














 
 

 

 

Chapter 1 

Introduction: Strategies targeting wild-type and mutant p53 to treat cancer 

 

 

  



 
 

The p53 protein is a key regulator of growth in all human cells. It can limit cell cycle progression, 

induce senescence or cell death, and modulate myriad other homeostatic processes.1,2 The balance of 

these activities depends on input from a wide array of cellular stress sensors that respond to stimuli 

associated with oncogenesis, particularly DNA damage. The ability of p53 to prevent growth in the 

presence of genotoxic and oncogenic stress makes it an important tumour suppressor, and has earned it 
3. D is strongly associated with, and 

perhaps a prerequisite for, cancerous transformation4; accordingly, the restoration of p53 activity is a 

potent tool for treating cancer.  

A relatively small protein, p53 is composed of three general regions: a disordered N-terminus, a 

folded DNA-binding core domain, and a mostly-disordered C-terminal tail (Figure 1). The N-terminal 

domain (NTD) contains two transcription activation domains (TAD1, TAD2) implicated in differential 

diverse target genes5, and a proline-rich domain that allows for association with 

phase-separated nuclear speckles6,7. The NTD is particularly active in protein-protein interactions, and 

phosphorylation of this region is associated with activation of p538. The DNA-binding domain (DBD) is 

responsible for sequence-specific interaction with the p53 response element (RE) in DNA9, and contains 

a single structural zinc ion that is required to maintain this specificity10. The p53 C-terminus enhances 

DNA-binding by direct interaction and by enabling the assembly of p53 into its native dimeric and active 

tetrameric forms11,12. This region is also heavily post-translationally modified, and is important for 

regulation of p53 activation, subcellular localization and turnover8. 

 

Figure 1: Domain structure of p53. The two transcription activation domains and the region connecting 
them to the DBD comprise the N-terminal domain. The DBD and tetramerization domain (Tet) are the 
only folded domains. 

P53 works primarily as a transcription factor, acting on hundreds of genes identified by the p53 

response element (RE), a paired 10-base palindromic consensus sequence that is recognized by the 

DBD13.  p53  avidity for DNA is enhanced by dimerization, which allows two copies of the protein to 

bind each RE; tetramerization further enhances transactivation, facilitating binding to co-activators by 

increasing the number of TADs present on the enhancer5,14. To selectively activate hundreds of targets, 

p53 requires layers of regulation. At the DNA level, variations in the specific sequence of 



 
 

RE produce affinity differences that facilitate the activation of less disruptive transcriptional programs 

before more disruptive ones15.  TADs are associated with activation of 

different targets/pathways: TAD1 is required for the DNA damage response, but dispensable for tumour 

suppression5. The overall level of p53 activity is further controlled by PTMs and protein-protein 

interactions at both the N and C termini13. 

The canonical mode of p53 activation   occurs in response to 

DNA damage, and is mediated by DNA-dependent protein kinases such as ATM and Chk1/216. 

Phosphorylation of p53 by these proteins leads to p53 accumulation and increased transactivation. 

When p53 is activated at even a low level, one of the first proteins transcribed is the pan-CDK inhibitor 

p21 (CDKN1A), which causes cell cycle arrest17,18. This is accompanied by activation of DNA-repair 

pathways, where p53 serves as a regulator of global genome nucleotide excision repair, base excision 

repair, and double-strand break repair19. In cases of mild injury, p53 activates genes associated with 

inhibition of apoptosis, such as decoy death receptors, inhibitors of the BCL2 pathway, and activators of 

AKT1

a cell suffers a greater injury, such as from harsh irradiation or severe reactive oxygen stress, a more 

pronounced p53 response occurs. Greater accumulation and posttranslational modification of p53 in the 

nucleus leads to transcription from lower-affinity p53 REs20, initiating a pro-apoptotic transcriptional 

program. This is primarily mediated by the production of BCL2-family activator proteins PUMA and 

NOXA, as well as the related effector BAX, which cause cytochrome C release and ultimately launch the 

lethal caspase cascade21. 

p53 is also activated in response to the overexpression of oncogenes (e.g. RAS, Myc) or the loss of 

other tumour suppressors (e.g. PTEN, RB)22,23. This tumour suppression pathway, mediated primarily by 

ARF, also completely ends cell growth, potentially by apoptosis, but mainly by senescence. This is a 

distinct, non-lethal process by which cells permanently exit the cell cycle, which is normally triggered in 

aging cells in response to telomere degradation but can be engaged as a means of suppressing 

oncogenesis24. In healthy cells, ARF is constitutively degraded, but it accumulates in response to growth 

signaling proteins such as PI3K and Stat3. ARF promotes degradation of the p53-inhibitor MDM2 (vide 

infra), releasing inhibition of p53 and the senescence pathway25. This is mediated by the expression of 

high levels of p53 targets such as p21, PML, and PAI-1, which in turn regulate the cell cycle, growth 

signaling, and p53 itself to prevent further propagation of the dysfunctional cell24,26.  



 
 

 Together, these pathways protect cells against genetic alterations leading to neoplastic 

transformation and protect the organism against cells that have begun to transform, as illustrated in 

Figure 2. In addition to this core function, p53 has been found to be important to the maintenance of 

cellular health in many other ways, particularly in the regulation of metabolism through control over the 

expression of glucose transporters and glycolytic enzymes27. 

 

Figure 2: p53 is an integrating point in a complex signaling network. Stimuli activating p53 are 
identified at the top of the figure. The specific activator and other contextual inputs determine what 
genes are transcribed, leading to the results presented at the bottom of the figure. (Beckerman and 
Prives, Cold Spring Harb Persp Biol 2010. Copyright to Cold Spring Harbor Laboratory Press. Used with 
permission.) 

p53 also has a number of non-transcriptional modes of action, illustrated in figure 3. Like its 

transcriptional targets, these are mainly associated with tumour suppression but include a range of 

-transcriptional activity was first illustrated by the early finding that a severely 

truncated p53 incapable of binding DNA could induce apoptosis in HeLa cells28. This was the first hint 

-established ability to directly activate the intrinsic (mitochondrial) apoptosis 



 
 

pathway.29 p53 interacts with the anti-apoptotic proteins BCL-2 and BCL-xL30, mimicking a BH-3 protein 

from that family to release their inhibitory effect. This leads to activation of Bax/Bak and the release of 

cytochrome C from mitochondria, initiating an apoptotic caspase cascade. On the tamer side of tumour 

suppression, p53 interacts directly with the DNA replication and repair apparatus to improve fidelity31, 

mediates G0 arrest32, and inhibits centrosome duplication to prevent abnormal amplification and 

associated chromosomal instability31. As a regulator of growth and metabolism, p53 modulates growth-

factor signalling through interactions with receptors33 and suppresses autophagy though inhibition of 

AMPK and activation of mTOR34. 

 

Figure 3: p53 participates in a wide array of non-transcriptional activities. Direct activation of 
mitochondrial apoptosis is illustrated on the right. Non-transcriptional DNA interactions are illustrated 
on the left. p53 also with various regulators of the cytoskeleton, as shown in the center.  (Ho et al. Int J 
Mol Sci 2020. Copyright MPDI. Used in accordance with CC BY.) 

The high mutation rate in 

cancer. Approximately 50 % of human cancers are found to have alterations in p5335, far more than has 

been observed for any other gene  alterations in the runner-up, PIK3CA, are found in approximately 15 

%36. Furthermore, p53 mutations rates in excess of 80 % are observed in a subset of female reproductive 

cancers, and remarkably elevated rates of p53 mutation are also found in head-and-neck cancers (Figure 

4). Passenger mutations of p53 are exceedingly rare37. When p53 is not mutated, cancers must evolve to 



 
 

escape its potent tumour suppressing activity in other ways. Mechanisms for this are overexpression of 

p53-targeting ubiquitin ligase proteins (MDM2, PIRH238, COP139, TRIM2440), p53-inhibitory proteins 

(MDM2, Siva141, ATDC42) or inhibitory RNA43.  

 

Figure 4: p53 alteration rates vary widely in different cancers. In most cancers, mutations predominate. 
The Cancer Genome Atlas (TCGA) is a project of the National Cancer institute to catalogue genetic 
alterations in cancer.  (Adapted from Burgess et al., Front Oncol 2016. Copyright the authors, used in 
accordance with CC BY.) 



 
 

 50 % mutation rate allows us to distinguish between two broad categories of cancers: the 

half in which p53 itself is dysfunctional, and the half in which its potent tumour-suppressing activity has 

been otherwise circumvented. This dissertation describes my work on new strategies for targeting p53 

as a means of treating cancer. The two sections of the dissertation reflect the two broad categories of 

p53 disruption that occur in cancer, and the different approaches we have applied to address them. 

Section 1: Targeting wild type p53 in cancer 

As a protein responsible for opposing growth, p53 is by nature highly toxic, and must be tightly 

regulated. The proteins MDM2 and MDMX are the primary, and necessary, inhibitors that limit p53 

activity. Mouse models have shown that knockout of either one results in p53-dependent embryonic 

lethality44 46, and that expression of p53 without these inhibitors is equally lethal in adult mice47,48. 

Conversely, in models where MDM2 or MDMX is overexpressed, the animals quickly develop tumours, 

with a cancer syndrome similar to those observed in p53 knockouts49. This finding is corroborated by 

human tumour sequencing data, which indicate a mutation rates for these proteins on the order of 3 % 

across all cancers, ~20 % of sarcomas, and potentially 90 % of liposarcomas50 53. Of particularly interest 

to our work, however, is that unlike most common oncogenes, MDM2 and MDM4 alterations show a 

strong trend of mutual exclusivity with p53 mutation across numerous cancer types50,51. This indicates 

that they are not only the primary physiologic inhibitors of p53 activity, but also important inhibitors of 

wild type p53 in cancer. It is expected that releasing this inhibition in tumour cells would be therapeutic, 

but such treatments must be carefully targeted to avoid inducing excessive p53 toxicity in healthy 

cells54. 

MDM2 and MDMX are a pair of homologous proteins approximately 500 amino acids in length 

with nearly identical structures (illustrated in figure 5), and which form functionally essential 

heterodimeric/oligomeric complexes. Both are composed of a folded N-terminal p53-binding domain 

(BD), a long unstructured central region, and a small eally NG) domain near 

the C-terminus. The p53-binding domain consists of several alpha-helices, which assemble to form a 

hydrophobic groove that tightly binds TAD1 of p5355. This is the thought to be the primary high-affinity 

interaction site between p53 and the MDM proteins. The central unstructured region contains a nuclear 

localization sequence, an acidic domain (AD) and a zinc-binding motif. This region comprises 

approximately 70 % of the length of the proteins, and appears to be a regulatory region: it is the site of 

most post-translational modification, and it has numerous secondary intramolecular and intermolecular 

interactions with MDM2, MDMX, and p5356,57. The RING domain is a ubiquitin E3 ligase domain, 



 
 

although the MDMX RING is not catalytically active58,59. It is appended by a short hydrophobic tail that is 

necessary for MDM2 self-association and MDM2-MDMX heterodimerization60,61. The specific 

interactions of p53, MDM2, and MDMX are explored in greater detail in chapter 2, where we address 

relative contributions of the primary and secondary interactions to the overall binding between these 

proteins. 

 

Figure 5: Domain structures of MDM2 and MDMX. Only the BD and RING domains are folded. 

MDM2/MDMX regulate p53 in two through two distinct mechanisms: direct inhibition and 

removal. The p53 removal pathway is likely better known, and the elimination of p53 by MDM2 is used 

as a textbook example of negative feedback: p53 accumulation stimulates transcription of MDM2, which 

ubiquitinates p53, causing p53 to be degraded by the 26S proteasome and removed from the cell, thus 

reducing MDM2 transcription62. This process is facilitated by MDMX , which heterodimerizes with 

MDM2 to enhance its catalytic activity63,64.  The roles of MDM2 and MDMX as presented here are 

accurate, but imprecise and easily misunderstood. It is now clear that this only describes one of several 

pathways for p53 removal by MDM2/MDMX. 

The first step in the canonical p53-MDM2 negative feedback cycle is p53 accumulation, which 

occurs in response to stress. This pathway is illustrated in the lower portion of figure 6. Accordingly, the 

above pathway is largely dispensable in resting, unstressed cells65. This is well illustrated by mice bearing 

the catalytically inactive MDM2(Y487A) mutant. These animals do not die in utero like MDM2-null 

animals and are generally healthy despite slightly elevated p53 concentrations, but they exhibit fatal, 

p53-dependent sensitivity to doses of radiation that are non-toxic to wild-type animals66. Similarly, 

mutation of all six of the C-terminal lysines on p53  the sites of ubiquitination  does not significantly 

extend the half-life of p53 in healthy cells67. Basal regulation of p53 protein level has not been described 

in the same detail as the post-stress response, but it is independent of the p53-MDM2 transcriptional 

feedback loop, and appears to function mainly through MDM2-dependent degradation of p53 dimers by 

the ubiquitin-independent 20S ribosome68 70.  



 
 

In addition to its role in normalizing p53 levels after activation events, ubiquitination also 

facilitates the removal of p53 from the nucleus, further limiting its activity71. This function is separated 

from degradation by the degree of ubiquitination: monoubiquitination is sufficient to facilitate nuclear 

export, while 26S proteasome requires at least a linear tetraubiquitin chain to recognize its 

substrates72,73.  Low levels of ubiquitination activity produce monoubiquitin-p53, while higher activity 

give rise to polyubiquitinated protein. MDM2 activity is reduced by modifications that decrease the 

affinity of the p53-MDM2 N-terminal interaction74, and enhanced by conditions favour RING-RING 

dimerization: increased MDM2 concentration or the presence of MDMX72,75,76. Intriguingly, 

monoubiquitination of cytoplasmic p53 may also be an activation pathway, by promoting mitochondrial 

translocation and subsequent activation of pro-apoptotic BCL2 proteins to facilitate mitochondrial 

apoptosis74,77,78; additionally, MDMX may also localize to mitochondria and play an MDM2-independent 

pro-apoptotic role in this pathway79.  

 
Figure 6: MDM2 and MDMX regulate p53 activity according to two different pathways in resting and 
stressed cells. The upper pathway includes direct inhibition and ubiquitin-independent degradation, and 
is essential for the survival and growth of healthy cells. The lower pathway becomes active when MDM2 
is overexpressed following a p53 response to DNA damage or oncogenic stress. 

Although removal is better known, direct inhibition was the first mode of p53 regulation 

discovered for both MDM2 and MDMX80,81. Both proteins can bind directly to TAD1 of p53, preventing 

p53 from interacting with transcriptional co-activators (Figure 6, top). This can occur even with DNA-

bound p53, where the p53-MDM2-MDMX complex acts as a repressor of p53 target genes 20. In contrast 

with ubiquitination, p53 inhibition by MDM2 and MDMX is absolutely necessary for embryonic 

development to progress past five days and one week respectively44 46. In the adult mammal, this 

inhibition of p53 is necessary to permit haematopoiesis, as well as recovery from exposure to ionizing 



 
 

radiation82. Loss of MDM2 is similarly rapidly lethal47; loss of MDMX is also toxic, though it requires 

month-long exposure to produce the same outcome83. Taken together, these findings indicate that 

direct inhibition by MDM2 and MDMX is the primary mode of p53 regulation in most cells, most of the 

time.  

Similar to ubiquitination, inhibition of p53 is enhanced by heterodimerization of MDM2 and 

MDMX. Indeed, the heterodimer is the physiological state of these proteins in vivo75,84, and embryonic 

lethality in animal models with targeted mutations that disrupt MDM2-MDMX heterodimerization 

indicate that the heterodimer is responsible for basal repression of p53 in most cells as described 

above.85 As such, the ternary complex of p53-MDM2-MDMX is the most relevant biological structure 

when studying the regulation of p53 by these proteins.86  

Due to its size and the challenges of studying disordered proteins, the ternary complex remains at 

this time poorly defined, but significant scientific effort has been expended to identify binary 

interactions among these three proteins (illustrated in figure 7). The binding domains (residues 18-102) 

of both MDM2 and MDMX have been crystallized with peptides from the p53 TAD155,87, identifying that 

p53 residues 18-26 form an alpha-helix with Phe19, Trp23, and Leu26 making the strongest contacts in 

both cases. These findings have been confirmed in solution by NMR88. Additional studies have indicated 

that the p53 C-terminus (367-393) and tetramerization domain (325-355) respectively interact with the 

N-terminal residues 10-36 and 33-43 of the MDM2 binding domain69,89. It has also been suggested that 

the MDM2 and MDMX binding domains may interact directly with one another90. Crystal structures have 

been obtained for the MDM2(RING)-MDMX(RING) heterodimer, an essentially symmetric dimer held 

together by hydrophobic interactions of the three extreme C-terminal residues on each protein with a 

corresponding groove on its partner91. The acidic domains of both MDM2 (residues 260-275)92  and 

MDMX (residues W200 and W201)93,94 interact with the p53 DBD, competing with DNA binding; in the 

case of MDM2, this site is also required for efficient ubiquitination95, and changes in this interaction are 

thought to be responsible impaired ubiquitination of p53 mutants96. Furthermore, all three proteins also 

have significant self-interactions that regulate their activity.97 102 All of these different sites have been 

implicated in the regulation p53 activity, presenting a glut of possible targets for activators of wild-type 

p53 in cancer.  



 
 

 

Figure 7: p53, MDM2, and MDMX have many intermolecular interactions, of which few have been 
specifically targeted for drug development. References are provided in the text. 

The hydrophobic groove of the MDM2 binding domains, which binds with high affinity to a short 

but functionally important stretch of p53, and for which crystal structures are available, has historically 

been viewed as the most promising target for drug development103. Early validation work using peptides 

indicated that inhibition of this interaction curtailed cell growth.104 The first small molecule inhibitors of 

this site, named Nutlins after the laboratory in Nutley, New Jersey where they were developed, are 

substituted imidazoline molecules designed to match a pharmacophore identified in the crystal 

structure of an MDM2-bound p53 TAD1 peptide105. The lead compound of that group, Nutlin 3a, 

inhibited binding of the same peptide with an IC50 of 90nM. In cell culture, treatment with Nutlins leads 

to p53 accumulation and produces p53-dependent senescence, though little apoptosis106. Surprisingly 

these compounds also does not appear to inhibit ubiquitination of p53107. Subsequent lead optimization 

has produced Nutlin-related pyrrolidine molecules with inhibition constants as low as 6 nM108. These 

compounds have been studied in clinical trials, and advanced as far as phase III studies in leukemia, 

which are ongoing109. However, previous trials of this same mechanism have been plagued by very high 

rates of serious adverse events associated with p53-dependent bone marrow toxicity110, and cell-based 

experiments have indicated that MDMX overexpression produces complete resistance to MDM2-BD 

inhibitors111. While ongoing studies offer reasons to be optimistic that the class of compound will find an 

indication, dosing, or combination regimen that is clinically useful, the presence of significant on-target 

toxicity suggests that other mechanisms should be explored.  



 
 

More recently, the MDMX binding domain has been identified as a drug target for p53 activation. 

The rationale for this approach is similar to that of the MDM2 binding domain: the target site has been 

thoroughly structurally characterized, and is clearly involved in the inhibition of p53 activity. However, 

unlike MDM2, transient loss of MDMX activity appears to be tolerable in adult animals83, and transient 

re-expression of p53 in p53- and MDMX-null tissues has similarly reversible effects112, suggesting that 

MDMX inhibitors may have fewer toxic side-effects. Biochemical studies of hit and tool compounds in 

the class indicate that MDMX inhibitors do not produce p53 accumulation, but do induce 

apoptosis113,114. Currently, few compounds are available in this class115. Dual-inhibitors of MDM2 and 

MDMX are also early in their development, although they have begun to enter clinical trials54,116. 

The final major category of MDM2/MDMX-targeted therapeutics are compounds that disrupt 

heterodimerization of MDM2 and MDMX. This is a linchpin interaction in the p53-MDM2-MDMX ternary 

complex, and is essential for both inhibition of p53 during development and efficient ubiquitination in 

general76,117,118. Peptide and small molecule inhibitors of this interaction reduce p53 ubiquitination and, 

similar to MDMX inhibitors, produce more apoptosis than senescence107,119. These compounds have 

demonstrated impressive selectivity toxicity against cancer cells in vitro, and efficacy when injected 

directly into xenografts, but have yet to be tested in the clinic. 

A relatively under-explored approach to targeting the p53-MDM2 pathway is inhibition of p53 

ubiquitination. As described above, MDM2-mediated ubiquitination and subsequent degradation of p53 

is necessary to modulate the impact of p53 activation. This mode of p53 regulations depends on high 

concentrations of MDM2 and MDMX, which are normally only observed in regular cells after they are 

subjected to oncogenic stress (e.g., DNA damage, oncogene expression), when p53 activation has 

stimulated increased expression of the MDM-proteins. Accordingly, disruption of p53 ubiquitination is 

better tolerated in healthy cells than Nutlin treatment or, but increases sensitivity to p53-activating 

oncogenic stresses91; however, in cancer cells that have escaped p53-mediated culling via amplification 

and overexpression of MDM2 or MDMX, this inhibition would permit p53 accumulation and activation, 

killing the cell120. The most straightforward approach to this preventing p53 ubiquitination is to block the 

E3 ligase activity of the MDM2 RING domain. This is challenging because RING domains are more 

numerous than even kinases, making selective inhibitors hard to come by121; furthermore, the MDM2 

RING domain is also responsible for its heterodimerization with MDMX, which is important for these 

proteins function as direct inhibitors, and thus must not be disrupted to avoid toxicity60,118. 

Notwithstanding these challenges, two scaffolds have been identified and validated to inhibit the 



 
 

catalytic activity of MDM2122,123. Because MDM2 is also a auto-ligase, this causes both p53 and MDM2 to 

accumulate. Drugs based on both scaffolds are selective for MDM2 versus other E3s ligases; however, 

even the best compounds in both groups have low potency, poor druglike properties, and significant off-

target effects124. This has precluded animal studies, and so the search for practical inhibitors of p53 

ubiquitination continues. 

In chapter 3, we present our work on EGCG, a green tea flavonoid previously shown to reduce p53 

ubiquitination and p53-MDM2 association in cells125. EGCG is a compound of great interest due to its 

apparent anti-cancer activity in both cell and animal experiments.126,127 A wide range of mechanisms 

have been proposed to explain its anti-cancer activity in model systems, supported by data suggesting 

that it interacts with many different proteins, but none are conclusive127. Brewed green tea contains 

approximately 1 mM EGCG, and purified EGCG is well tolerated up to 1 g/day in humans128. There is 

some epidemiologic evidence that individuals who drink green tea experience a lower incidence of 

cancer129; however this must be considered cautiously with the knowledge the EGCG is extensively 

metabolized and has very poor oral bioavailability, suggesting that either its metabolites or another 

component of the tea is responsible for this effect126. In animal models, whether does orally, 

intraperitoneally, or intravenously, EGCG toxicity is primarily hepatic, similar to what has been observed 

in humans, although some minor bone marrow toxicity has been noted128.  

The results we present in chapter 3 show that EGCG binds directly to p53-NTD, preventing its 

ubiquitination my MDM2 in vitro. As such, EGCG represents a new class of p53 inhibitors, which target 

p53-NTD directly to prevent interaction with MDM2. Although this is similar to targeting the MDM2 and 

MDMX binding domains, due to the dense network of interactions both between these three proteins 

and with other regulators of p53, the two approaches produce different functional results. Indeed, our 

in-vitro ubiquitination assay data show a clear difference between treatment with Nutlin and EGCG, 

suggesting that this new class of inhibitors may effectively target other mechanisms of p53 regulation to 

-target toxicity.  Additionally, although EGCG prevents p53 ubiquitination, it is also 

distinct from inhibitors targeting the MDM2 or MDMX RING domain, as it is unlikely to impact MDM2-

MDMX heterodimerization and ubiquitination. As a result, our study represents a first step towards a 

potentially valuable new means of targeting p53 in MDM2-amplified cancers.  

Section 2: Targeting p53 mutants in cancer 



 
 

Tumour suppressors are most commonly deleted or truncated in cancer, in contrast with 

oncogenes, which are more likely to be mutated and amplified. Furthermore, alterations of tumour 

suppressors tend to be recessive, requiring both alleles to be altered before the phenotype  cancer  is 

observed. p53 bucks both of these trends: 90 % of p53 alterations are missense130, and many exert 

dominant negative effects.131 As a result, many p53-mutant cancers continue to produce the protein, 

and even some wild-type protein, albeit in a non-functional state. The goal of much of the work in this 

field has therefore been aimed at repairing missense p53 mutants and restoring their tumour-

suppressing activity. 

 

Figure 8: Four p53 DBDs binding to a p53 response element. Only two of the DBDs participate in DNA 
recognition and binding. (PDB 3TS8, published in Emamzadah et al., Science 2011. Non-copyright 
material.) 



 
 

The large majority of p53 missense mutations occur in the DNA-binding domain.35 Nearly every 

amino acid of the DBD has been observed to be mutated, and the ultimate outcome in essentially all 

cases is a loss of DNA binding and transcription factor activity35,37. In a small, albeit common, set of these 

mutations, this is the result of deleterious changes to the DNA-binding surface of the DBD. -

mutations generally do not significantly perturb the rest of the protein, but disrupt specific 

protein-DNA interactions at the p53 RE132. Mutations outside this binding pocket lead to loss of function 

through denaturation of the native structure, and are  

Structural mutants have historically been subcategorized based on stability, and on proximity of the 

mutation to the zinc binding site or other proxy metrics for the effect of changes in zinc binding.132 This 

topic is addressed in detail in chapter 4.  

The reactivation of p53 in cancer is an attractive prospect for a number of reasons. First, p53 

mutations are associated with worse prognosis in many forms of cancer133. This may be the result of 

reduced genome integrity and accelerated cancer evolution134, treatment resistance135, or even 

oncogenic p53 gain of function136. In all cases, simply removing this aggravating factor would be 

beneficial for patients. The primary goal of p53 reactivation, however, is restoration of its tumour 

suppressor function. Genetic models that demonstrate complete tumour regression after expression of 

wild-type protein is restored to p53-null cancers137,138 are extremely promising, although models 

showing partial response to wt-53 re-expression in the context of a mutant are perhaps more realistic139. 

Additionally, early gene therapy trials in humans have suggested that re-expression of p53 in even some 

tumour cells may produce antiangiogenic and even immune-mediated cytotoxic effects in the 

surrounding tumour140. Finally, because the non- body are already 

expressing wild-type p53, a well-designed method of restoring wild-type activity in p53-mutant cancers 

has the potential to be a highly targeted treatment, with fewer side effects than cytotoxic cancer 

therapies. 

Early efforts to identify p53 reactivators gave rise to the compound CP-31398, which was 

identified by in-vitro screening for molecules that increased the thermal stability of the p53-DBD, which 

is otherwise labile at 45 °C141. In cells, CP-31398 causes an accumulation of native-fold p53, as detected 

by conformation specific antibodies, and an increase in transcription of p53 target genes; however, it is 

unclear what the mechanisms of these effects were, as another study found that CP31398 binds DNA, 

not p53, reducing p53-DNA interaction and producing p53-independent toxicity142. Subsequently, the 

search for reactivators has been driven mostly by cell-based screening focused on selective toxicity and 



 
 

activation of p53 pathways. This process led to the discovery of PRIMA-1143, MIRA-1144, and STIMA-1145, 

members of a broad class of compounds that appear to function by covalently modifying cysteines on 

p53, as well as NSC319726, a zinc-chelator that will be discussed in detail under the name ZMC1146. The 

p53 alkylators, which may also include CP-31398145, have been found to increase the thermodynamic 

stability of both mutants and the wild-type protein, facilitating folding in the native conformation147. 

They also impair DNA binding, suggesting that alkylators cytotoxicity relies on non-transcriptional p53 

pathways, and they appear to create reactive-oxygen stress through alkylation of non-p53 targets148. In 

contrast with general p53-reactivators found through screening, specific refolders for the p53 Y220C 

mutant were created through rational design149. These compounds, best known as PhiKans, were 

engineered to bind a void left in the native structure of p53 by the mutation of the tyrosine at position 

220 to cysteine150. The interaction energy of a PhiKan binding in only the native state adds to the net 

folding energy of the protein, restoring the otherwise unstable mutant. These compounds were shown 

to refold p53 in biochemical assays, but their efficacy has been limited by low binding affinities. Of the 

compounds presented above, PRIMA-1 derivatives made the most progress in the clinic, to date 

advancing as far as Phase II clinical trials.151  

NSC319726 (ZMC1) is part of the thiosemicarbazone (TSC) family of compounds, which have 

diverse anti-cancer effects associated primarily with binding to redox-active transition metals.152 It was 

identified though datamining of the NCI60 human tumour cell lines screen to identify compounds that 

inhibited growth in cell lines with p53 hotspot mutations more than those with wild-type p53146.  On 

validation, it was discovered that ZMC1 is particularly effective against the R175H mutant. This effect is 

achieved though dual mechanisms: ZMC1 both refolds this mutant to its native state, and activates p53 

by inducing phosphorylation of TAD1. Further work indicated that ZMC1 is also particularly effective 

against other mutants with alterations of or near the zinc-binding residues153. These mutants have 

reduced zinc affinity, and are unable to bind zinc in the relatively low-zinc intracellular environment. 

They are therefore non-functional, and accumulate as aggregates in these cells.154 It was previously 

shown that wt-p53 activity in cell culture can be switched off by metal chelation, and restored by zinc 

replenishment10. Furthermore, the R175H mutant can be refolded in cellulo by massive zinc 

supplementation.155 This sharp dependence of p53 function on zinc binding is the basis of 

refolding activity: the conjugate base of ZMC1 forms an electrically neutral 2:1 complex with a single 

Zn2+ ion, which acts as an ionophore to facilitate zinc diffusion across biological membranes as illustrated 

in figure 9.156 This ionophore effect is efficient enough to increase intracellular zinc by at least one order 

of magnitude156, and to enable remetallation and refolding of binding-impaired mutants without 



 
 

additional zinc in cellulo and in vivo146. We therefore describe compounds capable of refolding p53 in 

this way as zinc metallochaperones (ZMCs). Unsurprisingly, ZMC1 is also potentiated by supplementing 

cell culture media with zinc, and formulation of the drug as a zinc complex prior to dosing further 

enhances this process, increasing efficacy in both cells and animals157.  

 

Figure 9: ZMC1 forms as 2:1 complex with zinc and acts as a zinc ionophore. Top left, chemical 
structure of ZMC1. Top right, crystal structure of the ZMC1-Zn complex. Bottom, illustration of zinc 
ionophore mechanism. (Adapted from Blanden et al., Mol Pharmacol 2015. Copyright ASPET. Used with 
Permission.) 

ZMCs have two key properties. First, they must bind zinc tightly enough to acquire it outside the 

cell, but weakly enough to donate it to binding-impaired p53 mutants. In the blood, the total 

concentration of zinc is approximately 10-5 M, and the majority of this is bound to serum albumin, which 

has a zinc dissociation constant (KZn) on the order 10-7 M158. Meanwhile, the most impaired zinc-binding 

mutants have KZn values in the 10-9 M range. In agreement with this, we show in chapter four that for 

our most effective ZMCs, 10-9 < KZn < 10-7 M.  Second, a ZMC must form a membrane-permeable complex 

with divalent cations, to enable transport. Membrane permeability is facilitated by ligands that 



 
 

neutralize the charge of the ion, and complexes with limited polar surface area. This pair of properties is 

not common. for instance, the anti-cancer TSC triapine can activate p53 pathways, but both it and the 

semicarbazone (sulfur-to-oxygen) analogue of ZMC1 bind weakly to zinc, and neither can refold mutant 

p53159. From the NCI60 screening set, the thiosemicarbazone NSC319725 and the selenosemicarbazone 

NSC328784 are both effective ZMCs159. Considering other scaffolds, although the standard metal 

chelator ethylenediaminetetraacetic acid (EDTA) binds zinc tightly and inhibits p53 folding by 

sequestering the metal, the weaker-binding analogue Nitrilotriacetic acid (NTA) has an appropriate zinc 

affinity and can facilitate p53 refolding in vitro; however, the complexes formed between zinc and NTA 

have poor membrane permeability, and the ligand must be dosed in 1000x greater quantities than ZMC1 

to achieve refolding in cell culture. In chapter 5, we discuss the properties of ZMCs in quantitative detail, 

and present a library of new ZMCs based on an alternative chemical scaffold. The existing literature 

clearly demonstrates the efficacy of ZMCs in refolding and restoring function to missense p53 mutants 

with alterations near the zinc-binding site. In chapter 4, we present a new, detailed thermodynamic 

analysis of the most common mutants at the 22 most commonly mutated positions in p53, and use it to 

develop a new classification scheme for p53-DBD mutants. One of the major findings of this work is that 

ZMCs are effective in correcting most DBD mutations regardless of whether they are near the zinc 

binding site, as long as they do not directly alter the DNA contact surface. This suggests that ZMCs will 

be effective against many more cancers than previously expected, broadening the clinical applicability of 

these compounds.  

Early in the development of ZMCs, it was observed that zinc-mediated refolding alone is not 

cytotoxic153. In addition to refolding p53 mutants by transporting zinc, thiosemicarbazone ZMCs also 

interact with redox-active transition metals and generate reactive oxygen species (ROS), and this is 

required for their cytotoxicity. This effect is demonstrated by the concurrent treatment of p53(R175H) 

cancer cells with ZMC1 and the reducing agent N-acetyl cysteine (NAC), which results in a severe 
146. Specifically, we identified 

that TSC ZMCs bind tightly and specifically to copper, and that ZMC-copper complexes generate ROS160. 

This copper-dependent mode of action is similar to that of other cytotoxic thiosemicarbazones, such as 

Triapine, DpC, and COTI-2 (itself a ZMC), and is active in cells with wild-type or absent p53161. 

Thiosemicarbazone cytotoxicity is highly context dependent: in certain cell lines, ZMC1 is highly potent 

independent of p53 status, indicating that the copper-ROS mode of action can predominate than the 

ZMC mechanism162, but when surveying activity across cell types, it and other thiosemicarbazones range 

in potency over several orders of magnitude, indicating that this mechanism is highly context 



 
 

dependent27,146,163. Furthermore, based on the adverse events observed in clinical trials of Triapine, this 

shared mechanism of action is thought to also be the source of off-target toxicity shown in animal 

studies of ZMC1152,164. The two-step mechanism of ZMC cytotoxicity in p53-mutant cells is illustrated in 

Figure 10. 

 

Figure 10: The dual mechanisms of ZMC activity in cells. The zinc-mediated refolding represented by 
the first arrow is a new therapeutic strategy that we are developing. The ROS-dependent transcriptional 
activation is a mode of action shared with other thiosemicarbazones, such as Triapine, DpC, and COTI-2 
(Adapted from Zaman et al, Mol Cancer Therap 2019. Copyright AACR. Used with permission.) 

The cytotoxic effect of redox active metal-binding by TSC ZMCs led early studies to focus on their 

use as single-agent anti-cancer treatments. However, most drug regimens in clinical oncology consist of 

multiple agents to maximize efficacy while minimizing adverse events. We evaluated the efficacy of 

ZMC1 in combination therapy using the Chou-Talalay method, which is based on the principle of Loewe 

Additivity165. Our results indicated that ZMC1 produces supra-additive (synergistic) efficacy in 

combination with some targeted agents, but also that co-administration with cytotoxic therapies such as 

radiation or DNA-damaging chemotherapy produced  anti-synergistic outcomes160. In light of the 

generality of the p53 reactivation mechanism, we reasoned that this limitation was more likely to be 

associated with the copper-ROS secondary mechanism. This led us to hypothesize that a ZMC with 

reduced ROS-generation would be able to function as a general p53-refolding treatment and function as 

an adjuvant to potentiate the effects of other cytotoxic therapies. By separating zinc transport from 



 
 

redox-dependent activity, this approach would trade single agent efficacy for reduced toxicity and the 

ability to potentiate other cytotoxic therapies. Such a treatment would expand the scope of cancers 

treatable beyond that of cytotoxic TSC ZMCs, which are limited by the tissue and tumour specificity of 

the copper-ROS mechanism in addition to p53 mutation status.  

In our previous work, we have validated this hypothesis in cellulo using the chelator NTA and its 

mono- and di-ethyl esters160. Esterification of the NTA carboxylic acids reduces the charge and polar 

surface area of the resulting complex, which improved cell permeability and reduced the concentration 

required to refold p53. These molecules have similar KZn to ZMC1, but are five orders of magnitude less 

copper-selective and produce significantly less ROS. Accordingly, NTA derivatives were found to be far 

less efficacious in cell killing assays than ZMC1, yet these non-toxic doses of NTAs refold p53 and 

potentiate the cytotoxic effect of both chemotherapy and radiation. These results confirmed our basic 

mechanistic hypothesis; however, due to the high concentrations of NTA ZMCs required, and the lability 

of the ester moiety in vivo, these compounds were not suitable for animal studies or further 

development. Due to tissue-specific effects and the unpredictable nature of toxicity, in vivo work is 

required to satisfactorily answer the question of whether low-ROS ZMCs are viable as a non-toxic 

general adjuvant to cytotoxic therapy in the treatment of p53-mutant cancers. In chapter 5, we present 

a new series of ZMC compound with reduced copper binding and selectivity, and leverage them to begin 

to address this question directly. 
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CHAPTER 2 

Multiple co-primary interactions mediate MDM2 and MDMX regulation of p53 
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Introduction 

p53 tumour suppressor is the most frequently altered gene in human cancers, and disruption of its 

function is likely a prerequisite for cancerous transformation1,2. Despite this, approximately half of 

cancers progress while retaining fully wild type p53 alleles. In these neoplasms, p53-mediated growth 

inhibition must be circumvented by means other than intrinsic loss of function. These processes are 

diverse and incompletely understood, occurring at the levels of transcription/translation, post-

translational modification, protein/DNA interaction, and target pathway activity3,4; however one of the 

most common escape mechanisms appears to be upregulation of the primary physiological regulators of 

p53 activity: MDM2 and MDMX. 

MDM2 was first identified as a p53-interacting protein in 1990, and MDMX in 19965,6. Both inhibit 

transcriptional activation by p53 via interaction of their N-terminal p53-binding domain (MDM2-BD and 

MDMX-BD) with -terminal domain (p53-NTD), which is responsible for transactivation (Figure 1)7

9. In addition to controlling p53 activity, they are also responsible for regulating p53 turnover through 

the proteasome10 12. This occurs via both ubiquitin independent and dependent pathways13,14, the latter 

of which is catalyzed by -terminal RING E3 ubiquitin ligase domain15 17.  

The MDM2-BD spans residues 17-125, which form of a bundle of alpha-helices with a hydrophobic 

groove that binds a short stretch of the p53-NTD, residues 17 to 2718. The dissociation constant (KD) of 

the MDM2 domain with the peptide p53(15-29) was determined by isothermal titration calorimetry to 

be 600 nM18, and for the full length p53 protein, between KD = 230  340 nM19,20. These findings, along 

with the clear inhibitory mechanism of this domain, were taken to indicate that the N-terminal p53-

MDM2 interaction was the primary site of interaction between these two proteins, affirmed by the 

measurement of the full-length p53-MDM2 binding using surface plasmon resonance (SPR) to have a 

nearly identical KD of 400 nM21. This fueled an intensive search for small molecules targeting the MDM2-

BD binding groove, in an inhibit-the-inhibitor strategy to increase or restore p53 activity in cancer.22 

However, the trajectory of these compounds  broadly referred to as Nutlins after Nutlin 3a, the first 

effective inhibitor developed by Roche23  calls in to question the primacy of the BD-NTD interaction 

site. Results have been mixed regarding the impact of these compounds on the association and 

accumulation of p53 and MDM2 in cellulo24,25. They do activate p53, but generally induce senescence 

rather than apoptosis26, and do not ubiquitination activity27. Perhaps most importantly, 

 clinical efficacy has been mixed, showing anti-cancer activity closely matched by p53-associated 

toxicity28. 



The MDMX N-terminal p53-binding domain (MDMX-BD) binds the same stretch of p53-NTD as MDM2-

BD, though in a different conformation29. The strength of the interactions falls in a similar range, and

isothermal titration of the full length proteins shows that they associate only slightly more weakly (KD = 

1.1 M) than p53 and MDM2 (KD = 0.4 )30. Although other contact points have become apparent, the 

MDMX-BD is also generally taken to be the driving force for interaction between the two proteins30. The 

difference in their p53 binding modes prevents most MDM2 inhibitors from being effective against 

MDMX, allowing the latter protein to confer resistance against such drugs31. This has led to a parallel, 

albeit currently less advanced, medicinal chemistry effort to drug MDMX32,33.

The similarity between the first observed N-terminal (0.6 ) and full-length (0.4 ) interaction 

strengths may have been incidental, and even misleading regarding its importance. Further 

Figure 1: Domain structures of p53, MDM2, and MDMX. Full-length, wild-type human p53 (FL-p53) is 
393 amino acids in length. The disordered NTD spans residues 1-96, and includes two transcription 
activation domains (TAD1, 1-40; TAD2, 40-61) and a proline-rich domain (PRD 64-92); The NTD construct 
used in this work is p53(1-107) (p53-NTD). Residues (94-292) forms the folded DNA-binding core of the 
protein; the DNA-binding domain construct used in this work is p53(94-312) (p53-DBD). The 
tetramerization domain (Tet, 325-356), also known as the oligomerization domain, is a small, folded unit 
within the otherwise disordered C-terminal domain (CTD, 292-393). 
Full-length wild-type human MDM2 (FL-MDM2) and MDMX (FL-MDMX) are both largely unstructured 
proteins, with folded N- and C-terminal domains. The N-terminal p53-binding domains, MDM2(25-109) 
and MDMX(24-108) are represented in this work by MDM2(17-125) (MDM2-BD). The C-termini consist 
of -RING, 438-491; MDMX-RING, 436-490). The stretch 
from 215-295 is not highly conserved between the two proteins, but contains a large proportion of 
acidic residues in both (MDM2-AD and MDMX-AD).



measurements of the MDM2-BD KD for p53-NTD have varied from 50 nm to 4 19,20,34, and 

measurements of the MDMX-p53 N-terminal interaction similarly span more than two orders of 

magnitude (KD = 25 nM  10 )32,35,36. Although there is some small variation between experimental 

methods, the primary factor influencing the observed KD is the length of the constructs used21. The 

tightest binding is observed for the isolated MDM-protein BD (residues 25-125) with a p53 peptide 

precisely trimmed to match the crystallographic binding region residues 17-29; however, such results 

must be taken with caution as the addition of even two native residues N-terminal to this reduces the 

affinity by up to an order of magnitude. Inclusion of the full p53-NTD further weakens the interaction by 

restoring a proline-rich domain (PRD) that antagonizes MDM2 binding37,38, and extending the p53 

construct to include the C-terminus introduces a further competing interaction between p53 NTD and 

CTD for MDM2-BD39,40. Regarding the MDM-protein constructs, inclusion of the extreme N-terminus 

introduces a competing interaction between the BD binding groove and the N- 41,42, and 

extension of the MDMX construct through the central domain severely reduces binding through 

antagonism from the p53-mimicking 35,43. Collectively, these 

findings suggest that the weaker N-terminal KD measurements  on the order of 1   may be the 

more physiologically relevant.  

Although the N-terminal interactions between p53 and MDM2/MDMX are clearly important for the 

inhibition of p53-driven gene activation8, their role in other p53 regulatory processes is limited. For 

instance, turnover of p53 at basal expression levels is driven primarily by MDM2-AD, which facilitates 

p53 interaction with the proteasome44,45. The MDM2-BD is unnecessary for ubiquitination46, and in the 

unbound state acts as an allosteric inhibitor of the AD, which in turn is the key regulator of RING E3 

activity47 52. Inhibition of transactivation also relies on contributions from other domains: the MDM2 

and MDMX acidic domains both antagonize p53 binding to DNA, and PTMs or mutation of the AD region 

can produce profound changes in the p53 activity46,53 56 This suggests that other sites may present more 

important pharmacologic targets than previous estimated. 

In line with their functional importance, our hypothesis that the importance of -MDM2 

interactions has been understated is further supported by the growing body of evidence that these 

other domains of the proteins participate in strong, rather than minor regulator interactions40,53. The 

MDM2( BD) p53 KD was previously, qualitatively estimated from pull-down experiments to be < 46. 

The main candidate site likely to be driving this binding is the AD of the MDM-proteins. These domains 

have been estimated to bind p53 with KDs in the range of 10 40, and unlike those at the N-



terminus, these interactions are strengthened rather than inhibited by PTMs55,57. The binding sites 

appears to be centered around residues MDM2(260-279), which interact with strands 9-10 of the p53 

DBD19,48; this binding competes with DNA, facilitate ubiquitination, and is associated with 

conformational changes in p5356. For MDMX, interaction with the p53 DBD seems to be centered 

around MDMX residues 200, 201, and 289 with significant contributions from the RING domain, and also 

competes with DNA binding53,54. At low p53 or very high MDM2 concentrations, an additional site on 

MDM2-BD that binds the tetramerization domain of p53 dimers may also be an important contributor 

with a KD of 1.7 ; however, this interaction competes with tetramerization, which is nearly two orders 

of magnitude stronger, and so it is not likely a core interaction40,58,59.  

Despite their many similar modes of action, both MDM2 and MDMX are not redundant, and in fact must 

cooperate to appropriately limit p53 activity in most tissues60 62. In addition to their interactions with 

p53, MDM2 and MDMX also bind to one another, and the FL-MDM2-MDMX heterodimer has 1-2  KD 

by SPR63. This heterodimer forms via their C-terminal RING domains, and seems to be the  

default state in cells64,65. Such RING-RING heterodimerization is required to achieve sufficient p53 

inhibition to permit growth in sensitive tissues (e.g.  bone marrow66), and targeted disruption of this 

interaction is embryonic-lethal67 69. This inhibition appears to be the core of MDMX function in 

unstressed cells, where MDM2 alone can regulate p53 turnover67,68. Following DNA damage, the role of 

the heterodimer expands: MDMX limits MDM2-mediated Ub-independent p53 degradation while itself 

being cleared by MDM2 to release inhibition during the initiation of the stress response70 72. Following 

resolution of the stressor, MDMX-binding ability to ubiquitinate and clear 

accumulated active p53, to return the cell to a resting state12,60. As might be predicted from these varied 

functions of the heterodimer, the ternary complex p53-MDM2-MDMX has been observed in celluo,73 

and may constitute the key node through which p53 regulation is achieved. The structure of the p53-

MDM2-MDMX ternary complex had not been addressed in detail due to the difficulty of studying these 

highly disordered proteins36,74. A recent study by Medina-Medina et al75. suggests that RING-

heterodimerization only facilitates preorganization of the components, and that it is ultimately held 

together by a three-way interaction of the N-terminal domains, but additional data will be necessary to 

construct a comprehensive model. 

Functionally, however, ternary systems of p53, MDM2, and MDMX have been of particular interest in 

attempts to unravel the regulation of MDM2-mediated p53 ubiquitination. In low-MDMX conditions, 

MDM2 self-associates via the AD, which facilitates a weaker dimerization between the MDM2-RING 



domains65,76. -

ubiquitination, and MDM2 alone appears to act primarily as a p53 mono-ubiquitinase77, which facilitates 

nuclear export but not degradation78. When the concentration of MDM2 is increased, it forms larger 

oligomers that have greater selectivity for p53 ubiquitination79; accordingly the Mw of Ub(n)-p53 adducts 

is seen to increase proportional to [MDM2]78. It is unclear, however, whether such high MDM2 

concentrations and ratios are of physiological relevance, as low levels of p53 in resting cells  when the 

MDM2:p53 ratio would be highest  are cleared though ubiquitin independent pathways, and MDMX is 

constitutively expressed and present in most cells80. Heterodimerization with MDMX turns MDM2 in to a 

polyubiquitinase81 and potently enhances p53 ubiquitination and degradation12. Specifically, the MDMX 

C-terminal tail sits along the MDM2-Ub interface, stabilizing a 

primed for transfer to p5382. Additionally, MDMX increases the selectivity of MDM2 for p53 vs itself83,84. 

However, this process appears to be highly concentration dependent: MDMX only promotes p53 

degradation until the MDMX:MDM2 ratio exceeds 2:1, after which point it stabilizes the p53 

concentration60. This has been proposed to occur due to high ratios promoting MDMX 

homodimerization, which will prevent p53-MDM2 interaction84; if this is the case, then high MDMX 

ratios could also be predicted to inhibit ubiquitination, but this has not previously been observed. 

In this work, we leverage a new protein expression tag, RBP85, to isolate functional, full-length, wild-type 

p53, MDM2, and MDMX, as well as truncated constructs thereof. To test our hypothesis that the 

importance of secondary interactions has been underestimated in the formation and function of p53-

MDM2/MDMX complexes, we pursued a series of studies regarding their binding affinities using 

fluorescence polarization anisotropy measurements. This solution-phase technique, combined with the 

use of a fluorescent labeling methodology targeting only the (non-interacting) extreme N-termini of the 

proteins, allowed us to study their behaviour at low concentrations in the most physiologic possible 

conditions. Our results suggest that previous measurements using surface-adhered proteins and 

calorimetry overestimated of the dissociation constants p53 and the MDM-proteins, which we find to be 

significantly tighter than any individual domain-wise binding. We ultimately show that the primary and 

secondary interactions between the N-terminals and core domains respectively are in fact of similar 

strength, suggesting that this nomenclature may misrepresent the importance in p53-

MDM2-MDMX binding.  Furthermore, we perform a series of in-vitro ubiquitination studies of factors 

understood. These studies affirmed previous findings MDM2 ligase function is optimized by low salt, 

high MDM2 concentrations, and the addition of MDMX. However, we find that the ligase-enhancing 



effect of MDMX reverses at high concentrations, offering new biochemical correlate to explain a similar 

finding regarding p53 degradation in cells.  

 

Methods 

Reagents. Unless otherwise noted, proteins were handled and studied in a standard buffer consisting of 

150 mM NaCl, 20 mM Tris pH 7.2, and 1 mM TCEP, at a temperature between 0 and 4 °C.  

Protein Expression. All proteins were expressed in BL21 E Coli, which were transformed with Pet23/42 

plasmids containing the relevant gene, which was selected for by overnight incubation at 37 °C on an LB-

agar plate treated with the appropriate antibiotic. High-density growth was performed in in Luria-

Bertani medium supplemented with 10 mM MgSO4 and 2.5 g/L glucose, and treated with silicon-based 

anti-foam plus the appropriate antibiotic, in an air-sparged Eppendorf BioFlo 115 at 37 °C  and pH 7. The 

culture was induced with 0.05 g/L IPTG at an OD of 0.8-1.0. Protein expression was conducted at 18 °C 

overnight. Cells were harvested and spun down for 30 min at 4 kRCF at 4 °C; supernatants were 

discarded and the (~15 ml pellet per litre of culture) pellets were resuspended in ddH2O to 25 ml per 

litre of culture, then frozen on CO2/EtOH before being stored at -20 °C.  

Protein Purification. Frozen cell pellets were quickly thawed in an RT water bath then treated with 

EDTA-free protease inhibitor and a 10X stock of an appropriate buffer, then transferred to ice and kept 

cold (0-4 °C) for the rest of the purification. Cells were lysed by two passes through an ice-chilled LM10 

microfluidizer at 18 kPSI. The lysates were spun down for 30 min at 16.7 kRCF at 4 °C; the pellets were 

discarded and the supernatants filtered at 1.2 . 

FL-p53. FL-p53 was expressed as a linear fusion construct consisting of 6xHis-tagged 

Thermoanaerobactor tencongenesis ribose binding protein (His-RBP), an HRV3C protease site, and p53. 

All steps of the purification were either conducted in a 4 °C environment or on ice. Lysates were 

prepared as described above in 300 mM NaCl, 10 mM Tris pH 7.2 and 10 mM Imidazole pH 7 (IMAC A 

buffer) plus 5 mM BME. The cleared lysate was loaded on a Ni-NTA IMAC pre-equilibrated with IMAC A, 

washed with IMAC A until the eluate absorbance had returned to baseline, then eluted with 300 mM 

NaCl, 10 mM Tris pH 7.2, and 160 mM Imidazole pH 7.5 (IMAC B). A single peak was collected, treated 

with 0.1 mg/ml HRV3C protease, and dialyzed overnight against 150 mM NaCl, 20 mM Tris pH 7.2, and 

10 mM BME (Hep A buffer) at 4 °C in an 8 kDa MWCO dialysis membrane. The dialyzed solution was 

loaded on a low-volume Hi-Trap heparin column pre-equilibrated with Hep A, washed with Hep A, and 



eluted on a gradient of 0-100 % Hep A + 1 M NaCl (Hep B) in Hep A. The desired product eluted in the 

first peak, as well as in subsequent peaks with co-eluting impurities. The material in the peak eluted as a 

single band by SDS-PAGE, with only faint (<1 %) additional bands. This solution was flash-frozen in 

aliquots on CO2-EtOH and stored at -80 °C. 

P53(94- . DBD was prepared as described by Blanden 201786. DBD was expressed without 

tags, and all steps of the purification were either conducted in a 4 °C environment or on ice. Lysates 

were prepared as described above in 20 mM Tris pH 7.2 and 10 mM BME. The cleared lysate was loaded 

on to an SP-Sepharose column pre-equilibrated with Tris-BME, washed with 10 column volumes of the 

same, then eluted with a linear gradient of 0-100 % Tris-BME + 1 M NaCl in Tris-BME. The desired 

product eluted as a single peak over 2 CV at 20 mS/cm; the highest concentration fractions were noted 

to be turbid, which resolved after the fractions were pooled and [NaCl] was adjusted to 150 mM. The 

pooled protein was spun and filtered, then loaded on a small-volume Hi-Trap heparin column pre-

equilibrated with Tris-BME. The column was washed with 10 column volumes of the same, then eluted 

with a linear gradient of 0-100 % Tris-BME + 1 M NaCl in Tris-BME. The product eluted as a single peak at 

high concentration, and was diluted with Tris-BME plus 250 mM NaCl to a concentration of 200  prior 

to being flash-frozen in aliquots on CO2-EtOH and stored at -80 °C. The purified protein eluted as a single 

peak on size exclusion, with an apparent MW of 33.8 kDa. It ran as a single band with a MW of 25 kDa 

on denaturing SDS-PAGE.  

MDM2. Wild-type MDM2 was expressed as a linear fusion construct consisting of His-RBP, an HRV3C 

protease site, and MDM2. All steps of the purification were either conducted in a 4 °C environment or 

on ice. Lysates were prepared as described above in 300 mM NaCl, 10 mM Tris pH 7.2 and 10 mM 

Imidazole pH 7 (IMAC A buffer) plus 5 mM BME, except that all steps were completed as quickly as 

possible and the lysis mixture was centrifuged in smaller portions for only 20 minutes, to minimize 

degradation of the MDM2 by bacterial proteases. The cleared lysate was loaded on a short pad Ni-NTA 

IMAC pre-equilibrated with IMAC A, washed with IMAC A until the eluate absorbance had returned to 

baseline, then eluted with 300 mM NaCl, 10 mM Tris pH 7.2, and 160 mM Imidazole pH 7.5 (IMAC B). 

After this point, degradation of the MDM2 occurs at a much slower rate. The target construct was 

identified by SDS-PAGE as a doublet band with an apparent MW of approximately 120 kDa. Ni-IMAC 

eluate fractions containing this species were pool, diluted with 20 mM Tris pH 7.2 to [NaCl] < 150 mM, 

and loaded on a Q-Sepharose column pre-equilibrated with Q-sepharose column pre-equilibrated with 

20 mM Tris pH 7.2, 100 mM NaCl, and 1 mM TCEP (Q A buffer), washed with Q A until the effluent 



absorbance returned to baseline, then eluted on a step-gradient of 16 %, 32 %, 50 %, and 100 % Q A + 

900 mM NaCl in Q A. The target construct elutes in the second peak alongside an impurity that appears 

by SDS-PAGE as a doublet at <75 kDa. Treatment of the resulting solution with HRV3C protease yields 

the desired MDM2, which on SDS-PAGE with a MW of 80 kDa. Q-sepharose fractions containing this 

species were pooled; the resulting solution was flash-frozen in aliquots on CO2-EtOH and stored at -80 

°C. 

MDMX. MDMX was prepared in the same manner as MDM2, using an equivalent RBP-MDMX construct.  

The products have similar molecular weights by SDS-PAGE. 

Ubiquitin. Wild type ubiquitin was prepared as described by Pickart and Raasi87, then dialyzed against 

ddH2O and stored at -20 °C.  

UbcH5C. The UbcH5c E2 enzyme was expressed as a linear fusion construct consisting of His-RBP, an 

HRV3C protease site, and human UbcH5c. Lysates were prepared as above in IMAC A buffer plus 10 % 

glycerol. The cleared lysate was loaded on to a Ni-NTA column pre-equilibrated with IMAC A buffer, 

washed with IMAC A buffer until the absorbance returned to baseline. The column was eluted with 

IMAC B buffer, and the target protein eluted as single peak. The pooled peak fractions were further 

separated on an S200 size exclusion column, with the target protein eluting in the fourth peak late in the 

run. Peak fractions were pooled and found to contain a single large band at 17 kDa by SDS-PAGE. This 

solution was flash-frozen in small aliquots on CO2-EtOH and stored at -80 °C. 

N-terminal fluorescent labeling of proteins. Proteins were purified as above. Those stored in a BME 

containing buffer were desalted in to a TCEP buffer. Labeling was performed in the range of pH 7-8. N-

hydroxysuccinimidyl esters of fluorescein, rhodamine, and a Alexa488 were used. In general, two 

equivalents of label and an incubation time of >1 hr at 4 °C or on ice produced good (~50 % labeling). 

Excess label was removed by desalting on a BioRad 10DG desalting column pre-equilibrated with an 

appropriate experimental buffer, or the standard buffer described above. Columns were under-loaded, 

and eluate was collected in 0.4-1 ml aliquots to improve separation. The desired product was identified 

by calculating the degree of labeling of all fractions from the UV-visible absorbance spectrum. Labeled 

protein was stored at -80 °C in small aliquots. 

Binding measurements by fluorescence polarization anisotropy. Fluorescence polarization anisotropy 

data were collected on a Molecular Devices SpectraMax i3x plate reader with rhodamine and fluorescein 

FP add-on modules, using SoftMax Pro version 7.0.3. G-value calibration was not performed. Black 



polystyrene plates were used for all measurements. The concentration of the labeled protein was 

adjusted to provide 5-10 nM of fluorophore preferred. A constant 

concentration of surfactant (Tween-20, Triton X-100, or BSA) was added to experimental buffers to 

prevent artifacts associated with variation in meniscus curvature as a function of total protein 

concentration. Titrations were prepared by serial dilution, and incubated at 4 °C  or on ice prior to 

measurement. Where possible, dilutions were prepared in a deep-well plate at slightly greater than 2-

fold the volume to be measured, and incubated prior to transfer to the measurement plate. Data were 

exported from SoftMax Pro to Kaleidagraph for visualization and curve-fitting. Unless otherwise noted, 

curves were fit to the quadratic form of the single-site binding equation: 

Eq 1)   

Where y is the raw signal, y0 is the signal at baseline, Amp is the amplitude of the curve, A is the titrant 

concentration, and B is the concentration of the labeled species. 

In-vitro ubiquitination of p53. Unless otherwise noted, ubiquitination was conducted in 20 mM Tris pH 

7.2, 50 mM NaCl, and 1 mM TCEP. Purified proteins except ubiquitin were thawed, centrifuged for 5 min 

at 13 kRCF at 4 °C to remove precipitates, and dialyzed against the reaction buffer for at least 2 hours 

across a 10 kDa MWCO membrane. Lyophilized ubiquitin was resuspended in the reaction buffer and 

centrifuged to remove precipitates. Concentration of all protein solutions was verified by UV-visible 

absorbance spectroscopy after dialysis. Reaction mixtures were prepared on ice with 0.5  

fluorescein-labeled p53, 1  E1 and E2, 200  Ubiquitin (except for control samples), and MDM2 and 

MDMX as appropriate, plus and drug or vehicle. Reactions were initiated by the addition MgATP to 5 

mM and warming to 37 °C. Reactions were quenched by addition of 4X SDS-PAGE buffer + 50 mM TCEP. 

Quenched samples were immediately cooled on ice or frozen. Samples were analyzed by warming to 

>60 °C for at least 5 minutes then separation on 9 % or 4-20 % SDS-PAGE at 250 V in cooled buffer. Gels 

were imaged immediately following elution on an Azure Sapphire gel imager using the Alexa448 preset 

at high illumination intensity. Gel images were exported and analyzed by densitometry using the BioRad 

Image Lab software. 

 



Results 

MDM2 and MDMX bind p53 

with nanomolar affinity. To 

quantify the solution-phase 

binding affinity of these 

proteins, their interaction was 

studied using fluorescence 

polarization anisotropy (FP). A 

fluorescein label was conjugated 

to MDM2 and MDMX allowing 

nanomolar concentrations of the 

proteins to be used. The label 

was applied to the  N-

termini, short unstructured 

regions that extend from the N-

terminal BD and are not known 

to participate in any interactions 

with p53. As illustrated in Figure 

2 A-B, incubating 10 nM of this 

labeled MDM2 or MDMX with 

unlabeled wild-type full-length 

p53 produced an increase in the 

observed fluorescence anisotropy, corresponding to the formation of a more slowly diffusing and 

therefore larger complex. Fitting these data to the single-site binding equation yields KD = 6.1 ± 2.2 nM 

for p53-MDM2 and KD = 14.7 ± 9.2 nM for p53-MDMX. These results were validated by subsequently 

applying the same N-terminal label to wild-type p53  safely distal to the MDM2 binding site that starts 

at residue 17 to avoid perturbing that or any other interaction site  and performing the reversed 

experiment with unlabeled MDM2 and MDMX (Figure 2 C-D). Single-site fitting of the resulting FP data 

yielded a similar KD = 21.5 ± 6.3 nM for p53-MDM2 and KD = 10 ± 3 nM for p53-MDMX (data not shown). 

Additionally, when the labeled-MDMX experiment was extended to higher p53 concentrations and fit to 

the two-site binding equation, a second p53-MDMX interaction became apparent, with KD2 = 3.9 ± 1.5 

M. Our MDM2-p53 KD values are significantly tighter than the one previously measured by SPR (400 

A  B 
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Figure 2: FL-MDM2 and FL-MDMX bind tightly to p53 in solution, as 
determined by change in FP. (A) Fluorescein-labeled FL-p53 binds FL- 
MDM2 with a KD of 6.1 ± 2.2 nM (4 °C, n=2). (B) Fluorescein-labeled 
FL-p53 binds FL-MDMX with a KD of 14.7 ± 9.2 nM (4 °C, n=2). (C) 
Alexa488-labeled FL-MDM2 binds FL-p53 with a KD of 21.5 ± 6.3 nM 
(4 °C, n=2). (D) Alexa488-labeled FL-MDMX binds FL-p53 at two sites, 
with KD1 of 33 ± 14.5 nM and KD2 of 3.9 ±  °C, n=6). 
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nM)21, suggesting that using surface-bound proteins interferes with binding, and led to an 

underestimate of the affinity of p53 and MDM2. Our results for p53-MDMX binding are in partial 

agreement with previous measurements made using ITC, which identified a value (1100 nM) similar to 

our KD2
30; the tighter KD1 that we observed by FP was not seen by ITC, but is in agreement with the same 

g -MDMX complex is stable during size-exclusion chromatography30.  

MDM2-BD binds the p53 NTD with micromolar affinity. To compare the strength of the full-length p53-

MDM2 interaction with the N-terminal binding that has been the focus of most prior work, a rhodamine-

labeled p53(15-29) peptide containing the crystallographically identified binding sequence was 

purchased. Binding of this peptide to 20 nM of the isolated MDM2 N-terminal domain was measured by 

FP to be KD = 319 ± 89 nM, in agreement with previous findings (300 nM  600 nM), and was 

stoichiometrically inhibited by the addition of Nutlin (Figure 3 A-B). A similar experiment using the same 

MDM2 domain and 10 nM fluorescein-labeled p53-NTD revealed a KD = 4.5 ± 1.5  (Figure 3 C). This 

latter value similarly agrees with similar measurements in the literature20,34, and supports the finding 

that the p53 PRD weakens the NTD binding with MDM2 by competing for interaction with the MDM 

binding site37,38. 

A  B  C 

   
Figure 3: The p53-NTD and MDM-BD bind with micromolar affinity, as determined by change in FP. (A) 
Rhodamine-labeled p53(15-29) binds MDM2(17-125) (MDM2-BD) with a KD of 320 ± 90 nM (4 °C, n=6). 
(B) Nutlin stoichiometrically displaces rhodamine-labeled p53(15-29) from MDM2-BD (4 °C, n=4). The 
points in the DMSO control are not directly matched and cover a broader range; the maximum DMSO in 
a Nutlin sample is only 1 %. (C) Fluorescein-labeled p53-NTD binds MDM2-BD with a KD of 4.5 ± 
(4 °C, n=2). 
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MDM2 and MDMX bind p53-

DBD with micromolar affinity. 

The much weaker interactions 

between p53-NTD and MDM2-

BD than those observed for the 

full length proteins  and 

apparent multi-site binding 

between p53 and MDMX  

suggest that additional sites 

contribute significantly to the 

binding interaction between full-

length p53 and the MDM 

proteins. To test this, a 

fluorescently labeled MDM2 

construct lacking the p53-binding 

domain (MDM2-  was 

prepared. FP was used to 

measure the interaction of 40 

nM of this construct with full-

length p53, and they were 

determined to have a KD = 5 ± 2 

 (Figure 4 A). This is slightly 

weaker than previous estimates46, but notably similar to the affinity of p53 for MDM2-BD. Based on the 

functional importance of the interaction between the MDM2/MDMX-AD with p53-DBD, we 

hypothesized that this site may be driving binding. A fluorescently labeled p53-DBD was prepared, and 

its affinity for MDM2 and MDMX was determined by FP (Figure 4 B-C). 25 nM of this p53 construct 

lacking both its N- and C-terminal domains bound MDM2 and MDMX with a KD = 12 ± 4 and 5.2 ± 1.7 

respectively. These values are of similar magnitude to the KD measured for MDM2-BD with p53-NTD and 

MDM2- This suggested that full-length p53 and MDM2 should be able to interact in the 

presence of Nutlin, despite its very efficient inhibition of the p53-interaction site on MDM2-BD. As 

expected, FP measurement of a mixture of p53, fluorescently labeled MDM2, and either 1 or 

Nutlin revealed KD = 1 ± 0.3  at both Nutlin concentrations (Figure 4 D). This insensitivity to Nutlin 
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Figure 4: p53, MDM2 and MDMX bind with micromolar affinity 
without the N-terminal (NTD to BD) interaction, as determined by 
change in FP. (A) Alexa488-labeled MDM2(126-491) (MDM2- ) 
binds p53 with a KD of 5 ±  °C, n=6). (B-C) Fluorescein-labeled 
p53-DBD binds FL-MDM2 and FL-MDMX with KD of 12 ± 4 and 5.2 ± 

 °C, n=4, 6). (D) Alexa488-labeled FL-MDM2 
binds FL-p53 with a KD of 1.0 ± 
Nutlin 3a (4 °C, n=3). 
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concentration indicates that the N-termini are fully inhibited, and that these values represent the sum of 

-terminal site. It 

remains significantly weaker when compared to the uninhibited interaction between the full-length 

proteins. 

MDM2 and MDMX dimerize in solution with submicromolar affinity. To further characterize the 

component interactions of the p53-MDM2-MDMX complex, binding between MDM2 and MDMX was 

measured using FP. MDM2 is known to both homo-dimerize and -oligomerize in solution, and so the 

fluorescent label was applied to MDMX, which does not readily self-associate. Titration of 5 nM of this 

construct with MDM2 and single-site fitting revealed a KD = 670 ± 80 nM (Figure 5 A). Similar to our 

findings for their interactions with p53, this results is tighter than MDM2-MDMX KD previously 

determined by SPR63. Having observed binary interactions between all of its components, we then 

sought to characterize the p53-MDM2-MDMX ternary complex by FP. N-terminally labeled full-length 

p53 was used. Incubation of 20 nM of this reporter protein with 150 nM MDM2 (Figure 5 B) increased 

the observed anisotropy from 0.299 ± 0.003 to 0.323 ± 0.002. Incubating the p53 with 150 nM MDMX 

produced a greater increase to 0.339 ± 0.001; the concentrations used in this experiment are 

significantly less than the KD2 for p53-

expected to represent binding at an additional site, but rather a difference in the hydrodynamic radii of 

the MDM2-p53 and MDMX-p53 complexes. Incubating the labeled p53 with both MDM2 and MDMX 

resulting in an intermediate anisotropy of 0.330 ± 0.001, suggesting that in these conditions, the two 

MDM2 proteins competed rather than forming a larger complex. This lack of ternary complexation 

 A  B 

   
Figure 5: FL-MDM2 and FL-MDMX bind with sub-micromolar affinity but compete for FL-p53 binding in 
solution, as determined by change in FP. (A) Fluorescein-labeled FL-MDMX binds to FL-MDM2 with a KD 
of 670 ± 80 nM (4 °C, n=2). (B) FL-MDM2 and FL-MDMX both bind to p53, but a mixture of MDM2 and 
MDMX added below their heterodimerization KD do not form a larger (ternary) complex (4 °C, n=4). 
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below but near our measured MDM2-MDMX heterodimerization KD is in contrast with the only other 

study of the ternary complex, which suggested that p53 facilitated interaction between the two MDM 

proteins75. 

MDM2 ubiquitination activity towards p53 is dependent on protein ratios and buffer composition. In-

vitro ubiquitination was performed using purified p53, MDM2, E1 and E2 enzymes, and ubiquitin, all of 

which were expressed in E. coli. To facilitate visualization of the resulting Ub-p53 adducts, a fluorescein 

tag was once again conjugated to the N-terminus of p53 (Figure 6 A lanes 2,3,5), and this approach was 

validated by comparison of chemiluminescent western blotting and fluorescent imaging (data not 

shown). Fluorescein-labeled ubiquitin was also found to be an effective substrate for MDM2, and 

revealed the formation of other highly ubiquitinated species (likely MDM2), although this interfered 

with the quantification of Ub-p53 species (Figure 6 A lanes 1,4,5,6). Physiologic salt (150 mM NaCl or 

KCl) is generally preferred for in-vitro experiments using purified proteins, but a review of the literature 

indicated that the ubiquitination of is conventionally performed under low-salt conditions16,47,77,78,81,88,89. 

 A  B  

 
Figure 6: MDM2-mediated p53 ubiquitination is sensitive to ionic strength, but not fluorescent labels, 
as shown by in-vitro ubiquitination (2 hrs 30 °C, n=1). (A) Fluorescein tags were applied to the N-termini 
of FL- -PAGE. 

- observed between the two labels (lanes 3-5), indicating 
that they do not perturb the process. Tagged ubiquitin reveals extensive MDM2 auto-ubiquitination 
(lanes 4-6). (B) Ubiquitination reaction components were dialyzed against tris buffer containing the 
labeled salt concentration prior to initiation by the addition of ubiquitin and MgATP in matched buffer. 
As [NaCl] decreases from 500 mM to 50 mM, the composition of the resulting mixture shifts from 

-  at 0 NaCl, the reaction appears to progress 
comparably to at 50 mM, but the overall intensity is weaker due to protein precipitation. p53 is 
ubiquitinated more efficiently in low-salt conditions 



We validated this practice (Figure 6 B), finding that ubiquitination proceeded to a much greater extent 

within a 30 minute reaction at 50 mM NaCl; when the salt concentration was further reduced, the 

proteins precipitated, precluding meaningful quantification. The extent of ubiquitination was dependent 

on the quantity of ubiquitin available (Figure 7), despite that the available ubiquitin was not consumed 

during the reaction time (Figure 6 A), indicating that priming of MDM2 with activated ubiquitin is a rate 

limiting step. The rate and extent of p53 ubiquitination was also very dependent on the ratio of p53 to 

MDM2, with substoichiometric quantities of MDM2 producing limited turnover and low-MW adducts, 

while a two-equivalents excess increased the extent of ubiquitination greatly and reduced the quantity 

of residual unmodified p53 at the end of the reaction. Although we did not perform the reverse 

experiment with widely varied p53 concentrations, due to methodological challenges in quantifying such 

results, the literature includes similar results to ours for p53 concentrations as low as nanomolar (~103

fold lower)78, indicating that this is in fact an effect of the p53:MDM2 ratio rather than MDM2

concentration alone.

Figure 7: The degree and extent of MDM2-mediated p53 ubiquitiation depend on ubiquitin and 
MDM2 concentrations. In vitro ubiquitination of 0.6 M fluorescein-tagged FL-p53 was carried out in 
the presence of 0.2-2 M FL-MDM2 and 60 600 M untagged ubiquitin (30 min 37 °C, n=1); results 
were visualized by fluorescence SDS-PAGE. Extent of ubiquitination (% yield) is calculated by 
densitometry based on residual starting material as a fraction of total lane emission relative to the 
control. The degree of ubiquitination is proportional to the molecular weight of the observed products, 
with a distribution skewed to higher molecular weights (top of gel) representing a greater degree of 
ubiquitination. Increases in both ubiquitin and FL-MDM2 concentration produce a similar trend of 
increases in both extent and degree of ubiquitination.



MDMX enhances the ubiquitination of p53 by MDM2. In-vitro ubiquitination experiments evaluating 

the role of MDMX were performed using stoichiometric rather than excess MDM2 to facilitate the 

observation of increases in ubiquitination. In agreement with previous work12, the addition of even 

substoichiometric MDMX under these conditions produced a large increase in the extent of 

ubiquitination of p53 (decreased residual starting material) and the degree of ubiquitination (MW of 

product) (Figure 8 top). Comparison of Figures 7 and 8 suggests that this enhancement at low 

concentrations of MDMX is to be comparable to the effect of adding a significantly larger quantity of 

supplemental MDM2. Titration of 1/8 to 8 equivalents of MDMX further revealed that this enhancement 

is also sensitive to stoichiometry, with the maximal effect produced at 4 equivalents MDMX and reduced 

enhancement beyond that (Figure 8). This is in contrast with MDM2, where ubiquitination has been 

shown to increase monotonically with concentration78. A saturation and reversal of MDMX-driven 

enhancement has not previously been shown in ubiquitination experiments, but suggests a mechanistic 

explanation for the observation that similar MDMX:MDM2 ratios are optimal for p53 degradation in 

cells60. 

  
Figure 8: MDMX enhancement of 
MDM2-mediated p53 ubiquitination 
is maximized at 4 equivalents of 
MDMX. In vitro ubiquitination of 1 

M fluorescein-labeled FL-p53 was 
performed using 1 M FL-MDM2 in 
the presence of 0.1  8 M FL-MDMX 
(1 hr 37 °C, n=2) (Top). Results were 
visualized by fluorescence SDS-PAGE, 
and bands in were measured by 
densitometry to quantify the degree 
and extent of p53 ubiquitination 
(Bottom). MDMX enhances both the 
degree and extent of ubiquitination. 
Non-penetrating and poorly 
penetrating material may represent 
very highly ubiquitinated species or 
p53-containing aggregates induced 
by high MDMX concentration.  
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Nutlin does not enhance or 

inhibit the ubiquitination of p53 

by MDM2. In-vitro ubiquitination 

experiments evaluating the 

effect off Nutlin were performed 

using excess rather than 

stoichiometric MDM2 to 

facilitate the observation of 

reduction of ubiquitination.

Addition of either Nutlin or a 

DMSO vehicle control to the 

reaction mixture produced no 

change in the conversion or 

degree of ubiquitination of p53

(Figure 9), despite the use of 

stoichiometric and gross excess (55 fold) quantities of the inhibitor. This is in good agreement with other 

groups results27,90, and supports the assessment that secondary interactions between p53 and MDM2 

have a primary role in MDM2 ligase function.

Discussion

The MDM2-BD is a globular domain with a discrete binding site that occludes the region of p53 

necessary for the recruitment of transcription factors. Nutlin 3a and its successors efficiently and 

specifically compete with this interaction, releasing the p53-NTD. This appears to be the perfect 

treatment for cancers that have wild type but suppressed p53. That these compounds have not been 

blockbusters reflects how p53 regulation by MDM2, and MDMX is much more complex that was initially

apparent.

Focusing on energetic aspects of the p53-MDM2-MDMX system, our results show that the N-terminal 

interactions between these proteins, the canonical primary interactions, were instead the first-

discovered among equals. We find that the secondary interactions of the MDM-protein acidic domains 

with the p53 DNA-binding domain contribute approximately as much energy to p53-MDM2/MDMX 

A B

Figure 9: Nutlin has no effect on p53 ubiquitination. In vitro 
ubiquitination of 0.5 M fluorescein-p53 was performed using 2 M 
FL-MDM2 in the presence of 1, 20 or 55 M Nutin 3a, or DMSO 
vehicle control. Results are visualized by fluorescence SDS-PAGE (A) 
and measured by densitometry to quantify the degree and extent of 
p53 ubiquitination (B). The nutlin and DMSO samples were 
indistinguishable from the positive control (1 hr 37 °C, n=3).



interaction as the primary ones. Such multi-site binding underlies the high overall avidity that exists 

between these proteins, which we observe to be at least an order of magnitude greater than was 

previously measured. This latter finding was not unexpected, as MDM2 and MDMX are known to inhibit 

p53 activity even in resting cells where cellular p53 concentrations are extremely low. Our results also 

indicate that SPR must be used with caution when studying, or screening drugs against, these proteins. 

Conveniently, FP is a viable methodology for high-throughput screening, and we recommend its 

consideration to future medicinal chemistry endeavours in this area.  

The multivalent nature of the p53-MDM2/MDMX interactions also supports the conclusion that the p53-

MDM2-MDMX ternary complex is a physiologically important structure. The MDM2 and MDMX binding 

domains both target the same sequence of p53, and thus might be expected to compete with rather 

than complement one another in the formation of a larger complex. The availability of multiple distinct 

interactions sites with meaningful affinity is more in line with ternary binding between these proteins, 

and is further supported by the submicromolar heterodimerization we observe between MDM2 and 

MDMX. Notwithstanding, we were unable to observe the ternary complex in our FP assays. 

Although we found that p53 and MDM2 continued to interact in the presence of saturating 

concentrations of Nutlin 3a, the KD for their interaction was significantly increased. In the absence of 

further stabilizing factors (PTMs or additional binding partners), our results agree with the prevailing 

expectation that Nutlins should effectively disrupt the overall interaction between p53 and the MDM2 in 

cells. However, the finding that that binding is retained at higher concentrations does help explain the 

poor selectivity of Nutlin for cancer cells, which are likely to have higher concentrations of these 

proteins. A further limitation of our work is that we have not addressed MDM2 and MDMX binding to 

p53 on DNA, which have both been demonstrated previously91,92. Both AD-DBD interactions competes 

with DNA binding, and thus are unlikely to contribute significantly to a DNA-p53-MDM-protein complex; 

the p53-CTD also engages with the DNA helix, which may disrupt or promote interactions with MDM2 

and MDMX. The structure of the DNA-bound complex therefore remains an open question, but methods 

we have presented, supplemented by commercially available fluor-labeled p53-RE DNA oligomers, 

above offer a practical means of beginning to address it. 

Regulation of MDM2 ligase activity remains incompletely understood. A detailed kinetic study previously 

proposed that MDM2 ubiquitinates p53 according to a Rapid Equilibrium Random Bi Bi (RERBB) 

mechanism77. This study found that high concentrations of p53 cause substrate inhibition of MDM2 

activity, which helps explain the well known dependence of MDM2 ligase efficiency on its ratio to p53 



that we observed. The same study also noted that this substrate inhibition can be overcome by an 

increased concentration of Ub-charged E2, which explains our observation that MDM2 ligase efficiency 

also depends strongly on ubiquitin concentration. Substrate inhibition is not normally a feature of the 

RERBB mechanism, but would be expected in the case of a second p53 binding site on MDM2 that leads 

to the formation of a non-productive complex; this is in line with the conclusion of our binding studies 

that p53-MDM2 interaction is highly multivalent. However, we also find that inhibiting one of the p53-

MDM2 binding sites with Nutlin 3a had no positive or negative effect on ubiquitination, which is 

unexpected in this model. Alternatively, the allosteric model of MDM2 regulation states that N-terminal 

binding is required to release auto-inhibition of the MDM2 acidic domain, which in turn facilitates RING 

ligase activity47; this model suggests that Nutlin would in fact enhance MDM2 activity when the p53 

concentration is lower. The role of MDMX has not been explored in either of these frameworks, but 

crystallographic evidence indicates that MDMX facilitates recruitment of activated ubiquitin to the ligase 

complex; according to the RERBB mechanism, this would be expected to reduce substate inhibition, in 

line with our observation that MDMX sharply enhances ubiquitination at low MDM2:p53 ratios. 

Interpreting the observed MDMX enhancement under the allosteric model would dictate that the 

MDMX-BD does not bind p53-NTD in the ternary ligase complex, as such an interaction would prevent 

the release of MDM2 auto-inhibition; this is supported by our highly multivalent model of p53-MDM2-

MDMX interaction.  

MDMX has been previously noted to both enhance p53 ubiquitination and turnover, and also limit p53 

degradation12,60. Our work offers a likely biochemical mediator of these mixed outcomes by showing 

that MDMX enhancement of p53 ubiquitination is maximized at 4 equivalents of MDMX relative to 

MDM2, then decreases at higher levels of MDMX. This in turn provides evidence that Ub-dependent 

degradation is dominant in these scenarios where MDMX-mediated p53 stabilization is observed. 

However, the specific cause of this reduced ubiquitination remains unknown. The authors who observed 

stabilization of p53 by elevated MDMX proposed that this occurred due to the formation of p53-MDMX 

complexes that sequester the tumour suppressor from MDM2, which is a very plausible explanation. 

Alternatively, according to the allosteric model noted above, this may reflect MDMX competing with 

MDM2 for binding to the p53 N-terminus, leading to MDM2 ligase inhibition. Our results are unable to 

differentiate these two mechanisms. 

Overall, we believe that our findings encourage a different approach to the search for reactivators of wt-

p53 in cancer. MDM2 and MDMX have numerous sites of interaction with p53 that contribute to their 



binding, and through which their regulatory effects are ultimately achieved. Furthermore, the MDM2 

and MDMX heterodimerization is also stronger than any of these individual interactions, facilitating their 

cooperation, particularly in the context of ubiquitination where MDMX has a strong modulatory effect. 

We propose that, taken together, our findings advance the p53-MDM2-MDMX ternary complex as the 

true target for p53-reactivation efforts, and we are optimistic that further structural and functional 

studies of this complex will reveal useful anti-cancer drug targets. 
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Chapter 6 

Conclusions and future directions 

 

 

  



Since its discovery over 40 years ago, p53 has become the most studied gene of all time1.  

Notwithstanding the many approaches proposed and tested, not one p53 targeted therapy has been 

approved for use in patient care. In this work, we sought to advance the cause by presenting two 

distinct strategies for targeting p53 to treat cancer. 

Section 1: Targeting Wild-Type p53 

In chapter 2, we demonstrate that p53 binds at least an order of magnitude more tightly to its 

regulators MDM2 and MDMX than was previously thought, driven approximately equally by multivalent 

interactions of the N-terminal and central domains. We also determined that MDM2 and MDMX 

heterodimerize with sub-micromolar affinity, also approximately an order of magnitude tighter than was 

previously observed. We take these numerous significant intermolecular interactions to support to 

likelihood that these proteins form a ternary p53-MDM2-MDMX complex of physiological importance, a 

conclusion supported by the powerful regulatory role we show MDMX to play in MDM2-mediated p53 

ubiquitination. How this regulation is achieved, and thus how it might be targeted pharmacologically, 

remains unknown, since we did not obtain any direct structural data for the ternary complex that might 

help answer this.  

The structures of the binary complexes of p53, MDM2 and MDMX have proven difficult to study, 

due to the large proportion of disordered domains among these proteins. The p53 transcription 

activation domain becomes helical upon binding to the MDM2 or MDMX binding domain2. We observed 

MDM- folded p53-DBD, however, it is not known to what extent 

this confers structure on the unstructured acidic domains, but it is likely that the additional interactions 

present in the p53-MDM2-MDMX ternary complex induce further disorder-to-order transitions 

throughout the proteins. MDMX and p53 form large octamers with apparent molecular weights on the 

order of 400 kDa that can be eluted as a discrete peak by SEC3, suggesting a p53-MDM2-MDMX complex 

could be purified similarly. This corresponds to a particle size well suited to cryo-electron microscopy, a 

technique that is relatively tolerant of residual disorder4. Cryo-EM is therefore likely the best approach, 

enabled by our highly-active RBP expression tag, to further our understanding of this medically 

important protein complex. Absent the purification of the full ternary complex, though, there is also 

ample room for careful biochemical and enzymological analyses of MDMX function within the context of 

existing models of MDM2 ligase function (vide infra). 



In chapter 3, we show that EGCG, a green tea polyphenol with incompletely-explained anti-cancer 

properties, binds directly to the N-terminus of p53. This interaction has micromolar affinity, making it 

stronger than most-known protein-EGCG-protein interactions5. Binding occurs via key residues also 

associated with p53-MDM2 interaction (W23) and transcription factor recruitment to TAD1 (W23) and 

TAD2 (W53,F54)6,7. Solution-phase structural studies indicated that EGCG-NTD binding induces a coil-to-

helix conformational change, which also occurs when p53-NTD binds the MDM2-BD2. EGCG competes 

with the latter interactions, similar to the well known Nutlin class of p53-MDM2 inhibitors although less 

strongly8. Unlike Nutlins, however, EGCG also inhibits p53 ubiquitination, a unique outcome that has 

previously only been observed for compounds that directly inhibit the MDM2-RING domain9,10. 

That Nutlins and EGCG would produce different effects on ubiquitination, despite both inhibiting 

binding between p53-NTD and MDM2-BD, is an initially counterintuitive finding. However, is not entirely 

surprising when considered in the . While the C-

ubiquitin ligase activity, multiple groups have shown 

that MDM2-AD, but not MDM2-BD, is necessary for p53 ubiquitination11,12. Deletion of MDM2 residues 

230-245 or 240-270 from the AD inhibits p53 ubiquitination, indicating that it is an activating region; 

meanwhile, deletion of the adjacent residues 210-230 or 270-290 enhances ligase activity, suggesting 

that these stretches of amino acids have an inhibitory function13. The activating region functions by 

binding to p53-DBD, and can be enhanced by mutations that increase the strength of that interaction  

allowing lower concentrations of MDM2 to poly-ubiquitinate p53  or inhibited by treatment with DBD-

mimetic peptides14,15. In addition to its role as a direct inhibitor of p53 activity, the MDM2-BD appears to 

allosterically modulate MDM2 ubiquitin ligase activity towards p53 via communication with the MDM2-

AD15. This model is illustrated in Figure 1. In vitro, p53 ubiquitination is accelerated by deletion of the 

MDM2-BD, but is inhibited by mutations of the p53-NTD that prevent binding, indicating that the 

MDM2-BD acts as an autoinhibitory domain by default, and is turned off by p53 binding14,16. The 

allosteric nature of this interaction is illustrated by the finding that, under certain assay conditions, the 

addition of Nutlin or an NTD-mimetic peptide can increase MDM2-mediated ubiquitination of p5315. Our 

discovery that EGCG inhibits p53 ubiquitination by binding the p53-NTD, while Nutlins that bind to 

MDM2-BD do not, supports the model that MDM2-BD must bind a substrate to facilitate binding 

between p53-DBD and MDM2-AD, driving subsequent ubiquitination of p53. Meanwhile, MDMX is a 

potent enhancer of MDM2 activity, suggesting that it either contributes to relieving auto-inhibition or 

recruiting ubiquitination substrates, but no data is available to support either of these positions.  



 

Figure 1: Dual roles of the MDM-BD in p53 regulation.  Left: MDM2 (in blue) has three functional 
domains involved in p53 (yellow) responses: the binding domain (hydrophobic domain), the acid 
domain, and the RING domain. MDM2-BD binds to the N-terminal domain (BOX-I) of p53, resulting in 
inhibition of p53 transactivation. Right: MDM2-mediated ubiquitination of p53 requires at least two 
docking interactions: an allosteric effect through BD-NTD binding induces a conformational change in 
MDM2 that drives a subsequent interaction between the acid domain and the p53 DBD. (Adapted from 
Wallace et al., Molecular Cell 2006. Copyright Elsevier. Used with permission.) 

As described in chapter 1, direct inhibition of p53 by MDM2 and MDMX is required to suppress 

p53 activity in healthy, unstressed cells, while polyubiquitination is only necessary to curtail p53 activity 

following a response to stress. Nutlins release MDM2-mediated p53 suppression, but do not inhibit 

ubiquitination. This activity, though efficacious in some types of cancer, is also responsible for the 

severe toxicity experienced by patients treated with Nutlin-class therapeutics, who experience bone 

marrow toxicity due to excessive p53 activation17,18. By contrast, EGCG does inhibit MDM2-mediated 

ubiquitination of p53, and as such it represents the first compound in a potentially valuable new class of 

p53-MDM2 inhibitor. However, it remains incompletely vetted, and is not itself likely to be a useful 

clinical candidate. 

To properly support the development of NTD-binding compounds as potential therapeutics, the 

biochemical details of their activity must be described in greater detail. Noting that MDM2 and MDMX 

interact with the same stretch (residues 15-29) of the p53-NTD, the first question is whether EGCG also 

inhibits p53-MDMX interaction. Subsequently, the impact of EGCG and Nutlin on MDMX enhancement 

of p53 ubiquitination can be assessed. This offers an opportunity to gain additional insight into the 

mechanism of this enhancement, particularly in the context of the allosteric model of MDM2 ligase 



regulation. If MDMX releases MDM2 auto-inhibition, then it is likely to be negate the effect of EGCG, 

and to blunt any possible effect of Nutlin. By contrast, if it primarily facilitates substrate recruitment, 

EGCG is likely to remain an effective inhibitor. As MDMX modulates the ubiquitination selectivity of 

MDM2, it will also be valuable to identify how EGCG impacts MDM2 activity towards itself and MDMX 

compared to other inhibitors of p53 ubiquitination10,19.  

Furthermore, it is important to verify  the p53 NTD in the 

context of the p53-MDM2-MDMX ternary complex to confirm that the EGCG-NTD interaction alone is 

responsible for the observed changes in ubiquitination. Finally, the impact of EGCG-NTD binding on the 

direct inhibition pathway of p53 regulation must be identified. Most of these questions can be answered 

using similar methods to those described in chapters 2 and 3: MDMX is expressed and purified similarly 

to MDM2, and its interactions with p53  including their potential inhibition by EGCG  can be measured 

using the same techniques of SPR and fluorescence polarization anisotropy (FP). As Nutlin is a poor 

inhibitor of p53-MDMX interaction, an MDMX inhibitor SJ-172550 would need to be used in its place20. 

MDMX is not itself an active ubiquitin ligase, but its presence enhances the rate and extent of p53 

ubiquitination by MDM2, allowing poly-ubiquitinated p53 to form at lower overall concentrations. This 

can be observed using in-vitro ubiquitination, and quantified by densitometry of fluorescently labeled 

substrates (Figure 2). Because the p53 NTD interacts with MDM2 and MDMX with similar avidity, EGCG 

is expected to functionally inhibit both interactions at similar concentrations. By preventing either 

MDM-protein from interacting with the p53 NTD, this is also expected inhibit ubiquitination by the 

Figure 2: MDMX enhances MDM2-mediated p53 ubiquitination in vitro. Fluorescein-labeled p53 was 
ubiquitinated in vitro by one equivalent of MDM2 and the specified amount of MDMX, and the reaction 
products were separated by SDS-PAGE. The control lane had no MDM2 added. 



MDM2-MDMX heterodimer. To extend these experiments for the comparison of EGCG to RING 

inhibitors, orthogonal fluorescent labels can be applied to p53, MDM2, and MDMX. This allows 

simultaneous determination of the extent of ubiquitination of each protein in a given experiment. This 

will be important to reconciling the mechanistic expectation that EGCG would increase MDM2/MDMX 

ubiquitination with the experimental finding that it reduces turnover of MDM221.  

Similar to the above, validation of the EGCG-NTD mechanism of inhibition of p53 ubiquitination 

requires both structural and functional studies. Preliminary experiments have suggested that EGCG is 

also capable of interacting with MDM2, albeit much more weakly than it does with p53 (Figure 3). Such 

alternative interactions between EGCG and other domains of p53, MDM2, and MDMX can be identified 

by straightforward methods such as FP, ITC, SPR or biolayer interferometry (BLI), but must be probed by 

NMR to determine specific points of contact; NMR spectra have previously been assigned for the p53 

NTD, DBD, and C-terminus, the MDM2 BD, AD, and RING, and much of MDMX22 24,2,25 27,3. Careful design 

of subsequent in vitro ubiquitination experiments will allow the functional implications of these 

interactions to be evaluated; for instance, noting that the MDM2-BD is not required for p53 

ubiquitination, our mechanism predicts that a construct of MDM2 lacking this domain should be active 

and insensitive to EGCG inhibition. Similarly, the model of MDM2 allosteric regulation proposed by 

Wallace et al. suggests that co-treatment with Nutlin should reverse EGCG-mediated inhibition of p53 

ubiquitination. The core question that will require the use of new techniques is how EGCG-NTD 

interaction modulates p53-mediated transcription in the presence of MDM2/MDMX. These three 

proteins form a transcriptional repressor 

complex, which is release to allow p53-driven 

activation in the presence of stress or 

nutlins28,29. The challenger in this case is to 

identify the effects of direct EGCG-p53 

 off-target 

protein interactions and antioxidant effects that 

lead to p53 post-translational modification21,30,31. 

This can be accomplished with in vitro 

transcription assays, which use nuclear extracts 

(e.g. from H1299 cells, which do not express 

p53) as a source for transcriptional machinery, 

with synthetic DNA templates (e.g. p21 

Figure 3: EGCG interacts with MDM2. The 
decreased anisotropy of fluorescein-labeled MDM2 
at high concentrations of EGCG suggests binding-
induced compaction. The KD is 100 M. 



promoter and a luciferase reporter) and purified proteins32. In such an assay, addition of p53 alone 

would be expected to produce strong transcriptional activity, which would decrease in the presence of 

MDM2 and MDMX, and be restored by the addition of Nutlin. EGCG competes with protein partners for 

binding to the p53-NTD, and thus could be hypothesized reduce transcription similar to MDM2. To then 

identify how EGCG might interact with p53 activation, the experiment could be repeated using 

phosphorylated p53, either prepared synthetically or overexpressed in then isolated from UV-stressed 

eukaryotic cells. Taken together, the experiments described here would provide a through analysis of 

the effect of EGCG on the p53-MDM2-MDMX complex, and thereby confirm or refute the general 

mechanism of targeting p53-NTD to inhibit p53 ubiquitination by MDM2/MDMX, and the utility of 

further translational work. 

Although the most direct approach to testing a treatment strategy is to move as efficiently as 

possible through studies in diverse cell types and into animal models, this is not appropriate for EGCG, 

which is both highly pleiotropic and metabolically labile. EGCG is an excellent tool compound for 

biochemical studies, but alternative NTD-binding compounds are necessary for further translational 

development of this mechanism. Such a compound might be derived though rational substitution of 

labile groups in EGCG with appropriate bioisosteres or through library screening  the preparation of 

which are both beyond the scope of this work. Due to the compaction observed on EGCG-NTD binding, 

one efficient approach to screening would be to use polarization measurements of a fluorescently 

labeled p53-NTD peptide to identify compounds produces anisotropy changes. Fluorescence 

polarization anisotropy is also a particularly convenient technique due to its relatively insensitive to 

inner-filter effects and fluorescence quenching33. Alternatively, high-throughput circular dichroism has 

recently become available, and would offer a label-free approach to screening, though its sensitivity to 

interference from UV-absorbing compounds may limit its use outside of a peptide library. Both of these 

approaches would be much simpler to implement than directly screening for inhibitors of p53 

ubiquitination by full-length MDM2, which would require enormous amounts of difficult-to-produce 

proteins, as well as counter-screening to ensure hits are on mechanism. While it is often desirable to 

begin screening using in silico methods, and the interaction between NTD and EGCG was successfully 

modeled; however, this was accomplished using molecular dynamics, which is a computationally 

expensive technique that would be more appropriate for use to evaluate hits from the initial screen 

concurrent with functional biochemical testing (per the previous paragraph) as an adjunct to SAR for hit-

to-lead development  which is also beyond the scope of this work.  



  

Section 2: Targeting Mutant p53 

In chapter 4, we presented and validated a new thermodynamic model of p53 folding. Our model 

indicates that the native fold of p53 is more unstable than expected at body temperature, but that its 

large energy of unfolding is almost perfectly counterbalanced by the energy of its high-affinity 

interaction with zinc, resulting in the observed folded but labile protein. This finding explains why p53 is 

unusually susceptible to missense mutations of its core DNA binding domain: even small perturbations 

of either its structure or zinc site are sufficient to disrupt the balance and unfold the protein. Our model 

also has important implications for zinc metallochaperone therapeutics, which have previously only 

been shown to reactivate p53 missense mutants with preserved stability but impaired zinc binding via 

remetallation. The dependence of p53 folding on the energy of its interaction with zinc implies that 

increasing intracellular zinc  and thereby the themodynamic drive for p53-zinc interactions  will also 

stabilize the native fold in mutants that have impaired thermodynamic stability, restoring their activity. 

We validated this prediction in cellulo and in vivo, showing that cancer cells and xenografts bearing p53 

missense mutants with native-like zinc affinity but impaired folding were reactivated similarly to zinc 

binding-deficient mutants. This result significantly broadens the range of cancers expected to be 

treatable with ZMC therapeutics. 

Chapter 5 describes the development of a new class of ZMC therapeutics. Based on a library of 

TSC ZMCs derived from ZMC1, we showed that the range of zinc affinities (10-9 M < KZn < 10-7 M) over 

which a membrane-permeant ionophore could act as a zinc metallochaperone, and produced a library of 

100 new compounds based on a benzothiazolyl hydrazone scaffold. Cellular assays determined that 

many of these compounds were effective ZMCs for both refolding and reactivating p53; however, when 

considering only active molecules, the structure-activity relationship (SAR) space was largely flat for 

EC50 as a function of the physical variables studied (KZn, solubility, LogP, tPSA, cell permeability, and 

zinc flux). Animal studies of the lead compound in this series showed that it is has comparably anti-

cancer efficacy to ZMC1, but that it is far less toxic, with a >4-fold higher LD50. To identify low-ROS 

ZMCs for adjuvant therapy, we screened the new compounds for copper binding and selectivity, (Figure 

4) as well as for predicted toxicity in a CEREP panel. We selected the ethyl-3,3-difluoropyrrolidine-

substituted benzimidazole hydrazone compound C85, which has favourable properties, and is an order 

of magnitude less copper-selective and thirty-fold less cytotoxic than ZMC1. Preliminary testing in cells 

indicated that low doses of C85 could potentiate the cytotoxic effects of both radiation and 



chemotherapy. As a whole, the results presented in chapter 5 show that benzothioazole and 

benzimidazole hydrazone ZMCs offer less-toxic alternatives to thiosemicarbazones for cytotoxic anti-

cancer therapy, and suggest that these compounds may be suitable for development as adjuvant ZMCs 

for use in vivo. 

 
Figure 4: Results of library screening for zinc and copper affinity. The red box on the lower right 
identifies compounds with appropriate zinc affinities to act as ionophores, and weaker copper-affinities 
than intracellular copper-buffering proteins. These compounds were predicted to produce less ROS in 
cellulo and in vivo.  

The work on mutant p53 presented in this dissertation highlights a new path to the clinic for 

ZMCs, as broadly applicable adjuvants to other therapies rather than as independently cytotoxic agents. 

Structural p53 mutations occur in over 100 000 new cancers every year in just the United States34, 

across a range of tumour types and anatomical locations. Many of these will not be amenable to 

treatment with cytotoxic thiosemicarbazones, which are currently still being trialed only in select 

tissues35, and thus will note be good targets for TSC ZMCs. These patients would therefore benefit more 

from the addition of a p53-restoring adjuvant ZMC to the current best-evidenced therapeutic regimen 

for their specific disease (Figure 5). Additionally, the reduced toxicity of the reduced-ROS C-series ZMCs 



suggests that an optimized adjuvant ZMC will likely produce fewer adverse treatment events than other 

anti-cancer agents, enabling smoother translation to the clinic. However, such a compound does not 

exist yet, and significant chemical and biological challenges still remain. 

 

Figure 5: Low-ROS adjuvant ZMCs potentiate the effect of optimized p53-activating cytotoxic therapy. 

The first challenge is that the lead compound presented in chapter 5, C85, retains significantly 

redox activity and associated cytotoxicity. C85 has a KCu of 10-15 M and is not expected to efficiently 

compete for intracellular zinc; however, it retains a Cu2+/Zn2+ selectivity of 107. This is 10-fold less than 

ZMC1, but 100-fold greater than the ratio of free Zn2+/Cu2+ in serum. As such, it is expected to acquire 

copper in the blood and form a ROS-generating complex. Although we are continuing efforts to identify 

modifications and new druglike scaffolds with further reduced Cu2+ selectivity, this is hard problem, as 

the binding energy of ligands for specific transition metals cannot be accurately predicted. An 

alternative approach to reducing ROS generation by our drugs is to identify compounds that form Cu2+ 

complexes that are less redox active with biologically relevant oxidizers36. For such compounds, 

although Cu2+ binding would remain a competing pathway that limits zinc transport, it would not be 

expected to produce the same degree of cytotoxicity or general toxicity. This activity can be practically 

evaluated in-vitro using the fluorescent reporter H2DCF, or the luminescent reporter luminol37,38. We 

have developed a ROS-generation assay using the former compound, illustrated with ZMC1 in Figure 6, 

which can be run in multi-well plates in a smilar format to the assays used to measure KZn and KCu in 



chapter 5. This offers another parameter that can be screened to help differentiate the flat SAR space 

described by our compounds; more imporatntly, though, these measurements also provide a proxy for 

activity in  Cu-ROS secondary mechanism that can itself be studied using a SAR methodology. In 

such a study, the structural parameters of interest would be expanded to include either the redox 

potential of the compound and complex determined via electrochemistry, or more likely the calculated 

HOMO and LUMO from a density-functional theory simulation39. Compared to metal affinities, HOMO 

and LUMO calculations are a well-developed area of chemical theory, allowing these electronic 

properties to be predicted with much greater accuracy40. H2DCF is also available as the cell-permeant 

molecules H2DCF-DA, allowing the results of a redox screening and optimization process to be easily and 

directly validated in cellulo. Ultimiately, identifying high- and low-ROS complexes among the existing 

library and describing their electronic properties, and subsequently testing their EC50 in the presence of 

albumin-buffered extracellular zinc and copper, will allow testing of the hypothesis that cytotoxicity can 

be modulated through changes in redox activity of the copper complex independent of copper affinity. 

Additionally, the results of the redox-activity SAR study will provide design criteria for the development 

of redox-tuned ZMCs for cytotoxic or adjuvant use on any scaffold. 

 
Figure 6: ZMC1 enhances ROS generation from hydrogen peroxide. Dihydrodichlorofluorescein (H2DCF) 
is a reduced and nonfluorescent form of the common fluorescent dye dichlorofluorescein (DCF). In the 



presence of ROS, H2DCF is oxidized to DCF, and fluorescence turn-on is observed. Kinetic studies of the 
rate of fluorescence change provide a measurement of the rate of ROS generation. 

In addition to designing drugs for combination therapy, there are also practical and theoretical 

challenges associated with quantifying drug interactions in the context of mixed mechanisms. A 

potiating drug combination is conventionally defined as a pair of drugs in which one drug does not 

produce the target effect (eg cytotoxicity) when applied alone, but increases the potency of a second, 

independently efficacious drug when both are dosed together. This is easily quantified as the percent or 

fold enhancement of the EC50 of the second drug in combination therapy versus that drug dose alone41. 

However, this definition does not apply to p53-refolding ZMCs, as even our low-ROS adjuvant 

compounds are also cytotoxic at reasonable dose. Instead, potentiation by these compounds is more 

accurately quantified as a special case of synergy.  A synergistic drug combination is a pair of compounds 

that produce similar effects, and a greater-than-expected effect when both are applied in efficacious 

doses. There are many mathematical models of calculating synergy, and some contention in the field 

concerining the choice and use of each42 44. The Chou-Talalay method provides a convenient and 

popular simplification of the problem, and it has been shown to be equivalent to more complete models 

when the dose-response curves for the individual drugs have equivalent slopes (Hill exponents)45. 

Experimentally, this method is implemented by measuring the cytotoxicity (EC50) of both the ZMC and 

chemotherapeutic independently and when combined in vary ratios. The resulting data can be 

practically interpreted using an isobologram (Figure 7). In this analysis, non-interacting drugs produce a 

linear 

drugs produce a curve between these points that deviates towards the origin  the larger the deviation 

the smaller the Combination Index (CI), and the greater the synergy. The isobole for a conventionally 

synergistic combination is expected to be approximately symmetric, by contrast, adjuvant ZMCs 

potentiate the efficacy of cytotoxic therapy at low doses, but are not expected to be synergistic at 

higher ZMC concentrations, producing a curve that is skewed towards to other drug s axis. By 

determining the deviation and the asymmetry of the isoboles for ZMCs with a reference cytotoxic agent, 

we can quantify both the efficacy of the combination as well as the extent to which a given ZMC may act 

as a potentiator or cytotoxic agent. The drawback of this method is that accurately measuring several 

EC50s per compound of interest is very labour-intensive. To screen new and existing drug libraries for 

adjuvant activity, a single-point protocol can be applied (Figure 7 Point X), in which the ZMC is dosed at 

10 % of its EC50 or less in combination with a cytotoxic agent at 60 % of its own EC50. If this 

combination produces 50 % or greater efficacy, then the combination has a combination index of 0.7 or 



less, the common threshold for significant synergy. Optimizing and applying this screening strategy, 

supplemented by more thorough analysis compounds of interest, will permit the efficient identification 

and validation of adjuvant ZMCs, facilitating the continued development of this promising class of 

compounds. 

 

Figure 7: Illustration of the observed efficacious dose (EC50) of cytotoxic therapy as a function of 
added ZMC for three likely drug-drug interactions. Both axes are linear, and are scaled to the EC50 of 
the treatment. A ZMC that does not produce any interaction (black line) will reduce the amount of 
cytotoxic therapy needed to kill 50 % of the cells in an assay only to the extent that the ZMC itself is 
killing the cells. A synergistic ZMC (red line) will disproportionately lower the observed EC50 of the 
cytotoxic therapy when both are applied in similarly efficacious doses; this is the optimal scenario for 
ZMCs that are themselves highly cytotoxic. A potentiator ZMC will increase the efficacy (lower the EC50) 
of cytotoxic therapy when the ZMC is applied in otherwise non-toxic doses well below its own EC50; this 
is optimal scenario for an adjuvant ZMC engineered for low toxicity. Point X (open circle) represents a 
single-point screening experiment with a threshold of CI=0.7.  
Note: Although presented as a conventional 2D plot where x is the independent variable on which y is 
dependent, this is in fact an isobologram, and represents a horizontal slice from the 3-dimensinal 
function of efficacy as a function of both drug concentrations, in this case at efficacy = 50 %. Dashed 
lines represent individual combination experiments mapping out the combination space, and solid lines 
describe the points where those experiments intersect the plane of efficacy (z) = 50 %. 
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