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ABSTRACT 
 

 

STRATEGIES FOR TARGETING CANCER: SMALL MOLECULES, EPIGENETICS 

AND DRUG DESIGN 

 
 

Cancer has plagued our human population since its early characterizations as 

abnormal cells and tissues in the mid-1900s. Initial treatment models included surgical 

removal of cancerous tissues. In the late 1960s, surgical removal and localized radiation 

were the only available options for treatment until the development of chemotherapeutics. 

These chemical cocktail treatments, designed to kill cancer cells, started in the late-1900s 

and even today remain a major line of defense in fighting this disease. The goal of the 

research described in this dissertation was to investigate current methodologies and 

techniques used to treat cancer; treatments utilizing chemotherapeutics, small molecule 

interactions, metallocage drug delivery, epigenetics and protein activity inhibition. 

The first part of my research focused on the significance of Cisplatin as a 

chemotherapeutic. My findings indicate the unexpected speciation of platinum in the 

human body as a revelation to be utilized in novel drug design. In my reverse micelle 

study, the hydrolysis of the Schiff-base compound was observed to be dependent on the 

size of reverse micelles; resulting in partial phase selectivity. The reverse micelle model 

provided ample support for engineering various types of liposomal delivery options for 

insoluble compounds like Cisplatin. My metallocage research explored the idea of utilizing 
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a self-assembling Cisplatin protective capsule with fluorophores, equipped to monitor 

real-time cancer cell death as well as drug delivery. My findings support the efficacy of 

metallocages for delivery of cancer therapeutics and the necessity for continued 

methodology development for clinical applications.  

The second part of my research focused on the use of epigenetics for gene 

expression regulation and protein activity inhibition. My findings reported the most recent 

status of drugs developed using histone deacetylases (HDAC) and histone deacetylases 

inhibitors (HDACi) for targeting specific cancers. And in my final chapter of SET-domain 

proteins, my research focused on comparing the methyltransferase activity inhibition of 

SMYD3 in two different cancer cells lines. The data showed the A549 lung cell line is 

slightly more sensitive to the SMYD3 activity inhibitor. 

This dissertation describes work that has increased our collective understanding 

of cancer therapeutics. Furthermore, it vastly supports future cancer treatment 

investigations utilizing both small molecules and bioinformatics. 
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INTRODUCTION 
 
 
 

The purpose of this dissertation is to present my research in support of the 

significant impact I have made in my field of study. The chapters that congeal this 

document have been carefully chosen and refined for the review and approval process 

by my doctoral committee. The five chapters that make up this dissertation have an 

overarching theme of small molecules in cancer therapeutics. Each of the chapters 

investigates alternative methods to curing some types of cancers.1-3  

In chapter 1, the foundation and urgency for developing alternative delivery 

methods for the highly toxic chemotherapy drug cisplatin is explain in great detail. The 

proclamation of the nuances of change in the platinum coordination chemistry upon 

intravenous delivery to humans as essentially altered the pharmacological logical and 

approach of this routine drug delivery technique.3-9 

Chapter 2 represents the liposomal approach and the future possibilities of 

encapsulating highly toxic and/or hydrophobic molecules for drug delivery in humans. 

Reverse micelles function nanoparticle with the ability to encapsulate cisplatin molecules. 

Nanoparticle therapeutic delivery systems specifically engineered to encapsulate drugs a 

with protective coating can be utilized for the administering of cisplatin to patients.10-12 

Micellular nanoparticles have a nonpolar and/or polar core that can be used to regulate 

cisplatin’s polarity.13-15 This chapter is a model for utilizing a multitude of different types 

of polymeric micelle structures for safer drug deliveries of small toxic molecules. 

Polymeric micellular structures are currently in clinical trials for treating some types of 

cancers; non-small cell lung carcinoma.16-21 
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My findings of chapter 3 represent the initial stages of method and technique 

development for a clinical application with the capability of monitoring the death of cancer 

cell in real-time via analysis by fluorescent cytometry. Measuring and tracking the 

fluorescent intensity and detection of localization for the metallocages upon drug delivery 

and degradation in the human body has the potential to greatly impact current nest 

practices in chemotherapeutics. The fluorescent characteristics of some metallocages 

can be paired with the high throughput diagnostic capabilities of flow cytometry.22 

To complement the model systems approach, studies were undertaken in 

biological systems and two approaches are described in chapters 4 and 5. The field of 

epigenetics dives into the possibilities of regulating and manipulating the core 

components of the histone functions.23-25 The information in chapter 4 was designed to 

help the uninformed reader prepare for the transition to a more biological and cellular 

approach to killing cancer cells. Magnanimously, the utilization of histone deacetylases 

and their inhibitors brokers a new path in engineering site-specific based drugs with the 

current technology of bioinformatics combined with cheminformatics.26-28 

Finally, the research presented in chapter 5 represents one singular approach to 

killing cancer cells with a proprietarily designed protein activity inhibitor. The family of 

SET-domain proteins function as a prime example of the impact epigenetics has on the 

regulation to cellular functions.29-31 SMYD2 and SMYD3 are the proteins in chapter 5 that 

were investigated from historical and current research perspectives. The preliminary data 

collected in this research indicates that there is cell death due to the impact of the drug 

via cellular and nuclear pathways. 
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The work presented in this dissertation depicts several years and attempts to 

achieve one goal; and my attempts to develop a novel technique and methodology that 

could impact the cancer research fields of clinical oncology. As one continues to read the 

dissertation, one must continuously consider the what-ifs without detracting from the 

relevancy and validity of research presented. 
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CHAPTER 1 – LITERATURE REVIEW1 
 
 
 

1.1 Overview of Cancer Therapeutics 

Since the early characterizations and diagnosis of cancers, doctors and research 

scientists have been searching for the cure that effectively kills toxic cells while keeping 

the patient healthy. Several therapeutic methods have developed and evolved throughout 

the past fifty years. Despite the strides made in chemotherapeutics, our current state-of-

the-art methods that utilizes cisplatin, requires patients to be subjected to costly pre- and 

post-administration hospital stays. The monitoring of toxicity levels in the patients is 

mandatory due to the large amounts of excessive cisplatin concentrations intravenously 

administered; targeting both cancer and healthy cells. Some research suggests that the 

ineffectiveness of chemotherapy agents has led to several failed attempts to halt the 

metastasis of some cancers. The current therapy model for the intravenous delivery of 

the anticancer agent cisplatin utilizes multiple cellular membrane transporters for entering 

and exiting cancer cells. Due to the systemic, non-targeted delivery of cisplatin, patients 

experience side-effects that are directly linked to the excessively high dosage 

requirements which eventually accumulate, and trigger cisplatin resistance. Drug 

resistance is a cell’s natural defense mechanism developed over time to protect itself from 

toxins and various types of environmental stress, all of which are intended to trigger 

 
1 Doucette, KA; Hassell, KN; Crans, DC. Selective speciation improves efficacy and lowers toxicity of   
  platinum anticancer and vanadium antidiabetic drugs. Journal of Inorganic Biochemistry 2016, (165)56–   
  70. https://doi.org/10.1016/j.jinorgbio.2016.09.013. 
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apoptosis. If successfully delivered to a cell, cisplatin binds to the damaged DNA in the 

nucleus of the cancer cell and induces apoptosis. 

 
1.2 Speciation Chemistry  

Speciation chemistry is a branch of chemistry that was historically developed in 

northern Europe and for decades had a home in the area of solution chemistry.2-5 

Because there are several discipline and area specific definitions for speciation6-9, recent 

recommendations have been carried out within the International Union of Pure and 

Applied Chemistry (IUPAC) establishing a commission that developed several 

recommendations for the scientific community on the definition of speciation. In addition 

to the classical areas of solution chemistry2, bioinorganic chemistry and Vanadium 

chemistry have also embraced the principles of speciation and as a result2,5,8 have used 

these for development within these disciplines. Speciation studies have been done for a 

number of metals ions and systems9-12 using a range of analytical methods for 

analysis.8,11,13-16 The availability of improved and high-resolution analytical methods along 

with powerful tools for data analysis have revolutionized for scientists the ability to 

measure different species under biological conditions7,12-13,16 and environmental 

conditions.9-11 However, regardless of the improved analytical methods available, the 

coordination chemistry of the target element dictates the processing and the potential of 

what can be observed. Such considerations are at the essence of chemical speciation17-

18 and the focus for what can be observed. The classical solution chemistry definition of 

speciation was illustrated in figure 1.1 as equations (1) and (2).17 
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Equation (1) shows H+, a metal ion (M), and a ligand (L) forming a complex with the 

stoichiometry defined by p, q, and r respectively in an equilibrium reaction. The formation 

constant of the complex β(p, q, r) is shown in equation (2), in which the concentration of 

the complex is divided by the multiplied concentrations of the individual constituents of 

H+, M and L raised to their respective powers, p, q, and r.4 The quotients values for p, q, 

and r are determined by a titration followed by the evaluation of the constants of the entire 

system using computations in an iterative process.2,17 These potentiometric studies are 

most effective when an entire pH range is considered. Because hydrolysis reactions do 

not involve L, these complexes will be described as (p,q,0),where p and q are the 

coefficients for H+ and the metal respectively, and the formation constant is defined by 

the concentration for the respective precursors.17 Such speciation studies result in a 

series of constants that represent the system and allow for prediction of species 

distribution. Several important limitations with the classical speciation approach include 

the types of reactions and specific species.17 Only reactions with changes in H+ give 

observable changes and indicate differences in the speciation. In addition, the hydration 

number (i.e. the number of water molecules in the formula) in a complex cannot be 

measured because such addition does not add or take away a proton and thus is not 

detected. Furthermore, since this definition of speciation focuses on composition, it is 

important to recognize that stereochemistry has not been taken applied. Stated 

differently, the classical definition of each species focuses on the atom composition rather 

than where the atoms are localized in space. There are differences in both the 

composition; speciation, as well as orientation in space are explained in detail in this 

literature review.  
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1.2.1 Significance of Platinum(II) Drugs 

The most common platinum (Pt) drugs and the three that are currently food and 

drug administration (FDA) approved for clinical use in the US are Pt(II) drugs (cisplatin, 

carboplatin and oxaliplatin), figure 1.2.19-21 They are believed to follow the same general 

mode of action, in which the drug chelates DNA and results in cellular apoptosis.22-26 The 

generally accepted mechanism shown in figure 1.3 suggests that the neutral form 

(deprotonated hydrolysis product) of the cisplatin is the form that is traversing the nuclear 

membrane after having been formed in the cytoplasm; this mechanism is not accepted 

uniformly. This is due to the positively charged Pt compound that undergoes Coulombic 

attraction to the cell membrane and therefore are formed prior to the formation of its 

neutral species. Hydrolysis is likely to follow the steps shown in figure 1.4. This 

schematically underlines the fact that cisplatin by hydrolysis forms charged species, but 

that upon deprotonation the hydrolysis products can be neutral or have one positive 

charge.27-26 Several aspects of the species in this scheme and the speciation is presented 

in greater detail below. Pt can also exist in oxidation state IV, and such Pt-compounds 

are even more inert than Pt(II) compounds. In general Pt(IV) compounds believed to 

undergo reduction forming Pt(II) complexes upon reaching the tumor, and their mode of 

action proceeds according to the mechanism for the other Pt(II) complexes.27-28 Most of 

the reported processing of Pt(II) drugs generally involves hydrolytic reactions, thus 

keeping the Pt in oxidation state II, diagramed in figure 1.4. Characterization of the 

chemical and biological processing of cisplatin and other Pt(II) compounds has been 

investigated using several analytical approaches including HPLC-ICP-MS, XAS, XANES, 

LC and potentiometry.29-34 The fact that the Pt(II) compounds undergo slow ligand 
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exchange reactions allows the isolation and characterization of the different species using 

a wide range of analytical methods.35-38 In the following, the fundamental speciation of 

the Pt systems, including the different processes that cisplatin and other Pt-drugs undergo 

under physiological conditions, is explained in great detail. In addition to cisplatin the two 

other main FDA-approved Pt-drugs, carboplatin and oxaliplatin, shown in figure 1.2, were 

both developed to improve the properties of cisplatin so that it would be a more efficacious 

and less toxic drug to a wider range of cancers.39-40 Specifically, carboplatin was 

developed to be more water soluble and have less nephrotoxic effects for treatment of a 

wide range of cancers, and oxaliplatin was developed similarly; used for treatment of 

colorectal cancers.41-42 

 
1.3 The Proposed Mechanism of Action for Platinum(II) Complexes 

Pt(II) compounds react upon entering cells18,22 and it is important to understand 

the products that it forms in a biological matrix. Cisplatin is administered intravenously 

and the focus here is therefore on the speciation that takes place as the Pt-drug is about 

to enter the cellular target. The more extensive processing leading to the ultimate 

speciation that occurs in the various different biological matrices including the GI tract, 

blood, cell media and cells are beyond the coverage in this review and the readers are 

referred elsewhere.43 The specific reactions in the cytoplasm which we describe here will 

impact the mechanism of action of cisplatin and the other Pt(II) anticancer drugs. 

Generally it is expected that upon entrance through the cellular membrane into the 

cytoplasm, that the two chloride ligands are replaced by aqua ligands, shown in figure 

1.426,44-45 which, because they are positively charged, can deprotonate to form the neutral 
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dihydroxy substituted Pt complex in both figures 1.3 and 1.4. Aqua ligands that are bound 

to the Pt complex before they are deprotonated are acidic, with pKa values in the range 

of 5–8.46 Monoaquated cisplatin has a pKa of 6.6, while diaquated cisplatin (both chloride 

ligands replaced with aqua ligands) has a pKa of 5.5. Cisplatin with an aqua and 

hydroxide ligand replacing the chloride ligands has a pKa of 7.3.46 Which species enter 

the cell of the species shown in figure 1.3. Many are convinced that it is the diaquated Pt-

compound that enters the cell24,47, but a number of researchers believe that it is the 

monoaqua derivative that penetrates the nucleus 24 and reacts with DNA. Strong 

arguments favor each position. The neutral diaquated Pt-compound, because of the 

neutral charge would seem to readily traverse the membranes and is the final hydrolysis 

product illustrated in figure 1.3. However, the positively charged mono or diaquated Pt 

derivatives are readily attracted to the membrane interface, and since more of this 

compound has been observed in speciation studies, this possibility seems like a viable 

alternative. Whether it is a monochlorido or a dihydroxido Pt complex that reacts with 

DNA, such a species will result in coordination of the two guanosine moieties on one DNA 

strand to the Pt atom, which will induce a 35–40 degree bend in the DNA, which will 

induce cellular apoptosis, as shown in figure 1.3.18,26-27,45,48 Cisplatin and oxaliplatin are 

found to form about 60–65% intra-strand adducts between two adjacent guanine bases 

(PtGG), 25–30% intra-strand adducts between adjacent adenine and guanine bases 

(PtAG), and 5–10% intra-strand adducts of the type PtGNG, where N is any of the four 

bases, and 1–3% inter-strand adducts (G-Pt-G).25,34 These types of experiments 

distinguishing between these possibilities are nontrivial and would be very valuable for 

the community. When used as an anticancer agent, the toxic nature of cisplatin does 
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require that patients are carefully monitored when drug is administered. The cisplatin is 

administered by intravenous injection, and generally requires that the patient is checked 

in at an appropriate treatment facility for a couple of days.47 The aquation and hydrolysis 

of cisplatin is decreased by administering the drug in saline solution because the higher 

concentration of Cl- thermodynamically stabilizes the chloride complex, cisplatin, with 

respect to the aqua complexes and reduces hydrolysis.50-51 Even after administration, 

cisplatin is reported to be relatively stable within the blood stream and extracellular fluid. 

These observations have supported the slow ligand exchange, allowing for use of 

analytical techniques that involve isolation of the compounds using HPLC and LC based 

methods.52-53 

 
1.3.1 The Speciation of Tetrachloridoplatinate(II) and Final Conversion to Cisplatin 
 

Due to the nature of hydrolysis and aquation of the chloride ligands, the 

substitution reaction, that is, aquation of the Pt(II)Cl bond becomes more significant. The 

preparation of cisplatin presented has the objective of giving the one a sense of the 

chemistry involved in preparing this compound, and thus indirectly the first reactions 

taking place upon cellular uptake. Because the ligand exchange to Pt(II) is slow, it is 

possible to isolate both the cis and trans forms of the compound with the formula 

[PtCl2(NH3)2].22 The preparation of cisplatin begins with potassium 

tetrachloridoplatinate(II), which is originally formed from treatment of Pt with Cl2 at high 

temperatures (350°C). Treatment of tetrachloridoplatinate(II) [PtCl4]2− with KI results in 

tetraiodidoplatinate(II) ([PtI4]2−), which is treated with two equivalents of ammonia to form 

the yellow solid cis-diamminediiodidoplatinum(II) (cis-[PtI2(NH3)2]).54 Treatment of this 
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product with two equivalents of AgNO3 results in the formation of cis-

diamminediaquaplatinum(II) (cis-[Pt(H2O)2(NH3)2]2+).55 The final product is formed after 

reacting this compound with excess potassium chloride (KCl) resulting in cisplatin (cis-

[PtCl2(NH3)2]2−).55 It is interesting to note that these last two steps are the reverse 

reaction that takes place intracellularly upon uptake of the Pt-compound. Furthermore, 

the fact is that cisplatin is used and not the diaquated compound (cis-[Pt(H2O)2(NH3)2]2−) 

because of the more favorable drug uptake properties.  

The speciation of tetrachloridoplatinate(II) was reported in aqueous solution at 

basic pH and in acidic solution.56-58 These studies are important because this compound 

can be viewed as a reference compound to which the reactivity of Pt-based antitumoral 

drug compounds can be compared. The major species present in aqueous solutions is 

the original tetrachloridoplatinate(II) species, however, several additional hydrolysis 

products were also observed in figure 1.4. The speciation of this compound was 

determined as a function of the chloride concentration at acidic pH and the equilibrium 

concentrations are shown in figure 1.4.57-58 In the presence of higher Cl− concentrations 

less of the aquation product was found and the kinetics of the hydrolysis reactions were 

determined. The first and second aquation steps were found to be sufficiently different for 

each of the products to have a definite lifetime. The first aquation step, or replacement of 

one of the chloride ligands for an aqua ligand, was found to have a first order rate constant 

of 3.69 × 105 s−1. Furthermore, this study reported a logβ = 29.9 + 1.0 for the double 

substituted product at high pH levels. This value measured for the stability of [Pt(OH)3]− 

compares relatively well with a theoretically estimated value of 28.3.59 These results 

suggest that the predominant form of Pt in aqueous solution near neutral pH is not likely 
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to be the charged monoaqua or diaqua species, but instead the Pt-species containing two 

chloride ligands and two ammine ligands.33,58 Indeed, some studies suggest, because in 

part that the predominant form is the monoaqua species, that the species causing the 

biological activity may be the monoaqua species instead of the diaqua species that is 

generally depicted in many reviews.60-62 Arguments have been made that a neutral 

species is best at penetration of the cell membrane, though it is well known that positively 

charged compounds readily penetrate cellular membranes.63 

 
1.3.2 Speciation of Cisplatin in Aqueous Solution and in the Presence of Metabolites  

Aqueous solutions of cisplatin slowly convert to form both the monoaqua and 

diaqua forms (cis-[PtCl(H2O)(NH3)2]+ and cis-[Pt(H2O)2(NH3)2]2+) that after 

deprotonation, produce OH-analogs (cis-[PtCl(HO)(NH3)2] and cis-[Pt(HO)2(NH3)2]), 

illustrated in figure 1.5.33,50 These reactions lead to a derivative that can react and form 

adducts with the DNA. The production of these hydrolysis products was investigated by 

monitoring the reaction for days to assure that equilibrium was established.64 The 

changes in cisplatin concentration (that is measuring the decay, disappearance, or 

hydrolysis) were monitored for 50h and the results are shown in figure 1.6. Despite the 

slow reactions, it was found that the reaction rates are sensitive to the surrounding 

environment. For example, in the presence of high concentrations of Cl−, the rate of the 

first and second aquation steps will decrease by 10–20%. The first order rate constants 

k1 of cisplatin aquation for three different chloride concentrations were 1.79 × 10−5 s−1 

(0mg/L Cl−), 1.68 × 10−5 s−1 (50mg/L Cl−), and 2.06 × 10−5 s−1 (100mg/L Cl−). For cisplatin 

second order reverse reaction, rate constants of k−1 = 6.5 × 10−3 M−1 s−1, 5.8 × 10−3 M−1 
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s−1 and 4.1 × 10− 3 M− 1 s− 1 were measured.18,33 Although the changes in the reaction 

kinetics are modest, the data in figure 1.6 show that there are some accumulation of 

unknown Pt species after about 24h in solution. Importantly, this data was used to justify 

the fact that cisplatin is administered in salt solutions in order to improve the speciation 

of cisplatin and its efficacy.65 Since the speciation of cisplatin changes in the presence of 

the Cl− anion, it follows that it will also change significantly if other, more nucleophilic 

metabolites, including protein or DNA that are present in solution or in the cell. As a late 

third row transition metal, Pt prefers soft ligands both in terms of thermodynamics and 

kinetics. That is, sulfur ligands are preferred over nitrogen, which again are preferred over 

oxygen ligands. Many studies have been done illustrating the reactivity of Pt(II) 

compounds, and the following example describes a case study. The reactions of cisplatin 

with S-based ligands have been investigated and in the case of methionine were also 

monitored at high (150mM) and low (1.5mM) chloride concentrations (using HPLC-ICP-

DRCMS). The first order rate constant of cisplatin substitution in the presence of 

methionine at low chloride concentration was k1 = 2.28 × 10− 4 s− 1, which is one order of 

magnitude higher than the rate constant observed for cisplatin aquation in water 

containing the equal amount of chloride and no methionine. At high chloride 

concentration, the first order rate constant of cisplatin aquation was k1 = 1.41 × 10− 4 s− 1 

in the presence of methionine and thus faster than the rate constant in water.37 These 

results demonstrate that the environment is important, and that cisplatin hydrolyzes faster 

in the presence of metabolites. Therefore, subtle changes in the reactivity and properties 

of the drug upon administration are likely. The cytoplasm contains metabolites including 

phosphate, citrate, glucose, amino acids as well as cellular components such as 
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glutathione and ascorbate that maintain the redox environment of the cell.66-68 Reduced 

drug accumulation of cisplatin has been reported in drug-resistant cell lines.69-72 This 

reduced drug accumulation could be explained by a number of different mechanisms 

including reduced drug uptake from the culture media due to alterations in some specific 

membrane transporters, enhanced drug efflux, or changes in the metabolite 

concentrations in the resistant cell lines72-73 or a combination of these factors. Once 

formed, the Pt-DNA adducts can be repaired by specific enzymes that recognize the DNA 

damage.74-75 Another limiting factor is that once incorporated into the cells, the drug can 

be inactivated by binding to different biomolecules present within the cell cytosol such as 

glutathione and other sulfur containing proteins.44,76 Due to the high affinity of Pt for sulfur 

ligands, glutathione is likely to react with cisplatin.18,77-78 Glutathione adducts are reported 

upon administration of cisplatin, and once formed, are exported out of the cell. This is 

consistent with reduced drug accumulation in cisplatin-resistant cell lines.79-80 In contrast, 

studies done with carboplatin and glutathione have indicated that reactions between 

carboplatin and thiols such as glutathione are very slow, with only small amounts of Pt-

thiolato complexes being detectable via 15N NMR spectroscopy and HPLC in mice treated 

with 15N carboplatin. This difference in reactivity with thiols between carboplatin and 

cisplatin may account for the decreased nephrotoxicity observed with carboplatin.81 

However, it is important to recognize that the identification of one pathway to reduce 

cisplatin accumulation does not preclude activity of other mechanisms. 

Studies with amino acids and other metabolites are of interest because stability of 

the complexes is important with regard to understanding potential reactions that take 

place in the cytoplasm.82-83 As shown in table 1.1, the stability of Pt complexes with 
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peptides and the amino acid guanidinoacetic acid (GAA) with both chloride, ammine and 

hydroxide ligands demonstrate that the cisplatin complex has comparable stability with 

most except a few complexes.84 It also shows that cisplatin complexing with 

guanidinoacetic acid in the place of its chloride ligands has a higher formation constant 

than does cisplatin itself, as do several other similar studied Pt complexes. Increased 

stability of these complexes can have a profound effect on the ability of these compounds 

to react with DNA. This study investigated the reaction with the unusual amino acid 

guanidinoacetic acid because it is found at high concentrations in the kidney and liver, 

and thus complexes formed with it may have significance with regards to toxicity and 

development of resistance.84-85 Since cisplatin accumulates in the kidney and the liver, 

the dramatic reduction in the levels of this amino acid is observed upon administration of 

cisplatin in urinary tract cancer patients. Guanidinoacetic acid is significantly involved in 

renal metabolism, since it is mainly synthesized in the kidneys and subsequently excreted 

in urine or methylated for creatine production.84 The comparable stability of cisplatin in 

the presence of a sea of alternative nucleophiles including GAA thus explains why the 

original compound remains intact as long as it does. 

In addition to cellular metabolites having the potential to inactivate these anticancer 

Pt complexes, other components in the administration liquid could potentially react 

similarly. This is an important fact, dimethyl sulfoxide (DMSO) can be used by clinicians 

to solubilize Pt drugs and it was recently reported that this practice has the potential to 

inactivate cisplatin and other anticancer Pt complexes.19 DMSO is commonly used as a 

solvent for solubilizing small molecules at high concentrations in biological studies. 

Clinical Pt compounds are commonly dissolved in DMSO for biologic experiments as 
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well.19,86 This is very important, because DMSO is nucleophilic, and will coordinate with 

the platinum, displacing its chloride ligands and thus changing the structure and reactivity 

of the anticancer agent by changing the speciation.87 This change in the structure of the 

Pt compound has been reported to dramatically inhibit the cytotoxicity and ability to initiate 

apoptosis of Pt drugs.19 This recent report further underlines how necessary it is to take 

into consideration the administration fluid by the Pt drug so that the efficacy of the drug is 

not decreased during drug administration.19  

 
1.4 Cisplatin Uptake Mechanism 
 

The toxic nature of cisplatin requires that patients are carefully hydrated and 

monitored prior, during and following the drug administration.47,88 The common mode of 

administration of Pt-based drugs is by intravenous injection, and generally requires that 

a patient is checked in one additional day pre- and post-treatment at an appropriate 

outpatient facility.89 It is the perception that cisplatin and other Pt-based anticancer drugs, 

as neutrally charged molecules, will enter the cell.20,24 However, a reasonable potential 

exists that positively charged drugs enter as well90-94 (or that a mechanism involving an 

initial pre-complex forms). This point is particularly important because only a small fraction 

of the administered Pt-drug will reach the nuclear DNA and produce the critical cytotoxic 

regions.18,90,95 

The many possible uptake pathways that are open to the Pt-drug are illustrated in 

figure 1.7. Such pathways include the copper influx transporter 1 and other transporters 

(Ctr1, ATP7A and ATP7B)94, polyorganic specific cation transporters such as OCT1–392-

93,96 as well as a sodium dependent process that has yet to be fully characterized with 
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regard to its role and interaction.91,97 Melanosomes provide another method for the 

transport of Pt drugs through cells.98 Finally, endocytosis and passive diffusion are 

common mechanisms for Pt based drug entry to the cell. In contrast, reactions of the Pt 

drug with glutathione can lead to their exportation via the multidrug resistant protein 

transporters, MRP 1–5.99 Protein systems are recognized as a principal contributor to the 

reduction in efficacy of Pt-drugs and the development of resistance, in addition to the 

transporters described above. The efficiency of the drugs in reaching and reacting with 

the DNA is dependent on its ability to produce active hydrolysis products once inside the 

cell and whether or not these hydrolysis products are inactivated by binding to serum 

proteins100-102 and other proteins. Proteins such as human serum albumin (HSA) and γ-

globulin, which make up about 80% of total plasma proteins, have been studied to explore 

how they bind and to determine how much Pt they bind.18,102 Such studies with serum 

proteins have indicated that after administration, the largest percentage of the Pt drugs 

are bound to extra and intracellular proteins, with as much as 80–85% of Pt compound 

being bound after a 5h incubation period.18,101,103-105 In studies with HSA it was found that 

as a result of Pt-binding, disulfide bonds may break, and this is possibly accompanied by 

intramolecular cross-linking of the protein which may result in the partial unfolding of HSA 

at high drug concentrations.106-105 Such changes may lead to a change in the protein's 

biological activity, as disulfide bonds play an important role in maintaining the shape of 

the protein, which may contribute to the observed toxicity of Pt-compounds.105 More 

studies with HSA indicate that there is no saturation of the albumin with cisplatin, but 

rather that the bound metal complex is influenced by the ratio between the drug and the 

protein, initial concentration of the protein, incubation time, and nature of the incubation 
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medium.102 A 14-day incubation of HSA with cisplatin in a 60-fold drug excess yielded as 

much as 20 Pt atoms bound to each protein. Generally, shorter incubation periods and 

lower cisplatin/albumin ratios lead to lower fractions of bound Pt to protein.102 More 

comprehensive coverage of the reactions with HSA, transferrin, γ-globulin and 

transporters with the Pt drugs have been published.3,72,96,99,100-101,107 

 
1.5 Alternative Drug Delivery Methods 
 
1.5.1 Different Approaches to Cisplatin Formulation and Delivery  
 

Both liposomal delivery and using inert Pt(IV) coordinated-molecules maximize 

clinical efficacy of cisplatin by considering speciation. These approaches account for the 

impact of the cellular environment on cisplatin in different ways. Cisplatin was the first Pt-

based drug and remains an important anticancer drug as it is often the first drug of choice 

used singularly or in combination with other compounds.18,20-21,26-27,47,62,108-109 Two recent 

examples of Pt-based drugs110-114, which were developed using fundamentally different 

approaches to treatment and delivery as investigated in this manuscript are described 

below. There are associated differences between them, resulting in placing these drugs 

in different speciation spaces; one in which the cisplatin is wrapped in a liposome and a 

second one in which the Pt oxidation state is IV in place of II. 

 
1.5.2 Lipoplatin – Changes in Speciation Decrease Toxicity of Cisplatin and Increase 

Efficacy 

Lipoplatin, also known as liposomal cisplatin, utilizes a liposomal delivery system 

for the intracellular deposit of cisplatin, figure 1.8.114 Lipoplatin was developed in an effort 

to circumnavigate the high nephrotoxicity levels patients experienced when using cisplatin 
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as a primary line of treatment.81 The lower toxicity presumably arises in part because of 

reduced glutathione or metallothionein mediated detoxification levels when treating some 

types of cancers. By targeting cisplatin resistant cell lines and specific cancerous 

organelles, the liposomal preparation permits the drug to enter the system through the 

vascular network tissue of the malignant tumor. The lipids in the Lipoplatin capsule 

emulate the cellular membrane of the tumor cells they are targeted to, and consist of soy 

phosphatidyl choline, cholesterol, dipalmitoyl phosphatidyl glycerol (DPPG), and 

methoxyl-polyethylene glyceroldiesteroyl phosphatidylethanolamine. This membrane 

composition allows for fusion with the phospholipid cellular membrane115 of the targeted 

tumor and is found to rapidly enter the targeted cell via endocytosis and direct fusion of 

the lipoplatin nanoparticles of the membrane due to the presence of fusogenic lipid DPPG 

on its shell.112 Through direct fusion of nanoparticles that penetrate the leaky cell 

membranes of malignant tumors, illustrated in figure 1.8, lipoplatin represents a promising 

strategy to combat the cells resistant to Pt(II)-compounds.111-113 Once inside the cell, the 

cisplatin is released, hydrolyzed as detailed in figures 1.3 and 1.4, and exhibits its 

anticancer activity by forming the cytotoxic intra-strand DNA adducts. By utilizing this 

nanoparticle (110nm) administration, cisplatin derived drugs exhibit increased specificity 

to the targeted cancer tumor115-117 presumably because the method of liposomal uptake 

circumvents other methods of Pt resistance, such as up or down regulation of metal ion 

transporters.118 In addition to preventing the decrease in cytotoxic Pt concentrations, the 

pharmacokinetic studies with lipoplatin indicated that this delivery method has resulted in 

a decrease in the distribution volume, shortened the half-life of the speciation allow 

administration of a systemic lower dose resulting in overall lower toxicity. 
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1.5.3 Satraplatin – Pt(IV)-Compound Modified with a Speciation Profile 

In addition to the Pt(II) based drugs, researchers have found that Pt(IV) 

compounds also exhibit desirable anticancer properties.110 Satraplatin (trans, cis, cis 

diacetatoamminedichlorido(cyclohexylamine)platinum(IV), JM216), was one of the most 

successful orally active Pt(IV) antitumor drugs, illustrated in figure 1.9.124-125 Satraplatin 

has a six-coordinate Pt(IV) with two ammine and two chloride ligands in the plane and 

two additional axial acetate groups, making this compound more lipophilic. Once in the 

bloodstream and intracellular matrix, the Satraplatin compound is metabolized. The Pt(IV) 

is reduced to Pt(II) in cells126 and the Pt(IV) loses its acetato groups, forming a structure 

analogous to cisplatin (except for the replacement of one of the ammine groups with a 

cyclohexylammine group. This cisplatin-analog metabolite, referred to as JM 118 cis-

amminedichlorido(cyclohexylamine)platinum(II) then follows a mechanism of action 

similar to that of cisplatin in that it enters the nucleus where it binds to DNA to form inter- 

and intra-strand cross-links, distorting the DNA. Satraplatin was an orally active 

anticancer agent. Exhaustive consideration of speciation for this compound would include 

examination of biological environments including the GI tract. Since this topic is beyond 

this manuscript, we would like to direct readers to elsewhere for information on such 

speciation as well for speciation in vivo.127 We have hypothesized that the speciation of 

this drug is contributing to the improved efficacy of this compound. Satraplatin is low 

molecular weight, neutral, and kinetically inert in acidic media. The lower reactivity of the 

Pt(IV) compound allows oral administration because degradation in the gastric 

environment is not as problematic as with the Pt(II) compounds. Satraplatin is unstable in 

light and alkaline media, however, considering the oral administration its stability in acidic 
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environments is much more important. Indeed, the half-life of reduction of Satraplatin with 

5mM ascorbate is around 50 minutes, leaving adequate time for gastrointestinal 

absorption as parent Pt(IV) complex and allowing it to be administered orally.128 The 

asymmetrical stable ligands, the ammine and cyclohexylammine, of Satraplatin alter its 

DNA adduct profile such that inhibition of DNA synthesis is increased and likelihood of 

being recognized by DNA-mismatch repair is decreased129-130, which contributes to the 

ability of Satraplatin to overcome cisplatin resistance. In addition to increased efficacy as 

a result of its DNA binding and inhibition properties, Satraplatin represents a distinct class 

of Pt compounds that act very differently in uptake and during cellular processing than 

the Pt(II) compounds as a result of its increased lipophilicity and asymmetrical stable 

ligands. The effectiveness of Satraplatin is related to the reduction of the Pt(IV) compound 

as it reaches the tumor sites and its ability to survive the uptake and the processing before 

entering the nucleus and reaching DNA.124-125 Therefore, being hydrolytically inert, and 

considering the slow hydrolyzation of the Pt ligands, it is more likely to reach tumor DNA 

without reacting with other metabolites;131-132 Pt drugs have increased plasma clearance 

in comparison to cisplatin.112 

These studies have shown that lipoplatin reached a higher plasma concentration 

while decreasing nephrotoxic side effects.114 The direct consequences of these improved 

properties indicate that lipoplatin can be administered using an outpatient treatment 

facility115, which is contrary to the intravenous treatment of cisplatin that requires constant 

monitoring and thus pre and post-administration overnight hospital stay.114 Lipoplatin has 

been tested in clinical trial studies as both a primary course of action and secondary line 

of treatment for malignant tumors.114 Previous studies have indicated that lipoplatin could 
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be successful as a secondary line of treatment for patients that had developed cisplatin 

resistance during the course of chemotherapy.119 In clinical trials, drugs administered in 

concert with Lipoplatin include gemcitabine, used for treatment of pancreatic cancers120, 

and Paclitaxel, used as an anti-microtubule agent given to treat Kaposi sarcomas.121 

Phase II clinical trials with lipoplatin administered in concert with gemcitabine as treatment 

for pancreatic cancer patients was also reported.122 Additionally, phase III clinical trials 

that have utilized lipoplatin in combination with gemcitabine or paclitaxel for patients with 

non-small cell lung cancer were also reported.123  

Combined, these studies demonstrate that the subtle change in the speciation 

chemistry of cisplatin has a profound effect on the efficacy and toxicity of the drug. 

Although the fundamental mechanism of action remains the same, the changes in the 

stability and although the intravenous injection cisplatin tends to be stable, there is the 

potential that in addition to reacting in the more reducing cellular environment in tumors 

that the Pt(IV)-drugs react and form the toxic Pt(II) prematurely before reaching the tumor. 

It is possible that in red blood cells (RBC) the reducing environment is responsible for 

forming the reactive Pt(II) form of the metal drug. Studies done with V(V) indicate that in 

the blood, the oxidation state of the metal is reduced to V(IV)133 and similarly was 

observed in cell culture.134 Such reaction may be occurring at least partly with Pt(IV) drugs 

as well, particularly in the reducing environments of the RBC before the drugs reach the 

tumor site. This possibility should be investigated in studies with Pt(IV) drugs. Related to 

Satraplatin is Mitaplatin illustrated in figure 1.10. Other examples of Pt(IV)-based drugs 

have been investigated including mitaplatin combining the cisplatin structure with two 

dichloroacetato groups in the axial positions.110 Upon uptake in the tumor cells, this 
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compound decomposes to form cisplatin by losing the two equivalents of 

dichloroacetate.135-136 Dichloroacetate inhibits pyruvate dehydrogenase kinase (PDK) 

which is involved in glucose metabolism and found in excess in cancer cells. Inhibition of 

PDK blocks the proliferation and survival of cancerous cells.137 By inhibiting the 

phosphorylation of pyruvate dehydrogenase in the mitochondria, it primes the 

mitochondria of cancer cell for apoptosis, induced by the additional platinum to the 

nuclear DNA.110 Although the design of this compound with cisplatin as a “Holy Grail” is 

conceptually interesting: mitaplatin was not found to be any more effective than cisplatin 

in animal and human studies138. Therefore, mitaplatin did not have successful clinical 

phase I trials, leaving the satraplatin model to be the better Pt(IV)-compound.139 

Satraplatin had shown success in Phase I, II, and III clinical trials and then failed. 

Satraplatin was given in concert with other anticancer agents, such as docetaxel for the 

treatment of prostate cancer, paclitaxel in the treatment of non-small cell lung cancer, and 

capecitabine for treatment of advanced solid tumors.139 Positive results in clinical trials 

caused GPC biotech to file for the accelerated approval of Satraplatin. This application 

was rejected because Satraplatin did not show convincing enough benefit in terms of 

overall survival, and concerns were raised that only 51% of patients in the trial had 

received prior docetaxel.139 Recently, clinical trials with this drug have continued. 

Experiments were reported in which Satraplatin was reformulated by encapsulation in 

cyclodextrin. This modification increased the solubility of Satraplatin, making it more 

suitable for medical treatments, while enhancing its stability in cellular environments by 

protecting against undesirable hydrolytic decomposition.140 Clinical trial studies utilizing 

cisplatin-based compounds as recent as 2019 and early 2020 have published data in 
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support of the significant impact in preventing the metastatic spread in previously 

treatment resistant triple-negative breast cancer patients.141 

 
1.6 Conclusion 
 

In this chapter, we have described the fundamental speciation reactions, the role 

and the importance of speciation with regards to the activity of Platinum based drugs; one 

of the most effective anticancer drugs. The problems associated with Pt treatment include 

high toxicity, lowered specificity and developing resistance that can be combated by 

developing new and improved strategies and systems. Pt(II) and Pt(IV) both undergo slow 

ligand exchange reactions, which is why isolation of a range of species is possible. The 

inherent stability of the Pt compounds can readily be illustrated by description of the 

aquation and hydrolysis of the parent tetrachloridoplatinate(II) [PtCl4]2−, as well as 

cisplatin. Most of the administered cisplatin obtained from tissue samples from subjects 

treated with Pt-compounds is in the form of the parent drug. Only a small percentage is 

present as the monoaquated form and even less as the diaquated form. Some 

investigators favor the interpretation that the diaquated product of cisplatin reacts with 

DNA because these complexes are neutral, however, very little of this compound forms, 

so it is possible that the monoaquated hydrolysis product is a compound that reacts 

directly with DNA and is responsible for most of the Pt bound to DNA. This would imply a 

different mechanism of action than what is generally believed. 

As illustrated with the case of lipoplatin, satraplatin and mitaplatin, speciation can 

be used to improve efficacy of cisplatin usage. Lipoplatin can be prepared by enclosing 

cisplatin in a liposome and this modification of the cisplatin results in decreased toxicity. 
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The lower toxicity of Lipoplatin is presumably because of the improved uptake and 

targeting and decreased systemic concentration of the drug. The practical consequence 

of the lower toxicity of the drug is that lipoplatin administration can be done in an 

outpatient manner, rather than requiring a hospital stay as in the case of cisplatin. 

Consideration of Pt chemistry also allows the administration of the inert nontoxic Pt(IV) 

compound, Satraplatin, and the selectivity for tumor tissues even though it is administered 

orally. Importantly, both Lipoplatin and Satraplatin have potential as a second line of 

treatment of tumors that have developed cisplatin resistance. In summary, we urge that 

as the community moves forward in development of new drugs, it will consider speciation 

chemistry as one of the key strategies that will be considered in the future development 

of anticancer drugs. Take into consideration the information summarized in table 1.2. 

Indeed, minor reformulations or reconsiderations of Pt-based drug speciation can improve 

Pt′s significance in targeted cancer treatment methodology; especially individualized 

medicine. The data presented here utilizing liposomes (as nanoparticles) for Pt prodrug 

entry has promise as a low cytotoxic method for patients, as well as more cost effective 

for both the provider and insured. 
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1.7 Figures 

 

 

 
 
 
Figure 1.1 Equations 1 and 2: Equation (1) shows H+, a metal ion (M), and a ligand (L) 
forming a complex with the stoichiometry defined by p, q, and r respectively in an 
equilibrium reaction. The formation constant of the complex β(p, q, r) is shown in equation 
(2), in which the concentration of the complex is divided by the multiplied concentrations 
of the individual constituents of H+, M and L raised to their respective powers, p, q, and 
r.4 The quotients values for p, q, and r are determined by a titration followed by the 
evaluation of the constants of the entire system using computations in an iterative 
process.2,17 These potentiometric studies are most effective when an entire pH range is 
considered. Because hydrolysis reactions do not involve L, these complexes will be 
described as (p,q,0),where p and q are the coefficients for H+ and the metal respectively, 
and the formation constant is defined by the concentration for the respective precursors.17 
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Figure 1.2 (from left to right): cisplatin, carboplatin, and oxaliplatin. The platinum 
chemotherapeutics approved by the FDA used in the clinical treatment of human beings 
in the United States. Developed to improve the properties of cisplatin, to be more 
efficacious and less toxic drug various cancers.39-40 Carboplatin was developed to be 
more water soluble and have less nephrotoxic. Oxaliplatin was developed similarly; used 
for treatment of colorectal cancers.41-42  
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Figure 1.3 Proposed cellular uptake mechanism of cisplatin. Hydrolysis of one or two 
chloride ligands after cell membrane penetration and potential deprotonation before 
nuclear uptake. The neutral form of the deprotonated hydrolysis product transverses the 
nuclear membrane after formation in the cytosol. Modified from49, 141. 
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Figure 1.4 Schematic illustration of the aquation reaction followed by deprotonation.  
Aqua ligands that are bound to the Pt complex before they are deprotonated are acidic, 
with pKa values in the range of 5–8. Monoaquated cisplatin has a pKa of 6.6, while 
diaquated cisplatin (both chlorides replaced with aqua ligands) has a pKa of 5.5. Cisplatin 
with an aqua and hydroxide ligand (replacing the chloride ligands) has a pKa of 7.3.46 
Permission from Ref.141  
  



 

34 

 

 

 

Figure 1.5 Speciation of PtCl4]2-. Measured at acidic pH and shown as a function of Cl- 
concentration. Adapted from Ref. 58,141 with permission. In this speciation diagram, (x-
axis; electronegativity, y-axis; concentration) the most major species in aqueous solution 
shown is the original tetrachlorideplatinate(II). The speciation of which has been 
determined to be a function of equilibrium and chloride concentrations at low pH levels. 
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Figure 1.6 Cisplatin decay at 0mM Cl- concentration. This cisplatin decay graph 
illustrates the significant changes in potential cisplatin concentration for over 50h. These 
data were initially used to for the justification of the administration of cisplatin 
intravenously in salt solution for increased efficacy. Adapted from Ref. 33, 18, 141 with 
permission.  
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Figure 1.7 The proposed cisplatin influx and efflux pathways. Permission by Ref 141. The 
possible uptake pathways that are open to the Pt-drug include the copper influx 
transporter 1 and other transporters (Ctr1, ATP7A and ATP7B)94, polyorganic specific 
cation transporters such as OCT1–392-93,96 as well as a sodium/potassium-dependent 
process that has yet to be fully characterized with regard to its role and interaction.91,97 
Melanosomes provide another method for the transport of Pt drugs through cells.98 
Endocytosis and passive diffusion are common mechanisms for Pt based drug entry to 
the cell. In contrast, reactions of the Pt drug with glutathione can lead to their exportation 
via the multidrug resistant protein transporters, MRP 1–5.99 
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Figure 1.8 Proposed administration of Lipoplatin. Lipoplatin injected directly into 
malignant tumor, enter the blood via vascular tissue network (top). Lipoplatin fused with 
the phospholipid cellular membrane cisplatin intercellular delivery (bottom). Adapted with 
modification from 112, 141.  
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Figure 1.9 Chemical structure of Satraplatin. Satraplatin (trans, cis, cis 
diacetatoamminedichlorido(cyclohexylamine)platinum(IV), or JM216),124-125  has a six-
coordinate Pt(IV) with two ammine and two chloride ligands in the plane and two 
additional axial acetate groups for lipophilic properties. In the bloodstream and 
intracellular matrix, Satraplatin is metabolized as Pt(IV) is reduced to Pt(II) in cells126 and 
the Pt(IV) loses its acetato groups, forming a structural analog to cisplatin, or JM 118 (cis-
amminedichlorido(cyclohexylamine)platinum(II)). It then follows a mechanism of action 
similar to that of cisplatin; enters the nucleus where it binds to DNA to form inter and intra-
strand crosslinks to distort the DNA.  
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Figure 1.10 Chemical structural of Mitaplatin. Decomposition of mitaplatin in which one 
molecule degrading yields two equivalent molecules of dichloroacetate and one cisplatin 
molecule. It then follows a mechanism of action similar to that of cisplatin; enters the 
nucleus where it binds to DNA to form inter and intra-strand crosslinks to distort the DNA.  
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1.8 Tables  

Table 1.1 Formation constants of Pt-complexes with neutrally charged guanidinoacetic 
acid (GAA), chloride, ammine, and hydroxide substituents. 

Table 1.1 shows cisplatin complexing with guanidinoacetic acid in the place of its chloride 
ligands has a higher formation constant than does cisplatin itself, as do several other 
similar studied Pt complexes. Increased stability of these complexes can have a profound 
effect on the ability of these compounds to react with DNA. Adapted from Ref. 84,141  
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Table 1.2 Summary of Pt(II) and Pt(IV) Anticancer Drugs  

Table 1.2 compares and summarizes the advantages and disadvantages of Pt(II) and 
Pt(IV) anticancer drugs as featured in the above text from the presented literature review.  

 

Classification Drug/compound Advantages Disadvantages 

Pt(II): Cisplatin 
broad spectrum antimicrobial, high 

antitumoral activity 

semi-soluble in water, nephrotoxicity, drug 
resistance, acute vomiting, intravenous 

adminstration 

Carboplatin 
good anticancer tumor activity, no 

nephrotoxicity 

Myelosuppression, platelet disorder, drug 
resistance, intravenous administration, 

peripheral neurotoxicity 

Oxaliplatin 
no drug resistance, good anticancer 

tumor activity, low side effects 
neurotoxicity, digestive tract toxicity, 

intravenous administration

Lipoplatin 
low toxicity, no drug resistance, liposomal 

drug delivery, good anticancer activity 
direct tumor injection administration, excretion 

process not well known 

Pt(IV): Satraplatin 
no resistance, low side effects, oral 

administration
dose-limiting myelosuppression and vomiting

Mtaplatin 
okay anticancer activity; not better than 

cisplatin alone
high side effects; unsuccessful clinical trials 
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CHAPTER 2 – SCHIFF-BASES IN REVERSE MICELLES;  

PACKAGING SMALL INSOLUBLE MOLECULES FOR DRUG DELIVERY 
 
 
 

2.1 Significance of Work/Specific Aims 

This chapter investigates the use of the sodium bis(2-ethylhexyl) sulfosuccinate 

(AOT)/isooctane reverse micellar system for stabilizing two water-insoluble Schiff-bases 

as a potential model for liposomal Cisplatin drug delivery. The aim of the study was to 

utilize two known compounds: 3- trifluoromethylamine-5-chlorosalicyl aldehyde (3TF-Cl) 

and 3-trifluoromethylamine salicylaldehyde (3TF-S), to analyze their interaction within the 

interface of a reverse micelle. This interaction is dependent on the size of reverse micelle 

but not the AOT overall concentration, therefore making the system dependent on the 

concentration of reverse micelles. We hypothesized that the interaction between the 3TF-

Cl and 3TF-S molecules are resulting from their association with the hydrophobic AOT 

interface near the organic solvent layers of the reverse micelle system. Both compounds, 

3TF-Cl and 3TF-S are insoluble in water but react with water to reform the aldehyde and 

the amine. 

 
2.2 Introduction 

Despite the hydrolytic instability of Schiff-base compounds, they are still an integral 

component in biology with several medicinal applications and over 500 publications and 

11,000 plus citations per year, according to Web of Science statistics. Schiff-bases are 

organic molecules formed by the condensation reaction between an amine and an 

aldehyde/ketone1-3 and as such are susceptible to hydrolytic attack; examples of the two 
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Schiff-bases investigated in this work are shown in figure 2.1. Regardless of this 

phenomenon, they continue to be used in catalysis, such as Jacobsen’s catalyst and 

other asymmetric catalysts developed by Dr. Noyori, which resulted in a Nobel prize 

awarded in 2001.4 In biology, the Schiff base is an important key enzyme intermediate 

involved in carbohydrate metabolism5 and in the formation of condensation products with 

the pyridoxal phosphate (PLP) cofactor.3 Other important roles of Schiff-bases are uses 

as diagnostic tools4,6-7 metal Schiff-base complexes are used as medicines8-12 and others 

can be found in the functions of cornea with rhodopsin.5,13-15 Fundamentally, the 

condensation products are hydrophobic molecules and sensitive to hydrolysis. Since 

many of the applications of these Schiff-bases involve aqueous solvents, the hydrolytic 

instability becomes an additional variable.5,9,15-19 In the following chapter, we explored the 

possibility that placing a Schiff-base in a heterogeneous environment will increase its 

stability. Meaning, its reactivity with water and the hydrolysis of Schiff-bases are 

decreased, and simultaneously the hydrophobic properties of the heterogeneous 

environment favors solubility.20-21 

Reactions in confinement can exhibit advantages over reactions in bulk because 

of reactant proximity and changes in reactivity.22-23 Design of such a system can be 

challenging, and often relies on serendipitous solubility and proximity of components 

involved in the intended reaction. Most organic reactions involve compounds that are 

hydrophobic and reflect the solubility that is conducive to traditional organic solvents. As 

a result, reverse micelles (RMs) have been explored with reactions that involve 

hydrophilic compounds, thus far. Studies of systems with multiple hydrophobic 

compounds have generally not been done, and very little information is available on the 
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association of and the impact of organic compounds on reverse micelles.13,20-21 In the 

following study, we investigated the location and reactivity of organic compounds in a 

suspension of AOT/isooctane reverse micelles.21,24 We hypothesized that a Schiff-base 

change occurs between the primary hydrogen and amine group; perhaps rotating up and 

outward of its initial plane, reversing its hydrolytic properties. 

Microemulsions are complex solutions containing ternary or higher order 

structures that display a single phase. They can contain various types of structures 

including discrete spherical droplets, interconnected bicontinuous water channels, and 

liquid crystals. Reverse micelles (RMs) of sodium bis(2-ethylhexyl) sulfosuccinate (AOT) 

in nonpolar organic solvent (figure 2.2a) can solubilize water into organized structures 

containing a water pool surrounded by the surfactant polar head groups.25-27 The AOT-

RM system is composed of a negatively charged head group and two tail groups with a 

positive counter ion, such as sodium shown in the figure 2.2b. The AOT ion interacts with 

the water pool, probe molecules present in the water and the surfactant molecule itself. 

On varying the amount of water ([H2O]/[AOT]= w0), one can vary the size of water 

pool.20,27-29 

The two water insoluble compounds shown in figure 2.1 were used to test the 

hydrophobic interactions between AOT/isooctane in reverse micelles. These two Schiff-

base compounds have closely related structural properties and characteristics but differ 

in their substitution patterns, polarity, and stability in reverse micelles. Both Schiff-base 

compounds were synthesized by a fluoro-aromatic amine condensing with an aldehyde 

compounds.29,36-40 In this study, we hypothesized that the polar environment of the 

interface between reverse micelles and the organic solvent region may be a desirable 
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environment for hydrophobic molecules such as Schiff-bases. The differences in 

hydrolytic properties may be observed with a simple change in the molecular structure of 

the Schiff-bases. 

 
2.3 Materials and Methods  
 

NaAOT (Sodium bis(2-ethylhexyl)sulfosuccinate) stocks were purified by the 

method described previously.28 10g NaAOT dissolved in 150mL methanol and 15g 

charcoal. Water contents per AOT molecules were determined by 1H NMR spectroscopy 

by using d6-DMSO, measuring around 0.3 water molecules per molecule of AOT.28-29, 32 

Synthesis of 3-trifluoromethyl amine salicylaldehyde (3TF-S): 

To a 250mL flask 80mL methanol, equimolar 5-chlorosalicylaldehylde and 3-

trifluoromethyl amine were added and the reaction was stirred until the colorless liquid 

changed to golden-yellow transparent solution under reflux for 3 hrs. The volume of the 

reaction was reduced by one-third of its original volume and left for days at room 

temperature. Light yellow crystals were obtained after 2-3 days. Alternatively, the 

methanol was removed under reduced pressure to yield a crude golden oil. This crude 

Schiff-base was then dissolved in 100 mL diethyl ether and washed with 100 mL saturated 

NaHCO3. The phases were separated and the aqueous phase was extracted with diethyl 

ether and washed with saturated NaHCO3 and brine. The solution was dried with sodium 

sulfate, and after removing the sodium sulfate the solution is concentrated under reduced 

pressure to yield 70-90% 3-trifluoromethyl amine-5-chlorosalicylaldehylde (3TF-Cl). The 

golden-yellow solid compound was data analyzed in isooctane. HSMS (DART) 

C11H10ClF4NO2 [(M+H)+] found 300.0405 and the was calculated for 300.0398. M.P.: 
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88oC; IR (υ/cm−1): 1616 (HC=N), 1109 (C-F), 1H NMR (DMSO-d6, 400 MHz, δ (ppm)): 

12.50 (s, -OH), 8.99 (s, HC=N), 7.78-7.79 (m, H2, H14), 7.68-7.71 (m, H4, H5, H6), 7.03 

(d, H11, J [1H-1H] = 8.8 Hz), 7.45 (dd, H12, J [1H-1H] = 8.8, 2.8 Hz); 13C NMR (DMSO-d6, 

101 MHz, δ (ppm)): 149.6 (C1), 123.7 (C2), 123.8 (q, C, 1J [19F-13C] = 3.75 Hz), 134.5 

(C4), 131.8 (C5), 130.1 (C6), 118.2 (q, C7, 1J [19F-13C] = 3.75 Hz), 163.9 (C8), 119.6 (C9), 

159.7 (C10), 119.0 (C11), 133.6 (C12), 131.5 (C13), 132.3 (C14). 

3-trifluoromethyl amine salicylaldehyde (3TF-S) was similarly prepared as 

described previously above. The yellowish solid compound was analyzed in isooctane. 

HSMS (DART) found 266.0756 and calculated for C14H8O2F3 [(M+H)+] 266.0549. M.P.: 

85oC; IR (υ/cm−1): 1618 (HC=N), 1109 (C-F), 1H NMR (DMSO-d6, 400 MHz, δ (ppm)): 

12.86 (s, -OH), 8.66 (s, HC=N), 7.54-7.58 (m, H2, H4, H14), 7.41-7.50 (m, H5, H6, H13),  

7.07 (dd, H11, J [1H-1H] = 5.7, 1.2 Hz), 6.70 (dt, H12, J [1H-1H] = 7.5, 1.2 Hz); 13C NMR 

(DMSO-d6, 101 MHz, δ (ppm)): 149.2 (C1), 119.3 (C2), 123.4 (q, C3, 2J [19F-13C] = 3.75 

Hz), 130.0 (C4), 132.1 (C5), 131.7 (C6), 118.0 (q, C7, 1J [19F-13C] = 3.75 Hz), 164.2 (C8),  

118.9 (C9), 161.1 (C10), 117.4 (C11), 133.8 (C12), 124.6 (C13), 132.1 (C14). HSMS 

(DART) calculated for C14H8O2F3 [(M+H)+] 266.0549, found 266.0756.  

Reverse Micelle preparation: 

 The microemulsions were prepared by dissolving AOT in isooctane to get the 

0.20M, 0.50M and 0.75M stock solutions. The reverse micelles (RMs) are prepared by 

adding a known amount of D2O to generate the desired size in isooctane (size is 

proportional to w0 = [H2O]/[AOT]). The reverse micelles containing probe molecules are 

prepared by using AOT in isooctane and to make up an equivalent 10mM probe in the 

water pool. Specifically, microemulsion samples are prepared by adding 3mL AOT-



 

68 

Isooctane/D2O and Schiff-base compound to 5mL vials which were vortexed to dissolve 

the Schiff-base. 

NMR spectroscopy: 

 1H NMR was used to characterize the interaction of probe molecules with the 

reverse micelle interface using parameters reported previously. Position of 1H NMR peaks 

are references against the isooctane signal and reported against 3-

(trimethylsilyl)propanesulfonic acid, sodium salt (DSS). The 19F NMR spectra were 

recorded using isooctane for the reference as described previously.12  

Dynamic Light Scattering (DLS):  

DLS data was collected to confirm the formation of the reverse micelles in the 

absence and presence of the Schiff-base compound probes. The reserve micelles 

containing 3TF-Cl or 3TF-S were found to have experimentally indistinguishable sizes 

compared to reverse micelles containing only D2O. Both reverse micelles containing 

Schiff-base (3TF-Cl or 3TF-S) were sizes similarly to those described in recently 

publications.33 

Direct Analysis in Real Time (DART):  

High resolution mass spectrometry experiments were conducted by Direct 

Analysis in Real Time (DART) on an Agilent 6220 TOF-LCMS interfaced to an Agilent 

1200 with a DART source. Direct analysis in real time allows for mass spectral 

identification based on time of flight mass spectrometry (TOF-MS).34 Data collected 

provides selectivity and accurate element composition assignments further supporting the 

completed synthesis of the compounds and their relative isotopes. 
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2.4 Results 
 

Schiff-bases are known to be very sensitive to hydrolysis, but their structures are 

very attractive ligands for metal ions, making them interesting vehicles for this study. The 

condensation product abbreviated 3TS-S was synthesized from 3-trifluoromethylamine 

(3TF) and salicylaldehyde (S). The condensation product abbreviated 3TF-Cl was 

synthesized from 3-trifluoromethylamine (3TF) and 5-chlorosalicyl aldehyde (Cl) for 

comparison with 3TF-S. Because of the insolubility of these compounds in water, the 

Schiff-bases were solubilized in AOT/isooctane reverse micelles allowing for the 

exploration of the hydrolysis activity of the two Schiff-bases with the expectation that the 

3TF-S would be more stable than the 3TF-Cl because of the electron withdrawing effects 

of the chlorine (Cl) atom. 

Initially, 1H NMR experiments were conducted to characterize the conditions used 

to best monitor the changes in the AOT/isooctane reverse micelles. Specifically, 3TF-Cl 

was added directly to AOT/isooctane/D2O systems with the AOT concentrations 0.20M, 

0.50M and 0.75M with w0 8 and w0 20. Similar chemical shifts were found for the probes 

within this series of samples, suggesting that it does not make a difference what AOT 

concentration is used. The data shown displayed a change in environment for the 

compound in going from pure isooctane to RMs suspensions, but that the concentration 

of AOT did not significantly influence the chemical shifts. As a result, the rest of the 

experiments in this chapter were done at 0.50M AOT. (data not shown) 

The 1H NMR spectra show significant shifts between the isooctane spectrum with 

the OH signal at about 12.5ppm and at the CH=N signal at about 9.5ppm. These shifts 

suggest that the 3TF-Cl was associated with the interface. Minor changes are also 
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apparent for the aromatic protons in the region 6.5ppm through 8ppm. The changes in 

the signal suggest that the environment for a portion of the molecule of 3TF-Cl change 

significantly once the RMs are formed in the isooctane solution. There is a small but 

distinct upfield shift in the signal as the water pool increases suggesting a small but 

significant change in the nanosized structure that forms as the RMs size change. A similar 

pattern is observed with the CH=N proton. The shift from isooctane to RMs is about 

0.1ppm downfield, but the upfield shift as the RMs size increases is much smaller 

suggesting that the changes in location of 3TF-Cl is minor once the RMs have been 

prepared. 

In figure 2.3, the signal at ~12.5ppm for the OH-group decreases as the w0 size 

increases. As the w0 increase more D2O is present allowing more opportunities for 

exchange. The signal at 12.7ppm decreases and disappears with increasing w0 and a 

new signal at 9.8ppm emerges at w0 12 and above. We have interpreted the results to 

mean that the phenyl-OH exchange with the D2O pool is slow when the D2O pool is closely 

associated with the interface. However, as the water volume increases and more D2O is 

available, the signal is lost. The fact that this OH proton can be observed initially shows 

that the exchange with the water pool is slow when the water is associated with the 

interface. Such exchange would only be possible if 1) the phenol-OH is placed in or near 

the water pool and the D2O can reach it or 2) if the phenol-OH is placed up in the 

hydrophobic interface and the D2O traversed up reaching the 3TF-Cl, or 3) that the 3TF-

Cl traversed from the interface and reached the D2O in the water pool.  

The spectra recorded in isooctane are shown for comparison. To examine the time 

dependence of the OH-exchange, 1H NMR spectra were recorded at w0 1, 8, 16, and 30 



 

71 

for 4 hrs. A new signal emerges near 10ppm in w0 16 and 30 samples after about 3 hours 

for w0 16 and after 45min for w0 30. This signal was attributed to the hydrolysis of 3TF-

Cl. In figure 2.4, the spectra obtained as the system is monitored as a function of time at 

different sizes of the RMs are shown. When the RMs is small (w0 0 and 8), there is little 

change in the 1H NMR spectra up to 5 hours, and no signal is observed near 10ppm. As 

the size of the RMs increase (to w0 16) the 1H NMR spectra (shown in figure 2.4) 

demonstrated that hydrolysis is not observed until 5 hours of treatment. Finally, as the w0 

increase to 30 the NMR signal near 10ppm emerges already after ~30-45min. These 

results show that 3TF-Cl is very sensitive to D2O, and already at 30min in large reverse 

micelles, observable amounts of hydrolysis product formed. These results demonstrated 

that the hydrolysis does take place, but only when the RMs is large. To further investigate 

this phenomenon, an additional water insoluble Schiff-base was examined. 

1H NMR Spectra of 3TF-S in AOT/isooctane RMs. 3TF-S was added directly to 

AOT/isooctane/D2O systems with varying w0 size and vortexed. Once the solutions were 

transparent the 1H NMR spectra was recorded. The partial spectra are shown in figure 

2.5. The phenyl-OH signal in isooctane shifts downfield in the presence of AOT RMs 

suggesting some level of interaction as observed for 3TF-Cl, and the shift remains the 

same as the RMs size increase. A similar pattern was observed for the CH=N proton at 

about 8.5ppm. Interestingly, the phenyl-OH does not exchange quickly, and the phenol-

OH signal remains significant even when 3TF-S resides in large RMs (w0 30). As seen in 

figure 2.5, a signal near 10ppm appears at w0 8 RMs. This signal is attributed to the 

hydrolysis product, salicylic aldehyde. The corresponding signals for the protons on the 

aromatic ring also are consistent with formation of this hydrolysis product. The hydrolysis 
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of the 3TF-S compound was observed at a much smaller RMs size than for the 3TF-Cl, 

showing that the former was more readily hydrolyzed. 19F NMR spectra were recorded of 

the 3TF-Cl at w0 10 and 20 RMs. In these samples, no difference was observed for the 

1H NMR shift. The 19F NMR spectrum does change when comparing a w0 10 to a w0 20 

RM sample. The observed change is indicative that there are some environmental 

changes for the CF3 group in the 3TF-Cl molecule. (data not shown) 

 

2.5 Discussion 

AOT/isooctane RMs are used in many different applications and as such serves to 

stabilize, activate and solubilize.5,19,33 As a result, these systems are used for many 

practical purposes and understanding the characteristics of the properties of such 

systems is important. Indeed, much has been done to investigate these systems, probing 

how RMs respond to additives.22,29,35 Specifically, several systems have been 

characterized, investigating the nature of the water pool by investigating its acidity and 

how the water pool support chemical reactions.18,36 More importantly, spectroscopy was 

used to characterize the location of molecules.35,37 In this study, we investigated the 

location of a molecule that is readily soluble in the organic solvent. The past systems, 

researchers have investigated are generally somewhat water soluble, and thus these 

molecules generally partition near the interface or in the water pool.19,32 Recently my 

research group found a system that was not soluble in water, but readily soluble in the 

AOT/isooctane RMs.30 This finding was particularly surprising, because the systems 

came about by replacement of the cation, and although this replacement represented 
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only a total of 0.01% of cations in this system, the solubility of the compound was more 

than doubled. 

In the case of the two Schiff-bases investigated here, there was very little if any 

water solubility. This is evident by the color of the solution and by the UV-vis spectroscopy 

documenting that no absorption from the compound was observed. However, they 

dissolved in the AOT/isooctane/D2O-RMs. The compounds both showed a significant 

change in environment when placed in AOT RMs as observed by changes in the 1H NMR 

chemical shifts in RMs or in pure isooctane. This observation would suggest that these 

compounds associate with the RMs regardless of their solubility in isooctane. Although 

some research supports the association slightly varies with w0 size, these Schiff-bases 

remain associated with the RMs regardless of the size of the water pool. This association 

is important, because it provides a method by which a water insoluble compound would 

be placed in proximity to a water source. Because of the limitations in solubility, exploring 

differences in the concentrations of the compounds varied and were not investigated. 

However, in this study of the changing w0 size, we found that the population of the Schiff-

base in the interface, shifted. The average occupation number of the system, which were 

found to range from 0.790 to 1.111 probe per micelle at w0 16 to w0 18 RM’s, 

respectively.6,16,18 

These studies surprisingly demonstrate that an organic molecule soluble in the 

organic solvent associate with the RMs is pertinent. Such association is important to the 

subsequent reactivity, and more about such association is desirable because such 

solubility can be useful for future applications. The properties of Schiff-bases vary. Some 

are poorly soluble in organic solvents and a survey of related structures were not highly 
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soluble in AOT-reverse micelles. These properties are likely originating from the 

molecules that are polar and semi-hydrophobic. The rate by which these Schiff-bases 

hydrolyze is effectively monitoring the interaction between the water and the Schiff-

base.19,32,35 

The hydrolysis of 3TF-Cl and 3TF-S were greater in larger RMs. Because of the 

electronic withdrawing nature of chlorine, and thus making the amine more reactive, 3TF-

Cl was expected to be the least stable Schiff-base of the two. As seen in figure 2.5, a 

signal near 10ppm appears at w0 8 for 3TF-S much sooner than for the 3TF-Cl. This 

observation documents that in the AOT/isooctane RMs 3TF-S is more readily hydrolyzed 

than 3TF-Cl. Considering the fact, that these two compounds are insoluble in water, 

hydrolysis in water cannot be conducted. The changes in the structural data presume that 

it is associating with the interface of the RM. Therefore, the fact that the hydrolysis does 

not take place in small RMs is presumably not related to the size of the water pool but the 

number of water molecules that are partitioning at the interface. Considering that the 3TF-

Cl was expected to be more hydrolytically active, the reversal of the compound’s 

hydrolytic activity is significantly important. 

 
 
2.6 Conclusion 
 

This research demonstrated that the hydrolysis of Schiff-bases is dependent on 

their molecular environment. Although, electronic properties of substituents change the 

reactivity of the Schiff-bases, some patterns can be reversed by their environment. The 

environmental changes can be induced by changes in the size of the reverse micelle and 

the origin of this change may be due to the difference in the bulk water and interfacial 
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bound water; which changes with the size of the water pool. Alternatively, changes in the 

packing of the surfactant may impact environmental changes. In summary, the size of the 

molecules and their conformation will be important for the detailed structural and physical 

organization of this nanosized system which will determine the reactivity of Schiff-bases. 

Much like the characteristics of the Schiff-base compounds used in this model 

study, cisplatin could be encapsulated within a reverse micelle for liposomal drug delivery. 

A reverse micelle or a similar micelle structure has the potential to be optimized as a safe 

delivery vehicle for insoluble compounds that are prone to hydrolysis such as that like the 

chemotherapeutic Cisplatin. In future studies, a proprietary micelle model designed to 

encapsulate the highly toxic Cisplatin drug should be used for intravenous delivery in the 

treatment of some types of cancers. It is my expectation that the engineered micelle will 

mimic the natural properties of a healthy human cell, as it fuses to the cancer cells during 

drug delivery. 

 

Contributions: The original data collection and HNMR spectra were generated by Drs. 

Khurram Munawar and Myles Sedgwick with Mrs. Mary Fisher. Analysis and concept 

application were competed by Drs. Kelly N. Hassell and Debbie C. Crans.  
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2.7 Figures 

 
 
 
 
 

 
 
 
 
Figure 2.1 Structures of two Schiff-base compounds. 3-trifluoromethyl amine 
salicylaldehyde (3TF-S) and 3-trifluoromethyl amine-5-chlorosalicylaldehylde (3TF-Cl) 
Two water insoluble compounds; (left) 3-trifluoromethyl amine salicylaldehyde (3TF-S), 
(right) 3-trifluoromethyl amine-5-chlorosalicylaldehylde (3TF-Cl) used as probes to 
analyze interactions between reverse micelles and the organic solvent region. 
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Figure 2.2a bis(2-ethylhexyl)sulfosuccinate (AOT) Structure. Compound used to make 
the reverse micelle system. Molecular arrangement drives the formation of the water pool 
and non-polar region of AOT micellular system. Modified from Ref. 8,30 
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Figure 2.2b Reverse Micelle Structure. A  pH-dependent gradient exists along the edges 
of the water pool in area A and B. A-D regions a: water pool b: surfactant interface c: 
AOT tails d: non-aqueous organic solvent region. Modified from Ref. 8,30 
  



 

79 

 

 
 
 

 
Figure 2.3 1H NMR spectra recorded the 3TF-Cl Schiff-base in 0.2 AOT/isooctane/D2O-
RMs of varying in sizes (w0 0 to w0 30) compared to spectra recorded in isooctane 
(control). The signal at ~12.5ppm for the OH-group decreases as the w0 size increases. 
As the w0 increase more D2O is present allowing more opportunities for exchange. The 
signal at 12.7ppm decreases and disappears with increasing w0 and a new signal at 
9.8ppm emerges at w0 12 size and larger, indicating the phenyl-OH exchange with the 
D2O pool is slow when the D2O pool is closely associated with the interface. 
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Figure 2.4 1H NMR spectra were recorded of the 3TF-Cl Schiff-base with w0  at 0, 8, 16 
and 30 as a function of time. 1H NMR spectra were recorded at w0 at 1, 8, 16, and 30 for 
4hrs. A new signal emerges near 10ppm in w0 16 and 30 samples after about 3hrs for w0 
16 and after 45min for w0 30. This signal was attributed to the hydrolysis of 3TF-Cl. 
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Figure 2.5 1H NMR spectra were recorded of the 3TF-S Schiff base in 0.2M 
AOT/isooctane/D2O-RMs with w0 varying in size from 0 through 30. Spectra are compared 
to that recorded in isooctane (control). The phenyl-OH signal in isooctane shifts downfield 
in the presence of AOT RMs suggesting some level of interaction as observed for 3TF-
Cl, and the shift remains the same as the RMs size increase. Similar patterns were 
observed for the CH=N proton at about 8.5ppm. The phenyl-OH does not exchange 
rapidly and the phenol-OH signal remains significant even in when 3TF-S resides in large 
RMs (w0 30) at the signal near 10ppm appears at w0 8.  
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CHAPTER 3 – TRACKING CAGES; A PRELIMINARY STUDY OF 
PALLADIUM METALLOCAGES IN HELA CELLS VIA FLOW CYTOMETRY 

 
 
 
3.1 Significance of Work 
 

Understanding Pd-cage cellular uptake will assist in understanding of the 

mechanism of action utilized by various metallocages during drug delivery and perhaps 

lead to more specific pharmacological therapeutics for treating cancer. This feasibility 

study for delivering encapsulated cisplatin via Palladium metallocages (Pd-cages) which 

have been characterized and are autofluorescent. The focus of this project was to 

determine the cytotoxicity and structural stability of Pd-cages in treatment of HeLa cells. 

I used flow cytometry to analyze association of Pd-cages with HeLa cells at various 

concentrations over a 72-hour time course. The data represents the investigation of Pd-

cages in HeLa cells using flow cytometry methodology to analyze. Demonstrating the use 

of this technique for potential application within the clinical science fields. This study 

provides evidence that supports the association of Pd-cages is most apparent within the 

first 24 hours of incubation. Furthermore, HeLa cell survival decreases as a function of 

time with increased concentrations. 

 
3.2 Introduction 

Our current state-of-the-art method of chemotherapy requires patients being 

treated with cisplatin to have a pre and post-administration hospital stay. The monitoring 

of toxicity levels in the patients is mandatory due to the large amounts of cisplatin 

intravenously administered; targeting cancer and healthy cells. Some research suggests 

that the ineffectiveness of chemotherapy agents lead to failed attempts to halt the 



 

88 

metastasis of cancer.1-5 Pd-cages offer unique characteristics that enables its tracking 

during and after drug delivery while monitoring structural stability, degradation via flow 

cytometry. In this mini-project, I investigated the feasibility of utilizing Pd-cages to delivery 

cisplatin to HeLa cells using flow cytometry to track Pd-cage association with cells and 

monitor cancer cell death. The main focus of this mini-research study was to explore the 

tracking abilities of Pd-cages using flow cytometry, a real-time clinical diagnostic 

instrument. 

The most common current therapy model for the intravenous delivery of the 

anticancer agent cisplatin has multiple cellular membrane transporters used to entry of 

cisplatin into cancer cells.6-8 Due to the systemic, non-targeted delivery of cisplatin, 

patients experience side effects that are directly linked to high dosage requirements of 

which eventually accumulate in cells and trigger cisplatin resistance.9-12 Cells naturally 

have a defense mechanism that has developed over time to protect them from toxins and 

other various types environmental stressors, all of which are intended to trigger apoptosis; 

also known as drug resistance. See Chapter 1.2 to 1.4 for more details on cisplatin 

mechanism of action and cellular uptake in cells. 

Cisplatin resistance can result from the epigenetic changes at the molecular and 

cellular levels caused by the accumulation of platinum throughout the body from efflux of 

each cancer cell.13-15 In figure 3.1, the various cisplatin uptake pathways along the 

mammalian cell membrane are illustrated. This efflux leads to the lack of intended 

accumulation in targeted cancer cells. Cisplatin can utilize multiple mechanisms in 

addition to endocytosis and passive diffusion to cross the cell’s membrane. The copper 

influx transporter 1 (Ctr1), ATP7A, ATP7B, polyorganic cation transporters (OCT1-3), 



 

89 

sodium-potassium pumps and melanosomes all play a significant role in allowing the 

efflux of cisplatin.16-19 In addition, the cisplatin molecule combines with a glutathione-S-

transferase complex, is tagged for export and then moved through the multidrug resistant 

protein transporters (MRP 1-5).17,20-22 Traditionally, anticancer agents are able 

electrostatically bind to the minor DNA grooves, causing additional damage to the cell 

that triggers an apoptotic response.23-24  

 
3.3 Research Overview 

Coordination complexes are designed to interact with biomolecules and can 

function as anticancer agents for drug delivery. Metallocages with motifs of metal to ligand 

(MxLx) are coordination complexes of M2L4, that self-assemble to encapsulate small 

molecules to create a cavity within a ligand frame.25 Palladium metallocages 

(C80H52Pd2B4F16N12, 1741.41 g/mol) offer unique physical characteristics allowing for the 

encapsulation of two cisplatin molecules within a caged-complex and a fluorophore tag 

that can be used for tracking and diagnostics. The fluorescent properties of the 

metallocages become excited during the chemical bonding and formation of the exo-

functionalized bipyridyl ligand attachments shown in figure 3.2. This structure of a 

synthesized Pd-cage modified to represent the Pt(II) molecules encapsulated. The 

coordination chemistry between square planar Pd(II) or platinum(II) cations and pyridyl 

ligands have been a reproducible model for supramolecular self-assemblies with 

encapsulated molecules.26-28 

This drug delivery method has the potential to treat a variety of cancers and foster 

a new approach toward drug discovery in nanomedicines.29 Specifically, it could be used 
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in types of cancers in which patients can be treated with localized drug agents, possibly 

alleviating the textbook side effects of intravenously delivered cisplatin. Based on the 

published literature from the Casini group at Cardiff University illustrated by figure 3.2; an 

exo-functionalized Pd2L4 metallocage using bis(pyridyl) ligands and square planar 

coordinated palladium(II) ions has been synthesized by metal mediated self-assembly 

intracellularly.28,30-33  

In this research study, HeLa cells were treated with concentrations of empty Pd-

cages ranging between 1.0µM to 50.0µM to analyze Pd-cage effects on cell viability. The 

auto-fluorescent characteristics of the self-assembled Pd-cages with a diagnostic 

fluorophore panel was used to investigate, track and monitor for potential use in cisplatin 

drug delivery. Flow cytometry analysis in real-time enables the potential application for 

high-throughput method development in clinical sciences. Improving chemotherapy 

treatments hinge on researching and developing new methods to circumnavigate the 

resistance mechanisms of cisplatin and other platinum-based drugs. Methods utilizing a 

more targeted drug delivery system for cisplatin have yet to be developed and fully 

explored and understood.  

 
3.4 Materials and Methods 

Palladium Metallocages (Pd-cages):  

Pd-cages were synthesized by the Casini lab at Cardiff University as previous 

described.28,30,32 Small aliquots were prepared prior to experimentation; one-hour 

incubation in dimethyl sulfoxide (DMSO) solution before dosing the HeLa cells. The 
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structural identification and confirmation was verified using mass spectroscopy, IR 

spectroscopy and 1HNMR techniques28 (data not shown). 

Cell Culture Preparations:  

 For this mini-project HeLa cells were donated by a fellow graduate student who 

had previous maintained this culture in phenol red MEM growth media. After two cell 

culture passes, the HeLa cell were maintained in phenol red-free MEM growth media 

supplemented by 10% fetal bovine serum (FBS), 10mM penicillin-streptomycin, 2mM L-

glutamine and 1mM sodium pyruvate and incubated at 37°C with 5% CO2. Upon harvest, 

the cells were manually counted using a hemocytometer, and stained with Trypan blue® 

to visually analyze morphology and viability. At 1 x 105 cells/well, a 12-well plate was 

seeded to ensure that the cells did not exceed 70-80% confluency during the 72-hour 

data acquisition. For flow cytometry, SYTOX-7AAD™, a cell membrane impermeable 

fluorescent dye was added 45mins prior to data collection to detect the live/dead cell 

populations. 

For this project, impermeable cell membrane fluorescent dyes were used to 

indicate degradation of their lipid bilayers which identified cells as non-viable. SYTOX 

AADvanced Ready Flow Reagent (SYTOX-7AAD™;  cat. # R37173) was manufactured 

by ThermoFisher and donated by Dr. Chris Allen from the CSU Flow Cytometry Core. 

Table 3.1 details the two-color fluorescent dye panel excitation and emission detection 

wavelengths used in this analysis. 

Sample preparation:  

 In part 1, HeLa cells were incubated with 0.0-50.0µM Pd-cages for 24 hours. In 

part 2, 1.0µM Pd-cage was incubated with HeLa cells for 0-72 hours prior to flow 



 

92 

cytometry analysis. Maintaining sterile cell culture techniques, treated HeLa cells were 

transferred in 2.0mL aliquots to 5.0mL polypropylene round bottom tubes (Falcon/Corning 

#352002) for flow cytometric analysis. Before analysis, 2-3 drops of SYTOX-7AAD™ stain 

(ThermoFisher) was added to each sample for the live/dead cell count detection. 

Flow cytometry analysis:  

HeLa cells were interrogated using a CyAn ADP flow cytometer (S/N 509, Dako 

Cytomation) equipped with 405nm (25mW semiconductor), 488nm (20mW 

semiconductor) and 635 nm (25mW semiconductor) lasers. This instrument has 2 scatter 

and 9 fluorescence parameters. Fluorescent excitation was achieved using a 488nm 

(blue) laser. Fluorescent emission was collected using a FL1 (PE-Cy5, 680/30 bandpass 

filter) collection channels. Data were acquired using Summit Software v4.3 (Dako 

Cytomation) and post-acquisition analyses were performed using FlowJo Software 

v10.6.1 (BD BioSciences).  

 
3.5 Results & Discussion 
 

This flow cytometry study was conducted in two parts; dose response and time-

course analysis. Part 1 investigates the cytotoxicity of 2A Pd-cages in HeLa cells at 

concentrations ranging from 0.0µM to 50.0µM. Gating was used to discriminate between 

the % live and % dead in the intact HeLa cell population. Part 2 investigates the 

cytotoxicity of 1.0µM Pd-cages incubated in HeLa cells for 0-72 hours. Gating was used 

to discriminate between the % live and % dead in the intact HeLa cell population. 
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3.5.1 Analysis of % Live vs. % Dead in HeLa Cells Treated with 0.0µM to 50.0µM Dose 

Pd-Cages After 24 Hours 

To evaluate the cytotoxic effects of the empty Pd-cages on HeLa cells, bivariate 

gating was applied to discriminate between the % live and % dead (see figure 3.3A-F) in 

the HeLa cell population. In figure 3.3, bivariate gated histograms with ancestral density-

dot plots display the cytotoxic effects of the increasing concentrations of empty Pd-cages 

on HeLa cells after 24 hours of incubation. Figure 3.4, the graph represents the data 

collected in figure 3.3. The evidence supports the increasing dose of Pd-cages in 

concentrations ranging from 0.0µM to 50.0µM have a detrimental effect on the survival of 

HeLa cells. Higher concentrations of Pd-cages effectively kill more HeLa cells. The 

0.50µM to 50.0µM concentrations shows as a direct correlation with the increased 

detection of the % of dead cells and decreased detections of % live HeLa cells. 

 

3.5.2 Analysis of % Live vs. % Dead of Pd-Cages at 1.0µM in HeLa Cells after 0-72 

Hours Incubation 

To investigate the cytotoxic effects of the 1.0µM dosage of the Pd-cage on the 

population HeLa cells, the dot-plots with adjunct histograms were gated to discriminate 

between the two over time (see figure 3.5A-E). The graph in figures 3.6A and 3.6B, 

represent the data collected in the density-dot plots, of which illustrate an inverse change 

in both populations (% live and % dead) from 0-72 hours, as well as with the positive and 

negative controls. 

In figure 3.5A-E, bivariate gated histograms with ancestral density dot-plots display 

the cytotoxic effects of Pd-cages at 1.0µM in HeLa cells from 0-72 hours. As time 
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increases, the cytotoxicity of empty Pd-cages on HeLa cells also increases. The graph in 

figure 3.6A & 3.6B, represent time points ranging from to 0-72 hours for Pd-cages at 

1.0µM. As the % live decreases, the % dead increases over time. Therefore, the most 

effective time to dose is within the first 24-48 hours as seen in figure 3.6A. In comparison 

to the controls in figure 3.6B, the inverse relationship between the (-) control and the (+) 

control exists and sets the standard for correlation with figure 3.6A.     

 
3.6 Conclusion 

This chapter demonstrated techniques that have the potential to provide alternative 

methods to track Pd-cages or fluorescent metallocages of any composition in real-time 

with the potential for high throughout impact in the fields of clinical oncology and 

diagnostics. Overall, this research study has provided evidence of some efficacy and 

cytotoxicity data on the effect of empty 2A Pd-cages have on killing HeLa cells. Utilizing 

flow cytometry analysis for the cellular uptake of Pd-cage has provided significant 

evidence in support of my initial hypothesis; empty Pd-cages can effectively be used at 

lower concentration ranging between 1.0µM to 10.0µM. Pd-cages seem to be most 

effective if administered for up to 24-48 hours as reflected by the incubation times in HeLa 

cells. While this mini-study was carried out using one sample vial per sample, a 96-well 

plate could be utilized in future studies to maximize the tracking and monitoring of Pd-

cages.  

With regards to the flow cytometry future studies, slight adjustments could be made 

for more conclusive data collection. For example, the establishing of tradition controls for 

figure 3.3 and 3.5 should have been accomplished by running an untreated population of 
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just HeLa cells and a vial of Pd-cages as blanks at time point zero for a strong baseline 

analysis. As for the lack of statistical analysis, there were thousands of individual cells 

analyzed in this preliminary study, but at maximum with two runs collected per sample 

which makes this more qualitative, than quantitative. Initially when performing this 

experimentation for my flow cytometry course, neither my instructor nor I were thinking 

about the publication of this material. If given the opportunity and financial means to 

continue this mini-project, I would repeat experiments with three replicates and dial down 

voltage intensity on the forward scatter to prevent the appearance of skewed data. This 

minor adjustment would allow for a full spectrum analysis of the sample. And during 

experimentation, the degraded Pd-cages became sticking and difficult to remove from the 

flow cytometer. To reduce this residual accumulation from self-assembling of ligands 

potentially forming dimers and/or trimers, I would add additional wash steps to 

methodology to ensure complete removal of unwanted Pd-cages for analysis. 

 

Note: Due to the current COVID-19 global pandemic, I do not have access to the CSU 

flow cytometry core facility as this mini-project has not been identified as critical research. 
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3.7 Figures and Tables  
 

 
Figure 3.1 Cisplatin (Pt) efflux in animal cells. Uptake pathways for cisplatin (Pt) in 
mammalian cells. In addition to endocytosis and passive diffusion, cisplatin utilizes 
multiple pathways for entering cancer cells such as copper influx transporter 1 (Ctr1), 
ATP7A, ATP7B, polyorganic cation transporters (OCT1-3), sodium-potassium pumps and 
melanosomes. When cisplatin (Pt) combines with glutathione-S-transferase, the molecule 
is tagged for export through the multidrug resistant protein transporters (MRP 1-5). 
Permission from Ref. 23    
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Figure 3.2 Palladium metallocage structure encapsulating Pt(II). Self-assembled Pd2L4 
cage structure coupled with fluorophores and an exo-positioned carboxy group on the 
outer shell. One molecule of Pt(II) encapsulated in the center of the self-assembled Pd-
cage. Modified from Ref. 28 
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Table 3.1 Fluorescent dye 
 
Fluorescent dye panel excitation and emission detection wavelengths used in flow 
cytometry analysis. 
 
 
 
 

  
  

 Fluorescent dyes/filters Excitation 
(nm) 

Emission 
(max) (nm) 

HeLa cells SYTOX-7AAD™ 488 647 
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Figure 3.3(A-F) Gated histograms of flow cytometry % Live vs.% Dead for Pd-cages from 
0.0µM to 50.0µM in HeLa cells after 24 hours incubation. The X-axis (SYTOX- 
AADvanced) represents the log values of the live/dead cell count detected by PE-Cy5.  
The Y-axis represents the total number of cells counted. PE-Cy5- represents the live cell 
population and PE-Cy5+ represents the dead. Each of the above gates were established 
and applied to discriminate between live intact in HeLa cells with incorporated Pd-cages 
dead HeLa cells from 0.50µM to 50.0µM concentrations of Pd-cages. A) 0.0µM, 
histogram, 93.4% of the cell were live and 6.60% of the cells were dead. B) 0.50µM 
histogram, 90.9% of the cells were live and 9.14% of the cells were dead. C) 1.0µM live 
cells at 92.1% and dead cells at 7.86%. D) 10.0µM 66.2% live and 33.8% dead cells. E) 
20.0µM 55.6% live and 44.4% dead cells. F) 50.0µM with 23.3% live and 76.8% dead 
cells.  
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Figure 3.4 % Live vs.% Dead for Pd-cages from 0.0µM to 50.0µM in HeLa cells after 24 
hours incubation. X-axis = Pd-cage concentrations [µM],Y-axis = % PE Cy5 +/- detection. 
Red = live intact HeLa with incorporated Pd-cages. Black = dead HeLa cells. At 0.0µM, 
93.4% of the cell were live and 6.60% of the cells were dead. At 0.50µM, 90.9% of the 
cells were live and 9.14% of the cells were dead. At 1.0µM live cells at 92.1% and dead 
cells at 7.86%. At 10.0µM 66.2% live and 33.8% dead cells. At 20.0µM 55.6% live and 
44.4% dead cells. At 50.0µM with 23.3% live and 76.8% dead cells. 
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Figure 3.5(A-E) Gated histograms of flow cytometry % Live vs. % Dead analysis of Pd-
cages [1.0µM] in HeLa cells from 0-72hours. The X-axis (SYTOX AADvanced) represents 
the log values of the % live vs. % dead cell count detected by PE-Cy5+/-. The Y-axis 
represents the total number of cells counted. PE-Cy5- represents the live cell population 
and PE-Cy5+ represents the dead. Each of the above gates were established and applied 
to discriminate between the live/dead HeLa cells with incorporated Pd-cages. A) at 24h, 
97.0% of the cell were live and 3.05% of the cells were dead. B) at 48h, 88.4% of the cells 
were live and 11.6% of the cells were dead. C) at 72h, live cells at 42.6% and dead cells 
at 57.4%. Two controls are at 0h; D) - control the live cells represent 99.8% and dead are 
0.16% of the population. E) + control, the 89.9% represents the live and 10.1% are the 
dead cells in the sample.  
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Figure 3.6A % Live vs. % Dead intact HeLa cells with incorporated Pd-cages at 1.0µM 
from 24-72 hours. X-axis = Time (hours),Y-axis = % PE Cy5 +/- detection. Red = live 
intact HeLa with incorporated Pd-cages. Black = dead HeLa cells. At 24h, 97.0% of the 
cell were live and 3.05% of the cells were dead. At 48h, 88.4% of the cells were live and 
11.6% of the cells were dead. At 72h, live cells at 42.6% and dead cells at 57.4%. 
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Figure 3.6B % Live vs. % Dead controls at 0h. X-axis = Time (hours),Y-axis = % PE Cy5 
+/- detection. Red = live intact HeLa with incorporated Pd-cages. Black = dead HeLa cells. 
At 0h, (+) control all but cages; 89.9% of the sample fluoresced as live and 10.1% as 
dead. (-) control Pd-cages only; 99.8% of the sample fluoresced as live and 0.16% as 
dead. 
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CHAPTER 4 – LITERATURE REVIEW: HISTONE DEACETYLASES AND 
THEIR INHIBITORS IN CANCER EPIGENETICS2 

 

 

 
4.1 Significance of Work 

Understanding the functional roles of histone deacetylases (HDAC) and histone 

deacetylase inhibitors (HDACi) is essential to utilizing epigenetics in the war on cancer. 

Their roles in epigenetics has significantly altered the development of anticancer drugs 

used to treat the most rare, persistent forms of cancer. During transcription, HDAC and 

HDACi are used to regulate the genetic mutations found in cancerous cells by removing 

and/or preventing the removal of the acetyl group on specific histones. This activity 

determines the relaxed or condensed conformation of the nucleosome, changing the 

accessibility zones for transcription factors. These modifications lead to other biological 

processes for the cell, including cell cycle progression, proliferation, and differentiation. 

Each HDAC and HDACi class or group has a distinctive mechanism of action that can be 

utilized to halt the progression of cancerous cell growth. While the use of HDAC- and 

HDACi-derived compounds are relatively new in targeted treatments of some cancers, 

they have a proven efficacy when the appropriately utilized. This chapter highlights the 

mechanisms of action utilized by HDAC and HDACi in various cancer, their role in 

epigenetics, current drug manufacturers, and the impact that predicative modeling 

systems have on cancer therapeutic drug discovery. 

 
2 Hassell, K. N.; Histone Deacetylases and Their Inhibitors in Cancer Epigenetics.  
 Diseases 2019, 7 (4), 57. https://doi.org/10.3390/diseases7040057. 
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4.2 Introduction 

Epigenetics is the modification of a cell’s DNA without changing its original sequence. 

This reprogramming can cause genes to be turned on/off depending of the intended 

expression for the cell. Epigenetic mechanisms allow genetically identical cells to adopt 

different phenotypes, regulating transcriptional availability of the genome through 

differential chromatin marking and packaging, in which networks of mutually reinforced or 

counteracting signals are created.1 Chromatin markers can be preserved and/or changed 

according to environmental, developmental, or pathological needs. The genetic and 

epigenetic mechanisms influence each other by cooperatively enabling the initial stages 

of cancer cell growth.2 The deregulation of epigenetic control in cells has been noted as 

a common characteristic of cancerous tumor cells. Therefore, the role of epigenetic drugs 

has become increasingly important in reverting the malignant phenotype. HDAC and 

HDACi have become more influential in epigenetics as they provide specific epi-based 

treatments to target specific types of cancers.1,3,4 Acetylation neutralizes the positively 

charged histone lysine residue, causing a relaxed chromatin conformation which 

increases the accessibility of transcriptional modifiers to the gene. In the removal of an 

acetyl group from a histone, chromatin condensation is induced, leading to gene 

transcription repression.5,6 

Recently, histone deacetylases (HDAC) and histone deacetylase inhibitors (HDACi) 

have been effectively used to modulate acetylation in efforts to regulate the accessibility 

of transcription factors to DNA coding regions. HDAC and HDACi play a major role in 

several biological processes, such as cell cycle progression, proliferation, and 

differentiation. HDAC and their inhibitors can be used to post-translationally modify 
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histones—the histone code that is read and recognized by other proteins to regulate gene 

expression. Unlike other histone code modifications, DNA methylation and 

phosphorylation effect protein interactions and expression level of HDAC and HDACi, 

which can be used to activate and/or repress overall gene expression.7,8 Lysine 

acetylation is an example of a reversible transcriptional modification that is controlled by 

the antagonistic interactions found between histone acetylases (HATs) and HDAC. 

4.3 HDAC Classifications 

HDAC are known for their unique ability to catalyze the removal of acetyl groups from 

the amino-terminal lysine residues of histones and nonhistone proteins. The most 

commonly acetylated nonhistone protein is p53, a tumor suppressor. Mutations to p53 

have been found in more than 50% of all types of cancers.9 There are four main human 

classes for HDAC that have been grouped based on their homology to yeast proteins, 

enzymatic activity, and cellular localization. 

4.3.1 Class I 

Class I is found in the nucleus and includes HDAC1, 2, 3, and 8. HDAC1 and 2 are 

similar in their catalytic domain on the N-terminus and their interactions with other proteins 

in the form of a complex of which regulates their deacetylation activity. Co-Rest (Co-

repressor for element-1-silencing transcription factor) is one of the known protein 

complexes that contain HDAC1 and 2. Co-Rest works with REST (RE-1-silencing 

transcription factor) to regulate neuronal cell growth.10 The other two remaining members 

of class I, HDAC3 and 8, are also similar in their characterizations and can be found 

interacting with HDAC4, 5, and 7 within the SMRT (silence mediator for retinoid and 
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thyroid receptors) and N-Cor (nuclear receptor co-repressor) complex formations.10 Class 

I HDACs are deregulated in cancers. Their overexpression has been found in tissues from 

breast, gastric pathway, pancreas, lungs, and prostate. HDAC1, 2, and 3 are commonly 

found in renal cancer and Hodgkin’s lymphoma. The catalytic activity of HDAC1 and 2 

has been used to regulate the functions of p53.11,12 Evidence of a frame shift gene 

mutation distinctively characterizes HDAC2 in class I. HDAC3 has documented 

interaction activity with cancer-associated genes (CAGE) in testicular cancers.13,14 

HDAC8 deacetylates lysine residues of histone and nonhistone proteins, and can be 

found in cervical cancers, neuroblastomas, and pancreatic ductal adenocarcinomas.15 

4.3.2 Class II 

Class II HDACs are localized in the cell cytoplasm and nucleus, providing a distinctive 

characteristic that allows for shuttling between the two cellular compartments. There are 

two subclasses for Class II: HDAC4, 5, 7, and 9 are grouped as IIa, and class IIb includes 

HDAC6 and 10. Class IIa members: HDAC4, 5, and 7 share similarities, as well as the 

Class IIb members. HDAC9 contains splice variants and has a catalytic domain on its C-

terminus. Evolutionary data supports the relationship of HDAC6 and HDAC10. HDAC6 

contains two catalytic domains that work together in a tandem formation. However, the 

catalytic domain has been identified to resemble HDAC9. Data supports the anticancer 

properties of HDAC6; the deacetylation of microtubules in tumor cells suppresses 

angiogenesis, leading to the repression of metastasis. However, the expression of 

HDAC6 in tumor cells has been observed in patients with higher breast cancer survival 

rates.16-17 The three nuclear export signals are significant players in the functional 
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characteristics of HDAC6 as a catalyzed nuclear–cytoplasmic pathway with targets 

unrelated to transcription.18 

HDAC6 is highly expressed in breast cancer, is used as a late-stage cancer indicator, 

and is present in both the positive progesterone and α-estrogen receptors. Genes 

associated with the isoform HDAC6 are estrogen induced and are upregulated as late 

mRNA expressions in the cDNA microarray using MCF-7 cells. The mRNA expression 

levels analyzed via RT-PCR are higher in patients with small breast cancer tumors (<2 

cm diameter). Survival rates in breast cancer patients can be linked to the increased 

HDAC6 protein and mRNA expression.17,19 HDAC10 is the most recently characterized, 

with catalytic domain activity found primarily on its N-terminus and with the C-terminus 

consisting of a secondary catalytic domain known as the leucine-rich domain (LRD) 

region. The LRD region allows HDAC10 to act as a recruiter of acetyl groups in its 

interactions with other HDAC complexes, such as HDAC1, 2, 3, 4, 5, and 6. HDAC4 

interacts with HDAC3 via N-CoR, has been found overexpressed in breast cancers, and 

is used as a cancer progression marker in esophageal carcinomas.20 HDAC4 has 

catalytic activity that structurally regulates access to the Zn2+ binding domain.21 HDAC5 

and 9 are used as markers in medulloblastomas and rare form of breast cancer and can 

be used to determine the cancer patient’s survival.22 HDAC5 with lysine-specific 

demethylase 1 proteins (LSD1) are overexpressed in estrogen receptor-negative breast 

cancer.23 

The regulation of HDAC5 has proven to be an effective form of therapeutic treatment. 

HDAC7 has been found overexpressed in pancreatic cancer and acute lymphoblastic 

leukemia and has been reported as insensitive to its previously designated HDACi, 
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trichostatin A(TSA).1,21,24 HDAC10 is found in cervical cancer as a metastasis 

suppressor.25 

4.3.3 Class III 

Class III is more frequently referred to as the Sirtuins (silence mating-type information 

regulation-2), which are required to maintain chromatin. Seven Sirtuins have been 

classified and found in the cytoplasm, nucleus, and mitochondria. SIRT2 is the only one 

found in the cytoplasm. SIRT1, 6, and 7 are found in the nucleus and SIRT3, 4, and 5 are 

found in the mitochondria. Sirtuins have enzymatic NAD+ (nicotinamide adenine 

dinucleotide)-dependent functions that regulate transcription, metabolism, and cellular 

stress responses. Class III (Sirtuins) has been linked to cancer pathways due to functional 

involvement in controlling the cell’s survival under stress conditions. SIRT1 regulates 

cancer cell growth and has been identified as a tumor suppressor in retinoblastoma and 

can be modulated in cancer by deacetylate histones.26 SIRT1 promotes cell cycle arrest, 

DNA repair, and cell survival under low stress conditions. In higher stress conditions 

(lacking tumor suppressors and mitotic checkpoints), SIRT1 can promote tumor formation 

and cancerous cell growth.27-28 SIRT2 acts as a tumor suppressor and its absence 

disrupts normal mitotic checkpoints at G1, G2, and metaphase, which causes increased 

tumorigenesis.29-30 When downregulated, SIRT2 blocks cell metabolism to inhibit the 

metastatic spread of hepatocellular carcinoma cells.31-32 SIRT3 has been found in 

transcription factor regulation of various types of breast cancers.33 SIRT4 acts as a tumor 

suppressor in gastric cancers. It interacts with glutamate dehydrogenase and poly ADP-

ribose polymerase I (PARP) inhibition.34-35 SIRT5 promotes cell proliferation in 
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hepatocellular carcinoma.36-37 However, SIRT6 plays a role in tumor suppression as it 

restricts the cancerous cell metabolism to protect the original genomics of the surrounding 

healthy cells, as observed in retinoblastoma.38 SIRT7 has been found in the nucleolus, 

interacting with H3 histone, as well as in the activation of RNA polymerase I in its 

mechanistic action of tumoral growth inhibition in prostate and non-small cell lung cancer 

and osteosarcoma.39-40 

4.3.4 Class IV 

HDAC11 has been classified by itself in Class IV and it often considered a hybrid of 

the HDAC’s in Class I and II. The catalytic domain of HDAC11 is in the N-terminus and 

resembles HDAC3 and 8, which validates its unique hybrid classification. The expression 

of HDAC11 has been found in the kidneys, brain, heart, testis, and skeletal muscles of 

the human body. Its major function has been in the association of oligodendrocyte 

development and immune system responses.5 HDAC11 is overexpressed in Hodgkin’s 

lymphoma and interacts with HDAC1 and 2. Small interfering RNAs (siRNAs) can 

selectively inhibit HDAC11 expression and induce apoptosis in human leukemia cell lines 

and increase necrosis.41-42 HDAC11′s lysine defatty-acylase properties are more efficient 

than its deacetylase activity. Probing discoveries may lead to other class IIa HDACs with 

similar or shared defatty-acylase ability. HDAC11 defatty-acylates substrates with an 

efficiency that is more than 10,000-fold greater than its deacetylase activity. This 

functionality of HDAC11 resembles that of the sirtuin family; catalyzing acyl group 

removal. Defatty-acylase activity presents as a new classification and appears 

evolutionarily divergent amongst the previous grouped zinc-dependent HDACs.41,43 



 

116 

4.3.5 Similarities in Classes I, II & IV 

HDAC Classes I, II, and IV, known as the classical HDACs, are Zn2+ dependent 

enzymes. The activities of HDACs correspond to chromatin formation, histone acetylation 

modulation, and the altering of transcription factors involved in the promoter regions of 

genes. Cancer is classified as a genetic disease that results from mutations found within 

the genetic code of a normal cell. Chromosomal dysfunctions occur in normal cells with 

regards to its ability to suppress the tumor developing genes, which causes the hyper-

activation of oncogenes. The use of HDACs in targeting tumor cells is becoming the 

leading research method used to regulate and/or suppress the metastasis of some types 

of cancers. See HDAC summary table 1.1 below for Classes I-IV. 

4.4 HDAC Inhibition 

Just as HDAC are classified into subfamilies of multiprotein complexes, HDAC 

inhibitors (HDACi) have been grouped based on their ability to interfere with the function 

of HDAC. HDACi are cytostatic agents that modulate gene expression via indirect 

induction of histone acetylation. In research studies, HDACi have demonstrated 

interference activity within cancerous tumor cells, altering proliferation in vivo and in vitro. 

They act as inhibitors by inducing cell cycle arrest, differentiation, and apoptosis.44-45 

Inhibitors of HDAC may enable the re-expression of repressed regulatory genes in cancer 

cells and reverse their malignant phenotype. For example, sodium butyrate and 

trichostatin A (TSA) are known inhibitors of HDAC activity, demonstrated by the induction 

G0–G1 cell cycle arrest and apoptosis in the SW620 colonic carcinoma cell line.46 HDACi 

inhibits the activity of HDAC enzymes, promoting the acetylation of histones and 



 

117 

nonhistone proteins. This inhibition can increase gene expression and alter DNA 

processing, including replication and repair. HDACi used as epigenetic regulators in 

cancer therapeutics have been generated from natural and synthetic resources.47-48 

Specifically, in breast cancer cells with overexpressed hormone estrogen receptor-2 

(HER2), HDACi can be epigenetically dysregulated by the phosphorylation of the 

transcriptional protein Sp1 motif.19,49 They are currently classified into five different 

groups: hydroxamates, aliphatic acids, benzamides, tetrapeptides/depsipeptides, and 

sirtuin inhibitors. 

4.4.1 Group 1 

Group 1, the hydroxamates, consists of trichostatin A (TSA), suberoylanilide 

hydroxamic acid (Vorinostat), Panabinostat, Belinostat, and abexinostat hydrochloride. 

Of the five members in this group Vorinostat, Panobinostat, and Belinostat are most highly 

developed and heavily tested. Group 1, in addition to Groups 3 and 4, has been classified 

as inhibitors of Class I and II HDACs due to their ability to bind the Zn2+ ion required for 

HDAC enzymatic activity. 

In 2006, Vorinostat was approved by the FDA for treatment of cutaneous T-cell 

lymphoma. Vorinostat is a second-generation polar compound that binds to the catalytic 

domain on HDAC. The hydroxylamine chelates the Zn2+ within the catalytic pockets of 

HDAC to inhibit its deacetylation. Vorinostat has been clinically trialed for the treatment 

of other forms of cancer, such as non-Hodgkin’s lymphoma, breast, and colon cancer, but 

did not show the same type of success as documented with cutaneous T-cell lymphomas. 

Vorinostat (SAHA) has been used in several clinical trials; phase III for glioblastomas, 
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phase II for uterine sarcomas and other solid malignant tumors.50-51 In the phase II clinical 

trial for uterine sarcoma, the study investigated the efficacy of Vorinostat as a 

monotherapy in patients with HDAC-positive, advanced metastatic, and mixed epithelial 

mesenchymal tumors after receiving antiproliferative therapy.52-53 Vorinostat has been 

renamed Zolinza and is currently manufactured by Merck in capsule form for oral 

administration.50 

Panobinostat is a nonselective HDACi that has completed Phase I and II clinical trials 

and can be used separately or in combination with other therapeutic treatments of non-

Hodgkin’s lymphoma, leukemia myeloblasts, acute myeloid leukemia, multiple myelomas, 

and other advanced solid tumors found in the lung and breast tissues.54,55 When used in 

combination with other compounds, Panobinostat has the mechanistic ability to interfere 

with DNA methylation and tyrosine kinase inhibition.56 Panobinostat keeps genes that 

suppress cell division and growth of cancerous cells active. In 2015, Panobinostat was 

approved by the FDA in combination with Bortezomib in treating patients with multiple 

myeloma. It has been renamed Farydak and is currently manufactured by Novartis for 

intravenous administration.57 

In March 2012, Belinostat was been used in various clinical trials for solid tumors and 

hematological cancers. Belinostat induces the accumulation of acetylated histones and 

proteins, thus altering the gene expression and inducing cell-cycle arrest or apoptosis of 

cancerous cells. When used separately, Belinostat has an antitumoral effect in the 

treatment of peripheral T-cell lymphoma, cutaneous T-cell lymphoma, liver cancer, and 

thymoma.47 As of 2014, Belinostat was approved by the FDA for the treatment of patients 

with relapsed or refractory peripheral T-cell lymphoma (PTCL). It has been renamed 
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Beleodaq and is currently manufactured by Topotarget Inc. for intravenous 

administration.58 

4.4.2 Group 2 

Group 2 HDACi contains an aliphatic acids group. Valproic acid (VPA) has been the 

most widely used and understood within group 2 HDACi. Traditionally, VPA had been 

used in the clinical treatment of epilepsy, bipolar disorder, schizophrenia, and in extreme 

cases of migraine headaches and depression. As a HDACi, it has been used in Phase I 

and II clinical trials to treat various types of cancers. VPA has demonstrated efficacy when 

used in combination with other anticancer compounds that are known for therapeutic 

treatment of lymphocytic leukemia, acute myeloid leukemia, melanoma, HIV infections, 

and autoimmune lymphoproliferative syndrome. The short-chained fatty acid structure of 

VPA enhances the mechanism of action in treating glioblastoma and breast cancer 

patients.51,59-60 

4.4.3 Group 3  

In Group 3, Entinostat is a synthetic derivative that inhibits Class I and II HDACs. 

Entinostat is a selective autophagy inducer, an orally administered drug that is in 

development by Syndax Pharmaceuticals with exemestane for advanced hormone 

receptor breast cancer.61 Clinical research supports the activity of Entinostat as an 

antitumor promoter and inhibitor of HDAC activity. While it has not been approved by the 

FDA for monotherapeutic use, it has been approved in combination with anticancer tumor 

compounds.47,61-62 
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4.4.4 Group 4  

Group 4, characterized by tetrapeptide structure (also called depsipeptides), consists 

of Apicidin and Romidepsin. This group is also known as the bicyclic peptides that inhibit 

Class I and II HDACs. Apicidin and Romidepsin are clinically proven to have potent 

cytotoxicity against malignant cancer cells in vivo and in vitro. In patients with colorectal, 

renal, and breast cancers, depsipeptides have been administered with short-term toxicity. 

For example, Romidepsin (Istodax) is a naturally harvested product from bacteria and is 

currently being used in cancer treatments due to its toxicity observed in the treatment of 

peripheral T-cell lymphoma.63-64 The mechanism of action utilized by Romidepsin triggers 

the accumulation of acetylated histones to induce apoptosis in cancer cells.65-66 Since 

2009, Romidepsin has been successfully included in over 50 interventional drug trials. As 

of 2011, the FDA approval for Istodax incorporated usage in the therapeutic treatment 

of patients with peripheral T-cell lymphoma. Currently, Istodax is manufactured by 

Celgene Corporation as injectables.63 

4.4.5 Group 5  

The sirtuin inhibitors of Group 5 include physiological inhibitors—nicotinamide, 

cambinol, and sirtinol derivatives—that work specifically on SIRT1 and 2. Of the seven 

human sirtuins, SIRT1 and 2 are upregulated in cancerous tumors and are therefore the 

most studied. Since SIRT1 and 2 have the ability to inactivate proteins like p53 in 

transcription and post-translation, developing inhibitors could provide a wealth of 

anticancer agents used for various treatments. For example, benzimidazole modulates 

antiproliferation cell activity and has proven efficacy in two different types of breast cancer 



 

121 

cell lines; luminal and basal A subtype.67 The specific mechanism used by benzimidazole 

to inhibit SIRT1 and 2 has not been clearly defined, but these novel derivatives provide a 

new trajectory for developing new therapeutic drug agents to fight various types of 

cancers. Another inhibitor of SIRT1 and 2 activities is cambinol and its derivatives. In vitro 

and in vivo research studies demonstrate cambinol’s antilymphoma abilities. Cambinol 

inhibits SIRT1 and 2 by inducing the hyperacetylation of p53.68 Unfortunately, there are 

two negative outcomes in using cambinol for therapeutic treatments: its moderate level 

of potency and poor stability. Despite the minor drawbacks, cambinol is still a promising 

anticancer drug agent and has a good foundation for large scale optimization.27,29,31,89 

(See HDACi summary Table 4.2) 

4.5 Advances in Studying HDAC/HDACi in Cancer 

The research and development of cancer therapeutics that was once limited to time 

consuming wet-lab procedures has evolved to incorporate complex high throughput 

bioinformatics analysis. Several research groups globally have made significant 

contributions to our understanding of the mechanistic influence of HDAC/HDACi in 

various types of cancers. Researchers that have employed the use of in silico techniques 

utilize vast genomic databases in concert with or in lieu of wet-lab bench analysis and 

have revolutionized our acquisition of knowledge and understanding. In studying 

HDAC/HDACi compounds, utilizing the configuration of their Zn2+ binding domains (ZBD) 

further enriches our capacity to understand all possible functional interactions for 

designing specific drug targets. Zinc-binding domains are the key to unlock the targeted 

active sites within HDAC structures that can be utilized by the HDACi groups to execute 
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inhibition. Zinc ions and hydroxamic acid have a high affinity; both are essential to ZBD 

structural design in HDACs. The combination of the ligand–receptor interaction and the 

cap end group with the presenting residues located at the HDAC active sites are the 

agents of specificity for HDACi.69 The intricacies of the cap end to linker residues in ZBD 

were characterized most efficiently via in silico approaches. Hsu et al. designed an amino 

acid sequence to use in their homology modeling of HDAC5 and 9. With access to 

GenBank and the SWISS-MODEL server, targeted template alignment analysis 

generated 3D predictive models for HDAC interactions. In simulations, protein 

interactions were visualized in BIOVIA DS and PyMOL software.70-71 In one screening 

process, the Hsu group identified six novel nonhydroxamate inhibitors for specifically 

targeting class IIa HDACs. The use of bioinformatics allowed this one group to make a 

huge leap in their understanding of how to target the mechanism of action via localized 

active sites and conformational models. 

4.6 Conclusion 

Research studies of HDAC and HDACi have led to major advances in the therapeutic 

treatment of various forms of cancer. There are pitfalls associated with using traditional 

research methods, specifically time and processing requirements, and  when using 

computer simulations, human error can still exist. However, the impact of vast database 

analysis by supercomputers and artificial intelligence is mandatory in drug discovery. In 

silico approaches have proven to be resourceful in gaining knowledge of cancer 

epigenetics. The software and hardware abilities of supercomputers can physically 

outperform any lab scientist. The next generation of researchers will need to have the 
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training and knowledge necessary to program supercomputers of tomorrow to keep up 

with the large datasets processed daily for therapeutics. Conceptualizing the many 

different mechanistic actions between HDAC and HDACi has altered the development of 

targeted cancer therapeutics. The sirtuins and their inhibitors appear to be the most 

promising in terms of pharmaceutical marketability due to their duel functionality in the 

regulation of the cell cycle, apoptosis, and deacetylation of p53, respectively. However, 

when taking into account the mechanisms that are used in manipulating a cell’s genetic 

code, there could be several other keys to be found that can unlock the epigenetic codes 

of cancer. In silico approaches are a great way to explore a path of thought without 

enduring laborious wet bench procedures—a lifetime saving approach. 

Moving forward, using bioinformatics software will greatly improve time and efficiency 

in studying proteins that potentially regulate HDAC and HDACi activity in cancers. Future 

studies should employ large information systems and mega-database resources for 

analysis. 
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4.7 Tables  

Table 4.1 HDAC Summary. Table summarizes the characteristics of HDAC and their 
activity in some cancers. 

 
  

Class: Localization: HDAC Characteristics: Activity in Cancer: Refs.

I* 1 10-12

2 10-12

3 Interaction with HDAC4, 5, 7 & cancer-associated genes (CAGE) 13-14

8 Interaction with HDAC4, 5, 7 15

IIa* 4

C-terminus catalytic domain combines with HDAC3 via N-CoR, 

catalytic activity structurally regulates access to the Zn2+ binding 

domain

Suppresses p21; overexpressed in breast, colon, 

ovarian and gastric cancers
22

5 Interacts with lysine-specific demethylase 1 Markers in medulloblastomas & breast cancer 24

7 C-terminus activity; non-deacetylase dependent 
Overexpression in pancreatic cancer & acute 

lymphoblastic leukemia 11, 22 & 25

9 Splice variants with catalytic domain on its C-terminus Markers in medulloblastomas 25

IIb* cytoplasm & nucleus 6 2 tandem catalytic domains Highly expressed in breast cancer; stage indicator 16, 20

cytoplasm 10

Catalytic domain activity at N-terminus & C-terminus leucine rich 

domain (LRD)
Cervical cancer as a metastasis suppressor

21

III**
SIRT1

Lys382 residue deacetylate of H1, H3, and H4; C-terminus p53 

acetylation regulator
Tumor suppressor in retinoblastoma

27-31

SIRT6 Glycolysis regulator in cancer cells Tumor suppressor in retinoblastoma

SIRT7 Deacetylates lysine 18 residue of H3; succinyls activity 
Ovarian, colorectal, osteosarcoma, prostate, 

hepatocellular, breast & non-small cell lung  45-51

cytoplasm
SIRT2

Deacetylating α-tubulin
Tumor suppressor; ovarian, breast, leukemia, 

neuroblastoma, pancreatic & hepatocellular 32-37

SIRT3 Transcription factor regulation via deacetylation Transcription factor regulation in breast cancer 38

SIRT4

Glutamate dehydrogenase and poly ADP-ribose polymerase (PARP) 

inhibition 
Tumor suppressor in gastric cancers

39-41

SIRT5 Promotes cell proliferation Hepatocellular carcinoma 44

IV* nucleus 11 Interacts with HDAC1 & 2; defatty-acylate substrate activity Overexpressed in Hodgkin’s lymphoma 5, 52-54

* Zn2+ dependent 

** NAD+ dependent 

mitochondria 

N-terminus catalytic domain
Overexpressed in tissues from breast, gastric, 

pancreas, lungs, cervical  and prostate cancers 

nucleus 

nucleus 

cytoplasm & nucleus 
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Table 4.2 HDACi Summary. Table summarizes HDACi characteristics and their activity 
in some cancers.  

 
  

Class: HDACi Characteristics: Activity in Cancer: Drug Name: Refs. 

I

suberoylanilide 

hydroxamic acid 

(Vorinostat) Zolinza 65-70

Panobinostat Farydak 71-74

Belinostat Beleodaq 60, 75

valproic acis (VPA) N/A 67,76 -79

II

Entinostat

Synergistic enhancement obsevered 

with other anticancer compounds due 

to short-chained fatty acid 

Lymphocytic leukemia, acute 

myeloid leukemia, melanoma & 

glioblastoma

N/A 60, 80-82 

III
Apicidin

Benzamide group; inhibits HDAC class I 

& II; selective autophagy inducer 

Antitumor promoter in hormone 

receptor breast cancer
N/A 83

IV

Romidepsin

Bicyclic peptides; inhibit HDAC class I & 

II; triggers the accumulation of 

acetylated histones to induce apoptosis 

in cancer cells

Colorectal, renal,  breast cancers 

& T-cell lymphoma
Istodax 83-86

V
Cambinol 

Inhibits SIRT1 and 2 by induced 

hyperacetylation of p53

Inhibits SIRT1 and 2 by inducing 

the hyperacetylation of p53
N/A

29, 31, 27, 

88- 89

Inhibits HDAC class I & II via Zn
2+

 ion 

interactions

Induces apoptosis in T-cell 

lymphomas,  thymoma & liver
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CHAPTER 5 – SET- DOMAIN PROTEINS3 
 
 
 

5.1 Significance of Work 

This chapter starts with a brief review of the SET- domain proteins and highlights 

specific characteristics of both SMYD2 and SMYD3 for potential use in the clinical 

management of some types of cancers. The latter part of this chapter presents preliminary 

research data from an investigation in which the aims were (1) to analyze the potential 

use of SMYD2 and SYMD3 as targets in treating cancer. (2) to evaluate the colony 

formation and viability of lung carcinoma cell (A549) and colorectal adenocarcinoma cells 

(DLD-1) after treatment with a SMYD3 inhibitor. I’ve hypothesized that the full-length 

protein sequence alignments of SMYD3 with its cofactor domains will show potential 

areas of significance to be utilize in its inhibitory drug design. I hypothesized that the 

SMYD3 inhibitor will prevent the lysine methyltransferase and show signs of an effective 

drug treatment for lung carcinomas and colorectal adenocarcinomas. The results of the 

drug inhibition assays indicate the decrease in colony formation for both A549 and DLD-

1 cell lines were a result of increased SYMD3 dosage concentrations. Similarly, in the 

viability assays, both A549 and DLD-1 cell lines showed sensitivity to the SMYD3 

inhibitor. The SMYD2 and SYMD3 data could further be used to extrapolate the essentials 

for constructing predictive models for additional protein interactions and active site 

docking regions for their respective protein structures. This chapter serves as a 

springboard for and supports the necessity of continued research in this area.  

 
3 Jarrell, D. K.; Hassell, K. N.; Crans, D. C.; Lanning, S.; Brown, M. A. Characterizing the Role of SMYD2  
   in Mammalian Embryogenesis—Future Directions. Veterinary Sciences 2020, 7 (2), 63.  
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5.2 Introduction 
 

The Su(var)3-9 Enhancer of Zeste and Trithorax (SET) protein domain; a 

posttranslational modification domain, is controlled by the enzymatic activity of specific 

histones. Originally isolated as the Trithorax protein from Drosophila melanogaster, this 

family of multidomain proteins has nuclear activities for which gene expression, regulation 

and epigenetic modifications data have been linked to the methylation of the histone 

lysine residues.1-6 This activity, described as methyltransferase activity, uniquely 

characterizes the large and/or small subunits of the SET-domain proteins, this activity 

occurs due to the presence of histone lysine methyltransferases (HKMTs).7-11 This 

dichotomy in localization of enzymatic activity presents challenges to studying the 

mechanistic behavior of this particular domain, yet also presents viable options for 

modifiable enzyme-substrate docking active sites utilized during drug design. The human 

SET protein domain has been reported as an evolutionarily conserved region responsible 

for activating or silencing gene expression. The methylation of histone #3 (H3) on lysine 

residue #4 (K4) identifies the behavior of the human SET domain proteins (SET7/9).12-15 

In plants; the methylation of lysine residue #14 without histone modification has been 

identified as the enzyme Rubisco (Ribulose-1,5-bisphosphate carboxylase/oxygenase) 

large subunit methyltransferase (LSMT).16-19   

Structurally, the SET-domain has a tertiary confirmation of 10–12 β-strands in its 

core region and two outer heterologous domains that consist of a highly conserved anti-

parallel -barrel (N-terminus) and a loop or knot-like structure blocking its enzymatic 

active sites; C-terminus.5,13,20-22 The catalytic region of the SET-domain protein family 

presents the targeted location for the development of specific chromatin modification 
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enzymes that can utilized in oncological therapeutics. Continued investigation of the 

lysine methylation activity at the C-terminus of the SET-domain can lead to advancements 

novel inhibitory drug discovery for the treatment some cancers.4,23-24 The molecular 

mechanism of action of SET-domain proteins found in some cancers are not fully 

understood. Clarity could lead to the development of pharmacological treatments that are 

more efficient, site-specific and overall more beneficial for the individual patient; perhaps 

brokering individualized medicine. 

 
5.3 Human SET- Domain Classification  
 

The human SET protein domain has been identified via association with eight 

human genes families. ASH1L (absent, small, or homeotic disc1) has been identified by 

its substrate binding site blocked by a regulatory SET-domain loop. This loop contains 

the regulatory catalytic region involved in gene activation.3,25-26 BAT8/G9a; a G-like 

protein encoding gene, has been associated with the repression of transcription via lysine 

methylation of non-histone and histone containing substrates.27-29 EHMT1, EHMT2 

(euchromatin histone-lysine N-methyltransferase genes 1 & 2 and EZH1, EZH2 (histone-

lysine N-methyltransferase genes 1 & 2) are known to regulate skeletal growth and cell 

proliferation; specifically chondrocytes.30-32 Very little is known about the 

FP13812/Q71M33-human gene, however there has been evidence to support 

transcription level activity similar to that of EHMT1.33 MLL, MLL2, MLL3, MLL5 (mixed 

linage leukemia) located on human chromosomes 11q23, 12q13.12, 7q36.1, 7q22.1, 

respectively. MLL functions as an analog of Drosophila trx encoding for HOX genes.34-36 

MLL2 associates with Pax7(paired-box-transcription factor) to form the histone 
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methyltransferase(HMT) complex involved in H3K4 methylation.34,37 MLL3 forms a 

complex with MLL4 and regulates the expression of p53 during DNA repair.34,38 MLL5 is 

homologs to Drosophila gene CG9007 and has dual functions; indirectly regulates histone 

modification enzymes without the presence of methylation and promotes myogenic 

differentiation via Pax7, Myf5 and myogenin.34,39-40 NSD1 (nuclear receptor-binding SET 

domain containing protein 1) encodes for histone methyltransferases; corepressor and 

coactivator. NSD1 consists of ten conserved domains and is associated with 

transcriptional repression.41-43 Nuclear receptor SET-domain-3 NSD3/ Wolf-Hirschhorn 

syndrome candidate 1-like 1(WHSC1L1) located on the human chromosome at 8p11.23 

has been reported overexpressed via upregulation in tumor cell proliferation and 

metastasis.44-46 SETD1A represents a robust gene that impacts H3K4 methylation and 

plays a key role in mitosis. It has been evolutionarily conserved and its loss of function 

can lead to irregularities in proliferation.47-50 Research evidence supports the role of 

SETD2 as a modulator of alternative splicing during tumorigenesis. SETD2; responsible 

for H3 lysine 36 trimethylation (H3K36me3) of histones has also shown data that indicates 

it can methylate α-tubulin at lysine 40.51-53 SETD3 mediates the encoding for actin-specific 

histidine N-methyltransferase of which play a significant role in muscle differentiation, 

carcinogenesis and DNA-damaged induced apoptosis.54-59 The overexpression of the 

SETD4 gene has been observed in breast carcinogenesis; human ER-negative breast 

cancers.60,61 SETD5 is located on human chromosome 3p25.3 and is responsible for 

transcription regulation, heterochromatin formation and X-chromosome inactivation via 

lysine methylation.5,20,62 SETD6 works as gene transcription repressor and cofactor in 

cellular processes; proliferation and signaling.63,64 SETD7/9 encoded for histone lysine 
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methyltransferases that manipulate human embryonic stem cell differentiation. 65-67 

SETD8 data support methyltransferase activity essential for cellular processes; DNA 

replication and damage repair, cell cycle regulation and transcription.68 TAF10(TATA-box 

binding protein, DNMT1(DNA methyltransferase-1), ERα(estrogen receptor-alpha), NF-

χB(nuclear factor kappa B, PCAF(P300/CREB binding protein-associated factor), p53 

and Tat (HIV-1) all serve as nonhistone substrates for SETD8.69-73 SETDB1 and SETDB2 

both work as co-factor that encode for the methylation of H3K9 activity, of which has been 

observed in the suppression of transcription.74-77 SMYD(SET/MYND domain) is a 

complex of SET domain that functions as the methyltransferase and the MYND domain 

consists of the zinc finger that allows for multiple protein interactions. The four members 

of this group are SMYD1, SMYD2, SMYD3, SMYD4 and SMYD5.22,78-81 

SYMD1(SET/MYND domain protein 1) modulates chromatin formation via lysine 

methylation for encoding cardiac and skeletal muscle cell differentiation.82,83,84,85 SMYD2 

domain encodes for H3K36 methyltransferase and interacts with histone deacetylase 

complexes to suppress cell proliferation.86-90 SMYD3 plays multiple roles in gene 

expression and its overexpression has been observed in cancerous tissues. SYMD3 

transcriptional regulates H3K4 lysine methylation as involved in cell cycle signaling and 

proliferation.91-100 SMYD4 has been designated as a tumor suppressor; observed in 

carcinogenesis.15,101-102 SMYD5 transcripts have been observed in early stage 

developmental gene expression, embryogenesis and hematopoiesis.103-105 Suppressor of 

variegation 3-9 homolog 2 (SUV39H1) has been identified as a regulatory component of 

NF-χB pathway, heterochromatin replication, DNA repair.106-108 SUV39H2 enzymatic 

activity indicates binding site modulation via lysine methyltransferase.109-111 SUV420H1 



 

141 

and SUV420H2 form a complex with S-adenosyl-L-methionine (SAM) utilizing its N-

terminal domain and Zn2+-binding post-SET domain to enzymatically methylate 

H4K20.14,112 WBP7(KMT2B) triggers the recruitment of nuclear factor erythroid-2 (NFE2); 

transcriptional activator that methylate H3K4, overexpressed in solid tumor cell lines.113-

115 Wolf-Hirschhorn syndrome candidate 1(WHSC1) functions as a peptide inhibitor. As a 

modulator of cell cycle signaling and proliferation, overexpression has been reported in 

cervical cancer tissues and cells.27,116-119 (See Summary Table 5.1). 

 
5.4 Research Overview  
 
5.4.1 MYND Family 

Of the five membered SMYD protein family, SMYD1-3 have been more fully 

characterized than SMYD4 and SMYD5. In figure 5.1, the MYND domain of SMYD1-3 

has been aligned with two references; ETO a known SMYD3 zinc finger corepressor and 

ZMYND10, a known co-expressor that adds stability to the structure. The MYND family 

domain highlights the conserved amino acid residues that show their significance and 

role in the folding of the protein structure. The cysteine residues shown in dark red 

indicate sites for protein crosslinking; which allows for increased structural stability and 

rigidity for maintaining potential catalytic activity. Highlighted in blue, the lysine residues 

denote areas that can interact with negatively charged amino acids to build stabilizing 

hydrogen bonds or salt-bridges. Residues of leucine, shown in green are hydrophobic 

and commonly appear as alpha helix structures. Tyrosine residues (in teal) with aromatic 

characteristics and tryptophan (in light green) both have the potential to interact with non-

protein ligands via stacking. However, tyrosine can trigger protein kinase activity via 
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phosphorylation. The histidine residues in pink indicate areas of proton transfer; allowing 

for potential metal binding sites.120-122 

The MYND domain incorporates a zinc-finger motif that facilitates its unique 

protein-protein interactions; illustrated by the 3D ribbon model in figure 5.2. The three 

superimposed sample of SMYD3, ZMYND10 and ETO display similar curvatures and 

loop-like folds in the regions that contain the highly conserved cysteines (C1-6 and C8) 

and histidine (H7) residues. The cysteine residues mark sites for increased protein cross-

linkage potential for increased structural stability. This domain maintains its rigidity, and 

possibly prevents access to the catalytic region; however, the histidine (H7) residue 

represents a key location for potentially docking metals and other interactive proteins due 

to the Zn2+ ions that help to provide support and structure. Point mutations in the cysteine 

residues of the MYND domain can inhibit the MYND-mediated protein interactions. 

 
5.4.2 SMYD2 as a Potential Target in Treating Cancer 

SMYD2 was initially characterized in cardiomyocytes123-125, where it was shown to 

methylate histone H3 at K4 and at K36.126 The bulk of research attention in SMYD2 has 

been due its overexpression in several cancers and its interactions with known 

oncogenes. Overexpression of SMYD2 has been observed in breast, pancreatic, 

colorectal, esophageal, blood, lung, bladder, and hepatocellular cancers (see table 5.2), 

and SMYD2-positive tumors are often correlated with poor patient outcomes. These 

studies have revealed two principal mechanisms of action in which SMYD2 has shown a 

contribution to carcinogenesis and cancer progression. First, aberrant histone 

methylation has been associated with many cancer types and results in altered 
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expression levels of several oncogenes. Second, in addition to histone targets, SMYD2 

has been shown to directly modulate the activity of cell cycle regulators via post-

translational methylation. SMYD2 represses the activity of tumor suppressers p53 

(apoptosis) and RB1 (cell-cycle arrest) via mono-methylation at p53:K370 and RB1:K860 

and K810.125,127-128 Methylation of AHNAK and AHNAK2—two proteins involved in cell 

migration and invasion—may also contribute to the role of SMYD2 in carcinogenesis.129 

Other SMYD2 methylation targets include HSP90AB1, ERα, PARP1, PTEN, BMPR2, and 

β-Catenin.130-134 The known targets of SMYD2, the tissue(s) that are involved, and the 

observed correlations with cancers are summarized in table 5.2.  

An improved understanding of the specific mechanisms by which SMYD2 

contributes to carcinogenesis is likely to reveal new targets for clinical intervention. Small 

molecule SMYD2 inhibitors have already been shown to be effective in vitro and are 

promising for the treatment of a wide range of cancers.135 The understanding of the role 

of SMYD2 in cancers is certainly incomplete and requires further investigation. Its function 

in embryogenesis is even less understood. Further study into the normal roles of SMYD2 

in development is necessary for a more-complete understanding of organ development, 

stem cell differentiation, epigenetics, and SMYD2-mediated pathogenic pathways. 

 
5.4.3 SMYD2 in the WNT Pathway and Mesendodermal Differentiation 
 

SMYD2 expression has been detected in tissues derived from all three germ 

layers, including muscle (mesoderm), liver (endoderm) and brain (ectoderm). It is 

predominantly expressed in the heart during development; however its role in cardiac 

development remains unclear. It has been demonstrated that SMYD2 forms a complex 
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with the cytoplasmic chaperone proteins Heat Shock Protein-90 (HSP90) and the 

abundant sarcomeric protein titin.136  Research has revealed that a SMYD2 deficiency 

resulted in impaired titin stability and altered muscle function. Unexpectedly, however, the 

Nkx2.5-conditional Smyd2-knockout (cardiac-specific) in mice did not impact heart 

development suggesting that SMYD2 is not essential for heart development or that its 

role manifests prior to Nkx2.5 expression in cardiac progenitor cells. Further investigation 

into the latter conclusion led to studies revealing a role for SMYD2 prior to Nkx2.5 

expression. SMYD2 methylates β-Catenin, which is essential for its nuclear translocation 

and subsequent activation of WNT signaling.130 Activation of WNT signaling drives 

pluripotent stem cell commitment to mesendoderm lineages90 and is the first step in the 

differentiation of human pluripotent stem cells (hPSC) to cardiomyocytes in vitro.137-138 In 

addition to direct activation of β-Catenin, SMYD2-knockout hPSC lines demonstrated a 

remarkable reduction of H3K4me1 and H3K36me2 levels at the transcriptional start sites 

of several signature mesendoderm genes (T, EOMES, MIXL1, and GSC) during 

differentiation to mesoderm and endoderm.139 Therefore, We’ve hypothesized that the 

principal role of SMYD2 in heart development occurs prior to Nkx2.5 expression, which 

approx. begins 3-4 days after WNT activation via β-Catenin translocation.140  

The role of SMYD2 in the WNT signaling pathway may also explain its presence 

and importance in other mesendodermal tissues during development; liver, kidney, and 

reproductive systems. Future studies should investigate the specific roles of SMYD2 in 

the development of these organs using tissue-specific conditional knockout models that 

allow for ablation of SMYD2 expression at various timepoints during development. Finally, 

dysregulation of the WNT pathway has been observed in a wide range of cancers, 
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including colorectal, hepatocellular and breast carcinomas.141-143 The overlap between 

SMYD2 and the WNT pathway, particularly given their independent associations with 

such a wide range of cancers, merits immediate further investigation. 

 
5.4.4 SMYD2 in Hematopoiesis and Leukemia 

SMYD2 overexpression has been observed in several blood cancers, including 

adult B-acute lymphoblastic leukemia (B-ALL), T-cell acute lymphoblastic leukemia (T-

ALL), Chronic myeloid leukemia (CML), Mixed lineage leukemia rearranged adult B-acute 

lymphoblastic leukemia (MLLr-B-ALL), Acute myeloid leukemia (AML) and additional 

hematopoietic lesions, including chronic lymphatic leukemia (CLL) and Diffuse Large B-

Cell Lymphoma (DLBCL).144-146 Despite this knowledge, the role of SMYD2 in 

hematopoiesis was unclear prior to recent work investigating the effects of SMYD2 

deletion in hematopoietic stem cells (HSCs) and their downstream progenitor pools.147 It 

has been discovered that a murine HSC-specific Smyd2 conditional knockout (CKO) 

yielded a significant decrease in HSC numbers as well as a decrease in some, but not 

all, downstream myeloid and lymphoid lineages. Deeper investigation revealed that these 

effects are mediated at least in part by the induction of apoptosis in blood progenitor cells 

of Smyd2-CKO animals. Additionally, it has been found that Smyd2-CKO mice exhibited 

disrupted STAT3 and WNT/β-Catenin signaling in HSC lineages, agreeing with previous 

studies describing the interactions between SMYD2 and these two proliferation-inducing 

signaling pathways.130,148 
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5.4.5 SMYD2 in the Hypothalamus and Vomeronasal Organ (VNO) 

In the initial characterization of SMYD2 in 2006 the goal was to determine which 

embryonic tissues expressed SMYD2 during development.86 The whole-mount in situ 

hybridization using murine embryos analyzed at day 13.5 with a probe was specific to 

Smyd2. The most pronounced expression was observed in the heart. The hypothalamus 

and vomeronasal organ (VNO) were observed to be clear of SMYD2 expression. To my 

knowledge, a possible developmental role of SMYD2 in this region has never been 

investigated following these initial observations. We’ve proposed that SMYD2 plays a role 

in the origin and/or migration of Gonadotropin-Releasing Hormone (GnRH) neurons from 

the VNO, which are known to emerge from the VNO around E11 and migrate into the 

basal forebrain between E12-E17 in mice.149-153,179 GnRH is released from GnRH neurons 

located in the hypothalamus in pulsatile fashion during adolescence and is essential for 

proper reproductive function. The release of GnRH represents the initial step in the 

hypothalamic-pituitary-gonadal signaling axis. Because of the strong SMYD2 signal in the 

VMO and the hypothalamus during GnRH neural migration between the two developing 

organs, it is plausible that SMYD2 plays a role in proper neuronal differentiation and/or 

networking during development. Several factors are implicated in proper GnRH neural 

migration, including growth factors, extracellular matrix/adhesion molecules, 

neurotransmitters, G-protein-coupled receptors, and transcription factors.146 Studies that 

investigate the roles of histone methylation at transcriptional start sites or direct post-

transcriptional methylation in the expression or activity of these factors may elucidate a 

role for SMYD2 in VMO and hypothalamic development. Furthermore, thorough 

epigenetic analysis in these regions will likely further clarify the specific mechanisms that 
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drive VMO development, GnRH neuron migration, and neural networking in the 

hypothalamus. 

 
5.4.6 SMYD3 as a Potential Target in Treating Cancer 

SMYD3 consists of Su(var)3–9, Enhancer of Zeste and Trithorax also known as N-

terminal portion of SET domain (N-SET) that encodes for histone lysine methyltransferase 

activity, followed by Myeloid translocation protein 8 (see figure 5.3), Nervy, Deaf (MYND) 

domain; a cofactor is responsible for recruiting other proteins for various interactions. The 

N-SET is connected to the intermediate or linker sequence (I-SET) domain that has been 

identified as the Rubisco - large subunit methyltransferase (LSMT) like region; highly 

conserved in multiple divergent species (see figures 5.6 and 5.7). The C-SET domain 

incudes the catalytic SET-dependent folded segments for enzymatic activity. The post-

SET functions as a critical component of the active site by supplying an aromatic residue 

that anchors against the conserved SET core to form a hydrophobic channel. The C-

terminus has a knot-like structure blocking its enzymatic active sites.21,67,154 

In figure 5.3, the full-length SMYD3 protein structure was illustrated using SWISS-

DOCK software. From this 3D image, protein activity and potential docking sites for small 

molecule interactions can be predicted. The MYND domain has two Zn2+ ions which 

indicate potential docking and formidable stability in this region. While little known, 

Rubisco-LSMT (I-SET) serves a physical linker to between the MYND and central regions 

of the SYMD3 protein; connecting with the N-SET. At this point the histone lysine 

methyltransferase encoding region is attached to the C-SET zone, which is responsible 

for regulating the SMYD3 catalytic activity. Both of these regions are of major significance 
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in understanding how to regulate and/or potentially inhibit SMYD3 methyltransferase 

activity. The C-terminus blocks the access to the catalytic C-SET. Greater knowledge and 

understanding of how to regulate this loop structure would be beneficial in designing more 

effective SMYD3 inhibitors. 

SMYD3 gene encodes for cell proliferation, cell cycle progression and is found 

overexpressed in some cancer cells; hepatocellular and colorectal. Research supports 

the upregulation of SMYD3 via the Ras signaling pathway and has been observed in 

tumorous cells; expressed as increased cell growth and proliferation. With functional 

methyltransferase activity mainly targeted on H3K4, its transcriptional regulation has been 

reported as a major component in RNA polymerase complex synthesis.27,96,99,156-157 In 

addition to having non-histone targets, SMYD3 has the functional ability to trimethylate 

H3, H4, and H5; allowing for a broader range of effects in triggering the development of 

skeletal and cardiac muscle tissue as well as mediating estrogen-receptor gene 

expression. SMYD3 encodes a protein that consists of two dynamic components; 

structurally appearing and functioning like an open or closed lock. The N-terminus region 

structurally appears to be a lobe containing the SET, MYND and post-SET domains. The 

MYND domain has a zinc finger motif with a core consisting of seven histidine paired with 

cysteines.91,158-159 At the C-terminus, the residues can exist in two conformational states; 

holo represents the closed hinge/clamp and apo represents the open hinge/clamp 

structure. A cofactor, S-Adenosyl methionine (AdoMet) or SAM functions as a key to 

unlock SMYD3, in its closed conformation. Once, SMYD3 is methylated, S-adenosyl-L-

homocysteine (SAH) complex forms. (see figure 5.4)  
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In figure 5.5, the N-SET regions of human SMYD3, SET8 and SET9 have been 

superimposed with the N-SET regions of a plant (garden pea), two types of yeast 

(neurospora and pombe, and the Chlorella virus for analysis. In the four β-sheets that 

comprise the N-SET (figure 5.5), significant tyrosine residue shifts closer to the C-

terminus of SMYD3. This distinctive localization has been identified as a key component 

to the catalytic activity of this evolutionarily conserved region seen in multiple divergent 

species. 

 
5.5 Intermediate linker (I-SET) Domain; Rubisco LSMT- Like  

Flanked between the N-SET and the C-SET, there is an intermediate linker or 

spacer sequence termed; I-SET. The I-SET structurally appears to be approx. one-third 

the size of the SMYD3, yet significant in enzymatic activity and maintaining stability in the 

structure between the N-SET and C-SET. The I-SET has been observed to have functions 

similar to the Rubisco-large subunit methyltransferase (LSMT)-like motifs found in various 

other species spanning different biological domains of life.22,93,95 figures 5.6 and 5.7 are 

3D ribbon models of the short and long sequenced regions of the I-SET. In the shorter 

sequenced region of the I-SET shown in figure 5.6 illustrate the same superimposed 

regions of the N-SET in figure 5.5; a plant (garden pea), two types of yeast (neurospora 

and pombe, and the Chlorella virus. However, shown in the Loop 1 and Helix 1 of the I-

SET are the amino acids glutamate, cysteine, lysine, histidine and arginine; which 

designates potential methylation. These carboxyl groups and/or nitrogen side-chain 

atoms of glutamate, cysteine, lysine, histidine and arginine allow for the methyl group 
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donated from the SAM-AdoMet complex during methyltransferase activity described in 

figure 5.4.  

In figure 5.7, the long version of the I-SET illustrates the protein sequence 

alignments for human SMYD3 (red) and the garden pea Rubisco-LSMT (green) as 

superimposed 3D ribbon structures. Flanked by the β4 of the N-SET and β1 of the C-

SET, the long version of the I-SET displays with every turn the helixes and loops of this 

region as they align; structurally mimicking on another. This pattern indicates the potential 

for similar catalytic activity as functions for these specific residues with homology that 

supports the conservation of this region in both humans and the common pea plant.  

 
5.5.1 Rubisco (Ribulose-1,5-Bisphosphate Carboxylase/Oxygenase) in Multiple Species 

Multiple species have organisms that utilize Rubisco for CO2 fixation, as a means 

of survival, and are structurally homologous. Phylogenetically, the Rubisco protein exists 

in the hierarchy of various species, from single-cells protists to multicellular eukaryotes. 

The Rubisco enzymes are involved in the CO2 fixation of which is the rate limiting step of 

photosynthesis. Within the catalytic domain of large subunit of Rubisco are trimethylated 

lysine residues that carry out various posttranslational modifications similar to those found 

in plants and other species.161-163 This trimethylated lysine residue motif of Rubisco-

LSMT, traditionally found in plants, has also been identified in aquatic species; both of 

which structurally and functionally mimic the intermediate linker (I-SET) domain found in 

humans. In some plant species that have adapted to aquatic or extreme arid conditions, 

Rubisco has been an indicative phylogenetic marker of evolution. Carnivorous, 

Crassulacean Acid Metabolism (CAM) and C3 carbon-fixation plants are evidence that 
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supports the dependence on Rubisco synthesis for survival in extreme environmental 

conditions.164-168 In the photosynthesis process for bacteria, plants and archaea, the 

Rubisco usage in the CO2 fixation process was aided by the inorganic metal competition 

within the active site of the enzyme. Traces of Mg2+ have consistently in biochemical 

research analysis found to be an integral member maintaining the magnetic affinity within 

the substrate.169-176    

 
5.6 Materials & Methods  
 
Phylogenetic Analysis:  

Protein sequences (see Supplemental figure 5.1) were collected from the National 

Center for Biotechnology Information Search database (NCBI) and aligned using Clustal 

Omega software. A phylogenetic tree was generated from the same aligned Rubisco-

LSMT protein sequences to illustrate its evolutionary lineage.   

SMYD3 Inhibitor:  

Proprietary compound designed to target histone lysine methyltransferase activity 

by blocking and/or restricting the necessary conformational protein folding structure 

formation. 

Cell Culture Preparation: 

A549 lung carcinoma cells and DLD-1 colorectal adenocarcinoma cells were 

donated by a fellow graduate student that had previous maintained this culture in phenol-

red MEM growth media and in the proper cell culture conditions at 37°C with 5% CO2. 

During two cell culture passes, both cell culture lines were maintained in phenol-red MEM 

growth media supplemented by 10% fetal bovine serum (FBS), 10mM penicillin-
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streptomycin, 2mM L-glutamine and 1mM sodium pyruvate, incubated at 37°C with 5% 

CO2. Once the cultures reached 70% confluency, the A549 and DLD-1 cells were seeded 

separately onto 6-well plates. The culture media with concentrations of the SMYD3 

inhibitor ranging from 0.0-250.0µM was to the labeled 6-well plate. The plates were 

transferred to incubation at 37°C with 5% CO2 for two assays; survival rate and cell 

proliferation rate. 

Colony Formation Assay:  

This assay was conducted to test the ability of a single cell to grow into a colony 

that consists of at least 50 cells. Lung (A549) and colorectal cancer cells (DLD-1) were 

treated with various concentrations of SMYD3 inhibitor and were incubated for 2 weeks 

at 37°C with 5% CO2. Upon harvest, colonies were fixed with 75% of Ethanol, stained 

with 10µL 0.5% of Crystal violet dye™ and counted using a stereomicroscope. Linear 

quadratic regression curves were generated using Graphpad™ Prism 6 software. Using 

regression curves, preliminary data were generated due to only two trials conducted. 

Cell Viability Assay:  

Lung and colorectal cancer cells were treated with various concentrations of 

SMYD3 inhibitor and incubated for 48h at 37°C with 5% CO2. Upon harvest, dead cells 

were excluded using Trypan dye blue™. Viable cells were counted using Bio-Rad 

automated cell counter. Linear quadratic regression curves were generated using 

Graphpad™ Prism 6 software. Using regression curves, preliminary data were generated 

from only two trials. 
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5.7 Results 
 
5.7.1 Phylogenetic Analysis 

In figure 5.8, Model organism such as Zea mays, C. elegans and Arabidopsis 

thaliana are represented as descendants from the same evolutionary branch. However, 

lower hierarchy of life level organism is represented as descendants from alternate 

evolutionary roots. Both unicellular and multicellular organisms have protein sequence 

evidence that phylogenetically links various species. Ultimately meaning the Rubisco 

LSMT (I-SET) protein sequence has been conserved throughout evolution. 

The SET-domain proteins are often found in association with particular types of 

cancers; breast, leukemia, adenocarcinoma, etc.36,177-178 Gaining the knowledge and 

ability to regulate specific proteins found in the SET-domain family has the potential to be 

a game changer in drug discovery. This is especially true if the Zn2+ finger binding motif 

of the Rubisco-LSMT or I-SET could be utilized in synergy with other inorganic metals. 

Even greater potential lies in understanding how to regulate the functions of SYMD3, 

utilizing its catalytic domain and designing drug inhibitors to combat invasive metastatic 

cancers.  

 
5.7.2 Cell-based Assays 

The colony formation assays represented in figures 5.9A and 5.9B demonstrate 

the short-term effects of the SMYD3 inhibitor on lung (A549) and colorectal (DLD-1) 

cancer cell lines at concentrations from 0.0 – 250.0µM. As indicated by the declining 

SMYD3 inhibitor line, as the concentration increases the ability for A549 and DLD-1 cells 

to form new colonies decreases. Meaning, the treatment of cells by SMYD3 inhibitor 
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successfully suppressed the clonogenic activity in both lung and colorectal cancers. The 

data graphed in figures 5.10A and 5.10B show the viability of the lung (A549) and 

colorectal (DLD-1) cancer cell lines after long-term treatment with the SMYD3 inhibitor at 

concentrations from 0.0 – 250.0µM. As indicated by the declining SMYD3 inhibitor line, 

as the concentration increases for both A549 and DLD-1 cells, viability decreases. 

Essentially meaning the SMYD3 inhibitor impacts the cellular viability of both cell lines at 

high concentrations. 

 
5.8 Conclusion and Future Directions 
 

The SET-domain protein can regulate gene expression and ultimately be 

controlled in unwanted cells, like malignant cancer cells. This protein domain encodes the 

enzymatic activity, known as methyltransferase activity, on specific lysine residues during 

posttranslational modification. Methyltransferases have recently been recognized as key 

players in regulating gene expression and protein activity in a wide range of physiologic 

processes. The SMYD family of methyltransferases have proved to be particularly 

important during embryogenesis, via histone methylation, and have also been shown to 

regulate the expression and activity of several known oncogenes. The localization of the 

enzymatic activity presents challenges to studying the mechanistic behavior of this SMYD 

family domain, yet also presents viable options for modifiable enzyme-substrate docking 

ports or active sites for future drug design and development in oncological therapeutics. 

SMYD2 and SMYD3 have strong implications for wider use as potential targets in 

treating some cancers. SMYD2 is widely expressed during normal embryogenesis but 

also in several cancers. To further elucidate the role of SMYD2 in development and 
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carcinogenesis, future research studies should address (1) the purpose of the robust 

expression of SMYD2 in the heart during development, (2) the preferred pathway for 

SMYD2-WNT-β‐catenin signaling, and (3) the specific mechanisms by which SMYD2 

directs apoptosis in HSCs and downstream progenitor pools. Aside from the completion 

of a third trial of SMYD3 in the colony formation and viability assays, several options could 

serve as future directions, (1) assays targeted at deletion of SMYD3 for loss of function, 

(2) continued development of an inhibitor with a library indexed for potential small 

molecule cofactors, and (3) design clinical models for testing SMYD3 inhibition. 

 

 

 

 

Due to the COVID-19 global pandemic, this project has not been classified as 

critical and therefore data from the completion of both the colony formation and the 

viability assays are lacking from this chapter. This leaves the data presented as 

preliminary; without the statistics necessary for quantitative analysis.     

  
 
 
 
Contributions: The cell-based assay data was generated by Ilham Alshiraihi of the Brown 

Lab in Clinical Sciences at Colorado State University.  
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5.9 Figures and Tables 

Table 5.1 Summary of SET-Domain Proteins. Table summarizes the characteristics of 
SET-domain proteins and their histone targets. 
 

SET Domain 
Families: 

Characteristics: Histone 
Target: 

Refs.: 

ASH1L Regulatory SET-domain catalytic 
loop 

H3K4, 
H3K9me1 & 

H3K36,  

3, 25-26 

BAT8 or G9a Transcription repression H3K9me3 27-29 
EHMT1, EHMT2, 

EZH1, EZH2 
Regulates skeletal growth and 

proliferation 
H3K27 & 

H3K9 
30-32 

MLL, MLL2, 
MLL3, MLL5 

Modulates HOX genes, associates 
with Pax7, regulates the expression 
of p53 during DNA repair, indirectly 
regulates histone modification and 
promotes myogenic differentiation  

H3K4 34-40 

NSD1 Transcription corepressor and 
coactivator  

H3K36 & 
H4K20 

41-43 

NSD3(WHSC1L1) Upregulation in tumor cell 
proliferation and metastasis 

H3K4, H3K27 
& H3K36 

44-46 

SETD1A Mitosis and proliferation regulation  H3K4 47-50 
SETD2 Alternative splicing during 

tumorigenesis 
H3K36me3 51-53 

SETD3 Mediates the encoding for actin-
specific histidine N-
methyltransferase 

H3K4 & 
H3K36 

54-59 

SETD4 Found in human ER-negative 
breast cancers 

H3K9,H3K79, 
H3K27me & 

H4K20  

8, 60 & 61 

SETD5 Transcription regulation, 
heterochromatin formation and  

X-chromosome inactivation 

H3K9 5,20,62 

SETD6 Gene transcription repressor and 
cofactor in cellular processes; 

proliferation and signaling 

 
H3K9 

63 & 64 

SETD7/9 Embryonic stem cell differentiation H3K4 65-67 
SETD8 Cellular processes; DNA replication 

& damage repair, cell cycle 
regulation & transcription 

H4K20 68 

SETDB1 & 
SETDB2 

Cofactors; suppression of 
transcription 

H3K9 74-77 
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SMYD1 Modulates chromatin formation; 
cardiac & skeletal muscle cell 

differentiation 

H3K4 & 
H3K4me 

82-85 

SMYD2 Suppress cell proliferation H3K4 & 
H3K36 

86-90 

SMYD3 Cell cycle signaling and proliferation H3K4 & 
H3K5 

91-100 

SMYD4 Tumor suppressor H3K4 15, 101 
&102 

SMYD5 Early stage developmental gene 
expression, embryogenesis and 

hematopoiesis 

H3K20 103-105 

SUV39H1 Regulatory component of NF-χB 
pathway, heterochromatin 

replication, DNA repair 

H3K9 106-108 

SUV39H2 Binding site modulation H3K4 & 
H3K9 

109-111 

SUV420H1 & 
SUV420H2 

Forms a complex with S-adenosyl-
L-methionine (SAM)  

H4K20 14,112 

WBP7 (KMT2B) Triggers the recruitment of nuclear 
factor erythroid-2 (NFE2) 

H3K4 113-115 

WHSC1 Peptide inhibitor, modulates 
modulator of cell cycle signaling & 

proliferation 

H3K4 & 
H3K36 

27,116-
119 
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Figure 5.1 MYND domain protein sequence alignments. SMYD1-3 human, mouse, 
chicken, frog and fish protein sequences have been aligned. ETO (corepressor) and 
ZMYND10 (co-expressor) human protein sequences have been aligned as zinc finger 
activity references.   
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Figure 5.2 MYND domain 3D Ribbon Model of SMYD3, ZMYND10 and ETO protein 
sequence alignments. C1-6, and C8 represent cysteine residues. H7 identifies the 
histidine residue and the Zn2+ ions are circled in red.
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Table 5.2 SMYD2 Summary. Modified from Ref. 179. Table summarizes the 
characteristics of SMYD2 targets and the cancers associated with their activities.  
 

Targets: Characteristics:  Associated Cancers: Refs.: 

AHNAK/2 Cell migration and invasion 

Chronic myeloid 
leukemia (CML), Mixed 

lineage leukemia 
rearranged adult B-
acute lymphoblastic 
leukemia (MLLr-B-
ALL), adult B-acute 

lymphoblastic leukemia 
(B-ALL), and T-cell 
acute lymphoblastic 

leukemia (T-ALL)  

143, 
144 

Bone Morphogenic 
Receptor Protein-2 

(BMPR2) 

Methylation upregulates 
BMP2 signaling, bone 

marrow development and 
MSC proliferation 

Skin, colorectal, 
ovarian, embryonic 
kidney carcinomas 

128 

Estrogen receptor-α 
(ER-α) 

At K266 represses ER-α 
transactivation activity, 
nuclear receptor for sex 

hormone estrogen 

Breast 131 

H3K36 

Associated with gene 
bodies, defines exons, 

recruits HDACs, modulates 
transcription 

Embryonic kidney, 
fibroblast carcinomas 

120, 
35, 

37, 39 

H3K4 

Interacts with RNA 
Polymerase II, RNA 

helicase, drives gene 
transcription at promoter 

region 

Lung, breast, 
glioblastomas 

6, 22, 
35 

Heat shock protein 
90 (HSP90) 

Titin stability and sarcomere 
assembly in muscle tissue, 

drives the handling of 
oncoproteins  

Lung, breast, urothelial, 
colorectal, bladder 

carcinomas 

18, 
21, 

35, 36 

p53 

Regulation through 
methylation at K370, of 
which represses p53-

mediated transcriptional 
regulation, cell cycle arrest  

Carcinoma; non-small 
cell lung cancer 

120, 
121, 
125, 
131, 
133, 
130 

PARP1 At K528, enhances the poly 
(ADP-ribose) activity 

Esophageal squamous 
cell & bladder 

130 
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carcinoma, pediatric 
acute lymphoblastic 

leukemia  

Phosphatase & 
tensin homologue 

(PTEN) 

At K313, deregulates tumor 
suppressor & activates the 

phosphatidylinositol 3-
kinase-AKT pathway 

Prostate, small cell lung  129 

Retinoblastoma 
tumor suppressor 

protein (RB1) 

At K810, with 
phosphorylation promotes 

cell cycle progression; G1/S 
transition 

Bladder carcinomas 124, 
125  

STAT3 

Becomes activated in 
complex with SMYD2, p56, 

NF-kB. Transcription 
activator, feed-forward 

SMYD2 expression, 
increased proliferation, stem 

cell self-renewal  

Breast carcinomas, 
leukemias 145 

β-catenin 
Promotes its nuclear entry 

and activation of WNT 
signaling at K133 

B-cell precursor acute 
lymphoblastic 

leukemia(ALL), colon & 
breast cancers and 

hepatocellular 
carcinomas 

120, 
124, 
35, 
137, 
144 
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Figure 5.3 SMYD3 3D Ribbon Model. Full-length SMYD3 protein structure illustrated 
using SWISS-DOCK software. SMYD3 consists of Su(var)3–9, Enhancer of Zeste and 
Trithorax also known as N-terminal portion of SET domain (N-SET) that encodes for 
histone lysine methyltransferase activity. Nervy, Deaf (MYND) domain; a cofactor is 
responsible for recruiting other proteins for various interactions. The N-SET is connected 
to the intermediate or linker sequence (I-SET) domain that has been identified as the 
Rubisco-large subunit methyltransferase (LSMT)- like region; highly conserved in multiple 
divergent species. The C-SET domain incudes the catalytic SET-dependent folded 
segments for enzymatic activity. The post-SET functions as a critical component of the 
active site by supplying an aromatic residue that anchors against the conserved SET core 
to form a hydrophobic channel. The C-terminus has a knot-like structure blocking its 
enzymatic active sites. 
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Figure 5.4 Histone (lysine) methyltransferase activity; Mechanism of Action in SMYD3  
Lysine becomes deprotonated, allowing for methyltransferase activity to change the 
structural conformation of lysine; converting from SAM to SAH complex with the 
deprotonation. Trimethylation would result in additional lysine-SAH complex formations 
from three lysine residue reactions. Modified from Ref. 160 
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Figure 5.5 Ribbon Model of Conserved N-SET Region of SMYD3. Colors correspond to 
individual ribbons from different sources sharing the SET-domain protein motifs. β1-4 
panels correspond the ribbons to the specific residues and like Loop 1, the protein 
sequence highlights shared homology in this region. Yellow stars indicate areas for 
AdoMet interaction on lysine residue. 
 
 
 
 
 
 
  



 

165 

 

 
 
Figure 5.6 3D Ribbon Model of (Short) I-SET. Colors correspond to labels in key for each 
ribbon strand. Loop 1 and Helix 1 boxes are predicted protein sequences corresponding 
to the location of Loop 1 and Helix 1 of I-SET. 
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Figure 5.7 3D Ribbon Model of (Long) I-SET. Plant and animal comparison with 
corresponding colors. Overlay of human and garden pea I-SET. Distinctive homology 
illustrated in the helix 1-4 and loop 1 and 2 patterns.   
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Figure 5.8 Phylogenetic Tree Analysis. Phylogenetic tree data analysis of Rubisco-LSMT 
protein domain illustrating the evolutionary lineage in various divergent species. 
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Figures 5.9A & 5.9B DLD-1 (colorectal) and A545 (lung) Colony Formation Assay.  
X-axis represents SMYD3 inhibitor [0.0 – 250.0µM], Y-axis represents survival fraction. 
Control in green, SMYD3 inhibitor in red.   
 
 
  

B) 

A) 
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Figures 5.10A & 5.10B DLD-1 (colorectal) and A545 (lung) Viability Assay. X-axis 
represents SMYD3 inhibitor [0.0 – 250.0µM], Y-axis represents % cell viability. Control in 
green, SMYD3 inhibitor in red.   
 
 
 
 
 
 
 
 
  

A) 

B) 
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CHAPTER 6 – CONCLUDING REMARKS 
 
 
 
6.1 Introduction 

The research that contributed to this dissertation was intended to explore the vast 

possibilities of utilizing small molecules and proteins in developing safer, targeted cancer 

therapeutics. Thus, this document contains methodology and techniques that have great 

potential for applications in the drug discovery and clinical oncology. The overarching 

research questions answered in the first three chapters of this dissertation emphasized 

the toxicity of Cisplatin upon intravenous delivery in humans and the exploration of 

alternative methods. The second part of this dissertation utilized epigenetics to ask and 

answer questions about the ability to regulate cellular activity to target specific types of 

cancers.  

 
6.2 Empirical Findings    
 

Despite the preliminary data presented in this dissertation, clear interpretations 

and strong conclusions can be extrapolated from chapters two and three in regard to 

the repackaging small molecules like cisplatin. The data found in both chapters 

provided significant evidence to support alternative drug delivery vehicles as models, 

both with the potential mimics the cellular activities of mammalian cells. The hydrolysis 

of the Schiff-bases studied in chapter two are dependent on their molecular 

environments of which contribute the regulation of the water pool and interfacial space. 

Similarly, the hydrolysis of compound cisplatin is also dependent on its environment; 

increasing it toxicity from Pt(II) to Pt (IV). The preliminary data in chapter three supports 
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utilizing metallocages but more targeted construct would be needed to ensure 

encapsulation of cisplatin molecules for drug delivery. Palladium metallocages are 

slightly toxic to HeLa cells without the encapsulated cisplatin molecules. The flow 

cytometry methods used in chapter three have potential for broaden application in 

clinical oncology. Switching perspectives to a more intercellular exploration, the 

preliminary data in chapter 5 supports the manipulating the enzymatic characteristics 

of the SET-domain proteins; SMYD3. While more experimentation is clearly needed, 

the data presented in the drug inhibition assays show the decrease in colony formation 

for both A549 and DLD-1 cell lines were a result of increased SMYD3 dosage 

concentrations. Similarly, in the viability assays, both A549 and DLD-1 cell lines 

showed sensitivity to the SMYD3 inhibitor.      

 
6.3 Theoretical Findings 
 

The theoretical findings presented in this dissertation span the disciplines of 

biology; molecular and structural, chemistry; inorganic and synthetic as well as 

biochemistry and clinical sciences. The combinatory effects of utilizing the disciplines 

has resulted in the posing and answering of impactful scientific questions that been 

supported by methodology, techniques and analytical rationalization to justify the 

necessity of change to our current methodologies and drug applications. This 

dissertation is an example of the possibilities that could be achieved if multiple scientific 

disciplines are approached equally. Only have the knowledge of one discipline could 

prove to be a rate limiting factor in synthesizing the content needed to solve the vastly 

mounting scientific questions of today. Questions that require the fast acquisition of 
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new skills, excellent verbal and written communication skills to apply to innovative 

answers while utilizing bio- and cheminformatics skills. This dissertation is a 

representation of a finely crafted mosaic with multiple patterns, patches and shiny 

ornate décor. This document provides significant evidence in support of the impacts 

made and potential alterations to best practices in their respective disciplines.           

 
6.4 Future Implications    
 

It is my expectation that this dissertation serves as a springboard for the 

enhanced development of micelles and metallocages for encapsulated drug delivery, 

as well as support the argument for including epigenetics in drug discovery. More 

importantly, to continue to further the answering of the questions posed by the research 

in this dissertation, incorporating informatics in the 21st century has simply become 

mandatory. Chem- and bioinformatic simulations can be used to determine the 

speciation of metals and could be used to design various transitional metal-like 

capsules or metallocages for toxic drug delivery in humans. One of the next lines of 

questions for the inhibition of SMYD3 compound would require next generation 

sequencing (NGS) to truly isolate and investigate the specifics of its gene 

transcriptional activity in various types of cancer cells.      

 
6.5 Limitations of Study  
 

While there were several limitations to continuing the research present in this 

dissertation, lack of funding made the most detrimental to my progress and intellectual 

development. In the Schiff-base experimentation of chapter 2, having proper funding 

would have given me the opportunity to synthesize new compounds or investigate how 
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cisplatin molecules compare for analysis. Chapter 3, was the mini-project I designed 

and developed with less than two hundred dollars by asking my fellow graduate 

students and campus connections to utilize a biosafety hood for cell culturing, dyes 

and stains for flow cytometry applications and the countless time needed to run, collect 

and analyze my data was donated by the Directors of Flow Core at Colorado State 

University. If this project would have been awarded funding after my F31 submission, 

this research could have concluded with a ground- breaking data to support a 

completely new path to targeting cancerous tumors. As mentioned in chapter 3, the 

fine tuning to data collection warrants repeating, as well as the need to increase the 

sample population number (n). After data collection is become very difficult to back 

track and create segmented sample groups that would have been used for the 

necessary statistical analysis essential for a top-tier publication. The experimental data 

collection in chapter 5 was limited by lab space, and time.  
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Appendix 
 
 
 
Supplemental Data 
 
Data 5.1 Fasta format protein sequences from NCBI 
 
>AAI07726.1 SMYD3 protein [Homo sapiens] 
MEPLKVEKFATANRGNGLRAVTPLRPGELLFRSDPLAYTVCKGSRGVVCDRCLLGKE
KLMRCSQCRVAKYCSAKCQKKAWPDHKRECKCLKSCKPRYPPDSVRLLGRVVFKLM
DGAPSESEKLYSFYDLESNINKLTDKKEGLRQLVMTFQHFMREEIQDASQLPPAFDLFE
AFAKPIGMK 
 
>QCD80391.1 [Vigna unguiculata] 
MFVGLSLLSWGLSSGAAAPSCEGKGSNWLYFVLRYCHQLVLIFCRSNSSYSLCWRLQ
LEENEEASIVLFSDARAISFGSFRVVAAVMDTDEECSIVLELPESDPFFDKKKKLLQSKG
FSPKERIYLRSSSKPGWMSATVQVLVQIARIIQLNELELYFAEEDVCTAKEFYSPRNELE
ALNSIVLLTDISLSSCTHLHTNILQGLRQTVLDLITDLGDKNSVKGVVEKDHSCDQEERLI
EWGESNGVKTQLKIAYTERAGRGAIARKDLNVGDIALEIPVSIIISEELIHETQMYGVLKEI
DGISSETILLLWSMKEKYNSDSKFKIYFDTLPEKFNTGLSFSIEAITVLDGTLLLEEIMQAR
QHLHAQYDELFPALCNTFPDIFPPELYTWEKFLWACELWYSNSMKIMYSDGKIKTCLIPI
AGFLNHSLCPHVMHYGQVDSANNSLKFCLSRPCKSGEECCLSYGNFSSSHLITFYGFL
PQGDNPYDVIPLDIDGADVDSNEDIPESNWTSHMVRGTWLSRDHKMFYYGLPSPLLR
RSRSPMLRPKTFLQENLENELGVLENLKDIFDDMIENMGEMDLDDRENCCRDEKLAM
DFKNTQRRIARSVSTSCLAGMDMLKKELCKCMAEDIQG 
 
>KRX00204.1 [Pseudocohnilembus persalinus] 
MLEYLQSQPRYNGKVKKLKEYLENLFLTNQEKMQIINYLETDEMNLSLFVKDEEINLGA
TKFLKESEDRVRFCKWVQENGLLLKNVDYPVGFGLLGVPGIAASDEIPENTILAAVPNK
MIINVKKALESELIEVYKSSPKNFNMKINEDAEFNILTLFLIREYIKGTDSFWYPYISSIGKS
YTLYDWTKYDTEKTEDPEMIEESRYYADEIDQVYWQLGQVMKKFPQYFPPDQINRRIF
VEFYQAIMTRCFGYSVPSTCLIPFADLLNHNNNSATHYTVQTKYEQNPEQKPANYVIKQ
EKIDMDIFQIKEIQKADKTKFKQHGLRIKHVYEQKAFLEDTLYQNLESLEEFENLGLEDK
EIKDLTYVVNYNYYKQMGDCEKNQVDVKKINEIQFITSSNTEDNDTSEDDENQNFFKY
QIKQASDIEQDKIKFKNMLKNKQENDKQLENKEIKVVQNLIKPAELDKCEQPQIKKDQN
ALKSKQQAEQEYRTKLEEKIKRIKAQEAEEREEKRLRKERLKAQKKELKEEYKQNGEID
LNQQIQDKLNPINKNINMKQNDKNNDIIQNDNNSSDSENSYSEKSNNENEDEDSEQED
DTDDNQSSLSEESIFDWYETNDQDTYFIITSQDKIKKGEQIFNCYGRRTNKFLLMWYGF
CFQNNKYDSFTFRMNMSVKYDKLDDNFIERVLFRGSTNNEEMQMGTYNLNGENISIKD
LTKEFRLKKDNINIDVIIYLRALLVKIYEGQEKKDIFVTLPVSLDFEIFVLKFYKKIINYFQSQ
YSTSIEKDEELLKDHLLSYKKRFAIVLRVEQKKILQQQSVMIEDLLNFINMFKRQQNLHK
SVIQFCEQEEYAERFNQFKKVHRIKSYLIQIQESQDKYTILDFE 
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>KEP52673.1 [Rhizoctonia solani 123E] 
MDSTLLQWFKSHDGIVDEEHMRLGEIDGCGFGAIAVKDIPKDHVLFEIPRHILLSTRTCIL
KFKLTSSEWEGLGKGWTPLILCMMWEAAKGSESSWDGYLATMPTRFDTPMFWPIPEL
EELRGTSIAEKIGRDDAEKEYNERVIPLLKSRPDLFLPSHLDTYYTLEQFHIMGSRILSRS
FHVEEDEVDKEENPDVSMESSKSMDVDRSREEANPPDQVNEDEHQDDGDSDSEDE
ENVEDVAMVPMADMLNARYGGENAKLFYEPRVLKMITTKSIAAGEQIWNTYGDPPNS
DLLRRYGYVDVPGQGLDIVELRGSLLVECASSYAPLSSDQQKERVDWWLEMGGDDT
FTLDMSSLLPPELLSFTQLLLLSDTEWEKTQEKEKPPKPKLDEVKKCVRDALVKRMELY
PTSLEEDENQLASGHNTLNKRHALIIRIGEKKVLKAALASVSEPAPKKRKAESQGGTRK
KGARQK 
 
>PON48260.1 [Trema orientale] 
MEVGSLHDRCMWSPIPSSSSPNRPPLLLHSRVSISPRKKNPSLLTSSSCRSFRRRNFC
SASSSSSSSNSDTLVAAGSRKEEEEEEGGFVDLKSWMHNNGLPPCKVVLRERPSHD
EKHRPIHYVAASQDLQVGDVAFSVPNSLVVTLERVLGNETIAELLTTNKLSELACLALYL
MYEKKQGKKSFWYPYIRELDRQRGRGQLAVESPLLWSEAELHYLTGSPTKAEVRERA
EGIKREYNELDTVWFMAGSLFQQYPYDIPTEAFPFEIFKQAFVAVQSCVVHLQKVSLAR
RFALVPLGPPLLAYRSNCKAMLTAVDDAVQLLVDRPYKAGESIVVWCGPQPNSKLLIN
YGFVDEDNSYDRLVVEAALNTEDPQYQDKRMVAQRNGKLSVQVYVGKEKEAVADML
PYIRLGYVSDPSEMQSVISSQGPICPVSPCMERAVLDQLADYFRARLAGYPTTLKEDE
SLLAGRNLNPKKRVATQLVRLEKKILHACLQVTVDLINQLPDHTVSPCPAPYAPLLK 
 
>EFJ49228.1 [Volvox carteri f. nagariensis] 
MQQALKAHASNWQAGLRRASSKRPTRLYCRAASAVLSSIPADAAVSWATSKGAKLER
ASLSNDLQTDRPVLIASTDAQQGDVLFSVPDSAWLSAESVKKAAVGKLAAAAGLEPWL
QIALQLVADRFGSTKSELSAYAASIPEDLDTPLLWSEDELQELQGTQVLQTLGGYLTFF
RSTFQQLQSGLFTSNPAAFPPSIFTLPRFLWAVAAVRSRSHPPLDGPKIALAPLTELVS
HRRAANSKLSVRSAGLFGRGQVLVLEATRAIRKGEPLSMDYGPGKLDGPVLVDYGVM
DVTSPKPGYSLTLKMPDSDRFIDDKLDILESNDLPQSVVYNLTPDEQPTIEMLAFLRLM
QLKGSDAFLLESIFRNDVWGFMQEPVSEGNEEAVCNTLSEGARAALGGYGTTIDQDL
AELRAQGSRAKGSRREAALLIRLGEKEALDAVARFFEDRRATQLKRLVYYQERRLRRL
GLVDDEGRTTYDSFFKDGIA 
 
>GBF89663.1[Raphidocelis subcapitata] 
MPPHEGLAARARRNAADALQGLLDWAASAKVATDKLAAAPSLATGAPLLVAARDIAAG
EAVLTVPDAHWITPAAVAKSPIGPSVSGLEPWLQLALLLVSERAAGAAAGALPGAFLAA
LPQALDAPLFWGDDEIDMLQGTQALQQLYGYRQFFQETFAELEATLFASDRALFPAEA
FTYEAFLWAAATVRGRAHAPLDGAAIALVPLADGLPHRRGGNCAWKAKSSGLFGQGR
VLTVEAARAIRKGEELTMDYGPGKLDSSLLVDYGVMDSSWPQGGYSLSLSVPDSDRY
RDDKLDVLERNGLAGAGAFAIKKGEEPSREMLGFLRLTQLSGSDCFLLESIFEAEVWS
FMCDPISPQNEAAVCSSCTEGVRAALAGYATAIEDDLAALRSGKLEPGSRQERAVQVR
LGEKEALDSFLGWLETRVGQLPRLEYYQERRLKRLGLIDDNGDTTYSSFFKDGIA 
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>XP_001697868.1 [Chlamydomonas reinhardtii] 
MQQAFRAHAPRRAGGIRGSGSRLKPSVACRAASSVASKAAVESAIAWATKQGAKLEK
ANLSTDILTDKPILVASADVQPGESLIVVPDAAWVSVPNVAKTTVGKLASSAGLEPWLQ
LALVLVAERFGSAKSELAGYASSLPEDLGTPLLWSEEETRALAGTQVAGTLNSYLTFFR
STFAQLQAGLFTANPAAFPPAVFTLPNFVWAVAAVRSRSHPPLEGDKIALAPLVDLVSH
RRAANTKLSVRSSGLFGRGQVAVVEATRAIRKGEALGMDYAPGKLDGPVLLDYGVMD
TASPKPGYSLTLTLDESDKFVDDKADIVEGAGLRPSMTYSITPDQQPGEEMMAFLRLM
NIKAMDAFLLESIFRNEVSEGNEEAVCAMLAEGARAALAGYPTTLDQDLAALRSNSTPL
GSRAEAALLVRLGEKESLDAVARFFEDRRATQLKRLVYYQERRLRRLGLVDDEGRTTY
DNFFKDGIA 
 
>OVA15388.1 [Macleaya cordata] 
MDVAYLQSRCISSPIRLPSRPLSVFPRVSSHSILQKSNVFRAIRHRNFCLASGADTLIAG
SRKEDGKSHASGNKKADEFEDLKSWLHSKGLPPCKVVLNEKPSHDQKHRPIHYVAAS
EDLEEGDVAFSVPISLVVTLERVLGNETIAELLTTNKLSELACLALYLMYEKKQGKKSFW
YPFIRELDRQRGRGQLAVESPLLWSEDELAYLTGSPTKAAVLERAEGIKKEYNELDTV
WFMSGSLFQQYPYDIPTEAFPFEIFKQAFVAVQSCVVHLQKVSLARRFALVPLGPPLLA
YKSNCKAMLTAVEGVVQLIVDRPYKAGESIVIWCGPQPNSRLLINYGFVDEDNPYDRIL
VEASLNTEDPQYHDKRMVVQRNGKLAVQVFQVYAGKEKEAVSDMLPYLRLGYVSDP
SEMQSVISSEGPICPVSPCMERAVLDQLSDYFKGRLAAYPTTLHEDETLLADSRLDPKK
RVATQLVKLEKKMLNACLQATIELMNQLPDDTISPCPAPYAPHLK 
 
>AQK54830.1 [Zea mays] 
MATSSTTALHSQFRPPLRAPRHLRPLPHSYSSSSRTRGCAPVRASAASASAPAQREIA
AGVPWGCEIESLESAASLERWLIDSGLPEQRLAIQRVDIGERGLVALKNIRKGEKLLFVP
PSLVITADSEWGRPEVGDVMKRNSVPDWPLIATYLISEASLEGSSRWISYIAALPRQPY
SLLYWTRAELDAYLVASPIRKRAIQRITDVIGTYNDLRDRIFSRHPDLFPEEVYNIETFLW
SFGILFSRLVRLPSMDGRVALVPWADMLNHSPEVETFLDFDKSSRGIVFTTDRSYQPG
EQVFISYGKKSSGELLLSYGFVPKEGTNPNDSVELLVSLDKSDNCYKEKLQALKRNGL
SESESFPLRVTGWPVELMAYAFLVVSPPDMSQCFEEMAAAASNKTSSKPGLNYPDLE
EQALQFILDCCESNIEKYTKYLEGGAGSPEVPMNAKQANRTLLLKQLARDLCISERRILY
RTQYVSQCFDLAAKASDTCMPNQTAVQALGRKFHLDARNK 
 
>EOX93543.1 [Theobroma cacao] 
MDEKVALVPWADMLNHSCEVETFLDYDRSSHGVVFTTDRAYQPGEQVFISYGKKSNG
ELLLSYGFVPKEGTNPSDSVELSLSLKKSDKCYKEKLEALRKHGFSQCYPIQITGWPLE
LMAYAYLAVSPPSMSPQFEEMAAAASNKSTTKKDLRYPEIEEKALQFILDSCESSISKY
SKFLQASGSMDLDVTSPKQLNRGVFLKQLAVDLCTSEQRILFRAQHSEAISPKRGEEE
DALKVKEWEVGMFQNEVAASQGIRIRRRPPSGPPMHYVGPFEFRLQNEDNTPRNILE
EIIWHKDVEVSQVANDSGVWQMKEKKPLASLKKFIENAAPTRDFVGALKAAHSRTGLP
GLIAEVKKASPTRGILREDFDPVEIARAYEKGGAACLSVLTDEKYFKGSFENLEAIRSAG
VKCPLLCKEFVIDAWQIYYARIKGADGIRLIAAVLPDLDIRYMVKICKMLGLAALVEVLVG
ESIVTQRDLGKGITRLFGKDISLKIMSHFGDDNSSVEEVSSAEESYNTEFRSYPDDAWY
SVRVSLEGERGDKLRVKYENFPEEHDNVFLAEGFKSEDELYDFIGRFRKVSAQLQDRD
CYQIVRGMRVCASDSLGDDDNLFYDAIVDEVVHKKHSNVNGQEECECTFLLFWLHGP
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NVGNVVEKGVANICLLQSAELEPKLATFMEIATQKIEKALCKLGSDTIDDVAFNPVFRHE
ANGSPIVKQKLSSIGRSRQGKCSQRSLSKVWPSEAVIGGAKIRSENRQDTDIGGDKKY
HMILVQNLEKELSSSTVLEFILKQTSIASQVYIFPSLPWELYTNGVIVLDCRKDLEQLFGF
LDNPNHFVVSSNGRPWVAAEKMSMNDHWTVMLESPKKLRNRSGGGFSNELKLVCFG
SEEYKRAKELRDLFLQFIAHQQGLYKKLCMEERSIAFSSNQLVQLPDKS 
 
 
 
>AES75034.1 [Medicago truncatula] 
MELSHLSLSENHFFFSTPTSPSSLSHRLPSFLSLSTNHRRRRRSFCSASNSDTLVAAT
GKKKRDEDDGDLKTWMHKNGLPPCKVVLKDKPSLDDSVKPIHYVAASEDLQKGDIAF
SVPNSLVVTLERVLGNETIAELLTTNKFSELACLALYLMYEKKQGKKSFWYPYIRELDR
QRGRGQLAVESPLLWSESELAYLEGSPLKDEIVKRIEGIRKEYNELDTVWFMSGSLFQ
QYPYDLPTEAFPFEIFKQAFAAVQSCVVHLQNVSLARRFALVPLGPPLLAYCSNCKAML
TAVDGAVQLVVDRPYKAGDPIVVWCGPQPNTKLLTNYGFVDEDNSNDRLIVEVALSTE
DPQYQDKRIVAQRNGKLSIQTFYVYTGKEREAVSDMIPYMRLGYVSDPSEMQSVISSQ
GPVCPVSPCMERAVLDQLADYFNTRLAAYPTTLAEDESMLTDGSLNPKRRVATQLVRL
EKKMLHACLQAIMDLISQLPDHSVSPCPAPYAPSLK 
 
>PFX18006.1 [Stylophora pistillata] 
MEHMRTVPISGLKFNFWITNPSDTPVLPVKQWEEHVKLREMVEKIRKRQAGQSLFEM
SDQYRRDHISSFTQWFNENGGVAKQVVIDDFGHQGLGLKAVSEIKEGQHFITIPRKLM
MSAESARNSDLGPLIEKDNILKVCPETAKLPLRRHFTFDDHRWAVSTVTTRQNKIPSTT
GEPTLALIPMWDMCNHCNGTITTGYDLAEDSCKSMSVRDFHAGEEVCIFYGERSNGD
LLVHNGFVFEENAHDKVSIQLGVSKSDPLFQMKERLLASMGMTASSHSFPVSHGERP
FDSELVTFLRIFSMTEDELKEWLKKASEDTNELKKLSGVQTFVKEETENKGWQFLETR
LTLLLKQYNTADSEDCELLENPEFPPHKKLCIRLKRAEKKVLQNALKHAAATRSKIKDSY
EERDLDCDDQNTNGHNDKSCTEENTSNMVDATISAVDQLCVQ 
 
>JAR85826.1[Fundulus heteroclitus] 
MGKKSRVKTQKSGSGASTVVSPKEMMNLISELLQKCSSAAPSAGKEWEEYVQIRGLV
EKIRKKQKGLSTVFEGNREDYFPDLMAWAQENGASCDGFTLADFGTEGYGLRASRDI
KAEELFLWIPRKMLMTVESAQNSLLGPLYGQDRIMQAMGNVTLALHLLCERASPSSFW
LPYIRSLPQAYDTPLYYQQDDVQLLLGTQAVQDVLSQYKNTARQYAYFYKLLQTHPAA
SKLPLKDGFTFDDYRWAVSSVMTRQNQIPTEDGSRVTLALIPLWDMCNHTNGLITTGY
NLEDDRCECVALKDYKENEQIYIFYGTRSNAEFVIHNGFFFQDNAHDRVKIKLGVSKSE
RLYAMKAEVLARAGIPASCVFALHCNEPPISAQLLAFLRVFCMTEEELKDYLLGDGAIN
KIFTLGNSEFPVSWENEIKLWTFLENRAALLLKTYKTTSEDDLAVLEKPDLSLHSRLAVL
LRLAEKQILEKVSASGRDKRLYFQTKLEEGAPLPHFEESDIALLENSDTDAKLPIILHKLE
EVEERDGLQVEEPLLNGEKVGLGAEESREVGRDVASDRTGQTEASEQSANRTEDDP
EENSK 
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>AEE79338.1 [Arabidopsis thaliana] 
MLAAVLIREKKMGQKSRWVPYISRLPQPAEMHSSIFWGEDELSMIRCSAVHQETVKQK
AQIEKDFSFVAQAFKQHCPIVTERPDLEDFMYAYALVGSRAWENSKRISLIPFADFMNH
DGLSASIVLRDEDNQLSEFSTLQVTADRNYSPGDEVFIKYGEFSNATLMLDFGFTFPYN
IHDEVQIQMDVPNDDPLRNMKLGLLQTHHTRTVKDINIFHSSCDTFTIKEVKSAIGKGKG
IPQSLRAFARVLCCIIPQELNDLSKEAAQNDGRLARLPFKDGNRELEAHKILLSHINRLIE
DHSVCIKEMEECYFVSQRFAVRRQMARDLLYGELRVLRSAAEWLNHYCTTLLSETM 
 
>CCD73865.1[Caenorhabditis elegans] 
MAPSPTAELEDQILGKIATLFEETLSKQPPSNIVELWKEHVEIRRILNDVISIQAKLGDTD
ERLANSKRDADSIKTFLAWADGVGIARNNVTIGSTKTAGLSLQATGPIPKSHIVARVPRH
AMITLDLAKKSSLLKKAFEKDPIVGGMDNVGLALFLACQWIQNEKSKWKSYISILPTTFP
TPLFYSEEQLLQLKPSPIFEEAILFYRTISRQFCYFLLAIAKNKIYEAAQRRKDARNAMET
PIFYNVPFNVANFTPKLYFWAVGVVTTRVNMVPSENQVGEDGNPVIIPALIPVLDMANH
ENVLTDVLTEPIEDLVCYSPEEECAVITSHCDVKAGNEVTIFYGCRSKGEHLLHNGFVPI
YHGKFDVLKLKIGIPKTDKTLDAKKKLIQKFVKKVYCAGNIFHVDLYNYHEQPFPLDLLM
FAAIFVSTTPTEEAVSAPENRKKGLEFLKTRFSLLKRSYESSFDASKLKEIGIDGDSARL
KSAELDILQLALNYCETLEKQ 
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