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ABSTRACT

Human E3 ligase Mdm2 is an oncogene. Its amplification and overexpression have
been found in many types of cancers. Mdm2 inhibits tumour suppressor p53 by
regulating its stability through Mdm2 RING-mediated ubiquitination. Suppression of this
process is the promising anti-cancer therapeutic approach. The objectives of this project
were to employ biochemical methods to investigate the active site of Mdm2 RING in
vitro through a mutational analysis of the homologous MdmX RING domain, and to
elucidate functions of Mdm2 and MdmX RING in vivo. As a result, amino acid residues
within the dimerization and E2 binding regions potentially involved in the Mdm2 RING-
mediated ubiquitin transfer mechanism were identified. Furthermore, a suppressive effect
of the Mdm2 and MdmX RING domains on p53 transcriptional activity was determined
in vivo. Together, this study provides new insight into the function of Mdm2 RING and

opens further perspective on the rational drug design to treat cancer.
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CHAPTER 1: Introduction

1.1. Tumour suppressor p53 as the “Guardian of the Genome”

p53 is a transcription factor, which modulates expression of its target genes to inhibit
cell proliferation and promote cell death in response to external stress stimuli, such as
DNA-damage, radiation, telomere shortening, oncogene activation, or hypoxia (Gu and
Zhu, 2012; Loughery and Meek, 2013). It plays an important role in maintaining genomic
integrity and preventing tumourigenesis, thus is known as the “guardian of the genome”
(Lane, 1992; Levine, 1997;). p53 was discovered as a binding partner of the viral protein
large T antigen in Simian virus 40 (SV40) transformed mouse cell line in 1979 (Chang et
al., 1979; DeLeo et al., 1979; Lane and Crawford, 1979; Linzer and Levine, 1979; Melero
et al., 1979). Since then, the function of p53 has been extensively studied and shown to
be involved in many fundamental cellular processes, including apoptosis, cell cycle,
DNA repair, metabolism, senescence, and cell differentiation (Loughery and Meek,
2013). Inactivation of p53 is strongly associated with development of cancer. Indeed,
loss of p53 function was found in more than half of all human malignancies caused either
by mutation or deletion of the TP53 gene or aberrant expression of its negative regulators
(Vogelstein et al., 2000). Moreover, germline mutations within the TP53 gene cause
Li-Fraumeni syndrome, a rare genetic disease that predisposes affected individuals to

development of many types of tumours at a young age (Malkin et al., 1990).



In absence of stress p53 is a short-lived protein and maintained at a low level in cells.
Stress signals cause p53 stabilization, activation, and translocation into the nucleus where
it regulates transcription of its target genes (Perry, 2010). As a tumour suppressor, p53
primarily targets genes involved in the regulation of apoptosis and cell cycle arrest. p53
induces the expression of pro-apoptotic Bcl-2 family genes, such as Bax, PUMA, and
Noxa (Haupt et al., 2003). Upregulation of these genes leads to the release of cytochrome
¢ from mitochondria and induction of apoptosis through activation of caspases (Haupt
et al., 2003). p53 also activates the genes involved in cell cycle regulation. Cell cycle
arrest is one of the mechanisms of prevention of malignant transformation, which allows
damaged cells to have sufficient time to repair damaged DNA. One such p53 target gene
is CDKN1A, which encodes cyclin-dependent kinase inhibitor 1, known as p21/WAFL1.
The expression of p21 restrains cell cycle progression from G1 to S phase (el-Deiry et al.,
1994). The mechanisms governing how p53 chooses between induction of programmed
cell death and inhibition of cell division under stress conditions remain poorly

understood; however, it might be dependent on the type of stress and its severity.

p53 consists of 393 amino acid residues with a molecular weight of 53,000 Da (Tang
et al., 2008). It possesses an N-terminal transactivation domain (TAD), a proline-rich
domain (PRD), a central DNA-binding domain (DBD), a tetramerization domain (TET),
and a C-terminal regulatory domain (CTD) (Tang et al., 2008) (Figure 1). In addition, a
nuclear localization signal (NLS) and a nuclear export sequence (NES) located at the

C-terminus allow p53 to transport in and out of the nucleus (Tang et al., 2008).



N-terminal Central core C-terminal

C-terminal
Transactivation  Proline-rich DNA binding domain Tetrameri- regulatory

domain domain zation domain domain

1-42 63- 98-292

NLS NES
Figure 1. Domain arrangement of p53. Three major functional domains make up p53.
N-terminal domain consists of a transactivation domain important for gene transcription
activity and a proline-rich domain assisting p53 in its apoptotic activity. Central domain
is a DNA binding domain essential for p53 gene transcription activity. C-terminal domain
consists of a nuclear localization signal (NLS) and a nuclear export signal (NES) crucial
for transport between the nucleus and the cytoplasm. Tetramerization domain is required
for gene transcription activity. Regulatory domain is an essential site for post-

translational modifications modulating p53 functions. Numbers indicate amino acid
residue positions (Adapted from Tang et al., 2008).

TAD and PRD domains are required for the p53-mediated transcriptional regulation.
They contain the interaction sites for many transcriptional co-activators and undergo
post-translational modifications in response to stresses (Tang et al., 2008). TAD domain
was previously shown to interact with TATA-binding protein and play a role in
transcription initiation (Chang et al., 1995). PRD was demonstrated to participate in pro-
apoptotic and anti-proliferative signaling (Venot et al., 1998; Walker and Levine, 1996).
DBD is the main functional domain of p53 and responsible for the interactions with
specific p53 target gene promoters (Foord et al., 1991). More than 80% of TP53
mutations were identified in DBD, implying functional importance of this domain (Rivlin
et al., 2011). The active p53 protein forms a tetramer, i.e. the complex of four p53
subunits via its TET domain, allowing it to recognize and bind two palindromic DNA

sequences (Friedman et al., 1993). In addition, such a complex formation masks NES;



thereby, inhibiting export of p53 out of the nucleus and allowing regulation of gene
transcription (Stommel et al., 1999). Finally, CTD is subjected to a variety of post-
translational modifications such as phosphorylation, acetylation, methylation,
ubiquitination, which modulate p53 function (Tang et al., 2008). Together, these unique
structural features enable p53 to quickly integrate stress signals and initiate

corresponding cellular responses.

1.2. Post-translational modifications of p53: Role in p53 regulation and

function

Post-translational modifications (PTMs) play a crucial role in regulation of p53
activity and function. Almost each p53 domain can be subjected to PTMs; however,
majority of the PTMs occur within TAD and CTD domains. Multiple residues of p53 can
be phosphorylated, acetylated, methylated, ubiquitinated, sumoylated, neddylated,
glycosylated, or ADP-ribosylated (Gu and Zhu, 2012). The interplay among these PTMs

determines p53 function.

Under stress conditions cellular p53 is stabilized and activated. Phosphorylation of
the N- and C-termini of p53 and acetylation of the C-terminus has been shown to
promote p53 stabilization and activation in response to stress signals (Gu and Zhu, 2012;
Tang et al., 2008). In particular, serine 15 phosphorylation facilitated stabilization of p53
through inhibiting interaction with its main negative regulator Mdm2, which normally
targets p53 for degradation (Dumaz and Meek, 1999). Phosphorylation and acetylation of

the C-terminal domain was shown to be critical for activation of gene transcription
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activity through induction of the conformational changes exposing p53 DBD and
allowing it to interact with DNA (Gu and Roeder, 1997). Other PTMs, such as
ubiquitination, sumoylation, and neddylation, are involved in activation or suppression of
p53 gene transcription activity through modulating its cellular localization or stability

(Gu and Zhu, 2012).

1.2.1. Regulation of p53 through ubiquitination

As p53 activation often leads to growth inhibition and cell death, it is important for
the cell to restrain p53 activity in absence of stress signals. p53 ubiquitination is the key
mechanism that regulates p53 turnover and keeps p53 levels in check. In this section, the
proteins involved in the p53 ubiquitination pathway and their biological functions are

discussed.

Ubiquitin is a 76 amino acid regulatory protein found in all eukaryotic cells
(Figure 2). It is involved in many cellular functions though a processed called
ubiquitination in which ubiquitin molecules are attached to a substrate protein through
covalent linkages (Kimura and Tanaka, 2010). It is known that ubiquitination is
associated with regulation of protein degradation, cell proliferation, cell growth,
development, apoptosis, DNA repair, and signal transduction (Hershko and Ciechanover,
1998). Malfunction of this system can lead to a great number of pathologies, such as
development of neurodegenerative disorders, tumours, and defects in the generation of

immune responses (Kessler, 2013)



C-terminus

Figure 2. Molecular structure of ubiquitin. Cartoon model of ubiquitin is
demonstrated. Seven lysine residues are shown in sticks (Adapted from Brooks, 2010).

p53 ubiquitination involves a series of enzymatic reactions performed by a ubiquitin-
activating enzyme E1, a ubiquitin-conjugating enzyme E2, and a ubiquitin ligase E3
(Allende-Vega and Saville, 2010) (Figure 3). E1 enzyme activates ubiquitin in an ATP-
dependent manner with formation of a thioester bond between a catalytic cysteine residue
of E1 and a C-terminal glycine residue of ubiquitin (Groettrup et al., 2008). Then,
ubiquitin is transferred from E1 onto E2 linking ubiquitin to a catalytic cysteine of E2
through a thioester bond (Ye and Rape, 2009). Lastly, E3 enzymes catalyze the transfer
of ubiquitin from E2 onto p53 with formation of an isopeptide bond between a C-terminal
carboxyl group of ubiquitin and an g-amino group of lysine of p53 (Dikic et al., 2009;
Hammond-Martel et al., 2012; Metzger et al., 2012). There are two E1 enzymes, about 40
E2 enzymes and more than 600 E3 enzymes encoded in a human genome (Allende-Vega
and Saville, 2010; Metzger et al., 2012; Ye and Rape, 2009). E3 ligases differ in the way
they facilitate ubiquitin transfer and can be classified into E3 HECT enzymes, E3 RING
enzymes, and E3 RING-like enzymes (Metzger et al., 2012). The structural and
functional diversity of the E3 enzymes provides a great level of specificity for

modulating cellular responses.
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Figure 3. Protein ubiquitination pathway. Protein ubiquitination takes place in several
steps. First, ubiquitin is activated in an ATP-dependent manner with a ubiquitin-
activating E1 enzyme. Then ubiquitin is transferred onto a ubiquitin-conjugating enzyme
E2. The last step is performed by E3 ligases. E3 RING ligases carry out a direct transfer
of a ubiquitin molecule from an E2 enzyme onto a substrate protein, while E3 HECT
ligases first transfer ubiquitin onto a HECT domain and then onto a target protein
(Adapted from Brooks, 2010).

The E3 ligases that have been reported to mediate ubiquitination of p53 include
Mdmz2, Pirh2, COP1, and ARF-BP1, and depending on the type of ubiquitination pattern,
they modulate p53 function differently (Meek and Anderson, 2009). For instance,

monoubiquitination results in nuclear export of p53 into the cytoplasm, thus altering its



cellular localization (Marchenko et al., 2007). Mdm2-mediated polyubiquitination of p53
with the formation of lysine 48 ubiquitin chain targets it for degradation by the 26S
proteasome (Honda et al., 1997; Thrower et al., 2000). It is the main mechanism that
keeps p53 at a low level in unstressed conditions making Mdm2 the main negative

regulator of p53 (Honda et al., 1997).

Among these p53 E3 ligases, Mdm2 is the primary E3 ligase and plays a central role
in the regulation of p53 function. As the function of Mdm2 is closely linked to its
homologous MdmX, the biology of Mdm2 and MdmX and their role in p53

ubiquitination will be discussed below.

1.3. E3 RING ligases Mdm2 and MdmX

1.3.1. Mdm2 and MdmX as the main negative regulators of p53

The human E3 ligase Mdm2, or Murine Double Minute 2, is the main negative
regulator of the tumour suppressor p53. The gene encoding for the human E3 ligase
Mdm2 was originally identified as an aberrantly amplified DNA fragment on double
minute chromosomes in a mouse fibroblast cell line (Fakharzadeh et al., 1993). The
importance of Mdm2 for p53 functioning was shown with gene knock-out experiments in
mice. Deletion of the MDM2 gene resulted in lethality in early embryogenesis, where
uncontrolled p53 activity caused apoptosis and arrested embryonic development. This
phenotype was rescued by knocking out both TP53 and MDM2 genes (Jones et al., 1995;
Montes de Oca Luna et al., 1995). Mdm2 inhibits the tumour suppressor p53 using two
major mechanisms. 1) Mdmz2 interacts with the N-terminal transactivation domain of p53

8



and the interaction abolishes p53 gene transcription activity; 2) Mdm2 mediates both
mono- and poly-ubiquitination of p53 (Chen et al., 1995; Momand et al., 1992). Mono-
ubiquitination of p53 results in p53 export from the nucleus, whereas polyubiquitination
targets p53 for the proteasomal degradation (Geyer et al., 2000; Gu et al., 2001; Haupt
et al., 1997; Honda et al., 1997; Kubbutat et al., 1997). p53 and Mdm2 form an
autoregulatory negative feedback loop to keep p53 level under control (Wu et al., 1993).
MDM2 is a p53 target gene; therefore, activation of p53 under stress conditions induces
expression of Mdm2. The increased levels of Mdm2 act to suppress p53 activity and

switch off the p53 responses (Wu et al., 1993).

Murine Double Minute X (MdmX, also known as Mdm4) is another important
negative regulator of p53. MdmX is homologous to Mdm2 in arrangement of domains
and function (Shvarts et al., 1996; Shvarts et al., 1997). Its relationship to p53 function
was demonstrated through gene knockout experiments. MDMX gene knockout resulted in
embryonic lethality in the early developmental stage due to excessive p53 activity;
however, knocking out both MDMX and p53 rescued embryonic lethality (Parant et al.,
2001). This experiment not only showed the importance of MdmX for p53 regulation, but
also showed the requirement for presence of both Mdm2 and MdmX for proper p53
functioning. N-terminal p53-binding domain of MdmX interacts with the N-terminal
transactivation domain of p53 and inhibits its gene transcription activity (Bottger et al.,
1999). MdmX lacks intrinsic E3 ligase activity; however, it dimerizes with Mdm2 and
regulates p53 ubiquitination in an indirect way (Sharp et al., 1999; Stad et al., 2001;

Tanimura et al., 1999).
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Figure 4. Structure of the MDM2 gene. The gene consists of 12 exons and two p53
responsive elements (indicated as p53 RE). The gene possesses two promoters P1 and P2
and two start codons in exons 3 and 4. Numbers indicate amino acid residue positions,
and roman numbers indicate exons (Adapted from Iwakuma and Lozano, 2003).

1.3.2. Gene structure and protein domains

The MDM2 gene is located on chromosome 12. It consists of 12 exons and two
promoters, the second of which is p53-dependent (lwakuma and Lozano, 2003) (Figure
4). The MDMX gene is located on chromosome 1 and includes 11 exons, and the MDMX
gene is not under p53 transcriptional regulation (Lenos and Jochemsen, 2011) (Figure 5).
Figure 6 depicts domain organization of Mdm2 and MdmX. Both Mdm2 and MdmX
proteins contain N-terminal p53-binding domains that interact with the p53
transactivation domain and negatively regulate p53 transcription activity (Bottger et al.,

1999; Chen et al., 1995; Momand et al., 1992; Oliner et al, 1992).

— AUG Stop
mpmx [1][2 [3] 4 |5]6[7 [ 8 [9 [io] 11 ]

Figure 5. Structure of the MDMX gene. The gene consists of 11 exons, one start codon
in exon 2. Stop codon is indicated in exon 11 (Adapted from Lenos and Jochemsen,
2011).
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p53 binding NLS NEs Acidic  Zinc RING

1 101 237 331 436 491
1 102 215 332 437 490

Figure 6. Protein domain arrangement of Mdm2 and MdmX. Both Mdm2 and
MdmX possess N-terminal p53-binding domains (green), central acidic domains
(orange), zinc finger domains (red), and C-terminal RING domains (cyan). Mdm2 alone
contains a nuclear localization signal (NLS, blue) and a nuclear export sequence (NES,
yellow). Numbers indicate amino acid residue positions (Adapted from Lee and Gu,
2010).

Mdmz2 possesses a nuclear localization signal and a nuclear export sequence facilitating
Mdmz2 translocation between the nucleus and the cytoplasm, which enables Mdm2 to
tightly regulate p53 function (Roth et al., 1998; Tao and Levine, 1999). In contrast,
MdmX lacks those signals and is primarily localized in the cytoplasm when it is
ectopically overexpressed in a cell (Li et al., 2002). However, most endogenous MdmX is
observed within the nucleus as it dimerizes with Mdm2, and dimerization promotes its
translocation into the nucleus (Li et al., 2002). Furthermore, Mdm2 contains a central
acidic domain and a zinc finger domain, both of which participate in p53 ubiquitination
(Kawai et al., 2003; Lindstrom et al., 2007). MdmX also possesses an acidic domain and
a zinc finger domain. However, there is little sequence similarity between MdmX and
Mdm2 within these two domains, and the role of the MdmX acidic domain and zinc
finger domain is not clear. In addition, Mdm2 possesses a nucleolar localization signal

within the C-terminal domain helping retain Mdm2 within the nucleolus during stress
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response, a mechanism allowing p53 to regulate gene transcription (Lohrum et al., 2000).
Finally, both Mdm2 and MdmX contain C-terminal RING domains. The Mdm2 RING
domain is the catalytic site for its E3 ligase activity. Although the MdmX RING domain
shares a high degree of sequence homology with the Mdm2 RING domain, it does not
contain E3 ligase activity. Both domains are crucial for the function of Mdm2 and
MdmX. As Mdm2 and MdmX RING domains are the focus of my study, their structural

and functional features are further discussed in the next section.

1.3.3. Mdm2 RING domain: A key to ubiquitin transfer

A RING (Really Interesting New Gene) finger domain is a protein structural motif
consisting of approximately 60 amino acids. The main role of the RING domain is to
recruit a ubiquitin conjugating enzyme E2 and perform a direct transfer of ubiquitin from
an E2 enzyme onto a substrate protein. The RING finger domain is a cysteine and
histidine rich zinc binding motif (Freemont et al., 1993). It coordinates two zinc ions by
four pairs of cysteine and histidine residues and folds into a cross-braced topology, i.e.
the first and third pairs of cysteine and histidine residues coordinate the first zinc ion and
the second and fourth pairs of cysteine residues bind to the second zinc ion (Freemont et
al., 1993). This is an essential feature the RING domain and is important for its structural

stability and its catalytic function.
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Figure 7. Crystal structure of the Mdm2/MdmX RING heterodimer. Mdm2 RING
(432-491) subunit is coloured in green; MdmX RING (430-490) subunit is coloured in
cyan (PDB 2VJE). Each RING subunit coordinates two zinc ions with cysteine and
histidine residues shown in sticks. Amino- and carboxy-termini are indicated as N and C,
respectively. Protein model was generated using PyMol software.

The Mdm2 and MdmX RING domains are located at the extreme C-termini of Mdm2
and MdmX. Figure 7 demonstrates the crystal structure of the Mdm2/MdmX RING
heterodimer. Sequence alignment of the Mdm2 and MdmX RING domains shows
conservation of the cysteine and histidine residues involved in coordination of two zinc
ions (Figure 8A). Removal of zinc ions by using metal-chelating reagents, such as EDTA,
or mutations of the cysteine and histidine residues harbouring zinc ions led to inactivation

of the Mdm2 RING domain-mediated E3 ligase activity (Fang et al., 2000).

Despite the fact that MdmX RING is structurally homologous to Mdm2 RING,

MdmX RING does not have E3 ligase activity. MdmX modulates Mdm2 E3 ligase
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activity by inhibiting Mdm2 autoubiquitination and stabilizing Mdm2 through formation

of the Mdm2/MdmX heterodimer via RING domains.

Several research studies attempted to define regions of the Mdm2 RING domain
required for dimerization and for E2 binding, which are two essential features required
for E3 ligase activity. Mutagenesis of the last five C-terminal residues within the Mdm2
RING domain abolished E3 ligase activity and dimerization (Poyurovsky et al., 2007).
Similarly, mutational analysis of the seven extreme C-terminal residues of the Mdm2
RING domain diminished Mdm2 E3 ligase activity; however, deletion of those residues
attenuated dimerization and ubiquitination activity (Shloush et al., 2010). Mdm2/Mdm?2
and Mdm2/MdmX dimerization was further revealed by the solution and crystal
structures of the Mdm2/Mdm2 RING homodimer and Mdm2/MdmX RING heterodimer,
respectively (Kostic et al., 2006; Linke et al., 2008). Indeed, investigation of the
Mdm2/MdmX RING crystal structure revealed contacts between the B3-stand of one
subunit and B2-strand of the other subunit, thus forming a p-barrel structure composed of
six B-strands. These results suggest that the C-terminal residues are essential for the
Mdm2 RING domain-mediated E3 ligase activity. Further mutational analysis identified
a number of amino acid residues located within the loop regions and the a-helix required
for interactions with an E2 enzyme (Linke et al., 2008; Shloush et al., 2010). Although
dimerization region of the RING domain and the E2 binding surfaces have been mapped,
the mechanism of the Mdm2 RING-mediated E3 ligase activity particularly how the
RING domain mediates ubiquitin transfer from an E2 enzyme onto a substrate remains

elusive and requires further investigation.
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1.4. Mdm2 and MdmX in human diseases

Many types of human cancers are characterized by gene amplification or
overexpression of Mdm2 and MdmX. Mdm2 is overexpressed in 7% of all human
cancers and 30% of osteogenic and soft tissue sarcomas (Momand et al., 1998).
Amplification of the MDMX gene was found in about 35% of osteogenic and 16% of soft
tissue sarcomas (Lenos et al., 2012). In addition, aberrant MDM2 and MDMX gene
products have been identified. More than 40 alternatively spliced MDM2 forms have
been found in normal and cancerous tissues (Volk et al., 2009). MDM2 splice variants
were detected primarily in malignant tumour types with poor prognosis (Dang et al.,
2002). Although mechanisms are not clear, it is believed that alternative splicing of
Mdm2 mRNA transcripts, proteolytic cleavage, or post-translational modifications lead
to expression of aberrant protein products (Evans et al., 2001; Volk et al., 2009).
MDM2-A and HDM2""™ are the MDM2 splice variants lacking the N-terminal p53
binding domain, however, containing the intact C-terminal RING domain (Evans et al.,
2001; Volk et al., 2009). These splice variants were found to interact with the full-length
Mdm2 in vivo and interfere with the Mdm2-mediated p53 inactivation (Evans et al.,
2001; Volk et al., 2009). Similar to MDM2 gene, MDMX gene was also found to undergo
alternative splicing (Giglio et al., 2005). An MDMX splice variant, HDMX211, lacking
the N-terminal p53 binding domain and containing the intact C-terminal RING domain
was identified (Giglio et al., 2005). HDMX211 was found to interact and stabilize Mdm2

and counteract with its ability to target p53 for degradation (Giglio et al., 2005).
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1.5. Inhibition of Mdm2 and MdmX

Aberrant amplification of the MDM2 and MDMX genes and overexpression of their
gene products are clearly associated with cancer development. Therefore, developing
therapeutics to inhibit Mdm2 and MdmX in cancer cells is a desired strategy and needs to
be pursued for anticancer therapy. Development of Mdm2 inhibitors follows three main
strategies: suppression of Mdm2 expression, disruption of the Mdm2/p53 interaction, and
eradication of its E3 ligase activity. Introduction of anti-sense oligonucleotides and
SiRNA targeting Mdm2 mRNA led to an increase in stabilization and activation of the
p53 apoptotic function (Chen et al., 1998; Tortora et al., 2000; Zhang et al., 2003). The
second approach is to interfere with the interaction between the N-terminal domain of
Mdm2 and the transactivation domain of p53. Small-molecule inhibitors have already
been identified and shown to inhibit Mdm2-mediated inactivation of p53 gene
transcription activity, such as Nutlins, RITA, MI-63, and MI-219 (Ding et al., 2006;
Issaeva et al., 2004; Shangary et al., 2008; Vassilev et al., 2004). The third approach is to
inhibit E3 ligase activity of the Mdm2 C-terminal RING domain. High-throughput
screening of chemical compounds revealed several classes of inhibitors, such as HLI98,
HLI373, and sempervirine, able to suppress Mdm2-mediated autoubiquitination and p53
ubiquitination leading to a stabilized and activated cellular p53 (Kitagaki et al., 2008;
Sasiela et al., 2008; Yang et al., 2005). Structural characterization of the binding interface
between the N-terminal p53-binding domain of Mdm2 and the N-terminal p53
transactivation domain enables development of inhibitors that dissociate interaction
between Mdm2 and p53. However, the catalytic site of the Mdm2 RING domain remains
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poorly characterized. This limits development of inhibitors targeting Mdm2 E3 ligase
activity. Further characterization of the Mdm2 RING domain will allow improvement of
the existing Mdm2 E3 ligase inhibitors and enable development of novel compounds that

exhibit potency and selectivity in targeting E3 ligase activity of Mdm2.

1.6. Objectives

Under stress conditions the tumour suppressor p53 prevents malignant transformation
by promoting apoptosis or cell cycle arrest. Absence of the normal function of p53 as a
tumour suppressor promotes tumourigenesis. In cancer cells p53 activity is inhibited by
gene amplification or overexpression of its main negative regulators homologous E3
ligases Mdm2 and MdmX. Therefore, developing inhibitor compounds targeting Mdm2
and MdmX is a desired anti-cancer therapeutic approach. Research has been mostly
concentrated on inhibiting Mdm2 and MdmX N-termini to re-activate p53 gene
transcription activity. However, it is as important to eliminate Mdm2-mediated p53
ubiquitination by means of inhibiting the Mdm2 RING domain. Current drug design
targeting the Mdm2 RING domain lacks effectiveness due to insufficient knowledge in
the mechanistic details of the Mdm2 RING-mediated ubiquitination. In this study, |
characterize the Mdm2 and MdmX RING domains in order to provide a mechanistic

insight into the Mdm2 RING-mediated ubiquitination.

In the in vitro study, | aim to identify the amino acid residues important for the
Mdm2 RING-mediated ubiquitin transfer mechanism. | hypothesize that the sequence

differences between the Mdm2 and MdmX RING domains are responsible for their
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functional differences. | performed site-directed mutagenesis of the MdmX RING
domain and characterized the role of each mutated residue in the RING domain-mediated
ubiquitination. This project was initiated during my fourth year Undergraduate Honours
Thesis in Dr. Yi Sheng’s lab. As an undergraduate student | established methodology and
was able to synthesize several MdmX RING domain mutants and test their
autoubiquitination activity in vitro. As a graduate student | performed extensive sequence
alignment and structural analyses, reproduced my previous findings, and performed
additional in vitro ubiquitination assays to test activities of the mutated MdmX RING

domains.

In the in vivo study, | aim to investigate functions of the Mdm2 and MdmX RING
domains. | examined effects of the ectopic expression of Mdm2 RING and MdmX RING
on the endogenous levels of Mdm2, MdmX, and p53. | also investigated effects on
transcriptional activity of p53 by analyzing levels of phosphorylated p53, p21, and Bax.
Finally, 1 characterized cellular localization of the overexpressed Mdm2 RING and
MdmX RING and examined interactions of the ectopically expressed Mdm2 RING and

MdmX RING with full-length Mdm2 and MdmX.
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CHAPTER 2: Structural and functional characterization of the active site of the

human Mdm2 RING domain

2.1. Introduction

Mdm?2 is strongly associated with cancer development and progression. The MDM2
gene is found amplified or overexpressed in 7% of all human cancers; therefore, finding
ways of inhibiting Mdm2 in cancer cells and restoring p53 function is a rational
therapeutic approach (Momand et al., 1998). For instance, a small molecule inhibitor,
Nutlin, was developed to block interactions between the N-termini of Mdm2 and p53,
thereby, inhibiting p53 transcription activity (Vassilev et al., 2004). However, there is
limited progress in development of Mdm2 inhibitors targeting its E3 ligase activity.
Ubiquitination activity of Mdmz2 is attributed to its C-terminal RING domain, which
performs a direct transfer of ubiquitin from an E2 enzyme onto a substrate protein.
Several research studies have made attempts to characterize the RING domain-mediated
ubiquitin transfer mechanism; however, mechanistic details still remain poorly
understood (lyappan et al., 2010; Linke et al., 2008; Shloush et al., 2011). Lack of
understanding of how the RING domain works represents a major drawback in

developing Mdm2 E3 ligase inhibitors.

This study provides a further insight into the mechanism of the Mdm2-mediated
ubiquitination through analyzing functional differences between the Mdm2 and MdmX
RING domains. It is hypothesized that amino acid differences between these two RING

domains might be responsible for their functional differences. To test this hypothesis,
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sequence and structure analyses of the Mdm2 RING and MdmX RING domains were
performed to identify the Mdm2 RING residues that differed between Mdm2 and MdmX
and could potentially be responsible for E3 ligase activity. Based on their structural
proximity to the active site and evolutionary sequence conservation, several Mdm2 RING
residues were chosen and substituted in the MdmX RING domain through site-directed
mutagenesis. In vitro ubiquitination assays were performed to test whether the mutated

MdmX RING domain could gain E3 ligase activity.

2.2. Materials and Methods

2.2.1. Molecular cloning and site-directed mutagenesis

MdmX RING (416-491) was cloned from the human MdmX (1-491) into
Ndel/BamHI digested pET-15b (Novagene) and pGEX-2TK (GE) expression vectors.
Mutagenesis of the MdmX RING domain was carried out using QuikChange®

Site-Directed Mutagenesis Kit.

2.2.2. Protein expression and purification

All proteins were expressed in Escherichia coli BL21 DE3 Codon Plus cells
(Stratagene) using 1 mM IPTG for 16 hours at 16 °C. 150 uM ZnCl, was added to the
growing bacterial cultures. To prepare His-fusion proteins, bacterial pellets were
sonicated in lysis buffer (50 mM Tris pH 7.5, 500 mM NaCl, 10% glycerol, 50 uM
ZnCly, 1 mM benzamidine, 0.5 mM PMSF, 1 mM B-mercaptoethanol, 0.1% Triton-X,

20 mM imidazole). Following 1 hour incubation with nickel resin, samples were washed
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with a buffer containing 50 mM Tris pH 7.5, 500 mM NacCl, 10% glycerol, 50 uM ZnCls,,
1 mM benzamidine, 0.5 mM PMSF, 1 mM B-mercaptoethanol, and 20 mM imidazole.
His-RING domains were eluted from the resin with elution buffer (50 mM Tris pH 7.5,
500 mM NaCl, 10% glycerol, 50 uM ZnCl,, 1 mM benzamidine, 0.5 mM PMSF, 1 mM
B-mercaptoethanol, 500 mM imidazole). For purification of the GST-fusion RING
domains, cell pellets were sonicated in a buffer containing 50 mM Tris pH 7.5, 500 mM
NaCl, 10% glycerol, 50 uM ZnCl;, 0.5 mM PMSF, 10 mM B-mercaptoethanol, and 0.1%
Triton-X. Samples were washed with wash buffer (50 mM Tris pH 7.5, 500 mM NacCl,
10% glycerol, 50 uM ZnCl,, 0.5 mM PMSF, 10 mM B-mercaptoethanol) after 2-hour
incubation with the GST resin. GST-fusion proteins were eluted in a buffer containing
50 mM Tris, 30 mM glutathione, 500 mM NacCl, 10% glycerol, 50 uM ZnCl,, 10 mM

B-mercaptoethanol in pH 7.5. All protein samples were stored at -80 °C until use.

2.2.3. Invitro ubiquitination assays

A ubiquitination reaction contained 0.5 ug of E1, 0.2 ug of UbE2D2, and 5 ug of
ubiquitin. For autoubiquitination assays, 0.5 ug of E3 (His-tagged RING domains) was
used; for substrate ubiquitination, a total of 1.0 ug of E3 was used (0.5 ug of His-tagged
RING domains and 0.5 ug of either GST-MdmX RING domain or GST-MdmX full-
length). The reaction was performed in 20 ul of the buffer containing 50 mM Tris pH 7.6,
5 mM MgCI2, 2 mM DTT, 0.1X protease inhibitor, and 2 mM ATP. Following
90-minute incubation at 30 °C, 5x SDS-PAGE sample buffer was added to reactions

which were later resolved on 7.5% SDS-PAGE and transferred onto the PVDF membrane
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(GE Healthcare Amersham HybondTM-P) for immunoblotting. Autoubiquitination of the
RING domains was detected using a monoclonal anti-ubiquitin antibody (Covance).
Substrate ubiquitination was visualized using a monoclonal anti-GST antibody

(GE Healthcare).

2.2.4. Protein modeling

Protein complex modeling and mutagenesis were performed using PyMol software.
Solution structure of the Mdm2 RING homodimer (PDB 2HDP) and crystal structure of
the Mdm2/MdmX RING heterodimer (PDB 2VJE) were used to demonstrate wild-type
protein complexes (Kostic et al., 2006; Linke et al., 2008). The model of the MdmX
RING homodimer was generated using the crystal structure of the Mdm2/MdmX RING
heterodimer (PDB 2VJE). The model of the E2-E3 complex was generated using the
crystal structure of the clAP2-UbcH5B complex (PDB 3EB6) and the crystal structure of
the Mdm2/MdmX RING heterodimer (PDB 2VJE) (Linke et al., 2008; Mace et al.,
2008). The Mdm2 RING and MdmX RING subunits were aligned with the clAP2 RING
domain, and the clAP2 RING domain was not shown in the figure to facilitate viewing of
the complex between the aligned Mdm2 and MdmX RING domains and UbcH5B E2

enzyme.
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2.3. Results

2.3.1. Sequence and structural analysis of the Mdm2 and MdmX RING domains

As the sequence and structural variations between the Mdm2 and MdmX RING
domains are responsible for the functional differences, a sequence and structural analyses
of the Mdm2 and MdmX RING domains were performed to map the catalytic site of the
Mdm2 RING domain. Based on the sequence alignment of the Mdm2 and MdmX RING
domains from several species, the Mdm2 RING domain is more conserved throughout
evolution than the MdmX RING domain; however, the two domains share about 43%
sequence identity (Figure 8A). There are 25 highly conserved residues identified, which
form the core structure of the RING domain composed of two B-strands and one a-helix.
Among these conserved residues, six cysteines and two histidines, are important for
coordination of two zinc ions, which were also shown to be essential for proper folding of
the RING domain (Fang et al., 2000). There are 36 residues that are different between the
Mdm2 and MdmX RING domains and share various degrees of conservation. 27 of those
amino acid changes possess side chains with similar chemical properties. For instance,
there is isoleucine at position 435 within Mdm2 RING, and there is leucine at the
corresponding MdmX RING position. Both residues are hydrophobic. The remaining 9
amino acid differences carry side chains with differing chemical properties. For instance,
Mdm2 RING possesses a hydrophobic valine residues at position 439, whereas MdmX

RING —a polar serine residue at the same position.

23



H. sapiens 430 491
P. troglodytes 436 497
B. taurus 431 492
Mdm2 C. lupus 426 487
M. musculus 428 489
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Figure 8. Sequence and structure analysis of the Mdm2 and MdmX RING domains.
A, Sequence alignment of the Mdm2 and MdmX RING domains from different species is
depicted. Residues between the Mdm2 and MdmX RING domains are shaded based on
their sequence conservation. The secondary structure of the RING domain is shown on
top. The cysteine and histidine residues involved in zinc coordination are indicated by
blue circles. The MdmX RING mutated residues are shown with red and blue stars. The
protein accession numbers for the Mdm2 RING domains are as follows H. sapiens
(Q00987.1), P. troglodytes (XP_001155208.1), B. taurus (NP_001092577.1), C. lupus
(NP_001003103.1), M. musculus (NP_0349116.1), G. gallus (NP_001186313.1), X.
laevis (P56273), D. rario (NP_571439.2). The protein accession numbers for the MdmX
RING domains are as follows H. sapiens (NP_002384.2), P. troglodytes
(XP_001160152.1), B. taurus (NP_001039634.1), C. lupus (XP_536098.3), M. musculus
(NP_032601.2), G. gallus (XP_417957.3), X. laevis (NP_001082434), D. rario
(NP_997897.1). The sequence alignment was performed by ClustalX2.1 and presented
using GeneDoc. B, Model representing the aligned Mdm2 RING and MdmX RING
domains (PDB 2VJE) is demonstrated. Mdm2 RING subunit is shown in green, MdmX
RING — in cyan. Mdm2 and MdmX RING residues under investigation are shown in
sticks.
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The crystal structure of the Mdm2/MdmX RING domain heterodimer (PDB 2VJE) was
used to analyze the positions of the non-identical amino acids and predict their functional
importance. We selected Mdm2 RING cysteine 449 (C449) and lysine 454 (K454)
located within the hydrophobic core of the RING domain dimer, as well as valine 439
(V439), glutamine 442 (Q442), alanine 460 (A460), threonine 463 (T463), arginine 479
(R479), glutamine 480 (Q480), and proline 481 (P481) located at the putative E2 enzyme
interaction surface (Figure 8B). These residues are located within the loop regions of the
RING domain (except for C449 located within Bl-strand and T463 located within the
a-helix) in close proximity to the zinc coordination sites (Figures 9A and 9B). High
degree of conservation of these residues within the Mdm2 RING domain across several
species analyzed in this study suggest that they might play a role in maintaining structural
integrity of the Mdm2 RING domain or contribute to E3 ligase activity (Figure 8A).
Moreover, the fact that these residues were not conserved between Mdm2 and MdmX
proposed the possibility of these residues being responsible for E3 ligase activity of the
Mdm2 RING domain. To test, this hypothesis, site-directed mutagenesis of the MdmX

RING domain was performed.
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2.3.2. Mutational analysis of the MdmX RING domain

Using site-directed mutagenesis, selected Mdm2 RING residues were introduced into
the MdmX RING domain at the corresponding sites. Specifically, arginine 453 and
asparagine 448 within the core of the Mdm2/MdmX RING heterodimer were substituted
for lysine and cysteine, respectively and known as R453K and N448C. Moreover, the
potential E2 binding surface mutations serine 438 to valine (S438V), glutamate 441 to
glutamine (E441Q), threonine 459 to alanine (T459A), histidine 462 to threonine
(H462T), lysine 478 to arginine (K478R), lysine 479 to glutamine (K479Q), and
glutamate 480 to proline (E480P) were introduced into the MdmX RING domain.
Figures 9A and 9B show the localization of the selected residues within the Mdm2 and
MdmX RING domains and the summary of the generated MdmX RING domain mutants.
In this study, three single MdmX RING domain mutants — N448C, T459A, and K478R,
four double mutants — S438V/E441Q, N448C/K478R, R453K/K478R, and

T459A/H462T, and one triple mutant — KKE478RQP were generated.

Mutant MdmX RING domains were expressed in E. coli as His-tag fusion proteins
and purified using nickel affinity chromatography (Appendix B. Figures 3 and 4). They

were used to test their E3 ligase activity through in vitro ubiquitination assays.
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Figure 9. Mutational analysis of the MdmX RING domain. A, Sequence alignment of
the Mdm2 RING (430-491) and MdmX RING (429-490) is shown. Conserved cysteine
and histidine residues involved in zinc ion coordination are highlighted in orange.
Mutated residues potentially involved in dimerization are highlighted in purple, and
mutated residues potentially involved in E2 binding — in red. B, Cartoon model
representing Mdm2/MdmX RING heterodimer (PDB 2VJE) is depicted. Mdm2 RING
subunit is shown in green, MdmX RING — in cyan. MdmX RING mutated residues are
shown in sticks and labeled in purple and red. The corresponding Mdm2 RING residues
are shown in sticks and labeled in black. Summary of the generated MdmX RING

domain mutants is shown in table on the right.

27



2.3.3. Autoubiquitination activity of the MdmX RING mutants

MdmX RING domain mutants were first tested for the ability to perform
autoubiquitination, that is ubiquitination of the E3 (wild-type and mutated MdmX RING
domains) itself, using in vitro ubiquitination assay (Figures 10A and 10B). In this assay,
wild-type Mdm2 RING was used as the positive control and wild-type MdmX RING as
the negative control. Each reaction included E1, E2 (UbE2D2/UbcH5B), His-tagged E3
(Mdm2 RING, MdmX RING, or MdmX RING mutant), His-tagged ubiquitin, and ATP.
The efficiency of the E3 ligase in each reaction was evaluated based on the amount of the
ubiquitinated substrates produced, which was detected by immunoblotting using an
antibody against ubiquitin (Figure 10B). The results of the experiment are summarized in
Figure 10C. As expected, Mdm2 RING domain demonstrated strong autoubiquitination
activity. MdmX RING T549A and KKE478RQP mutants did not show any
autoubiquitination activity. MdmX RING K478R, T459A/H462T, S438V/E441Q, and
R453K/K478R mutants gained weak ubiquitination activity. Interestingly, a point
mutation N448C and a double mutation N448C/K478R granted MdmX RING domain an
ability to ubiquitinate itself similar to Mdm2 RING domain suggesting the respective
residues Mdm2 C449 and R479 play important roles in the Mdm2-mediated

ubiquitination.
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Figure 10. Autoubiquitination activity of the MdmX RING mutants. A, Principle of
the in vitro ubiquitination assay. B, Autoubiquitination activity of the Mdm RING
domains was investigated with in vitro ubiquitination assay which included E1, E2
(E2D2), E3 (either His Mdm2 RING in positive and negative controls or His MdmX
RING in experimental samples), ubiquitin, and ATP as described in Section 2.2.3.
Autoubiquitination activity was detected using a monoclonal anti-ubiquitin antibody
(Covance) C, E3 ligase activity exhibited by the wild-type Mdm2 and MdmX RING
domains, as well as of the mutated MdmX RING domains is estimated based on the
strength of the signal and is summarized in the table.
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2.3.4. Ubiquitination of the wild-type MdmX RING and the wild-type full-length

MdmX by the mutated MdmX RING domains

Following autoubiquitination, the MdmX RING domain mutants were tested for the
ability to perform substrate ubiquitination (Figure 10A). As MdmX is one of the
ubiquitination substrates of Mdm2, wild-type MdmX RING domain and wild-type full-
length MdmX were used as substrates in two independent in vitro ubiquitination

experiments (Figures 11 and 12).
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Figure 11. Ubiquitination of the wild-type MdmX RING by the mutated MdmX
RING domains. The ability of the mutated MdmX RING domains to ubiquitinate wild-
type MdmX RING was tested through in vitro ubiquitination assay which contained E1,
E2 (E2D2), E3 (either His Mdm2 RING in positive and negative controls or His MdmX
RING in experimental samples), ubiquitin, and ATP. Each reaction also included wild-
type GST-MdmX RING to investigate substrate ubiquitination. A, Ubiquitination of the
GST-MdmX RING domain was evaluated using a monoclonal anti-GST antibody
(GE Healthcare). B, Substrate and autoubiquitination were detected using a monoclonal
anti-ubiquitin antibody (Covance).
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Figure 12. Ubiquitination of the wild-type full-length MdmX by the MdmX RING
mutants. The ability of the mutated MdmX RING domains to ubiquitinate wild-type full-
length MdmX was tested through in vitro ubiquitination assay which included E1, E2
(E2D2), E3 (either His Mdm2 RING in positive and negative controls or His MdmX
RING in experimental samples), ubiquitin, and ATP. Each reaction also contained wild-
type full-length GST-MdmX to investigate substrate ubiquitination. A, Ubiquitination of
the full-length GST-MdmX was evaluated using a monoclonal anti-GST antibody (GE
Healthcare). B, Substrate and autoubiquitination were detected using a monoclonal anti-
ubiquitin antibody (Covance).

Ubiquitinated MdmX RING domain or full-length MdmX were detected by
immunoblotting using an anti-GST tag antibody (Figures 11A and 12A). The total
ubiquitinated products that are produced from both autoubiquitination activity and
substrate ubiquitination were identified by immunoblotting using an anti-ubiquitin
antibody (Figures 11B and 12B). As expected, Mdm2 RING domain showed a strong
ability to ubiquitinate MdmX RING domain and full-length MdmX, whereas MdmX
RING domain showed no ubiquitination activity. Consistent with results from the in vitro

autoubiquitination experiments, single mutations K478R and N448C, double mutations
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N448C/KAT78R, T459A/H462T, and S438V/E441Q showed autoubiquitination activity
(Figures 11B and 12B). However, only MdmX RING N448C, N448C/K478R, and
T459A/H462T mutants were able to ubiquitinate wild-type MdmX RING domain (Figure
11A). In the experiment using full-length MdmX as the substrate, only double
substitution N448C/K478R allowed mutated MdmX RING domain to ubiquitinate full-
length MdmX (Figure 12A). Together, the Mdm2 RING residues valine 439, glutamine
442, cysteine 449, alanine 460, threonine 463, and arginine 479 showed importance for
E3 ligase activity. However, it is possible that different residues could be required for
auto- or substrate ubiquitination. The Mdm2 RING domain residues cysteine 449 and

arginine 479 were found to be important for ubiquitination of the full-length MdmX.

2.3.5. Structural characterization of the MdmX RING domain mutants

2.3.5.1 Analysis of the dimerization region

In this study several single and double amino acid substitutions could turn an inactive
MdmX RING domain into an active E3 ligase in vitro, suggesting that these particular
residues might be essential for the catalytic activity of an E3 ligase. Following a
structural analysis of the Mdm2/MdmX RING dimerization region mainly composed of
hydrophobic and small polar residues; the role of Mdm2 RING C449 and K454 in the
ubiquitination reaction was examined. As shown in Figures 13 and 14, the Mdm2 RING
C449 residue and the MdmX RING N448 residue reside at the same position when
comparing the Mdm2 RING and MdmX RING domain monomers. However, in the

dimer structure the side chains of two residues protrude into the central space of the
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B-barrel from two opposite sides. As asparagine has a longer side chain than cysteine,
two long polar side chains of N448 within the MdmX RING dimerization domain could
position the two residues too close possibly making a negative impact on the dimer
formation and stability of the MdmX RING homodimer (Figures 14A-C). However, the
presence of cysteine (C449) at the same position could favour formation of the Mdm2
RING homodimer or the Mdm2/MdmX heterodimer, both of which act as active E3
ligases (Figure 13). In particular, the side chains of one cysteine (C449) and one
asparagine residue (N448) in the Mdm2/MdmX RING heterodimer could form hydrogen
bonding contributing to the thermodynamic stability of the heterodimer (Figures 13D-F).
Similarly, a N448C substitution within the MdmX RING mutant homodimer could
promote protein stability and contribute to the E3 ligase activity (Figures 14D and 14E).
Importantly, a previous study showed that MdmX N448C substitution turned an inactive
MdmX RING domain into an active E3 ligase for p53 in vitro, further supporting the
important function of this residue in mediating Mdm2 E3 ligase activity (lyappan et al.,

2010).
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Figure 13. Structural analysis of the dimerization region of the Mdm2 RING
homodimer and the Mdm2/MdmX RING heterodimer. A, Computer model of the
Mdm2 RING domain homodimer (PDB 2HDP) is depicted. Subunit 1 is shown in green,
subunit 2 — in pale green. Cysteine 449 (C449) and lysine 454 (K454) residues are
highlighted in blue. N-terminus is indicated as N, and C-terminus — as C. B, The bottom
view of the molecule is shown. C, The enlarged view of the dimerization region of the
complex is shown. D, Computer model of the Mdm2/MdmX RING domain heterodimer
(PDB 2VJE) is demonstrated. Mdm2 RING subunit is shown in green, MdmX RING
subunit — in cyan. Mdm2 RING cysteine 449 (C449) and lysine 454 (K454) residues and
MdmX RING asparagine 448 (N448) and arginine 453 (R453) are highlighted in pink.
N-terminus is indicated as N, and C-terminus — as C. E, The bottom view of the molecule
is shown. F, The enlarged view of the dimerization region of the complex is depicted.
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Figure 14. Structural analysis of the dimerization region of the MdmX RING
homodimer. A, Computer model of the MdmX RING domain homodimer (PDB 2VJE)
is demonstrated. Subunit 1 is shown in cyan, subunit 2 — in pale cyan. Asparagine 448
(N448) and arginine 453 (R453) residues are highlighted in orange. N-terminus is
indicated as N, and C-terminus — as C. B, The bottom view of the molecule. C, The
enlarged view of the dimerization region of the complex is depicted. D, The bottom view
of the mutated MdmX RING N448C homodimer is shown. Cysteine 448 is shown in red.
E, The enlarged view of the dimerization region of the mutated complex is demonstrated.
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In addition, the role of Mdm2 RING K454 and MdmX RING R453 was investigated.
In the Mdm2/MdmX heterodimer structure, both R453 and K454 are located at the
dimerization interface (Figure 13D). The backbone carbonyl group of MdmX RING
R453 forms a hydrogen bond with the backbone amide group of Mdm2 RING L487, and
the backbone carbonyl group of Mdm2 RING K454 forms a hydrogen bond with the
backbone amide group of MdmX RING K486. Their side chains do not contribute to
dimerization. Previous studies have also reported mutation of Mdm2 RING K454 did not
abolish the ubiquitination function of Mdm2 (Poyurovsky et al., 2003; Priest et al., 2010).
The role of Mdm2 RING K454 and MdmX RING R453 was studied in the double mutant
MdmX RING R453K/K478R. Even though MdmX RING K478R single mutant acquired
E3 ligase activity as discussed below, MdmX RING R453K/K478R mutant showed very
little effect, suggesting K454 does not contribute to E3 ligase activity of the Mdm2 RING

domain.
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2.3.5.2 Analysis of the E2 binding region

We also performed a structural analysis of the E2 binding surface of the Mdm2 RING
domain and examined the roles of Mdm2 RING residues V439, Q442, A460, T463,
R479, Q480, and P481 for E2 recruitment (Figure 15). As a result of the mutational and
functional analyses of the generated MdmX RING domain mutants, we found K478R,
N448C/KAT78R, T459A/H462T, and S438V/E441Q mutations giving MdmX RING a
weak ability to perform autoubiquitination. In addition, we observed wild-type MdmX
RING ubiquitination by MdmX RING K478R, N448C/K478R, and T459A/H462T, and
wild-type full-length MdmX ubiquitination by MdmX RING N448C/K478R. In
particular, Mdm2 RING R479 was mutated in previous studies, and its substitution
abolished E3 ligase activity of Mdm2 (Linke et al., 2008; Shloush et al., 2011). The
MdmX RING domain with arginine at position 478 became an active E3 ligase,
presumably due to a more favourable interaction with the residue Q92 of the E2 enzyme
UbcH5B (Figure 16). However, this should be confirmed with solving the structure of the
MdmX RING domain mutant and an E2 enzyme. Interestingly, only MdmX RING
N448C/K478R was able to perform autoubiquitination and substrates ubiquitination
tested in this study. Possibly, changes within both the dimerization region and the E2

binding region were necessary for the function.
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Figure 15. Structural analysis of the E2 binding surface of the Mdm2 and MdmX
RING domains. A, Computer model of the E2-E3 complex, where the Mdm2 RING and
MdmX RING homodimers are aligned (PDB 3EB6, PDB 2VJE). Mdm2 RING
homodimer is shown in green/pale green, MdmX RING homodimer — in cyan/pale cyan,
E2/UbcH5B — in violet. The residues of interest located at the E2 binding surface are
shown in sticks. N-terminus is indicated as N, and C-terminus — as C. B, The enlarged
view of the putative residues involved in E2 binding within the Mdm2 and MdmX RING
domains is depicted. Mdm2 RING subunit is shown in green, MdmX RING subunit — in
cyan. Mdm2 RING residues are indicated in green, MdmX RING residues — in cyan.
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Figure 16. Structural analysis of the E2 binding surface of the Mdm2 and MdmX
RING domains. A, Computer model of the E2-E3 complex, where the Mdm2 RING and
MdmX RING homodimers are aligned (PDB 3EB6, PDB 2VJE). Mdm2 RING
homodimer is shown in green/pale green, MdmX RING homodimer — in cyan/pale cyan,
E2/UbcH5B — in violet. Mdm2 RING arginine 479 (R479) and MdmX RING lysine 478
(K478) are shown in sticks. N-terminus is indicated as N, and C-terminus — as C. B, The
enlarged view of the putative interaction between the wild-type E3 and E2/UbcH5B. The
molecular orientation of the Mdm2 RING R479, MdmX RING K478 and E2/UbcH5B
serine 94 (S94) and glutamine 92 (Q92) is shown. C, The enlarged view of the putative
interaction between the mutated E3 and E2/UbcH5B is demonstrated. The molecular
orientation of the Mdm2 RING R479, MdmX RING R478 (shown in red) and
E2/UbcH5B S94 and Q92 is shown.
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Previously, Mdm2 RING V439 and Q442 were mutated to alanine, and these
substitutions were not found to abolish Mdm2 autoubiquitination activity (Linke et al.,
2008). However, another study showed Q442 mutation to alanine was able to block both
Mdm2 autoubiquitination and p53 ubiquitination (Shloush et al., 2011). Our present
finding showed that MdmX RING S438V/E441Q mutant gained ability to ubiquitinate

itself, but not the substrate, suggesting its role in autoubiquitination.

Finally, MdmX RING T459A/H462T mutant, located within the central helix,
acquired very weak ubiquitination activity possibly due to H462T mutation since MdmX
RING T459A did not show E3 ligase activity. The neighboring Mdm2 RING T463A was
previously shown to possess wild-type ubiquitination activity suggesting this residue is
dispensable in the ubiquitination reaction (Shloush et al., 2011). Therefore, these residues
located within the central helix likely do not play an essential role in the Mdm2 E3 ligase

activity.

2.4. Discussion

In this study, structural and functional analyses of the Mdm2 RING domain were
performed to further explore and characterize its active site. Specifically, a number of
residues within the Mdm2/MdmX dimerization surface and the E2 binding surface of the
Mdm2 RING domain were selected and introduced into the MdmX RING domain at the
corresponding sites. Considering MdmX lacked intrinsic E3 ligase activity, in case the
mutation resulted in the MdmX RING domain gaining ubiquitination activity, the
residues were considered to be critical for Mdm2 RING-mediated E3 ligase function.
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Maintenance of the proper functioning of Mdm2 as a ubiquitin ligase depends on two
aspects: 1) dimerization with itself or MdmX via their RING domains, and 2) recruitment
of an E2 ubiquitin conjugating enzyme. The core of the RING domain dimer is composed
of two B-sheets, one from each subunit. In turn, each B-sheet consists of three -strands.
Mostly hydrophobic and small polar amino acid residues are located within this region. In
this study, Mdm2 RING C449 located within the B1-strand and K454 located within the
loop region connecting P1-strand and B2-strand were investigated and tested for their
potential roles in dimerization and ubiquitination activity. C449 was found to participate
in E3 ligase function. Similarly, C449 was demonstrated to be involved in the Mdm2
RING-mediated ubiquitination process in an independent investigation (lyappan et al.,
2010). Previous studies used mutagenesis and deletion experiments to show the
importance of the C-terminal B3-strand for the Mdm2 RING-mediated E3 ligase activity
and dimerization (Poyurovsky et al., 2007; Shloush et al., 2010). Furthermore, this study
aimed to expand the existing knowledge on the E2 recruitment surface and its importance
for the ubiquitination activity. Amino acid residues located within the loop regions and
the a-helix were observed to be potentially involved in the formation of the E2-E3
interactions. A number of the RING domain residues were tested, and their roles in E3
ligase activity were found consistently with previous studies (Linke et al., 2008; Shloush
et al., 2010). Together, these findings confirmed the significance for maintaining integrity
of the hydrophobic core of the Mdm2 RING domain and the E2 binding region for its E3

ligase activity.
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Moreover, from our findings we observed more MdmX RING domain mutants were
capable of performing autoubiquitination than substrate ubiquitination. This could mean
that differential involvement of the amino acid residues could take place depending on
the type of ubiquitination reaction occurring and the substrate. Structural and biochemical
analyses of the Mdm2 RING domain supporting this notion are lacking. However, certain
conclusions might be drawn from the cell-based assays investigating small molecule
inhibitors of the Mdm2 RING E3 ligase activity. A number of chemical compounds were
observed to inhibit Mdm2 autoubiquitination, or p53 ubiquitination, or both (Dickens
et al., 2010). To restore p53 level and function in tumour cells a potent compound would
have to specifically inhibit Mdm2-mediated p53 ubiquitination, while allowing Mdm2
autoubiquitination. Therefore, it seems essential to further investigate the Mdm2 RING

residues responsible for autoubiquitination and substrate ubiquitination.

This study provided a further insight into the Mdm2 RING-mediated ubiquitin
transfer mechanism providing more knowledge for the structure-assisted design of anti-

cancer compounds targeting E3 ligase activity of Mdmz2 in malignant cells.
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CHAPTER 3: A comparative analysis of the human Mdm2 and MdmX RING

domain functions in vivo

3.1. Introduction

Post-translational modifications play a crucial role in modulation of p53 fate and
function. In particular, phosphorylation of the N-terminal domain and acetylation of the
C-terminal domain have been denoted as markers of the activated p53 (Brooks and Gu,
2010; Gu and Roeder, 1997). Mdm2-mediated ubiquitination can either destine p53 for
nuclear export or proteasomal degradation (Marchenko et al., 2007; Brooks et al., 2004;
Haupt et al., 1997; Honda et al., 1997; Kubbutat et al., 1997). In both cases transcription
activity of p53 becomes suppressed. Mdm2-dependent p53 degradation is one of the
major mechanisms of maintaining low p53 level in absence of stress; therefore, Mdm2 is

considered the main negative regulator of p53 (Honda et al., 1997).

Mdm2-mediated inhibition of the function of p53 as a tumour suppressor is facilitated
by two major ways: inhibition of transcriptional activation and ubiquitination of p53
(Chen et al., 1995; Momand et al., 1992). It is critical to mention that the MDM2 gene
promoter is under transcriptional control of p53 (Wu et al., 1993). Therefore, an
increasing cellular level of p53 triggers an increase in Mdm2 expression, which in turn
acts to downregulate p53, thereby, placing p53 and Mdm2 in a negative feedback loop
(Wu et al., 1993). In addition to p53 ubiquitination, Mdm2 can ubiquitinate other
substrates, such as itself or MdmX (Pan and Chen, 2003; Fang et al., 2000). These
functions are attributed to the RING domain, which mediates Mdm2/Mdm2 homodimer
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or Mdm2/MdmX heterodimer formation and catalyzes ubiquitin transfer (Fang et al.,

2000; Tanimura et al., 1999).

MdmX, or Murine Double Minute X, is homologous to Mdmz2 in structure and
function and is another important negative regulator of p53 (Shvarts et al., 1996; Shvarts
et al., 1997). Similar to Mdm2, MdmX can interact with p53 via their N-terminal
domains and inhibit p53 gene transcription activity (Bottger et al., 1999). Unlike Mdm2,
MdmX RING lacks ubiquitination activity making MdmX an inactive E3 ligase;
however, MdmX possesses an ability to stabilize Mdm2 through heterodimerization
mediated by the RING domains (Sharp et al., 1999; Stad et al., 2001; Tanimura et al.,

1999).

Gene amplification and overexpression of Mdm2 and MdmX have been associated
with many types of human malignancies (Wade et al., 2010). Aberrant splice variants of
the MDM2 and MDMX genes have been identified from aggressive forms of cancers.
However, the origin and the functions of these splice variants remain poorly understood.
For instance, MDM2-A and HDM2”"™ are the MDM2 gene products characterized as
lacking the N-terminal p53 binding domain, however, containing the complete C-terminal
RING domain (Evans et al., 2001; Volk et al., 2009). On one hand, they were found to
interact with Mdmz2 in vivo through dimerization. Acting as a dominant negative form,
these Mdm2 RING domain variants disrupt Mdm2-dependent suppression of p53
function (Evans et al., 2001; Volk et al., 2009). On the other hand, murine forms of the

Mdm2 splice variants containing an intact RING domain demonstrated the oncogenic
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effect in a mouse model showing accelerated cancer progress (Fridman et al., 2003).
Moreover, MDMX gene splice variant, HDMX211, missing an N-terminal p53 binding
domain, but containing an intact C-terminal RING domain was also identified. Similar to
Mdm2 RING domain variants, it was shown to interact and inhibit the ability of Mdm2 to
target p53 for degradation (Giglio et al.,, 2005). However, these studies have not
elucidated the mechanisms of action of these Mdm2 and MdmX splice variants. Here, a
comprehensive study is performed to characterize the functions of the Mdm2 and MdmX
RING domains and their effects on p53 stabilization and transactivation in a human

osteosarcoma U20S cell line.

3.2. Materials and Methods

3.2.1. Plasmids
Human full-length Mdm2 (FL), full-length MdmX (FL), Mdm2 RING (residues 417-
491), and MdmX RING (residues 416-490) domains were cloned into pcDNA3.1/YFP,
pcDNA3.1/CFP, and pc-DNA3.1/FLAG expression vectors using a standard PCR

technique.

3.2.2. Cell culture and transfection

Human osteosarcoma U20S cells were grown in McCoy’s medium supplemented
with 10% FBS. Cells were transfected with plasmids (10 ug of DNA per 10 cm tissue

culture plate) using PolyJet transfection reagent (SignaGen Laboratories).
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3.2.3. Antibodies

The antibodies for immunoblotting and co-immunoprecipitation were mouse
monoclonal against Mdm2 (Santa Cruz SMP14, sc-965), MdmX (Millipore 8CS6,
04-1555), p53 (Santa Cruz DO-1, sc-126), actin (Santa Cruz C-2, sc-8432), GAPDH
(Santa Cruz 0411, sc-47724), YFP-tag (Abm G163), FLAG-tag (Sigma F3165), rabbit
monoclonal against phosphorylated p53 (serine 15) (Cell Signaling #9284), p21 (Santa
Cruz C-19, sc-397), Bax (Cell Signaling #2772), and rabbit polyclonal against FLAG-tag
(Bethyl Laboratories A190-102A). To detect proteins of interest HRP-conjugated anti-
mouse IgG (Jackson ImmunoResearch 115-035-166) and anti-rabbit 1gG (Jackson

ImmunoResearch 111-035-003) antibodies were used.

3.2.4. Immunoblotting

U20S cells were transfected with YFP (empty vector), CFP-Mdm2 FL, CFP-MdmX
FL, YFP-Mdm2 RING, and YFP-MdmX RING or FLAG (empty vector), FLAG-Mdm2
FL, FLAG-MdmX FL, FLAG-Mdm2 RING, and FLAG-MdmX RING. Cells were
harvested 24 hours post-transfection and lysed in radioimmunoprecipitation buffer
(50 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.5% Nonidet P-40, 1X protease inhibitor
cocktail (Roche)) followed by 2 sec sonication time with 10% amplitude. Supernatants
(100 ug of total protein) were boiled in SDS sample buffer for 5 minutes at 95°C.
Samples were resolved on 12% or 7.5% SDS-PAGE, and immunoblotting was performed

using antibodies described above.
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3.2.5. Fluorescent microscopy
U20S cells were transfected with CFP-Mdm2 FL, CFP-MdmX FL, YFP-Mdm2
RING, and YFP-MdmX RING and grown on coverslips. 24 hours post-transfection cells
were fixed in 1% paraformaldehyde in PBS and permeabilized with 0.5% Triton-X in
PBS. Cells were washed with PBS two times. Images were obtained using Zeiss LSM

700 Laser Scanning microscope and LSM software ZEN2010.

3.2.6. Co-immunoprecipitation

U20S cells were transfected with CFP-Mdm2 FL and either FLAG-Mdm2 RING or
FLAG-MdmX RING; CFP-MdmX FL and either FLAG-Mdm2 RING or FLAG-MdmX
RING to detect protein-protein interactions. Cells were harvested 24 hours post-
transfection and lysed in radioimmunoprecipitation buffer (50 mM Tris-HCI pH 8.0,
150 mM NacCl, 0.5% Nonidet P-40, 1X protease inhibitor cocktail (Roche)) followed by 2
sec sonication time with 10% amplitude. Cell lysates were incubated with a rabbit
polyclonal anti-FLAG tag primary antibody for 2 hours followed by addition of pre-
cleared protein A/G Plus-Agarose beads (Santa Cruz, sc-2003) for 1 hour.
Immunoprecipitates were washed with radioimmunoprecipitation buffer three times and
then boiled in SDS sample buffer for 5 minutes at 95°C to release protein complexes
from the beads. Samples were resolved on 12% SDS-PAGE, and immunoblotting was

performed using antibodies described above.
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3.3. Results

3.3.1. Ectopic expression of the Mdm2 and MdmX RING domains in U20S cells

To study functions of the Mdm2 and MdmX RING domains in vivo, Mdm2 and
MdmX RING domains were ectopically expressed as YFP/CFP or FLAG-tagged fusion
proteins in U20S cells. Full-length wild-type Mdm2 and MdmX were expressed as
positive controls. Exogenous protein expression was determined with immunoblotting
using antibodies against a YFP-tag or a FLAG-tag (Appendix B. Figures 5 and 6). YFP-
Mdm2 RING and YFP-MdmX RING were detected around 35 kDa (Appendix B. Figures
5A and 5B, lanes 4 and 6). CFP-MdmX FL was detected around 130 kDa mark
(Appendix B. Figures 5A and 5B, lane 5). Longer exposure was required to detect CFP-
Mdm2 FL at a high molecular weight mark (Appendix B. Figure 5B, lane 3), suggesting
that the full-length Mdm2 was less stable than other ectopically expressed constructs.
Similar expression pattern was observed for FLAG-Mdm2 FL, FLAG-MdmX FL,

FLAG-Mdm2 RING and FLAG-MdmX RING (Appendix B. Figures 6A and 6B).

3.3.2. Effect of the ectopic Mdm2 and MdmX RING domains on the cellular

levels of Mdm2 and MdmX
To characterize functions of the ectopically expressed Mdm2 and MdmX RING
domains in vivo, cellular levels of the endogenous Mdmz2 and MdmX were determined by
immunoblotting in U20S cells as the effect of the overexpressed Mdm2 and MdmX
RING domains and compared to the effect of the overexpressed full-length wild-type

Mdm2 (Mdm2 FL) and MdmX (MdmX FL) (Figure 17).
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Figure 17. Effect of the ectopically expressed Mdm2 RING and MdmX RING on the
endogenous Mdm2 and MdmX. Wild-type full-length Mdm2 and MdmX were
expressed as CFP-fusion proteins; Mdm2 and MdmX RING were expressed as YFP-
fusion proteins. U20S cells were transfected with an empty YFP vector, CFP-Mdm2,
CFP-MdmX, YFP-Mdm2 RING, and YFP-MdmX RING. Protein samples were prepared
24 hours post-transfection. A and C, Immunoblotting was carried out with monoclonal
anti-Mdmz2 (1:500), anti-MdmX (1:500), and anti-Actin (1:5000) (loading control)
antibodies. B and D, Quantitative analysis of the level of the endogenous Mdm2 and
MdmX is shown. Data are represented as means + SEM (n=3) with * p<0.05 and
*** n<0.001.
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A smear was observed in the lane with ectopic expression of CFP-Mdm2 (Figure 17A,
lane 3); therefore, it was not possible to evaluate cellular level of the endogenous Mdm2.
However, no significant effect was revealed with an overexpression of FLAG-Mdm2 FL
where an upper band corresponded to the exogenous Mdm2, and a lower band
represented the endogenous Mdm2 (Figure 20A). Overexpression of MdmX FL resulted
in a mild decrease of the endogenous level of Mdm2 (Figure 17A, lane 6). Ectopically
expressed Mdm2 RING led to a mild increase of the Mdm2 level (Figure 17A, lane 5),
whereas overexpressed MdmX RING resulted in a significant increase of the Mdm2 level

(Figure 17A, lane 7).

The effect on the endogenous MdmX was shown in Figures 17C and 17D. Ectopic
expression of Mdm2 FL or Mdm2 RING did not have effects on the endogenous MdmX
levels (Figure 17C, lanes 2, 3). Due to high levels of the ectopically expressed MdmX FL
masking the endogenous MdmX level, the effect of the ectopic overexpression of MdmX
FL on the endogenous MdmX was not determined (Figure 17C, lane 5). Interestingly,
overexpression of MdmX RING led to an increase in the endogenous MdmX level.
Consistent results were obtained with the overexpressed Mdm2 and MdmX proteins

tagged with FLAG (Figure 20B).

Collectively, Mdm2 and MdmX RING demonstrated a different effect on the
endogenous Mdm2 and MdmX. MdmX RING domain stabilized both Mdm2 and MdmX,

but Mdm2 RING domain had little effect.
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3.3.3. Effect of the ectopic Mdm2 and MdmX RING domains on the cellular

levels of p53
The effect of ectopic expression of the Mdm2 and MdmX full-length and RING
domains on the level of p53 itself was examined (Figures 18A and 18B). A significant
decrease of p53 was found following overexpression of Mdm2 FL (Figure 18A, lane 2).
Only a slight increase in p53 level was promoted by ectopically expressed MdmX FL
(Figure 18A, lane 4). Finally, overexpression of Mdm2 RING and MdmX RING did not
lead to a significant change in the endogenous p53 levels (Figure 18A, lanes 3, 5). The
results of this experiment showed that ectopic expression of Mdm2 RING and MdmX
RING did not affect stabilization of p53 in cells in contrast to overexpression of Mdm2
FL and MdmX FL that demonstrated a negative and a positive effect on the cellular p53
stability, respectively. Similar results were obtained using FLAG-fusion exogenous

proteins (Figure 21A).

3.3.4. Effect of the ectopic Mdm2 and MdmX RING domains on the
transcriptional activity of p53 in vivo
To further characterize functions of the ectopically expressed Mdm2 RING and
MdmX RING domains in U20S cells, gene transcription activity of p53 was analyzed.
First, the phosphorylation state of p53 was investigated, and then the expression of the

p53 target genes was determined using immunoblotting.
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Figure 18. Effect of the ectopically expressed Mdm2 RING and MdmX RING on the
endogenous p53 and phosphorylated p53. Wild-type full-length Mdm2 and MdmX
were expressed as CFP-fusion proteins; Mdm2 and MdmX RING were expressed as
YFP-fusion proteins. U20S cells were transfected with an empty YFP vector, CFP-
Mdm2, CFP-MdmX, YFP-Mdm2 RING, and YFP-MdmX RING. Protein samples were
prepared 24 hours post-transfection. A and C, Immunoblotting was carried out with
monoclonal anti-p53 (1:1000), anti-phospho-Ser15-p53 (1:500), and anti-GAPDH
(1:5000) (loading control) antibodies. B and D, Quantitative analysis of the level of
endogenous p53 and phosphorylated p53 is shown. Data are represented as means + SEM
(n=3) with * p<0.05, ** p<0.01, and *** p<0.001.
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It is well-known that external stress stimuli, such as DNA damage, stabilize and activate
p53, which in turn upregulates or downregulates transcription of its target genes.
Activation of p53 is achieved through post-translational modifications such as
phosphorylation and acetylation (Gu and Roeder, 1997; Jamal and Ziff, 1995). In this
study, level of the phosphorylated p53 at serine 15 as a marker of the activated state of
p53 was examined (Figures 18C and 18D). Mdm2 FL overexpression led to a decrease in
the phosphorylated p53 level, whereas overexpression of MdmX FL resulted in an
increase of the phosphorylated p53 (Figure 18C, lanes 2, 4). Overexpressed Mdm2 RING
and MdmX RING caused a mild increase in the phosphorylated p53 levels. In agreement
with the previous experiment involving analysis of the endogenous p53 level, Mdm2 FL
led to p53 destabilization. In contrast, MdmX FL, Mdm2 RING, and MdmX RING
contributed to a stabilization of the phosphorylated p53 suggesting different mechanisms

of regulation of the active and inactive p53 in cells.

To further elucidate the effects of the ectopically expressed Mdm2 RING and MdmX
RING domains on the transcriptional activity of p53, the expression of its downstream
target genes was analyzed. In this study, p53-mediated expression of p21 involved in
regulation of the cell cycle progression and a pro-apoptotic Bax protein was investigated
(Selvakumaran et al., 1994; el-Deiry et al., 1993) (Figure 19). Overexpression of Mdm2
FL and MdmX FL led to a decrease in p21 levels (Figure 19A, lanes 2, 4). However,
overexpression of Mdm2 RING and MdmX RING did not lead to a significant alteration
in p21 levels (Figure 19A, lanes 3, 5). Furthermore, no changes were observed in Bax as
a result of overexpression of the exogenous proteins (Figure 19C, lanes 2, 3, 4, 5). These
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findings showed destabilization of p21 caused by overexpression of either Mdm2 FL or
MdmX FL, but not the RING domains. Moreover, no effect on Bax protein level implied
various cellular processes being recruited under ectopic expression of Mdm2 FL, MdmX

FL, and their RING domains.
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Figure 19. Effect of the ectopically expressed Mdm2 RING and MdmX RING on the
endogenous p21 and Bax. Wild-type full-length Mdm2 and MdmX were expressed as
CFP-fusion proteins; Mdm2 and MdmX RING were expressed as YFP-fusion proteins.
U20S cells were transfected with an empty YFP vector, CFP-Mdm2, CFP-MdmX, Y FP-
Mdm2 RING, and YFP-MdmX RING. Protein samples were prepared 24 hours post-
transfection. A and C, Immunoblotting was carried out with monoclonal anti-p21 (1:500),
anti-Bax (1:1000), and anti-GAPDH (1:5000) (loading control) antibodies. B and D,
Quantitative analysis of the level of endogenous p21 and Bax is shown. Data are
represented as means + SEM (n=3) with * p<0.05, ** p<0.01, and *** p<0.001.
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3.3.5. Effect of the ectopic Mdm2 and MdmX RING domains on the cellular

levels of p53 and its negative regulators under DNA damage conditions
Both Mdm2 and MdmX are actively involved in the DNA repair signaling pathway
through p53. Therefore, the effect of the ectopically expressed Mdm2 and MdmX RING
domains on the endogenous levels of Mdm2 and MdmX were tested under DNA damage
induced by doxorubicin, an inhibitor of DNA topoisomerase Il (Figure 20). In presence
of doxorubicin treatment, overexpression of Mdm2 RING domain did not show any
effect on either endogenous Mdm2 or MdmX levels (Figures 20A and 20B, lane 8).
However, ectopic expression of the MdmX RING domain resulted in a decreased Mdm?2
level, but an increased MdmX level (Figure 20A and 20B, lane 10). Various effects of
the ectopically expressed Mdm2 and MdmX RING domains on the cellular Mdm2 and
MdmX implied different modes of action of these two RING domains in presence or

absence of stress stimuli.
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Figure 20. Effect of the ectopically expressed Mdm2 RING and MdmX RING on the
endogenous Mdm2 and MdmX under stress conditions. Wild-type full-length Mdm?2
and MdmX, Mdm2 RING and MdmX RING domains were expressed as FLAG-fusion
proteins. U20S cells were transfected with an empty FLAG vector, FLAG-Mdm?2,
FLAG-MdmX, FLAG-Mdm2 RING, and FLAG-MdmX RING. Protein samples were
prepared 24 hours post-transfection and treated with 500 ng/ml of doxorubicin for 4
hours. A and B, Immunoblotting was carried out with monoclonal anti-Mdm2 (1:500),
anti-MdmX (1:500), and anti-Actin (1:1000) (loading control) antibodies.
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DNA-damaging signals are known to cause stabilization of the cellular p53 and
activation of its gene transcription activity. As expected, an overall significant increase in
cellular levels of the unphosphorylated and phosphorylated p53 was observed following
doxorubicin treatment compared to no treatment (Figure 21). Regardless of presence of
stress conditions, overexpression of Mdm2 FL led to a decrease in p53 level (Figure 21A
and 21B, lane 7). Ectopically expressed MdmX FL, or the RING domains did not affect

p53 levels (Figure 21A and 21B, lanes 8, 9, 10).
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Figure 21. Effect of the ectopically expressed Mdm2 RING and MdmX RING on the
endogenous p53 and phosphorylated p53 under stress conditions. Wild-type full-
length Mdm2 and MdmX, Mdm2 RING and MdmX RING domains were expressed as
FLAG-fusion proteins. U20S cells were transfected with an empty FLAG vector, FLAG-
Mdm2, FLAG-MdmX, FLAG-Mdm2 RING, and FLAG-MdmX RING. Protein samples
were prepared 24 hours post-transfection and treated with 500 ng/ml of doxorubicin for 4
hours. A and B, Immunoblotting was carried out with monoclonal anti-p53 (1:1000), anti-
phospho-Ser15-p53 (1:1000), and anti-GAPDH (1:10000) (loading control) antibodies.

57



To evaluate gene transcription activity of the stabilized p53, p21 and Bax protein
levels were determined in presence of a DNA-damaging signal. Following doxorubicin
treatment no significant change and an increase in p21 levels was observed in samples
with overexpressed Mdm2 FL and Mdm2 RING, respectively (Figure 22A, lanes 7, 8). A
slight decrease in p21 was found in MdmX FL and MdmX RING samples (Figure 22A,
lanes 9, 10). Lastly, under stress conditions no significant changes in Bax protein levels
were detected (Figure 22B). Together, these results suggested that even though p53 was
stabilized in presence of doxorubicin, it was not transcriptionally active to induce

significant increases in expression of its target genes.
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Figure 22. Effect of the ectopically expressed Mdm2 RING and MdmX RING on the
endogenous p21 and Bax under stress conditions. Wild-type full-length Mdm2 and
MdmX, Mdm2 RING and MdmX RING domains were expressed as FLAG-fusion
proteins. U20S cells were transfected with an empty FLAG vector, FLAG-Mdm?2,
FLAG-MdmX, FLAG-Mdm2 RING, and FLAG-MdmX RING. Protein samples were
prepared 24 hours post-transfection and treated with 500 ng/ml of doxorubicin for 4
hours. A and B, Western blots were carried out with monoclonal anti-p21 (1:1000), anti-

Bax (1:1000), and anti-GAPDH (1:10000) (loading control) antibodies.
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3.3.6. Cellular localization of the ectopically expressed Mdm2 and MdmX RING
domains in U20S cells
To investigate cellular localization of the ectopically expressed Mdm2 RING and
MdmX RING and further characterize their functions, U20S cells were transfected with
protein constructs carrying fluorescent tags CFP-Mdm2 FL, CFP-MdmX, YFP-Mdm2
RING, and YFP-MdmX RING (Figure 23). Mdm2 FL and MdmX overexpression served

as a positive control. Nuclei were stained with DAPI for visualization.

Consistent with previous studies, Mdm2 FL was found within the nucleus, and
MdmX FL was localized primarily in the cytoplasm; however, a certain amount of
MdmX FL was observed in the nucleus. Interestingly, Mdm2 RING and MdmX RING
domains were detected in the cytoplasm and the nucleus. Nuclear localization of Mdm2
was previously reported, and transport between the nucleus and the cytoplasm was
enabled due to its nuclear localization signal and nuclear export sequence (Tao and
Levine, 1999; Roth et al., 1998). MdmX did not possess those motifs, thereby, mainly
localizing within the cytoplasm (Li et al., 2002). However, dimerization with Mdm2 via
their C-terminal RING domains could allow transport of MdmX into the nucleus. Nuclear
localization of the Mdm2 RING and MdmX RING domains could be explained by a
complex formation between the exogenous RING domains and the endogenous Mdm2
that could transport them into the nucleus. Uniform localization of the Mdm2 and MdmX
RING domains suggested their ability to regulate Mdm2 and MdmX functions within the

nucleus and the cytoplasm.
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Figure 23. Cellular localization of the ectopically expressed Mdm2 RING and
MdmX RING domains. Wild-type full-length Mdm2 and MdmX were expressed as
CFP-fusion proteins; Mdm2 and MdmX RING were expressed as YFP-fusion proteins.
U20S cells were transfected with CFP-Mdm2, CFP-MdmX, YFP-Mdm2 RING, and
YFP-MdmX RING. Cells were fixed at 24 hours post-transfection. Nuclei were stained
with DAPI. Results indicate nuclear localization of the full-length Mdm2 and overlapping
nuclear and cytoplasmic localization of the full-length MdmX, Mdm2 RING, and MdmX
RING domains.
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3.3.7. Interaction of the full-length Mdm2 and MdmX with the Mdm2 RING and

MdmX RING domains in vivo
To analyze interactions of the full-length Mdm2 and MdmX with the Mdm2 RING
and MdmX RING domains in vivo, co-immunoprecipitation experiments were conducted
using the U20S cell line (Figures 24 and 25). U20S cells were co-transfected with either
CFP-Mdm2 FL or CFP-MdmX FL and either FLAG-Mdm2 RING or FLAG-MdmX
RING. Empty FLAG vector was also transfected with either CFP-Mdm2 FL or CFP-
MdmX RING and was used as a negative control. FLAG-Mdm2 RING or FLAG-MdmX
RING was pulled down from the cell lysates with a polyclonal anti-FLAG antibody.
Immunoblotting was used to analyze the presence of protein-protein interactions. FLAG-
tagged RING domains were detected with a monoclonal anti-FLAG antibody. Mdm2 FL
and MdmX FL proteins that could co-immunoprecipitate with the FLAG-RING domains
in case of complex formation were identified with monoclonal anti-Mdm2 or anti-MdmX
antibodies. As a result of co-immunoprecipitation experiments, Mdm2 FL was found to
interact with both FLAG-Mdm2 RING and FLAG-MdmX RING domains (Figure 24A
and 24B). Complex formation between MdmX FL and FLAG-Mdm2 RING or FLAG-
MdmX RING was also observed (Figure 25A and 25B). These experiments supported the
notion that Mdm2 FL and MdmX FL could form dimers with Mdm2 RING and MdmX

RING via their C-terminal RING domains.
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Figure 24. Mdm?2 interacts with Mdm2 RING and MdmX RING in vivo. U20S cells
were co-transfected with an empty FLAG vector and CFP-Mdm2 FL to serve as a
negative control; FLAG-Mdm2 RING or FLAG-MdmX RING and CFP-Mdmz2 FL to test
the interaction. Co-immunoprecipitation was carried out 24 hours post-transfection using
a polyclonal anti-FLAG antibody. A and B, Immunoblotting was carried out with
monoclonal anti-Mdm2 (1:1000) and monoclonal anti-FLAG (1:1000) antibodies.
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Figure 25. MdmX interacts with Mdm2 RING and MdmX RING in vivo. U20S cells
were co-transfected with an empty FLAG vector and CFP-MdmX FL to serve as a
negative control; FLAG-Mdm2 RING or FLAG-MdmX RING and CFP-MdmX FL to
test the interaction. Co-immunoprecipitation was carried out 24 hours post-transfection
using a polyclonal anti-FLAG antibody. A and B, Immunoblotting was carried out with
anti-MdmX (1:1000) and anti-Flag (1:1000) antibodies.
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3.4. Discussion

The purpose of this study was to carry out a functional analysis of the Mdm2 and
MdmX RING domains in vivo. An approach of ectopic expression of the RING domains
in a human osteosarcoma U20S cell line was taken. Following a 24-hour transfection
period, we observed the effects of the exogenous proteins on the levels of endogenous
p53 and its main negative regulators Mdm2 and MdmX. Furthermore, gene transcription
activity of p53 by means of detecting levels of phosphorylated p53 and its downstream
gene targets, namely p21 and Bax was examined. The effects of the exogenous proteins
were compared between normal and stress conditions, triggered by the DNA-damaging
agent doxorubicin. Localization of the overexpressed Mdm2 FL, MdmX FL, Mdm2
RING and MdmX RING domains in U20S cells was detected. Lastly, interactions of the
wild-type full-length Mdm2 and MdmX with the Mdm2 RING and MdmX RING
domains were shown in vivo.

Following ectopic expression of Mdm2 FL under normal or stress conditions, an
increased cellular Mdm2 level and decreased endogenous p53, phosphorylated p53, and
p21 levels were found. There were no changes in the endogenous levels of MdmX and
Bax. Low p53 levels could be explained by the Mdm2-mediated p53 polyubiquitination,
which targeted it for the proteasomal degradation. Consequently, low levels of the
phosphorylated p53 and p21 were observed. This was further supported by the fact that
Mdm2 FL was primarily localized within the nucleus. In addition, several studies showed
Mdm2-dependent destabilization of p21, which could also contribute to the observed low
p21 level (Zhang et al., 2004; Jin et al., 2003).
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Overexpression of MdmX FL did not affect levels of the endogenous Mdm2 and Bax
regardless of doxorubicin administration. Interestingly, under normal conditions we
observed a slight accumulation of p53 and phosphorylated p53, and low levels of p21
expression. Following doxorubicin treatment these effects were not found. Different cell
responses to MdmX overexpression indicated functional complexity and differential
recruitment of MdmX in normal and stress conditions. An increase in the levels of p53
and phosphorylated p53 could occur as a result of inhibition of the Mdm2-mediated p53
degradation by means of complex formation between Mdm2 and MdmX. Although, p53
was stabilized in the cell, it was transcriptionally inactive as exemplified by the levels of
p21. This effect was probably seen due to the MdmX-dependent inhibition of the p53
gene transcription activity through interactions between their N-terminal domains. This
explanation seems plausible since MdmX FL was found partially localized within the
nucleus while predominantly appearing in the cytoplasm. In addition, low p21 level in a
sample with the overexpressed MdmX FL could also be explained by several studies that
demonstrated MdmX-mediated p21 degradation independent of p53 (Lee and Lu, 2011;
Jin et al., 2008). It is important to mention that in contrast to several studies, we did not
find Mdm?2 stabilization by MdmX and efficient p53 degradation by the Mdm2/MdmX
heterodimer (Sharp et al., 1999; Stad et al., 2001). The underlying mechanism for this
contradiction is not clear; however, it should be addressed in later experiments.

In absence of doxorubicin treatment, ectopically expressed Mdm2 RING domain led
to a slight stabilization of the endogenous Mdm2 and no changes in MdmX, p53,

phosphorylated p53, p21 and Bax levels. Following drug treatment, more efficient
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stabilization of the endogenous Mdm2, an increase in phosphorylated p53 level, and p21
expression were observed. No significant changes in MdmX, p53, and Bax levels were
found in presence of a stress signal. Co-immunoprecipitation experiments demonstrated
the ability of the overexpressed Mdm2 RING to interact with full-length Mdm2 and
MdmX in vivo. Dimerization with Mdm2 could explain nuclear translocalization of the
exogenous Mdmz2 RING from the cytoplasm. Therefore, the observed Mdm?2 stabilization
in stress conditions could be explained by the dimer formation between the endogenous
Mdm2 and exogenous Mdm2 RING domain, which led to inhibition of Mdm2
autoubiquitination activity and its degradation. The endogenous MdmX level did not
seem to be affected since MdmX did not possess intrinsic ubiquitination activity.
Observed increased levels of p21 under stress conditions indicated that Mdm2 RING
inhibited interactions between Mdm2 and p53 enabling p53 to perform transactivation
activity. It could be concluded that Mdm2 RING acted in a dominant negative fashion to
suppress Mdm2 E3 ligase function and specifically in presence of a DNA-damaging
signal prevented Mdm2-mediated inhibition of the p53 gene transcription activity.

Under normal and stress conditions stabilization of the endogenous Mdm2 and
MdmX as a result of MdmX RING overexpression was observed, while there was no
effect on p53, phosphorylated p53, and Bax levels. A decrease and no change in p21
expression were found in absence and presence of a stress signal, respectively. The
MdmX RING domain was shown to interact with full-length Mdm2 and MdmX in vivo.
Similar to the exogenous Mdm2 RING, ectopically expressed MdmX RING domain was

located in the nucleus and the cytoplasm. Nuclear localization of MdmX RING could be
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attributed to the interaction with Mdm2. Stabilization of the endogenous Mdm2 and
MdmX could be a consequence of inhibition of the Mdm2 E3 ligase activity by means of
complex formation between the ectopically expressed MdmX RING and the endogenous
Mdm2. A decrease and no change in p21 levels resulted from the Mdm2 and MdmX-
dependent suppression of the p53 transcriptional activity through interactions between
their N-terminal domains. These findings indicated that the exogenous MdmX RING
domain, like Mdm2 RING, exhibited a dominant negative phenotype inhibiting Mdm2
ubiquitination activity leading to its stabilization, which in turn demonstrated a negative
effect on p53 gene transcription activity.

Current findings imply that Mdm2 RING and MdmX RING function differently in
cells depending on presence or absence of stress stimuli. Even though further
investigation is necessary to understand the cause for no changes in a pro-apoptotic Bax
expression, differences in p21 expression were observed. The comparison of the Mdm?2
and MdmX RING domains made in this study, an observed inhibitory effect of the Mdm?2
function represented advances towards a functional characterization of the RING

domains in vivo, which is crucial for developing anti-cancer drug treatment.
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CHAPTER 4: Concluding remarks

Regulation of p53 by its negative regulators Mdm2 and MdmX is crucial for proper
cellular functioning and prevention of tumourigenesis. Mdm2-mediated ubiquitination of

p53 remains the main mechanism maintaining its cellular stability.

A comparative study of the homologous Mdm2 and MdmX RING domains
investigating specific residues within the E2 binding and dimerization regions important
for the E3 ligase activity was performed in this study. It is crucial to gather understanding
of the effects of the introduced mutations on the ubiquitin transfer mechanism on the
atomic level through obtaining MdmX RING mutant homodimer and MdmX RING
mutant-E2 complex structures. In this study, MdmX RING N448C/K478R mutant was
shown to ubiquitinate wild-type full-length MdmX. It would be interesting to introduce
those mutations into the full-length MdmX to test its ability to ubiquitinate p53 in vitro.
Importantly, the effect of the amino acid substitutions within the MdmX RING domain
that granted it E3 ligase activity in vitro should be tested in vivo. In particular, the ability
of the activated MdmX RING domains to perform Mdm2 and p53 ubiquitination should

be examined in cells.

Moreover, functional effects of the ectopic expression of the Mdm2 and MdmX
RING domains in U20S cells were analyzed. To further understand p53 gene
transcription activity in presence of the ectopically expressed Mdm2 RING and MdmX
RING domains, phosphorylation sites other than serine 15 and acetylation of the

C-terminal lysine residues should be investigated. Functional assays aimed to analyze cell
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proliferation and apoptosis of the cells with ectopically expressed Mdm2 RING and
MdmX RING domains should be also carried out. Finally, ubiquitination of the
endogenous Mdm2, MdmX, and p53 following ectopic expression of Mdm2 RING and
MdmX RING domains should be examined. To carry out this analysis, cells should be
treated with a proteasome inhibitor — MG132. Following drug treatment, ubiquitinated
endogenous proteins can be detected in cell lysates via immunoblotting. These findings
support necessity for the future characterization of the Mdm2 and MdmX RING domains
in vitro and in vivo to further understand the mechanism of the Mdm2 RING E3 ligase
activity.

Together, this study provides a structural and molecular insight into the composition
of the active site of the Mdm2 RING domain responsible for the ubiquitin transfer and
elucidates the effects of the oncogenic properties of the Mdm2 and MdmX RING

domains in vivo.
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APPENDIX A: Structural and computational modeling of the interaction between

the small molecule inhibitors of Mdm2 and the Mdm2 RING domain

Introduction

Release of p53 from the Mdm2-mediated suppression in malignant cells is a desired
strategy in anti-cancer therapy. One of the approaches to inhibit Mdm2 is to abolish its
RING-mediated E3 ligase activity. Several classes of small-molecule inhibitors of the
Mdm2 RING domain have already been identified by high-throughput screening
methods. Bisarylurea was one of the first identified compounds that inhibited Mdm2-
mediated p53 ubiquitination, but not autoubiquitination (Lai et al., 2002). Deazaflavin
derivative HLI98 inhibited Mdm2-mediated p53 ubiquitination and autoubiquitination
(Davydov et al., 2004). The disadvantage of HLI98 was low solubility and low potency
(Davydov et al., 2004). Novel deazaflavin derivative HLI373 showed higher solubility
and higher potency (Kitagaki et al., 2008). Acridine derivatives blocked p53
ubiquitination (Wang et al., 2005). Naturally occurring compound sempervirine was
demonstrated to abolish p53 ubiquitination by Mdm2 and autoubiquitination (Sasiela
et al., 2008). Compound 35, or JNJ-26854165, developed by Ortho Biotech and Johnson
& Johnson led to activation and stabilization of p53 in cancer cells; however it did not
interfere with the p53-Mdmz2 ubiquitination (Tabernero et al., 2011). This compound is
now in Phase-I clinical trials for treatment of solid tumours (Tabernero et al., 2011).
Though these chemical compounds demonstrated the ability to suppress Mdm2-RING

mediated E3 ligase activity, the mechanism of action remains unclear. Therefore,
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characterization of the interactions between the Mdm2 RING domain and the inhibitors is

essential for the rational drug design.

Materials and Methods

Protein preparation

The three-dimensional structure of the Mdm2/MdmX RING heterodimer was
obtained from the Protein Data Bank for the molecular docking (PDB 2VJE). With the
help of PocketPicker plugin and PyMol potential ligand binding sites were identified.
Using AutoDockTools-1.5.4 software all water molecules were excluded from the file,
and hydrogen atoms were added to all polar residues. The configured structure was saved

in PDBQT file format.

Ligand preparation

The two-dimensional structures of the chemical compounds were obtained using
eMolecules online service. They were converted to the three-dimensional structures with
the help of OpenBabel software. They then were saved in PDBQT file format using

AutoDockTools-1.5.4 software.

Molecular docking

The entire pocket within the Mdm2/MdmX RING heterodimer for docking of the
chemical compounds was positioned within the Grid Box created using AutoDockTools-

1.5.4 software. Docking analysis was performed with the help of Autodock Vina where
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the pocket within selected Grid Box was kept constant. Protein:ligand complexes were

viewed using PyMol software.

Results and Discussion

The crystal structure of the Mdm2/MdmX RING heterodimer was used to compute
the putative binding pocket on the surface of the protein and analyze whether the small
molecule inhibitors could fit in the binding pocket (Appendix A. Figure 1A). Chemical
structures of the examined small molecule inhibitors are demonstrated in Appendix A
Figure 1B. Three-dimensional models of the complexes between the Mdm2/MdmX
RING heterodimer and deazaflavin 2 (HLI98C), deazaflavin derivative HLI373, acridine
derivative, bisarylurea, sempervirine, and compound 35 (JNJ-26854165) were generated.
The output represented the complex structure with the chemical compound being in its
most favourable orientation. Moreover, quantification of the binding affinity of each
compound under investigation was obtained and summarized in Appendix A Figure 2.
The enlarged view of the pocket harbouring an inhibitor is depicted in Appendix A
Figures 2A-2F. The three-dimensional models will be analyzed for the binding contacts
between the Mdm2 RING domain and the compounds to propose the mechanism for the

inhibition of the Mdm2-RING mediated E3 ligase activity.
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Appendix A. Figure 1. Structural analysis of the Mdm2/MdmX RING heterodimer.
A, Cartoon model represents Mdm2/MdmX RING heterodimer (PDB 2VJE) with the
potential pockets able to dock inhibitor compounds. Left panel, Mdm2 RING subunit is
shown in green, MdmX RING — in cyan. Three binding pockets are shown with spheres.
Right panel, Surface representation of the Mdm2/MdmX RING heterodimer (PDB 2VJE)
with a pocket under investigation is depicted. B, Chemical formulas of the selected
existing Mdm2 RING E3 ligase inhibitors are shown.
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Ligands

Binding affinity (kcal/mol)

HLI 373 -5.0
Acridine derivative -5.3
Deazaflavin 2 (HLI98C) -6.1
Bisarylurea -6.5
Sempervirine -6.7
Compound 35 -7.0

Appendix A. Figure 2. Docking of the selected Mdm2 E3 ligase inhibitor compounds
into the pocket under investigation. The enlarged views of the inhibitors docked into
the pocket of the Mdm2/MdmX RING heterodimer (PDB 2VJE). Each compound in the
complex is shown in its most favorable orientation. MGL tools AutoDock Vina software
and PyMol were used to perform docking and generate computer models. A, HLI373; B,
Acridine derivative; C, Deazaflavin 2 (HLI98C); D, Bisarylurea; E, Sempervirine; F,
Compound 35 (JNJ-26854165). The binding affinities of these compounds are

summarized in the table.
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Future directions

Regardless of the existing data on the identified Mdm2 E3 ligase inhibitors, their
effects should be verified with in vitro and in vivo ubiquitination assays. Particularly,
experiments should be designed to test inhibition of the Mdm2 RING-mediated
autoubiquitination or p53 ubiquitination. The binding affinities of the chemical
compounds to Mdm2 RING should be further quantified using biophysical and

biochemical methods such as Surface Plasmon Resonance.

Based on the results of the computational analysis, a number of the Mdm2 RING
domain residues presumably involved in the interactions can be identified. The
importance of these residues will be examined through site-directed mutagenesis
followed by in vitro ubiquitination assays to test E3 ligase activity of the mutated Mdm?2
RING domains. To further characterize the binding surface 2D-NMR experiments of the
complexes between Mdm2 RING and inhibitors of interest should be performed. Finally,
crystal trials for the Mdm2 RING:inhibitor complexes will be set up to obtain the atomic

details of the interactions.

The data obtained from these experiments will be applied to improve design of the
present or develop novel inhibitory compounds of the Mdm2 RING domain to achieve

higher level of potency and specificity.
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APPENDIX B: Supplementary figures
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Appendix B. Figure 3. Purification of the wild-type proteins via affinity
chromatography. 4, His-tagged Mdm2 RING and MdmX RING domains were purified
using nickel affinity chromatography. B and C, GST-fused MdmX FL and MdmX RING
domain was purified using GST affinity chromatography. Purification samples were
resolved on 15% SDS-PAGE and stained with Coomassie Brilliant Blue for visualization.
Purification samples: cell lysate (sample of the bacterial cell lysate taken before
sonication); supernatant (sample taken after sonication and centrifugation for isolation of
the cell debris); flow through (sample taken after incubation with the resin); wash

(sample taken following washing of the resin bound to the protein of interest); eluate
(sample of the eluted protein).
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Appendix B. Figure 4. Purification of the mutated MdmX RING domains via
affinity chromatography. His-tagged MdmX RING domain mutants were purified using
nickel affinity chromatography. Purification samples were resolved on 15% SDS-PAGE
and stained with Coomassie Brilliant Blue for visualization. Purification samples: cell
lysate (sample of the bacterial cell lysate taken before sonication); supernatant (sample
taken after sonication and centrifugation for isolation of the cell debris); flow through
(sample taken after incubation with the resin); wash (sample taken following washing of
the resin bound to the protein of interest); eluate (sample of the eluted protein).
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Appendix B. Figure 5. Expression level of the full-length CFP-Mdm2, CFP-MdmX,
YFP-Mdm2 RING, and YFP-MdmX RING in vivo. Wild-type full-length Mdm2 and
MdmX were expressed as CFP-fusion proteins; Mdm2 and MdmX RING were expressed
as YFP-fusion proteins. U20S cells were transfected with an empty YFP vector, CFP-
Mdm2, CFP-MdmX, YFP-Mdm2 RING, and YFP-MdmX RING. Mock sample was
prepared by treating cells with the transfection reagent alone with no DNA. Protein
samples were prepared 24 hours post-transfection. Immunoblotting was carried out with a
monoclonal anti-YFP antibody (1:1000). A monoclonal anti-GAPDH antibody was used
to track GAPDH (indicated with a star (*)). A, 1 minute exposure. B, 30 minute exposure.
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Appendix B. Figure 6. Expression level of the full-length FLAG-Mdm2, FLAG-
MdmX, FLAG-Mdm2 RING, and FLAG-MdmX RING in vivo. Wild-type full-length
Mdm2, MdmX, Mdm2 RING, and MdmX RING domains were expressed as FLAG-
fusion proteins. U20S cells were transfected with an empty FLAG vector, FLAG-Mdm2,
FLAG-MdmX, FLAG-Mdm2 RING, and FLAG-MdmX RING. Mock sample was
prepared by treating cells with the transfection reagent alone with no DNA. Protein
samples were prepared 24 hours post-transfection and treated with 500 ng/ml of
doxorubicin for 4 hours. Immunoblotting was carried out with a monoclonal anti-FLAG
antibody (1:1000). A monoclonal anti-actin (1:1000) antibody was used to track actin.
A, 1 minute exposure. B, 10 minute exposure.
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