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Abstract 

Title of Dissertation: The p53-Zn2+ Energy Landscape and Metallochaperone Hypothesis 

Author's Name: Adam R. Blanden 

Sponsor's Name: Stewart N. Loh 

  

p53 is a tumor suppressor protein found mutated in essentially half of human cancers, and dysfunctional in 

nearly all human cancers. Each DNA-binding domain of the protein contains a critical tetrahedrally 

coordinated Zn2+. In this work, we present a quantitative thermodynamic model describing the energetics of 

the p53-Zn2+ interaction, as well as the mechanism of action of a new class of therapeutic compounds we 

call synthetic zinc metallochaperones (ZMC) that restore proper structure and function to many mutant 

p53s by delivering Zn2+ to the protein in the cell. We combine recombinant protein expression and in vitro 

biophysical characterization with cell biology, molecular biology, medicinal chemistry, and live cell 

imaging to address these issues. Our model for both the mechanism of action of ZMCs and the p53-Zn2+ 

interaction are broadly based on the Metallochaperone Hypothesis originally proposed by our group in 

2010. We find that the core tenants of the Metallochaperone Hypothesis are accurate, and have expanded 

that model to quantitatively describe the link between p53-Zn2+ binding and protein stability noted for 

decades in the field. 

 We find that at physiological temperature and Zn2+ concentrations, wild-type p53 has a folding 

energy of ~0 kcal mol-1, and as such is exquisitely sensitive to inactivation by mutation, and rapidly 

changes the fraction folded in response to changes in Zn2+ concentration. We demonstrate that ZMCs are 

ionophores, transport Zn2+ from the extracellular space into cells, and rescue mutant p53 by increasing the 

intracellular free Zn2+ concentration. This increase in Zn2+ stabilizes the mutant proteins via the same 

mechanism previously described for substrate stabilization of enzymes, and is only seen in a "Goldilocks 

Zone" of Zn2+ concentrations and ZMC Kds. This presents a fundamentally new way to interact with and 

reactivate mutant p53s, and raises questions about the potential for biological exploitation of this 

interaction for signaling or other functions. 



 iii 

Listing of Figures and Tables 

Figures (chapter.figure) 

Figure 1.1 Structure of the wild type p53 DNA-binding domain (DBD) complexed with DNA.................23 

Figure 1.2 Model of the ZMC1 dual mechanism...........................................................................................28 

Figure 1.3 Spatial approach to Zn2+-binding mutations.................................................................................34 

Figure 3.1 Binding interactions of ZMC1, DBD, and zinc............................................................................52 

Figure 3.2 ZMC1 functions as a Zn2+-metallochaperone..............................................................................56 

Figure 3.3 The zinc metallochaperone function is not unique to ZMC1.......................................................60 

Figure 3.4 ZMC1 reactivates additional p53 missense mutants with impaired Zn2+-binding.......................63 

Figure 3.5 ZMC1 transactivates mutant p53 through increasing ROS levels...............................................66 

Figure 3.6 Dual mechanism of ZMC1...........................................................................................................71 

Figure 4.1 ZMC1 treatment in complete media increases intracellular [Zn2+]free..........................................79 

Figure 4.2 Molecular structure of [Zn(ZMC1)2] by X-ray crystallography..................................................85 

Figure 4.3 ZMC1 is an ionophore in a liposomal model system...................................................................86 

Figure 4.4 Quantification of a ZMC1-mediated intracellular [Zn2+]free increase..........................................90 

Figure 4.5 Extracellular Zn2+ is required for ZMC1-induced p53 conformational change...........................92 

Figure 5.1 In vitro evaluation of TSCs and ZMCs......................................................................................110 

Figure 5.2 Thiosemicarbazones with cell growth inhibition activity in cell lines expressing mutant p53..114 

Figure 5.3 A "WT-like" conformational change in the p53-175 mutant protein induced by ZMCs...........117 

Figure 5.4 Restoration of site-specific pte-175 mutant protein transactivational function.........................119 

Figure 5.5 ZMC1 induces ROS levels in cells as detected by 8-oxy-dGUO staining.................................121 

Figure 6.1 WT p53 folding energy landscape..............................................................................................134 

Figure 6.2 Thermodynamic and functional categorization of p53 mutations..............................................138 

Figure 7.1 Summary graph of parameter-activity relationship....................................................................158 

Figure 7.2 Zn2+ Kd as a predictor of ZMC efficacy.....................................................................................163 

Figure A1.1 Example chromatograms.........................................................................................................185 

Figure A2.1 Example competition binding assay........................................................................................191 

Figure A4.1 Example of dynamic light scattering volume distribution......................................................206 



 iv 

Tables (chapter.table) 

Table 1.1 Activities necessary for zinc metallochaperone therapy and associated mechanisms...................32 

Table 4.1 Initial Zn2+ ion flux into DOPC liposomes....................................................................................87 

Table 5.1 Cellular sensitivity (EC50) to the four thiosemicarbazone compounds........................................113 

Table 6.1 Summary of measured ΔGapo, Zn2+ Kd, and DNA-binding..........................................................137 

Table 7.1 Summary of parameter activity relationship parameters.............................................................159 



 v 

Dedication 

I did not get here by chance or by luck, but by the sacrifices of generations before me. In my family history, 

there are no scientists, no doctors, no lawyers, and no scholars. My grandmother was the first to be born in 

this country, daughter of Italian immigrants who came to start a new life. My grandfather dropped out of 

high school to join the Navy to fight the Nazis in World War II and prevent the spread of Communism in 

Korea. My mother is a secretary. My father was a night janitor in a local school district. And yet, since I 

was a child, the value of education and learning was the main focus of our house. My parents scrimped and 

saved since I was a boy to put me through college, sacrificing most of their economic progress in life so 

that I could fulfill their dream of getting an education, maybe become a doctor and have the life they never 

could. I went on to get accepted to the MD/PhD program here at Upstate, and extend that dream to a level I 

never thought possible growing up in the bustling metropolis of Truxton, NY. Now with this defense, I will 

be the first person in my family line to get a doctoral degree. But I did not get here alone, and I did not get 

here by chance. So I dedicate this work to the Blandens and Vecellios who came before me, who saw the 

vision and made the sacrifices so that I could be here and do this right now. We did it. 

 And one more dedication. For every famous male dancer, there is an equally talented female 

dancer who had to do everything he did, but backwards and in heels. So it is with my wife, Melanie 

Blanden. A PhD candidate at Syracuse University herself, somehow she manages to do her graduate work, 

teach undergraduate classes to fund herself to do that work, and take the, shall we say, “motherly” share of 

the work to raise our daughter. If not for her sacrifices, I could not spend my time focusing on the things I 

am really good at, and I could not do the things I do, at least not to the level I am able to do them. So with 

that said, I dedicate the work herin to her and recognize her sacrifices as well. Thank you.



 vi 

Table of Contents 

Abstract……………………………………………………………………………………………………...ii 

Listing of Figures and Tables……………………………………………………………………………...iii 

Dedication……………………………………………………………………………………………………v 

Table of Contents…………………………………………………………………………………………...vi 

Chapter 1. Part I: Introduction to p53 and drug development efforts targeting it...........................................1 

Chapter 1. Part II: Reactivating mutant p53 using small molecules as zinc metallochaperones:  

awakening a sleeping giant in cancer.............................................................................................................19 

Chapter 2. A logical narrative of this work...................................................................................................41 

Chapter 3. Small molecule restoration of wildtype structure and function of mutant p53 using  

a novel zinc-metallochaperone based mechanism..........................................................................................47 

Chapter 4. Synthetic metallochaperone ZMC1 rescues mutant p53 conformation by  

transporting zinc into cells as an ionophore...................................................................................................76 

Chapter 5. Thiosemicarbazones functioning as Zinc Metallochaperones to reactivate mutant p53.............99 

Chapter 6. Quantification of p53-Zn2+ energy landscape provides insight into intrinsic  

instability and cancer therapy.......................................................................................................................128 

Chapter 7. A summary of the metallochaperone parameter-activity relationship......................................154 

Chapter 8. Conclusions...............................................................................................................................166 

Chapter 9. Predictions and Hypotheses.......................................................................................................172 

Acknowledgements.....................................................................................................................................179 

Appendix I. Expanded DBD Purification Protocol.....................................................................................181 

Appendix II. Competition Binding Assays and the Munson-Robard Solution to the  

Cheng-Prusoff Equation...............................................................................................................................186 

Appendix III. Derivation of the Linear Extrapolation Model Fit Equation and Pace Substrate  

Stabilization Model.......................................................................................................................................193 

Appendix IV. Expanded Liposome Preparation Protocol...........................................................................201 

Appendix V. Derivation of the Liposomal Transport Rate Equation..........................................................208 

 



 1 

Chapter 1. Part I: Introduction to p53 and drug development efforts targeting it 

 

Adam R. Blanden 

Department of Biochemistry and Molecular Biology, SUNY Upstate Medical University, Syracuse, NY 

13210, USA 

 

This chapter will serve as the general introduction to this dissertation. For a peer-reviewed discussion of 

metallochaperone drug discovery efforts specifically, see Chapter 1. Part II: Reactivating mutant p53 using 

small molecules as zinc metallochaperones -- awakening a sleeping giant in cancer. 
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P53 DISCOVERY 

p53 is a critical tumor suppressor protein found mutated in essentially half of all human cancers, and 

deregulated, inactivated, or otherwise functionally impaired in most of the remaining half (1, 2). Although 

well known for its role in cancer biology and its many nicknames, such as "Guardian of the Genome," the 

discovery of the protein was much more humble (3). It was originally identified in 1979 by Arnold Levine, 

David Lane, and Loyd Old, each working independently on the effects of transforming tumor viruses in 

mice, particularly SV40 (4). Through a series of immunological experiments, the discoverers noted that 

when cells and mice were subject to SV40 transformation, a non-viral protein that migrated with an 

apparent molecular weight 53-54 kDa on SDS-PAGE (thus the name, p53) became overexpressed in the 

transformed cells, and sera from tumor-bearing mice would immunoprecipitate that protein. Additionally, 

Levine's group noted that cancer cells (specifically embryonal carcinoma cells) overexpressed the protein 

without being transformed by SV40 (5). This overexpression phenotype in tumors was confirmed by 

multiple groups in the field, and caused suspicion that p53 was an oncoprotein (6, 7). This seemed to be 

confirmed when the p53 cDNAs began to be cloned from tumors, where they were found in high 

abundance (8–10). When the cDNAs were used to overexpress the protein in vitro, p53 behaved much like 

a number of established oncogenes, and aided in the immortalization and transformation of cultured cells 

(11, 12). However, the transformation-aiding phenotype was not observed with all p53 clones in 

circulation, and after the sequences of each clone in use were compared, the researchers found no two 

sequences were identical. This indicated that many of the clones in use were actually mutant proteins -- an 

observation that was confirmed when cDNAs derived from normal tissue began to be isolated and 

sequenced (13). 

 It later became clear that p53 was not an oncogene at all, but a tumor surpressor, and that the 

overexpression/transformation phenotype was driven by important peculiarities in p53s regulatory 

mechanisms (discussed below). This idea was cemented in 1989, when Bert Vogelstein and colleagues 

demonstrated that p53 not only was the key tumor suppressor involved in his "Sequential Hit" hypothesis 

for the development of colorectal cancer, but also that its mutation was one of the most common types of 

mutations found in human tumors across cancer types (14–16). It was in response to these realizations that 

p53 rose to the level of popularity it enjoys today, with publications per year growing from ~100 per year in 
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1989 to over 1500 per year in 1994 (it now sits at a relatively stable 4500 per year).  The x-ray crystal 

structure of the core DNA-binding domain of p53 (DBD) was then solved in 1994 (17), conclusively 

demonstrating the presence of a single coordinated Zn2+-ion in the protein that will be the focus of much of 

this dissertation.  

 

FUNCTIONS IN BIOLOGY 

p53 is a homotetrameric transcription factor encoded by a single pair of alleles on the short arm of 

chromosome 17 (17p13.1) (18). Each 393 (44 kDa) residue monomer comprises 3 primary domains: a 

largely unstructured N-terminal transactivation domain (residues 1-93) that is primarily used for 

recognition by p53 binding partners, post-translation modification, and regulation; a core DNA-binding 

domain (residues 94-312), which is where the majority of the structure of the protein resides and contains 

the functional DNA-binding surface of the protein and the critical Zn2+-binding interaction; and a C-

terminal domain (313-393), which houses the p53 tetramerization domain (325-356) as well as the nuclear 

localization and import sequences, and an unstructured regulatory domain (19). p53 does little to no sensing 

itself, but instead sits at a signaling node of myriad damage and stress sensing pathways and is post- 

translationally modified by upstream signaling partners. The primary mechanism controlling p53 activity in 

the cell is an autoregulatory feedback loop with its specific ubiquitin E3 ligase, MDM2 (20). MDM2 is one 

of the proteins under the transcriptional control of p53. In unstressed cells, p53 is recognized by MDM2, 

ubiquitinated, and proteosomally degraded, keeping the level of both remarkably low. However, when cells 

become stressed, p53 and MDM2 become post-translationally modified by proteins in the damage/stress 

sensing pathways and no longer bind one another. As a result, p53 levels can climb and activate 

transcriptional programs that code for things like cell cycle arrest and DNA-damage repair (e.g. through the 

p21 pathway (21)), or in the case of extreme stress, apoptosis (e.g. through the PUMA pathway (22)). 

Additionally, p53 has been demonstrated to have non-transcriptional activities related to cell death in the 

cytosol and mitochondria, primarily through interference with Bcl-2 family proteins and even opening the 

mitochondrial permeability and transition pore (23, 24).  

 The vast majority of p53 mutations in human cancer (>86%) are missense, and occur within the 

DNA-binding domain (DBD) (1). This leads to the production of a full length protein that is misfolded or 
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otherwise non-functional. These non-functional p53 monomers can form mixed tetramers with the 

remaining wild-type (wt) copy, inactivating the protein as a whole and causing the dominant-negative 

phenotype observed in the cDNA transformation experiments discussed earlier. Additionally, because the 

non-functional mixed tetramers do not enhance the transcription of p53-dependent genes, including 

MDM2, the level of mutant p53 climes to extremely high levels in the cell, resulting in the overexpression 

phenotype in transformed cells discussed earlier. Thus, p53 is 44 kDa tumor suppressor that appears at first 

glance to be a 53 kDa oncoprotein.  

 While this peculiarity caused significant confusion in the p53 in the 1980's, it also presents one of 

the most exciting opportunities in cancer therapy. Because mutant p53 to builds to extremely high levels in 

cancer cells, if you could reactivate even a small fraction of the mutant p53, it stands to reason that the 

inactive tumor suppressor pathways that p53 normally regulates would turn back on and kill the cancer 

cells, thus treating the cancer. This opportunity combined with the prevalence of p53 mutations in human 

cancer has spurred decades of research, trying to find a targeted p53 reactivating treatment. However, none 

have yet made it into the clinic, likely inhibited by the lack of druggable deep binding clefts on the surface 

of the p53 DBD (25). That said, there are a number of exciting non-traditional approaches to p53 

reactivation that have gained some traction in the research literature, and even progressed to clinical trial. 

 

APPROACHES TO P53 TARGETING 

Cysteine Alkylators (mechanism unknown) 

One of the oldest approaches for targeting mutant p53 in cancer is non-specific Cys alkylation (26). While 

there are a number of compounds that likely work through this mechanism, the most prominently discussed 

are PRIMA-1 and its derivative PRIMA-1MET (also called APR 246), as PRIMA-1MET has made its way 

into clinical trials (ClinicalTrials.gov identifier: NCT00900614). Presumably, these compounds break down 

into highly reactive Michael acceptor 2-methylene-3-quinuclidinone (27), which then has the ability to 

form covalent adducts with exposed Cys. Consistent with this hypothesis, researchers have found that 

Michael acceptor activity is conserved among many purported p53 reactivating compounds (e.g. MIRA-1, 

STIMA-1, and CP-31398) (28). Multiple studies with purified protein have found a modest increase in 

apparent melting temperature with PRIMA-1 treatment, and a recent mutagenesis and modeling study 
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found that C124 was essential for PRIMA-1 activity in vitro and in cells (29). However, the lack of a clear 

mechanistic rationale for the function of such drugs causes significant skepticism about the role or even 

existence of p53-specific activity in the field, even if such skepticism is not frequently presented in print. 

Indeed, there are an increasing number of reports regarding PRIMA-1 and PRIMA-1MET that indicate 

effectiveness in cancer cells regardless of p53 status by interfering with the already perturbed redox balance 

(30–33). This is entirely expected based on a mechanism that allows for oxidative reactions with exposed 

nucleophiles like Cys. Nonetheless, it has not been explicitly ruled out that the mechanism of PRIMA-1 

and similar drugs is complex, involving a mixture redox and p53 activities with differing amounts of 

importance in different cancers. 

 

Small Molecule Stabilizers (peg in a hole) 

Consider a model where p53 is constantly in equilibrium between a functional, natively folded state, and a 

non-functional, misfolded state. When p53 becomes mutated, the equilibrium shifts from predominantly 

native to predominantly misfolded. However, if we could find a molecule that would bind to the native 

state and not the misfolded state, we could perturb the equilibrium to favor the native state via Le Chatlier's 

Principle. Although simple in concept, this is practically difficult for p53 as the DBD is almost entirely 

devoid of deep hydrophobic binding crevices suitable for small molecule binding.  

 The situation is different for some specific p53 mutations. Y220C is a destabilizing mutant by ~4 

kcal mol-1 and leaves a crevice in the surface of the DBD because of the loss of steric bulk provided by the 

Tyr. Using a combination of in silico screening and manual selection, Fersht and colleagues discovered the 

PhiKan series of drugs, specifically PhiKan083, which bind to this "cleft" specifically by HSQC NMR and 

by x-ray crystal structure (34). This binding stabilizes the protein as measured by apparent melting 

temperature, and derivative molecules have since been shown to reactivate Y220C mutant p53 in cells (35). 

The Achilles heel of this series of molecules is their poor affinity. Even the best PhiKans bind with a Kd on 

the order of >100 μM, which is on the order of non-specific interactions for many binding interactions and 

entirely non-viable as a drug. 

 This approach has recently been generalized to mutants other than Y220C. A modeling study 

identified a transiently open binding pocket on mutant R175H (29). This pocket was hypothesized to be 
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hyper-mobile in the mutant, and thus destabilizing. The authors found that small molecule stictic acid 

bound to this picket in silico, and confirmed its ability to stabilize R175H DBD as measured by thermal 

denaturation, and induce p53 target genes in R175H mutant p53 cells, but not p53 null cells.. Although no 

experimental confirmation has yet been presented to confirm the binding site of stictic acid on p53, as long 

as the binding site is present in the wt conformation over the misfolded conformation, it should function by 

much the same mechanism as PhiKans for Y220C. 

 

Solublizers (break up aggregates) 

One particularly interesting approach is the use of cell penetrating peptides to break up p53 aggregates. The 

mechanistic hypothesis is that p53 mutation causes destabilization of the DBD, which then unfolds and 

exposes hydrophobic patches. These hydrophobic patches then aggregate, and form an amyloid-like self 

propagating aggregation state that sequesters soluble p53, thus inhibiting its function (36). p53 and its 

mutants have been shown to aggregate into such self-propogating, amyloid like species in vitro and in 

tumor cells (37, 38). It stands to reason that inhibiting such aggregation may increase the soluble, 

functional p53 pool and treat cancer, particularly in instances where the cells are heterozygous and mutant 

p53 is exhibiting its dominant negative effect via mixed tetramers. Cell-penetrating peptide ReACp53 was 

demonstrated to inhibit aggregation of a test sequence in vitro, change the localization pattern of mutant 

p53 containing cells derived from patients from punctuate (consistent with aggregation) to diffuse 

(consistent with soluble), switch the recognition by conformation specific antibodies from mutant to wt-

like, reactivate p53 signaling in cells, and ultimately kill cancer cells (36). However, the concentrations 

required to witness such effects are unfortunately high (IC50 ~10 μM). Nonetheless, this demonstrates an 

interesting proof of concept that merits further exploration. 

 

p53/MDM2 Disruptors (inhibit the inhibitor) 

Although not targeting mutant p53, disruption of the p53/MDM2 interaction merits some discussion as it is 

by far the most promising lead in targeted p53 drug development efforts. As mentioned earlier, the primary 

known mechanism regulating the level and function of p53 in vivo is the autoregulatory feedback loop 

between p53 and MDM2. In the ~50% of cancers in which p53 is not mutated, one of the most important 
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mechanisms for circumventing the p53 checkpoint is enhancing its degradation, most often mediated by 

upregulation or increased activity of MDM2. It stands to reason that if you could then inhibit MDM2 or its 

interaction with p53, you would decrease p53 degradation, cause its level to increase in the cell, and as a 

result treat the cancer. 

 The first and most prominent class of compounds discovered with this activity are the Nutlins 

(39). These compounds are cis-imidazoline analogs that were originally discovered by Hoffmann- La 

Roche, Inc. through minimal binding site identification, high-throughput screening, and lead optimization. 

The authors leveraged a then-recent crystal structure (PDB ID: 1YCR) of a stable fragment of MDM2 

(residues 17-125) bound to a small N-terminal domain fragment of p53 (residues 15-29) (40). They noted a 

deep binding cleft in the MDM2 fragment into which the helical p53 peptide fit, and conducted a yet 

undisclosed diversity set high-throughput screen using disruption of the fragment interaction as measured 

by surface plasmon resonance (39). The complex was then characterized by x-ray crystallography, and 

revealed the Nutlin compounds did indeed inhabit the appropriate binding cleft in MDM2 and mimicked 

the side-chain interactions seen with the p53 peptide. The compounds went on to show remarkable 

selectivity for MDM2 overexpressing cancer cells with wt p53, specific induction of p53 pathway, and 

efficacy in cells and tumor xenografts. Nutlins and their descendents (e.g. RG7112) are the subject of a 

huge number of early-phase clinical trials of malignancies of all types alone and in combination with 

conventional chemotherapy (e.g. NCT00559533, NCT01164033, NCT00623870, NCT01143740, 

NCT01635296, NCT01605526, NCT01462175, NCT01773408) (41, 42). Despite all of this pre-clinical 

promise, the early phase trials for Nutlins are exhibiting unacceptable dose-limiting toxicities, primarily 

against bone marrow. A recent review noted that ~30% of patient receiving Nutlin-derivative RG7112 

experienced grade 4 neutropenia (<500 cells/mm3) and 15% experienced grade 4 thrombocytopenia 

(<25,000 cells/mm3), both of which are life threatening and require immediate intervention to prevent 

either secondary infection or intractable bleeding, respectively (43). This is currently presumed to be an on-

target mechanism resulting from inappropriate activation of p53 in hematological cells, but at present there 

is no convincing evidence that this is the case, and off-target toxicities are equally if not more likely. 
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PHYSICAL CHEMISTRY OF METALS IN BIOLOGY/BIOCHEMISTRY 

To understand our approach to targeting mutant p53, we must first briefly discuss metals and their roles in 

biology and biochemistry, particularly the role of Zn2+. Metals are ubiquitous in biological systems and are 

involved in a vast array of cellular process ranging from signaling and membrane transport to catalysis and 

protein stabilization (44). At the left of the periodic table, alkiali and alkaline earth metal ions (e.g. Na+, K+, 

Mg2+, Ca2+ etc.) are the most common metals in the body, ranging from ~1 kg per human for Ca2+ (due to 

storage in bones) to 20 g per human for Mg2+ (45). Their aqueous solubility, charge, stability as a single 

ionic species (+1 for group I and +2 for group II metals), membrane impermeability, and natural abundance 

make them ideal molecules both for signaling and transmembrane energy storage (46, 47).  

 The predominant ionic species for each these metals results in entirely filled valence orbitals with 

an electronic configuration equivalent to the immediately previous noble gas. Group I metals are small, 

hard ions with little to no affinity for proteins and as such are rarely immobilized. Instead they function 

almost exclusively in soluble form, providing such things as a proper osmotic and ionic environment for 

biological molecules to function, a substrate for electrical signal transduction, and as a means to store and 

harvest electrochemical energy. Group II metals are also used in electrical signaling (e.g. Ca2+ in cardiac 

muscle), but are slightly softer than their group I counterparts and are more amenable to immobilization. As 

a result, we often find Ca2+ and Mg2+ bound to proteins (e.g. Mg2+ in RuBisCo) where they generally play a 

role in negative charge stabilization or withdrawing negative charge density. Also unlike their group I 

counterparts, the ability of group II metals to bind to proteins allows them to participate in additional kinds 

of biological signaling as second messengers (48). 

 As we progress farther right on the periodic table to d-block transition metals, the story changes 

dramatically. These metals (primarily iron, copper, zinc, nickel, manganese, and cobalt) are found at much 

lower levels in the body, ranging from ~4 g per human for iron to less than 3 mg per human for cobalt (44, 

45). Unlike their group I and II counterparts, these metals characteristically have unfilled d-orbitals in their 

valence shells, and form multiple ions of different oxidation states under biological conditions (e.g. Fe2+ 

and Fe3+ are both found physiologically) (49). These characteristics cause transition metals to be much 

more active chemically. Notably, they can form incredibly stable coordination complexes with proteins or 

prosthetic groups, as well as facilitate single electron transfer and other reactions that involve withdrawal of 
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a large amount of electron density. As a result, transition metals are often found in active sites of enzymes 

where they act as Lewis acids (e.g. Zn2+ in carboxypeptidase A (50)) or sites of single electron transfer (e.g. 

Fe(II/III) in cytochrome c (51) or Cu(I/II) in superoxide dismutase (52)), or in allosteric locations where 

they act as structural binding partners (e.g. Zn2+ in p53 (53)). 

 Zinc is unique among transition metals in that, by IUPAC definitions, it is not a transition metal at 

all despite being a d-block element. By IUPAC definition, a transition metal must either have an 

incomplete d sub-shell, or give rise to cations with an incomplete d sub-shell (54). Zinc as a metal has an 

electronic configuration of [Ar]3d10 4s2, and its only stable ion, Zn2+, has a configuration of [Ar]3d10. 

Thus, zinc almost always has completely filled d-orbitals. It is this unique valence configuration and 

stability as a single ionic species that gives Zn2+ its important biochemical properties. Unlike other 

transition metals, Zn2+ is redox neutral in biological systems much like group I and II metals. However, its 

increased size and softness relative to group I and II metals maintain its high affinity for biological ligands, 

as noted by its place second only to copper in the Irving-Williams series that describes transition metal 

affinity for biological ligands (55). This allows Zn2+ to function as a fixable, redox-neutral Lewis acid or 

structural cofactor, and is a likely explanation for both the extent and nature of its use in biological systems. 

 In modern eukaryotes, the number and variety of proteins that bind Zn2+ is unparalleled. Current 

bioinformatic approaches estimate that ~10% of the human proteome binds zinc, including 397 hydrolases, 

302 ligases, 167 transferases, 43 oxidoreductases, 24 isomerases, 957 transcription factors, 221 signaling 

proteins, 141 transport/storage proteins, 53 proteins with structural metal sites, 19 DNA modifying 

proteins, 427 zinc finger proteins of unknown function, and another 456 proteins of unknown function (56). 

In these proteins, Zn2+ is most often tetrahedrally coordinated by high-affinity interactions with Cys and 

His residues, with lower affinity interactions with carboxylates from Asp and Glu used less commonly. It is 

often used as a strong Lewis acid catalyst in the active sites of enzymes (e.g. carbonic anhydrase), its redox 

neutrality and high affinity for ligands making it uniquely suited for this role. The most common use for 

Zn2+ is as a non-catalytic structural cofactor, very often for transcription factors via a zinc-finger fold (e.g. 

transcription factor IIIA). 

 This ubiquitous use of Zn2+ presents cells with an interesting problem -- how to traffic Zn2+ in the 

cell when so many proteins require it. Other transition metals (e.g. iron and copper) are handled by a series 
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of specific chaperones, likely to prevent excessive redox damage to the cell. In lieu of a specific series of 

chaperones, Zn2+ regulation is accomplished by a simple “buffering” and “muffling” system, which 

maintains free Zn2+ concentration on the order of 10-12-10-10 M (57). 

 Although cells must maintain a large intracellular pool of Zn2+ with which to supply the incredible 

number of Zn2+ binding proteins, the vast majority of intracellular Zn2+ is bound tightly to a family of Zn2+ 

buffering proteins called metallothioneins (MT). MT has a total of 7 binding sites for Zn2+, ranging in 

affinity from ~10-13 M to 10-6 M, with the removal of each successive Zn2+ ion becoming increasingly more 

difficult. In response to small perturbations in cellular Zn2+ concentration, Zn2+ ions will either bind to or 

release from MT, buffering the free Zn2+ concentration to a roughly constant level in the picomolar range. 

If the MT system is overwhelmed, a Zn2+ sensing transcription factor called metal-response element-

binding transcription factor-1 (MTF-1) becomes activated, and induces MT expression (to bind excess 

Zn2+) and Zn2+ exporter ZnT-1 expression (to export Zn2+ from the cell). MTF-1 is the only known Zn2+ 

sensor in multi-cellular organisms, and its set-point is in the low nanomolar range, just over the high end of 

normal (10-10 M) intracellular free Zn2+ concentration. This transcriptional response to excess zinc is known 

as “zinc muffling.” 

 Circumventing the use of specific metallochaperones is likely enabled by Zn2+’s inability to 

participate in redox chemistry. As such, the only concern for Zn2+ toxicity is aberrant protein binding, 

which is sufficiently prevented by keeping its free concentration in the cell low. This is a parsimonious 

solution to the problem of using Zn2+ in hundreds if not thousands of proteins, essentially leaving Zn2+ 

loading to affinity partitioning between available buffering proteins and functional proteins in the cell. 

 

p53-Zn2+-INTERACTION 

Although not a Zn2+ finger, p53 is a Zn2+-dependent transcription factor. The DBD binds a single native 

Zn2+ at residues C176, H179, C238, and C242 in a tetrahedral coordination (17). It has long been known 

that Zn2+ is important for the structure and function of p53. For example, Hainaut and colleagues published 

a series of papers in the early 2000's where they demonstrated incubation of p53 with Zn2+-chelators in 

vitro and in cells caused a loss of structure as assayed by conformation specific antibodies, and a loss of 

sequence specific DNA-binding activity (58–60). This loss could be rescued by either exchanging the 
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culture media or supplementing the media/buffer with Zn2+, indicating that the change is reversible. It has 

also long been appreciated that many cancer-causing p53 mutations occur in and around the Zn2+ binding 

site. For example, the most common p53 mutation in cancer, R175H, is immediately adjacent to a Zn2+-

chelating residue (61).  

 A biophysical analysis of DBD revealed that the Zn2+ ion is critical to the maintenance of proper 

DNA-binding conformation as well as thermodynamic stability (62). Multiple labs have found that 

recombinantly expressed DBD loses ~3 kcal mol-1 in folding energy as measured by chemical denaturation 

when the Zn2+ is removed (62, 63). An HSQC-NMR study of the Zn2+ bound and Zn2+-free DBD revealed 

that removal of Zn2+ causes substantial changes in the chemical shifts of the residues corresponding to the 

DNA-binding surface, correlating with a loss of sequence-specific DNA binding activity (62). Additionally, 

mutants in the Zn2+-binding region (i.e. R175H) both purify with less Zn2+ bound, and lose that Zn2+ on the 

order of seconds when incubated with Zn2+-chelators, as opposed to wt DBD which requires partial 

denaturation or elevated temperature (e.g. 37 ˚C) to remove the Zn2+ (62). To complicate matters, while 

Zn2+ seems to be required for p53 structure and function, too much can be detrimental. There are a total of 

10 Cys and 9 His in DBD, only 4 of which are involved in the native Zn2+ binding site. Assuming 

tetrahedral coordination, this leaves 1 possible combination for proper ligation, and 3,875 possible 

combinations for misligation. Experimentally, micromolar concentrations of free Zn2+ can cause DBD to 

irreversibly misfold in vitro (37). 

 In short, Zn2+ is a required structural co-factor for p53 that can reversibly bind and unbind under 

physiological conditions, thus causing a reversible change from a folded and functional to misfolded and 

non-functional. Too much Zn2+ also causes misfolding and loss of function. Thus, the p53 DBD seems to 

require a "Goldilocks Zone" of Zn2+ for proper function. For wt p53, this is likely the "normal" Zn2+ 

setpoint in the intracellular environment maintained by the Zn2+ buffering and muffling systems (10-12-10-10 

M), but for Zn2+-binding mutants, this is likely much higher. 

  

METALLOCHAPERONE HYPOTHESIS 

It was this series of observations that led to the proposal of the metallochaperone hypothesis by Loh in 

2010 (53). This hypothesis postulates two binding sites for Zn2+ on p53 with dissociation constants 
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represented by Kd1 and Kd2. Kd1 is the dissociation constant of the native site, and Kd2 is the apparent 

dissociation constant for one or more non-native sites. When the [Zn2+]free << Kd1, p53 is apo and non-

functional. When [Zn2+]free >> Kd2, p53 is misfolded and non-functional. But when Kd1 < [Zn2+]free < Kd2, 

p53 is holo, properly folded, and functional. For wt p53, this situation holds true, where [Zn2+]free ~ 0.1 nM. 

However, it was proposed that Zn2+-mutant p53 has an impaired Kd1. Under that model, it stands to reason 

that one could reactivate the protein simply by adding additional Zn2+, but such a situation would require 

overwhelming the endogenous Zn2+ buffering system, without approaching Kd2. This would be analogous 

to needing adjust a solution to be at pH 7 that is currently buffered with acetate at pH 4 (pKa ~ 4.6), and 

only adding concentrated sodium hydroxide. This is possible, but technically impractical. Instead, the 

concept of a synthetic Zn2+ metallochaperone (ZMC) was proposed. A small molecule with a Kd between 

Kd1 and Kd2 that could be used to buffer the Zn2+ at the required setpoint. In such an instance, a wide 

concentration range of total Zn2+ could be present, but the [Zn2+]free would be dictated largely by the affinity 

of the ZMC. This would be analogous to introducing a buffer with a pKa near 7 (e.g. phosphate, pKa ~7.2) 

before doing the hydroxide titration in our pH example.  

 Although sound in concept, this was entirely theoretical at the time of its proposal as all previous 

experiments had only been done with recombinantly purified wt DBD in vitro and a single proof-of-

concept Zn2+-buffer called nitrilotriacetic acid (NTA). We also had no measurements of either Kd1 or Kd2 in 

wt or any mutant. In this work, we present a series of studies that expand our biophysical understanding of 

the p53 Zn2+ interaction that quantitatively characterizes p53 thermodynamic stability, Zn2+ Kd, and 

[Zn2+]free for wt and 22 of the most common cancer-causing mutations. We also present the mechanism 

defining studies for the first ZMCs found to be effective in cells and in animals, and validate the 

fundamental conjectures of the Metallochaperone Hypothesis with quantitative measurements using a 

predictive approach based on measurements from DBDs, and an empirical approach based on a series of 

over 100 custom-synthesized putative ZMCs. Although our concept of a ZMC, Zn2+-binding mutant, and 

the p53-Zn2+ interaction have expanded with this work, we find that the core of the Metallochaperone 

Hypothesis is valid, and we hope as compounds in this class progress toward the clinic that these studies 

will provide helpful guidance to such initiatives.



 13 

REFERENCES 

1.  Bouaoun L, et al. (2016) TP53 Variations in Human Cancers: New Lessons from the IARC TP53 

Database and Genomics Data. Hum Mutat 37(9):865–876. 

2.  Nag S, Qin J, Srivenugopal KS, Wang M, Zhang R (2013) The MDM2-p53 pathway revisited. J 

Biomed Res 27(4):254–271. 

3.  Lane DP (1992) Cancer. p53, guardian of the genome. Nature 358(6381):15–16. 

4.  Levine AJ, Oren M (2009) The first 30 years of p53: growing ever more complex. Nat Rev Cancer 

9(10):749–758. 

5.  Linzer DI, Levine AJ (1979) Characterization of a 54K dalton cellular SV40 tumor antigen present in 

SV40-transformed cells and uninfected embryonal carcinoma cells. Cell 17(1):43–52. 

6.  Ab D, et al. (1979) Detection of a transformation-related antigen in chemically induced sarcomas and 

other transformed cells of the mouse. Proc Natl Acad Sci U S Am 76(5):2420–2424. 

7.  V R (1983) p53, a transformation-related cellular-encoded protein, can be used as a biochemical 

marker for the detection of primary mouse tumor cells. Proc Natl Acad Sci U S Am 80(9):2613–2617. 

8.  G M, et al. (1984) Isolation and characterization of a human p53 cDNA clone: expression of the 

human p53 gene. EMBO J 3(13):3257–3262. 

9.  E H, Nm W, R R, Dm H, Te A (1985) Molecular cloning and in vitro expression of a cDNA clone 

for human cellular tumor antigen p53. Mol Cell Biol 5(7):1601–1610. 

10.  M O, Aj L (1983) Molecular cloning of a cDNA specific for the murine p53 cellular tumor antigen., 

Molecular cloning of a cDNA specific for the murine p53 cellular tumor antigen. Proc Natl Acad Sci 

U S Am Proc Natl Acad Sci U S Am 80, 80(1, 1):56, 56–59. 

11.  Eliyahu D, Raz A, Gruss P, Givol D, Oren M (1984) Participation of p53 cellular tumour antigen in 

transformation of normal embryonic cells. Nature 312(5995):646–649. 



 14 

12.  Jenkins JR, Rudge K, Currie GA (1984) Cellular immortalization by a cDNA clone encoding the 

transformation-associated phosphoprotein p53. Nature 312(5995):651–654. 

13.  Eliyahu D, et al. (1988) Meth A fibrosarcoma cells express two transforming mutant p53 species. 

Oncogene 3(3):313–321. 

14.  Fearon ER, Vogelstein B (1990) A genetic model for colorectal tumorigenesis. Cell 61(5):759–767. 

15.  Baker SJ, et al. (1989) Chromosome 17 deletions and p53 gene mutations in colorectal carcinomas. 

Science 244(4901):217–221. 

16.  Nigro JM, et al. (1989) Mutations in the p53 gene occur in diverse human tumour types. Nature 

342(6250):705–708. 

17.  Cho Y, Gorina S, Jeffrey PD, Pavletich NP (1994) Crystal structure of a p53 tumor suppressor-DNA 

complex: understanding tumorigenic mutations. Science 265(5170):346–355. 

18.  Isobe M, Emanuel BS, Givol D, Oren M, Croce CM (1986) Localization of gene for human p53 

tumour antigen to band 17p13. Nature 320(6057):84–85. 

19.  Joerger AC, Fersht AR (2007) Structure–function–rescue: the diverse nature of common p53 cancer 

mutants. Oncogene 26(15):2226–2242. 

20.  Moll UM, Petrenko O (2003) The MDM2-p53 Interaction. Mol Cancer Res 1(14):1001–1008. 

21.  Gartel AL, Radhakrishnan SK (2005) Lost in Transcription: p21 Repression, Mechanisms, and 

Consequences. Cancer Res 65(10):3980–3985. 

22.  Yu J, Zhang L (2008) PUMA, a potent killer with or without p53. Oncogene 27(Suppl 1):S71–S83. 

23.  Speidel D, Helmbold H, Deppert W (2005) Dissection of transcriptional and non-transcriptional p53 

activities in the response to genotoxic stress. Oncogene 25(6):940–953. 



 15 

24.  Vaseva AV, et al. (2012) p53 opens the mitochondrial permeability transition pore to trigger 

necrosis. Cell 149(7):1536–1548. 

25.  Duffy MJ, et al. (2014) p53 as a target for the treatment of cancer. Cancer Treat Rev 40(10):1153–

1160. 

26.  Lambert JMR, et al. (2009) PRIMA-1 Reactivates Mutant p53 by Covalent Binding to the Core 

Domain. Cancer Cell 15(5):376–388. 

27.  Kaar JL, et al. (2010) Stabilization of mutant p53 via alkylation of cysteines and effects on DNA 

binding. Protein Sci Publ Protein Soc 19(12):2267–2278. 

28.  Joerger AC, Fersht AR (2016) The p53 Pathway: Origins, Inactivation in Cancer, and Emerging 

Therapeutic Approaches. Annu Rev Biochem 85:375–404. 

29.  Wassman CD, et al. (2013) Computational identification of a transiently open L1/S3 pocket for 

reactivation of mutant p53. Nat Commun 4:1407. 

30.  Tessoulin B, et al. (2014) PRIMA-1Met induces myeloma cell death independent of p53 by 

impairing the GSH/ROS balance. Blood 124(10):1626–1636. 

31.  YOSHIKAWA N, et al. (2016) PRIMA-1MET induces apoptosis through accumulation of 

intracellular reactive oxygen species irrespective of p53 status and chemo-sensitivity in epithelial 

ovarian cancer cells. Oncol Rep 35(5):2543–2552. 

32.  Sobhani M, Abdi J, Manujendra SN, Chen C, Chang H (2015) PRIMA-1Met induces apoptosis in 

Waldenström’s Macroglobulinemia cells independent of p53. Cancer Biol Ther 16(5):799–806. 

33.  Grellety T, et al. (2015) PRIMA-1(MET) induces death in soft-tissue sarcomas cell independent of 

p53. BMC Cancer 15:684. 

34.  Boeckler FM, et al. (2008) Targeted rescue of a destabilized mutant of p53 by an in silico screened 

drug. Proc Natl Acad Sci 105(30):10360–10365. 



 16 

35.  Liu X, et al. (2013) Small molecule induced reactivation of mutant p53 in cancer cells. Nucleic Acids 

Res 41(12):6034–6044. 

36.  Soragni A, et al. (2016) A Designed Inhibitor of p53 Aggregation Rescues p53 Tumor Suppression 

in Ovarian Carcinomas. Cancer Cell 29(1):90–103. 

37.  Butler JS, Loh SN (2007) Zn(2+)-dependent misfolding of the p53 DNA binding domain. 

Biochemistry (Mosc) 46(10):2630–2639. 

38.  Xu J, et al. (2011) Gain of function of mutant p53 by coaggregation with multiple tumor suppressors. 

Nat Chem Biol 7(5):285–295. 

39.  Vassilev LT, et al. (2004) In vivo activation of the p53 pathway by small-molecule antagonists of 

MDM2. Science 303(5659):844–848. 

40.  Kussie PH, et al. (1996) Structure of the MDM2 oncoprotein bound to the p53 tumor suppressor 

transactivation domain. Science 274(5289):948–953. 

41.  Vu B, et al. (2013) Discovery of RG7112: A Small-Molecule MDM2 Inhibitor in Clinical 

Development. ACS Med Chem Lett 4(5):466–469. 

42.  Ding Q, et al. (2013) Discovery of RG7388, a Potent and Selective p53–MDM2 Inhibitor in Clinical 

Development. J Med Chem 56(14):5979–5983. 

43.  Burgess A, et al. (2016) Clinical Overview of MDM2/X-Targeted Therapies. Front Oncol 6. 

doi:10.3389/fonc.2016.00007. 

44.  Bleackley MR, Macgillivray RTA (2011) Transition metal homeostasis: from yeast to human 

disease. Biometals Int J Role Met Ions Biol Biochem Med 24(5):785–809. 

45.  Emsley J (1998) The Elements (Oxford University Press, Oxford; New York). 3 edition. 

46.  Clapham DE (2007) Calcium Signaling. Cell 131(6):1047–1058. 



 17 

47.  Barnett MW, Larkman PM (2007) The action potential. Pract Neurol 7(3):192–197. 

48.  Li F-Y, et al. (2011) Second messenger role for Mg2+ revealed by human T-cell immunodeficiency. 

Nature 475(7357):471–476. 

49.  Outten FW, Theil EC (2009) Iron-based redox switches in biology. Antioxid Redox Signal 

11(5):1029–1046. 

50.  Barber AK, Fisher JR (1972) A Mechanism of Action for Carboxypeptidase A. Proc Natl Acad Sci 

69(10):2970–2974. 

51.  Ow Y-LP, Green DR, Hao Z, Mak TW (2008) Cytochrome c: functions beyond respiration. Nat Rev 

Mol Cell Biol 9(7):532–542. 

52.  Fielden EM, et al. (1974) The mechanism of action of superoxide dismutase from pulse radiolysis 

and electron paramagnetic resonance. Evidence that only half the active sites function in catalysis. 

Biochem J 139(1):49–60. 

53.  Loh SN (2010) The missing zinc: p53 misfolding and cancer. Met Integr Biometal Sci 2(7):442–449. 

54.  Nič M, Jirát J, Košata B, Jenkins A, McNaught A eds. (2009) IUPAC Compendium of Chemical 

Terminology: Gold Book (IUPAC, Research Triagle Park, NC). 2.1.0 Available at: 

http://goldbook.iupac.org [Accessed June 2, 2014]. 

55.  Irving H, Williams RJP (1953) 637. The stability of transition-metal complexes. J Chem Soc 

Resumed (0):3192–3210. 

56.  Andreini C, Banci L, Bertini I, Rosato A (2005) Counting the Zinc-Proteins Encoded in the Human 

Genome. J Proteome Res 5(1):196–201. 

57.  Colvin RA, Holmes WR, Fontaine CP, Maret W (2010) Cytosolic zinc buffering and muffling: their 

role in intracellular zinc homeostasis. Met Integr Biometal Sci 2(5):306–317. 



 18 

58.  Méplan C, Richard MJ, Hainaut P (2000) Metalloregulation of the tumor suppressor protein p53: 

zinc mediates the renaturation of p53 after exposure to metal chelators in vitro and in intact cells. 

Oncogene 19(46):5227–5236. 

59.  Verhaegh GW, Parat M-O, Richard M-J, Hainaut P (1998) Modulation of p53 protein conformation 

and DNA-binding activity by intracellular chelation of zinc. Mol Carcinog 21(3):205–214. 

60.  Hainaut P, Mann K (2001) Zinc binding and redox control of p53 structure and function. Antioxid 

Redox Signal 3(4):611–623. 

61.  Olivier M, Hollstein M, Hainaut P (2010) TP53 Mutations in Human Cancers: Origins, 

Consequences, and Clinical Use. Cold Spring Harb Perspect Biol 2(1). 

doi:10.1101/cshperspect.a001008. 

62.  Butler JS, Loh SN (2003) Structure, function, and aggregation of the zinc-free form of the p53 DNA 

binding domain. Biochemistry (Mosc) 42(8):2396–2403. 

63.  Bullock AN, Henckel J, Fersht AR (2000) Quantitative analysis of residual folding and DNA binding 

in mutant p53 core domain: definition of mutant states for rescue in cancer therapy. Oncogene 

19(10):1245–1256. 

 



 19 

Chapter 1. Part II: Reactivating mutant p53 using small molecules as zinc 

metallochaperones: awakening a sleeping giant in cancer 

 

Adam R. Blanden,1 Xin Yu,2,3 Stewart N. Loh,1 Arnold J. Levine,2,4 and Darren R. Carpizo2,3 

1Department of Biochemistry and Molecular Biology, SUNY Upstate Medical University, Syracuse, NY 

13210, USA 

2Rutgers Cancer Institute of New Jersey, New Brunswick, NJ 08903, USA 

3Department of Surgery, Rutgers Robert Wood Johnson Medical School, New Brunswick, NJ 08903, USA 

4Institute for Advanced Study, Princeton, NJ 08540, USA 

 

This section was originally published as: Blanden AR, Yu X, Loh SN, Levine AJ, Carpizo DR. 

Reactivating p53 using small molecules as zinc metallochaperones: awakening a sleeping giant in cancer. 

Drug Discov. Today, 20, 1391-1397, (2015). http://dx.doi.org/10.1016/j.drudis.2015.07.006 

 

© 2015 Published by Elsevier Ltd. This manuscript version is made available under the CC-BY-NC-ND 

4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ 

 

 



 20 

ABSTRACT 

Tumor protein p53 (TP53) is the most commonly mutated gene in human cancer. The majority of mutations 

are missense, and generate a defective protein that is druggable. Yet, for decades, the small-molecule 

restoration of wild-type (WT) p53 function in mutant p53 tumors (so-called p53 mutant ‘reactivation’) has 

been elusive to researchers. The p53 protein requires the binding of a single zinc ion for proper folding, and 

impairing zinc binding is a major mechanism for loss of function in missense mutant p53. Here, we 

describe recent work defining a new class of drugs termed zinc metallochaperones that restore WT p53 

structure and function by restoring Zn2+ to Zn2+-deficient mutant p53. 

 

INTRODUCTION 

Recent results from The Cancer Genome Atlas program confirm that tumor protein p53 (TP53) is the most 

commonly mutated gene in human cancer [1–3]. The majority of p53 mutations (>70%) involve the 

substitution of a single amino acid in its DNA-binding domain (DBD), rendering p53 unable to activate 

transcription. Mutant p53 consequently accumulates to high levels in cancer cells owing to a lack of 

MDM2-mediated negative autoregulation [4–7]. 

 Developing drugs that restore wild-type (WT) structure and function to p53 mutants has long been 

considered a Holy Grail in cancer therapy. Indeed, over the past decades several compounds have been 

reported to reactivate mutant p53; however, all but one (APR-246/PRIMA-1) have failed to progress to 

clinical development – previous strategies for mutant p53 reactivation have been thoroughly reviewed [8–

10]. APR-246 (PRIMA-1) is a small molecule currently in a Phase Ib/II clinical trial in recurrent platinum-

sensitive high-grade serious ovarian cancer (PiSARRO trial, NCT02098343). Clinical evidence that this 

compound reactivates mutant p53 is still pending because the Phase I dose escalation study recently 

published did not reveal this information [11]. 

 We and others recently identified a class of small molecules that reactivate p53 mutants that are 

impaired in their ability to bind zinc. These compounds, termed zinc metallochaperones (ZMCs), share the 

common characteristic of binding zinc outside the cell and delivering it to mutant p53 to facilitate proper 

folding. This review will highlight key concepts that define a ZMC and equally importantly identify a class 

of p53 mutants that are potentially amenable to ZMC treatment. The pharmacologic delivery of a metal ion 
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to correct a defect in protein folding is unprecedented in drug development. This novel mechanism coupled 

with the identification of a defined patient population for treatment makes ZMCs attractive candidates in 

the search for p53-targeted drugs. 

 

p53 AND ZINC 

The p53 protein is a 393 residue, zinc-dependent, homotetrameric transcription factor [12]. The monomer 

comprises the N-terminal transactivation domain, a central DBD and the C-terminal tetra-merization 

domain. The X-ray crystal structure of the DBD (residues 94–312) reveals a central β-sandwich with a 

DNA-binding surface consisting of a loop-sheet-helix motif and two large loops (L2 and L3) [13]. These 

loops are stabilized by the tetrahedral coordination of a single zinc ion by Cys176–His179 of L2 and 

Cys238–Cys242 of L3. The purified zinc-free (apo)DBD is stable at 10 °C but can no longer discriminate 

between consensus and non-consensus DNA-binding sequences [14]. At physiologic temperatures apoDBD 

is predominantly unfolded [14]. 

 Multiple lines of evidence suggest that WT p53 can reversibly transition between a folded ‘WT-

like’ and unfolded ‘mutant-like’ conformation under biological conditions, often related to a change in 

Zn2+-binding status. Hainaut and Milner reported that incubating cells and cell lysates with Zn2+ chelators 

can starve p53 of Zn2+ and cause an immunophenotype switch from WT to mutant as judged by 

conformation-specific antibody immunoprecipitation [15]. This conformational change results in a loss of 

sequence-specific DNA-binding activity, but it can be reversed by adding ZnCl2 or replacing the cell 

culture media. They also report that metallothionein IIA, a high-affinity endogenous Zn2+-binding protein, 

can switch the immunophenotype and inhibit p53 function [16]. Other groups have reported 

immunophenotype switching during the S-phase of the cell cycle upon growth stimulation [17], and after 

treatment with oxidizing agents [18]. Taken together, these results indicate that the conformation of the p53 

protein is flexible and can cycle between folded and unfolded isomers in response to changes in its 

environment. 

 Tumorigenic p53 mutations fall into three broad categories: destabilizing, DNA contact and zinc 

binding [19–21]. Destabilizing mutations are often found in the β-sandwich core of DBD distant from the 

zinc- and DNA-binding sites and these mutations lower the melting temperature of p53 partially unfolding 
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it at 37 °C. DNA contact mutants are found in the DNA-binding region and disrupt crucial interactions 

between p53 residues and DNA, lowering the DNA-binding activity but leaving the thermodynamic 

stability of the protein largely unaffected. Zinc-binding mutants have classically been defined by their 

proximity to the L2 and L3 loops, and are unique in that they structurally destabilize p53 and abolish its 

sequence-specific DNA-binding activity [20]. The most-studied zinc-binding mutant is R175H, which is 

the most frequent p53 mutation in cancer [12] (Fig. 1). R175H DBD readily loses its Zn2+ in the presence 

of even weak Zn2+ chelators and has a Kd for Zn2+ tenfold weaker than the typical intracellular Zn2+ 

concentration. The 175 mutant protein probably does not bind Zn2+ in vivo [22]. 
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Figure 1. Structure of the wild type p53 DNA-binding domain (DBD) complexed with DNA. Zinc 

(black sphere) is coordinated by C176, H179, C238 and C242. Mutations in the DNA-binding region (blue; 

e.g. R248W) impair DNA-binding affinity but leave the protein structure largely intact. Mutations in the β-

sandwich domain (red; e.g. Y220C) cause p53 to misfold but maintain a certain amount of DNA-binding 

affinity. Mutations in the Zn2+-binding region (green; e.g. R175H) cause p53 to misfold and lose its DNA-

binding affinity [36]. Structure taken from PDB entry TUP1. 
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Whereas starving p53 of zinc by chelation or tumorigenic mutation (e.g. R175H) can induce structural 

changes, too much zinc can do the same. We previously reported that excess zinc induces DBD misfolding, 

presumably because of interactions of zinc with cysteine and histidine residues located outside of the zinc-

binding site of the native protein [for clarity, we define the Kd of the native Zn2+-binding site as Kd1 and that 

of the non-native zinc-binding site(s) as Kd2] [23]. Importantly, we found that certain zinc chelators can 

facilitate proper folding of p53 in the presence of excess zinc by functioning as a zinc buffer, providing the 

chelator has a Kd for Zn2+ between Kd1 and Kd2. This way, the chelator can serve as a source of zinc for the 

native site and a sink for excess zinc to prevent zinc-induced misfolding. The term given for this type of 

chelator is zinc metallochaperone. 

 In principle, it might be possible to correct the folding defect in the p53–R175H mutant by 

supplying exogenous zinc to tumor cells expressing this mutant and, indeed, evidence for this has been 

observed in some tumor cells [24]. Moreover, supplemental zinc has also been shown to restore WT p53 

structure in certain tumors that overexpress metallothioneins, lending further support to this view [25,26]. 

However, supplementation with free zinc is not a useful strategy to reactivate mutant p53 

pharmacologically because the window of zinc concentrations that leads to activity is relatively narrow, and 

it is unlikely that Zn2+ supplementation alone could overwhelm the homeostatic mechanisms that govern 

intracellular Zn2+ levels in humans and maintain it in this range. 

 

NSC319726 (ZMC1) DISCOVERY AS A LEAD COMPOUND FOR MUTANT-p53-TARGETED 

DRUG DEVELOPMENT 

 Using in silico screening of the NCI60 anticancer drug screen, we identified three 

thiosemicarbazones (NSC319725, NSC319726, NSC328784) with predicted high sensitivity in tumor cells 

expressing mutant p53 but at the same time low sensitivity in cell lines expressing WT p53 [27]. We 

validated NSC319725 and NSC319726 in cell lines with different TP53 status (WT, null or mutant) and 

found that the compounds exhibit marked sensitivity in mutant p53 cells, with the maximal sensitivity 

observed in cells expressing p53–R175H. At doses that induce mutant p53 cell death, the compounds are 

completely nontoxic to a non-tumor (human fibroblast) cell line. 
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 Using NSC319726 (ZMC1), we demonstrated that the mechanism of cell growth inhibition in 

p53–R175H mutant cells is through p53-mediated apoptosis resulting from restoration of WT structure and 

function to p53–R175H [27]. This ‘reactivation’ manifests in mice as acute, mutant-dependent toxicity. 

ZMC1 is remarkably toxic in mice that have a homozygous germline mutation of p53–R172H (mouse 

equivalent of human R175H) when compared with WT littermates. Furthermore, when ZMC1 is 

administered to mice bearing subcutaneous xenograft tumors of different TP53 status, we observe potent 

antitumor activity only in p53–R175H tumors, with no degree of growth inhibition in tumors with p53–

R273H (DNA contact mutant) or WT p53 cells, and no systemic toxicity at the doses that are effective in 

tumor cell death. This indicates that the antitumor properties of ZMC1 are p53 allele specific. 

 Thiosemicarbazones (TSCs) like ZMC1 bind divalent metal ions such as Fe2+, Zn2+, Cu2+ and 

Mn2+ [28]. They have been investigated as anticancer drugs, the most notable being 3-aminopyridine-2-

carboxaldehyde (Triapine®) [29,30]. The mechanism of TSCs has been attributed to the inhibition of the 

iron-dependent enzyme ribonucleotide reductase via iron chelation as well as reactive oxygen species 

(ROS) generation through Fenton chemistry catalyzed by TSC–Fe3+ complexes [31,32]. At the high doses 

typically required to kill cancer cells, nonspecific toxicities related to methemoglobinemia and bone 

marrow suppression have plagued development of TSCs [33,34]. However, ZMC1 is effective at much 

lower doses, and has a fundamentally different mechanism through mutant p53 reactivation [22,27]. We 

focused our initial mechanistic work with ZMC1 on its metal-ion-chelating and redox-modulating 

properties because these are common to TSCs. We found that supplemental zinc increased the apoptotic 

activity of the compound whereas treatment with the reducing agent, N-acetyl cysteine (NAC), decreased 

the apoptotic activity. 

 

MECHANISTIC STUDIES OF ZMC1: ZMC1 AS A Zn2+ BUFFER 

The selective activity of ZMC1 against the Zn2+-binding mutant p53–R175H combined with the 

observation that ZMC1 activity is enhanced by supplemental Zn2+ gave clear indications that ZMC1 

stabilizes the p53–Zn2+ interaction [27]. However, its mechanism for doing so was unclear. The most direct 

hypothesis is that ZMC1 binds to the destabilized p53–R175H and forces the protein into a WT-like 

conformation. Indeed, this is the paradigm for most previous attempts to develop drugs that target p53 
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mutants. For example, the carbazole derivative PhiKan083 reactivates the core-mutant Y220C by filling a 

surface cleft left by the removal of the bulky Tyr side chain, thus stabilizing the native conformation [35]. 

However, this scenario is effectively ruled out for ZMC1 because its Kd for purified DBD–R175H (~ 10−4 

M) is 100–1000-fold higher than the EC50 in cells [22]. Therefore, a conventional ligand-

binding/stabilization interaction cannot explain its mechanism. 

 Additional experiments with purified DBD–R175H provide an alternative hypothesis. Although 

R175H was classified as a Zn2+-binding mutation in 2000 based on its proximity to the native Zn2+-binding 

site and the resultant structural destabilization of the protein [36], the Zn2+-binding affinity of the native site 

(Kd1) was not measured until recently. The measured Kd1 value of 2.1 nM is far too weak to result in native 

Zn2+ binding at concentrations of free zinc, [Zn2+]free, typically present in cells (~ 0.1 nM) [37,38]. 

However, zinc binding is not abolished, and Kd1 is well separated from the Kd of the non-native sites that 

lead to misfolding (Kd2 ~ 1 µM) [22]. These data indicate that p53–R175H is nonfunctional in the cell 

because it is an apoprotein without zinc bound. It stands to reason that to restore WT conformation and 

activity to p53–R175H one must either decrease its Kd1 below intracellular [Zn2+]free or increase 

intracellular [Zn2+]free above Kd1. If the latter track is taken then it is essential that [Zn2+]free does not rise 

above Kd2 to avoid inappropriate zinc binding to p53 and other proteins. This principle was demonstrated in 

vitro with the Zn2+-binding compound nitrilotriacetate (NTA) (Kd,NTA = 17 nM) and the purified WT DBD 

[14,39]. 

 The Kd,ZMC1 value of ~30 nM [22] fits well with the above model. It is 15-fold higher than Kd1 of 

DBD–R175H and 33-fold lower than Kd2, making ZMC1 ideally suited to re-metallate p53–R175H while 

protecting against improper zinc ligation. Folding studies in vitro with purified DBD protein indicate that 

ZMC1 can rescue the conformation of DBD misfolded by high Zn2+ concentration, allowing the protein to 

regain its native structure by chelating the excess Zn2+. Conversely, re-metallation studies indicate that 

ZMC1 can also rescue Zn2+-deficient DBD, donating Zn2+ to the native Zn2+-binding site and restoring 

structure- and sequence-specific DNA-binding activity to the protein. It is this ability to chelate Zn2+ when 

the metal is in excess and donate Zn2+ when it is deficient that separates the ZMC mechanism from that of 

more-established metal-binding drugs, which typically function only as chelators (e.g. to starve 

metalloenzymes of the metals on which they depend) [28]. Indeed, the metal ion chelator EDTA, which is 
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used to treat heavy metal poisoning, binds Zn2+ too tightly (Kd,EDTA ~ 10−13 M) to release it to the apo-p53 

protein and therefore does not restore WT structure to DBD–R175H. 

 

REQUIREMENT FOR ROS IN THE ZMC1 MECHANISM 

As previously mentioned, an additional requirement for the mechanism of ZMC1 is ROS generation. This 

was first indicated by cell killing studies in TOV112D cells, which noted that the oxidizer diamide 

enhances the effectiveness of ZMC1, whereas the antioxidant NAC decreases it [27]. Follow-up studies 

demonstrated that ZMC1 treatment generates ROS and induces DNA oxidation as measured by 8-oxy-

dGUO staining and qRT-PCR of genes in the antioxidant Nrf2-pathway [9]. Time-course western blots 

reveal a series of p53 post-translational modifications (PTMs) that correlate with these measurements of 

ROS levels: phosphorylation at Ser15 and Ser46 and acetylation at Lys120 [22]. These changes also 

correlate with the intracellular rescue of p53 conformation (measured by PAB240/PAB1620 staining) and 

p53 function (assayed by p21 and PUMA induction). 

 Importantly, the ability of ZMC1 to induce cell killing, DNA oxidation, genes in the Nrf2-

pathway, p53 function and p53 PTMs are all dramatically reduced upon administration of NAC, indicating 

that ROS induction is a necessary upstream signal to all of these activities [22,27]. However, ZMC1 retains 

its ability to rescue p53–R175H conformation in the presence of NAC [22] suggesting that rescue of p53 

conformation and the required increase in ROS levels happen through two necessary but separate 

mechanisms outlined in Fig. 2. It seems that ZMC1 rescues mutant p53 conformation by buffering the 

intracellular [Zn2+]free to a level such that the defective protein can bind to it, thereby restoring WT-like 

structure to the protein, and then transactivates the newly rescued p53 post-translationally by ROS 

signaling or ROS-induced damage. 
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Figure 2. Model of the ZMC1 dual mechanism. (a) The p53–R175H is misfolded owing to impaired zinc 

binding (apo form) and, as result, no site-specific DNA binding occurs (and no transcription of p53 targets). 

ZMC1 functions as a zinc metallochaperone (ZMC) by providing a source of zinc to facilitate refolding of 

the p53–R175H to a WT-like structure (holo form). (b) ZMC1 boosts reactive oxygen species (ROS) levels, 

which activates a stress response (i.e. ATM) that transactivates the p53–R175H through amino-terminal 

phosphorylation (P) and acetylation (A) events. (c) The newly conformed and transactivated p53–R175H 

can now bind DNA in a site-specific manner, causing transcription of apoptotic effectors that leads to 

tumor cell death. Kd1 = Kd of the native binding site, Kd2 = Kd of the non-native binding site. 
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This dual mechanism allows ZMC1 to be effective as a monotherapy. It can correct the misfolded 

conformation of p53–R175H and provide a signal to ‘turn on’ the newly conformed protein. Although these 

two activities had never been observed together in the same drug previous to ZMC1, the secondary 

requirement for ROS is consistent with some previous attempts at Zn2+ therapy for p53 Zn2+-binding 

mutants. D’Orazi and colleagues reported that administration of Zn2+ alone in certain cell lines can restore 

the WT-like conformation to p53–R175H, but that it is not sufficient to induce cell killing [24]. However, 

when cytotoxic chemotherapy (a known inducer of ROS and DNA damage) is applied, Zn2+ is an effective 

adjuvant in susceptible cell lines. Although we do not observe p53–R175H rescue with the application of 

Zn2+ alone in any of our experimental systems, the point remains that Zn2+ restoration of p53–R175H is 

necessary but insufficient for functional rescue in cells. 

 Precisely how ZMC1 induces ROS is unclear, but it probably involves an interaction with one or 

more redox active transition metals and subsequent Fenton chemistry. Zn2+ itself is redox neutral because it 

only has one stable oxidation state under biological conditions and therefore cannot generate ROS. 

However, TSCs are known to interact with a number of metal cations including Fe2+, Cu2+, Mn2+ and Co2+ 

[24]. Absorbance spectroscopy reveals that ZMC1 interacts with Fe2+, Fe3+ and Cu2+ in addition to Zn2+ 

[40]. Iron and copper are capable of generating ROS through Fenton chemistry because they can cycle 

between two oxidation states under biological conditions (Fe2+/Fe3+ and Cu1+/Cu2+) [41]. The source of the 

redox active metals and how much is needed to induce ROS that we observe for ZMC1 is unclear, but it is 

probably a very small amount based on the relatively low toxicity seen in p53-WT cell lines and WT mice 

[27]. We have found that ZMC1 induces some degree of apoptosis in cancer cells (10–20%) that is 

independent of p53 status and this is probably the result of the ROS induction [27]. However, in a zinc-

binding mutant such as the p53–R175H we observed significantly greater degrees of apoptosis (>80%) that 

is not due to ROS because this could be abrogated using an siRNA to p53 indicating an on-target effect 

[27]. 

 

IDENTIFYING IONOPHORE ACTIVITY 

Despite the biophysical, biochemical and biological data all converging on the same Zn2+-buffering/ROS-

induction mechanism presented in Fig. 2, a fundamental question remained: where does the Zn2+ come 
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from and how does ZMC1 deliver it to p53 inside the cell? Functional studies in mammalian cells 

demonstrate that adding supplemental Zn2+ to the cell culture medium enhances the effectiveness of ZMC1 

[27], whereas chelating the Zn2+ from the medium decreases it [40]. Additionally, quantitative imaging 

studies with the fluorescent Zn2+-indicator FluoZin-3 demonstrate that intracellular Zn2+ concentration 

increases upon ZMC1 treatment when extracellular Zn2+ is present in the imaging medium, but not when it 

is absent [40]. These findings strongly support an extracellular source for the Zn2+. Because the vast 

majority of extracellular Zn2+ is present as an albumin-bound complex in serum, albumin is the most likely 

source of Zn2+ in vivo. 

 After binding Zn2+ extracellularly, ZMC1 transports the metal across the plasma membrane as an 

ionophore. Titration and the crystal structure of the ZMC1–Zn2+ complex demonstrate a 2:1 stoichiometry 

[22,40]. The crystal structure also reveals that the polar pyridine and thiocarbonyl moieties from ZMC1 

molecules point inward toward the Zn2+, whereas the hydrophobic aromatic and alkyl moieties point away. 

This arrangement effectively encapsulates the Zn2+ in a hydrophilic pocket surrounded by a hydrophobic 

shell – a structural theme shared by valinomycin and other known ionophores. Furthermore, the 

thiocarbonyl bond length indicates enolization via loss of the α-proton from each ZMC1 molecule, 

rendering the entire complex neutral [40]. All of these structural features are consistent with a complex that 

has much higher lipid solubility than the free Zn2+ ion, and would be expected to facilitate Zn2+ diffusion 

across membranes. Indeed, membrane transport studies with liposomes indicate that ZMC1 dramatically 

increases the rate of specific Zn2+-transport across synthetic phospholipid bilayers, supporting the 

ionophore hypothesis [40]. 

 

DEFINITION OF A ZMC AND ZINC-BINDING MUTANT CLASS 

ZMCs represent a fundamental departure from previous attempts to target mutant p53. Virtually all 

previous attempts to develop p53-reactivating compounds sought to bind or otherwise modify mutant p53 

to ‘fix’ the defective protein and make it functional in the cellular environment. Examples of this include 

PRIMA-1MET (metabolite of PRIMA-1) which was reported to react covalently with thiol groups in mutant 

p53 [42]. How this binding functions to restore WT structure to zinc-binding mutants like R175H has yet to 

be reported. PhiKan083 and its analog PK7088 are known to bind and stabilize the Y220C conformational 
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mutant [35,43]. In the case of Zn2+-binding mutants, this would entail developing a small molecule that 

increases Zn2+ affinity or otherwise stabilizes the WT conformation. The logic behind this approach is clear 

but it has proven largely unsuccessful with no compounds clinically available despite decades of research. 

ZMCs by contrast do not try to fix the defective protein but instead change the cellular environment to 

allow the protein to function despite its defect. For Zn2+-binding mutants this translates to increasing 

intracellular [Zn2+]free to a set point that is ideally five–tenfold above Kd1 of the p53 mutant, thus allowing 

the zinc to enter the mutant (defective) binding sites in the protein and restore its ‘native’ conformation. 

The available evidence suggests that the added zinc in the mutant protein restores some of the native 

conformation permitting it to bind to DNA specifically and initiate an apoptotic transcriptional program in 

a cell. This ‘end around’ strategy makes this approach unique compared with conventional 

pharmacotherapies, and provides a range of possibilities for drug development not available to traditional 

approaches. 

 Because no specific binding interaction is required between a ZMC and p53, the potentially 

functional structures of the ZMC can vary to a much greater extent than those of traditional drugs, which 

are required to maintain high affinity for their targets. This is an attractive feature of ZMC therapy because 

it permits the ability to investigate non-thiosemicarbazone zinc chelators for ZMC activity, circumventing 

TSC toxicity problems related to iron chelation and inhibition of ribonucleotide reductase. Indeed, we have 

found that the zinc chelator NTA has ZMC activity in vitro. However, NTA is not useful in cells because it 

has poor ionophore activity, highlighting another requirement of a ZMC. A bipyridine-Zn2+-curcumin 

complex was recently reported to reactivate p53–R175H and also has the ability to cross the blood–brain 

barrier [44]. Although the structure bears no resemblance to ZMC1, it is possible that this functions by 

much the same mechanism given that it binds Zn2+ and transports it across biological membranes. Table 1 

illustrates the properties we have identified thus far that are important for ZMC function. 
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TABLE 1. Activities necessary for zinc metallochaperone therapy and associated mechanisms 

Activity Mechanism 

Increase intracellular [Zn2+]free Zn2+ ionophore 

(source: serum albumin) 

Maintain [Zn2+]free 

between Kd1 and Kd2 

Zn2+ buffer 

(Kd1 < Kd,drug < Kd2)
a 

Activate p53 via 

post-translational modification 

Reactive oxygen species induction 

(Fenton reactions) 

aKd1 = Zn2+ Kd of native site, Kd2 = Zn2+ Kd of non-native site. 
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The lack of a required protein-binding interaction also enables a greater palate of mutants to be reactivated 

by ZMCs, provided that the mutation compromises Zn2+-binding affinity. The question then becomes: 

which mutants are impaired for Zn2+-binding? Historically, Zn2+-binding mutants have been classified by 

their proximity to the Zn2+-binding site and their effect on protein stability and function. This definition 

encompasses mutations of the four Zn2+-binding residues (C176, C238, C242, H179) and hotspot mutations 

R175H and M237I. However, in addition to the canonical Zn2+-binding mutants, we observe that ZMC1 

reactivates hotspot mutant G245S, which is traditionally defined as a DNA-region mutant. We have 

previously demonstrated that removal of the Zn2+ from DBD-WT destabilizes the protein by ~3 kcal/mol 

[14]. Conversely, unfolding DBD destabilizes Zn2+ binding, raising the Kd from <10−10 M to ~10−9 M. 

Therefore, Zn2+ binding and p53 stability are linked – any mutation that disrupts Zn2+ binding can 

destabilize p53, and any mutation that destabilizes p53 can impair Zn2+ binding. It is therefore likely that 

the pool of mutations that exhibit impaired Zn2+ binding and are potentially treatable by ZMCs is much 

larger than previously appreciated. 

 It is not yet known how far the range of mutations in the p53 protein that have an altered Zn2+-

binding extends. From a direct spatial approach, all mutations tested that lie adjacent to the Zn2+-binding 

site are reactivated, but this reactivation does not extend to the DNA-interacting surface because R248 

mutations are unaffected (Fig. 3). However, a spatial approach might be inadequate because there are a 

number of mutations in the β-sandwich region distant from the Zn2+-binding site that destabilize the protein 

to an equal or greater extent than the canonical Zn2+-binding mutants. Because of the link between Zn2+ 

binding and protein stability, we might expect these mutants to exhibit impaired Zn2+ binding as well. 

There has never been a rigorous study of which mutants impair zinc binding, and research into ZMC 

therapy now substantiates the need for one. 
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Figure 3. Spatial approach to Zn2+-binding mutations. Residues within 10 Å of the bound Zn2+ ion in 

the DNA-binding domain (DBD) X-ray crystal structure would be expected to be most probably zinc 

impaired and (TUP1) are colored. Residues in green have mutations that are confirmed to be reactivated by 

ZMC1, red are confirmed to be unaffected by ZMC1 and blue have not been investigated. Green residues 

are R175, C176, C238, C242 and G245 [22], as well as M237 and L194 (unpublished). The residue shown 

in red is R248. 
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Another exciting possibility for ZMC therapy is that p53 is not the only protein that can be potentially 

targeted. In theory, any Zn2+-binding protein that requires Zn2+ to function but has impaired Zn2+-binding 

affinity could be rescued by the same strategy provided the Zn2+ Kd of the defective binding site and Kd of 

the putative ZMC are appropriately matched. For example, p53 homolog p63 contains a similar DBD and 

Zn2+-binding site [45]. Germline mutations of p63 are known to disrupt epidermal and appendage 

development, and manifest as a number of ectodermal dysplasias [46]. Some of the mutations known to 

cause these diseases correspond exactly with p53 hotspot mutants [47]. Notably, R204 in p63 corresponds 

to R175 in p53, so we might expect mutations at those positions to have similar effects on Zn2+ binding in 

both proteins, and be rescued by similar therapy provided the Kd of the ZMC and Kd of the native ligation 

site in the R204 mutant of p53 are similarly matched as ZMC1 and the p53–R175H. No zinc-binding 

studies of any p63 mutants have been published. 

 The ionophore activity and elevating of intracellular zinc concentrations by a ZMC explain the on-

target effect of ZMC1 with p53 mutants with impaired zinc binding, but these activities would also be 

expected to occur in normal cells and thus there are potential off-target effects of this type of treatment. It is 

estimated that 3–10% of human genes probably encode for zinc-binding proteins so certainly the question 

of how ZMC therapy might affect the zinc proteome is relevant [39]. There are some key structural 

differences between p53 and other classical zinc finger transcription factors that could explain why p53 is 

particularly vulnerable to ZMC therapy. For instance, classical zinc finger transcription factors have an 

interior hydrophobic core in which the zinc atom is buried lending to their stability. However, in p53 the 

zinc atom bridges and stabilizes two large loops of a loop-sheet-helix motif that would otherwise be 

unstable [48]. 

 Preclinical data suggest however that there is a therapeutic window between toxicity for cancer 

cells and normal cells in mice but toxic effects of zinc in some selected cell types could be a drawback of 

this type of treatment [27]. Indeed, in vivo testing of ZMCs at this point has been limited to relatively short 

intervals (days-to-weeks) and, although well tolerated in WT animals, the long-term effects of modulating 

intracellular Zn2+ are currently unknown. However, it is likely that the increased intracellular zinc 

concentrations in cancer and normal cells would be transient because cellular mechanisms that govern zinc 

homeostasis would be expected to be elicited [37] (also unpublished data). This area of the ZMC 
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mechanism needs to be further studied, but this might explain why these transient increases in intracellular 

zinc could be tolerated in vivo. 

 The dual function of ZMC1 (p53 conformational rescue followed by ROS-induced PTM 

activation) presents a number of potential synergies that might be exploited for cancer treatment. Time-

course western blots indicate that p53–R175H levels drop upon ZMC1 treatment in a matter of hours, and 

that this drop is eliminated by co-treatment with Nutlin-3, presumably by disrupting MDM2-mediated p53 

degradation [27]. Combining inhibitors of the p53–MDM2 interaction with a ZMC might potentiate the 

effectiveness of ZMCs by maintaining the rescued p53 at a higher level. Additionally, many conventional 

chemotherapy drugs as well as radiation are known to induce ROS, damage DNA and otherwise provide 

signals that ultimately result in p53 PTM and activation [49,50]. These strategies might synergize with 

ZMCs by providing additional activating signals in the PTM activation portion of the ZMC1 mechanism. 

ROS-generating photodynamic therapy might also potentiate ZMC effectiveness for the same reason [51]. 

Identifying and exploiting potential synergistic effects of ZMCs with established and experimental 

therapies could greatly enhance the therapeutic potential of this strategy. 

 

CONCLUDING REMARKS 

There is now a new pathway to target mutant p53 using small molecules functioning as ZMCs. The small-

molecule delivery of a metal ion to restore the native structure and function of a metalloprotein is 

unprecedented in drug development. The p53–R175H is the most frequently found p53 mutation in cancer 

and accounts for an estimated 28,000 new cancer cases in the USA [12]. If one considers the entire class of 

zinc-binding mutants as we now understand them, this number would increase to over 74,000 annually. 

This number will probably expand as further zinc-binding impaired p53 mutants and similarly impaired 

Zn2+-binding proteins involved in other diseases are discovered. Future clinical trials of ZMCs will need to 

enroll patients specifically with zinc-binding mutations to most effectively exploit the ZMC mechanism. 
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Chapter 2. A logical narrative of this work 

 

Adam R. Blanden 

Department of Biochemistry and Molecular Biology, SUNY Upstate Medical University, Syracuse, NY 

13210, USA 

 

This chapter will provide my understanding of the logical progression of ideas presented in this 

dissertation. The later chapters are presented as self-contained papers in chronological order. However, the 

ideas developed in this work are sometimes spread out across several papers, and some major ideas are 

presented in the same paper. Additionally, a non-chronological presentation can explain the ideas more 

clearly than a chronological one. So I have included this chapter to point out such ideas and where the data 

surrounding them might be found. It is my goal that after reading this chapter, the reader will have at least 

my understanding of how the major ideas presented in this work fit together, and be appropriately directed 

to the chapters that expand on the individual ideas discussed. 
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R175H as a test case for the Zn2+ Metallochaperone Hypothesis 

Most of our early studies focused on the R175H mutant of p53 as the bellwether for testing the 

Metallochaperone Hypothesis (MH) (Chapters 3-5). Not only is it the most common p53 mutation found in 

cancer, but earlier work by Butler in our lab had unequivocally demonstrated its impaired Zn2+ binding, 

even if we lacked quantitative information like Kd at the time (1, 2). We also found ourselves in a situation 

where our now collaborators in the Carpizo group at Rutgers University made a groundbreaking discovery 

mining data from the NCI60 cancer screening database -- compound NSC319726 (now called ZMC1) and 

two additional similar molecules (now called ZMC2 and ZMC3) were selectively toxic to cancer cells 

harboring p53 R175H, the toxicity seemed to be mediated by the p53 pathway, and the toxicity was Zn2+ 

dependent (3). With a working hypothesis for how a Zn2+-dependent drug could reactivate a Zn2+-deficient 

p53 mutant, it was the ideal test system to use for mechanism defining studies. 

 In our initial mechanism paper (Chapter 3), we made our first successful attempts at measuring 

Kd1 and Kd2 (See METALLOCHAPERONE HYPOTHESIS in Chapter 1. Part I) for any p53 using a 

competition method with R175H DNA Binding Domain (DBD) and colormetric Zn2+ indicator 4-(2-

pyridylazo)resorcinol. Those initial experiments identified 2 sites: one with a Kd1 ~10-9 M, and a Kd2 ~ 10-6 

M (later measurements with more accurate methods placed Kd1 ~10-10 M and Kd2 ~10-7 as presented in 

Chapter 6) . We already knew Kd1 was much weaker than wild type (wt) as previous attempts to measure 

the Kd of wt DBD using this chelator resulted in a complete inability of the dye to compete with the protein. 

We also made our first estimates of the Kd of ZMC1 for Zn2+ at 30 nM using kinetic methods (later 

confirmed by thermodynamic competition methods as in Chapter 7). This aligned perfectly with the 

requirement of the MH that a putative metallochaperone have a Kd between Kd1 and Kd2. We went on to 

show that ZMC1 could donate Zn2+ to Zn2+-deficient R175H DBD, that ZMC1 could rescue Zn2+-induced 

misfolding of R175H DBD, and confirmed on-target biological mechanism. Follow-on studies presented in 

Chapter 5 showed similar activities for structurally related compounds identified by the Carpizo group in 

their original study. But more importantly, through a series of experiments with purified protein and cells, 

we demonstrated the, "Goldilocks Zone" requirement of the MH (Chapter 3). Specifically, if there is too 

little or too much ZMC1 around for a given concentration of Zn2+, R175H p53 is non-functional because it 

is either misfolded (too much free Zn2+), or apo (too little free Zn2+). This observation was cemented when 
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we demonstrated through careful ZnCl2 titration that R175H could be reactivated by Zn2+ alone in vitro 

over a range of 20 nM - 800 nM, but began to lose activity by 1600 nM and is completely inactive by 10 

μM.  

 In that study (Chapter 3), we attempted to measure an affinity between p53 DBD and ZMC1. 

Although there is no requirement for a specific binding interaction between a ZMC and its client in the 

MH, it still seemed the most reasonable mechanism by which a ZMC could deliver Zn2+ to p53. However, 

we were unable to find a binding interaction above what would be expected for non-specific binding (Kd ~ 

100 μM). For the MH hypothesis to be correct, what this implied was that ZMC1 was nonspecific in the 

sense that, instead of delivering Zn2+ to p53 specifically, that it would deliver Zn2+ into the cell, and raise 

the Zn2+ level globally. This was the major focus of the study presented in Chapter 4. In that study we 

identified that ZMC1 functioned as an ionophore, binding Zn2+ in the extracellular space and transporting it 

across the plasma membrane in minutes. Quantitatively, the intracellular free Zn2+ concentration increased 

from sub-nanomolar to 10-20 nM, which aligned precisely with the predicted requirement of R175H DBD. 

Thus, it seemed that the MH was successfully demonstrated, at least for R175H. 

 

Thermodynamic characterization of the native p53-Zn2+ binding interaction 

Although we were leveraging the p53-Zn2+ interaction to reactivate R175H p53, we lacked a quantitative 

biophysical understanding of it. We knew that Zn2+ was important for p53 stability and function, but our 

understanding was limited to a more-or-less binary model -- Zn2+ bound meant stable and functional, Zn2+-

free meant less stable and non-functional. This was primarily driven by the technical challenges associated 

with measuring the Zn2+ Kd of a protein that is both incredibly tight binding and aggregation prone in the 

presence of a ligand of interest. We overcame this challenge by borrowing a Zn2+ buffering technique from 

the Zn2+ biosensor literature, which uses Zn2+ chelators to buffer the free Zn2+ concentration at the desired 

level instead of attempting direct titrations or competition with tight-binding competitors (4, 5). This 

enabled two pivotal kinds of measurements that form the foundation for Chapter 6: 1) DBD and full-length 

p53 Zn2+ Kd determinations by changes in intrinsic fluorescence, and 2) DBD stability as a function of free 

Zn2+ concentration by conducting urea melts in the presence of buffered Zn2+. Using these techniques, we 

were able to demonstrate that the p53-Zn2+ interaction is governed simply by the laws of mass action as 
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applied to the Substrate Stabilization Model originally derived to describe how enzymes are stabilized by 

the presence of their substrates (6). This changed our understanding of the model from a binary "bound-

unbound" model to that of a spectrum, with increasing amounts of Zn2+ thermodynamically stabilizing the 

protein increasing amounts until the Kd of the unfolded state for the ligand is reached. 

 In that same study, we found that p53 DBD is abnormally temperature sensitive based on its size, 

with a change in heat capacity (ΔCp) deviating from what is expected based on theoretical models by a 

factor of ~2 (7). This is among the largest deviations from established physical and empirical models ever 

reported. Interestingly, when we combined the equations describing the thermal stability of p53 with the 

equations describing its Zn2+ dependent stability, we calculated that, under physiological conditions, p53 

should have a folding energy of precisely 0 kcal mol-1. Under these conditions, p53 would be half folded 

and half unfolded, and on the portion of the folding curve rendering it the most sensitive to changes in 

environmental conditions. This suggested two things to us: 1) it is likely that there is a biological reason 

why the energetics of p53 are precisely tuned such that its folding energy would be both highly sensitive to 

environmental change and ~0 kcal mol-1 under physiological conditions, and 2) whatever this reason is, it 

must be biologically advantageous enough to counteract the survival cost of making p53 so exquisitely 

susceptible to inactivation by mutation, as there is little to no "energy budget" for it to absorb even 

modestly destabilizing mutations or modifications. 

 

Biophysical definition of a Zn2+ binding mutant 

In addition to allowing us to quantitatively describe the p53-Zn2+ interaction, our Zn2+-buffering approach 

allowed us to measure both the intrinsic folding energy and Zn2+ Kd of 22 of the most common cancer-

causing p53 mutations (Chapter 6). This allowed us to categorize mutants, particularly Zn2+-binding 

mutants, based on measured biophysical parameters rather than inferring the mutant type based on location 

or ability to be reactivated by Zn2+-based therapy as had been done previously (8). This was important, it 

turns out, as we found several mutations that had impaired Zn2+-binding that were distant from the Zn2+-

binding site. Additionally, we were able to reconcile the ability of ZMC therapy to reactivate 

conformational mutant G245S. Even absent a significantly impaired Zn2+-binding affinity, DBDs that are 

destabilized thermodynamically might be rescued by ZMC therapy simply due to the additional stability 
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they gain by increasing concentrations of free Zn2+ (much like the PhiKan-Y220C mechanism discussed in 

Chapter 1). In Chapter 3, we mistakenly inferred that G245S was a Zn2+ binding mutant because of its 

ability to be reactivated by ZMC1, and other mutations like L194F have never been characterized as a Zn2+-

binding mutant because of their distance from the binding site. In short, switching from an indirect 

inference-based method of mutant categorization to a direct method revealed an expanded palate of Zn2+ 

binding mutants than had previously been appreciated, and allowed us to define which mutants are 

theoretically amenable to Zn2+-based treatment (specifically, stability, mixed, and Zn2+ binding mutants 

may be, DNA-contact mutants are not). 

 

Metallochaperone drug discovery initiative 

With a working model for how ZMC drugs interact with mutant p53 via the MH, and a lead compound that 

fit into that model, we began a venture-backed drug discovery initiative along with the Rutgers Cancer 

Institute of New Jersey to find more effective compounds that function by the ZMC mechanism. In doing 

so, our collaborators synthesized over 100 proprietary analogs based on the structure of ZMC1. From this 

library, we were able to measure a number of important parameters to the MH and evaluate its predictions 

from a parameter-activity relationship perspective (Chapter 7). The most foundational provision of the MH 

is that a putative ZMC must have a Kd in a Goldilocks zone to function -- too low and it will bind the Zn2+ 

too tightly to release it to the mutant proteins, too high and it will release too much. Consistent with this 

model, we found that only compounds with a Kd between ~10 nM and 1000 nM were effective in this 

series. While it is unclear if the upper limit of this Kd is caused by releasing too much metal to the protein 

or, more likely, that it never is able to bind metal in the first place is less clear, this at least validates the 

"allowable range" portion of the MH in a practical sense. 

 

Unifying idea 

Taken together, this work presents a thermodynamic and mechanistic characterization of the p53-Zn2+ 

interaction, how it becomes dysfunctional in cancer, and how it can be manipulated by synthetic 

metallochaperones to correct the dysfunction, thus validating and expanding on the Metallochaperone 

Hypothesis. 
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ABSTRACT 

NSC319726 (ZMC1) is a small molecule that reactivates mutant p53 by restoration of WT 

structure/function to the most common p53 missense mutant (p53-R175H). We investigated the mechanism 

by which ZMC1 reactivates p53- R175H and provide evidence that ZMC1: 1) restores WT structure by 

functioning as a zinc-metallochaperone, providing an optimal concentration of zinc to facilitate proper 

folding; and 2) increases cellular reactive oxygen species that transactivate the newly conformed p53-

R175H (via post-translational modifications), inducing an apoptotic program. We not only demonstrate that 

this zinc metallochaperone function is possessed by other zinc-binding small molecules, but that it can 

reactivate other p53 mutants with impaired zinc binding. This represents a novel mechanism for an anti-

cancer drug and a new pathway to drug mutant p53. 

 Significance: We have elucidated a novel mechanism to restore wild-type structure/function to 

mutant p53 using small molecules functioning as zinc-metallochaperones. The pharmacologic delivery of a 

metal ion to restore proper folding of a mutant protein is unique to medicinal chemistry and represents a 

new pathway to drug mutant p53. 

 

INTRODUCTION 

TP53 is the most commonly mutated gene in human cancer for which no effective targeted anti-cancer drug 

exists [1]. The majority of p53 mutations (>70%) are missense, and generate a defective protein that is 

found at high levels in cells due to the impairment of Mdm2 mediated negative feedback [2-4]. Restoration 

of p53 function in mouse tumor models has been shown to be highly therapeutic, thus reactivating mutant 

p53 pharmacologically has been a highly sought after goal in anti-cancer drug development [5-7]. 

 We recently identified NSC319726 (hereafter zinc metallochaperone-1, or ZMC1) as a mutant p53 

reactivator and lead compound for mutant p53 targeted drug development [8]. We observed that ZMC1 

displayed allele specific effects in that it reactivated the most common missense mutant, p53-R175H, but 

not the R248 or R273 mutants. ZMC1 selectively killed p53-R175H cancer cells through the restoration of 

wild-type (WT) structure/function of the p53-R175H and initiation of a p53-mediated apoptotic program. 

These results we also observed in vivo where ZMC1 inhibited xenograft tumor growth in a p53-R175H 

dependent manner. ZMC1 belongs to the family of thiosemicarbazone metal ion chelators with affinity for 
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cations such as Fe2+, Zn2+, Cu2+ and Mn2+ [9]. The mechanism of ZMC1 mediated p53-R175H reactivation 

is currently unknown. Initially two properties of the compound were identified that are important for anti-

tumor activity: zinc binding and redox changes [9]. 

 Structural studies of WT p53 have shown that p53 requires a single zinc ion (coordinated by four 

amino acids C176, H179 on the L2 loop, and C238, and C242 on the L3 loop) for proper folding [10, 11]. 

There is now ample biochemical and cellular evidence that manipulating zinc concentrations can change 

the structure/function of WT p53, indicating that the p53 structure is malleable [11-13]. A model of zinc-

dependent folding and misfolding for p53 was proposed by Loh and colleagues, in which p53 is properly 

folded only when one molecule of zinc binds to the DNA binding domain (DBD; residues 94-312) [11, 14, 

15]. A deficit of zinc results in loss of DNA binding specificity, a surplus leads to misfolding and 

aggregation. DBD misfolding is due to binding of zinc to one or more non-native sites in p53 in conditions 

where zinc is in excess. DBD contains 10 Cys and 9 His residues that can potentially bind zinc. 

 In this model, small molecule metal-binding compounds can have metallochaperone activity by 

serving as a “sink and source” of zinc to facilitate coordination of zinc in its proper position and thus 

facilitate proper p53 folding. The key is choosing a metal-binding compound whose zinc affinity is less 

than that of the native p53 binding site. This allows the chelator to donate zinc to the native site. At the 

same time, the affinity must be stronger than that of the non-native binding sites to prevent zinc-induced 

misfolding. Up to now, this concept has only been demonstrated using purified WT DBD in vitro, and has 

never been demonstrated for full length, tetrameric p53 inside cells much less applied to restore WT 

structure of a missense mutant. 

 The relationship between p53 structure and zinc also applies to certain p53 mutants in which the 

mutation impairs zinc binding. This is best exemplified by p53- R175H. Studies reveal that this mutant is 

misfolded at physiologic temperatures due to an impairment in zinc-binding, resulting in the loss of site-

specific DNA binding [11, 16]. It is hypothesized that this defect is present in mutants of the zinc-

coordinating residues (C176, C238, C242, H179), but it is not known how many other mutants to which 

this may apply. 

 We hypothesized that ZMC1 restores WT structure and function to the p53-R175H by functioning 

as a zinc-metallochaperone to restore proper zinc binding. We aimed to determine if the model of zinc 
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dependent folding and misfolding put forth by Loh and colleagues applies to p53-R175H and more broadly 

to other p53 mutants with impaired zinc binding. We also sought to determine if other zinc-binding small 

molecules could function as zinc-metallochaperones. Lastly we explored the role that redox changes 

induced by ZMC1 play in its mechanism of action. 

 

RESULTS 

Binding interactions of ZMC1, DBD, and Zinc 

To define the binding interactions involved in ZMC1-mediated p53 reactivation, we sought to obtain Kd 

values of ZMC1 and zinc, DBD and zinc, and DBD and ZMC1. To measure the binding affinity of ZMC1 

and zinc, we titrated a solution of ZnCl2 into 10 μM ZMC1 and monitored the change in absorbance at 370 

nm (Fig. 1A). Binding is stoichiometric and therefore the Kd is too low to be measured at this 

concentration of ZMC1. However, extrapolating the linear portions of the curve to their point of 

intersection reveals that ZMC1 and Zn2+ form a 2:1 complex at saturation. To estimate the Kd we turned to 

kinetic methods. We measured the dissociation rate of the (ZMC1)2·Zn2+ complex by mixing it with a large 

excess of EDTA in a stopped-flow apparatus and monitoring the disappearance of the 370 nm absorbance 

peak (Fig. 1B). The off-rate (2.6 ± 0.1 s-1) fits to a single exponential function and is identical within error 

at two different ZMC1:ZnCl2 concentrations (5:2.5 μM and 20:10 μM), indicating that dissociation is a 

first-order process. Assuming a diffusion-limited association rate constant of 108 (M ZMC1 dimer)-1 s-1 

yields a Kd of ~3 x 10-8 M for the reaction (ZMC1)2 + Zn2+  (ZMC1)2·Zn2+. 

 For use in negative control experiments we synthesized compound A6 (Fig. 1C). A6 is identical to 

ZMC1 except it replaces the thiocarbonyl group with a carbonyl group to diminish its affinity for zinc. 

Experiments similar to those in Fig. 1A confirm that A6 binds Zn2+ ~100-fold weaker than ZMC1 (Kd=1.1 

x 10-6 M, Supplementary Fig. S1A). We further confirmed that A6 failed to inhibit cell proliferation or 

induce a WT-like conformation change in TOV112D (p53-R175H) detected by immunofluorescence (IF) 

as has been previously shown for ZMC1 (Supplementary Fig. S1B and C) [8]. 

 To test the possibility that ZMC1 binds to DBD (WT or R175H) directly, we performed 

equilibrium dialysis between solutions of ZMC1:Zn2+ complex and protein. ZMC1 appears to accumulate 

slightly on the protein side for WT DBD but not enough to calculate a Kd (Supplementary Table S1). This 
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putative interaction is weaker still in the case of R175H DBD. We estimate that if ZMC1 and DBD do 

interact, they do so with Kd>10-4 M. Since ZMC1 induces apoptosis in cells at concentrations as low as 10-8 

M, it is unlikely that the mechanism involves direct binding to DBD [8]. 

 To determine the Kd between R175H DBD and Zn2+, we performed competition assays with the 

colorimetric zinc chelator 4-(2-pyridylazo)resorcinol (PAR). The affinity of WT DBD for zinc is too high 

to measure by this technique [11]. We incubated 5 μM R175H DBD, which purified with 0.6 molar 

equivalents of bound zinc, with increasing amounts of PAR and measured the concentration of PAR2·Zn2+ 

at equilibrium by absorbance (Fig. 1C). The data cannot be modeled by zinc binding to a single site on 

R175H DBD. A minimum of two sites is required: a strong site (Kd1) that accounts for one-third of the 

bound zinc, and a weak site (Kd2) that accounts for the remaining two-thirds. The weak site binds zinc too 

weakly to compete with PAR, so we can only estimate a lower limit of Kd2 ≥ 10-6 M. The strong site binds 

zinc tightly enough to compete with PAR, and fitting this portion of the curve yields Kd1 = (2.1 ± 0.8) x 10-9 

M. These data suggest that there are two populations of zinc bound to freshly purified R175H DBD. The 

majority of Zn2+ is bound to a weak, presumably incorrect site(s), and a minor fraction is bound to a high-

affinity native site. The intracellular concentration of free Zn2+, estimated to be 10-12-10-10 M [17], is 10 – 

1000-fold lower than Kd1. We therefore conclude that R175H most likely exists in the cell in the zinc-free 

(apo) state, which explains its loss of WT function in cancer. That we can purify R175H with 0.6 

equivalents of bound zinc, likely results from a combination of factors including rapid purification at low 

temperature, presence of trace amounts of Zn2+ in the buffers, and lack of chelators present during 

purification. 
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Figure 1: Binding interactions of ZMC1, DBD, and zinc. A, titration of ZMC1 and ZnCl2. Extrapolation 

of the linear phases shows 0.51 ± 0.01 equivalents of Zn2+ at saturation. Inset shows normalized absorbance 

spectra for ZMC1 alone (black) and ZMC1-Zinc complex (red). B, measurement of ZMC1-zinc complex 

dissociation rate. Solutions of ZnCl2 and ZMC1 were mixed 1:1 with 2 mM EDTA to the final 

concentrations indicated (written ZnCl2/ZMC1). The traces are an average of 3-4 injections and when fit to 

a single exponential, yield nearly identical rates, which we combine to report a koff of 2.6 ± 0.1 s-1. C, 

structures of ZMC1 and A6 and their Kd’s for Zn2+. D, Determination of the Kd of R175H DBD for Zn2+. 

R175H DBD (5 μM, 0.6 equivalents Zn2+ co-purified) was incubated with increasing concentrations of 

PAR to compete for the available Zn2+. The concentration of PAR2Zn2+ complex was determined by 

absorbance, and the parallel mass action and mass conservation equations solved to determine Kd. Kd’s 

from the 2-site model are 2.1 ± 0.8 nM for the tighter site (Kd1) and below the detectable limit for the 

weaker site (Kd2), respectively. 
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ZMC1 rescues DBD from zinc-induced misfolding 

We hypothesized that ZMC1 restores native structure and function to R175H DBD by functioning as a 

metallochaperone. This hypothesis stipulates that ZMC1 must prevent zinc from binding to non-native sites 

on DBD while simultaneously donating zinc to the native pocket. We performed the arrested folding assay 

to test the former. We previously showed that addition of more than one equivalent of free Zn2+ to urea-

denatured WT DBD traps the protein in a misfolded state, preventing it from folding upon dilution of urea 

[15]. Misfolding is likely caused by zinc coordinating to one or more non-native sites that become available 

when the protein unfolds. We used Trp fluorescence to report on the conformational state of DBD. 

Unfolded DBD is identified by a peak centered at 355 nm, native DBD by an almost entirely quenched 

fluorescence spectrum, and misfolded DBD by a peak centered at 338 nm [15]. Addition of ZMC1 to WT 

and R175H DBD, previously arrested in their misfolded states by 2.5 μM ZnCl2, rapidly reverses 

misfolding and allows both proteins to resume folding at their normal rates (Supplementary Fig. S2). This 

effect is dose dependent with 100% rescue achieved at 10 μM ZMC1 (Fig. 2A). A6 has almost no effect on 

either protein. EDTA, which binds zinc much more tightly than ZMC1 (Kd = 8.1 x 10-14 M) yet is 

structurally dissimilar, is also able to rescue misfolding. This result indicates that ZMC1 and EDTA prevent 

misfolding via their common characteristic of zinc binding, consistent with our proposed metallochaperone 

mechanism [15]. However, our model predicts that ZMC1 will be able to restore function to R175H DBD, 

but not EDTA, because EDTA binds Zn2+ >10,000-fold tighter than the Kd1 of R175H DBD. 

 

ZMC1 restores native zinc binding to apoDBD 

To test whether ZMC1 donates zinc to the WT and R175H DBD native binding sites and restores native 

structure, we incubated R175H and WT apoDBD (30 μM) with 60 μM ZnCl2 and 180 μM ZMC1 or 120 

μM EDTA, and measured their zinc contents by PAR assay. EDTA does not remetallate either protein 

because it binds zinc too tightly (Fig. 2B). By contrast, ZMC1 is able to donate 0.91 (± 0.08) and 0.45 (± 

0.04) mols Zn2+ per mole of WT and R175H DBD, respectively, which are identical within error to the zinc 

contents of the freshly purified proteins. The fluorescence spectra of the resultant proteins also resemble 

native protein (Fig. 2C). The above stoichiometry and the native-like fluorescence spectra of the 
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remetallated proteins together suggest that ZMC1 delivers zinc to the native pocket while simultaneously 

preventing metal-induced misfolding. 

 To complement the remetallation assays of Fig. 2B, we used the optical properties of ZMC1 to 

observe the transfer of Zn2+ from ZMC1 to the proteins in real time. We added 0–5 μM WT or R175H 

apoDBD to solutions of 15 μM ZMC1/5 μM ZnCl2 and monitored transfer of the metal from the drug to the 

protein by disappearance of the (ZMC1)2·Zn2+ absorbance peak at 370 nm. The transfer goes to completion 

in ~10 min regardless of the protein concentration used (Supplementary Fig. S3). We then used the 

amplitude of the absorbance change to quantify the amount of zinc transferred as a function of apo protein 

added (Fig. 2D). The data fit to lines with slopes of 1.0 ± 0.1 μM Zn2+/μM WT DBD and 0.5 ± 0.1 μM 

Zn2+/μM R175H DBD. These stoichiometries are in good agreement with those calculated by PAR assays 

(Fig. 2B), and that they are linear suggests that ZMC1 transfers zinc to a single site on each protein. 

 We used electrophoretic mobility shift assays (EMSA) to evaluate whether ZMC1 and zinc 

reactivate R175H apoDBD for site-specific binding to a DNA oligonucleotide bearing the p21 recognition 

sequence (Fig. 2E). The combination of 10 μM ZnCl2 and 20 μM ZMC1 (Lane 5) restored DNA binding to 

R175H apoDBD, but either one alone did not (Lane 3-4). 20 μM A6/10 μM ZnCl2 failed to induce a shift in 

the DNA (Lane 6) indicating the importance of zinc binding to ZMC1’s activity. Furthermore, 20 μM 

ZMC1/10 μM ZnCl2 failed to restore site-specific DNA binding to the DNA contact mutant R248W (Lane 

7-8). The ZMC1-induced DNA shift was sequence-specific as a mutant oligo containing 4/44 altered base 

pairs failed to undergo a shift (Supplementary Fig. S4). 

 To evaluate the relevance of the 2:1 ZMC1:Zn2+ stoichiometry to the restoration of DNA binding, 

we incubated R175H apoDBD with increasing concentrations of ZMC1 while holding the concentration of 

zinc constant at 10 μM (Fig. 2F). At 10 μM ZMC1 (1:1 molar ratio) we did not observe a DNA shift. Under 

these conditions the free zinc concentration is ~5 μM, which is greater than Kd2 and therefore high enough 

to cause misfolding (Supplementary Fig. S2). By contrast, the combination of 10 μM ZnCl2 and 20 – 40 

μM ZMC1 resulted in a shifted band. The shift is again lost at 50 μM ZMC1/10 μM ZnCl2, probably 

because the free Zn2+ concentration is reduced to the point where R175H DBD becomes starved of metal. 

In agreement, the shifted band reappeared when we increased the concentration of ZnCl2 to 25 μM 

(restoring the 2:1 ZMC1:Zn2+ ratio). These results suggest that ZMC1-mediated activation of R175H DBD 
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is primarily dependent on the concentration of free zinc (rather than total zinc), which is determined in 

large part by the ratio of ZMC1 to Zn2+. Activation is likely to be robust over a wide range of total zinc 

concentrations as long as the ZMC1 concentration is maintained in moderate excess. 

 We next sought to determine if this relationship also applied in p53-R175H cells. Growth 

inhibition of TOV112D cells was maximal at 1-2 μM ZMC1, but decreased at 10 μM ZMC1 (Fig. 2G). We 

surmised that the decline in apoptosis was due to exceeding the optimal ZMC1:Zn2+ ratio. In support of this 

hypothesis, adding 25 μM ZnCl2 to the culture media restored growth inhibition and exceeded the 

inhibition seen in the 1-2 μM ZMC1 doses. We conclude the ZMC1:Zn2+ stoichiometric relationship is 

relevant to ZMC1 pharmacodynamics in cells. 

 Given the two-site binding model for zinc in R175H DBD (Fig. 1D), we predicted that R175H 

DBD could be converted to its functional zinc-bound form in the absence of ZMC1 if the concentration of 

free zinc was increased to greater than the Kd of the native site (Kd1) but less than the Kd of the non-native 

site (Kd2). We tested this using EMSA in which we could fine-tune the concentration of free zinc (Fig. 2H). 

We incubated R175H apoDBD with concentrations of ZnCl2 from Kd1 (2 nM) to Kd2 (>1 μM). We 

observed a shift at 20 nM ZnCl2, consistent with saturation of the native zinc binding pocket. The shifted 

band remained approximately constant up to 1.6 μM ZnCl2 then disappeared at 10 μM ZnCl2, likely 

because Zn2+ bound to the non-native sites and induced misfolding. Site-specific binding can then be 

restored to the sample containing 10 μM ZnCl2 if ZMC1 is added (Fig. 2G, Lane 9). These results validate 

our estimations for both Kd1 and Kd2 of R175H DBD made in Figure 1D. Furthermore, they indicate that 

remetallation of R175H does not require a zinc metallochaperone such as ZMC1, if the concentration of 

free zinc can be tightly controlled. 
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Figure 2: ZMC1 functions as a Zn2+-metallochaperone. A, Trp fluorescence used to measure the fraction 

of R175H and WT DBD saved from Zn2+-arrested refolding. Values are normalized to no treatment and no 

ZnCl2 controls. Protein was unfolded in 5 M urea, refolded by rapid dilution in the presence of 2.5 μM 

ZnCl2, then rescued by the indicated treatment. Representative traces available in Supplementary Fig. S2. 

Error bars are ± SD. B, remetallation of WT and R175H DBD by Zn2+binding compounds. apoDBD was 

incubated with ZnCl2 and either EDTA, ZMC1, NTA. The Zn2+ content of the resultant proteins was 

measured by PAR assay. ZMC1 and NTA can restore Zn2+ to pre-apoization levels. Error bars are ± SD. C, 

* 

* * * 
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R175H and WT DBD remetallated by ZMC1 and NTA are native by Trp fluorescence. All spectra are of 

0.5 μM protein desalted into buffer after the indicated treatment to remove any excess drug or zinc. Gray 

dashed lines are basis spectra from 0.5 μM WT DBD either freshly purified (native), unfolded in 8 M urea 

(unfolded), or misfolded with 5 μM ZnCl2 (misfolded). All spectra are similar to native DBD, with the 

exception of R175H remetallated with NTA, which is suggestive of a small amount of misfolding. D, 

quantification of Zn2+ transferred from ZMC1 to apoDBDs. The stoichiometries are 1.0 ± 0.1 equivalents 

(WT) and 0.5 ± 0.1 (R175H). Error bars are ± SD. E, electrophoretic mobility shift assay (EMSA) using 

WT, R175H and R248W DBD. The WT DBD is used as a positive control (Lane 9). Only the combination 

of ZMC1 (20μM) and ZnCl2 (10 μM) restores site-specific DNA binding to the R175H DBD (Lane 5). The 

protein-DNA complex is specific because the unlabeled DNA competes for binding (Lane 10). F, EMSA 

demonstrating the importance of the stoichiometetry of ZMC1:Zn2+ for the restoration of DNA binding. G, 

Cell viability assay using serial dilutions of ZMC1. At 10 μM ZMC1, 25 μM ZnCl2 was supplemented. The 

ZMC1:Zn2+ stoichiometric relationship applies to the pharmacodynamics of ZMC1 in p53-R175H cells. H, 

EMSA demonstrating that remetallation of the apo R175H DBD can occur in the absence of ZMC1. Free 

zinc of 2 nM to 10 μM and 20 μM ZMC1 were added to the indicated reactions. Note that this figure is as 

presented in the original manuscript, and that lane 10 is mistakenly labeled “probe only.” It should instead 

be labeled “wt control” 
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Remetallation activity is not unique to ZMC1 

If ZMC1 can function as a zinc metallochaperone without interacting with p53, we reasoned its function 

would be shared by other compounds with similar zinc binding affinity. To test this hypothesis, we 

evaluated NTA, which binds zinc with a similar affinity to ZMC1 (Kd = 1.7 x 10-8 M), but is structurally 

unrelated (Fig. 3A). We incubated R175H and WT apoDBDs (30 μM) with 60 μM ZnCl2 and 180 μM NTA 

and measured their zinc contents by PAR assay. NTA was nearly as effective as ZMC1 in remetallating 

these proteins (Fig. 2B). However, a small amount of misfolding was noted in the samples remetallated 

with NTA suggesting that NTA does not protect against misfoldingas well as ZMC1 (Fig. 2C). We also 

tested NTA’s ability to rescue DBD from zinc-arrested misfolding. NTA was able to rescue both WT and 

R175H DBD, but it required higher concentrations and was less effective compared to ZMC1 (Fig. 3C). 

 We next used EMSA to evaluate whether NTA can activate R175H apoDBD functionally. NTA 

alone (20-40 μM) did not restore DNA binding to R175H apoDBD, but did when combined with ZnCl2. 

NTA also exhibited the same stoichiometric relationship as ZMC1 in that a shift in DNA was seen for 

NTA:Zn2+ ratios of 2:1, 3:1 and 4:1, but was lost at 5:1 (Fig.3B). However, the bound oligonucleotide band 

is less pronounced than it is with ZMC1, indicating that ZMC1 is a more effective metallochaperone. As 

predicted by Fig. 2B, EDTA (20-300 μM) and ZnCl2 did not restore DNA binding activity by EMSA 

(Supplementary Fig. S5). 

 We then determined if NTA could restore WT conformation of R175H using cell-based assays. 

We incubated TOV112D cells with either ZMC1 or NTA and performed immunoprecipitation (IP) 

experiments with the antibody PAB240, which specifically recognizes misfolded and unfolded p53. Both 

ZMC1 and NTA substantially reduced the amount of misfolded R175H relative to the control (loss of 52 % 

and 35% respectively) (Fig. 3D). Thus, both molecules induced a WT conformational change in p53-

R175H, with ZMC1 being more effective than NTA in agreement with the EMSA experiments. 

 We substantiated these results by IF assays in TOV112D cells using both the native specific 

(PAB1620) and misfolded/unfolded specific (PAB240) antibodies. We previously demonstrated that the 

immunophenotype of the TOV112D cells is 1620-/240+ and that treatment with ZMC1 reverses this 

phenotype to 1620+/240-, indicating restoration of WT structure [8]. Both ZMC1 and NTA induced a 

reversal of the TOV112D immunophenotype to 1620+/240-, but EDTA did not (Fig. 3E). Taken together, 
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our findings suggest that the zinc metallochaperone activity of ZMC1 is shared by other zinc-binding 

molecules with similar affinities for zinc. 
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Figure 3: The zinc metallochaperone function is not unique to ZMC1. A, structure of NTA and its Kd 

for Zn2+. B, EMSA indicating R175H DBD binds to DNA in the presence of NTA and zinc with the same 

trend as ZMC1, but not with NTA alone. R175H DBD with ZMC1, zinc and WT DBD are used as positive 

controls. C, NTA arrested refolding traces. Experiments were run as in Figure S3 but with the indicated 

concentrations of NTA. NTA was effective at rescuing zinc induced misfolding, but less so than EDTA or 

ZMC1. D, immunoprecipitation (IP) of p53 protein from R175H cells after treatment of ZMC1 (1 μM) or 

NTA (5 mM) with the mutant specific PAB240 antibody. The density of western blot bands from IP and 

lysates were calculated and normalized to no treatment control. E, immunocytochemistry fluorescent 

staining (IF) of p53 protein from R175H cells after treatment of ZMC1 (1 μM), NTA (5 mM) or EDTA 

(500 μM or 1 mM). The antibody PAB1620 recognizes WT conformation of p53. Scale bar = 25 μm. 

* 

* 
* 
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The ZMC1 zinc metallochaperone mechanism applies to other p53 missense mutants with impaired zinc 

binding 

To investigate if ZMC1 can restore function to other p53 mutants with impaired zinc affinity, we tested the 

ability of ZMC1 to induce apoptosis in cell lines expressing mutations of the three zinc-binding Cys 

residues: C238, C242, and C176. H2122 and SK-PN-DW cells (p53-C176F) and LN-18 cells (p53-C238S) 

shared a similar sensitivity to ZMC1 (IC50 of 0.4-0.7μM compared to 0.37 μM for p53-R175H cells) (Fig. 

4A). ZMC1 had less effect on MCF7 (p53-WT) and SKOV3 (p53-null) cells. H841 (C242S) and H1755 

(C242F) cells were markedly more sensitive to ZMC1 (IC50 of 7.9 nM and 51 nM, respectively). To 

determine whether growth inhibition involves mechanisms other than p53 reactivation, we repeated these 

growth inhibition studies in the presence of an siRNA knockdown of mutant p53 in H841cells 

(Supplementary Fig. S6). This knockdown markedly attenuated the sensitivity of the cells to ZMC1 (IC50 

= 22 nM) from 0.5 nM), but did not completely abrogate the effect, indicating a component of cell growth 

inhibition that was p53 independent as has been previously shown [8]. 

 Like R175H, the C238S, C242F, and C176F mutations destabilize p53 and induce an unfolded/  

misfolded conformation that is recognized by the antibody PAB240. We next performed IF using the 

PAB1620/240antibodies on the above cell lines treated with ZMC1. ZMC1 treatment reversed the 

immunophenotype of p53 protein from 1620-/240+ to 1620+/240-, indicating that ZMC1 induces a WT-

like conformational change in the C238S, C242F and C176F mutants (Fig. 4B). We also found in IP, 

ZMC1 reduced binding of PAB240 by 70% in H841 cells (Supplementary Fig. S6). 

 We then evaluated the restoration of p53 transcriptional activity by ZMC1 in C238S, C242F and 

C176F mutants by quantitating gene expression of p53 targets p21 and PUMA. Similar to its effect on p53-

R175H cells, ZMC1 potently induced p21 and PUMA in these cells (Fig. 4C). 

 We previously showed that ZMC1decreases p53- R175H protein levels due to restoration of 

MDM2-mediated degradation [8]. Measuring p53 protein levels in ZMC1-treated cells is therefore a 

functional assay for p53 reactivation. ZMC1 treatment of p53-C238S, C242F, C176F cells resulted in a 

decline in p53 protein levels relative to the untreated control (Fig. 4D), supporting the conclusion that 

ZMC1 reactivates mutants of the three Cys involved in coordinating zinc. 
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 We hypothesized that, like R175H, other mutants within the L2 or L3 loops of p53 may exhibit 

reduced zinc affinity and therefore be candidates for ZMC1 rescue. The X-ray crystal structure of WT DBD 

was recently solved to 2.05 Å resolution in the absence of DNA[18]. The authors concluded that no other 

amino acid besides the WT residue (Gly) could be substituted at position G245 without distorting the zinc 

binding site. Thus, we hypothesized that the G245S mutant might also be reactivated by ZMC1. 

 We found that G245S sensitivity to ZMC1 mirrored that of R175H and other zinc-binding mutants 

in cell growth inhibition assays (Fig. 4A). ZMC1 reversed the immunophenotype from 1620-/240+ to 

1620+/240- shown by IF (Fig. 4B). Similar to the R175H mutant, we detected increased gene expression 

levels of p21, as well as decreased levels of the mutant protein upon ZMC1 treatment (Fig. 4C and D). We 

therefore conclude that not only is the G245S mutant reactivated by ZMC1, but it can also be classified as 

one with impaired zinc binding. Alternatively, we examined another conformational mutant (R249M) that 

is recognized by PAB240 and did not find that this mutant was reactivated by ZMC1 (Supplementary Fig. 

S7). Thus we would conclude that the R249M conformational mutant likely does not have impaired zinc 

binding and that ZMC1 does not reactivate all conformational p53 missense mutants. 
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Figure 4: ZMC1 reactivates additional p53 missense mutants with impaired zinc binding. A, ZMC1 

inhibits cell growth in zinc-binding p53 mutants. Mutations are labeled in the legend. B, ZMC1 induces a 

WT like conformational change in zinc binding mutants, shown by IF. The antibodies, PAB240 and 

PAB1620 are same as Figure 3E. Scale bar = 25 μm. C, ZMC1 induces expression of p53 regulated genes 

(p21 and PUMA) in zinc binding mutants, shown by quantitative RT-PCR. Relative gene expression level 

is normalized to β-actin. D, ZMC1 reduces mutant p53 stability in zinc binding mutants shown by western 

blot. The p53 protein level is detected by p53 antibody. β-actin is an internal control. 

* * 

* 

* 
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ZMC1 transactivates the newly conformed mutant: a distinct component to the ZMC1 mechanism 

required for apoptotic function 

We previously demonstrated that cellular glutathione levels were significantly reduced by ZMC1 indicating 

that ZMC1 affects the redox state of the cell [8]. We also demonstrated that the apoptotic function of 

ZMC1 could be inhibited by the co-administration of a reducing agent such as N-acetyl-cysteine (NAC) 

[8]. It is known that in response to cellular stress, p53 function is in part, mediated through post-

translational modifications (PTMs) [19]. 

 We hypothesized that the ZMC1-induced redox stress functions to transactivate the newly restored 

mutant. To investigate this we first sought to confirm that the inhibitory activity of NAC on the apoptotic 

function of ZMC1 was mediated by an anti-oxidant function and not an alternate mechanism of NAC. 

Addition of another known anti-oxidant, glutathione (2 mM), significantly attenuated ZMC1 induced 

apoptosis (Fig. 5A). To confirm that ZMC1 induces ROS in cells, we performed IF on ZMC1 treated cells 

using an antibody that detects oxidized DNA (8-oxy-dGuo) on human tumor cell lines with different p53 

statuses. We found that ZMC1 increased the 8-oxy-dGuo staining in both the p53-R175H and the H1299 

(p53-null) cells at 6 and 24 hours (Fig. 5B). In addition, we found that ZMC1 treatment of p53-R175H cells 

significantly induced gene expression of the anti-oxidant transcription factor Nrf2 and several of its 

downstream targets (GCLM, GCLC, GGT1, NQO1, and HMOX1). Note that this induction could be 

abrogated by concomitant treatment with NAC (Fig. 5C). 

 We explored what role increased ROS levels play in the ZMC1 mechanism. It is possible that the 

ROS levels could be involved in the WT conformation change in p53-R175H cells as redox changes have 

been shown to induce conformation changes in WT p53 [20]. In the presence of NAC and ZMC1, the p53-

R175H retained the WT conformation (1620+/240-) detected by IF (Fig. 5D). Thus NAC does not inhibit 

ZMC1 mediated apoptosis by interfering with the WT conformation change. However, NAC potently 

inhibited the ZMC1 mediated transcriptional upregulation of both p21 and PUMA at 6 and 24 hours (Fig. 

5E). 

 To determine if this inhibition was mediated by PTMs of the mutant p53, we examined the effects 

of ZMC1 alone and in combination with NAC on ATM activation and the phosphorylation status of serines 

15 and 46 of p53 in p53-R175H mutant cells. Using a 24- hour time course western blot, we observed that 
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ZMC1 treatment caused an activation of ATM that occurred within one hour after initiation of treatment 

and was sustained (Fig. 5F). This ATM activation is likely due to DNA damage as we also detected an 

increase in γ-H2AX levels by ZMC1 in H1299 cells that express either WT or R175H mutant p53 

(Supplementary Fig. S8). ZMC1 also induced p53 phosphorylation at serines 15 and 46 (Fig. 5F). Note that 

mutant p53 levels decreased over time and then increased again with concomitant induction of p21 protein 

indicating reactivation of the mutant p53-R175H as had been previously shown (Fig. 5F) [8]. When NAC 

was included we found the following: 1) abrogation of ATM activation, 2) decrease in phosphorylation on 

serines 15 and 46 of mutant p53, 3) loss of p21 induction and 4) re-stabilization of mutant p53 levels (Fig. 

5F). These results indicate that ZMC1 not only has a role in inducing a WT conformation of mutant p53, 

but that it also functions to transactivate the newly conformed mutant protein via PTMs indicative of WT 

p53. Acetylation of lysine at codon 120 has been shown to drive the p53 apoptotic response, which is the 

dominant cellular phenotype of ZMC1 treatment [21]. Indeed, treatment with ZMC1 induced K120 

acetylation in p53-R175H mutant cells (Fig. 5G). 
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Figure 5: ZMC1 transactivates mutant p53 through increasing ROS levels. A, exogenous GSH (2 mM) 

abrogates ZMC1 mediated cell growth inhibition. B, ZMC1 induces ROS levels in cells as detected by 8-

oxy-dGUO staining. The right panel is quantification of staining. C, expression of Nrf2 and downstream 

targets is elevated after ZMC1 (1 μM) or H2O2 (300 μM) but not NAC (5 mM) treatment. D, NAC (5 mM) 

* 

* * 

* * 

* 

* * 
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does not inhibit ZMC1 mediated conformation change shown in IF. Scale bar = 25 μm. E, NAC (5 mM) 

abrogates ZMC1 mediated p53 transactivation in p53R175H cells and reduces expression of p21 and 

PUMA genes. F, ZMC1 transcriptionally activates p53- R175H through ROS mediated post-translational 

modifications. NAC attenuates p53 post-translational modification induced by ZMC1. With addition of 

NAC, ATM, p53-Ser15 and Ser46 phosphorylation are reduced and p21 induction is eliminated. G, ZMC1 

induces p53-K120 acetylation in p53-R175H cells. 
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DISCUSSION 

 Our model for zinc-induced folding/misfolding and rescue by ZMC1 is shown in Fig. 6A. The 

model posits two types of zinc ligation sites on p53: native (Kd1) and non-native (Kd2) (Fig. 6A1). It is 

likely that multiple non-native sites exist, given that DBD contains 10 Cys and 9 His. PAR competition 

assays estimate Kd2≥ 10−6 Μ for R175H (Fig. 1D) and we assume it to be the same for WT. Kd1 of WT is 

too low to be measured by PAR but it was previously estimated to be less than 10-10 M [11]. For WT p53 to 

be functional in the cell Kd1 must be in the pM range as the intracellular concentration of free zinc is 

typically maintained on the order of 10-10-10-12 M [17]. Thus, at physiological zinc concentrations, Kd1 and 

Kd2 of WT p53 are tuned for zinc binding to the correct site and not to the incorrect sites, and thus WT p53 

is in its zinc-bound (holo) form (Fig. 6A2). 

 The situation is different for R175H. Its Kd1 of 2 nM is 10 – 1000-fold higher than physiological 

zinc concentrations. R175H is therefore likely in the apo form in the cell (Fig. 6A2). Raising intracellular 

zinc above 2 nM can in principle reactivate R175H for DNA binding (Fig. 2G), but if levels rise beyond ~1 

μM then R175H is expected to misfold due to non-native site zinc binding (Kd2) (Figure 6A3). Thus at high 

concentrations of zinc (>1 μM) both WT and R175H mutant p53 are expected to be inactive as they would 

rapidly misfold (Fig. 6A3). 

 Metallochaperones such as ZMC1 and NTA are effective because they bind zinc less tightly than 

the native site and more tightly than the non-native sites. Indeed, their Kd values of 30 nM and 17 nM, 

respectively, lie in-between Kd1 and Kd2 of R175H DBD (Fig. 6A4). In this way, intracellular zinc 

concentrations can be buffered at levels optimal for restoring WT conformation to R175H. By contrast, 

EDTA and A6 possess Kd values less than Kd1 and greater than Kd2, respectively, and therefore are unable 

to function as metallochaperones. 

 In order for ZMC1 to rescue mutant p53 function in vivo, our model implicitly assumes that the 

drug increases the concentration of free Zn2+ in cells. It is possible that ZMC1 mobilizes intracellular stores 

of zinc from endogenous zinc-binding proteins such as metallothioneins. However, we regard it as more 

likely that additional zinc comes from sources outside the cell, including circulating serum which contains 

8.5 – 23.6 μM Zn2+ as supplemental zinc increases the apoptotic function of ZMC1 [22]. It may prove 

beneficial to co-administer a zinc metallochaperone with supplemental zinc in patients. 
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 The zinc-independent mechanism of ZMC1 pertains to the role of ROS. ZMC1 treatment elevates 

ROS levels, likely through iron chelation and Fenton chemistry as has been observed for other 

thiosemicarbazones [9]. These changes produce a stress response manifested by the activation of kinases 

such as ATM, resulting in PTMs of the mutant p53 N-terminus. These phosphorylation and acetylation 

events transactivate the protein and induce an apoptotic program making the drug therapeutic as a single 

agent (Fig. 6B). 

 The ROS signal that activates the newly conformed p53-R175H would presumably also be present 

in non-cancer cells and thus potentially activate WT p53. We did not find that ZMC1 increased p53 or p21 

levels in several human tumor cell lines with WT p53 as was observed with the cytotoxic drug 

etoposide[8]. One reason this effect was observed in p53-R175H mutant cells may be that p53- R175H 

levels are much higher than that of WT p53 (which is relatively undetectable by western blot). Another 

may be that WT p53 cells are able to compensate for changes in ROS levels due to the anti-oxidant 

properties of p53 [23]. 

 Our results indicate that ZMC1 activates mutant p53 by restoring proper zinc loading, rather than 

by conventional binding of drug to protein and altering its function/conformation. There are four lines of 

evidence for this conclusion. First, we did not detect a ZMC1-DBD interaction by equilibrium dialysis. 

Second, ZMC1 activity was reduced when the ZMC1:ZnCl2 ratio exceeded 5:1. If ZMC1 bound to p53 

(either as the zinc-free or zinc-bound drug), increasing concentrations of ZMC1 would be predicted to 

increase its activity, not diminish it. Third, A6, which is structurally similar to ZMC1 but binds Zn2+ at least 

100-fold weaker, fails to activate R175H p53. Lastly, NTA, a compound structurally unrelated to ZMC1 

but with similar zinc affinity, also demonstrates zinc metallochaperone activity. 

 Evidence that mutant p53 could be reactivated by the addition of exogenous zinc was introduced 

by Puca et al. in which both the p53-R175H and p53-R273H mutants were reactivated by zinc 

supplementation [24]. Recently this group reported that a fluorescent zinc-curcumin complex could also 

reactivate the p53-R175H and R273H mutants; however the mechanism of this is not known [25]. It is 

unclear how p53-R273H can be reactivated by zinc as this is a DNA contact mutant which should not be 

able to bind DNA regardless of its zinc status. Nonetheless, our results provide the first evidence that WT 

structure/function can be restored to mutant p53 by a zinc metallochaperone. Pharmacologically, the 
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strategy of delivering zinc by a small-molecule is preferable over administering exogenous zinc as our 

experiments indicate that the range of concentrations of free zinc required to remetallate the p53-R175H is 

quite narrow, and free zinc concentrations outside of this window quickly lead to misfolding. A zinc 

metallochaperone prevents this problem by serving as a zinc buffer. 

 Intriguingly, Puca et al. found that zinc supplementation was inadequate for p53 mediated tumor 

cell apoptosis, but rather it was necessary to co-administer a cytotoxic agent such as Adriamycin along with 

zinc to see mutant p53 induced cell death. These findings are consistent with our observations in that both 

restoration of WT structure and a transactivation signal are required. We observed both of these effects in 

ZMC1,which explains why the drug can be therapeutic as a single agent. 

 The broadening of the allele specificity of ZMC1 has important implications for drug development 

as it greatly increases the potential pool of patients that might benefit from synthetic zinc 

metallochaperones. The G245S mutant is the fifth most common p53 missense mutant accounting for 2.8% 

of p53 missense mutants [26]. When accounting for all of the known mutants with impaired zinc binding, 

we estimate this pool to be greater than 70,000 patients in the United States annually. Given that the G245S 

was not previously known to have impaired zinc binding, it also questions how many other conformational 

mutants share a similar defect. Thus the potential pool might be larger. 

 In conclusion, these findings illuminate a new path from which to drug mutant p53 using a small 

molecule acting as a zinc metallochaperone. From a broader perspective, the use of a compound to deliver a 

metal ion to correct a defect in protein folding is a novel mechanism for a small molecule therapeutic. 

Future studies will be necessary to illuminate the properties of a particular chelator that make it a good zinc 

metallochaperone. Our data indicate that one of these properties is its affinity for zinc. We speculate that 

both the zinc-metallochaperone and redox properties can be optimized through medicinal chemistry. This 

study also identifies the potential pool of patients that will most likely benefit from such a drug, which is a 

vital component to the successful development of any targeted molecular therapeutic. Our understanding of 

mutant p53 biology has grown considerably in recent years and we have come to appreciate that not all 

missense mutants are equivalent [26]. Our research here provides a practical need to discriminate these 

mutants in the application of mutant p53 based cancer therapeutics. 
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Figure 6: Dual mechanism of ZMC1. A1, in the absence of zinc both WT and R175H DBD are in the 

their zinc free (apo) forms. The Kd1 of WT p53 is << Kd1 of R175H p53 (~2 nM). The Kd2 of both WT and 

R175H p53 are ≥ 1 μM. A2, at physiologic concentrations of zinc, WT p53 is zinc bound (holo) 

(Kd1<[Zn2+]<Kd2). The R175H p53 is in its apo form ([Zn2+]<Kd1<Kd2). A3, in high concentrations of 

zinc, both WT p53 and R175H p53 are misfolded (Kd1<Kd2<[Zn2+]). A4, in the presence of ZMC1 both 

WT and R175H p53 are in their holo form despite (Kd1<Kd2<[Zn2+]). B, once the WT conformation 

change has occurred the increase in ROS by ZMC1 induces N-terminal post-translational modifications of 

mutant p53 (ser-15, 46, lys-120) that transactivate mutant p53 and induce an apoptotic program. 
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METHODS 

Biochemical Analysis 

Proteins were prepared as previously described with minor modifications detailed in Supplemental 

Methods [27]. ZMC1-Zn2+ titration, competition binding, equilibrium dialysis, arrested refolding, Zn2+ 

content measurement, re-metallation analysis, Zn2+ transfer measurements, stopped-flow kinetics, and 

EMSAs were conducted using standard protocols indicated in the text and are detailed in the 

Supplementary Methods. 

 

Synthesis of compound A6 

Details of A6 synthesis are found in the Supplementary Methods. The compound was analyzed with 

LC/MS MH+ 219, 97% pure. Structure determined with Bruker 400 mHz NMR (1H NMR, 13C NMR, 

HSQC). 

 

Cell culture and cell-based analysis 

TOV112D, SK-PN-DW, LN-18, SK-MEL-2, H1299 were cultured in DMEM with 10% FBS. MCF7, 

H841, H2122, H1755, Hs700T were cultured in RPMI with 10% FBS. SKOV3 and HCT116 were cultured 

in McCoy’s 5A with 5% FBS. Treatment, viability assays, transfection, immunofluorescent staining, 

immunoprecipitation, RNA extraction and quantitative RT-PCR, and western blots were conducted using 

standard procedures detailed in the Supplementary Methods. 

 

Supplemental Information 

Supplemental information includes eight figures, one table and Supplementary Methods. 
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ABSTRACT 

p53 is a Zn2+-dependent tumor suppressor inactivated in >50% of human cancers. The most common 

mutation, R175H, inactivates p53 by reducing its affinity for the essential zinc ion, leaving the mutant 

protein unable to bind the metal in the low [Zn2+]free environment of the cell. The exploratory cancer drug 

zinc metallochaperone-1 (ZMC1) was previously demonstrated to reactivate this and other Zn2+-binding 

mutants by binding Zn2+ and buffering it to a level such that Zn2+ can repopulate the defective binding site, 

but how it accomplishes this in the context of living cells and organisms is unclear. In this study, we 

demonstrate that ZMC1 increases intracellular [Zn2+]free by functioning as a Zn2+ ionophore, binding Zn2+ in 

the extracellular environment, diffusing across the plasma membrane, and releasing it intracellularly. It 

raises intracellular [Zn2+]free in cancer (TOV112D) and noncancer human embryonic kidney cell line 293 to 

15.8 and 18.1 nM, respectively, with half-times of 2–3 minutes. These [Zn2+]free levels are predicted to 

result in ∼90% saturation of p53-R175H, thus accounting for its observed reactivation. This mechanism is 

supported by the X-ray crystal structure of the [Zn(ZMC1)2] complex, which demonstrates structural and 

chemical features consistent with those of known metal ionophores. These findings provide a physical 

mechanism linking zinc metallochaperone-1 in both in vitro and in vivo activities and define the remaining 

critical parameter necessary for developing synthetic metallochaperones for clinical use. 

 

INTRODUCTION 

Since its discovery in 1979, the tumor suppressor p53 has become one of the most universally recognized 

and well studied proteins in cancer biology (Levine and Oren, 2009). As many as 50% of human cancers 

harbor mutations in p53, and the last three decades of research have firmly established that loss of p53 

function is a key event in the development of many cancers (Olivier et al., 2010). Despite the prevalence of 

p53 mutations in cancer and clear indications that the restoration of p53 function can be therapeutic, 

developing drugs with this activity has proven a challenge, as evidenced by the lack of clinically available 

therapies that target mutant p53 (Ventura et al., 2007; Xue et al., 2007). 

 One of the most common ways that p53 becomes inactivated is by mutational disruption of a 

critical Zn2+-binding interaction in its DNA-binding domain (DBD) (Olivier et al., 2010). Each p53 

monomer coordinates a single Zn2+ via C176, C238, C242, and H179 (Cho et al., 1994). Biophysical 
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studies have shown that removal of Zn2+ from wild-type (WT) DBD reduces the folding free energy by 

30%, alters the conformation of the DNA-binding surface, and reduces sequence-specific DNA binding 

affinity by 10-fold, to the point where DBD can no longer discriminate between consensus and 

nonconsensus DNA sequences (Butler and Loh, 2003). Cellular studies have also demonstrated that zinc 

chelation functionally inactivates p53-WT, inhibiting its transcriptional activity and causing it to adopt a 

mutant-like immunologic phenotype (Méplan et al., 2000). 

 The most common p53 mutation in cancer, R175H, was originally classified as one such Zn2+-

binding mutant by Fersht and colleagues based on its decreased folding energy, diminished DNA-binding 

affinity, and proximity to the Zn2+-binding site (Bullock et al., 1997, 2000). Later studies demonstrated that 

DBD-R175H exhibits markedly reduced Zn2+-binding affinity relative to WT (Butler and Loh, 2003). We 

recently measured the dissociation constant of the native DBD-R175H/Zn2+ interaction (Kd1 = 2.1 nM) and 

found it to be 10- to 1000-fold higher than the typical intracellular [Zn2+]free of 10−12–10−10 M (Colvin et al., 

2010; Yu et al., 2014). We therefore concluded that p53-R175H is nonfunctional in the cell because it is 

unable to bind Zn2+ under physiologic conditions. We also measured the dissociation constant for Zn2+ 

binding to one or more non-native sites (Kd2 ≥ 1 μM) that are likely formed by non-native combinations of 

the 10 Cys and 9 His residues in DBD. Zn2+ binding to these improper ligands causes DBD to misfold and 

aggregate (Butler and Loh, 2007). In that same study, we investigated the mechanism of p53-R175H 

reactivating compound ZMC1 (Fig. 1A). We found that ZMC1 is a Zn2+ buffer in vitro, and we proposed 

that it functions as a synthetic metallochaperone (MC) in vivo (Yu et al., 2014). 
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Figure 1. ZMC1 treatment in complete media increases intracellular [Zn2+]free. (A) Structures of 

compounds used in this study and their Kd values for Zn2+. Kd values shown are from Yu et al. (2014). (B) 

Imaging of intracellular Zn2+ level in complete media. HEK293 and TOV112D cells were loaded with FZ3-

AM followed by 1 μM of the indicated treatment in 0.2% DMSO for 20 minutes at 37 °C and imaged using 

a 20× (NA = 0.75) air objective. Scale bar = 100 μm. 
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By our definition, a synthetic MC must possess two activities. It must increase the free concentration of 

metal ion inside the cell, and then it must buffer that concentration to the range appropriate to metallate the 

client protein. Importantly, a synthetic MC need not bind its client but can function solely through the 

manipulation of free metal. Because ZMC1 binds Zn2+ with a dissociation constant (Kd,ZMC1 = 30 nM) 

between Kd1 and Kd2, it buffers [Zn2+]free to a level high enough to occupy the native zinc-binding site, thus 

restoring WT structure and function to purified DBD-R175H in vitro and p53-R175H in cells, but not so 

high as to populate the non-native sites and induce misfolding. This fulfills one criterion. However, 

evidence of the ZMC1-mediated increase in intracellular [Zn2+] required by our model has thus far been 

absent, and if it does occur, the source of metal and the mechanism of its increase are unknown. 

Negative-control compounds A6 and nitrilotriacetic acid (NTA) (Fig. 1A) provide some clues about the 

mechanism of ZMC1 (Yu et al., 2014). A6 is nearly identical in structure to ZMC1, but it binds Zn2+ 100-

fold less tightly (Kd,A6 = 1.1 μM). A6 fails to rescue either purified DBD-R175H in vitro or p53-R175H in 

cells. By contrast, NTA binds Zn2+ with affinity similar to that of ZMC1 (Kd,NTA = 17 nM) but is polar and 

negatively charged. NTA restores WT structure to DBD-R175H in vitro, but it fails to activate p53-R175H 

in cells except at very high (millimolar) concentrations. The ineffectiveness of A6 and the discrepancy 

between the in vitro and cellular activities of NTA suggest that the membrane permeability of the Zn2+-

bound complex might be important for MC activity. 

 Here, we tested the hypothesis that the second defining characteristic of a synthetic MC, besides 

having the appropriate affinity for the metal, is its ionophore potential, that is, its ability to transport metal 

ions into cells (Loh, 2010). In this study, we demonstrate that micromolar concentrations of ZMC1, but not 

NTA or A6, increase intracellular [Zn2+]free and that this increase occurs in both cancer and noncancer cells. 

We showed that the source of Zn2+ is extracellular and that ZMC1 transports the metal across the plasma 

membrane as a transition metal-specific ionophore. We substantiated this mechanism by solving the 

[Zn(ZMC1)2] complex crystal structure, which demonstrates structural and chemical similarity to known 

metal ionophores. We quantified the resultant intracellular [Zn2+]free and found that it is in the range 

predicted to maximally reactivate p53-R175H, that this increase happens in minutes, and that it occurs both 

in the cytosol and nucleus. We also demonstrated that depletion of extracellular Zn2+ abrogates ZMC1 

function. These results provide the first evidence of a Zn2+-ionophore as a p53-reactivating compound, 



 81 

validate the MC model of ZMC1 function, and provide critical information that will facilitate the 

development of Zn2+-MCs as mutant p53-targeted anticancer drugs. 

 

Materials and Methods 

Reagents. 

FluoZin-3 (FZ3)–acetoxymethyl ester (AM), RhodZin-3 (RZ-3) (K+ salt), and cell culture media were 

purchased from Life Technologies Corporation (Norwalk, CT). 1,2-Dioleoyl-sn-glycero-3-phosphocholine 

(DOPC) was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). ZMC1 and A6 were obtained as 

previously described (Yu et al., 2014). [Zn(ZMC1)2] was synthesized and crystallized as detailed in 

Supplemental Methods. Human embryonic kidney cell line 293 (HEK293) and TOV112D cells were 

purchased from American Type Culture Collection (Manassas, VA) and maintained in Dulbecco's modified 

Eagle's medium (DMEM)1 GlutaMAX with 10% fetal bovine serum (FBS) and 1 mg/ml penicillin-

streptomycin under a 5% CO2 atmosphere at 37°C. All non–cell-based experiments were conducted in 50 

mM Tris pH 7.2, 0.1 M NaCl at 25°C. 

 

Liposome Import Assay. 

DOPC liposomes were prepared by film rehydration and extrusion as detailed in Supplemental Methods. 

The size distribution was determined by dynamic light scattering using a Malvern Zetasizer Nano ZS 

(Malvern Instruments Ltd, Worcestershire, UK) (Supplemental Fig. 1). Fluorescence measurements were 

taken on a Horiba Fluoromax-4 spectrofluorimeter (Horiba Scientific, Edison, NJ) in a 5 × 5-mm quartz 

cuvette with λex/λem = 550/572 nm for RZ-3 and 490/515 nm for calcein. Initial Zn2+ import/export was 

quantified by fitting the first 10–30 seconds of data after each treatment to a line and converted to units of 

flux using eq. 1: 

 

                                                                                                              (1) 

 

where Ji is the initial flux, ΔF/Δt is the slope of the fit line, Fmax is RZ-3 fluorescence in the presence of 

saturating Zn2+, 1% TritonX-100, Fmin is RZ-3 fluorescence in the presence of excess EDTA, 1% TritonX-

-1 -1 
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100, [RZ3] is the concentration of encapsulated RZ-3, and SA/Vol is the ratio of surface area to volume 

calculated assuming hollow spheres of the mean diameter determined by dynamic light scattering. 

 

Intracellular [Zn2+]free Imaging. 

TOV112D or HEK293 cells (40,000 cells/well) were plated on either 8-well BD Falcon chambered culture 

slides (Corning Life Sciences, Tewksbury, MA) or eight-chambered number 1.5 Nunc Laboratory-Tek II 

chambered cover glasses (ThermoScientific, Waltham, MA) treated with poly-l-lysine. After 48 hours, cells 

were washed 2 × 5 minutes in serum-free media and incubated with 1 μM FZ3- AM for 40 minutes at 

37°C. Cells were then washed 2 × 5 minutes in either Earle’s balanced salt solution (EBSS)/H (−)Ca/Mg or 

phenol-red free DMEM + 10% FBS containing the indicated treatments and incubated for 20 minutes 

before imaging. For nuclear colocalization, 1 μg/ml Hoechst 33342 was also included. Cells were imaged 

using a Zeiss LSM 510 META NLO confocal microscope (Zeiss, Jena, Germany) equipped with a 37°C 

environmental control chamber. FZ3 and Hoechst 33342 were excited at 488 nm (argon laser) and 790 nm 

(Chameleon Ti:sapphire laser), respectively. To determine the kinetics of fluorescence change, each 

background-subtracted image in the time-lapse series was integrated in ImageJ Software (National 

Institutes of Health, Bethesda, MD) and normalized to the integrated fluorescence of the first frame after 

treatment. For quantification of intracellular [Zn2+]free, each cell was analyzed in the treated, 50 μM 

pyrithione (PYR)/ZnCl2 (1:1), and 100 μM N,N,N′,N′-tetrakis(2-pyridylmethyl)ethane-1,2-diamine (TPEN) 

images by taking the mean fluorescence of a region of interest inside the cell subtracted by a region of 

interest immediately outside the cell measured in ImageJ. The [Zn2+]free for each cell was then calculated by 

eq. 2 (Grynkiewicz et al., 1985; Haase et al., 2006): 

 

                                                                                                                           (2) 

 

where F, Fmax, and Fmin are fluorescence in the treatment, PYR/ZnCl2, and TPEN images, respectively, and 

Kd is that of FZ3 for Zn2+ (15 nM) (Gee et al., 2002). To minimize the effects of outliers, the lowest and 

highest 5% of cells in each series were rejected, and the remaining values were averaged. The number of 

cells analyzed in each trial ranged from 54 to 163. For nuclear colocalization, treated, PYR/ZnCl2-, and 
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TPEN-treated images costained with Hoechst 33342 were aligned and each pixel subjected to eq. 2 in 

MATLAB (MathWorks, Natick, MA). The resultant images were Gaussian mean filtered and false-colored 

by calculated [Zn2+]free. 

 

p53-R175H Immunofluorescence. 

DMEM + 10% FBS was treated with 5 g Chelex 100 resin per 100 ml of media for 1 hour with gentle 

shaking. The media was then decanted and filtered through a 0.2-μm sterile filter. TOV112D cells were 

then incubated with 1 μM ZMC1 in untreated media, Chelex-treated media, or media + 10 μM TPEN at 

37°C for 2 hours, fixed, and stained with PAB240 and PAB1640 as previously described (Yu et al., 2012). 

 

RESULTS 

ZMC1 is a Zn2+ Ionophore. 

We evaluated the ability of ZMC1, NTA (Zn2+-binding homolog), and A6 (structural homolog) to increase 

intracellular [Zn2+]free by treating cells with the fluorescent Zn2+ indicator FZ3-AM in complete media and 

imaging them using confocal microscopy (Fig. 1B) (Gibon et al., 2011). In both HEK293 (non-cancer, p53-

WT) and TOV112D (ovarian cancer, p53-R175H) cells, ZMC1 increased intracellular [Zn2+]free as indicated 

by increased fluorescence, but NTA and A6 did not. This result is consistent with the MC model for ZMC1 

function and explains the inability of NTA and A6 to rescue p53-R175H at micromolar concentrations. 

 To provide physical insight into the mechanism by which ZMC1 increases intracellular [Zn2+]free, 

we solved the X-ray crystal structure of the [Zn(ZMC1)2] complex (Fig. 2). Consistent with previous 

results, the stoichiometry is 2:1 (Yu et al., 2014). The thiocarbonyl sulfur anion, thiocarbonyl β-nitrogen, 

and pyridinyl nitrogen from two deprotonated ZMC1 molecules encapsulate the Zn2+ and generate a neutral 

complex. The chemical preparation of this zinc-ZMC1 complex involved treatment of a mixture of 1.0 

equivalent of ZMC1 and 0.5 equivalents of ZnCl2 in heated ethanol with excess triethylamine, thus 

enolizing the thiosemicarbazone to generate thiolate and form the neutral [Zn(ZMC1)2] complex. This 

structure bears some similarity to known ionophores (e.g., valinomycin and crown ethers) with the zinc 

cradled in a hydrophilic pocket inside a hydrophobic shell (Fig. 3A). We therefore tested whether ZMC1 is 

an ionophore by encapsulating the fluorescent Zn2+ indicator RZ-3 inside 1,2-dioleoyl-sn-glycero-3-
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phosphocholine (DOPC) liposomes and assaying the ability of our compounds to transport Zn2+ in and out 

by monitoring fluorescence (Fig. 3, B–D; Table 1). We noted that liposomes copurified with 4.3 μM 

internal Zn2+, allowing for determination of both import and export rates. Zn2+ alone was unable to 

permeate the liposomal membrane as indicated by the lack of RZ-3 fluorescence increase (Fig. 3C). The 

addition of ZMC1 caused a dose-dependent increase in the rate of RZ-3 fluorescence increase, indicating 

that ZMC1 can facilitate the transport of Zn2+ into the liposomes, which is consistent with our ionophore 

hypothesis. 
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Figure 2. Molecular structure of [Zn(ZMC1)2] by X-ray crystallography. C = gray, N = dark blue, S = 

yellow, Zn = aqua blue. Data are available in Supplemental Tables 1–6. X-ray data show significant single 

bond character of the C-S bond (1.726 Å) to support enolization of ZMC1. 

* 
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Figure 3. ZMC1 is an ionophore in a liposomal model system. (A) Diagram of ZMC1-mediated Zn2+ 

transport. Zn2+ combines with two enolizable ZMC1 molecules to generate an overall neutral complex that 

moves across the membrane. After crossing, the complex dissociates to release two ZMC1 molecules and 

free Zn2+. (B) Schematic of the liposomal system. Charges are omitted for clarity. (C and D) Zn2+ import 

(C) and export (D) kinetics measured by DOPC-encapsulated RZ-3 fluorescence. RZ-3 was encapsulated at 

10 μM. Arrows indicate treatment addition. TritonX-100 and DMSO were positive and vehicle controls, 

respectively. Concentrations were 10 μM ZnCl2, 100 μM EDTA, 5 μM NTA, 5 μM A6, 1% TritonX-100, 

0.2% DMSO, and 1 or 5 μM ZMC1. Quantification is shown in Table 1. (E) Calcein leakage assay. Calcein 

(10 mM) was DOPC-encapsulated and subjected to the indicated treatments. Arrows indicate treatment 

addition. TritonX-100 and DMSO were positive and vehicle controls, respectively. Concentrations as in (C) 

and (D). 
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TABLE 1. Initial Zn2+ ion flux into DOPC liposomes. Fluxes were calculated from linear fits of initial 

fluorescence changes in the time-courses represented in Fig. 2 using eq. 1. Values are mean ± S.D. (n ≥ 3). 

 

Sample Ji (mol m−2 s−1) (10−14) 

ZnCl2 only (10 μM) 8.90 ± 0.94 

ZnCl2 + DMSO (0.2%) 6.81 ± 0.68 

ZnCl2 + ZMC1 (1 μM) 52.3 ± 1.2 

ZnCl2 + ZMC1 (5 μM) 135 ± 5 

ZnCl2 + NTA (5 μM) 4.52 ± 1.22 

ZnCl2 + A6 (5 μM) 71.3 ± 2.9 

EDTA Only (100 μM) −0.69 ± 0.67 

EDTA + DMSO (0.2%) −0.53 ± 1.43 

EDTA + ZMC1 (1 μM) −131 ± 2 

EDTA + ZMC1 (5 μM) −199 ± 86 
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Of the two control compounds, A6 shuttled Zn2+ into the liposomes, but NTA did not. Together 

with Fig. 1B, these results illustrate the requirements of an effective synthetic MC. NTA binds Zn2+ with an 

affinity similar to that of ZMC1, but it cannot cross either liposomal or cellular membranes, likely because 

it possesses negative charges. A6, on the other hand, lacks charges and is similar in structure to ZMC1, but 

it binds Zn2+ weakly (Kd,A6 = 1.1 μM). It can function as an ionophore in conditions of the liposome 

experiments where external [Zn2+]free was 10 μM. In complete media containing 10% fetal bovine serum 

(FBS), however, Zn2+-binding proteins from the serum (e.g., albumin) necessarily compete for Zn2+ with 

any putative MC, making the effective [Zn2+]free much lower than [Zn2+]total (see Discussion) (Moran et al., 

2012). A6 therefore likely does not increase intracellular [Zn2+]free in culture because Kd,A6 is greater than 

extracellular [Zn2+]free. Thus, both an appropriate Zn2+ Kd and ionophore activity are necessary for ZMC1 

activity. 

We hypothesized that ZMC1 should be able to traverse lipid bilayers as a free compound and that 

this property might be important for its biologic activity. For example, if it crosses membranes only as the 

zinc-bound species, then the accumulation of free ZMC1 in cells would limit the increase in intracellular 

[Zn2+]free. To test this hypothesis, we reversed the [Zn2+]free gradient by adding a large excess of metal ion 

chelator EDTA to the solution outside the liposomes and monitored the fluorescence in the presence and 

absence of ZMC1 (Fig. 3D). EDTA alone did not cause a significant decrease in RZ-3 fluorescence as the 

liposomal membranes are impermeable to EDTA. After subsequent addition of ZMC1, there was a time-

dependent decrease in RZ-3 fluorescence. This result indicates that free ZMC1 crossed the liposomal 

membranes, bound internal Zn2+, and transported it back outside the liposome, where the metal was then 

bound by the much stronger chelator EDTA. Thus, ZMC1 can cross DOPC bilayers both as free drug and 

as the [Zn(ZMC1)2] complex. Mechanistically, Zn2+ is complexed by two deprotonated ZMC1 molecules 

and transported across membranes as an uncharged species. After crossing, the ZMC1 molecules are 

“reprotonated” to regenerate neutral ZMC1 and release the bound Zn2+ (Fig. 3A). 

To ensure that our fluorescence results were due to Zn2+ transport and not to nonspecific 

disruption of liposomal membranes, we performed a liposomal leakage assay using the self-quenching 

fluorophore calcein (Fig. 3E) (Han, 2005). When calcein is encapsulated at concentrations above 4 mM, its 

fluorescence is decreased via self-quenching (Hamann et al., 2002). Leakage is detected by a fluorescence 
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increase as the dye dilutes and its fluorescence dequenches. At the highest concentrations of ZMC1 and 

ZnCl2 used, we did not detect a significant fluorescence increase. Disruption of liposomes can also be 

detected by alteration of their size distribution. The size distribution of liposomes treated with the highest 

concentrations of ZnCl2 and ZMC1 was identical to that of untreated liposomes (Supplemental Fig. 1). 

Together, these data indicate the liposomal membranes remained intact on ZMC1 treatment, and therefore 

the RZ-3 fluorescence changes are attributable only to specific Zn2+ transport. 

 

Characterization of ZMC1-Mediated Zn2+ Transport in Live Cells. 

To extend our investigation of ZMC1 as an ionophore to living systems, we quantified ZMC1-mediated 

Zn2+ transport in cells. We first measured the kinetics of intracellular [Zn2+]free increase by loading HEK293 

and TOV112D cells with FZ3-AM, treating the cells with ZMC1 and ZnCl2, and monitoring fluorescence 

by time-lapse microscopy (Fig. 4A; Supplemental Movies 1–10). To minimize the potential for Zn2+ 

contamination and contributions from poorly defined elements in complete media (e.g., FBS), cells were 

treated and imaged in Ca2+ and Mg2+-free EBSS supplemented with 10 mM HEPES, pH 7.4 (EBSS/H 

(−)Ca/Mg). Excess ZnCl2 with the Zn2+ ionophore PYR was used as a positive control (Haase et al., 2006). 

Excess membrane-permeable Zn2+ chelator TPEN was used as a negative control (Bozym et al., 2006). 

When treated with ZnCl2 alone or ZMC1 alone, neither cell type showed an increase in intracellular 

[Zn2+]free. When treated with both ZMC1 and ZnCl2, both cell lines showed a time-dependent increase at 

two different ZnCl2 concentrations, demonstrating that both ZMC1 and extracellular Zn2+ are required. 

When the fluorescence increases were fit to first-order exponentials, both concentrations of ZnCl2 yielded 

identical half-lives in their respective cell types, which we combine to report t1/2 (HEK293) = 124 ± 20 

seconds and t1/2 (TOV112D) = 156 ± 50 seconds (mean ± S.D., n = 4). 
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Fig. 4. Quantification of ZMC1-

mediated intracellular [Zn2+]free 

increase. (A) Representative kinetic 

traces of intracellular [Zn2+] increase 

in HEK293 and TOV112D cells. 

Cells were loaded with FZ3-AM and 

exchanged into EBSS/H (−)Ca/Mg. 

Cells were then given the indicated 

treatment and monitored by time-

lapse microscopy. Results are shown 

as total fluorescence relative to the 

first frame after treatment (shown as t 

= 0). PYR/ZnCl2 and DMSO were 

used as positive and loading controls, 

respectively. TPEN (100 μM) was 

added at the arrow as a negative 

control. Representative videos are 

included as Supplemental Movies 1–

10). (B and C) Representative images 

of HEK293 (B) or TOV112D (C) 

cells loaded with FZ3-AM either 

untreated or treated with 1 μM 

ZMC1/0.5 μM ZnCl2 in EBSS/H (−)Ca/Mg for 20 minutes, followed by 50 μM PYR/50 μM ZnCl2 and 100 

μM TPEN. Images were taken using a 10× (NA = 0.3) air objective. Scale bar = 100 μm (D and E) 

Quantification of images represented in (B) and (C), respectively, according to eq. 2. Results are mean ± 

S.D. (n = 3). *P < 0.003; **P < 0.0005 
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We then quantified the steady-state intracellular [Zn2+]free of both cell types after treatment with the 2:1 

ratio of ZMC1:ZnCl2 judged to be optimal in our previous article (Fig. 4B-E) (Yu et al., 2014). Cells were 

again loaded with FZ3-AM, treated with 1 μM ZMC1 and 0.5 μM ZnCl2 in EBSS/H (−)Ca/Mg, and imaged 

as described. To normalize for differential dye loading, cells were then sequentially treated with excess 

PYR/ZnCl2, imaged, treated with TPEN, and imaged again. PYR/ZnCl2 and TPEN served to saturate and 

apoize the intracellular FZ3, respectively (Grynkiewicz et al., 1985; Haase et al., 2006). In the absence of 

drug, we measured intracellular [Zn2+]free of 0.69 ± 0.25 nM for HEK293 cells and 0.71 ± 0.19 nM for 

TOV112D cells. These values reflect the lower limit of detection by FZ3-AM and are likely overestimates. 

On treatment with ZMC1 and ZnCl2, intracellular [Zn2+]free increased to 18.1 ± 4.7 nM for HEK293 cells 

and 15.8 ± 2.5 nM for TOV112D cells. These concentrations are theoretically sufficient to reactivate ∼90% 

of p53-R175H based on the Kd1 value of 2.1 nM measured for DBD-R175H (Yu et al., 2014). 

 

Extracellular Zn2+ Is Necessary for ZMC1 Function in Cells. 

If ZMC1 is a Zn2+ ionophore and the source of the Zn2+ it delivers is extracellular, as suggested by our 

kinetic experiments in Zn2+-free media, then depleting the extracellular Zn2+ from complete media should 

inhibit ZMC1’s function. To test this prediction, we took advantage of ZMC1’s known ability to induce a 

conformational change in p53-R175H using the conformation specific antibodies PAB240 and PAB1620 in 

complete media with and without Zn2+ chelators (Fig. 5A) (Yu et al., 2012). Consistent with previous 

results, ZMC1 treatment shifted the p53-R175H immunophenotype from misfolded (PAB240) to WT-like 

(PAB1620) in TOV112D cells in untreated media (Yu et al., 2012). This shift disappeared when the media 

was pretreated with metal-ion chelating resin Chelex. Antibody shift was also reduced when the media 

were treated with the Zn2+-selective chelator TPEN. These data confirm the requirement for an extracellular 

source of ions for ZMC1 function and that the likely identity of that ion is Zn2+. 



 92 

 

 
 
Fig. 5. Extracellular Zn2+ is required for ZMC1-induced p53 conformation change. (A) 

Immunophenotype analysis of R175H-p53 in TOV112D cells. Cells were treated with 1 μM ZMC1 in 

complete media, Chelex-treated media, and TPEN-treated media for 2 hours, fixed, and assayed via 

immunofluorescence microscopy with the indicated primary antibodies. Scale bars = 100 μm. (B) 

ZMC1/ZnCl2-treated HE293 (left) and TOV112D (right) cells false-colored by [Zn2+]free. Cells were loaded 

with FZ3-AM and treated with 1 μM ZMC1/0.5 μM ZnCl2 in EBSS/H (−)Ca/Mg for 20 minutes. [Zn2+]free 

was calculated from images of the treatment, 50 μM PYR/50 μM ZnCl2, and 100 μM TPEN according to 

eq. 2. Outlines of nuclei from Hoechst 33342 costaining shown in dark red. Images were taken using a 40× 

(NA = 1.3) oil immersion objective. Scale bar = 10 μm. (C) [Zn2+]free profiles indicated by the white dotted 

line in corresponding images in (B). 

* 
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 Because most mutant p53 staining occurs in the nucleus (Fig. 5A), we hypothesized that ZMC1 

increases [Zn2+]free in the nucleus as well as the cytosol. As a test, we loaded HEK293 and TOV112D cells 

with FZ3-AM, treated with 2:1 ZMC1/ZnCl2 in EBSS/H (−)Ca/Mg for 20 minutes, and costained the nuclei 

with Hoechst 33342. To account for differential dye loading in the cytosol, nucleus, endosomes, and other 

subcellular compartments, we sequentially imaged the cells after ZMC1/ZnCl2, PYR/ZnCl2, and TPEN 

treatment; calculated the [Zn2+]free profiles; and overlaid the outlines of the nuclei (Fig. 5B-C). [Zn2+]free was 

relatively homogeneous throughout the cells in both cell types; no significant differences between the 

cytosol and nuclei were observed. 

 Because thiosemicarbazones like ZMC1 are known to interact with a number of metals involved in 

a variety of biologic processes (e.g., Fe2+, Zn2+, Cu2+, Mn2+, Co2+, Ca2+, and Mg2+), we wanted to evaluate 

ZMC1’s potential to interact with other biologically relevant ions (Yu et al., 2009). To this end, we 

measured absorbance spectra of ZMC1 in the presence of the two most biologically prevalent group II 

metals (Ca2+ and Mg2+) and the three most biologically prevalent transition metals (Fe2+/3+, Zn2+, and Cu2+) 

(Supplemental Fig. 2). Neither of the group II metals caused a shift in absorbance. By contrast, all three 

transition metals produced a shift, indicating that ZMC1 interacts with Cu2+, Fe2+, and Fe3+ in addition to 

Zn2+. This finding is significant for two reasons. First, we previously observed that apoptosis induced by 

ZMC1 was dependent on reactive oxygen species generation, which we hypothesized was a result of 

Fenton chemistry facilitated by ZMC1 interacting with redox-active metals (Yu et al., 2014). Both iron and 

copper are redox-active, supporting that hypothesis. Second, the lack of an interaction between ZMC1 and 

Ca2+ and Mg2+ indicates that Ca2+ and Mg2+ homeostasis and signaling are unlikely to be perturbed by 

ZMC1. 

 

DISCUSSION 

In this study, we demonstrated that ZMC1 increases intracellular [Zn2+]free by shuttling extracellular Zn2+ 

ions across the plasma membrane, thus providing a physical mechanism linking ZMC1’s ability to buffer 

[Zn2+] in vitro and its ability to reactivate p53-R175H (and other Zn2+-binding mutants) in vivo (Yu et al., 

2012, 2014). We can now define two properties that are necessary and sufficient for a synthetic MC to 

rescue p53-R175H in cells. The first is that the compound must bind Zn2+ with an affinity greater than that 



 94 

of the non-native site(s) on p53 and that of albumin in serum (Kd,albumin ∼10−7 M; see later), but with an 

affinity less than that of the native zinc-binding site on p53-R175H (Kd1 = 2.1 nM) (Masuoka et al., 1993; 

Yu et al., 2014). The second property is that the compound must be able to transport Zn2+ across the plasma 

membrane. 

 The preceding requirements explain why NTA and A6 fail as synthetic MC drugs. NTA and 

ZMC1 bind Zn2+ with comparable affinities and they both reactivate Zn2+-free p53 DNA-binding domain-

R175H in vitro, but NTA does not elevate intracellular [Zn2+]free in cells, at least when dosed at micromolar 

concentrations (Fig. 1B) (Yu et al., 2014). Like EDTA, NTA possesses multiple negative charges that 

render it impermeable to cells. By contrast, A6 fails to restore function to Zn2+-free p53 DNA-binding 

domain-R175H in vitro because it binds Zn2+ too weakly to protect against metal-induced misfolding (Yu 

et al., 2014). A6 fails to reactivate p53-R175H in cells for a related but different reason. The uncharged A6 

molecule can deliver Zn2+ across biologic membranes, but, owing to its poor Zn2+ affinity (Kd,A6 = 1.1 μM), 

it does so only at high [Zn2+]free (e.g., 10 μM; Fig. 2). In vivo, serum [Zn2+]total is typically 8.5–23.6 μM, but 

nearly all is bound to albumin. The combination of ∼0.6 mM albumin and Kd,albumin ∼10−7 M ensures that 

[Zn2+]free is significantly lower than Kd,A6 (Masuoka et al., 1993; Ohyoshi et al., 1999; Moran et al., 2012). 

[Zn2+]free in culture media is similarly low because the vast majority of Zn2+ comes from supplemented 

serum and is also mostly bound to albumin (http://www.sigmaaldrich.com/life-science/cell-

culture/learning-center/media-expert/zinc.html). Because A6 cannot compete with albumin for Zn2+ (Kd,A6 

is 10-fold higher than Kd,albumin), it follows that A6 cannot bind Zn2+ in serum or complete media. Thus, we 

estimate that an effective MC drug should have a Zn2+ Kd in the range 10−9 to 10−7 M, defined at either end 

by Kd1 of p53-R175H and Kd,albumin, respectively. 

 Whereas ZMC1 functions primarily through its interaction with Zn2+, we show that it can also 

interact with redox-active transition metals Cu2+ and Fe2+/3+. As previously demonstrated, interactions with 

one or both metals is likely required for ZMC1-induced apoptosis via reactive oxygen species generation 

(Yu et al., 2014). However, nearly all iron and copper in serum is bound in high-affinity complexes with 

transferrin (Kd < 10−19 M) for Fe2+/3+ and either ceruloplasmin (95%) or albumin (Kd < 10−11 M) for Cu2+ 

(Neumann and Sass-Kortsak, 1967; Aisen et al., 1978; Masuoka et al., 1993). Because the resulting 

concentrations of free iron and copper in serum are expected to be extremely low, and because ZMC1 
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cannot compete with transferrin and cerulopasmin for metal binding, it is unlikely that ZMC1 will perturb 

iron or copper homeostasis by transporting these metals into cells. This view is substantiated by the prior 

observation that ZMC1 is relatively nontoxic to cells and mice lacking mutant p53 (Yu et al., 2014). 

 It is important to note that the pharmacophore of the ZMC1-Zn2+ complex is the Zn2+ ion, with 

ZMC1 serving exclusively as a metal transport and buffering system. This unusual relationship presents a 

number of considerations not encountered in traditional pharmacotherapy. A major advantage of synthetic 

MCs is that they obviate the major hurdle associated with developing conventional targeted chemotherapy 

drugs: the need to identify compounds that bind to target proteins with high affinity and specificity. Since 

synthetic MCs need not interact directly with their clients, their structures can vary drastically, provided 

they maintain their ability to bind and transport Zn2+ into the cell. Indeed, Garufi et al. (2013) recently 

demonstrated the ability of a bipyridine-Zn2+-curcumin complex to reactivate mutant p53-R175H as well as 

cross the blood-brain barrier. Although the structure is unrelated to ZMC1, it is possible that it functions via 

a similar mechanism. MCs may allow a level of design freedom not possible with conventional drugs, as 

structures can be varied to optimize pharmacologic characteristics (e.g., delivery, toxicity, clearance) 

without regard to maintaining affinity for p53. A second consideration is that, because MC-mediated p53 

restoration is caused by increasing intracellular [Zn2+]free to an optimum level, coadministration of zinc 

supplements or preforming the Zn2+ complex may increase the effectiveness of MCs if the [Zn2+] in the 

serum is insufficient to reach this target. Therefore, defining the optimal serum [Zn2+] and the most 

efficient method to maintain that level may enhance the therapeutic potential of MCs. 

 

Authorship Contributions 

Participated in research design: Blanden, Yu, Wolfe, Augeri, O’Dell, Olson, Kimball, Movileanu, Carpizo, 

Loh. 

Conducted experiments: Blanden, Yu, Wolfe, Gilleran, Augeri, Emge. 

Contributed new reagents or analytic tools: Gilleran, Augeri, Emge. 

Performed data analysis: Blanden, Yu, Gilleran, Augeri, Kimball, Emge, Loh. 

Wrote or contributed to the writing of the manuscript: Blanden, Yu, Augeri, Loh. 

 



 96 

Footnotes 

This work was supported by grants from the National Institutes of Health National Cancer Institute [Grant 

K08-CA172676-02], the Breast Cancer Research Foundation, the Harrington Discovery Institute, and the 

Sidney Kimmel Foundation for Cancer Research to D.R.C., the Carol M. Baldwin Breast Cancer Research 

Award to S.N.L., and the National Institutes of Health National Institute of General Medical Sciences 

[Grant R01-GM088403] to L.M. 

dx.doi.org/10.1124/mol.114.097550. 

 

REFERENCES 

Aisen P, Leibman A, Zweier J. (1978) Stoichiometric and site characteristics of the binding of iron to 

human transferrin. J Biol Chem 253:1930–1937. 

Bozym RA, Thompson RB, Stoddard AK, Fierke CA. (2006) Measuring picomolar intracellular 

exchangeable zinc in PC-12 cells using a ratiometric fluorescence biosensor. ACS Chem Biol 1:103–

111. 

Bullock AN, Henckel J, DeDecker BS, Johnson CM, Nikolova PV, Proctor MR, Lane DP, Fersht AR. 

(1997) Thermodynamic stability of wild-type and mutant p53 core domain. Proc Natl Acad Sci USA 

94:14338–14342. 

Bullock AN, Henckel J, Fersht AR. (2000) Quantitative analysis of residual folding and DNA binding in 

mutant p53 core domain: definition of mutant states for rescue in cancer therapy. Oncogene 19:1245–

1256. 

Butler JS, Loh SN. (2003) Structure, function, and aggregation of the zinc-free form of the p53 DNA 

binding domain. Biochemistry 42:2396–2403. 

Butler JS, Loh SN. (2007) Zn(2+)-dependent misfolding of the p53 DNA binding domain. Biochemistry 

46:2630–2639. 

Cho Y, Gorina S, Jeffrey PD, Pavletich NP. (1994) Crystal structure of a p53 tumor suppressor-DNA 

complex: understanding tumorigenic mutations. Science 265:346–355. 

Colvin RA, Holmes WR, Fontaine CP, Maret W. (2010) Cytosolic zinc buffering and muffling: their role in 

intracellular zinc homeostasis. Metallomics 2:306–317. 



 97 

Garufi A, Trisciuoglio D, Porru M, Leonetti C, Stoppacciaro A, D’Orazi V, Avantaggiati M, Crispini A, 

Pucci D, D’Orazi G. (2013) A fluorescent curcumin-based Zn(II)-complex reactivates mutant (R175H 

and R273H) p53 in cancer cells. J Exp Clin Cancer Res 32:72. 

Gee KR, Zhou Z-L, Ton-That D, Sensi SL, Weiss JH. (2002) Measuring zinc in living cells. A new 

generation of sensitive and selective fluorescent probes. Cell Calcium 31:245–251. 

Gibon J, Tu P, Bohic S, Richaud P, Arnaud J, Zhu M, Boulay G, Bouron A. (2011) The over-expression of 

TRPC6 channels in HEK-293 cells favours the intracellular accumulation of zinc. Biochim Biophys 

Acta 1808:2807–2818. 

Grynkiewicz G, Poenie M, Tsien RY. (1985) A new generation of Ca2+ indicators with greatly improved 

fluorescence properties. J Biol Chem 260:3440–3450. 

Haase H, Hebel S, Engelhardt G, Rink L. (2006) Flow cytometric measurement of labile zinc in peripheral 

blood mononuclear cells. Anal Biochem 352:222–230. 

Hamann S, Kiilgaard JF, Litman T, Alvarez-Leefmans FJ, Winther BR, Zeuthen T. (2002) Measurement of 

cell volume changes by fluorescence self-quenching. J Fluoresc 12:139–145. 

Han HD, Kim TW, Shin BC, Choi HS. (2005) Release of calcein from temperature-sensitive liposomes in a 

poly (N-isopropylacrylamide) hydrogel. Macromol Res 13:54–61. 

Levine AJ, Oren M. (2009) The first 30 years of p53: growing ever more complex. Nat Rev Cancer 9:749–

758. 

Loh SN. (2010) The missing zinc: p53 misfolding and cancer. Metallomics 2:442–449. 

Masuoka J, Hegenauer J, Van Dyke BR, Saltman P. (1993) Intrinsic stoichiometric equilibrium constants 

for the binding of zinc(II) and copper(II) to the high affinity site of serum albumin. J Biol Chem 

268:21533–21537. 

Méplan C, Richard MJ, Hainaut P. (2000) Metalloregulation of the tumor suppressor protein p53: zinc 

mediates the renaturation of p53 after exposure to metal chelators in vitro and in intact cells. Oncogene 

19:5227–5236. 

Moran VH, Stammers A-L, Medina MW, Patel S, Dykes F, Souverein OW, Dullemeijer C, Pérez-Rodrigo 

C, Serra-Majem L, Nissensohn M, et al. (2012) The relationship between zinc intake and serum/plasma 



 98 

zinc concentration in children: a systematic review and dose-response meta-analysis. Nutrients 4:841–

858. 

Neumann PZ, Sass-Kortsak A. (1967) The state of copper in human serum: evidence for an amino acid-

bound fraction. J Clin Invest 46:646–658. 

Ohyoshi E, Hamada Y, Nakata K, Kohata S. (1999) The interaction between human and bovine serum 

albumin and zinc studied by a competitive spectrophotometry. J Inorg Biochem 75:213–218. 

Olivier M, Hollstein M, Hainaut P. (2010) TP53 mutations in human cancers: origins, consequences, and 

clinical use. Cold Spring Harb Perspect Biol 

Ventura A, Kirsch DG, McLaughlin ME, Tuveson DA, Grimm J, Lintault L, Newman J, Reczek EE, 

Weissleder R, Jacks T. (2007) Restoration of p53 function leads to tumour regression in vivo. Nature 

445:661–665. 

Xue W, Zender L, Miething C, Dickins RA, Hernando E, Krizhanovsky V, Cordon-Cardo C, Lowe SW. 

(2007) Senescence and tumour clearance is triggered by p53 restoration in murine liver carcinomas. 

Nature 445:656–660. 

Yu X, Blanden AR, Narayanan S, Jayakumar L, Lubin D, Augeri D, Kimball SD, Loh SN, Carpizo DR. 

(2014) Small molecule restoration of wildtype structure and function of mutant p53 using a novel zinc-

metallochaperone based mechanism. Oncotarget 5:8879–8892. 

Yu X, Vazquez A, Levine AJ, Carpizo DR. (2012) Allele-specific p53 mutant reactivation. Cancer Cell 

21:614–625. 

Yu Y, Kalinowski DS, Kovacevic Z, Siafakas AR, Jansson PJ, Stefani C, Lovejoy DB, Sharpe PC, 

Bernhardt PV, Richardson DR. (2009) Thiosemicarbazones from the old to new: iron chelators that are 

more than just ribonucleotide reductase inhibitors. J Med Chem 52:5271–5294. 

 

 

 



 99 

Chapter 5. Thiosemicarbazones functioning as Zinc Metallochaperones to reactivate 

mutant p53 

 

Xin Yu*, Adam Blanden*, Ashley T. Tsang, Saif Zaman, Yue Liu, John Gilleran, Anthony Bencivenga, S. 

David Kimball,  Stewart N. Loh, and Darren R. Carpizo 

 

Rutgers Cancer Institute of New Jersey (XY, ATT, SZ, YL, DRC), Department of Surgery, Rutgers Robert 

Wood Johnson Medical School (XY, ATT, YL, DRC), Rutgers Translational Sciences, Department of 

Chemistry and Chemical Biology (SDK), Department of Medicinal Chemistry, Rutgers Ernest Mario 

School of Pharmacy (JG, AB, SDK), Rutgers University, New Brunswick, NJ, USA, Department of 

Biochemistry and Molecular Biology, SUNY Upstate Medical University, Syracuse, NY, USA (AB, SNL), 

Mount Sinai St. Luke's Roosevelt General Surgery Residency Program, New York, NY, USA (ATT).  

 

*These authors contributed equally to this work 

 

This chapter was originally published as: This chapter was originally published as: Yu X, Blanden AR, 

Tsang AT, Zaman S, Liu Y, Gilleran J, Bencivenga A, Kimball SD, Loh SN, Carpiso DR. 

Thiosemicarbazones functioning as Zinc Metallochaperones to reactivate mutant p53. Molec. Pharmacol. 

Epub ahead of print, (2017) 

 

Copyright © 2017 by The American Society for Pharmacology and Experimental Therapeutics 

 

Reprinted with permission of the American Society for Pharmacology and Experimental Therapeutics. All 

rights reserved.  

 

Supplemental Information for this work can be found on the attached DVD or online at: 

http://molpharm.aspetjournals.org/content/early/2017/03/20/mol.116.107409/tab-figures-data 

Note: All figure panels generated by other authors will be marked with an asterisks (*).



 100 

ABSTRACT 

Small molecule restoration of wild type structure and function to mutant p53 (so–called mutant 

reactivation) is a highly sought after goal in cancer drug development.  We previously discovered small 

molecule zinc chelators called zinc metallochaperones (ZMCs) reactivate mutant p53 by restoring zinc 

binding to zinc deficient p53 mutants. The lead compound identified from the NCI-60 human tumor cell 

lines screen, NSC319726 (ZMC1), belongs to the thiosemicarbazone (TSC) class of metal ion chelators 

that bind Fe, Cu, Mn, Zn, and other transition metals.  Here, we investigate the other TSCs, NSC319725, 

NSC328784 identified in the same screen, as well as the more well studied TSC, 3-AP (Triapine), to 

determine if they function as ZMCs.  We measured the zinc Kd, zinc ionophore activity, ability to restore 

zinc to purified p53 DNA binding domain (DBD), and ability to restore site-specific DNA binding to 

purified R175H-DBD in vitro.  We tested all four TSCs in a number of cell based assays to examine mutant 

p53 reactivation and the generation of reactive oxygen species (ROS).  We found that NSC319725 and 

NSC328784 behave similarly to ZMC1 in both biophysical and cell-based assays, and are heretofore named 

ZMC2 (NSC319725) and ZMC3 (NSC328784).  3-AP generates a ROS signal similar to ZMC1-3, but fails 

to function as a ZMC both in vitro and in cells and ultimately does not reactivate p53.  These findings 

indicate that not all TSCs function as ZMCs, and much of their activity can be predicted by their affinity 

for zinc. 

 

INTRODUCTION 

TP53 is the most commonly mutated gene in human cancer and plays an essential role as a tumor 

suppressor (Bieging et al., 2014; Freed-Pastor and Prives, 2012; Levine and Oren, 2009).  The majority of 

mutations (>70%) are missense and generate a defective protein generally found at high levels in cancer 

cells due to loss of MDM2-mediated negative feedback (Haupt et al., 1997).  Restoring wild type (WT) p53 

function by genetic means in mouse models of cancer triggers potent anti-cancer activity (Ventura et al., 

2007; Xue et al., 2007).  Thus, reactivation of WT structure/function of mutant p53 using small molecules 

has been an area of intense investigation in anti-cancer drug development.    

The p53 protein requires the binding of a single zinc ion for proper folding. There is now evidence 

that manipulating zinc concentrations can change the structure/function of WT p53, indicating that the 
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structure is malleable (Butler and Loh, 2003; Hainaut and Milner, 1993; Meplan et al., 2000).  This concept 

also applies to certain mutant p53s in which the mutated amino acid impairs the protein’s ability to 

coordinate zinc and causes misfolding.  There are three major classes of mutant p53 proteins: destabilizing, 

DNA-contact, and zinc-binding, each of which impairs the protein for different reasons and presents its 

own unique challenges for targeted drug development.  The zinc-binding class is best exemplified by the 

most common p53 mutant found in cancer, p53-R175H.   

 Using an in silico screen of the NCI-60 human tumor cell lines screen anti-cancer drug database, 

we previously identified three small molecules (NSC319725, NSC319726, NSC328784) that belong to the 

thiosemicarbazone (TSC) family of metal ion chelators with high activity in cell lines with mutant p53 (Yu 

et al., 2012a).  We went on to demonstrate that NSC319726 (ZMC1) kills cancer cells by restoring the wild 

type structure and function of p53-R175H both in vitro and in vivo (Yu et al., 2012a).  We elucidated the 

ZMC1 mechanism by finding that: 1) ZMC1 is a zinc metallochaperone (ZMC) that delivers zinc to p53-

R175H by functioning as a zinc ionophore, thus allowing the mutant to fold properly; and 2) ZMC1 boosts 

intracellular reactive oxygen species (ROS), which transactivates the newly conformed mutant through 

amino-terminal post-translational modifications (Blanden et al., 2015b; Yu et al., 2014).  Importantly, we 

found that other zinc chelators with a similar affinity (Kd) for zinc can function as ZMCs to restore wild 

type conformation to p53-R175H (Butler and Loh, 2003; Hainaut and Milner, 1993). 

The model for ZMC restoration of WT p53 structure posits two types of zinc ligation sites on p53: 

native (Kd1) and non-native (Kd2) (Yu et al., 2014).  We experimentally determined the Kd1 of the R175H 

DBD to be on the order of 10-9 M, which is 10-1000-fold higher than physiological zinc concentrations (10-

12-10-10 M), indicating that R175H is likely in the apo (zinc-free) form in the cell (Bozym et al., 2006).  

Raising intracellular zinc above 10-9 M can in principle restore WT conformation to R175H, but if levels 

rise above the dissociation constant of the non-native ligation sites (Kd2 ~10-6) the protein will again 

misfold.  ZMCs like ZMC1 restore wild type structure to mutant p53 by raising intracellular zinc 

concentrations to greater than the Kd1 of the p53-R175H while at the same time functioning as zinc buffers 

to prevent zinc induced misfolding.   

Thiosemicarbazones have an affinity for divalent metal ions such as Fe2+, Zn2+, Cu2+, and Mn2+, 

and been investigated as anti-cancer drugs, the most notable being 3-aminopyridine-2-carboxaldehyde (3-
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AP or Triapine®) (Finch et al., 2000).  3-AP is currently in phase II clinical trials for aggressive 

myeloproliferative neoplasms, advanced-stage cervical and vaginal cancers, advanced renal carcinoma, and 

advanced non-small cell lung cancer (Kunos et al., 2013; Yu et al., 2012b; Zeidner et al., 2014).  The 

mechanism of action of TSCs has been attributed to the inhibition of the iron-dependent enzyme 

ribonucleotide reductase as well as TSC-Fe complexes that contribute to cell death by facilitating Fenton 

chemistry and increasing oxidative stress (Richardson et al., 2006; Shao et al., 2006).  These features have 

plagued the development of these drugs due to toxicities related to methemoglobinemia and bone marrow 

suppression among others (Ma et al., 2008; Murren et al., 2003).  Given that NSC319725 and NSC328784 

as well as 3-AP all belong to the same chemical class, we sought to investigate if these compounds could 

function as zinc metallochaperones to reactive mutant p53 in addition to any other reported activities.  

 

MATERIALS AND METHODS 

Chemicals 

NSC319726 (ZMC1), NSC319725 (hereafter, ZMC2), NSC328784 (hereafter ZMC3), and 3-AP were 

synthesized by the Rutgers Translational Sciences group.  1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC) was purchased from Avanti Polar Lipids (Alabaster, AL).  RhodZin-3 (RZ-3) was purchased from 

Life Technologies Corporation (Norwalk, CT).  MTS reagent was purchased from Promega.  All other 

chemicals were purchased from Sigma-Aldrich or otherwise indicated.  

 

Protein preparation 

The p53 (94-312) DNA Binding Domains (DBD) were expressed and purified as described previously (Yu 

et al., 2014).  Apo proteins were generated as described previously (Butler and Loh, 2003).  All 

experiments were performed in 50 mM Tris (pH 7.2), 0.1 M NaCl, and 1 mM tris(2-

carboxyethyl)phosphine hydrochloride (TCEP) unless otherwise noted.   

 

Spectroscopic measurements 

Absorbance experiments were performed in a Varian Cary-100 UV-Visible spectrophotometer equipped 

with thermostatted cuvette holder.  Fluorescence experiments were performed on a Fluoromax-4 
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spectrofluorimeter equipped with thermostatted cuvette holder (Jobin-Yvon).  Fluorescence measurements 

were recorded in a 1 cm by 1 cm quartz cuvette with excitation and emission slits of 3 nm and 4 nm 

respectively.  All experiments were conducted at 10 ˚C unless otherwise noted. 

 

RZ-3-Zn2+ competition assay 

RZ-3 at 100 nM and ZnCl2 at 50 nM were incubated with the indicated concentration of TSC in buffer with 

4% v/v DMSO at room temperature and allowed to equilibrate for >1 h.  RZ-3 fluorescence was then 

measured and the IC50 determined by fitting to a sigmoid curve on a semi-log axis.  This IC50 value was 

then divided by 2 to account for the known 2:1 binding stoichiometry of these compounds, and apparent Kd 

calculated according to the Munson-Robard exact solution to the Cheng-Prussof equation: 
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                                 Eqn 1 

where Ki = the apparent Kd of the TSC, LT is the total concentration of RZ-3 (100 nM), Kd is the 

dissociation constant of RZ-3 for Zn2+ (65 nM per manufacturer), and y0 is the ratio of bound RZ-3 to free 

RZ-3 in the absence of TSC (26.5 nM/73.5 nM under these conditions). 

 

Arrested refolding 

Arrested refolding experiments were performed as described previously with minor modifications (Butler 

and Loh, 2007).  DBD (25 μM) was denatured in buffer containing 5 M urea, and then rapidly diluted 50-

fold into urea-free buffer with or without 2.5 μM ZnCl2 to final concentrations 0.5 μM DBD and 0.1 M 

urea with continuous magnetic stirring.  Intrinsic tryptophan fluorescence was monitored at the absorbance 

isosbestic point between the Zn2+-bound and Zn2+-free forms of the drug to minimize changes in inner-filter 

effect throughout the experiment (ZMC2 338 nm, ZMC3 355 nm, 3-AP 376 nm, excitation 280 nm).  For 

ZnCl2-containing samples, after ~90 s of stalled-folding, the indicated concentration of EDTA, compounds, 

or DMSO vehicle was added and folding monitored as before.  Kinetic traces were corrected for inner-filter 

effect empirically. 

 

Zn2+ content measurement 
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DBD samples were desalted using a PD-10 column (Amersham) equilibrated 50 mM Tris (pH 7.2), 150 

mM NaCl, and 1 mM TCEP.  Samples (1-10 μM) were then unfolded in 6 M Gdn-HCl and reacted with 1 

mM N-ethylmaleimide for 20 min at RT to ensure complete release of all bound Zn2+.  The reaction was 

quenched with 10 mM β-ME for 10 min, and Zn2+ concentration measured by adding 150 μM 4-(2-

Pyridylazo)resorcinol (PAR) and measuring the absorbance blanked against PAR in buffer using ϵ500 = 5.0 

x 104 M-1 cm-1 for the PAR2Zn complex in buffer containing 6 M Gdn-HCl as determined by our lab.  

Measured Zn2+ concentration was divided by protein concentration to determine Zn2+ content of the protein. 

 

Re-metallation 

After apoization, DBD (15-30 μM) was incubated with a mixture of 60 μM ZnCl2, 180 μM compound for 

20 min on ice.  Samples were then desalted and Zn2+ content assayed as above.  For Zn2+-remetallation 

experiments, data for WT and R175H DBD were analyzed separately via one-way ANOVA, and then all 

pairwise comparisons were analyzed with the Holm-Sidak method for multiple comparisons with an overall 

significance level of p<0.05 in SigmaPlot 13.0. 

 

Ionophore Assay 

DOPC-liposomes (100 nm) were prepared by film rehydration and extrusion as described previously 

(Blanden et al., 2015b).  RZ-3 and carboxyfluorescein (CF) were encapsulated at 10 μM and 100 mM 

respectively.  Liposome solutions were diluted to OD600 < 0.02 before use, and measurements taken in a 5 

mm x 5 mm quartz cuvette at room temperature. Excitation and emission wavelengths were 550/572 nm for 

RZ-3 and 492/512 nm for CF. 

 

Cell lines and culture conditions 

TOV112D and H1299 were cultured in DMEM with 10% FBS.  H460, SKBR3, and HOP92 were cultured 

in RPMI with 10% FBS.   
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Cell growth inhibition assay 

MTS assay was performed according to the manufacturer’s instructions (Promega).  In brief, 5000 cells per 

well were cultured in 96-well plate to reach the 50% confluence on the second day when treated with serial 

dilutions of the compounds.  Growth was measured by MTS reagent and Victor Plate reader instrument 

(PerkinElmer) after incubation for 3 d. 

 

Transfection of p53 siRNA 

The siRNA transfection is done with Lipofectamine RNAiMAX (Invitrogen), following the manufacturer’s 

instuctions.  The p53 siRNA was from SMARTpool (Thermo Fisher Scientific/Dharmacon).  The cells 

after 24-hour transfection were reseeded to 96-well plate for treatment of the compounds and the cell 

growth inhibition was measured by CellTiter-Glo (Promega) according to the manufacturer’s instruction.  

Statistical significance of the data, obtained from two independent experiments, each with triplicates, was 

calculated with Student’s t-test. 

 

Colony formation assays 

For long-term viability, one thousand cells per well on 6-well plate were treated with the compounds with 

various concentrations for 6 hours, then, cells were cultured with drug-free complete medium for 10 days 

with fresh medium without interference.  Cells were fixed with 10% formalin and stained with 0.05% 

crystal violet at the end of 10-day period of cell culture (Franken et al., 2006).  Statistical significance of 

the data, obtained from three independent experiments, each with triplicates, was calculated with Student’s 

t-test. 

 

Immunofluorescent staining 

Cells were grown on coverslips, followed by various treatments.  The coverslips were fixed with 4% 

paraformaldehyde for 10 min and then permeabilized with 0.5% Triton-X100 for 5 min.  The conformation 

of the mutant and WT p53 proteins were recognized specifically by the antibodies PAB1620 (1:50, 

recognizing WT conformation) and PAB240 (1:400, recognizing misfolded/unfolded conformation) stained 
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overnight, respectively.  The secondary antibody, goat anti-mouse IgG was incubated for 40 min.  

PAB1620 and PAB240 were purchased from EMD Chemicals.   

 

RNA extraction and quantitative RT-PCR 

RNA was extracted from the cells using RNeasy kit (Qiagen) and the gene expression level was measured 

by quantitative RT-PCR using TaqMan gene expression assays (Life Technologies/Applied BioSystems).  

The gene expression level was normalized with β-actin and the average was presented with standard 

deviation.  Statistical significance of the data was calculated by Student’s t-test. 

  

Western blot 

The cell lysates were run on SDS-PAGE and transferred onto PVDF membranes.  The detection of the 

protein level was performed with the manufacturer's instructions (Western Lightning® Plus-ECL, Perkin-

Elmer).  The p21 antibody was purchased from EMD Chemicals.  The actin antibody was purchased from 

Santa Cruz Biotechnology.   

 

8-oxy-dG staining 

8-oxy-dG (Clone 2E2) antibody was purchased from Trevigen.  Immunocytochemistry staining followed 

the manufacturer’s instructions.  The staining was quantified by density/brightness using ImageJ.  

Statistical significance of the data was calculated by Student’s t-test. 

 

Electrophoretic mobility shift assay (EMSA) 

Purified p53 apoDBD (R175H) was used in the indicated reactions.  DNA was 44-bp p53 recognition 

sequence (p53RE) in the promoter sequence of p21 gene (Lokshin et al., 2007), 5' F-

AGCTAGTAGAGCGAACATGTCCCAACATGTTGGCGTGCTGCAGC, 5' R-

GCTGCAGCACGCCAACATGTTGGGACATGTTCGCTCTACTAGCT.  DNA was labeled with biotin 

with a DNA 3' end biotinylation kit (Thermo Fisher Scientific/Pierce). The reaction mixture was incubated 

at 4°C for 10 min prior to addition of biotin-labeled probes.  Binding buffer was described previously 

(Lokshin et al., 2007).  DNA binding reactions were carried out at 4 °C for 20 min, and the resulting DNA-
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protein complexes were separated on a 6% polyacrylamide gel (made with 30% Acrylamide/Bis Solution 

(37.5:1) (Bio-Rad)) in 0.5× Tris-borate (without EDTA), running in 0.5× Tris-borate (without EDTA) 

buffer.  Complexes were visualized by LightShift Chemiluminescent EMSA Kit (Thermo Fisher 

Scientific/Pierce).   

 

Statistical Methods 

For Zn2+-remetallation experiments, data for WT and R175H DBD were analyzed separately via one-way 

ANOVA, and then all pairwise comparisons were analyzed with the Holm-Sidak method for multiple 

comparisons with an overall significance level of p<0.05 in SigmaPlot 13.0.  The other data were analyzed 

by Student’s t-test with an overall significance level of p<0.05.  *p<0.05, **p<0.01, ***p<0.001. 

 

RESULTS 

ZMC2 and ZMC3 exhibit zinc metallochaperone properties, while 3-AP does not. 

ZMC1, ZMC2, ZMC3 and 3-AP are heteroaromatic substituted TSCs and share the characteristic N-N-

S(Se) backbone of a general thio- and selenosemicarbazone.  The chemical structures are depicted in Figure 

1A.  

To both chelate zinc in the extracellular space and donate zinc to mutant p53, ZMCs must bind 

zinc with an affinity similar to that of the native site on DBD.  We previously determined the zinc Kd of 

ZMC1 to be ~30 nM (Yu et al., 2014).  To determine if ZMC2, ZMC3, and 3-AP bind Zn2+ in the affinity 

range of a ZMC, which according to our current understanding of the ZMC mechanism is ~10-9-10-6 M 

(Blanden et al., 2015a; Blanden et al., 2015b; Yu et al., 2014).  we measured their apparent Zn2+ Kd by 

competition with fluorescent Zn2+-chelator RZ-3 (Fig. 1B).  ZMC2 and ZMC3 both bound with a Kd in the 

range required for R175H reactivation (27.4 ± 16.2 nM and 81 ± 34.2 nM, respectively).  3-AP did not bind 

Zn2+ under the assay conditions, which corresponds to Kd > 1 μM and is above the upper limit required by 

the ZMC model. 

 To evaluate the ability of ZMC2, ZMC3, and 3-AP to remetallate apoDBD, as is required for Zn2+-

deficient p53 reactivation, we incubated  WT and R175H apoDBD with a 3:1 mixture of TSC:ZnCl2 and 

assayed the resultant Zn2+ content of the proteins using colorimetric Zn2+ indicator PAR (Fig. 1C).  All 
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three compounds were able to restore the Zn2+-content of the apo proteins, with ZMC3 and 3-AP restoring 

more Zn2+ than ZMC2.  However, when we assayed the foldedness of the remetallated proteins by intrinsic 

tryptophan fluorescence, leveraging the known property of DBD to increase in fluorescence when it 

misfolds (Yu et al., 2014), we found that the proteins remetallated with ZMC2 and ZMC3 were native and 

the proteins remetallated with 3-AP were misfolded (Fig. 1D). 

 We then evaluated the ability of ZMC2, ZMC3, and 3-AP to rescue the folding of DBDs that had 

previously been misfolded by excess Zn2+, a known property of synthetic ZMCs (Fig. 1E-G, Supplemental 

Fig. 1) (Butler and Loh, 2007; Yu et al., 2014).   Briefly, WT and R175H DBD were unfolded in urea and 

then refolded by rapid dilution in the presence or absence of excess ZnCl2.  In the presence of excess ZnCl2, 

the proteins become trapped in the highly fluorescent misfolded state.  After ~60s, a 4-fold molar excess of 

TSC (2 binding equivalents) was added and refolding monitored by fluorescence as DBD converted from 

the highly fluorescent misfolded state to the weakly fluorescent native state.  Both ZMC2 and ZMC3 

efficiently rescued the folding of R175H and WT DBD with equal or superior efficiency relative to the 

known Zn2+-chelator EDTA, whereas 3-AP had no effect on either.  

To confirm that the conformation induced by ZMC2 and ZMC3 was WT, we turned to the 

electrophoretic mobility shift assays (EMSA) to evaluate whether the TSCs and zinc could restore site-

specific binding to apo R175H DBD using a DNA oligonucleotide bearing the p21 recognition sequence 

(Fig. 1H).  Previously, we demonstrated that ZMC1 only in the presence of zinc could restore site-specific 

DNA binding to the R175H DBD (Yu et al., 2014).  Using the EMSA, we evaluated ZMC2, ZMC3 and 3-

AP using ZMC1 as a positive control and A6 as a negative control.  A6 is an analog of ZMC1 whose ZMC 

activity has been abolished by ~30-fold decrease in zinc binding (Yu et al., 2014).  The combination of 10 

μM ZnCl2 and 20 μM ZMC1 (Lane 3), ZMC2 (Lane 4) and ZMC3 (lane 5) restored DNA binding to 

R175H apoDBD, but not with 3-AP (Lane 6), A6 (Lane 7), or apoDBD alone (Lane 2).   

We then evaluated the compounds for ionophore activity as required by the ZMC mechanism.  

Briefly, we encapsulated fluorescent Zn2+-indicator RZ-3 in DOPC-liposomes and monitored Zn2+ transport 

into the liposomes using the increase RZ-3 fluorescence upon Zn2+ binding as previously described 

(Blanden et al., 2015b).  Both ZMC2 and ZMC3 caused a significant increase in the rate of Zn2+ transport 

into the liposomes.  3-AP caused no detectible increase.  The increase in RZ-3 fluorescence was completely 
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reversible upon detergent lysis and addition of excess EDTA, indicating that the increase was caused 

exclusively by metal binding.  We also performed a non-specific leakage control using self-quenching 

fluorophore carboxyfluorescein (CF), and found no non-specific leakage from the liposomes for any of the 

compounds (Fig. 1I-K) (Blanden et al., 2015b).  Taken together, these data indicate that ZMC2 and ZMC3 

fulfill both the Zn2+-buffering and ionophore requirements for a p53 reactivating ZMC in vitro, but 3-AP 

does not. 
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Figure 1.  In vitro evaluation of TSCs as ZMCs.  (A) Scheme of the four thiosemicarbazones, ZMC1, 

ZMC2, ZMC3, and 3-AP.  (B) Competition assay between TSCs and RZ-3.  Apparent Kds were calculated 

according to Eqn. 1.  Kd = 27.4 ± 16.2 (ZMC2), 81.0 ± 34.2 (ZMC3), and >1 μM (3-AP).  [RZ-3] = 100 

nM, [ZnCl2] = 50 nM. Error bars ± SD (n ≥ 3).  (C) DBD remetallation assay. R175H and WT DBD's (~20 

μM) were apoized and then incubated with a mixture of 180 μM TSC and 60 μM ZnCl2.  DBD Zn2+-

content was then measured by PAR assay.  Error bars ± SD (n ≥ 3).  p-values from one way ANOVA with 

Hilm-Sidak method for multiple comparisons.  All three compounds can release metal back to apoized 

DBD.  *p<0.05, **p<0.01, ***p<0.001.  (D) Fluorescence spectra of proteins remetallated in (C).  Gray 

dotted lines show basis spectra of WT DBD either in buffer alone (native), with 8 M urea (unfolded), or 

with 10 μM ZnCl2 (misfolded).  [DBD] = 0.5 μM.  Proteins remetallated with ZMC2 and ZMC3 are mostly 

native, and with 3-AP are mostly misfolded.  (E-G) Zn2+-arrested-refolding assays for ZMC2 (E), ZMC3 

(F) and 3-AP (G).  R175H DBD was unfolded in 5 M urea, then diluted into buffer to the final 

concentrations of 0.5 μM DBD, 0.1 M urea, and 2.5 μM ZnCl2.  Treatments were added at time = 0.  

Disappearance of the misfolded fluorescence peak was monitored at the isosbestic point between the TSC 

and TSC-Zn2+ complex.  Traces shown were corrected empirically for inner filter effect.  Gray boxes 

represent the arrested phase of the experiment.  ZMC2 and ZMC3 are able to rescue the folding of R175H 

A B C D 

E F G 

H* I J 
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DBD, but 3-AP is not.  (H) Electrophoretic mobility shift assay (EMSA) using R175H DNA binding 

domain (DBD).  apoDBD was incubated with with ZnCl2 (10 μM) and either ZMC1, ZMC2, ZMC3, A6, or 

3-AP (20 μM) in TB(noE) buffer running on 6% native PAGE.  Lane 3-7 contained the combination of 

drug (20 μM) and ZnCl2 (10 μM).  Only the ZMC1, ZMC2 and ZMC3 restored site-specific DNA binding 

to the R175H DBD (Lane 3-5).  A6 is used as a negative control.  (I-K) Zn2+-import kinetics and liposome 

leakage assay measured by DOPC-encapsulated RZ-3 (red) and CF (green) fluorescence, respectively, for 

ZMC2 (H), ZMC3 (I) and 3-AP (J).  Treatments were added at the arrows.  RZ-3 was encapsulated at 10 

μM and CF at 100 mM.  Concentrations shown are: 10 μM ZnCl2, 1 μM TSC, 1 % TritonX-100, and 100 

μM EDTA.  ZMC2 and ZMC3 have Zn2+ ionophore activity, but 3-AP does not.  None of the treatments 

disrupted the liposomes non-specifically. Data represented an average ± SD of 3 experiments performed in 

triplicate (B-C) and representative data are shown from 3 experiments (D-K). 
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ZMC2 and ZMC3, but not 3-AP, demonstrate enhanced sensitivity in p53-R175H mutant cells. 

One of the cellular properties of a ZMC is enhanced sensitivity in p53-R175H cells lines that is a log fold 

or greater than that of p53 null or WT cell lines in cell growth inhibition assays (manifested by lower 

EC50’s) (Yu et al., 2014; Yu et al., 2012a).  This enhanced sensitivity is due to a p53 mediated apoptotic 

program.  We sought to evaluate ZMC2, ZMC3 and 3-AP for this property using ZMC1 as a control in 

human tumor cell lines that were WT, null and p53-R175 mutant (Fig. 2).  All three ZMC compounds 

exhibited growth inhibition at markedly lower concentrations in cells expressing mutant p53R175H as 

compared to the WT or p53-null controls (Fig. 2A).  The EC50s for ZMC2 and ZMC1 were similar in 

treated p53-R175H mutant cells (EC50 0.87 μM).  The EC50 of ZMC3 was approximately 6-fold higher 

(EC50 3.40 μM) but was still preferentially toxic for the p53-R175H cell lines as the EC50 in the WT and 

null cell lines was not reached.  In contrast, 3-AP does not exhibit increased sensitivity in p53-R175H cells 

as compared to p53-WT or p53-null cells (Table 1).  To verify that the observed growth inhibition is p53-

dependent, we used siRNA to TP53 to knockdown the expression of p53 and measured the cell growth in 

response to drug treatment.  ZMC2 and ZMC3, like ZMC1, showed differential cellular sensitivity but 3-

AP did not (Fig. 2B).  Finally to more closely approximate mimic the conditions in a treated tumor, we 

sought to evaluate the effects of a 6 hour drug treatment over a longer duration of time (as compared to the 

3 day drug exposure) using the colony formation assay.  After 10 days, ZMC2 and ZMC3, like ZMC1, 

showed no growth in 0.1 and 1 M treatment, while 3-AP showed a greater number of colonies than the 

untreated control (Fig. 2C-D). 
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Table 1*. Cellular sensitivity (EC50) to the four thiosemicarbozone compounds of results shown in Fig. 2A 
 

 ZMC1 ZMC2 ZMC3 3-AP 

TOV112D (p53R175H) 0.087 M 0.087 M 3.373 M 1.644 M 

SKBR3 (p53R175H) 0.009 M 0.009 M 2.061 M >10 M 

HOP92 (p53R175L) 0.291 M 0.168 M 1.807 M 4.246 M 

H1299 (p53 null) >2 M >2 M >10 M 9.661 M 

H460 (p53 wt) >2 M >2 M >10 M >10 M 
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Figure 2.  Thiosemicarbazones with cell growth inhibition activity in cell lines expressing mutant p53.  (A) 

Measurement of the sensitivity of the compounds in the cell lines expressing mutant p53.  Cell growth 

inhibition assays was performed in the human tumor cell lines with hotspot p53 mutations by MTS assay.  

Briefly, cells were treated with eight serial dilutions of the compounds (0.0001 µM to 10 µM) for 3 days.  

Data represented an average ± SD performed in triplicate, repeated in 3 experiments.  (B) Cell growth 

inhibition activity of ZMCs depending on mutant p53.  Cell growth inhibition assay was performed in 

human ovarian cancer cell line TOV112D (p53R175H) by CellTiter-Glo.  Data represented an average ± 

SD performed in triplicate, repeated in 2 experiments.  Insert: western blot showed siRNA knockdown to 

TP53.  -actin was used as a loading control.  (C) Colony formation assay in TOV112D cells.  A 

representative experiment from triplicates from the three independent experiments is shown.  (D) A 

* 

* 

* * 
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percentage of colonies was obtained for each respective treatment compared with that of DMSO treatment.  

Data are presented as mean ± SE.  *, P < 0.05. **, P < 0.01.  
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Induction of a “WT-like” conformational change in the p53R175 mutant cells by TSCs. 

Another cellular hallmark of a ZMC is the ability to induce a conformation change from mutant to wild 

type in the p53-R175H protein (Yu et al., 2014; Yu et al., 2012a).  Using conformation specific antibodies 

and immunofluorescent staining the p53R175H cells (TOV112D and SKBR3), we observed that ZMC2 and 

ZMC3, like ZMC1, induced a conformation change in the p53R175H mutant to a structure that was 

recognized by the WT specific antibody (PAB1620) and was no longer recognized by the mutant specific 

antibody (PAB240) (Fig. 3).  In contrast, 3-AP failed to induce such a change.   
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Figure 3.  A “WT-like” conformational change in the p53-175 mutant protein induced by ZMCs.  Two 

p53R175H cell lines TOV112D and SKBR3 cells were treated with ZMC1, ZMC2, ZMC3, and 3-AP (1 μM 

for 6 hours) and immunofluorescent staining was performed using p53 conformation specific antibodies 

(PAB1620 for WT conformation and PAB240 for mutant conformation).  The scale bar = 100 µm.  

Representative data are shown from 3 experiments. 

* 
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Restoration of wild type p53 transcriptional function by the TSCs. 

To determine if the conformation change observed with the p53R175 mutant resulted in restoration of WT 

p53 transcriptional function, we compared the mRNA levels of two p53 targets (p21, PUMA) in the 

p53R175H cells (TOV112D and SKBR3).  We found that, similar to ZMC1, ZMC2 and ZMC3 increased the 

levels of the p53 target genes in these cells, but no such increase was seen for 3-AP (Fig. 4A).   

We then examined p21 protein levels at 6 and 24 hours after treatment in TOV112D and SKBR3 

cells and found that ZMC2 and ZMC3 induced p21 robustly in both cell lines (Fig. 4B).  3-AP 

demonstrated a weak induction of p21 in the TOV112D cells and no induction in the SKBR3 cell line.  The 

time course of the p21 induction by 3-AP was also different.  ZMCs typically induce p21 maximally by ~6 

h, followed by a fall-off approaching basal levels by 24 h.  This suggests that the p21 induction in 

TOV112D cells by 3-AP was more likely p53 independent. 
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Figure 4.  Restoration of site-specific p53-175 mutant protein transactivational function by ZMC1, ZMC2 

and ZMC3, but not 3-AP.  (A) TOV112D and SKOV3 cells were treated with ZMC1, ZMC2, ZMC3, or 3-

AP, and the gene expression of p21 and PUMA was analyzed by quantitative RT-PCR.  The RNA was 

extracted from the cells using Qiagen RNeasy kit and the gene expression level was measured by 

quantitative RT-PCR using TaqMan gene expression assays.  -actin was used as the internal control.  Data 

represented an average ± SD performed in triplicate, repeated in 3 experiments.  *p<0.05, **p<0.01, 

***p<0.001.  (B) The expression of p21 in TOV112D and SKBR3 cells that were treated with ZMC1, 

ZMC2, ZMC3, and 3-AP were analyzed by western blot with p21 antibody.  -actin is used as a loading 

control.  Representative data are shown from 3 experiments. 

* 

* 
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TSCs induce cellular ROS levels. 

One of the features of TSCs is that they induce cellular ROS levels.  We previously demonstrated that the 

ZMC1 ROS induction plays an important role in the ZMC mechanism by serving as a cellular stress 

response that transcriptionally activates the refolded WT-like mutant protein through post-translational 

modifications, including phosphorylation events on serines 15 and 46 and acetylation events on lysine 120, 

all of which function to direct mutant p53 to induce an apoptotic program (Yu et al., 2014).  To confirm 

that these three TSCs induce ROS in cells, we performed immunofluorescent staining on the treated cells 

using an antibody that detects oxidized DNA (8-oxy-dGuo) on human tumor cell lines of different p53 

status.  We found that all of the tested compounds increased the 8-oxy-dGuo staining in both the TOV112D 

(p53R175H) and the H1299 (p53-/-) cells at 24 hours (Fig. 5A).  Quantitatively, all four TSCs induce ROS 

levels from 2-4 fold above baseline in TOV112D cells (Fig. 5B).  
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Figure 5.  ZMC1 induces ROS levels in cells as detected by 8-oxy-dGUO staining.  (A) Cells were treated 

with ZMC1, ZMC2, ZMC3, or 3-AP and stained with 8-oxy-dG antibody.  The scale bar represented a size 

of 100 µm.  Representative data are shown from 3 experiments.  (B) Quantification of staining in 

TOV112D cells.  Representative data are shown from 3 experiments.  ***p<0.001.   

* * 
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DISCUSSION 

The thiosemicarbazone class of metal ion chelators has been reported to demonstrate a broad spectrum of 

pharmacologic activity including antineoplastic, antiviral, antifungal, and antimalarial, all of which is due 

to their antiproliferative activity (Beraldo and Gambino, 2004).  Their ability to chelate metal ions such as 

Fe, Cu, and Zn depends on an N-N-S backbone structure that functions in metal ion binding (Yu et al., 

2009).  This is exemplified by the α-pyridyl thiosemicarbazones in which the Npyr, N
1, and S participate in 

metal ligand binding.  All four compounds in this study are either α-pyridyl TSCs, or a closely related 

selenosemicarbazone in the case of ZMC3, in which the chalcogen donor atom is selenium.  Coordination 

chemistry of α-pyridyl thiosemicarbazones is typically 2 molecules of TSC to one molecule of metal ion 

combined with a proton ionization from each TSC molecule, forming a charge neutral 2:1 coordination 

complex with octahedral geometry.  We hypothesize that the charge neutrality contributes to the observed 

ability of TSC-metal ion complexes to passively diffuse through cell membranes.  We previously validated 

this concept for ZMC1 using X-ray crystallography to demonstrate that the ZMC1-Zn2+ forms a neutral, 2:1 

octahedral complex, and that it functions as a zinc ionophore to raise intracellular zinc concentrations 

(Blanden et al., 2015b). 

 The mechanism of action of TSCs as anticancer drugs has been mostly attributed to their chelation 

of Fe.  TSC-Fe complexes are redox active and thus generate hydroxyl radicals through the oxidation of 

H2O2 which increases cellular ROS (Yu et al., 2009).  This activity is best exemplified by 3-AP (aka 

Triapine®), the only TSC that is currently in clinical trials as an anticancer drug.  The mechanism of action 

of 3-AP has been reportedly due to its inhibition of the iron dependent enzyme, ribonucleotide reductase 

(RR) (Finch et al., 2000; Finch et al., 1999).  The inhibition of this enzyme does not seem to be due to 

chelation of iron from this enzyme, but rather due to the quenching of the labile tyrosine free radical on the 

R2 subunit via ROS generated by the TSC-Fe complexes (Popovic-Bijelic et al., 2011; Shao et al., 2006; 

Thelander and Graslund, 1983).  Consistent with this mechanism, ZMC1-3 all increase ROS similarly to 3-

AP.   

 We have now elucidated another mechanism of action for TSCs as anti-cancer drugs, which is to 

function as zinc metallochaperones to reactivate mutant p53.  The characteristics that define a ZMC have 

yet to be fully characterized, but at this time zinc Kd, membrane permeability, zinc ionophore activity, and 
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the generation of ROS all seem to play an important role.  The exact Kd range that defines a ZMC is 

unknown; however, our results showing 3-AP with a Kd > 1μM combined with our previous observations 

about control compound A6 (Kd = 1.1 μM) provides some clue as to the upper limit.  

 Given that 3-AP can generate a ROS signal yet cannot function as a ZMC suggests that the ROS 

signal generated by these four TSCs studied here is related to the iron or perhaps copper binding 

characterisitics of the drugs (and not zinc).  If this is true, then designing chelators that have a greater 

affinity for zinc and less of an affinity for iron would be optimal for ZMC drug development.  Given that 

the generation of ROS and inhibition of RR (both due to Fe binding) are also mechanisms for toxicity, this 

would likely result in a compund with more “on target” effects (reactivating mutant p53) and fewer “off 

target” effects, provided the ROS generation is not reduced so low as to inhibit the ROS-induced 

transactivation signal required in the ZMC mechanism.  That said, it is also possible that there are multiple 

mechanisms for ROS generation employed by these compounds.  Indeed, in addition to the known Fe-

dependent mechanism of 3-AP, a recent study by Richardson group indicates that some TSCs induce 

lysosomal ROS via copper-dependent fenton chemistry (Stefani et al., 2015), and we have not ruled out 

Zn2+-displacement of redox active metals or other mechnisms arising out of interavtions with the cellular 

milieu.  If there are multiple ROS generation mechnisms in our ZMCs, the medicinal chemistry may not be 

so straight-forward. 

 We have shown that a non-TSC zinc chelator (nitriloacetic acid) can function as a zinc 

metallochaperone, at least at very high concentration (Yu et al., 2014).  While this indicates that the 

chemical space of  metal ion chelators that can function as ZMCs could be potentially large, this work 

indicates that the TSC class is a useful starting point to explore for undefined ZMCs.  This work also leads 

to the conclusion that not all TSCs are ZMCs.  Understanding how to chemically modulate iron and zinc 

binding seems to be important for this purpose, and ZMC1 and 3-AP with their vastly different zinc 

binding characteristics can serve as useful tools to understand this.  
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INTRODUCTION 

p53 is a structurally and functionally unique transcription factor that regulates a host of cellular responses 

to damage and distress (1). Its abilities to halt cell-cycle progression, up-regulate DNA-repair pathways, 

and induce apoptosis prevent deleterious mutations from propagating in cell populations (2). This is central 

to genome maintenance and disease prevention in humans, and seems to be conserved among vertebrates 

(3). Interestingly, p53 has unusually low thermodynamic and kinetic stability under physiological 

conditions. There are multiple lines of evidence indicating that this low stability is evolutionarily selected 

for, and it has been suggested that the resulting structural lability may be a regulatory mechanism for p53 

function as it switches between folded and unfolded states (4). However, this low stability comes at the cost 

of making p53 exquisitely susceptible to inactivation by mutation. 

 p53 mutation is a well known driver of human cancer, represented in essentially half of cases (5). 

Most of the mutations are missense, resulting in single amino acid substitutions within the central DNA-

binding domain (DBD, residues 94-312) of the protein (5). To complicate matters, while mutations do 

cluster at "hotspots", representative cancer-causing mutations can be found at nearly every position within 

the DBD, and different mutants can cause different cellular phenotypes (6). There has been significant 

effort over the last three decades to physically characterize p53 and its mutants to gain a mechanistic 

understanding of its function and uncover mechanisms to correct its dysfunction. 

 One interaction within the DBD required for proper p53 structure and function is between a 

critical Zn2+ and four Zn2+-binding residues (C176, H179, C238, C242) (7). The bound Zn2+ holds the 

adjacent L2 loop in the proper orientation for DNA-binding and contributes substantially to the stability of 

the protein (8, 9). When Zn2+ is removed from recombinant DBD, there are significant changes in the NMR 

spectrum of the DNA- binding region, the protein loses sequence-specific DNA binding activity, and the 

protein loses ~3 kcal mol-1 in free energy of folding (9). In cells, both overexpression of Zn2+-chelating 

proteins and incubation with strong Zn2+-chelators can cause a reversible loss of sequence-specific DNA-

binding activity and switch p53 recognition by conformation-specific antibodies from wild-type like 

(recognized by PAB1620) to mutant-like (recognized by PAB240) (10). 

 Many cancer-causing mutations occur in and around the Zn2+-binding site, and presumably disrupt 

this interaction. For example, the most common p53 mutant in cancer, R175H, is immediately adjacent to 
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chelating residue C176 and substantially impairs Zn2+-binding affinity (9, 11). Furthermore, there is 

evidence that some cancers can inactivate p53 by upregulating metallothioneins and starving wild-type p53 

of Zn2+ (12). These observations have led our group and others to develop a new class of targeted p53-

therapeutics based on Zn2+ delivery. By our definition, so-called Zinc Metallochaperones (ZMC's) 

reactivate mutant p53 by chelating Zn2+ in the extracellular environment, shuttling the Zn2+ across the 

plasma membrane, and increasing the intracellular Zn2+-concentration to a level high enough that the 

mutant p53 can bind Zn2+ and regain the proper structure (11, 13, 14). This approach has proven effective 

for multiple mutants in cell culture and small animal models, and currently has members undergoing 

evaluation in phase I clinical trials (e.g. COTI-2, NCT02433626). 

 Although the importance of the p53-Zn2+ interaction has long been recognized, there is still no 

quantitative thermodynamic model describing it. Previous attempts to characterize p53 folding 

thermodynamics have provided invaluable insight into the mechanisms of p53 dysfunction and have 

informed targeted drug development efforts, but are ultimately incomplete because they lack quantitative 

information regarding Zn2+-binding affinity (8, 15). Furthermore, there is significant disagreement in the 

literature regarding which mutants are potentially treatable using Zn2+-based therapies, likely because of the 

difficulty of inferring physical mechanisms from complicated biological data and a lack of a consensus 

definition regarding what constitutes a Zn2+-binding mutant (14, 16). 

 In this work, we present and validate a quantitative thermodynamic model that partitions p53 

folding energy into two parts: the folding energy intrinsic to the protein (ΔGapo), and the energy gained by 

Zn2+ binding to both native and non-native sites. We apply this model to calculate p53 stability under 

physiological conditions, and find a predicted folding energy of ~0 kcal mol-1. We then apply this model to 

22 of the most prevalent cancer-associated p53 mutants and categorize them based on native Zn2+ Kd and 

ΔGapo. We then measure the Kd of the mutants for 10 different p53 recognition elements, revealing global 

effects on sequence-specific DNA binding that correlate with our categorization system as well as mutant-

specific effects. Finally, we use our model to predict which mutants are amenable to reactivation by Zn2+ 

therapy. The results of this study should provide a more complete picture of p53 folding energy landscape 

and inform drug development efforts that leverage the p53-Zn2+ interaction. 
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RESULTS 

DBD-Zn2+ Energy Landscape 

We first developed a thermodynamic model to describe the stability of wild-type (wt) p53 DNA-binding 

domain (DBD) as a function of Zn2+ concentration. Because of past observations that DBD has a single, 

high-affinity, native binding site for Zn2+, and one or more low affinity, non-native binding sites for Zn2+, 

we propose a minimalistic 4-state model (11, 17). A two-state folding model for the apo protein, Zn2+ 

binding to the native site stabilizing the native state, (Kd,N) and Zn2+ binding to the non-native site(s) 

stabilizing the unfolded state (Kd,U) (Fig. 1a). 

 To determine Kd,N, we measured the intrinsic tyrosine fluorescence of apoized recombinant DBD 

(apoDBD) as a function of [Zn2+]free using Zn2+ chelators of varying affinity to buffer the [Zn2+]free at a set 

level (Fig. 1b). Using the previously observed increase in tyrosine fluorescence when DBD is bound to 

Zn2+, we were able to obtain binding curves that fit to a single-site binding equation (eqn. 1) with a Kd of 

1.6 ± 0.3 x 10-15 M (Table 1) (9). Because p53 is a homotetramer, we measured the Zn2+ Kd of recombinant 

full-length protein to determine if there is any cooperatively between the monomers (Fig. 1c). Fitting the 

data to a Hill-binding equation (eqn. 2) revealed a Kd of 0.4 ± 0.1 x 10-15 M and a Hill parameter of 0.99 ± 

0.02, indicating that each monomer binds Zn2+ independently and that the isolated DBD is an accurate 

representation of the DBD in the tetramer. We then measured the apparent Kd,U by a fluorescence 

competition assay between chemically denatured apoDBD and fluorescent Zn2+ chelator FluoZin-3 in 6 M 

urea. We measured an apparent Kd,U of 42 ± 7 x 10-9 M, 7-orders of magnitude weaker than Kd,N (Fig. 1d). 

To confirm that the Zn2+-binding residues in the unfolded state are not identical to the residues in the native 

state, we generated a serine mutant of Zn2+-binding residue C176 and measured the Kd,U, and found it to be 

identical within error (50 ± 23 x 10-9 M, Fig. 1e), indicating that the binding sites are distinct. 

 Because Kd,U is weak relative to Kd,N, the effects of Kd,U on protein stability and the population of 

UZn2+ should be negligible over a wide range of [Zn2+]free, reducing the model to 3-states when [Zn2+]free << 

Kd,U. This 3-state scheme is essentially identical to the Substrate Stabilization Model (SSM) used to 

describe the stability of enzymes as measured by chemical denaturation in the presence of increasing 

concentrations of substrate (18). When mathematically stated (eqn. 7), the SSM postulates three parameters 

that control the measured folding energy of a protein (ΔG) -- the folding energy of the apo protein (ΔGapo), 
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the affinity of the protein for a ligand (Kd,N), and the free ligand concentration ([Zn2+]free). When ΔG is 

plotted on a log-axis, the result is a curve that begins at ΔGapo and then deflects upward when [Zn2+]free ≈ 

Kd,N. To test if DBD stability is accurately described by this model, we performed urea melts as a function 

of buffered [Zn2+]free to measure ΔG, and fit the results to the SSM (Fig. 1f). Over the range of 10-16-10-12 M 

we saw no trend in the shape of the melting curves or measured m-value that would indicate a significant 

deviation from two-state behavior (Fig. S1a). We also performed experiments starting with Zn2+-bound and 

apoDBD, which yielded similar results, indicating that Zn2+-binding equilibrium was reached (Fig. S1b). 

The data were described well by the SSM, and yielded fit parameters of ΔGapo = 6.4 ± 0.1 kcal mol-1, which 

is within error of previous measurements, and Kd,N = 7.0 ± 2.5 x 10-15 M, which is similar to the Kd,N 

measured directly by intrinsic tyrosine fluorescence (Table 1). This indicates that the p53-Zn2+ binding 

interaction is described accurately by the SSM, and correspondingly can be used to calculate p53 stability 

as a function of [Zn2+]free. 

 

Extrapolation to physiological conditions 

Because our Zn2+ measurements must be done in the cold to minimize aggregation of the protein, we 

wanted to gain insight into how the ΔGapo changes as a function of temperature. To quantify this we 

performed urea melts of apoDBD in tris buffer as a function of temperature, and fit the results to the Gibbs-

Helmholtz Equation (Fig. 1g, eqn. 8). The measured parameters from the fit were ΔHm = 171 ± 20 kcal 

mol-1, Tm = 300 ± 1 K, and ΔCp = 7.0 ± 1.7 kcal mol-1 K-1 (fit value ± SE of the fit). To rule out buffer and 

denaturant-specific effects, we repeated the experiment using guanidine hydrochloride as the denaturant in 

phosphate buffer, with nearly identical results (Fig. S3a). Over the temperature range tested, there was no 

trend in m-value that would indicate significant deviation from 2-state behavior (Fig. S3b). The measured 

ΔCp value is substantially higher than expected for apoDBD based on its size and predicted ΔASA from 

folded to unfolded (previously calculated at 3.8 kcal mol-1 K-1), and indicates the protein is unusually 

temperature sensitive (8, 19). 

 We then combined the SSM, modified with an additional term to account for the energy 

contribution of Kd,U, and the Gibbs-Helmholtz equation to project the energy landscape of DBD, first using 

the Gibbs-Helmholtz equation to calculate ΔGapo at each temperature, and then using the SSM to calculate 
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how that stability changes with [Zn2+]free (Fig. 1h). We can see that when the protein is kept cool (283 K) it 

is reasonably stable even without Zn2+, with a calculated ΔGunfold = 6.3 kcal mol-1. However, at body 

temperature (310 K), the protein is completely unfolded without Zn2+, with a calculated ΔGunfold = -6.9 kcal 

mol-1. Strikingly, at body temperature and physiological [Zn2+]free (~10-10 M), the calculated ΔGunfold = -0.1 

kcal mol-1. This indicates that under normal biological conditions, wt p53 is precisely on the edge of 

foldedness and unfoldedness, and may be pushed in either direction with surprisingly small changes in 

[Zn2+]free, Kd,N, temperature, or ΔGapo. For example, raising [Zn2+]free to 10-9 M or lowering it to 10-11 M 

yields a calculated folded fraction of ~89% and ~8% respectively. Similar quantitative effects are seen 

when altering the Kd,N by a factor of 10, changing ΔGapo by 1-2 kcal mol-1, or shifting the temperature by 

~2 K. 



 134 

 

 

Figure 1. WT p53 folding energy landscape. a) Equilibrium thermodynamic model with states in black, 

equilibrium constants for the transitions in blue, and energies associated with the transitions in red. U = 

unfolded, N = native, UZn2+ = unfolded, Zn2+-bound, NZn2+ = native, Zn2+-bound. b) wt DBD Zn2+-binding 

measurement by intrinsic tyrosine fluorescence. Representative trace, n = 12 c) FL-p53 Zn2+-binding 

measurement by intrinsic tryptophan fluorescence. Representative trace, n = 3 d) unfolded wt DBD Zn2+ 

binding measurement by competition with FZ3. Representative trace, n = 8 e) unfolded c176s DBD Zn2+ 

binding measurement by competition with FZ3. Representative trace, n = 7 f) ΔG of wt DBD as a function 

of buffered [Zn2+]free fit with the SSM (eqn. 7). g) ΔG as a function of temperature for apoDBD, fit with the 

Gibbs-Helmholtz equation (eqn. 8). h) Calculated ΔG as a function of Zn2+ and temperature. Combined 

equation is ΔG = ΔGapo + RT ln([Zn2+]free/Kd,N) - RT ln(([Zn2+]free/Kd,U) where ΔGapo is calculated according 

to eqn. 7 (panel g), Kd,N = 1.6 x 10-15 M (panel b, Table 1), and Kd,U = 42 x 10-9 M (panel d). 
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Thermodynamic Categorization of p53 Mutations 

To gain insight into the thermodynamic consequences of cancer-causing p53 mutations, we expressed and 

purified 22 of the most common DBD mutants found in human cancer. We selected the most common 

somatic mutations found in the IARC TP53 database, with the following exceptions: 1) if two mutations of 

the same residue were common, only the more common one was used to maximize protein coverage, 2) if a 

mutant involved a tryptophan, the next most common mutant at that position that did not involve 

tryptophan was used to prevent interference with our assays, and 3) if multiple mutants of a Zn2+-chelating 

residue were common, the most isosteric mutant was used to more clearly isolate the effects of Zn2+ 

binding (5). We performed urea melts as a function of buffered [Zn2+]free with all mutants to determine 

ΔGapo and Kd,N (Fig. S3), as well as direct Kd measurements by intrinsic tyrosine fluorescence for select 

mutants. We were able to determine ΔGapo for all mutants, and Kd,N for all but two mutants using one or 

both methods (Y205C & Y163C, discussed below) (Table 1). To isolate the effects of global protein 

destabilization on Zn2+-binding from mutation-specific effects, we also performed Kd,N measurements by 

intrinsic tyrosine fluorescence on wt DBD destabilized with increasing concentrations of urea. Using these 

measurements, we placed each mutant on a plot according to its affinity for Zn2+ and ΔGapo, and noted that 

the mutants seemed to cluster into four groups: 1) mutants with impaired ΔGapo (stability mutants), 2) 

mutants with impaired Zn2+-binding affinity (Zn2+-binding mutants) , 3) mutants with deficits in both 

(mixed mutants), and 4) mutants with deficits in neither (DNA-contact mutants) (Fig. 2a). 

 As predicted by our model, ΔGapo and Zn2+-binding seem to be entirely separable parameters, with 

our "pure" Zn2+-binding mutants (C176S, C242S, H179R) causing marked decreases in Zn2+-binding 

affinity, but virtually no decrease in intrinsic folding energy. Conversely, impairing ΔGapo by 

destabilization of wt DBD with urea had little to no effect on Zn2+-binding affinity. Most mutants seemed 

to fall cleanly into these categories as well. Only 3 of the tested mutants have significant deficiencies in 

both, and 3 have deficiencies in neither. We can also see that there is a remarkable range in magnitude of 

the deficiencies, with ΔΔGapo of 4.6 kcal mol-1 for the most severe stability mutant (E285K) and ΔKd,N of 5-

orders of magnitude for the most severe Zn2+-binding mutant (C176S). Additionally, we can see that there 

are several mutants that impair Zn2+-binding affinity that are far from the canonical Zn2+-binding region 

(e.g. L194F, R282Q, V157F, R158H, P152L), indicating long-range communication between distant parts 



 136 

of the protein and the Zn2+-binding site. The 3 mutants that showed little to no deficiency in either ΔGapo or 

Kd,N are all residues that directly form contacts with DNA in the x-ray crystal structure (PDB: 1TUP). 

However, mutations of even adjacent residues (e.g. R248Q vs R249S) can have markedly different effects 

on the protein. This demonstrates the difficulty in inferring physical consequences of p53 mutation based 

on location, and indicates the need to measure each mutant individually to gain a clear understanding of its 

impairment. 
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Table 1. Summary of measured ΔGapo, Zn2+ Kd, and DNA-binding 

Mutant ΔGapo (kcal mol-1)a 

SSM fit value ± 
SE fit 

Zn2+ Kd (M)a 

SSM fit value ± 
SE fit 

Zn2+ Kd (M) 
direct mean ± SE 

(n) 

Thermodynamic 
Category 

DNA 
Bindingb 

wt 6.4 ± 0.1 7.0 ± 2.5 x 10-15 1.6 ± 0.3 x 10-15 (12)  ++ 

r248q 7.6 ± 0.5 6.5 ± 9.0 x 10-15 1.0 ± 0.2 x 10-15 (3) DNA-contact 0 

r175h 6.3 ± 0.2  5.2 ± 1.8 x 10-11 (4) Zn2+-binding 0 

m237i 5.2 ± 0.2  3.3 ± 1.5 x 10-13 (3) mixed + 

g245s 5.3 ± 0.1 3.5 ± 1.7 x 10-14 7.1 ± 2.5 x 10-15 (3) stability + 

c176s 5.9 ± 0.1  2.7 ± 0.8 x 10-10 (3) Zn2+-binding 0 

y220c 4.2 ± 0.1 2.6 ± 1.9 x 10-14  stability + 

p152l 6.2 ± 0.3 5.4 ± 6.5 x 10-14  Zn2+-binding + 

r273h 7.3 ± 0.2 1.4 ± 0.9 x 10-14  DNA-contact 0 

r280k 7.9 ± 0.1 1.6 ± 0.5 x 10-14  DNA-contact 0 

h179r 6.3 ± 0.1  1.1 ± 0.5 x 10-13 (4) Zn2+-binding 0 

r158h 5.0 ± 0.2 5.1 ± 3.5 x 10-14  mixed ++ 

c242s 5.8 ± 0.1  2.1 ± 0.6 x 10-12 (4) Zn2+-binding 0 

s241f 5.8 ± 0.2 3.1 ± 1.7 x 10-14  Zn2+-binding 0 

v272m 4.3 ± 0.1 2.3 ± 0.4 x 10-14  stability ++ 

y205c 3.4 ± 0.1    ++ 

l194f 7.2 ± 0.1 5.0 ± 1.9 x 10-13  Zn2+-binding + 

v157f 3.4 ± 0.2 9.5 ± 8.5 x 10-14  mixed + 

y234c 3.3 ± 0.1  1.9 ± 0.2 x 10-15 (4) stability ++ 

r249s 6.0 ± 0.1 3.3 ± 1.8 x 10-13  Zn2+-binding 0 

r282q 5.8 ± 0.2 3.3 ± 1.9 x 10-14  Zn2+-binding ++ 

y163c 5.0 ± 0.2    0 

e285k 1.7 ± 0.1 1.0 ± 0.2 x 10-14  stability +++ 

y234a 1.9 ± 0.1 2.0 ± 5.8 x 10-14    

FL-p53   4.0 ± 0.1 x 10-16 (3)   
aThese are values taken from the global fits to the pooled urea melt data using eqn. 7 

b+++ tighter than wt, ++ wt-like, + impaired, 0 undetectable  
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Figure 2. Thermodynamic and functional categorization of p53 mutations. a) p53 mutants clustered 

according to their affinity for Zn2+ and ΔG in the absence of Zn2+. black = mutants, red = wt DBD 

destabilized with urea. b) Heatmap of mutant DBD relative to wt. Oligo names and hill-parameter (n) on 

the left. Oligo Kds in Table S1, oligo sequences in Table S3. c) Hierarchical clustering of p53 mutants. 

Thermodynamic categories were clustered based on affinity across the 8 informative p53REs, and this was 
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repeated within each category for mutant-level data.  A two-way MANOVAs revealed significant effects of 

thermodynamic category (F = 7.83, p = 1.8x10-15) and mutant ID (F = 2.89, p = 3.7x10-12).  Follow-up 

ANOVAs revealed significant mutant level effects within the Zn2+-binding and stability categories (Figure 

S5). 
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Mutation Effects on DNA-Binding Affinity 

To gain a functional understanding of the effects of different p53 mutations, we performed Kd 

measurements for each of the tested mutants against a panel of 10 fluorescently labeled oligonucleotides 

with sequences derived from different p53 recognition elements (p53RE) by fluorescence anisotropy. 

Results were fit well by a single site Hill-binding equation (eqn. 2), and when global fits for individual 

sequences were performed linking the Hill-parameter and curve amplitudes, the resultant curves fit equally 

well regardless of mutant, indicating similar binding mechanisms regardless of mutation (Fig. S4). As 

expected, there were a range of Kd's measured depending on the mutant tested and the sequence used 

(Table S1). We then expressed the measured affinities as fold-Ka relative to wt for each mutant, and created 

a heatmap to provide a visual representation of the impairments (Fig. 2b). We excluded the sequences that 

none of the proteins bound to under our experimental conditions (WAF1 3' and EGFR), and assigned a Kd 

value of 25 μM to trials in which we could detect no binding (the weakest Kd we could consistently 

measure).  

By visual inspection, most of the stability and mixed mutants maintained similar binding affinity 

for the different p53REs, whereas most of the Zn2+-binding and DNA-binding mutants lost all measurable 

affinity for all p53REs. This was confirmed by quantitative statistical analysis, which demonstrated both 

that our thermodynamic categories are predictive of DNA binding affinity across all 8 informative p53RE's 

(FMANOVA = 7.83, p = 1.8 x 10-15), and that stability and mixed mutants cluster closer to wt than Zn2+-

binding or DNA mutants do, which are on opposites sides of the first major bifurcation of a dendrogram 

(Fig. 2C). Interestingly, while most of the data are explained by global increases and decreases in affinity 

based on thermodynamic category, there do seem to be some mutation-specific effects that are not 

explained by our simple thermodynamic categories. Indeed, even after accounting for the effect of 

thermodynamic category, our statistical analysis found that mutant ID was still independently predictive of 

affinity across all binding sites (FMANOVA = 2.89, p = 3.7 x 10-12). Within individual categories, we saw 

significant mutant-level differences in binding affinities within Zn2+-binding and stability categories, but 

not within DNA-contact or mixed categories, which universally lost all measurable binding affinity or 

maintained wt-like binding affinity in our assays, respectively (Fig 2b-c, S5). For example, by visual 

inspection within the Zn2+-binding category, L194F is and P152L both have lower Zn2+-binding affinities 
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than S241F, but still maintain some level of measurable DNA binding, and cluster separately from most 

other Zn2+-binding mutants . Furthermore, the gain or loss of DNA-binding affinity is not always the same 

for each p53RE. P152L maintains wt-like affinity for WAF1 5', GADD45, and RGC, but loses all 

measurable affinity for PUMA, Type IV Collagenase, p53RFP, MDM2, and BAX. As another example 

from the stability mutant category, Y220C maintains affinity for WAF1 5', GADD45, PUMA, and Type IV 

Collagenase, but seems to lose affinity for p53RFP, MDM2, BAX, and RGC. Additionally, E285K seems 

to gain affinity for all p53REs, but that gain in affinity ranges from 3-fold for WAF1 5' to 15-fold for 

MDM2. It is notable that, although the Zn2+-binding mutants should be partially bound to Zn2+ under our 

experimental conditions, many of them still showed little to no affinity for any of the oligos. This is likely 

because, although some Zn2+ is bound, not all of it is natively ligated under the conditions of our 

experiments. Indeed, we measured a Kd,U for the wt DBD of 46 nM in this work, have previously 

demonstrated that wt and mutant DBDs misfold at micromolar Zn2+ concentrations, and that much of the 

Zn2+ that R175H DBD purifies in is loosely coordinated, presumably in a non-native orientation (11). 

 These results indicate that there are conserved functional consequences of the thermodynamic 

impairments we measure for p53 mutants that account for the majority of the DNA-binding phenotype, but 

there are also mutation-specific effects that are better explained by idiosyncratic structural changes caused 

by each mutant. 

 

Y to C mutants are an exception to the model 

With the exception of Y to C mutants (Y163C, Y205C, Y220C, and Y234C), all mutants tested seem to be 

accurately described by the SSM as indicated by high quality fits to the SSM equation (Fig. S3), reasonably 

good agreement between Kd,N measurements by the SSM and those directly measured by intrinsic tyrosine 

fluorescence (Table 1), and good correlation between the thermodynamic categories that result from such 

measurements and functional consequences on DNA binding (Fig. 2). Y234C did not fit to the SSM, 

Y220C began deviating from 2-state behavior (and therefore could not be evaluated) at [Zn2+]free ~ 10-13 M, 

an order of magnitude before most other mutants, and both Y163C and Y205C curves were flat in the 

tested range. The Y163C and Y205C data could be explained by having a weak Zn2+ Kd,N, but this is 

unlikely for Y205C as it maintains similar DNA-binding affinity to wt for most of the sequences tested, and 
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most mutants with such a significantly impaired Kd,N also have significantly impaired DNA-binding 

affinity. Of the Y to C mutants, only Y234C could survive the apoization procedure required to do direct 

Kd measurements by intrinsic tyrosine fluorescence. The measured Kd,U was 1.9 ± 0.2 x 10-15 M, which does 

correspond to an upward deflection point in the ΔG versus [Zn2+]free curve for Y234C, but the measured ΔG 

does not continue to rise as the SSM would predict (Fig. S3). We hypothesized that this deviation was 

caused by an increased affinity of the unfolded state for Zn2+ (Kd,U) because of the additional Cys present, 

encouraging misligation and robbing the native state of the energy it would typically get by binding Zn2+. 

We tested this hypothesis in two ways. First, we unfolded Y234C in 6 M urea and measured the Kd,U of the 

urea denatured state by competition as above, and found it to be tighter by a factor of two (20 ± 4 x 10-9 M, 

n = 6), consistent with the hypothesis with the caveat that the urea denatured state is likely different from 

the unfolded state in buffer. As an additional test, we made the Y234A mutant and repeated the urea melts 

as a function of buffered [Zn2+]free, and found that this mutation restored the relationship between ΔG and 

[Zn2+]free as predicted by the SSM (Fig. S3). This indicates that additional non-native Cys can encourage 

misligation of Zn2+ in the unfolded state, and destabilize p53 through manipulation of Kd,U in our model. 

 

DISCUSSION 

The p53-Zn2+ interaction is critically important to p53 structure, function, and stability, but previously 

lacked a quantitative thermodynamic model describing it. Here, we present a model based on the SSM that 

links the folding energy of p53 with its affinity for Zn2+, and use that to characterize 22 of the most 

common p53 mutations found in cancer in addition to wt. It has long been thought that the intrinsic 

instability of p53 is important for its function and regulation, with previous estimates of folding energy 

under physiological conditions of only a few kcal mol-1. It has also long been known that p53 binds Zn2+ 

tightly, requiring high concentrations of metal ion chelators such as EDTA and partially denaturing 

conditions to strip the metal off. What was previously unknown is how extreme these factors are and how 

they interact with one another. With regard to thermal stability, we measured a ΔCp of 7.0 kcal mol-1 for 

p53 DBD, which is higher than predicted by its size, ΔASA, and measured m-value in both guanidine and 

urea using well established correlative relationships by a factor of ~2, and is among the largest reported 

deviations from such relationships (19). This indicates that there is something unique about how p53 folds 
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that differs substantially from the sets of proteins used to generate these relationships, and correspondingly 

results in a remarkable temperature sensitivity. Additionally, we measured a native p53 Kd for Zn2+ 1.6 x 

10-15 M, which is among the tightest affinities for Zn2+-binding proteins measured. Surprisingly, when the 

temperature stability and Zn2+ stability curves are combined, we calculate that under physiological 

conditions p53 DBD has a folding energy of ~0 kcal mol-1. This implies that under normal physiological 

conditions, p53 exists precisely on the tipping point of foldeness and unfoldedness. Perhaps more 

interesting is that shifts in the [Zn2+]free  well within the measured biological range have the ability for shift 

p53 from <10% folded to >90% folded. Similarly, modest shifts in Zn2+ affinity or protein stability, perhaps 

through post translational modifications, would have similar effects based on our model. This provides at 

least a biophysical rationale for a yet unexplored mechanism for regulating p53. 

 Our model also allowed us to separately measure deficits in Zn2+ binding affinity and intrinsic 

folding energy of the protein, and categorize mutants based on these distinct deficits. This confirmed many 

of the previously categorized "Zn2+-region mutants" (e.g. R175H, C176S) as Zn2+ binding mutants in our 

scheme, but also uncovered several others not previously thought to have deficits in Zn2+ binding (e.g. 

P152L, L194F, R249S), and three mixed mutants that also show deficits in Zn2+ binding (V157F, R158H, 

and M237I). A notable feature these classes of mutants is that they are not solely confined to residues near 

the Zn2+ binding site as was previously thought, but also include mutants distant from the site. This 

indicates that there is be long-range allosteric communication between distant parts of the p53 DBD and the 

Zn2+ binding site. This is consistent with previous observations by Fersht and colleagues, who noted that 

some point mutants (e.g. V143A) could cause chemical shift changes as measured by NMR throughout the 

protein, likely resulting from many small structural perturbations that propagate from the position of the 

point mutation to distant regions (20).  

 This work also provides insight into p53 reactivation by Zn2+-based therapy. While we previously 

inferred all mutants reactivatable by Zn2+ therapy had impaired Zn2+-binding, our model suggests that some 

stability mutants in addition to Zn2+ mutants can be reactivated by stabilizing the mutant proteins even if no 

deficit in Zn2+-binding exists. Indeed, our previous results indicate that G245S is reactivatable by ZMC 

therapy, but our measurements show that it has little to no impairment in Zn2+ Kd and that it clusters with 

stability mutants. However, the extent of stabilization that can be achieved within cells is not currently 
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known, as G245S is the most modestly destabilized stability mutant we have tested. Furthermore, while we 

have been treating reactivation of misfolded p53s as a binary state, either inactive or "reactivated," our 

results with DNA-binding affinity for the mutants indicates that there are idiosyncrasies to the DNA-

binding phenotype across many p53REs, which may correspondingly result in different "reactivated" 

phenotypes in vivo. The one class of mutants for which we can find no physical rationale for reactivation by 

Zn2+ are the DNA-contact mutants (R248Q, R173H, R280K.). They have no deficit in Zn2+ Kd or in 

intrinsic folding energy and still bind none of the p53REs under the conditions of our assay. We must 

therefore conclude that any proposed reactivation of DNA-contact mutants by Zn2+-based therapies must be 

through non-transcriptional or alternative pathways. These insights should provide a more complete picture 

of the p53-Zn2+ interaction and provide guidance to pre-clinical and clinical studies seeking to target this 

interaction for therapy. 

 

METHODS 

Reagents 

FluoZin-3, tetrapotassium salt (FZ3) was purchased from Life Technologies Corporation (Norwalk, CT). 

Cy3-labeled (PAGE purified) and unlabeled (HPLC purified) p53 recognition element oligonucleotides 

were purchased from Eurofins Genomics (Louisville, KY). All other chemicals were purchased from 

Sigma-Aldrich (St. Louis, MO) and were >98% pure or better. 

 

Protein expression and purification 

Recombinant p53 DNA-binding domains were expressed and purified as previously described and were 

>98% pure as judged by reducing SDS-PAGE stained with coumassie brilliant blue (11, 21). Apo proteins 

were generated as previously described (9). Full length p53 (FL-p53) was expressed as a fusion construct 

along with an N-terminal 6xHis tag-Ribose Binding Protein derived from Thermoanaerobacter 

tengcongensis and human rhinovirus 3C protease site in pCDFDuet-1 vector (EMD Millipore, Darmstadt, 

Germany) (protein sequence in Figure S6a). Chemically competent BL21(DE3) cells were transformed 

with the expression plasmids, plated on Lysogeny Broth (LB) agar plates containing 50 μg/mL 

streptomycin, and grown at 37 ˚C overnight. Isolated colonies then picked and grown in LB + 50 μg/mL 
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streptomycin at 37 ˚C with 200 RPM shaking until OD600 = 0.6. The temperature was then dropped to 18 

˚C and the cultures induced with 20 mg/L isopropyl-β-D-thiogalactoside overnight. Cells were harvested by 

centrifugation, resuspended in resuspension/wash buffer (20 mM Tris pH 7.2, 300 mM NaCl, 10 mM 

Imidazole, and 10 mM β-mercaptoethanol), and lysed enzymatically. Insoluble material was pelleted, and 

the supernatant loaded on to a Ni-NTA (Qiagen, Valencia GA) column pre-equilibrated with 

resuspension/wash buffer. After washing, the sample was eluted with 20 mM Tris pH 7.2, 300 mM NaCl, 

250 mM Imidazole, and 10 mM β-mercaptoethanol. Protein-containing fractions were pooled, dialyzed 

against 20 mM Tris, 150 mM NaCl, 10 mM β-mercaptoethanol, and the tags removed by incubation with 

GST-tagged HRV 3C protease (0.05-0.1 mg protease/mg p53) for ~18 hrs at 4 ˚C. The protein was further 

purified by heparin pseudoaffinity chromatography (0.15-1 M NaCl gradient) on a Heparin HiTrap column 

(GE Healthcare Life Sciences, Pittsburgh, PA). The final protein was >90% pure by SDS-PAGE stained 

with coumassie brilliant blue (Fig. S6b). FL-p53 protein was folded by Circular Dichroism spectroscopy, 

exhibited the expected change in CD spectrum when stripped of Zn2+, eluted >90% as a monodisperse 

tetramer by gel filtration, and had identical Zn2+-content per monomer relative to purified DBD (Fig. S6c-

e). Proteins were flash frozen on dry ice and stored at -80 °C until use. In vitro experiments were conducted 

in 50 mM Tris pH 7.2, 100 mM NaCl, 10 mM β-ME at 10 ˚C unless otherwise noted. 

 

Preparation of Zn2+-solutions 

ZnCl2 stocks were dissolved in 30 mM HCl and stored at room temperature. Concentration of Zn2+ stock 

solutions were determined by incubation with 150 μM colormetric Zn2+ indicator 4-(2-

pyridylazo)resorcinol (PAR) using ϵ500 = 6.6 x 104 for the PAR-Zn2+ complex in buffer. FZ3 stocks were 

dissolved in ddH2O and stored at -20 °C until use. Concentration of FZ3 stocks were determined by 

equivalence point titration with Zn2+ in buffer. Concentrations of Zn2+-chelators (EDTA, HEDTA, EGTA, 

and DHPTA) were determined by titrating the chelator solutions against pre-formed PAR-Zn2+ complex 

and measuring the decrease in absorbance in buffer. For intrinsic fluorescence measurements and urea 

melts, [Zn2+]free was calculated using the program MaxChelator as previously (22). Chelator concentrations 

were always 2 mM, and ZnCl2 concentrations ranged from 5-1750 μM, which was always in great excess 

of protein concentration (1 μM). Example calculation shown in Table S2. 
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Zn2+ Kd measurements by intrinsic fluorescence 

Apoized DBDs or FL-p53 were incubated with chelator/ZnCl2 mixtures to maintain the indicated buffered 

[Zn2+]free at 10 °C for 16 h. We observed a slightly increased fluorescence at 306 nm for DBD’s when Zn2+-

bound, and a slightly increased fluorescence at 350 nm for FL-p53 when Zn2+-bound. Measurements were 

taken on a Fluoromax-4 spectrofluorometer in a 5 mm x 5 mm quartz cuvette with λex = 280 nm.  

Results for DBDs were fit to a single-site binding equation: 

 

Eqn 1. 

where y is the measured fluorescence, y0 is the baseline value, A is the amplitude, L is the concentration of 

free ligand, and Kd is the dissociation constant. 

 

To determine if there was any cooperatively in the tetramer, that data was fit to a single-site Hill-binding 

equation: 

 

Eqn 2. 

 

where y is the measured fluorescence, y0 is the baseline value, A is the amplitude, L is the concentration of 

free ligand, and Kd is the mass-action dissociation constant, n is the Hill-parameter.  Data were converted to 

fraction bound, and representative traces and fits shown for display. Kds and Hill-parameters were averaged 

from independent trials. 

 

Zn2+ Kd measurements by competition 

Apo DBDs unfolded in 6 M Urea at the indicated concentrations were incubated with 30 nM ZnCl2 + 30 

nM FZ3 at room temperature for 60 min in black polystyrene 96-well plates and the fluorescence measured 

using a SpectraMax i3x plate reader (λex = 500 nm, λem = 540 nm) (Molecular Devices, LLC, Sunnyvale, 

CA). The data were plotted on a log axis and fit to a sigmoid to measure IC50: 
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Eqn 3.  

 

Where y is the measured fluorescence, A is the curve amplitude, x is log[DBD], x0 is the logIC50, and b is 

an empirical steepness parameter. That IC50 was then used in the Munson-Robard solution to the Cheng-

Prussof equation to calculate Kd (23): 

 

Eqn 4.  

 

where Ki is the dissociation constant of the DBD, LT is the total concentration of FZ3, Kd is the dissociation 

constant of FZ3 for Zn2+ (15 nM per manufacturer), and y0 is the ratio of bound FZ3 to free FZ3 in the 

absence of DBD (15 nM/15 nM under these conditions). 

 

Urea Melts as a function of Zn2+ 

Buffer solutions containing either 0 or 5 M urea were mixed with a Hamilton Microlab 540B dispenser 

(Reno, NV) to make a linear gradient of urea concentrations. Buffers were then mixed with DBD and 

chelator/ZnCl2 solutions to yield the indicated concentrations of urea, 1 μM DBD, 2 mM chelator, and 5-

1750 μM ZnCl2 to buffer the [Zn2+]free to the indicated level as described above. Urea concentrations were 

determined by refractive index measurements (24). Samples were incubated for 16 h, and fluorescence 

measured using either a Fluoromax-4 spectrofluorometer (Horiba Scientific, Edison, NJ) in a 5 mm x 5 mm 

quartz cuvette or in a SpectraMax i3x plate reader (Molecular Devices, LLC, Sunnyvale, CA) in 96-well 

UV-Microplates (Thermo Scientific, Waltham, MA) with comparable results (λex = 280 nm, λem = 355 nm). 

The resultant curves were fit to the 2-state linear extrapolation model with linear baselines according to the 

equation (8): 

 

eqn 5. 

 

Where F is the measured fluorescence, yN is the y-intercept of the native baseline, sN is the slope of the 

native baseline, [D] is the concentration of denaturant, yU is the y-intercept of the unfolded baseline, sU is 
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the slope of the unfolded baseline, ΔG0 is the folding energy in the absence of denaturant, m is the 

empirical m-value, R is the ideal gas constant, and T is the absolute temperature. To increase the accuracy 

of our measurements, we pooled m-values for all valid melts conducted for all naturally occurring mutants 

(3.10 ± 0.12 kcal mol-1 M-1, n = 213, mean ± SE) and calculated ΔG0 from the less error-prone Cm value 

(ΔG0/m from each fit) using: 

 

eqn 6.  

 

Where ΔG0 is the folding energy in the absence of denaturant, Cm is the concentration of denaturant at 

which the protein is 50% unfolded, and m is the pooled m-value. 

 

Those measured ΔG values were then plotted as a function of [Zn2+]free, and fit to the substrate stabilization 

model (18): 

 

eqn 7. 

 

Where ΔG is the measured folding energy, ΔGapo is the folding energy in the absence of ligand, R is the 

ideal gas constant, T is the absolute temperature, [L] is the concentration of free ligand, and Kd is the 

dissociation constant of the native protein for the ligand. All data for each mutant were pooled and a single 

global fit performed per mutant. 

 

Urea Melts as a function of T 

Buffer solutions containing 2 mM EDTA, 1 μM apoDBD, and either 0 or 4 M urea were mixed as above 

and incubated at the indicated temperature overnight. Identical experiments were conducted in 50 mM 

phosphate buffer pH 7.2, 100 mM NaCl, 10 mM βME, 2 mM EDTA with 0-2 M guanidine hydrochloride. 

Melts were evaluated as above with eqn 5 and 6, using the pooled m-value for urea as above, and the 

pooled m-value for guanidine (7.01 ± 0.92 kcal mol-1 M-1, n = 6, mean ± SE). Measured ΔG0 were plotted 

as a function of temperature and fit to the Gibbs-Helmholtz equation: 
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eqn 8. 

 

Where ΔG is the free energy of unfolding at temperature T, ΔHm is the enthalpy of unfolding at the Tm, Tm -

is the temperature at which 50% of the protein is unfolded in the absence of denaturant, and ΔCp is the 

change in heat capacity from the folded to unfolded protein. 

 

DNA Kd measurements 

5'-Cy3 labeled oligonucleotides with sequences of p53 recognition elements taken from the promoter 

regions of different p53 target genes were annealed to their unlabeled reverse complement by heating at 95 

˚C with a slight excess of unlabeled DNA for 2 min and slowly cooling to room temperature over 45 min 

(30 mM HEPES pH 7.5, 100 mM potassium acetate 100 μM/125 μM labeled/unlabeled). Annealed oligos 

(50 nM) were incubated with 5-10,000 nM DBD on ice for 1 h in 50 mM Tris pH 7.2, 100 mM NaCl, 1 

mM TCEP, and 0.005% Tween-20 in black 96 well plates, and uncalibrated fluorescence anisotropy 

measured using SpectraMax i3x equipped with rhodamine fluorescence polarization module (G-factor = 1, 

λex\λem = 535 nm/595 nm) (Molecular Devices, Sunnyvale, CA). Data for all trials of all mutants for a given 

sequence were subjected to global curve fitting with eqn 2, linking A and n across all trials. Sequences are 

given in Table S3. 

 

Statistical Analysis 

Curve fitting was done with SigmaPlot 13.0. Unless otherwise noted, all numbers presented are mean ± SE. 

For statistical analysis, we used a two-way MANOVA to assess the effects of thermodynamic category and 

mutant ID on binding affinities for all 8 informative p53RE's.  Because the available degrees of freedom 

were limited with the Zn2+-binding and stability categories, we used individual one-way ANOVAs to assess 

the effects of mutant ID at each p53RE.  We also performed hierarchical clustering on binding affinity data 

summarized at the level of thermodynamic category, and then at the level of mutant ID within each 

thermodynamic category. ANOVA's, MANOVA's, and hierarchical clustering were done in R. 
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This chapter will be published as a portion of a full structure-activity relationship led by the chemists on the 

project (JAG, AB, DJA, and SDK). However, for both intellectual property protection and to maintain 

focus on our work in the Loh lab, we will exclude the structures from this chapter and focus only on the 

parameters measured for the compounds and analyses thereof as they relate to the Metallochaperone 

Hypothesis. 

 

Note: All figure panels and data columns generated by other authors will be marked with an asterisks (*).
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ABSTRACT 

Zinc metallochaperones (ZMCs) are a new class of developmental anti-cancer drugs that stabilize and 

reactivate mutant p53. The biophysical basis for ZMC function was originally proposed as a theoretical 

concept called the "Metallochaperone Hypothesis," and derived the required characteristics of a ZMC from 

characteristics of the isolated p53 DNA-binding domain. Here, we present a summary of data collected 

from a library of custom synthesized compounds based on lead compound ZMC1, and validate the 

predictions of the "Metallochaperone Hypothesis" using measured characteristics of the drugs.  

 

INTRODUCTION 

p53 is a Zn2+-dependent transcription factor found mutated in essentially half of all cancer cases. The Zn2+ 

Metallochaperone Hypothesis (MH) for p53 function and rescue was originally proposed in 2010 based on 

the observation that p53 both requires Zn2+ for proper structure and function, but will misfold and 

aggregate if the Zn2+ concentration is too high (1). The MH therefore postulates a "Goldilocks Zone" for 

Zn2+-concentration as it relates to p53 -- too little and the protein cannot bind Zn2+ at its single, native 

binding site and is therefore non-functional, too much and the protein binds Zn2+ at one or more non-native 

binding sites and misfolds, also making it non-functional. An additional observation important to the MH is 

that many p53 mutations inactivate the protein by impairing its ability to bind Zn2+ (2). The MH holds that 

mutants with impaired Zn2+-binding require a higher concentration of Zn2+ to bind the metal -- higher than 

is normally present in the cell based on the endogenous Zn2+-homeostatic mechanisms. However, if one 

could increase the intracellular Zn2+ concentration to a level high enough such that the mutant protein could 

bind the metal, but not so high as to cause misfolding, the mutant p53 could be rescued. The proposed 

metallochaperone would therefore bind Zn2+ with an affinity tight enough such that it would not release 

Zn2+ to the weaker-binding non-native site(s), but weak enough such that it would release the Zn2+ to the 

native site. We previously formalized this in terms of 3 Kds (3, 4): The tight Kd of the native Zn2+ binding 

site (Kd1), the weaker apparent Kd of the non-native site(s) (Kd2), and the Kd of the purative 

metallochaperone (Kd,MC), which must be between Kd1 and Kd2, allowing it to "buffer" the Zn2+ 

concentration to the proper level. 
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 The metallochaperone hypothesis was originally proposed based on results from purified protein, 

so simple buffering was sufficient to explain the available observations. However, when experimental 

cancer drugs (Zinc Metallochaperones, ZMCs) seemed to show efficacy in cells and in animals based on 

this mechanism (3, 5), an additional explanation for how the drugs increased intracellular Zn2+ in the first 

place became necessary. We determined that ZMCs increase intracellular Zn2+ by binding Zn2+ in the 

extracellular space and acting as ionophores, transporting Zn2+ across the plasma membrane and then 

enacting their buffering function in the cytosol and nucleus (6). 

 Although we have since learned that the thermodynamics of the p53-Zn2+ interaction are more 

complicated than can be explained in terms of simple Kds (see Chapter 6 for an in-depth discussion), the 

point remains that for any given p53 mutant there should still be a "Goldilocks Zone" for Zn2+ 

concentration and therefore allowable range of Kds, and ionophore activity should still be required for 

intracellular activity. In an attempt to find a more effective compound than our original lead compound, 

ZMC1 (5), we conducted a structure-activity study where we synthesized over 100 novel compounds and 

ran a panel of assays, including cell killing in a mutant p53 R175H cell line, affinity for Zn2+, ionophore 

activity, and ability to rescue mutant p53 conformation in cells as assayed by conformation-specific 

antibodies, among others. For the purposes of this chapter, we will not present the structures and will only 

present measurements from the 4 assays listed above to maintain focus on the MH, rather than the 

medicinal chemistry and drug development. 

 

METHODS 

Zn2+ Kds were measured by competition as described (1, Chapter 5, Appendix II). Ionophore activity was 

measured as described (1, Chapter 4, Appendix IV, Appendix V) using 2 μM external ZnCl2, 1 μM 

encapsulated FZ3, and 1 μM drug in 50 mM Tris pH 7.2, 150 mM NaCl, 0.8% DMSO. Cell culture of 

TOV112D cells, IC50 measurements, and immunophenotype assays were performed as previously 

described (3). 
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RESULTS AND DISCUSSION 

A summary of the results of the ionophore activity, cell killing in TOV112D cells (p53-R175H), Zn2+ Kd 

measurements, and conformational rescue by immunophenotype switching is presented in Fig. 1 (also see 

Table 1). By eye, we can see that the vast majority of effective compounds (as indicated by larger circles) 

have Zn2+ Kds from 10-1000 nM. with the vast majority of the compounds outside of this range having little 

or no measurable efficacy under the conditions of our assay. To evaluate this quantitatively, we performed 

a receiver operating characteristic analysis using the upper limit of Zn2+ Kd as the predictor of efficacy, 

which we defined as an IC50 of < 2 μM (Fig. 2a).  The overall integral of the ROC curve is 0.74 (p < 

0.0001), indicating that Zn2+ Kd or a parameter highly correlated with Zn2+ Kd is significantly predictive of 

ZMC activity by itself. This is unsurprising according to our model, as an appropriate Zn2+ Kd is necessary 

but not sufficient for ZMC activity, meaning that we would expect Zn2+ affinity to have significant 

predictive power, but would still leave a significant amount of variability unexplained. The ROC is further 

complicated by that, in the very early portion of the graph (and corresponding to very low cutoff Kd 

values), sensitivity is negatively correlated with 1 - specificity relative to random, corresponding to the 

compounds with Kds that are lower than 10 nM and, predictably, do not work. If instead we consider only 

the sensitivity as a function of the upper-limit of Zn2+ Kd, we see that there is 0 sensitivity by 10 nM, 

meaning that no compounds with Kds below 10 nM were effective. As we increase the upper limit Kd 

cutoff, we find 50% sensitivity at 80 nM, and 90% sensitivity by 500 nM (Fig. 2b). Furthermore, all of the 

compounds that have high efficacy and refold the protein by the immunoflurescence assay, are between 10-

1000 nM (Fig. 1). This indicates that the allowable Zn2+ Kd range for ZMCs is in the range of 10-8-10-6 M, 

at least for R175H. We previously demonstrated that R175H p53 DNA-binding domain can be reactivated 

by Zn2+ alone in vitro in the range of 20-1600 nM, but was inactive when incubated with Zn2+ outside of 

this range, consistent with the allowable Kd range we find with our compounds (3). Furthermore, based on 

our current understanding of mechanism of ZMCs, the source of Zn2+ in vivo is likely serum albumin, 

which binds Zn2+ with a Kd of ~10-7 M, also consistent with the upper limit of Kd for a ZMC we find here 

(7).  
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Figure 1. Summary graph of parameter-activity relationship. Each bubble represents a drug in the table 

below. Black: no refolding means recognized by PAB240 on fluorescence microscopy (mutant 

immunophenotype), red: IF refolding means recognized by PAB1620 on fluorescence microscopy (wt 

immunophenotype). 
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Table 1. Summary of parameter activity relationship parameters 

Compound Kd (nM) Ionophore 
Activity (Ji 
mol m-2 s-1) 

*EC50             
(TOV112D) 

μM 

*Antibody Shift 
PAB240 => 
PAB1620 

DMSO >1000 8.9E-15 >10 no 

ZMC1 28 ± 13 4.2E-13 1.6 yes 

A1 25.6 ± 0.7 1.8E-13 0.34 yes 

A2 269 ± 18 2.9E-13 0.96 no 

A3 89.8 ± 1 1.8E-13 0.85 no 

A4 >1000 1.2E-14 >10 no 

A5 >1000 3.7E-13 >10 no 

A6 440 ± 18 1.3E-13 >10 no 

A9 >1000 >2.8E-12 >10 no 

A10 99.4 ± 4.6 1.5E-12 1.6 yes 

A11 48.3 ± 3.7 2.5E-13 0.97 yes 

A12 760 ± 113 >2.8E-12 0.16 no 

A13 >1000 1.3E-14 >10 no 

A14 33 ± 1.3 3.0E-13 0.13 no 

A15 727 ± 11 1.3388E-14 1.0 no 

A20 238 ± 17 2.5E-13 0.32 no 

A21 317 ± 16 >2.8E-12 >10 yes 

A22 151 ± 1 >2.8E-12 0.77 yes 

A23 118 ± 2 4.4E-13 >10 yes 

A24 191 ± 5 >2.8E-12 2.0 yes 

A28 250 ± 1 1.9E-12 2.5 no 

A29 782 ± 29 2.7E-13 >10 no 

A30 138 ± 2 >2.8E-12 5.3 no 

A31 33 ± 1 1.3E-12 4.2 no 

3AP >1000 1.8E-14 >10 no 

COTI-2 21.7 ± 0.5 4.5E-13 1.6 yes 

B1 >1000 9.8E-15 >10 yes 

B2 >1000 5.5E-14 >10 yes 

C1 119 ± 8 >2.8E-12 1.1 yes 

C2 77 ± 20 1.6E-12 >10 yes 

C3 >1000 1.7E-12 0.32 no 

C4 12 ± 3 >2.8E-12 0.27 no 

C5 56 ± 12 >2.8E-12 0.98 no 

C6 513 ± 163 >2.8E-12 >10 no 

C7 >1000 9.4E-14 >10 no 

C8 502 ± 4 >2.8E-12 1.4 no 

C9 63 ± 17 >2.8E-12 0.37 yes 

C10 57 ± 8 >2.8E-12 0.91 no 

C11 935 ± 80 >2.8E-12 8.4 no 

C12 >1000 9.4E-14 8.9 no 
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C13 85 ± 17 >2.8E-12 1.6 yes 

C14 103 ± 20 >2.8E-12 0.63 no 

C15 174 ± 28 >2.8E-12 0.44 yes 

C16 73 ± 19 >2.8E-12 0.56 yes 

C17 69 ± 10.5 >2.8E-12 0.73 yes 

C18 >1000 >2.8E-12 >10 no 

C19 518 ± 15 >2.8E-12 0.50 yes 

C20 114 ± 29 >2.8E-12 2.5 yes 

C21 192 ± 27 >2.8E-12 0.89 yes 

C22 44 ± 15 >2.8E-12 0.43 yes 

C23 81 ± 17 >2.8E-12 0.33 yes 

C24 90 ± 22 >2.8E-12 0.50 yes 

C25 230 ± 64 2.6E-13 0.75 no 

C26 >1000 >2.8E-12 >10 no 

C27 61 ± 21 >2.8E-12 0.14 yes 

C28 55 ± 19 >2.8E-12 0.8 yes 

C29 >1000 >2.8E-12 >10 no 

C30 845 ± 109 >2.8E-12 2.9 no 

C31 >1000 1.9E-13 >10 no 

C32 766 ± 238 3.9E-13 1.6 yes 

C33 >1000 >2.8E-12 2.0 no 

C34 17 ± 3 >2.8E-12 >10 no 

C35 47 ± 16 6.0E-13 0.48 yes 

C36 229 ± 30 >2.8E-12 1.3 no 

C37 742 ± 134 >2.8E-12 >10 no 

C38 102 ± 27 4.4E-13 0.47 no 

C39 566 ± 18 >2.8E-12 >10 no 

C40 326 ± 24 >2.8E-12 >10 no 

C41 534 ± 59 1.3E-12 >10 no 

C42 71 ± 23 >2.8E-12 0.13 yes 

C43 33  ±  2 5.4E-13 >10 no 

C44 47  ±  5 4.0E-13 >10 no 

C45 626  ±  57 1.7E-13 >10 no 

C46 248  ±  31 1.1E-13 >10 no 

C47 740  ±  59 8.6E-13 >10 no 

C48 3 ± 1 2.8E-13 >10 no 

C49 >1000 6.8E-13 >10 no 

C50 385  ±  27 5.6E-13 >10 no 

C51 21 ±  4 1.2E-12 >10 no 

C52 >1000 >2.8E-12 >10 no 

C53 >1000 >2.8E-12 >10 no 

C54 >1000 >2.8E-12 >10 no 

C55 >1000 2.6E-13 >10 no 

C56 199  ± 26 8.0E-13 2.1 no 
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C57 173  ±  6 1.2E-13 1.0 no 

C58 47  ±  15 1.5E-12 >10 no 

C59 515 ± 46 >2.8E-12 >10 no 

C60 30 ± 5 1.9E-12 1.7 no 

C61 22 ± 2 >2.8E-12 2.4 no 

C62 18 ± 1 1.0E-12 1.9 no 

C63 46 ± 2 >2.8E-12 1.9 no 

C64 20 ± 5 >2.8E-12 2.0 no 

C65 197 ± 16 >2.8E-12 6.0 yes 

C66 32 ± 7 >2.8E-12 5.4 no 

C67 38 ± 3 7.6E-13 3.9 no 

C68 24 ± 2 8.1E-13 1.6 no 

C69 22 ± 5 >2.8E-12 1.6 yes 

C70 40 ± 1 >2.8E-12 2.3 no 

C71 120 ± 8 1.6E-12 5.9 no 

C72 110 ± 5 >2.8E-12 0.36 no 

C74 130 ± 8 >2.8E-12 1.3 yes 

C75 >1000 >2.8E-12 4.3 no 

C76 204 ± 16 1.4E-12 5.5 no 

C77 79 ± 3 1.5E-12 0.70 no 

C78 408 ± 18 1.7E-12 1.4 yes 

C79 490 ± 13 8.2E-13 1.9 no 

C80 7 ± 2 4.8E-13 2.9 yes 

C81 ND 7.9E-13 >10 no 

C82 7 ± 1 3.0E-13 >10 no 

C83 300 ± 8 1.1E-12 1.9 no 

C84 13 ± 1 9.4E-13 0.43 yes 

C85 26 ± 3 6.2E-13 5.8 yes 

C86 15 ± 1 >2.8E-12 2.0 no 

C87 17 ± 1 >2.8E-12 1.1 yes 

C88 18 ± 1 7.8E-13 1.7 no 

C89 54 ± 1 1.1E-12 1.8 no 

C90 14 ± 2 1.6E-12 2.6 yes 

C91 46 ± 2 1.0E-12 2.1 no 

D1 >1000 1.5E-14 >10 no 

D2 >1000 1.0E-14 >10 no 

F1 >1000 1.2E-14 >10 no 

F2 >1000 6.0E-13 >10 no 

F3 >1000 2.0E-12 >10 no 

F4 >1000 2.1E-12 6.7 no 

G1 >1000 4.9E-14 >10 no 

G2 >1000 7.4E-13 >10 no 

H1 >1000 4.0E-14 >10 no 

Zinbo5 181 ± 20 >2.8E-12 6.622 yes 
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PAC1 >1000 2.4E-13 6.012 yes 
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Figure 2. Zn2+ Kd as a predictor for ZMC efficacy. A) Receiver Operating Characteristic plot for the 

upper limit of Kd on drug efficacy in TOV112D cells (defined as IC50 < 2 μM). B) Sensitivity for predicting 

activity as a function of the upper limit of Zn2+ Kd. Dashed gray reference lines are 50% sensitivity and 

90% sensitivity. Note the x-axis is logarithmic. 
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Although ionophore activity is undoubtedly required for ZMC activity, our current data set does not 

provide much insight into how increases or decreases in ionophore activity might quantitatively affect 

ZMC activity (3, 6). Virtually all of the molecules within our drug classes were ionophores provided their 

Kd was in the proper range, and most of the worst ionophores had undetectable Zn2+-binding affinity. This 

is unsurprising as the vast majority of the tested molecules are structurally related, but it nonetheless makes 

it unclear whether the failed molecules are poor ionophores in an absolute sense, or if they simply could not 

bind Zn2+ under the conditions of our assays. In addition, there does not seem to be a clear delineation 

between the compounds that exhibited moderate Zn2+ ionophore activity versus the maximum we could 

measure in our assays with regard to efficacy or immunophenotype switching. At this point all we can say 

quantitatively is that ionophore activity is necessary, and under the standard conditions used our assays an 

initial flux of 10-13 mol m-2 s-1 seems to be sufficient. 

 

CONCLUSION 

The Metallochaperone Hypothesis for mutant p53 activation postulates a “Goldilocks Zone” for Zn2+ 

concentration that will lead to conformational and functional rescue of the mutant protein (4). It 

correspondingly postulates an allowable range for Kd of a putative metallochaperone capable of buffering 

the free Zn2+ to such a concentration, analogous to the pKa’s required for effective pH buffering. We have 

previously generated a series of estimates for what that allowable range might be using measured 

characteristics of mutant p53 proteins (R175H mutants in particular) and our understanding of the 

biological context in which p53 exists in vivo, consistently converging on ranges from 10-1000 nM. With 

the data set of experimental ZMC molecules presented in this chapter, we are able to confirm this Kd range 

directly, with over 90% of our effective molecules having Kds ranging from 10-500 nM. These findings add 

additional evidence validating the metallochaperone hypothesis, and should provide valuable guidance to 

future drug development efforts. 
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This chapter is the general conclusions section of this dissertation. It will focus on general conclusions that 

can be drawn by this work as a whole. For a more focused discussion of any of the individual ideas 

presented, the reader is directed to the discussion and conclusion sections of the individual chapters.
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The tumor suppressor p53 is among the most important and most well-studied driver proteins in human 

cancer (1–3). Despite decades of research, no targeted therapies are clinically available that target p53. In 

this work, we present a quantitative thermodynamic characterization of the p53-Zn2+ interaction, as well as 

a mechanistic definition of a new class of compounds that target mutant p53 through this interaction called 

synthetic zinc metallochaperones (ZMC).  

We based our initial model for how these compounds work on the previously proposed 

Metallochaperone Hypothesis (MH) (4). As previously discussed, the MH is a simple two Kd model – a 

tight native Kd1 and a weaker non-native Kd2. This model holds that when [Zn2+]free <  Kd1, p53 is apo and 

non-functional, when Kd1 < [Zn2+]free < Kd2 p53 is holo and functional, and when [Zn2+]free > Kd2 p53 is holo, 

but misfolded. It then stands to reason that if a Zn2+-binding mutant has an impaired Kd1, it could be 

rescued by a corresponding increase in [Zn2+]free, provided [Zn2+]free did not increase to the level of Kd2. 

This model is valuable as it is the first model that incorporated the alternative “misfolded” Zn2+ binding site 

that previous models excluded (5). The MH successfully predicted the “Goldilocks Zone” behavior for Zn2+ 

and drug concentration shown in Chapter 3, and accounts for the ability to reactivate p53 without binding 

to it via increasing the intracellular [Zn2+]free globally shown in Chapter 4. This model also predicted the 

“Goldilocks Zone” for ZMC Kd demonstrated in Chapter 7. 

However, the MH as originally envisioned has some deficiencies. As a simple Kd model, it does 

not consider the link between p53-Zn2+ binding and folding energy that was quantitatively characterized in 

Chapter 6. In that chapter, we demonstrated that the link between p53 folding energy and Zn2+ binding is 

adequately described by a linear 4-state model (See Chapter 6, Fig. 1A) -- UZn2+, U, N, and NZn2+, where 

U and N represent a typical 2-state native (N) and unfolded (U) transition, with UZn2+ and NZn2+ represent 

Zn2+ binding to distinct binding sites on the unfolded and native states. A previous model proposed by 

Bullock an colleagues attempted to capture this behavior, but without quantitative Zn2+ Kds to complete the 

model were unable to see the inherent flaw in their proposed scheme. Their model proposed a closed 

thermodynamic box with two two-state denaturing transitions (one Zn2+ bound and one apo) separated by 

two Kd-governed equilibria, one for the native and one for the denatured state. Importantly, their model 

treated the energy of each unfolding transition as a fixed parameter independent of [Zn2+]free -- in other 

words the apo transition had a given folding energy, and the holo transition had a given folding energy, and 
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the Kds of the transitions between the apo and the holo state simply governed what proportion of molecules 

were in each state. Additionally, their model postulated that the Zn2+-binding site in the native state 

comprised the same residues as the binding site in the unfolded state, just with separate Kds. It stood to 

reason, they argued, that because the recombinant p53 DBD they were using purified with 1 molar 

equivalent of Zn2+, that the Zn2+ remained bound at the native binding site throughout the course of their 

chemical denaturation experiments, and that they were measuring the folding energy of the holo two-state 

transition, with the other transitions presumably to be filled in as methods to interrogate them emerged. 

However, our experiments both directly and indirectly test the hypothesis that the Zn2+ binding sites are 

identical in the native and non-native states, and find that they are non-identical (Chapter 6). Another flaw 

in the model is that ligand binding, although binary physically, does not cause a binary change in ΔG. If we 

take the equation ΔG = RT lnKeq, ligand binding is always represented as alterations in Keq, which is within 

the logarithm. As a consequence, the change in ΔG from a fraction bound changing from 99% to 99.9% 

(which is already small) is essentially the same as from 99.9% to 99.99% and so on, and continues for 

every logarithmic unit of ligand added. In other words, the energy gained by ligand binding is proportional 

to the logarithm of the fraction bound, not the fraction bound itself. Additionally, the folding energy gained 

from ligand binding comes from the ligand binding equilibrium itself, not an intrinsic change in the folding 

energy of the protein. Attempting to represent the folding energy of the holo protein decoupled from the 

[Zn2+]free and Kd is imprecise. Such a representation results in a first-law violation in the model in all 

conditions except when [Zn2+]free = 0, when [Zn2+]free is forced to a single value that, if possible, reconciles 

the energy differences proposed between the apo and holo states with the Kds of the different transitions, or 

[Zn2+]free >> both Kds and the energy difference between the apo and holo coincidentally is the energy 

difference implied by the Kds under that condition. An accurate model should be able to handle any 

[Zn2+]free, as it is a parameter that can be practically manipulated in reality. It should also be able to handle 

independently varying Kds, as they represent independent sites on the protein. Our new model does both. 

Additionally, because [Zn2+]free is inherently tied to measured folding energy as measured by equilibrium 

unfolding experiments, conducting equilibrium unfolding experiments on Zn2+-bound protein without a 

buffer to maintain [Zn2+]free at a constant level introduces a significant and uncontrolled variable to the 
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experiment. To our knowledge, this is the first study that accounts for this variable and decomposes the 

folding energy of a metal-binding protein into its constituent parts -- ΔGapo and Zn2+ Kd. 

With the link between p53 stability and Zn2+ binding quantitatively characterized, we were able to 

move forward on two fronts: 1) to characterize the folding energy landscape of wt DBD as a function of 

temperature and Zn2+, and 2) to characterize p53 mutations based on biophysical impairment (Chapter 6). 

Characterizing the folding energy landscape led to an intriguing discovery: p53 is both one of the most 

temperature labile proteins described, and one of the tightest Zn2+ binding proteins described, but both 

interact precisely at physiological temperature and [Zn2+]free to make ΔG ~0 kcal mol-1. It is tempting to 

speculate that such a coincidence must be explained by selective pressure for a particular biological reason, 

regulation for example. Even absent that, it at least makes p53 exquisitely sensitive to missense mutation, 

as even modest destabilization of the DBD or Zn2+ binding can result in drastic changes to the fraction of 

the protein that is folded, particularly in the tetramer. For example, with a ΔG = 0 we would expect ~50% 

of the monomers to be folded, and ~6% of the tetramers to comprise 4 folded monomers. However, at 

ΔGunfold = -0.5 kcal mol-1, only ~0.7% of tetramers would comprise 4 folded monomers. Even the least 

destabilizing mutants of p53 tested impair the protein by that amount (Chapter 6). 

Using the projected physiological conditions for p53 calculated in Chapter 6 as the reference state, 

a 0.5 kcal mol-1 change can be caused by a change in temperature of < 1 K, a change in Kd of 2-3 fold, or a 

2-3 fold change in [Zn2+]free. With our additional observation that distant sites on the protein can 

communicate with the Zn2+-binding site, presumably through long range propagation of allosteric changes, 

such changes in Zn2+ Kd or even in stability are entirely conceivable through post-translational 

modification. Additionally, a 2-3 fold change in [Zn2+]free is well within the range of measured values in 

different cell types. This at least gives biophysical plausibility to the idea that p53 might in some way be 

regulated via its Zn2+-binding interaction in vivo. In such an instance, p53 mutations that interfere with 

Zn2+-binding would conform to a pattern of mutation often seen with cancer -- the usurping of an 

endogenous signaling pathway normally used for regulation. While such a hypothesis is attractive, there is 

currently little evidence to support such a claim in biological systems. 

Our characterization system also revealed that there is physical plausibility for the rescue of p53 

mutations by Zn2+ therapy even if they do not impair Zn2+-binding. Mutants that we define as Zn2+-binding, 
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stability, or mixed (Chapter 6) are deficient in Zn2+-binding affinity, ΔGapo, or both. For these mutants, 

increasing [Zn2+]free has the combined effect of restoring it to the weakened Zn2+ binding sites in cases 

where it is lacking, and stabilizing the proteins by simple ligand-binding stabilization, much like the 

PhiKan strategy used to target Y220C (see Chapter 1, part I). The difference is that, instead of engineering 

a non-native ligand to bind to the mutant protein, we are leveraging an endogenous ligand that already 

binds the protein. This additional layer of complexity expands the scope of the original MH, as the "rescue" 

activity cannot be modeled simply by Kds. However, even with this expanded scope, we would still expect 

a "Goldilocks Zone," except what was previously described as Kd1 should instead be described as a mixture 

of Kd1 and the intrinsic folding energy of the protein in the absence of Zn2+. 

One critical weakness to our model that limits our ability to make quantitative predictions about 

reactivation is that we have no way of predicting what a critical threshold of active p53 might be in the cell 

to mediate its tumor suppressor activity. For example, one might ask the question, "How much of the 

available pool of misfolded p53 R175H must be reactivated to restore its function?" WT p53 is kept at a 

very low levels in the cell and is able to function, so one might predict only a small fraction is necessary. 

However, this idea relies on the assumption that the already misfolded p53 would not form mixed tetramers 

with the newly rescued protein and hold it inactive. The situation gets even more complicated when we 

consider that much of the misfolded p53 in cells is bound to chaperones, such as heat shock proteins (e.g. 

HSP70) (6). There is also little reason to believe that each mutant would exhibit a dominant-negative effect 

in the form of mixed tetramers to the same extent, and there is some evidence that mutants can be rather 

different in this regard (7). So the threshold may be different for each mutant. At this point, although we 

can model and calculate percent activation and can provide a biophysical explanation for the reactivation of 

many kinds of mutants, we will still need to test each mutant individually in biological systems to make 

sound conclusions.  

A remaining weakness for our ZMC mechanism studies, unrelated to the Zn2+ restoration portion 

of our model, is the ambiguity regarding the role of reactive oxygen species (ROS). Although only briefly 

discussed in this work, as it is more a biological phenomenon under the purview of our collaborators than 

our own, the induction of ROS does seem to be required for the mechanism of our current generation of 

ZMCs (Chapter 3). Although it is not required for p53 conformational rescue and seems to result in specific 
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post-translational modifications that activate the rescued p53, the source of the ROS and if they are related 

to the Zn2+-binding activity of the ZMCs is still unclear. The ROS can not be generated by Zn2+ itself, as 

Zn2+ is redox neutral. However, it is possible that ZMCs also bind redox active metal, e.g. copper, in the 

extracellular environment and transport it into the cell like they do Zn2+. It is also possible that the influx of 

Zn2+ into the cell causes Zn2+ to displace redox active metals like copper and iron from their binding sites. 

However, at this point the identity and source of the ROS are pure speculation, and will need to be resolved 

with future studies. Despite these deficiencies, our model has increased explanatory and predictive power 

relative to previous ones, has elicited new biophysical insights into the p53 folding energy landscape, and 

has ultimately resulted in a new class of experimental anti-cancer drugs.  
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Chapter 9. Predictions and Hypotheses 

Adam R. Blanden 

 

Department of Biochemistry and Molecular Biology, SUNY Upstate Medical University, Syracuse, NY 

 

In lieu of a "Future Work" section of the dissertation, this chapter will present a series of testable 

predictions and hypotheses and briefly describe their rationale and approach. Some of these were selected 

because of their plausibility, others for their potential impact, at least in my estimation. It is my intention 

that this chapter would provide direction to any future graduate student who wishes to extend this work. 
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1. The aberrantly high ΔCp seen for human p53 DNA-binding domain is an evolved trait. 

Although it is possible that the remarkably high ΔCp seen for p53 DNA-binding domain (DBD) is an odd 

coincidence, it seems unlikely, especially in light of evidence that p53 dynamic instability is an 

evolutionarily selected trait (1). It seems equally unlikely that such an anomalously high ΔCp and tight Zn2+ 

Kd would coincidentally emerge at the same time, and interact in such a way to make ΔG precisely 0 kcal 

mol-1. Because ΔCp is the more anomalous of the two parameters, it seems most likely that it is the 

parameter that would have emerged later because, all else being equal, lower probability events should take 

longer to evolve. We therefore hypothesize that the aberrantly high ΔCp in human DBD is an evolved trait, 

perhaps emerging when bona fide p53s first emerged, and separating p53s from its ancestral proteins and 

genetic paralogs p63 and p73. This could be tested by expressing and purifying the DBDs from these 

proteins, and measuring the ΔCp of the apoized DBD as described in this work. The oldest commonly 

accepted p53 ancestral genes are found in single celled and colonial organisms called choanoflagellates (2). 

The first bona fide p53s emerged along with vertebrates, first thought to be found in modern cartilaginous 

fishes and, more recently, jawless fishes like lampreys (3). Measurements of ΔCp and perhaps Zn2+ binding 

affinity using the methods in this work for human p53, p63, p73, choanoflagellate  p53/p63/p73 ancestral 

protein (e.g. from Monosiga brevicollis) (4), lamprey p53 (e.g. from Lethenteron japonicum) (3), and 

cartilaginous fish p53 (e.g. from Callorhinchus milii) (5) would conclusively test this hypothesis. 

Additional tracing of the evolutionary lineage could be sought by testing different paralogs as they emerged 

from corresponding gene duplication events. 

 

2. ΔCp of proteins with endogenously tight-binding ligands will differ substantially from existing 

predictive models when those ligands are stripped, particularly metal-bound proteins. 

Although diametrically opposed to the previous hypothesis, this idea perhaps merits further exploration. It 

is notable that the aberrantly high ΔCp of the p53 DBD was only found when the endogenously tight-

binding Zn2+ was removed. The empirical models used to predict the ΔCp based on such parameters as 

number of residues and calculated ΔASA are not based on physical law (although physical explanations are 

retrofitted to such predictions), but rather based on training sets of proteins in which the ΔCp and the 

predictive variables were measured, and linear correlations drawn (6). This means that our predictive power 
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is based upon the conditions of proteins in the training set. At the very least, that the ΔCp of the p53 DBD is 

so high implies that there is something fundamentally different about the way it folds relative to the 

“normal” proteins used to generate the predictive models. One of these differences is that p53 

endogenously binds Zn2+ with an incredibly tight Kd, and it is perhaps this state that natural selection would 

operate on.  

From a purely physical sense, the energetics are complicated by the presence of the ligand, as the 

binding energy of the ligand will likely be governed by a different function than the protein folding energy, 

leading to alterations in the apparent thermal stability of a protein. Thermal instability seems to be 

important for p53 function, and we have known for decades that thermal stability can be selected for (i.e. 

hyperstable protein variants found in thermophilic bacteria). It may be that for proper protein function, not 

only must the midpoint of thermal stability be appropriate for the organism (i.e. melting temperature), but 

so must the rate of stability change in response to temperature. In such an instance, it may be that the ΔCp 

that we see for proteins is not something that physics demands based on ΔASA, but rather something that 

biology demands, and biology only operates on proteins in their native context. In the case of tight ligand-

binding proteins, that most often means ligand bound. By stripping proteins of their endogenous tight-

binding ligands, it may be possible to see these biologically disguised states and test this hypothesis 

directly.  

If this hypothesis is correct, we would expect that the tighter the Kd and the higher the biological 

abundance of the ligand (in other words, how likely the protein is to be holo in its biological context), the 

more likely deviations would be seen. This would require assembling a small test set of proteins with tight 

binding ligands, stripping the ligands, and measuring ΔCp. Ideally, the ligand would not have any affinity 

for the unfolded state (as opposed to p53 and Zn2+), so such determinations could be made cleanly in the 

presence and absence of the ligand when the ligand concentration is much greater than the protein 

concentration. If such side-by-side comparisons could me made, we would predict that the ΔCp measured in 

the presence of ligand would be as predicted using traditional models, and in the absence would deviate. 

Although we find this hypothesis unlikely, the impact of altering our understanding of ΔCp and the ease and 

low expense of testing the hypothesis make it an attractive target for a higher risk side project. 
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3. Stability mutants will be generally rescuable in cells by ZMC treatment. 

As discussed in Chapter 6 and Chapter 8, our model quantitatively links Zn2+-binding with DBD stability, 

and as a result we predict that there will at least be a subset of p53 stability mutants that will be amenable 

to ZMC treatment in cells purely because of the increased stability imparted to them by increases in 

intracellular [Zn2+]free. However, there will certainly be a limit to how much stability can be rescued 

because of the energetic ceiling imposed by the Zn2+ Kd of the unfolded site, as could be seen in an 

exaggerated sense with Y to C mutants, where the increased affinity of the unfolded state abrogated nearly 

all Zn2+ related stability gains. We therefore predict refolding by PAB240/PAB1620 analysis in cells as 

well as rescued transcriptional activity for some subset of stability mutants in cells, particularly the 

modestly destabilized mutants. This could be tested by transfecting isogenic p53 null cells with the mutants 

to be tested and assaying the cells with and without treatment, as well as obtaining cell lines from diverse 

backgrounds with the mutants in question, and repeating the tests. Both types of assays are of interest, and 

will likely be required for publication. 

 

4. Post-translational modification of p53 can impact Zn2+ Kd. 

We demonstrated in Chapter 6 that mutations distant from the Zn2+ binding site can affect Zn2+ binding 

affinity. Previous work by Fersht and colleagues also indicates that mutations in the p53 DBD can cause 

changes throughout the structure (7). These results indicate that allosteric modification can propagate 

through the protein and affect the Zn2+ binding site. If this can be done by mutation, it stands to reason that 

it could also be done by post-translational modification (PTM). A logical place to start testing this 

hypothesis would be to look at known post-translational modifications of p53, make genetic mimetics of 

those mutants, and measure Zn2+ Kd, both in the isolated DBD and in the tetramer. For example, acetylation 

of K120 is a known PTM that is associated with increased activity of p53. One could make a K120Q 

mutation to simulate that PTM, and measure the affinity. With a rapid and inexpensive E. coli expression 

and purification protocols for both the full length tetramer and DBD, such an approach could rapidly and 

inexpensively produce results. Our expression and purification methods are uniquely suited to address this 

question in the tetramer, as we are able to produce milligram quantities of full-length, folded, active protein 

without needing to resort to expensive and low-yielding Sf9 or mammalian expression systems, or hyper-
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stable mutants, which would potentially mask the effects. We also have preliminary data not presented in 

this work indicating that disulfide bonding at C124, C135, and C141 can reversibly decrease Zn2+ binding 

affinity in the DBD, further bolstering the likelihood of success of this search. 

 In addition to genetic mimetics, at least within the DBD, certain proteins containing PTMs could 

be generated by chemical splicing with solid state synthesized peptides. For example, a peptide for residues 

94-120 with K120 acetylated could be conjugated to a recombinantly expressed 121-312 fragment 

chemically, provided each fragment was appropriately protected beforehand (this would depend on the 

particular chemistry used, but for the purposes of this example I am discussing traditional Boc/F-moc 

protection with Carbodiimide/Triazole activation). The resulting polypeptide could then be chemically 

denatured and refolded using standard protocols, as the p53 DBD readily refolds from chemical 

denaturants. Although more expensive than the genetic mimetic approach, peptides containing modified 

amino acids can be readily purchased from multiple vendors (our preferred is Thermo Fisher Scientific), 

denaturing/refolding protocols for p53 DBD are mature and efficient, and the amount of protein needed to 

do Kd determinations by our intrinsic fluorescence method is small (~0.1 mg). The advantage of this 

approach is it would directly interrogate the effects of the PTMs without the uncertainty introduced by 

genetic mimetics, at the cost of drastically decreased throughput, increased experimental complexity, and 

increased expense. 

 

5. Zn2+-binding in p53 is a regulatory mechanism for its function. 

This is a longer term hypothesis and is more general than those above, but it is nonetheless the most 

biologically interesting implication of this work. There are three ways that Zn2+-binding could be used to 

regulate the function of p53: a variable [Zn2+]free in the cell with a constant Kd, a variable Kd with a constant 

[Zn2+]free, or some combination of the two. Although it is currently not possible to interrogate the Zn2+ 

binding status of p53 in the cell directly (only indirectly through surrogate and potentially interfering 

measures like conformation-specific antibodies), it is at least possible to look for evidence “one step 

removed” from a direct assay. For example, we know p53 is regulated by a litany of PTMs in the cell. If 

those PTMs interfere with Zn2+ Kd in a consistent way as tested in hypothesis 4 (e.g. a subset of activating 

PTM’s increase affinity, and a subset of deactivating PTM’s decrease affinity, but not vise-versa), this 
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would imply a relationship. Additionally, we could look for variations in intracellular [Zn2+]free when we 

know that p53 is being upregulated or downregulated (e.g. when cells are subject to DNA-damage), both 

under normal conditions and in disease states. Indeed, there is some evidence that certain cancers can 

decrease intracellular [Zn2+]free to inactivate p53 (8). We could also look for crosstalk between the p53 

pathway and the Zn2+ homeostatic pathway, with the premise being that if p53 is regulated by Zn2+, there 

may be a yet undescribed feedback loop connecting the two pathways. The more of these we find, the 

stronger the likelihood there is a relationship. However, the weakness of this approach is that the logical 

structure is inherently abductive. Without a direct way to both assay Zn2+-binding status and directly 

manipulate known or suspected proximal upstream events that regulate p53, the evidence will be largely 

circumstantial. In such instances, the quantity of evidence required to support the premise is much larger 

than when direct tests and inductive reasoning can be applied, and will therefore take much longer to 

gather. Nonetheless, if adequately demonstrated this would be the highest impact hypothesis of the most 

general interest presented, and is therefore worth pursuing. 
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Appendix I. Expanded DBD Purification Protocol 

Expression system: E. coli BL21(DE3) 

General note: There is nothing particularly special about this purification, there is just a low tolerance for 

error. Once you start, you need to continue through and get the protein frozen in the -80 as quickly as you 

can. Make sure that all buffers and containers that will contact the protein are pre-cooled to 4 ˚C, and all 

steps are done in the cold room or on ice. On the day you plan to actually lyse the cells and purify the 

protein, I'd recommend not having other obligations or experiments if you can avoid it. 

 

Transformation 

1. Incubate 1 uL plasmid (50 ng/μL) with 20-100 uL competent BL21(DE3) cells on ice for 10-30 minutes 

 -Note: Our lab makes competent cells via incubation with calcium chloride 

2. Heat shock cells at 42 ˚C for 20 seconds 

3. Recover on ice for 2 minutes 

4. Add 1 mL sterile LB and place in shaker at 37 ˚C for 1 hr 

 -Note: Our lab sets the shaker to 200 rpm for this and all future steps in the shaker 

5. Plate ~100 μL of the resultant cell suspension on an agar/LB plate containing 50 μg/mL ampicillin (or 

appropriate antibiotic) and let grow overnight at 37 ˚C. 

 

Picking and Growing 

6. Pick 5 well separated colonies with a sterile pipette tip (or another sterile method of your choosing) and 

inoculate 50 mL LB + 50 μg/mL ampicillin (or appropriate antibiotic) 

7. Shake at 30 ˚C until visible turbidity is seen, then transfer in equal parts to your full size flasks 

containing LB + 50 μg/mL ampicillin (or appropriate antibiotic) 

8. Continue growing at 30 ˚C until an OD600 of ~0.5 is reached 

 -Note: It is our experience that the doubling time under these conditions is ~30 minutes. We have 

done successful growths of most mutants at 37 ˚C, but the final yield is typically reduced by a factor of 2. 

9. Transfer the cultures to the cold room or refrigerator (4 ˚C) and rest them preferably on a metal or other 

heat-conductive surface to cool. Return occasionally to swirl them and to check their temperature.  
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 -Note: Allow them to cool until when you touch them, it feels either not-warm or slightly cool 

(about the temperature you feel when touching paper or your computer keyboard at room temperature). If 

the surface you set them on warms up, move it to another spot that hasn't warmed up yet for more efficient 

cooling. 

10. Cool the shaker to 18 ˚C while the cultures are cooling 

11. When the cultures and incubator are of appropriate temperature, place the cultures back in the incubator 

and induce with 20-50 mg/L IPTG. 

12. Allow the cultures to grow at this temperature for 18 hrs. 

 -Note: in our experience, 18 hours is a number of convenience. Any time overnight has been 

sufficient for a reasonable yield in every prep we have done. 

 

Lysis and Purification 

13. Spin down the cultures at 4 ˚C and pour off the supernatant 

 -Note: In our lab we do this in 1 L bottles at 4000 RPM for 30 minutes in a J6-MI Beckman 

Coulter centrifuge with a swinging bucket rotor 

14. Resuspend in ice cold Lysis buffer: 50 mM Tris pH 7.2, 20 mM β-ME. A ratio of 10 mL buffer per 1L 

of culture works well for us. 

 -Note: We try to stay away from DTT in p53 preps as it can form a stable complex with zinc.  

 -Note: You can stop the prep here if need be by snap-freezing the resuspended pellets on dry ice 

and storing at  -80 ˚C until you are ready to progress. When thawing the pellet, place in a beaker (500 mL - 

1 L) of room temperature ddH2O. The faster it thaws the better, but be mindful not to heat it up. 

 

POINT OF NO RETURN. ONCE YOU PASS THIS STEP, YOU MUST COMPLETE THE PREP 

AS QUICKLY AS YOU CAN. 

Note: We normally aim for <10 hours from lysis to freezing time. 

 

15. Add a "pinch" of solid egg white lysozyme to the resuspended pellet and incubate on ice for 40 

minutes, mixing by inversion every 10 minutes or so. 
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 -Note: In our usual protocol we include EDTA in this step. Because p53 binds zinc, we exclude it 

to avoid striping the protein of metal 

 -Note: Sonication is called for by the Fersht protocol. In our hands, wt-DBD handles sonication on 

ice well, but R175H does not (presumably because of its temperature sensitivity). Sonication also seems to 

cause more non-p53 proteins to be present in the soluble fraction, and as a result more impurities are 

present during ion exchange chromatography. I would recommend avoiding sonication altogether for these 

proteins. That said, we have purified the wild type protein to >98% purity using sonication, so for the wt 

construct it is a judgement call. 

16. Add 5 mM Magnesium Sulfate (or chloride) to the sample, and then add a "pinch" of DNAase I and 

incubate for 20 minutes on ice, again mixing by inversion every 10 minutes. 

17. Spin down the sample at 4 ˚C and collect the supernatant 

 -Note: in our lab we do this in 50 mL conical tubes at 12,000 RPM for 40 minutes in a Sorvall 

Legend XTR centrifuge with Piramoon Technologies FIBERlite F15-8 X 50C fixed-angle rotor. 

18. Load the sample onto an SP-Sepharose column at 4 ˚C pre-equilibrated with cold running buffer (50 

mM Tris pH 7.2, 20 mM β-ME). 

19. Wash the column with running buffer until the A280 is steady at baseline and elute with a 0-0.5 M 

NaCl gradient. 

 -Note: In our hands, these proteins elute at a conductivity of ~25 mS/cm from the sp-sepharose 

(see attached chromatogram titled "111813 R175H SP" for reference) 

20. Pool the protein containing fractions and dilute in 2-3 volumes of cold running buffer (50 mM Tris pH 

7.2, 20 mM β-ME) 

21. Load the sample onto a Heparin column at 4 ˚C pre-equilibrated with cold running buffer (50 mM Tris 

pH 7.2, 20 mM β-ME) 

 -Note: In our lab we use a GE HiTrap Heparing HP 5mL cartridge 

22. Wash the column with running buffer until the A280 is steady at baseline and elute with a 0-0.5 M 

NaCl gradient. 

 -Note: In our hands, these proteins elute at a conductivity of ~30-35 mS/cm from the Heparin 

column (see attached chromatogram titled "111813 R175H Heparin" for reference) 
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OPTIONAL: Pool samples and add a solution of 80% glycerol (v/v) to a final concentration of 10% 

glycerol (v/v) 

 -Note: I don't know if this is actually necessary, but Novartis did it with R175H. We have done 

preps even with the most unstable DBD mutants with and without glycerol and have detected no difference 

in storage-life or activity. Do it if it makes you happy.  

23. Snap freeze pooled samples on dry ice and store at -80 ˚C until use.  

 -Note: When you want to do an experiment, thaw aliquots in a beaker of room temperature water, 

and upon thawing place immediately on ice. The faster they thaw and the quicker they are placed back on 

ice, the less aggregation seems to occur. 

 

Note: This protocol typically yields 50-60 mg/L wtDBD, and 5-10 mg/L R175H at ~99% purity by SDS-

PAGE. Depending on the mutant, we have had as little as 0.5 mg/L, and typically correlates with the 

thermodynamic stability of the protein. 
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Figure 1. Example chromatograms of SP-column elution (top) and Heparin-column elution (bottom). 

Images are screen-shots from a BioRad LP-low pressure liquid chromatography unit run. 
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Appendix II. Competition Binding Assays and the Munson-Robard Solution to the 

Cheng-Prusoff Equation 

INTRODUCTION 

Competition-binding assays are useful for characterizing the strength of binding interactions when no 

intrinsic signal change can be measured between the bound and free states of a receptor or ligand of 

interest. The premise behind a competition binding assay is simple -- because you cannot detect the binding 

interaction of interest directly, you instead monitor how your molecule of interest interferes with another 

binding interaction that you can detect. Specifically, you use a labeled ligand that interacts with a receptor 

of interest with known affinity (note: we traditionally refer to the species that is being competed for as the 

receptor, and the species that compete with one another as the ligands, but the equations work identically 

regardless of the molecular identity of the species being used). You then add increasing amounts of an 

unlabeled ligand of interest that will compete with the labeled ligand for the available binding site on your 

receptor. Intuitively, we understand that the tighter the interaction between the unlabeled ligand and 

receptor, the lower the concentration required to displace the labeled ligand will be. Less intuitive is how 

we can mathematically translate the data from competition binding experiments into physical parameters 

such as Kd. 

 The most common equation used to evaluate competition-binding experiments is the Cheng-

Prusoff equation (1). This equation has several forms depending on the context in which it is applied (e.g. 

enzymatic reactions, cellular receptor activation, etc.) In the context of direct binding interactions, it is 

formulated as follows: 

 

eqn 1: Ki = IC50 / (1 + [L] / Kd) 

 

where Ki is the Kd of your unlabeled ligand, IC50 is the concentration of unlabeled ligand that reduces the 

binding of the labeled ligand by 50%, [L] is the fixed concentration of labeled ligand, and Kd is the Kd for 

the labeled ligand and receptor. 

 



 187 

 You will immediately notice that the concentration of receptor is conspicuously absent from this 

equation. This is because the Cheng-Prusoff equation makes several assumptions about the system in 

question to reduce the equation to this simple form, the foundational one being that the concentration of the 

receptor is << Kd. It correspondingly assumes that [L] = [L]free (free ligand concentration), and that it is 

constant throughout the course of the experiment. These are similar assumptions to the ones made about 

standard ligand-binding to reduce the general quadratic form to the much simpler hyperbolic form. In many 

systems, we can accommodate these restrictions by simply dropping our receptor concentration to <0.1 

times the Kd. However, when we are dealing with tight-binding ligands this can become impractical 

because of required signal/noise levels. Munson and Robard noticed this inherent problem with the Cheng-

Prusoff equation, and instead derived an exact solution to the equation without the assumptions inherent 

within the simplified form (2). This equation is as follows: 

 

eqn2: Ki = IC50 / (1 + [L](y0 + 2) / (2Kd(y0 + 1)) + y0) - Kd y0 / (y0 + 2) 

 

where Ki is the dissociation constant of your unlabeled ligand, IC50 is the concentration of unlabeled ligand 

that reduces the binding of the labeled ligand by 50%, [L] is the fixed concentration of labeled ligand, Kd is 

the dissociation constant for the labeled ligand and receptor, and y0 is the initial bound/free ratio for the 

labeled ligand in the absence of any competing unlabeled ligand. 

 This general form of the equation removes the assumption of receptor concentration by accounting 

for its effect on the labeled ligand within the y0 term. We can immediately notice that when y0 is 

sufficiently small, eqn2 reduces to eqn1. However, because eqn2 is a general solution applicable to a wider 

range of experimental conditions, the experimental complexity and curve fitting requirements are identical 

between the equations, and sufficient computational power to solve eqn2 can be found in any pocket 

calculator or mobile phone, there is little reason to use eqn1 anymore. [L] is known from your experimental 

design, Kd is previously determined, and y0 can either be calculated by solving the parallel mass action 

equations (eqn3-5) or determined experimentally. This leaves the experimenter to measure IC50 (our 

preferred method discussed below). On a practical note, when designing experiments you intend to evaluate 
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with eqn2, it is convenient to use concentrations of labeled ligand and receptor that are 2 times the Kd to 

make solving the mass action equation, and therefore y0, much easier. To demonstrate: 

 

eqn3: Kd = [L]free [R]free / [RL]bound 

where [L]free is the concentration of free ligand, [R]free is the concentration of free receptor, and [RL]bound is 

the concentration of bound receptor and ligand. 

 

eqn4: [L]free + [RL]bound = [L]total = 2 Kd  

eqn5: [R]free + [RL]bound = [R]total = 2 Kd 

 

subtract eqn5 from eqn4 to yield 

[L]free - [R]free = 0 

eqn6: [L]free = [R]free 

 

solve eqn4 for [RL]bound to yield 

eqn7: [RL]bound = 2 Kd - [L]free 

 

substitute eqn6 and eqn7 into eqn3 to yield 

Kd = [L]free [L]free / (2 Kd - [L]free) 

Kd = ([L]free)
2 / (2 Kd - [L]free) 

 

multiply both sides of the equation by (2 Kd - [L]free) and distribute to yield 

2 Kd
2 - [L]free Kd = ([L]free)

2 

 

subtract 2 Kd
2 - [L]free Kd  from both sides of the equation to yield 

([L]free)
2 + [L]free Kd - 2 Kd

2 = 0 

 

which we can factor to yield 
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([L]free + 2 Kd)([L]free - Kd) = 0 

 

set each factor to 0 and solve for [L]free to determine the roots 

 

factor 1: 

([L]free + 2 Kd) = 0 

[L]free = - 2 Kd 
 - reject solution, both Kd and Lfree must be positive 

 

factor 2: 

[L]free - Kd = 0 

eqn8: [L]free = Kd - unique, physically possible solution 

 

substitute eqn8 into eqn6 to yield 

eqn9: [R]free = Kd 

 

Then substitute eqn8 into eqn4 and solve for [RL]bound to yield 

 Kd + [RL]bound =  2 Kd 

eqn10: [RL]bound = Kd 

 

Therefore, when ligand and receptor concentration are both 2 Kd 

[L]free = Kd, [R]free = Kd, and [RL]bound = Kd 

 

and correspondingly: 

eqn11: y0 = [L]bound / [L]free,  

 

by definition, [L]bound = [RL]bound, therefore 

eqn12: y0 = [RL]bound / [L]free = Kd / Kd = 1  
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So, in plain English, when your labeled ligand and receptor concentrations are equal to twice the Kd of the 

interaction, the resulting concentrations of free ligand, free receptor, and bound ligand/receptor complex 

are all equal to the Kd, and y0 is 1. However, if you wish to use different conditions, we have found it 

convenient to use a parallel equation solver on eqn3-5, such as that built into MATLAB. 

 

MEASURING IC50 

Our preferred method for measuring IC50 is to make a cocktail containing our receptor and labeled ligand in 

appropriate buffer. We then perform serial 2-fold (1:1) dilutions of our unlabeled ligand of interest 

(typically in DMSO or buffer) at 100-250-times the desired final concentration, with the lowest final 

concentration being far below the point where relevant signal change would occur, but not necessarily 

including a true 0 (<0.1 times the concentration of receptor being used if the approximate IC50 is unknown, 

<0.1 times the approximate IC50 if it is known). We then pipette a small volume of the drug either into 

tubes or microplates, and add the cocktail to the desired final concentration. These samples are then 

incubated until equilibrium is reached, and signal measurements taken. 

 For analysis, we plot the signal versus the logarithm of the ligand concentration, and fit to an 

empirical sigmoid (Fig. 1). Note that by doing 2-fold dilutions, the data will be linear in log-space. The 

particular sigmoid used is not particularly relevant, as IC50 is not a parameter derived from physical law. 

That said, for robust fitting the equation used should include an amplitude parameter governing the 

maximum signal change, an IC50 parameter governing the location of the function, and a shape parameter 

governing the steepness of the transition. Additionally, if the minimum value of the assay should be 

something other than 0, the equation should also include a baseline parameter. We find the following 

equation useful for this purpose: 

 

y = ymin + A / (1 + e-(x-x0/b)) 

 

Where y is the measured signal, ymin is the minimum value, A is the amplitude, x is log[ligand], x0 is the 

log(IC50), and b is the steepness parameter. 
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 While it is possible to modify ymin and A to be functions (e.g. lines) rather than constants to 

account for the sloping baselines that are sometimes seen in these kinds of experiments because of 

contamination or non-specific reactions, it rarely makes an impact on the IC50 measured, which is the only 

parameter relevant to us in this equation. Correspondingly, even when we see sloping baselines, we find it 

more reliable to force-fit to this equation rather than risk over-determining parameters by accounting for the 

slopes. 

 

Figure 1. Example competition binding assay between unfolded, apoized p53 DNA-Binding Domain 

(94-312) and FluoZin-3 (FZ3) for Zn2+. Conditions were 50 mM Tris pH 7.2, 100 mM NaCl, 1 mM 

TCEP, 7 M Urea, 30 nM FZ3, 30 nM ZnCl2. Samples were incubated for 2 h on ice in black 96 well plates. 

Measured IC50 was 237 ± 129 nM (n = 4). With a manufacturer reported Kd of FZ3 for Zn2+ of 15 nM, that 

corresponds to a Kd of 44 ± 26 nM when solved with eqn2. 
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Appendix III. Derivation of the Linear Extrapolation Model Fit Equation and Pace 

Substrate Stabilization Model 

Linear Extrapolation Model (LEM) 

Equilibrium unfolding experiments using chemical denaturants are widely use to measure the 

thermodynamic stability of small proteins. Correspondingly, the LEM is one of the three primary models 

that describe the thermodynamics of proteins in chemical denaturants, and is used to evaluate data from 

such experiments (1). The LEM is by far the most commonly implemented model because of its 

mathematical simplicity (2). But what it has in mathematical simplicity it lacks in mechanistic explanatory 

power. In contrast to the two competing models (the Solvent Exchange Model and Denaturant Binding 

Model), the LEM has no physical basis, and instead rests on the empirical observation that protein stability 

in terms of the free energy of folding (ΔG) varies linearly with denaturant concentration (see eqn2 below). 

The model contains no physical rationale for why this is so, and makes no attempt to parameterize any of 

the physical interactions that must be occurring to make the proteins unfold. 

 The LEM instead attempts to determine two empirical parameters -- the Cm, which is the 

concentration of denaturant at which a protein is 50% unfolded and ΔG = 0, and the empirical m-value, 

which is the slope of the assumed line formed when plotting ΔG versus denaturant concentration. From 

these parameters, one can extrapolate the a line to where there is no denaturant present and determine the 

folding energy of the protein.  

 It is important to note that, while there are well-established correlations between the empirical m-

value and such physical parameters as the size of a protein, the change in accessible surface are upon 

denaturation, and even heat capacity, these do not imply a specific physical interpretation for the m-value 

(3). For example. the m-value is often referred to as a "cooperativity" parameter, with a higher m-value 

implying a greater cooperatively of protein folding than a lower one (4). This is not accurate, as folding 

cooperativity refers to the strength of coupling between the foldedness of one part of the protein to the 

foldedness of another part. The models we are able to describe with the LEM are universally two-state (or a 

sum of multiple two states modeled independently). Two-state models require that each individual protein 

be fully folded, or fully unfolded, meaning that by definition each transition is fully cooperative. The m-
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value is instead an empirical term used to describe how quickly the distribution of folded to unfolded 

proteins changes as you change denaturant concentration. 

 While the LEM is the simplest of the available equilibrium unfolding models and is simple in 

concept, understanding how it is practically implemented can seem daunting to the uninitiated. Below, I 

have included my preferred method for deriving an equation we can use to fit data from equilibrium 

unfolding experiments. This is both for my own reference, as I used the equations for more than three years 

of graduate school not understanding their origin, and with the hope that future graduate students struggling 

as I did to understand where the equations we use come from can have an easily accessible resource. 

 

For reaction N <--> U 

Where N is native protein and U is unfolded protein. 

Note: for the purposes of this derivation, we will calculate the energy of the forward transition, N-->U 

 

Assumptions: 

eqn1: Gibbs Free Energy Equation: ΔG = -RT lnKeq = RT ln(1/Keq) 

Where ΔG is Gibbs Free Energy for the transition of N to U (protein unfolding), R is the ideal gas constant, 

T is the temperature in Kelvin, and Keq is the equilibrium constant between N and U 

 

For simplicity, let 1/Keq = K - this removes a negative and makes book-keeping easier 

 

eqn2: LEM: ΔG([D]) = ΔG(0) - m[D] 

Where ΔG([D]) is the Gibbs Free Energy for the transition of N to U (protein unfolding) as a function of 

denaturant concentration, ΔG(0) is the Gibbs Free Energy in the absence of denaturant, m is the empirical 

m-value, and [D] is the concentration of denaturant. 

 

Derivation: 

First, solve eqn1 for K: 

ΔG = RT lnK 
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By rearrangement: 

ΔG/RT = lnK 

 

By raising e to the power of each side of the equation: 

eqn3: eΔG/RT = K -- save this for later 

 

Next, divide each term in eqn2 by RT and raise e to the power of each side of the equation: 

ΔG([D])/RT = (ΔG(0) - m[D])/RT 

eqn4: eΔG([D])/RT = e(ΔG(0) - m[D])/RT) 

 

We may then substitute eqn3 into the left side of eqn4: 

eqn5: K([D]) = e(ΔG(0) - m[D])/RT) 

 

For simplicity and book-keeping, let L = ΔG(0) - m[D])/RT 

so equ5 can be written: K([D]) = eL 

 

Experimentally, we measure signals relating to the states N and U of the protein, so we must find a way to 

convert our K([D]) to signals relating to N and U. 

 

By definition, eqn6: Keq = [U]eq/[N]eq , and K = [N]eq/[U]eq 

 

Because Keq and K are ratiometric measurements, we can equivalently represent them by the fraction of 

total protein present as N at equilibrium (which we will call Ffold) and the fraction of total protein present as 

U at equilibrium (which we will call Funfold). Therefore: 

 

K = [N]eq/[U]eq = Ffold/Funfold 

Ffold + Funfold = 1 

Funfold = 1 - Ffold 
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by substitution we get: 

eqn7: K = Ffold/(1 - Ffold) 

 

By substituting eqn7 into eqn5 we get: 

Ffold([D])/(1 - Ffold([D])) = eL 

 

By multiplying both sides by 1 - Ffold([D]) and distribution we get 

Ffold([D]) = eL - Ffold([D]) eL 

 

By adding Ffold([D]) eL to each side of the equation we get: 

Ffold([D]) + Ffold([D]) eL = eL 

 

We can then factor out Ffold([D]) and divide each side of the equation by 1 + eL to isolate Ffold([D]): 

eqn8: Ffold([D]) = eL/ (1 + eL) 

 

If we consider a signal (e.g. fluorescence or circular dichroism signal) Sfold  reported by the native state N 

and a signal Sunfold reported by the unfolded state U, we can calculate the fraction folded for any 

intermediate signal S that is the linear sum of Sfold and Sunfold by: 

 

S = Ffold * Sfold + Funfold * Sunfold 

 

which when solved for Ffold as a function of [D] yields 

eqn9: Ffold([D]) = (S([D]) - Sunfold)/(Sfold - Sunfold) 

 

By substituting eqn9 into eqn8 we get: 

eqn10: (S([D]) - Sunfold)/(Sfold - Sunfold) = eL/ (1 + eL) 
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By multiplying both side of the equation by (Sfold - Sunfold), followed by adding Sunfold, we get 

eqn11: S([D]) = Sunfold + (Sfold - Sunfold) e
L/ (1 + eL) 

 

We can then distribute (Sfold - Sunfold) over the term eL, and multiply the standalone Sunfold term by (1 + eL)/ 

(1 + eL) and distribute to combine the terms into a single fraction: 

S([D]) = (Sunfold + Sunfold e
L + Sfold e

L - Sunfold e
L) / (1 + eL) 

 

Which directly reduces to: 

eqn12: S([D]) = (Sunfold + Sfold e
L) / (1 + eL) 

 

which, when we undo our book-keeping is: 

S([D]) = (Sunfold + Sfold e
(ΔG(0) - m[D])/RT)) / (1 + e(ΔG(0) - m[D])/RT)) 

 

This equation can then be fit to the signal data that you record (S([D]) as your dependent variable and [D] 

as your independent variable) with Sunfold, Sfold, ΔG(0), and m as your fit parameters. Note that empirically, 

Sunfold and Sfold are always lines with respect to [D]. They may have a slope of 0, which makes them reduce 

to constants, but they may also have positive or negative slopes, which requires an additional two variables 

as fit parameters. 
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Pace Substrate Stabilization Model 

After deriving the LEM, Pace and others (notably Schellman) sought a way to model and quantify how the 

stability of a protein would change when a ligand is introduced into the system. This was born out of 

observations that enzymes seemed to become more resistant to degradation in cells when their substrates 

are present at elevated concentrations (5). Pace presented and validated his model for ΔG changes as 

measured by chemical denaturation (which was based strongly on a previous equation for thermal 

denaturation derived by Schellman (6)) using lysozyme. The model supposes two-state folding as in the 

LEM, but adds an additional step of ligand binding. Importantly, the ligand can only bind the protein when 

in the native state. Additionally, for implementation by chemical denaturation melts using the equations 

found in the previous derivation, ligand binding cannot significantly alter the signal reported by the native 

protein unless the concentrations of ligand used are much greater or much lower than the Kd. A simple 

derivation of the model is included below: 

 

For Reaction NL <--> N + L <--> U + L 

Where NL is ligand-bound native protein, N is apo native protein, U is unfolded protein, and L is free 

ligand. 

Note: For the purposes of this derivation, we will solve for the reaction in the forward (unfolding) direction, 

NL --> N + L --> U. 

 

Assumptions: 

eqn1: Gibbs Free Energy Equation: ΔG = -RT lnKeq = RT ln(1/Keq) 

Where ΔG is Gibbs Free Energy for the transition of native to unfolded protein, R is the ideal gas constant, 

T is the temperature in Kelvin, and Keq is the equilibrium constant between native and unfolded protein. For 

the purposes of this derivation, we consider both N and NL as a single native state, and U as the unfolded 

state. 

 

eqn2: Single-Site Binding Equation: Ka = [NL] / ([N] * [L]) 
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Where Ka is the association constant between native protein N and ligand L, [NL] is the concentration of 

ligand-bound protein at equilibrium, [N] is the concentration of apo native protein at equilibrium, and [L] is 

the concentration of free ligand at equilibrium 

 

Derivation: 

by definition: 

eqn3: Keq = [U] / ([N] + [NL]) 

 

by substituting eqn3 into eqn1 we get: 

eqn4: ΔG = RT ln(([N] + [NL]) / [U]) -- save for later 

 

we then solve eqn2 for NL: 

eqn5: [NL] = Ka [N] [L] 

 

we then substitute eqn5 into eqn4 to yield: 

ΔG = RT ln(([N] + [Ka] [N] [L]) / [U]) 

 

we may then factor out [N] and rearrange to yield: 

ΔG = RT ln(([N] / [U]) (1+ Ka [L])) 

 

We can then split the logarithm to re-write this equation as: 

ΔG = RT (ln([N]/[U]) + ln(1 + Ka [L])) 

 

we then distribute the RT to yield: 

ΔG = RT ln([N]/[U]) + RT ln(1 + Ka [L]) 

 

Recall from our previous derivation at ΔG in the absence of ligand (ΔGapo) = RT ln([N]/[U]), which allows 

us to write the final equation: 
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eqn6: ΔG = ΔGapo + RT ln(1 + Ka [L]) or ΔG = ΔGapo + RT ln(1 + [L]/Kd) 

 

We can then see that by measuring the ΔG as a function of [L] using the LEM, we can fit the data to this 

equation and determine ΔGapo and Kd, which we did extensively in Chapter 6 to characterize the p53-Zn2+ 

interaction. This equation can be modified to include additional binding sights with different Kd's by adding 

additional RT ln(1 + [L]/Kd) terms, adding the energy if the binding-site is present in the native state, and 

subtracting the energy when present in the unfolded state. The only caveat is that the two state model for 

the folding transition being investigated must hold. Sequential binding of multiple sites or other more 

complicated mechanisms require different mathematical treatment. 
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Appendix IV. Expanded Liposome Preparation Protocol 

INTRODUCTION 

Liposomes are small, spherical phospholipid bilayers often used for encapsulating drugs or other molecules 

(1). In our work on metallochaperones, we use liposomally encapsulated fluorescent Zn2+ chelators as an in 

vitro model system for measuring Zn2+ transport across membranes (Chapters 2 & 5, (2)). In brief, we use 

film-rehydration end extrusion to create small, monodisperse, unilamellar liposomes consisting entirely of 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). We selected DOPC for our studies as it readily forms 

liposomes, is relatively inexpensive, and has a phase transition temperature well below freezing (-17 ˚C), 

and as such will behave as a liquid crystal at all temperatures we would reasonably test (3). We have 

included a detailed protocol here for producing the liposomes used in our studies with the equipment 

available in our lab, but the protocol can easily be adapted for other purposes. 

 

Ordering Lipids 

At the time of this writing, Avanti Polar Lipids, Inc. (Alabaster, AL) is by far the most widely used and 

highest quality lipid supplier in the world. The most cost-effective and convenient method we have found 

to order the lipids is to request a custom quote for their bulk size (typically ~1 g as a dry powder) and pay a 

bottling fee to have them placed in individually sealed 25 mg ampoules. The price-per-mass difference 

between ordering individual 25 mg ampoules and ordering 1 g packaged as 25 mg ampoules is typically 5-

10-fold, depending on the lipid ordered. In our experience, lipids stored at -20 ˚C in these ampoules will 

make liposomes that perform identically in our assays for over 1 year (we have performed no tests beyond 

that point). 

 

Forming the Thin Film 

1. Obtain 1-2 ampoules of DOPC and dissolve in ~1 mL chloroform 

 

2. Transfer to a narrow glass test tube, and wash with 200 μL 0.5 M EDTA for 8-16 h, mixing periodically 

by pipetting up and down with a glass Pasteur pipette. If leaving overnight, transfer to cold room covered. 
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 -Note: The chloroform will settle to the bottom with the aqueous EDTA floating on top. When the 

mixture separates, the aqueous layer should just cover the chloroform. If you sniff the test-tube, you 

shouldn't be able to smell anything more than a trace of chloroform. We want to minimize the volume of 

the aqueous layer as to minimize extraction of the lipids from the organic layer. 

 -Note: The purpose of steps 2-4 is to remove contaminating metals from the lipids. If this is not 

needed for your experiments, skip directly to step 5. 

 

3. With a glass Pasteur pipette, carefully press through the aqueous layer, and aspirate the organic layer to 

transfer to another test tube. 

 -Note: be extremely careful not to get aqueous layer in your pipette as you push through or pull 

out. It would be better to use a tiny separatory funnel. Sadly, we do not have one. 

 

4. Wash twice with 100-200 μL of water by pipetting up and down vigorously and letting the phases 

separate. Aspirate the organic layer and transfer to a new test tube as before. Each wash only needs to be 

allowed to sit for ~30 min. 

 

5. On the final wash, transfer to a small round-bottom flask and evaporate the chloroform using either a 

rotary evaporator (preferred) or a steady stream of nitrogen. 

 -Note: the smaller the round bottom flak, the easier it will be to re-hydrate later. 

 -Note: The lipid film should look clear and glassy. We have also seen it look like a more opaque, 

swirling white glass, but in those instances it has been significantly contaminated with metals. 

 

6. Apply a vacuum to the lipid film overnight to remove any residual chloroform. 

 -Note: If this step is skipped, the liposomes will still form and have a proper size distribution, but 

they will leak more than normal and will be less consistent from prep to prep. 
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Rehydrating the Lipid Film 

7. Make 1 mL of aqueous buffer with the molecule you wish to encapsulate and add it to the round-bottom 

flask, pipetting up and down to resuspend as much of the film as possible. 

 -Note: For our experiments, we used 10 μM FluoZin-3 or 10 μM RhodZin-3 in 50 mM Tris pH 

7.2, 150 mM NaCl as our standard. 

 -Note: All buffers should be 0.2 μm filtered to ensure it is free from particles that would interfere 

with Differential Light Scattering measurements taken at the end of the prep. 

 

8. Wrap the round-bottom flask in aluminum foil to protect the sample from light, and place upright on an 

orbital shaker (this will require a stand for the round bottom) and gently shake for 1 hour. 

 

9. After the hour, pipette the sample up and down again, again attempting to re-suspend any part of the 

lipid film that might have been missed in the previous steps. 

 

Extruding the Aqueous-Lipid Mixture 

We make our liposomes using an Avanti Mini Extruder. The reader is referred to the Avanti website for an 

assembly diagram and their technical recommendations for using this instrument. 

(https://avantilipids.com/divisions/equipment/mini-extruder-extrusion-technique/). 

 

10. Place 2 Polycarbonate filter membranes of appropriate pore size (100 nm in our case) and 8 filter 

supports in a beaker of ddH2O for 20 minutes to hydrate them. 

 

11. Assemble the mini extruder casing as per the manufacturer's instructions, with the modification that we 

use 2 filter supports on each side of the polycarbonate membrane. 

 -Note: We find that the extra filter supports decrease the frequency of membrane perforation 

during extrusion. 
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12. Fill one of the two gas-tight syringes with either ddH2O or buffer, and insert both into the extruder 

assembly as per the manufacturer's instructions. 

 

13. Depress the plunger of the filled syringe to pass the water or buffer through the assembly into the other 

syringe with a steady pressure to wash the membrane. 

 -Note: It's difficult to describe how much pressure is necessary to push the solutions through the 

membrane without perforating it, but I would liken it conceptually to "finger tightening" fittings on FPLC's. 

Probably about 20-50% of the pressure you could apply with just your thumb while cradling the syringe 

between your index and middle fingers. The goal is to make the syringe move slowly and steadily, not 

quickly. Should take about 30 s per depression or more. 

 

14. Discard the buffer or ddH2O and re-insert the syringe. 

 

15. Draw the lipid/buffer mixture into the syringe you originally filled with buffer or ddH2O, and re-insert 

the syringe. 

 -Note: Before extrusion, be absolutely sure that the needle tips of the syringes are screwed on 

tightly. We have lost entire preps to loose caps. Check every time. 

 

16. Alternatingly depress the plungers of the two syringes to pass the solution through membrane a total of 

15-times. 

 -Note: The solution should end up on the opposite side it started on. This decreases the likelihood 

of large particles or foreign material contaminating your prep. 

 

17. Transfer the mixture to a tube capable of withstanding cryogenic temperatures (e.g. an Eppendorf tube), 

and disassemble and rinse the mini extruder, discarding the used filter supports and membrane. 

 

18. Rapidly freeze and thaw the lipid solution 5 times by placing it in dry ice or liquid nitrogen followed by 

a beaker of room temperature water. 
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19. Repeat steps 10-16 for a second round of extrusion. 

 

Purifying and Characterizing the Liposomes 

20. Equilibrate a gravity fed gel-filtration column with your desired buffer. (e.g. the same buffer used to 

rehydrate the lipid film, but without the desired encapsulated molecule). 

 -Note: As before, make sure this buffer is 0.2 μm filtered. 

 -Note: We find pre-poured Sephadex G-25 PD10 desalting columns (GE Healthcare Life 

Sciences) convenient for this purpose, but in theory most gel filtration columns could be used. We have 

never attempted pressurized gel filtration for liposomes. 

 

21. Characterize the size distribution of the liposomes using Dynamic Light Scattering (DLS) or Electron 

Microscopy. 

 -Note: We prefer DLS as it is a solution state method, is non-destructive, and gives you a clearer 

picture of how monodisperse your liposome population is. When using DLS, follow the manual for 

achieving the appropriate settings on the instrument. We recommend using the "Z-Average" or "cumulants 

mean" diameter, as this is arrived at using a an ISO standard algorithm (ISO 13321 and ISO 22412), and is 

the most reproducible measurement using DLS. You may also use the mean of the volume distribution, but 

this requires more assumptions and is not ISO standardized. An example of a DLS volume distribution and 

corresponding Z-average is shown below (Fig. 1). 

 

22. Store the liposomes at 4 ˚C protected from light until use. They will stay in tact for 3-4 days or so under 

these conditions. DO NOT FREEZE. 

 

23. Dilute into appropriate buffer immediately before the experiment. We have used them at OD600 ranging 

from <0.01-0.060 with identical results. 
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Figure 1. Example of Dynamic Light Scattering Volume Distribution. The black trace is of liposomes 

made with this protocol, and red of liposomes made with this protocol treated with the indicated 

concentrations of ZMC1 and ZnCl2 for 1 h at room temperature. Data points shown are mean ± SD (n = 6). 

From the same DLS data, the calculated Z-average diameters are 141 ± 2 nm (untreated) and 141.4 ± 0.6 (5 

μM ZMC1 + 10 μM ZnCl2. (Figure reprinted with permission from (2)). 
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Appendix V. Derivation of the Liposomal Transport Rate Equation 

INTRODUCTION 

In order to use liposomes as a means to measure ionophore activity for our Zn2+ metallochaperone studies, 

we needed a way to quantify and compare ion transport rates with and without drug, and even between 

different drugs (1). Because we use fluorescence change of an encapsulated Zn2+-sensitive fluorophore as a 

measure, it would be simple enough to look at relative differences in the rate of fluorescence change to 

determine which compounds facilitated the transport of Zn2+ more or less effectively. However, as 

biophysical scientists this answer was less than satisfying. The rate of fluorescence change is not a true 

physical parameter, just an indicator of what we are trying to measure (i.e. ion flux). Furthermore, the 

relative measurement would severely limit the generality of the measurements we are able to make, as we 

cannot make predictive calculations about other kinds of systems (e.g. cells, or even larger liposomes) 

without an absolute physical measurement. Because of these limitations, we derived an equation to allow us 

to convert units of relative fluorescence change into units of ion flux given a few reasonable assumptions. 

This equation was originally published in (1) without the derivation, but note that there was a typo in that 

equation that was fixed in a subsequent correction and is shown properly in Chapter IV of this work. The 

derivation is given below. 

 

For Reaction: 

Iout Mout I-Mout I-Min Iin Min FMin (bright)+ + + F (dark)
kI,on

kI,off

kdiff

kdiff

kI,off

kI,on

kf, on

kf, off  

where I is ionophore, M is metal, and I-M is ionophore metal complex, with subscripts out and in indicating 

whether they are outside or inside the liposome, F is the apo fluorophore, which is dark, and FM is the 

fluorophore metal complex, which is bright. 

 

Assumptions: 

1. Free ionophore and metal are in rapid equilibrium with the complex (kI,on and kI,off >> kdiff) 

2. Free metal and fluorophore are in rapid equilibrium with the complex (kf,on and kf,off >> kdiff) 

3. Virtually all of the metal in the liposome is bound to fluorophore ([FM]in >> [M]in and [I-M]in) 
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4. I-M complex diffusing out of the liposome is negligible ([I-M]in << [I-M]out]) 

 

Under this set of assumptions, diffusion of I-Mout into the liposome is rate limiting, and the rate of 

appearance of FMin, and therefore the increase in fluorescence signal, is proportional to that rate. 

Furthermore, because [FM]in represents virtually all of the metal inside the liposome, that rate is 

proportional to the rate of change of metal concentration within the liposome. 

 

eqn1. dM/dt  dF/dt 

where M is total metal concentration inside the liposome, and F is fluorescence signal, and t is time 

 

therefore, 

eqn2. dM/dt = A (dF/dt) 

where A is a proportionality constant. If we solve for A we find: 

 

A = dM/dF = (dF/dM)-1 

in other words, A is the reciprocal of the change in fluorescence that corresponds to a given change in 

metal concentration. If we know the fluorescence reported by our fluorophore when it is completely 

saturated and completely apo, as well as the concentration of our fluorophore, this can be calculated by: 

 

eqn3. A = ((Fmax - Fmin)/[F])-1 

where Fmax is the signal of saturated fluorophore, Fmin is the signal of the apo fluorophore, and [F] is the 

concentration of our fluorophore inside the liposome. 

 

by substituting eqn3 into eqn2 we find 

eqn4. dM/dt = ((Fmax - Fmin)/[F])-1 (dF/dt) 
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By conservation of mass, the number of metal ions that diffuse across the available surface area must be 

equal to the number of ions that enter the lumen of the liposomes, and thus the ion flux J in mols/surface 

area/time must be proportional to the rate of change in concentration M in mols/volume/time. 

 

eqn5. J  dM/dt 

 

therefore: 

eqn6. J = B dM/dt 

where B is a proportionality constant 

 

which can be decomposed to: 

eqn7. dN/(SA dt) = B dN/(V dt) 

where N is mols of metal ions, SA is surface area, and V is volume 

 

if we solve for B, we find: 

eqn8. B = (SA/V)-1 

Or B is equal to the reciprocal of the surface area to volume ratio. 

 

We can then substitute eqn8 into eqn6 to yield: 

eqn9. J = (SA/V)-1 dM/dt 

 

And then substitute eqn4 into eqn9 to yield: 

eqn10. J = (dF/dt) ((Fmax - Fmin)/[F])-1 (SA/V)-1 

 

DISCUSSION AND FINAL EQUATION 

The question then becomes how we set up our experiment such that our assumptions are valid, and then 

how we practically implement this equation on experimental data. Clearly, the fluorescent chelators and 

ionophores must rapidly bind and release metal (Assumptions 1 and 2). Commercially available fluorescent 
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chelators RhodZin-3 and FluoZin-3, which we routinely use, equilibrate with Zn2+ in the dead time required 

for hand-mixing (<3 s), so this will not be a concern under standard experimental conditions. It is possible 

that a potential ionophore might bind or unbind slow enough that this assumption would be invalid. For 

small molecules with simple binding mechanisms this is unlikely as these process tend to be more or less 

diffusion limited, unless the binding were both very tight and ionophore activity very high, in which case 

this equation would underestimate the ionophore activity. 

 Assumptions 3 and 4 are addressed by reagent concentration and timing. To ensure that virtually 

all metal inside the liposomes is bound by the fluorophore, we must use fluorophore and metal 

concentrations that are in the stoichiometric binding range of the fluorophore-metal binding curve (i.e. [F] 

and [M] >> Kd). Under our standard conditions, we use either RhodZin-3 or FluoZin-3 (Kd = 65 nM and 15 

nM respectively) at 10 μM and Zn2+ at 1-10 μM, >10-100 times Kd. We must similarly ensure that the 

ionophore cannot compete with the fluorophore for Zn2+. This condition is most satisfied when the 

fluorophore is bound to as little Zn2+ as possible and is present at high concentration, and the ionophore is 

saturated with Zn2+ and is present at low concentration. This is readily accomplished by using a metal 

concentration outside the liposome that ensures saturation of the ionophore throughout the course of the 

experiment (5-10 times the ionophore concentration or Kd, whichever is higher), minimizing the 

concentration of ionophore, and using only the data in the initial, linear portion of the kinetics curve. 

Because we will fit the initial portion of the kinetics curve to a line, we can write our final equation: 

 

eqn11. Ji = (ΔF/Δt) ((Fmax - Fmin)/[F])-1 (SA/V)-1 

 

Where Ji is the initial ion flux, ΔF/Δt is the slope of the line fit to the initial linear portion of the kinetics 

curve, Fmax is the fluorescence of saturated fluorophore, Fmin is the fluorescence of apo fluorophore, [F] is 

the concentration of the encapsulated fluorophore, and SA/V is the surface area to volume ratio. 

 

 We can measure Fmax conveniently by lysing the liposomes with detergent (e.g. 0.1-1% TritonX-

100) in the presence of saturating metal. We can then determine Fmin by adding excess strong metal chelator 

(e.g. EDTA). Note that determination of Fmin by adding excess chelator is essential, as some amount of 
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contaminating metal will virtually always be present and interfere with the measurement otherwise. For our 

purposes, we assume [F] is equal to the concentration of F present in the buffer used for rehydration and 

extrusion during preparation. Finally, to calculate SA and V, we make the assumption that liposomes are 

hollow spheres with radius r that is equal to half the diameter determined by Dynamic Light Scattering (or 

any other characterization method). A word of caution about units in this step. Make sure that V is 

calculated using the same units used to express the concentration of fluorophore, typically liters. 
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