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ABSTRACT OF THE THESIS

Biophysical Characterization of p53 regulatory domain and MDM2

by

Nikki Hoi Ling Cheung

Master of Science in Chemistry

University of California, San Diego, 2010

Professor Hector Viadiu, Chair

p53 tumor suppressor protein plays a central role in responding to DNA damage
by activating DNA repair, cell cycle arrest, senescence or apoptosis. In resting
cells, MDM2 negatively regulates p53 by both blocking p53-coactivator
interactions, as well as promoting p53 ubiquitin-dependent proteasomal
degradation. In stressed cells, p53 transcriptional activity is positively regulated
by its own C-terminal regulatory domain through non-specific DNA interactions
that enhance specific DNA binding through the DNA binding domain. Mutations
in p53 DNA binding domain and upregulation of MDM2 are involved in 50% of
cancer cases. Understanding p53 and MDM2 at molecular level is crucial to
design pharmacological targets to fight cancerous cells. However, structures of

full-length of p53 and MDM2 have not yet been determined. The first goal of this

Xii



thesis is to understand the DNA binding properties and crystal structure of the
two most C-terminal domains of p53 (p53CTD) that include the tetramerization
and regulatory domains. Our analytical centrifugation results indicated that p53
CTD binds to specific and non-specific DNA and that it changes from tetrameric
state to dimeric state upon DNA binding. Our second goal is to understand the
oligomerization state of MDM2 using AUC and transmission electron microscopy.
Our results indicated that recombinant full-length MDM2 self-assembles to forms

spherical particles of different sizes formed by different oligomerization.
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Chapter One

Introduction



Around 50 percent of cancer patients are living with a tumor that contains
an inactivating mutation on the human gene p53. The majority of cancers of
ovary, esophagus, colorectum, head and neck and pancreas present p53
mutations (Olivier et al., 2002). Moreover, 30% of cancer cells in lung, skin,
bladder, stomach, brain and liver also carry mutations in a p53 allele (Olivier et
al., 2002). A majority of tumors also present inactivation of other proteins that
partially abrogate the p53 pathway (Brown et al., 2009). Since p53 is one of the
most frequently mutated genes in human cancer, p53 and its associated proteins
are therefore prime targets for developing new cancer drugs. Detailed structural
and biophysical studies of the molecular interactions in the p53 signaling

pathway are crucial to our ability to intervene pharmacologically in cancer cases.

1.1 What is p53?

p53 is a transcription factor that has a tumor suppressor activity because it
acts as a critical mediator in the cell signaling pathway that respond to DNA
damage. It is known as the "guardian of the genome" because it prevents cells
with damaged DNA from proliferating. When p53 is active, it may inhibit cell
division in one of several ways, including activating the caspase apoptotic
pathway, activating p21 in cell cycle arrest, or inducing senescence (Oren, 2003,
Toledo and Wahl, 2006, Gatz and Wiesmuller, 2006, Vogelstein et al., 2000).
Both intrinsic and extrinsic stresses can induce activation of p53 by post-
translational modifications such as phosphorylation, acetylation or methylation.

Active p53 binds specific DNA binding elements on the promoter of its target



genes to trigger gene activation by recruiting the rest of the transcription

machinery.

1.2 The p53 Pathway

At the level of p53 multiple upstream signals from many pathways
converge and p53 also down-regulates several pathways. During homeostasis,
the N-terminus of MDM2 (Murine Double Minute 2) binds to p53 transactivation
domain, promoting the polyubiquitination of p53 C-terminus triggering its
degradation by the proteosome. Notably, the level of p53 in cells depends mostly
on its degradation rate, rather than the synthesis rate (Vogelstein et al., 2000). In
response to DNA damage, p53 transactivation domain (TAD) is phosphorylated
by several kinases such as Chk2, DNA PK, or ATM inducing the recruitment of
the transcriptional coactivator p300/CBP and other factors of the transcription
machinery that activate p53 target genes (Lavin and Gueven, 2006, Itahana et
al., 2009). The phosphorylation of p53 TAD prevents p53 binding to MDM2,
stabilizing p53 and increasing its cellular levels (Itahana et al., 2007). A recent
study using NMR and fluorescence anisotropy confirms that p300/CBP wraps
around the p53 tetramer to promote acetylation at multiple lysine residues
(residues 370, 372, 373, 381, and 382) in the regulatory domain of p53 (ltahana
et al., 2009). Such modifications enhance p53 sequence-specific DNA binding
affinity and promote transcription of target genes by recruiting transcription

activators (Itahana et al., 2008) (Figure 1b).



1.3 Structure of p53

Human p53 is a polypeptide chain of 393 amino acids, consisting of five
major domains: transactivation domain, proline rich region, DNA binding domain,
tetramerization domain and regulatory domain. Each domain has distinct
features, but all domains are interdependent on each other for a complete

function (Figure 1a).

Transactivation Domain

The transactivation domain (TAD, residues 1-65) is located at the N-
terminus of p53. This domain is rich in glutamic acid and aspartic acid residues
(Viadiu, 2008). p53 TAD domain can facilitate transcription activity and regulate
p53 function by interacting with transcription coactivators such as p300/CBP and
p21 (Joerger and Fersht, 2008, Stavridi, 2005). It is also involved in negative
regulation of p53 by interacting with the ubiquitin E3 ligase protein MDMZ2. In this
region, the binding sites for p300 and MDM2 overlap (Stavridi et al., 2005). In
steady state, MDM2 binds to the TAD and maintains p53 at basal levels by
promoting ubiquitin-dependent proteasomal degradation. Upon DNA damage,
p53 TAD is phosphorylated by protein kinases decreasing the affinity of the
p53/MDM2 interaction. This leads to an increased level of p53 that facilitates

p300/CBP recruitment to increase transcriptional activity (Joerger et al., 2008).



DNA Binding Domain

After the TAD domain gets phosphorylated, p53 binds to its specific
promoter sequence via the DNA binding domain (DBD, residues 93-292) (Jeffrey
et al., 1995). p53 DBD binds to a 20 bp consensus DNA sequence consisting of
four Pu-Pu-Pu-C-A/T repeats (Bargonetti et al., 1991). Previous studies have
shown that mutations in DBD have drastic negative effects on p53 transcriptional
activity (Stavridi, 2005, Viadiu, 2008). The majority of these mutations are
missense mutations and can be divided into two classes. Class | mutants are
frequently found in residues that involve direct DNA contacts, such as Arg248
and Arg273. Class Il mutants are frequently found in residues which regulate the

stability of the DBD, such as Arg175, Arg249, and Arg282 (Stavridi et al., 2005).

Tetramerization Domain

The tetramerization domain (TD, residues 324-361) resides near the C-
terminus, which holds four p53 monomers together through hydrophobic
interactions between side chains of 11e332, Phe338 and Phe341. It is interesting
to note that tetramerization is not required for p53 DNA binding in vitro.
However, DBD alone has approximately five-fold less the DNA binding affinity
compared to the intact tetrameric p53 (Jeffrey et al., 1995, Pavletich et al., 1993).
Each tetramerization domain consists of a B strand (residue 326 to 333) and an a
helix (residue 335 to 354), which form two sides of a V-shaped structure,
connected by a Gly334 hinge (Jeffrey et al., 1995).

Regulatory Domain



The p53 regulatory domain consists of the last 30 amino acids and is
located at the extreme C-terminus. This region is rich in lysines and arginines
(Viadiu, 2008). Previous studies have shown that this domain is subject to
multiple post-translational modifications such as ubiquitination, methylation and
acetylation, which are important for p53 down-regulation (Xu, 2003, Appella and
Anderson, 2000, Brooks and Gu, 2003, Stavridi et al., 2005). Additionally, this
region can bind to DNA in a sequence non-specific manner (Bakalkin et al.,
1995, Wu et al., 1995, Ahn and Prives, 2001, Kim and Deppert, 2003). Various in
vitro experiments have shown that this region can enhance the DBD’s DNA
binding affinity (Appella and Anderson, 2000, Brooks and Gu, 2003, McKinney et
al., 2004, Xu, 2003). In vivo experiments have suggested that post-translational
modifications are necessary to activate p53 transcriptional activity, and work by

recruiting multiple coactivators to p53 target genes (Stavridi et al., 2005)

1.4 Efforts towards p53 structures

Although over 50,000 research papers have been published about p53, its
complete three-dimensional structure remains unsolved. The main difficulty to
solve the full length structure of p53 has been the inherent flexibility of unfolded
regions located at both N- and C-termini (Bell et al., 2002). The structural work
on p53 has focused on determining the individual domains of p53. The first
published structure was the complex of p53-DBD with DNA (Cho et al., 1994).
Besides the tetramerization domain already described, a structure of the N-

terminus of MDM2 complexed with a short peptide of p53 TAD was solved



(Kussie et al., 1996). More recently, various structures of other proteins with
fragments of the p53 regulatory domains have also been determined (Rustandi et
al., 2000, Avalos et al., 2005, Lowe et al., 2002). Table 1 shows recent p53
structures that have determined through X-ray crystallography. As shown in the
table, a tremendous effort has been focused on the structure of the DNA binding
domain. This is mainly because 80% of human tumors have mutations in this
core region (Olivier et al., 2002).

The structures of p53 DNA binding domain and tetramerization domains
are well studied. More efforts need to focus on the unfolded intrinsically
disordered regions formed by the transactivation domain and regulatory domain.
Mutations in the transactivation domain significantly decrease the binding affinity
of MDM2 and p300 for p53 (Joerger and Fersht, 2008). Additionally, mutations in
the regulatory domain can affect the modulated response of p53 to cellular
stresses. Eventually, this can impair DNA binding affinity, coactivator recruitment,
and p53 cellular levels (Joerger and Fersht, 2008). Future structural studies
should focus on understanding the crosstalk between p53 domains, and how
post-translational modifications induce conformational changes in p53 that may

affect its regulatory activity.



1.5 Objectives of Thesis

p53 is one of the most thoroughly studied proteins in the human genome.
Extensive studies have shown that many of autoregulatory feedback loops of p53
involve MDM2, thus emphasizing the crucial role of MDM2 in the signaling
pathways (Harris and Lavine, 2005). Although a variety of p53 structures have
been elucidated by Nuclear Magnetic Resonance (NMR), Electron Microscopy
(EM), and X-ray crystallography, the structure of p53-MDM2 complex is yet
unknown.

Some clinical researches have implicated MDM2 gene amplification in
certain types of tumor cells, which can lead to over-suppression of p53
transcriptional activity (Kussie et al., 1996). One way to restore the function of
p53 in these cases is to develop a drug that can break the interaction between
p53 and MDM2 complex.

As emphasized above, p53 and MDM2 play significant roles in the
regulation of malignant cells. The structures of these two highlighted proteins
provide the framework to future cancer drug development, which may target p53
mutants, MDM2 mutants, or the interaction between p53 and MDM2.

This thesis will focus on our experimental approaches to the structural
studies and the biophysical characterization of two constructs: p53CTD (residue
325 to 393) and MDM2 (residue 1-491). Through this work, our ultimate goal is to
understand the mechanism of p53 regulation by both its own regulatory domain

and MDM2.



The overall goals of this project are:

To solve the structure of the p53 C-terminus domain (325 to 393)
using X-ray crystallography and to study the mechanism of positive
regulation of p53 DBD by the CTD

To examine the quaternary structure of p53CTD in the
presence/absence of specific and non-specific DNA by
sedimentation velocity experiments

To express and purify p53 variants for structural studies

To study the oligomerization state of MDM2 by Transmission
Electron Microscopy (TEM) and Analytical Ultracentrifugation

(AUC)
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Figure 1.1. Domain Organization of Human p53. p53 is a polypeptide of 393
amino acids. It consists of five major domains: transactivation domain (TAD),
proline rich region (PRR), DNA binding domain (DBD), tetramerization domain
(TD), and its regulatory domain located at its C-terminus (CT).
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Table 1.1. Recent and Highlighted p53 Structures Determination. p53

structures were solved by X-ray crystallography.

PDB- | Residues | Description Year Authors

ID Solved

3IGK | 94-293 DNA binding domain with | 2010 (Kitayner et al., 2010)
Hoogsteen pairs of DNA

3KMD | 92-291 DNA binding domain with | 2010 (Chen et al., 2010)
20bp DNA

2WGX | 96-312 DNA binding domain with | 2009 (Khoo et al., 2009)
mutants M133L-V203A-
Y236F-N239Y-T253I-
N268D

2K8F | 1-39 Complex of p300 with | 2009 (Feng et al., 2009)
transactivation domain

3D05 | 94-293 DNA binding domain with | 2009 (Suad et al., 2009)
mutant R249S

2725S | 17-27 Complex with MDMX with | 2008 (Kussie et al., 1996,
p53 binding domain Popowicz et al,,

2008) (Popowicz et
al., 2008)

2J1W | 96-290 Mutant M133L-V143A- | 2006 (Joerger et al., 2005)
V203A-N239Y-N268D

2J1X | 96-290 Mutant M133L-V143A- | 2006 (Joerger et al., 2005)
V203A-N239Y-N268D

1MA3 | 381-387 | Acetylated K382  p53 | 2002 (Avalos et al., 2002)
peptide bound to Sir2Tm

IycQ |17-27 Complex with Xenopus | 1996 (Kussie et al., 1996)
MDM2 p53 binding domain

IYCR | 17-27 Complex  with  human | 1996 (Kussie et al., 1996)

MDM2 p53 binding domain
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Oncogenes, DNA damage, hypoxia, and other stress signals

v

Activation Pathways

Protein kinase, deubquitinases, etc.
Negative
Regulation
Coactlvator
MDM2 Proteasome
\ ﬂ F -~
—>

DNA Antl-
Repalr Cell Cycle anglogeneS|s
Arres

Figure 1.2. A model of the p53 pathway. In normal cells, p53 is negatively
regulated by MDM2. MDM2 can polyubiquinate p53 for proteasomal degradation.
In response to stresses, the level of p53 is increased, and promote cell to
apoptosis, DNA repair, cell cycle arrest, anti-angiogenesis, and senescence.
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Introduction

When DNA is damaged or otherwise cells undergo stress, activation of the
p53 tumor suppressor protein protects the integrity of the genome by inducing,
DNA repair, cell cycle arrest and apoptosis (May and May, 1999, Vogelstein et
al., 2000, Hupp et al., 2000). Activation of tumor suppressor activity requires p53
to be in a tetrameric state, which is mediated by the tetramerization domain near
its C-terminus. When p53 is in its oligomeric form, it is able to bind to the twenty
base pair DNA consensus sequences via its central DNA binding domain
(Sakamoto et al., 1994, Wang et al., 1994).

It has been shown that in addition to the specific DNA binding mediated by
the DNA binding domain, interactions of p53 with a wide variety of DNA
structures can also be mediated by the regulatory domain (Ahn and Prives,
2001). This is a distinct feature of p53. The real biological function of the
regulatory domain of p53 is still not completely clear. An in vitro study where
linear diffusion of p53 on DNA is measured shows that p53 lacking the regulatory
domain has a lower DNA affinity, suggesting that the regulatory domain can
positively regulate the affinity of the DNA binding domain (McKinney et al., 2004).
However, there is a lack of structural information about how such regulation
might be occurring.

Numerous structures of p53 DNA binding domain in complex with DNA
have been solved through high-resolution X-ray crystallography, as well as
isolated p53 tetramerization domain (Chen et al., 2010, Cho et al., 1994, Jeffrey

et al., 1995). The tetramerization domain has been particularly well studied
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because each thirty amino acids monomer contributes a $-strand and an a-helix
to form a dimer of dimers kept together by a hydrophobic core. Furthermore, the
tetramerization domain does not require any metals or prosthetic groups to fold
(Clore et al., 1994, Jeffrey et al., 1995, McCoy et al., 1997). In contrast, the
structure of the regulatory domain of p53 is still undetermined due to difficulties in
crystallizing this intrinsically unfolded, flexible region (Bell et al., 2002). The
inherent flexibility of the regulatory domain of p53 is one of the main reasons why
the structure of full-length p53 has still not been determined. To understand the
three-dimensional structure of full length p53 would help us to decipher its
complex biological. Our present effort aims to bring us closer to such goal.

Since mutations in p53 are implicated in 50% of human cancers, p53 has
the potential to become an important target for the development of anti-cancer
drugs. In this thesis, we initially focused on using X-ray crystallography to
elucidate the molecular structure of p53CTD, which contains the tetramerization
domain and the regulatory domain (Figure 2.1). In addition to the structural
studies, we also carried out biophysical experiments to gain insight on how the

p53CTD behaves in the presence of DNA.



20

Prescission Protease
p53 CTD Alignment

330 340 350 60 370 380
Human LDGEYFTL 6IRGRERFEM E‘RELNEALEL I.(DAQAGKEPG C.-‘ySRAHSSHLK §KKGQSTSRH ;(KLMFKTEGP DSD
Dog LDGEYFTL QIRGRERYEM FRNLNEALEL KDAQSGKEPG GSRAHSSHLK AKKGQSTSRH KKLMFKREGL DSD
Mouse LDGEYFTL KIRGRKRFEM FRELNEALEL KDAHATEESG DSRAHSSYLK TKKGQSTSRH KKTMVKKVGP DSD
Rat LDGEYFTL KIRGRERFEM FRELNEALEL KDARAAEESG DSRAHSSYPK TKKGQSTSRH KKPMIKKVGP DSD

Tetramerization Domain Regulatory Domain

Figure 2.1. Domain organization and sequence of p53CTD. p53CTD is a
polypeptide chain of 70 amino acids from residues 323 to 393. It consists of two
domains: the tetramerization domain and the regulatory domain. The peptide

bond between Gly360 and Gly361 was cleaved by PreScission protease during

crystallization.
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Materials and Methods
Cloning

The DNA sequence encoding the amino acid residues from 323 to 393 of
human p53 (p53CTD) was PCR amplified using designed primers that annealed
to the full-length p53 gene. The amplified DNA fragment was cloned into the
pMal-p2G expression vector (Biolabs) using EcoRI and Hindlll as cloning sites.
In this construct the maltose binding protein (MBP) tag can be separated from
p53CTD by the specific Prescission protease cleavage between the Gin and Gly
residues of the recognition sequence of LeuGluValLeuPheGin/GlyPro. The
cloned plasmid was sequenced and then transformed into E. coli BL21(DE3)

(Stratagene)

Expression

To express p53CTD in bacteria, an overnight culture of 5 mL of Luria—
Bertani (LB) and 100 ug/ml of ampicillin was transferred into 1 L of LB medium
and further cultured at 37 °C until the ODgg reached about 0.6. Protein
expression was carried for 4 hours at 25 °C and induced by the addition of

0.5 mM isopropyl-b-D-thiogalactopyranoside (IPTG).

Purification
Cells expressing p53CTD were harvested by centrifugation at 4,250 r.p.m.
for 20 minutes and the bacterial pellets were resuspended in a buffer containing

150 mM NaCl, 50 mM Tris-HCI (pH 7.0) and 0.04 mM phenyl-
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methanesulfonylfluoride (PMSF protease inhibitor). Cells were lysed by French
press, the lysate was cleared by ultracentrifugation at 30,000 r.p.m. and the
recombinant fusion protein was purified by affinity chromatography using 1 mL of
amylose resin. The amylose-bound fusion protein (MBP-pp-p53CTD) was
transferred to a gravity column and washed with 100 mL of low salt buffer. After
washing, the protein was eluted by adding 50 mM maltose to the buffer.
PreScission Protease (8 ug per 1mg of protein) was added to the elution and left
for overnight digestion at 4 °C (Figure 2.2). After cleavage of the fusion protein
with PreScission Protease, further purification took advantage of isoelectric point
differences between p53CTD (p/:8.35, MW 8.2 kDa) and MBP (p/: 5.07,
MW: 42.5 kDa) with SP-Sepharose cation-exchange chromatography. The
Mono-S column was equilibrated with 150 mM NaCl, 50 mM Tris HCI at pH 7.0
buffer to enable p53CTD to bind to the column; the maltose binding protein
(MBP) eluted in the unbound fractions. The column was washed with 50ml of
binding buffer, and p53CTD was eluted using 1 M NaCl (Figure 2.2). The purified
protein was desalted (50 mM NaCl, 25 mM Tris HCI, and pH 7.0) using a gel
filtration column Sephadex G25 (Figure 2.3). SDS-PAGE (15%, w/v) and

MALDI-TOF analysis were done to evaluate the purity of the sample (Figure 2.5).

Crystallization
The protein was concentrated to 10 mg/mL, and crystallization was carried out
via the hanging-drop vapor-diffusion method at 20 °C using VDX multiwell plates

(Hampton). Preliminary screenings were performed using the Hampton, PEG/lon
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Screen kit. Small crystals appeared in the reservoir solution consisting of 150
mM calcium acetate and 12% polyethylene glycol 3350 (PEG 3350). After
optimization, bigger crystals were obtained at 20 degrees from a reservoir
solution containing 80 mM calcium acetate, 18% (w/v) PEG 3350 and 10%
glycerol. Crystals suitable for X-ray data collection appeared within 14 days and
reached final dimensions of 1.0 x 0.4 x 0.1 mm (Figure 2.7). Selenomethionine
labeled p53CTD was expressed using a previously published protocol (Van
Duyne et al., 1993). It was purified and crystallized using the same protocol used

for the unlabeled construct.

X-ray intensity data collection and processing

Crystal structure determination was carried by postdoctoral fellow Abdul
Ethayathulla. X-ray intensity data collection was done at the Stanford
Synchrotron Radiation Laboratory (SSRL). Diffraction data were collected using
an ADSC Quantum-315R CCD detector on the BL7-1 beamline. The crystals
were flash-cooled in a nitrogen gas stream at 100 °K using 20%(v/v) PEG 400 as
a cryoprotectant in a drop made up of equal volumes of the protein solution and
reservoir solution containing 0.15 M calcium acetate, 20%(w/v) PEG 3350, and
10% glycerol). Crystals were maintained at 100 °K during data collection. The
crystal-to-detector distance was set to 200 mm. A MAD (multiple anomalous
dispersion) data set was collected corresponding to the maximum f’(peak,
0.9762 A), the minimum f (edge, 0.9797 A) and a reference wavelength (remote,

0.9716 A) chosen on the basis of the absorption spectrum of the Se atom. The
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diffraction data were processed with the HKL 2000 package (Otwinowski and
Minor, 1997) (Figure 2.8). The crystallographic data and the MAD data statistics
are summarized in Table 1. The hexagonal crystals belong to the space group
P6522 with unit cell parameters a = b = 49.603 A, ¢ = 92.95 A, y = 120.0°.
Assuming the presence of one molecule (72 amino acid residues) in the
asymmetric unit, the calculated VM is 2.84 A%Da, which corresponds to a solvent
content of 56.6% (Matthews, 1968). A high-quality diffraction data set was
obtained to 2.30 A resolution, with 100% completeness and an Rmerge Of 6.0%
(Table 2.1). Although crystal structure of p53 tetramerization domain (323-353)
(PDB ID: 1C26) was known, we were not able to phase our data using the
molecular replacement method. We were able to calculate initial phases by the
MAD method. The 2 expected SeMet sites in the structure were found with the
program SOLVE (Terwilliger and Berendzen, 1999) and these peaks were
further refined using RESOLVE (Terwilliger, 2000, Terwilliger, 2003). Using the
PHENIX automated crystallographic program (Adams et al., 2002, Murshudov et
al., 1997), the structure was solved with R¢ryst/Riree = 0.32/0.38, and the structure
was found to be a dimer of the p53 tetramerization domain (323-353), each
containing one SeMet site. Although the structure is similar to that of a previously
solved structure we were not able to solve it via the molecular replacement
method. The structure was further refined and omit-maps were calculated in
order to check whether we could see the density for the regulatory domain (354-
393). The unit cell packing showed that we were able to crystallize only the p53

tetramerization domain (323-353) (Figure 2.9). In order to confirm whether the
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regulatory domain of p53CTD was cleaved, crystals of p53CTD were washed
twice and dissolved in de-ionized water. The MALDI analysis of the crystal was
done using MALDI-TOF. The mass spectrum of the dissolved crystals showed
two peaks, compared with one peak in the MALDI spectrum of p53CTD prior to
crystallization (Figure 2.6). This result showed that p53CTD was cleaved into two
fragments, suggesting that p53CTD was subject to proteolysis during
crystallization and explaining why we were only able to crystallize the
tetramerization domain in absence of the regulatory domain.

The structure of p53CTD (323-353) was further refined with the programs
suite REFMAC 5.0 (Murshudov et al., 1997). Several further rounds of refinement
with REFMAC 5.0 (Murshudov et al., 1997) interspersed with model building
using |2F, - F¢| and |F, - F¢| Fourier maps (Figure 2.10) converged the refinement
to Rayst and Rgee factors of 0.236 and 0.28, respectively. The refinement
calculations were interleaved with several rounds of model building with the
program coot (Emsley et al., 2010). The refinement statistics are shown in Table

2.1.

Analytical Ultracentrifugation (AUC)

A 400uL aliquot of a protein-DNA complex solution containing 0.15 mg of
protein and 10.5 ug of DNA in 100 mM NaCl, 20 mM Na;HPO., pH 7.0 buffer
were used for the experiments carried out at 20°C in a Beckman Optima-XL-|
analytical ultracentrifuge. Protein-DNA complex (400uL) and buffer (400ulL) were

loaded into a double-sector centerpiece. The cells were loaded into an AN56TI
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analytical rotor and accelerated to 50,000 rpm. Scans were acquired in
continuous mode at 260nm for DNA and 488nm for fluorescein-labeled DNA in
the range of 0.1 to 1 absorption units. The collected data were analyzed using
the program SEDFIT fitting the Lamm Equation using a c¢(S) distribution model
(Lebowitz et al., 2002). The partial specific volume, buffer viscosity, and buffer
density were calculated against 100 mM sodium chloride, 20 mM Na;HPO,, and

pH 7.0 through SEDNTERP (Laue et al., 1992).



Table 2.1. Data Collection Table of p53CTD crystal.
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Data Collection Peak Inflection remote

Wavelength (A) 0.9764 0.9797 0.9716
Resolution (A) 100 - 2.3 100 - 2.3 100 - 2.3
Space group P6522 P6522 P6522

Cell dimensions

a=b= 49.6, c=92.5

a=b= 49.6, c=92.5

a=b= 49.6, c=92.5

(A)
Unique reflections 5723 5728 5734
Rsym (%) 6.0(39) 7.0(47) 7.6(46)
o (1) 28.6(5.2) 29.0(4.5) 26.2(3.4)
Completeness (%) 97.3(93.4) 97.4(93.0) 99.9(100)
Redundancy 11.0 10.8 10.6
Refinement
RworklRfree 0 .23/0 .28
Protein 566
B-factors (A2 40.2
Rms deviations
Bond length (A) 0.004
Bond angles (°) 0.59
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Results
Overall structure of p53CTD (323-353)

The overall fold of pS3CTD (323-353) is similar to the previously solved
structures 1C26 and 1ALE (Jeffrey et al., 1995). The overall structure consists of
two homo-dimers, with each monomer containing 30 amino acid (Figure 2.11).
Each monomer consists of one p-strand from residue 326 to 333 followed by an
a-helix from residues 335 to 354. The a-helix and the B-strand form a V-shaped
structure with Gly334 as the hinge residue. Dimerization occurs such that the §-
strands are anti-parallel and the a-helices cross below it. The tetramer is
effectively a dimer of dimers in which the AB and CD dimers interact via the a-
helices (Figure 2.12). In each monomer, a small hydrophobic core consisting of
the buried side chains 11e332 and Phe341 and the partially buried side chains
Phe338 and Leu330 was observed. Our crystal structures also agreed with the
observation of an intermonomer salt link between Arg337 and Asp352 and an
intermonomer hydrogen bond between Try327 and Arg333 (Jeffrey et al., 1995).
In the dimer-dimer (AB & CD) interaction, hydrophobic interactions were
observed between three buried side chains: Ala347, Phe341, and Leu344

(Figure 2.13).

p53CTD mutant G360S and G361A
Based on the fragments we observed from the mass spectrometry
spectrum of the p53CTD dissolved crystal, we designed a double p53CTD

mutant G360S and G361A aiming to prevent the proteolysis that occurred during
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crystallization (Figure 2.6). The site between Gly360 and Gly361 was identified
as the non-specific cleavage site for PreScission Protease. The p53CTD
G360S/G361A double mutant was purified following the same protocol as
p53CTD (Figure 2.14). However, the fusion protein was not cleaved completely
and several impurities were observed in SDS-PAGE analysis (Figure 2.15).
Circular dichroism experiments showed different secondary structure
composition for the mutant and we did not continue studying it.

In addition to studying the structure of p53CTD, we were also interested in
characterizing the DNA-induced changes on the quaternary structure of p53CTD.
Therefore, the protein was purified again using the unlabeled construct, and DNA
binding studies were carried out using analytical ultracentrifugation (AUC). This
method was chosen because of its sensitivity to molecular weight differences.
From the sedimentation coefficients obtained from AUC, we were able to
calculate the molecular weight, and hence the dimerization state of p53CTD in
the presence of DNA. In the sedimentation velocity experiments, we used 4

different sets of DNA complexed with p53CTD (Table 3.2).

DNA binding studies using analytical ultracentrifugation

Based on previous biochemical and structural studies of the p53 DNA
binding domain with various consensus DNA sequences. We chose three
sequences of varying length to study the DNA binding properties of p53CTD.
Three 5’-fluorescent labeled oligos: (1) 14 bp 5-ATGGACATGTCCAT-3’, (2) 14

bp 5-TGCCCGTACGGGCA-3' and (3) 24 bp-5-TCGGGCATGCCCGG-
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GCATGCCCGA-3’ were made (IDT). The oligonucleotides were dissolved in a
buffer containing 100mM NaCl, 20mM Na;HPO4, pH 7.0 to achieve a
concentration of approximately 815 mg/mL. Synthesized double stranded
oligonucleotides were annealed at 100°C for 3 minutes and cooled down slowly

to room temperature for an hour.

p53CTD is in its dimeric state in the presence of the DNA consensus
sequence

In order to study the interaction of p53CTD and DNA by sedimentation
velocity, it is first necessary to determine the sedimentation coefficient of each
partner independently in the experimental conditions. Moreover, since the
experimentally sedimentation coefficient vary with temperature and buffer
density, we converted it into a standard state against water at 20 °C. Figure 2.16
represents sedimentation distribution of p53CTD alone monitored at 280nm. The
distribution shows one peak centered at an apparent sedimentation coefficient of
2.25. This indicates the presence of p53 in its tetrameric state with an
experimental molecular weight of 34.7 kDa, which is closed to the theoretical
molecular weight of pS3CTD (32.7 kDa). The p53 tetramer peak accounts for
78.50% of the sample.

Figure 2.17 represents the sedimentation distribution of p53CTD in
complex with the 14 b.p. DNA sequence previously used to crystallize the p53
DNA binding domain (Jeffrey et al., 1995). Three peaks were shown in the

analysis. In this experiment, 6.31% of sample was shown to be dimeric p53CTD
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complexed with the 14 bp DNA sequence, suggesting that p53CTD could also
recognize the DNA that originally binds to the p53 DNA binding domain (Table

2.3).

p53CTD is in its dimeric state in the presence of non-specific DNA
sequences

The regulatory domain of p53 is known to bind to a wide variety of DNA
structures in a non-specific manner (McKinney et al., 2004). We carried out
experiments is to examine the interaction between p53CTD and non-specific
DNA sequences. We designed a non-specific fluorescein-labeled 14 bp DNA
sequence (Table 2.2). In the analysis of this experiment, we obtained a profile
that was similar to our previous experiment with specific DNA (Figure 2.18). As
shown, about 30% of sample was present as dimeric p53CTD complexed with
the non-specific p53 14 bp fluorescein DNA (Table 2.4). This experiment
supports the hypothesis that the regulatory domain of p53 can bind to DNA in a

non-specific sequence manner.

p53CTD is in its dimeric state in the presence of non-specific DNA
sequences regardless of length

Our next goal was to examine the interaction of p53CTD with a DNA of
different length. In this experiment, we designed a fluorescein-labeled 24 bp DNA
sequence (Table 2.2). As expected, the same sedimentation profile was obtained

as in previous experiments (Figure 2.19). It is interesting to note that a higher
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percentage of dimeric p53CTD in complex with the DNA was seen in the sample
(Table 2.5). This result confirms the hypothesis that p53CTD can bind to non-

specific DNA sequences regardless of DNA length.

Summary of p53CTD-DNA binding studies
The sedimentation distribution experimental results indicate that p53CTD
changes from a tetrameric state in solution to a dimeric state in the presence of

DNA, regardless of DNA sequence and length.
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Figure 2.2. SDS-PAGE analysis of MBP-pp-p53CTD purification. Protein was

eluted from the affinity column with a solution of 50mM maltose and runs with an

apparent M.\W. of around 50 kDa on SDS-PAGE. Eluted protein was digested

overnight with PreScission Protease. After cleavage, two fragments were shown:

Maltose binding protein (40 kDa) and p53CT (8kDa).
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Figure 2.3. MonoS Elution Profile of p53CTD. A single peak was observed

from the chromatogram in buffer B (1M NaCl, 50mM Tris HCI, pH 7.0).



35

G25 Elution Profile of p53CTD

400
350
300
250
200
150
100

50

0
-3 2 7 12 17

Volume (mL)

——p53CTD

A280 mAU

Figure 2.4. Gel filtration profile of p53CTD using G25. p53CTD was desalted
in a buffer containing 50mM NaCl, 25mM Tris HCI, pH 7.0 and used for protein

crystallization.
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Figure 2.5. MALDI-TOF Spectrum of SeMeth p53CTD before crystallization.
The experimental molecular weight of 8534.1 Da is close to the theoretical

molecular weight of 8542.5 Da.
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Figure 2.6. MALDI-TOF spectrum of SeMet p53CTD dissolved crystal. It has
a high intensity peak of 8527.2 Da corresponding to the intact p53CTD protein
construct and two peaks at 5614.3 Da and 6795.0 Da corresponding to the

digested fragments.
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Figure 2.7. p53CTD crystal. The crystal of p53CTD was rod-shaped and

belongs to the hexagonal space group P6522.

Figure 2.8. One degree oscillation diffraction pattern of p53CTD crystal
collected at SSRL BL7-1. The crystal diffracted to 2.3 A.



Figure 2.9. Crystal packing of p53CTD.
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Figure 2.11. Dimer of p53CTD observed in the unit cell.

Figure 2.12. Tetramerized state of p53CTD. The tetramerization is composed of

dimers of symmetry-related homodimers.
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Figure 2.13. Hydrophobic core of p53 tetramerization domain. The residues
forming the hydrophobic core of the tetramer are shown according to their chain

color.
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Figure 2.14. SDS-PAGE analysis of purification of MBP-pp-p53CTD
G360S/G361A mutant. Protein was eluted with a solution of 50mM maltose
and appeared at around 50 kDa upon SDS-PAGE analysis. Eluted protein

was digested overnight with PreScission Protease.
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Figure 2.15. SDS-PAGE analysis of digested MBP-pp-p53CTD mutant.
The protein was digested overnight with PreScission protease. p53CTD
appeared at around 8kDa on the gel, and maltose binding protein appeared

at around 43kDa. Several impurities bands were observed in gel as well.
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Table 2.2. Summary of DNA sequences used in the study of the interaction

of p53CTD with DNA

Sequences MW (Da)
Specific 14 bp DNA ATGGACATGTCCAT 4262.8
Non-specific 14 bp DNA | TGCCCGTACGGGCA 4802.3
Specific 24 bp DNA TCGGGCATCCCCGGGCATGCCCGA | 7893.2
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Figure 2.16. Sedimentation Distribution of p53CTD obtained by SEDFIT
program. The p53 sedimentation velocity experiment was measured at 280nm.
A peak at 2.25 sw indicates the presence of p53 tetramer with an experimental

molecular weight of 34.7 kDa (black) compared to the theoretical molecular

weight of 32.7 kDa (red). The p53 tetramer accounts for 78.495 % of the sample.
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Sedimentation Distribution of p5S3CTD and Specific 14 bp
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Figure 2.17. Sedimentation Distribution of p53CTD and p53CTD complexed
with specific 14 bp DNA obtained by SEDFIT program. The experiment data
was measured at 280nm. Three peaks were observed when the specific 14 bp
DNA sequence was mixed with p53CTD (red), whereas two peaks were

observed with the DNA alone (blue).

Table 2.3. Summary of Sedimentation Distribution of p53CTD and p53CTD

with specific 14 bp DNA.

. Theoretical Experimental
Protein/DNA Molecular Weight Sedimentation rmsd
(kDa) Coefficient (sw)
specific 14 bp DNA 9.6 1.8 0.025733
p53CTD
(dimer)/specific 14 252 2.7 0.018973
bp DNA
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Sedimentation Distribution of p53CTD with Non-
specific 14 bp DNA
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Figure 2.18. Sedimentation distribution of p53CTD and p53CTD complexed
with non-specific 14 bp DNA obtained by SEDFIT. The experiment was run at
488 nm. Three peaks were_observed when non-specific 14 bp DNA was mixed
with p53CTD (green), whereas two peaks were observed for the DNA alone
(blue).

Table 2.4. Summary of sedimentation distribution of p53CTD and p53CTD
with non-specific 14 bp DNA. 28.447% of the protein sample found to be in the

dimeric state in the presence of DNA.

Protein/DNA Theoretical Experimental rmsd
Molecular Weight Sedimentation
(kDa) Coefficient (sw)
Non-specific 14bp DNA 9.6 1.6 0.00540
p53CT (dimer) with p53CTD- 25.2 2.5 0.006287
nonspecific14 bp DNA
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Sedimentation Distribution of p53CTD with specific 24 bp DNA
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Figure 2.19. Sedimentation Distribution of p53CTD and p53CTD complexed
with specific 24 bp DNA obtained by SEDFIT program. The experiment was
run at 488 nm. Three peaks were observed when specific 24 bp DNA was mixed

with p53 CTD (green), whereas two peaks were observed from DNA alone (red)

Table 2.5. Summary of sedimentation distribution of p53CTD and p53CTD
with specific 24 b.p. DNA. 28.447% of sample was shown to be in the dimeric

state in the presence of the DNA.

Protein/DNA Theoretical Molecular Experimental rmsd.
Weight (kDa) Sedimentation Coefficient
(sw)
Specific 24 bp DNA 15.8 2.2 0.005464
p53CTD with p53CTD- 321 3.9 0.005366
spec.24 bp DNA
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Discussion

We aimed to obtain structural information on the regulatory domain of p53.
Although we crystallized p53CTD and obtained high resolution diffraction to 2.3A,
the structure of the p53CTD was not solved due to a problem of proteolysis
during crystallization. A tetramer of p53CTD was observed in the crystal
structure, but the regulatory domain electron density was absent. The orientation
of the tetramerization domain in our crystal was the same as in the previous
structure from Jeffrey et al. The hydrophobic nature of the dimer-dimer
interaction in the tetramerization domain was also observed in the crystal
structure. However, the structure of the regulatory domain was not determined in
the crystal structure. This is possibly due to the unstructured and flexible
regulatory domain of p53 (Bell et al., 2002). This region was in addition subject to
proteolysis during crystallization, which is the major reason of the disappearance
of the regulatory domain in the p53CTD crystal structure.

Our sedimentation distribution experimental data demonstrated that the
p53CTD is in a dimeric state in the presence of DNA. These results were
accurate because the root mean square deviation of the generated AUC data
from SEDFIT had a rms deviation below 0.01 at a 95% confidence level. In
addition, p53CTD exhibits an ability to bind non-specifically to DNA. It is also
interesting to note that p53CTD did not undergo tetramerization in the presence
of DNA, but rather stayed in its dimeric state. One intriguing possibility is that p53
may have different conformations in its active and inactive states. It would be

interesting to study this hypothesis using fluorescence anisotropy. Such an
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approach could potentially determine the binding affinity between different
sequences or lengths of DNA with p53CTD and give insight into the properties of
DNA sequences that might be used to induce more rigid secondary structural

elements in p53CTD to aid in X-ray crystallography.
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Introduction

The regulatory domain of p53 influences the efficiency of p53 to act as a
sequence-specific  DNA binding transcription factor. Its post-translational
modifications and interactions with other proteins are the critical factors in
promoting the stability of p53-DNA complexes (Vogelstein et al., 2000, Ko and
Prives, 1996). Fundamental questions regarding the role of p53 regulatory
domain remain to be answered. The determination of the structure of the
regulatory domain would create a framework to pose more specific questions on
the regulatory mechanism in p53. As described in Chapter 2, we attempted to
determine the structure of the tetramerization domain and the regulatory domain
of p53 (p53CTD). Besides exploring the biophysical characteristics of p53CTD,
we also generated other p53 variants that would allow us to explore the nature of
the regulatory domain associating with the DNA binding domain in p53. Three
variants generated are: full length of p53 with 8x His tagged, MBP-pp-p53 94-
393, and MBP-pp-p53 94-393A28 (Figure 3.1). Through these constructs, we are
interested in understanding how the C-terminal domain of p53 regulates the DNA
binding of the core domain. The final goal of the variants described in this
chapter is to pursue our goal in determining the atomic structure of the full length

p53 and all its domains.
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(a)

1 61 94 292 325 356 393
(b)

94 292 325 356 393
(c)

94 292 356 393

Figure 3.1. Domain Organization of p53 variants. (a) Full length of p53. (b) p53

94-393. (c) p53 94-393A28.
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Materials and Methods

Full length of p53 with 8xHis-tag

Cloning

The DNA sequence encoding amino acids 1 to 393 of full length human
p53 was amplified via PCR. The amplified DNA fragment was cloned into the
pET-28 expression vector (Novagen) using EcoRI and Hindlll as cloning sites.
The plasmid with the cloned gene was sequenced and then transformed into the

BL21(DE3) E. coli strain (Stratagene).

Expression and Purification

We used the same expression protocol that was previously described for
p53CTD.

E. coli cells were lysed using a French press after the addition of 0.4 mM
PMSF. Cell lysate was clarified by ultracentrifugation at 30000 r.p.m. for 30
minutes at 4°C. The first step of purification was carried out by affinity purification
incubation with agitating the cell supernatant with 1mL of Ni-NTA resin (QIAGEN)
at 4 °C for 1 hour. The resin bound to the protein was transferred to a gravity
column where the supernatant was drained and the resin washed with 100 mL of
high salt buffer and then with 50mL of in the same high salt buffer containing
40mM imidazole. Protein was eluted using 15mL high salt buffer in 3mL fractions
with increasing imidazole concentrations (100 mM - 500 mM). Fractions
containing the targeted 8xHis tagged full length p53 were negatively stained and

examined under the electron microscope.
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MBP-p53 94-393 and MBP-p53 94-393A28 variants

Cloning
MBP-p53 94-393 was subcloned from the original plasmid while MBP-p53
94-393A28 plasmid was generated by Quikchange Site-Directed Mutagenesis

(Stratagene).

Expression and purification
Expression and purification of p53 variants followed the protocol of

p53CTD as described in Chapter 2.

Results
Full length of p53 with 8xHis-tag

With a protocol modified from the one established by the postdoctoral
fellow Armando Lucumi in our laboratory, the full length of p53 tagged with 8xHis
was successfully purified using Ni-NTA agarose using 500mM NaCl, 50mM Tris
HCI, 20mM imidazole, and pH 8.0 buffer (Figure 3.2). Most proteins were eluted
with the buffer containing 100mM imidazole. However, some degradation was
detected in the western blot (Figure 3.3). Proteins eluted from 400mM imidazole

elution buffer were negatively stained for electron microscopy (data not shown).

MBP-pp-p53 94-393 precipitated after overnight digestion
MBP-pp-p53 94-393 contains three major domains: DNA binding domain,

tetramerization domain and the regulatory domain. Proteins were successfully
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purified following same method as p53CTD (Figure 3.4). However, MBP-pp-p53-
94-393 precipitated after overnight digestion by Prescission protease, and it was

not possible to purify.

MBP-p53 94-393 A28 precipitated after overnight digestion

MBP-p53 94-393 A28 contains the same domain organization as MBP-pp-
p53 94-393. However, residues 292-325 were deleted in this construct. By
reducing the linker size, we aimed to reduce the flexibility of the protein and
increase its likelihood to crystallize. MBP-p53 94-393A28 was successfully
purified following the same method as p53CTD. However, MBP-p53 94-393A28
was completely precipitated after overnight digestion by Prescission protease.
MBP-p53 94-393A28 was found in the precipitant and it was not possible to

continue with its purification (Figure 3.5).
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Figure 3.2. SDS-PAGE analysis of 8xHis-tagged full length p53 purification.
Protein was stepwise eluted from Ni-NTA resin using an increasing imidazole
concentration of 100 to 500mM. 8xHis tagged full length p53 appeared at around

55kDa on the gel.
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Figure 3.3. Western analysis of 8xHis tagged full length p53 purification.

Western blot detection of 8xHis tagged full length p53 purification using Anti-His

antibody.
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Figure 3.4. SDS-PAGE analysis of MBP-pp-p53 94-393 purification. Protein
was eluted from amylose resin using 50mM maltose elution buffer. p53-94-393

tagged with MBP appeared at 72kDa on gel.
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Figure 3.5. SDS-PAGE analysis of MBP-pp-p53 94-393A28 purification.
Protein was eluted from amylose resin using 50mM maltose elution buffer. p53-
94-393A28 with MBP tagged appeared at 72kDa on gel. After digestion, p53-94-

393A28 precipitated.
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Discussion

After many experimental trials, 8xHis tagged p53 full length was
successfully purified. Although we did not get enough yield of protein for
crystallization, it was sufficient enough for electron microscopy. Currently, a
graduate student in our laboratory is pursuing the three-dimensional
reconstruction of full-length p53.

Several deletion variants of p53 were designed for our structural studies.
As reported, our initial attempts at purifying these variants were not successful.
More experiments have to be done in the future to establish the purification
system of these variants. Interestingly, two constructs of p53 containing residues
94 to 393 and residues 94 to 393 with deletion of 28 residues have the same
purification behavior. Both proteins precipitated after overnight digestion from the
MBP tag. To avoid precipitation, detergent-like chemicals such as CHAPS and
Triton were added to the MBP-pp-94-393 digestion, but they did not help in
maintaining the protein in solution. Same precipitation occurred upon the addition
of DNA before the digestion. These results suggest that constructs containing
residues 94-393 are unfolded. Therefore, we need to continue exploring
conditions that will allow successful purification of these constructs. More
experiments have to be conducted to further understand the biophysical

characteristics of these two constructs.
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Introduction
4.1 Functions and Pathway of MDM2

MDM2 (Murine Minute Double 2) was the first identified as negative regulator
of p53 with oncogenic properties (Momand et al., 1992). In the absence of
cellular stresses, MDM2 regulates p53 by binding to the p53 transactivation
domain and acting as an E3 ubiquitin ligase that triggers proteasomal
degradation (Cheng et al., 2009, Momand et al., 1992) (Figure 4.1).

Upon cellular stress, MDMZ2 is phosphorylated by several DNA-damage-
induced kinases, such as: ataxia-telangiectasia mutated (ATM) kinase, ATM and
Rad3-related kinase, the DNA-dependent kinase (DNA-PK) and c-Abl (Lehman
et al., 2008). One particular p53 pathway that acts in response to DNA damage is
activated by ATM kinase. ATM phosphorylates the MDM2 RING domain at
residue S395 (Lehman et al., 2008). This phosphorylation is speculated to inhibit
MDM2 oligomerization and prevent the scaffold formation for ubiquitination
elongation, which increases the level of p53 in cell for cell degradation (Figure
4.2). Furthermore, MDM2 can self- or auto-ubiquitinates itself for proteasomal
degradation in order to release p53 for further cellular regulation during cellular

stresses (Clegg et al., 2008).

4.2 Structure of MDM2
Human MDM2 is a polypeptide of 491 amino acids with a molecular
weight of 56 kDa. It consists of four domains: Transactivation domain (TAD,

residues 1-100), Central Acidic Domain (CAD, residues 230-300), Zinc Finger
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Domain (residue 290-335), and RING domain (residues 430-480). It also
includes a nuclear localization sequence and a nuclear export sequence between

TAD and CAD.

Transactivation domain

MDM2 N-terminal Transactivation domain (TAD, residues 1-109) is
responsible for p53 binding through p53 TAD. This MDM2:p53 interaction
regulates p53 ubiquitin-dependent degradation. (Lane et al., 2010) (Figure 4.3).
Several structures of MDM2 TAD in complex with a short p53 N-terminus peptide
or an inhibitor such as nutlin have been solved at high resolution using X-ray
crystallography (Kussie et al., 1996, Shangary et al., 2008, Vassilev et al., 2004).
These structures have clearly shown that the MDM2 TAD embodies a
hydrophobic cleft, where a triad of hydrophobic and aromatic residues of p53

(Phe19, Trp23, and Leu26) insert deep into MDM2 (Kussie et al., 1996).

Central Acidic Domain (CAD)

The MDM2 central acidic domain is the key domain responsible for MDM2
function. It contains several phosphorylation sites (Lane et al., 2010). In addition,
the CAD is necessary for the interactions of MDM2 with other signaling proteins
such as ribosomal protein L5, p300/CBP and p19ARF in response to ribosomal
stress (lwakuma and Lozano, 2003, Kulikov et al., 2006, Nicholson and Hupp,

2010).
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Zinc Finger Domain

The major function of MDM2 Zinc Finger domain (residue 290-335) is still
unclear. However, this region contains a conserved residue C305 from different
species which coordinates with zinc (Lane et al., 2010). Recently, the structure of
the Zinc Finger Domain was determined by NMR (Yu et al., 2006). The structure
reveals a zinc ribbon structural motif which is one of the largest groups of zinc
fingers (Krishna et al., 2003). The Zinc Finger domain is believed to play a
significant role in interacting with ribosomal proteins and mediating a wide variety

of protein-protein, protein-DNA, and protein-RNA interactions (Yu et al., 2006).

RING domain

The RING domain (residues 429-491) is located at the C-terminus of
MDM2 which facilitates the oligomerization of MDM2 and thus controls the
activity of its polyubiquintation and regulation of p53 proteasomal degradation
(Cheng et al., 2009). The RING domain can also bind to nucleotides such as

ATP, which is important for MDM2 nuclear localization (Poyurovsky et al., 2007).

Furthermore, the RING domain can mediate the complex formation between
MDM2 and MDMX (Sharp et al., 1999, Jackson and Berberich, 2000, Stad et al.,

2000, Tanimura et al., 1999).

Efforts towards structural studies of MDM2
Recently, several crystal structures of MDM2 TAD with a short p53 N-

terminal peptide (residues 1-32) and the RING domain have determined through
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X-ray crystallography. However, the structure of full-length of MDM2 is still to be
determined. Although we understand how MDM2 binds to the p53 transactivation
domain, we have limited knowledge on how MDM2 facilitates the
polyubiquination of p53 and how the tetrameric p53 binds to MDM2. Structural
studies of full-length MDM2 are crucial to further understand its dynamic
molecular functions in cells, which would aid anticancer drug development.
Recently, one research group has carried out several biochemical studies
of MDM2 RING domain. Surprisingly, recombinant MDM2 RING domain
assembles into large molecular weight complex, as observed by both gel filtration
chromatography and electron microscopy (Poyurovsky et al., 2007). This
interesting phenomenon stimulated our interest in studying the oligomerization
state of full-length MDM2 by single particle electron microscopy and analytical
ultracentrifugation. In order to carry out these experiments, we first established

an MDM2 expression and purification system in E. coli.
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p53 degradation
p53 pathway INactivated

Cell survival
Terminal cell-cycle exit

Figure 4.1. MDM2 in resting cells. Upon cellular stresses, MDM2 promotes
polyubiquitination of the regulatory domain of p53 to facilitate p53 proteasomal
degradation and consequently, cell survival.
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Figure 4.2. MDM2 after DNA damage. MDM2 is phosphorylated which disrupts
MDM2 oligomerization. Inhibition of p53 is thus suppressed, resulting in p53-
mediated cell death.
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Figure 4.3. Domain Organization of Human MDM2. MDM2 is a polypeptide
chain of 491 amino acids, consisting of four domains: Transactivation
domain/p53 binding domain, acidic domain, Zinc finger domain, and RING

domain.
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Materials and Methods
Cloning
A DNA sequence encoding the human MDM2 was cloned into the pET28

bacterial expression vector using EcoRI and Hindlll cloning sites.

Expression and Purification of Human MDM2

The MDM2 plasmid was transformed into Escherichia coli BL21(DE3)
cells. Cells were initially grown in YT medium at 37°C. And cells were induced
with 0.5mM isopropyl-1-thio-p-D-galactopyranoside (IPTG) when O.D. was 0.6,
and grown for 4 hours at 25 °C. The cells were collected by centrifugation and
resuspended in high salt buffer (500 mM NaCl, 50 mM Tris-HCI (pH 8.0), 20 mM
Imidazole). Cells were lysed with a French press with the addition of 0.04 mM
phenyl-methanesulfonylfluoride (PMSF). Cell Ilysate was clarified by
ultracentrifugation at 30000 r.p.m. for 30 minutes at 4°C. The cell supernatant
was batch bound with 1mL of Ni-NTA resin (QIAGEN) and incubated at 4 °C for 1
hour and transferred to a gravity column. The supernatant was drained and the
resin was first washed with 100mL of high salt buffer and then 50 mL of 40 mM
imidazole in addition to the high salt buffer. Protein was eluted using 15 mL high
salt buffer with increasing imidazole concentration (100 mM — 500 mM) and 3mL
fractions were collected. Fraction containing targeted 8His-MDM2 were pull
together and concentrated to 1mL using Amicon Ultra (10k) and loaded onto a
Superose 6 column for further purification. Fractions collected from the column

were analyzed by SDS-PAGE followed by Coomassie staining.
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Size Exclusion Chromatography

Analytical measurements were performed by using FPLC
chromatography and Superose 6 column. Samples were directly injected onto
the column and separated at room temperature at a flow rate of 0.5 mL/min while

absorbance was recorded at 280nm.

Electron Microscopy

Formvar-coated copper grids were glow discharged, floated on sample
drops for minutes, blotted, and air-dried in advance. Samples were then
negatively stained for 20 seconds with 1% (w/v) aqueous uranyl acetate. Grids

were photographed using a FEI Sphera electron microscope at 200kV.

Mass Spectrometry

From the same 10% SDS-PAGE that containing post-column samples
were cut to 1mm x 1mm cubes and destained by washing with 100 uL of 100 mM
ammonium bicarbonate for 15 minutes, followed by a second wash with the
same volume of acetonitrile (ACN) for another 15 minutes. This process was
repeated 3 times. The supernatant was discarded and the samples were dried in
a speedvac for 15 minutes. Samples were then reduced by mixing with 200 uL of
100 mM ammonium bicarbonate/10 mM DTT and incubating in a 56 °C water
bath for additional 30 minutes, followed by removal of supernatant. 200 uL of 100
mM ammonium bicarbonate/55 mM idocaetamide were added to gel pieces and

incubated at room temperature covered with aluminum foil for 20 minutes. The
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supernatant was removed, and the gel pieces were washed with 100 mM
ammonium bicarbonate for 15 minutes followed by the same volume of ACN to
dehydrate the gel pieces. The solution was then removed and samples were
dried in speedvac for 15 minutes. For trypsin digestion, ice-cold trypsin
(0.01pg/uL) in 50mM ammonium bicarbonate was added to cover the gel pieces
and incubate on ice for 30 minutes. After compete rehydration, the excess trypsin
solution was removed, replaced with fresh 50mM ammonium bicarbonate, and
incubated overnight in 37°C. The resulting MDM2 peptides were extracted twice
by the addition of 50 uL of 0.2% formic acid and 5% ACN followed by vortexing at
room temperature for 30 minutes. The supernatant was removed and saved in a
new eppendorf tube. A total of 50 yL ACN/0.2% formic acid was added to the
sample and vortexed again at room temperature for 30 minutes. The combined
extractions were analyzed directly by liquid chromatography (LC) in combination

with tandem mass spectrometry (MS/MS) for electrospray ionization.

Analytical Ultracentrifugation (AUC)

Samples were prepared as described above. Proteins were concentrated around
0.10 Absygy and analyzed by sedimentation velocity. Experiments were carried
out under 20°C in a Beckman Optima-XL-l analytical ultracentrifuge. Sample
(400 pL) and buffer (400 yL) were loaded into a double-sector centerpiece. The
cells were loaded into an AN5O0Ti analytical rotor and accelerated to 50,000 rpm.
Scans were acquired in continuous mode at 280nm for appropriate signals in the

range of 0.1 to 1 absorption. The collected data were analyzed using the Lamm



76

Equation by using c(s) program at SEDFIT to determine the sedimentation
coefficients. The partial specific volume, buffer viscosity, and buffer density were

calculated through SEDNTERP.

Results

MDM2 was successfully purified using a high salt buffer

8His tagged full length MDM2 was expressed in E. coli. As previous experiments
demonstrated that MDM2 degrades easily in buffer of 150mM NaCl, 50mM Tris-
HCI (pH 8.0) (data not shown). To prevent protein degradation, buffer containing
higher salt content,500 mM NaCl supplemented with 20 mM imidazole was used
as lysis buffer. Purer MDM2 with 8His tag was eluted with 100 mM to 200 mM
imidazole elution buffer from nickel resin (Figure 4.4). Proteins were
concentrated to 1 mL to load onto the pre-equilibrated Superose 6 column to
separate the impurities and aggregated proteins. Comparing the elution profiles
between the purified MDM2 with the oligomerized standard allowed us to
determine the molecular weight of the samples. MDM2 eluted as a broad peak
centered at 23 mL, which upon comparison with the protein standards, indicates
that the oligomeric MDM2 has an approximate molecular weight of 690 kDa. This
result has confirmed that MDM2 eluted as an oligomers. Samples from the
MDM2 broad peak were analyzed by SDS-PAGE analysis, which is clearly

shown that the purified protein is from fraction 24 to 32 (Figure 4.6).
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MDM2 has a molecular weight of 56 kDa but appears as 95 kDa in SDS-
PAGE

MDM?2 is calculated to be a 56 kDa protein. However, it appears as two
double bands at 90 kDa in 10% SDS-PAGE. It is suggested that the disulfide
bonds in the cysteine residues were not completely reduced by p-ME and SDS in
the loading dye. To further confirm the presence of 8His-MDM2, samples were
analyzed by electrospray ionization using tandem mass spectrometry. Most of
the digested peptides were confirmed as human MDM2 E3 ubiquitin ligase.

(Figure 4.5).

MDM2 appears as an oligomer under Analytical Ultracentrifugation
Post-column samples from fraction 20 to 32 were pooled together and
concentrated to approximately 0.2 Abs;go for sedimentation velocity experiments.
80 scans of each sample were used to analyze using c(s) model. The partial
specific volume, buffer density, and buffer viscosity were corrected to standard
conditions (water at 20°C). Four peaks were observed. Based on the molecular
weight of monomer of MDM2, the first peak is likely to be dimer, followed by

trimer, tetramer and larger oligomers (Figure 4.7).

MDM2 displays spherical bodies with different sizes under Electron
Microscopy
Sample from the same batch was also negatively stained for Electron

Microscopy. Under EM, spherical bodies with different sizes were observed
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(Figure 4.8). This result agrees with the gel filtration profile of MDM2, suggesting

that the protein is forms an oligomer in vitro.
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Figure 4.4. SDS-PAGE analysis of purification of 8xHis-MDM2. Proteins

were eluted from Ni-NTA resin using a stepwise gradient elution method.

MDM2 with 8xHis tagged were appeared at 95 kDa.
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SVPTDGAVTTSQIPASEQETLVRIXPLLLKLLK
KIYTMIYRNLVVVNQQESSDSGTSVSENRCHLEGGSDQKDLVQEL

QEEKPSSSHLVSRPSTSSRRRAISETEENSDELSGER SSSS
ESTGTPSNPDLDAGVSEH

CTSCNEMNPPLPSHCNR GK AKLENSTQAEE
GFDVPDCKK ITQASQSQESEDYSQPSTSSSIIYSSQEDVKEFEREETQDKEESV
ESSLPLNAIEPCVICQGRPK TGHLMACFTCAK

Figure 4.5-1. Peptides of MDM2 analyzed by tandem mass spectrometry.

Peptides highlighted in green, red and yellow matched the expected peptides
with a 95%, 50-95%, and >50% confidence levels, respectively.

Unused Total %Cov %Cov(50) %Cov(95) Species Peptides(95%) Biological
28.54 28.54 52.95000076 42.57000089 40.52999914 Full=E3  MDM2-ubiquitin- ligase
ligase
Figure 4.5-2. Result of electrospray ionization of of 8xHis-MDM2 using
Tandem Mass Spectrometry (MS/MS). 95% of digested peptides were
identified as MDM2-ubiquitin ligase.
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Superose 6 Profile of Human MDM2
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Figure 4.6. Chromatogram of samples purifed from Superose 6 column
along with SDS-PAGE ananlysis. Samples eluted from 200 mM imidazole
elution buffer was concentrated to 1 mL and loaded onto a Superose 6 column
pre-equilibrated with a 500 mM NaCl, 50 mM Tris-HCI (pH 8.0), 220 mM

Imidazole buffer. Purified protein eluted at fractions 24 to 32.
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Figure 4.7. Sedimentation Distribution of 8xHis-MDM2. The results have
shown that there are four peaks: dimer, trimer, tetramer, and oligomer.

Figure 4.8. Average of MDM2 particles. 1727 particles were chosen by
BOXER and the averages of these 10 classes were done by SPIDER using
40 pixel high filtered mask.
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Discussion

Although MDM2 has been thought to be a dimeric protein for many years,
we observed using gel filtration chromatography and sedimentation velocity
experiments that MDM2 could form larger oligomers. Our result confirms similar
studies done with the isolated MDM2 RING domain, which showed that the
MDM2 RING Domain itself can assemble as supramolecular in vitro (Poyurovsky
et al., 2007). Moreover, multiple peaks were observed in the sedimentation
distribution experiment. This result is supported by the images taken with the
electron microscopy, which correlate to the multiple spherical particles of different
sizes. In addition, the sizes of peaks in the sedimentation distribution analysis
demonstrate that the dimer of MDM2 is more abundant in the sample than the
trimer, tetramer or other larger oligomers of MDM2.

Our experiments pose a question about the biological function of such
supramolecular assembly. Although our in vitro experiments do not explain the
physiological function of the large MDM2 oligomers, these experiments provide a
new insight on MDM2 structure and function. One possibility is that MDM2
oligomers provide a scaffold for p53 ubiquitination during homeostasis. Also,
oligomers can provide a scaffold for proteasomal degradation upon DNA damage.
A similar supramolecular assembly is likely to observed in other signaling
pathways that involve E3-ubiquitin ligases (Yu et al., 2006). We will continue to
explore the biophysical characteristics of MDM2 and our next step for this project
is to perform a single particle reconstruction of MDM2. Such approach can lead

us to obtain more structural information of MDM2
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