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Abstract 

Referred to as the “guardian of the genome”, p53 is the most frequently mutated protein 

in cancer and accounts for over 50% of cancer diagnoses. p53 regulates the cellular 

network by signaling for the activation of various pathways including apoptosis and cell 

cycle arrest to avoid propagation of damaged cells. Consequently, in 50% of cancer 

diagnoses, single point mutations render the protein inactive, prohibiting its 

antiproliferative response and allowing for accumulation of damaged cells. The majority of 

mutations are localized to the DNA-binding domain, a domain that contains a Zn2+ ion that 

is essential for proper protein folding and function. These mutations typically affect the 

proteins’ tertiary structure, resulting in a loss or alteration of Zn-binding which can lead to 

unfolding and enhanced aggregation. As an overexpressed and tumour-specific target, 

the past two decades have seen considerable dedication to the development of small 

molecules that aim to restore wild-type function in mutant p53. Previous efforts have been 

monofunctional in design, targeting specific characteristics of a given p53 mutant including 

thermal denaturation, aggregation, or loss of zinc.  

This thesis explores small molecule design strategies to restore wild-type function 

in mutant p53. Considering the multifaceted nature of p53 mutants, a multifunctional 

approach was employed to simultaneously target various characteristics. Chapter 2 

features a bifunctional scaffold targeting zinc loss and thermal denaturation. The utility of 

this scaffold in increasing intracellular zinc and restoring transcriptional function in mutant 

p53-Y220C is described. Modifications to the ligand scaffold to extend the structures into 

subsite cavities of this mutant are explored in Chapter 3. These modifications increased 

the cytotoxicity of the ligands and restored apoptotic activity, however, resulted in a loss 

in their ability to serve as zinc metallochaperones. Lastly, a combination of fragments 

targeting zinc loss and protein aggregation found success in restoring wild-type function 

in mutant p53 in Chapter 4. These studies highlighted the possible advantages of 

halogenation in modulating mutant p53 aggregation, as an iodinated scaffold limited 

mutant p53 aggregation and restored wild-type function. This work represents a 

foundation to simultaneously target the multiple characteristics of p53 mutants and 

provides important information for drug design moving forward. 

Keywords:  p53; cancer; multifunctional ligands; Zn metallochaperones; protein 

aggregation; apoptosis 
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Chapter 1. Introduction 

1.1.  Cancer 

Activation of gene-encoded processes that control the balance of cell life and 

death, referred to as programmed cell death or apoptosis, can rid the body of 

malfunctioning cells.1 Fundamental alterations in the genetic factors that control this 

process results in continuous uncontrolled growth and division of cells, leading to the 

formation of tumours.2 These changes in the deoxyribonucleic acid (DNA) sequence of 

cancer cell genomes are referred to as somatic mutations and include substitution of base 

pairs, deletion or insertion of DNA fragments, genomic amplifications, and epigenetic 

factors such as post translational modifications (PTMs).3-4 As such, cancer is a cumulation 

of over 100 diseases and is characterized by the uncontrolled proliferation of cells.1 

Studies have shown that numerous somatic mutations contribute to the 

development of cancer and that these mutations are highly heterogenous, with each 

individual presenting different mutations across various genes.5-7 Some of the most well-

characterized genes known to carry mutations include TP53, RB1, EGFR, and KRAS and 

are frequently mutated across a wide range of cancer types.3 The rate of such mutations 

increases with exposure to endogenous factors such as tobacco carcinogens and 

ultraviolet radiation.8 Individuals can also be predisposed to cancer development via 

germline mutations. Located in germ cells, germline mutations can be transmitted to 

offspring through multiple generations, thus increasing the tendency to develop cancer. 

Germline mutations are present in about 5% to 10% of all cancer diagnoses.9 Tumours 

that display limited growth and motility are considered benign and generally pose minimal 

threat to human health. However, invasive cancer cells that secrete proteases such as 

matrix metallopeptidases (MMPs) and cathepsins to degrade the extracellular matrix 

(ECM) in their microenvironment gain motility and can penetrate the lymphatic or vascular 

system.10 These metastatic cells invade adjacent, healthy tissues and organs to form 

secondary tumours at sites beyond the location of origin and are largely responsible for 

the mortality of cancer.11 

Cancers are the second leading cause of death worldwide and are the leading 

cause of death in Canada. With a continually growing and aging population, it is estimated 
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that 1 in 2 Canadians will develop cancer throughout their lifetime, and 1 in 4 will die as a 

result of this disease. Although the past 50 years have brought about vast advancements 

for the detection and treatment of cancers, 220,000 new Canadian cancer diagnoses are 

projected for 2019, and the economic burden posed as a result of this disease is increasing 

at an alarming rate.12 A recent study indicated that the economic burden of cancer in 

Canada rose from 2.9 billion in 2005 to 7.5 billion in 2012 and is projected to continually 

increase into the foreseeable future.13 Thus, the search for novel, effective anti-cancer 

agents elicits significant research attention. 

1.2. Anti-Cancer Therapy 

Early detection, surgery, radiotherapy, and chemotherapy are all vital aspects in 

improving cancer survival rates.14 However, once the cancer has begun to spread and 

metastasis occurs, chemotherapy becomes one of the most effective treatment options.15 

Chemotherapy was revolutionized in the 1960s with the discovery of cisplatin (Figure 1.1), 

a small molecule that binds DNA and initiates cell cycle arrest. Cisplatin entered clinical 

trials in 1971 and was quickly granted approval from the Food and Drug Administration 

(FDA) for the treatment of testicular and bladder cancer by 1978.16 Cisplatin still serves as 

front-line treatment for cancer therapy today. However, it suffers from major clinical 

drawbacks such as severe toxic side effects and drug resistance.17-18 Since the discovery 

of cisplatin, the past five decades have seen vast technological advances including high-

throughput screening, structure-based drug design, and the sequencing of the human 

genome, which has substantially improved the drug discovery process.19 While hundreds 

of chemotherapeutics have received FDA approval, they can be generally classified into 

two broad categories based on their mechanism of action: (1) general cytotoxic agents 

and (2) targeted agents.20  

1.2.1. General Cytotoxic Agents 

General cytotoxic agents were among the first chemotherapies and are still a 

common pharmacological approach in clinics today. They are highly cytotoxic agents 

aimed at rapidly dividing cells during various stages of division and are often categorized 

based on their exhibited mechanism.21 The first class of cytotoxic agents are those that 

damage DNA directly at any stage of the cell cycle. These include alkylating agents and 
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commonly used platinum complexes such as the FDA approved cisplatin, oxaliplatin, and 

carboplatin (Figure 1.1).22 Upon displacement of their leaving groups, platinum complexes 

bound to DNA can form intra-stand and/or inter-strand crosslinks to disrupt cell division, 

thereby activating apoptotic pathways and initiating cell death.23-24 Oxaliplatin, however, 

has been known to exhibit cytotoxicity via additional mechanisms, including ribosome 

biogenesis stress.25 A second class of cytotoxic agent includes antimetabolites, which 

describes a series of compounds that are similar in structure to common metabolites. The 

slight variations in structure, however, allows for interference with biological processes 

involved in metabolism. Such complexes are substituted for DNA and ribonucleic acid 

(RNA) base pairs during cell division and trigger cell death.26 One of the most commonly 

used antimetabolites in chemotherapy is Fluorouracil (5-FU) (Figure 1.1).27 Thirdly, 

antineoplastic antibiotics such as doxorubicin (Figure 1.1) block topoisomerase II activity, 

an enzyme involved in DNA replication, and further intercalate DNA to disrupt DNA 

replication and transcription to initiate cell death.28 Finally, mitotic inhibitors such as 

paclitaxel induces cell cycle arrest by disrupting the microtubule network required for 

mitosis and cell growth (Figure 1.1).29 Despite their widespread clinical use, general 

cytotoxic agents suffer from a lack of specificity towards cancer cells given that they target 

biological processes common to both cancer and normal cells and thus exhibit significant 

toxic side effects and develop drug resistance.21 Current research suggests that with an 

increasing understanding of the cancer genome and tumour biomarkers, a rational 

combination of both general cytotoxic agents and targeted therapies could significantly 

improve the efficacy of chemotherapeutics. 

 

Figure 1.1.  General cytotoxic agents commonly used in chemotherapy. 
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1.2.2. Targeted Chemotherapeutics 

Targeted therapy is characterized by small molecules or monoclonal antibodies 

that alter or interrupt key biological processes specifically involved in tumour 

development.21 With the emergence of cancer genome sequencing projects, 

chemotherapy has undergone a major shift towards targeted therapy in the past decade 

and has expanded the possibilities of personalized medicine.30 While the molecular targets 

involved in tumour growth and development are vastly expanding, one common approach 

is to target enzymes that are overexpressed in the tumour environment, specifically those 

involved in cell growth and survival.31 For example, sorafenib is a protein kinase inhibitor 

that acts on the epidermal growth factor receptor (EGFR) and vascular endothelial growth 

factor (VEGF) to interrupt tyrosine kinase signaling and induces angiogenesis in cancer 

cells (Figure 1.2).32 Other examples include targeting chromosomal abnormalities in 

cancer cells.31 Oftentimes in leukemia, the Abelson murine leukemia viral oncogene 

homolog 1 (ABL1) gene from chromosome 9 fuses with the breakpoint cluster region 

protein (BCR) gene on chromosome 22 to form the BCR-ABL fusion protein.33 Imatinib 

(Figure 1.2) is a small molecule that specifically targets the BCR-ABL fusion protein to 

induce apoptosis and is highly effective in the treatment of leukemias.34 Lastly, a leading 

approach in targeted therapeutics is to target mutated proteins that drive cancer 

progression.35-36 The p53 protein is mutated in over 50% of cancer diagnosis, and as a 

result, significant research efforts have been dedicated to both uncovering the molecular 

mechanisms of p53 that drive tumorigenesis and the development of chemotherapeutics 

that target mutant p53.37 The pharmacological restoration of p53 function is the focus of 

this thesis and will thus be discussed in depth below.  

 

Figure 1.2.  FDA approved chemotherapeutics that target biological characteristics 
specific to cancer cells.  
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1.3. p53 Structural biology 

1.3.1. Discovery 

The pioneering research on the discovery of the p53 protein occurred in 1979 by 

scientists David Lane and Lionel Crawford, and Daniel Linzer and Arnold Levine in two 

independent reports.38-39 While investigating the Simian Virus 40 (SV40), a DNA virus 

known to play a role in cancer development, they discovered a previously unknown protein 

bound to the viral oncoprotein of SV40, the large T antigen. The protein and its 

corresponding gene were named p53 and TP53 respectively because of its 53 kDa 

mass.40 The notion that the large T antigen interacted with and bound to a host protein 

garnered significant excitement, and subsequent research determined that p53 was more 

prevalent in cells transformed by the virus than in normal cells. This observation of 

increased p53 expression in cancer cells resulted in initial reports classifying p53 as an 

oncogene.41-43 However, work conducted in the 1980s demonstrated that the prevalence 

of cancer increased in the presence of p53 point mutations, highlighting its potential role 

as a regulator of cellular functions related to cell growth and control.44-46 This led to the 

shift in classification of p53 as tumour suppressor protein rather than an oncogene. For a 

gene to be unambiguously accepted as a tumour suppressor, it must meet two essential 

criteria: the loss of the gene should lead to an increased cancer-prone phenotype in animal 

models, and humans carrying germline mutations of the gene should display increased 

cancer susceptibility.47 Both criteria are met by p53, beginning with mouse model studies 

performed in 1992 which demonstrated that p53 knock-out mice developed cancer with 

an increased prevalence.48 Furthermore, it was shown that p53 mutations in germ cells 

are largely responsible for the hereditary Li-Fraumeni syndrome,49 a cancer predisposition 

syndrome that is characterized by early onset development of classic tumours including 

soft tissue sarcomas, osteosarcomas, brain tumours, and leukemias.50 

Since its discovery over thirty years ago, p53 continues to revolutionize our 

understanding of cell division and growth. The field is becoming increasingly complex with 

continued advancements in technology, which are only slowly beginning to unravel the 

complex roles of p53 in the cell cycle.36, 51 By understanding the p53 pathway that leads 

from cellular stresses to tumour formation, we can continue to develop novel drug designs 

for chemotherapeutic treatment. 
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1.3.2. The p53 Family 

Fifteen years after the discovery of p53, two functionally related proteins, p6352 

and p7353, were discovered. Together, these proteins were found to regulate the signaling 

network involved in cell proliferation, differentiation, and cell death. The p53, p63, and p73 

genes encode proteins with very similar amino acid sequence homology in the 

transactivation, DNA-binding, and tetramerization domains, with the highest sequence 

homology observed in the DNA-binding domain (Figure 1.3). p63 and p73 both contain an 

additional C-terminal sterile α-motif (SAM).54 The highly conserved homology in the DNA 

binding domain includes important contact residues involved in DNA binding, allowing all 

three proteins to activate transcription and induce cell-cycle arrest and apoptosis.55 

However, studies have shown that despite their structural similarity, these proteins are not 

functionally redundant; studies have demonstrated that transgenic knockout mice of each 

gene results in the development of individual phenotypes. For example, p53-null mice 

were born viable, yet die of cancer at a young age, whereas p63-null mice die immediately 

after birth, exhibiting a severe phenotype that lacks limbs and several important epithelial 

structures. p73-null mice are born with abnormalities in the nervous system and typically 

die within the first two months after birth.56 Overall, the p53 family functions to regulate 

important cellular processes involved in division and proliferation and thus imbalances 

within the p53 family result in a vast array of developmental abnormalities in humans. 

 

Figure 1.3.  Domain structures of p53, p63, and p73. Genes encoding the 
transactivation domain (TAD), proline-rich region (PR), DNA binding 
domain (DBD), and oligomerization domain (OD) are shown. p63 and p73 
encode an additional sterile alpha motif (SAM) domain. The percent 
homology between p63/p73 and p53 are indicated.57  
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1.3.3. Structural Organization 

p53 is biologically active as a homotetramer, with each monomer comprised of 393 

amino acids.58 The intrinsically disordered transactivation domain (TAD) and proline-rich 

region (PR) are located at the N-terminal region, while the central region is comprised of 

the folded DNA binding domain (DBD). Responsible for sequence-specific DNA-binding, 

this domain is the most frequently mutated domain in p53. The oligomerization domain 

(OD) follows the DNA binding domain, and the C-terminus contains a further regulatory 

domain.59 Regulation of stability and activity within the individual domains is highly 

controlled by various posttranslational modifications (PTMs), including phosphorylation, 

acetylation, and ubiquitination (Figure 1.4).60-62 

 

Figure 1.4.  Domain structure of full length p53, comprised of the transactivation 
domain (TAD, aa ~1-61), proline-rich region (PR, aa ~62-94), DNA-binding 
domain (DBD, aa ~98-292), a basic nuclear localization signal from aa 
~293-325, oligomerization domain (OD, aa ~326-356), and the C-terminus 
regulatory domain (CT, aa ~363-393).The DNA binding domain is the most 
frequently mutated domain, highlighted by the rainbow gradient from low 
frequency (blue) to high frquency (red). The most frequently mutated sites, 
termed hotspots, and their relative frequencies are exhibited by the bars 
above the diagram at indicated amino acid positions.59 Sites of common 
post translational modifications including phosphorylation (P), acetylation 
(A), and ubiquitination (UB) are indicated. 

The TAD can be divided into two domains, TAD1 and TAD2, both of which are 

crucial for p53 function by regulating transactivation of different target genes.63 

Mutagenesis studies in both domains revealed that inactivation of TAD1 and TAD2 

abolished changes in p53-dependent gene expression.64 In its native state, TAD is 

intrinsically unfolded, however, as is characteristic of natively unfolded proteins, it can fold 

upon interaction with target proteins.65 The TAD domain serves as a binding site for 

multiple protein partners including minute double mouse 2 (MDM2),66 a negative regulator 
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of p53, hRPA70,67 a subunit of a human replication protein that is crucial for DNA 

replication and repair, and transcriptional coactivators such as p300/CBP68. The activity 

of the transactivation domain is highly regulated by PTMs, namely phosphorylation of 

serine and threonine residues by protein kinases.62 In response to various cell stress 

factors, p53 phosphorylation occurs in order to shift binding affinities of different p53 

binding partners to regulate p53 expression.59 Following the TAD is the proline-rich region. 

Although the exact function of this region is not completely understood, its proline rich 

PXXP motifs (where P=proline and X=any other amino acid) mediate protein interactions 

involved in signal transduction, and it is thought to play a role in the proapoptotic functions 

of p53.59, 69 

The core DNA binding domain (DBD), often denoted p53C, is the most commonly 

mutated domain in p53.70 This is likely owing to its thermodynamic and kinetic instability 

as the protein unfolds slightly above physiological temperature with a Tm of 44-45 °C.71 

Several mutations causing structural perturbations within this domain result in lowering of 

this Tm even further, resulting in local protein unfolding. This domain functions by binding 

DNA promoters to initiate transcription.72 Its structure is comprised of a structural β-

sandwich located at the surface of the domain which is responsible for site-specific 

interactions with DNA and can be subdivided into two groups that bind DNA at the major 

and minor grooves respectively.73 The DNA major groove is bound by loop L1 of p53C, 

the C-terminal helix, and various portions of the β-strands. The second structural motif of 

p53C is formed by two large loops, L2 and L3.59 Essential to the structural stability of p53C, 

loops 2 and 3 are stabilized by a core Zn2+ ion, which is tetrahedrally coordinated by a 

histidine (His179), and three cysteines (Cys-176, Cys-238 and Cys 242) in a tetrahedral 

geometry (Figure 1.5). Mutations within this site that perturb zinc binding cause structural 

changes in neighbouring loops, thereby causing a loss in DNA binding specificity. The loss 

of zinc from within the cavity substantially decreases the thermodynamic stability, causing 

protein unfolding and enhances aggregate formation.59 Acetylation of the DNA binding 

domain, specifically at lysine120, is catalyzed by acetyltransferases and occurs in 

response to DNA damage.74 This is a critical step in the induction of apoptosis, thus 

highlighting the role of the DNA-binding domain in preventing tumorigenesis.75  
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Figure 1.5.  Structure of the p53 DNA binding domain. Loops L2 and L3 are stabilized 
by Zn2+ which is bound in a tetrahedral environment as shown in the box 
enlargement (PDB ID: 4AGL). 

The oligomerization domain, also commonly referred to as the tetramerization 

domain, plays a key role in p53 function because it controls the quaternary structure of 

the protein.76 p53 can exist in both latent and active conformations, the latter being crucial 

for DNA binding and interactions with other proteins. Since p53 is biologically active as a 

tetramer, the oligomerization domain mediates the transition between active and latent 

forms of p53.77 Over 50 proteins bind to p53 within the C-terminal region of the protein, 

many of which specifically require tetramer formation thus highlighting the importance of 

this domain.77-78 The tetramer interface formed in this domain is stabilized by hydrophobic 

interactions, largely through two key hydrophobic residues, Leu344 and Leu348. 

Truncation of either of these residues results in a stabilization of the dimeric form.59, 79-80 

PTMs play an important role in the function of the oligomerization domain, both directly 

and indirectly. Directly within the domain, phosphorylation for Ser392 is required for 

tetramer formation.81 Further, several key PTMs responsible for regulation of p53 activity 

within other domains are dependent on the initial formation of the tetrameric structure.60 
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As a result, PTMs, and in turn, p53 function, is heavily dependent on appropriate function 

within the OD. 

Lastly, the extreme C-terminus contains the regulatory domain, which is a basic, 

lysine-rich domain.82 This domain plays a key role in regulating protein activity and stability 

by undergoing extensive PTMs.83 Six lysine residues within this domain are important sites 

for various PTMs including acetylation, ubiquitination, phosphorylation, methylation, and 

SUMOylation.61 For example, acetylation by p300/CBP at the C-terminus plays a role in 

activation of p53 transcriptional activity, while ubiquitination is essential for regulating p53 

levels by controlling ubiquitin-dependent degradation of the protein.84  

1.3.4. Regulatory Mechanism 

Control over cellular levels of p53 is regarded as the most important factor in 

regulating p53 function.85 In order to maintain basal p53 function, cellular levels are tightly 

regulated in biological systems. Under normal conditions, p53 is unstable, with a half-life 

ranging from 5 to 30 minutes.86-87 p53 and key regulator MDM2 are linked via a negative 

autoregulatory feedback loop wherein p53 induces the expression of MDM2, which in turn 

binds to p53 to prevent transcriptional activity and promotes ubiquitin-dependent 

degradation.88 This involves various PTMs to transfer ubiquitin from E3 ubiquitin ligases 

to p53, which signals for p53 degradation by the 26S proteasome.62 In the presence of 

cellular stress, however, degradation of p53 is supressed in order to allow for p53 

stabilization and accumulation in the nucleus. Upon accumulation, p53 tetramerization is 

favoured, thereby activating the protein to signal for various target genes that initiate 

response mechanisms.89 

1.3.5. Activation and Biological Response 

In response to cellular stress factors, activation of p53 initiates various pathways 

involved in apoptosis, DNA repair, cell cycle arrest, anti-angiogenesis, and senescence in 

order to avoid propagation of damaged cells. (Figure 1.6).90 p53 activation is largely 

regarded as a complicated regulatory network composed of three key steps: (1) p53 

stabilization by phosphorylation, (2) DNA binding, and (3) target gene activation.91 With 

the aid of various PTMs, p53 binds to specific regions of its target genes and activates 

their transcription by recruiting coactivators.92  
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Figure 1.6.  Regulatory network of the p53 pathway in response to cellular and 
metabolic stresses. p53 recruits the aid of coactivators such as p300/CBP 
in order to regulate a variety of genes involved in apoptosis, DNA repair, 
cell cycle arrest, anti-angiogenesis, and senescence. The feedback loop 
between p53 and MDM2 keeps p53 at basal levels in the absence of stress 
response. 

The most comprehensive studies and well understood networks are the role of p53 

in apoptosis and cell cycle arrest.93 Several factors influence whether p53 activates 

apoptosis or cell cycle arrest in response to stress, including p53 expression levels, the 

type of stress signal, and fluctuations in the binding affinities for promoters of specific 

target genes.94 Induction of apoptosis can occur via two converging pathways, referred to 

as the extrinsic and intrinsic apoptotic pathways.95-96 The extrinsic pathway, also called 

the death receptor pathway, involves p53 transcriptional activation of genes encoding the 

tumour necrosis factor receptor (TNFR) family.97-98 The intrinsic apoptosis pathway is the 

pathway activated in response to cell stress.95 Cell stress factors initiate the activation of 

p53, which signals for transcriptional upregulation of target genes in the BCL-2 protein 

family including NOXA, PUMA, and BAX.94 This triggers the release of mitochondrial 

apoptotic components, which initiate either caspase-independent or caspase-dependent 

apoptosis (Figure 1.7).99  
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Figure 1.7.  Caspase-independent and -dependent activation of apoptosis. 
Transcriptional upregulation of p53 target genes triggers the release of 
mitochondrial apoptotic factors: the release of reactive oxygen species 
(ROS), Endonuclease G (EndoG), and apoptosis inducing factor (AIF) 
result in caspase-independent apoptosis, whereas the release of 
cytochrome C results in binding to the apoptotic protease-activating factor-
1 (Apaf1), initiating the caspase-dependent apoptotic cascade.  

The release of the apoptosis inducing factor (AIF), for example, generates a 

caspase-independent cascade wherein it is shuttled through the outer mitochondrial 

membrane into the cytosol, and activates apoptosis upon translocation into the cell 

nucleus via chromatin condensation and DNA-fragmentation.100-102 Alternatively, the 

release of cytochrome C from the mitochondria results in a caspase-dependent cascade 

that is initiated by a binding event between cytochrome C and the apoptotic protease-

activating factor-1 (Apaf1).103 This induces several conformational changes within Apaf1, 

leading to its oligomerization which is followed by recruitment and binding to the initiator 

caspase, caspase-9.104 The complex between cytochrome C, Apaf1, and caspase-9 is 

often referred to as the apoptosome.105-106 Finally, the executioner caspase, caspase-3, is 
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activated by proteolytic cleavage, which in turn cleaves cellular substrates in order to 

induce apoptosis.107-109 As such, antibody detection of cleaved caspase-3 is considered a 

universal marker of caspase-dependent apoptosis.110-112  

Activation of p53 in response to cell stress can also initiate cell cycle arrest of 

damaged cells.113 In the presence of low levels of DNA damage, p53 can initiate a 

reversible cell cycle arrest process, wherein the cell cycle is halted long enough to activate 

DNA repair mechanisms including nucleotide excision repair (NER), mismatch repair 

(MMR), and base excision repair (BER).114 However, if significant DNA damage is 

accumulated, a continued cell cycle arrest process is activated in order to remove 

damaged cells.115 Recent reports have demonstrated that p53 downregulates the 

expression of genes that are important for cell division, albeit in an indirect manner.116 

Initially, activation of p53 leads to transcriptional upregulation of one of the most well-

studied p53 targets, the cyclin-dependent kinase inhibitor, p21.117-121 Elevated levels of 

p21 promote binding to cyclin protein and cyclin-dependent protein kinase complexes 

cyclin E/Cdk2 and cyclin D/Cdk4, in order to cause cell cycle arrest at the G1 phase, which 

is responsible for cell growth.122 This causes phosphorylation of proteins related to the 

retinoblastoma protein (pRB), p107 and p130.123-124 Phosphorylated p107 and p130 can 

then bind other proteins to form what is referred to as the DREAM complex, due to 

acronyms for proteins bound in this complex.125 This complex represses genes involved 

in transcription in order to inhibit the progression into the S phase of the cell cycle where 

DNA is synthesized (Figure 1.8).116 Overall, various studies consider increased p21 

expression to be a canonical marker of p53-mediated cell cycle arrest. 126-130 
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Figure 1.8.  A schematic representation of the phases in the cell cycle.  

Finally, p53 also plays a role in pathways such as angiogenesis and senescence, 

although these pathways are not as well understood.131-133 Angiogenesis, the process in 

which new blood vessels are formed, is a critical process for the growth and mobility of 

tumours.134 Briefly, p53 plays an important role in this process by inhibiting hypoxic 

regulators that normally produce blood vessels in order to increase the oxygen supply, 

and by transcriptionally upregulating genes that function to inhibit angiogenesis.135-136 

Senescence, or cellular aging, is a process by which cells enter a permanent and 

irreversible state of cell cycle arrest, losing the ability to divide in response to growth 

factors.137-138 Induction of senescence by p53 can be trigged by many stimuli, including 

DNA damaging agents, oxidative stresses, and telomere shortening.139-140  

1.4. Mutant p53 and Cancer 

Commonly referred to as the “guardian of the genome”, p53 regulates a 

complicated cellular network, and as such, mutations resulting in its malfunction can have 

serious consequences.141 In fact, over 50% of cancer diagnoses result from point 

mutations directly to p53.142-143 Unlike most tumour suppressor genes, which typically 

exhibit deletions or truncations in cancer, p53 is frequently inactivated by a single 

missense mutation, wherein a single nucleotide is substituted for another, resulting in the 

coding of a different amino acid.144 Mutations to both somatic and germline p53 genes 
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usually result in a loss of heterozygosity, which can inactivate the remaining wild type 

allele of p53 and lead to tumorigenesis.145 

1.4.1. Contact and Structural Mutations 

More than 31,000 somatic mutations of p53 have been identified, 95% of which 

occur in the DNA-binding domain.146 The most frequently mutated sites in p53C, termed 

cancer “hot spots”, are located directly near the DNA-binding site and are characterized 

as either contact or structural mutations.70, 147 Contact residues are those amino acids that 

bind DNA directly and mutations within these sites alter the p53-DNA interaction. The most 

frequently mutated contact sites are at amino acid residues 248 and 273 and include hot 

spot mutants R248W, R273H, and R273C (Figure 1.9). These mutants exhibit relatively 

little change to the overall structure and stability of the protein, but rather promote loss of 

function (LoF) due to weakened interactions with DNA.59 For example, the p53 mutant 

R273H, where the essential DNA-contact amino acid Arg273 is replaced by histidine, 

exhibits a 1000-fold decreased affinity for DNA in in vitro experiments and thus the 

resulting p53-DNA interaction is too weak to activate transcriptional activity.148-149 

p53 structural mutations, however, induce conformational changes within the 

protein that can result in loss of function for a variety of reasons. For example, structural 

hot spot mutations G245S and R249S (Figure 1.9) induce conformational changes within 

the L3 loop that stabilize inactive conformations and hinder DNA binding.59 Further, given 

that p53C is relatively unstable at biological temperatures, any mutation that lowers the 

stability will have a substantial effect on the folded state of the protein.150 Arg282 is 

important to the structural stability of p53C via hydrophobic interactions and hydrogen 

bonding networks, and the hot spot R282W (Figure 1.9) results in a loss of these important 

interactions, resulting in significantly decreased stability (3 kcal/mol) and enhanced protein 

aggregation.59, 72 One of the most common structural p53C mutations is R175H (Figure 

1.9), which perturbs the Zn2+ binding site to cause a loss of Zn2+, thereby decreasing the 

thermodynamic stability of the protein, inhibiting DNA binding, and enhancing protein 

aggregation.151-152 Interestingly, apo p53C (zinc-free) increases the aggregation process 

via nucleation with zinc-bound p53C. Finally, outside of the direct DNA-binding surface, 

the most frequently occurring mutation is Y220C (Figure 1.9).153 Located in the β-sandwich 

region of p53C, the substitution of tyrosine for cysteine in Y220C affects the structural 

nature of the protein by creating a solvent-accessible cavity at the surface. This reduces 
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protein stability by lowering the melting temperature, causing the protein to rapidly unfold 

and aggregate at biological temperatures.154 The aggregating nature of such p53 

mutations have been reported to exhibit gain of function (GoF) effects in addition to loss 

of function (LoF), a characteristic that has elicited significant attention in recent years.146, 

155-156 

 

Figure 1.9.  p53C bound to DNA (yellow). Locations of amino acids 175, 220, 245, 248, 
249, 273, and 282, sites of key hot spot carcinogenic mutations, are shown 
(PDB ID: 4AGL). 
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1.4.2. Mutant p53 and Aggregation 

Protein misfolding diseases are largely caused by peptides or proteins in 

pathophysiological states wherein they no longer adopt their native, folded 

conformation.157 The most common group of protein misfolding diseases are those that 

undergo endogenous misfolding from a soluble, folded protein into alternative oligomeric 

and fibrillar structures via a partially unfolded intermediate.158 Referred to as amyloids, 

these proteins are a hallmark characteristic of many neurodegenerative diseases.159 

Studies have shown that cancer also is characterized by amyloid aggregates through the 

misfolding and aggregation of p53, as amyloid aggregates have been identified in both 

tumour cell lines and patient biopsies.156, 160-161 p53 aggregation has been correlated with 

tumour growth as higher degrees of aggregation have been associated with more invasive 

tumours.162 Folding of p53 is driven by thermodynamic and kinetic factors and requires 

the assistance of molecular folding chaperones.162 Malfunctions within this process can 

result in the protein adopting other low energy conformations including amyloid fibrils. 

Current hypotheses on the contributions of mutant p53 in aggregation describe structural 

mutations that initially destabilize the native structure, which exposes a known 

aggregation-prone sequence within the DNA binding domain, termed the amyloidogenic 

region, that is normally buried within the protein’s core. Upon exposure, this hydrophobic 

segment is exposed and can bind other p53 molecules and cause aggregation.163  

Mutant p53 aggregates are characterized not only by loss of function (LoF), but 

further exhibit dominant negative (DN) and gain of function (GoF) effects.164 While their 

mutant status largely contributes to their LoF, aggregate formation is typically 

accompanied with sequestration into the cytoplasm, thereby inhibiting its nuclear 

activation. Mutant p53 also exerts a DN effect, both by forming a heterotetramer with wild-

type p53 to inhibit its activation and by co-aggregating with wild-type p53 to inhibit its 

function.155 Finally, p53 has also been extensively characterized to possess toxic GoF 

properties by self-propagating and cross-reacting with other proteins to further 

aggregation.165 Most notably, mutant p53 aggregates can co-aggregate with homologous 

proteins, p63 and p73, to form amyloid oligomers and fibrils and thereby inhibit their 

function.156 Overall, these properties have characterized p53 as an amyloid-associated 

disease, however, further studies to elucidate the mechanism of aggregation and GoF 

effects will be an important area of study moving forward.146 
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1.5. Therapeutic Intervention of p53 Malfunction 

Given that 50% of cancer diagnoses contain mutant p53 and that nearly all cancers 

exhibit malfunction along the p53 pathway, there is significant research that focuses on 

the development of p53-based chemotherapeutics.145, 166 While there is an extensive body 

of research with elegant biological methods for targeting malfunctioning p53 in tumours 

including gene therapy (eg. Gendicine)167-168, which delivers a functional copy of TP53 via 

an adenovirus, removal of mutant p53 via administration of a silencing RNA that targets 

p53 (sip53)169, and the design of peptide vaccines (eg. p53-SLP) for p53 

immunotherapy170, the following survey of treatment strategies for p53 will focus 

specifically on small molecules that target both wild-type and mutant p53. 

1.5.1. Inhibition of the p53-MDM2 Interaction 

Despite the frequency with which p53 mutations occur in cancer, tumours 

frequently possess WTp53 but exhibit impaired p53 signaling due to mutated protein 

partners and other dysregulations within the p53 pathway.171 For example, many tumours 

have been characterized by increased degradation of p53 due to increased MDM2 activity, 

thus limiting p53 activation.172 As a result, the design of small molecules that block the 

p53-MDM2 complex to allow for accumulation of functional p53 is a highly sought-after 

strategy.173 One of the first classes of p53-MDM2 inhibitors was discovered from a large 

chemical screen that identified potent cis-imidazoline small molecules termed Nutlins.174 

Nutlin-3, commonly referred by its most potent enantiomer175, Nutlin-3a (Figure 1.10 a), 

selectively inhibits the p53-MDM2 interaction by imitating the p53 amino acids involved in 

MDM2 binding. Nutlin-3a induces significant upregulation of p21, causing cell cycle arrest 

at the G1 phase and induces p53-dependent apoptosis in a number of cancer cell lines 

and xenograft models.176 A derivative of Nutlin-3a, RG7112 (Figure 1.10 b), has been 

pharmacologically optimized for oral administration and has exhibited p53-dependent 

activity in clinical trials.177 Driven by optimized stereochemical configurations within the X-

ray crystal structure of MDM2, Ding et al. reported a modified class of MDM2-binding 

inhibitors adopting a trans geometry at the scaffold’s core.178 The lead compound in the 

study, RG7388 or Idasanutlin (Figure 1.10 c), exhibited significantly increased potency 

over previous inhibitors and induces p53-dependent cell cycle arrest and apoptosis. It is 
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currently the only p53-MDM2 inhibitor to have surpassed phase II clinical trials and is 

currently undergoing phase III clinical studies.179  

 

Figure 1.10.  Family of small molecules termed Nutlins, reported to activate WTp53 by 
inhibiting the p53-MDM2 complex in order to prevent MDM2-mediated 
degradation of p53 and allow for accumulation of functional p53.  

Other classes of p53-MDM2 inhibitors include spiro-oxindoles, which were 

pioneered by Wang et al. Upon extensive analysis into the X-ray structure of the p53-

MDM2 complex, it was noted that the indole ring of Trp23 in p53 was key to the interaction 

of p53 within the hydrophobic cleft of MDM2.180 As such, they designed a class of oxindole 

containing small molecules that could imitate this binding interaction. The lead compound 

in this study, compound 1d (Figure 1.11 a), had a nanomolar affinity for MDM2 that was 

18-fold more potent than the p53 peptide used as a control. Spiro-oxindoles as MDM2 

inhibitors have since undergone extensive structure modifications over the past decade 

and several potent analogues have undergone preclinical and clinical studies.181-183 One 

of the most potent analogues to date, SAR405838 (Figure 1.11 b), exhibits sub-nanomolar 

binding to MDM2, allowing for activation of wild-type p53 both in cancer cell and xenograft 

models and is currently showing promising results in phase I clinical studies.184 Finally, 

RITA (Figure 1.11 c) is a potent small-molecule inhibitor of the p53-MDM2 complex, 

however, in contrast to the previously mentioned small molecules, RITA inhibits the 

protein-protein interaction by binding p53, rather than MDM2. RITA activates p53 and 

induces apoptosis by binding p53 in the N-terminus and inducing a conformational 

change, thereby preventing its degradation via binding of MDM2.185 
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Figure 1.11.  Small-molecule p53-MDM2 inhibitors that activate p53.  

Overall, inhibitors of the p53-MDM2 complex hold significant promise as potent 

small molecules that target and activate the p53 pathway. However, a clinical drawback 

of p53-MDM2 inhibitors is the potential lack of selectivity over non-cancerous cells.186-187 

Given that these compounds target activation of WTp53, the potential toxicities of 

activating p53 in normal cells must be considered.171 In fact, it has been demonstrated 

that accumulation and activation of p53 in normal cells can induce apoptosis and 

senescence in all cells in mice.186 Interestingly, a recent study by Feringa et al. reported 

the addition of a photoswitch or photoremovable protecting group (PPG) to Idasanutlin 

(Figure 1.11 d) to increase the selectivity in cancerous tissues.188 By appending a PPG, it 

allows for selective and localized activation of p53 in cancerous tissues using 400 nm light. 

This proof-of-concept study represents a promising avenue for overcoming the drawbacks 

that may occur as a result of activating p53 in normal cells. Other potential off-target effects 

of concern with MDM2 inhibitors are that it may interfere with its role in DNA repair and 

could inhibit its ability to ubiquitinate other important proteins, representing an avenue for 

further research and improvement moving forward.187  
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1.5.2. Restoration of Wild-type p53 Function 

p53 is the most frequently mutated protein in human cancer.142-143 Mutations are 

present in 96% of ovarian serous carcinomas, 85% of small cell lung cancers, and 75% of 

pancreatic cancers, as examples, and are also associated with worsened prognosis and 

patient survival.189 Further, mutant p53 is a highly abundant and tumour-specific target as 

it is typically overexpressed in cancer, partly as a result of its inability to activate MDM2 in 

order to regulate its expression. As a result of its overexpression, mutant p53 also 

possesses toxic GoF properties that can propagate and cause malfunctions to other 

important proteins and pathways that regulate the cell cycle.145 Considering the above 

factors, mutant p53 represents an important pharmacological target and the past two 

decades have seen considerable dedication to the development of small molecules that 

aim to restore wild-type function in mutant p53.166, 190-191 Among the small molecules 

developed, numerous mechanistic strategies have been developed including protein 

refolding via cysteine modification, protein stabilization, modulation of protein aggregation, 

and zinc chelation, and will be explored in detail below. 

Protein Refolding via Cysteine Modification 

Cysteine reactivity plays an important role in many biological functions including 

oxidatively controlled protein folding, and thus thiol modification is a frequent target for 

medicinal chemists.192-193 The first small molecule discovered to reactivate wild-type 

function in mutant p53 was CP-31398 (Figure 1.12 a). In their contribution to Science, 

Rastinejad et al. reported a small molecule that restored native p53 conformation in cells 

with mutant p53, allowing for activation of transcriptional activity and slowed tumour 

progression in xenograft models.194 Later studies investigating the mechanism of action 

suggested that the reactive double bond could function as a Michael acceptor, implying 

that at least part of its mechanism involved modification of p53 cysteine residues in order 

to promote refolding.195-196 CP-31398 was investigated in pre-clinical studies, but it did not 

advance to clinical trials in part due to significant reports of p53-independent activities and 

multiple off-target effects.166 PRIMA-1 and its more potent methylated analogue PRIMA-

1Met (Figure 1.12 b,c), commonly referred to as APR-246, were discovered in a screen at 

the National Cancer Institute and restore wild-type function in the p53 mutants R175H and 

R273H, and inhibit tumour growth in xenograft mice.197 Reports on the mechanism of 

action of APR-246 indicate that upon hydrolysis, it is converted to the active Michael 
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acceptor methylene quinuclidinone (MQ), which covalently binds cysteine residues in p53, 

in particular Cys124 and Cys277, and promotes refolding into its active conformation.198 

APR-246 was the first p53-reactivating small molecule to enter clinical development and 

is currently in phase II clinical studies.190 Fersht and coworkers also developed a series of 

cysteine-targeting small molecules that reactivate mutant p53. PK11007 (Figure 1.12 d) 

is part of this series of 2-sulfonylpyrimidines that alkylate the thiols of solvent-accessible 

cysteines Cys182 and Cys277 and promote refolding to restore function in mutant p53-

Y220C.199 PK11007 is currently being investigated in preclinical studies.166  

 

Figure 1.12.  Small molecules that restore wild-type function in mutant p53 via thiol 
alkylation and cysteine modification to promote protein refolding. 

Thermal Stabilization of Mutant p53 

Structural mutations in the DNA-binding domain of p53 destabilize the local 

environment, causing protein unfolding and aggregation. An estimated 30% of p53 

mutations are temperature sensitive, wherein they are unfolded and inactive at 

physiological temperatures yet exhibit a native fold to induce functional DNA-binding and 

transcriptional activity upon lowering to sub-physiological temperatures.200-201 As such, 

researchers have proposed that small molecules that selectively bind the folded 

conformation over unfolded conformations should shift the equilibrium towards a folded 

and active wild-type protein conformation.200 In one of the most common thermally 

unstable mutants, p53-Y220C, the substitution from a large tyrosine to a smaller cysteine 

creates an open cavity at the surface of the protein, lowering its stability and causing ~80% 

unfolding.153 Fersht and coworkers have generated a library of small molecules that target 
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the mutant-induced cavity of p53-Y220C in order to increase stability and restore wild-type 

function. Using in silico methods and fragment-based screening, the first of such 

compounds discovered was PhiKan083 (Figure 1.13 a). This compound exhibited 

moderate binding (150 µM) to the p53-Y220C mutant and thermally stabilized the protein 

by raising its Tm by 2 °C.202 PhiKan7088 (Figure 1.13 b) also exhibited modest binding 

within the p53-Y220C mutant cavity (140 µM), and was shown to refold mutant p53 using 

conformation-specific antibodies and activated p53-dependent apoptosis and cell cycle 

arrest.203  

 

Figure 1.13.  Small molecules that restore wild-type function in mutant p53 via thermal 
stabilization of the mutant induced p53-Y220C cavity. 

Interestingly, a series of small molecules with a diiodophenol core discovered from 

a screening library showed improved binding to the Y220C mutant pocket (Compound 4, 

105 µM) and showed improved thermal stabilization of the mutant protein (Figure 1.13 

c).153 Based on the X-ray crystal structure, these compounds exhibit halogen bonding 

interactions with the carbonyl oxygen of Leu145 located within the mutant cavity. 

Substitution of both iodine atoms with chlorine and bromine significantly lowered the 

binding affinity, highlighting the importance of the halogen bonding interaction in protein 

binding. These compounds were structurally modified with varying acetylene linkers to 

extend the small molecules further into the mutant pocket, which significantly improved 

the binding affinity of the ligands (Phikan5176: 21 µM, PhiKan5196: 10 µM) and activated 

mutant-specific apoptosis (Figure 1.13 d,e).  
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Modulating Mutant p53 Aggregation 

The classification of p53 as an amyloidogenic protein is relatively recent, and 

important information elucidating the detailed mechanisms of p53 aggregation and GoF 

effects remains to be discovered.204 As such, it is often overlooked by cancer and amyloid 

researchers alike, leaving the field relatively in its infancy.146 However, its involvement in 

cancer development has been well documented, and amyloid aggregates have been 

identified in patient biopsies of various cancers and are associated with more aggressive 

and invasive tumours.162, 205 This highlights the importance and need for small molecules 

aimed to disrupt p53 aggregation and prevent GoF effects. Although not a small molecule, 

a recent seminal study involving a small cell-penetrating peptide sequence, ReACp53, 

pioneered the concept that modulating p53 aggregation was a viable option for restoring 

p53 function. The peptide sequence of ReACp53 is a close mimic of the aggregation-

prone sequence in p53 and could bind and prevent aggregation of p53 in cells, and caused 

upregulation of p63 levels, thereby alleviating its toxic GoF effects. This led to rescued 

function in p53 mutants R175H and R248Q via induction of apoptosis and led to 

decreased tumour proliferation in xenograft models.163  

Other small molecules aimed to modulate p53 aggregation have since emerged, 

including resveratrol and emodin. Resveratrol is a stilbenoid, a type of naturally occurring 

phenol in plants (Figure 1.14 a).206 Recent reports demonstrate that this compound slows 

the aggregation rate of both WTp53 and p53-R248Q in vitro using intrinsic tyrosine 

fluorescence and light scattering. Further, using immunofluorescence staining, resveratrol 

was able to reduce staining with an oligomeric-specific antibody (A11) in both mutant p53 

cancer cell lines and tumour tissues from a xenograft model, indicating a reduction in 

mutant p53 aggregation. By limiting mutant p53 aggregation, resveratrol reduced the 

proliferative and migratory ability in the cancer cell lines.207 Emodin, a naturally occurring 

anthraquinone, was also tested for its ability to modulate p53 aggregation (Figure 1.14 

b).208 This compound was able to reduce staining with Thioflavin S in cancer cells via 

immunofluorescence, although only moderately, indicating a reduction in the level of 

aggregated p53. Interestingly, this was coupled with activation of autophagy, which is a 

cellular regulatory mechanism that degrades and removes unnecessary or dysfunctional 

components in order to maintain homeostasis.209 The authors hypothesize that autophagy 

may be the mechanism whereby remaining p53 aggregates are removed upon restoration 

of p53 function with emodin treatment. 
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p53 aggregates have been well characterized to possess toxic GoF properties and 

can co-aggregate with p53 family members p63 and p73 to inhibit their function. As such, 

an interesting alternative strategy when targeting mutant p53 aggregation is to directly 

target the aggregated p53/p63 or p53/p73 complex to alleviate GoF effects and restore 

p63/p73 function.145 Given the sequence homology of the p53 family members, restoration 

of p63 and p73 function can result in transcription-mediated apoptosis and cell cycle 

arrest.210 RETRA, which stands for reactivation of transcriptional reporter activity, was 

identified using a cell-based screen that identified compounds that restored transcriptional 

activity in mutant p53 cell lines (Figure 1.14 c). RETRA functions by releasing and blocking 

p73 from the inhibitory complex with mutant p53, thereby inducing p73-mediated 

apoptosis and cell cycle arrest. Promisingly, RETRA is active against a variety of cell lines 

with mutant p53 yet does not affect normal cells.211 

 

Figure 1.14.  Small molecules that restore wild-type function in mutant p53 by preventing 
and modulating aggregation or by disrupting the p53/p73 aggregated 
complex. 

Restoring Zinc-Binding in Mutant p53 

Zinc is crucial to the structural stability of p53 and plays a major role in preserving 

its folded structure and facilitating DNA binding.59 At physiological temperatures, mutants 

that perturb that zinc binding site and result in apo (zinc-free) p53C are primarily unfolded, 

prone to aggregation, and result in a loss of sequence-specific DNA binding.212 Interesting 

reports have demonstrated that manipulation of zinc concentrations within the cell can 

change the structure and function of p53, alluding to the reversible nature of the protein’s 

fold.213 Specifically, Milner and co-workers demonstrated that the addition of zinc chelators 

to cells and cell lysates to deplete p53 of zinc reduces its ability to be recognized by wild-

type-specific antibodies and increases its recognition using a mutant-specific antibody.214 

This process can be reversed by supplementing the cell culture media with ZnCl2. In fact, 

D’Orazi and co-workers showed that treatment with ZnCl2 restores native p53 folding in 

zinc-binding mutants and restores wild-type transcriptional activity.215 While high 
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concentrations of ZnCl2 can be harmful to the cell,216 it serves to highlight the potential 

clinical applications of restoring zinc-binding in mutant p53. This group has since designed 

a series of fluorescent zinc-curcumin complexes that restore the native conformational 

fold and activate function in the zinc-deficient mutants p53-R175H and p53-R273H (Figure 

1.15 a).217-218 Significant research attention has now been devoted to the design of small 

molecules that act as metallochaperones to restore native zinc binding in mutant p53.213 

Loh and others have identified properties that are important when considering the 

design of zinc metallochaperones for mutant p53.213 Given that insufficient levels of zinc 

result in protein misfolding and impaired DNA binding, the first criteria is that the 

metallochaperones must increase intracellular levels of Zn2+ in order to repopulate the 

metal-depleted mutant p53 site.219 While the majority of intracellular zinc is bound to 

cytosolic Zn-binding proteins, the pool of “free Zn2+” is estimated to be in the nanomolar 

to picomolar range.220 However, reports have also demonstrated that excess levels of zinc 

induce protein misfolding via zinc binding to non-native amino acids located near the zinc 

binding site.221 Referred to as Kd1, the native Zn2+ affinity for WTp53 is estimated to be on 

the order of 10-12 M, whereas the affinity for non-native sites, Kd2, is estimated to be on the 

order of 10-6 M.222-223 As such, the second criteria for the design of zinc metallochaperones 

is that they must function as a sink to prevent excess zinc accumulation. In general, they 

should have zinc affinities between that of Kd1 and Kd2 in order to buffer appropriate zinc 

concentrations.224 Finally, by repopulating the native zinc binding site, the third criteria is 

that the metallochaperones must activate wild-type p53 function.219 

A series of zinc metallochaperones that fit the criteria mentioned above were 

discovered using the National Cancer Institute’s anticancer drug screening data. With the 

aim of discovering compounds that were selectively active against cell lines harbouring 

p53 mutations, a series of thiosemicarbazones were identified to exhibit selective 

cytotoxicity against one of the most common p53 mutations, R175H.225 Initial studies 

focused on the identified compound NSC319726, later termed ZMC1 (Figure 1.15 b), and 

determined that it could restore WT structure and function in mutant p53-R175H and 

activate apoptosis in mutant p53 xenograft models. Given the impaired zinc-binding in 

p53-R175H, it was proposed that the mechanism of ZMC1 involved zinc chelation and 

redistribution.222 Further investigations determined that ZMC1 had a nanomolar affinity for 

zinc and could form a neutral 2:1 complex with zinc wherein it could passively diffuse 

through the cell as a zinc ionophore.219 Upon passage through the cell membrane, the 
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ligands are protonated, causing a dissociation of the complex, thereby increasing 

intracellular Zn2+ levels and restoring zinc binding in mutant p53. Recent studies have 

demonstrated that two other compounds identified in the study, ZMC2 (Figure 1.15 c) and 

ZMC3 (Figure 1.15 d), function via the same mechanism.226 

 

Figure 1.15.  Small molecules that restore wild-type function in mutant p53 by serving as 
metallochaperones and restoring native zinc binding. 

Interestingly, another mechanism of the ZMC1-3 compounds is the generation of 

reactive oxygen species (ROS). ZMC1-3 have a high affinity for other transition metals 

such as iron and copper, and have been shown to generate intracellular ROS through 

Fenton-like chemistry by chelating redox-active Fe and Cu.224 The production of ROS 

generates a kinase-dependent stress response that induces post-translational 

modifications to the now refolded p53 in order to initiate transcriptional activity.227 While 

the activation of PTMs is ultimately beneficial to the p53-dependent nature, generating 

high levels of ROS can also lead to off-target effects and general toxicity. In fact, recent 

studies investigating the potential synergism between ZMC1 and traditional 

chemotherapies found that the ROS generated by copper chelation with ZMC1 was too 

toxic, as synergism with traditional chemotherapies or radiation could only be observed 

upon treatment with ROS scavengers such as glutathione.224 The binding affinity of ZMC1 

for Cu2+ was determined to be 108 -fold greater than that of Zn2+, and thus they designed 

cell permeable derivatives of nitriloacetic acid (NTA), which exhibited significantly lowered 

affinity for copper and exhibited synergistic activity with chemotherapies (Figure 1.15 e-
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g). As a result of this study, the authors concluded that an additional property of zinc 

metallochaperones for mutant p53 is that they must generate enough ROS to activate 

PTMs on p53 but avoid toxic side effects generated by high affinities for copper.  

Overall, these studies serve to indicate the important and complicated role of zinc 

in p53, and how careful tuning of both the zinc affinity and the affinity for other endogenous 

metals is critical for on-target mutant p53 activation. This applies to biological systems in 

broader terms, as transition metals including copper, zinc, iron, and manganese are vital 

for the proper function of many cellular processes and their dysregulation is highly 

implicated in cancer.228-229 As such, the design of small molecules for targeted metal ion 

chelation and redistribution has been a complex yet effective ongoing anti-cancer 

strategy.230-232 

For example, Franz and coworkers designed an elegant pro-chelator to selectively 

target overexpressed toxic copper ions in prostate cancer.233 Disulfiram is a known drug 

that yields dithiocarbamate (DTC) upon reduction, which is an efficient metal chelator due 

to the reactive thiols generated and has been studied in clinical trials as an anticancer 

compound.234 However, due to a lack of specificity for cancer cells, significant toxicity was 

observed in a Phase II clinical study. As such, the Franz group designed a pro-chelator of 

DTC, GGTDTC (Figure 1.16 a), that requires activation by γ-glutamyl transferase (GGT), 

an enzyme that is overexpressed and differentially located in many cancer types. Upon 

site-selective cleavage of the amide bond in GGTDTC by this overexpressed enzyme, 

DTC is released to chelate excess copper. The cytotoxicity of GGTDTC is both copper 

and GGT dependent, showing the significant promise of selective pro-chelators for copper 

chelation in cancer.233 

 The Richardson group has devoted extensive research efforts into the design of 

small-molecule metal chelators for anticancer therapy over the last two decades.235 

Recent mechanistic studies provide insight into the redox activity of some of their most 

cytotoxic compounds, including the thiosemicarbazone di-2-pyridylketone 4-cyclohexyl-4-

methyl-3-thiosemicarbazone (DpC), which entered clinical trials in 2016 (Figure 1.16 b).236 

Interestingly, using fluorescent zinc complexes of DpC, they demonstrated that the zinc 

thiosemicarbazones complexes localized to the lysosomes, wherein lysosomal conditions 

induced transmetallation with copper ions. The copper complexes then provided sufficient 

redox activity that resulted in cytotoxicity via lysosomal membrane permeabilization. This 
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study provided novel details regarding the mechanistic ability of zinc thiosemicarbazone 

complexes to localize to the lysosomes and transmetallate with copper.237 

 Recent fluorescent-based studies have indicated that intracellular levels of labile 

iron are increased in several cancer types, prompting the design of small-molecule iron 

chelators as anticancer agents.238-239 Among others, Tomat and coworkers have designed 

several classes of thiosemicarbazones as effective iron chelators for cancer therapy, 

including a class of redox-active pro-chelators.240 This class of thiosemicarbazones that 

feature the (S,N,S) donor sets, termed the TC series, feature a disulfide bond that acts as 

a reduction/activation switch for a pro-chelation approach (Figure 1.16 c). Upon entry into 

the highly reducing tumour microenvironment, electron paramagnetic resonance (EPR) 

studies revealed that the disulfide bond is reduced to afford to tridentate iron chelators 

that form low-spin Fe(III) complexes inside the cancer cells. This resulted in activation of 

cell cycle arrest at the G1/S phase and an induction of apoptosis.241 Several derivatives of 

this class of iron pro-chelator have since been developed, including the addition of 

carbohydrate moieties to target the increased expression of glucose transporters in 

colorectal cancers.242  

 

Figure 1.16.  Small molecules used as chelators for targeted metal ion chelation and 
redistribution in cancer therapy. 
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Overall, the homeostasis of bio-metals is an essential yet complicated process, 

and dysregulation of these metals and its role in diseases, including cancer, has driven 

extensive research efforts into the design of small-molecule metal chelators. While these 

chelators hold significant promise in anticancer therapy, studies have shown that they 

benefit from co-administration with other anticancer drugs, and thus moving forward the 

design of multifunctional compounds wherein cytotoxic or targeting moieties are appended 

to metal chelators could significantly enhance their selectivity and overall efficacy.230 

1.6. Thesis Synopsis 

The frequency and aggressive nature of cancers with mutant p53 has driven a 

widespread effort both in academia and the pharmaceutical industry to restore functional 

activity in mutant p53 over the past decades. Of further interest, a large study conducted 

at the National Cancer Institute with 60 cancer cell lines and over 100 anticancer drugs 

showed significant correlation between mutant p53 and developed resistance to common 

chemotherapeutics.243 For example, clinically used DNA-damaging drugs such as 

doxorubicin and the platinum complexes depend, at least in part, on functional p53 via 

activation of p53-mediated cell death following generation of DNA damage.243-245 As a 

result, many cancers possessing mutant p53 exhibit an increased resistance to such 

treatments. Other studies have indicated that p53 aggregation causes platinum 

chemoresistance in specific cancers and indicate that inhibiting p53 aggregation could 

reverse the chemoresistance.246 This provides a further opportunity for small molecules 

that restore p53 function to exhibit enhanced efficacy and overcome resistance via a 

synergistic mechanism by co-administration with clinically approved DNA-damaging 

agents.243  

Previous efforts to restore function in mutant p53, while of significant promise, have 

been monofunctional in design, targeting specific characteristics of a given p53 mutant 

including thermal denaturation, aggregation, or loss of zinc. However, given the 

multifaceted nature of p53 mutants, it is my opinion that these mutants provide a unique 

opportunity to design multifunctional molecules that act on different aspects of mutant p53 

occurring simultaneously for increased chemotherapeutic efficacy. For example, the 

common hotspot mutant p53-Y220C is prone to thermal denaturation yet exhibits 

accelerated aggregation and is prone to loss of zinc, all of which contribute to the loss of 

protein function. Using p53-Y220C as a proof-of-concept mutant, the overarching goal of 
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this thesis is to design multifunctional small molecules that use a combination of targeting 

moieties to restore wild-type function in mutant p53. A general overview of p53 function 

and the opportunities for therapeutic intervention are shown in Figure 1.17. 

 

Figure 1.17.  Overview of p53 function and the opportunities for therapeutic intervention 
(shown in red). In response to DNA damage, MDM2 allows for upregulation 
of p53 in order to carry out various cell death or cell repair mechanisms. 
However, both the loss of zinc and mutants causing unstable 
conformations lead to loss of protein function and provide an opportunity 
for aggregate formation. p53 aggregates are toxic species associated with 
both loss of function and gain of function and contribute to cancer 
development. 

Chapter 2 describes a 1st generation scaffold that aims to restore wild-type p53 

function by increasing mutant protein stability. The ligand design features a combination 

of iodinated phenols reported by Fersht et al. to interact with and stabilize the p53‐Y220C 

surface cavity153, and Zn‐binding fragments for metallochaperone activity to restore 

stability via zinc binding. Given the importance of zinc in the human body and its 

involvement in many biochemical processes, the design and use of zinc chelators is 

ubiquitous in bioinorganic chemistry.247 While various structurally diverse moieties have 

been reported and extensively reviewed,248-252 Lippard and co-workers highlight key 

features for effective chelation of mobile zinc: (1) chelators must exhibit a specificity for 

zinc over other biologically abundant metal ins such as Ca2+ (2) the chelator must be 

neutral for intracellular application and possess sufficient hydrophobicity to passively 

diffuse through the cell membrane (3) the pKa of donor atoms should be below 

physiological pH for rapid Zn binding and (4) chelators need to bind mobile Zn with 

appropriate affinity while minimizing chelation from the large number of human zinc 

proteins.253 With these criteria in mind, the nitrogen-rich chelators 2-amino pyridine and 

di-(2-picolyl)amine were incorporated into the ligand design. di-(2-picolyl)amine is 
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reported to have high zinc affinity and has been incorporated into the structure of many 

fluorescent zinc probes,254-255 including those designed for quantification of cellular zinc, 

thus demonstrating its biocompatibility.256 A schematic representation of the ligand design 

in Chapters 2 and 3 is shown in Figure 1.18. The tripodal ligand structure closely mimics 

the active sites of many zinc containing enzymes, featuring the N/O donor set found in the 

coordinating amino acids in biological systems.257  

Our novel ligand series results in a significant increase in intracellular zinc, results 

in restoration of transcriptional p53 activity, and induces mutant-selective apoptosis. 

Chapter 3 builds on the findings in Chapter 2 to further extend the ligand design into 

subsite cavities generated by the mutant. These ligands exhibit increased cytotoxicity 

compared to our lead compound from Chapter 2 in both 2D and 3D cultures and display 

a markedly improved ability to induce apoptosis.  

Chapter 4 explores the design of a multifunctional ligand scaffold that aims to 

restore wild-type function in mutant p53 by simultaneously targeting zinc loss and protein 

aggregation. A schematic representation of the ligand design is shown in Figure 1.18. This 

ligand series affords an increase in intracellular zinc, and halogenation of the ligand 

framework led to inhibition of mutant p53 aggregation. This results in increased restoration 

of p53 transcriptional function and mediates both caspase-dependent and -independent cell 

death pathways. Tolerability in non-cancerous organoids demonstrate the cancer-cell selective 

potential of this multifunctional scaffold. 

 

Figure 1.18.  Multifunctional ligand scaffolds presented in chapters 2-4. 
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The ligand scaffolds contained in Chapters 2 through 4 explore the biological 

activity of iodinated ligand frameworks, which have the potential to interact with mutant 

p53 via halogen bonding. Halogenation of ligands has gained widespread attention in 

medicinal organic chemistry, due to the many advantages that such modifications can 

provide.258-260 During the process of hit-to-lead or lead-to-drug discoveries, insertion of 

halogen atoms has become common practice to increase membrane permeability, and in 

turn, improve oral availability.261-262 Furthermore, halogenation increases the ability of such 

compounds to cross the blood-brain barrier,263-264 leading to an estimated 20-30 percent 

of all pharmaceutical small-molecule drugs possessing halogen atoms.265 While 

classically halogenation of pharmaceuticals was considered mostly due to their steric 

parameters,261 recent advances have highlighted their potential application in ligand-

protein interactions by exploiting the advantages of halogen bonding.  

Halogen bonding describes the interaction between halogens chlorine, bromine, 

or iodine acting as Lewis acids to form non-covalent interactions with a Lewis base.266 This 

is due to the anisotropy of the atom’s charge distribution, leading to polar regions of 

positive electrostatic potential within the covalent R-X bond, termed the σ-hole.267 Halogen 

bonding can offer advantages over classical H-bonds, as halogen bonding to carbonyls 

was found to significantly improve binding of many small molecules to their protein 

targets.153, 268-270 This thesis thus explores the biological activity of halogenated ligand 

frameworks aimed to restore wild-type function in mutant p53. 

Finally, Chapter 5 discusses both ongoing and future directions of the projects 

outlined in Chapters 2-4. Methods to investigate the mechanism of off-target effects and 

opportunities for improved selectively are discussed. Further, studies to investigate the 

effects of halogenation on modulating mutant p53 as well as the effects of L6 on other 

aggregation-prone mutants is described. This thesis provides significant new information 

on the use of multifunctional scaffolds to simultaneously target multiple characteristics of 

p53 mutants and provides valuable information for drug design moving forward. 
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Chapter 2. Multifunctional Compounds for the 
Activation of Mutant p53 in Cancer 

Adapted from Miller, J. J.1, Orvain, C.2, Jozi, S.1, Clarke, R. M.1, Smith, J.1, Blanchet, A.2, 

Gaiddon, C.2, Warren, J. J.1, and Storr, T.1 Chem. Eur. J. 2018, 24, 17734-17742.  

1Department of Chemistry, Simon Fraser University, Burnaby, British Columbia, Canada. 

2INSERM, Molecular Mechanisms of Stress Response and Pathologies, Université de 

Strasbourg, Strasbourg, France. 

JJM performed the synthesis with assistance from SJ (L3). JJM carried out the 

spectroscopic titrations and zinc-binding studies. JS performed the molecular docking 

experiments. JJM and RMC performed the crystallography. JJM performed the cytotoxicity 

(2D and 3D) and caspase studies. CO carried out the zinc uptake and RT-PCR 

experiments. AB performed the immunoprecipitation experiment.  

2.1. Introduction 

The p53 protein, referred to as the “guardian of the human genome,”141 is a 

tetrameric transcription factor that regulates the expression of target genes to induce 

antiproliferative cellular responses.271-272 Among the many genes regulated by p53 are 

those that initiate apoptosis, DNA repair, and cell cycle arrest of damaged cells.58, 273 

Consequently, in over 50% of cancer diagnoses, p53 does not carry out its essential 

function.274 The most common alterations to p53 are point mutations that affect tertiary 

structure and/or alter the protein’s ability to bind DNA.275-276 The net result is that cells 

bearing malfunctioning p53 are susceptible to enhanced proliferation and survival.142 

There is significant therapeutic potential for p53 in cancer, and pharmacological 

restoration of function to mutant p53 is an acknowledged chemotherapeutic target that 

could substantially improve patient prognosis.145, 190, 277-279  

The majority of p53 mutations are point mutations localized to the protein’s core 

DNA-binding (p53C) domain,142 and a number of small molecules have been developed 

in an effort to reactivate mutant p53.37, 153, 226 One such example is APR-246 (Figure 2.1a) 

which has shown positive results in a Phase I/II clinical trial.280 APR-246 is a pro-drug and 
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is activated to a Michael acceptor that binds covalently to cysteine residues of mutant p53, 

resulting in protein reactivation.281 Due to the non-specific nature of this process, APR-

246 also binds and modifies other proteins, including modification of Thioredoxin 

reductase 1, which leads to increased reactive oxygen species (ROS) production, an 

additional cytotoxic mechanism.282 

 

Figure 2.1.  Chemical structures of (a) APR-246 (PRIMA-1MET) (b) NSC319726 
(ZMC1) (c) PhiKan083 and (d) iodinated phenol small molecule shown to 
bind the p53-Y220C mutant pocket. 

The p53C DNA-binding domain contains a single Zn2+ ion that is required for 

proper protein folding and function.151 Mutations to p53C can disrupt protein stability 

and/or cause loss of Zn.283 Consequently, the discovery of small-molecule Zn chaperones 

aimed to restore wild-type function in mutant p53 has generated much attention.226, 284 For 

example, the thiosemicarbazone ligand ZMC1 (Figure 2.1b) induces a conformational 

“wild-type-like” change in the common Zn-binding p53 mutation (R175H), and restores 

p53 transactivation function.284 Further studies indicate that subtle tuning of the Zn-binding 

affinity of the metallochaperones is critical for p53 reactivation,215 as it functions by 

repopulating Zn-deficient p53C with Zn2+.222 More broadly, targeted metal ion chelation 

and redistribution has been shown to be a promising anti-cancer strategy,285 and a number 

of recent studies have highlighted both the novelty and complexity of this approach.226, 237, 

242, 286-288 

Mutations to the p53C domain can result in structural destabilization such that the 

protein unfolds at or below physiological temperatures.58 The Y220C point mutation is a 

common destabilizing p53 mutation and contributes to about 75,000 new cancer cases 

each year worldwide.153 The Y220C mutation results in a cavity at the surface of the protein 
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(Figure 2.2), which decreases the melting point of the protein by ~2 °C, contributing to 

unfolding and ultimately aggregation.58 Small molecules that bind to the Y220C cavity 

were developed using in silico and in vitro screening, and the carbazole-based molecule 

PhiKan083 (Figure 2.1c) was identified as a compound that raises the melting temperature 

(Tm) and slows the rate of thermal denaturation of p53-Y220C.289 More recently, 

derivatives of halogenated phenols have been reported by Boeckler and co-workers as a 

class of molecules that bind to the p53-Y220C cavity (Figure 2.1d).153 It is hypothesized 

that halogen-bonding interactions with amino acids inside the cavity play an important role 

in binding. The halogenated compounds modestly increase the melting temperature of a 

p53-Y220C model protein and slow the rate of thermally induced protein 

unfolding/aggregation.153 These results demonstrate that an iodinated-phenol core can be 

a starting point for envisioning new molecular designs. In addition to protein unfolding, 

p53-Y220C is prone to loss of Zn2+ in the DNA-binding domain,151, 283, 290-291 offering a novel 

target for drug design. 

Multifunctional drugs, namely agents with more than one therapeutic mechanism, 

have gained increasing acceptance in recent years.292-296 Multifunctional drugs offer 

potential advantages over their monofunctional counterparts, including the potential to 

produce additive or synergistic effects by acting on multiple targets as well as enhancing 

druggable characteristics of the therapeutic molecule such as blood-brain-barrier 

penetration and tissue specificity.297 Such characteristics have been successful at 

enhancing drug efficacy and lowering toxic side effects, providing a new avenue in drug 

discovery from a “one-drug-one-target” to a “one-drug-multiple-target” strategy.295, 298  

In this chapter, a novel series of bifunctional ligands designed to restore wild-type 

activity in p53-Y220C by serving as structural stabilizers and as Zn-chaperones are 

reported. The compounds feature different binding groups that tune Zn2+ affinities and 

promote interactions with p53-Y220C. A full description of the ligand design and synthesis, 

characterization, and in vitro cytotoxicity testing of the bifunctional ligands is provided. We 

further elucidate the mechanisms of cytotoxicity and validate the therapeutic capacity of 

our ligands to restore function in mutant p53-Y220C. 
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Figure 2.2.  Structural model of p53C bound to DNA (PDB ID: 2AHI). Box enlargement 
shows that upon change from the larger tyrosine residue to a cysteine at 
position 220, a mutant-induced cavity is formed. The small molecule in 
Figure 2.1d is shown within the cavity and has led to restored protein 
function by increasing protein stability and preventing unfolding (PDB ID: 
4AGL). 

2.2. Results and Discussion 

2.2.1. Ligand Design and Synthesis 

A series of ligands (L1-L5) that are designed to restore wild-type function in p53-

Y220C were synthesized and characterized (Figure 2.3). The ligand series was designed 

with two motifs in mind: (1) a p53-Y220C binding diiodophenol core,153 and (2) Zn-binding 

groups to promote metallochaperone activity.219, 222, 226 Metal-binding groups were installed 

at the 2-position, following rationales for related p53-binding molecules.153 Complexes of 

L1 with a number of different metal ions have been investigated for their anti-cancer 

activity, however, the neutral metal complexes have low aqueous solubility.299 The 

carboxylic acid (L2) and polyethylene glycol (L3) groups were added to promote water 
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solubility and cell permeability. Pyridines and di-(2-picolyl)amine groups were appended 

at the 2-position as the zinc chelators based on the frequent use of these moieties in zinc 

chemosensors.300-303 The additional metal-binding group in L4 and L5 will promote 1:1 

Zn2+ to ligand complex formation. 

 

Figure 2.3.  Chemical structures of ligands L1-L5. 

The synthetic strategies for ligands L1-L5 are presented in Scheme 2.1-Scheme 

2.5. The ligands were prepared via reductive amination of 3,5-diiodosalicylaldehyde and 

corresponding amines. Ligands L2 and L3 required subsequent functionalization of the 

secondary amine, while L5 required a prior functionalization of di-(2-picolyl)amine. 

 

Scheme 2.1.  Synthesis of L1. Yield: 56%. 
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Scheme 2.2.  Synthesis of L2. Yield: 82%. 

 

Scheme 2.3.  Synthesis of L3. Yield: 78%. 

 

Scheme 2.4.  Synthesis of L4. Yield: 95%. 

 

Scheme 2.5.  Synthesis of L5. Yield: 64%. 

2.2.2. Molecular Docking  

To investigate the potential binding mode of L1-L5 with the mutation-induced 

cavity in p53-Y220C, we employed molecular docking of the ligands with available protein 

X-ray data.153 Our modelling results predict that the iodinated phenol moiety in L1-L5 

orients in the p53-Y220C cavity (Figure 2.4a-e) in a similar fashion to a known p53-Y220C 

ligand that incorporates the same diiodophenol pharmacophore.153 In addition, the DPA 

metal-binding unit in L4 and L5 does not significantly alter this interaction. We further 
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investigated the structure of L5 by directly overlapping it with X-ray data (PDBID: 4AGQ) 

for a known p53-Y220C binding ligand (Figure 2.4f). The results predict similar low energy 

poses with both diiodophenol moieties pointing towards the mutant cavity, suggesting 

similar modes of binding. 
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Figure 2.4.  A low energy pose of L1-L5 (a-e) in the mutation-induced cavity for p53-

Y220C (PDBID: 4AGQ)153. The halogen bonding interactions (ILeu145) 
are shown with a yellow line. The hydrogen bond network between the 
conserved water, D228, and V147 is shown in red. The Van der Waals 
surface of the protein is shown in gray. Atom colours: carbon is represented 
in gray in the protein and teal for the ligand. Oxygen is shown in red, 
nitrogen in blue, and sulfur in yellow. Hydrogens are omitted for clarity. (f) 
A low energy pose of L5 (teal) overlaid with a known p53-Y220C binding 
molecule (green).  
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2.2.3. Zinc-Binding Affinities for L1-L5 

Previously reported models for Zn-binding in p53 describe two possible ligation 

sites, the native binding site (Kd1) and the non-native (Kd2) sites.213 The native Zn2+ Kd1 for 

WTp53 is estimated to be on the order of 10-12 M.222-223 This value derives from the low 

intracellular levels of free zinc,222-223 and the fact that under physiological conditions, 

WTp53 is predominantly in the holo (zinc-bound) form.152 Metallochaperones designed to 

rescue Zn-binding in p53 mutants should therefore have Zn2+ affinities that are less than 

that of the native site (Kd1), yet higher than that of non-native sites (Kd2), estimated to be 

about 10-6 M for WTp53.226 The p53-Y220C mutant is prone to the loss of Zn2+ due to local 

unfolding and increased aggregation, so the exact value of Kd1 is unknown. Assuming that 

the p53-Y220C mutant should have a slightly weaker Zn affinity than WTp53, we designed 

Zn metallochaperones for p53-Y220C wherein the Zn affinity lies between Kd2 and Kd1   

(10-9 < Kd chelator < 10-12). 

Spectrophotometric (UV-visible) pH titrations from pH 2-12 were carried out to 

characterize ligand speciation and Zn-affinity for L1-L5. The UV-visible spectrum for each 

ligand exhibit increases in the absorbance at 260 nm for each ligand upon addition of 

NaOH, and a major transition from ca. 300 nm to 310 nm indicative of the deprotonation 

of the phenol to give the phenolate (Figure 2.5, Appendix A, Figures 11-15). The simulated 

speciation diagrams are shown in Figure 2.5 and Appendix A, Figures 16-20. The best fits 

to the data were calculated and the pKa values corresponding to the phenol, pyridine(s), 

and secondary/tertiary amines for each ligand are reported in Table 2.1. In each case, the 

highest pKas can be assigned to the phenol and ammonium group based on previously 

reported acidity constants,304-305 while the pKas for the pyridinium group vary depending 

on the ligand. For example, L1, which contains only one pyridinium group, has a higher 

pyridinium pKa of 5.50, while pKa1 for ligands containing di(2-picolylamine) such as L4 is 

lower (2.33).306-307  

The metal speciation studies show that, at biological pH (7.4), both 1:1 and 2:1 

ligand:Zn2+ complexes are present for L1, L2, and L3 (Figure 2.6, Appendix A Figures 21-

30).299 Verani and co- workers proposed that the 1:1 Zn:L1 species is the biologically 

active form.299 Our speciation results are in accord with this observation, predicting that 

[ZnL1]+ is the major constituent in solution at pH 7.4. In contrast, speciation diagrams of 

ligands L4 and L5 are described by a model with only 1:1 ligand to metal species present 
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(Figure 2.6). This result is consistent with the presence of an additional Zn-binding N-(2-

pyridylmethyl) moiety in these ligands.255  

 

Figure 2.5. (a,c) Variable pH titration plots for L1 and L5. (b,d) Simulated speciation 
diagrams of L1 and L5. Speciation diagrams were made using HySS2009. 

Table 2.1. pKa values as determined by variable pH UV-vis titrations (errors are for 
the last digit). 

Reaction L1 L2 L3 L4 L5 

[H5L]4+ = [H4L]3+ + H+ (pKa1) - - - - 2.24(2) 
[H4L]3+ = [H3L]2+ + H+ (pKa2) - 3.20(2) - 2.34(2) 3.53(2) 
[H3L]2+ = [H2L]+ + H+ (pKa3) 5.499(9) 5.27(2) 5.10(1) 4.14(1) 5.77(2) 
[H2L]+ = [HL] + H+ (pKa4) 8.873(9) 9.334(9) 9.03(1) 8.14(1) 8.35(2) 
[HL] = [L]- + H+ (pKa5) 11.413(4) 10.80(1) 9.98(1) 10.982(5) 10.79(1) 

 

Analysis of the speciation diagrams provided the Zn2+ affinity of each ligand at 

physiological pH. The concentration of free Zn2+ present in solution at a given pH, referred 
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to as pM (pZn = –log[Znunchelated]), is a direct estimate of the metal-ligand affinity when all 

species in solution are considered.308-310 Calculated values for pZn are reported in Table 

2.2. The calculated pM values for L1-L3 demonstrate a high Zn2+-affinity at physiological 

pH, however, exhibit limited biological activity (vide infra). The additional carboxylate 

binding unit of L2 allows for potential tetradentate binding, and the phenoxyl and 

carboxylate moieties can serve as bridges between two central Zn atoms, forming a 

stable, dimerized species.311 The calculated pZn values for the 1:1 complexes L4 and L5 

are comparable (7.9 and 8.4 respectively), and match well with reported Zn-affinities for a 

ligand series containing the same metal-binding fragment.255 These pZn values afford 

approximate dissociation constants (Kd) in the low nanomolar range; an affinity 

appropriate for functioning as a Zn metallochaperone for p53-Y220C. 

 

Figure 2.6.  (a, c) Variable pH titration plots for L1 + Zn2+ and L5 + Zn2+. (b, d) 
Simulated speciation diagrams of L1 + Zn2+ and L5 + Zn2+. 
Speciation diagrams made using HySS2009. 
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Table 2.2. Stability constants (log K) of the Zn complexes of L1-L5 and calculated 
pM (pZn) values[a] (errors are for the last digit). 

 

 
pZn[a] pH 7.4 

Log K 

 ZnL ZnLH ZnLH2 ZnL2 

L1 9.2 14.63(1) 6.327(5) - 10.34(5) 
L2 10.1 15.439(6) 5.572(4) - 10.65(4) 
L3 9.4 13.59(1) 6.427(5) - 10.04(3) 
L4 7.9 14.72(1) 7.802(8) - - 
L5 8.4 14.63(3) 8.98(2) 2.89(3) - 
[a] pZn was calculated using pZn = (–log[Zn2+]free), where [Zn2+]free is determined from the Hyss model.312 
[L1-L3] = 6.25 µM, [L4-L5] = [Zn2+] = 12.5 µM, 25 °C, I = 150 mM NaCl 

 

Zn complexes of L4 and L5 were also isolated and characterized using 1H NMR 

and MS. Upon reaction with molar equivalents of ZnCl2 and KOH, distinct shifts in the 1H 

NMR peaks are observed. An example of the coordination of L4 to the Zn metal center is 

shown in Figure 2.7. Upon metal coordination, the pyridine α-proton is shifted downfield 

from 8.54 (red) to 9.00 (blue) ppm. Furthermore, there is a loss in equivalence of each 

picolyl arm upon coordination, resulting in a change from a singlet at 3.81 ppm to an AB 

pattern at 4.08 ppm.  

 

Figure 2.7.  1H NMR spectra of L4 (red) and ZnL4Cl (blue) (DMSO, 400 MHz). 
Asterisk denotes residual CD2Cl2 solvent peak. 
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ZnL4Cl was further characterized by X-ray crystallography (Figure 2.8). Complete 

crystallographic information is provided in Table 2.3. Characterization of the Zn complexes 

of L4 and L5 are in accord with the 1:1 binding to Zn2+ modelled above for variable pH 

titrations. 

 

Figure 2.8.  ORTEP of ZnL4Cl (50% probability) using POV-Ray, excluding hydrogen 
atoms and solvent. Selected interatomic distances [Å]: Zn(1)-N(1-3): 2.093-
2.280; Zn(1)-O(1): 1.954; Zn(1)-Cl(1): 2.286. 

Table 2.3. Selected crystallographic information for ZnL4Cl. 

 

Crystallographic Information ZnL4Cl 

Formula C38H33Cl3I4N6O2Zn2•CH2Cl2 
Formula weight 1356.44 
Space group P21/c 
a (Ǻ) 13.28(5) 
b (Ǻ) 15.12(5) 
c (Ǻ) 23.54(8) 
α (deg) 90 
β (deg) 104.5(6) 
γ (deg) 90 
V [Ǻ3] 4575(3) 
Z 2 
T (K) 296(2) 
ρcalcd (g cm-3) 1.969 
λ (Ǻ) 0.71073 
μ (cm-1) 3.963 
R indicesa with I > 2.0σ(I) (data) 0.0878 
wR2 0.3195 
R1 0.0971 
Goodness-of-fit on F2 1.673 
aGoodness-of-fit on F.  
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2.2.4. Increasing Intracellular Zn2+ in Cancer Cells 

We investigated whether L4 and L5 could serve as Zn metallochaperones and 

increase intracellular levels of Zn2+ in the stomach cancer cell line NUGC3 containing 

mutant p53-Y220C. NUGC3 cells were incubated with the fluorescent Zn2+ sensitive probe 

FluoZin-3 (1µM),313 followed by incubation with L4 or L5 (15 µM) and 50 µM ZnCl2. and 

subsequently imaged. Pyrithione (PYR) was used as a positive control for Zn uptake. Both 

L4 and L5 increased intracellular levels of Zn2+ in NUGC3 cells, as indicated by 

intracellular fluorescence (Figure 2.9). However, due to the similar Zn Kd values of FluoZin-

3 and L4/L5 (Zn2+ Kd = ~ 15 nM for FluoZin-3,313 13 nM for L4 and 4 nM for L5) Zn-binding 

to the fluorophore in this experiment is likely restricted, and thus total Zn uptake is 

underestimated. L5 increased intracellular Zn2+ levels more than 4-fold compared to the 

untreated control, and a two-fold increase over untreated control is observed with L4 

(Figure 2.9). Addition of the strong membrane-permeable Zn-chelator, N-N-N’-N’-tetrakis-

(2-picolyl)-ethylenediamine (TPEN, Kd = 26 fM)314 following treatment with L5 results in a 

significant loss of fluorescence, indicating that L5 is capable of delivering Zn2+ to stronger 

intracellular Zn chelates. These results demonstrate the ability of L5 and to a lesser extent, 

L4, to serve as Zn metallochaperones in NUGC3 cells containing the p53-Y220C 

mutation. 
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Figure 2.9.  Treatment of NUGC3 (p53-Y220C) with L4 and L5 increases intracellular 
Zn2+. (a) Imaging of intracellular Zn2+ levels in complete serum-free media. 
NUGC3 cells were incubated with 1 µM FluoZin-3219 for 20 minutes at         
37 °C, followed by incubation with indicated treatment (ZnCl2 = 50 µM, L4 
= L5 = 15 µM, 50 µM PYR) for 2 hours. 150 µM TPEN was added following 
incubation with ZnCl2 and L5. Cells were imaged using a Nikon ApoTome 
microscope and fluorescence-quantified using ImageJ. All images were 
taken at indicated magnification. (B) Fluorescence intensity of FluoZin-3 at 
488 nm demonstrating relative Zn2+ levels. The gray dots represent the 
fluorescence intensity in each imaged cell. Blue line indicates mean values, 
while black error bars demonstrate the 95% confidence interval. * indicates 
statistical differences from control with p < 0.0001, • indicates statistical 
differences from control with p < 0.01, and Δ indicates statistical difference 
from L5 + ZnCl2 with p < 0.0001. No statistical differences are observed 
between the control and L5 + ZnCl2 + TPEN. 
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2.2.5. In Vitro Cytotoxicity 

L1-L5 and the corresponding zinc complexes of L4 and L5 (ZnL4Cl and ZnL5Cl) 

were submitted to the National Cancer Institute’s NCI-60 program for in vitro screening 

against a panel of 60 human cancer cell lines. After initial 1-dose screening (10 µM), L1-

L3 were rejected from further testing due to their insufficient cytotoxicity (Table 2.4). The 

inactivity of these 2:1 Zn2+-binding ligands could be due to various factors, including limited 

cell uptake of the ligands, and/or limited solubility of neutral complexes formed from 

available Zn2+ found in cell culture media.314 These ligands were thus not subjected to 

further testing and are not discussed further. The activities of the 1:1 Zn2+ binding ligands, 

L4 and L5, was significantly greater than L1-L3 and the aggregate results from their 5-

dose testing are displayed in Table 2.4. L4 and L5 were found to have a broad range of 

cytostatic (GI50, 0.4 -2.2 µM) and cytotoxic (LC50, 4.6 – 93.8 µM) activity. L5 shows the 

most promising results, exhibiting high cytostatic activity in combination with a cytotoxic 

activity that is almost three times more potent than that of cisplatin. This combination of 

both cytostatic and cytotoxic activity can offer major advantages in the treatment of 

cancers.315-319 

Table 2.4. Mean GI50 and LC50 values for L4, L5, and cisplatin from the NCI-60 
screen. 

Ligand NSC Number[a] GI50
[b] (µM) LC50

[b] (µM) 

L1 788643 33.1 - 
L2 788644 52.1 - 
L3 788645 82.6 - 
L4 788646 2.2 70.3 
L5 788647 1.5 15.0 
ZnL4Cl 793562 30.4 - 
ZnL5Cl 793563 41.7 - 
Cisplatin 119875 1.5 44.0 
[a] NSC number is the compounds internal ID number at the National Cancer Institute. [b] GI50 values 
correspond to the dose that inhibits 50% of cell growth compared to non-treated controls, while LC50 
indicates the concentration required to kill 50% of treated cells.320 

 

Interestingly, their corresponding Zn complexes (ZnL4Cl) and ZnL5Cl) exhibited 

lower biological activity at the initial test concentration of 10 µM (Table 2.4) and did not 

meet the necessary threshold for 5-dose testing in the NCI-60 panel. However, further 

investigation of the Zn complexes using stomach cancer cell lines AGS (WTp53) and 

NUGC3 (p53-Y220C) showed that their cytotoxicity increases at higher concentrations 
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(Figure 2.10), with ZnL4Cl exhibiting increased cytotoxicity in comparison to L4 at 

concentrations > 10 µM. Conversely, L5 is more cytotoxic than ZnL5Cl in both AGS and 

NUGC3 cell lines at all concentrations studied. 

 

Figure 2.10.  In vitro cytotoxicity (MTT) of L4 vs ZnL4Cl and L5 vs ZnL5Cl in the stomach 
cancer cell line AGS (WTp53) (a,b) and NUGC3 (p53-Y220C) (c,d). 

A heat map of the 5-dose NCI-60 screen for L4 and L5 is shown in Figure 2.11 

and summarizes the patterns of in vitro cytostatic (GI50) and cytotoxic (LC50) activities from 

low (blue) to high activity (red). The most striking result is the level of cytotoxicity displayed 

by L5 across most cell lines. However, L4 and L5 have minimal cytotoxic effect on 
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selected leukemia cell lines (> 100 µM in most cases). Chemoresistance in leukemia 

cancers is common, especially in multiple myeloma (RPMI-8226).321 In contrast, L4 and 

L5 are highly cytotoxic to the melanoma cell line SK-MEL-5, with GI50 values of 2.6 and 

1.5 µM and LC50 values of 13.0 and 5.2 µM, respectively. Note that the NCI-60 panel does 

not presently contain p53-Y220C mutant cell lines, though many other p53 mutants are 

included. In addition, several highly lethal cancer types are not represented in the NCI-60 

screen (i.e. gastric cancer, pancreatic cancer) and is therefore not a fully comprehensive 

assessment of the therapeutic potential of L4 and L5. For these two reasons, we further 

investigated the biological activity of our compounds in gastric cancer cells. 
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Figure 2.11.  Heat map showing the in vitro cytostatic (GI50) and cytotoxicity (LC50) of L4 
and L5 in the NCI-60 screen. Blue indicates low activity (100 µM) and red 
indicates high activity (0.01 µM). 

Gastric cancer is the second leading cause of cancer-related deaths worldwide, 

and its lethality is particularly high as indicated by a 5-year survival rate of around 30%.322 

In addition, there are gastric cancer cell lines with different p53 status’, including p53-

Y220C. We tested the in vitro cytotoxicity of our ligand series on three human gastric 

cancer cell lines: AGS, which contains wild-type p53, MKN1, with the V142A point 
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mutation, and NUGC3, which has the p53-Y220C mutant. The data are reported in Table 

2.5 as IC50 values. The results are in agreement with the data obtained in the NCI-60 

screen; L1-L3 displayed minimal cytotoxic activity, whereas L4 and L5 were highly 

cytotoxic on two stomach cancer cell lines tested, AGS and NUGC3, showing a significant 

improvement over the IC50 values of cisplatin and oxaliplatin. The compounds however, 

do not display higher in vitro cytotoxicity in NUGC3 p53-Y220C expressing cells compared 

to the AGS wild-type p53 cell line at the 24-hour timepoint. MKN1 is highly insensitive to 

L1-L4 (IC50 range of 51.6- 175 µM), however, the low IC50 value for L5 (1.2 µM) highlights 

its increased cytotoxicity in comparison to the other ligands in the series. 

Table 2.5. In vitro cytotoxicity (IC50 values)[a] data for stomach cancer cell lines AGS, 
MKN1, and NUGC3. 

Ligand AGS (WTp53) MKN1 (p53V143A) NUGC3 (p53Y220C) 

L1 7 ± 1  85 ± 1 7.1 ± 0.8 
L2 21 ± 3  90 ± 4 36 ± 5 
L3 22 ± 3 175 ± 2 26 ± 6 
L4 2.7 ± 0.2 52 ± 4 2.7 ± 0.1 
L5 1.6 ± 0.1 1.2 ± 0.1 1.7 ± 0.1 
Cisplatin 25 ± 2 4.3 ± 0.4 20 ± 2 
Oxaliplatin 7.4 ± 0.9 6.9 ± 0.1 50 ± 3 
[a] IC50 is the concentration needed for 50% reduction of survival based on survival curves.323 

 

To further characterize the anticancer potential of our lead cytotoxic compound L5, 

we assessed its cytotoxic activity in non-adherent 3D aggregate cultures of NUGC3 cells. 

The use of 3D cell cultures is becoming increasingly important in drug discovery due to 

their ability to more accurately represent physiological conditions, including cell signalling 

processes, in comparison to 2D cultures.324-325 Therefore, the use of 3D cell cultures can 

better predict promising compounds for in vivo testing before entering clinical trials.326-327 

3D spheroids of NUGC3 cells were treated with IC75 concentrations obtained from 2D 

cultures of L5, and compared to treatment with oxaliplatin, one of the leading drugs for 

gastric cancer treatment.328-331 Even at the markedly lower concentration of L5 used 

compared to oxaliplatin (19.5 µM vs 250 µM at IC75), L5 remained more cytotoxic (Figure 

2.12).  
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Figure 2.12.  NUGC3 cells (300 cells/well; 96 wells/plate) were grown for 4 days and 
then treated for 3 days at IC50 and IC75 concentrations as indicated. 3D 
cultures were observed by microscopy to estimate clone size (left) and cell 
survival was assayed using rezasurin, a fluorescent indicator of cell viability 
(right). * indicates statistical differences from non-treated control with p < 
0.001 as established by One-Way ANOVA followed by Tukey test. 

2.2.6. Apoptotic Effects of L4 and L5 in Human Gastric Cancer Cell 
Lines 

To investigate the molecular basis for the cytotoxicity of compounds L4 and L5 

and evaluate whether this mechanism is p53-dependent, we examined whether L4 and 

L5 treatment could result in cleavage of caspase-3, an indicator of apoptosis,332 in both 

AGS and NUGC3 cells. We further analysed the levels of p53 expression. AGS and 

NUGC3 cells were treated with the indicated compounds at both IC50 and IC75 

concentrations for 48 hours, and then cleavage of caspase-3 and p53 protein levels were 

assessed by Western Blot. As expected, oxaliplatin induced an increase in p53 protein 

levels and low levels of cleaved caspase-3 in AGS cells (Figure 2.13).333-334 Treatment 

with L5 resulted in the production of low quantities of cleaved caspase-3 at levels 

comparable to oxaliplatin, again highlighting its increased cytotoxicity compared to L4, 

which does not induce any changes in either caspase-3 cleavage or p53 expression 

levels. In contrast to oxaliplatin, however, the increase in cleaved caspase-3 for L5 is not 

coupled with an induction of p53 protein level in the AGS (WTp53) cell line. In the NUGC3 

cell line, oxaliplatin induces an increase in cleaved caspase-3 at both IC50 and IC75 

concentrations. In addition, oligomeric forms of p53 are observed with molecular weights 
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corresponding to dimers upon treatment with IC75 concentrations of oxaliplatin, which 

could indicate p53 activation.335-338 Interestingly, the level of cleaved caspase-3 upon 

treatment with L5 at concentrations as low as 19.5 µM (IC75 concentration) is notably 

increased in NUGC3 (p53-Y220C) cells in comparison to AGS (WTp53) cells under the 

same conditions. These results suggest that the apoptotic effect of L5 is preferentially 

potentiated in the Y220C mutant cell line (vide infra). 

 

Figure 2.13.  AGS cells (a) and NUGC3 cells (b) were treated for 48 hours with the IC50 
and IC75 concentrations of indicated compound. Total protein was 
extracted, and 20 µg were separated on SDS PAGE (Sodium dodecyl 
sulfate polyacrylamide gel electrophoresis). Cleaved caspase-3 (Caspase 
3*), p53, and actin were detected by Western Blot analysis. 

To further explore the mechanisms by which L5 imparts biological activity on p53-

Y220C, we investigated whether L5 could bind directly to the DNA-binding domain of 

mutant p53-Y220C (p53C-Y220C) using surface plasmon resonance (SPR) (Figure 

2.14a). Unfortunately, binding at low micromolar concentrations was not observed, and 

limited solubility of L5 beyond 400 µM prevents detection of higher micromolar affinity 

binding (Figure 2.14b), a range relevant to a compound with the same 3,5-diiodophenol 

pharmacophore (Kd = 225 µM by isothermal calorimetry (ITC) and 184 ± 23 µM by 

NMR).153 Immunoprecipitation (IP) experiments using the conformation-specific antibody 

PAb240 (recognizing unfolded p53), however, indicated that treatment with L5 leads to a 
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change in conformation of mutant p53 protein. Using native lysates from NUGC3 cells 

treated in the absence or presence of increasing concentrations of L5, we 

immunoprecipitated mutant p53 and performed a Western Blot with the DO-1 antibody, 

which binds p53 regardless of conformation. Treatment with L5 for only two hours resulted 

in significant reduction in PAb240 staining in a concentration dependent manner (Figure 

2.15), indicating that upon treatment with L5, p53 conformation is altered wherein the 

epitope recognized by PAb240 is buried within the protein’s core. 

 

Figure 2.14.  SPR kinetic sensorgram measuring the binding of L5 to p53C-Y220C. 
Various concentrations of L5 ranging from 0 µM to 800 µM in running buffer 
(HBS-EP+ - GE Healthcare: 10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 
0.05% v/v Surfactant P20, pH 7.4) containing 5% DMSO was injected. The 
association and dissociation phase were monitored for 60 and 100 seconds 
respectively. (b) Solubility of L5 in SPR running buffer by measuring 
absorbance as a function of L5 concentration. Binding measurements of 
L5 to p53C-Y220C is limited by ligand insolubility beyond 400 µM and 
therefore higher micromolar binding affinities cannot be accurately 
measured. 
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Figure 2.15.  Mutant p53 levels are reduced upon treatment with increasing 
concentrations of L5. NUGC3 cells were treated for 2 hours with L5 at the 
indicated concentrations. Cells were lysed, followed by total protein 
selection against the p53 antibody PAb240, which immunoprecipitates only 
mutated p53. Precipitated protein was separated on a 10% SDS page gel 
and incubated with the p53 antibody (DO-1), which recognizes both 
mutated and wild-type p53. A non-specific antibody was used as a negative 
control for immunoprecipitation (IgG). Actin protein levels present in the 
lysate are shown as a control for the quantity of protein used for 
immunoprecipitation. 

2.2.7. Transcriptional Upregulation of p53 Targets 

Based on the high in vitro cytotoxicity of L5 and its increased activity in p53-Y220C 

expressing cells in the cleaved caspase-3 assay mentioned above, we further investigated 

the effect of this lead compound on the cellular activity of p53. We measured the mRNA 

expression levels of p53 and several p53 target genes that are involved in either cell cycle 

arrest (p21)58 or apoptosis (NOXA, PUMA)58, 277 in p53-Y220C expressing and p53-

silenced NUGC3 cells. p53 expression was silenced using the silencing RNA (siRNA) 

sip53 (Figure 2.16 a). NUGC3 cells were treated for 24 hours at the IC50 concentration 

and the level of p53 target transcripts were measured by RT-qPCR (Figure 2.16 b). Upon 

transfection of sip53, expression levels of NOXA and p21 increased under non-treated 

(sip53 NT) controls compared to NT conditions with control siRNA (siCT NT). This is likely 

because mutant p53 can bind and inactivate p63 and p73 proteins,339-341 both of which 

also induce cell cycle arrest and apoptosis by regulating p53 target genes such as NOXA 

and p21.342 Therefore, silencing mutant p53 with sip53 restores function in p63 and p73, 

causing their expression levels to increase. In the presence of p53-Y220C (siCT), 

expression levels of all three target genes were significantly higher when treated with L5 

compared to non-treated controls (NT), and attained similar levels induced by oxaliplatin, 

despite the lower treatment concentration of L5 (IC50 L5 = 1.7 µM vs 50 µM for oxaliplatin). 
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The increase in PUMA and NOXA transcripts is indicative of an apoptotic induction by L5, 

which correlates to the results obtained in Figure 2.15. Upon treatment with sip53, 

expression levels of PUMA and NOXA decrease with L5 treatment, however, increase 

when treated with oxaliplatin. This is likely a result of the known ability of oxaliplatin to 

induce apoptosis via PUMA in a p53-independent manner.343 Strikingly, treatment of 

NUGC3 cells with IC50 values of L5 resulted in a 4-fold increase in p21 expression 

compared to the non-treated control. These changes were obtained without increasing 

p53 expression levels, unlike oxaliplatin, suggesting the restoration of wild-type function 

in existing p53-Y220C. Furthermore, the diminished expression of p53-Y220C upon 

treatment with siRNA significantly reduced the impact of L5 on the mRNA level of the p53 

target genes. These results indicate restoration of cellular activity to the p53-Y220C 

mutant, and that at least part of the biological activity of L5 is due to restoration of wild-

type p53 function. 
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Figure 2.16.  NUGC3 cells were transfected with control siRNA (siCT) or siRNA directed 
against p53 (sip53) and then treated for 24 hours with IC50 concentrations 
of indicated compounds. Top: Total protein was extracted, and 20 µg 
separated by SDS PAGE. p53 and actin were then detected by Western 
Blot. Bottom: Total RNA was extracted, and RT-qPCR performed to 
measure the expression of P53, P21, PUMA and NOXA. Bars represent 
means of triplicates with error bars. * indicates statistical differences from 
NT (siCT) with p<0.001, Δ indicates statistical differences from NT (siCT) 
with p<0.01, • indicates statistical differences from L5 (siCT) with p<0.001. 
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2.3. Summary 

The pharmacological reactivation of p53 is a key target in cancer research, and 

there is significant promise in the development of small molecules to restore wild-type 

function to specific p53 mutants. In this work we have designed a series of multifunctional 

molecules to reactivate the common p53-Y220C mutant. We show that compounds L4 

and L5 exhibit Zn metallochaperone activity in the Y220C mutant NUGC3 cell line. 

Characterization of their in vitro cytotoxicity in the NCI-60 screen and on the stomach 

cancer cell lines AGS, MKN1, and NUGC3 identified lead compound L5, which displayed 

increased cytotoxicity compared to clinically validated cisplatin and oxaliplatin. 

Additionally, L5 remained cytotoxic in 3D cell cultures, an important characteristic as this 

system more closely mimics physiological conditions. Further investigation into the 

mechanism of action shows that L5 induces apoptosis in the mutant NUGC3 cell line via 

cleaved caspase-3, but not in wild-type AGS cells under the same conditions. This 

cytotoxicity is achieved at 19.5 µM L5, a concentration 10-fold smaller than oxaliplatin 

(250 µM, IC75). Similar reports for Y220C-dependent induction of apoptosis using small 

molecules have been reported at higher concentrations, albeit on shorter time scales.153, 

344-345 L5 also restores p53 target gene transcription levels in the p53-Y220C mutant 

NUGC3 cell line. Upregulation of p53 target genes PUMA, NOXA, and p21 is significant, 

an effect that is decreased following knockdown of p53. These results are obtained in the 

absence of altered p53 expression, suggesting restoration of wild-type function.341 

Remarkably, our results for L5 were obtained at low doses of 1.7 µM (L5 IC50), 

demonstrating the potent activity of this scaffold.199, 344 Although binding to recombinant 

p53C-Y220C was not observed at such low concentrations via SPR, further structural 

modifications can be made to increase protein affinity and ensure greater target selectivity. 

Given the high levels of in vitro cytotoxicity of L5 on both p53-Y220C and WTp53 

cell lines, it likely that the activity of L5 is due to both p53-dependent and p53-independent 

mechanisms. Indeed, recent studies on p53 activating scaffolds show that increased ROS 

generation is an important component of the observed cytotoxicity, in addition to p53 

activation.199, 226 In the case of metal-binding agents, ROS-associated toxicity could be 

due to the in situ formation of redox-active Cu complexes.226, 237 Overall, we have shown 

in this chapter that our novel series of bifunctional scaffolds have the potential to restore 

wild-type function in the p53-Y220C mutant and that L5 is a promising scaffold for future 
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structure-activity relationship studies to increase affinity for p53-Y220C and improve 

selectivity. In combination with major technological advancements in gene sequencing 

capability and a shift towards personalized medicine, the development of small molecules 

capable of mutant-specific p53 reactivation holds significant promise. 

2.4. Experimental 

2.4.1. Materials and Methods 

All chemicals used were purchased from Sigma Aldrich and were further purified 

when necessary.346-347 (bis(2-pyridylmethyl)-amino)-ethylamine was prepared from 

commercially available di-(2-picolyl)amine by reported procedures.348 L1 was synthesized 

according to published protocols.299, 349 All compounds were dried under vacuum for 1 

week before in vitro cytotoxicity testing. 1H and 13C NMR were recorded on Bruker-AV-

400, 500, and 600 instruments. Mass spectra (positive ion) were obtained on an Agilent 

6210 time-of-flight electrospray ionization mass spectrometer. Electronic absorption 

spectra were obtained on a Cary 5000 spectrophotometer. Immunofluorescence (IF) 

experiments were imaged using a fluorescence microscope (Axio Imager M2 Zeiss) 

coupled to a Hamamatsu’s camera Orca Flash 4v3, using the ApoTome.2 (Zeiss) function. 

2.4.2. Synthesis 

2,4-diiodo-6-(((pyridin-2-ylmethyl)amino)methyl)phenol (L1): 

 

To a solution of 2-picolylamine (0.50 g, 4.62 mmol) in MeOH (5 mL) 3,5-

diiodosalicylaldehyde (1.90 g, 5.09 mmol) in methanol (5 mL) was added. The solution 

immediately turned bright yellow upon addition of 3,5-diiodosalicylaldehyde and a yellow 

precipitate was formed. The reaction was stirred at room temperature for 30 minutes. 

NaBH4 (0.12 g, 3.12 mmol) was added in small portions to the solution until a white 

precipitate formed. The white precipitate was collected and dried in vacuo. Yield: 1.85 g, 
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86%. 1H NMR (500 MHz, CD2Cl2): δ = 8.61 (d, J = 4.8 Hz, 1H), 7.95 (d, J = 2.1 Hz, 1H), 

7.73 (td, J = 7.6, 1.8 Hz, 1H), 7.33 – 7.21 (m, 3H), 3.95 (d, J = 9.5 Hz, 5H). 13C{1H} NMR 

(500 MHz, CDCl3): δ = 157.8, 156.9, 149.6, 145.3, 137.2, 137.0, 124.9, 122.9, 122.8, 86.7, 

80.7, 52.8, 51.4. Anal. Calcd (%) for C13H12I2N2O: C 33.55; H 2.60; N 6.01; found: C 3.24; 

H 2.64; N 5.91. Calcd for [M + H]+, 466.9117; found, 466.9117. 

tert-butyl N-(2-hydroxy-3,5-diiodobenzyl)-N-(pyridin-2-ylmethyl)glycinate: 

 

 To a solution of L1 (0.30 g, 0.65 mmol) in acetonitrile (10 mL), tert-butyl 

bromoacetate (0.13 g, 0.65 mmol) and potassium carbonate (0.36 g, 2.60 mmol) were 

added. The resulting mixture was stirred overnight at room temperature, then filtered to 

remove KBr. The solvent was removed under vacuum to give a yellow residue, which was 

purified by silica gel column chromatography using CH2Cl2/MeOH (95:5) as eluent to yield 

a yellow oil. Yield: 0.21 g, 56%. 1H NMR (400 MHz, MeOD): δ = 8.48 (ddd, J = 5.0, 1.8, 

0.9 Hz, 1H), 7.86 (d, J = 2.1 Hz, 1H), 7.77 (td, J = 7.7, 1.8 Hz, 1H), 7.34 (dt, J = 7.9, 1.1 

Hz, 1H), 7.32 (d, J = 2.1 Hz, 1H), 7.28 (ddd, J = 7.6, 5.0, 1.2 Hz, 1H), 3.90 (s, 2H), 3.80 

(s, 2H), 3.29 (s, 2H), 1.45 (s, 9H). 13C{1H} NMR (400 MHz, MeOD): δ =171.7, 158.4, 157.9, 

149.6, 146.9, 139.6, 138.7, 126.5, 124.9, 124.1, 87.0, 83.1, 81.4, 59.8, 57.0, 56.3, 28.4. 

HR-MS: Calcd for [M + H]+, 580.9820; found, 580.9815. 

N-(2-hydroxy-3,5-diiodobenzyl)-N-(pyridin-2-ylmethyl)glycine (L2):  

 

A solution of 1 (0.21 g, 0.36 mmol) in 2 mL of H2O/HCl (10:1) was stirred at room 

temperature for 48 hours. The solvent was removed under vacuum and the final product 

was purified by recrystallization with Et2O/MeOH (1:2) to afford a white solid. Yield: 0.16 

g, 82%. 1H NMR (400 MHz, CD2Cl2): δ = 8.59 (d, J = 3.8 Hz, 1H), 7.95 (d, J = 2.1 Hz, 1H), 
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7.72 (td, J = 7.7, 1.8 Hz, 1H), 7.30 (dt, J = 2.1, 0.7 Hz, 1H), 7.27 – 7.23 (m, 2H), 4.02 (s, 

2H), 3.84 (s, 2H), 3.41 (s, 2H). 13C{1H} NMR (400 MHz, CD2Cl2): δ = 171.5, 157.5, 149.2, 

146.2, 139.0, 137.5, 125.5, 123.5, 123.0, 86.89, 80.5, 58.7, 55.9, 31.0. Anal. Calcd (%) 

for C15H14I2N2O3•HCl•H2O: C, 31.14; H, 2.96; N, 4.84; found: C, 31.04; H, 3.29; N, 4.83. 

HR-MS: Calcd for [M + H]+, 524.9173; found, 524.9165. 

2-(((2-(2-hydroxyethoxy)ethyl)(pyridine-2-ylmethyl)amino)methyl)-4,6-diiodophenol (L3):  

 

To a solution of L1 (0.46 g, 0.99 mmol) in acetonitrile (10 mL), 2-(2-

chloroethoxy)ethanol (0.12 g, 0.99 mmol) and potassium carbonate (0.68 g, 4.93 mmol) 

was added. The solution was refluxed for 48 hours, after which the solution was cooled to 

room temperature and filtered. The solvent was removed under vacuum to give a yellow 

residue, which was purified by silica gel column chromatography using CH2Cl2/MeOH (5:1) 

as eluent to yield a yellow oil. Yield: 0.43 g, 78%. 1H NMR (400 MHz, CDCl3): 𝛿 = 8.52 (d, 

J = 5.0 Hz, 1H), 7.87 (d, J = 2.1 Hz, 1H), 7.68 (td, J = 7.7, 1.8 Hz, 1H), 7.28 (s, 1H), 7.23 

(d, J = 2.0 Hz, 1H), 7.20 (dd, J = 7.6, 4.9, Hz, 1H), 3.86 (s, 2H), 3.78 (s, 2H), 3.73 (t, J = 

4.9 Hz, 2H), 3.56 (t, J = 5.1 Hz, 2H), 3.50 (t, J = 4.9 Hz, 2H), 2.82 (t, J = 5.0 Hz, 2H). 

13C{1H} NMR (500 MHz, CDCl3): 𝛿 156.9, 156.5, 149.2, 145.4, 137.5, 137.2, 124.9, 123.9, 

122.9, 86.7, 81.1, 72.8, 67.7, 61.8, 59.5, 57.0, 52.9. HR-MS: Calcd for [M + Na]+, 

576.9461; found, 576.9457. 

2-((bis(pyridin-2-ylmethyl)amino)methyl)-4,6-diiodophenol (L4):  

 

To a solution of di-(2-picolyl)amine (0.20 g, 1.00 mmol) in 1,2-dichloroethane (5 

mL) 3,5-diiodosalicylaldehyde (0.40 g, 0.11 mmol) in 1,2-dichloroethane (5 mL) was added 

under a N2 atmosphere. The resulting bright orange solution was stirred at room 



64 

temperature for 1 hour, at which time sodium triacetoxyborohydride (0.34 g, 1.6 mmol) 

was added. The mixture was stirred overnight at room temperature under N2. Water (10 

mL) was added and the mixture was stirred for 30 minutes. The organic phase was 

separated from the aqueous phase and dried over MgSO4. The solvent was removed 

under vacuum and the final product was purified by recrystallization in cold MeOH. Yield: 

0.53 g, 95%. 1H NMR (500 MHz, CD2Cl2): δ = 8.60 (dd, J = 5.0, 1.8 Hz, 2H), 7.96 (d, J = 

2.1 Hz, 1H), 7.96 (d, J = 2.1 Hz, 1H), 7.70 (td, J = 7.7, 1.8 Hz, 2H), 7.39 (d, J = 2.1 Hz, 

1H), 7.32 (d, J = 7.8 Hz, 2H), 7.24 (dd, J = 7.5, 4.9 Hz, 2H). 13C{1H} NMR (500 MHz, 

CD2Cl2): δ = 158.2, 157.6, 149.2, 145.9, 139.3, 137.2, 126.3, 123.5, 122.7, 87.0, 80.3, 

59.0, 56.7. Anal. Calcd (%) for C19H17I2N3O•H2O: C, 39.68; H, 3.33; N, 7.31; found: C 

39.36; H 3.17; N 6.96. HR-MS: Calcd for [M + H]+, 557.9539; found, 557.9529. 

2-(bis(pyridin-2-ylmethyl)amino)ethyl)amino)methyl)-4,6-diiodophenol (L5):  

 

To a solution of (bis(2-pyridylmethyl)-amino)-ethylamine (0.68 g, 2.84 mmol) in 

MeOH (17 mL) 3,5-diiodosalicylaldehyde (1.17 g, 3.13 mmol) was added under N2 

atmosphere. The resulting orange solution was stirred at room temperature for 30 minutes 

after which the solution was cooled in an ice bath and solid NaBH4 (0.17 g, 4.52 mmol) 

was added in small portions. The mixture was then stirred overnight under N2. Water (10 

mL) was poured into the solution and stirred for 30 minutes. The organic phase was 

separated from the aqueous phase, dried over MgSO4, and the solvent was removed 

under vacuum. The final product was purified by recrystallization with CH2Cl2/pentane 

(1:2). Yield: 1.08 g, 64%. 1H NMR (400 MHz, MeOD): δ = 8.39 (dd, J = 5.0, 1.8 Hz, 2H), 

7.83 (d, J = 2.3 Hz, 1H), 7.73 (td, J = 7.7, 1.8 Hz, 2H), 7.42 (dt, J = 7.9, 1.1 Hz, 2H), 7.29 

– 7.22 (m, 3H), 3.95 (s, 2H), 3.84 (s, 4H), 3.01 (dd, J = 6.8, 4.6 Hz, 2H), 2.93 (dd, J = 6.4, 

4.2 Hz, 2H). 13C{1H} NMR (600 MHz, MeOD): δ = 165.1, 160.0, 149.8, 147.1, 139.2, 138.9, 

125.3, 124.1, 123.9, 92.7, 74.4, 61.0, 53.1, 51.2, 45.8. Anal. Calcd (%) for 
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C21H22I2N4O•H2O: C, 40.80; H, 3.91; N, 9.06; found: C 40.71; H 4.01; N 8.96. HR-MS: 

Calcd for [M + H]+, 600.9962; found, 600.9953. 

ZnL4Cl: 

 

To a solution of L4 (0.10 g, 0.18 mmol) in MeOH (3 mL), KOH (0.01 g, 0.18 mmol) 

and ZnCl2 (0.03 g, 0.18 mmol) were added. The solution was stirred at room temperature 

for 1 hour. The precipitated white solid was filtered and washed with cold MeOH. Yield: 

0.09 g, 76%. 1H NMR (600 MHz, (CD3)2SO): δ = 9.01 (d, J = 5.0 Hz, 2H), 8.06 (td, J = 7.7, 

1.7 Hz, 2H), 7.62 (dd, J = 7.5, 5.3, Hz, 2H), 7.56 (d, J = 2.3 Hz, 1H), 7.53 (d, J = 7.9 Hz, 

2H), 7.24 (d, J = 2.4 Hz, 1H), 4.11 – 3.98 (m, 4H), 3.59 (s, 2H). 13C{1H} NMR (600 MHz, 

(CD3)2SO): δ = 165.31, 155.22, 148.36, 144.37, 140.52, 138.94, 124.91, 124.22, 124.00, 

94.96, 72.36, 57.54, 57.09. HR-MS: Calcd for [M - Cl]+, 618.8674; found, 618.8683. 

Crystals suitable for X-ray diffraction experiments were obtained by slow diffusion of a 

concentrated CH2Cl2 solution into MeOH. 

ZnL5Cl: 

 

To a solution of L5 (0.03 g, 0.05 mmol) in MeOH (5 mL), KOH (2.8 mg, 0.05 mmol) and 

ZnCl2 (6.8 mg, 0.05 mmol) were added and the solution was stirred at room temperature 

for 1 hour. The resulting white solid was collected using vacuum filtration and washed with 

cold MeOH. Yield: 0.028 g, 80%. 1H NMR (400 MHz, (CD3)2SO): δ 8.73 (d, J = 5.1 Hz, 

1H), 8.41 (d, J = 5.2 Hz, 1H), 8.12 (td, J = 7.7, 1.7 Hz, 1H), 8.06 (td, J = 7.7, 1.7 Hz, 1H), 

7.83 (d, J = 2.3 Hz, 1H), 7.63 (t, J = 6.6 Hz, 4H), 7.55 (d, J = 7.9 Hz, 1H), 7.24 (d, J = 2.4 

Hz, 1H), 4.46 – 4.31 (m, 3H), 4.12 (d, J = 16.3 Hz, 1H), 3.90 (s, 1H), 3.55 (t, J = 11.6 Hz, 

1H), 3.45 (d, J = 11.6 Hz, 1H), 3.04 (d, J = 13.6 Hz, 1H), 2.64 – 2.56 (m, 1H). HR-MS: 

Calcd for [M - Cl]+ 662.9096; found, 662.9085. 
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2.4.3. Molecular Modeling  

Default parameters were used for all computational procedures unless otherwise 

stated. All computational methods were performed in the Molecular Operating 

Environment version 2015 (MOE, Chemical Computing Group, Montreal, Canada). 

Images were generated in POV-ray engine v3.7.0 (www.povray.org). MOE implements a 

derivative of the AMBER12 force field for proteins, integrated with the Extended Hückel 

Theory and AM1-BCC method for handling small molecules.350 Ligands were drawn in 

MOE, and a stochastic conformational library was generated for each using default 

parameters. Inspection of the crystal structures 4AGL, 4AGN, 4AGO, 4AGP, 4AGQ (all 

containing structurally relevant iodophenol ligands), showed minimal differences in either 

the protein or ligand conformations, indicating a well-defined complex for docking 

purposes. Each crystal structure listed above contains a conserved water molecule 

bridging the backbone carbonyl of Asp228, the carbonyl and amide proton of Val147, and 

the phenol of the ligand. All solvent molecules except this one were removed from the 

structure used for docking (PDB:4AGQ). The protein was protonated using the 

Protonate3D algorithm in the Born solvation model, using the Lennard-Jones 12-6 

potential, and dielectric constants of 78.6 and 4 for bulk solvent and the protein, 

respectively. The ligands L1-L5 were docked into the cavity formerly occupied by the co-

crystalized ligand. For each ligand, 1000 binding poses were generated, with force field-

energy minimisation (RMSG=0.001) of the best 200 non-duplicate poses as ranked by the 

GB/VI scoring function. The pose with the lowest deviation in iodophenol atoms compared 

to 4AGQ were selected for each ligand. 

2.4.4. X-ray Structure Determination of L4 

X-ray structure determinations were performed on a Bruker APEX II Duo 

diffractometer with graphite monochromated Mo Kα radiation. A transparent block crystal 

was mounted on a 150 µm MiteGen sample holder. Data were collected at 293 K to a 

maximum 2θ value of ∼60°. Data were collected in a series of ϕ and ω in 0.50° widths with 

10.0 s exposures. The crystal-to-detector distance was 50 mm. The structure was solved 

by intrinsic phasing351 and refined using ShelXle.352 All non-hydrogen atoms were refined 

anisotropically. All C-H hydrogen atoms were placed in calculated positions but were not 

refined. ZnL4Cl crystalizes with two molecules of ZnL4Cl and one molecule of CH2Cl2 in 

the asymmetric unit. CCDC number: 1828874. 



67 

2.4.5. Stability Constant Determination 

Aqueous acidity constants (pKa) for L1-L5 were measured using variable pH 

titrations monitored by UV-visible spectroscopy between 200 and 600 nm as a function of 

pH. Solutions of all five ligands (12.5 µM) were prepared in 0.1 M NaCl at pH 3. Due to 

the limited aqueous solubility of L1, solutions of 20% MeOH in H2O of L1-L5 were 

prepared for consistency. Small aliquots of 0.1 M NaOH were titrated into the solution to 

adjust the pH and at least 30 UV-vis spectra were collected in the pH 3-11 range. Spectral 

data were analyzed using HypSpec (Protonic Software, UK)353. Similarly, metal stability 

constants were obtained by titrating a solution containing 12.5 µM ligand, 0.1 M NaCl and 

Zn(ClO4)2•6H2O with 0.1 M NaOH to adjust the pH. For L1-L3, 6.25 µM Zn(ClO4)2 was 

used, whereas 12.5 µM Zn(ClO4)2 was used for L4 and L5. Known metal hydrolysis 

constants were included in the HypSpec simulations as constant values.354 At least 30 UV-

vis spectra were collected in the pH 3-11 range. Stability constants were calculated using 

the HypSpec computer program and metal speciation plots were created using the 

HySS2009 program (Protonic Software, UK).353 

2.4.6. Increasing Intracellular Levels of Zn2+ in the p53-Y220C Cell 
Line NUGC3 

NUGC3 cells (4x105 cells/well) were plated on glass coverslips treated with poly-

L-lysine in 12-well plates. After 48 hours, cells were washed twice with Earle’s balanced 

salt solution (EBSS)/H (-) Ca/Mg media and incubated with 1 µM FluoZin-3 for 20 minutes 

at 37°C. Cells were then washed twice with EBSS media followed by addition of the 

indicated treatments (ZnCl2 = 50 µM, L4 = L5 = 15 µM) and incubated for 2 hours at 37 

°C before imaging. Cells were imaged using a Nikon ApoTome microscope (Nikon, 

France). FluoZin-3 and Hoechst 33342 were excited at 488 nm (argon laser) and 790 nm 

(Chameleon Ti:sapphire laser), respectively. Imaging was performed in under ten minutes 

to avoid alteration of cell physiology upon imaging at room temperature. To determine the 

change in fluorescence, each image was processed using ImageJ Software (National 

Institutes of Health, Bethesda, MD) and integrated to represent the cumulative 

fluorescence for a single cell. Processing included adjustment of exposure and contrast 

to eliminate autofluorescence of the support. To exclude autofluorescence, each image 

was background-subtracted using the non-treated control. All images were batch 

processed using the same parameters. Cells were analyzed upon treatment with 50 µM 
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pyrithione (PYR)/ZnCl2 (1:1) as a positive control, and 150 µM TPEN as a negative control. 

Cells were also analyzed upon addition of 150 µM TPEN to cells previously treated with 

ZnCl2 and L5. Statistical differences were analyzed using One-Way ANOVA with multiple 

comparisons. Bartlett’s test showed unequal variance. Three replicate experiments were 

performed independently with 100 cells per trial. 

2.4.7. In Vitro Cytotoxicity – NCI-60 Screening 

Ligands L1-L5 were submitted to the Developmental Therapeutics Program at the 

U.S National Cancer Institute for screening on a panel of 60 human tumour cell lines. 

Compounds are initially tested at a single high dose (10 µM) and those that satisfy pre-

determined thresholds will be tested in a five-dose assay.355 The methodology used in the 

NCI-60 screen has been described elsewhere.320 

2.4.8. In Vitro Cytotoxicity – Stomach Cancer Cell Lines 

The in vitro cytotoxicity of L1-L5 against stomach cancer cell lines AGS, MKN1, 

and NUGC3 were assayed using the 3-(4,5-domethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay.356 In each case, cells were seeded at 105 cells per well in 100 µL 

of RPMI media in Cellstar 96-well plates (Grenier Bio-One) and incubated at 37 °C with 

5% CO2 for 24 hours. Following incubation, the cells were exposed to drugs at increasing 

concentrations ranging from 0.1 to 200 µM in RPMI medium. Compounds were pre-

dissolved in DMSO stocks and serial dilutions were prepared such that the final 

concentration of DMSO in media was below 1% (v/v). Treated cells were incubated at 37 

°C with 5% CO2 for 48 hours. Following the 48-hour incubation, the MTT test was 

performed as previously described.357 Experiments were performed in replicates of eight 

and repeated at least twice. Inhibition of cell viability was evaluated with reference to NT 

control to determine the absolute IC50 value calculated from dose-response curves using 

nonlinear variable slope regression (Graphpad Prism 5.0 software). 

2.4.9. Western Blot Analysis 

NUGC3 cells were lysed with lysis buffer (125 mM Tris-HCl pH 6.7, NaCl 150 mM, 

NP40 0.5%, 10% glycerol). Proteins were denatured and deposited directly (75 µg total 

protein) onto an SDS-PAGE gel. A Western Blot was performed using the pan-specific 
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DO-1 primary antibody (Santa Cruz, sc-126) or cleaved caspase-3 Asp175 Antibody (Cell 

Signaling, 9661) at 1:1000 in phosphate buffered saline (PBS) containing 5% dry milk at 

4 °C overnight. Loading was controlled with rabbit anti-β-actin (Sigma, a1978, 1:4000). 

Secondary antibodies (anti-rabbit, anti-mouse: GE Healthcare) were incubated at 1:1000 

for three hours at room temperature.  

2.4.10. Site-Directed Mutagenesis 

The plasmid encoding the DNA-binding domain of human wild-type p53 (residues 

94-312) was gifted by Cheryl Arrowsmith.358 Four mutations to the p53 gene 

(M133L/V203A/N239Y/N268D) were successively introduced to increase structural 

stability of the protein, followed by addition of the Y220C mutation.359 All p53 mutants were 

prepared by site-directed mutagenic polymerase chain reaction (PCR) according to 

standard protocols,152 using primers purchased from Eurofins Operon following 

Quikchange protocol (Agilent Technology). DNA polymerase (Q5) and DpnI enzyme were 

obtained from New England Biolabs. PCR products were transformed into chemically 

competent DH5α E. coli and selected on ampicillin-supplemented agar plates. Single 

colonies obtained from overnight incubation at 37 °C were grown in Luria-Bertani (LB) 

broth for 16 hours. Plasmid DNA was purified using the plasmid spin MiniPrep kit (Qiagen, 

27104) and sequenced by Eurofins Operon Sequence read service. 

2.4.11. Protein Expression and Purification 

Proteins were overexpressed using E. coli strain BL21-pLysS cells 

(ThermoFisher). Expression cultures containing 100 µg/mL ampicillin were inoculated 

from an overnight culture and grown at 37 °C to an OD600 of 0.7. Protein expression was 

induced overnight at 15 °C with 0.3 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG). 

Cells were then harvested by centrifugation at 6500 rpm for 20 minutes. Cell pellets were 

resuspended in lysis buffer (50 mM Tris-HCl buffer, pH 6.5, 300 mM NaCl, 10% glycerol, 

1% Triton X-100, 5 mM imidazole, 6 mM MgSO4, 1 mM phenylmethylsulfonyl fluoride 

(PMSF), and 5 mM β-mercaptoethanol) and sheared using ultrasonication. Cellular debris 

was isolated by centrifugation at 14000 rpm for 30 minutes and incubated with Talon® 

beads (cobalt-nitrilotriacetic acid) at 4 °C for 30 minutes. Talon beads were transferred to 

a column, washed twice with 20 mL of wash buffer (50 mM Tris-HCl buffer, pH 6.5, 500 

mM NaCl, 10% glycerol, 10 mM imidazole, 0.5 mM Tris(2-carboxyethyl)phosphine 
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(TCEP), 1 mM PMSF, and 5 mM β-mercaptoethanol), and eluted with wash buffer 

containing 500 mM imidazole.152 Protein concentration was determined 

spectrophotometrically using the reported extinction coefficient 280 = 17,130 cm-1.360 

2.4.12. Surface Plasmon Resonance 

Due to limited solubility, binding of L1-L4 to p53C-Y220C could not be 

investigated. Limited protein solubility also precluded the use of isothermal calorimetry 

(ITC) as a complimentary binding tool. Surface plasmon resonance experiments for L5 

were performed using a Biacore X100 (GE Healthcare). Following activation with N-

Hydroxysuccinimide and N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide (NHS/EDC), 

100 µg/mL of purified mutant p53C-Y220C in 10 mM sodium acetate at pH 4.5 were 

injected into channel two to immobilize p53C-Y220C to a final resonance value of 3,000 

response units. The first channel was used as a blank control. Subsequent quenching of 

remaining active groups was achieved using 1 M ethanolamine. Three buffer injections 

were made to prime the system prior to each run. Various concentrations of L5 ranging 

from 0 µM to 800 µM in running buffer (HBS-EP+ - GE Healthcare: 10 mM (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES), 150 mM NaCl, 3 mM EDTA, 

0.05% v/v Surfactant P20, pH 7.4) containing 5% DMSO were injected. The association 

and dissociation phase were monitored for 60 and 100 seconds respectively. The binding 

responses in the steady-state region of the sensorgram (Req, 100 seconds) can be plotted 

against L5 concentration to determine the equilibrium dissociation constant (Kd). 

Unfortunately, L5 has limited solubility beyond 400 µM, and therefore higher micromolar 

binding affinities could not be accurately measured under these conditions. 

2.4.13. Immunoprecipitation 

NUGC3 cells were seeded at a density of 850,000 cells per petri dish and 

incubated at 37°C with 5% CO2 for 48 hours, followed by treatment with 15 and 30 µM L5 

for 2 hours. Cells were lysed with NP40 lysis buffer (50 mM Tris-HCl pH 8, NaCl 150 mM, 

NP40 1%, Complete protease inhibitor). 1 mg of native lysates were incubated with 4 µg 

of p53 mutant antibody (Santa Cruz, PAb240, sc-99) and 30 µL of protein G beads (Protein 

G agarose, Roche) on a rotator. Samples were washed three times with lysis buffer, then 

30µL of loading buffer (50 mM Dithiothreitol (DTT), 2x Laemmli buffer (Bio-Rad)) was 

added and samples were boiled at 95°C for 5 min to collect the eluates. Western Blot 
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analysis was carried out as described above using the pan-specific DO-1 antibody (Santa 

Cruz, sc-126). 

2.4.14. Upregulation of p53 Transcription Factors by RT-qPCR 

NUGC3 cells were lysed with 1 mL of TRIzol (Invitrogen) per 10x106 cells and RNA 

was extracted according to the manufacturer’s instructions. RNA samples were 

precipitated twice using ethanol, RNA quality was assessed, and 1 µg was used for 

reverse transcription (High-Capacity cDNA Reverse Transcription Kit, Applied 

Biosystems). qPCR was performed using 2 ng/µL cDNA (RNA equivalent) according to 

the manufacturer’s instructions (SYBR Green PCR Master Mix, Applied Biosystems) and 

with 400 µM of each primer. The relative expression was calculated using the ΔΔCt 

method. Expression levels were normalized using G6PDH. 

2.4.15. Silencing of p53 in NUGC3 Cells Using siRNA 

SiRNA transfection of NUGC3 cells was performed with 30 nM of p53-targeted 

siRNA using lipofectamine (RNAiMAX from ThermoFisher, 13778100) as previously 

described.361 
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Chapter 3. Ligand Modifications for Targeting 
Subsite Cavities in Mutant p53-Y220C 

JJM performed the synthesis with assistance from Sabrina Leichnitz (L5-P) and Marie 

Sabatou (L5-O). JJM carried out the spectroscopic titrations and zinc-binding studies. 

Christophe Orvain performed the zinc uptake study. Jason Smith performed the molecular 

docking experiments. JJM performed the cytotoxicity (2D and 3D) studies. Anaïs Blanchet 

performed the cleaved caspase 3 studies. JJM and Cristina Lento performed the MS 

experiment. 

3.1. Introduction 

This chapter explores the design and synthesis of ligands aimed to restore wild-

type function in mutant p53-Y220C. As previously described, the Y220C point mutation is 

a common p53 destabilizing mutation that results in the formation of a cavity at the surface 

of the protein and ultimately leads to protein unfolding and loss of function.362 Research 

has shown that stabilization of this cavity with small molecules can prevent protein 

unfolding and restore wild-type function in this p53 mutant.153 In chapter 2 we 

demonstrated the utility of our bifunctional scaffold in restoring wild-type function in p53-

Y220C by serving as structural stabilizers and as Zn-chaperones. Our ligand series 

contained a p53-Y220C binding diiodophenol core153 and di-(2-picolyl)amine as the Zn-

binding group to promote metallochaperone activity. Our lead compound, L5, induced 

Y220C-specific apoptosis, reduced levels of unfolded mutant p53, and recovered partial 

p53 transcriptional function. However, protein-binding at biologically active concentrations 

(low micromolar) was not observed, and high in vitro cytotoxicity in both p53-Y220C and 

WTp53 cell lines led us to hypothesize that p53-independent activities were contributing 

to the observed response. We therefore aimed to optimize the structure of our lead 

compound for improved protein-targeting and selectivity.  

Previous reports on the p53-Y220C mutant have demonstrated the presence of 

additional subsites within the mutant cavity, and that targeting these additional subsites 

led to a significant increase in the binding affinity of the small molecules, thereby 

increasing protein stabilization.153, 363 As shown in Figure 3.1, in addition to the central 

mutant cavity (shown in blue), p53-Y220C contains additional subsites 1 (red) and 2 
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(green). Subsite 1 consists of a shallow cavity with neighbouring solvent-exposed 

residues. Subsite 2, which was previously unoccupied by L5 according to our docking 

results, contains a narrow gap between Cys220 and Pro151. Previous in silico screening 

by Fersht et al showed that an acetylene linker was well suited to bridge the narrow gap 

between the central cavity and subsite 2. The addition of aromatic groups onto the alkyne 

led to favourable π-stacking interactions with Pro153.153  

 

Figure 3.1.  Molecular surface view of the p53-Y220C mutant cavity (PDB ID: 4AGQ). 
The cavity can be divided into three parts: the central mutant cavity (blue), 
an open subsite 1 (red) that contains many solvent-exposed amino acids 
and a narrow subsite 2 (green). Various amino acids located around these 
subsites are indicated in white.  

In this chapter, we explore the design of novel ligands L5-P and L5-O, designed 

to occupy the additional mutant subsites in p53-Y220C and restore wild-type protein 

function. A full description of the ligand design and synthesis, characterization, and in vitro 

cytotoxicity testing of our new series of bifunctional ligands is provided. We further 

investigate the mechanism of cytotoxicity and explore the ability of our ligand series to 

restore apoptotic function in mutant p53-Y220C. 



74 

3.2. Results and Discussion 

3.2.1. Ligand Design and Synthesis 

Ligands L5-P and L5-O were designed to restore wild-type function in p53-Y220C 

with the aim of extending the structure beyond the central mutant cavity and occupying 

the additional subsites to stabilize the protein and prevent loss-of-function. These ligands 

build from our lead structure from Chapter 2, wherein we investigate the effects of tuning 

the spacer between the zinc-binding unit and phenol and modulate the iodinated phenol 

core (Figure 3.2). In chapter 2, we saw markedly increased biological activity in L5 over 

L4, simply by substituting the methyl spacer between the tertiary amine and phenol for an 

ethyl spacer. We envision that by pushing the zinc chelating unit further into the open 

space in subsite 1, there is less steric crowding and a greater potential for interactions 

with the solvent-exposed amino acids located within the subsite. Thus, we designed L5-P 

to contain a propyl spacing unit between the tertiary amine and phenol. To probe the 

effects of modifying the phenol, L5-O contains an alkyne substituted with a phenoxy 

moiety with the aim of π-stacking interactions with amino acids in subsite 2.  

 

Figure 3.2.  Structure optimization of our lead compound from Chapter 2, L5. By 
modifying the spacer between the iodinated phenol and zinc chelator as 
well as substituting functional groups on the phenol, this chapter studies 
the synthesis, characterization, and biological properties of ligands L5-P 
and L5-O. 

The synthetic strategies for L5-P and L5-O are presented in Scheme 3.2 and 

Scheme 3.6. The ligands were prepared via reductive amination of the corresponding 
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aldehyde and amines. Initial attempts to synthesize L5-P used similar chemistry to that of 

L5 (Scheme 2.5), by reacting 3-bromopropylamine and di-(2-picolyl)amine to form the 

extended di-(2-picolyl)amine (Scheme 3.1). However, due to the polymerization of 3-

bromopropylamine, the reaction was unsuccessful. We then carried out the reaction using 

the N-protected 3-bromopropylamine (1). (2) was synthesized via SN2-reaction of di-(2-

picolyl)amine and (1), followed by a hydrazinolysis to give the precursor (3). In the next 

step, (3) and 3,5-diiodosalicylaldehyde afforded an intermediate imine that was reduced 

in situ to yield the secondary amine L5-P (Scheme 3.2). 

 

Scheme 3.1.  Attempted synthesis of L5-P using di-(2-picolyl)amine and 3-
bromopropylamine. However, due to polymerization of 3-
bromopropylamine, the reaction was unsuccessful.  

 

 

Scheme 3.2.  Synthesis of L5-P. Yield: 27%.  

The initial design for L5-O contained an iodine at the 3-position with a substituted 

alkyne coupled onto the iodine at the 5-position. However, the Sonogashira cross-coupling 

reaction proved to be synthetically challenging in this case, resulting in extremely low 

yields and poor purification. Initial attempts involved a Sonogashira cross-coupling 
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between L5 and (prop-2-yn-1-yloxy)benzene (4) (Scheme 3.3), however, no product 

formation was observed despite attempts to optimize conditions and vary the Pd(II) 

catalyst (PdCl2(PPh3)2 or Pd(PPh3)4) and base (N,N-Diisopropylethylamine or 

triethylamine). We hypothesized that due to the strong metal-binding properties of the di-

(2-picolyl)amine unit in L5, the Sonogashira coupling is inhibited due to chelation of Pd 

and/or Cu by L5 and thus the reaction is inhibited.  

 

Scheme 3.3.  Attempted synthesis of (5) using L5 and (prop-2-yn-1-yloxy)benzene (4). 
However, due to the strong metal-binding ability of L5, the Sonogashira 
coupling is inhibited and the reaction was unsuccessful. 

In order to avoid metal chelation by di-(2-picolyl)amine, the next attempt involved 

a Sonogashira coupling at step 1 using (prop-2-yn-1-yloxy)benzene (4) and 3,5-

diiodosalicylaldehyde according published procedures.153 Due to the unselective nature of 

the Sonogashira coupling between the iodines at position 3 and 5, dialkylation of 3,5-

diiodosalicylaldehyde occurred and thus significantly lowered the yield of the desired 

product (6) (Scheme 3.4). 
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Scheme 3.4.  Synthesis of desired product (6) and unwanted dialkylated side product 
from the Sonogashira coupling reaction. Yield (6): 18%. 

The final step in the synthesis of (5) involved a condensation reaction between 

(bis(2-pyridylmethyl)-amino)-ethylamine and (6) (Scheme 3.5). While the crude product 

was detected via electrospray ionization mass spectrometry (ESI-MS) and 1H NMR, 

purification using silica chromatography was very difficult due to poor separation, resulting 

in very low yields (<10%).  

 

Scheme 3.5.  Synthesis of (5). Yield: <10%. 

In order to simplify the synthetic route and increase yields, we chose to forego the 

iodine at the 3-position and simply investigate the effects of extending the phenol into the 

protein subsite 2 with L5-O. Optimized Sonogashira coupling conditions from Scheme 3.4 

afforded (7), followed by condensation reaction with (bis(2-pyridylmethyl)-amino)-

ethylamine to afford L5-O in good yield (Scheme 3.6). 
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Scheme 3.6.  Synthesis of L5-O. Yield: 62%. 

3.2.2. Molecular Docking 

Molecular docking simulations were carried out in order to visualize potential 

binding modes of L5-P and L5-O and determine whether their structures can extend into 

the desired mutant subsites. Using available protein X-ray data of mutant p53-Y220C,153 

ligands were inserted into the mutant cavity and 200 non-duplicate poses were generated 

to determine the lowest energy conformation. For L5-P, the modelling results predict that 

the iodinated phenol moiety orients within the central mutant cavity in a similar fashion to 

the results obtained for L1-L5 in Chapter 2 and to that of a known p53-Y220C-binding 

ligand that incorporates the same diiodophenol pharmacophore.153 In addition, the di-(2-

picolyl)amine unit is extended out into open space of subsite 1 as desired. The pyridyl 

group is pointed towards Thr150 N with a distance of 3.20 Å, while the benzylamine 

distance to Thr150 O is 2.59 Å (Figure 3.3). The phenol participates in a hydrogen bonding 

network with a water molecule that forms a bridge between the backbone carbonyl of 

Asp228 and backbone N of Val147. For L5-O, the modelling results predict that the phenol 

orients within the central mutant cavity similar to L5-P, however, in the absence of the 

iodine, no halogen bond interactions are present. The phenoxy moiety extends 

significantly into the mutant subsite 2, resulting in a possible interaction with C220 at 3.16 

Å away (Figure 3.4). The phenol also participates in the same hydrogen bonding network 

with the water mentioned previously. Overall, these molecular docking results highlight the 

possible interactions of L5-P and L5-O with amino acids located within additional subsites 

in the mutant p53-Y220C cavity. 



79 

 

Figure 3.3.  A low energy pose of L5-P in the mutation-induced cavity for p53-Y220C 

(PDBID: 4AGQ)153. The halogen bonding interactions (ILeu145) are 
shown with a yellow line. The hydrogen bond network between the 
conserved water, D228, and V147 is shown in red. The Van der Waals 
surface of the protein is shown in gray. Atom colours: carbon is represented 
in gray in the protein and teal for the ligand. Oxygen is shown in red, 
nitrogen in blue, and sulfur in yellow. Hydrogens are omitted for clarity.  

 



80 

 

Figure 3.4.  A low energy pose of L5-O in the mutation-induced cavity for p53-Y220C 
(PDBID: 4AGQ)153. The hydrogen bond network between the conserved 
water, D228, and V147 is shown in red. The Van der Waals surface of the 
protein is shown in gray. Atom colours: carbon is represented in gray in the 
protein and teal for the ligand. Oxygen is shown in red, nitrogen in blue, 
and sulfur in yellow. Hydrogens are omitted for clarity.  

3.2.3. Zinc Binding Affinities for L5-P and L5-O 

As outlined in Chapter 2, reported models for Zn-binding in p53 describe two 

possible ligation sites, the native binding site (Kd1) estimated to bind on the order of 10-12 

M, and non-native (Kd2) sites with an estimated affinity on the order of 10-6 M.152, 213, 222-223, 

226 Metallochaperones designed to rescue zinc-binding in p53 mutants should therefore 

have Zn2+ affinities that are in between that of Kd1 and Kd2. While the exact value of Kd1 for 

p53-Y220C is unknown, we have shown in Chapter 2 that Zn metallochaperones with Kd 

values on the order of 10-12 M have appropriate affinities to increase intracellular levels of 

zinc in cells expressing this mutant.364 Spectrophotometric (UV-visible) pH titrations from 

pH 2-12 were carried out to characterize ligand speciation are shown in Figure 3.5. Upon 

addition of NaOH, the UV-vis spectrum for L5-P exhibits an increase in absorbance at 250 

nm, and a major transition from 300 nm to 310 nm indicative of the deprotonation of the 

phenol to the phenolate. L5-O exhibits a red shift from 260 nm to 270 nm and a broadening 

in the shoulder from 270 to 310 nm upon addition of NaOH. The best fits to the data were 

calculated and the pKa values corresponding to the phenol, pyridine(s), and tertiary 
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amines for each ligand are reported in Table 3.1. In each case, the highest pKa’s can be 

assigned to the phenol and ammonium group based on previously reported acidity 

constants,304-305 while the lowest pKa’s correspond to the pyridinium groups. The pKas are 

comparable due to the similarities between the protonatable groups in L5-P and L5-O.  

 

Figure 3.5.  (a,c) Variable pH titration plots for L5-P and L5-O. (b,d) Simulated 
speciation diagrams of L5-P and L5-O. Speciation diagrams made using 
HySS2009. 

Table 3.1. pKa values as determined by variable pH UV-vis titrations (errors are for 
the last digit). 

Reaction L5-P L5-O 

[H5L]4+ = [H4L]3+ + H+ (pKa1) 3.77(3) 3.61(5) 
[H4L]3+ = [H3L]2+ + H+ (pKa2) 4.47(3) 3.89(4) 
[H3L]2+ = [H2L]+ + H+ (pKa3) 6.17(2) 6.26(3) 
[H2L]+ = [HL] + H+ (pKa4) 8.31(2) 8.48(1) 
[HL] = [L]- + H+ (pKa5) 10.53(1) 10.13(1) 
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Variable pH titration plots of L5-P and L5-O in the presence of Zn(ClO4)2 are shown 

in Figure 3.6 a,c. The concentration of free Zn2+ present in solution at a given pH, referred 

to as pM (pZn = –log[Znunchelated]), is a direct estimate of the metal-ligand affinity when all 

species in solution are considered.308-310 Inspection of the speciation diagrams in Figure 

3.6 b,d demonstrates that at biological pH (7.4), the major species in solution is ZnLH for 

L5-P, and ZnL for L5-O, with very little free Zn2+. By analyzing the metal speciation 

diagrams, the Zn affinity of each ligand at physiological pH can be determined. Calculated 

values for pZn are reported in Table 3.2. Interestingly, despite containing a propyl spacer 

between the di-(2-picolyl)amine and phenol in comparison to the ethyl spacer of L5 and 

L5-O, L5-P still exhibits a high Zn-binding affinity (pM = 8.7) that is comparable to that of 

L5 (8.4) and L5-O (8.6). These values afford approximate dissociation constants (Kd) in 

the low nanomolar range, an affinity appropriate for functioning as Zn metallochaperones 

for p53-Y220C. 
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Figure 3.6.  (a, c) Variable pH titration plots for L5-P + Zn2+ and L5-O + Zn2+. (b, 
d) Simulated speciation diagrams of L5-P + Zn2+ and L5-O + Zn2+. 
Speciation diagrams made using HySS2009. 

Table 3.2. Stability constants (log K) of the Zn complexes of L5-P and L5-O and 
calculated pM values[a] (errors are for the last digit). 

 

 
pZn[a] pH 7.4 

Log K 

 ZnL ZnLH ZnLH2 

L5-P 8.7 14.96(9) 9.00(1) 2.20(5) 
L5-O 8.6 16.13(1) 6.25(1) 0.46(1) 
[a] pZn was calculated using pZn = (–log[Zn2+]free), where [Zn2+]free is determined from the HySS model.312  
[L5-P]=[L5-O] = [Zn2+] = 12.5 µM, 25 °C, I = 150 mM NaCl 
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3.2.4. Monitoring Intracellular Zn2+ Levels in Cancer Cells 

We investigated whether L5-O and L5-P could function as Zn metallochaperones 

in NUGC3 cells by monitoring the change in intracellular Zn2+ using the fluorescent Zn2+ 

sensitive probe FluoZin-3. Following the procedures outlined in Chapter 2, NUGC3 cells 

were incubated with FluoZin-3, followed by incubation with L5-O or L5-P and ZnCl2 and 

subsequently imaged. Pyrithione (PYR) was used as a positive control for Zn uptake. 

Surprisingly, neither L5-O or L5-P resulted in an increase in intracellular Zn2+ levels 

compared to ZnCl2 only, as demonstrated in Figure 3.7. This result was unexpected given 

that the di-(2-picolyl)amine fragment proved effective at increasing intracellular zinc levels 

in Section 2.2.4, in particular for L5. One possible hypothesis points to the increased zinc 

affinity of ligands L5-O and L5-P in comparison to both L5 and the fluorescent zinc 

indicator FluoZin-3. The zinc binding affinities of L5-O and L5-P are ~ 2.5 and 2.0 nM 

respectively, compared to 15 nM for FluoZin-3313 and 4 nM for L5. Thus, it is likely that if 

ZnCl2 were brought into the cell by L5-O and L5-P, the Zn2+ would be preferentially bound 

to the ligand over the fluorophore, and thus zinc binding to the fluorophore in this 

experiment is restricted. Further studies with alternate fluorescent indicators are required 

to determine whether this is a result of experimental design or a result of the structural 

modifications to the ligand. Alternatively, L5-O and L5-P exhibit a lower aqueous solubility 

than L5, and thus a possible hypothesis is that the zinc complexes formed by L5-O and 

L5-P exhibit a lower solubility and are unable to promote cell uptake. While further studies 

are required to test such hypotheses and investigate why L5-O and L5-P are not effective 

as Zn metallochaperones, this interesting result highlights the difficulty of designing 

effective metallochaperones and demonstrates how subtle changes to the ligand design 

can result in large biological changes.  
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Figure 3.7.  Treatment of NUGC3 with L5-O and L5-P does not result in increased 
intracellular Zn2+. (a) Imaging of intracellular Zn2+ levels in complete serum-
free media. NUGC3 cells were incubated with 1 µM FluoZin-3219 for 20 
minutes at 37°C, followed by incubation with indicated treatment (ZnCl2 = 
50 µM, L5-O = L5-P = 10 µM, 50 µM PYR) for 2 hours. Cells were imaged 
using a Nikon ApoTome microscope and fluorescence-quantified using 
ImageJ. (B) Fluorescence intensity of FluoZin-3 at 488 nm demonstrating 
relative Zn2+ levels. Blue dots represent average fluorescence intensity of 
imaged cells per individual trial. Black line indicates mean values, while 
black error bars demonstrate the 95% confidence interval.  
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3.2.5. In Vitro Cytotoxicity  

L5-P and L5-O were submitted to the National Cancer Institute’s NCI-60 program 

for in vitro screening against a panel of 60 human cancer cell lines. In the initial 1-dose 

screen at 10 µM, L5-P and L5-O exhibited a broad range of cytotoxicity across all 60 cell 

lines. The 1-dose data is shown in Table 3.3 and is represented by the mean growth value. 

This value represents the mean growth inhibition or lethality across all 60 cell lines in 

comparison to no-drug control. The negative growth value for L5-P of -58 indicates an 

average of 58% cell death across 60 cell lines, whereas the positive value of 15 for L5-O 

indicates a mean growth inhibition of 85%. Interestingly, the growth value for lead 

compound L5 in the one-dose study was -44, which represents an activity in between that 

of L5-P and L5-O. Given the high activity of both compounds across a wide range of cell 

lines, both L5-P and L5-O were chosen for further 5-dose studies, which is currently 

ongoing at the National Cancer Institute. 

Table 3.3. Mean growth value for L5, L5-P, and L5-O from the 1-dose NCI-60 
screen. 

Ligand NSC Number[a] Growth Value[b] 

L5 788647 -44 
L5-P 820797 -58 
L5-O 820798 15 
a] NSC number is the compounds internal ID number at the National Cancer Institute. [b] Growth value 
represents the mean growth inhibition (positive) or lethality (negative) across all 60 cell lines in comparison 
to no drug control 

 

As outlined in Chapter 2, gastric cancer is one of the leading causes of cancer-

related deaths worldwide and is associated with a low life expectancy upon diagnosis.322 

We tested the in vitro cytotoxicity of L5-P and L5-O on the gastric cancer cell line NUGC3, 

containing the mutant p53-Y220C. Both compounds exhibited a similar cytotoxic effect, 

with IC50 values of 3.5 ± 0.1 µM and 3.9 ± 0.1 µM for L5-P and L5-O respectively (Figure 

3.8). This value is similar to the IC50 value obtained for L5 (IC50 1.7 ± 0.1 µM, Table 2.5), 

and exhibits significantly enhanced cytotoxicity over cisplatin (20.0 ± 2 µM, Table 2.5) and 

oxaliplatin (50.0 ± 3 µM, Table 2.5). 
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Figure 3.8.  Survival curves for NUGC3 cells (p53-Y220C) upon treatment with L5-P 
(a) and L5-O (b). IC50 and IC75 values are represented by the gray and teal 
lines respectively and are indicated on the graph. 

We further assessed the anticancer potential of L5-P and L5-O using 3D spheroids 

cultured from NUGC3 cells. Serving to bridge the gap between 2D cytotoxicity studies and 

animal experiments, 3D cultures more closely mimic the tumour microenvironment and 

can more accurately predict drug characteristics such as tolerance of hypoxic conditions 

and drug penetration and heterogeneity within the tumour.365 As such, the use of 3D 

cultures is of significant importance in drug discovery.366 3D spheroids of NUGC3 cells 

were treated with 10 µM L5-P and L5-O and monitored in comparison to the non-treated 

control. Both L5-P and L5-O induced significant cell death, resulting in only 12% and 14% 

viability respectively in the spheroids (Figure 3.9). Even at the lower concentrations of L5-

P and L5-O used, their anticancer effect in 3D spheroids is significantly greater than that 

of L5 (19.5 µM, 24% viability) and oxaliplatin (250 µM, 48% viability) as reported in Chapter 

2 (Figure 2.12). 
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Figure 3.9.  NUGC3 cells (300 cells/well; 96 wells/plate) were grown for 4 days and 
then treated for 3 days with 10 µM L5-P and L5-O. 3D cultures were 
observed by microscopy to estimate clone size (left) and cell survival was 
assayed using rezasurin (right). * indicates statistical differences from non-
treated control with p < 0.001 as established by One-Way ANOVA followed 
by Tukey test. 

3.2.6. Apoptotic Effects of L5-P and L5-O in Human Gastric Cancer 
Cell Lines 

To investigate both the molecular basis for the cytotoxicity of compounds L5-O and 

L5-P and its dependence on mutant p53, we examined whether treatment of AGS (wild-

type p53) and NUGC3 (p53-Y220C) with L5-O and L5-P resulted in the production of 

cleaved caspase-3, an indicator of apoptotic activity. We further analysed the levels of p53 

expression. AGS and NUGC3 cells were treated with oxaliplatin at indicated 

concentrations and 20 µM L5 as a control, which is the concentration that induced 

significant cleaved caspase-3 in NUGC3 as seen in section 2.2.6. AGS and NUGC3 cells 

were also treated with L5-P and L5-O at 1, 5, and 10 µM, which represent concentrations 

wherein significant cytotoxicity was observed in both 2D and 3D experiments as described 

above. Cells were treated with the compounds for 48 hours and cleaved caspase-3 and 

p53 protein levels were assessed by Western Blot. As expected, treatment of AGS cells 

with oxaliplatin resulted in increased p53 expression and cleaved caspase-3,333-334 in 

agreement with the results obtained in Chapter 2 (Figure 2.13). Apart from L5-O at 5 µM, 

low levels of cleaved caspase-3 are produced upon treatment with L5, L5-O, and L5-P in 

AGS cells (Figure 3.10), indicating minimal restoration of apoptotic activity in the wild-type 

p53 cell line. This does, however, suggest low levels of off-target mechanisms of 

cytotoxicity via p53-independent pathways. In the NUGC3 cell line, both oxaliplatin and 
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L5 induce relatively low quantities of cleaved caspase-3. Interestingly, despite the 

significantly lower concentration, a notable increase in cleaved caspase-3 levels is 

observed upon treatment with L5-P and L5-O compared to treatment with L5. These 

results are in agreement with both the 2D and 3D cytotoxicity studies, which reported a 

markedly increased cytotoxicity with L5-O and L5-P over L5. Further, the level of cleaved 

caspase-3 upon treatment with L5-O and L5-P at concentrations as low as 10 µM for L5-

O and 5 and 10 µM for L5-P is notably increased in NUGC3 (p53-Y220C) cells in 

comparison to AGS (WTp53) cells under the same conditions. These results suggest that 

the apoptotic effect of L5-O and L5-P is preferentially potentiated in the Y220C mutant 

cell line.  

 

Figure 3.10.  AGS (a) and NUGC3 (b) cells were treated for 48 hours with indicated 
compounds. Total protein was extracted, and 20 µg were separated on 
SDS PAGE. Cleaved caspase-3 (Caspase 3*), p53, and actin were 
detected by Western Blot analysis. 
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3.2.7. Interaction Between L5-O/L5-P and Mutant p53 

To further explore the mechanisms by which L5-O and L5-P initiate biological 

activity on p53-Y220C, we investigated whether they could bind directly to the DNA-

binding domain of mutant p53-Y220C (p53C-Y220C). L5-P has limited solubility beyond 

100 µM, therefore we opted to use native mass spectrometry to investigate binding instead 

of surface plasmon resonance, as the studies in Chapter 2 revealed the need for high 

ligand concentrations under our experimental conditions. p53C-Y220C was incubated with 

concentrations of L5-O and L5-P ranging from 5 to 100 µM for two hours, and potential 

binding was probed using mass spectrometry. Unfortunately, binding at concentrations up 

to 100 µM was not observed as indicated in Figure 3.11. Upon addition of increasing 

concentrations of L5-O and L5-P, no spectral changes are observed in comparison to 

protein only, thus no complex formation is observed under the conditions of the 

experiment. Limited solubility of L5-P beyond 100 µM prevents detection of higher 

micromolar affinity binding, a range relevant to a compound with the same 3,5-

diiodophenol pharmacophore (Kd = 225 µM by ITC).153 
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Figure 3.11.  Native mass spectrometry results using recombinant p53C-Y220C (2 µM) 
incubated with (a) 0.2% DMSO (b) 50 µM L5-O (c) 100 µM L5-O (d) 50 µM 
L5-P and (e) 100 µM L5-P for 2 hours at room temperature. 

3.3. Summary 

Restoration of functional activity in mutant p53 remains a highly sought-after target 

in cancer research. In Chapter 2, we demonstrated the utility of a bifunctional approach to 

restore p53 function wherein both protein stability and zinc loss were simultaneously 

targeted. We aimed to optimize the structure of our lead compound for improved selectivity 

in mutant p53-Y220C by extending the ligand design further into subsite cavities produced 

by the mutant. Computational docking studies suggests that the propyl spacer of L5-P 

pushed the zinc chelator further into the open space of the mutant protein subsite 1, while 

the alkyne substituted with a phenoxy moiety in L5-O is positioned in the mutant subsite 

2 where π-stacking interactions with surrounding amino acids is possible. However, these 

structure modifications unexpectedly led to the inability of L5-P and L5-O to increase 

intracellular levels of Zn2+ in our experiments, despite possessing nanomolar zinc binding 
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affinities as characterized in our UV-vis studies. In vitro cytotoxicity studies in 3D spheroid 

models of NUGC3 demonstrated markedly increased cytotoxicity with L5-P and L5-O over 

L5 and oxaliplatin. Further, upon investigation into the mechanism of cytotoxicity in this 

ligand series, cleaved caspase 3 studies demonstrated that L5-P and L5-O produced 

more cleaved caspase-3 in NUGC3 than L5. This further verified the increased biological 

activity of these ligands over L5 and demonstrates their potential to restore apoptotic 

activity in mutant p53. Moving forward, the ability of these ligands to restore transcriptional 

function in mutant p53 via upregulation of target genes PUMA, NOXA, and p21 should be 

investigated. Further, it should also be determined whether these ligands induce 

conformational changes in mutant p53-Y220C via immunoprecipitation using 

conformation-specific antibodies. 

 

The production of cleaved caspase-3 in AGS cells upon treatment with L5-O and 

L5-P, although minimal, suggests that these ligands exhibit p53-independent activity in 

addition to the p53-dependent mechanisms. As outlined in both the introduction and 

Chapter 2, studies on p53 activating scaffolds show that increased ROS generation is an 

important component of the observed cytotoxicity, in addition to p53 activation.199, 226 

Specifically, metal-binding agents exhibit ROS-associated toxicity as a result of the in situ 

formation of redox-active Cu complexes.226, 237 As a result, comprehensive studies 

investigating the copper-binding affinity and ROS production with L5-P and L5-O should 

be investigated moving forward. 

 

Overall, this study demonstrates the sensitivity of metallochaperone design and 

how subtle tuning of the ligand scaffold can impart significant changes in biological activity. 

We further show that by extending the ligand scaffold into mutant subsites of p53-Y220C, 

we increase cytotoxicity and increase apoptotic activity in mutant p53. With a shift towards 

targeted chemotherapeutics following the emergence of cancer genome sequencing 

projects, the development of small molecules capable of restoring wild-type function in 

mutant p53 are becoming of increasing importance.  
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3.4. Experimental 

3.4.1. Material and Methods 

All chemicals used were purchased from Sigma Aldrich and were further purified 

whenever necessary.346-347 (bis(2-pyridylmethyl)-amino)-ethylamine and N1,N1-

bis(pyridin-2-ylmethyl)propane-1,3-diamine were prepared from commercially available 

di-(2-picolyl)amine by reported procedures.348, 367 (prop-2-yn-1-yloxy)benzene was 

prepared according to literature procedures.368 All compounds were dried under vacuum 

for 1 week before in vitro cytotoxicity testing. 1H and 13C NMR were recorded on Bruker-

AV-400, 500, and 600 instruments. Mass spectra (positive ion) were obtained on an 

Agilent 6210 time-of-flight electrospray ionization mass spectrometer. Electronic 

absorption spectra were obtained on a Cary 5000 spectrophotometer.  

3.4.2. Synthesis 

2-(3-(bis(pyridin-2-ylmethyl)amino)propyl)isoindoline-1,3-dione (1): 

 

To a solution of di-(2-picolyl)amine (1.52 g, 7.61 mmol.) in acetonitrile (50 mL), anhydrous 

K2CO3 (3.47 g, 25.12 mmol), KI (0.13 g, 0.76 mmol), and bromopropylphthalimide (2.00 

g, 9.14 mmol) was added. The mixture was heated at reflux for 24 hours, after which it 

was filtered and concentrated to yield a red oil. The resulting oil was dissolved in 30 mL 

of dichloromethane and washed with saturated NaHCO3 solution (3 × 30 mL). The organic 

phase was separated from the aqueous phase and dried over MgSO4. Following removal 

of the solvent in vacuo, the oil was dissolved in 2 M HCl (10 mL) and washed with 

dichloromethane (5 x 10 mL). Upon addition with solid sodium bicarbonate (5 g), a brown-

orange solid precipitated. The product was extracted with dichloromethane (4 x 20 mL) 

and concentrated in vacuo to yield a brown solid. The product was used for the next 

reaction without further purification. Yield: 1.75 g, 52%. 1H NMR (400 MHz, CDCl3): δ 8.49 

(d, J = 4.1 Hz, 2H), 7.83 (dd, J = 5.5, 3.1 Hz, 2H), 7.71 (dd, J = 5.5, 3.0 Hz, 2H), 7.64 (td, 
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J = 7.6, 1.8 Hz, 2H), 7.55 (d, J = 7.9 Hz, 2H), 7.15 – 7.09 (m, 2H), 3.83 (s, 4H), 3.76 – 

3.67 (m, 2H), 2.65 (t, J = 7.0 Hz, 2H), 1.98 – 1.90 (m, 2H). 

2-(((3-(bis(pyridin-2-ylmethyl)amino)propyl)amino)methyl)-4,6-diiodophenol (2): 

 

A solution of 1 (1.60 g, 4.28 mmol) in ethanol (10 mL) was added to a solution of hydrazine 

monohydrate (0.27 g, 5.40 mmol) in 5 mL of ethanol. The solution was heated at a reflux 

for 3 hours. Upon cooling, the filtrate dried in vacuo and dissolved in 13 mL of 2 M HCl 

followed by 640 μL of 12 M HCl which yielded a white precipitate. The suspension was 

stirred for 2 hours at 50 °C, followed by 16 hours at room temperature. Then the 

suspension was filtered, concentrated in vacuo, and dissolved in 6.5 mL of water. This 

aqueous solution was basified by adding a 15% solution of aqueous NaOH which 

generated a red oil. The red oil was extracted from the aqueous solution with 

dichloromethane (3 × 50 mL) and dried over Na2SO4. The residue was purified by silica 

gel column chromatography using CH2Cl2/MeOH (20:1) to remove the starting material, 

followed by MeOH (30%) in CH2Cl2 as eluent to obtain the product as an orange solid. 

Yield: 0.28 g, 26%. 1H NMR (400 MHz, CDCl3): δ 8.50 (d, J = 4.9 Hz, 2H), 7.63 (td, J = 

7.6, 1.8 Hz, 2H), 7.48 (d, J = 7.8 Hz, 2H), 7.16 – 7.08 (m, 2H), 3.78 (s, 4H), 2.69 (t, J = 

6.8 Hz, 2H), 2.58 (t, J = 6.9 Hz, 2H), 2.20 (s, 2H), 1.67 (p, J = 6.9 Hz, 2H).  

2-(bis(pyridin-2-ylmethyl)amino)ethyl)amino)methyl)-4,6-diiodophenol (L5-P): 

 

To a solution of 2 (0.18 g, 0.74 mmol) in MeOH (15 mL), 3,5-diiodosalicylaldehyde (0.30 

g, 0.81 mmol) was added under an N2 atmosphere. The resulting orange solution was 



95 

stirred at room temperature for 30 minutes, followed by cooling in an ice bath and slow 

addition of NaBH4 (45.0 mg, 1.18 mmol). The mixture was then stirred overnight under N2. 

Water (5 mL) was added into the solution and stirred for 30 minutes. Dichloromethane 

was added and the organic phase was separated from the aqueous phase and dried over 

Na2SO4. The residue was purified by silica gel column chromatography using CH2Cl2 to 

remove the starting material, followed by MeOH (30%) in CH2Cl2 as eluent to obtain the 

product as an orange solid. Yield: 0.18 mg, 27%. 1H NMR (400 MHz, CDCl3): δ 8.48 – 

8.39 (m, 2H), 7.92 (d, J = 2.1 Hz, 1H), 7.64 (td, J = 7.7, 1.8 Hz, 1H), 7.32 (d, J = 7.7 Hz, 

2H), 7.22 (d, J = 2.1 Hz, 1H), 7.20 – 7.13 (m, 2H), 3.89 (s, 2H), 3.78 (s, 4H), 2.76 – 2.63 

(m, 4H), 1.81 (p, J = 5.9 Hz, 2H). 13C{1H} NMR (400 MHz, CDCl3): δ 159.36, 158.90, 

149.20, 144.83, 136.60, 136.50, 124.38, 123.27, 123.13, 122.17, 77.28, 77.16, 76.96, 

60.19, 52.74, 51.79, 47.31, 30.79, 25.11.  

(prop-2-yn-1-yloxy)benzene (3): 

 

To a stirred solution of phenol (4.71 g, 50.0 mmol) in acetone (30 mL), propargyl bromide 

(80% solution in toluene, 5.95 g, 50.0 mmol) and potassium carbonate (6.91 g, 50.0 mmol) 

were added. The reaction mixture was heated at reflux for 12 hours. Upon completion of 

the reaction, the solvent was removed, followed by addition of water (30 mL). 

Subsequently, the mixture was extracted with diethyl ether (3 x 50 mL), and the organic 

phases were combined and dried over anhydrous Na2SO4. Removal of the solvent under 

vacuum yielded a brown oil. The residue was purified by silica gel column chromatography 

using hexanes/ethyl acetate (10:1) to afford a yellow oil. Yield: 4.13 g, 62%. 1H NMR (400 

MHz, CDCl3): δ 7.32 (td, 2H), 7.01 (t, J = 8.4 Hz, 2H), 4.71 (d, J = 2.4 Hz, 2H), 2.53 (t, J = 

2.4 Hz, 1H). 
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2-hydroxy-5-(3-phenoxyprop-1-yn-1-yl)benzaldehyde (4): 

 

Dry THF (30 mL) was deoxygenated for 15 minutes by purging with N2. 5-

iodosalicylaldehyde (0.15 g, 0.60 mmol) was added, followed by addition of triethylamine 

(0.21 mL, 1.5 mmol). Upon stirring of the solution for 2 minutes, Pd(PPh3)4 (34.6 mg, 0.03 

mmol) and CuI (22.8 mg, 0.12 mmol) were added under N2 to afford a colour change from 

yellow to orange. Afterwards, 3 (79.3 µL, 0.60 mmol) was added dropwise to the solution 

and the mixture was stirred for 16 hours at room temperature under N2. The solvent was 

removed under vacuum and the residue was dissolved in 40 mL ethyl acetate. The organic 

phase was washed with an aqueous saturated solution of NaHCO3 (3 x 20 mL), and the 

aqueous phase was separated with ethyl acetate (3 x 30 mL). The organic phases were 

combined and washed with brine (30 mL) and dried over Na2SO4. The solvent was 

removed under vacuum and the resulting residue was purified by silica gel column 

chromatography using dichloromethane as the eluent to afford a yellow oil. Yield: 52.5 mg, 

35%. 1H NMR (400 MHz, CDCl3): δ 11.13 (s, 1H), 9.87 (s, 1H), 7.69 (d, J = 2.2 Hz, 1H), 

7.60 (dd, J = 8.8, 2.2 Hz, 1H), 7.35 (dd, J = 8.7, 7.1 Hz, 2H), 7.04 (dd, J = 10.2, 6.9 Hz, 

3H), 6.97 (d, J = 8.7 Hz, 1H), 4.93 (s, 2H). 
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2-(((2-(bis(pyridin-2-ylmethyl)amino)ethyl)amino)methyl)-4-(3-phenoxyprop-1-yn-1-

yl)phenol (L5-O): 

 

To a solution of (bis(2-pyridylmethyl)-amino)-ethylamine (0.080 g, 0.31 mmol) in 

dichloroethane (7 mL), 2-hydroxy-5-(3-phenoxyprop-1-yn-1-yl)benzaldehyde (0.070 g, 

0.29 mmol) was added. The resulting bright yellow solution was heated at 50 °C for an 

hour, at which time sodium triacetoxyborohydride (0.084 g, 0.40 mmol) was added. The 

mixture was then heated at 50 °C overnight. Then, DCE was removed and the residue 

was dissolved in DCM and extracted with 3 x 10 mL of water. The organic phase was 

separated from the aqueous phase and dried over MgSO4. Due to difficulties in  separation 

of impurities via silica chromatography, the product was purified by HPLC (C-18, 

H2O+0.1% TFA:MeCN+0.1% TFA, 32 to 38 % MeCN gradient over 20 minutes, 2 mL.min-

1). HPLC retention time = 14.7 minutes (C-18, H2O+0.1% TFA:MeCN+0.1% TFA, 32 to 38 

% MeCN gradient over 20 minutes, 2 mL.min-1). Lyophilisation of the fractions containing 

the product provided pure L5-O as a yellow oil. HPLC purity was determined to be 98.6%. 

1H NMR (400 MHz, MeOD): 8.52 (dd, J = 5.6, 1.7 Hz, 2H), 7.99 (td, J = 7.8, 1.7 Hz, 2H), 

7.58 – 7.47 (m, 4H), 7.42 (d, J = 2.1 Hz, 1H), 7.37 (dd, J = 8.4, 2.1 Hz, 1H), 7.29 (dd, J = 

8.7, 7.3 Hz, 2H), 7.06 – 6.99 (m, 2H), 6.98 – 6.93 (m, 1H), 6.91 (d, J = 8.4 Hz, 1H), 4.93 

(s, 1H), 4.22 (s, 1H), 4.08 (s, 4H). 13C{1H} NMR (400 MHz, MeOD): δ = 159.3, 158.1, 

157.7, 147.4, 147.3, 142.2, 136.2, 135.8, 130.5, 126.2, 125.3, 122.4, 119.6, 116.7, 116.1, 

115.3, 111.4, 87.0, 84.4, 59.1, 57.3, 52.5, 47.4, 46.2.  
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3.4.3. Molecular Modeling  

Default parameters were used for all computational procedures unless otherwise 

stated. All computational methods were performed in the Molecular Operating 

Environment version 2015 (MOE, Chemical Computing Group, Montreal, Canada). 

Images were generated in POV-ray engine v3.7.0 (www.povray.org). MOE implements a 

derivative of the AMBER12 force field for proteins, integrated with the Extended Hückel 

Theory and AM1-BCC method for handling small molecules.350 Ligands were drawn in 

MOE, and a stochastic conformational library was generated for each using default 

parameters. Inspection of the crystal structures 4AGL, 4AGN, 4AGO, 4AGP, 4AGQ (all 

containing structurally relevant iodophenol ligands), showed minimal differences in either 

the protein or ligand conformations, indicating a well-defined complex for docking 

purposes. Each crystal structure listed above contains a conserved water molecule 

bridging the backbone carbonyl of Asp228, the carbonyl and amide proton of Val147, and 

the phenol of the ligand. All solvent molecules except this one were removed from the 

structure used for docking (PDB:4AGQ). The protein was protonated using the 

Protonate3D algorithm in the Born solvation model, using the Lennard-Jones 12-6 

potential, and dielectric constants of 78.6 and 4 for bulk solvent and the protein, 

respectively. The ligands L5-P and L5-O were docked into the cavity formerly occupied 

by the co-crystalized ligand. For each ligand, 1000 binding poses were generated, with 

force field-energy minimisation (RMSG=0.001) of the best 200 non-duplicate poses as 

ranked by the GB/VI scoring function. The pose with the lowest deviation in iodophenol 

(L5-P) or phenol (L5-O) atoms compared to 4AGQ were selected for each ligand. 

3.4.4. Stability Constant Determination 

Aqueous acidity constants (pKa) for L5-P and L5-O were measured using variable 

pH titrations monitored by UV-visible spectroscopy between 200 and 600 nm as a function 

of pH. Solutions of both ligands (12.5 µM) were prepared in 0.1 M NaCl at pH 3. Due to 

the limited aqueous solubility of L1, solutions of 20% MeOH in H2O of L5-P and L5-O were 

prepared for consistency across all ligands reported in this thesis. Small aliquots of 0.1 M 

NaOH were titrated into the solution to adjust the pH and at least 30 UV-vis spectra were 

collected in the pH 3-11 range. Spectral data were analyzed using HypSpec (Protonic 

Software, UK).353 Similarly, metal stability constants were obtained by titrating a solution 

containing 12.5 µM ligand, 12.5 µM Zn(ClO4)2•6H2O, and 0.1 M NaCl with 0.1 M NaOH to 
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adjust the pH. Known metal hydrolysis constants were included in the HypSpec 

simulations as constant values.354 At least 30 UV-vis spectra were collected in the pH 3-

11 range. Stability constants were calculated using the HypSpec computer program and 

metal speciation plots were created using the HySS2009 program (Protonic Software, 

UK).353 

3.4.5. In Vitro Cytotoxicity – Stomach Cancer Cell Lines 

The in vitro cytotoxicity of L5-P and L5-O against the stomach cancer cell line 

NUGC3 was assayed using the 3-(4,5-domethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay.356 In each case, cells were seeded at 105 cells per well in 100 µL 

of RPMI media in Cellstar 96-well plates (Grenier Bio-One) and incubated at 37 °C with 

5% CO2 for 24 hours. Following incubation, the cells were exposed to drugs at increasing 

concentrations ranging from 0.1 to 100 µM in RPMI medium. Compounds were pre-

dissolved in DMSO stocks and serial dilutions were prepared such that the final 

concentration of DMSO in media was below 1% (v/v). Treated cells were incubated at      

37 °C with 5% CO2 for 48 hours. Following the 48-hour incubation, the MTT test was 

performed as previously described.357 Experiments were performed in replicates of eight 

and repeated at least twice. Inhibition of cell viability was evaluated with reference to NT 

control to determine the absolute IC50 value calculated from dose-response curves using 

nonlinear variable slope regression (Graphpad Prism 5.0 software). 

3.4.6. Monitoring Intracellular Levels of Zn2+ in the p53-Y220C Cell 
Line NUGC3 

NUGC3 cells (40,000 cells/well) were plated on glass slides treated with poly-L-

lysine in 12-well plates. After 48 hours, cells were washed 2x 5 minutes in serum-free 

media and incubated with 1 µM FluoZin-3313 for 20 minutes at 37°C. Cells were then 

washed 2x 5 minutes in Earle’s balanced salt solution (EBSS)/H (-) Ca/Mg containing the 

indicated treatments (ZnCl2 = 50 µM, L5-P = L5-O = 15 µM = pyrithione = 50 µM) and 

incubated for 2 hours at 37 °C before imaging. Cells were imaged using a Nikon ApoTome 

microscope (Nikon, France). FluoZin-3 and Hoechst 33342 were excited at 488 nm (argon 

laser) and 790 nm (Chameleon Ti:sapphire laser), respectively. Imaging was performed 

in under ten minutes to avoid alteration of cell physiology upon imaging at room 

temperature. To determine the change in fluorescence, each image was processed using 
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ImageJ Software (National Institutes of Health, Bethesda, MD) and integrated to represent 

the cumulative fluorescence for a single cell. Processing included adjustment of exposure 

and contrast to eliminate autofluorescence of the support. To avoid autofluorescence, 

each image was background-subtracted using the non-treated control. All images were 

batch processed using the same parameters. Cells were analyzed upon treatment with 50 

µM pyrithione (PYR)/ZnCl2 (1:1) as a positive control.  

3.4.7. Western Blot Analysis 

NUGC3 cells were lysed with lysis buffer (125 mM Tris-HCl pH 6.7, NaCl 150 mM, 

NP40 0.5%, 10% glycerol). Proteins were denatured and deposited directly (75 µg total 

protein) onto an SDS-PAGE gel. A Western Blot was performed using the pan-specific 

DO-1 primary antibody (Santa Cruz, sc-126) or cleaved caspase-3 Asp175 Antibody (Cell 

Signaling, 9661) at 1:1000 in PBS containing 5% dry milk at 4 °C overnight. Loading was 

controlled with rabbit anti-β-actin (Sigma, a1978, 1:4000). Secondary antibodies (anti-

rabbit, anti-mouse: GE Healthcare) were incubated at 1:1000 for three hours at room 

temperature.  

3.4.8. Site-Directed Mutagenesis 

The plasmid encoding the DNA-binding domain of human wild-type p53 (residues 

94-312) was gifted by Cheryl Arrowsmith.358 Four mutations to the p53 gene 

(M133L/V203A/N239Y/N268D) were successively introduced to increase structural 

stability of the protein, followed by addition of the Y220C mutation.359 All p53 mutants were 

prepared by site-directed mutagenic PCR according to standard protocols,152 using 

primers purchased from Eurofins Operon following Quikchange protocol (Agilent 

Technology). DNA polymerase (Q5) and DpnI enzyme were obtained from New England 

Biolabs. PCR products were transformed into chemically competent DH5α E. coli and 

selected on ampicillin-supplemented agar plates. Single colonies obtained from overnight 

incubation at 37 °C were grown in Luria-Bertani (LB) broth for 16 hours. Plasmid DNA was 

purified using the plasmid spin MiniPrep kit (Qiagen, 27104) and sequenced by Eurofins 

Operon Sequence read service. 
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3.4.9. Protein Expression and Purification 

Proteins were overexpressed using E. coli strain BL21-pLysS cells 

(ThermoFisher). Expression cultures containing 100 µg/mL ampicillin were inoculated 

from an overnight culture and grown at 37 °C to an OD600 of 0.7. Protein expression was 

induced overnight at 15 °C with 0.3 mM IPTG. Cells were then harvested by centrifugation 

at 6500 rpm for 20 minutes. Cell pellets were resuspended in lysis buffer (50 mM Tris-HCl 

buffer, pH 6.5, 300 mM NaCl, 10% glycerol, 1% Triton X-100, 5 mM imidazole, 6 mM 

MgSO4, 1 mM PMSF, and 5 mM β-mercaptoethanol) and sheared using ultrasonication. 

Cellular debris was isolated by centrifugation at 14000 rpm for 30 minutes and incubated 

with Talon® beads (cobalt-nitrilotriacetic acid) at 4 °C for 30 minutes. Talon beads were 

transferred to a column, washed twice with 20 mL of wash buffer (50 mM Tris-HCl buffer, 

pH 6.5, 500 mM NaCl, 10% glycerol, 10 mM imidazole, 0.5 mM TCEP, 1 mM PMSF, and 

5 mM β-mercaptoethanol), and eluted with wash buffer containing 500 mM imidazole.152 

Protein concentration was determined spectrophotometrically using the reported 

extinction coefficient 280 = 17,130 cm-1.360 

3.4.10. Native Mass Spectrometry 

Recombinant p53C-Y220C samples were thawed and dialysed in 200 mM 

ammonium acetate, and protein concentrations were measured using a Thermo Scientific 

NanoDrop Spectrophotometer. L5-O and L5-P were stored as DMSO stocks at 25 mM. 

Native MS experiments were performed on 2 µM p53C-Y220C with L5-O or L5-P ratios of 

10, 25, and 50 equivalents. Each sample was incubated at room temperature for 2 hours. 

The final DMSO concentration in each sample is 0.2%. All MS data were acquired on a 

quadropole ion mobility time-of-flight (TOF) mass spectrometer (Synapt G2S HDMS, 

Waters, Milford, MA, USA). Ions were produced by positive electrospray ionization (ESI) 

with a capillary voltage of 2 kV. The source temperature was set to 120 °C, with a sampling 

cone set to 150 V and the extraction cone set to 50 V. The trap cell containing argon gas 

was set at a pressure of 3.14 x 10-2 mbar. Trap and transfer collision energies were set to 

20 V and 10 V respectively. The TOF pressure operated at 1.25 x 10-6 mbar. 
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Chapter 4. Bifunctional Ligand Design for 
Modulating Mutant p53 Aggregation in Cancer 

Adapted from Miller, J. J.1, Blanchet, A.2, Orvain, C.2, Nouchikian, L.3, Reviriot, Y.1, Clarke, 

R. M.1, Martelino, D.1, Wilson, D.3, Gaiddon, C.2, and Storr, T.1 Chem. Sci. 2019, 10, 

10802-10814. 

1Department of Chemistry, Simon Fraser University, Burnaby, British Columbia, Canada. 

2INSERM, Molecular Mechanisms of Stress Response and Pathologies, Université de 

Strasbourg, Strasbourg, France. 

3Chemistry Department, York University, Toronto, Ontario, Canada 

JJM performed the synthesis with assistance from YR. JJM carried out the spectroscopic 

titrations and zinc-binding studies. JJM and RMC performed the crystallography. JJM and 

CO performed the zinc uptake experiments. JJM performed the light scatter experiments, 

TEM, immunofluorescence, cytotoxicity, cleaved caspase-3, immunoprecipitation, and 

RT-qPCR studies. JJM and LN carried out the native MS studies. AB performed the 

organoid and mouse toxicity studies.  

4.1. Introduction 

Amyloidogenic proteins are prone to endogenous misfolding and prion-like 

conversion from a soluble, folded protein into alternative oligomeric and fibrillar 

structures.158, 369-371 Proteins characterized by this feature include amyloid-β, tau, TDP-43, 

SOD1, and α-synuclein and contribute to a wide range of diseases including Alzheimer’s 

disease and Amyotrophic Lateral Sclerosis (ALS).372-375 These proteins exhibit toxic gain-

of-function (GoF) effects by self-propagating and acting as seeds to initiate 

aggregation.376-377 Recent studies have demonstrated that similar to neurodegenerative 

diseases, protein misfolding and aggregation play a role in cancer development through 

misfolding of the tumour suppressor protein p53.155-156, 204-205, 378-379 In particular, 

aggregation of mutant forms of p53 not only leads to loss of function (LoF), but it can exert 

a dominant-negative (DN) effect on WT p53. This occurs when it is converted into an 

aggregated species and is prevented from binding DNA, thus leading to loss of tumour 



103 

suppressor function. Further, mutant p53 possesses GoF properties wherein co-

aggregation with homologous proteins, p63 and p73, can occur in a cross-seeding fashion 

to form amyloid oligomers and fibrils.156, 162, 164, 380-381. Overall, higher degrees of p53 

aggregation have been associated with more invasive tumours,160 and thus inhibiting its 

aggregation represents a promising avenue for anticancer therapy.  

p53 plays a critical role in controlling the cell cycle by initiating apoptosis, DNA 

repair, and cell cycle arrest of damaged cells.58, 141, 271, 273 The core DNA-binding domain 

of p53 (p53C) contains a single Zn2+ ion that is essential for proper protein folding and 

function.151 However, in over 50% of cancer diagnoses, single point mutations render this 

protein inactive, the most common of which affect the protein’s tertiary structure and 

frequently result in a loss or alteration of Zn-binding at the core site.274-276, 283 This can lead 

to protein unfolding and enhanced aggregation due to exposure of the amyloidogenic 

region of the protein (residues 251-257) that is normally buried within the protein’s core 

(Figure 4.1). 163, 283 Kinetic studies indicate that this occurs via a two-step process wherein 

the first involves relatively slow unfolding of p53C to expose the aggregation nucleus 

followed by a second, rapid aggregation step.291, 382 Interestingly, apo p53C (zinc-free) 

increases the aggregation process via nucleation with zinc-bound p53C and contributes 

to loss of protein function.223 The common hotspot mutant p53-Y220C destabilizes the 

protein’s tertiary structure due to an exposed cavity at the surface of the protein. This can 

result in a loss of Zn2+ and causes accelerated protein aggregation.151, 283, 290-291 While 

research regarding restoration of p53 function has largely focused on stabilization of 

mutant p53C,153, 203, 364, 383-388 repopulating the metal-depleted site via 

metallochaperones213, 219, 222 and inhibiting p53 aggregation146, 207, 389-392 could be an 

effective alternative strategy.  
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Figure 4.1.  p53C bound to DNA shown in gold (PDB ID: 2AHI). The amyloidogenic 
region of p53 (residues 251-257) is shown in red. Normally buried within 
the protein’s core, protein unfolding leads to exposure of this region and 
results in increased aggregation. The epitope recognized by PAb240 
(yellow segment), an antibody that specifically recognizes mutant p53, is 
also buried within the protein’s core under normal conditions and is 
exposed upon protein unfolding. 

More broadly, targeted metal ion chelation and redistribution has shown utility both 

as an anticancer strategy237, 242, 285-288 and in modulating amyloidogenic protein 

aggregation255, 296, 393-394 As such, a number of small molecule/peptide inhibitors of p53 

aggregation have been developed146, 207, 389-392 Specifically, Eisenberg and coworkers 

previously demonstrated the utility of a cell-penetrating peptide (ReACp53) targeted to 

interact with the amyloidogenic region of mutant p53 to inhibit its aggregation.163 This 

resulted in rescued p53 function in high-grade serous ovarian carcinomas and led to 

decreased tumour proliferation in xenograft models. This highlights that the design of 

small-molecule/peptide inhibitors of p53 aggregation to rescue protein function is an 

important and viable chemotherapeutic strategy. Herein, we describe two novel 

bifunctional ligands, L6 and L7 (Figure 4.2), designed to reactivate p53 by inhibiting mutant 

p53 aggregation and restore zinc-binding using a metallochaperone approach. Given the 
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increased propensity for aggregation and possible zinc loss in the common mutant p53-

Y220C, we used this as a model for testing compounds targeted to modulate mutant p53 

aggregation. We and others have previously demonstrated the utility of zinc 

metallochaperones and zinc complexes for restoring function in common p53 mutants.213, 

219, 222, 226, 364, 395-397 With reports showing that Zn-free p53 exhibits accelerated protein 

aggregation,162, 223, 283 the incorporation of a zinc metallochaperone unit to remetallate apo-

p53 in combination with an aggregation-inhibiting moiety could provide advantages over 

reported single-target compounds. In general, multifunctional agents can be 

advantageous due to their ability to act on multiple targets, resulting in additive or 

synergistic effects, thereby increasing their therapeutic potential.295 

In this chapter, two novel bifunctional ligands were synthesized and investigated 

for their ability to rescue wild-type function in mutant p53 by modulating protein 

aggregation and restoring zinc-binding via metallochaperone activity. We build off of our 

previous findings that the di-(2-picolyl)amine fragment has an appropriate binding affinity 

to increase intracellular levels of zinc in mutant p53 and investigate the metallochaperone 

properties of our new ligand series. An in depth study of the importance of the iodine in 

our ligand framework for binding to mutant p53 and inhibiting aggregation, activating 

specific cell death pathways, and exhibiting cytotoxic selectivity in cancer cells over non-

cancerous organoids, is highlighted in this work. 

 

Figure 4.2.  Chemical structures of ligands L6, L7, and Thioflavin T. 

4.2. Results and Discussion 

4.2.1. Ligand Design and Synthesis 

Amyloid aggregates of the p53 protein have been identified in tumour cell lines as 

well as patient biopsies and are correlated with tumour growth due to loss of protein 
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function.156, 160-162 Biophysical studies have characterized p53 aggregates as largely β-

sheet fibrils and demonstrate their ability to bind to the fluorescent amyloid marker 

Thioflavin T (ThT) (Figure 4.2).205 As such, we designed amyloid interacting molecules 

based on a structure similar to ThT. Di-(2-picolyl)amine groups were appended at the 2-

position as the zinc chelator based on the frequent use of this moiety in zinc 

chemosensors.300-303 A similar ligand scaffold was reported by Mirica and co-workers to 

interact with and modulate the aggregation of the amyloid-β peptide involved in 

Alzheimer’s disease.255 L6 contains an iodine substituent at the ortho position of the 

phenol functional group to probe the role of halogen bonding interactions and/or differing 

steric and electronic effects on influencing p53 aggregation (Figure 4.2). L6 and L7 were 

prepared via the Mannich reaction with 2-(4-hydroxy-3-iodo)benzothiazole (L6) or 2-(4-

hydroxy)benzothiazole (L7) and di-(2-picolyl)amine. L6 required a prior iodination step of 

4-hydroxybenzaldehyde with iodine monochloride. The synthetic routes are shown in 

Scheme 4.1. 

 

Scheme 4.1.  Synthesis of L6 and L7. Yields are 31% and 35%, respectively. 

4.2.2. Zinc Binding Affinities for L6 and L7. 

The reported models for Zn-binding in p53 were described in detail in Chapter 2. 

Briefly, two possible ligation sites are described, the native binding site (Kd1, 10-12 M) and 

the non native site (Kd2, 10-6 M). Metallochaperones designed to restore native zinc-

binding should have Zn2+ affinities between Kd1 and Kd2.152, 213, 222-223, 226 We demonstrate 

in Chapters 2 and 3 that despite the exact Kd1 value for p53-Y220C being unknown, Zn 

metallochaperones on the order of 10-12 M have appropriate affinities to increase 

intracellular zinc levels of zinc in cells expressing this mutant. Spectrophotometric (UV-

visible) pH titrations from pH 2-12 carried out to characterize ligand speciation are shown 

in Figure 4.3. The UV-vis spectra reveal a red shift from 315 to 360 nm for each ligand 

upon addition of NaOH. The experimental data was fit to an appropriate model and the 
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pKa values corresponding to the phenol, pyridine(s), and tertiary amines for each ligand 

are reported in Table 4.1. In each case, the highest pKas can be assigned to the phenol 

and ammonium group based on previously reported acidity constants,304-305 while the 

lowest pKas correspond to the pyridinium group.  

 

Figure 4.3.  (a,c) Variable pH titration plots for L6 and L7. (b,d) Simulated speciation 
diagrams of L6 and L7. Speciation diagrams made using HySS2009. 

 

Table 4.1.  pKa values as determined by variable pH UV-vis titrations (errors are for 
the last digit). 

Reaction L6 L7 

[H4L]3+ = [H3L]2+ + H+ (pKa1) 2.98(2) 1.13(2) 
[H3L]2+ = [H2L]+ + H+ (pKa2) 4.10(1) 4.78(2) 
[H2L]+ = [HL] + H+ (pKa3) 7.488(9) 7.05(2) 
[HL] = [L]- + H+ (pKa4) 9.928(5) 9.937(2) 
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By analyzing the speciation diagrams provided in Figure 4.4, a complete model of 

the Zn2+ affinity of each ligand at physiological pH (7.4) can be obtained. The speciation 

diagrams for L6 and L7 demonstrate that the model is described with only 1:1 ligand to 

metal species present (Figure 4.4 b,d). The concentration of free Zn2+ present in solution 

at a given pH, referred to as pM (pZn = – log[Znunchelated]), is a direct estimate of the metal-

ligand affinity when all species in solution are considered.308-310 Calculated pM (pZn) 

values for L6 and L7 (Table 4.2) are very similar (8.4 and 8.2) and are consistent with 

previously published reports containing similar ligands.255, 364 These values afford 

approximate dissociation constants (Kd) in the nanomolar range, an affinity appropriate for 

functioning as Zn metallochaperones for p53-Y220C.  

Table 4.2. Stability constants (log K) of the Zn complexes of L6 and L7 and 
calculated pM values[a] (errors are for the last digit). 

 

 
pZn[a] pH 7.4 

Log K 

 ZnL ZnLH 

L6 8.4 14.18(2) 8.21(7) 
L7 8.2 13.94(5) 5.51(6) 
[a] pZn was calculated using pZn = – log[Znunchelated]), where [Zn2+]free is determined from the HySS 
model.312 [L6-L7] = [Zn2+] = 12.5 µM, 25 °C, I = 150 mM NaCl 
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Figure 4.4.  (a, c) Variable pH titration plots for L6 + Zn2+ and L7 + Zn2+. (b, d) Simulated 
speciation diagrams of L6 + Zn2+ and L7 + Zn2+. Speciation diagrams made 
using HySS2009. 

Zn complexes of L6 and L7 were also isolated and characterized using NMR and X-ray 

crystallography (Figure 4.5 and Figure 4.6) and are in accord with the 1:1 binding of L6 

and L7 to Zn2+ modelled above for variable pH titrations. Complete crystallographic 

information is provided in Table 4.3. 
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Figure 4.5.  ORTEP of ZnL6Cl (50 % probability) using POV-Ray, excluding hydrogen 
atoms and solvent. Selected interatomic distances [Å]: Zn(1)-N(1): 
2.271(3), Zn(1)-N(3): 2.090(2), Zn(1)-N(4): 2.088(3), Zn(1)-O(1): 1.954(2), 
Zn(1)-Cl(1): 2.2978(8).  

 

Figure 4.6.  ORTEP of ZnL7Cl (50 % probability) using POV-Ray, excluding hydrogen 
atoms and solvent. Selected interatomic distances [Å]: Zn(1)-N(1): 
2.251(5), Zn(1)-N(3): 2.067(4), Zn(1)-N(4): 2.090(5), Zn(1)-O(1): 1.964(4), 
Zn(1)-Cl(1): 2.341(2). 
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Table 4.3. Selected crystallographic information for ZnL6Cl and ZnL7Cl. 

 

Crystallographic Information ZnL6Cl ZnL7Cl 

Formula C26H20ClIN4OSZn C26H21ClN4OSZn 
Formula weight 664.27 538.38 
Space group P21/c P -1 
a (Ǻ) 15.51(2) 13.30(6) 
b (Ǻ) 13.17(2) 14.24(7) 
c (Ǻ) 14.73(2) 15.81(8) 
α (deg) 90 101.7(2) 
β (deg) 116.8(10) 99.1(3) 
γ (deg) 90 99.5(2) 
V [Ǻ3] 2685.15 2832.98 
Z 4 2 
T (K) 293 150 
ρcalcd (g cm-3) 1.643 1.454 
λ (Ǻ) 1.54178 1.54178 
μ (cm-1) 12.148 3.163 
R indicesa with I > 2.0σ(I) (data) 0.0245 0.0784 
wR2 0.0645 0.1945 
R1 0.0263 0.0819 
Goodness-of-fit on F2 1.050 1.099 
aGoodness-of-fit on F.   

4.2.3. Increasing Intracellular Zn2+ in Cancer Cells 

To determine whether L6 and L7 could serve as Zn metallochaperones, we 

analyzed the changes in levels of intracellular Zn2+ in the gastric cancer cell line NUGC3 

expressing the p53-Y220C mutant. NUGC3 cells were incubated with the fluorescent Zn2+ 

sensitive probe FluoZin-3 (1 µM),313 50 µM of ZnCl2, and either DMSO for non-treated 

(NT) controls or 50 µM of L6 and L7. Pyrithione was used as a positive control for 

intracellular uptake of Zn2+.398 Subsequent imaging by fluorescence microscopy revealed 

that treatment with ZnCl2 alone or L6/L7 alone does not result in a significant increase in 

intracellular Zn2+ (Appendix C, Figure C7). However, addition of ZnCl2 in combination with 

L6 or L7 significantly increased intracellular Zn2+ levels as indicated by increased 

fluorescence (Figure 4.7), thus demonstrating that both ligands and extracellular Zn2+ are 

required. However, due to the similar Zn Kd values of FluoZin-3 and L6/L7 (Zn2+ Kd = ~ 

15 nM for FluoZin-3,313 4 nM for L6 and 6 nM for L7) Zn-binding to the fluorophore in this 

experiment is likely restricted, and thus total Zn uptake is underestimated. Quantification 

of fluorescent signals indicate that L6 and L7 increase intracellular Zn2+ by more than 3- 

and 2-fold, respectively, compared to the non-treated control. These results demonstrate 
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the potential of L6 and L7 to serve as Zn metallochaperones for mutant p53 by increasing 

intracellular Zn2+ concentrations. 

 

Figure 4.7.  Treatment of NUGC3 (p53-Y220C) with L6 and L7 increases intracellular 
Zn2+. (a) Imaging of intracellular Zn2+ levels in complete serum-free media. 
NUGC3 cells were incubated with 1 µM FluoZin-3 for 20 minutes at 37°C, 
followed by incubation with indicated treatment (ZnCl2 = 50 µM, L6 = L7 = 
50 µM, 50 µM PYR) for 2 hours. Cells were imaged using a Nikon ApoTome 
microscope and fluorescence-quantified using ImageJ. (b) Fluorescence 
intensity of FluoZin-3 at 488 nm demonstrating relative Zn2+ levels. Blue 
dots represent average fluorescence intensity of imaged cells per individual 
trial.  Black line indicates mean values, while black error bars demonstrate 
the 95% confidence interval. Statistical differences were analyzed using 
One-Way ANOVA with multiple comparisons (Dunnett test). * indicates 
statistical differences from control with p < 0.001. 
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4.2.4. Effects of L6 and L7 on Mutant p53 Aggregation 

To further explore the bifunctional nature of L6 and L7, we investigated their effects 

on the aggregation process of mutant p53 in vitro. The core DNA-binding domain of mutant 

p53-Y220C (p53C-Y220C) was incubated at 37 °C and light scattering at 500 nm was 

monitored over time. Protein alone (5 µM) demonstrated a rapid growth phase which 

continued to increase until two hours, where a plateau is observed, indicating a depletion 

of the substrate (Figure 4.8). Aggregation does not significantly increase past three hours 

up to six hours of monitoring (data not shown). Conversely, addition of one equivalent (5 

µM) of L6 significantly inhibits mutant p53 aggregation, resulting in nearly 50% reduction 

of aggregation after only 3 hours. This effect is concentration dependent as the addition 

of only 10 µM results in nearly complete inhibition of mutant p53 aggregation. Interestingly, 

the same result is not obtained with the addition of L7, as neither the addition of 5 or 10 

µM of L7 cause inhibition of p53 aggregation. This result is unexpected given their 

structural similarity and hints at the importance of the iodine moiety in the L6 structure. 

Increasing the L6 or L7 concentrations up to 25 µM afforded similar changes in 

aggregation compared to results at 10 µM (data not shown).  

 

Figure 4.8.  (a) 5 µM p53C-Y220C in 30 mM Tris-HCl, 150 mM NaCl, pH 7.4 was 
incubated at 37 °C. Light scattering at 500 nm was monitored over time 
from 0 to 6 hours. Absorbance readings were recorded every 3 minutes, 
with 30 seconds of agitation before each reading. Addition of 5 and 10 µM 
of L6 shows concentration dependent inhibition of mutant p53 aggregation. 
(b) Addition of 5 and 10 µM of L7 results in no significant changes in mutant 
p53 aggregation. (c) Percent changes in light scattering of mutant p53 upon 
addition of 10 µM L6/L7 after 2 hours of incubation at 37 °C. 

To investigate whether this effect was exclusive to p53-Y220C, we also tested the 

effect of L6 and L7 on the aggregation of wild-type p53 under aggregating conditions. L6 
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can also modulate the aggregation of wild-type p53, however, to a lesser extent in 

comparison to p53C-Y220C (Figure 4.9). L7 had no effect on the aggregation of wild-type 

p53, similar to the results for p53C-Y220C. Overall, this suggests that L6 could be used 

to modulate p53 aggregation beyond the specific p53-Y220C mutant. 

 

Figure 4.9.  5 µM wild-type p53 in 30 mM Tris-HCl, 150 mM NaCl, pH 7.4 was incubated 
at 37 °C. Light scattering at 500 nm was monitored over time from 0 to 3 
hours. Absorbance readings were recorded every 3 minutes, with 30 
seconds of agitation before each reading. (a) Addition of 5 and 10 µM of 
L6 shows inhibition of aggregation. (b) Addition of 5 and 10 µM of L7 results 
in no significant changes in p53 aggregation. 

Similar aggregation profiles are obtained when monitoring aggregate size 

distribution via gel electrophoresis, wherein incubation of mutant p53 with two equivalents 

of L6 for two hours prevents aggregation and an intense band representative of 

monomeric species is observed (Figure 4.10 a). Conversely, protein alone and incubation 

with two equivalents of L7 results in limited soluble species observable on the gel. These 

results were further corroborated upon investigation of aggregate morphology via 

transmission electron microscopy (TEM). After 30 minutes of incubation at 37 °C under 

constant agitation, p53 exhibits only amorphous aggregate structures by TEM, however, 

after 2 hours, mostly fibrillar structures are observed (Figure 4.10 b). Upon incubation of 

two equivalents (10 µM) of L6, fibrillar structures are inhibited and mostly amorphous 

aggregates were observed. Conversely, addition of 10 µM of L7 resulted in the 

observation of mostly fibrillar structures. 
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Figure 4.10.  (a) Gel electrophoresis and Western Blot of 8 µM p53C-Y220C in 30 mM 
Tris, 150 mM NaCl, pH 7.4 (NT – lane 1) and two equivalents of L6 (lane 
2) and L7 (lane 3) after a 2-hour incubation with constant agitation at 37 
°C. Western Blot was revealed using the primary antibody PAb240, which 
recognizes mutant p53. (b) TEM images of 8 µM mutant p53C-Y220C 
under specified conditions. 

Using recombinant protein, we demonstrated the ability of L6 to significantly inhibit 

mutant p53 aggregation in contrast to L7, which has no observable effect. We sought to 

determine whether this stark contrast is still observed in cancer cell lines. It is important to 

study protein aggregation in the context of its complex cellular environment due to factors 

such as molecular chaperones and proteases, which are known to play a key role in 

protein folding.399 To this end, we used immunofluorescence to study the behaviour of p53 

aggregation upon treatment with L6/ L7 in NUGC3 cells. Further cell studies were carried 

out at 25 µM (vide infra), as this concentration corresponds to the IC50 value for L7 (Table 

4.5). Using the p53 antibody DO-1, we detected high levels of p53 expression in NUGC3 

(Figure 4.11). Overexpression of p53 is commonly reported in cancer cell lines containing 

mutant p53 as the impaired function can often lead to changes in protein conformation 

and alter stability when targeted for degradation, leading to its accumulation.160, 400-404 We 

also observed high expression levels of aggregates in the NUGC3 cell line using the 

antibody A11, which has been used previously to label p53 aggregates.160-161, 405 Under 

non-treated conditions, NUGC3 showed widespread protein aggregation via A11 that 

colocalized with p53. Interestingly, 24 hours of treatment with 25 µM L6 significantly 

decreased the amount of A11-detected aggregates and resulted in decreased 
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colocalization observed between DO-1 (p53) and A11. This indicates that L6 is effective 

at reducing p53 aggregation in the mutant p53 cell line. In agreement with results obtained 

in the p53 aggregation experiment above, the addition of 25 µM L7 did not decrease the 

levels of A11-detected aggregates in comparison to the control. In addition, significant co-

localization between DO-1 (p53) and A11 is observed.  

 

Figure 4.11.  NUGC3 cells were treated with 25 µM L6/L7 or 0.1% DMSO (NT) for 24 
hours followed by labelling with anti-p53 (DO-1) and anti-oligomer (A11) 
antibodies at concentrations of 1:1000 and 1:100 respectively. Nuclei were 
stained with DAPI, followed by imaging using a fluorescence microscope. 
Columns from left to right include: DO-1 (anti-p53), A11 (anti-oligomer), and 
co-immunofluorescence of DO-1 and A11. The white arrows are 
representative of the overlap between DO-1 and A11. The scale bar 
represents 50 µm. 

We also investigated changes in p53 aggregation via co-immunofluorescence with 

DO-1 and ThT, a fluorescent dye that labels misfolded amyloid aggregates.406 Treatment 

with 25 µM L6 led to an observable decrease in colocalization between p53 and ThT, 

whereas treatment with 25 µM L7 exhibits high levels of colocalization similar to non-
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treated controls (Figure 4.12). Taken together, these results highlight the key importance 

of the iodine moiety of L6 for modulation of mutant p53 aggregation even in cellular 

systems. 

 

Figure 4.12.  NUGC3 cells were treated with 25 µM L6, L7, or 0.1% DMSO (NT) for 24 
hours followed by labelling with anti-p53 primary antibody DO-1 (1:1000) 
and ThT (1 mM). Nuclei were stained with DAPI, followed by imaging using 
a Nikon ApoTome microscope. Columns from left to right include: DO-1 
(anti-p53), ThT, and co-immunofluorescence of DO-1 and ThT. The scale 
bar represents 50 µm. 

4.2.5. Interaction Between L6/L7 and Mutant p53 

The distinct differences between L6 and L7 in modulating mutant p53 aggregation 

prompted an investigation into the potential differential binding of our bifunctional ligands 

with mutant p53. Using native mass spectrometry, we observe that the addition of 

increasing concentrations of L6 affords an additional species in the mutant p53 spectrum. 

This corresponds to a mass increase of 564 Da, which is indicative of one equivalent of 
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L6 bound to p53 (Figure 4.13). At higher equivalents of L6, a peak corresponding to a 

1128 Da mass increase is evident, indicating the interaction of two L6 ligands with mutant 

p53. In contrast, no evidence of L7 interacting with mutant p53 was observed, even at 

higher concentrations. This suggests that the ability of L6 to modulate and reduce mutant 

p53 aggregation is a result of direct interactions with the protein and could explain why 

mutant p53 aggregation is not perturbed in the presence of L7. While this result is both 

interesting and surprising due to their structural similarity, it is possible that the iodine is 

contributing to halogen bonding, which would result in favourable interactions with the 

exposed aggregation-prone, hydrophobic protein segment.407 Recent pharmaceutical 

advances have highlighted the advantages of halogen bonding and demonstrated 

significantly improved binding of many small molecules to their protein targets due to 

halogen bonding to carbonyl groups.153, 268-270 Furthermore, Eisenberg and co-workers 

have previously demonstrated that by binding the exposed hydrophobic segment of p53, 

protein aggregation was prevented and therefore contributed to restored protein 

function.163 
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Figure 4.13.  Native mass spectrometry results using recombinant p53C-Y220C (3 µM) 
incubated with (a) 0.2% DMSO (b) 30 µM L6 (c) 75 µM L6 (d) 30 µM L7 
and (e) 75 µM L7 for 2 hours at room temperature. • Indicates a 564 Da 
mass increase representing an interaction between mutant p53 and L6, * 
indicates an 1128 Da mass increase representing an interaction between 
mutant p53 and 2 L6. [9+] represents the charge state of p53C-Y220C. 

4.2.6. Restoration of p53 Function 

To determine if the ligands could restore wild-type function to mutant p53, we first 

investigated whether they reduced mutant p53 levels via immunoprecipitation with the 

PAb240 anti-p53 antibody. The PAb240 antibody recognizes a specific antigen buried 

within the protein core (residues 213-217), and therefore can only recognize at least 

partially unfolded p53.163 Using native lysates from NUGC3 cells treated in the absence 

or presence of increasing concentrations of L6 and L7, we immunoprecipitated mutant 
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p53 and performed Western Blot with DO-1, which recognizes p53 regardless of 

conformation. As shown in representative immunoprecipitation experiments, NUGC3 

under non-treated conditions expressed an intense band for PAb240, which is expected 

given its p53 mutant status (Figure 4.14). Overnight treatment with L6 and L7 were able 

to reduce levels of mutant p53 by 54% and 47%, respectively. These results indicate that 

upon treatment with our bifunctional ligands, p53 conformation is altered wherein the 

antigen recognized by PAb240 is now buried within the protein’s core. 
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Figure 4.14.  NUGC3 cells were treated for 13 hours with L6 and L7 at the indicated 
concentrations. Cells were then lysed and proteins were 
immunoprecipitated using the p53 antibody PAb240 that 
immunoprecipitates only mutated p53. Precipitated proteins were 
separated on a 10% SDS page gel and incubated with the p53 antibody 
(DO-1), which recognizes both mutated and wild-type p53. An unrelated 
antibody was used as a negative control for immunoprecipitation (IgG). 
Actin protein levels present in the lysate are shown as a control for the 
amount of protein used in the immunoprecipitation. (a) Representative 
Western Blot image of lysate conditions added to the PAb240 antibody 
prior to immunoprecipitation (b) Representative Western Blot image of 
eluate samples removed post immunoprecipitation (c) Quantification of 
relative PAb240 antibody levels from eluates in part (b). 

Upon determination that our bifunctional ligands reduced mutant p53 levels in 

NUGC3 cells, we investigated whether this was coupled with an increase in the expression 

levels of several p53 target genes that are involved in either cell cycle arrest (p21) or 

apoptosis (NOXA, PUMA).58, 277 Expression levels were also monitored in p53-silenced 

NUGC3 cells using the p53 silencing RNA (sip53) to probe the extent of p53 dependence 

in this experiment. NUGC3 cells were treated for 6 hours with 25 µM of L6 or L7 and the 

expression level of p53 and three of its representative target transcripts (p21, NOXA, 
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PUMA) were measured by RT-qPCR. Strikingly, treatment of NUGC3 with L6 and L7 in 

the presence of a non-targeting siRNA used as a control, SiCT, resulted in a 4.3- and 3.9-

fold increase in p21, a common indicator of p53 function (Figure 4.15).126-127 A 2.0- and 

1.5-fold increase in NOXA was also observed upon treatment with L6 and L7, respectively. 

No changes in PUMA expression are observed upon treatment with L6 or L7 during the 

6-hour treatment time of this experiment. The changes in p21 and NOXA were obtained 

without increasing p53 expression levels, suggesting restored p53 function in mutant p53 

wherein cell cycle arrest and apoptotic pathways are now activated. Silencing of p53 with 

sip53 resulted in a significant decrease in p21 levels in the presence of L6. Notably, p21 

expression was not completely abolished. This may be a result of several causes: one 

possibility is the lack of complete silencing of the p53 protein, however, another likely 

explanation is related to the ability of mutant p53 to bind and inactivate p63 and p73, both 

of which regulate target genes p21 and NOXA.339-342 Thus, knock-out of mutant p53 might 

result in increased activity of p63 and p73, causing an increase in p21/NOXA expression 

levels. Interestingly, the addition of sip53 to L7 treatment resulted in no significant 

difference in p21 and NOXA expression levels from SiCt conditions. These results can be 

rationalized when considering the aggregation experiments above, as L6 interacts directly 

with mutant p53 and reduces aggregation whereas L7 has no observable effect. This 

suggests that in contrast to L6, L7 may act largely through a p53-independent mechanism. 
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Figure 4.15.  NUGC3 cells were transfected with control siRNA (siCT) or siRNA directed 
against p53 (sip53) and then treated for 6 hours with 25 µM of L6 and L7. 
Total RNAs were extracted and RT-qPCR performed to measure the 
expression of TP53 (p53), p21, PUMA, and NOXA. Bars represent means 
of triplicates with error bars. 

4.2.7. In Vitro Cytotoxicity 

The cytostatic (GI50) and cytotoxic (LC50) activities of L6 and L7 were evaluated 

against a panel of 60 cancer cell lines (NCI-60 screening program) containing a wide range 

of cancer types. Both ligands passed the minimum cytotoxic threshold in the 1-dose assay 

to advance to 5-dose testing and showed high activity across all 60 cell lines as 

demonstrated by their average growth inhibitory (GI50) concentrations (Table 4.4). L6 

exhibited a 3-fold increase in average GI50 compared to both L7 and cisplatin and a 6-fold 

decrease in average GI50 compared to oxaliplatin. The corresponding zinc complexes 

ZnL6Cl and ZnL7Cl were also tested but exhibited lower biological activity at the initial 

test concentration of 10 µM and were not subjected to further studies. A heat map 

summarizing the patterns of in vitro cytostatic and cytotoxic activities from low activity 

(blue) to high activity (red) is shown in Figure 4.16. 
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Table 4.4.  Mean GI50 and LC50 values for L6, L7, Cisplatin, and Oxaliplatin from the 
NCI-60 screen. 

 

Ligand NSC Number[a] GI50 (µM)[b] LC50 (µM)[b] 

L6 788648 0.44 93.8 
L7 788649 1.58 79.2 
Cisplatin408 119875 1.5 44.0 
Oxaliplatin408 226046 2.8 > 90 

[a] NSC number is the compounds internal ID number at the National Cancer Institute. [b] GI50 values 
correspond to the dose that inhibits 50% of cell growth compared to non-treated controls, while LC50 
indicates the concentration required to kill 50% of treated cells.320 
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Figure 4.16.  Heat map showing the in vitro cytostatic (GI50) and cytotoxicity (LC50) of L6 
and L7 in the NCI-60 screen. Blue indicates low cytotoxicity (100 µM) and 
red indicates high cytotoxicity (0.01 µM). 

The in vitro cytotoxicity of ligands L6 and L7 was also tested in the gastric cancer 

cell line NUGC3. Gastric cancer is the second leading cause of cancer-related deaths 

worldwide and contains a wide range of p53 mutations that are present in up to 77% of 

gastric carcinomas.409 Using standard MTT protocols,356 we determined that L6 exhibited 
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a significant 11-fold increase in cytotoxicity compared to oxaliplatin and a 5-fold increase 

in cytotoxicity over L7 (Table 4.5).  

Table 4.5.  In vitro cytotoxicity (IC50 values)[a] data for stomach cancer cell lines 
NUGC3 upon indicated treatment for 48 hours. 

 

Ligand NUGC3 (p53Y220C) IC50
[a] (µM) 

L6 5 ± 1 
L7 25 ± 3 
Cisplatin408 20 ± 2 
Oxaliplatin408 50 ± 3 
[a] IC50 is the concentration needed for 50% reduction of survival based on survival curves.323 

4.2.8. Apoptotic Effects of L6 and L7 in Human Gastric Cancer Cell 
Lines 

To investigate the molecular basis for the observed cytotoxicity, we examined 

whether L6 and L7 could induce apoptosis in gastric cancer cell lines containing wild-type 

(AGS) and mutant p53 (NUGC3). AGS and NUGC3 cells were treated with IC50 and IC75 

concentrations of ligands L6 and L7 and oxaliplatin for 48 hours and then cleavage of 

caspase-3 and p53 protein levels were assessed via Western Blot. In the wild-type p53 

cell line, oxaliplatin exhibits a significant increase in p53 levels, however, very little 

cleavage of caspase-3 is observed at selected concentrations (Figure 4.17 a). Neither L6 

nor L7 induced any changes in either p53 expression levels or cleavage of caspase-3, 

even at the IC75 concentration. In the NUGC3 cell line, cleavage of caspase-3 is observed 

with oxaliplatin and L6, whereas no caspase-3 cleavage is observed with L7 (Figure 4.17 

b). NUGC3 cells were also treated with 25 µM of oxaliplatin, L6, or L7 as this concentration 

of L6 resulted in reduction of mutant p53 aggregation in NUGC3 cells, and therefore we 

investigated whether this was coupled with an induction of apoptosis. Upon treatment of 

NUGC3 cells with 25 µM of indicated compound for 48 hours, the  Western Blot revealed 

that L6 did in fact result in a strong presence of cleaved-caspase-3 as indicated by the 

intense band in Figure 4.17 c. Treatment with L7 also resulted in cleavage of caspase-3, 

however to a significantly lesser extent than treatment with L6. Oxaliplatin did not induce 

caspase-dependent apoptosis in NUGC3 cells at 25 µM. Interestingly, this induction of 

apoptosis by L6 and L7 in NUGC3 cells was not abolished by treatment with sip53, but 

rather an increase in cleaved caspase-3 is observed. While this could be an indication of 

off-target effects, the p53-dependent increase in apoptosis is suggestive of a removal of 
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toxic gain-of-function effects from mutant p53 aggregates.410 Furthermore, although faint, 

the presence of cleaved caspase-3 under sip53 NT conditions additionally suggests 

removal of toxic gain-of-function effects rather than off-target mechanisms. Gain-of-

function effects for mutant p53 have been well characterized, and structurally destabilized 

mutants have been documented to co-aggregate with the homologous protein p73, 

thereby inactivating its function.339, 411-415 Thus, removal of mutant p53 in this case could 

result in p73-mediated apoptosis. Although this hypothesis is attractive and highly 

plausible, it is likely that additional mechanisms are also involved. 
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Figure 4.17.  AGS cells (a) and NUGC3 cells (b) were treated for 48 hours with the IC50 
and IC75 concentrations of indicated compound. Proteins were extracted, 
and 20 µg were separated on SDS PAGE. Cleaved caspase-3 (Caspase 
3*), p53, and actin were then detected by Western Blot. (c) NUGC3 cells 
were treated with 25 µM of indicated compound for 24 hours. Proteins were 
extracted, and 40 µg was separated on SDS PAGE. Cleaved caspase-3 
(Caspase 3*), p53, and actin were detected by Western Blot. 

To further explore possible cell death pathways activated by our ligands, we 

investigated whether L6 and L7 were involved in caspase-independent cell death. 

Specifically, we investigated whether they participated in translocation of the apoptosis 

inducing factor (AIF). During apoptosis, AIF moves through the outer mitochondrial 

membrane into the cytosol and participates in chromatin condensation and DNA-

fragmentation upon translocation into the cell nucleus.100, 112, 416 Using 

immunofluorescence and confocal microscopy, we monitored AIF localization upon 
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treatment of L6 and L7 in NUGC3 cells. In NT conditions, AIF punctate staining is 

observed that spares the nucleus, exhibiting mitochondrial localization (Figure 4.18). Upon 

treatment with 5 µM L6 for 24 hours, AIF expression is largely upregulated, and nuclear 

localization is partially observed. Increasing concentrations of L6 (25 µM) lead to almost 

completely diffuse and nuclear staining, indicative of apoptotic cells. In contrast, very little 

change in AIF expression levels or localization is observed upon treatment with L7, again 

highlighting the increased apoptosis-inducing activity of L6 in mutant p53 cell lines. 

Importantly, studies have shown that in mutant p53 cell lines, caspase-independent cell 

death is compromised, and that functional p53 could regulate AIF expression and result 

in activation of cell death.417-418 This provides further indication that by reducing mutant 

p53 aggregation, L6 can restore protein function and activate otherwise compromised cell 

death pathways. 

 

Figure 4.18.  NUGC3 cells were treated with 5 and 25 µM L6/L7 or 0.1% DMSO (NT) for 
24 hours followed by labelling with anti-AIF antibody (1:1000). Nuclei were 
stained with 4′,6-diamidino-2-phenylindole (DAPI), followed by imaging 
using a Nikon ApoTome microscope. Columns from left to right include: 
AIF, DAPI, and coimmunofluorescence of AIF and DAPI. The white arrows 
are representative of the overlap between AIF and DAPI. The scale bar 
represents 50 µm. 

Platinum-based chemotherapy is among the first line standard of care for gastric 

cancer patients, however, cancers with p53 mutations often exhibit decreased sensitivity 
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and increased resistance to platinum agents.243-245 This is due to the fact that the 

mechanism of these agents includes induction of DNA damage, which leads to 

downstream activation of the p53 pathway, providing that functional p53 is present.18, 163 

With up to 77% of gastric cancers harbouring p53 mutations,409 co-administration of 

agents that first restore p53 function and exhibit a synergism with platinum agents are 

highly desirable. To this end, we tested whether pre-incubation of NUGC3 cells with L6 

could result in an activation of apoptosis with oxaliplatin. Incubation of NUGC3 cells for 48 

hours with 25 µM oxaliplatin or 5 µM L6 separately results in no to very little cleavage of 

caspase-3 (Figure 4.19). However, pre-incubation with 5 µM L6 for two hours followed by 

subsequent incubation with oxaliplatin for 48 hours results in a significant increase in 

cleaved caspase-3.  

 

Figure 4.19.  (a) NUGC3 cells were treated with 5 or 25 µM of indicated compound for 
48 hours. In the case of cotreatment, cells were incubated with L6 for 2 
hours followed by a total 48-hour incubation with 25 µM oxaliplatin. Total 
protein was extracted, and 40 µg were separated on SDS PAGE. Cleaved 
caspase-3 (Caspase 3*) and actin were detected by Western blot. (b) 
Quantification of relative cleaved caspase 3 levels obtained by Western 
blot analysis upon cotreatment with L6 and oxaliplatin. Western blot image 
quantified using SynGene tools 

Similarly, pre-incubation with L6 followed by additional incubation with oxaliplatin 

for 24 hours further induced PUMA expression and the ratio of BAX (proapoptotic) and 

Bcl2 (antiapoptotic) expression compared to individual treatments. (Figure 4.20). The ratio 

of BAX/Bcl2 has been described as an indicator of apoptosis sensitivity as an increased 
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ratio results in a higher response to apoptotic signals.419-420 The result for cleaved 

caspase-3 and BAX/Bcl2 highlight a possible synergistic mechanism between L6 and 

oxaliplatin and provides a potential application for L6 in co-administration with platinum 

agents for tumours harbouring malfunctioning p53. 

 

Figure 4.20.  NUGC3 cells were treated with 10 µM of indicated compound for 48 hours. 
In the case of co-treatment, cells were incubated with L6 for 2 hours 
followed by a total 24-hour incubation. RNAs were extracted and RT-qPCR 
for PUMA, BAX, and Bcl2 mRNAs quantification were performed. Graphs 
represent means with error bars of mRNA expression relative to the NT 
control (Ct). BAX and Bcl2 are represented as a ratio of their relative 
expression that is representative of cell death activation. 

4.2.9. Cytotoxicity in Non-Cancerous Intestinal Organoids 

Despite new anti-cancer drugs representing one of the largest areas in 

pharmaceutical development, the onset of adverse side effects from chemotherapeutics 

still presents a major clinical hurdle.421-422 Promisingly, pharmacological restoration of p53 

function has been associated with increased protection of normal cells from cytotoxicity 

due to their selective nature of targeting mutant p53-bearing tumours.423-424 To this extent, 

we tested the cytotoxicity of L6 and L7 in non-cancerous cells using mouse small intestine 

organoids. Intestinal organoids are three-dimensional multicellular structures that 

comprise of crypts and villi to reproduce an intestinal organization. They are an important 

aspect in drug discovery due to their increased similarities to physiological models over 

two-dimensional cell lines. The three-dimensional organization with budding is an 
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indication of a heathy and viable organoid.425-426 To analyse the cytotoxicity of our 

compounds on normal organoids, we performed a long-term survival assay by monitoring 

organoid viability over a 23-day period. To further elucidate the impact of treatment on the 

organoid organization, we performed an immunofluorescence assay and monitored 

organoid shape upon treatment with L6 and L7. Organoids were classified as normal, 

disorganized, dying, or dead based on the images obtained (see Figure 4.21 and Table 

4.6 for description and quantification of each classification system).  

 

Figure 4.21.  Intestinal organoids were incubated and monitored for 72 hours. F-actin 
(red) and nuclei (blue) were stained using Phalloidin and DAPI, 
respectively, at recommended concentrations and imaged using a Nikon 
ApoTome microscope. Organoids were then classified as normal, 
disorganized, dying, or dead based on cell morphology. Representative 
images for each classification condition are shown above. The scale bar 
represents 50 µm. 

Table 4.6.  Number of organoids counted in each classification system per indicated 
treatment condition. 

Treatment Normal Disorganized Dying Dead Total 

NT 84 35 20 6 145 
25 µM OXA 0 87 42 36 165 
2.5 µM L6 64 45 11 10 130 
5 µM L6 77 70 27 16 190 
10 µM L6 41 76 33 11 161 
2.5 µM L7 41 63 30 27 161 
5 µM L7 0 27 45 64 136 
10 µM L7 0 0 0 166 166 

 

Interestingly, treatment with L6 retained mostly viable organoids after a 72-hour 

period resembling normal and disorganized structures similar to the NT control (Figure 

4.22). In contrast, treatment with oxaliplatin resulted in about 50% of organoids classified 
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as either dying or dead, and strikingly, after 72 hours all organoids treated with L7 were 

dead. 

 

Figure 4.22.  (a) Intestinal organoids were treated with indicated compound and 
monitored for 72 hours. F-actin (red) and nuclei (blue) were stained sing 
Phalloidin and DAPI, respectively, at recommended concentrations and 
imaged using a Nikon ApoTome microscope. The scale bar represents 50 
µm. (b) Characterization and quantification of organoids as either normal, 
disorganized, dying, or dead upon indicated treatment based on images 
obtained in part a. ca. 150 organoids were counted and analyzed for each 
condition. 

To further probe their differing cytotoxicity in our non-cancerous organoid model 

and investigate the mechanism by which L6 imparts cytotoxicity, we incubated cells 

treated with oxaliplatin, L6, and L7 with an antibody recognizing cleaved caspase-3. In 

agreement with the results obtained above, treatment with L6 resembled that of non-

treated conditions with no significant cleaved caspase-3 detected (Figure 4.23). In 

contrast, significant cleavage of caspase-3 was detected upon treatment with oxaliplatin 

and L7, indicating that both treatments induce apoptosis in non-cancerous organoids. 
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Figure 4.23.  Intestinal organoids were treated with indicated compound for 24 hours. F-
actin (red) and nuclei (blue) were stained using Phalloidin and DAPI 
respectively. Apoptotic cells are stained using cleaved caspase-3 (green). 
Antibodies were used at recommended concentrations and imaged using 
a Nikon ApoTome microscope. The scale bar represents 50 µm. 

Importantly, even over a period of 23 days, organoid treatment with L6 (2.5 and 5 

µM) has a similar survival profile to NT organoids, resulting in substantial viability after 23 

days (Figure 4.24). In contrast, treatment with L7 resulted in complete cell death after 5 

days (5 µM). Treatment with L6 also results in organoids with more budding than those 

treated with L7.  
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Figure 4.24.  Intestinal organoids were treated with indicated compound and monitored 
for 23 days. Graph shows survival curves for each condition. *** indicates 
p<0.001 established by One-Way ANOVA followed by a Dunnett post-test. 

Finally, given that chemotherapeutic regimens involve treating patients at the 

maximum tolerated dose (MTD), we sought to determine the maximum dose of L6 

tolerated in normal C57BL/6 mice. Promisingly, no decrease in weight is observed up to 

13 mg/kg L6 treatment (Figure 4.25), which corresponds to the solubility limit of L6. 

Overall, these results highlight that by iodination of our bifunctional scaffold, we have 

increased cytotoxicity in cancerous cells lines yet have significantly decreased cytotoxicity 

in a non-cancerous organoid model. Taken together, these results highlight L6 as a 

suitable candidate for in vivo testing in xenograft models. 
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Figure 4.25.  C57BL/6 mice were injected intraperitoneally with increasing doses of L6 
and monitored twice a week for five weeks. Mean weight of mice (three 
groups with n=4) are shown as averages ± SD.  

4.3. Summary 

Restoration of p53 function holds significant promise in the search for effective 

chemotherapeutics as over 50% of cancer diagnoses are attributed to mutant p53. Given 

that a large proportion of these mutations result in accelerated protein aggregation and 

contribute to loss of function, molecules aimed to inhibit protein aggregation are of 

particular interest. Importantly, the loss of zinc within the protein’s DNA-binding core 

further increases the aggregation process via nucleation with zinc-bound p53C. In this 

work, we have designed bifunctional ligands (L6 and L7) aimed to restore p53 function by 

modulating mutant p53 aggregation and incorporating zinc-binding fragments for 

metallochaperone activity. After extensive characterization of the zinc-binding capability 

of L6 and L7, we show that our bifunctional ligands significantly increase intracellular 

levels of zinc in cells, thus demonstrating their potential for metallochaperone function. 

Interestingly, upon investigation into their ability to modulate mutant p53 aggregation, we 

demonstrated that only the iodinated framework L6 was effective at inhibiting aggregation. 

This was demonstrated in recombinant systems via light scattering, TEM, gel 



137 

electrophoresis, and in cellular systems using immunofluorescence. These results 

prompted an investigation into the binding capabilities of these ligands with mutant p53. 

Using native MS, we showed that only L6 interacted with mutant p53. This result can 

explain the differing abilities of L6 and L7 to modulate mutant p53 aggregation and leads 

us to hypothesize that the iodine in L6 is contributing to favourable interactions with protein 

via the hydrophobic, aggregation-prone segment; further investigations into whether this 

interaction is a result of halogen bonding needs to be pursued. We further demonstrate 

the increased cytotoxicity of L6 in cancer cells compared to L7 and demonstrate that by 

restoring protein function, it contributes to activation of apoptotic pathways. L6 is well 

tolerated in non-cancerous organoids, whereas in contrast, L7 was highly toxic.  

Overall, we have demonstrated in this chapter that by iodination of our bifunctional 

framework, we have substantially changed the biological properties of our molecules. L6 

can modulate mutant p53 aggregation, activate otherwise inaccessible apoptotic 

pathways, and is well tolerated in non-cancerous 3D models. The utility of L6 in restoring 

p53-dependent pathways presents an interesting opportunity for co-administration with 

clinically approved platinum agents. Cancers with mutant p53 status have been 

associated with increased resistance, and thus restoring p53 function to increase the 

effectiveness of platinum agents is an interesting opportunity that we plan to investigate 

in the future. 

4.4. Experimental 

4.4.1. Materials and Methods 

All chemicals used were purchased from Sigma Aldrich at the highest grade 

available and were further purified whenever necessary.346-347 All compounds were dried 

under vacuum for 1 week before in vitro cytotoxicity testing. 1H and 13C NMR were 

recorded on Bruker-AV-400, 500, and 600 instruments. Elemental analyses (C, H, N) were 

performed by Mr. Paul Mulyk at Simon Fraser University on a Carlo Erba EA 1110 CHN 

elemental analyzer. Mass spectra (negative ion) were obtained on an Agilent 6210 time-

of-flight electrospray ionization mass spectrometer. Electronic absorption spectra were 

obtained on a Cary 5000 spectrophotometer. Scatter experiments were carried out on a 

Synergy 4 MultiDetection microplate reader (BioTek). TEM images were obtained on a 

STEM 1 – FEI Tecnai Osiris transmission electron microscope. Immunofluorescence 
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experiments were imaged using a fluorescence microscope (Axio Imager M2 Zeiss) 

coupled to a Hamamatsu’s camera Orca Flash 4v3, using the ApoTome.2 (Zeiss) function. 

4.4.2. Synthesis 

4-(benzo[d]thiazol-2-yl)-2-iodophenol (1): 

 

To a solution of 4-hydroxy-3-iodobenzaldehyde (0.59 g, 2.39 mmol) in EtOH (13 

mL) 2-aminothiophenol (0.30 g, 2.39 mmol) was added. Aqueous hydrogen peroxide (1.5 

mL, 30%, 6 molar equivalents) and 37% aqueous HCl (1.9 eq) were added. Upon stirring 

for 2 hours, a green precipitate formed. The precipitate was filtered, washed with cold 

ethanol, and dried in vacuo. Yield: 0.80 g, 95%. 1H NMR (400 MHz, MeOD): δ  = 8.47 (d, 

J = 2.2 Hz, 1H), 8.01 - 7.97 (m, 2H), 7.94 (dd, J = 8.5 Hz and 2.2 Hz, 1H), 7.54 (td, J = 8.4 

and 1.2 Hz, 1H), 7.44 (td, J = 8.3 and 1.2 Hz, 1H), 6.98 (d, J = 8.5 Hz, 1H). 13C {1H} NMR 

(400 MHz, MeOD) δ = 166.9, 159.8, 153.6, 138.0, 134.4, 128.7, 126.2, 125.0, 122.0, 

121.4, 114.50, 83.8. Anal. Calcd (%) for C13H8INOS: C, 44.21; H, 2.28; N, 3.97; found: C, 

44.43; H, 2.23; N, 4.01. Calcd for M, 352.9371; found, 352.9372. 

4-(benzo[d]thiazol-2-yl)-2-((bis(pyridin-2-ylmethyl)amino)methyl)-6-iodophenol (L6): 

 

Paraformaldehyde (0.107 g, 3.57 mmol) was added to a solution of di-(2-picolyl)amine 

(0.339 g, 1.70 mmol) in THF (14 mL) and refluxed for 1 hour. 2-(4-hydroxy-3-

iodo)benzothiazole (0.60 g, 1.70 mmol) in 12 mL of THF was added, and the solution was 

refluxed for an additional 72 hours. The THF was removed in vacuo and the resulting solid 
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was recrystalized in hot methanol to afford a white precipitate. The precipitate was 

removed using vacuum filtration and washed with cold methanol. Yield: 0.29 g, 31%. 1H 

NMR (500 MHz, CD2Cl2): δ =  8.63 (dd, J = 4.9, 1.8 Hz, 2H), 8.44 (d, J = 2.2 Hz, 1H), 8.03 

– 7.99 (m, 1H), 7.96 – 7.93 (m, 1H), 7.88 (d, J = 2.2 Hz, 1H), 7.72 (td, J = 7.7, 1.8 Hz, 2H), 

7.51 (dd, J = 8.3, 7.2 Hz, 1H), 7.40 (dd, J = 8.2, 7.3 Hz, 1H), 7.36 (d, J = 7.8 Hz, 2H), 7.25 

(dd, J = 7.5, 4.9 Hz, 2H), 3.97 (s, 4H), 3.94 (s, 2H). 13C{1H} NMR (400 MHz, CD2Cl2): δ = 

166.2, 159.9, 157.9, 154.2, 148.8, 137.6, 136.8, 134.9, 129.8, 126.2, 126.1, 124.8, 123.9, 

123.1, 122.6, 122.3, 121.5, 85.8, 58.8, 56.8. Anal. Calcd (%) for C26H21IN4OS: C, 55.33; 

H, 3.75; N, 9.93; found: C, 55.40; H, 3.71; N, 9.98. HR-MS: Calcd for [M + H]+, 565.0559; 

found, 565.0520. 

4-(benzo[d]thiazol-2-yl)-2-((bis(pyridin-2-ylmethyl)amino)methyl)phenol (L7): 

 

Paraformaldehyde (0.31 g, 10.9 mmol) was added to a solution of di-(2-picolyl)amine (1.04 

g, 5.45 mmol) in EtOH (40 mL) and refluxed for 1 hour. 2-(4-hydroxy)benzothiazole (1.19 

g, 5.45 mmol) in 35 mL of EtOH was added, and the resulting solution was heated at a 

reflux for an additional 48 hours. The solvent was removed to give a dark gray residue 

that was purified by silica gel column chromatography using EtOAc/iPrOH/NH4OH 

(75:20:5) as eluent to yield a brown solid. Yield: 0.84 g, 35%. 1H NMR (400 MHz, CD2Cl2): 

δ = 8.56 (dd, J = 4.9, 1.8 Hz, 2H), 7.96 (dd, J = 8.2, 1.2 Hz, 1H), 7.91 – 7.87 (m, 3H), 7.65 

(td, J = 7.7, 1.8 Hz, 2H), 7.45 (dd, J = 8.3, 7.2 Hz, 1H), 7.36 – 7.31 (m, 3H), 7.19 (dd, J = 

7.5, 4.9 Hz, 2H), 6.99 – 6.96 (m, 1H), 3.92 (s, 4H), 3.89 (s, 2H). 13C{1H} NMR (500 MHz, 

CD2Cl2): δ = 168.5, 161.4, 158.6, 154.7, 149.1, 137.2, 135.2, 130.1, 129.1, 126.5, 124.9, 

124.8, 124.4, 123.5, 122.8, 122.6, 121.9, 117.5, 59.2, 57.0. Anal. Calcd (%) for 

C26H22N4OS•H2O: C, 68.40; H, 5.30; N, 12.27; found: C, 68.73; H, 5.17; N, 12.47. HR-MS: 

Calcd for [M + H]+,439.1593; found, 439.1567. 

4-(benzo[d]thiazol-2-yl)-2-((bis(pyridin-2-ylmethyl)amino)methyl)-6-iodophenol zinc (II) 

(ZnL6Cl): 
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Into a solution of L6 (0.02 g, 0.04 mmol) in MeOH (5 mL), KOH (2 mg, 0.04 mmol) and 

ZnCl2 (5 mg, 0.04 mmol) were added and the solution was stirred for 1 hour. The solution 

was filtered through Celite to remove precipitated KCl and the complex was precipitated 

from cold diethyl ether. The resulting white solid was collected using vacuum filtration and 

washed with cold MeOH. Yield: 0.019 g, 73%. 1H NMR (400 MHz, (CD3)2SO): δ = 9.01 (d, 

J = 5.1 Hz, 2H), 8.09 (d, J = 2.4 Hz, 1H), 8.06 – 7.99 (m, 3H), 7.90 – 7.87 (m, 1H), 7.74 

(d, J = 2.4 Hz, 1H), 7.63 – 7.58 (m, 2H), 7.51 (d, J = 7.8 Hz, 2H), 7.46 (dd, J = 8.3, 7.2, 

1H), 7.34 (dd, J = 8.2, 7.2 Hz, 1H), 4.12 (d, J = 3.2 Hz, 4H), 3.76 (s, 2H). Crystals suitable 

for X-ray diffraction experiments were obtained by slow diffusion of a concentrated CH2Cl2 

solution into hexanes. 

4-(benzo[d]thiazol-2-yl)-2-((bis(pyridin-2-ylmethyl)amino)methyl)phenol zinc (II) (ZnL7Cl): 

 

Into a solution of L7 (0.05 g, 0.11 mmol) in MeOH (5 mL), KOH (6.4 mg, 0.11 

mmol) and ZnCl2 (15.5 mg, 0.11 mmol) were added and the solution stirred for 1 hour. 

The solution was filtered through Celite to remove precipitated KCl and the complex was 

precipitated from cold diethyl ether. The resulting white solid was collected using vacuum 

filtration and washed with cold MeOH. Yield: 0.042 g, 71%. 1H NMR (400 MHz, (CD3)2SO): 

δ = 9.07 (d, J = 5.4 Hz, 1H), 7.99 (d, J = 7.9 Hz, 1H), 7.86 (d, J = 8.1 Hz, 1H), 7.76 (d, J = 

2.5 Hz, 1H), 7.65 (t, J = 6.4 Hz, 2H), 7.60 (t, J = 7.1 Hz, 2H), 7.44 (t, J = 7.6 Hz, 1H), 7.31 

(t, J = 7.6 Hz, 1H), 6.49 (d, J = 8.6 Hz, 1H), 4.08 (s, 4H), 3.76 (s, 2H). Crystals suitable for 

X-ray diffraction experiments were obtained by slow diffusion of a concentrated CH2Cl2 

solution into hexanes. 

4.4.3. X-ray Structure Determination of L6 and L7 

X-ray structure determinations were performed on a Bruker APEX II Duo 

diffractometer with graphite monochromated Mo Kα radiation. A transparent block crystal 
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was mounted on a 150 µm MiteGen sample holder. Data were collected at 293 K to a 

maximum 2θ value of ∼60°. Data were collected in a series of ϕ and ω in 0.50° widths with 

10.0 s exposures. The crystal-to-detector distance was 50 mm. The structure was solved 

by intrinsic phasing351 and refined using ShelXle.352 All non-hydrogen atoms were refined 

anisotropically. All C-H hydrogen atoms were placed in calculated positions but were not 

refined. ZnL6Cl crystalizes with only one molecule in the asymmetric unit, while ZnL7Cl 

crystalizes with two molecules in the asymmetric unit. CCDC numbers: 1947980 (ZnL6Cl), 

1947981 (ZnL7Cl). 

4.4.4. Stability Constant Determination 

Aqueous acidity constants (pKa) for L6 and L7 were measured using variable pH 

titrations monitored by UV-visible spectroscopy between 200 and 600 nm as a function of 

pH. Solutions of both ligands (12.5 µM) were prepared in 0.1 M NaCl pH 3. Due to the 

limited aqueous solubility, solutions of 20% MeOH in H2O were prepared. Small aliquots 

of 0.1 M NaOH were titrated into the solution to adjust the pH and at least 30 UV-vis 

spectra were collected in the pH 3-11 range. Spectral data were analyzed using HypSpec 

(Protonic Software, UK).353 Similarly, metal stability constants were obtained by titrating a 

solution containing 12.5 µM ligand, 12.5 µM Zn(ClO4)2•6H2O, 0.1 M NaCl and 0.1 M NaOH 

to adjust the pH. At least 30 UV-vis spectra were collected in the pH 3-11 range. Known 

metal hydrolysis constants were included in the HypSpec simulations as constant 

values.354 Stability constants were calculated using the HypSpec computer program and 

metal speciation plots were created using the HySS2009 program (Protonic Software, 

UK).353 

4.4.5. Increasing Intracellular Levels of Zn2+ in the p53-Y220C Cell 
Line NUGC3 

NUGC3 cells (40,000 cells/well) were plated on glass slides treated with poly-L-

lysine in 12-well plates. After 48 hours, cells were washed 2x 5 minutes in serum-free 

media and incubated with 1 µM FluoZin-3313 for 20 minutes at 37°C. Cells were then 

washed 2x 5 minutes in Earle’s balanced salt solution (EBSS)/H (-) Ca/Mg containing the 

indicated treatments (ZnCl2 = 50 µM, L6 = L7 = pyrithione = 50 µM) and incubated for 2 

hours at 37 °C before imaging. Cells were imaged using a Nikon ApoTome microscope 

(Nikon, France). FluoZin-3 and Hoechst 33342 were excited at 488 nm (argon laser) and 



142 

790 nm (Chameleon Ti:sapphire laser), respectively. Imaging was performed in under ten 

minutes to avoid alteration of cell physiology upon imaging at room temperature. To 

determine the change in fluorescence, each image was processed using ImageJ Software 

(National Institutes of Health, Bethesda, MD) and integrated to represent the cumulative 

fluorescence for a single cell. Processing included adjustment of exposure and contrast 

to eliminate autofluorescence of the support. To avoid autofluorescence, each image was 

background-subtracted using the non-treated control. All images were batch processed 

using the same parameters. Cells were analyzed upon treatment with 50 µM pyrithione 

(PYR)/ZnCl2 (1:1) as a positive control. Statistical differences were analyzed using One-

Way ANOVA with multiple comparisons. Bartlett’s test showed unequal variance. Three 

replicate experiments were performed independently with 100 cells per trial. 

4.4.6. Site-Directed Mutagenesis 

The plasmid encoding the DNA-binding domain of human wild-type p53 (residues 

94-312) was gifted by Cheryl Arrowsmith.358 Four mutations to the p53 gene 

(M133L/V203A/N239Y/N268D) were successively introduced to increase structural 

stability of the protein, followed by addition of the Y220C mutation.359 All p53 mutants were 

prepared by site-directed mutagenic PCR according to standard protocols,152 using 

primers purchased from Eurofins Operon following Quikchange protocol (Agilent 

Technology). DNA polymerase (Q5) and DpnI enzyme were obtained from New England 

Biolabs. PCR products were transformed into chemically competent DH5α E. coli and 

selected on ampicillin-supplemented agar plates. Single colonies obtained from overnight 

incubation at 37 °C were grown in Luria-Bertani (LB) broth for 16 hours. Plasmid DNA was 

purified using the plasmid spin MiniPrep kit (Qiagen, 27104) and sequenced by Eurofins 

Operon Sequence read service. 

4.4.7. Protein Expression and Purification 

Proteins were overexpressed using E. coli strain BL21-pLysS cells 

(ThermoFisher). Expression cultures containing 100 µg/mL ampicillin were inoculated 

from an overnight culture and grown at 37 °C to an OD600 of 0.7. Protein expression was 

induced overnight at 15 °C with 0.3 mM IPTG. Cells were then harvested by centrifugation 

at 6500 rpm for 20 minutes. Cell pellets were resuspended in lysis buffer (50 mM Tris-HCl 

buffer, pH 6.5, 300 mM NaCl, 10% glycerol, 1% Triton X-100, 5 mM imidazole, 6 mM 
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MgSO4, 1 mM PMSF, and 5 mM β-mercaptoethanol) and sheared using ultrasonication. 

Cellular debris was isolated by centrifugation at 14000 rpm for 30 minutes and incubated 

with Talon® beads (cobalt-nitrilotriacetic acid) at 4 °C for 30 minutes. Talon beads were 

transferred to a column, washed twice with 20 mL of wash buffer (50 mM Tris-HCl buffer, 

pH 6.5, 500 mM NaCl, 10% glycerol, 10 mM imidazole, 0.5 mM TCEP, 1 mM PMSF, and 

5 mM β-mercaptoethanol), and eluted with wash buffer containing 500 mM imidazole.152 

Protein concentration was determined spectrophotometrically using the reported 

extinction coefficient 280 = 17,130 cm-1.360 

4.4.8. Light Scattering 

To monitor the effect of L6 and L7 on the aggregation of p53-Y220C, we measured 

light scattering by monitoring the changes in absorbance at 500 nm using a Synergy 4 

MultiDetection microplate reader (BioTek). Experiments were carried out at 37 °C, with 30 

seconds of agitation before each read. Spectra were taken in five-minute intervals. Protein 

concentration was 5 µM in 30 mM tris, 150 mM NaCl at pH 7.4. 5% DMSO was used in 

the buffer to pre-dissolve L6 and L7 at final concentrations of 5 and 10 µM. Each 

experiment contained 8 replicates per condition, and values are represented as mean ± 

SD. 

4.4.9. Transmission Electron Microscopy 

p53C-Y220C (µM) was incubated at 37 °C with agitation at 100 rpm for indicated 

time points in the absence (NT) or presence of 5 µM L6 or L7. The protein and ligands 

were dissolved in a buffer containing 30 mM Tris, 150 mM NaCl, pH 7.4 with 5% DMSO. 

Samples of 10 µL were adsorbed onto freshly glow-discharged formvar coated copper 

grids, rinsed with deionized water to remove NaCl crystals, and stained with 1% uranyl 

acetate. Images were taken on a STEM 1 – FEI Tecnai Osiris transmission electron 

microscope. 

4.4.10. Immunofluorescence (A11, ThT, and AIF) 

Cells were plated at a density of 600,000 cells per well in 6-well plates and treated 

with L6, L7, or an equivalent volume of DMSO for 24 hours. The cell culture medium was 

removed and 2 mL of fixation buffer (3.7% paraformaldehyde in PBS) was added to each 
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well and incubated for 10 minutes at room temperature. Fixation buffer was removed, and 

wells were washed twice with PBS followed by incubation with 2 mL of permeabilization 

buffer (0.2% Triton X-100 in PBS) for 5 minutes. Wells were washed 2x10 min with PBS 

and blocking solution (10% normal goat serum in PBS) was added for 2 hours. The cells 

were simultaneously labelled with mouse monoclonal anti-human p53 DO-1 primary 

antibody (Santa Cruz, sc-126, 1:1000) and an oligomer-specific primary antibody, A11 

(StressMarq Biosciences, SPC-506, 1:1000) for the aggregation studies overnight in the 

dark at 4 °C. For apoptosis detection, cells were labelled with the primary antibody AIF 

(Invitrogen, PA5-19960, 1:100,). Cells were washed 3x with PBS followed by labelling with 

AlexaFluor 568- conjugated goat anti-mouse (abcam, ab175473) and AlexaFluor 647- 

conjugated goat anti-rabbit (abcam, ab150079) secondary antibodies (1:2,000) for 1.5 

hours at room temperature in the dark. In the case of Thioflavin T labelling, a 1 mM solution 

of ThT was added to the wells following labelling with secondary antibodies, washed with 

2 mL of 70% ethanol to remove excess ThT, followed by washing with water. The cells 

were washed three times with PBS, followed by subsequent nuclei staining using DAPI 

(Sigma). The cover slips were mounted using Fluorsave (Fisher Scientific) and allowed to 

dry overnight, followed by analysis using confocal microscopy. 

4.4.11. Native Mass Spectrometry 

Recombinant p53C-Y220C samples were thawed and dialysed in 200 mM 

ammonium acetate, and protein concentrations were measured using a Thermo Scientific 

NanoDrop Spectrophotometer. L6 and L7 were stored as DMSO stocks at 50 mM. Native 

MS experiments were performed on 3 µM p53C-Y220C with L6 or L7 ratios of 2, 5, 10 

and 25 equivalents. Each sample was incubated at room temperature for 2 hours. The 

final DMSO concentration in each sample is 0.2%. All MS data were acquired on a 

quadropole ion mobility time-of-flight (TOF) mass spectrometer (Synapt G2S HDMS, 

Waters, Milford, MA, USA). Ions were produced by positive electrospray ionization (ESI) 

with a capillary voltage of 2 kV. The source temperature was set to 120 °C, with a sampling 

cone set to 150 V and the extraction cone set to 50 V. The trap cell containing argon gas 

was set at a pressure of 3.14 x 10-2 mbar. Trap and transfer collision energies were set to 

20 V and 10 V respectively. The TOF pressure operated at 1.25 x 10-6 mbar. 
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4.4.12. Immunoprecipitation 

NUGC3 cells were seeded at a density of 850,000 cells per petri dish and 

incubated at 37°C with 5% CO2 for 48 hours, followed by treatment with 10 and 25 µM L6 

and L7 for 13 hours. Cells were lysed with NP40 lysis buffer (50 mM Tris-HCl pH 8, NaCl 

150 mM, NP40 1%, Complete protease inhibitor). 1 mg of native lysates were incubated 

with 4 µg of p53 mutant antibody (Santa Cruz, Pab240, sc-99) and 30 µL of protein G 

beads (Protein G agarose, Roche) on a rotator. Samples were washed three times with 

lysis buffer, then 30µL of loading buffer (50 mM DTT, 2x Laemmli buffer (Bio-Rad)) was 

added and samples were boiled at 95°C for 5 min to collect the eluates. 

4.4.13. Western Blot Analysis 

For molecular weight distribution analysis, a solution of mutant p53C-Y220C was 

prepared at a concentration of 8 µM in 30 mM Tris, 150 mM NaCl at pH 7.4. Solutions in 

the presence of two equivalents of L6 and L7 were prepared and all samples were 

incubated for 2 hours at 37 °C with constant agitation at 180 rpm. Electrophoresis to 

separate protein aggregates was employed using 10- 20% Mini-PROTEAN® Tris-Tricine 

Precast Gels (Bio-Rad) at 100 V for 100 min. Using a nitrocellulose membrane, the 

membrane was transferred for 1 hour at 100 V (4 °C) followed by blocking in 3% bovine 

serum albumin (BSA) solution in TBS for 1 hour and then overnight incubation (4 °C) with 

the primary PAb240 antibody (Santa Cruz, sc-99, 1:1000). After three washes of ten 

minutes with TBS buffer, the membrane was incubated in a solution containing the 

secondary antibody (Horseradish peroxidase, Caymen Chemicals) for 3 hours. Thermo 

Scientific SuperSignal® West Pico Chemiluminescent Substrate kit was used to visualize 

the mutant p53 protein using a FUJIFILM Luminescent Image Analyzer (LAS-4000). For 

caspase-3 assays, NUGC3 cells were seeded at a density of 600,000 cells/well and 

incubated at 37°C with 5% CO2 for 24 hours, followed by treatment with 25 µM L6 and L7 

for 24 hours. SiRNA transfection was performed using 30 nM of siRNA with RNAiMAX 

(ThermoFisher, 13778100) as previously described.361 In the case of co-treatment, cells 

were incubated with L6 for 2 hours followed by a total 48-hour incubation with oxaliplatin. 

Cells were lysed with lysis buffer (50 mM Tris-HCl pH 8, NaCl 150 mM, NP40 1%). 

Proteins were denatured and deposited directly (40 µg of protein) onto an SDS-PAGE gel. 

For immunoprecipitation, 20µL of the eluates were deposited onto an SDS-PAGE gel. 

Western blotting was performed using the pan-specific DO-1 primary antibody (Santa 
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Cruz, sc-126) or cleaved caspase-3 Asp175 Antibody (Cell Signaling, 9661) at 1:1000 in 

PBS containing 5% dry milk at 4 °C overnight Secondary antibodies (anti-rabbit, anti-

mouse: GE Healthcare) were incubated at 1:1000 for three hours at room temperature. 

Loading was controlled with rabbit anti-β-actin (Sigma, a1978, 1:4000). Signals have been 

quantified with Genetools software (Syngene) and normalized to actin. 

4.4.14. RNA Extraction and RT-qPCR 

RNA was isolated from NUGC3 cells with 1mL of TRI Reagent (MRC) and RNA 

was extracted according to the manufacturer’s protocol. RNA samples were precipitated 

with 500µL isopropanol followed by washes with 70% cold ethanol. RNA quality was 

assessed and 1 µg was used for reverse transcription (High-Capacity cDNA Reverse 

Transcription Kit, Applied Biosystems). qPCR was performed with performed using a 1:10 

dilution of cDNA according to the manufacturer’s instructions (LightCycler 480 SYBR 

Green I Master, Roche), with 500 nM of each primer. The relative expression was 

calculated using the ΔΔCt method. Expression levels were normalized using RPLPO. 

4.4.15. In Vitro Cytotoxicity – NCI-60 Screening 

Ligands L6 and L7 were submitted to the Developmental Therapeutics Program 

at the U.S National Cancer Institute for screening on a panel of 60 human tumour cell 

lines. Compounds are initially tested at a single high dose (10 µM) and those that satisfy 

pre-determined thresholds will be tested in a five-dose assay.355 The methodology used 

in the NCI-60 screen has been described elsewhere.320 

4.4.16. In Vitro Cytotoxicity – Stomach Cancer Cell Lines 

The in vitro cytotoxicity of L6 and L7 against NUGC3 was assayed using the 3-

(4,5-domethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.356 NUGC3 cells 

were seeded at 10,000 cells per well (100 µL) in Cellstar 96-well plates (Grenier Bio-One) 

and incubated at 37 °C with 5% CO2 for 24 hours. Following incubation, the cells were 

exposed to drugs at increasing concentrations ranging from 0.1 to 200 µM in RPMI 

medium. Compounds were pre-dissolved in DMSO stocks and serial dilutions were 

prepared such that the final concentration of DMSO in media was below 1% (v/v). Treated 

cells were incubated at 37 °C with 5% CO2 for 48 hours. Following 48-hour incubation, the 
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MTT test was performed as previously described. Experiments were performed in 

replicates of eight and repeated at least two times. Inhibition of cell viability was evaluated 

with reference to determine the absolute IC50 value calculated from dose-response curves 

using nonlinear variable slope regression (PrismTM software). 

4.4.17. Organoid Culture and Immunofluorescence 

Small intestinal organoids were obtained from intestinal crypts isolated from a 2-

month old female C57BL/6 mouse. They are cultured in a drop of 20 µL/well Matrigel 

(Corning) in 48-well plates (Greiner Bio-One) with 250 µL mouse IntestiCultTM Organoid 

Growth Medium (StemCell) at 37°C with 5% CO2. After 3 days, organoids were treated 

with 2.5 µM, 5 µM and 10 µM of L6 and L7, and 25µM of oxaliplatin. The medium was 

replaced every 48 hours. For the immunofluorescence experiment, organoids were 

cultured on 8-well Lab-Tek®II Chamber SlideTM (D. Dutscher). After 24h, 48h and 72h of 

treatment, organoids were fixed with fixation buffer (4% Paraformaldehyde, 60 mM 1,4-

Piperazinediethanesulfonic acid (PIPES), 25 mM HEPES, 10 mM ethylene glycol 

tetraacetic acid (EGTA), 2 mM magnesium acetate) for 30 minutes followed by 45-minute 

quenching (50 m M NH4Cl mM). The organoids were permeabilized for 30 minutes with 

0.5% PBS-Triton and blocked with 5% PBS-BSA for 30 minutes. The organoids were 

incubated for 2 hours at 37°C with Phalloidin-TRITC (Sigma-Aldrich), followed by 10 

minutes at 37°C with DAPI (Sigma-Aldrich). Phalloidin is used to reveal actin networks 

and cellular contours, and DAPI is used to stain DNA. ca. 150 organoids were counted 

and analyzed for each condition. Both observations were done using a fluorescence 

microscope (Axio Imager M2 Zeiss) coupled to a Hamamatsu’s camera Orca Flash 4v3, 

using the ApoTome.2 (Zeiss) function. Images were analyzed using ImageJ software. 

4.4.18. Organoid Survival Assay 

For the survival assay experiment, organoids were cultured in 48-well plates 

(Greiner Bio-one) and treated with L6 and L7 at indicated concentrations. Images of each 

well were taken every day using a AXIO Zoom.V16 (Zeiss) microscope and analyzed 

using ImageJ software. Cell Counter plugin was used to distinguish “alive/dead” organoids 

with or without buddings. Four replicates of each condition were used and 250 organoids 

per condition were analyzed. 
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4.4.19. Tolerability of L6 in Normal Mice 

The tolerability of L6 has been investigated in C57BL/6 mice treated chronically by 

intraperitoneal injection twice a week for 5 weeks. Three groups (n = 3) have been used 

to test in parallel three doses of the compound. The dose in each group was increased 

after 2 weeks of monitoring without any observable secondary effects. 
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Chapter 5. Ongoing and Future Directions 

5.1. Thesis Summary 

p53 is the most frequently mutated protein in human cancer and accounts for over 

50% of cancer diagnoses.274 This thesis explores small-molecule design strategies to 

restore wild-type function in mutant p53 for anticancer therapy. Considering the 

multifaceted nature of p53 mutants, a multifunctional approach was employed to 

simultaneously target various characteristics including zinc loss, thermal denaturation, 

and aggregation. A combination of fragments targeting zinc loss and thermal denaturation 

was effective at restoring p53 activity in the common mutant p53-Y220C, wherein wild-

type function is lost due to an exposed cavity at the surface of the protein that promotes 

protein unfolding. This ligand scaffold increased intracellular zinc levels, exhibited low 

micromolar cytotoxicity in cancer cells across a wide range of cancer types, and 

maintained cytotoxicity in a 3D spheroid model in cells containing the p53-Y220C mutant. 

This led to restoration of apoptotic function, induced a conformational change wherein 

levels of unfolded p53 was decreased, and recovered p53 transcriptional activity. 

Modifications made to this ligand scaffold to extend the structures into subsite cavities 

formed by this mutant increased the cytotoxicity of the ligands and restored apoptotic 

activity, however, resulted in a loss in their ability to serve as zinc metallochaperones. This 

study demonstrated the sensitivity of metallochaperone design and how subtle tuning of 

the ligand scaffold can impart significant changes in biological activity. Lastly, a 

combination of fragments targeting zinc loss and protein aggregation found success in 

restoring wild-type function in mutant p53. These studies highlighted the possible 

advantages of halogenation in modulating mutant p53 aggregation, as an iodinated 

scaffold limited mutant p53 aggregation in both recombinant and cellular systems and 

restored wild-type activity in mutant p53. 

Through these studies, the potential for multifunctional ligand scaffolds to restore 

wild-type function in mutant p53 was established. Previous efforts in the field to restore 

function in mutant p53 have been monofunctional in design; this work represents a 

foundation to simultaneously target the multiple characteristics of p53 mutants and 

provides important information for drug design moving forward. Outlined below are 
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ongoing and future directions that build from the results obtained and discussed in 

previous chapters. 

5.2. Chapter 2 and Chapter 3 

Chapter 2 describes the design, synthesis, and biological testing of a series of first-

generation small molecules aimed at stabilizing the p53-Y220C mutant. Chapter 3 builds 

from the lead scaffold to expand the ligand design into mutant subsite cavities and 

explores the biological impact of such structure modifications. Despite using a range of 

techniques including mass spectrometry and surface plasmon resonance to probe 

potential binding interactions between our ligands and mutant p53, no binding was 

observed at biologically relevant concentrations. Future binding studies should use robust 

NMR techniques such as 1H/15N-HSQC NMR spectroscopy or saturation transfer 

difference (STD) NMR spectroscopy, which are commonly used methods to detect binding 

of small molecules to macromolecular structures such as proteins. Further, despite the 

selectivity for mutant p53 in the apoptosis studies, significant in vitro cytotoxicity is also 

observed in wild-type p53 cell lines, indicating potential off-target activity. Future work on 

these ligand constructs should investigate the potential mechanisms for off-target activity 

in order to improve the ligand design and optimize properties for increased selectivity. In 

particular, the copper binding affinity of the ligand series should be determined and their 

ability to generate ROS should be investigated.  

5.2.1. Mechanisms of p53-Independent Activity 

There is a significant body of literature demonstrating the impact of copper-

mediated ROS production in cancer cell death with metal chelating agents.231, 237, 427-430 

While ROS generation can be beneficial when considering general cytotoxic agents, it is 

a common contributor to off-target cytotoxicity with target-specific chemotherapeutics. In 

fact, recent studies on p53 activating scaffolds show that increased ROS generation is a 

major component of the observed cytotoxicity, in addition to p53 activation.226 For 

example, Carpizo and co-workers determined that the toxicity generated by copper-

mediated ROS prevented their zinc metallochaperones from exhibiting synergistic activity 

with common chemotherapeutics. As a result, they conclude that both copper and zinc 

affinities must be considered into the design strategy and describe a revised model 
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wherein metallochaperones should exhibit nanomolar zinc affinity in addition to a copper 

affinity that is weaker than 10 pM in order to significantly decrease the ROS signal.224 

Studies on similar ligand scaffolds containing both 2-picolylamine and di-(2-

picolyl)amine as metal chelators have shown significant copper affinity ranging from 

nanomolar to picomolar, and thus copper-mediated ROS is a likely mechanism of off-

target cytotoxicity in our ligand scaffold.255 Initial UV-vis studies as described in sections 

2.2.3 and 3.2.3 should be carried out using lead compounds L5, L5-O, and L5-P and 

Cu(ClO4)2·6H2O to generate speciation diagrams and determine the copper binding 

affinity. Next, the ability of L5, L5-O, and L5-P to generate ROS in cells should be 

investigated using the mutant NUGC3 cell line. While several methods and probes exist 

to measure ROS generation in cells, the CellROX reagents have been extensively used 

in the literature to detect ROS generation in p53 compromised cell lines.199, 431-432 The 

CellROX dyes exhibit minimal fluorescence in a reduced state and generate a fluorescent 

signal upon oxidation by reactive oxygen species. Thus, an experiment using NUGC3 cells 

and increasing concentrations of L5, L5-O, and L5-P should be performed to measure 

ROS generation compared to non-treated controls. Interestingly, CellROX green is only 

fluorescent upon subsequent binding to DNA and thus selectively measures ROS 

generation in the nucleus. Alternatively, CellROX Deep Red does not require DNA binding 

and is localized to the cytoplasm. Given that mutant p53 is frequently localized in the 

cytoplasm,433 simultaneous incubation of NUGC3 cells with CellROX green and red in the 

presence and absence of our compounds could not only indicate ROS generation but 

could also provide information regarding the effect of p53 activation and nuclear 

localization. For example, if treatment with our compounds led to restored p53 function 

and facilitated nuclear localization, the increase in fluorescent signal upon ROS generation 

should be greater with the CellROX green as opposed to the CellROX red. Overall, 

determining the copper-binding affinity of our ligand series and their ability to generate 

ROS would provide important information for future structure optimizations to minimize 

ROS and increase selectivity moving forward.  

5.2.2. Structure Modifications and Design Strategies 

A number of structure modifications and design strategies can be applied to the 

ligand scaffold in order to improve target selectivity. Initial studies should involve 

modulating the zinc binding unit in order to optimize both zinc and copper chelation to 



152 

prevent off-target toxicity via ROS. Zinc binding groups (ZBGs) have been of significant 

interest in medicinal chemistry, specifically with regards to the design of enzyme inhibitors 

for matrix metalloproteinases (MMPs) and histone deacetylases (HDACs).248-252 Extensive 

reviews, including those by Cohen and Wiest, have identified libraries of zinc binding 

fragments, some of which are shown in Figure 5.1.434-435 Hydroxamic acids (1) are 

frequently used as ZBGs in medicinal chemistry due to their high affinity for zinc, but also 

provide advantages via the potential to form hydrogen bonds with surrounding amino acids 

in the protein or enzyme target site.436 Other examples include hydrazides (2-3), N-

hydroxyureas (4), a carbamoyl phosphonate (5), and several nitrogen (6-12) and 

heterocycle-based (13-21) ZBGs. Hydrazides offer bidentate chelation with the potential 

for derivatization to incorporate protein targeting moieties,437 while N-hydroxyureas offer 

similar advantages as hydroxamic acids, however, have improved bioavailability.438 The 

electron donating ability of the amide group in the carbamoylphosphonate can contribute 

to a strong zinc binding affinity while also providing the possibility of protein interactions 

through hydrogen bonding.439 Nitrogen-containing ZBGs have a high affinity for zinc, and 

it is hypothesized that they exhibit selectivity towards Zn2+-dependent enzymes.248 In 

particular, pyrimidine-2,4,6-trione groups have been extensively studied and are known 

groups in many FDA approved drugs.440 Finally, heterocyclic ZBGs are also of interest 

due to their biostability and ligand rigidity which contributes to tighter Zn2+ binding.249, 435 

These fragments should be explored for both their zinc and copper binding 

affinities, and thus their ability to serve as Zn metallochaperones for mutant p53. Initial 

experiments should involve competition experiments using chelators with a known copper 

binding affinity for a more high-throughput approach, in order to eliminate those with 

greater than picomolar affinity for copper. Next, high throughput experiments using mutant 

p53 NUGC3 cells in multi-well plates with the fluorescent zinc indicator FluoZin-3 should 

screen the ZBGs for their ability to increase intracellular fluorescence. Lead binding 

fragments should be incorporated into the iodinated phenol core of the ligand scaffold and 

tested for its biological activity in cancer cells and selectivity towards p53 mutants with 

compromised zinc binding.  
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Figure 5.1.  Structures of commonly used zinc binding groups (ZBGs) in zinc-containing 
enzymes such as matrix metalloproteinases (MMPs) and histone 
deacetylases (HDACs). 

Other structure modifications to the ligand scaffold to improve target selectivity 

could involve the use of a delivery system such as cell-penetrating peptides (CPPs). A 

significant obstacle faced by many novel drugs designed as anticancer agents is inefficient 

delivery to the target site.441 Oftentimes, this is due to the compound’s inability to cross 

the semi-permeable hydrophobic plasma membrane.442 As such, the past decade has 

seen significant advancements in the development of delivery systems including CPPs 

and nanoparticles, which enhance cellular internalization. CPPs are among the most 

exploited systems for intracellular delivery as over 1700 CPPs have been reported and 

experimentally validated for in vitro or in vivo delivery of cargo ranging from small 

molecules to large proteins.443 Such systems are comprised of short amino acid 
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sequences (approximately 5-30 residues) covalently attached to the target molecule. 

Polyarginine CPPs are the most commonly used as the guanidine groups can form 

bidentate hydrogen bonds with negatively charged groups of protein cell membranes, 

which leads to efficient cellular internalization under physiological conditions.444 CPPs can 

be designed for cancer-cell specific delivery, either via incorporation of targeting peptides 

into the CPP sequence, or via attachment to the cargo using a target-specific cleavable 

linker.445 While research surrounding the application of CPPs in cancer therapy is still 

relatively in its infancy, CPPs have shown promise due to their low cytotoxicity, rapid renal 

clearance, and efficient tumour delivery.446 In fact, studies have shown that conjugation of 

CPPs to common anticancer drugs such as Paclitaxel and Doxorubicin has increased the 

membrane permeability and thus drug delivery, and selectively increased the 

accumulation in cancer cells.444 As such, exploring the possibility for covalent attachment 

of tumour-specific CPPs to lead compounds L5, L5-O, and L5-P could significantly 

enhance target specificity and thus reduce unwanted toxic side effects. 

Finally, moving forward, other characteristics of mutant p53 could be targeted 

simultaneously using our multifunctional approach. For example, several small molecules 

targeting cysteine modification have found success in refolding mutant p53 in order to 

restore wild-type function. PK11007 (Figure 5.2 a) in particular was shown to alkylate the 

thiols of solvent-accessible cysteines Cys182 and Cys277 and promote refolding to 

restore function in mutant p53-Y220C. However, significant p53-independent cell death 

was observed, providing an opportunity to improve the structural scaffold.199 Incorporation 

of the iodinated phenol core from L1-L5 with the 2-sulfonylpyrimidine group from PK11007 

could allow for simultaneous stabilization of the p53-Y220C core in addition to cysteine 

modification (Figure 5.2 b). Further, recent reports from Lim and co-workers demonstrate 

the advantages of small molecules with biologically-accessible redox-properties in 

modulating protein aggregation.447 Incorporation of the 2-sulfonylpyrimidine group from 

PK11007 with the core scaffold from L6 could provide advantages for modulating mutant 

p53 aggregation via the addition of redox activity (Figure 5.2 c). Specifically, PK11007 is 

hypothesized to generate ROS via the depletion of glutathione (GSH), an antioxidant and 

major redox buffer in cells.199 GSH is highly abundant in cells and has a freely accessible 

thiol group, which is prone to adduct formation with thiol alkylators such as PK11007. 

Lastly, it would be of interest to investigate the effects of targeting both cysteine 

modification and restoring zinc binding in mutant p53. Combining the di-(2-picolyl)amine 
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zinc binding unit with the 2-sulfonylpyrimidine group would allow for investigation of the 

possible advantages of targeting loss of zinc binding in addition to cysteine alkylation in 

mutant p53-Y220C (Figure 5.2 d). 

 

Figure 5.2.  Chemical structure of Pk11007 (a), and proposed structures for future 
modifications to the ligand scaffold (b-d). Targeting other characteristics of 
mutant p53 simultaneously using a multifunctional approach could provide 
advantages for selective activity towards mutant p53. 

5.3. Chapter 4 

Chapter 4 describes the design, synthesis, and biological testing of bifunctional 

ligands L6 and L7, designed to restore wild-type function in mutant p53 by simultaneously 

targeting zinc loss and protein aggregation. Our results demonstrate that despite the 

structural similarity between these two ligands, only L6, which contains an iodinated 

phenol, binds to the protein and limits protein aggregation in both recombinant protein 

models and NUGC3 cells. Future work on these ligand constructs should investigate 

whether the influence on p53 aggregation is a result of halogen bonding interactions 

and/or differing steric and electronic effects from the iodine. Further, whether L6 can be 

widely applicable to other aggregation-prone mutants of p53 should be explored. 
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The studies outlined in Chapter 4 demonstrate that L6 limits mutant p53 

aggregation, and that apoptotic and transcriptional activity are restored. To link the two 

and ensure that this is a direct result of p53 activation, future studies using chromatin 

immunoprecipitation coupled with massively parallel DNA sequencing, commonly referred 

to as ChIP-seq, should be employed. ChIP-seq is a commonly used technique to study 

binding between proteins and transcription factors with DNA and could provide important 

information on whether treatment with L6 activates p53 function and DNA binding is 

restored.448 Further information on whether target genes such as p21, NOXA, and BAX 

are upregulated directly due to p53 activation can be obtained by identifying p53 bound to 

the promoter of these genes.449  

5.3.1. Determining the Effects of Halogenation on p53 Aggregation 

Based on the differing biological impact of L6 and L7 on mutant p53, further 

investigations into the effects of halogenation on modulating p53 aggregation should be 

considered. Halogen bonding has been reported to alter aromatic interactions that mediate 

self-assembly processes,450-451 and in particular, the self-assembly of cross β-sheet 

structures formed by the amyloid-beta protein has elicited significant interest.452-454 In 

particular, the potential for halogenated small molecules to modulate the aggregation of 

amyloid beta and reduce associated neurotoxicity has been recently investigated.455-456 As 

such, it would be of significant interest to further probe the binding mode of L6 for possible 

halogen bonds using X-ray crystallography. X-ray quality crystals of p53-Y220C should be 

grown following published protocols153 and then soaked in varying concentrations of an 

L6 solution. Analysis of the crystal structure should provide further information on the 

detailed binding mode of L6 to mutant p53 and reveal whether halogen bonding plays a 

role in this interaction.  

To provide further information regarding the effects of halogen atoms on 

modulating mutant p53 aggregation, the iodine in L6 should be replaced with lighter 

halogen atoms that are predicted to form weaker halogen bonds.153 In particular, the 

chlorine and bromine derivatives should be tested for their ability to modulate mutant p53 

aggregation to explore whether the size and/or electronegativity of the halogen atom 

influences its ability to modulate p53 aggregation. Following synthetic procedures outlined 

in Scheme 4.1, attempts to synthesize the -chloro and -bromo derivatives have been 

successful, however, purification of these ligands requires further optimization (Scheme 
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5.1). Following purification, the ability of these ligands to modulate mutant p53 aggregation 

should be explored. Initial studies using recombinant protein models should explore 

changes in light scattering at 500 nm, transmission electron microscopy to investigate the 

morphology of the protein aggregates, and gel electrophoresis to examine changes in size 

distribution with treatment. If these derivatives prove capable of modulating mutant p53 

aggregation in recombinant models, immunofluorescence experiments using NUGC3 

cells and A11 and p53 antibodies should be employed. Taken together, investigations into 

the detailed binding mode of L6 and studies on the effects of the size of the halogen atom 

on modulating protein aggregation would provide important information for drug design 

moving forward. 

 

 

Scheme 5.1.  Synthesis of chloro and bromo derivatives of L6/L7. Further purification to 
isolate ligands is still underway.  

5.3.2. Effectiveness of L6 in Other Aggregation-Prone Mutants 

Given the frequency with which p53 mutants aggregate and the aggressive nature 

of the resulting tumours, it would be highly advantageous if the utility of L6 extended 

beyond p53-Y220C. Specifically, if the target of L6 is the aggregation-prone sequence 

that is exposed in a large number of p53 mutants rather than the specific mutant cavity in 

p53-Y220C, then it could be, in principle, effective in all tumours wherein p53 inactivation 

occurs via partial unfolding and aggregation.163 As such, the ability of L6 to inhibit 

aggregation in mutants other than p53-Y220C should be explored. Of immediate interest 

are mutants R248Q and R282W. R248 is a common hotspot mutation in p53, accounting 

for approximately 4% of all cancer diagnoses.143 Mutants at this position have been widely 

considered as contact mutants due to the interaction between R248 and the minor groove 

of DNA, however, recent reports have shown that mutations at this site can also induce 
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conformational changes. The R248Q mutant exhibits a decreased stability, and recent 

molecular dynamics studies have detected a more solvent-exposed conformation of this 

mutant, likely accounting for its tendency to partially unfold and aggregate.457 Of particular 

interest to the work , this study demonstrated that the zinc ion dissociates more readily in 

R248Q, promoting protein aggregation. Alternatively, the R282W mutant is a common 

conformational mutant that undergoes partial unfolding and aggregation due to loss of key 

hydrophobic interactions and hydrogen bonding networks. Cytoplasmic aggregates of p53 

have been well characterized in patient tumour samples containing R282W and would 

thus be of interest to determine if L6 can modulate aggregation in this commonly occurring 

mutant.156 

5.4. Closing Statement 

This thesis outlined small molecule design strategies to restore wild-type function 

in mutant p53 for anticancer therapy using a multifunctional approach to simultaneously 

target various mutant characteristics including zinc loss, thermal denaturation, and 

aggregation. Future directions should focus on the potential for ROS generation as a 

contributing factor to off-target activity and expand the concept and utility of our ligands in 

a wide number of p53 mutants.  

5.5. Experimental 

4-(benzo[d]thiazol-2-yl)-2-bromophenol (1) 

 

To a solution of 3-bromo-4-hydroxybenzaldehyde (0.30 g, 1.49 mmol) in EtOH (7 mL) 2-

aminothiophenol (0.19 g, 1.49 mmol) was added. Aqueous hydrogen peroxide (0.91 mL, 

30%, 6 molar equivalents) and 37% aqueous HCl (1.9 eq) were added. Upon stirring for 

2 hours, a green precipitate formed. The precipitate was filtered, washed with cold ethanol, 

and dried in vacuo. Yield: 70%. 1H NMR (400 MHz, MeOD): δ  = 11.19 (s, 1H), 8.20 (d, J 

= 2.2 Hz, 1H), 8.12 (dd, J = 8.2, 1.1 Hz, 1H), 8.01 (dd, J = 7.9, 0.9 Hz, 1H), 7.93 (d, J = 
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2.2 Hz, 1H), 7.91 (d, J = 2.2 Hz, 1H), 7.53 (ddd, J = 8.3, 7.2, 1.3 Hz, 1H), 7.44 (ddd, J = 

8.2, 7.2, 1.2 Hz, 1H), 7.16 (d, J = 8.4 Hz, 1H). 13C {1H} NMR (400 MHz, MeOD) δ = 166.3, 

157.5, 154.0, 140.6, 134.7, 131.8, 128.7, 127.0, 125.9, 125.7, 123.0, 122.7, 117.4, 110.6.  

4-(benzo[d]thiazol-2-yl)-2-chlorophenol (2) 

 

To a solution of 3-chloro-4-hydroxybenzaldehyde (0.30, 1.91 mmol) in EtOH (7 mL) 2-

aminothiophenol (0.24 g, 1.91 mmol) was added. Aqueous hydrogen peroxide (1.17 mL, 

30%, 6 molar equivalents) and 37% aqueous HCl (1.9 eq) were added. Upon stirring for 

2 hours, a green precipitate formed. The precipitate was filtered, washed with cold ethanol, 

and dried in vacuo. Yield: 44%. 1H NMR (400 MHz, MeOD): δ  = 11.15 (s, 1H), 8.11 (ddd, 

J = 8.0, 1.3, 0.6 Hz, 1H), 8.05 (d, J = 2.2 Hz, 1H), 8.01 (ddd, J = 8.1, 1.2, 0.6 Hz, 1H), 7.88 

(dd, J = 8.5, 2.2 Hz, 1H), 7.53 (ddd, J = 8.3, 7.2, 1.3 Hz, 1H), 7.43 (ddd, J = 8.3, 7.2, 1.2 

Hz, 1H), 7.20 (d, J = 8.5 Hz, 1H). 13C {1H} NMR (400 MHz, MeOD) δ =166.5, 156.5, 

154.0, 134.7, 128.8, 128.0, 127.0, 125.7, 125.5, 123.0, 122.7, 121.1, 117.7. 

4-(benzo[d]thiazol-2-yl)-2-((bis(pyridin-2-ylmethyl)amino)methyl)-6-bromophenol 

 

Paraformaldehyde (0.062 g, 2.06 mmol) was added to a solution of di-(2-picolyl)amine 

(0.20 g, 0.98 mmol) in THF (14 mL) and refluxed for 1 hour. 2-(4-hydroxy-3-

bromo)benzothiazole (0.30 g, 0.98 mmol) in 12 mL of THF was added, and the solution 

was refluxed for an additional 72 hours. The product was identified via mass spectrometry 

(Calcd for [M + H]+, 517.0698, found, 517.0696), however, isolation and purification require 

further optimization.  
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4-(benzo[d]thiazol-2-yl)-2-((bis(pyridin-2-ylmethyl)amino)methyl)-6-chlorophenol 

 

Paraformaldehyde (0.048 g, 1.60 mmol) was added to a solution of di-(2-picolyl)amine 

(0.15 g, 0.76 mmol) in THF (12 mL) and refluxed for 1 hour. 2-(4-hydroxy-3-

chloro)benzothiazole (0.20 g, 0.76 mmol) in 10 mL of THF was added, and the solution 

was refluxed for an additional 72 hours. The product was identified via mass spectrometry 

(Calcd for [M + H]+, 473.1203, found, 473.1204) however, isolation and purification require 

further optimization.  
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Appendix A.  Supplementary Information for Chapter 2 

 

Figure A1. 1H NMR of L1 in CD2Cl2 (500 MHz). Asterisk denotes residual solvent peak. 

 

Figure A2. 1H NMR of L2 in CD2Cl2 (400 MHz). Asterisk denotes residual solvent peak. 
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Figure A3.  1H NMR of L3 in CDCl3 (400 MHz). Asterisk denotes residual solvent peak. 
Δ denotes CH2Cl2 solvent peak. 

 

Figure A4. 1H NMR of L4 in CD2Cl2 (500 MHz). Asterisk denotes residual solvent peak. 
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Figure A5.  1H NMR of L5 in CD3OD (400 MHz). Asterisk denotes residual solvent 
peak. Δ denotes CH2Cl2 solvent peak. 

 

Figure A6.  13C{1H} NMR of L1 in CDCl3 (100.6 MHz). Asterisk denotes residual solvent 
peak. 
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Figure A7.  13C{1H} NMR of L2 in CD2Cl2 (100.6 MHz). Asterisk denotes residual 
solvent peak. 

 

Figure A8.  13C{1H} NMR of L3 in CDCl3 (125.8 MHz). Asterisk denotes residual solvent 
peak. 
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Figure A9.  13C{1H} NMR of L4 in CD2Cl2 (125.8 MHz). Asterisk denotes residual 
solvent peak. 

 

Figure A10.  13C{1H} NMR of L5 in CD3OD (150.9 MHz). Asterisk denotes residual 
solvent peak. 
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Figure A11.  (left) Variable pH UV-vis titration of 12.5 µM L1 ranging from pH 3.03-12.23 
in 0.1 M NaCl. (right) Absorbance trace as a function of wavelength at pH 
7.4. Observed absorbance values are shown in red, calculated absorbance 
values are in blue. 

 

 

Figure A12.  (left) Variable pH UV-vis titration of 12.5 µM L2 ranging from pH 2.94-11.21 
in 0.1 M NaCl. (right) Absorbance trace as a function of wavelength at pH 
7.4. Observed absorbance values are shown in red, calculated absorbance 
values are in blue. 
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Figure A13.  (left) Variable pH UV-vis titration of 12.5 µM L3 ranging from pH 2.24-10.92 
in 0.1 M NaCl. (right) Absorbance trace as a function of wavelength at pH 
7.4. Observed absorbance values are shown in red, calculated absorbance 
values are in blue. 

 

Figure A14.  (left) Variable pH UV-vis titration of 12.5 µM L4 ranging from pH 2.10-11.19 
in 0.1 M NaCl. (right) Absorbance trace as a function of wavelength at pH 
7.4. Observed absorbance values are shown in red, calculated absorbance 
values are in blue. 
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Figure A15.  (left) Variable pH UV-vis titration of 12.5 µM L5 ranging from pH 2.23-11.10 
in 0.1 M NaCl. (right) Absorbance trace as a function of wavelength at pH 
7.4. Observed absorbance values are shown in red, calculated absorbance 
values are in blue. 

 

Figure A16.  Simulated species distribution plot for L1 using HypSpec and HySS2009. 
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Figure A17.  Simulated species distribution plot for L2 using HypSpec and HySS2009. 

 

Figure A18.  Simulated species distribution plot for L3 using HypSpec and HySS2009. 
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Figure A19.  Simulated species distribution plot for L4 using HypSpec and HySS2009. 

 

Figure A20.  Simulated species distribution plot for L5 using HypSpec and HySS2009. 
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Figure A21.  (left) Variable pH UV-vis titration of 6.25 µM Zn2+ and 12.5 µM L1 ranging 
from pH 2.41-10.37 in 0.1 M NaCl. (right) Absorbance trace as a function 
of wavelength at pH 7.4. Observed absorbance values are shown in red, 
calculated absorbance values are in blue. 

 

Figure A22.  (left) Variable pH UV-vis titration of 6.25 µM Zn2+ and 12.5 µM L2 ranging 
from pH 1.87-11.64 in 0.1 M NaCl. (right) Absorbance trace as a function 
of wavelength at pH 7.4. Observed absorbance values are shown in red, 
calculated absorbance values are in blue. 
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Figure A23.  (left) Variable pH UV-vis titration of 6.25 µM Zn2+ and 12.5 µM L3 ranging 
from pH 1.99-10.89 in 0.1 M NaCl. (right) Absorbance trace as a function 
of wavelength at pH 7.4. Observed absorbance values are shown in red, 
calculated absorbance values are in blue. 

 

Figure A24.  (left) Variable pH UV-vis titration of 12.5 µM Zn2+ and 12.5 µM L4 ranging 
from pH 2.01-11.22 in 0.1 M NaCl. (right) Absorbance trace as a function 
of wavelength at pH 7.4. Observed absorbance values are shown in red, 
calculated absorbance values are in blue. 
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Figure A25.  (left) Variable pH UV-vis titration of 12.5 µM Zn2+ and 12.5 µM L5 ranging 
from pH 2.07-11.48 in 0.1 M NaCl. (right) Absorbance trace as a function 
of wavelength at pH 7.4. Observed absorbance values are shown in red, 
calculated absorbance values are in blue. 

 

Figure A26.  Simulated species distribution plot for Zn2+ + L1 using HypSpec and 
HySS2009. 
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Figure A27.  Simulated species distribution plot for Zn2+ + L2 using HypSpec and 
HySS2009. 

 

Figure A28.  Simulated species distribution plot for Zn2+ + L3 using HypSpec and 
HySS2009. 
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Figure A29.  Simulated species distribution plot for Zn2+ + L4 using HypSpec and 
HySS2009. 

 

Figure A30.  Simulated species distribution plot for Zn2+ + L5 using HypSpec and 
HySS2009. 
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Appendix B.  Supplementary Information for Chapter 3 

 

Figure B1.  1H NMR of L5-P in CDCl3 (400 MHz). Asterisk denotes residual solvent 
peak. Δ denotes solvent peaks. 

 

Figure B2.  1H NMR of L5-O in CD3OD (400 MHz). Asterisk denotes residual solvent 
peak. Δ denotes CH2Cl2 solvent peak. 
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Figure B3.  13C{1H} NMR of L5-P in CDCl3 (100.6 MHz). Asterisk denotes residual 
solvent peak. 

 

Figure B4.  13C{1H} NMR of L5-O in CD3OD (100.6 MHz). Asterisk denotes residual 
solvent peak.  
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Figure B5.  Absorbance trace as a function of wavelength at pH 7.4 (L5-P – left, L5-O, 
right). Observed absorbance values are shown in red, calculated 
absorbance values are in blue. 

 

Figure B6.  Absorbance trace as a function of wavelength at pH 7.4 (Zn2+ + L5-P – left, 
Zn2+ + L5-O, right). Observed absorbance values are shown in red, 
calculated absorbance values are in blue. 
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Appendix C.  Supplementary Information for Chapter 4 

 

Figure C1. 1H NMR of L6 in CD2Cl2 (500 MHz). Asterisk denotes residual solvent peak. 

 

Figure C2. 1H NMR of L7 in CD2Cl2 (400 MHz). Asterisk denotes residual solvent peak. 
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Figure C3.  13C{1H} NMR of L6 in CD2Cl2 (125.8 MHz). Asterisk denotes residual 
solvent peak. 

 

Figure C4.  13C{1H} NMR of L7 in CD2Cl2 (125.8 MHz). Asterisk denotes residual 
solvent peak. 
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Figure C5.  Absorbance trace as a function of wavelength at pH 7.4 (L6 – left, L7, right). 
Observed absorbance values are shown in red, calculated absorbance 
values are in blue. 

 

Figure C6.  Absorbance trace as a function of wavelength at pH 7.4 (Zn2+ + L6 – left, 
Zn2+ + L7, right). Observed absorbance values are shown in red, calculated 
absorbance values are in blue. 

 



207 

 

Figure C7.  Imaging of intracellular Zn2+ levels in complete serum-free media. NUGC3 
cells were incubated with 1 µM FluoZin-3 for 20 minutes at 37°C, followed 
by incubation with 50 µM L6 and L7 for 2 hours. Cells were imaged using 
a fluorescence microscope and fluorescence-quantified using ImageJ. 

 


