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DISSERTATION ABSTRACT 

Christine Ellen Force McDevitt 

Doctor of Philosophy 

Department of Chemistry and Biochemistry 

September 2021 

Title: Platinum Induced Nucleolar Stress: A Study of Molecular Level Factors 

 

 Platinum anti-cancer drugs are widely used in the United States being used in 10-

20% of cancer therapy treatments today. These drugs have been in use for many years 

with cisplatin being in use for over 40 years. The mechanism of platinum compounds was 

believed to be through the DNA damage response pathway; however, recently it has been 

identified and confirmed that oxaliplatin causes cell death through ribosome biogenesis 

stress or nucleolar stress. Here we explore the structural and molecular level factors that 

influence why oxaliplatin causes nucleolar stress. Chapter II explores the structural 

characteristics of oxaliplatin that influence why this compound causes nucleolar stress. 

We identify new platinum compounds that also exploit this cell death pathway and find 

that there is a correlation between size and hydrophobicity but that the orientation of the 

ligand strongly influences whether compounds cause nucleolar stress. The orientation of 

the ligand can cause compounds with similar size and hydrophobicity to no longer cause 

nucleolar stress. Chapter III explores the properties of phenanthriplatin, another platinum 

compound reported to cause nucleolar stress, and other monofunctional platinum 

compounds. We found that no structural connection exists between oxaliplatin and 

phenanthriplatin that explain why both compounds cause stress and could indicate that 
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they are working by two different binding events in cells to cause the same outcome. 

Chapter IV further explores the non-labile ligand of oxaliplatin (1,2-diaminocyclohexane) 

and finds that while the addition of a methyl to the scaffold is tolerated, the addition of an 

acetamide causes the compounds to no longer cause nucleolar stress. This further indicates that 

the interaction responsible for oxaliplatin causing nucleolar stress is highly selective and 

could work as a lock and key type mechanism. These structure studies are helpful to 

determine what the constraints for the interaction are but do not identify potential 

biomolecular targets of these compounds. In chapter V we report synthetic work towards 

two click-capable platinum compounds that can be used to directly probe the platinum 

atoms. A second generation click compound utilizing a cyclopropene-tetrazine 

bioorthogonal pair can be used for live cell imaging while an CuAAC oxaliplatin mimic 

could help to uncover the target of oxaliplatin that causes nucleolar stress. Chapter VI 

examines two types of binding that could occur, a bidentate adduct to a biomolecule such 

as a double strand of DNA and a mono adduct such as binding to NPM1, through 

computational modeling. These models illuminate the possibility of asymmetric 

molecules to exhibit flexibility at interfaces particularly when binding to biomolecules 

through a monoadduct. These studies help to illuminate the molecular factors that could 

influence platinum induced nucleolar stress and be used to further understand these 

platinum compounds and their activities as medicine. 

 This dissertation contains published and unpublished co-authored material. 
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CHAPTER I: INTRODUCTION 

Background 

Platinum chemotherapeutic drugs are used in 10-20% of cancer regimes in the United 

States.1 There are currently three FDA-approved platinum anticancer drugs in the US. 

The first drug, cisplatin, was serendipitously discovered when Barnett Rosenberg and 

Loretta Van Camp were studying the effects of electric fields on bacteria.2 When 

performing the study they used a platinum electrode and observed that E. coli cells had 

elongated. After the initial observation (sometimes credited to Van Camp)3–5 it was 

determined that cisplatin was being formed in solution due to the platinum electrode and 

the ammonium buffer and that this compound was responsible for inhibiting the 

bacteria’s cell division.6  This finding  was followed up by testing tumor growth in mice 

and, eventually led to cisplatin becoming the first platinum chemotherapeutic medicine.  

After the discovery of cisplatin, many platinum compounds were synthesized and 

tested for their anti-tumor properties. Of the thousands of platinum compounds 

synthesized, only carboplatin and oxaliplatin have been approved for use in the United 

States.6 Carboplatin was approved in 1989 followed by oxaliplatin in 1996 (Figure 1.1).7 

Although more platinum compounds have undergone clinical trials in the United States 

after oxaliplatin’s approval, none have been FDA-approved. However, a few more 

platinum drugs have been approved in other countries such as 
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Figure 1.1: Pt(II) anticancer drugs currently approved for use in the United States. 

Included are years of FDA approval. 

 

nedaplatin in Japan, lobaplatin in China, and heptaplatin in Korea.8 In the United States, 

other platinum compounds have entered clinical trials but have not been approved such as 

phenanthriplatin.9 Phenanthriplatin structure differs from other approved compounds 

because it is a monofunctional platinum compound. 

 Despite the last platinum drug being FDA-approved more than 20 years ago, 

platinum chemotherapeutics are still widely used. Platinum drugs are used in 10-20% of 

cancer therapies today in conjunction with many other medicines.1 Despite their efficacy 

in stopping tumor growth, these drugs come with many severe side effects. Cisplatin’s 

side effects include peripheral neuropathy (nerve damage), hearing loss (ototoxicity), and 

kidney damage (nephrotoxicity), nausea and vomiting.7 The addition of other medications 

can alleviate some symptoms of these platinum drugs, particularly nausea and vomiting. 

However, some side effects can become permanent with no way to predict whether 

patients will exhibit them as is the case for peripheral neuropathy.10 The side effects of 

platinum drugs severely limits their long term use.  

 Clinical research into cisplatin and oxaliplatin show that these two drugs have 

different side effect profiles and efficacies for different cancer types. Cisplatin is 
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particularly effective against testicular cancer. Since cisplatin was introduced in the 

treatment of testicular cancer along with other drugs, the US death rate from testicular 

cancer has dropped by two thirds.1 Oxaliplatin is known to be more effective against 

colon cancer and lung cancer.7 The reasons behind why these two drugs are effective in 

different cancer types and have different side effects is currently not well understood. 

The mechanism of action for these drugs is believed to be similar to cisplatin 

(Figure 1.2).11 Cisplatin is injected intravenously where the chloride concentration of the 

blood is high. The high chloride concentration inhibits the displacement of the chloride 

ligands of cisplatin. Cisplatin is then transported into the cells using copper transporter 1 

or through diffusion. The interior of the cell has a significantly lowered chloride 

concentration causing cisplatin to aquate. The aquated species is considered the activated 

species. The water ligands can then be displaced in order to bind to biomolecules that 

could include nitrogen, sulfur and oxygen ligands. Cisplatin can bind to many different 

species within cells; however, its activity is believed to be through coordination to 

genomic DNA leading to DNA damage and cell death. Only 1-10% of cisplatin that 

enters the cells binds to DNA while the majority of cisplatin binds to other biomolecules 

as well as small molecules in the cell.12–14  
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Figure 1.2: Cellular uptake and aquation of cisplatin. Diagram by Matthew Yglesias 

 

 

The most well-studied mechanism of action of Pt(II)-based chemotherapeutics is 

the formation of Pt(II) lesions on DNA, which can lead to inhibition of replication and 

ultimately cell death via DNA damage response (DDR) pathways.15 Pt(II) lesions 

primarily form 1,2-intrastrand crosslinks on adjacent guanines, although they can also 

form 1,2-intrastrand crosslinks on AG dinucleotides, 1,3-intrastrand crosslinks on 

nonadjacent guanines, interstrand crosslinks, and monofunctional adducts.15 This pattern 

has been observed both in vitro and in vivo, and has been described in detail in previous 

reviews.11,15,16 All known Pt(II) compounds with exchangeable ligands are capable of 

forming these adducts with DNA and the downstream influence of these adducts has been 

heavily investigated.  

Ribosome biogenesis stress caused by oxaliplatin 

Until recently, it was believed that the cytotoxicity of all Pt(II) compounds could 

be attributed solely to their DNA crosslinking abilities and subsequent induction of the 

DNA Damage Response (DDR), a known trigger of apoptotic pathways.17 As the body of 

research on Pt(II) reagents has grown, a more complex picture has emerged of the 
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mechanisms of action behind these ubiquitous drugs.17 A striking relatively recent 

discovery is that oxaliplatin, but not cisplatin or carboplatin, causes cytotoxicity via 

disruptions in ribosome biogenesis rather than DDR.18 In addition to oxaliplatin, the 

mono-adduct forming phenanthriplatin also induces nucleolar stress.19 Ribosome 

biogenesis occurs in the nucleolus, a conserved and highly structured organelle in 

eukaryotes. Disruptions of the nucleolus or ribosome biogenesis trigger the nucleolar 

stress response, which leads to cell death or senescence via activation of the tumor 

suppressor p53. Because its molecular mechanisms are not yet fully understood, and due 

to its potential role as a chemotherapeutic target, this fascinating stress process is an area 

of intense interest in the fields of molecular biology and medicine.20–23 

The specificity of oxaliplatin as a nucleolar stress inducer is intriguing when 

considered alongside other data indicating a relationship between Pt(II) compounds and 

the nucleolus.8 Post-treatment fluorescent labeling of clickable Pt(II) drug analogs has 

shown localization of these compounds to the nucleolus,24,25 and there is significant 

evidence that Pt(II) compounds associate with ribosomes and ribosomal RNA (rRNA).26–

32 The structural determinants and molecular mechanisms by which only specific Pt(II) 

compounds may cause a nucleolar stress response are not understood. 

Detection of platinum using pre-tethered fluorophores 

Methods of tracking platinum compounds in cells are important tools for 

understanding molecular targets. Atom-based methods such as installation of a 

radioactive platinum atom, X-ray fluorescence, electron microscopy, NMR, and mass 

spectrometry can provide information on platinum location and binding partners and have 

been reviewed previously.33 These methods, while useful for in vitro and non-cellular 
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work, are difficult to apply to live cells. One approach for potential live-cell imaging is 

the tethering of a fluorophore directly onto the platinum compound. 

Cisplatin, oxaliplatin, and carboplatin are small, low or no- carbon molecules, in 

contrast to most fluorophores. The attachment of a fluorophore to platinum compounds 

can give rise to differences in charge, lipophilicity, solubility, polarity, or reactivity from 

the parent platinum compounds, as noted previously by Wexselblatt et al.34 For platinum 

compounds, small changes can result in large differences to toxicity. For example, the 

addition of a methyl or ethyl to the cyclohexane ring changes the toxicity of oxaliplatin 

derivatives.35 Another example demonstrated by Rijal et al. showed altered binding 

specificities of different amino-acid modified platinum compounds towards 16S rRNA.36 

If such small changes can make large impacts in these examples, it would stand to reason 

that larger deviations, such as an added fluorophore, could significantly affect activity. 

Also of concern may be the assumption that the fluorescent ligand remains tethered to the 

platinum in the cell. Fluorescence detection only gives information on the location and 

presence of the fluorophore and not the platinum itself. Fluorophores tethered through a 

monodentate ligand could be susceptible to trans-labilization.34 

Despite these limitations, platinum-tethered fluorophores have proved valuable to 

research of platinum compounds in cells and continue to be developed. There have been 

many new compounds that incorporate a fluorophore reported within the last few years. 

Kitteringham et al. have created a carboplatin mimic with an incorporated BODIPY 

fluorophore and have imaged it in both cisplatin-sensitive and resistant cells.37 Kalayda et 

al. created an oxaliplatin mimic which has been functionalized with a fluorescein and 

used to study oxaliplatin resistance.38 A glucose and BODIPY conjugate has also been 
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synthesized that shows enhanced uptake into cells.39 Xue et al. created a BODIPY-

incorporated platinum compound modified with a photosensitizer to induce reactive 

oxygen species.40 Yao et al. have also produced a maleimide-modified derivative for 

cysteine conjugation using their click enabled, acridine-tethered Pt(II) compound 7 

(Table 1.1).41 Additionally, platinum(IV) has been derivatized to release fluorophores 

from the axial positions to investigate payload release upon reduction. Some recent 

Pt(IV) derivatives utilize aggregation-induced emission for visualization42 and also 

include an EGFR-targeted platinum compound tethered to a fluorescein.43 

Fluorescent platinum probes have been valuable to the field and continue to be 

used to further study platinum accumulation and targets; however, it is clear that small 

changes to the platinum scaffold change many aspects of the platinum complexes 

including the mechanism of action. There is concern that the addition of such large and 

hydrophobic fluorophores to the platinum could significantly alter the derivative’s 

activity inside cells compared to the unmodified parent compound for which it supposed 

to provide a proxy. A more direct method, such as selectively tethering fluorophores to 

platinum compounds after native activity has already occurred, is highly desirable. 

Click chemistry for post-treatment tethering to platinum compounds 

Click chemistry refers to reactions that are distinguished as being modular and 

high yielding.44 A widely used bioorthogonal click reaction is azide-alkyne cycloaddition, 

either Cu-catalyzed (CuAAC) or strain-promoted (SPAAC). An azide group is relatively 

easy to incorporate via a substitution reaction into many molecules of interest. The small 

size, biological inertness, and overall neutral charge have made it an enticing option for 

incorporation into platinum ligands. The installation of an azide as opposed to a 
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fluorophore limits the addition of steric bulk and hydrophobicity in this approach. The 

selectivity of the CuAAC and SPAAC reactions for post-treatment labeling enable direct 

detection of the platinum compound in permeabilized cells. Post-treatment labeling with 

biotin also enables enrichment and identification of Pt-bound targets.45 

There are currently a handful of available click-capable platinum compounds 

(Table 1.1). All of the compounds have been used for cellular work and for a variety of 

other applications. Kitteringham et al. determined the IC50 of the azide-modified 

compound 2, which had similar toxicity to the parent carboplatin and much higher 

toxicity than the pre-tethered BODIPY conjugate mentioned above.37,46 Compound 1, 

originally synthesized by Urankar et al.,46 has been used to label DNA as well as 

characterize cellular RNA targets in S. cerevisiae by Moghaddam et al.47 It was also used 

for in vitro fluorescent protein labeling and an enzymatic assay.48 Compound 3 has been 

used to enrich for Pt-bound proteins for target identification in S. cerevisiae,48 in addition 

to its application to enrich for and fluorescently label Pt-bound DNA in vitro.25,45 For a 

more comprehensive look at Pt binding in a cellular context, compound 3 and compound 

4, its alkyne derivative, were used in cellular imaging studies.25 Compound 5, another 

click chemistry-enabled compound developed in the DeRose lab, was used to 

fluorescently label  
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Table 1.1 Currently available click-containing platinum derivatives and the context 

which they have been used and studied. 
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ribosomal RNA and tRNA from treated S. cerevisiae.49 Zacharioudakis et al. synthesized 

compound 6 in order to determine localization of Pt-DNA adducts upon treatment with a 

histone deacetylase inhibitor and to investigate the effect of platinum on gene 

expression.50 Lastly, compound 7 was used by Qiao et al. to determine the cellular 

distribution of a Pt-acridine compound.51 It has since been used to synthesize new 

derivatives that incorporate cysteine-directed moieties as described above. Compound 7 

has been used to label proteins, investigate DNA and RNA synthesis after platinum 

introduction, and to fluorescently label DNA.41,51,52 

The click chemistry-enabled compounds described above have been used to 

further understanding of Pt interactions in cells through the direct detection of the Pt(II)-

bound ligand post-treatment, allowing for Pt localization that is theoretically unbiased 

from the influence of fluorophore properties. However, these compounds have all been 

restricted to the CuAAC reaction which requires a cytotoxic Cu(I) catalyst, or to SPAAC 

reactions that require a non-cell permeable DIBO.53 Further work into diversifying the 

click-capable platinum compounds to other types of bioorthogonal reactions may allow 

expansion into live-cell imaging and other types of investigations based on post-treatment 

derivatization. 

 In this document, the influence of small changes to the platinum ligands will be 

explored. These studies will examine the ligand of oxaliplatin 1,2-diaminocyclohexane 

and the mechanism of action exhibited by oxaliplatin. The mechanism of action of 

oxaliplatin, nucleolar stress, is sensitive to small changes to the platinum compounds. 

This drastic change in platinum activity further illustrates the need for post-treatment 

clickable derivatives which share similarities to the parent platinum species. 
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Bridge to chapter II 

 Chapter I described the discovery and history of platinum compounds that have 

been used in the United States. It discussed current chemical biology approaches to 

studying the activity of platinum compounds by either directly tethering a fluorophore or 

chemical reporting group to the platinum species or by installing an alkyne or azide for 

post-treatment labelling of the platinum. Modifications for post-treatment labeling create 

compounds that are much closer in structure to the parent compound and derivatives are 

more likely to have more similar activity with less perturbation of their structure. Chapter 

II explores the structural characteristics necessary for oxaliplatin to cause nucleolar 

stress. It explores how small changes to the oxaliplatin structure cause derivatives to no 

longer employ the same cell death mechanism.  
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CHAPTER II: NUCLEOLAR STRESS INDUCTION BY OXALIPLATIN AND 

DERIVATIVES 

 

This chapter contains published, co-authored material. This communication was 

co-authored by Emily Sutton, Jack Prochnau, Matthew Yglesias, Austin Mroz, Min Chieh 

Yang, Rachael Cunningham, Christopher Hendon, and Victoria DeRose. CEM and ECS 

share co-first authorship.  

 

Nucleolar Stress Induction by Oxaliplatin and Derivatives 

 

 The chemotherapeutic agent cisplatin has inspired the synthesis and investigation 

of thousands of Pt(II) analogs.54 Of these, only two other compounds — carboplatin and 

oxaliplatin — have met FDA standards for medical use. Until recently, it was believed 

that the cytotoxicity of these compounds could be attributed solely to their DNA 

crosslinking abilities and subsequent induction of the DNA Damage Response (DDR), a 

known trigger of apoptotic pathways.55 As the body of research on Pt(II) reagents has 

grown, a more complex picture has emerged of the mechanisms of action behind these 

ubiquitous drugs.17 A striking recent discovery is that oxaliplatin, but not cisplatin or 

carboplatin, causes cytotoxicity via disruptions in ribosome biogenesis rather than 

DDR.18 Ribosome biogenesis occurs in the nucleolus, a conserved and highly structured 

organelle in eukaryotes. Disruptions of the nucleolus or ribosome biogenesis trigger the 

nucleolar stress response, which leads to cell death or senescence via activation of the 

tumor suppressor p53. Because its molecular mechanisms are not yet fully understood, 

and due to its potential role as a chemotherapeutic target, this fascinating stress process is 

an area of intense interest in the fields of molecular biology and medicine.20–23 
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The specificity of oxaliplatin as a nucleolar stress inducer is intriguing when 

considered alongside other data indicating a relationship between Pt(II) compounds and 

the nucleolus.8 Post-treatment fluorescent labeling of clickable Pt(II) drug analogs has 

shown localization of these compounds to the nucleolus 24,25, and there is significant 

evidence that Pt(II) compounds associate with ribosomes and ribosomal RNA (rRNA) 26–

32. The structural determinants and molecular mechanisms by which only specific Pt(II) 

compounds may cause a nucleolar stress response are not understood. Here, we explore 

properties of oxaliplatin and other Pt(II) compounds and find that a narrow window of 

derivatives is able to induce nucleolar stress. The results define a set of constraints for 

Pt(II) compounds to induce this unique cell death pathway.  

 

Figure 2.1: Compounds tested for inducing nucleolar stress via NPM1 relocalization in 

mammalian cells.  

 

 We selected Pt(II) compounds to test a variety of properties including steric bulk, 

hydrophobicity, crosslinking ability, and ligand orientation (Figure 2.1). The extent of 
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nucleolar stress was measured by nucleophosmin (NPM1) imaging (Figure 2 and Figure 

A.1). Translocation of NPM1 from the granular component (GC) of the nucleolus to the 

nucleoplasm is a hallmark of the nucleolar stress response 56,57. This translocation has 

been shown to be a necessary, but not sufficient, feature of p53-mediated cell death upon 

nucleolar stress 57, and thus is a robust and appropriate marker for nucleolar stress. A549 

cells were selected for this study as they are well established to have a characteristic 

nucleolar stress response resulting in p53-mediated apoptosis 58,59. 

 

Figure 2.2: Nucleolar stress induced by Pt(II) compounds. NPM1 (green) relocalization 

following 24-hr treatment in A549 cells. Treatment concentrations are 10 µM except for 

Actinomycin D (5 nM). Scale bar = 10 µm. 

 

 Cells were treated for 24 hours with a given compound prior to fixation and 

secondary immunofluorescence to detect NPM1 (Figure 2 and A.1). The extent of NPM1 
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redistribution was quantified using an image analysis pipeline (Figure A.1) to calculate 

the coefficient of variation (CV) of NPM1 intensity in each cell (Figure 2.3). The 

uniform distribution of NPM1 in cells undergoing nucleolar stress yields a low CV, as 

seen in positive control samples treated with known stress-inducer Actinomycin D 

(Figure 2.3). In addition to the observation of NPM1 redistribution, we noted a change in 

the shape of nucleoli from eccentrically shaped aggregates to round, sphere-like 

structures upon stress induction (Figure 2.2). As predicted 18,60,  oxaliplatin (2) induces 

robust redistribution of NPM1, similar to the positive control, while NPM1 distribution in 

cisplatin (1) and carboplatin (3) treated cells more closely resembles that of the no-

treatment control (Figure 2.2, Figure 2.3). 

 We note that for cisplatin-treated cells, a small amount of NPM1 redistribution 

was observed at this treatment concentration. This is likely because the 24-hour IC-50 

value of cisplatin (12.8 µM, Table A.1) is close to the treatment concentration, which 

may result in a subset of cisplatin-treated cells experiencing abnormal NPM1 distribution 

downstream of other cell death pathways, such as those mediated by the DDR (see 

footnote1). Oxaliplatin, by contrast, shows robust NPM1 relocalization at treatment 

concentrations well below the IC-50 value (81.5 µM, Table A.1), suggesting that 

nucleolar stress significantly precedes cell death pathways 18. The observation of NPM1 

relocalization well below IC-50 values was consistent with other stress-inducing 

 
1 Footnote: This model is supported by previously published data demonstrating that cisplatin causes 

significantly more DNA damage than oxaliplatin 16,61 and that DDR-mediated cell death occurs upon cisplatin 

treatment, but not oxaliplatin treatment 18. Additionally, data from our lab shows that DNA damage occurs 

at early time points in cisplatin-treated cells, prior to any putative NPM1 relocation, whereas no such damage 

occurs prior to observed NPM1 distribution in oxaliplatin-treated cells (unpublished). 
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compounds, including some compounds showing no toxicity at 24 hours despite 

extensive nucleolar stress (Table A.1). Thus, observation of nucleolar stress does not 

necessarily predict toxicity at 24 hours. In cases where no toxicity was observed at 24 

hours, 48-hour IC-50 values were achieved. For this subset of compounds that was not 

sufficiently cytotoxic at 24 hours, stress induction did correlate with lower IC-50 values 

(Table A.2). 

 

Figure 2.3: Quantification of NPM1 relocalization induced by Pt(II) compounds. 

Treatment conditions as in Figure 2.2; replicates and CV calculations as described in SI. 

For each treatment data set, boxes represent median, first, and third quartiles, and vertical 

lines are the range of data with outliers defined in the SI. 

 

 Oxaliplatin is distinct from cisplatin and carboplatin in both labile and non-labile 

Pt(II) ligands. The labile, chelating oxalate ligand of oxaliplatin delays aquation and 

therefore biomolecule crosslinking 62 in comparison with cisplatin. We exchanged the 

labile and non-labile ligands of oxaliplatin and cisplatin with compounds 4 and 5. We 

found that compound 4, DACHPt, which has the non-labile DACH ligand of oxaliplatin 

and labile chloride groups of cisplatin, induces robust nucleolar stress. By comparison, 5, 
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or DOAP, which possesses the non-labile ammine ligands of cisplatin and the labile 

oxalic acid ligand of oxaliplatin, does not induce stress (Figures 2.2 and 2.3). The oxalic 

acid ligand alone also had no influence on NPM1 redistribution, nor did the DACH 

ligand by itself (Figure A.2, Figure A.3). From this, we concluded that the non-labile 

DACH ligand of oxaliplatin is responsible for the nucleolar stress response. 

 We next considered whether crosslinking of biomolecules by the Pt(II) compound 

is necessary for the induction of nucleolar stress. An alternate hypothesis is that the 

charged Pt(II) acts as a targeting agent to facilitate transport of the DACH moiety to the 

nucleolus where it disrupts nucleolar processes without forming a Pt(II)-DACH lesion on 

a biomolecule. Compound 6, DACH-En, retains the DACH ligand but is unable to form 

crosslinks with biomolecules due to replacement of the oxalic acid with an 

ethylenediamine ligand (Figure 2.1). This positively charged compound did not induce 

stress (Figure 2.2, Figure 2.3), suggesting that crosslinking of Pt(II) to cellular targets is 

necessary to induce a nucleolar stress response. 

 To refine requirements of the non-labile Pt(II) ligand that cause nucleolar stress, 

we examined the effects of steric bulk by testing 7, 8 and 9. Pt-En (7) possesses a non-

labile ethylenediamine ligand. This small molecule did not induce stress in A549 cells 

(Figures 2.2 and 2.3), indicating that a chelating diamine ligand, a common feature 

between PtEn, DACHPt, and oxaliplatin, is not sufficient to induce stress. The addition of 

a methyl group to generate the bulkier PtMeEn (8), was also not sufficient to induce 

stress (Figure 2.3, Figure A.2, Figure A.3). Compound 9, pentaplatin, possesses a five-

membered ring that places its volume between the non-stress inducing PtMeEn and the 

stress-inducing six-membered DACHPt. Pentaplatin was found to induce nucleolar stress 
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(Figure 2.1), although with a slightly higher resultant CV than positive controls or 

oxaliplatin (Fig. 2.3). These results suggest that bulk may be an important metric lending 

towards the ability of Pt(II) compounds to induce nucleolar stress. Using computed 

values for volume, we conclude that as a general trend, Pt(II) compounds with more 

steric bulk are more likely to induce nucleolar stress (Figure 2.4a, Y axis). Compound 

length, or steric reach, also generally appears to correlate with stress induction (Figure 

2.4a, X axis). Some exceptions to this trend are discussed below. 

 The chair confirmation of the DACH ligand is not essential for stress induction. 

BenzaPt (10), in which the DACH cyclohexane is replaced with a planar aromatic ring 

(Figure 2.5B), also induces robust NPM1 redistribution (Figure 2.2 and Figure 2.3). 

Like DACHPt, BenzaPt is more hydrophobic than the simpler diam(m)ine compounds. 

To estimate the relatively hydrophobicity of our compounds of interest, we measured 

their water/octanol partition coefficients (Supplementary materials and methods). All of 

the stress-inducing compounds were found to be relatively hydrophobic (Figure 2.4b), 

leading to the conclusion that hydrophobicity, like steric bulk, positively correlates with 

stress induction. Similarly to steric bulk, however, exceptions to this trend were observed. 
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Figure 2.4: Size and hydrophobicity correlate with stress induction, with some exceptions. 

Compounds with a higher (less negative) partition coefficient are more hydrophobic than 

those with a lower (more negative) partition coefficient. Measurements and calculations 

are described in SI. 

 

Compounds 11, 12, and 13 do not cause NPM1 relocalization despite being 

similar or higher in terms of size and hydrophobicity to compounds that do cause 

nucleolar stress (Figure 2.4). These exceptions may provide insight into the elements 

responsible for causing stress.  

 One particularly interesting comparison is between APP (12) 63,64 and BenzaPt 

(10) (Figure 2.5A). These two Pt(II) compounds both have an aromatic ring, but differ in 

the orientation of the ring relative to the Pt(II), and by extension ring orientation relative 

to a biomolecule to which the compound is bound. While BenzaPt causes nucleolar 

stress, APP does not. Similarly, picoplatin (11) does not cause nucleolar stress despite 

having volume and reach similar to other compounds (Figure 2.4 and Figure 2.5). These 
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results demonstrate a critical role for ring orientation in the ability of Pt(II) compounds to 

induce nucleolar stress.   

The observation that azidoplatin (13) does not cause stress is of interest as this 

compound has extended volume and has previously been shown to localize to the 

nucleolus 25. Thus, nucleolar localization, even when combined with relatively high 

hydrophobicity and larger bulk and length, is not sufficient to induce nucleolar stress.  

 Taken together, the results described provide significant insight into the structural 

determinants of nucleolar stress induction among Pt(II) compounds. We conclude that 

there is an important role for ligand orientation and a general correlation between steric 

bulk and stress induction (Figure 2.5).  

 

 

Figure 2.5: (A) Computed volume and distance measurements for non stress-inducing 

compounds 11 and 12 alongside stress-inducing compounds 4 and 10. (B) Ball and stick 

drawings of non stress-inducing compound 8 alongside stress-inducing 4, 9, and 10. 

 

 The differential responses induced by these compounds have clinical implications 

as the three currently FDA-approved Pt(II) chemotherapeutics are known to have 



21 
 

different treatment and side effect profiles. Other important differences between these 

compounds have been observed in the literature. For example, oxaliplatin is noted to 

cause immunogenic cell death (ICD), while cisplatin does not 65–67. Although this contrast 

is also observed in nucleolar stress, connections between ICD and nucleolar stress are not 

well-studied. Oxaliplatin has also been shown to cause changes in the size of neuronal 

nucleoli correlating with peripheral neuropathy 68, a common side effect associated with 

oxaliplatin chemotherapy regimens. The relationship between nucleolar stress and 

platinum-induced neurotoxicity has not been explored. Additionally, there is some 

evidence that p53 mutations in colon cancer cell lines result in resistance to oxaliplatin-

mediated cell death 69. This may be of interest given oxaliplatin’s use in colon cancer 

treatments and p53’s role in nucleolar stress- induced cell death. 

Further study is warranted to provide clarification on the molecular mechanisms 

by which these compounds induce such different responses in the cell. For example, the 

stress-inducers may be interfering with progression of ribosome biogenesis 56,58, 

disrupting an intermolecular interaction of NPM1 that sequesters it in the nucleolus 57, 

altering biophysical properties of nucleic acids 70,71, or globally perturbing the 

biomolecular interactions that maintain nucleolar integrity. More work is needed to 

understand this fascinating biological stress process and to define the specific properties 

of Pt(II) compounds that cause it. 

Bridge to Chapter III 

 

 In chapter II we explored the structural requirements of oxaliplatin to cause 

nucleolar stress instead of a DNA damage response. We found that compounds that 

caused nucleolar stress in general exhibited higher hydrophobicity and steric bulk, but 
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there were important exceptions indicating that these are not the only factors involved. In 

addition to oxaliplatin being reported to cause nucleolar stress, another platinum 

compound phenanthriplatin was reported to induce this cell death pathway. In chapter III 

we explore the structural properties of phenanthriplatin that are important to causing 

nucleolar stress and look for a structural connection between oxaliplatin and 

phenanthriplatin that could explain why both platinum compounds cause nucleolar stress. 
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CHAPTER III: MONOFUNCTIONAL PLATINUM(II) COMPOUNDS AND 

NUCLEOLAR STRESS: IS PHENANTHRIPLATIN UNIQUE? 

This chapter contains published, co-authored material. This communication was 

co-authored by Matthew Yglesias, Austin Mroz, Emily Sutton, Min Chieh Yang, 

Christopher Hendon, and Victoria DeRose.  

 

 

Introduction 

Patinum-based drugs are an important class of chemotherapeutics. After the initial 

discovery of the antiproliferative capabilities of cisplatin, the drug was FDA-approved in 

1978 and continues to be in significant use over 40 years later.2 Two additional Pt(II) 

compounds were subsequently approved by the FDA, carboplatin in 1989 and oxaliplatin 

in 1996. Improvements upon these three drugs have been attempted and some new 

compounds even entered into clinical trials, but none have been approved by the FDA.54 

The three FDA-approved drugs are all considered classical platinum compounds. 

The characteristics of classical compounds are a result of early structure–activity 

relationship (SAR) studies that determined the necessary properties for platinum 

compounds to exhibit anti-proliferation activity.9 These required components are that the 

platinum compound be square planar, have a neutral overall charge, and contain two non-

labile cis-am(m)ines and two labile cis anionic ligands. Although these rules led to the 

drugs that are used today, research into compounds that would not be within a traditional 

SAR study have produced non-classical platinum drugs with anti-proliferative activity. 

These non-classical compounds include Pt(IV) prodrugs, monofunctional, trans-platinum, 

polyplatinum, and tethered platinum complexes.9,32 One of the most effective and well-
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studied non-classical compounds is the monofunctional Pt(II) phenanthriplatin9,72 (Figure 

3.1). In addition to having only a single exchangeable anionic ligand, the N-heterocyclic 

ligand of phenanthriplatin and others of this class, such as pyriplatin (Fig. 3.1), is rotated 

perpendicular to the square-planar Pt ligand plane. 

 

 

Figure 3.1 Platinum compounds used in this study 

 

Phenanthriplatin has exhibited unique activity in the NCI-60 cell line screen when 

compared to other platinum chemotherapeutics.72 Phenanthriplatin is significantly more 

potent with a 7–40× higher toxicity than cisplatin.9,72 It has higher cellular uptake than 

cisplatin or pyriplatin.72 In addition, the phenanthridine ligand of phenanthriplatin may 

facilitate rapid DNA binding through reversible intercalation between nucleobases before 

platinum binding occurs.73 Studies have also revealed some of the biological targets of 

phenanthriplatin. It has been shown to act as a topoisomerase II poison.74 

Phenanthriplatin also was demonstrated to inhibit RNA polymerase II,75 but allows 

https://link.springer.com/article/10.1007/s00775-019-01707-9/figures/1
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efficient DNA polymerase η bypass.76 Overall, these studies have shown that 

phenanthriplatin can affect biological processes in a variety of ways, and this has led 

researchers to suggest that the effectiveness of the compound is through multiple cellular 

pathways.77 

In a recent study, the classical platinum compound oxaliplatin and non-classical 

phenanthriplatin were both shown to induce ribosome biogenesis stress as the primary 

pathway to cell death.18 This surprising observation is in contrast with cisplatin and 

carboplatin, which were shown to cause cell death through DNA damage as is expected 

for classical compounds. The ability to induce nucleolar stress shared between oxaliplatin 

and phenanthriplatin is perplexing considering the major structural differences between 

the two compounds. We endeavored to determine whether there were structural 

similarities between these two molecules which would explain this similar activity, and 

determine whether the ability to induce nucleolar stress was inherent to the family of non-

classical monofunctional platinum(II) compounds. To do this, we synthesized a suite of 

monofunctional and related platinum compounds (Figure 3.1) and analyzed their ability 

to cause nucleolar stress by measuring nucleophosmin (NPM1) relocalization. We further 

compared structural and electronic properties of these compounds based on DFT 

calculations. We find that phenanthriplatin, but not related quinoplatin or isoquinoplatin, 

induces nucleolar stress as measured by NPM1 relocalization in human lung carcinoma 

A549 cells. Although phenanthriplatin has the largest total volume and hydrophobicity of 

the compounds tested, quinoplatin and isoquinoplatin may have similar potential to 

disrupt intermolecular interactions based on Pt-ligand distances. We conclude that the 

unique ability of phenanthriplatin to induce nucleolar stress is conferred by the third 
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aromatic ring. The ligand disposition of these monofunctional N-heterocyclic Pt(II) 

compounds is sufficiently different from oxaliplatin to suggest that separate properties of 

oxaliplatin and phenanthriplatin lead to their abilities to both cause nucleolar stress. 

Results and Discussion 

Oxaliplatin and phenanthriplatin cause NPM1 relocalization 

A previous study examining cell death mechanisms of phenanthriplatin (1) and 

oxaliplatin (2) has shown that both compounds cause cell death through ribosome 

biogenesis stress.18 For the current studies, we monitored NPM1 relocalization from the 

nucleolus to the nucleoplasm, which is a hallmark of nucleolar stress resulting from the 

disruption of ribosome biogenesis.78 Under non-stressed conditions, NPM1 is localized to 

the nucleolus; however, NPM1 is distributed throughout the nucleoplasm following 

nucleolar stress. We set out to measure the extent of NPM1 relocalization when cells 

were treated with a series of platinum compounds with cyclic ligands and either 

monofunctional or bifunctional substitution properties. 

We first examined NPM1 relocalization following treatment with oxaliplatin and 

phenanthriplatin. As expected, known ribosome biogenesis stress inducer actinomycin D 

caused NPM1 relocalization to the nucleoplasm while the negative no-treatment control 

showed NPM1 localized in the nucleoli (Figure 3.2a). Both oxaliplatin and 

phenanthriplatin caused relocalization of NPM1 throughout the nucleus, confirming their 

ability to cause nucleolar stress as previously reported.58 
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Figure 2.2 NPM1 relocalization. A Representative images for each platinum treatment. DAPI 

(grey) shows the nucleus of A549 cells. NPM1 (green) is evenly distributed in positive control 

actinomycin D (ActD), and also in cells treated with oxaliplatin, and phenanthriplatin, indicating 

nucleolar stress. NPM1 is localized to the nucleolus in untreated cells, and cells treated with 

isoquinoplatin, 27uinoplatin, pyriplatin, and picoplatin. Scale bar is 10 µm. Cells were treated 

with 10 µM platinum at 24 h with the exception of phenanthriplatin and phenanthridine which 

were used at 0.5 µM. b Representative histograms for individual cells. In untreated negative 

control and pyriplatin-treated cells, large populations of pixels are found at low and high 

intensity. NPM1 localization throughout the nucleoplasm is seen following oxaliplatin and 

phenanthriplatin treatment with pixel intensity centered around 0.4. c Coefficient of variation for 

platinum treatments. CV values for individual nuclei are plotted for each treatment group. Box 

plot center line represents the median, and the bottom and top limits represent the first and third 

quartile, respectively. The CV from each cell is normalized to the mean CV from the no-

treatment control sample. Populations that have NPM1 relocalized have a median CV of around 

0.6 while populations without NPM1 relocalization are around 1 

 

https://link.springer.com/article/10.1007/s00775-019-01707-9/figures/2
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To determine the extent of nucleolar stress, we quantified the heterogeneity of nuclear 

NPM1 intensity distribution by its coefficient of variation (CV). The CV is the standard 

deviation of the pixel intensity populations corresponding to NPM1-based 

immunofluorescence normalized by the mean intensity of each nucleus. In cells that are 

undergoing nucleolar stress, NPM1 is relatively evenly diffused throughout the nucleus, 

leading to homogeneous intensities and a small CV. Histograms of representative cells 

show a large population of medium intensity pixels across the cell for compounds that 

cause NPM1 relocalization (Figure 3.2b). For cells that are not undergoing stress, NPM1 

is concentrated in the periphery of the nucleolus while being absent in the nucleoplasm, 

resulting in a heterogeneous population of pixel intensities and a high CV. Histograms of 

cell images from compounds that do not cause NPM1 relocalization show large 

populations at the two extremes of the pixel intensity which would result in a large CV 

(Figure. 3.2b). CVs were calculated for each cell in a population and the distribution of 

these CVs was evaluated for each treatment condition. Corresponding to our 

representative NPM1 images (Figure 3.1a), compounds that caused no NPM1 

redistribution had median CVs around 1 (when normalized to the no-treatment control) 

while compounds that caused NPM1 relocalization had medians at or lower than 0.6 

(normalized to the no-treatment control). NPM1 relocalization was observed upon 

treatment with oxaliplatin, phenanthriplatin and actinomycin D (Figure 3.2c). 

Additionally, treatment with the phenanthridine ligand alone is not sufficient to induce 

nucleolar stress (Figure 3.2c). 
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Picoplatin does not cause NPM1 relocalization 

There are large structural differences between oxaliplatin and phenanthriplatin; 

however, these disparate compounds are both able to activate nucleolar stress pathways 

whereas cisplatin does not. Both the DACH ligand of oxaliplatin and the phenanthridine 

ligand of phenanthriplatin add significant steric bulk in comparison with cisplatin. 

However, phenanthriplatin is a monofunctional compound. In addition, unlike the case of 

oxaliplatin, in phenanthriplatin, the phenanthridine rings are oriented perpendicular to the 

square-planar Pt ligand plane.76 Picoplatin (3) is one compound that bridges these 

differences in that the picoline ring is oriented perpendicular to the platinum plane.79 

Picoplatin is also a classical bifunctional platinum compound and enabled us to determine 

whether the added ligand bulk regardless of orientation was sufficient to induce NPM1 

relocalization. In A549 cells treated with picoplatin, NPM1 did not relocalize to the 

nucleoplasm (Figure 3.2a) as quantified by a median CV of around 1 (Figure 3.2c), 

indicating that picoplatin does not cause nucleolar stress. 

NPM1 relocalization is not a general property of monofunctional platinum 

compounds 

After determining that the classical compound picoplatin did not cause NPM1 

relocalization despite having some similarities to oxaliplatin in terms of added ring and 

steric bulk, we next examined the properties of non-classical monofunctional platinum 

compounds. We synthesized three additional monofunctional compounds that have one 

or two aromatic rings to test whether nucleolar stress was inherent to ring-containing 

monofunctional platinum(II) compounds as a whole or whether it was a phenomenon 

only exhibited by phenanthriplatin. 
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We had tested picoplatin and determined that the perpendicular orientation of the 

picoline ligand is not sufficient to cause NPM1 relocalization. To further explore the 

influence of ligand orientation and the binding mode of platinum, we next tested 

pyriplatin (4). Similar to picoplatin, pyriplatin contains a single aromatic ring. However, 

unlike picoplatin, pyriplatin has more possible orientations of the aromatic ring due to 

lack of steric interference involving the methyl of the picoline.80 In addition, pyriplatin is 

more similar to phenanthriplatin in being a monofunctional compound with an overall 

positive charge. Following a 24 h treatment at 10 µM, pyriplatin did not cause NPM1 

relocalization and samples had a median CV of around 1 (Figure 3.2). From this, we 

concluded that the ability to cause NPM1 relocalization was not inherent to the class of 

monofunctional platinum(II) compounds containing N-heterocyclic ligands. 

We next considered whether steric bulk was a factor in NPM1 relocalization by 

examining the influence of the addition of a second ring. We synthesized the structural 

isomers quinoplatin (5) and isoquinoplatin (6) (Figure 3.3), to test whether a second 

aromatic ring would be sufficient to cause NPM1 relocalization. We tested these 

compounds and determined that neither quinoplatin nor isoquinoplatin caused increased 

NPM1 relocalization, with NPM1 intensities from cells treated with both compounds 

having a median CV of around 1 (Figure 3.2). From this we concluded that for 

monofunctional Pt(II) compounds, the steric bulk from a second ring alone does not 

induce NPM1 relocalization regardless of ring orientation. This added further evidence 

that NPM1 relocalization was not an inherent property of this non-classical class of 

platinum compounds and was unique to phenanthriplatin under these conditions. 



31 
 

 

Figure 3.3 Two-ring structural isomers related to phenanthriplatin 

 

Steric bulk is not sufficient to predict NPM1 relocalization 

From our data, we have determined that phenanthriplatin and oxaliplatin are 

unique to our suite of compounds. We next examined whether there are any trends 

present in steric bulk that could explain whether compounds caused NPM1 relocalization. 

All platinum(II) compounds were optimized using DFT (Figure 3.4) and two variables 

were calculated to assess steric bulk. First, the volume of the optimized, non-hydrolyzed 

structure is obtained by sampling the respective electrostatic potential (Table 3.1). 

Oxaliplatin and phenanthriplatin were the compounds with the largest volume; however, 

this included the aquation-labile ligands which accounts for a large portion of 

oxaliplatin’s volume. 

https://link.springer.com/article/10.1007/s00775-019-01707-9/figures/3
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Figure 3.4 Optimized structures of the platinum(II) compounds are displayed at an isosurface 

level of 0.25 e/Å−3 for each compound, as implemented in VESTA. This illustrates the volume of 

the molecule that is reported. The distances between the platinum atom and the surface of each 

compound are shown with the corresponding vector. All measurements are reported in angstrom 

(Å) 

 

Table 3.1 Steric bulk measurements for platinum compounds in order of increasing 

volume 

 

https://link.springer.com/article/10.1007/s00775-019-01707-9/figures/4
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Second, the magnitude of the maximum vector between platinum and the surface 

of the compound, where the surface of the compound is defined as the extent to which the 

electrostatic potential permeates in space (Table 3.1), was calculated. No trend was found 

with these distance measurements. Oxaliplatin, which caused NPM1 relocalization, had a 

similar maximum distance as that of quinoplatin, which did not cause NPM1 

relocalization. Additionally, phenanthriplatin, which caused NPM1 relocalization had a 

similar distance to that of isoquinoplatin which did not cause NPM1 relocalization 

(Table 3.1). Thus, while phenanthriplatin exhibits the largest steric bulk, it does not have 

the maximum steric reach from platinum to the surface of the compound. 

Hydrophobicity is not sufficient for predicting NPM1 relocalization 

Hydrophobicity of the non-labile ligand may be an important factor in 

interrupting biomolecular interactions, or in partitioning into cellular compartments or 

regions of the nucleolus. We examined if there was a trend in hydrophobicity that would 

explain why oxaliplatin and phenanthriplatin caused NPM1 relocalization while all other 

compounds in our library did not. We used our optimized structures to 

calculate ΔGwater−octanol/ΔGwater−octanol (Table 3.2). As expected, compounds with more 

aromatic rings were more hydrophobic and had more positive differences 

in ΔGwater−octanol/ΔGwater−octanol, while compounds with less rings showed the opposite 

trend. Phenanthriplatin is more hydrophobic than all other compounds except picoplatin, 

which does not cause NPM1 relocalization and is the most hydrophobic compound tested 

with a Gibbs solvation energy of 2.54 kcal/mol. Overall, this measure of hydrophobicity 

was not able to produce a trend that provides a satisfactory explanation for why 

oxaliplatin and phenanthriplatin cause NPM1 relocalization while others did not. 



34 
 

Therefore, we conclude that hydrophobicity alone is not sufficient for causing NPM1 

relocalization. 

Table 2 Gibbs free energy of transfer between octanol and water 

 

Conclusions 

This work aimed to find a structural relationship between oxaliplatin and 

phenanthriplatin which would provide information on necessary and sufficient structural 

components required for these platinum compounds to induce cell death via nucleolar 

stress. In comparison with cisplatin, which does not cause nucleolar stress, oxaliplatin 

and phenanthriplatin both have significantly larger ring-containing ligands. 

Phenanthriplatin is also a monofunctional Pt(II) compound. To explore this question, we 

synthesized a library of ring-containing platinum compounds, most being monofunctional 

Pt(II) compounds. This library was tested for the ability to induce nucleolar stress by 

monitoring NPM1 relocalization, and quantifying the resulting images. First, we tested 

oxaliplatin and phenanthriplatin to confirm that they caused NPM1 relocalization in 

agreement with previous literature proposing that they cause nucleolar stress.18 We then 

tested whether a heterocyclic ligand oriented perpendicular to the square-planar 
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platinum(II) ligand plane would be sufficient by testing picoplatin, and found that 

picoplatin did not cause nucleolar stress as measured by NPM1 relocalization. Thus, for 

bifunctional platinum compounds, a ligand ring is insufficient to cause nucleolar stress. 

We investigated the importance of ligand ring number and distribution in other 

compounds of the monofunctional platinum(II) class by testing pyriplatin, quinoplatin 

and isoquinoplatin. None of these compounds caused NPM1 relocalization, indicating 

that phenanthriplatin was unique in this class of monofunctional compounds. We note 

that this limited study has been performed at a single concentration and treatment time for 

all compounds. It is possible that longer treatment time or higher concentrations might 

lead to different effects, and this is being explored in further studies. None of the non-

phenanthriplatin compounds cause significant levels nucleolar stress at relatively high 

(10 µM) treatment concentrations compared to phenanthriplatin (0.5 µM), indicating that 

they are in a different class than phenanthriplatin in terms of activities. 

We performed DFT calculations to optimize structures and calculate the solvent-

dependent difference in Gibbs free energy between water and n-octanol, a measure of 

hydrophobicity. To further investigate structural characteristics, we calculated the 

maximum distance from the platinum atom to the surface of each structure and volume 

from the DFT-optimized structures. We found no correlation between this distance and 

the ability to cause NPM1 relocalization. Further, there was no strong correlation 

between the solvent-dependent difference in Gibbs free energy between water and 

octanol for compounds that were able to induce NPM1 relocalization. 

In view of these results, we suggest that phenanthriplatin is a unique compound in 

the monofunctional platinum(II) compound class in its ability to cause NPM1 
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relocalization. We suggest that the addition of a third aromatic ring in phenanthriplatin 

may play a large role in differentiating phenanthriplatin from other monofunctional 

platinum(II) compounds we tested for inducing nucleolar stress. The presence of a third 

aromatic ring increases steric bulk both above and below the square-planar platinum 

ligand plane. Additionally, a third ring increases hydrophobicity and provides 

intercalation potential to phenanthriplatin in comparison to quinoplatin and 

isoquinoplatin.73 Phenanthriplatin exhibited the largest volume and was the most 

hydrophobic compound of the monofunctional platinum(II) compounds but did not 

exhibit the longest distance from platinum atom to the edge of the non-labile ligand. 

Consequently, spatial orientation and/or hydrophobicity caused by the presence of a third 

aromatic ring may be significant factors in differentiating phenanthriplatin from the rest 

of its family. Derivatization of phenanthriplatin could further elucidate the structural 

components of this third aromatic ring that are responsible for causing NPM1 

relocalization. We also note that the fast kinetics of DNA binding exhibited by 

phenanthriplatin may play a role in why phenanthriplatin is unique in the class of 

monofunctional platinum(II) compounds.73 

While oxaliplatin and phenanthriplatin both contain extended ligand structures 

around platinum(II), we find that steric properties alone are insufficient to explain the 

shared ability of these compounds to cause nucleolar stress. It is possible that 

monofunctional and bifunctional platinum(II) compounds may induce NPM1 

relocalization through differential binding effects or mechanisms. 

Bridge to Chapter IV 
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 In chapter III we explored the structural characteristics of phenanthriplatin that 

are necessary for this platinum compound to cause nucleolar stress. We found that 

phenanthriplatin-related compounds containing 2-membered rings did not cause nucleolar 

stress, indicating that the third ring of the phenanthridine ligand is important for nucleolar 

stress. We also found that phenanthriplatin and oxaliplatin do not share a structural 

property that can explain why both cause nucleolar stress. This could indicate that the 

biomolecular interactions phenanthriplatin and oxaliplatin are involved in are different 

and that they are causing nucleolar stress through different interactions. In chapter IV we 

will further examine derivatives of oxaliplatin to determine the tolerance for 

derivatization at the 3,4 position of the 1,2-diaminocyclohexane ring found on DACH-Pt 

and oxaliplatin. 
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CHAPTER IV: STRUCTURE -FUNCTION INVESTIGATION OF THE 4,5 POSITION 

ON 1,2-DIAMINOCYCLOHEXANE OF OXALIPLATIN 

 This chapter contains unpublished, co-authored material. This communication 

was coauthored by Andres S Guerrero and Haley Smith. 

 

Introduction 

Platinum chemotherapeutic drugs are included in 10-20% of cancer therapies 

today.1 The oldest FDA-approved platinum drug in the United States, cisplatin, has been 

in use for over 40 years while the newest, oxaliplatin, has been in use for over 20 years.2 

Oxaliplatin is widely used to treat colorectal cancers and lung cancers while cisplatin is 

used to treat bladder, testicular, cervical and ovarian cancer.3 Despite their extensive use, 

significant differences between the mechanism of action of cisplatin and oxaliplatin have 

only recently been determined.4–6 Oxaliplatin causes cell death via induction of the 

nucleolar stress pathway, as opposed to the DNA damage response pathway induced by 

cisplatin. Oxaliplatin and cisplatin have very different structures. Both compounds have 

two types of ligands, aquation labile and non-labile. The aquation labile ligand of 

oxaliplatin is oxalic acid while cisplatin has two chloride ions. The non-labile ligand for 

oxaliplatin is also different than cisplatin. Oxaliplatin’s non-labile ligand is 1,2-

diaminocyclohexane (DACH) while cisplatin’s non-labile ligands are two ammines.7 

 The differences in the mechanism of action between these two compounds led us 

to perform a limited structure-function study to determine which characteristics of 

oxaliplatin were necessary to cause nucleolar stress.4 We found that increase in steric 

bulk and hydrophobicity of ligands positively correlated with nucleolar stress induction; 

however, notable exceptions were also found, including examples indicating that ligand 

orientation was an important factor in why compounds caused nucleolar stress. One 



39 
 

notable example of the importance of ligand orientation was comparison of benzaplatin 

and APP. Both compounds include a six membered, aromatic ring situated similarly to 

the DACH ligand of oxaliplatin. In benzaplatin, which causes nucleolar stress, the 

benzene ring’s steric bulk is located in the same orientation as the DACH ligand. For 

APP, however, the ligand, 2-picolylamine, shifts the direction of the steric bulk of the 

aromatic ring and this compound does not cause nucleolar stress. This strong dependence 

on orientation of the non-labile platinum ligand is interesting and could point toward a 

specific interaction that is being disrupted by these platinum compounds. 

 We have investigated the compounds previously found to cause nucleolar stress in 

chapter II further with time-dependent studies.8 Pentaplatin, a compound that caused less 

NPM1 redistribution than other compounds studied, also had a delayed NPM1 

relocalization response. This was not caused by lowered platinum uptake compared to 

other stress inducing compounds. Additionally, pentaplatin is less hydrophobic than APP, 

a compound that does not cause stress, indicating that there is a more complex interaction 

occurring that is not explained by bulk chemical characteristics.4 

 Our previous studies have examined derivatives that were similar in steric bulk or 

smaller than oxaliplatin. In this study we examine structures that increase the size of the 

DACH ring found on oxaliplatin to probe the specificity requirements of oxaliplatin (1). 

We determine whether larger and more hydrophobic structures cause nucleolar stress and 

probe 4,5- substitutions in both the axial and equatorial positions of DACH to determine 

whether stereochemistry of the oxaliplatin ring is a driving factor of nucleolar stress. 

 Derivatives of Pt(II)-DACH compounds have been studied by introducing various 

alkyl groups to the 4-position.9–13 These groups included methyl, ethyl, propyl, isopropyl, 
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and benzene.9 Interestingly, methyl and ethyl derivatives show similar IC50 values to 

oxaliplatin in normal cells, but show lowered IC50 values than oxaliplatin in cell lines 

that are platinum resistant.10,11 Additionally, while installation of methyl and ethyl groups 

at the 4-position show similar IC50 values to each other, the addition of larger, more 

hydrophobic groups lowers the toxicity of the platinum compounds significantly 

indicating that the compound’s overall cytotoxic effects are sensitive to changes to the 

DACH ring.9 

 

Figure 4.1 Compounds used in this study. 

 Here we synthesized seven compounds to probe the 4,5 positions on the DACH 

ligand and how these changes affect whether compounds cause nucleolar stress (Figure 

4.1). We tested a methyl (2,3) and ethyl (4,5) group in the axial and equatorial positions. 

Additionally, we investigate DACHene (6), a compound with a double bond at the 4,5 

position and DACH-Am (7) which includes an acetamide in the axial position. We found 

that while both methyl derivatives are still able to cause nucleolar stress as marked by 

NPM1 redistribution, preliminary evidence suggests that the ethyl derivatives no longer 
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caused nucleolar stress. DACHene (6) did cause nucleolar stress while the addition of an 

acetamide in the axial position as in compound 7 did not cause nucleolar stress. Despite 

increased steric bulk and hydrophobicity that could further drive non-specific 

interactions, these limitations suggest an interaction with a much higher specificity and 

selectivity.  

Results 

Limited tolerance for substitutions at the DACH 4-position 

In order to investigate the effects of modifications to the DACH ring of 

oxaliplatin we created a small library of derivatives that increased steric bulk at the 4-

position in a stepwise manner. These derivatives also explored the increase of steric bulk 

in both the axial and equatorial positions at carbon 4. Derivatives were synthesized 

according to previously published procedures starting from either the cyclohexene or 

alcohol derivatives. The pathways used to synthesize the methyl axial and equatorial 

derivative is shown in scheme 4.1.10,13 The synthesis of ethyl derivatives is shown in 

scheme 4.2.12,13 DACH-Am was synthesized according to previously reported methods 

(and described in chapter V).14 DACHene was synthesized using general procedures for 

coordination of platinum compounds (see appendix C).15 
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Scheme 4.1 Synthetic schemes used to synthesize the axial and equatorial methyl 

derivatives used in this study. Axial derivative 2 was created using pathway 

(8→9→10→2). The equatorial derivative 3 used pathways (8→11→12→10→3). 

 

 

Scheme 4.2 Synthetic scheme used for ethyl axial and equatorial derivatives. The axial 

derivative 4 was created using pathway (13→14→15→16→4). The equatorial derivative 

used pathway (13→14→17→18→15→16→5). 

 

Once compounds were in hand, an NPM1 relocalization assay was used to 

determine whether tested compounds caused nucleolar stress.4 Methyl derivatives (2, 3), 

and DACH-Am (7)  were dissolved in DMF to form a 5 mM stock solution while ethyl 

derivative (4, 5) stock solutions were made in DMSO due to limited solubility in DMF. 

Based on these results, both methyl derivatives caused nucleolar stress.  In preliminary 

trials, neither ethyl derivative caused nucleolar stress (Figure 4.2). These preliminary 

results are complicated by potential effects of the solvent used for the stock solutions, as 

discussed below. Additionally, we tested the addition of an acetamide in the axial 

position to further increase the bulk in the 4-position. DACH-Am (7), similar to the ethyl 

derivatives, did not cause nucleolar stress (Figure 4.3).  

 The observation that both methyl derivates cause NPM1 relocalization, but not 

DACH-Am (7), demonstrates a small window of tolerance for substitutions at the 4-

position of DACH-Pt derivatives for inducing nucleolar stress. While the addition of a 

single carbon at the 4-position is tolerated, increasing the steric bulk at this location to a 
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second carbon caused the derivative may no longer cause nucleolar stress. The effects of 

the ethyl derivative are discussed in subsequent sections and need to be investigated 

further. The comparison of the methyl derivates and DACH-Am derivative could indicate 

that these compounds are involved in a specific interaction with a biomolecule which 

could be more sensitive to alkyl groups being added in the axial vs equatorial position. 

 

Figure 4.2 NPM1 relocalization of axial and equatorial oxaliplatin derivatives.  The CV 

values for individual nuclei are plotted for each treatment. Center line within the box plot 

represents the median, and the bottom and top limits are represented the first and third 

quartiles. Compounds that induce stress show a CV around 0.6 while compounds that do 

not cause stress show a CV around 1. A549 cells were treated with 10 μM platinum 

compound for 24 hours. 

 

Axial vs equatorial substitutions to the DACH ring do not change mechanism of action 

When considering the possibility that oxaliplatin is able to block a very specific 

interaction, we wondered whether there would be different tolerance for substitutions in 

the axial and equatorial positions. 
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Both axial and equatorial derivatives were synthesized separately and tested to 

determine whether they caused nucleolar stress. Compounds were enantiomerically pure 

by NMR analysis (see appendix C). For the methyl derivatives, both compounds caused 

nucleolar stress with no differentiation between the axial and equatorial position. 

Similarly, neither ethyl derivatives (in DMSO) caused nucleolar stress no matter whether 

the ethyl was in the axial or equatorial position (Figure 4.2). Although the small window 

of tolerance for substitutions at the 4-position previously discussed suggests that 

nucleolar stress is induced by a specific interaction involving the Pt ligand, the interaction 

appears to be sensitive to steric bulk but not to disposition.  

DMSO may inactivate platinum compound’s abilities to cause nucleolar stress 

 Platinum can coordinate to a variety of atoms including nitrogen, oxygen, and 

sulfur with sulfur being one of the strongest ligands available for platinum coordination. 

DMSO is known to coordinate to platinum compounds very quickly and this coordination 

can be identified via NMR spectroscopy. DMSO is also known to limit side effects but 

also to deactivate effectiveness of platinum drugs in clinical trials. We wanted to ensure 

that the lack of nucleolar stress exhibited by both ethyl derivatives was not caused by 

inactivation due to coordination with DMSO. Since previous studies had shown the 

identity of the non-labile ligand was not important in causing nucleolar stress we 

expected the possible DMSO coordination to cause no effect on NPM1 relocalization. 

We performed the NPM1 relocalization assay on both methyl derivatives as well as 

DACH-platin (Cis-[1,2-diaminocyclohexane]dichloride platinum(II)) which was first 

shown to cause nucleolar stress in chapter II.  
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 When these platinum compounds were dissolved in DMSO as opposed to DMF, 

the compounds no longer caused nucleolar stress to occur (Figure 4.3). This indicates 

that for these compounds, DMSO inhibits the relocalization of NPM1. Interestingly, 

 

Figure 4.3 NPM1 relocalization of DACH-Pt and Methyl Oxaliplatin Derivatives in 
DMSO. The CV values for individual nuclei are plotted for each treatment. Center line 

within the box plot represents the median, and the bottom and top limits are represented 
the first and third quartiles. Compounds that induce stress show a CV around 0.6 while 
compounds that do not cause stress show a CV around 1. A549 cells were treated with 

10 μM platinum compound for 24 hours. 

 

DACHene, which is dissolved in DMSO as well, continues to cause nucleolar stress 

despite likely coordination to DMSO (Figure 4.3). This indicates that not all platinum 

compounds are inhibited by DMSO but that care needs to be taken to ensure that results 

are not being caused by the introduction of DMSO.  

 The inhibition of some platinum compounds when coordinated to DMSO could 

be an indicator of the strength of the coordination at the target biomolecule that is 

occurring to cause nucleolar stress. Sulfur is one of the strongest ligands available to 
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coordinate to platinum and the lack of NPM1 redistribution could point towards a weaker 

coordination event occurring at the biomolecule. The coordination that causes nucleolar 

stress could involve oxygen or nitrogen ligands, both of which are weaker coordination 

partners for platinum. It could also indicate that the biomolecular target is coordinating in 

a mono adduct to the platinum compound which would also be a weaker interaction that 

might not be able to displace DMSO from the platinum compounds. The identification of 

DMSO as inhibiting NPM1 redistribution of platinum compounds that otherwise cause 

robust nucleolar stress, could inform us of the biomolecular coordination that is occurring 

to cause nucleolar stress. 

Installation of a double bond at the 4,5 position is tolerated 

 In addition to methyl, ethyl, and acetamide derivatives, which increase the size 

and hydrophobicity of the DACH ligand of oxaliplatin, we also tested eliminating the 

protons at the 4- and 5-position by introducing a double bond using DACHene (6). When 

this compound was used to treat cells, NPM1 relocalized to the nucleoplasm indicating 

that the compound caused nucleolar stress (Figure 4.4). DACHene (6) causing nucleolar 

stress indicates that the protons at the 4,5-positions are not necessary to cause nucleolar 

stress and that some changes to this position can be tolerated as long as the steric bulk is 

not increased too much. To investigate the orientation of the ligand when the protons are 

not present, we modeled this compound using Avogadro (Figure 4.5). The chair 

conformation found in the DACH ligand is also present in DACHene (6), while the 

protons in 4,5-axial positions are no longer present. 
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Figure 4.4 NPM1 relocalization caused by compounds DAChene (6)  and DACH-Am (7) 

are plotted. The median is represented by the middle line. The top and bottom of the box 

are the first and third quartiles. The whiskers represent the range of data excluding 

outliers (the highest and lowest 10% of the sample). Each nuclei is represented as one 

dot. The compounds that caused NPM1 relocalization have a CV around 0.6 while 

compounds that did not cause stress have a median CV around 1. A549 cells were treated 

with 10 μM platinum compound for 24 hours. 

 

 

Figure 4.5 Computational model of DACHene (6) showing the location of protons at the 

double bond. 

 

Changes to hydrophobicity do not explain why compounds no longer cause nucleolar 

stress 

 It is possible that oxaliplatin and similar derivatives exert their effects through 

non-specific hydrophobic interactions with biomolecules. Both the methyl and ethyl 
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derivatives add hydrophobicity to the ligand along with steric bulk. However, DACH-Am 

(7) includes an amide bond which is less hydrophobic than the other derivatives. In order 

to determine the hydrophobicity of DACH-Am (7), we determined a logP value. The 

preliminary logP value of DACH-Am (7) was found to be -1.03. Previously reported 

DACH-Pt, which includes the DACH ligand of oxaliplatin and two chloride ligands, had 

a logP of -0.89 while pentaplatin which contains a 5-membered ring had a logP value of -

1.29.4 The hydrophobicity of DACH-Am (7), as measured by logP, is between that of 

stress-inducing compounds penta-Pt and DACH-Pt indicating that hydrophobicity is not a 

driving factor in why DACH-Am does not cause nucleolar stress.  

Discussion 

In this work we sought to explore the tolerance for deviation at the 4,5 position on 

oxaliplatin for inducing nucleolar stress. We synthesized and tested the addition of a 

methyl or ethyl at the 4-position of the DACH ligand (compounds 2, 3, 4, and 5).  We 

also tested compound 7, which has an acetamide in the axial position, to test the effects 

steric bulk in the 4-position while changing the hydrophobicity of the ligand. 

Additionally, we probed the elimination of protons at the 4,5-position of oxaliplatin 

through incorporation of a double bond (6). We used an NPM1 redistribution assay to 

determine whether compounds caused nucleolar stress in A549 cells when treated with 10 

μM platinum at 24 hours. 

Our results showed that while the addition of a methyl was tolerated, the addition 

of an acetamide in the axial position no longer caused nucleolar stress. It is possible that 

the ethyl derivatives also may not cause nucleolar stress, but this needs to be investigated 

further. This, along with our previous work, illuminates a very small window of 
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derivatives that cause nucleolar stress and highlights the unique structural requirements 

that oxaliplatin satisfies in order to cause a different mechanism of action than cisplatin. 

The inhibition of some platinum compounds (both methyl derivatives and DACH-

platin) by the coordination of DMSO also indicates some properties of the site where the 

coordination is occurring. DMSO coordinates through the sulfur atom which is a strong 

coordination partner to platinum. The inhibition of NPM1 relocalization when some 

compounds are coordinated to DMSO could indicate that the coordination is weaker than 

coordinating through a sulfur. It could mean that the coordination is through a nitrogen or 

oxygen, both of which are weaker ligands for platinum or it could indicate that there is a 

monoadduct forming which might not be able to displace DMSO. 

The chair conformation of the DACH ligand of oxaliplatin provides interesting 

positioning of functional groups that remain rigid after coordination to the platinum atom. 

The observation that the ability to cause nucleolar stress appears to be insensitive to 

changes in both the axial and equatorial positions points towards similar constraints at 

both locations. If both ethyl derivatives do not cause stress when not in the presence of 

DMSO, one possibility could be the presence of steric interactions with another 

biomolecule that surrounds the 4-position. If the ethyl derivatives are shown to cause 

nucleolar stress when not in the presence of DMSO, the steric interaction may be further 

from the platinum atom but still surrounding the 4- position because DACH-Am (7) does 

not cause nucleolar stress. The specific spatial arrangement of the axial and equatorial 

positions on these compounds is further discussed in Chapter VI. 

This could indicate that the interaction involving platinum-bound biomolecules 

following oxaliplatin treatment  that induces nucleolar stress is relatively rigid, and the 
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interaction is only able to accommodate minor changes to the DACH ligand. One 

possible mechanism could be similar to a lock and key type mechanism for a nucleolar 

stress-inducing interaction in which the DACH ligand of oxaliplatin is uniquely situated 

as the “best fit” and where smaller ligands, such as 1,2-diaminocyclopentane found in 

pentaplatin which shows delayed and diminished NPM1 relocalization, and larger 

ligands, such as DACH-Am (7) discussed here, are no longer able to function similarly 

and their binding results in diminished nucleolar stress response.8 

Although initial interaction between oxaliplatin and the derivatives presented here 

could be specific, more work is needed to determine whether non-specific activity is 

important to the process of nucleolar stress caused by platinum compounds. It is possible 

that initial inhibition of rRNA transcription, demonstrated with previously reported 

nucleolar stress inducing compounds5,8, could lead to changes in the nucleolar structure 

allowing non-specific, hydrophobic interactions between the DACH ring of oxaliplatin 

and previously inaccessible compartments of the nucleolus leading to more widespread 

changes to the nucleolus. One observation that could indicate a more widespread effect 

on the nucleolus after the initial specific disruption is the change in nucleolar morphology 

from eccentrically shaped nucleoli to round structures when NPM1 is relocalized. The 

change in morphology has been noted by many previous studies, yet the source of the 

change is currently unknown.4,6,17 

Here we present a more stringent set of structural requirements required for 

oxaliplatin derivatives to cause nucleolar stress and potential insight into how these 

compounds could be causing stress. More research is needed to determine the exact 

mechanism and biomolecule target by which platinum induces nucleolar stress, including 
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both initial effects of platinum binding as well as the results of such disruption. This 

understanding can help to better hone a new generation of platinum compounds that 

exploit the nucleolar stress pathway. 

Bridge to chapter V 

 In chapter IV we explored the window of tolerance of the 1,2-

diaminocyclohexane ring found on oxaliplatin. We found that there is very little tolerance 

for changes at the 4,5 position. The specific requirements at the 4,5 position along with 

additional requirements discussed in chapter II indicate that the interaction between 

oxaliplatin and a biomolecule has very high specificity. We are now aware of the 

structural requirements of oxaliplatin needed to cause nucleolar stress. In chapter V I will 

discuss work towards the synthesis of two click capable platinum compounds, one that 

would be compatible with live cell imaging and another that mimics the oxaliplatin 

structure. The compound that mimics the oxaliplatin structure could be used to isolate 

and determine the identity of the biomolecules that are involved in the specific interaction 

with oxaliplatin. 
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CHAPTER V: SYNTHESIS OF A CLICK CAPABLE PLATINUM DERIVATIVES 

 

Introduction 

 Bioorthogonal chemistry and click chemistry have been utilized to study specific 

targets within cells. Compounds designed for studies inside cells provide a myriad of 

chemical challenges. These reagents must react quickly and selectively with only their 

partner inside a cellular environment rich in reactive functional groups.93 One 

bioorthogonal reaction in particular, the copper-catalyzed azide-alkyne cycloaddition 

(CuAAC) reaction, has been introduced for application to cisplatin derivatives.33,81 These 

derivatives allow researchers to track localization of Pt(II) compounds as well as purify 

their targets. 

 The CuAAC reaction is one of many bioorthogonal reactions. These must take 

advantage of unnaturally occurring functional groups that react selectively and quickly 

with their reacting partner.94 In traditional bioorthogonal studies, one partner is 

incorporated into a known biomolecule of interest through a metabolic pathway such as a 

modified sugar, amino acid or through introduction of DNA and RNA nucleotides. The 

biomolecule of interest is then tagged and can be tracked through a cell through the 

introduction of the reacting partner which will only interact with the moiety introduced 

on the modified biomolecule. This can be a fluorophore or moieties for a pulldown 

system such as biotin. 

 The strategy employed by the DeRose lab differs from traditional bioorthogonal 

studies in that a modified Pt(II) compound is used as the targeting moiety and the target 

of interest is unknown (Figure 5.1). The strategy allows us to answer more general 

questions related to what biomolecules interact with Pt(II) compounds. Once the Pt(II) 
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reagent has reacted with its targeted biomolecules in the cell, the CuAAC moiety is used 

to selectively react with reporting compounds to image the localization of the Pt(II) 

compound or purify its targets for identification and further study. 

 

Figure 5.1 Platinum compound incorporation into biomolecules and subsequent click 

reactions 

Previously, the DeRose lab has created multiple cisplatin-like molecules with 

incorporated CuAAC moieties (Figure 5.2). These compounds include a short or long 

chain linkage to azide or alkyne substituents33,95 and have been used to demonstrate 

interaction of the cisplatin derivatives with various proteins in the endoplasmic reticulum 

(ER) as well as interactions with DNA, RNA and localization to the nucleolus. The 

CuAAC reaction requires catalytic Cu(I) to be present in the solution, however, which is 

cytotoxic to cells. In vivo studies, as well as in vitro and ex vivo, use an excess of copper 

reagent as opposed to a catalytic amount. This is a significant challenge for in vivo  

 

Figure 5.2 CuAAC platinum derivatives created by the DeRose lab 
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studies, which require the cells to be viable through all treatment conditions. A lowered 

copper concentration can be used for live cell imaging using CuAAC reactions. The 

reaction proceeds much slower at lower copper concentrations. Under excess copper 

conditions, the reaction rate is dependent on the azide and alkyne concentrations; 

however, under catalytic conditions, the reaction rate becomes dependent on the 

concentration of copper present in the solution. Thus, under low copper concentrations, 

the copper catalyst becomes the rate limiting reagent leading to lowered reaction rates 

under conditions used for live cell imaging.96 In addition, copper has been proposed to 

localize alkyne-substituted fluorophores to the nucleolus.97 Recent studies have brought 

up concerns with biased imaging with G quadruplexes when using the CuAAC reaction 

in fluorescent imaging.97 With concerns from other research as well as our desire to 

explore live cell imaging, it is worthwhile to explore the incorporation of alternative 

bioorthogonal moieties in our Pt(II) compounds that do not require a copper catalyst. 

Second generation click-capable platinum compounds for live cell imaging 

Many different bioorthogonal reagents are available that react selectively and 

quickly within a cellular environment, and each reaction exhibits strengths and 

weaknesses. CuAAC is the fastest of the click reactions but requires a copper catalyst, the 

limitations of which have been outlined above.98 One of the first reagents to be used for 

click chemistry was the traceless Staudinger reagent.99 This reagent used a modified 

triphenyl phosphine reacting with an azide. The reaction transfers a fluorophore or other 

moiety from the triphenyl phosphine to the biomolecule that initially included and azide. 

This reaction is considerably slower than other bioorthogonal reactions discovered later 

and requires permeabilization for the triphenyl phosphine reagent to be introduced into 
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cells. Another common bioorthogonal reaction is the cycloaddition of strained 

cyclooctynes with azides.100 This reaction does not require a copper catalyst, so it can be 

used in live cell imaging but has five-fold slower kinetics compared to a CuAAC. The 

cyclooctynes are in general large hydrophobic molecules with limited water solubility. 

Their large size can also interfere with some cellular mechanisms which require the 

recognition of the unmodified parent compound. The most popular alternative to CuAAC 

reactions uses a trans-cyclooctene.101 This reaction is the fastest bioorthogonal reaction 

available and trans-cyclooctene derivatives are commercially available to incorporate into 

parent molecules. However, these reagents need to be handled carefully and away from 

light to ensure that the reagent does not isomerize to the less reactive cis isomer. 

Additionally, while the cyclooctene is smaller than other reagents, it is still much larger 

than azides and alkynes.  

An alternative—cyclopropenes—are small in size, and react slower than CuAAC 

but significantly faster than strained cyclooctynes.94,102 Cyclopropenes take advantage of 

the large amount of strain found in their three-membered ring (54 kcal/mol) and react 

with a derivatized tetrazine.103 

Our already synthesized CuAAC-enabled platinum compounds provide a 

convenient synthetic route to the inclusion of a cyclopropene moiety rather than an azide. 

In addition, the small size of the cyclopropene should limit effects from modifying the 

platinum scaffold. Conveniently, the proposed synthetic schemes for cyclopropene-

modified platinum compounds use many steps already well documented in the DeRose 

lab.95 The synthesis of azidoplatin includes a free amine intermediate and subsequent 
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amide ligation to the azide substituent. The formation of an amide bond to desired 

functional groups can be modified to incorporate an amide-linked cyclopropene.   

 To test the properties of a cyclopropene-Pt(II) derivative 7, an initial synthetic 

route started with 1,3-platin (1). Synthesis of that ligand concludes with installation of an 

azide at the 2- position.  We initially sought to harness the amine derivative to form an 

amide bond to a cyclopropene, followed by coordination to Pt(II) (Scheme 5.1).  

 

Scheme 5.1 Synthetic scheme 1 to create a cyclopropene Pt(II) derivative. 

 

Scheme 5.1 follows a similar synthesis as that used to form 1,3-platin and 

azidoplatin.46,95 Following scheme 5.1 1,3-diamino 2-propanol is reacted with di-tert-

butyl carbonate to form the boc-protected compound 1. This compound is converted from 

the alcohol to a methanosulfonyl group by reacting with methanosulfonyl chloride and 

triethylamine. The methanosulfonyl group on compound 2 is then displaced by azide 

using a substitution reaction with sodium azide to form compound 3. Compound 4 is 

formed by converting the azide to an amine using Pd/C and hydrogen. This product is 
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then reacted with NHS ester cyclopropene and triethyl amine to form an amide bond 

(compound 5) and separated using an extraction. The NHS-ester is used to form the 

amide bond because of the ease of separating biproducts of the reaction.  NHS-esters can 

be cleaved by the addition of acid and both products from the reaction are water soluble. 

This allows the biproducts of an amide bond formed using an NHS-ester to be separated 

using an extraction with water. The ligand (compound 5) is then deprotected by reaction 

with 4M HCl in dioxane and coordinated to Pt(DMSO)2Cl2 to form the final compound 7. 

Cyclopropenes are known to be sensitive to acid; however, carbon NMR 

deprotected compound 6 before coordination showed the presence of the double bond of 

cyclopropene. However, following coordination to Pt(II) using tetrachloroplatinate(II), 

these cyclopropene-associated carbon NMR peaks at 114 ppm and 97 ppm were no 

longer present (see appendix D). It was unclear what reaction was happening at the 

electron-rich double bond. It is possible that a ring-opening occurred and a normal double 

bond was present or that the double bond was converted into a cyclopropane. Certain 

platinum species are known to ring-open cyclopropenes.104 Additionally, Pt(II) can react 

with very electron rich groups to transition between ionization states. After determining 

that the reaction conditions were degrading or reacting with the cyclopropene, we 

replaced tetrachloroplatinate with Pt(DMSO)2Cl2 which is generally used to ensure that 

additions to the platinum are in the cis conformation as the DMSO ligands are 

preferentially displaced. This, however, did not change the reactivity of cyclopropene 

with platinum under these reaction conditions. 

Due to the presumed reactivity of the cyclopropene on the ligand with platinum in 

the solution, we decided to attempt an alternative route (scheme 5.2) that pre-coordinated 
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Pt(II) to a chelating diamine before installation of the cyclopropene. In order perform 

initial tests we allowed 1,3-platin and our ligand and DBU to interact for multiple days in 

solution. After a few days we dried the solution and resuspended in deuterated DMF. 

NMR analysis showed the presence of the characteristic strained double bond of the 

cyclopropene at 114 ppm and 97 ppm indicating that at least some of the cyclopropene 

was still present. This preliminary evidence indicated that coordinating platinum to a 

chelating diamino ligand would stop the platinum from interacting with the double bond 

of the cyclopropene.  

 

Scheme 5.2 Synthetic scheme 2 to create a cyclopropene Pt(II) derivative. 

We took advantage of the stability of cyclopropene to pre-coordinated diamino ligands in 

scheme 5.2. The formation of 1,3-platin has been previously described.33,46 Following 

scheme 5.2 boc-protected compound 3 is deprotected by reaction with 4M HCl in 

dioxane. To ensure successful coordination, the deprotected ligand 8 is dried thoroughly 

in vacuo and tested for acidity. The ligand 8 is then coordinated to platinum by reaction 

with Pt(DMSO)2Cl2 and DBU to produce a yellow solid which is separated through 

filtration or pelleting the solid using a centrifuge. The azide of 1,3-platin (compound 9) is 
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converted to an amine through a hydrogenation reaction with Pd/C and hydrogen. 

Compound 10 is reacted with NHS-ester cyclopropene to form the final amide bond 

between cyclopropene and the platinum compound (compound 7). Purification of this 

compound is ongoing. 

As proof of concept we used the crude mixture to confirm the presence of Pt(II)-

tethered cyclopropene and subsequent ability to perform click ligation to a tetrazine-

modified fluorophore.  We first reacted the crude mixture of 7 with a DNA hairpin 

containing one GG basepair for 24 hours at room temperature. The DNA was then 

purified using a G20 column and reacted with tetrazine rhodamine without further 

purification. The resulting dPAGE analysis showed bands indicating DNA that is both 

shifted to lower mobility and exhibits fluorescence (shown in pink, Figure 5.3).  Bands 

for DNA containing both one and two Pt(II)-fluorophore  

 

Figure 5.3 dPAGE analysis of Pt(II)-cyclopropene derivative bound to DNA The 

crude mixture of 7 was used to platinate a small hairpin DNA (HP) then incubated with 

tetrazine rhodamine. Rhodamine fluorescence imaging can be seen in pink. DNA was 

Coomassie stained (black). 
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conjugate are shown, consistent with previous results.47 These results demonstrate that 

the desired Pt(II)-cyclopropene compound was present in our crude mixture and able to 

undergo click ligation to tetrazine fluorophores following coordination to DNA. After 

purification of the compound is complete, this compound should be able to be used for 

live cell imaging and for comparison with its azide-containing derivative. 

Synthesis and characterization of click capable oxaliplatin mimic 

 In previous chapters, we investigated the structural components of platinum 

compounds that were required to cause nucleolar stress.82,105 In these studies, we 

uncovered a series of structural requirements that indicate that a specific interaction may 

be influenced by oxaliplatin and other stress inducing compounds. Determination of the 

structural characteristics necessary to cause nucleolar stress can indicate a certain type of 

mechanism; however, it cannot identify what biomolecule is interacting with platinum to 

cause nucleolar stress. We have investigated some pathways which could be responsible 

for causing nucleolar stress using biochemical and biological methods and uncovered that 

our stress inducing compounds all affect the transcription of rRNA.83,85 This is a 

promising lead since inhibition of RNA polymerase I (Pol I) can lead to transcription 

inhibition. These methods, however, cannot be used to track whether the platinum could 

be interacting with rDNA and causing the inhibition of Pol I or if it could be directly 

interacting with Pol I itself. Similar limitations with other techniques exist because we are 

not able to probe the platinum compounds directly after binding within the cell. 

 A helpful addition to the repertoire of techniques already established and used 

would be a platinum compound that mimics the structure of oxaliplatin and that includes 
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an azide. The incorporation of an azide to the oxaliplatin (or DACH-Pt) scaffold would 

allow for further identification of platinum targets in cells that influence nucleolar stress. 

This derivatized compound would be required to not only have a similar structure to 

oxaliplatin but also cause the same mechanism of action in cells. Chapter IV described 

the limitations of modifying the 4- and 5- positions of DACH. This limits the locations on 

the scaffold that could be used to synthesize an azide-containing oxaliplatin derivative; 

however a mimic that shared similar structural characteristics could help distinguish 

effects from overall targeting differences vs effects due to a different mechanism of 

action. The DeRose lab has used azide-containing cisplatin mimics (1,3 platin, 

scorpioplatin, and azidoplatin) to investigate off-target effects that did not directly 

contribute to the mechanism of action for cisplatin.106,107 An oxaliplatin mimic that does 

not cause nucleolar stress could prove useful in this kind of investigation as well. While 

investigations of the DACH scaffold are ongoing and suitable modification at a position 

that still causes nucleolar stress has not been determined, an oxaliplatin-like scaffold 

would increase the toolbox available for investigating the overall effects of oxaliplatin on 

cells. 

 To this end we sought to create an oxaliplatin mimic that contained the DACH 

ligand that was modified with an azide-containing group. Kalayda and coworkers 

reported an oxaliplatin mimic which was tethered to a fluorophore through an amide 

linkage.38 We thought we could use the synthetic method published by Kalayda and 

coworkers to create an amide bond to 4-azidobutyric acid. In this synthesis, the amide 

bond is always formed in the axial position. We were able to use the synthetic procedure 
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to synthesize intermediate 14 (DACH-Am) which we tested previously in chapter IV and 

found that the acetamide derivative did not cause a nucleolar stress response. 

 

Scheme 5.3 Oxaliplatin mimic synthetic scheme. 

 Scheme 5.3 closely follows synthesis by Kalayda and coworkers.38 Following 

scheme 5.3, 1,2-diaminocyclohexene is reacted with di-tert-butyl carbonate to form the 

boc-protected compound 11. The double bond of compound 11 is then reacted with 

Hg(NO3)2 in a solvo-mercuration reaction followed by displacement of mercury by 

reduction with NaBH4 to form elemental mercury. Compound 12 is separated by 

extraction followed by column chromatography (20:1 DCM:methanol). The ligand is 

then deprotected by reaction with 4M HCl in dioxane to form compound 13 which is then 

coordinated to platinum using tetrachloroplatinate and DBU. This platinum compound 

intermediate then undergoes acid-catalyzed hydrolysis of the acetamide to form an amine. 

This is followed by introduction of the NHS ester of 4-azido butanoic acid to form 

compound 15. The purification of this compound is ongoing; however, good separation 

between two products can be achieved using silica and water as the mobile phase. 

 Although we do not expect this derivative 15 to mimic oxaliplatin or other 

nucleolar stess-inducing compounds because the acetamide intermediate 14 does not 

cause nucleolar stress, it can still be used to study off-target effects of oxaliplatin and 
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compare the effects of targeting based off the changes in ligands between cisplatin and 

oxaliplatin. Our lab has used our cisplatin mimics to identify new proteins that were 

previously unknown to interact with platinum.106 These cisplatin mimics could be used to 

compare to the biomolecules identified using the oxaliplatin mimic. Additionally, tagging 

the oxaliplatin mimic with a fluorophore could show differential localization of the 

oxaliplatin mimic compared to our cisplatin mimics that could further understandings 

about how oxaliplatin’s ligand is important to its activity.108 This could also give insight 

into why oxaliplatin exhibits different side effects than cisplatin an ongoing and 

unexplained phenomenon of these FDA approved drugs. The off-target effects are 

thought to be one possible reason for side effect profiles of the different chemotherapy 

drugs.6  

 An alternative oxaliplatin mimic than what is described here will be necessary to 

directly measure the activity of oxaliplatin that causes nucleolar stress. Instead, the 

derivative described here could work in conjunction with a nucleolar stress-inducing 

compound to differentiate biomolecules that are affected because of the change in ligand 

to the DACH ring and the specific interactions that might be causing nucleolar stress. 

Bridge to Chapter VI 

 Chapter V described the work towards synthesizing new platinum compounds that 

included bioorthogonal groups which could be used to directly investigate the platinum 

compound targets. These click-capable compounds can help to provide targets that are 

interacting with platinum and explain what might be occurring in cells. One compound 

included a new bioorthogonal group, a cyclopropene, which has not been incorporated 

into platinum compounds for use in a click reaction before. This derivative can be used 
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for live cell imaging which provides opportunities to study the changes in platinum 

localization throughout a cell cycle.  

The other derivative described was an oxaliplatin mimic which could be used in 

conjunction with cisplatin mimics already previously synthesized. An oxaliplatin mimic 

could help to illuminate differential binding caused by the DACH ring found on 

oxaliplatin. Although measurements with an intermediate suggest that our initial 

proposed oxaliplatin mimic may not induce nucleolar stress, it may still give insight into 

off-target effects of oxaliplatin. Chapter VI includes computational studies of the 

nucleolar stress inducing compounds that could explain why some structures cause 

nucleolar stress while others do not. We investigate potential interactions with NPM1 that 

could cause nucleolar stress. The oxaliplatin mimic described could provide potential 

targets for computational work while modeling could provide a molecular level 

explanation for why platinum causes nucleolar stress once targets of oxaliplatin are 

identified.  
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CHAPTER VI: MODELING AND VISUALIZING STRESS-INDUCING PLATINUM 

COMPOUNDS 

Introduction 

 In previous chapters, the structural requirements of platinum compounds have 

been explored in order to determine characteristics that are required for compounds to 

cause nucleolar stress. The results described in chapters II, III, and IV show that 

seemingly small changes to non-labile Pt(II) ligands result in large differences in their 

ability to cause nucleolar stress.82,85,105 This suggests that a specific interaction is being 

affected by the coordinating platinum. Results from Sutton and DeRose suggest that 

RNA Pol I synthesis of rRNA from rDNA is inhibited in early stages of nucleolar stress 

induction by Pt(II) compounds.83 The inhibition of Pol I transcription is also present with 

other stress inducing compounds described in previous chapters.85 This work suggests 

that this process could be a cause of nucleolar stress caused by platinum compounds. 

Alternatively, the nucleolar protein NPM1 is a potential direct target of Pt(II) compounds 

that could also cause nucleolar stress. NPM1 interacts with DNA and RNA in the 

nucleolus. In a study of nucleolar stress induction by oxidative stress, Yang and 

coworkers found that a reactive cysteine in NPM1 (cysteine 275) is ubiquitinated.78 

Modifications at cysteine 275 causes NPM1 to relocalize into the nucleoplasm regardless 

of whether there are stress-inducing conditions present. 

While efforts to identify the target of platinum compounds that could be causing 

this differential mechanism of action compared to cisplatin are ongoing, investigating the 

way in which the different derivatives behave at molecular interfaces can be illuminating. 

In this chapter we explore two potential binding partners, DNA and NPM1, that could 
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bind with platinum to cause nucleolar stress. We investigate the coordination of our 

platinum compounds at two adjacent guanines on a DNA oligonucleotide which 

exemplifies a bidentate adduct to a nucleic acid. Additionally, we use the C-terminus of 

NPM1 as a model for a monoadduct at a cysteine present on a protein. The different 

models help to explore possible influences of different ligands on stress inducing and 

non-stress inducing Pt(II) compounds on biomolecular interactions.  

Modeling platinum compounds binding to DNA 

 Previous studies have found that cisplatin and oxaliplatin preferentially bind to 

the N7 of guanine. Pt(II)-amine compounds preferentially form diadducts with adjacent 

guanines due to the ability to form a hydrogen bond between the -NH2 protons and the 5’ 

guanine carbonyl. Due to the selectivity of platinum at this binding position, we began 

modeling our compounds on a double strand of DNA using previously published NMR 

structures of oxaliplatin binding to a 24-nucleotide double-stranded DNA (pdb id: 

1PG9).109 We wished to compare the different structures in order to explore possible 

molecular bases for their different effects at biomolecular interfaces.  

Avogadro was used to model compounds. Crystal structures were used as the 

starting point for modeling. Neither DNA not platinum were held constant but the 

oligonucleotide had minimal structure changes during the simulation due to being in an 

already low energy conformation in the crystal structure as the starting point. Structures 

were optimized using UFF force field following the steepest descent until dE measured 

under 0.01.110 This method does not identify or take into account hydrogen bonding or 

other factors outside of bond length, angle, and steric clashes; however, these structures 

could be used for further optimization using density functional theory to elucidate these 
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types of interactions using previously described methods as in chapter II. To ensure 

planar ligand geometry around Pt(II), the structures were corrected if needed and 

optimized a second time. The visualizations were created in Pymol version 2.4.111 The 

difference in binding between cisplatin and oxaliplatin at two adjacent guanines in a 

double stranded helix can be seen in Figure 6.1 

 

Figure 6.1 Computed DNA structures showing cisplatin binding to double stranded DNA 

(cyan) and oxaliplatin binding to double stranded DNA (magenta). 

 

 

We were particularly interested in the differentiation between non-stress inducing 

compound APP (cyan) and nucleolar stress-inducing compound benzaplatin (green) 

(compounds 10 and 12 in chapter II) (Figure 6.2). APP and benzaplatin have nearly 

identical steric bulk and hydrophobicity but caused different effects on NPM1 

redistribution. It is possible that the ability of Pt(II) compounds to cause nucleolar stress 

is dependent on the orientation of the ring that is coordinated to platinum. Modeling the 

compounds gave us further insight into how the directionality of the Pt(II) ligand could 

play a role in how relatively similar Pt(II) compounds could change the effects at 

biomolecular interfaces. 
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Figure 6.2 Computed structure of platinum compounds bound to double stranded DNA. 

APP (magenta) is overlayed with benzaplatin (green). 

 

 

The first major difference between benzaplatin and APP was that APP had 

multiple orientations available when binding to adjacent guanines on DNA (Figure 6.3). 

While benzaplatin’s symmetry only produced one structure, APP could bind in a way that 

the picolylamine ligand’s steric bulk could be towards either the 5’ or 3’ direction of the 

coordinated DNA strand. The other major distinction is how the steric bulk from the 

Pt(II) ligands is located within the major groove. For benzaplatin, the steric bulk 

protrudes towards the center of the major groove. APP’s asymmetry pushes the bulk of 

the ligand towards one side of the major groove. This orientation may still allow potential 

access to the 5’ or 3’ side of the major groove depending on the binding orientation. This 

property of APP could allow some recognition at the major groove for biomolecule 

interactions although the strength of the resulting interactions would likely be diminished. 
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Figure 6.3 Computed structure of APP bound to DNA. Two bound confirmations of APP 

are presented (cyan and green). 

 

 

We also investigated the structural differences between PlatMeEn ([give chemical 

structure here],blue) and pentaplatin ([chemical structure], green) (Figure 6.4) bound to 

DNA. When probing the size-dependence of compounds that could cause nucleolar 

stress, pentaplatin was the smallest compound we found that still caused stress. 

PlatMeEn, the next smallest compound, no longer caused stress. When comparing these 

two structures in the context of binding to adjacent guanines (Figure 6.4), we could 

clearly illustrate how the change in ligand size could affect a biomolecular interface. 

When pentaplatin is bound to DNA the steric bulk resembles that of benzaplatin, 

blocking potential interactions on either side of the ligand while also protruding towards 

the center of the major groove. Binding to PlatMeEn still results in some steric blocks to 

the major groove, but significantly less than the effects of pentaplatin. It is possible that 

the driving factor for why pentaplatin but not PlatMeEn causes nucleolar stress is driven 

by the increase in steric bulk between the two compounds. 
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Figure 6.4 Computed structure of DNA bound to platMeEn (dark blue) and pentaplatin 

(green). 

 

 

Another set of compounds of interest was the DACH derivatives with axial and 

equatorial substituents described in Chapter IV. The chair confirmation of DACH 

provides an interesting directional component that affects the orientation of substitutions. 

This was very interesting to consider because of the strong directionality component we 

found when considering different effects of APP and benzaplatin. Viewing the 

derivatives with 4-methyl substitutions in the equatorial and axial positions, we can 

clearly see how the disposition of the methyl group  could affect the binding in the major 

groove (Figure 6.5). In the equatorial methyl derivative (yellow) the methyl protrudes 

into the middle of the major groove away from the DNA. In the axial methyl derivative 

(magenta), the methyl is pushed into the major groove following the helical turn. These 

differences illustrate how a potential biomolecular interface could be affected based on 

the orientations of ligand substituents on the Pt(II)-coordinated DACH ring. 
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Figure 6.5 Computed structure of methyl oxaliplatin derivatives binding to DNA. 

Equatorial derivative is in yellow. Axial derivative is in magenta. 

 

 

Platinum compounds interacting with NPM1 

 Binding to genomic DNA and subsequent DNA damage response is believed to 

be the mechanism by which cisplatin causes cell death. Oxaliplatin, however, is known to 

cause much less DNA damage than cisplatin and was recently found to cause cell death 

through ribosome biogenesis stress (referred to here as nucleolar stress). There are many 

biomolecules that are involved in the nucleolar stress response pathway including RNA 

Pol I and NPM1 which have been discussed in previous chapters. When considering how 

our platinum compounds could affect nucleolar stress and bind at a biomolecular 

interface we chose to examine NPM1 as a potential target that could be affected by 

platinum compounds and cause nucleolar stress.  
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The C terminal tail of NPM1 contains a cysteine 275 which is glutathionylated 

under oxidative stress conditions. When it is glutathionylated, NPM1 relocalizes to the 

nucleoplasm regardless of whether there is nucleolar stress occurring. We imagined 

cysteine 275 could be coordinating with our platinum species and the Pt(II) adducts 

causing steric hinderance similar to the glutathionylation. Pt(II) compounds are known to 

bind avidly to cysteine, forming a monoadduct with the thiolate ligand. This model also 

allowed us to investigate the influence of positioning in Pt(II) monoadducts. 

We modeled our compounds using Avogadro onto the C terminus of NPM1, 

using crystal structure PDB ID 2VXD.112 The structure of NPM1 was not held constant 

but only shifted minimally due to the starting point being the already low- energy crystal 

structure. The compounds were optimized using the same method as in the previous 

section. The optimization was performed using UFF force field following the steepest 

descent until dE measured under 0.01.110 If the Pt(II) ligand geometry was not planar 

after the first round of optimization, the structure was corrected and optimized again. 

This computational method takes into account bond lengths, angles, and steric clashes 

and structures produced can be used for higher level computational analysis to determine 

other characteristics such as electron density or hydrogen bonding. The optimized 

structures were then visualized in Pymol version 2.4.111 
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Figure 6.6 Computed structure of Pt(II) compounds modeled bound to the C terminus of 

NPM1. Cysteine 275 is bound to cisplatin (magenta) or oxaliplatin (yellow). 

 

 

When viewing the coordination of oxaliplatin and cisplatin to this cysteine it is 

clear that oxaliplatin’s ligand creates a much larger steric hinderance at this position 

(Figure 6.6). Cystine 275 exists in the center of the DNA/RNA-NPM1 interface where 

DNA or RNA would bind to NPM1. The ligand of oxaliplatin providing a steric block at 

that region could interact similarly to glutathionylation of NPM1 which blocks the 

binding of RNA and DNA to the c-terminus tail of NPM1 and causes NPM1 to relocalize 

to the nucleoplasm.78 Oxaliplatin could interact similarly as well as the other stress 

inducing platinum compounds. 

If NPM1 is the target of platinum, then any compound that could provide enough 

steric bulk could stop NPM1 binding to RNA and DNA. This is not consistent with our 

observations in chapter II that steric bulk alone is not sufficient to cause NPM1 

redistribution. Instead, there is a strong directionality component between compounds 
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that exhibit similar steric bulk but do not cause the same outcome regarding NPM1 

redistribution.82 We examined benzaplatin and APP again to determine whether our 

models could highlight why benzaplatin but not APP could cause nucleolar stress. In our 

models we found that the asymmetry of APP allowed the ligand to encompass a much 

larger space but also the flexibility to potentially be moved out of the way of an RNA or 

DNA binding partner (Figure 6.7a). In comparison, benzaplatin’s possible lower-energy 

conformations were fewer, only changing minimally compared to the differences in 

confomrations available to APP (Figure 6.7b). The flexibility of available 

 

Figure 6.7 Computed structures of platinum binding to cysteine 275 of NPM. Two 

possible confirmations are shown. APP is shown in magenta. Benzaplatin is shown in 

green. 
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conformations of APP could allow APP the ability to move out of the way of an 

interacting biomolecule at other interfaces. While APP had two low-energy 

conformations available when binding to double stranded DNA with a bidentate adduct, 

APP has many more available when forming only a monoadduct with a biomolecule. 

This was determined by modifying the platinum structure to alternate configurations and 

optimizing the structures. Due to no steric interactions around the platinum compounds 

for these models, the lowest energy structures found were varied and depended on the 

original orientation of the platinum introduced, as opposed to settling into one structure 

despite any manipulation as was the case for models using DNA. Two orientations are 

presented in Figure 6.7 for two compounds. If another biomolecule were to bind to this 

interface, it is possible that more steric constraints would be present and limit the 

orientations available to the platinum molecules.  

 Our platinum compounds could be interacting to form both monoadducts and 

bidentate adducts on biomolecules to cause nucleolar stress. It is interesting to consider 

asymmetry as a source of flexibility at these interfaces and as a potential molecular 

reason why these compounds act dissimilarly. The asymmetry may allow compounds to 

be moved away from interfaces needed to bind to other biomolecules allowing for the 

biomolecules to bypass or ignore the effects of these platinum compounds. This is in 

comparison with symmetric, rigid molecules which would not allow the bulk of the 

platinum ligand to be shifted away from potentially important interfaces. The 

identification of proteins and other biomolecules that interact with oxaliplatin derivatives 

would help guide computational analysis and better refine why oxaliplatin and similar 

derivatives cause nucleolar stress at a molecular level.  
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CHAPTER VII: CONCLUDING REMARKS 

Summary 

 Chapter I introduces Pt(II) anticancer drugs. The background and discovery of 

cisplatin and the two FDA-approved platinum drugs that followed are described. The 

mechanism of action for cisplatin and oxaliplatin is described with the current state of 

knowledge being that cisplatin’s cell death mechanism is through the DNA damage 

response, whereas oxaliplatin’s appears to cause cell death through the nucleolar stress 

response. The use of modified platinum compounds for mechanistic studies is discussed 

including compounds that are pre-tethered to fluorophores as well as compounds that are 

modified after the platinum has bound to biomolecules through the use of azides and 

alkynes for post-treatment conjugation.  

In Chapter II, we began our study into what structural components of oxaliplatin 

were necessary to cause nucleolar stress. We confirmed that oxaliplatin caused nucleolar 

stress and that a small window of modifications to the DACH scaffold could be tolerated. 

We synthesized a variety of compounds in a limited structure-activity study. We found 

that the DACH ligand of oxaliplatin was responsible for causing nucleolar stress and that 

the identity of the aquation labile ligands was not a factor as long as the compound could 

bind to biomolecules. We examined hydrophobicity and steric bulk in our compounds 

and determined that these properties were not sufficient to explain why compounds 

caused nucleolar stress. We also found that the orientation of the ring of the ligand with 

respect to the Pt(II) was very important in determining whether compounds caused stress. 

Through this limited structure-activity study, we found a small window of derivatives 
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that could cause nucleolar stress indicating that the interaction that causes nucleolar stress 

could be a specific interaction. 

We then examined the structural characteristics of phenanthriplatin in Chapter III. 

It had previously been reported that phenanthriplatin as well as oxaliplatin caused 

nucleolar stress as its mechanism of action. We studied other monofunctional platinum 

derivatives of phenanthriplatin that contained one or two fused rings, and found no other 

compounds that caused nucleolar stress. The addition of the third ring of phenanthriplatin 

apparently is important for how phenanthriplatin caused nucleolar stress. This could be 

because of the orientation the ligand enforced by the addition of the third fused ring or 

could be because of the enhanced ability of the phenanthridine ligand to intercalate 

between nucleobases. We found no structural connection between phenanthriplatin and 

oxaliplatin that explained why both compounds caused nucleolar stress. It is possible that 

oxaliplatin and phenanthriplatin cause nucleolar stress through different biomolecular 

interactions. 

Chapter IV continued our structural investigation into why oxaliplatin caused 

nucleolar stress. We investigated substitutions at the 4,5 position of the DACH ligand of 

oxaliplatin. Our compounds included a methyl or ethyl substituent at the 4- position in 

the axial or equatorial position. We found that with respect to causing nucleolar stress, a 

methyl group was tolerated in both the axial and equatorial position while a larger 

acetamide substitution in the axial position was not. This sensitivity further demonstrated the 

possibility of a specific biomolecular interaction occurring with oxaliplatin that could 

cause nucleolar stress. We also tested a compound with a 4-5 double bond in the DACH 

ring and determined that the lack of protons in the axial positions is tolerated with respect 
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to causing nucleolar stress. To extend our findings, we further tested a platinum 

compound with an acetamide at the 4- position, in the axial orientation. This compound 

did not cause nucleolar stress despite having hydrophobicity that was between DACH-Pt 

and pentaplatin, which both were determined to cause nucleolar stress as described in 

Chapter II. From these additional structure studies we have explored compounds that 

included ligands that are larger than the DACH ligand of oxaliplatin. We have also 

determined that the 4 position is unsuitable as a location for installing a bioorthogonal 

handle in either the axial or equatorial positions of the ring. 

In chapter V I detailed efforts to synthesize two new platinum derivatives that 

included a bioorthogonal handle. The first compound, a cyclopropene derivative, could 

be used for live cell imaging. I discussed approaches to maintain the reactive 

cyclopropene during synthesis. The initial synthetic procedure installed the cyclopropene 

onto the protected diamine ligand before coordinating to Pt(II). However, I found that the 

cyclopropene-containing ligand was unstable in the presence of ligand-exchangeable 

Pt(II) species, perhaps through a reaction with the Pt(II). I found that a cyclopropene-

containing precursor was stable in the presence of diamine-coordinated platinum species, 

suggesting  a new synthetic pathway in which the cyclopropene was installed on pre-

coordinated Pt(II) ligand. I used the crude mixture obtained from this second synthetic 

procedure to demonstrate Pt-cyclopropene adduct formation on a hairpin DNA and 

successful click conjugation to tetrazine rhodamine. 

Chapter V also describes the synthetic steps that have been taken to create an 

oxaliplatin mimic that includes an azide for post-treatment CuACC conjugation. This 

synthesis includes an acetamide at the 4-position as a precursor to installing an amide-
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linked azide. In Chapter IV, it was found that the acetamide-modified Pt(II) compound 

does not cause nucleolar stress, suggesting that the azide product would also be limited as 

an oxaliplatin mimic. Synthesis of the azide-modified DACH-bound Pt(II) compound 

was partially successful and requires purification of the final product. This compound 

could be used to investigate how the DACH ligand of oxaliplatin could affect 

localization, even though the compound is not expected to cause nucleolar stress due to 

observations reported in Chapter IV. 

We return to our platinum compounds that caused stress in Chapter VI. In this 

chapter we modelled the structures of stress-inducing and non-stress inducing compounds 

described in Chapters II and IV as adducts on double-stranded DNA and on a DNA-

binding protein, NPM1, to investigate how the structural changes could affect a 

biomolecular interface involving protein-DNA interactions. Compounds were modeled as 

bidentate adducts on DNA, and as monoadducts on  Cys 275 of the C-terminus of NPM1. 

From these models we found that the asymmetry of APP, a non-stress inducing 

compound, could bind in multiple conformations providing flexibility that might be less 

inhibitory at an important interface. We compared APP to benzaplatin, a stress-inducing 

compound with almost identical hydrophobicity and steric bulk as well as similar 

structure, that could not sample different conformations. The potential flexibility at a 

biomolecular interface of APP was even more pronounced when viewing the potential 

platination of cysteine 275 of NPM1. We also examined the derivatives explored in 

chapter IV containing methyl or ethyl substituents in axial or equatorial positions of the 

DACH 4-position, bound to DNA. We considered the finding that an ethyl in the axial 

and equatorial position was no longer tolerated with respect to causing nucleolar stress. 



80 
 

This could indicate that an interaction around carbon 4 of DACH ligand is important in 

causing nucleolar stress.  

Future Directions 

Throughout this document we have explored work towards uncovering what 

biomolecules are responsible for cell death via nucleolar stress response that is induced 

by certain platinum compounds. Our structure studies indicate that this response could be 

caused by a specific interaction with platinum that is very sensitive to small changes in 

the platinum ligand structure.82,85 It is possible that the mechanism of action could 

resemble a lock and key type mechanism where the DACH ligand coordinated to 

platinum is situated as a “best fit” and both small changes to increase the size of DACH 

to include a ethyl substitution as well as decreases in size such as compounds smaller 

than pentaplatin no longer cause nucleolar stress. This is an interesting potential 

mechanism because we have observed that pentaplatin could be acting as a “bridging” 

compound. Pentaplatin shows decreased NPM1 relocalization as well as delayed NPM1 

response compared to other stress-inducing compounds described in chapter II.85 

The studies described in this document are limited in what can be explored by 

changing the structure of oxaliplatin derivatives. While useful for uncovering a general 

mechanism that these compounds could be working through, they do not identify the 

biomolecules that could be involved in these types of mechanisms. Chapter V describes 

synthetic work towards an oxaliplatin mimic that could add new tools to our toolbox to 

explore the mechanism of action by oxaliplatin. However, our work suggests that the 

derivative currently described might not cause nucleolar stress. Future studies should 
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further probe the DACH scaffold for locations that could be modified and still cause 

nucleolar stress. 

Previous studies using azide-containing cisplatin mimics have uncovered many 

new effects of cisplatin on cells.45,48,81 For instance, these derivatives have been used to 

determine the localization of cisplatin within cells and shown that azidoplatin, which 

does not cause nucleolar stress, localizes to the nucleolus.33,82,95 Azidoplatin has also been 

used to pull down and identify proteins that were coordinated to platinum and related to 

the ability of this compound to cause endoplasmic reticulum stress.48 The ability to pull 

down targets of a compound that causes nucleolar stress could identify potential 

biomolecules for further study. An azide-containing oxaliplatin mimic that caused 

nucleolar stress could be used to greatly increase our understanding of how oxaliplatin 

causes nucleolar stress. Used in conjunction with cisplatin mimics, an oxaliplatin mimic 

could help to uncover how these two chemotherapy drugs affect different cancerous cell 

types.6 

A click-capable oxaliplatin would provide a very useful tool for studying 

platinum induced nucleolar stress but will take time to both synthesize and to explore the 

scaffold for an appropriate location for derivatization. While a compound is being 

synthesized, biochemical and biological approaches can help to explore potential, known 

targets that could cause nucleolar stress. One potential target of platinum has been 

reported by Sutton and DeRose indicating that RNA polymerase I is inhibited by 

oxaliplatin but not cisplatin.83 We have also found that our other stress-inducing 

compounds also cause the inhibition of rRNA transcription.85 This is a promising target 

that could cause these compounds to employ the nucleolar stress pathway but it is unclear 
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whether inhibition could be caused by direct binding of platinum to Pol I or whether 

platinum could be interacting with DNA or other parts of the nucleolus. For these 

differentiations, being able to identify the platinum targets directly would be beneficial.  

Overall, this work has made steps towards exploring the molecular level factors 

that cause platinum II compounds to cause nucleolar stress. A better understanding of the 

mechanism of action of oxaliplatin as well as the derivatives discussed her could lead to a 

better understanding of these chemotherapy drugs at a clinical level. Both identification 

of what platinum is interacting with as well as downstream effects that perturb the 

nucleolus would provide opportunities to create a new generation of platinum compounds 

that exploit the nucleolar stress pathway as their mechanism of action. Additionally, an in 

depth understanding of this mechanism of action and the platinum compounds that cause 

it could lead to better predictions about which platinum compounds could be more 

effective in different types of cancer treatments. 
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APPENDIX A: SUPPLEMENTARY INFORMATION FOR CHAPTER II 

 

Supplementary Figures 

 

 

 
A.1. NPM1 assay and quantification scheme. A549 cells were seeded on coverslips treated 

for 24 hours with the selected compound. Cells were fixed, permeabilized, and stained with 

an α-NPM1 antibody as described in Materials and Methods section. After imaging, nuclei 

were segmented using DAPI staining and pixel intensity from NPM1 imaging was 

measured. The Coefficient of Variation (CV, standard deviation over mean), was 

calculated for each nucleus, normalized to the mean CV for the no treatment control on 

that day, and plotted as above with each nucleus represented by one point on the plot. An 

average CV of 1.0 indicates no stress, whereas a lower CV (around 0.6) indicates diffusion 

of NPM1 throughout the nucleoplasm, a positive indicator of nucleolar stress. Treatment 

data sets are represented by box plots, where the center, top, and bottom lines of boxes 

represent the median, first and third quartile respectively.  
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Figure A.2. Additional images for compounds tested. Top row shows negative and positive 

(Actinomycin D) controls, and Pt(II) compounds 3, 8, 11, 12, and 13, — respectively 

CarboPt, PtMeEn, PicoPt, APP, and AzidoPt— none of which caused nucleolar stress. 

Bottom row shows Pt(II)-free ligands of stress-inducing Pt(II) compounds and solvents 

used (DMSO and DMF). Ligands alone do not induce nucleolar stress, and neither do 

solvents. All treatments were performed for 24 hours. Pt(II) compound and ligand 

treatments were conducted at 10 µM, with the exception of Actinomycin D, which was 5 

nM, and 3 (CarboPt), which was 20 µM. 
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Figure A.3. Quantification of nucleolar stress induction for Pt(II)-free ligands and solvents 

used. CV quantification confirms that ligands alone do not induce nucleolar stress, and 

neither do solvents. All treatments were performed for 24 hours. Treatments were 

conducted at 10 µM, with the exception of Actinomycin D, which was 5 nM. Treatment 

data sets are represented by standard box plots, where the center, top, and bottom lines of 

boxes represent the median, first and third quartile respectively. The vertical lines represent 

the range of data within 1.5xIQR of the lower and upper quartiles, where IQR is the 

difference between first and third quartile; points outside this range are considered outliers. 
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Figure A.4. Histograms showing NPM1 intensity within a single nucleus in stressed and 

unstressed cells. X axis represents pixel intensity, and Y axis represents the number of 

pixels within a nucleus of the intensity on the X axis. Cells not undergoing nucleolar stress 

have a large number of low intensity pixels and a small number of high intensity pixels, 

indicating NPM1 is concentrated in the granular component of the nucleolus. Cells 

undergoing stress have a broader distribution of pixel intensities, with the histogram 

skewing towards high intensity, as NPM1 has redistributed throughout the entire 

nucleoplasm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



87 
 

 

 

 

 
Figure A.5. DFT-optimized structures of compounds illustrating the relative size of 

compounds and planarity of BenzaPt 10 relative to DACH-Pt 4  
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Supplementary Tables 

 

Table A.1.  IC50 values in A549 cells for selected compounds at 24 hoursa 

Compound IC50 (µM) 

Oxaliplatin, 2 81.5±7 

Cisplatin, 1 12.8±2 

DACHplatin, 4 31.9±6 

Pentaplatin, 9 37.5±5 

Benzaplatin, 10 NRb 

PlatEn, 7 46.1±6 

PlatMeEn, 8 76.1±9 

DOAP, 5 36.6±5 

APP, 12 NRb 

aIC50 values in A549 cells were determined after 24-hour treatment with indicated 

compound 
bNR=IC50 value not reached, >500 µM 

 

 

Table A.2.  IC50 values in A549 cells for selected compounds at 48 hoursa 

Compound IC50 (µM) 

Oxaliplatin, 2 9.9±3.5 

Cisplatin, 1 4.6±0.7 

Benzaplatin, 10 6.9±0.7 

APP, 12 36.9±4.3 

aIC50 values in A549 cells were determined after 48-hour treatment with indicated 

compound 
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Table A.3. Volume and hydrophobicity data 

Compound Volume (Å3) Distance (Å) logP 

Cisplatin 19.46 3.40 -2.39±0.005 

PlatMeEn 23.56 5.51 -1.68±0.014 

PlatEn 21.47 4.41 -1.85±0.013 

APP 27.66 6.21 -1.1±0.058 

Picoplatin 27.69 6.21 - 

Pentaplatin 27.85 6.21 -1.29±0.031 

Benzaplatin 28.71 6.73 -0.92±0.038 

DACH-platin 30.01 6.75 -0.89±0.011 

Carboplatin 30.94 6.30 - 

DACH-En 32.41 6.72 - 

Azidoplatin 32.71 13.16 -1.2±0.059 

Oxaliplatin 34.13 6.78 1.58±0.02 
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Materials and Methods 

 

1. Cell culture and treatment 

 

A549 human lung carcinoma cells (#CCL-185, American Type Culture Collection) 

were cultured at 37°C, 5% CO2 in Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10% Fetal Bovine Serum (FBS) and 1% antibiotic-antimycotic. 

Treatments were conducted on cells that had been grown for 11-25 passages to 70% 

confluency. Except where noted otherwise, treatments were conducted for 24 hours at 10 

µM. Compounds were made into 5mM stocks on the day of treatment in 0.9% NaCl 

(cisplatin), DMF (4, 7, 8, 10, 11, 12, 13, 14), DMSO (5), or water (1, 2, 3, 6). Stock 

solutions were diluted into medium immediately prior to drug treatment. 

 

2. Immunofluoresence 

 

Cells to be imaged were grown on coverslips (Ted Pella product no 260368, Round 

glass coverslips, 10mm diam, 0.16-0.19mm thick) as described above. After treatment, 

cells were washed twice with phosphate buffered saline (PBS) and fixed for 20 minutes at 

room temperature in 4% paraformaldehyde in PBS. PFA was removed via aspiration and 

cells were then permeabilized with 0.5% Triton-X in PBS for 20 minutes at room 

temperature. Two ten-minute blocking steps were performed with 1% bovine serum 

albumin (BSA) in PBST (PBS with 0.1% Tween-20). Cells were incubated for one hour in 

primary antibody (NPM1 Monoclonal Antibody, FC-61991, from ThermoFisher, 1:200 

dilution in PBST with 1% BSA) and 1 hour in secondary antibody (Goat Anti-Mouse IgG 

H&L Alexa Fluor® 488, ab150113, Abcam, 1:1000 dilution in PBST with 1% BSA), with 

3 five minute wash steps using PBST between incubations, and were washed in the same 

manner again before mounting slides. Coverslips were mounted on slides with ProLong™ 
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Diamond Antifade Mountant with DAPI (Thermo Fisher) according to manufacturer’s 

instructions. 

 

3. Cytotoxicity (MTT assay) 

 

A549 cells were seeded in 24-well plates at a density of 5x104 cells/mL. The following 

day cells were treated with 0-750 μM of compound in DMEM supplemented with 10% 

FBS and antibiotic-antimycotic. 24h after treatment, compound-containing medium was 

removed and cells washed twice with PBS. MTT in DMEM supplemented with 10% FBS 

and antibiotic-antimycotic was then added to cells and incubated for 3h. DMSO was used 

to dissolve the formazan crystals and absorbance at 595 nm was then determined using a 

Tecan microplate reader. Percent viability was determined by comparing to vehicle-treated 

control for each compound and IC50 concentration calculated from triplicate 

measurements using the drc package in R 113. 

 

4. Image processing and quantification 

 

Images were taken using a HC PL Fluotar 63x/1.3 oil objective mounted on a Leica 

DMi8 fluorescence microscope with Leica Application Suite X software. Quantification of 

NPM1 relocalization was performed in an automated fashion using a Python 3 script. 

Images were preprocessed in ImageJ 114,115 to convert the DAPI and NPM1 channels into 

separate 16-bit greyscale images. Between 70 and 225 cells were analyzed for each 

treatment group. Nuclei segmentation was determined with the DAPI images using Li 

thresholding functions in the Scikit- Image Python package 116. The coefficient of variation 

(CV) for individual nuclei, defined as the standard deviation in pixel intensity divided by 

the mean pixel intensity, was calculated from the NPM1 images using the SciPy Python 
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package. All data were normalized to the no-treatment control in each experiment. NPM1 

imaging results for each compound were observed on a minimum of two separate testing 

days. Data are represented as boxplots generated using Seaborn within Python.  

 

5. Synthesis 

 

Materials 

 Cisplatin used for cell treatments was purchased from Strem Chemicals. Cisplatin 

used as a synthetic precursor was synthesized as described below. Oxaliplatin and 

carboplatin were purchased from TCI. Unless otherwise noted, all other compounds were 

purchased from Sigma Aldrich or TCI. Picoplatin and azidoplatin were synthesized as 

previously reported 25.  

 

Cisplatin (1) 

Cisplatin was synthesized according to previously described methods by Dhara 117 

and reviewed 118. Briefly, potassium tetrachloroplatinate (62.7 mg, 0.151 mmol, 1 eq) was 

dissolved in 180 μL of water and stirred at 40°C. Potassium iodide (300 mg, 1.807 mmol, 

12 eq) was dissolved separately in 500 μL of water and warmed to 40°C. 250 μL of the 

potassium iodide solution was added dropwise to the solution containing potassium 

tetrachloroplatinate. After addition of potassium iodide, the solution was warmed to 70°C. 

Once the solution reached 70°C it was removed from heat and cooled to room temperature. 

The solution was then filtered through celite. The filtrate was collected and used for the 

following reaction. A 2M solution of ammonium hydroxide in water (250 μL) was added 

dropwise. The solution was allowed to stand for 30 minutes, filtered, and washed with 

ethanol (x1) and ether (x2). The solid was collected to yield 56.2 mg cis-

diamminediiodoplatinum(II). Silver sulfate (37 mg, 0.119 mmol, 1eq) was added to 5 mL 



93 
 

of water. Cis-diamminediiodoplatinum(II) (56.2 mg, 0.116 mmol, 1eq) was added slowly. 

The solution was heated to 80°C. The solution was stirred overnight. The silver iodide was 

filtered using celite and the filtrate collected. This solution was concentrated to 1.5 mL. 

Potassium chloride (174.6 mg, 2.34 mmol, 20 eq) was added to the solution and then heated 

to 80°C. The solution was stirred at 80°C for another 20 minutes and cooled to room 

temperature. The solution was filtered and washed with ethanol (x1) and ether (x2) to yield 

23.5 mg (52%) cis-diamminedichloroplatinum(II). 1H NMR (500 MHz, DMF-d7) δ 3.99 

(s, 6H). 

  

Cis-(trans-1,2-diaminocyclohexane)dichloride Platinum(II) (DACH-Pt) (4) 

Cis-(trans(+/-)-1,2-diaminocyclohexane)dichloride Platinum(II) was prepared 

using general methods previously described 118. Potassium tetrachloroplatinate (100.3 mg, 

0.242 mmol, 1 eq) was dissolved in 4 mL of water. Trans(+/-)-1,2-diaminocyclohexane 

(29.1 mg, 0.255 mmol, 1eq) was added dropwise to the dark red solution and stirred for 7.5 

hours. A yellow precipitate formed. The solution was filtered and washed with ice-cold 

methanol (x1) and acetone (x1). The yellow solid was then collected to yield 70 mg (76 

%). 1H NMR (500 MHz, DMF-d7) δ 5.59 (d, J = 7.4 Hz, 2H), 5.02 (s, 2H), 2.50 (qq, J = 

11.2, 5.6, 3.8 Hz, 2H), 2.15 – 2.04 (m, 2H), 1.56 (dd, J = 7.7, 3.3 Hz, 2H), 1.48 (tt, J = 11.9, 

5.6 Hz, 2H), 1.15 (qd, J = 11.9, 2.9 Hz, 2H). 195Pt NMR (107 MHz, DMF-d7) δ -2270.32. 

 

Cis-(diammine)oxalic acid Platinum(II) (DOAP) (5) 

            Cis-(diammine)oxalic acid Platinum(II) was prepared using general methods 

previously described 118. Sodium oxalate was prepared by introducing excess sodium 

hydroxide to oxalic acid and filtering the resulting solid. Cis-(diammine)diiodo 

platinum(II) (92.3 mg, 0.193 mmol, 1 eq)  was dissolved in 5 mL water. Silver nitrate 
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(82mg, 0.4823 mmol, 2.5eq) was added and the reaction stirred overnight protected from 

light. The reaction was then filtered through celite and the filtrate collected. Sodium oxalate 

(26 mg, 0.194 mmol, 1 eq) was added to the filtrate and the reaction was stirred overnight 

and protected from light. The resulting light grey solid was filtered from the solution and 

washed with water (2x) and methanol (x2). Yield 33.3mg (54%). 1H NMR (500 MHz, 

DMSO-d6) δ 4.27 (s, 6H). 13C NMR (126 MHz, DMSO-d6) δ 166.38. 195Pt NMR (107 

MHz, DMSO-d6) δ -1743.33. 

 

Cis-(trans-1,2-diaminocyclohexane)1,2-ethylenediamine Platinum(II) (DACH-En) (6) 

Cis-(trans(+/-)-1,2-diaminocyclohexane)dichloro platinum(II) (62 mg, 0.163 mmol, 1eq) 

was dissolved in 5 mL of water. 1,2-diaminoethane (32 mg, 0.533 mmol, 3.2eq) was added 

to the solution and refluxed for two days. The solution was then cooled room temperature 

over 24 hours. Solution was then evaporated to yield a yellow solid. 1H NMR (500 MHz, 

Deuterium Oxide) δ 3.31 (t, J = 5.8 Hz, 1H), 3.05 (t, J = 5.8 Hz, 1H), 2.97 (s, 2H), 2.72 – 

2.64 (m, 4H), 2.47 – 2.39 (m, 2H), 2.09 (dt, J = 12.8, 2.0 Hz, 2H), 1.67 – 1.60 (m, 2H), 

1.41 – 1.28 (m, 2H), 1.20 (td, J = 9.4, 8.9, 4.0 Hz, 2H). 13C NMR (126 MHz, D2O) δ 61.17, 

46.83, 40.43, 32.14, 23.92. 195Pt NMR (107 MHz, D2O) δ -3002.42. TOF MS ES+ for m/z 

[(M)]2+ C8H21Pt calculated: 368.1414 found: 368.1403 ([(M]2+). 

  

Cis-(1,2-diaminoethylene)dichloride Platinum(II) (Plat-En) (7) 

Cis-(1,2-diaminoethylene)dichloride Platinum(II) was prepared using general 

methods previously described 118. Potassium tetrachloroplatinate (66 mg, 0.159 mmol, 1eq) 

was dissolved in 500 μL of water. 1,2-diaminoethane (9.36 mg, 0.156 mmol, 1eq) was 

added to the dark red solution and allowed to stir at room temperature for 12 hours. A 
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yellow precipitate formed. The solution was filtered and washed with ice-cold 0.1M HCl 

(x1), ethanol (x1), and ether (x1). The yellow solid was collected to yield 27.5 mg (53%). 

1H NMR (500 MHz, DMF-d7) δ 5.38 (s, 4H), 2.61 (s, 4H). 13C NMR (126 MHz, DMF-d7) 

δ 50.52. 195Pt NMR (107 MHz, DMF-d7) δ -2309.12. 

  

Cis-(2,3-diaminopropane)dichloride Platinum(II) (Plat-MeEn) (8) 

            Cis-(2,3-diaminopropane)dichloride Platinum(II) was prepared according to 

previously reported methods and used as a mixture of isomers 119. Potassium 

tetrachloroplatinate (34 mg, 0.082 mmol, 1eq) was dissolved in 1ml water and heated at 50 

°C. Excess potassium iodide (40 mg, 0.24 mmol, 3eq) was dissolved in 0.5 mL water and 

added dropwise to the platinum. The solution was stirred for 10 minutes and became black. 

To the stirring solution, 1,2-diamino propane (7 µL, 0.08 mmol, 1 eq) was added and the 

solution was stirred for 40 minutes. Yellow precipitate formed immediately. The solution 

was cooled to room temperature and filtered. The solid was washed with ice-cold ethanol 

(1x) and ether (1x). 

            The solid was dissolved in 2ml water and silver nitrate (28 mg, 0.16 mmol, 2eq) 

was added. The reaction was stirred for 2 days protected from light. The solution was 

filtered through celite and concentrated to 1ml. Excess potassium chloride (120 mg, 1.61 

mmol, 20 eq) was added rapidly to the concentrated solution and the mixture was stirred at 

50 °C for 1 hour. The resulting yellow solid was filtered and washed with methanol (1x) 

and ether (1x). 1H NMR (500 MHz, DMF-d7) δ 5.74 (s, 1H), 5.55 (d, J = 40.1 Hz, 2H), 

5.22 (s, 1H), 3.30 – 3.17 (m, 1H), 2.89 – 2.80 (m, 1H), 2.66 (td, J = 8.2, 6.1, 3.1 Hz, 1H), 

1.53 (d, J = 6.5 Hz, 3H). 13C NMR (126 MHz, DMSO) δ 56.00, 52.41, 16.38. 
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Cis-(trans-1,2-diaminocyclopentane)dichloride Platinum(II) (Penta-Pt) (9) 

Cis-(trans-1S,2S-diaminocyclopentane)dichloride Platinum(II) was synthesized 

according to previously published methods 120. Potassium tetrachloroplatinate (101 mg, 

0.243 mmol, 1eq) was dissolved in 2 mL of water. (1S, 2S)-trans-diaminocyclopentane 

dihydrochloride (43.1 mg, 0.249 mmol, 1eq) was added and stirring continued. 73 mg of 

1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (0.482 mmol, 2eq) was added to the solution. 

A yellow precipitate formed. The solution was filtered and washed with ethanol (x1) and 

ether (x2). The yellow solid was collected to yield 50.5 mg (57%). 1H NMR (500 MHz, 

DMF-d7) δ 5.18 (s, 2H), 5.00 (s, 2H), 3.41 – 3.31 (m, 2H), 2.16 (tdd, J = 9.6, 8.0, 5.3 Hz, 

2H), 1.78 – 1.64 (m, 2H), 1.63 – 1.48 (m, 1H). 13C NMR (126 MHz, DMF-d7) δ 70.21, 

26.73, 23.93. 195Pt NMR (107 MHz, DMF-d7) δ -1987.96. 

  

Cis-(1,2-phenylenediamine)dichloride Platinum(II) (Benza-Pt) (10) 

Cis-(1,2-phenylenediamine)dichloride Platinum(II) was prepared using general 

methods previously described 118. Potassium tetrachloroplatinate (103 mg, 0.248 mmol, 

1eq) was dissolved in 1 mL of water. A dark red solution formed. 1,2-phenylenediamine 

(26.8 mg, 0.248 mmol, 1eq) was added and stirring continued for 6 hours. The solution 

was filtered and washed with ice-cold ethanol (x1) and ether (x2). The dark yellow/brown 

solid was collected with a yield of 89.8 mg (96%). 1H NMR (500 MHz, DMF-d7) δ 7.72 

(s, 2H), 7.46 (dd, J = 5.9, 3.5 Hz, 1H), 7.28 (dd, J = 6.0, 3.4 Hz, 1H). 13C NMR (126 MHz, 

DMF-d7) δ 144.76, 128.85, 127.36. 195Pt NMR (107 MHz, DMF-d7) δ -2199.18. 

  

Cis-(2-aminomethylpyridine)dichloride Platinum(II) (APP) (12) 

            Cis-(2-aminomethylpyridine)dichloride Platinum(II) was synthesized according to 

previously described methods 64. A solution of 2-picolylamine (120 µL, 0.075 mmol, 1 eq) 
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was made in 1.2 mL water. Potassium tetrachloroplatinate (55mg, 0.133 mmol, 2eq) was 

dissolved in 1.2 mL water. The platinum solution was added to the 2-picolylamine and the 

pH was adjusted to pH 5 using concentrated HCl. The reaction was stirred for 4 hours. The 

pH of the solution was adjusted during the reaction to be around pH 5-6 using 1 M NaOH. 

The resulting yellow solid was filtered and washed with water (2x) to yield 38.7 mg (89%). 

1H NMR (500 MHz, DMF-d7) δ 9.43 (d, J = 5.3 Hz, 1H), 8.37 (t, J = 7.7 Hz, 1H), 7.91 (d, 

J = 7.8 Hz, 1H), 7.72 (t, J = 6.7 Hz, 1H), 6.42 (s, 2H), 4.55 (t, J = 5.9 Hz, 2H). 

 

6. Measurement of partition coefficients 

 

Water was mixed with octanol for 24 hours and left to stand for an additional 24 hours to 

obtain water-saturated octanol and octanol-saturated water that were used for determining 

partition coefficients. Measurements of the partition coefficients were performed using 

classical shake-flask method according to OECD guidelines 121. Platinum complexes were 

dissolved in octanol-saturated water at concentrations between 0.5 mM and 5 mM. The 

octanol-saturated water mixtures were mixed with water-saturated octanol in a 1:1 ratio 

and vortexed for 30 minutes 121,122. The mixtures were then centrifuged and 0.5 mL samples 

of both phases were collected and quantified using RP-HPLC as described by Klose et al 

120. An isocratic method was used for HPLC analysis with water and methanol. Methanol 

concentrations ranged from 10% to 30% with 30% being used for more hydrophobic 

compounds. The area of absorbance was used to calculate the ratio (P) of platinum in 

octanol and water as this area is proportional to the concentration according to the Lambert-

Beer law. The column was washed with 95% methanol 5% water between each octanol 

sample and equilibrated before the next sample was introduced. The stock solution of each 

platinum compound was compared to the total from octanol and water samples as a check 
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of this method. This procedure to calculate logP was performed in triplicate and standard 

deviations were determined. 

 

7. Computations 

 

Computations were performed as previously reported 60. Briefly, compounds were 

optimized using density functional theory (DFT) in Gaussian09 123. Optimizations to 

geometry were performed using a RMS force convergence criterion of 10-5 hartree. The 

electronic wavefunction was minimized using GGA functional PBE 124,125, with the 

DEF2TZP basis set. We did not explicitly include relativistic effects as these were not 

expected to impact the geometries of the compounds significantly 126. 

Two measures of size were used for the compounds: volume and longest vector 

between the platinum atom and the surface of the molecule. The vector represents the main 

steric component of the non-labile ligand of each compound to provide a direct comparison 

especially when comparing compounds that do not share the same aquation-labile ligand 

identity. In order to quantitatively assess the size of the molecules we used the presence of 

electric field, as derived from the electrostatic potential, to signify the location of the 

chemical system. DFT yields the electrostatic potential of the optimized, non-hydrolyzed 

compound structures and tools previously developed and reported were used to analyze the 

electrostatic potential of a chemical system 127. We used the same file format to analyze 

the electrostatic potential and the result was the electrostatic potentials of the optimized 

structures were computed by minimizing the electronic wavefunction using 500 eV 

planewave cutoff, a gamma only k-grid, and a PBE functional utilizing a plane-augmented 

wave (PAW) 128,129. basis as implemented in the Vienna Ab Initio Software Package 129–

132. 
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All compounds were calculated in a sufficiently large computational box to minimize 

self-interaction. The electric field is the gradient of the electrostatic potential; therefore, 

the electric field includes the direction of the greatest increase in electrostatic potential. 

DFT calculations return electrostatic potential values on the order of 10-6 eV, therefore a 

change in less than 10-5 eV is considered negligible. This approach is based on previous 

atomic radii calculations which employ negligible change in electron density to assess the 

size of atoms. We used this measurement of the electric field and definition of the surface 

of the compound to find the total volume of the compounds as well as the longest vector 

from the platinum center to the farthest edge of the non-labile ligand.  
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APPENDIX B: SUPPLEMENTARY INFORMATION FOR CHAPTER III 

Materials and methods 

Reagents and synthesis 

Cisplatin,117 picoplatin,133 and pyriplatin, quinoplatin, isoquinoplatin, and 

phenanthriplatin72 were synthesized as previously reported. Oxaliplatin was purchased 

from TCI America. Actinomycin D was purchased from Thermo Fisher Scientific. A549 

cell line was acquired from the American Type Culture Collection. 

Cell culture and treatment 

A549 human lung carcinoma cells (#CCL-185, American Type Culture 

Collection) were cultured at 37 °C, 5% CO2 in DMEM supplemented with 10% FBS and 

1% antibiotic–antimycotic. A549 cells have been used previously to study nucleolar 

stress pathways.58,59 Cells between passage 11–25 and at confluency of 70% were used in 

the treatments. Cells were treated for 24 h with 10 µM compound, with the exception of 

phenanthriplatin and phenanthridine which were administered at 0.5 µM and actinomycin 

D at 5 nM. The counterion for positively-charged compounds is nitrate. Stock solutions 

of 5 mM compound in DMF were made and used with the exception of oxaliplatin, which 

was made in water and actinomycin D which was made in DMSO. Immediately prior to 

treatment, platinum compounds were diluted into media. Final DMF and DMSO 

concentrations were 0.2% (v/v) in media. We chose to use 0.5 µM phenanthriplatin to 

account for the higher cellular accumulation of phenanthriplatin and to be more in line 

with reported 72 h IC50 values which are not exhibited by the other studied 

compounds.72 
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Immunofluorescence 

Cells to be imaged were grown on coverslips (Ted Pella product no 260368, 

Round glass coverslips, 10-mm diam, 0.16–0.19-mm thick) as described above. 

Following treatment, cells were washed twice with PBS. They were then fixed for 20 min 

at room temperature in 4% paraformaldehyde diluted in PBS. Cells were permeabilized 

with 0.5% Triton-X in PBS for 20 min at room temperature followed by two 10-min 

blocking steps with 1% BSA in PBST. The cells were incubated for 2 h using primary 

antibody (NPM1 Monoclonal Antibody, FC-61991, from Thermo Fisher, 1:200 dilution 

in PBST with 1% BSA) and 1 h in secondary antibody (Goat Anti-Mouse IgG H&L 

Alexa Fluor® 488, ab150113, Abcam, 1:1000 dilution in PBST with 1% BSA). Between 

each incubation and before mounting, slides were washed three times for 5 min each 

using PBST. Coverslips were mounted on slides with ProLong™ Diamond Antifade 

Mountant with DAPI (Thermo Fisher) according to manufacturer’s instructions. 

Imaging and quantification 

Images were taken using a HC PL Fluotar 63×/1.3 oil objective mounted on a 

Leica DMi8 fluorescence microscope with Leica Application Suite X software. 

Quantification of NPM1 relocalization was performed in an automated fashion using a 

Python 3 script. Images were preprocessed in ImageJ114,115 to convert the DAPI and 

NPM1 channels into separate 16-bit greyscale images. Between 100 and 250 cells were 

analyzed for each treatment group. Nuclei segmentation was determined with the DAPI 

images using Li thresholding functions in the Scikit-Image Python package.134 The 
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coefficient of variation (CV) for individual nuclei, defined as the standard deviation in 

pixel intensity divided by the mean pixel intensity, was calculated from the NPM1 

images using the SciPy Python package. All data were normalized to the no-treatment 

control in each experiment. NPM1 imaging results for each compound were observed on 

two separate testing days. Duplicates of treatments were performed and analyzed and are 

available upon request from the corresponding author. 

Computations 

Based on the experimental results, we hypothesized that the size, shape or 

hydrophobicity of the platinum(II) compounds may be instructive in correlating the 

biological activity with the chemical structure because of biological implications of these 

structural components in an interaction between two biomolecules that may be disrupted. 

Thus, we optimized all platinum(II) compounds using density functional theory (DFT) as 

implemented in Gaussian09123 so that we might quantitatively assess the structural 

differences and hydrophobicity of the compounds. 

Geometry optimizations were performed with an RMS force convergence 

criterion of 10−5 hartree. The electronic wavefunction was minimized using the GGA 

functional PBE,124,125 with the DEF2TZP basis set. Relativistic effects were not explicitly 

included, however, these were not expected to significantly impact the geometries of the 

platinum(II) complexes.126 Solvent was implicitly included using the Solvent Model 

Density method.135 
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The solvent-dependent difference in Gibbs free energies (ΔGwater−octanol) was 

calculated using 

ΔGwater−octanol=ΔGwater−ΔGoctanol, 

where (ΔGwater) and (ΔGoctanol) are the change in free energies of the system in water 

and n-octanol, respectively. (ΔGwater) was computed using the structure optimized in the 

pseudo solvent, water. This optimized structure was kept constant for all subsequent 

computations, including calculation of the compound in pseudo-solvent, n-octanol, which 

yielded (ΔGoctanol). This approach minimizes the reorganizational energetic differences. 

Thus, (ΔGwater−octanol) is a measure of the hydrophobicity for each compound. 

Further calculations were required to assess the size and shape of the platinum(II) 

compounds. Two measures of size were considered, (i) volume, and (ii) the longest 

vector between the platinum atom and the surface of the molecule. The latter 

characteristic represents the main steric component of the ligand in each compound. 

To quantitatively assess the volume of each compound, a definition of size is 

necessary. Thus, we will use the presence of electron density to signify the location of the 

chemical system. Since DFT yields both the electron density and electrostatic potential of 

the optimized, non-hydrolyzed platinum(II) compound structures and we have previously 

developed a tool to analyze the electrostatic potential of chemical systems,127 we will use 

the same file format to analyze the electrostatic potential. As a result, the electrostatic 

potentials of the optimized structures were computed by minimizing the electronic 

wavefunction using a 500 eV planewave cutoff, a gamma-only k-grid, and the PBE124,125 

functional utilizing a plane-augmented wave (PAW)128,129 basis as implemented in the 
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Vienna Ab initio Software Package (VASP).130–132,136 All compounds were calculated 

within a sufficiently large computational box to minimize self-interaction. 

The electric field is the gradient of the electrostatic potential; thus, the electric 

field embodies the direction of greatest increase in electrostatic potential. This is 

significant because the increased slope of the electric field enables us to more clearly 

define the edge of a chemical system in space. Therefore, deriving the electric field from 

the electrostatic potential returned by DFT allows us to assess the size of each compound 

by sampling the electric field. However, to achieve this, definition of a surface needs to 

be addressed. 

We will define the edge of a chemical system as the point where the electric field 

magnitude no longer changes, which is intuitive considering the definition of the 

electrostatic potential. Since DFT calculations return electrostatic potential values on the 

order of 10−6 eV, a change in less than 10−5 eV is considered negligible. This approach 

is based on previous atomic radii calculations, which employ negligible change in 

electron density to assess the size of atoms.128,129 

Using the area of each compound defined by sampling the electric field, the 

longest vector between the platinum atom and the surface was calculated for each 

compound, capturing the main steric component of each ligand. 
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APPENDIX C: SUPPLEMENTARY INFORMATION FOR CHAPTER IV 

Materials and methods 

Materials 

 Cisplatin used for cell treatment was purchased from Strem Chemicals. 

Oxaliplatin was purchased from TCI. Unless otherwise state, all other materials were 

purchased from Millipore Sigma and TCI America. All compounds were synthesized 

according to previously reported methods with modifications to hydrogenation reactions 

outlined below. Methyl derivatives (both axial and equatorial) were synthesized 

according to literature by Abramkin and coworkers. Ethyl derivatives were synthesized 

according to literature by Galanski and coworkers and Habala and coworkers. The 

synthesis of DACH-am is described in appendix D.  

General procedure for the hydrogenation of methy oxaliplatin derivatives 

 Diazido starting material (0.8g) was dissolved in 10ml dry methanol. A catalytic 

amount of Pd/C was added to the solution and the reaction put under hydrogen 

atmosphere at 1atm.  The reaction was allowed to proceed for 2 days. The solution was 

then filtered over celite and the crude mixture rotovapped to dryness. The crude mixture 

was then dissolved in water with 2-5 drops of DBU added. 34mg of tetrachloroplatinate 

was added to the solution. After yellow solid began to precipitate out of solution, the 

solid was centrifuged to remove the solid. The reaction was continued for up to 6 hours, 

removing solid via pelleting at various points and air dried. The yield for the axial 

derivative was 2%. Only 1/6th of the crude mixture was used to coordinate to platinum 

when forming the equatorial derivative. The yield for the equatorial derivative was 

approximately 6%. 
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General procedure for the hydrogenation of ethyl oxaliplatin derivatives 

 Diazido starting material was dissolved in 5ml methanol. Triphenyl phosphine 

was added in a 1:1.5 ratio diazide:triphenylphosphine. The reaction was refluxed for 1 

hour then allowed to cool. After, 2ml water were added to the reaction mixture and the 

mixture was filtered through cotton. The solution was then coordinated to 50mg 

tetrachloroplatinate with 2-5 drops DBU for up to 6 hours to yield a yellow solid as the 

product. The solid was centrifuged and collected in multiple fractions and air dried.  A 

pink product may also be present which should be separated by pelleting fractions 

throughout the reaction.  

Synthesis of DACHene 

 1,2diamino 3-cyclohexene (50mg, 0.45mmol) is dissolved in 1ml water with 

DBU (137mg, 0.9mmol). Tetrachloroplatinate (187mg, 0.45mmol) is added to the 

reaction and allowed to react for 2 days. The yellow solid is then centrifuged and 

collected. The solid is allowed to air dry (15% yield). 

Cell culture and treatment 

A549 human lung carcinoma cells (#CCL-185, American Type Culture Collection) were 

cultured at 37°C, 5% CO2 in Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10% Fetal Bovine Serum (FBS) and 1% antibiotic-antimycotic. 

Treatments were conducted on cells that had been grown for 10-30 passages to 70% 

confluency. Cells were treated for 24 hours at 10 μM in order to compare to previous 

literature. 5mM stock solutions of all compounds were made in water (oxaliplatin), DMF 

(AxMe-Pt, EqMe-Pt), or DMSO (DACH-ene, AxEt-Pt, EqEt-Pt, Actinomycin D). Stock 

solutions were diluted into media immediately prior to drug treatment. 
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Immunofluoresence 

Cells to be imaged were grown on coverslips (Ted Pella product no 260368, Round glass 

coverslips, 10mm diam, 0.16-0.19mm thick) as described above. After treatment, cells 

were washed twice with phosphate buffered saline (PBS) and fixed for 20 minutes at 

room temperature in 4% paraformaldehyde in PBS. PFA was removed via aspiration and 

cells were then permeabilized with 0.5% Triton-X in PBS for 20 minutes at room 

temperature. Two ten minute blocking steps were performed with 1% bovine serum 

albumin (BSA) in PBST (PBS with 0.1% Tween-20). Cells were incubated for one hour 

in primary antibody (NPM1 Monoclonal Antibody, FC-61991, from Thermo Fisher, 

1:200 dilution in PBST with 1% BSA) and 1 hour in secondary antibody (Goat Anti-

Mouse IgG H&L Alexa Fluor® 488, ab150113, Abcam, 1:1000 dilution in PBST with 

1% BSA), with 3 five minute wash steps using PBST between incubations, and were 

washed in the same manner again before mounting slides. Coverslips were mounted on 

slides with ProLong™ Diamond Antifade Mountant with DAPI (Thermo Fisher) 

according to manufacturer’s instructions. 

Image processing and quantification 

Images were taken using a HC PL Fluotar 63x/1.3 oil objective mounted on a Leica 

DMi8 fluorescence microscope with Leica Application Suite X software. Quantification 

of NPM1 relocalization was performed in an automated fashion using a Python 3 script. 

Images were preprocessed in ImageJ2,3 to convert the DAPI and NPM1 channels into 

separate 16-bit greyscale images. Between 70 and 225 cells were analyzed for each 

treatment group. Nuclei segmentation was determined with the DAPI images using Li 

thresholding functions in the Scikit- Image Python package.  The coefficient of variation 
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(CV) for individual nuclei, defined as the standard deviation in pixel intensity divided by 

the mean pixel intensity, was calculated from the NPM1 images using the SciPy Python 

package. All data were normalized to the notreatment control in each experiment. NPM1 

imaging results for each compound were observed on a minimum of two separate testing 

days. Data are represented as boxplots generated using Seaborn within Python. 

 

Log P Measurements 

Water was mixed with octanol for 24 hours and left to stand for an additional 24 hours to 

obtain water-saturated octanol and octanol-saturated water that were used for determining 

partition coefficients. Measurements of the partition coefficients were performed using 

classical shake flask method according to OECD guidelines. Saturated solutions were 

created by dissolving compounds in octanol saturated water. Excess solid was filtered out 

using a 0.2 μm filter. The octanol-saturated water mixtures were mixed with water-

saturated octanol in a 1:1 ratio and vortexed for 30 minutes. The mixtures were then 

centrifuged for 30 minutes and 0.5 mL samples obtained. The samples were quantified 

using ICP-MS to determine the concentration of platinum in the mixture. Since octanol 

solutions are incompatible with some ICP-MS, we quantified the original saturated stock 

solutions and assumed that the difference between the concentration found in the water 

solutions and the stock solution represented the platinum present in the octanol solution. 

LogP was calculated using the concentrations obtained from ICP-MS. 
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NMR Spectra 

 

Figure C.1  NMR for EqMe-Pt 

 

Figure C.2 NMR for AxMe-Pt 
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Figure C.3 Stacked NMR showing AxMe-Pt and EqMe-Pt 
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Figure C.3 NMR for EqEt-Pt 
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Figure C.4 NMR for AxEt-Pt  
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APPENDIX D: SUPPLEMENTARY INFORMATION FOR CHAPTER V 

Cyclopropene Supplemental material and methods 

Materials 

 Unless otherwise noted, all materials were purchased from Millipore sigma or 

TCI America. 

Synthesis scheme 1 

 The synthesis of compounds 1, 2, 3 and 4 followed previously reported methods. 

NHS ester cyclopropene 

 A solution of cyclopropene carboxylic acid (152mg, 1.5mmol), NHS (258mg, 

2.25mmol), and EDC (278mg, 1.8mmol) in 3ml DCM was stirred overnight at room 

temperature in the dark. The reaction mixture was washed with saturated ammonium 

chloride (2x) and brine (1x). The organic phase was dried with sodium sulfate and 

evaporated to yield 236mg (80%) as a sweet-smelling orange oil. 

1,2-(ditert-butyl) 2-cyclopropene propane (5) 

 1,3-diboc 2-aminepropane (249mg, 0.86mmol), NHS ester cyclopropene (124mg, 

0.64mmol) was added to 10ml DCM and 1ml triethyl amine. The solution was reacted 

overnight and protected from light. The reaction mixture was dried in vacuo and 

recrystallized in ethyl acetate. The filtrate was collected and dried to produce a pale 

yellow solid. The solid was dissolved in DCM and washed 8 times with 1M HCl. The 

organic phase was dried with sodium sulfate and evaporated 

Cis-[1,3-diamino 2-(cyclopropene)propane]dichloride platinum (7) 
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 A 1:1 molar equivalent of Pt(DMSO)2Cl2 or PtCl4 and 5 are added to 4 

equivalents of DBU to prevent the cyclopropene from being degraded. The reaction is 

stirred for 2 days in the dark followed by the reaction mixture being added dropwise to 

ice cold water. A yellow solid precipitates out of solution after stirring for 1 hour on ice. 

The precipitate is pelleted and washed with water (3x). The solid was washed with ether 

(1x) and allowed to dry. 

Synthesis Scheme 2 

 The synthesis of compounds 3, 8 and 9 have been previously reported. 

Cis-[1,2,3 triaminopropane]dichloride platinum (10) 

 1,3 platin (30mg, 0.08mmol) was dissolved in 5ml DMF with a catalytic amount 

of Pd/C. The reaction was reacted for 2 days under a hydrogen atmosphere at 1atm. The 

reaction was then filtered over celite and moved to the next reaction without purification. 

Cis-[1,3-diamino 2-(cyclopropene)propane]dichloride platinum (7) 

 NHS ester cyclopropene was added to the crude mixture obtained from compound 

10 along with triethyl amine (1ml). The reaction was shielded from light and allowed to 

react for 2 days. The crude mixture was rotovapped and dried. 

 

Oxaliplatin mimic supplemental methods 

Materials 

 Unless otherwise noted, all materials were Millipore sigma or TCI. The synthesis 

of compounds 11, 12, 13, and 14 are previously reported and modifications to the 

procedures shown below. 
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1,2-(ditert-butyl carbamate) 4-cyclohexene (11) 

 Boc2O (1.56g, #mol) was added dropwise to a solution of 1,2-diamino 3-

cyclopropene (209mg, #mol) at 0 °C. To the solution 1ml of triethylamine was added and 

reacted for 1 hour. The reaction was then rotovapped and dried to produce a white solid 

in quantitative yield.  

1,2-(ditert-butyl carbamate) 4-acetamide cyclohexane (12) 

  Hg(NO3)2 (2g, 6.15mmol) was added to 10ml acetonitrile at 0 °C. Compound 11 

(599mg, 1.9mmol) was added dropwise and reacted for 1 hour. The solution gradually 

became orange as the reaction proceeded. After, 10ml of 3M NaOH was added to the 

reaction followed by a 10% solution (W/V) of NaBH4 in 3M NaOH was added. Upon 

addition of NaOH and NaBH4 black metallic mercury is produced. It is allowed to react 

for another hour. The solution was filtered over celite and extracted using ethyl acetate 

(50mlx2). The ethyl acetate is dried using magnesium sulfate and rotovapped. The crude 

mixture is then separated using a silica column (20:1 DCM:methanol) to yield 225mg of 

a white solid (31% yield). 

Cis-[1,2diamiono 4-acetamide cyclohexane]dichloride platinum (DACH-Am) (14) 

 Compound 12 (130mg, 0.34mmol) is reacted for 1 hour in 4M HCl in dioxane and 

then dried until the solid is no longer acidic. The salt is then dissolved in 1ml of water 

and DBU (69mg, 0.45mmol). Tetrachloroplatinate (180mg, 0.43mol) is then added and 

allowed to react overnight. The precipated yellow or brown solid is centrifuged and 

allowed to air dry. If a yellow solid is produced, the product becomes brown after being 

allowed to air dry including when the product is shielded from light. DACH-am is 

produced in 71% yield (105mg).  
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Azide Oxaliplatin mimic (15) 

 DACH-am (105mg, 0.24mmol) was added to 5ml 3M HCl with 125 μL TFA. The 

reaction mixture was refluxed for 1 day. The solution was neutralized using 3M NaOH 

and the NHS ester of 4-azido butanoic acid (127mg, 0.55mmol) was added. The solution 

was allowed to react for 1 day then another 125mg of 4-azido butanoic acid was added. 

The solution was rotovapped to dryness. TLC analysis shows the separation of 2 products 

using water as the mobile phase.  

 

Supplemental NMRs 

 

Figure D.1 Carbon NMR from cyclopropene scheme 1 compound 7 showing lack of 

electron rich double bond peaks around 95 and 115ppm. 
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Figure D.3 NMRs of DACH-am 
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Figure D.4 Crude NMRs of azide containing oxaliplatin mimic (compound 15) 
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