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Abstract of The Thesis

The Structures of Full-length p53 Monomer and Tetramer when Unbound to 

DNA and Structural Domain Determination in p53

by

Nam Hoang Pham

Master of Science in Chemistry

University of California, San Diego 2011

Professor Hector Viadiu, Chair

p53 is well-known as a tumor suppressor or genome guardian. It is a 

transcription factor composed of multiple domains.  When bound to DNA, p53 

assembles as a tetramer and starts recruiting other proteins to form a transactivation 

complex that initiates the transcription of p53-targeted genes.  Due to p53’s inherent 

flexibility in its N and C termini, the structure of full-length p53 has not been solved 

by X-ray crystallography.  However, structures of fragments of p53 domains have 

been solved by X-ray crystallography.  Electron microscopy (EM) single particle 3D 

reconstruction is an alternative way of solving p53’s structure.  In this thesis work, I 

have determined the structure of full-length p53 as a monomer and as a tetramer 

using EM single particle 3D reconstruction. p53 monomer, with a molecular weight 

of 43kDa, is one of the smallest proteins that have been solved by EM.  The EM 

structure of p53 monomer looks like a sickle-shaped molecule where the N-terminus 

and C-terminus form a right angle, which is in agreement with existing 

xvii



crystallographic data.  p53 tetramer, with a molecular weight of 172 kDa, has a 

square shape where the DNA-binding domains are not in contact and the tetrameric 

structure is maintained by interactions involving the N- and C-terminal domains. 

Based on this tetrameric structure and known structures of p53 fragments in X-ray 

crystallography, I have come to the conclusion that there are two distinct quaternary 

states of p53 tetramers, one unbound to DNA and the other bound to DNA.  When 

unbound to DNA, p53 tetramer has an open, relaxed square shape which is larger 

than the compacted parallelogram shape of p53 tetramer when bound to DNA.  p53 

mutants often observed in cancer, which are being investigated in my lab at the 

moment, are speculated to accumulate inside the nucleus in this open, relaxed 

quaternary state.
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CHAPTER ONE

p53 Background and Objective of Thesis

1
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A. Functions of p53

What is p53? In a simple definition, p53 is a tumor suppressor that acts as a 

genome guardian.  As a transcription factor, p53 plays a main role in controlling how 

cells respond to stress signals, such as DNA damage, by transactivating genes that 

trigger cell arrest, cell death and DNA repair.  When active as a tetramer, p53 

initiates many pathways that control the cell's genetic information and cellular 

growth.  p53 is the protein most commonly mutated in cancerous cells with about 

50% of human tumors having a mutation on the p53 gene (Toledo and Wahl, 2006). 

Ninety-five percent of the mutations are located in the central DNA-binding domain 

and seventy-four percent of mutations are missense mutations that results in a full-

length mutant protein (Brosh and Rotter, 2009).  Studies of p53 have been carried on 

for more than thirty years, and among which, structural studies of p53 have provided 

useful information regarding its functional activities.  Up to date, there are two 

known major pathways in p53 functions.  When activated in cytoplasm, tetrameric 

p53 induces apoptosis and inhibits autophagy (Speidel, 2010).  When transported 

into the nucleus, p53 binds to DNA as a tetramer and starts recruiting other 

transcription factors to turn on p53-targeted genes.

B. Knowledge about p53 domains

p53 is composed of 393 amino acids where it is divided  into three major 

domains (Figure 1.1) (Okorokov et al., 2006; Viadiu, 2008). The flexible N-terminus 

(residues 1 to 97) recruits transcriptional activators to the promoter site; it also has a 
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proline-rich sequence from residues 64 to 97.  This proline-rich sequence creates an 

inherent flexible region in the transactivation domain of p53, whose structure has 

only been solved when it binds to a binding partner.   When in contact with its 

binding partners, this transactivation domain acquires an α-helical structure 

(Bochkareva et al., 2005; Kussie et al., 1996). 

The central domain of p53 is the DNA-binding domain (residues  98- 303), 

which has been considered the hot spot of p53 mutations in cancerous cells.  Due to 

its rigid and well-defined structure, the DNA-binding domain has been successfully 

crystallized in the absence of DNA (Huyen et al., 2004; Wang et al., 2007; Zhao et 

al., 2001) and in the presence of DNA (Chen et al., 2010; Cho et al., 1994; Malecka 

et al., 2009). The DNA-binding domain folds as an immunoglobulin-like domain 

where the beta-sheets are sandwiched between two alpha helices.  As a tetramer, p53 

binds to a palindromic sequence of a repeated 5 base pair pattern of Purine-Purine-

Purine-C-A/T.  When bound to DNA inside the nucleus, the DNA-binding domains 

of p53 form a dimer of dimers where there are  interactions between two dimers 

(inter-dimer interactions) and interactions between two monomers within a dimer 

(intra-dimer interactions) (Chen et al., 2010; Ho et al., 2006; Kitayner et al., 2006; 

Kitayner et al, 2010; Malecka et al., 2009).   Following the DNA-binding domain is 

the nuclear localization sequence (NLS) (residues 304-322), where importin will 

bind to transport p53 into the nucleus.  Furthermore in the C-terminus of p53 is the 

β-strand/turn/α-helix oligomerization domain (residues 323-362) that also forms a 

tetramer as a dimer of dimers (Jeffrey et al., 1995).  There is also a nuclear export 
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sequence (NES) (residues 340 to 351) embedded within the oligomerization domain 

(Liang and Clarke, 2001).  The last amino acids of the sequence form an inherently 

unstructured regulatory domain (residues 363 to 393) that bind non-specifically to 

DNA when p53 is scanning along the DNA for its binding site (Bell et al., 2002).
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        10         20         30         40         50         60 
MEEPQSDPSV EPPLSQETFS DLWKLLPENN VLSPLPSQAM DDLMLSPDDI EQWFTEDPGP 
        70         80         90        100        110        120 
DEAPRMPEAA PRVAPAPAAP TPAAPAPAPS WPLSSSVPSQ KTYQGSYGFR LGFLHSGTAK 
       130        140        150        160        170        180 
SVTCTYSPAL NKMFCQLAKT CPVQLWVDST PPPGTRVRAM AIYKQSQHMT EVVRRCPHHE 
       190        200        210        220        230        240 
RCSDSDGLAP PQHLIRVEGN LRVEYLDDRN TFRHSVVVPY EPPEVGSDCT TIHYNYMCNS 
       250        260        270        280        290        300 
SCMGGMNRRP ILTIITLEDS SGNLLGRNSF EVHVCACPGR DRRTEEENLR KKGEPHHELP 
       310        320        330        340        350        360 
PGSTKRALSN NTSSSPQPKK KPLDGEYFTL QIRGRERFEM FRELNEALEL KDAQAGKEPG 
       370        380        390 
GSRAHSSHLK SKKGQSTSRH KKLMFKTEGP DSD 

Figure 1.1.  Human p53 domains and their amino acid sequences.  p53 has 3 major 
domains  1) Transactivation domain (TAD) (residues 1-97), including the proline-
rich region (Pro) (residues 67-97).  2) DNA-binding domain (DBD) (residues 98-
302)  3) C-terminus domain (CT) (residues 303-393) includes the nuclear 
localization sequence (NLS) (residues 303-322), the oligomerization domain (OD) 
(residues 323-362) and the regulatory domain (RD) (residues 363-393).
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C. Structures of fragments of p53 solved by X-ray crystallography

N-terminus – Transactivation domain 

The N-terminus is from residues 1 to 97, also known as the transactivation 

domain.   Due to its inherent flexibility, the secondary structure of the entire 

transactivation domain is not known.  Structures of fragments of this N-terminus 

have been solved by X-ray crystallography when they are bound to some other 

proteins.  Up to date, these fragments of the N-terminus are known to adopt an alpha-

helical shape when bound to their binding partners.  According to the target genes 

that are activated, the N-terminus has been divided into a transcriptional activation 

domain 1 (TAD1: residues 1-42) and a transcriptional activation domain 2 that also 

comprises the proline-rich domain (TAD2: residues 43-97) (Viadiu, 2008).  TAD1 

triggers the transcription of p53 regulated genes, while TAD2 promotes the 

activation of apoptotic genes (Harms et al., 2006).  Sequence of amino acids (17-27) 

adopts an alpha-helical shape when it binds to human Murine Double Minute 2 

(MDM2), which is a p53 negative regulator (Figure 1.2).  Sequence of amino acids 

(33-56) binds with replication protein A and forms a long kinked alpha helix (Figure 

1.3).  Sequence of amino acids (67-97) is the proline-rich region that gives the 

flexibility to the N-terminus domain.  
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Figure 1.2.  Structure of a fragment of p53 transactivation domain (residues 17-27). 
A part of transactivation domain adopts an alpha-helical shape (red) when bound to 
Murine Double Minute 2 (MDM2). (PID 1YCR)

Figure 1.3.  Structure of a fragment of p53 transactivation domain (residue 33-56). 
This part of the transactivation domain becomes an alpha helix (red) when bound to 
replication protein A (PID 2B3G)
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Table 1.1. Some of the structures of p53 transactivation domain solved

PDB ID and 
residue number

Description Technique used 
to solve

References

1YCR

Human 17-29

Fragment of p53 NT  bound to 

human MDM2

X-ray

Crystallography

Kussie et al., 

1996
2B3G

Human 33-56

Later fragment of p53 NT bound 

to replication protein A

X-ray

Crystallography

Bochkareva 

et al., 2005
1YCQ

Frog 17-27

Fragment of p53 NT bound to 

Xenopus MDM2

X-ray

Crystallography

Kussie et al., 

1996
2Z5S

Human 17-27

Fragment of p53 NT bound to 

MDMX

X-ray

Crystallography

Popowicz et 

al, 2007

p53 DNA-binding domain

More than 80% of p53 mutations found in human tumors are in the DNA-

binding domain (DBD) of p53 (residues 98-302) (Toledo and Wahl, 2006). This 

particular amino acid sequence specifically binds to DNA.  Each DBD binds to a 5 

base pair G/A-G/A-G/A-C-A/T recognition sequence, and the tetramer of DBDs of 

p53 binds to dsDNA via a palindromic inverted pattern, which results in a 180 

degree rotational symmetry (C2 symmetry) in this tetrameric unit (Chen et al., 2010). 

The DNA-binding domain has been solved in the presence and absence of DNA 

(Table 1.2).  The structure is composed of an immunoglobulin-like anti-parallel beta-

sandwich with a loop-sheet-helix motif and two large loops (Cho et al., 1994). 
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The crystal structure of the p53 DBD domain (PDB ID 3KMD) bound to a 

full consensus site as a tetramer at 2.13 Å resolution was reported (Chen et al., 2010)

(Figure 1.4).  The Protein-DNA interactions are described as the following.   

At each quarter site (5’-AGGCA-3’), the immunoglobulin-like core 
clamps down the phosphate backbone of the complementary strand (3’-
TCCGT-5’) from the major and minor grooves.  At the major groove 
side, residues from the L1 loop (Lys120 and Ser121), strand beta10 and 
helix H2 (Arg273, Ala276, Cys277, and Arg280) interact with DNA 
bases and backbone, whereas residues from the L3 loop (Ser241 and 
Arg248) contact DNA from the minor groove side) (Figure 1.5) (Chen 
et al., 2010).

The protein-protein interactions are described such as 4 DBD’s come together as a 

dimer of dimers (Figure 1.4).  The interfaces between monomer A-monomer B and 

monomer C-monomer D are identical to each other and are referred to as the dimer 

interface.  This interface is mediated by helix H1, loops L2 and L3 from symmetry-

related monomers within each half-site (Figure 1.5) (Chen et al., 2010).  The detailed 

protein-protein interactions are similar to other structures solved with DNA before, 

such as p53-dimer:DNA complexes (Ho et al., 2006; Kitayner et al., 2006) or another 

tetramer of DBDs bound to DNA (Malecka et al., 2009).  The protein-protein 

interactions between monomer A-monomer D and monomer B-monomer C are 

identical and are referred to as the dimer-dimer interface, involving strands Beta3, 

Beta8, the Beta5-Beta6 loop, and the Beta7-Beta8 loop of monomer D constitute one 

side of the interface whereas the N-terminal tail, the L2 loop, and the Beta6-Beta7 

loop of monomer A form the other side of the interface (Figure 1.5) (Chen et al., 

2010).  
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Comparison with previously reported structures of p53 DBD without DNA 

(PDB ID 2OCJ) (Wang et al., 2007) shows that p53 DBDs are exactly the same 

whether bound or unbound to DNA as a monomer (Figures 1.4 and 1.6)
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5’ AGGCATGCCTAGGCATGCCT 3’
3’ TCCGTACGGATCCGTACGGA 5’

Figure 1.4.  Overall structure of human p53 DNA-binding domains.  p53 DBDs bind 
to a consensus sequence of Purine-Purine-Purine-C-A/T.  The complex shown above 
is a naturally assembled DNA-p53 tetramer complex (Chen et al., 2010), with 
consensus sequence being AGGCA and the inverted palindromic sequence shown. 
The tetramer of DBDs has a 180-degree rotational C2 symmetry around the z-axis 
perpendicular to the plane at the center.  Monomer A and monomer B form a dimer, 
and monomer C and monomer D form the other dimer.  
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Figure 1.5.  Sequence of human p53 DBD.  This is the amino acid sequence used to 
crystallize the DBD in Figure 1.4.  Depiction of secondary structures (helices, beta-
strands, loops) are in numerical order, for example, H1 is helix 1 in the sequence, L1 
is loop 1 and S1 is beta-strand 1, etc...(Chen et al., 2010).

.    

Figure 1.6.  p53 DNA-binding domain as a monomer unbound to DNA.  When 
crystallized without DNA, a monomer of p53 DBD has the same structure as with 
DNA.  Tetrameric complex of p53 DBDs can not be formed without DNA.
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Table 1.2. Structures of p53 DNA-binding domain

PDB ID and 
residue number

Description Technique 
used to solve

References

1TSR

Human 102-292

p53-DNA binding domain 

complexed with 21bp DNA

X-ray Cho et al., 

1994
1HU8

Mouse 99-284

Mouse DNA-binding domain X-ray Zhao et al., 

2001
2AC0

Human 94-293

A p53 tetramer of DNA-binding 

domains complexed with 2 

DNA half-sites

X-ray Kitayner et 

al., 2006

2OCJ

Human 96-289

p53-DNA binding domain not 

bound to DNA

X-ray Wang et al., 

2007
3EXJ

Human 98-292

p53 tetramer chemically trapped 

to DNA

X-ray Malecka et 

al., 2009
3KMD

Human 93-291

p53 tetramer naturally 

assembled on DNA

X-ray Chen et al., 

2010

Oligomerization domain 

This domain is composed of residues from 323 to 362.  The structure of p53 

oligomerization domain has been obtained by either X-ray crystallography or NMR. 

It has beta strand-loop-helix motif as a monomer.  As a dimer, the complex of a 

hydrogen bonding flap is formed between the two beta-strands. (Figure 1.7) (Jeffrey 

et al., 1995). When crystallizing 4 monomers of this p53 domain, they come together 
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as a dimer of dimers (Figure 1.8).  This dimer of dimers formation will be discussed 

in full details later on in this thesis.
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Figure 1.7.  Oligomerization domains as a dimer.  When two p53 monomers are put 
together, they form a dimer via this oligomerization domain (Jeffrey et al., 1995). 
This dimeric complex carries a 180-degree rotational symmetry (C2) which matches 
with p53 tetramer of DNA-binding domains.

Figure 1.8.  Oligomerization domains as a tetramer.  When four p53 monomers are 
put together, they form a tetramer via this domain (Jeffrey et al., 1995).  This 
tetramer complex has a dihedral D2 symmetry.
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C-terminus – Regulatory domain

The p53 regulatory domain consists of the last 30 amino acids in the protein 

C-terminal comprising residues 363 to 393. It has a basic characteristic due to having 

many lysine and arginine residues.  It can be post-translationally modified  by 

acetylation, methylation, phosphorylation and ubiquitination for degradation by the 

proteosome (Viadiu, 2008).  Similarly to the N-terminus domain, this domain is 

extremely flexible and it acquires different secondary conformations depending on 

the binding partners (Table 1.3).  This domain regulates the DNA-binding domain by 

binding non-specifically to DNA when p53 scans for the consensus sequence.  Once 

the binding site is found, p53 DBD will bind specifically to DNA releasing the 

regulatory domain from contact with DNA.

Table 1.3.  p53 C-terminus (Regulatory) domain and their structures solved.

PDB ID and 
residue number

Description Technique 
used to solve

References

1DT7

Human 367-388

Helical conformation when 

bound to S100B

NMR Rustandi et 

al., 2000
1MA3

Human 381-387

Acetylated p53 fragment bound 

to Sir2Tm

X-ray Avalos et al., 

2002
1H26

Human 376-386

Bound to phospho-CDK2-

cyclin A.

X-ray Lowe et al., 

2002
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D. Full-length structures of p53 by Electron Microscopy

Due to the inherent flexibility of both the N-terminus domain and the C-

terminus (regulatory) domain, the structure of full-length p53 has not been solved at 

high resolution by X-ray crystallography.  Taking advantage of electron microscopy 

and powerful image processing tools, structural biochemists have been able to 

construct the structures of large proteins at lower resolutions.  The size of p53, about 

43kDa for the monomer and 172kDa for the tetramer, makes p53 one of the smallest 

proteins ever studied by electron microscopy single particle reconstruction 

(Okorokov et al., 2006; Tidow et al., 2007).  

In “The structure of p53 tumor suppressor protein reveals the basis for its 

functional plasticity” (Okorokov et al., 2006), a cryo-EM structure of p53 tetramer is 

reported at resolution 13.2 Å.  Due to the quality of the protein images (Figure 1.9A), 

a two-fold 180-degree rotational symmetry (C2) was imposed in the reconstruction 

where the resulted structure did not match with the 2D images.  Then a dihedral 

symmetry (D2) symmetry was imposed and the resulted structure matched with the 

2D images (Figure 1.9A).  In this D2 symmetry structure, four large nodes were 

assigned to the DNA binding domains and four smaller nodes are the N/C nodes 

(where the N-terminus and C-terminus of adjacent monomers interact) (Okorokov et 

al., 2006).  They proposed a hypothesis of p53 monomers forming a dimer through 

those N/C nodes, and a tetramer though the interaction between core nodes and N/C 

nodes (Figure 1.10A).  Their model was very unusual in that it was composed of a 

skewed cube with the tetramerization being dissociated, so that four p53 monomers 
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interacted via their N and C termini.  The arrangement of the DBDs in this structure 

was not compatible with all four binding to the four sub-sites of the DNA response 

element, suggesting an alternative binding mode that has yet to be proven (Shakked, 

2007).
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Figure 1.9.  First EM structure of full-length p53 tetramer at 13.2 Å with dihedral 
D2 symmetry imposed. A. p53 domains, SDS gel, p53 micrograph and 2D images 
and averages.  B. Structure of full-length p53 with dihedral D2 symmetry.
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Figure 1.10.  Modeling of dihedral D2-symmetric EM structure of full-length p53 
tetramer.  A.  Positioning of DNA binding domains and N/C-termini.  B.  Modeling 
of p53 with DNA where p53 has two DNA-binding sites (top and bottom).
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This EM structure of p53 contradicts other p53 structural information.  First, 

the structure does not have four DBDs in the same plane, hence proposing a model 

of two DNA binding sites which does not match with tetrameric DBD structures 

solved by X-ray crystallography (Figure 1.4) (Shakked, 2007).  Second, the 

symmetry of this density is dihedral D2, which is different from the symmetry of 

rotational C2 symmetry known in the tetramer of p53 DBDs.  Third, due to the poor 

quality of 2D images, a symmetry of dihedral D2 was imposed in the reconstruction 

process resulting in a bias in the structure created.

Another EM density of full-length p53 was reported in “Quaternary 

structures of tumor suppressor p53 and a specific p53-DNA complex” (Tidow et al., 

2007).  When negative-stained particles and a rotational C2 symmetry were used to 

analyze a human p53 sample in the presence and absence of DNA (Figure 1.11), a 

compacted 25Å resolution reconstruction resulted that showed no significant 

difference between the protein alone or in complex with DNA and hinted to the N- 

and C-termini being exposed to the solvent where they could interact with other 

proteins (Viadiu, 2008).  The authors of this paper explicitly stated that this DNA-

unbound p53 structure was not reliable due to their protein image quality and a C2 

symmetry constraint was imposed in the 3D reconstruction.  My thesis objective is to 

improve p53 EM work resulting in a more reliable p53 structure when unbound to 

DNA.   
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Figure 1.11.  EM structure of full-length p53 tetramer with C2 symmetry.  
A. p53 structure rendered with DNA and with oligomerization domains. 
B. p53 structure rendered without DNA looking a little larger in size with no 
significant conformational change (Tidow et al., 2007).
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E. Objectives of thesis

The objective of the thesis is to determine the structure of full-length p53 as a 

tetramer and a monomer in the absence of DNA.  X-ray crystallography has solved 

the structures of some fragments of the p53 N-terimnus, the whole p53 DBD bound 

and unbound to DNA, the oligomerization domain and fragments of the C-terminus. 

Unfortunately, p53 protein can not be crystallized as the full-length protein due to its 

inherent flexbility in the N-terminus and the C-terminus.  This is where EM studies 

can come into play and two structures of p53 full-length have been proposed with 

contradictory information.

With homogenous data images in clear contrast, my thesis objectives are: 

1)  Obtain the correct structure of p53 tetramer in full-length when unbound to DNA, 

2) Solve the structure of full-length p53 as a monomer, 3) Study the differences 

between p53 quaternary states when unbound to DNA versus when bound to DNA, 

4) Study the interactions between p53 monomers inside the DNA-free quaternary 

complex.  In addition, my thesis work also provides the framework for the structural 

biochemical pathway that links p53 in the cytoplasm to p53 inside the nucleus.  



CHAPTER TWO

Materials and Methods
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A. Introduction

This chapter is to talk about the materials and methods of this computational 

project in technical details.  The main part of the methods for my thesis work is in 

the next chapter (Chapter 3 - Methods of Single Particle Reconstruction and 

Modeling of p53).  Chapter 3 will outline all the detailed methods that led to the 

solidified results of my thesis, which are the correct structures of p53 tetramer and 

monomer, with all data and results listed and described.

 There were multiple phases of this project: protein purification 

(acknowledgment: Dr. Lucumi), electron microscopy data collection 

(acknowledgment: Dr. Viadiu), 2D image processing, single particle 3D 

reconstruction and p53 domain modeling.  This chapter is intended to introduce the 

materials and methods used in each phase.  Particularly, the computational aspects 

of the 2D image processing, single particle 3D reconstruction and p53 domain 

studying represented the central part of my thesis work.  

B.  Basics of Electron Microscopy and single-particle 3D reconstruction

Introduction

This section is to help the reader get familiar with the basics of EM and 

single-particle 3D reconstruction in general; the methods of EM and single-particle 

3D reconstruction of p53 in particular will be discussed in later sections.  Single-

particle electron microscopy has become a commonly used method to examine the 

structures of macromolecules.  In the past years, proteins larger than 500 kDa could 
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be investigated with these techniques, whereas in the recent years, smaller proteins 

have been studied successfully (Thuman-Commike, 2001).  In my thesis work, p53 

weighs 172 kDa as a tetramer and the structure is obtained accurately at resolution of 

25Å. The resolutions of structures solved by EM range from 30 Å to 10 Å depending 

on the staining methods of protein particles (described below) and the quality of the 

images.  

The protein of interest has to be purified to homogeneity prior to any EM 

analysis due to the fact every single image of a protein particle is assumed to carry 

the same detailed structure of the protein in different orientations.  The sample is 

then applied to EM grids covered by a thin carbon support film and visualized under 

the electron microscope (Llorca, 2005).  Idealistically, a random distribution of 

orientations  will allow recording images of protein from many different angles, 

which results in a correct 3D reconstruction of the molecule.  Before insertion into 

the microscope, the sample must be prepared to withstand the incident radiation of 

electrons.  For this purpose, the protein on the EM grid can be either stained with 

heavy-atom salts, known as negative staining (uranyl acetate, uranyl formate and 

ammonium molybdate as most commonly used staining agents), or quickly vitrified 

into liquid ethane and kept under liquid nitrogen temperatures, known as cryo-EM 

(Llorca, 2005).  Negative-stained protein particles have enhanced contrast, but lose 

resolution so fewer particles are needed for 3D reconstruction, but resolution is 

compromised (range from 20 Å to 30 Å).  Cryo-EM requires more protein particles 

and has lower contrast in 2D images, but perfectly preserves the detailed structure of 
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the protein at higher resolutions (range from 8Å to 13Å).   My thesis work uses 

negative-stained protein particles.

Micrographs taken with the electron microscope are projections of the 

proteins along the direction of the electron beam at either 0 degree or a tilted angle of 

60 degrees or less.  Large collections of images of a single protein (protein particles) 

are boxed out from each micrograph at 0 degree and 60 degrees.  These collections 

of images are the starting data set for image processing.  These single particle images 

are always noisy, because low levels of electrons are used during imaging to reduce 

radiation damage and to minimize the destruction of the structural information 

(Llorca, 2005).  In addition, single particle images are intentionally under focus to 

secure sufficient contrast of the protein over the background so molecules can be 

identified within the micrographs.  Both the high noise levels and the under focus of 

the micrographs are the experimental limitations to reach high resolutions in 3D 

reconstruction using EM.  Consequently, image processing needed to 1) reduce the 

noise by averaging similar protein particles in 2D and later on, into a 3D volume  2) 

correct the consequences of under focus and other optical effects during the 

generation of images in the microscope (globally known as the contrast transfer 

function, CTF).  Generally, image processing in 2D is required in order to classify 

those protein images corresponding to similar projections of the molecules and to 

align them in 2D so that they can be averaged pixel-by-pixel to improve their signal-

to-noise ratio.
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3D reconstruction from 2D images

How is a 3D structure reconstructed from the 2D data recorded?  It has been 

proven that 2D projections along a 3D object contain enough information to restore 

the object if the orientations (angles) of each projection are known.  In single particle 

EM, different views of the same protein are contained within each micrograph.  To 

restore the correct 3D structure, we have to merge all 2D images from all different 

angles, in other words, all these images have to evenly fill up the Fourier space 

(Figure 2.1).  The protein that is used in Figure 2.1 is DNA-PKcs, a kinase 

implicated in DNA repair, not p53.  I am only using it to demonstrate the flow chart 

of single particle 3D reconstruction.  The methods of single particle 3D 

reconstruction of p53 will be discussed in later sections.  The problem of 

reconstructing a volume from its projections can be reduced to a matter of angular 

assignment.  There are several software packages that can do the job.  The software 

package I use for my thesis work is SPIDER, which was developed by a group of 

Joachim Frank in Albany, New York (Frank et al., 1996).  SPIDER uses single 

particles for 3D reconstruction and projection-matching method for angular 

refinement (Figure 2.2).
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Figure 2.1.  Basic procedures used in single-particle EM and 3D reconstruction.  As 
an example, the protein shown is DNA-PKcs, a kinase implicated in DNA repair 
(Llorca, 2005).  A.  Proteins have to be purified to homogeneity because most 
methods in EM assume the collected images are from the same specimen.  B. 
Proteins are adsorbed onto EM grids and images are taken under the electron 
microscope.  Images from single molecules are detected over the noisy background 
(asterisks).  C.  Micrographs are scanned and thousands of single images extracted, 
this becomes the stating data set.  D.  The input raw images are subjected to 2D and 
3D image processing.  The purpose is to assign to each input particle its orientation 
angles, so all particles can be merged and averaged in 3D.  Angular assignment is 
performed by a process known as angular refinement, where projections of 
preliminary volumes are used as templates for alignment, classification or angular 
assignment.  Preliminary assignments allows reconstruction of an improved 3D 
volume that serves as the source of more accurate template projections for the next 
round of refinement.  Iteratively, angular assignment is improved and the correct 3D 
structure is converged (Thuman-Commike, 2001). 
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Figure 2.2.  A flowchart of how SPIDER does single-particle 3D reconstruction. 
This schematic diagram is a simplified version of Figure 2.1.  SPIDER uses the 
actual single particles of proteins to do 3D reconstruction and projection matching 
method for angular refinement (Frank et al., 1996; Llorca, 2005).
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C. Protein expression and purification

Dr. Lucumi was a postdoc in my lab who was able to set up a protocol that 

successfully produced pure p53 protein samples of high quality due to its structural 

homogeneity, which was the initial phase of the project.  Human p53 gene was 

cloned in the pET28 expression vector using EcoRI and HindIII cloning sites. E. coli 

BL21 (DE3) pLYS cells (Novagen) were transformed and grown in LB broth media 

at 37oC. When cell density reached 0.6-0.8 AU, protein expression was induced with 

0.5 mM IPTG for 4 hours at 25oC. Cells were harvested at 4,000 x g for 20 minutes. 

Cells were broken by incubation with lysozyme and sonication. The broken cells 

were pelleted by ultracentrifugation for 30 minutes at 30,000 rpm in a Ti45 rotor and 

the supernatant was incubated with Ni-NTA resin in a batch mode for one hour. 

After washing the resin with a buffer containing 150 mM NaCl, 25 mM TRIS pH 8 

and 40 mM imidazole, a imidazole gradient was applied to elute the protein; full 

length p53 typically started to elute at 100-200 mM imidazole. A Superdex 200 size 

exclusion chromatography column was used to further purify p53.  Protein purity 

was confirmed by SDS-PAGE, western blot and mass spectroscopy.  Protein p53’s 

molecular weight is 43kDa, but due to its basic characteristic and many bulky 

residues such as prolines, it has an apparent molecular weight of 53kDa in SDS-

PAGE (Figure 2.3).
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Figure 2.3.  SDS gel showing the band of p53 protein.  p53’s molecular weight is 
43kDa, but it shows up on the gel at roughly 53kDa. The protein was purified 
successfully leading to homogenous 2D images of p53.
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D.  Electron Microscopy materials and methods

This phase of the project was done by Dr. Viadiu.  A drop with 2.5 micro-

liters of sample solution was adsorbed to a glow-discharged carbon-coated copper 

grid, washed with two drops of deionized water and stained with two drops of freshly 

prepared 0.75% uranyl formate. The negatively stained p53 was imaged at room 

temperature using a FEI Sphera transmission electron microscope equipped with an 

LaB6 filament and operated at an acceleration voltage of 200 kV. Images were taken 

at zero and sixty degrees a magnification of 50,000X and a defocus value of 1.5 µm. 

All images were taken using low-dose procedures on Kodak SO-163 film and 

developed for 10 minutes with full-strength Kodak D-19 developer at 20°C. The 

excellent p53 sample homogeneity and strong contrast facilitated the subsequent 

single particle analysis.

E. Single particle 3D reconstruction methods

Multiple-processing user interface

This phase of the project began with the idea of creating a user-interface that 

would allow multi-tasking on different threads of the computer’s processor and 

reducing user's intervention.  There were two user-interfaces created: Project2D (90 

lines of codes) and Project3D (597 lines of codes).  These two programs would take 

user's prompts from the command lines and allow automatic book-keeping and file 

transferring, as well as multi-tasking in 2D image processing and 3D reconstruction. 
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With these user-interfaces, waiting time would be minimized and results could be 

accessed and analyzed in real time.

2D image processing of p53 tetrameric particles

 All micrographs were visually inspected and only astigmatism-free tilted 

pairs images with good contrast were selected and digitized with a Nikon SuperCool 

9000 scanner using a step size of 6.25 micrometers. All digitized micrographs were 

initially binned over 3 x 3 pixels yielding a pixel size on the specimen level of 3.81 

Å.  Tilted and untilted particles were selected interactively from the scanned images 

using the display program WEB (Frank et al., 1996). Typically, images contained 

about 400 particles per film. The SPIDER (Frank et al., 1996) program suite was 

used for the subsequent image-processing steps.  A total of 8468 tilted-pair particles 

were selected from 25 micrographs and windowed into 80 x 80 pixel images. The 

stack of zero degree particles was normalized and eight cycles of multi-reference 

alignment, multivariant statistical analysis and classification into 50 class averages 

were performed. 

3D reconstruction of p53 tetramer

            For the zero degree class averages, images were selected such that they 

resembled a distinct p53 tetrameric shape with four clearly differentiated monomers. 

Out of 50 averages, 15 averages were picked leading to a selection of 3513 particles. 

This selection was applied onto the 60 degree stack (2201 out of which were 

classified as non-mirrored particles, and the rest were mirrored-particles).  These two 

selections represented whether the proteins facing one way or the other on the copper 
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grid.  Using this 2201 particle selection, a back projection algorithm was executed 

with radius of 30 pixels using angular reconstitution.   Different sizes of the radius 

were tried as 20, 25, 35, 38 pixels, where 30 pixels would give the best results of 

classification.  From the 2D classification above, five alignment parameters for each 

particle were known at this stage:  x, y translation and  three initial orientation 

angles.  The first two orientation angles came from the tilt geometry of the electron 

microscope of roughly -93 degrees and 56 degrees, the third  orientation angle came 

from the rotation of the particle in 2D classification.  These three orientation angles 

would be later used in angular refinement to produce a converging structure (Table 

2.1).  
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Table 2.1.  Three orientation angles in angular refinement for the first 10 particles

Orientation with 
respect to X-axis

Orientation with 
respect to Y-axis

Orientation with 
respect to Z-axis

-92.958 55.411 72.751
-92.958 55.411 256.37
-92.958 55.411 191.47
-92.958 55.41 344.26
-92.958 55.411 187.58
-92.958 55.411 100.50
-92.958 55.411 327.45
-92.958 55.411 28.657
-92.958 55.411 304.11
-92.958 55.411 340.54

Based on the initial p53 structure, angular refinement was carried out.  194 

projections from the initial volume were calculated at angular intervals of 10 degrees 

or 799 projections at angular intervals of 5 degrees (Table 2.2).  

Table 2.2.  An example of a 2D average image selected and a projection of p53 
structure

2D average image selected A matching projection of p53 
structure
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Single particle 3D reconstruction of p53 monomer

Taking advantage of the clear contrast and homogeneity of the protein 

micrographs and the fact that all p53 monomers are the same, all 8468 particles of 

p53 were shifted to center the monomer in the particle image.  Then these monomer-

centered particles were classified using multi-reference alignment algorithm where 

the relative orientations of 50 class averages were determined, similarly to p53 

tetramer classification.  Averages that had a distinct monomeric shape of three 

distinctly continuous densities were selected from the resulting class averages (Table 

2.3).  Four class averages for monomer led to a selection of 620 particles (314 out of 

which are non-mirrored particles) and the backprojection volume was calculated 

from those averages by angular reconstitution. The radius of backprojection for the 

monomer was 15 pixels.  Different sizes of radii were experimented such as 12, 18, 

20 pixels, where 15 pixels would focus nicely on the monomer.  194 projections of 

the initial structure of p53 monomer were taken for the next step: angular refinement 

of structures.

Table 2.3.  2D images for p53 monomers for 1. Reference used in shifting  
2.  Average resulted from classification  3.  Projection of p53 monomer structure

Reference image used to 
center the monomer

2D average image from 
classification

Projection of the structure 
of p53 monomer
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Tetramer and monomer density map refinement

 For angular refinement in Spider, the Euler angles determined for the class 

averages by Spider were assigned as initial values to all the particles included in the 

respective classes (Table 2.1).   194 projections were calculated for tetramer and 

monomer density maps, and based on these projections, the Euler angles for each 

particle were iteratively refined.  Iteratively 8 initial cycles of refinement were 

executed with radius of 30 pixels and search range of 6 pixels.   In each refinement 

stage, the set of 3 orientation angles of each p53 particle was refined to better-

correlate with the 194 projections of the initial structure.  These new sets of 

orientation angles reflected the fact that each particle matched better with the 

converging structure.   After this angular refinement step, the output structure was 

filtered to cut off noisy densities.   Then a total of 16 angular refinement cycles were 

performed and the final density map was filtered with a cosine lowpass filter to 25 Å. 

A plot of angular distribution of orientation angles was obtained (Figure 2.4).

After angular refinement in Spider, the initial three-dimensional density maps 

were used as model for further refinement cycles using the program FREALIGN 

(Fourier REconstruction and ALIGNment) (Grigorieff, 2007).  The programs 

CTFFIND2 (version preceding CTFFIND) and CTFTILT were used to determine the 

average defocus value, tilt angle, and tilt axis for all the digitized micrographs. For 

particles selected from a micrograph, the defocus value of each individual particle 

was calculated according to the defocus value in the center of the micrograph, tilt 

angle, tilt axis, and the location of the individual particle within the micrograph. 
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FREALIGN was used to correct the CTF (Contrast Transfer Functions) for each 

individual particle using its specific defocus value. A detailed flow chart of 

FREALIGN has been described (Grigorieff, 2007); refinements were performed in 

the phase residual minimization mode of the program. The resolution limit was 

gradually increased from 35 Å to 25 Å in the refinement cycles with the radius of 

reconstruction staying fixed at 120Å for tetramer density and 60Å for monomer 

density.  No symmetry parameters were enforced to avoid any bias.   A negative B-

factor was not applied to the final 3D reconstruction.
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Figure 2.4.  Angular distribution plot of p53 tetramer with 2201 particles.  Each 
circle represents three Euler angles, and the size of the circle represents the number 
of particles that carry those three angles.  Ideally, the plot of a perfect reconstruction 
would have all small circles distributed evenly within the coordinates.
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FSC plot and resolution determination

For monomer and tetramer structures of p53, FSC (Fourier Shell Correlation) 

calculation was carried out to validate the resolution of my densities.  From the stack 

of tilted particles, two sub-stacks were created: one from even-numbered particles, 

one from odd-numbered particles.  From each sub-stack, two densities were 

generated: even-particle density and odd-particle density using backprojection.  Each 

density was sliced into thin shells, where in SPIDER, Fourier Shell Correlation over 

a shell with thickness given by shell width was computed and stored in a document 

file.  The corresponding normalized frequency was also computed and transformed 

into resolution data of p53 structures (Table 2.4).   In the field of EM, a resolution 

would be accepted with the cutoff FSC value of 0.5 or above.  Based on the data 

table (Table 2.4) and FSC graph (Figure 2.5), a resolution of 28 Å or lower was 

determined to be valid.
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Table 2.4.   Resolution data table with 0.5 FSC cutoff value

Resolution 
(Å)

FSC values

89.2629133
69.4267284
56.8036116
48.0646109
41.6560067
36.7547752
32.8873543
29.7540023
27.1677125
24.9934400
23.1428051
21.5461177
20.1565972
18.9344996
17.8529591
16.8875493
16.0218671
15.2400000
14.5308924
13.8853457
13.2942531
12.7518576

0.99564
0.99451
0.98395
0.94610
0.90341
0.83874
0.74950
0.61237
0.34566
0.34070
0.48728
0.35688
0.22894
0.28225
0.28946
0.24605
0.16338
0.21542
0.19452
0.22428
0.15542
0.18847
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Figure 2.5.  FSC plot and resolution cutoff.  The plot of Fourier Shell Correlation 
shows a nice drop at 0.5 cutoff which determines the validity of resolution of 28 Å. 
Higher than 15 Å, the plot becomes invalid due to noise.  
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3D reconstruction verification of p53 monomer and tetramer

 In order to verify the convergence of my 3D reconstruction of p53 monomer, 

a different set of particles was selected where each 2D average image showed a 

distinct monomeric shape in the center.  Resulting 11 class averages for monomer 

led to a selection of 1826 particles (921 out of which are non-mirrored particles) and 

the backprojection volume was calculated from those averages by angular 

reconstitution. The structure of p53 monomer from this set of data showed the same 

molecular shape as the one previously constructed (data shown in Chapter 3).  To 

verify the convergence of my 3D reconstruction of p53 tetramer, a set of 8468 

particles was selected resulting in a set of 5333 non-mirrored particles, from which a 

backprojection density was calculated.  The result showed the same tetrameric shape 

as the one previously constructed (data shown in Chapter 3).

F. Electron Microscopy density map modeling

Due to low resolution, the EM structures of p53 tetramer and monomer only 

show where the p53 domains are, not their secondary structures.  A pseudo-atomic 

model can be obtained by placing the crystal structures into the EM map, known as 

the methods of “Rigid-body fitting”.  These methods provide the framework for 

investigations of protein interactions within a p53 tetramer or determination of 

relative positions and orientations of p53 domains within a p53 monomer. 

Computationally, several algorithms have been developed, and the most commonly 

used tools are those implemented in Chimera and Situs (Pettersen et al., 2004; 
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Wriggers, 2010).    The crystal structures of four fragments of p53 comprehending 

66% of the protein (259 out of 393 amino acids) were manually fitted to the electron 

microscopy density map using Chimera (Pettersen et al., 2004).  Automatic fitting 

was also done in Chimera and Situs (Pettersen et al., 2004; Wriggers, 2010).   The 

structures used were: two segments of the human p53 transactivation domain 

(residues 17-27 from PDB ID:  1YCR (Kussie et al., 1996) and residues 33-56 from 

PDB ID: 2B3G (Bochkareva et al., 2005)), human p53 DNA binding domain in 

absence of DNA (residues 96-289 from PDB ID: 2OCJ (Wang et al., 2007)) and 

human oligomerization domain (residues 325-356 from PDB ID: 1C26 (Jeffrey et al., 

1995)).  The detailed methods of p53 interpretation and modeling are described in 

the next chapter (Chapter 3 - Methods of Single Particle Reconstruction and 

Modeling of p53).



CHAPTER THREE

Methods of Single Particle Reconstruction and Modeling of p53

46
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A. Introduction

Despite the fact that p53 has been investigated for over 30 years, there are 

still missing knowledge in 1) full-length structure of p53 2) the interplay between 

p53 domains to provide the framework for p53 complex pathways in the cytoplasm 

and the nucleus. Taking advantage of computational technology, my thesis work 

mainly focuses on single particle reconstruction of full-length p53 structure as a 

tetramer and a monomer. 

There are different phases of this project.  In the first phase, Dr. Lucumi 

purified human full-length p53.  Then Dr. Viadiu collected transmission electron 

micrographs of full-length p53 single particles. After testing many different 

parameters in reconstruction and structure refinement, I was able to determine the 

correct structure of full-length p53 as a tetramer.  In addition, taking advantage of the 

homogeneity of the micrographs of p53, I was able to correctly reconstruct the full-

length structure of p53 monomer.  By docking crystal structures of p53 fragments 

into these two EM structures, I was able to investigate the protein interactions within 

the quaternary state of p53 when unbound to DNA.  This thesis work provides a 

framework for further understanding of how the domains of p53 interplay with one 

another and implications of p53 interactions with other proteins in its biological 

pathway.
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B. Single particle reconstruction of full-length p53 tetramer

Two-dimensional image processing

 Images of full-length p53 were taken at zero and sixty degrees with a random 

conical tilt strategy (Figure 3.1).  With the magnification of 50,000X and the purity 

of the protein samples, the micrographs of p53 showed good contrast in the zero 

degree images (Figure 3.2). Using WEB as the graphic interface, single particles in 

raw micrographs (both 0 degree and 60 degrees) were manually picked at the same 

time, then they were windowed into 80 by 80 pixel particles and the best 8468 

particles were classified in 50 groups using SPIDER software (Chapter 2 – Materials 

and Methods).

Three-dimensional reconstruction of p53 tetramer

 I selected two-dimensional class averages that closely resembled each other 

(Figure 3.3) (Chapter 2 – Materials and Methods) and I used the corresponding sixty-

degree images to calculate an initial back-projected volume. Cycles of angular 

refinement were carried out until convergence. A three-dimensional reconstruction 

of the p53 tetramer at ~25 Å was obtained (Figures 3.4 and 3.5).  No symmetry 

constraints were imposed at any time during the reconstruction calculations to avoid 

any bias.
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Figure 3.1.  A small portion of a micrograph of p53.  A.  Image taken at angle of 
zero degree that shows homogeneity.   B.  Corresponding image taken at angle of 
sixty degrees.  Due to the 60 degree tilt geometry, the image looks more compressed 
in the vertical direction.

Figure 3.2.  A portion of a micrograph of p53 at zero degree with good contrast. 
p53 particles show a definite square shape of full-length p53 structure.
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Figure 3.3.  Average images selected for 3D reconstruction of full-length p53 
tetramer.  These averages were selected based on their resemblance to one another 
and a consistent tetrameric shape that will result in a converging structure of p53 
tetramer.
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Figure 3.4.  Full-length p53 tetrameric structure in top view.  This structure matches 
with 2D data in zero-degree images.  At 25Å resolution, p53 domains can be 
positioned based on their sizes and crystallographic data.
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Figure 3.5. Structure of full-length p53 tetramer in bottom view.  The bottom 
grooves show where the DNA will potentially bind and where the oligomerization 
domains will be located.  The big four blobs are where the DNA binding domains are 
located (the exact locations will be discussed in more details in later sections).



53

Result verification with 2D images 

 Raw images (Figure 3.2) and class average (Figure 3.3) can be used to verify 

this EM structure of p53 tetramer.  As the raw particles are classified into different 

classes, the outcome average images uniformly show the overall square-shaped p53 

particles.  Each average image shows four separate clusters of densities where each 

represents a p53 monomer and a hollow center is always present (Figure 3.3).  Each 

monomer displays three bright spots of higher protein density in its core and weaker 

density in the regions that contact the two adjacent monomers.  No density links any 

given monomer with the fourth monomer across the tetramer.

Description of the structure of full-length p53 as a tetramer

 The p53 tetramer reconstruction shows an overall square shape (Figure 3.6). 

All the sides have an equal length of 133 Å and the adjacent monomers maintain a 

90-degree orientation between each other. The center of the reconstruction has a hole 

with a 46 Å diameter. The distance between the centers of two adjacent monomers is 

84 Å, and also the monomers across the tetramer are not in contact. Each monomer 

has a height of 66 Å and it is connected to the two adjacent monomers by two 

protruding densities oriented at a 90-degree angle from each other. Because the 

height of the core density is higher than that of the connecting density, two 

perpendicular grooves in between monomers are formed at the bottom of the 

reconstruction. In one orientation the groove is slightly wider than in the other 

orientation, 28 Å versus 24 Å. Calculated projections from the reconstruction closely 

resembled the raw images and the class averages (Figure 3.6). No symmetry 
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constraint was used at any stage of the reconstruction calculation or refinement to 

avoid any bias in my data.

Resolution determination of p53 tetramer

The stack of tilted particles that was used to reconstruct the p53 structure 

above was divided into two smaller stacks: one of even numbered particles and one 

of odd numbered particles (Chapter 2 – Materials and Methods).  From each smaller 

stack, a structure of p53 tetramer was created, then cut into thin slices where the 

Fourier Shell Correlation was calculated between these slices.  This method has been 

used in EM to determine the validity of the structure’s resolution since the resolution 

is defined to be the ability of differentiating two close features on a structure.  In EM 

structures, it is common to pick the 0.5 cut-off value on the Fourier Shell Correlation 

graph versus resolution.  In my FSC graph, the 0.5 cut-off value is around 28 Å 

(Figure3.7).
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Figure 3.6.  Dimensions of full-length p53 tetramer.  The width of p53 is 133 Å with 
a 46 Å hole in the center.  Each monomer is 84 Å apart.  The projections match well 
with this structure from different views.
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Figure 3.7.  Fourier Shell Correlation graph of p53 tetramer.  The p53 structure was 
reconstructed from 2201 protein particles.  The correlation was determined between 
two structures reconstructed from an even selection of 1100 particles and an odd 
selection of 1101 particles.  As shown, resolution of around 28Å is considered valid 
in EM.  Higher than 20Å, p53 structure is considered invalid due to noise.
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C2 rotational symmetry in the structure of p53 tetramer

Crystallographic data of p53 DNA binding domains, which represent 50% of 

p53, show that p53 tetramer carries a C2 symmetry when assembled together. 

Previous attempts on imposing a dihedral D2 symmetry on an EM structure of p53 

tetramer resulted in a wrong structure, as opposed to if imposing a C2 symmetry, a 

more reasonable structure was produced.  At first glance, my p53 structure resembles 

a C4 symmetry object.  However, with further investigations, this is not the case.  At 

higher display threshold where strong densities remain, the structure starts showing 

non-C4 features, and starts converging to a C2 symmetry object (Figure 3.8).

To examine this problem, I went back to my selection of 2D p53 particles, 

and an interesting situation started arising.  When particles of p53 were displayed at 

a contrast, the tetrameric particles started becoming more of a C2 symmetry (Figure 

3.9), which converged to a well-known fact of p53 in crystallography: p53 tetramer 

is a dimer of two dimers arranged in a C2 symmetry.  In addition, when two C2 

objects are averaged out, the outcome will have a C4 symmetry feature (Chapter 2 – 

Materials and Methods).  After a few months of working on corrections of this 

problem, I was able to reconstruct a new p53 structure based on the more C2 

featured p53 particles.  This structure shows more prominent C2 features when 

displayed with only the strong densities remained (Figure 3.11).  Further refinement 

of p53 structure with C2 symmetry imposed shows prominently that p53 tetramer is 

a dimer of dimers (Figure 3.12)
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Figure 3.8.  Structure of full-length p53 tetramer displayed with only strong 
densities remained.  Displayed in Chimera at a high threshold where only strong 
densities remain, p53 structure shows non-C4 symmetry features and starts 
resembling C2 symmetry.  p53 tetramer represents a dimer of two dimers.
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Figure 3.9.  2D average images that show C2 symmetry.  This selection of particles 
will result in a p53 structure that looks like a dimer of two dimers.  

Figure 3.10.  Structure of full-length p53 tetramer calculated from more C2 featured 
p53 particles.  This structure does not show obvious C2 symmetry features at the 
resolution of 25 Å.  When rendered at a higher threshold, it will start showing C2 
symmetry.  The dimensions are exactly the same as in Figure 3.6.
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Figure 3.11.  New p53 structure displayed with strong densities remained.  This 
structure shows obvious features of p53 tetramer being a dimer of two dimers, which 
is well-known in X-ray crystallography.  
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Figure 3.12.  Refined p53 structure showing a dimer of two dimers.  The structure of 
p53 tetramer from backprojection calculation got refined with the stack of 2201 tilted 
particles in angular refinement.  A constraint of C2 symmetry was imposed during 
the refinement.  The overall structure still maintains the relaxed, open square 
conformation (left).  When rendered with only strong densities remaining, p53 
tetramer is obviously a dimer of two dimers (right).
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C. Single particle reconstruction of full-length p53 monomer

Two-dimensional image processing

 With the molecular weight of 43kDa, p53 monomer is one of the smallest 

proteins whose structures have been solved by EM.  No attempts have been made 

before to solve p53 monomeric structure due to the poor quality of p53 2D images. 

Taking advantage of my excellent quality of p53 images in high contrast, I was able 

to differentiate each monomer inside a p53 tetramer clearly (Figure 3.2).   With the 

fact that all p53 monomers are the same, I shifted each p53 particles such that the 

monomer would be centered (Chapter 2 – Materials and Methods).   Similarly to p53 

image processing steps, I aligned the images using the new center and calculated 

class averages. The p53 monomer class averages show three density spots per 

monomer (Figure 3.13); similarly to the class averages of the tetramer, but with more 

continuous density. 

Three-dimensional reconstruction of p53 monomer

 The monomer three-dimensional reconstruction has a sickle-shaped volume 

with three domains that resemble a handle, a head and a blade (Figure 3.14).  The 

significance of labeling such three domains will be discussed in further details.  Such 

arrangement explains the three density spots observed in the class averages of p53 

tetramer and monomer. The sickle-shaped volume has a total high of 81 Å, a length 

of 77 Å and a maximum width of 53 Å (Figure 3.15). The central volume is bulkier 

than the handle and blade domains that protuberate from the head domain. The 

calculated projections from the top, side and bottom of the 25 Å monomer 
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reconstruction closely resemble p53 monomer class averages (Figure 3.15). As a 

control, several reconstructions calculated with different data sets always converged 

to a sickle-shaped volume (Figure 3.16).
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Figure 3.13.   2D average images of p53 monomer.  Each monomer in a p53 
tetramer particle got shifted to the center.  The average images show enlarged 
monomers to enhance clarity.  

Figure 3.14.  Molecular shape of p53 monomer.  The central region (50% of the 
density) in green represents the DNA binding domain of p53.  The blade domain 
represents the transactivation domain (N-terminus) and the handle represents the C-
terminus of p53.
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Figure 3.15.  p53 monomer in different views and its dimensions.  The structure was 
reconstructed from 314 tilted particles.  The 2D projections match well with the 
structure at each angle.
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Figure 3.16.  p53 monomer reconstruction with a different set of data.  The structure 
was reconstructed from 921 tilted particles.  The molecular shape of this structure 
matches with the one previously reconstructed.
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D. Domain determination in p53 monomer

Fitting of DNA-binding domain into p53 monomer structure

 The p53 monomer reconstruction shows three domains that I interpret as the 

N-terminal, DNA-binding and C-terminal domains. To explain the domain structure 

of p53 monomer, I docked four known crystal structures into the electron 

microscopy density map: two from the N-terminus, the central DNA-binding domain 

and the alpha-helix and beta-strand from the C-terminal oligomerization domain. 

Considering that the specific volume of the average protein is 1.21 Å3/Da, a p53 

monomer with a molecular weight of 43,690 Da is expected to have a volume of 

52,865 Å3. I rendered the reconstruction map at a contour level that resulted in a map 

of the expected volume and proceeded to carry out manual fitting of the crystal 

structures.

First, I fitted the crystal structure of human p53 DNA-binding domain into 

the reconstruction because I assumed that the bulkier central volume corresponded to 

the larger central p53 DNA-binding domain (residues 96-287 from PDB ID: 2OCJ) 

(Wang et al., 2007). The N- and C-termini in the crystal structure of p53 DNA-

binding domain point to directions that are 90 degrees apart from each other; at the 

same time, the handle and blade domains of the reconstruction also keep a 90-degree 

orientation from each other. The fitting of the p53 central DNA-binding domain in 

the central volume of the p53 full-length reconstruction is constrained by the 

requirement that the 90-degree angle between the N- and C-termini in the crystal 

structure should coincide with the 90-degree angle between the density of the handle 
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and the blade domains in the reconstruction. There are only two orientations of the 

DNA-binding domain inside the volume reconstruction that meet such constraint. 

From those two orientations, related by a 180-degree rotation, only the orientation 

that points the N-terminus of the DNA-binding domain to the blade domain and the 

C-terminus to the sickle’s handle domain fits the p53 monomer reconstruction 

(Figure 3.17).  I considered the second orientation as incorrect because such fitting 

will keep many amino acids outside the density. Two independent automated fitting 

protocols carried out by the programs Chimera and Situs gave similar results to the 

manual docking (Figure 3.18) (Pettersen et al., 2004; Wriggers, 2010). 



69

Figure 3.17.  Fitting of the DNA binding domain into p53 monomer.  The N-
terminus of the DNA binding domain makes a 90-degree orientation with the C-
terminus of DBD.  This 90-degree geometry is reflected in the structure of p53 
monomer, where the N-terminus points to the blade and the C-terminus points to the 
handle.
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Figure 3.18.  Automatic fitting of DNA binding domain using Chimera and Situs. 
Different trials of fitting were carried out in Situs where the correlation percent 
ranged within 45% to 49%, which matches  with the fact that p53 DBD is 50% of the 
whole p53 monomer.  Automatic fitting was done in Chimera where, on average, 81 
out of 1523 atoms of the DBD were outside of the monomeric structure.  Both of 
these automatic fitting processes converge to the same fitting.  Based on the 
automatic modeling, p53 DBD is located in the bulky central region, where the N-
terminus of DBD points to the blade and the C-terminus of DBD points to the 
handle.
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Determination of the N-terminus and C-terminus

 Based on the orientation of the fitted DNA-binding domain, I assigned the 

blade density as the N-terminal domain and the handle density as the C- terminal 

domain. Two crystal structures from fragments of the trans-activation domain 

(residues 17-27 from PDB ID: 1YCR and residues 33-56 from PDB ID: 2B3G 

(Bochkareva et al., 2005; Kussie et al., 1996)) were fitted into the blade domain 

keeping realistic distances and orientations in between the peptides and the N-

terminus of the DNA-binding domain (Figure 3.19). At the same time, a monomer 

from the crystal structure of the oligomerization domain (residues 325-356 from 

PDB ID: 1C26 (Jeffrey et al., 1995)) was fitted into the handle domain (Figure 3.19). 

All the crystal structures of individual domains fitted well into the density of the 

reconstruction. The N- and C-termini crystal structures account for less than 40% of 

the amino acids in those domains; thus, in the final model, there are regions of 

reconstruction that do not contain any model. For the fitting of the smaller crystal 

structures, computational fitting did not improve the results of manual docking. A 

protein surface calculated from the final model matched the reconstruction volume in 

all views (Figure 3.20).
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Figure 3.19.   Known structures of fragments of p53 docked into p53 monomer 
structure.  Transactivation domain (N-terminus) fragments are residues 17-27 
(yellow) and 33-56 (red).  DNA binding domain is residues 96-287 (green).  The 
oligomerization domain is residues 325-356 (purple), which is a part of the C-
terminus domain.  The fitting keeps realistic distances to preserve the correctness of 
p53 structure.  
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Figure 3.20.  p53 monomer structure modeling in all views.  The little icons are the 
calculated surfaces from crystal modeling.  These surfaces match p53 modeling at all 
angles.
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E. Domain determination in p53 tetramer 

Fitting of DNA binding domain into p53 tetramer structure

 The p53 tetramer reconstruction shows four clearly defined volumes and 

bridging densities that link the four bulkier volumes with each other. Because the 

largest domains in p53 are the DNA-binding domains, I assigned the four largest 

densities of the reconstruction to the four DNA-binding domains in the p53 tetramer. 

However, when I first tried to fit the tetramer of DNA-binding domains from the 

known crystal structures into my reconstruction, it became obvious that solved 

structures could not explain the packing of full length tetramer in the absence of 

DNA and a translation of the DNA-binding domains larger than 20 Å would be 

required to have an acceptable fitting (Figures 3.21 and 3.22) 
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Figure 3.21.  EM structure of full-length p53 tetramer compared to crystal structure 
of DBDs of p53 tetramer.  As a tetramer, p53 DNA binding domains form a 
compact, parallelogram complex in presence of DNA.  Without DNA, p53 tetramer 
adopts an open, relaxed square conformation.

Figure 3.22.  Conformational change required to fit 4 DBDs into EM structure of 
p53 without DNA.  p53 DBDs have to be separated and no contacts observed among 
them.  The structure of p53 tetramer unbound to DNA is completely different from 
the crystallographic structure of p53 DBDs when bound DNA.
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Modeling p53 tetramer as a dimer of two dimers

 The modeling of DNA-free human full-length p53 tetramer is based on four 

pieces of experimental evidence: the two-fold symmetry features of my symmetry 

unrestrained reconstruction, the existence of only one two-fold symmetry axis in all 

the crystal and EM structures of p53-DNA tetramers, the dimerization interface 

between two C-termini in the crystal structure of the oligomerization domain and 

biochemical observations of the interactions between the N-terminus of one 

monomer with the DNA-binding domain of another. First, I assigned a C2 molecular 

symmetry to DNA-free p53 tetramer based on the density features of the symmetry-

unrestrained tetramer reconstruction (Figure 3.11). The two-fold features are 

particularly obvious when rendering the class averages or the reconstruction at high 

density thresholds (Figure 3.9).  Second, all the known crystal structures of p53 

DNA-binding domains in complex with DNA (Chen et al., 2010; Cho et al., 1994; 

Ho et al., 2006; Kitayner et al., 2006; Kitayner et al., 2010; Malecka et al., 2009) and 

the EM reconstruction of DNA-bound full-length p53 (Melero et al., 2011; Tidow et 

al., 2007) show a C2-molecular symmetry. Knowledge of how DNA-binding 

proteins recognize inverted repeats, as p53 does, agrees with the two-fold symmetry 

assigned to the p53 tetramer. Third, I modeled the intra-dimer interfaces between 

two p53 monomers as the dimer observed in the crystal structure of the p53 

oligomerization domain (Jeffrey et al., 1995). Four, protein stability and fluorescence 

energy transfer experiments suggest contacts between the N-terminus and the DNA-

binding domain of p53 (Huang et al., 2009; Sharma et al., 2009).  I modeled the 
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inter-dimer interactions as contacts between the N-terminus in one dimer and the 

DNA binding domain from another dimer. All the experimental evidence mentioned 

eliminates the possibility of modeling free p53 tetramer with C4 or D2 molecular 

symmetries.

To model the DNA-free p53 tetramer, I took four copies of the p53 monomer 

model and manually fitted it into the tetramer reconstruction rendered at the expected 

volume of 211,460 Å3 (Figure 3.23). I first optimized the position of the DNA 

binding domains inside each of the four bulkier densities of the reconstruction. 

Although, each DNA-binding domain translated 24 Å with respect to their original 

position in the crystal structure of the p53 DNA-binding domains in complex with 

DNA, I maintained their overall orientations and the two-fold rotational symmetry 

(C2 point symmetry) seen in all the structures in complex with DNA (Chen et al., 

2010; Ho et al., 2006; Kitayner et al., 2006; Kitayner et al., 2010;  Malecka et al., 

2009; Melero et al., 2011; Tidow et al., 2007).   In such arrangement, the C-terminal 

domains face each other and the dimer interface reminds us of the dimerization seen 

in the crystal structure of the oligomerization domain (Figures 3.24 and 1.7). 
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Figure 3.23.  p53 tetramer modeling with 4 monomers.  The fitting matches the 
molecular shape of p53 tetramer, all spaces in the density is accounted for by the 
modeling.  The fitting is based on 180-degree rotational C2 symmetry, and p53 
tetramer is shown to be a dimer of two dimers.

Figure 3.24.  Modeling of a p53 dimer.  As a dimer, p53 has a 180-degree rotational 
C2 symmetry.  Two oligomerization domains come together in agreement with 
crystallographic data.
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To model a full-length p53 dimer, I used the 180-degree symmetry that 

relates two monomers in the crystal structure of the oligomerization domain and I 

placed the C-termini dimer interface across the slightly larger (28 Å versus 24 Å) 

bridging density that persists when the reconstruction is rendered at high thresholds 

(Figures 3.8 and 3.11). Finally, maintaining a C2 point symmetry, two copies of full-

length p53 dimers were translated and manually fitted into the second dimer of the 

tetramer reconstruction. In such quaternary structure, two inter-dimer interfaces 

emerge and stabilize the tetramer. The two interfaces are formed by one N-terminus 

in each dimer contacting a DNA-binding domain in the other dimer (Figure 3.25). 

Based on the final tetramer model, four monomer volumes were able to account for 

the volume of the tetramer reconstruction (Figure 3.23).
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Figure 3.25.  Modeling of p53 tetramer with known fragments of p53 domains.  p53 
tetramer is a dimer of two dimers, where the inter-dimer interactions are between the 
N-terminus of a monomer in one dimer and the DBD of a monomer in the other 
dimer.  The intra-dimer interactions are between two oligomerization domains of 
each monomer in a dimer.  Overall, p53 tetramer carries a rotational 180-degree C2 
symmetry.



CHAPTER FOUR

Structure of Full-length p53 and Its Biological Significance.
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A. Introduction

p53 is a multi-domain protein that can bind to over one hundred DNA 

regulatory elements to organize the cellular response to stress.  Its activity is 

regulated by post-translational modifications and interactions with dozens of proteins 

(Menendez et al., 2009; Riley et al., 2008; Tidow et al., 2007; Vousden and Prives, 

2009).  Mutations in p53 often lead to cancer.  Therefore, it is important to elucidate 

this protein’s structure to fully understand p53 functions and its potential as a 

pharmacological target to treat cancer.  Structures of full-length p53 have never 

before been obtained by X-ray crystallography, while electron microscopy has 

become an excellent alternative technique to protein crystallography. My work 

describes a relaxed quaternary state for DNA-free full-length human p53 determined 

by single particle reconstruction electron microscopy.

B. p53 adopts two distinct quaternary structures

The main conclusion of my work is that p53 adopts a relaxed quaternary 

structure in the absence of DNA. The comparison between the reconstruction of 

DNA-free full-length p53 tetramer with the structures of DNA-bound p53 shows that 

p53 can adopt two distinct quaternary structures (Figure 4.1). In the absence of 

DNA, p53 tetramer has an overall cube-like volume where the monomer centers are 

84 Å apart from each other. In comparison, the electron microscopy and crystal 

structures of p53 tetramer bound to DNA show a more compacted tetramer (Figure 
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4.2) (Ho et al., 2006; Kitayner et al., 2006; Malecka et al., 2009; Melero et al., 2011; 

Tidow et al., 2007). 
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Figure 4.1.  Two distinct quaternary structures of p53 tetramer.  With DNA, p53 
forms a compacted parallelogram, as opposed to an open square when without DNA. 
Interactions between subunits are also different.  In presence of DNA, 4 monomers 
interact via the DBDs as a dimer of two dimers.  In absence of DNA, within a dimer, 
the oligomerization domains come together.  Between two dimers, the N-terminus of 
one monomer in one dimer interacts with the DBD of a monomer in the other dimer.

Figure 4.2.  Crystal structure and EM structure of p53 bound to DNA.  A density 
(right) was calculated from the crystallographic data of p53 tetramer of DBDs (left). 
Shapes and sizes are preserved. 
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For instance, the crystal structure of p53 DNA-binding domain bound as a 

tetramer to a 20 bp DNA shows distances between the centers of the DNA-binding 

domains of only 56 Å in one direction and 36 Å in the other that are typical of the 

known structures of p53 in complex with DNA (Figure 4.3) (Chen et al., 2010).  In 

the DNA-free p53 tetramer, monomers keep a 90-degree angle between them; while 

in the DNA-bound tetramer, monomers are closer to each other and they are tilted 15 

degrees with respect to the unbound structure (Figure 4.3).  Previous studies on full-

length p53 also describe the DNA-free p53 structure as a loosely tethered tetramer 

susceptible of conformational changes (Tidow et al., 2007); such description agrees 

with the relaxed form of p53 tetramer described in this thesis work. 
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Figure 4.3.  Two distinct conformations of p53 when bound and unbound to DNA. 
Differences are shown in shapes, sizes and protein interactions among the 
monomers.  
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C. p53 monomer has three structural domains

Due to the flexibility of the N- and C-termini of p53 monomer, the crystal 

structure of full-length p53 has not been solved (Okorokov et al., 2006; Viadiu, 

2008).  I calculated a three-dimensional reconstruction of p53 monomer by having 

the monomer tethered in a stable tetramer conformation (Figures 3.13 and 3.14). The 

p53 monomer reconstruction with a molecular weight of 43 kDa is one of the 

smallest structures calculated by electron microscopy single particle reconstruction 

to date. The characteristic 90-degree sickle-shaped full-length p53 monomer 

reconstruction shows three domains that I assigned to the three main regions in the 

primary sequence of human p53 (Figures 1.1 and 3.19). The first domain 

corresponds to the N-terminus (amino acids 1-97) with two trans-activation regions: 

TAD1 (amino acids 1-42) and TAD2 (amino acids 43-97). My model includes two 

p53 N-terminal helical peptides that adopt α-helical structure when bound to p53 

binding proteins, like MDM2 and the replication protein A (residues 17-27 from 

PDB ID: 1YCR (Kussie et al., 1996) and residues 33-56 from PDB ID: 2B3G 

(Bochkareva et al., 2005)). The two structured peptides account for approximately 

40% of the N-terminal sequence and leave electron density unassigned. The central 

DNA-binding domain (residues 96-289 from PDB ID: 2OCJ in the absence of DNA 

(Wang et al., 2007)) with an immunoglobulin-like anti-parallel β-sandwich is the 

largest of the three structural domains, accounting for 50% of p53 amino acids. The 

third p53 structural domain is the C-terminus where I docked a monomer of the 
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crystal structure of the oligomerization domain (residues 325-356 from PDB ID: 

1C26 (Jeffrey et al., 1995)).

Based on the docking of four crystal structures into the p53 monomer 

reconstruction, I suggest a model for the structure of full-length p53 monomer where 

the N- and C-termini are far apart from each other and the N-terminus keeps a 90-

degree orientation with respect to the C-terminus, as in the crystal structures of p53 

DNA-binding domains (Figure 3.19). A large distance between p53 termini has also 

been observed in fluorescence energy transfer experiments with fluorescent labels in 

the N- and C-termini (Huang et al., 2009; Veprintsev et al., 2006). The constraints 

imposed by the location of the N- and C-termini, plus the overall shape of the 

reconstruction with a bulky volume in the center (Figure 3.17), unequivocally fix the 

docking of the DNA-binding domain to the central part with the N-terminus located 

in the blade domain of the reconstruction and the C-terminus located in the handle 

domain (Figure 3.19). An electron microscopy map from negative stained particles at 

~25 Å resolution lacks detail, thus the position of docked crystal structures is likely 

to lack accuracy within several Å. Nonetheless, by understanding the arrangement of 

domains in monomeric p53, the proposed structural model allows to limit the number 

of hypotheses that need to be explored to correlate p53 function with its structure.

D. DNA-free p53 tetramer is a relaxed dimer of dimers

How does the p53 monomer model help to understand the relaxed structure 

of the DNA-free p53 tetramer? To fit the model of the p53 monomer structure into 
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the tetramer reconstruction, I needed to determine the symmetry of the DNA-free 

p53 tetramer. To avoid any bias during the calculations, I did not impose any 

symmetry constraints at any of the steps that led me to the final reconstruction. Raw 

images and class averages show a square-shaped DNA-free p53 tetramer (Figure 

3.3). In contrast with a previous study where the two perpendicular 180-degree 

rotation symmetry axes (D2 point symmetry) found in the crystal structure of the 

oligomerization domain were enforced during the calculation of the reconstruction 

(Okorokov et al., 2006), I did not find any evidence of D2 point symmetry. At ~25 Å 

resolution, the symmetrical features of the reconstruction are not as prominent as if I 

had imposed symmetry constraints during the calculations, but the final 

reconstruction does show some features of only one 180-degree rotation symmetry 

axis (C2 point symmetry); particularly, when the intra- and inter-dimer interfaces are 

rendered at high thresholds (Figures 3.8, 3.11 and 3.12). All the reported crystal 

structures of p53 DNA-binding domain tetramer in complex with DNA (Chen et al., 

2010; Ho et al., 2006; Kitayner et al., 2006; Kitayner et al., 2010; Malecka et al., 

2009) and the EM reconstruction of full-length p53 also bound to DNA (Melero et 

al., 2011; Tidow et al., 2007) have shown the single 180-degree rotation axis 

characteristic of C2 point symmetries. Based on the features of my reconstruction 

and the structural knowledge of p53-DNA complexes, I conclude that DNA-free full-

length p53 tetramer has the same C2 symmetry that p53 tetramer bound to DNA.

To generate the final model of DNA-free full-length p53 tetramer, I took the 

p53 monomer model and applied the two-fold symmetry operator of the crystal 
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structure of the oligomerization domain to generate the dimer (Jeffrey et al., 1995); 

then I applied the two-fold symmetry operator of the crystal structure of p53 DNA-

binding domain bound to a 20 bp DNA to generate the tetramer that fits in the DNA-

free p53 tetramer EM reconstruction (Chen et al., 2010).  Although the final fitted 

DNA-free p53 tetramer model is also a dimer of dimers as the DNA bound form, the 

monomer-monomer contacts are distinct from the ones in the DNA-bound complex. 

First, in the crystal structures of the complex between p53 DNA-binding domains 

and DNA, a tight complex is maintained by intra- and inter-dimer contacts between 

the DNA-binding domains (Chen et al., 2010; Ho et al., 2006; Kitayner et al., 2006; 

Kitayner et al., 2010; Malecka et al., 2009).  In the absence of DNA, the DNA-

binding domain contacts with the other DNA-binding domains observed in the 

crystal structures of DNA complexes do not exist because the intra- and inter-dimer 

distances increase 28 Å and 48 Å, respectively (Figure 4.3). Second, the 

oligomerization domain does not seem to tetramerize as in the crystal structure 

(Jeffrey et al., 1995); instead, there are two independent intra-dimer interfaces with 

each interface formed between two C-termini (Figures 3.24 and 3.25). In the tetramer 

without DNA, I did not observe any contacts between non-adjacent monomers; thus, 

I could only model p53 oligomerization domain as two separate dimers, instead of 

the tetrameric form modeled in the structures of p53 tetramer DNA complexes 

(Melero et al., 2011; Tidow et al., 2007). Third, there are two inter-dimer interfaces; 

in each of the two interfaces, an N-terminus of a monomer in one dimer contacts the 

DNA-binding domain of a monomer in the other dimer, as previously suggested 
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(Huang et al., 2009; Sharma et al., 2009).  Fourth, none of the residues in the α-helix 

and loops that recognize DNA form part of the free-DNA tetramer oligomerization 

interfaces (Figure 4.4). As a result, mutations that block DNA binding are unlikely to 

disturb the formation of the DNA-unbound tetramer.
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Figure 4.4.  Labeled residues in p53 mutant structure.  Mutant p53s are known to 
accumulate inside the nucleus.  Most common mutated residues in DBD are Arg175, 
Arg248 and Arg273 in cancerous cells, which are labeled with ball figures.  These 
residues do not participate in protein interactions when a p53 tetramer is formed. 
Hence mutant p53s that cannot bind to DNA is speculated to accumulate inside the 
nucleus in this open quaternary state.  This hypothesis is being investigated in my lab 
at the moment.
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My model predicts that upon tetramer formation some of the regions in the 

N- and C-termini that are intrinsically unfolded, in p53 monomer and in the tetramer 

complexed with DNA, are folded in the tetramer in the absence of DNA. The 

contacts that stabilize the DNA-free p53 tetramer are very different from the ones 

that stabilize the DNA-bound tetramer. For such reasons, a conformational transition 

between them is unlikely. Instead, for the DNA-unbound tetramer to transition to the 

DNA-bound quaternary state would first require that tetramers dissociate into dimers 

and monomers.

E. p53 monomers and tetramers inside a cell

Is DNA-free p53 tetramer likely to exist in the cell? When the p53 pathway is 

inactive, p53 cellular concentration is very low (1-10 nM) (Wei et al., 2006) and p53 

is likely found only as monomers or dimers because the dimer-tetramer equilibrium 

constant is at much larger p53 concentration (120 nM) (Rajagopalan et al., 2008). 

Thus, tetrameric p53 in unstressed cells rarely occurs (Figure 4.5). Instead, in 

stressed cells, when the p53 cellular response is triggered, p53 reaches much higher 

concentrations (between 60 nM to 1 µM) (Ma et al., 2005). Once p53 concentration 

exceeds 120 mM, either in the cytoplasm or the nucleus, the tetramer is expected to 

become the prevalent oligomeric form (Figure 4.5). p53 expresses in the cytoplasm 

and, when it avoids ubiquitination by MDM2, importin-α3 transports monomeric 

p53 to the nucleus (Liang and Clarke, 2001). Once in the nucleus, p53 high affinity 
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for DNA will maintain p53 tetramer bound to specific DNA in a compacted manner 

or to non-specific DNA in a slightly less compacted form (Melero et al., 2011; 

Tidow et al., 2007).  In cancerous cells, an important exception will occur when p53 

mutations in the DNA-binding domain hinder DNA binding; in such case, mutant 

p53 will accumulate in the nucleus as the relaxed p53 tetramer form described here 

(Figure 4.5). 
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Figure 4.5.  p53 monomers and tetramers inside a cell.  EM structures of p53 
monomers, dimers and tetramers are shown in appropriate cellular places.  There are 
equilibria of p53 monomers, dimers and tetramers in cytoplasm and nucleus.  In the 
cytoplasm, p53 tetramers have biological functions by interacting with other proteins 
(apoptosis induction and auto-phagy inhibition).  As a monomer, p53 is transported 
inside the nucleus, where it will bind to the DNA as a tetramer in a compacted 
quaternary state.  After transactivation is done, p53 is released from DNA as 
monomers and degraded by MDM2.  Mutant p53s which cannot bind to DNA and 
are not degraded by MDM2 accumulate in the open, relaxed quaternary state.
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F. Cytoplasmic role of DNA-free p53 tetramer in non-cancerous cells

MDM2 binds to the N- and C-termini of p53 and triggers its degradation 

(Kussie et al., 1996; Poyurovsky et al., 2010).  A functional implication of the role of 

p53 N- and C-termini in DNA-free p53 tetramer oligomerization is that p53 will be 

more stable because MDM2-binding sites in those regions will be occluded. In the 

classical model of p53 activation, it is assumed that p53 is inactive until 

phosphorylation activates p53 transactivation domain. Nonetheless, in vivo studies of 

mice carrying p53 mutants with sites unable to be phosphorylated have questioned 

the need of phosphorylation for p53 activation (Toledo and Wahl, 2006). A new 

model for p53 activation has emerged where phosphorylations are considered to have 

a modulating role on the transactivation activity, instead of an activating role. In the 

new model of p53 activation, the rate of ubiquitination by MDM2 has a central role 

in triggering the cellular stress response. Under normal cell growth conditions, 

ubiquitination by MDM2 and degradation by the proteosome maintain p53 

concentration lower than 10 nM. In the upregulatory phase of the stress response, 

when the cytoplasmic p53 concentration augments and reaches higher concentrations 

than the Kd of tetramerization (120 nM), p53 will adopt the DNA-free tetramer state 

hiding the MDM2 binding and ubiquitination sites, leading to p53 stabilization 

(Marchenko et al., 2010). 

In recent years, new p53 cytoplasmic functions that are independent of its 

transcriptional activity have been discovered. In the cytoplasm, p53 induces 

apoptosis and inhibit autophagy. Many of the molecular mechanisms of p53 in the 
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cytoplasm remain to be elucidated, including the possibility that a stable p53 

tetramer form that it is distinct from the nuclear DNA-bound conformation might 

have a role in p53 cytoplasmic activity.  For instance, in the function of apoptosis 

induction, p53 interacts with anti-apoptotic protein Bcl-Xl and pro-apoptotic protein 

Bax (Figure 4.6) (Green et al., 2009).  The open, relaxed quaternary structure of p53 

when unbound to DNA is very likely to have a biological significance in the protein 

interactions in this pathway.
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Figure 4.6.  Apoptosis inducing pathway of p53.  In the cytoplasm, p53 interacts 
with anti-apoptotic proteins and pro-apoptotic proteins at the mitochondrial outer 
membrane to release apoptotic factors.  The open quaternary state of p53 in the 
cytoplasm is very likely to play a role in protein interactions in this pathway.  
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G. Nuclear role of DNA-free p53 tetramer in cancerous cells

Does the finding that p53 has a different quaternary structure in the absence 

of DNA have any implication to our understanding of how cancerous cells develop? 

p53 is the gene most often mutated in cancerous cells. Surprisingly, most of such 

mutations are missense mutations that substitute one amino acid for other and result 

in a full-length protein unable to bind to DNA (Pavletich et al., 1993).  Non-sense 

mutations producing truncated mutants of p53 are not frequently observed in cancer 

(Olivier et al., 2002). The mutated full-length p53 protein accumulates in the nucleus 

to much higher concentrations and has a longer half-life than the wild-type p53 does 

(Finlay et al., 1988; Rotter et al., 1983). The observation that the majority of cancer 

cases present high concentrations of a full-length p53 mutant that are unable to bind 

DNA has led to the idea that mutant p53 gains a new function inside the nucleus of 

cancerous cells (Blandino et al., 1999; Brosh and Rotter, 2009). The most often 

mutated amino acids are Arg 175, Arg 248, Arg 273 on the DNA binding domain of 

p53 (Olivier et al., 2002).  None of these amino acids are involved in the 

oligomerization of p53 tetramer in the absence of DNA (Figure 4.7).  This suggests 

that tumorigenic mutants of p53 also adopt the relaxed p53 tetramer quaternary state.

The most important implication of the relaxed DNA-free p53 tetramer 

structure is that, if p53 suffers a mutation that abolishes DNA binding, as in the vast 

majority of cancer cases, the relaxed structure presented here will be the abundant 

gain-of-function p53 form that accumulates in the nucleus of cancerous cells (Figure 

4.5). The existence of a relaxed DNA-free p53 quaternary form might have wide 
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functional implications to explain biochemical and genetic observations. The atomic 

details of the DNA-free p53 quaternary structure need to be elucidated to understand 

how transcriptional-inactive p53 mutants acquire new nuclear activities.
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Figure 4.7.  Mutant p53 can still form the relaxed quaternary structure.  In cancerous 
cells, mutant p53s cannot bind to DNA (mutated at residues Arg175, Arg248 and 
Arg273) and a high concentration of p53 is observed inside the nucleus.  Based on 
my modeling, mutant p53s are speculated to accumulate inside the nucleus in this 
open, relaxed quaternary structure.  
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