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Abstract 
 Transcription factors (TFs) are critical biomolecules that control and regulate gene expression 
in every organism. In wheat, there are 3,606 genes annotated as putative TFs which are primarily 
uncharacterized. In this work, using a DAP-seq approach, we have validated and characterized 
a select number of TFs (5bl and 5dl) belonging to GeBP family of proteins, responsible for plant 
cellular growth, development, and differentiation. We found that top DNA binding motifs for 5bl 
and 5dl are (G/T)N(T/G)GTGGT and (C/G)AA(C/G)AA respectively. These motifs/peaks are 
enriched in the promoter regions of the genes, which are associated with rRNA biogenesis and 
protein maturation pathways. This study is also a first demonstration that DAP-seq can be applied 
for such a complex and large genome such as wheat. 
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Summary 
This project was a pilot study with a 1-year timeframe to establish an in-house workflow that can 
help to validate and further characterize transcription factors. The science focus has been 
centered on a small family of transcription factors from wheat that has never been characterized 
previously. As DAP-seq protocols were never tested on a wheat genome and taking into account 
its high complexity and repetitiveness, we were successfully able to characterize a select number 
of transcription factors, providing a first demonstration that DAP-seq technology can be 
successfully used for such complex and large genomes such as wheat.  
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1.0 Introduction 
 In multicellular organisms, transcription factors (TFs) account for a significant fraction of 
protein coding genes (from 6 to 10%)1. They are critical macromolecules, which bind and alter 
chromatin architecture, regulating the first step of genome expression – transcription. As they are 
primary regulators of gene expression, their functional impacts are tremendously diverse. Just to 
highlight a few of them, in plant and fungal organisms, they control growth and stress response 
(such as drought) critical for bioenergy/biomass applications2,3. Despite the importance of these 
proteins and significant efforts of the research in this area, the vast number of them remain rather 
uncharacterized. The focus of this study has been centered on wheat transcription factors. As 
climate changes and global supply deficit, a need to bioengineer high-yield and drought-resistant 
crops or any other plants is crucial. The knowledge of such gene regulatory control (which 
includes characterization of these proteins) is the key to success for any biosystem engineering 
efforts in the future. 

1.1 Transcription factors in wheat 

 There are 3,606 genes mainly annotated as putative TFs in wheat (http://planttfdb.gao-
lab.org/index.php?sp=Tae), which are further classified into 56 families. Sadly, less than 10 out 
of 3,606 have been validated and characterized experimentally today1. While some of wheat TF 
families have very close homologs in A. thaliana and their function and DNA binding preferences 
can be somewhat predicted from there, a plant-specific TF family known as GeBP4 represents 
unconventional Leu-zipper TF proteins that remain very poorly characterized in any plant.  This 
TF family have potential roles in the regulation of cytokinin response5 – a process in plants that 
influences plant, axillary bud, and cellular growth, development, differentiation, as well as affecting 
apical dominance and leaf senescence.  Wheat has 12 GeBP TFs that have been catalogued as 
of 2021, all annotated as uncharacterized (Fig.1b and 1c). These genes have been chosen as 
pilot targets for the proposed research efforts below since they are a small but complete family of 
proteins and with high scientific importance. 

 
Figure 2. Wheat and its transcription factors. a) The importance of wheat. The image is sourced 

from wheat genome sequencing consortium. b) 12 genes from T. aestivum that 
classified as GeBP family TFs. c) Current annotation of Taes_2AS_8C5E619C6.1 gene 

http://planttfdb.gao-lab.org/index.php?sp=Tae
http://planttfdb.gao-lab.org/index.php?sp=Tae
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as an example. The information has been pulled out from PlantTFDB v5.0 
(http://planttfdb.gao-lab.org/family.php?sp=Tae&fam=GeBP). 

1.2 DAP-seq technology 
 Despite a long-standing interest of researchers in TF biology, the validation and experimental 
characterization of DNA-binding proteins such as TFs remains rather challenging. Gold-standard 
experimental approaches include chromatin immunoprecipitation (ChIP)-based assays to 
determine the specific genomic binding sites of TFs and their relationships to transcriptional 
regulation. A low throughput of ChiP method is caused by its requirement to raise specific 
antibodies and its dependency on the conditions used during crosslinking which limits identifying 
global binding profiles. 

Based on the vast number of uncharacterized TF, there has been a shift to use alternative 
and high-throughput TF validation and functional characterization methods to overcome the 
shortcomings of ChIP. In particular, the DAP-seq method5 for TF characterization stands out as 
a powerful alternative with increased specificity as compared to other well-known high-throughput 
methods. The method combines affinity-purified TFs synthesized via cell-free protein 
methodologies with next generation sequencing using genomic DNA library.  

For the proposed study, the plan was to establish the following workflow (Figure 2). First, 
high-quality wheat berries will be purchased from Palouse Brand foods, which is a local WA state 
farm. The genomic DNA will be extracted using standard procedures with ThermoFisher’s 
PureLink Plant Total DNA Purification kit. Extracted DNA material will be further fragmented and 
ligated with Illumina-based sequencing adaptors to generate a final DNA library for binding 
experiments.  In parallel, TF genes will be synthesized by custom gene services from Genscript, 
and the transcription factors will be further expressed and purified using the Protemist DTII 
automated wheat germ cell-free protein synthesis platform at EMSL. Purified cell-free TFs will 
then be incubated with the generated DNA library, and TF-bound DNA will be pulled down by the 
affinity tag on the TF. The bound DNA will be further released, PCR amplified and sequenced on 
NextSeq550 instrument located at EMSL. 

 

 

http://planttfdb.gao-lab.org/family.php?sp=Tae&fam=GeBP
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Figure 2. A simplified workflow of DAP-seq. TF1, TF2 and TF3 stand for transcription factors 1, 
2 and 3. PDB IDs (1GD2, 4AYA, 2VEQ) were used as TF models. 
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2.0 Results 
2.1 Sourcing of genomic DNA from wheat 

 Wheat berries were purchased from Palouse Brand foods, which is a local WA state farm. 
The genomic DNA was extracted using standard procedures with ThermoFisher’s PureLink 
Plant Total DNA Purification kit. The quality of the resulting genomic DNA was validated using 
agarose gels (Figure 3). Extracted DNA was further fragmented using a Covaris S2 
Ultrasonicator, further repaired using End-it DNA End-repair kit (Lucigen) and A-tailed using 
Klenow fragment (NEB) using the guidelines described in the DAP-seq method paper5. The 
resulting DNA was then ligated with the Y adaptor for PCR amplification. The quality of the 
resulting library was confirmed by qPCR amplification to verify adaptor ligation.  

 
Figure 3. Genomic DNA extraction and fragmentation. 

2.2 Cell-free protein synthesis of wheat TFs 
 Gene synthesis and cloning into a pEU vector (designed for WGCF platform) was 
outsourced to Genscript. A 3XFLAG-tag to the N-terminus of DNA constructs was 
incorporated for purification purposes. Obtained plasmids were used as DNA templates in the 
transcription, where synthesized mRNA is then fed into translation reactions. Translation 
reactions were conducted first overnight at mini scale (~20 ul volume) in the presence of 
fluorophore-labelled lysine-charged tRNA (Promega), which allows incorporation of 
fluorophore-labeled lysines (<1%) into newly synthesized proteins. The latter allows rapid in-
gel detection by fluorescence of the protein product in the crude mixture with no need for its 
purification6. The products were analyzed by SDS-PAGE and GE Typhoon FLA 9000 Gel 
Imaging Scanner (Figure 4). The above experiments provided a rapid screening technology 
to verify protein expression and integrity and all target protein showed good expression levels 
with no evidence of premature termination. The translation reactions were then repeated in 
the absence of fluor-tRNA to get native (unmodified) TFs for subsequent DNA binding assays. 
After the completion of protein synthesis, TFs were purified using ANTI-FLAG M2 Magnetic 
Beads (Sigma) and washed several times with binding buffer to remove nonspecific binders. 
Then, each TF was incubated with 100 ng of genomic DNA library obtained in 2.1 and washed 
again with to remove nonspecifically bound DNA. The bound DNA was further released by 
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heat and PCR amplified using illumina Index primers (from Invitrogen). As each sample was 
amplified using a unique Index primer, DNA was then pooled together and routed for 
sequencing. 

 
Figure 4. Cell-free protein expression screening of newly synthesized TFs in crude mixtures by 

fluorescence. F-tRNA stands for fluorophore-labeled lysine-charged tRNA. tGFP and 
EmBP-1 are used as positive controls. TF_* designate 12 chosen proteins from T. 
aestivum that classified as GeBP family TF. The expression of TF_6dl (sample 16) is 
not clearly visible due to its small size and a mobility overlap with F-tRNA. 

2.3 DNA sequencing 
An initial DAP-seq run (Run #1) was targeting around 20-30M of raw reads per sample, so a 
single sequencing run of NextSeq550 (200-400M) per cell was conducted first to analyze all 
TFs at once. Sample-specific reads were distinguished by the Illumina barcode. Based on a 
very large size of wheat genome (17Gb) and its high percentage of repetitive sequences, the 
data processing of this run showed that, unfortunately, we don’t achieve enough sequencing 
depth for the genome size of this complexity (see below). Due to limited budget if this proposal, 
we had to narrow further sequencing runs only to a select number of target proteins with target 
~200M reads per sample.  Run #2 was focused TF_5bl and TF_5dl and Run #3 was on 
negative_control(no DNA) and EmBP. All raw reads are archived and can be found on NEXUS 
under these Upload IDs (2516155, 2635542, 2635703). 

2.4 DAP-seq data analysis 
The data processing and quality metrics for DAP-seq are similar to ChIP-seq data analysis. 
So ChIP-seq bioinformatics tools are applied for data processing. The ChIPQC report for Run 
#1 showed that we don’t reach enough sequencing depth but proteins TF_5bl and TF_5dl 
look the most promising (Table 1 and Figure 5). 
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Table 1. Summary of ChIP-seq filtering and quality metrics for Run #1.  

 
Figure 5. Plot of the average signal profile across peaks. TF_5bl and TF_5dl look the most 

promising targets for further sequencing. 

The ChIPQC report for Runs #2 and #3 (Table 2 and Figure 6): 

 
Table 2. Summary of ChIP-seq filtering and quality metrics for Runs #2 and #3.  



PNNL-33703 

 7 
 

 
Figure 6. Plot of the average signal profile across peaks.  

2.5 Overall results 

 Identified DAP-seq peaks for TF_5bl and TF_5dl were significantly enriched in the promoter 
regions of genes in comparison with a negative control, which is expected for a successful DAP-
seq experiment.  Enriched peaks were further analyzed by a MEME motif discovery software, the 
results of which are shown in Figures 8 and 9. Both TFs demonstrate very specific DNA binding 
profiles with very high E-values. We also analyzed the locations of those peaks to identify genes 
that they might regulate, and those gene lists are summarized in Table 3. Both transcription 
factors are the closest homologs based on phylogeny, so overlapping function is expected. 
Interestingly, both of them involve in rRNA biogenesis. While TF_5bl involve in the regulation of 
all rRNA subunits, TF_5dl is specific to 18S rRNA. 

 

Figure 7. Heatmap of log2 enrichment of reads in genomic features. 
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Figure 8. Discovered motifs for TF_5bl. 

 
Figure 9. Discovered motifs for TF_5dl. 

Transcription 
factors Gene ID Gene annotation 
TF_5bl LOC123073733  18S ribosomal RNA 

LOC123073958 18S ribosomal RNA 
LOC123087585 *uncharacterized protein 
LOC123141118 GATA zinc finger domain-containing protein 15-like 
LOC123076302 *uncharacterized protein 
LOC123150351 5.8S ribosomal RNA 
LOC123137730 *lncRNA 
LOC123152556 18S ribosomal RNA 
LOC123152693 28S ribosomal RNA 
LOC123152675 28S ribosomal RNA 
LOC123183523 5S ribosomal RNA 
LOC123158638 *uncharacterized protein  
LOC123181840 alpha-glucosidase 2-like 
LOC123041082 *lncRNA 
LOC123052285 putative polyol transporter 1 
LOC123058560 *uncharacterized protein  
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LOC123059340 *lncRNA 
LOC123089030 18S ribosomal RNA 
LOC123088691 5.8S ribosomal RNA 
LOC123084114 *uncharacterized protein (similarities with Phosphatases) 
LOC123091979 *lncRNA 
LOC123100832 5S ribosomal RNA 
LOC123116914 glycosyltransferase-like protein gnt13 
LOC123116915 glycosyltransferase-like protein gnt13 
LOC123113624 mRNA (no alphafold model) 
LOC123140164 5.8S ribosomal RNA 
LOC123140203 U1 spliceosomal RNA 
LOC123166325 3'(2'),5'-bisphosphate nucleotidase-like 
LOC123171834 5.8S ribosomal RNA 
LOC123171826 28S ribosomal RNA 
LOC123172547 BTB/POZ and MATH domain-containing protein 1-like 
LOC123174687 18S ribosomal RNA 
LOC123174684 5.8S ribosomal RNA 
LOC123174677 18S ribosomal RNA 
LOC123174678 18S ribosomal RNA 
LOC123175213 28S ribosomal RNA 
LOC123175593 18S ribosomal RNA 
LOC123175686 18S ribosomal RNA 
LOC123175756 5S ribosomal RNA 
LOC123176443 18S ribosomal RNA 
LOC123176563 5S ribosomal RNA 
LOC123176769 18S ribosomal RNA 
LOC123177239 *lncRNA  
LOC123177319 5.8S ribosomal RNA 
LOC123178007 5.8S ribosomal RNA 
LOC123178029 5.8S ribosomal RNA 
LOC123178503 5.8S ribosomal RNA 
LOC123178642 5.8S ribosomal RNA 
LOC123178805 5.8S ribosomal RNA 
LOC123178862 5.8S ribosomal RNA 

TF_5dl LOC123073777 18S ribosomal RNA 
LOC123073703 18S ribosomal RNA 
LOC123073733 18S ribosomal RNA 
LOC123073739 18S ribosomal RNA 
LOC123073958 18S ribosomal RNA 
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LOC123137730 *lncRNA 
LOC123152527 18S ribosomal RNA 
LOC123059340 *lncRNA  
LOC123065121 *uncharacterized protein  
LOC123089030 18S ribosomal RNA 
LOC123087447 serine/threonine-protein phosphatase PP1-like 
LOC123105709 Bowman-Birk type proteinase inhibitor PVI-3(2)-like 
LOC123155118 small nucleolar RNA R24 
LOC123170386 cilia- and flagella-associated protein 251-like 
LOC123174677 18S ribosomal RNA 
LOC123174678 18S ribosomal RNA 
LOC123175334 disease resistance protein RGA5-like 
LOC123175593 18S ribosomal RNA 
LOC123175686 18S ribosomal RNA 
LOC123176769 18S ribosomal RNA 

Table 3. Identified genes near Dap-seq peaks.  
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