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Abstract 

Light is an essential environmental cue for plant development. When plants are exposed to 

light, a developmental program called photomorphogenesis is initiated. Plants sense light by using 

photoreceptors, including red- and far-red -sensing phytochromes (PHYs), to initiate massive 

transcriptional reprogramming necessary for photomorphogenesis. The mechanism by which 

PHYs initiate photomorphogenesis involves repressing the activity of a family of transcription 

factors called Phytochrome-Interacting transcription Factors (PIFs). However, it remains unclear 

how PHYs control transcriptional activity of PIFs due to lack of molecular understanding of PIFs’ 

transcription activation domain (TAD). Thus, identification of PIFs' TADs is critical to 

understanding the regulatory mechanism of gene expression governing plant development. We 

performed amino acid sequence alignment of the potential TADs of the PIF family using a recently 

identified PIF3 TAD region. Based on this bioinformatic analysis, we hypothesize that a PIF3 

TAD is conserved within the closest members of the PIF family. To test this hypothesis, we used 

yeast transactivation assays to determine the transcriptional activity of full-length and potential 

TAD regions from other PIF members. Our results showed that PIF1, PIF4, PIF5, PIF7, and PIF8 

are potent transcription activators; in contrast, PIF2 and PIF6 are not activators. The study also 

suggests that the TADs of the PIF proteins are not perfectly conserved. Together, the results of my 

project provide novel insight into the mechanism by which the family of PIF transcription factors 

transduce light signals to regulate gene expression.  
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INTRODUCTION: 

Light is one the most important environmental cues controlling plant growth and 

development. In dicot plants, seedlings without light (e.g., grown under the ground) promote a 

dark-grown developmental program called skotomorphogenesis, which elongates the hypocotyl 

(embryonic stem) and inhibits chloroplast biogenesis (greening) and leaf development. This dark-

grown developmental program allows seedlings to rapidly reach the surface of the soil (Leivar & 

Quail, 2011). In contrast, when seedlings are exposed to the light, developmental program is 

switched to light-grown developmental program called photomorphogenesis, which restricts 

hypocotyl growth and promotes chloroplast biogenesis and leaf development (Chen et al., 2010). 

Light-dependent photomorphogenesis is initiated by a suite of photoreceptors that sense 

light quality and quantity. Among them, the red (R) and far-red (FR) absorbing phytochromes 

(PHYs) sense the light by photoconversion of two stable forms: R light-absorbing inactive Pfr 

form and FR light-absorbing active Pfr form (Chen & Chory, 2011). Light-activated PHYs trigger 

photomorphogenesis by massive transcriptional reprogramming through mechanisms by 

repressing the stability of antagonizing transcription factors called PHYTOCHROME-

INTERACTING FACTORs (PIFs) (Leivar et al., 2009). The PIF family belong to the basic helix-

loop-helix (bHLH) transcription factor family including 8 members: PIF1, PIF2/PIL1, PIF3, PIF4, 

PIF5, PIF6/PIL2, PIF7, and PIF8. PIF proteins are characterized by a conserved bHLH domain for 

DNA binding and dimerization, and an Active-PHYB-Binding (APB) motif. In the dark, most PIF 

proteins accumulate in the nucleus, where they activate growth-relevant genes to promote 

hypocotyl elongation and repress gene involved in chloroplast biogenesis. In the light, 

photoactivated Pfr form of PHYB binds directly to PIFs and triggers their degradation, thereby 
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initiating photomorphogenesis. Although PHYB-mediated degradation of PIFs has been 

considered a central mechanism in light signaling, if and how PHYB directly regulates the 

transcriptional activity of PIFs is still not fully understood.  

Generally, transcription factors activate gene transcription with two functional domains: a 

DNA-Binding Domain (DBD), which binds to the DNA, and a Transcription Activation Domain 

(TAD) that is required for activation of transcription (Latchman, 1993; Treizenberg, 1995). 

Although PIFs can function as either transcriptional activator or repressors, it has been well-

studied that PIFs directly bind to the G-box cis-regulatory elements in the promoters of many PIF-

direct target genes and activate transcription to promote hypocotyl growth in dark. The DBD of 

PIF family has been well-characterized as a conserved bHLH domain that is located at the C-

terminus of PIFs, which is essential for binding to G-box cis-regulatory element. However, 

regarding their transcriptional activator functions, TADs of PIFs have not been clearly defined.  

In recent work from Dr. Meng Chen’s lab, a TAD of PIF3 was identified in a region of 91-

114 amino acid residues using a yeast transactivation assay (Figure 1A). Despite this precise 

identification, when the TAD of PIF3 is aligned with other 7 PIF family members, the TAD 

sequence is only partially conserved among the other PIFs (Figure 1B). Therefore, I hypothesize 

that PIF3 TAD is conserved with only the closest PIF family members such as PIF1, PIF4, and 

PIF5. The goal of this project is to determine whether the other 7 PIF family members are 

transcriptional activators, and to determine whether TAD regions of other PIFs similar to PIF3 

TAD are sufficient for transcriptional activity. The outcome of this project will enhance our 

understanding of the distinct transactivation mechanisms of PIFs in plant light signaling.  
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Figure 1. Identification of PIF3 TAD in 91-114 region using yeast transactivation assay 

and amino acid sequence alignments of the PIF3 TAD 91-114 region and other members 

of PIF family.  

(A) The 91-114 region of the PIF3 is sufficient to confer transcriptional activity. PIF3 full length 

and two truncation fragments (77-114 and 91-114) were fused to GAL4 DNA-binding domain 

(DBD) to determine transcriptional activity using GAL4-promoter-driven Aureobasidin A (AbA) 

resistance gene reporter system. (B) Amino acid sequence alignment of PIF3 TAD (91-114) and 

corresponding regions of other PIF family members.  
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RESULTS: 

To test transcriptional activity of PIF family members, we used a modified yeast 

transactivation assay using the Gal4-UAS system, which is a biochemical method to study gene 

expression (Busson & Pret, 2007). This system uses Gal4 DNA-binding domain (DBD) as a bait 

protein and Gal4 promoter-driven Aureobasidin A (AbA) resistance gene as a reporter system. The 

main function of Gal4 DBD is to bind to upstream activating sequence (UAS) in Gal4 promoter, 

but without TAD, Gal4 DBD alone cannot transcribe a reporter gene (Figure 2A). If a TAD is 

fused with Gal4 DBD, this recombinant protein can activate an AbA resistance gene as a reporter 

gene (Figure 2B). Thus, transactivation activity can be determined by viability of yeast cells grown 

on media containing AbA.  

 

Figure 2. Overview of yeast Gal4/UAS transactivation assay system. A reporter system 

includes Aureobasidin A (AbA) resistance gene AUR1-C driven by GAL4 promoter containing 

UAS. Gal4 DBD alone cannot activate AUR1-C (A), whereas TAD fused with DBD activate AUR1-

C that gives resistance to AbA. 
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We first examined whether the 7 PIF members in addition to PIF3 are transcriptional 

activators in this system. The full-length of PIF1, PIF2/PIL1, PIF4, PIF5, PIF6/PIL2, PIF7, PIF8 

were fused to Gal4 DBD. HFR1 protein was included as another member of bHLH PIF family and 

previously reported as an atypical bHLH protein negatively regulating PIF7 activity (Paulisic et 

al., 2021). Gal4 DBD alone was used as a negative control. Yeast lines containing all PIF members 

except PIF2/PIL1 and PIF6/PIL2 were able to grow in the media containing AbA, indicating that 

these PIF members have transcriptional activity (Figure 3). Yeast lines containing PIF2/PIL1 and 

PIF6/PIL2 did not grow on AbA media, but grew on control media, indicating that PIF2/PIL1 and 

PIF6/PIL2 do not have transcriptional activities. Yeast lines containing HFR1 and DBD alone did 

not show any transcriptional activities as expected.   

   

Figure 3. All PIF members except PIF2/PIL1 and PIF6/PIL2 show transcriptional activities. 

The full-length 7 PIF members and HFR1 were fused with DBD and used for yeast 

transactivation assays. Serial dilutions of the yeast lines containing different constructs were 

grown on either SD/-Trp/+AbA or SD/-Trp (control) media.  
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 Then, we hypothesized that TADs of other PIFs might be in a region similar to the PIF3 

TAD. Based on amino acid sequence alignments shown in Figure 1B, we fused potential TAD of 

PIFs to Gal4 DBD and evaluated for the transactivation activities. Figure 4 shows the 

transcriptional activity of the TADs of PIF1 through PIF8. Only the PIF1 TAD was sufficient to 

confer transcriptional activity as PIF3 TAD. However, the TADs of PIF4 to PIF8 did not show 

give any transcriptional activities (Figure 4). These results indicate that predicted TAD in PIF1 is 

a functional TAD. The negative results for the rest of the PIFs might suggest that their TADs 

require additional residues for their activity or the predicted TAD region is incorrect. Additional 

experiments are needed to distinguish these possibilities. 

 

  

Figure 4. PIF1 and PIF3 TAD is sufficient for transcriptional activities. The predicted TADs 

of 6 PIF members were fused with DBD and used for yeast transactivation assays. Serial 

dilutions of the yeast lines containing different constructs were grown on either SD/-Trp/+AbA or 

SD/-Trp (control) media.  
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DISCUSSION: 

 The PIFs are master regulators of skotomorphogenesis as transcriptional activators. The 

central mechanism of photomorphogenesis posits that PHYs repress the stability and 

transcriptional activities of PIFs to initiate light-dependent development. However, the precise 

mechanism by which PHYs repress the transcriptional activities of PIFs has not been established 

because the intrinsic TADs of PIFs have not been clearly defined. To identify TAD of PIF family 

members, we first analyzed whether full-length PIF members have intrinsic transactivation 

activities, and then analyzed whether the predicted TAD regions of PIF members are sufficient to 

confer transactivation activities. My project shows that only a subset of PIF members possess 

transcriptional activation activity and most of the predicted TADs in PIFs, based on the PIF3 TAD, 

did not show activity, suggesting that the TADs of the other PIFs could not be predicted and need 

to be individually determined.  

 First, our yeast transactivation assay to determine full-length PIF members showed that 

PIF1, PIF4, PIF5, PIF7, and PIF8 had strong transcriptional activities (Figure 3). These results 

indicate that PIF1, PIF3, PIF4, PIF5, PIF7, and PIF8 are transcriptional activators, which is 

consistent with previous reports on their functions on activating growth-relevant genes (Leivar et 

al., 2009, 2011). In contrast, PIF2/PIL1 did not show any transactivation activity in our assay 

(Figure 3), which is also consistent with previous result using tobacco transient system (Li et al., 

2014). PIF6/PIL2 showed very weak survival only with high concentration of yeast (Figure 3). To 

further compare the transcriptional activities among PIF members, additional experiments are 

needed to quantify the transcriptional activities.  

 Next, we examined transcriptional activities of the predicted TADs of PIF members. The 

predicted TAD regions of PIF members were chosen by amino acid sequence alignment with 



   
 

 11 

previously identified PIF3 TAD 91-114 region. Alignment results suggest that this region is 

moderately conserved among PIF family. Our yeast transactivation assay result showed that only 

PIF1 TAD is sufficient to confer transcriptional activity as the PIF3 TAD (Figure 4). These results 

are consistent with amino acid sequence alignment as PIF1 predicted TAD has the most similarity 

with PIF3 TAD compared to other PIF members. PIF1 is known as the closest member to PIF3 as 

they share other conserved domains such as Active PHYA-binding motif (APA) and Active 

PHYB-binding motif (APB). Consistent with previous reported redundant functions of PIF1 and 

PIF3 in seedling development. Unexpectedly, the TADs of the rest of PIF members were not 

sufficient to confer transcriptional activities. These results might suggest that the TADs of the rest 

of PIFs are different from the PIF3 TAD, and they might require additional residues to be 

functional. Alternatively, it is also possible that the predicted TADs in these PIFs were incorrect. 

Additional experiments are needed to distinguish these possibilities.  

The original goal of this project was to determine the TADs of the 7 PIF members. 

However, we were unable to conduct experiments in the past year due to the Covid-19 pandemic. 

Nevertheless, the data collected are informative and point to future experiments towards the 

determination of the TADs in all PIFs. Understanding TADs of all PIF members will greatly 

enhance our knowledge of how the PIF family members transduce light signals through 

transcriptional regulation. 
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CONCLUSION: 

My project shows that out of the seven PIFs, five are transcriptional activators and two are not. 

The TADs of the PIF members does not seem to be perfectly conserved as the PIF3 TADs. Further 

experiments are needed to further determine the TADs of individual PIFs.  

 

METHODS AND MATERIALS: 

Plasmid construction: 

The pBridge vector (Clontech) containing Gal4 DBD is used as a bait plasmid for yeast 

transactivation assay (Figure 5). Full-length or predicted TAD regions of PIF family members 

were generated by designated primers and subcloned into EcoRI-HF/SalI-HF sites of the pBridge 

vector using NEB HiFi Assembly. Approximately 200~300 bps of the predicted PIF TAD 

regions were amplified using Phusion Taq polymerase as shown in Figure 6 (A). Digested 

pBridge vector was also ran in DNA gel to confirm full-digested single band with 6kb size 

(Figure 6B). The purified PCR product and linearized pBridge vector were assembled using HiFi 

assembly enzyme mixture (NEB), and then transformed into E. coli competent cells.  
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Figure 5. Schematics of pBridge plasmid vector map. The pBridge vector contains yADH1 

promoter-driven Gal4DBD expression cassette with yADH1 terminator. The full-length and TAD 

regions of PIF family are inserted in frame translationally with C-terminus of Gal4-DBD. This 

vector contains ampicillin or carbenicillin resistance marker gene for bacteria selection, and 

tryptophan 1 (TRP1) nutritional marker gene for yeast selection. 
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Figure 6. PCR products of PIF family TADs and digested pBridge vector plasmid. (A) PCR 

results of PIF1 to PIF8 TAD regions. All TADs are expected to be 200~300 bp. (B) Digested 

pBridge vector with EcoRI/BamHI, and undigested vector. Digested vector showed single band 

with 6 kb size.  
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After that, transformed bacteria was spread onto the LB media containing carbenicillin 

because pBridge vector contains carbenicillin resistance gene. Only bacteria transformed with 

assembled circular plasmid will be able to grow on LB with carbenicillin (Figure 7). Since small 

portion of undigested vector could be transformed in E. coli, colony PCR was performed to select 

the single colony containing correct inserts. Colony PCR results showed several colonies 

containing inserts, which amplified larger PCR products than empty vector (Figure 8A).  

Selected correct colonies for each construct were further confirmed by Sanger sequencing. 

Sanger sequencing is a method that uses dideoxynucleotides to create DNA strands of various 

lengths that are then allowed to separate via Capillary Electrophoresis (Sanger & Coulson, 1975). 

These DNA strands are tagged with fluorescent dyes, a unique tag for each nucleotide. A laser is 

then able to excite the dye that produces a unique wavelength, which is read and detected by a 

computer. Upon analysis, the sequences detected by the Sanger technique is identical to the DNA 

template of the predicted TADs. Though bacterial growth on antibiotics is a good indication that 

the plasmid was transformed into the bacteria, Sanger sequencing serves as a method to confirm 

that correct DNA sequences corresponding to either full-length or TAD region of PIF members 

were inserted into the EcoRI/BamHI sites of the pBridge vector. An example of a sequencing result 

is shown (Figure 8B). 
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Figure 7. Image of LB media containing carbenicillin after bacteria transformation of 

pBridge-PIF1 TAD plasmid construct. The pBridge vector contains a carbenicillin resistance 

gene so that only bacteria with the transformed pBridge-PIF1 TAD plasmid can grow.  
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Figure 8. Colony PCR and DNA Sanger sequencing results confirmed correct pBridge-TAD 

construct cloning. (A) Colony PCR results for two colonies in each PIF TAD cloning. PCR result 

using empty pBridge vector was used as a control. Correct plasmids showed larger size of PCR 

product than empty vector controls. (B) Selected plasmids based on colony PCR results were 

sent for DNA Sanger sequencing. This figure showed an example of PIF1 TAD, which is 

highlighted in blue. This Sanger sequencing outcome includes a chromatography of sequencing 

result that perfectly matched. Additionally, it showed that the TAD was inserted in EcoRI/BamHI 

sites of the pBridge vector, thus confirming that the correct plasmid was transformed into the 

bacteria. 
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Yeast transformation: 

Plasmid constructs were transformed into Y2HGold yeast strain in accordance with the 

yeast transformation protocol (Clontech). The transformed yeast was selected by grown SD-Trp 

media at 28°C for 2 days. Since pBridge vector has the TRP1 nutritional marker that allows yeast 

to grow on a media lacking tryptophan, yeast colonies on the selective media have our designed 

plasmid constructs. 

 

Yeast transactivation assay: 

The yeast GAL4/UAS system is a modified version of the Yeast-Two Hybrid Assay where 

the transcriptional activity of each TAD will be tested. This system uses the DBD of GAL4 as bait, 

which binds to the upstream activating sequence (UAS) of the reporter gene AUR1-C. The AUR1-

C reporter gene provides resistance to Aureobasidin A, which is a chemical that is toxic to yeast. 

The transformed yeast colonies were grown in liquid SD-Trp media overnight. Then, after OD600 

was measured, yeast cells were further diluted to 0.2 of OD600. Then, serial dilutions were further 

prepared up to 10-4 dilution. Ten microliters from all five serial dilution (100 to 10-4) was dropped 

on a SD-Trp solid medium with or without final 125ng/ul AbA. These plates were further 

incubated at 28°C for 2 days. Yeast plates were imaged and analyzed for transactivation activity 

based on cell viability (Figure 3 and 4).  
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