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Abstract: 

To determine if the activity of the transcription factor PHABULOSA (PHB) is affected 

by the relative position and sequence of its two adjacent STAR-related lipid Transfer (START) 

domains, domain-swapped transgenes were heterologously expressed in Arabidopsis thaliana for 

biochemical analyses and phenotypic screening. qRT-PCR data from known PHB constructs 

containing domain swaps, as well as preliminary data from deletion mutants, suggest differential 

contributions from START1 and START2. Phenotype analysis of native plant lines shows that 

the chimeric PHB protein is nonfunctional and does not create the gain of function severe 

phenotype. The transcriptional regulation by the chimeric proteins assayed here suggests that 

both domains are needed for activity, as well as their relative position.  

 

 

Introduction: 

 

Transcriptional regulation is a crucial step taken in order to maintain homeostasis and 

coordinate complex processes of growth and development. All cells in an organism share the 

same genome, and so mechanisms must be put in place in order to facilitate accurate gene 

expression in different tissues (Wray, 2003). This regulation of transcription can happen at 

multiple points; whether at the level of secondary DNA structure, the utilization of transcription 

factors (TF) as activators or repressors, or in modifications of the nascent RNA transcript (Li 

2007,  Szymanski, 2003). These regulatory processes are not static, and are not present in the 

same magnitude from cell to cell at any given time. In the case of development, many genes 

must be differentially expressed in specific patterns to facilitate correct axis determination, 

distribution of molecules, and organ formation (Venkata, 2012). Investigation into this highly 
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policed mechanism can give key insight into the dynamics between proteins and the DNA during 

the process of gene expression. 

 

The HOMEODOMAIN LEUCINE ZIPPER (HD-ZIP) class of transcription factors is a 

broad group of proteins found specifically in plants. These regulatory proteins are split up into 

four categories based on their functions ranging from abiotic stress management, embryogenesis, 

meristem patterning, and leaf polarity (Elhiti, 2008). These proteins are characterized by their 

homeodomain, involved in DNA binding, as well as their leucine zipper domain that facilitates 

dimerization and protein interactions (Figure 1A)(Husbands, Unpublished). Some HD-ZIP 

proteins also include a MEKLHA domain at the C terminus, involved in similar protein and 

molecular interactions to the common PAS domain. The main HD-ZIP protein of interest for our 

lab is PHABULOSA (PHB), which is an CLASS III HOMEODOMAIN LEUCINE ZIPPER 

transcription factor that specifically deals with the regulation of apical meristem and flat leaf 

formation in the developing plant. This protein also has a specific zone of expression that is 

mediated by the micro RNA (miRNA) miR166, which restricts the HD-ZIPIII transcript 

expression to the adaxial sides of the leaves (Skopelitis, 2017). 

 

A main point of interest with PHB is the presence of Star-related lipid transfer domains 

(START) found between the LZ and MEKHLA domains (Husbands, Unpublished). These 

START domains are similar to other domains found in mammals that are characterized to bind 

lipids, particularly phospholipids and cholesterols, with their stereotypical helix-grip fold 

structure to cause a signal transduction or conformational change (Ponting, 1999)(Dresden, 

2021). START domains are also found in mammals, where they are involved in the process of 

fatty-acid metabolism. The closest homologue to the PHB START domain structure is 
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phosphatidylcholine transfer protein (Husbands, Unpublished). These lipid binding domains are 

found to be associated with a range of ligands, depending on the protein and function (Alpy, 

2005). The ligand of PHB is still undefined, however data from Husbands points to 

phospholipids as the main 

candidates (Husbands, 

Unpublished). While functions of 

many START domains have not yet 

been defined, past data from the 

Husbands lab indicate that those in PHB 

are involved in homodimerization, 

DNA binding, and transcriptional 

potency. Further understanding of 

these domains in our A. thaliana 

protein will help us apply START-

domain knowledge across many other 

aspects of life and development. 

 

 Preliminary data from the lab 

show that the deletion of the single known 

START domain (Delta-START 2) had 

detrimental effects on the activity of the 

protein. The transcriptional efficiency has 

been reported as approximately a third of 

Figure 1: PHB START domains are necessary for native levels of 

transcription A.) Model of the HD-ZIPIII TF PHABULOSA. Five domains 

of interest are labeled, HD (homeodomain), LZ (Leucine zipper), START 

domains, and the MEKHLA domain. B.) I-TASSER models of both START 

domains. Note larger size and more disordered structure of START2 

(Arrow) C.) Schematic of previous Husbands data. WT PHB does not 

bind DNA when it exists as a monomer. Deletion of the first START 

domain allows for reduced rate of dimerization, as well as a reduced 

rate of transcriptional activity. Brown color represents the first START 

domain. Blue color represents the dimerization LZ domain. Red color 

represents the DNA binding homeodomain. 

A 

 

B 

C 
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the WT, showing that while activation is still possible, it is at a lower rate (Figure 1C) 

(Husbands, Unpublished). After collaboration with Dr, Igor Jouline (Department of 

Microbiology, The Ohio State University), it was found that the START-adjacent region was in 

fact a novel START domain (START 2).  This second domain is similar to the first, however it is 

larger and contains more predicted disordered 

loop structures (Figure 1B).  

 

Similar data were received from 

phenotypic analyses of plants expressing a 

deletion of the second  START domain 

(START1- Delta). A line of A. thaliana that 

was no longer susceptible to the miR166- 

dependent expression (PHB*) was created as a 

positive control. These gain of function mutants 

misexpress PHB outside of its endogenous 

expression zone, causing a severe needle-like 

leaf to be formed. Thus, constructs which 

show a high amount of severe phenotype 

plants have the highest level of functional 

protein.  

 

In the mutants made earlier in the 

Husbands lab (Delta-START2, START1-

A 

Figure 2: The two START domains in PHB have distinct effects on TF 

activity A.) Adapted from data collected earlier by Courtney Dresden. Native 

system lines of PHB mutants detailing the differences between the START 

deletions. Severe phenotypes are defined as completely radialized 

cotyledons. Moderate and mild phenotypes are defined as deviant from the 

WT phenotype with thinner, angular cotyledons. WT phenotype consists of 

two large, flat cotyledons. Deletion/mutation of the first START domain 

(Delta/WT) produces a mostly inactive protein (Wild type PHB phenotype). 

Similarly, the deletion of the second START domain (WT/Delta) produces 

data echoing the same trend. Removal of both START domains (Delta/Delta) 

causes a complete loss of varied phenotypes. B.) Chromatin 

Immunoprecipitation of PHB deletion mutants in an inducible context. 

Deletion of the first START domain has less effect on the DNA binding than 

the deletion of the second START domain. 

B 
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Delta) the phenotypically scored plants in the native system (Native promoter of PHB, not 

susceptible to miR166) were overwhelmingly consistent with the wild type (Figure 2A 

“PHB”=WT ctrl.). This is corroborated by chromatin immunoprecipitation (ChIP) data that 

shows a variation in DNA binding capabilities (Figure 2B) that is consistent with phenotypic 

data. Both deletions of START domains gets rid of the severe PHB* phenotype, which is a 

marker of functional protein in this case. At the same time, deletion of one or both START 

domain has a hand in decreasing the DNA binding capabilities of the protein. A conclusion to be 

made from this data is that both START 

domains serve an important function, 

however their dependence and specific 

interactions with other domains in the 

protein is yet to be defined. This 

assumption raises the question of if the 

domains rely on their position and 

sequence relative to each other.  

 

As described, the two PHB 

START domains have different 

contributions to PHB function. In my 

research, my goal was to clarify the 

distinct interactions of these domains. If 

these START domains are truly distinct, 

then the question arises of where that main 

Figure 3: Domain swapped proteins are generally inactive in the 

native context. A.) Model of creation of domain swapped proteins. 

B.) Phenotype data of native line domain swapped plants compared 

to previous deletion mutants. The severe phenotype is abolished in 

the domain swap mutants. 

B 

A 
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distinction comes into play. It has been shown by Dr. Husbands that the second START domain 

is required in order to bind to the DNA, I resolved to see if that role could be filled by any 

domain in that same position, as well as if these domains could be repeated in order to 

recapitulate the function of the wild type PHB protein.  

 

Results 

 
 

Phenotype Data of Native Line 

Chimeric Plants 

WT plants were transformed 

with the chimeric transgenes 

(START1-START1, START2-

START1, START2-START2) with a 

pPHB promoter in order to express the 

mutant PHB at its native levels, and 

resistant to the miR166. (Figure 3A). 

92% of the START1-START1 plants 

were shown to be wild type. The 

START2-START1 plants had the most 

varied phenotypes compared to the 

wild type, but still with a strong presence of WT plants (83%). START2-START2 showed 

similar data to the START1-START1 construct, with 87% WT phenotype, hinting at a more 

ineffective protein structure when only one type of domain is present (Figure 3B). This helps 

PHB*  START1-START1 START2-START1 START2-START2 

Figure 4: Biological analysis data can not be attributed to localization or 

stability issues A.) Nuclear localization images of the PHB* and domain 

swapped proteins shown in 7 day old induced root tissue. Green signal is 

PHB*, the magenta is the PI stain B.) Western blot analysis of domain 

swapped proteins, with antibodies against Actin (bottom) and FLAG (top). 

Quantified ratios found with ImageJ of FLAG to Actin reported above each 

lane. 

A 

B 
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draw the conclusion that repetition of START domains is not as effective for the protein’s 

integrity as is having both distinct domains present. 

 

Transcriptional Efficiency of Chimeric Constructs 

First, an important question of the stability 

and localization of these chimeric proteins must be 

addressed. First, we tested the nuclear localization 

of the chimeric proteins using a YFP- tagged protein 

and a confocal microscope. Nuclear localization 

images were taken of the YFP- tagged induced 

proteins along with a propidium iodide (PI) cell 

membrane stain. Protein was able to be seen clearly 

(Green YFP tag) in the nucleus (Figure 4A). Next, 

the relative stability of the domain swapped proteins 

was assayed via a Western blot with antibody 

specific to the FLAG tag placed on the protein. 

Actin was detected as a loading control. The 

quantification of the gel ratio between the actin 

and YFP-FLAG bands shows no significant issues 

with protein stability. The first replicate of 

START2-START2 will be regarded as an outlier, 

with possible concerns with loading or the lysate 

itself. Based on these findings, it appears that the 

Figure 5: Domain swapped constructs have reduced 

transcriptional activity A.) Isolated RNA used for qRT-PCR. The 

two major bands represent the abundance of ribosomal RNA in 

the cell. B.) Average YFP-FLAG mRNA levels between constructs. 

Variance likely due to differences in induction. C.) qRT-PCR data 

to show relative expression of PHB targets across different 

constructs. 
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domain swapped proteins are accumulating at similar levels, and localizing to the nucleus as 

expected. The three chimeric constructs (START1-START1, START2-START1, START2-

START2) were assayed for 

prevalence of transcriptional target 

RNA using qRT-PCR in an 

estradiol-induced pUBQ:XVE line 

(Figure 5B)(Supp. Fig 1). Primers 

were used against Actin, YFP-

FLAG, and two known targets of 

PHB, the Little ZPR targets (ZPR3 and 

ZPR4). The average relative expression 

levels for the wild type being 0.0024 

and 0.0018 for the ZPR3 and ZPR4, respectively. The PHB* positive control showed relative 

expression levels 116.8 times the WT value. START1-START1 did not show much relative 

expression of the ZPR3 or ZPR4 targets when normalized to Actin levels, with an average level 

of relative expression being only twice the amount of the WT. The START2-START1 construct 

showed expression levels 21.4 times higher than the WT, while the START2-START2 construct 

showed levels 11.7 times higher than the WT (Figure 5B). The loss of ZPR transcript readout in 

the domain swapped variants indicates that the mutant TF is not able to activate transcription at a 

comparable rate to the PHB* induction, assuming similar rates of mRNA degradation. 

 

 

 

Figure 6: Domain swapped proteins have differential DNA binding 

capabilities. Chromatin Immunoprecipitation data of average DNA 

enrichment values of chimeric proteins. Primers to identify targets are 

specific to intronic regions of the genes. OTC is not a DNA binding target 

of PHB. 
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Chromatin Immunoprecipitation 

 As we have found that there are differences between the transcriptional activation of the 

PHB targets in the domain swapped variants, our task shifts to narrow down the possibilities 

causing the change. One simple idea being potential differences in DNA binding capabilities: if a 

TF is not able to bind to the DNA of its target, then the changes in transcription could be 

explained. This rationale guided this work to perform ChIP on the domain swapped constructs in 

order to test their associations with the DNA. Primers specific for the intronic regions of the ZPR 

PHB target genes were used to assay enrichment of DNA after an immunoprecipitation, and thus 

DNA binding competency. It was found that START1-START1was not able to bind to the PHB 

targets. START2-START1 had some binding capabilities (enrichment range of 1.5 to 3.7, 

compared to range of .95 to 2.4 in pHB*) (Figure 6, Figure 2B), in line with the transcriptional 

activation (Figure 5C). However, START2-START2 showed a large amount of enrichment of 

targets (enrichment range between 6.5 and 8.7) (Figure 6) indicating that the changes in target 

activation may be due reduced DNA binding capabilities of the mutants. START2-START2 has 

more enrichment of targets in terms of DNA binding, however the transcriptional activity is less 

compared to START2-START1 (Figure 5C). 
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Discussion 

 Transcription is a complicated process that involves a wide variety of processes in order 

to allow for correct gene expression at the correct time. We have shown that the integrity of the 

TF PHABULOSA is affected greatly by the position and relative sequence of its START 

domains. From the qRT-PCR data, we see that START1-START1 has no activation of targets-

the protein is almost completely unable to drive transcription of the ZPR genes (Figure 5C). 

START2-START1, simply a swap of the domains, has substantially lower transcriptional 

activity than the PHB* control (Figure 5C). Similarly, with START2-START2, there is a 

fraction of the activation occurring (Figure 5C). Based on the localization imaging and the 

Western blot analyses, we see that the issues in target gene expression are not due to lack of 

stable protein in the nucleus, instead there must be some underlying reason (Figure 4 A,B). 

 We hypothesized that the difference is caused by a potential inability of the domain 

swapped protein to bind to the DNA. The ChIP performed on the chimeric proteins showed that 

this is most likely the case for START1-START1. The protein is unable to bind to the DNA, and 

Figure 7: Summary Table of Chimeric Protein Data: All constructs were found to localize to the nucleus and 

accumulate at relative levels. START1-START1 was the only construct shown to not bind to DNA or have any 

transcriptional activation. Relative rates of binding/transcription must be further explored to make more 

accurate conclusions. 
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thus is unable to activate transcription (Figure 6). This leads to the conclusion that START2 is 

required for the DNA binding of PHB. This is also supported by previous qRT-PCR and ChIP 

data of START2 deletion mutants (Figure 2B).  

 START2-START1 is a similarly simple case. We see that there is a fraction of DNA 

enrichment compared to previous WT and PHB* values, which corresponds well to the fractional 

amount of transcription we see from the qRT-PCR. This protein is far from the native 

conformation, but much like the Delta-START2 from the Husbands lab previous data, it is able 

to partially dimerize and activate. 

START2-START2, however, is much more intriguing. With a lower rate of 

transcriptional activation than the START2-START1 construct (Figure 5C), the assumption 

persists that the DNA binding would also similarly be lower. However, from our ChIP data, we 

see that the levels of DNA binding are in fact much higher than the START2-START1 variant 

(Figure 6). This means that the protein is binding to the DNA more frequently, however it is 

prevented from activating the transcription of the targets. This is further evidence of the 

necessity of the second START domain to allow PHB to bind to the DNA, but not necessarily its 

role in transcriptional activation. 

The PHB protein is more than just the interactions between its two START domains; it is 

a dynamic TF that relies on all of its domains in order to properly function. The changes done to 

the ordering of the START domains may not alter their inherent ability to perform their normal 

function, but instead may alter conformation of the protein itself. Difficulties with proper protein 

folding can affect processes further down the line, such as dimerization, chromatin interactions, 

and recruitment of other proteins. For instance, while START2-START2 may be able to bind to 

the DNA at a high rate, its repeated domain may force a protein structure that sequesters the 



14 
 

MEKHLA domain away from where it can interact with other proteins. Along a similar train of 

thought, the START2-START2 chimera may be able to bind well to the correct site, but is not 

able to open up the chromatin of the ZPR target genes downstream, thus preventing transcription. 

More analysis is needed in order to truly uncover the complicated interaction between these 

domains. 

This analysis is not without limitations. There are other valid possibilities that can explain 

the data received from the experiments. For instance, with the example of the START1-START1 

ChIP DNA binding data  (Figure 6), it is possible that changes to the sequence of START 

domains also changes the final location of the antibody recognition site. Essentially, binding may 

be occurring, but may not be able to be assessed with these experiments.  

Future directions of this project involve diving deeper into the PHB protein structure, as 

well as the various protein interactions that may contribute to its regulatory function. To start, the 

ChIP done on the domain swaps should be repeated, as time did not allow for convincing 

amounts of trials in order to draw strong conclusions. Positive and negative DNA binding 

controls (PHB* and WT) should also be included to have a stronger baseline of comparison. The 

question of dimerization is another point of interest, as it is possible that changes to the START 

domains may interfere with the LZ domain, which plays a role in dimerization. This can be 

assayed via Single Molecule Pulldown (SiMPull) in order to distinguish between different states 

of  the protein (Husbands et al., 2016). Another big step for the classifications of these domain 

interactions would be the identifications of the lipid ligands that bind to them. Further 

understanding of this A. thaliana START domain system can help open up a larger world of 

START domains for one to get a better grasp of development across all life. 
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Materials and Methods 

Construct Creation: 

         Constructs were made using WT PHB genomic DNA templates isolated in the lab. 

START domains were isolated via PCR using primers specifically flanking START1 or 

START2. These isolated domains were inserted via Gibson protocol to make a PCR8 plasmid 

with Spectinomycin resistance and two full START domains, order and repetition varying on the 

desired construct.  

Plasmids were electroporated into competent Escherichia coli and resulting transformants were 

selected from Spectinomycin plates after an overnight 37oC incubation. Colonies were cultured 

in an LB broth for 16 hours, and DNA was isolated based on the Qiagen miniprep protocol. 

DNA was digested with Pvu1 (START1-START1, START2-START1) and Pvu1 and 

Sac1(START2-START2) enzymes to verify their contents. Recombinant plasmids were 

sequenced using the Sanger sequencing method, and compared to the established PHB 

sequence.  

Plasmid was placed into a gateway vector via an LR clonase reaction. This reaction 

involved a primary linearization of the construct with the Bgl1 enzyme. The gateway vector 

varied based on the laboratory fate of the lines (pUBQ:XVE for inducible lines, and pB7GW for 

native lines). These gateway vectors also confer resistance to Spectinomycin. Correct colonies 

that were tested via digestion with Pvu1 enzyme were purified via miniprep protocol. This DNA 
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was then electroporated into competent agrobacterium cells, and grown on Rifampicin, 

Spectinomycin, and Gentamicin plates at 28oC for two days. 

These agrobacterium colonies could then be checked via the same miniprepping and 

digestion protocol listed, with a lysozyme added in order to facilitate the extraction. After 

verification, the agrobacterium could then be bulked and used to transform the Arabidopsis 

plants.  

  

Transformation with recombinant DNA into A. thaliana 

Agrobacterium transformed with a chimeric sequence were grown in 500mLs of LB 

broth containing Rifampicin, Spectinomycin, and Gentamicin antibiotics. Broth was spun down 

for 15 minutes at 15,000g to obtain a bacteria pellet. Pellet was resuspended in 500ml dH2O, 25g 

sucrose, and 250µL of Silwet non-ionic surfactant. Wildtype plants (just after first bolting) were 

dipped into this solution, ensuring agrobacterium could infect floral tissue. These plants were 

wrapped in a plastic cover overnight, then moved back to their growth chamber.  

         Seed was collected and then plated on various resistances based on the construct after a 

week-long seed drying period at 28oC. The native lines (pB7GW vector) were plated on 

Glufosinate-ammonium while the inducible lines (pUBQ:XVE) were plated with Hygromycin. 

Plates were made with 4.3g/L MS (Murashige and Skoog) salts, and brought to a pH of 5.7. 

Plated seeds were stratified at 4oC for two days to prepare them for germination. Plates were 

moved to a Conviron growth chamber for 7 days. The seedlings (dubbed as ‘T1s’)  that were able 

to grow on the resistance were said to be transformants that contained the PHB chimera 

transgene.  
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         T1 plants were transplanted from the plate and grew in soil until they gave seed. Seed 

was collected and separated based on its parent plant, then plated on the same resistances and 

time frames as before. After 7 days, the lines were counted based on their ratio of alive to dead 

plants. A line that had a 3:1 ratio of alive and dead plants was said to have been a product of a 

single insertion of the transgene, and could therefore be used for experimentation.  

  

Seedling Induction: 

         The inducible lines that were known to contain a single copy of the transgene were those 

targeted for exprimentation. This transgene contains a pUBQ promoter that can be activated by 

the presence of estradiol. Plant plates were sprayed with a mixture of 250mL H2O, 250µL 50mM 

estradiol, 2.5mL of Dimethyl Sulfoxide, and 12.5µL of Silwet. 24 hours after induction 

cotyledons were viewed under a fluorescence microscope to verify the strength of the induction. 

The YFP-FLAG in the transgene allows visualization of the protein. Sufficiently induced plants 

(dubbed as ‘Mids’ or ‘Brights’ based on intensity of signal) were collected as 10 seedling 

biological replicates for the qRT-PCR and Western blots, and were moved forward to 

crosslinking for  ChIP experiments. 

RNA Isolation and qRT-PCR: 

         To view relative transcriptional activation of the chimeric constructs, RNA must be 

isolated and assayed by qRT-PCR. 10 seedling bioreps collected from induced tissue (explained 

above) were processed via the Trizol RNA isolation reagent protocol. This includes grinding the 

tissue, addition of both the Trizol reagent and formaldehyde. Purified RNA was then treated with 

BioRad DNAses to ensure only RNA was isolated. After DNAse treatment, RNA was resolved 
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on a 120ml 1% agarose gel with 20µL of Ethidium Bromide. Gel was imaged in order to verify 

the integrity of the RNA. Two ribosomal bands are most frequently visible, with the higher band 

more prominent than the lower. The RNA was reverse transcribed using the BioRad RT IV 

reaction protocol. From this, the RNA was turned into cDNA, which serves as a template for 

PCR. 

         cDNA was used to assay the transcriptional efficiency of the constructs. A 96 well PCR 

plate was filled  to test each biological replicate with two tech reps against all of the necessary 

transcript primers. These primers were the Actin housekeeping, the YFP-FLAG signal from the 

chimeric protein, as well as ZPR3 and ZPR4 transcripts (known targets of PHB). A mixture of 

1uL of primer, 8uL of H2O, 1µL of cDNA, and 10µL of SYBR Green was loaded. The CT values 

received were averaged between techreps, normalized to the Actin levels, and compared. 

  

Western Blot Analyses: 

         5µg of purified protein was loaded into a denaturing polyacrylamide gel and ran for 50 

minutes at 120 volts. This gel was then transferred for 1 hour using a semi dry transfer method. 

After the transfer, the membrane was then blocked overnight with a 5% milk solution. The 

membrane was split, then antibodies were added in a 1% milk solution depending on the area of 

the gel. The lower portion of the gel contained Actin, and thus was treated with a rabbit-anti 

Actin antibody. The upper portion of the gel contained the chimeric protein of interest, and was 

treated with a mouse anti-FLAG TAG antibody. After this hour, the membranes are washed 5 

times with a 1% PBS-T. The secondary antibody is then used, incubated for 30 minutes. The 
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membranes are washed again, then they are visualized via chemiluminescence reaction and X-

ray imaging. 

 

 

 

Chromatin Immunoprecipitation: 

         7-day old induced seedlings were collected, then mixed in a solution of 3% formaldehyde 

and 1% PBS. Seedlings were crosslinked in a vacuum chamber at 25mmHg for 15 minutes. 

Seedlings were removed, remixed in their solution, and crosslinked for another 15 minutes. The 

reaction was quenched with 1mL of 2M glycine, mixed, and vacuum crosslinked for another 5 

minutes. Seedlings were split into pucks of 0.5 g of tissue, flash frozen in liquid nitrogen, and 

stored at -80oC. 

        Crosslinked tissue was ground using mortar and pestle, then suspended in 8mLs of a 

Nuclear Isolation Buffer (NIB) containing 10mM HEPES 8.0, 1M sucrose, 5mM KCl, 5mM 

MgCl2, 0.4 mM PMSF, 0.6mM Triton and 1 Complete mini cocktail per 5mLs of buffer. Tissue 

and buffer were rotated at 4oC for 15 minutes, then filtered through Miracloth. Liquid was 

centrifuged at 4oC for 15 minutes at 3000g. Pellet of nuclei was suspended in 1mL of the ChIP 

Buffer 2, containing 10mM Tris 8.0, 0.25M sucrose, 10mM MgCl2, 1.0mM Triton,1mM EDTA, 

and one COmplete mini cocktail protease tablet per 5mLs of buffer. Samples centrifuged for 10 

minutes at 12,000g, 4oC. The pellet was resuspended in 1mL of the Nuclear Lysis Buffer (NLB) 

(20mM Tris 8.0, 2mM EDTA, 0.01mM SDS, 1mM PMSF, and 1 Complete mini cocktail 

protease tablet for 5mLs of buffer). Chromatin was sonicated via Covaris E220 at 150W peak 

power, 20% duty factor, 200 cycles/burst for 6 minutes each sample. Insoluble debris was 
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centrifuged out, 30µL of 5M NaCl and 20µL 30% Triton was added to 920µL of chromatin. 

Chromatin was precleared for 30 minutes with washed Protein A/G magnetic beads (Bead 

washing described in next steps). After preclear,  chromatin was split into the IPs and the inputs. 

Input amounts were 10% of the total chromatin (42µL input to two 420µl IPs). Inputs were 

frozen, and antibodies are added to the IP samples. The two antibodies used were a Rabbit IgG 

from Cell Signaling Technologies, and a Rabbit FLAG tag. These antibody treatments were set 

to rotate overnight at 4oC. 

         40µL protein A/G magnetic beads were washed with 1mL of the Beads Washing Buffer 

(BWB)(3.8mL of the NLB with 120µL of 5M NaCl, and 80µL of 30% Triton). After overnight 

rotation, IPs were added to 40µL of washed beads, and rotated at 4oC for two hours. During this 

time, wash buffers for beads were made. Washes included a low and high salt buffer 

(150mM/500mM NaCl, 0.1% SDS, 1% Triton x-100, 2mM EDTA, 20mM Tris pH 8.0), an LiCl 

buffer (250mM LiCl, 1% Igepal, 1% Sodium Deoxycholate, 1mM EDTA, 10mM Tris pH 8.0), 

and a TE buffer (10mM Tris pH 8.0, 1mM EDTA, 0.1% Igepal). The beads were washed twice 

with each buffer. Afterwards, the samples were eluted off of the beads (EB was 1% SDS and 

0.1M NaHCO3), and placed at 65oC overnight with 10µL of 5M NaCl to reverse the crosslinking. 

This elution treatment was done to the inputs as well. 

         The samples were incubated for 1 hour at 45oC with 10µL 0.5M EDTA, 20µL 1M Tris 

7.0, 1µL 20mg/mL Prot K, and 1µL RNase. Then, the DNA is purified with the Zymo DNA 

Clean and Purify Kit protocol. The samples were then assayed via qPCR, with primers specific 

to the intronic regions of the target genes. The reported CT values were averaged between 

technical replicates, adjusted via the 10% input CT values, then normalized to the IGG antibody 

reading. 
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Nuclear Localization Images: 

         7 day old seedlings were induced with estradiol as per the above method. Induced plants 

were treated with a 1:1000 solution of propidium iodide for three minutes. The roots of the 

seedlings were removed and prepared on a slide. Photos were taken using a Nikon C2Si with a 

60x oil immersion lens. The YFP fluorophore attached (mCitrine) to the protein of interest was 

excited at 516nm and measured between 515 and 555nm. The propidium iodide stain was 

excited at 536nm and measured between 580 and 625nm. Shown are overlaid images of the YFP 

and propidium iodide channels.  

 

 

 

Supplemental Figure 1: Native Promoter and Estradiol-Induced Promoter Systems: Schematic of  promoter 

constructs used in experiments. Top shows the native promoter system used for phenotype analysis. System includes 

pPHB promoter, 5’ Untranslated Region, and the 3’ Intergenic Region of PHB. Attached are the YFP and 3xFLAG tags. 

Bottom shows estradiol induced system used for biochemical analysis. Ubiquitin promoter (pUBQ) codes for an XVE 

protein that is activated by estrogen induction. Induced protein activates the pOlexA promoter to transcribe the PHB 

coding sequence with the YFP and 3xFLAG 

Native Line Promoter System 

Estradiol-Induced Promoter System 
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