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Abstract 

In eukaryotes, the genomic DNA is accommodated into the nucleus, forming a 

chromatin structure with nucleosomes as a basic unit. The nucleosome is a disk-shaped 

structure, in which histone octamer containing two molecules each of the histone proteins 

H2A, H2B, H3, and H4, is wrapped by about 145 base-pairs of DNAs. The extended 

DNA regions connecting adjacent nucleosomes are termed linker DNA. The nucleosome 

structure inherently inhibits the transcription factors’ binding to the genomic DNA, 

therefore, regulating transcription. On the other hand, a subset of transcription factors 

termed “pioneer transcription factors” can bind to the target DNA sequence within the 

nucleosome and induce chromatin opening. The ability of pioneer transcription factors to 

bind to nucleosomes is indispensable in regulating cell fate, but the detailed molecular 

mechanism is still unknown. As a pioneer transcription factor, p53; a major protein 

involved in tumor suppression, induces the expression of genes involved in cell cycle 

arrest and apoptosis in response to various cellular stresses. However, previous 

crystallographic studies of the p53-DNA complexes revealed that the structure of the p53 

bound DNA containing the p53 target sequence was a straight path. In this study, the 

mechanism of nucleosomal DNA recognition by p53 was investigated through 

biochemical and structural analysis using recombinant proteins. 

 The gel shift assay showed that linker DNAs portions are required for the 

formation of p53-nucleosome complexes that appeared as four discrete bands on the 

polyacrylamide gel. The insertion of the p53 binding sequence into the nucleosomal DNA, 

which mimics natural p53 binding sites in the context of chromatin, did not significantly 

affect the nucleosome binding efficiency, meanwhile, p53 formed an additional specific 

complex with the nucleosome in the presence of the p53 binding sequence. In addition, 
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the pull-down experiment and the gel shift assay revealed that p53 directly binds to the 

histone H3-H4 complex via its N-terminal amino acid region. The cryo-EM analysis of 

the p53-nucleosome complex was then performed and revealed that p53 bound to the 

target sequence within the nucleosome. The hydroxy-radical footprinting experiments 

also support the p53-DNA interactions within the p53-nucleosome structure. 

These results provide basic information on how p53 binds to the nucleosome and 

insight into the underlying mechanism of how pioneer transcription factors induce 

chromatin opening. 

  



 7 

Abbreviations 
 

Abbreviation Full name 

bp base-pair 
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Chapter 1: General introduction 

1.1 Chromatin structure and function 

Eukaryotes exhibiting complex multicellular systems have evolved larger genomes 

than prokaryotes (1, 2). For example, in humans, about 6.2 billion bps of diploid 

genome DNA (about 2 m in total length) are accommodated into a nucleus with a 

diameter of only about 5-8 µm (3). Such a highly folded organization of the genomic 

DNA is precisely regulated along with cell cycle, which was first described and named 

“chromatin” by Flemming Walther in 1882 (4). About 90 years later, the structure of 

chromatin was first revealed as “beads-on-a-string” by the electron microscopy 

observations (5–7). The basic repeating unit of chromatin is then termed nucleosome, 

and the DNA regions connecting the adjacent nucleosomes are termed linker DNA: 

each of them corresponds to the “beads” or “string”, respectively (Figure 1-1 A). 

Crystallographic studies have shown the detailed structure of the nucleosome, in 

which a 145-147 bp length of DNA wrapped around a histone core containing two 

copies of each four core histones, H2A, H2B, H3, and H4 (8–11) (Figure 1-3 B). In the 

structure of a nucleosome, a histone H3-H4 tetramer and two histone H2A-H2B dimers 

interact with each other to form an octameric histone core and organize its nucleosomal 

DNA. Each location of nucleosomal DNA is terminologically designated by 

“superhelical location (SHL)”, numbered from SHL(0) at the center to SHL(±7) at both 

edges in 10 bp intervals (Figure 1-1 C). The backbone moieties of the nucleosomal 

DNA between each SHL periodically interact with the histone core surfaces (12). As 

long as revealed so far, the overall structures of the nucleosomes are widely conserved 

among species, including Homo sapiens (13), Mus musculus (14), Gallus gallus (9), 

Xenopus laevis (8), Drosophila melanogaster (15), Saccharomyces cerevisiae (16), 



 10 

Giardia lamblia (17). Consistently, nucleosome organizations (18–24) and 

nucleosome binding motifs within epigenetic regulators such as chromatin remodeler 

SWI/SNF family (25–27) are also evolutionally conserved. 

Chromatin structure inherently restricts the DNA access by various factors 

involved in transcription such as RNA polymerases (28–31) and transcription factors 

(32–35); therefore, enzymatically accessible chromatin region: open chromatin is 

considered to be transcriptionally active (36–38) (Figure 1-1 D). Consequently, the 

alterations of the nucleosome structure mediated by the inherent dynamics and 

nucleosome binding factors profoundly affect genome functions (39–41). The 

nucleosome itself adopts dynamic nature regarding composition and conformation 

(Figure 1-1 E). As for composition, the histones in the nucleosome can be replaced by 

their non-allelic isoforms, termed histone variants (42). Incorporation of the histone 

variants confers the structural characterization and the interaction property of the 

nucleosome, thereby playing significant roles in the regulation of chromatin (43). Post-

transcriptional modification of histones also plays a crucial role in epigenetic 

regulation. The intrinsically disordered N-terminal amino acid regions in histones so-

called histone tails are often targeted by the specific methylation, acetylation, 

phosphorylation in the various biological context including development, 

differentiation, and cell cycle (44, 45). As for conformation, the nucleosomal linker 

DNAs can be transiently released from the histone (46, 47). Such dynamic nature, 

termed “nucleosome breathing” may also potentiate chromatin dynamics and 

epigenetic regulations (47–49). 
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Figure 1-1 Chromatin and nucleosome structures and regulations 

(A) Illustration of chromatin structure. 

(B) Nucleosome structure depicted by ChimeraX software (PDB ID: 1KX5). The DNA, 

H2A, H2B, H3, and H4 are colored in grey, light steel blue, royal blue, light sea green, 

and pale turquoise, respectively. The histone H3-H4 tetramer and the H2A-H2B 

dimer extracted from the nucleosome structure are shown in a dotted square. 

(C) The structure of nucleosomal DNA, in which each SHL seen from the front is 

indicated on the DNA structure while the second half of the sequence is shown 

transparently. 

(D) Illustrations of chromatin function that regulates the DNA access by DNA binding 

factors. 

(E) Graphic explanation of the incorporations of histone variant into a nucleosome, 

histone modification, and nucleosome breathing. 
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1.2 Pioneer transcription factor 

In response to internal and external stimuli, cells exhibit appropriate gene 

expressions to maintain homeostasis; the gene expression level is normally encoded by 

the regulatory sequence of the genes such as promoter, enhancer, or silencer. The 

readout of the regulatory sequence is assumed by a group of proteins called 

transcription factors that are termed by the capability to bind their specific DNA 

sequence and regulate transcription (50–52). Indeed, each transcription factor shares 

evolutionally conserved DNA-binding domains, that can typically confer 1000-fold or 

greater affinity to the specific DNA sequence (53, 54). Besides, among metazoans, the 

DNA sequence of regulatory regions, DNA-binding domains of transcription factors, 

and their functions are not so far from each other, implying that the gene regulatory 

network has been conserved over species (55, 56). 

A series of genomic and biochemical studies demonstrated the role of the 

nucleosome, that inhibits the genomic DNA bindings by RNA polymerases (28–31) 

and transcription factors (32–35). In contrast, a subset of transcription factors so-called 

“pioneer transcription factor” is capable of binding nucleosomal DNA (57–59) (Figure 

1-2). The concept of the pioneer transcription factors was established through the study 

of the transcription factor that had initially bound to a liver-specific enhancer during 

embryogenesis (60–62). As the first pioneer factors, FoxA and GATA transcription 

factors were identified by in vivo footprint experiment by Dr. Zaret Kenneth and 

colleagues (63). Subsequent biochemical studies showed FoxA1 and GATA4 proteins 

were capable of recognizing and opening the target site on nucleosomes reconstituted 

in vitro (64–67). Later, similar genetic and biochemical characteristics were found in 

other transcription factors involved in cellular reprogramming such as Yamanaka 
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factors (68–70), development (71–76), circadian rhythm (77). Until now, we have 

known up to 20-30 kinds of the pioneer transcription factors, that contain diverse DNA 

binding motifs (78–80). Recent studies about pioneer transcription factors discovered 

that the malfunctions of pioneer transcription factors due to somatic mutations and 

chromosomal translocations are attributed to many types of cancer drivers, therefore 

mechanisms of which each of pioneer transcription factors recognized their binding 

sequence embedded in the nucleosome structure gathers keen interest (81–84). 
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Figure 1-2 Pioneer transcription factors can bind nucleosome 

Graphic explanation of the pioneer transcription factors’ function. The green oval 

represents typical transcription factor (TF) and the purple oval represents pioneer 

transcription factor (PTF). Pioneer transcription factors can bind nucleosomes while 

transcription factors cannot. 
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1.3 Tumor suppressor p53 

Tumor suppressor p53 functions as a transcription factor, activated in response 

to genotoxic stress to facilitate the expression of various genes involving cell cycle 

arrest, apoptosis, senescence, and DNA repair, thereby controlling cell survival and 

death (85) (Figure 1-3 A). The human p53 protein composes 393 amino acid residues, 

which include transcription activation domains 1 and 2 (TAD1, 1-40 amino acid 

residues; TAD2, 41-60 amino acid residues), the proline-rich region (PRR, 61-93 

amino acid residues), the core DNA-binding domain (DBD, 102-293 amino acid 

residues), the tetramerization domain (TD, 323-353 amino acid residues), and the C-

terminal domain (CTD, 364-393 amino acid residues) (86) (Figure 1-3 B). Two 

TADs within the N-terminal amino acid region autonomously function (87–89) and 

interact with various transcriptional co-factors including general transcription factors, 

the mediator complex, and histone-modifying enzymes such as CBP/p300 (90). The 

target sequence recognition is mediated by structurally conserved DBD. Mutations 

in the p53-coding gene, TP53, occur in about half of the cancer patients, especially 

most of the mutations accumulate within the DBD, suggesting that disruptions of 

p53-mediated DNA recognition may drive cancer (91–93). Unlike typical 

transcription factors, p53 protein has a strong sequence-nonspecific DNA binding 

ability mediated by CTD (94). Biochemical and single-molecule experiments suggest 

that p53 slides along DNA via its CTD while scanning the target sequence, 

meanwhile the sequence-specific DNA binding by DBD undergoes efficiently (95–

98). 

In the context of chromatin, p53 functions as a pioneer transcription factor, that 

can bind to the nucleosome (99–103) (Figure 1-3 C). Notably, previous 
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crystallographic studies have revealed that the structure of the target DNA in complex 

with the homo-tetrameric p53DBD is a linear conformation. (104–108) (Figure 1-3 

D). In the structure of the p53-DNA complex, two dimers of p53DBD bind to the 

continuous two decameric half-sites composing “RRRCWWGYYY” (R: A or G; W: 

A or T; Y: C or T) (109, 110). Genomic mapping studies of the p53 localization and 

nucleosome positioning indicated that the p53 binding sequences reside around 

SHL(±7) that would be partially wrapped by histone core (100, 111), therefore p53 

binding to the target DNA within the nucleosome necessitates structural alterations 

of either nucleosome or p53. 

In this thesis, biochemical and structural studies are employed to study how p53 

interacts with the nucleosomes, whose DNA sequences include or exclude the p53 

binding sequence.  
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Figure 1-3 Structure and function of p53 

(A) Schematic illustration of the genotoxic stress-induced p53 activation selects cell fate 

through p53 target genes. 

(B) Domain structure of the human p53 protein. Transcription activation domains 1 and 

2 (TAD1/2), proline-rich region (PRR), core DNA-binding domain (DBD), 

tetramerization domain (TD), and C-terminus domain (CTD) are indicated. 

(C) Graphic explanation of the pioneering activity of p53. Closed chromatin regions 

become accessible for DNA-binding factors when the p53 is bound to the target 

sequence within the nucleosome. 

(D) Structures of p53-DNA complex (PDB ID: 3KMD) and nucleosome (PDB ID:1KX5) 

are depicted by ChimeraX software. The p53, DNA, H2A, H2B, H3, and H4 are 

colored in indigo, grey, light steel blue, royal blue, light sea green, and pale turquoise, 

respectively. 
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Chapter 2: Materials and methods 

2.1 Expression and purification of human p53 

Human p53 (Uniprot ID: Q761V2) was produced in the Escherichia coli 

BL21(DE3) cells. To prepare the plasmid DNA, the DNA fragment encoding the 

codon-optimized p53 gene was inserted into the pGEX6P1 vector (Cytiva). The 

bacteria were grown in the 2 L of LB medium at 37ºC until the optical density at a 

wavelength of 600 nm reached 1.2 and the medium was then cooled on ice. The 

expression of the GST-tagged p53 protein was induced by adding 0.5 mM of IPTG, 

and the cells were further cultured at 18°C overnight. After 24 hours of the culture, the 

cells were harvested by centrifugation and resuspended in buffer 1. The resuspended 

cells were disrupted by sonication, and the lysates were centrifuged to collect the 

supernatants containing GST-tagged p53 protein. The supernatants were gently mixed 

with GS4B beads (Cytiva) at 4ºC for 1 hr. The beads were then loaded into an open 

column (Bio-Rad) followed by washing with 20 CV of buffer 2 and 20 CV of buffer 3. 

The elution and the tag removal were simultaneously performed by adding PreScission 

protease (Cytiva) and rotating the beads at 4°C overnight. The p53 protein was then 

purified by Heparin Sepharose (Cytiva) chromatography by stepwise elution with 

buffer 4 to remove co-eluted nucleic acids. The p53 protein was further purified by 

size-exclusion column chromatography with buffer 5. The eluted fractions were 

concentrated, flash-frozen, and stored at -80ºC. 

For the bait of the pull-down assay, GST-tagged p53 was prepared by the same 

method described above until the GS4B beads (Cytiva) binding. The GST-tagged human 

p53 was eluted by the GST elution buffer 6. The elution was further purified by size-



 23 

exclusion column chromatography with buffer 5. The eluted fractions were concentrated, 

flash-frozen, and stored at -80ºC. 

 

2.2 Purification of the human core histones and the histone complexes 

The human core histone H2A (Uniprot ID: P04908), H2B (Uniprot ID: P06899), 

H3.1 (Uniprot ID: P68431), H4 (Uniprot ID: P62805) were prepared by the method 

previously described (112). In brief, the H2A, H2B, H3.1, and H4 were produced in 

the Escherichia coli cells as the N-terminally His6-tagged proteins. The cells were 

disrupted by sonication, after that the His6-tagged histones were collected from the 

insoluble fraction of the lysates under the denaturing condition. The sample 

purification was then performed by Ni-NTA agarose chromatography (QIAGEN) 

followed by thrombin protease cleavage and cation exchange chromatography. The 

purified histones were dialyzed against water and stored as a freeze-dried powder at 

4ºC. 

The histone H3-H4 complex for the pull-down assay and the histone octamer for 

the nucleosome reconstitution were prepared by the refolding method (112). In brief, 

the freeze-dried histones were mixed at an equal molar ratio under denaturing 

conditions. The histone mixtures were then refolded by dialysis and subsequently 

purified by size-exclusion column chromatography. The final samples were flash-

frozen and stored at -80ºC. 
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2.3 Preparation of DNA fragments 

The DNA fragments for the nucleosome reconstitutions were prepared by PCR 

amplification followed by the non-denaturing PAGE purification using a Prep Cell 

apparatus (Model 491 Prep Cell, Bio-Rad). Their DNA sequences were originated from 

the so-called Widom 601 sequence, which has strong nucleosome positioning property 

(113). As for the nucleosomal DNA containing the p53 binding sequence, the optimal 

DNA sequence for p53 binding, “5’-GGGCATGTCCGGGCATGTCC-3’” (114) was 

inserted into the nucleosome edge of the Widom 601 sequence to mimic the target 

nucleosome of p53.  

The 24 bp DNA for the competition assay was prepared by annealing using the 

pair of complemental DNA primers, which were commercially obtained. The DNA 

sequence is identical to the linker DNA portion of the 193 bp nucleosome. 

 

2.4 Reconstitution and purification of nucleosomes 

The nucleosomes were reconstituted by the salt dialysis method as previously 

described (112, 115). Briefly, a DNA fragment was mixed with the purified histone 

octamer and then dialyzed against the reconstitution buffer, whose salt concentration 

gradually decreased by buffer exchange. The reconstituted nucleosome was further 

purified by the non-denaturing PAGE using a Model 491 Prep Cell apparatus (Bio-

Rad). The purified nucleosome was eluted with buffer 7. The final sample was flash-

frozen and stored at -80ºC. 
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2.5 EMSA for nucleosome binding by p53 

To evaluate nucleosome binding by p53, 0.1 µM of nucleosomes were mixed 

with either 0, 0.2, 0.4, 0.6, or 0.8 µM of p53 or that of p53 mutant, in buffer 8 or buffer 

9. The mixtures were incubated at 25°C for 30 minutes and were then electrophoresed 

on the non-denaturing 5% PAGE. The mobility shifts of the nucleosomes were 

visualized by EtBr staining. 

 

2.6 2-dimensional gel analysis of the p53-nucleosome complexes 

To examine protein components of each p53-nucleosome complex that appeared 

on the polyacrylamide gel, 60 pmol of the nucleosome and 270 pmol of p53 were mixed 

and were incubated in buffer 10 at 25°C for 30 min. The mixed sample was then 

electrophoresed on 5-12% gradient non-denaturing polyacrylamide gel (FUJIFILM 

Wako Pure Chemical Corporation) followed by EtBr staining. The gel was then soaked 

and gently agitated at room temperature for an hour, in buffer 11. The gel was then 

analyzed by 18% SDS-PAGE, and the protein compositions were visualized by Oriole 

(Bio-Rad) staining.  

 

2.7 Assay for p53 competitive bindings to the nucleosome 

To evaluate the stability of the p53-nucleosome complexes in the presence of the 

excess amount of the competitor DNA, 0.1 µM of the nucleosome was first mixed with 

0.8 µM of p53 in buffer 8. After 30 minutes of incubation at 25ºC, either 0, 0.1, 0.2, 

0.4, 0.8, or 1.6 µM of the 24 bp DNA was then added to the mixture, and further 

incubated at 25°C for 30 minutes. Thereafter, the samples were analyzed by the 



 26 

biphasic (5/12%) non-denaturing PAGE. The retention of the p53-nucleosome 

complexes was visualized by EtBr staining. 

 

2.8 EMSA for PL2-6 binding to nucleosome 

To confirm the nucleosome composition, 0.1 µM of the nucleosome was mixed 

with 0.8 µM of p53 in buffer 8. After 30 minutes of incubation at 25ºC, the nucleosome 

acidic patch antibody, PL2-6 (116) was added to the mixture and incubated on ice for 

10 minutes. The samples were then analyzed by 5-12% gradient non-denaturing PAGE 

(FUJIFILM Wako Pure Chemical Corporation) followed by EtBr staining. 

 

2.9 Pull-down assay for p53 binding to the histone complex 

To validate histone binding by p53, 2.5 µM of the purified H3-H4 complex was 

mixed with 2.5 µM of either GST, GST-tagged p53, or GST-tagged p53 mutants in 

buffer 12. After 30 minutes of incubation at 25ºC, the reaction mixture was mixed with 

15 µL of GS4B beads (Cytiva) in buffer 13. After 30 minutes of rotation, the beads 

were collected by centrifugation and washed three times with 1 ml of buffer 14. The 

proteins co-pelleted with beads were eluted by adding buffer 15 and were heated at 

95ºC for 15 minutes. The samples were then electrophoresed by 18% SDS-PAGE, and 

the protein bands were visualized by CBB staining. 
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2.10 EMSA for p53 binding to the histone complex 

The histone binding by untagged p53 was evaluated by the similar method 

previously described (117). At first, 15 µM of the H3-H4 complex was mixed with 

either 0, 3, 6, 9, 12, 15, or 18 µM of p53 or p53 mutants in buffer 16. The mixture was 

incubated at 25°C for 30 minutes and was then electrophoresed on the non-denaturing 

5% PAGE. The p53 binding was visualized CBB staining. 

 

2.11 Preparation of the p53-nucleosome complex 

The p53-nucleosome complex for cryo-EM analysis was prepared by gradient 

fixation method (GraFix) (118). First, the 169 bp nucleosomeBS (10 µM) was mixed 

with the recombinant p53 (40 µM) and incubated at 25 ºC for 30 min in buffer 17. The 

sample was then carefully applied on the top of a 5-20% (w/v) sucrose gradient solution 

containing 10 mM HEPES-KOH pH 7.5, 20 mM NaCl, and 2 mM DTT, with 

increasing concentration (0-2% w/v) of paraformaldehyde (Electron Microscopy 

Sciences) made by GRADIENT MASTER (BioComp). The Ultra-ClearTM centrifuge 

tube (Beckman Coulter) was subjected to ultracentrifugation (Beckman SW41Ti rotor, 

27000 rpm, 16 hr., 4ºC). Then, the samples were collected from the top of the gradient 

solution into each fraction tube. The fractions were analyzed by non-denaturing PAGE 

stained with EtBr. The peak fractions were applied to the PD-10 column (Cytiva) to 

replace the solvent with buffer 18. Finally, the sample was concentrated with an 

Amicon Ultra-2 centrifugal filter unit (MWCO 30 kDa) (Millipore). The concentration 

was determined by DNA concentration at Abs260. 
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2.12 Cryo-EM data collection 

For the cryo-EM specimen preparation, 2.5 µL aliquots of the p53-nucleosome 

complex were applied to Quantifoil R1.2/1.3 200 mesh copper grids, which were 

quenched by ethyl acetate and glow-discharged by soft plasma ion bombardment (PIB-

10, Vacuum Device Inc.) beforehand. The grids were then blotted and plunged into 

liquid ethane using Vitrobot Mark IV (Thermo Fisher Scientific). The major 

parameters for the blotting condition were summarized in Table 4. 

The prepared grids were screened and the 8378 frames were then collected 

automatically with SerialEM (119) with a pixel size of 1.06 Å on Titan Krios G4 

(Thermo Fisher Scientific) operated at 300 kV. The digital micrographs were recorded 

on a K3 BioQuantum (Gatan) direct electron detector in the electron counting mode, 

using a slit width of 25 eV, and retaining 40 frames with a total dose of ∼60 electron/Å2. 

 

2.13 Image processing 

Following image processing was performed on RELION3.1 software (120). All 

movie frames were aligned and dose-weighted using MOTIONCOR2 (121). The CTF 

estimation was performed by CTFFIND4 (122) from the digital micrographs. The 

particles were automatically picked with a box size of 280 × 280 pixels. Contaminated 

junk particles were removed through the process of 2D classification and 3D 

classification. 

The 3D classification processes for the p53-nucleosome complex were 

performed, followed by particle polishing and a few rounds of CTF refinement. The 

resolution of the refined 3D map was at 3.9 Å, as estimated by the gold standard FSC 
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(123). The local resolution map and the angular distribution of the p53-nucleosome 

complex were calculated by RELION3.1. The details of the processing statistics are 

listed in Table 5. 

 

2.14 Model building 

The cryo-EM structure of the nucleosome (PDB ID: 7OHC) (124) and the crystal 

structure of the p53-DNA complex (PDB ID: 3KMD) (108) were placed in the cryo-

EM map of the p53-nucleosome complex by rigid-body fitting in UCSF Chimera (125). 

The 20 bp of the nucleosomal DNA edge was then removed and the DNA model 

generated by Pymol was automatically fitted into the vacant cryo-EM density using 

ISOLDE (126) on UCSF ChimeraX (127). Finally, the DNA edges were connected and 

the final model for the p53-nucleosome complex was built with COOT (128, 129). 

 

2.15 Hydroxyl-radical footprinting assay 

The 169 bp of fluorescent-labeled DNA fragments were prepared by the PCR 

method using the commercially obtained 5’-Cy5 labeled DNA primer and 5’-6FAM 

labeled DNA primer. The nucleosomes for hydroxyl-radical footprinting assay were 

then reconstituted and purified by the method described in chapter 2.4. The p53 

truncated mutants p53DBD (94-293 amino acid residues) and p53CTR (294-393 amino 

acid residues) were purified by the same method described in chapter 2.1. 

For the hydroxyl-radical footprinting experiments (130–132), 0.6 µM of the 

fluorescent-labeled nucleosomes were mixed with either 2.4 µM of p53, 3.6 µM of 
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p53DBD, or 3.6 µM of p53CTR in 50 µL of buffer 19 and incubated at 25ºC for 30 

minutes. The buffer exchange into buffer 20 was performed by four consecutive 

filtrations and dilutions using Amicon Ultra-0.5 centrifugal filter units (MWCO 30 

kDa). For the hydroxyl radical reaction, 2.5 µL aliquots of 4 mM FeAmSO4/8 mM 

EDTA, 0.1 M sodium ascorbate, and 0.6% v/v H2O2 were separately placed on the cap 

of the tubes, in which the 50 μl of the quenched sample was at the bottom. The tubes 

were centrifuged to initiate the reaction by mixing these reagents simultaneously and 

were incubated for 2 min at room temperature. To terminate the reactions, 5 μl aliquot 

of 100 mM thiourea and 10 μl aliquot of 3 M sodium acetate (pH 5.2), were added by 

centrifugation. Finally, the proteinase solution containing 50% v/v ProK and 5% SDS, 

was mixed and the DNAs were extracted by PCI followed by ethanol precipitation. 

The DNA samples were denatured by highly deionized formamide (Thermo Fisher 

Scientific) and fractionated by Urea-PAGE. The fluorescence signals: Cy5 and 6FAM, 

were detected on the Amersham Typhoon scanner (Cytiva) respectively. The gel 

images were analyzed using ImageJ software (133). 
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Chapter 3 Results and discussion 

3.1 Biochemical analysis of the p53 binding to the nucleosome 

 

3.1.1 Purification of the recombinant human p53 

The recombinant human p53 was overexpressed in the Escherichia coli cells 

and purified by combining GST affinity chromatography, heparin column 

chromatography, and size exclusion chromatography as described in 2.1. In good 

agreement with the dimerization nature of p53, the chromatogram peaks followed by 

SDS-PAGE analysis showed a bi-disperse state of the recombinant p53 (Figure 3-1 A, 

B). The purity of the final product was validated by SDS-PAGE (Figure 3-1 C). The 

final yield was about 1 mg per 16 L of LB medium culture. 
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Figure 3-1 Purification of the human p53 

(A) Size exclusion chromatogram of the recombinant p53.  

(B) SDS-PAGE analysis of the chromatogram peak. Lane 1 indicates protein markers. 

Lane 2-13 represents eluted fractions. The polyacrylamide gel was stained by CBB. 

(C) SDS-PAGE analysis of the purified p53 protein. Lane 1 indicates protein markers, 

and lane 2 indicates the purified p53. The polyacrylamide gel was stained by CBB.  
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3.1.2 Purification of the nucleosomes 

The histone octamer and DNA fragments were purified as described in 2.2 and 

2.3 respectively. To test the nucleosome binding capability of p53 as well as the linker 

DNA requirement, the minimal 145 bp nucleosome and the 193 bp nucleosome which 

has 24 bp of linker DNAs were prepared as described in 2.4 (Figure 3-2 A). The purity 

of the final products was validated by non-denaturing PAGE and SDS-PAGE (Figure 

3-2 B, C). In the non-denaturing PAGE, both nucleosomes appeared as major bands 

above each of the component DNAs. In the SDS-PAGE, both nucleosomes contained 

equal amounts of four core histones. Together, these gel analyses indicated that the 

nucleosomes were appropriately reconstituted with high purity. 
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Figure 3-2 Purification of the nucleosomes with or without linker DNAs 

(A) Illustration of the nucleosomes. The nucleosome containing 145 bp DNA (145 bp 

nucleosome, top) and the nucleosome containing 193 bp DNA (193 bp nucleosome, 

bottom) are illustrated. The 24 bp of linker DNAs on the 193 bp nucleosome edges 

are indicated.  

(B) Native PAGE analysis of the nucleosomes. Lanes 1 and 2 represent the 145 bp 

nucleosome and the 193 bp nucleosome, respectively. The polyacrylamide gel was 

stained by EtBr. 

(C) SDS-PAGE analysis of the nucleosomes. Lane 1 indicates protein markers. Lanes 2 

and 3 represent the 145 bp nucleosome and the 193 bp nucleosome, respectively. The 

polyacrylamide gel was stained by CBB.  
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3.1.3 Linker DNAs are required for the p53-nucleosome complex formations 

The nucleosome binding capability of p53 was tested by the EMSA as described 

in 2.5. As seen in Figure 3-3 A, a band corresponding to the 193 bp nucleosome 

completely shifted when p53 was added 8-fold much molar ratio and formed specific 

complexes, visualized as four discrete bands on the non-denaturing polyacrylamide gel 

(Figure 3-3, A, lane 10). In contrast, p53 hardly formed such complexes with the 145 

bp nucleosome (Figure 3-3 A, lanes 1-5). Therefore, linker DNA portions in the 

nucleosome may facilitate specific p53 binding, even without its target DNA sequence. 

The protein component of the four shifted bands was analyzed by the subsequent 2D 

protein gel analysis as described in 2.6. In this experiment, the 193 bp nucleosome 

bound by p53 was first electrophoresed by non-denaturing polyacrylamide gel, after 

that the gel was analyzed by SDS-PAGE. As a result, the four shifted bands contained 

four core histones together with p53, indicating that they all represent the p53-

nucleosome complexes (Figure 3-3 B). Collectively, these results suggested that p53 

specifically binds to the nucleosome via linker DNA portions, in a sequence-

nonspecific manner. Because p53 has a tetramerization domain, the four bands are 

supposed to reflect oligomeric states of p53 bound to the 193 bp nucleosome. 
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Figure 3-3 p53 binding to the nucleosomes containing linker DNAs 

(A) EMSA for p53 binding to the 145 bp nucleosome (lanes 1-5) and the 193 bp 

nucleosome (lanes 6-10). The nucleosomes were mixed with the increasing molar 

ratio (0-8 times) of p53. The non-denaturing polyacrylamide gel was stained by 

EtBr. 

(B) 2D protein gel analysis of the p53-193 bp nucleosome complexes. The p53-193 bp 

nucleosome complexes were first fractionated on a 5-12% gradient gel, followed 

by EtBr staining (upper). The sample was then denatured in the non-denaturing 

gel, and analyzed by the SDS-PAGE, followed by CBB staining (lower).  
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3.1.4 p53 prefers nucleosomal linker DNAs rather than free DNA 

To compare the p53 binding affinity of the nucleosome with the histone-free 

DNA, the competitive binding assay was performed as described in 2.7. As a 

competitor DNA, the 24 bp of DNA containing the identical sequence with the linker 

DNA portion of the 193 bp nucleosome was prepared by the method described in 2.3. 

In this experiment, p53 dissociation from the p53-nucleosome complexes was tested 

through the nucleosome band appearance on the non-denaturing PAGE. As a result, 

the p53-nucleosome complexes remained intact even in the presence of a 16-fold 

amount of the competitor DNA (Figure 3-4, lane 6). This result supports that p53 

recognizes the nucleosome structure mediated by the linker DNA even without the 

target sequence. 

The DNA sequence-nonspecific binding to the nucleosomes is consistent with 

the previously reported FRAP analysis, which observed the slow diffusion rate of p53 

in the nucleus (134). A series of the single-molecule analysis suggested that the non-

specific DNA binding of p53 facilitates its target sequence searching on the DNA 

curtain (95–98). Since the natural p53 binding sites are incorporated into nucleosomes 

(99, 101, 111), the ability of p53 to bind to linker DNA may be important for efficient 

target sequence search in the context of chromatin environment. Such sequence-

nonspecific nucleosome binding ability is also known for other pioneer transcription 

factors, such as FoxA1, and may be required for recognizing target DNA in closed 

chromatin regions.  
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Figure 3-4 Competitive nucleosome-binding assay for p53 

Lanes 1 and 2 indicate the 193 bp nucleosome and the p53-193 bp nucleosome complex, 

respectively. Lanes 3 to 6 indicate the p53-nucleosome complexes mixed with the 

increasing molar ratio (1-16 times) of competitor DNA. The non-denaturing biphasic 

polyacrylamide gel (upper gel (5%) and lower gel (12%)) was stained by EtBr. 
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3.1.5 p53 can readout the target DNA sequence within the nucleosomal edge 

To examine how the p53 binding sequence affects the formation of the p53-

nucleosome complexes, the 193 bp nucleosome containing p53 binding sequence (193 

bp nucleosomeBS) was prepared as the way described in 2.5. Since natural target sites 

of p53 reside around the nucleosomal edge (SHL(±7)) in vivo (100, 111), the 193 bp 

nucleosomeBS was constructed to contain 20 bp of optimized p53 binding sequence 

between SHL(6) and SHL(8) to mimic the p53 target nucleosome (Figure 3-5 A). The 

non-denaturing PAGE and SDS-PAGE analysis showed that the prepared 193 bp 

nucleosomeBS was highly purified (Figure 3-5 B, C). The EMSA using the 193 bp 

nucleosome and the 193 bp nucleosomeBS showed that p53 efficiently bound to both 

nucleosomes as seen by their band disappearance. Notably, p53 formed an additional 

specific complex with the 193 bp nucleosomeBS, that appeared as an additional band 

on the polyacrylamide gel (Figure 3-5 D, red arrow). Subsequent EMSA using a 

nucleosome-specific antibody, PL2-6 (116), confirmed that the additional specific 

band contains the nucleosome (Figure 3-5 E, lanes 3 and 4, red arrow). Together, these 

results suggest that p53 can recognize the p53 binding sequence inserted between 

SHL(6) and SHL(8) of the nucleosome.  
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Figure 3-5 p53 binding to the nucleosomes containing a target DNA sequence 

(A) Illustration of the 193 bp nucleosomeBS, in which the 20 bp of p53 binding sequence 

was inserted between SHL(6) to SHL(8) of the nucleosomal DNA. The p53 binding 

sequence is colored in red.  

(B)  Native PAGE analysis of the 193 bp nucleosomeBS. Lane 1 indicates the bp ladder, 

and lane 2 indicates the 193 bp nucleosomeBS. The non-denaturing polyacrylamide 

gel was stained by EtBr. 

(C)  SDS-PAGE analysis of the 193 bp nucleosomeBS. Lane 1 indicates protein markers, 

and lane 2 indicates the 193 bp nucleosomeBS. The polyacrylamide gel was stained 

by CBB. 

(D)  EMSA for p53 binding to the 193 bp nucleosomes (lanes 1-5) and the 193 bp 

nucleosomeBS (lanes 6-10). The nucleosomes were mixed with the increasing molar 

ratio (0-8 times) of p53. The non-denaturing polyacrylamide gel was stained by EtBr. 

A red arrow indicates the specific band representing the sequence-specific binding to 

the nucleosome of p53. 

(E) EMSA for PL2-6 binding to the p53-nucleosome complexes. Lanes 1 and 2 indicate 

the 193 bp nucleosomeBS without/with PL2-6, respectively. Lanes 3 and 4 indicate 

the p53-193 bp nucleosomeBS complexes without/with PL2-6, respectively. The non-

denaturing polyacrylamide gel was stained by EtBr. The band shift of the specific 

complex is indicated by a red arrow. 
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3.1.6 N-terminal amino acid region of p53 directly interacts with the H3-H4 

complex 

In the structure of the nucleosome, the H3-H4 complex is placed on the dyad 

region and interacts with the nucleosomal entry/exit site DNAs (Figure 1-1 C), thereby 

p53 binding ability to the H3-H4 complex was tested employing the GST pull-down 

experiment. To do so, p53 and its truncation mutants containing either the 1-93 amino 

acid region (p53NTR) or the 94-393 amino acid region (p53∆NTR) were prepared as 

GST-tagged proteins as described in 2.1 (Figure 3-6 A and Figure 3-6 B, lanes 3-5). In 

the pull-down experiment, the purified H3-H4 complex was mixed with each of GST-

tagged p53 and GST-tagged p53 mutants, and the binding capability was evaluated by 

the H3-H4 complex co-precipitation with GS4B beads as described in 2.9. As a result, 

the H3-H4 complex co-precipitated with p53FL and p53NTR, but not with p53∆NTR 

(Figure 3-6 B). This result is also confirmed with the protein EMSA performed as 

described in 2.10. The protein bands corresponding to the H3-H4 complex on the 

polyacrylamide gel was gradually disappeared by adding the un-tagged p53FL and 

p53NTR while adding p53∆NTR did not interfere with (Figure 3-6 C). Together, these 

results indicate the direct interaction between the histone H3-H4 complex and the N-

terminal amino acid region of p53. 

The p53 N-terminal region contains TAD1 and TAD2 (87, 135) (Figure 3-6 A), 

which are required for p53 target gene induction (136). These domains are known to 

bind to various factors including general transcription factors, mediators, and 

transcriptional coactivators such as CBP/p300 (137, 138), implying that the p53 N-

terminal amino acid region may function as an interaction hub for transcription co-

factors and histones (90, 139). Histone binding ability is also known for another 



 43 

pioneer factor: FoxA1 (140), thereby it may be a common property of pioneer 

transcription factors. 
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Figure 3-6 p53 binding to the histone H3-H4 complex 

(A) Schematic representation of p53 and p53 truncation mutants. The p53 full-length 

(p53FL), the truncation mutant containing 1-93 amino acid residues (p53NTR), and 

the truncation mutant containing 94-393 amino acid residues (p53∆NTR) are shown. 

Within these constructs, transcription activation domains (TAD), proline-rich region 

(PRR), core DNA-binding domain (DBD), tetramerization domain (TD), and C-

terminus domain (CTD) are colored in beige, khaki, indigo, cobalt green, and sky 

blue, respectively.  

(B) Pull-down assay for p53 binding to the histone H3-H4 complex. Lane 1 indicates 

protein markers. Lanes 2-6 represent the control samples of GST, GST-p53FL, 

GST-p53NTD, GST-p53∆N, and the H3-H4 complex, respectively. Lanes 7-10 

indicate the pull-down experiment for the histone H3-H4 complex binding with 

GST, GST-p53FL, GST-p53NTD, and GST-p53∆NTR, respectively. The 

polyacrylamide gel was stained by CBB. 

(C) Protein EMSA for histone binding. The H3-H4 complex was mixed with the 

increasing molar ratio (0.6-1.2 times) of either untagged p53FL (lanes 2-6), p53NTR 

(lanes 8-12), or p53∆NTR (lanes 13-18). The non-denaturing polyacrylamide gel was 

stained by CBB. 
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3.1.7 N-terminal amino acid region of p53 may involve the nucleosome 

bindings 

To test whether the histone H3-H4 binding via N-terminal amino acid region of 

p53 involves its nucleosome binding, EMSA using p53∆NTR, 193 bp nucleosome, and 

193 bp nucleosomeBS was performed as described in 2.5. As a result, the p53∆NTR-

nucleosome complexes were seen as faint bands on the polyacrylamide gel compared 

to the p53-nucleosome complexes (Figure 3-7). This result suggests that the p53-

histone interaction mediated by the N-terminal amino acid region facilitates the 

formations of p53-nucleosome complexes in a sequence-nonspecific manner.  
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Figure 3-7 p53∆NTR bindings to the nucleosomes 

EMSA for p53∆NTR binding to the nucleosomes. The 193 bp nucleosome or the 193 bp 

nucleosomeBS were mixed with the increasing molar ratio (0-8 times) of p53 (lanes 1-5 

and 10-14) or p53∆NTR (lanes 6-9 and 15-18). The non-denaturing polyacrylamide gel 

was stained by EtBr.   
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Chapter 4: Concluding remarks and future perspectives 

4.1 Biochemical properties of the pioneer transcription factor p53 binding to 

the nucleosomes 

The pioneer transcription factor p53 can bind to the target DNA within a 

nucleosome, which is inaccessible to most of the transcription factors. In this study, 

p53 was found to bind to nucleosomes via linker DNAs even without its binding 

sequence. The sequence non-specific nucleosome binding is also known in other 

pioneer transcription factors including FoxA1 (134, 142–144). But the binding mode 

of FoxA1 does not require the linker DNAs (143) therefore, the non-specific 

nucleosome binding mechanisms are supposed to vary among pioneer transcription 

factors. In addition to DNA bindings, p53 interacted with the histone H3-H4 complex 

via its N-terminal amino acid region. Functional studies have revealed that TAD1 and 

TAD2 within the N-terminal amino acid region of p53 are required for the target genes 

induction (136). Similarly, a pioneer transcription factor FoxA1 can also bind the 

histone H3-H4 complex via its C-terminal domain, which is separated from its DNA-

binding domain and such interaction is necessary for the chromatin opening (66, 140). 

Besides, another pioneer transcription factor EBF1 is also reported to engage its C-

terminal domain for chromatin opening during B-cell development (145). It has been 

speculative yet, but the sequence-nonspecific nucleosome binding and the histone 

binding would be common properties of pioneer transcription factors that enable the 

target DNA searching embedded in closed chromatin and the transcriptional co-factors 

engagement. Further studies are expected to dissect the mechanistic link between 

histone binding and pioneering activities.  
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