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Abstract 

Class IV homeodomain leucine-zipper (HD-Zip IV) transcription factors (TFs) are master 

regulators of epidermal cell fate during embryonic and post-embryonic development in plants. 

GLABRA2 (GL2), the founding member of the HD-Zip IV TFs, plays critical roles in trichome 

and root hair development as well as in biosynthesis of anthocyanin, seed coat mucilage and seed 

oil. It has four defined domains including a DNA-binding homeodomain (HD), a leucine-zipper 

dimerization domain termed Zipper Loop Zipper (ZLZ), a Steroidogenic Acute Regulatory 

(StAR) protein-related lipid Transfer (START) domain, and a START-associated domain. 

Previous work demonstrated that the START domain of GL2 is involved in ligand binding and is 

required for TF dimerization, stability and activity. However, a detailed mechanism controlling 

the level of HD-Zip IV TFs in plants remains unknown. The overall goal of this project is to 

identify and characterize post-translational regulatory mechanisms affecting the turnover and 

activity of HD-Zip IV TFs in Arabidopsis. 

To determine protein half-lives, in vivo cycloheximide chase experiments were 

performed using Arabidopsis seedlings, uncovering a role for the ZLZ domain in destabilizing 

GL2. In addition, the Ubiquitin/26S proteasome system was implicated in the degradation of 

unstable GL2 protein resulting from START domain mutation. Next, bioinformatics tools 

predicted multiple, high confidence conserved ubiquitination and SUMOylation sites in the ZLZ 

domain of GL2 and the modifications were verified in vivo by performing immunoprecipitation 

experiments. Site-directed mutagenesis of the candidate amino acids resulted in a gain-of-

function phenotype characterized by an increased frequency of abaxial leaf curling in lysine-to-

arginine (K-R) mutants. In contrast to EYFP-tagged protein, plants expressing GL2 with a 

smaller 6x His 3x FLAG tag did not display leaf curling, suggesting that this phenotype is 



  

associated with increased protein stability. Ongoing experiments focus on RNA-Seq experiments 

to characterize the molecular mechanisms of abaxial leaf curling.  

In addition to ubiquitin and SUMO (small ubiquitin-like modifier) sites, two high 

confidence SUMO-interacting motifs (SIMs) were bioinformatically predicted in the GL2 

START domain from Arabidopsis. SIMs are short hydrophobic sequences present in many 

proteins that can non-covalently bind to SUMO-conjugated proteins. Mutational analysis with 

confocal microscopy revealed defects in trichome branching and nuclear localization of the 

protein in SIM mutants. Yeast two-hybrid experiments failed to detect GL2-SUMO interactions 

as most of the Arabidopsis thaliana SUMO isoforms were not expressed in yeast. However, 

unlike wild-type protein, SIM mutants displayed impaired dimerization. These results indicate 

the role of SIMs in the subcellular localization and TF activity of GL2. Further experiments will 

be required to identify proteins that associate with GL2 through SUMO-SIM interactions. 

Overall, the findings suggest that regulatory mechanisms involving ubiquitin and/or 

SUMO contribute to GL2 levels and activity in plants. This work provides new insight into how 

the protein levels of critical transcriptional regulators of epidermal cell differentiation are fine-

tuned in plants. The new knowledge will ultimately guide molecular toolkits for engineering HD-

Zip IV TFs to establish more resilient and high yielding cultivars. 
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to characterize the molecular mechanisms of abaxial leaf curling.  

In addition to ubiquitin and SUMO (small ubiquitin-like modifier) sites, two high 
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proteins that can non-covalently bind to SUMO-conjugated proteins. Mutational analysis with 
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as most of the Arabidopsis thaliana SUMO isoforms were not expressed in yeast. However, 

unlike wild-type protein, SIM mutants displayed impaired dimerization. These results indicate 

the role of SIMs in the subcellular localization and TF activity of GL2. Further experiments will 

be required to identify proteins that associate with GL2 through SUMO-SIM interactions. 

Overall, the findings suggest that regulatory mechanisms involving ubiquitin and/or 
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Chapter 1 - Introduction 

 Homeodomain and homeodomain transcription factors 

Transcription factors (TFs) are proteins that activate or repress target genes by directly 

binding to specific promoter elements (Latchman, 1993; Franco-Zorrilla et al., 2014; 

Weidemüller et al., 2021). TFs are important for regulating the expression of genes in response 

to endogenous and environmental signals (Weidemüller et al., 2021). Homeodomain (HD) TFs 

are critical regulators of eukaryotic development (Gehring et al., 1994; Chan et al., 1998). Their 

name is derived from homeotic transformation that is characterized by defective development or 

organization of body segments or structures in animals (McGinnis et al., 1984a; McGinnis et al., 

1984b; Scott and Weiner, 1984; Capellini et al., 2011). These developmental anomalies occur as 

a result of overactivation or inactivation of the corresponding genes termed homeotic (Hox) 

genes which have been extensively studied in Drosophila (Garber et al., 1983; McGinnis et al., 

1984a; McGinnis et al., 1984b). All homeodomain TFs contain a highly conserved DNA binding 

region of ~60 amino acids known as the homeodomain (HD) (Carrasco et al., 1984; McGinnis et 

al., 1984a; Gehring et al., 1990; Bürglin, 1994; Derelle et al., 2007). In plants, HD TFs are 

involved in various developmental processes such as stem cell maintenance, lateral outgrowth 

and response to environmental factors (Hay and Tsiantis, 2010; Brandt et al., 2014; Tsuda and 

Hake, 2015). Plant HD proteins are classified into 14 families including homeodomain leucine-

zipper (HD-Zip), Wuschel-related homeobox (WOX) and Knotted-like homeobox (KNOX) 

(Mukherjee et al., 2009; Romani et al., 2018). 

 



2 

 HD-Zip transcription factors 

HD-Zip TFs constitute a plant-specific TF family that are involved in various biological 

processes including development, growth and stress responses as well as light and hormone 

signaling (Yu et al., 2008; Harris et al., 2011; Shan et al., 2014; Merelo et al., 2017; 

Roodbarkelari and Groot, 2017; Sessa et al., 2018; Gong et al., 2019; Sharif et al., 2021). This 

family comprises about half of all the HD TFs in plants. HD-Zip TFs are characterized by the 

presence of a leucine-zipper (LZ) dimerization domain C-terminal to the HD (Ruberti et al., 

1991; Schena and Davis, 1992; Schrick et al., 2004) and are further divided into four subfamilies 

or classes, HD-Zip I-IV (Schena and Davis, 1994; Di Cristina et al., 1996; Ponting and Aravind, 

1999; Riechmann et al., 2000; Schrick et al., 2004).  

 

 Roles of HD-Zip IV transcription factors in plants 

HD-Zip III and HD-Zip IV subfamily proteins contain a lipid binding START 

(steroidogenic acute regulatory protein (StAR)-related lipid transfer) domain and a START 

adjacent domain (STAD or SAD) (Ponting and Aravind, 1999; Schrick et al., 2004; Mukherjee et 

al., 2022). Previously it was reported that HD-START proteins are expanded in plants and 

presumably function to sense a variety of hydrophobic ligands that could govern transcription in 

different cell types (Schrick et al., 2004; Schrick et al., 2014). HD-Zip IV TFs play vital roles in 

the specification of the epidermis, anthocyanin accumulation, and plant responses to 

environmental stresses (Kubo et al., 1999; Chen et al., 2017; Zhang et al., 2019; Wang et al., 

2020a; Wang et al., 2020b). Three well-studied members of this group include GLABRA2 (GL2) 

and the functionally redundant members PROTODERMAL FACTOR2 (PDF2) and Arabidopsis 

thaliana MERISTEM LAYER1 (ATML1). GL2 dictates the specification of epidermal cells in 
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leaves, roots, and seeds (Rerie et al., 1994; Di Cristina et al., 1996; Western et al., 2001). 

Impaired functions of GL2 lead to visible defects in trichome differentiation and seed coat 

mucilage production in addition to ectopic root hair formation from non-hair epidermal cells of 

the root (Rerie et al., 1994; Di Cristina et al., 1996; Masucci et al., 1996; Western et al., 2001; 

Western et al., 2004). Similarly, PDF2 and ATML1 are involved in maintenance of epidermal 

(L1) identity of the vegetative, floral and inflorescence meristem (Abe et al., 2003). The double 

knockout mutants of PDF2 and ATML1 result in embryonic lethality (Abe et al., 2003; Ogawa et 

al., 2015). 

 

 Research questions, objectives and hypotheses 

Despite the importance of HD-Zip IV proteins as multidomain TFs, the molecular 

mechanism by which they elegantly control gene expression during cell-type differentiation 

remains elusive. The START domain was previously reported to be essential for TF activity of 

HD-Zip IV TFs (Schrick et al., 2014). Specifically, ligand binding to the HD-Zip IV START 

domain was shown to control transcriptional activity in both yeast and plant cells (Schrick et al., 

2014; Wojciechowska et al., 2021). However, the precise mechanism of START-mediated 

regulation of TF activity is unknown. Similarly, there is a gap in our current understanding 

regarding the functions of the HD and ZLZ domain in addition to their primary roles in DNA 

binding and TF dimerization, respectively. The overall goal of this dissertation work is to 

elucidate the functions of key domains and associated regulatory mechanisms governing the 

activity of HD-Zip IV TFs using GL2, PDF2 and ATML1 as representative family members in 

the plant model Arabidopsis. Some of the important hypotheses tested are: 

1. The homeodomain and START domain play distinct roles in DNA binding, 

dimerization and protein turnover of HD-Zip IV TFs. 
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2. The ZLZ dimerization domain is important in the regulation of HD-Zip IV protein 

levels. 

3. The HD, START domain and ZLZ domain are all dispensable for nuclear localization 

but indispensable for HD-Zip IV TF activity. 

4. Protein levels of HD-Zip IV TFs are maintained by post-translational regulatory 

mechanisms involving ubiquitin, SUMO or related molecules driving optimal 

development of the plant epidermis. 

 

 Outline of dissertation 

The first chapter of this dissertation provides general background information on HD-Zip 

TFs. In addition, it presents an overview of the research questions, objectives and hypotheses of 

the overall work as well as an outline of the dissertation. Shorter introductions are additionally 

included in Chapters 2, 3, 4 and 5, and these provide more specific information relevant to each 

chapter. 

The goal of the second chapter is to understand whether the START domain modulates 

HD-Zip IV TF activity independently or cooperatively with the HD. Mutations were introduced 

in key residues of the HD in wild-type plants and START domain mutants, and the resulting 

mutants were characterized for trichome, root hair and seed coat phenotypes as well as protein 

subcellular localization. The contribution of the START domain in DNA binding by the HD was 

probed using both in vitro (EMSA) and in vivo (ChIP-Seq) assays. Protein-protein interaction 

studies in yeast and Nicotiana benthamiana were used to discern the possible roles of these two 

domains in protein dimerization. Finally, a series of cycloheximide chase experiments were 

conducted to determine the role of the HD versus the START domain in protein turnover, and 

the possible involvement of the 26S proteasome was tested.  
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The third chapter aims to identify and characterize post-translational regulatory 

mechanisms governing HD-Zip IV TFs in Arabidopsis. It presents a series of results from protein 

stability experiments that were carried out to decipher the regulation of protein levels by the ZLZ 

domain. Whether the START domain and the ZLZ act independently of one another to affect 

protein turnover was addressed by examining gl2∆ZLZ mutants that carry a mutation in the 

START domain. Another set of experiments performed with wild-type PDF2 and a mutant 

lacking the START domain link protein stability with phosphate starvation, ligand binding and 

involvement of the ubiquitin 26S proteasome system. To detect the PTMs of GL2, pull-down 

assays were conducted under normal and various stress conditions followed by immunoblotting 

with α-ubiquitin and α-SUMO antibodies. Additionally, candidate PTM sites in GL2 were 

identified by using machine learning tools. To evaluate the roles of the predicted sites in vivo, 

several PTM-related mutants were generated using site-directed mutagenesis, followed by 

characterization for rescue of the trichome phenotype, leaf curl and nuclear localization of the 

EYFP-tagged proteins.  

The fourth chapter addresses the limitations of using fluorescent protein (EYFP) tags in 

terms of the effect on protein stability, using the HD-Zip IV TFs GL2 and PDF2 as examples. 

The data show that while EYFP:GL2 is functional, its overexpression can result in additional 

phenotypic effects, namely abaxially curled leaves that are associated with enhanced protein 

stability. A detailed phenotypic characterization of the related Arabidopsis lines was conducted, 

and the implications of curly leaf phenotypes are discussed. 

In the fifth chapter, the possible regulation of GL2 through protein-protein interactions 

with a small ubiquitin modifier (SUMO), was investigated. Machine learning algorithms 

predicted two SUMO-interacting motifs (SIMs) that map to the surface of the GL2 START 
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domain. Mutagenesis of the predicted SIMs along with phenotypic analysis of the resulting 

mutants are discussed. The subcellular localization of the SIM mutant proteins was addressed by 

performing confocal microscopy of lines expressing EYFP-tagged proteins. Yeast two-hybrid 

assays were used to assay possible protein-protein interactions of GL2 with SUMO, as well as 

the ability of the SIM mutants to form homodimers. 

Finally, the sixth chapter provides an overall summary and conclusions for the entire 

dissertation. The novelty of the findings and their implications are discussed, with relevance to 

the fields of plant biology and eukaryotic gene regulation. Critical remarks and future directions 

are highlighted. 
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Chapter 2 - START domain mediates Arabidopsis GLABRA2 

dimerization and turnover independently of homeodomain DNA 

binding 

This chapter has been published as my co-first author research paper in Plant Physiology. 

For this project, I performed a part of cycloheximide chase experiments (Figures 2.6C and 2.6D) 

and made a major contribution in the preparation of manuscript by writing abstract, introduction, 

results and discussion sections which were revised by Dr. Schrick. 

 

“Thiya Mukherjee, Bibek Subedi, Aashima Khosla, Erika M Begler, Preston M Stephens, 

Adara L Warner, Ruben Lerma-Reyes, Kyle A Thompson, Sumedha Gunewardena, Kathrin 

Schrick, The START domain mediates Arabidopsis GLABRA2 dimerization and turnover 

independently of homeodomain DNA binding, Plant Physiology, 2022;, kiac383.” 

 

 Abstract 

Class IV homeodomain leucine-zipper transcription factors (HD-Zip IV TFs) are key 

regulators of epidermal differentiation that are characterized by a DNA-binding homeodomain 

(HD) in conjunction with a lipid-binding domain termed START (Steroidogenic Acute 

Regulatory (StAR)-related lipid Transfer). Previous work established that the START domain of 

GLABRA2 (GL2), a HD-Zip IV member from Arabidopsis (Arabidopsis thaliana), is required 

for transcription factor activity. Here, we addressed the functions and possible interactions of 

START and the HD in DNA binding, dimerization, and protein turnover. Deletion analysis of the 
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HD and missense mutations of a conserved lysine (K146) resulted in phenotypic defects in leaf 

trichomes, root hairs and seed mucilage, similar to those observed for START domain mutants, 

despite nuclear localization of the respective proteins. In vitro and in vivo experiments 

demonstrated that while HD mutations impair binding to target DNA, the START domain is 

dispensable for DNA binding. Vice versa, protein interaction assays revealed impaired GL2 

dimerization for multiple alleles of START mutants, but not HD mutants. Using in vivo 

cycloheximide chase experiments, we provided evidence for the role of START, but not HD, in 

maintaining protein stability. This work advances our mechanistic understanding of HD-Zip TFs 

as multidomain regulators of epidermal development in plants.  

 Introduction 

Class IV homeodomain leucine-zipper transcription factors (HD-Zip IV TFs) are critical 

regulators of epidermal and sub-epidermal differentiation in plants (Nakamura et al., 2006a). In 

Arabidopsis (Arabidopsis thaliana), there are 16 START domain-containing transcription factors 

belonging to the HD-Zip IV family. The founding member, GLABRA2 (GL2), functions in a 

complex regulatory network to dictate epidermal cell fate. Genetic studies initially showed that 

GL2 promotes trichome differentiation in shoots (Rerie et al., 1994) and mucilage biosynthesis 

in seeds (Western et al., 2001; Western et al., 2004), while it suppresses hair formation in non-

hair root cells (Di Cristina et al., 1996; Masucci et al., 1996). More recent mutant analyses 

revealed that GL2 regulates the accumulation of seed oil (Shen et al., 2006; Shi et al., 2012) and 

anthocyanin biosynthesis (Wang et al., 2015). In addition to GL2, the functionally redundant 

family members Arabidopsis thaliana MERISTEM LAYER1 (ATML1) and PROTODERMAL 

FACTOR2 (PDF2) have been extensively studied for their developmental role in specification of 

the epidermis in the embryo (Abe et al., 2003; Ogawa et al., 2015; Iida and Takada, 2021). HD-
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Zip IV proteins are composed of four defined domains including a DNA-binding homeodomain 

(HD), a leucine-zipper domain termed Zipper Loop Zipper (ZLZ), a Steroidogenic Acute 

Regulatory (StAR) protein-related lipid Transfer (START) domain, and a START-associated 

domain (SAD or STAD) (Schena and Davis, 1994; Di Cristina et al., 1996; Ponting and Aravind, 

1999; Riechmann et al., 2000; Schrick et al., 2004). 

The HD is a DNA-binding domain of ~60 amino acids that is highly conserved in the 

eukaryotes (Carrasco et al., 1984; McGinnis et al., 1984; Gehring et al., 1990; Bürglin, 1994; 

Derelle et al., 2007). It was discovered in Drosophila genes, whose mutation or overexpression 

cause homeotic transformations affecting the body pattern (Garber et al., 1983; McGinnis et al., 

1984; Scott and Weiner, 1984). The 3D structure of the HD shows a flexible amino-terminus and 

three α-helices, the second and third of which form a helix-turn-helix motif (Gehring et al., 1990; 

Kissinger et al., 1990; Liu et al., 1990; Otting et al., 1990; Gehring, 1994). DNA binding 

specificity occurs through major groove contacts via the third helix as well as minor groove 

contacts via the amino-terminal region (Schofield, 1987; Mann et al., 2009; Burglin and Affolter, 

2016). The earliest reported homeobox gene from plants was maize (Zea mays) Knotted-1 (KN-

1), whose gain-of-function phenotype is marked by uncontrolled cell divisions in lateral veins, 

forming outpocketings or knots (Vollbrecht et al., 1991). Since the discovery of Kn-1, numerous 

plant homeobox genes have been identified and implicated in a wide variety of developmental 

processes. In Arabidopsis, there are 110 predicted HD proteins that are subdivided into 14 

classes including HD-Zip TFs (Classes I-IV) (Mukherjee et al., 2009). 

HD-Zip III and IV TFs contain a START domain that occurs in the middle of the protein, 

carboxy-terminal to the HD-Zip. Initially discovered in mammalian StAR (Steroidogenic Acute 

Regulatory) cholesterol-binding transporters (Kallen et al., 1998), START (StAR-related lipid 
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Transfer) domains are modules of ~210 amino acids (Ponting and Aravind, 1999) conserved 

across plants and animals as well as several protists, bacteria and archaea (Iyer et al., 2001). The 

domain structure comprises of an α/β helix-grip fold that forms a binding pocket (Tsujishita and 

Hurley, 2000; Thorsell et al., 2011). Human START domain-containing proteins bind ligands 

such as sterols, phospholipids, ceramides, bile acids and fatty acids (Kallen et al., 1998; 

Tsujishita and Hurley, 2000; Roderick et al., 2002; Kudo et al., 2008; Létourneau et al., 2012; 

Tillman et al., 2020). In mammals, START domains function in lipid/sterol transport or 

metabolism and several act in intracellular signaling pathways (Clark and Stocco, 1995; Lin et 

al., 1995; Watari et al., 1997; Stocco, 2001; Soccio and Breslow, 2003).  

Studies in plants indicate similar roles for START domains in lipid transfer and/or lipid 

sensing. In the liverwort Marchantia polymorpha, a START domain-containing protein (STAR2) 

was recently implicated in the incorporation of ER-derived C20 fatty acids into chloroplast 

glycolipids (Hirashima et al., 2021). Our previous work showed that the START domain is 

essential for transcription factor activity of HD-Zip IV TF GL2 (Schrick et al., 2014). Several 

mechanisms have been proposed to explain how the ligand-bound START domain can stimulate 

transcription factor activity, including conformational changes, stabilization of protein levels, 

and/or promotion of protein–protein interactions (Schrick et al., 2014). However, lack of detailed 

information on how START modulates transcription factor activity poses a major challenge.  

The goal of this study was to understand how the START domain modulates HD-Zip IV 

transcription factor activity either independently or in synergy with the HD. We generated HD 

mutations in wild-type and START domain-deleted backgrounds and studied their effect on 

transcription factor function. HD mutants lacking the predicted DNA-binding α-helices or 

containing missense mutations in a conserved lysine imparted defective phenotypes in trichomes, 
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roots and seeds, similar to those of START mutants. While HD mutations abolished DNA 

binding, multiple mutations affecting the START domain retained DNA binding affinity in vitro 

and in vivo. Gel shift experiments led to the surprising discovery that HD-Zip IV proteins lacking 

the START domain can bind DNA as monomers. Using interaction studies in yeast and 

Nicotiana benthamiana we confirmed dimerization defects from mutations affecting START but 

not HD. Finally, cycloheximide chase experiments showed that protein levels drop rapidly in 

several START domain mutants but not in HD mutants, consistent with a unique role of START 

in maintaining protein stability.   

 Materials and methods  

 Plant material, growth conditions, and Arabidopsis transformation  

Wild-type Arabidopsis (Arabidopsis thaliana) ecotype Columbia (Col) and the gl2 null 

allele gl2-5 (Khosla et al., 2014) were used for this study. Seeds were stratified at 4°C for 3 days 

and grown on soil containing PRO-MIX PGX, vermiculite and perlite (Hummert International) 

in a ratio of 4:2:1 at 23°C under continuous light. The wild-type proGL2:EYFP:GL2 and mutant 

proGL2:EYFP:gl2 constructs were transformed into gl2-5 plants using Agrobacterium 

tumefaciens GV3101 (pMP90) mediated floral dip (Clough and Bent, 1998). T1 progeny were 

screened on 20 μg/ml hygromycin B. Independent T1 transformants (21-55) were characterized 

for each genotype and 3:1 segregation for EYFP expression were confirmed in T2 progeny. 

Representative T3 homozygous lines with stable EYFP expression were confirmed by PCR 

genotyping and were used for further analysis. 
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 HD and START domain structural alignments 

The HD from GL2 was found to exhibit structural similarity with the solution structure of 

Gallus gallus HOMEOBOX PROTEIN ENGRAILED-2 (Gg-En-2) (PDB ID = 3ZOB) using the 

SWISS-MODEL homology modeling server (Arnold et al., 2006; Benkert et al., 2011; Biasini et 

al., 2014). A structural homolog suitable for HD-Zip IV derived START domain modeling was 

identified as the crystal structure of human STARD5 (PDB ID = 2R55) using I-TASSER (Yang 

et al., 2015). Sequences from all 16 HD-Zip IV TFs from Arabidopsis thaliana (Nakamura et al., 

2006a) were aligned to corresponding structural homologs in Clustal O (Madeira et al., 2019). 

Consensus α-helices and β-sheets were visualized using ESPript 3.0 (Robert and Gouet, 2014). 

 Plant constructs 

The GL2 cDNA was cloned into pENTR/D-TOPO using the pENTR/D-TOPO Cloning 

Kit (Invitrogen). Deletion and missense mutations gl2∆ST, gl2∆HD46, gl2∆HD20, gl2∆HD11, gl2K146T, 

gl2K146E, gl2A258P, gl2M271I, gl2W279R, gl2I289N, and gl2E294Q were generated using the Q5 Site–

Directed Mutagenesis Kit (E0554S, New England Biolabs) following the manufacturer’s 

protocol with primers listed in Table A.3. The gl2∆ST construct was used to generate gl2∆HD20;∆ST, 

gl2K146E;∆ST and gl2K146T;∆ST double mutants. After sequence confirmation, the wild-type and 

mutant pENTR/D-TOPO plasmids were transferred into the SR54 (ProGL2:EYFP:GL2) binary 

vector (Schrick et al., 2014). Inserts were amplified with gene specific primers using Q5 High 

Fidelity DNA polymerase (M0491, New England Biolabs), followed by purification of 

amplicons using the Nucleospin Gel and PCR Clean-up (Machery-Nagel) and Dpn1 digestion. 

The vector and insert DNA fragments were assembled in a ratio of 1:5 using NEBuilder HiFi 

DNA Assembly (E5520S, New England Biolabs). The gl2L480P, gl2E375G, gl2R392M , gl2E375G;R392M, 

and gl2Amo mutants were generated by one-step PCR-based site-directed mutagenesis (Scott et 
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al., 2002) using PfuUltra II Fusion HS DNA polymerase (Agilent Technologies). The Phusion® 

Site-Directed Mutagenesis Kit (Thermofisher Scientific) was used to generate the gl2ΔHD and 

gl2ΔHD6;ΔZLZ deletion mutants. Oligonucleotides for generation of mutants are listed in Table A.3. 

After verification by sequencing, the GL2 deletion constructs were restriction digested with KpnI 

and SalI and ligated into the binary vector SR54 (proGL2:EYFP:GL2) at the corresponding sites. 

 

 Phenotypic assays and microscopy of Arabidopsis 

Arabidopsis lines were assayed for leaf trichomes, root hairs and seed coat mucilage. 

Trichomes were quantified on first leaves from 20 individual plants. Leaf samples were placed 

on 0.8% w/v agar/water plates and trichomes were counted manually upon viewing with a 

stereomicroscope. For root hair density analysis, seeds were vapor sterilized and sown on 0.5X 

MS media (Murashige and Skoog, 1962), followed by stratification at 4°C for 5 days. Seedlings 

were germinated in vertical orientation at 23°C under continuous light. Primary roots were 

imaged with a stereomicroscope 2-5 days after germination. For seed mucilage analysis, seeds 

were stained with ruthenium red (R2751, Sigma-Aldrich) following an established protocol 

(McFarlane et al., 2014) with slight modification. Briefly, 20-30 seeds per line were placed in a 

24-well plate followed by addition of 800 μl 50 mM EDTA, and 2 h incubation with gentle 

shaking at room temperature. Seeds were washed to remove the EDTA and 800 μl 0.01% w/v 

ruthenium red was added followed by 2 h incubation with gentle shaking. Seeds were washed 

with water (pH 7.5) and mounted on glass slides for imaging with a Leica DMIL LED compound 

microscope. Rosettes, roots, and trichomes were imaged with a Leica M165 FC 

stereomicroscope. Live imaging was performed on trichomes and developing seeds to detect 

EYFP expression using the stereomicroscope and Zeiss LSM 880 confocal microscope, 

respectively. Argon laser excitation of EYFP was at 488 nm (10% Intensity), and a 519-607 nm 
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band pass filter captured emission (Gain = 700). To image EYFP-tagged proteins in primary 

roots, 4-d-old seedlings were stained with propidium iodide (10 μg/ml) to visualize cell 

boundaries. Seedlings were rinsed with distilled water and mounted in water under a coverslip. 

Images were collected using Zeiss LSM-5 Pascal confocal microscope. The EYFP excitation was 

performed using an 488 nm Argon laser (30% Intensity), collecting emission with a 510-540 nm 

band pass filter (Gain = 800). Propidium iodide fluorescence was detected using a 543 nm laser 

(10% Intensity) for excitation and a 587-625 nm band pass filter (Gain = 800) for emission. 

Images were processed using Adobe Photoshop C4. 

 

 In vitro transcription and translation 

The full-length PDF2 and pdf2ΔST cDNAs were transferred from pENTR/D-TOPO into 

destination vector pIX-HALO (CD3-1742, ABRC) using Gateway LR Clonase II Enzyme mix 

(ThermoFisher Scientific). The K107E and K107T mutations were generated using the Q5 Site-

Directed Mutagenesis Kit (E0552S, New England Biolabs) with primers listed in Table A.3 in 

pENTR/D-TOPO followed by transfer to pIX-HALO. The Halo fusion proteins were produced 

using 1.2 µg plasmid DNA of the respective pIX-HALO construct in a volume of 15 µl using the 

TNT SP6 High-Yield Wheat Germ Protein Expression System (L3260, Promega). Protein 

expression was confirmed by Western blot with Anti-Halo Tag monoclonal antibody (1:2000) 

(G9211, Promega). 

 

 Electrophoretic mobility shift assay (EMSA) 

Cy3-labeled and unlabelled dsDNA probes were generated with oligonucleotides listed 

in Table A.3. Annealing was performed with 25 µM oligonucleotides in 100 mM Tris-Cl (pH 

7.5), 1M NaCl, and 10 mM EDTA at 95°C for 2 min, followed by 57°C for 5 min, 57-37°C 
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transition over 90 min and 37°C for 2 min. EMSA reactions (20 µl) were prepared as previously 

described (Evens et al., 2017) with the following modifications: 6 µl of in vitro translated 

product was pre-incubated with binding buffer at 28°C for 10 min. Binding reactions were 

initiated by adding 200 nM of Cy3-labeled dsDNA probe, followed by a 20 min incubation. 

After electrophoresis at 4°C in a 0.6% w/v agarose gel (1X TBE, pH 8.3) at 150 V for 1 h, or a 

7.5% w/v polyacrylamide gel (456-1025, Bio-Rad) at 100 V for 4 h, protein-DNA complexes 

were analyzed with a TyphoonTM Trio Imager (GE Healthcare) using the 580 nm emission filter 

for BP30Cy3, 600 PMT voltage, 532 nm green laser and high sensitivity. 

 

 ChIP-seq assay 

Seeds from EYFP-tagged GL2, gl2∆ST, gl2∆HD6;∆ZLZ, gl2Amo and gl2R392M;E375G and gl2-5 

lines were surface sterilized and grown on 0.8% w/v agar containing 1X MS (Murashige and 

Skoog, 1962) and 1% w/v 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 crosslinked with 1% v/v 

formaldehyde for 10 min in a vacuum chamber. Glycine was added to a final concentration of 

0.125 M, and the reaction was terminated by incubation for 5 min under vacuum. Chromatin was 

fragmented using a Covaris 220 focused ultrasonicator (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. 
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 Bioinformatic analysis of ChIP-seq data 

ChIP-sequencing was performed by Illumina HiSeq 2500 (Illumina, San Diego, CA) at a 

50 base single read resolution. Read quality was assessed using FastQC (Andrews, 2010). 

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) (v 2.2.3; parameters: -q --phred33 --end-to-end --

sensitive -p 16 -t). The mapping rates varied from a high of 97% to a low of 3%. Due to the low 

mapping rates of some replicates, the replicate aligned ChIP samples were merged (using “view” 

utility of the SAMtools suite (Li et al., 2009)) for greater coverage. The overall number of 

mapped reads for the merged ChIP samples varied from 20-70 million reads per sample (40 

million reads per sample on average) except for the negative control sample, gl2-5, which did not 

contain express any EYFP-tagged protein, and had only 5 million mapped reads. See ChIP-seq 

Data Set 1. The merged ChIP samples were analyzed along with their corresponding input 

samples for significant peaks using MACS (Zhang et al., 2008) (v 1.4.2; parameters: -f BAM -g 

0.135e9). Peaks calls passing a false discovery rate (FDR) cutoff of 0.1 were considered for 

downstream analysis.  

 

 Target gene ontology analysis 

AgriGO (http://bioinfo.cau.edu.cn/agriGO/index.php) was employed to extract functional  

annotations for genes whose promoter or intergenic regions were bound by the transcription 

factors (Du et al., 2010). Singular enrichment analysis (SEA) was applied to determine gene 

ontology (GO) term enrichment in each sample relative to the Arabidopsis thaliana TAIR9 



21 

reference. Analysis was performed using Fisher’s exact test (p < 0.01) with Bonferroni 

correction. 

 

 Yeast two-hybrid (Y2H) 

For Figure 2.5A, Bait and Prey constructs were prepared by restriction enzyme cloning 

with EcoRI and BamHI inserts into the pGBKT7 and pGADT7 plasmids (Clontech). Bait 

constructs were transformed into the haploid yeast strain Y2HGold (MATa trp1-901 leu2-3,112 

ura3-52 hi3-200 gal4 gal80 LY2::GAL1UAS-Gal1TATA-Hi3 GAL2UAS-GAL2TATA-Ade2 

URA3::MEL1UAS-Mel1TATA AUR1-C MEL1), and prey constructs were transformed into Y187 

(MATα ura3-52 hi3-200 ade2-101 trp1-901 leu2-3,112 gal4 gal80met-URA3::GAL1UAS-

Gal1TATA-LacZ MEL1), using the LiAc method (Gietz and Woods, 2002), followed by selection 

on -Trp and -Leu, respectively. As a negative control, empty vectors were co-transformed with 

the desired constructs. Mating experiments were performed following Matchmaker Gold Yeast 

Two-Hybrid System (Clontech). Diploids were replica plated to media that selects for reporter 

gene activity of HI3, AUR1-C, and MEL1. To test for autoactivation of bait plasmids Y2HGold/ 

pDEST32 were plated in -Trp media and replica plated to media that selects for activity of the 

reporter genes HI3 and AUR1-C respectively. All pair-wise combinations were investigated for 

protein-protein interaction by growing mated cultures to a density of OD600=1.0. Four serial 

dilutions at 4x each were prepared from the normalized cultures and spotted onto permissive and 

selective media for detection of interaction using a 48-pin multiplex plating tool (‘Frogger’, 

Dankar, Inc.). Plates were incubated at 30°C for 3-5 days, followed by imaging. Bait protein 

expression was confirmed by immunoblotting with Hela-c-Myc (9E10) polyclonal antibody (Gift 

from Stella Lee, 1:10 dilution). 
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For Figure 2.5B-C and Figures A.6C-E, full-length GL2, PDF2, ATML1 cDNAs and 

the various deletion and missense mutations were transferred from pENTR/D-TOPO to 

pDEST32 bait and pDEST22 prey vectors (Proquest Two-Hybrid System, Invitrogen) using 

Gateway LR Clonase II Enzyme mix (ThermoFisher Scientific). For Figure 2.5B, both bait and 

prey constructs were transformed into Y2HGold, and interaction was assayed in this haploid 

strain. For Figure 2.5B-C and Figures A.6C-E, Y2HGold and the opposite mating type, Y187, 

were transformed with pDEST32 and pDEST22 constructs, using LiAc/PEG transformation, and 

plated on –Leu and -Trp media to select for the bait and prey plasmids, respectively. Mating 

experiments and selection for diploids were performed as described above. To test for 

autoactivation of bait plasmids Y2HGold/pDEST32 were plated in -Leu media and replica plated 

to media that selects for activity of the reporter genes HI3 and AUR1-C respectively. Y2H assays 

for imaging were performed as described above. For analyzing bait protein expression, single 

colonies expressing pDEST32 constructs were grown at 30oC to saturation in media lacking 

leucine. Protein was extracted using the sodium hydroxide/trichloroacetic acid (NaOH/TCA) 

method and expression was monitored by Western Blot using a 1:500 dilution of GAL4 (DBD) 

RK5C1:sc 510-HRP mouse monoclonal antibody (sc-510HRP, Santa Cruz Biotechnology). 

 

 Y2H quantitative β-galactosidase assay 

For Figure A.6A-B, Gateway cloning was used to transfer genes for HD-Zip III and IV 

TFs from pENTR223.1 clones to pDEST22 and pDEST32 destination vectors (ProQuest Two-

Hybrid System, Invitrogen). The bait and prey plasmids were transformed into yeast strain 

MaV203 (Invitrogen): MATα leu2-3,112 trp1-901 his3∆200; ade2-101 cyh2R can1R gla4∆ 

gal80∆ GAL1::lacZ  HIS3UASGAL1::HIS3LEU2 SPAL10UASGAL1::URA3 following the Clontech 
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Yeast Protocol Handbook. Four independent colonies from each transformation were selected to 

perform quantitative β-galactosidase liquid assay as previously described (Schrick et al., 2014).  

 

 Bimolecular fluorescence complementation (BiFC) in Nicotiana benthamiana 

To generate constructs for split GFP, Gateway compatible BiFC vectors 125-NXGW and 

127-CXGW for N-terminal fusions of split GFP (a gift from Adrienne Roeder) were used for LR 

recombination reactions of the corresponding wild-type and mutant genes in pENTR/D-TOPO 

plasmids. Agroinoculation of N. benthamiana was performed as described in (Sparkes et al., 

2006). Seeds of N. benthamiana were germinated on wet filter paper for 7d, and then the 

seedlings were planted on above-described soil mix. For transient expression of fluorescent 

protein, leaves of 3–4-week-old 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 MgCl2, 10 mM 2-(N-morpholino)ethanesulfonic acid pH 5.6 and 

150 μM acetosyringone to an optical density of 0.2, and incubated for 2–4 h at 28°C in the dark. 

BiFC constructs were co-expressed with the p19 suppressor of gene silencing, derived from 

tomato bushy stunt virus (TBSV) (Voinnet et al., 2003). Leaves were infiltrated with a needle-

less syringe into the abaxial side of leaves of 3–4-week-old N. benthamiana plants and examined 

after 2–3 d by confocal laser scanning microscopy using a Zeiss LSM-5 Pascal microscope with 

an 488 nm Argon laser for excitation (30% Intensity), collecting emission with a 510-540 nm 

band pass filter (Gain = 800). Mean pixel intensities of three different circular regions of interest 

(ROIs) were quantified from 10 images for each construct combination using Image J software.  
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 In vivo protein stability assay  

Wild-type and mutant seedlings were germinated on 0.5X MS media (Murashige and 

Skoog, 1962) for 4 days. On day 5, 30 seedlings of each genotype were transferred to 24 well-

plates containing 1 ml 0.5X MS supplemented with 50 M MG132 (474787, Sigma-Aldrich). 

Plates were sealed with surgical tape and placed on a shaker at 55 rpm for 16 h at 23oC under 

continuous light. After 16 h, the seedlings were washed 3X with 1 ml fresh media. 

Cycloheximide (C1988, Sigma-Aldrich) (400 M in DMSO) or DMSO control was added at 0 h, 

and harvesting occurred at 0, 2, 4, 5, 8, 10 or 24 h, respectively. Samples of 30 seedlings were 

flash frozen in liquid nitrogen and stored at -80°C prior to protein extraction. Tissue was 

homogenized in liquid nitrogen, and hot SDS buffer (8 M urea, 2% SDS, 0.1 M DTT, 20% 

glycerol, 0.1 M Tris-Cl pH 6.8, 0.004% bromophenol blue) was added prior to SDS-PAGE and 

Western blotting. Anti-GFP (1:2000;11814460001, Roche) served as the primary Ab, followed 

by secondary Goat Anti-Mouse IgG [HRP] (1:3000; A00160, Genscript). Proteins were detected 

with SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher Scientific) using 

an Azure 300 chemiluminescence imager (Azure Biosystems), and blots were stained with Bio-

Safe Coomassie Blue G-250 (Bio-Rad) for loading controls. Band intensities were quantified 

with ImageJ software.  

 

 Statistical Analysis 

Trichome differentiation on the first leaves: Total number of trichomes and branching 

patterns were counted on the first leaves of 20 individual plants per genotype. Values are 

represented as mean ± SD. Ordinary one-way ANOVA using Tukey’s multiple comparisons test 

was applied to establish significant differences between genotypes (p < 0.05). 



25 

Root hairs of young seedlings: Numbers of root hairs on primary roots of 4–5-day-old 

seedlings were counted for 6-10 individuals per genotype. Values are represented as mean ± SD. 

Ordinary one-way ANOVA using Tukey’s multiple comparisons test was applied to establish 

significant differences (p < 0.05).  

BiFC assays: For each combination of paired constructs, ten images were analyzed. 

Mean pixel intensity of three different circular regions of interest (ROIs) was quantified by the 

Image J software. An unpaired t-test was used to indicate statistically significant differences 

between wild-type and mutant using data from two independent experiments in two trials (p < 

0.0001). 

Protein stability assays: The graphed data represent two or three independent 

cycloheximide experiments with whole seedlings. Numerical values for protein levels were 

obtained from band intensity quantification and were normalized to the mock 10 (M10) and 

mock 24 (M24) samples (DMSO controls) depending on experiment, which were designated a 

value of 1.0. Protein half-life was determined by the protein level at a Y-axis value of 0.5. 

Values are represented as mean  SD. *p < 0.05 indicates statistical significance using a two-

tailed t-test with unequal variance. 

 

 Accession Numbers 

The ChIP-seq data is deposited in the NCBI Gene Expression Omnibus (Edgar et al., 

2002) under the GEO Series accession number GSE186860 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSExxx). The Arabidopsis thaliana 

genes described in this study are as follows: GL2 (At1g79840); PDF2 (At4g04890); ATML1 

(At4g21750); ANL2 (At4g00730); FWA/HDG6 (At4g25530); HDG1 (At3g61150); HDG2 

(At1g05230); HDG3 (At2g32370); HDG4 (At4g17710); HDG5 (At5g46880); HDG7 
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(At5g52170); HDG8 (At3g03260); HDG9 (At5g17320); HDG10 (At1g34650); HDG11 

(At1g73360); HDG12 (At1g17920) 

  

 Results 

 HD and START domain are highly conserved across the HD-Zip IV TFs 

The HD is evolutionarily conserved across all major eukaryotic lineages (Carrasco et al., 

1984; McGinnis et al., 1984; Derelle et al., 2007; Mukherjee et al., 2009). We found that the 

crystal structure of HOMEOBOX PROTEIN ENGRAILED-2 (Gg-En-2) from chicken exhibits 

predicted structural similarity with the HD from HD-Zip IV members. Aligning HDs from all 16 

HD-Zip IV TFs (GL2, PDF2, ANL2, ATML1, HDG1-12) with reference to Gg-En-2 revealed 

highly conserved α-helices as well as amino acid residues (Figure A.1A). The lysine at position 

45 of the HD displays 100% conservation in HD-Zip IV members (Figure 2.1A; Figure A.1A). 

This conserved lysine selectively recognizes the 3' CC dinucleotide adjacent to the TAAT core 

sequence (Amendt et al., 1998; Cazorla et al., 2000; Lebel et al., 2001) in the vertebrate Bicoid-

like transcription factors PITX2 and PITX3 (Semina et al., 1996; Gage and Camper, 1997; 

Semina et al., 1997; Smidt et al., 1997). 

The conserved features of the START domain among HD-Zip IV members were studied 

using a structure-based sequence alignment with STARD5, a mammalian START protein with 

known crystal structure (Soccio et al., 2002; Rodriguez-Agudo et al., 2005; Thorsell et al., 2011). 

Despite low sequence identity, the alignment revealed consensus α helices and β strands, as well 

as conserved amino acids implicated in ligand binding (Figure A.1B). 

 To study the role of the HD in HD-Zip IV TFs, we generated several constructs 

with HD mutations in both wild-type GL2 (and/or PDF2) and START-deleted (ST) 
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backgrounds (Figure 2.1A). The gl2∆ST mutant lacks 235 residues encoding the START domain 

(Schrick et al., 2014). We constructed HD deletion mutants that remove the consensus α-helices 

in GL2 (HD11, HD20, HD46) and missense mutants (K-E, K-T) targeting a highly 

conserved lysine (K146 in GL2; K107 in PDF2) (Figure 2.1A). This positively charged lysine 

was replaced with a negatively-charged glutamic acid or with a neutral polar residue, threonine. 

Transgenic lines were constructed in the gl2-5 null mutant background with wild-type GL2 or 

mutant gl2 expressed under the native GL2 promoter with the enhanced yellow fluorescent 

protein (EYFP) translationally fused at the amino-terminus. For each genotype, we screened >20 

independent T1 transformants to monitor nuclear expression of EYFP and phenotypic 

complementation of gl2-5 (Table A.1), and chose representative homozygous T3 lines for 

further characterization.  

 

 Mutations affecting the HD of GL2 exhibit defects in leaf, root and seed epidermis 

Deletion of the START domain in GL2 was previously shown to cause visible defects in 

differentiation of the epidermis in the leaf (trichomes), root (non-hair cells), and seed (seed coat 

mucilage) similar to gl2-5 null mutant phenotypes (Schrick et al., 2014). We examined the 

phenotypic effects of mutations in the HD in the presence or absence of the START domain 

deletion (Figure 2.1). Unlike wild-type plants, rosette leaves from HD mutants lacking 

consensus α-helices (gl2ΔHD11, gl2ΔHD20, gl2ΔHD46) or containing a K-E substitution in the 

conserved lysine (gl2K146E) displayed trichome defects and were indistinguishable from ST or 

gl2-5 null mutants (Figure 2.1B and 2.1B’). Another missense mutation in the same lysine 

(K146T) resulted in partial rescue (Figure 2.1B’). Importantly, three lines harboring both HD 

and START domain mutations (gl2ΔHD20;ΔST, gl2K146E;ΔST, gl2K146T;ΔST) were also defective in 

trichome differentiation similar to ΔST mutants (Figure 2.2A’). Quantification of trichomes on 



28 

the first leaves revealed a reduction in total number as well as the abnormal presence of 

unbranched trichome in these mutants (Figure 2.1D).  

Apart from trichome defects, mutation of HD resulted in excessive root hair formation 

characteristic of gl2-5 null mutants, irrespective of accompanying START domain mutation 

(Figures 2.1C, 2.1C’ and 2.1E). To assess the effect of mutations on differentiation of the 

mucilage secretory cells, imbibed seeds were stained with ruthenium red, a dye that binds to 

pectinaceous polysaccharides. Reduced seed coat mucilage was observed in HD mutants 

gl2ΔHD11, gl2ΔHD20, gl2ΔHD46, and gl2K146E, while the K146T mutation resulted in a partial 

mucilage defect (Figures 2.1C and 2.1C’) consistent with partial phenotypes observed in 

trichomes and roots (Figures 2.1D and 2.1E). HD and START domain double mutants 

(gl2ΔHD20;ΔST, gl2K146E;ΔST, gl2K146T;ΔST) were also defective in seed mucilage similar to ST 

mutants (Figures 2.1C and 2.1C’). These results demonstrate that both the HD and START 

domain are critical for epidermal differentiation in multiple cell types, and that mutation in one 

domain is not able to suppress the loss-of-function phenotype in the other domain. 

 

 HD and START domain mutants retain nuclear localization of GL2 

GL2 is expressed in developing trichomes of the leaf epidermis (Rerie et al., 1994; 

Szymanski et al., 1998), non-hair cell files in the root epidermis (Di Cristina et al., 1996; 

Masucci et al., 1996) and hypocotyl (Hung et al., 1998), and seed coat cells (Western et al., 

2004). As a transcription factor, GL2 is presumably translocated to the nucleus where it binds 

DNA to regulate gene expression. Using EYFP fusions to GL2, it was previously shown that the 

START domain is not necessary for nuclear localization (Schrick et al., 2014). Here we 

monitored the expression of EYFP:GL2 transgenes harboring various combinations of HD and 

START domain mutations in leaf trichomes and developing seeds. Using live imaging of 
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trichomes, we observed nuclear localization of the EYFP-tagged proteins in all the HD mutants 

similar to that for wild-type GL2 and gl2ΔST (Figures 2.2A, 2.2A’, 2.2B and 2.2B’). Nuclear 

localization remained intact in trichomes of mutants for both the HD and START domains 

(gl2ΔHD20;ΔST, gl2K146E;ΔST, gl2K146T;ΔST) (Figures 2.2A’ and 2.2B’). Confocal laser scanning 

microscopy of developing seeds indicated nuclear localization of HD and START mutant 

proteins in the seed coat cells (Figures 2.2C, 2.2C’, 2.2D and 2.2D’). The results demonstrate 

that both HD and START domain are dispensable for translocation of GL2 to the nucleus. 

 

START domain missense mutants exhibit loss-of-function despite nuclear localization of 

GL2 

We next tested whether missense mutations in the START domain result in phenotypic 

defects similar to those seen in the START deletion mutant, gl2ΔST (Figure 2.3A). Transgenic 

lines carrying EYFP:gl2 constructs were established according to the strategy described above 

for the HD mutants and gl2ΔST. Phenotypic analysis showed that three START missense mutants 

(gl2E375G;R392M, gl2Amo, gl2L480P) and a mutant deleted for the six terminal amino acids of the HD 

and ZLZ domain (gl2∆HD6;∆ZLZ), display leaf trichome defects and seed mucilage defects (Figure 

2.3B, 2.3C and 2.3C’), as well as excess root hair formation (Figure A.2A) similar to the gl2-5 

null mutant. The mutations in gl2E375G;R392M disrupt a salt bridge that is thought to be critical for 

ligand binding (Roostaee et al., 2009). In gl2Amo, the R386L and E387L missense mutations, 

which remove charged residues, are followed by an 11-residue duplication in a predicted ligand-

contact region (Figure 2.3A and Figure A.1B). In gl2L480P, the mutation affects a lipid contact 

site in the C-terminal α-helix of the START domain (Roostaee et al., 2009; Alpy and Tomasetto, 

2014; Wojciechowska, 2021).  
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We identified another missense allele, W279R, that maps to the N-terminus of the 

START domain, which also results in loss-of-function (Figure A.3). In gl2W279R, a highly 

conserved tryptophan is replaced with a charged residue within a predicted hydrophobic region 

of the binding pocket (Figure A.1B and Figure A.3A). In contrast, missense mutations in the 

predicted N-terminal α-helix of START (gl2A258P, gl2M271I, gl2I289N, gl2E294Q) do not significantly 

impair function (Figures A.3A-E) 

Despite loss-of-function phenotypes, the four missense START alleles (gl2E375G;R392M, 

gl2Amo, gl2L480P, gl2W279R) and the gl2∆HD6;∆ZLZ mutant retained nuclear localization of the 

correponding EYFP:tagged proteins (Figure 2.3, Figure A.2B and Figure A.3F). These results 

provide additional evidence that the HD and START domain are not required for nuclear 

location of GL2.   

 

 HD, but not START domain, is required for DNA binding in vitro 

HD-Zip IV TFs regulate the expression of various downstream target genes by binding to 

cis-elements in the respective promoter regions (Nakamura et al., 2006b; Khosla et al., 2014). 

We performed electrophoretic mobility shift assays (EMSA) to examine whether DNA binding is 

regulated by the HD alone or by HD in combination with the START domain. For the DNA 

probe, we used the L1-Box element (TAAATGTA) implicated in GL2-DNA binding that is 

found upstream of several GL2 targets (Ohashi et al., 2003; Tominaga-Wada et al., 2009; Khosla 

et al., 2014). We produced recombinant Halo-tagged proteins using wheat germ in vitro 

transcription-translation. Despite repeated attempts, we were unable to obtain full-length 

recombinant GL2 protein that was functional in EMSA. 

 Given the high degree of sequence similarity between HD-Zip IV proteins 

(Figure A.1), we selected PDF2 and mutant versions analogous to our gl2 HD and START 
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mutants (pdf2K107E, pdf2K107T, pdf2ΔST, pdf2K107E;ΔST, pdf2K107T;ΔST) for DNA binding studies. 

ATML1, which functions redundantly with PDF2, is reported to bind the octamer 

TAAATG(C/T)A (Abe et al., 2001). Thus, we performed EMSAs with a Cy3-labeled probe 

containing three tandem repeats of TAAATGTA. Both wild-type PDF2 and pdf2ΔST caused a 

shift in probe mobility as an indication of DNA binding (Figure 2.4A). In contrast, the two 

missense mutations K107E and K107T resulted in defective mobility shift independently of the 

START domain. K107E completely abolished binding to the target sequence as indicated by a 

lack of mobility shift. While K107T resulted in partial DNA binding for both wild-type PDF2 

(pdf2K107T) and pdf2ΔST (pdf2 K107T;ΔST) (Figure 2.4A). Western blotting confirmed uniform 

expression of the recombinant proteins used in our EMSA experiments (Figure 2.4B).  

 Combining EMSA with native polyacrylamide gel electrophoresis, we observed 

that the wild-type PDF2 protein binds the DNA as a dimer. In contrast, the pdf2ΔST mutant binds 

the DNA target sequence as a monomer (Figure 2.4C; Figure A.4). The abnormal monomeric 

form was also seen in comparing the DNA-binding behavior of the mutant atml1ΔST protein to 

wild-type ATML1 dimer (Figure A.4).  

 

 START domain is dispensable for DNA binding in vivo 

We performed ChIP-seq assays with seedlings expressing EYFP-tagged wild-type GL2 

and mutant proteins to test whether the START domain is dispensable for DNA binding in vivo. 

The experiments included three START domain mutants (gl2∆ST, gl2E375G;R392M gl2Amo) as well as 

the HD-ZLZ mutant (gl2∆HD6;∆ZLZ), all of which display loss-of-function phenotypes similar to 

the gl2-5 null mutant, but whose proteins are nuclear-localized (Figures 2.1-2.3; Figure A.2; 

ChIP-seq Data Sets 1 and 2). 
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Data analysis revealed DNA binding proficiency for wild-type GL2 and all three START 

domain mutants whereas little or no binding was detected for gl2∆HD6;∆ZLZ and the gl2-5 null 

mutant control (Figure 2.4D; Table A.2). The consensus DNA binding motif TAAATGT(A/T) 

was found in >85% of ChIP-seq peaks for wild-type GL2 and the START mutants (Figure 2.4D 

and 2.4E; Figure A.5A). Genomic distributions of binding sites were similar for wild-type GL2 

and the START domain mutants. Most of the ChIP-seq hits were mapped to promoter or 

intergenic regions, consistent with the role of GL2 as a transcriptional regulator (Figure 2.4F; 

Table A.2). The relative positions of binding sites to transcription start sites (TSS) were similar 

for the wild-type GL2 and START domain mutants (Figure 2.4G; Figure A.5B).  

Gene ontology (GO) classification revealed overlapping functional classes of target genes 

bound by wild-type GL2 and the START domain mutants (Figure 2.4H). In the category 

“biological processes”, there was a similar enrichment for genes involved in cellular processes 

(GO:0009987; p = 4.8e-31) and metabolism (GO:0008152; p = 2.4e-42). In the category of 

“molecular function”, genes encoding transferase activity (GO:0016740; p = 8e-09), kinase 

activity (GO:0016301, p = 6.1e-07), and metal ion binding (GO:0046872; p = 4.5e-05) appeared 

as the most enriched genes for wild-type GL2 and two of the START mutants (gl2Amo, 

gl2E375G;R392M). Although the gene targets bound by the gl2∆ST protein were similarly enriched for 

metal ion binding, they were not enriched for transferase activity and kinase activity (Figure 

2.4H). A list of target genes with ChiP-seq peaks in their respective promoter regions is 

presented in ChIP-seq Data Set 2. The MYB23/At5g40330 gene, which was previously 

identified as a direct target of GL2 (Khosla et al. 2014) was found to contain ChIP-seq peaks in 

wild-type GL2 as well as gl2∆ST, gl2E375G;R392M and gl2Amo samples (ChIP-seq Data Set 2). 
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Overall, the data indicate that START domain mutants retain DNA-binding activity in a manner 

that is comparable to wild type. 

 

 START domain is required for GL2 homodimerization, while the HD is 

dispensable for this activity  

Previous studies demonstrated the important role of the leucine zipper for homo- and 

hetero-dimerization of HD-Zip transcription factors (Landschulz et al., 1988; Sessa et al., 1993). 

Our EMSA experiments indicated that the START domain is critical for homodimerization and 

heterodimerization of PDF2 and ATML1 when bound to target DNA (Figure 2.4C; Figure A.4). 

We tested GL2 in yeast two-hybrid (Y2H) assays to further address the role of START in 

homodimerization of HD-Zip IV TFs. Unlike several other HD-Zip family members, GL2 does 

not show bait autoactivation in the Y2H assay (Figures A.6A and A.6C). Y2H experiments 

confirmed that GL2 undergoes homodimerization but we did not detect heterodimerization of 

GL2 with other HD-Zip IV members nor was heterodimerization detected with two HD-Zip III 

members that were tested (Figure A.6B). 

 Next, we assayed self-interaction between different segments of GL2. Only the 

full-length GL2 protein and the segment encoding START+STAD displayed homodimerization. 

The START domain alone did not exhibit homodimerization, while the STAD domain alone 

could not be tested because of its bait autoactivation (Figure 2.5A). Consistent with the 

importance of the START domain for self-interaction, deletion of START (gl2∆ST) and two loss-

of-function missense mutants (gl2R392M and gl2L480P) abolished homodimerization. The gl2E375G 

mutant, whose phenotype is similar to wild-type (Figure 2.2) supported dimerization (Figure 

2.5B). 
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We examined whether the HD plays a role in homodimerization. All of the HD mutants 

tested (gl2ΔHD, gl2ΔHD20, gl2ΔHD11, gl2ΔHD46, gl2K146T, gl2K146E) exhibited homodimerization but 

not bait autoactivation similar to wild-type GL2 (Figure 2.5C; Figures A.6C-E). In contrast, 

double mutants with deletion of START (gl2K146T;ΔST, gl2ΔHD20;ΔST, gl2K146E;ΔST) abolished 

homodimerization (Figure 2.5C). These results show that GL2 dimerization is unaffected by HD 

mutations but is impaired by deletion of the START domain. Western blotting confirmed the 

expression of the various wild-type and mutant fusion proteins in yeast (Figure A.7). 

Bimolecular fluorescence complementation (BiFC) assays in N. benthamiana (Figure 

2.5D-F) verified our GL2 homodimerization results in yeast. Controls expressing either the N- or 

C-terminal half of GFP showed little or no fluorescence (Figure A.8). In contrast, strong 

fluorescence signals were observed in nuclei for samples expressing both halves of GFP fused to 

wild-type GL2, indicating homodimerization. Consistent with the reported role of the ZLZ 

domain in dimerization, the fluorescence intensity was significantly reduced when wild-type 

GL2 was tested for interaction with gl2∆HD6;∆ZLZ (Figure 2.5E). Reduced fluorescence intensity 

was similarly seen when wild-type GL2 was tested for interaction with four START domain 

mutant proteins (gl2∆ST, gl2Amo, gl2E375G;R392M, gl2L480P), as well as for self-dimerization for both 

of the START mutants we tested (gl2∆ST, gl2Amo) (Figure 2.5F). Taken together, the interaction 

assays in yeast and N. benthamiana demonstrate the critical importance of START for 

homodimerization of GL2, whereas the HD domain is not required for this activity. 

 

 START domain, but not HD, regulates GL2 protein stability  

Little is known about how the level of HD-Zip TFs is regulated post-translationally. It 

was reported that mutation of a putative lipid contact site in the START domain of ATML1 

completely disrupts expression of the fluorescently tagged protein in lateral roots (Nagata et al., 



35 

2021). In our study, we observed that some EYFP-tagged gl2 proteins harboring mutations in 

either the HD or START, particularly gl2W279R, appeared weakly expressed in comparison to the 

wild-type protein (Figure 2.3; Figure A.3F). 

To determine whether the HD and/or START domain play a role in regulating GL2 

levels, we monitored protein half-life by treating Arabidopsis seedlings with cycloheximide, an 

inhibitor of protein synthesis. Proteins were extracted from seedlings at various intervals over a 

10 or 24 h time course followed by immunodetection and quantification. We analyzed wild-type 

GL2, gl2ΔHD20 and gl2ΔST along with three of the START missense mutants: gl2W279R, gl2L480P, 

and gl2Amo. As revealed by Western blot and protein quantification, wild-type GL2 and gl2ΔHD20 

proteins remained stable over 24 h, whereas protein levels of various START domain mutants 

(gl2ΔST, gl2L480P, gl2W279R, gl2Amo) dropped rapidly (Figures 2.6A and 2.6B; Figure A.9). The 

gl2ΔST and gl2W279R mutant proteins were particularly unstable, having barely detectable protein 

levels at the 2-h time point (Figure A.9). In case of gl2ΔST, a degradation product of ~65 kDa 

also exhibited a diminished protein half-life (Figure A.9). We additionally examined the stability 

of proteins that harbored mutations in both the HD and START, but the low levels of expression 

made it difficult to interpret their half-lives in cycloheximide assays (Figure A.10). Taken 

together, our results provide strong evidence for the role of START in maintaining protein 

stability of GL2.  

To better understand the degradation pathway used to control protein levels, additional 

experiments were performed with one of the START mutants (L480P) in the presence or absence 

of proteasome inhibitor MG132. Upon addition of MG132, the gl2L480P protein remained stable 

for ~5-10 h during CHX treatment whereas the control treatment resulted in disappearance of the 

protein as early as 2 h (Figures 2.6C and 2.6D). The data suggest the possible involvement of 
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the Ubiquitin/26S proteasome system (UPS) in the turnover of GL2 when the START domain is 

nonfunctional.  

 

 Discussion 

 Domain organization in HD-Zip IV TFs and nonoverlapping roles of HD and 

START 

The combination of a DNA-binding HD with a lipid-sensing START domain in a single 

protein is plant-specific (Schrick et al., 2004) and likely represents a novel mode of action in a 

multidomain transcription factor. At the outset of this study, we envisioned that the START 

domain regulates transcription factor activity of HD-Zip IV TFs through its DNA binding 

domain. Our overall goal was to investigate the possible association or overlap in the roles of the 

HD and START domains. In addition to assaying phenotypic effects of genetic mutations in 

planta, we considered several aspects of transcription factor function, including subcellular 

localization, DNA binding, dimerization, and protein stability. We found that mutations affecting 

HD activity result in loss-of-function phenotypes, as illustrated by trichome differentiation 

defects, reduced seed mucilage and ectopic root hair formation similar to the null mutant gl2-5, 

ΔST, and multiple START missense mutants (Figures 2.1 and 2.3; Figure A.3). Both HD and 

the START domain are critical for epidermal differentiation, but the molecular mechanisms 

underlying their loss-of-function phenotypes are different. While mutations in the HD abolish 

DNA binding of the transcription factor, the loss of START domain function results in 

dimerization defects and unstable protein. 
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 Conserved role of HD in DNA binding 

A missense mutation in the HD, changing a conserved lysine to a glutamic acid (K107E), 

completely disrupted DNA binding activity of PDF2 (Figure 2.4A). The analogous K-E 

substitution in the vertebrate HD transcription factors PITX2 and PITX3 also abolishes DNA 

binding (Saadi et al., 2001; Saadi et al., 2003; Sakazume et al., 2007). In contrast, we found that 

a K-T substitution at the same position (K107T) exerts a partial defect (Figure 2.4A). The effect 

of either of these two missense mutations on DNA binding was unaltered by the deletion of the 

START domain, consistent with our model that the HD functions in DNA binding independently 

of the START domain. 

Our results indicate that START domain mutants are proficient in DNA binding under 

both in vitro and in vivo conditions (Figure 2.4). Several studies report that HD-Zip IV TFs bind 

DNA elements as dimers (Sessa et al., 1993; Palena et al., 1999; Tron et al., 2001). Surprisingly, 

our EMSA data suggested that START-deleted proteins bind DNA as monomers (Figure 2.4C, 

Figure A.4). While the START domain is not required for DNA binding, we confirmed the 

importance of the START domain for dimerization using self-interaction/homodimerization 

assays in yeast (Figure 2.5B-C; Figure A.6), and BiFC experiments in planta (Figure 2.5D-F); 

Figure A.8). Thus, the START domain behaves differently from the ZLZ domain, which was 

shown to be required for dimerization as well as DNA binding (Di Cristina et al., 1996). 

 

 START domain is critical for protein stability 

Our cycloheximide assays revealed that wild-type GL2 protein is relatively stable, while 

mutations in the START domain dramatically reduce protein half-life (Figures 2.6A and 2.6B; 

Figure A.9). It is noteworthy that gl2L480P, gl2W279R and gl2Amo harbor missense mutations in 

highly conserved amino acid residues predicted to be important for ligand binding (Figure 
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A.1B). Thus, our findings support the hypothesis that ligand binding through the START domain 

stabilizes GL2 protein levels. Stabilization of protein levels might aid in activation of the protein, 

promotion of protein–protein interactions, or correct protein folding. It is noteworthy that 

deletion of the START domain results in very unstable protein (Figure A.9), but the gl2ST 

protein binds to the promoters of target genes in planta (Figure 2.4D-H; Figure A.5), arguing 

against a general defect in protein folding. In eukaryotes, protein degradation acts as an 

important regulatory process that mediates optimum responses of cellular pathways to 

environmental cues. Our experiments with MG132 point to possible degradation of GL2 via the 

26S proteasome (Figures 2.6C and 2.6D). However, proteasome inhibition is known to cause a 

global inhibition of translation resulting in proteome-wide effects (Larance et al., 2013). Thus, 

MG132 treatment might induce other pathways affecting protein stability, such as autophagy 

(Carlsson and Simonsen, 2015; Kang et al., 2018). Further investigation will be required to 

characterize the precise mechanism of GL2 protein turnover including possible post-translational 

modifications.  

 

 Model for role of HD and START domain in promoting HD-Zip IV TF activity  

We propose a model in which the function of the HD is to recruit the HD-Zip IV TF to 

the DNA target site (Figure 2.7). In this way, the multidomain transcription factor is correctly 

positioned on the DNA to activate or repress target genes. If HD function is missing, the HD-Zip 

IV protein is stably expressed and is capable of dimerization via its START domain. However, if 

the START domain is missing or nonfunctional due to mutation, the protein fails to dimerize and 

becomes unstable. Since START is required for both dimerization and protein stability, it is 

possible that these two functions are tightly interlinked. Thus far, we have not identified a mutant 
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or condition in which these two processes are uncoupled. Therefore, START-domain-mediated 

dimerization likely contributes stabilization of the transcription factor.  

The sequence of events leading to transcriptional activity might involve several steps 

starting with ligand binding of the HD-Zip IV TF through START. Ligand binding could 

stabilize dimerization which in turn allows the transcription factor to bind the DNA via its HD. It 

is noteworthy that in the absence of the START domain, the monomeric form of the transcription 

factor binds to its DNA target site via its HD (Figure 2.4C; Figure A.4). In our model, 

unliganded monomers lacking the START domain are unstable, resulting in premature 

degradation. 

 

 Other possible domain interactions in HD-Zip IV TFs 

While our study was focused on the HD and the START domain, several other domains 

or motifs might also exert regulatory roles either independently or in conjunction with these 

functional domains. It is intriguing that while the START domain is important for 

homodimerization of GL2, it was unable to form dimers on its own and appears to require 

cooperative action with STAD (Figure 2.5A), a C-terminal domain of unknown function. 

Another candidate is the ZLZ domain, a plant-specific leucine zipper that contains ~10-20 amino 

acid loop with two highly conserved cysteines (Schrick et al., 2004). One study suggested that 

these cysteines are involved in redox control of dimerization as well as the regulation of DNA 

binding (Tron et al., 2002). Our results demonstrate that both the HD and START domain are 

dispensable for nuclear localization of the GL2 transcription factor in developing seeds and 

trichomes (Figures 2.2 and 2.3). An uncharacterized motif that maps elsewhere is likely 

responsible for nuclear localization of HD-Zip IV TFs. In previous studies, several plant HD-Zip 
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I proteins were found to contain a nuclear localization signal (NLS) either at their amino- or 

carboxy-terminus (Arce et al., 2011; Cao et al., 2016; Shao et al., 2018). 

Taken together, our study reports distinct roles of the HD and START domain, both of 

which contribute to the overall activity of HD-Zip IV TFs. These transcription factors are critical 

for orchestrating plant epidermal development, and they additionally play vital roles in responses 

to biotic and abiotic stress. Our results not only advance our current understanding of these 

developmentally important transcription factors but also lay the groundwork for engineering of 

plant-derived HD and START domains as modular units in synthetic biology applications. 

Future studies will explore how HD-Zip IV protein levels are tightly regulated during epidermal 

differentiation. Because these transcription factors also contain a specialized leucine zipper 

domain (ZLZ) and STAD, a plant-specific domain of unknown function, a promising avenue of 

future investigation will be to examine whether these domains work in association with HD 

and/or START to modulate various transcription factor activities. 
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Figure 2.1.  HD mutants exhibit loss-of-function phenotype in leaves, seeds, and roots.  

(A) Schematic of wild-type GL2 and mutant gl2ΔHD and gl2ΔSTART proteins containing 

HD, ZLZ, START and STAD. Amino acid lengths of proteins are indicated (right). Alignment of 

GL2 and PDF2 HD domains generated by Geneious 7.0.6 (Biomatters). Identical and similar 

amino acid residues are indicated by black and gray shading, respectively. See Figure A.1A. HD 

deletions are shown as blue, purple, yellow, or brown tracts. Lysine targeted for missense 

mutations (K-E or K-T) is indicated by red box and blue asterisk. (B) and (B’) Wild-type GL2 

rosettes display trichomes covering leaf surfaces. In contrast, mutants (gl2ΔST, gl2ΔHD46, gl2ΔHD20, 

gl2ΔHD11, gl2K146E, gl2ΔHD20;ΔST, gl2K146T;ΔST, gl2K146E;ΔST) exhibit trichome differentiation defects. 

gl2K146T displays an intermediate phenotype. Bar = 1 mm. (C) and (C’) Left: Ruthenium red 

staining of seeds to assay mucilage production. Wild-type GL2 seeds display a normal mucilage 

layer, while the various gl2 mutants exhibit defective mucilage production. gl2K146T displays a 

partial phenotype. Bar = 100 μm. Right: Root hair phenotypes of 4–5-day-old seedlings. In 

contrast to wild-type GL2 and the partial phenotype of gl2K146T, all other mutants exhibit 

excessive root hair formation. Bar = 1 mm. (D) Total number and branching pattern of trichomes 

on the first leaves. Gray bars indicate trichomes with 2-5 branches in plants expressing wild-type 

EYFP-tagged GL2. Mutant plants of the genotypes gl2-5, and the other gl2 mutants exhibit 

unbranched trichomes, indicated by red bars. gl2K146T plants display partial trichome 

differentiation defects. Values are mean ± SD for n = 20 plants. Letters denote significant 

differences from ordinary one-way ANOVA (p < 0.05) using Tukey’s multiple comparisons test. 

(E) Numbers of root hairs on primary roots of 4–5-day-old seedlings. The gl2K146T seedlings 

exhibit an intermediate phenotype. Values are mean ± SD for n = 6-10 seedlings. Letters denote 

significant differences from ordinary one-way ANOVA (p < 0.05) using Tukey’s multiple 

comparisons test.   
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Figure 2.2.  Nuclear localization of wild-type EYFP-tagged GL2 and mutant gl2 

transcription factors. 

(A) and (A’) Imaging of leaf trichomes under white light (green, chlorophyll). Bar = 100 μm. (B) 

and (B’) Matching fluorescence images (red, chlorophyll) indicate nuclear localization of EYFP-

tagged GL2, gl2ΔST, gl2ΔHD46, gl2ΔHD20, gl2ΔHD11, gl2K146T, gl2K146E, gl2ΔHD20;ΔST, gl2K146T;ΔST and 

gl2K146E;ΔST proteins in trichome cells. Arrows mark the brightest nuclear signal in each image. 

Bar = 100 μm. (C) and (C’) Confocal laser scanning microscopy of developing seeds reveals 

nuclear expression of EYFP-tagged wild-type and mutant proteins in seed coat cells. Bar = 100 

μm. (D) and (D’) Magnified images from (C) and (C’). Bar = 50 μm. 
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Figure 2.3.  START domain missense mutants exhibit loss-of-function phenotypes despite 

nuclear localization of the corresponding EYFP-tagged proteins. 

(A) Schematic showing the functional domains of GL2. Positions of mutations within the 

START domain are indicated. See Figure A.1B. (B) Total number and branching pattern of 

trichomes on the first leaves. Gray bars indicate normal trichomes in plants expressing Col wild 

type, and EYFP-tagged GL2 and gl2E375G. Mutant gl2-5 plants and those expressing EYFP-

tagged gl2ΔHD, gl2ΔHD6;ΔZLZ, gl2R392M, gl2E375G;R392M, gl2L480P, and gl2Amo exhibit unbranched 

trichomes (red bars). Values are mean ± SD for n = 20 plants. Letters denote significant 

differences from one-way ANOVA (p < 0.05) using Tukey’s multiple comparisons test. (C and 

C’) Wild-type Col, EYFP:GL2, and EYFP:gl2E375G expressing rosettes display trichomes 

covering leaf surfaces. In contrast, gl2-5 mutants as well as the EYFP-tagged HD mutants 

(gl2ΔHD, gl2ΔHD6;ΔZLZ) and START domain mutants (gl2R392M, gl2E375G;R392M, gl2L480P, and gl2Amo) 

exhibit trichome differentiation defects. Bar = 1 mm. (D and D’) Ruthenium red staining of 

seeds to assay mucilage production. Wild-type Col, EYFP:GL2, and EYFP:gl2E375G seeds display 

a normal mucilage layer, while gl2-5 mutants as well as the EYFP-tagged HD mutants (gl2ΔHD, 

gl2ΔHD6;ΔZLZ) and START mutants (gl2R392M, gl2E375G;R392M, gl2L480P, and gl2Amo) exhibit defective 

mucilage production. Bar = 100 μm. (E) Nuclear localization of EYFP-tagged GL2 and mutant 

gl2 transcription factors. Top panel: Imaging of leaf trichomes under white light (green, 

chlorophyll). Bar = 100 μm. Middle panel: Matching fluorescence images (red, chlorophyll) 

indicate nuclear localization of EYFP-tagged proteins in trichomes. Arrows mark the brightest 

nuclear signal in each image. Bar = 100 μm. Bottom panel: Confocal laser scanning microscopy 

of developing seeds reveals nuclear expression of EYFP-tagged GL2 and mutant proteins in seed 

coat cells. Bar = 50 μm. 
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Figure 2.4.  HD is required for DNA binding activity of PDF2 and GL2 while START 

domain is dispensable for DNA binding. 

(A) HD is required for in vitro DNA binding of PDF2 and pdf2ΔST proteins. 

Electrophoretic mobility shift assays (EMSA) reveal band shifts for Halo:PDF2 (red arrow) and 

Halo:pdf2ΔST (black arrow), but not for proteins harboring HD mutation K107E. The K107T 

mutation results in partial DNA-protein complex formation indicated by a mixed population of 

bound and smeared molecules. Migration of the Cy3 probe containing the L1-box TAAATGTA 

is indicated (asterisk). Representative experiment from three independent experiments. (B) 

Western blot with anti-Halo Ab detects Halo-tagged proteins assayed for DNA binding in (A), 

representative of three independent experiments. (C) The pdf2ΔST protein binds DNA as a 

monomer. EMSA coupled with polyacrylamide gel electrophoresis reveals that Halo:PDF2 binds 

the Cy3-labeled L1-box probe as a dimer (~230 kDa) (red arrow) while Halo:pdf2ΔST binds DNA 

as a monomer (~90 kDa) (blue arrow) and weakly as a dimer (~180 kDa) (black arrow). Western 

blot (WB) (bottom) of the polyacrylamide gel with anti-Halo Ab detected Halo-tagged PDF2, 

and pdf2ΔST at the expected migration positions matching that of the EMSA (top). Representative 

blot of two replicates. See Figure A.4. (D-H) Chip-seq data reveals that wild-type GL2 and 

mutants with compromised START domain function (gl2∆ST, gl2Amo, gl2E375G;R392M) are 

proficient in DNA binding in vivo. In contrast, DNA binding was abolished in the gl2∆HD6;∆ZLZ 

mutant. (D) Number of significant peaks (FDR < 0.1) from ChIP-seq data indicate that START 

domain mutants, but not the HD-ZLZ mutant, bind DNA target sites in vivo. Second column 

shows number and percentage of Chip-seq peaks containing one or more binding motifs with at 

least 80% sequence identity to DNA sequence TAAATGT(A/T). (E) Sequence logo representing 

the information content of the GL2 consensus DNA binding motif identified in 86.4% of the 

wild-type GL2 and 87.9% of the mutant gl2∆ST ChIP-seq peak regions, respectively. See Figure 
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A.5A. (F) Genomic distribution of ChIP-seq binding events for wild-type GL2 and mutant 

versions are indicated (FDR < 0.1). TSS, transcription start site; TTS, transcription termination 

site; UTR, untranslated region. See Table A.2. (G) ChIP-Seq hit distribution from gene 

transcription start sites (TSS). The distribution of significant ChIP-seq peaks (FDR < 0.1) 

upstream and downstream from the TSS is shown for wild-type GL2 and mutants. See Figure 

A.5B. (H) Functional classification of target genes from ChIP-seq data indicate over-represented 

GO terms from target genes whose promoters were bound by wild-type GL2 and mutants gl2∆ST, 

gl2Amo, and gl2E375G;R392M. Genes were classified based on molecular function and biological 

process, and a given gene may be represented in more than one category. Enrichment analysis 

was performed using AgriGO (Du et al., 2010). Asterisks indicate significant differences from 

the Arabidopsis genome reference (blue) (Fisher’s exact test, p < 0.01). 
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Figure 2.5.  START domain is required for homodimerization of GL2. 

(A) Schematic representation of full-length GL2 and segments for Y2H assays (left). 

GL2 homodimerization of full-length protein (1-747) and START-STAD fragment (253-747) 

was observed (middle). The STAD fragment exhibits bait autoactivation (right). 

Homodimerization was assayed on -Leu-Trp-His Aureobasidin A (AbA) while bait 

autoactivation was assayed on -Trp AbA media. See Figure A.7A. (B) Deletion or missense 

mutations in the START domain disrupt homodimer formation in Y2H assays. GL2, gl2∆ST and 

the indicated missense mutants were cloned into bait and prey vectors, co-expressed in yeast 

strain Y2HGold and assayed on the indicated growth media. Baits in combination with empty 

prey vectors served as negative controls. (C) Y2H assays show that bait and prey fusion proteins 

interact to homodimerize only when START domain is present. Homodimerization was assayed 

on selective media as in (A). HD mutants were proficient in homodimerization. START domain 

deletion resulted in loss of homodimerization in absence or presence of HD mutations (red). 

Wild-type GL2 bait and prey served as positive controls while empty bait and prey vectors 

represent negative controls. See Figures A.6C-E and A.7B. (D-F) BiFC assays indicate 

homodimerization of wild-type GL2 but not HD-ZLZ mutant nor START domain mutants. (D) 

N. benthamiana leaf abaxial epidermal cells were transiently transformed with the indicated 

constructs and silencing suppressor p19. Interaction of full-length GL2 tagged with split GFP at 

the N-terminus (nGFP-GL2) with vector with the split GFP at C-terminus (cGFP), full-length 

GL2 and various gl2 mutants. Detection of gl2Amo self-interaction is also shown. Nuclear 

expression is indicated by white arrows. Scale bar = 50 µm. See Figure A.8. (E-F) Quantitative 

analysis of BiFC assays in (D). 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 t test).  
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Figure 2.6.  Cycloheximide experiments reveal that the START domain, but not HD, is 

critical for protein stability of GL2. 

(A-B) HD mutant gl2ΔHD20 behaves similarly to wild-type GL2, whereas START domain 

mutants gl2Amo and gl2L480P exhibit decreases in protein half-life. (C-D) Treatment with MG132 

results in increased protein stability of START domain mutant gl2L480P. (A and C) Levels of 

EYFP-tagged proteins were monitored by Western blotting. Immunodetection with anti-GFP Ab 

was followed by Coomassie blue staining for loading controls. Mock treatments with DMSO at 0 

(M0) and 10 (M10) or 24 (M24) h are indicated. Blots for each genotype are representative of 

three independent experiments. (A) Five-day-old seedlings expressing wild-type GL2 or mutant 
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gl2 proteins were treated with cycloheximide (400 μM) for a 10 h time course. Values were 

normalized to loading controls and M10. See Figures A.9 and A.10. (B) Five-day-old seedlings 

expressing EYFP-tagged gl2L480P were treated simultaneously with cycloheximide (400 μM) and 

DMSO (control) or proteasome inhibitor MG132 (50 μM) for a 24 h time course. Values were 

normalized to loading controls and M0. (B and D) Protein quantification is shown for three 

Western blot experiments including that depicted in (A) and (C), respectively. Values were 

normalized to M0 (left) or M10 (or M24) (right) controls. Protein half-life (0.5) is indicated by 

intersection with dotted lines. Error bars indicate SD for means from three experiments. Two-

tailed t-test with unequal variance: *p < 0.05.  
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Figure 2.7.  Model of HD and START domain roles in HD-Zip IV transcription factors. 

Wild-type HD-Zip IV TFs, as exemplified by GL2 (left), bind a lipid ligand that is 

possibly retrieved from a membrane compartment. The protein dimerizes and binds to DNA 

elements in the promoters of target genes, resulting in activation of transcription or repression of 

gene expression. For simplicity, only activation of gene expression is shown (horizontal arrow). 

Downstream target genes orchestrate cell differentiation of the plant epidermis. Deletion or 

mutation of the HD (K146E in GL2) (middle) abolish DNA binding of the transcription factor, 

but dimerization and nuclear localization remain intact. Although the protein is found in the 

nucleus, epidermal defects in the corresponding mutants indicate that it is nonfunctional. 

Deletion of or missense mutations in the START domain (right) result in nonfunctional protein 

that is compromised in lipid binding. Nonetheless, the mutant protein is transported to the 

nucleus and binds DNA elements. Dimerization of the protein is affected, resulting in 

monomeric protein that is unstable, possibly due to degradation via a proteasome-dependent 

pathway. This figure was created with BioRender.com.  
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Chapter 3 - Post-translational regulation of HD-Zip IV transcription 

factors in Arabidopsis 

  

 Abstract 

Class IV homeodomain leucine-zipper (HD-Zip IV) transcription factors (TFs) contain a 

plant-specific domain configuration comprised of a DNA-binding HD, a Zipper-Loop-Zipper 

(ZLZ) dimerization domain and a lipid-sensing START domain. Several HD-Zip IV members 

control formation of the epidermis, the outer layer that is critical for protection of plants from 

environmental stressors. GLABRA2 (GL2), a representative HD-Zip IV family member, is 

required for proper differentiation of trichome cells, non-root hair cells, and mucilage secretory 

cells in seeds. Previously, the START domain was shown to be important for TF dimerization, 

stability and activity. In eukaryotes, post-translational modifications (PTMs) serve as marks for a 

protein’s subcellular localization, turnover, and activity. However, the precise mechanism 

controlling the level of HD-Zip IV TFs at the post-translational level is poorly characterized. 

Using in vivo cycloheximide chase experiments, we observed increased stability of GL2 lacking 

the ZLZ in both wild type and START domain mutants, uncovering a role for the ZLZ in 

modulating GL2 protein levels. Live imaging of trichomes and roots revealed nuclear 

localization of gl2∆ZLZ proteins despite a loss-of-function phenotype for the corresponding 

mutants. Additionally, we used machine learning tools to predict multiple, high confidence 

conserved ubiquitination and SUMOylation sites, and evaluated possible GL2 modifications in 

vivo by performing immunoprecipitation experiments. Site-directed mutagenesis of the candidate 

amino acids resulted in a gain-of-function phenotype characterized by an increased frequency of 
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abaxial leaf curling that correlated with expression levels. Our findings support the hypothesis 

that regulatory mechanisms involving ubiquitin and/or SUMO contribute to GL2 protein levels 

and activity in plants.  

Keywords: HD-Zip IV transcription factors, Arabidopsis, Zipper-Loop-Zipper, stability, 

cycloheximide, ubiquitination 

 

 Introduction 

Homeodomain transcription factors (TFs) are key regulators of gene expression during 

development of multicellular organisms. The Arabidopsis genome encodes 16 TFs from the HD-

Zip IV subfamily that are preferentially expressed in plant epidermal or sub-epidermal cells and 

are involved in differentiation of outer cell layers (Rerie et al., 1994; Abe et al., 2001; Abe et al., 

2003; Ito et al., 2003; Gao et al., 2015), anthocyanin pigment accumulation (Kubo et al., 1999), 

lipid transport (Javelle et al., 2010), cuticle deposition (Javelle et al., 2010; Wu et al., 2011) and 

plant responses to stress factors (Yu et al., 2008; Cao et al., 2009; Wei et al., 2010; Yu et al., 

2013; Li et al., 2016; Yu et al., 2016; Zhu et al., 2016; Chen et al., 2017; Banavath et al., 2018; 

Guo et al., 2019; Zhang et al., 2019; Sharif et al., 2021; Wang et al., 2022). The founding 

member of this subfamily is GLABRA2 (GL2) which promotes trichome initiation in shoots 

(Rerie et al., 1994) but negatively regulates hair formation from hairless cell files in roots (Di 

Cristina et al., 1996; Masucci et al., 1996; Wang et al., 2020). In seeds, it is involved in the 

differentiation of mucilage secretory cells (Western et al., 2001; Western et al., 2004) as well as 

regulation of seed oil production (Shen et al., 2006; Shi et al., 2012). Additionally, GL2 

negatively regulates anthocyanin accumulation, an important component of the plant stress 

response (Wang et al., 2015). PROTODERMAL FACTOR2 (PDF2), another member of this 
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subfamily, functions redundantly with its paralog Arabidopsis thaliana MERISTEM LAYER1 

(ATML1) in shoot epidermal differentiation during embryogenesis and in hormonal regulation of 

cell expansion (Abe et al., 2003; Kamata et al., 2013; Rombolá-Caldentey et al., 2014; Ogawa et 

al., 2015). Among agriculturally important crops, HD-Zip IV TFs are involved in the regulation 

of fiber differentiation and seed coat development in cotton (Guan et al., 2008; Zhang et al., 

2010; Walford et al., 2012; Shan et al., 2014), anther and kernel development in maize (Ingram 

et al., 1999; Khaled et al., 2005; Vernoud et al., 2009) and bulliform cell development as well as 

bulliform cell-dependent leaf rolling in rice (Zou et al., 2011; Fang et al., 2021).   

HD-Zip IV transcription factors have a complex domain topology in which each domain 

has a distinct structure and function contributing to overall TF activity. The HD is a 60 amino-

acid helix-turn-helix domain comprised of three α-helices and a disordered amino-terminal arm 

located upstream of the first helix (Gehring et al., 1990; Kissinger et al., 1990; Liu et al., 1990; 

Otting et al., 1990). The helix III (recognition helix) binds the major groove of target DNA with 

high affinity while the amino-terminus contacts the DNA minor groove ((Schofield, 1987; 

Gehring, 1994); for review see (Burglin and Affolter, 2016)). Leucine zippers (LZs) are coiled 

coil motifs that are formed by two or more alpha helices winding around each other (Landschulz 

et al., 1988; Vinson et al., 1993). In HD-Zip IV TFs, the LZ is located carboxy-terminal to the 

HD, and it is intervened by a disordered loop of 10–20 amino acids (hence termed zipper-loop-

zipper, ZLZ) (Yang et al., 2002) comprising two sets of three heptad repeats (Ruberti et al., 

1991; Di Cristina et al., 1996; Chan et al., 1998; Nakamura et al., 2006; Ciarbelli et al., 2008). 

The heptad repeats consist of alternating three- and four-residue sequences with the leucine 

residues in the seventh position (Krylov and Vinson, 2001). The ZLZ is thought to be required 

for the dimerization of HD-Zip IV TFs (Di Cristina et al., 1996). Upon dimerization, the LZ adds 
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extra specificity in the HD-mediated DNA binding by correct positioning of the HD (Vinson et 

al., 1989; Palena et al., 1999; Tron et al., 2004). Accordingly, the gl2∆ZLZ mutant fails to bind 

DNA as indicated by ChIP-seq, and thus lack transcriptional activity (Mukherjee et al., 2022). 

Two invariant cysteine residues (CXXC) within the loop of the ZLZ were previously implicated 

in the redox-dependent regulation of oligomerization and DNA binding activity of HD-Zip TFs 

(Tron et al., 2002). 

Carboxy-terminal to the ZLZ, the Steroidogenic Acute Regulatory (StAR) protein-related 

lipid Transfer (START) domain comprises of ~210-amino acids in the middle of the protein 

(Ponting and Aravind, 1999; Schrick et al., 2004; Mukherjee et al., 2009). It adopts an α/β helix-

grip fold, creating a hydrophobic pocket that is implicated in binding to lipophilic ligands 

(Kallen et al., 1998; Tsujishita and Hurley, 2000; Soccio and Breslow, 2003; Thorsell et al., 

2011; Létourneau et al., 2012). Several reports indicate the role of plant-derived START 

domains in lipid transport and sensing (Gou et al., 2015; Hirashima et al., 2021; Nagata et al., 

2021). A couple of studies have also highlighted the importance of the START domain in 

controlling the protein stability of HD-Zip IV transcription factors. In the case of ATML1, 

mutation of a candidate lipid contact site in the START domain was shown to abolish the 

expression of the fluorescently tagged protein in lateral roots (Nagata et al., 2021). In our recent 

study concerning GL2, the expression of EYFP-tagged proteins with START domain missense 

mutations predicted to disrupt ligand binding was much weaker in comparison to WT 

(Mukherjee et al., 2022). Quantification of protein-half-lives in young seedlings revealed highly 

reduced stability in these mutants with a possible involvement of the Ubiquitin 26S Proteasome 

System (UPS) in protein degradation (Mukherjee et al., 2022).  
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Post-translational modifications (PTMs) dynamically regulate diverse aspects of TFs 

including their stability, sub-cellular localization, protein-protein/DNA interactions (Schütze et 

al., 2008; Filtz et al., 2014). Two PTMs extensively used by cells are ubiquitination and 

SUMOylation in which small polypeptides called Ubiquitin and SUMO (Small Ubiquitin-like 

Modifier) are covalently attached to the target protein, respectively (Matunis et al., 1996; 

Kerscher et al., 2006; Vierstra, 2012). Ubiquitination has a major role in the regulation of protein 

degradation through the UPS, which is responsible for degradation of up to 90% proteins in 

eukaryotic cells (Moon et al., 2004; Smalle and Vierstra, 2004; Finley, 2009; Sharma et al., 

2016). In Arabidopsis, more than 1,600 genes encode components of the UPS, comprising about 

6% of the whole genome (Vierstra, 2009, 2012). Similarly, SUMOs regulate subcellular 

localization, nuclear transport, stability and protein-protein interactions of target proteins and 

they are also involved in DNA replication and repair (Lois et al., 2003; Novatchkova et al., 2004; 

Elrouby et al., 2013; Miller et al., 2013; Nelis et al., 2015; Benlloch and Lois, 2018; Accossato et 

al., 2020; Bernula et al., 2021; Han et al., 2021; Clark et al., 2022). One hypothesis is that PTMs 

serve as marks to degrade HD-Zip IV TFs in absence of a stabilizing ligand. However, a detailed 

mechanism controlling HD-Zip IV protein levels during epidermal differentiation in plants has 

not been identified to date. This presents a gap in our knowledge of how these developmentally 

important TFs regulate gene expression. 

In this study, we monitored the half-life of gl2∆ZLZ proteins in presence or absence of a 

functional START domain, uncovering a novel role for the ZLZ in destabilizing protein levels. 

GL2 PTMs were detected by immunoisolation from plants followed by immunoblotting with 

ubiquitin- or SUMO-specific antibodies. In addition, we identified multiple, conserved 

ubiquitination and SUMOylation sites in GL2 by in silico analysis. Site-directed mutagenesis of 
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the selected lysines resulted in increased prevalence of abaxial leaf curling despite nuclear 

localization of protein and rescue of trichome defects in most of the mutants. Intriguingly, the 

curly leaf phenotype correlated with the expression of transgenes containing the EYFP tag, 

suggesting a novel role for EYFP-induced GL2 stabilization in leaf polarity establishment. 

 

 Materials and methods 

 Plant materials and growth conditions  

All plants used in this study were of the Arabidopsis thaliana Columbia (Col-0) ecotype. 

gl2-5 represents an En-1 insertion allele of GL2 (Ohashi et al., 2003; Khosla et al., 2014). 

Arabidopsis plants were grown at 23°C under continuous light on soil comprising Berger BM6, 

vermiculite and perlite (Hummert International) in a ratio of 4:2:1. For protein stability and pull-

down experiments, seeds were vapour-sterilized and normally sown onto 0.5X MS media 

containing 0.215% Murashige and Skoog (MS) basal salt mixture (Sigma-Aldrich, M5524) 

(Murashige and Skoog, 1962), 1% Sucrose, 0.05% MES buffer at pH 5.8, 0.01% Myo-inositol 

and 0.5% agar (final pH adjusted to 5.8). To study the effects of salt stress, 100mM NaCl was 

incorporated in 0.5X MS media. For phosphate starvation experiments, vapor-sterilized seeds 

were sown onto Pi sufficient (P+) media containing 20.6 mM NH4NO3, 2.26 mM CaCl2 

dihydrate, 0.759 mM MgSO4 heptahydrate, 18.8 mM KNO3 and 1.25 mM KH2PO4 monobasic, 

MS micronutrient solution (PhytoTech Labs, M529), 1% Sucrose, 0.05% MES at pH 5.7 and 

0.8% agar or Pi limiting (P-) media with similar composition but lacking KH2PO4 monobasic. 

After stratifying the seeds at 4°C for 4-5 days, the plates were placed vertically along the 

sidewalls in the growth chamber at 23°C under continuous light for various lengths of time 

depending upon the nature of experiment. 
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 Generation of DNA constructs  

The proGL2:EYFP:GL2 and proGL2:6xHis 3xFLAG:GL2 constructs were generated as 

previously described (Schrick et al., 2014; Subedi and Schrick, 2022). The K-R, C-A and 

deletion mutation of the ZLZ domain were introduced in the TOPO-cloned GL2 using Q5 Site–

Directed Mutagenesis Kit (New England Biolabs, E0554S) or Phusion High Fidelity DNA 

polymerase (ThermoFisher Scientific) and the primers listed in Table B.1. Multiple K-R 

mutations in ZLZ domain were mostly generated using mutant templates containing lower order 

K-R mutations but a few multiple mutants were also generated using WT template and the 

primers with multiple mutations. The 8KR mutation was generated by combining K129R and 7KR 

mutations. The gl2∆ZLZ; W279R, gl2∆ZLZ; L480P and gl2∆ZLZ; ∆ST double mutants were generated by 

introducing ∆ZLZ mutation in the corresponding START domain single mutants obtained from 

the previous studies (Wojciechowska et al., 2021; Mukherjee et al., 2022). The mutations were 

confirmed by sequencing TOPO constructs using the primers listed in Table B.1. The 42KR 

mutation was generated through synthetic approach (Twist Bioscience). Briefly, a silicon-based, 

high-throughput DNA synthesis platform was used to synthesize a clonal gene which is a double-

stranded DNA cloned into the D-TOPO/pENTR vector and NGS sequence verified. 

To transfer the sequences from the D-TOPO vector into the SR54 binary vector, the 

inserts were PCR amplified with Q5 High Fidelity DNA polymerase (New England Biolabs, 

M0491S) using the primers listed in Table B.1. The NEBuilder HiFi DNA Assembly kit (New 

England Biolabs, E5520S) was used to insert the purified amplicons into the empty vectors 

obtained by cleaving proGL2:EYFP:GL2 and proGL2: 6xHis 3xFLAG:GL2 with SalI and KpnI. 

The EYFP:gl2N-term KR, EYFP:gl2START KR and EYFP:gl2STAD KR constructs were generated by 

amplifying corresponding fragments of GL2 using WT and 42KR templates and combining WT 
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and KR-containing fragments appropriately. While the WT and all mutant GL2 sequences were 

used to generate binary vector constructs containing EYFP tag, only selected sequences were 

used with 6xHis 3xFLAG tag. All the mutant constructs with FLAG tag were exclusively 

generated in this study. The binary vector constructs were further verified by sequencing using 

the primers listed in Table B.1. 

 

 Arabidopsis transgenics 

The binary vector DNA constructs were transformed into Agrobacterium strain GV3101 

(MP90) by electroporesis using BioRad. The transgenic lines were generated by Agrobacterium-

mediated transformation of Arabidopsis using floral dip technique (Clough and Bent, 1998). The 

proGL2:EYFP:GL2, proGL2:FLAG:GL2 and corresponding mutants were generated in gl2-5 

background as described in (Schrick et al., 2014; Subedi and Schrick, 2022). The generation of 

proGL2:EYFP:PDF2 and corresponding ∆START mutant in gl2-5 background and HA:PDF2 in 

Col-O background is described elsewhere (Wojciechowska et al., 2021). The T1 transformants 

were selected on agar medium containing 20 µg/ml Hygromycin B. T2 progeny derived from 

independent transformants were screened for Mendelian segregation patterns of 3:1. Finally, 

homozygosity was confirmed in selected T3 lines that were genotyped by PCR using the primers 

are listed in Table B.1 and mutations were further confirmed by Sanger sequencing.  

 

 Bioinformatical analysis  

Ubiquitination sites in HD-Zip IV TFs were probabilistically determined by using the 

random forest-based predictor UbPred (Radivojac et al., 2010). SUMOylation sites were 

predicted in HD-Zip IV TFs using web servers Abcepta SUMOplotTM (Abcepta, 2013), 

JASSA (Joined Advanced SUMOylation Site and SIM Analyser) (Beauclair et al., 2015) and 
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GPS-SUMO 2.0 (Zhao et al., 2014). Scoring of candidate SUMO attachment sites was done 

using Abcepta SUMOplotTM (Abcepta, 2013). Protein disorder in GL2 was predicted using 

PONDR® (Predictor of Natural Disordered Regions) VSL2 Predictor (Obradovic et al., 2003; 

Peng et al., 2006). GL2 orthologs from representative monocots and dicots obtained with BlastP 

(Altschul et al., 1990) were aligned using Clustal Omega (Madeira et al., 2019). Sequence 

alignments were visualized using Jalview (Waterhouse et al., 2009). Structural modeling of GL2 

START domain with or without K-R mutations was performed using I-TASSER (Iterative 

Threading ASSEmbly Refinement) server (Roy et al., 2010; Yang and Zhang, 2015a; Yang and 

Zhang, 2015b; Zhang et al., 2017). The images were created using RasWin Molecular Graphics 

program (Bernstein, 2009). 

 

 Protein extraction and immunoblot analysis 

For protein extraction, frozen plant tissues (leaves or whole seedlings) were homogenized 

in liquid nitrogen followed by addition of hot SDS buffer (8 M urea, 2% SDS, 0.1 M DTT, 20% 

glycerol, 0.1 M Tris pH 6.8, 0.004% bromophenol blue) and boiling for 10 mins. The protein 

samples were resolved on Bio-Rad Mini-PROTEAN TGX gels (10%) by performing SDS-

PAGE, transferred into PVDF membranes. The membranes were blocked with 5% (w/v) non-fat 

milk in TBS with 0.1% Tween-20 at room temperature and probed with the respective 

antibodies. To visualize the proteins, membranes were incubated with SuperSignal West Femto 

Maximum Sensitivity Substrate (ThermoFisher Scientific, 34095) for 5 minutes and the blots 

were developed with Azure 300 chemiluminescence imager (Azure Biosystems).  

To strip the membranes for reprobing, they were first placed in a mild stripping buffer 

containing 200 mM glycine, 0.1% (w/v) SDS and 1% (v/v) Tween 20 at pH 2.2 twice with each 

incubation done for 5-10 mins. The membranes were washed twice with each of 1x PBS and 1x 



73 

TBS-T, allowing 10 mins for each wash. After developing the blot images, the membranes were 

stained with Bio-Safe Coomassie Blue G-250 (Bio-Rad) to confirm the equal loading of the 

protein samples in each lane. 

 

 Cycloheximide chase experiments 

Protein half-lives were measured in Arabidopsis following a protocol developed by (Guo 

and Yin, 2019). 4-5 days old seedlings (20-30 seedlings per genotype) were transferred from 

0.5X MS, P+ or P- solid media into corresponding liquid media in 24-well plates. The seedlings 

were allowed to grow for another 16 h at 23oC under continuous light on a shaking platform at 

55 rpm. Cycloheximide (Sigma-Aldrich, C1988) (final concentration 400 µM) or 5µl of DMSO 

(control treatment) was added to each well. For the inhibition of proteasome and autophagy (Lee 

and Goldberg, 1998), cycloheximide was added together with MG132 (carbobenzoxy-L-leucyl-

L-leucyl-L-leucinal; EMD Millipore Corp., 474787) (final concentration 50 µM) and 

Concanamycin A (Santa Cruz Biotechnology, SC-202111A) (final concentration 1 µM) 

respectively. Seedlings were collected at various intervals over a 10, 24 or 48 h time course 

which were frozen in liquid nitrogen and stored at -80°C in screw-cap microcentrifuge tubes 

prior to protein extraction. For Western blot analysis, the membranes were incubated with 

primary antibodies against GFP (1:2000; Roche, 11814460001), FLAG (1:10,000; Sigma, 

F1804) or HA (1:10,000; Pierce, 26183) followed by goat anti-mouse secondary IgG HRP 

antibodies (1:3300; GenScript, A00160). Band intensities were quantified with ImageJ after blot 

imaging.  

 



74 

 Pull-down experiments 

Arabidopsis seedlings were grown on normal growth media (0.5X MS or P+) or under 

various stress conditions such as phosphate starvation (P-), high salinity (100 or 150) mM NaCl) 

or exposure to oxidative stress (10 mM H202 for 4 h) and heat shock (37 oC for 30 mins) prior to 

harvesting them. Growth was carried out for 7-10 days under continuous light or for ~2 weeks 

under 12 h light/12 h dark conditions. For experiments with FLAG-tagged proteins, seedlings 

were treated with 100 μM MG132 (EMD Millipore Corp., 474787) for 4 h prior to their harvest. 

Whole seedlings were harvested in the liquid nitrogen and stored at -80 °C until further use. For 

total protein extraction, about 7-10 g of plant materials were ground in liquid nitrogen and 

resuspended in 7-10 ml of lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 

1 mM EDTA, 5% glycerol, 1% (v/v) Triton X-100, 1 mM DTT, 1 mM PMSF or 1x protease 

inhibitor cocktail (Sigma, P9599), 50 mM N-ethylmaleimide (NEM) (Sigma, E3876) or 

Iodoacetamide (IAA) (Sigma, 16125) and 100 μM MG132. The lysates were centrifuged at 

20,000x g for 15 min at 4°C to obtain supernatants that were clarified by filtration through 

miracloth when necessary. Next, 25 μl of GFP-Trap® Magnetic Agarose beads (ChromoTek, 

gta-20) or DYKDDDDK Fab-Trap™ Agarose (ffa-2 or ffa-ts) equilibrated with the lysis buffer 

were added to the clear supernatants in 15-ml facon tubes that were then rotated end-over-end for 

1 hr at 4°C allowing protein binding. The beads were harvested by centrifugation at 2,500x g for 

5 min at 4°C and washed with the lysis buffer for 5 times at 4°C. For experiments in B.3D-F, 

highly stringent washing steps under denaturing conditions (8M Urea and 1% SDS) were applied 

to remove unspecifically bound proteins. The beads were boiled in 70-100 μl of 2x SDS-sample 

(Laemmli) buffer for 5 min to dissociate immunocomplexes, and clear supernatants were 

obtained by separating the beads magnetically or by centrifugation.  

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/triton-x-100
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The lysate (input), supernatant (flow-through/non-bound fraction) and eluate (bound 

fraction) were analysed by Western blot. To detect ubiquitination, nondiscriminating anti-Ub 

P4D1 antibody (1:2000; Santa Cruz Biotechnology, 8017) or eBioP4D1 (biotin conjugated) 

(1:2000, Invitrogen, 13-6078-82) recognizing both monoubiquitin and polyubiquitin chains and 

FK1 (1:2000; EMD Millipore Corp., 04-262) and FK2 antibodies (1:2000; EMD Millipore 

Corp., ST1200) binding preferentially to polyUb chains (Fujimuro et al., 1994; Barberon et al., 

2011; Martins et al., 2015) were used. To detect SUMOylation, anti-SUMO1 (1:10,000; Abcam, 

ab5316 or 1:10,000; Agrisera, AS08 308) and anti-SUMO3 (1:10,000; Abcam, ab5317) 

antibodies were used as primary antibodies. The secondary antibodies used against anti-Ub and 

anti-SUMO primary antibodies were goat anti-mouse IgG HRP secondary antibodies (1:3300; 

GenScript, A00160) and goat anti-rabbit IgG HRP secondary antibodies (Enzo, ADI-SAB-300-J) 

respectively except for eBioP4D1 that was detected by HRP-conjugated avidin (1:10,000; 

ThermoFisher Scientific, 21123). 

 

 Phenotypic characterization and microscopy of Arabidopsis 

The images of rosettes, trichomes and EYFP signals were taken with a Leica M165 

fluorescence stereomicroscope fitted with a GFP2 filter set and a Leica DFC295 digital camera 

using Leica Application Suite 4.1 software. The trichomes and their branches were counted on 

the first leaves of 20 plants for each genotype using the same stereomicroscope. The subcellular 

localization of EYFP-tagged proteins was detected in 4-d-old seedlings using a Zeiss LSM 880 

confocal microscope after staining with propidium iodide (10 μg/ml) to delineate the cell 

boundaries. While a 561 nm DPSS excitation laser with 575–645 nm emission filter was used to 

detect propidium iodide, a 488 nm Argon excitation laser with 500–550 nm emission filter was 

used for capturing EYFP signals. Raw images were processed using Adobe Photoshop. 
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The distances between the leaf edges halfway from the leaf blades were measured on the 

6th leaves (Farmer et al., 2013) of ~25-d-old plants. The extent of leaf curling was quantified by 

calculating Leaf Rolling Index (LRI) or Degree of epinasty using the formula LRI 

= (1 − Wn/Wm) × 100 (Shi et al., 2006; Fierro et al., 2015), where Wm is the maximum possible 

width of the flattened leaf blade and Wn is the natural width of leaves. 

 

 Statistical analysis 

 Leaf biometry and trichome count  

Leaf dimensions were measured on the 6th leaves from 25-d-old homozygous plants. The 

trichome count and quantification of trichome branching defects were done on the first leaves 

from 10-d-old homozygous plants. For each genotype, 15-20 plants were included. Values reflect 

mean ± SD. The significance of differences was tested by applying ordinary one-way analysis of 

variance (ANOVA) using Tukey’s multiple comparisons test (*p < 0.05, ****p < 0.0001, ****p 

< 0.0001).  

 

 Protein stability assays 

The cycloheximide experiment data were analyzed using two or three biological 

replicates except the one obtained by growth in presence of 100 mM NaCl for which only one 

biological replicate was used. Protein bands from blot images were quantified based on their 

intensity and the resulting numerical values were normalized to loading control and a mock 

sample that was assigned a value of 1.0. The time in x-axis corresponding to the protein level of 

0.5 in y-axis was considered as the half-life of a particular protein. Values reflect mean ± SD. 
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The statistical significance was tested using unpaired t-tests (two-tailed distribution) or ordinary 

two-way ANOVA using Tukey’s multiple comparisons test (*p < 0.05, **p < 0.005).  

 
 

 Results 

 GL2 protein level is negatively regulated by the ZLZ in Arabidopsis 

Previously, we showed a rapid drop of GL2 levels in several START domain mutants 

unlike wild-type (WT) plants or HD mutants in which the protein levels remained fairly constant 

(Mukherjee et al., 2022). However, the possible involvement of other regions of GL2 including 

its 65-amino-acid ZLZ in maintaining protein stability has not been investigated. To determine 

the role of ZLZ in GL2 protein turnover in Arabidopsis, we treated WT and gl2∆ZLZ mutant 

seedlings with cycloheximide (CHX) in a time-course experiment followed by Western 

blotting (WB) of the lysates with tag-specific antibodies. CHX inhibits eukaryotic translational 

elongation by interfering with the translocation step in protein synthesis and is broadly used in 

cell biology to determine the half-life of proteins (Kao et al., 2015; Buchanan et al., 2016; Guo 

and Yin, 2019).  

Quantification of blot images showed that EYPG:GL2 and EYFP:gl2∆ZLZ proteins remain 

stable for >48 hours of CHX treatment (Figures 3.1A and 3.1B). However, EYFP:gl2∆ZLZ was 

significantly more stable with a half-life of >48 h, in contrast to EYFP:GL2 that had a half-life of 

~48 h (Figures 3.1A and 3.1B). Furthermore, we carried out additional protein stability 

experiments by growing the seedlings in the presence of 100 mM NaCl under 12/12-hour 

light/dark conditions to determine the role of stress conditions in GL2 stability. Under these 

conditions, the difference between the protein levels of EYPG:GL2 and EYFP:gl2∆ZLZ were 

more pronounced which was evident after 10 h (Figures 3.1C and 3.1D). When time-course 
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experiments were performed with Arabidopsis lines expressing FLAG-tagged proteins, overall 

protein levels in both WT seedlings and gl2∆ZLZ mutant were lower; however, the latter still 

showed significantly higher stability with the protein half-life of >24 hours compared to the 

former that had the protein half-life of ~18 h (Figures 3.1E and 3.1F). These results indicate that 

the ZLZ is required for the degradation of GL2 with the influence of stress conditions in further 

modulating the protein levels.   

 

 The ZLZ downregulates GL2 levels independently of START mutations  

Since the START and ZLZ domains appear to regulate GL2 protein levels in opposite 

ways, we asked whether the deletion of ZLZ can restore the protein stability of START domain 

mutants. For this, we combined ∆ZLZ mutation with three separate START domain mutations 

∆ST, W279R and L480P. The first represents the START domain deletion and the remaining 

two are missense mutations in the START domain. Specifically, the L480P mutation affects a 

predicted lipid binding site in the C-terminal α-helix of the START domain (Alpy and 

Tomasetto, 2005; Roostaee et al., 2009; Wojciechowska et al., 2021). Similarly, the W297R 

mutation affects a predicted hydrophobic region of the ligand binding pocket (Mukherjee et al., 

2022). All these double mutations were expressed using EYFP tag under the native GL2 

promoter with the gl2∆ZLZ;L480 mutation additionally expressed using 6x His 3x FLAG tag. 

To quantify the protein levels, we selected the double mutant with the L480P mutation. 

EYFP:gl2L480P was previously shown to be detectable in WBs despite being more unstable 

than EYFP:GL2 (Mukherjee et al., 2022). Here, the gl2∆ZLZ;L480P double mutant exhibited less 

steep drop in protein levels compared to gl2L480P mutant which was more evident in the FLAG 

tag background (Figures 3.1G-3.1J). Specifically, the protein half-lives of EYFP:gl2L480P and 

EYFP:gl2∆ZLZ;L480P were ~4 h and ~12 h respectively (Figures 3.1G and 3.1H) whereas those of 
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FLAG:gl2L480P and FLAG:gl2∆ZLZ;L480P were ~5 h and ~20 h respectively (Figures 3.1I and 

3.1J). These results suggest that ZLZ regulates GL2 protein turnover irrespective of START 

domain mutation. 

 ZLZ is dispensable for nuclear localization but indispensable for activity of GL2 

The precise mechanism regulating the nuclear import of HD-Zip IV TFs is currently 

unknown. However, previous studies reported the presence of a nuclear localization signal either 

at amino- or carboxyl-terminus of several HD-Zip I proteins (Arce et al., 2011; Cao et al., 2016; 

Shao et al., 2018). Using EYFP fusions to GL2, we previously showed that both the HD and 

START domain are dispensable for the nuclear localization of GL2 in developing seeds and 

trichomes (Schrick et al., 2014; Mukherjee et al., 2022). Here, we asked whether the ZLZ plays a 

role in regulating the subcellular localization of GL2 in addition to investigating the phenotypic 

outcome of deleting this domain from GL2. Despite the inability of both EYFP:gl2∆ZLZ and 

FLAG:gl2∆ZLZ to rescue null phenotype in leaves (Figures 3.2A and 3.2D), epifluorescence 

microscopy indicated that EYFP:gl2∆ZLZ was nuclear localized in leaf trichomes similarly to the 

WT protein (Figure 3.2C). Moreover, the fluorescence signals in the leaf trichomes of 

EYFP:gl2∆ZLZ plants were much stronger compared to those of WT plants (Figure 3.2C), 

consistent with a role for the ZLZ domain in protein turnover.  

All three double mutants with mutations in both ZLZ and START domain (gl2∆ZLZ;∆ST, 

gl2∆ZLZ;W279R and gl2∆ZLZ;L480P) also displayed trichome defects irrespective of the type of amino-

terminal tag (Figures 3.2A and 3.2D) and screening of the corresponding EYFP-tagged T1 

transformants revealed mostly undetectable fluorescence signals, although a few showed either 

medium or strong expression (Figure 3.2B). Western blot analysis of leaf samples from T1 

progeny of FLAG:gl2ΔZLZ; L480P mutant revealed signals for most of the plants, comparable to 
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those of FLAG:gl2ΔZLZ and FLAG:gl2L480 single mutants (Figure B.1). The double mutant 

proteins still appeared to be nuclear localized; however, the fluorescence signals were very weak 

in the homozygous lines. To confirm the subcellular localization patterns of the ∆ZLZ mutants, 

we observed the EYFP tagged proteins in the primary root of Arabidopsis seedlings using 

confocal laser scanning microscopy. The nuclear localization of GL2 was intact in both 

EYFP:gl2∆ZLZ and EYFP:gl2∆ZLZ;L480P mutants similar to EYFP:GL2 or EYFP:gl2L480P plants 

(Figures 3.2E) confirming that the ZLZ is dispensable for translocation of GL2 to the nucleus. 

 

 Role of UPS in the degradation of HD-Zip IV TFs is more evident under conditions 

affecting START domain lipid binding  

Previously, use of the proteasome inhibitor MG132 in a CHX time-course experiment 

resulted in significantly increased accumulation of protein for the START domain mutant 

gl2L480P that is predicted to be defective in lipid binding (Mukherjee et al., 2022). To determine 

the role of the UPS in the degradation of wild-type HD-Zip IV TFs, we conducted similar 

experiments using Arabidopsis lines expressing EYFP:GL2, FLAG:GL2 and HA:PDF2. For the 

latter two lines, we also used Concanamycin A (ConcA) (Kinashi et al., 1984) in addition to 

MG132 to determine the involvement of autophagy in the turnover of HD-Zip IV TFs. 

Autophagy is a proteasome-independent proteolytic system in which cytoplasmic components 

are engulfed into the vacuole or lysosome for degradation (Klionsky and Emr, 2000; Reggiori 

and Klionsky, 2002; Avin-Wittenberg et al., 2012). ConcA increases the internal vacuolar pH 

and thus inhibits vacuolar H+-ATPase (Dröse et al., 1993; Nishihara et al., 1995; Huss et al., 

2002) resulting in an accumulation of autophagosomes with undegraded proteins in the vacuole 

(Yoshimoto et al., 2004; Xiong et al., 2007).  
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Presence of MG132 did not stabilize EYFP- or FLAG-tagged GL2 but rather caused the 

protein levels to drop slightly during the 24 h time course (Figures 3.3A-3.3D). In the case of 

HA:PDF2, the overall trend of protein levels was unaffected by MG132 treatment although 

quantification of the data showed significantly higher protein level in treated seedlings at the 2 h 

time point (Figures 3.3E and 3.3F). Similarly, neither FLAG:GL2 nor HA:PDF2 exhibited any 

elevated protein levels in ConcA treated seedlings (Figures 3.3C-3.3F). Rather, FLAG:GL2 

levels dropped significantly but HA:PDF2 levels remained about the same in the presence of 

ConcA (Figures 3.3C-3.3F). These results indicate no clear involvement of proteolytic systems 

in the turnover of WT HD-Zip IV TFs in seedlings under normal growth conditions.  

PDF2 was recently reported to bind lysophosphatidylcholines via its START domain 

consistent with the role of START domain as a lipid sensor (Wojciechowska et al., 2021). In 

addition, EYFP:GL2, HA:GL2 and HA:PDF2 exhibited reduced stability under phosphate (Pi) 

limiting conditions suggesting a link between Pi sensing and HD-Zip IV TF-mediated gene 

expression (Wojciechowska et al., 2021). Here, we performed additional cycloheximide assays 

using EYFP:PDF2 and EYFP:pdf2∆ST seedlings to determine whether the START domain affects 

protein stability in the setting of Pi starvation. In line with previous results, quantification of blot 

images showed reduced half-life of EYFP:PDF2 under Pi limitation, although it remained stable 

throughout the 10 h time course in both conditions (Figures 3.3G and 3.3H). The stability of the 

EYFP:gl2L480P mutant protein was also reported to be reduced by phosphate starvation and the 

presence of MG132 was shown to stabilize the protein (Wojciechowska et al., 2021). Here, we 

explored the response of EYFP:pdf2∆ST mutant protein to phosphate starvation using similar 

experiments. As expected, we observed a drop in half-life of this protein from >10 h under Pi 

sufficiency to ~3.25 h under Pi limitation (Figures 3.3I and 3.3J). Consistent with the previous 



82 

reports (Wojciechowska et al., 2021; Mukherjee et al., 2022), the half-life of this protein was 

also lower compared to WT protein under Pi limitation conditions (Figures B.2A and B.2B). In 

addition, a degradation product of 90 kDa was also detected corresponding to EYFP:pdf2∆ST 

(Figure B.2C). Treatment of seedlings with proteasome inhibitor MG132 increased the half-life 

of EYFP:pdf2∆ST to ~8.3 h under Pi limitation (Figures 3.3K and 3.3L) supporting the previous 

observation that START domain mutants are degraded via the 26S proteasome (Wojciechowska 

et al., 2021; Mukherjee et al., 2022). These results emphasize the role of Pi limitation in 

destabilizing HD-Zip IV TFs with a contribution of START domain in maintaining protein 

levels.  

 

 GL2 is weakly modified by ubiquitination in young seedlings 

Protein stability experiments carried out in this and previous (Wojciechowska et al., 

2021; Mukherjee et al., 2022) studies show that HD-Zip IV protein levels are affected by 

mutations in key domains, by altered growth conditions, or by addition of a proteasome inhibitor. 

Moreover, our preliminary proteomics data from immunoisolation of EYFP-tagged GL2 

indicates that several proteins annotated as ubiquitin or SUMO are candidates for interacting 

partners of GL2. These results suggest involvement of the 26S Ubiquitin Proteasome or other 

degradation pathway in the turnover of HD-Zip IV TFs. 

To detect ubiquitination and/or SUMOylation of EYFP-tagged proteins, Arabidopsis 

seedlings were grown in normal 0.5X MS media as well as in phosphate sufficient (P+) vs 

phosphate limiting (P-) conditions and under 12 h light/12 h dark conditions, with the harvesting 

of seedlings at the start of day or night. EYFP:GL2 and EYFP:gl2∆ZLZ proteins were 

immunoprecipitated from whole seedlings using GFP-trap magnetic agarose beads, which were 

analyzed by immunoblotting and probing with antibodies against ubiquitin (P4D1) or SUMO1/2 



83 

in addition to anti-GFP antibodies. Here, we used EYFP-only expressing plants as negative 

control. The anti-GFP antibody revealed bands of expected sizes for both EYFP:GL2 and 

EYFP:gl2∆ZLZ lines (Figures 3.4A, B.3A, B.3D and B.3G). With anti-Ub (P4D1) antibody, faint 

smear ladders of sizes comparable to those of ubiquitinated proteins were detected in eluates 

corresponding to both EYFP:GL2 and EYFP:gl2∆ZLZ lines grown under the day/night cycle 

(Figures 3.4B). However, no detectable smears were observed for normal or phosphate limiting 

conditions, irrespective of the stringency of washes done during elution step (Figures B.3B, 

B.3E and B.3H). The anti-SUMO antibody detected bands that corresponded to molecular 

weights of ~150 kDa and ~70 kDa which were stronger in the EYFP:gl2ΔZLZ mutant compared to 

WT plants for the lysate, eluate and non-bound fractions in all conditions (Figures 3.4C, B.3C, 

B.3F and B.3I). 

Immunoprecipitation of 6x His 3xFLAG-labelled wild-type GL2 or mutant gl2 proteins 

was carried out using FLAG-trap (DYKDDDDK Fab-Trap Agarose). Here, we used EYFP non-

expressing WT (Col) plants as well as FLAG:gl242KR mutant lacking lysines (See mutagenesis 

section, Figure 3.6) as negative controls. In addition to growth in normal 0.5X MS media or in 

presence of high salinity (100 or 150 mM NaCl), seedlings were exposed to oxidative stress (10 

mM H202 for 4 h) or heat shock (37 oC for 30 mins) prior to harvesting. For all growth 

conditions, seedlings were treated with MG132 for 4 h prior to harvesting. Subsequent 

immunoblot analysis of immunoprecipitates with anti-FLAG antibody confirmed the 

immunoisolation of FLAG-tagged proteins (Figures 3.4D and B.3L). Use of P4D1 or FK1 anti-

Ub antibody indicated the high molecular mass smears corresponding to both FLAG:GL2 and 

FLAG:gl242KR, although weaker non-specific bands were also observed for Col seedlings 

(Figures 3.4E and B.3M). Importantly, no substantial differences were observed between the 
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signals corresponding to different growth conditions (Figures 3.4E and B.3M). Additionally, 

FK2 antibody yielded no detectable signals indicative of ubiquitinated proteins (Figure B.3J). 

With anti-SUMO1 and anti-SUMO3 antibodies, FLAG:GL2 and FLAG:gl242KR samples 

exhibited two diffuse bands with molecular weights of ~150 kDa and ~70 kDa similar to those 

seen with EYFP-tagged proteins (Figures 3.4F, B.3K and B.3N). Probing with anti-SUMO1 

antibody also resulted in additional distinct band of ~130 kDa for both FLAG:GL2 and 

FLAG:gl242KR (Figures 3.4F and B.3N). Taken together, the results suggest that the GL2 protein 

is weakly modified with signal intensities varying with the growth conditions or the tags used to 

label the proteins. 

 

 GL2 contains multiple, conserved predicted Ubiquitination and SUMOylation sites 

Ubiquitination occurs by reversible conjugation of a highly conserved, 76-amino acid and 

8.5-kDa protein called ubiquitin to the target protein in a series of enzymatic reactions involving 

E1 (ubiquitin activating), E2 (ubiquitin conjugating) and E3 (ubiquitin ligating) enzymes 

(Kerscher et al., 2006; Preston and Brodsky, 2017). This involves the formation of an isopeptide 

bond between the C-terminal glycine of ubiquitin and the ε-amino group of lysine residues in the 

target protein (Preston and Brodsky, 2017; Romero-Barrios and Vert, 2018). Similarly, SUMOs 

are ~100 amino acid, ~12 kDa proteins that are also covalently attached to lysines in target 

proteins through an enzymatic cascade similar to that of ubiquitination (Kurepa et al., 2003; 

Johnson, 2004; Colby et al., 2006; Wilkinson and Henley, 2010). To predict the modification 

sites, we performed bioinformatics analysis of GL2 using various web-based predictor tools 

including UbPred (Radivojac et al., 2010), Abcepta SUMOplotTM (Abcepta, 2013), JASSA v4 

(Beauclair et al., 2015) and GPS-SUMO 2.0 (Zhao et al., 2014) which revealed multiple 

potential lysine conjugation sites throughout its amino acid sequence (Figures 3.5A and 3.5B). 
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High confidence modification sites were found mainly within the 65-amino acid ZLZ (Figures 

3.5A and 3.5B), consistent with the role of this domain in destabilizing GL2. The lysines169 and 

211 were predicted for both ubiquitination and SUMOlyation (Figures 3.5A and 3.5B). In 

addition, the predicted sites appeared in clusters (e.g. K169, K174, K180, K188 and K209, K211, 

K216) (Figures 3.5A and 3.5B), consistent with the possibility of “ubiquitination hot spots” 

(Walton et al., 2016).  

The consensus sequence associated with lysines undergoing ubiquitination is not yet 

known. However, SUMOylation was reported to occur on a consensus motif ΨKxD/E, where Ψ 

is a hydrophobic residue such as A, I, L, M, P, F, V or W; K is the Lys where SUMO is linked; 

X is any amino acid residue and D or E is an acidic residue (Melchior, 2000; Rodriguez et al., 

2001; Sampson et al., 2001; Wilkinson and Henley, 2010). Here, two major SUMOylation sites 

predicted at positions 169 and 211 of GL2 were located on LKAE motif that matches to the 

consensus motif ΨKxD/E (Figure 3.5B). Previously, ubiquitination sites were found to be 

associated with higher degree of disorder and flexibility of the substrates (Prakash et al., 2004; 

Singh et al., 2006; Radivojac et al., 2007; Gsponer et al., 2008; Tompa et al., 2008; Tsvetkov et 

al., 2008). To determine the disorder status of GL2 with respect to its potential to undergo 

ubiquitination, we used PONDR® VSL2 Predictor (Obradovic et al., 2003; Peng et al., 2006). 

The results indicated that most of the highly predicted conjugation sites are located in 

intrinsically disordered regions of GL2 (Figure 3.5C).  

To determine which predicted amino acids are conserved across plants species, amino 

acid sequences of related proteins were aligned. We found that most of the high confidence 

lysines are conserved as predicted ubiquitination sites in the majority of the GL2 orthologs from 

representative dicot and monocot plants (Figure 3.5D). The predicted sites were also conserved 
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among the 16 HD-Zip IV transcription factors from Arabidopsis, although the extent of 

conservation was lower compared to that among GL2 orthologs (Figure 3.5E). 

 Genetic analyses of the predicted PTM sites in GL2 to verify their functions in vivo 

Substituting the lysines predicted to be involved in ubiquitination or SUMOylation with 

arginine is a commonly used genetic tool to understand their biological functions in a given 

protein. Such changes preserve the charge status of the polypeptide while removing the potential 

conjugation site. Accordingly, we first created single or multiple K-R mutants by mutating 

predicted lysines from the ZLZ (K169, K174, K180, K188, K209, K211, K216) and the HD 

(K129) (Figures 3.6A and 3.6B). One of these mutants contain K-R point mutations for all 

lysines in the ZLZ which is termed 7KR (Figure 3.6A). However, we envisioned pitfalls of only 

mutating selected residues since consensus information is not available in predicting 

ubiquitination sites. Moreover, experimental data suggest that about 32-40% of known 

SUMOylation sites do not conform to the consensus motif ψKxD/E (Matic et al., 2010; Hendriks 

et al., 2014; Zhao et al., 2014; Beauclair et al., 2015). Intriguingly, our pull-down experiments 

hinted towards ubiquitination occurring in the gl2∆ZLZ mutant (Figure 3.4B). To account for 

roles of the remaining lysines in GL2, a gene synthesis approach was used to generate additional 

mutants that encompassed K-R changes for the whole GL2 sequence (42KR) and its amino-

terminus (K10, 14R), START domain (12KR) and STAD domain (11KR) (Figures 3.6A and 

3.6C). To investigate the impact of the K-R substitutions on protein structure, we modeled the 

GL2 START domain using I-TASSER (Iterative Threading ASSEmbly Refinement) (Roy et al., 

2010; Yang and Zhang, 2015a; Yang and Zhang, 2015b; Zhang et al., 2017) and did not detect 

changes in the overall 3-D structure of START domain upon introducing mutations (Figure 

3.6D).  
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Similar to the HD-Zip II TFs, members of HD-Zip IV family contain a plant-specific 

leucine zipper dimerization domain truncated by a loop forming zipper-loop-zipper (ZLZ) 

(Schena and Davis, 1992; Di Cristina et al., 1996; Nakamura et al., 2006; Ciarbelli et al., 2008). 

Here, we hypothesized that the conserved cysteines in the loop region are involved in the 

formation of disulfide linkage to stabilize the GL2 structure. To analyze the role of these 

residues, we substituted the cysteines (C) with alanines (A), generating three mutants: C193A 

(AXXC), C196A (CXXA) and C193, 196A (AXXA) (Figure B.4). These mutations were 

introduced into a binary vector and expressed under the GL2 native promoter with an enhanced 

yellow fluorescence protein (EYFP) or a 6x His 3x FLAG tag amino-terminally fused to GL2 

(proGL2:EYFP/FLAG:gl2) (Figure 3.6E). Transgenic lines were generated by transforming gl2-

5 null mutant plants with the binary vector constructs using Agrobacterium-mediated floral dip 

(Figure 3.6E).  

 

 Mutation of putative modification sites cause phenotypic changes in Arabidopsis 

The GL2 gene is required for normal development of leaf trichomes, the root epidermis, 

and the seed coat, but it is not essential for viability, making it useful for genetic analyses. When 

we assayed ~2-weeks-old T1 transformants for functional rescue of the gl2 mutant trichome 

phenotype, we observed a repertoire of rescue patterns ranging from complete rescue to no 

rescue corresponding to most of the mutations except 42KR that caused trichome branching 

defects in all plants (Figure B.5A and 3.7G). Similarly, we observed varying degrees of EYFP 

expression levels in all transformants including those with WT GL2 reflecting the outcomes of 

random integration of transgenes into the genome (Figure B.5B). Further analysis of rescue and 

expression data showed a highly positive correlation of EYFP expression with rescue of 
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trichome phenotype (Figure 3.7B). This suggests that most of the K-R and C-A mutations do not 

cause visible defects in differentiation of the epidermis in the leaf. 

 

Recently, we reported that stabilization of GL2 by amino-terminal fusion with EYFP 

results in a gain-of-function phenotype characterized abaxial (downward) leaf curling (Subedi 

and Schrick, 2022). Interestingly, most of the K-R and C-A mutants generated here also 

displayed a similar phenotype but at higher frequencies, indicating alterations in adaxial-abaxial 

polarity of leaves (Figure B.5C). Examination of leaf trichomes for the expression of transgenes 

revealed stronger fluorescent signals corresponding to curly leaves compared to flat leaves 

(Figure 3.7D), consistent with the previous result (Subedi and Schrick, 2022). This was also 

supported by a positive correlation between the leaf curling and EYFP expression (Figure 3.7C) 

which was obtained by statistical analysis of T1 transformant data. One exception was 

EYFP:gl242KR, which yielded only weak or undetectable signals (Figure B.5B and 3.7D). More 

careful observation of rosettes of EYFP:gl242KR plants also indicated that the appearance of leaf 

curling in this mutant is distinct from rest of the mutants or EYFP:GL2 plants (Figure 3.7D and 

3.7E). Comparisons of selected EYFP lines with their FLAG-tagged counterparts demonstrated 

the absence of curly leaf phenotype in FLAG-tagged lines (Figure 3.7A) as reported previously 

(Subedi and Schrick, 2022). 

Leaf architecture directly impacts various functions of leaves such as photosynthesis, 

respiration and transpiration (O'Toole and Cruz, 1980; Turner et al., 1986; Matschi et al., 2020). 

Prior reports have implicated leaf rolling in leaf erectness and enhanced light transmission 

(Govaerts et al., 1996; Moon and Hake, 2011; Saglam et al., 2014) in addition to regulation of 

water loss and canopy temperature by reducing the exposed leaf surface area (O'Toole et al., 
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1979; Kadioglu and Terzi, 2007; Kadioglu et al., 2012)). To quantify the extent of leaf curl, leaf 

width was measured in natural and flattened state followed by calculation of the rolling leaf 

index (LRI) or degree of epinasty for 25-d old WT and mutant lines. The results indicated higher 

values of LRI in curly looking plants from each genotype (Figure 3.7F), confirming our 

phenotypic observations. Lower LRI values were obtained for all FLAG lines with the gl2-5 null 

mutant displaying the least epinastic leaves (Figure 3.7F). Trichome quantification demonstrated 

no significant change in the total number of trichomes as well as the number of their branches on 

the first leaves of most of the transgenic lines with or without abaxially curled leaves (Figure 

3.7H). However, 42KR mutants produced defective unbranched and two-branched trichomes in 

addition to normal trichomes with ≥3 branches (Figure 3.7H). Such trichome defects were seen 

in both EYFP and FLAG lines irrespective of leaf curl (Figure 3.7H), confirming distinct 

phenotypic defects associated with 42KR mutant lines. 

 

 K-R and C-A mutants retain nuclear localization of GL2 with altered protein 

stability 

Previous studies using fluorescent protein tagging revealed that GL2 is a nuclear protein, 

and that it is strongly expressed during trichome cell differentiation (Schrick et al., 2014; 

Mukherjee et al., 2022). Using live imaging of trichomes, we observed nuclear localization of 

fluorescently labelled GL2 in K-R and C-A mutants similar to WT plants (Figure 3.7D). In 

addition, confocal laser scanning microscopy also confirmed the nuclear localization of GL2 in 

the primary root of Arabidopsis seedlings in selected mutants including EYFP:gl27KR, 

EYFP:gl242KR and EYFP:gl2C193; C196A (Figure 3.8A). These results suggest that mutations of the 

putative PTM sites in GL2 do not alter its subcellular localization. 
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In contrast to other K-R mutants, the expression of EYFP:gl242KR was mostly weak or 

undetectable in corresponding T1 transformants or homozygous lines (Figures B.5B and 3.7D). 

To confirm the expression of the gl242KR protein, Western blot analysis of leaf samples from 

FLAG-tagged T1 transformants was carried out using anti-FLAG antibodies. Most of the plants 

with 42KR mutation gave signals in blot images (Figure 3.8B). However, additional bands of 

molecular weight comparable to that of GL2 dimer were also observed (Figure 3.8B), suggesting 

the stabilization of dimer, even under denaturing conditions. To further explore the effect of 

PTM related mutations in the stability of GL2, we carried cycloheximide experiments using two 

representative mutants FLAG:gl27KR and FLAG:gl2C193A; C196A. Unexpectedly, quantification of 

protein levels over a time course of 24 h showed a drop in stability of gl27KR protein compared to 

WT protein with statistically significant differences at 5 and 10 h time points (Figure 3.8C). As 

shown in the graph, the half-life of FLAG:gl27KR was only ~2 h that was substantially lower 

compared to ~24 h for FLAG:GL2 (Figure 3.8C). The levels of FLAG:gl2C193A;C196A also 

appeared slightly lower than those of FLAG:GL2 although the difference was not statistically 

signficant (Figure 3.8C). 

 

 Discussion 

 Role of ZLZ in GL2 turnover in addition to dimerization 

HD-Zip START TFs are highly conserved proteins occurring across plant species from 

freshwater green algae to agronomic crops (Romani et al., 2018). They are key regulators 

indispensable for growth and development of plants. Studies have shown vital roles of HD-Zip 

IV TFs in protection of plants from pathogens and abiotic stresses in addition to their 

involvement in developmental processes. However, how HD-Zip IV protein levels are tightly 

regulated during epidermal differentiation in plants has not been completely understood. Protein 
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degradation is one of the important cellular mechanisms in eukaryotes which governs protein 

levels in response to specific intracellular or environmental signals. In this study, we thoroughly 

characterized the relative roles of ZLZ and START domains in the degradation of HD-Zip IV 

TFs from Arabidopsis under various growth conditions. As cycloheximide treatment affects only 

translation, we were able monitor the protein half-lives ruling out the contribution from 

transcription. While the previous study identified the role of START domain in stabilizing GL2 

(Mukherjee et al., 2022), our current study unveiled a novel role of LZ dimerization domain in 

destabilizing GL2 (Figure 3.1). Deletion of the ZLZ domain was previously shown to enhance 

the accumulation and nuclear localization of ATML1 (Iida et al., 2019), consistent with our 

current finding that ZLZ domain destabilizes GL2. Compared to WT protein, START domain 

mutants exhibit dramatically lower protein half-lives suggesting a major mode of regulation of 

protein turnover by START domain (Mukherjee et al., 2022). In contrast, deletion of ZLZ did 

not alter the protein levels drastically although the ∆ZLZ protein levels were significantly higher 

compared to WT protein (Figures 3.1A-3.1F). This was further supported by our experiments 

with ZLZ and START double mutant where the drop in protein levels in gl2L480P mutant was 

only partially rescued by ZLZ deletion (Figures 3.1G-3.1H).  

Although the addition of MG132 was previously shown to partially stabilize gl2L480 

mutant protein, we did not observe this effect in WT GL2 and PDF2 proteins (Figures 3.3A-

3.3F). Rather, the proteins appear to be unstable in the presence of inhibitors of protein 

degradation although the differences were very small (Figures 3.3A-3.3F). It is likely that 

unstable proteins such as the one resulting from START domain mutation are noticeably 

degraded through cellular degradation machineries. Since WT GL2 is inherently more stable, we 

were possibly not able to discern the subtle difference caused by MG132. Recently, it was 
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proposed that PDF2 participates in a positive feedback loop that is activated by phospholipid 

binding to its START domain promoting de novo membrane synthesis required for plant growth 

(Schrick et al., 2014; Wojciechowska et al., 2021). Importantly, the function of PDF2 in 

phospholipid homeostasis and elongation growth was shown to be affected by Pi limitation 

(Wojciechowska et al., 2021). Under Pi starvation, overall phospholipid levels decrease in plants 

(Li et al., 2006). Here, we observed a Pi deficiency-induced reduction in half-life of PDF2 that 

was further reduced by START domain mutation (Figures 3.3G-3.3J and B.2), supporting the 

hypothesis that START-dependent mechanisms link Pi sensing with transcriptional control. 

Apart from this, the presence of salt in growth media also seems to have a major impact in the 

GL2 protein level in Arabidopsis (Figures 3.1D and 3.1E). In future studies, it will be important 

to carry out more experiments involving salinity, drought, heat, oxidative stress and other abiotic 

stresses to better understand the effects of stress factors in HD-Zip IV protein turnover. 

 

 Challenges associated with detection of GL2 PTMs in vivo 

Analysis of the immunoisolated samples with anti-Ub antibody revealed high molecular 

smear ladders typical of ubiquitinated proteins in the eluate of EYFP-tagged proteins under 

certain conditions (Figures 3.4B, 3.4E and B.3M). Interestingly, FLAG:gl242KR mutant also 

yielded high molecular weight smear with anti-Ub antibodies similar to FLAG:GL2 protein 

(Figures 3.4E and B.3M), indicating possible non-canonical ubiquitination. Although 

ubiquitination most commonly occurs in lysine residues, studies have shown that ubiquitin can 

also get attached to the free N-terminal α-amino group (Scaglione et al., 2013; Tatham et al., 

2013; Vittal et al., 2015) or the side chains of internal cysteine, serine and threonine residues in 

some proteins (Iwai and Tokunaga, 2009; Shimizu et al., 2010; Okumoto et al., 2011). Another 

possibility is modification of lysines present in the FLAG tag itself, adding another layer of 
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complexity in the detection of PTMs. Similarly, positive results seen with Col samples may be 

because of very high concentration of proteins in lysates causing non-specific binding of proteins 

to beads. 

In case of SUMOylation, at least two bands of ~150 and ~70 kDa were observed in all 

the samples including lysates and non-bound fractions (Figures 3.4 and B.3). It is possible that 

the ~150 kDa band represents the sumoylated form of either GL2 or one of its interacting 

partners. In many instances, only a small proportion (less than 1 %) of target proteins are in 

modified state as ubiquitination and SUMOylation are transient (Johnson, 2004; Park et al., 

2011). Ub and SUMO molecules are rapidly cleaved from the target proteins by deubiquitinases 

and SUMO proteases respectively (Li and Hochstrasser, 1999; Barroso-Gomila et al., 2021). We 

attempted to overcome this problem by using the 26S proteasome inhibitor MG132 (Lee and 

Goldberg, 1998) and N-ethylmaleimide (NEM) or iodoacetamide (IAA), the inhibitors of 

deubiquitinases and de-sumoylation (Dahlmann et al., 1985). However, MG132 does not inhibit 

the deubiquitinase activity of 19S lid of proteasome and NEM or IAA also inhibits other 

enzymes with active site cysteines such as E1 and E2 required for modification.  

SUMOylation is also strongly induced by several stress factors including heat shock, 

cold, drought, high salt, oxidants and ethanol (Kurepa et al., 2003; Saracco et al., 2007; Tempé et 

al., 2008; Golebiowski et al., 2009; Miller and Vierstra, 2011b; Seifert et al., 2015; Augustine et 

al., 2016; Augustine and Vierstra, 2018). Among them, heat shock is most efficient as illustrated 

by reversible upregulation of SUMO conjugation within minutes of mild heat treatment at 37°C 

with the concomitant depletion of the free SUMO pool (Kurepa et al., 2003; Saracco et al., 2007; 

Miller and Vierstra, 2011a; Miller et al., 2013; Rytz et al., 2018). However, our results indicate 

no effect of stress conditions on the extent of SUMOylation of WT GL2 or its mutants (Figures 
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3.4E, B.3K and B.3N). In case of EYFP-tagged proteins, the light/dark cycles appear to have an 

effect on protein PTM (Figures 3.4B), although whether there is involvement of circadian clock 

in this process remains to be further investigated. Whether our protein of interest is ubiquitinated 

or SUMOylated may be further confirmed by performing protein-protein interaction assays and 

in vitro ubiquitination or SUMOylation experiments. An alternative approach for identification 

of modifications and/or modification sites in Gl2 would be mass spectrometry-based Ub remnant 

profiling where the Ub attachment sites are revealed by di-glycine remnants (Ub footprints) 

resulting from the trypsin digest of immunoprecipitated proteins (Okada et al., 2009; Martins et 

al., 2015). 

 

 Insights from bioinformatic analysis of PTM sites 

The prediction of both ubiquitination and SUMOylation in GL2 (Figures 3.5A and 3.5B) 

implies a possible cross talk between the two systems. SUMO conjugation can inhibit 

ubiquitination by sequestering the lysine residues in the target proteins (Desterro et al., 1998; 

Taupitz et al., 2017). It was also found that Ub can be directly attached to the SUMO moieties of 

the SUMOylated proteins during stress conditions (Uzunova et al., 2007; Miller et al., 2010; 

Miller and Vierstra, 2011a; Barroso-Gomila et al., 2021). In addition, SUMO conjugation can 

contribute to proteasome-mediated degradation of the modified protein by recruiting E3 

ubiquitin ligases called SUMO-targeted Ubiquitin ligase (STUbLs). Intriguingly, 

phosphorylation can mediate the antagonism or co-operation between the ubiquitination and 

SUMOylation, adding an additional layer of complexity (Desterro et al., 1998; Filtz et al., 2014). 

Although our bioinformatic analyses primarily focused on the ubiquitination and SUMOylation, 

the lysine residues in a protein also serve as targets for other PTMs such as acetylation, 
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formylation, methylation and biotinylation (Brooks and Gu, 2003; Freiman and Tjian, 2003) 

which need to be addressed in future studies.  

Furthermore, the presence of potential ubiquitination and SUMOylation sites in the 

intrinsically disordered regions of GL2 (Figures 3.5C) conforms to the previous findings that 

these modifications require significant flexibility without a fixed tertiary structure in the target 

protein (Prakash et al., 2004; Tompa et al., 2008; Tsvetkov et al., 2008; Wright and Dyson, 

2015). Since the E3 ligases have relatively rigid structures with large cavities and gaps (Gieffers 

et al., 2001; Zheng et al., 2002; Hao et al., 2005; Hao et al., 2007), they are likely to favor the 

substrates with unstructured regions. Although PONDR® algorithm predicted HD to be 

disordered (Figures 3.5C), this domain is likely to undergo disorder-to-order transitions upon 

DNA binding as shown for other protein regions involved in protein-protein or protein-nucleic 

acid interactions (Dunker et al., 2001; Dunker et al., 2002; Dyson and Wright, 2002; Vucetic et 

al., 2003; van der Lee et al., 2014). 

 

 Association between GL2 levels and abaxial leaf curling 

To examine the biological role of predicted modification sites, we generated several 

transgenic plants expressing mutant gl2 protein with various combinations of K-R substitutions 

throughout its amino acid sequence. Here, our intention was to replace lysines with the positively 

charged but nonubiquitinatable arginine residue. To our surprise, the abaxially curled leaves 

appeared in a subset of almost all PTM mutants generated using the EYFP tag. Strikingly, the 

frequency of this phenotype was higher in majority of the PTM mutants compared to the 

EYFP:GL2 plants (Figures B.5C and 3.7A). However, we did not see a phenotype specific to 

particular lysines except the unique form of leaf curling in EYFP:gl242KR lines (Figures 3.7D 

and 3.7E) and the substantial trichome branching defects in all gl242KR lines regardless of the 
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nature of fusion tags (Figures B.5A, 3.7G and 3.7H). Previously, the protein levels of 

EYFP:GL2 were found to be significantly higher in curly leaves versus flat leaves (Subedi and 

Schrick, 2022). Thus, our current results might indicate functional redundancies of several lysine 

residues in the degradation of GL2 protein although it is less likely that all 42 lysines in GL2 

have roles in its PTM. Since GL2 also plays critical developmental roles in other tissues such as 

root hairs and seed, it will be helpful to determine whether a particular PTM related mutation can 

result in the phenotypic change(s) in these tissues.  

Besides elimination of putative ubiquitination sites, other factors may also contribute to 

the leaf curling observed in this study. One hypothesis is that leaf curling is specific to EYFP 

component of the transgene (Subedi and Schrick, 2022); however, we never saw such 

phenotypes in gl2-5 lines or the plants expressing EYFP-fused non-functional proteins such as 

gl2∆ZLZ, gl2L480P or other START domain mutants (Figures 3.2). Relatively higher epinasty of 

leaves in WT Col or FLAG:GL2 lines compared to gl2-5 lines (Figure 3.7F;(Subedi and 

Schrick, 2022)) also support the idea that a functional GL2 protein is a prerequisite for the 

appearance of curly leaves. Another possible reason for leaf curl is stabilization of GL2 

stemming from protein geometry changes in R variants. Unlike lysine that shows unidirectional 

interaction, the guanidinium group in arginine permits interactions in three possible directions 

resulting in greater extent of electrostatic interactions such as salt bridges and H-bonds (Borders 

Jr. et al., 1994; Donald et al., 2011; Platts and Falconer, 2015). As a result, mutation of lysines to 

arginine can lead to increased protein stability but unfavorable protein folding (Turunen et al., 

2002; Sokalingam et al., 2013). In gl242KR mutant, such effect is likely to accumulate to a level 

high enough to stabilize dimers even under denaturing conditions (Figure 3.8B) or to cause 

trichome branching defects by impairing protein folding (Figures B.5A, 3.7G and 3.7H). 
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Nevertheless, our results correlate the expression levels of GL2 with appearance of abaxial leaf 

curling in Arabidopsis (Figures 3.7C and 3.7D), suggesting a novel role of GL2 in leaf polarity 

establishment. Leaf polarity along the adaxial/abaxial (upper/lower) axis is primarily maintained 

by polarized expression of adaxial-determining class III homeodomain leucine zipper (HD-Zip 

III) genes PHABULOSA (PHB), PHAVOLUTA (PHV) and REVOLUTA (REV) (Emery et al., 

2003; Prigge et al., 2005; Rong et al., 2019) which in turn are targets of several microRNAs 

(Juarez et al., 2004; Song et al., 2012; Merelo et al., 2016). The HD-Zip III genes are also 

downregulated by the expression of KANADI (Kerstetter et al., 2001; Emery et al., 2003; Zhang 

et al., 2009), YABBY (Siegfried et al., 1999; Bowman, 2000; Kumaran et al., 2002; Yang et al., 

2019) and auxin-responsive genes (Pekker et al., 2005; Kelley et al., 2012; Takahashi et al., 

2013), which promote abaxial fate. It is possible that alteration in GL2 protein levels may affect 

one of these pathways or phospholipid mediated osmoregulation or cuticle development resulting 

in leaf curling phenotype. 

Unlike gl2∆ZLZ mutants, gl27KR mutant displayed decrease in protein half-life compared to 

WT (Figure 3.8C). This is in line with a slight decrease in the stability of FLAG:GL2 when the 

seedlings were treated with the proteasome inhibitor (Figure 3.3C and 3.3D). Both observations 

do not match to our initial hypothesis that elimination of either ubiquitination or degradation of 

GL2 causes elevated protein levels. We reasoned that the cause of this discrepancy could be the 

use of young seedlings in which the signs of altered leaf polarity are not yet established. In 

addition, we used the whole seedlings grown on normal media for these experiments, but the 

protein turnover may differ depending upon whether the tissues are taken from leaves, roots or 

seed coats and whether there is any change in the nutrient composition of the growth media. In 

our previous study, the level of EYFP:GL2 was dramatically higher in curly leaves compared to 
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normal leaves when protein samples were used from ~25 days old plants (Subedi and Schrick, 

2022). 

 

 

Additional findings from mutational analysis 

Our microscopy results demonstrated no change in nuclear localization of GL2 in K-R 

and C-A mutants (Figures 3.7D and 3.8A) along with the phenotypic complementation of null 

phenotype in most of the PTM mutants (Figures B.5A, 3.7B, 3.7G and 3.7H). One exception 

was 42KR mutant which showed partial trichome branching defects (FiguresB.5A, 3.7G and 

3.7H). In our previous studies, HD and START domain mutants also displayed defects in 

epidermal differentiation despite nuclear localization of proteins (Mukherjee et al., 2022). The 

underlying causes of the phenotypic defects in these mutants were loss of DNA binding ability of 

GL2 in HD mutants and impaired dimerization and protein stability of GL2 in START domain 

mutants (Mukherjee et al., 2022). In this work, we also reported super strong nuclear expression 

(Comelli and Gonzalez, 2007; Dietz, 2013; Mukherjee, 2021) of ZLZ mutant protein although 

the corresponding mutants exhibited null phenotypes possibly resulting from defective protein 

dimerization and DNA binding.  

Mutation of two conserved cysteine residues predicted to form disulfide linkage in the 

ZLZ of GL2 did not result in any phenotypic changes other than leaf curl phenotype in EYFP-

tagged lines (Figures B.5C, 3.7A, 3.7D-F). Similar cysteines were previously implicated in 

redox sensing by several proteins (Akamatsu et al., 1997; Tron et al., 2002; Couturier et al., 

2013; Skryhan et al., 2015). Importantly, changes in redox conditions directly influence the 

development of root and root hair development in plants ((De Tullio et al., 2010); for review see 
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(Considine and Foyer, 2014)). It will be interesting to carry out further experiments using redox 

agents such as reduced glutathione to determine the possible redox-dependent regulation of GL2 

dimerization and DNA binding in the growth of root hairs. 

 

 Proposed model 

In our model, mutation of START domain disrupts ligand binding by GL2 resulting in 

loss of dimerization (Figure 3.9). The resulting mutant still binds to DNA as monomer but fails 

to orchestrate proper epidermal differentiation (Figure 3.9). Similarly, we proposed that removal 

of the ZLZ stabilizes the GL2 but the resulting protein is defective in dimerization and DNA 

binding leading to phenotypic defect in plants (Figure 3.9). In contrast, the K-R mutants are able 

to regulate epidermal differentiation as they are proficient in ligand binding, dimerization as well 

as DNA binding (Figure 3.9). Additionally, their protein levels are elevated resulting in 

increased abaxial leaf curling that can be considered as a gain-of-function phenotype (Figure 

3.9). 

 

 Conclusion and implications 

In this study, we uncovered post-translational regulatory aspects that govern 

developmentally important functions of HD-Zip IV transcription factors. Our results support the 

hypothesis that post-translational regulatory mechanisms involving ubiquitin and/or SUMO 

contribute to GL2 levels/activity in plants. Follow-up studies to verify these results will include 

identification of various components of HD-Zip IV degradation pathways such as E3 ubiquitin 

ligases and characterization of underlying protein-protein interactions. The identification of 

protein interactors will be needed to form a mechanistic model for how HD-Zip transcription 

factors undergo post-translational modifications leading to changes in subcellular localization, 
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protein stability, and ultimately their activity. In many cases, phosphorylation regulates the other 

PTMs such SUMOylation (Colignon et al., 2019). Thus, it will be also interesting to explore 

possible cross-talks between multiple PTM in the regulation of HD-Zip IV TFs. Additionally, 

future works should compare the transcriptional levels of GL2 or its targets among WT and 

various mutant lines displaying different protein half-lives or phenotypes. In summary, our 

findings lead to an improved understanding of how regulatory proteins such as HD-Zip IV 

transcription factors are themselves regulated post-translationally. Outcomes of this work will 

provide mechanistic information on how HD-Zip IV transcription factors may be engineered for 

enhanced stress resistance and productivity of agriculturally important plants. 
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 Figures 

 

Figure 3.1.  ZLZ negatively affects the stability of GL2.  

(A-J) Representative blot images and corresponding data quantification from CHX 

experiments for EYFP:GL2 vs EYFP:gl2ΔZLZ (A, B), EYFP:GL2 vs EYFP:gl2ΔZLZ with 100 mM 

NaCl (C, D), FLAG:GL2 vs FLAG:gl2ΔZLZ (E, F), EYFP:gl2L480 vs EYFP:gl2ΔZLZ; L480P (G, H) 

and FLAG:gl2L480 vs FLAG:gl2ΔZLZ; L480P (I, J) using antibodies directed against corresponding 

tags. Protein half-lives were measured using 4-5-day-old seedlings grown in 0.5x MS media. 

M0, M24 and M48, Mock (DMSO) treatments for 0, 24 and 48 h; Loading, Coomassie Blue 

stained total protein bands. Graph shown in (D) corresponds to a single biological replicate 

shown in (C). For other experiments, graphs represent n=3 biological replicates where the values 

are expressed as mean ± SD. The significance of the differences between protein levels at each 

time point was tested using an unpaired t-test (two-tailed) with unequal variance (*p < 0.05, **p 

< 0.005).  
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Figure 3.2.  GL2 is nuclear localized despite phenotypic defect in ZLZ deletion mutants. 

 (A-B) Graphs showing complementation of trichome phenotype (A) and EYFP 

expression (B) in T1 progeny of the indicated genotypes. The transgenes were expressed in the 
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gl2-5 null mutant background with N-terminally fused EYFP or 6x His 3x FLAG tags under the 

native GL2 promoter. (C) Light images (upper) and matching fluorescence images (lower) of 

leaf trichomes showing the expression of EYFP:GL2 and EYFP:gl2ΔZLZ in 15-d-old homozygous 

plants. Size bars = 100 µm. (D) Rosettes from 15-d-old gl2-5, EYFP:GL2, EYFP:gl2ΔZLZ, 

EYFP:gl2L480 and EYFP:gl2ΔZLZ;L480P plants. Size bar = 2 mm. (E) Representative confocal 

images confirming the nuclear localization of EYFP:gl2∆ZLZ, EYFP:gl2L480P and 

EYFP:gl2∆ZLZ;L480P in root tips of Arabidopsis seedlings stained with propidium iodide. Right 

panel: Magnified images. Size bar = 20 μm.  
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Figure 3.3.  Degradation of HD-Zip IV TFs is favored by conditions impairing lipid 

binding.  

(A-F) Representative blot images and corresponding data quantification from CHX 

experiments with or without MG132 (50 µM)/ConcA (1 µM) treatment for EYFP:GL2 (A, B), 

FLAG:GL2 (C, D) and HA-PDF2 (E, F) using antibodies directed against corresponding tags. 

Protein half-lives were measured using 4-5-day-old seedlings grown in 0.5x MS media. M0 and 

M24, Mock (DMSO) treatments for 0 and 24 h; Loading, Coomassie Blue stained total protein 

bands. Graphs represent n=3 biological replicates where the values are expressed as mean ± SD. 

The significance of the differences between protein levels at each time point was tested by 

applying an unpaired t-test (two-tailed) with unequal variance or an ordinary two-way ANOVA 
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using Tukey’s multiple comparisons test (*p < 0.05, **p < 0.005). (G-J) Representative blot 

images and corresponding data quantification from CHX experiments for EYFP:PDF2 (G, H) 

and EYFP:pdf2∆ST (I, J) using seedlings grown either on Pi sufficiency (P+) or limitation (P-) for 

4-5 days. (K, L) CHX experiment results showing reversal of the instability of EYFP:pdf2∆ST 

upon MG132 (50 μM) treatment for seedlings grown on Pi limitation (P-). M0 and M10, Mock 

(DMSO) treatments for 0 and 10 h; Loading, Coomassie Blue stained total protein bands. Graphs 

represent n=2 biological replicates.  
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Figure 3.4.  Detection of ubiquitination and SUMOylation in epitope tagged wild-type and 

mutant gl2 proteins.  

(A-C) Immunoblotting of EYFP N7 (negative control), EYFP:GL2 and EYFP:gl2∆ZLZ 

samples immunoprecipitated with GFP-trap magnetic agarose beads using anti-GFP (A), P4D1 

anti-Ub (B) and anti-SUMO1 (C) antibodies. (D-F) Immunoblotting of Col (WT), FLAG:GL2 

and FLAG:gl242KR samples immunoprecipitated with FLAG-trap using anti-FLAG (D), P4D1 

anti-Ub (E) and anti-SUMO1 (F) antibodies. Conditions used to grow the seedlings are 

specified. Day and night indicate the samples corresponding to seedlings harvested at the middle 

of day and night respectively. For EYFP N7 eluates, 1:20 dilution was used. Bands representing 

immunoprecipitated proteins, Fab-fragment of the DYKDDDDK Fab-Trap and free Ub or 

SUMO molecules at the bottom of corresponding blots are indicated. Molecular weights (kDa): 

GL2, 83.2 (747 aa); gl2∆ZLZ, 76 (65 aa); EYFP, 30 (238 aa); 6xHis 3x FLAG, 5.8 (46 aa); 

Ubiquitin, 8.6 (76 aa); SUMO1 11 (100 aa); Fab, 25.  
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Figure 3.5.  GL2 contains multiple predicted lysine conjugation sites that are conserved in 

related proteins.  

(A) 747-amino acid sequence of GL2 from Arabidopsis thaliana showing the 

ubiquitination and SUMOylation sites predicted using UbPred (Radivojac et al., 2010) and 

Abcepta SUMOplotTM (Abcepta, 2013) respectively. Confidence for ubiquitination sites: red, 

high; blue, medium; green, low. Probability of SUMOylation motifs: yellow, high; grey, low. (B) 

The prediction scores of modification sites shown in (A) and matching of amino acids between 

the predicted SUMOylation sites and SUMO consensus sequence (ψKxD/E, where ψ is a 

hydrophobic residue, K is the lysine conjugated to SUMO, x is any amino acid and D or E is an 

acidic residue). (C) Graph showing intrinsic disorder of GL2 as calculated by the VSL2 

algorithm of PONDR® prediction (Obradovic et al., 2003; Peng et al., 2006). The PONDR® 

output combined with PTM prediction reveal the presence of potential ubiquitination sites in 

intrinsically disordered regions of GL2. (D) Amino acid alignment of GL2 from Arabidopsis 

thaliana with orthologous proteins from Zea mays, Oryza sativa, Brassica napus, Camelina 

sativa, Cucumis sativus, Helianthus annuus, Phoenix dactylifera, Nicotiana tabacum, Solanum 

tuberosum, Arachis hypogaea, Gossypium hirsutum, Malus domestica, Glycine max, Juglans 

regia and Hevea brasiliensis. The conserved lysines at various positions are highlighted in blue. 

(E) Alignment of all 16 members of HD-Zip IV subfamily from Arabidopsis thaliana showing 

the conservation of predicted PTM sites. The conserved lysines at various positions are 

highlighted in blue.  
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Figure 3.6.  Experimental evaluation of potential PTM sites in GL2.  

(A) and (B) Schematic representation of strategy used for genetic analysis of 

modification sites. Single or multiple lysines from major domains of GL2 were mutated to 

arginines (shown in red) abolishing the possibility of ubiquitination but retaining the positive 

charge of amino acids. (C) Sequence information of WT GL2 vs gl242KR. Modified sequence was 

synthetically generated using the indicated codon changes. (D) Structural homology models of 

WT START domain and its mutant counterpart containing 12 K-R substitutions (shown in green) 

generated in I-TASSER. The integrity of overall tertiary structure including the lipid binding 

cleft is unaffected in K-R mutant. (E) Strategy used to generate transgenic lines. Mutations were 

first transferred into a binary vector using EYFP or 6x His 3x FLAG tags and were subsequently 

introduced into gl2-5 null mutant plants using Agrobacterium-mediated transformation. 
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Figure 3.7.  . Mutation of the predicted PTM sites in GL2 leads to increased frequency of 

abaxially curled leaves in Arabidopsis. 

 (A) Graph showing the occurrence of abaxially curled leaves in T1 progeny of EYFP vs 

FLAG lines. (B-C) Graphs depicting positive correlation of EYFP expression with rescue of 

trichome phenotype (B) and abaxial leaf curling (C) in available lines. (D) Rosettes of 15-d-old 

EYFP:GL2, EYFP:gl2C193A;C196A, EYFP:gl27KR and EYFP:gl242KR plants corresponding to two 

types of leaves (Size bar = 2 mm) and EYFP expression in their trichomes (Size bar = 500 μm). 

(E) 25-d-old EYFP:gl27KR and EYFP:gl242KR plants with two types of leaves (Size bar = 2 cm). 

(F) Leaf Rolling Index (LRI) of the 6th leaves from 25-d-old plants of various genotypes bearing 

normal and curly leaves. (G) First leaves of 10-d-old homozygous plants expressing EYFP:GL2, 

EYFP:gl2C193A;C196A, EYFP:gl27KR and EYFP:gl242KR in comparison to Col wild type (WT) and 

gl2-5 null mutant plants. Arrows indicate trichome defects in EYFP:gl242KR. Size bar = 2 mm. 

(H) Number of trichomes and their branches on the first leaves of 10-d-old plants. Means are 

shown for n= 15 (leaf biometry) or 20 (trichome quantification) plants, and error bars signify 

standard deviations (SDs). Significant differences between genotypes were determined using 

ordinary one-way ANOVA with Tukey’s multiple comparisons test (*p < 0.05, ****p < 0.0001, 

****p < 0.0001). 
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Figure 3.8.  K-R and C-A mutants retain nuclear localization of GL2 with altered protein 

stability. 

 (A) Representative confocal images confirming the nuclear localization of EYFP:gl27KR, 

EYFP:gl242KR and EYFP:gl2C193A; C196A GL2 in root tips of Arabidopsis seedlings stained with 

propidium iodide. Right panel: Magnified images. Size bar = 20 μm.  (B) Western blot analysis 

of leaves from T1 progeny of FLAG:gl242KR lines confirming the protein expression. The 

indicated lower and upper bands represent GL2 monomer and dimer respectively. Grayscale 
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image of Coomassie blue staining after Western blotting indicates protein loading (bottom). (C) 

Representative blot images and corresponding quantification data from CHX experiments for 

FLAG:GL2, FLAG:gl27KR and FLAG:gl2C193; C196A over a 24 h time course using 4-5-day-old 

seedlings. M0 and M24, Mock (DMSO) treatments for 0 and 24 h; Loading, Coomassie Blue 

stained total protein bands. Graphs represent n=3 biological replicates where the values are 

expressed as mean ± SD. The significance of the differences between WT and mutant protein 

levels at each time point was tested using an unpaired t-test (two-tailed) with unequal variance 

(*p < 0.05, **p < 0.005).  
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Figure 3.9.  Model showing the effects of mutations in START domain, ZLZ domain and 

PTM sites of GL2.  

Deletion of the START renders GL2 unable to bind lipids, negatively affecting its 

dimerization and stability. Binding of unstable and monomeric START mutants to the promoters 

of target genes does not suffice to regulate gene expression. In case of ∆ZLZ mutant, the protein 

fails to dimerize and can not bind to target DNA sequence despite its increased accumulation, 

resulting in phenotypic defects similar to those of START domain mutants. Contrary to this, K-R 

mutants are still functional in terms of their ability to dimerize and bind DNA in response to 

ligand binding. In addition, their overactivation resulting from elevated protein levels give rise to 

gain-of-function phenotype characterized by abaxially curled leaves. Yellow hexagon represents 

the lipid ligand bound to the START domain of GL2.  
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Chapter 4 - EYFP fusions to HD-Zip IV transcription factors 

enhance their stability and lead to phenotypic changes in 

Arabidopsis 

 

This chapter has been published in Plant Signaling and Behavior Journal. 

“Subedi, B. and K. Schrick, EYFP fusions to HD-Zip IV transcription factors enhance 

their stability and lead to phenotypic changes in Arabidopsis. Plant Signaling & Behavior, 2022. 

17(1): p. 2119013.” 

 Abstract 

Green fluorescent protein (GFP) and its derivatives are extensively used for labeling 

cells, monitoring gene expression and/or tracking the localization or interactions of proteins. 

Previous reports of detrimental effects of fluorescent protein (FP) expression include cytotoxicity 

and interference with fusion protein function or localization. Only a few studies have 

documented the fluorescent tag-specific effects in plants. Here, we show that placing an 

enhanced yellow FP (EYFP) tag on the amino-terminus of GLABRA2 (GL2) and 

PROTODERMAL FACTOR2 (PDF2), two developmentally important HD-Zip IV transcription 

factors from Arabidopsis, enhances their protein stability. Additionally, expression of 

EYFP:GL2 not only rescued the gl2 null mutant but also resulted in the abnormal development 

of abaxially curled leaves associated with EYFP-tag induced GL2 overexpression. Our study 

raises concerns on the use of FPs regarding their effects on the native properties of target 

proteins as well as biological consequences of fusion protein expression on morphology. 
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 Introduction 

 First observed in the jellyfish Aequorea victoria in 1962 (Shimomura et al., 1962; 

Prasher et al., 1992), Green Fluorescent Protein (GFP) and its derivatives have revolutionized the 

molecular biosciences. Using fluorescent proteins (FPs) as tags, it is possible to visualize 

proteins and to mark organelles, intact cells or whole organisms. FPs are used extensively for 

analyzing gene expression, reporting promoter activity, monitoring protein subcellular 

localization, studying protein-protein interactions, protein purification, designing biosensors or 

cell markers and lineage tracing (Chalfie et al., 1994; Leffel et al., 1997; Chudakov et al., 2010; 

Blatt and Grefen, 2014). Their widespread popularity is based on fast and spontaneous formation 

of chromophores by posttranslational folding in the presence of oxygen without the need of any 

additional co-factors, substrates or enzymes (Heim et al., 1994). FPs are generally compatible in 

fusion proteins, resistant to proteolytic enzymes and can be easily visualized with standard filters 

(Kain et al., 1995; Sheen et al., 1995).  

Despite their above-mentioned useful properties, limitations of FPs have been 

increasingly recognized. GFP and its homologs are ~28 kDa proteins that form an eleven 

stranded beta-barrel structure with a length of ~4.2 nm and a diameter of ~2.4 nm (Prasher et al., 

1992; Ormö et al., 1996; Yang et al., 1996). Addition of these relatively bulky tags can 

potentially interfere with protein folding and function as well as trafficking of proteins. 

However, limited evidence is available for such effects of FPs on fusion proteins. Some 
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undesirable properties of FPs include their propensity to oligomerize, pH sensitivity, 

photobleaching, and overlap of their spectral signals with autofluorescence of cellular 

components (Patterson et al., 1997; Lisenbee et al., 2003; Surribas et al., 2006; Costantini et al., 

2012; Cranfill et al., 2016; Botman et al., 2019). Their expression can also have deleterious 

effects on cells, as exemplified by formation of cytotoxic aggregates (Lisenbee et al., 2003; 

Lenassi Zupan et al., 2004; Chudakov et al., 2010), induction of apoptosis (Hanazono et al., 

1997; Liu et al., 1999), and organ pathology in mice (Huang et al., 2000; Krestel et al., 2004). 

One report showed that GFP expression in endothelial cells causes transcriptional upregulation 

of a heat shock protein, resulting in induction of cyclooxygenase-2, prostaglandin production and 

increase in regional blood flow (Zhang et al., 2003). In Arabidopsis, the presence of GFP at the 

amino- or carboxyl-terminus of a virus movement protein sterically hindered its ordered 

aggregation into tubules required for virus spread (Thomas and Maule, 2000). Similarly, 

overexpression of GFP fused to the actin-binding domain of mouse talin (GFP:mTalin) which is 

typically used to study the actin cytoskeleton, attenuated blue-light-induced chloroplast 

movements in Arabidopsis leaves (Luesse et al., 2006). In a separate study, overexpression of the 

same fusion protein caused a reduction in actin depolymerization, resulting in severe defects in 

root hair expansion (Ketelaar et al., 2004).  

Here, we report the effects of Enhanced Yellow Fluorescent Protein (EYFP) tags on class 

IV homeodomain leucine-zipper (HD-Zip IV) transcription factors in Arabidopsis. These 

regulatory proteins are specific to epidermal or sub-epidermal cells of plants and play an 

important role in differentiation of these cell layers, anthocyanin accumulation, lipid transport, 

cuticle biosynthesis and responses to stress ((Nakamura et al., 2006; Yu et al., 2008; Javelle et 

al., 2011; Wu et al., 2011); reviewed in (Chew et al., 2013)). GLABRA2 (GL2), the founding 



138 

member of this family from Arabidopsis, is expressed in developing trichomes and neighboring 

epidermal cells in leaves during early stages of trichome development (Rerie et al., 1994; 

Szymanski et al., 1998). Later, GL2 is mainly expressed in trichomes and is required for the 

subsequent stages of their morphogenesis including cell expansion, branching and maturation of 

the trichome cell wall (Szymanski et al., 1998). GL2 is also preferentially expressed in the 

differentiating hairless cells in the root and hypocotyl epidermis (Masucci et al., 1996; Hung et 

al., 1998; Lin and Schiefelbein, 2001) and is involved in the inhibition of root hair initiation in 

non-hair cell files (Di Cristina et al., 1996; Masucci et al., 1996; Hung et al., 1998). It also 

regulates mucilage biosynthesis in the seed coat (Western et al., 2001; Western et al., 2004). 

Another HD-Zip IV member PROTODERMAL FACTOR2 (PDF2) functions redundantly with 

Arabidopsis thaliana MERISTEM LAYER1 (ATML1) in shoot epidermal differentiation during 

embryonic development (Abe et al., 2003; Ogawa et al., 2015). Both genes positively regulate 

the expression of a subset of genes specific to the outermost layer (L1) of the shoot apical 

meristem (Abe et al., 2001; Abe et al., 2003; Nakamura et al., 2006; Rombolá-Caldentey et al., 

2014). 

In numerous previous studies, FP tags were translationally fused to HD-Zip IV TFs to 

study their tissue specific gene expression patterns, determine protein subcellular localization, 

and analyze mutant variants (Takada and Jürgens, 2007; Yu et al., 2008; Schrick et al., 2014; Lin 

et al., 2015; Iida et al., 2019; Nagata et al., 2021). In particular, our previous work demonstrated 

that an EYFP-tagged GL2 protein rescues the null mutant phenotype of gl2 plants, including 

rescue of defects in three different cell types: trichomes, non-hair root epidermal cells, and seed 

coat cells (Schrick et al., 2014; Mukherjee et al., 2022). However, tag-induced side-effects have 

not been described to date. In this study, we report the effect of amino-terminal EYFP fusions on 
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the stability of two HD-Zip IV transcription factors, GL2 and PDF2, along with an abnormal 

curly leaf phenotype associated with elevated expression of EYFP-tagged GL2.  

 

 Materials and methods  

 Plant materials and growth conditions 

The wild-type (WT) Arabidopsis thaliana ecotype Columbia (Col), gl2-5 null mutant 

(Khosla et al., 2014) and transgenic plants expressing EYFP or FLAG-tagged GL2 were grown 

on soil containing Berger BM6, vermiculite and perlite (Hummert International) in a ratio of 

4:2:1 at 23°C under continuous light.  

 

 Generation of transgenic lines 

The proGL2:EYFP:GL2 construct was generated using SR54 binary vector as previously 

described (Schrick et al., 2014). For FLAG tagging, the proGL2:EYFP:GL2 construct was 

restriction digested with BamHI and SalI to remove the EYFP tag and the 6xHis 3xFLAG tag 

(Huang et al., 2016) was added to amino-terminus of GL2 using NEBuilder HiFi DNA Assembly 

(,New England Biolabs, E5520S). Construction of HA:GL2, EYFP:PDF2 and HA:PDF2 is 

described elsewhere (Wojciechowska et al., 2021). The binary vector constructs were used to 

transform gl2-5 plants by Agrobacterium tumefaciens (GV3101) mediated floral dip (Clough and 

Bent, 1998). Transgenic lines were screened in presence of 20 μg/ml Hygromycin B. For each 

genotype, 37-42 independent T1 transformants were characterized for the rescue of trichome 

phenotype, EYFP expression and leaf curling. T2 progeny were analyzed for 3:1 segregation of 

the transgene. T3 homozygous lines confirmed by PCR genotyping and sequencing were used 

for phenotypic analysis and further experiments.  
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 In vivo protein stability assay 

Seeds from EYFP-, FLAG- and HA-tagged GL2 or PDF2 lines were vapor sterilized, 

sown on 0.5X MS agar (Murashige and Skoog, 1962), stratified at 4°C for 4-5 days, and 

germinated in vertical orientation at 23°C under continuous light. After 4 days, samples of ~30 

seedlings each were transferred to 24-well plates containing 1 ml 0.5X liquid MS media, 

followed by the incubation on a shaker at 60 rpm for ~16 h under continuous light at 23oC. Next, 

cycloheximide (Sigma-Aldrich, C1988) (400 µM in DMSO) or DMSO control was added to the 

wells. Seedling samples were harvested in screw-cap microcentrifuge tubes at the designated 

times by immediate freezing in liquid nitrogen followed by storage at -80°C until further use. 

Proteins were extracted from the seedlings by adding Laemmli sample buffer at 95°C after 

grinding in liquid nitrogen. For Western blotting, samples were separated on Bio-Rad Mini-

PROTEAN TGX gels (10%), transferred into PVDF membranes and incubated with primary 

antibodies against GFP (1:2000; Roche, 11814460001), FLAG (1:10,000; Sigma, F1804) or HA 

(1:10,000; Pierce, 26183) followed by goat anti-mouse secondary IgG HRP antibodies (1:3300; 

GenScript, A00160). Proteins were detected with SuperSignal West Femto Maximum Sensitivity 

Substrate (ThermoFisher Scientific) using an Azure 300 chemiluminescence imager (Azure 

Biosystems). The membranes were stained with Bio-Safe Coomassie Blue G-250 (Bio-Rad) for 

loading controls, and band intensities were quantified with ImageJ software.   

 

 Phenotypic assays, leaf biometry and microscopy 

Rosettes and trichomes of ~15-d-old plants and EYFP expression were imaged with a 

Leica M165 fluorescence stereomicroscope fitted with a GFP2 filter set and a Leica DFC295 
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digital camera. To measure seedling lengths, sterile seeds were sown on 0.8% agar media, 

stratified at 4°C for 5 days and the plates were placed vertically at 23°C under continuous light 

for 4 days. The leaf blade lengths and widths were measured on the 6th leaves (Farmer et al., 

2013) of 25-d-old plants of each genotype. Digital images of seedlings, whole plants and leaves 

were captured using a Google Pixel 3XL (12MP f/1.8) camera. To determine the subcellular 

localization of EYFP-tagged proteins, the primary roots of 4-d-old seedlings stained with 

propidium iodide (10 μg/ml) were imaged with a Zeiss LSM 880 confocal microscope. For 

acquiring EYFP signals, a 488 nm Argon laser and 500–550 nm emission filter was used. For 

propidium iodide, a 561 nm DPSS laser in combination with 575–645 nm emission filter was 

used. 

Leaf Rolling Index (LRIs)/ Degree of epinasty was calculated following the protocol 

described in (Shi et al., 2006) and (Fierro et al., 2015). 

LRI = (Wm − Wn)/Wm × 100, where Wm is the greatest width of the leaf blade in its 

expanded state and Wn is the natural distance of the leaf blade margins at the same site. 

Interpretation of LRI values: 

0= Flat leaf blade (no curling) 

+ve= Epinastic leaf blade (downward curling) 

-ve= Hyponastic leaf blade (upcurling) 

 

 Results 

 EYFP fusions to HD-Zip IV TFs enhance their protein stability  

EYFP is a GFP variant comprising of S65G, V68L, S72A and T203Y substitutions 

relative to wild-type GFP (Ormö et al., 1996; Cubitt et al., 1998). Its excitation and emission 
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peaks at 514 nm and 527 nm, respectively, are associated with stacking of Tyr66 with Tyr203 

(Ormö et al., 1996; Rizzo et al., 2004). Here, we used transgenic Arabidopsis lines expressing 

amino-terminal fusions of EYFP to the HD-Zip IV transcription factors GL2 and PDF2 in 

comparison to amino-terminal fusions using 3xFLAG or HA tags (Figure 4.1A). The FLAG tag, 

also known as the DYKDDDDK-tag, is a short, hydrophilic epitope tag of ~1.013 kDa (Hopp et 

al., 1988) that is commonly implemented in a tandem configuration as the 3xFLAG peptide 

(Ueda et al., 2011). Similarly, the HA tag is a ~1.102 kDa peptide corresponding to residues 98-

106 of human influenza virus hemagglutinin (HA) (Wilson et al., 1984). For the EYFP and 

3xFLAG tags, the fusion proteins were expressed under the GL2 native promoter, whereas the 

cauliflower mosaic virus (CaMV) 35S promoter was used to drive the HA-tag fusions.  

To determine the effect of EYFP fusions on protein stability, we performed Western blot 

(WB) analysis of protein samples taken at various time points after treatment of Arabidopsis 

seedlings with cycloheximide (CHX) (Figure 4.1B). CHX is an inhibitor of eukaryotic 

translational elongation that is routinely used to study protein turnover in the absence of 

translation. Quantification of blot images showed that while the protein levels of GL2 fused to 

the smaller tags, 3xFLAG and HA, dropped over time with half-lives of ~6.5 and ~22 h 

respectively, EYFP:GL2 remained stable throughout the 24 h time course (Figures 4.1C and 

4.1D). A more dramatic difference was observed between the half-lives of EYFP- and HA-

tagged PDF2. The EYFP:PDF2 protein remained significantly more stable compared to 

HA:PDF2, which exhibited hardly detectable protein levels after 2 h (Figures 4.1D and 4.1E). 

These data indicate that the amino-terminal fusion to EYFP confers increased stability to HD-Zip 

IV TFs in plants.  

 

https://en.wikipedia.org/wiki/Hemagglutinin_(influenza)
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 Expression of EYFP:GL2 results in downward leaf curling in Arabidopsis 

Previous studies revealed the role of GL2 in the differentiation of leaf epidermal cells, 

especially in the formation of trichomes (Rerie et al., 1994; Szymanski et al., 1998), but GL2 has 

not been implicated in the leaf polarity establishment to date. In our study, screening T1 

transformants for the rescue of null phenotypes indicated complete rescue of trichome defects in 

30.95% (n=42) and 54.05% (n=37) of EYFP:GL2 and FLAG:GL2 transformants, respectively 

(Figure 4.2A). The EYFP:GL2 lines exhibited a range of EYFP expression including strong 

(17.07%), medium (31.71%), weak (21.95%) and no (29.27%) expression (Figure 4.2B). 

Strikingly, 9.76% of EYFP:GL2 plants displayed abnormal curling of leaves, a phenotype that 

was absent in FLAG:GL2 lines (Figure 4.2C). Confocal laser scanning microscopy confirmed 

the nuclear localization of the EYFP:GL2 protein in the primary root of Arabidopsis seedlings 

(Figure 4.2D) indicating that fusing EYFP at the amino-terminus of GL2 does not alter its 

subcellular localization, consistent with previous reports (Schrick et al., 2014; Mukherjee et al., 

2022). Taken together, our observations led us to hypothesize that the elevated protein stability 

of the EYFP:GL2 protein causes abnormal leaf curling during development.  

The curly leaves in EYFP:GL2 plants display a narrow and pointed morphology 

associated with downward rolling and altered adaxial-abaxial leaf polarity (Figures 4.2E, 4.2F 

and 4.3A). The leaf curling phenotype largely contributed to the distinct appearance of 

EYFP:GL2 rosettes in comparison to FLAG:GL2, gl2-5 null mutant or Col wild-type lines 

(Figure 4.2E). The onset of this phenotype occurred at around day 12-13 after germination, with 

rolling occurring in either the longitudinal or transverse direction (Figure 4.2E). However, 

longitudinal curling became predominant later in development and the intensity of leaf curling 

increased at the stages leading up to flowering (Figure 4.2F). We next asked whether the 
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EYFP:GL2 protein expression level is altered in curly leaf plants in comparison to normal leaf 

plants. Under an epifluorescence stereomicroscope, fluorescent signals in leaf trichome nuclei of 

curly leaf plants appeared much stronger compared to those of normal leaf plants (Figure 4.2G). 

To confirm this, WB analysis was performed with leaves from 25-d-old curly leaf and normal 

leaf plants expressing EYFP:GL2 (Figure 4.2H). Quantification of protein bands revealed 

significantly higher expression of EYFP:GL2 in curly leaves compared to normal/flat leaves 

(Figure 4.2I).  

 

 Characterization of the curly leaf trait associated with EYFP:GL2 expression 

Leaf size and shape play important roles in overall plant architecture and physiology 

(Govaerts et al., 1996; Zhang et al., 2009; Moon and Hake, 2011). Appropriate leaf rolling is of 

agronomic value as it is associated with erect leaf canopies, higher photosynthetic efficiency, 

optimum canopy temperature, and protection against UV light (Turner et al., 1986; Saglam et al., 

2014; Fierro et al., 2015). Leaf rolling is also critical for adaptation to drought as it affects 

osmotic adjustment and reduces transpirational water loss (O'Toole et al., 1979; O'Toole and 

Cruz, 1980; Hsiao et al., 1984). To quantify the effect of EYFP:GL2 expression on the three-

dimensional architecture of leaves, we measured the distances between the leaf edges halfway 

from the leaf blades in curly leaf versus normal/flat plant lines. Measurement of the leaf 

dimensions revealed significantly reduced leaf blade width in curly leaf lines compared to the 

normal/flat leaf lines although both displayed similar leaf lengths (Figure 4.3B). In accordance, 

EYFP:GL2 plants exhibited the highest values for the rolling leaf index (LRI) or degree of 

epinasty, followed by Col wild type, FLAG:GL2 and gl2-5 null mutant plants (Figure 4.3C). 

These quantitative data confirm our original observations that the leaf blade edges curl 
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downwards to a greater extent in EYFP:GL2 curly leaf lines (Figures 4.2D, 4.2E and 4.3A). The 

curly leaf plants also exhibited short stature with somewhat stunted growth (Figures 4.3D and 

4.3E) and slightly early flowering (Figure 4.3F) compared to plants with normal leaf 

morphology. In contrast, there were no significant differences in the lengths of the hypocotyl and 

root in young seedlings (Figures 4.3G and 4.3H).   

 

 Discussion 

In this chapter, we quantified the stability of HD-Zip IV transcription factors fused to 

various tags and reported the phenotypic changes in Arabidopsis lines expressing highly stable 

EYFP:GL2 fusion proteins. There are several possible reasons behind altered stability of 

fluorescently tagged HD-Zip IV proteins. Addition of the EYFP tag could potentially change 

protein conformation, interfere with binding partners or impact post-translational modifications 

(PTMs) such as phosphorylation or ubiquitination altering the extent of protein activation or 

degradation. In a related study using mammalian cells, expression of EGFP inhibited 

ubiquitination by RING-type E3 ubiquitin ligases TRAF6 and API2, resulting in impaired NF-

kB and JNK signaling and enhanced stability of the tumor suppressor p53 (Baens et al., 2006). 

Intriguingly, it was found that EGFP contains a consensus motif (PNEKRD) implicated in 

TRAF6 binding (Baens et al., 2006). In another study, the expression of EGFP impaired actin-

myosin interactions and thus contractile properties of cardiac muscle cells by competitive 

binding to the actin-binding site of myosin (Agbulut et al., 2006; Agbulut et al., 2007). Proteins 

also have targeting signals and sites for PTMs such as palmitoylation, myristylation and 

farnesylation (Martoglio and Dobberstein, 1998; Hughes et al., 2001; Tian et al., 2004) which are 

reported to be obscured by fusion of fluorescent tags (Tian et al., 2004; DeBlasio et al., 2010). 
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Although the EYFP:GL2 protein is functional in terms of its ability to rescue gl2 null mutants, 

amino-terminal tagging may nonetheless cause subtle changes in GL2 trafficking or turnover. 

Fusion to the EYFP tag could additionally disrupt another aspect of GL2 function when it is 

overexpressed, such as slightly altering its DNA-binding specificity, thus causing misexpression 

of target genes responsible for leaf curling. 

In a previous study, it was reported that ectopic expression of GL2 using the CaMV 35S 

promoter disrupts the endogenous function of GL2 and fails to rescue the gl2-1 mutant (Ohashi 

et al., 2002). In the same study, additive expression of GL2 under its native promoter in the wild-

type genetic background resulted in an increase in trichome initiation along with altered spacing 

of trichomes (Ohashi et al., 2002). However, a curly leaf phenotype was not reported in either 

scenario that was associated with overexpression of untagged GL2. Therefore, the occurrence of 

leaf curl in our study seems to be attributed to the EYFP component of the fusion protein. 

Furthermore, the data presented here show that the more pronounced abaxial leaf curl or epinasty 

of leaf blade edges in a subset of EYFP:GL2 lines was associated with the enhanced protein level 

and stability of GL2 (Figures 4.1C, 4.1D, 4.2G, 4.2H and 4.2I). Not all plants expressing 

EYFP:GL2 displayed this phenotype (Figures 4.2A, 4.2E, 4.3A, 4.3B, 4.3C and 4.3D) because 

each transformation event represents a random insertion of the transgene into the genome and 

positions of the insertion and/or tandem insertions can impact expression levels (Figure 2B). 

Leaf curling is usually associated with polarity changes in the leaf abaxial–adaxial axis 

(McConnell and Barton, 1998; Byrne, 2005). A complex regulatory network consisting of 

various transcription factors including HD-Zip III (McConnell et al., 2001; Emery et al., 2003; 

Prigge et al., 2005; Merelo et al., 2016), YABBY (Siegfried et al., 1999; Bowman, 2000; Yang et 

al., 2019) and KANADI (KAN) (Eshed et al., 2001; Kerstetter et al., 2001; Zhang et al., 2009; 
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Merelo et al., 2017; Zumajo-Cardona et al., 2019), small non-coding/microRNAs (Williams et 

al., 2005; Song et al., 2012; Merelo et al., 2016) and components of hormonal signaling 

including the Auxin/Indole-3-Acetic Acid (Aux/IAA) gene family and the redundantly acting 

AUXIN RESPONSE FACTOR (ARF) genes ETTIN (ETT)/ARF3 ARF4  (Pekker et al., 2005; 

Hunter et al., 2006; Li et al., 2007; Fierro et al., 2015) are known to control establishment of leaf 

polarity. Auxin biosynthesis, polar transport, and signal transduction are important for plant 

growth and development (Teale et al., 2006; Mockaitis and Estelle, 2008) and defects in these 

processes can lead to leaf curling and dwarf/semi-dwarf phenotypes (Reed, 2001; Overvoorde et 

al., 2005; Zhao et al., 2019). Since we observed dwarf stature and reduced plant growth in 

association with leaf curling in plants expressing EYFP:GL2 (Figure 4.3D and 4.3E), it is 

possible that GL2 overexpression exerts its effect through auxin signaling or another hormone 

pathway. 

A few HD-Zip IV genes were implicated in leaf curling previously. In one study, 

knockout of Rice Outermost Cell-Specific 5 (ROC5), an ortholog of GL2, resulted in abaxial leaf 

rolling because of abnormal bulliform cell formation in the adaxial leaf blade (Zou et al., 2011). 

Vice versa, overexpression of ROC5 suppressed the development of bulliform cells giving rise to 

adaxially rolled leaves in rice (Zou et al., 2011). However, we observed the opposite effect with 

GL2 overexpression in Arabidopsis (Figures 4.2C, 4.2E, 4.2F, 4.3A, 4.3B, 4.3C and 4.3D). A 

more recent study showed that HD-Zip IV member ROC8 heterodimerizes with ROC5 in 

transcriptional repression of Abaxially Curled Leaf 1 (ACL1), a positive regulator of bulliform 

cell development (Fang et al., 2021). Overexpression of GL2 seems to induce leaf curling by a 

different mechanism since bulliform cells are specific to monocots. One approach to identify the 

leaf polarity determinants affected by EYFP:GL2 expression might be transcriptomic analysis of 
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differentially expressed genes in curly versus normal/flat leaves. Similarly, mRNA in situ 

hybridization could be used to identify tissue-specific or polarized distribution of specific 

transcripts that regulate leaf polarity (Juarez et al., 2004; Fahlgren et al., 2006; Hunter et al., 

2006). Since changes in epidermal cell shape, size or arrangement may be associated with leaf 

curling (Yang et al., 2019), anatomical examination of leaves with curly leaf morphologies will 

be useful in future studies.  

Although the use of fluorescent tags is critical for specific experiments, it is often helpful 

to use alternative tags of different sizes and/or properties to rule out any tag-specific 

observations. If feasible, using specific antibodies against the proteins of interest will also aid in 

resolving tag-related issues, e.g., to determine whether the fusion proteins are overexpressed 

relative to their endogenous counterparts. The position of the tag may also influence protein 

activity. While our analysis was restricted to amino-terminal fusions, it would be interesting to 

see whether attaching EYFP to the carboxyl-terminus or inserting it internally between domains 

affects GL2 function and/or leaf curling. Nonetheless, chances of affecting protein structural 

features or disrupting interactions with a ligand or other proteins are high if the site of insertion 

is not selected properly. In summary, being aware of the limitations of fluorescent tags and 

available alternatives is important when generating fusion proteins in research studies. 
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 Figures 

 

Figure 4.1.  EYFP fusions to HD-Zip IV TFs enhance their protein stability.  

(A) Schematic of constructs (drawn to scale) used in this study including EYFP-, FLAG- 

and HA-tagged GL2 and EYFP- and HA-tagged PDF2. EYFP- and FLAG-tagged proteins were 



150 

expressed under the GL2 native promoter while HA-tagged proteins were expressed under the 

CaMV 35S promoter. (B) Flow diagram of the in vivo CHX chase experiment used to monitor 

protein turnover. (C-F) Blot images and corresponding data quantification from CHX 

experiments for GL2 (C, D) and PDF2 (E, F) proteins. M0, M10 and M24, Mock treatments for 

0, 10 and 24 h; Loading, RuBisCo bands from Coomassie Blue stained total protein. Means are 

shown for n=3 biological replicates, and error bars signify standard deviations (SDs). Unpaired t-

test or ordinary two-way ANOVA using Tukey’s multiple comparisons test was applied to test 

the significance of the difference between protein levels (*p < 0.05, **p < 0.005). 
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Figure 4.2.  Expression of EYFP:GL2 leads to development of abaxially curled leaves in 

Arabidopsis.  

Graphs showing (A) rescue of trichome phenotype, (B) EYFP expression and (C) 

occurrence of curly leaves in T1 progeny of plants stably transformed with indicated construct. 

(D) Confocal laser scanning microscopy indicating the nuclear localization of EYFP:GL2 in the 

primary root of a 4-d-old seedling stained with propidium iodide. Size bar = 20 µm. (E) Rosettes 

of 15-d-old wild type (Col), gl2-5, EYFP:GL2 and FLAG:GL2 plants. Size bar = 2 mm. (F) 25-

d-old EYFP:GL2 plants with two types of leaves. Size bar = 2 cm. (G) Expression of EYFP:GL2 
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in rosettes and leaf trichomes of 15-d-old plants. Size bar = 500 µm. (H) Blot images and (I) 

corresponding quantification data of EYFP:GL2 expression in the leaves of 25-d-old plants. 

Numerical values indicating EYFP:GL2 protein levels are represented as mean ± SD (n=6 

biological replicates). Unpaired t-test (two-tailed) was applied to test the significance of the 

difference between protein levels (****p < 0.0001). 
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Figure 4.3.  Quantitative characterization of curly leaf plants in comparison to normal/flat 

leaf plants.  

(A) The phenotypes of adaxial (left) and abaxial (right) faces, and (B) leaf blade length 

and width statistics of the 6th leaves of 25-d-old plants. (C) Degree of leaf 6 epinasty in 25-d-old 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/epinasty
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plants of various genotypes. (D) Images of 45-d-old EYFP:GL2 plants with two types of leaves 

and (E) corresponding graph indicating their heights. (F) Time of onset of flowering in 

EYFP:GL2 plants bearing normal and curly leaves. (G) Images of 4-d-old seedlings of various 

genotypes and (H) graph showing their lengths. Size bar = 5 mm. For all measurements, means 

are shown for n=15 plants, and error bars indicate SDs. Depending upon the number of variables, 

ordinary one- or two-way ANOVA using Tukey’s multiple comparisons test was used to 

establish significant differences between genotypes (*p < 0.05, ****p < 0.0001). 
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Chapter 5 - The SUMO-interacting motifs of the START domain are 

required for GLABRA2 transcription factor activity 

  

 Abstract 

The homeodomain transcription factor GLABRA2 (GL2) is a key regulator in the 

specification of epidermal cell identity in Arabidopsis. In addition to DNA-binding 

homeodomain, it consists of a zipper-loop-zipper dimerization domain and a lipid sensing 

START domain that is also involved in its dimerization and stability. However, only a few 

motifs or functional elements lying within or outside of these structural domains have been 

identified to date. SUMO-interacting motifs (SIMs) are short hydrophobic sequences that 

mediate protein-protein interactions by non-covalently binding to SUMO (small ubiquitin-like 

modifier) conjugated proteins. We used machine learning tools to predict two high confidence, 

conserved SIMs that map to the outer surface of the GL2 START domain. Phenotypic analysis of 

SIM mutants revealed defects in trichome branching. The corresponding EYFP-tagged mutant 

proteins displayed defects in nuclear localization. Yeast two-hybrid assays revealed protein 

dimerization defects in SIM mutants, similar to those previously reported for other START 

domain mutants. Overall, our findings indicate a role for putative SIMs in the subcellular 

localization and homodimerization of GL2. Further experiments will be required to identify 

proteins that associate with GL2 through SUMO/SIM interactions. 

Keywords: GLABRA2, START domain, SUMO-interacting motifs, Arabidopsis, nuclear 

localization, Yeast two-hybrid, dimerization 
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 Introduction 

GLABRA2 (GL2) is a member of the class IV homeodomain leucine-zipper (HD-Zip IV) 

transcription factor family that is deeply conserved in the plant lineage from freshwater green 

algae to the angiosperms (Sakakibara et al., 2001; Zalewski et al., 2013). As a group, the HD-Zip 

IV transcription factors play critical roles in the differentiation of cell layers during plant 

development ((Nakamura et al., 2006); reviewed in (Chew et al., 2013)). GL2 is required for the 

specification of epidermal cell identity in the shoot, root and seed (Rerie et al., 1994; Di Cristina 

et al., 1996; Western et al., 2001). It is expressed in trichomes from the earliest stage of 

specification and plays a key role in promoting trichome initiation and morphogenesis (Rerie et 

al., 1994; Szymanski et al., 1998). In roots, GL2 is preferentially expressed in hairless cell files 

and functions as a negative regulator of root hair development (Di Cristina et al., 1996; Masucci 

et al., 1996; Hung et al., 1998). In seeds, it regulates seed coat mucilage biosynthesis (Western et 

al., 2001; Western et al., 2004) and seed oil production (Shen et al., 2006a; Shi et al., 2012). GL2 

is also involved in the regulation of hypocotyl stomatal development (Hung et al., 1998) and 

anthocyanin accumulation (Wang et al., 2020). The expression of GL2 is transcriptionally 

regulated by the MYB-bHLH-WD40 (MBW) trans‐activating complexes comprised of the 

R2R3-type MYB transcription factor GL1, MYB23 or WER, the basic helix-loop-helix (bHLH) 

transcription factor GL3 or EGL3, and the WD40-repeat protein TRANSPARENT TESTA 

GLABRA1 (TTG1) (Lee and Schiefelbein, 1999; Payne et al., 2000; Bernhardt et al., 2003; 

Zhang et al., 2003; Morohashi et al., 2007; Wang and Chen, 2008; Zhao et al., 2008). 

Similar to other HD-Zip IV members, GL2 contains four domains that include an amino-

terminal homeodomain (HD) involved in DNA binding, a plant-specific leucine zipper with an 

internal loop forming a zipper-loop-zipper (ZLZ), a Steroidogenic Acute Regulatory (StAR) 
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protein-related lipid Transfer (START) domain involved in lipid sensing, and an uncharacterized 

carboxy-terminal domain known as the START-associated domain (STAD) (Landschulz et al., 

1988; Sessa et al., 1993; Schena and Davis, 1994; Di Cristina et al., 1996; Ponting and Aravind, 

1999; Riechmann et al., 2000; Schrick et al., 2004; Mukherjee et al., 2009). Two highly 

conserved cysteines (CXXC) found within the variable loop of the ZLZ were previously 

implicated in redox regulation of dimerization and DNA binding of HD-Zip TFs (Ciarbelli et al., 

2008). Mutant analysis showed that both the HD and the START domain are required for the 

transcription factor activity of GL2 (Mukherjee et al., 2022). While the HD is critical for DNA 

binding, the START domain is required for dimerization. The START domain is also important 

for protein stability as revealed by a rapid drop of GL2 protein level in START mutants 

(Mukherjee et al., 2022). Apart from these defined domains and their major structural features, 

little is known about other motifs involved in GL2 transcription factor function. 

Small Ubiquitin-like Modifiers (SUMOs) are ~12 kDa proteins that are post-

translationally and covalently attached to a lysine (K) residue in target proteins by a process 

termed SUMOylation (Melchior, 2000; Hay, 2001; Müller et al., 2001). In contrast, SUMO-

interacting motifs (SIMs) mediate non-covalent interactions of proteins with SUMOs (Minty et 

al., 2000; Song et al., 2004; Hannich et al., 2005; Song et al., 2005; Hecker et al., 2006; 

Kerscher, 2007; Santiago et al., 2009). SIMs are characterized by the presence of a hydrophobic 

core sequence of three-four hydrophobic residues (I, V or L) flanked by a variable length stretch 

of acidic (E, D) and/or phosphorylatable (S, T) residues in flanking sequences (Minty et al., 

2000; Song et al., 2004; Hannich et al., 2005; Hecker et al., 2006; Kerscher, 2007; Zhao et al., 

2014). The best characterized SIM is V/I/L-x-V/I/L-V/I/L (or V/I/L-V/I/L-x-V/I/L), where x is 

any amino acid (Song et al., 2004; Hannich et al., 2005; Song et al., 2005; Hecker et al., 2006; 
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Kerscher, 2007). The hydrophobic core of SIMs adopts an extended β-strand conformation that 

interacts with the α1-helix and β2-strand of SUMO (Song et al., 2005; Hecker et al., 2006; 

Kerscher, 2007; Chang et al., 2011; Namanja et al., 2012). The adjacent negatively charged 

residues interact electrostatically with the basic residues of SUMO to dictate the affinity and/or 

specificity of SIM binding in addition to influencing the orientation of SUMO-SIM interactions 

(Reverter and Lima, 2005; Song et al., 2005; Hecker et al., 2006; Meulmeester and Melchior, 

2008; Chang et al., 2011; Namanja et al., 2012). SIMs can bind to SUMO in parallel or 

antiparallel orientations (Reverter and Lima, 2005; Song et al., 2005; Gareau and Lima, 2010; 

Chang et al., 2011; Namanja et al., 2012).  

SIMs are present in various proteins including SUMO ligases (E3), transcription factors, 

and transcriptional corepressors (Song et al., 2004; Hecker et al., 2006; Lin et al., 2006; Du et al., 

2010; Liu et al., 2011; Sæther et al., 2011; Kolesar et al., 2012) and are essential for diverse 

cellular processes such as transcriptional regulation (Lin et al., 2006; Ouyang et al., 2009; Sahoo 

et al., 2017; Ryu et al., 2020), DNA repair (Guzzo et al., 2012; Poulsen et al., 2013), cancer cell 

proliferation (Sæther et al., 2011), formation of phase-separated membraneless organelles (Shen 

et al., 2006b; Banani et al., 2016; Keiten-Schmitz et al., 2021) and host-pathogen interactions 

(Chang et al., 2010; Arriagada et al., 2011; Cuchet-Lourenço et al., 2011; Gareau et al., 2012; 

Lukic et al., 2013; Wang et al., 2018; Nair et al., 2020). SIMs are also involved in the formation 

of E3 ubiquitin ligase complexes (Werner et al., 2012). A family of RING-type Ub ligases 

termed SUMO-targeted Ub ligases (STUbL) use SIMs to mediate targeting of poly-SUMOylated 

substrates for ubiquitin-dependent proteasomal degradation (Prudden et al., 2007; Uzunova et al., 

2007; Perry et al., 2008; Geoffroy and Hay, 2009; Abed et al., 2011; Elrouby et al., 2013; Erker 

et al., 2013; Poulsen et al., 2013; Kumar et al., 2017; Sriramachandran et al., 2019). Several 
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documented SIM-SUMO interactions involve in positive or negative regulation of SUMOylation 

in SIM-containing proteins (Takahashi et al., 2005; Tatham et al., 2005; Lin et al., 2006; 

Kerscher, 2007; Knipscheer et al., 2008; Kim et al., 2009; Kim et al., 2010; Kolesar et al., 2012; 

Zheng et al., 2019). In some cases, SIMs are engaged in intra- or intermolecular SUMO–SIM 

binding, preventing the interaction of a protein with other proteins (Baba et al., 2005; Steinacher 

and Schär, 2005). 

Although most examples of known SUMO-SIM interactions are from yeast or 

mammalian cells, several studies indicate important roles for SIMs in plants. A conserved SIM-

like motif in the amino-terminus of SCE1, a SUMO conjugating enzyme from Arabidopsis, was 

found to be involved in SUMO1 binding (Mazur et al., 2017). Similarly, the SUMO-modified 

form of COP1, an E3 ubiquitin ligase that regulates plant growth, interacts with its substrates 

through their SIMs, leading to ubiquitin-mediated degradation (Holm et al., 2001; Kim et al., 

2016; Uljon et al., 2016; Mazur et al., 2019). In plants, SUMO-SIM interactions are also 

implicated in blocking ubiquitination of target proteins. One example relates to DELLA-

mediated growth control (Conti et al., 2014; Nelis et al., 2015). SUMOylated DELLA repressor 

sequesters the gibberellin receptor GID1 by binding to its SIM, stabilizing the larger pool of 

unmodified DELLA during stress conditions (Conti et al., 2014; Nelis et al., 2015). In another 

example, binding of SUMO-conjugated JAZ repressors to the jasmonic acid (JA) receptor COI1 

inhibits COI1-mediated degradation of non-SUMOylated JAZ, negtively regulating JA signaling 

during necrotrophic infections (Srivastava et al., 2018).  

In this study, we used machine learning tools to predict several SIMs within the GL2 

transcription factor, and selected the top two candidates to test our hypothesis. Structural 

homology modeling indicates that the START domain of GL2, like that of other family 



169 

members, consists of an  helix-grip-fold which forms the ligand-binding pocket (Schrick et 

al., 2014). Both of the predicted SIMs map to the outer surface of the GL2 START domain, and 

these motifs are conserved in GL2 orthologs. Site-directed mutagenesis of the hydrophobic 

residues to alanine in predicted SIMs resulted in trichome branching defects and impaired 

nuclear localization of the EYFP-tagged protein. Using yeast two-hybrid experiments, we failed 

to detect any GL2-SUMO interactions but unlike wild-type GL2 transcription factors, SIM 

mutants were defective in dimerization. These results characterize putative SIMs as important 

motifs regulating the subcellular localization and activity of GL2 in Arabidopsis.  

 

 

 Materials and methods 

 Plant materials and growth conditions  

The plant materials included the wild-type Arabidopsis thaliana ecotype Columbia (Col), 

the gl2-5 null mutant (Khosla et al., 2014) and transgenic lines expressing EYFP- or FLAG-

tagged GL2 (Schrick et al., 2014; Subedi and Schrick, 2022)and gl2SIM353 and gl2SIM404 mutants in 

the gl2-5 background. Seeds were sown on soil containing Berger BM6, vermiculite and perlite 

(Hummert International) in a ratio of 4:2:1 followed by stratification at 4°C for 5 days and 

transfer to a growth chamber maintained at 23°C under continuous light.  

 

 Generation of constructs and transgenic lines  

Construction of proGL2:EYFP:GL2 and proGL2:6xHis 3xFLAG:GL2 are described 

elsewhere (Schrick et al., 2014; Subedi and Schrick, 2022). The SIM353 and SIM404 mutations 

were introduced in the GL2 cDNA cloned into pENTR/D-TOPO using the Q5 Site–Directed 

Mutagenesis Kit (New England Biolabs, E0554S) with oligonucleotide primers listed in Table 
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C.1. Mutant gl2 sequences were transferred into the SR54 binary vectors containing EYFP and 

6xHis 3xFLAG tags. The inserts were amplified with gene-specific primers (Table C.1) using the 

Q5 High Fidelity DNA polymerase (New England Biolabs, M0491S), followed by purification 

of the amplicons using the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, 

740609.250) and Dpn1 digestion. The vectors were prepared by restriction digestion of the 

proGL2:EYFP:GL2 and proGL2:6xHis 3xFLAG:GL2 constructs with SalI and KpnI. DNA 

fragments of the corresponding genes were assembled with their vectors using NEBuilder HiFi 

DNA Assembly (New England Biolabs, E5520S) following manufacturer’s protocol. The 

mutations were verified by sequencing before and after cloning of the mutant gl2 coding 

sequences into the binary vector. The constructs were transformed into Agrobacterium 

tumefaciens GV3101 (pMP90) followed by transformation of gl2-5 plants via floral dip (Clough 

and Bent, 1998). Transgenic lines were selected on agar media with 20 μg/ml Hygromycin B. 

For each genotype, >20 independent T1 transformants were screened for phenotypic 

complementation of gl2-5 and nuclear expression of EYFP. Representative T3 homozygous lines 

from T2 progeny showing 3:1 segregation of the transgene were confirmed by PCR genotyping 

and sequencing and were used for further characterization. 

 

 Machine learning bioinformatic tools  

Joint Analyzer of SUMOylation sites and SIMs (JASSA v4) (Beauclair et al., 2015) was 

used for identification and scoring of candidate SIMs in GL2. Scoring is based on a Position 

Frequency Matrix obtained by sequence alignment with experimental SIMs. The GL2 orthologs 

from various plant species were obtained using BlastP (Altschul et al., 1990). Multiple sequence 

alignments were performed with Clustal Omega (Madeira et al., 2019) and visualized in Jalview 

(Waterhouse et al., 2009). Structural models of wild-type and mutant gl2 START domains were 
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rendered using I-TASSER (Iterative Threading ASSEmbly Refinement) (Yang and Zhang, 

2015a; Yang and Zhang, 2015b; Zhang et al., 2017). The three-dimensional structures were 

analyzed using RasWin Molecular Graphics (Bernstein, 2009). 

 

 Western blotting 

Proteins were extracted by homogenization of 1-2 leaves from ~one-month-old T1 plants 

in liquid nitrogen and addition of 100 µl of hot (95°C) Laemmli buffer (8 M urea, 2% SDS, 0.1 

M DTT, 20% glycerol, 0.1 M Tris-HCl pH 6.8, 0.004% bromophenol blue). Proteins were 

separated in 10% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad, 4561036) followed by 

transfer to PVDF membranes. Incubation with anti-FLAG primary antibodies (1:10,000; Sigma, 

F1804) was followed by goat anti-mouse IgG HRP secondary antibodies (1:3300; GenScript, 

A00160). Chemiluminescence was detected using the Azure 300 imager (Azure Biosystems) 

after adding SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, 

34096). Stripping of the membranes was performed by incubating membranes twice with a mild 

stripping buffer (200 mM glycine, 0.1% (w/v) SDS, 1% (v/v) Tween 20) at pH 2.2 for 5-10 mins. 

Membranes were washed twice (10 mins) with 1x PBS and 1x TBS-T, blocked and reprobed. 

Finally, membranes were stained with Bio-Safe Coomassie Blue G-250 (Bio-Rad) to indicate 

protein loading. 

To monitor the expression of bait proteins in yeast, isolated colonies expressing 

pDEST32 constructs were grown in 2 ml selective media in screw-capped tubes at 30 °C for 3-5. 

Proteins were extracted by a standard sodium hydroxide/trichloroacetic acid (NaOH/TCA) 

method and were detected by Western blot as described above using a 1:500 dilution of GAL4 

(DBD) (RK5C1) HRP sc-510 mouse monoclonal antibodies (Santa Cruz Biotechnology, 786-

003). To monitor the expression of AtSUMO1-3, cells with SUMO bait and prey constructs were 
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grown in selective media followed by protein extraction as above. Proteins were detected with 

1:10,000 dilutions of primary antibodies against AtSUMO1 (Abcam, ab5316 or Agrisera, AS08 

308) or AtSUMO3 (Abcam, ab5317) followed by a 1:3300 dilution of goat anti-rabbit IgG HRP 

secondary antibodies (Enzo, ADI-SAB-300-J). 

 

 Phenotypic assays and microscopy  

Images of rosettes and trichomes, as well as EYFP signals from ~15-d-old plants were 

captured by a Leica M165 epifluorescence stereomicroscope fitted with a GFP2 filter set and a 

Leica DFC295 digital camera using Leica Application Suite 4.1. Numbers of trichomes and 

branching patterns were quantified on first leaves of 20 plants for each genotype. Ordinary one-

way ANOVA using Tukey’s multiple comparisons test was applied to test significance of 

differences. The subcellular localization patterns of EYFP-tagged proteins in the primary roots of 

4-d-old seedlings were imaged with a Zeiss LSM 880 confocal microscope after staining with 

propidium iodide (10 μg/ml). To acquire EYFP signals, a 488 nm Argon laser and 500–550 nm 

emission filter was used. For propidium iodide stain, a 561 nm DPSS laser in combination with 

575–645 nm emission filter was used. All images were processed in Adobe Photoshop.  

 

 Yeast two-hybrid (Y2H) experiments 

AtSUMO1-3 cDNA sequences from pUNI51 plasmids (U17495, U21609, U83833; 

Arabidopsis Biological Resource Center) were cloned into pENTR/D-TOPO using a pENTR 

Directional TOPO Cloning Kit (Invitrogen, K2400-20) and confirmed by sequencing. The 

pENTR/D-TOPO constructs containing cDNAs for AtSUMO1-3, full-length GL2, GL2 START 

domain, gl2SIM353 and gl2SIM404 were transferred to pDEST32 and pDEST22 destination vectors 

(ProQuest Two-Hybrid System, Invitrogen) using Gateway LR Clonase II Enzyme mix (Thermo 
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Fisher Scientific, 11791-100), and confirmed by sequencing. Oligonucleotides for TOPO cloning 

and sequence verification are listed in Table C.1. A list of constructs is provided in Table C.2.  

Bait and prey constructs were transformed into the haploid yeast strains Y2HGold (MATa trp1-

901, leu2-3,112, ura3-52, his3-200, gal4∆, gal80∆, LYS2::GAL1UAS-Gal1TATA-His3, GAL2UAS-

GAL2TATA-Ade2, URA3::MEL1UAS-Mel1TATA AUR1-C MEL1) and Y187 (MATα ura3-52 his3-200 

ade2-101 trp1-901 leu2-3,112 gal4∆ gal80∆ met-URA3::GAL1UAS-Gal1TATA-LacZ MEL1), 

respectively, using standard LiAc/PEG transformation (Daniel Gietz and Woods, 2002). Empty 

vectors served as negative controls. The pDEST32 and pDEST2 transformants were selected in 

media lacking Trp and Leu, respectively. To test for autoactivation of bait constructs, pDEST32 

transformants were replica plated to selective media (-Leu-His AbA) to monitor reporter genes 

HIS3 and AUR1-C. The yeast strains of opposite mating types were mated on nonselective 

(YPDA) media, and diploids were selected on -Leu-Trp, followed by replica plating on -Leu-

Trp-His and -Leu-Trp-His X-gal/AbA to monitor the reporter genes HIS3, AUR1-C, and MEL1. 

Protein-protein interactions were assayed in both directions. Liquid cultures were grown for 3-5 

days to OD600 0.8-1.0, and diluted with water to normal cell densities, followed by four-fold 

serial dilutions and spotting onto permissive and selective media using an 8 x 6-pin multiplex 

plating tool (Frogger, Dankar Inc.). Plates were incubated at 30°C for 3-5 days prior to imaging 

with a Gel Doc XR+ Gel Documentation System (Bio-Rad).  

 

 Accession Numbers 

See Table C.3. 
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 Results 

 Two conserved SUMO-interacting motifs (SIMs) are predicted in the GL2 START 

domain 

GL2 is a 747 amino acid-protein that likely interacts with other proteins for its nuclear 

localization, lipid binding or other aspects of its transcription factor activity and regulation. To 

predict SIMs in GL2, we used the machine learning web servers JASSA (Joined Advanced 

SUMOylation Site and SIM Analyser) (Beauclair et al., 2015) and GPS-SUMO (Group-based 

Prediction System-SUMO) (Zhao et al., 2014). The prediction results showed the highest 

confidence score for the SIM at amino acid position 404-407 (IVDV) followed by the one at 

position 353-356 (VDVI) both of which mapped to the GL2 START domain (Figure 5.1A). Two 

additional SIMs with considerable predictive scores were predicted in the GL2 STAD domain at 

amino acid positions 667-670 (IQIL) and 685-688 (PLVI) (Figure 5.1A). The hydrophobic 

patches of the predicted SIMs contain the characteristic three hydrophobic residues (I, V or L), 

along with a variable residue (Figure 5.1A, 5.1B and 5.1C). In case of high confidence SIMs in 

the START domain, the variable residue was glutamate (E) at the 2nd or 3rd position (Figure 

5.1A). Both SIMs mapped to predicted  sheets (4 and 7, respectively) of the GL2 START 

domain (Figure 5.2B). In 3-D view, the hydrophobic residues in the IVDV patch appear to 

project from the outer surface of the START domain with the side chains of the negatively 

charged D facing inward. The sequences surrounding SIM404, the SIM with the highest 

confidence, additionally showed enrichment for phosphorylatable (S) and acidic (D/E) residues 

(Figure 5.1A).  

Next, we asked whether the putative SIMs in GL2 START domain are conserved among 

the GL2 orthologs from representative plant species and among the 16 HD-Zip IV members from 



175 

Arabidopsis. Multiple sequence alignment indicated that SIM404 is conserved in all 15 selected 

GL2 orthologs (15/15 or ~100%) (Figure 5.1B). Similarly, SIM353 was conserved in most 

(14/15 or ~93%) of the selected GL2 orthologs with one of them showing variation in the SIM 

type (Figure 5.1B). Within the HD-Zip IV family from Arabidopsis, SIM404 was conserved in 

majority (11/16 or ~69%) of GL2 paralogs (Figure 5.1C). Interestingly, majority (11/16 or 

~69%) of HD-Zip IV members contained putative SIMs at positions corresponding to GL2 

SIM353 but 9 of them were of different SIM types (Figure 5.1C). These results indicate that 

predicted SIMs are highly conserved in HD-Zip IV TFs in a position-specific manner. 

 

 GL2 SIMs can be genetically interrogated without affecting the predicted tertiary 

structure of the START domain 

SUMO/SIM complexes display dissociation constants in the micromolar or 

submicromolar range, and thus mutagenesis of the SIM core hydrophobic amino acids is 

predicted to significantly destabilize binding (Song et al., 2005; Chang et al., 2011). In 

accordance with this, mutation of these hydrophobic residues was used as a strategy to 

characterize SUMO-SIM interactions in several studies (Hecker et al., 2006; Santiago et al., 

2009; Kim et al., 2010; Arriagada et al., 2011; Taupitz et al., 2017; Zheng et al., 2019). To 

determine the importance of predicted SIMs for GL2 activity, we substituted the three conserved 

hydrophobic residues with alanines in SIM353 (VDVI→ADAA) and SIM404 (IVDV→AADA) 

to produce two mutant variants in which the SUMO binding motif is removed (Figure 5.2A). 

The overall tertiary structure and lipid binding pocket of the START domain appears to be 

unaffected by the alanine substitutions as revealed by protein structural modeling using I-

TASSER (Yang and Zhang, 2015b) (Figure 5.2B). Transgenic Arabidopsis lines were generated 

by transforming gl2-5 null mutants with constructs expressing wild-type GL2 protein or the 
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gl2SIM353 or gl2SIM404 mutant proteins under the GL2 native promoter. In one set of transgenic 

lines, the wild-type and mutant proteins were fused to an amino-terminal enhanced yellow 

fluorescent protein (EYFP), while in another set, the proteins were fused to an amino-terminal 6x 

His 3x FLAG tag (Figure 5.2C).  

To confirm expression of the mutant proteins in T1 transformants, we performed Western 

blot analysis of leaf samples from the FLAG-tagged lines. Similar to wild-type plants 

(FLAG:GL2), most of the plants carrying SIM mutant constructs yielded signals in blot images 

(Figure 2D). The results indicate that the gl2SIM353 and gl2SIM404 mutations do not interfere with 

protein expression. 

 

 Mutations affecting the GL2 SIMs cause defects in epidermal differentiation 

Deletion of the GL2 HD or START domain or missense mutations in their key residues 

were previously shown to result in leaf trichome developmental defect similar to that seen in gl2-

5 null mutant (Schrick et al., 2014; Mukherjee et al., 2022). Therefore, we used the trichome 

phenotype, which is readily visible and quantifiable, to assess GL2 transcription factor activity in 

our study. Screening of >20 T1 transformants revealed that both the gl2SIM353 and gl2SIM404 

constructs failed to rescue the trichome defects of gl2-5 mutants (Figure 5.3A and 5.3B). In 

contrast, numerous T1 transformants corresponding to the wild-type GL2 construct displayed 

normal trichome development. Overall, 33.3% (n=42) of EYFP:GL2 and 60.7% (n=28) of 

FLAG:GL2 transformants showed phenotypic rescue of the gl2-5 null phenotype (Figure 5.3B). 

For the SIM353 mutation, 19.4% (n=31) of EYFP:gl2SIM353 and 37.0% (n=27) of FLAG: 

gl2SIM353 displayed partial rescue of trichome defects (Figure 5.3B). The SIM404 mutants 

exhibited a more severe phenotype, with only 4.2% (n=24) of EYFP:gl2SIM404 showing partial 

rescue while none (0%) (n=26) of the FLAG:gl2SIM404 transformants exhibited rescue (Figure 
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5.3B). Strikingly, the glabrous phenotypes resulting from the loss of trichomes in either of the 

SIM mutants were indistinguishable from those of gl2-5 null mutants (Figure 5.3A).   

We quantified trichomes on the first leaves of plants that were homozygous for the wild-

type or mutant transgenes. The results confirmed the reduction in total trichome number as well 

as the trichome branching defects in both of the SIM mutants (Figure 5.3C). The leaves of wild-

type plants harbored trichomes with mostly three branches, some with four branches and a few 

with five or six branches (Figure 5.3C and 5.3D). However, SIM mutants mostly produced 

either unbranched or double branched trichomes with only a few trichomes showing more 

branches (Figure 5.3C and 5.3D). Compared to gl2SIM353 mutants, gl2SIM404 mutants displayed 

more severe phenotypic defect, especially with regard to the number of trichomes with two or 

more branches (Figure 5.3C). These results indicate the critical roles of these putative GL2 SlMs 

in epidermal differentiation of leaves. 

 

 Nuclear localization of GL2 is impaired in SIM mutants 

Transcription factors are translated in the cytoplasm of cells but they are localized to the 

nucleus to bind DNA elements upstream of target genes. In addition, their levels also dictate the 

extent of regulation of gene expression (Subedi and Schrick, 2022). When we examined ~2-

week-old T1 transformants for the expression of EYFP using an epifluorescence microscope, a 

large proportion (67.74%) of SIM353 mutants (n=31) showed no detectable expression and the 

remainder showed either weak (19.35%), medium (6.45%) or strong (6.45%) expression (Figure 

5.4A). Similarly, for SIM404 transformants, 66.67% (n=24) displayed no detectable EYFP 

expression, whereas 20.83% and 12.50% showed weak and medium expression, respectively. 

None of the SIM404 mutants showed strong expression (Figure 5.4A). These results contrast 

with the statistics for EYFP:GL2 wild-type transformants (n=42) in which only 21.43% of the 
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plants had no detectable EYFP expression (Figure 5.4A). The proportions of EYFP:GL2 T1 

transformants with weak, medium and strong expression were 33.33%, 16.67% and 28.57% 

respectively (Figure 5.4A).  

Previous studies uncovered a role for SIMs in the subcellular localization of SIM-

containing proteins (Lin et al., 2006; Cuchet-Lourenço et al., 2011; Zheng et al., 2019). When we 

used epifluorescence microscopy to assay for expression of EYFP-tagged proteins in the leaves 

of T1 transformants or T3 homozygous lines, it appeared to be non-nuclear in both SIM353 and 

SIM404 mutants (Figure 5.4B). To further investigate subcellular localization of the EYFP-

tagged mutant proteins, we stained the roots of 4-d-old seedlings with propidium iodide and 

imaged them using confocal laser scanning microscopy. Here, gl2-5 null mutant seedlings were 

used as negative controls for EYFP expression (Figure 5.4C). The results showed that the wild-

type GL2 protein was localized exclusively in the nucleus in non-root hair cell files of the root, 

as previously reported (Subedi and Schrick, 2022). In contrast, both the SIM353 and SIM404 

mutant proteins were uniformly distributed throughout the cells from alternating non-root hair 

cell files (Figure 5.4C). These findings indicate the involvement of these putative SIMs in the 

proper subcellular localization of GL2 to the nucleus.  

 

 GL2 SIM-SUMO interactions are not detected in Y2H assays  

The Arabidopsis genome encodes eight SUMO isoforms (AtSUMO1-8) although 

only AtSUMO1, 2, 3, and 5 appear to be expressed under standard growth conditions (Kurepa et 

al., 2003; Novatchkova et al., 2004; Castaño-Miquel et al., 2011; Hammoudi et al., 2016; 

Benlloch and Lois, 2018). AtSUMO1 and AtSUMO2 are highly expressed isoforms sharing 83% 

amino acid sequence identity. In comparison, AtSUMO3 and AtSUMO5 share only 42% and 

30% sequence identity with AtSUMO1, respectively ((Kurepa et al., 2003; Castaño-Miquel et 
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al., 2011; Hammoudi et al., 2016); Figure C.1). To test whether GL2, via its SIM motifs, can 

physically interact with Arabidopsis SUMO proteins, we performed yeast two-hybrid (Y2H) 

assays. Full-length GL2 and the GL2 START domain were fused to the yeast GAL4 DNA-

binding domain (DBD) in bait plasmids whereas AtSUMO1, AtSUMO2, and AtSUMO3 were 

fused to the GAL4 activation domain (AD) in prey plasmids. The assays were repeated in the 

opposite direction in which AtSUMO1-3 served as baits and GL2 and GL2 START served as 

preys (Figure 5.5A, Figure C.2). Assaying yeast cells with both bait and prey plasmids for the 

reporter gene activity indicated no interaction between GL2 or the GL2 START domain with 

either of the SUMO isoforms (Figure 5.5A, Figure C.2). Given these negative results, we asked 

whether the Arabidopsis SUMO isoforms were adequately expressed in the yeast cells. Western 

blot analysis using antibodies against GAL4-DBD, AtSUMO1/2 and AtSUMO3 revealed very 

strong expression of AtSUMO2 but no detectable expression for AtSUMO1 or AtSUMO3 

(Figure 5.5B and 5.5C, Figure C.3). In contrast, the proteins for full-length GL2 and the GL2 

START domain were readily detected by Western blot (Figure 5.5B). These results suggest that 

GL2 does not interact with AtSUMO2 in the yeast system. The negative results for AtSUMO1 

and AtSUMO3 can be explained by their lack of expression in the Y2H assays. 

 

 Homodimerization of GL2 is impaired in SIM mutants 

In HD-Zip IV transcription factors, both the ZLZ domain and the START domain are 

implicated in dimerization (Nagata and Abe, 2021; Mukherjee et al., 2022). Deletion of and 

certain missense mutations in the GL2 START were previously shown to result in 

homodimerization defects  (Mukherjee et al., 2022). To determine whether the gl2SIM mutants 

are proficient in dimerization, we tested for interaction with wild-type GL2 in both direct 

directions in Y2H assays. In contrast to wild-type GL2, both gl2SIM353 and gl2SIM404 mutants 
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failed to interact with GL2 (Figure 5.5A and Figure C.2). These results suggest that mutations 

in the conserved hydrophobic core of either SIM abolish the homodimerization of GL2. As 

indicated by Western blot analysis of the bait proteins with anti-GAL4 DBD antibodies, the SIM 

mutant proteins were expressed at levels comparable to that of wild-type GL2 (Figure 5.5B). 

Therefore, the loss of dimerization in the SIM mutants is not due to the inability of gl2SIM353 and 

gl2SIM404 to be expressed in yeast cells. BBait autoactivation assays confirmed that none of the 

proteins that we tested in our Y2H experiments, including wild-type GL2, activated reporter 

gene expression when fused to the GAL4 DBD in the absence of the prey plasmid (Figure C.4).  

 

 

 Discussion 

In this study, we used machine learning tools to probe the GL2 amino acid sequence for 

putative SIMs. We focused on the top two high confidence hits, experimentally assessing the role 

of these predicted motifs in various aspects of GL2 function. Because of the complex features of 

SIMs, their verification is a challenging task. Moreover, we cannot completely rule out the 

possibility of other functional sequences deviating from the consensus motifs as not all SIMs 

match the consensus sequence (Yau et al., 2021). The presence of hydrophobic amino acids in 

the two predicted GL2 SIMs (SIM353 and SIM404) and their 3D positions on the outer surface 

of the START domain is consistent with the prediction that these motifs bind SUMO protein.  

Although the primary determinant of SUMO-SIM interactions is the core hydrophobic 

consensus sequence, the flanking amino acid composition also influences SUMO binding 

(Beauclair et al., 2015). The over-representation of potential phosphorylation sites in adjacent 

regions of the GL2 SIMs suggests the regulation of SUMO-interacting activity by 

phosphorylation. Phosphorylation was previously implicated in the regulation of SUMOylation 
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efficiency and affinity of SIM binding to SUMO (Hecker et al., 2006; Chang et al., 2011; 

Cappadocia et al., 2015). Thus, genetic or structural analyses of these residues will be useful for 

further characterization of SIM-mediated regulation of GL2. Intriguingly, most of the proteins 

undergoing SUMOylation also contain SIMs (Song et al., 2004; Kerscher, 2007). In addition to 

SIMs, multiple SUMOylation sites are also predicted in GL2 (unpublished data). One possible 

scenario is that covalent SUMO modification and noncovalent SUMO binding mutually regulate 

each other to control GL2 transcription factor activity. 

In our mutational analysis, both gl2SIM353 (VDVI→ADAA) and gl2SIM404 

(IVDV→AADA) mutants displayed either complete or partial loss of trichomes in addition to 

branching defects. Phenotypic outcomes of SIM mutations were similar in transgenic lines 

generated with EYFP and FLAG tags, strengthening our data on the effects of these mutations in 

epidermal differentiation.  Furthermore, the EYFP-tagged mutant proteins were also examined 

for nuclear versus cytoplasmic localization in comparison to wild-type EYFP:GL2, which is 

strongly nuclear localized (Figure 5.4C). Live imaging using confocal laser scanning 

microscopy indicated the defective subcellular partitioning of the gl2SIM353 and gl2SIM404 mutants 

to both the cytoplasm and the nucleus (Figure 5.4C). In addition, it is possible that the mutant 

proteins are abnormally localized to the plasma membrane. Protein fractionation studies could 

help to clarify the proportion of nuclear, cytoplasmic and plasma membrane localization relative 

to wild type. 

Similar to other nuclear proteins, transcription factors often contain nuclear localization 

signals (NLSs) that mediate their import into the nucleus (Kalderon et al., 1984; Robbins et al., 

1991; Moroianu et al., 1995; Lowe et al., 2015; Bernhofer et al., 2018). Previous studies 

implicate SUMO-SIM interactions in the nuclear import of proteins via nuclear pore complexes 
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or importins (Mahajan et al., 1997; Matunis et al., 1998; Lin et al., 2006; Cuchet-Lourenço et al., 

2011; Wang et al., 2018; Zheng et al., 2019). Thus, the defective nuclear localization of gl2SIM353 

and gl2SIM404 mutants may reflect their inability to bind to adaptor proteins such as importin α. 

Importantly, several studies indicate that SUMO-interacting proteins function predominantly in 

the nucleus, playing important roles in transcriptional regulation, protein sub-nuclear localization 

and nuclear body formation (Lin et al., 2006; Ouyang et al., 2009; Sahoo et al., 2017; Ryu et al., 

2020). Based on our structural modeling of GL2 START domain, mutation of the hydrophobic 

core residues to alanines does not disrupt the structural integrity of the GL2 START domain 

(Figure 5.2B). Nonetheless, it is possible that the mutations result in misfolding of the protein, 

leading to inactive protein that is mislocalized. However, misfolded proteins are usually targeted 

for degradation. The relatively high levels of expression of the gl2SIM353 and gl2SIM404 mutant 

proteins, together with the partial phenotypes observed for gl2SIM353 argue against the possiblity 

that the loss of activity is due to protein misfolding.  Additionally, the intensity of phenotypic 

defect also correlated with the prediction scores (Figures 5.1A, 5.3A, 5.3B and 5.3C), 

supporting the hypothesis that these mutations only affect SIM-mediated functions of GL2.  

Based on our phenotypic and nuclear localization data, we hypothesize that SIMs play 

critical roles in mediating protein interactions required for GL2 transcription factor activity. To 

identify SUMO proteins that potentially interact with GL2 SIMs, we conducted Y2H assays. 

However, our experiments failed to show any interactions between GL2 and the Arabidopsis 

SUMO paralogs, AtSUMO1, AtSUMO2 and AtSUMO3 (Figures 5.5A and Figure C.2). While 

AtSUMO2 was expressed at high levels in yeast, AtSUMO1 expression was not detectable 

(Figures 5.5B), despite the high DNA sequence identity (89%) between the two isoforms 

(Kurepa et al., 2003). It is possible that yeast SUMO interfered with the expression of AtSUMO1 
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and AtSUMO3 in yeast. Previously it was found that in Arabidopsis, the sumo1;sumo2 double 

mutant is lethal. Each single mutant is indistinguishable from wild type, suggesting highly 

redundant functions of SUMO1 and SUMO2 (Saracco et al., 2007). Thus, GL2 would have 

likely interacted with one isoform had it interacted with the other. Another consideration is that 

SUMO-SIM interactions are of low affinity with dissociation constants of 1–100 μM 

(Keusekotten et al., 2013; Taupitz et al., 2017). Therefore, interactions may be difficult to detect 

by traditional protein-protein interaction assays. It is also possible that GL2 SIM-SUMO 

interactions only occur when the SUMOs are conjugated to their respective substrates. Even 

under physiologically relevant conditions in plants, the SUMO-SIM interactions may be difficult 

to study because SUMOylation is often infrequent, transient, and reversible due to the action of 

SUMO proteases (Johnson, 2004; Tempé et al., 2008). Relevant to our study, such limitations 

might be overcome by employing more sensitive tools such as SUMO-ID based on Split-

TurboID (Barroso-Gomila et al., 2021) or nuclear magnetic resonance (NMR) 

spectroscopy (Song et al., 2004; Song et al., 2005). Alternatively, incorporation of genetically 

encoded crosslinker close to the SIM-interaction groove in candidate SUMOs followed by 

isolation and purification of the covalently trapped complex could allow the identification of 

GL2 as a binding partner (Taupitz et al., 2017). 

Mutations in gl2SIM353 and gl2SIM404 resulted in the failure of the proteins to 

homodimerize in Y2H assays (Figures 5.5A and Figure C.2). Like wild-type GL2, the SIM 

mutant proteins were expressed at levels sufficient to allow detection of protein-protein 

interactions (Figures 5.5B). Thus, the negative results cannot be explained by the lack of protein 

expression. So far, all tested START domain mutations that impair GL2 function result in 

dimerization defects (Mukherjee et al., 2022). Thus, dimerization defects of the gl2SIM mutants 
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are not surprising. It is possible that introducing three point mutations in each SIM might have 

altered the dimerization property of GL2. Further experiments will be required to confirm 

whether the dimerization defects in gl2SIM are due to direct effect of amino acid substitutions or 

via SUMO. 

In conclusion, this work identified SIMs as amino acid motifs that play important roles in 

the function of GL2 in differentiation of trichome cells of the epidermis. We showed that two 

highly conserved putative SIMs in GL2 (gl2SIM353 and gl2SIM404) are critical for its nuclear 

localization, and that their mutation abolishes homodimerization of the GL2 transcription factor. 

These results expand our current understanding of the regulation of GL2 and other 

developmentally important HD-Zip IV transcription factors that additionally play vital roles in 

response to environmental stress in agricultural crops ((Cao et al., 2009; Zhang et al., 2019; 

Wang et al., 2022); reviewed in (Sharif et al., 2021)). It will be important to pursue structural 

studies to further asses the role of these predicted regions as bona fide SUMO binding motifs in 

mediating SUMO interactions, or other possitble protein-protein interactions involving GL2. 
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Figure 5.1.  GL2 contains multiple potential SUMO-interacting motifs (SIMs) that are 

conserved in HD-Zip IV family members.   

(A) Identification and scoring of candidate SIMs (green) in GL2 using JASSA. The 

presence or absence of acidic and/or serine residues flanking the putative SIMs are indicated by 

‘Y’ or ‘N’, respectively. (B) Amino acid alignment of GL2 from Arabidopsis thaliana with 

homologous proteins from Zea mays, Oryza sativa, Brassica napus, Camelina sativa, Cucumis 

sativus, Helianthus annuus, Phoenix dactylifera, Nicotiana tabacum, Solanum tuberosum, 

Arachis hypogaea, Gossypium hirsutum, Malus domestica, Glycine max, Juglans regia and 

Hevea brasiliensis. (C) Amino acid alignment of all 16 members of the HD-Zip IV family from 

Arabidopsis thaliana. The conserved SIMs corresponding to positions 353-556 and 404-407 of 

GL2 are highlighted. Blue, [V/I]-[x]-[V/I]-[V/I]; purple, [V/I]-[V/I]-[x]-[V/I/L]; grey, other SIM 

types. 

 

 

 

 

 

 

 

 

 

 

 

  



187 

 



188 

Figure 5.2.  Mutant analysis of predicted SIMs in the GL2 START domain.  

(A) Core sequence of wild-type and mutant SIMs. Alanine substitutions introduced in 

each SIM are shown in red. (B) Predicted structures of wild-type and mutant GL2 START 

domains. Secondary structural elements are depicted in ribbon diagrams. Amino acid residues 

and alanine substitutions within the SIMs are color coded (green, hydrophobic residues; black, 

aspartate; red; alanine). (C) Schematic of constructs (drawn to scale) showing EYFP- and 

FLAG-tagged gl2SIM353 and gl2SIM404 proteins expressed under the GL2 native promoter. (D) 

Western blot analysis of leaves from T1 progeny indicate expression of the FLAG-tagged GL2, 

gl2SIM353 and gl2SIM404 proteins.              
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Figure 5.3.  Phenotypic characterization of gl2SIM353 and gl2SIM404 mutants. 

(A) Rosettes of 15-d-old homozygous plants of indicated genotypes. The SIM mutants 

display defects in leaf trichome differentiation. Size bar = 2 mm. (B) Graph showing extent of 

phenotypic complementation in T1 progeny of plants stably transformed with indicated 

constructs. (C) Quantification of trichome defects in SIM mutants: Total numbers of trichomes 

and numbers of branches on first leaves. Values are mean ± SD for n = 20 plants. Significant 
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differences between genotypes were determined using ordinary one-way ANOVA with Tukey’s 

multiple comparisons test (****p < 0.0001). (D) Examples of trichome branching patterns 

quantified in (C). Size bar = 100 μm. 
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Figure 5.4.  Expression and subcellular localization of EYFP-tagged GL2 wild-type and 

gl2SIM mutant proteins. 

 (A) Percentage of T1 lines stably transformed with the indicated constructs having 

strong, medium, weak or no EYFP expression. (B) Epifluorescence microscopy of EYFP 

expression in leaf trichomes from ~15-d-old homozygous plants (EYFP, yellow; chlorophyll, 
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red). Size bar = 100 μm. (C) Confocal laser scanning microscopy shows subcellular localization 

of EYFP-tagged proteins (green) in the primary root of 4-d-old homozygous seedlings stained 

with propidium iodide (red). Magnified views of merged images (right) indicate the presence of 

EYFP-tagged proteins in alternating cell files. In contrast to nuclear localization for wild-type 

GL2, the mutant gl2SIM353 and gl2SIM404 proteins appear diffuse throughout the cells, displaying 

both nuclear and non-nuclear expression. Size bar = 20 μm. 
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Figure 5.5.  Detection of GL2 protein interactions mediated by its predicted SIMs.  

(A) Y2H screening of diploid yeast cells expressing bait constructs with full-length GL2 

or the GL2 START domain and prey constructs with gl2SIM mutants or SUMO isoforms on 

permissive versus selective (-Leu-Trp-His and -Leu-Trp-His+X-gal/AbA) media. Unlike wild-

type GL2, gl2SIM mutants failed to exhibit homodimerization. No interactions were detected 

between full-length GL2 or the GL2 START domain andany of the AtSUMO isoforms (1-3). 

Empty prey and bait vectors represent negative controls. Leu, Leucine; Trp, Tryptophan; His, 

Histidine; AbA, Aureobasidin A. (B) Detection of bait protein expression in yeast by Western 

blot using antibodies against GAL4 DBD. Baits were expressed as GAL4 DBD fusion proteins 

in Y2HGold. (C) Western blot analysis of the AtSUMO1, AtSUMO2, and AtSUMO3 fusion 

proteins in diploid yeast using α-SUMO1/2 antibodies. AtSUMO2 displays strong expression 

while the other two isoforms are not detected. See Figures C.1-C.4.  
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Chapter 6 - Perspectives 

 Conclusions and future directions 

HD-START proteins are deeply conserved in the plant lineage with their origin traced 

back to charophycean green algae (Sakakibara et al., 2001; Floyd et al., 2006; Prigge and Clark, 

2006; Zalewski et al., 2013). Thus, this domain configuration represents a highly successful 

evolutionary innovation in plants. This dissertation mainly focuses on the role of HD-Zip IV TFs 

as the developmental regulators of trichomes, root hairs and seed coat mucilage; however, recent 

studies have highlighted emerging roles of these TFs in plant stress responses (Yu et al., 2008; 

Chen et al., 2017; Banavath et al., 2018; Guo et al., 2019; Zhang et al., 2019; Wang et al., 2022). 

One of the important aspects of this work is identifying the contributions of major domains 

including HD, START and ZLZ to the overall activity of HD-Zip IV TFs. Here, the START 

domain was characterized as a versatile module that is important not only for ligand binding but 

also for protein dimerization, stability and possible protein-protein interactions of HD-Zip IV 

TFs (Mukherjee et al., 2022). Previous studies reported the dimerization of HD-Zip TFs as a 

prerequisite for DNA binding (Tron et al., 2001; Tron et al., 2004); however, we found that HD-

Zip IV TFs with mutations in their START domain can bind DNA as monomers (Mukherjee et 

al., 2022). Although the presence of a START domain within a transcription factor is unique to 

plants, START domains occur in proteins from diverse organisms, indicating a broader impact of 

this study.  

Another important finding from this work is that the ZLZ dimerization domain negatively 

affects protein stability and is enriched in potential post-translational modification sites. This is 

in contrast to the HD whose role appears to be confined to DNA binding (Mukherjee et al., 
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2022). The enhanced stability of the gl2∆ZLZ mutant protein that is defective in DNA binding 

points towards the possibility that the lack of DNA binding makes the proteins less susceptible to 

degradation. However, mutations in the HD did not alter the protein stability of GL2 (Mukherjee 

et al., 2022), suggesting more complex association between the DNA binding and protein 

stability.  Although the data presented here suggest that each of these domains functions 

independently of the other, it is still possible that interactions between one or more of the other 

domains results in coordination of TF activities. One possible scenario is that the START 

domain regulates ZLZ-mediated homodimerization via lipid ligand binding, as was recently 

suggested for ATML1 (Nagata and Abe, 2021). This raises the possibility of control of ZLZ 

function by START domain in GLABRA2 and other HD-Zip IV TFs. 

Interestingly, START domain mutations affecting amino acid residues involved in lipid 

binding caused impaired dimerization and stability of HD-Zip IV TFs leading to phenotypic 

defects in Arabidopsis (Mukherjee et al., 2022). Ligand binding to the START domain has been 

postulated to induce conformational changes favorable for protein dimerization and stabilization, 

ultimately leading to optimal differentiation of epidermal layers. However, we currently do not 

have strong evidence for the exact sequence of these events. Therefore, it will be important to 

investigate how lipid binding, protein dimerization and stability are coupled together to 

appropriately regulate the expression of target genes downstream of these TFs. One of the 

challenges associated with these studies is the lack of experimental structural information (i.e. 

crystal structure) of GL2 or any other HD-Zip IV members despite having a long history of their 

molecular research. In addition, we do not know whether the ligand binding by the START 

domain can affect specific protein-protein interactions of these TFs. In this dissertation, the 

START domain was predicted to be involved in the protein interactions of GL2 via SIMs. 
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Intriguingly, the predicted SIMs were found to be critical for GL2 nuclear localization and 

dimerization, both of which are required for TF activity of GL2. However, more sophisticated 

and sensitive biophysical methods such as NMR will be required to characterize the possible 

weak and transient interaction(s) of GL2 with other proteins. It will also be important to 

determine whether these interactions are relevant to dimerization and TF activity of GL2. 

The microscopy results showed that all three major domains including ZLZ, HD and 

START are dispensable for the proper subcellular localization of GL2 (Mukherjee et al., 2022). 

Thus, a yet uncharacterized motif located towards either amino- or carboxyl- terminal end of the 

HD-Zip IV TFs seems to function as a nuclear localization signal. Similarly, the Y2H assays 

revealed an important role for the carboxyl-terminal STAD domain in START domain-mediated 

homodimerization of GL2 (Mukherjee et al., 2022). Recently, there has been some interest in 

considering this domain as a second START domain based on AlphaFold structural predictions 

(Jumper et al., 2021). In future studies, it will be important to understand the function of the two 

START domains, which also can be referred to as a ‘didomain’, and to determine whether STAD 

binds lipid ligands in a similar fashion as START. 

Furthermore, we mostly relied on bioinformatic predictions, mutational analysis and 

immunoprecipitation experiments for the identification and characterization of GL2 PTMs. The 

reasoning behind the K-R mutations was to remove the sites predicted for modifications, but 

such missense mutations may also affect protein side-chain geometry. Although the genetic 

analysis presented here could not identify the specific lysine(s) undergoing modification, faint 

smears of molecular weights comparable to those of ubiquitinated GL2 were detected in WBs of 

immunoprecipitated proteins under daytime conditions. Strikingly, these observations were 

further supported by the results from protein stability experiments using the proteasome inhibitor 
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MG132 (Mukherjee et al., 2022). Mass spectrometry-based proteomic approaches are likely to 

be more sensitive and promising to correctly identify modification sites in HD-Zip IV TFs. 

Similarly, future studies of day-night differences with respect to modifications could be fruitful 

in understanding whether the GL2 protein itself or a component mediating its modification is 

under the influence of the circadian clock. 

Last but not the least, the effects of the EYFP tag on protein stability and biological 

function which was documented here (Subedi and Schrick, 2022) provides mounting evidence 

for the limitations of fluorescent tags in molecular biology experiments. The curly leaf 

phenotype was associated with EYFP-induced GL2 stabilization (Subedi and Schrick, 2022) 

which occurred at an elevated frequency in PTM mutants. This finding uncovers a novel role for 

GL2 in leaf polarity establishment, presenting an interesting topic for further investigation.  

Overall, the scope of this work provides mechanistic insights into HD-Zip IV 

transcription factor function and regulation, with relevance for agricultural productivity as well 

as for biotechnology and synthetic biology. Future experiments are poised to focus on details of 

how each regulatory mechanism contributes to the overall function of HD-Zip IV TFs in plant 

growth and development, as well as in response to environmental factors. 
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Figure A.1.  Structural alignments of HD and START domain from HD-Zip IV TFs 

(related to Figures 2.1A and 2.3A). 

(A) Structural alignment of homeodomain (HD) across all 16 members of the 

Arabidopsis HD-Zip IV transcription factor family with the solution structure for Gallus gallus 

HOMEOBOX PROTEIN ENGRAILED-2 (Gg-En-2) (PDB ID = 3ZOB) as reference. 

Consensus α-helices are displayed using ESPript 3.0 (Robert and Gouet, 2014). Similar amino 

acid residues are enclosed in blue boxes with identical residues highlighted in red, and 

numbering (1-59) for the HD only. Lysine targeted for missense mutations (K-E or K-T) is 

indicated (blue asterisk). (B) Structural alignment indicates positions of START domain 

mutations examined in this study. Related to Figure 2.3A. Structural alignment of the START 

domain across the HD-Zip IV family in Arabidopsis with the crystal structure for Homo sapiens 

STARD5 (PDB ID = 2R55) as reference. Consensus α-helices and β-sheets are displayed using 

ESPript 3.0 (Robert and Gouet, 2014). Similar amino acid residues are enclosed in blue boxes 

with identical residues highlighted in red. Numbering (1-211) corresponds to the START domain 

only. Positions of START mutations of GL2 analyzed in ChIP-seq (E375G;R392M and Amo) 

(Figure 2.4, D-G) and the cycloheximide chase assays (W279R, Amo, and L480P) (Figure 2.6; 

Figures A.9 and A.10) are indicated below alignment (asterisks): W279R is a missense allele 

that adds a charged residue within a hydrophobic region of the binding pocket. L480P affects a 

lipid contact site in the C-terminal α-helix (Roostaee et al., 2009; Alpy and Tomasetto, 2014; 

Wojciechowska, 2021). In the E375G;R392M double mutant, a predicted salt bridge critical for 

ligand binding is disrupted (Roostaee et al., 2009). In Amo, the R386L and E387L missense 

mutations, which replace charged residues with leucines, are followed by an 11-residue 

duplication in a predicted ligand-contact region. 
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Figure A.2.  Root hair phenotypes and nuclear localization in various START domain 

missense mutants (related to Figure 2.3). 

(A) Root hair phenotypes of 4–5-day-old seedlings. Bar = 1 mm. In contrast to wild-type 

Col, gl2-5 null mutants display excess root hair formation. Expression of EYFP:GL2 rescues the 

root hair phenotype of gl2-5. In contrast, aberrant root hair formation is observed for lines 

expressing EYFP-tagged gl2∆HD6;∆ZLZ, gl2∆ST, gl2E375G;R392M, gl2L480P and gl2Amo. Bar = 1 mm. 

(B) Confocal laser scanning images of primary roots from 4-day-old seedlings expressing the 

EYFP-tagged proteins for lines depicted in (A). Nuclear localization of the EYFP:GL2 wild-type 

and gl2 mutant proteins (yellow). Propidium iodide staining (red) was performed to visualize cell 

boundaries. Bar = 50 μm.  
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Figure A.3.  Characterization of START domain missense mutants in the N-terminus of the 

START domain (related to Figure 2.3). 

(A) Schematic showing the functional domains of the GL2 protein. Positions of 

mutations within the N-terminus of the START domain are indicated in relation to predicted 

helical (green) and strand (blue) secondary structures. See also Figure A.1B. (B) Total number 

and branching pattern of trichomes on the first leaves. Gray bars indicate normal trichomes in 

plants expressing Col wild type, EYFP-tagged GL2 and the majority of the gl2 missense mutants 

shown in (A). In contrast, mutant gl2-5 plants and those expressing EYFP-tagged gl2W279R 

exhibit mostly unbranched trichomes (red bars). Values are mean ± SD for n = 20 plants. Letters 

denote significant differences from one-way ANOVA (p < 0.05) using Tukey’s multiple 

comparisons test. (C) Rosettes from wild-type Col, EYFP:GL2, and the majority of the gl2 

missense mutants shown in (A) display trichomes covering leaf surfaces. The gl2-5 mutants and 

the EYFP-tagged START domain mutant gl2W279R exhibit trichome differentiation defects. Bar = 

1 mm. (D) Ruthenium red staining of seeds to assay mucilage production. Wild-type Col, 

EYFP:GL2, and the majority of EYFP:gl2 mutant seeds display a normal mucilage layer, while 

gl2-5 mutants and the EYFP-tagged START domain mutant gl2W279R exhibit defective mucilage 

production. Bar = 100 μm. (E) Root hair phenotypes of 4-5 d-old seedlings. In contrast to wild-

type GL2 and the majority of the gl2 mutants, gl2-5 and gl2W279R mutants exhibit excessive root 

hair formation. Bar = 1 mm. (F) Nuclear localization of EYFP-tagged GL2 and mutant gl2 

transcription factors. Top panel: Confocal laser scanning microscopy of developing seeds reveals 

nuclear expression of EYFP-tagged GL2 and mutant proteins in seed coat cells. Bar = 100 μm. 

Bottom panel: Magnified images. The EYFP:gl2W279R mutant protein exhibits weak expression 

in comparison to wild-type EYFP:GL2 and the other missense mutants. Bar = 50 μm. 
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Figure A.4.  START domain is required for in vitro DNA binding as a dimer (related to 

Figure 2.4C).  

(A) Electrophoretic mobility shift assay (EMSA) coupled with polyacrylamide gel 

electrophoresis reveals that Halo:PDF2 and Halo:ATML bind the Cy3-labeled L1-box probe as a 

dimer (~230 kDa) (red arrow) while Halo:pdf2ΔST and Halo:atml1ΔST bind DNA as a monomer 

(~90 kDa) (blue arrow) and weakly as a dimer (~180 kDa) (black arrow). A 1:1 mixture of Halo-

tagged PDF2 and pdf2ΔST, PDF2 and atml1ΔST, as well as ATML1 and pdf2ΔST, indicate additive 

banding patterns, suggesting that dimerization is affected when at least one of the two partners 

harbors a START domain deletion. Parts identified by red boxes are displayed in Figure 2.4C.  

(B) Western blot (WB) (top) of the polyacrylamide gel in (A) with anti-Halo Ab detected Halo-

tagged PDF2, ATML, pdf2ΔST and atml1ΔST at the expected migration positions as indicated from 

the EMSA (A). After Western blotting, the blot was stained with Coomassie blue (bottom, in 

grayscale) to monitor equal loading of each EMSA reaction. The major band across all samples 

likely originates from wheat-germ extract used for in vitro transcription/translation of the Halo-

tagged proteins.  
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Figure A.5.  GL2 binding motif and ChIP-seq peak distance from TSS (related to Figure 

2.4, D-G).  

(A) Sequence logo representing the information content of the GL2 consensus DNA 

binding motif TAAATGT(A/T) identified wild-type and mutant ChIP-seq peak regions as 

indicated in Figure 2.4D. Motifs for wild-type GL2 and mutant gl2ΔST (red boxes) are 

highlighted in Figure 2.4E. (B) The significant ChIP-seq peaks (FDR < 0.1) from EYFP-tagged 

wild-type GL2 and mutant lines were plotted from gene transcription start sites (TSS). The 

genotypes are ordered according to the number of ChIP-seq peaks from left to right and top to 

bottom, with gl2-5 representing the null mutant control that lacks EYFP. The Y axis represents 

individual genes ordered on the closest first hit to the furthest first hit in any of the samples 

within a 3 kilobase (kb) region from the TSS. Each dot represents a hit plotted for each gene 

along the X axis representing the distance from the TSS.  
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Figure A.6.  The START domain is required for GL2 homodimerization (related to Figure 

2.5C).  

(A and B) Quantitative yeast ONPG assays for GL2 and other members of the HD-Zip 

TF family. Vector combinations used to co-transform yeast cells are given as prey/bait. Average 

β-galactosidase values were normalized to a positive control performed at the same time 
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(pEXPTM32/Krev1 and pEXPTM22/RalGDS-wt, set to 100 β-units). The empty bait vector served 

as a negative control. Error bars indicate standard deviations for four independent transformants. 

(A) GL2 does not display bait or prey autoactivation in Y2H assays. GL2, HDG4 and HDG12 do 

not exhibit bait autoactivation whereas all prey constructs tested do not exhibit autoactivation. 

Note: The HDG12 clone tested in this experiment was found to be truncated, lacking a portion of 

the START domain as well as C-terminal region. (B) GL2 exhibits only homodimerization in 

Y2H assays. Heterodimerization was tested with other HD-Zip IV family members (HDG1, 

HDG4, HDG11, HDG12, PDF2) and HD-Zip III members (PHB, ATHB8). (C) GL2 expression 

does not lead to bait autoactivation in contrast to expression of ATML1 or PDF2. GL2 wild-type 

and gl2 mutant bait constructs, as well as ATML1 or PDF2 bait constructs were transformed into 

haploid yeast cells. Autoactivation was monitored by growth on selective media (-Leu-His AbA). 

Lack of autoactivation was observed for wild-type GL2 and each of the mutants, while ATML1 

and PDF2 exhibited autoactivation. (D) Wild-type GL2 bait fusion protein homodimerizes with 

preys harboring HD mutations but not START domain deletion. The GL2 bait construct and 

indicated preys were transformed into yeast strains of opposite mating type. (E) Wild-type GL2 

prey fusion protein homodimerizes with baits harboring HD mutations but not START domain 

deletion. The indicated bait constructs and wild-type GL2 prey were transformed into yeast 

strains of opposite mating type. (D and E) Haploid yeast were mated and diploids were grown 

on -Leu-Trp followed by selection on -Leu-Trp-His AbA to assay homodimerization. START 

domain deletion resulted in loss of homodimerization in absence or presence of HD mutations 

(red). Wild-type GL2 bait and prey served as positive controls, and empty bait and prey represent 

negative controls. 
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Figure A.7.  Protein expression of Bait plasmids in Y2H experiments (related to Figure 2.5).  

(A) Western blotting confirms expression of bait proteins in Figure 2.5A. GL2 full-

length protein and subdomains thereof are fused to the GAL4 DNA Binding Domain (DBD) and 

the human c-Myc epitope 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). Bottom: Coomasie stained blot indicates loading of protein samples. Expected sizes of 

the GAL4 DBD-Myc fusion proteins are: 1-747, 103.3 kDa; 1-231, 47.3 kDa; 1-493, 76.6 kD; 

253-493, 47.1 kDa; 494-747, 48.8 kD; 253-747, 75.7 kDa, 157-231, 29.4 kDa. (B) Western 

blotting with anti-GAL4(DBD) confirms expression of GL2 wild-type and mutant bait proteins 

in Figure 2.5C. Migration of wild-type and HD mutant proteins (red arrows) and START 

deleted proteins (black arrows) are indicated. pDEST32 is the vector control and pRS315 

represents a second negative control. Grayscale image of Coomassie blue staining after Western 

blotting indicates protein loading (bottom). 
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Figure A.8.  BiFC negative assays (related to Figure 2.5, D-F). 

(A and B) Confocal laser scanning microscopy of N. benthamiana leaves from BiFC 

experiments. Little or 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). Bar = 50 μm.  
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Figure A.9.  Cycloheximide chase experiments reveal that the START domain is critical for 

protein stability of GL2 (related to Figure 2.6). 

In comparison to wild-type GL2, START domain mutant protein gl2ΔST (and its 

degradation product gl2ΔST deg) as well as gl2W279R exhibit a decrease in protein half-life. Two 

independent experiments are shown in (A-B) and (C-D), respectively. Five-day-old seedlings 

expressing EYFP-tagged wild-type GL2 or START domain mutant gl2 proteins were treated 
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with cycloheximide (400 μM) for a 10 h (A-B) or 24 h (C-D) time course. (A and C) Levels of 

proteins were monitored by Western blotting. Immunodetection with anti-GFP Ab was followed 

by Coomassie blue staining for loading controls. Mock treatments with DMSO at 0 (M0), 10 

(M10) or 24 (M24) h are indicated. The gl2ΔST deg protein was observed as a 65 kDa degradation 

product of gl2ΔST. The loading controls for gl2ΔST and gl2ΔST deg are the same since these proteins 

were detected on the same blot. (B and D) Graphs illustrate protein quantification for the 

experiments depicted in (A) and (C), respectively. Values were normalized to loading controls 

and M10 (A-B) or M24 (C-D) controls. Protein half-life (0.5) is indicated by intersection with 

the dotted lines. 
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Figure A.10.  Cycloheximide chase experiments with double mutants affecting both HD and 

START domain of GL2 (related to Figure 2.6; Figure A.9). 

Five-day-old seedlings expressing EYFP-tagged mutant gl2 or wild-type GL2 proteins 

were treated with cycloheximide (400 μM) for a 10 h time course. Mock treatments with DMSO 

at 0 (M0) or 10 (M10) h are indicated. Protein levels were monitored by Western blotting. 

Immunodetection with anti-GFP Ab (top) was followed by Coomassie blue staining for loading 

controls (bottom, in grayscale). (A) The gl2HD20 protein (expected size ~109 kDa; red arrow) is 

stable whereas the gl2HD20;ST protein (expected size ~83 kDa; black arrow) is barely visible or 

not detected over the 10 h time course. (B) Wild-type GL2 protein (expected size ~111 kDa; red 

arrow) is stable while the gl2K146E;ST protein (expected size ~83 kDa; black arrow) is barely 

visible or not detected over the 10 h time course.   
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 Supplemental Tables 

 

Table A.1.  EYFP expression is independent of phenotypic rescue (related to Figures 2.1 

and 2.2). 

Screening of T1 gl2-5 transgenic plants for wild-type EYFP:GL2 and mutant EYFP:gl2 

constructs indicated no simple correlation between the trichome rescue phenotype and the 

intensity of EYFP expression in the nucleus. All wild-type EYFP:GL2 lines exhibited phenotypic 

rescue although 5 out of 28 lines exhibited low levels of EYFP expression.  Both HD mutants 

and START deletion mutants failed to rescue but showed varying levels of EYFP expression. 

The gl2K146T mutants displayed a partial phenotype. n = 28-50 T1 plants for each of the 

constructs. 

 

Genotype 

        

 

  n 

            Level of  

    phenotypic rescue  

 

       EYFP nuclear expression 

 

Complete Partial None High Medium Low Undetected 

GL2 28 27 1 - 22 1 5  

gl2ΔST 50   50   30 20 

gl2ΔHD46 37   37 37    

gl2ΔHD20 30   30 11 14 5  

gl2ΔHD11 34   34 11 22 1  

gl2K146T 35 19 7 9  32 3  

gl2K146E 55   55  41 13 1 

gl2K146T:ΔST 47   47   32 15 

gl2K146E;ΔST 46   46   24 22 

gl2ΔHD20;ΔST 55   55   28 27 
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Table A.2.  Distribution and number of significant peaks from ChIP-seq data (related to 

Figure 2.4F).  

Genomic distribution of ChIP-seq peaks from binding events for wild-type GL2 and 

mutant versions are indicated (FDR < 0.1). Most of the significant peaks occur in the intergenic 

and promoter regions. TSS, transcription start site; TTS, transcription termination site; UTR, 

untranslated region. 

 

 

 

  

                         Summary of GL2 binding sites in the Arabidopsis thaliana genome 

Sample Intergenic Promoter 

   -TSS 

Exon TTS Intron 5’-

UTR 

3’-

UTR 

Total 

 

 

Wild type   EYFP:GL2 306 246 122 160 83 7 1 925 

 

 

Mutants 

EYFP:gl2Amo 1298 782 668 502 262 10 11 3533 

EYFP:gl2∆ST  1018 564 442 320 177 4 6 2541 

EYFP:gl2E375G;R392M 419 344 186 195 128 10 2 1284 

EYFP:gl2∆HD6;∆ZLZ 0 0 2 0 0 0 0 2 

 gl2-5 34  65 52 49 26 1 0 227 
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Table A.3.  Oligonucleotides used in this study. 

I. Primers for constructing mutations in GL2. Nucleotide bases in red denote changes 

leading to amino acid subsitutions. 

Name 5’-3’ sequence 

gl2_K146T_F CT CGC CAG GTC ACG TTC TGG TTC 

gl2_K146E_F CT CGC CAG GTC GAG TTC TGG TTC 

gl2_K146T or E_R  G GGC CAG CCC TAG TTG CTT GC 

gl2_∆HD11 or 46_F GCT ATT CAA GAA CGG CAC GAG AAC 

gl2_∆HD20_F CAG CAG CTG AGC AAG CAA C 

gl2_∆HD20 or 46_R ATC GGT GGT GTG ACG ATG ATA C 

gl2_∆HD11_R CTT GAC CTG GCG AGG GG 

GL2_START_ ∆ _F [Phos] GTC TTC TTC ATG GCT ACC AAC GTC CCC ACC 

(Schrick et al., 2014) 

GL2_START_ ∆ _F [Phos] GAG GGC AAA GAC GCC CGT GTA GAA ATC G 

(Schrick et al., 2014) 

GL2_HD_∆_F [Phos] GAA CGG CAC GAG AAC TCC CTG CTC 

GL2_HD_∆ _R [Phos] CTT ATT AGT GCC CTT GTT TCC AGC TGC G 

GL2_ZLZ_∆ _F [Phos] TCA TGC TCC GAC GAT CAA GAA CAC CG  

GL2_HD-ZLZ_∆ _R [Phos] TGT GCG GCG GTT TTG GAA CCA GAA CTT G 

GL2_W279R_F A GGC GAA CCT ATG AGG CTC CGC AGC G 

GL2_W279R_R GA GGT GGC CAT CTT CTG GAG TTC AAG GGT G 

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_R392M_F GAA GTG TAC TTC GTG ATG AGC TGC CGG CAG CTG 

GL2_R392M_R CAG CTG CCG GCA GCT CAT CAC GAA GTA CAC TTC 

GL2_L480P_F G GTC GCC ACC CCT CAG CTC CAT TGC G (Wojchiechowska 

et al, 2021) 

GL2_L480P_R C GCA ATG GAG CTG AGG GGT GGC GAC C 

(Wojchiechowska et al, 2021) 

GL2_A258P_F GAAGTCCCGTATT CCC GAGATTTCTAACCG 

GL2_A258P_R TCGAGGGCAAAGACGCCCGTGTAGAAATC 

GL2_I289N_F GACTGGCCGTGAG AAT CTCAACTACGATG 

GL2_I289N_R TCAACGCTGCGGAGCCACATAGGTTCG 

GL2_E294Q_F TCTCAACTACGAT CAG TACCTCAAGGAG 

GL2_E294Q_R ATCTCACGGCCAGTCTCAACGCTG 

GL2_M271I_F TGAACTCCAGAAG ATT GCCACCTCAGGC 

GL2_M271I_R AGGGTGGCTCGGTTAGAAATCTCGGC 

II. Sequencing primers for proGL2:EYFP:GL2 cassette 

proGL2::EYFP:GL2_seq_B1 CAC AGG AAA CAG CTA TGA CC 

proGL2::EYFP:GL2_seq_B2 CGA TCG GTC AAT GCC TCT CGC 

proGL2::EYFP:GL2_seq_B3 GAG TCC CAG TTT CCT ATA ATC C 
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proGL2::EYFP:GL2_seq_B4 CCT TCC CCC CCT GTC TAC AG 

proGL2::EYFP:GL2_seq_B5 GTA TCA TTG GAA TTG TAG AGG C 

proGL2::EYFP:GL2_seq_B6 CAA GGA CGA CGG CAA CTA C 

proGL2::EYFP:GL2_seq_B7 GCC CTC TCT CTA TCT CTC GC 

proGL2::EYFP:GL2_seq_B8 GGC TAA TTC CTC CTG CCC C 

proGL2::EYFP:GL2_seq_B9 CGA TGT TAT CCG GCA AGG CG 

proGL2::EYFP:GL2_seq_B9_5 GTC AAC ACC GGT TTG GCC 

proGL2::EYFP:GL2_seq_B10 GCT TCT ACC GCG CCA TTG C 

proGL2::EYFP:GL2_seq_B11 CGT CTA CAC AAG ACG ACA G 

proGL2::EYFP:GL2_seq_B12 GGG TTT GCC TCC AAC CCC 

proGL2::EYFP:GL2_seq_B13 GG AGT GCG AGG AGA AGA GGG 

proGL2::EYFP:GL2_seq_B14 GTC GTG ATC CTC ACC CTC C 

III. Primers for amplification of GL2 cDNA from pENTR/D-TOPO vector to clone into 

binary vector SR54 and for sequence verification. 

EYFP:GL2_F TCA AGC TTC GAA TTC TGC AGT CGA CAT GTC 

AAT GGC CGT CGA CAT G 

p1300_GL2_R CCA CCG CGG TGG AGC TCG TCA TTA GCA ATC 

TTC GAT TTG 

IV. Primers for genotyping mutants 

To confirm gl2-5 mutation 

GL2_F_112 ATGTCAATGGCCGTCGACATGTC (Wang et al., 2007; 

Khosla et al., 2014) 

En8130  GAGCGTCGGTCCCCACACTTCTATAC (Baumann, 

1998; Khosla et al., 2014) 

To confirm transgene (GL2 cDNA in proGL2:EYFP:GL2) 

SR54_GL2_747F GTC GAC ATG TCA ATG GCC GTC G 

SR54_GL2_747R AGC TCG TCA TTA GCA ATC TTC GAT TTG 

V. Primers for constructing K107T, K107E and START deletion in PDF2 and ATML1. 

Nucleotide bases in red denote changed bases underlying respective amino acid substitutions. 

pdf2_K107T_F CT CTT CAA GTT AAG TTT TGG TTC C 

pdf2_K107E_F CT CTT CAA GTT GAG TTT TGG TTC C  

pdf2_K107E_R G CTC TAA ATT GAG ATC ACG GC 

pdf2∆START_F GCT AGC TCC ATG GCC AGC  

pdf2∆START_R AGA AGG AAT CGA AAC TGA CCT C  

atml1∆START_F GCC AGT TCC ATG GCC AGC 

atml1∆START_R AGA AGG TAT CGA AAC CGA CCT C 

VI. Primers for confirming Gateway cloning of pIX-HALO constructs 

pIX-Halo_Seq GCCTAACTGCAAGGCTGTGG 

P1300_PDF2_R ACCGCGGTGGAGCTCG CTA CGC TCC TCC TCC 

AAC 

P1300_ATML1_R CACCGCGGTGGAGCTCG TTA GGC TCC GTC GCA 

GGC C 

VII.  Oligonucleotides used in EMSA. Three repeats of the L1 motif are depicted in red.   

L1_EMSA_F_Cy3  /5Cy3/GGG TACATTTA TACATTTA TACATTTA AAT 
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L1_EMSA_R  ATT TAAATGTA TAAATGTA TAAATGTA CCC 

VIII.  Primers for restriction cloning into pGBK and pGAD vectors (Clontech 

Matchmaker) 

GL2_747aa_EcoRI_F GAC AGG GAA TTC 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 AAA GAC 

TCT CTC GG 

GL2_157aa_EcoRI_F ACCGCCGCACAGAATTC AAG GCT ATT CAA GAA 

CGG C 

GL2_231aa_BamHI_R ATCGTCGGATCCTCA AGC CTG CAG GGG ATA 

GGG 

IX. Primers for sequence verification of Y2H constructs 

BD_seq_F AACCGAAGTGCGCCAAGTGTCTG 

AD_seq_F TATAACGCGTTTGGAATCACT 

BD & AD_seq_R AGCCGACAACCTTCATTGGAGAC 

X. Primers for cloning in pENTRTM/D-TOPO (Start and Stop codons, red) 

GL2_TOPO_F CACC ATG TCA ATG GCC GTC GAC ATG  

GL2_TOPO_R TCA TTA GCA ATC TTC GAT TTG TAG ACT TC  

XI. Primers for sequence verification of BiFC Gateway constructs 

GFP-NXGW_seq GACAAGCAGAAGAACGGCAT 

pro35S_pK7WG2_seq  GGTGGCACCTACAAATGCCATC 
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 ChIP-seq Data Set 1. Mapping statistics of sequencing reads from ChIP-seq 

data  

The number of reads, alignment statistics, and total mapped reads to the Arabidopsis 

thaliana genome are indicated for individual input and immunoprecipitated (IP) samples. The 

total mapped reads of merged replicate IP samples are shown at the bottom. The ChIP-seq assays 

were performed with seedlings expressing EYFP-tagged GL2 wild-type and mutant proteins, 

including three START domain mutants (gl2_∆ST (listed as gl2_dSTART in the GEO data 

GSE186860), gl2_Amo, and gl2_E375G;R392M) as well as a mutant deleted for the six terminal 

amino acids of the HD and the entire leucine zipper (gl2_∆HD6;∆ZLZ (listed as gl2_dZip in the 

GEO data GSE186860)). See xls file – Sheet 1. See ChIP-seq Data Set 2 for additional 

information. 

  

 ChIP-seq Data Set 2. Functional descriptions of GL2 targets from ChIP-seq 

data  

Arabidopsis thaliana genes with significant (FDR ≤ 0.10) GL2 binding in the promoter 

region along with corresponding functional annotation obtained from the Arabidopsis 

Information Resource (TAIR) database (Berardini et al., 2015). ChIP-seq assays were performed 

with seedlings expressing EYFP-tagged wild-type GL2 and mutant gl2 proteins, including three 

START domain mutants (gl2_∆ST, gl2_Amo, and gl2_E375G;R392M) as well as a mutant 

deleted for the six terminal amino acids of the HD and the entire leucine zipper 

(gl2_∆HD6;∆ZLZ). The gl2-5 genotype lacks the EYFP tag and contains the gl2-5 null mutation 

and served as a negative control. See xls file – Sheet 2. See ChIP-seq Data Set 1 for additional 

information.  
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Appendix B - Chapter 3 Supplemental Data 

 Supplemental Figures 

 

Figure B.1.  Western blot analysis of leaves from ~one-month-old T1 progeny of 

FLAG:gl2ΔZLZ, FLAG:gl2L480 and FLAG:gl2ΔZLZ;L480P lines confirming the protein 

expression (Related to Figure 3.2).  

Grayscale image of Coomassie blue staining after Western blotting indicates protein 

loading (bottom). Molecular weights (kDa): FLAG:GL2, 88.0; FLAG:gl2ΔZLZ and 

FLAG:gl2ΔZLZ;L480P, 82.0. 
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Figure B.2.  PDF2 is destabilized in absence of its START domain (Related to Figure 3.3).  

(A-B) Graphs corresponding to Figures 3.3G-3.3J comparing the half-lives of 

EYFP:PDF2 and EYFP:pdf2∆ST under Pi sufficiency (P+) (A) and limitation (P-) (B). Compared 

to EYFP:PDF2, EYFP:pdf2∆ST exhibited a reduction in protein levels that was enhanced under Pi 

limitation. (C) Full-size blot images corresponding to Figures 3.3I and 3.3K showing the 

degradation product (lower band) of EYFP:pdf2∆ST (upper band) under all growth conditions. 

Grayscale image of Coomassie blue staining after Western blotting indicates protein loading 

(bottom).  
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Figure B.3.  Detection of ubiquitination and SUMOylation in epitope tagged wild-type and 

mutant gl2 proteins (Related to Figure 3.4).  

(A-I) Immunoblotting of EYFP (negative control), EYFP:GL2 and EYFP:gl2∆ZLZ samples 

immunoprecipitated with GFP-trap magnetic agarose beads using anti-GFP (A, D, G), P4D1 

anti-Ub (B, E, H) and anti-SUMO1 (C, F, I) antibodies. D-F correspond to samples obtained by 

harsh washing during elution step of immunoprecipitation. (J-K) Immunoblotting of samples 

used in Figures 3.4D-F with FK2 anti-Ub (J) and anti-SUMO3 (K) antibodies. (L-N) 

Immunoblotting of Col (WT), FLAG:GL2 and FLAG:gl242KR samples immunoprecipitated with 

FLAG-trap using anti-FLAG (L), FK1 anti-Ub (M) and anti-SUMO1 (N) antibodies. Conditions 

used to grow the seedlings are specified. Bands representing immunoprecipitated proteins, Fab-

fragment of FLAG-trap and free Ub or SUMO molecules at the bottom of corresponding blots 

are indicated. L, lysate (input); NB, supernatant (flow-through/non-bound fraction); E, eluate 

(bound fraction). 
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Figure B.4.  Alignment of ZLZ from Arabidopsis HD-Zip IV TFs illustrating the 

conservation of residues in the leucine zippers and the loop (Related to Figure 3.6).  

M1, M2 and M3 indicate the mutants affecting the invariant cysteine(s) present in loop 

region. 

 

 

 

 

 

  



240 

 

Figure B.5.  Screening of T1 transformants for rescue of null phenotype, EYFP expression 

and abaxial leaf curling (Related to Figure 3.7).  

Graphs showing (A) rescue of trichome phenotype, (B) EYFP expression and (C) 

occurrence of abaxially curled leaves in T1 progeny of WT plants and GL2 PTM mutants.   
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 Supplemental Tables 

Table B.1.  List of oligonucleotides used in this study 

I. Primers used to generate PTM mutations (K-R and C-A) in ZLZ/HD of GL2. Nucleotide 

bases in red denote changes leading to amino acid substitutions. 

gl2 K129R F CAT CCG GAC GAG AGG CAA AGA CAG CAG 

gl2 K129R R CTG CTG TCT TTG CCT CTC GTC CGG ATG 

gl2_K169R F AGG GCG GAA CTA GAG AAG CTG 

gl2_K169R R GAG CAG GGA GTT CTC GTG C 

gl2 K174R F CG GAA CTA GAG AGG CTG CGA GAG GAA AAC 

gl2 K174R R GTT TTC CTC TCG CAG CCT CTC TAG  TTC  CG 

gl2 K180R F GA GAG GAA AAC AGA GCC ATG AGG GAG TC 

gl2 K180R R GA CTC CCT CAT GGC TCT GTT TTC CTC TC 

gl2 K188R F GAG TCT TTT TCC AGG GCT AAT TCC TCC TG 

gl2 K188R R CA GGA GGA ATT AGC CCT GGA AAA AGA CTC 

gl2_K209R F AGA CTG AAA GCC GAG CTC G 

gl2_K209R R GGAGTTTTCGAGGTGGAGATC 

gl2_K211R F AGA GCC GAG CTC GAT AAG C 

gl2_K211R R CAGTTTGGAGTTTTCGAGGTG 

gl2_K216R F AGG CTT CGT GCA GCT CTT G 

gl2_K216R R ATCGAGCTCGGCTTTCAGTTTG 

gl2_K209R_K211R F AGA CTG AGA GCC GAG CTC 

gl2_K211R_K216R F  AGA GCC GAG CTC GAT AGG  

gl2_K209R_K211R_K216R R CAGTCTGGAGTTTTCGAGGTG 

gl2_C193A_F GCA CCC AAC TGC GGA GGA GG 

gl2_C193A_R GGAGGAATTAGCCTTGGAAAAAGACTCC 

gl2_C196A_F GCT GGA GGA GGC CCC GAT GAT C 

gl2_C196A_R GTTGGGGCAGGAGGAATTAGCCTTGG 

gl2_C193A_C196A_R GTT GGG GGC GGA GGA ATT AGC C 

II. Primers used to derive domain wise K-R mutations from gl242KR 

GL2_N-term KR-F GGATTTCCTGGGCAGAAGAG 

GL2_N-term KR-R CTCTTCTGCCCAGGAAATCC 

GL2_START KR_5'-F GCTCTCTCGATTTCTACACGG 

GL2_START KR_5'-R CCGTGTAGAAATCGAGAGAGC 

GL2_START KR_3'-F CCTTGTCTTCTTCATGGCTACC 

GL2_START KR_3'-R GGTAGCCATGAAGAAGACAAGG 

EYFP-GL2-F 

TCAAGCTTCGAATTCTGCAGTCGACATG TCA ATG 

GCC GTC GAC ATG 

p1300-GL2-R 

CCACCGCGGTGGAGCTCG TCA TTA GCA ATC TTC 

GAT TTG 

III. Primers used to generate ZLZ, START double mutants (using START domain 
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mutants as templates) 

GL2_ZLZ_Δ_F [Phos] TCATGCTCCGACGATCAAGAACACCG 

GL2_ZLZ_Δ _new_R [Phos] TTGAATAGCCTTGATCTGTGTGCGGCG 

IV. Primers used to generate FLAG-tagged GL2 (pB7_HFC3_0 used to amplify the 6x His 

3x FLAG tag) 

SR54_FLAG_F 

ATTAA GCAAA GAAGC TAG AG ATG CAT CAC CAT 

CAC CAT CAC 

SR54_FLAG_R_65 Ultra 

T GGG TTG TTT GGA AGA CAT GTC CAC GGC CAT 

TGA CAT GTC GAC CTT GTC ATC GTC ATC CTT 

GTA G 

V. Primers used to amplify GL2 cDNA from pENTR/D-TOPO vector to clone into binary 

vector SR54  

EYFP-GL2-F 

TCAAGCTTCGAATTCTGCAGTCGACATG TCA ATG 

GCC GTC GAC ATG 

FLAG-GL2-F 

C AAG GAT GAC GAT GAC AAG GTC GACATG TCA 

ATG GCC GTC GAC ATG 

p1300-GL2-R 

CCACCGCGGTGGAGCTCG TCA TTA GCA ATC TTC 

GAT TTG 

p1300-GL2-KpnI_R 

CCACCGCGGTGGAGCTCGGTACC TCA TTA GCA 

ATC TTC GAT TTG 

VI. Primers used for sequence verification of gl2 mutant constructs 

proGL2::EYFP:GL2_seq_B1 CAC AGG AAA CAG CTA TGA CC 

proGL2::EYFP:GL2_seq_B2 CGA TCG GTC AAT GCC TCT CGC 

proGL2::EYFP:GL2_seq_B3 GAG TCC CAG TTT CCT ATA ATC C 

proGL2::EYFP:GL2_seq_B4 CCT TCC CCC CCT GTC TAC AG 

proGL2::EYFP:GL2_seq_B5 GTA TCA TTG GAA TTG TAG AGG C 

proGL2::EYFP:GL2_seq_B6 CAA GGA CGA CGG CAA CTA C 

proGL2::EYFP:GL2_seq_B7 GCC CTC TCT CTA TCT CTC GC 

proGL2::EYFP:GL2_seq_B8 GGC TAA TTC CTC CTG CCC C 

proGL2::EYFP:GL2_seq_B9 CGA TGT TAT CCG GCA AGG CG 

proGL2::EYFP:GL2_seq_B9_5 GTC AAC ACC GGT TTG GCC 

proGL2::EYFP:GL2_seq_B10 GCT TCT ACC GCG CCA TTG C 

proGL2::EYFP:GL2_seq_B11 CGT CTA CAC AAG ACG ACA G 

proGL2::EYFP:GL2_seq_B12 GGG TTT GCC TCC AAC CCC 

proGL2::EYFP:GL2_seq_B13 GG AGT GCG AGG AGA AGA GGG 

proGL2::EYFP:GL2_seq_B14 GTC GTG ATC CTC ACC CTC C 

SR54_EYFP_F_seq GTC CTG CTG GAG TTC GTG 

VII. Primers used for genotyping of gl2 mutants 

SR54_GL2_747F GTC GAC ATG TCA ATG GCC GTC G 

SR54_GL2_747R AGC TCG TCA TTA GCA ATC TTC GAT TTG 

SR54_FLAG_F 

ATT AAG CAA AGA AGC TAG AGA TGC ATC ACC 

ATC ACC ATC AC 
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Table B.2.  Strategies used to generate PTM mutants with double/triple/multiple amino 

acids substitutions 

GL2 mutations (K to R) Template Primers 

Mutations generated by site-directed mutagenesis  

K169, 174R K169R  gl2 K174R F, gl2 K174R R 

K180, 188R K188R gl2 K180R F, gl2 K180R R 

K169, 180, 188R K180, 188R gl2_K169R F, gl2_K169R R 

K169, 174, 180, 188R K169, 180, 188R gl2 K174R F, gl2 K174R R 

K209, 211R K211R gl2_K209R_K211R F, gl2_K209R R 

K211, 216K K216R gl2_K211R_K216R F, gl2_K211R R 

K209, 216R K216R gl2_K209R F, gl2_K209R R 

K209, 211, 216R K211, 216R gl2_K209R_K211R F, gl2_K209R R 

K169, 174, 180, 188, 209, 

211, 216R (7KR) 

K169, 174, 180, 188R  gl2_K211R_K216R F, 

gl2_K209R_K211R_K216R R 

K129, 169, 174, 180, 188, 

209, 211, 216R (8KR) 

169, 174, 180, 188, 

209, 211, 216 (7KR) 

gl2 K129R F, gl2 K129R R 

C193, 196A WT GL2 gl2_C196A_F, gl2_C193A_C196A_R 

Mutations derived from gl242KR 

N-term KR (two fragments 

assembled) 

gl242KR EYFP-GL2-F, GL2_N-term KR-R 

WT GL2 GL2_N-term KR-F, p1300-GL2-R 

START KR (three 

fragments assembled) 

WT GL2 EYFP-GL2-F, GL2_START KR_5'-R 

gl242KR GL2_START KR_5'-F, GL2_START 

KR_3'-R 

WT GL2 GL2_START KR_3'-F, p1300-GL2-R 

STAD KR (two fragments 

assembled) 

WT GL2 EYFP-GL2-F, GL2_START KR_3'-R 

gl242KR GL2_START KR_3'-F, p1300-GL2-R 
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Appendix C - Chapter 5 Supplemental Data 

  Supplemental Figures 

 

Figure C.1.  Amino acid alignment of the AtSUMO1, 2, 3 and 5 protein sequences (Related 

to Figure 5.5). 

 

 

Figure C.1.  Detection of GL2 protein interactions mediated by its predicted SIMs (Related 

to Figure 5.5).  

Y2H screening of diploid yeast cells expressing bait constructs with gl2SIM mutants or 

SUMO isoforms and prey constructs with full-length GL2 or the GL2 START domain on 

permissive versus selective media. Unlike wild-type GL2, the gl2SIM mutants failed to show 

homodimerization. No interactions were detected between full-length GL2 or the GL2 START 

domain and any of the AtSUMO isoforms (1-3). Empty prey and bait vectors represent negative 

controls. Leu, Leucine; Trp, Tryptophan; His, Histidine; AbA, Aureobasidin A.  
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Figure C.2.  Western blot showing the expression of AtSUMO1, AtSUMO2, and AtSUMO3 

fusion proteins in diploid yeast from Y2H assays using α-SUMO3 antibodies (Related to 

Figure 5.5).  

No proteins were visible for SUMO3 but SUMO2 was detected due to its cross-reactivity 

with α-SUMO3 antibody. The stripped blot was reprobed with the α-SUMO1/2 antibody, which 

also detected SUMO2. Bait and prey proteins were expressed as GAL4 DBD and GAL4 AD 

fusions in Y2HGold and Y187, respectively. 
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Figure C.3.  Bait autoactivation assay corresponding to the Y2H experiments (Related to 

Figure 5.5).  

Haploid yeast cells (Y2HGold) expressing bait constructs were grown on permissive (-

Leu) versus selective (-Leu-His AbA) media to monitor reporter gene activity. None of the 

proteins expressed in the bait constructs, including full-length GL2, the GL2 START domain, 

gl2SIM353, gl2SIM404 and the AtSUMO1-3 isoforms resulted in bait autoactivation. 
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 Supplemental Tables 

Table C.1.  List of oligonucleotides used in this study  

I. Primers used for generating GL2 SIM mutants. Nucleotides in red indicate amino acid 

substitutions. 

Name 5’-3’ sequence 

GL2_SIM 353_F ATG CTG CCC GGC AAG GCG AAG G 

GL2_SIM 353_R CGG CCG TTG CAG CCT TTG AGA TCA AGC  

GL2_SIM 404_F CCT CGG TCT CCG TGG AGG ACA GC 

GL2_SIM 404_R CGT CCG CTG CTG CCC ATT TCT CAG GGC 

II. Primers used for amplifying gl2SIM353 and gl2SIM404 from pENTR/D-TOPO vector to 

clone into binary vector SR54. 

Name 5’-3’ sequence 

EYFP_GL2_F TCA AGC TTC GAA TTC TGC AGT CGA CAT GTC 

AAT GGC CGT CGA CAT G 

p1300_GL2_R CCA CCG CGG TGG AGC TCG TCA TTA GCA ATC 

TTC GAT TTG 

FLAG-GL2-F CAA GGA TGA CGA TGA CAA GGT CGA CAT GTC 

AAT GGC CGT CGA CAT G 

III. Primers used for sequence verification of D-TOPO/SR54 SIM mutant constructs and 

genotyping of homozygous plants 

Name 5’-3’ sequence 

M13F GTA AAA CGA CGG CCA GT 

M13R CAG GAA ACA GCT ATG AC 

proGL2::EYFP:GL2_seq_B8  GGC TAA TTC CTC CTG CCC C  

proGL2::EYFP:GL2_seq_B9_5  GTC AAC ACC GGT TTG GCC  

proGL2::EYFP:GL2_seq_B13  GG AGT GCG AGG AGA AGA GGG  

SR54_EYFP_F_seq GTC CTG CTG GAG TTC GTG 

SR54_GL2_747F GTC GAC ATG TCA ATG GCC GTC G 

SR54_GL2_747R AGC TCG TCA TTA GCA ATC TTC GAT TTG 

SR54_FLAG_F ATT AAG CAA AGA AGC TAG AGA TGC ATC ACC 

ATC ACC ATC AC  

IV. Primers for TOPO cloning of SUMO genes used in Y2H assays 

SUMO1_cDNA_F CAC CAT GTC TGC AAA CCA GG 

SUMO1_cDNA_R TCA GGC CGT AGC ACC ACC 

SUMO2_cDNA_F CAC CAT GTC TGC TAC TCC GG 

SUMO2_cDNA_R CTA AAA GCA GAA GAG CTT CAG GCC 

SUMO3_cDNA_F CAC CAT GTC TAA CCC TCA AGA TG 

SUMO3_cDNA_R TTA AAG CCC ATT ATG ATC GAA AAG CA 

V. Primers used for sequence verification of constructs used for Y2H assays 

T3 ATT AAC CCT CAC TAA AGG G 

M13F GTA AAA CGA CGG CCA GT 

Bait_and_Prey_Rev AGC CGA CAA CCT TGA TTG GAG AC 

proGL2::EYFP:GL2_seq_B8  GGC TAA TTC CTC CTG CCC C  
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Table C.2.  List of constructs generated in this study 

Gene 

 

Vector Template Primers used Procedure 

gl2SIM353 pENTR/D-

TOPO 

GL2 GL2_SIM 353_F and 

GL2_SIM 353_R 

Q5 site–

directed 

mutagenesis 

gl2SIM404 pENTR/D-

TOPO 

GL2 GL2_SIM 404_F and 

GL2_SIM 404_R 

Q5 site–

directed 

mutagenesis 

EYFP:gl2SIM353 SR54 gl2SIM353 EYFP_GL2_F and 

p1300_GL2_R 

Q5 HiFi PCR 

and NEBuilder 

Assembly 

FLAG:gl2SIM353 SR54 gl2SIM353 FLAG-GL2-F and 

p1300_GL2_R 

Q5 HiFi PCR 

and NEBuilder 

Assembly 

EYFP:gl2SIM404 SR54 gl2SIM404 EYFP_GL2_F and 

p1300_GL2_R 

Q5 HiFi PCR 

and NEBuilder 

Assembly 

FLAG:gl2SIM404 SR54 gl2SIM404 FLAG-GL2-F and 

p1300_GL2_R 

Q5 HiFi PCR 

and NEBuilder 

Assembly 

(CACC)SUMO1 pENTR/D-

TOPO 

SUMO1 SUMO1_cDNA_F and 

SUMO1_cDNA_R 

TOPO cloning 

(CACC)SUMO2 pENTR/D-

TOPO 

SUMO2 SUMO2_cDNA_F and 

SUMO2_cDNA_R 

TOPO cloning 

(CACC)SUMO3 pENTR/D-

TOPO 

SUMO3 SUMO3_cDNA_F and 

SUMO3_cDNA_R 

TOPO cloning 

GL2 pDEST32/pDES

T22 

TOPO:GL2 N/A Gateway 

cloning 

GL2 START pDEST32/pDES

T22 

TOPO:GL2 

START 

N/A Gateway 

cloning 
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gl2SIM353 pDEST32/pDES

T22 

TOPO:gl2SI

M353 

N/A Gateway 

cloning 

gl2SIM404 pDEST32/pDES

T22 

TOPO:gl2SI

M404 

N/A Gateway 

cloning 

SUMO1 pDEST32/pDES

T22 

TOPO:SUM

O1 

N/A Gateway 

cloning 

SUMO2 pDEST32/pDES

T22 

TOPO:SUM

O2 

N/A Gateway 

cloning 

SUMO3 pDEST32/pDES

T22 

TOPO:SUM

O3 

N/A Gateway 

cloning 
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Table C.3.  Accession numbers used for building alignments 

 

 

  

GL2 paralogs from HD-Zip IV subfamily 

 

GL2 (AT1G79840)                       PDF2 (AT4G04890)                          ATML1 (AT4G21750)                

ANL2 (AT4G00730)                    FWA (AT4G25530)                           HDG1 (AT3G61150)       

HDG2 (AT1G05230)                    HDG3(AT2G32370)                         HDG4 (AT4G17710)        

HDG5 (AT5G46880)                    HDG7 (AT5G52170)                        HDG8 (AT3G03260) 

HDG9 (AT5G17320)                    HDG10 (AT1G34650)                      HDG11 (AT1G73360)               

HDG12 (AT1G17920) 

GL2 orthologs across species 

 

ONM13423.1 (Zea mays)                                            BAB61212.1 (Oryza sativa)    

XP_013680822.1 (Brassica napus)                             XP_010430051.1 (Camelina sativa)   

XP_031737751.1 (Cucumis sativus)                           XP_021984354.1 (Helianthus annuus)   

XP_008789333.1 (Phoenix dactylifera)                       XP_016501674.1 (Nicotiana tabacum)   

XP_006343080.1 (Solanum tuberosum)                     XP_025611006.1 (Arachis hypogaea)  

NP_001314068.1 (Gossypium hirsutum)                    NP_001280927.1 (Malus domestica) 

XP_003546423.2 (Glycine max)                                 XP_035548052.1 (Juglans regia)  

XP_021652755.1 (Hevea brasiliensis) 

Arabidopsis SUMO isoforms 

 

SUMO1 (AT4G26840)                  SUMO2 (AT5G55160)                    SUMO3 (AT5G55170)        

SUMO5 (AT2G32765) 
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Table C.4.  Bacterial stocks ordered from ABRC for SUMO genes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Stock # Vector Genes 

U17495 pUNI51 (KanR) SUMO1 (At4g26840) 

U21609 pUNI51 (KanR) SUMO2 (At5g55160) 

U83833 pUNI51 (KanR) SUMO3 (At5g55170) 


