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Abstract: (275 words) 

Mutations in, or misregulation of, Tp53 are found in approximately 50% of all cancers. p53 

functions by ensuring that cells with irretrievably damaged DNA undergo apoptosis. When p53 is 

non-functional in cells that may also be undergoing uncontrolled cell growth (due to other 

mutations), cancer readily emerges. Consequently, restoring the function of misregulated and 

mutated Tp53 is an incredibly important goal in therapeutic oncology. Tp53 mutations often induce 

conformational changes that inhibit the protein’s ability to engage its DNA response element. 

Small molecule refolding guides could theoretically restore the proper shape and activity, but this 

is a far more challenging design problem than the typical paradigm of designing enzymatic 

inhibitors. Consequently, it is unsurprising that there are no approved p53-targeting drugs. COTI-

2, a thiosemicarbazone with orphan-drug status for ovarian cancer, has proven an effective 

cytotoxic agent against various cancer cell lines in vitro, exhibited efficacy in vivo, and has 

demonstrated a good safety profile in Phase 1b human clinical trials. The proposed mechanism—

direct engagement and refolding of mutant p53—has been derived from a combination of cell-

based assays and transcriptomics data. We propose that this is an unlikely mechanism of action, 

and that instead COTI-2 is acting as a selective, well-tolerated, zinc chaperone to replace zinc ions 

lost to p53 mutants’ deficient zinc-binding. We discuss that COTI-2 likely also works through 

other mechanisms but demonstrate that zinc-binding is necessary for the exceptional bioactivity. 

The promising therapeutic potential of this molecule and additional evidence for its zinc chaperone 

activity is discussed. This would make it the first well-tolerated zinc chaperone with 

pharmacological implications not only for cancer but for other zinc deficiency-related diseases. 

 

Keywords: restoration-of-function, metallochaperone, apoptosis, personalized medicine, 
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Introduction 

The tumor suppressor gene Tp53 plays a pivotal role in regulating cell fate, acting as a 

shield against tumorigenesis by directing irretrievably damaged cells toward apoptosis.1-3 The 

protein functions by tetramerizing (from dimeric subunits in solution) at specific DNA sequences 

in the nucleus, initiating protein expression.4-5 One of the expressed proteins (p21) then arrests the 

cell cycle at the G1/S transition, stimulating DNA repair; should this fail, other p53-promoted 

pathways initiate apoptosis.4 The ability of p53 to destroy damaged cells is so critical that over 

50% of all cancers have a Tp53 mutation: without this mutation, the cells (regardless of the nature 

of other mutations) would have been slated for apoptosis and would not have proceeded to form a 

tumor.6-9 Some studies go further, proposing that specific Tp53 mutations cause the protein to gain 

additional functionality to drive tumorigenesis in addition to losing its regulatory activity.7, 10 

Hotspot mutants of the protein have consequently been of significant interest as a target for the 

generation of drugs that can either restore its function,1, 6, 11 or inhibit the pathways that lead to its 

degradation;12-15 these drugs, should they prove successful, could potentially combat a significant 

number of cancers. It is, however, far more complicated to ensure proper protein folding than it is 

to inhibit a typical enzyme,16 and this approach has not yet found clinical success. 

p53 is a multi-domain protein comprising a series of protein-binding motifs in the N and 

C-terminal regions, including the tetramerization domain that allows for the formation of a stable 

complex around a central DNA-sequence binding domain.17 This domain includes a zinc-binding 

site. The Zn2+ ion is non-catalytic—its role is simply to ensure the proper tertiary folds are formed 

to provide the sequence specificity.18 However, the loss of zinc unfolds this protein providing a 

different control mechanism for p53 regulation—zinc concentration. Unfortunately, this reliance 

on the cationic cofactor also makes the protein sensitive to mutations that can disrupt zinc 

binding.19-20 The most prominent Tp53 hotspot mutations include R175H and R273H, residues 

found in the DNA-binding domain near the zinc-binding site.7, 21-24 The former is a structural 

mutant, causing conformational distortions that compromise zinc binding without interfering with 

the DNA binding capacity.18-19, 25 The latter is at the DNA-interface and inhibits binding to DNA.7, 

26-27 Both mutants disrupt p53’s ability to modulate regulatory pathways.7, 26-28  

 Among various potential therapeutic strategies, small molecule reactivation of mutant p53 

is potentially feasible.1, 8, 11 Various reagents restore inactive mutant p53 to wild-type activity, but 

the precise mode of action remains unknown. Crystallography, while crucial for protein structure 
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determination, doesn't fully capture protein behavior, especially if the key interactions are weak 

and highly dynamic and the protein complex is large and effectively impossible to crystallize in 

its native state.29 Experimental structural biology can be complemented by computational 

modeling to provide insight into the mechanism.29 Combining these methods has led to the 

identification of the Y220C reactivation pocket (Figure S1A),30-31 the L1/S3 binding pocket 

(Figure S1B),32 and the S6-S7 pocket of the V143A mutant (Figure S1C).33 These sites have been 

targeted with multiple small molecules with varying success such as CP-3139834, STIMA-135, 

PRIMA-136, and GK02723 & CD04879 (Figure 1).37-38 

 

Figure 1. Structures of several p53-targeting drugs discussed in this report. 

 

Despite this preclinical progress, p53 is still generally considered “undruggable;”1, 39 

however, two compounds with proposed reactivation activity have entered clinical trials: APR-

246 and COTI-2.40 APR-246, a covalent trap-containing molecule, is methylated PRIMA-1, this 

modification enhancing membrane permeability.17, 41-42 APR-246 has been proposed to refold 

specific mutant p53s, reactivating them while showing tolerable toxicity.17, 41-44 These inferences 

have been built on biochemical and cell biology results; however, recent data has shown that it is 

active even in p53-deficient cells,45-46 and that activity is in fact independent of p53 mutation state, 
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and that the covalent trap drug seems to act through a non-specific inhibition of many different 

proteins.47 The second drug, COTI-2 has also been proposed as a p53-mutant refolding chaperone, 

but there is a dearth of data demonstrating target engagement; furthermore, although there is 

suggestive data, the precise mutants susceptible to treatment remain unconfirmed. However, the 

preliminary Phase 1b clinical data has been promising showing that it could help patients.48-50  

COTI-2 is a third-generation thiosemicarbazone introduced by Cotinga,49 and developed 

using the CHEMSAS computational tool.51 It has potent cytotoxic (reported single-digit nM in 

standard MTT assays) activity against a wide range of human cancer cells.51-52 COTI-2 has also 

been shown to be effective in vivo, and is the first thiosemicarbazone to enter Phase 1 clinical 

trials.1, 49, 51 Currently, Phase 1b trials have been successfully completed for both gynecological 

and head and neck squamous cell carcinoma (HNSCC) showing safety,48-50 and the drug has 

orphan status from the FDA for ovarian cancer.53 COTI-2 works synergistically when combined 

with cisplatin or radiotherapy, precisely the result expected for a p53-restoration-of-function 

molecule.48-50 The capacity of COTI-2 to restore function to p53 mutants in HNSCC tumor cells 

was demonstrated using chromatin immunoprecipitation experiments.49, 54 Additionally, COTI-2 

augments the expression levels of the p53 down-regulator MDM2. However, a proteomic analysis 

of COTI-2 exposure in some cell lines reveals changes in expression levels of targets independent 

of the p53 pathway, primarily downstream products of the mTOR pathway, suggesting that there 

is also a p53-independent mechanism of action.49 

The anti-proliferative activity of COTI-2 is more potent on cell lines with mutant p53 than 

on cells with wild-type p53, supporting some form of mutant activity restoration. Exposure to 

COTI-2 was shown, using conformation-specific antibodies, to induce a conformational change 

of mutant p53 in SKBR3 (Tp53R175H) cells into a conformation more in-line with the wildtype.55 

Along with these results, biophysical surface plasmon resonance (SPR) data provides target 

engagement evidence that COTI-2 can bind to both full-length and DNA-binding domain-only 

mutant p53 forms, although admittedly only with a weak KD at the μM level, three orders of 

magnitude below the cytotoxic dose.55 The mode of action consequently remains unclear.17, 43  

The structure of COTI-2 might provide some clues. As a thiosemicarbazone proximate to 

nitrogen heterocycles, one would expect it to have strong chelating capacity for metals, particularly 

iron, copper, and zinc.48, 51 There is biochemical evidence that COTI-2 can be inactivated by 

copper.56 However, of these metals, zinc is particularly interesting as it is crucial for proper p53 
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protein folding: the zinc ion is coordinated by C176 and H179 from the L2 loop and by C238 and C242 

from the L3 loop. Loss of the zinc ion causes these loops to unfold, inactivating p53. Mutations in 

these coordinating amino acids eliminate p53 function, while mutations in nearby residues reduce 

zinc affinity, decreasing protein stability, by misaligning these amino acids.18-19 Among structural 

mutations, Tp53R175H is the most frequent; severely affecting p53 stability and function.10, 23, 57 

Zinc binding by COTI-2 has been dismissed based on some preliminary biochemical studies,49 

but this conclusion seems highly unlikely based on the fundamental co-ordination chemistry of 

this functional group.  

ZMC1 is an established zinc metallochaperone that restores the activity of zinc-binding 

mutants of Tp53.58-59 ZMC1 acts as a zinc ionophore, transporting zinc ions into the cells, and 

then buffering zinc to reactivate p53 zinc-binding mutants.19, 58-59 ZMC1 binds Zn2+ ~100-fold 

stronger than serum albumin and thus can readily strip the metal from the latter source.20 The zinc 

affinity of ZMC1 has been measured to be 81 nM by stoichiometric titration;60 metallochaperones 

for p53 should have Zn2+ Kd values on the order of 10-50 nM to ensure facile transfer to the protein, 

but still bind well to the metal. This is lower than zinc affinity at the native p53 site (Kd1 ≈ 2 nM) 

but far higher than affinity at mutated sites when in the induced zinc-free conformation where the 

histidines drop away from one another making the required tetravalency impossible (Kd2 ≥ 1 μM).61 

This suggests that if it could localize to the nucleus, ZMC1 could unload zinc to favour a native-

like fold in the p53 (which would then have an affinity value for DNA closer to the wild-type). An 

equilibrium dialysis experiment supported the contention that ZMC1’s activity did not involve a 

direct interaction with the p53-DNA binding domain (DBD). This evidence combines to suggest 

that ZMC1 activates mutant p53 by restoring normal zinc loading, raising intracellular (and 

potentially intranuclear) zinc concentrations, and improving zinc binding to DBD, rather than via 

traditional drug-protein binding and modifying protein function/conformation.20, 62 Das and 

Mukhopadhyay's study employing various computational techniques implies that ZMC1 may not 

directly interact with the p53-DBDR175H mutant but could bind to the p53R175H mutant at the L2-

L3 region, forming specific interactions with neighboring residues R174 and P190.63 This would not 

have been observed with a truncated DBD mutant, but might explain co-localization. 

 Although there appears to have been no previous joint consideration of the drug COTI-2 

and the probe molecule ZMC1, the shared co-ordinating motif encouraged us to investigate 

whether COTI-2 likewise acts through a zinc-dependent mechanism and perhaps acts as a 
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metallochaperone instead of a structural binding refolder of p53. After all, p53R175H, reduces but 

does not abrogate zinc binding, if a drug could restore the presence of zinc, p53R175H could recover 

the conformation, and likewise the function, of the wildtype. The lack of any previous convincing 

target engagement data for COTI-2 makes this a worthwhile mechanism for investigation, and we 

employed a variety of computational and experimental methods to demonstrate that zinc mediation 

is a likely mechanism of action. 

 

Materials and Methods 

For additional details beyond those described here, please see the supplementary 

information. 

Synthetic Chemistry 

For the general experimental protocol, including instruments used for analysis, purification 

and source of reagents, and the synthesis of COTI-2, Zn(COTI-2)2 and Ru(COTI-2)2  please see 

the supplementary information (Scheme S1). The synthesis was modified from the published 

patents.64-65 

Cell Culture and Biological Assays 

Human cell lines were purchased from the American Type Culture Collection (ATCC, 

Manassas, VA, USA) including HCT116 (colon cancer) cells, SKBR3 (breast adenocarcinoma) 

cells, KLE (endometrial cancer) cells, Capan-2 (pancreatic cancer) cells, and H1299 (lung) cells. 

HCT116 cells were cultured in DMEM, KLE cells in DMEM/F12 media, and Capan-2 and SKBR3 

cells in McCoy’s 5 A medium (Thermo Fisher Scientific). All culture media were supplemented 

with 10% Fetal Bovine Serum (Millipore-Sigma, F1051) and 1% Penicillin-Streptomycin (10,000 

U/mL). Cell cultures were maintained at 37 °C in a 5% CO2 environment. For additional 

information on cell culture and the CETSA and cycloheximide chase assays, please see Sections 

1.3 and 1.4 of the Supporting Information. 

Statistical Analysis  

All the graphs, calculations, and statistical analyses were conducted using GraphPad Prism 

8.0.2. (263) for Windows (GraphPad Software, Inc, Boston MA). A two-way ANOVA, Dunnett's 

method, was used to compare the means of each treatment group with the control group, allowing 
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for multiple comparisons. Each data point was presented as the mean ± standard deviation, with 

statistical significance indicated by P values of 0.05 or less. 

Isothermal Titration Calorimetry 

Calorimetric experiments were performed employing a low-volume reaction cell Affinity 

calorimeter from TA instruments. Zn2+ and Ru2+/3+ solutions were prepared at 0.1 mM 

concentration in distilled water and 1% DMSO. COTI-2 was diluted to a final concentration of 

0.1 mM in distilled water and 1% DMSO. All measurements were carried out at 25 ºC. Each 

titration comprised fifty 1.5 μL injections. The cell was loaded with the metal ion solutions at 0.01 

mM concentration, and the syringe with the COTI-2 solution. All injections were performed using 

an initial injection of 1.5 μL followed by 49 injections of 1.5 μL of 0.1 mM COTI-2. The data 

were analyzed with the TA NanoAnalyze software package, excluding the first data point in the 

fit calculations. Thermodynamic parameters were calculated using the equation ∆G = ∆H − T∆S 

= −RT(ln K), where ΔG, ΔH, and ΔS represent changes in free energy, enthalpy, and entropy of 

binding, respectively, R is the ideal gas constant, and K is the equilibrium constant for the process. 

Computational details 

For a detailed discussion of the computational methods, please see section 1.5 of the 

Supporting Information. 

 

Result and discussion 

COTI-2 is cytotoxic against human cancer cell lines. 

As a first step, we sought to confirm that our in-house synthetic batch of COTI-2 (>99.5% purity) 

acted the same as the material used in previous reports (99.0-99.9 % purity); we have found 

discrepancies with reagents used in other studies conducted by our group where we identified that 

activity previously reported by others likely arose from impurities in the sample.66 We found it 

difficult to find published characterization data, and it is provided here as a courtesy to readers.i 

COTI-2 sensitive cell lines were treated with the drug for 72 hours (Figure 2). As per reports from 

the Duffy group,55 COTI-2’s cytotoxicity appeared largely independent of Tp53 mutation status, 

and it was active at low nanomolar concentrations. The IC50 values are generally consistent, if a 

 

i . For research quantities of COTI-2, please contact the corresponding author; these are available on a collaborative 

basis to the community while supplies are present. 
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little bit higher, than previous reports;51, 55 however, this deviation is well within expected lab-to-

lab variability. The synthetic batch prepared in our lab appears to have the same activity as that 

previously generated, and the previous activity is not due to the presence of a synthetic impurity.  

 

Figure 2. COTI-2 is cytotoxic and works through an apoptotic mechanism. A) COTI-2 induced 

cytotoxicity on different human cancer cell lines with 72 hours exposure to the drug. The IC50 

values were interpolated from the curves fit to the data using GraphPad Prism 8. The IC50 values 

in the table are in nM. The graph shown represents data from at least three different technical 

replicates each of three different biological replicates, involving different subcultures of cells 

collected on different weeks. Error bars represent the standard deviation of these nine 

measurements. B) Flow Cytometry Analysis of Annexin V-FITC/PI (PE) Experiment, arising from 

three biological replicates. Representative data plots are provided in the SI as Figure S3. 

Based on the IC50 value findings, COTI-2 demonstrated effectiveness in killing cells at 

low nanomolar concentrations. The cell-killing effect of COTI-2 was further assessed using a 

clonogenic assay, a common method to evaluate the efficacy of cancer treatments in reducing 

tumor cell survival. Following treatment with COTI-2, cells were allowed to grow in the absence 

of COTI-2 to assess the level of cell death induced by COTI-2 compared to the control (Figure 

B

A

1299p53-nullKLER175HSKBR3R175HCapan-2R273HHCT116WTCell Linep53 status

21.656.0102.737.052.2IC50 (nM)
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S2). COTI-2 decreased the viability of the KLE cell line by over 50% at a concentration of 40 nM 

compared to the vehicle control, completely in line with the MTT assay. The reduction in cell 

viability was further supported by the observed decrease in cell colony formation following COTI-

2 treatment at various concentrations. 

We then confirmed the apoptotic potential of COTI-2; if acting through a p53-related 

pathway, this would be the expected mechanism of cell death (Figure 2B, Figure S3). Using the 

Annexin-V FITC/PI flow cytometry assay,68 most cells remained viable at the 24 hour mark (as 

they did in the MTT assay, this is expected) with increased progression to apoptosis at 500 nM 

compared to the untreated control. Further increases in drug concentration did not meaningfully 

shift the ratios of the cell populations, supporting an apoptosis-directed mechanism of toxicity. 

This evidence is all in line with the analyses of others proposing a p53-related pathway; however, 

this does not necessarily imply direct target engagement at the molecular level. 

 

COTI-2 does not appear to directly engage p53 

It has been generally supposed that COTI-2’s activity arises from its direct interaction with 

mutant p53 to induce a return to wild-type folding and functionality; however, it is unclear how 

that occurs.17, 49, 55 One of the challenges in studying a drug against p53 using any in-cell assay is 

that one is almost always inevitably measuring downstream events rather than direct target 

engagement. Cell-free assays are challenging as the protein has no enzymatic activity, and the drug 

target may be the tetrameric-p53 (Tet-p53) complex with DNA rather than a single domain or 

dimer of p53 in solution,4 complicating biophysical analysis. Indirect surrogate measurements of 

differential drug effects on p53 mutants are confounded by all the other differences between cell 

lines other than their Tp53 status. Consequently, we treated H1299 cells, a viable Tp53 double 

knock-out line, with COTI-2 as a negative control. We intended to use this cell line as a stable 

vector to explore COTI-2’s efficacy against different Tp53 mutants, aiming to transfect the cells 

with a series of Tp53-mutant-bearing plasmids. The unexpected high efficacy of COTI-2 against 

this Tp53-null cell line redirected our work. If COTI-2 functions primarily by engaging p53 or 

Tet-p53, then one would expect a Tp53-null cell-line to be resistant to effects. This is clearly not 

the case: COTI-2 was most toxic to this cell line. The mechanism of COTI-2 cannot be even 

primarily through a direct engagement with p53. 
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A comprehensive examination of the literature, both academic, patent, and internal Cotinga 

data does not provide any experiment that conclusively demonstrates target engagement. The 

assumption that the effect stems from direct interaction seems to emerge from biochemical, 

transcriptomic, phenotypic, and metabolomic assays that show an effect consistent with the 

restoration of p53 function. All extant evidence measures downstream effects rather than p53 

engagement itself and does imply that mutant p53 activity is restored in the presence of COTI-2 

in a dose dependent manner. However, this hypothesis is not supported by the data. 

There is a single SPR experiment,55 but this is less convincing than it could be; it shows 

that both full-length p53R273C and DBD-only p53 (DBDR175H) interact with COTI-2 with Kd values 

on the order of single digit μM with very short residency times.55 However, the drug is effective 

at doses as low as single digit nM. This suggests that activity is unrelated to p53 binding, and that 

the binding observed is weak if present at all. However, as this was done with a monomer (it being 

difficult to envision preparing a stable tetramer with DNA in sufficient purity and with sufficient 

stability to analyze by SPR), this data is difficult to interpret as it is unclear if engagement with 

monomeric p53 is biologically meaningful. Consequently, we sought alternative methods to 

demonstrate evidence of target engagement. 

Thermal shift assays fail to show evidence of target engagement 

The cellular engagement thermal shift assay (CETSA) confirms target engagement as 

small-molecule binding almost universally increases the stability of a protein target, raising the 

thermal stability of the protein.69-70 The effect should be apparent as both a function of drug 

concentration at a constant temperature, or a function of temperature at a constant drug 

concentration. The effect should also be apparent across multiple cell lines if the candidate drug 

can co-localize with the target protein and avoid cellular metabolism over the timeframe of the 

study. CETSA assays can also be conducted on cell lysates should metabolism prove a problem. 

CETSA is certainly not appropriate for all proteins—especially low abundant multidomain 

proteins like Tet-p53,71 but this objection is not sustained as CETSA has been successfully, and 

repeatedly, used under the same conditions we applied for Tet-p53–probe molecules that do bind 

the protein directly.72-73 We examined HCT-116, SKBR3, Capan2, and KLE cancer cells with their 

different p53 mutants under many different CETSA conditions (Figures S4 & S5).  

In total, we ran over 100 independent CETSA experiments under a variety of different 

parameters (cell lines, temperature gradients, incubation times, drug concentrations, cell 
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incubation conditions, lysis conditions, denaturation conditions, etc.); in none of the studies did 

we see any clear evidence of target engagement, and thermal stability was never reproducibly 

different from the DMSO vehicle. This same null-result was obtained whether we conducted 

CETSA on the whole cell, or on the lysate.73-74  

The cycloheximide chase assay fails to show evidence of target engagement. 

 Cycloheximide blocks protein translation, preventing a replenishment of protein. This 

allows one to measure protein half-life; or to determine if half-life is extended through binding to 

small molecules.75-77 The cycloheximide assay has been used to demonstrate target engagement 

with Tet-p53 in the past.76, 78 As with the CETSA, we see no increase in stability in the presence 

of COTI-2, even at concentrations over a 1000-fold higher than the effective concentration 

(Figure S5c & S6). 

Although these experimental assays failed to show potent interactions between Tet-p53 

and COTI-2—expected to be observed if the drug works by binding to induce a refolding—they 

are consistent with weak transient engagement should the drug work through an alternative 

mechanism. To explore where COTI-2 might interact, we turned to in silico investigations. 

In silico analyses do not support the existence of a high affinity direct interaction between COTI-

2 and Tet-p53 

Mutations in Tp53 likely only matter if they affect the assembly or conformation of the 

tetramer-DNA complex.79-80 Analysis is complicated as we do not know where on Tet-p53 COTI-

2 might bind; for our study we assumed that the drug binds somewhere on the structurally well-

resolved DNA-binding or tetramerization domains rather than on the disordered linkers or protein 

termini. This assumption is reasonable based on the mutants affected, but is also technically 

necessary, as accurate sampling and screening of small molecule binding to these conformational 

dynamic unstructured domains is not currently feasible. 

To find likely sites for binding to the properly folded Tet-p53WT bound to the requisite zinc 

cofactors and DNA sequence (WT-Zn), we employed the Schrödinger SiteMap tool (Schrödinger 

Release 2021-3, New York, NY, USA) on the structure of the full length Tet-p53 structure 

developed by Amaro,81 based on the crystal structure (PDB: 3TS8) reported by Halazonetis;82 this 

led to the identification of two feasible binding sites, both positioned proximate to the DNA: Site-

1 and Site-2 (Figure 3).  
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Site-1 sits between p53 monomers A and B in the DBD directly adjacent to their zinc 

atoms. Site-2 is in an analogous position between monomers C and D (Figure 3). These sites 

overlap with the site, previously identified by Gomes and colleagues, as the target for p53-binder 

SLMP53-1,83 which acts by compensating for the loss of a DNA-contact in p53K280X mutants to 

restore DNA-binding.72  

Binding pockets can be crudely categorized as “druggable”, “difficult”, and 

“undruggable.”84 Undruggable sites are small and highly hydrophilic, difficult sites are a suitable 

size but largely hydrophilic, while druggable sites are appropriately sized and more hydrophobic. 

SiteMap ranks sites taking these features into account to generate a Dscore. Binding pockets with 

Dscores lower than 0.83 are likely “undruggable”, pockets with Dscores above 0.98 are 

“druggable”, and those with Dscores in between are “difficult”.85 For WT-Zn, the Dscore of Site-

1 is 0.83 and that of Site-2 is 0.82. When the zinc ions are removed (WT-noZn), the Dscore of 

Site-1 rises to 0.98. Therefore, Site-1 could be a potential binding site for binding COTI-2. 

 

 

Figure 3. Potential binding sites of Tet-p53 explored and characterized using SiteMap; A) Relative 

positions of Site-1 (left) and Site-2 (right) in the Tet-p53–DNA pentaplex; B) expansion of Site-

1; C) expansion of Site-2. Hydrophilic regions are divided into hydrogen bond donor (green) and 

acceptor (yellow) regions. The white spheres denote SiteMap points that are placed into a 4 Å grid 

B) C)

A)
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and used as a binding site for docking COTI-2. The images are colour coded: p53 units A (orange), 

B (red), C (cyan) and D (blue) and DNA (purple). 

 

We used the Schrödinger suite to perform induced-fit molecular docking of COTI-2 at 

Site-1. In all cases of our preliminary analysis, the binding at Site-1 was far stronger than the 

binding at Site-2 so the latter was not considered in detail. The poses were ranked by the Glide 

docking score (Table S1), and the lowest energy pose was feasible by inspection (Figure 4).  The 

proposed binding mode for COTI-2 at Site-1 for WT-Zn, WT-noZn and mutants R175H-Zn, 

R175H-noZn, R273H-Zn and R273H-noZn are presented in Figure 4. COTI-2 interacts with 

both monomers A and B and the DNA in all structures. The calculated log P value for COTI-2 is 

2.9, indicating moderate lipophilicity.56 The bulky hydrocarbon components of the molecule are 

available to interact with M243 in both units and L137 and C242 of monomer A in WT-Zn (Figures 

4A and S7A). The docking scores for the binding of COTI-2 to WT-Zn and WT-noZn are −5.2 

and −8.43 kcal/mol, respectively (Table S1). This difference arises because removing the zinc 

atom allows for a relaxation of loop-3 (L3)—containing zinc-binding C242—by over 1 Å, which 

allows for M243 to swing into position to make an H-bond with the sulfur atom of COTI-2 (Figure 

4B). Likewise, this scissors open the gap between L2 and L3 (previously glued together by zinc) 

exposing the DNA for a better interaction with COTI-2 (Figures 4C & S7B). A similar pattern, 

and affinity, is observed with zinc-binding mutant R175H (−7.25 and −8.49 kcal/mol, respectively 

for R175H-Zn and R175H-noZn; Figures 4D, 4E, 4F, S7C & S7D). COTI-2 has only poor 

affinity for either form of the DNA-binding mutant R273H (Figures S7E & S7F). Regardless, 

even the best docking scores here are moderate, and single digit nM affinity would not be expected 

from any of these binding modes.  
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Figure 4. Visualization of the predicted binding mode of COTI-2 at Site-1 with A) WT-Zn; B) 

WT-noZn; C) superimposition of the previous two panels—WT with (pale green and orange) and 

without Zn (dark green and yellow); D) R175H-Zn; E) R175H-noZn structures; F) 

superimposition of the previous two panels—R175H with (pale green, orange) and without (dark 

green and yellow) Zn. Colors: COTI-2 (pale green in structures with Zn, and dark green in 

structures without Zn), H-bond (yellow dash), hydrophobic bonds (brown dash), π-cation (dark-

green dashed), p53 units A (orange/yellow), B (red) and DNA (purple). 

 

There is no evidence that COTI-2 directly engages p53 at the high affinity suggested by the 

potent activity. 

Both the CETSA and cycloheximide chase assays are designed to specifically identify 

protein-ligand engagement. Neither one suggested that binding occurs. Like others working with 

Tet-p53, we recognize that direct biophysical tools are challenging to employ,86-88 but both CETSA 

and cycloheximide have been used routinely.72, 89-91 We could find no examples of these two simple 

assays being employed for COTI-2; it is possible that the results did not support the hypothesis 

that COTI-2 binds p53, the major consensus in the literature, and so were not reported in the 

relevant studies. The computational study also failed to suggest a strong binding mode to the 
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protein. It is important to note that these studies do not mean that COTI-2 does not bind p53/Tet-

p53, but rather that the affinity is not sufficient to explain the nM efficacy of the agent; these 

negative results, coupled with the potent cytotoxicity against a p53-null cell line, strongly suggest 

that it is unlikely that the observed activity is through direct binding to p53. The basis of activity 

most likely lies elsewhere even if it generally still correlates strongly with p53 mutant status. 

 

Synthesis and characterization of the Zn(COTI-2)2 complex 

If direct binding and the induction of refolding is not indicated, what other mechanisms 

could be operable?17, 49, 55 Zinc homeostasis is essential for p53 activity and regulation.18-20, 25, 62 

As discussed above, the zinc metallochaperone ZMC1, which works by modulating zinc levels in 

cells, shares the pyridinyl-thiosemicarbazone functional group with COTI-2. Although dismissed 

in a previous study, we firmly believe that COTI-2 must bind zinc, and so we investigated COTI-

2’s affinity for the ion.  

ZMC1 forms complexes with Zn2+ in a 2:1 ratio,60 confirmed by the X-ray crystal structure 

of the Zn(ZMC1)2 complex where the two deprotonated ZMC1 molecules bind to Zn2+, forming 

a neutral octahedral complex at the thiosemicarbazone, typical of the functional group.92 This 

trivalent co-ordination is provided by the thiocarbonyl sulphur anion, the thiocarbonyl 𝛽-nitrogen, 

and pyridinyl nitrogen.61 The Kd values of ZMC1 with zinc was measured to be ~3 × 10−8 M by 

stoichiometric titration.60 Substituting the thiocarbonyl group with a carbonyl group reduced zinc 

affinity by about 100-fold (Kd=1.1 × 10−6 M).60 

Based on structural similarity (Figure 4 & Video. S1), one would expect similar values for 

zinc-binding with COTI-2. These have never, to the best of our knowledge, been measured. We 

accessed Zn(COTI-2)2 by treating two equivalents of COTI-2 with one equivalent of ZnCl2 in 

refluxing ethanol in the presence of  excess triethylamine to induce tautomerization (Error! 

Reference source not found.). An X-ray crystal structure of the resultant complex was obtained 

from small crystals generated from recrystallization of a toluene solution (Figure 5C, Figure S8 

& Table S2).  
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Figure 5. (A) Synthesis of mer-Zn(COTI-2)2, (B) Structure of mer-Zn(ZMC1)2 and (C) The 

labeled diagram of the X-ray crystal structure of Zn(COTI-2)2 (thermal ellipsoids are at the 50% 

probability level); the two COTI-2 molecules sit perpendicular to each other around the zinc atom. 

Note that in the literature, the Zn(ZMC1)2 complex was drawn as being in the fac- configuration 

although the accompanying crystal structure has it in the same mer- form as determined for mer-

Zn(COTI-2)2.60 (D) Dissociation of Zn(COTI-2)2 and Zn(ZMC1)2 complexes into the ligand 

and metal species, and (E) different possible isomers of COTI-2.  

A) B)

C)

D)

E)
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The asymmetric unit comprises one crystallographically unique molecule of mer-

Zn(COTI-2)2  in which the Zn(II) displays octahedral coordination geometry with four 

coordinated N atoms in the equatorial plane and two axial S atoms from the two tridentate COTI-

2 ligands. The four Zn-N bond lengths can be split into two Zn-pyridinyl N bond lengths—2.205(2) 

and 2.273(2) Å—and two shorter Zn-imine bond lengths—2.158(2) and 2.133(2) Å—potentially 

reflecting stronger bonding of the imine-N to the Zn(II) site (Table S3). The Zn–S distances 

(2.4305(6) – 2.4685(6) Å) are a little longer, as expected for the larger S atom. These values for 

Zn(COTI-2)2, are similar to those in Zn(ZMC1)2: 2.13, 2.21 and 2.45 Å.61 The C–S bond lengths 

(1.723(2) – 1.730(2) Å) are closer to typical C–S single bonds (1.74 Å) than C=S bonds (1.65 Å), 

indicative of substantial single bond character, which supports tautomerization of COTI-2, and 

anionic thiolate character. The same effect is seen in Zn(ZMC1)2. 

The crystallographically determined structure may not necessarily reflect the solution-

phase or isolated nature of these molecules: intermolecular interactions, by definition, will distort 

the structure from what would be found in the physiological environment. To explore these 

differences, we employed density functional theory (DFT).  

Ligand-metal dissociation energies from DFT calculations and the design of alternative 

complexes 

The optimised geometry of Zn(COTI-2)2 in the gas phase remains very similar to that in 

the crystal structure (Table S3). What is also clear is that it is highly similar to Zn(ZMC1)2, 

including the expected ligand dissociation energies (LDE, 73.65 kcal/mol for ZMC1, 78.95 for 

COTI-2). The latter are a bit tougher to calculate as we are not looking at complex disassembly, 

nor are we looking at the cleavage of a single bond, but rather we need three bonds simultaneously 

to release to remove a ligand from zinc. This is an unlikely event and leads to very strong bonds 

between the ligand and the zinc (Figure 5D). Blanden and colleagues experimentally attempted to 

measure ZMC1 binding with Zn2+ using a competition assay with a fluorescent zinc chelator, 

estimating a Kd of 3 × 10−8 M. We chose to measure the affinity of COTI-2 for zinc directly using 

isothermal titration calorimetry (Figure S9A); this provided a similar estimate of affinity, with a 

measured Kd of 6.58 × 10−8 M. The accuracy of ITC measurements are generally far higher than 

fluorescent displacement assays.93-94 
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In 2020, Synnott and colleagues showed, using SPR, that COTI-2 may be able to interact 

with both full-length p53R273C and DBDR273C —though with Kd values on the order of 10−6 M.55 

The SPR data is not as noise-free as one would want, and this is a very low affinity for a drug that 

is proposed to work at concentrations of 10−9 M. This Kd is also far higher than the zinc-binding 

affinity of COTI-2. It consequently seems unlikely that the actual intracellular drug is COTI-2. It 

is far more likely that it is Zn(COTI-2)2.  

p53WT has a zinc affinity lower than 10−10 M, which is the limit of detection for many extant 

methods. DBDR175H has an affinity of approximately 2 × 10−9 M for zinc, although a second, non-

native binding value of 10−6 M was also measured; zinc levels above this point are expected to lead 

to misfolding as well due to reorganization around this second site.61 These affinities are on the 

same order, but slightly tighter, than the zinc affinity of the two synthetic zinc metallochaperones. 

There is a lot of zinc inside cells: 200 μM,95 but it is quantitatively tied up by strong zinc binders, 

like p53WT, with Kds generally on the order of 10−11 M (10 pM).96 Furthermore, cells generally 

keep approximately 30 μM of excess high-zinc binding ligands available.97 This keeps free 

intracellular zinc concentrations at the order of 1–100 pM—these parameters imply that p53 zinc-

binding mutants are generally present in their zinc-free apo state.97 This naturally leads to an 

unfolding of the two key loops in the DBD, and in turn leads to a loss of function.  

The extracellular available zinc concentration is far higher—on the order of 12-16 μM, 

mostly loosely bound to albumin. This acts as a reservoir, but it can be (intentionally) difficult for 

cells to import this zinc into the cells; COTI-2 might be able to facilitate this transfer. 

With all this circumstantial evidence for zinc binding, it is surprising that zinc binding has 

not been previously implicated in COTI-2’s mechanism of action. This is not because it hasn’t 

been considered: in 2019 Lindemann demonstrated that COTI-2 exerts negligible influence upon 

intracellular zinc levels in several HNSCC-mutant Tp53 cells. They proposed that this meant that 

COTI-2 either had low affinity for zinc, or that its mechanism of action in HNSCC cells was 

independent of zinc binding.49 However, the mutants examined were DNA-contact mutants, which 

would have an intact zinc-binding site. We know that the issue isn’t low zinc affinity, but it is still 

possible that Zn(COTI-2)2 would have poor cellular permeability (or retention) in this line and so 

may not be effective. Consequently, we wanted to examine COTI-2’s impact on the KLE cell line 

expressing Tp53R175H whose gene product has compromised zinc binding. 

Zn(COTI-2)2 is cytotoxic against human cancer cell lines. 
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For the reasons discussed above, we believe the active drug is not COTI-2 but rather 

Zn(COTI-2)2, as this would spontaneously form in the zinc-rich extracellular environment, readily 

stripping zinc from serum albumin. If this is the case, we would expect that the Zn(COTI-2)2 

complex premade, would have similar cytotoxicity to the monomer COTI-2, as this supposes that 

the observed cytotoxicity of the supposed monomer has rather been due to the cytotoxicity of the 

zinc-mediated dimer all along. Most MTT assays are conducted with cells grown in typical media, 

and that media includes zinc, so we would expect this effect to be observed even in in vitro assays. 

The same cell lines that were used for the monomer were treated with the metal complex (Figure). 

The IC50 for the complex is lower than for the monomer for cell lines with Tp53R175H—the zinc-

binding mutants. It is a bit higher for the other p53 isoforms (including wildtype), but all these 

differences are small. This similarity in complex and monomer activity corroborates the results 

demonstrated with ZMC1; in that case, the preformed Zn(ZMC1)2 complex was observed to be 

modestly more active in in vivo models than the monomer.61-62 This result also corroborates a zinc-

driven mechanism over direct interaction: if the action of COTI-2 was independent of metal-

binding, but rather due to direct target engagement, one would expect the shape of the dimer to be 

considerably different than the monomer, and so one would expect a significant change in efficacy. 

This is not what we see. However, as suggestive as this data is, it does not prove that action is 

through zinc binding, or even through the dimer. We need to demonstrate zinc metallochaperone 

activity and show evidence that zinc-complexation is required for COTI-2 activity. It is to these 

two questions that we next turned our attention. 
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Figure 6. A) The cytotoxicity of Zn(COTI-2)2 on human cancer cell lines, and its predicted 

binding at Site-1. A) Cytotoxicity graph for the complex. IC50 values were determined from 

maximum and minimum inhibition values and provided below the graph for reference at 

nanomolar concentrations. Viability values were determined from three technical replicates (mean 

± SD, n=3); Predicted binding mode of Zn(COTI-2)2 with B) WT-Zn, C) WT-noZn, D) R175H-

Zn & E) R175H-noZn at Site-1. Colors: COTI-2 (green in structures with Zn, and dark green in 

structures without Zn), H-bond (yellow dash), π-cation (dark-green dashed), p53 units A (orange), 

B (red) and DNA (purple). 

 

There is no computational evidence for a strong association between Zn(COTI-2)2 and Tet-p53 

If Zn(COTI-2)2 is the drug, then the poor affinity of COTI-2 for Tet-p53 discussed above 

is moot. Using the same model, it is clear that Site-1 is sufficiently large and oriented to accept the 

zinc complex; our model predicts that one unit of Zn(COTI-2)2 sits in a similar orientation to 

COTI-2 between p53 monomers A and B (with a bias to stronger interactions with A) while also 

anchoring to the DNA in all of WT-Zn, WT-noZn, R175H-Zn, R175H-noZn, R273H-Zn and 

R273H-noZn structures with docking scores of −5.32 and −9.75, −4.31, −6.85, −5.52 and −4.72 

kcal/mol, respectively (Table S1). In all these structures, Zn(COTI-2)2 forms an exclusively 

hydrophobic interface with both the DNA and units A and B as the hydrophilic side of the molecule 

is tied up in interacting with the zinc ion. Notably, it engages in an H-bond interaction with N239 

of unit B for WT-noZn, a π-cation with R181 of unit A and a salt bridge with R248 of unit-B at 

R175H-Zn and an aromatic H-bond interaction with H179 of unit-A at R175H-noZn (Figure 6B-

E). However, like for COTI-2, none of these affinities are consistent with a strong direct 

interaction explanatory of nM activity. It appears unlikely that even the large Zn(COTI-2)2 

functions through a direct interaction with Tet-p53; the mechanism of action likely lies elsewhere. 

However, these interactions, especially with the zinc-free structures, could lead to a transient 

interaction that could help co-localize Zn(COTI-2)2 or COTI-2 with Tet-p53; metallochaperone 

activity is certainly feasible. 

COTI-2 and Zn(COTI-2)2 increase the intracellular zinc concentration in select cell lines, acting 

as cell-specific zinc metallochaperones 
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If direct interaction is not implicated, then zinc transport and localization might be. The 

ionophoric features of COTI-2 were evaluated using the FluoZin-3-AM zinc indicator in a flow 

cytometry assay.98-99 ZMC1 was employed as a positive control as it has been used in this assay 

before.49 The potent zinc chelator N,N,N′,N′-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine 

(TPEN) was used a negative control.100-101 The flow cytometry analysis was performed to observe 

changes in fluorescence levels within cells upon KLE102 exposure to ZMC1 and COTI-2 alone, 

or in conjunction with Zn(NO3)2 and/or TPEN. The TPEN concentration was carefully maintained 

to prevent any adverse effects on cell viability, and it successfully sequestered all zinc ions without 

showing any toxic effect on the cells. The addition of COTI-2 and zinc to the samples led to 

noticeable alterations in fluorescence emission, demonstrating their influence on the zinc-oriented 

FluoZin fluorescence (Figure 7). The control group showed signs of background fluorescence, 

which might be attributed to the media conditions used previously. Cells were treated with either 

1 µM COTI-2 or ZMC1, in combination with 0.5 µM Zn(NO3)2, maintaining the same 1:2 zinc-

to-drug ratio as in previous research.49 To evaluate the effectiveness of FluoZin fluorescence, we 

conducted an immunofluorescence experiment (Figure S10).  

Compared to the control, treatment with COTI-2 alone led to a significant increase in the 

percentage of FluoZin+ cells, whereas established metallochaperone ZMC1 showed a smaller 

increase (p < 0.05). In these cases, there is plenty of zinc in the media that could be captured by 

the drugs. ZMC1 did elicit a considerable increase in intracellular zinc levels when administered 

in combination with exogenous zinc, but the absolute effect was still lower than for COTI-2 

(Figure 7G, Figure S11a & b).  

Alongside this Tp53R175H mutant cell line (KLE) where we saw a significant effect upon 

introduction of COTI-2, we also investigated the p53R273H mutant-expressing Capan-2 cell line103 

to understand if there is any difference between structural and DNA-contact mutants intracellular 

zinc levels when COTI-2 is applied to those cell lines.49 Our results for this line corroborated the 

work of Lindeman, in that the FluoZin+ cell percentage remained unchanged when COTI-2 was 

applied to Capan-2 cells, while ZMC1 treatment caused a significant increase in the cell 

percentage (Figure S12). This is extremely curious in that there is no clear mechanism by which 

Tp53 status should determine COTI-2 internalization or efflux rates. It is also notable that this 

cell-line specific effect is not observed for ZMC1. This difference could correlate with why 

https://doi.org/10.26434/chemrxiv-2025-ffb6q ORCID: https://orcid.org/0000-0002-4780-4968 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2025-ffb6q
https://orcid.org/0000-0002-4780-4968
https://creativecommons.org/licenses/by-nc-nd/4.0/


  23 

COTI-2 is well tolerated in patients while ZMC1 is not.104 Further studies are underway to better 

delineate the causes and impact of this result and explore additional cell lines. 

Figure 7. COTI-2 affects the intracellular zinc concentration of KLE cells. Intracellular zinc 

levels were assessed through flow cytometry analysis in the presence of FluoZin-3-AM. A) TPEN, 

a zinc blocker, was used as a negative control. Zn(NO3)2 served as a positive control (B) for zinc 

uptake. Tp53R175H KLE cells were subjected to treatment with either COTI-2 (C) or ZMC1 (E) 

and in the presence of Zn(NO3)2 (D & F). The level of FluoZin+ cells was determined using a BD 

LSR Fortessa™ X-20 using the ratio of the wavelengths at 494/516 nm. This image illustrates the 

gating strategy and thresholds and was replicated in at least three independent experiments from 

separate subcultures. (G) The p53R175H mutant KLE cells were treated with either 1 µM of COTI-

2 or ZMC1 in the presence of 0.5 µM of Zn(NO3)2 and/or TPEN. The graph displays the FluoZin+ 

cell population percentages from the flow data. A representative graph was used to depict the result 

of the gating procedure. Mean ± SD was derived from three separate experiments conducted 

independently (p > 0.05 non-significant, p < 0.01 **, p < 0.001 ***). 

Inhibiting COTI-2’s zinc binding abrogates biological activity 

G)

A)

C)

E)

B)

D)

F)
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Based on all this information, we propose that COTI-2 is a modulator of p53 protein function but 

works through a zinc-transport mechanism. If this is the case, then should the zinc-binding of 

COTI-2 be abrogated, but the structure otherwise unaffected, then we should observe a decrease 

in activity. If the structure bound to the p53 and restored activity by inducing protein 

conformational change, there would be no change in the cytotoxicity. Changing the structure (to 

remove zinc binding) without changing the structure (geometry of the molecule) is of course 

impossible to do biochemically but is feasible chemically: should a metal ion of superior binding 

affinity in comparison to zinc occupy COTI-2's metal chelation zinc-binding site, it would retain 

the same shape as the zinc chelate, but prevent zinc association, and consequently neutralize 

COTI-2's ability to transport and chaperone zinc. 

Zinc, cadmium, and mercury, classified as soft metals within the same group of the periodic 

table, exhibit a propensity to assume 2+ oxidation states and form octahedral geometries with 

ligands.105 In a study comparing the affinity of a peptide ligand for the three metals, it was shown 

that mercury (II) possesses the capacity to wholly displace zinc (II), while cadmium (II) exhibits 

the capability to partially supplant zinc (II) in complex ligand structures.106  

Consequently, we optimized the geometry for Zn(COTI-2)2, Cd(COTI-2)2, and 

Hg(COTI-2)2 using DFT to determine the ligand dissociation energies (LDE, ΔG, Table S3). The 

average Zn-N and Zn-S bond distance from 2.14 and 2.45 Å in Zn(COTI-2)2 changed to 2.45 & 

2.78 Å in Cd(COTI-2)2 and 2.58 & 2.69 Å in Hg(COTI-2)2. When we ran the calculations, zinc 

also proved to have the strongest affinity. Working through the periodic table, we identified 

ruthenium (II) as a promising ion, with a predicted LDE of Ru(COTI-2)2 being 111.3 Kcal/mol 

compared to 73.4 Kcal/mol for Zn(COTI-2)2—Ru(II) has a far higher affinity for COTI-2 than 

Zn(II). Following synthesis, we confirmed this theoretical result with isothermal titration 

calorimetry (Figure S9B). The ITC result shows extremely strong binding, with a Kd below the 

limit of the instrument (1 nM). This is far stronger than that observed for zinc (66 nM, Table S3, 

Figure S9A). 

The COTI-2 complex with Ru2+ was synthesized by treating 2 equivalents of COTI-2 with 

one equivalent of RuCl2(DMSO)4 in methanol under N2. The first derivative EPR spectrum was 

broad with a number of poorly resolved shoulders (Figure S32a). These were much better resolved 

in the second derivative EPR spectrum (Figure S32b). Approaches to try and simulate the EPR 

spectrum as a single rhombic species (gx ≠ gy ≠ gz) failed to replicate all the experimental features 
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but a more satisfactory simulation could be achieved using two rhombic species with an 

approximate ratio of 19:7 (Figure S32c). Both sets of EPR spectra were consistent with octahedral 

low spin Ru(III) (gz > gy > 2.0 > gx) with small distortions of the coordination environment. In 

contrast, Ru(II) typically exhibits a 4d6 configuration instead of 4d5 and is EPR inactive in its low-

spin state. Therefore, the observed EPR features strongly suggest that at least some of the complex 

under investigation is in the Ru(III) oxidation state, and it is inseparable from the Ru(II) species 

present. The nature of the oxidation state is likely moot as both the Ru(II) and Ru(III) complexes 

are predicted to adopt the same octahedral geometry (although the Ru(III) species would require 

an additional charge-stabilizing counterion and may therefore affect its ability to pass through the 

cell membrane). This same sample paramagnetism broadens the NMR spectrum making it 

impossible to differentiate multiplicities, however the chemical shifts of the spectrum are 

consistent with a symmetric COTI-2 species in complex with a metal ion. The bond dissociation 

ΔG values for the Ru(III) [Ru(COTI-2)2]+ complex have been calculated, obtaining 107.09 

kcal/mol, very similar to the 111 kcal/mol of the Ru(II) species; the partial oxidation is irritating, 

but consequently is not a problem for this tool compound. We want to emphasize that this 

molecule’s geometry is the same as the zinc complex but simply lacks an ability to chaperone zinc 

as ruthenium coordination is essentially irreversible. 

The cytotoxic effectiveness of the synthesized Ru(COTI-2)2 complex was assessed 

through an MTT assay across multiple cell lines(  

Figure A). We see no toxicity until levels reach the mid micromolar concentrations (  

Figure B). It is two orders of magnitude less toxic than Zn(COTI-2)2 or COTI-2 itself, 

despite ruthenium being a well-established toxin.107 This result is precisely what we would 

anticipate if COTI-2 acts through a zinc metallochaperone mechanism, and is inconsistent with a 

direct p53-binding refolding mechanism. 
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Of course, if Ru(COTI-2)2 interrupts zinc transport, we should see no increase in 

intracellular zinc levels, in contrast to what was seen for COTI-2; this is precisely what we observe  

(Figures S11 & S12).   

Figure 8. Ru(COTI-2)2 is far less cytotoxic than Zn(COTI-2)2. Cell viability percentages were 

measured for (A) various cancer cell lines at low nM concentration and (B) for the KLE cancer 

cell line at higher, μM concentrations. The x-axis is logarithmic. Data for (A) is derived from three 

biological replicates collected on separate days from separate subcultures, each collected in three 

technical replicates (mean ± SD, n=9), the data for (B) from three technical replicates (mean ± SD, 

n=3). 

 

Discussion 

COTI-2 has established single-digit nM efficacy against various human cancer cell lines and yet 

has proven to be safely non-toxic in in vivo models and is tolerated by patients in ongoing Phase 

1b clinical trials; however, its precise mechanism of action remains unclear. It appears that it acts 

through p53, and through restoring function to certain p53 mutants, but it is also generally 

considered that it has additional modes of action. A zinc metallochaperone role has been previously 
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dismissed based on experimental studies.49 This leaves its possible mode of action to be thought 

to be some form of direct binding and induced refolding of the mutant. 

 The current work contradicts this hypothesis. The evidence presented here is that despite 

our best efforts, neither experimental nor theoretical models could establish any evidence of potent 

target engagement one would expect to see for a direct binder functional at single digit nM 

concentrations. We also conclusively demonstrate that COTI-2 unambiguously binds to Zn2+ with 

exceptional affinity. Application of the Zn(COTI-2)2 premade complex results in cytotoxicity data 

similar, and in most cases slightly improved, than for COTI-2 alone. The basic fact of zinc 

concentration in vivo coupled with COTI-2’s zinc affinity makes it unlikely that COTI-2 exists 

as a free monomer in solution; it binds zinc and may make a dimer with another COTI-2 ligand 

or possibly another set of endogenous biological ligands. We note that Ru(COTI-2)2, with the 

same shape and geometry as Zn(COTI-2)2, had greatly diminished (by approximately two to three 

orders of magnitude) cytotoxicity. Similarly, supplementing zinc-binding mutants of p53 with 

extraneous zinc does increase cytotoxicity, although to a lesser extent than adding COTI-2.4 Zinc 

ions do not readily pass freely through the cellular membrane, and mammalian cells, although 

bathed in a relatively zinc-rich extracellular environment in vivo, maintain a very small zinc 

reservoir within the cells; consequently, simple increase in extracellular zinc concentration without 

a mechanism of transporting the zinc into the cells provides little effect. This is essential as zinc 

homeostasis must be tightly controlled within cells97—this is after all why zinc metallochaperones 

can be toxic.25, 108 

 We note that the systemically toxic zinc metallochaperone ZMC1 increased the 

intracellular zinc concentration in the cell lines examined in line with previous reports of the 

molecule. COTI-2, which shares the same zinc binding motif, and has a similar affinity for zinc, 

does not increase the zinc concentration in all cells examined. It appears to have a different cell 

distribution profile to ZMC1. This likely arises from specific structural effects that control COTI-

2’s efflux and ingress into cells, and this differential behaviour is likely correlated with the 

observation that it is tolerated by humans and can be used as a treatment, while ZMC1 has a far 

narrower therapeutic window. It is important to note that simply because COTI-2 does not increase 

the intracellular zinc levels inside Capan-2 cells, for example, does not mean that it is not acting 

as a zinc metallochaperone for those cells (after all, it remains highly cytotoxic against the line), 

simply that it is not accumulating zinc inside the cells. High resolution mass spectrometric COTI-
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2 localization studies are currently underway in our lab to better understand the distribution of the 

drug in different cell lines and will be reported on in due course. 

Furthermore, seeing that it has very potent activity in a p53-null cell line shows that COTI-

2’s effect is not p53-specific—many other proteins bind to zinc, and many other processes are 

mediated by these proteins. Of course, even if COTI-2 interacts through a zinc metallochaperone 

effect, this does not preclude other mechanisms of action. This is consistent with Lindemann et 

al.’s findings which further suggest that COTI-2’s action in HNSCC cells might operate 

independently from zinc chelation.49 More thorough structural biology, biophysics, structure 

activity relationship, molecular biology, and interactome studies are currently underway in our lab 

to better understand these other modes of action. 

 

Conclusion 

COTI-2 is a very potent, but still well-tolerated, anticancer agent that acts, at least partially, 

through restoring function to specific p53 mutants. The evidence does not support that this activity 

arises from a physical binding and refolding of the inactive mutants, but rather through the 

colocalization and deliverance of zinc to mutants that might have lost their ions. This still induces 

a refolding of the mutant to the wild-type conformation, but indirectly rather than directly. This is 

remarkable as unlike other zinc metallochaperones that are not tolerated in patients as they disrupt 

zinc homeostasis more generally in all cells, our preliminary analysis shows that COTI-2 does not 

affect all cell lines. This might underlie its expanded therapeutic window. It is also clear that zinc-

mediation and/or p53 activity are not the only mechanisms of action for this small molecule, and 

other effects are simultaneously active that help define its remarkable biological activity. As p53 

mutants are found in the plurality of cancers, and as there are no approved therapies that engage 

and restore proper function to this protein, COTI-2 deserves special attention. Likewise, although 

refolding misfolded proteins is an extremely difficult challenge, misfolding can arise from multiple 

causes, and restoring the proper binding of cofactors can be a feasible way to restore 

malfunctioning proteins to their proper conformation. 

 

Supporting Information 

The supporting information accompanying the article includes full experimental details for the 

synthesis of COTI-2, [Zn(COTI-2)2], and [Ru(COTI-2)2]. It also includes additional figures as 
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referenced in the text for the biological assay data, computational analyses, and biophysical 

measurements. All computational structures discussed in the article are available on the Borealis 

Dataverse (Borealisdata.ca), a repository jointly operated by the Canadian Universities and 

Research Institutes at https://doi.org/10.5683/SP3/RENQVK. 
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