epidermis of sepals from Arabidopsis flowers. Analogous deviations in trichome morphogenesis
were detected on sepals of hdgl1-1 and g/2-5 mutants (Appendix Figure D-1). Wild-type sepals
exhibited unbranched trichomes, while 4dg/ -1 sepals showed both unbranched and branched
trichomes. g/2-5 mutants exhibited fewer and smaller trichomes, while g/2-5 hdgl I-1 mutants
typically lacked trichomes on sepals.

Using the Landsberg erecta (Ler) ecotype as the genetic background, we crossed gi/2-1
and hdgl -3 mutants to produce the corresponding double mutant plants (Appendix Figure D-2).
The quantitative difference between trichome branching on first leaves for g/2-7 single mutants
versus g/2-1 hdgl I-3 double mutants was more striking in the Ler genetic background as
compared with the Col ecotype (Appendix Figure D-2 M and Appendix Table D-2). We also
constructed g/2-5 hdgl1-3 double mutants and found their trichome cell-type differentiation
defects enhanced in comparison with g/2-5 siblings (Appendix Figure D-3).

212 hdgl1 Trichome Defects Resemble Those of g/2 myb23 Mutants

Previously it was shown that the trichome differentiation defect of g/2 mutants is
enhanced in a double mutant for the Col alleles g/2-444 and myb23-2 (Kirik et al. 2005). It was
reported that myb23 mutants exhibit reduced trichome branching but no obvious defect in
trichome patterning (Kirik et al. 2005) and display smaller trichomes (Li et al. 2009). We
confirmed the previously reported trichome defects using the myb23-3 mutant allele (Figure 5.3).
The g/2-5 myb23-3 double mutant was constructed, and enhanced trichome defects were
confirmed for this new allelic combination in the Col ecotype. Similar to g/2 hdgl mutants, g/2-

5 myb23-3 mutants exhibited trichomes that were distinctly smaller and less expanded than g/2-5
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trichomes, and this was especially apparent at the leaf margins (Figures 5.3 A to D). Using
scanning electron microscopy to view trichome morphologies in detail, we observed trichome
differentiation defects in g/2-5 myb23-3 mutants that were analogous to those seen in g/2 hdgl ]
mutants (Figures 5.2 and 5.3 E to L). Quantification of the trichome defects on first leaves

indicated that while ~11% of the total trichomes in g/2-5 mutants were branched, none of the

trichomes in the g/2-5 myb23-3 mutants were branched (Figure 5.3 M; Appendix Table D-2).

Construction of the g/2 hdgll myb23 Triple Mutant Reveals Genetic Interactions

Given the similarity between the leaf trichome phenotypes of g/2 hdgl1 and gi2 myb23
double mutants, we investigated genetic interactions between hdgl 1 and myb23 in the gi/2
background. If the hdgl ] and myb23 mutations affect the same biological pathway in the
absence of GL2, then the triple mutant g/2 hdgl1 myb23 would be expected to display similar
trichome differentiation defects to either double mutant. Indeed, we found that the g/2-5 hdgl -1
myb23-3 triple mutant displays a trichome phenotype resembling the double mutants (Figures 5.3
N to P). Quantification of trichomes on first leaves indicated that the triple mutant has a
phenotype that is indistinguishable from g/2-5 myb23-3 (Figure 5.3 Q), and examination of first
leaves by scanning electron microscopy shows striking similarity between the double and triple
mutants (Appendix Figure D-4).

During construction of the triple mutant, we observed trichome defects in the F1 progeny
from reciprocal crosses between gl2 hdgl 1 and gl2 myb23, whose genotype was homozygous for
gl2-5 and heterozygous for both hdgl1-1 and myb23-3 (Appendix Figure D-5). Unlike g/2
mutants that exhibit trichomes on leaf margins, the g/2/gl2 hdgl 1/+ myb23/+ plants exhibited
enhanced trichome defects similar to those of g/2 hdgl 1 and gI2 myb23 double mutants
(Appendix Figures D-5 A to F). Unexpectedly, we also uncovered fertility defects that were
associated with inviable pollen from plants heterozygous for hdgi1-1 or myb23-3 or both.
However, these phenotypes were found to be independent of GL2 (Appendix Figures D-5 G to
C). Double mutants for Adgl1 and myb23 were found to exhibit an intermediate trichome
phenotype, lacking the ectopic branching of 4dg/ I mutants, while showing significantly fewer
two-branched trichomes than myb23 mutants (Appendix Figure D-6 and Appendix Table D-2).
This suggests that in the presence of GL2, HDG11 and MYB23 act in parallel to orchestrate
trichome cell differentiation, and MYB23 is not required for this inhibitory function of HDG1 1.
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Interactions between GL2, HDG11, and MYB23 Are Tissue Specific

After establishing the enhanced trichome cell differentiation defects in g/2 hdgl1 double
mutants, we investigated phenotypes in roots and seeds, other tissues that are affected in g/2
single mutants. In the root epidermis, g/2 mutants exhibit an increase in the proportion of cells
that are specified for root hair fate (Di Cristina et al. 1996). We observed excess root hair
formation on primary roots of g/2 hdgll double mutants from both the Col and Ler backgrounds
but did not detect an enhanced defect as compared with g/2 single mutants (Figures 5.4 A to D
and 5.4 N; Appendix Figure D-7 and Appendix Table D-3). g/2 mutants also exhibit a defect in
the production of seed coat mucilage upon imbibition (Western et al. 2000). Using ruthenium red
staining for pectin in the seed coat mucilage, we observed that g/2 hdgl 1 double mutants lack the
mucilage layer in a manner that is indistinguishable from g/2 single mutants (Figures 5.4 A’ to
D'; Appendix Figure D-7). In addition to defects in the epidermis, g/2 mutants accumulate higher
levels of oil in the seed (Shen et al. 2006), and this phenotype is associated with the lack of seed
coat mucilage (Shi et al. 2012). We also found that g/2 hdgl I double mutants display a similar
increase in seed oil levels to g/2 single mutants (Appendix Figure D-8). Similarly, examination
of gI2 myb23 mutants for root hair and seed mucilage phenotypes revealed no obvious enhanced
or novel phenotypes relative to the g/2 single mutants, consistent with the idea that the genetic

interaction with MYB23 is also specific to trichomes (Figure 5.4; Appendix Table D-3).

Expression of HDG11 under the Control of the GL2 Promoter Rescues Ectopic Branching
of hdgl1 Mutants and Partially Suppresses Trichome Differentiation Defects of g/2
Mutants

We used the 2.1-kb promoter upstream of GL2 to express HDGI 1 in trichomes from
hdgll, gi2, and gl2 hdgl Il mutants (Figure 5.5). An N-terminal enhanced yellow fluorescence
protein (EYFP) tag was used to monitor the expression of HDG/1 in transgenic lines. As a
control, we utilized an Adg/ I mutant construct that is missing the first 305 residues of the
predicted protein and therefore lacking the HD and ZLZ domains as well as part of the START
domain (Figure 5.5 A). The trichome phenotypes of representative hdgl 1, g/2, and gl2 hdgl 1
lines, as visualized by scanning electron microscopy, were unchanged, indicating that this

construct is null for HDG 11 activity (Figures 5.5 B to G). By contrast, scanning electron
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microscopy analysis showed that the wild-type ProGL2:EYFP:HDG11 construct fully
complements the trichome-branching defect of hdg!1-1 mutants (Figures 5.5 H and K). Its
expression was also sufficient to induce increased branching of trichomes at leaf margins in the
gl2-5 hdgl1-1 double mutant, consistent with complementation of the ~dg/ / mutant phenotype
(Figures 5.5 L and M; Appendix Figures D-9 B, D, and C-F). However, the
ProGL2:EYFP:HDGI I construct only partially rescued the trichome differentiation defect of
g[2-5 mutants on first leaves (Figures 5.5 I and J) and leaves from rosettes (Appendix Figures D-
9 A, C, and E). Unexpectedly, novel transient dwarf phenotypes were observed at the rosette
stage for both g/2-5 and gl2-5 hdgl -1 mutants transformed with ProGL2:EYFP:HDG11
(Appendix Figures D-9 G to L).

In all three genetic backgrounds, expression of the ProGL2:EYFP:HDG11 fusion protein
was monitored in trichomes and found to be localized in nuclei of trichome cells (Figures 5.5 N
to S). Quantification of trichomes on first leaves revealed a significant difference in the
branching and/or number of trichomes for mutant lines expressing ProGL2:EYFP:HDG11
(Figure 5.5 T; Appendix Table D-2). For hdgl I mutant plants expressing the wild-type HDG1 1

transgene, ~0.6% of trichomes had five or more branches in comparison with the control, in
which ~17% of the trichomes exhibited five or more branches. Thus, expression of HDG11

under the control of the GL2 promoter is sufficient for rescue of the sdgl 1 branching phenotype.
In g/2 mutant plants expressing the wild-type EYFP:HDG1 I transgene, an ~3.3-fold increase in
average trichome numbers and more branching (~48 versus ~27% in the control) on first leaves
were observed, but overall trichome formation was partial in comparison with the wild type. For
the g/2-5 hdgl 1-1 double mutant, branching and trichome cell-type differentiation were restored
to approximately the levels in g/2-5 mutants, as indicated by an ~35-fold increase in visible
trichomes and more branching (~44 versus 0% in the control).

We also expressed HDG11 in g/2-5 mutants using the epidermis-specific ~3.4-kb ATMLI
promoter from class IV HD-Zip transcription factor ATML1 (Appendix Figure D-10).
ProATMLI1:HDGI I transgenic lines exhibited increased trichome cell-type differentiation in
comparison with untransformed g/2-5 control plants. However, the trichome cell-type
differentiation was partial, resulting in an increase in mainly one- to two-branched and rarely

three-branched trichomes (Appendix Figures D-10 D to G). Additional phenotypes, such as leaf
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curling and novel pointy leaf shapes, were also observed in conjunction with trichome formation,
suggesting that the ectopic expression of HDG11 either induces or interferes with other cell-type

differentiation pathways in the epidermis.

Expression of HDG11 under the Control of the GL2 Promoter Partially Rescues the Root
Hair Phenotype of g/2 Mutants but Negatively Affects Seed Mucilage Production

In roots, we detected a partial rescue of the excess root hair phenotype of g/2 mutants in
transgenic lines expressing ProGL2:EYFP:HDG11 in comparison with the
ProGL2:EYFP:hdgl 14 negative control (Figures 5.4 H, L, and O; Appendix Table D-3). A
complete rescue of the g/2 root hair phenotype was conferred by the ProGL2:EYFP:GL2
transgene (Figures 5.4 J and O). This construct, in which EYFP-tagged GL2 is expressed under
the control of its native promoter (Figure 5.6 A), was shown previously to completely rescue the
trichome defects of g/2-5 mutants (K. Schrick, B.P. Srinivas, and M. Hiilskamp, unpublished
data). The expression of mutant or wild-type ProGL2:EYFP:HDG11 did not alter the root hair
phenotype of hdgl ] mutants, which appears indistinguishable from that of the wild type (Figures
5.4 G, K, and O). However, in seeds, the expression of ProGL2:EYFP:HDGI1 in hdgl 1 had a
negative effect on mucilage formation in comparison with the control, resulting in a “g/2”
phenotype (Figures 5.4 G' and K'). Although ProGL2:EYFP:GL2 was able to complement the
seed mucilage phenotype of g/2 (Figure 5.4 J'), there was no visible rescue of the seed coat
mucilage phenotype in g/2 mutants by the ProGL2:EYFP:HDG1 I transgene (Figures 5.4 H', I',
L', and M’). Taken together, these data indicate that the ability of HDG11 to partially rescue the

gl2 phenotype and/or interfere with GL2 activity is tissue specific.

GL2 Overexpression Partially Rescues Ectopic Trichome Branching of #dgl1 Mutants

Since HDG11 overexpression in trichomes can partially rescue the trichome and root hair
phenotypes of g/2, we asked whether GL2 overexpression is able to complement the ectopic
branching phenotype of hdgl 1 mutants. We expressed ProGL2:EYFP:GL?2 in hdgl I mutants and
observed partial complementation of the ectopic branching phenotype (Figure 5.6). Scanning
electron microscopy analysis showed that in comparison with the control lacking the transgene

(Figures 5.6 B and D), hdgl 1 mutants expressing ProGL2:EYFP:GL2 exhibited fewer trichomes
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having five or more branches. Expression of the transgene was associated with nuclear
localization of the EYFP:GL2 protein in trichomes (Figures 5.6 E and F). Quantification of
trichomes on first leaves revealed a significant difference in Adg/ ] mutants expressing the

transgene (~20% ectopically branched trichomes) versus the controls lacking the transgene (~3%

ectopically branched trichomes) (Figure 5.6 H; Appendix Table D-2). Expression of the GL2
transgene also led to an increase in the average total number of trichomes on first leaves of

hdgl 1 mutants (~75 versus ~45 in the control), suggesting that GL2 expression can drive

trichome cell-type specification in the absence of HDGI 1.

GL2 Activates MYB23 Transcription in Trichomes by Binding an L1-Box in the MYB23
Promoter

To further dissect the genetic interactions between GL2, HDG11, and MYB23, we
monitored their respective mRNA transcripts in seedlings from the Col wild type, g/2-5, hyd1 -
1, and myb23-3 as well as the g/2 hdgl1 and gl2 myb23 double mutants. mRNA was isolated
from 14-d-old seedling shoots to enrich for transcript levels in trichomes. Quantitative real-time
PCR confirmed that the g/2-5 and hdgl -1 alleles are RNA knockdown alleles, while myb23-3
mutants do not exhibit a reduced level of mRNA expression in shoots (Figures 5.7 A to C). It
was shown previously that for root tips from myb23-3, transcript levels in myb23-3 are reduced

to ~58% of wild-type levels (Kang et al. 2009). The myb23-3 root hair phenotype was reported to

be indistinguishable from that of the transcript-null allele myb23-1, indicating that although a
transcript is expressed in myb23-3, it is not functional (Kang et al. 2009). HDG11 mRNA levels
were decreased only in hdgl -1 and gl2-5 hdgl1-1 (Figure 5.7 A). By contrast, our analysis
revealed that MYB23 mRNA levels were significantly reduced in g/2-5 single mutants (~5-fold)

as well as in g/2-5 hdgl 1-1 and gl2-5 myb23-3 double mutants (Figure 5.7 B).

The real-time PCR data are consistent with the possibility that MYB23 is a direct
transcriptional target of GL2. Previously, it was shown that a ProMYB23:MYB23 construct
containing the MYB23 promoter (3.1 kb N terminal to the start codon and 1.0 kb C terminal to
the stop codon) was sufficient to rescue the trichome defect in myb23-1 mutants (Kirik et al.
2005). The 3.1-kb promoter of MYB23 contains two putative L1-boxes (Figure 5.7 D) that are
heptamer/octamer elements shown to be required for DNA binding of GL2 (Ohashi et al. 2003;
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Tominaga-Wada et al. 2009). The first, L1-box I, located ~2.4 kb upstream of the start codon of

MYB23, is a perfect match, in reverse orientation, to the L1-box (TAAATGTA) described for the
GL2-regulated CELLULOSE SYNTHASES (CESAS) and XYLOGLUCAN
ENDOTRANSGLUCOSYLASE/HYDROLASE17 (XTH17) promoters (Tominaga-Wada et al.
2009). The second, L1-box I (TAAATGTG), located 76 bp downstream from L1-box I, has a
one-base mismatch (G) adjacent to the conserved heptamer sequence.

We used a yeast one-hybrid assay to test whether GL2 is able to bind to the L1-box
motifs found in the MYB23 promoter (Figures 5.7 E and F). The results indicate that GL2 binds
to the wild-type L1-box I sequence but not a mutated version thereof. In contrast, GL2 was not
able to bind to the imperfect sequence represented by L1-box II. We also examined whether
HDG11 is able to bind to the motifs and failed to detect binding activity to either L1-box. The
experiments indicate that GL2 binds one of the L1-boxes in the MYB23 promoter, whereas
HDG11 is unable to bind that same sequence in the yeast system.

The L1-box motifs in the MYB23 promoter were compared with motifs identified for
other known direct targets of GL2 (CESAS5, PHOSPHOLIPASE D {1, and XTH17) (Figure 5.8 A)
(Ohashi et al. 2003; Tominaga-Wada et al. 2009). To further test the idea that GL2 binds to an
L1-box in the MYB23 promoter, we performed chromatin immunoprecipitation (ChIP) on
seedlings from a ProGL2:EYFP:GL2 transgenic line (Figure 5.8 B). Using an anti—green
fluorescent protein (GFP) antibody to purify protein-DNA complexes containing EYFP:GL2, we
isolated ChIP DNA and performed quantitative real-time PCR. The results indicate that DNA
containing the L1-box region of the MYB23 promoter is enriched to a similar level as a positive
control, DNA corresponding to an L1-box—containing region from the CESAS5 promoter. The
percentage input values are significantly increased relative to the AC77 negative control,

indicating that GL2 binds to both the MYB23 and CESAS5 promoters in seedlings.

GL2 Drives a MYB23-Promoter Fusion, and L1-Box I Is Required for Maximal Activation

To test whether L1-box I is required for transcriptional activation of MYB23 by GL2, we
transiently expressed a reporter composed of the 3.1-kb promoter upstream of MYB23 fused to
GFP in Nicotiana benthamiana. Low levels of GFP fluorescence were observed in controls that
expressed the reporter alone (Figures 5.8 C and I). A marked increase in GFP fluorescence was

observed in epidermal cells that coexpressed GL2 (Figures 5.8 D and I). However, no activation
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above the basal level was detected for cells that coexpressed HDG11 (Figures 5.8 E, H, and I).

An ~2-fold decrease in activation by GL2 was observed for a mutant reporter that lacked L1-box

I (Figures 5.8 G and I), indicating that the L1-box is required for maximal activation.

A naturally occurring mutation is found within L1-box I of the Arabidopsis accession
Guckingen-0 (Gu-0) (Appendix Figure D-11). Hierarchical clustering based on pairwise
sequence differences among 96 accessions indicated that Col is the most closely related
accession to Gu-0 (Nordborg et al. 2005). Strikingly, we observed significantly fewer four-
branched trichomes on first leaves from Gu-0 in comparison with Col (Appendix Figures D-11 B
to C-F), consistent with compromised MYB23 function. Real-time PCR experiments indicated
that Gu-0 shoots express lower levels of MYB23 transcripts (Appendix Figures D-11 G to C-I),
consistent with a function for L1-box I in the full activation of MYB23 by GL2.
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DISCUSSION

Class IV HD-Zip Transcription Factors Drive Trichome Cell-Type Differentiation in
Plants

In this work, we uncovered a functional redundancy between GL2 and HDG!! in
trichome cell-type differentiation. Both genes are members of the class IV HD-Zip transcription
factor family from Arabidopsis, and although the full-length sequences are not closely related,
we found that their 59-amino acid HD domains display a high degree of amino acid identity
(Figure 5.1; Appendix Table D-1). Class IV HD-Zip transcription factors are highly conserved
among the land plants (Floyd et al. 2006; Prigge and Clark 2006). The role of these transcription
factors in the differentiation of epidermis in relation to trichome formation seems to be
maintained in both dicot and monocot angiosperms. Variation in the form and function of leaf
trichomes may be attributed to evolutionary adaptation and likely occurred by functional
diversification of ancestral members of the class IV HD-Zip family. HOMEOBOX1, a family
member from Gossypium arboreum, appears to be a functional homolog of GL2 in trichome
development (Guan et al. 2008). In tomato (Solanum lycopersicum), a dominant allele of a
PDF2-related gene, Woolly, confers a hairy trichome phenotype (Yang et al. 2011). In an
opposing fashion, mutations in maize (Zea mays) OUTER CELL LAYER4 and corresponding
RNA interference plants indicate that its function is necessary for the inhibition of trichome
formation on leaf blades (Vernoud et al. 2009).

Overexpression of the Arabidopsis class IV HD-Zip member ATML1 is sufficient to
induce epidermal identity, including the formation of trichomes and stomata in internal cell
layers (Takada et al. 2013), providing evidence for its role as a master regulator of shoot
epidermis cell fate. Intriguingly, overexpression of the related family member HDG?2 is also able
to trigger the development of stomata in nonepidermal tissues, and ATML1 and HDG2 bind the
same DNA elements to activate transcription in yeast (Peterson et al. 2013). Here, we show that
overexpression of HDG11 in the epidermis by either the GL2 or ATML1 promoters induces
trichome cell fate in g/2 mutants in a similar manner to GL2 (Figure 5; Appendix Figure D-10).
Thus, our study provides additional evidence for combinatorial, overlapping, albeit distinct,

functions for members of the class IV HD-Zip transcription factor family.
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GL2-Independent Trichome Cell-Type Differentiation Mediated by HDG11 and the
R2R3-MYB Transcription Factor MYB23

GL2 was previously identified to play a pivotal role in trichome cell-type
differentiation(Rerie et al. 1994). However, g/2 mutants are not completely devoid of trichomes,
and they express trichomes that are partially differentiated and branched at leaf margins,
suggesting GL2-independent mechanisms for trichome development. Here, we show that one
GL2-independent pathway requires HDG1 1, which encodes a class IV HD-Zip transcription
factor first identified as a negative regulator of trichome branching (Nakamura et al. 2006). Since
GL2 appears to act upstream of HDG11 in trichome cell-type differentiation, one expectation
would be that g/2 is epistatic to hdg! ] in the double mutant. In this view, it is surprising that g/2
hdgl1 double mutants exhibit enhanced trichome differentiation defects (Figure 5.2; Appendix
Figures D-2 and D-3).

The ability of the ProGL2:EYFP:HDG1 I construct to rescue trichome defects in the g/2
hdgl1 double mutant and partially rescue the g/2 single mutants demonstrates that HDG/ 1 can
function as a positive regulator of trichome differentiation when GL2 is absent. HDGI1’s role as
a negative regulator appears to be directly or indirectly dependent on wild-type GL2 activity. The
opposite functions of HDG1 may be explained in a model in which cis-regulatory elements
specific for GL2 may be bound by HDG11 when GL?2 is absent (Figure 5.8 J). However, the
affinity of HDG11 for GL2 binding sites is likely to be significantly lower, since HDG11 did not
bind the MYB23 L1-box I sequence in the yeast one-hybrid assay nor did it activate the MYB23
promoter—GFP fusion in N. benthamiana. It is intriguing that overexpression of GL2 under the
control of its native promoter can rescue the sdg/ [ branching phenotype (Figure 5.6). An
analogous explanation is that in Adg/ ] mutants, GL2 has affinity for HDG11 binding sites.
Functional redundancy at the level of DNA binding is consistent with the high degree of
similarity in the HD domains from GL2 and HDG11 (Figure 5.1).
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MYB23 Is a Direct Target of GL2 as Part of a Positive Feedback Loop to Maintain
Trichome Cell Fate

In g/2 shoots, transcript levels of MYB23 are significantly decreased (Figure 5.7 B),
indicating that GL2 is required for full transcription of MYB23. Indeed, GL2 drives the
expression of a MYB23 promoter fusion to GFP in the N. benthamiana leaf epidermis (Figure 5.8
D). The additional data presented here, including ChIP and yeast one-hybrid experiments,
strongly suggest that GL2 binds to an L1-box in the MYB23 promoter (Figures 5.7 and 5.8). A
natural mutation in this L1-box that is associated with reduced trichome branching and lower
levels of MYB23 transcripts in shoots (Appendix Figure D-11) further corroborates this
conclusion. The GFP reporter experiments indicate that although this L1-box is required for full
transcriptional activation of MYB23, other factors are involved. One possibility is that GL2 binds
other cis-regulatory elements in the 3.1-kb MYB23 promoter. Alternatively, GL2 may activate
transcription via physical interaction with another DNA binding protein. Taken together, our
findings are consistent with a previous study in which it was shown that overexpression of
MYB23 in trichomes using the GL2 promoter partially rescues g/2 trichome defects (Kirik et al.
2005). Contrary to the conventional model, in which GL2 is thought to act downstream of the
transcriptional coregulators GL1 and MYB23, these data demonstrate that MYB23 also acts
downstream of GL2.

A model for the maintenance of trichome cell fate through the action of GL2 and MYB23
is proposed in Figure 8J. The activator complex is composed of the R2ZR3-MYB transcription
factor GL1, the bHLH proteins GL3/EGL3, and the WD40 protein TTG. Transcriptional
activation of GL2 occurs through concurrent binding of GL1 and GL3 (or the redundant protein
EGL3) to the GL2 promoter (Wang and Chen 2008). In turn, GL2 activates MYB23 transcription
by binding to the MYB23 promoter. Consistent with GL2 regulation of the MYB23 transcript,
the activity of the MYB23 promoter—GUS fusion persists in mature trichomes and is similar to
the expression pattern seen for GL2 (Kirik et al. 2001). Promoter and protein-coding region swap
experiments corroborate that MYB23 plays the dominant role in trichome branching, although
GL1 and MYB23 appear functionally redundant with respect to trichome initiation (Kirik et al.
2005). In the root epidermis, it was shown that MYB23 binds to its own promoter (Kang et al.
2009). In the model presented here (Figure 5.8 J), MYB23 participates in the activator complex
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and binds to the GL2 promoter as well as to the promoter of its own encoding gene as part of a
positive feedback loop to maintain trichome cell fate. In g/2 mutants in which GL2 is absent,
DNA binding sites specific for GL2 may be bound by HDG11. Alternatively, HDG11 may
promote MYB23 activity directly or indirectly by another mechanism. In this model, the
phenotypes for gl2 hdgl 1 and gl2 myb23 double mutants are similar because in both types of
mutants, MYB23 is not fully transcriptionally activated.

Tissue-Specific Relationships between GL2, HDG11, and MYB23

Our results point to a tissue-specific regulation of MYB23 transcript by GL2 in trichomes.
The enhanced phenotypes of the g/2 hdgl I and gi2 myb23 double mutants relative to the g/2
single mutants were observed in trichomes but were not apparent in seeds or roots (Figure 5.4;
Appendix Figure D-4). g/2 mutants lack mucilage formation altogether, so it is difficult to
envision an enhanced phenotype in the seed. Whereas MYB23 together with MYBS are
implicated in mucilage synthesis and seed coat development (Li et al., 2009), HDG11 expression
in seeds is very low. We analyzed the expression pattern of HDG1 1 versus GL2 using the
publicly available transcriptome database Bio-Analytic Resource Arabidopsis eFP browser.
Differences between GL2 and HDG1 1 expression are striking in developing seeds. While GL2
expression is strong, especially in mucilage secretory cells that constitute the seed coat, HDG11
expression is relatively low or absent in developing seeds (Appendix Figure D-12), consistent
with our observation that 4dg/l mutants are not defective in mucilage production. Intriguingly,
expression of the ProGL2:EYFP:HDG1 I transgene in hdgl 1 mutants resulted in a dominant
negative inhibition of mucilage formation (Figure 5.4), analogous to its inhibitory role in limiting
trichome branching in the shoot epidermis.

In roots, we observed that expression of the ProGL2:EYFP:HDG1 I transgene partially
rescued the excess root hair phenotype of g/2 (Figure 5.4). The differential behavior of HDG11
in seeds versus roots is likely due to tissue-specific interactions with coexpressed genes. The
analysis of myb23 mutants has shown that MYB23 is necessary for precise establishment of the
root epidermal pattern (Kang et al. 2009). It is noteworthy that transcript levels of MYB23 appear
not to be regulated by GL2 in the root. It was previously shown that in roots from g/2 mutants,

MYB23 mRNA levels are unchanged relative to those of the wild type (Kang et al. 2009). A
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genome-wide transcriptome profiling of the Arabidopsis root epidermis also failed to show that
MYB23 transcript levels are changed in g/2 root tissues (Bruex et al. 2012).

Several observations suggest crosstalk between class IV HD-Zip transcription factors in
regulatory and developmental pathways. In transgenic lines that expressed HDG1 1 under the
control of the GL2 promoter, we observed a novel transient dwarf phenotype (Appendix Figure
D-8). Moreover, when HDG11 was expressed under the control of the epidermis-specific ATML1
promoter in g/2 mutants, several of the transgenic lines displayed leaf curling and/or pointy
leaves. In relation to these observations, the WW domain protein CURLY FLAG LEAFI,
corresponding to a curly leaf mutant phenotype in rice (Oryza sativa), has been shown to
physically interact with a class IV HD-Zip family member, HDG1 (Wu et al., 2011). Other
striking observations included fertility defects related to pollen viability that were seen in plants
heterozygous for either ~dgl 1 or myb23 or both (Appendix Figure D-5), indicating that genetic
interactions between these transcription factors are highly sensitive to dosage effects. Relevant to
these findings, it was shown recently that a special mutant allele of PDF2 (pdf2-1) in
combination with loss-of-function mutations in other family members (HDG1, HDG2, HDGS, or
HDG12) result in developmental defects in floral organs (Kamata et al. 2013). Future studies will
unravel the molecular basis for these and other interactions involving transcription factors of the
class IV HD-Zip family in relation to regulatory circuits underlying the differentiation of

specified cell types in plants.
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MATERIALS AND METHODS

Plant Material and Growth Conditions

The wild-type Arabidopsis thaliana ecotypes were Col and Ler. The hdgl1-1 (Col)
(SAIL 865 G09) (Nakamura et al. 2006) and hdgl 1-3 (Ler) alleles were described previously
(Roeder et al. 2012). The myb23-3 (Col) (SALK 018613) allele contains a T-DNA insertion in
the 5" promoter (Kang et al. 2009). g/2-1 (Ler) is a fast-neutron—induced allele (Koornneef et al.
1982; Di Cristina et al. 1996). gl2-5 (Col) is a En-1 insertion allele of GL2 (Ohashi et al. 2003).
The genomic region was sequenced using En205 and En8130 primers (Baumann et al. 1998) and
GL2-specific primers (Wang et al. 2007), revealing an insertion following the Ser-encoded triplet
AGC (bases 121 to 123), after the first 37 amino acids of the predicted protein. A TGA stop
codon is located 29 amino acids downstream, within the En-1 transposon, indicating that the
mutant allele results in a truncated protein of 63 amino acids, of which the first 37 amino acids
are derived from the N terminus of GL2. En-1 lies at the beginning (33 bp) of the second exon of
the gene, upstream of the HD (amino acids 106 to 157). Appendix Table D-4 lists
oligonucleotides used for genotyping. Plants were stratified at 4°C for 3 to 5 d and grown on soil
containing Metro-Mix 380, vermiculite, and perlite (Hummert International) in a 7:3:2 ratio at
23°C under continuous light. Agrobacterium tumefaciens (GV3101 pMP90)-mediated
transformation of plants was performed using the floral dip method as described previously

(Clough and Bent 1998).

DNA constructs

Construction of ProGL2:EYFP:GL2 (SR54, a derivative of the binary vector
pCAMBIA1300) will be described elsewhere (A. Khosla, B.K.P. Venkata, P.N. Cox, D.F.
Stucky, P.M. Stephens, S.A. Marlatt, B.P. Srinivas, M. Hiilskamp, and K. Schrick, unpublished
data). An HDG11 cDNA clone was obtained from the RIKEN Arabidopsis full-length clone
collection. Internal Sall and Kpnl restriction sites interfering with the cloning scheme were
removed prior to amplification by site-directed mutagenesis using a one-step PCR-based method
as described previously (Scott et al. 2002). To construct ProGL2:EYFP:HDG1 1, the cDNA
sequences for wild-type HDGI1 and hdgl14305 were PCR amplified with Phusion High-
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Fidelity DNA Polymerase (Thermo Scientific) using primers engineered to contain Sall and
Kpnl restriction sites at the 5’ and 3’ ends, respectively. hdgl14305 (referred to as hdgl 1A in
Figures 5.4 and 5.5) is a deletion mutant missing the N-terminal 305 residues of the predicted
protein, resulting in an in-frame 417 amino acid protein that lacks the first 78 residues of the
START domain. The amplified PCR fragment was restriction digested with Sall/Kpnl and
subcloned into the corresponding restriction sites in binary vector SR54 to make
ProGL2:EYFP:HDGI1 and ProGL2:EYFP:hdgl14305. The constructs were transformed into
the gl2-5 and hdgl I-1 single mutant and g/2-5 hdgl1-1 double mutant plants. For
ProGL2:EYFP:HDGI 1, Mendelian segregation of EYFP fluorescence was seen for the T2
progeny from 6 of 19 hdgli-1,29 of 43 gi2-5, and 28 of 34 g/2-5 hdgl I-1 plants. Strong EYFP
expression was observed in trichomes from 3 hdgl1-1, 16 g/2-5, and 9 gl2-5 hdglI-1 lines
carrying ProGL2:EYFP:HDGI1 1. For the ProGL2:EYFP:hdgl 14 construct, none of the
transgenic lines from a total of 75 (20 in hdgl1, 15 in g/2, and 40 in g/2 hdgl 1) independent
transformants exhibited EYFP expression. The ProATMLI:HDGI1 construct was made using
pAR176 (Roeder et al. 2010). The HDG11 cDNA was cloned into pENTR-D-TOPO (Life
Technologies) and moved into pAR176 by Gateway LR Clonase II (Life Technologies). For
ProATMLI1:HDGI1,~150 T1 plants survived BASTA selection, 24 independent trichome-

bearing transformants were characterized, and 8 of 24 T1 progeny segregated in a Mendelian
fashion. Oligonucleotides used for plasmid construction, site-directed mutagenesis, and sequence

verification are listed in Appendix Table D-4.

RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR

Arabidopsis seeds were surface-sterilized and sown onto 0.8% (plant tissue culture grade)
agar containing 1x Murashige and Skoog medium (Murashige and Skoog 1962), 1% Suc, and
0.5% MES buffer at pH 5.8. Seeds were stratified for 3 to 5 d at 4°C and then transferred to 23°C
and continuous light for 14 d. After removal of roots and hypocotyl, shoots were flash frozen in
liquid nitrogen and stored at —80°C. Approximately 50 mg of each sample was used for RNA
extraction using the RNeasy Plant Mini Kit and on-column RNase-Free DNase Set (Qiagen).
Furthermore, 0.5 to 2 ug of RNA was used as a template for cDNA synthesis. cDNA synthesis
was performed using SuperScript II Reverse Transcriptase (Life Technologies) or GoScript

Reverse Transcriptase (Promega) according to the manufacturer’s protocol. Real-time PCR was
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performed using IQ SYBR Green Supermix with the CFX96 Touch Real-Time PCR Detection
System (Bio-Rad). Each reaction contained 10 pl of 2x SYBR Green Supermix, 1 pl of forward
and reverse 10 mM gene-specific primers, and 5 pl of cDNA (diluted 5-fold) in 20 pl. Standard
curves were generated from 10-fold dilutions of amplicons for each primer pair. AC77 served as
the reference gene. The data represent three biological samples of three to four seedling shoots
per sample with three technical replicates of each biological replicate. Primers used for PCR are

listed in the Appendix Table D-4.

Phenotypic Analysis and Microscopy

Arabidopsis lines were confirmed by PCR and assayed for leaf trichomes, seed coat
mucilage, and root hairs. For root hair density analysis, seedlings were grown vertically on 0.8%
agar/water medium under continuous light. Primary roots were viewed 3 to 4 d after germination.
For quantification of root epidermal cells, seedlings were stained in a 0.05% aqueous solution of
toluidine blue, destained in water, mounted in 10% glycerol, and examined for the numbers of
trichoblasts and atrichoblasts in the corresponding respective cell files. For seed mucilage
analysis, seeds were stained with a 0.02% aqueous solution of ruthenium red (Sigma) for 2 h
followed by replacement with deionized water prior to observation. Seeds, rosettes, and roots
were imaged with a Leica M 125 fluorescence stereomicroscope, and images were captured using
a Leica DFC295 digital camera and Leica Application Suite 4.1. For the quantification of
trichomes on first leaves, the leaves were placed on 1% agar plates and counting of trichomes on
first leaves was performed manually upon viewing with the stereomicroscope. Scanning electron
microscopy imaging was performed on fresh leaves and sepals using cold stage (—30°C) with an
S-3500N instrument from Hitachi Science Systems equipped with an S-6542 Absorbed Electron
Detector, a C1005 SEM Cold/Hot Stage (Oxford Instruments Microanalysis), and backscattered
Robinson detector (ETP-USA/Electron Detectors). Images were processed as TIF files using
Adobe Photoshop CS4.

Yeast One-Hybrid Analysis

Three tandem copies of L1-box sequences and mutated versions thereof were cloned into
the pAbAi vector (Clontech) by annealing of oligonucleotides having Kpnl and Sall restriction

sites at their ends. Reporter bait constructs were integrated into the yeast genome at the ura3-52
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locus using URA3+ selection in the yeast strain SUB62 (MATa lys2-801 leu2-3, 2-112 ura3-52
his3-4200 trp1-1). Reporter strains were transformed by standard LiAc transformation with
pGAD-T7 (Clontech) containing HD and ZLZ domains from GL2 (amino acids 1 to 231) or
HDGI11 (amino acids 1 to 169) that been inserted using the EcoRI and BamHI restriction sites. A
construct containing the C-terminal START and SAD domains of GL2 (amino acids 253 to 747),
also inserted by these restriction sites, was used as a control. Oligonucleotide sequences for this

work are listed in Appendix Table D-4.

ChIP-Quantitative PCR

Transgenic seeds expressing ProGL2:EYFP:GL2 were germinated on 0.8% (plant tissue
culture grade) agar containing 1x Murashige and Skoog medium (Murashige and Skoog 1962),
and seedlings were harvested at 10 d. Cross-linking of seedlings followed by extraction of
chromatin were performed as described (Zhu 2012) with minor modifications. Chromatin was
sonicated with the S220 Focused-Ultrasonicator (Covaris) to <500-bp DNA fragments. A 10-
fold dilution of total chromatin was prepared to serve as the input control. Immunoprecipitations
were performed overnight at 4°C with 2 pL of anti-GFP antibody (ab290; Abcam) bound to
Dynabeads Protein A (Life Technologies). After washing sequentially with low-salt wash buffer
(150 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, and 20 mM Tris-HCI, pH 8), high-
salt wash buffer (500 mM NaCl and otherwise identical to the first buffer), LiCl buffer (0.25 mM
LiCl, 1% Nonidet P-40, 1% sodium deoxycholate, 1 mM EDTA, and 10 mM Tris-HCI, pH 8),
and TE buffer (10 mM Tris-HCI, pH 8, and 1 mM EDTA), the immunocomplexes were eluted.
Cross-linking was reversed by overnight incubation at 65°C, followed by proteinase K digestion,
phenol-chloroform extraction, and ethanol precipitation. ChIP DNA was quantified using iTaq
Universal SYBR Green Supermix with the CFX96 Touch Real-Time PCR Detection System
(Bio-Rad). PCR was performed in triplicate with the gene-specific primers listed in Appendix

Table C-4. ACT?7 was used for normalization.

Transient Expression in Nicotiana benthamiana

The ProMYB23:mGFP5-ER reporter contains the 3.1-kb MYB23 promoter driving the
expression of an endoplasmic reticulum—targeted modified GFP (mGFP-ER) in pCB302 (Kang

258



et al., 2009). To construct ProMYB23 ALI1:mGFP5-ER, L1-box I was deleted using the Q5 Site-
Directed Mutagenesis Kit (New England Biolabs) using the oligonucleotides listed in Appendix
Table C-4. To construct the Pro35S:GL2 and Pro35S:HDG1 1 effector genes, cDNA sequences
for GL2 and HDG11 were PCR amplified using Phusion High-Fidelity DNA Polymerase
(Thermo Scientific), cloned into pENTR-D-TOPO (Life Technologies), and moved to the
pK7WG2 expression vector by Gateway LR Clonase II (Life Technologies). N. benthamiana
plants (2 to 4 weeks old) were used to express the various construct combinations by
Agrobacterium (GV3101 pMP90)-mediated transient transformation of lower epidermal leaf
cells as described previously (Sparkes et al. 2006). Fluorescence images were captured using a
Zeiss LSM 5 PASCAL system at 3 d postinfiltration. GFP was excited at 488 nm and detected at
493 to 530 nm. Images of 512 x 512 pixels over an area of 307.1 x 307.1 pm were analyzed
from three biological replicates for each effector and reporter combination. Quantification of the
image data was performed by calculating the percentage of the measurement area for which the

relative GFP fluorescence exceeded a threshold of 20% of the maximum overall signal intensity.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome Initiative or
GenBank/EMBL databases under the following accession numbers: Atlg79840 (GL2),
Atlg73360 (HDG11), and At5g40330 (MYB23).
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Figure 5.1 Sequence relationships between Class IV HD-Zip transcription factors GL2 and
HDG11

(A) Domain arrangements of the GL2 and HDG11 proteins composed of 747 and 722
amino acids, respectively.

(B) Percentage amino acid (aa) identities and similarities between GL2 and HDG11 for
the four conserved domains and the respective full-length proteins. The HD domains exhibit the
highest degree of amino acid identity and similarity.

(C) Amino acid alignment of the HD domains from the GL2 and HDG11 proteins,
generated with Geneious 5.4.6 software (Biomatters). Green and yellow shading indicate

identical and similar residues, respectively.
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Figure 5.2 gI2-5 hdgl1-1 double mutants display an enhanced trichome differentiation
defect

(A) to (D) Rosettes from 3-week-old Arabidopsis plants.

(A) and (B) Col wild-type (A) and hdg!1-1 (B) plants display trichomes covering leaf
surfaces.

(C) and (D) g/2-5 plants appear mostly glabrous except for trichomes at the leaf margins
(arrows) (C), while in comparison, g/2-5 hdgl1-1 double mutants display an enhanced glabrous
phenotype (D).

(E) to (L) Scanning electron micrographs of leaves ([E] to [H]) and leaf margins ([I] to
[L]) reveal detailed trichome morphologies.

(E) and (I) Col wild-type trichomes exhibit three to four branches.
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(F) and (J) hdgl1-1 leaves show five or more branches for some trichomes (arrows).

(G) and (K) g/2-5 trichomes are small and undifferentiated except at leaf margins, where
branching (arrow) is observed.

(H) and (L) g/2-5 hdgl1-1 double mutants exhibit smaller undifferentiated trichomes at
leaf margins.

(M) to (T) First leaves ([M] to [P]) and detailed edges of first leaves ([Q] to [T]).

(M) and (Q) Col wild-type trichomes have three to four branches.

(N) and (R) hdgl -1 mutants exhibit ectopic trichome branching (arrows).

(O) and (S) g/2-5 mutants display undifferentiated trichomes except at leaf edges, where
some trichomes display branching (arrows).

(P) and (T) g/2-5 hdgl 1-1 double mutants have undifferentiated trichomes throughout the
leaf.

(U) Quantification of trichomes and trichome branching on first leaves. For the Col wild
type and hdgl1-1, green bars show the number of trichomes with three to four branches and
yellow bars indicate the number of trichomes with five or more branches. For g/2 and g/2 hdgl 1,
gray bars show the number of unbranched single-spiked trichomes while the red bar indicates
branched trichomes. Positive error bars indicate SD for n > 20 plants. Asterisks indicate

significant differences in trichome branching (two-tailed ¢ test, P < 0.0001).
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Figure 5.3 Enhanced trichome differentiation defects in the g/2-5 myb23-3 double mutant
and the gI2 hdgl1 myb23 triple mutant

(A) to (D) Rosettes from 3-week-old plants.

(A) and (B) Col wild-type (A) and myb23-3 (B) plants display trichomes covering leaf surfaces.
(C) and (D) g/2-5 plants display trichomes at leaf margins (arrows) (C), while g/2-5 myb23-3
double mutants exhibit glabrous leaves (D).

(E) to (L) Scanning electron micrographs of first leaves reveal trichome morphology details.
(E) and (I) Col wild-type trichomes display three to four branches.

(F) and (J) myb23-3 trichomes exhibit two to three branches. Arrows mark abnormal trichomes

with two branches.
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(G) and (K) g/2-5 trichomes display differentiation defects, although some trichomes at leaf
edges show branching (arrows).

(H) and (L) g/2-5 myb23-3 double mutants exhibit small undifferentiated trichomes that lack
branching.

(M) Quantification of trichomes on first leaves. For Col and myb23-3, green bars indicate the
number of trichomes with three to four branches and the blue bar indicates the number of
abnormal trichomes with fewer than three branches. For g/2-5 and g/2-5 myb23-3, gray bars
show the number of unbranched trichomes while the red bar indicates branched trichomes.
Positive error bars indicate SD for n > 20 plants, and asterisks indicate significant deviations in
trichome branching (two-tailed # test, P < 0.0001).

(N) Rosette from a g/2-5 hdgl -1 myb23-3 triple mutant.

(O) and (P) Details of leaf trichomes from the triple mutant.

(Q) Quantification of trichomes on first leaves as in (M) from gl2-5, gI2-5 hdglI-1, gl2-5
myb23-3, and gl2-5 hdgl1-1 myb23-3.
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Figure 5.4 Root hair density and seed coat mucilage phenotypes reveal tissue-specific
interactions

(A) to (M) Primary roots from 3- to 4-d-old seedlings.

(A) to (F) Col wild-type (A), hdgl1-1 (B), and myb23-3 (E) root hair density appears normal in
comparison with excess root hair formation in g/2-5 (C), gi2-5 hdgl -1 (D), and g/2-5 myb23-3
(F).

(G) to (I) Transgenic lines expressing ProGL2:EYFP:hdgl 14 do not appear to alter root hair
density in hdgl -1 (G), gl2-5 (H), or gl2-5 hdgi1-1 ().

(J) Expression of ProGL2:EYFP:GL2 rescues the root hair phenotype of g/2-5.

(K) to (M) Expression of ProGL2:EYFP:HDG11 has no effect on root hair density in hdgl1-1
seedlings (K). Partial complementation is observed for g/2-5 (L) and possibly g/2-5 hdgl -1 (M)
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roots (white arrows). Yellow arrows point to abnormal root hair formation near the tips of the
roots.

(A') to (M') Seeds were stained with ruthenium red to detect mucilage production upon
imbibition.

(A") to (F") Col wild-type (A"), hdgl1-1 (B"), and myb23-3 (E') seeds exhibit a normal outer
mucilage, while g/2-5 (C"), gl2-5 hdgl1-1 (D"), and g/2-5 myb23-3 (F') lack mucilage.

(G") to (I') ProGL2:EYFP:hdgl 14 expression does not affect seed mucilage production in
hdgl1-1(G"), gl2-5 (H"), or gl2-5 hdgl1-1 (I').

(J") Expression of ProGL2:EYFP:GL2 rescues the mucilage phenotype of g/2-5.

(K") ProGL2:EYFP:HDG1 1 expression negatively affects mucilage production in hdgl1-1
seeds.

(L") and (M) g/2-5 (L") and gl2-5 hdgl1-1 (M') seeds expressing ProGL2:EYFP:HDGI 1 lack
the outer mucilage.

(N) and (O) Quantification of root epidermal cells in genotypes lacking transgenes (N) and
expressing EYFP:HDGI1 or EYFP:GL2 from transgenes (boxed in red) (O). Percentages of
trichoblast cells in root hair cell files (R, brown bars) and atrichoblast cells in non-root-hair cell
files (N, gray bars) are indicated (n > 20). Error bars indicate SD. Single asterisks in (N) mark
significant differences from the Col wild type, while double asterisks in (OQ) mark significant
differences between mutants with ProGL2:EYFP:hdgl 14 control and ProGL2:EYFP:GL2 or
ProGL2:EYFP:HDGI I transgenes expressing wild-type GL2 or HDG1 1, respectively (two-
tiered ¢ test, P < 0.0001).
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Figure 5.5 ProGL2:EYFP:HDG11 Rescues hdgl1 Ectopic Branching and Partially Rescues
the g/2 Trichome Differentiation Defects.

(A) Transgene constructs ProGL2:EYFP:hdgl 1A and ProGL2:EYFP:HDGI 1.

(B) to (M) Scanning electron micrographs of first leaves (|B] to [D] and [H] to [J]) and
magnification of leaf margins ([E] to [G] and [K] to [M]) are shown for mutant construct
ProGL2:EYFP:hdgli4 (IB] to [G]) and wild-type construct ProGL2:EYFP:HDGI1 ([H] to
[M]) in hdgl1-1 ([B], [E], [H], and [K]), g/2-5 (IC], [F], [I], and [L]), and g/2-5 hdgl1-1 (|[D],
[G], [J], and [M]) mutant backgrounds. ProGL2:EYFP:HDG11 complements hdgl1-1 ectopic
branching ([H] and [K]) while conferring partial rescue of the g/2-5 trichome phenotype ([1], [J],

[L], and [M]). In (L), arrows mark an internal branched trichome and a three-branched trichome,
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indicative of partial rescue of the g/2 phenotype. In (M), the arrow shows branched trichomes on
the leaf margin.

(N) to (S) Nuclear localization of EYFP:HDG11 in trichomes. Matching white light and
fluorescence images are from hdgl -1 (I[N] and [O]), g/2-5 (|P] and [Q]), and g/2-5 hdgi1 (|R]
and [S]) leaves expressing EYFP:HDG1 1. Arrows indicate the brightest nuclear signal in each
image.

(T) Quantification of trichomes and trichome branching on first leaves. For hdg!1-1, green bars
show the number of trichomes with three to four branches and yellow bars indicate the number
of trichomes with five or more branches. For g/2 and gi2 hdgl 1, gray bars show the number of
unbranched trichomes while red bars indicate branched trichomes. Positive error bars indicate
SD for n > 20 plants. Asterisks indicate significant differences in branching phenotypes for

mutant (hdgl1A) versus wild-type HDG1 1 transgene (two-tiered ¢ test, P < 0.00001).
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Figure 5.6 ProGL2:EYFP:GL2 Rescues Ectopic Branching of hdgl1
(A) Transgene construct ProGL2:EYFP:GL2, in which the cDNA of GL2 is fused to an EYFP

tag.

(B) and (C) Scanning electron micrographs of first leaves.

(D) and (E) Magnification of leaf margins are shown for an 4dg/ /-3 mutant lacking the
transgene (D) and an hdgl -3 mutant expressing ProGL2:EYFP:GL2 (E). In (D), the yellow
arrow marks a trichome with ectopic branching.

(F) and (G) Matching white light and fluorescence images for the sdg/ -3 mutant expressing
ProGL2:EYFP:GFP. The white arrow indicates a bright nuclear signal.
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(H) Quantification of trichomes and trichome branching on first leaves of hdgl1-3 plants. The
control is the hdgl -3 parent from a cross to a line containing the transgene. Progeny of F2
offspring lacking the transgene were designated as “no transgene,” while pure lines expressing
the transgene were designated as ProGL2:EYFP:GL2. Green bars show the number of trichomes
with three to four branches and yellow bars indicate the number of trichomes with five or more
branches. Positive error bars indicate SD for n > 20 plants. The asterisk indicates a significant
reduction in branched trichomes for hdg!1-3 plants expressing ProGL2:EYFP:GFP (two-tiered ¢
test, P <0.0001).
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Figure 5.7 GL2 Is Required for MYB23 Transcription, and GL2 Binds MYB23 L1-Box I in
Yeast.

(A) to (C) Quantitative real-time PCR was performed with cDNA from 14-d-old seedling shoots
with ACT7 as the reference gene. Data represent averages of three biological replicates, and
normalized units are plotted on the y axis. Error bars indicate SD. Significant differences (two-
tiered ¢ test, P < 0.05) from the wild type (Col) are indicated by asterisks.

(A) HDG1 1 transcript is downregulated in hdg/ I-1 mutants.

(B) MYB23 transcript is downregulated in g/2-5 mutants.

(C) GL2 transcript is downregulated in g/2-5 mutants.

(D) The 3.1-kb MYB23 promoter region upstream of the ATG start codon contains two predicted

L1-box sequences.
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(E) and (F) Yeast one-hybrid analysis was performed with MYB23 promoter—derived L1-boxes I
and II. Nucleotide base substitutions are indicated in lowercase for the corresponding mutant L1-
boxes.

(E) GL2 but not HDG11 binds to the wild-type L1-box I but not its mutant version.

(F) Neither GL2 nor HDG11 binds to the wild-type or mutant L1-box II.
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Figure 5.8 MYB23 Is Transcriptionally Activated by GL2, and Full Activation Requires
Binding of GL2 to an L1-Box in the MYB23 Promoter.

(A) Alignment of L1-box sequences for GL2-regulated genes.

(B) ChIP with seedlings expressing ProGL2:EYFP:GL2, followed by quantitative real-time PCR
of ChIP DNA. Primers that amplify L1-box regions in the CESA5 and MYB23 promoters, and
ACT7 control primers, were used. The average percentage input DNA and corresponding SD
were calculated for four biological replicates. Fold differences are indicated, and asterisks mark
significant differences from the ACT7 control (two-tiered ¢ test, P < 0.05).

(C) to (H) Representative images of N. benthamiana leaf epidermal cells expressing either a
wild-type MYB23 promoter fusion to GFP, ProMYB23:mGFP-ER (|C] to [E]), or a mutant
reporter, ProMYB23 ALI:mGFP-ER, in which the L1-box I is deleted ([F] to [H]). Controls
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(IC] and [F]) had the indicated reporter constructs but lacked effector genes. Reporter constructs
in combination with Pro35S:GL2 (D] and [G]) or Pro35S:HDG11 ([E] and [H]) effector genes
are indicated.

(D) Quantification of the results shown in (C) to (H), using images from three biological
replicates. Error bars indicate SD. The asterisk marks a significant decrease in activation of the
mutant reporter in comparison with the wild-type reporter by GL2 (two-tiered t test, P < 0.005).
(J) Model for the relationship between the GL2, HDG11, and MYB23 transcription factors in
trichome development. An activator complex composed of TTG1, GL1, and GL3/EGL3
positively regulates GL2 transcription for initiation of the trichome cell fate. GL2 transcription is
maintained as trichomes differentiate via the action of MYB23, which is functionally redundant
with GL1. Both MYB23 and GL2 are required for full transcriptional activation of MYB23. In
the absence of GL2, HDG11 can partially activate MYB23 at leaf margins, either through direct
binding to cis-regulatory elements normally occupied by GL2 or via an alternative mechanism.
Trichome phenotypes are shown for the Col wild type (top), g/2-5 (middle), and g/2-5 myb23-3
(bottom).
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Appendix A - Shared functions of plant and mammalian StAR-
related lipid transfer (START) domains in modulating transcription

factor activity

EYFP:GL2-StAR-START EYFP.GL2-ATML1-START

Figure A.1 Trichomes on first leaves of g/2 mutants transformed with GL2 constructs.

(A-D) Scanning electron micrographs (SEM) of first leaves. (A) g/2 mutants exhibit a
defect in differentiation of trichome cells as indicated by short unbranched trichomes that barely
emerge from the epidermis. g/2 mutants transformed with (B) ProGL2:EYP:GL2 exhibit
branched trichomes, indicating a rescue of the mutant phenotype, while g/2 mutants transformed
with (C) ProGL2:EYFP:GL2-StAR-START or (D) EYFP:GL2-ATML1-START display a

partial rescue of the trichome differentiation defect.
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Figure A.2 The addition of cholesterol in the range from 0-50 uM had no effect on the activity
levels of yeast cells expressing the GSV construct containing the mouse StAR START domain
together with the pSUT1 plasmid. Error bars indicate standard deviations for two independent

transformants in two trials.

Figure A.3 Rosette phenotypes of StAR-START versus the D182L missense mutant

expressed in the GL2 transcription factor.

(A-D) Rosettes exhibiting leaf trichomes. (A) Wild-type (WT) level of trichomes in
comparison to (B) g/2 null mutant which displays a reduction in leaf trichomes. (C-D)
Representative gi2 lines expressing (C) ProGL2:EYFP:GL2-StAR-START or (D)
ProGL2:EYFP:GL2-StAR-D182L-START. While mouse StAR-START can partially replace the
GL2-START domain, the missense mutation D182L results in a reduction in trichome cell

differentiation. Scale bar = 2 mm.
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Figure A.4 In vivo expression of GSV constructs as YEGFP3 fusions in yeast.

(A) Schematic of GSV translational fusion to yEGFP3. (B) Flow cytometry data for the
% GFP cells. The negative control which does not contain GFP corresponds to 0.01% GFP
positive cells and the positive control which contains yEGFP3 alone (pUG35) corresponds to
0.59% GFP. The GFP-expressing cells exhibit % GFP values ranging from 0.03-0.70%. (C)
Mean values for % GFP from side scatter plots. The negative control shows a mean value of 12
while the positive control (pUG35) exhibits a mean value of 41. The GFP-expressing cells show
mean values in the range from 36-47.(D) Activity levels of the corresponding GSV-yEYFP3
constructs containing START domains from Arabidopsis ATMLI1, PDF2, and GL2 (green), and
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mammalian StAR and corresponding mutants (red) are indicated. Error bars show standard
deviations for two independent transformants in three trials, and double asterisks indicate a
significant increase in activity over the pUG35 control (Two-tiered #-test, P < 0.05). (E) Flow
cytometry side scatter plots of GFP positive yeast cells expressing yEGFP3. The top polygon
from each plot indicates the population of cells that were gated as GFP positive (arrows). Side
scatter is indicated on the X-axis and GFP signal is indicated on the Y-axis. “Media control”
lacks yeast cells, while the “Yeast control” contains yeast cells that carry the same selectable
marker (URA3) as the remaining samples albeit no GFP expression. The yEGFP3 control
exhibits strong expression of yEGFP3 from the pUG35 plasmid. The sample order of the GSV-
yEGFP3 constructs from top to bottom, right to left, corresponds to that in A- D. Each of the

GSV samples indicates the presence of GFP positive cells in comparison to the negative controls.
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Figure A.5 Protein-metabolite interaction network for mammalian and Arabidopsis
START domains.

(A) Normalized protein-metabolite enrichment data expressed as the fold-change of
domain-bound metabolite relative to the GV control greater than 4 were processed using
Cytoscape to produce an edge-weighted interaction network in which larger elliptical nodes
represent the different START domains tested and hexagonal nodes represent the interacting
metabolites. Distances between protein and metabolite nodes reflect the interaction strengths
based upon the magnitude of fold-change — the shorter the edge the more enriched the
metabolite. (B) A sub-network was generated to compare and contrast the nature of protein-

bound metabolites between the mammalian START domains, PCTP (human), StAR (mouse) and
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StARD182L* (mouse). (C) A sub-network comparing the Arabidopsis and human PCTP START
domains. The sub- networks (B, C) were filtered for interactions with a greater than 10-fold
change in enrichment relative to the GV control and only high confidence metabolite
assignments were included. For all networks (A-C), in cases where a node had multiple
interactions with the same chemical sub-class of metabolite, e.g. PtCho, these interactions were
combined and weighted to give one interaction. Metabolite names designated by asterisks were
further validated by mass spectrometry, matching exact mass and retention time to a known

standard analyzed under the same experimental conditions.
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Table A-1 Oligonucleotides used in this study.
Nucleotide bases shown in bold denote restriction sites used for cloning or changed bases from

site-directed mutagenesis unless otherwise indicated.

I. Primers for GL2 START domain deletion construct and GL2 START domain swaps.
Homologous sequences for domain swap in-fusion cloning are indicated in bold.

Name

5’-3’ sequence

GL2 START A F

[Phos] GTC TTC TTC ATG GCT ACC AAC GTC CCC ACC

GL2 START_A R

[Phos] GAG GGC AAA GAC GCC CGT GTA GAA ATCG

GL2 START flank right F

GTCTTC TTC ATG GCT ACC AAC GTC

GL2 START flank left R

GAG GGC AAA GAC GCC CGT GTA

GL2 ATMLI START F

GGC GTC TTT GCC CTC GAG GCT GAT AAG CCT ATG ATT G

GL2 ATMLI START R

AGC CAT GAA GAA GAC GAG CCG CTC ACA TTG GCG GTC

GL2 EDR2 START F

GGC GTCTTT GCC CTC AAC CAA GCATTT TCC AGG AA

GL2 EDR2 START R

AGC CAT GAA GAA GACCCA CCCTTT TAG ATC AATTTG

GL2 REV START F

GGC GTCTTT GCC CTC GAG GAG ACT TTG GCA GAG TTC

GL2 REV_START R

AGC CAT GAA GAA GAC CCG CAA CGC GGA AAT GGT CA

GL2 mStAR START F

GGC GTC TTT GCC CTC GAC CAG GAG CTGTCCTAC ATC C

GL2 mStAR_START R

AGC CAT GAA GAA GAC GCT GGC TTC CAG GCG CTT GC

II. Gene specific primers for PCR amplification and cloning of START domain coding regions in

GSYV plasmids.

Name

5°-3’ sequence

Atl1g64720 for Kpnl 218

CTCACCACGTTAACCCCGGTACCTCTTCCAAAGAG

Atlg64720 rev Sacl 945

GTGAGCCATTATGGCGAGCTCGGATAAACCTGCTC

At2g28320 for Kpnl 418

TTGAGTAGCTCAGGTACCGACCATCACTCAAACTC

At2g28320 rev Sacl 1151

CTTGCACTTCTTGGAGCTCCCCCTGACGACAG

At3g13062 for Kpnl 201

CTCGGTTTCTCAATCTGGTACCTCCCAATCAGG

At3g13062 rev Sacl 934

AGCTTACAGCGAGCTCTGTGGGCCCTTGGGGTCG

Atdg14500 for Kpnl 365

TGGCCTCAAGAGGTACCGATAACGGG

At4g14500 rev_Sacl 1084

CCATTTGGGCGAGCTCAGATAGAGATGAGTCTG

At5g07260 for Kpnl 229

CTATATCCCGGTACCGCTACGTCTTTGACTG

At5g07260 rev Sacl 952

CTGGTCGAATATGAGCTCATTGTGACCAATTGAAGG

At5g35180 for Kpnl 634

CAAGGTCCAGGTACCCTTTTGAGGCAATCATC

At5g35180 rev Sacl 1382

TGGAACTTGGAGAGCTCAACCGTGGCGGAAG

At5g45560 for Kpnl 487

AGGACAACTATTGGTACCGGCCCTCCAGAATC

At5g45560 rev_Sacl 1229

GATGCCATATTGAGCTCAACAGGGATCCTGATCGG

At5g54170 for Kpnl 344

TTTCAAGAGGTACCAAAACAAAGGAGAGATTGCC

At5g54170 rev_Sacl 1065

CATGAAAGCAGACCGGAGCTCCTTGGTTCCTCC

ANL?2 outer F 824

CCTCCTTAGAACTCGCTGTCGGCACC

ANL2 outer R 1780

GCTTGCTCCAATTGTGGACCGACG

ANL2 for Kpnl 915

GCAGCAGCAGCAGTCGGGTACCATTAATGGG

ANL2 rev Sacl 1685

GGCGTTATTGATGTGAGCTCGTGAGATGTAACGG

ATHBS8 for Kpnl 429

GACCCCTGGTACCCAGCCTCGTGATGC

ATHBS8 rev_Sacl

GCCGCTGGTCTGAGCTCCCAACCTG

ATMLI1 for Kpnl

ACATTTTGAGGTCGGGTACCATACCTTCTGAGGC

ATMLI rev_Sacl

CAGGACTCGTTATCACGGAGAGCTCACAAGC

CNA_for Kpnl 432

GGCATCTGGTACCCCTCAGAGAGATGC

CNA rev Sacl 1162

GACGCCGTCCGAGCTCATTAACACTAC

FWA outer F 450

GGCTGAGAATGCTAACTTGGAGCGGG

FWA outer R_1440

GCCACTTGTCCACCGAAGGACTCG

FWA for Kpnl 592

GATTTTAGTGGTGGTACCAGGACGTCTGAGAAGG

FWA rev Sacl 1361

GCAGACAATCCGAGCTCAATTTCAGTCAAGTTG

GL2 for Kpnl A

GTCTCGGTACCCTCGATTTCTACACGGGCGTC
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GL2 rev_Sacl A

CTTTGGTGAGCTCGTTGGTAGCCATGAAGAAGAC

GL2 for Kpnl B

TCGGCTCTCTCGGTACCTACACGGGCGTC

GL2 rev_Sacl B

TGTAACTCCGAGCTCGTCTTTGGTGGGGACG

GL2 for Kpnl 728

TCTACACGGGTACCTTTGCCCTCGAGAAGTCCCG

GL2 rev_Sacl 1500

TCCGAGAGAGAGCTCGGTGGGGACGTTGGTAG

HDG1 for Kpnl 910

CAACCGGGTACCGTTAGTGATTTTGATC

HDGI rev Sacl 1674

GCAGTTTATAGGGGATGGGAGCTCGGAAGTGG

HDG?2 for deltaSacl 759

CGTGGCTGCAATGGAAGAACTCATGAGGATGGT

HDG?2 rev deltaSacl 791

ACCATCCTCATGAGTTCTTCCATTGCAGCCACG

HDG2 for deltaSacl 1038

AGGAAACTATAATGGAGCCCTTCAAGTGATGAGTGC

HDG2 rev_deltaSacl 1073

GCACTCATCACTTGAAGGGCTCCATTATAGTTTCCT

HDG2 for Kpnl 712

ATCACTGCAGGTACCGAATCTGACAAACC

HDG2 rev Sacl 1415

GTAGCCATGACGAGCTCTAACCGCTCGC

HDG3 outer F (625-650)

CATCCCCGTGTGTCTCCTCCTAATCC

HDG?3 outer R (1511-1537)

TGGTCATTCCAGCAAAGAAGGTTCTCG

HDG3 for Kpnl

CCACTCGAGGGAAACCGGTACCCCTGCAGATGC

HDG3 rev Sacl

TCTTTCCATGGTTAGTTAGCGCGAGCTCGACAG

HDG#4 outer F (539-562)

CTTGTGGCCACAATCTCCGCCTCG

HDG#4 outer R (1447-1475)

TGTGACAGCTTCATCAAGTTCTTCCTCGC

HDG4 for Kpnl

AAGAACAACAACGATGGTACCTTGATTGCGG

HDG4 rev Sacl

AGGTATGAGCTCAAGGTCAGTGATGTTTGTAGC

HDGS5 outer F (808-836)

GACATGAGTGTATACGCTGGGAACTTTCC

HDGS5 outer R (1766-1791)

GGTCCAAGACTGTCCATATGCAGTGC

HDGS5 for Kpnl

CAACAACGGTACCTTACTTGCGGATGAAGAAAAGG

HDGS5 rev_ Sacl

GCAGATGAAATTACGAGCTCATCAGTTATGTTTCTAGC

HDGS8 for deltaSacl 649

AGTGCGGTTGAAGAGCTGAAGCGGCTGTTTTTGGC

HDGS8 rev deltaSacl 683

GCCAAAAACAGCCGCTTCAGCTCTTCAACCGCACT

HDGS for Kpnl 597

ACCACGACCAGGTACCGAAACGGATATGAGCC

HDGS8 rev_Sacl 1322

ATGGAGGAGAGCTCCATCCTCTCACAC

HDGY9 outer F 571

TTCTAACCGTCTCCCCGAGCCTTCAAGC

HDGY outer R_1547

GACTGTGGCGAGAAGTCGAGTTTGTTAACC

HDG9 deltaSacl F 1329

CTTTGGCTACGGAGCCCGACGTTGGACCG

HDGY deltaSacl R 1357

CGGTCCAACGTCGGGCTCCGTAGCCAAAG

HDGY for Kpnl 669

GGAAATGCAGAATGGTACCCCACTATCTCAACTGG

HDGY9 rev Sacl 1437

AACTCCGGGATTGAGCTCGTTGGGCAAGGC

HDGI11 for deltaKpnl 1000

CAGGAATGGGAGGTACGCATGAGGGTGC

HDGI11 rev deltaKpnl 1028

GCACCCTCATGCGTACCTCCCATTCCTG

HDGI11 for Kpnl 663

GCCTAACTTGGCTGGTACCGACATGGATAAGCC

HDG11 rev Sacl 1400

GAAGACGCTGGTACGGATAGGAGCTCAAATCTTTCACAC

HDG12 for Kpnl 592

CCATCTCAGCCAGGTACCGTTTTATCAGAGATGG

HDG12 rev Sacl 1361

ACTCCTCCGAGCTCAAGGGATGATG

MLN64 deltaSacl F 867

GCCCTGTCCTGCGGAGCTTGTGTACCAGG

MLNG64 deltaSacl R 867

CCTGGTACACAAGCTCCGCAGGACAGGGC

MLN64 for Kpnl

TCCTTTGCAGGTACCGACAATGAATCAGATGAAGAAG

MLN64 rev_ Sacl

TATCAGAGCTCCGCCCGGGCCCCC

PCTP for Kpnl

GACTGCGGTACCATGGAGCTGGCCGCCG

PCTP rev_Sacl

TCAACCCATGGATGCAATGTTCCGAGCTCTCTTTCATAGG

PDF2 for Kpnl

TTGAGGTCAGGTACCATTCCTTCTGAGACTG

PDF2 rev_Sacl

TATCACGGAGAGCTCACCAGGAATGTTGC

PHB for Kpnl 463

AACCCAAATCCTCAGGGTACCCAACGTGATGC

PHB rev_ Sacl 1198

CAGGTTGGAGCTCTCCACCATACTG

REV for Kpnl 423

GGTCACAACTCCTCAGGGTACCCTTAGAGATG

REV rev_Sacl 1162

CAGCAGGCTGGAGCTCTAATCCATACACTACT

286




mStAR for Kpnl

GTCAGTCCTTGGTACCCAACTGGAAGCAACACTC

mStAR rev_ Sacl

TTAACACTGGAGCTCAGAGGCAGGGCTGGC

ITI. Primers for sequencing plasmid inserts, construction of GV plasmid, or cloning of the
YEGFP3 expression vector (pUG35) and protein expression vector BG1805

Name 5°-3’ sequence
GSV seq for TCCCAAAACCAAAAGGTCTCCGCTG
GSV seq rev CCCCAACATGTCCAGATCGAAATCG

Gal4DBD for 1

ATGAAGCTACTGTCTTCTATCGAAC

Gal4DBD rev 276

CAATGCTTTTATATCCTGTAAAGAATCC

Gal4 Nrul for 282

TACCCCTGCAGCTGCGTCGCGACTAGAGGATCC

Gal4 Nrul rev 314

GGATCCTCTAGTCGCGACGCAGCTGCAGGGGTA

VP16 Nrul for 1182

TGCGGGCTCTACTTCATCGTCGCGACACTTAGACGGCG

VP16 Nrul rev 1219

CGCCGTCTAAGTGTCGCGACGATGAAGTAGAGCCCGCA

pUG35 seq 3117R MET25p

TTCCTTCGTGTAATACAGGGTCG

pUG35 seq 2964F yEGFP

ACCAAAATTGGGACAACACCAGTG

pUG35 MET25p for 207

GCACCTTGTCCAATTGAACACGC

pUG35 yEGFP rev 730

ACCTTCTGGCATGGCAGACTTG

pUG35 for ATG

CATCCATACTCTAGAATGAGTGGATCCCCCGGGC

pUG35 rev ATG

GCCCGGGGGATCCACTCATTCTAGAGTATGGATG

pGSV for BamHI

AAGCAAGGATCCTGAAAGATGAAGCTACTGTC

pGSV rev EcoRI

TCGCGCGAATTCCCCACCGTACTCG

pGS rev EcoRI

ACTATAGGGCGAATTCGAGCTCCACC

pG rev_EcoRI

GTCTAAGTGGAATTCGGTACCTAACAATGC

GSV_for pENTR TOPO

CACCATGAAGCTACTGTCTTCTATCGAAC

GSV_rev_pENTR TOPO

TGCCCCACCGTACTCGTCAATTCCAAG

IV. Primers for site-directed mutagenesis of mouse StAR START domain

Name

5°-3’ sequence

StAR M143R;N147D_for
(atg->agg;aac->gac)

GC ATG GAG GCC AGG GGA GAG TGG GAC CCA AAT GTC

StAR M143R;N147D rev

GAC ATT TGG GTC CCA CTC TCC CCT GGC CTC CAT GC

StAR R181L;D182L for
(cga->cta;gac->ctc)

CTG GTG GGG CCT CTA CTC TTC GTG AGC GTG CGC

StAR R181L;D182L rev

GCG CAC GCT CAC GAA GAG TAG AGG CCC CAC CAG

StAR R181L _for (cga->cta)

G GGG CCT CTA GAC TTC GTG AGC GTG CG

StAR RI8IL rev

CG CAC GCT CAC GAA GTCTAG AGG CCCC

StAR D182L for (gac->ctc)

CTG GTG GGG CCT CGA CTC TTC GTG AGC GTG CGC

StAR D182L rev

GCG CAC GCT CAC GAA GAG TCG AGG CCCCACCAG

StAR C224R _for (tge->cge)

GAA CAC GGC CCC ACC CGC ATG GTG CTT CAT CC

StAR C224R_rev

GG ATG AAG CAC CAT GCG GGT GGG GCC GTG TTC

StAR L241R_for (ctg->cgg)

CC AAG ACT AAA CTC ACT TGG CGG CTC AGT ATT GACC

StAR L241R rev

G GTC AAT ACT GAG CCG CCA AGT GAG TTT AGT CTT GG

StAR F266D for (ttc->gac)

CCTATCG CAG ACC CAG ATA GAG GACGCCAACCACC

StAR F266D rev

G GTG GTT GGC GTC CTC TAT CTG GGT CTG CGA TA GG

StAR L270M _for (ctg->atg)

GAG TTC GCC AAC CAC ATG CGC AAG CGC CTG G

StAR L270M rev

C CAG GCG CTT GCG CAT GTG GTT GGC GAA CTC
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Appendix B - Functional characterization of START domain in

Class IV HD-Zip transcription factor GLABRA2

EYFP:GL2 EYFP:gI2€3756 EYFP:gl2vit EYFP:gI2480P  EYFP:gl2RI2MEse

EYFP:gI2ASTART EYFP:gl2AHD

Figure B.1 Sub-cellular localization and root hair phenotypes of GL2 domain deletion and
START missense variants.

(A-E and F-H) Confocal images of 4-day-old light grown seedlings expressing indicated
proteins. (i) Subcellular localization of the EYFP fusion protein (yellow) (ii) Propidium iodide

staining (red) was performed to visualize cell boundaries. Scale bar = 50 um. (I’) Col wild-type
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exhibits normal root hair formation in contrast to (J”) g/2-5 which displays excess root hair
formation. Expression of (A’) EYFP:GL2, (B’) EYFP:gl2"*7°% and (C’) EYFP:gl2"**'*
completely rescues the root hair phenotype of gi2-5. Expression of (E’) EYFP: g2 770 3%M
(F°) EYFP:gI2ASTART, (G’) EYFP:gl2AZLZ, and (H’) EYFP:gl2AHD has no effect on root hair
density in g/2-5 seedlings (D’) while partial complementation is observed for g/2-5 seedlings
expressing EYFP:gl2"*"

EYFP:gl2Ame

Figure B.2 Subcellular localization of EYFP:gI2"™’ in ovules and roots of Arabidopsis gl2

null mutants.

Confocal laser scanning images show nuclear localization in (A, B) Arabidopsis ovules
and (C, D) seedlings expressing EYFP:gl2"™° (C) Subcellular localization of the EYFP fusion
protein (yellow), (D) Propidium iodide staining (red) was performed to visualize cell boundaries.

Scale bars = (A) 50 um, (B) 100 pm, (C-D) 50 um
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Figure B.3 Gene Ontology (GO) analysis of g/2°".

Functional characterization of transcripts (A) upregulated or (B) downregulated in
microarray experiment of g/2*"° vs g/2-5 null mutant seedlings. GO terms unique to gl2*™ are
highlighted. The number in parentheses represents the number of differentially expressed
transcripts. GO term enrichment analysis was performed using the AgriGO Gene Ontology
enrichment analysis tool (http://bioinfo.cau.edu.cn/agriGO/). MCO process, Multicellular

Organismal Process
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[ NLSpredicted ]
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EYFP: gl2AHD mCherry Merge

Peroxisomes

Golgi

Mitochondria

Figure B.4 Homeodomain (HD) is necessary and sufficient for transport into the nucleus.
(A) Nuclear localization signal (NLS) of GL2 (green) overlaps with the beginning of the
homeodomain (purple). (B) Co-expression of EYFP:gI2AHD with different cellular markers in
N. benthamiana. Confocal microscopy of N. benthamiana leaves transiently overexpressing
EYFP:gl2AHD together with the red florescent protein (mCherry)-tagged markers for
peroxisomes ((A); peroxisome targeting sequence), the Golgi complex ((B); soybean a-1,2-
mannosidase I), or mitochondria ((C); yeast cytochrome oxidase subunit IV). EYFP is shown in

green (left panels), mCherry is in red (central panels). Merged images of green and red
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fluorescent signals (right panels). Arrows (white) identify sites for which gl2AHD and

mitochondrial marker overlaps. Bars = 100 pm
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Figure B.5 GL2 does not autoactivate and exhibits only homodimerization in the Y2H
assays.

(A) Quantitative yeast ONPG assays for GL2 with various HD-Zip transcription factors.
Vector combinations used to co-transform yeast cells are given as bait/prey. Average 3-
galactosidase values were normalized to a positive control performed at the same time
(pEXP™32/Krev1 and pEXP™22/RalGDS-wt, set to 100 B units). Combination of empty bait
vector with GL2 fusion protein served as a negative control. Error bars indicate standard
deviations for two independent transformants. HDG4, HDG12, and PDF2 do not exhibit
autoactivation. It should be noted that HDG12 cDNA was found truncated, lacking a portion of
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the START domain as well as C-terminal region. (B) Quantitative yeast ONPG assays for GL2
with class III and IV HD-Zip transcription factors. Error bars indicate standard deviations for

three independent transformants. GL2 only interacts with itself (red).

A

cGFP-GL2

nGFP-GL2

cGFP-gl2AZLZ

nGFP-ATMLA

cGFP-gl2Ame

nGFP-PDF2

cGFP-gI2ASTART

cGFP-gl2-480P

cG FP_g |2E375G;R392M

Figure B.6 BiFC negative assays.
Confocal microscopy of N. benthamiana leaves. No fluorescence was observed in control
experiments coexpressing the indicated proteins with empty vectors (A) nGFP (N-terminal half

of GFP) and (B) cGFP (C-terminal half of GFP)
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Figure B.7 The SAD domain of GL2 behaves as an activation domain in yeast.

Full-length GL2 and subdomains thereof were expressed in yeast as translational fusions
to the GAL4 DNA-binding domain on a Bait plasmid that carries the TRPI gene. For each
construct, two independent transformants are shown in four-fold serial dilutions on permissive (-
TRP) (left panel) and selective (-TRP X-a-Gal AbA) (right panel) plates to assay for the reporter
genes AURI-C and MELI. The only Bait plasmids that displayed autoactivation in yeast were

those expressing the C-terminal 254 amino acid region of GL2 containing the SAD domain.
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Figure B.8 Protein expression of Bait plasmids in yeast two-hybrid system.

(A) Western blot of fusions of GL2 full-length and subdomains there of to the GAL4
DNA Binding Domain in the pGBK-T7 Bait vector. The primary antibody was c-Myc (9E10)
(1:40) and the secondary antibody was Goat Anti-Mouse IgG [HRP] (A00160, GenScript)
(1:3000). Detection was with ECL Plus Western Blotting Data System. (B) A Coomasie stained
image of the blot is shown as a loading control. The Pageruler protein ladder (Fermentas) was
loaded to determine the approximate sizes of the proteins. The size of the GAL4 DBD-Myc
fusion protein is 184 aa (21.1 kDa). 1-747, 83.2+21.1=103.3 kD, 1-231, 26.2+21.1=47.3 kD, 1-
493, 55.5+21.1=76.6 kD, 253-493, 27.0+21.1=47.1, 494-747, 27.7+21.1=48.8 kD, 253-747,
54.6+21.1=75.7 kD, 157-231, 8.3+21.1=29.4 kD.
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Appendix C - Purification of GST-tagged START domain

Optimization of the START domain expression and purification

To enable ligand-binding studies, soluble and purified protein is required. Expression
constructs encoding START domains from seven of the 21 members of the HD-Zip transcription
factor family from Arabidopsis were designed based on 2° structure predictions. START domain
coding regions (~750 bp) were cloned as N-terminal GST fusions in Flexi Vector pFN2A
(Promega) which also contains a TEV protease site for cleavage from the GST tag. In
comparison to BL21 (DE3)pLysS and BL21(DE3)Arctic Express cells (Stratagene), E. coli strain
BL21(DE3) pRARE proved most efficient for protein induction and solubility. This was not
surprising as the analysis of the PDF2 START domain sequence revealed the presence of 15 rare
arginine codons, including arginine double and triple repeats. Protein solubility was tested by
centrifugation followed by SDS-PAGE of the supernatant versus pellet fractions. GST-tagged
PDF2 gave the most promising levels of soluble protein after induction with 0.1 mM IPTG for
20 hours at 18°C (Figure C.1 A, B). Thus, the GST-tagged PDF2-START protein was selected
for purification. Western blotting using anti-GST antibody and mass spectrometry confirmed the

identity of the protein (Figure C.1 C).

ANS binding assay to determine whether GST-tagged PDF2-START is properly folded

The fluorescent dye 8-anilino- 1-napthalenesulfonate (ANS) binds non- specifically to
exposed hydrophobic regions in folding intermediates of proteins. It’s fluorescence increases
when bound proteins transition to folded states (Santambrogio and Grandori 2008). To test
whether the GST- tagged PDF2-START domain is folded correctly and contains a hydrophobic
binding site, we performed an ANS binding assay according to a published method
(Vinayavekhin and Saghatelian 2011). ANS fluorescence yielded saturation binding, indicating
that the GST-tagged PDF2-START protein is properly folded and has a hydrophobic binding
cavity that can be saturated (Figure C.2). The fluorescence increased non-linearly, indicating a
binding equilibrium. The data was fit to a one binding- site model with Kp values of 750uM,
which is within the range previously reported for other folded proteins (Tagore et al. 2008)
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GST: PDF2-START domain affinity purification

To enable structural studies, protein preparation was upscaled to 3L and purified under
the conditions identified for optimal expression as described above. TEV protease cleavage to
remove the GST tag was optimal after 24 hours at 23°C in a Tris-HCI buffer with 10% Glycerol
(Figure C.3 A). MALDI-TOF mass spectrometry (MS) indicated that cleavage produced free
GST (~26 kDa) and the PDF2-START domain (~26 kDa) as expected. A higher molecular
weight band of ~55 kDa was identified as E. coli GroEL. Following affinity purification with
glutathione to remove the GST protein and Talon resin to remove the His-tagged TEV protease,
we utilized fast protein liquid chromatography (FPLC) to separate the PDF2-START domain
from co-purifying high molecular weight proteins including GroEL. After affinity purification,
the sample was loaded on a Superdex ™75 10/300 gel filtration column using the AKTA™
FPLC system. FPLC profile showed two peaks (Figure C.3 B). However, mass spectrometry
identified major peak as a GST protein, suggestive of protein aggregation or degradation post tag

removal.

In vitro ligand binding studies with GST-tagged PDF2-START

The availability of soluble and correctly folded GST-tagged PDF2-START domain
protein enabled in vitro ligand binding studies. Previously, using the immunoisolation
experiments with GSV synthetic transcription factors expressed in yeast, numerous candidate
protein-metabolite interactions for the plant START domains were identified (Schrick et al.
2014) . An in vitro binding assay using purified GST:PDF2-START protein was performed with
the following candidates: Vitamin K1, a-tocotrienol (Vitamin E), eicosanoic acids, and a polar
lipid mixture extracted from Arabidopsis seedlings, comprised mainly of phosphatidic acid (PA)
and PC, followed by PE, PI, PG, and PS. GST alone and heat-denatured GST: PDF2-START
was used as negative controls. The results indicated binding to polar lipids. Preferential binding
of PDF2- START to PC, in comparison to PA was observed, and binding to other phospholipids
was also detected (Figure C.4). However, GST alone negative control protein also displayed

binding to several polar lipid species, making the interpretation of this experiment problematic.
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Figure C.1 Test expression of seven GST-tagged START domain constructs in

E.coli.
(A) Coomassie-blue stained SDS-PAGE of un-induced (-) and induced (+) fractions

(red) collected 20 hr post-induction using 0.1 mM IPTG. (B) Coomassie-blue stained SDS-
PAGE of insoluble (P) and soluble (S) fractions of GST:HDG12-START; GST:HDG11-START;
GST:PHB-START; GST:GL2:START, and GST:PDF2-START domain constructs. Green arrow
indicates protein in pellet fraction. Red indicates PDF2-START recombinant protein in soluble

fraction. (C) Western blot confirms identity of 55 kDa GST:PDF2 (START) protein. As shown,

rll

the protein is present in both pellet (asterisk) and soluble fraction.
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Figure C.2 ANS (8-anilino-1-napthalenesulfonate) binding assay indicates that the
GST-tagged PDF2 START is properly folded.

START domains bind ANS with saturation kinetics, indicating that the proteins are
properly folded. Binding to ANS was measured as an increase in fluorescence at
emission/excitation wavelengths of 405/460 nm. Error bars show standard deviations for three

technical replicates.
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Figure C.3 Expression and large-scale purification of GST-tagged PDF2 START
domain.

(A) Purification of PDF2-START before and after TEV protease cleavage. (B) 1; Protein
after removal of TEV protease and GST; FPLC fractions: 2; minor and 3; major peak having

PDF2-START. GST tag (~ 26 kDa) (red arrowhead).
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Figure C.4 In vitro ligand binding assay showing binding of polar lipids to
GST:PDF2-START.

Binding to phospholipid PC appears strongest, followed by PE, PG, and PI. Binding is
detected for negative controls (GST and GST:PDF2-START (denatured)) although to a lower

extent
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Appendix D - HD-Zip Proteins GL2 and HDG11 Have Redundant
Functions in Arabidopsis Trichomes, and GL2 Activates a Positive

Feedback Loop via MYB23
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Figure D.1 Trichomes on sepals from Arabidopsis flowers.
(A-D) Scanning electron micrographs (SEM) of sepals. In comparison to (A) wild-type

Col in which unbranched trichomes form on sepals, (B) hdgl1-1 sepals display both unbranched
and branched trichomes (arrow). (C) g/2-5 mutant sepals display fewer trichomes that are

aborted in differentiation (arrow), while (D) g/2-5 hdgl 1-1 double mutants lack visible
trichomes.
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Figure D.2 gi2-1 hdgl1-3 double mutants from the Ler ecotype exhibit enhanced
trichome differentiation defects.

(A-D) Rosettes from 3-week-old plants. (A) Ler wild-type and (B) hdgl -3 plants
display evenly-spaced trichomes on young leaves. (C) g/2-1 plants exhibit fewer trichomes.
Arrows mark trichomes on leaf margins. (D) g/2-1 hdgl1-3 plants have glabrous leaf surfaces.
(E-L) Scanning electron micrographs of first leaves reveal trichome morphology details. (E,I)
Ler wild-type trichomes exhibit a maximum of 3-4 branches, while (F,J) idg! -3 leaves exhibit
some trichomes with ectopic branching (arrows). (G,K) g/2-1 leaves exhibit trichome branching
(arrows) at leaf edges. In comparison, (H, L) g/2-1 hdgl1-3 trichomes appear smaller and
undifferentiated. (M) Quantification of trichomes and trichome branching on first leaves as
described in Figure 5.2 U. Positive error bars indicate standard deviations for n > 20 plants.

Asterisks indicate significant differences in trichome branching (Two- tailed #-test, P < 0.00001).

302



gl2-5 hdg11-3

Figure D.3 Trichome phenotype of gi2-5 hdgl1-3 mutants.
F3 progeny from a cross between g/2-5 plants harboring the ProGL2:EYFP:GL2

transgene and hdgl I-3 plants were analyzed for phenotypes. g/2-5 single mutant segregants from
an F2 line lacking EYFP expression were compared to the g/2-5 hdgl1-3 double mutants. (A, B)
Rosette phenotypes of (A) g/2-5 and (B) g/2-5 hdgl 1-3 reveal trichomes on leaf margins of g/2-5
plants (arrows) but few or no trichomes on leaf margins of the double mutant. (C, D)
Magnification of leaf margins shows that (C) g/2-5 plants display some trichomes with
branching (red arrows), while (D) g/2-5 hdgl1-3 leaves display smaller trichomes that lack

branching.
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Figure D.4 Trichomes on first leaves of the g/2-5 hdgl1-1 myb23-3 triple mutant.
(A-E) Scanning electron micrographs of first leaves. The double mutants (A) g/2-5

hdgl1-1 and (B) g/2-5 myb23-3 display trichome differentiation defects that are similar to those
observed for (C-E) gl2-5 hdgl -1 myb23-3 triple mutants.
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Figure D.5 Developmental defects of plants that are heterozygous for hdgl1-1
and/or myb23-3.

(A-F) Trichome phenotypes of g/2-5 plants heterozygous for hdgl -1 and myb23-3 are
similar to those of the g/2-5 hdgl1-5 and g/2-5 myb23-3 double mutants. (A,C,E) g/2-5 plants

exhibit both branched and unbranched trichomes on leaf margins. (C,E) Arrows indicate
branched trichomes. (B,D,F) g/2-5 plants heterozygous for hdgl1-1 and myb23-3 exhibit leaves
with fewer trichomes that are unbranched. (G) Seeds per silique were counted for 15 siliques
from Col wild-type (WT), gl2-5 (g), hdgl -1 (h), myb23-3 (m), and double mutant and triple
mutant combinations, as well as plants heterozygous for hdgl -1 (h/+) and/or myb23-3 (m/+).
Standard deviations are indicated by error bars. Asterisks mark significant differences from WT

(Two-tailed ¢ test, P < 0.0001). (H) Mature siliques from Col WT, the triple mutant and various
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combinations of hdgl1-1/+ myb23-3/+ with and without the g/2-5 mutation are shown. (I-L)
Anthers were dissected from buds, fixed in Carnoy’s solution, and stained as in (Peterson, 2010).
Pollen was imaged with a 10x 0.3NA objective on an Olympus BX51WI microscope using a
Canon T3i digital camera and DSLR Remote Pro software. (I) Col WT and (J) g/2 hdgl1 myb23
anthers exhibit viable pollen as indicated by magenta-red staining. In contrast, anthers from (K)
gl2-5 myb23-3/+ hdglI- 1/+ and (L) myb23-3/+ hdgl1-1/+ plants show fewer viable pollen

grains in addition to aborted pollen grains indicated by blue-green staining.

r
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Number of trichomes on first leaves

Figure D.6 Intermediate trichome phenotype of hdgl1-1 myb23-3 double mutants.
Quantification of trichomes on first leaves. Green bars indicate the number of trichomes

with 3-4 branches. Yellow bars show the number of trichomes with greater than four branches.
Blue bars indicate the number of abnormal trichomes with fewer than three branches. Positive
error bars indicate standard deviations for n > 20 plants, and the blue asterisk points to a
significant decrease in the number of abnormal trichomes with fewer than three branches in the
hdgl1-1 myb23-3 double mutant in comparison to the myb23-3 single mutant (Two-tailed ¢ test,
P <0.00001).
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Figure D.7 Root hair density and seed mucilage phenotypes in the Ler ecotype.
(A) Ler wild-type and (B) hdgl1-3 exhibit normal root hair formation in contrast to (C)

gl2-1 single and (D) g/2-1 hdgl1-3 double mutants, which display excess root hair formation.
Yellow arrows indicate abnormal root hair formation near the tips of the roots in g/2 mutants. (E)
Quantification of root epidermal cells. Percentages of trichoblast cells in root hair cell files (R =
brown bars), and atrichoblast cells in non root hair cell files (N = grey bars) are indicated (n >
20). Asterisks mark significant differences from Ler wild-type (Two-tiered ¢ test, P > 0.0001).
(F-H) Seeds were stained with ruthenium red to detect mucilage production upon imbibition. (F)
Ler wild-type and (G) hdgl1-3 seeds display mucilage in contrast to (H) g/2-1 single and (I) g/2-
1 hdgl1-3 double mutants which lack mucilage.
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Figure D.8 Crude oil levels in g/2 single and g/2 hdgl1 double mutant seeds are
similar.

In comparison to wild-type Col, g/2 seeds exhibit higher percentages of crude oil.
However, oil levels of hdgl -1 seeds are similar to those of the wild type, and g/2-5 hdgl1-1
double mutant seeds are comparable to g/2-5 seeds. A representative experiment from two
biological replicates is shown with standard deviations for two 500-mg batches of seeds. The
AOAC (Association of Analytical Communities) method 920.39 was used to perform

quantitative oil analysis.
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Figure D.9 Leaf and rosette phenotypes of g/2 and g/2 hdgl I mutant lines expressing
ProGL2:EYFP:HDGI1.

(A) gl2-5 rosette leaves exhibit trichomes at leaf margins (yellow arrows). (B) g/2-5
hdgl1-1 leaves appear largely devoid of trichomes. (C-E) g/2-5 mutants and (D,F) g/2-5 hdgl I-
1 mutants expressing ProGL2:EYFP:HDG1 1 display increased trichome formation on leaves.
The trichomes are typically unbranched. (D) g/2-5 hdgl I-1 mutants expressing
ProGL2:EYFP:HDGI I resemble g/2-5 single mutants (yellow arrows), or (F) exhibit increased
trichome differentiation phenotypes similar to those conferred by ProGL2:EYFP:HDGI11 in the
gl2-5 background (C,E). (G) gl/2-5 and (H) gl2-5 hdgl I-1 rosettes are shown. (I, K) g/2-5
mutants and (J,L) g/2-5 hdgl -1 mutants transformed with ProGL2:EYFP:HDG11 exhibit
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transient dwarf rosette phenotypes that appear either (I,J) symmetric or (K,L) notably

asymmetric.

O| no transgene

ProATML1 HDG11
RLCH

ProATML1:HDG11

{ R

Figure D.10 Expression of HDG11 under the ATML1 epidermis-specific promoter
induces trichome differentiation in g/2 mutants.

(A,B) g/2-5 rosettes exhibit trichomes at the leaf margins but otherwise appear glabrous.
(C) ProATMLI1:HDG11 construct. (D,F) Two independent transformants that express HDG1 1
under the ATML promoter are shown at the rosette stage. (D) Leaf curling (yellow arrow) and/or

(F) pointy leaves were observed for several of the lines. (E,G) Magnification of leaf trichomes
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from ProATMLI1:HDGI 1 transformants in comparison to (B) untransformed g/2-5 plants

indicates a partial rescue of the trichome phenotype.

A L1-box |
Col-0_Chr5:16125460 CAAAAATGGQTACATTTARATTCTTT
Gu-0 _Chr5:16125460 CTAAAATAGQETAAATTTARATTCTTT

B Trichome branching on first leaves
Accession 2 3 R 5
Col-0 00 |57.2(132) 86(29) |0.2(1.1)
Gu-0 1.1(1.2)|57.1(6.5) | 05*06)] 0.0
c 1 |

Col-0 | = !
| | ‘
Gu-0 —

| | : : ) ! |
0 10 20 30 40 5 60 70 80
Numbers of Trichomes on First Leaves
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c
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Col-0 Gu-0

Figure D.11 A natural polymorphism in the MYB23 L1-box I from the Gu-0
accession is correlated with reduced trichome branching.

relative

relative units

relative units

(A) Alignment of genomic sequence from the MYB23 promoter in Col-0 and Gu-0
accessions. Single nucleotide polymorphisms (SNPs) are indicated for Gu-0 (yellow) and the L1-
box 1 is boxed. (B) Quantification of trichomes and trichome branching on first leaves.
Percentages of trichomes with 2, 3, 4, or 5-branches are shown (n > 20) with standard deviations
in parentheses. An asterisk marks a significant decrease in the number of 4- branched trichomes
in Gu-0 in comparison to Col-0 (Two-tiered ¢ test, P < 0.00001). (C) Graphical representation of
the data in (B) illustrates numbers of 3-branched trichomes (green bars) and 4-branched

trichomes (orange bars). (D) The rosettes of 10-day-old plants and (E) first leaves from Col-0

311



and Gu-0 accessions show similar leaf shapes. Yellow arrow marks a 4-branched trichome in
Col-0. (F) Four-branched and 2-branched trichomes are shown for Col-0 and Gu-0, respectively.
(G-H) Quantitative real-time PCR was performed with cDNA from 14-day-old seedling shoots.
Data represent 3 biological replicates and normalized units are plotted on the Y-axis. Relative
expression levels of (G) MYB23 in comparison to GL2, and (H) MYB23 and (I) GL2 in
comparison to the ACT7 reference gene for the Col-0 and Gu-0 accessions. In (G), an asterisk
marks a significant reduction of MYB23 levels in Gu-0 in comparison to Col-0 (Two-tiered ¢ test,

P <0.05).

Seed Development

Pre-gicbular Sobular Heart

6Lz © F

Pre-globular Globular Heart Linear Cotyledon Maturation Greer
J y

HDG11 | ¢ oSllk. /e [ |

Figure D.12 Comparison of GL2 and HDG11 expression in the developing seed.
These data are derived from the Bio-Analytic Resource (BAR) Arabidopsis eFP Browser

(http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). Developing seeds from Arabidopsis ecotype
Wassilewskija (Ws-0) were harvested from reproductive plants grown under continuous light.
Subdomains of the immature seeds were separated by laser capture microdissection, followed by
RNA extraction and amplification prior to hybridization on the GeneChip Arabidopsis ATHI
Genome Array (Affymetrix, Inc.). The data were generated by the Bob Goldberg and John J.
Hanada labs (Le et al., 2010). Images are adapted from Meryl Hashimoto.
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Table D.1 Pairwise alignments between the homeodomains from GL2/At1g79840
and each of the 15 other class IV HD-Zip family members.

Protein- protein BLAST was performed with compositional score matrix (BLOSUM®62)
adjustment. The number of amino acids (aa) in each pairwise alignment is indicated. No gaps
were found in the alignments. The HD-Zip derived sequences are sorted by % aa identity and %
similarity to GL2/At1g79840. HDG11/At1g73360, HDG5/At5g46880 and PDF2/At4g04890
exhibit the largest degree of aa identity and similarity. HD-Zip transcription factors expressed in

trichomes are indicated by an asterisk.

HD Domain aa % ldentity | % Similarity
*HDG11/At1g73360 57 89 74
HDG5/At5g46880 59 88 75
PDF2/At4g04890 58 87 78
ATML1/At4g21750 57 85 65
*HDG2/At1g05230 56 85 70
*HDG12/At1g17920 57 84 68
ANL2/At4g00730 57 84 68
HDG4/At4g17710 59 83 71
HDG1/At3g61150 57 82 67
HDG7/At5g52170 57 80 61
HDG3/At2g32370 56 78 68
HDG9/At5g17320 57 75 65
HDG8/At3g03260 57 75 60
HDG10/At1g34650 50 74 54
HDG6/FWA/At4925540 52 63 42
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Table D.2 Trichome quantification on the first two leaves of Arabidopsis plants.
See Figure 5.5 U, Appendix Figure D.2 M, Figures 5.3 M, 5.3 Q, 5.5 T, 5.6 H, and

Appendix Figure D.6 for graphical representations of the data. Standard deviations for n>20
plants are shown in parentheses. Significant differences for double mutants versus g/2 single
mutants are indicated by a single asterisk, significant differences between control and HDG1 1 or
GL2 transgenes are indicated by double asterisks, and a significant difference between myb23-3

and the hdgl -1 myb23-3 double mutant is indicated by triple asterisks (Two-tiered ¢ test, P <

0.00001).

Genotype Ave. # Ave. # Ave. # Ave. # Ave. % Ave. %
trichomes | trichomes | trichomes total ectopic = branched
1 branch | 2-4 branch >4 trichomes | branched  trichomes
(gl2) branches trichomes >1 branch
1-2 branch| 3 branch >4 for gi2
(myb23) | (myb23) branches genotypes
1-2 branch
(myb23)
Col wild-type 0 67.5(7.5) 0.3 (0.9) 67.8 (7.4) 0.4(1.3) NA
hdg11-1 0 49.6 (9.6) 7.1(3.0) 56.7 (11.0) 126 (5.3) NA
gl2-5 6.5(3.1) 0.8(14) 0 7.3(3.6) 0 11.0 (19.2)
gl2-5 hdg11-1 39(34) [o° 0 13.9(3.4) 0 0°
Col wild-type 0 68.8(3.8) [NA 68.8 (9.8) NA NA
myb23-3 124.8(5.6) |45.6(14.7) [NA 170.3(158) |NA 135.3 (8.0)
ql/2-5 myb23-3 1.0(1.2) 0* 0 1.0(1.2) 0 0*
gl2-5 5.7 (3.3) 1.2 (0.9) 0 6.9 (3.3) 0 19.0 (13.0)
gi2-5 hdg11-1 3.4 (2.5) 0* 0 3.4 (2.5) 0 0*
gl2-5 myb23-3 14(1.5) o* 0 1.4 (1.5) 0 0*
gl2-1 hdg11-3 myb23-3 1.5 (1.6) 0* 0 1.5(1.6) 0 0*
Ler wild-type 0 22.7 (2.2) 0.27 (0.46) 23.0(2.2) 1.2(2.0) NA
hdg11-3 0 22.5(4.0) 4.0(3.0) 26.5(5.1) 15.1* (11.3) NA
ql2-1 2.9(1.5) 19(1.8) 0 4.8(2.8) 0 39.6 (37.5)
gi2-1 hdg11-3 0.3* (0.9) |0* 0 0.3(0.9) 0 0*
hdg11-1+ [ | | |
ProGL2:EYFP:hdg114 0 55.3 (6.6) 10.8 (3.1) 66.2 (6.4) 16.5(4.7) NA
hdg11-1+
ProGL2:EYFP:HDG11 0 56.2 (8.1) 0.3** (0.5) 56.5(8.1) 0.6 (0.9) NA
gl2-5 +
ProGL2:EYFP:hdg114 5.5 (2.6) 2.0(1.8) 0 7.5(3.5) 0 26.7 (24)
gl2-5 +
ProGL2:EYFP:HDG11 |12.8** (3.9) [12.0** (3.8) [0 1248 (39) 0 148.3 (15.3)
gi2-5 hdg11-1 +
ProGL2:EYFP:hdg114 0.4 (0.6) 0 0 0.4 (0.6) 0 0
gl2-5 hdg11-1 +
ProGL2:EYFP:HDG11 |7.8** (3.5) 16.1**(3.8) [0 13.9**(5.1) |0 43.9% (27.3)
hdg11-3 0 37.5(109) [125(4.3) |50.0(126) |25.0(86) NA
{control)
hdg11-3 0 35.6 (8.7) 9.0(3.3) 446 (10.3) 202(74) NA
(no transgene sibling)
hdg11-3 +
proGL2:EYFP.GL2 0 73.2** (10.1) |2.0** (2.0) 75.2**(10.2) 2.7**(2.7) INA
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Genotype Ave. # Ave. # Ave. # Ave. % Ave. %
trichomes trichomes | trichomes ectopic = branched
1 branch 24 branch |>4 branch branched  trichomes
(gl2) trichomes  >1 branch
1-2 branch| 3 branch >4 branch | for gl2
(myb23) = (myb23) genotypes
1-2 branch
(myb23)
Col wild-type 0 54.1(8.5) 10.3(0.5) 54.4 (8.3) 0.5(0.9) NA
hdg11-1 0 495 (8.6) [8.1(3.4) 57.5(10.3) |14.1(58) INA
myb23-3 22.7(28) 36.0(6.9) |0 58.6 (7.5) 0 38.7 (4.8)
hdg11-1 myb23-3  [7.7*** (2.2) 47.4 (12.3) [0 55.1(124) |0 14.0 ***(4.0)
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Table D.3 Quantification of trichoblast and atrichoblast hair cell files on roots.
See Figure 5.4 and Appendix Figure D.7. Ten cells were counted in pairs of root hair (R)

and non root hair (N) cell files. Standard deviations for n>20 are shown in parentheses.
Significant differences between wild-type and mutant are marked by a single asterisk. Significant
differences between control and wild-type HDG11 or GL2 transgenes are indicated by a double
asterisk (Two-tiered ¢ test, P < 0.0001).

Genotype % Trichoblast in|% Atrichoblast in
R position N position
Col wild-type 97.5 (4.4) 98.8 (3.4)
hdg11-1 96.7 (4.8) 92.1 (8.8)
gl2-5 97.1 (5.5) 34.6* (15.0)
gl2-5 hdg11-1 95.8 (7.2) 30.8* (19.9)
myb23-3 97.1 (6.9) 92.9 (6.9)
gl2-5 myb23-3 96.5 (6.7) 43.0* (17.0)
Ler wild-type 98.0 (4.1) 97.5 (5.5)
hdg11-3 96.0 (5.9) 98.0 (4.1)
gl2-1 99.5 (2.2) 20.0* (18.0)
gl2-1 hdg11-3 99.5 (2.2) 21.5* (17.2)
hdg11-1 + 96.0 (6.0) 96.0 (6.8)
ProGL2:EYFP:hdg11A
hdg11-1 + 97.5 (4.4) 95.5 (6.9)
ProGL2:EYFP:HDG11
gl2-5 + 96.5 (5.9) 30.5(18.2)
ProGL2:EYFP:hdg11A
gl2-5 + 96.3 (5.8) 97.1** (56.5)
ProGL2::EYFP:GL2
gl2-5 + 95.4 (6.4) 62.1** (16.4)
ProGL2:EYFP:HDG11
gl2-5 hdg11-1 + 96.3 (6.0) 35.3 (19.0)
ProGL2:EYFP:hdg11A
gl2-5 hdg11-1 + 95.0 (8.3) 48.0 (20.1)
ProGL2:EYFP:HDG11

316




Table D.4 Oligonucleotides used in this study.
Nucleotide bases shown in bold denote restriction sites used for cloning or changed bases

from site-directed mutagenesis.

I. Primers for removing Kpnl and Sall restriction sites from HDG11 cDNA sequence using
site-directed mutagenesis. Underlined bases show introduced mutation.

Name

5’-3’ sequence

HDG11_Sall_F(1602-32)

C ATG AAT GCT ATG GCACTT GTG GACATG TTCATG G

HDG11_Sall_R(1602-32)

C CAT GAA CAT GTC CAC AAG TGC CAT AGC ATT CAT G

HDG11_Kpnl F(1704-34)

GGA ATG GGA GGC ACC CAT GAG GGT GCATTG C

HDG11_Kpnl R(1704-34)

G CAATGC ACC CTC ATG GGT GCC TCC CAT TCC

HDG11_Kpnl_F(2075-2107)

TGCTTCT CTATCG GTG CCAGCG TCTTCATCT CG

HDG11_Kpnl_R(2075-2107)

CG AGATGA AGA CGC TGG CAC CGATAG AGAAGCA

Il. Primers for amplification and cloning of HDG711 cDNA in binary vector SR54

HDG11 Kpnl_F

GAAAGAGGGTACCAGAAGAAAGAGGGAAGAGAGC

HDG11_Sall R

GAAACATTAAGTCGACAAAATGAGTTTCGTCGTCGGCG

lll. Primers for sequence verification of HDG711 cDNA in ProGL2:EYFP:HDG11

HDG11_(804-23)_seq

CGT TAC CAT CGT CAC ACC GC

HDG11_(1223-45) seq

TC CAATGC ACATCT CAC CGT TGG

TCC AAG GTT ACTTGG GTT GAAC

(
HDG11_(1935-56)_seq
HDG11_(2471-92) seq

T GGA TCC AAT GCA ACA CAT AGC

B6_(EYFP)_seq

CAA GGACGACGG CAACTAC

IV. Primers for cloning in pENTR™/D-TOPO (Start codons, italics; Stop codons, red)

GL2 TOPO F

CACC ATG TCA ATG GCC GTC GAC ATG

GL2 TOPO R

TCATTA GCAATCTTC GATTTG TAG ACT TC

HDG11_TOPO_F

CACC ATGAGT TTC GTC GTC GGC GTC GGC G

HDG11_TOPO R

GTG TCA AGC TGT AGT TGA AGC TGT AGG

V. Primers for real-time PCR to monitor transcript levels of GL2, HDG11, and MYB23

ACT7_PCR(94)_F

TCGCACATGTACTCGTTTCGCTTTC (amplifies 94 bp)

ACT7_PCR(94)_R

TCGAGAAGCAGCGAGAGAGAAAGATAGA

GL2_PCR_F ATGAAGCTCGTCGGCATGAGTGGG (ampifies 106 bp) (Ishida
et al., 2007)
GL2_PCR_R TGGATTGCCACTGAGTTGCCTCTG (Ishida et al., 2007)

HDG11_RT(125

TGGGGCTGATCGTTGGGTTACCA (amplifies 125 bp)

)_
HDG11_RT(125)

TGCTTCTCTTCCCTTCCGGTGA

CATCAGACTCCACAAGCTCCTCGG (amplifies 126 bp)

(
MYB23_RT(126
(

N
MYB23_RT(126)_

TCTCCGAGACCAAGTTTCTTGCTGAG

VI. Primers for genotyping mutants

GL2_F_112

ATGTCAATGGCCGTCGACATGTC (Wang et al., 2007)

GL2_R_1462

TCTCGCAGCTTCTCTAGTTCCG (Wang et al., 2007)

En8130 (3’outward) (g/2-5)

GAGCGTCGGTCCCCACACTTCTATAC (Baumann et al., 1998)

0AR283_hdg11-1_F

ATT CTA TCA CCG GAA GGG AAG (Roeder et al., 2012)

0AR284_hdg11-1 R

TGA AGA GAA AGA GAC ACC CAG (Roeder et al., 2012)

SLB1 (SAIL_LB1) (hdg71-1)

GCCTTTTCAGAAATGGATAAATAGCCT (Roeder et al., 2012)

0AR300 hdg11-3_F

GTG AAG ATC CTT ACT TTG ATG AT (Roeder et al., 2012)

0AR301_hdg11-3 R

TCA AGC TAT GCA AAA AGA TCA AA (Roeder et al., 2012)

myb23-3 SALK 018613 LP

CAC CGA ACA ACA AAA CAC ATG

myb23-3 SALK_018613_RP

TTTACGTGGACGTTTTTG CTC
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LbB1 (for myb23-3)

| GCG TGG ACC GCT TGC TGC AAC T

VII. Primers for sequencing

ProATML1 constructs in pAR176 (Roeder et al., 2010)

Name

5’-3’ sequence

0AR204

CTTCCCTTTCTCCTAAGTTCCT

0AR424

GGA GAA AAATAG AGA GAGATA G

VIIl. Primers for screening a

nd sequencing inserts in pAbAi vector

pAbAi_Seq_F

GTTCCTTATATGTAGCTTTCGACAT (ampifies 298 bp without
insert and 323 with insert)

pAbAi R

CAGAGCACATGCCTCGAGG

IX. Primers for L1-boxes from MYB23 promoter (L1-boxes, bold; first L1-box out of three,
underlined; mutations, lowercase)

proMYB23_LI-box-I_F

CTACATTTATACATTTATACATTTAG

proMYB23_LI-box-I_R

TCGACTAAATGTATAAATGTATAAATGTAGGTAC

proMYB23_mutLI-box-I_F

CTACggTTATACggTTATACggTTAG

proMYB23_mutLI-box-I_R

TCGACTAACcGTATAAccGTATAAccGTAGGTAC

proMYB23 LlI-box-Il_F

CTAAATGTGTAAATGTGTAAATGTGG

proMYB23_LI-box-1l_ R

TCGACCACATTTACACATTTACACATTTAGGTAC

proMYB23_mutLI-box-Il_F

CTAAccGTGTAAccGTGTAAccGTG

proMYB23_mutLI-box-II_F

TCGACCACggTTACACggTTACACggTTAGGTAC

X. Primers for construction of pGAD-T7 constructs for HD-Zip expression in yeast (Start
codons, italics; Stop codons, red)

GL2_747aa_EcoRI_F

GACAGGGAATTC ATG TCA ATG GCC GTC GAC ATG TCT
TCC

GL2 231aa_BamHI_R

ATCGTCGGATCCTCA AGC CTG CAG GGG ATA GGG

HDG11_722aa_EcoR1_F

TAATTAGAATTC ATG AGT TTC GTC GTC GGC GTC GGC
GG

HDG11_169aa_BamH1_R

TGTAGGGATCCCTA TTG CGA TAT CGG TCT TCC CAT GTA
C

Xl. Primers for construction
+ SAD) (Stop codons, red)

of pGAD-T7 control construct for expression of GL2 (START

GL2_253aa_EcoRI_F

GTCTTTGAATTC GAG AAG TCC CGT ATT GCC GAG ATT
TC

GL2 747aa BamHI R

TGCTGTGGATCCTCATCA GCAATC TTC GAT TTG TAG AC

Xll. Primers for real-time PC

R of ChIP DNA

ACT7 ChIP_F

CGTTTCGCTTTCCTTAGTGTTAGCT

ACT7 ChIP_R

AGCGAACGGATCTAGAGACTCACCTTG

proCESA5_ChIP_F

GTATAGTCATCACTCAGGAGAC

proCESA5 ChIP_R

GACTCACTGAGTCTTTTTATCGG

proMYB23_ChIP_F

GGATCCACACAAGACTAAAATAC

proMYB23_ChIP_R

GCTATTCACATTTAGATTTTCCATC

Xlll. Primers for deletion of L1-Box | in ProMYB23:mGFP5-ER

AL1-box_F

CTTAAATTCTTTTTCACAAGATGTTTATAATG

AL1-box_R

GGTACCCATTTTTGTTGTATTTTAGTC

IX. Primers for sequencing ProMYB23:mGFP5-ER

MYB23pro_2703_F

TCTAGAGTTTGGTATCACGG

MYB23pro_1836_F

TATTAGTATAGTTTGTTGTTCAAACGG

MYB23pro_seq_2082_R

TTCTTACATTTCATCTCATTGC

MYB23pro_3450 F

ACGGGTGTTAACACACACC
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