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ABSTRACT OF THE THESIS

Structural Basis of Hoogsteen Base Pair Recognition by the DNA-Binding
Domain of the Transcription Factor p53

by

Sonha Tran Nguyen

Master of Science in Chemistry
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Professor Hector Viadiu, Chair

p53 is a tumor suppressor protein activated during DNA damage and cell
stress that plays a central role in apoptosis, cell cycle arrest, DNA repair, and
senescence. In human, 50% of cancer cases have a mutation in p53.
Approximately, 85% of these mutation cases occur within the DNA-binding
domain (DBD) of p53, which is known to interfere with its ability to bind to the p53
response elements (p53REs). Many structures of the p53DBD in complex with
DNA have been previously solved. However, how p53DBD recognizes DNA is

xii

not fully understood. In this work, I address how p53DBD recognizes the center
of its half-site response elements. First, I investigated the specificity of p53DBD
to the central base pair of the half-site REs by fluorescence anisotropy. The
results show that p53DBD favors adenine and thymine over cytosine and
guanine. Furthermore, I obtained high-resolution crystal structures of p53DBD
bound as a dimer to its half-sites. Theses structures show a Hoogsteen
conformation at the central A-T, A-A and T-T doublets of DNA sequences.
Moreover, in all of the obtained structures, the Arg248 residue from each
p53DBD monomer contacts the central base pairs by water-mediated hydrogen
bonds through the DNA minor groove. These findings indicate the significance of
Hoogsteen base pairs conformation to the function of p53 as a transcription
factor. Furthermore, it reveals the importance of Arg248 residues in p53
recognition to its activating REs.
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Chapter 1: Introduction
Function and Structure of Transcription Factor p53
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2
1.1 The p53 protein family
The p53 protein family comprises of three transcription factors: p53, p63
and p73. This protein family regulates many vital biological processes in the cell,
including: apoptosis, cell cycle arrest, DNA repair, and cell differentiation (Jost et
al., 1997; Yang et al., 1998; De Laurenzi et al., 1998; Melino et al., 2004; Keyes
et al., 2005).
In response to cellular stress, p53 acts as a sequence-specific
transcription factor, inducing genes that are involved in DNA repair, cell cycle
arrest, and apoptosis. Similarly, p73 mainly functions in neurogenesis, neuron
survival and the inflammatory response; although it also possesses some
properties of a tumor suppressor (Vikhanskaya et al., 2007). In contrast, p63 is a
putative oncogene that is required in the development and maintenance of
stratified epithelium (Senoo et al., 2007). Because of their key roles in cellular
networks, imbalance within the p53 protein family leads to significant
abnormalities in human and mice (Mills, 1999; Yang, 2000)
All members of the p53 protein family share a similar domain structure and
significant amino acid sequence identity, indicating the conservation of the p53
protein family throughout evolution. The p53 protein family contains similarities in
their major domains. First, the transactivation domain (TAD) of p53 shares 25%
and 29% sequence identity with p63 and of p73, respectively. Likewise, the DNAbinding domain of p53 shares 65% and 63% sequence identity with p63 and p73,
respectively. In addition, the tetramerization domain (TET) of p53 shares 35%
and 38% sequence identity with p63 and p73, respectively (Dotsch et al., 2007)
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(Figure 1.1). Notably, p63 and p73 each contain an additional Sterile Alpha Motif
(SAM) domain, which is absent in p53 (Chi et al., 1999). Functionally, the SAM
domain is responsible for protein-protein interactions and is common in the
proteins that are involved in developmental regulation (Sauer, 2008). The
presence of the SAM domain might explain the biochemical differences among
the members of the p53 protein family.
1.2 Cellular functions of p53
The p53 protein is involved in many cellular pathways in the cytoplasm,
mitochondria and nucleus of the cells. Its major roles include: apoptosis, DNA
repair, cell arrest, genomic stability, cellular aging and inhibition of angiogenesis
(Vogelstein et al., 2000; Vousden et al., 2002; Levin et al., 2006). Thereby,
mutations of p53 are found in 50 percent of human cancers, including cancer of
the ovary, esophagus, colorectal, lung, skin, brain, and liver (Olivier et al., 2002).
In normal cells, the p53 protein is degraded within 6 to 20 minutes after it
is translated in the cytoplasm (Levine et all, 1997). Once the p53 protein is
activated by kinases, it induces the transcription of numerous genes. Among
these genes is the MDM-2 gene, which is a major negative regulator of p53
(Harris, 2005). MDM-2 decreases the concentration of p53 in normal cells by
directly interacting with p53, ultimately leading to its ubiquination (Kussie et al.,
1996; Schon et al., 2002; Marine et al., 2005). Degradation of p53 is followed by
the addition of ubiquitin molecules upon the mono-ubiquitinated p53 by
CBP/p300 (CREB Binding Protein transcriptional coactivator/p300). The poly-
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ubiquinated p53 is then degraded by the proteasome in the cytoplasm
(Grossman et al., 2003).
In contrast to normal cells, when cells are stressed, several positive
regulators inhibit the degradation of p53. For instance, p14ARF and c-Abl bind to
MDM-2 and impair its ability to interact with p53, thus increasing p53
concentration in the cell (Kamijo et al., 1998; Zhang et al., 1998; Honda and
Yasuda, 1999; Goldberg et al., 2002; Ciechanover and Schwartz, 1998; Fuchs et
al., 1998; Kashuba et al., 2003; Lai et al., 2001; Lohrum et al., 2001). Once the
concentration of p53 increases, the protein undergoes various post-translational
modifications, including the phosphorylation of its N-terminus and the acetylation
of its C-terminus (Toledo et al., 2006; Lavin et al., 2006; Braithwaite et al., 2006).
These modifications stabilize and modulate the nuclear export of p53. Inside the
nucleus, the phospholated p53 binds specifically to the response elements that
located in the promoter region of target genes. This binding further activates or
represses transcription (Appella and Anderson, 2001). The pathway of p53
regulation is summarized in Figure 1.2.
In addition to binding to DNA in the nucleus as a transcriptional factor, the
p53 protein also has the ability to associate with other proteins to regulate its
cellular activity. For instance, p53 forms a complex with the Bcl-XL and Bcl-2
proteins. This interaction enhances the permeabilization of the outer membrane
of the mitochondria, resulting in the release of cytochrome c and the induction of
apoptosis (Chou et al., 1999; Mc Donnell et al., 1999; Minn et al., 1997; Sattler et
al., 1997; Schendel et al., 1999).
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1.3 Domain organization of p53 protein
The functional complexity of p53 can be better understood by further
investigation of its structure. Human p53 is active as a tetramer that comprised of
four monomers. Each monomer contains 393 amino acids, divided into 7 unique
regions: transactivation domain 1 (TD1), transactivation domain 2 (TD2), prolinerich

region,

DNA

binding

domain

(DBD),

nuclear

localization

(NL),

tetramerization, and regulatory C-terminus (Figure 1.3). Each domain has a
specific role. Therefore, researchers have been able to study the domains
individually.
Transactivation domain (TAD)
The N-terminal region of p53 consists of the first 61 amino acids of the
protein and it is natively unfolded (Lee, 2000). This region is subdivided into two
subdomains: TAD1 (residues 1-40) and TAD2 (residues 41-61). The TAD is a
domain with broad specificity that serves as a binding site for many interacting
proteins. Some of the proteins binding to the TAD are components of the
transcription machinery (Lu, 1995; Thut, 1995; Di Lello, 2006), the transcriptional
coactivators p300/CBP (CREB-binding protein), and the negative regulators like
MDM2/MDM4 (Kussie, 1996; Schon, 2002; Marine, 2005). To date, the
relationships between TAD1 and TAD2 functions are unclear. However, some
studies have shown that TAD1 triggers the transcription of cell arrest genes,
while TAD2 activates the apoptotic genes (Harms, 2006).
In nascent form, the TAD is highly disordered. However, upon binding to
partner proteins, some regions in this domain become fully folded. As a result,
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the structures of TAD domain complexes with some interacting proteins,
including MDM2, replication protein A, and transcriptional coactivator p300/CBP,
have been determined (Gu et al., 1997; Bochkareva et al., 2005; Teufel et al.,
2007).
Proline rich region
The proline-rich region of p53 includes residues 62 to 91. It is flanked by
the transactivation and the DNA-binding domain. This region in the protein
contains five PXXP motifs, which are important for p53 acetylation (Walker et al.,
1996). Although the PXXP motifs are not conserved among mammalian p53
proteins, an abundance of proline residues in these proteins has been observed
(Toledo, 2007). Although the exact role of this region is poorly understood, it is
thought that this region potentially acts as a linker between the transactivation
and DNA-binding domains.
DNA binding domain
The DNA-binding domain of p53 covers 50% of the full-length protein and
consists of residues 96 to 292. It is responsible for the binding of p53 to its
response elements in the genome. As a result, when this domain is mutated, p53
protein loses its ability to bind DNA, leading to the development of cancerous
tumors when DNA damage occurs.
The first monomer structure of the p53 DNA-binding domain was solved in
1994 and it is illustrated in Figure 1.4 (Cho et al., 1994). Its structure shows an
immunoglobulin-like β-sandwich structure, consisting of two twisted antiparallel βsheets with four (S1, S3, S8 and S5) and five (S10, S9, S4, S7 and S6) strands
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each. These two sheets pack together, forming a hydrophobic inner core. In
addition, the p53 DBD also contains two helices (H1 and H2) and three major
loops (L1, L2 and L3), located on one side of the sandwich. Also, the structure
contains a zinc binding site that tetraherally coordinates a zinc ion with Cys176,
His179, Cys238 and Cys242 (Cho et al., 1994; Huyen et al., 2004).
Tetramerization Domain
The full-length p53 protein forms tetramers via a tetramerization domain
formed by residues 325 to 356 (Sakaguchi, 1997; Veprintsev, 2006). This domain
is found to be important for protein-protein interaction (Delphin et al., 1997; Gotz
et al., 1999). Importantly, this region is rarely mutated in human cancers (Hainaut
and Hollstein, 2000; Hollstein et al., 1991; Soussie et al., 2000).
Similar to the DNA binding domain, the structure of the tetramerization
domain was solved by X-ray crystallography as a dimer of dimers (Jeffrey, 1995;
Mittl, 1998). Each monomer of the tetramerization domain consists of a short βstrand and an α-helix linked by a sharp turn in Gly-334. Two monomers form a
dimer and the central hydrophobic core. This region is stabilized by an
antiparallel intermolecular β-sheet and an antiparallel helix packed with three
residues from each helix (Leu-330, Ile-332, and Phe-341). Upon tetramerization,
two dimers associate through their helices to form a four-helix bundle.
Regulatory C-terminus
The C-terminus of p53 contains the regulatory domain formed by residues
367 to 388. This domain is natively unfolded and contains several lysine
residues. It may undergo local disorder-to-order transitions upon binding to other
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proteins or to nonspecific DNA sequence (Bell, 2002; Rustandi, 2000; Mujtaba,
2004; Weinberg, 2004; Friedler, 2005). The p53 C-terminus binds DNA
nonspecifically in vitro via the low-affinity electrostatic interactions of several
lysine residues and inhibit binding of a specific DNA by p53 DBD in a competitive
manner (Weinberg et al., 2004). Once p53 C-terminus is acetylated, the DNA
affinity of p53 DBD increases, loosing the interaction of p53 C-terminus with DNA
sequence (Friedler, 2005).

Figure 1.1: Domain organization of p53 protein family. The transactivation
domain (TA) of p53 (green) shares 25% and 29% identity with p63 (blue) and
p73 (magenta), respectively. The core domain of p53 shares 65% and 63%
identity with p63 and with p73, respectively. The tetramerization domain (TET) of
p53 shares 35% and 38% identity with p63 and p73, respectively. The Sterile
Alpha Motif (SAM) domain is absent in p53 but is present in both p63 and p73
(Dotsch et al., 2010).
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Figure 1.2: Schematic pathway of p53 regulation. (a) Degradation of p53 in the
normal cells. (b) Activation of p53 in stressed cells.
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Figure 1.3: Domain organization of human p53. Human p53 protein is divided
into seven regions: transactivation domain (TAD), which is further subdivided into
TAD1 and TAD2 (green), proline-rich domain (magenta), DNA-binding domain
(blue), nuclear signal localization (red), tetramerization domain (yellow), and Cterminal regulatory domain (cyan).
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b.

Figure 1.4: Amino acid sequence and crystal structure of human p53 DNADNA
binding domain. (a) The amino acid sequence of human p53 DNA-binding
DNA
domain from residue 94
94-293. Eleven arrows represent the β-sheet
sheet strands, two
cylindrical
drical tubes represent the helices, the lines represent the loops, and the
asterisks represent the residues involved in DNA binding (b)
b) The crystal structure
of human DNA-binding
binding domain. The β-sheet
sheet strands in purple, the helices in
green, the loops in pink,
k, and a Zn2+ ion in gray (Cho et al., 1994).

Chapter 2
Expression and Purification of p53 DNA-Binding Domain
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2.1 Introduction
p53DBD comprises of 50 percent of the full-length p53 protein. Its main
function is to bind the response elements located in the promoter of the genes to
activate or repress their transcription. In fact, when a cancerous mutation occurs
in p53, 85% of those mutations are located in this domain (Hollstein et al., 1991).
For example, the common hot-spot mutations in tumor are V143, G245, R248,
R249 and R273, which mainly have direct interaction with the DNA sequences
(Hollstein et al., 1991). Therefore, understanding of the interaction between
p53DBD as a transcription factor and its response elements is an important topic
for cancer research.
The p53 half-site response element is a decameric motif with the following
sequence: 5’-RRRCWWGYYY-3’, where R is a purine, W is A or T and Y is a
pyrimidine. A full p53-response element (p53RE) is a 20 base-pair sequence
composed of two 10 base-pair half-sites. The two half-sites can be separated by
a spacer of 0–13 base pairs (el-Deiry, 1992), although functional RE have
spacers between 0-3 base-pairs (Riley et al., 2008). A monomer of p53DBD
binds to a 5 base-pair motif, or a quarter-site; subsequently, a dimer binds to a
10 base-pair half-site and a tetramer binds to a 20 base-pair full-site RE (Cho et
al., 1994; Ho et al., 2006; Kitayner et al., 2006; Chen et al., 2010; Malecka et al.,
2009; Kitayner et al., 2010; Petty el al., 2011).
The response elements of p53 are divided into two categories: activating
REs and repressing REs. Functional assays have shown that dinucleotide core
combination within the central CWWG motif of the p53REs determines whether
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p53 transcriptionally activates or represses the target genes. Among activating
p53REs, the dinucleotide core combinations AT, AA and TT predominates. In
contrast, the combinations of GC, GG and CG are found to be the most frequent
in repressing p53REs (Wang et al., 2009).
For the last two decades, intensive research, including structural studies,
has been conducted in many attempts to understand how p53 recognizes its
response elements. Many structures of the p53DBD in complex with DNA have
been solved and they revealed useful information on the role of p53 as a
transcription factor (Viadiu et al., 2008). It is widely accepted that the first three
purine nucleotides in the major groove are involved in direct contact with the
residues of p53 DNA-binding domain via hydrogen bonds. On the other hand, the
central CWWG motif is located in the minor groove and associates with the
residues of the L3 loop by the phosphate backbone (Cho et al., 1994; Ho et al.,
2006; Kitayner et al., 2006; Chen et al., 2010; Malecka et al., 2009; Chen et al.,
2010; Kitayner et al., 2010). Therefore, it is still unclear how p53 DBD recognizes
the central base pairs of the REs to determine its activating or repressing
functions because no amino acid residues are involved in direct contact with the
central base pairs.
In this study, I examined how the p53 DNA-binding domain recognizes the
center of its half-site response elements. Expression and purification of human
p53DBD in E. coli cells was performed to conduct further biochemical studies in
p53DBD.
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2.2 Methods
2.2.1 Cloning
The DNA sequence encoding amino acids from residue 96 to 293 of fulllength human p53 comprising the DNA-binding domain was amplified by a
polymerase chain reaction (PCR). Eight histidine codons were inserted at the Nterminus of the target DNA sequence also by PCR. The amplified DNA fragment
of the p53 DNA-binding domain containing the eight-histidine tag (8xHisp53DBD) was cloned, using EcoRI and HindIII as two restriction sites, into the
pET-28 expression vector (Novagen) that contains the kanamycin-resistant gene
into the XL1 cells. The constructed plasmid was verified for correction by
sequencing the inserted gene. The plasmid was purified and transformed into
BL21 (DE3) E. coli cells (Stratagene). The BL21 E. coli cells containing the
pET28 plasmid carrying the 8xHis-p53DBD gene were stored in 20% glycerol at 80 °C until further use. Small aliquots were used to start every expression
experiment.
2.2.2 Expression
The BL21 (DE3) E. coli cells with the plasmid containing the 8xHisp53DBD gene were pre-cultured overnight in 5 mL of Luria-Bertani (LB) media
with 30µg/ml of kanamycin. The overnight pre-cultured solution was then
transferred into 1L of LB media with 30 mg/L of kanamycin and was grown at
37°C with constant shaking at 150 r.p.m until the absor bance reached
approximately 0.6 units at λ = 595nm. Protein expression was induced by the
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addition of 0.5 µM isopropyl-b-D-thiogalactopyranoside (IPTG) for 4 hours at
25°C with constant shaking at 200 r.p.m.
2.2.3 Purification
The induced cells were harvested by gravity centrifugation at 3,500
revolutions per minute (r.p.m) for 30 minutes and the pelleted cells were kept at
-20°C until further use. A French pressure cell was used to lyse the pelleted cells
on ice using 100 mL of 20 mM sodium citrate (pH 6.1), 150mM sodium chloride
and 10µM zinc chloride as lysis buffer. The soluble fraction containing the protein
of interest was collected by ultracentrifugation at 35,000 r.p.m for 35 minutes at
4°C.

The first purification step was performed by affi nity chromatography.

Approximately 2 mL of Ni-NTA resin (QIAGEN) was allowed to bind with the
8xHis-p53DBD protein from the soluble solution for 1 hour at 4°C. The proteinbound resin was then transferred to a gravity column. The protein-bound resin
was washed with 100 mL of lysis buffer at room temperature, followed by 40 mM
of imidazole in 25 mL of lysis buffer. The protein of interest was eluted out with
350 mM of imidazole in 6 mL of lysis buffer.
Further purification was done via size-exclusion chromatography in a
Superdex 200 (S200) column. The S200 column was equilibrated with 20 mM
sodium citrate (pH 6.1), 150 mM sodium chloride, 10 mM DTT and 10 µM zinc
chloride for two hours. The eluted protein from the affinity column was
concentrated to a 1 mL volume by gravity centrifugation prior to injection into the
S200 column at a 0.5mL/min flow rate. The purified 8xHis-p53DBD was
concentrated and its concentration was quantified via the Bradford method at λ =
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595 nm using bovine serum albumin (BSA) as a standard. The concentration of
the protein was maintained at 7 mg/mL. The purified protein were stored at 4°C
until further use.
2.3 Results and Discussion
2.3.1 Cloning & Expression
Figure 2.1a illustrates the human DNA-binding domain (residue 96 to 293)
tagged with 8 histidines at its N-terminus expressed from the pET-28 vector. The
lysed cells, before and after induction, were analyzed in SDS-PAGE gel to verify
for the expression of the protein of interest. Figure 2.1b shows the Western blot
using mouse anti-His-tag antibody to examine the expression of the 8xHisp53DBD before and after induction. It was observed that 8xHis-p53DBD was
expressed and present only after induction. Also, as predicted, the molecular
weight was around 24 kDa, as corresponding to the protein markers.
2.3.2 Purification
The first purification step of the over-expressed 8xHis-p53DBD protein
was performed using affinity chromatography and it resulted in a fairly pure
fraction. In Figure 2.2a, the SDS-PAGE analysis of the purification process was
illustrated. The majority of the protein in the eluted sample was 8xHis-p53DBD.
The Western blot of the samples confirmed the presence of the protein of interest
(Figure 2.2b).
To further purify the protein, size-exclusion chromatography was
performed. Figure 2.3a shows that the elution of 8xHis-p53DBD (MW: 24 kDa)
was between 30-40 ml from the S200 column. Fractions of 1 mL were collected
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and analyzed by SDS-PAGE gel (Figure 2.3b). It was observed that after the
size-exclusion column, the protein was 99% pure.
The described protocol allowed me to obtain purified p53 DNA-binding
domain to further investigate its structure and binding affinity with the aim to
understand the DNA specificity of p53.
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a.

b.

Figure 2.1: Cloning and Expression of 8xHis-p53DBD. (a) Schematic
representation of the pET-28 plasmid containing the 8xHis-p53 DBD gene (b)
Western blot using mouse anti-His-tag antibody to detect the expression of
8xHis-p53DBD before and after induction.
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Figure 2.2: SDS-PAGE analysis of 8xHis-p53DBD via affinity chromatography.
(a) SDS-PAGE gel. (b) Western blot using mouse anti-His-tag antibody.
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a.

b.

Figure 2.3: Profile of the size-exclusion chromatography experiment of 8xHisp53DBD in a Sepharose 200 column. (a) Chromatogram of the protein of interest
as the function of absorbance (λ = 280 nm) and volume (ml). (b) SDS-PAGE
analysis of the fractions collected from fractions 30 to 38 ml (V31 to V38) of the
chromatogram.

Chapter 3
The Binding Affinity of p53DBD to the Center of Its Half-site Response
Elements by Fluorescence Anisotropy
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3.1 Introduction
To gain some insights on how p53DBD binds to different response
elements, fluorescence anisotropy was used to measure the binding affinity of
p53DBD with the activating and repressing p53REs.
Fluorescence anisotropy is a widely used method to study the equilibrium
of molecular interactions, because it allows the direct measurement of binding
affinities in solution. When a small and unbound fluorophore is excited with
plane-polarized light, its fluorescent signal is largely depolarized because it
rapidly tumbles in solution. However, when the fluorophore binds to a larger
molecule, the tumbling rate decreases significantly. The change in the measured
polarizations is a weighed average of the bound state and the free state,
providing a direct measurement of the fraction of binding affinity. The calculated
Kd value indicates 50% of ligand saturation, as it is measured when polarization
changes result from the titration of different concentrations of the target protein to
a fixed concentration of ligand. Using this method, the binding specificity of
p53DBD to its activating and repressing REs was examined. In particular, the
binding affinity of p53 DBD to different fluorescent-tagged DNA sequences
containing A-T, T-A, C-G and G-C in the center of the half-site response
elements was measured.
3.2 Method
Twenty-five to thirty dilutions of the protein concentration were prepared in
a range of 0 to 100 µM. A constant 5 nM of fluorescein-tagged DNA sequences
was added to each sample. Table 3.2 describes the five DNA sequences used in
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this study. The FAM molecule, or 6-carboxylfluorescein, is inserted at the 5’ end
of each single-stranded DNA sequence. The protein-DNA mixture was incubated
at 4°C for 30 minutes prior to the measuring of the fluorescence polarization in a
Hitachi F-2000 fluorescence spectrophotometer. In Table 3.1, four polarization
units for each sample were made with different polarization filter arrangements.
Table 3.1: the positions of polarized filters used during the fluorescent anisotropy
measurements.
Polarization Unit Excitation

Emission

i/

90°

0°

i//

90°

90°

I/

0°

0°

I//

0°

90°

The fluorescent polarization measurements were collected at an excitation
wavelength of 494 nm and an emission wavelength of 521 nm. The total
polarization degree was calculated using the general equation: P(λ) =(I//-GxI/)/(I//
+ GxI/), where G = (i/)/(i//). A graph of the fraction of DNA bound to protein
versus the log of p53DBD concentration was used to calculate the Kd values
using GraphRad Prism software. The Kd value for each complex was calculated
from three trials of polarization measurement.
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Table 3.2: DNA sequences tagged with FAM fluorescein molecules used to
measure the DNA binding affinity of p53 DNA-binding domain by fluorescence
anisotropy.
Base
Complex

DNA sequence
length

A-T

5’-FAM/cGGGCATGCCCg-3’

Transactivation
Characteristic

12

A-T center, activating

12

T-A center, activating

3’-gCCCGTACGGGc/FAM-5’
T-A

5’-FAM/cGGGCTAGCCCg-3’
3’-gCCCGATCGGGc/FAM-5’

C-G

5’-FAM/cGGGCCGGCCCg-3’

C-G center,
12
repressing

3’-gCCCGGCCGGGc/FAM-5’

C-G center,

5’-FAM/cGGGCGCGCCCg-3’
G-C

12
repressing

3’-gCCCGCGCGGGc/FAM-5’
N/S

5’-FAM/cCCCGTACGGGG-3’
3’-gGGGCATGCCCg/FAM-5’

12

Non-specific

3.3 Results and Discussion
The DNA binding affinity of p53DBD for the most common activating
sequence with A-T center was determined to be Kd = 8.84 µM. Similarly, the
binding affinity of p53 DBD to the non-specific sequence was determined to be
Kd = 49.7 µM (Figure 3.1). These data suggest that the binding affinity of
p53DBD to a non-specific sequence decreases up to 6-fold, compared to the Kd
value obtained for its consensus sequence. In addition, the binding affinity of
p53DBD to other DNA sequences with different centers was determined. The Kd
values for T-A, C-G, and G-C centers were determined to be 12.4 µM, 19.4 µM
and 27.6 µM, respectively (Figure 3.2).
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Overall, the results suggest that p53DBD binds to both specific and non-specific
DNA sequence. However, p53DBD binds weaker to the non-specific sequence
than to specific sequences. Moreover, the binding affinity of p53DBD is more
favorable if the center of the half-site REs is adenine and thymine than cytosine
and guanine. Therefore, we conclude that p53DBD has a higher affinity to its
activating REs than to its repressing REs. These findings suggest that the
p53DBD may recognize and interact with its activating and repressing REs
differently.

27

Figure 3.1: Binding affinity of p53 DBD to specific and non-specific sequences
fluorescence anisotropy. Three trials were performed for each measurement. a)
p53 DBD bound to 12 bp specific half-site with A-T center. b) p53 DBD bound to
12 bp non-specific sequence.
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Figure 3.2: Binding affinity of p53 DBD to specific half-sites by fluorescence
anisotropy. Three trials were performed for each measurement. a) p53 DBD
bound to 12 bp half-site with A-T center. b) p53 DBD bound to 12 bp. half-site
with T-A center..c) p53 DBD bound to 12 bp half-site with C-G center. d) p53
DBD bound to 12 bp half-site with G-C center.

Chapter 4
Crystal Structures of p53DBD in Complex with Half-Site Response
Elements
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4.1 Introduction
Since the first discovery of p53 protein in the last three decade, it has
remained as the central topic of cancer research. However, how p53 DNAbinding domain recognizes its activating and repressing response elements is not
yet understood.
The first structure of p53 DNA-binding domain complex with its consensus
DNA sequence was first solved in 1994 by X-ray crystallography (Cho et al.,
1994). Since then, many three-dimensional structures of the p53 DNA-binding
domain in complex with DNA have been solved with the aim to understand how
p53 recognizes its response elements. Table 4.1 includes the structures that
were solved in the past 20 years (Viadiu et al., 2008). These structures have
revealed important information about p53 DNA-binding domain interaction with
DNA sequences. However, questions still remain to be answered in
understanding the DNA-binding specificity of p53.
Two recent studies on p53DBD-DNA complexes have raised controversy
on how p53 DNA-binding domain recognizes its consensus sequences. In 2010,
Chen et al. determined the structure of p53 DNA-binding domain bound as a
tetramer to a continuous full-site response element with the sequence of 5’cGGGCATGCCCGGGCATGCCg- 3’. In this structure, they reported that the A/T
doublets in the center of each half-site had a Watson-Crick conformation.
Moreover, it was observed that while the Arg248 residue in one monomer
showed little interaction with the DNA minor groove, the Arg248 residue of the
other monomer in the dimer interacted with the phosphate backbone. In that
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same year, Kitayner et al. contradicted these findings with another tetrameric
structure of p53 DNA-binding domain bound to the similar continuous response
element. In this structure, for the first time, the A/T doublets in the center were
reported to be in the Hoogsteen conformation and both Arg248 residues in each
dimer came in contact with the phosphate backbone. Nonetheless, neither of
these two structures and the previous ones could explain how p53 recognizes
the central base pairs to determine its activating or repressing activity. Therefore,
it is still unclear how Hoogsteen base-pairing geometry was formed and why
Arg248 residues remain the most common hotspot mutation site in all human
cancers even though it was only observed to interact with the phosphate
backbone in the previous studies.
In this study, the central doublets of the response elements were focused
to understand how p53 DNA-binding domain recognizes the center of its
consensus sequences. In particular, the crystal structures of p53DBD-DNA
complexes with different combination of central pairings: A-T, A-A, and T-T, T-A,
C-G, and G-C were examined.
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Table 4.1: The solved structures of p53DBD in complex with DNA (Viadiu et al.,
2008).
Quarter-site

Description

Reference

Resolution

5’-GGGCA-3’

First p53 core domain
complexed with DNA

Cho et al., 1994

3.2Å

5'-GGGCA-3'

p53 tetramer with

5’-AGGCA-3’

two half-sites

1.8Å
Kitayner et al.,
2006

5’-GGACA-3’
5’-GAGCA-3’

5’-GGGCA-3’

5’-GGGCA-3’

2.2Å
1.8Å

Crosslinked to 16bp
DNA as a dimer
p53 tetramer with
a full-site
p53 tetramer with
a full-site

Ho et al., 2006

2.3Å

Chen et al., 2010

1.8Å

Kitayner et al.,
2006

1.8Å

4.2 Methods
4.2.1 Crystallization
The fractions containing purified protein from size-exclusion column were
concentrated to 8-12 mg/mL by gravity centrifugation. The protein was mixed
with DNA sequences in a 4:1 (mol/mol) ratio and the mixtures were incubated at
room temperature for at least 3 hours.
Crystallization was carried out with the hanging-drop vapor diffusion
method using VDX multiwall plates at 23°C. The protei n-DNA mixture was added
with equal portion of 1µL with the reservoir solution on a glass cover slip. The
cover slip was then sealed on top of the well containing 500µl of reservoir
solution. Table 4.2 lists the DNA sequences used.
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For data collection, crystals were frozen with liquid nitrogen after
transferring them to an identical solution used for crystallization with 35% of
polyethylene glycol 3350 to avoid ice-water formation.
Table 4.2: DNA sequences used to crystallize the DNA-p53 DNA-binding domain
complexes.
Complex

Protein

A-T

p53 DBD

5'-cGGGCATGCCCTATAGGGCATGCCCg’-3

26mer

A-A

p53 DBD

5'-cGGGCAAGCCCg-3'

12mer

T-T

p53 DBD

5'-cGGGCTTGCCCTATAGGGCAAGCCCg-3'

26mer

T-A

p53 DBD

5'-cGGGCTAGCCCTATAGGGCTAGCCCg-3'

26mer

C-G

p53 DBD

5'-cGGGCCGGCCCTATAGGGCGCGCCCg-3'

26mer

G-C

p53 DBD

5'-cGGGCGCGCCCTATAGGGCCGGCCCg-3'

26mer

DNA sequence

DNA length

34
4.2.2 X-ray intensity data collection and processing
The diffracted crystals of the A-T complex and the dataset was collected
using beamline 5.0.2 at the Advanced Light Source (ALS), Berkeley, CA, USA.
Likewise, the crystals of protein the A-A and T-T complexes were diffracted using
beamline 7.1 at the Stanford Synchrotron Radiation Laboratory (SSRL), CA,
USA. The crystals of p53DBD in complex with half-site response elements
including the duplets T-A, C-G, and G-C did not diffracted.
The datasets of all the crystal complexes were indexed, integrated and
scaled using the software package HKL-2000 (Otwinowski & Minor et al., 1997).
Phaser software was used to solve the structures of the three complexes by
molecular replacement method (McCoy et al., 2007).). The p53DBD dimeric
molecule of PDB code 3IGK was used as the search model (Kitayner et al.,
2010). The obtained solution was passed through Autobuild and was refined
using the options of rigid-body refinement, simulated annealing and energy
minimization with the program Phenix. The atoms of the p53DBD and the DNA
molecules were manually adjusted into electron density map using the Coot
program (Emsley et al, 2010). To verify the model and avoid bias introduced by
the molecular replacement solution, omit maps were calculated. The refined
structures were validated by PROCHECK (Laskowski et al., 1993). Figures were
generated with PyMOL (DeLano, 2002). Data collection and processing were
performed by a postdoctoral fellow in the laboratory, Dr. Abdul Ethayathulla.
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4.3 Result
4.3.1 Structure Solving
4.3.1.1 Crystallization
Crystals of the A-T complex was obtained in the reservoir solution
consisting of 100 mM bis-tris methane (pH 6.2-6.4), 200 mM sodium chloride and
20% polyethylene glycol 3350. Transparent and plate-like crystals were formed
overnight at 23°C and their size were optimized with in a week. It was observed
that the crystals formed in different ntypes of salt with sodium, lithium, and
potassium and at varying salt concentration. Crystals grew fastest in sodium
chloride. Also, as the concentration of salt increased, the size of the crystals
decreased. The best crystals were thus obtained at 200 mM salt concentration
(Figure 4.1a).
Crystals of the A-A complex were obtained in the reservoir solution
consisting of 100 mM bis-tris methane (pH 6.4), 300 mM sodium chloride, 20%
polyethylene glycol 3350 and 6% glycerol. The crystals were formed after two
weeks at 23°C. Similar to the A-T Complex, these crystal s were also transparent
and plate-like. The crystals were formed with and without glycerol. However, in
the presence of 6% glycerol, the size of the crystals drastically increased 3-fold
(Figure 4.1b).
Crystals of the T-T complex were obtained in the reservoir solution of 100
mM bis-tris methane (pH 6.6), 300 mM sodium chloride, 24% polyethylene glycol
3350 and 4% glycerol. Much like crystals of the A-T Complex, these crystals
were formed overnight at 23°C. The crystals were also t ransparent and plate-like,
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similar to the other two complexes. However, the size of the crystals was
noticeably two times larger than the last two complexes, and they continued to
grow within the next few days (Figure 4.1c).
For the T-A complex, the crystals were obtained in the reservoir solution of
100 mM bis-tris methane (pH 6.2-7.0), 200-300 mM sodium chloride and 20%
polyethylene glycol 3350. These crystals were also formed overnight at 23°C and
observed to be branched needles (Figure 4.1d).
For the C-G complex, only one crystal was obtained in the reservoir
solution consisting of 100 mM bis-tris methane (pH 6.6), 400 mM sodium chloride
and 20% polyethylene glycol 3350 at 23°C. The crystal grew after three days. It
was cubic, shiny and colorless (Figure 4.1e). This crystal could not be
reproduced despite efforts of many attempts.
For the G-C complex, the crystals were obtained in the reservoir solution
consisting of 100 mM bis-tris methane (pH 6.8), 400 mM sodium chloride, 20%
polyethylene glycol 3350 at 23°C. These crystals were for med after three days.
The crystals were obtained a rectangular shape with some thickness. It was not
possible to reproduce these crystals (Figure 4.1e).
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Figure 4.1: Obtained crystals of the six studied complexes. (a) Crystals of p53
DBD bound to DNA sequence with T-A center. (b) Crystals of p53 DBD bound to
DNA sequence with A-A center. (c) Crystals of p53 DBD bound to DNA
sequence with T-T center. (d) Crystals of p53 DBD bound to DNA sequence with
T-A center. (e) Crystals of p53 DBD bound to DNA sequence with C-G center
(top), and crystals of p53 DBD mixed with DNA sequence with G-C center
(bottom).
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4.3.1.2 Data collection
The three complexes belonged to the same space group P212121 and
obtained orthorhombic unit cells in which the three-dimensional parameters are
different (a≠b≠c). The A-T, A-A and T-T complexes diffracted to 1.27Å, 1.8Å and
1.9Å, respectively. The Rmerge values, or the variation in the measurements of the
same reflection point, of the complexes are low; while the percentage of
completeness of the three datasets was relatively high (greater than 95%).
Moreover, the redundancy values, or the reproducibility of each reflection, for the
complexes were within the acceptable range. These values obtained from the
scaling process indicate the high quality in the diffraction data of the three
complexes.
4.3.1.3 Phasing and Refinement
The structure was solved by molecular replacement using a dimer of
p53DBD

(PDB ID: 3IGK) as a search model. The initial phases from the

molecular replacement solution were used to calculate an initial electron density
map and refinement using the 3IGK structure. The number of reflections used in
refinement for the A-T, A-A and T-T complexes were 130953, 40473 and 43566,
respectively. After cycles of manual and automatic refinement in Phenix, the final
Rwork values, a measurement of disagreement between of the model and the
collected diffraction data, were 13.2%, 17.2% and 17.0% for A-T, A-A and T-T
complex. Likewise, the Rfree values, the measurement of agreement between the
model and the 5% of the collected diffraction data, were 17.2%, 22.6% and
20.8%, respectively. These values are to validate the quality of the structure
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without bias. In addition, the B
B-factor
factor values, a parameter expressing the level of
mobility or confidence in the position of each atom in model, were low in the 20s.
These low values indicate that the obtained data was well described
descr
by the
models. Moreover, allll residues were in the allowed regions of the Ramachandran
plot (Ramachandran & Sasisekharan, 1968).

Data
Data-collection
collection and refinement

statistics are shown in Table 4.3 as compiled by Dr. Abdul Ethayathulla.

Data of T-T complex. The data were collected using the
Figure 4.2: Diffraction D
beamline 7.1 at the Advanced Light Source (ALS), Berkeley, CA, USA.
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Table 4.3: Data collection and refinement statistics of the three complexes
(Courtesy of Dr. Ethayathulla Abdul)

Data collection
Space group
Cell dimensions
a
b
c (Å)
α, β, γ (°)
Resolution (Å)
Rsym or Rmerge
I/σ
Completeness (%)
Redundancy
Refinement
Resolution (Å)
No. reflections
Rwork / Rfree
No. of atoms
Protein
Protein/DNA duplex
in asymemetric unit
DNA / Zn2+ ion
Water
B-factors
Protein
Ligand/ion
Water
R.m.s. deviations
Bond lengths (Å)
Bond angles ()

A-T Complex
26mer

A-A Complex
12mer

T-T Complex
26mer

P212121

P212121

P212121

44.89
91.64
121.53
90.0, 90.0, 90.0
50 – 1.27
(1.27-1.29)
5(55)
21.4 (3.35)
98.8(99.0)
6.4

45.43
91.58
121.05
90.0, 90.0, 90.0
100 – 1.9
(1.93 – 1.90)
10 (48)
10.6 (3.33)
99.7 (99.9)
5.0

43.93
90.01
116.78
90.0, 90.0, 90.0
50.0 – 1.8
(1.86 – 1.80)
11(35)
9.4 (4.39)
99.4 (99.4)
4.9

73.1 – 1.27
130953
13.2 / 17.2
4776
3467
1/0.5

73.0 – 1.9
40407
17.2 / 22.6
4003
3197
1/0.5

31.4 – 1.8
43566
17.0 / 20.8
4003
3413
1/0.5

528 / 2
755
21.9
18.9
23.9 / 12.9
33.9

486 / 2
300
37.0
35.0
46.0 / 30.0
40.0

530 / 2
467
27.6
23.5
31.8 / 24.7
35.1

0.01
2.1

0.01
2.1

0.01
2.2

4.3.1.4 Crystal Packing
Each unit cell within the crystal complexes contained four asymmetric
dimers (Figure 4.3). In all of the three complexes, the asymmetric units contain a
protein dimer with one double-stranded DNA with each monomer binding to a
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quarter-site RE. The A-A complex, obtained with a 12bp oligomer, had a dimer
bound to a half-site RE; while the A-T and T-T complexes each had a 26bp
oligomer that folded back, resulting in the annealing of its 3’- and 5’-ends. As a
result, they also formed a complete half-site RE and a loop formed by the TATA
spacer. In the packed crystals, the asymmetric units containing the dimers were
organized in a manner as such no DNA stacking interactions between two dimers
were observed, resulting in structure without tetrameric interactions (Figure 4.4).
Therefore, our results describe the protein-DNA interaction of dimers.
4.3.2 Structure Interpretation
4.3.2.1 Dimerization Interface
p53DBD dimerizes in presence of DNA and the dimerization involves the
interaction between the α-helix H1 and the loop L3 of two monomers. Figure 4.5
shows the overall dimeric structures of the A-T, A-A, and T-T complexes. The
major interactions are through van der Waals and hydrogen bonding. The
residues involved in these interactions are Pro174, His175, Glu180 and Arg181
from H1 helix and Met240 from L3 loop of two monomers. Also, the H1 helix of
each monomer is stabilized by a zinc ion, which is coordinated tetrahedrally by
Cys176 (L2), Cys238, (L3), Cys242 (L3), and His179 (H1). This metal-protein
interaction plays a role in maintaining p53 DNA-binding domain stability (Figure
4.6). Overall, the monomer-monomer interactions in the three complexes are
conserved and similar to the structures solved previously.
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Figure 4.3: Ribbon model of the asymmetric packing of dimers within a unit cell.
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Figure 4.4: Packing of unit cells within the crystals. For clarity, only the DNA
molecules are shown.
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Figure 4.5: Overall structure of the p53 DBD bound to one DNA molecule as a
dimer. (a) Monomer A (green) and monomer B (cyan) dimerized with DNA
sequence with A-T center. The view along the DNA axis: monomer A (left), the
dimer view from the protein side (right), and the corresponding one DNA
molecule (bottom). (b) Monomer A (pink) and Monomer B (blue) (c) Monomer A
(yellow) and Monomer B (purple).
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Figure 4.6: Protein-protein interaction between the two monomers (yellow and
white) in the dimer complex. (a) Interaction between residues in H1. (b)
Interaction between residues in L3. Water molecule is represented in purple.
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4.3.3.2 DNA Analysis
As shown in Figure 4.4, the DNA molecules have a well-defined electron
density with a standard B-form (Figure 4.7).
A novel feature in our obtained complexes is that the A/T central base
pairs of each half-site response element interact under the Hoogsteen geometry.
The hydrogen bonds between the two base pairs are formed between thymine
N3 and adenine N7. This conformation is different from the normal Watson-Crick
model, in which thymine N3 is bonded with adenine N1. This finding is similar to
the crystal structure reported by Kitayner et al., 2010 but is different than the
crystal structure reported by Chen et al., 2010. Figure 4.8 shows the
comparisons between Watson-Crick base pairs reported in Chen’s structure (WC
structure) versus Hoogsteen base pairs in Kitayner’s structure (Hoogsteen
structure) and in our A-T complex. Also, in Figure 4.9, the conformations of the
central base pairs in the three complexes with Hoosgteen geometry are shown.
Due to the effect of Hoogsteen base pairs formation, the DNA conformation for
the two models are significantly different. The helix diameter at the minor groove
of A-T complex is narrowed compared to the Watson-Crick model in Chen’s
structure; while our model is very similar to the Hoogsteen model in Kitayner’s
structure (Figure 4.10a). The Hoogsteen base-pairing change the DNA
conformation at the minor groove, shortening the distance between C1 of the two
sugar rings on the central base pairs. As shown in Figure 4.10b, this distance is
reduced from 10.11Å in Watson-Crick model to 8.32Å in the Hoogsteen
conformation.
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Figure 4.7: Structure of the DNA sequences in each complex. (a) Half-site
response element with A-T center. (b) Half-site response element with A-A
center. (c) Half-site response element with T-T center. The DNA sequences
maintain in a standard B-form and does not show significant bend or other major
deformation.
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Figure 4.8: Comparison of Watson-Crick and Hoogsteen base pairs. (a) WatsonCrick A-T base pair from Chen et al., 2010 (PDB 3KMD); (b) Hoogsteen A-T
base pairs from Kitayner et al., 2010 (PDB 3IGK); (c) Hoogsteen A-T base pair in
A-T complex. The DNA half-site response element was used in the complexes
(center). The three structures are shown within their electron density maps.
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Figure 4.9: Hoogsteen base-pairing formation of A/T doublets in DNA sequences
of the A-T, A-A, and T-T complexes. (a) A/T doublets of A-T complex; (b) A/A
doublets of A-A complex; (c) T-T doublets of T-T complex. Ade5 and Thy5 are
illustrated in blue. Ade6 and Thy6 are illustrated in orange.
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Figure 4.10: Comparison of the minor groove between WC and Hoogsteen
formation (a) Stereo view of DNA quarter site of A-T complex (blue) aligned with
the structure of Chen et al., 2010 (orange, Watson-Crick) and of Kitayner et al.,
2010 (purple, Hoogsteen); (b) The distance between two C1 in the sugar rings of
adenine and thymine in Watson-Crick (orange) and in Hoogsteen (blue)

4.3.3.3 Protein-DNA Interactions
The structures of the dimeric complexes show that the two protein
subunits bind nearly symmetrically to the two opposite quarter-sites of the DNA
molecules. The protein/DNA interactions occur in the major and minor groove of
the DNA half-sites.
At the major groove, Lys120 and Ser121 from the L1 loop, and Arg273,
Ala276, Cys277, and Arg280 from strand β10 and helix H2 contact with the
bases and the phosphate backbone (Figure 4.11). Lys120 interacts with C6 on

51
Gua2 and Gua3; Ser121 interacts with C6 on Gua2 via a water molecule;
Cys277 interacts with C4 on Cyt3; Arg280 interacts with C6 on Gua4 (Figure
4.12); while Arg273, Ala276 and Arg282 interact with the phosphate backbone of
Gua1, Gua4, and Thy5, respectively (Figure 4.13).
In the minor groove, Ser241 and Arg248 from the L3 loop contact the
bases and the phosphate backbone (Figure 4.14). While Ser241 shows direct
interaction with the phosphate backbone on Gua4, Arg248 residues either
contact the minor groove or flips out to contact the phosphate backbone of Cyt9
(Figure 4.15). Overall, the protein-DNA interactions are also similar to the
previous dimeric p53:DNA complexes (Cho et al, 1994; Ho el al., 20006; Kitayner
el al., 2006; Chen et al., 2011)
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Figure 4.11: Direct interaction of p53 DBD to the major groove of the half-sites.
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Figure 4.12: Direct interaction of p53 DBD to the bases in the major groove of the
half-sites.
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Figure 4.13: Direct interaction of p53 DBD to the phosphate backbones in the
major groove of the half-site s.
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Figure 4.14: Interaction of p53 DBD in the minor groove of the half-sites.

56

Figure 4.15: Interaction of p53 DBD to the bases in the minor groove of the halfsite response elements.
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4.3.3.4 Arrangement of Arg248 residues in the minor groove
Another hallmark in our structures is the arrangement of Arg248 residues
in the DNA minor groove. The residue Arg248 is the most common point
mutation in human cancers. However, up to date, its function in binding the
p53REs is not yet clear. From previous structures, it has been always observed
that Arg248 residues in both monomers bind to the phosphate backbone in the
minor groove and they have no interaction with the central bases. In contrast, in
our structures, the Arg248 residues form a cluster of hydrogen bonds, binding
directly or through water molecules to the central base pairs (Figure 4.16).
In the A-T complex, Arg248 of monomer A is inserted into the minor
groove and makes a water-mediated hydrogen bond to O2 and the sugar ring of
the Thy6 nucleotide from its neighboring quarter-site response element. Due to
the high resolution of our electron density map, two conformations of the Arg248
side chain in monomer B are observed between the minor groove and the
phosphate backbone of the half-site. In the minor groove, Arg248 interacts
directly with the sugar ring and N1 of Gua7 and the sugar ring of Thy6 via a
water molecule. In its alternate position, the guanidinium group of this residue
flips back and interacts with the phosphate backbone of Cyt9 (Figure 4.17 and
4.18, Table 4.4).
In the A-A complex, the Arg248 residue of monomer A interacts with the
sugar ring and N3 of Gua7. In the monomer B, Arg248 is also inserted directly
into the minor groove. Similar to the A-T complex, this residue also flips between
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the minor groove and the phosphate backbone of Cyt3. Inside the minor groove,
it interacts directly with the sugar ring and N3 of Cyt3 while making a watermediated hydrogen bond to O2 of Thy5 (Figure 4.17 and 4.18, Table 4.4).
In the T-T complex, both Arg248 residues in monomer A and B are
inserted into the minor groove. No side-chain flipping between the minor groove
and the phosphate backbone is observed. Arg248 in monomer A interacts
directly with N3 and the sugar ring of Gua7 and with the sugar ring of Thy6 via a
water molecule. Likewise, Arg248 residue of monomer B makes a watermediated hydrogen bond to O2 of Thy5 nucleotide. This interaction is also
conserved in both A-T and A-A complexes. Moreover, this residue interacts with
the sugar ring of Ade5 via a water molecule, while it interacts directly to the sugar
ring and N3 of Gua4 (Figure 4.17 and 4.18, Table 4.4).
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Figure 4.16: Arg248 residues of monomers A (red) and monomer B (purple) in
the dimeric complexes. (a) Arg248 residues in WC structure of Chen et al. (b)
Arg248 residues in Hoogsteen structure of Kitayner et al. (c) Arg248 residues in
A-T, A-A, and T-T residues.
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Figure 4.17: Arg248 residues of the monomer A. (a) Watson-Crick model (Chen
et al., 2010). (b) Hoogsteen model (Kitayner et al., 2010). (c) A-T, A-A, and T-T
complexes.
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Figure 4.18: Arg248 residues of the monomer B. (a) Watson-Crick model (Chen
et al., 2010). (b) Hoogsteen model (Kitayner et al., 2010). (c) A-T, A-A, and T-T
complexes.
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Table 4.4: The interaction of Arg248 residues in the minor groove.
A-T Complex

A-A Complex

Thy6: Sugar (H2O)
Monomer A

Gua7: Sugar
N3

T-T Complex
Thy6: Sugar (H2O)

Gua7: Sugar
N3

Gua7: Sugar
N3

Cyt9: phosphate

Cyt3: phosphate
Gua4: sugar ring
N3

Monomer B

Gua4: sugar ring
N3

Ade5: sugar (H2O)
Thy5: O2 (H2O)
Sugar (H2O)

Thy5: O2 (H2O)

Thy5: O2 (H2O)
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4.4 Discussion
p53 acts as a transcription factor in which it binds to the specific promoters
in the genome to activate or repress gene expression. Recent studies show that
the central base pairs of the half-site response elements determine the activating
and repressing function in the p53 protein (Wang et al., 2009). However, how
p53 distinguishes its two roles through its binding to different promoters is not yet
understood. In this work, we obtained high-resolution crystal structures of three
complexes between the DNA-binding domain of human p53 and its half-site
response elements. In the three complexes, two p53DBD monomers in each
complex bind to one 12 base-pair DNA to form a dimer. Although the direct
contacts between the two monomers to form the dimer and the protein-DNA
interactions are essentially identical to previous findings, the three complexes
show a distinct Hoogsteen base-pairing geometry in the A/T doublets at the
center of the half-sites. A previous structure also showed a Hoogsteen base pair
conformation at the central A-T half-site of a p53DBD-DNA complex (Kitayner et
al., 2010). Similar to Kitayner’s structure, the DNA molecules in our complexes
are in undistorted B-DNA conformation, ruling out the possibility of an inherent
deformation of the free DNA sequences. Due to the effect of a Hoogsteen basepair conformation, the diameter of DNA helices at the minor groove is narrowed.
Hence, it shortens the distance between the two sugar rings at the A/T doublets.
Because A/T centers play a key role in controlling the transcriptional activity of
p53, the formation of Hoogsteen geometry in A-T, A-A and T-T centers might be
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involved in the existence of a regulatory mechanism of p53 as an transactivator.
In addition, it is widely accepted that Hoogsteen base pairs are not frequently
observed in B-DNA. NMR studies also indicate that the Watson-Crick geometry
predominated in aqueous state (Abrescia et al., 2004). If it is so, then there must
be a driving force for the A-T base pairs to assume the less favored Hoogsteen
formation. Nonetheless, the Hoogsteen formation in all of our dimeric complexes
disprove the previous hypothesis that Hoogsteen base pairs formation at the
center of the half-site response element is driven by the interdimer proteinprotein interactions in the tetrameric complex with contiguous DNA sequence
(Kitayner et al., 2010).
Relevantly, the direct interaction of Arg248 residues in both monomers of
the dimeric complexes toward the bases in the minor groove indicates its
importance in recognizing the central base pairs of the half-site response
elements. Based on the two previous structures (Chen et al., 2010; Kitayner et
al., 2010) and our solved structures, we conclude that the Arg248 residues have
the ability to alternate between the phosphate backbone and inside of the minor
groove. They form a cluster of hydrogen bonds with the bases and the sugar
rings of the central base pairs, guanine and thymine, inducing the narrowing of
the minor groove. This observation explains the conservation of the central base
pairs and also explains why Arg248 is found to be the most common mutation in
human cancers. In general, arginine residues are enriched in protein-protein and
protein-DNA interfaces due to its ability of the guanidinium group to engage in
hydrogen bonds (Tsai et al., 1997; Nadassy et al., 1999). Also, it statistically
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constitutes 28% of all amino acid residues that contact the minor groove due to
the minima in electrostatic potential (Rohs et al., 2009). Our finding on the direct
interaction of Arg248 residues to the minor groove supports and further explains
this phenomenon.
Overall, the presence of the Hoogsteen base pair in all of the obtained
complexes determined by X-ray crystallography, in addition with the direct
interaction of Arg248 with the minor groove, suggest the mechanism on p53DBD
recognition to its activating REs. Together with the two previous structures
(Kitanyer et al., 2010; Chen et al., 2010) and our solved structures, we propose a
potential model on how p53DBD recognizes its activating REs (Figure 4.19).
First, p53DBD binds to the activating REs that are in normal Watson-Crick
conformation (Chen et al., 2010). The Arg248 residues of the two monomers in
the dimer are then inserted into the DNA minor groove as the effect of different
electrostatic potential. The direct and water-mediated hydrogen bonds between
the Arg248 residues with the central base pairs stabilize and shorten the distance
between the phosphate backbones at the minor groove. The narrowing at the
minor groove results in the breaking of hydrogen bonds in the Watson-Crick A/T
doublets. Consequently, it causes the flipping of adenine bases around the
glycosidic bonds to form Hoosgteeen base-pairing geometry. Lastly, the Arg248
residues flips back and stabilize at the phosphate backbone (Kitayner et al.,
2010). This proposed model would further be confirmed by the crystal structure
of Arg248-mutated p53DBD complexes with its activating REs.
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Essentially, question remains to be answered on how p53 DNA-binding
domain signals its activating and repressing regulation through different central
p53REs. Experimentally, as show in chapter 3, the binding affinity experiments of
p53 DNA-binding domain with activating and repressing half-site response
elements show a difference between the Kd values of the complexes: the binding
affinity of p53DBD in activating REs is higher than in repressing REs. This data
indicates that p53 DNA-binding domain may interact and recognize its two types
of REs in a different manner. To gain more understanding on the complexity of
DNA-recognition modes in p53, it remains to be seen how p53 binds to the
repressing REs with other central base-pairs such as: G-C, C-G, G-A and A-G. It
is recently discovered that G-C doublets also have the tendency to form
Hoosgteen symmetry, although it is less favored than the ideal Hoosgteen A/T
base pairs (Nikolova et al., 2011; Johnson et al., 2005). Therefore, it would not
be surprising if the uncommon Hoogsteen base-pairing feature of DNA also
occurs in p53DBD complex with these more stable base pairs.
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